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Abstract: Genetic background accounts for only 5 to 10% of the reported cases of Parkinson's 
disease (PD), while the remaining cases are of unknown etiology. It is believed that environ-
mental factors may be involved in the causality of a large proportion of PD cases. Several PD 
genes are activated by xenobiotic exposure, and a link between pesticide exposure and PD has 
been demonstrated. Many epidemiological studies have shown an association between PD and 
exposure to metals such as mercury, lead, manganese, copper, iron, aluminum, bismuth, 
thallium, and zinc. This review explores the biological effects, the pathogenetic processes, 
genetic susceptibilities to metals as well as examining future strategies for PD treatment, such 
as chelation therapy.  
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1. INTRODUCTION 

Parkinson's disease (PD) is the most common mus-
cular functioning disorder, and it is the second most 
common neurodegenerative disorder after Alzheimer's 
disease (AD). It is known as a neurodegenerative dis-
ease, characterized by neuronal cell loss in the substan-
tia nigra and subsequently a reduction of dopamine 
secretion [1]. The prevalence of PD has increased in 
industrialized nations and will continue to increase 
alongside the longevity of the population [2, 3]. PD 
compromises the central nervous system (CNS), im-
pairing the brain’s ability to coordinate movements 
through the dopamine system in different areas of the 
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brain, also involving many cognitive functions such as 
the activity of the frontal lobes [4]. Also, the induced 
removal of dopamine D2 receptors in adult mice im-
pairs locomotion, motor skill learning and leads to a 
severe “Parkinson’s-like pathology” [5]. Bradykinesia 
(slowness) is the most common characteristic [6], and 
often the first symptom of PD, followed by other symp-
toms such as tremor, rigidity, hypokinesia, and 
symptoms from the autonomic nervous system. Akine-
sia or muscle rigidity is also another common symp-
tom, culminating with the loss of motility in PD pa-
tients. Other neurological complications are also very 
common in PD patients, such as dementia, which af-
fects up to 90% of the PD patients [7]. In general, PD 
symptoms augment in complication and increase diffi-
culties as the disease progresses [8]. 

The etiology of PD is largely unknown. About 25% 
of cases in the autonomic nervous system have been 
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attributed to the consumption of medications, poison-
ing, cerebrospinal meningitis, and some other factors 
[9-11]. Also, the etiology of 75% of cases is unknown 
and commonly named as idiopathic PD [12]. Several 
studies have attempted to identify some genetic risk 
factors of PD, but, most cases are sporadic (>90%), and 
genetic background only accounts for 5-10% of PD 
cases, suggesting that environmental factors could play 
a crucial role. Additionally, in a landmark epidemiol-
ogical study of nearly 20,000 pairs of twins, no definite 
genetic cause was identified to explain the occurrence 
of PD, leading the authors to conclude that PD is an 
environmentally influenced disorder [13]. It has also 
been proposed that circadian rhythm disorder is an en-
vironmental risk factor for developing PD [14]. After 
reports about parkinsonism caused by MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) exposure 
in intravenous drug users, generated as an inadvertent 
by-product of illicit narcotic synthesis [15, 16], much 
attention has been given to the role of environmental 
factors in PD.  

Furthermore, exposure to different pesticides 
(rotenone, paraquat i.e. N,N'-dimethyl-4,4'-bipyridine 
dichloride), maneb, and manganese ethylene-1,2-bis-
dithiocarbamate, polymer has been associated with an 
increased risk of PD [17-22]. In addition to pesticides, 
dozens of other commonly encountered environmental 
toxicants have been implicated in PD, such as metals, 
solvents, and other pollutants [23-25].  

Previous studies have shown alternations in the 
levels of metals in the brain of deceased PD patients 
compared to non-PD controls of similar age [26], and 
some authors suggested in the past that elevated 
exposure to metals might be associated with an 
increased risk of PD [27]. Furthermore, it has been re-
ported that accumulation of manganese, as well as 
excessive intake of iron, could have contributed in the 
etiology of non-depressive PD [28]. A study demon-
strated that elevated iron levels stimulated oxidative 
stress in PD and metal-induced oxidative stress is in-
volved in the etiology of PD [29]. Also, it has been 
reported that prevalence rates of PD in Europe (e.g., 
Estonia), are not significantly higher in urban areas 
than rural ones [30]. Considering the evidence concern-
ing the potential role of metals on PD, in this article, 
we have explored the potential relationship between 
metal levels and PD, alongside potential mechanisms 
by which several metals could contribute to the devel-
opment of PD. 

 

2. RELEVANCE OF METALS IN PARKINSON’S 
DISEASE  

Some metals with neurotoxic effects have been 
associated with secondary parkinsonism. Manganese 
was one of the major elements associated with parkin-
sonism [31]. In fact, a large number of metals such as 
mercury, copper, and others can be released from metal 
body implants such as dental restorations, phagocyted 
by blood macrophages, and transported into the brain. 
Additionally, mercury as vapor needs no transporta-
tions through macrophages, because it can easily pene-
trate through the blood-brain barrier (BBB) [32, 33]. 
Upon apoptosis, the metal debris is released in the 
brain and can be taken up by brain macrophages, such 
as glial cells and neuro-melanocytes. In this respect, it 
is interesting to note that neuro-melanocytes in sub-
stantia nigra are one of the cell types involved in the 
synthesis of dopamine [34, 35].  

The role of metals in PD pathogenesis is still a great 
concern in neurotoxicology and medical chemistry [36-
40]. This role is exerted either by metallic toxicants or 
by depletion in essential metals for human health. Iron 
deficiency, for example, when occurring as an impaired 
function in either the peripheral or central nervous 
system, may cause PD with restless legs syndrome, as 
it contributed to the decrease of brain dopamine and 5-
HT [41]. Also, iron deposition in the deep grey matter 
nuclei in the basal ganglia and midbrain was associated 
with PD pathogenesis [42]. Cigarette smoking in-
creases the retention of radon daughters, Pb210 and 
Bi210, coming from air pollution, which are causative 
factors of PD [43]. Actually, some evidence exists 
about the correlation between cumulative lead exposure 
and Parkinson’s disease [44], often associated with in-
dustrial toxicants or with occupational medicine [45]. 
Neuro-melanocytes are brain macrophages with the 
ability to collect toxic metal oxides [46]. Therefore, 
ingested metal debris could impair the viability of 
neuro-melanocytes and thus dopamine production.  

Several epidemiological studies have shown a 
significant association between PD and long-term 
exposure to metals such as mercury, lead, manganese, 
copper, iron, aluminum, bismuth, titanium and zinc 
after two to three decades of chronic exposure to 
multiple metals [31, 47-53]. The main sources of 
exposure result from occupational exposure, 
environmental pollution, contaminated seafood, 
medications, and dental metals restorations such as 
amalgam fillings [27, 47, 49, 50, 54-64]. Occupational 
exposure to iron, aluminum, and manganese have been 
found to double the risk of PD [47, 65]. A 2- to 10-fold 
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increase in the risk of PD has also been shown in 
workers occupationally exposed to lead, manganese, or 
copper for more than 20 years. On a larger scale, a 
positive correlation between industrialization and the 
prevalence of PD was observed in China [62]. Also, in 
Michigan during 1986-1988, significantly higher mor-
tality rates of PD were found in counties having ele-
vated levels of iron, copper, or activity of chemical in-
dustries compared to counties without these industries 
[27]. It is a consensus that PD is not a fatal disease, but 
people may die from causes related to it. A high preva-
lence of PD was observed in Valcamonica, Italy where 
environmental exposure to metals occurred. After this 
concurrence, neuropsychological symptoms were exac-
erbated in PD patients exposed to metals without any 
detectable role of genetic factors [56]. In other parts of 
the world, metal exposures have also exacerbated the 
PD symptoms. In Canada, for example, higher ambient 
manganese levels in the air increased the risk of PD 
and shortened the age of PD diagnosis [66]. The asso-
ciation between PD and industrialization is of particu-
lar interest, as PD was first identified in 1817 in Eng-
land by James Parkinson shortly after the beginning of 
the industrial revolution. This period is marked by a 
dramatic increase in the rate of coal burning for energy 
generation in all major English cities, particularly Lon-
don and Manchester. Due to the lack of emission con-
trol technologies, these newly industrialized major cit-
ies experienced high levels of pollution. Additionally, 
during this period, mercury was extensively used as a 
medicine against syphilis and other diseases that re-
sulted in intoxications [67]. As an example, calomel 
(Hg (I) chloride, Hg2Cl2) was used in teething powders 
[68, 69]. 

2.1. Manganese 

Maneb, a manganese-containing fungicide, has been 
associated with PD risk [55]. Six patients developed 
parkinsonism after a ventilation failure in a ferroman-
ganese smelter. After prolonged ingestion of 1,7 grams 
of manganese in microalgae nutritional supplement, a 
patient developed parkinsonism [70, 71]. Following 
occupational manganese exposure, a 51-year-old man 
developed parkinsonism [72]. 

Numerous cases of rapid-onset parkinsonism have 
been observed in young adult intravenous drug users 
exposed to manganese via ephedrone (methcathinone) 
abuse [73-76]. Permanganate is used as a catalyst when 
preparing ephedrone from pseudoephedrine, and man-
ganese dioxide remains as a contaminant in the drug 
[74]. This resembles earlier reported cases of drug us-

ers developing rapid-onset parkinsonism induced by 
intravenous MPTP [77], which is produced when the 
opioid MPPP is incorrectly synthesized. 

2.2. Mercury 

Parkinson’s disease onset has been associated with 
exposure to elevated levels of mercury [58]. In fact, 
mercury has not only been associated with the inci-
dence of PD, but several similarities between the ef-
fects of mercury exposure/ingestion, and the symp-
toms/consequences of PD have been identified (Table 
1). Detectable blood mercury levels were six times 
more frequent in individuals with PD than in healthy 
controls [78]. In another larger study, significantly 
higher blood Hg levels were seen in PD patients com-
pared to controls, and mercury exposure was associated 
with an 8-fold increase in the risk of developing PD 
[57]. After adjusting for sources of mercury exposure 
such as dental amalgam, long-lived fish consumption 
(such as tuna), medications, and occupational expo-
sures. A robust dose-response relationship between 
blood mercury levels and PD was found [79].  

After being occupationally exposed to mercury in a  
chlorine factory for 30 years, a patient developed park- 
insonism [52]. A 47-year-old dentist with parkinsonism  
was found to be intoxicated with mercury. Following  
chelation treatment, he regained health [80]. In dentists  
and dental assistants who are occupationally exposed to  
mercury from dental amalgam, an elevated mortality of  
PD and dementia has been described [60]. Among sev- 
eral professions, dentists were the most common  
among PD patients [81]. In one retrospective case- 
control study, PD patients had a significantly higher  
number of amalgam fillings before the onset of the dis- 
ease compared to controls [61]. It has also been dem- 
onstrated that patients exposed to dental amalgam fill- 
ings were ~1.6 times more likely to have PD in com- 
parison with their non-exposed counterparts after ad- 
justing for comorbidities and Charlson-Deyo Comor- 
bidity Index (CCI) scores [1]. 

In industrialized countries, dental amalgams are the 
single largest source of mercury exposure [82, 83]. For 
the general population, amalgam fillings also are the 
primary source of mercury in the CNS [84]. The uptake 
of mercury from amalgams follows mainly two path-
ways. First, mercury vapors released from the amalgam 
are inhaled and subsequently absorbed (80% in the 
airways), and secondly, eroded or abraded amalgam 
particles are swallowed. A small amount of the in-
gested mercury particles is potentially oxidized during 
digestion. About 10% of the ingested mercury is reab-
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sorbed as Hg2+ [84, 85]. Mercury can also be taken up 
in the nerve endings and transported in a retrograde 
direction to ganglia and central nerve cells [86, 87]. 
Mercury increases in the brain in proportion to the 
number or the surface area of the subjects’ amalgam 
fillings [88]. Removal of amalgam fillings in mercury-
sensitized patients has been shown to improve general 
health in patients with chronic fatigue syndrome, fi-
bromyalgia and various autoimmune diseases [89-91]. 
It is also worth mentioning that bismuth, thallium, and 
metal tin also rarely damage the basal ganglia and have 
been linked with myoclonus, tremor, chorea, and 
ataxia, accompanied by psychiatric symptoms - 
psychotic or behavioral disorders or depression [92, 
93]. 

2.3. Synergistic toxicity 

Metals may increase the toxicity of other metals and 
pesticides. Synergistic effects were seen between met-
als and PD with combined exposures of iron-copper, 
lead-copper, and lead-iron compared to the effects of 
single metals [47, 49, 50]. Mercury exhibits synergistic 
effects when combined with other metals such as lead, 
aluminum, manganese, cadmium, and zinc, 
exacerbating mercury toxicity even at low and non-
toxic doses [94-99]. In animal and cell studies, pesti-
cides and metals were also found to have synergistic 
effects when combined [100-102]. When a solution of 
mercury which kills 1 in 100 rats (LD1Hg) is combined 
with a solution of lead which also kills 1 in 100 rats 
(LD1Pb), all of the rats die when exposed 
(LD100Hg+Pb) [98]. In another animal study involving 

rats, synergistic effects were seen when low levels of 
mercury, lead, and manganese were combined [97]. 
Mercury combined with safe levels of aluminum hy-
droxide or the antibiotic neomycin significantly in-
creased neuronal mortality in an in vitro study [96]. 
Zinc also exacerbated the toxicity of mercury, by in-
creasing cytotoxicity and the inhibition of tubulin [94, 
95, 99]. Interestingly, a DJ-1 protein that is known as a 
PD-associated protein protects cells from toxic stresses 
and can bind both mercury and lead [102]. Genetic 
variants of DJ-1 protein exert no protective effects on 
mercury toxicity and, therefore, increase the risk for 
PD [102, 103]. 

Several epidemiological studies have shown a 
strong association between pesticide exposure and PD 
[104-106]. On the other hand, pesticides and metals 
promote the aggregation of α-synuclein, a small, highly 
abundant and conserved presynaptic protein with neu-
rodegenerative effects. Its aggregation is an important 
step in the etiology of PD [107,108]. For example, ions 
of Cu(II) are efficient in the aggregation of α-synuclein 
at related physiological contents without changing of 
the resultant fibrillar constructions [109, 110]. It has 
been shown that since some divalent metals such as 
manganese and iron bind with C-terminus of α -
synuclein with low-affinity, non-specific binding inter-
face, copper interacts at the N-terminal region of α -
synuclein at a high affinity and it is the most potent 
metal in the aggregation of α-synuclein filament as-
sembly [111]. Iron combined with the herbicide 
paraquat synergistically accelerates the age-related loss 
of nigral dopaminergic neurons [100]. In an animal 

Table 1. Similarities between the effects caused by mercury (Hg) exposure/ingestion and the consequences of Parkin-
son’s disease. 

Mercury Exposure/Ingestion Parkinson's Disease 

Loss of dopamine receptors Significant loss of dopaminergic neurons occurs before onset of PD symptoms 

Tubulin degeneration Degeneration of tubulin, high tubulin content in dopaminergic neurons 

Axon degeneration Degeneration of axons 

Glutathione depletion Appears to be a central event, first biochemical event in the substantia nigra 

Glutamate increased Increased glutamate, results in a loss of dopaminergic neurons 

Amyloid-β increased Increased amyloid-β, promotes α-synuclein aggregation 

Tau phosphorylation Phosphorylation of tau is a crucial abnormality, promotes α-synuclein aggregation 

Mitochondrial dysfunction Mitochondrial dysfunction appears to play a major role 

Glutathione susceptibility Increased risk of PD, earlier onset of PD 

APOEe4 susceptibility Increased risk of PD, PD with dementia (PDD), earlier onset of PD, and an earlier onset of psychosis in 
PD 
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experiment, developmental exposure to paraquat or the 
manganese-containing fungicide maneb produces 
minimal changes in the nigrostriatal dopamine system 
alone. However, a significant reduction in striatal do-
pamine levels is seen when both maneb and paraquat 
are combined. 

There is also some evidence suggesting a gender ef-
fect, males having a twice as high risk of developing 
PD than women [112]. This can be due to the fact that 
estrogen protects neurons from mercury while testos-
terone synergistically enhances the toxicity of mercury 
[96, 113].  

2.4. Effect of Metal Exposure on Dopaminergic 
Neurons 

Parkinson's disease is characterized by a significant 
and selective loss of dopaminergic neurons in the sub-
stantia nigra of the brain, which occurs before the ap-
pearance of the first symptoms. Oxidative stress con-
tributes to the process leading to dopaminergic neuron 
degeneration [114]. A depletion of glutathione in the 
substantia nigra occurs before this, which is the earliest 
biochemical effect reported [115]. This loss is believed 
to play a crucial role in PD, with a 40-90% reduction of 
glutathione seen in the substantia nigra as the disease 
advances [116-118]. This loss of glutathione correlates 
with the severity of the disease and the loss of dopa-
minergic neurons [116]. Increased lipid peroxidation 
and impaired mitochondrial function are also seen in 
the substantia nigra of PD patients, and in other areas 
of the PD brain, evidencing oxidative stress.  

Substantia nigra dopaminergic neurons have long 
axons containing microtubules, consisting of tubulin 
molecules [119]. Tubulin formation is inhibited by very 
low doses of inorganic mercury while other ATP- or 
GTP-binding proteins are not [120, 121]. Tubulin has 
at least 14 sulfhydryl groups (SH-), and mercury binds 
to sulfhydryl with a very high affinity. Therefore, it is 
postulated that mercury could interact with in func-
tional loss of tubulin and the formation of neurofibril-
lary tangles. On the other hand, the effect of wild-type 
α-synuclein on the partitioning between microtubules 
and tubulin dimers revealed that Parkinson's disease-
linked mutants lose this capability [122]. Other metals 
such as aluminum, iron, lead, and zinc are not able to 
inhibit binding of tubulin to GTP [123,124]. 

Analysis of brain tissues from PD patients showed 
elevated levels of aluminum, iron, and zinc in the 
substantia nigra compared to controls [125-129]. In the 
substantia nigra of PD patients, the accumulation of 
iron was twice as much compared to controls [125]. 

This was confirmed in other studies. Thus, high levels 
of trivalent iron were found in Lewy bodies and dopa-
minergic neurons of the substantia nigra of PD patients. 
In adult rats, unilateral injection of Fe (III) chloride 
into the substantia nigra resulted in a selective decrease 
in striatal dopamine (95%) and impairment of dopa-
mine-related behavioral responses indicating that iron 
may initiate the loss of dopaminergic neurons in PD 
[130]. The uptake of 11C-nomifensine, a potential 
ligand for the evaluation of monoamine re-uptake sites 
at the presynaptic dopaminergic terminals, was reduced 
within the striatum following subcutaneous injections 
of manganese oxide, showing that exposure to 
manganese may lead to a loss of dopaminergic neurons 
as well [131,132]. The exposure to metals with a high 
affinity for sulfhydryl groups such as Hg, Cd, Cu, and 
Zn resulted in the reduction of D2 dopamine receptor 
sites. Low concentrations of Hg (1 mM) were able to 
abolish completely D2 dopamine receptors while the 
administration of 3 mM of copper or cadmium only 
caused a 40-60% reduction in dopamine receptors 
[133]. 

Mercury targets areas of the brain which are not 
able to detoxify mercury [134-136]. Even at the lowest 
levels, inorganic mercury causes neurodegeneration 
within minutes of exposure. Very low levels of inor-
ganic mercury lead to the destruction of intracellular 
microtubules and the degeneration of axons. This dra-
matic neurodegenerative cascade is specific for mer-
cury and was not found with other metals such as 
aluminum, cadmium, lead, or manganese [137]. Mer-
cury depletes glutathione [113, 138] and impairs mito-
chondrial function [139-141]. 

3. METAL-INDUCED OXIDATIVE STRESS IN 
PARKINSON’S DISEASE 

Oxidative stress is considered one of the major 
causes of the Parkinson’s disease pathogenesis [142]. 
Oxidative stress causes mitochondrial dysfunction 
[143]. Patients with PD have an upregulation in ROS 
production and oxidative stress [144]. Furthermore, 
these subjects have impaired mitochondrial 
functionality [145]. The increased level of oxidative 
stress in PD patients is reflected by elevated iron levels 
[127], nucleic acid oxidation [146], elevated lipid 
peroxidation [127, 147] and low contents of the 
antioxidant glutathione (GSH) in the dopaminergic 
zones of the brain [148]. In substantia nigra of PD 
patients, increased contents of nitrated and oxidized 
proteins are found [149]. Exploration of substantia 
nigra pars compacta as well as by postmortem studies 
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have indicated nigral cell degeneration as a result of 
oxidative stress [150]. The impact of oxidative stress in 
neurodegeneration in animal models of PD has also 
been demonstrated [151]. Furthermore, it has been 
demonstrated that iron induces oxidant and oxidative 
stress to the dopaminergic nigrostriatal system, that 
shows an important effect in the PD pathogenesis 
[152].  

Moreover, the post-translational modifications of α-
synuclein and other neuronal proteins such as tau could 
be as a result of the redox metal ions and oxidative 
stress [153]. 

4. THE ROLE OF METALS IN GLUTATHIONE 
DEPLETION AND GLUTAMATE NEUROTOX-
ICITY IN PARKINSON’S DISEASE 

4.1. Selenium and Selenoproteins 

Selenium is an essential trace element for humans 
and is an integral part of the enzyme glutathione per-
oxidase (GPx), which protects the organism against 
oxidative damage by reducing lipid peroxides and hy-
drogen peroxide in the presence of glutathione. Sele-
nium is found in GPx as the amino acid selenocysteine.  

Selenium has been found to be a very good antidote 
for mercury poisoning in animal experiments [154- 
156]. However, selenium intake is less than optimal for 
much of the world population [154, 155]. When the 
dietary selenium intake is less than optimal, selenium-
antagonistic toxic metals, such as mercury, cadmium, 
and silver, bind selenium in a biologically inert form as 
heavily soluble selenides. The toxic metals concerned 
cannot do any harm after they have been precipitated as 
selenides inside the cells, but they reduce the number 
of selenide ions available for the synthesis of 
selenophosphate and selenocysteyl-tRNA, as well as 
for incorporation in the iron-sulphur groups of enzymes 
in the mitochondrial respiratory chain [154, 155].  

Reduced selenium plasma levels in PD patients 
have been found to be significantly associated with de-
creased performance in neurological coordination tests 
[157]. It is thought that dopaminergic neurons may be 
more sensitive to oxidative stress than other cells in the 
brain because they contain dopamine, which is a mole-
cule that can be oxidized to form the electrophilic 
molecule dopamine quinone, which can covalently 
bind nucleophilic amino acid residues such as cysteine 
[158]. It has been hypothesized that selenoproteins, 
which contain a highly nucleophilic selenocysteine 
residue and often play vital roles in the maintenance of 
neuronal viability, are likely targets for dopamine qui-

none [158]. Subfamilies of selenoproteins include GPx, 
iodothyronine deiodinases (DIO), and thioredoxin re-
ductase (TrxR) [159]. 

The expression of GPx4 has been studied in post-
mortem human brain tissue from PD individuals and 
controls [160]. In both control and PD samples, GPx4 
was found in nigral dopaminergic neurons, co-localized 
with neuromelanin [160]. Overall GPx4 was found to 
be significantly reduced in the substantia nigra in PD 
compared to control subjects but was increased relative 
to the cell density of surviving nigral cells [160]. In the 
putamen, GPx4 was found to be concentrated in dys-
trophic dopaminergic axons in PD subjects, although 
overall levels of GPx4 were not significantly different 
compared to control putamen [160]. The upregulation 
of GPx4 expression that was found in surviving neu-
rons of the substantia nigra and the association of this 
protein with dystrophic axons in the striatum of PD 
brain were considered to indicate a possible neuropro-
tective role for GPx4 [160]. 

Exposing intact rat brain mitochondria to dopamine 
quinone resulted in decreases in GPx4 activity and 
monomeric protein levels as well as detection of 
multiple forms of dopamine-conjugated GPx4 protein 
[158]. Evidence of both GPx4 degradation and polym-
erization was observed following quinone dopamine 
exposure [158]. A dose-dependent loss of mitochon-
drial GPx4 was found in differentiated PC12 cells 
treated with dopamine [158]. These observations sug-
gest that a decrease in mitochondrial GPx4 monomer 
and a functional loss of activity may be contributing 
factors to the vulnerability of dopaminergic neurons in 
PD [158]. 

The expression of selenoprotein P (SelP) has also 
been studied in postmortem PD brain tissue [161]. Se-
lenoprotein P in midbrain was present in the neurons of 
the substantia nigra mainly within the centers of Lewy 
bodies, the pathological hallmark of PD [161]. Similar 
to GPx4 expression, SelP-1 expression was signifi-
cantly reduced in the substantia nigra from PD subjects 
compared with control [161]. In the putamen, SelP-1 
was found in cell bodies, dopaminergic axons, and ter-
minals, although levels of SelP-1 were not altered in 
PD subjects compared to controls [161]. Expression 
levels of SelP-1 and GPx4 were found to correlate 
strongly in the putamen of control subjects but not in 
the putamen of PD subjects [161]. These observations 
indicate a role for SelP-1 in the nigrostriatal pathway, 
suggesting that local release of SelP-1 in the striatum 
may be important for signaling and/or synthesis of 
other selenoproteins, such as GPx4 [161].  
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4.2. Glutathione 

Glutathione is crucial for many cellular processes 
and owing to that, it has been associated with the etiol-
ogy of several human degenerative diseases (see Balla-
tori et al. 2009 [162] for an excellent review). Glu-
tathione also plays a central role in the detoxification of 
infectious and non-infectious xenobiotics, which have 
been associated with some cases of Parkinson´s dis-
ease. Depletion of glutathione increases the retention 
and toxicity of mercury as the metal is not being ade-
quately detoxified in the body and/or excreted out of 
the body. Levels of glutathione in the midbrain de-
crease prior to clinical symptoms of PD [117, 163], 
impairing the function of GPx and promoting an in-
creased oxidation [159]. Among the elderly, who are 
primarily affected by PD, glutathione levels are consid-
erably decreased [164]. Therefore, PD patients may 
have an impaired ability to detoxify mercury and other 
xenobiotics due to glutathione depletion, leading to 
increased susceptibility. 

Genetic depletion of glutathione and glutathione S-
transferase (GST) is also a known risk factor for PD 
[116, 165-169]. In a study of 349 PD patients and 611 
controls in a Chilean population, the frequency of the 
double-deleted genotype (-/-) of GST M1 (Glutathione 
S-transferase M1) was significantly elevated in PD 
patients and it was revealed that GST M1 plays an 
important role in the conservation of astrocytes against 
toxic dopamine oxidative metabolism [167]. This 
relation was found to be the strongest among patients 
with an early onset of PD [165]. The most accepted 
mechanism, by which mercury would cause degenera-
tive diseases, is by affecting glutathione balance and 
activity, then triggering oxidative stress and disrupting 
several cellular processes [162, 170]. In a cell culture, 
low doses of mercury have been demonstrated to in-
hibit glutathione activity and to cause an increase in 
oxidative stress [113]. 

4.3. Glutamate 

Glutamate-induced neurotoxicity due to overactivity 
of glutamatergic neurotransmitters results in a loss of 
dopaminergic neurons while a loss of dopaminergic 
neurons leads to increased glutamate toxicity. This is 
due to a balance between nigral inhibitory dopamine 
and excitatory cortical glutamate, which regulates the 
discharge activity of striatal neurons [171-173]. When 
protective mechanisms fail, glutamate accumulates and 
becomes toxic. Additionally, glutamate has a greater 
neurotoxic effect on dopaminergic neurons than other 
neurons [173]. In primate and rodent models of PD, the 

inhibition of glutamate transmission with glutamate 
antagonists demonstrated decreased PD symptoms. 
This effect was greatly increased when glutamate an-
tagonists were administered in conjunction with the PD 
medication levodopa [171, 174]. 

The reuptake of glutamate in astrocytes and other 
cells in the nervous system is inhibited by mercury, 
which results in extracellular accumulation of gluta-
mate [175, 176]. Mercury and lead inhibit glutamine 
synthetase, which converts glutamate to non-toxic glu-
tamine [177]. Therefore, the inhibition of glutamine 
synthetase leads to an increase of glutamate. 

4.4. Apolipoprotein E, Amyloid-β , and α-Synuclein 

Parkinson’s disease is the primary disease associ-
ated with the presence of intracellular, insoluble Lewy 
bodies that are composed of highly stable α-synuclein, 
the causative protein of PD, which forms Lewy bodies 
[178, 179]. Patient brains with Lewy bodies reveal α -
synuclein aggregation in pre-cerebellar brainstem 
structures, indicating resting tremor, unstable gait and 
impaired balance which may be associated with 
cerebellar dysfunction [180]. Lewy body diseases 
(LBD) could induce PD, PD with mild cognitive im-
pairment (PD-MCI), PD dementia (PDD), and demen-
tia with Lewy bodies (DLB) [181]. Accumulation of α-
synuclein in dopaminergic neurons leads to apoptosis 
mediated by reactive oxygen species, although α -
synuclein is not toxic to non-dopaminergic cortical 
neurons where it exhibits a neuroprotective activity 
[182]. Soluble α-synuclein is believed to be a possible 
mediator of neurotoxicity, and the selective neuronal 
loss of dopaminergic neurons may be explained by the 
fact that neurotoxicity of soluble α -synuclein seems to 
be dopamine-dependent [183]. Authors have suggested 
that α -synuclein may be involved in the regulation of 
dopamine biosynthesis by reducing the activity of tyro-
sine hydroxylase [182, 184]. Metals and pesticides 
promote the aggregation of α-synuclein and yield syn-
ergistic effects when combined [107]. Aluminum, 
cadmium, cobalt, copper, iron, and manganese acceler-
ate the fibrillization of α -synuclein, with aluminum 
having the most pronounced effect [107]. Since mer-
cury and lead have not been investigated in this respect, 
further research is urgently needed. 

Mercury causes an increase in the production of 
amyloid-β proteins, which form amyloid plaques in the 
brain [113, 138]. Amyloid-β is believed to be the 
causative protein of AD [185], and amyloid-β has also 
been implicated in PD [186-192]. There is increasing 
evidence that amyloid-β promotes the aggregation of α-



Metals and Parkinson's Disease Current Medicinal Chemistry, 2018, Vol. 25, No. 19    2205 

synuclein to form fibrils [186, 188, 189, 191, 192]. 
Amyloid-β and α-synuclein may directly interact in 
vitro [188], and amyloid-β promotes the toxicity and 
aggregation of α -synuclein in vivo [189, 192]. This is 
of particular interest since several authors have 
confirmed that the pathology of AD and PD overlap in 
a heterogeneous group of syndromes recognized as 
Lewy body disease (LBD) [193-198]. Furthermore, 
increased consumption of whale meat and blubber, re-
sulting in exposure to methylmercury and polychlori-
nated biphenyls (PCBs), was significantly associated 
with PD in a much larger study [59].  

Dementia in PD strongly correlated with the 
amyloid-β burden, which is significantly higher in the 
striatum [187]. The brains of PD patients have 
significantly more vascular amyloid-β deposits than the 
brains of controls [190].  

The APOEe4 allele is associated with an increased 
risk of developing either AD and PD [199-203] in 
addition to PD with dementia (PDD) and familial PDD 
[199, 204-209]. In fact, the presence of some clinical 
features in PD patients has been associated with the 
APOEe4 allele [199]. An earlier onset of PD and an 
earlier onset of psychosis in PD have also been 
associated with an elevated expression of the APOEe4 
allele [200, 202, 205, 207, 209]. Cortical Lewy body 
burden is significantly associated with amyloid plaque 
burden, which increases a 50% further in PD patients 
with a higher amyloid plaque load. The apolipoprotein 
E e4 (APOEe4) allele is also overrepresented in this 
subgroup [186]. 

 The APOEe4 also appears to increase susceptibility 
to the neurotoxic effects of lead and mercury [210, 
211]. These associations may be explained by the fact 
that APOEe4 allele has reduced detoxifying capabili-
ties compared to the other two subtypes (APOEe2, 
APOEe3). Unlike these two subtypes, the APOEe4 al-
lele does not contain any sulfhydryl- groups, which 
may have the ability to bind to and detoxify metals 
such as lead and mercury [121, 212]. 

4.5. Tau Protein Hyperphosphorylation 

Phosphorylated tau in Lewy bodies is a characteris-
tic abnormality of PD, AD, and LBD. Phosphorylated 
tau is found in synaptic-enriched fractions in the frontal 
cortex in PD and LBD, which indicates increased tau 
phosphorylation at the synapses [213]. In vitro and in 
vivo, the increase of tau phosphorylation has been 
found to be strictly dependent on the presence of ag-
gregated α -synuclein, which parallel each other and 

indicate that they modulate the pathogenicity of one 
another [214-216]. 

Mercury promotes tau protein hyperphosphorylation 
in neuronal cell cultures within 24 hours, even at very 
low doses [113]. Although cobalt reduces glutathione 
levels and stimulates the secretion of amyloid-β in neu-
ronal cell cultures, it does not hyperphosphorylate tau-
protein. These changes caused by cobalt are, however, 
only observable at concentrations considerably higher 
than mercury (~1700 fold higher) [113,138]. Both alu-
minum and iron (III) promote the aggregation of hy-
perphosphorylated tau in vitro. Again, this has only 
been demonstrated at concentrations much higher than 
those required for mercury [217, 218].  

5. CHELATION THERAPY 

Chelation therapy is the medical use of chelating 
agents (chelators) to remove, through complex forma-
tion, metals from looser chemical compounds in the 
body [219]. After receiving only a week of chelation 
treatment for metal intoxication, clinical improvements 
of parkinsonism were reported in a patient intoxicated 
with mercury. During a 5-year follow-up period after 
the initial improvement from treatment, the patient's 
neurological status remained stable [66]. In a patient 
with PD induced by manganese, chelation treatment led 
to a dramatic improvement of MRI abnormalities in the 
brain and a gradual improvement of symptoms [71].  

Similar observations were made in workers who de-
veloped parkinsonism after manganese exposure. The 
symptoms resemble the symptoms of PD. Herrero  
Hernandez and colleagues (2006) applied calcium 
EDTA chelation therapy in seven workers with 
parkinsonism, who had deposition of manganese in 
their basal ganglia. Excellent clinical outcome and 
reduction on manganese in the blood were observed in 
four out of seven patients; one patient showed mild 
improvement of symptoms [220]. 

Calcium EDTA is a fairly safe drug if used by a 
trained health professional [219]. It seems to be helpful 
in the treatment of manganese-induced parkinsonism 
[220]. As opposed to PD, manganese-induced parkin-
sonism affects the globi pallidi mostly. However, in 
some cases of manganese-induced parkinsonism, MRI 
detects manganese deposits also in the substantia nigra. 
Thus, EDTA chelation therapy could be useful in pa-
tients with PD as well, especially since cardiovascular 
problems are a frequent comorbidity in PD. EDTA has 
been used in the treatment of cardiovascular disease for 
many years [221]. 
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In mouse models of PD, neuroprotective and 
neurorestorative effects were seen with iron chelators 
such as apomorphine, clioquinol, deferoxamine, M30, 
and VK-28 [222-227]. In lactacystin-induced dopa-
minergic neurodegeneration, both M30 and VK-28 sig-
nificantly improved behavior, microglial activation in 
the substantia nigra, iron accumulation, and attenuated 
the loss of dopaminergic neurons [227]. Pretreatment 
with subcutaneous injections of apomorphine (5-10 
mg/kg protected against nigrostriatal dopamine neu-
rodegeneration induced by MPTP (24 mg/kg adminis-
tered intraperitoneally) [222, 223]. 

In rat models of PD, iron deposition occurs in sev-
eral parts of the brain, including substantia nigra and 
the globi pallidi [228]. Iron chelators, baicalin, and de-
feroxamine, substantially inhibited iron accumulation 
and had a protective effect on dopaminergic neurons. 
Iron chelation in PD has been previously reviewed 
[229].  

In a study of Febbraro and colleagues (2013), 
chronic intranasal deferoxamine ameliorated motor 
defects and pathology in the α-synuclein Parkinson’s 
model [230]. Recent research on the so-called metal 
protein attenuating compounds (MPACs) has reported 
that these small molecules are useful to prevent 
abnormal interactions of metals (such as copper, zinc, 
iron) in the brain with endogenous metal-binding 
proteins (such as amyloid-beta peptide [Abeta] or 
neuromelanin) that may lead to oxidative stress and 
neurodegenerative disorders and showed promising 
therapeutic effect on several pathologies [231-234]. 
These molecules are different from traditional chelators 
and due to their chemical properties and hydrophobic-
ity (such as clioquinol) they can cross the blood-brain 
barrier [235, 236]. MPACs improve irregular interac-
tions of metals and remove metals from tissues. Fur-
thermore, they promote the clearance (and 
solubilization) of beta-amyloid and control redox inter-
actions that produce neurotoxic hydrogen peroxide. 
Actually, MPACs named 8-hydroxyquinoline-2-
carboxaldehyde isonicotinoyl hydrazone have been 
reported as an alternative approach in the 
pharmacological treatment of PD [237].  

Metal ion chelators were assumed to solve the great 
concern of metal toxicants in the pathogenesis of neu-
rodegenerative disorders such as Alzheimer disease or 
PD [238, 239]. Particularly, facilitating iron homeosta-
sis, chelation therapy may bear some advantage in PD 
affected patients [184, 229, 240, 241]. The use of the 
iron chelator deferiprone ameliorated the iron levels, 
reducing its accumulation in the central nervous system 

(CNS) of patients with PD, particularly in those sub-
jects having the lowest ceruloplasmin-ferroxidase ac-
tivity [242]. Currently, in PD subjects with a very 
common iron-chelator, deferiprone is widely used and 
ceruloplasmin activity considered as a prognostic 
marker of chelation [243]. Other iron chelators, such as 
desferal and the VK-28 class of chelators appeared as 
particularly effective in reducing iron accumulation in 
the substantia nigra (pars compacta) [225]. While even 
in PD-induced animal models (such as lesions in the 
striatal dopamine neurons induced by N-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine or by 6-
hydroxydopamine), desferal is not able to affect dopa-
mine metabolism and the related striatal tyrosine hy-
droxylase activity. Evidence suggests that VK-28 iron 
chelators are more neuroprotective than desferal as 
well as more effective in ironing iron out from PD 
brains [225]. In summary, the iron chelator 5-[4-(2-
hydroxyethyl) piperazine-1-ylmethyl]-quinoline-8-ol, 
or VK-28 shows high efficacy in chelating iron without 
inducing a stress response and in the level of 6-
hydroxydopamine [244, 245].  

CONCLUSION 

Numerous epidemiological studies have demon-
strated significant associations between PD and expo-
sure to metals, with several potential mechanisms of 
action being described. While most metals might con-
tribute to the pathology of PD, mercury seems to be the 
most toxic metal. Mercury is neurotoxic in every 
chemical form and appears to be of particular impor-
tance in the development of PD. There are many simi-
larities between the effects of mercury expo-
sure/ingestion and the symptoms/consequences of PD. 
Specific neuronal changes and neurodegenerative ef-
fects, which are typical of PD, are only observable with 
the presence of mercury at the lowest concentrations. 
Especially nigral dopaminergic neurons are very sensi-
tive to mercury due to their high tubulin content and 
increased glutamate toxicity. Furthermore, heavy metal 
pollution might play another fundamental and major 
role in the onset of neurodegenerative diseases. Metals 
such as iron, copper, and lead do exert a synergistic 
effect when in combination with mercury. Taken to-
gether, mercury, as well as other metals, may contrib-
ute to the development of PD. 

The research findings presented in this study sug-
gest that in addition to standard treatment, the removal 
of Hg-containing dental amalgams, supporting body’s 
detoxification mechanisms with glutathione and anti-
oxidants as well as suitable chelation therapy might 



Metals and Parkinson's Disease Current Medicinal Chemistry, 2018, Vol. 25, No. 19    2207 

contribute to the optimal treatment of PD. Properly 
controlled large clinical trials addressing these issues 
are clearly indicated. 

CONSENT FOR PUBLICATION 

Not applicable. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest, financial 
or otherwise. 

ACKNOWLEDGEMENTS  

The authors thank Deniz Yeter for valuable assis-
tance. 

REFERENCES  
[1] Hsu, Y.C.; Chang, C.W.; Lee, H.L.; Chuang, C.C.; Chiu, 

H.C.; Li, W.Y.; Horng, J.T.; Fu, E. Association between 
history of dental amalgam fillings and risk of parkinson’s 
disease: A population-based retrospective cohort study in 
Taiwan. PloS One, 2016, 11(12), e0166552. 

[2] de Lau, L.M.; Breteler, M.M. Epidemiology of Parkinson's 
disease. Lancet Neurol., 2006, 5(6), 525-535. 

[3] Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson's 
disease: why is advancing age the biggest risk factor? Age-
ing Res. Rev., 2014, 14, 19-30.  

[4] Rinne, J.O.; Portin, R.; Ruottinen, H.; Nurmi, E.; Bergman, 
J.; Haaparanta, M.; Solin, O. Cognitive impairment and the 
brain dopaminergic system in Parkinson disease: [18F] 
fluorodopa positron emission tomographic study. Arch. 
Neurol., 2000,1, 57(4),470-475. 

[5] Bello, E.P.; Casas-Cordero, R.; Galiñanes, G.L.; Casey, E.; 
Belluscio, M.A.; Rodríguez, V.; Noaín, D.; Murer, M.G. 
Rubinstein M. Inducible ablation of dopamine D2 receptors 
in adult mice impairs locomotion, motor skill learning and 
leads to severe parkinsonism. Mol. Psychiatry. 2017, 22(4), 
595-604. 

[6] Vizcarra, J.A.; Lang, A.E.; Sethi, K.D; Espay, A.J. Vascular 
Parkinsonism: deconstructing a syndrome. Mov. Disord., 
2015, 30(7), 886-894. 

[7] Gratwicke, J.; Jahanshahi, M.; Foltynie, T. Parkinson's dis-
ease dementia: a neural networks perspective. Brain, 2015, 
138(Pt 6), 1454-1476. doi:10.1093/brain/awv104. 

[8] Lesser, R.P.; Fahn, S.; Snider, S.R.; Cote, L.J.; Isgreen, 
W.P.; Barrett, R.E. Analysis of the clinical problems in 
parkinsonism and the complications of long-term levodopa 
therapy. Neurology, 1979, 29(9 Pt 1), 1253-1260.  

[9] Mogi, M.; Harada, M.; Riederer, P.; Narabayashi, H.; Fu-
jita, K.; Nagatsu, T. Tumor necrosis factor-α (TNF-α) in-
creases both in the brain and in the cerebrospinal fluid from 
parkinsonian patients. Neurosci. Lett., 1994, 165(1), 208-
210. 

[10] Abbaoui, A.; El Hiba, O.; Gamrani, H. Copper poisoning 
induces neurobehavioral features of Parkinson's disease in 
rat: Alters dopaminergic system and locomotor perform-
ance. Parkinsonism Relat. Disord., 2016, 22:e188. 

[11] Sawada, H.; Oeda, T.; Yamamoto, K.; Umemura, A.; To-
mita, S.; Hayashi, R.; Kohsaka, M.; Kawamura, T. Trigger 
medications and patient-related risk factors for Parkinson 
disease psychosis requiring anti-psychotic drugs: a retro-
spective cohort study. BMC Neurol., 2013,13(1), 145. doi: 
10.1186/1471-2377-13-145. 

[12] Rudra, A.; Rudra, P.; Chatterjee, S.; Das, T.; Ray, M.; 
Kumar, P. Parkinson’s disease and anaesthesia. Indian J. 
Anaesth., 2007, 51(5), 382-388. 

[13] Tanner, C.M.; Ottman, R.; Goldman, S.M.; Ellenberg, J.; 
Chan, P.; Mayeux, R.; Langston, J.W. Parkinson disease in 
twins: an etiologic study. JAMA, 1999, 281(4), 341-346. 

[14] Lauretti, E.; Di Meco, A.; Merali, S.; Praticò, D. Circadian 
rhythm dysfunction: a novel environmental risk factor for 
Parkinson’s disease. Mol. Psychiatry., 2017, 22(2), 280-
286. 

[15] Langston, J.W.; Ballard, P.; Tetrud, J.W.; Irwin, I. Chronic 
Parkinsonism in humans due to a product of meperidine-
analog synthesis. Science, 1983, 219(4587), 979-980.  

[16] Christine, C.W.; Langston, J.W.; Turner, R.S.; Starr, P.A. 
The neurophysiology and effect of deep brain stimulation in 
a patient with 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine-induced parkinsonism. J. Neurosurg., 2009, 
110(2), 234-238. 

[17] Tanner, C.M.; Kamel, F.; Ross, G.W.; Hoppin, J.A.; 
Goldman, S.M.; Korell, M.; Marras, C.; Bhudhikanok, G.S.; 
Kasten, M.; Chade, A.R.; Comyns, K.; Richards, M.B.; 
Meng, C.; Priestley, B.; Fernandez, H.H.; Cambi, F.; 
Umbach, D.M.; Blair, A.; Sandler, D.P.; Langston, J.W. 
Rotenone, paraquat, and Parkinson's disease. Environ. 
Health Perspect., 2011, 119(6), 866-872.  

[18] Binienda, Z.K.; Sarkar, S.; Mohammed-Saeed, L.; Gough, 
B.; Beaudoin, M.A.; Ali, S.F.; Paule, M.G.; Imam, S.Z. 
Chronic exposure to rotenone, a dopaminergic toxin, results 
in peripheral neuropathy associated with dopaminergic 
damage. Neurosci. Lett. 2013, 541, 233-237.  

[19] Pezzoli, G.; Cereda, E. Exposure to pesticides or solvents 
and risk of Parkinson disease. Neurology, 2013, 80(22), 
2035-2041.  

[20] Thany, S.H.; Reynier, P.; Lenaers, G. Neurotoxicity of pes-
ticides: its relationship with neurodegenerative diseases. 
Med. Sci. (Paris), 2013, 29(3), 273-278.  

[21] Qi, Z.; Miller, G.W.; Voit, E.O. Rotenone and paraquat 
perturb dopamine metabolism: A computational analysis of 
pesticide toxicity. Toxicology, 2014, 315, 92-101.  

[22] Bastías-Candia, S.; Di Benedetto, M.; D'Addario, C.; Can-
deletti, S.; Romualdi, P. Combined exposure to agriculture 
pesticides, paraquat and maneb, induces alterations in the 
N/OFQ-NOPr and PDYN/KOPr systems in rats: Relevance 
to sporadic Parkinson's disease. Environ. Toxicol., 2015, 
30(6), 656-663.  

[23] Bjørklund, G. (1995). Parkinson’s disease and mercury. J. 
Orthomol. Med., 1995, 10(2), 147-148. 

[24] Bjørklund, G. (1995). Parkinson disease, mercury and other 
heavy metals (in Norwegian). Tidsskr. Nor. Laegeforen., 
1995, 115(6), 757.  

[25] Goldman, S.M. Environmental toxins and Parkinson's dis-
ease. Annu. Rev. Pharmacol. Toxicol., 2014, 54, 141-164.  

[26] Wenstrup, D.; Ehmann, W.D.; Markesbery, W.R. Trace 
element imbalances in isolated subcellular fractions of Alz-
heimer's disease brains. Brain Res., 1990, 533, 125-131.  

[27] Rybicki, B.A.; Johnson, C.C.; Uman, J.; Gorell, J.M. Park-
inson's disease mortality and the industrial use of heavy 
metals in Michigan. Mov. Disord., 1993, 8(1), 87-92. 

[28] Fukushima, T.; Tan, X.; Luo, Y.; Wang, P.; Song, J.; 
Kanda, H.; Hayakawa, T.; Kumagai, T.; Kakamu, T.; Tsuji, 
M.; Hidaka, T. Heavy metals in blood and urine and its rela-
tion to depressive symptoms in Parkinson's disease patients. 
Fukushima J. Med. Sci., 2013, 59(2),76-80. 

[29] Kumudini, N.; Uma, A.; Devi, Y.P.; Naushad, S.M.; 
Mridula, R.; Borgohain, R.; Kutala, V.K. Association of 
Parkinson's disease with altered serum levels of lead and 
transition metals among South Indian subjects. Indian J. 
Biochem. Biophys., 2014, 51(2), 121-126. 



2208    Current Medicinal Chemistry, 2018, Vol. 25, No. 19 Bjørklund et al. 

[30] Taba, P.; Toomas, A. Prevalence of Parkinson's disease in 
Estonia. Acta Neurol Scand., 2002, 106, 276-281. 

[31] Taba, P. Toxic-Induced Parkinsonism. In: Movement Dis-
orders Curricula; Falup-Pecurariu, C., Ferreira, J., Martinez-
Martin, P., Chaudhuri, K.R., Eds.; Springer: Vienna, 2017, 
pp. 225-232. 

[32] Lorscheider, F.L.; Vimy, M.J.; Summers, A.O. Mercury 
exposure from "silver" tooth fillings: emerging evidence 
questions a traditional dental paradigm. FASEB J., 1995, 
9(7), 504-508.  

[33] Mostafa, G.A.; Bjørklund, G.; Urbina, M.A; Al-ayadhi, 
L.Y. The levels of blood mercury and inflammatory-related 
neuropeptides in the serum are correlated in children with 
autism spectrum disorder. Metab. Brain Dis., 2016, 31(3), 
593-599. 

[34] Freed, W.J.; Perlow, M.J.; Karoum, F.; Seiger, A.; Olson, 
L.; Hoffer, B.J.; Wyatt, R.J. Restoration of dopaminergic 
function by grafting of fetal rat substantia nigra to the cau-
date nucleus: long-term behavioral, biochemical, and histo-
chemical studies. Ann. Neurol., 1980, 8(5), 510-519.  

[35] Chu, C.Y.; Liu, Y.L., Chiu; H.C.; Jee, S.H. Dopamine-
induced apoptosis in human melanocytes involves genera-
tion of reactive oxygen species. Br. J. Dermatol., 2006, 
154(6), 1071-1079. 

[36] Montgomery, E.B. Jr. Heavy metals and the etiology of 
Parkinson's disease and other movement disorders. Toxicol-
ogy, 1995, 97(1-3), 3-9. 

[37] Chin-Chan M, Navarro-Yepes J, Quintanilla-Vega B. Envi-
ronmental pollutants as risk factors for neurodegenerative 
disorders: Alzheimer and Parkinson diseases. Front Cell 
Neurosci., 2015, 9, 124. doi: 10.3389/fncel.2015.00124. 

[38] McAllum, E.J.; Finkelstein, D.I. Metals in Alzheimer's and 
Parkinson's disease: Relevance to dementia with Lewy bod-
ies. J Mol Neurosci., 2016, 60(3), 279-288. 

[39] Schuh, M.J. Possible Parkinson's disease induced by 
chronic manganese supplement ingestion. Consult. Pharm., 
2016, 31(12), 698-703. 

[40] Lucchini, R.; Placidi, D.; Cagna, G.; Fedrighi, C.; Oppini, 
M.; Peli, M.; Zoni, S. Manganese and Developmental Neu-
rotoxicity. Adv Neurobiol., 2017, 18, 13-34. 

[41] Piao, Y.S.; Lian, T.H.; Hu, Y.; Zuo, L.J.; Guo, P.; Yu, S.Y.; 
Liu, L.; Jin, Z.; Zhao, H.; Li, L.X.; Yu, Q.J.; Wang, R.D.; 
Chen, S.D.; Chan, P.; Wang, X.M.; Zhang, W. Restless legs 
syndrome in Parkinson disease: Clinical characteristics, ab-
normal iron metabolism and altered neurotransmitters. Sci 
Rep., 2017, 7(1), 10547. doi: 10.1038/s41598-017-10593-7. 

[42] Xuan, M.; Guan, X.; Gu, Q.; Shen, Z.; Yu, X.; Qiu, T.; Luo, 
X.; Song, R.; Jiaerken, Y.; Xu, X.; Huang, P.; Luo, W.; 
Zhang, M. Different iron deposition patterns in early- and 
middle-late-onset Parkinson's disease. Parkinsonism Relat. 
Disord., 2017. doi: 10.1016/j.parkreldis.2017.08.013. 

[43] Momcilović, B.; Alkhatib, H.A.; Duerre, J.A.; Cooley, M.; 
Long, W.M.; Harris, T.R.; Lykken, G.I. Environmental 
lead-210 and bismuth-210 accrue selectively in the brain 
proteins in Alzheimer disease and brain lipids in Parkinson 
disease. Alzheimer Dis Assoc Disord., 2001, 15(2), 106-
115. 

[44] Weisskopf, M.G.; Weuve, J.; Nie, H.; Saint-Hilaire, M.H.; 
Sudarsky, L.; Simon, D.K.; Hersh, B.; Schwartz, J.; Wright, 
R.O.; Hu, H. Association of cumulative lead exposure with 
Parkinson's disease. Environ. Health Perspect., 2010, 
118(11), 1609-1613. 

[45] Firestone, J.A.; Lundin, J.I.; Powers, K.M.; Smith-Weller, 
T.; Franklin, G.M.; Swanson, P.D.; Longstreth, W.T. Jr.; 
Checkoway, H. Occupational factors and risk of Parkinson's 
disease: A population-based case-control study. Am. J. Ind. 
Med., 2010, 53(3), 217-223. 

[46] Enochs, W.S.; Sarna, T.; Zecca, L.; Riley, P.A.; Swartz, 
H.M. The roles of neuromelanin, binding of metal ions, and 
oxidative cytotoxicity in the pathogenesis of Parkinson's 
disease: a hypothesis. J. Neural Transm. Park. Dis. Dement. 
Sect., 1994, 7(2), 83-100.  

[47] Zayed, J.; Ducic, S.; Campanella, G.; Panisset, J.C.; André, 
P.; Masson, H., Roy, M. Environmental factors in the etiol-
ogy of Parkinson's disease (in French). Can. J. Neurol. Sci., 
1990, 17(3), 286-291. 

[48] Winkel, R.; Kuhn, W; Przuntek, H. Chronic intoxication 
with lead- and sulfur compounds may produce Parkinson's 
disease. J. Neural. Transm. Suppl., 1995, 46, 183-187. 

[49] Gorell, J.M.; Johnson, C.C.; Rybicki, B.A.; Peterson, E.L.; 
Kortsha, G.X.; Brown, G.G.; Richardson, R.J. Occupational 
exposures to metals as risk factors for Parkinson's disease. 
Neurology, 1997, 48(3), 650-658. 

[50] Gorell, J.M.; Johnson, C.C.; Rybicki, B.A.; Peterson, E.L.; 
Kortsha, G.X.; Brown, G.G.; Richardson, R.J. Occupational 
exposure to manganese, copper, lead, iron, mercury and 
zinc and the risk of Parkinson's disease. Neurotoxicology, 
1999, 20(2-3), 239-247. 

[51] Kuhn, W.; Winkel, R.; Woitalla, D.; Meves, S.; Przuntek, 
H.; Müller, T. High prevalence of parkinsonism after occu-
pational exposure to lead-sulfate batteries. Neurology, 1998, 
50(6), 1885-1886. 

[52] Miller, K.; Ochudło, S.; Opala, G.; Smolicha, W.; Siuda, J. 
Parkinsonism in chronic occupational metallic mercury in-
toxication. Neurol. Neurochir. Pol., 2003, 37(Suppl. 5), 31-
38. 

[53] Coon, S.; Stark, A.; Peterson, E.; Gloi, A.; Kortsha, G.; 
Pounds, J., Chettle, D.; Gorell, J. Whole-body lifetime oc-
cupational lead exposure and risk of Parkinson's disease. 
Environ. Health Perspect., 2006, 114(12), 1872-1876. 

[54] Aquilonius, S.M.; Hartvig, P. A Swedish county with 
unexpectedly high utilization of anti-parkinsonian drugs. 
Acta Neurol. Scand., 1986, 74(5), 379-382. 

[55] Bocchetta, A.; Corsini, G.U. Parkinson's disease and pesti-
cides. Lancet, 1986, 2(8516),1163. 

[56] Lucchini, R.; Albini, E.; Benedetti, L.; Zoni, S.; Caruso, A.; 
Nan, E.; Pasqualetti, P.; Rossini, P.M.; Binetti, G.; Benussi, 
L.; Parrinello, G.; Gasparotti, R.; Padovani, A.; Draicchio, 
F.; Alessio, L. Neurological and neuropsychological 
features in Parkinsonian patients exposed to neurotoxic 
metals. G. Ital. Med. Lav. Ergon., 2007, 29(3 Suppl.), 280-
281. 

[57] Ngim, C.H.; Devathasan, G. Epidemiologic study on the 
association between body burden mercury level and idio-
pathic Parkinson's disease. Neuroepidemiology, 1989, 8(3), 
128-141. 

[58] Ohlson, C.G.; Hogstedt, C. Parkinson's disease and occupa-
tional exposure to organic solvents, agricultural chemicals 
and mercury - a case-referent study. Scand. J. Work Envi-
ron. Health, 1981, 7(4), 252-256. 

[59] Petersen, M.S.; Halling, J.; Bech, S.; Wermuth, L.; Weihe, 
P.; Nielsen, F.; Jørgensen, P.J.; Budtz-Jørgensen, E.; Grand-
jean, P. Impact of dietary exposure to food contaminants on 
the risk of Parkinson's disease. Neurotoxicology, 2008, 
29(4), 584-590. 

[60] Schulte, P.A.; Burnett, C.A.; Boeniger, M.F.; Johnson, J. 
Neurodegenerative diseases: occupational occurrence and 
potential risk factors, 1982 through 1991. Am. J. Public 
Health, 1996, 86(9), 1281-1288. 

[61] Seidler, A.; Hellenbrand, W.; Robra, B.P.; Vieregge, P.; 
Nischan, P.; Joerg, J.; Oertel, W.H.; Ulm, G.; Schneider E. 
Possible environmental, occupational, and other etiologic 
factors for Parkinson's disease: a case-control study in 
Germany. Neurology, 1996, 46(5), 1275-1284. 



Metals and Parkinson's Disease Current Medicinal Chemistry, 2018, Vol. 25, No. 19    2209 

[62] Tanner, C.M.; Chen, B.; Wang, W.; Peng, M.; Liu, Z.; 
Liang, X.; Kao, L.C.; Gilley, D.W.; Goetz, C.G.; Schoen-
berg, B.S. Environmental factors and Parkinson's disease: a 
case-control study in China. Neurology, 1989, 39(5), 660-
664. 

[63] Dadar, M.; Peyghan, R.; Memari, H.R. Evaluation of the 
bioaccumulation of heavy metals in white shrimp (Litope-
naeus vannamei) along the Persian Gulf coast. Bull. Envi-
ron. Contam. Toxicol., 2014, 93(3), 339-343. 

[64] Dadar, M.; Adel, M.; Saravi, H.N.; Dadar, M. A compara-
tive study of trace metals in male and female Caspian ku-
tum (Rutilus frisii kutum) from the southern basin of Cas-
pian Sea. Environ. Sci. Pollut. Res., 2016, 23(24), 24540-
24546. 

[65] Hegde, M.L.,; Shanmugavelu, P.; Vengamma, B.; Rao, 
T.S.; Menon, R.B.; Rao, R.V.; Rao, K.J. Serum trace ele-
ment levels and the complexity of inter-element relations in 
patients with Parkinson's disease. J. Trace Elem. Med. Biol., 
2004, 18(2), 163-171. 

[66] Finkelstein, Y.; Vardi, J.; Kesten, M.M.; Hod, I. The 
enigma of parkinsonism in chronic borderline mercury in-
toxication, resolved by challenge with penicillamine. Neu-
rotoxicology, 1996, 17(1), 291-295. 

[67] Carocci, A.; Rovito, N.; Sinicropi, M.S.; Genchi G. Mer-
cury toxicity and neurodegenerative effects. Rev. Environ. 
Contam. Toxicol., 2014, 229, 1-18.  

[68] Bjørklund, G. (1995) Mercury and acrodynia. J. Orthomol. 
Med., 1995, 10(2), 145-146. 

[69] Mutter, J.; Yeter, D. Kawasaki's disease, acrodynia, and 
mercury. Curr. Med. Chem., 2008, 15(28), 3000-3010. 

[70] Wang, J.D.; Huang, C.C.; Hwang, Y.H.; Chiang, J.R.; Lin, 
J.M.; Chen, J.S. Manganese induced parkinsonism: an out-
break due to an unrepaired ventilation control system in a 
ferromanganese smelter. Br. J. Ind. Med., 1989, 46(12), 
856-859. 

[71] Ohtake, T.; Negishi, K.; Okamoto, K.; Oka, M.; Maesato, 
K.; Moriya, H.; Kobayashi, S. Manganese-induced Parkin-
sonism in a patient undergoing maintenance hemodialysis. 
Am. J. Kidney Dis., 2005, 46(4), 749-753. 

[72] Kim, J.W.; Kim, Y.; Cheong, H.K.; Ito, K. Manganese 
induced parkinsonism: a case report. J. Korean Med. Sci., 
1998, 13(4), 437-439. 

[73] de Bie, R.M.; Gladstone, R.M.; Strafella, A.P.; Ko, J.H.; 
Lang, A.E. Manganese-induced Parkinsonism associated 
with methcathinone (Ephedrone) abuse. Arch. Neurol., 
2007, 64(6), 886-889. 

[74] Sanotsky, Y.; Lesyk, R.; Fedoryshyn, L.; Komnatska, I.; 
Matviyenko, Y.; Fahn, S. Manganic encephalopathy due to 
“ephedrone” abuse. Mov. Disord., 2007, 22(9), 1337-1343. 

[75] Sikk, K.; Taba, P.; Haldre, S.; Bergquist, J.; Nyholm, D.; 
Zjablov, G.; Asser, T.; Aquilonius, S.M. Irreversible motor 
impairment in young addicts--ephedrone, manganism or 
both? Acta Neurol. Scand., 2007, 115(6), 385-389. 

[76] Stepens, A.; Logina, I.; Liguts, V.; Aldins, P.; Eksteina, I.; 
Platkājis, A.; Mārtinsone, I.; Tērauds, E.; Rozentāle, B.; 
Donaghy, M. A Parkinsonian syndrome in methcathinone 
users and the role of manganese. N. Engl. J. Med., 2008, 
358(10), 1009-1017. 

[77] Langston, J.W.; Ballard, P. Parkinsonism induced by 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP): impli-
cations for treatment and the pathogenesis of Parkinson's 
disease. Can. J. Neurol. Sci., 1984, 11(1 Suppl), 160-165. 

[78] Dantzig, P.I. Parkinson's disease, macular degeneration and 
cutaneous signs of mercury toxicity. J. Occup. Environ. 
Med., 2006, 48(7), 656. 

[79] Sun, H. Association of soil selenium, strontium, and mag-
nesium concentrations with Parkinson’s disease mortality 
rates in the USA. Environ. Geochem. Health, 2017, 7, 1-9. 

[80] Finkelstein, M.M.; Jerrett, M.A study of the relationships 
between Parkinson's disease and markers of traffic-derived 
and environmental manganese air pollution in two Canadian 
cities. Environ. Res., 2007, 104(3), 420-432. 

[81] Goldman, S.M.; Tanner, C.M.; Olanow, C.W.; Watts, R.L.; 
Field, R.D.; Langston, J.W. Occupation and parkinsonism 
in three movement disorders clinics. Neurology, 2005, 
65(9), 1430-1435. 

[82] WHO - World Health Organization. Inorganic mercury. 
Environmental Health Criteria, 118. Geneva: World Health 
Organization, 1991.  

[83] Mutter, J. Is dental amalgam safe for humans? The opinion 
of the scientific committee of the European Commission. J. 
Occup. Med. Toxicol., 2011, 6(2), 1-17. 

[84] Berlin, M.; Zalups, R.K.; Fowler, B.A. Mercury. In: Hand-
book on the Toxicology of Metals, 4th ed.; Nordberg, G.F.; 
Fowler, B.A.; Nordberg, M.; Eds.; Elsevier/Academic 
Press: Amsterdam, 2015; Vol. 2, pp. 1013-1075.  

[85] Bjørklund, G. Mercury in the dental office. Risk evaluation 
of the occupational environment in dental care (in Norwe-
gian). Tidsskr. Nor. Laegeforen., 1991, 111(8), 948-951. 

[86] Arvidson, B. Accumulation of mercury in brainstem nuclei 
of mice after retrograde axonal transport. Acta Neurol. 
Scand., 1990, 82(4), 234-237.  

[87] Arvidson, B. A review of axonal transport of metals. Toxi-
cology, 1994, 88(1-3), 1-14. 

[88] Friberg, L.; Kullman, L; Lind, B; Nylander, M. Mercury in 
the central nervous system in relation to amalgam fillings 
(in Swedish). Lakartidningen, 1986, 83(7), 519-522. 

[89] Stejskal, V.D.; Danersund, A.; Lindvall, A.; Hudecek, R.; 
Nordman, V.; Yaqob, A.; Mayer, W.; Bieger, W.; Lindh, U. 
Metal-specific lymphocytes: biomarkers of sensitivity in 
man. Neuro. Endocrinol. Lett., 1999, 20(5), 289-298. 

[90] Prochazkova, J.; Sterzl, I.; Kucerova, H.; Bartova, J.; Ste-
jskal, V.D. The beneficial effect of amalgam replacement 
on health in patients with autoimmunity. Neuro. Endocri-
nol. Lett., 2004, 25(3), 211-218. 

[91] Stejskal, V.; Öckert, K.; Bjørklund, G. Metal-induced in-
flammation triggers fibromyalgia in metal-allergic patients. 
Neuro. Endocrinol. Lett., 2013, 34(6), 559-565.  

[92] Ovaska, H.; Wood, DM.; House, I.; Dargan, PI.; Jones, 
AL., Murray S. Severe iatrogenic bismuth poisoning with 
bismuth iodoform paraffin paste treated with DMPS chela-
tion. Clin. Toxicol., 2008, 46, 855-857. 

[93] Tsai, Y.T.; Huang, CC.; Kuo, HC.; Wang, HM.; Shen, WS.; 
Shih, TS.; Chu, NS. Central nervous system effects in acute 
thallium poisoning. Neurotoxicology, 2006, 27, 291-295. 

[94] Duhr, E.F.; Pendergrass, J.C.; Slevin, J.T.; Haley, B.E. 
HgEDTA complex inhibits GTP interactions with the E-site 
of brain beta-tubulin. Toxicol. Appl. Pharmacol., 1993, 
122(2), 273-280. 

[95] Haley, B.E. Development and utilization of 8-azidopurine 
nucleotide photoaffinity probes. Fed. Proc., 1983, 42(11), 
2831-2836. 

[96] Haley, B.E. Mercury toxicity: Genetic susceptibility and 
synergistic effects. Med. Veritas., 2005, 535-542. 
doi: 10.1588/medver.2005.02.00070. 

[97] Papp, A.; Pecze, L.; Szabó, A.; Vezér, T. Effects on the 
central and peripheral nervous activity in rats elicited by 
acute administration of lead, mercury and manganese, and 
their combinations. J. Appl. Toxicol., 2006, 26(4), 374-380. 

[98] Schubert, J.; Riley, E.J.; Tyler, S.A. Combined effects in 
toxicology - a rapid systematic testing procedure: cadmium, 
mercury, and lead. J. Toxicol. Environ. Health, 1978, 4(5-
6), 763-776. 

[99] Wataha, J.C.; Nakajima, H.; Hanks, C.T.; Okabe, T. Corre-
lation of cytotoxicity with element release from mercury 



2210    Current Medicinal Chemistry, 2018, Vol. 25, No. 19 Bjørklund et al. 

and gallium-based dental alloys in vitro. Dental Materials, 
1994, 10(5), 298-303. 

[100] Peng, J.; Peng, L.; Stevenson, F.F.; Doctrow, S.R.; Ander-
sen, J.K. Iron and paraquat as synergistic environmental 
risk factors in sporadic Parkinson's disease accelerate age-
related neurodegeneration. J. Neurosci., 2007, 27(26), 
6914-6922. 

[101] Thiruchelvam, M.; Richfield, E.K.; Goodman, B.M.; Baggs, 
R.B.; Cory-Slechta, D.A. Developmental exposure to the 
pesticides paraquat and maneb and the Parkinson's disease 
phenotype. Neurotoxicology, 2002, 23(4-5), 621-633. 

[102] Björkblom, B.; Adilbayeva, A.; Maple-Grødem, J.; Piston, 
D.; Ökvist, M.; Xu, XM.; Brede, C.; Larsen, J.P.; Møller, 
S.G. Parkinson disease protein DJ-1 binds metals and pro-
tects against metal-induced cytotoxicity. J. Biol. Chem., 
2013, 288(31), 22809-22820. 

[103] Natkańska, U.; Skoneczna, A.; Sieńko, M.; Skoneczny, M. 
The budding yeast orthologue of Parkinson's disease-
associated DJ-1 is a multi-stress response protein protecting 
cells against toxic glycolytic products. Biochim Biophys 
Acta., 2017, 1864(1), 39-50. 

[104] Ascherio, A.; Chen, H.; Weisskopf, M.G.; O'Reilly, E.; 
McCullough, M.L.; Calle, E.E.; Schwarzschild, M.A.; 
Thun, M.J. Pesticide exposure and risk for Parkinson's dis-
ease. Ann. Neurol., 2006, 60(2), 197-203. 

[105] Dick, F.D.; De Palma, G.; Ahmadi, A.; Scott, N.W.; 
Prescott, G.J.; Bennett, J., Semple, S.; Dick, S.; Counsell, 
C; Mozzoni, P; Haites, N; Wettinger, S.B.; Mutti, A.; 
Otelea, M.; Seaton, A.; Söderkvist, P.; Felice, A.; 
Geoparkinson study group. Environmental risk factors for 
Parkinson's disease and parkinsonism: the Geoparkinson 
study. Occup. Environ. Med., 2007, 64(10), 666-672. 

[106] Hancock, D.B.; Martin, E.R.; Mayhew, G.M.; Stajich, J.M.; 
Jewett, R.; Stacy, M.A.; Scott, B.L.; Vance, J.M.; Scott, 
W.K. Pesticide exposure and risk of Parkinson's disease: a 
family-based case-control study. BMC Neurol., 2008, 8, 6. 
doi:10.1186/1471-2377-8-6. 

[107] Uversky, V.N.; Li, J.; Fink, A.L. Metal-triggered structural 
transformations, aggregation, and fibrillation of human al-
pha-synuclein. A possible molecular NK between Parkin-
son's disease and heavy metal exposure. J. Biol. Chem., 
2001, 276(47), 44284-44296. 

[108] Uversky, V.N. Looking at the recent advances in under-
standing α -synuclein and its aggregation through the 
proteoform prism. F1000Res., 2017, 6, 525. doi: 
10.12688/f1000research. 

[109] Rasia, R.M.; Bertoncini, C.W.; Marsh, D.; Hoyer, W.; 
Cherny, D.; Zweckstetter, M.; Griesinger, C.; Jovin, T.M.; 
Fernández, C.O. Structural characterization of copper (II) 
binding to α-synuclein: Insights into the bioinorganic chem-
istry of Parkinson's disease. Proc. Natl. Acad. Sci. USA, 
2005, 102(12), 4294-4299. 

[110] Binolfi, A.; Rodriguez, E.E.; Valensin, D.; D’Amelio, N.; 
Ippoliti, E.; Obal, G.; Duran, R.; Magistrato, A.; Pritsch, O.; 
Zweckstetter, M.; Valensin, G. Bioinorganic chemistry of 
Parkinson’s disease: structural determinants for the copper-
mediated amyloid formation of alpha-synuclein. Inorg. 
Chem., 2010, 49(22), 10668-10679. 

[111] Binolfi, A.; Quintanar, L.; Bertoncini, C.W.; Griesinger, C.; 
Fernández, C.O. Bioinorganic chemistry of copper coordi-
nation to alpha-synuclein: Relevance to Parkinson's dis-
ease. Coord. Chem. Rev., 2012, 256(19), 2188-2201. 

[112] Baldereschi, M.; Di Carlo, A.; Rocca, W.A.; Vanni, P.; 
Maggi, S.; Perissinotto, E.; Grigoletto, F.; Amaducci, L.; 
Inzitari, D. Parkinson's disease and parkinsonism in a longi-
tudinal study: two-fold higher incidence in men. ILSA 
Working Group. Italian Longitudinal Study on Aging. Neu-
rology, 2000, 55(9), 1358-1363.  

[113] Olivieri, G.; Brack, C.; Müller-Spahn, F.; Stähelin, H.B.; 
Herrmann, M.; Renard, P.; Brockhaus, M; Hock, C. Mer-
cury induces cell cytotoxicity and oxidative stress and in-
creases beta-amyloid secretion and tau phosphorylation in 
SHSY5Y neuroblastoma cells. J. Neurochem., 2000, 74(1), 
231-236. 

[114] Jenner, P. Oxidative mechanisms in nigral cell death in 
Parkinson's disease. Mov. Disord., 1998, 13(Suppl. 1), 24-
34. 

[115] Chinta, S.J.; Andersen, J.K. Reversible inhibition of mito-
chondrial complex I activity following chronic dopaminer-
gic glutathione depletion in vitro: implications for Parkin-
son's disease. Free Radic. Biol. Med., 2006, 41(9), 1442-
1448. 

[116] Jenner, P. Oxidative stress in Parkinson's disease. Ann. 
Neurol., 2003, 53(Suppl. 3), S26-36. 

[117] Perry, T.L.; Godin, D.V.; Hansen, S. Parkinson’s disease: a 
disorder due to nigral glutathione deficiency? Neurosci. 
Lett., 1982, 33(3), 305-310. 

[118] Youdim, M.B.; Ben-Shachar, D; Riederer, P. Is Parkinson's 
disease a progressive siderosis of substantia nigra resulting 
in iron and melanin induced neurodegeneration? Acta Neu-
rol. Scand. Suppl., 1989, 126, 47-54. 

[119] Feng, J. Microtubule: a common target for parkin and Park-
inson's disease toxins. Neuroscientist, 2006, 12(6), 469-476. 

[120] Toimela, T.; Tähti, H. Mitochondrial viability and apoptosis 
induced by aluminum, mercuric mercury and 
methylmercury in cell lines of neural origin. Arch. Toxicol., 
2004, 78(10), 565-574. 

[121] Mutter, J.; Naumann, J.; Sadaghiani, C.; Schneider, R.; 
Walach, H. Alzheimer disease: mercury as pathogenetic 
factor and apolipoprotein E as a moderator. Neuro. Endo-
crinol. Lett., 2004, 25(5), 331-339. 

[122] Cartelli, D.; Cappelletti, G. α-Synuclein regulates the parti-
tioning between tubulin dimers and microtubules at neu-
ronal growth cone. Commun. Integr. Biol., 2017, 10(1), 
e1267076. doi: 10.1080/19420889.2016.1267076. 

[123] Pendergrass, J.C.; Haley, B.E. Mercury-EDTA complex 
specifically blocks brain-tubulin-GTP interactions: similar-
ity to observations in Alzheimer's disease. In: Status Quo 
and Perspective of Amalgam and Other Dental Materials; 
Friberg LT, Schrauzer GN, Eds.; Thieme: Stuttgart, 1995; 
pp. 98-105. 

[124] Pendergrass, J.C.; Haley, B.E. Inhibition of brain tubulin-
guanosine 5'-triphosphate interactions by mercury: similar-
ity to observations in Alzheimer's diseased brain. In: Metal 
Ions in Biological Systems; Sigel H, Sigel A, Eds.; Marcel 
Dekker: New York, 1996; Vol. 34, pp. 461-478. 

[125] Sofic, E.; Riederer, P.; Heinsen, H.; Beckmann, H.; Rey-
nolds, G.P.; Hebenstreit, G.; Youdim, M.B. Increased iron 
(III) and total iron content in post mortem substantia nigra 
of parkinsonian brain. J. Neural Transm., 1988, 74(3), 199-
205. 

[126] Riederer, P.; Sofic, E.; Rausch, W.D.; Schmidt, B.; Rey-
nolds, G.P.; Jellinger, K.; Youdim, M.B. Transition metals, 
ferritin, glutathione, and ascorbic acid in parkinsonian 
brains. J. Neurochem., 1989, 52(2), 515-20. 

[127] Dexter, D.T.; Wells, F.R.; Lees, A.J.; Agid, F.; Agid, Y.; 
Jenner, P.; Marsden, C.D. Increased nigral iron content and 
alterations in other metal ions occurring in brain in Parkin-
son's disease. J. Neurochem., 1989, 52(6), 1830-1836. 

[128] Dexter, D.T.; Carayon, A.; Javoy-Agid, F.; Agid, Y.; Wells, 
F.R.; Daniel, S.E.; Lees, A.J.; Jenner, P.; Marsden, C.D. Al-
terations in the levels of iron, ferritin and other trace metals 
in Parkinson's disease and other neurodegenerative diseases 
affecting the basal ganglia. Brain, 1991, 114(Pt. 4), 1953-
1975. 



Metals and Parkinson's Disease Current Medicinal Chemistry, 2018, Vol. 25, No. 19    2211 

[129] Dexter, D.T.; Jenner, P.; Schapira, A.H.; Marsden, C.D. 
Alterations in levels of iron, ferritin, and other trace metals 
in neurodegenerative diseases affecting the basal ganglia. 
The Royal Kings and Queens Parkinson's Disease Research 
Group. Ann. Neurol., 1992, 32 Suppl., S94-S100. 

[130] Youdim, M.B.; Stephenson, G.; Ben Shachar, D. Ironing 
iron out in Parkinson's disease and other neurodegenerative 
diseases with iron chelators: a lesson from 6-
hydroxydopamine and iron chelators, desferal and VK-28. 
Ann. N.Y. Acad Sci., 2004, 1012, 306-325. 

[131] Tedroff, J.; Aquilonius, S.M.; Laihinen, A.; Rinne, U.; 
Hartvig, P.; Andersson, J.; Lundqvist, H.; Haaparanta, M.; 
Solin, O.; Antoni, G.; Gee, A.D. Striatal kinetics of 
[11C]-­‐(+)-­‐nomifensine and 6-­‐[18F] fluoro-­‐L-­‐dopa in 
Parkinson's disease measured with positron emission 
tomography. Acta Neurol. Scand., 1990, 81(1), 24-30. 

[132] Eriksson, H.; Tedroff, J.; Thuomas, K.A.; Aquilonius, S.M.; 
Hartvig, P.; Fasth, K.J.; Bjurling, P.; Långström, B.; Hed-
ström, K.G.; Heilbronn, E. Manganese induced brain le-
sions in Macaca fascicularis as revealed by positron emis-
sion tomography and magnetic resonance imaging. Arch. 
Toxicol., 1992, 66(6), 403-407. 

[133] Scheuhammer, A.M.; Cherian, M.G. Effects of heavy metal 
cations, sulfhydryl reagents and other chemical agents on 
striatal D2 dopamine receptors. Biochem. Pharmacol., 
1985, 34(19), 3405-3413. 

[134] Aschner, M., Mullaney, K.J.; Wagoner, D.; Lash, L.H.; 
Kimelberg, H.K. Intracellular glutathione (GSH) levels 
modulate mercuric chloride (MC)- and methylmercuric 
chloride (MeHgCl)-induced amino acid release from neona-
tal rat primary astrocytes cultures. Brain. Res., 1994, 664(1-
2), 133-140. 

[135] Clarkson, T.W. Mercury: major issues in environmental 
health. Environ. Health Perspect., 1992, 100, 31-38. 

[136] Sarafian, T.A.; Bredesen, D.E.; Verity, M.A. Cellular resis-
tance to methylmercury. Neurotoxicology, 1996, 17(1), 27-
36. 

[137] Leong, C.C.; Syed, N.I.; Lorscheider, F.L. Retrograde de-
generation of neurite membrane structural integrity of nerve 
growth cones following in vitro exposure to mercury. Neu-
roreport, 2001, 12(4), 733-737. 

[138] Olivieri, G.; Novakovic, M.; Savaskan, E.; Meier, F.; 
Baysang, G.; Brockhaus, M.; Müller-Spahn, F. The effects 
of beta-estradiol on SHSY5Y neuroblastoma cells during 
heavy metal induced oxidative stress, neurotoxicity and 
beta-amyloid secretion. Neuroscience, 2002, 113(4), 849-
855. 

[139] Atchison, W.D.; Hare, M.F. Mechanisms of methylmer-
cury-induced neurotoxicity. FASEB J., 1994, 8(9), 622-629. 

[140] Faro, L.R.; de Nascimento, J.L.; Alfonso, M.; Durán, R. 
Acute administration of methylmercury changes in vivo do-
pamine release from rat striatum. Bull. Environ. Contam. 
Toxicol., 1998, 60(4), 632-638. 

[141] Rajanna, B.; Hobson, M. Influence of mercury on uptake of 
[3H]dopamine and [3H]norepinephrine by rat brain synap-
tosomes. Toxicol. Lett., 1985, 27(1-3), 7-14. 

[142] Gaki, G.S.; Papavassiliou, A.G. Oxidative stress-induced 
signaling pathways implicated in the pathogenesis of Park-
inson's disease. Neuromolecular Med., 2014, 16(2), 217-
230. 

[143] Pilsl, A.; Winklhofer, K.F. Parkin, PINK1 and mitochon-
drial integrity: emerging concepts of mitochondrial dys-
function in Parkinson's disease. Acta Neuropathol., 2012, 
123(2), 173-188. 

[144] Dias, V.; Junn, E.; Mouradian, M.M. The role of oxidative 
stress in Parkinson's disease. J Parkinsons Dis., 2013, 3(4), 
461-491 

[145] Büeler, H. Impaired mitochondrial dynamics and function 
in the pathogenesis of Parkinson's disease. Exp. Neurol., 
2009, 218(2), 235-246.   

[146] Alam, Z.I.; Jenner, A.; Daniel, S.E.; Lees, A.J.; Cairns, N.; 
Marsden, C.D.; Jenner, P.; Halliwell, B.;. Oxidative DNA 
damage in the parkinsonian brain: an apparent selective in-
crease in 8‐hydroxyguanine levels in substantia nigra. J. 
Neurochem., 1997, 69(3), 1196-1203. 

[147] Mythri, R.B.; Venkateshappa, C.; Harish, G.; Mahadevan, 
A.; Muthane, U.B.; Yasha, T.C.; Bharath, M.S; Shankar, 
S.K. Evaluation of markers of oxidative stress, antioxidant 
function and astrocytic proliferation in the striatum and 
frontal cortex of Parkinson’s disease brains. Neurochem. 
Res., 2011, 36(8), 1452-1463. 

[148] Bharath, S.; Hsu, M.; Kaur, D.; Rajagopalan, S.; Andersen, 
J.K. Glutathione, iron and Parkinson’s disease. Biochem. 
Pharmacol., 2002, 64, 1037-1048. 

[149] Good, P.F.; Hsu, A.; Werner, P.; Perl, D.P.; Olanow, C.W. 
Protein nitration in Parkinson's disease. J. Neuropathol. 
Exp. Neurol., 1998, 57(4), 338-342. 

[150] Jomova, K.; Vondrakova, D.; Lawson, M.; Valko, M. Met-
als, oxidative stress and neurodegenerative disorders. Mol. 
Cell. Biochem., 2010, 345(1-2), 91-104. 

[151] Danielson, S.R.; Andersen, J.K. Oxidative and nitrative 
protein modifications in Parkinson’s disease. Free Radic. 
Biol. Med., 2008, 44,1787-1794. 

[152] Sziraki, I.; Mohanakumar, K.P.; Rauhala, P.; Kim, H.G.; 
Yeh, K.J.; Chiueh, C.C.. Manganese: a transition metal pro-
tects nigrostriatal neurons from oxidative stress in the iron-
induced animal model of parkinsonism. Neuroscience, 
1998, 85(4),1101-1111. 

[153] Casella, L.; Bubacco, L.; Valensin, D.; Tegoni, M. Metal 
ions, dopamine and oxidaitive stress in Parkinson's dis-
ease. Impact, 2017, 2017(6), 9-11. 

[154] Christophersen, O.A.; Lyons, G.; Haug, A.; Steinnes, E. 
Selenium. In: Heavy Metals in Soils: Trace Metals and 
Metalloids in Soils and their Bioavailability, 3rd ed.; Allo-
way BJ, Ed.; Springer: Dordrecht, 2012, pp. 429-63.  

[155] Bjørklund, G. Selenium as an antidote in the treatment of 
mercury intoxication. Biometals, 2015, 28(4), 605-614. 

[156] Bjørklund, G.; Aaseth, J.; Ajsuvakova, O.P.; Nikonorov, 
A.A.; Skaloy, A.V.; Skalnaya, M.A.; Tinkov, A.A. Molecu-
lar interaction between mercury and selenium in neurotox-
icity. Coord. Chem. Rev., 2017, 332, 30-37. 

[157] Shahar, A.; Patel, K.V.; Semba, R.D.; Bandinelli, S.; 
Shahar, D.R.; Ferrucci, L.; Guralnik, J.M. Plasma selenium 
is positively related to performance in neurological tasks as-
sessing coordination and motor speed. Mov. Disord., 2010, 
25(12), 1909-1915.  

[158] Hauser, D.N.; Dukes, A.A.; Mortimer, A.D.; Hastings, T.G. 
Dopamine quinone modifies and decreases the abundance 
of the mitochondrial selenoprotein glutathione peroxidase 4. 
Free Radic. Biol. Med., 2013, 65, 419-427. 
doi:10.1016/j.freeradbiomed.2013.06.030. 

[159] Pillai, R.; Uyehara-Lock, J.H.; Bellinger, F.P. Selenium and 
selenoprotein function in brain disorders. IUBMB Life, 
2014, 66(4), 229-239.  

[160] Bellinger, F.P.; Bellinger, M.T.; Seale, L.A.; Takemoto, 
A.S.; Raman, A.V.; Miki, T.; Manning-Boğ, A.B.; Berry, 
M.J.; White, L.R.; Ross, G.W. Glutathione peroxidase 4 is 
associated with neuromelanin in substantia nigra and dys-
trophic axons in putamen of Parkinson's brain. Mol. Neu-
rodegener., 2011, 6(1), 8. 

[161] Bellinger, F.P.; Raman, A.V.; Rueli, R.H.; Bellinger, M.T.; 
Dewing, A.S.; Seale, L.A.; Andres, M.A.; Uyehara-Lock, 
J.H.; White, L.R.; Ross, G.W.; Berry, M.J. Changes in sele-
noprotein P in substantia nigra and putamen in Parkinson's 
disease. J. Parkinsons Dis., 2012, 2(2), 115-126. 



2212    Current Medicinal Chemistry, 2018, Vol. 25, No. 19 Bjørklund et al. 

[162] Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu. 
T.; Hammond, C.L. Glutathione dysregulation and the eti-
ology and progression of human diseases. Biol. Chem., 
2009, 390(3), 191-214. 

[163] Perry, R.H. Clinical and pathological diagnosis of dementia 
with Lewy bodies (DLB): Report of the CDLB 
International Workshop. Neurology, 1996, 47(5), 1113-
1124. 

[164] Serru, V.; Baudin, B.; Ziegler, F.; David, J.P.; Cals, M.J.; 
Vaubourdolle, M.; Mario, N. Quantification of reduced and 
oxidized glutathione in whole blood samples by capillary 
electrophoresis. Clin. Chem., 2001, 47(7), 1321-1324. 

[165] Hsu, M.; Srinivas, B.; Kumar, J; Subramanian R; Andersen 
J. Glutathione depletion resulting in selective mitochondrial 
complex I inhibition in dopaminergic cells is via an NO-
mediated pathway not involving peroxynitrite: implications 
for Parkinson's disease. J. Neurochem., 2005, 92(5), 1091-
1103. 

[166] Onyango, I.G.; Tuttle, J.B.; Bennett, J.P. Jr. Brain-derived 
growth factor and glial cell line-derived growth factor use 
distinct intracellular signaling pathways to protect PD cy-
brids from H2O2-induced neuronal death. Neurobiol. Dis., 
2005, 20(1), 141-154. 

[167] Perez-Pastene, C.; Graumann, R.; Díaz-Grez, F.; Miranda, 
M.; Venegas, P.; Godoy, O.T.; Layson, L; Villagra, R; 
Matamala, J.M.; Herrera, L.; Segura-Aguilar, J. Association 
of GST M1 null polymorphism with Parkinson's disease in 
a Chilean population with a strong Amerindian genetic 
component. Neurosci. Lett., 2007, 418(2), 181-185. 

[168] Vitvitsky, V.; Thomas, M.; Ghorpade, A.; Gendelman, 
H.E.; Banerjee, R. A functional transsulfuration pathway in 
the brain links to glutathione homeostasis. J. Biol. Chem., 
2006, 281(47), 35785-35793. 

[169] Zeevalk, G.D.; Manzino, L.; Sonsalla, P.K.; Bernard, L.P. 
Characterization of intracellular elevation of glutathione 
(GSH) with glutathione monoethyl ester and GSH in brain 
and neuronal cultures: relevance to Parkinson's disease. 
Exp. Neurol., 2007, 203(2), 512-520. 

[170] Nabi, S. Methylmercury and Alzheimer’s Disease. In: Toxic 
Effects of Mercury; Nabi, S.; Springer India, New Delhi, 
2014, pp. 201-209. 

[171] Greenamyre, J.T.; Eller, R.V.; Zhang, Z.; Ovadia, A.; Kur-
lan, R.; Gash, D.M. Antiparkinsonian effects of remace-
mide hydrochloride, a glutamate antagonist, in rodent and 
primate models of Parkinson's disease. Ann. Neurol., 1994, 
35(6), 655-661. 

[172] Mitchell, I.J.; Lawson, S.; Moser, B.; Laidlaw, S.M.; Coo-
per, A.J.; Walkinshaw, G.; Waters, C.M. Glutamate-
induced apoptosis results in a loss of striatal neurons in the 
parkinsonian rat. Neuroscience, 1994, 63(1), 1-5.  

[173] Sawada, H.; Kawamura, T.; Shimohama, S.; Akaike, A.; 
Kimura, J. Different mechanisms of glutamate-induced neu-
ronal death between dopaminergic and non-dopaminergic 
neurons in rat mesencephalic culture. J. Neurosci. Res., 
1996, 43(4), 503-510. 

[174] Greenamyre, J.T. Glutamate-dopamine interactions in the 
basal ganglia: relationship to Parkinson's disease. J. Neural. 
Transm. Gen. Sect., 1993, 91(2-3), 255-269. 

[175] Aschner, M.; Yao, C.P.; Allen, J.W.; Tan, K.H. Methylmer-
cury alters glutamate transport in astrocytes. Neurochem. 
Int., 2000, 37(2-3), 199-206. 

[176] Brookes, N. In vitro evidence for the role of glutamate in 
the CNS toxicity of mercury. Toxicology, 1992, 76(3), 245-
256. 

[177] Sierra, E.M.; Tiffany-Castiglioni, E. Reduction of glu-
tamine synthetase activity in astroglia exposed in culture to 
low levels of inorganic lead. Toxicology, 1991, 65(3), 295-
304. 

[178] Recasens, A.; Dehay, B.; Bové, J.; Carballo-­‐Carbajal, I.; 
Dovero, S.; Pérez-­‐Villalba, A.; Fernagut, P.O.; Blesa, J.; 
Parent, A.; Perier, C.; Fariñas, I. Lewy body extracts from 
Parkinson disease brains trigger α -­‐synuclein pathology and 
neurodegeneration in mice and monkeys. Ann. Neurol., 
2014, 75(3), 351-362. 

[179] Al-Hilaly, Y.K.; Biasetti, L.; Blakeman, B.J.; Pollack, S.J.; 
Zibaee, S.; Abdul-Sada, A.; Thorpe, J.R.; Xue, W.F.; Ser-
pell, L.C. The involvement of dityrosine crosslinking in α-
synuclein assembly and deposition in Lewy Bodies in Park-
inson’s disease. Sci. Rep., 2016, 6, 39171. doi: 
10.1038/srep39171. 

[180] Seidel, K.; Bouzrou, M.; Heidemann, N.; Krüger, R.; 
Schöls, L.; den Dunnen, W.F.; Korf, H.W.; Rüb, U. In-
volvement of the cerebellum in Parkinson's disease and 
Dementia with Lewy bodies. Ann. Neurol., 2017. doi: 
10.1002/ana.24937. 

[181] ‎Halpin, A.; McMillan, C.; Rascovsky, K.; Rick, J.; Wein-
traub, D.; Grossman, M. Dementia & Amyloid Detection in 
Lewy Body Disorders Using The Philadelphia Brief As-
sessment of Cognition (PBAC)(P4. 088). Neurology., 2017, 
88, P4-088. 

[182] Xu, J.; Kao, S.Y.; Lee, F.J.; Song, W.; Jin, L.W.; Yankner, 
B.A. Dopamine-dependent neurotoxicity of α -synuclein: a 
mechanism for selective neurodegeneration in Parkinson 
disease. ‎Nat. Med., 2002, 8,600-606. 

[183] Roberts, HL,; Brown, DR. Seeking a mechanism for the 
toxicity of oligomeric α -synuclein. Biomolecules, 2015, 
5(2), 282-305. 

[184] Perez, C.A.; Tong, Y.; Guo, M. Iron chelators as potential 
therapeutic agents for Parkinson's disease. Curr. Bioact. 
Compd., 2008, 4(3), 150-158. 

[185] Rowe, C.; Pike, K.; Ng, S.; Savage, G.; Browne, W.; 
Ackermann, U.; Gong, S.; Chan, G.; O'Keefe, G.; Tochon-
Danguy, H.; Masters, C.; Villemagne, V. Aβ burden 
correlates with memory impairment in non-demented 
subjects but plateaus in established Alzheimer's disease: A 
PIB-PET cross sectional study. J. Nucl. Med., 2007, 48(2), 
58P-a. 

[186] Lashley, T.; Holton, J.L.; Gray, E.; Kirkham, K.; O'Sulli-
van, S.S.; Hilbig, A.; Wood, N.W.; Lees, A.J.; Revesz, T. 
Cortical alpha-synuclein load is associated with amyloid-
beta plaque burden in a subset of Parkinson's disease pa-
tients. Acta Neuropathol., 2008, 115(4), 417-425. 

[187] Kalaitzakis, M.E.; Graeber, M.B.; Gentleman, S.M.; Pearce, 
R.K. Striatal beta-amyloid deposition in parkinson disease 
with dementia. J. Neuropathol. Exp. Neurol., 2008, 67(2), 
155-161. 

[188] Mandal, P.K.; Pettegrew, J.W.; Masliah, E.; Hamilton, 
R.L.; Mandal, R. Interaction between Aβ peptide and α 
synuclein: molecular mechanisms in overlapping pathology 
of Alzheimer’s and Parkinson’s in dementia with Lewy 
body disease. Neurochem. Res., 2006, 31(9), 1153-1162. 

[189] Masliah, E.; Sisk, A.; Mallory, M.; Games, D. 
Neurofibrillary pathology in transgenic mice 
overexpressing V717F β-amyloid precursor protein. J. Neu-
ropathol. Exp. Neurol., 2001, 60(4), 357-368. 

[190] Mastaglia, F.L.; Johnsen, R.D.; Byrnes, M.L.; Kakulas, 
B.A. Prevalence of amyloid-beta deposition in the cerebral 
cortex in Parkinson's disease. Mov. Disord., 2003, 18(1), 
81-86. 

[191] Pletnikova, O.; West, N.; Lee, M.K.; Rudow, G.L.; Sko-
lasky, R.L.; Dawson, T.M.; Marsh, L.; Troncoso, J.C. Abeta 
deposition is associated with enhanced cortical alpha-
synuclein lesions in Lewy body diseases. Neurobiol. Aging, 
2005, 26(8), 1183-1192. 

[192] Tsigelny, I.F.; Crews, L.; Desplats, P.; Shaked, G.M.; 
Sharikov, Y.; Mizuno, H., Spencer, B.; Rockenstein, E.; 



Metals and Parkinson's Disease Current Medicinal Chemistry, 2018, Vol. 25, No. 19    2213 

Trejo, M.; Platoshyn, O.; Yuan, J.X.; Masliah, E. 
Mechanisms of hybrid oligomer formation in the 
pathogenesis of combined Alzheimer's and Parkinson's 
diseases. PLoS One, 2008, 3(9), e3135. 

[193] Aarsland, D.; Ballard, C.G.; Halliday, G. Are Parkinson’s 
disease with dementia and dementia with Lewy bodies the 
same entity? J. Geriatr. Psychiatry Neurol., 2004, 17(3), 
137-145. 

[194] Burn, D.J. Cortical Lewy body disease and Parkinson’s 
disease dementia. Curr. Opin. Neurol., 2006, 19(6), 572-
579. 

[195] Lippa, C.F.; Duda, J.E.; Grossman, M.; Hurtig, H.I.; 
Aarsland, D.; Boeve, B.F.; Brooks, D.J.; Dickson, D.W.; 
Dubois, B.; Emre, M.; Fahn, S.; Farmer, J.M.; Galasko, D.; 
Galvin, J.E.; Goetz, C.G.; Growdon, J.H.; Gwinn-Hardy, 
K.A.; Hardy, J.; Heutink, P.; Iwatsubo, T.; Kosaka, K.; Lee, 
V.M.; Leverenz, J.B; Masliah, E.; McKeith, I.G.; 
Nussbaum, R.L.; Olanow, C.W.; Ravina, B.M.; Singleton, 
A.B.; Tanner, C.M.; Trojanowski, J.Q.; Wszolek, Z.K.; 
DLB/PDD Working Group. DLB and PDD boundary is-
sues: diagnosis, treatment, molecular pathology, and bio-
markers. Neurology, 2007, 68(11), 812-819. 

[196] McKeith, I.G. Consensus guidelines for the clinical and 
pathologic diagnosis of dementia with Lewy bodies (DLB): 
report of the Consortium on DLB International Workshop. 
J. Alzheimers Dis., 2006, 9(3 Suppl), 417-423. 

[197] McKeith, I.; Galasko, D.; Kosaka, K.; Perry, E.; Dickson, 
D.; Hansen, L.A.; Salmon, D.P.; Lowe, J.; Mirra, S.S.; 
Byrne, E.J.; Lennox, G.; Quinn, N.P.; Edwardson, J.A.; 
Ince, P.G.; Bergeron, C.; Burns, A.; Miller, B.L.; 
Lovestone, S.; Collerton, D.; Jansen, E.N.; Ballard, C.; de 
Vos, R.A.; Wilcock, G.K.; Jellinger, K.A.; Mounsey, R.; 
Teismann, P. Chelators in the treatment of iron accumula-
tion in Parkinson's disease. Int. J. Cell Biol., 2012, 2012, 
983245. doi:10.1155/2012/983245. 

[198] Kamiya, Y.; Ota, S.; Okumiya, S.; Yamashita, K.; Takaki, 
A.; Ito, S. Uptake index of 123I-metaiodobenzylguanidine 
myocardial scintigraphy for diagnosing Lewy body disease. 
Asia Ocean J. Nucl. Med. Biol., 2017, 5(1), 37-43. 

[199] Blázquez, L.; Otaegui, D.; Sáenz, A.; Paisán-Ruiz, C.; Em-
paranza, J.I.; Ruiz-Martinez, J., Moreno, F., Martí-Massó, 
J.F., López de Munain, A. Apolipoprotein E epsilon4 allele 
in familial and sporadic Parkinson's disease. Neurosci. Lett., 
2006, 406(3), 235-239. 

[200] Durić, G.; Svetel, M.; Nikolaevic, S.I.; Dragadević, N.; 
Gavrilović, J.; Kostić, V.S. Polymorphisms in the genes of 
cytochrome oxidase P450 2D6 (CYP2D6), paraoxonase 1 
(PON1) and apolipoprotein E (APOE) as risk factors for 
Parkinson's disease (in Serbian). Vojnosanit. Pregl., 2007, 
64(1), 25-30. 

[201] Farrer, L.A.; Cupples, L.A.; Haines, J.L.; Hyman, B.; Ku-
kull, W.A.; Mayeux, R., Myers, R.H.; Pericak-Vance, 
M.A.; Risch, N.; van Duijn, C.M. Effects of age, sex, and 
ethnicity on the association between apolipoprotein E geno-
type and Alzheimer disease. A meta-analysis. APOE and 
Alzheimer Disease Meta Analysis Consortium. JAMA., 
1997, 278(16), 1349-1356. 

[202] López, M.; Guerrero, J.; Yescas, P.; Boll, M.C.; Familiar, 
I.; Ochoa, A.; Rasmussen, A.; Alonso, M.E. Apolipoprotein 
E epsilon4 allele is associated with Parkinson disease risk in 
a Mexican Mestizo population. Mov. Disord., 2007, 22(3), 
417-420. 

[203] Strittmatter, W.J.; Roses, A.D. Apolipoprotein E and Alz-
heimer's disease. Annu. Rev. Neurosci., 1996, 19, 53-77. 

[204] Huang, X.; Chen, P.; Kaufer, D.I.; Tröster, A.I.; Poole, C. 
Apolipoprotein E and dementia in Parkinson disease: a 
meta-analysis. Arch. Neurol., 2006, 63(2), 189-193. 

[205] Pankratz, N.; Byder, L.; Halter, C.; Rudolph, A.; Shults, 
C.W.; Conneally, P.M.; Foroud, T.; Nichols, W.C. Presence 
of an APOE4 allele results in significantly earlier onset of 
Parkinson's disease and a higher risk with dementia. Mov. 
Disord., 2006, 21(1), 45-49. 

[206] Papapetropoulos, S.; Farrer, M.J.; Stone, J.T.; Milkovic, 
N.M.; Ross, O.A.; Calvo, L.; McQuorquodale, D; Mash, 
D.C. Phenotypic associations of tau and ApoE in Parkin-
son's disease. Neurosci. Lett., 2007, 414(2), 141-144. 

[207] Tröster, A.I.; Fields, J.A.; Paolo, A.M.; Koller, W.C. Ab-
sence of the apolipoprotein E epsilon4 allele is associated 
with working memory impairment in Parkinson's disease. J. 
Neurol. Sci., 2006, 248(1-2), 62-67. 

[208] Huertas, I.; Jesús, S.; García-Gómez, F.J.; Lojo, J.A.; Ber-
nal-Bernal, I.; Bonilla-Toribio, M.; Martín-Rodriguez, J.F.; 
García-Solís, D.; Gómez-Garre, P.; Mir, P. Genetic factors 
influencing frontostriatal dysfunction and the development 
of dementia in Parkinson's disease. PloS one., 2017, 12(4), 
e0175560. doi: 10.1371/journal.pone.0175560. 

[209] Feldman, B.; Chapman, J.; Korczyn, A.D. Apolipoprotein 
epsilon4 advances appearance of psychosis in patients with 
Parkinson's disease. Acta Neurol. Scand., 2006, 113(1), 14-
17. 

[210] Godfrey, M.E.; Wojcik, D.P.; Krone, C.A. Apolipoprotein 
E genotyping as a potential biomarker for mercury neuro-
toxicity. J. Alzheimers Dis., 2003, 5(3), 189-195. 

[211] Stewart, W.F.; Schwartz, B.S.; Simon, D.; Kelsey, K.; 
Todd, A.C. ApoE genotype, past adult lead exposure, and 
neurobehavioral function. Environ. Health Perspect., 2002, 
110(5), 501-505. 

[212] Pendergrass, J.C.; Haley, B.E.; Vimy, M.J.; Winfield, S.A.; 
Lorscheider, F.L. Mercury vapor inhalation inhibits binding 
of GTP to tubulin in rat brain: similarity to a molecular le-
sion in Alzheimer diseased brain. Neurotoxicology, 1997, 
18(2), 315-324. 

[213] Muntané, G.; Dalfó, E.; Martinez, A.; Ferrer, I. Phosphory-
lation of tau and alpha-synuclein in synaptic-enriched frac-
tions of the frontal cortex in Alzheimer's disease, and in 
Parkinson's disease and related alpha-synucleinopathies. 
Neuroscience, 2008, 152(4), 913-923. 

[214] Duka, T.; Sidhu, A. The neurotoxin, MPP+, induces hyper-
phosphorylation of Tau, in the presence of alpha-Synuclein, 
in SH-SY5Y neuroblastoma cells. Neurotox. Res., 2006, 
10(1), 1-10. 

[215] Duka, T.; Rusnak, M.; Drolet, R.E.; Duka, V.; Wersinger, 
C.; Goudreau, J.L.; Sidhu, A. Alpha-synuclein induces hy-
perphosphorylation of Tau in the MPTP model of parkin-
sonism. FASEB J., 2006, 20(13), 2302-2312. 

[216] Frasier, M.; Walzer, M; McCarthy, L.; Magnuson, D; Lee, 
J.M.; Haas, C; Kahle, P.; Wolozin, B. Tau phosphorylation 
increases in symptomatic mice overexpressing A30P alpha-
synuclein. Exp. Neurol., 2005, 192(2), 274-287. 

[217] Murayama, H.; Shin, R.W.; Higuchi, J.; Shibuya, S.; Mu-
ramoto, T.; Kitamoto, T. Interaction of aluminum with 
PHFtau in Alzheimer's disease neurofibrillary degeneration 
evidenced by desferrioxamine-assisted chelating autoclave 
method. Am. J. Pathol., 1999, 155(3), 877-885. 

[218] Yamamoto, A.; Shin, R.W.; Hasegawa, K.; Naiki, H; Sato, 
H; Yoshimasu, F; Kitamoto, T. Iron (III) induces aggrega-
tion of hyperphosphorylated tau and its reduction to iron 
(II) reverses the aggregation: implications in the formation 
of neurofibrillary tangles of Alzheimer's disease. J. Neuro-
chem., 2002, 82(5), 1137-1147. 

[219] Bjørklund, G. Clinical use of the metal chelators calcium 
disodium edetate, DMPS, and DMSA. Saudi J. Kidney Dis. 
Transpl., 2015, 26(3), 611-612.  

[220] Herrero Hernandez, E.; Discalzi, G.; Valentini, C.; Venturi, 
F.; Chiò, A.; Carmellino, C.; Rossi, L.; Sacchetti, A.; Pira, 



2214    Current Medicinal Chemistry, 2018, Vol. 25, No. 19 Bjørklund et al. 

E. Follow-up of patients affected by manganese-induced 
Parkinsonism after treatment with CaNa2EDTA. Neuro-
toxicology, 2006, 27(3), 333-339.  

[221] Jones, J.D.; Malaty, I.; Price, C.C.; Okun, M.S.; Bowers, D. 
Health comorbidities and cognition in 1948 patients with 
idiopathic Parkinson's disease. Parkinsonism Relat. Disord., 
2012, 18(10), 1073-8. doi:10.1016/j.parkreldis.2012.06.004.  

[222] Grünblatt, E.; Mandel, S.; Berkuzki, T.; Youdim, M.B. 
Apomorphine protects against MPTP-induced neurotoxicity 
in mice. Mov. Disord., 1999, 14(4), 612-618. 

[223] Grünblatt, E.; Mandel, S.; Gassen, M.; Youdim, M.B. Po-
tent neuroprotective and antioxidant activity of apomor-
phine in MPTP and 6-hydroxydopamine induced neurotox-
icity. J. Neural. Transm. Suppl., 1999, 55, 57-70. 

[224] Kaur, D.; Yantiri, F.; Rajagopalan, S.; Kumar, J.; Mo, J.Q.; 
Boonplueang, R.; Viswanath, V.; Jacobs, R.; Yang, L.; 
Beal, M.F.; DiMonte, D.; Volitaskis, I.; Ellerby, L.; Cherny, 
R.A.; Bush, A.I.; Andersen, J.K. Genetic or 
pharmacological iron chelation prevents MPTP-induced 
neurotoxicity in vivo: a novel therapy for Parkinson's 
disease. Neuron, 2003, 37(6), 899-909. 

[225] Youdim, M.B; Fridkin, M; Zheng, H. Bifunctional drug 
derivatives of MAO-B inhibitor rasagiline and iron chelator 
VK-28 as a more effective approach to treatment of brain 
ageing and ageing neurodegenerative diseases. Mech. Age-
ing Dev., 2005, 126(2), 317-326. 

[226] Zhang, X.; Xie, W.; Qu, S.; Pan, T; Wang, X; Le, W. Neu-
roprotection by iron chelator against proteasome inhibitor-
induced nigral degeneration. Biochem. Biophys. Res. Com-
mun., 2005, 333(2), 544-549. 

[227] Zhu, W.; Xie, W.; Pan, T.; Xu, P.; Fridkin, M.; Zheng, H.; 
Jankovic, J.; Youdim, M.B.; Le W. Prevention and restora-
tion of lactacystin-induced nigrostriatal dopamine neuron 
degeneration by novel brain-permeable iron chelators. 
FASEB J., 2007, 21(14), 3835-3844. 

[228] Xiong, P.; Chen, X.; Guo, C.; Zhang, N.; Ma, B. Baicalin 
and deferoxamine alleviate iron accumulation in different 
brain regions of Parkinson's disease rats. Neural. Regen. 
Res., 2012, 7(27), 2092-2098. doi:10.3969/j.issn.1673-
5374.2012.27.002.  

[229] Mounsey, R.B.; Teismann, P. Chelators in the treatment of 
iron accumulation in Parkinson's disease. Int. J. Cell. Biol., 
2012, 2012, 983245. doi: 10.1155/2012/983245.  

[230] Febbraro, F.; Andersen, K.J.; Sanchez-Guajardo, V.; Ten-
tillier, N.; Romero-Ramos, M. Chronic intranasal deferox-
amine ameliorates motor defects and pathology in the α -
synuclein rAAV Parkinson's model. Exp. Neurol., 2013, 
247, 45-58. doi:10.1016/j.expneurol.2013.03.017. 

[231] Doraiswamy, P.M.; Finefrock, A.E. Metals in our minds: 
therapeutic implications for neurodegenerative disorders. 
Lancet Neurol., 2004, 3, 431-434. 

[232] Ji, H.F.; Zhang, H.Y. A new strategy to combat Alzheimer's 
disease. Combining radical-scavenging potential with 
metal-protein-attenuating ability in one molecule. Bioorg. 
Med. Chem. Lett., 2005, 15(1), 21-24. 

[233] Sampson, E.L.; Jenagaratnam, L.; McShane, R. Metal pro-
tein attenuating compounds for the treatment of Alzheimer's 

dementia. Cochrane Database Syst. Rev., 2014, 21, 
CD005380. doi: 10.1002/14651858.CD005380.pub5.  

[234] Huntington Study Group Reach2HD Investigators. Safety, 
tolerability, and efficacy of PBT2 in Huntington's disease: a 
phase 2, randomised, double-blind, placebo-controlled trial. 
Lancet Neurol., 2015, 14(1), 39-47. 

[235] Scott, L.E.; Orvig, C. Medicinal inorganic chemistry ap-
proaches to passivation and removal of aberrant metal ions 
in disease. Chem. Rev., 2009, 109(10), 4885-4910. 

[236] Sampson, E.L.; Jenagaratnam, L; McShane, R. Metal pro-
tein attenuating compounds for the treatment of Alz-
heimer’s dementia. Cochrane Database Syst. Rev., 2012, 5. 
doi: 10.1002/14651858.CD005380.pub4. 

[237] Cukierman, D.S.; Pinheiro, A.B.; Castiñeiras-Filho, S.L.; da 
Silva, A.S.P.; Miotto, M.C.; De Falco, A.; Ribeiro, T.D.P.; 
Maisonette, S.; da Cunha, A.L.; Hauser-Davis, R.A.; 
Landeira-Fernandez, J. A moderate metal-binding hydra-
zone meets the criteria for a bioinorganic approach towards 
Parkinson's disease: Therapeutic potential, blood-brain bar-
rier crossing evaluation and preliminary toxicological stud-
ies. J. Inorg. Biochem. 2017, 170,160-168. 

[238] Gaeta, A.; Hider, R.C. The crucial role of metal ions in 
neurodegeneration: the basis for a promising therapeutic 
strategy. Br. J. Pharmacol., 2005, 146(8), 1041-1059. 

[239] Budimir, A. Metal ions, Alzheimer's disease and chelation 
therapy. Acta Pharm., 2011; 61(1), 1-14. 

[240] Kaur, D.; Andersen, J.K. Ironing out Parkinson's disease: is 
therapeutic treatment with iron chelators a real possibility? 
Aging Cell., 2002, 1(1), 17-21. 

[241] Ward, R.J.; Dexter, D.T.; Crichton, R.R. Chelating agents 
for neurodegenerative diseases. Curr. Med. Chem., 2012, 
19(17), 2760-2772. 

[242] Grolez, G.; Moreau, C.; Sablonnière, B.; Garçon, G.; De-
vedjian, J.C.; Meguig, S.; Gelé, P.; Delmaire, C.; Bordet, 
R.; Defebvre, L.; Cabantchik, I.Z.; Devos, D. Ceruloplas-
min activity and iron chelation treatment of patients with 
Parkinson's disease. BMC Neurol., 2015, 15, 74. doi: 
10.1186/s12883-015-0331-3. 

[243] Devos, D.; Moreau, C.; Devedjian, J.C.; Kluza, J.; Petrault, 
M.; Laloux, C.; Jonneaux, A.; Ryckewaert, G.; Garçon, G.; 
Rouaix, N.; Duhamel, A.; Jissendi, P.; Dujardin, K.; Auger, 
F.; Ravasi, L.; Hopes, L.; Grolez, G.; Firdaus, W.; Sablon-
nière, B.; Strubi-Vuillaume, I.; Zahr, N.; Destée, A.; Cor-
vol, J.C.; Pöltl, D.; Leist, M.; Rose, C.; Defebvre, L.; 
Marchetti, P.; Cabantchik, Z.I.; Bordet, R. Targeting chelat-
able iron as a therapeutic modality in Parkinson's disease. 
Antioxid Redox Signal., 2014, 21(2), 195-210. 

[244] Shachar, D.B.; Kahana, N.; Kampel, V.; Warshawsky, A.; 
Youdim, M.B. Neuroprotection by a novel brain permeable 
iron chelator, VK-28, against 6-hydroxydopamine lession in 
rats. Neuropharmacology, 2004, 46(2), 254-263. 

[245] Stejskal, V.D.; Hudecek, R.; Stejskal, J.; Sterzl, I. Diagnosis 
and treatment of metal-induced side-effects. Neuro. Endoc-
rinol. Lett., 2006, 27(Suppl 1), 7-16.  

 

 


