
Sex differences in dopaminergic vulnerability to environmental 
toxicants – implications for Parkinson’s disease

Ashley Adamson1, Silas A. Buck2, Zachary Freyberg2,3, Briana R. De Miranda1,*

1Center for Neurodegeneration and Experimental Therapeutics, Department of Neurology, 
University of Alabama at Birmingham, Birmingham, AL

2Center for Neuroscience, Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA

3Department of Cell Biology, University of Pittsburgh, Pittsburgh, PA

Abstract

Purpose of Review: Sex dimorphism in Parkinson’s disease (PD) is an ostensible feature of 

the neurological disorder, particularly as men are 1.5-2 times more likely to develop PD than 

women. Clinical features of the disease, such as presentation at onset, most prevalent symptoms, 

and response to treatment are also affected by sex. Despite these well-known sex differences in PD 

risk and phenotype, the mechanisms that impart sex dimorphisms in PD remain poorly understood.

Recent Findings: As PD incidence is influenced by environmental factors, an intriguing pattern 

has recently emerged in research studies suggesting a male-specific vulnerability to dopaminergic 

neurodegeneration caused by neurotoxicant exposure, with relative protection in females. These 

new experimental data have uncovered potential mechanisms that provide clues to the source 

of sex differences in dopaminergic neurodegeneration and other PD pathology such as alpha-

synuclein toxicity.

Summary: In this review, we discuss the emerging evidence of increased male sensitivity 

to neurodegeneration from environmental exposures. We examine mechanisms underlying 

dopaminergic neurodegeneration and PD-related pathologies with evidence supporting the roles 

of estrogen, SRY expression, the vesicular glutamate transporter VGLUT2, and the microbiome as 

prospective catalysts for male vulnerability. We also highlight the importance of including sex as a 

biological variable, particularly when evaluating dopaminergic neurotoxicity in the context of PD.
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Introduction

A recent focus on biological observations of sex dimorphism in Parkinson’s disease (PD) 

confirms what individuals with this disorder already know; PD affects men and women 

differently. From the male-to-female incidence ratio (~1.5:1), to symptomatic presentation, 

disease progression, and response to treatment, sexual dimorphism in PD is a central factor 

in the disease [1-3]. Assessing biological sex in the risk for PD is a complicated task, 

as both genetic and hormonal sex characteristics likely contribute to intrinsic PD risk [1]. 

Furthermore, PD risk is influenced by exogenous factors such as environmental exposures 

(e.g., pesticides, metals, solvents, pathogens, head trauma, diet, lifestyle) [4], which may 

disproportionately affect individuals with traditionally or culturally held gender roles such as 

farming, mining, or heavy industry. However, with spurious links of PD risk to occupation 

titles [5], it is unclear what role exposure plays in sex dimorphism for dopaminergic 

neurotoxicity and ultimately neurodegeneration.

Emerging evidence from experimental studies indicates that males may have a biologic 

and specific vulnerability to neurotoxicants, or consequently, that females display a 

relative resilience to environmental factors linked to PD. While the protective effect of 

estrogen is often quoted in this context [6, 7], distinct cellular mechanisms that appear 

to be separate from the hormonal system and conserved across species may also drive 

neuroprotection from toxicant exposure [8]. In this context, we discuss the epidemiology, 

recent experimental model systems, and biological mechanisms that demonstrate male and 

female differences in vulnerability to environmental exposures that produce dopaminergic 

neurodegeneration.

Sex differences in PD risk from environmental exposure - evidence from 

human epidemiology

The first indications that environmental exposure may influence sex dimorphism in PD 

became apparent in human epidemiology studies that assessed PD risk and occupation 

[9-11]. From these, an anecdote developed that occupations traditionally held by men were 

more likely to result in exposure to known neurotoxicants that increase risk for the disease. 

For example, historically male-dominated fields such as welding, industrial machining, and 

farming produce high exposure risk to contaminants including manganese and other heavy 

metals, solvents, or pesticides, respectively [11]. However, population-specific influences 

also may play a role in PD risk, as PD incidence is between 1.5-2 times higher in men 

than women in Western populations but is more equivalent at 1:1.04 between sexes in Japan 

[12]. Though this may be due to unknown intrinsic risk factors within the population, other 

biological, environmental, and cultural factors cannot be ruled out; for example, tobacco 

smoking, which is inversely associated with PD risk [13], is highly prevalent in Asia and 

more common in men [14].

Of the relatively few epidemiological studies focused on PD incidence from environmental 

factors that specifically compare sex, there is empirical evidence for male vulnerability to 

PD from toxicant exposure (Table 1). For example, in Denmark, males with occupations 

correlated to high levels of pesticide exposure experience a higher hospitalization rate ratio 
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for onset of PD symptoms than women who also hold equivalent occupations [15]. In 

addition, a French epidemiology study showed that males may experience more severe 

symptoms following exposure than females [10]. Men were twice as likely to experience 

cognitive decline and depressive symptoms after occupational exposure to pesticides [10]. 

There are also data supporting a greater tolerance to longer exposure windows in females 

while still maintaining a lower PD incident ratio than males [11]. In participants who 

maintained occupational exposure for a period of at least 2 or 3 years, men were almost two 

times more likely to develop PD than women [11]. Despite the prolonged exposure, women 

maintained a lower risk indicating that female neuroprotection is persistent throughout 

exposure.

In contrast, some epidemiological studies show no correlation between sex and toxicant-

induced PD incidence or show the reverse with a female preponderance [16-18]. While 

the source of this variability is unclear, the lack of or difficulty quantifying environmental 

exposure in epidemiological studies may be at least partially to blame [19, 20]. For example, 

many studies rely on participant questionnaires to estimate the level of exposure based on 

reported occupational and residential history, which naturally induces a margin of error. This 

is further amplified by a reported gender effect in recall bias, as women are statistically 

more likely to correctly recall information, potentially influencing exposure recall bias in 

retrospective cohort studies [21]. Furthermore, recall of past exposures or using occupation 

as a proxy for potential exposures cannot provide dose, time of exposure, or report multiple 

exposures either simultaneously or over the lifespan. Thus, the reports of male vulnerability 

to toxicant-induced PD, despite the limitations of exposure assessment in retrospective 

cohort studies, may further strengthen this connection.

Sex differences in PD risk from environmental exposure - evidence from 

experimental studies

There are numerous and varied toxicant models of parkinsonian neurodegeneration, 

and most reproduce some, but not all, phenotypic symptoms and pathologies of the 

human disease [23-25]. To investigate sex dimorphism in PD, in vivo mammalian 

models provide a valuable experimental tool as primary sex characteristics and hormone 

expression are present, and systemic toxicant metabolism can be approximated with a high 

degree of accuracy [24, 26]. However, most animal models used to measure PD-related 

neurodegeneration as a result of neurotoxicant exposure, environmental contaminant or 

otherwise, have historically been conducted in male rodents. Thus, the first several decades 

of animal modeling in basic PD research largely overlooked any sexual dimorphisms in 

vulnerability to neurotoxicant exposure. As recent efforts have increased to include sex 

as a biological variable [27], an intriguing pattern has emerged – female animals are 

less vulnerable to dopaminergic neurodegeneration from environmental toxicants. To this 

end, in the section below we discuss sex differences in dopaminergic neurotoxicity from 

experimental studies with environmental toxicants associated with PD risk, summarized in 

Table 2.
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Rotenone

Rotenone administration in adult rats causes the selective neurodegeneration of 

dopaminergic neurons in the substantia nigra (SN) and their terminal projections to the 

dorsolateral striatum (ST) [28-31]. Most published data from parkinsonian modeling with 

rotenone is within male, aged, inbred or outbred rat strains (e.g. Lewis, Sprague Dawley) 

using systemic dosing of rotenone at 2.8 mg/kg, a concentration that provides the most 

reproducible neurodegenerative effects [31]. In contrast, when female rats of the same age 

and strain (Lewis) were exposed to the same dose (2.8 mg/kg) and scheduling of rotenone 

treatment, they exhibited virtually no discernable dopaminergic pathology [32]. In fact, 

female Lewis rats required a higher rotenone dose than males (up to 3.6 mg/kg) to produce 

equivalent dopaminergic pathology within the SN – a dose that is acutely lethal to male rats.

In addition to the overall lack of dopaminergic neurodegeneration, female rats exposed to 

higher doses of rotenone (3.2 and 3.6 mg/kg) also exhibited a reduction in overall PD-related 

pathology. For example, endogenous α-synuclein accumulation in dopaminergic neurons, 

a hallmark of rotenone-induced neuropathology, was significantly lower in female animals 

compared to male counterparts [32]. This was postulated to be at least partially influenced 

by a sex-dependent preservation of macroautophagy, as lysosomes within dopaminergic 

neurons of female rats were less impaired than those in male rats exposed to rotenone 

[29]. While the mechanisms underlying female resilience toward rotenone-induced protein 

aggregation are unclear, other model systems of α-synuclein toxicity support a similar 

male-specific vulnerability. For example, a study using 3K mice, a tetramer-abrogating 

mutant of the E46K α-synuclein mutation, showed that male animals were more vulnerable 

to α-synuclein-induced motor deficits and dopaminergic neuropathology than females [33]. 

Moreover, male animals treated with an estrogen compound (10b-17β-dihydroxyestra-1,4-

dien-3-one) showed dopaminergic neuroprotection against α-synuclein tetramers [34]. 

Whether estrogen is protective against environmental neurotoxicant-induced α-synuclein 

aggregation remains to be specifically assessed. Nonetheless, α-synuclein aggregation 

influenced by environmental exposures, such as pesticides, may underlie male-specific 

vulnerability to neurodegeneration.

Dieldrin

In addition to rotenone, male-specific vulnerability to motor dysfunction was observed in 

a study with the organochlorine dieldrin, a pesticide implicated in PD risk that produces 

selective degeneration of dopaminergic neurons from the SN in rodents [35, 36]. These 

data showed that developmental exposure to 0.3 mg/kg dieldrin in wildtype (C57Bl/6J) 

mice, followed by α-synuclein pre-formed fibril (PFF) intrastriatal injection, resulted in 

male-specific motor deficits and striatal dopamine turnover [37]. As the dieldrin exposure 

occurred only during perinatal periods – breeding, gestation, and lactation of the dam 

– this study demonstrated that developmental exposure may direct sex dimorphisms in 

neurodegenerative disease later in life. In particular, developmentally exposed males may 

have elevated vulnerability toward secondary exposures or risk factors (e.g., α-synuclein) 

that influence dopaminergic neurotoxicity [37].
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Interestingly, Gezer and colleagues showed that developmental dieldrin exposure did not 

alter the amount of phosphorylated, aggregated α-synuclein in dopaminergic neurons 

(pSer129-αSyn) in male or female animals [37]. However, differential gene expression 

and DNA methylation alterations based on sex were observed. These findings suggest 

that sex-specific gene regulatory pathways are likely altered by developmental exposure 

to pesticides and may provide insight into mechanisms involved in lifetime risk of 

dopaminergic neurodegeneration. For example, differentially expressed genes relating to 

inflammatory and adaptive immune responses were observed in a sex-specific pattern [37], 

which could drive microglial or inflammatory activation in the brain in sexually divergent 

mechanisms: one that is relatively resilient in females, or one that is relatively susceptible 

in males. These results reveal a critical need to examine how sex-specific gene regulation 

is influenced by environmental contaminant exposure during development, shaping risk for 

neurodegeneration in adulthood.

Paraquat

Paraquat represents a key environmental risk factor associated with PD, as it is a widely used 

herbicide in the United States that elevates risk for the disease over two-fold (Odds Ratio 

2.27, 95% CI: 0.91, 5.7) [20]. Despite epidemiological evidence supporting a link between 

paraquat and PD risk, there are inconsistencies in the amount of nigrostriatal degeneration 

produced in animal models of paraquat exposure [38]. However, experimental data support 

a male-specific vulnerability to dopaminergic neurotoxicity from paraquat in mice. For 

example, a study investigating prenatal and adulthood paired exposures to pesticides found 

that prenatal exposure to maneb (1 mg/kg) followed by adult exposure to paraquat caused 

a 50% reduction in striatal dopamine levels and a 40% increase in dopamine turnover in 

male rats [39]. In contrast, female rats showed no reduction in motor function nor changes 

to striatal neurochemistry. Interestingly, motor dysfunction in males was not correlated 

with prenatal paraquat or maneb exposure alone, but were induced after a second paraquat 

exposure as adults [39]. These data suggest that male offspring could be more vulnerable 

to developmental exposures than females, resulting in elevated PD risk in adulthood. In 

addition to developmental exposure, paraquat also caused preferential neurotoxicity in adult 

male animals; mice exposed to 2.19x104 ± 3.32x103 particles/cm3 of paraquat via inhalation 

induced male-specific deficits in olfactory discrimination [40]. Finally, studies performed in 

Drosophila showed that male flies exposed to paraquat displayed earlier and more severe 

symptoms than females [41, 42], suggesting that sex-dependent vulnerability to paraquat 

may be conserved across species.

Manganese

In addition to pesticides, heavy metals are linked to PD risk [43, 44] and represent 

common environmental contaminants as components of air pollution and as drinking 

water [45, 46]. Although manganese is a necessary dietary component, it is commonly 

sampled in the environment at concentrations of over twice the recommended limit 

by the World Health Organization [46]. Excess manganese exposure is associated with 

midbrain and developmental neurotoxicity, as well as risk for PD [47, 48]. Moreover, 

manganism, a disorder cause by overexposure to manganese, presents with motor symptoms 
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similar to idiopathic PD [49-52]. Manganese appears to induce dopaminergic neurotoxicity 

via multiple mechanisms; mitochondrial dysfunction and oxidative stress, glial-driven 

neuroinflammation, and protein misfolding, transmission, and accumulation [48, 53-55]. 

There is also evidence that manganese catalyzes the auto-oxidation of dopamine [56, 57], 

providing a possible environmental link between dopamine oxidation and PD pathogenesis 

[58, 59].

Manganese also appears to induce sex-specific parkinsonian symptoms in experimental 

models of exposure. For example, a study investigating the interaction between manganese 

and groundwater sediment found that exposure to 1 g manganese chloride per 1 kg sediment 

caused male and female rats to underperform on motor behavior assessments such as 

rotarod, cylinder, and beam tests [60]. However, male rats displayed worse performance 

in all motor assessments compared to females. An important feature of this study was the 

use of manganese in sediment, which more accurately mimics environmental conditions, 

suggesting that sex-specific effects observed in this experimental model may be more 

reflective of human exposure [60]. In a separate study, FVB mice exposed to 50 mg/kg 

manganese subcutaneously displayed sex differences in medium spiny neuron (MSN) 

morphology within the striatum, where total spine density was increased in female mice, 

but significantly decreased in males one day post exposure [61]. As striatal MSNs are 

involved in dopaminergic signaling that coordinates motor movement, these data indicate 

that sexually dimorphic neurotoxicity from manganese exposure could be responsible for 

some of the reported sex differences in motor sequelae [62].

Putative biological mechanisms for sex-dependent vulnerability to 

environmental toxicants associated with PD risk

Estrogen

Estrogen is the most widely studied sex hormone in mechanisms of PD pathogenesis, 

with over 40 years of experimental and clinical research investigating its role in 

neurodegeneration [63-65]. In addition, numerous studies have investigated estrogen for 

its potentially protective role in toxicant exposure-induced PD as estrogen increases the 

production of dopamine in both the striatum and the SN [6, 7, 66-68]. For example, 

ovariectomized female rats injected with 6-OHDA that are then treated with estrogen were 

protected against the toxin-induced motor defects [69]. Epidemiological studies corroborate 

these data. One such study evaluated the risk of parkinsonism with oophorectomy in women 

prior to the onset of menopause [70]. They found that oophorectomy increased the risk of 

developing parkinsonian-like neurological evaluations by 1.68 times. The study also found 

that this risk increased with the earlier age of oophorectomy [70].

Estrogen treatment appears to reduce mitochondrial oxidative stress in cultured neurons 

(e.g., PC-12 cells), as well as in male and female rat brain tissue [71, 72], making it an 

attractive candidate to protect against environmental contaminants that cause neurotoxicity. 

For example, several studies show that estrogen is protective against manganese [73-75], a 

potent inducer of oxidative stress, including in rat primary neurons and astrocytes, which 

were protected against manganese induced toxicity in vitro by 17beta-estradiol as well 
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as the estrogen modulator tamoxifen [76]. Estrogen and tamoxifen treatment were also 

neuroprotective against dopaminergic neurodegeneration following manganese injection in 

the striatum of mice, in part due to a reduction of oxidative stress as well as glutamate 

mediated excitotoxicity [75]. Despite this strong mechanistic evidence, it remains unclear 

if estrogen-mediated protection against manganese induced dopaminergic neurotoxicity is 

conserved in humans. A recent epidemiological study of parkinsonism in a manganese 

exposed population in South Africa did not report sex differences in risk for PD-related 

motor symptoms (UPDRS subsection part 3 scores) [77]. However, as females appear to 

absorb more manganese than males [78], resulting in higher blood manganese levels in 

humans [79], the similar rate of parkinsonism between sexes among exposed populations 

suggests that female resiliency to manganese could be partially occluded.

There is also evidence that estrogen plays a role in α-synuclein accumulation. As previously 

mentioned, 3K transgenic mice that amplify the E46K α-synuclein mutation, displayed 

worsened male vulnerability to α-synuclein accumulation, motor deficits, and dopaminergic 

neurodegeneration [33]. However, treatment with 10b-17β-dihydroxyestra-1,4-dien-3-one 

(DHED), that increases brain-specific estrogen, was protective against α-synuclein driven 

neurodegeneration in 3K male mice. Much speculation remains about the mechanism 

by which estrogen may protect against α-synuclein accumulation, but some data seem 

to support destabilizing effects of estrogens against α-synuclein fibrils [80], though the 

influence of estrogen on autophagy is likely a key factor as well [81].

Hormone and/or estrogen replacement therapy (HRT/ERT) has been extensively studied 

in PD risk, progression, and management of symptoms, with conclusions ranging from 

beneficial to negative effects [65, 82-86]. Additionally, there are significant risks associated 

with long term use of certain postmenopausal HRT, including coronary heart disease and 

breast cancer [87]. While there are potential methods to avoid off-target effects, such as 

selective estrogen receptor modulators or other tissue or cell specific estrogen targets, [33, 

69], there is little consensus on the precise mechanism(s) and neuroprotection conveyed by 

estrogen. Future work to understand the potential neuroprotective efficacy of estrogen as 

a potential intervention in PD risk from neurotoxicants in exposed populations will be an 

important translational link between experimental studies and human health.

SRY

The expression of the sex determining region of the Y chromosome (SRY) is present 

within a subset of dopaminergic neurons of the ventral midbrain in males, and is 

completely absent in individuals with no Y chromosome [88]. SRY is a transcription 

factor that functions as the initial switch to begin the cascade for male sex development 

[89]. However, SRY also appears to be involved in gene transcription of dopaminergic 

neuron-related proteins such as tyrosine hydroxylase, monoamine oxidase-A, and dopamine 

decarboxylase [88, 90]. An emerging hypothesis suggests that SRY expression itself 

may elevate dopaminergic neuron susceptibility to exogenous neurotoxicants, providing 

a source for intrinsic male-specific vulnerability in the dopamine system [19]. This 

was demonstrated in rats exposed to 6-hydroxydopamine (6-OHDA) or rotenone, where 

knockdown of SRY using antisense oligonucleotides (ASOs) in male animals was protective 
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against nigrostriatal neurodegeneration caused by either neurotoxicant [19]. In addition, 

cultured ventral midbrain neurons from male mouse pups on embryonic day 13.5, prior to 

gonad development, were more vulnerable to rotenone toxicity than female neurons [90], 

suggesting that female resilience to neurotoxicants is at least partially due to non-hormonal 

factors.

There is also evidence that SRY expression may influence the neuroprotective effects of 

estrogen. Overexpression of the SRY gene in mouse Neuro 2A (N2A) cells decreased 

estrogen receptor beta (ERβ) expression, but increased the dopamine metabolizing enzyme 

monoamine oxidase (MAO) [90]. Conversely, recent data suggests that estradiol signaling 

though ERα during neurodevelopment shapes neuronal gene expression that drives sexual 

dimorphism in the mouse brain [91]. This bidirectional effect of gene expression and 

hormone influence on neuronal steroid receptors likely contributes to sex and cell 

specific vulnerability to environmental factors. In addition, exposure to neurotoxicants 

during development or puberty may further influence the complex interaction between 

genetically encoded sex characteristics, hormone regulation, and dopaminergic vulnerability, 

as observed in dieldrin and paraquat rodent studies [37, 39].

VGLUT2

In addition to SRY, a subset of dopamine neurons also express vesicular glutamate 

transporter 2 (VGLUT2), which packages glutamate into vesicles and is necessary and 

sufficient for glutamate release [92-95]. Because a greater proportion of dopamine neurons 

express VGLUT2 in the ventral tegmental area [96, 97], which is relatively protected in 

PD compared to the SN [98, 99], an association between dopamine neuron VGLUT2 

expression and resilience to PD was hypothesized. Indeed, multiple animal PD models 

have observed a role of VGLUT2 in mediating dopamine neuron vulnerability [100-102], 

and in a rotenone exposure model of PD, VGLUT2 expression conferred greater dopamine 

neuron survival [103]. These findings concur with a recent study of human PD brain tissue, 

which observed that upregulation of VGLUT2 in dopamine neurons is associated with 

survival [104]. Importantly, analysis of dopamine neuron VGLUT2 expression in Drosophila 
(Drosophila VGLUT, abbreviated dVGLUT), rats, and humans found a consistently higher 

level of VGLUT2 expression in females compared to males [8], suggesting VGLUT2 may 

play a role in mediating the sex difference in vulnerability to neurotoxicant-induced PD.

Though the precise mechanism behind VGLUT2-associated dopamine neuroprotection 

has not been uncovered, multiple clues provide insight on its role in neuron resilience. 

Conditional knockout of VGLUT2 in dopamine neurons decreases expression of brain-

derived neurotrophic factor (BDNF) and its receptor, TrkB, and viral rescue of VGLUT2 

restores BDNF and TrkB expression [101]. Additionally, lentiviral-mediated upregulation of 

VGLUT2 in dopamine neurons promotes axonal outgrowth in vitro, and treatment with glial 

cell-derived neurotrophic factor (GDNF) increases dopamine neuron VGLUT2 expression 

[102].

A more direct mechanism of VGLUT2-associated neuroprotection may have been uncovered 

via the discovery of activity-dependent vesicular synergy in glutamate/dopamine co-

releasing neurons [105]. In this study of both flies and mice, cell depolarization led to 
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an increase in dopamine loading into synaptic vesicles, and this increase was driven by 

vesicle hyperacidification driven by dVGLUT/VGLUT2 [105]. Thus, activity-dependent 

dopamine loading via VGLUT2 may remove dopamine from the cytosol, where it can cause 

oxidative stress through its metabolites [106]. VGLUT2 may also confer protection through 

a non-vesicular function, as work in Drosophila has demonstrated that after localization to 

the plasma membrane during exocytosis, dVGLUT can modulate proton efflux from nerve 

terminals [107], thus presenting another mechanism by which VGLUTs may alter oxidative 

stress in PD. Finally, protection may be conferred by glutamate rather than VGLUT2, 

as glutamate can be converted to α-ketoglutarate, allowing it to participate in the TCA 

cycle in times of stress to maintain mitochondrial function [108]. While more work is 

needed to determine the precise mechanism of neuroprotection, VGLUT2 expression and 

glutamate co-release may impact mitochondrial function and oxidative stress, thus serving as 

an intriguing candidate for mediating sex differences in PD vulnerability.

Microbiome

The microbiome has emerged as a central factor in numerous chronic physiological and 

psychiatric diseases, with growing evidence linking microbiome alterations with PD risk 

and progression. In addition, individuals who received truncal vagotomy have reduced 

PD risk [109], possibly as a result of decreased retrograde α-synuclein, pathogen, and/or 

toxicant trafficking from the enteric nervous system to the central nervous system [110, 

111]. There is also a premise that gut permeability, driven by intestinal pathology 

or proinflammatory gut microbes, induces systemic and local neuroinflammation that 

influences neurodegeneration [112]. Gut microbiome signatures of individuals with PD 

indicate a proinflammatory environment, with a reduction in short chain fatty acid (SCFA)-

producing bacteria, and elevation of opportunistic microbes that interact with the mucosal 

immune system to promote cytokine production [113]. While it remains unclear what 

triggers microbiome or gastrointestinal alterations in individuals with PD, growing clinical 

and experimental evidence suggest the gut-brain axis plays a role in disease pathogenesis 

[114-116].

Along with data from human fecal microbiomes from familial PD cases, sex differences 

have been observed in the gut microbiome of toxicant-treated animals as well. One such 

study evaluated the effects of manganese on the gut microbiome in mice exposed to 

manganese in drinking water which caused a decrease in microbial phylogenetic diversity in 

a sex-dependent manner [117]. In addition, male and female animals displayed different 

alterations in relative abundance of genera often associated with those in the PD gut 

microbiome. For example, the genus Lactobacillius was enriched only in manganese-treated 

female mice. In addition, DNA repair genes were upregulated in the gut microbiota of 

manganese-exposed females and downregulated in males, as well as aminotransferase and 

prephenate dehydratase genes (involved in phenylalanine synthesis), which were increased 

in female but decreased in male microbiota. The study also found that bacterial gene 

transcription of the gene encoding glutamate decarboxylase was significantly decreased in 

the gut microbiome of male mice [117]. As glutamate decarboxylase catalyzes glutamate to 

gamma-aminobutyric acid (GABA), these data suggest that toxicant exposure may induce a 
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sex-specific influence on GABA production within the gut microbiome, which may in turn 

modulate the gut-brain axis [118].

Under normal conditions, significant differences in the gut microbiome between males 

and females are inconsistent, particularly in human studies [119]. Thus, as the 

gastrointestinal system is a primary site for environmental contaminant exposure [120], 

sex-dependent responses to toxicant-induced changes in gut microbiota may influence 

disease pathogenesis. However, direct gastrointestinal exposure to neurotoxicants may 

not be necessary to induce sex-dependent changes in the gut microbiome. Treatment 

with synthetic dopaminergic neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) via intramuscular injection in non-human primates decreased gut microbiome 

genus diversity in males but increased genus diversity in females [121]. Though 

MPTP is not an environmental contaminant, these data suggest that routes of exposure 

beyond the gastrointestinal system (e.g., inhalation, dermal), may still influence gut-brain 

interaction in a sex-dependent manner. Interestingly, some studies indicate that changes 

in microbiome influence circulating sex hormone concentration and metabolism, which 

supports the interplay between toxicant exposure, microbiome, and hormone regulation in 

neurodegeneration [122, 123]. Future studies involving toxicant exposure, sex, and the gut 

microbiome in PD pathogenesis will be critical to assess this complex relationship.

Conclusions

In this focused review, we have highlighted the limited available epidemiological 

and experimental data that support sex differences in environmental toxicant-induced 

neurodegeneration, which represents a component of a broader sex dimorphism in PD 

topic (see Gillies et al., 2014, Picillo et al., 2017 [1, 62]). The data reviewed here support 

a male-specific dopaminergic vulnerability and/or increased neuroprotection in females 

specific to neurotoxicant exposures associated with PD risk†. Though numerous potential 

mechanisms underlying the observed sex differences exist, there is evidence that estrogen 

plays a major protective role in female protection from neurotoxicant exposures (Figure 1). 

In addition, emerging data suggest that genetic sex characteristics, VGLUT2 expression, 

and microbiome influences are potential mechanisms that provide female resilience to 

toxicants associated with dopaminergic neurodegeneration. Given the sexual dimorphism 

in PD risk, clinical presentation, and progression, experimental models demonstrating male-

specific vulnerability to environmental toxicants in PD is a critical but largely understudied 

research area. Future studies to address these mechanisms will be essential for prevention 

and appropriate therapeutic and/or symptomatic treatment for men and women with this 

neurodegenerative disease.
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National Institute of Diabetes and Digestive and Kidney Diseases (R01DK124219, ZF), and the Commonwealth of 
Pennsylvania (PA-HEALT, ZF).
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Figure 1. 
Summary of identified physiological mechanisms involved in female resilience to 

dopaminergic neurodegeneration caused by environmental toxicant exposure. Figure created 

with Biorender.com.
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