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Abstract.

Iron (Fe) is an essential element for many metabolic
processes, serving as a cofactor for heme and nonheme
proteins. Cellular iron deficiency arrests cell growth and
leads to cell death; however, like most transition metals, an
excess of intracellular iron is toxic. The ability of Fe to
accept and donate electrons can lead to the formation of
reactive nitrogen and oxygen species, and oxidative damage
to tissue components; contributing to disease and, perhaps,
aging itself. It has also been suggested that iron-induced
oxidative stress can play a key role in the pathogenesis of
several neurodegenerative diseases. Iron progressively
accumulates in the brain both during normal aging and
neurodegenerative processes. However, iron accumulation
occurs without the concomitant increase in tissue ferritin,

© 2010 International Union of Biochemistry and Molecular Biology, Inc.
Volume 36, Number 2, March/April 2010, Pages 103-110 e
E-mail: salvador@criba.edu.ar

1. Introduction

Iron is the most common cofactor within the oxygen-han-
dling biological machinery mainly due to its ability to partici-
pate directly as a donor or an acceptor in electron transfer
reactions. For this reason, iron is considered an essential
trace element for cell function. The distinguishing property
that enables iron to participate in oxygen metabolism also
explains its potential damaging effects; consequently, cell
iron content must be properly handled by the cell [1].
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which could increase the risk of oxidative stress. Moreover,
high iron concentrations in the brain have been consistently
observed in Alzheimer’s disease (AD) and Parkinson’s
disease (PD). In this regard, metalloneurobiology has
become extremely important in understanding the role of
iron in the onset and progression of neurodegenerative
diseases. Neurons have developed several protective
mechanisms against oxidative stress, among them the
activation of cellular signaling pathways. The final response
will depend on the identity, intensity, and persistence of the
oxidative insult. The characterization of the mechanisms
involved in high iron induced in neuronal dysfunction and
death is central to understanding the pathology of a number
of neurodegenerative disorders.
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Although total body content of iron is about 4 g in an
adult male, erythropoiesis, the most relevant iron-requiring
physiological event, utilizes about 0.02 g [2,3]. The amount
of iron needed by an adult male can be obtained by absorb-
ing 1—2 mg of iron. In this context, mechanisms that partici-
pate in iron conservation and recycling are essential because
typical human diets contain just enough iron to replace
small losses [1].

The brain particularly needs iron for multiple physio-
logical processes. Iron is a cofactor for tyrosine hydroxy-
lase, tryptophan hydroxylase, xanthine oxidase, and ribonu-
cleoside reductase [4,5]. Fe also participates in myelination,
mitochondrial energy generation, and DNA replication/cell
cycling [1]. The uptake pathway of brain iron starts in the
intestines where dietary Fe3" (ferric iron) is reduced by du-
odenal cytochrome B to Fe*" (ferrous iron). The divalent
metal transporter (DMT) can carry Fe*" across the duodenal
epithelium into the blood. Ceruloplasmin or hephaestin reg-
ulates iron homeostasis in the blood, by oxidizing Fe*" to
Fe3* and promoting its binding to the predominant serum
iron carrier, transferrin [1,6-8]. Transferrin-iron circulating in
the blood outside of the central nervous system (CNS) can-
not directly cross the blood-brain barrier (BBB). The most
common pathway for iron transference across the BBB is
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through transferrin receptors on brain endothelial cells,
which bind iron circulating in the form of transferrin that
then enters the brain by endocytosis. Other transporter sys-
tems, such as DMT and the lactoferrin receptor, also partici-
pate in delivering iron across the BBB [7,9]. Lactotransferrin
receptor (Lfr) has also been localized in some human neu-
rons and its expression increases in the midbrain of
patients with Parkinson’s disease (PD) [10]. Lfr in neurons
serve in the transferrin-independent pathway to transport
iron from iron-containing lactoferrin across neuronal mem-
branes (Fig. 1). The transferrin-receptor mediated pathway
also participates in iron transport within the CNS (i.e., into
various cell types). The amount of iron taken up and stored
by the cells exclusively depends on the level of the trans-
ferrin receptor expression and its ligand [5,9,11—-13]. This
phenomenon is controlled at the post-transcriptional level
by iron regulatory proteins (IRPs) that interact with iron re-
sponsive elements (IREs) in mRNA, thus regulating the
expression of ferritin and the transferrin receptors in brain
endothelial cells, neurons, glia, and oligodendrocytes
[5,9,11—13]. A decreased iron concentration in the extracellu-
lar millieu promotes the binding of IRPs to IREs to increase
the stability of the transferrin receptor and decrease the
expression of ferritin. This mechanism allows an efficient
utilization of iron by the cell, with iron not being bound to
ferritin first [13].

In the brain, ferritin is the most common iron-storage
protein (Fig. 1). Ferritin posses two different subunits, the
heavy (H) and light (L) chains. H-ferritin is found in organs
with high iron utilization and little iron storage, whereas L-
ferritin is found in organs with elevated iron storage [12,14].
Immunohistochemical studies demonstrate that iron, ferritin,
and transferrin are present in extensive brain regions. Oligo-
dendrocytes show the highest staining for iron, ferritin, and
transferrin, followed by microglia in the cerebral cortex and
astrocytes in the basal ganglia [5,11,15]. In neurons, although
ferritin presents a variable and inconsistent staining, neuro-
melanin staining is the predominant iron storage protein
detected [16,17]. In this aspect, neuromelanin is found in
high concentrations in the substantia nigra and locus ceru-
leus, and it has been proposed as the main chelator of neu-
ronal iron. Experiments carried out by Zecca and coworkers
suggest that neuromelanin acts to reduce potentially toxic
iron by chelating the free metal found in the cytosol of neu-
rons [16,17].

Neurons can take up transferrin-bound iron because
they contain both transferrin receptors (Tfr) and divalent
metal transporter 1 (DMT1) [18,19]. The expression of Tfr is
potently upregulated during iron deficiency (ID), this fact
explains the role of this receptor on iron uptake [20,21].
Neurons also express ferroportin, which probably functions
as a carrier for the excretion of nonrequired iron (Fig. 1).
Ferroportin neuronal labeling was detected in perikarya,
axons, and dendrites. The labeling intensity within the neu-
rons varies among the different ages. The content of ferro-
portin was more pronounced in the neuronal axons of the
developing brain suggesting that elevated axonal transport
and export of iron are related to high metabolic rate in the
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developing brain [20,21]. Iron accumulation (IA) has been
shown to lead to cell damage. Ferritin-bound iron is consid-
ered harmless because, in this complex, the metal is not
able to react with surrounding molecules. It has been pro-
posed that the iron—ferritin complex in neurons is
assembled in the cell body and then transported along
axons. This transport could be interrupted in disease proc-
esses or normal aging which possibly represent one cause
of 1A [22].

As a consequence of its active metabolic rate, the brain
consumes a high fraction of the total body oxygen that gen-
erates large amounts of reactive oxygen species (ROS). Alto-
gether, high oxygen consumption, elevated concentrations of
polyunsaturated fatty acids, and the nonregenerative nature
of neurons make the brain highly vulnerable to oxidative
damage [23-25]. Although brain antioxidant defenses func-
tion properly during most of human life, a number of
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Fig. 1. Iron metabolism pathways in neurons. Iron
bound to extracellular transferrin can be transported
into neurons through transferrin receptors (Tfr).
Intracellularly, iron bound to transferrin/Tfr is located
in endosomes. Lactoferrin receptors (Lfr) in neurons
provide a transferrin-independent pathway to transport
iron from iron containing lactoferrin across the cell
membranes. Iron can also reach the neuronal body
through its transport by divalent metal transporter 1
(DMTa1). Intracellular iron can also be generated after
heme degradation by constitutive hemoxygenase-2 (HO-
2) present in neurons. Extracellular heme can enter into
neurons by way of the hemopexin receptor (HPxR). This
iron is likely to be immediately bound to H-ferritin, the
predominant isoform in neurons. Iron can also
accumulated bound to neuromelanin in dopaminergic
neurons. The cellular labile iron pool (LIP) is a pool of
chelatable and redox-active iron. Ferroportin (FPN) that
transports iron outside the neuron. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 2. Chemistry of labile iron pool in the neuron. Free
iron (Fe*") or labile iron pool (LIP) reacts with
hydrogen peroxide in the Fenton reaction, leading to
the production of the very damaging and reactive
hydroxyl radical (HO®). Superoxide (03—) can also react
with ferric iron (Fe3*) in the Haber-Weiss reaction to

produce Fe** thus initiating redox cycling. An
imbalance in the hydroxyl radical (HO®) production
leads to protein and DNA oxidation and lipid
peroxidation, causing neuronal death. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

neurodegenerative processes involving IA are associated
with the aging process [18].

Free iron interacts with molecular oxygen, generating
ROS through Haber-Weiss and Fenton reactions [26,27] (Fig.
2). Uncontrolled ROS production leads to the oxidation of
cellular components, a condition termed “oxidative stress.”
Intracellular redox-sensitive targets of ROS include protein
phosphatases, protein kinases, and transcription factors.
Oxidative injury induces lipid peroxidation and impairment of
glutamate and glucose transport, mitochondrial dysfunction,
elevation of intracellular free calcium concentration, and
finally, cell dysfunction and death (Fig. 2) [25,28].

Although IA causes neuronal oxidative damage, ID gen-
erates neuronal function impairment. The ID during early
brain development leads to several deficits, many of which
turn out to be irreversible without iron supplementation [29].
Both ID and IA cause neuronal impairment and cell death.
This review will focus on the description of the molecular
events that operate in neurons under iron overload as well
as on iron depletion.

2. Iron overload and neuronal
dysfunction

Multiple evidence highlights the involvement of IA in the
onset of neurodegenerative processes [30,31]. An age-related
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increase in the iron content of different areas of the brain
was demonstrated in rat, monkey, and humans [32,33]. It
has been also documented that iron accretion in redox
highly oxidant-sensitive tissues, such as substantia nigra,
occurs without the concomitant increase in tissue ferritin
[34]. As previously stated, augmented concentrations of non-
ferritin-bound iron increase the risk of oxidative stress.
Another important mechanism involved in free iron genera-
tion is the degradation of heme catalyzed by the heme oxy-
genases (HO). Whereas HO-2 expression is constitutive in
normal brain, the HO-1 gene is highly sensitive to induction
by a wide range of pro-oxidants and other stressors. After
intraperitoneal injection with ferric nitrilo-triacetate in adult
rats, HO-1 expression is induced in both the cortex and
hypothalamus [35].

Neurons displays an active system to regulate iron con-
tent. Experiments done in hippocampal and neuroblastoma
cells demonstrated that during iron overload, cells upregu-
late the expression of ferritin and ferroportin and decrease
the expression of DMT1 [36]. However, the mechanisms
underlying DMT1 regulation in the brain remain unclear. It
has been shown that the overexpression of human DMT1
and IREs in dopaminergic neurons causes an increased intra-
cellular IA and, concomitantly, oxidative stress leading to
cell apoptosis [37]. In human neurons, DMT1 binds to the
adaptor protein Ndfip 1 (Nedds4 family-interacting protein 1),
and this binding promotes its ubiquitination in response to
iron exposure [38]. This interaction results in DMT1 degrada-
tion binding to reduced metal uptake. Induction of Ndfip1
expression protects neurons from metal toxicity and removal
of Ndfip1 by shRNAI results in increased sensitivity to metals
[38]. Additionally, Ndfip1(—/—) knockout mice accumulate Fe
within neurons [38].

Mitochondrial oxidative stress is one of the main con-
tributing factors in the etiology of neurodegenerative dis-
eases. Recent studies provide strong evidence about the role
of mitochondrial-aconitase as a source of neurotoxic Fenton
reactants (H,0, and Fe>*). The treatment of primary midbrain
cultures with exogenous oxidative stress via paraquat
resulted in a time- and concentration-dependent increase in
H,0,, Fe*" and cell death [39]. This paraquat-induced
increases in H,0,, Fe?™ and cell death were exacerbated in
neurons overexpressing m-aconitase. Concomitantly, the re-
moval of Fenton reactants using a mitochondrial permeable
iron chelator and catalase ameliorated cell death [39].

Iron, like other positively charged transition metals,
also compromises genomic DNA integrity. Transition metals
can bind directly to DNA, and they also alter basic properties
of repair proteins including, catalytic activities, DNA binding,
stability, and compartmentalization. In the brain, the base
excision repair (BER) pathway is central for handling oxida-
tive damaged DNA. Assays in vitro demonstrated that DNA
repair by BER was inhibited by iron [40]. Moreover, in pri-
mary neuronal cultures, the repair of oxidatively damaged
genomic DNA was markedly delayed. This suggests that
under pathological conditions, which involve deregulation of
iron, DNA repair is significantly compromised [40]. Thus, iron
overload may adversely affect the neuronal DNA repair
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capacity and thereby compromise genomic integrity initiating
events that can lead to neuronal dysfunction and death [23].

A number of genetic neurodegenerative diseases such
as ferrinopathy and Hallervorden-Spatz syndrome have been
associated with mutations in the ferritin light chain gene
and the pantothenate kinase gene demonstrating a direct
correlation between mutations in iron handling proteins and
neurodegenerative processes [41,42]. It has been also dem-
onstrated that in both Alzheimer’s disease (AD) and PD, iron
levels are elevated in cortex (AD) and in substantia nigra
(PD) [16,43].

Elevated nonheme brain iron can be detected in vivo
by magnetic resonance imaging in patients with AD [44]. The
abnormal cellular distribution of iron in AD was also con-
firmed in postmortem tissues [16]. This IA coupled to the
presence of p amyloid peptide (BA) in AD causes oxidative
stress, including elevated levels of protein carbonyls, 8-
hydroxyguanine, and lipid peroxidation [45]. The critical role
of iron in BA neurotoxicity was confirmed in a Drosophila
model of AD. These studies determined that the iron-binding
protein ferritin and the H,0, scavenger catalase are the
most potent suppressors of the toxicity of BA peptide (1-42).
Likewise, treatment with the iron-binding compound clioqui-
nol increased the lifespan of flies expressing BA (1-42). The
effect of iron appears to be mediated by oxidative stress as
ferritin heavy chain coexpression greatly reduced carbonyl
levels in BA (1-42) flies and restored the survival and loco-
motion function to normal [46]. The link between iron over-
load and AD was also confirmed by immunocytochemistry
studies in neurons and astrocytes of the cerebral cortex and
hippocampus, where HO-1 protein is overexpressed and
colocalizes to senile plaques and neurofibrillary tangles [47].

Several genetic mutations associated with iron metabo-
lism such as ferritin-H, IRP2, and ceruloplasmin genes have
been found in PD [30]. The connection between IA and the
pathogenesis of PD can be explained by the concerted
action of monoamine oxidase B and superoxide dismutase.
These enzymes produce hydrogen peroxide that reacts with
unbound iron thus generating hydroxyl radicals. The genera-
tion of higher levels of free radicals can cause the misfold-
ing of a-synuclein protein and the release of iron from neu-
romelanin. Thus, a decrease in the production or activity of
peroxidases can be an upstream factor in iron-generated oxi-
dative stress. Moreover, HO-1 is markedly overexpressed in
astrocytes of the substantia nigra and colocalizes with Lewy
bodies in affected dopaminergic neurons. Besides its role in
oxidative stress generation, IA may also affect the function
of IRP-1 and IRP-2 proteins with the final result of decreas-
ing the storage of iron by ferritin and increasing its cellular
import [4,48].

3. Neuronal signaling during
iron overload

Besides the regulation of the protein machinery involved in
iron metabolism, the activation of death or survival signaling
pathways is another mechanism developed by neurons
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against oxidative stress. The final response will depend on
the identity, intensity, and persistence of the oxidative insult.

Neurons incubated with AP peptide in the presence of
iron shows a marked decrease in protein kinase C isoforms,
a reduced Akt serine/threonine kinase activity, Bcl 2-associ-
ated death promoter (BAD) phosphorylation, and enhanced
p38 mitogen-activated protein kinase (MAPK) and caspase-9
and -3 activation [49-52]. In addition, the iron chelator, de-
feroxamine, was able to block all the proapoptotic signaling
triggered by AB-Fe. Moreover, the AB peptide alone did not
activate proapoptototic signaling. This evidence demon-
strates that apoptotic cell death can be only triggered by
the presence of iron in an in vitro AD experimental model
[49-52].

Several studies in the last two decades have demon-
strated that the transcription factor nuclear factor kappa B
(NF-xB) has become a crucial regulator of cell survival, play-
ing important functions in cellular resistance to oxidants and
chemotherapeutic agents. Although the knowledge of NF-xB
gene targets in neurons is limited, NF-xB can promote cell
survival and synaptic plasticity. NF-xB activity and COX-2
gene transcription are affected in brain regions of patients
with AD [51-53]. Oxidative stress may impair NF-xB functions
given that membrane lipid peroxidation inhibits NF-xB activ-
ity, possibly by a direct interaction of 4-hydroxynonenal with
NF-xB subunits. Moreover, oxidative stress caused by Zn
deficiency impairs NF-xB activation and translocation in
human neuroblastoma cells [54]. To date, no direct correla-
tion between NF-xB activation and iron overload-induced oxi-
dative stress has been established. However, NF-xB and
some of their upstream kinases, such as MAPK, phosphati-
dylinositol 3-kinase, or protein kinases A, C are responsible
for the HO-1 gene expression [55].

Another redox-sensitive transcription factor is the acti-
vator protein-1 (AP-1). This transcription factor modulates im-
portant cellular processes including the decision of cells to
proliferate, differentiate, survive, or die by apoptosis. Strong
evidence supports the involvement of AP-1 in oxidative
stress signaling in neurons. In rat cortical neurons and astro-
cytes, H,0, activates MAPKs [56]. Upstream of AP-1, the
stress-related MAPKSs, c-Jun-N-terminal kinase, and p38 are
also activated by increases in the intracellular levels of oxi-
dants [57,58]. MAPKs and AP-1 are implicated in normal
physiological functions of the brain. c-Jun, a component of
AP-1, has been recently attributed a dual role. Cjun could
mediate neurodegeneration and cell death, as well as partic-
ipate in plasticity and repair mechanisms. In this regard, a
link between MAPK pathways and HO-1 expression has been
recently established in cortical cell neurons. The MEK inhibi-
tor Uo126 decreased HO activity in cortical cell cultures [59].
Hemoglobin exposure causes widespread neuronal injury,
and HO-1 induction that is decreased by MAPK inhibitors
[59]. It is hypothesized that reduction in HO activity may
contribute to the protective effect of MEK and ERK inhibitors
against heme-mediated neuronal injury [60]. Moreover, stud-
ies carried out in rat hippocampus after kainate induced
neuronal injury postulated that transcription factors acting
on putative AP-1, NF-xB binding sites, or gamma-interferon

BioFactors



responsive elements on the DMT1 promoter may also play a
role in up regulating the expression of the transporter. This
could promote iron influx into the brain areas undergoing
neurodegeneration and might be a factor contributing to
neuronal damage after the initial excitotoxic injury [61].

Pioneering work at Mattson Laboratory demonstrates
the role of neuronal synapses in oxidative stress signaling in
the nervous system [62,63]. Synapses are sites where the
first manifestations of neurodegenerative processes occur.
Activation of glutamate receptors, which are concentrated in
postsynaptic regions of distal dendrites throughout the
brain, is believed to play a major role in the neuronal death
occurring in stroke, epileptic seizures, traumatic brain injury,
AD, PD, and Huntington’s disease [51,52,64-66]. Synapse
vulnerability to iron-induced oxidative stress has been
clearly demonstrated by the presence of membrane lipid
peroxidation, impairment of membrane ion-motive ATPases,
glucose and glutamate transport, and mitochondrial function
[62,63,67-69]. In this regard, several signaling pathways like
Erk, phosphoinositide 3-kinase, Akt, and glycogen synthase
3-p are activated in isolated synaptic endings exposed to
iron-induced oxidative injury [68,69]. Moreover, several key
biochemical events that are known to occur in intact neurons
undergoing apoptosis (i.e., exposure of phosphatidylserine
on the plasma membrane surface; activation of caspase-3;
mitochondrial calcium uptake and ROS accumulation) also
occur in isolated synaptosomes exposed to iron-induced oxi-
dative injury [70]. Synapse loss occurring in both acute and
chronic neurodegenerative disorders might also involve in
situ synapses apoptotic cascades that might occur before, or
independently of, neuronal death. This hypothesis is supple-
mented by the degenerative morphological changes in syn-
apses preceding amyloid deposition and neuronal degenera-
tion in aging monkeys; synapse degeneration before
neuronal cell body damage in AD; and synaptic plasticity in
the striatum during the course of PD [71-73]. However,
mechanisms whereby apoptotic events triggered by iron-
induced oxidative stress in synapses propagate to the cell
body remain to be elucidated.

4. Iron chelation in the treatment of
iron-induced oxidative stress

Apart from the oxidative stress hypothesis, it has been well-
documented that iron also induces the aggregation of inert
alpha-synuclein and beta-amyloid peptides [74]. Thus, oxida-
tive stress, protein aggregation, and active redox iron can be
considered promising pharmacological targets for the treat-
ment of AD and PD [74]. In this regard, iron chelation is a
potential therapeutic strategy in both oxidative stress and
protein aggregation processes.

BBB permeable metals chelators can be used as poten-
tial therapeutic agents in the treatment of neurodegenerative
diseases [75]. New iron chelators have been recently
designed for their potential use in the treatment of PD and
AD [76]. This new family of compounds comprises desferriox-
amine, clioquinol, and aroylhydrazones. In vitro and in vivo
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experiments showed that these compounds can significantly
reduce neuronal death caused by oxidative stress in PD
models. Desferrioxamine (also known as Desferal) is a hexa-
dentate ligand with a higher binding affinity for Fe3* than
Fe>* [77]. Administration of desferrioxamine prevented up to
60% of dopaminergic neurons from death in a rat model of
PD [77]. In the same animal model, this chelator displayed
neuroprotective actions when the concentration of iron in
the substantia nigra was increased [78]. In a dopaminergic
cell line desferrioxamine also inhibited iron-induced oxida-
tive damage [79]. Despite these promising results, the main
disadvantage of a desferroxiamine therapy is that it cannot
cross the BBB, due to the size and hydrophilic character of
the molecule, when administered orally [80]. Clioquinol has
proved to have beneficial effects in several cellular and ani-
mal models of neurodegenerative diseases as well as in
patients with AD [81]. This compound is a small lipophilic
iron chelator that can cross the BBB and can be adminis-
trated orally. It has been used in phase Il clinical trials for
moderate AD cases [77]. Clioquinol treatment reduces the
concentration of iron in the substantia nigra of mice [81].
However, clioquinol is not iron selective, and this may pro-
duce unwanted effects such as a decrease in S-adenosylme-
thionine levels, a sign of vitamin B12 deficiency [77]. Aroyl-
hydrazones are novel lypophilic iron chelators that are still
in the early stages of investigation in animal studies.

Other important compounds proposed for the treat-
ment of oxidative stress-triggered neurodegenerative disor-
ders are plant polyphenols. In some polyphenols, antioxidant
activities can be attributed to strong iron-binding affinity
rather than to direct radical scavenging [82-84]. Signifi-
cantly, both free polyphenols and polyphenol-metal com-
plexes have been reported to have antioxidant properties
[85]. Moreover, polyphenols have also been reported to be
successful at affecting metal homeostasis in vivo. In this
connection, it has been shown that polyphenols baicalin and
quercetin can reduce liver damage caused by iron overload
in mice [86]. A major limitation of these compounds is their
limited capacity to be absorbed at the gastrointestinal tract
and subsequently transported through the BBB.

5. Iron deficiency and neuronal
dysfunction

Iron deficiency (ID) is the most prevalent micronutrient defi-
ciency in the world. To date, it is still not clear whether the
effect of dietary ID on the brain is due to the lack of neuro-
nal iron or to other processes occurring in conjunction with
ID (e.g., hypoxia due to anemia that affects neurobehavioral
outcomes) [29,33,87].

One of the most characteristic effects of ID is the bio-
chemistry of post-translational events. The failure of iron
incorporation into protein structures (e.g., cytochromes or
iron-sulfur proteins) results in premature protein degrada-
tion and loss of function that could have adverse consequen-
ces on the nervous system [29,33,87].
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Late infancy is characterized by peak hippocampal and
cortical regional development, as well as by myelinogenesis,
dendritogenesis, and synaptogenesis in the brain. Several
studies demonstrated a high vulnerability of the developing
hippocampus to early ID. A significant loss of the neuronal
metabolic marker cytochrome c¢ oxidase in the CA1 and CA3
hippocampal areas and in the frontal cortex lobes has been
observed in rats with ID [88]. Additionally, several studies
demonstrated that the metabolic changes observed in the
hippocampus were persistent and long-lasting [87,88]. Den-
dritic extension and remodeling during synaptogenesis are
very active metabolic processes dependent on energy and a
high rate of local iron regulation [89]. In this aspect, it was
also observed that ID causes alterations in the dendritic
structure in CA1 pyramidal cells in the hippocampus. This
failure in dendritic structure was related to anomalous pro-
tein scaffolding for microtubule extension and retraction in
brain regions involved in recognition memory processing
[90].

The most prevalent age-risk for ID coincides with key
periods in the maturation of neurotransmitter systems. Iron
is essential for a number of enzymes involved in neuro-
transmitter synthesis that include tryptophan hydroxylase
(serotonin) and tyrosine hydroxylase (norepinephrine and
dopamine). Experiments carried out by several laboratories
in rodent models determined the colocalization of iron with
dopaminergic neurons, and its participation in dopamine
and norepinephrine metabolism including functioning of
monoamine transporters and receptors [91]. Moreover dur-
ing ID, extracellular levels of DA and NE are increased
mainly due to the effects on the activity and expression of
the all the monoamino transporters [92—95]. The degree of
alterations in these parameters have been strongly associ-
ated with the degree of ID in the examined brain regions
[92-951].

Some of the neurotransmitter alterations related to
early ID have been related to the neuronal surface protein
Thy1. In a rodent model of dietary iron-deficiency, Thy1 was
decreased in the developing brains of ID rats [96]. Thy1 defi-
cit could affect the release of neurotransmitters and synaptic
efficacy contributing to a variety of aberrant neuron to neu-
ron communications [96].

Conditional knockout mice for DMT1 in hippocampal
neurons displayed lower hippocampal iron content; altered
developmental expression of genes involved in iron homeo-
stasis, energy metabolism, and dendrite morphogenesis and
morphology; reductions in markers for energy metabolism
and glutamatergic neurotransmission; and presented altered
spatial memory. This conditional knockout mice constitute
the first model of iron uptake in the brain and proves the
role of ID in hippocampal neuronal development and spatial
memory behavior [97]. Epidemiological studies in human
infants showed that ID is associated with delayed matura-
tion and lengthened central conduction times in auditory
evoked potential studies [98]. Moreover, several studies in
rhesus monkey infants indicate that different syndromes of
behavioral effects are associated with prenatal and postnatal
ID [99-101]. The above evidence indicates that the neuronal
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dysfunction, and the behavioral consequences of ID, will be
a function of the persistence, severity, and duration of this
condition.

6. Summary

This review summarized the latest knowledge on iron
involvement in neuronal function and dysfunction. Iron, a re-
dox active transition metal, has been proposed as an impor-
tant contributing factor to the neuropathology of AD and PD
and of other neurodegenerative disorders. The field called
metallo-neurobiology has greatly expanded in the last 20
years. Although there is increasing experimental evidence
that supports the structural biology of metal binding, iron
participation in oxidative stress events and in protein aggre-
gation, we are still far from fully understanding the role of
iron in the onset and progression of neurodegenerative dis-
orders. The advancement in this understanding will be cru-
cial for the establishment of new therapies aimed at neuro-
nal protection during iron mismanagement conditions.
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