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Abstract X-ray absorption near edge structure spec-

troscopy was applied in order to investigate differences

in iron chemical state between the nerve cells of sub-

stantia nigra (SN) representing Parkinson’s disease

(PD) and those of control cases. Autopsy samples

were cut using a cryotome, and were not fixed and not

embedded in paraffin. The comparison of the absorp-

tion spectra near the iron K-edge measured in melan-

ized neurons from SN of PD and control samples did

not show significant differences in iron oxidation state.

Measurements of inorganic reference materials con-

taining iron in the second and third oxidation states

indicate that most of the iron in all the nerve cell

bodies examined was oxidized and occurred as triva-

lent ferric iron (Fe3+).
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Introduction

Parkinson’s disease (PD) is a slowly progressive illness

classified in the group of neurodegenerative disorders.

The most characteristic feature of this disorder is the

loss of neuromelanin (NM) rich neurons and the

presence of Lewy bodies in the area of substantia nigra

(SN) of the midbrain [1–5]. The causes of cellular loss

are enigmatic in most individuals [1]. However, one of

the leading hypotheses suggests that oxidative stress

triggers a cascade of events resulting ultimately in the

death of nerve cells [2–5].

Every cell has chemical reactions involving the oxi-

dation and reduction of molecules. These reactions can

lead to the production of free radicals. Free radicals

react with key organic substrates such as lipids, pro-

teins, and DNA. Oxidation of these biomolecules can

damage them, disturbing normal functions, and may

contribute to a variety of disease states [3, 5]. Oxidative

stress occurs when the generation of reactive oxygen

species (free radicals, reactive anions containing oxy-

gen atoms, molecules containing oxygen atoms that can

produce free radicals or are chemically activated by

them) in a system exceeds its ability to neutralize and

eliminate them [3]. It is important in this context that

transition metals like Fe, Cu, and Mn can promote the

generation of free radicals in Fenton’s reaction (Eq. 1):

Mnþ þH2O2 !M nþ1Þð þ þOH� þOH� ð1Þ

Fe is especially important and has been widely

studied in the context of neurodegeneration in PD

[2, 6–9]. The accumulation of Fe in the area of human

SN was examined using many measurement tech-

niques, e.g., absorption spectrophotometry, Mössbauer
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spectroscopy, X-ray fluorescence microscopy, or mag-

netic resonance imaging. Most of the investigations

were done for autopsy samples. However, it is neces-

sary to mention the in vivo studies carried out with the

use of magnetic resonance imaging or ultrasonography

[10–12]. The results of Antonini et al. [10] obtained

using magnetic resonance imaging showed an in-

creased Fe deposition in SN of patients with PD. Zecca

et al. [11] and Berg et al. [12] observed an increased

echogenicity of the SN in patients with PD. On the

basis of animal studies and postmortem analyses of

human brain tissue they revealed that this echofeature

was associated with increased Fe level and reduced

NM content in the area of SN.

The notion of a higher Fe level in PD SN was sup-

ported by many experiments done on postmortem

samples of brain [7, 13–18]. Griffiths et al. [13] using

absorption spectrophotometry observed an elevated

level of Fe in the parkinsonian SN and the lateral

portion of the globus pallidus. Sofic et al. [14] noticed

significant differences both in the content of total Fe

and ferric Fe in postmortem SN of PD patients. The

176 and 225% increases in the levels of total and tri-

valent Fe, respectively, were found for parkinsonian

SN in comparison with age-matched controls. In

another paper, Sofic et al. [15] on the basis of histo-

chemical and biochemical investigations demonstrated

that the content of total Fe increases selectively in

parkinsonian SN zona compacta but not in the zona

reticulata and that the increase of Fe content is mainly

due to ferric Fe. Such results are not in agreement

with those obtained by Morawski et al. [16] with the

use of the particle-induced X-ray emission technique.

According to their paper from 2005, the content of Fe

in patients who died with PD was higher both in SN

pars compacta and SN pars reticulata. The major

finding of Gotz et al. [7] was that the Fe level increased

with the severity of neuropathological changes in PD

and was mainly due to increased transport through the

blood–brain barrier in late stages of PD. In contrast to

the studies presented above, investigations of autopsy

samples done with the use of Mössbauer spectroscopy

did not show any differences in the total amount of Fe

in SN between PD and control brains [17, 18].

As one can see, there are some disagreements in the

results obtained using different measurement tech-

niques. Even if we assume that the content of Fe in the

area of SN (or part of it) is elevated, we cannot link it

directly to PD. One can infer it from the fact that

clinical features of PD do not seem to be frequently

reported in hemochromatosis, a common chronic

human genetic disorder whose hallmark is systemic

Fe overload. In fact the first report of coincidence

symptoms of PD in patients with hemochromatosis was

the paper of Costello et al. [19] from 2004. Earlier

Nielsen et al. [20] reported some symptoms of PD in

patients with hemochromatosis. However, the occur-

rence of some ‘‘parkinsonism’’ symptoms (like rigidity,

bradykinesia, tremor, gait disturbances) does not

necessarily mean that there is a true PD. In hemo-

chromatosis, some symptoms of parkinsonism may be

due to the Fe overload observed in basal ganglia and

may not be caused by ‘‘true’’ PD (with inherent

a-synuclein-related pathology in SN). Therefore, in

spite of some reports indicating the possibility of a link

between the C282Y mutation in the HFE gene

(responsible for hemochromatosis) and PD, for exam-

ple, the work of Dekker et al. [21], the elucidation of a

role of Fe in pathogenesis of PD seems to be still not

an easy goal to achieve.

As already mentioned, the degeneration in PD con-

cerns the NM reach neurons from SN. NM has a

strong binding capacity, especially for Fe [22]. For

normal subjects up to 20% of SN Fe is bound to NM

(in the ferric form) [23]. The function of NM within

the pigmented neurons is not fully known; however,

according to the existing evidence it can play some

protective role against free-radical damage either by

direct inactivation of free-radical species or via its

ability to chelate transition metals [23]. Gerlach et al.

[23] suggested that an increased Fe level in PD SN

may saturate Fe-chelating sites on NM and cause a

looser association between Fe and NM. As a result,

redox-active Fe could be released and involved in a

Fenton-like reaction leading to an increased produc-

tion of oxidative radicals. The results of Faucheux

et al. [24] showed that the redox activity of NM

aggregates in a group of parkinsonian patients in-

creased significantly (by 69%) and was highest in

patients with the most severe neuronal loss. Such an

overloading of NM with redox-active elements may

contribute to oxidative stress and intraneuronal

damage in patients with PD [24]. On the other hand,

it is necessary to mention that extraneuronal NM

from dying neurons is phagocytosed by microglia and

is associated with its activation. The release of neu-

rotoxic microglial factors may lead to a subsequent

aggravation of neurodegeneration [25].

An increased level of Fe in PD SN or single nerve

cells of this area, however interesting, does not give the

final answer whether Fe initiates or promotes neuronal

degeneration or whether it accumulates as a conse-

quence of this process in PD. The determination of the

Fe oxidation state in the nerve cells representing PD

and control cases may shed some new light on the role

of Fe in the pathogenesis of PD.
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Valuable information on the speciation of metals

may be provided by X-ray absorption near-edge

structure (XANES) spectroscopy. The XANES tech-

nique is a type of absorption spectroscopy. In this

method we examine the modulation of the X-ray

absorption probability of an atom as a function of

incoming X-ray radiation energy [26]. The analyzed

area of the X-ray absorption spectrum covers the

energies near and above the absorption edge of the

element analyzed [26, 27]. XANES is strongly sensitive

to the chemistry of the absorbing atom and provides

information about its oxidation state and geometry

[27]. The structural and electronic data concerning

the atoms analyzed can be obtained for almost any

type of substances [28]. Moreover, the use of a

synchrotron microbeam of X-rays allows such knowl-

edge to be gained with the spatial resolution of single

micrometers.

For a few years this measurement technique has

been widely used for analysis of the oxidation state of

selected elements in biological samples [29–33]. The

microscopic XANES (micro-XANES) technique was

applied for investigations on PD as well [34–36].

Yoshida et al. [34] investigated the chemical state of Fe

in single neurons from SN of PD patients. The micro-

XANES results, in this case, showed that the chemical

state of Fe in the NM granules within nerve cells

changed from the ferrous (Fe2+) to the ferric (Fe3+)

form in the process of neuronal degeneration [34]. In

another study, Yoshida et al. [36] investigated the dif-

ferences in Fe oxidation state in the area of neurons,

free-NM aggregates and glial cells from PD and control

SN. However, fixation of the tissue in formalin (37%

aqueous solution of formaldehyde) and also embed-

ding in paraffin, that were applied in both cases, might

have changed both the elemental composition and the

oxidation state [37, 38].

In the present work, we the authors applied the

micro-XANES technique in order to investigate dif-

ferences in Fe chemical state for SN neurons repre-

senting PD and control groups. The measurements

were done for one PD and six control samples of SN.

The samples were neither fixed nor paraffinized.

Experimental

Samples

The autopsy samples of SN were examined with the

use of micro-XANES spectroscopy. The absorption

spectra near the Fe K-edge were measured in melan-

ized neurons. The measurements were carried out for

one sample representing PD and for six samples taken

from people who had died with non-neurological con-

ditions (control group).

The male PD patient died at the age of 77 owing

to myocardial infarct. At the age of 65 he presented

with a left-sided coarse 5–7-Hz resting tremor affecting

his arm and subsequently his leg. Rigidity and brady-

kinesia, although present, were not prominent clinical

features. Five years into his disease, similar symptoms

began to affect his right side. Disease progression was

slow and he was started on L-dopa 6 years after the

beginning of symptoms. He displayed a good response

to L-dopa with the relief of bradykinesia and tremor.

No cognitive decline, autonomic dysfunction, nor other

atypical signs were observed. Over the past 3 years he

developed wearing-off effects and dyskinesias. He re-

mained relatively independent until his death. Addi-

tionally, brief characteristics of all the patients are

given in Table 1.

All specimens were frozen and cut into 20-lm-thick

slices with the use of a cryomicrotome (not later than

24 h after the time of death). The tissue slices designed

for micro-XANES measurements were mounted on

AP1 or ultralene foil. Both types of sample carriers are

ultrapure (contain no trace elements), ultrathin (0.15

and 4 lm, respectively), and transparent for X-rays.

Afterwards, samples prepared in such a way were

freeze-dried at –30 �C for about 1 week. After freeze-

drying and before measurements, the tissue sections

were stored in air at room temperature. A microscopic

view of one of the control SN tissue sections examined

is presented in Fig. 1.

Measurements

The measurements were performed at the bending mag-

net beamline L at HASYLAB [39]. The Si–111 mono-

chromator was applied. The beam was focused with

the use of polycapillary optics (flux approximately 109

photons/s). The beam was 20 lm in diameter, which

Table 1 The characteristics of Parkinson’s disease and control
patients

Patient Age (years) Sex Cause of death

PD 77 Male Myocardial infarct
C1 77 Male Cardiac arrest
C2 55 Male Cardiac arrest
C3 69 Female Brain hemorrhage
C4 63 Female Myocardial infarction with

secondary cardiac rupture
C5 40 Female Septic shock
C6 65 Male Cardiac arrest
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compared with the typical size of a nerve cell from

SN (30–40 lm in diameter) made possible the micro-

XANES measurements at the single-cell level. The

measurements were carried out in air. The character-

istic X-ray lines of Fe were measured with the use

of an HPGe detector (energy resolution 120 eV for the

Mn Ka line, 8-lm-thick beryllium window). A sche-

matic view of the experimental setup is presented in

Fig. 2.

The absorption spectra near the Fe K-edge were

measured for the energy range from 7.05 to 7.50 keV.

The energy-step increments were 5, 1, 0.3, and 10 eV,

respectively, for the following energy ranges: 7.05–7.08,

7.08–7.105, 7.105–7.14, and 7.14–7.50 keV. The mea-

surement time was 10 s for all energy points analyzed.

Besides the tissue samples, the micro-XANES spectra

were measured also for reference materials (thin sec-

tions of natural minerals pyrite and andradite, bought

from Micro-Analysis Consultants).

Results and discussion

The micro-XANES spectra of Fe were measured for

SN neurons from one PD and six control samples.

Typically, for each sample the analysis was carried out

for one nerve cell. In order to obtain better statistics,

we measured four to five spectra per nerve cell, and

normalized them (point by point) to the incident

photon flux and to the mean number of counts

from the energy range 7.25–7.50 keV. Afterwards, we

averaged the series of spectra obtained for each

individual nerve cell. It is also necessary to mention

that all the spectra were monitored for photoreduc-

tion, but no significant signs of the process were

found.

The comparison of the micro-XANES spectra ob-

tained for all the tissue samples analyzed and for the

reference materials is presented in Figs. 3 (the entire

XANES profile) and 4 (the edge region). As one can

see from Fig. 3, all the micro-XANES spectra obtained

for the tissue samples are situated near the spectrum

measured for andradite that contains mainly Fe in the

third oxidation state. This indicates that most of the Fe

in all the nerve cell bodies examined is also oxidized

and occurs as trivalent ferric Fe (Fe3+). Additionally,

the energies of the pre-edge peak maximum and the

first inflection point of the main edge were found and

are presented in Table 2. In order to extract the pre-

edge peak position correctly, the contribution of the

edge jump to this feature was modeled using a spline

function. The values shown in Table 2 are in agree-

ment with the literature data obtained using XANES

spectroscopy both for tissue and for mineral samples

[40–43]. Similarly to the cited literature evidence, the

pre-edge peak was located around 7,113 eV and the

first inflection point of the main edge for Fe(III) was

located around 7,126 eV.

For the PD sample and one selected control sample

(labeled as control 1), exceptionally, we examined the

oxidation state for five and four melanized neurons,

respectively, in order to investigate differences be-

tween individual neurons of the same sample. The re-

sults of the measurements were analyzed as described

earlier and are shown in Fig. 5 (the edge region). No

significant difference is observed between the edge

positions of spectra obtained for individual neurons.

The data points only scatter around a common mean

edge structure. The mean from the spectra obtained for

individual neurons of the PD SN sample and the con-

trol 1 sample, respectively, is shown in Figs. 6 (the

entire XANES profile), 7 (the edge region), and 8 (the

pre-edge peak region). At this higher level of counting

statistics (edge jump 2 · 104 counts), the spectra of the

Fig. 1 Microscopic view of one of the control substantia nigra
(SN) tissue sections examined; nerve cells are seen as darker
areas; the size of SN neuron is about 30–40 lm

Fig. 2 The beamline L experimental setup
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control and PD samples are indistinguishable. The

differences in the edge position between the XANES

spectra for individual neurons of the control and PD

samples were rather the result of insufficient statistics

than of changes in the oxidation state of Fe.

In summary, the results presented did not show

significant differences in Fe chemical state between SN

neurons of PD samples and the control samples.

Moreover, we found that most of the Fe in the neurons

of SN is present in the ferric form.

Our results seem to be in agreement with those

obtained by Galazka-Friedman et al. [44] with the use

of Mössbauer spectroscopy. However, because about

200–500 mg of tissue was used in the measurements,

their results should be rather regarded as averaged and

to have included all the tissue (indiscriminately neu-

rons, glial cells, endothelia, etc.). In contrast to the

work of Galazka-Friedman et al. [44], we investigated

the chemical state of Fe in single neurons from SN.

According to the results of Yoshida et al. [36], the

X-ray absorption spectra both for control and PD SN

neurons are situated closer to the XANES spectrum of

Fe(II). This may result from the differences in the

Fig. 3 Comparison of the Fe
microscopic X-ray absorption
near-edge structure (micro-
XANES) spectra (the entire
profiles) obtained for neurons
of all the tissue samples
analyzed and for the
reference materials. Control
1–control 6 the control
samples of SN, PD SN sample
from a patient who died with
Parkinson’s disease, ref Fe(II)
pyrite, ref Fe(III) andradite

Fig. 4 Absorption spectra
near the Fe K-edge (the edge
region) measured in nerve
cells from SN samples
in comparison with the
micro-XANES spectrum
of andradite

Table 2 The energies of the pre-edge peak maximum and the
first inflection point of the main edge for the tissue samples
analyzed and for the reference samples

Sample Energy (eV)

Pre-edge peak
maximum

First inflection point
of the main edge

C1 7,113.3 ± 0.3a 7,126.3 ± 0.3
C2 7,113.6 ± 0.3 7,125.7 ± 0.3
C3 7,113.2 ± 0.3 7,126.0 ± 0.3
C4 7,113.7 ± 0.3 7,125.7 ± 0.3
C5 7,113.3 ± 0.3 7,126.0 ± 0.3
C6 7,113.2 ± 0.3 7,126.0 ± 0.3
PD 7,113.5 ± 0.3 7,126.3 ± 0.3
Ref Fe(II) 7,112.0 ± 0.3 7,116.7 ± 0.3
Ref Fe(III) 7,113.4 ± 0.3 7,126.6 ± 0.3

a The energy step applied in the appropriate region of the X-ray
absorption near edge structure spectrum
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Fig. 5 Fe micro-XANES
spectra (the edge region)
obtained for nerve cell bodies
from the PD sample and the
control 1 sample

Fig. 6 Comparison of mean
XANES spectra (the entire
profiles) obtained for the
selected control sample and
the PD SN sample

Fig. 7 Comparison of mean
XANES spectra (the edge
region) obtained for the
selected control sample and
the PD SN sample
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sample preparation techniques. The specimens used in

their measurements were fixed in formalin. Since it is

known that aldehydes oxidize easily, i.e., they act as

strong reducing agents, this preparation techniques

could have an effect on the Fe chemical state [38].

Moreover, the process of fixation and the duration of

fixation may have marked effects on the metal ion

concentrations because many metal complexes are

water-soluble [45]. In this context, it is also necessary

to mention that the comparison of Mössbauer spectra

measured for fresh and fixed SN samples showed sig-

nificant differences [45].

Moreover, in contrast to the results of Yoshida et al.,

we did not observe any significant differences in the

pre-edge peak intensity between the Fe XANES

spectra measured for control and PD neurons.

Our results seem to be in contradiction with those

obtained by Sofic et al. [14]. On the basis of histo-

chemical and biochemical results, they observed a shift

of the Fe(II) to Fe(III) ratio in SN from almost 2:1 in

normal brain to 1:2 in parkinsonian brain [14].

Further detailed studies using XANES spectros-

copy are needed to confirm the effect of fixation on

the oxidation state. Also, it is necessary to investi-

gate the problem of sample oxidation both before

and during measurements. Such experiments are in

progress.

Conclusions

The micro-XANES measurements carried out for PD

and control SN did not show any significant changes in

Fe chemical state between PD and control melanized

neurons. Moreover, they allowed us to state that most

of the Fe occurred in these biological structures as

Fe(III).
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