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Parkinson’s disease (PD) is recognized as the second most
common neurodegenerative disorder after Alzheimer dis-
ease. Although a fascinating 200-year journey of research
has revealed the multifaceted nature of PD [1, 2], its
fundamental features are the loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) and depletion
of dopamine (DA) in the striatum.

Iron accumulates in normal brains with aging. Such
deposition has been reported to be exacerbated in acquired
neurodegenerative disorders and in genetic neurological
disorders such as neurodegeneration with brain iron
accumulation and Friedreich ataxia [3]. Especially in PD,
potential mechanisms have been offered to explain why
iron metabolism is disturbed, as well as how elevated iron
leads to dopaminergic neuronal degeneration [4]. However,
it has been noted that this degeneration occurs in the SNpc,
while other iron-rich areas remain unaffected. Meanwhile,
dopaminergic neurons survive in the adjacent ventral
tegmental area, where the iron levels are lower than in
the SNpc. This emphasizes the close relationship between
iron and DA, two key chemical components, and thus a
toxic couple in the degeneration of dopaminergic neurons
[S].

The revealed aspects of iron-DA coupling are largely
derived from their pro-oxidant properties. As the central

D} Junxia Xie
jxiaxie@163.com; jxiaxie@public.qd.sd.cn

Department of Physiology, Shandong Provincial Key
Laboratory of Pathogenesis and Prevention of Neurological
Disorders and State Key Disciplines: Physiology, Medical
College of Qingdao University, Qingdao 266071, China

Institute of Brain Science and Disease, Qingdao University,
Qingdao 266071, China

@ Springer

neurotransmitter involved in PD, DA is synthesized by
tyrosine hydroxylase in dopaminergic neurons and then
stored in synaptic vesicles ready for neurotransmission.
The released DA is recycled into the cytoplasm by the DA
transporter. DA easily forms toxic metabolites and these
processes occur predominantly in the cytoplasm. Physio-
logically, H,O, is produced by a DA enzymatic process via
monoamine oxidase that converts DA to 3,4-dihydrox-
yphenylacetic acid and then homovanillic acid. Meanwhile,
oxidative circumstances facilitate DA auto-oxidation and
then the non-enzymatic catalytic production of o-quinones
and quinones. Apart from the processes of biosynthesis and
biodegradation, the free cytoplasmic DA is tightly
restricted to a minimum by the modulation of trafficking
from the presynaptic terminals via the DA transporter and
synaptic vesicles via vestibular monoamine transporter 2.
Accumulation of a high level of free cytoplasmic DA thus
triggers DA-derived cytotoxicity. Although DA is depleted
in the pathological progression of PD, it has to be noted
that the cytotoxicity of free DA plays a part in the
vulnerability of dopaminergic neurons.

Excess iron induces oxidative stress via the formation of
hydroxyl radicals, leading to the peroxidation of DNA,
proteins, and lipids. Recently, ferroptosis has been intro-
duced and highlighted for triggering non-apoptotic cell
death dependent on iron and reactive oxygen species. The
induction of ferroptosis further leads to ferritinophagy
(degradation of ferritin), which releases iron and in turn
increases the labile cytoplasmic iron pool. This emphasizes
the pro-oxidant nature of iron [6]. The elevated cytoplas-
mic iron elicits a hazardously pro-oxidant environment,
although there are still arguments about whether this
elevated iron is the primary insult or secondarily released
from the degenerating neurons in PD. Iron becomes toxic
in dopaminergic neurons by (1) reacting with H,O,
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Fig. 1 Iron, dopamine, and a-syn in dopaminergic neurons. Under
physiological conditions, iron is essential for some biological
processes, while contributing to a pro-oxidant environment in cells.
DA is in balance between the free cytoplasmic form and the stored
vesicular form and participates in both enzymatic and non-enzymatic
metabolic processes. Alpha-syn functions in membrane-associated
processes and regulates vesicular trafficking in its native form. In the

produced in the enzymatic processes of DA metabolism,
and (2) accelerating the non-enzymatic catalytic processes
and producing neurotoxic intermediates or the end-prod-
ucts O3 and -OH. Hare ef al. have proposed an alternative
mechanism that the oxidation of DA by iron forms
6-hydroxydopamine (6-OHDA). As a commonly-used
neurotoxin in PD models, 6-OHDA liberates iron from
ferritin. The H,O, produced in 6-OHDA metabolism in
turn participates in the Fenton reaction with iron. The
mutual relationships suggest that 6-OHDA formed in DA
metabolism contributes to the iron and DA interactions.
These biochemical changes and deleterious events eventu-
ally overwhelm compensatory antioxidant mechanisms and
make the dopaminergic neurons in neurochemically dis-
tinct region extremely vulnerable, considering that these
neurons contain high concentrations of both iron and DA.

In terms of iron-DA coupling, another crucial player, o-
synuclein (a-syn), has to be taken into account. Aggregated
a-syn and deposited iron are present in Lewy bodies — the
neuropathological hallmark of PD. Evidence of the close
relationships between these two molecules is emerging.
The structural links first come from the fact that iron
binding to o-syn directly increases its aggregation and
induces the formation of larger oligomers even at low
micromolar concentrations. These conformational changes
dramatically facilitate the tendency of o-syn to aggregate
and thus impart the synergistic neurotoxicity of iron-o-syn
coupling. An alternative structural link has been proposed

disease state of PD, elevated iron elicits oxidative damage, accelerates
DA-derived metabolic toxicity, and aggravates o-syn dysfunction by
promoting its expression and aggregation. Alpha-syn-induced defects
in vesicular incorporation retain free DA while overexpressed o-syn
increases ferrireductase activity and ferrous iron levels. DA promotes
o-syn aggregation and the metabolic products react with iron. These
manifest a toxic vicious cycle among iron, DA, and a-syn in PD

following the report of an iron-responsive element in the o-
syn 5'-untranslated region, indicating that o-syn expression
is modulated by iron at the post-transcriptional level. Iron
and o-syn interactions are also related to iron-induced
oxidative stress and post-translational modification. In turn,
overexpressed o-syn, acting as an intrinsic ferrireductase,
increases the ferrous iron levels and induces susceptibility
to the toxicity of the oligomers [7]. As for a-syn and DA
interactions, o-syn physiologically regulates vesicle pack-
ing and DA release. However, in the disease state of PD,
elevated or mutated o-syn impairs vesicle docking and
recycling, preventing vesicular incorporation; these defects
in handling cytoplasmic DA eventually result in the
retention of a high concentration of free DA. On the other
hand, DA promotes o-syn aggregation into oligomers and
the subsequent cytotoxicity, and post-translational modifi-
cations of a-syn further regulate DA and iron transport [8].
Therefore, a cyclically accelerated process has been
suggested in dopaminergic neurons displaying the charac-
teristics high iron, abundant DA, and misfolded o-syn,
which make them extremely susceptible to cell death
(Fig. D).

Last but not least, the neuronal aspects of iron,
dopamine, and a-syn interactions have been extensively
discussed. Neurodegenerative processes trigger universal
and conserved glial reactions in PD. Glia are extensively
involved in brain iron metabolism as well as participating
in the cell-to-cell transmission of a-syn. Astrocytes are able
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to take up DA and regulate its release, indicating their
functions in managing DA levels [9]. The involvement of
activated glia in iron metabolism, DA metabolism, and o-
syn pathology implies that they play significant roles in the
pathogenesis of PD. Selective degeneration occurs in
neurons rich in iron, free DA, and aggregated o-syn. It
may be that packaging these interactive molecules into a
“safe” place, such as vesicles/compartments (considering
the neuroprotective effects of vestibular monoamine trans-
porter 2 and ferritin/mitochondrial ferritin), might be a
promising strategy for preventing or rescuing the dopamin-
ergic neurons at risk in PD.
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