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Abstract

Mitochondria are an iconic distinguishing feature of eukaryotic cells. Mitochondria encompass an 

active organellar network that fuses, divides, and directs a myriad of vital biological functions, 

including energy metabolism, cell death regulation, and innate immune signaling in different 

tissues. Another crucial and often underappreciated function of these dynamic organelles is their 

central role in the metabolism of the most abundant and biologically versatile transition metals in 

mammalian cells, iron. In recent years, cellular and animal models of mitochondrial iron 

dysfunction have provided vital information in identifying new proteins that have elucidated the 

pathways involved in mitochondrial homeostasis and iron metabolism. Specific signatures of 

mitochondrial iron dysregulation that are associated with disease pathogenesis and/or progression 

are becoming increasingly important. Understanding the molecular mechanisms regulating 

mitochondrial iron pathways will help better define the role of this important metal in 

mitochondrial function and in human health and disease.
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INTRODUCTION

Maternally inherited and thought to be of bacterial descent, mitochondria are double-

membrane structures that are present in nearly all cells and possess their own genome, 

transcriptome, and proteome. Best known for their critical function in energy production via 

oxidative phosphorylation, mitochondria are essential for nutrient and oxygen sensing and 

for the regulation of critical cellular processes, including cell death and inflammation. 

Mitochondria were long considered the powerhouses of the cell; however, over the last 

decade it has become increasingly clear that mitochondria have a plethora of other biological 

functions inside the cell. Importantly, mitochondria are the sole site of heme synthesis and 
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the primary generator of iron-sulfur (Fe-S) clusters, both of which are present in 

mitochondria and in the cytosol and required for a number of vital cellular processes (1).

The unique redox properties of iron allow for efficient electron transfer, which is beneficial 

to a number of diverse biological reactions. However, such reactive properties of iron may 

also promote the generation of reactive oxygen species (ROS), which in large doses can be 

damaging to intracellular systems. As a result, the acquisition, usage, and detoxification of 

iron must be tightly regulated to ensure that the metabolic needs of the cell are met and the 

risk of iron toxicity is minimized (2). Mitochondria are positioned at the center of such 

cellular iron homeostasis, where they provide the compartmentalization that is key to strictly 

regulating cellular iron levels. They also have the ability to catalyze electron transport via 

heme-Fe-S–containing proteins, using these processes in energy transduction.

Depending on the cell type, mitochondria contain up to 20–50% of total cellular iron (3, 4). 

The prevalence of iron-containing proteins in the mitochondria further supports the 

importance of iron in normal mitochondrial function (2). Within the mitochondrion, metal 

ions contribute to the metalation, folding, and stability of many intrinsic mitochondrial 

proteins, with mitochondrial iron levels intricately regulated by metallochaperones and metal 

transporters [e.g., mitoferrin-1 (MFRN1) and mitoferrin-2 (MFRN2)]. Important 

mitochondrial iron–containing proteins include the Fe-S cluster–containing proteins NADH 

ubiquinone oxidoreductase, Rieske iron–sulfur protein, and subunits of succinate 

dehydrogenase, all of which are involved in respiratory chain function. They also include 

enzymes involved in other processes, such as aconitase, lipoic acid synthase, and biotin 

synthase; iron-ion cofactor–containing proteins including iron monooxy-genases and 

dioxygenases; and heme-containing proteins including cytochrome bc1, cytochrome c, 

cytochrome c oxidase, and succinate dehydrogenase, all of which are involved in the 

electron-transport chain (2). As such, changes in mitochondrial iron concentrations can lead 

to alterations in Fe-S homeostasis, impaired Fe-S biogenesis, impaired heme synthesis, 

mitochondrial dysfunction, and increased oxidative stress.

Despite the clarity that mitochondria are the main site for dynamically active electron 

transport and redox activity requiring iron, knowledge about mitochondrial iron metabolism 

pathways in mammalian cells is minimal and remains largely confined to the heme synthesis 

pathway, with little known about the trafficking and storage of iron within this organelle. In 

this review, we discuss the role of mitochondrial iron pathways in human health and disease. 

We focus on the role of mitochondrial iron pathways in maintaining normal mitochondrial 

homeostasis and discuss what happens when these pathways are disrupted. Although much 

of the characterization of the mechanisms involved in maintaining mitochondrial iron 

homeostasis has been performed in yeast, the focus of this review is on mitochondrial iron in 

human health and disease. As such, where available, research done on higher eukaryotes is 

cited and, unless stated otherwise, mammalian gene/protein nomenclature is used to avoid 

confusion.
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CELLULAR IRON METABOLISM

Iron is an essential metal for almost all organisms. It is one of the most abundant transition 

metals, but it is generally biologically unavailable. Therefore, organisms utilize large 

amounts of energy to acquire iron and make it bioavailable. The essential nature of iron is its 

involvement in many oxidation/reduction reactions. The ability of iron to participate in 

oxidation/reduction reactions is the feature that makes iron so useful in enzymatic reactions. 

That same feature of facile electron transfer makes iron potentially dangerous, as iron can 

donate electrons to O2 and H2O2 through Fenton chemistry to generate the hydroxyl radical 

or the hydroperoxyl radical and the superoxide anion (5). These molecules can oxidize 

nucleic acids, proteins, and lipids, resulting in damage, dysfunction, and cell death. Thus, 

iron acquisition, utilization, and storage are tightly regulated to prevent the damaging 

properties of iron.

In eukaryotes, iron acquisition is mediated through metal or metal-siderophore transporters 

that transport iron across the plasma membrane at the cell surface or across membranes of 

intracellular organelles. Most of the original iron transporters were discovered in the model 

organism Saccharomyces cerevisiae (6), and homologous proteins have been identified in 

other eukaryotes, using bioinformatics/sequence homology, cloning, and complementation 

analysis. Most transporters identified predominantly transport-divalent iron, thus requiring 

enzymes to reduce the abundant ferric iron (Fe3+) to the more soluble ferrous iron (Fe2+). 

Reductases have been identified in all eukaryotes and can be found localized at the plasma 

membrane assisting in increased iron acquisition and on intracellular organelles where Fe2+ 

is either stored (vacuole/lysosome) or utilized for essential biologic processes, including but 

not limited to DNA replication, lipid synthesis, protein synthesis, heme synthesis, and Fe-S 

cluster synthesis. Some eukaryotes also have Fe3+ transporters for iron acquisition during 

times of limited iron access. Fe3+ acquisition can also be mediated by secretion of iron-

binding molecules such as siderophores (7) or by the carrier protein transferrin (8). Once 

iron is acquired, it must be transported to sites of utilization such as the mitochondrion 

(heme and Fe-S cluster synthesis), to secretory pathways in the endoplasmic reticulum (in 

yeast) (9), or into the iron storage protein ferritin or into the vacuole/lysosome to protect 

cells against iron toxicity (Figure 1). In eukaryotes, iron acquisition can be regulated, but 

once acquired, there is no regulated mechanism for iron loss. In vertebrates, iron is only lost 

due to epithelial cell loss or through blood loss. There is no regulated mechanism of iron 

loss from an organism, but multicellular organisms must transfer iron from one tissue to 

another by cellular iron export into biological fluids (plasma). This process is mediated by 

the only identified plasma membrane iron exporter ferroportin1 (FPN1) (10). Iron in excess 

can replace other transition metals in their binding to proteins, resulting in defective protein 

function and inactive enzymatic activity. Furthermore, excess iron can accumulate in tissues 

resulting in tissue damage. Thus, in the absence of an export mechanism or in the absence of 

storage, malregulation of iron transport can lead to excess unsequestered iron. Excess iron in 

mammals is associated with many diseases, including hemochromatosis, β-thalassemia, 

diabetes, cardiomyopathy, and metabolic syndrome, as well as with many neurologic 

disorders (11).
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Important to the regulation of cellular and mitochondrial iron homeostasis are the iron 

regulatory proteins (IRP1 and IRP2), which were first described in the late 1980s. These 

proteins bind to highly conserved hairpin structures termed iron responsive elements in the 

untranslated regions of target mRNAs involved in cellular iron metabolism, which allow for 

the tight regulation of mRNA translation through either stabilization or increased 

degradation of target mRNA. They are key regulators of iron sensing (hypoxia-inducible 

factor 2a), uptake [transferrin receptor 1, divalent metal transporter (DMT1), FPN1], heme 

synthesis (5-aminolevulinic acid synthase 2), and iron storage (ferritin) in all cells. Important 

for this discussion is that IRP1 is a 4Fe-4S cluster protein that acts as an aconitase under iron 

replete conditions where Fe-S clusters are efficiently synthesized. Under low-iron 

conditions, IRP1 loses the 4Fe-4S cluster, thus becoming an IRP protein that can now 

regulate mRNA translation. IRP2, on the other hand, accumulates in iron-limited conditions, 

thus regulating the expression of several iron homeostasis proteins that allow for increased 

iron acquisition (12).

The metallochaperone proteins, poly C-binding proteins (PCBPs), are also key regulatory 

proteins for cellular iron storage and turnover. PCBPs deliver iron to target proteins 

regulating iron storage, iron incorporation into proteins, and overall iron homeostasis. 

PCBP1, an iron chaper-one for ferritin that is only found in mammals, acts in a complex for 

efficient iron delivery to ferritin (13). Another key regulatory mechanism for ferritin-bound 

iron turnover is the activation of nuclear receptor coactivator 4 (NCOA4). NCOA4 protein 

assists in the release of iron from ferritin through an autophagy-mediated mechanism, 

termed ferritinophagy (14). Consequently, both PCBP1 and NCOA4 allow for the tight 

regulation of cellular iron homeostasis by regulating the delivery of iron for storage and 

breakdown of ferritin during iron limitation (Figure 1).

MITOCHONDRIAL IRON IMPORT

Iron can be internalized into animal cells through diferric transferrin-transferrin receptor–

mediated endocytosis, heme import, and breakdown by heme oxygenase 1, or by direct 

plasma membrane transport of Fe2+ through divalent metal transporters such as DMT1, 

ZIP8, or ZIP14 (15, 16) (Figure 1). Homologous low-affinity cation transporters are present 

in all eukaryotes, whereas heme transporters are found only in higher eukaryotes, including 

Caenorhabditis elegans (17). Once iron is internalized into cells, it must be transported to 

sites of utilization. One essential site of iron utilization is the mitochondria, where heme and 

Fe-S cluster synthesis occur. Mitochondria are recognized by their iconic double-

membraned structure consisting of an inner mitochondrial membrane (IMM) and outer 

mitochondrial membrane (OMM) (Figure 2). The OMM is highly permeable to ions and 

small uncharged metabolites due to the presence of voltage-dependent anion channels 

(VDACs/porins), which permit the transport of a variety of metabolites, including ATP, 

cations, pyruvate, and others. Conversely, the IMM forms a tight diffusion barrier to ions 

and, thus, any transport across the IMM is facilitated by hydrophobic mitochondrial carrier 

proteins (18).

Cytosolic iron must first cross the OMM and then be imported into the mitochondrial matrix 

for heme and Fe-S cluster synthesis. Two predominant hypotheses for iron delivery to the 
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mitochondrial OMM exist. The first is the transient docking of endosomes containing 

transferrin-delivered iron to the OMM, a term referred to as kiss-and-run (19–22). The 

second hypothesis is that iron as Fe3+ is reduced in the endosome by STEAP3 (23). Then 

Fe2+ is transported across the endosomal membrane into the cytosol by DMT1, where Fe2+ 

is delivered to mitochondria by some unknown mechanism, although a chaperone-mediated 

mechanism has long been suggested (Figure 2). In addition, a form of DMT1 has been 

shown to localize to the mitochondria where it may mediate the transport of iron into the 

mitochondria (24). It is still unclear whether there is a single mechanism or multiple 

pathways to deliver iron across the OMM.

Iron import across the IMM was originally described in S. cerevisiae, where two 

homologous, high-affinity iron transporters, Mrs3 and Mrs4, were characterized (25, 26). 

Mrs3/Mrs4 orthologs, the mitoferrins (MFRNs), have been identified in all eukaryotes (1). 

MFRN1 or SLC25A37 has been shown to be important in erythroid cell development, as its 

loss results in profound anemia (27, 28). MFRN1 associates with a mitochondrial protein 

complex consisting of several proteins that assist in efficient heme synthesis (29–31). 

Recently purified recombinant MFRN1 has been shown to transport free iron and not a 

chelated iron complex, and it is selective for alkali divalent ions (32). There is some 

evidence in C. elegans that reductions in MFRNs and subsequent mitochondrial iron 

reductions result in abnormal development and extended life span (33). The role of the 

homolog MFRN2 or SLC25A28 remains to be determined, although studies suggest it may 

be important in other cell types (34–37). It is important to note that a phenotype for the loss 

of Mrs3 and Mrs4 proteins in yeast was only observed when cells were placed on low-iron 

growth medium. This suggests that other low-affinity mitochondrial iron importers may 

exist. In fact, the pyrimidine transporter Rim2 was found to transport iron in the absence of 

Mrs3 and Mrs4 (38). Similar to yeast, other mitochondrial iron importers may play a role in 

importing iron. In fact, recent studies suggest that the mitochondrial calcium uniporter may 

function as an Fe2+ importer (39).

MITOCHONDRIAL IRON UTILIZATION

Following import, mitochondrial iron is utilized in three metabolic pathways: heme 

synthesis, Fe-S cluster biogenesis, and mitochondrial iron storage into mitochondrial ferritin 

(MTFT). In Jurkat cells, respiratory complexes account for ∼17% of mitochondrial iron. 

Approximately 40% of mitochondrial iron is in the form of Fe3+ oxyhydroxide 

nanoparticles, with another 14% present as [Fe4S4]2+ clusters and heme b centers and about 

15% as MTFT (4). Mitochondria are also thought to contain a free (labile or chelatable) iron 

pool that is extremely redox active, increases with aging, and drives the chains of oxidative 

events associated with disease (40, 41). This labile iron pool in mitochondria is thought to be 

low due to the tight coordination of the rate of influx with the rate of incorporation into 

heme and Fe-S clusters. However, chelatable iron is detectable in the mitochondria of 

cultured hepatocytes (42) and cardiomyocytes (3). Incorporation of iron into mitochondria 

may occur preferentially over incorporation of iron into the cytosolic labile iron pool (43).
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Heme Synthesis

Heme is a complex of ferrous iron and tetrapyrrole ring of heme (protoporphyrin IX). It is an 

important prosthetic group for numerous vital proteins such as hemoglobin, myoglobin, 

cytochrome c, cytochrome p450, catalase, peroxidase, and others. Prosthetic heme acts in a 

number of catalytic and regulatory processes, including oxygen transport and storage, 

electron transfer for enzymatic redox reactions, signal transduction, ligand binding, and 

control of gene expression (2). Heme biosynthesis is a highly conserved process that occurs 

in all cells but is particularly active in erythroid cells and hepatocytes (44). Although the 

enzymatic reactions involved in heme biosynthesis are well understood, much remains to be 

learned about the transport of heme intermediates into and out of the mitochondrion. For a 

more detailed review of heme synthesis, the reader is referred elsewhere (44). Briefly, 

biosynthesis of protoporphyrin IX involves the sequential catalytic ability of eight enzymes 

and is strictly dependent on the mitochondrion, although four of the intermediate enzymatic 

steps occur within the cytosol (Figure 2). The first step in the heme synthesis pathway 

occurs in the mitochondrion and involves the production of δ-aminolevulinic acid (ALA) 

through the condensation of glycine and succinyl CoA by the enzyme 5-aminolevulinate 

synthase (ALAS). There are two genes for ALAS, the ubiquitously expressed ALAS1 and 

the erythroid-specific ALAS2 (44). ALA is then transported to the cytosol where the next 

four steps take place. First, ALA is converted to the monopyrrole porphobilinogen by ALA 

dehydratase. Next, porphobilinogen is converted into the cyclic tetrapyrrole 

uroporphyrinogen III by two subsequent enzymatic steps involving porphobilinogen 

deaminase and uroporphyrinogen III synthase. Uroporphyrinogen III is then decarboxylated 

to form coproporphyrinogen III (CoPIII), which is transported to mitochondria by either 

peripheral-type benzodiazepine receptors (45) or ABCB6 (46). However, human patients 

lacking ABCB6 have no evidence of anemia or other clinical abnormalities (47), making this 

function unlikely. The enzyme CoPIII oxidase, localized in the IMM space of mitochondria, 

catalyzes oxidative decarboxylation of CoPIII to protoporphyrinogen IX. 

Protoporphyrinogen III oxidase, an integral protein of the IMM, catalyzes the penultimate 

step in the heme pathway that generates protoporphyrin IX. The final step in this pathway 

involves insertion of one atom of Fe2+ into protoporphyrin IX by the IMM-associated 

enzyme ferrochelatase in the mitochondrial matrix (44). In nonerythroid cells, the rate of 

heme synthesis is dependent on the rate of 5-aminolevulinate synthesis via ALAS. In 

contrast, in erythroid cells, the rate-limiting step may be the delivery of transferrin iron (44).

Iron-Sulfur Cluster Biogenesis and Assembly

Fe-S cluster proteins are found in all kingdoms and are involved in cellular processes, 

including energy production, DNA maintenance, protein translation, lipid synthesis, and 

more. These proteins can be found in many subcellular compartments, so the synthesis and 

transport of Fe-S clusters to sites of incorporation into active proteins are very important and 

highly conserved processes. The biogenesis of Fe-S clusters begins in the mitochondrion and 

most of the proteins [18 known Fe-S cluster assembly proteins (ISC proteins)]. In addition, 

11 known cytosolic Fe-S protein assembly factors (CIA proteins) involved in cluster 

synthesis are conserved in eukaryotes (reviewed in 48). Much of the original work on Fe-S 

cluster synthesis was performed in yeast, with contributions from many other organisms 

such as plants and humans. Fe-S biosynthesis is a complex, multistep process that involves a 
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set of dedicated multimeric protein complexes. Mammalian Fe-S cluster synthesis involves 

two basic steps: nascent cluster assembly followed by its transfer into the apoproteins. 

Nascent assembly initiates on the main scaffold protein, Fe-S cluster assembly enzyme 

(ISCU). A cysteine desulfurase NFS1 forms a dimer to which monomers of the primary 

scaffold ISCU bind, and the structural component LYR motif-containing protein 4 (LYRM4) 

is required for the activity of NFS1 to provide sulfur, which is removed from cysteine for the 

nascent cluster formation. Frataxin is part of the core complex, and the 2Fe-2S cluster 

assembles upon ISCU when iron is provided together with the reducing equivalents. 2Fe-2S 

clusters are then transferred to recipient apoproteins. The release of the Fe-S cluster from the 

ISCU complex and loading onto recipient proteins are facilitated by chaperones HSPA9/

HSC20, where ATP-bound HSPA9 hydrolyzes ATP to effect this transfer to the recipient. 

Other Fe-S clusters such as 4Fe-4S clusters that are needed in other proteins are formed after 

the 2Fe-2S clusters are released/transferred (reviewed in 49).

Loading of Fe-S clusters onto cytosolic or other organelle-localized proteins requires the 

function of the mitochondria Fe-S assembly machinery, but the molecular details are still to 

be defined, and some of the mitochondria cluster machinery is also found in the cytosol 

where it may facilitate Fe-S cluster formation. It is also hypothesized that Fe-S clusters are 

exported from the mitochondria. The exact protein(s) involved in this process are still being 

identified. The yeast protein Atm1 and its mammalian homolog ABCB7 have been 

suggested to be involved in mitochondrial Fe-S cluster export (50, 51); however, more 

investigation is needed into the exact substrate transported. Importantly, the mitochondrial 

Fe-S cluster synthesis machinery is necessary for cytosolic Fe-S protein assembly/function. 

Whether synthesized in the mitochondria and then exported or synthesized in the cytosol, 

Fe-S clusters are delivered to the CIA complex to load the cluster into recipient apoproteins. 

The CIA machinery is highly conserved and is composed of four main proteins: CIA1, 

nuclear prelamin A recognition factor–like (NARFL or NAR1), nucleotide-binding proteins 

1 and 2 (NUBP1/2), and the electron transfer proteins NADPH-dependent diflavin 

oxidoreductase 1 (NDOR1) and cytokine-induced apoptosis inhibitor 1 (CIAPIN1). NDOR1 

and CIAPIN1 are proposed to hand off Fe-S clusters to the main CIA complex, which acts 

as a scaffold to load Fe-S clusters onto cytosolic proteins. Similar to CIA proteins, nuclear 

Fe-S cluster proteins also require the mitochondrial Fe-S cluster machinery, which 

emphasizes the importance of mitochondrial iron homeostasis in these essential processes. 

For a more detailed review of Fe-S cluster synthesis in eukaryotes, see 48.

Mitochondrial Iron Storage

Iron within the mitochondria is either utilized for the biosynthesis of heme and Fe-S clusters, 

or it can be stored. The mitochondrion has not historically been hypothesized to be a site of 

storage, but in fact, as long as the Fe-S cluster synthesis machinery is working, increased 

mitochondrial iron imported through MFRN homologs does not seem to be detrimental (36, 

52). Storage of iron in mitochondria of higher eukaryotes is mediated by MTFT, which is 

structurally similar to cytosolic H-chain ferritin (53). MTFT was first identified as being 

expressed in mitochondria of testes and erythroid cells (54), with more recent evidence for a 

role in brain (55). MTFT can act to store iron, and it has ferroxidase- and iron-binding 

activities similar to cytosolic ferritin (54, 56). Furthermore, overexpression of MTFT results 
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in mitochondrial iron sequestration-limiting heme and Fe-S cluster synthesis that is 

associated with X-linked sideroblastic anemia (57). MTFT also appears to be important in 

neuroprotection, where it may play a role in protection against ROS within the mitochondria 

(58, 59). It is interesting to note that mitochondria may also have iron export machinery.

MITOCHONDRIAL IRON EXPORT

How iron is exported out of the mitochondria remains an evolving research field. The best 

iron export mechanism out of mitochondria involves the export of heme into the cytosol. 

Newly synthesized heme is delivered to numerous polypeptides in the cytosol, mitochondria, 

endoplasmic reticulum, and peroxisomes. Up until recently, the mechanisms by which heme 

is transported out of the mitochondrion were uncertain. However, recent studies have 

demonstrated that heme is transported out of the mitochondria via isoform b of FLVCR1 

(feline leukemia virus subgroup cellular receptor 1) (60) (Figure 2). Suppression of Flvcr1b 

expression in vitro results in mitochondrial heme accumulation and termination of erythroid 

differentiation, whereas overexpression of Flvcr1b leads to intracellular heme accumulation 

and erythroid differentiation (60). As previously mentioned, the yeast protein Atm1 and its 

mammalian homolog ABCB7 may be involved in mitochondrial Fe-S cluster export (50, 

51). Finally, the mitochondrial-localized ATP-binding cassette protein ABCB8 has been 

suggested to play a role in iron export, although these observations have only been reported 

in conditions of cardiotoxicity (61, 62), and so the normal role of ABCB8 remains to be 

elucidated. It is interesting to speculate regarding when iron export from mitochondria might 

happen.

MITOCHONDRIAL IRON AND MITOCHONDRIAL FUNCTION

Mitochondria are at the center of cellular metabolism, regulating the continuous aerobic 

oxidation of fatty acids and consuming the end products of glucose, glutamine, and amino 

acid degradation to aerobically produce ATP from oxygen and H2O. Given that iron is the 

most prevalent metal inside the mitochondrial matrix and serves to facilitate the complex 

redox chemistry of the electron transport chain, it is not surprising that mitochondrial iron 

levels and mitochondrial energy metabolism are tightly linked. Iron-protoporphyrin (heme) 

and Fe-S clusters are essential components of the IMM complexes of the electron transport 

chain. Specifically, complex I (NADH dehydrogenase) contains eight Fe-S clusters; complex 

II (succinate dehydrogenase) contains one heme b prosthetic group and three Fe-S clusters 

([2Fe-2S], [4Fe-4S], [3Fe-4S]); complex III (ubiquinol: cytochrome c oxidoreductase) 

contains a cytochrome b subunit with two heme moieties, a cytochrome c1 subunit with one 

heme, and a Rieske protein subunit (UQCRFS1) with a [2Fe-2S] cluster; and complex IV 

(cytochrome c oxidase) contains two heme a moieties (63). Numerous studies demonstrate 

that alterations in mitochondrial iron content modify mitochondrial ATP production, via the 

tricarboxylic acid (TCA) cycle and/or glycolysis (64, 65). Most of these studies have 

centered on the role of frataxin. Frataxin appears to be a key activator of mitochondrial 

energy conversion and oxidative phosphorylation (66), and patients with frataxin deficiency 

have diminished skeletal muscle mitochondrial ATP production (67). Acute loss of Fe-S 

clusters leads to increased de novo fatty acid synthesis and lipid droplet accumulation, 

demonstrating the importance of mitochondrial iron homeostasis for many metabolic 
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processes involving the mitochondrion (68). The reciprocal regulation of mitochondrial iron 

by mitochondrial energy metabolism pathways has also been observed. Examples include 

the loss of the TCA cycle enzyme fumarate hydratase, leading to defects in the biogenesis of 

Fe-S clusters that affect complex I function (69). In yeast, the mitochondrial acyl carrier 

protein, which has a well-known role in mitochondrial fatty acid synthesis, plays an 

evolutionarily conserved role in Fe-S biogenesis (70).

Mitochondrial Iron and Mitochondrial Dynamics, Biogenesis, and Turnover

Mitochondria undergo regular cycles of fission and fusion to alter their size and shape in 

response to the metabolic needs of the cell (71). Increased fusion or reduced fission results 

in the formation of elongated mitochondria, whereas increased fission or reduced fusion 

results in mitochondrial fragmentation. At the OMM, mitochondrial fusion is mediated by 

the dynamin-related GTPases mitofusin 1 and 2 (MFN1/2). At the IMM, mitochondrial 

fusion is regulated by the dynamin-related protein optic atrophy 1 (OPA1). Mitochondrial 

fission utilizes dynamin-related protein 1 (DRP1) from the cytosol to bind to the receptors 

mitochondrial fission protein 1 (FIS1), mitochondrial fission factor, and mitochondrial 

elongation factors 1 and 2 (MID51 and MID49) (71). While there is a clear association 

between mitochondrial fission and fusion and the metabolic state of the cell, little is known 

about mitochondrial iron content or usage and mitochondrial dynamics. There is some 

suggestion that mitochondrial iron levels may be linked to changes in mitochondrial 

dynamics, with the loss of MFN2 associated with mitochondrial iron overload (72), OPA1 

cleavage associated with cellular iron overload (73), loss of FIS1 associated with iron 

chelation–induced mitochondrial elongation (74), and cellular iron overload associated with 

DRP1 (Ser637) dephosphorylation (75).

To allow the cell to maintain a healthy repertoire of mitochondria, mitochondrial fission and 

fusion processes are also in tandem with the formation of new mitochondria and the removal 

of damaged mitochondria. Mitochondrial biogenesis resulting from the growth and division 

of preexisting mitochondria is regulated by nuclear-encoded and mitochondrial-encoded 

proteins, namely the mitochondrial transcription factor TFAM, PPAR coactivator-1α 
(PGC-1α), AMPK, and nuclear respiratory factors 1 and 2 (NRF-1/2) (76). Impaired 

regulation of iron in mitochondria is closely linked with mitochondrial ΔΨ m and integrity. 

Increased uptake of iron into mitochondria depolarizes mitochondrial membranes and 

generates ROS through the Fenton reaction (77). An increase in this iron pool directly 

associates with an increase in oxidative damage. Such damaged or defective mitochondria 

are generally removed by selective encapsulation into double-membraned autophagosomes 

that are delivered to the lysosome for degradation in a process called mitophagy (78). When 

the ΔΨ m is low (i.e., under conditions of stress), damaged and depolarized mitochondria 

stabilize PTEN-induced kinase 1 (PINK1) or the BH-3-only BCL2 protein BNIP3 and the 

E3 ubiquitin ligase Parkin, which in turn recruit Parkin and the autophagy protein LC3B, 

respectively. Parkin ubiquitinates various OMM proteins, including MFN1/2, and recruits 

autophagosomes (79).

Interestingly, mitochondrial iron pathways may be closely linked with biogenesis and 

mitophagy (80, 81). Loss of frataxin in murine cerebellums results in severe deficits in 
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mitochondrial biogenesis (loss of PGC-1α, TFAM, and NRF-1/2) with activation of 

mitochondrial fusion (81). Muscle tissue from patients deficient in the Fe-S cluster scaffold 

protein ISCU show enhanced expression of transcriptional coactivator PGC-1α and 

increased expression of mitochondrial fatty acid oxidation genes (82). Similarly, loss of 

frataxin in C. elegans results in mitophagy induction (83), and aconitase (with [4Fe-4S] 

cluster inactivation) is a dominant suppressor of Pink1 in Drosophila models (84). High 

doses of iron chelators, including deferiprone and deferoxamine, induce PINK1/Parkin-

independent mitophagy involving the HIF-1–dependent gene BNIP3 (85). Loss of the 

cellular labile pool by the anticancer drug, KP46, also activated BNIP3L-mediated 

mitophagy (86). Conversely, increased MTFT in human ARPE-19 cells activates HIF-1α–

dependent mitophagy (87). Collectively, these processes most likely represent an adaptive 

iron starvation response induced as a protective mechanism against mitochondrial stress that 

may contribute to the longevity of cells.

Mitochondria have developed a number of mechanisms to recognize and resolve 

dysfunction. Together, these mechanisms culminate with a mitochondrial stress response 

system that recovers organelles that are salvageable and degrades organelles that are beyond 

repair, ultimately yielding a healthier mitochondrial network (88). Mammalian 

mitochondrial stress responses include the ATF5-mediated mitochondrial unfolded protein 

response (UPRMT) and the ATF4-mediated stress pathway (88). Inside the mitochondria, 

the interaction between protein and iron homeostasis is strongly coupled (89, 90). Activation 

of the UPRMT proteins has been shown to stimulate heme synthesis by directly activating 

ALA synthase (mtCLPX in S. cerevisiae), a phenomenon that is conserved in mammalian 

homologs (91). In addition, frataxin deficiency causes upregulation of mitochondrial LON 

and CLPP proteases and severe loss of mitochondrial Fe-S proteins in murine hearts (92). 

While there is limited evidence for regulation of mitochondrial iron metabolism and 

mitochondrial behavior, function, and bioenergetics, the aforementioned findings suggest 

that there may be a range of cross talk and coregulatory systems linking iron to vital 

dynamic functions of the mitochondrion.

A Word of Caution: Methodology to Measure Mitochondrial Iron

To understand the genesis of mitochondrial iron overload, it is necessary to employ various 

techniques to quantify iron in mitochondria. A range of these techniques is elegantly 

summarized by Holmes-Hampton et al. (93) and includes colorimetric determination, atomic 

absorption spectroscopy, inductively coupled plasma-optical and plasma-mass emission 

spectroscopy, electron microscopy (in combination with iron histochemical staining such as 

Perls’s and Turnbull’s, X-ray microscopy, and electron energy loss spectroscopy), 

synchrotron X-ray fluorescence microscopy imaging, confocal Raman microscopy, 

ultraviolet (UV)-vis spectroscopy, electron paramagnetic resonance, X-ray absorption 

spectroscopy, and Mössbauer spectroscopy. Several of these methods can be used to measure 

iron in isolated mitochondria from cells and tissues with varying degrees of sensitivity. 

Caution must be exercised in the preparation of clean mitochondrial fractions for such 

measurements. Commercially available kits and subcellular fractionation protocols generally 

result in the isolation of crude mitochondrial preparations consisting of enriched 

mitochondrial fractions contaminated by other subcellular organelles, including peroxisomes 
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and lysosomes (which also contain iron). Furthermore, downstream protocols are required 

that employ the use of Percoll gradients or digitonin treatment to generate purer fractions or 

mitoplasts (4). However, large amounts of starting material are required to accurately 

separate and measure nonheme or heme iron levels colorimetrically in isolated mitochondria 

or mitoplasts. In general, absolute iron concentrations in the mitochondria of mammalian 

cells are reported as mitochondrial iron to protein concentration ratios; however, 

normalization of mitochondrial iron to mitochondria to cell volume ratios have also been 

proposed (4). For lower levels of starting material, mitochondrial iron can be measured in 

mitoplasts by methods like atomic absorption spectroscopy (however, this method does not 

distinguish between heme and nonheme pools) or alternative approaches using fluorescence. 

For an extensive review on fluorescent ways to measure mitochondrial iron in live cells, the 

reader is referred elsewhere (94). Briefly, the most specific targeted fluorescent probes used 

to measure mitochondrial iron in live cells encompass mitochondria-targeted peptides 

incorporating dual fluorescent and selective iron chelators (40, 95). Other fluorescence-

based systems have also been used including rhodamine B 4-[(1,10-phenanthrolin-5-yl) 

aminocarbonyl] benzyl ester derivatives (3, 96). However, limitations to using these probes 

include low sensitivity, difficulty in reversing the quenched signal under physiological 

conditions (difficulty of unequivocally assigning the quenched signal to labile iron), and 

interference by other metals such as copper (94).

MITOCHONDRIA AND CELLULAR IRON SENSING

Mitochondria perform a global regulatory role in iron homeostasis, as exemplified by 

disruptions in mitochondrial proteins that lead to perturbations in whole-cell iron processing 

(97). By producing Fe-S clusters and synthesizing heme, mitochondria play a central role in 

coordinating cellular iron homeostasis (iron import, utilization, storage, and export). Iron 

concentrations can rise to toxic levels in mitochondria of excitable cells, often leaving 

cytosolic iron depleted. In such circumstances, such as if Fe-S clusters or heme production 

cease to occur as a result of lack of iron, then the cell responds appropriately, through IRP1-

mediated posttranscriptional regulation, by importing more iron (98). However, if Fe-S 

levels are depleted due to either mitochondrial dys-function or disturbances in Fe-S cluster 

homeostasis by ROS, iron uptake is enhanced, but the cellular response of importing more 

iron may become maladaptive and lead to excessive generation of ROS or other 

mechanisms. A number of mitochondrial proteins have been shown to play a role in the 

regulation of cellular iron homeostasis, which in turn has a global effect on systemic iron 

regulation. Mitochondrial dysfunction (such as mitochondrial DNA mutations) associates 

with systemic iron metabolism changes, including age-dependent macrocytic anemia, 

abnormal erythroid maturation, and defects in lymphopoiesis (99, 100). Loss of the 

mitochondrial complex III subunit Rieske Fe-S protein in fetal mouse hepatic stellate cells 

allows them to proliferate but impairs their differentiation, resulting in anemia and prenatal 

death (101). The IMM un-coupling protein UCP2 is a regulator of erythropoiesis, where 

inhibition of UCP2 function may contribute to the development of anemia (102). MFN2 is 

required for erythropoiesis (103) and is downregulated in progenitors from patients with 

refractory anemia with ring sideroblasts (72), suggesting feedback regulation by 

mitochondrial iron levels.
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MITOCHONDRIAL IRON AND DISEASE

Mitochondria are found in all mammalian cells, but they are particularly abundant in the 

heart, muscles, and nervous system, where they support the energy demands of muscle 

contraction and neuronal function. Mitochondria also play a critical role in hemoglobin 

production in erythro-blasts. Consequently, muscle cells, cardiomyocytes, erythroblasts, and 

neurons are vulnerable to diseases associated with failure of mitochondrial iron homeostasis 

and consequent mitochondrial dysfunction. Failure to control mitochondrial iron leads to 

mitochondrial iron loss or excessive mitochondrial iron import (loading). Inborn errors that 

affect mitochondrial iron metabolism frequently result in a pathology of one or more of the 

above target tissues (63). Such mitochondrial diseases have provided important insights into 

the processes of mitochondrial iron metabolism and are discussed in detail in the following 

sections (Table 1).

Red Blood Cell Disorders

Most iron in mammals is found in hemoglobin in red cells (1.5–2.5 g), and the daily amount 

of iron needed for erythropoiesis/heme synthesis is approximately 20–30 mg. Therefore, 

maintaining the ability to absorb iron in the gut and recycle iron from old red cells is 

critically important for red cell formation. Furthermore, the ability to import and incorporate 

the iron into mitochondrial synthesized heme and Fe-S clusters is essential. Defects 

associated with the loss of heme and Fe-S clusters can give rise to red cell disorders.

Protoporphyria.—Porphyrias are rare inherited disorders caused by excessive levels of 

free erythrocyte protoporphyrin IX (104). The excess protoporphyrin IX accumulates in skin 

and liver, resulting in light sensitivity and liver damage. Some genetic causes for 

protoporphyria are due to defects in enzymes in the heme biosynthesis pathway. 

Erythropoietic protoporphyria is due to a deficiency in the last enzyme of the heme 

biosynthesis pathway ferrochelatase, which is required for incorporating iron into the 

protoporphyrin IX ring (105). Importantly, ferrochelatase is an Fe-S cluster– containing 

enzyme, so defects in Fe-S cluster formation may give rise to defective ferrochelatase 

activity. Another genetic variant of protoporphyria is X-linked protoporphyria, which is due 

to increased aminolevulinic acid synthase 2 (ALAS2) enzyme activity (106). The 

consequence of increased ALAS2 activity is increased ALA levels and thus increased 

protoporphyrin IX with limited iron incorporation to make heme. Increased expression of 

Mfrn1 is associated with erythropoietic porphyria (107), but erythropoietic porphyria has 

also been reported in hepatocyte-specific Mfrn1 knockout mice fed ALA in the drinking 

water (28). These results suggest that iron delivery to mitochondria and heme and Fe-S 

synthesis are tightly regulated processes where increases or reductions in intermediate heme 

synthesis production can be detrimental to red cell biology.

Sideroblastic anemia.—Sideroblastic anemia is characterized by an impaired ability to 

produce normal red blood cells. The cells obtain normal amounts of iron, but they have a 

defect in adequately incorporating iron into heme (108). Causes for this disease can be 

genetic or acquired. Mutations in genes encoding the mitochondrial proteins involved in iron 

acquisition (DMT1), heme or Fe-S cluster synthesis/transport, such as ALAS2, ABCB7, 
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MFRN1, frataxin, and GLRX5, have been found to be associated with sideroblastic anemia 

(106, 109–112; reviewed in 108). Acquired causes of sideroblastic anemia are found to be 

associated with nutritional metal deficiencies or overloads, alcohol consumption, 

myelodysplastic syndrome, and a side effect of certain medications, such as antibiotics and 

chelators (reviewed in 113).

TISSUE-SPECIFIC MITOCHONDRIAL IRON DISORDERS

Systemic iron overload commonly results from increased iron absorption secondary to other 

iron related syndromes such as hemochromatosis, anemias characterized by ineffective 

erythropoiesis or from hypertransfusion of red blood cells (63). In each of these conditions, 

excess Fe collects inside the cell accumulating both in the cytosol and in other intracellular 

compartments. Iron has an enormous damaging potential and even a small transit pool of 

cellular chelatable iron is believed to catalyze the generation of ROS within mammalian 

cells (42). Several laboratories have characterized an accumulation of cellular and 

mitochondrial iron with age in different organisms and tissues in parallel with an increase in 

oxidative damage (114). Mitochondrial iron accumulation is a hallmark of diseases 

associated with impaired Fe-S biogenesis, such as Friedreich’s ataxia and skeletal muscle 

myopathies, as discussed in detail below. However, the pathophysiological relevance of the 

mitochondrial iron loading and the underlying mechanisms and regulatory aspects of this 

process remain unknown.

Friedreich’s Ataxia

Friedreich’s ataxia is a rare disease leading to severe neuro- and cardio-degeneration and is 

the most common inherited spino-cerebellar ataxia resulting in confinement to a wheelchair 

and death due to cardiomyopathy (115). Friedreich’s ataxia is an autosomal recessive disease 

caused by an intronic GAA triplet repeat expansion within the first intron of the Friedreich’s 

ataxia gene FRDA. This hinders the transcription of the FRDA gene, causing a marked 

reduction in expression of frataxin (116). The end result of this expansion is insufficient 

frataxin that gives rise to mitochondrial iron accumulation, especially in tissues of high 

mitochondrial content, such as nerve and cardiac tissue (117), with FRDA deletion leading 

to lethality (118). While neurological impairment may be the most prominent finding, 

hypertrophic cardiomyopathy is the most common cause of death (115). Frataxin is an IMM 

and mitochondrial matrix protein (119). The exact biochemical role of frataxin remains to be 

defined, but its importance in Fe-S cluster synthesis is clear. Yeast knockout models, 

conditional frataxin deletion in murine models, and histological and biochemical data from 

heart biopsies or autopsies of Friedreich’s ataxia patients have shown that frataxin defects 

cause a specific Fe-S cluster protein deficiency and intramitochondrial iron accumulation 

(117), possibly involving MFRN2 (120).

Cardiovascular and Pulmonary Diseases

Many defects in mitochondrial iron metabolism are associated with cardiovascular and 

pulmonary diseases. Mitochondrial iron overload is linked to doxorubicin-induced 

cardiomyopathy, myocardial infarction, and cardiac ischemia/reperfusion injury in murine 

models; it is also associated with some mouse genetic models of spontaneous 
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cardiomyopathy (62, 121, 122). Acute exhaustive exercise significantly increases MTFT 

expression in the murine heart (123), and loss of ABCB8 in mouse hearts is associated with 

mitochondrial iron accumulation and cardiomyopathy (61). Fe-S deficiencies with 

mitochondrial iron overload promote pulmonary hypertension, an increasingly prevalent 

vascular disease defined by increased pulmonary arterial pressure and lung vasculopathy that 

is triggered by varied and often disparate stimuli (124). Mitochondrial iron overload has also 

been associated with the pathogenesis of chronic obstructive pulmonary disease (COPD), a 

chronic inflammatory lung disease associated with cigarette smoking (125).

Neurological Disease

The accumulation of iron within the central nervous system is associated with 

neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, Huntington 

disease, amyotrophic lateral sclerosis, and neurodegeneration with brain iron accumulation. 

The brain is especially susceptible to iron accumulation with increased oxidative stress and 

oxidative damage because of its high rate of oxygen consumption and relatively poor ability 

to deal with ROS. While some neurodegenerative diseases are due to a primary defect in 

iron-related genes, e.g., neuroferritinopathy (Ft-L), aceruloplasminemia (ceruloplasmin), or 

pantothenate kinase-associated degeneration (PANK2), most have iron dysregulation as a 

secondary feature. It is difficult to attribute iron dysregulation to a single pathogenic 

mechanism. The precise role of iron in these disorders is therefore a subject of great debate, 

with the consensus being that iron accumulation is downstream of other primary causes, but 

that the consequences of iron accumulation are connected to neuronal death. Efforts to 

understand and ameliorate the effects of iron and mitochondrial iron dysregulation are 

therefore of broad interest, especially as there are no treatments that can slow the 

progression of these diseases (126). Here, we review the relationship between iron 

accumulation in the mitochondria and mitochondrial dysfunction in the development of the 

most prevalent neurodegenerative diseases associated with iron accumulation in the brain.

Alzheimer’s disease.—Alzheimer’s disease is characterized by neuronal loss and 

neuroinflammation and involves the progressive dysfunction and degeneration of neurons in 

various cortical regions, which leads to progressive memory loss and dementia (127). 

Although several genes have been linked to the hereditary Alzheimer’s disease, the etiology 

of the sporadic form remains a mystery. Both forms share similar neuropathological and 

molecular features, including extracellular deposition of amyloid beta (Aβ); intracellular 

accumulation of hyperphosphorylated tau protein; disturbances in mitochondrial structure, 

function, and metabolism; oxidative stress; impairment of N-METHYL-D-ASPARTATE receptor-

related signaling pathways; abnormalities of lipid signaling and metabolism; and aberrant 

cell cycle control (128). In addition to these characteristic features, the Alzheimer’s disease 

brain has been found to contain increased levels of various metals including iron (129). 

Pathological levels of iron are found in association with Aβ in the extracellular space as well 

as within neurons containing neurofibrillary tangles (130). Although there is little to no 

concrete evidence for the increased accumulation of iron inside the mitochondria of 

Alzheimer’s disease patients and model systems, increased expression of MTFT has been 

observed in the brains of patients and is associated with the antioxidant role of this protein 

(131). Furthermore, MTFT overexpression attenuates Aβ-induced neurotoxicity (59) in a 
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murine Alzheimer’s disease model, suggesting that cells respond to excess mitochondrial 

iron.

Parkinson’s disease.—Parkinson’s disease (PD) is the most common neurodegenerative 

movement disorder worldwide. PD is characterized by degeneration of dopaminergic 

neurons of the substantia nigra pars compacta (SNpc), resulting in lower dopamine levels in 

the corpus striatum. PD is also characterized by the presence of proteinaceous cytoplasmic 

inclusions, called Lewy bodies, and by the deregulation of basal ganglia circuitries that leads 

to the appearance of motor symptoms, including resting tremor, rigidity, bradykinesia, and 

postural instability (132, 133). While sporadic cases represent more than 90% of total PD 

patients, there are several inherited forms caused by mutations in single genes, including α-
syn, PARKIN, PINK1, DJ-1, LRRK2, and ATP13A2. These genes have all been shown to 

disrupt mitochondrial function (133), and mitochondria isolated from human brain tissues 

and peripheral cells of sporadic PD patients exhibit reduced mitochondrial complex I 

activity (134). Such mitochondrial dysfunction via inhibition of complex I may lead to the 

subsequent activation of IRP1, increased DMT1 and TFR1 expression, increased iron 

uptake, and increased ROS generation (133). However, despite concrete evidence for cellular 

iron accumulation in PD, a number of studies demonstrate mitochondrial iron–specific 

changes in human and rodent PD models. Specifically, in vitro treatment of SH-SY5Y 

dopaminergic neuroblastoma cells with mitochondrial complex I inhibitors such as rotenone 

or MPP+ results in ROS production, increased mitochondrial iron uptake, and increased 

expression of MFRN2 (135, 136). In a rodent rotenone model of PD, transferrin accumulates 

in dopamine neurons, with much of it accumulating in the mitochondria (137). In murine 

models of PD (MPTP and 6-hydroxydopamine–induced PD), MTFT is increased as a 

protective strategy to limit injury possibly via the modulation of α-synuclein expression (58, 

138). However, in a TFR1-conditional knockout mouse model, which could alleviate the 

iron uptake into neurons, mitochondria exhibited the disrupted morphologies followed by 

neuronal death, deterioration of motor activity, and the early death of mice, similar to the 

symptoms observed in PD (139).

Huntington’s disease.—Huntington’s disease (HD) is a progressive neurodegenerative 

disease caused by a trinucleotide CAG repeat expansion in exon 1 of the HTT gene (140). 

HD is characterized by progressive motor, psychiatric, and cognitive deterioration, as well as 

weight loss. Neurodegeneration, characterized by neuronal death and glial activation, 

primarily occurs in the striatum and cerebral cortex (141). Mutant huntingtin protein is 

expressed in neurons and glia (142), and there is considerable evidence for bioenergetic 

dysfunction in HD. Brains from patients with advanced HD obtained postmortem 

demonstrate the disruption of mitochondrial energy metabolism, which includes decreased 

activities of mitochondrial respiratory complexes II–IV and aconitase (143). Interestingly, 

transcriptomic analyses indicate increased transcript expression of MFRN2 in human HD 

(144). In addition, mitochondrial iron accumulates in mouse and human HD brains with 

increased expression of MFRN2 and loss of frataxin (144).

Type 2 Wolfram syndrome.—Type 2 Wolfram syndrome, also known as DIDMOAD 

(diabetes insipidus, diabetes mellitus, optic atrophy, and deafness), is a multisystem, 
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neuronal, and β-cell–degenerative disorder of autosomal recessive inheritance. The β-cell 

degeneration resulting from cellular stress and apoptosis leads to severe insulin deficiency 

mimicking type 1 diabetes. Type 2 Wolfram syndrome is associated with a single missense 

CISD2 (CDGSH iron-sulfur domain-containing protein 2) gene mutation that truncates 75% 

of the protein in affected patients, leading to mitochondrial labile iron accumulation and 

oxidative stress (145).

Skeletal Myopathy

Abnormalities in mitochondrial iron homeostasis can also cause disorders of skeletal muscle 

with or without abnormalities in other tissues. Deficiency of the scaffold protein ISCU, due 

to a splicing error, causes autosomal recessive myopathy with mitochondrial iron overload 

(146). Other examples include hereditary myopathy with lactic acidosis (HML), a rare and 

recessively inherited disease characterized by early onset muscle weakness, exercise 

intolerance, and lactic acidosis (147). HML is associated with mutations in intron 5 of the 

ISCU gene, resulting in a decrease in ICSU expression in striated muscle and, as a 

consequence, impaired maturation of mitochondrial and extramitochondrial Fe-S enzymes 

and mitochondrial iron accumulation (147).

These findings demonstrate that mitochondrial iron accumulation is a common consistent 

pathogenic event that accompanies mitochondrial dysfunction in a range of diseases and 

tissue types. Such excess mitochondrial iron can cause oxidative stress and cellular damage, 

ultimately leading to increased morbidity and mortality. Many questions remain as to how or 

why this iron accumulates inside mitochondria and how these processes are regulated; these 

issues require more extensive investigation.

TARGETING MITOCHONDRIAL IRON FOR THERAPY

Removing surplus iron by way of chelation may reduce oxidative stress and has been a 

longtime therapeutic target for the treatment of many of the diseases described above. Early 

trials of the iron chelator deferoxamine have generally failed, as this chelating agent does not 

cross cell membranes well (148). Only chelators capable of penetrating the mitochondria are 

likely to be useful in the treatment of mitochondrial iron over load disorders. Deferiprone 

(e.g., Ferriprox) is an oral iron chelator that is capable of crossing the plasma membrane, 

slowing the targeting of mitochondrial nonheme iron deposits to prevent mitochondrial iron 

loading (149). Deferiprone is presently approved in the United States and Europe for the 

treatment of thalassemia major. Its ability to cross cellular barriers and the blood-brain 

barrier to redistribute intramitochondrial iron has rendered it useful in the treatment of 

numerous disorders associated with mitochondrial iron overload (150).

Several studies have evaluated the effect of deferiprone in a range of neurological diseases. 

Administration of deferiprone to Friedreich’s ataxia patients for six months resulted in a 

selective and significant reduction in foci of brain iron accumulation and initial functional 

improvements (151). Again, in Friedreich’s ataxia patients, combination therapy of 

deferiprone and idebenone demonstrated neurological stabilization, reduction in iron on 

magnetic resonance imaging (MRI) of the dentate nucleus, and decreased intraventricular 

septum thickness and left ventricular mass index (152). However, studies using triple therapy 
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with deferiprone, idebenone, and riboflavin have demonstrated no clear neurologic or 

cardiac benefits (153). Deferiprone is also currently being investigated in patients with 

prodromal Alzheimer’s disease and mild Alzheimer’s disease in a phase 2 study (). In 

animal models, deferiprone showed promise by reducing Aβ and tau phosphorylation levels 

in the hippocampus of rabbits with Alzheimer’s disease (fed a cholesterol-enriched diet) 

(154). Deferiprone is also being evaluated for efficacy in the treatment of early onset PD 

(study ), with early studies from a randomized double-blind, placebo-controlled trial 

indicating seemingly positive results (155). Deferiprone also rescues mitochondrial markers 

of HD ex vivo and in vivo (144), justifying its use in the treatment of this disease. Although 

deferiprone appears to be relatively safe at lower doses, and some evidence supports its 

therapeutic benefit, there have been no systematic, large-scale, placebo-controlled studies to 

further evaluate its utility to treat Friedreich’s ataxia and other neurological disorders (150).

Recently, a number of novel mitochondrial iron chelators have been developed that may hold 

promise for the treatment of mitochondrial iron-related diseases. Deferiprone-resveratrol 

hybrids have been synthesized as antioxidants, Aβ1–42 aggregation inhibitors, and metal-

chelating agents for Alzheimer’s disease (156). The hydroxyquinoline derivatives 5-

((methylamino)methyl)-8-hydroxyquinoline (Q1) and 5-(morpholinomethyl)-8-

hydroxyquinoline (Q4) (136), as well as polyhydroxyl coumarin, N-(1,3-dihydroxy-2-

(hydroxymethyl)propan-2-yl)-2-(7-hydroxy-2-oxo-2H-chromen-4-yl) acetamide (CT51) 

(157), both exhibit potent free radical–neutralizing activity in vitro. Q1 has also been shown 

to protect dopaminergic neurons from cell death and oxidative stress in murine PD models 

(136). Mitochondria-targeted hexadentate (tricatechol-based) iron chelators linked to 

mitochondria-homing somatostatin-like peptides have demonstrated promise by alleviating 

mitochondrial iron overload in culture systems and protecting against UV radiation (158). 

DFO-conjugates, termed mtDFOs, which consist of DFO conjugated to molecules that can 

easily enter the mitochondria [TAT49–57, 1A, SS02, and SS20 (159) or to 

triphenylphosphonium (160)], have also been developed. Analogs of 2-

pyridylcarboxaldehyde isonicotinoyl hydrazone have also shown promise in alleviating 

mitochondrial iron overload in model systems (161). Finally, a lipophilic small molecule, 

hinokitiol, a natural product isolated from the essential oil of the Chamaecyparis taiwanensis 
(Taiwan Hinoki), can autonomously perform transmembrane iron transport, including the 

delivery of iron to mitochondria (162), opening a new arena for small molecules that 

regulate mitochondrial iron transport. To summarize, the efficacy of most of these small 

molecules remains to be tested using in vivo models of disease. With these therapeutic 

approaches, great attention should be paid to not fully deplete mitochondrial iron stores to 

avoid undesirable consequences.

CONCLUSION

In conclusion, mitochondria are no longer considered as simple, discrete, kidney bean–

shaped energy factories. Instead, they encompass a cell- and tissue-specific, organellar 

network that fuses, divides, and directs a vast array of functions central to cellular life, death, 

and differentiation. Maintaining iron homeostasis is an important contributory part of the 

essential nature of these dynamic organelles. Emerging evidence for the crucial role of 

mitochondrial iron storage, utilization, and export demonstrates that the mitochondrion is a 
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distinct compartment of iron metabolism at the center of mitochondrial, cellular, and tissue 

iron homeostasis. Defects in mitochondrial function can lead to excess iron accumulation in 

mitochondria and consequent oxidative damage. Similarly, the overriding theme in 

mitochondrial iron–related diseases is dysfunctional mitochondrial Fe-S cluster synthesis or 

heme synthesis. This may lead to further downstream signals to increase mitochondrial iron 

import, giving rise to more oxidative damage. The mechanisms behind this increased 

mitochondrial iron uptake and how this uptake is regulated at the transporter level remain to 

be determined. For example, in red cells, MFRN1 works in a complex with ABCB10 and 

other heme synthesis enzymes to increase iron import (30–31). Yet, how MFRN transporter 

activity is regulated in other tissues or how other metal transporter activity is regulated is 

unknown. Future work in determining this regulation of activity (e.g., phosphorylation) may 

provide potential targeted therapies to reduce iron import into mitochondria under disease 

conditions.

Increased mitochondrial iron import in the face of defective Fe-S cluster synthesis or heme 

synthesis leads to the overriding problem in treating mitochondrial iron–based diseases, as 

treatments predominantly involve iron chelation therapies. These therapies will reduce iron 

delivery to mitochondria but will not repair defects in Fe-S cluster synthesis or heme 

synthesis. Hence, the development of efficacious precision-based approaches may involve 

using a “two-hit” approach encompassing the slowing down of iron delivery to the 

mitochondria (without depleting it), while at the same time repairing Fe-S cluster or heme 

synthesis. Alternatively, early interventions preventing excessive mitochondrial iron delivery 

or precisely targeting defective Fe-S cluster or heme synthesis may also be feasible. 

Although much remains to be learned about iron, mitochondria, and disease pathogenesis, 

evidence for dysregulated mitochondrial iron metabolism is clear in a range of cellular 

pathways, as well as in a plethora of disorders and diseases, thus confirming the importance 

of mitochondrial iron regulatory processes in human health and disease. Understanding how 

mitochondrial iron homeostasis is regulated will provide more insight into possible 

therapeutic targets of mitochondrial iron–based diseases.
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Figure 1. 
In eukaryotes, iron acquisition in the form of transferrin-bound or non-transferrin-bound 

(NTBI) iron is mediated through the metal or metal-siderophore transporter transferrin 

receptor, solute carrier family 39 member 8 (SLC39A8 or ZIP8), solute carrier family 39 

member 14 (SLC39A14 or ZIP14), or solute carrier family 11 member 2 (SLC11A2 or 

DMT1). Heme-bound iron is acquired by the heme receptors/ transporters LDL receptor-

related protein 1 (LRP1), solute carrier family 48 member 1 (SLC48A1 or HRG1), the 

hemoglobin scavenger receptor (CD163), and feline leukemia virus subgroup C cellular 

receptor family (FLVCR2). Heme is degraded by heme-oxygenase 1 to produce ferrous iron 

(Fe2+). Once inside the cell, transferrin-bound iron is degraded in the endosome by the 

metalloreductase six-transmembrane epithelial antigen of prostate 3 (STEAP3), capable of 

converting iron from an insoluble ferric (Fe3+) to a soluble ferrous (Fe2+) form. The labile 

iron pool (LIP) represents a pool of chelatable, redox-active iron, which is transitory. Iron is 
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transported to sites of utilization such as the mitochondria (heme and Fe-S cluster synthesis) 

or into the iron storage proteins ferritin and mitochondrial ferritin (MTFT). Iron is exported 

from the cell by FPN1 (ferroportin1), which is inhibited by the iron hormone hepcidin 

(HAMP). Poly C-binding proteins 1/2 (PCBP1/2) act as iron chaperones that assist in the 

mineralization of ferritin whereas iron responsive element binding proteins 1 and 2 (IRP1/2) 

limit the transcription of ferritin in iron-depleted conditions. Similarly, in low-iron 

conditions, nuclear receptor coactivator 4 (NCOA4) protein assists in the release of iron 

from ferritin through an autophagy-mediated mechanism involving the lysosome.
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Figure 2. 
In eukaryotes, iron acquisition is mediated through metal or metal-siderophore transport. 

Cytosolic iron must first cross the semipermeable outer mitochondrial membrane and then 

be imported into the mitochondrial matrix for heme and Fe-S cluster synthesis through 

transferrin-mediated endosome-to-mitochondrial contact, termed kiss-and-run, and/or via 

divalent metal transporter (DMT1). Iron is transported across the tight diffusion barrier of 

the inner mitochondrial membrane by hydrophobic mitochondrial carrier proteins called 

mitoferrins (MFRN1, MFRN2), which may form a complex with ABCB10. In mitochondria, 

iron is inserted into protoporphyrin IX (PPIX) by ferrochelatase (FECH) to produce heme. 

The first step in the heme synthesis pathway involves the production of δ-aminolevulinic 

acid (ALA). ALA is then transported to the cytosol where the next four steps take place to 

form coproporphyrinogen III (CoPIII), which is transported back into mitochondria to form 

PPIX. Heme is transported outside of mitochondria via the 1b isoform of FLVCR (feline 
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leukemia virus subgroup C cellular receptor) for incorporation into hemoproteins. 

Mitochondrial iron is also used for Fe-S cluster synthesis, which among other factors 

involves frataxin (FXN) and GLRX5 (glutaredoxin-related protein 5), which are exported 

into the cytosol by ABCB7. Fe-S clusters are essential for the efficient functional of the 

electron transport chain (ETC) to generate ATP in a process called oxidative 

phosphorylation. Excess iron can be stored in mitochondrial ferritin (MTFT).
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