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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease caused by the
loss of motor neurons. Its etiology remains unknown, but several pathophysiological
mechanisms are beginning to explain motor neuronal death, as well as oxidative stress.
Iron accumulation has been observed in both sporadic and familial forms of ALS,
including mouse models. Therefore, the dysregulation of iron metabolism could play
a role in the pathological oxidative stress in ALS. Several studies have been undertaken
to describe iron-related metabolic markers, in most cases focusing on metabolites in
the bloodstream due to few available data in the central nervous system. Reports of
accumulation of iron, high serum ferritin, and low serum transferrin levels in ALS patients
have encouraged researchers to consider dysregulated iron metabolism as an integral
part of ALS pathophysiology. However, it appears complicated to suggest a general
mechanism due to the diversity of models and iron markers studied, including the lack
of consensus among all of the studies. Regarding clinical study reports, most of them
do not take into account confusion biases such as inflammation, renal dysfunction,
and nutritional status. Furthermore, the iron regulatory pathways, particularly involving
hepcidin, have not been thoroughly explored yet within the pathogenesis of iron overload
in ALS. In this sense, it is also essential to explore the relation between iron overload and
other ALS-related events, such as neuro-inflammation, protein aggregation, and irondriven cell death, termed ferroptosis. In this review, we point out limits of the designs of
certain studies that may prevent the understanding of the role of iron in ALS and discuss
the relevance of the published data regarding the pathogenic impact of iron metabolism
deregulation in this disease and the therapeutics targeting this pathway.
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iron in ALS. Lastly, we offer suggestions regarding pitfalls to
avoid when determining the role of iron metabolism in this
disease’s pathogenesis and discuss the associated therapeutic
perspectives.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal, neurodegenerative
disorder characterized by the selective loss of motor neurons
(MN) in the spinal cord, brainstem, and cerebral cortex. This
leads to progressive paralysis and death by respiratory failure
(Hadzhieva et al., 2013). The median survival is three to five
years from onset, and the only drug approved for treatment in
Europe is riluzole that extends the average patient’s lifespan for
only a few more months. ALS is either familial (5–10% of cases) or
sporadic (90–95% of cases). Genetic factors including mutations
in the C9orf72, SOD1 (Superoxide Dismutase 1), TARDBP
(Transactive Response DNA-Binding Protein 43), and FUS
(Fused in Sarcoma) genes could explain nearly 50% of familial
cases (van Blitterswijk et al., 2012). Although the specific etiology
of sporadic ALS remains unknown, several pathophysiological
mechanisms have been described, such as oxidative stress,
glutamate-mediated excitotoxicity, impaired axonal transport,
mitochondrial dysfunction, and protein aggregation (Shaw,
2005).
Oxidative stress, characterized by reactive oxygen species
(ROS), has been suggested to play a major role in the disease,
because it has been described in all cases (D’Amico et al., 2013),
even in those independent of mutations in SOD1 (corresponding
to 80% of familial ALS patients, and most of the cases of sporadic
forms). One of the crucial factors associated with the production
and presence of ROS is iron, especially via the Fenton reaction,
producing highly reactive hydroxyl radicals (Hadzhieva et al.,
2013). Furthermore, an iron-dependent mechanism of cell death
has recently been described, termed ferroptosis (Dixon et al.,
2012). Various reports have suggested a neurodegenerative role of
ferroptosis in which the affected neurons exhibit an accumulation
of iron and lowered glutathione levels in rodent models (Wu
et al., 2018).
Interestingly, perturbed iron regulation has notably been
observed in many pre-clinical and clinical studies of ALS (Kwan
et al., 2012; Golko-Perez et al., 2017). Determining the etiology
of this deregulation, the specific role of iron, whether or not
iron is only linked to oxidative stress and, finally, its potential
as a diagnostic tool, prognostic marker, or therapeutic target all
remain challenges. Studies evaluating iron metabolism in ALS,
yet rarely included confusion biases or related these mechanisms
to other pathophysiological pathways. In addition, many studies
have focused on metabolic markers in the bloodstream, but ALS
is mainly a disease of the central nervous system (CNS) and iron
metabolism is different in the brain.
Accordingly, we question whether the quantity and the quality
of the published data enable us to propose one or several
mechanisms linking iron to ALS and to justify their relevance in
clinical practice.
We focus this review on the publications concerning the
metabolism of iron in the brain, the methods applied to
explore iron metabolism in ALS, and on the published data on
ALS patients and mutant SOD1 mice. We discuss the role of
each marker of iron metabolism evaluated in this pathological
context. We also highlight limits of the designs of certain
studies that may prevent the understanding of the role of
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BODY IRON METABOLISM
Body iron metabolism relies on the coordination of several
proteins having crucial roles in iron maintenance. Ferritin and
transferrin (Tf) are the main carriers of iron in the blood,
while proteins such as intracellular iron regulatory proteins
(IRPs) and systemic hepcidin are key factors of iron metabolism
regulation. Other proteins, including divalent metal transporter-1
(DMT1) and ferroportin (FPN1) in association with ferroxidases
such as duodenal cytochrome B (DcytB), hephastin (Hp) and
ceruloplasmin (Cp), are involved in the cellular membrane
trafficking of iron. Finally, the production of hemoglobin (Hb),
myoglobin, and various enzymes (cytochromes, aconitases, etc.)
that require iron to function, are the final actors of iron
metabolism.
Iron storage and recycling are directed by the liver and the
spleen’s macrophages that store excess iron with ferritin. They
recycle iron following phagocytosis of senescent red blood cells
and degradation of hemoglobin. Released iron is exported by
FPN1 then oxidized by Cp to be re-bound to serum Tf for
reuse. Iron absorption is mediated by the duodenal epithelial
cells, which absorb both heme and non-heme iron from the diet
according to the body’s needs. Heme is taken up by specific carrier
proteins and is catabolized by heme-oxygenase-1 to release
ferrous iron (Fe2+ ). Non-heme ferric iron (Fe3+ ), is reduced
to Fe2+ by the duodenal Dcytb before uptake by the apically
expressed DMT1. Ferrous iron is delivered to the circulation via
the basolateral exporter FPN1 in association with the ferroxidase
Hp. The complex (Fe3+ -Tf) is delivered to cells by binding to
its receptor, transferrin receptor 1 (TfR1), then the complex is
taken up by the cell through the invagination of the membrane,
initiating endocytosis. Finally, iron is released from transferrin
and is transported out of the endosome by DMT1. In all cells
of the body, excess Fe2+ is converted to Fe3+ by the ferroxidase
activity of ferritin H-chain (Ft-H) before storage in the ferritin
mineral core (Ft-H and Ft-L) (Hentze et al., 2010).
Hepcidin is a central player in iron homeostasis, acting as a 25
amino-acid mature peptide predominantly expressed in the liver
(Nicolas et al., 2001). Hepcidin acts by triggering FPN1 activity
and/or protein level and degradation of duodenal DMT1 protein
(Nemeth et al., 2004; Brasse-Lagnel et al., 2011; Aschemeyer
et al., 2018). Therefore, hepcidin is a hyposideremic factor that
reduces both the intestinal absorption of iron and its release
by macrophages, hepatocytes, and other cell types. Hepcidin is
eliminated in the urine, and small fragments from degradation
of 20–25 aa have been found (Park et al., 2001). Hepcidin
is expressed by the HAMP gene located on chromosome 19
(19q13.1). This gene is upregulated by iron overload, infection,
and inflammation. It is downregulated by iron deficiency,
hypoxia, anemia, and stimulated erythropoiesis (Hentze et al.,
2010).
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Skjørringe et al., 2015). However, several arguments promote
that in BCECs, the expression level of DMT1 is probably low
but that its amount is sufficient to ensure the iron export
from the endosome (Skjørringe et al., 2015). A third, alternative
explanation of iron delivery involving the uptake of ferritin across
the BBB has been proposed, but further support is still necessary
to confirm this mechanism (Fisher et al., 2007; Todorich et al.,
2011).
The acquisition of iron by brain cells is mediated by different
pathways. Neurons express abundant TfR1 and acquire most of
their iron via transferrin. Astrocytes do not appear to express
TfR1 (Dringen et al., 2007), although this is controversial
(Qian et al., 1999). However, they express DMT1 and FPN
at the plasma membrane (Wu et al., 2004; Lane et al., 2010).
Oligodendrocytes accumulate the most amount of brain iron and
are the predominant producers of Tf in the brain (Burdo and
Connor, 2003). Transferrin is widely distributed in the CNS but
is preferentially expressed in the spinal cord, pre-frontal cortex,
and hypothalamus (Mackenzie et al., 2007). Oligodendrocytes
also express the ferritin receptor Tim-2, suggestive of an ability
to acquire iron from ferritin (Hulet et al., 1999). Most brain cells
express cytosolic ferritin for storing excess iron, and relatively
high transcript levels are found in the spinal cord, hypothalamus,
and pre-frontal cortex; neurons contain the least, while microglia
contain the most (Mackenzie et al., 2007; Crichton et al., 2011;
Singh et al., 2014).
Despite the high concentration of hepcidin in the liver, recent
studies have also revealed the widespread expression of hepcidin
in the brain, specifically in the spinal cord, hippocampus, and
olfactory bulb (Zechel et al., 2006; Mackenzie et al., 2007;
Wang et al., 2008). These findings imply that hepcidin might also

BRAIN IRON METABOLISM
Iron is a vital cofactor in many metabolic processes of the
CNS, including oxidative phosphorylation, myelin synthesis,
neurotransmitter production, and oxygen transport (Crichton
et al., 2011). The presence of the blood–brain barrier (BBB)
protects the brain from the daily fluctuations of systemic iron
and also from iron disorders that affect all peripheral tissues.
The precise mechanism by which the BBB mediates iron influx
from the blood to the parenchyma of the brain still remains to
be uncovered (Figure 1). One hypothesis currently accepted for
the transfer of iron across the blood capillary endothelial cells
(BCECs) states that Tf-TfR1 transcytosis creates a passive conduit
without intracellular processing. However, a new model based
on the classical process of iron and experimental data has been
recently proposed (Simpson et al., 2015). In this model, iron that
enters the CNS is delivered to BCECs by the Tf-TfR complex.
Upon internalization into the endosome, iron is released from Tf,
exported to the cytosol by DMT1, then exported out of the cell
by FPN with the help of Cp ferroxidase expressed at the external
cell surface of astrocytes (Jeong and David, 2003; Wu et al., 2004).
The bioGPS database also shows Cp and FPN transcripts evenly
distributed throughout the CNS (BioGPS – your Gene Portal
System [Internet], 2018).
Released iron is most likely captured by brain Tf that is
synthesized and secreted by oligodendrocytes and the choroid
plexus into the brain interstitium. Intriguingly, in this proposed
model, evidence of the presence of DMT1 in BCECs is yet to
be demonstrated since, not until recently, there are conflicting
studies indicating both the presence and absence of DMT1
transcripts and protein (Gunshin et al., 1997; Moos et al., 2006;

FIGURE 1 | Brain iron metabolism (Medical images: https://smart.servier.com).

Frontiers in Neuroscience | www.frontiersin.org

3

January 2019 | Volume 12 | Article 1031

Petillon et al.

Alteration of Iron Metabolism in ALS

in humans (Schlachetzki et al., 2013). Glial cells are also used
in co-culture with neurons, given the hypothesis that ALS is a
non-cell-autonomous disease, meaning that multiple cell types
can play into the disease’s pathogenesis (Smethurst et al., 2016;
Zeineddine et al., 2017). Astrocytes expressing WT or mutant
SOD1 have been co-cultured with primary cortical neurons
(Kunze et al., 2013). Microglia expressing mutant SOD1 have
been co-cultured, as well, with iPSC-derived MN (Frakes et al.,
2014). Another example is the co-culture of human adult primary
sALS astrocytes and human embryonic stem cell-derived MN (Re
et al., 2014).
Nevertheless, transgenic mice and rats represent the gold
standard of preclinical ALS modeling. Rodent models exist for the
genetic mutations in SOD1, TARDBP, and FUS and mouse models
for C9orf72 repeat expansions have also been developed (Chew
et al., 2015; Jiang et al., 2016; Liu et al., 2016). In particular, the
models in which human genomic mutant SOD1 is overexpressed
have been used extensively with the following most studied
mutations: SOD1 G93A, SOD1 G37R, and SOD1 G85R (Shaw,
2005). Clinical studies of cohorts of ALS patients also add to the
knowledge of iron metabolism.

be a key regulator in brain iron homeostasis. Hepcidin, similar
to its action in the intestine, may regulate the expression of iron
transport proteins DMT1 and ferroportin (Puy et al., 2018). This
could explain the maintenance of iron balance in neurons and
glial cells through the control of their iron uptake and release (Du
et al., 2015).
One regulatory protein of brain iron that is currently receiving
increased attention is the HFE protein. Mutations in the HFE
gene are commonly associated with hereditary hemochromatosis
in which an iron overload is the consequence of hepcidin
deficiency. HFE transcripts in the CNS are relatively concentrated
in the spinal cord, temporal and occipital lobes, and the cortex
(Mackenzie et al., 2007). The presence of the HFE protein
at the interface between the brain and endothelial cells of
the microvasculature, and in the cerebrospinal fluid (CSF),
may also affect iron content and contribute to iron overload
in neurodegenerative disorders. Indeed, HFE mutations have
been investigated as risk factors for neurodegenerative disorders
(Nandar and Connor, 2011).

METHODS TO STUDY IRON
METABOLISM

MARKERS OF DEREGULATED IRON
METABOLISM IN ALS

Imaging and biological methods have been utilized on cohorts of
patients as tools to study the dysregulation of iron metabolism. In
SOD1 transgenic mice and cell models, several approaches, such
as concentration measurements, protein expression followed by
Western blotting and/or immunofluorescence, and measuring
mRNA expression have been employed. Table 1 summarizes the
different studies performed to explore iron metabolism in ALS.
It is important to notice the significant diversity among models,
tissues, and markers studied. For example, cell lines, especially
neurons or MN (NSC-34, SH-SY5Y), have been transfected with
mutant SOD1 gene constructs in order to attempt to mimic ALS

We searched the Pubmed database to identify potentially
relevant studies on the association between iron metabolism
and ALS. We used free text and the medical subject heading
(MeSH) terms “amyotrophic lateral sclerosis,” “ALS,” “iron,”
“iron metabolism,” “iron accumulation,” “biomarker,” and
“iron chelation.” Then, we searched for each marker
of iron metabolism (DMT1, TfR1, ferritin, ferroportin,
hepcidin, HFE,. . .) AND ALS (OR “amyotrophic lateral
sclerosis”).

TABLE 1 | Models and iron metabolism markers studied.
Model

Sample

Marker studied

Studies

Workforce

G93A-SOD1 cells

SH-Y5Y human NeurobLastoma
cells

DMT1 and TfRl

Hadzhieva et al., 2013

—

SOD1 G93A mouse

Spinal cord

Iron

Lee et al., 2015

4 SOD1 G93A/4
wild-type

SOD1 G37R mouse

Spinal cord

Iron DMT1, TfR1 ferroportin,
ceruloplasmin

Jeong et al., 2009

4 SOD1 G37R/ 3
wild-type

SOD 1G93A rats

Serum

Hepcidin

Halon et al., 2014

15 SOD1 G93A/15
wild-type

ALS patients

Serum

Iron, transferrin, ferritin, TSC

Nadjar et al., 2012

629 ALS/297 controls

Veyrat-Durebex et al., 2014

104 ALS/145 controls

Goodall et al., 2008

60 ALS/ 44 controls

Ikeda et al., 2012

92 ALS/ 92 controls

Qureshi et al., 2008

30 ALS/ 30 controls

Su et al., 2015

138 ALS/152 controls

Pro-hepcidin

Mitchell et al., 2010

30 ALS/ 36 controls

Iron

Oba et al., 1993

15 ALS/49 controls

Ignjatovic et al., 2013

46 ALS/ 26 controls

Ferritin

Cerebral cortex

BCECs, blood capillary endothelial cells; BBB, blood–brain barrier; TfR1, receptor transferrin 1; DMT1, divalent metal ion transporter 1.
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statistically higher compared to healthy controls (p < 0.00001).
The limitations revealed by this meta-analysis were a high
heterogeneity (p = 0.03; I2 = 50%) and a publisher bias.

Iron Accumulation
Increased iron levels were reported in spinal cord MN in two ALS
SOD1-mouse models, SOD1 G93A (Lee et al., 2015) and SOD1
G37R (Jeong et al., 2009), by staining ventral MN with Perl’s
(Fe3+ ) and Turnbull’s (Fe2+ ) reactants.
Iron accumulation was also observed in the CNS of ALS
patients by magnetic resonance imaging (MRI) (Oba et al., 1993;
Ignjatovic et al., 2013). T2-weighted MRI scans were used to
detect areas of hypo-intensity (iron deposits) in the cerebral
cortex of ALS patients. Likewise, they used Perl’s-reactant for
the analyses of postmortem brains and revealed a large amount
of ferric iron in the pre-central cortices (Oba et al., 1993).
More recently, accumulated iron was detected in multiple brain
regions, including the motor cortex, substantia nigra, globus
pallidus, red nucleus, and the putamen in ALS patients by
quantitative susceptibility mapping (Acosta-Cabronero et al.,
2018).

Alteration of HFE Gene and Hepcidin
Alteration
A meta-analysis assessing the roles of the H63D and C282Y
variants of the HFE gene in ALS from 14 observational studies
illustrated a significant association of the C282Y variant to the
disease, meaning a decreased risk for ALS, while confirming that
the H63D variant showed no relevant association (Li et al., 2014).
In fact, hemochromatosis linked to mutations in the HFE gene
has been attributed solely to the homozygous C282Y variant.
The results of this meta-analysis imply that the C282Y HFE
variant could be a protective factor against ALS, which is a priori
surprising given the physiopathology of ALS, in which iron is
expected to play a toxic role.
In one report, hepcidin plasma concentrations were measured
in SOD1 transgenic rats (G93A) at 12 weeks (asymptomatic, ALS
stage I), 21 weeks (disease onset, ALS stage II) and 24 weeks
(end-stage disease, ALS stage III) of age, and were significantly
increased in the blood of ALS II and III animals (Halon et al.,
2014). On the other hand, the plasma concentrations of prohepcidin, the precursor to hepcidin, were not significantly altered
in a cohort of 29 ALS patients (from nine to 28 months postdiagnosis) compared to control group. Nevertheless, there was
a positive correlation between pro-hepcidin and IL-6 levels
in ALS patients compared to controls, suggesting exacerbated
iron release by macrophages and inflammation in ALS patients
(Mitchell et al., 2010).

The Alteration of Iron Transport
A study reported the upregulation of DMT1 and TfR1 mRNAs
in G93A-SOD1 cells (SH-SY5Y) (Hadzhieva et al., 2013). In
another study, the expression of various proteins involved in iron
transport, such as DMT1, TfR1, ferroportin, and ceruloplasmin
was evaluated in the spinal cord of SOD1 G37R mice (Jeong et al.,
2009). Data at 12 months of age (end stage) showed an increase
in the mRNA and protein expression of DMT1, ferroportin,
and ceruloplasmin in the cervical spinal cord. Furthermore,
double immunofluorescence labeling revealed that in 12-monthold SOD1 G37R transgenic mice the expression of DMT1 was
augmented in MN in the ventral horn of the spinal cord. It
was also shown that these iron transport markers were more
abundant in SOD1 G37R mice at 4 months of age, and mRNA
levels were higher in the lumbar region of the spinal cord in the
early stages of the disease.
Two independent clinical studies have shown increased values
of transferrin saturation (TS) in a cohort of ALS patients and
controls (Nadjar et al., 2012; Veyrat-Durebex et al., 2014).
However, only the study by Nadjar et al. (2012), performed
on a large ALS population (694 patients), thus presenting
higher statistical power (Veyrat-Durebex et al., 2014), showed a
significant decrease in serum transferrin levels in ALS subjects.
Interestingly, it was also demonstrated that low serum transferrin
concentrations were associated with a higher loss in body weight
at diagnosis in ALS patients (Veyrat-Durebex et al., 2014),
which could link iron metabolism to nutritional status – largely
associated with energetic metabolism in ALS.

CAN WE INTEGRATE PUBLISHED DATA
TO SUGGEST A ROLE OF IRON
DEREGULATION IN ALS?
Regarding the diversity of models and the methodology used,
as well as the studied markers, the findings with respect to
iron metabolism seem heterogeneous. It appears complicated to
suggest a global mechanism of dysregulation. Accumulation of
iron, higher serum ferritin, and lower serum transferrin levels
in ALS patients have clearly encouraged researchers to consider
iron deregulation as an essential mechanism in ALS. The critical
review of the literature led us to identify the limits preventing the
understanding of iron metabolism disturbance in ALS, and more
specific findings in the context of ALS must be provided.

Increased Serum Ferritin

PITFALLS TO AVOID WHEN STUDYING
IRON METABOLISM IN ALS

Serum ferritin is also increased in ALS patients (Goodall et al.,
2008; Qureshi et al., 2008; Su et al., 2015). Six case-control studies
published between 2008 and 2015 investigating the possible
relationship between ALS patients and their susceptibility to
elevated serum ferritin levels were included in a meta-analysis
(Hu et al., 2016), including 1053 cases of ALS and 760 healthy
control cases from the United Kingdom, United States, France,
and Japan. The serum ferritin concentrations in ALS were

Frontiers in Neuroscience | www.frontiersin.org

Types of Models
The lack of the complex interplay between MN and their
surrounding environment is the precise problem that we
face with the published data on cellular models, encouraging
us to turn to other models. Although SOD1 mutations are
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(Supplementary Table S1). Even though certain regulators
exhibit differential distributions and expression levels in the
mouse CNS compared to that of humans, mouse microglia
consistently show expression for most, if not all, the regulators
mentioned here. Because cells other than neurons can also
become affected in ALS and that microglia have quite an
unequivocal relationship with iron-driven inflammation, paying
attention to the levels of these iron regulators in the microglia of
murine ALS models could increase the relevancy and decrease the
limitations of murine models.

rare in sALS, there are phenotypic similarities with fALS,
and it has been assumed that studying the familial form
could provide insight into the sporadic form. However, the
validity of these assumptions has been questioned (Clerc et al.,
2016) and, even if clinical manifestations are not so different,
the pathophysiological mechanisms are obviously distinct. For
instance, TDP-43 aggregates were not observed in patients
suffering from ALS forms associated with SOD1 mutations
(Mackenzie et al., 2007), whereas they were in a SOD1G93A
mouse model (Jeon et al., 2018). Due to this discrepancy between
postmortem patient and mouse tissues, one should consider the
TDP-43 aggregation to be unrelated to the SOD1 ALS pathology
if this artifactual aggregation is unavoidable in SOD1 mouse
models. Moreover, exploring iron metabolism closely linked with
the consequence of SOD1 activity, i.e., production of ROS, seems
biased. So, this model that is subjected to oxidative stress may
not fit with the investigation of iron metabolism. In addition, the
relatively rapid neurodegeneration that occurs in these mice can
reduce the quantity of iron in the affected neurons, potentially
confounding the interpretation of the corresponding results.
Altogether, we are aware that SOD1 mouse models remain valid
for the study of certain aspects of ALS pathogenesis, but the scope
of the conclusions must be limited in relation to the restraints of
this model, especially in the exploration of iron metabolism.

Extrapolation From Liver to the Brain
The interaction between the liver and the brain regarding iron
metabolism must be taken into account, but it is difficult to
extrapolate from the published data. Indeed, most of the factors
of iron metabolism have not yet been studied in the brain, and we
cannot deduce a mechanism from their activity in other organs.
For example, it was suggested that the HFE C282Y variant could
be a potentially protective factor for ALS. But, it is difficult to
extrapolate the role of HFE from the liver to the brain, given that
ALS is not a disease primarily affecting the liverapart from the
manifestation of a fatty liver (Dupuis et al., 2008). Similarly, it
could be misleading to compare the levels of metabolic regulators
of iron in the serum and the brain, since the main carriers and
regulatory processes are not fully understood in healthy persons
and even less so in ALS patients.

Localization of Iron Metabolism
Exploration
Data reporting the main genetic loci involved in iron
accumulation would be the first step to the understanding
of the role of iron in ALS. Another study, in fact, showed
that inducing inflammation with intravenous injections of
lipopolysaccharide (LPS) in mice led to hepcidin expression in
the cortex, hippocampus, and striatum (Wang et al., 2008). In
fact, hepcidin along with the other iron regulators are shown
to be expressed in the spinal cord and cortex, the two main
areas affected by ALS. Therefore, investigating their behavior in
these tissues in ALS models could yield insight regarding iron
accumulation hot spots. Published data on mouse models have
revealed that the spinal cord is especially affected with increased
expression of iron transporters (DMT1, ferroportin, and TfR1).
Much attention has been turned toward ALS patients’ brains, but
incomplete data prevent us from drawing conclusions in humans.
Although there is limited data for factors of iron metabolism in
the CSF of ALS patients, data from MRI and postmortem brain
exploration have presented interesting information to locate the
main regions of accumulation.
In addition, the identification of cells types is also essential to
integrate all of these findings. Some researchers have highlighted
the role of glia (Jeong et al., 2009) by observing an increased
cytosolic ferritin expression not identified in MN, suggesting that
neurons and glia accumulate iron via different mechanisms.
Finally, it is necessary to be aware of the differences
in the expression levels between mice and humans, since
murine models are the “gold standard” in studying ALS.
Indeed, the differences in distribution and expression levels
pose limitations on the conclusions inferred from these models

Frontiers in Neuroscience | www.frontiersin.org

RELEVANT PARAMETERS TO INCLUDE
IN IRON METABOLISM EXPLORATION IN
ALS PATIENTS
Dynamic Variation of Iron Metabolism
Importantly, a multi-factorial disease, such as ALS, is
characterized by regulation and counter-regulation, which
is dependent on the progress of the disease and on other
pathophysiological mechanisms. Information regarding the
relation between iron metabolism and disease progression would
help the integration of iron’s role in the pathogenesis. One
does, therefore, wonder if iron accumulation in the CNS of
ALS patients is a factor for poor prognosis and if increasing
concentrations of iron might cause the disease to progress more
quickly over time. However, very few data on iron concentrations
in the brain of ALS patients are available, and even fewer about
variations in these concentrations throughout the progression
of the disease. Nadjar et al. (2012) showed that high levels of
serum ferritin (>156 µg/L), were significantly associated with
a reduced survival time. ALS patients with low levels of ferritin
lived around 300 days longer than patients with high levels
(p < 0,04). But, serum ferritin does not necessarily reflect the
iron accumulation in the CNS.
The pathophysiological mechanisms that could explain why
ALS patients have increased iron body storage and how that is
responsible for a decreased survival is, at present, unknown.
With respect to the largely unknown mechanism of regulation
and/or rebound effect, very little can be concluded for a general
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mechanism of iron metabolism in ALS, such as with data
concerning hepcidin that has been clearly understudied and
whose studies yield contradictory outcomes.

We expect promising and complementary findings from CSF
studies, but few data has been published to date (Goodall et al.,
2008).

Confounding Factors for the
Interpretation of Iron Metabolism Status

THERAPEUTIC PROSPECTS

Regarding clinical studies, the first issue is the heterogeneity
among ALS patients, since the site of onset, the form of ALS, the
evolution, and genetic mutations add and multiply the diversity
among patients. To add to this expected and known limit of
all cohort studies of ALS, some biological concerns are often
overlooked. Several parameters that can disrupt iron metabolism
are not taken into account. For example, inflammation, renal
dysfunction, and nutritional status are commonly overlooked.
Since serum ferritin is an acute-phase reactive protein whose
concentration can rise in the presence of acute or chronic
inflammation, it might fluctuate depending on the inflammatory
status of ALS patients (Hu et al., 2016). Also, CRP concentrations
were not measured in all the clinical studies (Qureshi et al., 2008;
Ikeda et al., 2012; Nadjar et al., 2012). This was taken into account
in the study by Veyrat-Durebex et al. (2014), and CRP values
were not significantly different between patients and controls.
In Goodall et al. (2008), CRP and ceruloplasmin levels were
both negatively correlated with iron and iron saturation in ALS
patients showing that iron metabolism disturbance was not due
to inflammation.
Kidney dysfunction may alter some parameters of iron
metabolism (Maras et al., 2015). The age at onset of ALS [between
50 and 60 years (Shaw, 2005)] could suggest that kidney function
starts to be altered, but this data has not been directly reported;
no ideal marker has been identified or used in these cases, and
clinicians are hesitant to insist on kidney function exploration.
Unfortunately, creatinine is not a very reliable marker of kidney
function in the context of ALS due to muscular atrophy (Corbett
et al., 1982), leading to the mis-evaluation of the glomerular
filtration rate (eGF). Veyrat-Durebex et al. (2014) reported a
creatinine value, used in the MDRD (modified diet in renal
disease) equation, to estimate the glomerular filtration rate.
The estimated eGFR was higher (p < 0.0001) in ALS patients
than in controls, showing not that renal function was better
but that creatinine levels were low probably due to muscular
atrophy and that the role of potential defective renal elimination
on differences in iron metabolism cannot be explored by this
approach (Veyrat-Durebex et al., 2014). The evaluation of
creatinine values after taking into account body composition
(impedancemetry) or using other markers of renal function
(cystatin C, iohexol, etc.) may help with the interpretation of
iron metabolism, independent of muscle atrophy and renal
elimination. Similarly, nutritional factors essential to ALS have
to be included in iron metabolism interpretation, as it may
completely influence the results, either due to disease or
management. For example, it has been illustrated that low serum
transferrin concentrations are associated with a higher body
weight loss at the time of diagnosis in ALS patients (VeyratDurebex et al., 2014). Further investigations on nutritional care
in ALS patients will be necessary.

The pathogenic impact of iron metabolism deregulation in ALS
has been further supported by the partially protective effects of
iron chelators in ALS mouse models (Hadzhieva et al., 2014).
In recent years, various iron chelators have demonstrated a
prolonged survival of SOD1 transgenic mice. A classic iron
chelator, desferrioxamine, previously studied in models of
neurodegenerative diseases, such as Huntington’s disease or
Parkinson’s disease (Hilditch-Maguire et al., 2000; Zhang et al.,
2005), as well as the new iron chelators 5-[4-(2-hydroxyethyl)
piperazine-1-ylmethyl]-8- hydroxyquinoline (VK-28) and 5-(Nmethyl-N-propargylaminomethyl)-8-hydroxyquinoline (M30),
have also been studied in models of ALS disease (Wang et al.,
2011).
Iron chelators significantly delay disease onset (6–12 days on
average, p < 0.05), extend the lifespan (8–13 days on average,
p < 0.05), and reduce spinal cord motor neuron loss in ALS SOD1
transgenic mice. These chelators are able to prevent ferroptosis,
as well (Masaldan et al., 2018). In support of this, a mouse
model of aggravated ferroptosis displayed ALS features, such
as intense muscular atrophy, rapid paralysis, and ferroptotic
neurodegeneration of the motor neurons of the spinal cord
(Chen et al., 2015; Masaldan et al., 2018). Thus, the therapeutic
effects of iron chelation in SOD1 mice seem to partly stem from
the suppression of ferroptosis, which could result from iron
accumulation. Besides these findings, VK-28 and M30 reduced
ROS generation and inhibited activation of glial cells in the spinal
cord (Wang et al., 2011).
In both a SOD1 murine model of fALS and sALS, a low dose
of deferiprone, another classic iron chelator, was associated with
a decrease in pathological iron accumulation in the central motor
pathways (Moreau et al., 2018).
In ALS patients, iron chelation could reduce iron
accumulation and the related excess of oxidative stress in
the motor pathways. Classical iron chelation could induce
systemic iron depletion. For this reason, the safety and efficacy
of conservative iron chelation (chelation with a low risk of
iron depletion) was assessed in a single-center, single-arm, 12month-long pilot clinical trial (NCT02164253). After 12 months
of treatment with deferiprone, none of the 23 ALS patients
enrolled in the trial displayed signs of anemia. The decreases in
the ALS Functional Rating Scale (ALSFRS-R) and in the body
mass index were significantly smaller in the first 3 months of
deferiprone treatment than in the parallel 3-month treatmentfree period (Moreau et al., 2018). A significant decrease in iron
concentration, shown by MRI, was observed in the cervical
spinal cord and the motor cortex while not in areas outside the
motor system (the cerebellum and the occipital cortex) (Moreau
et al., 2018).
Currently, the efficacy of deferiprone in ALS patients is being
evaluated in a randomized, double-blind, placebo-controlled,
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the roles of the inflammatory status, renal function, and
nutritional status. These factors become very important when
considering therapeutic strategies relying on iron chelation. The
clinical trials attempt to employ chelators as an early form
of treatment but, even though patients show a considerable
retention in body mass and a decrease in iron levels in the
spinal cord (Wang et al., 2011), this seems only temporary.
Furthermore, studies on patients do not necessarily contain
a homogeneous cohort of people affected by SOD1-driven
ALS, unlike SOD1 murine models. This confounds the
interpretations of iron metabolism, since the sub-type of ALS
is not controlled. However, these clinical limitations might be
nearly impossible to avoid. Therefore, while complementing
treatment with nutritional maintenance and keeping track of
kidney and inflammatory status, the chelation-guided therapy
could be prolonged and possibly more applicable to the
general population of ALS patients. Indeed, there appears
to be a global dysregulation of iron in ALS cases, and we
must gain a more complete understanding of the causes and
consequences.

multi-center French study (FAIR-ALS II) with an estimated
enrollment of 210 participants and a 12-month period
(NCT03293069).
Evidence has revealed that the neuroprotection of iron
chelation may result from the attenuation of iron-related
oxidative stress, iron accumulation, and ferroptosis. However, we
have little perspective on the long term regarding the effects of
these iron chelators, and we are not yet certain about their precise
mechanism of action. It could very well be that the chelation
treatment brings about a long-term effect; it could also simply
be temporarily effective, requiring life-long treatment. Moreover,
to our knowledge no study has determined the exact specificity
of these chelators for iron. We question to which extent one can
attribute the therapeutic effect of iron chelators in animal models
to the interaction with iron. Therefore, future studies should pay
attention to the concentrations of other heavy metals besides iron
in order to better assess the overall effect of the chelator on the
cell.

CONCLUSION
Since iron heavily participates in ROS production and has been
seen to accumulate in the context of ALS, we have focused this
review on the published findings concerning iron metabolism in
this disease. Future studies will need to address the experimental
limitations that we have acknowledged in this review. The
limitations in the murine models originate from the experimental
bias projected from the use of pathogenic SOD1. Because this
condition primarily generates ROS, the conclusions relating iron
metabolic regulators drawn from these studies are confined to the
ALS cases in which SOD1 is mutated, which is only a minute
proportion of both familial and sporadic cases. Therefore, it
would be of particular interest to compare the effects on iron
regulation between the SOD1 models and another type, such as
TDP-43 models.
Other limitations in clinical studies analyzing the metabolic
alterations of iron stem from the fact that many overlook

AUTHOR CONTRIBUTIONS
CP and RH wrote most of the sections of the manuscript.
CP did the bibliography and the literature review on iron in
ALS. ZK wrote Section “Body Iron Metabolism” and completed
Section “Brain Iron Metabolism”. RH did the article proofreading
(English). All authors contributed to manuscript revision, read
and approved the submitted version.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2018.01031/full#supplementary-material

REFERENCES

Chew, J., Gendron, T. F., Prudencio, M., Sasaguri, H., Zhang, Y.-J.,
Castanedes-Casey, M., et al. (2015). Neurodegeneration. C9ORF72
repeat expansions in mice cause TDP-43 pathology, neuronal loss, and
behavioral deficits. Science 348, 1151–1154. doi: 10.1126/science.aaa
9344
Clerc, P., Lipnick, S., and Willett, C. (2016). A look into the future of ALS research.
Drug Discov. Today 21, 939–949. doi: 10.1016/j.drudis.2016.02.002
Corbett, A. J., Griggs, R. C., and Moxley, R. T. (1982). Skeletal muscle catabolism
in amyotrophic lateral sclerosis and chronic spinal muscular atrophy. Neurology
32, 550–552. doi: 10.1212/WNL.32.5.550
Crichton, R. R., Dexter, D. T., and Ward, R. J. (2011). Brain iron metabolism
and its perturbation in neurological diseases. J. Neural Transm. 118, 301–314.
doi: 10.1007/s00702-010-0470-z
D’Amico, E., Factor-Litvak, P., Santella, R. M., and Mitsumoto, H. (2013).
Clinical perspective on oxidative stress in sporadic amyotrophic lateral
sclerosis. Free Radic. Biol. Med. 65, 509–527. doi: 10.1016/j.freeradbiomed.2013.
06.029
Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev,
E. M., Gleason, C. E., et al. (2012). Ferroptosis: an iron-dependent form
of nonapoptotic cell death. Cell 149, 1060–1072. doi: 10.1016/j.cell.2012.
03.042

Acosta-Cabronero, J., Machts, J., Schreiber, S., Abdulla, S., Kollewe, K., Petri, S.,
et al. (2018). Quantitative susceptibility MRI to detect brain iron in amyotrophic
lateral sclerosis. Radiology 289, 195–203. doi: 10.1148/radiol.2018180112
Aschemeyer, S., Qiao, B., Stefanova, D., Valore, E. V., Sek, A. C., Ruwe, T. A.,
et al. (2018). Structure-function analysis of ferroportin defines the binding
site and an alternative mechanism of action of hepcidin. Blood 131, 899–910.
doi: 10.1182/blood-2017-05-786590
BioGPS – your Gene Portal System [Internet] (2018). [cité 10 déc]: Disponible sur.
Available at: http://biogps.org/#goto=welcome
Brasse-Lagnel, C., Karim, Z., Letteron, P., Bekri, S., Bado, A., and Beaumont, C.
(2011). Intestinal DMT1 cotransporter is down-regulated by hepcidin via
proteasome internalization and degradation. Gastroenterology 140, 1261–
1271.e1. doi: 10.1053/j.gastro.2010.12.037
Burdo, J. R., and Connor, J. R. (2003). Brain iron uptake and homeostatic
mechanisms: an overview. Biometals 16, 63–75. doi: 10.1023/A:1020718718550
Chen, L., Hambright, W. S., Na, R., and Ran, Q. (2015). Ablation of the ferroptosis
inhibitor glutathione peroxidase 4 in neurons results in rapid motor neuron
degeneration and paralysis. J. Biol. Chem. 290, 28097–28106. doi: 10.1074/jbc.
M115.680090

Frontiers in Neuroscience | www.frontiersin.org

8

January 2019 | Volume 12 | Article 1031

Petillon et al.

Alteration of Iron Metabolism in ALS

Dringen, R., Bishop, G. M., Koeppe, M., Dang, T. N., and Robinson, S. R. (2007).
The pivotal role of astrocytes in the metabolism of iron in the brain. Neurochem.
Res. 32, 1884–1890. doi: 10.1007/s11064-007-9375-0
Du, F., Qian, Z.-M., Luo, Q., Yung, W.-H., and Ke, Y. (2015). Hepcidin
suppresses brain iron accumulation by downregulating iron transport proteins
in iron-overloaded rats. Mol. Neurobiol. 52, 101–114. doi: 10.1007/s12035-0148847-x
Dupuis, L., Corcia, P., Fergani, A., Gonzalez De Aguilar, J.-L., BonnefontRousselot, D., Bittar, R., et al. (2008). Dyslipidemia is a protective factor in
amyotrophic lateral sclerosis. Neurology 70, 1004–1009. doi: 10.1212/01.wnl.
0000285080.70324.27
Fisher, J., Devraj, K., Ingram, J., Slagle-Webb, B., Madhankumar, A. B., Liu, X., et al.
(2007). Ferritin: a novel mechanism for delivery of iron to the brain and other
organs. Am. J. Physiol. Cell Physiol. 293, C641–C649. doi: 10.1152/ajpcell.00599.
2006
Frakes, A. E., Ferraiuolo, L., Haidet-Phillips, A. M., Schmelzer, L., Braun, L.,
Miranda, C. J., et al. (2014). Microglia induce motor neuron death via the
classical NF-κB pathway in amyotrophic lateral sclerosis. Neuron 81, 1009–
1023. doi: 10.1016/j.neuron.2014.01.013
Golko-Perez, S., Amit, T., Bar-Am, O., Youdim, M. B. H., and Weinreb, O.
(2017). A novel iron chelator-radical scavenger ameliorates motor dysfunction
and improves life span and mitochondrial biogenesis in SOD1G93A ALS mice.
Neurotox. Res. 31, 230–244. doi: 10.1007/s12640-016-9677-6
Goodall, E. F., Haque, M. S., and Morrison, K. E. (2008). Increased serum ferritin
levels in amyotrophic lateral sclerosis (ALS) patients. J. Neurol. 255, 1652–1656.
doi: 10.1007/s00415-008-0945-0
Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero, M. F., Boron,
W. F., et al. (1997). Cloning and characterization of a mammalian protoncoupled metal-ion transporter. Nature 388, 482–488. doi: 10.1038/41343
Hadzhieva, M., Kirches, E., and Mawrin, C. (2014). Review: iron metabolism and
the role of iron in neurodegenerative disorders. Neuropathol. Appl. Neurobiol.
40, 240–257. doi: 10.1111/nan.12096
Hadzhieva, M., Kirches, E., Wilisch-Neumann, A., Pachow, D., Wallesch, M.,
Schoenfeld, P., et al. (2013). Dysregulation of iron protein expression in the
G93A model of amyotrophic lateral sclerosis. Neuroscience 230, 94–101.
doi: 10.1016/j.neuroscience.2012.11.021
Halon, M., Kaczor, J. J., Ziolkowski, W., Flis, D. J., Borkowska, A., Popowska, U.,
et al. (2014). Changes in skeletal muscle iron metabolism outpace amyotrophic
lateral sclerosis onset in transgenic rats bearing the G93A hmSOD1 gene
mutation. Free Radic. Res. 48, 1363–1370. doi: 10.3109/10715762.2014.955484
Hentze, M. W., Muckenthaler, M. U., Galy, B., and Camaschella, C. (2010).
Two to tango: regulation of Mammalian iron metabolism. Cell 142, 24–38.
doi: 10.1016/j.cell.2010.06.028
Hilditch-Maguire, P., Trettel, F., Passani, L. A., Auerbach, A., Persichetti, F., and
MacDonald, M. E. (2000). Huntingtin: an iron-regulated protein essential for
normal nuclear and perinuclear organelles. Hum. Mol. Genet. 9, 2789–2797.
doi: 10.1093/hmg/9.19.2789
Hu, X., Yang, Y., Su, J., and Yao, C. (2016). Meta-analysis of the relationship
between amyotrophic lateral sclerosis and susceptibility to serum ferritin level
elevation. Neurosciences 21, 120–125. doi: 10.17712/nsj.2016.2.20150482
Hulet, S. W., Hess, E. J., Debinski, W., Arosio, P., Bruce, K., Powers, S., et al. (1999).
Characterization and distribution of ferritin binding sites in the adult mouse
brain. J. Neurochem. 72, 868–874. doi: 10.1046/j.1471-4159.1999.720868.x
Ignjatovic, A., Steviæ, Z., Lavrniæ, S., Dakoviæ, M., and Baèiæ, G. (2013). Brain
iron MRI: a biomarker for amyotrophic lateral sclerosis. J. Magn. Reson.
Imaging 38, 1472–1479. doi: 10.1002/jmri.24121
Ikeda, K., Hirayama, T., Takazawa, T., Kawabe, K., and Iwasaki, Y. (2012).
Relationships between disease progression and serum levels of lipid,
urate, creatinine and ferritin in Japanese patients with amyotrophic lateral
sclerosis: a cross-sectional study. Intern. Med. 51, 1501–1508. doi: 10.2169/
internalmedicine.51.7465
Jeon, G. S., Shim, Y.-M., Lee, D.-Y., Kim, J.-S., Kang, M., Ahn, S. H., et al.
(2018). Pathological modification of TDP-43 in amyotrophic lateral sclerosis
with SOD1 mutations. Mol. Neurobiol. doi: 10.1007/s12035-018-1218-2 [Epub
ahead of print].
Jeong, S. Y., and David, S. (2003). Glycosylphosphatidylinositol-anchored
ceruloplasmin is required for iron efflux from cells in the central nervous
system. J. Biol. Chem. 278, 27144–27148. doi: 10.1074/jbc.M301988200

Frontiers in Neuroscience | www.frontiersin.org

Jeong, S. Y., Rathore, K. I., Schulz, K., Ponka, P., Arosio, P., and David, S.
(2009). Dysregulation of iron homeostasis in the CNS contributes to disease
progression in a mouse model of amyotrophic lateral sclerosis. J. Neurosci. 29,
610–619. doi: 10.1523/JNEUROSCI.5443-08.2009
Jiang, J., Zhu, Q., Gendron, T. F., Saberi, S., McAlonis-Downes, M., Seelman, A.,
et al. (2016). Gain of toxicity from ALS/FTD-linked repeat expansions in
C9ORF72 is alleviated by antisense oligonucleotides targeting GGGGCCcontaining RNAs. Neuron 90, 535–550. doi: 10.1016/j.neuron.2016.04.006
Kunze, A., Lengacher, S., Dirren, E., Aebischer, P., Magistretti, P. J., and Renaud, P.
(2013). Astrocyte-neuron co-culture on microchips based on the model of SOD
mutation to mimic ALS. Integr. Biol. 5, 964–975. doi: 10.1039/c3ib40022k
Kwan, J. Y., Jeong, S. Y., Van Gelderen, P., Deng, H.-X., Quezado, M. M., Danielian,
L. E., et al. (2012). Iron accumulation in deep cortical layers accounts for MRI
signal abnormalities in ALS: correlating 7 tesla MRI and pathology. PLoS One
7:e35241. doi: 10.1371/journal.pone.0035241
Lane, D. J. R., Robinson, S. R., Czerwinska, H., Bishop, G. M., and Lawen, A. (2010).
Two routes of iron accumulation in astrocytes: ascorbate-dependent ferrous
iron uptake via the divalent metal transporter (DMT1) plus an independent
route for ferric iron. Biochem. J. 432, 123–132. doi: 10.1042/BJ20101317
Lee, J. K., Shin, J. H., Gwag, B. J., and Choi, E.-J. (2015). Iron accumulation
promotes TACE-mediated TNF-α secretion and neurodegeneration in a mouse
model of ALS. Neurobiol. Dis. 80, 63–69. doi: 10.1016/j.nbd.2015.05.009
Li, M., Wang, L., Wang, W., Qi, X. L., and Tang, Z. Y. (2014). Mutations in the
HFE gene and sporadic amyotrophic lateral sclerosis risk: a meta-analysis of
observational studies. Braz. J. Med. Biol. Res. 47, 215–222. doi: 10.1590/1414431X20133296
Liu, Y., Pattamatta, A., Zu, T., Reid, T., Bardhi, O., Borchelt, D. R., et al. (2016).
C9orf72 BAC mouse model with motor deficits and neurodegenerative features
of ALS/FTD. Neuron 90, 521–534. doi: 10.1016/j.neuron.2016.04.005
Mackenzie, I. R. A., Bigio, E. H., Ince, P. G., Geser, F., Neumann, M., Cairns, N. J.,
et al. (2007). Pathological TDP-43 distinguishes sporadic amyotrophic lateral
sclerosis from amyotrophic lateral sclerosis with SOD1 mutations. Ann. Neurol.
61, 427–434. doi: 10.1002/ana.21147
Maras, J. S., Maiwall, R., Harsha, H. C., Das, S., Hussain, M. S., Kumar, C., et al.
(2015). Dysregulated iron homeostasis is strongly associated with multiorgan
failure and early mortality in acute-on-chronic liver failure. Hepatology 61,
1306–1320. doi: 10.1002/hep.27636
Masaldan, S., Bush, A. I., Devos, D., Rolland, A. S., and Moreau, C. (2018). Striking
while the iron is hot: iron metabolism and ferroptosis in neurodegeneration.
Free Radic. Biol. Med. doi: 10.1016/j.freeradbiomed.2018.09.033 [Epub ahead of
print].
Mitchell, R. M., Simmons, Z., Beard, J. L., Stephens, H. E., and Connor, J. R.
(2010). Plasma biomarkers associated with ALS and their relationship to iron
homeostasis. Muscle Nerve 42, 95–103. doi: 10.1002/mus.21625
Moos, T., Skjoerringe, T., Gosk, S., and Morgan, E. H. (2006). Brain capillary
endothelial cells mediate iron transport into the brain by segregating iron
from transferrin without the involvement of divalent metal transporter 1.
J. Neurochem. 98, 1946–1958. doi: 10.1111/j.1471-4159.2006.04023.x
Moreau, C., Danel, V., Devedjian, J. C., Grolez, G., Timmerman, K., Laloux, C.,
et al. (2018). Could conservative iron chelation lead to neuroprotection in
amyotrophic lateral sclerosis? Antioxid. Redox Signal. 29, 742–748. doi: 10.1089/
ars.2017.7493
Nadjar, Y., Gordon, P., Corcia, P., Bensimon, G., Pieroni, L., Meininger, V.,
et al. (2012). Elevated serum ferritin is associated with reduced survival in
amyotrophic lateral sclerosis. PLoS One 7:e45034. doi: 10.1371/journal.pone.
0045034
Nandar, W., and Connor, J. R. (2011). HFE gene variants affect iron in the brain.
J. Nutr. 141, 729S–739S. doi: 10.3945/jn.110.130351
Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M. B., Donovan, A., Ward, D. M.,
et al. (2004). Hepcidin regulates cellular iron efflux by binding to ferroportin
and inducing its internalization. Science 306, 2090–2093. doi: 10.1126/science.
1104742
Nicolas, G., Bennoun, M., Devaux, I., Beaumont, C., Grandchamp, B., Kahn, A.,
et al. (2001). Lack of hepcidin gene expression and severe tissue iron overload
in upstream stimulatory factor 2 (USF2) knockout mice. Proc. Natl. Acad. Sci.
U.S.A. 98, 8780–8785. doi: 10.1073/pnas.151179498
Oba, H., Araki, T., Ohtomo, K., Monzawa, S., Uchiyama, G., Koizumi, K.,
et al. (1993). Amyotrophic lateral sclerosis: T2 shortening in motor cortex

9

January 2019 | Volume 12 | Article 1031

Petillon et al.

Alteration of Iron Metabolism in ALS

at MR imaging. Radiology 189, 843–846. doi: 10.1148/radiology.189.3.
8234713
Park, C. H., Valore, E. V., Waring, A. J., and Ganz, T. (2001). Hepcidin, a urinary
antimicrobial peptide synthesized in the liver. J. Biol. Chem. 276, 7806–7810.
doi: 10.1074/jbc.M008922200
Puy, V., Darwiche, W., Trudel, S., Gomila, C., Lony, C., Puy, L., et al. (2018).
Predominant role of microglia in brain iron retention in Sanfilippo syndrome, a
pediatric neurodegenerative disease. Glia doi: 10.1002/glia.23335 [Epub ahead
of print].
Qian, Z. M., To, Y., Tang, P. L., and Feng, Y. M. (1999). Transferrin receptors on
the plasma membrane of cultured rat astrocytes. Exp. Brain Res. 129, 473–476.
doi: 10.1007/s002210050916
Qureshi, M., Brown, R. H., Rogers, J. T., and Cudkowicz, M. E. (2008). Serum
ferritin and metal levels as risk factors for amyotrophic lateral sclerosis. Open
Neurol. J. 2, 51–54. doi: 10.2174/1874205X00802010051
Re, D. B., Le Verche, V., Yu, C., Amoroso, M. W., Politi, K. A., Phani, S., et al.
(2014). Necroptosis drives motor neuron death in models of both sporadic and
familial ALS. Neuron 81, 1001–1008. doi: 10.1016/j.neuron.2014.01.011
Schlachetzki, J. C. M., Saliba, S. W., and de Oliveira, A. C. P. (2013). Studying
neurodegenerative diseases in culture models. Braz. J. Psychiatry 35, S92–S100.
doi: 10.1590/1516-4446-2013-1159
Shaw, P. J. (2005). Molecular and cellular pathways of neurodegeneration in motor
neurone disease. J. Neurol. Neurosurg. Psychiatry 76, 1046–1057. doi: 10.1136/
jnnp.2004.048652
Simpson, I. A., Ponnuru, P., Klinger, M. E., Myers, R. L., Devraj, K., Coe, C. L.,
et al. (2015). A novel model for brain iron uptake: introducing the concept
of regulation. J. Cereb. Blood Flow Metab. 35, 48–57. doi: 10.1038/jcbfm.201
4.168
Singh, N., Haldar, S., Tripathi, A. K., Horback, K., Wong, J., Sharma, D.,
et al. (2014). Brain iron homeostasis: from molecular mechanisms to clinical
significance and therapeutic opportunities. Antioxid. Redox Signal. 20, 1324–
1363. doi: 10.1089/ars.2012.4931
Skjørringe, T., Burkhart, A., Johnsen, K. B., and Moos, T. (2015). Divalent metal
transporter 1 (DMT1) in the brain: implications for a role in iron transport at
the blood-brain barrier, and neuronal and glial pathology. Front. Mol. Neurosci.
8:19. doi: 10.3389/fnmol.2015.00019
Smethurst, P., Newcombe, J., Troakes, C., Simone, R., Chen, Y.-R., Patani, R., et al.
(2016). In vitro prion-like behaviour of TDP-43 in ALS. Neurobiol. Dis. 96,
236–247. doi: 10.1016/j.nbd.2016.08.007
Su, X. W., Clardy, S. L., Stephens, H. E., Simmons, Z., and Connor, J. R. (2015).
Serum ferritin is elevated in amyotrophic lateral sclerosis patients. Amyotroph.
Lateral Scler. Frontotemporal Degener. 16, 102–107. doi: 10.3109/21678421.
2014.984723
Todorich, B., Zhang, X., and Connor, J. R. (2011). H-ferritin is the major source of
iron for oligodendrocytes. Glia 59, 927–935. doi: 10.1002/glia.21164

Frontiers in Neuroscience | www.frontiersin.org

van Blitterswijk, M., van Es, M. A., Hennekam, E. A. M., Dooijes, D., van
Rheenen, W., Medic, J., et al. (2012). Evidence for an oligogenic basis of
amyotrophic lateral sclerosis. Hum. Mol. Genet. 21, 3776–3784. doi: 10.1093/
hmg/dds199
Veyrat-Durebex, C., Corcia, P., Mucha, A., Benzimra, S., Mallet, C., Gendrot, C.,
et al. (2014). Iron metabolism disturbance in a French cohort of ALS patients.
Biomed Res. Int. 2014:485723. doi: 10.1155/2014/485723
Wang, Q., Du, F., Qian, Z.-M., Ge, X. H., Zhu, L., Yung, W. H., et al.
(2008). Lipopolysaccharide induces a significant increase in expression of iron
regulatory hormone hepcidin in the cortex and Substantia nigra in rat brain.
Endocrinology 149, 3920–3925. doi: 10.1210/en.2007-1626
Wang, Q., Zhang, X., Chen, S., Zhang, X., Zhang, S., Youdium, M., et al.
(2011). Prevention of motor neuron degeneration by novel iron chelators in
SOD1(G93A) transgenic mice of amyotrophic lateral sclerosis. Neurodegener.
Dis. 8, 310–321. doi: 10.1159/000323469
Wu, J.-R., Tuo, Q.-Z., and Lei, P. (2018). Ferroptosis, a recent defined form of
critical cell death in neurological disorders. J. Mol. Neurosci. 66, 197–206.
doi: 10.1007/s12031-018-1155-6
Wu, L. J., Leenders, A. G. M., Cooperman, S., Meyron-Holtz, E., Smith, S.,
Land, W., et al. (2004). Expression of the iron transporter ferroportin in
synaptic vesicles and the blood-brain barrier. Brain Res. 1001, 108–117.
doi: 10.1016/j.brainres.2003.10.066
Zechel, S., Huber-Wittmer, K., and von Bohlen und Halbach, O. (2006).
Distribution of the iron-regulating protein hepcidin in the murine
central nervous system. J. Neurosci. Res. 84, 790–800. doi: 10.1002/jnr.
20991
Zeineddine, R., Whiten, D. R., Farrawell, N. E., McAlary, L., Hanspal, M. A.,
Kumita, J. R., et al. (2017). Flow cytometric measurement of the cellular
propagation of TDP-43 aggregation. Prion 11, 195–204. doi: 10.1080/19336896.
2017.1314426
Zhang, X., Xie, W., Qu, S., Pan, T., Wang, X., and Le, W. (2005). Neuroprotection
by iron chelator against proteasome inhibitor-induced nigral degeneration.
Biochem. Biophys. Res. Commun. 333, 544–549. doi: 10.1016/j.bbrc.2005.05.150
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Petillon, Hergesheimer, Puy, Corcia, Vourc’h, Andres, Karim and
Blasco. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

10

January 2019 | Volume 12 | Article 1031

