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A B S T R A C T

Background: Parkinsoń´s disease is affecting about 1% of the population above 65 years. Improvements in med-
icine support prolonged lifetime which increases the total concentration of humans affected by the disease. It is
suggested that occupational and environmental exposure to metals like iron (Fe), manganese (Mn), copper (Cu)
and zinc (Zn) can influence the risk for Parkinson´s disease. These metals play a key role as cofactors in many
enzymes and proteins.
Methods: In this case-control study, we investigated the Mn-, Fe-, Cu- and Zn-species in cerebrospinal fluid (CSF)
by size-exclusion chromatography hyphenated to inductively coupled plasma mass spectrometry (SEC-ICP-MS)
and the total concentration of these metals by inductively coupled plasma sector field mass spectrometry
(ICP-sf-MS).
Results: The investigation of total metal concentration and speciation provided only minor changes, but it pro-
duced strong significance for a number of ratios. The analysis revealed a strong change in the ratio between
total concentration of Fe and the amino acid-fraction of Cu. This could be observed when analyzing both the
respective element concentrations of the fraction (which also depends on individual variation of the total ele-
ment concentration) as well as when being expressed as percentage of total concentration (normalization) which
more clearly shows changes of distribution pattern independent of individual variation of total element concen-
trations.
Conclusion: Speciation analysis, therefore, is a powerful technique to investigate changes in a case-control study
where ratios of different species play an important role.

1. Introduction

Parkinsońs disease (PD) is the second most common neurodegener-
ative disease und was first described in 1817 by James Parkinson [1].
PD is age-dependent and affects about 0.6% of people between 65–69

years, but 3,5% between 85 and 89 years [2]. PD is a slow progressive
movement disorder, with four main symptoms: resting tremor, bradyki-
nesia, rigidity and postural instability [3]. As cause for PD a multifacto-
rial etiology is accepted, although the underlying mechanism is incom-
pletely understood. In literature environmental and occupational fac-
tors, i.e. exposure to metals [4–7], pesticides and fungicides [8,9], ge
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netic factors, i.e. mutations of PARK-genes [10,11], aging, i.e. depletion
of antioxidants [12,13] and biological factors, i.e. aggregation and mis-
folding of proteins [14,15] are discussed as factors involved in PD-pro-
gression.

Most likely PD-progression relates to genetic susceptibility com-
bined with other factors since about 90–95% of PD-cases are sporadic
and 5–10% have a familial background [16]. All factors mentioned
above show connections to the metals in brain. Notably, metals play
an ambivalent role in pathogenetic concepts: on the one hand, organic
metal-compounds can have substantial toxic effects. On the other hand,
metal-chelates contribute to detoxification and antioxidant protective
actions, e.g. the Cu-Zn-superoxide dismutase (SOD) [17,18].

Especially the transition metals Fe, Cu, Mn and Zn are in focus.
There is substantial evidence that these redox-active metals are medi-
ators of oxidative stress in neurodegeneration [19]. Notably, copper-
and iron-containing metallo-enzymes contribute to altered redox-bal-
ance. Sayre et al. outline the important role of trace redox-active transi-
tion metals in the neuropathology of disorders such as PD [19].

Genetic mutations and exposure to metals accelerate α-Synuclein for-
mation and significantly high levels of Fe(III) have been found in Lewy
bodies [20]. Abnormal copper homeostasis is considered as one risk fac-
tor for developing PD [12,15].

On a biochemical level, the toxicity of the redox active metals Fe, Cu
and Mn is due to their ability to form reactive oxygen species (ROS) via
Fenton reaction [21]. The resulting hydroxyl radical is highly reactive
and can lead to lipid peroxidation, being connected to increased oxida-
tive stress. Oxidative stress plays a key role in the pathogenesis of PD.
Additionally Fe can form complexes with neuromelanin which again in-
duces oxidative stress and a depletion of dopaminergic neurons [22,23].
The ability to form ROS is dependent on the oxidation state of the metal.
The oxidation states Fe(II) and Fe(III) are bioavailable in humans. While
Fe(III) has nearly no toxicity, Fe(II) can be highly toxic by inducing ox-
idative stress. A differentiation of these oxidation states is possible by
using a strong cation exchange chromatography (SCX) and ICP-MS for
detection [24]. Several studies are dealing with redox-speciation in neu-
rodegeneration [25–27]

For these reasons a strict homeostasis of metals is mandatory for
proper brain function. Any misbalance regarding the metals or metal ra-
tios can finally lead to oxidative stress, cell death and PD.

The quantification of the metal content in brain of living individuals
is impossible. Cerebrospinal fluid (CSF) is much easier available and in
close contact to the brain. CSF is well-established in human based neu-
robiological studies related to the metal exposure [28]. CSF directly con-
tacts extracellular space of brain parenchyma [29], so depletion of ele-
ments or change of element-species in the brain is likely to be reflected
in this media [30]. Investigations regarding metal content in CSF are
present in the literature, but show partly contrary results. In other neu-
rodegenerative diseases such as amyotrophic lateral sclerosis (ALS), spe-
ciation analysis helped to explain controversial findings between mole-
cular biology and epidemiologic studies [31–33]. Such additional infor-
mation provides deeper insights and shows changes in disease. A com-
prehensive literature search gained no previous speciation studies in
CSF of Parkinson-patients.

This paper first will present the results of a species characteriza-
tion in a PD-case-control study. The species of Fe, Cu, Mn and Zn were
measured by size exclusion chromatography coupled to inductively cou-
pled plasma mass spectrometry (SEC-ICP-MS). Additionally, the total
metal-concentration was determined by inductively coupled plasma sec-
tor field mass spectrometry (ICP-sf-MS). Finally, element-species-ratios
were calculated and compared between the two investigated groups.
Several species-ratios were shifted and could have the potential to sig-
nificantly distinguish PD-cases from controls.

2. Methods

2.1. Study participants

A total of 134 CSF samples taken by standardized lumbar punc-
ture at Cologne University Hospital have been analyzed. Out of these
samples, 33 were taken from PD-patients (age±SD: 65.1±12.9years;
sex: 10 female/23 male; disease-duration±SD: 1.39±3.7years) and 101
samples were neurological healthy controls (age±SD: 44.8±17.3years;
sex: 63 female/38 male). After lumbar puncture samples remained at
room temperature up to 6h for routine diagnostics. Subsequently, sam-
ples were stored at −20°C temporary and later at −80°C until mea-
surement. The erythrocytes number was semi-quantitatively determined
in a counting chamber (negative=no erythrocytes, isolated<5ery-
throcytes/μL,+<90erythrocytes/μL, ++>90erythrocytes/μL,
+++>350erythrocytes/μL, plentiful=overlying erythrocyte layers).
One sample had high erythrocyte contamination (+++), but was not
excluded, because measured values were within the range of all sam-
ples. The study was approved by the Ethics Committee of the University
Cologne (09.12.2014, no. 14–364). All patients consented to the scien-
tific use of their CSF samples.

2.2. Chemicals

Tris (Carl Roth, Karlsruhe, Germany), MeOH (Merck, Darmstadt,
Germany), elemental standards (Perkin Elmer, Rodgau-Jügesheim, Ger-
many), NH4Ac, human serum albumin (99%), bovine-γ-globulin,
bovine-apo-transferrin (98%), dichloromanganese tetrahydrat
(99,99%), citric acid, reduced and oxidized glutathione, arginase, fer-
ritin, β-lactoglobulin (each from Sigma Aldrich, Steinheim, Germany).

2.3. Species characterization by SEC-ICP-MS

The species characterization of Fe, Mn, Cu and Zn was realized by
coupling a High Performance Liquid Chromatography (HPLC)-system
(Knauer 1100 Smartline inert Series, Berlin, Germany) to an ICP-MS-sys-
tem (NexIon 300D, Perkin Elmer, Rodgau-Jügesheim, Germany). The
HPLC-system was equipped with two columns to ensure the separation
of high and low molecular mass (HMM/LMM) compounds. The first col-
umn (600×10mm ID) was packed with Toyopearl TSK HW 55S (Toso-
Haas, Stuttgart, Germany) with a separation range from 1 to 700kDa
and a second PEEK column (250×8mm ID) was packed with Toyopearl
TSK HW 40S (TosoHaas, Stuttgart, Germany) for the separation below
2kDa. The eluent was chosen according to Neth et al. [34]. The efflu-
ent of the columns passed a UV-detector (254nm, 220nm) and was in-
troduced through a Meinhard nebulizer and a cyclon spray-chamber to
ICP-MS. Dynamic Reaction Cell (DRC) mode with NH3 as reaction gas
eliminated isobaric interferences. ICP-MS parameters were RF power
1300W, plasma gas flow 17L Ar/min, nebulizer gas flow 0.92L Ar/min,
cell gas flow 0.52mL NH3/min, dwell time 1000ms, monitored isotopes
55Mn, 57Fe, 63Cu, and 66Zn.

Prior to sample measurement, a mass calibration was carried out
for both SEC columns. The retention times (RT) of the standards fer-
ritin (440kDa), γ-globulin (190kDa), arginase (107kDa), transferrin
(78kDa), HSA (66kDa), β-lactoglobulin (37kDa), oxidized and reduced
glutathione (612Da, 307Da), citrate (192Da), inorganic Mn and Fe
(55Da, 56Da) were recorded and RTs were correlated to respective
molecular masses. For HMM-compounds the calibration equation
log(MW)=−0.0009RT 3+0.0977RT 2−3.5058RT+46.998
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(R2=0.9942) and for LMM-species log(MW)=−0.014RT+3.0747
(R2=0.9592).

The SEC-separation has a low resolution but only limited non-de-
sired interactions between the separated species and the column-ma-
trix. Therefore, it is suitable for the separation of labile Mn-species,
e.g. Mn-transferrin. The hyphenation to ICP-MS, operating with NH3 in
DRC mode, allows for the on-line measurement of metals in the sep-
arated size fractions with spectral interferences on measures isotopes
minimized. The measurements were done in the frame of our continu-
ously running Mn-speciation approaches including successful recovery
and accuracy measurements, as reported already in [34,35].

2.4. Determination of total concentration by ICP-sf-MS

The total concentration of the metals Fe, Mn, Cu and Zn was deter-
mined by ICP-sf-MS (Element2, Thermo Fisher Scientific, Germany). The
CSF-samples were diluted 1:10 or 1:20 in Milli-Q water (18.2mΩcm;
Milli-Q Purification System). A 4-point-calibration was carried out with
a multi-elemental standard to quantify concentrations. The standard
composed of 0, 250, 500 and 1000ng/L of each metal. Rhodium (Rh)
was continuously introduced as internal standard at 1μg/L (final con-
centration). The instrumental settings are RF power 1170W, plasma
gas flow 16L Ar/min, nebulizer gas flow 0.99L Ar/min auxiliary gas
0.65L Ar/min, monitored isotopes 55Mn, 56 Fe, 63 Cu, 66Zn, and 103Rh in
medium resolution.

2.5. Statistical analysis

Previous to the statistical analysis the variables “total metal concen-
tration” and “concentration of fractions” were lg(x+1) transformed in
order to reach the normality of the errors and to reduce the skewed
distributions. A general linear model (GLM) was applied to the trans-
formed dataset. In the GLM the least square means were calculated to
find differences between controls and Parkinson-patients. A significance
level p<.05 was considered to be statistically significant (* p<.05,
** p<.01, *** p<.001). The evaluation was done in SAS, version 9.3
(SAS Institute Inc., Cary, NC, USA). The visualization of the box plot was
done in RStudio (Version 1.0.136 −© 2009–2016 RStudio, Inc.), pack-
age ggplot2 [36].

3. Results and discussion

3.1. Total concentration of metals does not differentiate between case/
control

Metals are suggested to play a role in the development of PD. Hence,
the total concentrations of metals in CSF are reported in literature.
Table 1 lists our results compared to literature data. Absolute concen-
trations varied considerably on an individual base but no significant
changes were detected. Differences to previously reported concentra-
tions were detected; however, trends were contradictory between dif-
ferent references. Bocca et al. have found a significantly decreased Fe-

concentration (control, 45μg/L; PD, 28μg/L) [37] and Hozumi et al. sig-
nificantly increased Cu- (control, 10.2μg/L; PD, 18.8μg/L), Mn- (con-
trol, 1.9μg/L; PD, 3.3μg/L) and Zn-concentrations (control, 5.3μg/L;
PD, 14.5μg/L) [38].

Table 1 shows that the total concentrations from this study are in
agreement with literature values but tend to be at the lower end of pub-
lished ranges, especially for Mn. The difference can be explained by in-
dividual variation depending on e.g. origin or diet. The Fe-concentra-
tion, being insignificantly higher in cases, opposes to the results ob-
tained by Bocca et al. but is in agreement with the results of Hozumi et
al. We also found elevated levels in cases for Cu and Zn corresponding
again with Hozumi et al. Notably, the differences in metal concentra-
tions were insignificant between controls and PD cases from our study
as demonstrated by respective p-values. The high inter-individual varia-
tion of total element concentrations in both groups – being also reported
in literature – may be a reason for the missed differentiation. Therefore,
total element concentration is unsuitable to differentiate between case
and control.

Age was insufficiently matched within the sample groups. Therefore,
we checked for age-dependence by means of linear regression, but nei-
ther for all participants nor in a single group a linear relationship be-
tween age and concentration existed (exemplarily for Fe in Supporting
Information). Our result agrees with Hozumi et al. where no correlation
with increasing age was detected, although there was an age-difference
of about 20 years between cases and controls [38].

3.2. Species characterization in CSF gives no clear differentiation between
case/control

Previous investigations on Mn-dependent PD showed changes in spe-
ciation [34]. Therefore a speciation approach seemed to be promis-
ing, too, since differentiation based on total element concentrations ap-
peared to be unsuccessful. A comprehensive literature search revealed
no results for speciation or species characterization of Fe, Mn, Cu and
Zn in CSF in PD. But the speciation analysis turned out to be helpful in
the analysis of neurodegenerative diseases like Manganism [35] or ALS
[31]. Four different mass-characterized species-fractions were separated
as shown in Fig. 1 for Mn (characteristic chromatograms of Cu, Fe and
Zn in Supporting Information): 350−30kDa (“HMM”,), 0.3−0.2kDa
(“Citrate”, (Cit)), 0.2−0.1kDa (“Amino acids”, (AA)) and <0.1kDa
(“Inorganic species”, (IOS)). It should be noted that these fractions con-
sist of several, unspecified molecules and compounds having similar
masses.

The evaluation of the chromatograms was carried out by PeakFit™
for identification of species-fractions and calculation of peak-areas. Cu
is mainly bound to HMM-species (60–70 %) and is not available as in-
organic species. This is in accordance with Nischwitz et al. [39] who
found Cu to be mainly bound to HMM in CSF of healthy controls.
About 35% of Cu in CSF is bound to ceruloplasmin according to the
study of Capo et al. [40]. Ceruloplasmin is an antioxidant which is
able to bind up to 6 Cu-ions. It was determined in CSF of control- and
Parkinson-samples with concentrations of 1566±157μg/L for controls

Table 1
Comparison of literature-values for determination of Fe, Cu, Mn and Zn in CSF and measured concentrations of the elements in CSF of Parkinson-patients and controls [29,30,51–55].

element
Concentration
controls±SEM [this paper]

Concentration PD-
patients±SEM [this paper]

p-values [this
paper]

Concentration controls-
literature [29,30,51–55]

Concentration PD-patients-
literature [29,30,51]

Fe 18.84±0.05μg/L 24.93±0.01μg/L 0.4340 16–275.9μg/L 28–263.9μg/L
Mn 0.50±0.05μg/L 0.45±0.01μg/L 1.0000 0.8–5.7μg/L 0.69–5.4μg/L
Cu 38.57±0.05μg/L 43.18±0.01μg/L 0.9913 10–87.5μg/L 18.8–67.7μg/L
Zn 15.80±0.05μg/L 18.98±0.01μg/L 0.8914 5–120μg/L 14.5–30μg/L
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Fig. 1. Observed SEC-ICP-MS-chromatogram ( , with graphical off-set) of Mn in CSF
with fractions aligned ( , aligned chromatogram, with graphical off-set) by use of Peak-
Fit™ software. Species detected are „HMM“ ( ), „Citrate“ ( ), „Amino acids“ ( ) and
„Inorganic species“ ( ).

and 1915±223μg/L in Parkinson-patients [41]. In contrast to Cu, the
elements Mn, Fe and Zn mainly exist as inorganic species, especially
Fe with more than 90%. These three metals are bound to HMM-com-
pounds only in a minor part. They are mainly bound to HMM-com-
pounds in serum and have a controlled transport into CSF. The scrutiny
for LMM-species is less distinct and therefore transport into CSF is al-
most without control [42]. Ways of transportation for the mentioned
metals are reviewed by Yokel [43]. The essential metal Mn was mainly
bound to LMM-compounds, especially to citrate [39,44,45], and can
cross neural barriers with slight control [44,45]. Our results showed the
inorganic fraction rather than the citrate-fraction to be the predomi-
nantly species available in CSF. With NMR-investigations of CSF stand-
ing at room temperature (RT) Levine et al. showed degradation or trans-
formation of citrate up to 50% after 72h [46]. Since the samples from
this study were standing at room temperature during clinical investiga-
tion up to six hours before being stored at −20°C, in analogy to Levine
et al., partial degradation of Mn-citrate to inorganic Mn was not com-
pletely excluded. This might explain our finding.

The inter-individual variation of total element concentrations could
hide intra-individual species shifts or ratios, which might have been
caused by PD-progression. Therefore, we additionally calculated the
species percentages-distribution by normalizing to total element concen-
tration (=100%) of each individual sample, so changes in the distribu-
tion of species pattern will be reflected more clearly.

A comparison between case and control can shed light on changes
in chemical species-distribution of the elements in CSF and therefore
on mechanisms affected through disease. The partial least square means
of fractions were calculated after log(x+1)-transformation. Differences
were calculated after Scheffe adjustment. The statistical analysis showed
no significant differentiation for any fraction between case and control,
however trends were actually observed. Such insignificant changes (PD
compared to controls) were: 1.) Shift from LMM-Cu-species – mainly
Cu-amino acid fraction- toward HMM-Cu-species (p=0.12), 2.) In-
crease of IOS-Zn (p=0.18) and 3.) Increase of IOS-Fe (p=0.16). No
trends were monitored for Mn species fractions.

It is known from the literature that element-ratios, and even more
specifically species-ratios, have to be regulated and balanced for an
intact brain function and lowering risk for oxidative stress [27,47].
Small, though insignificant changes in species fractions, however,

could result in significant changes of species ratios when one species
concentration in the enumerator tends to increase, while another species
concentration in denominator tends to decrease. In spite of being not
significant changes as such, these changes of different element frac-
tions tended into opposite directions, could change the important ele-
ment species-ratios considerably. Therefore, such ratios were calculated
and checked whether significant changes occurred between controls and
PD-cases.

The age-dependence was again checked by linear regression and in
parallel to the total concentration of metals, the species characterization
showed no linear relationship.

3.3. Ratios of different fractions give hints about changes in the brain status

Several ratios of different element fractions or of fractions vs. the to-
tal concentration provide highly significant differentiation between con-
trols and PD. Ten significant ratios were found which are listed in Table
2.

Notably, each ratio from Table 2 includes small Cu-fractions in
the denominator, either general LMM-Cu-fraction, but mostly specific
Cu-AA-fraction. These changes show all the same trend, i.e. increasing
in PD. When applying this calculation to the actual metal concentrations
(as μg/L) in fractions also 10 ratios appear to be significant (presented in
Supporting Information). Here, too, the AA-fraction is involved in half
of the shifted ratios but aside from Cu the AA-fraction is also associ-
ated with Fe and Mn, influencing the balance between different Fe- and
Mn-fractions.

The shifted ratios show misbalances between different elements and
element-fractions mainly from the redox-active elements Cu, Fe and Mn.
The expansive involvement of AA-fraction could play a crucial role in
development and progress of PD. A change in AA-metabolism was also
found by Neth et al. in a rat model study with induced manganism
[34]. However, for deeper insights the exact amino acids have to be de-
termined, the differences among case and control and the mechanisms
which are influenced.

The significant ratios were again analyzed with linear regression for
an age-dependence among all patients and the control-/case-group. Fig.
2 shows the three most significant ratios, the distribution of age-dots
shows no correlation with the determined values.

Our data confirmed earlier findings that total element concentra-
tions of transition metals in CSF have only limited suitability or are
even unsuitable for differentiation. To our best knowledge to date there
are no publications available comparing element species/fractions in
CSF of PD-patients vs. controls. Nischwitz et al. [39] investigated tran
Table 2
Significant ratios between different fractions or from fractions vs. total concentration of
elements, calculated from percentage values of fraction. Arrows show the direction of al-
teration for PD, p and F values indicate significance (p<0.05 or F>2: significant; total
c=total concentration; AA=amino acid fraction; LMM=low molecular mass; IOS=in-
organic species fraction; Cit=citrate fraction).

ratio
Alteration (control to
PD) p-value

F-
value

total c (Fe) vs. AA(Cu) ↑ <0.001 20.46
total c (Zn) vs. LMM (Cu) ↑ 0.0018 10.14
IOS(Mn) vs. AA (Cu) ↑ 0.0048 8.23
LMM(Mn) vs. AA (Cu) ↑ 0.0088 7.06
total c (Fe) vs. LMM (Cu) ↑ 0.0139 6.22
AA(Mn) vs. LMM (Cu) ↑ 0.0176 5.78
LMM(Mn) vs. LMM (Cu) ↑ 0.0211 5.45
Cit(Zn) vs. AA(Cu) ↑ 0.0327 4.66
IOS(Zn) vs. AA(Cu) ↑ 0.0361 4.48
LMM+IOS(Zn) vs.
AA(Cu)

↑ 0.0455 4.08
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Fig. 2. Box-Whisker-Plot of the three most significant ratios in comparison between case and control and with all gained values colored according to age.

sition metal fractions in CSF from neurological healthy donors but they
had no PD–CSF-samples for comparison. Such an extended approach
was the first aim of this work. However, the species characterization
did not significantly improve differentiation between cases and con-
trols. Discrimination between both groups was even not achieved when
inter-individual variations were eliminated by normalization for each
sample combined with a subsequent comparison of possible changes
in species pattern. However, it appears worth to note, that in brain
aside from strict control of species concentration patterns within a sin-
gle element, a strict regulation of metal-ratios from different elements
(e.g. Mn/Fe, Cu/Mn or Zn/Cu) is well established, too [48,49]. Such
“inter-metal-ratios”, are known to be important for maintaining proper
brain function. Any dysregulation could lead to neural damage. In this
context, Gaeta and Hider [12] reported that PD is characterized by ab-
normal protein components, i.e. misfolded α-Synuclein and Lewy bod-
ies, both well known as hallmarks of PD. They state that metals such
as Fe and Cu play an important role in protein aggregation and there-
fore are likely to link protein aggregation and oxidative damage. This
is even more likely as both elements (together with Mn) are redox-ac-
tive metals. Such literature data gave reason in our study to investigate
metal-ratios however, exceeding former studies being based only on to-
tal metal-ratios, we analyzed species-fraction-ratios for deeper insight
into neurodegenerative mechanisms. Importantly, we found twenty dif-
ferent metal-ratios to significantly differentiate between PD and con-
trols. For normalized fractions in each of the significant ratios LMM Cu
compounds are involved whereas for ratios based on total concentra-
tions also Mn LMM-compounds are involved. The importance of copper
species is supported by Rowinska-Zyrek et al. [50]. They report that the
redox activity of copper is an important issue for understanding the mol-
ecular basis of PD. Both, Cu+- and Cu2+-α-Synuclein complexes are ca-
pable to cause oxidative cell damage via ROS production. Cu2+-

α-Synuclein complexes are usually found outside the cell, in plasma, and
CSF [50]. Coincidently to our result of Cu-LMM-species tending to lower
concentrations in PD, Sayre et al. found decreased copper in CSF, too
[19]. Cu2+/Cu+-redox chemistry has been assessed as one of the most
important events in the pathophysiology of PD, caused by oxidation of
protein backbone, protein fragmentation or by oxidation of amino acid
residue side chains. Copper in redox-active form can catalyze hydroxyl
radicals in a Fenton-like reaction [19,50,51]. Disturbances in copper
homeostasis in brain were described e.g. in Menkes disease and Wil-
son´s disease [51]. On the other hand, Cu deficiency led to decreased
Cu-Zn-SOD, reducing oxidative stress defense [52]. The partial break-
down of the metal-homeostatic mechanisms in PD impact on Cu-de-
pendent cellular signaling [53], reduces protective (Cu-Zn-SOD) mecha-
nisms [52] and/or increases ROS [19,50,51] and finally can lead to cop-
per yielding biphasic changes in neurotransmission [53].

Apart from copper, Mn was involved in metal-fraction-ratios. Mn
is described to promote PD-prevalence and can lead to Mn-dependent,
PD-like conditions [7,54]. Mn-speciation has been performed by our
group in CSF and brains of Mn-exposed rats [34,39,55]. Mn toxic-
ity has been linked to impaired iron homeostasis, specifically shifts
in Fe(II)/Fe(III)-ratio [27], changes in neurotransmitter concentrations
and formation of ROS/RNS [27,56,57]. From these previous findings
the involvement of Mn-LMM species fractions was likely. The well-es-
tablished competition between manganese and iron can explain that
iron species fractions act as antipode to Mn-species fractions. Expec-
tantly, Fe-fraction concentrations tend to increase whereas Mn-fraction
concentrations behave oppositely. As copper, Fe(II) can generate re-
active hydroxyl radicals via Fenton reaction and modulate oxidative
stress [27,53]. Several Zn/Cu-species fractions significantly increased
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under PD, too. This might be interrelated with the competition with Cu
for the peptide binding sites [53].

The excess influx of zinc into neurons has been found to result in
neurotoxicity and damage to postsynaptic neurons [58]. Zinc appears to
have an effect on oxidative stress: high and extremely low zinc concen-
trations are associated with increased oxidative and nitrosative stress,
whereas intermediate concentrations were found to be neuroprotective
[59].

4. Conclusion

A determination of total concentration of elements and species char-
acterization by SEC-ICP-MS was applied for new insights into ongoing
mechanisms in PD and to understand the influence of the metals Cu,
Fe, Mn and Zn. The determination of the total concentration gained no
significant differences between case and control and hence is unsuit-
able as marker of the disease due to high inter-individual differences.
With the species-characterization by SEC-ICP-MS we found small differ-
ences among cases and controls. In PD CSF-samples Fe and Zn showed
an increase in the IOS-fraction although the inter-individual variation
of element concentration prevented further insight. Therefore, normal-
ization per samples of species fractions as percent of total was calcu-
lated to detect changes in species pattern. With normalization, an in-
crease of HMM-species together with a decrease in LMM-species, espe-
cially in the AA-fraction, was observed. However, while the observed
changes were below significance, a couple of ratios from different ele-
ment species fractions gained even high significance. Cu is involved in
many ratios. If Copper is in the denominator those ratios are increasing
significantly in PD. Aside from Cu also Fe and Mn play an important role
in misbalanced ratios. The AA-fraction is involved in many ratios and
an altered AA-metabolism seems to play a crucial role in the etiology
of PD. This study gives deeper insights into the distribution of the men-
tioned metals to different size-fractions, misbalances and changes ongo-
ing in PD. Further studies are needed to pinpoint specific compounds
involved in altered neuro-mechanisms to enlarge knowledge and find
possible markers of the disease.
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the risk of parkinsońs disease, Neuroepidemiology 18 (1999) 303–308.

[5] C.M. Tanner, S.M. Goldman, Epidemiology of Parkinson’s disease, Neurol. Clin. 14
(2) (1996) 317–335.

[6] R. Witholt, R.H. Gwiazda, D.R. Smith, The neurobehavioral effects of subchronic
manganese exposure in the presence and absence of pre-parkinsonism, Neurotoxi-
col. Teratol. 22 (6) (2000) 851–861.

[7] R.G. Lucchini, E. Albini, L. Benedetti, S. Borghesi, R. Coccaglio, E.C. Malara, G.
Parrinello, S. Garattini, S. Resola, L. Alessio, High prevalence of Parkinsonian dis-
orders associated to manganese exposure in the vicinities of ferroalloy industries,
Am. J. Ind. Med. 50 (11) (2007) 788–800.

[8] V.N. Uversky, Neurotoxicant-induced animal models of Parkinson’s disease: under-
standing the role of rotenone maneb and paraquat in neurodegeneration, Cell Tis-
sue Res. 318 (1) (2004) 225–241.

[9] D.B. Hancock, E.R. Martin, G.M. Mayhew, J.M. Stajich, R. Jewett, M.A. Stacy, B.L.
Scott, J.M. Vance, W.K. Scott, Pesticide exposure and risk of Parkinson’s disease: a
family-based case-control study, BMC Neurol. 8 (2008) 6.

[10] T.M. Dawson, V.L. Dawson, Molecular pathways of neurodegernation in Parkin-
son´s disease, Science 302 (2003) 819–822.

[11] W.P. Gilks, P.M. Abou-Sleiman, S. Gandhi, S. Jain, A. Singleton, A.J. Lees, K. Shaw,
K.P. Bhatia, V. Bonifati, N.P. Quinn, J. Lynch, D.G. Healy, J.L. Holton, T. Revesz,
N.W. Wood, A common LRRK2 mutation in idiopathic Parkinson's disease, Lancet
365 (9457) (2005) 415–416.

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

[13] E. Sofic, P. Riederer, H. Heinsen, H. Beckmann, G.P. Reynolds, G. Hebenstreit,
M.B. Youdim, Increased iron (III) and total iron content in post mortem substantia
nigra of Parkinsonian brain, J. Neural Transm. 74 (3) (1988) 199–205.

[14] V.N. Uversky, J. Li, K. Bower, A.L. Fink, Synergistic effects of pesticides and metals
on the fibrillation of alpha-synuclein: implications for Parkinson’s disease, Neuro-
toxicology 23 (4–5) (2002) 527–536.

[15] S.R. Paik, H.J. Shin, J.H. Lee, C.S. Chang, J. Kim, Copper(II)-induced self-oligomer-
ization of alpha-synuclein, Biochem. J 340 (1999) 821–828.

[16] K. Jomova, D. Vondrakova, M. Lawson, M. Valko, Metals, oxidative stress and neu-
rodegenerative disorders, Mol. Cell. Biochem. 345 (1–2) (2010) 91–104.

[17] P. Dusek, P.M. Roos, T. Litwin, S.A. Schneider, T.P. Flaten, J. Aaseth, The neuro-
toxicity of iron, copper and manganese in Parkinson’s and Wilson’s diseases, J.
Trace Elem. Med. Biol. 31 (2015) 193–203.

[18] R.J. Ward, F.A. Zucca, J.H. Duyn, R.R. Crichton, L. Zecca, The role of iron in brain
ageing and neurodegenerative disorders, Lancet Neurol. 13 (10) (2014)
1045–1060.

[19] L.M. Sayre, G. Perry, M.A. Smith, Redox metals and neurodegenerative disease,
Curr. Opin. Chem. Biol. 3 (2) (1999) 220–225.

[20] L. Stefanis, Alpha-synuclein in Parkinson’s disease, Cold Spring Harbour Perspect.
Med. 2 (2) (2012) a009399.

[21] K. Jomova, M. Valko, Advances in metal-induced oxidative stress and human dis-
ease, Toxicology 283 (2) (2011) 65–87.

[22] K.L. Double, M. Gerlach, V. Schünemann, A.X. Trautwein, L. Zecca, M. Gallorini,
M.B.H. Youdim, P. Riederer, D. Ben-Shachar, Iron-binding characteristics of neu-
romelanin of the human substantia nigra, Biochem. Pharmacol. 66 (3) (2003)
489–494.

[23] F.A. Zucca, J. Segura-Aguilar, E. Ferrari, P. Munoz, I. Paris, D. Sulzer, T. Sarna, L.
Casella, L. Zecca, Interactions of iron, dopamine and neuromelanin pathways in
brain aging and Parkinson’s disease, Prog. Neurobiol. 155 (2017) 96–119.

[24] N. Solovyev, M. Vinceti, P. Grill, J. Mandrioli, B. Michalke, Redox speciation of
iron, manganese, and copper in cerebrospinal fluid by strong cation exchange
chromatography – sector field inductively coupled plasma mass spectrometry,
Anal. Chim. Acta (2017).

[25] C. Quintana, S. Bellefqih, J.Y. Laval, J.L. Guerquin-Kern, T.D. Wu, J. Avila, I. Fer-
rer, R. Arranz, C. Patiño, Study of the localization of iron ferritin, and hemosiderin
in Alzheimer’s disease hippocampus by analytical microscopy at the subcellular
level, J. Struct. Biol. 153 (1) (2006) 42–54.

[26] G.A. Salvador, Iron in neuronal function and dysfunction, Biofactors 36 (2) (2010)
103–110.

[27] K. Fernsebner, J. Zorn, B. Kanawati, A. Walker, B. Michalke, Manganese leads to
an increase in markers of oxidative stress as well as to a shift in the ratio of Fe(II)/(
III) in rat brain tissue, Metallomics 6 (4) (2014) 921–931.

[28] W. Zheng, M. Aschner, J.-F. Ghersi-Egea, Brain barrier systems: a new frontier in
metal neurotoxicological research, Toxicol. Appl. Pharmacol. 192 (1) (2003) 1–11.

6



UN
CO

RR
EC

TE
D

PR
OO

F

D. Willkommen et al. Journal of Trace Elements in Medicine and Biology xxx (2018) xxx-xxx

[29] K. Blennow, H. Hampel, M. Weiner, H. Zetterberg, Cerebrospinal fluid and plasma
biomarkers in Alzheimer disease, Nat. Rev. Neurol. 6 (3) (2010) 131–144.

[30] B. Michalke, A. Berthele, Contribution to selenium speciation in cerebrospinal fluid
samples, J. Anal. At. Spectrom. 26 (1) (2011) 165–170.

[31] N. Vinceti, J. Solovyev, C.M. Mandrioli, F. Crespi, E. Bonvicini, E. Arcolin, B. Geor-
goulopoulou, Cerebrospinal fluid of newly diagnosed amyotrophic lateral sclerosis
patients exhibits abnormal levels of selenium species including elevated selenite,
Neurotoxicology 38 (2013) 25–32.

[32] M. Vinceti, J. Mandrioli, P. Borella, B. Michalke, A. Tsatsakis, Y. Finkelstein, Sele-
nium neurotoxicity in humans: bridging laboratory and epidemiologic studies, Tox-
icol. Lett. 230 (2) (2014) 295–303.

[33] J. Mandrioli, B. Michalke, N. Solovyev, P. Grill, F. Violi, C. Lunetta, A. Conte, V.A.
Sansone, M. Sabatelli, M. Vinceti, Elevated levels of selenium species in cere-
brospinal fluid of amyotrophic lateral sclerosis patients with disease-associated
gene mutations, Neurodegener. Dis. 17 (4–5) (2017) 171–180.

[34] K. Neth, M. Lucio, A. Walker, J. Zorn, P. Schmitt-Kopplin, B. Michalke, Changes in
brain metallome/metabolome pattern due to a single i.v. Injection of manganese in
rats, PLoS One 10 (9) (2015) e0138270.

[35] K. Neth, M. Lucio, A. Walker, B. Kanawati, J. Zorn, P. Schmitt-Kopplin, B.
Michalke, Diverse serum manganese species affect brain metabolites depending on
exposure conditions, Chem. Res. Toxicol. 28 (7) (2015) 1434–1442.

[36] H. Wickham, Ggplot2: Elegant Graphics for Data Analysis, Springer Publishing
Company, 2009.

[37] A. Bocca, O. Alimonti, A. Senofonte, N. Pino, F. Violante, G. Petrucci, G. Sance-
sario, Metal changes in CSF and peripheral compartments of parkinsonian patients,
J. Neurol. Sci. 248 (1–2) (2006) 23–30.

[38] I. Hozumi, T. Hasegawa, A. Honda, K. Ozawa, Y. Hayashi, K. Hashimoto, M. Ya-
mada, A. Koumura, T. Sakurai, A. Kimura, Y. Tanaka, M. Satoh, T. Inuzuka, Pat-
terns of levels of biological metals in CSF differ among neurodegenerative diseases,
J. Neurol. Sci. 303 (1–2) (2011) 95–99.

[39] V. Nischwitz, A. Berthele, B. Michalke, Speciation analysis of selected metals and
determination of their total contents in paired serum and cerebrospinal fluid sam-
ples: an approach to investigate the permeability of the human blood-cerebrospinal
fluid-barrier, Anal. Chim. Acta 627 (2) (2008) 258–269.

[40] M. Capo, R. Arciello, E. Squitti, P.M. Cassetta, L. Rossini, L. Calabrese, Features of
ceruloplasmin in the cerebrospinal fluid of Alzheimer’s disease patients, Biometals
21 (3) (2008) 367–372.

[41] D.A. Loeffler, A.J. DeMaggio, P.L. Juneau, C.M. Brickman, G.A. Mashour, J.H.
Finkelman, N. Pomara, P.A. LeWitt, Ceruloplasmin is increased in cerebrospinal
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