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Abstract Parkinson’s disease is characterized by the

selective degeneration of neuromelanin-containing dopa-

minergic neurons in the substantia nigra and locus

coeruleus. Although the cause of this disease remains

unknown, several transition metals, including manganese

and copper, have been associated with the development of

the atypical form of Parkinsonism, and iron accumulation

has been associated with the development of Parkinson’s

disease. Manganese3? is a strong oxidizing agent, which

oxidizes dopamine to aminochrome (dopaminochrome),

the precursor of neuromelanin. Aminochrome formation in

cell culture medium induces acute cell death in cells that

uptake aminochrome, explaining the role of manganese in

the development of atypical Parkinsonism. Copper accu-

mulation in Wilson’s disease also induces Parkinsonism as

one of the main symptoms, and an atypical Parkinsonism

has also been observed in young copper miners. Interest-

ingly, copper is able to complex with dopamine, which can

be taken up by cells expressing the dopamine transporter,

inducing caspase-independent cell death with formation of

autophagic vacuoles. Iron is also able to form a complex

with dopamine, the neurotoxic action of which also

depends on the cellular expression of the dopamine trans-

porter. The neurotoxicities of these transition metals to

cells expressing the dopamine transporter all involve

dopamine oxidation to quinones and require the inhibition

of DT-diaphorase.
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Introduction

The possible role of the ions of the metals manganese,

copper, and iron in the neurodegenerative process has been

associated with the formation of reactive oxygen species.

Manganese2? is able to react with superoxide radicals

generating hydrogen peroxide, the precursor of hydroxyl

radicals, and both Fe2? and Cu? are able to catalyze the

Fenton reaction with the formation of hydroxyl radicals in

the presence of hydrogen peroxide. This review discusses

other mechanisms of dopamine neuron degeneration

induced by the ions of the metals copper, manganese, and

iron, where the formation of reactive oxygen species is

only a part of the mechanism that induces cell death. The

degeneration of dopamine neurons is associated with the

motoric symptoms observed in Parkinsonism induced by

manganese and copper. The association of iron with Par-

kinson’s disease is based on the accumulation of iron in the

affected regions of the brain.

Manganese

Exposure to excessive levels of manganese (Mn) can

induce severe psychiatric and extrapyramidal motor dys-

function closely resembling Parkinson’s disease. The

clinical manifestations of manganese toxicity arise from

focal injury to the basal ganglia. This region, characterized

by intense oxygen consumption and significant dopamine
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content, can undergo mitochondrial dysfunction, depletion

of peroxidase and catalase, and imbalances in catechol-

amine levels following manganese exposure [1]. Welding

fumes have been associated with the development of Par-

kinsonism, and the evaluation of rats exposed to gas metal

arc-mild steel with low manganese, or to manual metal arc-

hard surfacing with high manganese, revealed a loss of

tyrosine hydroxylase in the striatum and midbrain [2].

A brief exposure to Mn2? increases reactive oxygen

species levels and glutathione production, decreases oxy-

gen consumption affecting mitochondrial membrane

potential, and induces dopaminergic neuronal death [3].

Manganese chloride (Mn2?)- and LPS-induced reactive

oxygen species and nitric oxide, cytokine release, and

dopaminergic neurotoxicity in microglia were significantly

attenuated by pre-treatment with the potential anti-inflam-

matory agents minocycline and naloxone [4, 5]. A sub-

chronic exposure to Mn during fetal development leads to

temporally distinct patterns of glial activation, which result

in elevated nitric oxide stress in distinct populations of

basal ganglia neurons [6]. Treatment with minocycline, an

inhibitor of microglial activation, prior to manganese

exposure attenuated microglial activation and mitigated IL-

1beta, TNF-alpha, and iNOS production as well as dopa-

minergic neurotoxicity [7].

Tyrosine hydroxylase is the rate-limiting enzyme in

dopamine synthesis and is regulated acutely by phosphor-

ylation at Ser40 and chronically by protein synthesis.

Sustained phosphorylation of tyrosine hydroxylase at Ser40

and the consequent stimulation of enzyme activity both

occurred at low concentrations of Mn2?, and this effect

represents a potential mechanism for Mn2?-induced neu-

ronal toxicity that does not involve H2O2-mediated cell

death [8]. Acute Mn2? exposure induces cytoskeleton

dysfunction prior to degeneration, and chronic Mn2?

exposure results in neurochemical dysfunction with fea-

tures overlapping those of Parkinson’s disease [9].

Induction of NF-kappaB and activation of nitric oxide

synthase through reactive oxygen species was suggested to

be involved in Mn2?-induced apoptosis in primary mes-

encephalic cells exposed to dopamine prior to Mn2? [10].

Weanling rats chronically exposed to Mn exhibited

significant Mn accumulation in several brain regions.

However, rats receiving the selective dopamine transporter

(DAT) inhibitor GBR12909 had significantly lower Mn

levels only in the globus pallidus compared with saline-

treated rats. These data show that inhibition of the DAT

exclusively inhibits Mn accumulation in the globus palli-

dus during chronic exposure to the metal [11]. Postnatal

Mn exposure caused persistent declines in DAT protein

expression and [3H]dopamine uptake in the striatum and

nucleus accumbens, as well as long-term reductions in

striatal dopamine efflux [12]. However, Mn accumulated to

similar levels in PC12 cells overexpressing the DAT and

control PC12 cells following incubation with manganese

chloride, suggesting that the dopamine transporter is not

sufficient for manganese cytotoxicity [13]. In general,

Mn2? has been used to study the mechanism of manganese

neurotoxicity, and the possible involvement of the DAT in

Mn uptake was found to be restricted to the globus pallidus

region [11]. However, it is worth noting that the divalent

metal transporter 1 (DMT1) is able to take up Mn2? into

various tissues given its wide expression. DMT1 has been

reported to be expressed in the striatum, ventral mesen-

cephalon, substantia nigra, hippocampus, caudate nucleus,

putamen, corpus callosum, and cerebellum; in neurons in

the cortex, striatum, cerebellum, and thalamus; in epen-

dymal cells lining the third ventricle; and in vascular cells

throughout the brain. DMT1 is also expressed in several

cell lines, such as MES23.5, SH-SY5Y, PC12, RCSN-3

(derived from rat substantia nigra), rat C6 astrocytoma,

human U87 glioblastoma, and hippocampal cells [14–24].

Therefore, manganese does not accumulate selectively in

dopaminergic neurons, and its neurotoxic effect will dif-

ferentially affect various neuronal systems. The wide

expression of DMT1 may explain why manganese induces

an atypical Parkinsonism. Manganese induces a consistent

pattern characterized by damage to the globus pallidus,

sparing of the substantia nigra pars compacta, and absence

of Lewy bodies. This finding contrasts what is seen in

Parkinson’s disease, in which there is preferential degen-

eration of dopaminergic neurons in the substantia nigra

pars compacta coupled with Lewy bodies and preservation

of the pallidum [25]. The uptake of Mn2? mediated by

DMT1 is probably not the most neurotoxic event because

manganese can be oxidized to Mn3? in the presence of

superoxide (Fig. 1). Auto-oxidation of dopamine to am-

inochrome was found to be considerably potentiated by

Mn2?, suggesting that Mn2? is contributing dopamine

oxidation as a consequence of its oxidation to Mn3? [26].

Manganese3? is a potent oxidizing agent that is able to

oxidize dopamine, and dopamine oxidation catalyzed by

Mn2+ Mn3+

O2
.- H2O2

2H+

DMT1Mn2+

Cytosol

Cell membrane

Fig. 1 Manganese uptake and intracellular manganese oxidation.

Mediated by DMT1 transporter manganese2? is taken up into the

cytosol of the cell where it can be oxidized to manganese3? catalyzed

by superoxide radicals with concomitant formation of hydrogen

peroxide
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Mn3? does not require oxygen (Fig. 2). In addition, Mn3?

was far more efficient than Mn2?, Mn4? (MnO2), O2
-, or

H2O2 in oxidizing the catecholamine [27].

Dopamine is oxidized by Mn3? to yield dopamine

o-quinone, which is the precursor of aminochrome. This is

a transient compound at physiological pH because its

amino chain undergoes cyclization to leukoaminochrome,

which is oxidized by Mn3? to aminochrome in the absence

of oxygen. Stable dopamine o-quinone can only be found

when the pH is lower than 2.0 [28]. However, Mn3? can

also oxidize thiol groups of proteins or hydroxyl groups of

amino acids, thereby inactivating enzymes not only in

dopaminergic neurons, but also in other neurons that

express DMT1. Therefore, manganese is not a selective

neurotoxic agent for dopaminergic neurons, explaining the

atypical Parkinsonism resulting from the neurotoxic effects

of manganese in different neuronal systems. This non-

specific action of manganese explains why depletion of

dopamine does not prevent manganese neurotoxicity and

why, in the presence of 5 mM GSH and 10 mM N-ace-

tylcysteine, cells otherwise sensitive to manganese are

protected [29]. Intracellular dopamine oxidation and the

oxidation of the thiol and hydroxyl groups of cysteine and

serine, respectively, can participate in a dopamine-inde-

pendent mechanism of manganese neurotoxicity, although

both mechanisms result in the concomitant formation of

reactive oxygen species, generating a redox cycling

between Mn2? and Mn3? that potentiates the neurotoxic

effects of manganese (Fig. 3).

One mechanism of manganese neurotoxicity involves

Mn3?-dependent oxidation of thiol groups in cysteine-

containing enzymes, which leads to a loss of activity

leading to loss of function. The total thiol content was

lowered 40% in cultures of the neuroblastoma clone

N1E 115 treated with manganese. This decreased thiol

content was also reflected by the reduced activity of the

thiolenzyme glyceraldehyde-3-phosphate dehydrogenase in

manganese-exposed cells [30]. Mn3?, a powerful oxidizing

agent, is able to oxidize hydroxyl groups of amino acids

such as serine, threonine, and tyrosine present in the

polypeptide chain of enzymes, which may result in a loss

of enzymatic activity. Manganese treatment of PC12 cells

induces inhibition of proteasome activity with significant

accumulation of protein carbonyls arising from damage to

proteins [31].

The dopamine-dependent mechanism of manganese

neurotoxicity involves Mn3?-catalyzed dopamine oxida-

tion to aminochrome (Fig. 4). Studies in RCSN-3 cells of

dopamine oxidation catalyzed by Mn3? in the cell culture

medium prior to addition to the cells showed that amino-

chrome neurotoxicity was dependent on DT-diaphorase

inhibition and resulted in the formation of a leukoamino-

chrome-o-semiquinone radical. The Mn3? neurotoxicity

induced the formation of intracellular hydroperoxides and

HO
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Dopamine o-quinone

O

O N
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Aminochrome

2 Mn3+ 2 Mn2+

HO

HO N
H

2 Mn3+ 2 Mn2+

Cyclization
Dopamine Leukoaminochrome

Fig. 2 Dopamine oxidation to aminochrome catalyzed by manga-

nese3?. Manganese3? oxidizes dopamine to dopamine o-quinone that

at physiological pH spontaneously cyclizes to leukoaminochrome that

doesn’t require oxygen to form aminochrome since manganese3? is

able to catalyze this reaction both in aerobic and anaerobic conditions

[28]
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Fig. 3 Intracellular effect of

manganese2?. Manganese2?

uptake induces intracellular

dopamine oxidation and protein

oxidation by oxidizing the thiol

and hydroxyl groups of cysteine

and serine
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hydroxyl radicals measured by electron spin resonance

with an absence of apoptosis, a strong decrease of mito-

chondrial membrane potential, and a swelling and

disruption of the outer and inner mitochondrial membranes

(assessed by transmission electron microscopy) [32]. These

results support the proposed role of leukoaminochrome-o-

semiquinone radical as a neurotoxin in dopaminergic

neurons and of DT-diaphorase as a neuroprotective enzyme

[33–44].

Copper

Several important enzymes within the brain, such as

dopamine b-mono-oxygenase, peptidyl-a-amidating mono-

oxygenase, Cu/Zn superoxide dismutase, cytochrome c

oxidase, and lysine oxidase, require a copper cofactor for

their enzymatic activity. On the other hand, accumulation

or deficiency of copper is associated with neurodegenera-

tive disorders, such as Wilson’s and Menke’s diseases [45].

Copper induces an increase in oxidative stress, resulting

in DNA damage and activation of p53-dependent cell death

[46]. Neuronal cell death induced by GSH depletion is

dependent on trace levels of extracellular copper in the

culture medium [47]. Cultured astrocytes and neurons

treated with copper reveal that mitochondrial membrane

permeability transition and oxidative and nitrosative stress

represent major factors in copper-induced toxicity, whereas

oxidative and nitrosative stress appear to play a major role

in neuronal injury [48]. In vivo, copper treatment alone

caused no significant learning and memory impairments in

behavioral tasks [49]. However, trace amounts of copper in

cholesterol-fed mice induced significant learning and

memory impairments accompanied by the upregulation of

amyloid precursor protein, which contributes to amyloid

beta-peptide deposition, increased protein expression of

tumor necrosis factor-alpha, and degradation of IkappaB

protein. Furthermore, an increased production of inducible

nitric oxide synthase and cyclo-oxygenase-2 was observed

in the hippocampus and cerebral cortex [50]. Copper

concentrations are elevated in amyloid plaques, and copper

binds with high affinity to the Abeta peptide, promoting its

oligomerization and neurotoxicity [51].

Wilson’s disease is a copper deposition disorder caused

by a genetic mutation in a copper transporter ATPase

(ATP7B), which is essential for the maintenance of intra-

cellular copper concentration. This mutation prevents the

excretion of excess copper from the liver to the bile,
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resulting in the hepatic accumulation of copper. Interest-

ingly, the major impact of this copper overload is not in

the liver but in the brain, leading to neurologic Wilson’s

disease. A study on the clinical presentations of Wilson’s

disease in 282 patients showed that 69% of the patients

were classified as having neurologic Wilson’s disease, the

predominant neurologic feature of which was Parkinson-

ism (62.3%) [52]. The fact that Parkinsonism is one of the

major neurologic symptoms of Wilson’s disease opens the

question as to why copper overload in the brain affects

dopaminergic neurons so extensively. Young workers in

the copper refining industry exposed to high concentra-

tions of copper developed an irreversible atypical

Parkinsonism [53]. The ability of reduced copper to cat-

alyze the Fenton reaction is a non-specific mechanism and

cannot explain the selective action of copper on dopa-

minergic neurons. One possible explanation for the

selectivity of copper resulting in extensive neurodegen-

eration of dopaminergic neurons is the ability of Cu2? to

form a complex with dopamine (reaction 1) based on the

formation of ionic binding between the positive charge of

Cu2? and the negative charges of dissociated hydroxyl

groups [34].

The dopamine transporter is able to take up the Cu-

dopamine complex into cells (reaction 2) that express the

protein, conferring specificity to dopaminergic neurons or

cells expressing dopamine transporters. However, uptake

of the Cu-dopamine complex is not restricted to dopami-

nergic neurons, which may explain why Parkinsonism is

the main symptom of Wilson’s disease. Dopamine is oxi-

dized to aminochrome (reaction 3) inside cells when Cu?

is released from the Cu-dopamine complex and chelated by

proteins (reaction 4). Aminochrome can be reduced with

two electrons to yield leukoaminochrome via a reaction

catalyzed by DT-diaphorase (reaction 5), thus preventing

aminochrome from participating in such neurotoxic reac-

tions as one-electron reduction to leukoaminochrome

o-semiquinone radical (reaction 6), which is extremely

reactive with oxygen [54]. This reaction is catalyzed by

flavoenzymes that reduce quinones with one electron using

NADH or NADPH. Leukoaminochrome o-semiquinone

radical reduces oxygen, generating superoxide radicals

(reaction 7) that spontaneously or enzymatically (via

superoxide dismutase) generate hydrogen peroxide (reac-

tion 8). When NADH is used in this redox cycling, both

oxygen and NADH are depleted, generating an energy

collapse because of ATP depletion, which induces cell

death. However, when the flavoenzymes use NADPH in

this redox cycling, there results both a NADPH depletion

affecting the reduction of oxidized glutathione and an

oxygen depletion, which also affects the electron transport

chain in the mitochondria and leads to ATP depletion

(Fig. 5). Under these conditions, the Cu-dopamine

complex induces caspase-independent cell death with for-

mation of autophagic vacuoles [39]. Animals subjected to a

unilateral intranigral injection of CuSO4 and dicoumarol, an

inhibitor of DT-diaphorase, presented a significant and

characteristic contralateral rotational behavior and a loss of

tyrosine hydroxylase-positive staining [55]. Interestingly,

the formation of Cu-dopamine complex requires DT-

diaphorase inhibition both in cell culture and in vivo, sup-

porting the proposed neuroprotective role of DT-diaphorase

[39, 55]. Copper inhibits the vesicular H(?)-ATPase

required for dopamine transport into monoaminergic vesi-

cles mediated by VMAT-2, resulting in an increase of free

cytosolic dopamine and its subsequent oxidation to am-

inochrome [56], supporting the role of dopamine in copper

neurotoxicity.

Iron

Iron is essential for life because it is an essential compo-

nent of the heme group of hemoglobin, cytochromes, and

enzymes, but it is also involved in neurodegenerative

mechanisms, such as protein aggregation, free radical

generation, and oxidative stress. The role of iron in the

pathophysiology of Parkinson’s disease has been exten-

sively studied and supported by the finding that iron

accumulates in the brain regions affected by this disease

[57]. The iron concentration in the substantia nigra corre-

lates with UPDRS motor score, indicating that iron

concentration can function as an in vivo biomarker to

objectively evaluate the status of Parkinson’s disease [58].

Iron accumulation in dopaminergic neurons and glial cells

in the substantia nigra of Parkinson’s disease patients may

contribute to the neurodegenerative process in this disease,

but the mechanisms involved in iron accumulation remain

unclear. The major transport protein responsible for uptake

of iron is the divalent metal transporter 1 (DMT1), and it is

expressed in rat substantia nigra both with and without the

iron response element (IRE) in neurons, astrocytes, and

microglia, but not in oligodendrocytes [59]. Recent studies

demonstrate that the 1B isoform is regulated post-transla-

tionally by degradation via the proteasome pathway, and

overexpression of parkin results in a decrease in the 1B

isoform of DMT1 [60].

The role of transferrin and its receptor in iron accumu-

lation was discarded, and the overexpression of lactoferrin

receptors and DMT1 has been reported. A mutation in

DMT1, which impairs iron transport, protected rodents

against the Parkinsonism-inducing neurotoxins 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP)

and 6-hydroxydopamine [61, 62]. Ferroportin1 and he-

phaestin, two iron export proteins, regulate iron export in

the gut and are expressed by astrocytes, microglia,
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oligodendrocytes, and neurons in the substantia nigra [63].

It was reported that 6-hydroxydopamine induced the

downregulation of the iron transporters ferroportin 1 and

hephaestin, resulting in the decreased iron efflux and iron

accumulation in primary ventral mesencephalic neurons

and in MES23.5 dopaminergic cells. However, under iron-

overload conditions, ferroportin 1 showed dose-dependent

upregulation, whereas hephaestin showed no response,

indicating that 6-hydroxydopamine-induced downregula-

tion was not caused by increased intracellular iron content

[64]. Overexpression of the human ferritin heavy chain

(H-ferritin) in dopamine neurons exerts significant neu-

roprotection, possibly by modulating iron homeostasis and

restoring ubiquitin proteasome activity [65]. Reduction in

the levels of glutathione in immortalized midbrain-derived

dopaminergic neurons leads to increases in the cellular

pool of labile iron that are independent of the induction of

either iron regulatory protein/iron regulatory element

(IRP/IRE) or hypoxia inducible factor, but are dependent on

hydrogen peroxide and protein synthesis. A link between

glutathione depletion in dopaminergic neurons with an

increase in iron levels based on translational activation of
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transferrin receptor-1 has been suggested [66]. L-Ferritin was

found to be localized in neuromelanin granules [67].

In MPTP- and 6-hydroxydopamine-induced dopaminergic

neurotoxicity and in Parkinson’s disease, iron accumulates in

the substantia nigra pars compacta. Pretreatment with iron

chelators such as desferal, clioquinol, VK-28, and M30

is neuroprotective in both neurotoxin models [68]. The

naturally occurring iron chelator phytic acid decreased

1-methyl-4-phenylpyridinium [MPP(?)]-induced caspase-3

activation and DNA fragmentation, and increased cell

survival in immortalized rat mesencephalic/dopaminergic

cells exposed to excess iron [69]. 6-Hydroxymelatonin

reduces Fe2?-induced neurotoxicity in the rat hippocampus

[70]. Dopamine and Fe2? in combination induce apoptosis

with significantly increased concentrations of hydroxyl radi-

cals and malondialdehyde in SH-SY5Y cells [71].

Neuromelanin blocks hydroxyl radical production by

Fenton’s reaction and also inhibits the iron-mediated oxi-

dation of ascorbic acid. The sequestration of iron into a

stable iron-neuromelanin complex prevents dopamine

oxidation, inhibiting the formation of neurotoxic dopamine

quinones [72]. L-Ferritin was found to be localized in

neuromelanin granules [67]. Lisuride, a dopamine agonist,

protects against iron-induced lesions [73].
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The formation of a Fe-dopamine complex was reported

to be a mechanism for specific neurotoxicity in cells

expressing dopamine transporters such as dopamine, nor-

epinephrine, and serotonin transporters [35, 74]. It was

reported that iron forms a complex with dopamine [75] and

that the Fe-dopamine complex protected isolated hepato-

cytes against hypoxia-re-oxygenation-induced injury [76]

because these cells do not express dopamine transporters. It

was also reported that iron accumulates into dopamine

neurovesicles, and the inhibition of dopamine synthesis

results in a decreased vesicular storage of iron [77]. These

results suggest that VMAT-2 transports the Fe-dopamine

complex into monoaminergic vesicles, supporting the idea

that the Fe-dopamine complex can be formed in cells that

synthesize dopamine. The precursor of dopamine, L-dopa,

also forms a complex with Fe3? [78].

Fe-dopamine complex formation occurs in the extra-

cellular space (Fig. 6, reaction 1), and the uptake of the Fe-

dopamine complex into cells is mediated by dopamine,

norepinephrine (NET), and serotonin (SERT) transporters.

Once inside the cell, the Fe-dopamine complex undergoes

dopamine oxidation to dopamine o-quinone (Fig. 6, reac-

tion 2), which at physiological pH spontaneously cyclizes

to aminochrome in a two-step reaction (reaction 3). Am-

inochrome can be reduced to leukoaminochrome in a

reaction catalyzed by DT-diaphorase, and the product

prevents aminochrome from participating in neurotoxic

reactions, such as the one-electron reduction catalyzed by

flavoenzymes that use NADH or NADPH as an electron

donor (reaction 4). The one-electron reduction of amino-

chrome results in the formation of leukoaminochrome

o-semiquinone radical (reaction 5), which is extremely

reactive with oxygen [54] and neurotoxic [32, 34–40, 43,

79]. The auto-oxidation of leukoaminochrome o-semiqui-

none radical in the presence of oxygen generates a redox

cycling (reaction 6) with concomitant formation of a

superoxide radical, which spontaneously or enzymatically

dismutates to H2O2. This redox cycling will proceed until

oxygen, NADH, or NADPH is depleted. The depletion of

NADH and oxygen will affect the mitochondrial electron

transport chain, thereby inhibiting ATP formation, which

induces an energy collapse and cell death. The depletion of

NADPH prevents the reduction of oxidized glutathione and

a subsequent depletion of GSH, which is an important

antioxidant. Upon oxidation of the Fe-dopamine complex,

Fe3? is reduced to Fe2? (reaction 2), which is able to

catalyze the formation of a hydroxyl radical (reaction 8)

from the hydrogen peroxide generated by the dismutation

of superoxide radicals (reaction 7). The Fenton reaction

oxidizes Fe2? to Fe3?, which is able to form a new com-

plex with intracellular dopamine, potentiating the

neurotoxic effect of the Fe-dopamine complex. The inhi-

bition of ATP formation resulting from NADH and oxygen

depletion generating an energy collapse and the oxidative

stress caused by hydroxyl radicals and depletion of reduced

glutathione eventually lead to cell death [35, 74]. It is

important to note that Fe-dopamine complex neurotoxicity

requires the expression of dopamine transporters and the

inhibition of DT-diaphorase. Interestingly, norepinephrine

is able to compete with dopamine to form a complex with

Fe3? and prevents Fe-dopamine complex neurotoxicity

because the Fe-norepinephrine complex is not neurotoxic,

despite the fact that cells are able to take up the Fe-nor-

epinephrine complex.

Conclusions

The transition metals manganese and copper have been

involved in neurodegenerative processes in dopaminergic

neurons related to atypical Parkinson’s disease and iron

accumulation has been associated with Parkinson’s disease.

Interestingly, these metals are able to induce neurotoxicity

by reacting with the neurotransmitter dopamine. Mn3? is

able to oxidize dopamine to aminochrome and potentiate

aminochrome neurotoxicity. Cu2? and Fe3? are able to

form complexes with dopamine and are able to induce

neurotoxicity in cells expressing dopamine transporters,

resulting in the selective action of copper on dopaminergic

neurons. However, the neurotoxicity induced by these

metals was dependent on the one-electron reduction of

aminochrome in conditions where DT-diaphorase was

inhibited, supporting the proposed neuroprotective role of

DT-diaphorase in dopaminergic neurons.
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