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Abstract Manganese is an important metal for human health, being absolutely
necessary for development, metabolism, and the antioxidant system. Nevertheless,
excessive exposure or intake may lead to a condition known as manganism, a neuro-
degenerative disorder that causes dopaminergic neuronal death and parkinsonian-like
symptoms. Hence, Mn has a paradoxal effect in animals, a Janus-faced metal.
Extensive work has been carried out to understand Mn-induced neurotoxicity and to
find an effective treatment. This review focuses on the requirement for Mn in human
health as well as the diseases associated with excessive exposure to this metal.
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1 Introduction

Manganese, a group 7 metal in the periodic table, is the twelfth most abundant element
in the earth’s crust. It exists in a number of chemical and physical forms in the
atmosphere’s particulate matter and in water [1]. Mn does not occur naturally in a
pure state, and is found as both inorganic and organic compounds, the inorganic
form being the most common. Because the Mn outer electron shell can donate up to
7 electrons, it can occur in 11 different oxidation states, varying from -3 to +7 [2].
In living tissue, Mn has been found as Mn?*, Mn*, and possibly as Mn*, while
Mn3*, Mn®, Mn", and other complexes of Mn at lower oxidation states, are not
observed in biological materials [3,4].

The versatile chemical properties of Mn have enabled its industrial usage in iron
and steel production, manufacture of dry cell batteries, production of potassium
permanganate and other chemicals, as oxidant in the production of hydroquinone,
manufacture of glass and ceramics, textile bleaching, as an oxidizing agent for
electrode coating in welding rods, adhesives, paint, matches and fireworks, and tan-
ning of leather. Organic compounds of Mn are also present in fuel additive, methyl-
cyclopentadienyl manganese tricarbonyl (MMT) as well as in several fungicides.
Moreover, considering that Mn is a paramagnetic metal, namely that it has unpaired
electrons in its outer d shell, it can also be detected with magnetic resonance
imaging (MRI), positron emission tomography (PET), and single-photon emission
computed tomography (SPECT) [1,5]. These techniques allow for the tracking of
Mn dynamics repeatedly in the same subject in vivo [1,6]. Mn can also interact with
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fluorophore fura-2, by quenching and increasing its fluorescence, representing a
new methodological approach for in vitro kinetic studies. Thus, given its ubiquitous
nature and widespread use in both industrial and non-industrial processes, several
health organizations have expressed concern about the potential health effects of
occupational/environmental Mn exposure.

Mn is an essential element for humans, animals, and plants; it is required for
growth, development, and maintenance of health. Routes of Mn exposure are mainly
through dietary intake, dermal absorption, and inhalation. Accordingly, the primary
source of Mn intoxication in humans is due to occupational exposure as in miners,
smelters, welders, and workers in dry-cell battery factories [7—10], in which significant
neurological dysfunction has been associated with Mn exposure [11,12]. Indeed,
epidemiological studies of industrial workers have suggested a relationship between
elevated environmental Mn exposure and an increased risk for parkinsonian distur-
bances [13—17], an association that has also been supported by numerous laboratory
studies [18-24]. While the exact mechanisms underlying the neurotoxic effects of
Mn remain unclear, these studies collectively suggest that elevated environmental
exposures to Mn may be sufficient to exacerbate the emergence of neurological
diseases [23,24]. Thus, in the next sections of this chapter we will discuss some
details concerning Mn in health and disease.

1.1 Manganese Essentiality

Mn is an essential nutrient necessary for a variety of metabolic functions including
those involved in normal human development, activation of certain metalloenzymes,
energy metabolism, immunological system function, nervous system function,
reproductive hormone function, and in antioxidant enzymes that protect cells from
damage due to free radicals [25,26]. Mn also plays an essential role in regulation of
cellular energy, bone and connective tissue growth, and blood clotting. Mn is an
important cofactor for a variety of enzymes, including those involved in neurotrans-
mitter synthesis and metabolism [27]. Indeed, in the mammalian brain, small
amounts of Mn are required for brain development, cellular homeostasis, and for the
activity of multiple enzymes [28-30]. Additionally, Mn is believed to be involved in
the stellate process production in astrocytes, as well as in the metabolism of brain
glutamate to glutamine, a step carried out by glutamine synthetase (GS).

Taking into account the variety of enzymatic processes which require Mn, an
inadequate daily supply of the metal is associated with a variety of health repercus-
sions, ranging from generalized growth impairment, birth defects, reduced fertility,
and impaired bone formation, to altered metabolisms of lipids, proteins, and carbo-
hydrates [31,32]. However, few occurrences of Mn deficiencies have been reported
in humans, with symptoms including dermatitis, slowed growth of hair and nails,
decreased serum cholesterol levels, decreased levels of clotting proteins, increased
serum calcium and phosphorus concentrations, and increased alkaline phosphatase
activity [25,33,34]. In addition, several human diseases have been reported to be
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associated to low blood Mn concentrations, including epilepsy, Mseleni disease,
Down’s syndrome, osteoporosis, and Perthest disease [35], nevertheless, the role of
Mn deficiency in these diseases remains unclear. In general, highly severe deficiencies
in dietary Mn supply are necessary to observe clinical symptoms [36,37].

The U.S. Food and Drug Administration (U.S. FDA) suggests a Reference Daily
Intake (RDI) for Mn at 2 mg/day for adults (Federal Register 2007, 72 FR 62149),
although there is no consensus regarding the safe and adequate levels of this nutrient
for various age groups. This recommended dosage is based upon the U.S. National
Research Council’s (NRC), which established estimated safe and adequate dietary
intake (ESADDI) of 2—-5 mg/day for adults [38]. Additionally, it is known that Mn
essentiality in humans varies depending of the life-stage and of the sex [39].
Accordingly, it is suggested by the National Academy of Sciences (NAAS) that an
adequate intake of Mn is 2.3 mg/day for adult men and 1.8 mg/day for adult women
[39,40]. The difference is accounted for by differential Mn absorption in men versus
women [41]; it has been attributed to lower serum ferritin concentrations in men as
compared to women [39,41]. Lactating or pregnant women are also thought to have
increased Mn requirement [39]. Moreover, life-stages are also known to influence
dietary Mn requirements. Accordingly, in newborns (less than six months of age)
adequate Mn intake is defined as 3 pg/day; at seven to twelve months of age, adequate
Mn intake increases to 600 pg/day [39]. In children one to three years of age, adequate
Mn intake approximates 1.2 mg/day, and in children four to eight years of age, the
adequate Mn intake increases to 1.5 mg/day.

1.2 Manganese Pharmacokinetics

Intricate regulation of Mn absorption and tissue specific accumulation is crucial for
the proper regulation of the activity of Mn-dependent enzymes. Thus, understand-
ing Mn’s essentiality and toxicity in the brain requires knowledge of its regulation
in the periphery. Three major factors have been postulated to modulate plasma Mn
levels. First, given that the main source of Mn is diet, tight regulation of gastrointes-
tinal absorption of Mn is crucial. Second, following Mn absorption and a concomi-
tant increase in plasma Mn levels, transport of Mn to target organs, including the
liver, is necessary to prevent Mn-induced toxicity in the periphery. Finally, Mn must
be eliminated from the plasma via shuttling to bile [42]. Thus, homeostatic controls
tightly restrict Mn absorption and regulate Mn excretion to maintain stable tissue
levels despite fluctuations in daily Mn dietary exposure. However, exposure to high
Mn concentrations, as might occur in occupational settings, may overwhelm homeo-
static controls and results in elevations in tissue Mn concentrations. Accordingly,
both pulmonary uptake and particulate transport via the olfactory bulb [42,43] can
lead to deposition of Mn within the striatum and cerebellum and inflammation of
the nasal epithelium [44].

It is generally accepted that Fe has a strong influence on Mn homeostasis, since
both metals share binding and uptake via the transferrin (Tf) transporter and the



7 Manganese in Health and Disease 203

divalent metal transporter-1 (DMT-1) (see more details in Section 2 of this chapter).
It is known that Mn ions (Mn**) bind at the same location as ferric ions (Fe**) on
the large glycoprotein molecule mucin, which is known to stabilize the ions, pre-
venting precipitation in the lumen of the gastrointestinal tract [45]. Moreover, both
metals are known to have an affinity for the intercellular metal binding molecule
mobilferrin [46].

Absorption of metal ions into enterocytes is known to take place via transmem-
brane transporters. Thus, during Fe deficiency the number of transporters in entero-
cyte membranes is increased in order to maximize Fe absorption [47]. This will
inevitably result in increased Mn absorption, particularly in the absence of Fe.
Indeed, in rodent models, Fe deficiency is associated with increased Mn absorption
across the gastrointestinal tract, as well as increased Mn deposition in the brain
[48,49]. Moreover, the absorption of Mn by the gastrointestinal tract is highly
dependent upon the quantity of ingested Mn and net accumulated levels in the
plasma. While Mn is transported by simple diffusion in the large intestine, Mn is
absorbed by active transport in the small intestine [42]. In contrast, Mn excretion into
bile is driven by concentration gradients leading to its flow from liver to bile [50].

About 3-5% of dietary Mn is absorbed in the gastrointestinal tract as Mn** and
Mn* [29]. Mn?* is oxidized to Mn** by liver and plasma ceruloplasmin and trans-
ported through the blood [51,52]. Mn tends to form tight complexes with other
ligands [4]. Accordingly, a variety of plasma proteins or ligands have been impli-
cated as specific Mn carrier proteins, including transglutaminase, beta-globulin,
albumin, and Tf [53,54]. As a result, its free plasma and tissue concentrations tend
to be extremely low [55].

Intracellular Mn?* is sequestered in the mitochondria of the brain and liver via
the Ca** uniporter [56,57]. Thus, mitochondria are the primary pool of intracellular
Mn; however, nuclei have also been implied (remains debatable) to preferentially
accumulate this metal [21,58,59]. In addition, it was recently shown that Mn?* may
induce fragmentation of the Golgi apparatus, indicating a specific role of this com-
partment in maintaining Mn homeostasis [60]. The Golgi harbors the Ca*/Mn**-
ATPases of the secretory pathway (SPCAs) [61], which possesses a high-affinity
Mn?* transport capacity [62]. This is also supported by in vivo studies reporting that
brain areas with high SPCA expression also show enhanced Mn?* accumulation
upon continuous systemic MnCl, infusion in mice [63], and by the observation that
a gain-of-function mutation in SPCA, which specifically enhances Golgi Mn>*
transport, improves survival of Mn?*-exposed cells [64]. Thus, failure of efficient
Mn?* detoxification by saturating the SPCA-mediated removal via the Golgi may
result in enhanced Mn?** accumulation in the mitochondria, thereby causing mito-
chondrial impairment [60].

Mn enters the brain from the blood either across the cerebral capillaries and/or
the cerebrospinal fluid (CSF). At normal plasma concentrations, Mn appears to
enter into the CNS primarily across the capillary endothelium, whereas at high
plasma concentrations, transport across the choroid plexus appears to predominate
[65,66], consistent with observations on the rapid appearance and persistent elevation
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of Mn in this organ [67]. Indeed, radioactive Mn injected into the blood stream is
concentrated in the choroid plexus within 1 hour after injection. Three days post-
injection it is localized at the dentate gyrus and CA3 of the hippocampus [68].

The concentration of Mn in the brain varies across brain regions. The highest Mn
levels are found in the globus pallidus in humans and in the hypothalamus in rats
[28,69—75]. Spectroscopy in rats has demonstrated that mitochondria in the basal
ganglia accumulate the highest amount of Mn [76,77]. Differential metal transporter
expression patterns and diffusion constants for Mn in various brain regions must
explain, at least in part, the asymmetry in Mn accumulation across brain regions
[78]. The preferential accumulation of Mn in basal ganglia is often associated with
a clinical disorder referred to as manganism, which is characterized by a set of
extrapyramidal symptoms resembling idiopathic Parkinson’s disease (IPD) (see
more details in Section 3 of this chapter). However, further characterization of the
absorption and elimination kinetics, as well as Mn uptake and export pathways is
necessary to better understand the basis of differential Mn accumulation across dif-
ferent brain regions.

The physiological half-life of Mn in the adult rat and primate brain is approxi-
mately 51 to 74 days [52,55,73,79]. The main excretion mechanism for Mn depends
on normal liver function. Indeed, blood Mn concentrations are increased during the
active phase of acute hepatitis as well as in post hepatic cirrhosis, and a significant
correlation exists between blood Mn and the activities of liver enzymes in patients
with hepatitis and cirrhosis [80,81]. Corroborating these observations, MRI has
consistently shown signal hyperintensity in the globus pallidus in cirrhotic patients
[82]. Furthermore, direct measurements in pallidal samples obtained from the
autopsies of cirrhotic patients revealed several-fold increases in Mn concentrations,
and histopathologic evaluations showed Alzheimer’s type II astrocytosis [83]. The
disorder is characterized as hepatic encephalopathy, and it is associated with cogni-
tive, psychiatric, and motor impairments, all of which are known to be also associ-
ated with manganism [84].

From physiologically based pharmacokinetic models, it has been proposed that
3*Mn clearance from the body follows biphasic elimination, with a short “fast” elim-
ination phase (with half-times of around a few days) followed by a longer “slow”
elimination phase. This elimination behavior was consistently observed with all
exposure routes. Thus, the availability of tracer studies for multiple exposure routes
permitted a comparison of dose route differences in elimination. Accordingly, the
faster clearance in monkeys and humans occurred from oral exposure, whereas the
slowest clearance occurred following intravenous (iv) administration [85].

1.3 Manganese Biochemistry and Physiology

As pointed out above, Mn is an essential nutrient necessary for a variety of functions.
Accordingly, it acts as an activator of the gluconeogenic enzymes pyruvate carboxylase
and isocitrate dehydrogenase, is involved in protecting mitochondrial membranes
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through superoxide dismutase, and it activates glycosyl transferase, which is
involved in mucopolysaccharide synthesis [86], just to name a few. Mn it is also a
cofactor for many other enzymes, such as transferases, hydrolases, lyases, and
integrins. Nevertheless, additional investigation is needed to identify the complete
set of Mn-dependent enzymes in mammalian systems as for many of these activi-
ties, Mn is not the only metal that can act as a cofactor; iron, magnesium or copper
are readily able to substitute it. In addition, the majority of Mn-dependent enzymes
are found in bacteria and plants and only a few have been systematically studied
in mammalians.

Although Cu and Mg can substitute for Mn as a cofactor for some enzymes, there
is a subset of enzymes with roles in neuron and/or glial that are strictly dependent
upon the presence of Mn. These discrete Mn-binding proteins (manganoproteins)
include glutamine synthetase, superoxide dismutase 2 (SOD2), arginase, pyruvate
decarboxylase, and serine/threonine phosphatase [87-89].

Glutamine synthetase is the most abundant manganoprotein; it is predominantly
expressed in astrocytes, where it converts glutamate to glutamine. Because GS con-
tains four Mn ions per octamer [90], Mn has been proposed to regulate GS activity.
In fact, insufficient Mn increases glutamate trafficking, glutamatergic signaling, and
excitotoxicity [91]. Furthermore, it has been proposed that the increased suscepti-
bility to seizures observed in individuals with Mn deficiency may be due to dimin-
ished GS levels and/or activity [92].

Arginase regulates elimination of ammonia from the body by converting
L-arginine, synthesized from ammonia, to L-ornithine and urea as part of the urea
cycle. Moreover, in the brain, L-arginine is converted to nitric oxide by neuronal
nitric oxide synthetase. Proper regulation of arginase promotes neuronal survival by
impairing nitric oxide signaling [93,94].

Pyruvate carboxylase is an essential enzyme required for glucose metabolism that
interacts with Mn to generate oxaloacetate, a precursor of the tricarboxylic acid (TCA)
cycle [95]. Interestingly, in the brain, pyruvate carboxylase is predominantly expressed
in astrocytes [58,96]. Protein phosphatase-1 is essential for glycogen metabolism,
cell progression, regulation synthesis, and release of neurotrophins, which promote
neuronal survival and synaptic membrane receptors and channels [97].

Finally, SOD2 is a mitochondrial enzyme that detoxifies superoxide anions
through the formation of hydrogen peroxide. Although the concentration of Mn
within neurons is low (<10~ M), their high mitochondrial energy demands is cor-
related with a propensity for increased SOD2 in neurons compared to glia [28,42].
Furthermore, loss of SOD2 activity increases the susceptibility to mitochondrial
inhibitor induced toxicity and causes oxidative stress [98].

Thus, Mn deficiencies, although not frequently reported in humans, may result in
several biochemical and structural defects [35,99,100]. Accordingly, taking into
account the Mn-dependent enzymatic processes, it is clear that inadequate daily
supply of this metal may be associated with a variety of health repercussions [31,32].
In contrast, excessive levels of Mn can accumulate in the brain and lead to neuro-
toxicity. Because the area of the CNS comprising the basal ganglia is very complex
and its function is dependent upon the precise function and balance of several
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neurotransmitters, it is not surprising that symptoms of manganism often overlap
with IPD. Indeed, evidence exists to support that persistent exposure to Mn may
predispose an individual to acquire dystonic movements associated with PD (more
details concerning Mn toxicity are provided in Section 3 of this chapter).

2 Manganese Transport

Considering the delicate relationship between essentiality and toxicity, Mn homeo-
stasis is vital for the optimal functioning of any organism. Although some research
has focused on mechanisms associated with the transport of Mn across the blood-
brain barrier (BBB), the exact identity of the carrier(s) involved in Mn trafficking
into the brain remains somewhat controversial. Over the past decades, active trans-
port [65] and facilitated diffusion [51,66] mechanisms have been described. More
recently, Mn transport has been ascribed to high affinity metal transporters of Ca
and Fe.

Several of these transporters include DMT-1, which belongs to the family of
natural resistance-associated macrophage protein (NRAMP) [47,101]; ZIP8, a
member of the solute carrier-39 [102]; Tf receptor (TfR) [51,103], which is known
to be responsible for Fe** uptake; voltage-regulated [104] and store-operated Ca*
channels [105]; and the ionotropic glutamate receptor Ca** channels [106]. It was
also observed that distribution after intravenous injection of *Mn is readily trans-
ported into the brain as the free ion [66]. Moreover, studies have also demonstrated
that a Mn-citrate complex could be transported either by a monocarboxylate trans-
porter (MCT) [107], organic anion transporter polypeptide (OATP) or ATP-binding
cassette (ABC) superfamilies [108].

Leak-pathways for Mn also likely exist, especially in areas lacking intact BBB,
namely the circumventricular organs [109] (Figure 1). While the relative contribu-
tion of each of these transporters and/or mechanism(s) remains unknown, it is likely
that optimal tissue Mn concentrations are maintained by the involvement of all of
them. As pointed out above, in plasma more than 80% of Mn?* is bound to
a,-macroglobulin and albumin. However, these complexes (Mn?**-albumin or
a,-macroglobulin) may not take part in the transport across BBB (see Figure 1).

TRPM7, which is ubiquitously expressed in vertebrates and functions as an
active Ca*-selective transporter and a serine/threonine protein kinase, is a putative
Mn transporter. The kinase activity is important for its metal transport function.
Specifically, the transporter operates by regulating intracellular Ca?* levels and
Mg?* homeostasis through the creation of an inward current, thus contributing to the
establishment of a cellular membrane potential. Physiological levels of Mg?* and
Ca?* are necessary for maintaining the permeability of TRPM7 to Mn**, Co*, and
Ni?* [110]. Finally, the homomeric purinoreceptors, including P2X and P2Y, have
been invoked to transport Mn. These receptors are ATP-dependent and ubiquitously
expressed on endothelial cells [111-113]. Nevertheless, purinoreceptors have a
relatively lower affinity for Mn than for the other divalent metals they transport
(Ca>Mg>Ba>Mn) [110].
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Mn transport into CNS
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Figure 1 Mechanism of Mn transport across the BBB under physiological Mn exposure levels.
Transporters and relevant manganese oxidation states associated with Mn transport are demonstrated.
Mn bound to albumin is excluded from passing the BBB given its size. Arrow size depicts the relative
importance of each of the transporters in this process, bolder arrows representing more prominent
transport mechanisms. Please refer to the discussion for additional details. Since it has yet to be
determined whether ZIP8 functions to transport Mn across the BBB, the process has been annotated
with a question mark.

Although non-protein-bound Mn enters the brain more rapidly than Tf-bound Mn
[65,66], the question remains as to which form represents the predominant mechanism
of transport in situ. Analyses of transport mechanisms based on tracer techniques
employing bolus injections of Mn into the circulation cannot be easily interpreted.
Thus, while tracer studies represent a sensitive technique for quantifying Mn trans-
port, it must be noted that the information derived from such studies does not neces-
sarily reflect the chemically active or functional forms in which Mn exists and is
transported in vivo. This is due to the saturation of blood ligands for Mn and the
likelihood that Mn in the free form exists at concentrations in excess to those expected
under physiological conditions. Thus, transport kinetics under such conditions may
not necessarily mimic physiological conditions. In the next subsections, we briefly
discuss some aspects related to Mn transport in biological systems.

2.1 Manganese Uptake in Relation to Oxidative State

Mn can cross the BBB and blood-cerebrospinal fluid barrier (BCB) through several
carriers (see Figure 1) and in different oxidation states [42]. Indeed, emerging
reports have indicated that Mn?* can be transported via DMT-1, the divalent metal/
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bicarbonate ion symporters ZIP8 and ZIP14, various calcium channels, the solute
carrier-39 (SLC39) family of zinc transporters, park9/ATP13A2, and the Mg trans-
porter hipl4. Accordingly, DMT-1 belongs to a large family of metal transporters,
which are responsible for the transport of divalent metals ions, including Mn, Fe,
Cu, and Cd [114]. Thus, DMT-1 is involved in Mn accumulation in the brain. DMT-1
works as hydrogen ion symporter, transporting one hydrogen ion and one divalent
cation in the same direction. This protein is responsible also for exporting the Mn**,
which is released into the cytoplasm [115]. Alternatively, Mn?* ions may be directly
transported from the blood stream by crossing the cellular membrane through volt-
age-regulated or glutamate-activated ionic channels, which are usually responsible
for the transport of Ca?* into the cell [116]. Finally, emerging experimental data has
indicated that huntingtin-interacting protein 14 and 14L (Hip14, Hip14L) mediates
transport of Mn?* and other divalent metals (Mg?*, Sr**, Ni**, Ca**, Ba*, Zn>*) across
cell membranes [117,118]. Alternatively, Mn3* entry via the TfR, which mediates
Fe’* uptake, is also considered [88].

2.2 Cellular Manganese Uptake

A critical regulator of brain Mn levels is the DMT-1 (also referred to as the DCT, or
divalent cation transporter) which is known to shuttle both Mn?* and Fe?* ions, as
well as other divalent metals. This transporter belongs to the NRAMP gene family
[47,101]. Disruption of the orthologous DMT-1 gene in the rat or mouse, results in
significantly lower tissue levels and uptake of Mn and Fe in the brain [119-121].
Consistent with a role for DMT-1 in brain Mn uptake, nasal Mn absorption is also
significantly attenuated in /b rats, and olfactory DMT-1 protein levels are signifi-
cantly elevated in Fe-deficient rats [122].

Notably, a recent study has shown that DMT-1 contributes to neurodegeneration
in an experimental model of PD [123]. These authors observed increased expression
of a specific DMT-1 isoform (DMT-1/Nramp2/Slcl1a2) in the substantia nigra of
PD patients. Moreover, the authors also showed that the administration of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, a dopaminergic toxin used in experi-
mental models of Parkinson’s disease) increased DMT-1 expression in the ventral
mesencephalon of mice, which was concomitant with Fe accumulation, oxidative
stress, and dopaminergic cell loss [123]. Additionally, DMT-1-mediated metal
transport across rat brain endothelial cells in culture has been reported to be pH-,
temperature-, and Fe-dependent [110,124,125].

The TfR is the major cellular receptor for Tf-bound Fe, but because Tf can also
bind trivalent Mn, TfR can also mediate Mn** transport by endocytosis. Mn?** inter-
nalized through the endocytic pathway must be released from Tf and reduced to
Mn?*, which is transported through DMT-1 to the cytosol. The TfR is an active
transporter that is pH- and Fe-dependent [110]. Both in vivo and in vitro studies
have reported that Mn is efficiently transported via the TfR. For example, a spontaneous
mutation in a murine gene linked to the TfR, referred to as hypotransferrinemic,
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results in a drastic serum TfR deficiency, impairs Mn transport, and disrupts Fe
deposition [126,127].

Additional cellular Mn transporters include the Mn-citrate transporters and
the Mn-bicarbonate symporters. Indeed, a small fraction of Mn has been found in
the plasma as citrate complex. Crossgrove and Yokel have demonstrated that a
Mn-citrate tridentate complex with a non-coordinated central carboxylate moiety is
a probable substrate for the anion transporter or a monocarboxylate transporter
[107]. Moreover, the members of the organic anion transporter polypeptide or ATP-
binding cassette superfamilies may transport Mn-citrate complexes [108]. The
Mn-bicarbonate symporters, ZIP8 and ZIP14, have also been identified as members
of the solute carrier-39, and are expressed on brain capillaries [102], although it has
yet to be determined whether these proteins are functional at the BBB [1,128].
Nevertheless, these symporters utilize a HCOj3 gradient as the driving force for Mn
uptake across the plasma membrane.

Gitler and colleagues have recently reported that the park9 gene responsible for
early-onset Parkinsonism also transports Mn [118]. The park9 gene encodes a puta-
tive P-type transmembrane ATPase (ATP13A2) protein. Although the exact function
of park9 is unknown, it is generally thought to be a shuttle for cations, including Mn
across the cell membrane. Biochemical studies have demonstrated that the highest
and lowest park9 mRNA levels are localized within the substantia nigra and cere-
bellum, respectively [129]. Mn transport via voltage-regulated channels [104],
store-operated channels [105], ionotropic glutamate receptor channels [106] (all
Ca?* channels), and choline transporters [130] has also been described.

Another possible mechanism for Mn transport involves dopamine transporters
(DAT). It is believed that DAT facilitates Mn transport into dopaminergic striatal
neurons and that Mn accumulates in the globus pallidus via axonal transport
[131,132]. As a result, blockage of the DAT in the striatum would attenuate Mn
accumulation in striatal neurons and would cause decreased Mn concentrations in
the globus pallidus [132] (see Figure 2). Nevertheless, while the tissue specific
expression of each of the aforementioned Mn transporters is yet to be determined, it
is likely that optimal tissue Mn levels are maintained through the involvement of all
the above and likely other unknown Mn transporters.

2.3 Cellular Manganese Efflux

Little information exists on the putative extracellular transport mechanisms of Mn.
In the intestine ferroportin-1 (Fpn) is located at the basal membrane and exports Fe
to the circulation [133,134]. Yin and colleagues [135] have implicated Fpn as a Mn
exporter. Using an inducible HEK293T cell model, they showed that Fpn expres-
sion reduced Mn-induced toxicity and decreased Mn accumulation. In addition, Mn
was also able to increase Fpn levels [136]. From these studies, it was concluded that
Fpn participates in Mn efflux (see Figure 2). In accordance to previous data, it was
recently shown that Mn is a substrate for Fpn, and that this export process is inhibited
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Figure 2 Identified and putative Mn transporters. These illustrated Mn transporters have been
demonstrated to facilitate Mn trafficking (uptake, storage, efflux) between the extra- and intracellular
milieu. Each of these transporter proteins has also been implicated in the transport of other metals.

by a low extracellular pH and by incubation in a high K* medium, indicating the
involvement of transmembrane ion gradients in Fpn-mediated Mn transport [137].
Interestingly, Fpn is expressed in tissues involved in both Fe and Mn homeosta-
sis, including the developing and mature reticuloendothelial system, the duodenum,
liver, and the pregnant uterus [138,139]. Fpn has also been identified in cells of the
central nervous system including those of the BBB, choroid plexus, neurons, oligo-
dendrocytes, astrocytes, and retina [133,140]. Nevertheless, it has yet to be deter-
mined whether Mn shares Fe exporters, such as Fpn, in this process. Moreover, the
role of Fpn in Mn homeostasis remains to be elucidated in each of the neural cell

types.

3 Manganism. A Neurodegenerative Disease

Manganism (also referred to as locura manganica) has been known for 150 years
and it is caused by the preferential accumulation of Mn in brain areas rich in dopa-
minergic (DAergic) neurons (caudate nucleus, putamen, globus pallidus, substantia
nigra, and subthalamic nuclei) [79,141,142]. Mn can readily oxidize catecholamines,
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including dopamine (DA), altering homeostasis in these areas [70]. Perturbation in
striatal DA levels likely explains the biphasic syndrome experienced by patients
with manganism. An initial phase of increased DA production is associated with
psychotic episodes commonly observed in psychiatric patients [143]. As Mn poi-
soning progresses, catecholamine levels decrease, most likely due to the loss of
nigrostriatal DAergic neurons and, consequently, the parkinsonian-like symptoms
ensue [1,13,70]. Hence, in early stages of manganism, upon cessation of Mn expo-
sure, the symptoms might be reversed, whilst in patients with motor disturbances,
manganism is irreversible [144].

4 Symptoms and Sensitive Populations

The initial stages of manganism are characterized by psychiatric symptoms, including
emotional liability, mania, compulsive or aggressive behavior, irritability, reduced
response speed, hallucinations, feeding and sex disturbances, intellectual deficits,
humor changes, sex dysfunctions, as well as mild motor impairment. In established
manganism cases, the classic extrapyramidal symptoms (motor symptoms) become
prominent and include mask-like face, limb rigidity, mild tremors, gait disturbance,
cock-like walk, slurred speech, excessive salivation and sweating, and a disturbance
of balance, all of which are also observed in IPD [144-147].

Considering the routes and sources of exposure, affected populations commonly
include welders, miners, and people that work in a Mn-polluted environment [147—
149]; infants fed with Mn-containing formulas [109]; patients with hepatic enceph-
alopathy [150,151], and subjects fed with parenteral nutrition [152,153]. In addition,
subjects that have genetic pre-disposition have been recently considered as sensitive
populations, as described in Section 8.

5 Manganism versus Parkinson’s Disease

Idiopathic Parkinson’s disease is a progressive neurodegenerative disorder with a
slow onset, and compared with the familial forms of the disease, it is associated with
advanced age (>55 years of age). The four cardinal signs of IPD are tremor at rest,
bradykinesia (hypokinesia and akinesia), rigidity and postural instability [154—156].
The disease is characterized by loss of neurons [154] in the substantia nigra pars
compacta (SNpc) and decreased DA levels in the caudate and putamen [155].
Excessive brain Mn levels can also represent a risk factor for IPD [16,145,147—
149]. Case-controlled studies have revealed a strong correlation between
Mn-exposed populations and increased susceptibility to PD [16,145,147-149].
Manganism and PD share in their etiology common cellular mechanisms such as
preferential accumulation of Mn within mitochondria resulting in oxidative stress
[21,157] and selective DAergic neurotoxicity [1,158,159]. Parkinsonism in welders
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versus non-welders is clinically distinguishable only by the age of onset (46 versus
63 years, respectively) [149,160]. Furthermore, the prevalence of PD is higher
among welders versus age-standardized individuals in the general population
[149,160]. However, direct evidence that Mn exposure in welders is responsible for
this increased prevalence has not been reported yet.

Manganism commonly occurs in response to acute Mn exposures, whereas PD
likely reflects long-term exposure to relatively low Mn exposures [145,158].
Manganism features less frequent kinetic tremor, or no tremor versus patients with
PD [129,147-149]. Acute high Mn exposures also lead to dystonias and a “‘cock-walk”
with symptoms becoming progressive and irreversible [147,149]. In addition to affecting
the basal ganglia, manganism is also known to affect other brain regions, including the
cortex and hypothalamus and at the morphological level leading to neuronal loss and
reactive gliosis in the globus pallidus and substantia nigra pars reticulata (SNpr) in the
absence of Lewy bodies, which are a hallmark of PD [147,149,161,162]. Furthermore,
in manganism, damage to the striatum (caudate nucleus and putamen) and subthalamic
nucleus may occur, while the SNpc is generally spared whilst PD is predominantly
characterized by neuronal loss in the SNpc [161].

PD and manganism are analogous in several mechanistic ways. Mn-induced
neurotoxicity involves mitochondrial dysfunction, increase in endoplasmic reticu-
lum stress factors and oxidative stress, as also observed in PD patients studied
post-mortem [145,148,158,161]. Mn can cause the increase in fibril formation by
a-synuclein, thus inducing neuronal death. The a-synuclein aggregates, named
Lewy bodies, are one of the hallmarks of PD. Furthermore, there are several genetic
factors associating both disorders, which will be described in detail below (Section 8).

6 Manganese in the Etiology of Other Neurodegenerative
Disorders

6.1 Manganese and Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects
motor neurons (MNs) in the spinal cord and the cortex [163]. ALS patients gradually
loose MNss, and muscles weaken, ultimately leading to respiratory distress and death
[163]. A small percentage of ALS cases are hereditary, due to mutations in the Cu/Zn
superoxide dismutase (SOD1) gene. Expression of these mutant forms of SOD1 in
animal models leads to ALS-like phenotypes [164]. Oxidative stress is proposed to
be a central mechanism leading to Mn cell loss in ALS, other contributing mecha-
nisms include excitotoxicity, astrocytosis, mitochondrial impairment, calcium/mag-
nesium imbalance, and Mn toxicity [165-167]. Mn-SOD (SOD2), in contrast to its
orthologue, SOD1, does not contribute to the genetic predisposition to ALS [168],
but it may slow down ALS-like syndrome progression in mice, and its activity
has been shown to be reduced in the serum and the CSF of ALS patients [168].
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Mn levels were found to be lower in blood cells, but were significantly increased in
the sera of ALS patients [169,170], supporting a role for Mn-mediated neurotoxicity
in ALS.

6.2 Manganese and Alzheimer’s Disease

Heavy metals, especially the essential metal Zn and the non-essential metal Al, have
been shown to play a role in amyloid-beta (Abeta) aggregation and toxicity, both of
which are characteristics of Alzheimer’s disease (AD) [171]. In a recent study,
Abeta precursor-like protein 1 (APLP1) was found to be the most up-regulated gene
in the frontal cortex of monkeys (Cynomologous macaques) chronically exposed to
Mn. This result was associated with cortical Mn accumulation [172], cortical neu-
ron degeneration, and apoptotic marker expression [172], consistent with previous
reports of cognitive impairment in those animals. Conversely, over-expression of
Abeta in mice led to Mn accumulation in the brain, suggesting that Abeta could play
arole in Mn homeostasis and toxicity [173]. Similar to ALS, despite Mn accumula-
tion, SOD2 antioxidant activity is reduced in AD, likely contributing to oxidative
stress [174]. Furthermore, Mn can also produce alterations related to AD without
the senile plaque formation. In cases of chronic Mn exposure, neuronal degenera-
tion in the globus pallidus is associated with the development of Alzheimer’s type II
astrocytosis, in which cells typically exhibit enlarged, pale nuclei, margination of
chromatin and, often, prominent nucleoli [175].

6.3 Manganese and Huntington’s Disease

Huntington’s disease (HD) is a progressive neurodegenerative disease with a preva-
lence of 5 in 10,000 people worldwide. HD is characterized by motor impairment,
cognitive deterioration, emotional disturbance, and psychiatric deficits, caused by
expansion in the glutamine-encoding triplet repeat by mutation in the HTT gene
[175]. Environmental factors have also been suggested to contribute to the residual
variation in age of onset, perhaps even more so than genetic factors [176]. In this
context, metals such as Mn may be involved in modulating and interacting with HD.
A study by Williams et al. [177] described a novel gene-environment interaction
between expression of mutant HTT and Mn. Specifically, acute Mn exposure of
cultured striatal cells unexpectedly decreased the vulnerability of mutant expressing
cells (STHdhR!'R!T) to Mn cytotoxicity compared to wild-type (STHdhR"?7) [177].
Furthermore, total intracellular Mn levels following Mn exposure in STHdh?”'?7
and STHdhQ!R1T cells were significantly lower in mutant than wild-type cells
[177,178]. Moreover, the mutant HTT-Mn interaction was corroborated in vivo
using the YAC128Q mouse model of HD; these mice accumulated less Mn in the
striatum than wild-type animals following subcutaneous Mn injections [179].
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7 Molecular Mechanisms of Toxicity

The cellular, intracellular, and molecular mechanism(s) underlying Mn neurotoxic-
ity are incompletely understood [21,109,141,142,158,161]. Nevertheless, it has
been demonstrated that Mn affects numerous biological activities, dependent upon
levels and routes of exposure, dosage, age of the exposed individual, and exposure
duration [6,180,181]. Mn is known to induce increased oxidative stress, a well-
established molecular mechanism of Mn-induced toxicity. Below, we discuss the
main mechanisms that are believed to mediate Mn-induced neurodegeneration.

7.1 Dopamine Oxidation

Dopamine (DA) is one of the most abundant catecholamines within the brain, con-
trolling locomotion, emotion, and neuroendocrine system. Chronic exposure to Mn
has been shown to cause the degeneration of nigrostriatal DAergic neurons leading
to symptoms that resemble PD [13,148,182]. However, Mn’s effects are dependent
upon the experimental conditions, form of Mn (oxidation state), route of adminis-
tration, and exposure duration [1,6,142,147,183]. Postnatal Mn exposure causes a
decline in pre-synaptic DAergic functioning, reduced DA transporter expression,
and DA uptake in the striatum, and a long-lasting decrease in DA efflux [184,185].
Conversely, in adult animal models, exposure to Mn inhibits DA neurotransmis-
sion and depletes striatal DA [29,144,183,186,187], thereby resulting in motor
deficits [161].

Although it is generally accepted that free radicals play a key role in mediating
Mn-induced DAergic neurodegeneration [188,189], the precise mechanism of
Mn-induced neurotoxicity remains unknown. One hypothesis invokes the ability of
Mn to enhance reactive oxygen species (ROS) generation, thus forming quinines
[82,190,191]. Indeed, the Mn-catalyzed autoxidation of DA involves redox cycling
of Mn?* and Mn** in a reaction that generates ROS and DA-o-quinone, thereby lead-
ing to oxidative damage [82,190-192]. Thus, elevated rate of autoxidation of cyto-
plasmic DA induced by Mn may contribute to DAergic cell death secondary to the
formation of cytotoxic quinones and ROS [190,191].

Mn-induced DA oxidation is a complex process involving several steps in which
semiquinone, aminochrome intermediates, L-cysteine or copper and NADH are
implicated [158,182,193]. Mechanisms underlying semiquinone and aminochrome-
induced damage in the Mn-induced neurodegenerative process likely include: (i)
NADH or NADPH depletion; (ii) inactivation of enzymes by oxidizing thiol groups
or essential amino acids; (iii) formation of ROS; and (iv) lipid peroxidation. It is
noteworthy that neither Mn?* nor Mn?** can generate hydroxyl radicals from hydro-
gen peroxide and/or superoxide via Fenton-type or Haber-Weiss-type reactions,
while Mn?* can scavenge and detoxify superoxide radicals [3,188].
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7.2 Mitochondrial Dysfunction

As mentioned in Section 1.2, intracellular Mn preferentially accumulates in the
mitochondria, mainly as Mn?* via the Ca?* uniporter [21,157,194-196]. Elevated
intramitochondrial Mn interferes with oxidative respiration, leading to excessive pro-
duction of ROS, and consequently, mitochondrial dysfunction [21,157,194—196]. The
ability of Mn to enhance oxidative stress is due to the transition of its oxidative state
+2 to +3, which increases its pro-oxidant capacity [192]. Superoxide produced in the
mitochondrial electron transport chain may catalyze this transition through a set of
reactions similar to those mediated by SOD and thus lead to the increased oxidant
capacity of the metal [195]. Since Mn* has greater pro-oxidant potential than Mn?*,
its production in the mitochondria may accentuate oxidative damage [197].

Moreover, Mn can directly impair mitochondrial function by inhibiting the mito-
chondrial electron transfer chain [21,88,198], resulting in a reduced ATP production,
increased leakage of electrons, and increased O3~ production [199]. Although, Mn**
is more potent at inhibiting complex I [3,197], Mn?** is the predominant species
within cells and is largely bound to ATP [196,197]. Notably, Mn in biological media
in any of the oxidation states will spontaneously generate Mn*". Interestingly, even
trace amounts of Mn** can cause formation of ROS [200]. The involvement of ROS
in Mn-induced mitochondrial dysfunction is also supported by observations on the
efficacy of antioxidants in attenuating its effects [201].

Mn also interferes with Ca?* homeostasis in mitochondria by inhibiting its efflux
[202,203]. Oxidative stress generated by high Mn concentrations leads to the induc-
tion and opening of the mitochondrial permeability transition (MPT) pore, a Ca*-
dependent process, resulting in increased solubility to protons, ions, and solutes, loss
of the mitochondrial inner membrane potential (Aym), impairment of oxidative phos-
phorylation, and ATP synthesis and mitochondrial swelling [202,204,205]. Indeed,
Mn has been shown to decrease Aym in a concentration-dependent manner, indicat-
ing that this Ca?*-dependent process likely mediates Mn neurotoxicity [204,206,207].
Apoptotic mechanisms secondary to changes in mitochondrial function have also
been implicated in Mn-induced neurotoxicity. Ca**-induced MPT opening leads to the
activation of the Bcl-2 family of proteins, especially Bax/Bak, culminating with the
release of cytochrome ¢ (Cyt ¢) [208,209]. Cyt ¢ activates, via ERK (extracellular
signal-regulated kinases), the cysteine protease caspase-3, which mediates apoptosis,
chromatin condensation and DNA fragmentation [210]. Consistent with these obser-
vations, Mn exposure has been shown to lead to ERK and caspase-3 activation in
astrocytes [204]. Furthermore, DNA strand breakage at low Mn levels was reported,
thereby reinforcing the mitochondrial role in mediating its neurotoxicity [211].

7.3 Astrocytosis

Astrocytes make up approximately 50% of the human brain volume [212] and assume
many critical pathophysiological roles essential for normal neuronal activity, including
glutamate uptake, glutamine release, K* and H* buffering, volume regulation and



216 Avila, Puntel, and Aschner

membrane-membrane mediated trophic cell signaling [92,180]. Unlike neurons,
astrocytes concentrate Mn to levels at least 50-fold higher than the culture media,
thus functioning as the major homeostatic regulators and storage site for Mn
[213,214]. Primate models of Mn toxicity have shown astrocytic pathological alter-
ations (Alzheimer type II) [17,22,151] and exposure of cultured astrocytes to patho-
physiologically relevant concentrations of Mn led to a dose- and time-dependent
cell swelling, which appears to be a consequence of oxidative stress and changes in
MPT [215]. Increased accumulation of Mn in astrocytes has also been shown to
alter glutamate homeostasis and elicit excitatory neurotoxicity [27]. For example,
Mn decreases astrocytic glutamate uptake [180,181,216] and reduces the expression
of the astrocytic glutamate:aspartate transporter (GLAST) [27,217,218], leading to
increased extracellular glutamate levels. Additionally, expression of glutamine
transporters was downregulated in Mn-exposed cultured astrocytes [219], contribut-
ing to the disruption of the glutamate-glutamine cycling in the brain.

The inhibition of the Na*/K*-ATPase by reactive oxygen species also likely con-
tributes to Mn-induced astrocytic dysfunction [220]. Mn increases the uptake of the
amino acid L-arginine, a substrate for the inducible form of nitric oxide synthase
(iNOS), which can lead to ROS production as a consequence of nitric oxide produc-
tion [221,222]. ROS have also been shown to directly interfere with glutamate
uptake [223], possibly via oxidation of thiol groups in the transporter protein
[220]. Thus, Mn accumulation in astrocytes has the potential to lead to oxidative
damage in these cells as well as adverse effects on glutamate clearance from the
extracellular space.

8 Genetic Susceptibility

Recently, the association of mutations of PD-related genes and manganism has been
reported. DJ-1 (Park7), together with parkin (Park2) and Pink1 (Park6), form an E3
ubiquitin-ligase complex that is involved in a-synuclein degradation [224]. The
physiological functions of these proteins involve protection against oxidative stress.
Both mitochondrial dysfunction and oxidative stress can modulate the ubiquitin-
proteasome pathway and have been implicated as causative factors for the abnormal
accumulation of proteins in familial forms of PD [145]. Recessive inheritance of
PARK 2 mutations may also cause increased environmental sensitivity to Mn expo-
sure, as observed by Aboud et al. [225]. Using human induced pluripotent stem cells
(hIPCs) derived from a subject at genetic risk by PARK 2 mutation, the authors
found significant high reactive oxygen species levels and increased mitochondrial
fragmentation after Mn exposure in vitro [225].

Mutations in parkin are associated with early onset of PD, associated with
DAergic neurodegeneration, however, absent Lewy bodies formation [145]. The
parkin gene encodes an E3 ubiquitin ligase, which has cytoprotective properties.
Transient transfection with the parkin gene in SH-SYS5Y cells inhibits Mn-induced
cell death [226]. Exposure to welding fumes containing Mn led to decreased Park2



7 Manganese in Health and Disease 217

protein levels in DAergic brain areas in rodents [227]. Loss of function and/or
decreased expression of parkin has been associated with overexpression of DMT-1
and linked to PD [123,227], as well as manganism [228]. Conversely, increased
Parkin expression levels have been shown to attenuate Mn-induced neurotoxicity,
likely by reducing its transport [226,228]. DJ-1 was also decreased in striatum of
rats exposed chronically to welding fumes [227]. Mutations in dj-/ account for
1-2% of early-onset cases of PD [229]. The protein encoded by this gene is
expressed in the brain, including neurons within the SNPc and striatum, areas pri-
marily affected in PD [230]. DJ-1 expression has been localized to the matrix and
intermembrane space of mitochondria [231] and it is thought to function as an anti-
oxidant protein [232]. Dj-1-knockout mice exhibit increased mitochondrial free
radical formation and inactivation of enzymes [232].

Leucine-rich repeat kinase 2 (LRRK2) or PARKS is a cytoplasmic enzyme pres-
ent in DAergic neurons. Mutations in this gene causing increased kinase activity
lead to typical features of PD [233]. Kinases require the formation of an ATP-
divalent metal cation complex, and Mg** typically participates in this catalysis.
Recent studies in G2019S cells, where LRRK?2 is mutated and shows increased
enzyme activity, have demonstrated that Mn** can displace Mg>* at the active site
and increase the catalytic rate of the enzyme [234]. Because this mutation is present
in 22-41% of PD cases, changes in the enzyme activity caused by Mn may result in
a gain-of-function type mechanism of toxicity, leading to decreased cell survival
[234].

Furthermore, mutations in a putative Mn exporter gene SLC30A10 have been
recently described [235]. These mutations are associated with marked motor impair-
ment, including a Parkinsonian-like syndrome. This inherited autosomal recessive
mutation leads to hypermanganesemia, dystonia, polycythemia, and hepatic cirrho-
sis [236]. The hypermanganesemia associated with SLC30A 10 mutation is extreme,
with patients having whole blood Mn levels of 1200-6400 nmol/L, compared with
normal whole blood Mn (<320 nmol/L) [236].

9 Treatment

Even though manganism has been studied for several years, treatment approaches
are still controversial. Some authors have shown that levodopa, a standard treatment
for PD, decreased Mn symptoms; however most of the studies do not indicate this
drug as efficient [148,149]. Hence, other drugs have been tested in non-human ani-
mals and some of these treatments may be used in future clinical trials.
Antiinflammatory agents, such as indomethacin and para-aminosalicilic acid,
reduced Mn-induced increase in oxidative stress (isoprostanes) and neuroinflamma-
tion (prostaglandin E2) [237-240]. Notably, indomethacin protected against pro-
gressive spine degeneration and dendritic damage in striatal medium spiny neurons
of mice exposed to Mn [239,240]. This protection is probably mediated by the tran-
scription factor NF-kB [241]. Using transgenic mice expressing a transcription
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factor fused to a green fluorescent protein (GFP), Moreno and coworkers showed
that Mn exposure increased NF-kB reporter activity and nitric oxide synthase 2
(NOS2) expression in both microglia and astrocytes, and that these effects were
prevented by supplementation with steroid 17f-estradiol [241]. Estrogen also
decreased neuronal protein nitration in treated mice and inhibited apoptosis in stria-
tal neurons co-cultured with Mn-treated astrocytes in vitro [241]. Furthermore,
tamoxifen, an estrogen-related compound, effectively reversed glutamate transport
inhibition in a Mn-induced model of glutamatergic deregulation, suggesting a
potential therapeutic modality in neurodegenerative disorders characterized by
altered glutamate homeostasis [242]. In agreement with this study, Xu et al. showed
that the pretreatment of rats with the NMDA (N-methyl-D-aspartate) antagonist
MKS801 protected neurons from Mn-induced glutamate excitotoxicity [243].
Synthetic and natural antioxidants have been tested in Mn-induced neurotoxicity
models. The chain breaking antioxidant Trolox concomitantly administered to Mn
in developing pups showed neuroprotective effects by decreasing apoptotic activity,
isoprostane levels and p38 phosphorylation [244]. Ebselen and diethyl-2-phenyl-
2-tellurophenyl vinyl phosphonate are organochalcogens that also reversed the neu-
rotoxic effects of this metal. Natural products such as Melissa officinalis extract and
silymarin reduced oxidative stress associated to Mn exposure [245,246].

Several studies have addressed genetic factors that mediate Mn toxicity. Streifel
and coworkers used mice lacking NOS, postulating that they would be protected
from the neurotoxic effects of Mn [247]. They found that loss of NOS2 reduced
NO-induced peroxynitrite formation, thus attenuating Mn-related peroxynitrite
adduct formation in the striatal-pallidum and substantia nigra pars reticulata. These
mice showed attenuated alterations in neurobehavioral function and neurochemistry
in vivo and loss of NOS2 also prevented astrocyte-mediated neuronal apoptosis in
vitro [247]. Expression of parkin, an E3 ubiquitin ligase also linked to PD, protects
against Mn toxicity, as observed in SH-SYSY cells [248]. Conversely, deletion of
parkin leads to an increase in DMT-1 levels, thus causing increase in Mn uptake
[248]. Furthermore, it was reported for yeast that expression of PARK9, a gene
linked to PD, protected cells from Mn toxicity [118].

In C. elegans, Benedetto et al. observed that Mn-induced DAergic neurotoxicity
requires the NADPH dual-oxidase BLI-3, suggesting that in vivo BLI-3 activity
promotes the conversion of extracellular DA into toxic reactive species, which, in
turn, can be taken up by DAT-1 in DAergic neurons, thus leading to oxidative stress
and cell degeneration [248]. BLI-3 knockout or inhibition may represent a novel
strategy for mitigating Mn neurotoxicity.

10 General Conclusions

Because of its paradoxal effects on human health, Mn exposure or intake has been
studied for quite some time. Several mechanisms have been proposed for man-
ganism, such as (i) dopamine oxidation; (ii) glial toxicity, particularly in astrocytes;
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(iii) oxidative stress; (iv) mitochondrial dysfunction; (v) alteration in the expression
of PD-related genes. However, there are many questions that have yet to be clarified.
Treatment approaches have also been investigated, focusing on the mechanisms
that were described in this chapter. Remarkably, although Mn intake is necessary for
the normal functioning of the organism, it is necessary to regulate its environmental
and occupational exposures, as once excessive exposure occurred, it may lead to
neurological dysfunction for which effective treatment has yet to be developed.

Abbreviations

ABC ATP-binding cassette

Abeta amyloid

AD Alzheimer’s Disease

ALS amyotrophic lateral sclerosis

APLP amyloid B precursor-like protein

ATP adenosine 5’-triphosphate

BBB blood-brain barrier

BCB blood-cerebrospinal fluid barrier
CA3 cornu Ammonis, region 3

CNS central nervous system

CSF cerebrospinal fluid

Cytc cytochrome ¢

DA dopamine

DAT dopamine transporter type

DMT divalent metal transporter

ERK extracellular signal-regulated kinase
ESADDI estimated safe and adequate dietary intake
FDA Food and Drug Administration

Fpn ferroportin

GFD green fluorescent protein

GLAST  glutamate:aspartate transporter

GS glutamine synthetase

HD Huntington’s Disease

Hip huntingtin-interacting protein

hIPCs human induced pluripotent stem cells
HTT huntingtin

iNOS nitric oxide synthase (inducible form)
IPD idiopatic Parkinson’s disease

LRRK2 leucine-rich repeat kinase 2

MCT monocarboxylate transporter

MMT methylcyclopentadienyl manganese tricarbonyl
MNs motor neurons

MPT mitochondrial transition pore
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MPTP I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MRI magnetic resonance imaging

NAAS National Academy of Sciences

NADH nicotinamide adenine dinucleotide reduced

NADPH  nicotinamide adenine dinucleotide phosphate reduced
NMDA N-methyl-D-aspartate

NOS nitric oxide synthase
NRAMP natural resistance-associated macrophage protein
NRC National Research Council

OATP organic anion transporter polypeptide
PARK Parkinson protein

PD Parkinson’s disease

PET positron emission tomography
RDI reference daily intake

ROS reactive oxygen species
SLC39 solute carrier-39

SNpc substantia nigra pars compacta
SNpr substantia nigra pars reticulata
SOD superoxide dismutase

SPCA Ca?*/Mn** ATPase of the secretory pathway
SPECT single-photon emission computed tomography

TCA tricarboxylic acid
Tf transferrin
TfR transferrin receptor

TRPM7  transient receptor potential cation channel, subfamily M, member 7
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