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Abstract

Purpose of review—Manganese (Mn) is critical for neurodevelopment but also has been
implicated in the pathophysiology of several neurological diseases. We discuss how Mn
requirements intersect with Mn biology and toxicity, and how these requirements may be altered in
neurological disease. Furthermore, we discuss the emerging evidence that the level of Mn
associated with optimal overall efficiency for Mn-biology does not necessarily coincide with
optimal cognitive outcomes.

Recent findings—Studies have linked Mn exposures with urea cycle metabolism and
autophagy, with evidence that exposures typically neurotoxic may be able to correct deficiencies in
these processes at least short term. The line between Mn-dependent biology and toxicity is thus
blurred. Further, new work suggests that Mn exposures correlating to optimal cognitive scores in
children are associated with cognitive decline in adults.

Summary—This review explores relationships between Mn-dependent neurobiology and Mn-
dependent neurotoxicity. We propose the hypothesis that Mn levels/exposures that are toxic to
some biological processes are beneficial for other biological processes and influenced by
developmental stage and disease state.
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Introduction

Mn is an essential metal for human health, found naturally within the environment and
necessary for several enzymes regulating oxidative stress(1), anti-oxidant status(2),
mitochondrial function(3), and neurotransmitter synthesis(4). More recent work on metal
biology has identified a role for Mn in urea metabolism(5) and autophagy (6). Several recent
reviews on Mn-biology describe in detail the role of Mn as a co-factor for these biologic and
metabolic pathways(7). However, fewer studies have addressed the direct connection
between increased Mn exposure and increased enzyme activity in the context of neurological
disease. This review examines the evidence that Mn-dependent biology within the urea cycle
and autophagy are critical mediators of several neurological diseases including Parkinson’s
Disease (PD), Alzheimer’s Disease (AD) and Huntington’s Disease (HD). Additionally, we
discuss the potential discrepancies between optimal Mn levels for biological and cognitive
function relative to Mn neurotoxicity. It is clear from epidemiologic studies that low and
high Mn exposures in both children and adults result in cognitive deficits(8). Although there
is debate over the accuracy of biomarkers for Mn exposure, there are several biomarkers
positively associated with impaired cognitive development and function(9,10). Thus far,
there is a prevailing view that Mn exposure which results in efficacious Mn-dependent
biology is equally well suited for optimal cognitive development and function, however this
has yet to be directly tested and several /n vivoand in vitro studies provide evidence to the
contrary. We postulate here that there is a growing body of evidence for a discordance
between the Mn levels associated with optimal efficiency of several Mn-dependent
biological processes and the Mn levels which provides the maximal cognitive benefit. We
further discuss the possiblity that these beneficial effects of Mn, may indeed overlap with
neurotoxic effects of Mn exposure.

Mn exposure increases Mn-dependent enzyme expression and activity

It is reasonably assumed that neuronal deficits in bioavailable Mn may be associated with
deficits in Mn-dependent enzyme activity. Further, there are several clinical and translational
studies that demonstrate a deficit in metabolic pathways requiring Mn are associated with
neurological disease(5,11,12). Until recently, it was unknown whether Mn exposure could
reverse deficits in Mn-dependent enzymatic reactions associated with disease, by increasing
the bioavailability of the essential cofactor for these reactions. On one hand, there are reports
that chronic Mn exposure ultimately decreases the expression of Mn-dependent enzymes(13)
although these findings could also represent neuroprotective/homeostatic responses to
restore enzymatic activity due to excess availability of the essential cofactor, especially in
conditions where Mn may be rate limiting. Recent work from our lab provides evidence of
acute systemic Mn exposure correcting deficits in Mn-dependent biology that have been
associated with the pathophysiology of Huntington’s disease (HD).

Mn and urea cycle metabolism

The neuronal urea cycle is associated with two Mn-dependent enzymes, suggesting that it
could be particularly vulnerable to alterations in Mn bioavailability. The most abundant of
the Mn-dependent urea cycle enzyme is arginase, which hydrolyzes arginine into ornithine
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and urea. Though evidence for urea cycle defects in the brain of HD patients had not been
previously identified, a recent study found urea was elevated in post-mortem brain samples
of HD patients (5). However, the mechanism for this defect in urea cycle metabolism is
unclear. In patients with HD, citrulline is increased in plasma, further evidence that the urea
cycle is impacted in the periphery(14) as well as in the central nervous system.

Tight control of arginine homeostasis is critical for neuronal health. Arginine can be
converted into nitric oxide and citrulline by nitric oxide synthase and although nitric oxide is
an essential neurotransmitter, in excess, nitric oxide has known deleterious effects on cell
signaling molecules and regulates neuronal survival(15). Nitric oxide levels are altered in
both HD and Alzheimer’s Disease (AD) and arginine levels are altered in AD (16,17). In
HD, further evidence that the urea cycle is dysregulated comes from animal models, in
which there is increased citrulline in brain tissue, suggesting a deficiency in arginase activity
(18). Additionally, HD animals supplemented with excess L-arginine had significantly
earlier symptom onset and cognitive impairments compared to control animals(19) which
also provides support for impaired arginine metabolism in HD. It should be acknowledged
that elevated brain urea in HD post-mortem tissue suggests either excess urea cycle activity,
or a deficit in urea clearance.

In contrast with many enzymes that require metal ion co-factors, Mn cannot be replaced
with other common divalent ions as a co-factor for arginase(20). A reduction in the
bioavailability of the co-factor Mn, either globally, or within specific brain regions, would be
expected to slow arginase Kinetics, and indeed, animals fed a Mn-deficient diet have reduced
arginase activity(21). For a more detailed description of arginase activity and localization
within the brain, refer to a recent review and chapter by our lab(7).

Given the impact of arginase on the urea cycle and on nitric oxide homeostasis, alterations in
its activity could significantly contribute to the pathophysiology of neurological disease. In
fact, recent work in a prodomal HD mouse model found there is a basal deficiency in striatal
arginase activity which is corrected with acute Mn exposure, suggesting that lack of activity
was due to reduced Mn bioavailability and not to reductions in the arginase protein(22).
Interestingly, there was an elevation in the urea cycle metabolites, specifically arginine,
citrulline and ornithine, in the striatum of HD mice, which was reduced to the levels of
control animals after Mn exposure. The return of urea cycle homeostasis in the striatum of
HD mice after Mn treatment further implicates Mn-dependent biology, and in particular,
arginase activity, as a mechanism to delay or prevent the pathophysiology of HD as well as
other neurological diseases. To our knowledge, this is the first evidence to directly tie
impairment in Mn homeostasis to altered Mn-dependent enzymatic activity, and indicates
that Mn regulation may be crucial to proper long-term neuronal function.

A role for Mn in autophagy

Another more recently described role for Mn in neuronal health has been in the regulation of
autophagy. Autophagy, the process by which a cell “self-digests” cytosolic components for
degradation and recycling, plays a critical role in neuronal homeostasis. Dysregulation of
autophagy has been heavily implicated in neurological diseases such as Parkinson’s disease
(PD), Alzheimer’s Disease (AD) and HD (23-25). In fact, one argument for the importance
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of autophagy in the pathophysiology of neurological disorders is the ability for the
autophagosome to degrade protein aggregates often associated with these diseases. A study
by Martinez-Vicente et al found that although autophagosomes are able to form normally
within cells of HD patients, they are devoid of any cargo, in particular Huntingtin protein
aggregates, suggesting that perhaps the disturbances in autophagy may be a mechanism of
toxicity within HD(25). Conversely, when autophagy genes are ‘turned off,” protein
aggregation increases and neurodegeneration ensues(26).

A role for Mn exposure elevating autophagic processes has recently been discovered. It is
potentially possible then, that chronic elevated Mn exposure may be a viable option to
restore autophagy for neurological diseases in which impairment of this pathway contributes
to the pathophysiology. Both acute and chronic Mn exposures have been shown to increase
autophagy both /in vitroand in vivo, but over the course of several days post-exposure there
is a significant drop of autophagic activity (27-29). These findings suggest two possibilities:
1) that Mn could potentially be a mechanism to rescue impaired autophagy; and/or 2) that
the increase in autophagy is a neuroprotective/homeostatic response mechanism against the
toxic effects of excess intracellular Mn. Further study needs to be done to understand the
effects of Mn on autophagy and whether Mn could be a potential therapeutic target to rescue
macroautophagy.

Relationships between Mn neurotoxicity and neurodegeneration

One particularly difficult aspect of understanding Mn toxicity in the context of neurological
disease is a significant overlap in symptoms that makes it difficult to differentiate
biochemical and physiologic changes due to Mn toxicity or disease. The most well-known
consequence of excess Mn exposure is Manganism, which closely resembles the physical
characteristics of PD. Interestingly, elevated Mn levels were found in the cerebral spinal
fluid of PD patients(30) and non-human primates exposed to Mn exhibited PD- and AD-like
features in the brain(31,32). To further complicate understanding of Mn toxicity, it appears
that the need for Mn and Mn-dependent enzymes changes with age making it difficult to
assign dietary intake or exposure limits. For instance, a recent study in fibroblast cell culture
found that as cells ‘age’ (increase in passage), they utilize incrementally more Mn and
achieve greater activity in the Mn-dependent enzyme Sodium Oxide Dismutase 2(SOD2)
(33). It is feasible that this increase in Mn utility represents a homeostatic mechanism within
the cell to compensate for increased oxidative stress which accumulates throughout the
natural aging process(33,34) and it thought to be a critical component of the
pathophysiology of many neurological disorders.

Connections between Mn biology and cognition

Epidemiologic studies show clear associations between Mn exposure and cognitive
impairment in children and adults. These associations, as typically observed with essential
metals, follow an inverted-U shape when assessing the relationship between exposure and
neurocognitive outcome(8) where insufficient as well as excess Mn results in reduced
cognitive ability. Regardless of life stage, it is clear that both high and low levels of Mn
exposure biomarkers in humans have been negatively associated with cognitive function(8).
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This same trend is observed in Mn-dependent biology, where both excessive and insufficient
Mn in both /n vivoand in vitro studies has deleterious consequences on oxidative stress
levels(35), anti-oxidant capacity(2), mitochondrial function(3) and the metabolic pathways
discussed previously.

To further complicate our understanding of Mn biology, it is also clear that genetic variants
prevalent in the general population (between 17%-48%) alter blood Mn levels(36). For
instance there are two non-coding genetic variants in the Mn-transporter SLC30A10 which
significantly alter blood Mn levels in healthy populations(36). Interestingly, one variant was
associated with increased blood Mn, lower expression of SLC30A10 and impaired postural
balance as well as other neurological parameters. While the other variant was associated
with lower blood Mn, increased SLC30A10, and evidence of neurological impairment(36).
Similarly, the zinc-transporter ATP13A2 (PARK?9) has shown a sensitivity to Mn and has
several known polymorphisms which alter the association between soil Mn content and
cognition(37). Perhaps more importantly, there was no significant relationship between
ATP13A2 variant and cognition /independent of Mn exposure(37). With increasing Mn
exposure, one variant was linked to reduced motor coordination while there was no
association with other genotypes(37). The recent evidence that genetic variants with high
prevalence alters blood Mn levels and neurological function has direct clinical relevance as
the management of individuals may change significantly depending on their genetic variant.

What ultimately remains unclear is whether the amount of Mn exposure/intake that makes a
given Mn-dependent biological processes most efficient coincides with the optimal exposure
for another process or functional domain of Mn biology, such as cognitive function. Thus
comparing neurodevelopment in infants and children versus cognitive ability in adults, it is
possible that Mn levels needed for optimal development of cognitive function, may overlap
with those causing Mn-toxicity. In other words, the efficacy of biological processes such as
Mn-dependent enzymatic or autophagic pathways, may have different optimal levels for an
organism depending on the specific conditions. Further these optimal levels could
theoretically be different for distinct Mn-dependent processes. Different Mn-dependent
enzymes have distinct Mn-binding requirements, and it is unclear whether the appropriate
intracellular concentrations necessary for optimal binding can be achieved simultaneously.
Specifically, Glutamine synthetase requires 4 Mn2* per subunit for optimal enzymatic
activity(38), while Arginase requires 2 Mn2* per subunit(39) and Superoxide dismutase
requires only 1 MnZ* per monomer(40). The affinity for Mn binding sites within and
between these Mn-dependent enzymes are not identical, and the occupancy of Mn in these
binding sites /n vivois not well understood. Even for enzymes in the same sub-cellular
compartment — it is unclear whether optimal binding, yet avoidance of toxicity, is achieved
at the same concentration of Mn. Further complicating our understanding of Mn biology and
toxicology is the possibility that the optimal efficiency of Mn-dependent processes changes
with age and neurodevelopment. The potential discordance between optimal Mn-biology
and cognitive function and how this relationship changes with age and disease is depicted in
Figure 1.

Mn requirements during infant and child neurodevelopment are significantly higher
compared to adults despite having a similar recommended daily intake (RDI) of
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approximately 1.5-5 mg/day(41). This discrepancy is in part to accommodate potential
differences in gastrointestinal absorption and the greater efficiency at which Mn crosses the
blood-brain barrier in children(1). Mn is essential for several enzymes involved in
neurodevelopment and given the short time in which these molecular developmental
milestones must occur, it is likely that Mn-dependent biological processes are more active
and thus require greater Mn, which we propose may acutely have toxic effects on non-
neuronal cells, but ultimately leads to peak neurodevelopment (Figure 1B,1C). Conversely,
in healthy adults, the need for Mn-dependent biology is lower than that of developing
children, and thus the Mn exposure/intake which results in optimal cognition is lower.
Although assessing the molecular kinetics in humans would be challenging, there is
evidence that the highest IQ levels in children correspond to blood and hair Mn levels
associated with cognitive decline in adults(9,42). There are at least two possible mechanisms
at play. First, early exposures associated with higher cognitive function in children may
contribute later in life to cognitive decline. Second, levels associated with optimal function
of the underlying Mn-dependent processes in children, may be associated with cognitive
neurotoxicity in adults. Further work is needed to parse these possibilities.

Lastly, the Mn requirement for optimal health may increase in neurological diseases to
compensate for the increased oxidative stress, mitochondrial dysfunction, and inflammation
often associated with their pathophysiology. Thus, in the setting of neurological disease, the
overlap between Mn biology and toxicity at a given Mn exposure could shift to compensate
for an increased need for Mn biological processes (Figure 1C) that function in
neuroprotection. This shift could also occur in the context of age and neurodevelopment.

There is recent evidence in young rodents that Manganese exposure results in biochemical
changes indicative of Mn toxicity; however, this exposure does not correspond to any
cognitive impairment(43,44). Interestingly, at these same doses, aged adult animals
experience decline in several behavioral and cognitive outcomes(45). Unfortunately, the
current rodent and non-human primate studies examining the effects of Mn on cellular
toxicity and behavioral and cognitive changes utilize Mn exposures that preclude the
possibility of observing any beneficial effects.

Conclusions

The studies discussed here provide evidence that in addition to Mn requirements changing
over development, there are likely differences across tissue type and under certain
neurological conditions. Indeed, a loss of homeostatic control over Mn levels may
underscore some neurodegenerative diseases. A better understanding of the concordance
between Mn-dependent biology and neurodevelopment and cognition would better inform
our understanding of how Mn toxicity changes with age and neurological disease, and the
limits of how much Mn intake/exposure is optimal for health. The vast majority of the
literature investigating the relationship between Mn exposure and neurologic disease
supports a role for Mn-toxicity being mechanistically linked to the pathophysiology of some
neurological diseases. However, we posit here that in certain developmental periods, short-
term toxicity in non-neuronal tissue or perhaps even the brain itself, may ultimately result in
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optimal neurodevelopment due to overlap in optimal levels for Mn-biology and neurotoxic
thresholds.
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Figure 1.

Mn exposure

Discrepancies between efficacy of Mn-dependent biology and Mn toxicity in the context of
neurological disease and age. Discrepancies between A) select Mn-dependent enzymes, B)
the efficacy of Mn biology and optimal neurodevelopment and cognition, and C) the efficacy

of Mn biology and Mn toxicity. The gray double-sided arrow in (C) indicates that the degree
of overlap between optimal Mn biology and Mn toxicity may change with age or disease

state. Superoxide dismutase (SOD); Arginase (ARG); Glutamine synthetase (GS), the

relationship between efficacy and Mn exposure /7 vivois not clear, thus individual curves

are arbitrary.
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