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Abstract: Trichloroethylene (TCE) is an organic solvent used in industrial applications worldwide. 
Despite a recently proposed ban in the US, its usage over the last century produced widespread and 
long-lasting environmental contamination. TCE has been linked to multiple adverse health outcomes, 
with evidence growing that is a Parkinson’s disease (PD) risk factor. Exposure to TCE and other 
solvents in contaminated water at Camp Lejeune, North Carolina is associated with 70% increased 
PD risk in US veterans who lived on the base. However, little is known about PD risk from TCE in 
civilian populations, particularly in children who were exposed in early life. Importantly, the 
developing brain is highly susceptible to toxicant exposure, and previous work shows that exposure 
to TCE can result in neurodevelopmental deficits that manifest in adolescence and into adulthood. 
Given the number of individuals who have yet to “age” into idiopathic PD, understanding the 
mechanisms that underlie neurodegeneration from early life exposure to TCE could help to develop 
early interventions in at-risk populations. To further examine this, we review the existing literature 
on environmental exposures to PD-related toxicants during early-life and their long-term 
consequences. In addition, we discuss the potential for TCE-induced neurotoxic mechanisms to 
prime the brain for PD risk. Finally, we highlight the need for future studies to evaluate the impact 
of early-life TCE exposure across the lifespan. 
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Introduction 

Trichloroethylene is a globally used organic solvent with numerous industrial uses, particularly 
in machine degreasing, as a chemical feedstock, and previously as a common dry-cleaning solvent 
[1,2]. Due to the widespread use of TCE, vast environmental contamination in the air, soil, and water 
surrounding industrial sites remains a significant problem within the US and around the world [3]. 
TCE represents an insidious exposure hazard to humans as it is environmentally persistent, odorless 
at low concentrations, and poses a vapor intrusion risk that contaminates indoor air in buildings and 
homes [4]. While water contamination remains a concern in many countries, inhalation is the most 
common route of exposure. Thus, environmental exposure to TCE may go unknown or unmonitored 
for years [3,5]. 

TCE was recently proposed to be prohibited for use by the Environmental Protection Agency 
(EPA) because of its classification as a human health hazard, mostly due to its carcinogenicity [6]. 
Epidemiological studies have demonstrated that occupational exposure to TCE increases the risk of 
kidney cancer, while other studies have shown a potential increased risk of liver cancer, non-Hodgkin 
lymphoma, and male breast cancer [7–10]. Experimental studies demonstrated that exposure to TCE 
increases the incidence of kidney, liver, and testicular tumors in rodents [11]. These findings from 
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epidemiological and experimental studies provided sufficient evidence for the International Agency 
for Research on Cancer (IARC) to deem that TCE is a Group 1 carcinogen based on evidence in both 
animals and humans (particularly kidney cancer in humans; [12]. 

In addition to its carcinogenic nature, TCE also has direct neurotoxic properties and has been 
associated with increased risk for Parkinson’s disease (PD) [4,13–16]. Previously, most data showing 
PD risk from TCE exposure resulted from occupational exposures. However, recent epidemiological 
studies show that veterans who lived at Camp Lejeune, a United States military base that reported 
contamination in drinking water with volatile organic compounds (VOCs; TCE and related solvent 
tetrachloroethylene (perchloroethylene [PCE]) from 1953 to 1987 had 70% increased risk of 
developing PD compared to veterans who were stationed at Camp Pendleton, CA, a military camp 
that did not have reported TCE contamination during the same timeframe (odds ratio 1.70; 95% CI, 
1.39-2.07) [17]. In a follow-up study of this same cohort, veterans who were exposed to TCE had 
higher hazard ratios (HR) for symptoms typically related in later stages of PD, including fall (HR 
2.64, 95% CI 0.97–7.21), psychosis (HR 2.19, 95% CI 0.99–4.83), and fracture (HR 2.44, 95% CI 0.91–
6.55) than in non-exposed veterans, suggesting that exposure to TCE might contribute to faster onset 
of PD progression or more severe symptom presentation [18]. To further support the biological basis 
for PD risk from TCE, experimental studies in rodents demonstrate that exposure to TCE causes the 
significant and selective loss of dopaminergic neurons in the substantia nigra (SN) [16,19,20], as well 
as other hallmark PD pathology such as alpha-synuclein (αSyn) accumulation, neuroinflammation, 
endolysosomal dysfunction, and oxidative damage [21–23]. 

To date, both epidemiological and experimental data for PD risk from TCE exposure have 
focused on adult populations with high exposure levels (e.g., military veterans or adult animal 
studies); however, given the widespread TCE contamination, exposure may happen at any point 
across the lifespan. The long prodromal period of PD, which can begin and estimated 10-20 years 
prior to clinical diagnosis, suggests that the pathology and degenerative processes caused by 
environmental risk factors are initiated decades before diagnosis [24]. As such, TCE exposures 
temporally separated from disease onset may contribute to PD risk may be to PD via mechanisms of 
latent or silent neurotoxicity, where the triggering event that sparks neurotoxicity takes years to 
manifest as disease. In latent or silent neurotoxicity, the effects of exposures that are insufficient to 
cause PD alone are unmasked later in life by the cumulative effects of exposures over the lifespan or 
the effects of aging [25–28]. This is consistent with the idea that accumulating factors over the lifespan 
accelerates the normal pace of dopaminergic neuron dysfunction and loss with age, eventually 
exceeding a threshold for PD development [29]. 

The developing brain is particularly sensitive to toxicant exposure both in gestation and in the 
postnatal period [30,31]. The developmental origins of health and disease (DoHAD) hypothesis posits 
that exposures in early life, from conception through adolescence, can produce long-lasting changes 
that contribute to the risk of later-life disease [32,33]. Many toxicants, including TCE, can cross the 
placenta and directly impact the developing fetus, as well as induce placental damage that can 
indirectly impact fetal development [34]. Existing evidence shows that exposure to TCE during 
pregnancy causes neural tube and cardiac defects in the developing fetus [35,36]. Furthermore, TCE 
is present in breast milk samples from communities in Arizona with contaminated drinking water 
[37]. These studies provide evidence for the premise that exposure to TCE during neurodevelopment 
may make the brain more susceptible to neurodegenerative diseases, including PD, late in life (Figure 
1). As PD is the fastest growing neurologic disorder, and the average lifespan continues to increase, 
understanding the overall risk and the mechanisms that drive neurotoxicity from exposures across 
the lifespan will be critical for preventative measures and therapeutic developments. 
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Figure 1. Exposures can happen at any period across the lifespan, but susceptibility to neurotoxicants associated 
with PD may be greater during periods of neurodevelopment, driving pathology driving the long prodromal 
period of PD progression. Figure generated using Biorender. 

Effects of Early Life Exposure to TCE 

A handful of experimental studies have evaluated the effects of early life exposure to TCE on 
developmental processes. These studies have focused on modulation of the immune system from 
consumption of TCE via contaminated drinking water. For example, continuous exposure to 0.1 
mg/mL TCE from gestation through early life caused a significant elevation in thymocyte number at 
PND 20 with a return to baseline at PND 20 and 42 in autoimmune-susceptible MRL+/+ mice [38]. In 
comparison, when MRL +/+ mice were exposed to higher doses of TCE (0.5 or 2.5 mg/mL) throughout 
gestation and early life through drinking water, there was no significant change in thymic cellularity 
at 7-8 weeks of age [39]. Similarly, MRL +/+ mice exposed to either 0.01 or 0.1 mg/mL of TCE either 
only in gestation or beginning in lactation did not have overall differences in thymic cell numbers 
[40]. Additionally, MRL +/+ mice showed reductions in splenic cellularity at PND 49 when exposed 
to 0.01 or 0.1mg/mL from lactation to PND 49 through drinking water [40]. Interestingly, total splenic 
cell numbers were reduced in MRL +/+ mice exposed to 0.1 mg/mL only in gestation compared to 
mice not exposed to TCE [40]. Splenic cellularity was not significantly different from non-exposed 
controls at 7-8 weeks of age in MRL+/+ mice exposed to either 0.5 or 2.5 mg/mL of TCE from gestation 
to euthanasia [39]. Interestingly, these studies have not reported changes to splenic or thymic 
cellularity when exposure to TCE began during lactation instead of gestation [40]. Further, peripheral 
CD4+ T cells from MRL+/+ mice produce greater levels of classic pro-inflammatory cytokine 
interferon-γ (IFN-γ) in mice treated with 2.5 mg/mL of TCE from 4-6 weeks of age, with a return to 
baseline at 7-8 weeks [39]. Additionally, at a lower dose of 0.1 mg/mL, splenic CD4+ T cells from 
MRL+/+ mice exposed from gestation until euthanasia had increased production of IFN-γ and tumor 
necrosis factor ɑ (TNF-α) [38]. 

In addition, experimental evidence also suggests that early life exposure causes dysregulation 
of the immune cell population in the brain during mid-adulthood. Mice exposed to either 0.05 or 
500μg/mL of TCE from gestation through PND 154 had elevations in total splenic cell numbers, 
although there were no changes in percentages of these cells at PND 259 [41]. Furthermore, these 
mice had significant liver pathology scores, even after over 100 days of consuming noncontaminated 
water, showing that TCE-induced liver toxicity is persistent [41]. A separate study reported that 
early-life exposure to 500 μg/mL of TCE from gestation through PND 259 produced altered DNA 
modifications in effector memory CD4+ splenic T cells in mice [42]. This study also showed that mice 
treated with TCE through PND 259 displayed 113 hypermethylated regulatory elements and 16 
hypomethylated elements, while mice treated with TCE for a shorter early life duration had only 4 
hypermethylated elements [42]. This study suggests that epigenetic changes resulting from TCE 
exposure might be dynamic. 
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In relation to neurotoxicity, there is experimental evidence that hippocampal and cerebellar 
development is impacted by early life exposure to TCE. In particular, mice exposed to 0.1 mg/kg of 
TCE beginning in either gestation or lactation displayed reduced levels of the antioxidant glutathione 
and increased levels of oxidative stress markers 3-nitrotyrosine (3-NT) in the cerebellum by PND 42 
[38,43,44]. Similar results were reported in the hippocampus, showing reductions in neurotrophic 
factors by PND 42 [45]. TCE-exposed offspring also exhibited hyperactivity and novelty-seeking 
behavior at the same time point, suggesting that developmental exposure to TCE caused functional 
behavioral differences [43,44]. While these studies did not specifically measure neurotoxicity in the 
dopaminergic system or the midbrain basal ganglia, a reduction in glutathione with elevated 
oxidative stress in the SN is a key feature of PD [46–48], suggesting that TCE-induced impairment of 
the glutathione system could drive future neurodegeneration or render the brain more vulnerable to 
additional stress. 

Overall, the long-term effects of TCE exposure during development on the risk for 
neurodegeneration remain understudied and relatively unknown. While the studies described above 
provide evidence that early life exposure to TCE can promote oxidative stress in developing brain 
regions, there is a lack of information on whether these insults are persistent and contribute to 
neurodegenerative processes as the brain ages. While findings from long-term exposure studies in 
mid-adulthood suggest that epigenetic modifications might be dynamic, increased numbers of 
immune cell populations are still sustained even after 3 months of no exposure, suggesting that at 
least some insults are persistent [49]. However, it is important to note that these exposure paradigms 
expose the mice to TCE for extended periods even after the onset of maturity. Thus, research is 
needed on the long-term effects of exposure occurring along the entire developmental timeline. 

Persistent Consequences of Early Life and Developmental Exposure to Other 
PD-Related Toxicants 

Dieldrin 

Dieldrin is an organochlorine pesticide that, like TCE, has been associated with increased risk of 
PD [50]. The literature on late-life neurotoxic effects of early-life exposure to dieldrin is more 
extensive than TCE. Mouse studies show that both adult and developmental dieldrin exposures 
disrupt the expression of PD-related proteins, cause oxidative stress, and produce an increase in 
susceptibility in adult male offspring to secondary toxicants [51–55]. In this paradigm, dams are 
exposed via dieldrin-contaminated food (0.3 mg/kg) starting 4 weeks prior to mating and continuing 
through gestation and lactation; exposure to pups end at weaning (PND21) [52,53,55]. At 12 weeks 
of age, male offspring show increased toxicity induced by N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and by synucleinopathy in the ɑSyn preformed fibril (αSyn PFF) model 
[52,53,55]. Specifically, mice exposed to dieldrin during development had higher levels of ɑSyn and 
greater loss of striatal dopamine induced by MPTP injections than mice not exposed [52]. In addition, 
using the same exposure paradigm, male offspring exposure to dieldrin demonstrated exacerbated 
motor dysfunction and striatal dopaminergic turnover 6 months after unilateral injection of ɑSyn 
PFFs into the striatum at 12 weeks of age [53]. Furthermore, these offspring display sex-specific and 
age-specific alterations to DNA modifications at PND0, 6 weeks, 12 weeks, and 9 months of age in 
the midbrain in pathways related to dopaminergic neuron differentiation, synaptogenesis, synaptic 
plasticity, and glial-neuron interactions [54,56]. Finally, dieldrin exposure led to sex-specific 
differences in the expression of neuroinflammatory genes at 12 weeks of age [53]. This series of 
studies support the idea that dieldrin-induced changes persist after the exposure period and disrupt 
critical neurodevelopmental and neuroinflammatory pathways, impacting the risk of late-life 
disease. 
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Paraquat 

Paraquat is a widely used herbicide that is associated with increased Parkinson’s risk in 
individuals who worked with paraquat (odds ratio 2.15, 95% CI 1.46, 3.19) [57]. Data suggests that 
developmental paraquat exposure can affect the developing fetus. A study of newborns born to 
women who live in agricultural areas of Thailand that use the herbicide found higher concentrations 
of paraquat in the meconium if their mothers had used herbicides while pregnant, lived around farms 
that used paraquat, or consumed water from community wells near agricultural areas [58]. Another 
study of paraquat exposure in pregnant women found significantly increased infant mortality rates, 
underscoring the overt toxicity of paraquat to developing systems [59]. 

Experimental studies evaluating motor behavior and dopaminergic neuron density in adulthood 
following early life paraquat exposure suggest that exposure to this toxicant during neurodevelopment 
can have latent effects on the dopaminergic system. One study found that Swiss mice treated with 20 
mg/kg of paraquat during gestation reduced tyrosine hydroxylase (TH) immunoreactivity at PND 60 [60]. 
In addition, early-life paraquat exposure has often been evaluated alongside a secondary insult in 
adulthood. For example, mice administered 0.8 mg/kg of paraquat via intraperitoneal injection from PND 
5-19 and additional doses of 0.8 mg/kg of paraquat at 8 months of age demonstrated significant deficits in 
working memory compared to both controls treated with saline at both time points, and greater deficits 
than mice given paraquat at only one of the time points [61]. Similar findings were reported in a study of 
Wistar rats injected with either paraquat or zinc from PND 5-19 and later given additional doses of either 
paraquat or 2 mg/kg of zinc 2 months later [62]. Administration of 0.5 mg/kg of paraquat from PND 5-19 
increased the susceptibility of the SN to challenge of the same dose of paraquat or 2 mg/kg of zinc for 12 
weeks in adulthood, with rats showing a significant loss of TH immunoreactivity [62]. Finally, there is 
evidence that co-administration of 0.3 mg/kg of paraquat and 1 mg/kg of the fungicide maneb from PND 
5-19 and also at 3 months of age had the largest reduction of TH immunoreactivity in the SN compared 
to mice treated with saline or paraquat and maneb at only one of the timepoints [63]. Collectively, these 
findings suggest that while paraquat exposure during early life can produce motor deficits and loss of 
dopaminergic neurons in the SN similar to PD pathology, this exposure might also make the brain more 
susceptible to secondary insults. 

Tetrachloroethylene 

Tetrachloroethylene, also called perchloroethylene (PCE), is an organic solvent closely related to 
TCE and also a contaminant at Camp Lejeune [17]. Like TCE, there is very little published data on 
neurodegeneration after exposure to PCE during development. However, existing literature in 
humans shows an increased prevalence of various disorders in individuals whose mothers were 
exposed to PCE. For example, in Cape Cod, Massachusetts, an area that had a PCE-contaminated 
water supply from the 1960s-1980s [64–66], individuals who were exposed to PCE during gestation 
were at higher risk of developing cancer and epilepsy in adulthood [66]. Developmental PCE 
exposure is associated with increased risk ratio (RR) for psychiatric disorders, including bipolar 
disorder (RR 1.8, 95% CI 0.9-1.4) and post-traumatic stress disorder (PTSD, RR 1.5, 95% CI 0.9-2.5), 
alongside an increased risk of demonstrating risky behaviors such as drinking (RR 1.3, 95% CI 1.0-
1.7) or illicit drug use in adulthood (RR 1.5, 95% CI 1.2-1.9) [64,65]. While these studies do 
demonstrate the long-term effects of PCE exposure in early life, there are currently no reports of 
neurodegenerative diseases after this exposure, likely due to the relatively young age of the 
individuals in these specific reports. Additionally, there is a lack of experimental data on early life 
PCE exposure in general. 

Rotenone 

Rotenone is a pesticide that can act as a mitochondrial complex I inhibitor (OR 2.5, 95% CI 1.3-
4.7) [67]. Some rotenone studies have explored the effect of inflammation during development on 
rotenone exposure later in life. In these models, lipopolysaccharide (LPS), a bacterial endotoxin 
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known to cause activation of the innate immune system and trigger inflammatory responses, is used 
to induce inflammation [68]. Rats exposed to 1 mg/kg of LPS via intraperitoneal injection in the 
postnatal period causes long-lasting increases in oxidative stress markers and microglia in the 
cerebellum of offspring at 3 months old [69]. Rats administered 1000 EU/g LPS via intracerebral 
injection on PND 5 followed by secondary insult with 1.25 mg/kg of rotenone via subcutaneous 
minipump infusion from PND 70-84 showed reduced TH and neuronal nuclei (NeuN) positive cells 
in the SN on PND 98 [70]. Interestingly, this loss, while present in mice administered only rotenone 
or LPS, was significantly exacerbated by the combined exposure [70]. 

In a similar exposure paradigm, rats treated with 2 μg/g of LPS via intraperitoneal injection on 
PND 5 and administered 1.25 mg/kg of rotenone via minipump infusion from PND 70-84 also 
demonstrated reduced TH and NeuN positive cells [71]. Additionally, rats administered LPS and 
rotenone had significant motor deficits by PND 98 [70,71]. Rats administered 1 mg/kg of LPS via 
intracerebral injection on PND 5 and 1.25 mg/kg of rotenone from PND 70-84 had significantly more 
ɑSyn aggregates in the cytoplasmic compartment of the SN compared to rats given only LPS or 
rotenone alone [72]. These rats co-exposed to LPS and rotenone also demonstrated elevated 
dopamine transporter (DAT) levels in the cytoplasmic compartment of the SN compared to those 
given only LPS or rotenone [72]. Further, co-exposure of LPS and rotenone reduced mitochondrial 
complex I activity in the striatum more than in rats exposed to only one toxicant [72]. This activity 
was also significantly lower in the co-exposed rats compared to those given only rotenone [72]. 
Furthermore, rats administered with 10,000 EU/mL of LPS in gestation and 1.25 mg/kg of rotenone 
via intrajugular infusion for 14 days at 16 months of age had the greatest loss of TH immunoreactivity 
in the SN compared to groups treated with only LPS or rotenone [73]. These studies demonstrate that 
the administration of LPS in early life results in nigrostriatal degeneration and increases susceptibility 
to secondary exposures like rotenone later in life. 

Next Steps for PD Prevention 

The prohibition of TCE for most industrial uses by the EPA in 2024 represents a milestone for 
the PD community. However, whether the ban will be enacted remains unclear, TCE is still used 
worldwide, and it remains a significant and persistent environmental risk. Much of the human 
research that associated PD risk with TCE exposure has investigated risk in individuals who 
experienced occupational exposure to TCE or those living in known drinking water contamination 
areas. Due to the widespread contamination, it is likely that exposures in the general population 
across the lifespan also pose a risk. However, there are significant challenges to studying this in 
human populations. Because TCE is predominantly inhaled, studies focused solely on drinking water 
levels of TCE may be missing significant populations with high exposure. Additionally, we lack 
sensitive tools to track ambient TCE and other volatile exposures in epidemiological studies, relying 
instead on emissions data that can be extremely difficult to quantify over the neurodevelopmental 
period. In this context, experimental studies can close the gap by measuring mechanisms involved in 
neurotoxicity that prime the brain for neurodegeneration later in life. Given the existing data on early-
life exposure to TCE and other PD-related toxicants, further research into the potential effects of early-
life TCE exposures is warranted. As PD incidence continues to rise, studies of the mechanisms that 
drive neurotoxicity across the lifespan will be a critical part of developing preventative measures and 
therapeutic advancements. 
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