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  Abstract   The review addresses issues pertinent to Mn accumulation and its 
mechanisms of transport, its neurotoxicity and mechanisms of neurodegeneration. 
The role of mitochondria and glia in this process is emphasized. We also discuss 
gene x environment interactions, focusing on the interplay between genes linked to 
Parkinson’s disease (PD) and sensitivity to Mn.  

  Keywords   divalent metal transporter 1 (DMT1)  •  manganese  •  mitochondria  
•  parkin  •  transport 
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    1   Introduction 

 Manganese is an essential trace metal in all forms of life. In mammalians it is 
required for normal amino acid, lipid, protein, and carbohydrate metabolism. 
Mn-dependent enzymes include oxidoreductases, transferases, hydrolases, lyases, 
isomerases, and ligases, to name a few. Mn metalloenzymes include  arginase, glu-
tamine synthetase, phosphoenolpyruvate decarboxylase, and Mn superoxide dis-
mutase (MnSOD). Mn plays a critical role in multiple bodily functions including 
immunity, regulation of blood sugars and cellular energy, blood clotting, reproduc-
tion, digestion, and bone growth. Mn-containing polypeptides include arginase, the 
diphtheria toxin, and MnSOD. The latter is found in eukaryotic as well as bacterial 
organisms and is likely one of the most ancient enzymes, given that almost all 
organisms that live in an oxygen environment utilize the enzyme to dismutate 
superoxide. Several bacteria are an exception; nevertheless, they also use Mn via a 
non-enzymatic mechanism, involving Mn 2+  ions  complexed with polyphosphate. 

 Mn is also essential in plants as it is involved in photosynthesis. Oxygen-evolving 
complexes (OEC) contained within the thylakoid membranes of chloroplasts are 
responsible for the terminal photooxidation of water during the light reactions of 
photosynthesis. The chloroplasts contain a metalloenzyme core with 4 Mn atoms. 

 Surprisingly, no formal Recommended Dietary Allowance (RDA) exists for Mn, 
but the U.S. National Research Council (NRC) has established an estimated safe 
and adequate dietary intake (ESADDI) of 2–5 mg/day for adults  [  1  ] . Adequate 
intakes for newborns (<6 months of age) are 3  m g/day and 600  m g/day for infants at 
12 months of age to (NAS, 2001)  [  2  ] . Children between 1–3 and 4–8 years of age 
have adequate daily Mn intakes of 1.2 and 1.5 mg/day, respectively. 
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 The most important source of Mn is diet, with most daily intakes approximating 
5 mg Mn/kg. Grain, rice, and nuts are highly enriched with Mn along with tea. 
Water concentrations of Mn typically range from 1 to 100  m g/L. Only a small 
fraction (1–5%) of ingested Mn is absorbed in normal conditions, the Mn arriving 
at the liver in the portal circulation is protein-bound. Within the plasma approxi-
mately 80% of Mn in the 2+ oxidation state is bound to globulin and albumin, and 
a small fraction (<1%) of trivalent (3+) Mn is bound to the iron-carrying protein, 
transferrin (Tf)  [  3,  4  ] . Mn de fi ciency in humans is rare. 

 Generally, irrespective of intake route (oral, inhalation, dermal), animals main-
tain stable tissue concentrations given tight homeostatic control of Mn absorption 
and excretion  [  5–  10  ] . Yet exposure to high Mn levels may lead to increased body-
burden of the metal, resulting in adverse neurological, reproductive, and respiratory 
effects. The predominant site of Mn-induced damage is the brain, with symptoms 
commonly manifesting in motor dysfunction and psychological disturbances.  

    2   Manganese Transport 

 Since Mn is an essential cofactor for a diverse assortment of enzymes, its cellular 
concentrations are stringently managed by a variety of processes controlling cellu-
lar uptake, retention, and excretion. In general, overall systemic homeostatic levels 
of Mn are maintained,  in vivo , via its rate of transport across enterocytes lining the 
intestinal wall and by its ef fi cient removal within the liver  [  11  ] . Under typical nutri-
tional consumption, the transport processes within the enterocytes lining the 
intestinal wall and the subsequent down-stream traf fi cking systems are ef fi ciently 
balanced and work in harmony to preserve requisite supplies of Mn for the different 
cells and organelles within the body. This normally pro fi cient system of checks and 
balances that control Mn levels  in vivo , however, appears to fail under conditions of 
chronic exposure to high atmospheric levels (in various oxidation states; Mn is 
absorbed though predominantly in the 2+ and 3+ oxidation states) of the metal and 
thus, vital adjustments in the complex homeostatic processes are no longer adequate 
to preserve the required status quo. Failure of these systems to adjust to excess 
exposures infers that the rate limiting step governing systemic levels and ultimately 
Mn toxicity encompasses the operative biochemical processes necessary for its 
uptake and elimination within the various compartments of the body. 

 Like other required divalent metals, there are redundant transport systems for 
cellular uptake of Mn. The functioning system is dependent on both the ionic spe-
cies present in biological  fl uids and by the speci fi c transport proteins present within 
any given cell. Many of these redundant systems are also capable of transporting 
other metals suggesting that its role in managing the uptake of Mn may not be their 
primary responsibility. Figure  1  describes the different transport systems respon-
sible for transport of Mn into cells. These include uptake by (i) the voltage-regulated 
and the ionotropic glutamate receptor Ca 2+  channels  [  12,  13  ] , (ii) the transient 
receptor potential cation channel, subfamily M, member 7 (TRPM7)  [  14,  15  ] , 
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(iii) store-operated Ca 2+  channel  [  16  ]  and a Tf-dependent and independent process 
via divalent metal transporter 1 (DMT1)  [  17–  19  ] . Also indicated are members of 
the Slc39 gene family, ZIP 8 and 14, which have recently been identi fi ed as being 
involved in the transport of Mn  [  20–  23  ] . Of all these proteins, DMT1 is generally 
considered to be the predominant transporter for Mn though this does not exclude 
the possibility that under varying physiological or pathological conditions and in 
any given cell population that the other transport processes may also contribute 
signi fi cantly to uptake.  

    2.1   Divalent Metal Transporter 1 

 As noted above, under normal conditions, transport of Mn into most cells is gener-
ally assumed to preferentially be dependent on DMT1. DMT1 has a broad substrate 
speci fi city for a variety of divalent cations including Fe 2+ , Mn 2+ , Cd 2+ , Ni 2+ , Co 2+ , 

  Figure 1    Transport 
mechanisms responsible 
for the uptake of Mn. Tf – 
transferrin; TfR transferrin 
receptor; DMT1- divalent 
metal transporter 1; VR – 
voltage-gated Ca 2+  channel; 
SOC – store-operated Ca 2+  
channel; Glu Rec – glutamic 
acid ionotropic receptor.       
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and Pb 2+   [  24–  26  ] . The one exception to the rule is for Cu which may involve  transport 
of the monovalent species  [  27  ] . Although DMT1 has a relatively broad substrate 
speci fi city, transport of iron is generally considered to be its principal function 
although, the af fi nity of Mn for DMT1 is similar to that for iron  [  17,  28  ] . Smf1p 
(a homolog of DMT1) has been shown also in yeast to be a high-af fi nity transporter 
for Mn. Notably, a range of divalent metals can act as substrates for this transporter 
and when overexpressed in oocytes, it can increase intracellular concentrations, not 
only of Mn, but also of copper, cadmium, and iron. 

 As noted above (Figure  1 ), two distinct but related mechanisms are responsible 
for the transport of Mn 2+  and Fe 2+  by DMT1: a Tf-dependent and a Tf-independent 
pathway. In the intestines (see Figure  2 ), both Mn 2+  and Fe 2+  preferentially utilize 
the Tf-independent pathway, which is responsible for the direct absorption of the 
divalent species of both metals on the apical side of the enterocyte  [  29  ] . DMT1 is 
highest in the duodenum and decreases in the subsequent segments of the intestine 
 [  30  ]  implying that transport preferentially occurs in the upper intestines. Although 
Mn 2+  has a high af fi nity for DMT1, equivalent to that of Fe 2+ , total uptake within 
the gastrointestinal tract is at best 5% of that present in ingested foods  [  31–  34  ] . 
Once inside the enterocytes lining of the microvilli, Mn is transferred to the baso-
lateral surface by a process which has not been adequately de fi ned. Export of Fe 2+  
on the basal lateral side has been shown to require ferroportin (Fpn), which has 
recently been suggested to also play a role in the export of Mn  [  35–  37  ]  (see below). 

  Figure 2    Mechanism for the transport of Mn across the intestine.       
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Levels of Fpn on the basolateral surface are controlled by the iron-regulated 
protein, hepcidin, produced in the liver  [  38,  39  ] . Hepcidin causes internalization of 
Fpn, which subsequently undergoes ubiquitination before being degraded within 
the 26S proteasomes.  

 Before or during exit from the enterocyte, Fe 2+  and presumably Mn 2+  are 
oxidized to the trivalent state prior to entering the blood stream. Although this has 
never been directly demonstrated for Mn, it likely occurs, as a major portion of Mn 
entering the blood stream is tightly bound to Tf  [  33,  40  ] . In the case of iron, this is 
catalyzed by either of the copper-containing proteins, hephaestin or ceruloplasmin 
 [  41,  42  ] , but whether either of the copper-containing ferrooxidases is also responsi-
ble for oxidation of Mn is not known, although, Cu does not have the oxidative 
potential to oxidize Mn from 2+ to 3+. Consistent with this is the recent study  [  43  ]  
suggesting that ceruloplasmin may not function in the loading of Mn onto plasma 
proteins or in the partitioning of Mn between the plasma and cellular fractions of 
blood though it does participate in tissue disposition and toxicity of Mn. Nevertheless, 
a major portion of Mn released from the enterocyte which enters the blood stream 
is bound tightly to Tf as the trivalent species  [  31,  33,  40,  44  ] . Under normal condi-
tions, approximately 30% of the available Tf binding sites in blood are occupied by 
Fe 3+  leaving suf fi cient sites accessible for binding of Mn 3+   [  45  ] . Because Mn 3+  forms 
a stable complex with Tf, hepatic removal is relatively slow and comparable to that 
for Tf-Fe 3+  complex. The availability of these binding sites for Mn, however, may 
be compromised in several disease states such as hemochromatosis where Tf is 
saturated with iron. Because Fe, under these abnormal conditions, is in excess and 
is likely to have the higher af fi nity for Tf, Mn transport may be limited or carried out 
by other plasma components. In blood, the divalent species of Mn is preferentially 
bound to  a 2-macroglobulin though, because of the signi fi cantly greater abundance 
of albumin in serum, a sizable portion may also be bound to this latter protein 
 [  31,  33,  40,  44  ] . The ligand interaction between Mn 2+  and either serum proteins is 
relatively weak which likely accounts for the rapid hepatic elimination from blood. 

 In the absence of Fe, the binding sites of Tf can accommodate a number of other 
metals including gallium, copper, chromium, cobalt, vanadium, aluminum, terbium, 
and plutonium, raising the possibility that Tf functions  in vivo  as a transport agent 
for many of these metals. Fe is taken up by cells after Tf binds to a speci fi c cell 
surface receptor and the Tf receptor complex is internalized. At its usual concentration 
in plasma, 3 mg/mL, and with 2 metal ion-binding sites per molecule (M 

r  77000) 
of which only 30% are occupied by Fe 3+ , transferrin has available 50  m  mole of 
unoccupied Mn 3+  binding sites per liter. 

 The direct Tf-independent pathway utilizing DMT1 is also likely to be respon-
sible for transport of Mn (in the 2+ oxidation state) into cells within the central 
nervous system (CNS) despite the fact that the interstitial  fl uid within the brain 
contains Tf. This is anticipated based on the fact that Fe levels in the interstitial  fl uid 
greatly exceed that of Tf resulting in saturation of the available binding sites causing 
the exclusion of Mn binding  [  46  ] . The actual ionic species of Mn in the extracellular 
 fl uid in the CNS and whether some of the Mn is capable of competing with Fe for 
binding to Tf is not known. Mn 2+  at physiological pH is actually quite stable 
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and because the pO 
2
  is low in the brain, little Mn 3+  probably exists in the CNS. 

In  addition, it is unknown whether Mn actually undergoes oxidation to the trivalent 
species upon its exit from endothelial cells comprising the blood-brain barrier 
(BBB). Based on a recent study by Hernández et al.  [  47  ] , both Mn 2+  or Mn 3+  are 
capable of binding to citrate which is in excess in the brain interstitial  fl uid (225 to 
573  m M) although neuronal toxicity of the Mn/citrate complex is approximately the 
same for all ionic species. Regardless, transport of the trivalent species of Mn, if it 
exists, must  fi rst be reduced to the divalent state prior to its uptake by either the 
Tf-dependent or independent pathway or for that matter the ZIP proteins (see below) 
as well. The role of citrate in this reductive process may be signi fi cant in that citrate 
has been reported to facilitate reduction of Fe 3+ -bound to Tf as citrate has the ability 
to displace iron from holo-Tf when present in excess  [  48  ] . Reduction of Fe 3+ - bound 
citrate, in fact, has been shown to be the rate limiting step in the uptake of Fe in 
astrocytes  [  49  ] . Whether a similar process occurs for Mn 3+  in the CNS, however, is 
not known. Assuming Mn is similar to Fe, it may also bind to ascorbate in the inter-
stitial  fl uid of brain  [  50  ] . 

 The non-Tf-dependent pathway is also most likely to be accountable for the 
direct entry of Mn into the CNS via retrograde transport within axonal projections 
impinging on the nasal cavity leading from the neurons within the olfactory bulb 
 [  51–  56  ] . Recent studies in the laboratory of Wessling-Resnick  [  57  ]  have demon-
strated that uptake of Mn into the presynaptic endings of these neurons is a DMT1-
dependent process. The overall contribution of this pathway to Mn accumulation in 
the CNS in humans is not known but is likely contingent on its composition within 
the inspired air with the soluble forms being more ef fi ciently taken up via this 
process  [  58  ] . There is evidence that extremely small ultra fi ne particles can also be 
taken up by the nerve endings and subsequently delivered to the CNS via a similar 
retrograde transport process  [  59  ] . 

 For the Tf-dependent pathway, both traf fi cking and cellular transport of Mn 3+  
function very much like that for Fe 3+ , indicative of the fact that a major portion of 
extracellular Mn 3+  utilizes the same biochemical components as that for Fe 3+  
(Figure  1 ). The Tf-dependent pathway has been suggested to be the major mecha-
nism within the choroid plexus and blood-brain barrier for transport of Mn into the 
brain  [  36,  60  ] . Initially, the Tf-Mn complex attaches to the Tf receptors (TfR) on the 
cell surface, which is subsequently internalized within endosomal vesicles. Precisely 
how Mn is delivered to the endosomes is not understood. Furthermore, the speci fi city 
to Mn  versus  Fe has also yet to be delineated in mammalian cells. Next, these vesi-
cles undergo acidi fi cation within the endosome via a hydrogen ion ATPase pump 
causing release of the metal from the Tf/TfR complex. In the case of iron, the 
released metal is reduced by either duodenal cytochrome b (Dcytb)  [  61  ]  or a family 
of ferroreductases referred to as steap2-4  [  62,  63  ] . Whether these enzymes are also 
responsible for the reduction of Mn has not been investigated, although reduction 
must occur to enable transport via DMT1 and by the fact that the divalent species of 
Mn 2+  is essentially the only form found in cells  [  64  ] . As noted above, it is question-
able as to whether the Mn 3+ -Tf complex actually is present in the interstitial  fl uid 
with the CNS. 
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 Four different mammalian isoforms of DMT1 have been identi fi ed resulting 
from two autonomous start sites and alternate splicing of a single gene transcript. 
All are putative 12 membrane-spanning domain proteins  [  25,  65,  66  ]  but differ both 
in their N- and carboxy-terminal amino acid sequences. The gene for DMT1 has 
two discrete promoter regions (1A and 1B) which independently regulate transcrip-
tion at the two start sites. mRNA from two of the four species contain an iron 
response element (IRE) motif in the 3’ UTR and are referred to as the +IRE species 
whereas those forms lacking the IRE are categorized as the -IRE species. 
Transcriptionally regulated splice variants, exon 1A and 1B, are present on the 
proximal N-terminal end for both the ±IRE forms of DMT1 mRNA. Exon 1A 
extends the N-terminal polypeptide 29 residues in human (31 in rats and 30 in mice) 
 [  66,  67  ] . All four species of DMT1 distal from exon 1A share 543 residues in 
 common but differ structurally in the last 18 (+IRE) or 25 (-IRE) carboxy terminal 
residues. The presence of the IRE in the message provides a site for binding of the 
iron response proteins, IRP1 and/or 2  [  68,  69  ] , which potentially stabilize the mRNA 
when iron levels are low, leading to selective increases in expression of the + IRE 
isoforms of the transporter. This is consistent with numerous studies demonstrating 
that Mn disposition is critically dependent on iron levels  in vivo   [  70–  73  ]  and with 
the +IRE isoform of the transporter being present in the apical surface of entero-
cytes  [  73  ] . Mn has also been reported to affect the binding of IRPs to IRE suggesting 
stabilization of the mRNA to DMT1  [  60,  74  ] . In addition to DMT1, the TfR and Fpn 
similarly contain an IRE in their 3’-UTR and like DMT1 are also regulated by iron 
via the IRPs  [  68,  75  ] . 

 The need for four distinct isoforms of DMT1 is not readily apparent especially 
since all display similar kinetic characteristics in regard to transport of both Mn and Fe 
 [  17,  28,  76  ] . In all likelihood, the physiological actions of the four isoforms of DMT1 
are likely to have distinct roles dependent on the speci fi c requirements within cells to 
maintain normal homeostatic levels of Fe particularly during  fl uctuating stress-related 
conditions. Because Fe is likely to be the primary operational metal transported by 
DMT1, alterations in expression of the different isoforms caused by changes in Fe 
content or other stress inducing situations will result in a corresponding adjustment in 
Mn transport irrespective of the actual  in vivo  requirements for Mn and thus, poten-
tially stimulating development of Mn toxicity. This is consistent with the observation 
that DMT1 is elevated in the basal ganglia of iron-de fi cient rats and that Mn is selec-
tively increased in the globus pallidus in iron-de fi cient animals exposed to Mn  [  77,  78  ] . 
In addition to regulation of the +IRE species of DMT1 by IRPs, the N-terminal 
 isoforms of DMT1 are also independently regulated at the level of transcription by 
environmental conditions which manifest in various stress-related events and 
in fl ammatory processes within the cell  [  79–  83  ] . Transcription of the 1B isoforms of 
the transporter is upregulated by both nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF- k B), and NF-Y (CCAAT promoter) and indirectly by nitric 
oxide suppression of NF- k B activity. In addition, both the 1A and 1B isoforms have 
also been reported to be induced by hypoxia implying the presence of an HRE within 
both promoter sites. Thus, expression of the different isoforms of DMT1 can be inde-
pendently regulated within cells at both the level of transcription as well as translation. 
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 In yeast and bacteria, Mn is transported from the endosomes to the Golgi 
 apparatus and the mitochondria. Again, precise information on the process in mam-
malian cells is lacking, but it may involve fusion of Smf2p-containing vesicles with 
these organelles, as has been previously suggested for iron traf fi cking to mitochon-
dria. It has also been suggested that Mn chaperones may transport the metals in the 
cytoplasm. The Tf transport mechanism for Fe is known to deliver both Fe 3+  and 
Mn 2+  to the mitochondria for incorporation into hemes  [  220–  224  ] .  

    2.2   ZIP-Dependent Uptake of Manganese 

 A number of studies over the past several years have demonstrated that two mem-
bers of the solute-carrier-39 (SLC39) metal-transporter family, ZIP8 and ZIP14, are 
also capable of transporting Mn  [  21,  23,  84,  85  ] . Unlike DMT1, both ZIP proteins are 
divalent cation/HCO    -3   symporters with the HCO    -3   gradient across the plasma mem-
brane acting as the driving force for divalent metal transport. There is mounting 
evidence that these membrane proteins may play a signi fi cant role in Mn transport 
but their overall contribution relative to that of DMT1 has not been adequately 
assessed. Since the interstitial  fl uid in brain has a pH of approximately 7.3  [  86  ] , 
which is close to the optimum for both ZIP transporters, it is feasible their contribu-
tion to Mn uptake may be relatively more signi fi cant than anticipated in comparison 
to DMT1, which maximally functions at around pH 6.0. The signi fi cance of this 
pathway is further accentuated by the fact that Mn 2+ , which is present in the intersti-
tial  fl uid of brain, is probably not bound to Tf and thus, is available for transport by 
these ZIP proteins. 

 For the ZIP8 transporter, Cd 2+  displays the highest af fi nity, exhibiting a  K  
m
  of 

0.62  m M, though Mn 2+  has been posited to be most ef fi ciently transported, with a  K  
m
  

for uptake of 2.2  m M, implying that Mn is probably the physiological substrate for 
ZIP8  [  21  ] . This value is comparable to the  K  

m
  for Mn binding to DMT1 suggesting 

that it has the potential to signi fi cantly impact on Mn accumulation  in vivo . 
Unfortunately, there have been few studies that have attempted to quantitate expres-
sion of this transporter relative to that of DMT1 and therefore the overall contribu-
tion of ZIP8 to Mn uptake in comparison to DMT1 or the other transport systems 
needs to be examined. One study which examined expression of ZIP8 to that of 
DMT1 by QPCR in the inner ear found that DMT1 levels were slightly higher than 
that of ZIP8  [  87  ] . 

 In contrast to ZIP8, its counterpart, ZIP14, has been studied more extensively in 
regard to both Mn and Fe transport. Of the 14-member ZIP protein family, ZIP14 is 
most homologous to ZIP8  [  23  ] . Like DMT1, ZIP14 has a relatively broad substrate 
speci fi city capable of transporting a wide variety of divalent metals including, Mn, 
Fe, Co, Ni, Zn, Cd, Ca, and Pb  [  88  ] . Two forms of ZIP14 have been identi fi ed, A 
and B, having af fi nities for Mn 2+  of 4.4 and 18.2  m M, respectively, with both being 
driven by a HCO    -3   gradient across the membrane  [  23  ] . Highest levels of ZIP14A are 
observed in the lung, testis, and kidney whereas the B isoform of the transporter is 
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relatively evenly distributed. High expression of ZIP14 has also been observed in 
the intestines where it has the potential to play a signi fi cant role in the accumulation 
of Mn, although direct quanti fi cation relative to DMT1 has not been established. 
Several studies have indicated that like DMT1, expression of ZIP14 is capable of 
transporting Fe as well as being regulated by Fe levels with high iron decreasing 
expression whereas low Fe increasing protein levels  [  72,  89  ] . Transport of Mn by 
ZIP14 mirrors that of Fe as both are Ca 2+ -dependent  [  88  ] . 

 Expression of the hemochromatosis protein, HFE, promotes a decrease in 
both ZIP14-dependent Tf bound and non-Tf-bound iron uptake as well as protein 
levels of ZIP14 with no apparent change in the mRNA level, thus suggesting that 
HFE decreases the stability of ZIP14  [  89  ] . Since Tf is saturated with Fe 3+  in the 
interstitial  fl uid in brain, appreciable amounts of both non-Tf bound Fe 2+  and 
Mn 2+  exist which may be transported by ZIP14  [  90  ] . Like DMT1, ZIP14 also 
resides on the plasma membrane and within endosomal vesicles. Although great-
est activity is observed at pH 7.5, ZIP14 can still function, although subopti-
mally, at pH 6.5, a value associated with release of divalent metals within 
endosomal vesicles. Nevertheless, transport of divalent metals by DMT1, which 
is H + -coupled and preferentially stimulated at low pH, may serve as the predomi-
nant route of Fe 2+  and Mn 2+  uptake from late endosomes and lysosomes. Thus, 
the signi fi cance of ZIP14 in maintenance of Mn homeostasis and toxicity remains 
to be determined.  

    2.3   Calcium(II) Channel-Dependent Transport of Manganese 

 In addition to cellular uptake by the different isoforms of DMT1 and the ZIP 
 proteins, there is also evidence for transport of Mn via several divalent metal chan-
nels which include, (i) the voltage regulated, (ii) the ionotropic glutamate receptor 
Ca 2+  channels  [  12,  13,  91  ] , (iii) TRPM7  [  14,  15  ]  and (iv) the store operated Ca 2+  channel 
(Figure  1 )  [  16,  92  ] . Evidence for the role of these ion channels in transporting Mn 
comes from a number of studies many of which primarily utilize Mn as a tool to 
measure functionality of the channel and therefore, it is not known, under normal 
resting conditions, what the overall contribution of each is to the total accumulation 
of Mn relative to the other known transport processes. 

 The potential signi fi cance of the voltage-gated Ca 2+  comes from studies demon-
strating that depolarization of cell membranes leads to increased uptake of Mn 
which can be prevented by Ca 2+  channel blockers  [  12,  91  ] . In regard to store- 
operated Ca 2+  channels (SOC), Crossgrove and Yokel  [  93  ]  have speculated this 
pathway may be responsible for the transport of Mn across the blood-brain barrier, 
but direct supportive evidence for this is lacking. Whether this also involves the 
SOC-dependent interaction of the Ca 2+  sensor protein, STIM1, with that of calcium 
release-activated calcium channel protein 1 (ORAI1) at the plasma membrane is 
not known though the sarcoplasmic reticulum Ca-ATPase (SERCA) inhibitor, 
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thapsigargin, has been reported to induce Mn 2+  uptake which is inhibited by Ca 2+  
 [  94  ] . Demonstration of the direct involvement of TRPM7 in the transport of Mn 
was shown in studies assessing changes in transport in MCF-7 cells generated by 
overexpression or down-regulation of the protein  [  95  ] . Although Mn was shown to 
be transported by these channels, their overall contribution to neuronal toxicity 
within the CNS is unknown. 

 In contrast to the channels described above, the ionotropic glutamate receptor 
Ca 2+  channel may directly impact on Mn toxicity due to the fact that neurons 
within the globus pallidus receive glutaminergic input from axonal projections 
leading from the subthalamic nuclei  [  96,  97  ] . Several studies have demonstrated 
that Mn toxicity is attenuated by the glutamate post-synaptic ionotropic receptor 
inhibitor, MK801  [  98,  99  ] , implying that glutamate participates in the neurotoxic 
actions of Mn. Similarly, the antiglutaminergic drug, riluzole, has also been 
shown to attenuate Mn toxicity in rats  [  100  ] . It is important to recognize that the 
cytotoxic events provoking Mn toxicity, to a large extent, parallel similar path-
ways for the excitatory neurotransmitter, glutamate, as both involve collapse of 
mitochondrial function initiated by excess sequestration of calcium  [  101,  102  ] . 
The extent to which Mn uptake is increased upon glutamate binding within the 
 g -aminobutyric acid (GABAergic) neurons of the globus pallidus and the role 
this potentially plays in potentiating neurotoxicity, however, has not been directly 
investigated.  

    2.4   Manganese Ef fl ux 

 Ferroportin (Fpn) [also referred to as IREG1 (iron-regulated protein 1) or MTP1 
(metal tolerance protein 1)] is the cytoplamic Fe exporter. It is expressed in all 
cells, including neurons playing a key role in maintaining optimal Fe-homeostasis. 
Mutations in Fpn lead to type VI hemochromatosis, commonly known as Fpn dis-
ease, which is predominantly characterized by Fe accumulation in reticulo-
endothelial macrophages. The protein is transcriptionally, translationally, and 
posttranslationally regulated. Considering the shared uptake and characteristics of 
Mn and Fe (see above), it is surprising that only a few studies have attempted to 
delineate the role of Fpn in Mn ef fl ux. Yin et al.  [  35  ]  have recently reported that 
Fpn induction in human embryonic kidney cells (HEK293T) led to a reduction in 
Mn-induced toxicity, concomitant with decreased intracellular Mn accumulation. 
Notably, cerebellar and cortical Fpn was also increased in mice  in vivo  exposed to 
Mn  [  35  ] . More recently, Madejczyk and Ballatori  [  37  ]  examined the role of Fpn in 
exporting Mn in  Xenopus laevis  oocytes demonstrating lower Mn accumulation in 
oocytes expressing Fpn. Furthermore, the ef fl ux was inhibited by Fe, as well as 
other divalent metals. Collectively, these studies suggest Mn exposure in addition 
to promoting Fpn protein expression also reduces intracellular Mn levels and 
cytotoxicity.   
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    3   Manganese: Toxic Mechanisms 

 Manganism and Parkinson’s disease (PD) are two distinct neurological entities 
that impair basal ganglia function; the globus pallidus is predominantly damaged in 
the former and nigral dopaminergic (DAergic) neurons in the latter. DAergic cells 
from mesostriatal circuitry are also vulnerable to the toxic effects of Mn, making 
this metal a potential environmental risk factor in the etiology of PD. Cases of Mn 
 poisoning have been reported in patients with chronic liver failure and long-term 
parenteral nutrition  [  103  ]  and in individuals chronically exposed to the Mn-containing 
fungicide (manganese ethylene-bis-dithiocarbamate)  [  104  ]  as well as other occupa-
tional cohorts (smelters, welders, etc.). Mn-induced disturbances of cellular 
 homeostatic mechanisms include reactive oxidative species (ROS) production  [  105  ] , 
impairment of antioxidant cellular defenses  [  106  ] , mitochondrial damage  [  107  ] , 
endoplasmatic reticulum stress  [  108  ] , DNA damage  [  109  ] , and in fl ammatory reactions 
 [  110  ] , just to name a few. These are common features in a plethora of neurodegen-
erative diseases making Mn neurotoxicity studies an important tool in the under-
standing of the etiology of neurodegenerative processes. In this section, we discuss 
experimental data highlighting novel approaches to elucidate the vulnerability of 
DAergic nigral cells to the transition metal, Mn. 

 The DAergic cells that integrate the basal ganglia circuitry reside in the substan-
tia nigra pars compacta (SNpc), a brain region with high oxidative activity. High 
content of oxidative enzymes and a high metabolic rate leads these cells to produce 
large quantities of damaging ROS  [  111  ] . Notably, catecholamine catabolism, a 
 process which takes place in these cells, involves hydrogen peroxide production by 
the monoamine oxidase (MAO) and quinones by autoxidation  [  112  ] .  In vitro  assays 
have demonstrated that Mn increases dopamine (DA) and L-dopa autoxidation, 
leading to ROS and quinone production (see below); the Mn valence represents an 
important factor in the metal’s DA oxidizing capacity, with manganic ion (Mn 3+ ) 
being more ef fi cient than Mn 2+  in potentiating DA autoxidation  [  113,  114  ] . 
Nevertheless, whether Mn 3+  oxidizes DA has been recently questioned, given the 
inability to locate Mn 3+  within various cell types  [  64  ] . A schematic representation of 
Mn-induced DA autoxidation is shown in Figure  3 .  

    3.1   Mitochondria, Dopamine, and Manganese-Induced 
Neurotoxicity 

 The mitochondria are critical organelles in mediating Mn-induced neurotoxicity 
 [  64  ] . Mn preferentially accumulates within these organelles  [  115  ]  and mitochon-
drial superoxide dismutase 2 (SOD2) requires Mn as cofactor (there are other SODs 
in mitochondria, such as CuZn SOD1). Mn mitochondrial overload is toxic, second-
ary to its ability to impair ATP production and antioxidant defense mechanisms. 
Mitochondrial Mn 2+  neurotoxicity could be related to inhibition of Ca 2+  activation of 
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ATP production  [  64  ] . Mn 2+  attenuates brain mitochondrial ATP formation in two 
independent inhibitory sites; the primary site, complex II or fumarase, where suc-
cinate is the substrate, and the secondary site, the glutamate/aspartate exchanger, 
where glutamate plus malate are the substrates  [  107  ] . 

 The ability of Mn to generate excess ROS has been observed both in cell 
culture and  in vivo  experiments. Cell mortality was increased when Mn was added 
to human  fi broblast cultures, an effect that was potentiated in the presence of 
DA and antagonized by catalase and MnSOD2  [  105  ] . Catechol isoquinolines, 
1-methyl-6, 7-dihydroxy-1, 2, 3, 4-tetrahydroquinoline (salsolinol), and N-methyl-

  Figure 3    Schematic representation of some cellular mechanisms vulnerable to the toxic effects of 
Mn. Pathway 1 represents the mitochondrial toxic action with decreased ATP production and 
glutathione levels (GSH) leading to cytochrome  c  release and caspase activation and apoptosis. 
Pathway 2 represents endoplasmic reticulum stress with increased expression of glucose-regulated 
protein (GRP78) and pro-apoptotic protein C/EBP homologous protein (CHOP). Pathway 3 repre-
sents Mn clastogenic effect. Pathway 4 represents  fi brillation of  a -synuclein protein leading to the 
formation of cytoplasmatic inclusions. Pathway 5 represents microglial activation with the release 
of pro in fl ammatory mediators such as interleukin-6 (IL6), interleukin-1β (IL1β) and tumor necrosis 
factor  a  (TNF  a ).       
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salsolinol induced apoptosis and increased levels of malondialdehyde (MDA) in a 
concentration-dependent manner in PC12 cells exposed to Mn  [  116  ] . Worley et al. 
 [  117  ]   demonstrated in catecholaminergic CATH.a cells that Mn alone failed to 
increase ROS production; however, when followed by hydrogen peroxide exposure, 
ROS levels signi fi cantly increased, indicating that in addition to intracellular Mn 
concentrations, exposure duration, oxidative challenges post Mn exposure and 
cellular redox capacity represent important factors in mediating Mn-induced 
stress related effects. Mn-induced cytotoxicity in DAergic cells was also depen-
dent on glutathione (GSH) levels in CATH.a cells  [  118  ] . This raises the possibility 
that susceptibility to Mn-induced ROS-mediated toxicity may be dependent upon 
the redox status of the cell, with those expressing high GSH levels perhaps being 
more resistant  versus  those with a low GSH complement. 

  In vivo , oral administration of Mn in the drinking water for 30 days decreased 
rat striatal DA content and increased striatal MAO activity, suggesting a poten-
tial increase in ROS production  [  119  ] . The ability of Mn to autoxidize DA was 
addressed by Sloot et al.  [  120  ]  by demonstrating that intrastriatal Mn 2+  injection 
resulted in depletion of striatal DA, which preceded ROS formation. In addition, 
reserpine pre-treatment failed to alter both DA depletion and ROS formation. 
Accordingly, reduced redox potential and impaired cellular antioxidant defense 
mechanisms likely play a key role in cellular susceptibility to develop Mn toxic-
ity. Decreased levels of mitochondrial glutathione-peroxidase activity, catalase, 
and GSH were observed in striatum of Mn-treated rats, consistent with 
Mn-induced impairment of intracellular ROS defense mechanisms  [  106  ] . As 
shown in Figure  3 , pathway 1 represents schematically the main effects of Mn 
on mitochondria. Decreased striatal and pallidal cell numbers expressing glu-
tamine synthetase (astrocyte marker) and Mn-superoxide dismutase were 
observed in rats treated chronically for 13 weeks with high Mn concentrations 
in drinking water  [  121  ] . Aged and young rats exposed for 8 days to Mn in drink-
ing water showed heightened susceptibility to the toxic effects of Mn concomi-
tant with decreased GSH (also see previous paragraph) and uric acid levels in 
the striatum and in striatal synaptosomes  [  122  ] . Aged rats treated intraperitone-
ally for 30 days with Mn showed decreased mitochondrial complex II succinate 
dehydrogenase activity (~30%) in striatum and nigra, and increased tyrosine 
hydroxylase (TH) mRNA and protein levels  [  123  ] . Subcutaneous Mn adminis-
tration in C57B1/C6 mice caused persistent striatal accumulation of the metal, 
observed at 21 days after cessation of the treatment; decreased DA release was 
observed at 7 and 21 days post treatment and attenuation in potassium stimu-
lated increases in extracellular DA was noted at 1, 7, and 21 days post treatment, 
suggesting a long-term effect of Mn on striatal DAergic transmission  [  124  ] . 
Taken together these data are consistent with the preferential accumulation of 
Mn in basal  ganglia and altered dopamine homeostasis in response to Mn exposure 
in various animal models.  
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    3.2   Age-Related Effects of Manganese 

 The long-term effects of Mn in animals are helpful in delineating mechanisms of 
toxicity resulting from occupational exposures to this metal. Notably, a link between 
Mn and PD has been suggested, with Mn exposure exceeding twenty years, cor-
relating with increased risk for PD  [  125  ] . Furthermore, chronic exposure to the 
fungicide Mn ethylene-bis-dithiocarbamate (Maneb) also increases the risk for 
Parkinsonism  [  104  ] . Though PD manifests in mid-life (familial PD) or senescence 
(idiopathic PD), it needs to be considered that its etiology evolves over decades with 
environmental exposures heightening the risk for the disease. 

 Several studies have addressed the developmental effects of Mn. For example, mice 
exposed to paraquat (PQ) and Maneb during the perinatal period and re-challenged 
as adults showed 62% reduction in striatal DA levels  [  126  ] . Juvenile mice exposed to 
Mn showed increased susceptibility, characterized by reduced  striatal DA concentra-
tion in adulthood, induction of nitric oxide synthase (NOS), increased neuronal pro-
tein nitration and glial reactivity compared with adult mice that were not subjected to 
early-life Mn exposure or exposed to it only as adults  [  127,  128  ] . These epidemiologi-
cal and experimental  fi ndings point to an impairment in cellular antioxidant defenses 
induced by long-term or early-life exposure to this transition metal that diminishes the 
ability of the cells to cope with added oxidative challenges. The major susceptibility 
of aged rats to Mn neurotoxic effects likely re fl ects impairment in ROS defense mech-
anisms as a consequence of the aging  process. The long-term and persistent cyto-
toxic effect of Mn and alterations in DAergic transmission suggest that chronic 
exposure to low metal concentrations in early life may facilitate the development of neu-
rodegenerative processes later in life.  

    3.3   Manganese and Apoptosis 

 Mn-induced ROS production may also be a trigger for other processes that lead to 
cells demise, such as apoptosis. For example, in PC12 cells, Mn not only induces 
apoptosis, but also enhances L-dopa-induced apoptosis. Both effects were inhibited 
by antioxidants  [  129–  131  ] . In the same cells, Mn was also shown to induce caspase 
3-dependent proteolytic activation of protein kinase Cd (PKCd), which in turn con-
tributes to apoptosis  [  132  ] . Increased intracellular calcium transient, decreased Na + /
K +  ATPase and Ca 2+  ATPase activities as well as increased apoptosis rates and 
impairment of  N -methyl-D-aspartate (NMDA) receptor subunits synthesis were 
observed in Mn exposed primary neuronal cultures  [  133  ] . In SN4741 cells, a DAergic 
neuronal cell line, Mn-induced endoplasmic reticulum (ER) stress and activation of 
caspase-12 and apoptosis; the latter effect was reduced in Bcl-2-overexpressing 
DAergic cell lines  [  108  ] . 
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 Concentration-dependent Mn-induced ER stress response was observed in 
SK-N-MC human neuroblastoma cells, accompanied by increased expression of 
glucose-regulated protein 78 (GRP78), pro-apoptotic protein C/EBP homologous 
protein (CHOP) and p-eIF2 a , concomitant with reduced mitochondrial complex I, 
II, III, and IV activities  [  134  ] . As shown in Figure  3 , pathway 2 represents the ER 
stress response, which is also linked to pathway 1. Mn also effectively induced 
apoptosis in cultured mesencephalic cells, and this effect was accelerated by pre-
treatment with DA. Cells were protected by blockade of NO synthesis, inhibition of 
NF- k B activation and pre-treatment with vitamin E. Induction of NF- k B and nitric 
oxide synthase activation by ROS were proposed as plausible mechanisms for 
Mn-induced neurotoxicity  [  135  ] . NF- k B would also lead to increased uptake of Mn 
as it has been reported to augment expression of DMT1, the major transport protein 
of Mn  [  80  ] . Treatment of neuronal stem cells with Mn was also shown to stimulate 
apoptosis via mitochondrial-mediated pathways, concomitant with cytochrome  c  
release, caspase-3 activation, and ROS generation  [  136  ] . In immortalized DAergic 
cells, MES 23.5, Mn was shown to up regulate mitochondrial Bcl 
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interacting protein (BNIP3), which correlated with mitochondrially-mediated apop-
tosis  [  137  ] . Finally, in rat astrocytoma C6 cells Mn led to ROS-mediated apoptosis, 
involving caspase-8 and mitochondrial-mediated pathways, with both the total and 
mitochondrial levels of Bcl-2 and Bax shifting to favor the apoptotic process  [  138  ] . 
Taken together, these studies establish the propensity of Mn to lead to cell demise 
by activation of apoptotic mechanisms.  

    3.4   Effects of Manganese on DNA 

 Mn also possesses clastogenic activities making DNA a potential target for its toxic 
action, which could result in impaired gene expression. For example, Chinese ham-
ster V79 cells treated with L-dopa or DA showed decreased proliferative potential 
and elevated micronuclei frequency. The addition of Mn to the cell culture enhanced 
the antiproliferative and clastogenic effects of DA and its precursor  [  109  ] . 

 Concentration-dependent DNA fragmentation was seen in Mn-treated PC12 
cells; apoptosis was preceded by mitochondrial dysfunction and activation of c-Jun 
N-terminal kinases  [  139  ] . In striatal neurons, Mn treatment caused concentration-
dependent loss of mitochondrial membrane potential, complex II activity, DNA 
fragmentation, and decreased microtubule-associated protein (MAP2)  [  140  ] . 
DA-induced oxidative DNA damage was shown to increase in Mn-treated PC12 
cells, likely secondary to enhancement in DA autoxidation with semiquinone radi-
cal production. The DA-induced DNA damage in the presence of Cu 2+  and NADH 
was further potentiated by Mn  [  141  ] . Mn increased the formation of mitochondrial 
DNA single strand breaks (SSB) probably caused by increased oxidative stress in 
 cultured  liver cells  [  142  ] . 

 Mn is normally present in the heterochromatin, nucleolus, cytoplasm, and mito-
chondria of rat striatal astrocytes and neurons. Chronic Mn treatment leads to 
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increased Mn levels in the mitochondria and nuclei, serving as a possible explanation 
for its combined ability to impair mitochondrial oxidative metabolism, increase 
ROS production and damage to DNA  [  143  ] . Nuclear accumulation of Mn was also 
observed in cultured PC12 cells  [  144  ] . The DNA damage is shown by pathway 3 in 
Figure  3  (see above). Taken together, research to date indicates that excessive Mn 
levels may disturb cellular DNA.  

    3.5   Manganese and Neurotransmitter Homeostasis 

 Alterations in biosynthetic neurotransmitter pathways, which lead to changes in the 
activity of rate-limiting enzymes or synaptic receptors may also be responsible for 
Mn-induced alterations in synaptic transmission and consequently behavior. Mn 
alters the activity of the rate-limiting enzyme in DA synthesis, tyrosine hydroxylase 
(TH). In DAergic neural cell lineage, N27 cells, Mn was shown to lead to distinct 
alterations in TH upon both acute and chronic exposures. In acute conditions TH 
activity increased, whereas in chronic conditions it was decreased  [  145  ] . Decreased 
striatal DA content was preceded by an initial phase of increased TH activity and 
striatal DA content in rats chronically treated with Mn in drinking water  [  146,  147  ] . 
Manganism is characterized by two phases, commencing with a psychiatric syn-
drome (bizarre behavior and madness) followed by impaired motor function. 
Changes in TH activity inherent to the acute or chronic Mn exposure may be related 
to these two phases, the initial phase corresponding to increased TH activity, which 
is probably linked to increased DA release, and the second phase related to decrease 
TH activity and probably linked to reduced DA release or DA cellular content. 

 The psychiatric phase of manganism could be also a consequence of Mn-induced 
inhibition of glutamatergic corticostriatal signaling mediated by presynaptic D2-like 
DA receptors. For example, corticostriatal slices of rats chronically treated with Mn, 
showed enhanced glutamate-mediated synaptic transmission in the striatum, an 
effect associated with increased locomotor activity in these rats  [  148  ] .  

    3.6   Manganese Nanoparticles 

 A recent concern on human health is associated with the potential effects associated 
with exposure to Mn-containing nanoparticles. Nanotechnology is focused on 
 creation and manipulation of particles with dimensions ranging from 1 to 100 nm, 
leading to the production of new materials that exhibit novel physicochemical 
 properties and functions  [  149  ] . Mn has a large industrial use involving steel and 
non-steel alloy production, colorants, battery manufacture, pigments, and fuel 
 additives, among others  [  150  ] . With the availability of nanosized particles, the 
replacement of macro-sized Mn particles has rapidly evolved  [  151  ] . As indicated 
above, olfactory neuronal pathway has been shown to be ef fi cient in translocating 
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inhaled Mn oxide into the CNS  [  152  ] . Some experimental data obtained with 
nanosized Mn particles will be presented herein, focusing attention on their safety 
and potential health concerns. 

 In PC12 Mn oxide nanoparticles (40 nm) were shown to be internalized and to 
lead to a concentration-dependent depletion of DA and its metabolites, increased 
ROS production  [  153  ]  and down-regulation of TH gene expression  [  149  ] . Mn nano-
particles (25–900 nm) were also shown to be internalized in N27 DAergic neuronal 
cells, leading to time-dependent up-regulation of the protein transporter Tf, increased 
ROS production, and activation of caspase-3-mediated apoptosis and pro apoptotic 
protein kinase Cd (PKCd). In addition, Mn nanoparticles caused autophagy 
 characterized by decreased levels of the native form of Bcl-2-interacting protein-1, 
Beclin 1, and increased cleavage of microtubule-associated protein 1 light chain 3, 
LC3, both of which are associated with autophagosome formation  [  151  ] .  

    3.7   Manganese and Cytoplasmic Inclusions 

 The pathological hallmark of idiopathic PD is the presence of cytoplasmatic inclu-
sions of  a -synuclein  fi brils, known as Lewy bodies and Lewy neurites; their produc-
tion can be affected by both genetic and environmental factors  [  154,  155  ] .  a -Synuclein 
is a heat stable protein that is soluble and natively unfolded. In the CNS it is 
expressed in neurons where it localizes in pre-synaptic terminals in the vicinity to 
synaptic vesicles. The precise function of  a -synuclein is unknown; a role as modu-
lator in synaptic and neural plasticity has been advanced  [  156  ] . 

  In vitro  assay showed that pesticides, such as rotenone, PQ and Maneb, as well 
as metals, such as Al 3+ , Fe 3+ , Co 3+ , Cd 2+ , and Mn 2+ , induce a conformational change 
in  a -synuclein accelerating its  fi brillation rate; the effect of pesticides and metals 
when simultaneously present is synergistic  [  157  ]  (see pathway 4 in Figure  3 ). 
Cultured DAergic neuronal cells, MES 23.5, exposed to the Mn-containing pesti-
cide Maneb showed inhibition of proteasomal chymotrypsin-like and postglu-
tamyl peptidase activities. Proteasomal dysfunction was accompanied by 
cytoplasmatic inclusions that were positive for  a -synuclein immunostaining 
 [  158  ] . Metals such as arsenic, copper, zinc, mercury, cadmium, nickel, and lead as 
well as the metalloid selenium, have been shown to increase  a -synuclein-like 
immunoreactivity aggregates in the CNS of white sucker  fi sh,  Catostomus com-
mersoni , sampled from highly contaminated water with metal ions secondary to 
mining activity  [  159  ] . 

 The propensity of Mn to increase cytoplasmic inclusions has also been shown 
 in vitro . For example, Mn decreased the viability of SK-N-MC neuroblastoma cells 
expressing human DA transporter and  a -synuclein  [  160  ] , and increased expression 
of  a -synuclein in PC12 cells, via ERK1/2 MAPK activation  [  161  ] . In SH-SY5Y 
neuroblastoma cells up-regulation of  a -synuclein expression and  a -synuclein 
mRNA by Mn preceded the apoptotic response  [  162  ] , suggesting up-regulation 
of  a -synuclein may be an early effect. 
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 Similar effects have been noted  in vivo . For example, non-human primates 
exposed to Mn showed up-regulation of another type of cytoplasmic inclusions, 
namely amyloid-b (A-b) precursor-like protein-1; its gene expression, increased 
along with the number of A-b diffuse plaques. In the same brains, Mn also led to 
 a -synuclein aggregation particularly within the frontal cortex  [  163  ] . While still 
debatable, these  fi ndings raise the plausibility that in addition to its well-established 
link to PD, Mn may play a role in the etiology of Alzheimer’s disease (AD).  

    3.8   Manganese and Dopaminergic Circuitry 

 DA is a universal neurotransmitter present in the animal kingdom from inverte-
brates to vertebrates. The interaction of Mn with DA has been noted in other spe-
cies, such as mollusks where exposure to Mn was shown to impair the cilio-inhibitory 
system of the lateral cilia of the gill, and decreased endogenous DA levels in cere-
bral and visceral ganglia and gills of  Crassostrea virginica   [  164  ] . 

 In vertebrate animals, microinjection of Mn into the SNpc or striatum allows for 
the evaluation of its action on mesostriatal DAergic circuitry. For example, unilat-
eral intra-nigral Mn microinjection in rats led to ipsilateral striatal DA loss in a 
dose-dependent fashion and a rotational behavior towards the lesion side in response 
to systemic apomorphine. Systemic administration of L-dopa plus carbidopa or par-
gyline increased the DAergic striatal loss in these animals  [  165  ] . Intra-nigral Mn 
microinjection in rats decreased nigral and ipsilateral striatal DA and TH cofactor, 
(6R)-L-erythro-5,6,7,8 tetrahydrobiopterin (BH 

4
 ) levels. Maximal decrease in BH 

4
  

was observed at 60 days, with complete recovery at 90 days after the Mn microin-
jection  [  166  ] . Mn microinjected into rat SNpc decreased ipsilateral striatal DA con-
centrations, the number of TH-positive cells and dopamine- and cAMP-regulated 
neuronal phosphoprotein (DARPP-32) expression, and increased rotational behav-
ior in response to systemic apomorphine administration, while systemic L-dopa 
plus carbidopa treatment worsened these effects  [  167  ] . 

 Rats intra-nigrally microinjected with Mn showed rotational behavior in response 
to apomorphine and increased number of NADPH-d positive neurons in the ipsilat-
eral SNpc as well as ipsi- and contralateral striatum. NO synthesis inhibition by 
NG-nitro-L-arginine (L-NOARG) reversed the NADPH-diaphorase increase, but 
worsened the rotational behavior response to systemic apomorphine, suggesting a 
protective role for NO in the Mn-induced neurodegenerative process  [  168  ] . Paradkar 
and Roth have reported that NO can inhibit NF- k B activity and the subsequent up 
regulation of DMT1 which may, in part, account for the protective effects of NO 
 [  80  ] . Mn is slowly cleared from the substantia nigra (SN), with a 50% decrease 
noted at 72 hours post microinjection  [  169  ] . Notably, the apomorphine-induced 
rotational behavior was detected at 24 hours after intra-nigral Mn microinjection 
reaching its maximum at 72 hours post injection. The time course of striatal TH 
immunostaining loss observed in Mn-treated rats followed the time course of rota-
tional behavior, suggesting that cellular mechanisms induced by Mn, which lead to 
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DAergic cell death occurred shortly after injection. It also suggests that threshold 
metal concentration is required in order to induce neurotoxic effects  [  169  ] . The slow 
brain clearance of Mn could be explained by its propensity to accumulate within 
brain mitochondria as shown by Gavin et al.  [  102  ] . 

 Mn-induced DAergic neurodegeneration may be a consequence of its ability to 
produce an indirect excitotoxic process, as demonstrated by Brouillet et al.  [  98  ] . 
These authors have shown that Mn microinjected into rat striatum caused a dose-
dependent decrease in DA,  g -aminobutyric acid, and substance P concentrations in 
the striatum. Such effects were blocked by prior removal of cortico-striatal gluta-
matergic inputs or by treatment with MK-801, a non-competitive NMDA antago-
nist. Striatal slices of rats treated chronically with Mn showed an enhancement in 
cortical glutamate-mediated synaptic transmission in the striatum, suggesting 
impairment in corticostriatal glutamatergic transmission and increased excitotoxic 
damage  [  170  ] .  

    3.9   Manganese and Microglia 

 Reactive microglia are present in the substantia nigra of PD patients, suggesting an 
in fl ammatory component in the neurodegenerative process. CNS in fl ammatory 
responses are predominantly mediated by microglial cells which represent the  fi rst 
line of defense. Microglial activation has two stages; the  fi rst one is associated with 
release of neurotrophins leading to increased neuronal survival, and the second 
phase associated with release of pro-in fl ammatory mediators potentially leading to 
impaired neuronal survival  [  171  ] . Several studies suggest a potential role for micro-
glia in mediating Mn-induced neurodegeneration.  In vivo , intrastriatal Mn microin-
jections in rats were shown (7 days post injection) to reduce the number of TH +  cells 
and increase the number of activated microglia in the substantia nigra; up regulation 
of inducible nitric oxide synthase (iNOS) and tumor necrosis factor  a  gene expres-
sion was paralleled by increased protein levels of iNOS and interleukin-1 b  in the 
substantia nigra  [  172  ] . The microglial participation in Mn-induced neurodegenera-
tion response is shown in pathway 5 in Figure  3  (see above). Non-human primates 
chronically treated with Mn also displayed increased microglial number in SNpc 
and reticulate concomitant with increased expression of iNOS, L-ferritin, and 
intracellular ferric ion in reactive microglial cells  [  173  ] . The decrease in TH +  cells 
observed in animals treated with intrastriatal Mn microinjection could be the conse-
quence of a microglial defense response, which depending upon the duration and 
intensity could lead to in fl ammation and cellular degeneration. 

 Consistent with the above, mouse N9 microglial cells treated  in vitro  with 
bacterial lipopolysaccharide (LPS) and challenged with Mn showed signi fi cant 
induction of NO production, with a concomitant increase in iNOS gene transcrip-
tion  [  110  ] . The same cells, when exposed to Mn showed increased production of 
interleukin-6 and TNF a . In the presence of lipopolysaccharide, this response was 
signi fi cantly potentiated. Co-exposure to LPS and Mn also increased NO production 
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and iNOS expression  [  174  ] . It is noteworthy that Mn regulates iNOS expression 
at the transcriptional level in BV2 microglial cells, increasing iNOS protein 
expression by the activation of JNK-ERK MAPK and PI3/Akt signaling path-
ways  [  175  ] . 

 More recently, it has been shown in rat primary neuron-glia co-cultures that 
simultaneous treatment with Mn and LPS increased production of pro-in fl ammatory 
cytokines, including TNF a  and IL-1 b , ROS as well as reactive nitrogen species 
(RNS). Minocycline (an antibiotic) pre-treatment effectively reduced the pro-
in fl ammatory cytokine production  [  176  ] . These experimental data suggest that Mn 
can potentiate the effects of bacterial toxins and that ensuing in fl ammatory reac-
tions in basal ganglia thus exacerbating the neurodegenerative process.   

    4   Manganese and Genetics 

 The clinical features of the extrapyramidal symptoms of manganism can be quite 
diverse re fl ecting the complex nature of the basal ganglia which is associated with 
a variety of integrated inhibitory and excitatory neurochemical pathways. The 
degree to which Mn disrupts any of these interdependent processes promotes an 
imbalance of output from the basal ganglia which potentially result in capricious 
disparities in onset, severity, and speci fi c symptoms expressed as well as the 
progression of the disorder. The source which contributes to deviations in the char-
acteristics of the expressed symptoms and neurological lesions generated may 
include exposure to other noxious environmental toxins, nutrition status, state of 
health and, most importantly, underlying genetic variability. 

 All of these reasons to varying degrees have the potential to alter the biochemical 
processes by which Mn imbalance can occur. Of these, genetic polymorphisms have 
to be considered as potentially playing a dominant role in regulating alterations in 
speci fi c signaling pathways controlling Mn-induced cell death. This is best 
exempli fi ed by the publication by Sadek et al.  [  177  ]  describing a patient who worked 
as a welder for a total of three years. This individual acquired the progressive symp-
toms of Mn toxicity within one year after beginning employment making his clini-
cal history quite remarkable as development of manganism after only one year of 
welding is highly unusual as onset usually requires considerably longer exposure 
times. The reason for the rapid development of the neurological de fi cits is unknown 
but, most likely, re fl ects a genetic predisposition in this individual. In addition, 
within several years of the initial diagnosis, he developed a unilateral tremor in his 
right hand more characteristic of Parkinsonism. The prominence of a genetic com-
ponent contributing to manganism is further substantiated by the reality that not all 
welders or Mn miners develop manganism yet exposures are comparable to their 
fellow workers that acquire the disorder. Clearly, this underscores the potential 
impact of genetic polymorphisms that likely contribute to the variability in develop-
ment of Mn toxicity. It is essential to stress that although chronic exposure to Mn is 
not the causative agent provoking Parkinson’s disease, there is compelling evidence 
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in the literature that it may be one of the most in fl uential metals correlating with 
increased susceptibility to develop this condition  [  178–  182  ] . 

 Manganism is a disorder anatomically and functionally distinct from that of 
Parkinson’s disease, at least in regard to the critical initial site of injury, leaving us 
with the issue as to why many of the observed symptoms overlap between the two 
disorders and whether chronic exposure to Mn can eventually provoke idiopathic 
Parkinsonism. Some of the similarities between the two disorders simply re fl ect the 
fact that Mn can in fl uence DAergic transmission by inhibiting dopamine release and 
decreasing dopamine transporter (DAT) levels in the striatum  [  124,  183–  187  ] . 
Although this may clarify why some of the symptoms of Mn toxicity overlap with 
that of Parkinson’s disease, it fails to explain individual differences in susceptibility 
to develop manganism. 

 Over the past 15 years, a number of gene variants have been identi fi ed as being 
linked to early ( a -synuclein, parkin, PINK1, DJ-1, and ATP13A2) and late (LRRK2) 
onset of Parkinson’s disease  [  188–  190  ] . Because many of the symptoms and neuro-
degenerative features between the two neurological disorders appear to be interre-
lated, it is feasible that polymorphisms in some of these genes may also be associated 
with the susceptibility to develop manganism. If a relationship does exist, then it 
may also explain, in a reciprocal fashion, why excess exposure to Mn may provoke 
early onset of Parkinson’s disease. Of the six genes linked to Parkinsonism, two of 
these, parkin and ATP13A2, have already been reported to in fl uence Mn toxicity in 
cell culture systems  [  191–  194  ] . Thus, one-third of the known polymorphisms in 
genes linked to onset of Parkinsonism are suggested to promote increased suscepti-
bility to acquire manganism. 

 The two genes, parkin and ATP13A2, are both linked to early onset of 
Parkinsonism but differ in their enzymatic activity though both have several features 
in common including alteration of  a -synuclein activity and protein degradation as 
well as mitochondrial dysfunction  [  195–  197  ] . Parkin is one of over 600 identi fi ed 
E3 ligases responsible for the conjugation of ubiquitin to a variety of proteins 
 [  198,  199  ] . Of the known genes correlating with early onset of Parkinson’s disease, 
those involving parkin are the most prevalent encompassing approximately 50% of 
all recessive cases  [  200,  201  ] . Although considered to be an autosomal recessive 
gene, there is evidence in the literature suggesting that mutations in a single allele 
may exert suf fi cient imbalance in dopaminergic activity to cause subclinical fea-
tures of Parkinsonism  [  202  ]  and thus, even in the heterozygous state, may play a 
signi fi cant role in development of idiopathic Parkinsonism  [  203,  204  ] . Two studies 
 [  191,  205  ]  have reported that overexpression of parkin can protect cells against Mn 
toxicity. Recent studies  [  191  ]  have further demonstrated that parkin is responsible 
for the ubiquitination of DMT1, the major transport protein for Mn (see above) 
 [  191  ] . This process is relatively speci fi c as it is responsible for degradation of only 
the 1B species of the transporter which predominates in the CNS  [  206,  207  ] . Thus, 
mutations in parkin, which lead to its inactivation would likely increase DMT1 
levels and the subsequent accumulation of Mn within the CNS. 

 Like parkin, ATP13A2 is also associated with the pathogenesis of both familial 
and sporadic Parkinson’s disease as well as Kufor-Rakeb syndrome (KRS), a 
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rare juvenile-onset autosomal recessive disease characterized by progressive 
Parkinsonism  [  190,  208  ] . ATP13A2 encodes a large membrane-bound lysosomal 
P-type ATPase and when mutated acts, presumably, to disrupt its lysosomal local-
ization, thus, linking lysosomal degradation with Parkinson’s disease. A recent 
paper by Gitler et al.  [  193  ]  demonstrated a strong genetic interaction between 
 a -synuclein and PARK9, a yeast ortholog of human Parkinson’s disease-linked 
gene, ATP13A2. Coexpression of PARK9 (ATP13A2) in animals overexpressing 
 a -synuclein was shown to protect against dopaminergic neuron loss whereas knock-
down of the ATP13A2 ortholog in  Caenorhabditis elegans  enhance  a -synuclein 
misfolding. It was also reported that wild-type ATP13A2, but not the KRS patho-
genic ATP13A2 mutant, protected cells from Mn-induced cell death in mammalian 
cell lines and primary rat neuronal cultures. In addition, wild-type ATP13A2 reduced 
intracellular Mn and prevented cytochrome  c  release from mitochondria when com-
pared to the mutant cells. Based on these  fi ndings, these authors suggested that 
PARK9 is involved in Mn transport though direct evidence for this is lacking. 

 Thus, one-third of the known Parkinson-linked polymorphisms are linked to Mn 
toxicity leaving us with the question as to the role of the other four genes, DJ-1, 
PINK1,  a -synuclein, and LRRK2, in the development of manganism  [  192,  193,  209, 
  210  ] . The proposed mechanisms for each of these proteins in inducing Parkinsonism 
are relatively complex and often overlap in that each may mutually in fl uence the 
others activity. Based on the predicted mechanisms, there is compelling evidence to 
justify the hypothesis that mutations in these genes will augment Mn toxicity as 
polymorphisms produce gene products that disrupt mitochondrial function and thus, 
potentiate mitochondrial-induced oxidative stress which, independent of other toxic 
mechanisms, will facilitate Mn-induced toxicity. 

 Whereas the aforementioned genes are autosomal recessive, LRRK2 is an auto-
somal dominant gene and the only gene associated with late onset of the disorder 
 [  211  ] . Thus, a mutation in a single allele may be suf fi cient to elicit effects on Mn 
toxicity prior to the appearance of the symptoms of Parkinsonism. LRRK2 is a rela-
tively complex gene which encodes a large multidomain protein that includes a 
Rho/Ras-like GTPase domain (termed Roc, for Ras) and a protein kinase domain. 
Because of this complexity, the mechanism by which mutations in LRRK2 elicits 
Parkinsonism is likely to be multifaceted and are anticipated to in fl uence a number 
of signaling pathways  [  212  ] . In regard to dopamine function, LRRK2 can cause a 
decrease in the dopamine transporter, DAT  [  213,  214  ] , as well as impair dopamine-
stimulated neurotransmission  [  215  ]  both of which are also seen with overexposure 
to Mn  [  183,  184,  186,  187  ] . Relevant to manganism, studies have reported that Mn 
can increase phosphorylation activity of the most predominant polymorphic species 
of LRRK2, the G2019S mutant, while inhibiting the wild-type kinase activity 
 activated by Mg  [  216,  217  ] . Thus, LRRK2 displays a number of critical functions 
many of which can potentially affect or be affected by Mn. 

 Support for a potential role for DMT1 in neurodegeneration associated with PD 
was recently suggested by several researchers. Salazar et al.  [  218  ]  have recently 
shown that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication in 
mice, a well established PD model, caused increased DMT1 expression in the 
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 ventral mesencephalon concomitant with iron accumulation, oxidative stress, and 
DAergic cell loss. More recently He et al.  [  219  ] , direct sequencing identi fi ed two 
single-nucleotide polymorphisms in the DMT1 gene (CC haplotype) as a risk factor 
for PD in the Han Chinese population. The above studies have not directly assessed 
whether polymorphisms in DMT1 in PD patients also alter CNS Mn levels. Given 
this gene’s role in regulating intracellular Mn levels (see above), it is essential that 
future studies in suitable cohorts also address the association between DMT1 
 polymorphisms and Mn accumulation.  

    5   Concluding Remarks 

 As described above, uptake of Mn in the intestines and the various processes 
 controlling its delivery and access to the CNS represent the rate limiting steps 
regulating Mn levels and toxicity  in vivo . Multiple systems are involved in the 
maintenance of Mn levels, all of which must function, to some extent, in the 
 preservation of its homeostatic levels. These systems routinely work in harmony 
to sustain required levels of Mn even though Mn may not be an operational cation 
these systems were designed for. As a consequence, conditions that upset this 
delicate balance result in a failure of the various components to adjust to the prac-
tical needs of Mn in order to support the functional demands of the other essential 
cations, the most important of which is Fe. Thus, conditions of excess exposures 
to Mn or a variety stress inducing or in fl ammatory conditions are likely to pro-
voke an imbalance in the various transport systems for Mn resulting in increased 
CNS toxicity. 

 The synopsis provided above establishes that Mn exerts neurotoxicity speci fi cally 
in DAergic nigral cells. However, its aberrant effects may be much broader given 
recent evidence on its ability to perturb other cell types and neurotransmitters, as 
well as its propensity to increase cytoplasmic inclusions. Taken together, a broad 
array of mechanisms appears to mediate Mn-induced DAergic neurodegeneration. 
Considering the essentiality of Mn, future studies should continue to focus on its 
role both in health and disease. Given that the safety margin for Mn appears to be 
narrow, it is incumbent upon the research community to further delineate its toxic-
ity, considering its ubiquitous presence in the environment and anthropogenic usage. 
This novel information will be highly relevant for future considerations on its safety 
and in delineating risk assessments for exposure and safety. 

 Finally, the  fi ndings to date support a possible genetic link between the manifes-
tations of manganism with genes associated with onset of Parkinsonism. This is not 
totally surprising as mutations in these genes, in many respects, display similar 
aberrant neurological activities within the basal ganglia, which provoke the distinc-
tive dystonic movements associated with both disorders. It remains to be determined 
whether the other genes linked to Parkinsonism will also be associated with the 
development of Mn toxicity.      
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  ABBREVIATIONS AND DEFINITIONS 

  AD    Alzheimer’s disease   
  A-b    amyloid-b   
  BBB    blood-brain barrier   
  BH 

4
     tetrahydrobiopterin   

  CHOP    C/EBP homologous protein   
  CNS    central nervous system   
  DA    dopamine   
  DAergic    dopaminergic   
  DARPP-32    dopamine- and cAMP-regulated neuronal phosphoprotein   
  DAT    dopamine transporter   
  Dcytb    duodenal cytochrome B   
  DMT1    divalent metal transporter 1   
  ER    endoplasmic reticulum   
  ESADDI    estimated safe and adequate dietary intake   
  Fpn    ferroportin   
  GABA     g -aminobutyric acid   
  GRP78    glucose-regulated protein 78   
  GSH    glutathione   
  HEK293    human embryonic kidney cells 293   
  HFE    hemochromatosis protein   
  HRE    hypoxia response element   
  IL-1 b     interleukin-1 b    
  IL-6    interleukin-6   
  iNOS    inducible nitric oxide   
  IRE    iron response element   
  IREG1    iron-regulated protein 1   
  IRP    iron-responsive protein   
  KRS    Kufor-Rakeb syndrome   
  l-dopa    L-3,4-dihydroxyphenylalanine   
  l-NOARG    NG-nitro-l-arginine   
  LPS    lipopolysaccharide   
  Maneb    manganese ethylene-bis-dithiocarbamate   
  MAO    monoamine oxidase   
  MAP2    microtubule-associated protein   
  MDA    malondialdehyde   
  MnSOD    Mn superoxide dismutase   
  MPTP    1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine   
  MTP1    metal tolerance protein 1   
  NADH    nicotinamide adenine dinucleotide (reduced)   
  NF    necrosis factor   
  NMDA     N -methyl-D-aspartate   
  NOS    nitric oxide synthase   
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