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A B S T R A C T

Of the documented cases of Parkinson's disease (PD), about 10% have a genetic background. The remaining cases
of PD have unknown etiology. Thus, environmental factors appear to play a pathogenic role in most of the PD
cases. Several of the so far known PD inducing chemicals appear to increase the formation of mitochondrial
reactive oxygen species (ROS). A suspected environmental factor is the non-proteinogenic amino acid β-me-
thylamino-L-alanine (BMAA), which may act to carry iron species into the brain and disrupt correct biosynthesis
of proteins. In addition, in epidemiological studies, it has been reported a connection between PD and metal
exposures, including iron, mercury, manganese, and lead. Research has shown elevated iron levels in the sub-
stantia nigra of PD patients. Mitochondrial dysfunction induced by genetic or environmental factors appears to
evoke cascades of biochemical events, which include non-physiological leakage of ROS and arrest of the sensitive
production of dopamine. A combination of increased ROS and loosely chelated iron causes neurotransmitter
dysfunction. Recent research indicates that treatment with exogenous chelators, such as deferiprone, apomor-
phine, and hinokitiol, can inhibit PD progression. The endogenous chelator, neuromelanin, also appears to exert
protection. In the present review, the pathogenic mechanisms and genetic susceptibilities to metals in PD are
explored. The paper is also focused on strategies for the therapy of PD, mainly by using chelation therapy to
reduce the level of iron.

1. Introduction

Parkinson's disease (PD) is the most common neuromuscular dis-
order. Globally, this disease affects more than 6 million people [1]. In
industrialized countries, the prevalence of PD has increased [2], which
indicates that environmental factors may be crucial in the pathogenesis.
PD is a neurodegenerative disease, which is characterized by neuronal
cell loss in the substantia nigra (SN) accompanied by reduced secretion
of dopamine. Although initial lesions affect basal ganglia, clinically
correlated by diminished ability to coordinate movements, other re-
gions of the brain may be involved, leading to a deterioration of cog-
nitive functions [3]. Thus, while bradykinesia (slow movements) to-
gether with muscle rigidity and tremor are well-known characteristic
traits of PD, development of dementia may also affect a substantial
proportion of the patients [4].

Still, the PD etiology is virtually unknown. A minor fraction of the
cases has been attributed to the use of various medications [5].

Although some of the factors that genetically increase the risk to de-
velop PD have been identified, most are sporadic cases, and environ-
mental factors are presumed to play an essential role in the etiology [6].
A surprisingly high incidence of a complex PD-dementia disorder ob-
served among the original inhabitants of Guam, and New Guinea [7]
was ascribed to the intake of food containing the neurotoxic amino acid
BMAA (β-methylamino-L-alanine) [8]. A role of environmental ex-
posure has been further strengthened by research about parkinsonism
due to MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) exposure
[9]. Exposure to different pesticides (i.e., rotenone and paraquat) also
has precipitated symptoms of PD [10]. Other environmental toxicants,
including manganese, iron, mercury, and lead, have been suggested to
raise the risk of PD development [11].

Differences in the brain metal levels, including copper and iron, of
deceased PD patients compared to healthy controls have been shown in
previous studies [6]. Research also indicates that iron accumulation,
and exposure or dysmetabolism of manganese and copper, may be
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involved in PD development [6,12].
The present article aims at further exploring the possible relation-

ship between metals and PD, and future strategies for PD treatment, in
particular by the use of chelating therapy.

2. Mitochondrial dysfunction in Parkinson's disease

There is evidence for impaired activity of mitochondrial complex I
in PD, particularly in neurons from the substantia nigra region, but also
of mitochondria from other brain regions including frontal and tem-
poral cortex [13,14]. Furthermore, mutations in genes associated with
familial PD are involved in mitochondrial dysfunction, such as the α-
synuclein gene, Parkin, and the gene for LRRK2 (leucine-rich repeat ki-
nase 2) [15–17].

Further evidence for mitochondrial impairment in the etiology of
PD comes from the selective sensitivity of substantia nigra to mi-
tochondrial toxins, (MPTP), rotenone, and paraquat [18]. These toxins
are inhibitors of mitochondrial complex I, and administration in ex-
perimental models causes neuronal death and gives rise to parkin-
sonism. In general, exposure to environmental/mitochondrial toxins
causes an increased risk to develop PD [19].

The presence of elevated iron levels in the susceptible neurons with
the simultaneous occurrence of L-dopa or dopamine is presumed to
contribute to the deterioration of substantia nigra neurons. In the at-
tendance of iron, dopamine, and molecular oxygen can interact di-
rectly, yielding quinones and free oxygen radicals (ROS) as products
[20]. Quinones, together with ROS, appear cytotoxic, particularly in the
pars compacta of the substantia nigra [21]. Dopamine can also be oxi-
dized and polymerized into neuromelanin [22], giving rise to the
characteristic black color of the tissue. In the case of elevated Fe(III)
levels, multiple toxic species can be created from dopamine, including
its metabolites [12,23,24].

It is conceivable that neurons in regions that are especially sensitive
in PD, in particular pars compacta cells in the substantia nigra, are under
high baseline concentrations of oxidative stress and are vulnerable to
mitochondrial impairment. Among biochemical features characterizing
these deteriorating neurons are metal accumulation and glutathione
depletion [25].

3. Iron, oxidative stress, and Parkinson's disease

The total iron concentrations increase with aging due to various
factors, including elevated permeability of the blood-brain barrier, iron
redistribution in the brain, inflammation, as well as changes in the iron
homeostasis [26,27]. With aging, the concentrations of iron increase in
the substantia nigra, globus pallidus, putamen, and caudate nucleus
[23,28]. However, it is unclear why this increase is selective for some
parts of the brain. In relation to PD severity, iron accumulates especially
in pars compacta and pars reticulata, portions of the substantia nigra
[29,30]. Studies done on post-mortem tissue have detected strikingly
raised iron levels in the substantia nigra from PD patients, in comparison
to subjects without this disease [31–33]. Measurements using tran-
scranial sonography demonstrated in vivo that iron is selectively in-
creased in the substantia nigra in various forms of PD [34,35].

It is thought that the high iron concentrations in the substantia nigra
initiate neurotoxic effects, in particular, due to toxic products from
iron-dopamine interactions [21]. Local availability of endogenous iron-
complexing ligands such as neuromelanin may modify, however, the
harmful effects. By use of the X-ray fluorescence method, significant
amounts of iron have been identified as neuromelanin-bound in sub-
stantia nigra neurons. Thus, neuromelanin-bound iron may be a critical
neuronal protector and storage form of this metal [36,37].

A pathogenic role of iron in PD is also supported by experiments in
which therapeutic chelation of iron exerts a neuroprotective action.
Treatment of animal models of PD with chelators such as deferiprone,
clioquinol, or deferoxamine prevents loss of substantia nigra neurons

and alleviates motor deficits [38–41].
Clinically, Devos et al. [38] investigated the effects of conventional

chelation of iron with deferiprone (30 mg/kg/day) in patients with PD.
Twelve months on deferiprone in this double-blind placebo-controlled
trial decreased PD progression on the Unified Parkinson's Disease
Rating Scale (UPDRS-III) with three points compared to the placebos
[38].

The subcellular target of iron toxicity is still controversial.
Mitochondria are crucial for iron metabolism. Mitochondria are the site
of FeeS cluster assembly for incorporation into mitochondrial com-
plexes. FeeS clusters are integral parts of many proteins such as com-
plex I of the mitochondrial electron transport chain [42,43]. Patholo-
gical disruption of FeeS clusters leads to aberrant mitochondrial
function. In diseases such as Friedreich's ataxia [44] and other condi-
tions involving disrupted FeeS assembly, this leads to mitochondrial
iron accumulation.

Mitochondria are also the sites for heme synthesis from the pre-
cursor protoporphyrin, and the incorporation of Fe by ferrochelatase.
Raised levels of non-chelated iron may accompany disruption of he-
moglobin synthesis.

Mitochondrial inhibition induced, e.g., by rotenone impairs FeeS
cluster synthesis and leads to mitochondrial iron accumulation [45].
Elevated mitochondrial iron causes oxidative stress and impairs mi-
tochondrial function. Mitochondrial DNA appears to be a target in iron
overload conditions [46].

Aberrant iron metabolism and mitochondrial dysfunction worsen
each other, and both processes appear to operate in PD, and may sig-
nificantly accelerate the progression of the disease [43].

In general, PD patients have increased levels of oxidative stress and
upregulated ROS production [47]. Furthermore, mitochondrial func-
tionality is impaired in these patients [48]. In patients with PD, it has
been detected elevated contents of oxidized and nitrated proteins in the
substantia nigra [49].

Moreover, the post-translational modifications of α-synuclein and
other neuronal proteins, including tau, might be a result of the raised
iron levels and oxidative stress [50].

4. Manganese, mercury, and other metals

Research indicates that some other metals than iron with neurotoxic
effects may be linked to parkinsonism [51]. Manganese, as well as
mercury, lead, and other metals are environmental pollutants with
neurotoxic effects. It is well known that mercury can be released from
dental restorations and other implants and transported into the brain
via the blood-brain barrier (BBB) [52].

In medical biochemistry and neurotoxicology, metals associated
with PD development is still a significant concern [51,53]. Also, a re-
lationship between lead exposure and parkinsonism has been suggested
[54]. Both mercury and lead ions can inhibit essential steps in the
mitochondrial hemoglobin synthesis, particularly in cases with poly-
morphism of relevant genes [55], thereby increasing mitochondrial
loads of free iron species.

The manganese-containing fungicide, Maneb, has been linked to
raised PD risk [56]. Maneb is a polymeric complex of manganese with a
thiocarbamate. Other compounds of manganese may also initiate or
promote the development of PD. Thus, several workers were diagnosed
with parkinsonism after exposure in a ferromanganese smelter with
failing ventilation system [57]. After prolonged occupational exposure
to manganese, a 51-year-old male worker developed parkinsonism
[58]. Furthermore, there have been several cases of parkinsonism in
intravenous drug abusers exposed to manganese via homemade ephe-
drine (methcathinone) [59]. Contamination with manganese remains in
ephedrone, which is derived by oxidation from pseudoephedrine with
the use of potassium permanganate as a catalyst [60].

Exposure to elevated mercury levels has been linked to PD exacer-
bation [61]. Several similarities have been noticed between the
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neurotoxic effects of mercury exposure and the neurochemical char-
acteristics of PD [6]. In a large study from Singapore, significantly
elevated blood Hg concentrations were measured in PD patients com-
pared to healthy controls [62].

In a chlorine factory, a male worker developed parkinsonism after
30 years with occupational mercury exposure [63]. Further, a 47-year-
old female dentist was diagnosed with parkinsonism, which had started
eighteen months earlier and was manifested mainly by resting tremor
and cogwheel rigidity. A baseline quantitative urinary mercury value
confirmed that she had been severely exposed to mercury. Mercury
chelation therapy resulted in clinical improvement [64]. It has been
reported that dental assistants and dentists who occupationally were
exposed to mercury had increased mortality of dementia and PD [65].
However, since parkinsonism is a rather infrequent presentation of
mercury as well as of lead poisonings, it is tempting to suggest that
these characteristic symptoms result from a combination of the metal
exposure and a relevant genetic polymorphism [55], resulting in in-
hibited hemoglobin synthesis accompanied by increased loads of free
iron species.

5. Synergistic toxicity between metals, pesticides, and BMAA

Cell and animal studies demonstrated the synergistic effects be-
tween some pesticides and metals. Thus, when a mercury solution that
killed one of 100 rats was given together with a lead solution that also
killed one of 100 rats, all the exposed rats died [6]. In a study of rats,
the synergistic effects occurred when lead, manganese, and mercury
were combined [66]. Associations between pesticide exposure and PD
development have been reported from epidemiological studies [67].
Furthermore, some metals and pesticides promote aggregation of the
presynaptic protein α-synuclein, which has neurodegenerative effects,
and such aggregation may be an important factor in the pathogenesis of
PD [68]. Some divalent metals, like iron and manganese, bind to the C-
terminus of α-synuclein, and copper interplays at the N-terminal region
[69]. The loss of nigral dopaminergic neurons is age-related and ac-
celerates synergistically when the herbicide paraquat is combined with
iron [70]. In an animal experiment, exposure to paraquat alone or to
the fungicide maneb alone caused minimal changes in the nigrostriatal
dopamine system. However, the reduction in the levels of striatal do-
pamine was significant when paraquat and maneb were combined [6].

The cycad hypothesis of the so-called amyotrophic-lateral-sclerosis-
parkinsonism-dementia complex (ALS/PDC) occurring in Guam in the
period 1945–56 is of interest here. This hypothesis states that ALS/PDC
neurodegeneration was precipitated by the intake of the non-protei-
nogenic amino acid beta-methylamino-L-alanine (BMAA), which the
traditional diet of the local Chamorro population contained [71]. An
alternative hypothesis (the mineral hypothesis) claimed that the locally
high levels of iron and manganese together with low levels of calcium
and magnesium in drinking water could precipitate the symptoms [72].
It is suggested that the neurotoxicity of BMAA involves activating re-
ceptors of excitatory glutamate [73]. However, when bicarbonate ions
are present carbamate adducts get produced from BMAA, and divalent
metals such as iron, manganese, and zinc may form chelates with BMAA
and its carbamate adducts [74].

Consequently, it is tempting suggesting that BMAA also mediates
metal dyshomeostasis with raised levels of manganese and/or iron in
the vulnerable substantia nigra neurons. A most recent theory suggests
that only animals having neuromelanin are affected by BMAA [75]. The
fact that adult mice, which lack neuromelanin, are unaffected by BMAA
even at high doses, whereas adult monkeys [76] and vervets [77]
having neuromelanin are affected supports this theory [78]. BMAA has
been shown to accumulate in high concentrations in melanin and
neuromelanin producing cells, and to interact with melanin and neu-
romelanin pigments, thereby disrupting the anticipated protective
functions of the melanins [78,79].

6. Glutathione and glutamate

Dysregulation or depletion of the intracellular tripeptide glu-
tathione (GSH) has been associated with the etiology of several human
degenerative diseases [80]. Glutathione is essential when xenobiotics
get detoxified and have been linked to some PD cases. GSH depletion
will increase the toxicity and retention of mercury since the heavy
metal is excreted mainly as GSH-conjugates [81,82]. In the midbrain,
the GSH levels decrease before the clinical symptoms in PD occur [83],
which will impair the function of glutathione peroxidase and thereby
promote oxidation. Among elderly patients, GSH levels are usually
considerably decreased [84].

Genetic depletion of GSH and glutathione S-transferase appears to
represent risk factors for movement disorders [85] including PD [86].
Thus, mercury may cause neurodegenerative changes, including
movement disorders, by affecting the GSH balance [87].

GSH is a tripeptide being able to deliver one of its amino acid
components, glutamate, to the neuronal network. When the glutama-
tergic neurotransmitters are over-active, this may cause degeneration of
dopaminergic neurons [88]. By this mechanism, glutamate in excess is
neurotoxic for the dopaminergic neurons in the substantia nigra. Biva-
lent metals, including lead and mercury, inhibit the glutamine syn-
thetase that converts excessed glutamate to non-toxic glutamine [89].
Thereby these metal compounds may accentuate the toxic effects of
glutamate on the dopaminergic network. The previously discussed
neurotoxic agent, BMAA, can also exert a significant unphysiological
glutamate-mimetic activity [90].

The dopaminergic neurons in the substantia nigra have long axons
and contain microtubules in its entire cytoskeleton. Microtubules are
composed of tubulin molecules. Each of the tubulin components has not
less than 14 thiol groups (-SH), and several metal ions, including
mercury, bind to these thiols with high affinity. It has been suggested
that mercury could promote functional loss of tubulin [91] and thereby
lead to the formation of neurofibrillary tangles.

Mercury exerts toxic actions in the brain where it is practically
impossible to obtain a detoxifying effect by therapeutic chelation [92].
Even very low levels of inorganic mercury may lead to deterioration of
microtubules followed by degeneration of axons [91].

7. Selenium and selenoenzymes

For humans, selenium is an essential trace element, which is an
indispensable component of several enzymes, including glutathione
peroxidases (GPx). In animal experiments, selenium in various forms is
an antidote for mercury poisonings [93,94].

However, the intake of selenium is for a big part of the world's
population less than optimal, particularly in regions in Europe [95]. In
PD patients, it has been observed that reduced plasma selenium is re-
lated to decreased neurological coordination [96]. The dopaminergic
neurons in the substantia nigra are vulnerable to oxidative stress because
their content of dopamine, which is quickly oxidized to quinone deri-
vative [21], thereby causing a cascade of harmful events, without
adequate protection by GPx.

By studying brain tissue from deceased PD patients and controls, it
was found that GPx4 is co-localized with neuromelanin in nigral do-
paminergic neurons [97]. Interestingly, lower activity of GPx4 in the
substantia nigra of PD patients in comparison to controls was found. Of
interest here is also the loss of mitochondrial GPx4, which is dose-de-
pendent in PC12 cells that receive dopamine [98], suggesting that re-
duction of mitochondrial GPx4 activity explains why the dopaminergic
neurons are vulnerable in PD.

Parallel to the reduced GPx4 activity, selenoprotein P (SelP-1) ex-
pression was significantly reduced in the substantia nigra from PD pa-
tients compared to controls [99], indicating a role of the latter protein
in the synthesis of protective selenoproteins, such as GPx4.
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8. Alpha-synuclein, amyloid beta, and hyperphosphorylated tau

Intracellular insoluble Lewy bodies with aggregated α-synuclein are
hallmarks of advanced PD. Stable α-synuclein is considered a causative
link in the PD pathogenesis through its ability to precipitate the Lewy
bodies [100]. Lewy body diseases (LBD) include uncomplicated PD,
dementia with Lewy bodies, and PD dementia. Although α-synuclein
appears to exert a protective action on non-dopaminergic cortical
neurons, it leads to apoptosis and Lewy body formation in dopami-
nergic neurons [101]. Thus, soluble α-synuclein is considered a med-
iator of the selective loss of dopaminergic neurons [102]. The toxicity
of the synuclein-dopamine couple also appears to be dependent on
environmental pollutants since pesticides and metals promote ag-
gregation of α-synuclein. Iron, as well as manganese, aluminum, and
cadmium, appear to accelerate α-synuclein aggregation [68].

Another protein, amyloid-β, is considered one of the causative
agents in Alzheimer's disease (AD), but amyloid-β is also considered a
possible pathogenic factor in PD [103]. Interestingly, several re-
searchers have reported pathological overlap between PD and AD with
Lewy body dementia (LBD) [104,105], and environmental pollutants
seem again to be a pathogenetic factor in PD [106].

The apolipoprotein E ε4 (APOEε4) allele is linked to an increased
risk to develop AD, as well as PD with dementia [107]. An early oc-
currence of PD has been associated with the allelic expression of
APOEε4 [6,107]. In addition, research indicates that APOEε4 may in-
crease the neurotoxic sensitivity to pollutants, including lead and
mercury [108].

Phosphorylated tau, found in synaptic-enriched parts of the frontal
cortex, is also considered a characteristic trait in PD [109]. Tau hy-
perphosphorylation has been observed to occur parallel to the presence
of aggregated α-synuclein [110].

Iron and aluminum, as well as mercury, have been reported to
promote the formation of hyperphosphorylated tau [6,112].

9. Chelation therapy

In chelation therapy, chelating agents (i.e., chelators) are medically
used to sequester or remove metals from target body sites [113–115].
While therapeutically administered chelators such as EDTA usually
mobilize toxic metals from target sites, endogenous complexing agents
may sequester metal excesses into a non-toxic form intra- or extra-
cellularly, e.g., ferritin- or hemosiderin-bound iron. Adequate avail-
ability of an endogenous complexing ligand such as neuromelanin may
modify the deleterious effects of iron or manganese [37]. The biosyn-
thetic pathway leading to neuromelanin formation is complex but is
presumed to occur through polymerization of 5,6-dihydroxyindole
monomers formed by auto-oxidation of catecholamines [90]. Also, the
biological function of neuromelanin is yet not fully known, although it
is considered to protect the aging brain against toxic factors, as it ef-
ficiently binds transition metals such as iron as well as other potentially
toxic molecules [24].

About therapeutic chelation, interesting observations have been
made in workers who developed parkinsonism after manganese ex-
posure. Their symptoms and signs resembled those of true PD. In seven
workers who had manganese depositions in their basal ganglia and
symptoms of parkinsonism, Herrero Fernandez and colleagues [116]
administered chelation therapy with calcium EDTA. Reduction of cir-
culating manganese and clinical improvement was observed in four of
the seven patients. EDTA has a therapeutic benefit in reducing man-
ganese in blood in an emergency phase. However, highly water-soluble
EDTA molecules pass poorly the blood-brain barrier. The FDA approved
chelator para-aminosalicylic acid (PAS) is used in the treatment of tu-
berculosis. Mainly Chinese studies of patients have shown promising
effects of PAS in the treatment of severe manganese intoxication [117].
Animal studies verified the effectiveness of PAS as a chelating agent
removing manganese from the brain [118]. The salicylate structure of

PAS has a documented anti-inflammatory effect, which may alleviate
neuroinflammation. N-acetyl-para-aminosalicylic acid (AcPAS) is a PAS
metabolite that penetrates quickly into the cerebrospinal fluid and
parenchymal brain [118]. Since PAS is rapidly metabolized to the more
efficient AcPAS in vivo, it is suggested that combined treatment with
PAS for brain-to-blood shuttling and calcium-EDTA for blood-to-urine
export is the most promising concept for therapy of manganism [119].
In some cases, mercury exposure appears to precipitate PD-mimetic
symptoms, and in such cases, mercury chelation may alleviate the
disease [64].

However, rather than environmental manganese or mercury ex-
posure, the dysmetabolism of iron (Fe) with elevated cytosolic Fe in SN
appears to be a crucial factor associated with neurotoxicity and neu-
rodegeneration in PD, mainly due to the interactions of the electrophilic
Fe-III-ions with dopamine [21]. Here, it is of great interest that neu-
roprotective effects using iron chelators like clioquinol have been ob-
served (Fig. 1), as well as of apomorphine (Fig. 2), deferoxamine and
deferiprone in mouse or rat PD models [6,38,41,120].

In addition to its chelation properties, apomorphine is an efficient
dopamine agonist, which also has antioxidant activity [121]. It is a
highly lipophilic compound, which rapidly penetrates BBB into the
central nervous system (CNS) including into SN [122]. However, apo-
morphine is an acidic compound that has an emetic action when ad-
ministered orally, and the most appropriate administration route in PD
would be intermittent subcutaneous infusion [121]. Caffeine and ni-
cotine tablets can also act as iron chelating drugs [12]. Postuma et al.
[123] studied 61 patients, mean age 60 years, with PD in a two-month
trial of caffeine. Thirty of the patients got caffeine pills, while the re-
maining 31 subjects received placebo capsules. In the study, the pa-
tients who received the caffeine pills improved compared to a placebo
group [123]. The patients in the study who had received caffeine re-
ported in general that motor symptoms such as movement difficulties
and muscle stiffness had improved.

About nicotine, the conclusion in a meta-analysis of 41 placebo-

Fig. 1. Chemical structures of clioquinol (left) and deferiprone (right).

Fig. 2. The chemical structures of apomorphine and dopamine. Through their
vicinal oxygen donor groups, both these compounds can bind the electrophilic
iron ions.
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controlled studies on nicotine was that it has positive effects on atten-
tion, working memory, and motor abilities [124]. Interestingly, the
nicotine molecule has high affinity to Fe(III) [125]. Although a com-
ponent of the cerebral effects of nicotine is related to its activation of
nicotinic receptors with synergism with dopamine receptors, a sig-
nificant part of its neuroprotection in PD may be due to better BBB
penetration than most other chelators, and intra-neuronal chelation of
iron [126].

By improving iron dysmetabolism, chelation therapy can have some
advantage over L-dopa administration in PD patients [12,127,128]. The
use of deferiprone as an iron chelator seems to normalize iron meta-
bolism and reduce accumulated iron levels in the CNS, especially in PD
patients with low ceruloplasmin (ferroxidase) activity [129]. Oral ad-
ministration of the low-molecular-weight iron-chelator, deferiprone, is
about to be widely investigated in PD and PD models [38].

A recently studied iron chelator, hinokitiol, may protect against
neuronal loss in neurodegenerative disorders [130] (Fig. 3).

Other iron chelators, including lipophilic agent VK-28 (5-[4-(2-hy-
droxyethyl) piperazine-1-ylmethyl]-quinoline-8-ol) and desferal, effec-
tively mobilize iron deposits. However, desferal that do not cross the
blood-brain barrier appeared to be less efficient than VK-28 in detox-
ification of SN iron excesses [131].

In summary, the iron chelators deferiprone, apomorphine, hinoki-
tiol, and VK-28 show efficacy in chelating iron from susceptible cere-
bral regions. Administration of erythropoietin by injections might also
reduce pathological iron deposits, increase hemoglobin values, and
thereby alleviate iron dysmetabolism and clinical symptoms in PD
[132]. Taken together, the positive observations of iron mobilization on
symptoms of parkinsonism consistently observed in minor experimental
and clinical studies in different parts of the World may point to a new
strategy in the pharmacological approach to this disease.

10. Conclusions

Numerous studies have demonstrated associations between PD
progression and increased levels of iron in substantia nigra together with
mitochondrial dysfunction. Exposure to pesticides such as rotenone and
paraquat as well as exposure to mercury and some other metals appear
to promote these characteristic pathological traits in the vulnerable
cells. Exposure to mercury and local iron excesses may be of importance
in the development of PD. It is noticed that there are many similar
effects between the neurodegenerative changes of PD and the neuro-
toxicity of mercury [6]. The metals lead and iron have a synergistic
effect when they are present together with mercury. Different metals,

including mercury, and several pesticides and other environmental
pollutants, may be factors in PD development.

Chelation of iron excesses and support of the detoxification me-
chanisms in PD with antioxidants and glutathione precursors may re-
store mitochondrial functions. Large clinical trials that are adequately
controlled are highly requested to investigate these issues further, in
particular, the hypothesized therapeutic role of iron mobilization from
substantia nigra for arresting the progression of PD.
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