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Abstract: Manganese (Mn) exposure has evolved from acute, high-level exposure causing manganism
to low, chronic lifetime exposure. In this latter scenario, the target areas extend beyond the globus
pallidus (as seen with manganism) to the entire basal ganglia, including the substantia nigra pars
compacta. This change of exposure paradigm has prompted numerous epidemiological investigations
of the occurrence of Parkinson’s disease (PD), or parkinsonism, due to the long-term impact of Mn.
In parallel, experimental research has focused on the underlying pathogenic mechanisms of Mn and
its interactions with genetic susceptibility. In this review, we provide evidence from both types of
studies, with the aim to link the epidemiological data with the potential mechanistic interpretation.
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1. Introduction

Two decades after James Parkinson’s Essay on The Shaking Palsy was published
in 1817, John Couper published his landmark article, On the Effects of Black Oxide of
Manganese when Inhaled into the Lungs [1]. Since then, ‘manganism’ and parkinsonism
have crossed paths, creating the uncertainty regarding their differences and similarities.
Throughout the years, technological changes have increased human exposure to Mn, mirror-
ing now more closely the phenotypes of parkinsonism [2]. Today, the industrial production
and utilization of Mn have sharply increased, mainly due to the high demand for steel
required for construction in emerging economies such as China, India, and the Middle East.
The discovery of better-performance Mn-based batteries for electric vehicles is projected
to further increase the production of pure Mn and its global utilization, replacing the
more expensive cobalt-based batteries. Welding will also keep growing, with consequent
exposure of welders to much smaller Mn-containing particles. All this is reflected by the
progressive increases in metal pollution in soil [3-6] related to anthropogenic activities.
Few data are available on the presence of Mn in the ocean and aquifers [7,8] but available
data have suggested areas with high levels in drinking water. Air concentration is highly
variable, depending on the presence of industrial emissions. Car traffic does not seem to
be a source of pollution, as the Mn concentration in gasoline, mainly in the form of MMT,
seems to be negligeable.

A full international conference on Mn toxicity took place in 2016 at the Icahn Scholl
of Medicine at Mount Sinai, New York. New epidemiological, toxicological and cellular
studies reported at the conference yielded new insights into mechanisms of Mn toxicity
and opportunities for preventive intervention. Strong evidence was provided for causal
associations between Mn and both neurodevelopmental and neurodegenerative disorders.
Brain imaging data strongly substantiated the new findings at different life stages. Can-
didate biomarkers of exposure were present for hair, nails, and teeth, reflecting different
exposure windows and outcomes [9]. Sex differences have been reported in several studies,
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suggesting that women are more susceptible, due to less efficiency in managing Mn trans-
port, which is regulated by the SLC30A10 and SLC39A8 transporters, resulting in disturbed
Mn homeostasis and toxicity [9].

Whether Mn exposure is associated with Parkinson’s disease (PD) or parkinsonism,
and their differences and similarities with manganism, the clinical intoxication resulting
from acute high exposure to Mn, have been topics of debate. Globally, the ‘Parkinson’s
pandemic’ is the fastest growing neurological disease and has increased from 2.6 million in
1990 to 6.3 million in 2015. By 2040, it is projected to increase to 17.5 million not only due
to aging but also to increasing longevity and industrialization [10]. In North America, the
most updated information on PD frequency, based on multi-study and Medicare sources
indicates that it may be higher than what has previously been reported. The prevalence
rate based on data collected in 2010 among those aged >45 years was 572 per 100,000 (95%
confidence interval 537-614), with 680,000 patients in the US aged >45 years. Based on the
US Census Bureau’s population projections, that number will double in 2030 [11]. Incidence
rates calculated from the same sources in 2012 were 47-77/100,00 among those aged >45,
and 108-212/100,000 among those aged >65 [12]. Age- and sex-adjusted analyses also show
spatial clustering in southern California, southeastern Texas, central Pennsylvania, and
Florida, possibly due to case ascertainment and diagnostic protocols, and environmental
exposure in certain geographic location.

A growing interest has developed in the past two decades in the possibility that
Mn exposure acts as an exogenous trigger to induce parkinsonism, which is different
from the classical form of manganism. Human epidemiological studies indicate that
increased frequency of parkinsonism is associated with chronic Mn exposure, which,
although not reaching sufficiently high levels to cause acute manganism, is sufficient
to induce parkinsonian symptoms [13-16]. Clinical cases of parkinsonism have been
described in relation to the homozygous mutations in the solute carrier (SLC) transporters,
which mediate the influx (SLC39A8, SLC39A14) and efflux (SLC30A10) of Mn [17-21].
Human observations have been supported also by experimental work, which provides
plausible mechanistic explanations. The clinical feature of Mn-induced parkinsonism is
now considered as a different phenotype from idiopathic Parkinson’s Disease (IPD), based
on the presence of four cardinal signs of rest tremor, bradykinesia, rigidity, and impaired
postural reflexes. Mn-induced parkinsonism includes a broader classification defined by
the presence of at least two of the four cardinal signs [22] and the benchmark dose for Mn
concentration in PM10 airborne particles has been estimated in 20-25 ng/ m?3, as a cut-off
for increased risk [23]. Classical manganism is instead the result of acute exposure to high
Mn concentrations of at least 1 mg/m?, as indicated by WHO [24].

Accurate descriptions of the clinical manifestation of that atypical parkinsonism have
been provided by several reports starting from Dr. Couper’s paper [1], to similar reports
from Morrocco [25], Chile [26-28]. They all indicate slowness of movement (bradykinesia),
masked facies, and gait impairment (postural instability) as the main features, in addition to
the lack of response to L-Dopa treatment. Cases of clinical manganism have been reported
more recently in China, where ferroalloy production is highly developed and not always
sufficiently controlled by modern preventive intervention [29,30]. Not only inhalation
can be the cause of Mn overload, causing manganism, but also intravenous absorption
of excessive Mn through parenteral nutrition, calling for a more adequate regulation of
Mn concentrations in parenteral solution [31-33]. Consumption of illicit drugs such as
ephedrone, obtained via the reaction of pseudoephedrine with potassium permanganate
(KMnOy), acetic acid, and water. The oxidation of ephedrine/pseudoephedrine-induced
KMnO; forms methcathinone (ephedrone) and manganese dioxide, resulting in clinical
manganism in young adults [34,35]. Finally, Mn overload leading to clinical manganism is
caused by hepatic portosystemic shunts in liver failure conditions, blocking Mn excretion
through the biliaric system and resulting in acquired hepatocerebral degeneration [36].

Treatment of these clinical manifestations has shown somewhat inconsistent results af-
ter para-aminosalicylic acid (PAS) [37,38], ethylenediaminetetraacetic acid (EDTA) [39,40],
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and 2,3 dimercaptosuccinic acid chelation [41]. Removing Mn overload is currently the only
treatment of genetically induced manganism due to homozygous mutation of Mn trans-
porters and is able to reduce the severity of symptoms, to an extent, among affected children.

These data indicate that Mn exposure poses a high public health concern for the
future, and together with the increasingly diffused presence of Mn in workplaces and the
environment, call for a clear definition of the role of Mn. With this review, we provide
further information and updates, focusing on Mn as a potential risk factor for parkinsonian
outcomes based on human epidemiological studies and experimental mechanistic studies.

2. Methods

We conducted a literature search using the keywords, “manganese”, “parkinsonism”,
“Parkinson’s disease”. We utilized the following databases: Scopus, MedLine, and PubMed.
The databases were chosen due to their great variety and the broad scope of available
studies. The search was conducted based on single MeSH terms or in combination. Each
manuscript was reviewed by RL and KT and classified per type of design.

3. Human Studies

A variety of studies have been conducted on human populations exposed to Mn,
through their occupation or environmental exposure, to fill the gaps in knowledge regarding
Mn as a potential risk factor for PD and/or parkinsonism. This review focuses on human
studies published after a previous review in 2009 by Lucchini et al. [13]. That analysis
concluded that although acute manganism is a distinct medical condition from PD, the
progressive changes of exposure scenarios towards chronic exposure to much lower levels
(see Figure 1) might have progressively extended the site of Mn deposition and toxicity
from the globus pallidus to the entire area of the basal ganglia, including the substantia
nigra pars compacta, a brain region affected in PD.

\ Manganese

Mixed 1 jnduced

conditions . .
!parkinsonism/PD

Manganism

Exposure duration

Exposure intensity

Genetic susceptibility

Figure 1. Occurrence of manganism, manganese-induced parkinsonism and/or PD, and intermediate
mixed conditions as a function of exposure intensity, exposure duration and genetic susceptibility.

3.1. Occupational Studies

Welders have been the subject of human studies exposed to Mn through their occu-
pation for many years, starting from the first publication by Racette et al. in 2001 [14],
reporting an early onset of PD among 15 career welders who showed a reduction in
dopamine through LEVODOPA PET scans and were responsive to dopamine treatment.
This research group has produced a few subsequent papers as discussed below, reinforcing
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the finding of high PD incidence among welders, with no substantial differences from
non-welder PD patients.

In 2012, Racette et al. examined 811 shipyard and construction welders and compared
them to 59 non-welder workers and 118 patients diagnosed with idiopathic PD [15]. The
Unified Parkinson’s Disease Rating Scale, motor sub-section 3 (UPDRS-3), was utilized for
the diagnostic assessment. UPRDS-3 scores higher than 15 were considered parkinsonism
and were found in 15.6% of the welders compared to 0% in the reference group. Welders
showed a U-shaped dose-response relationship between exposure years and parkinsonism.
UPDRS-3 scores among welders were like the newly diagnosed idiopathic PD cases that
showed more frequent resting tremors and asymmetry.

In 2015, Andruska and Racette reported a prevalence of parkinsonism of 15.6% among
716 welders and a PD prevalence of 2% in the general population over 65 years of age [16].
The studies by Racette’s group have consistently showed a relationship between Mn
exposure and parkinsonism, compared to other negative studies based on clinical record
or metanalysis [42-45] that did not rely on the same methodology based on individual
assessment using UPDRS-3.

Modern FDOPA PET research in pre-symptomatic Mn welders has also shown im-
paired FDOPA uptake in the striatum and lower uptake in the caudate compared to the
putamen compared to non-exposed subjects [46,47]. This is in contrast with previous
studies not showing altered FDOPA uptake in Mn exposed or intoxicated subjects. The
improvement of FDOPA PET technology and the changes in the exposure patterns may
explain this difference in imaging findings.

Mn is always present in welding fumes and therefore, it is biologically feasible that at
the current average exposure levels in welding, Mn toxicity may be insufficient to produce
clinical manganism but sufficient to enhance the effects of a reduced release of dopamine,
resulting in presynaptic dysfunction and PD at an earlier stage [48]. Low-level Mn exposure
over time may more accurately mimic environmental triggers that have been associated
with PD risk [16].

Among 418 Mn miners in South Africa, parkinsonism defined by a UPDRS-3 score
higher than 15 showed a prevalence of 29.4% [49]. For Iranian automotive workers, the rate
of parkinsonism assessed with transcranial sonography was 42% [50]. These workers had
been exposed to 3.34 mg/m? of cumulative Mn on average, over an average duration of
12.30 years of work, whereas the South African miners had experienced a similar average
cumulative exposure of 3.7 mg/m? over an average duration of 13.5 years.

3.2. Environmental Studies

Non-occupational studies have been conducted to assess the relationship between
Mn exposure and PD and/or parkinsonism. They have mainly included ecological and
case—control designs.

A high prevalence of parkinsonism was observed in the province of Brescia, Italy,
where clustering of Bayesian SMRs (BSMRs) resulted in the vicinities of ferroalloys in-
dustries operating since the beginning of 1900. A significant correlation was observed
between the BSMRs for parkinsonism and the average concentration of Mn in the deposited
dust [51]. In the same province, case—control studies have shown a relationship of PD and
parkinsonism with metal exposure and «-synuclein polymorphism [52]. Being born in
the province of Brescia also resulted in a potential determinant of early life exposure in
the development of the disease at the old age [52]. The parkinsonian patients in this area
showed a serum increase in liver enzymes AST/ALT, together with higher levels of blood
and urinary Mn, and disruption of copper, zinc, and iron levels [53]. The involvement of
liver function in patients exposed to Mn indicates a potential link to genetic mutation of
the SLC enzymes that regulate Mn transportation, as seen in other studies [54].

Homozygous mutations of this family of transporters (SLC30A10, SCL39A8, SLC39A14)
cause a rare pediatric genetic disease characterized by hypermagnesemia, parkinsonism
and dystonia, liver disease and polycythemia [55-58], and specific imaging signs [59].
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Heterozygous mutations of these transporters are commonly seen in up to 40% of the
cases in the province of Brescia [60]; they influence Mn in blood, leading to neurological
impacts [61,62]. Therefore, a Mn-induced increase in PD and parkinsonism in the Italian
site may be related to historic environmental contamination and genetic vulnerability. The
province of Brescia is a unique site impacted for more than a century by ferromanganese
emission in enclosed pre-Alp valleys like Valcamonica, resulting in high levels of Mn in
soil [63-65], local products [66,67], and deposited dust [68,69], causing continuous airborne
resuspension [70,71]. Epidemiological studies focused on these types of locations cannot
be compared to others where no such contamination is present.

3.3. Diagnostic Criteria

According to the evolving exposure scenario, diagnostic assessment is also changing.
While the response to levodopa has been used in the differential diagnosis of manganism
from IPD, this diagnostic feature no longer reflects the different toxicological target. From
the manganism-localized toxicity delimited to the globus pallidus, Mn-induced parkinson-
ism reflects toxicity in a larger area of the basal ganglia, including the substantia nigra pars
compacta. Therefore, individuals affected by parkinsonism after long-term exposure to low
Mn levels can respond to levodopa [72]. The globus pallidus hyperintensity, considered as
an imaging hallmark of manganism, may not be detected any longer, after chronic exposure
to low Mn levels. Depending upon the individual exposure intensity, duration, timing,
co-exposure with other neurotoxicants, genetic predisposition given by the diffuse non-
homozigous mutation of the SLC transporters, the clinical diagnosis may reveal an overlap
in syndromes between manganism, Mn-induced parkinsonism, and IPD (see the mixed
diagnosis overlapping area in Figure 1. This is a more challenging situation compared to
the past; therefore, diagnosis requires, in the first place, knowledge and clinical suspicion.
The assessment of modern Mn neurotoxicity requires a multidisciplinary approach, linking
early recognition to outpatient referral to neurology for definitive care. Usage of MRI or
serum-based studies should be done at the request of specialists familiar with toxicity and
the latest research [73]. Increased levels of misfolded a-synuclein in central-nervous-system-
derived exosomes can be observed both in Mn exposed individuals [74] and parkinsonian
patients [75]. Therefore, although the diagnostic predictivity of Mn-induced parkinsonism
is still not established, the increased production of toxic a-synuclein in exosomes can
provide the mechanistic foundation of Mn-induced parkinsonism. Notably, misfolded
a-synuclein is associated with an earlier onset of parkinsonism, which has been observed
among Mn-exposed individuals [15,76,77].

4. Experimental Studies

As discussed above in the human studies, manganism and PD are two distinctive
disorders [78-80]. However, Mn may be a risk factor for developing PD by interacting
with an individual’s genetic makeup [23,81]. Such interactions have been investigated in
mammalian cell culture and animal studies where Mn was combined with PD-linked genes
such as SNCA, parkin, D]-1, and ATP13A2 [82-84]. Given that such gene products and
Mn share pathogenic mechanisms such as mitochondrial impairment, neuroinflammation,
oxidative stress, and protein misfolding [82], it is not surprising that when combined, their
neurotoxic effects are amplified. Below are some genes that have been documented to
interact with Mn.

4.1. SNCA

SNCA encodes x-synuclein, which is predominantly a synaptic protein that is encoded
by the SNCA gene. Missense mutations as well as mutations leading to duplications
and triplications of SNCA have been identified in autosomal dominant PD [85-90]. The
discoveries that increasing the gene dosage of SNCA by 2- to 3-fold can cause PD [89] is
significant for idiopathic PD, because it indicates that elevated wild-type (WT) x-synuclein
alone is sufficient to cause the disease. In addition to familial PD, a-synuclein aggregation
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is also detected in the Lewy bodies of idiopathic PD [91]. Lewy bodies are intracellular
inclusions that consist of aggregated a-synuclein, and more recently, they have also been
reported to contain lipids and organelles such as mitochondria [92]. Pathogenic mechanisms
associated with «-synuclein mutations range from impairing protein degradation pathways
(autophagy and ubiquitin proteasomal system), mitochondrial dysfunction, oxidative stress,
synaptic dysfunction, and neuroinflammation [93]. There has also been a significant interest
in the spread of a-synuclein pathology from one cell to another in a prion-like fashion [75]
and Mn has been demonstrated to enhance this transmission [74].

Mn can bind to a-synuclein via three residues in the C-terminal domain: Asp-121,
Asn-122, and Glu-123 [94]. Although this is a low-affinity binding, low concentrations of
Mn are sufficient to induce x-synuclein fibril formation [95]. Several independent laborato-
ries have reported the effects of Mn on the aggregation of a-synuclein [96]. The interaction
between -synuclein and Mn has been demonstrated in rat primary midbrain dopamin-
ergic neurons, resulting in a higher intracellular level of Mn in cells with «-synuclein
overexpression [97,98]. Although such binding of x-synuclein is protective against Mn
neurotoxicity during the early stages of Mn exposure, the accumulation of sequestered Mn
by a-synuclein eventually induces protein aggregation and neurotoxicity [99]. In a more
recent study, these investigators demonstrated that when combined with «-synuclein, Mn
exposure increases x-synuclein transmission intercellularly via exosome release [74]. By
spreading the misfolded toxic a-synuclein, these exosomes induce neuroinflammation and
degeneration of the nigral dopaminergic neurons [74]. This is the first in vivo demonstra-
tion that, although Mn by itself does not cause neurodegeneration, when combined with a
PD-linked protein, nigral dopaminergic cell loss occurs. The results of these studies are
consistent with a previous report demonstrating that x-synuclein overexpressing neuronal
cells released exosomes capable of transferring x-syn protein to other normal neuronal
cells [100], forming aggregates and inducing death in the receiving cell [101,102]. In fact,
exosome-associated a-synuclein oligomers are more likely to be taken up by recipient
cells and are more neurotoxic compared to free o-syn oligomers [103]. To enhance the
relevance of their mouse study, Kanthasamy and colleagues isolated exosomes in the serum
of welders exposed to Mn and they found increased misfolded «-synuclein in these work-
ers as compared to the non-exposed control subjects [74]. In non-human primates, Mn
exposure has also been reported to induce x-synuclein aggregation [104]. In combination,
emerging evidence indicates that Mn promotes o-synuclein aggregation and spread, lead-
ing to dopaminergic neurodegeneration in experimental models and suggests that such a
scenario may also occur in humans [27].

4.2. Parkin

Mutations in Parkin cause autosomal recessive early-onset PD [105,106], which may
present with or without Lewy bodies [106,107]. Parkin mutations are considered as the most
prevalent autosomal recessive mutations in PD, accounting for approximately up to 77% of
familial early-onset PD and 10-20% of early-onset PD in general [108-110]. Parkin is an E3
ubiquitin ligase that mediates protein degradation. Parkin has been reported to regulate
Mn transport via the divalent metal transporter 1 (DMT1) [111]. DMT1 is the primary route
by which Mn is taken up in the brain. Four DMT1 isoforms have been identified and the 1B
isoform is regulated post-translationally and degraded via the proteasomal pathway. Parkin
is involved in the ubiquitination and mediate the subsequent proteasomal degradation of
this specific isoform of DMT1 [111]. Therefore, a loss of parkin function could facilitate Mn
uptake, promoting Mn accumulation in the basal ganglia and accelerating its toxicity.

4.3. DJ-1

Mutations in DJ-1 cause early-onset autosomal recessive PD [112]. DJ-1 is a multi-
functional protein. Under basal conditions, DJ-1 is localized mostly in the cytoplasm and
to a lesser extent, in the mitochondria and nucleus [113-115]. However, under oxidative
stress conditions, cytoplasmic DJ-1 translocates to mitochondria [115], where it confers
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protection against oxidative stress [115,116]. Mn has been reported to reduce the levels of
DJ-1, resulting in effects that resemble the neurotoxic activity of mutant forms of DJ-1 [117].
Given that both Mn and loss of DJ-1 function can individually promote oxidative stress
and induce mitochondrial dysfunction, such combination may exacerbate their neurotoxic
effects. Indeed, the life-span of C. elegans was reduced after Mn exposure when DJ-1 was
deleted [118].

4.4. ATP13A2

In addition to causing autosomal recessive juvenile-onset Kufor-Rakeb syndrome [119],
which is a levodopa-responsive form of pallido-pyramidal neurodegeration, homozygous
missense mutations in ATP13A2 cause juvenile parkinsonism and early-onset autosomal
recessive PD [120]. ATP13A2 encodes ATPase type 13A, a lysosomal P5B-type transmem-
brane ATPase which has functional domains like other P-type ATPases that are mainly
involved in transporting cations, including Mn. Consistent with these roles of ATP13A2
and its cellular localization, loss of function in this protein has been reported to impair
autophagy flux and accumulation of aggregated x-synuclein [121-123]. ATP13A2 has been
shown to protect cells against Mn toxicity by transporting Mn into lysosomes; however, this
protection is lost when mutations in this gene occur [123]. A recent study has shown that
ATP13A2 polymorphism could negatively impact the effects of Mn on motor coordination
in humans exposed to Mn [124].

5. Discussion

This review indicates that Mn-induced parkinsonism should be given a current up-
dated and structured nosological classification that is clearly different from the historical
knowledge of classic manganism. The evolution of the exposure scenario drives this
epidemiological and clinical redefinition of Mn’s impact on the central nervous system.
Manganism is still occurring, resulting from any situation causing Mn overload exceeding
the Mn homeostatic range in an acute manner. No matter what the cause is, from high Mn
levels in parenteral nutrition, or the consumption of illicit drugs like ephedone, hepatic
failure blocking biliaric excretion, genetic dysfunction of Mn transporters, or a lack of
exposure control in the workplace resulting in airborne Mn concentrations higher than the
WHO cut-off of 1 mg/m?, the features of this atypical parkinsonism, known as manganism
since 1837, can still affect a substantial number of patients. L-DOPA and chelation with
EDTA and PAS are used to reduce the symptoms with varying results due to individual
factors that can influence the therapeutic response.

Mn-induced parkinsonism is likely more diffuse in the population, mainly because of
ambient levels that easily exceed the cut off values of 20 ng/m? that have resulted from
academic research and the reference concentration of 50 ng/m? resulting from the risk
assessment estimates by US EPA and Health Canada. Therefore, given the relevance of
the constantly evolving exposure scenario, further research is needed to target detailed
exposure assessment of the emerging occupational and environmental sources including
(i) steel production for growing demand in construction, and (ii) production, use and espe-
cially disposal of Mn-based EV batteries. Intervention studies focused on the effectiveness
of exposure reduction are also envisaged, given the demonstrated potential for long-term
neurological impacts of low doses. Mixture studies are especially needed to quantify the
weight of Mn when co-exposures with neurotoxic and protective elements occur. In this
regard, novel models such as Bayesian kernel machine regression [125] and weighted
quantile sum regression [126], enable understanding of the interaction of Mn with other
protective and toxic elements and assessment of both the mixture’s effect and the role of
each component within the mixture.

Experimental models used to study neurotoxic mechanisms and the neurotoxicity of
Mn should take into consideration the Mn dosage regimen. Acute high doses are more
relevant to manganism whereas a low chronic dose is more appropriate for parkinsonism
and PD. Different concentrations of Mn may also differentially impair cellular mechanisms.
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For example, although Mn is well-documented to block mitochondrial function, a recent
study has demonstrated that when exposed to concentrations below the acute cytotoxic
threshold, Mn does not induce mitochondrial dysfunction in neuronal cells [127]. Another
important consideration is the use of animal models when feasible. Although in vitro
models have their role, given the complexity and the intricate interactions between cell
types in the brain, in vivo models will allow investigations of Mn-induced toxicity in
specific cell types in different brain regions.

6. Conclusions

Mn-induced manganism is a well-accepted neurotoxic impact of Mn. What is less
clear, however, is whether Mn plays a pathogenic role in parkinsonism and, especially,
in idiopathic PD. There are overlapping clinical and neuropathological features between
these neurological conditions, suggesting some common brain regions and pathogenic
mechanisms being involved. The basal ganglia are the region commonly affected between
Mn- and PD-linked proteins. Additionally, there are common mechanisms such as mi-
tochondprial dysfunction, neuroinflammation, oxidative stress, and dysregulated protein
homeostasis [82,128]. We believe, as illustrated in Figure 1, that a combination of the
duration of Mn exposure, exposure intensity, and genetic susceptibility influences the
outcome of Mn-induced neurotoxicity. Acute high dose exposure typically causes man-
ganism and the globus pallidus is the primary target. Chronic, low-level exposure extends
Mn deposition and toxicity to other brain regions, including the substantia nigra [129].
When combined with other PD-linked gene products such as x-synuclein, parkin, DJ-1,
and ATP13A2, it is likely that Mn contributes to the onset and progression of idiopathic
PD. In addition to the ones discussed in this review, Mn would most likely also interact
and enhance the parkinsonian effects of other genes. Cumulatively, based on the human
and experimental studies, as exemplified in this review, Mn most likely contributes to
parkinsonism/PD pathogenesis; therefore, it is imperative to control this modifiable factor
and eliminate all possible causes of overexposure and long-term absorption of low doses.
This call for preventive intervention was clearly stated by Dr Couper almost two hundred
years ago [1] and must be further embraced today in view of the projected exponential
surge of PD over the next two decades [10].

Author Contributions: Conceptualization, R.L. and K.T.; writing—original draft preparation, R.L.
and K.T.; writing—review and editing, R.L. and K.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Institute of Environmental Health Sciences
of the National Institutes of Health under Award Number R35ES030523. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National
Institutes of Health.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Harry Brown for contributing to the figure in this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Couper, J. On the effects of black oxide of manganese when inhaled into the lungs. Br. Ann. Med. Pharmacol. 1837, 1, 41-42.
2. Blanc, P.D. The early history of manganese and the recognition of its neurotoxicity, 1837-1936. Neurotoxicology 2018, 64, 5-11.

[CrossRef] [PubMed]

3. Peli, M,; Bostick, B.C.; Barontini, S.; Lucchini, R.G.; Ranzi, R. Profiles and species of Mn, Fe and trace metals in soils near a
ferromanganese plant in Bagnolo Mella (Brescia, IT). Sci. Total Environ. 2021, 755, 143123. [CrossRef] [PubMed]

4. Herndon, E.M,; Jin, L.; Brantley, S.L. Soils reveal widespread manganese enrichment from industrial inputs. Environ. Sci. Technol.
2011, 45, 241-247. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neuro.2017.04.006
https://www.ncbi.nlm.nih.gov/pubmed/28416395
https://doi.org/10.1016/j.scitotenv.2020.143123
https://www.ncbi.nlm.nih.gov/pubmed/33160660
https://doi.org/10.1021/es102001w
https://www.ncbi.nlm.nih.gov/pubmed/21133425

Biomolecules 2023, 13, 1190 9 of 14

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jiang, F.; Ren, B.; Hursthouse, A.S.; Zhou, Y. Trace Metal Pollution in Topsoil Surrounding the Xiangtan Manganese Mine Area
(South-Central China): Source Identification, Spatial Distribution and Assessment of Potential Ecological Risks. Int. J. Environ.
Res. Public Health 2018, 15, 2412. [CrossRef]

Carter, M.R,; Gaudet, B.J.; Stauffer, D.R.; White, T.S.; Brantley, S.L. Using soil records with atmospheric dispersion modeling to
investigate the effects of clean air regulations on 60 years of manganese deposition in Marietta, Ohio (USA). Sci. Total Environ.
2015, 515-516, 49-59. [CrossRef]

McMahon, P.B.; Belitz, K.; Reddy, J.E.; Johnson, T.D. Elevated Manganese Concentrations in United States Groundwater, Role of
Land Surface-Soil-Aquifer Connections. Environ. Sci. Technol. 2019, 53, 29-38. [CrossRef]

Palmucci, W.; Rusi, S.; Di Curzio, D. Mobilisation processes responsible for iron and manganese contamination of groundwater in
Central Adriatic Italy. Environ. Sci. Pollut. Res. Int. 2016, 23, 11790-11805. [CrossRef]

Lucchini, R.G.; Aschner, M.; Landrigan, PJ.; Cranmer, ]. M. Neurotoxicity of manganese: Indications for future research and public
health intervention from the Manganese 2016 conference. Neurotoxicology 2018, 64, 1-4. [CrossRef]

Dorsey, E.R.; Sherer, T.; Okun, M.S.; Bloem, B.R. The Emerging Evidence of the Parkinson Pandemic. J. Parkinsons Dis. 2018,
8, S3-58. [CrossRef]

Marras, C.; Beck, J.C.; Bower, J.H.; Roberts, E.; Ritz, B.; Ross, G.W.; Abbott, R.D.; Savica, R.; Van Den Eeden, S.K.; Willis, A.W.;
et al. Prevalence of Parkinson’s disease across North America. NPJ Parkinsons Dis. 2018, 4, 21. [CrossRef] [PubMed]

Willis, A.W.; Roberts, E.; Beck, J.C.; Fiske, B.; Ross, W.; Savica, R.; Van Den Eeden, S.K.; Tanner, C.M.; Marras, C. Incidence of
Parkinson disease in North America. NPJ Parkinsons Dis. 2022, 8, 170. [CrossRef] [PubMed]

Lucchini, R.G.; Martin, C.J.; Doney, B.C. From manganism to manganese-induced parkinsonism: A conceptual model based on
the evolution of exposure. Neuromolecular Med. 2009, 11, 311-321. [CrossRef]

Racette, B.A.; McGee-Minnich, L.; Moerlein, S.M.; Mink, ].W.; Videen, T.O.; Perlmutter, ].S. Welding-related parkinsonism: Clinical
features, treatment, and pathophysiology. Neurology 2001, 56, 8-13. [CrossRef] [PubMed]

Racette, B.A.; Criswell, S.R.; Lundin, J.I.; Hobson, A.; Seixas, N.; Kotzbauer, P.T.; Evanoff, B.A.; Perlmutter, J.S.; Zhang, J.;
Sheppard, L.; et al. Increased risk of parkinsonism associated with welding exposure. Neurotoxicology 2012, 33, 1356-1361.
[CrossRef]

Andruska, K.M.; Racette, A.B. Neuromythology of Manganism. Curr. Epidemiol. Rep. 2015, 2, 143-148. [CrossRef]

Quadri, M.; Federico, A.; Zhao, T.; Breedveld, G.J.; Battisti, C.; Delnooz, C.; Severijnen, L.A.; Di Toro Mammarella, L.; Mignarri,
A.; Monti, L.; et al. Mutations in SLC30A10 cause parkinsonism and dystonia with hypermanganesemia, polycythemia, and
chronic liver disease. Am. J. Hum. Genet. 2012, 90, 467—477. [CrossRef]

Tuschl, K.; Meyer, E.; Valdivia, L.E.; Zhao, N.; Dadswell, C.; Abdul-Sada, A.; Hung, C.Y.; Simpson, M.A.; Chong, WK.; Jacques,
T.S.; et al. Mutations in SLC39A14 disrupt manganese homeostasis and cause childhood-onset parkinsonism-dystonia. Nat.
Commun. 2016, 7, 11601. [CrossRef]

Tuschl, K.; Clayton, P.T.; Gospe, S.M.; Gulab, S.; Ibrahim, S.; Singhi, P.; Aulakh, R.; Ribeiro, R.T.; Barsottini, O.G.; Zaki, M.S,;
et al. Syndrome of hepatic cirrhosis, dystonia, polycythemia, and hypermanganesemia caused by mutations in SLC30A10, a
manganese transporter in man. Am. J. Hum. Genet. 2012, 90, 457-466. [CrossRef]

Stamelou, M.; Tuschl, K.; Chong, W.K; Burroughs, A K.; Mills, P.B.; Bhatia, K.P.; Clayton, P.T. Dystonia with brain manganese
accumulation resulting from SLC30A10 mutations: A new treatable disorder. Mov. Disord. 2012, 27, 1317-1322. [CrossRef]
Boycott, KM.; Beaulieu, C.L.; Kernohan, K.D.; Gebril, O.H.; Mhanni, A.; Chudley, A.E.; Redl, D.; Qin, W.; Hampson, S.; Kiiry, S.;
et al. Autosomal-Recessive Intellectual Disability with Cerebellar Atrophy Syndrome Caused by Mutation of the Manganese and
Zinc Transporter Gene SLC39A8. Am. . Hum. Genet. 2015, 97, 886-893. [CrossRef] [PubMed]

Elbaz, A.; Bower, ]. H.; Maraganore, D.M.; McDonnell, S.K.; Peterson, B.J.; Ahlskog, J.E.; Schaid, D.J.; Rocca, W.A. Risk tables for
parkinsonism and Parkinson’s disease. J. Clin. Epidemiol. 2002, 55, 25-31. [CrossRef] [PubMed]

Lucchini, R.G.; Guazzetti, S.; Zoni, S.; Benedetti, C.; Fedrighi, C.; Peli, M.; Donna, F.; Bontempi, E.; Borgese, L.; Micheletti, S.; et al.
Neurofunctional dopaminergic impairment in elderly after lifetime exposure to manganese. Neurotoxicology 2014, 45, 309-317.
[CrossRef]

WHO. Environmental Health Criteria 17; Manganese; World Health Organization: Geneva, Switzerland, 1981.

Rodier, J. Manganese poisoning in Moroccan miners. Br. J. Ind. Med. 1955, 12, 21-35. [CrossRef] [PubMed]

Miranda, M.; Bustamante, M.L.; Mena, F.; Lees, A. Original footage of the Chilean miners with manganism published in
Neurology in 1967. Neurology 2015, 85, 2166-2169. [CrossRef]

Schuler, P.; Oyanguren, H.; Maturana, V.; Valenzuela, A.; Cruz, E.; Plaza, V.; Schmidt, E.; Haddad, R. Manganese poisoning;
environmental and medical study at a Chilean mine. Ind. Med. Surg. 1957, 26, 167-173.

Ansola Jimenez, |.; Uiberall, E.; Escudero, E. Manganese poisoning in Chile; study on 64 cases; clinical aspects, disability and
medical-legal repair. Prensa Med. Argent. 1946, 33, 1684-1693.

Wang, Y.; Xue, J.; Cheng, S.; Ding, Y.; He, J.; Liu, X,; Chen, X,; Feng, X; Xia, Y. The relationship between manganism and the
workplace environment in China. Int. J. Occup. Med. Environ. Health 2012, 25, 501-505. [CrossRef]

Wang, ].D.; Huang, C.C.; Hwang, Y.H.; Chiang, ].R.; Lin, ].M.; Chen, ].5. Manganese induced parkinsonism: An outbreak due to
an unrepaired ventilation control system in a ferromanganese smelter. Br. J. Ind. Med. 1989, 46, 856-859. [CrossRef]


https://doi.org/10.3390/ijerph15112412
https://doi.org/10.1016/j.scitotenv.2015.01.015
https://doi.org/10.1021/acs.est.8b04055
https://doi.org/10.1007/s11356-016-6371-4
https://doi.org/10.1016/j.neuro.2018.01.002
https://doi.org/10.3233/JPD-181474
https://doi.org/10.1038/s41531-018-0058-0
https://www.ncbi.nlm.nih.gov/pubmed/30003140
https://doi.org/10.1038/s41531-022-00410-y
https://www.ncbi.nlm.nih.gov/pubmed/36522332
https://doi.org/10.1007/s12017-009-8108-8
https://doi.org/10.1212/WNL.56.1.8
https://www.ncbi.nlm.nih.gov/pubmed/11148228
https://doi.org/10.1016/j.neuro.2012.08.011
https://doi.org/10.1007/s40471-015-0040-x
https://doi.org/10.1016/j.ajhg.2012.01.017
https://doi.org/10.1038/ncomms11601
https://doi.org/10.1016/j.ajhg.2012.01.018
https://doi.org/10.1002/mds.25138
https://doi.org/10.1016/j.ajhg.2015.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26637978
https://doi.org/10.1016/S0895-4356(01)00425-5
https://www.ncbi.nlm.nih.gov/pubmed/11781119
https://doi.org/10.1016/j.neuro.2014.05.006
https://doi.org/10.1136/oem.12.1.21
https://www.ncbi.nlm.nih.gov/pubmed/14351643
https://doi.org/10.1212/WNL.0000000000002223
https://doi.org/10.2478/s13382-012-0049-z
https://doi.org/10.1136/oem.46.12.856

Biomolecules 2023, 13, 1190 10 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Martins, A.C.; Ruella Oliveira, S.; Barbosa, E; Tinkov, A.A.; V Skalny, A.; Santamaria, A.; Lee, E.; Bowman, A.B.; Aschner, M.
Evaluating the risk of manganese-induced neurotoxicity of parenteral nutrition: Review of the current literature. Expert Opin.
Drug Metab. Toxicol. 2021, 17, 581-593. [CrossRef]

Al-Saleh, I.; Al-Rougqi, R.; Alnuwaysir, H.; Aldhalaan, H.; Alismail, E.; Binmanee, A.; Hawari, A.; Alhazzani, F; Bin Jabr,
M. Exposure of preterm neonates to toxic metals during their stay in the Neonatal Intensive Care Unit and its impact on
neurodevelopment at 2 months of age. J. Trace Elem. Med. Biol. 2023, 78, 127173. [CrossRef]

Sauberan, J.; Mercier, M.; Katheria, A. Sources of unintentional manganese delivery in neonatal parenteral nutrition. JPEN ].
Parenter. Enter. Nutr. 2022, 46, 1283-1289. [CrossRef]

Ordak, M.; Sloniewicz, N.; Nasierowski, T.; Muszynska, E.; Bujalska-Zadrozny, M. Manganese concentration in patients with
encephalopathy following ephedrone use: A narrative review and analysis of case reports. Clin. Toxicol. 2022, 60, 10-17.
[CrossRef] [PubMed]

Sanotsky, Y.; Selikhova, M.; Fedoryshyn, L.; Kuzyk, P.; Matviyenko, Y.; Semeryak, O.; Dziewulska, D.; Holton, J.L.; Lees, A J.
Neuropathological Findings in Ephedrone Encephalopathy. Mov. Disord. 2020, 35, 1858-1863. [CrossRef] [PubMed]

Kalisky, I.; Maor, Y.; Goldstein, L.; Inbar, Y.; Ben-Ari, Z. Acquired Hepatocerebral Degeneration: A Case Series of a Rare Condition.
Isr. Med. Assoc. ]. 2023, 25, 8-12.

Jiang, YM.; Mo, X.A.; Du, EQ.; Fu, X.; Zhu, X.Y.; Gao, H.Y,; Xie, J.L.; Liao, EL.; Pira, E.; Zheng, W. Effective treatment of
manganese-induced occupational Parkinsonism with p-aminosalicylic acid: A case of 17-year follow-up study. J. Occup. Environ.
Med. 2006, 48, 644—649. [CrossRef]

Ky, S.Q.; Deng, H.S.; Xie, PY.; Hu, W. A report of two cases of chronic serious manganese poisoning treated with sodium
para-aminosalicylic acid. Br. |. Ind. Med. 1992, 49, 66-69. [CrossRef]

Chand, P; Padhani, Z.A.; Akbar, R.; Arain, F. Hypermanganesaemia with dystonia polycythemia and cirrhosis. J. Pak. Med. Assoc.
2022, 72,2097-2100. [CrossRef] [PubMed]

Tavasoli, A.; Arjmandi Rafsanjani, K.; Hemmati, S.; Mojbafan, M.; Zarei, E.; Hosseini, S. A case of dystonia with polycythemia
and hypermanganesemia caused by SLC30A10 mutation: A treatable inborn error of manganese metabolism. BMC Pediatr. 2019,
19, 229. [CrossRef] [PubMed]

Zaki, M.S.; Issa, M.Y,; Elbendary, H.M.; El-Karaksy, H.; Hosny, H.; Ghobrial, C.; El Safty, A.; El-Hennawy, A.; Oraby, A.; Selim, L.;
et al. Hypermanganesemia with dystonia, polycythemia and cirrhosis in 10 patients: Six novel SLC30A10 mutations and further
phenotype delineation. Clin. Genet. 2018, 93, 905-912. [CrossRef]

Fored, C.M.; Fryzek, ].P; Brandt, L.; Nise, G.; Sjogren, B.; McLaughlin, ].K.; Blot, W.J.; Ekbom, A. Parkinson’s disease and other
basal ganglia or movement disorders in a large nationwide cohort of Swedish welders. Occup. Environ. Med. 2006, 63, 135-140.
[CrossRef]

Fryzek, ].P.; Hansen, ].; Cohen, S.; Bonde, ].P.; Llambias, M.T.; Kolstad, H.A.; Skytthe, A.; Lipworth, L.; Blot, W.].; Olsen, ].H. A
cohort study of Parkinson’s disease and other neurodegenerative disorders in Danish welders. J. Occup. Environ. Med. Am. Coll.
Occup. Environ. Med. 2005, 47, 466-472. [CrossRef]

Kenborg, L.; Lassen, C.F,; Hansen, ]J.; Olsen, ].H. Parkinson’s disease and other neurodegenerative disorders among welders: A
Danish cohort study. Mov. Disord. 2012, 27, 1283-1289. [CrossRef]

Mortimer, ].A.; Borenstein, A.R.; Nelson, L.M. Associations of welding and manganese exposure with Parkinson disease: Review
and meta-analysis. Neurology 2012, 79, 1174-1180. [CrossRef]

Criswell, S.R.; Perlmutter, J.S.; Videen, T.O.; Moerlein, S.M.; Flores, H.P,; Birke, A.M.; Racette, B.A. Reduced uptake of [18F]FDOPA
PET in asymptomatic welders with occupational manganese exposure. Neurology 2011, 76, 1296-1301. [CrossRef] [PubMed]
Criswell, S.R.; Nielsen, S.S.; Warden, M.; Perlmutter, J.S.; Moerlein, S.M.; Flores, H.P.; Huang, ].; Sheppard, L.; Seixas, N.;
Checkoway, H.; et al. [18FJFDOPA positron emission tomography in manganese-exposed workers. Neurotoxicology 2018, 64, 43—49.
[CrossRef]

McMillan, G. Is electric arc welding linked to manganism or Parkinson’s disease? Toxicol. Rev. 2005, 24, 237-257. [CrossRef]
Dlamini, W.W.; Nelson, G.; Racette, B.A. 1367 The association between parkinsonism and quality of life in south african manganese
mine workers. Occup. Environ. Med. 2018, 75, A506. [CrossRef]

Rohani, M.; Kassiri, N.; Emamikhah Abarghouei, M.; Mohammadi, S.; Labbafinejad, Y. Prevalence of Parkinsonism Among
Foundry Workers in an Automobile Manufacturing Factory in Tehran. Cureus 2022, 14, e28685. [CrossRef] [PubMed]

Lucchini, R.G.; Albini, E.; Benedetti, L.; Borghesi, S.; Coccaglio, R.; Malara, E.C.; Parrinello, G.; Garattini, S.; Resola, S.; Alessio, L.
High prevalence of Parkinsonian disorders associated to manganese exposure in the vicinities of ferroalloy industries. Am. J. Ind.
Med. 2007, 50, 788-800. [CrossRef] [PubMed]

Lucchini, R.G.; Guazzetti, S.; Renzetti, S.; Broberg, K.; Caci, M.; Covolo, L.; Crippa, P.; Gelatti, U.; Hashim, D.; Oppini, M.; et al.
Metal Exposure and SNCA rs356219 Polymorphism Associated with Parkinson Disease and Parkinsonism. Front. Neurol. 2020,
11, 556337. [CrossRef] [PubMed]

Squitti, R.; Gorgone, G.; Panetta, V.; Lucchini, R.; Bucossi, S.; Albini, E.; Alessio, L.; Alberici, A.; Melgari, ]. M.; Benussi, L.; et al.
Implications of metal exposure and liver function in Parkinsonian patients resident in the vicinities of ferroalloy plants. J. Neural
Transm. 2009, 116, 1281-1287. [CrossRef] [PubMed]

Seidelin, A.S.; Nordestgaard, B.G.; Tybjeerg-Hansen, A.; Yaghootkar, H.; Stender, S. A rare genetic variant in the manganese
transporter SLC30A10 and elevated liver enzymes in the general population. Hepatol. Int. 2022, 16, 702-711. [CrossRef] [PubMed]


https://doi.org/10.1080/17425255.2021.1894123
https://doi.org/10.1016/j.jtemb.2023.127173
https://doi.org/10.1002/jpen.2315
https://doi.org/10.1080/15563650.2021.1973488
https://www.ncbi.nlm.nih.gov/pubmed/34521308
https://doi.org/10.1002/mds.28125
https://www.ncbi.nlm.nih.gov/pubmed/32542919
https://doi.org/10.1097/01.jom.0000204114.01893.3e
https://doi.org/10.1136/oem.49.1.66
https://doi.org/10.47391/JPMA.1776
https://www.ncbi.nlm.nih.gov/pubmed/36661006
https://doi.org/10.1186/s12887-019-1611-7
https://www.ncbi.nlm.nih.gov/pubmed/31288771
https://doi.org/10.1111/cge.13184
https://doi.org/10.1136/oem.2005.022921
https://doi.org/10.1097/01.jom.0000161730.25913.bf
https://doi.org/10.1002/mds.25125
https://doi.org/10.1212/WNL.0b013e3182698ced
https://doi.org/10.1212/WNL.0b013e3182152830
https://www.ncbi.nlm.nih.gov/pubmed/21471467
https://doi.org/10.1016/j.neuro.2017.07.004
https://doi.org/10.2165/00139709-200524040-00004
https://doi.org/10.1136/oemed-2018-ICOHabstracts.1434
https://doi.org/10.7759/cureus.28685
https://www.ncbi.nlm.nih.gov/pubmed/36199655
https://doi.org/10.1002/ajim.20494
https://www.ncbi.nlm.nih.gov/pubmed/17918215
https://doi.org/10.3389/fneur.2020.556337
https://www.ncbi.nlm.nih.gov/pubmed/33362685
https://doi.org/10.1007/s00702-009-0283-0
https://www.ncbi.nlm.nih.gov/pubmed/19680597
https://doi.org/10.1007/s12072-022-10331-w
https://www.ncbi.nlm.nih.gov/pubmed/35397106

Biomolecules 2023, 13, 1190 11 of 14

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

Zhang, M.; Zhu, L.; Wang, H.; Hao, Y.; Zhang, Q.; Zhao, C.; Bao, X. A novel homozygous SLC39A14 variant in an infant with
hypermanganesemia and a review of the literature. Front. Pediatr. 2022, 10, 949651. [CrossRef]

Garg, D.; Yoganathan, S.; Shamim, U.; Mankad, K.; Gulati, P; Bonifati, V.; Botre, A.; Kalane, U.; Saini, A.G.; Sankhyan, N.; et al.
Clinical Profile and Treatment Outcomes of Hypermanganesemia with Dystonia 1 and 2 among 27 Indian Children. Mov. Disord.
Clin. Pract. 2022, 9, 886—899. [CrossRef]

Tuschl, K.; Clayton, P.T.; Gospe, S.M., Jr.; Mills, P.B. Hypermanganesemia with Dystonia 1. In GeneReviews(®); Adam, M.P,, Mirzaa,
G.M.,, Pagon, R.A., Wallace, S.E., Bean, L.J].H., Gripp, KW., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 2012.
Rodichkin, A.N.; Guilarte, T.R. Hereditary Disorders of Manganese Metabolism: Pathophysiology of Childhood-Onset Dystonia-
Parkinsonism in SLC39A14 Mutation Carriers and Genetic Animal Models. Int. J. Mol. Sci. 2022, 23, 12833. [CrossRef]

Cherian, A; Priya, L.; Divya, K.P. “Cock-walk” gait and “horseshoe moustache” sign on MRI in inherited hypermanganesemia.
Neurol. Sci. 2022, 43, 1441-1445. [CrossRef]

Wahlberg, K.; Kippler, M.; Alhamdow, A.; Rahman, S.M.; Smith, D.R.; Vahter, M.; Lucchini, R.G.; Broberg, K. Common
Polymorphisms in the Solute Carrier SLC30A10 are Associated with Blood Manganese and Neurological Function. Toxicol. Sci.
2016, 149, 473-483. [CrossRef]

Wahlberg, K.E.; Guazzetti, S.; Pineda, D.; Larsson, S.C.; Fedrighi, C.; Cagna, G.; Zoni, S.; Placidi, D.; Wright, R.O.; Smith, D.R,;
et al. Polymorphisms in Manganese Transporters SLC30A10 and SLC39A8 Are Associated with Children’s Neurodevelopment
by Influencing Manganese Homeostasis. Front. Genet. 2018, 9, 664. [CrossRef]

Broberg, K.; Taj, T.; Guazzetti, S.; Peli, M.; Cagna, G.; Pineda, D.; Placidi, D.; Wright, R.O.; Smith, D.R.; Lucchini, R.G.; et al.
Manganese transporter genetics and sex modify the association between environmental manganese exposure and neurobehavioral
outcomes in children. Environ. Int. 2019, 130, 104908. [CrossRef]

Borgese, L.; Federici, S.; Zacco, A.; Gianoncelli, A.; Rizzo, L.; Smith, D.R.; Donna, E; Lucchini, R.; Depero, L.E.; Bontempi, E. Metal
fractionation in soils and assessment of environmental contamination in Vallecamonica, Italy. Environ. Sci. Pollut. Res. Int. 2013,
20, 5067-5075. [CrossRef] [PubMed]

Pavilonis, B.T.; Lioy, PJ.; Guazzetti, S.; Bostick, B.C.; Donna, E; Peli, M.; Zimmerman, N.J.; Bertrand, P,; Lucas, E.; Smith, D.R,;
et al. Manganese concentrations in soil and settled dust in an area with historic ferroalloy production. J. Expo. Sci. Environ.
Epidemiol. 2015, 25, 443-450. [CrossRef] [PubMed]

Zacco, A.; Resola, S.; Lucchini, R.; Albini, E.; Zimmerman, N.; Guazzetti, S.; Bontempi, E. Analysis of settled dust with X-ray
Fluorescence for exposure assessment of metals in the province of Brescia, Italy. J. Environ. Monit. 2009, 11, 1579-1585. [CrossRef]
Ferri, R.; Donna, F; Smith, D.R.; Guazzetti, S.; Zacco, A.; Rizzo, L.; Bontempi, E.; Zimmerman, N.J.; Lucchini, R.G. Heavy Metals
in Soil and Salad in the Proximity of Historical Ferroalloy Emission. J. Environ. Prot. 2012, 3, 374-385. [CrossRef]

Ferri, R.; Hashim, D.; Smith, D.R.; Guazzetti, S.; Donna, E; Ferretti, E.; Curatolo, M.; Moneta, C.; Beone, G.M.; Lucchini, R.G.
Metal contamination of home garden soils and cultivated vegetables in the province of Brescia, Italy: Implications for human
exposure. Sci. Total Environ. 2015, 518-519, 507-517. [CrossRef] [PubMed]

Butler, L.; Gennings, C.; Peli, M.; Borgese, L.; Placidi, D.; Zimmerman, N.; Hsu, H.L.; Coull, B.A.; Wright, R.O.; Smith, D.R,; et al.
Assessing the contributions of metals in environmental media to exposure biomarkers in a region of ferroalloy industry. J. Expo.
Sci. Environ. Epidemiol. 2018, 29, 674—-687. [CrossRef] [PubMed]

Lucas, E.L.; Bertrand, P.; Guazzetti, S.; Donna, F,; Peli, M.; Jursa, T.P,; Lucchini, R.; Smith, D.R. Impact of ferromanganese alloy
plants on household dust manganese levels: Implications for childhood exposure. Environ. Res. 2015, 138, 279-290. [CrossRef]
[PubMed]

Borgese, L.; Zacco, A.; Pal, S.; Bontempi, E.; Lucchini, R.; Zimmerman, N.; Depero, L.E. A new non-destructive method for
chemical analysis of particulate matter filters: The case of manganese air pollution in Vallecamonica (Italy). Talanta 2011,
84,192-198. [CrossRef] [PubMed]

Borgese, L.; Salmistraro, M.; Gianoncelli, A.; Zacco, A.; Lucchini, R.; Zimmerman, N.; Pisani, L.; Siviero, G.; Depero, L.E.;
Bontempi, E. Airborne particulate matter (PM) filter analysis and modeling by total reflection X-ray fluorescence (TXRF) and
X-ray standing wave (XSW). Talanta 2012, 89, 99-104. [CrossRef]

Rutchik, J.S.; Zheng, W.; Jiang, Y.; Mo, X. How does an occupational neurologist assess welders and steelworkers for a manganese-
induced movement disorder? An international team’s experiences in Guanxi, China Part II. J. Occup. Environ. Med. 2012,
54, 1562-1564. [CrossRef]

Evans, G.R.; Masullo, L.N. Manganese Toxicity, StatPearls; StatPearls Publishing LLC.: Tampa, FL, USA, 2023.

Harischandra, D.S.; Rokad, D.; Neal, M.L.; Ghaisas, S.; Manne, S.; Sarkar, S.; Panicker, N.; Zenitsky, G.; Jin, H.; Lewis, M.; et al.
Manganese promotes the aggregation and prion-like cell-to-cell exosomal transmission of alpha-synuclein. Sci. Signal. 2019,
12, eaaud543. [CrossRef] [PubMed]

Pinnell, J.R.; Cui, M.; Tieu, K. Exosomes in Parkinson disease. |. Neurochem. 2020, 157, 413-428. [CrossRef]

Rutchik, J.; Ratner, M.H. Should Age at Onset of Parkinsonism be the End Point of Interest in Investigations of the Link between
Exosomal «-Synuclein and Manganese Exposure in Welders? |. Occup. Environ. Med. 2019, 61, e530-e531. [CrossRef] [PubMed]
Gamache, P.L.; Haj Salem, I.; Roux-Dubois, N.; Le Bouthillier, J.; Gan-Or, Z.; Dupré, N. Exposure to Pesticides and Welding
Hastens the Age-at-Onset of Parkinson’s Disease. Can. J. Neurol. Sci. 2019, 46, 711-716. [CrossRef] [PubMed]

Calne, D.B.; Chu, N.S.; Huang, C.C.; Ly, C.S.; Olanow, W. Manganism and idiopathic parkinsonism: Similarities and differences.
Neurology 1994, 44, 1583-1586. [CrossRef]


https://doi.org/10.3389/fped.2022.949651
https://doi.org/10.1002/mdc3.13516
https://doi.org/10.3390/ijms232112833
https://doi.org/10.1007/s10072-021-05793-z
https://doi.org/10.1093/toxsci/kfv252
https://doi.org/10.3389/fgene.2018.00664
https://doi.org/10.1016/j.envint.2019.104908
https://doi.org/10.1007/s11356-013-1473-8
https://www.ncbi.nlm.nih.gov/pubmed/23338992
https://doi.org/10.1038/jes.2014.70
https://www.ncbi.nlm.nih.gov/pubmed/25335867
https://doi.org/10.1039/b906430c
https://doi.org/10.4236/jep.2012.35047
https://doi.org/10.1016/j.scitotenv.2015.02.072
https://www.ncbi.nlm.nih.gov/pubmed/25777956
https://doi.org/10.1038/s41370-018-0081-6
https://www.ncbi.nlm.nih.gov/pubmed/30337680
https://doi.org/10.1016/j.envres.2015.01.019
https://www.ncbi.nlm.nih.gov/pubmed/25747819
https://doi.org/10.1016/j.talanta.2010.12.048
https://www.ncbi.nlm.nih.gov/pubmed/21315919
https://doi.org/10.1016/j.talanta.2011.11.073
https://doi.org/10.1097/JOM.0b013e318216d01b
https://doi.org/10.1126/scisignal.aau4543
https://www.ncbi.nlm.nih.gov/pubmed/30862700
https://doi.org/10.1111/jnc.15288
https://doi.org/10.1097/JOM.0000000000001720
https://www.ncbi.nlm.nih.gov/pubmed/31568106
https://doi.org/10.1017/cjn.2019.248
https://www.ncbi.nlm.nih.gov/pubmed/31342891
https://doi.org/10.1212/WNL.44.9.1583

Biomolecules 2023, 13, 1190 12 of 14

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Kwakye, G.F; Paoliello, M.M.; Mukhopadhyay, S.; Bowman, A.B.; Aschner, M. Manganese-Induced Parkinsonism and Parkinson’s
Disease: Shared and Distinguishable Features. Int. J. Environ. Res. Public Health 2015, 12, 7519-7540. [CrossRef] [PubMed]
Guilarte, T.R.; Gonzales, K K. Manganese-Induced Parkinsonism Is Not Idiopathic Parkinson’s Disease: Environmental and
Genetic Evidence. Toxicol. Sci. 2015, 146, 204-212. [CrossRef]

Budinger, D.; Barral, S.; Soo, A.K.S.; Kurian, M.A. The role of manganese dysregulation in neurological disease: Emerging
evidence. Lancet Neurol. 2021, 20, 956-968. [CrossRef]

Harischandra, D.S.; Ghaisas, S.; Zenitsky, G.; Jin, H.; Kanthasamy, A.; Anantharam, V.; Kanthasamy, A.G. Manganese-Induced
Neurotoxicity: New Insights Into the Triad of Protein Misfolding, Mitochondrial Impairment, and Neuroinflammation. Front.
Neurosci. 2019, 13, 654. [CrossRef]

Roth, J.A. Correlation between the biochemical pathways altered by mutated parkinson-related genes and chronic exposure to
manganese. Neurotoxicology 2014, 44, 314-325. [CrossRef]

Chen, P; Parmalee, N.; Aschner, M. Genetic factors and manganese-induced neurotoxicity. Front. Genet. 2014, 5, 265. [CrossRef]
[PubMed]

Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.
Mutation in the alpha-synuclein gene identified in families with Parkinson’s disease. Science 1997, 276, 2045-2047. [CrossRef]
[PubMed]

Appel-Cresswell, S.; Vilarino-Guell, C.; Encarnacion, M.; Sherman, H.; Yu, I; Shah, B.; Weir, D.; Thompson, C.; Szu-Tu, C.; Trinh,
J.; et al. Alpha-synuclein p.H50Q), a novel pathogenic mutation for Parkinson’s disease. Mov. Disord. 2013, 28, 811-813. [CrossRef]
[PubMed]

Kruger, R.; Kuhn, W.; Muller, T.; Woitalla, D.; Graeber, M.; Kosel, S.; Pzuntek, H.; Epplen, ]J.T.; Schols, L.; Riess, O. Ala30Pro
mutation in the gene encoding alpha-synuclein in Parkinson’s disease. Nat. Genet. 1998, 18, 107-108. [CrossRef]

Lesage, S.; Anheim, M.; Letournel, F.; Bousset, L.; Honore, A.; Rozas, N.; Pieri, L.; Madiona, K.; Durr, A.; Melki, R.; et al. G51D
alpha-synuclein mutation causes a novel parkinsonian-pyramidal syndrome. Ann. Neurol. 2013, 73, 459-471. [CrossRef]
Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.; Nussbaum,
R.; et al. alpha-Synuclein locus triplication causes Parkinson’s disease. Science 2003, 302, 841. [CrossRef]

Zarranz, ].J.; Alegre, ].; Gomez-Esteban, J.C.; Lezcano, E.; Ros, R.; Ampuero, L; Vidal, L.; Hoenicka, J.; Rodriguez, O.; Atares, B.;
et al. The new mutation, E46K, of alpha-synuclein causes Parkinson and Lewy body dementia. Ann. Neurol. 2004, 55, 164-173.
[CrossRef]

Spillantini, M.G.; Schmidt, M.L.; Lee, VM.Y.; Trojanowski, J.Q.; Roos, J.; Goedert, M. a-Synuclein in Lewy bodies. Nature 1997,
388, 839-840. [CrossRef]

Shahmoradian, S.H.; Lewis, A.].; Genoud, C.; Hench, J.; Moors, T.E.; Navarro, P.P.; Castano-Diez, D.; Schweighauser, G.; Graff-
Meyer, A.; Goldie, K.N.; et al. Lewy pathology in Parkinson’s disease consists of crowded organelles and lipid membranes. Nat.
Neurosci. 2019, 22, 1099-1109. [CrossRef]

Guo, J.L.; Lee, VM. Cell-to-cell transmission of pathogenic proteins in neurodegenerative diseases. Nat. Med. 2014, 20, 130-138.
[CrossRef]

Binolfi, A.; Rasia, R.M.; Bertoncini, C.W.; Ceolin, M.; Zweckstetter, M.; Griesinger, C.; Jovin, T.M.; Ferndndez, C.O. Interaction of
alpha-synuclein with divalent metal ions reveals key differences: A link between structure, binding specificity and fibrillation
enhancement. J. Am. Chem. Soc. 2006, 128, 9893-9901. [CrossRef] [PubMed]

Uversky, V.N,; Li, J.; Fink, A L. Metal-triggered structural transformations, aggregation, and fibrillation of human alpha-synuclein.
A possible molecular NK between Parkinson’s disease and heavy metal exposure. J. Biol. Chem. 2001, 276, 44284-44296. [CrossRef]
[PubMed]

Peres, T.V.; Parmalee, N.L.; Martinez-Finley, E.J.; Aschner, M. Untangling the Manganese-alpha-Synuclein Web. Front. Neurosci.
2016, 10, 364. [CrossRef]

Prabhakaran, K.; Chapman, G.D.; Gunasekar, P.G. Alpha-Synuclein overexpression enhances manganese-induced neurotoxicity
through the NF-kB-mediated pathway. Toxicol. Mech. Methods 2011, 21, 435-443. [CrossRef] [PubMed]

Ducic, T.; Carboni, E.; Lai, B.; Chen, S.; Michalke, B.; Lazaro, D.F,; Outeiro, T.F,; Bahr, M.; Barski, E.; Lingor, P. Alpha-Synuclein
Regulates Neuronal Levels of Manganese and Calcium. ACS Chem. Neurosci. 2015, 6, 1769-1779. [CrossRef]

Harischandra, D.S.; Jin, H.; Anantharam, V.; Kanthasamy, A.; Kanthasamy, A.G. alpha-Synuclein protects against manganese
neurotoxic insult during the early stages of exposure in a dopaminergic cell model of Parkinson’s disease. Toxicol. Sci. 2015,
143, 454-468. [CrossRef] [PubMed]

Alvarez-Erviti, L.; Seow, Y.; Schapira, A.H.; Gardiner, C.; Sargent, I.L.; Wood, M.].; Cooper, ]. M. Lysosomal dysfunction increases
exosome-mediated alpha-synuclein release and transmission. Neurobiol. Dis. 2011, 42, 360-367. [CrossRef] [PubMed]

Desplats, P; Lee, H.].; Bae, E.J.; Patrick, C.; Rockenstein, E.; Crews, L.; Spencer, B.; Masliah, E.; Lee, S.J. Inclusion formation and
neuronal cell death through neuron-to-neuron transmission of alpha-synuclein. Proc. Natl. Acad. Sci. USA 2009, 106, 13010-13015.
[CrossRef]

Hansen, C.; Angot, E.; Bergstrom, A.L.; Steiner, J.A.; Pieri, L.; Paul, G.; Outeiro, T.F.; Melki, R.; Kallunki, P; Fog, K.; et al.
alpha-Synuclein propagates from mouse brain to grafted dopaminergic neurons and seeds aggregation in cultured human cells.
J. Clin. Invest. 2011, 121, 715-725. [CrossRef]


https://doi.org/10.3390/ijerph120707519
https://www.ncbi.nlm.nih.gov/pubmed/26154659
https://doi.org/10.1093/toxsci/kfv099
https://doi.org/10.1016/S1474-4422(21)00238-6
https://doi.org/10.3389/fnins.2019.00654
https://doi.org/10.1016/j.neuro.2014.08.006
https://doi.org/10.3389/fgene.2014.00265
https://www.ncbi.nlm.nih.gov/pubmed/25136353
https://doi.org/10.1126/science.276.5321.2045
https://www.ncbi.nlm.nih.gov/pubmed/9197268
https://doi.org/10.1002/mds.25421
https://www.ncbi.nlm.nih.gov/pubmed/23457019
https://doi.org/10.1038/ng0298-106
https://doi.org/10.1002/ana.23894
https://doi.org/10.1126/science.1090278
https://doi.org/10.1002/ana.10795
https://doi.org/10.1038/42166
https://doi.org/10.1038/s41593-019-0423-2
https://doi.org/10.1038/nm.3457
https://doi.org/10.1021/ja0618649
https://www.ncbi.nlm.nih.gov/pubmed/16866548
https://doi.org/10.1074/jbc.M105343200
https://www.ncbi.nlm.nih.gov/pubmed/11553618
https://doi.org/10.3389/fnins.2016.00364
https://doi.org/10.3109/15376516.2011.560210
https://www.ncbi.nlm.nih.gov/pubmed/21417633
https://doi.org/10.1021/acschemneuro.5b00093
https://doi.org/10.1093/toxsci/kfu247
https://www.ncbi.nlm.nih.gov/pubmed/25416158
https://doi.org/10.1016/j.nbd.2011.01.029
https://www.ncbi.nlm.nih.gov/pubmed/21303699
https://doi.org/10.1073/pnas.0903691106
https://doi.org/10.1172/JCI43366

Biomolecules 2023, 13, 1190 13 of 14

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Danzer, KM.; Kranich, L.R.; Ruf, W.P,; Cagsal-Getkin, O.; Winslow, A.R.; Zhu, L.; Vanderburg, C.R.; McLean, P.J. Exosomal
cell-to-cell transmission of alpha synuclein oligomers. Mol. Neurodegener. 2012, 7, 42—47. [CrossRef]

Verina, T.; Schneider, J.S.; Guilarte, T.R.; Guilarte, T.R. Manganese exposure induces alpha-synuclein aggregation in the frontal
cortex of non-human primates. Toxicol. Lett. 2013, 13, 177-183. [CrossRef] [PubMed]

Matsumine, H.; Saito, M.; Shimoda-Matsubayashi, S.; Tanaka, H.; Ishikawa, A.; Nakagawa-Hattori, Y.; Yokochi, M.; Kobayashi, T.;
Igarashi, S.; Takano, H.; et al. Localization of a gene for an autosomal recessive form of juvenile Parkinsonism to chromosome
6q25.2-27. Am. |. Hum. Genet. 1997, 60, 588-596. [PubMed]

Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura, Y.; Minoshima, S.; Yokochi, M.; Mizuno, Y.; Shimizu, N. Mutations
in the parkin gene cause autosomal recessive juvenile parkinsonism. Nature 1998, 392, 605-608. [CrossRef] [PubMed]

Sasaki, S.; Shirata, A.; Yamane, K.; Iwata, M. Parkin-positive autosomal recessive juvenile Parkinsonism with alpha-synuclein-
positive inclusions. Neurology 2004, 63, 678—682. [CrossRef]

Klein, C.; Lohmann-Hedrich, K. Impact of recent genetic findings in Parkinson’s disease. Curr. Opin. Neurol. 2007, 20, 453-464.
[CrossRef]

Klein, C.; Westenberger, A. Genetics of Parkinson’s Disease. Cold Spring Harb. Perspect. Med. 2012, 2, a008888. [CrossRef]
Kilarski, L.L.; Pearson, ].P.; Newsway, V.; Majounie, E.; Knipe, M.D.; Misbahuddin, A.; Chinnery, PE; Burn, D.J.; Clarke, C.E,;
Marion, M.H.; et al. Systematic review and UK-based study of PARK2 (parkin), PINK1, PARK? (DJ-1) and LRRK?2 in early-onset
Parkinson’s disease. Mov. Disord. 2012, 27, 1522-1529. [CrossRef]

Roth, J.A; Singleton, S.; Feng, J.; Garrick, M.; Paradkar, PN. Parkin regulates metal transport via proteasomal degradation of the
1B isoforms of divalent metal transporter 1. J. Neurochem. 2010, 113, 454-464. [CrossRef]

Bonifati, V.; Rizzu, P; Van Baren, M.].; Schaap, O.; Breedveld, G.J.; Krieger, E.; Dekker, M.C.; Squitieri, F; Ibanez, P; Joosse,
M.; et al. Mutations in the DJ-1 gene associated with autosomal recessive early-onset parkinsonism. Science 2003, 299, 256-259.
[CrossRef]

Canet-Aviles, R M.; Wilson, M.A_; Miller, D.W.; Ahmad, R.; McLendon, C.; Bandyopadhyay, S.; Baptista, M.].; Ringe, D.; Petsko,
G.A.; Cookson, M.R. The Parkinson’s disease protein DJ-1 is neuroprotective due to cysteine-sulfinic acid-driven mitochondrial
localization. Proc. Natl. Acad. Sci. USA 2004, 101, 9103-9108. [CrossRef]

Li, HM.; Niki, T,; Taira, T.; Iguchi-Ariga, S.M.; Ariga, H. Association of DJ-1 with chaperones and enhanced association and
colocalization with mitochondrial Hsp70 by oxidative stress. Free Radic. Res. 2005, 39, 1091-1099. [CrossRef]

Junn, E.; Jang, W.H.; Zhao, X; Jeong, B.S.; Mouradian, M.M. Mitochondrial localization of DJ-1 leads to enhanced neuroprotection.
J. Neurosci. Res. 2009, 87, 123-129. [CrossRef]

Taira, T.; Saito, Y.; Niki, T.; Iguchi-Ariga, S.M.; Takahashi, K.; Ariga, H. DJ-1 has a role in antioxidative stress to prevent cell death.
EMBO Rep. 2004, 5, 213-218. [CrossRef] [PubMed]

Lee, E.; Yin, Z.; Sidoryk-Wegrzynowicz, M.; Jiang, H.; Aschner, M. 15-Deoxy-deltal2,14-prostaglandin J2,, modulates manganese-
induced activation of the NF-kB, Nrf2, and PI3K pathways in astrocytes. Free Radic. Biol. Med. 2012, 52, 1067-1074. [CrossRef]
Chen, P,; DeWitt, M.R.; Bornhorst, J.; Soares, F.A.; Mukhopadhyay, S.; Bowman, A.B.; Aschner, M. Age- and manganese-dependent
modulation of dopaminergic phenotypes in a C. elegans DJ-1 genetic model of Parkinson’s disease. Metallomics 2015, 7, 289-298.
[CrossRef] [PubMed]

Ramirez, A.; Heimbach, A.; Griindemann, J.; Stiller, B.; Hampshire, D.; Cid, L.P.; Goebel, I.; Mubaidin, A.F.; Wriekat, A.L.; Roeper,
J.; et al. Hereditary parkinsonism with dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5 P-type ATPase.
Nat. Genet. 2006, 38, 1184-1191. [CrossRef] [PubMed]

Di Fonzo, A.; Chien, H.F.; Socal, M.; Giraudo, S.; Tassorelli, C.; Iliceto, G.; Fabbrini, G.; Marconi, R.; Fincati, E.; Abbruzzese, G.;
et al. ATP13A2 missense mutations in juvenile parkinsonism and young onset Parkinson disease. Neurology 2007, 68, 1557-1562.
[CrossRef] [PubMed]

Usenovic, M.; Tresse, E.; Mazzulli, ].R.; Taylor, ].P.; Krainc, D. Deficiency of ATP13A2 leads to lysosomal dysfunction, alpha-
synuclein accumulation, and neurotoxicity. J. Neurosci. 2012, 32, 4240-4246. [CrossRef]

Dehay, B.; Ramirez, A.; Martinez-Vicente, M.; Perier, C.; Canron, M.H.; Doudnikoff, E.; Vital, A.; Vila, M.; Klein, C.; Bezard,
E. Loss of P-type ATPase ATP13A2/PARKOY function induces general lysosomal deficiency and leads to Parkinson disease
neurodegeneration. Proc. Natl. Acad. Sci. USA 2012, 109, 9611-9616. [CrossRef]

Gitler, A.D.; Chesi, A.; Geddie, M.L.; Strathearn, K.E.; Hamamichi, S.; Hill, K.J.; Caldwell, K.A.; Caldwell, G.A.; Cooper, A.A;
Rochet, J.C.; et al. Alpha-synuclein is part of a diverse and highly conserved interaction network that includes PARK9 and
manganese toxicity. Nat. Genet. 2009, 41, 308-315. [CrossRef]

Rentschler, G.; Covolo, L.; Haddad, A.A.; Lucchini, R.G.; Zoni, S.; Broberg, K. ATP13A2 (PARK9) polymorphisms influence the
neurotoxic effects of manganese. Neurotoxicology 2012, 20, 697-702. [CrossRef]

Bobb, J.E,; Valeri, L.; Claus Henn, B.; Christiani, D.C.; Wright, R.O.; Mazumdar, M.; Godleski, ].J.; Coull, B.A. Bayesian kernel
machine regression for estimating the health effects of multi-pollutant mixtures. Biostatistics 2015, 16, 493-508. [CrossRef]
[PubMed]

Czarnota, J.; Gennings, C.; Wheeler, D.C. Assessment of weighted quantile sum regression for modeling chemical mixtures and
cancer risk. Cancer Inform. 2015, 14, 159-171. [CrossRef]


https://doi.org/10.1186/1750-1326-7-42
https://doi.org/10.1016/j.toxlet.2012.12.006
https://www.ncbi.nlm.nih.gov/pubmed/23262390
https://www.ncbi.nlm.nih.gov/pubmed/9042918
https://doi.org/10.1038/33416
https://www.ncbi.nlm.nih.gov/pubmed/9560156
https://doi.org/10.1212/01.WNL.0000134657.25904.0B
https://doi.org/10.1097/WCO.0b013e3281e6692b
https://doi.org/10.1101/cshperspect.a008888
https://doi.org/10.1002/mds.25132
https://doi.org/10.1111/j.1471-4159.2010.06607.x
https://doi.org/10.1126/science.1077209
https://doi.org/10.1073/pnas.0402959101
https://doi.org/10.1080/10715760500260348
https://doi.org/10.1002/jnr.21831
https://doi.org/10.1038/sj.embor.7400074
https://www.ncbi.nlm.nih.gov/pubmed/14749723
https://doi.org/10.1016/j.freeradbiomed.2011.12.016
https://doi.org/10.1039/C4MT00292J
https://www.ncbi.nlm.nih.gov/pubmed/25531510
https://doi.org/10.1038/ng1884
https://www.ncbi.nlm.nih.gov/pubmed/16964263
https://doi.org/10.1212/01.wnl.0000260963.08711.08
https://www.ncbi.nlm.nih.gov/pubmed/17485642
https://doi.org/10.1523/JNEUROSCI.5575-11.2012
https://doi.org/10.1073/pnas.1112368109
https://doi.org/10.1038/ng.300
https://doi.org/10.1016/j.neuro.2012.01.007
https://doi.org/10.1093/biostatistics/kxu058
https://www.ncbi.nlm.nih.gov/pubmed/25532525
https://doi.org/10.4137/CIN.S17295

Biomolecules 2023, 13, 1190 14 of 14

127. Warren, E.B.; Bryan, M.R.; Morcillo, P; Hardeman, K.N.; Aschner, M.; Bowman, A.B. Manganese-induced Mitochondrial
Dysfunction Is Not Detectable at Exposures Below the Acute Cytotoxic Threshold in Neuronal Cell Types. Toxicol. Sci. 2020,
176, 446-459. [CrossRef] [PubMed]

128. Sarkar, S.; Rokad, D.; Malovic, E.; Luo, J.; Harischandra, D.S,; Jin, H.; Anantharam, V.; Huang, X.; Lewis, M.; Kanthasamy, A ; et al.
Manganese activates NLRP3 inflammasome signaling and propagates exosomal release of ASC in microglial cells. Sci. Signal.
2019, 12, eaat9900. [CrossRef] [PubMed]

129. Robison, G.; Sullivan, B.; Cannon, J.R.; Pushkar, Y. Identification of dopaminergic neurons of the substantia nigra pars compacta
as a target of manganese accumulation. Metallomics 2015, 7, 748-755. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/toxsci/kfaa079
https://www.ncbi.nlm.nih.gov/pubmed/32492146
https://doi.org/10.1126/scisignal.aat9900
https://www.ncbi.nlm.nih.gov/pubmed/30622196
https://doi.org/10.1039/C5MT00023H

	Introduction 
	Methods 
	Human Studies 
	Occupational Studies 
	Environmental Studies 
	Diagnostic Criteria 

	Experimental Studies 
	SNCA 
	Parkin 
	DJ-1 
	ATP13A2 

	Discussion 
	Conclusions 
	References

