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Abstract. In addition to their well-established role in providing the cell with ATP, mitochondria are the source of iron-sulfur
clusters (ISCs) and heme – prosthetic groups that are utilized by proteins throughout the cell in various critical processes. The
post-transcriptional system that mammalian cells use to regulate intracellular iron homeostasis depends, in part, upon the synthesis
of ISCs in mitochondria. Thus, proper mitochondrial function is crucial to cellular iron homeostasis. Many neurodegenerative
diseases are marked by mitochondrial impairment, brain iron accumulation, and oxidative stress – pathologies that are inter-
related. This review discusses the physiological role that mitochondria play in cellular iron homeostasis and, in so doing, attempts
to clarify how mitochondrial dysfunction may initiate and/or contribute to iron dysregulation in the context of neurodegenerative
disease. We review what is currently known about the entry of iron into mitochondria, the ways in which iron is utilized therein,
and how mitochondria are integrated into the system of iron homeostasis in mammalian cells. Lastly, we turn to recent advances
in our understanding of iron dysregulation in two neurodegenerative diseases (Alzheimer’s disease and Parkinson’s disease), and
discuss the use of iron chelation as a potential therapeutic approach to neurodegenerative disease.

Keywords: Alzheimer’s disease, FBXL5, iron, iron regulatory protein, iron-sulfur cluster, mitochondria, neurodegeneration,
Parkinson’s disease

INTRODUCTION

Mitochondrial dysfunction is a prominent feature of
many neurodegenerativediseases. These organelles are
arbiters of cell death, centers of ATP production, and
are the site of many other important metabolic process-
es. An area of mitochondrial biology that is receiv-
ing increasing attention is the central role they play in
maintaining cellular iron homeostasis. Iron is vital to
cell survival, but its levels must be tightly regulated
since mishandled iron can lead to generation of reactive
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oxygen species (ROS) with deleterious consequences
for the cell. Given that several neurodegenerative dis-
orders are characterized by mitochondrial dysfunction
and brain iron accumulation, understanding how mi-
tochondria contribute to cellular iron homeostasis un-
der physiological conditions is fundamental to under-
standing the complex relationships that arise in the con-
text of aging and disease. This review focuses on how
mitochondria are integrated into the molecular mecha-
nisms of cellular iron homeostasis, highlighting recent
advances in our understanding of regulation of cellular
iron homeostasis and concluding with a discussion of
iron dysregulation and the use of iron-directed thera-
pies in two (AD and PD) common neurodegenerative
diseases.
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MITOCHONDRIA: BEYOND ENERGY
PRODUCTION

Mitochondrial oxidative phosphorylation drives a
multitude of ATP-dependent cellular processes. This
function is especially important in neurons, which rely
heavily on oxidative phosphorylation rather than gly-
colysis as a source of ATP production [1]. In addition
to this well-known role, mitochondria are also the site
of critical metabolic and synthetic processes that are
essential to cellular function and survival. Examples
of such processes include: fatty acid oxidation, steroid
synthesis, and synthesis of iron-sulfur clusters (ISC)
and heme prosthetic groups. Moreover, as will soon
be described, it is their ability to synthesize these iron-
containing prosthetic groups that positions mitochon-
dria at the center of cellular iron homeostasis.

The ability of iron to be readily oxidized and reduced
makes it ideally suited for redox catalysis. Numerous
proteins in nearly all compartments of the mammalian
cell – mitochondria, cytosol, nucleus, endoplasmic
reticulum – require ISC and/or heme prosthetic groups
to support enzymatic or structural functions (see [2] for
a current list of ISC-containing proteins). Each of the
following cellular processes involves ISC-containing
proteins and are therefore dependent on the ability of
mitochondria to synthesize ISCs: oxidative phospho-
rylation (complexes I-III), cellular iron homeostasis
(IRP1), pyrimidine/purine metabolism,TCA cycle (mi-
tochondrial aconitase), DNA repair (NTHL1), heme
synthesis (ferrochelatase), and ISC synthesis (NBP35,
CFD1) [2]. By the same token, mitochondrial impair-
ment with dysregulation of ISC synthesis has far reach-
ing consequences for a number of cellular processes.

The heme prosthetic group is well known for its
important role in oxygen transport as a co-factor for
molecules such as hemoglobin, myoglobin, and neu-
roglobin. Heme prosthetic groups also play catalytic
roles in peroxidases and catalase (H2O2 detoxification),
cytochrome c (electron transport), nitric oxide genera-
tion (nitric oxide synthase), and cytochrome c oxidase
(terminal step of oxidative phosphorylation) [3].

In what follows, we will discuss what is known about
the uptake of iron into cells, its trafficking to mitochon-
dria, its use in heme and ISC synthesis, and how these
processes collectively contribute to proper regulation of
cellular iron homeostasis. We will then examine how,
in the context of neurodegeneration and mitochondrial
impairment, these processes become dysregulated and
lead to pathological iron accumulation.

ENTRY OF IRON INTO MITOCHONDRIA

Iron import in most cells occurs via receptor-
mediated endocytosis following interaction between
the plasma membrane protein, transferrin receptor 1
(TfR1), and the iron-carrying protein, transferrin (Tf),
which binds two ferric (Fe3+) iron ions [4] (Fig. 1). The
internalized endocytotic vesicle progressively acidifies,
dropping the endosomal pH to ∼6, thereby reducing
the affinity of Fe3+ for Tf, and leading to Fe3+ release
from Tf [5]. Fe3+ is then reduced to Fe2+ by an endo-
somal membrane-bound ferric reductase, which, in de-
veloping erythrocytes, has been identified as Steap3 [6,
7]. Fe2+ is transported out of the endosome via the di-
valent metal transporter (DMT1) and the iron-depleted
endosome then re-fuses with the plasma membrane.
When the apo-Tf/TfR1 complex encounters the pH of
the extracellular space (pH 7.4), the affinity of apo-Tf
for TfR1 decreases and Tf is released to bind more iron,
allowing the process to repeat [8].

Newly imported cellular iron has three potential
fates: 1) immediate use in the cytosol in its ferrous
form (e.g., as an enzyme co-factor for tyrosine hydrox-
ylase); 2) storage in its non-bioavailable ferric form
within iron-sequestering shells composed of ferritin-
H and -L (Ft-H/-L); or 3) delivery to mitochondria to
support the many important iron-dependent functions
that mitochondria perform for the cell (Fig. 1). Lit-
tle is known about the mechanisms underlying the first
two fates, so we will focus on how iron is delivered to
mitochondria.

Given the oxidative environment of the cytosol, un-
regulated release of Fe2+ from the endosome into the
cytosol would lead to ROS generation via Fenton chem-
istry and cause deleterious oxidation of cellular com-
ponents. Therefore, it stands to reason that Fe2+ is
protected in some manner from the cytosol prior to its
uptake into mitochondria. One theory proposes that,
upon release from the endosome, Fe2+ is immediate-
ly complexed by various low-molecular weight cytoso-
lic chaperones (e.g., phosphate, citrate), which chelate
the iron and preserve it temporarily until the iron or
iron/chaperone complex in toto can be imported in-
to mitochondria [9,10]. Shvartsman and colleagues
loaded mouse cardiomyocytes with non-Tf-bound iron
and showed, through the use of cellular compartment-
specific iron chelators, that mitochondrial iron uptake
is not hampered [9]. They concluded that “a fraction
of non-transferrin-bound iron acquired by cells reaches
the mitochondria in a nonlabile form.” Since non-Tf-
bound iron was used, the assumption is that no endoso-
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Fig. 1. Components of cellular iron homeostasis – import, storage, utilization, export – and their regulation. Endocytotic cycling of the diferric
transferrin/transferrin receptor 1 complex and iron release from endosome are depicted in the top center. Upon acidification, ferrous iron released
from the endosome may be: 1) used directly as a cofactor for cytosolic proteins; 2) stored in ferritin in its ferric form; or 3) imported into
mitochondria. Mitochondria use iron for synthesis of iron-sulfur clusters or heme prosthetic groups, which are then distributed and utilized
throughout the cell. The heme synthesis enzyme, ferrochelatase, requires an iron-sulfur cluster for its function. Ferroportin is the only known
cellular iron exporter and requires the action of ceruloplasmin to oxidize the exported ferrous iron. Abbreviations: ferrous iron, Fe2+; ferric
iron Fe3+; apo-transferrin, apo-Tf; diferric transferrin, Tf-(Fe3+ )2; transferrin receptor 1, TfR1; divalent metal transporter, DMT1; ferroportin,
FPN1; ceruloplasmin, Cp; iron-sulfur cluster, ISC; mitoferrin 1/2, Mfrn1/2; frataxin, FXN; ferrochelatase, FECH; tyrosine hydroxylase, TH.

mal vesicles are involved in the transport, leaving the
possibility that chaperones chelate the incoming iron
prior to its delivery to mitochondria [9]. However, it
has been experimentally difficult to determine the iden-
tity of these putative iron chaperones, and the details of
the “labile iron pool” remain obscure.

Another theory for how Fe2+ evades the cytosol and
is delivered to mitochondria holds that endosomes con-
taining Tf and iron transiently fuse with the mitochon-
drial membrane and deliver ferrous iron to unidenti-
fied mitochondrial proteins [11,12]. Evidence in sup-
port of this “kiss-and-run” model comes from time
lapse confocal microscopy of reticulocytes (which ex-

press TfR1) showing occasional co-localization of Tf-
labeled vesicles and labeled mitochondria [12]. Addi-
tion of non-membrane permeable iron chelators direct-
ly to the cytosol did not impair iron delivery to mito-
chondria as would be expected if the iron were protect-
ed from chelation by the endosome [12]. However, spe-
cific molecules involved in the purported endosome-
mitochondrion “kiss” remain to be identified.

It is likely that mechanisms of mitochondrial iron
delivery are cell-type specific. As an example of this,
Mastroberardino and colleagues showed that TfR2, a
TfR isoform that is expressed mainly on hepatocytes,
is also expressed on nigral dopamine neurons and me-
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diates iron import into the cell and mitochondria [13].
Interestingly, the authors found that TfR2 contains a
previously undescribed functional mitochondrial tar-
geting sequence which accounts for the observed in vi-
vo localization of TfR2 to both the plasma membrane
and mitochondrial inner membrane of nigral dopamine
neurons [13]. Furthermore, they demonstrated that ex-
pression of TfR2 is sufficient to bring iron into mito-
chondria in vitro, by heterologous expression of TfR2,
adding [59Fe]-loaded Tf to the culture media, and as-
sessing levels of the radioisotope in purified mitochon-
dria [13]. Iron uptake into mitochondria was decreased
following TfR2 silencing in this system [13]. Further
studies are required to determine mechanistically how
TfR2 functions in mitochondria to promote iron import.

While each of these mechanisms accounts for iron
delivery to mitochondria, none of them explains how
iron actually enters the mitochondrial matrix, where it
is utilized for prosthetic group synthesis. Mitoferrins
(Mfrn) are transporters located on the mitochondrial in-
ner membrane of mammalian cells that bring Fe2+ from
the intermembrane space to the matrix [14]. Where-
as Mfrn2 is expressed ubiquitously, Mfrn1 displays a
more restricted pattern of tissue expression in mam-
mals, with highest levels in hematopoietic tissues –
spleen, bone marrow, and fetal liver [14]. Mfrn1 and
Mfrn2 appear to be redundant in non-erythroid cells,
while Mfrn1 is critical to mitochondrial iron uptake in
developing erythroid cells [15]. The mitochondrial in-
ner membrane-bound ATP-binding cassette transporter
Abcb10 was recently shown to stabilize Mfrn1 pro-
tein through physical interaction, prolonging its half-
life and allowing sustained mitochondrial iron uptake
to meet the staggering demands of hemoglobin synthe-
sis in developing erythrocytes [16]. When heme levels
are high, Abcb10 is down-regulated, leading to Mfrn1
destabilization, and decreased mitochondrial iron up-
take [16]. It remains unclear what regulates Mfrn2 in
the majority of tissues. However, it is interesting to note
that overexpression of Mfrn1/2 does not lead to greater
mitochondrial iron loading, suggesting that regulato-
ry mechanisms can override the mitoferrins to prevent
excessive mitochondrial iron loading [15]. These reg-
ulatory mechanisms and the players involved require
further investigation.

UTILIZATION OF IRON WITHIN
MITOCHONDRIA

Following transport of Fe2+ into the matrix, it can
either be used in the synthesis of prosthetic groups

(ISCs or heme) or stored within the mitochondria. We
will briefly present both synthetic processes in order to
introduce key molecules, which are sites of regulation
(and dysregulation). For excellent, detailed reviews of
ISC and heme synthesis, we refer readers to [2,17,18].

Iron-sulfur cluster synthesis

As mentioned above, ISC-containing proteins play
active roles in essential processes in nearly all compart-
ments of the cell. Much of our knowledge about ISC
synthesis comes from studies in lower organisms (bac-
teria and yeast), but studies in mammals have shown
that there is a high degree of conservation [19]. ISC
synthesis occurs in mitochondria, but proper trans-
port to and insertion into target apo-proteins requires
a host of other proteins in other subcellular compart-
ments. Three general systems are vital to ISC synthe-
sis: 1) mitochondrial ISC assembly; 2) mitochondrial
export machinery; and 3) cytosolic ISC assembly. To
avoid degradation, [2Fe-2S] clusters are first assembled
on a protein scaffold consisting of an ISCU homod-
imer [2]. Fe2+ is thought to be donated to the scaf-
fold by frataxin and the sulfur is derived from cysteine
via Nfs1/ISD11 complex-mediated desulfuration [2].
Once completed, the ISC is shuttled to its mitochondri-
al target apo-proteins by chaperones, including glutare-
doxin 5 (Grx5), in a process that is still incompletely
understood [20,21]. However, there is evidence that
chaperones specific for certain apo-proteins exist. For
example, Ind1 is necessary for insertion of ISCs into
Complex I of the electron transport chain, which con-
tains 8 ISCs [22,23].

It remains unclear how ISCs are exported from mi-
tochondria to the cytosol and whether, in fact, they are
exported as ISCs or in some other intermediate form.
Evidence supports a role for the ATP binding cassette
transporter, Abcb7, in the export of ISC intermediates
from mitochondria to the cytosol, though there may be
interaction partners that help mediate export [24,25].
Given the labile nature of ISCs,chaperones are required
to receive the ISCs in the cytosol and protect them from
degradation. Glutathione in its reduced form (GSH)
has been implicated in this role, though chaperones may
also be involved [19]. In the cytosol, a protein scaffold
consisting of Nbp35 (NUBP1) and Cfd1 (NUBP2) is
employed to construct ISCs using ISC components that
have been exported from mitochondria [2]. Nar1 and
its interaction partner, Cia1, are involved in shuttling
the ISC to apo-proteins within the cytosol [2]. Other
chaperones are likely involved in ISC delivery within
the nucleus or endoplasmic reticulum.
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Heme synthesis

Heme synthesis requires concerted reactions in
both the mitochondria and cytosol. In the first and
rate-limiting step of heme synthesis, aminolevulin-
ic acid synthase (ALAS1/2) catalyzes the production
of aminolevulinic acid from glycine and succinyl-
CoA [18]. ALAS1 is expressed ubiquitously whereas
ALAS2 (also known as eALAS) is expressed only in
immature erythrocytes and contains an iron response
element (IRE) in the 5’ UTR of its transcript, allow-
ing its levels to increase when iron is abundant [18].
Aminolevulinic acid is exported to the cytosol through
an unknown mechanism where it is then elaborated in-
to coproporphyrinogen III in four successive enzyme-
catalyzed reactions [18]. Coproporphyrinogen III is
imported back into the mitochondria, converted to pro-
toporphyrinogen IX in the mitochondrial intermem-
brane space by coproporphyrinogen oxidase, and sub-
sequently imported into the matrix by the ATP binding
cassette transporter, Abcb6 [18,26]. Within the ma-
trix, it is converted into protoporphyrin IX by protopor-
phyrinogen oxidase and becomes heme upon assimila-
tion of Fe2+, which is catalyzed by ferrochelatase [18].

In the process of discovering members of the ISC
pathway, it was found that deletion or silencing of var-
ious genes involved in ISC synthesis often produces a
phenotype of anemia (via suppression of heme synthe-
sis) and mitochondrial iron overload in cell and animal
models, as well as in humans [2,27,28]. Deletion or si-
lencing of components of the heme synthesis pathway
instead often results in porphyria– suppression of heme
synthesis with toxic accumulation of heme intermedi-
ates – yet normal ISC synthesis [18]. This discrepancy
may be explained by the fact that the heme synthesis
enzyme, ferrochelatase, requires a [2Fe-2S] cluster for
its stability [29,30]. When ISC synthesis is impaired,
apo-ferrochelatase is unstable and degrades, rendering
heme synthesis incomplete at the final step [31]. There-
fore, in order to successfully synthesize heme, cells
must ensure that ISC synthesis is operational.

Erythroid precursors possess another level of heme
regulation that ties heme synthesis to successful ISC
synthesis. Whereas ferrochelatase protein levels are di-
rectly affected by ISC deficiency, the erythroid-specific
heme synthesis enzyme, ALAS2, is indirectly affect-
ed by ISC deficiency: decreased ISC synthesis leads
to increased IRE-binding activity of IRP1 and subse-
quent post-transcriptional down-regulation of ALAS2
through its 5’ UTR IRE.

Nilsson and colleagues used large-scale in silico ex-
pression screening followed by in vivo validation in ze-
brafish to identify candidate mitochondrial transporters
and regulators involved in heme synthesis [32]. They
reasoned that, if genes are co-regulated, then their ex-
pression levels should correlate. In addition to finding
three putative mitochondrial transporters (SLC25A39,
SLC22A4, TMEM14C), they also identified two genes
known to be involved in ISC synthesis (C1orf69, IS-
CA1) [32]. The fact that expression levels of these
genes correlate with expression levels of heme syn-
thesis genes indicates that in addition to the ISC and
heme synthesis pathways intersecting, they also may
be co-regulated.

Iron storage in mitochondria

Mitochondria, by virtue of physiological electron
leak during oxidative phosphorylation, are a principal
site of cellular ROS production [33–35]. Several enzy-
matic defenses are in place in mitochondria to detoxify
these ROS before they can damage key proteins, lipids,
and nucleic acids [36]. Since mitochondria require a
steady influx of Fe2+ to feed ISC and heme synthesis
pathways, there is a possibility of further ROS gener-
ation through Fenton chemistry. To avoid this, mito-
chondria have two options: either immediately use the
Fe2+ in a synthetic pathway or sequester it in a stor-
age protein complex consisting of oligomerized mito-
chondrial ferritin (FtMt). The sequence of this nuclear-
encoded iron storage protein is highly similar to that of
the cytosolic ferritin, Ft-H, yet it also possesses an N-
terminal mitochondrial targeting sequence [37]. Like
Ft-H, FtMt oligomerizes to form a shell with ferroxi-
dase centers that oxidize Fe2+ to the less redox-active
Fe3+and sequester it from reactive molecules within
the matrix.

Immunohistochemical characterization of FtMt ex-
pression in the normal adult mouse revealed that it is
expressed in cells with great demands for oxidative
phosphorylation, such as brain (neurons), testis, pan-
creatic islet cells, and cardiomyocytes [38]. Unlike
many iron-related genes, FtMt does not possess an IRE,
and little is known about the mechanisms that regu-
late FtMt expression. FtMt expression is detected in
ringed sideroblasts (peri-nuclear iron-laden mitochon-
dria within immature erythrocytes) in human siderob-
lastic anemias, but not in healthy erythroblast mito-
chondria [39], indicating that FtMt is either upregulat-
ed as a compensatory response in disease states or is
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aberrantly upregulated and draws increasing amounts
of iron into mitochondria.

Transient over-expression of FtMt in a human cell
line lowered ROS production following treatment with
H2O2 and enhanced cell viability, suggesting that FtMt
functions as an anti-oxidant by sequestering reactive
Fe2+ before it can catalyze ROS generation [40]. When
FtMt was transiently overexpressed in fibroblasts from
patients with Freidriech’s ataxia (FRDA), which ex-
press low levels of frataxin, they were also protect-
ed against oxidative insult and the activities of various
ISC-containing enzymes were restored [40]. Interest-
ingly, overexpression of FtMt in a human lung cancer
cell line caused depletion of cytosolic iron and mito-
chondrial iron loading with the expected downstream
consequences for cellular iron homeostasis: increased
iron uptake through TfR1 upregulation and decreased
iron storage through Ft-H/-L down-regulation [41]. It
remains unclear whether this shunting of iron from cy-
tosolic Ft to FtMt is relevant to in vivo iron regulation
and what mechanism underlies this phenomenon. In
contrast to studies showing an apparent antioxidant ef-
fect of FtMt, application of pro-oxidants to cells ex-
pressing FtMt under an inducible promoter was found
to enhance ROS production and cell death as compared
to cells not expressing FtMt [42]. However, this was not
observed following application of the pro-oxidant 6-
hydroxydopamine (6-OHDA) to an SH-SY5Y (human
dopaminergic) cell line that stably expresses FtMt [43].
Instead, these authors found that FtMt expression at-
tenuated 6-OHDA-inducedcell death, ROS production,
and increases in intracellular calcium [43].

Frataxin, the mitochondrial matrix protein whose de-
ficiency causes FRDA, is thought to deliver iron to the
ISC synthesis machinery [44]. Some studies on the
yeast frataxin homologue, Yfh1, suggest that it may al-
so serve as a mitochondrial antioxidant by oligomeriz-
ing and sequestering excess iron [45]. However, yeast
expressing a mutant Yfh1 that fails to oligomerize are
phenotypically normal, suggesting that Yfh1 is not crit-
ical to iron storage [46]. Evidence for frataxin pos-
sessing an iron-storage function in mammalian cells is
lacking.

CELLULAR IRON HOMEOSTASIS: THE IRP
SYSTEM

Mammals differ markedly from yeast and bacteria in
the way they regulate cellular iron homeostasis. Where-
as yeast and bacteria regulate levels of iron-related pro-

teins at the transcriptional level through an “iron reg-
ulon” [19,47], mammals utilize a post-transcriptional
mechanism to coordinately regulate the expression of
various transcripts involved in iron import, storage, uti-
lization, and export [48]. Multiple genes that are in-
volved in each of these processes contain iron regula-
tory element (IRE) stem loops in either the 3’- or 5’-
untranslated regions (UTR) of their mRNA. These IREs
can be bound by either of two cytosolic iron regula-
tory proteins (IRP1/2), which provide steric hindrance
to either ribosomal machinery (when bound to 5’ UTR
IREs) or exonucleases (when bound to 3’ UTR IREs)
(Fig. 2A). Therefore, there is a functional significance
to the IREs being distributed to either the 5’ or 3’ UTRs
of particular transcripts: when an IRP is bound to the
5’ UTR the transcript is not translated and when bound
to the 3’ UTR the transcript is not degraded. In this
way, it allows for correction of cellular iron levels un-
der conditions of both too much iron and too little.
To date, 9 IRE-containing transcripts have been identi-
fied and validated. These genes play roles in iron im-
port (TfR1, DMT1+IRE), iron storage (Ft-H/-L), iron
export (ferroportin), hypoxic response/erythropoiesis
(HIF2α), the tricarboxylic acid cycle (mt-aconitase),
erythroid heme synthesis (eALAS), and cell cycle reg-
ulation (CDC14A).

Genes important for iron storage (Ft-H, Ft-L) and
export (ferroportin) contain 5’ UTR IREs, and are thus
down-regulated when cellular iron levels are low. Such
down-regulation prevents the sequestration and export
of iron under iron-deficient conditions, increasing the
pool of bioavailable iron within the cell. Genes impor-
tant for iron import (TfR1) and vesicular release (some
forms of DMT1) contain 3’ UTR IREs and are conse-
quently upregulated when cellular iron levels are low,
thus correcting the cellular iron deficiency. Putative
IREs have been discovered in the 5’ UTRs of amyloid-
β protein precursor (AβPP) [49] and α-synuclein [50];
however, in vivo evaluation of these IREs must be per-
formed before they can join the ranks of other bona fide
IRP-regulated transcripts.

IRP1 and IRP2 are functionally similar cytosolic pro-
teins that bind the same consensus IRE with equal affin-
ity [51]. They are co-expressed in most mammalian
tissues, and owing to their different structures, they are
regulated differently [52]. IRP1 is an ISC-containing
protein with two mutually exclusive functions that de-
pend upon whether its ISC is intact. An intact ISC
causes IRP1 to assume a conformation that allows it
to act as a cytosolic aconitase, interconverting citrate
and isocitrate [53] (Fig. 2B). The absence of an intact
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Fig. 2. Iron regulatory proteins control cellular iron homeostasis. A) Transcripts containing iron-regulatory elements (IREs) in either their 5’
or 3’ untranslated regions (UTR) are bound by iron regulatory proteins (IRP) when iron levels are perceived to be low. IRP binding to 5’ IREs
provides steric hindrance to ribosomal machinery, leading to decreased translation of the transcript. IRP binding to 3’ IREs blocks the action of
exonucleases, thereby protecting the transcripts from degradation and increasing translation. Transcripts that contain IREs in either their 5’ or
3’ UTRs are listed. Note: There are four isoforms of DMT1 mRNA, only some of which contain 3’ UTR IREs. Abbreviations: ferritin-H/-L,
Ft-H/-L; mitochondrial aconitase, mt-aconitase; aminolevulinic acid synthase 2, ALAS2; hypoxia inducible factor 2α, HIF2 α; amyloid β
precursor protein, AβPP; transferrin receptor 1, TfR1; divalent metal transporter with IRE, DMT1+IRE; cell division cycle 14 homolog A,
CDC14A. B) When it contains a functional ISC, IRP1 (red) functions as a cytosolic aconitase (converting citrate to isocitrate); in the absence
of a functional ISC it is converted to an IRE-binding protein. The status of the ISC can change in response to decreased ISC production or
increased ISC disruption by reactive oxygen species (ROS). IRP2 (yellow) is a constitutive IRE-binding protein that is regulated by proteasomal
degradation. When cellular iron and oxygen levels are adequate, FBXL5 (green) can complex with SKP1 (blue) and CUL1 (purple) to form a
functional E3 ubiquitin ligase that tags IRP2 for degradation (light yellow).

ISC, due to either oxidative disruption of the ISC or
decreased ISC synthesis, causes IRP1 to assume a con-
formation that confers IRE-binding activity [54,55].
IRP2 lacks an ISC and is instead constitutively active as
an IRE-binding protein; it is regulated by proteasomal
degradation, as we will describe shortly.

The relative contribution of each IRP to cellular iron
homeostasis in vivo has been elucidated in vivo through
the use of knockout mice. IRP1−/− mice display a re-
markably mild phenotype with mild iron dysregulation
only in tissues where IRP1 expression is substantial-
ly greater than IRP2 [56]. This observation suggested
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that IRP1 and IRP2 may be redundant and can com-
pensate for each other’s loss. However, knocking out
IRP2 in vivo revealed that this is not the case. The IRP2
KO mouse displays a phenotype of microcytic anemia,
cerebellar and striatal iron accumulation, age-related
neurodegeneration, and motor deficits [57,58]. This
finding supports the notion that IRP2 is the main regu-
lator of cellular iron homeostasis in vivo. The explana-
tion for why IRP1 seems to contribute little to in vivo
cellular iron homeostasis was examined by incubating
cells under different tensions of oxygen – from 3–4%
(the typical range of most tissues) to 21% (ambient
conditions in which most in vitro experiments are per-
formed) – and assessing the relative IRE-binding activ-
ity versus aconitase activity of IRP1 [59]. Under low
oxygen tensions, the ISC of IRP1 is intact, preventing
it from binding IREs and rendering it a cytosolic aconi-
tase [59]. Additional in vivo support for this notion
came from experiments in which IRP2−/− mice were
administered TEMPOL, a drug that disrupts ISCs [60].
The investigators found that TEMPOL treatment led
to increased IRE-binding activity along with decreased
aconitase activity of IRP1 and conferred neuroprotec-
tion to the IRP2−/− mice relative to vehicle-treated
IRP2−/− mice [60].

IRP2 regulation was poorly understood until quite
recently, when two groups independently discovered
an iron- and oxygen-sensing protein called FBXL5,
which complexes with other proteins (SKP1, CUL1) to
form an E3 ubiquitin ligase that marks both IRP1 and
IRP2 for proteasomal degradation [61,62] (Fig. 2B).
FBXL5 stability depends upon an evolutionarily con-
served hemerythrin-like domain that binds iron and
oxygen [61,62]. When iron or oxygen levels are low,
the hemerythrin-like domain cannot form and the pro-
tein itself is consequently targeted for proteasomal
degradation [61,62]. As a result, the E3 ubiquitin ligase
complex is incomplete and cannot target IRPs for degra-
dation; IRP levels consequently remain high. This
leads to increased IRE-binding and the downstream ef-
fect of enhanced cellular iron uptake. While IRP1 is
known to be regulated through its ISC (see above), the
ability of the FBXL5-containing E3 ubiquitin ligase
to ubiquitylate IRP1 [62] possibly adds another level
of regulation. It has been hypothesized that when its
ISC is intact, IRP1 assumes a conformation that allows
it to evade ubiquitylation by this complex, but further
experiments are required to prove that this is so [63].

MITOCHONDRIA AND CELLULAR IRON
SENSING

As we have described, the IRE-binding activity of
IRP1 is regulated by the presence or absence of an ISC.
Therefore, insofar as they produce ISCs, mitochondria
play a central role in coordinating cellular iron home-
ostasis (iron import, utilization, storage, and export).
Thus, cellular iron sensing (through ISCs) is a function-
al determination that reflects the ability of mitochondria
to synthesize ISCs. If a halt in ISC production occurs as
a result of lack of iron, then the cell responds properly,
through IRP1-mediated post-transcriptional regulation,
by importing more iron. However, if ISC levels are
depleted due to either mitochondrial dysfunction (e.g.,
defects in the ISC synthesis/incorporation pathway) or
direct disruption of ISCs by ROS, then iron uptake is
enhanced in the same manner yet the cellular response
of importing more iron is maladaptive since it can lead
to further generation of ROS.

If the iron that composes the hemerythrin-like do-
main of FBXL5 is derived directly from the cytosol
(and not from an ISC), then it would mean that FBXL5-
mediated regulation of IRPs can occur independently
of mitochondrial ISC production. Thus, FBXL5 may
be a way for cells to sense cytosolic iron, regardless of
whether mitochondria are properly synthesizing ISCs.
Determining whether this is the case requires further
investigation.

BRAIN IRON HOMEOSTASIS

Iron is critical to both neurodevelopment and normal
function of the adult brain. Within the adult brain, the
basal ganglia are particularly rich in iron, and it is there-
fore not surprising that several diseases of the basal
ganglia lead to iron dysregulation [64]. An important
caveat when considering iron regulation in the brain
is that most of our knowledge about the mechanisms
of iron homeostasis comes from studies that have been
performed in peripheral cell types, especially in devel-
oping erythrocytes. The majority of iron homeostasis
proteins that have been characterized in the periphery
are also present in brain. However, given the regional,
cellular, and functional non-uniformity of the brain, it
may be the case that these same proteins are utilized dif-
ferently in the central nervous system to achieve brain
iron homeostasis. Before turning to the topic of brain
iron dysregulation in the context of neurodegeneration,
it will be useful to briefly introduce the roles that var-
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ious cells within the brain are thought to play in iron
homeostasis.

Iron can be histochemically localized to every cell
type in the brain; under normal conditions it is present
most abundantly in oligodendrocytes, but is also found
in neurons, astrocytes, and microglia [65]. The distri-
bution of iron homeostasis proteins in the brain helps
reveal the dynamics of brain iron homeostasis among
various cell types. Whereas the source of Tf in the
periphery is the liver, oligodendrocytes are believed to
be the primary source of Tf in the brain based on in situ
hybridization studies, though neurons in some brain re-
gions may also contribute to the available pool of Tf.
By binding Fe3+ with high affinity, Tf not only limits
the amount of potentially redox-active free iron in the
extracellular space, but also provides a source of iron
for TfR-mediated uptake by various cells. Furthermore,
oligodendrocytes are critical for axon myelination, and
this process is iron-dependent [66].

In the periphery, systemic iron homeostasis is con-
trolled by signaling between the liver-derived peptide
hormone, hepcidin, and its receptor, the iron exporter
ferroportin. When the liver senses high blood iron lev-
els, it responds by increasing production and release
of hepcidin. Hepcidin acts principally on the duode-
num and spleen, where it binds and down-regulates
ferroportin, thus limiting the entry into the blood of
iron derived from the diet or phagocytosis of senes-
cent erythrocytes, respectively. When the liver sens-
es low blood iron levels, it down-regulates hepcidin
expression, indirectly allowing iron to enter the blood
from the duodenum and spleen by sparing ferroportin.
Given the permeability restrictions that the blood-brain
barrier (BBB) imposes, it is unlikely that liver-derived
hepcidin regulates iron homeostasis within the brain.
In the adult mouse brain, hepcidin mRNA is widely
distributed and hepcidin protein can be detected in both
neurons and astrocytes [67,68]. Ferroportin is like-
wise diffusely expressed throughout the brain and is
present on all cell types, including endothelial cells and
ependymal cells in the choroid plexi [69]. Therefore,
it does not appear that iron sensing in the brain is cen-
tralized as it is in the periphery; it may be the case that
iron sensing and consequent hepcidin release is a local
phenomenon in brain. What bearing this may have on
disease pathogenesis is unexplored at this point.

BRAIN IRON DYSREGULATION AND
NEURODEGENERATION

Neurodegeneration represents the intersection of
many conditions that are known individually to affect

iron homeostasis. These include: aging, mitochondrial
dysfunction, oxidative stress, neuroinflammation, and
additional features of disease pathophysiology (e.g.,
protein aggregation). As such, except in genetic dis-
orders, it is difficult to attribute iron dysregulation to
a single pathogenic mechanism. Because of this inter-
action of several factors, it is of prime importance to
understand mechanistically how iron is being dysreg-
ulated in each disorder so that it can be appropriately
ameliorated through therapeutic intervention.

The basal ganglia are relatively iron-enriched re-
gions and are often areas of pathological brain iron
accumulation in neurodegenerative disease [65,70,71].
Iron accumulates in healthy brains as a result of nor-
mal aging [65]. A question that frequently arises in
the study of neurodegenerative disorders is whether a
pathological phenomenon contributes to disease or oc-
curs secondary to the main disease process. In this
context, it is of interest to know whether brain iron
dysregulation contributes to neurodegeneration or oc-
curs as a result of neurodegeneration. The answer
is probably both. Many neurodegenerative diseases
are associated with accumulation of iron in the cen-
tral nervous system. While some of these diseases are
due to a primary defect in iron-related genes – e.g.,
neuroferritinopathy (Ft-L), aceruloplasminemia (ceru-
loplasmin), pantothenate kinase-associated degenera-
tion (PANK2) – most have iron dysregulation as a sec-
ondary feature [70]. Nonetheless, it is established that
excessive cellular iron is harmful to cells and promotes
ROS formation through Fenton chemistry. While the
BBB serves to limit intrusion of various substances, in-
cluding iron, into the brain, in the context of disease, the
integrity of the BBB may be compromised, allowing
excessive, unregulated influx of iron.

As discussed, mitochondria play a crucial role in
regulating cellular iron homeostasis. The fact that these
organelles are impaired in neurodegenerative diseases
raises the possibility that their dysfunction may lead to
iron dysregulation, which may, in turn, lead to further
mitochondrial dysfunction. We will discuss the current
understanding of iron accumulation in two common
neurodegenerative diseases – Alzheimer’s disease and
Parkinson’s disease – and review the results of iron
chelation therapy in each.

ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is characterized by the
progressive dysfunction and degeneration of neurons
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Fig. 3. Iron dysregulation in Alzheimer’s disease. Subcellular iron-related pathology in cortical neurons includes: Fenton chemistry (hy-
droxyl radical formation, ·OH); interaction of iron (blue) with Aβ (purple) in the extracellular space; iron-induced (green) aggregation of
hyper-phosphorylated (pink) tau (black) and neurofibrillary tangle formation; increased expression of DMT1; increased Aβ production, with
possible contribution from IRP dysregulation.

in various cortical regions, which leads to progres-
sive memory loss and dementia [72]. Within the AD
brain, extracellular, proteinaceous plaques containing
aggregated amyloid-β peptide (Aβ) and intracellular,
hyper-phosphorylated aggregates of the microtubule-
associated protein tau, called neurofibrillary tangles
(NFTs), form around and within neurons in the dys-
functional brain regions [72]. In addition to these char-
acteristic features, the AD brain has been found to
contain increased levels of various metals: iron, cop-
per, zinc, and aluminum [73]. Pathological levels of
iron are found in association with Aβ in the extracel-
lular space [74], as well as within neurons containing
NFTs [75] (Fig. 3). There is evidence that iron ac-
cumulation in affected regions of the AD brain may
outstrip the ability of Ft to safely sequester it, which

would lead to pathologic ROS formation through Fen-
ton chemistry [76]. Indeed, oxidative stress is a well-
documented feature of AD and there is evidence to sup-
port that iron contributes to oxidative stress in AD, as
it does in other neurodegenerative diseases [77].

Iron also plays a role in the development of the two
pathological hallmarks of AD, amyloid plaques and
NFTs. Amyloid plaques are composed of Aβ, which
is processed from Aβ protein precursor (AβPP) by γ-
secretases. Aβ is a metalloprotein that has been shown
to bind iron as well as other metals [78]. While some
researchers have proposed that iron-binding by Aβ is
a protective response to sequester iron and prevent the
development of oxidative stress [79], iron binding has
also been shown to promote Aβ aggregation and neu-
rotoxicity [77,80]. Similar to its effect on Aβ, ferric
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iron has been shown to induce the aggregation of hyper-
phosphorylated tau, leading to the deposition of NFTs,
the other pathological hallmark of AD [81] (Fig. 3).

Beyond its contribution to the development of amy-
loid plaques and NFTs, iron dysregulation may alter
AβPP metabolism at the post-transcriptional level. It
was recently found that the AβPP transcript contains
an atypical IRE in its 5’ UTR, and in vitro work has
demonstrated that it is a functional IRE [49]. Because
the IRE is in the 5’ UTR, increased iron levels should
lead to increased protein levels of AβPP, and after pro-
cessing, to increased protein levels of Aβ and increased
Aβ aggregation. Thus, iron may be acting both directly
and indirectly to promote the development of amyloid
plaques in AD.

The issue of how iron levels become elevated in AD
remains unresolved, but iron may be dysregulated, in
part, secondary to expression changes in some iron-
relevant genes. Zheng and colleagues recently report-
ed in a neuronal cell line that stable overexpression of
the human AβPP Swedish mutation led to increases
in DMT1 and that silencing of DMT1 in these cells
led to a reduction in AβPP mRNA and subsequent Aβ
formation [82]. They also claimed that two isoforms
of DMT1 message (with and without the 3’ UTR IRE)
are increased in a transgenic mouse model of AD [82].
Confirmation in human postmortem tissue will be nec-
essary before these findings can be generalized and spe-
cific gene dysfunction targeted for therapeutic restora-
tion.

Given that various metals have been found to accu-
mulate and play a toxic role in AD progression, iron-
chelation is a potential therapeutic intervention. A
small study found that intramuscular administration of
the iron chelator, desferrioxamine (DFO), to patients
with suspected AD slowed the rate of decline of daily
living skills as compared to patients treated with place-
bo [83]. Administration of the chelator, clioquinol
(CQ), to APP2576 transgenic mice led to a robust de-
crease in brain Aβ deposition [84]. A small pilot Phase
II clinical trial using CQ in AD patients found a slowed
decline in cognitive performance in patients with se-
vere AD as compared to placebo-treated patients with
equally severe AD [85]. A related 8-hydroxy quinoline
analog with better BBB penetration, PBT2, was shown
to be neuroprotective in two transgenic mouse models
of AD [86]. While a host of iron-chelating drugs are
already FDA-approved and have been shown to be ef-
ficacious to varying degrees [79], other investigators
have focused their attention on the 5’ UTR IRE of
AβPP and have screened multi-functional drugs (such

as M30, VK28, HLA20, and ECGC) for their abili-
ty to suppress the IRE in an attempt to prevent iron-
associated increases in AβPP [87–89]. Indeed, these
drugs may prove superior to standard iron chelators in
that they appear to target iron-related AD pathology on
multiple levels. Of course, more extensive pre-clinical
and clinical testing will be necessary before conclu-
sions about their efficacy in modifying AD progression
can be made.

PARKINSON’S DISEASE

Iron accumulation in the substantia nigra (SN) has
been recognized as a pathological feature of PD for
more than 80 years, pre-dating even the discovery of
dopamine in the brain [90]. In recent years, the repro-
ducible accumulation of iron within the SN has prompt-
ed much interest in in vivo diagnostic imaging in sus-
pected PD patients [91,92]. The degree of iron accu-
mulation and location of primary accumulation have
been issues of debate. Quantification of nigral iron
is highly technique-dependent, and certain methods of
tissue preparation or storage can artifactually alter ni-
gral iron content [93]. Even if iron levels in the parkin-
sonian SN are only slightly higher (1.5- to 2-fold) than
age-matched normal brains, as detected in nigral ho-
mogenates, this small absolute difference may make
a significant contribution to ROS generation through
Fenton chemistry. The inability to quantify iron within
specific cell types when using nigral homogenates is
also a caveat in interpreting reports of no change in
nigral iron content; increases within certain cell types
may contribute to PD progression even in the absence
of gross changes in tissue iron content. Also, many
methods for assessing iron are limited in their abili-
ty to distinguish between redox-active (e.g., weakly-
bound ferrous iron) and redox-inactive (e.g., Ft-bound)
iron, thus further complicating interpretation of some
studies.

There is also ongoing debate as to where iron initial-
ly accumulates (Fig. 4A). Postmortem examination of
the PD brain reveals that much of the iron is present
in nigral microglia rather than nigral dopamine neu-
rons [94], although increased iron levels have been
identified within human nigral dopamine neurons as
well [95,96]. Given the fact that most of these brains
come from patients who died with end-stage PD, it can-
not be determined whether the initial site of iron accu-
mulation is indeed in microglia or whether microglia
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Fig. 4. Iron dysregulation in Parkinson’s disease. A) Tissue-level view of the substantia nigra pars compacta (SNc) showing suspected ante-mortem
pathology: iron-laden (light blue circles), degenerating neuromelanin (black) containing neurons surrounded by activated microglia (blue). B)
Subcellular view of nigral dopamine neuron showing pathophysiology and suspected mechanisms of iron dysregulation. Key features: decreased
complex I activity; α-synuclein aggregation, exacerbated by iron; increased TfR2 and DMT1 protein levels at plasma membrane; expression
of TfR2 in nigral mitochondria; accumulation of oxidized Tf (red) in mitochondria – with associated reductive release of ferrous iron (blue);
ROS-mediated release of ferrous iron from ferritin; Fenton chemistry (hydroxyl radical formation, ·OH); decreased levels of reduced glutathione
(GSH).

instead accumulate iron after phagocytosis of neurons
that have accumulated iron.

Animal models of PD have helped answer this ques-
tion by allowing investigators to track changes in iron
homeostasis at earlier stages of parkinsonism. Mas-
troberardino and colleagues found that rotenone treat-
ment of rats or monkeys resulted in iron accumulation
in SNc dopamine neurons (shown by co-localization
with tyrosine hydroxylase in the rat and with neu-
romelanin in the monkey) as well as microglia [13].

The globular iron staining that they observed in mi-
croglia, along with the proximity of microglia to dy-
ing dopamine neurons, supports the hypothesis that the
increased iron content of microglia in the PD brain
comes from phagocytosis of iron-laden dopamine neu-
rons [13]. Iron accumulation in dopamine neurons of
the SNc was also observed in the MPTP mouse model
of PD [96].

The mechanism of iron accumulation in nigral
dopamine neurons has only recently started to be eluci-
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dated (Fig. 4B). Mastroberardino and colleagues found
that Tf accumulates in nigral dopamine neurons both
in human PD and the rotenone rat model of PD, with
much of this Tf localizing to mitochondria [13]. A large
proportion of the nigral Tf was also found to be oxi-
dized at cysteine residues that result in the formation of
an intermolecular disulfide bond in close-proximity to
the iron-binding site [13]. In vitro studies utilizing the
xanthine/xanthine oxidase system for ROS generation
demonstrated that oxidation of diferric-Tf caused it to
release ferrous iron (reductive release of iron), suggest-
ing that the oxidation of Tf observed in vivo has po-
tential consequences with respect to redox-active iron
release [13]. It would be expected that, under condi-
tions of cellular iron overload, iron import machinery
would be post-transcriptionally down-regulated. Inter-
estingly, however, nigral dopamine neurons were found
to express TfR2 and relatively little TfR1 [13]. TfR2,
unlike TfR1, is not regulated by intracellular iron lev-
els, and its levels can remain elevated even in the face
of marked cellular iron overload [97,98]. It has also
been found, in a hepatocyte cell line that endogenous-
ly expresses TfR2, that Tf stabilizes TfR2 protein at
the plasma membrane [99,100]. Indeed, TfR2 levels
appeared increased in rat nigral dopamine neurons fol-
lowing rotenone treatment [13]. The confirmation of
Tf/TfR2 dysregulation in the human PD brain strength-
ens the relevance of iron-related findings in the rotenone
rat and monkey models of PD and suggests that delivery
of toxic amounts of iron to nigral dopamine neuron mi-
tochondria may contribute to the demise of these neu-
rons in human PD. Therapeutically targeting this path-
way (e.g., TfR2 down-regulation in nigral dopamine
neurons) therefore may be a novel therapeutic avenue
that obviates the need for systemic iron chelation.

Salazar and colleagues have shown that levels of the
iron-related protein, DMT1+IRE, are upregulated in
nigral dopamine neurons and microglia in human PD
and in the MPTP mouse model of PD [96]. DMT1
transports Fe2+ both from the extracellular space into
the cytosol and from the endocytotic vesicle (following
Tf/TfR-mediated uptake) into the cytosol (Fig. 1). The
observed upregulation of DMT1 therefore may release
more Fe2+ into the cytosol, increasing the production of
ROS through Fenton chemistry. To test this hypothesis,
the authors treated with MPTP a genetically modified
mouse (mk/mk) that bears a mutation in DMT1 that
prevents it from transporting iron [96]. They found
that MPTP-induced nigral dopamine neurons cell loss
was attenuated in these mice as compared to wild-type
mice [96]. Thus, DMT1 may also contribute to the
vulnerability of nigral neurons.

Insofar as cells can safely sequester iron in a form
that is not redox-active, they can stave off cytotoxicity.
However, several factors may interfere with the cell’s
ability to do so. First, ROS of low oxidation potential
(e.g., superoxide) can elicit release of ferrous iron from
ferritin shells through a reductive mechanism, there-
by perpetuating ROS formation through further Fen-
ton chemistry [101]. In this manner, overproduction
of ROS likely impairs the cell’s ability to safely se-
quester iron. Second, human nigral dopamine neurons
contain neuromelanin, which has been shown to bind
several cellular substances including iron [102]. While
this can serve to protect cells from the harmful effects
of iron, when neuromelanin is over-saturated with iron
(as in PD), some of the bound iron retains redox-active
properties, allowing it to catalyze ROS formation [103,
104].

Excessive cellular iron, through its propensity to gen-
erate ROS, has consequences for many of the well-
established pathogenic mechanisms of PD. Mitochon-
drial dysfunction was one of the earliest features identi-
fied in the study of subcellular pathology in PD. Mildly
reduced activity of mitochondrial complex I was report-
ed in the brain, platelets, and skeletal muscle of patients
with idiopathic PD [105,106]. Further implicating mi-
tochondrial dysfunction in PD pathogenesis is that fact
that neurotoxins, such as MPTP and rotenone, that in-
duce parkinsonism in humans,primates, and rodents act
by partially inhibiting complex I and causing increased
production of ROS. ROS have been shown to act in
a feed-forward manner as both an effect and cause of
mitochondrial dysfunction. Therefore, additional ROS
derived from iron dysregulation likely exacerbate mito-
chondrial dysfunction in PD. Iron also appears to con-
tribute to the formation of Lewy bodies, intraneuronal
proteinaceous inclusions that contain the aggregation-
prone protein α-synuclein and are considered to be the
pathological hallmark of PD. Specifically, iron has also
been shown to associate with α-synuclein and increase
its likelihood of aggregating, thereby potentiating its
cytotoxic effects [107].

Based on these well-established findings of iron dys-
regulation in and suspected contribution to PD patho-
genesis, there has been an increasing amount of inves-
tigation into the use of therapeutics targeting brain iron
dysregulation in PD. The approaches studied to date
can be broadly categorized into pharmacological and
genetic iron chelation.

A fundamental concern in using pharmacological
therapies in the treatment of PD is the difficulty in
traversing the BBB. The selective permeability of
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the BBB limits entry of many drugs, and forces the
use of higher doses of poorly brain-permeable drugs,
leading to unintended side-effects in the periphery.
Though widely used for experimental purposes on cells,
the classical iron chelator desferrioxamine has poor
BBB penetration, which limits its therapeutic poten-
tial. While effort has been put into testing known
iron chelators with better BBB penetration for effica-
cy in neurodegeneration (e.g., clioquinol, PBT2; [86]),
there has also been an effort to create multifunctional,
brain-permeable drugs that simultaneously target sev-
eral pathologies in addition to iron dysregulation in
neurodegenerative disease.

Youdim’s group has synthesized and partially char-
acterized, both in vitro and in vivo, the multifunctional
compounds VK-28 [108] and its derivative M30 [109].
M30 contains the propargylamine moiety of the MAO
inhibitor, rasagiline – a drug that may be neuro-
protective in the treatment of PD [110] – as well
as an iron-chelating moiety [109]. While some of
these studies have shown therapeutic benefit in ani-
mal models of neurodegeneration when used in a pre-
treatment paradigm [109], PD patients present clinical-
ly well after the degenerative process has commenced.
Thus, studies demonstrating neuroprotection in a pre-
treatment paradigm may have little bearing on neuro-
protection in human disease (although it is hoped that
this is not the case).

Recently, Gal and colleagues found that administra-
tion of M30 to mice after they received MPTP treat-
ment led to increased striatal dopamine levels, in-
creased striatal TH levels and activity, and, surprising-
ly, an increase in TH-immunoreactive cell count in the
SN [111]. While such results are encouraging, there are
limitations in using acute neurotoxin models to evaluate
therapeutic interventions intended for a chronic disease
such as PD. Validation of these beneficial effects in a
chronic animal model of PD using both pathological
and behavioral endpoints would increase the likelihood
that the compound would be neuroprotective in human
PD.

Some investigators have used a genetic approach to
chelate iron in an attempt to reduce iron-associated
pathology in PD. Young transgenic mice (2–6 months
old) overexpressing human Ft-H driven by the human
TH promoter were found to be more resistant to MPTP
toxicity than non-transgenic littermates on a number of
measures including nigral dopamine neuron loss, stri-
atal dopamine levels, and nigral GSH content [112]. In-
terestingly, as these transgenic mice aged (8–16 months
old), they developed a progressive neurodegenerative

phenotype in the absence of MPTP treatment [113].
More recently, these researchers have contended that
such chronic in vivo expression of Ft-H expands the
labile iron pool, making more redox active iron avail-
able for Fenton chemistry [114]. Thus, this study il-
lustrates an important challenge to implementing iron
chelation therapy; namely, that cellular iron homeosta-
sis machinery is sensitive to exogenous perturbations
and unintended toxicity related to iron dysregulation
can ensue.

CONCLUSIONS

The ability of mitochondria to synthesize ISCs and
heme is crucial not only for the myriad cellular pro-
teins that rely on these prosthetic groups for their func-
tions, but also for proper balance of iron homeostasis
through IRPs. Mitochondrial production of ISCs may
be impaired in neurodegenerative diseases, where mi-
tochondrial dysfunction and oxidative stress common-
ly occur together. This, in turn, threatens the normal
functioning of the IRP system, which relies, in part, on
successful production of ISCs.

As discussed, some features of brain iron accu-
mulation are common across different neurodegenera-
tive diseases, while other features differ. Understand-
ing the precise mechanism of iron dysregulation in
each disease will allow for the development of more
specifically-targeted therapeutics. Iron chelation has
been used as a research tool to prove the importance of
iron accumulation in disease pathogenesis and progres-
sion, and this strategy may also be a promising ther-
apeutic approach. However, if iron chelator therapies
are to be successful, they must not disrupt normal cel-
lular iron homeostasis. In this regard, ‘too much of a
good thing’ may be hazardous; when FtMt was over-
expressed in a human cell line, it was found to sensi-
tize the cells to pro-oxidants [42], and when Ft-H was
overexpressed in mice they developed iron dysregula-
tion and neurodegeneration [113]. Based on in vitro
studies using pharmacological iron chelators that pref-
erentially target different subcellular compartments, Li
and colleagues have drawn attention to the importance
of maintaining the proper balance of iron levels subcel-
lularly [115]. Therefore, a better understanding of the
basic molecular mechanisms of cellular and subcellular
iron homeostasis in the brain is critical to the future
success of therapies that target iron dysregulation in
neurodegenerative diseases.
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