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Iron is essential for almost all organisms, being involved in oxygen transport, DNA synthesis,
and respiration; however, it is also potentially toxic via the formation of free radicals. Thus, iron
homeostasis is tightly controlled by mechanisms that have been partially elucidated. Numerous
disorders have recently been linked to deregulation of iron homeostasis, leading iron metabolism to
become an interesting therapeutic target for novel pharmacological treatments against these diseases.
The targeting includes the hepcidin/ferroportin axis for the regulation of systemic iron homeostasis,
the cytosolic machinery for the regulation of intracellular iron status and oxidative damage, proteins
of iron metabolism such as ferritin and transferrin receptor, and the recently described form of
programmed cell death named ferroptosis. Because of its tight link with anemia, iron metabolism
has been mainly of interest in terms of the hematological pathologies, but, recently, clinicians have
become aware of the importance of iron in non-hematological disorders, suggesting that iron could
be a therapeutic target for various conditions. To verify whether this is the case and to try to gather
together all the novel information in this developing field, we launched this issue in Pharmaceuticals,
and we were glad to find that this attracted the attention of the 49 research groups that proposed
papers. This result confirms the increasing importance of iron in various disorders.

From the articles received, it became clear that one of the fields that started to be highly investigated
is the role of iron in the brain. Indeed, the recent evidence that excess iron occurs in the brains of
subjects with neurodegenerative disorders suggested the therapeutic potential of iron targeting in
this organ. In this issue, Crichton et al. [1] reviewed studies on iron chelators, which have been
successful at removing excess iron from liver, spleen, heart, and pituitary gland in various iron-loading
disorders. Oral deferiprone has been used to chelate brain iron overload in Parkinson’s disease
and Friederich’s ataxia with encouraging results, and new and safer chelators are under study.
The authors also suggested that the presence of inflammation might reduce the efficacy of these
chelators, which is in agreement with other literature findings. Similarly, Nunez et al. [2] focused on
the properties required for an optimal iron chelator to treat neurodegenerative diseases involving brain
iron accumulation, a group of disorders that in addition to the already cited Parkinson’s disease and
Friedreich’s ataxia, also includes pantothenate-kinase-associated neurodegeneration, Huntington'’s,
and Alzheimer’s disease (AD). While the ideal chelator should target the mitochondria, quench free
radicals, have micromolar-iron-binding affinity, and be selective for neuronal cells, the current situation
on available chelators was discussed by the authors in their manuscript. Studies on specific brain
pathologies have also been included in this issue, as the work by Alsina et al. [3], which focused on the
role of iron in Friedreich’s ataxia, a genetic disorder caused by trinucleotide GAA expansions in the first
intron of the frataxin gene that decrease its expression. In addition to discuss the proposed functions of
this mitochondrial protein and how it is related to iron homeostasis, they also reported the beneficial
effects of iron chelators as therapeutic agents for this disease. The role of iron in AD was reviewed by
Masaldan et al. [4], who pointed out iron dyshomeostasis as a critical feature of this disease, given
the participation of iron in the generation of free radicals and in the interaction with proteins known
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to cause of AD pathology. The hypothesis described by the authors is that iron accumulation might
derive from an age-associated increase of senescent cells that drive inflammation, which predisposes
to oxidative stress, cellular dysfunction and iron-dependent death. Elevated brain iron is associated
with AD progression and cognitive decline, and it may be reduced pharmacologically. Nnah et al. [5]
considered that microglia activation and secretion of proinflammatory cytokines are hallmarks of
neurodegenerative disorders, including AD. However, it is still unclear whether increased brain iron
augments the inflammatory responses of microglia and how these cells accumulate, store, and utilize
intracellular iron to carry out their functions under normal and pathological conditions. This review
describes known and emerging mechanisms involved in microglial cell iron transport and metabolism,
as well as the inflammatory responses affecting the brain, in the context of AD. Neurodegeneration
with brain iron accumulation (NBIA) was reviewed by Levi and Tiranti [6]. NBIA is a group of rare
monogenetic diseases that are heterogeneous in onset and symptoms but characterized by specific
brain iron deposition in the region of the basal ganglia. Fifteen NBIA genes have been described so
far, but only two of these code for iron proteins. The review reports the recent data on new models
of these disorders aimed at understanding the pathogenesis of iron deposition. The impairment of
mitochondrial function, which also contributes to cause neurodegeneration, is discussed in the review
published by Fiorito et al. [7], who proposed a new perspective regarding the impact of heme. Heme is
synthesized in the mitochondria and its metabolism plays a central role in organelle function. Since
some evidence indicates that alterations of heme metabolism are associated with neurodegenerative
disorders, these studies may open new therapeutic avenues in the struggle against these disorders.

The importance of iron in the development of human brain was also described in this issue,
in which Markova et al. [8] reviewed the recent findings on the effects of gestational and lactational
iron deficiency on the correct formation of the central nervous system. In early embryonic life, iron is
needed for the developing brain, which is characterized by a widespread expression of transferrin
receptors. If iron deficiency occurs at this stage, the brain may not fully develop, weight less and
present an impaired myelin formation, which result in chronic and irreversible damage affecting
individual cognitive, memory, and motor skills. Studies on humans and animal models suggest the
possibility to reverse these effects with iron substitution therapy. Rockfield et al. [9] argued that the
maintenance of iron and lipid homeostasis is critical also to the brain. Since this is the fattiest organ
in the body, many evidences point out the existence of a cross-talk between these pathways. In this
article, the authors discuss human diseases involving iron and lipid alterations, with special emphasis
on neurodegenerative disorders, and the therapeutic potential of iron reduction techniques for these
patients. The mechanisms of iron action in the brain was also described by Ferreira et al. [10], who took
a broader approach exploring in particular the cognitive and behavioral implications of disruption of
iron homeostasis on the onset and progression of psychosocial disorders. In this review, the authors
also discuss the links between iron and the biological, psychological, and social dimensions that
contribute to the development of a diverse set of neuro-pathologies. Potential avenues of research
are also outlined. Genetic diseases with brain iron accumulation were reported to also cause retinal
degeneration, as discussed by Shu and Dunaief [11]. Iron dysregulation in the eye might also occur
upon dietary or parenteral supplementation, which has been reported to elevate iron levels in the retinal
pigment epithelium (RPE) and to promote retinal degeneration. While studies in mice and humans
suggest that iron toxicity might contribute to the pathogenesis of age-related macular degeneration,
iron chelators were found capable to protect photoreceptors and RPE in mouse models. So, their
therapeutic potential is currently under investigation.

Although hereditary hemochromatosis (HH) is the first iron overload disorder to be studied,
there are still many aspects to be investigated, some of which considered in this issue. Loreal et al. [12]
reviewed works on HH, which are mainly related to the C282Y mutation in the HFE gene. This mutation
causes hepcidin deficiency and iron accumulation in liver, pancreas, heart, and bone. Treatment
mainly consists of venesection for the removal of iron contained in red blood cells, which seems to be
effective. Nevertheless, new approaches targeting hepcidin levels could be useful to better control
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iron parameters and especially some symptoms of this disease, like arthritis. The work by Porto
et al. [13] described a 20 year follow up of three siblings, diagnosed with HH in their childhood,
who were homozygous for the C282Y mutation of HFE. These patients were assessed yearly for
the determination of iron indices and lymphocyte counts, and the analyses revealed an important
transition of this disease from childhood to adult life. Emphasis on the tight link between iron status
and the activation of immune cells was given by the authors. HH with dominant transmission, which
is also known as ferroportin disease, was reviewed by Vlasveld et al. [14]. The authors reported
phenotypes ranging from a loss of ferroportin function (LOF) to a gain of function (GOF) of this gene,
with hepcidin resistance. The analyses of 359 patients with 60 ferroportin variants allowed the authors
to conclude that the phenotypes of hepcidin-resistant GOF variants were indistinguishable from the
other types of HH. While these can be categorized as ferroportin-associated HH, ferroportin disease
may be confined to the LOF variants. Although many proteins are involved in the regulation of iron
homeostasis, Katsarou and Pantoupolos [15] considered hepcidin as an interesting therapeutic target.
Genetic defects of hepcidin expression lead to “hepcidinopathies”, a series of pathologies ranging
from HH to iron-refractory iron deficiency anemia. Indeed, dysregulation of hepcidin is a cofactor in
iron-loading anemias with ineffective erythropoiesis and anemia of inflammation. Hence, this review
summarized the state of the art on hepcidin agonists and antagonists, as well as inducers and inhibitors
of hepcidin expression. The interaction between hepcidin and ferroportin in the regulation of systemic
iron homeostasis was also the focus of the study published by Hawula et al. [16]. Indeed, this axis can
be affected by various stimuli and its deregulation can lead to a variety of disorders, which include
HH. The treatment options for regulating iron levels in patients are limited, and efforts are being
made to uncover approaches restoring hepcidin and ferroportin expression. In this review, the authors
examined the current status of hepcidin and ferroportin agonists and antagonists, as well as inducers
and inhibitors of these proteins and their regulatory pathways. Investigating the types of cellular
events occurring in the liver during iron overload conditions, Tangudu et al. [17] examined the hepatic
signaling pathways underlying acquired and genetic iron overload disorders. The authors found an
association between these pathologies and the decline in the activation of the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (Erk) kinase (Mek1/2) pathway, which selectively
affects the phosphorylation of Erk1/2. The uncoupling of this signaling from iron-Bmp-Smad-mediated
hepcidin induction indicates that it may contribute to a number of liver pathologies. A new approach
to study the hepcidin-binding proteins was proposed by Diepeveen et al. [18], who observed that
this method, in the serum, might influence hormone function and quantification. The authors used
peritoneal dialysis to measure freely circulating solutes in blood and peritoneal fluid of patients
undergoing a peritoneal equilibration test. The protein-bound fraction of hepcidin was calculated
to be 40% (+23%), which led the authors to conclude that a substantial proportion of hepcidin is
freely circulating.

Other genetic disorders associated with dysregulated iron metabolism are those characterized
by new mutations in the ferritin L gene, as described by Cadenas et al. [19]. These pathologies
cause dominant L-ferritin deficiencies and hereditary hyperferritinemia cataract syndrome (HHCS).
An accurate diagnosis is needed for the appropriate treatment of the multiple phenotypes caused by
FTL gene mutations, and a novel diagnostic algorithm was proposed in this study for that purpose.
As discussed by Chiou and Connor [20], ferritin is the main iron cellular storage molecule in the
body, able to store a large amount of iron within its mineral core. Recently, ferritin was shown to
have a range of abilities that go well beyond iron storage. This review aims at discussing novel
functions and biomedical uses of ferritin in the processes of iron delivery, delivery of biologicals
such as chemotherapies and contrast agents, and the utility of ferritin as a biomarker in a number of
neurological diseases. The autophagic degradation of ferritin (known as “ferritinophagy”) is necessary
to maintain intracellular iron homeostasis and is mediated by the nuclear receptor coactivator 4
(NCOAA4), as described by Santana-Codina and Mancias [21]. In this review, the authors related
the biochemical regulation of NCOA4, its contribution to physiological processes, and its role in
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disease. Its potential to activate or inhibit ferritinophagy and ferroptosis for therapeutic purposes
was also addressed. In line, Bou-Abdallah et al. [22] reviewed our current understanding of iron
mobilization from ferritin by various reducing agents. The authors reported recent results supporting
a mechanism that involves a one-electron transfer through the protein shell to the iron mineral core.
The physiological significance of the iron-reductive mobilization from ferritin by the non-enzymatic
FMN/NAD(P)H system is also discussed. Sha et al. [23] studied plant ferritin, a novel form of iron
supplement, the absorption of which can be affected by phenolic acids of the plant. The authors found
that cinnamic acid derivatives induce the release of iron from soybean ferritin, thus having a negative
effect on iron stability. The authors also pointed out that the iron chelating activity and reducibility
of these compounds may affect the iron availability of soybeans. Regulation of iron homeostasis is
also provided by the role exerted by the transferrin receptor 2 (Tfr2), as described by Roetto et al. [24].
Tfr2 is one of the hepcidin regulators and mutations of this gene cause type 3 HH. While this review
summarized the data on Tfr2 extrahepatic role, including the importance of the two main isoforms,
Tfr2« and Tfr2f3, the use of Tfr2 as therapeutic target for hepcidin control is also discussed. Finally,
the systemic iron regulation, achieved by controlling heme metabolism, was described by Montecinos
et al. [25], who reviewed the present knowledge on the heme-binding protein hemopexin (HPX)
and provided information on its biochemistry. HPX prevents the toxicity induced by hemoglobin
(Hb)-derived heme, which occurs in hemolytic conditions and can be triggered by the activation of the
immune system. The review highlights some newly identified actions of heme and HPX, engaged
especially when normal processes fail to maintain heme and iron homeostasis. The authors also
presented data showing that the cytokine IL-6 cross talks with activation of the c-Jun N-terminal kinase
pathway in response to heme-hemopexin in models of hepatocytes.

Recent studies have shown the importance of iron in kidney diseases. This particular topic
was discussed by Vera-Aviles et al. [26], who reviewed evidence for iron-induced toxicity in chronic
kidney disease (CKD) and the mechanisms by which histidine exerts cytoprotective functions. In fact,
CKD is often associated with iron and histidine deficiency. This amino acid, which is essential for
erythropoiesis and to enhance iron dietary absorption, was shown to have antioxidant properties
capable to improve the oxidative stress in CKD. Balla et al. [27] discussed some of the most important
findings relating to the role of iron and ferritin heavy chain in the context of kidney-related diseases
and, in particular, in vascular calcification. The authors provided evidence that the ferroxidase activity
of ferritin prevents this frequent complication of CKD. Nuhu and Bhandari [28] reviewed a specific
cardio-renal morbidity in CKD, providing an understanding of the pathophysiology and impact of
uremic toxins, inflammation and anemia, on oxidative stress. Anemia in CKD increases the risk of
left ventricular hypertrophy and oxidative stress, thereby magnifying the deleterious consequences of
uremic cardiomyopathy. This enhances its progression and increases the risk of sudden cardiac death.

Iron toxicity also affect the lungs. The continuous exposure of this organ to oxygen turns it highly
sensitive to oxidative damage, which is enhanced in the presence of excess iron. This was discussed by
Zhang et al. [29], who provided an overview of systemic and local lung iron regulation. The authors
described the role of this metal in the development of lung infections, airway disease, and lung injury,
offering important foundations for the development of therapeutic applications. Also Neves et al. [30]
reviewed the current knowledge on the regulation of pulmonary iron homeostasis. In addition to
report the functional importance of iron and its link in the development of lung disorders, the authors
provide a better understanding of the association between pulmonary iron deregulations and the
frequently correlated chronic obstructive pulmonary disease and lung cancer. Possible improvement
of these pathologies with iron-related therapeutic strategies has also been described.

The interplay between iron and inflammation, elicited in the course of the infection, has long been
observed. Petzer et al. [31] reviewed the association between anemia and chronic inflammatory diseases,
addressing how iron levels could be improved with the resolution of the disease, supplementation and
redistribution strategies. Moreover, investigations referring to the key role of hepcidin in these forms
of anemia encouraged the development of novel therapeutic approaches, which were discussed in
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this review along with the current guidelines of iron replacement therapies. In chronic inflammatory
diseases, these refer to oral versus parenteral iron supplementation. The authors also reported the
emerging potential of hepcidin-antagonizing drugs, which are currently under preclinical and clinical
investigations. Hepcidin regulation has been also reported as beneficial in patients with rheumatoid
arthritis (RA), who are often treated with an anti-IL-6-receptor (anti-IL-6R) monoclonal antibody
(tocilizumab) that inevitably influences iron metabolism. Ribeiro et al. [32] studied a cohort of patients
under this treatment, identifying the association between higher serum iron and transferrin saturation,
induced by the drug, and the risk of infection. Their study strongly indicates the need to monitor
iron indices in RA patients on anti-IL-6R therapy to prevent infections. The most recent literature
on infection and iron metabolism has been reviewed by Gomes et al. [33]. Special emphasis was
given to iron changes induced by pathogens invasion, which culminate with the development of
anemia, and to potential therapeutic approaches that, modulating iron metabolism, correct iron levels
and control the infection. One of the most studied infectious diseases involving disruption of iron
homeostasis is malaria. The increase in hepcidin during the development of this diseases has been
reported by Muriuki and Atkinson [34], along with the higher levels of tumor necrosis factor-e, as the
cause that leads to poor iron absorption and recycling. While this may be an important driving factor
of iron deficiency, its prevalence in children increases over a malaria season and decreases when
it is interrupted, as described by the authors. Once the link between malaria and iron deficiency
will be formally demonstrated, it would aid readjusting priorities for programs towards prevention
and treatment of iron deficiency, which will benefit malaria control. Armitage and Moretti [35]
reviewed the demand and supply of iron during early childhood, addressing its importance in
aspects that refer to the physiology and development of young children coming from low- and
middle-income countries, in particular. Thus, discussing the implications for interventions to improve
iron status whilst minimizing infection-related risks is of utmost importance, since strategies should
be adapted according to iron deficiency, inflammation status, and infection risk. It is known that
macrophages play a central role in regulating iron homeostasis, especially during infections, like but
not restricted to malaria. In their manuscript, Recalcati et al. [36] described how macrophages control
iron levels and how this determines, in turn, their plasticity. Changes in the expression of genes
coding for major proteins of iron metabolism may result in different iron content availabilities for
the macrophage itself and other cells present in the microenvironment. This review also discussed
the role of macrophages in immunometabolism, which cross-talks with erythropoiesis as reported by
Sukhbaatar and Weichhart [37]. Coordination between spleen, liver, and bone marrow is essential for
macrophages ensure proper iron recycling and erythroblast differentiation. This article also focuses on
the role of distinct macrophage populations to maintain iron metabolism, describing the cellular and
systemic mechanisms involved in iron-regulating processes. Macrophages are also the main target of
Mycobacteria Tuberculosis, a pathogen that requires iron to proliferate, as pointed out by Agoro and
Mura [38], who reasserted that Mycobacteria-infected hosts use systemic iron restriction and cellular
iron distribution as defense mechanism against infection. The authors reviewed the importance of iron
availability to elicit an immune response against Mycobacteria, which then dictates host susceptibility.
Hence, the need for future therapeutic directions capable to prevent this disease were also pointed out.
At this regards, specific chelators against infections caused by Mycobacterium avium have been reviewed
by Rangel et al. [39], who described in particular a selected class of the 3-hydroxy-4-pyridinone
ligand, which could be functionalized with the addition of fluorophores. This was shown to improve
antimycobacterial activity and the affinity of chelators to biological membranes, thus indicating that
“to label means to change”. The authors further discuss the need of combined therapeutic approaches
and the use of rhodamine B conjugates to target bacterial resistance and biofilm production.

More evidences point at iron deficiency as critically involved in the pathogenesis of different
conditions. An example is provided by Lakhal-Littelton [40], who described the prevalence of iron
deficiency in patients with cardiovascular disease and associated it with worse outcomes. Although,
the mechanisms by which iron deficiency affects cardiovascular function are still unclear, this review
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discusses the benefits of therapeutic strategies aimed at restoring cellular iron homeostasis rather than
approaches based on iron supplementation. These have been described in particular on two diseases:
chronic heart failure and pulmonary arterial hypertension. Another compartment also affected by iron
deficiency is the bone. As explained by Balogh et al. [41] bone homeostasis is based on the regulation
between osteoclasts” function, which resorb the bone, and osteoblasts’, which produce new bone.
Both iron deficiency and iron overload disrupt this delicate balance, influencing skeletal health and
emphasizing the need to develop novel therapeutic approaches to inhibit the pathological effects of
altered iron levels in this tissue.

An important aspect of restoring iron homeostasis is how to supplement this metal in case of
deficiency, since possible side effects of oxidative damage and changes in intestinal microbiota have
been pointed out. The effects of oral treatments on iron deficiency were reviewed by Ginanjar et al. [42],
who also considered the potential toxicity of plasma non-transferrin-bound iron (NTBI). The authors
found that FeSO4 is more absorbed than NaFeEDTA, although causes a remarkable increase of NTBI.
In a double-blind, randomized trial, they showed that a low dose of NaFeEDTA (6.5 mg), given with
a meal, was highly effective for the treatment of iron deficiency, maintaining normal levels of NTBI.
Bhandari et al. [43] discussed the inefficacy of oral iron replacement therapies in the treatment of
some patients with iron deficiency. In these cases, replacement with intravenous (IV) iron therapies,
now in their third generation, could increase iron levels without causing toxic effects. This review
described the properties of different IV irons, and how differences in formulations might impact
the current and future clinical practice. Novel innovative oral iron formulations were described
by Gomez-Ramirez et al. [44]. Sucrosomial®iron (SI), in which ferric pyrophosphate is protected
by a phospholipid bilayer plus a sucrester matrix (sucrosome) and absorbed via para-cellular and
trans-cellular routes (M cells), was shown to increase iron bioavailability while having excellent
gastrointestinal tolerance. An important concern, though, needs to be raised from a human nutritional
point of view. The genetic selection for large litter sizes and high birth weights makes piglets severely
iron-deficient, as described by Szudzik et al. [45]. In need for iron supplementation, these animals
receive intramuscular injection of a large amount of iron dextran, which if from one side corrects the
iron deficiency of the animal, on the other it may generate toxic effects. Whether this might also affect,
in long term, the human population eating pork meat is not known. Therefore, new iron supplements
need to be considered, turning iron-deficient piglets as a convenient animal model for pre-clinical
studies. The influence of food compounds on iron absorption was also the focus of Lesjak and Srai’s
review [46], which discussed how iron homeostasis is affected by several dietary factors, such as
flavonoids. Their ability to modulate the expression and activity of proteins involved in the systemic
regulation of iron metabolism and uptake turn flavonoids clinically relevant for the potential treatment
of both anemia and iron overload diseases. The influence of dietary iron absorption in the gut was
discussed by Yilmaz and Li [47], who described the dynamic modulation of intestinal microbiota
induced by different iron levels. The authors reviewed the current understanding of the effects of
luminal iron on host-microbe interactions in human health and disease. The side effects induced
by the excessive amount of unabsorbed iron at the interactive host-microbe interface of the human
gastrointestinal tract was particularly described.

The involvement of iron in the development of tumors has long been studied, and Busti et al. [48]
consider that anemia in cancer is multifactorial, and iron deficiency (ID) is a major contributor. Since
the treatment of functional iron deficiency is complex and still controversial, this work discusses the
possible approaches for the management of ID in cancer patients, in different clinical settings. Current
guidelines and recommendations were also reported to emphasize the need for further research in
the field. In agreement, one article in this issue studied the activity of the anticancer drug didox,
which is thought to act by inhibiting ribonucleotide reductase, the rate-limiting enzyme for dNTP
synthesis that is highly expressed in aggressive tumor cells. Asperti et al. [49] showed that didox cell
killing was suppressed by iron supplementation, and capable to reduce iron availability by acting as
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an iron chelator. The authors indicated that this property might contribute to its antitumor activity by
sequestering iron to enzymes, as the ribonucleotide reductase.

Altogether, this issue, which was published in Pharmaceuticals, provides an interesting overview on
the complexity of the role of iron in health and disease conditions, emphasizing the need to control iron
homeostasis. This is achieved by supplying iron in sufficient amount, when deficient, and removing it,
when in excess. Regulating iron distribution among various tissues and compartment is also essential
to prevent dysregulated levels of this metal and the occurrence of disorders like HH, neurodegenerative
and cardiovascular diseases, cancer, and infections.
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Abstract: Iron chelation therapy, either subcutaneous or orally administered, has been used
successfully in various clinical conditions. The removal of excess iron from various tissues, e.g.,
the liver spleen, heart, and the pituitary, in beta thalassemia patients, has become an essential therapy
to prolong life. More recently, the use of deferiprone to chelate iron from various brain regions
in Parkinson’s Disease and Friederich’s Ataxia has yielded encouraging results, although the side
effects, in <2% of Parkinson’s Disease(PD) patients, have limited its long-term use. A new class of
hydroxpyridinones has recently been synthesised, which showed no adverse effects in preliminary
trials. A vital question remaining is whether inflammation may influence chelation efficacy, with a
recent study suggesting that high levels of inflammation may diminish the ability of the chelator to
bind the excess iron.

Keywords: iron; chelation; neurodegenerative diseases; pituitary; brain

1. Introduction

Iron is one of the essential elements in the body, the concentration of which is tightly regulated
to prevent toxicity. Iron overload, particularly in the liver and spleen, is known to occur in
several conditions, such as hereditary hemochromatosis, African iron overload, sickle cell disease,
beta thalassemia, sideroblastic anaemia, enzyme deficiency (pyruvate kinase, glucose-6-phosphate
dehydrogenase), and rare disorders of proteins involved in iron transport (atransferrinaemia,
aceruloplasminemia). In certain conditions, e.g., sickle cell anaemia, beta thalassemia, and
myelodysplasia, regular blood transfusions are an essential part of the therapy, thereby contributing to
the increased iron stores, as the body is unable to excrete iron to any great extent. However, little focus
has been directed at the brain iron concentrations in these conditions. Furthermore, it is also apparent
that aging and neurodegenerative diseases, such as Parkinson’s and Alzheimer’s Disease, as well as
Friederich’s Ataxia, are associated with an increasing brain iron accumulation [1]. With the advent
of several magnetic resonance imaging (MRI) techniques over the past 10 years it is now possible to
measure pituitary and brain iron in specific brain regions and to monitor changes in its concentration
after iron chelation therapy. Iron deposits are not assayed directly, but their effects on water protons as
they diffuse in the magnetically inhomogeneous environment induced by iron deposition are assessed.
The scanner transmits energy into the body as microwaves, followed by a waiting period, after which
the energy is recalled, to be received by an antennae or coil. This process is known as relaxation and is
characterised by relaxation rates R2 and R2* (measured in Hz), which are mathematically inverse of
the characteristic relaxation times T2 and T2* (measured in ms).

Pharmaceuticals 2019, 12, 138; doi:10.3390/ph12030138 10 www.mdpi.com/journal/pharmaceuticals
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2. Iron chelation

The chelation of excessive amounts of iron from the liver and spleen and, more recently, from the
pituitary gland and the brain, has been utilised as a therapeutic approach. In what follows, we will
outline the development of the most important therapeutic application of iron chelation therapy to
date, namely in the treatment of thalassemia [2-5] and neurodegenerative diseases [1].

Iron Chelators in Current Clinical Use

The hexadentate chelator, deferrioxamine (DFO) (Figure 1), a bacterial hydroxamate siderophore,
was introduced in the early 1970s, and initially gave poor results because it was not active by oral
administration, and had a short half-life (20-30 min). However, the development of continuous
subcutaneous infusion of DFO by a portable pump [6] and the establishment of sensible schedules
for the optimal use of the pump [7] meant that by the 1990s markedly prolonged cardiac disease-free
survival in patents, who faithfully followed the Propper and Pippard regime, could be demonstrated
in three independent studies [8-10]. However, sadly, half of the patients, who could not or would not
comply, developed cardiac failure or arrhythmia much more rapidly [11]. What was urgently required
was a chelator which could be used more easily, thereby improving compliance, and which was both
effective and orally active.
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Figure 1. Chemical structures of iron chelators.

Deferiprone (DFP) a small, lipophilic bidentate chelator of the 3-hydroxypyridin-4-one family
(Figure 1), was introduced into clinical practice in the 1980s [12]. Although it is orally active, its half-life
is 3-4 h, which means that it must be administered three times a day at doses of 75 mg/kg/day to
maintain sufficient negative iron balance equivalent to 50 mg/kg/day of DFO [13,14]. DFP has good
bioavailability, but its clearance is accelerated by rapid biotransformation: approximately 85% of
the drug is metabolised to a nonchelating 3-O-glucuronide conjugate [15]. The most important side
effects of deferiprone are agranulocytosis and milder forms of neutropenia, which require appropriate
monitoring [16]. However, DFP enters cells and can access intracellular chelateable iron more readily
than DFO [17]. DFP possesses cardioprotective effects [18], and a multi-centre prospective comparison
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showed that a combined DFP + DFO regimen was more effective in removing cardiac iron than DFO,
and was superior in clearing hepatic iron than either DFO or DFP monotherapy [19].

In the years that followed the introduction of DFP, the search for other orally active chelators
intensified [20]. The microbial tridentate chelator, desferrithiocin, discovered in 1980, was shown to
be orally active and very effective in mobilising hepatic iron in a rat model with hepatic iron loading
induced by a ferrocene derivative [21], and in iron-loaded monkeys [22,23]. However, ferrithiocin
itself proved to be toxic in animals [24], and although many desferrithiocin derivatives were tested
and found to be more effective than desferrithiocin, toxicity remained associated with this class of
chelators [25]. The clinical development of Deferasirox (DFX) (ICL670) represents an investment, the
magnitude of which has no precedent in the history of chelator research. In the search for a safe
tridentate chelator, a completely new chemical class of iron chelators, the bis-hydroxyphenyltriazoles,
was discovered. More than forty derivatives of the triazole series were synthesised at Novartis,
and evaluated, together with more than 700 chelators from other chemical classes. The tridentate
chelator 4-[(3,5-Bis-(2-hydroxyphenyl)-1,2,4) triazol-1-yl]-benzoic acid (ICL670, Figure 1) emerged as
the chelator which best combined high oral potency and tolerability in animals [20]. DFX has a plasma
half-life of 12-16 h, which allows it to be taken once per day, effectively eliminating non-transferrin
bound iron (NTBI) from the circulation [26]. In clinical studies, DFX has proven to be as effective as
DFO at doses of 20-30 mg/kg [27], and in an extensive study involving 1744 patients, it was shown that
fixed starting doses of DFX, based on transfusional iron intake, with dose titration guided by serum
ferritin trends and safety markers, provide clinically acceptable chelation in patients with transfusional
hemosiderosis from various types of anaemia [28]. Side effects are minimal, although the use of DEX is
associated with rash formation and renal toxicity [29].

3. Thalassemia, Sickle-Cell Anaemia, and Haemoglobinopathies

Thalassemia, sickle-cell disease, and other hereditary disorders of haemoglobin biosynthesis are
the most prevalent monogenic diseases worldwide [5]. Thalassemia results from an inherited defect
in the rate of synthesis of one of the two polypeptide chains of haemoglobin, resulting in imbalance
in the «,3-globin chain ratio, ineffective erythropoiesis, chronic haemolytic anaemia, and increased
intestinal iron absorption. In the 1960s and 1970s, the only effective treatment for thalassemia was
blood transfusion. Since humans cannot increase their iron excretion to compensate for iron loading,
the transfusional iron overload, aggravated by increased intestinal iron absorption, results in massive
and progressive iron overload. Each unit of transfused blood contains approximately 200 mg of
iron, and since the mean transfusional loading in thalassemia major is 0.4 mg/kg/day, it comes as no
surprise that most patients faced certain death before the age of 20 years from heart failure. However,
the incidence of heart failure was not directly related to the cardiac iron overload, but to the level of
iron loading in the liver. The explanation for this lies in the demonstration by Chaim Hershko [30] of
the presence in the serum of thalassemic patients of toxic non-transferrin-bound iron (NTBI) which
was responsible for the cardiac damage. When the liver iron load attains a critical level, iron is released
into the circulation, and once its concentration exceeds the binding capacity of the transferrin pool,
NTBI is formed. NTBI is the main source of iron accumulation in iron loading in both thalassemia
and hereditary hemochromatosis, notably in the heart, pancreas, and liver [31], as well as in the brain.
The influx of NTBI seems to be mediated by the ZIP14 transporter in the liver [32,33], whereas in
cardiomyocytes, two calcium channels transport Fe>* with an affinity similar to that of Ca?* [34,35],
and their expression is insensitive to cardiac iron overload.

3.1. Thalassemia-Iron Accumulation in the Pituitary

Clinical hypogonadism is common in thalassemia patients (83%) with detectable cardiac iron and is
independently associated with pituitary iron deposition and gland shrinkage [36]. The pituitary gland
maintains its anatomical and functional connections with the brain, yet sits outside the blood-brain
barrier. Iron deposition in the anterior pituitary continues to pose a serious problem in homozygous
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beta thalassemia patients, particularly in terms of gonadal function. Magnetic resonance imaging (MRI)
measurements are able to estimate the amount of iron in the pituitary, which can then be correlated
with gonadal function. The anterior pituitary gland is particularly sensitive to free radicals produced
by oxidative stress, such that exposure to these radicals injures the gland. MRI has shown that even a
modest increase in iron deposition in the anterior pituitary can lead to dysfunction, such as abnormalities
in the hypothalamic-pituitary growth hormone axis and growth hormone neurosecretory dysfunction,
and low insulin-like growth-factor-1 levels. Abnormalities in the hypothalamic—pituitary-gonad axis
will induce lower follicle stimulating hormone (FSH) and luteinizing hormone (LH) secretion, low
LH/FSH response, and low sex steroid secretion from the gonads, i.e., testosterone (reviewed [37]).
The spleen plays an important role in destroying abnormal red cells, sequesters 30—40% of the circulating
platelet pool, and plays a role in the regulation of plasma volume. In thalassemic patients, the spleen
may become enlarged, which can result in an increased propensity to recurrent infection, such that a
splenectomy is required. Following splenectomy, the pituitary iron loading increases [38]. In early
studies of four thalassemia patients, (Hb-E thalassemia and thalassemia major), the pituitary iron
content, as assessed by MRI, was increased in all four patients compared to controls [39]. A subsequent
MRI study of 84 patients with (3-thalassemia established a correlation between pituitary iron overload,
(evaluated by T2*) and both hepatic and cardiac iron load. In addition, pituitary MRI values correlated
with serum ferritin and patient age, but not with height of the pituitary [38]. A study of 30 children
and young adult thalassemic patients (13 females and 17 male patients) confirmed iron accumulation
in the liver, myocardium, and the pituitary, a linear regression between pituitary iron and age in
patients > 14 y, while MRI values between the pituitary and liver, and liver and myocardia, were only
moderately correlated, (r = 0.34 and 0.42, respectively). However, no correlation was evident between
pituitary and myocardial MRI results, which were of interest, since it might be considered that NTBI
would be taken up by both of these organs [40]. It is clear that a therapeutic approach based on the use
of iron chelators offers a solution to many of these dilemmas, associated with systemic iron overload,
and their development has resulted in innumerable lives being saved, and, just as importantly, has
led to an enormous improvement in the quality of life of thalassemia patients all over the world [5].
Investigations have now been extended to monitor whether excessive amounts of iron in specific brain
regions and the pituitary can be removed by iron chelators.

3.2. Iron Chelation from the Pituitary Gland

Iron chelators, such as deferoxamine, deferiprone, or deferasirox, could be used alone or in
combination to induce negative iron balance and reverse hypogonadism and endocrine complications
in severely iron-overloaded thalassemic patients. Therefore, it is of interest to ascertain whether iron
chelation can reduce iron overload in the pituitary as well as the liver, heart, and spleen. Berkovitch
et al. [41] investigated 33 patients >15 years old with transfusion-dependent homozygous beta
thalassemia, all of whom had received DFO. Anterior pituitary function (gonadotrophin releasing
hormone, GnRH, stimulating test) correlated well with the MRI results for iron deposition in the
anterior pituitary, although there was no correlation between the MRI measurements, the GnRH
stimulation test, and the clinical status of the patients. Interestingly, 28 out of the 33 patients achieved
normal puberty. The deficit in endocrine function in thalassemic patients was confirmed in a study
of 78 male thalassemic patients (4—11 years) treated with frequent transfusions and long term DFO
therapy, who were compared with 30 age- and sex-matched control children. The prevalence of
hypogonadotropic hypogonadism in the thalassemic patients was 76.2%, with a significant increase in
serum ferritin (X7), and significantly reduced the serum level of cortisol, growth hormone, stimulating
hormones and testosterone [42].

Using the new oral chelator DFX for a two-year period, Wood et al. [43] investigated the pituitary
iron content and volume in 31 chronically-transfused patients (28 thalassemia major and three Blackfan
Diamond). MRI measurements were taken at the baseline, one, and two years. Twenty-six patients
completed the study, 10 were prepubertal, 12 had achieved normal puberty, and four were hypogonadal
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at base line. Interestingly, the decreased pituitary volume at baseline returned to normal values after
two years of DEX therapy, while pituitary iron content as assayed by R2* showed no net change.
This latter result was of interest, as it was expected that with increasing age, pituitary iron would
increase in parallel (predicted to be a 0.4 increase) [36].

Such studies indicate that iron chelators are able to reduce pituitary iron content as well as
improve its function. It is clearly of interest to know whether brain regions are vulnerable to
increased iron deposition in p-thalassemic patients. There have been three main studies which
investigated other regions of the brain by quantitative MRL In the studies of Duprez et al. [44] and
Hasiloglu et al. [45], various MRI methodologies were utilised to identify an increase in iron in the
choroid plexus of 3-thalassemic patients. Qiu et al. [46] investigated the distribution of iron in different
brain regions of 31 thalassemic patients, aged 25.3 + 5.9 years, and 33 age matched healthy volunteers.
Of the 31 patients, 27 exhibited abnormal iron deposition in one of the brain regions investigated by
quantitative susceptibility, showing significantly lower susceptibility values in the globus pallidus and
substantia nigra and significantly higher susceptibility in the red nucleus and choroid plexus. In the
control subjects, there was a positive age effect on susceptibility value in the putamen, dentate nucleus,
substantia nigra, and red nucleus. However, more information is needed with respect to the liver
and heart iron deposition and the extent of chelation in each of the thalassemic patients for complete
interpretation of these results. Surprisingly, there have been no studies on iron distribution in specific
brain regions of thalassemic patients, before or after iron chelation. Whether continuous iron chelation
in these patients will preclude such iron accumulation is unknown, nor whether there is preferential
iron accumulation in specific brain regions. Further studies are clearly required.

4. Parkinson’s Disease—Iron Accumulation in the Substantia Nigra

Parkinson’s disease is the second most common form of motor system degeneration, and is
characterised by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta in
the ventral midbrain. There is an increased accumulation of iron in the substantia nigra (SN) [47], with
a smaller accumulation of iron in other brain regions, such as the red nuclei, globus pallidus, and the
cortex of Parkinson’s Disease (PD) patients. As the severity of the disease increases the total iron content
increases in the SN, which correlates with motor disability [48] and microgliosis [49]. Semi-quantitative
histochemical studies of the SN show that iron deposits are present within the neurons and glia of the
substantia nigra, putamen, and globus pallidus, with an increase in ferritin-loaded microglia cells in the
substantia nigra [50]. The increase in iron in the SN of PD patients is associated with increased ferritin
and neuromelanin iron loading [50,51], as well as increased expression of divalent metal transporter
1, which may contribute to PD pathogenesis via its capacity to transport ferrous iron [52]. Intense
microgliosis occurs around extra neuronal neuromelanin (released by dying neurons) in the substantia
nigra of patients with Parkinson’s disease [53,54], which could be an important factor in inducing iron
accumulation within the microglia [49].

Preliminary reports suggested that identification of neuromelanin, NM, (rather than iron) by MRI
might be feasible in patients with Parkinson’s disease [55,56]. Indeed, the loss of neuromelanin in the
locus coeruleus and substantia nigra, together with the associated loss in the ability to sequester iron,
might be a characteristic sign of Parkinson’s disease [56]. Recent studies have been able to discriminate
neuromelanin in PD brains. For example, three-dimensional (3D) neuromelanin-sensitive SIMRI [57]
showed that signal densities and contrast ratios were significantly lower in the SN of PD patients
compared to controls. Another study of 13 late stage PD patients (LSPD) and 12 de novo PD patients
(2-5 years duration) showed that the signal was significantly decreased in LSPD compared to de novo
PD, while in the lateral SN region, a decrease in the contrast ratios was detected in all PD groups
compared to controls [58]. Interestingly, in this study, the NM signal area was significantly correlated
with Hoehn Yahr Stage and Movement Disorder Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) part II, while a weak correlation was found with MDS-UPDRS part III. Such results
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may indicate that measurement of the neuromelanin content in the brain by MRI techniques could be
an important diagnostic approach.

Chelation of Iron in the Brains of Parkinson’s Disease Patients

Chelation of iron from the SN of PD brains was proposed many years ago. In our initial animal
studies over 15 years ago [59,60], we showed that iron chelators (DFO and DFP) already in clinical use
for the treatment of iron loading systemic diseases were able to cross the blood brain barrier (BBB),
reduce the iron content in various brain regions, and induce neuroprotection in an animal model of
PD. In 2010, Kwiatkowski et al. [61] reported the beneficial use of DFP in one PD patient. After one
year’s administration of DFP, at 30 mg/kg/day, there was an improvement in the UPDRS score and a
decrease in iron accumulation in the bilateral dentate nuclei, as well as the SN [61]. It is of interest
that the time period to observe a beneficial action was approximately one year. Subsequent clinical
trials in 2011 and 2013 confirmed that it was necessary to administer DFP for at least nine months
at a comparable dose to observe a beneficial effect, reflected by changes in the UPDRS score. Both
studies [62,63] identified the beneficial effects of DFP. In the study of Devos et al. [62], R2* sequences
were used to assess iron content in the SN, while UPDRS scores were acquired at various intervals to
assess clinical parameters, and serum ferritin was assayed as a marker of iron stores. After six to nine
months, decreases in SN iron content were quantitated by MRI, and there were improvements in both
motor and UPDRS motor scores. In the second study, of six months duration [63], decreases in SN iron
content were assayed by MRI T2* in patients receiving 30 mg/kg/day, and there were indications of an
improvement in UPDRS. Interestingly, PD patients exhibiting high inflammatory markers in the blood,
e.g., IL-6, did not respond well to iron chelation, leading to the suggestion that chelatable iron was not
freely available for chelation. There was no evidence that the chelation therapy had an adverse effect
on haematological parameters. Interestingly, in the study of Bastida et al. [63], the chelation of iron
from other brain regions was also assessed. After three months, the caudate nucleus showed decreased
iron content, while the dentate nucleus showed an iron decrease at six months. At this time there was
also evidence for a decrease in substantia nigra iron content, which took up to nine months in the
Davos study. Clearly, this indicates that there is a selective removal of iron from different brain regions.
The major disadvantage of the use of DFP was the incidence of neutropenia and agranulocytosis, which
occurred in 8% of the patients. This side effect resolved rapidly with cessation of the oral therapy.
Such a side effect required that all PD patients entering the clinical trial undertook a weekly white cell
count. These positive results from the clinical trials have confirmed that iron chelation therapy has
potential as a therapeutic option for the treatment of PD; if the side effect could be eradicated, it would
become a much more universal treatment. In addition, it remains unclear whether the long-term use of
such chelators might alter oligodendrocyte function, since they have a large requirement for iron. It is
therefore suggested that clinical studies that use iron chelation therapy for diseases associated with
iron deposition should monitor white matter (WM) changes. A number of these diseases already report
apparent hypomyelination, and further decline of WM integrity will impact the functional outcomes,
since myelin integrity impacts movement and cognition. Currently, a multi-centre phase 2 clinical trial
involving 300 patients from all over Europe is in place, centered at the University of Lille, France.

Over the past decade, work has been directed towards the design of hydroxypyridinones, which
lack an effect on white blood count in rodents and primates. A lead compound, CN128 (Figure 1),
has been identified, which possesses all of the therapeutic properties of DFP, including penetration of
the blood-brain barrier, but lacks the side effects of induction of neutropenia and agranulocytosis in
primates after prolonged exposure (nine months) [64]. CN128 is currently undergoing tests in a range
of Parkinson’s disease models.
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5. Alzheimer’s Disease

Alzheimer’s disease (AD) is a fatal age-related neurodegenerative disease which results in
cognitive decline, memory loss, and psychosis. Clinically, AD is characterised by progressive dementia.
Initial symptoms are short-term memory loss, which is followed by extensive neuronal loss in the
hippocampus and selected cortical and subcortical area. There is abnormal protein processing, with
accumulation of the 3-amyloid peptide, which is deposited extracellularly and manifests itself as
neuritic amyloid plaques, and of the hyperphosphorylated tau protein, in the form of neurofibrillary
tangles. Both of these abnormal protein aggregates are definitive markers of the disease in post
mortem material.

There is considerable evidence that there is defective homeostasis of iron in the AD brain. Increases
in the iron content of AD have been reported for over 50 years. In a recent paper, which made a
comprehensive systematic meta-analysis and review of over 2556 publications, 43 eligible studies were
identified where the iron content in AD serum, cerebrospinal fluid (CSF), or brain tissue had been
studied. In nineteen studies, the iron content in 12 selected brain regions was analyzed by separated
meta-analysis, and it was concluded that eight specific brain regions (the temporal, parietal, and frontal
lobes) had higher iron concentrations, which correlated with the clinical diagnosis of AD [65]. A recent
laser ablation inductively coupled mass spectroscopy study also identified increases in iron in the
frontal cortex [66].

Alzheimer’s Disease—Iron Chelation from the Cortex and Hippocampus

Current therapies for Alzheimer disease (AD), such as the acetylcholinesterase inhibitors and
the NMDA receptor inhibitors, may provide moderate symptomatic delay at various stages of the
disease, but do not arrest the disease progression or induce meaningful remission. The confirmation of
altered iron homeostasis in the brain of AD patients has opened the possibility of using iron chelators
as a new therapeutic approach. Various animal models of AD have been utilised to investigate the
therapeutic action of iron chelators. For example, the iron chelator (-) epigallocatechin-3-gallate and
M-30 (Figure 1) reduced amyloid precursor protein (APP) expression in cultured cells [67,68]. Although
it is known that there is an increase in iron in various brain regions in AD patients, there has been no
clinical evidence which supports the use of chelating agents as an adjunctive treatment for AD. Tea
polyphenols and curcumin (Figure 1) have been advocated as metal chelators for the treatment of AD,
although the efficacy of such natural products awaits further investigation.

In 1991, McLachlan showed that DFO significantly reduced the behavioral and cognitive decline
of AD patients [69]. However, since this ground-breaking study it is only now that further studies are
being undertaken to investigate the therapeutic efficacy of iron chelators in AD. Currently, a phase
2, randomised, placebo-controlled, multi-centre study to investigate the safety and efficacy of DFP
has started recruiting. Approximately 171 participants with Prodromal Alzheimer’s disease and mild
Alzheimer’s disease will be recruited for the study. Controlled release DFP will be used in an attempt
to prevent the unwanted side effects of neutropenia and agranulocytosis. The aim of this study is to
ascertain whether DFP (15 mg/kg BID orally) slows cognitive decline in Alzheimer’s patients. MRI
will ascertain the iron content of brain regions during the period of the study (Neuroscience Trials
Australia—Clinical Trial Deferiprone to Delay orallyDementia).

Other compounds are in development for the treatment of AD, which have multitargeting
properties. They include a series of (3-hydroxy-4-pyridinone)-benzofuran hybrids [70] which mimic
donepezil, an inhibitor of acetylcholinesterase, and possess additional properties, such as metal
chelation, radical scavenging, and the inhibition of amyloid peptide aggregation. In addition, a series
of thiosemicarbazones, (pyridoxal 4-N-(1-benzylpiperidin-4-yl) thiosemicarbazone compounds exhibit
very low anti-proliferative activity, substantial iron chelation efficacy, inhibition of copper-mediated
amyloid-f3 aggregation, inhibition of oxidative stress, moderate acetylcholinesterase inhibitory activity,
and autophagic induction [71]. Although such compounds show neuroprotective effects in vitro,
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it remains to be investigated whether they have a beneficial effect in either animal models of AD or
AD patients.

6. Friederich’s Ataxia

Friedreich’s ataxia (FRDA) is one of a number of neurological disorders caused by the anomalous
expansion of unstable nucleotide repeats in which, unlike Huntington’s disease, the nucleotide
expansion occurs in the non-coding part of the gene (the introns). FRDA is characterised by a
progressive degeneration of large sensory neurons and cardiomyopathies [72]. Although rare,
FRDA is the most frequent inherited ataxia, with an estimated prevalence of two to four people
in 100,000 individuals. Most patients carry homozygous GAA expansions in the first intron of the
frataxin gene on chromosome 9. Whereas the critical pathologic triplet repeat threshold is 66 repeats,
the expansion can be as many as 890 GAA repeats. This results in the partial silencing of frataxin,
a small mitochondrial protein which plays an essential role in iron—sulfur cluster (ISC) biogenesis,
an essential metabolic pathway found in all organisms [73,74]. Frataxin interacts directly with the two
central components of the ISC biogenesis machine, the NFS1/IscU complex [75]. Correct ISC synthesis
in mitochondria is closely linked to cellular iron homeostasis [76], and a lack of frataxin therefore causes
dysregulation of iron metabolism. As a consequence, failure to assemble mitochondrial Fe-S proteins
results in increased cellular iron acquisition, mitochondrial iron overload [77], and mitochondrial iron
deposits in some FRDA patients [78].

Iron Chelation from the Dentate Nucleus in Friederich’s Ataxia Patients

In one clinical trial, deferiprone (10-15 mg/kg) was administered twice daily to FRDA patients in
a small clinical trial over a six-month period to nine adolescent patients with no overt cardiomyopathy.
Brain iron was reduced significantly in dentate nuclei. The chelator treatment caused no apparent
hematologic or neurologic side effects, while reducing neuropathy and ataxic gait in the youngest
patients [79]. In a second clinical trial, DFP (10 mg/kg) was administered in combination with idebenone
(20 mg/kg) to 20 FRDA patients. No significant differences were observed in the total international
cooperative ataxia rating score (ICARS) scores when comparing baseline status and the end of the
study in the whole group of patients. Echocardiography data showed a significant reduction of the
interventricular septum thickness and in the left ventricular mass index. After 11 months of treatment,
iron was reduced in the dentate nuclei. However, there was a worsening of posture and gait compared
to baseline [80].

7. Conclusions

The current longevity of the population will result in increasing iron loading in various brain
regions, although this is not normally associated with toxicity. Exactly why and how the iron which
accumulates in specific brain regions in neurodegenerative diseases is highly toxic is unclear. However,
new studies of activated microglia indicate that these cells may, in part, be the source of the iron
loading. Over the past 50 years chelation therapy has progressed from subcutaneous administration to
oral administration, and it is hoped that toxicity that has been associated with the oral chelators will be
eliminated with new formulation of the hydroxypyridinones.
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Abbreviations

AD Alzheimer’s Disease

Catt Calcium

CSF Cerebrospinal fluid

DFO Desferioxamine

DFP Deferiprone

DEX Deferasirox

Fe2t+ Ferrous

FDRA Friederich’s Ataxia

FSH Follicle stimulating hormone

GAA Trinucleotide repeat

GnRH Gonadotropin-releasing hormone

GnRH stimulation Gonadotropin-releasing hormone test.

ICARS International Co-operative Ataxia Rating Scale

IL-6 Interleukin-6

IsC Iron sulphur protein

LH Luteinizing hormone

LSPD Late stage Parkinson’s Disease

MDS-UPDRS Movement Pisorder Society Unified Parkinson’s
Disease Rating Scale

MRI Magnetic resonance imaging

NMDA N-methyl-D-aspartate

NTBI Non transferrin bound iron

PD Parkinson’s Disease

SN Substania nigra

WM White matter

ZIP14 Zinc transporter
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Abstract: Iron chelation has been introduced as a new therapeutic concept for the treatment of
neurodegenerative diseases with features of iron overload. At difference with iron chelators used
in systemic diseases, effective chelators for the treatment of neurodegenerative diseases must cross
the blood-brain barrier. Given the promissory but still inconclusive results obtained in clinical trials
of iron chelation therapy, it is reasonable to postulate that new compounds with properties that
extend beyond chelation should significantly improve these results. Desirable properties of a new
generation of chelators include mitochondrial destination, the center of iron-reactive oxygen species
interaction, and the ability to quench free radicals produced by the Fenton reaction. In addition,
these chelators should have moderate iron binding affinity, sufficient to chelate excessive increments
of the labile iron pool, estimated in the micromolar range, but not high enough to disrupt physiological
iron homeostasis. Moreover, candidate chelators should have selectivity for the targeted neuronal
type, to lessen unwanted secondary effects during long-term treatment. Here, on the basis of
a number of clinical trials, we discuss critically the current situation of iron chelation therapy
for the treatment of neurodegenerative diseases with an iron accumulation component. The list
includes Parkinson’s disease, Friedreich’s ataxia, pantothenate kinase-associated neurodegeneration,
Huntington disease and Alzheimer’s disease. We also review the upsurge of new multifunctional
iron chelators that in the future may replace the conventional types as therapeutic agents for the
treatment of neurodegenerative diseases.

Keywords: neurodegeneration with brain iron accumulation; iron chelation therapy; multifunctional
iron chelators

1. Introduction

Iron content increases with age in several regions of the brain. Particularly, high levels of non-heme
iron are found in the globus pallidus, the red nucleus, substantia nigra, cortex and putamen; in contrast,
the iron content of the medulla oblongata does not change with age whereas the iron content of the
thalamus decreases from age 30 to 90 [1-3]. The causes underlying the increase in brain iron with
age remain elusive. It is unclear whether this increase is a reflection of total body iron, since a report
shows that non-heme iron in the liver does not change with age [1], although body stores of iron,
as determined by circulating ferritin levels, seem to increase with age [4].

Abundant evidence suggests that disturbed iron homeostasis and mitochondrial dysfunction play
important roles in the development of an increasing number of neurodegenerative diseases [3,5-9].
The occurrence of high iron content in brain areas susceptible to neurodegeneration, in conjunction
with the known ability of iron to generate reactive oxygen species (ROS) and induce the formation of
protein aggregates, provides a relevant seed mechanism for downstream events leading to the death of
affected neurons. It has been postulated that the high iron-ROS-mitochondrial dysfunction events
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undergo a positive feedback loop that further fosters oxidative damage, protein aggregation and cell
death [3,6,8].

The use of iron chelators for the treatment of systemic diseases such as thalassemia major and
hemochromatosis is already a proven therapeutic approach [10]. As a norm, chelator treatment in iron
overload patients induces substantial iron excretion and a negative iron balance [11-15]. On the basis
of this experience, strategies to stop or slow neurodegenerative process with an iron accumulation
component are now being tested in therapeutic trials.

A review on the current evidence of the benefits and drawbacks of iron chelation therapy, and the
analysis of new compounds that could be used for the treatment of neurodegenerative diseases, follows.

2. Neurodegenerative Diseases with an Iron Accumulation Component

A wide variety of neurological diseases are characterized by the accumulation of iron in
different areas of the central nervous system; these diseases include Parkinson’s disease (PD) and
other parkinsonisms such as Lewy bodies dementia, progressive supranuclear palsy, corticobasal
degeneration [16-21], the Westfal variant of Huntington disease [22], Alzheimer’s disease (AD) [23-27],
Friedreich’s ataxia [28], pantothenate kinase-associated neurodegeneration [29-31] and other
neuropathologies associated with brain iron accumulation [32-34]. From the pathophysiological
standpoint, different mechanisms are observed, so the clinical and therapeutic implications of iron
accumulation may be different for each individual disease process [2,35].

There is ample evidence linking iron to the pathology of idiopathic PD. A good review on this
subject can be found in the article by Moreau et al. [36]. Iron is particularly abundant in dopaminergic
neurons, where it is needed for dopamine synthesis [37] and the production of energy through
the electron transport chain [38,39]. In dopaminergic neurons, iron behaves as a double-edged
sword since it also participates in the production of the noxious hydroxyl radical during dopamine
auto-oxidation. Moreover, the nonenzymatic oxidation of dopamine produces the leukoaminochrome
o-semiquinone radical, which reacts with oxygen to generate superoxide anion [40-42]. Since under
physiological conditions iron reacts with superoxide and hydrogen peroxide [6], it is possible that
iron dyshomeostasis plays a fundamental role in mediating oxidative damage in dopaminergic
neurons. Indeed, the hydroxyl radical, the most reactive ROS in living matter, is formed by the
Fenton reaction (Fe?* + H,0, — OH~ + HO®), a nonenzymatic reaction that obeys mass action law.
Hence, there is a direct relationship between the concentration of redox-active iron and the production
of hydroxyl radical.

The mechanisms of iron homeostasis that go awry in neurodegeneration form a cutting-edge
question in metalloneurobiology [43]. Highly relevant to this point is the mitochondria—iron
connection. The iron homeostasis regulator iron regulatory protein 1 (IRP1) is activated in idiopathic
PD. Postmortem brain tissue from PD patients displays increased IRP1 activity when compared to
tissue from control individuals [44]. Increased IRP1 activity was found also in the ipsilateral ventral
mesencephalon of 6-OHDA-treated rats [44]. Studies performed in our laboratory showed that in
SH-SY5Y cells, loss of mitochondrial function caused by inhibition of complex I results in decreased
Fe-S cluster synthesis and increased IRP1 binding activity, accompanied by increased intracellular
iron levels [45]. Further studies revealed that complex I inhibition is associated with increased levels
of iron uptake proteins, and decreased levels of the iron efflux transporter ferroportin 1 [46]. Complex
Iinhibition also results in increased oxidative modifications and increased cysteine oxidation, while
IRP1 silencing abolishes the increase in >Fe uptake activity and protects cells from death induced by
complex I inhibition [46]. Thus, mitochondrial dysfunction initiates a positive feedback loop that also
comprises increasing iron uptake and increased oxidative damage. In this view, iron accumulation,
more than a primary cause, seems to be a consequence of other initiation factors.

An attractive hypothesis for the genesis of diseases with a redox-active metal accumulation
component is the metal-based neurodegeneration hypothesis [3]. According to this hypothesis,
redox-active metal ions like iron and copper generate ROS that cause the peroxidation of membrane
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phospholipids, which in turn leads to the formation of reactive aldehydes. Reactive aldehydes,
together with other ROS, interact with proteins inducing their aggregation, which overwhelms the
cellular protein degradation systems, resulting in their accumulation within intracellular inclusion
bodies. Accordingly, this hypothesis suggests that protein aggregation occurs downstream of iron or
copper dyshomeostasis.

In the specific case of idiopathic PD, a-synuclein aggregation has been proposed to be a
consequence of mitochondrial dysfunction/ROS production [47-49] or, inversely, mitochondrial
dysfunction has been proposed to be a consequence of x-synuclein aggregation [50-53]. Thus,
it is possible that mitochondrial dysfunction, oxidative stress and a-synuclein aggregation jointly
establish a positive feedback cycle that taxes energy production and overloads the protein degradation
systems [53-55]. This positive feedback concept is further augmented by the observation that
iron induces a-synuclein aggregation (see above). Since mitochondrial dysfunction increases iron
accumulation, another positive feedback cycle could be formed that includes mitochondrial dysfunction,
iron dyshomeostasis and a-synuclein aggregation (Figure 1). It follows that any of the components of
these two cycles (mitochondrial dysfunction, oxidative stress, iron dyshomeostasis and a-synuclein
aggregation) could initiate these processes. From the therapeutic stand point, multiple-task strategies
targeting these events should provide more effective treatment to stop the progression of this disease.

% /' Decreased e _'
N Mitochondrial |
dysfunction

N Mitochondrial
8 dysfunction

-,

Increased Increased Decreased Decreased |
ROS/damage iron ROS/damage iron

Increased § ¥ Decreased |
o-synuclein a-synuclein
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Figure 1. Self-feeding cycles in Parkinson’s neurodegeneration. (A) Blue arrows: Mitochondrial
dysfunction, caused by internal or external toxins, or derived from genetic factors, results in increased
oxidative stress and in decreased synthesis of iron-sulfur clusters, which in turn results in the spurious
activation of iron regulatory protein IRP1 and increased iron uptake. Both increased ROS and increased
iron produce additional mitochondrial dysfunction through the generation of the hydroxyl radical.
Red arrows: Increased ROS and increased iron levels induce o-synuclein aggregation, establishing a
positive feedback cycle including mitochondrial dysfunction, further taxing energy production. (B) Iron
chelation decreases redox-active iron and the production of damaging ROS. The decrease in ROS and
redox-active iron results in decreased «-synuclein aggregation. The decrease in ROS and «-synuclein
aggregation also results in improved mitochondrial function. Thus, decreasing redox-active iron by
chelation slows or stops the process of neuronal death. In this scheme, age is a neurodegeneration
factor not influenced by iron chelation.

3. Clinical Trials Using Iron Chelation

Overwhelming evidence shows that iron accumulation in the brain may contribute to
neurodegenerative processes, as shown in recent reviews [7,35,43,56,57]. A tempering view states that
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cellular iron homeostasis mechanisms are sufficient to limit its toxicity [58]. Nevertheless, excessive
iron levels will increase hydroxyl radical generation, for which there are no cellular mechanisms to
counteract its noxious effects.

Successful experiences support the use of iron chelation therapy for the treatment of systemic
diseases with an iron accumulation component, such as thalassemia major, sickle cell disease and
cardiomyopathy associated with hereditary hemochromatosis [59-67]. The chelators used in these
therapies are deferoxamine, deferasirox, deferiprone and PBT2. Adherence to treatment by patients
treated with deferoxamine is low since, as it does not permeate the intestinal barrier, it must be injected.
Oral chelators such as deferasirox and deferiprone have better treatment compliance. Deferasirox
(Exjade®, Novartis Pharma AG, Basel, Switzerland) was the first oral chelator approved for human
use in 2005, while Deferiprone (Ferriprox®, Apotex Inc., Toronto, ON, Canada) was approved in 2011.

Recently, iron chelation has been introduced as a new therapeutic concept for the treatment of
neurodegenerative diseases that have a component of metal ion accumulation [56,68-70]. Essentially,
the iron chelator should be able to penetrate the cell membranes, as well as the blood-brain barrier,
and should have the capacity to extract the chelated iron from the accumulation site and to transfer it
to other biological acceptors such as circulating transferrin [68,71]. In addition, small doses of chelators
must be used in order to minimize side effects [72,73].

A search in https:/ /clinicaltrials.gov indicated 12 ongoing or finished trials of iron chelation for
the treatment of neurodegenerative diseases: four trials for Parkinson’s disease, three for Friedreich’s
ataxia, two for amyotrophic lateral sclerosis, one for mild Alzheimer’s disease, one for pantothenate
kinase-associated neurodegeneration and one for neurodegeneration with brain iron accumulation.
A review on the results of finished trials with published results follows. A number of single-case
reports that lack the appropriate controls will not be mentioned here (reviewed by Dusek et al. [70]).

3.1. Parkinson’s Disease

A randomized pilot clinical trial tested 40 patients with early-stage PD, tried with deferiprone
versus placebo. A dose of 30 mg/kg/day, during a period of six months, produced a decrease
in the iron content of the sustantia nigra, evaluated by T3 magnetic resonance [69]. A significant
improvement of the motor indicators of the progression of the disease was found. Nevertheless,
once the treatment was suspended, iron accumulation reappeared, suggesting a reversal to the
pathological state. In a second report of this same study, the usefulness of ceruloplasmin (CP) as a
biomarker was emphasized, associating the low activity of this enzyme in Parkinson’s disease with
iron overload in the substantia nigra [72]. It was found that after six to 12 months of deferiprone
treatment, greater reductions in substantia nigra iron levels and Unified Parkinson’s Disease Rating
Scale (UPDRS) motor scores were obtained in patients with higher serum and cerebrospinal fluid levels
of CP-ferroxidase activity. A second stage of this project, under the acronym FAIRPARK, intends to
enroll 338 participants (https://clinicaltrials.gov /ct2 /show /NCT02655315?term=chelation&cond=
Parkinson+Disease&draw=2&rank=1).

In another series reported in Clinical Trials by researchers from the Imperial College London,
good tolerance to deferiprone was reported in patients with Parkinson’s disease, removing excess iron
in dentate and caudate nucleus but with minimal effects on the symptoms of the disease [73].

In summary, the reported results on chelator treatment of Parkinson’s disease discussed above are
encouraging in terms of a possible slowdown of the disease progression, granting the development of
further long-term trials.

3.2. Friedreich’s Ataxia

This genetic disease presents a disorder of iron metabolism associated with chronic inflammation
and iron accumulation at the level of the central nervous system, the peripheral system, the
myocardium and the endocrine system [74]. It was suggested earlier that a reduction of iron
accumulation could be a therapeutic alternative for Friedreich’s ataxia patients [75-77]. Initial
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pilot studies in young patients with no overt cardiomyopathy showed that treatment with 20 to
30 mg/kg/day of deferiprone significantly decreased iron accumulation in the dentate nucleus in
the cerebellum, while reducing neuropathy and ataxic gait. Nevertheless, the effects of this chelation
therapy on neurological symptoms remained controversial [78]. In a follow-up of this study, a one-year
open-label extension, it was determined that deferiprone dosed at 40 mg/kg/day worsened ataxia,
as indicated by a four-point mean increase in International Cooperative Ataxia Rating Scale (ICARS)
scores in this group (unpublished data, compiled in [79]). As in the first study, results using a dose of
20 mg/kg/day were inconclusive. Nevertheless, a significant reduction in cardiac hypertrophy was an
interesting side effect of deferiprone treatment [79].

A study of co-administration of deferiprone and the coenzyme Q10 analog idebenone reported
improvement in heart hypertrophy parameters and iron deposits in the dentate nucleus, but no
improvements in ICARS [80]. Another study that used deferiprone in association with idebenone also
failed to find significant improvement in neurological function. Nevertheless, an improvement in heart
hypertrophy was reported as possible [81].

The largest series reported for the treatment of Friedreich’s ataxia enrolled 72 patients, who were
treated with varied doses of deferiprone, 20, 40, or 60 mg/kg/day in a six-month Phase-II
placebo-controlled trial. The results confirmed the safety of deferiprone at doses lower than 20
mg/kg/day, while the 60 mg/kg/day dose was discontinued due to worsening of ataxia in two
patients [82]. Patients receiving 20 mg/kg/day of deferiprone showed a decline in the left ventricular
mass index but did not present changes in ICARS scores [82]. The decrease in cardiomyopathy
correlated with the decrease of iron in the cardiac muscle.

In a study with 13 Friedreich’s ataxia patients, a triple therapy with deferiprone plus idebenone
and riboflavin (both antioxidants) resulted in four patients discontinued due to adverse effects after
15-39 months of therapy. Other parameters, like the annual worsening rate scale, the scale for the
assessment and rating of ataxia scores and cardiac function did not present significant changes [83].
The authors concluded that the benefits of this triple therapy are uncertain.

In summary, it has been established that therapeutic doses of deferiprone, 20 mg/kg/day, appear
to be safe for long-term use for the treatment of Friedreich’s ataxia. In most trials, this treatment
produced some improvement in heart function, but no improvement of the neurological symptoms
were apparent. In addition, doses higher than 40 mg/kg/day seemed to worsen the disease. The effects
of long-term treatment at low doses on, for example, slowing or stopping disease progression, need to
be evaluated.

3.3. Neurodegeneration with Brain Iron Accumulation (NBIA) Disorders

Within the spectrum of iron deposition disorders there is a group of genetic diseases
that have in common a syndrome of NBIA [32,84-86]. These disorders include pantothenate
kinase-associated neurodegeneration (PKAN, previously known as Hallervorden-Spatz
syndrome) [87-90], PLA2G6 calcium-independent phospholipase A2 (PLAN) [91,92], infantile
neuroaxonal dystrophy (INAD) [93,94], mitochondrial membrane protein-associated neurodegeneration
(MPAN) [95-98], beta-propeller protein-associated neurodegeneration (BPAN) [99,100], CoA synthase
protein-associated neurodegeneration (CoPAN) [101-103], fatty acid-2 hydroxylase-associated
neurodegeneration (FAHN) [104,105], Kufor-Rakeb disease [106-108], aceruloplasminemia [109,110]
and neuroferritinopathy [111,112]. Of these diseases, iron chelation therapy has been tried in
PKAN patients.

The PKAN neurodegenerative condition is characterized by the presence of iron deposits at
the level of the basal ganglia, currently detected by MRI [86,113,114]. There have been several trials
oriented to the use of deferiprone for the treatment of PKAN patients [115-118]. In all trials, deferiprone
treatment decreased iron accumulation in the ganglia, in addition to an improvement in the Unified
Parkinson’s Disease Rating Scale [115-118]. Although the series is still too small to establish definitive
conclusions, iron chelation may be a therapeutic option for the treatment of PKAN. Additionally, in
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a downside, treatment of a single BPAN patient with deferiprone had to be interrupted because of
worsening of the parkinsonian symptoms [116].

3.4. Huntington Disease

In a study with early/mid-stage Huntington disease patients, patients were subjected to
daily doses (250 mg or 100 mg) of 5,7-dichloro-2-[(dimethylamino)methyl]quinolin-8-ol (PBT2) or
placebo [119]. After treatment for 26 weeks with this iron chelator, none or marginal improvements
were found in cognitive tests. The authors concluded that PBT2 was generally safe and well tolerated,
but the evaluation of potential benefits remains uncertain and in need of further studies.

3.5. Alzheimer’s Disease

In an initial Phase-II trial with Alzheimer’s disease patients, treatment with the iron-copper
chelator clioquinol resulted in stabilization of Alzheimer’s Disease Assessment Scale scores, compared
to placebo-treated controls. In addition, plasma AB1-42 levels declined in the clioquinol-treated
group [120]. In a subsequent Phase-II double-blind trial, it was found that patients treated with
doses of 250 mg PBT2 exhibited a significant reduction in cerebrospinal fluid A1-42 concentration
compared with those treated with placebo [121]. In addition, PBT2-treated patients showed significant
improvement in executive function and cognition tests. No serious secondary effects were reported by
patients receiving PBT2. The authors concluded that the findings of this study support larger-scale
testing of PBT2 in Alzheimer’s disease patients.

4. Potential Risks of Iron Chelation Therapy

Iron is vital to life, participating as an essential cofactor in essential cellular processes that
include oxygen transport, energy production, DNA synthesis, and a myriad of hydrolysis and redox
reactions [122]. Thus, therapeutic iron chelation may affect not only the intended target but also
processes that are essential for cell function, generating cases in which “the cure is worse than the
disease”. Indeed, excessive iron depletion could result in cognitive decline, by decreasing the activity
of enzymes and iron-containing complexes [122,123] and the synthesis of neurotransmitters, such as
dopamine, norepinephrine and serotonin [37,124-126]. Fortunately, cognitive decline has not been
reported in clinical chelation trials for neurodegenerative diseases using therapeutic concentrations of
deferasirox, deferiprone, PBT1 or PBT2 [115-119,121,127,128].

In thalassemia patients treated with high concentrations of deferiprone (75-99 mg/kg/day [129]),
the most frequent adverse effects were arthritis, nausea and, more critically, agranulocytosis and
neutropenia [130-133], whereas deferasirox was generally well tolerated, with mild gastrointestinal
adverse effects [12,134]. A recent meta-analysis, which analyzed results from 34 studies with a
total of 2040 young patients with hemoglobinopathies, found increased transaminase adverse effects
(between 3.9% and 31.3% in the different studies) and gastrointestinal complaints for both deferiprone
(3.7-18.4%) and deferasirox (5.8-18.8%) [135]. Other effects included arthritis, nausea and, most
seriously, agranulocytosis in 0.6% to 4% of patients. This work concluded that there may be few but
serious adverse reactions in performing iron chelation therapy with these chelators.

Another potential problem with iron chelation therapy is the depletion of other essential metal
ions, in particular Zn and Cu [131,136,137]. Accordingly, in a clinical trial of thalassemia with
deferiprone, four of eight patients who received treatment for one year showed increased excretion
of Zn in the urine and subnormal values of zinc in the serum, associated with areas of dry skin and
itching. These symptoms were resolved with zinc supplementation [136].

There are no reports in the literature indicating that iron chelation therapy causes copper depletion.
This is possibly because intracellular copper is not free but it is strongly bound to chaperones [138,139].

From the previous analysis, it is clear that the concentration of the iron chelator should be finely
tuned to achieve maximal effectiveness in removing excess redox-active iron, and at the same time
avoiding toxicity and other side effects.
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5. New Multifunctional Iron/Copper Chelators with Therapeutic Capacity

The limited success of metal chelation therapy trials using deferiprone raises the need for novel
multifunctional agents, which in addition to decreasing iron accumulation, will have the capacity to
interfere with two or more symptoms of a given disease, thus improving the possibilities of stopping,
and eventually reversing, the neurodegenerative process.

The question arises on what are the characteristics of an ideal compound for the
therapeutic treatment of the vicious cycle of mitochondrial dysfunction-iron accumulation—oxidative
damage-protein aggregation in neurodegenerative diseases (Figure 1). These basal properties include:
(1) effectiveness via oral administration, which implies crossing the intestinal and blood-brain barrier
without modification of its therapeutic properties. Compliance of treatment is better with oral drugs
than those injected on a daily basis during long-term treatments [140]; (2) low molecular weight and
high membrane permeability. The compound must fulfill the rule of 5 of Lipinski, an empirical model
that allows one to evaluate qualitatively how a chemical compound could be absorbed once it is orally
ingested as a medicine [141]. Desirable additional properties include (3) free radical quenching capacity
independent of its iron chelation capacity. Free radical quenching should decrease lipid peroxidation,
thus decreasing ferroptosis events [142]; (4) to undergo mitochondrial accumulation. The reason for
this last property is that both high concentrations of ROS and high concentrations of iron coexist in
the secluded space of the mitochondrion, which makes this organelle particularly prone to oxidative
damage [57,143,144]; (5) to have intermediate (uM) affinity and high specificity for iron, consequent
with chelation of the redox-active (labile) iron pool, estimated to be in the micromolar range [134,135];
and (6) in addition, the chelator must have “shuttle” capacity, that is, the capacity to deliver excessive
intracellular iron to innocuous acceptors such as transferrin or ferritin [145].

During the last two decades, several multifunctional agents (MFAs) have been reported to
be effective in experimental models of Alzheimer’s or Parkinson’s disease. These agents are in
an experimental phase, with no clinical trials associated with them. Table 1 shows the basic
characteristics of these agents, including their metal chelation characteristics, their capacity to
act as antioxidants/free-radical scavengers, their route of administration and blood-brain barrier
permeability. We will review next the characteristics of MFAs that could become effective
therapeutic agents.

Table 1. Iron chelators with multifunctional characteristics.

. o - o In-Vivo Route of Brain )
Comp Prop Metal Specificity it tmation Permeability | isease Model  References
Metal chelation; antioxidant; Dt T34, A13E. . .
EGCG neuroprotective; activation of  “J e AP Yes I“"a}gr';‘l"““al/ Yes PD, AD [146-150]
cell survival genes.
Metal chelation; MAO-B
Hydroxyquinoline- inhibition; antiapoptotic; PD, AD,
propargyl hybrids activation of cell survival Fe¥t > Cu?* > Zn?* Yes Oral Yes amyotrophic lateral ~ [151-154]
M30, VAR10303 genes; neuroprotective; sclerosis
neuritogenic.
Hydroxypyridinone I o
glycoconjugates Metal chelation; reduction of Cu?* > Zn?* No Not tested Not tested; AD [155]
) amyloid-beta aggregation probably yes

H,GL!, H,GL?

Metal chelation; AChE
Bis-tacrine hybrids inhibition; reduction of Cu?* No Not tested Not tested AD [156]
amyloid-beta aggregation
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Table 1. Cont.

P . - . In-Vivo Route of Brain .
Comp Prop Metal Specificity Testing  Administiation Fermesbility Disease Model ~ References

8-OH-Quinoline- Metal chelation; AChE PN N -

tacrine hybrids inhibition Cur No Not tested Probably yes AD [157]
Metal chelation; AChE

Benzyll:mlr}e-tacrme inhibition; inhibition of Cuts Fe?*s 2 No Not tested Not tested AD [158]

ybrids amyloid-beta aggregation;
moderate antioxidant activity

AChE inhibition; metal

chelation; inhibition of

o) —benzimis o 2+,
Phenyl-benzimidazole- o i1 4y ced amyloid-beta O Other metals No Not tested Not tested AD [159]
tacrine hybrid eda ; not tested
aggregation; free radical
scavenger
Metal chelation; AChE
Coumarin-tacrine inhibition; inhibition of Cu?*; other metals
hybrid amyloid-beta aggregation; free not tested No Not tested Not tested AD {1601

radical scavenger

Metal chelation; dopamine
D2/D3 receptor agonists; Fe2*; Fed* Yes Subcutaneous Yes PD [161]
hydroxyl radical scavenger

Piperazine-8-OH-
quinolone hybrids

Metal chelation; dopamine
D2/D3 receptor agonist; Fe?* >>> Fe** Yes Intraperitoneal Yes PD [162,163]
antioxidant; neuroprotective

Dipyridyl-D2R/D3R
agonist hybrids

Metal chelation; antioxidant
Curcumin hybrids activity; reduction of Cu?*; Fe** No Not tested Not tested AD [164]
amyloid-beta aggregation

Metal chelation; antioxidant

Benzyl-indanone activity; AChE inhibition; PN .
hybrid compound 41 inhibition of amyloid-beta Cu No Nottested Not tested AD [165]
aggregation
Metal chelation; antioxidant
Benzothiazole-linker-  activity; AChE inhibition; 3 N :
pyridinone hybrids  inhibition of amyloid-beta Fe No Nottested  Probably yes AD [1ee]
aggregation
Clioquinol-selegiline MAO-B inhibition; metal PYSRE o - . .
hybrids chelation; antioxidant activity ~ C% 1€ 2N No Nottested  Probably yes D 11671
Deferiprone-H3 HB3R inhibition; metal chelation;
Cu?*~ Fe2t >>>
receptor antagonist  antioxidant activity; reduction T2 Yes Intraperitoneal Yes AD [168]
hybrid C5 of amyloid-beta aggregation
Metal chelation; MAO-B
7,8-Dihydroxycoumarin  inhibition; mitochondriotropic; ~ Cu?*~ Fe?* > Zn?* _ N 5
derivative DHC12 free radical scavenger; > Fe¥* Yes Oral Yes D [169]
neuroprotective

Metal chelation; impedes
. P . 24 T3t coclines antioxidant:
Loumam:\ tris hybrid Fe_ /Fe cthnb, antmmf:lanl, Fe2* > Fe* No Not tested Not tested PD [70]
CT51 mitochondriotropic; calcium
upsurge blocker

5.1. Epigallocatechin-3-Gallate (EGCG)

The pioneering work of Youdim’s group at Technion resulted in two of the best-characterized
MFAs: EGCG, a component of green tea, and M30, an N-propargyl-8-hydroxyquinoline hybrid.

Epidemiological reports associate tea consumption with positive effects in the central nervous
system function, such as reduced dementia incidence, delayed PD onset and diminished cognitive
impairment in the elderly (reviewed in [171]). Additional studies have shown the neuroprotective
effect of EGCG in the MPTP model of PD [146,149,150,172,173]. However, this neuroprotective effect
may be secondary to the inhibition of the dopamine transporter (DAT) by EGCG [148,174]. Indeed,
MPTP is metabolized to 1-methyl-4-phenylpyridinium (MPP+) by MAO-B in astrocytes; after release
from astrocytes, MPP+ is transported into dopaminergic neurons via DAT [175,176]. Thus, ablation,
or inhibition, of DAT results in neuroprotection against MPTP/MPP+ [177,178].

The protection exerted by EGCG probably involves direct scavenging of ROS such as superoxide,
hydrogen peroxide and nitric oxide [179-181]. Nevertheless, the EGCG antioxidant effect is observed
only at low concentrations. In-vitro studies show that high concentrations (10-100 M) of EGCG
actually prompt pro-oxidant effects [182-186]. In rat hippocampal neurons, EGCG causes elevation of
intracellular calcium and ROS in a dose-dependent way [185,187]. Downstream, high calcium/ROS
levels were associated with reduction in the Bcl-2/Bax expression ratio, reduction of the mitochondrial
membrane potential and apoptotic cell death [185,188].
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In addition, EGCG has anti-inflammatory properties that may result in neuroprotection [189-191].
The administration of EGCG to rats subjected to restraint-induced stress improved open-field and
step-through behavioral tests, through a mechanism that involves the restoration of PKCx and
ERK1/2 expression, which were diminished by stress [192]. Furthermore, EGCG supplementation
restores the production of ATP and the expression of the peroxisome proliferators-activated receptor-y
coactivator-lac (PGC-1at), a key regulator of energy production. The authors concluded that
EGCG-mediated protection against stress-induced neural injuries is mediated by a PKC«x and ERK1/2
signaling pathway linked to PGC-1a-mediated ATP production.

As shown in Table 1, EGCG is a rather promiscuous metal ion chelator, with affinity towards Cu,
Fe, Al and Mn. Since Fe, Cu and Mn are redox-active, EGCG should decrease their redox cycling, thus
decreasing the production of ROS.

In summary, EGCG has demonstrated antioxidant, anti-inflammatory and metal-binding
properties that may be useful in the prevention of neuronal death. However, EGCG metal ion
selectivity is poor, and high concentrations of EGCG promote oxidative damage and induce calcium
upsurges that may end up in apoptotic cell death. The sum of these characteristics advises against the
use of EGCG as an MFA in disease treatment.

5.2. MAO-B Inhibitor Hybrids

M30 was one of the first chelators designed with the purpose of multifunctionality, by linking
the Fe3* chelator 8-hydroxyquinoline to a propargyl group with MAO-B inhibition activity through
a methyl-amino—methyl bridge [151]. M30 has been used successfully as a neuroprotective agent in
models of PD, AD and ALS. In vivo, it is effective when given orally so most probably it crosses the
intestinal and blood-brain barriers without loss of activity.

Multiple reports have shown the neuroprotective capacity of M30 in the MPTP model of PD. Since
MPTP is metabolized to its active form MPP+ by MAO-B, and M30 inhibits the activity of MAO-B,
an important caveat for the neuroprotection effect of M30 in the MPTP model is that it could be a
reflection of deficient MPP+ formation.

Numerous effects, from antiapoptotic to neuritogenic, can be ascribed to the iron chelation capacity
of M30 [193,194]. A major breakthrough was the finding that M30 activates the transcription factor
HIF-1o signaling pathway [195]. In fact, M30 stabilizes HIF-1«, by inactivating the prolyl hydroxylase
that initiates its degradation, the activity of which depends on oxygen and Fe [196]. The stabilization of
HIF1« results in the increased transcription of HIF-1x-dependent genes, including vascular endothelial
growth factor, erythropoietin, enolase-1, p21 and tyrosine hydroxylase. In addition, M30 also increases
the expression levels of the transcripts of BDNF, GDNF and GAP-43 [195], and induces the expression
of the antioxidant enzymes catalase, superoxide dismutase 1 (SOD1) and gGPx [152]. Immunoblot
studies showed that M30 also enhances the phosphorylation of PKC, MAPK/ERK kinase, PKB/ Akt
and GSK-3§ [152]. VAR10303, a derivative of M30, demonstrated properties similar to M30 [154],
and was successfully tested in the SOD1(G93A) mice model of amyotrophic lateral sclerosis [197,198].

Discarding an effect of the propargyl moiety of M30 on gene expression, it is possible that the
remarkable properties of M30 should be common to many iron chelators with the capacity to reach the
brain at therapeutic doses. Importantly, the activation of HIF1« by iron chelators opens a wide field of
expectations for iron chelation therapy, evolving from merely inhibition of ROS production, which still
holds, to the putative activation of neuroregenerative pathways.

5.3. Glucose Hybrids

A novel approach in the design of MFAs was the association of metal chelator moieties to glucose,
under the consideration that these agents would be preferentially incorporated into the brain given
the high density of hexose transporters (GLUTs) at the blood-brain barrier [199,200]. Once in the brain,
these hybrids should be taken up by neurons and astrocytes, considered the cells of major energy
consumption. Since astrocytes display preferential transport and metabolism of glucose compared
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to neurons [201], it would be expected that metal-hexose MFAs should preferentially accumulate in
astrocytes. The hydroxypyridinone glycoconjugates H2GL! and H2GL? demonstrated substantial
affinity for Cu?* and Zn?*, and both agents decreased Ap1-40 aggregation induced by Cu and Zn.
They also demonstrated antioxidant activity, probably through their phenolic moieties, capable of
quenching free radicals by a hydroquinone/quinone conversion [155]. No in-vivo testing of these
agents was reported, so their putative Fe3*-chelating and blood-brain barrier permeability properties
remain undetermined.

5.4. Acetyl Cholinesterase Inhibitor Hybrids

Under the concept that inhibition of acetylcholinesterase (AChE) increases acetylcholine at
cholinergic synapses, thus reducing the cognitive deficit [202,203], an approach for the putative
treatment of AD is the design and synthesis of MFAs with AChE inhibition activity. This particular
strategy is common for MFAs with a tacrine (a cholinesterase inhibitor) component [156-159]
(Table 1). None of these compounds have been tested for brain permeability, although tacrine
derivatives, without an iron chelator component, are brain-effective under intravenous and intranasal
administrations [204]. At this stage, tests of effectiveness in animal models of AD are needed for
further evaluation of their putative usefulness.

5.5. Dopamine Receptor Agonist Hybrids

19a, 19b and D-607 are dopamine D2 /D3 receptor agonists and metal chelator hybrids, designed
under the notion that D2/D3 receptor agonists have been used for the treatment of both motor
and psychiatric syndromes in PD [179]. The three compounds demonstrated iron chelation and
antioxidant capacity in vitro [180,181]. In addition, 19b partly reversed hypolocomotion in reserpinized
rats, and reduced the rotational activity in a 6-OHDA /apomorphine model, thus demonstrating
in-vivo neuroprotective activity [181]. D-607 was the product of a further D2/D3 agonist/chelator
development by the same research group. The chelator moiety of D-607 was changed from 8-OH
quinolone, a Fe3* chelator, to bipyridyl, a Fe?* chelator. D-607 was shown to suppress retinal
degeneration in a Drosophila melanogaster PD model that expresses a-synuclein A30P, a PD-causing
variant of the protein [180]. In addition, D-607 was shown to confer significant neuroprotection
in the mouse MPTP PD model under chronic MPTP administration [180]. Overall, the published
evidence points to D-607 as a putative candidate for the pharmacological treatment of PD. A drawback
is that D-607 is administrated intraperitoneally, and not orally, which may decrease hypothetical
patient compliance.

5.6. Curcumin Hybrids

Curcumin analogs are proposed as potential anti-AD drugs, based on the radical
scavenger [182,183] and metal chelator [184,185] properties of curcumin. Curcumin analogs A1-A10
were tested for their radical quenching activity and their ability to reduce metal-induced amyloid-beta
aggregation [186]. A1, A2, A3 and A4 presented good radical quenching capacity in SH-SY5Y cells
while the capacity of A5, A6, A7, A8, A9 and A10 was weak. All analogs, with the exception of
A7, A8 and A10, presented the capacity to diminish amyloid beta self-aggregation at IC50s similar
to curcumin. The authors reported Fe and Cu chelation capacity by A4 based on the red shift of
absorbance peaks at 267 nm and 427 nm. Nevertheless, A4 lacks the two adjacent ketone groups
responsible for metal binding by coumarin [184] and it does not have putative metal binding groups
in its structure, so the mechanism of iron binding is not apparent. No in-vivo studies were reported for
these curcumin analogs.

5.7. Benzothiazole-3-Hydroxy-4-Pyridine Hybrids

Another approach for MFAs is the design of constructs of benzothiazole and 3-hydroxy-4-pyridine
connected by a variable linker [83]. Given its hydrophobicity, benzothiazole has strong affinity for
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amyloid plaques [84,85] while the 3-hydroxy-4-pyridine moiety (deferiprone) has strong Fe>* chelation
capacity. The linker between these two moieties was modelled in order to obtain AChE inhibitory
capacity [83]. Of the tested compounds, 2a and 2d formed Fe®* chelates with affinities similar to
deferiprone. The chelators displayed significant antioxidant properties, with compounds 1a, 1b, 1c
and 2d having significant AChE inhibitory activity. Accordingly, these same hybrids presented good
inhibitory capacity towards Ap42 self-aggregation, mostly above 40%. In addition, hybrid 2d inhibited
zinc-induced Ap1-42 aggregation [83]. Overall, the hydroxypyridinone-spacer—benzothiazole hybrids
appear as good candidate drugs for the treatment of AD, but in-vivo testing is needed before
further development.

5.8. MAO-B Inhibitors

On the basis of its moderate success in AD treatment [187], the MAO-B inhibitor selegiline has
been used for the design of MFAs directed to the treatment of AD [188,189]. The most promising
compounds are selegiline-clioquinol hybrids, which combine MAO-B inhibition with metal chelation
capacity. Selegiline—clioquinol hybrids tested in vitro demonstrated inhibition of Cu-induced A{31-42
aggregation, antioxidant activity and Cu?*, Fe>* and Zn?* chelation capacity [189]. Like other MFAs in
a proof-of-concept step, demonstration of in-vivo effectiveness is needed.

5.9. Histamine H3 Receptor Antagonists

A different approach in the design of MFAs was the design of a histamine H3 receptor
antagonist, 1-phenyl-3-hydroxy-4-pyridinone, and the 3-hydroxy-4-pyridinone iron chelator moiety of
deferiprone [190], under the rationale that blocking the action of presynaptic H3 receptors produces
increased secretion of histamine and other excitatory neurotransmitters [191]. H3 antagonist treatment
results in modest effects on cognitive function [192]. The most promising compound, 5¢, displayed H3
receptor antagonistic activity, free radical scavenging capacity, copper and iron chelation, and inhibition
of self- and Cu®*-induced AB1—42 aggregation [190]. After intraperitoneal administration to Sprague
Dawley rats, compound 5c demonstrated good blood-brain barrier penetration. In conclusion,
the histamine H3 receptor antagonist-iron chelator hybrid 5c is brain-permeant and possesses four
functions applicable for the treatment of AD, which makes it a good therapeutic candidate.

5.10. Coumarin Hybrids

Two coumarin derivatives have been proposed as candidate drugs for the treatment of
neurodegenerative conditions with an iron accumulation component [193,194], based on the known
qualities of hydroxycoumarins as free radical quenchers [195] and metal chelator [196,197] agents.
DHC12 is a 7,8-dihydroxycoumarin with an amino substituent group at position four of the coumarin
ring [193]. The molecule is small and quite simple; nevertheless, it has interesting neuroprotective
features. DHCI2 exhibited metal binding capacity for Fe?* and Cu?*. DHC12 distributed to
mitochondria, where it chelated the mitochondrial and cytoplasmic labile iron pool. In a cell model of PD,
DHC12 protected cells from plasma membrane and mitochondrial oxidative damage. Oral administration
of DHC12 protected sustantia nigra neurons in the MPTP model of PD. On the whole, DHC12 emerges
as a good candidate for further development as a PD treatment drug.

CT51 is a hybrid of 7-hydroxycoumarin linked through an acetomethyl group to tris(hydroxymethyl)
aminomethane (tris). The hydroxyl group in the coumarin ring quenches free radicals [195] while the
three hydroxyl residues of tris provide metal binding capacity [198]. In vitro, CT51 exhibited selective
Fe?* and Fe®* binding with no apparent interaction with Cu?*, Zn>* and other divalent cations. It also
demonstrated free radical quenching capacity superior to Trolox. Interestingly, cyclic voltammetry
analysis revealed irreversible binding of Fe** to CT51, an important finding since stopping Fe?* /Fe>*
cycling in cells should prevent hydroxyl radical production fostered by oxygen and intracellular
reductants [8]. In SH-SY5Y cells, CT51 distributed to both mitochondria and cytoplasm bound iron
reversibly and protected against rotenone-induced oxidative damage, while in primary hippocampal
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neurons, CT51 largely prevented the increase in intracellular calcium levels produced by an agonist of
redox-sensitive RyR channels [194]. These capacities so-far demonstrated make CT51 a good therapeutic
candidate for the treatment of PD, although in-vivo efficacy needs to be demonstrated.

6. Conclusions

The aging of the world population introduces an ever-increasing burden of neurodegenerative
diseases on public health systems worldwide. Among these diseases, Parkinson’s, Alzheimer’s and
other diseases with an iron accumulation component are at the top of the list. Based on initial trials
using the iron chelators deferiprone and PBT2, the metalloneurobiology community has reached the
conclusion that therapies targeted to decrease the iron content in specific areas of the brain is a viable
course of action to slow or stop the progress of these diseases.

Given the multifactoriality of the neurodegenerative process, the use of multifunctional iron
chelators is a promising developmental avenue. As discussed in the text, additional properties of
future iron chelator drugs should comprise high selectivity for iron, free radical quenching capacity,
mitochondrial distribution and the capacity to block protein aggregation. Several of the compounds
now in experimental stages have one or more of these additional characteristics. Let us hope that
further research will provide treatments that are both effective and affordable for public health systems.
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Abstract: Friedreich ataxia is a neurodegenerative disease with an autosomal recessive inheritance.
In most patients, the disease is caused by the presence of trinucleotide GAA expansions in the first
intron of the frataxin gene. These expansions cause the decreased expression of this mitochondrial
protein. Many evidences indicate that frataxin deficiency causes the deregulation of cellular iron
homeostasis. In this review, we will discuss several hypotheses proposed for frataxin function,
their caveats, and how they could provide an explanation for the deregulation of iron homeostasis
found in frataxin-deficient cells. We will also focus on the potential mechanisms causing cellular
dysfunction in Friedreich Ataxia and on the potential use of the iron chelator deferiprone as a
therapeutic agent for this disease.

Keywords: Iron-sulfur; Friedreich Ataxia; Oxidative stress; Iron chelators

1. The Disease

Friedreich’s Ataxia (FRDA) is a neurodegenerative disease described at the end of the 19th century
by the German physician Nikolaus Friedreich from whom acquired the name. Friedreich observed
in a group of patients that during the puberty a characteristic symptomatology began to manifest,
specifically: ataxia, dysarthria, loss of sensitivity, muscle weakness, scoliosis, pes cavus, and heart
symptoms. Later, a greater incidence of diabetes mellitus in patients than in the rest of the population
was also reported [1]. It is considered a rare disease that follows a pattern of autosomal recessive
inheritance. The frequency of carriers oscillates, depending on the area, between 1:50 and 1:100,
while those affected by the disease are approximately 1:50,000, which makes this disease the most
common form of hereditary ataxia [2].

The mutation responsible for the disease is an expansion of GAA trinucleotides in the first intron of
the EXNor X25 gene (located in chromosome 9), which codes for the mitochondrial protein frataxin [3].
This expansion of triplets, which in patients can reach up to more than 1000 copies, results in a marked
decrease in protein frataxin levels (below 5%-30% of normal levels) [4]. The number of GAA expansions
has an inversely proportional relation to the age at which the first symptoms of the disease begin to
manifest and it also determines their severity [5-7]. Besides GAA expansions, epigenetic modifications
might also contribute to the variability in the onset and disease progression. Sarsero and collaborators
reported differences in DNA methylation patterns between patients upstream and downstream the
GAA expansion. Such differences caused variations in frataxin gene expression [8]. Finally, a small
percentage of patients, around 4%, are compound heterozygous for a GAA expansion and a frataxin
(FXN) point mutation or deletion [9].

2. Frataxin, an Ancestral Conserved Protein

Frataxin is a highly conserved protein throughout evolution and homologues can be found in
most species. Its structure is formed by two helix alpha joined by a series of antiparallel beta sheets
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and is highly conserved (Figure 1). Despite the high degree of conservation in the three-dimensional
structure, the stability of this protein varies significantly between species. One of the factors that are
responsible for the differences in the stability of the protein is the C-terminal endpoint. While in Yfh1
(the yeast’s homologue), this region is virtually nonexistent, in the human protein this fragment is
found inserted between the two alpha helixes. This protects the hydrophobic nucleus of the protein
and increases its stability [10].

hFxn Yfhl

Figure 1. Structures of human frataxin (hFxn, pdb code 3s4m) and Yeast Frataxin Homologue 1
(Yth1, pdb code 2fql). Top, ribbons representations showing the conserved alpha-beta-alpha structure.
Structures are colored according to sequence, from dark blue (N-terminal) to red (C-terminal). In human
frataxin the C-terminal region folds over the hydrophobic cavity formed between both alpha helices.
Below, coulumbic surface coloring of the same structures. The red color indicates the presence of a
marked acidic ridge, which may be involved in iron binding. Molecular graphics and analyses were
performed with the UCSF Chimera package [11].

Frataxin is a mitochondrial protein, and as such, it has a signal peptide at its N-terminal end.
It was soon identified, both for Yfh1 and for mouse frataxin, that Mitochondrial Processing Peptidase
interacted with frataxin and was responsible for its processing [12,13]. This processing involves
two sequential cleavages, which first produce an intermediate form of frataxin and subsequently
the mature form. For human frataxin, the cleavage positions described are between amino acids
41-42 (intermediate form) and between amino acids 80-81 (mature form), although other less abundant
forms that correspond to alternative cleavage sites (for instance, positions 55-56) have also been
identified [14,15]. In these works, it was shown that the mature form of frataxin corresponds to
FXN®!-210, This form is fully active and capable of improving the survival and phenotypes of frataxin
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deficient cells. Despite the demonstration that the FXN®"210 form is the dominant form and that it is
active, there is some debate over the role that could be developed by the intermediate forms, as these
forms can also be detected in certain tissues (although at low levels) [16]. It was shown that processing
of the intermediate form was slower than that of the precursor form, which suggested that this could
be a mechanism for controlling the levels of the different frataxin forms [17]. More recently, it has been
suggested that the different forms of frataxin might play different roles. This point will be discussed in
the next section. In addition to post-translational processing, alternative splicing mechanisms have
also been observed that may generate different isoforms of frataxin. Work by Xia and collaborators
suggested that these alternative forms could be tissue-specific and could have different functions and
locations [18]. However, there are not additional evidences about the nature and relevance of these
alternative forms.

3. Frataxin Function

Although very early after the discovery of frataxin as the gene that was responsible for Friedreich’s
Ataxia, it was established that iron homeostasis was altered by frataxin deficiency, the specific function
of this protein remains controversial. Over the years, different functions have been proposed for
frataxin, most of them related to iron metabolism and the control of oxidative stress in mitochondria.

3.1. Frataxin, an Iron Binding and Storage Protein

It has been proposed that frataxin could work like a metalochaperone and iron storage protein.
In several studies with purified protein, it has been observed that frataxin has the ability to interact
with metal ions, but the coordination environment of these metal binding sites has not been properly
defined. There is also uncertainty on the number of metal ions that are bound per frataxin monomer.
It has been described that frataxin can bind divalent metal ions using a group of exposed acidic
residues. These amino acids are located in a specific area of the protein forming an acidic ridge,
quite conserved, different from the canonical iron binding motifs where cysteine and/or histidine
amino acids are usually found. This acidic zone results in a weak and non-specific electrostatic bonding
of iron, which also allows the coordination of other divalent metals [19]. The estimated Kd for Fe?*
and Fe?* of this region was calculated on the micromolar range [20]. Gentry and collaborators reported
the potential presence of a high affinity iron binding site. They showed that three metal ions could
be bound by each frataxin monomer, and that His86 was required for one of these binding sites.
This residue is located in the disordered N-terminal tail and had not been previously reported to be
involved in metal coordination. They calculated that this site would have an affinity for Fe>* higher
than the iron chelator ferrozine, while the remaining two sites would have lower affinities [21]. His86 is
not included in most of the frataxin structures that are found in the protein data bank nor is conserved
in yeast and bacterial homologues. More recently, while using NMR to investigate iron binding, it was
also proposed that frataxin tightly binds a single Fe?* but not Fe?* [22].

Isaya and collaborators noticed that iron binding to yeast and bacterial frataxin promoted its
oligomerization to complexes of high molecular weight (850-1100 kDa) [23-25]. These oligomeric
forms resembled those that were formed by ferritin, the main protein responsible for iron storage
in eukaryotes. Indeed, oligomeric frataxin was shown to use a ferrooxidation reaction to build a
ferrihydrite mineral core inside the particles. Therefore it was proposed that frataxin could act as
a mitochondrial ferritin. Although this function would be redundant in higher eukaryotes due to
the presence of a mitochondrial ferritin, this hypothesis acquired some strength when subsequent
studies demonstrated that the expression of mitochondrial ferritin in frataxin deficient yeast was able
to partially recover some of the observed phenotypes. Specifically, the heterologous expression of
mitochondrial ferritin partially prevented the accumulation of iron, the cells were more resistant to
oxidizing agents and they partially recovered the activities of enzymes with iron-sulfur centers (which
is a common described consequence of frataxin deficiency) [26]. Regarding human frataxin, it has been
claimed that the mature form (FXN®210) does not form aggregates [27] and that only the intermediate
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forms FXN*2210 and FXN%210 would be assembled into larger structures. Based on this observation,
ithas been suggested that different frataxin proteoforms would perform different functions. The mature
form would be monomeric and involved in iron binding and delivery to biochemical pathways
requiring this metal, while FXN%210 and FXN*?21 would be able to oligomerize and store iron.
A caveat to these hypotheses is that the long frataxin isoforms are not observed in most tissues by
western blot. Mass spectrometry data also suggests that these long frataxin isoforms may be present at
very low concentrations: data collected in the PeptideAtlas repository indicates that the theoretically
likely frataxin peptides between positions 42 and 81 have never been observed, while those from the
FXN81-210 have been observed at least 400 times. (PeptideAtlas is a publicly accessible compendium of
peptides identified in mass spectrometry proteomics experiments) [28]. Recently, it has been shown
that FXN81210 can also undergo oligomerization under certain conditions, although the stability of
these oligomers would be lower than that of bacterial frataxin [29].

Nevertheless, there are other caveats on the ferritin-like hypothesis. It has been argued that
physiological conditions of calcium and magnesium stabilize the monomeric frataxin form and
consequently frataxin would not oligomerize in vivo [27]. It has also been shown that mitochondrial
iron in yeast strains expressing different Yfh1 concentrations, presented nearly identical chemical and
biochemical characteristics [30]. Another point to take into account is which could be the contribution
of frataxin to mitochondrial iron storage or trafficking from a quantitative point of view. Most iron
that is present in mitochondria is found at the active sites of proteins. Despite that, non-proteinaceous
labile metal iron pools have also been detected within cells. These pools are thought to be involved
in cellular trafficking, regulation, signaling, and/or storage of metal ions. Due to their lability (and
their presence at low concentrations), their structure and functions are not completely understood.
For instance, mitochondria contain 0.7-2 mM Fe, but the proportion of labile iron is not completely
known, with estimates ranging from 1 to 100 M [31,32]. These differences in the estimates may be due
to real differences between the models or experimental conditions used, but also on the methodological
approaches used to analyze this elusive iron pool. Also, the nature of these nonproteinaceous metal
complexes is not known. Based on the abundance of GSH within the mitochondria it has been
hypothesized that could be an Fell (GSH) adduct. Citrate, which is also present in the mitochondrial
matrix at high concentrations, has also been considered as a potential ligand for non-proteinaceous
iron complexes (reviewed in [32]). In yeast, by using Mossbauer spectroscopy, it has been shown
that the proportion and nature of these labile iron pools may vary depending on the metabolic state
of the cell. Respiring mitochondria where estimated to contain ~15 uM labile non-heme high spin
FeZ*, while this pool in fermenting mitochondria increased to ~150 pM. The concentration of yeast
frataxin in mitochondria has been estimated to be three orders of magnitude lower, around 35 nM [33].
Therefore, as monomeric frataxin has been claimed to bind three iron atoms, it cannot contribute
significantly to store iron in a non-reactive easy deliverable form. However, it could play a role in iron
trafficking as a temporary carrier or catalyzing its speciation between different forms. For instance,
it could bind Fe?* and promote its controlled oxidation to Fe®*, which would be then stored in the form
of Fe**-phosphate nanoparticles. Regarding oligomeric frataxin, the mineralization process would
allow for this protein to bind much more iron atoms per subunit. The yeast 48 subunit oligomer can
store ~50-75 iron atoms per subunit in 1-2 nm cores [34]. This raises the iron potentially bound by
frataxin up to the uM range, but still this amount may not be a significant contribution to the whole
mitochondrial iron pool. In comparison, around 35% of mitochondrial iron in fermenting mitochondria
may be stored in the form of Fe?* nanoparticles [33]. That said, the contribution of mitochondrial
ferritin to iron storage in mitochondria is also intriguing, as the concentration of this protein according
to the PaxDb database is much lower than that of frataxin (PaxDB is a database that contains protein
abundance information across organisms and tissues) [35].
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3.2. Frataxin in the Biosynthesis of Iron Containing Proteins

It has also been proposed that frataxin could participate in the biosynthesis of both heme groups
and of iron-sulfur centers. This hypothesis has several fundamentals: (a) frataxin deficiency leads to a
loss in proteins which contain iron-sulfur centers or heme groups; (b) frataxin has the ability to bind
iron atoms; and, (c) several studies have shown the ability of frataxin to interact with proteins that
areinvolved in heme or iron-sulfur biosynthesis.

3.2.1. Biosynthesis of Heme Groups

The incorporation of the iron atom into protoporphyrin IX is the last step in the biosynthesis of
heme groups. This step is catalyzed by ferrochelatase, but it is not known how iron is provided to
this enzyme. In in vitro studies, it was shown that there was a physical interaction between frataxin
and ferrochelatase with a 1 to 2 stoichiometry, which seems logical, since ferrochelatase functions
as a dimer. In addition, this interaction resulted in the formation of heme groups [36]. A study in
which NMR spectroscopy was used to analyze the binding between both of the proteins suggested
that ferrochelatase interacted with frataxin in a manner that included its iron-binding interface [37].
More recently, Soderberg and collaborators presented a model of the interaction of trimeric Yfh1 (yeast
frataxin) and ferrochelatase in which one of the subunits of the Yfh1 trimer interacted with one subunit
of the ferrochelatase dimer, whereas another trimer subunit was positioned for iron delivery [38].
These results support the hypothesis of frataxin acting as an iron donor in the biosynthesis of heme
groups. However, heme deficiency is not always observed in frataxin-deficient cells and anemia has
not been shown to be a symptom of FRDA. Indeed, no alterations where observed in heme synthesis
in erythroid progenitor stem cells that were obtained from FRDA patients [39]. Moreover, experiments
using either conditional frataxin-deficient T-Rex-293 cells or yeasts have shown that heme deficiency
is a late consequence of frataxin deficiency [40,41]. These observations suggest that heme deficiency
may be an epiphenomenon observed in certain frataxin-deficient cells which could be caused by poor
iron availability or by metabolic remodeling. In this regard, we have shown in frataxin-deficient yeast
that heme deficiency could be caused by the induction of Cth2, a protein induced in response to iron
limitation, which promotes the degradation of mRNAs from iron-containing proteins [42].

3.2.2. Biosynthesis of Iron-Sulfur Centers

In addition to interacting with ferrochelatase, frataxin also interacts with the proteins that form
the central biosynthesis machinery of iron-sulfur centers: IscU (Isul in yeast), Nfs1, and Isd11 [43,44].
Several authors have shown that this interaction facilitates the formation of an iron-sulfur center
into IscU, the scaffold protein where these cofactors are first assembled. It was initially suggested
that frataxin would act as an iron donor in the biosynthesis of these centers [45]. More recently,
it has been suggested that frataxin would participate in the biosynthesis of iron-sulfur centers as an
allosteric regulator and not as an iron donor. In works that were carried out in vitro with the CyaY
protein (bacterial homologue of frataxin), it was shown that this protein had an inhibitory effect on
the production of iron-sulfur centers. As this effect was increased in response to iron concentration,
the authors suggested that frataxin could adapt the production of iron-sulfur to the number of final
acceptor proteins [46]. Surprisingly, studies with human proteins demonstrated that eukaryotic
frataxins would have a contrary effect. In this case, they stimulated the production of iron-sulfur
centers by favoring the desulfurase activity of Nfs1 [47-49].

Today, despite the intense debate that is generated around the function or functions of frataxin,
this non-essential activity in the metabolism of iron as an allosteric regulator of the biosynthesis
of iron-sulfur centers has strong support from in vitro biochemical data and is the most accepted
hypothesis. A detailed explanation of this complex biochemical process can be found in recent
reviews [50,51]. However, this hypothesis also presents caveats when exposed to in vivo biological
data. Remarkably, iron-sulfur cluster deficiency is not observed in several models of frataxin deficiency,
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such as flies [52], patient fibroblasts [53], or rat cardiac myocytes [54]. Moreover, detailed analysis
of the cellular events that are caused by frataxin deficiency in yeast, have shown that iron-sulfur
deficiency is an epiphenomenon that is caused by a metabolic remodeling program activated in
response to disrupted iron homeostasis [41,55]. These observations question the role of frataxin in
iron-sulfur biogenesis or at least suggest the possibility of additional functions for frataxin beyond
iron-sulfur biogenesis. From these observations, it also becomes obvious that frataxin is not essential
for iron-sulfur biogenesis.

3.3. Control of Oxidative Stress and the Generation of Ros

One of the phenotypes most consistently observed in frataxin-deficient cells is sensitivity to
oxidizing agents [56,57]. Some authors have linked such sensitivity to oxidative stress to impaired
biosynthesis of iron-sulfur centers. This hypothesis suggests that a vicious cycle would be created in
which the deficient formation of iron-sulfur clusters would increase mitochondrial free iron that would
increase the production of reactive oxygen species (ROS) through Fenton reaction. Then, ROS would
further damage iron-sulfur clusters and promote the formation of more free iron. In fact, increased
presence of labile iron has been reported in frataxin deficient yeast [58], T-Rex-293 cells [40] and in
a mouse model of hepatic FXN deficiency [59]. However, no differences where observed between
the mitochondrial iron pools from human lymphoblasts and fibroblasts that were obtained from
either controls or FRDA patients [31]. Nevertheless, some observations suggest that oxidative stress
could be the cause (and not the consequence) of iron-sulfur deficiency. For instance, in fibroblasts or
lymphocytes from patients [53], or in frataxin-deficient cardiac myocytes [54], oxidative stress could be
observed while the activities of iron-sulfur proteins remained unaltered. Moreover, there are evidences
that iron-sulfur deficiency can be modulated by oxygen concentration or antioxidant treatment. In this
regard, frataxin is not required for iron-sulfur biogenesis in yeasts grown at low oxygen tensions [60,61].
In some fly models, iron-sulfur deficiency is only observed under hyperoxic conditions [52], while in
other models it can be prevented by antioxidants [62].

Which could be the origin of oxidative stress? Since frataxin has the ability to bind iron, a redox
active metal, and oxidize it to Fe>*, it has been proposed that frataxin could prevent oxidative stress by
limiting the presence of free Fe?* through its binding and the subsequent controlled oxidation to Fe3*.
This reaction would prevent the formation of reactive oxygen species through the reaction of Fe>* with
oxygen [63,64]. Therefore, the vicious cycle would have its origin in free iron than would then generate
oxidative stress that would damage iron-sulfur clusters and generate more free iron. Another potential
source of reactive oxygen species in frataxin-deficient cells could be the OXPHOS system. In this
regard, an interaction was described between frataxin and mitochondrial electron transport chain
proteins [65]. Also, decreased activity of the mitochondrial electron transport chain has been observed
in several biological models of frataxin deficiency [53,66,67]. Any alteration in the OXPHOS system
that was caused by frataxin deficiency could increase electron leakage and thus generate ROS [68].

Rustin and collaborators observed that frataxin-deficient cells could not properly activate the
NRF2 signaling pathway in response to oxidative damage and in consequence they had a deficient
response to oxidative insults and hypersensitivity to oxidative stress. They hypothesized that
this impairment was related to actin remodeling [69]. This phenomenon has also been described
in frataxin-deficient motor neurons [70], and in the frataxin-deficient YG8R mouse model where
transcriptomic analysis showed a downregulation of NRF2-dependent antioxidant enzymes [71].

4. Evidences of Iron Accumulation and Its Relation to Pathophysiology in FRDA

Iron accumulation in a frataxin deficient cell model was first described in yeast yfh1 mutants [72].
This early observation has been subsequently confirmed by several other researchers. Using Mossbauer
spectroscopic analysis, Dancis and collaborators showed that in Dyfh1 mitochondria iron was present
as amorphous nano-particles of ferric phosphate [73]. Iron accumulation is caused by increased iron
uptake due to activation of the iron sensor Aftl [58], but the mechanisms leading to such activation are
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not completely understood. It has been assumed that it would be caused by iron-sulfur cluster loss,
as Aftl is known to be regulated by the presence of these cofactors. However, previous research from
our group using conditional Yfh1 mutants provided two observations that challenged this hypothesis:
(i) activation of Aftl was observed earlier than iron-sulfur loss [41]; and, (ii) loss of iron-sulfur
containing proteins in Yfh1 deficient yeasts was not observed in cth2 cells. Therefore iron-sulfur loss
was an epiphenomenon mainly caused by Cth2, which is an Aftl target that binds to mRNAs from
iron-containing proteins and promotes its degradation [42]. Moreover, we have also observed that nitric
oxide can prevent Aftl activation in Yfh1-deficient cells, but not in cells that are deficient in iron-sulfur
biogenesis [74]. This observation also indicates that in Yfh1 deficient yeast Aftl may be activated by a
mechanism different than iron-sulfur cluster deficiency. Besides yeast, iron deposits or accumulation
have also been clearly observed in frataxin deficient flies [75,76] and in cardiac muscles from frataxin
deficient mice [77] and FRDA patients [78]. Iron in the heart from cardiac KO conditional mouse (the
MCK mutant) was found in mitochondrial aggregates 100-400 nm in diameter, markedly different from
those observed for mammalian ferritin. Energy-dispersive X-ray analysis showed that, in addition
to iron, phosphorus and sulfur were present in these aggregates. Mossbauer spectra also confirmed
that these aggregates where different than mammalian ferritin. The absorption profile observed was
consistent with paramagnetic high-spin Fe(III) [79]. These observations are consistent with those that
were obtained in frataxin-deficient yeast, and suggest that iron could be in the form of ferric-phosphate
nanoparticles in both models. In other tissues or mammalian cell types, iron accumulation is not
consistently observed. For instance, in fibroblasts or lymphoblasts from patients, there are no evidences
of iron accumulation [31], while some authors have observed it in the nervous system [80]. Changes
in the iron-responsive proteins, ferritin, divalent metal transporter 1 (DMT1), transferrin receptor
1 (TfR1), and ferroportin have been reported in the dentate nucleus of affected individuals [81].
Similar to yeast, iron deregulation in mammals might be caused by Iron-responding protein 1 (IRP1)
activation [82,83], but the mechanisms causing this activation are not completely understood. It could
be caused by deficiencies in iron supply to mitochondrial iron-dependent pathways that would activate
the mechanisms of response to iron deficiency [59]. Frataxin has also been shown to interact with
IRP1 and modulate the switch between its aconitase and RNA-binding forms. This function would be
carried on by a cytosolic form of frataxin [84]. However, some authors are skeptical about the existence
of an extra mitochondrial form of frataxin, and therefore question the physiological relevance of the
observed interaction between IRP1 and frataxin.

As indicated above, many evidences support that frataxin deficiency causes a dysregulation in
iron homeostasis, and it has also been shown in several models that the modulation of iron homeostasis
ameliorates several phenotypes caused by frataxin deficiency [74,85]. However, the contribution of
iron accumulation to the pathophysiology of FRDA has not been clearly determined. In this regard,
several hypotheses have been formulated. It has been proposed that iron accumulation would be toxic
and could be contributing to the formation of reactive oxygen species through the Fenton reaction.
Iron overload could be also inducing the synthesis of sphingolipids, which, through the Pdk1/Mef2
pathway, would trigger neurodegeneration [76,80]. Iron toxicity could be also related to the formation
of iron-phosphate aggregates that would compromise phosphate availability [86]. Nevertheless,
it has also been suggested that iron accumulation would not be toxic per se, and that pathological
consequences of frataxin deficiency would be mostly related to deficient iron supply to iron-dependent
proteins. In this regard, it has been shown that IRP1 activation has a protective effect in a mouse model
of hepatic FXN deficiency, as it contributes to sustain mitochondrial iron needs and mitochondrial
function in these mice [59]. It has also been observed that dietary iron supplementation limits cardiac
hypertrophy in MCK mutant mice [79].

These contradictory observations suggest that the pathological mechanisms could be more
complex and specific for different models and tissues. For instance, in yeast, we have observed that
activation of Aftl causes the overexpression of Cth2, an mRNA binding protein that downregulates
the expression of most iron-binding proteins that are required for aerobic growth. Thus, the activation
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of such pathway has a strong contribution to the alterations observed in yeast [42]. Beyond yeast,
there are several evidences that frataxin deficiency may be causing perturbations in signaling pathways
that could contribute to pathology. For instance, as mentioned before, neurodegeneration has been
linked to the activation of the Pdk1/Mef2 pathway [76,80]. Cardiac hypertrophy could be related to the
activation of the NFAT/calcineurin pathway, which has been observed in rat frataxin deficient cardiac
myocytes [87]. Therefore, pathophysiology could be related to the pathways activated in different cells
and tissues in response to the perturbations caused by frataxin deficiency.

Besides iron, some authors have reported deregulation of the homeostasis of other metals as a
consequence of frataxin deficiency. In frataxin deficient yeast, we observed a decrease in manganese
content and limited copper availability [58,88]. Subsequent studies using a conditional frataxin mutant
indicated that manganese deficiency was caused by downregulation of Smf2, a Mn transporter that
was degraded in response to iron accumulation [41]. In frataxin deficient flies it was found that the
levels of zinc, copper, and manganese were increased, and that copper and zinc chelation improved the
impaired motor performance of these flies [89]. In Dorsal Root Ganglia from FRDA patients, zinc and
iron related proteins displayed major shifts in their cellular localization [90]. Alterations in calcium
homeostasis have also been reported in several models of FRDA [87,91]. These alterations are mostly
considered to be consequences of the deregulation of iron homeostasis, which may impact other metals.
Nevertheless, frataxin is known to have also the capacity to chelate metals that are different than
iron, such as manganese or copper [92]. The biological significance of these interactions has not been
explored yet.

5. Targeting Iron as a Therapeutic Approach in FRDA

There is currently no cure for FRDA but several therapeutic approaches are being investigated.
Some drugs have already entered clinical trials. Briefly, therapeutic approaches can be divided into
compounds that improve mitochondrial function and reduce oxidative stress, drugs that modulate the
altered metabolic pathways, and strategies to increase the expression or content of frataxin, either by
promoting its expression, by supplying it through gene therapy (reviewed in [93]) or by protein
replacement strategies [94].

Due to the alterations that were observed in iron homeostasis in different models and patients of
FRDA, the use of iron chelators as a treatment to eliminate the excess iron accumulating in mitochondria
was proposed many years ago. Deferoxamine was not considered to be a suitable iron chelator for
depleting the intracellular iron deposits found in FRDA, as it does not cross the blood brain barrier and
poorly penetrates biological membranes. It also has a high affinity for iron, which could compromise
iron availability. The proposed alternative was deferiprone, an orally administered, lipidsoluble iron
chelator that had been previously used to treat iron overload in polytransfused individuals with
hemoglobinopathies. This compound can easily cross the blood-brain barrier and cellular membranes
and therefore reach intracellular (or mitochondrial) iron deposits. In addition, since its affinity for iron
is lower than that of transferrin, it has been shown that it can redistribute iron from intracellular iron
deposits to this protein [95]. Indeed, the cellular properties that are affected by frataxin deficiency in
HEK-293 cells were corrected by deferiprone treatment [96].

Several clinical trials have been performed with deferiprone in FRDA patients. In summary,
these studies suggested that low doses of deferiprone would be beneficial on cardiac parameters.
Higher doses of the drug worsened the condition and could result in agranulocytosis (reviewed
in [97]). We can speculate that this dose dependent effect could be a consequence of different
pathological mechanisms that are exerted by frataxin deficiency. Some of them would be caused by
iron accumulation, while others would be caused by deficient iron availability. Therefore, low doses of
the chelator would partially prevent the toxic effects that are caused by iron accumulation, while higher
doses of deferiprone would compromise iron availability, and therefore worsen those pathological
conditions caused by inefficient iron availability. Nevertheless, it has been proposed that deferiprone
at low doses could be combined with other drugs. A pilot study with five FRDA patients suggested
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that combined therapy of deferiprone and idebenone (a Q10 analogue) was relatively safe and it could
provide some benefits on neurological function and heart hypertrophy [98].

6. Concluding Remarks

Many evidences indicate that the lack of frataxin leads to alterations in iron cellular homeostasis.
However, the precise mechanism(s) causing iron deregulation in frataxin-deficient cells are not
completely understood. Several hypotheses have been formulated, but although most of them are well
supported by in vitro data, all of them present caveats when exposed to biological data. In Figure 2,
we have summarized two potential mechanisms which in our opinion could explain iron accumulation
and oxidative stress: (1) the iron-sulfur hypothesis proposes that frataxin contributes to iron-sulfur
biogenesis and its deficiency activates cellular iron sensors that would promote iron uptake; and, (2) the
iron toxicity hypothesis assumes that frataxin would be involved in controlled iron ferrooxidation,
and its deficiency would lead to ROS generation and the increased formation of ferric-phosphate
nanoparticles. The iron-sulfur hypothesis is well supported by in vitro data, but its major caveat is the
absence of iron-sulfur deficiency in many models of frataxin deficiency. On the other hand, the iron
toxicity hypothesis does not provide a clear explanation for the activation of iron sensors.
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Figure 2. Potential contribution of frataxin to iron homeostasis and cellular consequences of its
deficiency. (A), physiological: frataxin (FXN) binds Fe>* and contributes to its controlled oxidation to
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Fe®* and/or to incorporate it into Fe-containing proteins. These Fe-containing proteins (notably FeS
proteins) keep the iron sensor inactive and genes involved in iron uptake are not expressed. Oxidized
iron (Fe*) is stored in the form of ferric-phosphate nanoparticles. (B), frataxin-deficient: loss of frataxin
leads to decreased incorporation of iron into Fe-proteins and /or uncontrolled oxidation of Fe?* by
O;. Such events lead to reactive oxygen species (ROS) generation, decreased phosphate availability,
and mitochondrial dysfunction. Iron sensors and other cell signaling pathways are activated and
regulate the expression of genes involved in iron uptake and/or other cell-specific pathways involved
on metabolic remodeling, hypertrophy or neurodegeneration.

Also, it is not clear the contribution of iron to FRDA pathology, which could be related either to
iron accumulation or to limited iron availability. Indeed, iron homeostasis deregulation could be an
epiphenomenon that is not linked to pathology. In fact, many evidences suggest that the mechanisms
causing cellular dysfunction could be tissue or model specific. They could also be related to the
signaling pathways activated in response to the alterations that are caused by frataxin deficiency.
This complexity may explain the limited effects of iron chelators on clinical trials, as these compounds
would only prevent certain pathological mechanisms in a limited number of tissues.
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Abstract: Iron dyshomeostasis is a feature of Alzheimer’s disease (AD). The impact of iron on
AD is attributed to its interactions with the central proteins of AD pathology (amyloid precursor
protein and tau) and/or through the iron-mediated generation of prooxidant molecules (e.g., hydroxyl
radicals). However, the source of iron accumulation in pathologically relevant regions of the brain
and its contribution to AD remains unclear. One likely contributor to iron accumulation is the
age-associated increase in tissue-resident senescent cells that drive inflammation and contribute to
various pathologies associated with advanced age. Iron accumulation predisposes ageing tissue to
oxidative stress that can lead to cellular dysfunction and to iron-dependent cell death modalities
(e.g., ferroptosis). Further, elevated brain iron is associated with the progression of AD and cognitive
decline. Elevated brain iron presents a feature of AD that may be modified pharmacologically to
mitigate the effects of age/senescence-associated iron dyshomeostasis and improve disease outcome.

Keywords: Alzheimer’s disease; iron homeostasis; ferroptosis; senescence; chelators

1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia. Pathological hallmarks of AD are
the accumulation of extracellular amyloid plaques seeded by aggregated amyloid beta peptide (Af3) and
intracellular neurofibrillary tangles (NFTs) composed of hyper-phosphorylated microtubule-associated
protein tau. The accumulation of Af is considered a toxic component of pathology and has been
a primary target of clinical strategies [1]. However, strategies that have focused on reducing AR
burden, including those that have demonstrated the lowering of plaque burden to normal levels, have
not been successful in slowing cognitive decline in AD patients [1-3]. A careful re-examination of the
factors that may lead to AD and contribute to cognitive decline may facilitate the formulation of new
therapeutic strategies to prevent or arrest disease processes. Homeostatic regulation of iron is one
such pathway amenable to therapeutic targeting, and it has been observed to be perturbed in several
neurodegenerative disorders in addition to AD [4].

Iron is essential for life processes and cellular functions. These include essential “housekeeping”
functions such as cellular respiration, DNA synthesis, and cell division, as well as specialized cellular
functions such as oxygen transport and neurotransmission [4-6]. The ability of iron to cycle through its
oxidation states is fundamental to its biological utility but can lead to oxidative damage of biomolecules
resulting in cellular dysfunction [4-6]. This has led to the evolution of tightly regulated homeostatic
mechanisms to ensure iron availability and mitigate toxicity [4-6]. However, the brain accumulates
iron with age and several neurodegenerative conditions are associated with increased iron levels in
affected regions of the brain [4,5].

The cause of age-associated iron accumulation in brain regions relevant to AD and its impact on
disease are relevant questions to determine the utility of brain iron redistribution as a therapeutic
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strategy for AD. In this review we explore the contribution of iron to AD and describe the potential
contribution of the proinflaimmatory senescence program to brain iron accumulation (Figure 1).
Notably, while iron accumulation in AD may not be sufficiently high to result in iron toxicity [6],
iron dyshomeostasis and elevated iron predisposes and enhances the susceptibility of brain tissue to
oxidative dysfunction (e.g., lower glutathione, increased lipid peroxidation, and increased reactive
oxygen species) and accelerates cell death modalities such as ferroptosis (reviewed in [4]). Finally,
we describe the therapeutic opportunities that may be explored to alleviate AD through pharmacological
chelation of iron in the brain.

Cellular Senescence
/\

| Inflammation  Altered Iron metabolism  Vascular changes}

!

Iron Chelation —— Fef

: o
" & |

AD pathology Cognitive decline

N

Neurodegeneration

Figure 1. Cellular senescence is a potential contributor to the age-associated accumulation of brain
iron. Factors that influence brain iron with age include inflammation, altered vasculature, and altered
metabolism. Elevated brain iron is associated with Alzheimer’s disease (AD) pathology, cognitive
decline, and may lead to neuron loss via iron-dependent oxidative cell death such as ferroptosis. Iron
chelation may mitigate some of these effects and alleviate AD progression.

2. Iron Dyshomeostasis is Associated with AD

In the brain, iron accumulation is observed in regions affected by AD such as the parietal cortex,
motor cortex, and hippocampus [7-15]. The intensity of iron accumulation, observed by histology,
in the frontal cortex is different between the subtypes of AD. This can be used to distinguish between
sporadic (late onset) and familial (early onset) AD [16] and reflects disease severity [17,18]. Overall,
patients with familial AD are affected more in magnetic resonance imaging (MRI) scores compared to
patients with sporadic AD, which may reflect higher iron accumulation in familial AD [16]. Further, the
forms of iron observed in AD patients vary in their magnetic moment (measured via superconducting
quantum interference device magnetometry) when compared with those from age- and gender-matched
controls [19]. Magnetic moment is the property of a substance that determines the torque it experiences
when influenced by an external magnetic field. Thus, change in magnetic moment reflects a change in
the molecular state of iron and indicates possible dysregulation of iron homeostasis [19]. For example,
a higher magnetic moment in AD brain tissue vs. control tissue in the absence of changes in the
concentration of magnetite (an oxide of iron that can be magnetized) may indicate the larger size
of magnetite particles in AD brains. This in turn suggests a dysfunction of iron storage in ferritin
(iron storage protein) and/or accumulation of A in AD tissue [19]. Further, iron levels measured
post-mortem are elevated in the inferior temporal cortex only in patients diagnosed with AD during
their lives, with AD pathology confirmed post-mortem [20].
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Iron is associated with the pathological lesions of AD [17,21-29]. Some studies implicate iron
as a direct contributor to AD pathology by promoting the aggregation and oligomerization of A
peptides [17,26,28-33]. Levels of iron and ferritin (iron storage protein) in brain tissue are associated with
the amount of amyloid deposition [17,34,35]. Iron is accumulated in amyloid plaques as a mineralized
magnetite species in mouse and human models of amyloid deposition [26-29]. A3 may enhance iron
mineralization as A peptides can lead to the production of iron-mineral nanoparticles in vitro [36].
It is hypothesized that the oxidative damage associated with the aggregation of Af is due to redox
active metals (e.g., iron and copper) to which it binds, leading to the production of oxidants such as
hydrogen peroxide [37,38].

Iron may impact the production of A by enhancing the translation and amyloidogenic processing
of amyloid precursor protein (APP) [39-45]. APP, when processed through a non-amyloidogenic
pathway, is cleaved by «-secretase followed by cleavage by y-secretase. Iron availability may perturb
this process through the aberrant binding of iron response proteins to putative iron response elements
on APP mRNA [43-45]. Additionally, iron can mediate tau phosphorylation and aggregation [46—48].
These events can be mitigated by the chelation of iron [49]. Tau accumulation in NFTs is associated
with an induction of heme oxygenase-1 which can exacerbate oxidative stress through the release of
iron by the breakdown of heme [45,50-52].

Brain iron and ferritin are associated with cognitive loss in AD. Iron was strongly associated
with the rate of cognitive decline 12 years prior to death in the subjects from the Memory and Ageing
Project (n = 209) [20]. While the direct measurement of brain iron is challenging, ferritin levels in
cerebrospinal fluid can be used as a proximate reporter of brain iron load. While brain iron levels are
reflected in CSF (cerebrospinal fluid) ferritin, they may also be impacted by the inflammation status of
the brain. Regardless, CSF ferritin can predict cognitive decline and the transition from mild cognitive
impairment to AD [53]. Ferritin in the CSF predicts the rate of decline in brain metabolism (proximate
indicator of neurodegeneration), as measured by fluorodeoxyglucose positron emission tomography
(FDG-PET) in subjects with high amyloid pathology (high CSF t-tau/A 342 ratio) but not in subjects
with low amyloid pathology [54]. Another longitudinal study conducted over six years determined
that elevated magnetic susceptibility in the hippocampus, determined by an MRI technique called
quantitative susceptibility mapping (QSM), is a strong predictor for an accelerated rate of cognitive
decline in amyloid positive subjects [55]. QSM may also be used to longitudinally and non-invasively
monitor amyloid accumulation and iron deposition, and may serve as a diagnostic aid for AD [35].
Taken together, these studies suggest that iron is important for cognitive deterioration when there is
underlying pathology.

3. Cellular Senescence is Associated with AD and Iron Dyshomeostasis

Cellular senescence is a proinflammatory cell fate associated with several age-related disorders,
including AD [56-58]. The senescence phenotype is classically described in cultured cells undergoing
terminal replicative arrest [59] that display enlarged cell morphology and characteristic alterations
of their chromatin, secretory profile (senescence-associated secretory phenotype (SASP)), and cell
cycle regulatory proteins (cyclins and cyclin-dependent kinases) [60]. Senescence in culture is
typically induced through sub-culturing to replicative exhaustion, inducing DNA damage (through
oxidative stress, ionizing radiation, or pharmacological agents), or aberrant oncogenic activation
(e.g., overexpression of HrasV12) [60]. The occurrence of senescent cells in tissue is now widely
accepted [61-65] and several functions have been ascribed to them, including involvement in wound
healing [66,67], tissue repair [68], and embryonic development (developmental senescence) [69,70].
Despite these beneficial roles, the persistent accumulation of senescence in tissue with age is associated
with age-associated pathologies and functional decline. The clearance of senescent cells from tissue in
mice can alleviate pathologies related to ageing [56-58,71-81]. While the overall burden of senescent
cells in ageing tissue is low, these cells persistently propagate degenerative and proinflammatory
conditions in their microenvironment [56-58,71-83]. In the brain the senescence program can be
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triggered in astrocytes and microglia, with recent evidence suggesting that even neurons may display
a senescent signature despite being post-mitotic. A more flexible definition of senescence based on
the outcomes of senescent cell phenotypes (e.g., chronic inflammation) may be relevant to explain
age-related pathologies in vivo. As the molecular changes associated with normal ageing that promote
AD are yet to be fully defined, the impact of cellular senescence on age-related neuroinflammation,
decline in cognition, and AD is currently unknown [75].

Evidence for the induction of senescence in cells of the brain and its links with neurodegenerative
disorders is steadily increasing. In cell culture, astrocytes exposed to hydrogen peroxide (oxidative
stress) or irradiation display markers of senescence, such as senescence-associated pgalactosidase
staining (SABgal) (visualized by enzymatic activity assay for lysosomal fgalactosidase at pH 6.0) and
elevated expression levels of p16™NK*A and p21 (measured via quantitative PCR for the increase
in transcript levels or Western blotting to reflect changes in protein abundance), and develop
a proinflammatory secretory phenotype similar to the SASP observed in senescent fibroblasts [84-86].
Similarly, irradiated neuronal cells show features of senescence (SAfgal positivity) and become
susceptible to the senolytic pharmacological cocktail of dasatinib (kinase inhibitor anti-cancer drug)
and quercetin (plant-derived flavonoid) [58]. In human brain tissue an increase in the burden
of p16™NK4A expressing astrocytes is observed with age [87]. Cellular senescence in neuronal
progenitor cells is implicated in the reduced remyelination observed in progressive multiple
sclerosis [88]. In mouse models, senescence in the brain has been observed in response to physiological
(e.g., obesity-induced [89]) and physical (e.g., traumatic brain injury following controlled cortical
impact [90]) stressors.

In the context of AD, astrocytes expressing p16'NK#A are enriched in the frontal cortex of AD
patients compared to age-matched non-AD adults [87]. Further, oligodendrocyte progenitor cells
displaying a senescent phenotype (high p21 expression) are associated with amyloid plaques in the
brains of human AD patients [58]. Recently, studies using mouse models that overexpress mutant
tau and phenocopy aspects of AD have indicated a strong link between the induction of cellular
senescence and the appearance of AD pathology [56,57]. In particular, the ablation of senescent cells
from the tissue of these mice led to a reduction in the phosphorylation and aggregation of tau [56,57].
In another mouse model of AD (APP/PS1), senolytic treatment, using a combination of dasatinib and
quercetin that reduced the burden of senescent cells associated with amyloid plaque, lowered A
load, reduced neuroinflammation, and reduced cognitive defects [58]. Interestingly, AB can induce
senescence in cultured oligodendrocyte progenitor cells [58] and drive SASP in cultured epithelial cells
and fibroblasts via CD36 [91]. This may indicate that AD pathologies can further sustain/enhance
tissue-resident senescence burden. Taken together, these studies suggest that senescence induction
occurs in the brain and is associated with AD.

While the clearance of senescent cells in tissues of mice has now been demonstrated to mitigate
age-associated pathologies, including AD, the impact of removing them in tissues of longer-living
mammals, including humans, is yet to be determined. A small (n = 14) first in-human clinical trial
of the senolytic cocktail of dasatinib and quercetin in idiopathic pulmonary fibrosis (IPF), a fatal
cellular senescence-associated disease [76], provided no conclusive evidence of senescence clearance
or reduction in SASP despite achieving its primary endpoints (retention and completion rate; both
100%) and some benefit in the physical function of patients [92]. Considering the known functional
benefits of senescence in wound healing and tissue repair, as well as other potential benefits that may
be currently unknown, the life-long clearance of senescent cells in humans may be deleterious. Further,
therapeutic strategies based on the complete clearance of senescent cells may be difficult to administer
in disorders like AD where the disease develops over several decades. An alternative strategy is to
target specific phenotypic features of senescent cells that are relevant in certain disease settings. Iron
accumulation is one such feature that is observed in senescent cells and is of relevance in AD [82].

Senescent cells in vitro display aberrant iron homeostasis [82], and there are some indications
that their abundance influences iron levels in ageing tissue [82,93,94]. Senescent cells display elevated
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iron and a concomitant increase in ferritin and markers of oxidative stress in vitro [82,93-95]. Iron
is known to promote the induction of senescence in cultured microglia [96]. Iron chelators such as
deferoxamine and deferiprone can reduce and prevent the accumulation of iron and ferritin observed
in cellular senescence in vitro [82]. The chelation of iron in Caenorhabditis elegans, a model organism
of ageing that displays iron dysfunction in senescent intestinal cells [97], leads to a reduction in
iron-dependent oxidation and cell death [98]. In the context of brain tissue, SASP may drive ferritin
expression in neurons and glia as an acute phase response which may enhance their susceptibility to
the iron-mediated cell death process, ferroptosis. The effects of iron chelation on senescence-associated
iron accumulation and its impact on SASP or ferroptotic vulnerability are yet to be explored in vivo
and present a therapeutic opportunity to treat AD (Figure 1).

4. Iron as a Therapeutic Target in AD

Iron neurochemistry as a modifiable feature to treat AD has generated renewed interest since
clinical trials for iron chelators have shown promise recently in other neurodegenerative disorders
such as Parkinson’s disease (PD) and motor neuron disease (MND) [6,99-104]. The efforts towards the
“iron hypothesis” of AD have also been bolstered by the unravelling of complex molecular crosstalk
between iron regulatory proteins and the suspected players of AD pathology.

Historically, the first study that explored iron chelation against AD was published in 1991, which
tested the effectiveness of intramuscular application of the iron chelator deferoxamine in 48 patients
over two years [105]. The study showed that low-dose administration of this iron chelator slowed the
clinical progression of dementia associated with AD compared with controls. A decade later, a pilot
phase 2 clinical trial in patients with moderately severe AD using clioquinol (PBT1), a drug inhibiting
zinc and copper ions from binding to Af3, was conducted on 36 patients [106]. A positive clinical
effect, corresponding to a reduction in the rate of cognitive decline, was seen in the more severely
affected patients. Moreover, a biological effect corresponding to a decline in plasma Ap42 levels was
observed. Currently, the safety and efficacy of deferiprone, an iron chelator that passes the blood-brain
barrier, is under evaluation in a phase 2 randomized placebo-controlled clinical trial in participants
with prodromal AD and mild AD (NCT03234686).

5. Conclusions

Despite the ever-increasing socioeconomic burden of AD, there is frustratingly no
disease-modifying treatment for this affliction. The historic and emerging evidence that iron contributes
to the clinical progression of AD should not be ignored as a potential avenue for therapy development.
The reported benefits for iron chelation in other neurodegenerative diseases such as PD and MND
should open the possibility of pharmacological manipulation of brain iron as an alternative therapeutic
approach for AD. The perturbed iron homeostasis observed in senescent cells presents a possible
cell-specific target of iron chelation therapy which may enhance the efficacy of approaches aimed at
lowering age/pathology-related iron accumulation. Further, the strategy to modify specific phenotypic
features (e.g., reducing iron accumulation using chelators such as deferiprone) of senescent cells
that contribute to pathology may be of benefit in the human context where the complete ablation
of senescent cells from tissue may be difficult or even deleterious due to a loss of beneficial effects
associated with senescence (e.g., tissue repair and wound healing). The consequence of cellular
senescence on the iron homeostasis of the brain requires further characterization. This may open
additional avenues for the development of new classes of drugs that may provide benefits for AD
patients and provide strategies for halting their decline and delaying the onset of neurodegeneration.
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Abstract: Iron is an essential trace element required for important brain functions including oxidative
metabolism, synaptic plasticity, myelination, and the synthesis of neurotransmitters. Disruptions in
brain iron homeostasis underlie many neurodegenerative diseases. Increasing evidence suggests that
accumulation of brain iron and chronic neuroinflammation, characterized by microglia activation
and secretion of proinflammatory cytokines, are hallmarks of neurodegenerative disorders including
Alzheimer’ s disease. While substantial efforts have led to an increased understanding of iron
metabolism and the role of microglial cells in neuroinflammation, important questions still remain
unanswered. Whether or not increased brain iron augments the inflammatory responses of microglial
cells, including the molecular cues that guide such responses, is still unclear. How these brain
macrophages accumulate, store, and utilize intracellular iron to carry out their various functions
under normal and disease conditions is incompletely understood. Here, we describe the known
and emerging mechanisms involved in microglial cell iron transport and metabolism as well as
inflammatory responses in the brain, with a focus on AD.

Keywords: Alzheimer’s disease; neuroinflammation; neurodegeneration; cytokines; neuroimmune
responses

1. Introduction

The brain is among the most metabolically active organs in the body and accounts for at least 20%
of the body’s energy consumption. Accordingly, an adequate supply of iron is necessary to sustain its
high-energy needs [1-4]. Our understanding of the role of iron in normal brain function has improved
tremendously over the last decade, with much attention directed towards deciphering the cellular
and molecular cues that guide brain iron transport and metabolism. These efforts have described the
essential roles of iron as a co-factor for several physiological processes including oxidative metabolism,
myelination, and the biosynthesis of neurotransmitters [5-7]. However, excess iron is known to
contribute to homeostatic dysregulation due to oxidative stress and has been linked to a number of
neurological disorders. Being redox active, iron exists in both ferrous (Fe?*) and ferric (Fe3*) forms
and constantly cycles between the two states. Under aerobic conditions, this redox cycling has the
potential to generate highly reactive free radicals through Fenton chemistry, resulting in oxidative
stress and damage to macromolecules. Thus, the metal is directly implicated in the disease known
as neurodegeneration with brain iron accumulation (NBIA), and, in addition to other trace elements
implicated in neurodegeneration, including copper [8], manganese [9], and zinc [10], increasing
evidence support iron’s role in several other sporadic or genetic neurodegenerative disorders such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS) [11-14].

Microglia make up 5 to 12% of the population of cells found in mouse brain and about 0.5 to
16% of those in the human brain [15,16]. These resident macrophages are largely involved in immune
responses and, depending on the stimuli, they can adopt a range of pro- or anti-inflammatory states
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to help maintain the integrity of the neural environment [17-19]. In addition to their roles in the
neuroinflammatory response, microglia participate in neurogenesis [19,20], shaping and maintaining
synaptic density and connectivity in the adult and developing central nervous system (CNS) [16,21-24],
oligodendrocyte differentiation [25], synaptic pruning [26], and myelin repair [16]. Microglia require
iron as a co-factor to carry out all of these varied functions [27]. Over the years, multiple studies have
reported the roles these immune cells play in brain iron homeostasis [1,27,28]. This review will examine
the influence of brain iron on microglial metabolism and corresponding inflammatory responses under
normal and neurodegenerative conditions, with a particular focus on AD.

2. Brain Iron

Brain iron levels are tightly regulated to ensure the normal function of the CNS [29,30]. The major
route of iron acquisition begins with intestinal absorption, as dietary Fe?* is reduced to Fe?* by
duodenal cytochrome B (DcytB) at the apical surface of enterocytes [31]. Divalent metal transporter-1
(DMT1) imports Fe?* into the intestinal cells, while the iron exporter ferroportin (Fpn) mediates its exit
across this epithelial barrier. On the serosal side, the multicopper ferroxidases ceruloplasmin and/or
hephaestin oxidize Fe?* to Fe3*, thereby promoting its binding to the iron carrier protein transferrin
(Tf) [32]. Dietary absorption of iron is tightly regulated to respond to the body’s iron needs, such
that uptake is enhanced by iron deficiency but reduced under iron-loading conditions [29]. Thus,
iron supplied to the brain from the diet reflects nutrient demands, while limiting the potential for
excessive accumulation.

Once in the circulation, the entry of iron into the brain from the blood is controlled by the
blood-brain barrier (BBB) [33]. The BBB is formed by brain microvascular endothelial cells (BMVECs),
pericytes, and astrocytes [33-35]. Tf-bound iron circulating in the blood outside the CNS cannot cross
the BBB directly, and, therefore, iron must enter the brain through BMVECs in a multi-step transcellular
pathway. Binding of Tf to Tf receptors (TfR) at the lumen of the brain microvasculature facilitates
iron uptake via receptor-mediated endocytosis [30,34,36]. The subsequent fate of the Tf~TfR complex
within brain endothelial cells is not entirely clear, and exactly how iron is released to the brain remains
controversial. The transcytosis model suggests that the ligand-receptor complex traverses the cell,
such that Tf is released to the interstitium. However, how Tf might dissociate from its receptor at
the abluminal membrane remains unexplained. An alternative model is that iron is released to the
cytoplasm of BMVECs after receptor-mediated endocytosis of Tf. The endocytic uptake pathway
for iron is much better understood and involves the release of Fe3* from Tf in the acidic endosomal
environment, its reduction to Fe?*, and DMT1-mediated export from the endosome [29]. However,
whether BMVECs express DMT1 or if its function is required for entry of iron into the brain is unclear,
since different groups have reported conflicting data [37—42]. An alternative membrane transport
mechanism could involve transient receptor potential mucolipin-1 (TRPML1) channels which function
in the release of iron from endolysosomal compartments [43]. A recent study has shown that loss of
TRPML1 in mice promotes dysregulation of brain homeostasis and decreased myelination, suggesting
a potential role in brain iron uptake [44]. Regardless of which transporter is responsible for iron’s
exit from endocytic compartments, the metal would then be utilized for metabolic purposes by
the endothelial cells, stored in endothelial cell ferritin (Ftn), or released to the brain via Fpn [45].
Re-oxidation of Fe?* to Fe** and subsequent incorporation into apo-Tf would provide for its circulation
in the brain [46-48]. It is possible that hepcidin, which is produced by the brain endothelium, plays a
role in regulating this process. An in-depth review of iron uptake into BMVECs and its release has
been published elsewhere [33].

It is important to note that the amount of Tf in the brain interstitial fluid is thought to be much
lower than the levels in the systemic circulation, while non-Tf-bound iron (NTBI) levels may be
quite high [49]. Thus, although Tf is apparently involved in moving iron across the BBB, there is
some evidence to suggest that Tf-iron-binding sites may become saturated in the brain, such that
NTBI is a major source of iron delivery to neurons and other cells in the brain. Another alternative
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source of iron is ferritin which plays an important role in brain iron homeostasis. In fact, genetic
loss of ferritin function leads to brain iron dyshomeostasis [11,50-52]. The brain may acquire ferritin
exogenously by transcellular transport across the BBB, or it may be produced by endothelial cells and
released upon demand [53]. Other endogenous sources of brain ferritin are possible, including its
synthesis by microglia [28]. The ferritin pathway of iron delivery is particularly important for mouse
oligodendrocytes and their function in myelination and neuronal repair. These express the ferritin
receptor Tim-2, a member of the T cell immunoglobulin and mucin domain family, and specifically
take up ferritin [6,54]. In humans, the transferrin receptor may bind to and mediate the internalization
of ferritin [55,56].

3. Functions of Iron in the Brain

Iron plays an indispensable role during ATP production by serving as a cofactor for cytochromes
and iron-sulfur complexes of the oxidative chain [57]. The major substrate for brain energy production
is glucose which becomes fully oxidized; ketone bodies can fulfill energy needs under some conditions.
The brain consumes nearly 20% of the body’s energy, although representing only about 2% of its weight.
About 75-80% of the energy supports neuronal activity, with the remainder utilized to maintain the
“housekeeping” functions of astrocytes, oligodendrocytes, and microglia [4]. Neuronal energy needs
represent both axonal and synaptic signaling, but the majority is utilized post-synaptically [58].
The mitochondrial function must provide this supply of ATP with the iron requirements to support
oxidative phosphorylation, as shown in Figure 1.
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Figure 1. Iron and mitochondrial function. The mitochondrial electron transport chain contains
multiple iron-sulfur clusters and heme-containing proteins necessary for ATP synthesis. NADH
dehydrogenase (complex I) contains eight Fe-S clusters, succinate dehydrogenase (complex II) contains
three Fe-S clusters and one heme moiety, while complex III (cytochrome bc1) contains one Fe-S cluster
and several heme groups vital for its functions. Complex IV (cytochrome c oxidase) also contains two
heme moieties. Aconitase, a key enzyme that catalyzes the stereo-specific isomerization of citrate to
isocitrate through cis-aconitate in the tricarboxylic acid (TCA) cycle contain Fe-S clusters.

Oligodendrocytes, which are responsible for producing myelin, also require high amounts of
ATP [59]. Not only do many of the enzymes involved in ATP production require a supply of iron, but
also pathways for cholesterol and fatty acid synthesis necessary for myelination are iron-dependent.
Some of the enzymes involved in this pathway include NADH dehydrogenase, HMG-CoA reductase,
succinate dehydrogenase, dioxygenase, and glucose-6-phosphate dehydrogenase, all of which are
abundant in oligodendrocytes compared to other cell types of the CNS [59]. The need for an adequate
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supply of iron during myelination is reflected in the results of animal studies demonstrating that
dietary iron restriction reduces the amount and composition of myelin during gestation and early
post-natal periods [60,61].

Neurotransmitters serve as means of communication between neurons. The process of
this communication includes biosynthesis and transport of neurotransmitters, packaging of
neurotransmitters into vesicles for storage and controlled release, and binding of neurotransmitters to
receptors on post-synaptic neurons with induction of cellular responses. The role of iron in each of these
processes has been reviewed extensively, particularly in the case of monoamine neurotransmitters such
as dopamine and serotonin that are involved in the regulation of cognitive processes including emotion
and arousal behaviors [1,62-65]. For example, the synthesis of monoamine neurotransmitters depends
on tyrosine hydroxylase which is an iron-requiring enzyme [66,67]. The activity of this enzyme is
significantly reduced in patients suffering from PD with compromised brain iron homeostasis [67].
Iron deficiency further alters the functioning of the dopaminergic systems, with specific effects on
dopamine Dy and D; receptors [1,68]. Studies carried out by Youdim and colleagues demonstrated
that the densities of dopamine D, receptors are significantly lower in the striatum of rats deficient
in iron [69-71]. Also, microdialysis studies demonstrated an elevation of extracellular dopamine
in the striatum of iron-deficient rats and the return to basal levels when brain iron content and
iron status returned to normal [72]. In the case of serotonin, tryptophan hydroxylase carries out
the rate-determining step in the synthesis of this neurotransmitter and can be inhibited by iron
chelators [66,73]. Another neurotransmitter whose biosynthesis is compromised under iron-deficient
conditions is gamma-aminobutyric acid (GABA), the main inhibitory neurotransmitter in the CNS.
Iron deficiency is associated with significant reduction in the activity of glutamate dehydrogenase and
GABA transaminase, key enzymes responsible for the synthesis and degradation of GABA [74,75].

4. Microglia and Iron

Microglial activation in response to pro- and anti-inflammatory stimuli is often characterized either
as classical M1 or as alternative M2, similar to the nomenclature used for systemic macrophages [76,77].
M1 activation is pro-inflammatory and neurotoxic and primarily induced through the activation of
toll-like receptor (TLR) and interferon gamma (IFN-y) signaling pathway [19]. M1 microglia synthesize
and secrete pro-inflammatory cytokines and chemokines such as tumor necrosis factor-alpha (TNF-«),
some members of the interleukin family of cytokines interleukin-6 (IL-6), interleukin 1-beta (IL-14),
interleukin-12 (IL-12), and C-C Motif Chemokine Ligand 2 (CCL2). In this reactive state, microglia
also express inducible nitric oxide synthase (iNOS), which converts arginase into nitric oxide [19].
Accumulation of nitric oxide increases the toxic effects of glutamate and consequently potentiates
N-methyl-D-aspartate (NMDA) receptor-mediated neurotoxicity [19,78,79].

In the M2 state, microglia release anti-inflammatory cytokines such as interleukin-10 (IL-10)
and transforming growth factor-beta (TGF-f3). M2 microglia also induce arginase 1 to promote the
conversion of arginine into polyamines [80]. These cells can secrete insulin-like growth factor I (IGF-I),
fibroblast growth factor (FGF), and neurotrophic factors including nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF), in the effort to resolve inflammation and promote synaptic
plasticity [19].

The use of the terms “M1 versus M2” oversimplifies a complex process for microglial activity, since
transcriptome studies have revealed that activation is quite variable and context-dependent [18,81].
Indeed, microglia adopt a homeostatic (M0) state under normal conditions in the CNS, and their
transcriptome profile reflects their immunosurveillance activities in this state [18,81-83]. Conversely,
microglia can express both neurotoxic and neuroprotective factors under disease conditions [19,81,84].

One prominent hallmark of neuroinflammation is the activation and increased acquisition of
extracellular iron and subsequent downregulation of iron-interacting proteins, causing the intracellular
sequestration of iron [13]. Systemically, such innate immune responses are orchestrated to deprive
invading pathogens of iron, necessary for their survival [85]. This “iron withdrawal” phenomenon
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could play a similar role in the brain to reduce the metal’s availability. However, accumulation
of intracellular iron is associated with neuronal degeneration that underlies most neurological
disorders [86], and microglial secretion of the inflammatory cytokines TNF-« and IL-13 enhances
neuronal iron uptake [87]. In turn, these pro-inflammatory mediators have been shown to strongly
influence microglia iron transport and metabolism [13,88-90].

Microglial cells interact with both Tf bound-iron (TBI) and NTBI [91], and pathways for each
transport substrate have been characterized [28]. For NTBI uptake, an endogenous cell surface
ferrireductase reduces Fe3* to Fe?* for uptake by DMT1 in a pH-dependent manner at the cell surface.
TBI is taken up by endocytosis of the Tf~TfR complex; after the release of iron in the acidic milieu of the
endosome, it is translocated into the cytosol by DMTT1 or other transporters, as described above [92].

Early studies of rat microglia raised the idea that microglial polarization and iron uptake are
coordinated [89]. More recently, our group has shown that microglial iron transport pathways are
differentially active in response to pro- and anti-inflammatory stimuli at both the transcript and the
protein levels. Pro-inflammatory mediators increase the uptake of NTBI and expand the ferritin storage
pool. These changes reflect the upregulation of both DMT1 and ferritin [28]. The uptake of NTBI by
microglia would limit free extracellular iron and reduce potentially damaging reactive oxygen species
(ROS) in the neural environment. In this M1 pro-inflammatory state, microglial cells also have increased
glycolysis, with extracellular acidification supporting changes in the microenvironment favoring NTBI
uptake by the pH-dependent transporter DMT1. Inflammatory mediators also reduce oxidative
respiration, induce heme oxygenase-1, and diminish the levels of intracellular heme. These changes
are associated with increased intracellular “labile iron”, suggesting that microglia can sequester both
intracellular iron released by heme catabolism and extracellular iron taken up by DMTT1. In contrast,
anti-inflammatory IL-4 increases the expression of TfR to promote the uptake of TBI [28]. It is possible
that this shift in iron transport is associated with the release of ferritin stores by M2 microglia to
support the regeneration of neurons and the activity of oligodendrocytes. On the basis of these data,
we propose a model by which microglia actively modify transport pathways and metabolism in
response to the iron status of their environment (Figure 2).
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Figure 2. Iron trafficking and microglial cell polarization. (Left) Pro-inflammatory stimuli upregulate
the expression of divalent metal transporter-1 (DMT-1) and the uptake of non-Tf-bound iron (NTBI).
These effects are associated with increased labile iron and an expanded pool of ferritin. These changes
reflect M1 polarization. (Right) Anti-inflammatory stimuli increase transferrin receptor (TfR) levels to
upregulate Tf-bound iron (TBI) uptake by receptor-mediated endocytosis. In recycling endosomes, the
low pH promotes the release of Fe>* for ferrireduction, most likely by STEAP3. Fe?* may be released
into the cytosol through DMTI or another channel for use in mitochondria to promote heme production.
We speculate that, under anti-inflammatory conditions, microglia may release ferritin (Ftn)-bound iron
through lysosomal exocytosis to help oligodendrocyte function and neuronal repair.
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5. Microglia Activation and Alzheimer’s Disease

Alzheimer’s Disease (AD) is a neurodegenerative disorder and the most common form of
dementia involving the progressive loss of substantive cortical and hippocampal neurons over
time [93,94]. This disorder is characterized by extracellular deposition of amyloid beta (Af) in senile
plaques and intraneuronal accumulation of hyperphosphorylated tau proteins. These events lead to
neuronal and synaptic loss, chronic inflammation, and oxidative stress [19,89,95,96].

Genetic studies of familial Alzheimer’s disease (FAD) have demonstrated that mutations in the
amyloid precursor protein and in components of the gamma-secretase complex generate A(31-42 which
can misfold and aggregate [19,93,97]. The more common sporadic form (SAD) of the disease is largely
associated with aging. Although the pathophysiological mechanisms that underlie the role of aging in
the onset of AD is poorly understood, accumulating evidence indicates that the onset of SAD is closely
associated with brain iron and oxidative stress, both of which increase with age [95,98-103]. In AD, the
observation that iron is present in local areas of neuronal cell death further supports the metal theory of
dementia which proposes that iron promotes neurodegeneration [104]. Furthermore, as brain microglia
are implicated in iron handling, it has been shown that iron accumulates in microglial cells that cluster
around amyloid plaques in AD mouse models and post-mortem brain tissues of AD patients [105].

Iron is a key player during the induction of oxidative stress because of its function as a redox-active
transition metal [13,96,106]. Indeed, the levels of damaging ROS are significantly higher in the AD
brain compared to healthy control brains [96,107]. Importantly, several studies have reported that,
by promoting neurotoxic oligomerization of Af peptides and tau tangles [94,108], oxidative stress
potentiates the activation of microglia [96,109,110]. Whether these events advance or hinder the disease
is subject to active debate. For example, while anti-inflammatory activities of microglia would appear
to be beneficial, some studies have reported that prolonged stimulation of microglia with Af peptides
provokes chronic inflammation [111].

Microglial cells express multiple receptors including CD36, TLR2, TLR4, and TLR6 [111-113], all
of which can bind A and induce pro-inflammatory effects. The sporadic form of AD is associated
with genetic variants of triggering receptor expressed on myeloid cells 2 (TREM2) [114]. TREM2 is an
immune transmembrane glycoprotein receptor expressed in microglia that interacts with phospholipids,
apoptotic cells, and lipoproteins [115-118]. These variants, as well as the loss-of-function mouse models
of AD, appear to limit microglial proliferation around A plaques, causing increased plaque buildup
and disease progression [119-122]. Why defective TREM2 function or expression impacts microglia
responses to AD lesion is still incompletely understood. The role of TREM2 and other immune
receptors identified as risk factors, including CD33, have been reviewed elsewhere [19].

SAD is also associated with the polymorphism of apolipoprotein E (apoE), a lipid-binding
protein involved in lipid metabolism [123-125]. The apoE4 allele is strongly associated with an
increased risk of AD, while apoE2 serves a protective role [123]. Microglia produce apoE, which
has been shown to moderate the inflammatory response while enhancing the phagocytosis of A3
aggregates by microglia [124-128]. However, in carriers of apoE4, increased levels of ferritin have been
reported in the cerebral spinal fluid, suggesting that iron metabolism is altered in these individuals
to promote increased iron retention [129]. This evidence reinforces the concept that increased brain
iron adversely affects patients with AD. In fact, patients with HFE-associated hemochromatosis are
subject to earlier onset of AD [130]. Since there is clinical evidence that iron chelation is beneficial to
AD patients [131,132], the relationship between microglia, iron, and neurodegeneration appears to be
well worth exploring.

6. Concluding Remarks

Understanding the role of iron in chronic inflammatory responses elicited by microglia is essential
for finding new therapeutic strategies to treat neurodegenerative diseases. Although a substantial
amount of effort has been put into deciphering the molecular network directly involved in brain iron
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metabolism, we still must pursue an in-depth understanding of how specific brain cells accumulate
and use iron to carry out their various functions, both in normal and in disease conditions.
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Abbreviations

Alzheimer’s disease AD
familial Alzheimer’s disease FAD
sporadic Alzheimer’s disease SAD
neurodegeneration with brain iron accumulation ~ NBIA
Parkinson’s disease PD
Huntington’s disease HD
amyotrophic lateral sclerosis ALS
multiple sclerosis MS
amyloid beta AB
transferrin Tf
Tf-bound iron TBI
transferrin receptor TR
non-transferrin-bound iron NTBI
divalent metal transporter-1 DMT1
labile iron pool LIP
central nervous system CNS
Blood-brain barrier BBB
brain microvascular endothelial cell BMVEC
transient receptor potential mucolipin-1 TRPML1
ferritin Ftn
reactive oxygen species ROS
gamma-aminobutyric acid GABA
inducible nitric oxidase iNOS
N-methyl-D-aspartate NMDA
adenosine triphosphate ATP
3-hydroxy-3-methyl-glutaryl-coenzyme A HMG-CoA
tricarboxylic acid TCA
interferon gamma IFN-y
toll-like receptor TLR
tumor necrosis factor-alpha TNF-a
interleukin-6 IL-6
interleukin 1-beta IL-1B
interleukin-12 IL-12
interleukin-10 IL-10
C-C motif chemokine ligand-2 CCL2
transforming growth factor-beta TGF-
insulin-like growth factor-1 IGF-1
fibroblast growth factor FGF
nerve growth factor NGF
brain-derived growth factor BDNF
toll-like receptor 2 TLR2
toll-like receptor 4 TLR4
toll-like receptor 6 TLR6
cluster of differentiation 33 CD33
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cluster of differentiation 36 CD36

triggering receptor expressed on myeloid cells 2 TREM2

apolipoprotein E apoE

apolipoprotein E4 apoE4

apolipoprotein E2 apoE2
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Abstract: Neurodegeneration with brain iron accumulation (NBIA) is a set of neurodegenerative
disorders, which includes very rare monogenetic diseases. They are heterogeneous in regard to
the onset and the clinical symptoms, while the have in common a specific brain iron deposition
in the region of the basal ganglia that can be visualized by radiological and histopathological
examinations. Nowadays, 15 genes have been identified as causative for NBIA, of which only
two code for iron-proteins, while all the other causative genes codify for proteins not involved in iron
management. Thus, how iron participates to the pathogenetic mechanism of most NBIA remains
unclear, essentially for the lack of experimental models that fully recapitulate the human phenotype.
In this review we reported the recent data on new models of these disorders aimed at highlight the
still scarce knowledge of the pathogenesis of iron deposition.

Keywords: iron; neurodegeneration; NBIA

1. Introduction

The acronym NBIA (neurodegeneration with brain iron accumulation) designates a clinically and
genetically heterogeneous group of neurodegenerative diseases, the majority of which is hallmarked
by iron deposits in the brain [1]. Iron accumulation, is detected in vivo by MRI analysis, and affects
mainly the basal ganglia regions, such as globus pallidus (GP) and substantia nigra (SN), although
other regions including the cortex and cerebellum can be involved. These disorders are inherited as
Mendelian traits (autosomal recessive, dominant, or X-linked), and typical features are extra pyramidal
symptoms, namely, dystonia, parkinsonism, spasticity, variably associated with neuropsychiatric
abnormalities, and optic atrophy or retinal degeneration [1]. Disorders belonging to the NBIA group
are rare, between one and three per million individuals in the general population, and 15 causative
genes, whose products are involved in a wide spectrum of biological activities, have been so far
discovered. Although the presence of brain iron accumulation enables the diseases to be included
in the NBIA group, the pathogenic mechanisms linking specific disease-genes mutations to iron
metabolism are unclear [2]. CP (ceruloplasmin) and FTLI (ferritin light chain) are directly associated to
iron homeostasis (Table 1). The remaining genes (PANK2, COASY, PLA2G6, C1901f12, FA2H, ATP13A2,
WDR45, DCAF17, SCP2, GTPBP2, AP4M1, REPS1, and CRAT) are unrelated to iron metabolism, being
involved in diverse metabolic pathways (Table 1).
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PANK2 (pantothenate kinase type 2) and COASY (CoA synthase) code for enzymes in the crucial
biochemical pathway responsible for coenzyme A (CoA) production. PLA2G6 (phospholipase A2
group 6), FA2H (fatty acid hydroxylase 2), C190rf12, SCP2 (sterol carrier protein type 2) and CRAT
(carnitine acetyltransferase) genes code for proteins involved in lipid metabolism, membrane integrity
and mitochondrial function. WDR45, ATP13A2, and possibly AP4M1 are genes coding for factors
involved in the autophagic process. The GTPBP2 gene product plays a putative role in chain elongation
during protein synthesis at the ribosome, REPS1 (RALBP1-associated EPS domain-containing protein 1)
is involved in endocytosis and vesicle transport, while the DCAF17 (also known as C20rf37) gene
encodes for a protein with still not clarified cellular localization, probably in the nucleolus, and with
undefined activity (Figure 1). Around one third of the NBIA causative genes namely PANK2, COASY,
PLA2G6, C1901f12, and CRAT) are associated to mitochondria, suggesting that these organelles play a
crucial role in triggering the disorders. Thus, these pathologies represent an unprecedented chance to
investigate the molecular mechanisms involved in iron management in the brain and the connection
with mitochondrial function and neurodegeneration. In this review, we will focus on what we have
learned from available in vivo and in vitro models about iron metabolism and its connection with the
different underlying genetic mutations of NBIA.

Vesicles Golgi

)

Myelin
synthesis

Endoplasmic
reticulum

Membrane

remodelling

Ribosome.\\"/\
"

Fe2+

Figure 1. Scheme of the proteins associated to NBIA disorders and their cellular localization. The iron
proteins (CP and FtL) are represented in light blue; in pink are the proteins (PANK2 and COASY) are
involved in CoA synthesis; in yellow are the proteins related to lipid metabolism (PLA2G6, FA2H,
SCP2, CRAT, C190rf12); in orange are the proteins (WDR45, ATP13A2) involved in autophagy; in grey
are the proteins (RESP1 and AP4M1) associated to vesicle trafficking; and the proteins (DCAF17 and
GTPBP2) in green still have unknown functions.
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1.1. Iron Homeostasis in Diseases Caused by Mutations in Iron-Related Genes

1.1.1. CP (OMIM*117700)

Aceruloplasminemia (OMIM #604290) is the first disease in which the alteration of an iron-related
protein has been linked to neurodegeneration. It is inherited as an autosomal recessive trait and was
originally described in a female from Japan [3] where the prevalence of mutations is around one in
2,000,000 individuals. The genetic analysis of patients affected by aceruloplasminemia revealed about
50 distinct causative mutations (listed in http://www.hgmd.cf.ac.uk/ac/index.php) scattered along
the gene and identified in more than 60 families [4,5]. CP gene is located on chromosome 3q21-24 and
encodes ceruloplasmin (Cp), a plasma membrane glycoprotein with ferro-oxidase function containing
many copper atoms, which facilitates ferroportin-mediated cellular iron export [6].

Onset of symptoms is in adulthood and the clinical features include neurological signs like
blepharospasm, grimacing, facial and neck dystonia, tremors, chorea and ataxia, and cognitive
dysfunction. Additional signs, generally preceding neurological symptoms are diabetes mellitus,
retinal degeneration and microcytic anemia [5]. The disease is also hallmarked by alteration of
hematological parameters such as: very low or undetectable serum ceruloplasmin, high levels of
serum ferritin and low levels of iron [7]. Iron depositions affect the striatum, thalamus, and dentate
nucleus as showed by abnormal low intensities on T1 and T2 weighted images obtained by MRI
analysis [8]. Neuropathology investigations demonstrate aberrant basal ganglia and dentate nucleus,
with consistent iron accumulation in neuronal and glial cells [9-12]. Characteristic neuropathological
findings are enlarged or deformed astrocytes and spheroid-like globular structures caused by iron
accumulation localized to terminal astrocytic processes [11]. Iron overload was also detected in
the cerebral cortex, retina, and cerebellum, and in non-cerebral tissues, such as the pancreas and
myocardium [12].

Mutations of CP determine structural modifications of the protein (Cp) which are responsible for
retention of Cp in the ER, miss-incorporation of copper atoms into apo-ceruloplasmin or defective
ferro-oxidase activity [13-15]. Overall, this malfunctioning causes impairment of iron export from the
cell, which in the end is responsible for iron overload.

Investigations of the pathogenetic mechanisms underlining aceruloplasminemia were performed
by analyzing the effect of Cp mutants” expression in mammalian cell culture [13-15] and by
characterizing various aceruloplasminaemia mouse models [16-18]. Overall these data indicated
that, in the presence of an aberrant ceruloplasmin, iron entering the CNS as ferrous iron could not be
oxidized. As a consequence, cells can internalize large quantities of ferrous iron through non-regulated
internalization pathways of non-transferrin-bound iron [19]. Accumulation of iron inside astrocytes
observed in the pathology is due not only to the excess of import, but also to the inability of the cells
to export iron though ferroportin, in the absence of ceruloplasmin. In this way iron would remain
“locked” in the astrocytes and could not reach the neurons, which would paradoxically die from
iron deficiency and from toxic compounds released by degenerating astrocytes. Additionally, it has
been proposed that some mutated Cp forms could also accumulate in aggregates leading to death of
astrocytes through an iron-independent pathway [20].

The specific degeneration of astrocytes and neurons is explained by their strict dependence
on ceruloplasmin ferro-oxidase activity. On the contrary, other cells in the CNS, including
oligodendrocytes, depend on the action of hephaestin, a protein similar in structure and function to
ceruloplasmin. In fact, only the simultaneous ablation of CP and hephaestin (HEPH) genes in mice is
able to recapitulate symptoms consistent with those shown by aceruloplasminemia patients, suggesting
that hephaestin can compensate the lack of CP in mice, but not in humans [21,22]. This double
knock-out mouse model showed iron accumulation in gray and white matter oligodendrocytes [22],
macular degeneration, iron overload, and increased oxidative stress in the retina [23]. Treatment of
these mice orally with DFP showed to be protective against oxidative stress, retinal degeneration and
accumulation of lipofuscin, and was able to reduce ataxia and increase life span [24]. Despite the good

89



Pharmaceuticals 2019, 12, 27

results obtained in mice, iron chelation therapy in patients was disappointing since it only partially
reduced systemic iron deposition in liver and pancreas [25], but it was ineffective in reducing the brain
iron accumulation and thus in controlling neurodegeneration [12,26].

Another proposed therapeutic approach is based on enzyme replacement therapy (ERT) with
ceruloplasmin. Recently, it was demonstrated that the parental administration of human ceruloplasmin
to CP-/- mice was able to restore normal levels of the protein in the brain, as well as its ferro-oxidase
activity [27]. Interestingly, in treated mice, the reduced brain iron deposition led to motor coordination
improvement, suggesting ERT as a possible therapeutic option for aceruloplasminemia [27].

1.1.2. FTL (OMIM*134790)

Neuropherritinopathy (NF) is an extremely rare autosomal dominant disease described for the
first time in 2001 [28] and linked to mutations of FTLI, the gene coding for L-ferritin subunit that,
together with the H-ferritin subunit, forms the major iron storage protein.

The most frequent mutation is the 460InsA (or c¢.460dupA) described in 41 cases [29] presenting
with focal onset chorea or focal dystonia and history of movement disorders. Serum ferritin level was
generally low. MRI was abnormal in all reported cases and showed lesions in the globus pallidus,
putamen, and dentate nuclei. Few cases of NF presented with the “eye of the tiger” sign (typical of
PKAN), a hypointense MRI signal, which is pathognomonic for iron accumulation, surrounding a
central region of hyperintensity, which is due to gliosis and/or necrosis, in the anteriomedial globus
pallidus on the T2* sequence [8]. A typical pathological feature found in astrocytes and oligodendroglia
in the grey and white matter, was the presence of intranuclear and intracytoplasmic bodies containing
ferritin and iron in insoluble form. The same bodies were also present in fibroblasts, tubular epithelium
of the kidney, and endothelial cells of muscle capillaries. Neurons and glia also showed swollen or
vacuolated nuclei containing iron and ferritin [30].

Biochemical studies performed by overexpression of mutants 460InsA and 498InsTC
(or c.497_498dupTC) in human cells, demonstrated instability of mutant proteins, a different solubility
and a lower capacity to incorporate iron as compared to wild-type ferritin [31-35]. These cellular
models showed that the expression of these ferritin mutants not only increased cellular free iron pool,
but also induced oxidative damage and the impairment of proteasome activity [33,34].

Brain iron accumulation and increased production of reactive oxygen species, are present in
mouse models generated by transgene expression of FTLT cDNAs coding for variants of the human
ferritin protein. These mice showed features of neurological deterioration, decreased motor activity
and coordination, reduced lifespan together with the presence of ferritin aggregates in the nucleus and
cytoplasm [36-39].

Specifically, mice overexpressing the human mutant ¢.497_498dupTC recapitulate features typical
of the human disease, including abnormalities of brain iron homeostasis [36,37]. Further investigation
of post-natal hippocampal neurons in transgenic mice with a different genetic background, revealed
high susceptibility to chronic iron overload and/or acute oxidative stress in comparison to wild-type
neurons [37]. Moreover, ultrastructural analyses of specific brain regions such as cerebellum and
striatum, showed an accumulation of lipofuscin granules associated with iron deposits, particularly
evident in aged mice [37]. Altogether, these data indicate that the combination of increased oxidative
stress and lipofuscin accumulation play a key role in the etiopathogenesis of human NF. The only
data available on human naive fibroblasts derived from a patient carrying the c.497_498dupTC,
demonstrated a consistent increase of intracellular iron, altered iron management, ferritin accumulation
and the presence of oxidative stress markers, as previously demonstrated in patients and transgenic
mice [40].

From the overall data, the emerging hypothesis suggests that the decreased ability of ferritin to
sequester iron excess has two major consequences: (i) the unbound metal precipitating on proteins
promotes their aggregation [31]; (ii) the higher free iron-dependent oxidative damage required the
need for the cell to increase degradation of oxidized molecules. Both these effects cause the engulfing
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of the cellular recycling systems (i.e., proteasome and lysosome), and in the long-term leads to cellular
death. These events occur despite the regulation system of iron entry into the cell seeming to work
properly [33]; in fact, the level of the main iron-importer protein, the transferrin receptor, appears
strongly reduced in different experimental models [32-34]. Thus, apparently, iron may be efficiently
internalized by transferrin/transferrin-receptor independent pathway in neuronal compartment.
This pathogenetic mechanism seems to be harmful mainly in non-dividing cells, partly explaining the
specificity of the symptomatology. Interestingly, since the rate of lipofuscin accumulation is known to
correlate negatively with longevity, the NF pathogenesis may replicate the cascade of events that occur
during the physiological process of aging.

The most simple and rational way to reduce iron accumulation is the utilization of iron-chelating
compounds such as desferrioxamine (DFO) or deferiprone (DFP). These treatments were tested
both in animal models and in patients, with comparable results. DFP treatment in mice was
effective in reducing iron accumulation in the brain [41] and had significant effects on systemic
iron homeostasis [42]. As already discussed for the aceruloplasminemia, also in this case the outcome
of the treatment with iron chelators is not as effective in humans. Iron-chelating based therapies in NF
patients had severe detrimental effects on systemic iron level causing iron depletion without improving
clinical conditions [29,43]. This may be due to a lower penetrability of the iron chelator in the basal
ganglia of human and/or to a late treatment in humans, which develop symptoms when the brain
region has already degenerated.

1.2. Iron Homeostasis in Inborn Errors of Coenzyme A Biosynthesis

PANK2 (OMIM*606157) and COASY (OMIM*609855)

Mutations in genes coding for the first (PANK2) and the last (COASY) enzyme of the
biosynthetic pathway that produces Coenzyme-A (CoA) cause NBIA subtypes known as pantothenate
kinase-associated neurodegeneration (PKAN) and CoA synthase protein-associated neurodegeneration
(CoPAN)), respectively.

PKAN accounts for a large fraction of NBIA cases [44] while CoPAN appears more rare, being
so far identified in few individuals worldwide [45-48]. These two disorders display an impressively
similar phenotype, presenting with early-onset spastic-dystonic paraparesis with a later appearance
of parkinsonian features, cognitive impairment, obsessive-compulsive disorder, and brain iron
accumulation [45]. PKAN typically manifests in early childhood with gait disturbances and rapidly
progresses to a severe movement deficit with dystonia, dysarthria and dysphagia [49]. The hallmark
of PKAN is the “eye-of-the-tiger” signal in the globus pallidus on T2-weighted magnetic resonance
imaging, which reflects the focal accumulation of iron in this area [50]. CoPAN also accumulates iron
in GP. The SN is as well affected in CoPAN and to a lesser extent in PKAN. The iron accumulation
correlates with neural damage. It is often associated with axonal expansions (spheroids), but it also
appears as a granular form in perivascular location [51]. Although iron accumulation hallmarks PKAN
and CoPAN, its relationship with CoA dysfunctional biosynthesis is not clear.

Despite several efforts have been made during the last years to understand the connection
between iron homeostasis and mutations in PANK2 or COASY, no models, either in vitro or in vivo,
have been so far able to recapitulate the presence of iron deposits. Pank2 null mice showed growth
reduction, azoospermia [52] and impaired mitochondrial function [53], but did not show signs of
neurodegeneration or iron accumulation and did not display movement disorders. Only by increasing
the fat content in the diet of these mice it was possible to unravel a neurodegenerative phenotype
characterized by motor dysfunction, bioenergetic failure, and brain cytoplasmic accumulation
of abnormal ubiquinated proteins [54], features observed in the brains of PKAN patients [51].
The simultaneous knockout of Pank1/Pank2 led to severe reduction of CoA levels in the brain but iron
accumulation was not reported [55]. The combined ablation of Pank2/Pank3 or Pank1/Pank3 in mice
is associated with a lethal phenotype [55]. Altogether, these experiments imply that, in mice, Pank2
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loss is counterbalanced by the other Pank genes, but the simultaneous elimination of Pank3 with either
Pank2 or Pank1 is incompatible with life.

Drosophila possesses only one pantothenate kinase isoform (fumble) and its ablation determines
brain vacuolization with defective neurological functions but without brain iron overload [56], resulting
in flies with severe motor impairment [57]. The down-regulation of pank2 in Zebrafish induced defects
in neuronal development and an aberrant organization of the vascular system [58].

PKAN patients’ fibroblasts have been helpful to reveal some defects in mitochondrial activity and
iron metabolism associated with PANK2 deficiency [59], however, the pathological neurodegenerative
processes cannot be appreciated in these cells.

Insight on the neurodegenerative process started emerging thanks to the generation of
iPSC-derived glutamatergic neurons from PKAN patients and from healthy subjects. Their
compared analysis showed alteration of mitochondria functionality in PKAN patients. The altered
phenotype included impairment of mitochondrial iron-dependent biosynthesis that caused iron
dys-homeostasis and consequent enhanced ROS production, leading to major membrane excitability
defects. In particular, the cells inability to maintain Fe/S biosynthesis simulated a cellular iron deficient
phenotype that promoted cellular iron uptake increasing the translation of the TfR1 [60].

A second paper reported data on iPSCs derived cortical neuronal cells obtained from fibroblasts
of an atypical PKAN patient [61], in which the PANK2 protein was not completely absent but reduced
as compared to control cells. In this case, CoA homeostasis and cellular iron handling were normal,
but mitochondrial functionality resulted affected, with increased production of reactive oxygen species
and lipid peroxidation [61].

Neither glutamatergic nor cortical neurons displayed iron deposits and iron chelation in cortical
neurons exacerbated the mitochondrial phenotype in both control and patient neuronal cells [61]. Thus,
both these investigations on human neurons agree to conclude that mitochondrial impairment is an
early feature of the disease process and the consequent ROS formation a main actor in the pathogenesis,
while iron chelation treatment did not seem a good option. Data on efficacy and safety of deferiprone
for the treatment of PKAN were available through clinical trials on small cohorts of patients and
showed controversial results [50,62].

Data on the efficacy of DFP treatment collected in a wide clinical trial involving around 100
PKAN patients in the world are still under analysis and will be available shortly (https://tircon.eu).
While DFP efficacy is still under investigation, the work performed in vitro on glutamatergic neurons
demonstrated that CoA supplementation prevented neuronal death and reduced ROS formation by
restoring mitochondrial and neuronal functionality, suggesting CoA treatment as a possible therapeutic
intervention [60].

Very recently, an allosteric PANK activator has been identified by compounds library screening.
The compound denominated PZ-2891 crosses the blood brain barrier and oral administration to
wild-type mice increases coenzyme A levels in the brain and liver. Moreover, PZ-2891 treatment
of a knockout mouse model of brain CoA deficiency presenting with weight loss, severe locomotor
impairment and early death, was able to rescue the weight, to improve locomotor activity and to
extend life span [63].

Analysis of fibroblasts derived from CoPAN patients, showed impaired, but not completely
abolished, de-novo synthesis of CoA and dephospho-CoA. This would suggest the presence of
alternative routes for CoA production, or the preservation of a residual catalytic activity of the
mutant CoA synthase protein [45]. More recently, mutations of COASY associated with the complete
absence of the protein were reported in two cases of pontocerebellar hypoplasia, microcephaly,
and arthrogryposis [48] with an invariable lethal phenotype, probably due to the complete absence
of CoA.

In the yeast Saccaromices cerevisine, CoA synthesis is carried out by five sequential enzymes
(CAB1 to CAB5) deletion of which, leads to a lethal phenotype. Re-expression of wild-type yeast
CABS5 or human COASY protein was able to rescue the lethal phenotype while mutant CAB5 or
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COASY expression determined a phenotype characterized by reduced growth, auxotrophy for
panthotenate, and decreased amount of CoA in isolated mitochondria [45]. Additional features
included mitochondrial dysfunctions characterized by impairment of the respiratory chain and
revealed iron accumulation and impaired lipid content [64].

In zebrafish the complete down-regulation of Coasy, obtained by morpholino-mediated approach,
was associated with impaired development and premature death, while a partial down-regulation
gave rise to a milder phenotype [65]. Main phenotypic features of morphants included: reduced size
of the brain with less defined brain structures, disorganization of the vascular system in the brain and
trunk, and reduced levels of CoA in the fish embryos. Rescue of these features was obtained by adding
CoA to the fish water or by re-expression of the human wild-type gene, indicating a causative role of
impaired CoA synthesis in determining the pathological phenotypes.

Hence, the connection between COASY dysfunction and iron metabolism needs to be clarified
although a potential link was highlighted by the identification of an iron responsive element (IRE) in
the 3’ region of this gene that could stabilize the COASY mRNA in the presence of iron [2].

Mutations in PPCS encoding for the second enzyme in the CoA biosynthetic pathway converting
4’-Phosphopantothenate into phosphopantothenoylcysteine, have been described in two unrelated
families showing a very severe pediatric phenotype characterized by dilated cardiomyopathy
associated with reduced level of CoA [66]. In the affected individuals neurodegeneration and
iron accumulation were not investigated or not present because of a premature death of some
patients. At the moment, it is not clear why PPCS mutations lead to cardiac alteration instead
of neurodegeneration and further investigation will be required. We have decided to mention this
gene for the sake of completeness despite that PPCS cannot be included in the NBIA disease genes, at
least from the knowledge available at the time of writing.

1.3. Iron Homeostasis and Mutations in Lipid Metabolism Related Genes

Globally these sub-types of NBIA disorders typically begin in childhood with a combination of
clinical signs, which are also present in spastic paraplegia complex forms and in several cases the
genetic cause of the disease is shared by the two category of diseases. The accumulation of iron is
not a consistent finding and is often documented in advanced disease stages suggesting that it could
contribute to disease progression but is not the primary cause [67].

1.3.1. PLA2G6 (OMIM*603604)

PLA2G6-associated neurodegeneration (PLAN) is an autosomal recessive heterogeneous group
of related neurodegenerative conditions comprising infantile neuroaxonal dystrophy (INAD, OMIM
#256600) and atypical neuroaxonal dystrophy (ANAD, OMIM #610217) caused by mutations
in PLA2G6, mapping on human chromosome 22q13.1 and encoding for calcium-independent
phospholipase A2 group VI iPLA2f or iPLA2VI) [68].

Onset of disease is typically in childhood and presents as neuroaxonal dystrophy with
psychomotor regression and axial hypotonia, accompanied by neuropathy with spheroidal bodies
in the peripheral nerves, detectable by analysis of sural nerve biopsy. Cerebellar atrophy is detected
in the majority of the cases by brain MRI while iron accumulation is present in only half of the
affected individuals. PLA2G6 protein is ubiquitously expressed and is localized in the cytosol and
mitochondria, playing a role in phospholipids metabolism and membrane remodelling. Malfunctioning
of the protein may lead to alteration of neuronal membranes integrity and fluidity [69] determining
neuronal suffering.

A Pla2g6 knock-out mouse model recapitulate in a precise way the human disease and showed
cerebellar atrophy, loss of Purkinje cells, pronounced neuroinflammation, age-dependent accumulation
of spheroids but not iron accumulation, which is not, however, a consistent finding neither in the
affected patients [69].
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This mouse model was also characterized by the presence of ultrastructural alteration of
mitochondria in the brain with a consistent accumulation of cardiolipin, a phospholipid formed
from two phosphatidic groups connected by a glycerol molecule [70], which is highly enriched in the
mitochondrial inner membrane. In fact, first pathological signs in neurons of Pla2g6-null mice is the
disorganization of the cristae in the mitochondrial inner membrane with the consequent destruction of
the mitochondrion, the release of cytochrome ¢, and the formation of swollen and degenerated axons as
the disease progresses. Presynaptic membranes are altered in this animal model, demonstrating the role
of PLA2G6 may be to remodel cardiolipin and eliminate fatty acids damaged by oxidative stress [71].
Recently, an age-dependent iron accumulation in SN, ST, and GP brain regions was reported on Pla2g6
-/- mice. These mice showed an increased level of iron-proteins (TfR1, DMT1 and IRPs), decreased
FPN1, enhanced lipid peroxidation and mitochondrial dysfunction. These alterations precede the
sign of neuronal death, suggesting that iron-dependent ROS formation might be a primary cause of
neurodegeneration [71].

The similarity between PKAN and PLAN phenotypes can be traced back to the fact that
PANK?2 and PLA2G6 enzymes would take part to cardiolipin synthesis or remodelling in the inner
mitochondrial membrane [72].

1.3.2. FA2H (OMIM*611026)

Fatty acid hydroxylase-associated neurodegeneration (FAHN) (OMIM #612319) was first
described in two consanguineous families, of Italian and Albanian origin respectively and is a
sub-type of neurodegeneration with brain iron accumulation transmitted as an autosomal recessive
trait [73]. The gene responsible for the disorder is the fatty acid hydroxylase-2 (FA2H), that maps on
human chromosome 16¢23.1 and codes for a NADPH-dependent mono-oxygenase localized on ER
membranes [73,74]. The same gene is also mutated in cases of leukodystrophy and a form of spastic
paraplegia [75]. Main clinical features of the disease are spasticity, ataxia, dystonia, optic atrophy,
and oculomotor abnormalities followed by cognitive disorders and epilepsy. Magnetic resonance
studies in patients have shown iron overload in the globus pallidus, substantia nigra, and subcortical
and periventricular regions [76], as well as abnormalities of the white matter distribution, cerebellar
atrophy, and thinning of the corpus callosum.

FA2H enzymatic activity is responsible for the hydroxylation of fatty acids, which are incorporated
in the sphingolipids and its impairment causes myelination defects with the consequent impairment
of the axonal function [77]. Mice lacking the Fa2h gene, either constitutively or limited to the glia cells,
showed degeneration and loss of myelin sheath in the spinal cord and in sciatic nerves [77,78].

Finally, in the N-terminus of FA2H is present a cytochrome b5-like heme binding domain and a
fatty acid hydroxylase domain with an active site for the binding of non-heme di-iron. The presence of
these domains has been suggested to allow a direct interaction with iron-containing moieties, thus
indicating a possible link between gene function and iron accumulation [73], although this hypothesis
is not supported by experimental evidences. A recent in silico protein modelling report demonstrated
that the FAHN causative missense mutations alter the heme-binding site or disrupt the hydroxylase
domain impairing the enzyme catalytic activity. However, the mechanism by which reduced FA2H
activity generates the iron deposition was not investigated [79].

1.3.3. C190rf12 (OMIM*614297)

Mutations in C190rf12 cause a rare form of NBIA, transmitted as an autosomal recessive
trait, denominated mitochondrial membrane protein-associated neurodegeneration (MPAN) (OMIM
#624298). C190rf12 maps on human chromosome 19 and encodes for a mitochondrial protein associated
with the membranes and with a putative role in lipid metabolism [80,81].

Mutations in C190rf12 cause other neurodegenerative disorders such as: pallido-pyramidal
syndrome [82], hereditary spastic paraplegia phenotype 43 (SPG43) [83] and ALS [84]. The main
clinical features of MPAN include: progressive spastic para/tetraparesis, dystonia, motor axonal
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neuropathy, parkinsonisms, psychiatric symptoms, retinal abnormalities, and optic atrophy [80,85,86].
Iron accumulation is present in the globus pallidus and substantia nigra, as highlighted by MRI analysis,
showing T2-weighted hypo-intensity [87]. Neuropathological analysis of patients” brains demonstrated
the presence of axonal spheroids, Lewy bodies, axonal swellings, and hyperphosphorylated tau in the
cortex, GP, caudate/putamen, SN, and brain stem.

In silico evaluation of the C190rf12 protein indicated that it contains a transmembrane glycine
zipper. The protein has two isoforms deriving from different start codons: the longer isoform has
multiple sub-cellular localization: it is present into mitochondria, endoplasmic reticulum [88], and a
small fraction in the MAM, contact regions between mitochondria and ER functionally-relevant for
phospholipids metabolism [88]. The protein has high levels of expression in the brain, blood cells
and adipocytes, while transcriptome analysis indicated aco-regulation with genes involved in lipid
metabolism with a possible connection with CoA synthesis [80]. The function of the protein is still
not clarified and the simultaneous knock-down of two C190rf12 orthologs CG3740 and CG11671 in
Drosophila, demonstrated a defect in climbing activity, bang sensitivity, and the presence of vacuoles in
the brain and optical lobe but the absence of iron accumulation [89].

1.3.4. SCP2 (OMIM*184755) and CRAT (OMIM*600184)

Mutations in the sterol carrier protein-2 (SCP2) gene (OMIM #613724) cause a complex phenotype
characterized by leukencephalopathy, dystonia, torticollis, azoospermia, cerebellar ataxia, and gait
impairment [90,91]. Brain MRI analysis showed bilateral hyperintense signals in the thalamus,
indicating iron overload, butterfly-like lesions in the pons, and lesions in the occipital region. The SCP2
gene is located on chromosome 1p32.3 and exons 1-16 encode for the sterol carrier protein X (SCPx),
while exons 12-16 encode the sterol carrier protein 2 (SCP2) [92]. Both enzymes have thiolase
activity required for the breakdown of branched chain fatty acids and are located into peroxisomes.
The pathogenic effects are probably due to elevated levels of branched chain fatty acids in patients with
SCP2 mutations [93]. Abnormal fatty-acid acyl-CoA metabolism is again suggested as the culprit for a
disease belonging to the big group of NBIA, highlighting the role of lipids as a common pathogenic
mechanism for this category of disorders.

Mutations in CRAT, coding fora protein involved in the transfer of acyl groups from carnitine
to coenzyme A and in the transport of fatty acids for beta-oxidation have been recently identified
in one subject with an NBIA phenotype [94]. Intensive investigations of fibroblasts derived from
patients with CRAT and REPS1 [92] mutations as well as fibroblasts derived from patients with PANK2,
PLA2G6, C1901f12, and FA2H mutations, led to the identification of a common pathogenic mechanism
shared by the different diseases. Iron overload was found to be due to abnormalities in transferrin
receptor (TFR1) recycling and reduction of its palmitoylation [94]. This is the first time that a common
pathogenic mechanism has been, not only hypothesized, but also experimentally demonstrated.
Interestingly enough, it was also showed that the antimalarian drug artesunate, was able to increase
TfR1 palmitoylation and decrease ferritin levels in fibroblasts of different NBIA subgroups [94].

This potential therapeutic treatment of NBIA should be seriously taken into consideration and
could also be relevant for other more common neurodegenerative disorders, such as Parkinson’s or
Alzheimer’s, in which iron overload is a common finding.

1.4. Iron Homeostasis and Autophagosome/Lysosome Regulation

Three genes, whose mutations cause neurodegeneration with brain iron accumulation related to
malfunctioning of the autophagosome and or lysosome activity, will be described in this chapter and
include: WDR45, ATP13A2, and possibly AP4M1.

1.4.1. WDR45 (OMIM*300526)

Mutations in the WD repeat domain 45 (WDR45) gene are responsible for 3-propeller-associated
neurodegeneration (BPAN) (OMIM #300894), a very peculiar disorder mapping on X chromosome,
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in which the deleterious mutations are invariable de novo. Patients of both gender display similar
symptoms characterized since male patients were shown to have somatic or germline mosaicism [95].
Onset of the disease is in childhood but remains somehow silent until adulthood when neurological
deterioration manifests as dystonia, parkinsonism, cognitive decline, and seizures. Iron overload in
GP and SN was revealed by MRI that also showed, on T1 sequence, a dark central band surrounded by
a halo of hyperintense signal in SN and cerebral peduncles.

WDR45 belongs to the WD40 scaffold-protein family involved in protein-protein interactions. It is
the human ortholog of the yeast atg18, which has been demonstrated to be crucial for the formation
of the autophagosome. In fact, the phosphotidylinositide-3-phosphate binding motif present in
atg18 determines its binding to the ER membrane, allowing the formation of protein complex [96].
A possible link between WDR45 autophagosome and mitochondria has been suggested by the
evidence that proteins coded by atg genes are found transiently associated to the outer membranes of
mitochondria [97].

Recently, it was reported that a brain-specific Wdr45 knock-out mouse model showed learning
and memory defect, axonal swelling, and impaired autophagic flux. The hippocampus and caudate
nucleus revealed the presence of aggregates, which stained positive for ubiquitin, but the presence
of high levels of iron was not observed [98]. Finally, Ingrassia et al. [99] demonstrated in fibroblasts
of two BPAN individuals under conditions of nutrient deprivation, up-regulation of the divalent
metal transporter 1 (DMT1), which is essential for uptake of iron in the cells, and the simultaneous
down-regulation of the Transferrin receptor (TfR1) causing accumulation of ferrous iron within the
cells. TfR1 down-regulation is in line with what observed in other NBIA derived fibroblasts [94] and
could again represent a common pathogenic mechanism unifying several different forms of the disease.
It is possible that the presence of altered autophagy process, as observed in fibroblasts carrying WDR45
mutations, could affect the removal of proteins such as DMT1, determining iron overload [99].

1.4.2. ATP13A2 (OMIM*610513)

Kufor-Rakeb syndrome (KRS), an extremely rare autosomal recessive disorder characterized
by early onset parkinsonism, pyramidal signs, dementia, and eye movements alteration, belongs to
the NBIA group since some patients show iron accumulation in basal ganglia at MRI analysis [100].
Mutations in ATP13A2, located on chromosome 1p36.13 and encoding for a P-type ATPase, are
causative of this disorders but have also been reported in different neurodegenerative diseases, such
as juvenile onset parkinsonism and dementia (PARKY), and Ceroid-Lipofuscinosis [101]. This protein
works mainly in the lysosome membranes as a cation pump, although modulation of its expression
results in a variety of effects ranging from reduced intracellular calcium levels in cortical neurons
to mitochondrial fragmentation [102]. Patients’ fibroblasts showed increased fragmentation of
mitochondrial network, disrupted mitochondrial DNA integrity, increased ROS production, reduced
ATP production [103]. ATP13A2 deficiency leads to lysosomal dysfunctions, which could ultimately
cause impaired degradation of substrates and damage of autophagosome clearance [104]. Alteration
of autophagy, cell death, and accumulation of -synuclein occur after down-regulation of ATP13A2 in
dopaminergic neurons and primary cortical neurons derived from mice [105].

Ablation of Atp13a2 gene in mice causes lipofuscin and «-synuclein accumulation, gliosis,
increased level of ubiquitinated proteins, endolysosomal abnormalities, and deficiency of sensory and
motor coordination probably due to dopaminergic pathology [106,107].

The only experimental evidence, demonstrating a direct role of this P-type ATPase in iron
intracellular handling, was reported by Rajagopalan et al. [108]. The authors identified ATP13A2 as a
gene target of HIF1 and, therefore, it is subjected to the iron-dependent regulation of the PHD2-HIF1
signaling pathway [108]. This study suggests that the perturbation of lysosomes and acidic endosomes
functions, which are important for iron homeostasis, may promote iron accumulation observed in the
brains of KRS patients.
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1.4.3. AP4M1 (OMIM*602296) and REPS1 (OMIM*614825)

Iron accumulation in the globus pallidus has been recently reported in three patients from a
large consanguineous Moroccan family affected by early-onset developmental delay and deterioration
of motor function, tetraparesis and intellectual disability. WES analysis of the affected members
revealed mutations in a gene denominated AP4M1 [109]. Mutations in this gene have been previously
described in cases with severe congenital microcephaly [110], and in an autosomal-recessive type of
tetraplegic cerebral palsy with mental retardation, reduction of cerebral white matter, and atrophy
of the cerebellum [111]. The clinical and neuroradiological features of the Moroccan family are not
only very different from the previously reported cases, but represent the first time in which iron
accumulation is documented in association with AP4M1 mutations.

AP4M1 encodes for the mu subunit of the heterotetrameric adaptor protein complex-4 (AP-4),
which is ubiquitously expressed in the CNS and involved in vesicle formation, post-Golgi protein
trafficking, and sorting processes. AP-4 dysfunction might impair endosomal formation and affect
autophagic process, which has already been demonstrated to play a pathogenic role in other NBIA
forms related to ATP13A2 and WDR45 mutations.

Mutations in REPS1 were identified by exome sequencing in two sisters, of unrelated healthy
parents, presenting with typical clinical features of NBIA and iron overload in the globus pallidi
and peduncles revealed by T2* evidence. MRI also showed progressive cerebellar and cerebral
atrophy. REPS1 codes for a protein involved in endocytosis and vesicle transport [94]. As previously
discussed for the CRAT gene [92], a defective TfR1 palmitoylation is present in fibroblasts derived
from REPS1 mutant patients, and artesunate treatment is able to increase TfR1 palmitoylation and
decrease steady-state ferritin levels, which could be considered as indirect evidence of total iron content
reduction [92].

1.5. Iron Homeostasis in Disease Genes with Unknown Functions

1.5.1. DCAF17 (OMIM*612515)

Woodhouse-Sakati syndrome (WSS) (OMIM #241080) is a rare disease transmitted as autososmal
recessive trait and characterized by a combination of movement and metabolic impairment. Iron
overload is present in the GP and SN in a fraction of affected patients [112]. The disorder is caused
by mutations in DCAF17 (C20rf37) gene, located on chromosome 2¢q31.1 and encoding for a protein
located in the nucleolus. DCAF17 is the acronym for DDB1 and CUL4-associated factor 17 and the
gene belongs to the DCAF gene family, which encode receptor proteins for specific ubiquitin ligases
involved in DNA damage and cell cycle control [113], but the exact role of the DCAF17 protein remains
to be defined.

Dcafl7 constitutive knockout mice showed male infertility due to abnormal sperm
development [114]. An additional mouse model generated by CRISPR/Cas9 approach determining
loss of function mutation in exon 2 of Dcaf17, showed also female subfertility in addition to male
infertility [115]. This phenotype recapitulates hypogonadism and infertility, which are consistent
findings in patients carrying DCAF17 mutations [112] and indicates that this gene plays a role in
mammalian gonadal development. It is however, not clear why loss of function mutations of DCAF17
lead to the complex clinical presentation of affected patients and why knock-out mice only develop
infertility and no other signs typical of the human disorder.

1.5.2. GTPBP2 (OMIM*607434)

Mutations in this gene have been reported for the first time in four subjects presenting with mental
retardation, ataxia and dystonic features. Cerebellar atrophy and hypointensity in the GP and SN
suggestive of iron overload were detected by MRI [116]. More recently, biallelic inactivating variants in
the same gene have been reported in three unrelated families with a neurological phenotype different
from the previously published family and displaying agenesia of the corpus callosum without signs
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of iron accumulation [117]. The GTPBP2 is located on human chromosome 6.p21.1 and encodes for
a GTP-binding protein, which could play a role as regulator and adaptor of the exosome-mediated
mRNA turnover pathway [118].

In mice, a homozygous GTPBP2 mutation interfering with the normal splicing process, determined
a neurodegenerative phenotype characterized by apoptosis of neurons accompanied by locomotor
dysfunctions, and degeneration of the retinal neurons [119]. These features are evident only in a mouse
strain harboring an additional mutation in a gene, expressed in the brain and encoding tRNAArgycy,
indicating that GTPBP-2 may play a role in mRNA surveillance and ribosome-associated quality
control. A recent study aimed at understanding the role of GTPBP1 and GTPBP2, demonstrates
that although GTPBP2’s function involves interaction with aa-tRNA, it deos not stimulate exosomal
degradation and have a different function as compared to GTPBP1 [120].

2. Conclusions

Iron overload in the brain is a distinct finding in rare neurodegenerative disorders classified
as NBIA, but is also observed in common neurodegenerative disorders, including Parkinson’s,
Alzheimer’s, and ALS. Two NBIA gene products play a direct role in iron homeostasis, but
whether other NBIA-related gene products also control iron metabolism in the human brain, and
whether high levels of iron contribute to the progression of neurodegeneration is still a matter of
investigation. An interesting study based on a systems biology approach aimed at clarifying the
pathogenic mechanisms of these disorders and identifying the network connecting known NBIA
transcripts with specific partners. This analysis indicated that multiple cell types contribute to the
clinically heterogeneous group of NBIA disorders, revealed strong links with iron metabolism and
demonstrated the presence of common pathways shared by NBIAs and overlapping neurodegenerative
disorders [121].

More recently, interesting unifying mechanisms relating altered iron metabolism to the different
NBIA sub-types start to be experimentally proved. The impairment of transferrin receptor
palmitoylation and recycling was demonstrated to be common to fibroblasts derived from patients
carrying mutations in PANK2, PLA2G6, C190rfl12, FA2H, and in two recently identified disease
genes CRAT and REPSI [94]. An altered recycling of transferrin receptor was also independently
demonstrated in WDR45 mutant fibroblasts [99]. Additional investigations revealed that iron
accumulation might be also related to dysfunctions of neural cells caused by alterations of
mitochondrial activities, lipid metabolism, membrane remodeling, and autophagy [122]. Alteration of
the structure of mitochondrial cristae is a common feature in NBIA sub-types [60,71] and can cause
energy deficiency determined by defective assembly of respiratory chain super complexes [53,64].

Mitochondria and their interaction with the endoplasmic reticulum play a crucial role in lipid
metabolism and in the formation of autophagosomes. Finally, mitochondria are crucial organelles
for the regulation of iron metabolism in other neurodegenerative disorders, such as Parkinson’s and
Alzheimer’s, but also Friedreich ataxia and X-linked sideroblastic anaemia and ataxia [72].

During the last years the research in this field have massively contributed to the clarification of
the pathogenic mechanisms, which are now emerging specially for the most frequent causes of NBIA.
Nevertheless, the intricate connection between all the different players acting in NBIA remains to be
clarified, paving the way to the identification of tailored approaches to therapy.
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Abstract: Mitochondrial dysfunction has achieved an increasing interest in the field of
neurodegeneration as a pathological hallmark for different disorders. The impact of mitochondria is
related to a variety of mechanisms and several of them can co-exist in the same disease. The central
role of mitochondria in neurodegenerative disorders has stimulated studies intended to implement
therapeutic protocols based on the targeting of the distinct mitochondrial processes. The review
summarizes the most relevant mechanisms by which mitochondria contribute to neurodegeneration,
encompassing therapeutic approaches. Moreover, a new perspective is proposed based on the
heme impact on neurodegeneration. The heme metabolism plays a central role in mitochondrial
functions, and several evidences indicate that alterations of the heme metabolism are associated
with neurodegenerative disorders. By reporting the body of knowledge on this topic, the review
intends to stimulate future studies on the role of heme metabolism in neurodegeneration, envisioning
innovative strategies in the struggle against neurodegenerative diseases.

Keywords: neurodegeneration; mitochondria; therapy; heme; haem

1. Implication of Heme in Neurodegeneration

Heme is a molecule composed by protoporphyrin IX and iron produced by all the cells in
the organism, including neurons. Heme mediates a series of functions that encompass oxygen
transport, the regulation of gene expression and the modulation of enzyme activity, just to cite
the most relevant ones. Moreover, heme can also promote oxidative stress, thus performing as
a double-face molecule with both positive and negative properties [1]. This concept is also true
for neuronal cells. Indeed, on one hand heme is required for the survival and differentiation of
neuronal cells, as demonstrated by the observation that heme deficiency interferes with neurite
outgrowth in nerve growth factor (NGF)-induced PC12 cells [2,3] and results in apoptosis in PC12
pheochromocytoma cells, SHSY5Y neuroblastoma cells and U373 astrocytoma cells, as well as in rat
primary hippocampal neurons [2-4]. However, on the other hand, an excess of free-heme is associated
with neurodegeneration. The large amount of hemoglobin and heme released in the brain during
intracerebral or subarachnoid hemorrhages promotes oxidative stress, lipid peroxidation, inflammatory
response and finally, neuronal cell death [5-7]. Moreover, loss of the heme scavenger hemopexin
(Hx) causes defective myelination in mice [8-10]. Furthermore, impairment of cellular heme export
reduces SHSY5Y cells survival [11]. Together, these data indicate that both heme deficiency and
excess are deleterious for the survival of neuronal cells (Figure 1), thus suggesting that heme levels
must be finely controlled both at the systemic and cellular level. At the systemic level, circulating
free-heme is scavenged by the plasma proteins haptoglobin and hemopexin [6-8,10,12-14]. However,
at cellular level, the amount of intracellular free-heme (labile heme or heme regulatory pool) is regulated at
multiple steps: heme synthesis, incorporation into hemoproteins, catabolism, import and export [1,15].
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Although this tight regulation has been extensively studied in non-neuronal cells, similar mechanisms
likely occur in the nervous system. Indeed, the main proteins involved in the control of labile heme
are also expressed in the nervous system [16].
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»
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Figure 1. Implication of heme in neurodegeneration. Both heme excess and heme deficiency contribute
to neurodegeneration. Heme released during hemorrhages leads to inflammation, lipid peroxidation
and oxidative stress; the loss of the heme scavenger Hx causes defective myelination of axons;
the impairment of intracellular heme export by FLVCR1a is associated with increased oxidative
stress. On the other hand, heme deficiency, due to defective synthesis, leads to mitochondrial decay
and the blocking of neurite growth. These events all result in neuronal cell death. In the figure, neurons
are represented as the main target for heme-mediated effects; however, other cell types of the nervous
system could be affected by the same phenomena.

Neurodegenerative disorders are a common and growing cause of mortality and morbidity
worldwide [17]. Recently, a series of rare neurodegenerative disorders have been directly linked
to alterations of heme metabolism (see Table 1). Defective heme synthesis causes porphyrias, some
of which are associated with a wide array of neurological disturbances involving both the central
and peripheral nervous systems (neuropathic porphyria). Neuropathic porphyria includes acute
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intermittent porphyria (AIP), hereditary coproporphyria (HCP), variegate porphyria (VP) and
5-aminolevulinate dehydratase deficiency (ALAD deficiency) [18-20]. Furthermore, reduced heme
synthesis has been observed in Friederich Ataxia (FRDA), an autosomal recessive disorder caused by
mutations in Frataxin (FXN), a mitochondrial iron chaperone involved in iron-sulfur (Fe-S) clusters
and heme biosynthesis [21-24]. Finally, reduced heme synthesis has been observed during aging [4,25].

Table 1. Rare neurodegenerative disorders linked to defective heme metabolism.

Disease Gene Inheritance Clinical Features OMIM
.. 5-aminolevulinate autosomal
ALAD deficiency dehydratase (ALAD) recessive 612740
Acute intgrmittent Hydroxymethylbilane autos_omal Neuropathic Porphyria: acute neurovisceral 176000
porphyria (AIP) synthase (HMBS) dominant attacks involving severe abdominal pain,
Hereditary Coproporphyrinogen autosomal peripher_al r.\eur-opathies and 121300
coproporphyria (HCP) oxidase (CPOX) dominant psychiatric disturbances
. . Protoporphyrinogen autosomal
Variegate porphyria (VP) oxidase (PPOX) dominant 176200
Friederich Ataxia . autosomal Progressive gait and limb ataxia associated with
recessive cardiomyopathy and diabetes
FRDA) Frataxin (FXN) . diomyopathy and diab 229300
Posterior Column Ataxia Feline Leukemia Virus autosomal
and Retinitis Pigmentosa  Subgroup C Receptor 1 recessive Sensory ataxia and retinitis pigmentosa 609033
(PCARP) (FLVCR1)
. . Feline Leukemia Virus
Non gyndromlc Retinitis Subgroup C Receptor 1 autosomal Retinitis pigmentosa 268000
pigmentosa (RP) (FLVCR1) recessive
Hereditary Sensory and Feline Leukemia Virus autosomal
Autonomic Neuropathy ~ Subgroup C Receptor 1 recessive Loss of pain perception 201300
(HSAN) (FLVCR1)
. P Proliferative glomerular vasculopathy in the
Fowler syndrome ;31)1 nreOI‘;eué(eI;r; 1;\/:(1;152 autosomal central nervous system associated with severe 205790
(PVHH) 8 (F{VCRZ) P recessive hydrocephaly, ventriculomegaly, cortical

thinning and hypoplastic cerebellum.

In addition, other rare neurodegenerative disorders have been associated with defective heme
transport across membranes. Several proteins are involved in this process [1,15]. Among them, Feline
Leukemia Virus Subgroup C Receptor 1 (FLVCR1) and 2 (FLVCR?2) are implicated in heme export
and import, respectively [11,26-31]. Mutations in the heme exporter FLVCRI are associated with
three distinct disorders affecting the sensory nervous system: posterior column ataxia and retinitis
pigmentosa (PCARP) [32-34], non-syndromic retinitis pigmentosa (RP) [35,36] and hereditary sensory
and autonomic neuropathy (HSAN) [11,37]. Mutations in the heme importer FLVCR? are responsible
for the Fowler syndrome, a proliferative glomerular vasculopathy [30,38,39].

Furthermore, several lines of evidence suggest that heme may also contribute to the pathogenesis
of common neurodegenerative disorders. The deregulation of enzymes critically involved in heme
synthesis has been reported in both Alzheimer’s disease (AD) and Parkinson’s disease (PD). Reduced
5-aminolevulinate synthase 1 (ALAS1) and porphobilinogen deaminase (PBGD) mRNA were observed
in AD brains [40], suggesting decreased heme synthesis rates in AD. Moreover, heme deficiency has
been reported in the brain of patients with AD [41]. It has been proposed that heme deficiency may
arise from either decreased heme synthesis rates or heme depletion as a consequence of heme binding
to amyloid-p [41-43]. However, increased Ferrochelatase (FECH) levels were reported in another
study [41].

Heme binding to x-Synuclein has also been reported [44], suggesting that heme depletion
may also occur in PD. In addition, blood transcriptomic meta-analysis showed downregulation
of 5-aminolevulinate synthase 2 (ALAS2) and FECH in PD [45]. However, within PD erythroid cells,
a-synuclein gene (SNCA) was co-expressed with crucial enzymes involved in heme metabolism,
including ALAS2, FECH and biliverdin reductase B (BLVRB) [46]. Moreover, increased striatal
5-aminolevulinate dehydratase (ALAD) activity was observed in the MPTP-induced mouse model
of PD, indicative of increased heme synthesis rates [47]. It is difficult to conclude from these studies
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whether heme synthesis is increased or reduced in AD and PD. Data are still controversial due to the
low amount of human samples analyzed and the different experimental approaches adopted. Further
studies are required to definitively determine heme synthesis rates in these pathological conditions.
Mouse models of AD and PD will be extremely useful to analyze in detail the role of heme metabolism
in these disorders.

A role for heme derived from extracellular sources in the pathogenesis of neurodegenerative
disorders has also been proposed. The heme scavenger Hx has been found strongly increased in the
cerebrospinal fluid of AD patients [48-50]. Similarly, altered expression of the hemoglobin scavenger
haptoglobin was shown in AD [51,52], PD [53,54] and Huntington’s disease (HD) [55]. The induction
of heme oxygenase 1 (HO1), the enzyme responsible for heme degradation, is common in patients
affected by neurodegenerative conditions. Although HO1 is induced by a plethora of stimuli, it has
been proposed that HO1 overexpression in AD and PD may be a consequence of increased brain-blood
barrier permeability and hemoglobin-derived heme levels in AD and PD [16]. Moreover, increased
expression of HO1 was reported in a mouse model of amyotrophic lateral sclerosis (ALS) [56] and ALS
patients [57].

All the reported examples highlight the importance of the maintenance of heme homeostasis in
the context of neurodegeneration. However, the molecular mechanisms underlying these disorders
and the precise mechanism through which heme participates to them remains elusive and requires
further investigations.

2. Role of Mitochondria in Neurodegenerative Diseases

Neurodegeneration can be elicited by several systems. Among them, mitochondrial-dependent
processes have become increasingly relevant [58-63]. Several mechanisms account for mitochondria-
dependent neurodegeneration (see Figure 2 for a graphic list of them) and below we attempt to
summarize the most important ones.

mitochondrial dynamics|
T mutations in mtDNA

L _ y
Z ® /
ndoplasmic . 4
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Peroxiso /

Figure 2. Mitochondrial dependent mechanisms in neurodegeneration. Mitochondria contribute to
neurodegeneration by several mechanisms, including alterations in calcium homeostasis, mitochondrial
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biogenesis (mitobiogenesis), mitochondrial dynamics, metabolism and mitophagy. Moreover,
mutations in mitochondrial DNA (mtDNA) and inappropriate activation of apoptosis can be
alternative mechanisms. Finally, additional systems include mutations in nuclear DNA (nDNA)
at the level of genes encoding for mitochondrial proteins, the compromised exchange of
mitochondria-derived vesicles (MDVs) among mitochondria and peroxisomes and the inefficient
interaction among mitochondria and the endoplasmic reticulum at the level of mitochondrial associated
membranes (MAMs).

2.1. Mutations on Mitochondrial DNA (mtDNA) Genes

Mitochondria contain their own genome, which is made of multiple copies of a circular double
stranded molecule, which is 16.6 kb long in humans. It comprises 37 genes, 13 encoding for proteins
involved in adenosine triphosphate (ATP) production and the other 24 encoding for two rRNAs
and 22 tRNAs. Cells contain thousands of molecules of mtDNA and the majority of them have the
same sequence, a condition known as homoplasmy. Inefficient mtDNA repair, localized oxidative
environment and increased replication, however, can promote mtDNA mutations that, due to the
polyploidy nature of mtDNA, often co-exist with their wildtype counterpart in various proportions
(a condition termed heteroplasmy). mtDNA mutations are usually responsible for defects in the
respiratory chain functions, but only if they are present above a certain threshold level.

The replication of mtDNA occurs independently on cell cycle, and a particular mtDNA molecule
may be strongly replicated (or not at all) during cell division. Moreover, replication occurs also in
postmitotic cells. These phenomena account for the clonal expansion of mutated mtDNA molecules
and in association with heteroplasmy, result in mosaicism, with the levels of mutated mtDNA varying
dramatically between tissues in the same organism and in different regions of the same tissue.

Somatic mtDNA mutations accumulate during a person’s lifetime and undergo clonal expansion,
so0 aging is typically associated with mosaic occurrence of respiratory chain-deficient cells in tissues [64].

Mitochondrial reactive oxygen species (ROS) production is the major cause for the higher mtDNA
nucleotide instability when compared with nDNA.

Mitochondrial DNA mutations potently affect tissue that require a large amount of ATP to
function, such as heart and brain. Some haplogroups [65] (evolutionary selected population subgroups
carrying neutral single-base pair variants of mtDNA) have been associated with susceptibility to a
variety of human diseases, including age-related neurodegenerative disorders such as PD and AD.
Moreover, inherited point mutations and sporadic rearrangements on mtDNA have been described in
association with neurodegeneration [65-69].

Although the presence of mtDNA deletions below a certain threshold is not sufficient to
induce PD, small changes inside the genome of mitochondria could represent a risk factor for this
pathology [70-74]. In addition, the accumulation of mutations in mtDNA over the course of PD has
been observed to correlate with severity and burden of the disease [75]. Accumulation of mtDNA
damage is also considered a possible mechanism of neurodegeneration over the course of HD [76].
Moreover, mtDNA mutations have been associated with AD [77], although the degree of mtDNA
damage does not seem to correlate with the severity of AD symptoms [78].

As stated before, mtDNA alterations often result in defects on a particular component of the
electron transport chain (ETC). The three main mechanisms through which mtDNA damage can
contribute to neurodegeneration are therefore consequences of ETC alteration and include the decrease
of ATP synthesis, the increase of ROS production and the enhanced sensitivity to neurotoxins associated
to ETC disruption.

2.2. Mutations on Nuclear DNA Genes Encoding Proteins Crucial for Mitochondrial Functionality

Besides mutations on mitochondrial DNA, mutations in nuclear DNA (nDNA) at the level of
genes encoding for mitochondrial proteins have also been associated with neurodegenerative disorders.
For example, many of the identified ALS genes have a role in mitochondrial-associated functions
(see [79] for a comprehensive description on this topic). In addition, mitochondrial dysfunction
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and oxidative stress in PD have been linked to mutations in genes encoding for parkin RBR E3
ubiquitin protein ligase (PRKN, commonly referred to as parkin), PTEN induced putative kinase 1
(PINKT1, a protein that acts in the same pathway of parkin) and parkinsonism associated deglycase
(DJ-1) [80], just to cite some of them. Parkin promotes autophagy of damaged mitochondria [81]
and its deficiency is associated with defects in mitochondria morphology [82] and low levels of
proteins involved in mitochondrial functions, thus resulting in decreased mitochondrial respiration [83].
Similarly, mutations in PINK1 gene lead to decreased mitochondrial respiration [84] and alterations in
mitochondria functions [85-88]. Regarding DJ-1, this protein localizes into mitochondria [89] and exerts
crucial antioxidant functions [80,90-92]. Mutations in DJ-1 impair mitochondrial respiration, reduce
mitochondrial membrane potential, increase ROS within the mitochondria and alter mitochondrial
morphology [93]. Also, nDNA encoded proteins implicated in AD, like presenilin-1 and presenilin 2
(PSEN1 and 2) are related to mitochondria [94,95].

2.3. Alterations of Mitochondrial Dynamics (Fusion, Fission, Motility)

Mitochondria are not rigidly structured. They form a complex reticulum that undergoes regulated
processes of fusion (the combination of two smaller mitochondria into a single organelle) and fission
(the division of one large mitochondrion into two smaller fragments). Fusion allows mitochondria
to mix their contents, enabling protein complementation, mtDNA repair and equal distribution of
metabolites. Fission facilitates equal segregation of mitochondria into daughter cells during cellular
division, enhances the distribution of mitochondria along cytoskeletal tracts and participates in the
targeting of damaged segments of mitochondria to the autophagic process. Fusion and fission also
contribute to the movement of mitochondria necessary for mitochondria distribution along neuronal
axons and dendrites. Mitochondrial dynamics are crucial for neurotransmission, synaptic maintenance
and neuronal survival. Proper mitochondrial trafficking is particularly important in neurons compared
to other cell types, due to their exceptional cellular morphology. Indeed, neurons extend their axons
and dendrites for very long distances that, in the case of human peripheral nerves or corticospinal
tracts, extend up to a meter. Thus, the neuron represents an extreme case of mitochondrial distribution:
dysfunctions in mitochondrial distribution that are not dangerous for other cells could be fatal for
neuronal survival [96].

Alterations in mitochondria motility have been reported in several neurodegenerative disorders
and neuropathies [97,98]. Aberrant activity of the fission-fusion machinery contributes to the
pathogenesis of PD [99-102]. Moreover, alterations of mitochondrial dynamics have been observed in
AD [61,102] and HD [100,103]. Particularly in HD, mitochondrial fission is promoted and mitochondrial
fusion proteins are downregulated as the severity of the pathology increases [104]. Finally, defects in
mitochondrial dynamics and disruption of the axonal transport of mitochondria have been reported in
ALS [60,105-107].

2.4. Inappropriate Activation of Cell Apoptosis by Mitochondria

Mitochondria are pivotal organelles for the execution of apoptosis. The inappropriate activation
of apoptosis leads to the disruption of the cellular proliferation-death balance. Neurodegenerative
disorders are believed to partly depend on alterations of this equilibrium. PINKI loss-of-function
mutations lead to early signals for apoptosis, promoting neurodegeneration in the context of
PD [108]. Moreover, the low levels of PTPA (phosphotyrosyl phosphatase activator) observed in
AD affected-people contribute to induce cell apoptosis in the brain of these patients [109]. Furthermore,
caspase-6, an effector of the caspase-dependent apoptotic pathway, is known to be involved in the
cleavage of mutant huntingtin resulting in neurodegeneration in HD patients [110]. Finally, in ALS the
mutant SOD1 can trigger cytochrome c release from mitochondria to operate apoptosis [111].
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2.5. Alteration of Mitochondria-Dependent Ca®* Homeostasis

An additional neurodegenerative mechanism related to dysfunctions of mitochondria concerns
the modulation of calcium. Mitochondria are involved in Ca?* homeostasis as they are able
to both accumulate and release Ca?*. Mitochondrial Ca?* concentration is fundamental for
the regulation of specific mitochondrial key functions, such as the apoptotic process and the
activity of several mitochondrial enzymes. The deregulation of Ca?* homeostasis is a hallmark
of different neurodegenerative diseases including PD, AD, HD and ALS [112,113]. Moreover,
alterations of calcium levels have been observed in neuropathies. Neuropathic pain phenotypes
include chemotherapy induced neuropathy, diabetic neuropathy, human immunodeficiency virus
(HIV)-associated neuropathy and Charcot-Marie-Tooth neuropathy. Neuropathies have been associated
with mitochondrial dysfunctions [63], and particularly in diabetic neuropathy, impaired cellular
calcium homeostasis