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Abstract

Transition metals are essential to many biological processes in almost all organisms from bacteria
to humans. Their versatility, which arises from an ability to undergo reduction—oxidation
chemistry, enables them to act as critical cofactors of enzymes throughout the cell. Accumulation
of metals, however, can also lead to oxidative stress and cellular damage. The importance of
metals to both enzymatic reactions and oxidative stress makes them key players in mitochondria.
Mitochondria are the primary energy-generating organelles of the cell that produce ATP through a
chain of enzymatic complexes that require transition metals, and are highly sensitive to oxidative
damage. Moreover, the heart is one of the most mitochondrially-rich tissues in the body, making
metals of particular importance to cardiac function. In this review, we focus on the current
knowledge about the role of transition metals (specifically iron, copper, and manganese) in
mitochondrial metabolism in the heart. This article is part of a Special Issue entitled ‘Focus on
Cardiac Metabolism’.
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1. Introduction

Transition metals are necessary at trace levels for normal cellular function, and include iron,
copper, manganese, zinc, selenium, chromium, nickel, and cobalt. These metals are
absorbed from the diet by the duodenum and transported to sites of tissue utilization. There,
they are used as cofactors in enzymatic reactions, as they can readily transition between
oxidized and reduced states. The systemic and cellular levels of these metals must be
actively monitored and regulated though, as their deficiency leads to loss of crucial enzyme
activities, while their accumulation leads to inappropriate enzymatic reactions that generate
reactive oxygen species (ROS), oxidative damage, and eventually cell death [1]. Due to the
importance of transition metals to enzyme activity and their potential to generate ROS, they
are particularly imperative in mitochondrial biology, which requires robust and undamaged
enzymatic reactions to generate sufficient cellular ATP through electron transfer and
oxidative phosphorylation. As the heart is a mitochondrially-rich tissue that requires
abundant energy production to sustain continuous myocardial contractions, transition metals
are thus also an important factor in cardiac metabolism. Although relatively few details are
known about the role of transition metals in metabolism, the current available research
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suggests that transition metals are a key component of cardiac metabolism. In the following
sections, we review the current knowledge about iron, copper, and manganese in cardiac
mitochondrial metabolism.

2. Iron and mitochondrial metabolism in the heart

Iron is an essential transition metal that is required for normal cell physiology, and which
plays a prominent role in cell metabolism, heme synthesis, cell proliferation, and
cytochrome p450 enzyme activity. Its importance to so many catalytic processes stems from
its redox reactivity, which enables it to transition between a reduced ferrous (Fe2*) and
oxidative ferric (Fe3*) state [2]. However, this reactivity of iron also allows it to participate
in the Fenton reaction as an electron donor to hydrogen peroxide [3], with subsequent
production of a potent ROS species, the hydroxyl radical.

ROS are highly reactive molecules that contain oxygen and unpaired electrons, and which
can react aberrantly with and damage macromolecules [4]. One type of ROS, the superoxide
radical ( O3e), is generated during cellular respiration and protonated to make hydrogen
peroxide, providing ample opportunity for iron to catalyze the generation of hydroxyl
radicals. Cells contain antioxidant defense systems which are composed of enzymes that can
convert ROS into inert compounds, but ROS accumulation can overload these systems and
lead to cellular damage. Therefore, the levels of iron must be tightly regulated in order to
provide a sufficient amount of iron for critical enzymatic processes without increasing ROS-
induced damage.

2.1. Systemic and cellular iron regulation

The regulation of iron levels occurs at various sites and cellular levels within the body [5,6]
(Fig. 1). Dietary iron is absorbed in the duodenum, where ferric iron is converted into
ferrous iron by ferric reductases. Ferrous iron is then transported into enterocytes by divalent
metal transporter 1 (DMT1). Dietary heme can also be imported into enterocytes, then
converted to ferrous iron by heme oxygenase 1 (HO1). The export of ferrous iron by
ferroportin is coupled to its conversion into ferric iron, which is catalyzed by hephaestin and
ceruloplasmin. Export of iron into the bloodstream is inhibited by hepcidin, a circulating
peptide produced by the liver which initiates internalization and lysosomal degradation of
ferroportin [7]. Once in the bloodstream, ferric iron is stabilized from participating in redox
reactions by binding to transferrin. Delivery of iron to tissues occurs through binding of
transferrin to transferrin receptor 1 (TfR1) at the plasma membrane, which is internalized
through clathrin-coated pits. In the cell, iron is either utilized, bound to ferritin and stored, or
remains as a labile iron pool. Together, this system of iron absorption and transport is crucial
to regulating systemic iron levels and avoiding iron deficiency or overload, as iron excretion
is not regulated and instead occurs passively through cell sloughing or bleeding.

The dynamics of cellular iron metabolism are modified by iron-detecting transcriptional
regulators called iron regulatory proteins (IRPs). IRP1 and 2 enable iron sensing in the cell,
with appropriate modulation of iron import and export to control intracellular iron levels
[8,9]. During iron depleted conditions, IRPs are active and bind to iron regulatory elements
(IREs) to regulate mRNA levels of many proteins related to iron metabolism. IRPs bind to
IREs in 3" untranslated regions (UTRs) to increase mRNA levels through inhibition of
transcript cleavage, while IRPs bind to IREs present in 5" UTRs to inhibit translation.
Specifically, IRP1 binds to 3" IREs in TfR to stabilize its transcripts and increase iron
import, and IRP2 binds to 5" IREs in ferritin to inhibit its translation and decrease iron
export. Overall, this regulation increases free iron available for utilization in the cell. When
iron levels are restored, IRPs are inactivated, TfR mRNA is cleaved, and ferritin is no longer
degraded, leading to decreased cellular free iron.
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In addition to cellular iron, levels of mitochondrial iron are also specifically regulated. The
mechanism of import of iron from the cytosol into the intermembrane space is unknown, but
has been suggested to occur through transient interaction of TfR-containing endosomes with
the outer mitochondrial membrane [10]. Iron is imported into the mitochondrial matrix by
mitoferrin-1 and -2 (Mfrnl and Mfrn2), which localize to the inner mitochondrial membrane
[11] (Fig. 2). The transporter ATP-binding cassette (ABC) B10 has been shown to stabilize
Mfrnl, and thus also seems to play a role in mitochondrial iron import [12]. An exporter of
mitochondrial iron has not been identified, but ABCB8 has been found to facilitate export of
iron from the mitochondria [13], and ABCB?7 is involved in the maturation of cytosolic iron/
sulfur cluster proteins [14]. Additionally, deletion of ABCB8 or ABCB7 results in
mitochondrial iron accumulation [13,15]. Thus, although incompletely understood,
maintenance of iron levels in the mitochondria is a regulated process.

2.2. Cardiac iron overload and deficiency in mitochondrial metabolism

As a vigorously metabolically active tissue, the heart is a primary tissue target of iron
delivery. The heart requires robust levels of ATP from oxidative metabolism to sustain
continuous contractions [16], and thus cardiomyocytes are highly mitochondria-dense. Iron
is required for iron/sulfur cluster (ISC) protein and heme-containing cytochrome
components of the electron transport chain complexes I, 11, 111 and IV that enable oxidative
phosphorylation by ATP synthase within the mitochondria [17] (Fig. 2). Additionally,
mitochondria are the cellular site of assembly of ISCs and heme, which are also required by
several non-mitochondrial enzymes. Mitochondrial iron levels must be tightly regulated,
since mitochondria are the site of O e produced from electron leakage to O, by complexes |
and 111 [18]. O3 e can lead to the generation of iron-catalyzed ROS, which can then damage
proximal mitochondrial proteins and DNA, leading to mitochondrial injury and broader
cellular dysfunction.

Several cardiovascular disorders are related to deregulated iron homeostasis. Iron deficiency
and anemia [19], iron overload [20], and Friedreich’s ataxia (FRDA) [21], a disorder of
altered iron homeostasis, have all been found to cause cardiomyopathies. Additionally,
patient studies have identified an association among iron-related cardiovascular dysfunction
and metabolic disruption. Conditions of aberrant iron deficiency and overload are correlated
with exercise intolerance, an indication of mitochondrial and cardiac dysfunctions.
Specifically, patients with iron deficiency and congenital heart disease or heart failure have
reduced exercise tolerance [22,23]. Additionally, myocardial iron overload in thalassemic
patients with heart failure is positively associated with exercise intolerance [24]. Iron status
has also been linked to metabolic dysfunction, as iron levels and cardiovascular disease risk
factors related to metabolism of glucose and lipids are correlated in women [25]. Together,
these studies suggest that there is a clinical association between iron and metabolic function
in the heart that warrants further investigation.

Studies utilizing rodent models have provided more direct evidence for a connection among
aberrant iron levels and cardiac and metabolic dysfunctions. Several models of iron overload
have uncovered an adverse effect of excess iron on cardiac mitochondria and metabolism. A
mouse model of hemochromatosis, a condition of iron overload that leads to
cardiomyopathy, can be recapitulated by the deletion of the human protein HFE, one of
several genes that can cause clinical hemochromatosis when mutated [26]. HFE increases
expression of hepcidin, an inhibitor of cellular iron release. HFE'~ mice exhibit skeletal
muscle metabolic inflexibility with a preference for fatty acid oxidation, which are
characteristics of diabetes [27]. This mouse model also has reduced glucose oxidation in
cardiac muscle, as well as trends toward lower mitochondrial oxygen consumption and ATP
levels, demonstrating that iron overload causes cardiac metabolic and mitochondrial
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dysfunctions similar to that found in diabetes. Acute and chronic iron overload in mice have
also been found to increase iron in the heart, with accompanying ultrastructural damage to
mitochondria and accumulation of electron-dense material, indicative of mitochondrial iron
accumulation [28]. Iron overloaded-mice with cardiac iron accumulation and dysfunction
also have a loss of mitochondrial DNA and transcription, reduced complex | and IV activity,
and reduced mitochondrial respiration [29]. Thus, iron overload and its associated cardiac
dysfunction are linked with damage to mitochondria and metabolic alterations in mice.

These findings have also been corroborated by in vitro studies conducted directly on isolated
mitochondria or cells. Iron-loading of isolated mitochondria results in double-stranded
mitochondrial DNA breaks and reduced mitochondrial transcription [30], as well as reduced
mitochondrial respiration and ATP production [31]. In isolated rat cardiomyocytes, iron
loading reduces complex I, 11, and Il activity and ATP levels [32,33]. Additionally, the iron
chelators deferoxamine and deferiprone can reverse changes in cell contractility,
mitochondrial complex activity and energy production in neonatal rat cardiomyocytes [34],
supporting the finding that iron loading reduces mitochondrial function in cardiac cells.

Iron overload in mitochondria specifically has been found to be particularly damaging to
cardiac and mitochondrial function. In a mouse model with cardiac-specific deletion of
ABCBS, iron accumulates in the mitochondria [13]. These mice exhibit spontaneous
cardiomyopathy, demonstrating that mitochondrial iron accumulation is detrimental to
cardiac function. ABCBS8 deletion also leads to increased mitochondrial damage and ROS,
as well as reduced maturation of cytosolic iron—sulfur proteins. These studies have
demonstrated that mitochondrial iron overload in particular can damage mitochondria and
lead to wider cellular and cardiac dysfunctions.

In addition to iron overload, iron deficiency has also been found to be detrimental to cardiac
and metabolic functions in rodent models. Rats fed a diet deficient in iron develop cardiac
hypertrophy with disorganized myofilaments and sarcomeres [35,36]. These rats also have
enlarged and damaged mitochondria with increased cytochrome crelease, and exhibit
reduced complex Il activity. The changes seen in mitochondrial structure and function are
similar to those seen with ischemia or hypoxia. Iron deficiency thus appears to mimic energy
deficiency, likely due to reduced activity of respiratory complexes. In support of this,
mitochondrial iron uptake has been found to be increased in the presence of ADP and
inhibited with ATP [37], suggesting that mitochondrial iron is required in low energy
conditions.

Given the apparent importance of regulated iron levels to proper cardiac function and
metabolism, clinical iron detection in the heart may be useful in predicting cardiac metabolic
aberrations. Iron levels can be detected noninvasively in the heart by cardiac magnetic
resonance imaging (MRI), in which the presence of iron results in shortening of the
relaxation parameter T2* [38]. MRI iron detection has been validated by measurement of
iron concentration through inductively-coupled plasma atomic emission spectroscopy in ex
vivo heart biopsies, and has been shown to be more accurate in predicting cardiac failure
than measurement of serum ferritin levels [39]. MRI is also less invasive and more precise
than tissue biopsies, which are necessarily small and do not accurately represent the iron
status of the cardiac tissue as a whole. Correlation of iron detection by MRI with cardiac
metabolic status will be an interesting focus of future research to determine whether
noninvasive clinical iron measurements can reliably predict cardiac metabolic dysfunction.
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The clearest clinical indication of a role for iron in cardiac metabolism arises from studies of
FRDA, an inherited autosomal recessive disorder resulting in neurodegeneration and a
heterogeneous manifestation of heart disease. The cause of the disorder in 98% of cases is
the expansion of a GAA repeat in the first exon of the frataxin gene (FXN), which is a
mitochondrial protein that is highly expressed in the heart and spinal cord [40]. The precise
function of FXN is unknown, however there is pervasive evidence that it is involved in
mitochondrial iron metabolism. Iron deposition has been found in patients with FRDA, who
also exhibit deficiencies in mitochondrial ISC-containing complexes I, 11, and I11 and the
cytoplasmic ISC-containing enzyme aconitase [41,42]. FXN deficiency has also been found
to lead to accumulation of iron and ROS in the mitochondria of fibroblasts from FRDA
patients [43]. These findings suggest that FXN acts as a mitochondrial iron-binding protein
that protects iron from mediating ROS production and delivers iron to 1SCs.

A mouse model lacking FXN recapitulates the cardiac hypertrophy and neuronal defects
found in FRDA cases, and also exhibits mitochondrial and cytosolic ISC enzyme deficiency
followed by mitochondrial iron accumulation [44]. Moreover, a mouse model with
conditional deletion of FXN has upregulation of TfR, downregulation of ferroportin and
ferritin, and reduced I1SC synthesis, amounting to a condition of iron overload with reduced
iron utilization [45]. Together, the current research suggests that FXN deletion leads to
decreases in the major iron utilization pathways of ISC and heme synthesis and iron storage,
resulting in mitochondrial iron overload [46].

Studies on the yeast homolog of FXN, Yfhlp, also point to a role of FXN in the regulation
of mitochondrial iron and ISC synthesis. Yeast cells with Yfh1p deletion (A y#h1) have
cellular and mitochondrial iron accumulation. Additionally, these cells have deficiencies in
mitochondrial respiration and oxidative phosphorylation, as demonstrated by a lack of
growth on fermentable carbon sources and a decrease in oxygen consumption [47]. Ayfh1
yeast cells also exhibit deficiencies in ISC enzymes and mitochondrial DNA [48]. These
studies suggest that the FXN homolog Yth1p is required for proper iron availability for ISC
enzymes in yeast [49].

Additional enzymatic studies have demonstrated that FXN plays a role in providing iron for
ISC and heme synthesis. In vitro studies have shown that FXN binds with ferrous iron and
accessory proteins to enable sulfur incorporation into and assembly of ISCs [50], and this
function of FXN is essential to activation of the cytoplasmic ISC enzyme aconitase [51].
Cellular studies have additionally revealed that delivery of iron to ISCs by FXN is essential
for normal cell viability [52]. In addition to delivering iron to ISCs, FXN has also been
found to provide iron to the heme synthesis enzyme ferrochelatase [53], and FXN deficiency
results in reduced transcription of heme synthesis components [54]. Thus, FXN is necessary
to provide iron for both ISC and heme synthesis in the mitochondria.

As FXN is necessary for ISC and heme biosynthesis and its deficiency leads to
mitochondrial iron overload, it follows that many cases of Friedreich’s ataxia also present
with metabolic defects. In vivo 3Lphosphorous magnetic resonance spectroscopy used in
FRDA patients identified a decline in the maximum rate of muscle mitochondrial ATP
production [55], suggesting that FXN deficiency decreases oxidative phosphorylation in
these patients. Regardless of the presence of cardiac hypertrophy, FRDA patients were also
found to have a reduced phosphocreatine/ATP ratio, indicating loss of high-energy
phosphates [56]. Thus, the metabolic dysfunction in these patients appears to be the primary
defect, which may play a role in the development of cardiac hypertrophy. Reversibly,
increased FXN expression has been shown to enhance cellular metabolism. Overexpression
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of FXN in adipocytes leads to increased oxygen consumption and ATP [57], while increased
expression of a FXN-TAT fusion protein in an FRDA mouse model leads to increased
cardiac output, improved mitochondrial proliferation and structure, and increased energy
production [58]. Moreover, a mouse model with transgenic overexpression of FXN has
increased mitochondrial metabolism, reduced oxidative stress, and improved cardiac
function following doxorubicin treatment [59]. Changes in FXN expression are therefore
directly associated with altered oxidative metabolism.

These metabolic defects likely stem from ISC and heme assembly deficiency and
mitochondrial iron loading that increase ROS and mitochondrial damage. Thus, several
studies have attempted to treat FRDA aberrations with iron chelation or antioxidants.
Treatment of a mouse model of FRDA with a mitochondria-permeable ligand conjugated to
the iron chelator deferoxamine was successful in preventing iron overload and reducing
cardiac hypertrophy [60], and fibroblasts from FRDA patients, which have iron overload
and respiration deficiency, are rescued by deferoxamine [61]. Deferoxamine is the current
iron chelator with the broadest clinical use, but is likely not beneficial for FRDA patients
due to its limited mitochondrial access [62]. Thus, the challenge for clinical practice will be
to find an approved iron chelator that can access the mitochondria.

In addition to iron chelators, antioxidants have also shown efficacy in treating characteristics
of FRDA. Patients treated with antioxidants showed improved cardiac high-energy
phosphate ratios of phosphocreatine to ATP and an overall increase in ATP production that
was sustained for four years, with a slower progression of FRDA clinical features and
improvement in cardiac function [63,64]. Moreover, in fibroblasts from FRDA patients, the
mitochondrially-targeted antioxidants MitoQ and MitoVit E were found to be significantly
more potent than non-targeted antioxidants in protecting against oxidative stress [65]. Thus,
iron chelators and/or antioxidants may be promising treatments for FRDA if effective,
clinically safe, and mitochondria-accessible compounds can be identified.

Another indication of the role of iron in cardiac mitochondrial metabolism arises from
studies involving the antineoplastic chemotherapy drug doxorubicin, which is well-known to
result in cardiotoxicity [66]. The precise nature of doxorubicin-induced cardiomyopathy is
unknown. However, doxorubicin is known to cause damage to mitochondria and the
mechanism may involve iron and/or oxidative stress. Specifically, doxorubicin is
hypothesized to form a complex with iron that results in formation of hydroxyl radicals [67].
In support of a potential role for iron in doxorubicin-induced cardiotoxicity, overexpression
of FXN, whose deficiency results in mitochondrial iron overload and iron-containing
enzyme dysfunction, reduces oxidative stress and increases mitochondrial metabolism and
cardiac function following doxorubicin treatment in mice [59]. Additionally, HFE~~ mice
have increased iron deposition in response to doxorubicin, as well as increased
mitochondrial damage compared to wild type mice [68], providing further evidence that iron
likely contributes to doxorubicin-induced cardiac mitochondrial dysfunction.

The iron chelator dexrazoxane has been found to reduce doxorubicin-induced injury both in
the clinic and in the laboratory. Dexrazoxane is the only clinically-approved drug that has
been shown to reduce cardiac injury in patients taking doxorubicin [69]. In rats, dexrazoxane
was also found to protect against doxorubicin-induced cardiomyopathy [70], and to prevent
mitochondrial membrane depolarization in neonatal rat cardiomyocytes [67]. Moreover,
dexrazoxane reverses the doxorubicin-induced increase in nuclear factor erythroid 2-related
factor (Nrf2)-mediated stress response genes and reverses the decrease in expression of the
mitochondrial genes adenylate kinase and creatine kinase, which are involved in ATP
transfer [71]. Additionally, the protective effects of dexrazoxane have been suggested to be
hypoxia- inducible factor (HIF)-dependent [72]. Iron is required for degradation of HIF, so
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chelation of iron may result in HIF upregulation and a following increase in antiapoptotic
genes. Thus, iron chelation may be beneficial to increasing overall cell viability in
doxorubicin-induced cardiomyopathy through multiple signaling pathways.

In conclusion, iron is a key player in mitochondrial metabolism, which is highly dependent
on the proper function of several ISC-and heme-containing enzymes. Both iron deficiency
and iron overload have been found to reduce mitochondrial and cardiac function through
reductions in mitochondrial complex activity and increased oxidative stress damage.
Additionally, FRDA has demonstrated a clinical significance of the effects of iron on
mitochondrial metabolism, and iron may play a role in doxorubicin-induced cardiotoxicity.
Iron chelators and antioxidants have shown some efficacy in reversing metabolic changes
induced by iron overload, but more research is needed before these drugs are used in a wide
clinical setting for this purpose. The prospect of using clinical MRI measurement of iron to
help predict cardiac metabolic dysfunction also warrants further study. Moreover, additional
investigation is needed into the precise mechanisms of the effects of iron on mitochondrial
metabolism, the regulators of mitochondrial iron transport and utilization, and the role of
iron in non-mitochondrial metabolic processes.

3. Copper and mitochondrial metabolism in the heart

Like iron, copper is a redox-active metal that can transition from a reduced Cul * form to an
oxidized Cu? * state. Copper is less abundant than iron, but is critical in many cellular
processes including mitochondrial respiration, antioxidant capacity, and iron oxidation.
Cellular copper levels must also be tightly controlled, as copper accumulation can lead to
oxidative stress or inappropriate binding to macromolecules. However, limited information
is known about the systemic regulation of copper (Fig. 3). Ctrl imports dietary copper from
the duodenum into enterocytes [73], and ATP7A exports copper from enterocytes into the
bloodstream and also exports copper from other tissues, except the liver which contains
ATP7B. Ctrl also imports copper into the heart and is necessary for normal heart function,
as specific deletion of Ctrl in the mouse heart results in cardiac hypertrophy [74].
Additionally, the heart is capable of controlling systemic copper metabolism, as heart-
specific deletion of Ctrl results in increased serum copper levels and reduced hepatic copper
stores. Most of the copper in serum is bound by ceruloplasmin, which helps to catalyze the
oxidation of iron [75]. A mutation in ceruloplasmin has been linked to the systemic iron
overload disorder hemosiderosis, suggesting that ceruloplasmin helps to regulate systemic
iron homeostasis [76]. However, the implications of copper binding to ceruloplasmin on iron
metabolism have not been studied in the heart.

In the mitochondria, copper is an essential component of complex 1V, also known as
cytochrome oxidase. Cul* is bound by Cox 17 in the intermembrane space, then transferred
to Scol or Cox 11 for delivery to the Cox1 or Cox2 subunit of cytochrome oxidase,
respectively [77] (Fig. 3). Although copper is crucial for cytochrome oxidase function, the
transporters and regulators of mitochondrial copper are unknown. Additionally, the steady
state levels of copper in the mitochondria are an order of magnitude more than the amount
necessary for normal cytochrome oxidase function, suggesting that the mitochondria may
also act as a copper storage organelle, although this has not been directly demonstrated.

Several studies have linked copper deficiency to respiration defects and cardiomyopathy.
Mutations in Scol and Sco2 have been found to be associated with copper deficiency,
cytochrome oxidase assembly defects, and hypertrophic cardiomyopathy [78]. Moreover,
dietary copper deficiency in rats is linked to cardiac hypertrophy, decreased cardiac
cytochrome oxidase activity, lowered oxygen consumption and mitochondrial membrane
potential, increased mitochondrial biogenesis and ultrastructural damage, and ROS
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formation [79-88]. The cardiomyopathy induced by copper restriction can be reversed by
copper repletion, which can also reverse the associated lipid accumulation and
mitochondrial dysfunction [89]. There is also evidence that this improvement in function, at
least in hypertrophy, requires cytochrome oxidase [90]. Alternatively, an oxidized copper
chelator has been found to restore cardiac function in diabetic patients, and treatment of
diabetic rats with this chelator is associated with a reversal in alterations in cardiac proteins
involved in mitochondrial respiration and fatty acid oxidation [91]. These findings suggest
that copper accumulation is deleterious in diabetic cardiomyopathy possibly through
reductions in mitochondrial metabolism. Thus, carefully regulated levels of copper appear to
be necessary for normal mitochondrial function.

Further research into copper regulation and its effects on mitochondria and metabolism is
needed. Mitochondrial copper transporters have not been identified. Additionally, copper is
a necessary cofactor for the cytosolic Cu/Zn-superoxide dismutase (SOD), but the role of
this enzyme in cardiac mitochondrial metabolism has not been investigated. Moreover,
although copper binds to the ferroreductase ceruloplasmin, no studies have yet identified an
effect of ceruloplasmin disruption on cardiac iron or mitochondrial metabolism. Additional
studies on copper in mitochondrial metabolism should yield many interesting findings about
the role of this essential transitional metal in heart function.

4. Manganese and mitochondrial metabolism in the heart

Manganese is an essential trace metal and cofactor for the mitochondrial antioxidant enzyme
MnSOD, as well as other enzymes such as pyruvate carboxylase and arginine synthase [92].
However, as with other transition metals, excessive exposure is deleterious and manganese
accumulation is well-known to result in neurological damage. Manganese accumulation has
also been suggested to reduce cardiac mitochondrial integrity and energy production through
competitive binding to and inhibition of MgZ*- or Ca*-dependent mitochondrial enzymes
[93-95], although the implications of excess manganese on heart function have not been
studied. Additionally, the regulation of manganese transport has not been extensively
researched, but manganese is thought to be transported by proteins involved in Ca2* and
Fe2* transport, including DMT1 and TfR [96].

Manganese is necessary to the function of MnSOD, which helps neutralize mitochondrial
ROS by catalyzing the conversion of O e into O, and H,02. MnSOD deficiency results in
increased oxidative stress in MnSOD*/~ mice and rat cardiac fibroblasts [97,98].
Heterozygous deletion of MnSOD in mice also leads to enhanced cardiac mitochondrial
oxidative damage, reduced complex I activity, and increased sensitivity to cell death [99].
Conversely, transgenic mice with MnSOD overexpression have preserved integrity of
cardiac mitochondrial complex | and decreased doxorubicin-induced cardiomyopathy [100].
In a type 1 diabetic model, transgenic MnSOD mice have cardiac mitochondria with
increased respiration and normalized mass, as well as improved cardiac contractility and
function compared to nontransgenic mice [101]. Thus, MnSOD is suggested to be an
important contributor to cardiac mitochondrial and metabolic functions through reductions
in mitochondrial oxidative stress, but the mechanisms and clinical implications must be
further investigated.

5. Conclusions

Overall, there is a growing body of research demonstrating the involvement of transition

metals in mitochondrial metabolism of the heart through their roles in enzyme activity and
regulation of oxidative stress. However, our knowledge about this topic is still limited and
many questions remain. First, several transition metals, including zinc, have been virtually
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unstudied with regard to mitochondrial metabolism and their role in this process remains
unknown. Second, crosstalk among pathways regulating metals would be expected given the

ro
is

le of transition metals in overlapping functions, but information about potential crosstalk
very limited, especially in the context of the heart. Third, the regulation of transition metal

levels and transport by metabolic regulators would be expected, but has so far been largely
unstudied. Further research into the role of transition metals in cardiac mitochondria is
needed, and should reveal crucial information about cardiac metabolism and function, as
well as potential new pharmacological targets for cardiovascular diseases.
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Systemic iron transport. Ferric iron (Fe3 *) from the diet is converted to ferrous iron (Fe2 *)
in the duodenum by ferric reductases, then imported into enterocytes by DMT1. Heme from
the diet is also imported into enterocytes and converted into ferrous iron by HO1. Ferrous
iron is then exported into the bloodstream by Fpn. The export of ferrous iron is coupled to
its conversion to ferric iron, which is catalyzed by hephaestin and ceruloplasmin. Iron export
by Fpn can also be inhibited by the peptide hepcidin. In the bloodstream, ferric iron binds to
transferrin, which enables import into target cells by binding to TfR. Ferric iron-bound TfR
is then imported into cells by clathrin-coated pits. DMT1: Divalent metal transporter 1. Fpn:
Ferroportin. Hp: Hephaestin. Ce: Ceruloplasmin. Tf: Transferrin. TfR: Transferrin receptor.
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Fig. 2.

Iron signaling in the mitochondria. The mechanism of iron import into the outer
mitochondrial membrane is not fully known, but iron is imported into the inner
mitochondrial membrane by Mfrnl (assisted by ABCB10) and Mfrn2. The mechanism of
iron export from the mitochondria is also not known, but is facilitated by the inner
mitochondrial membrane protein ABCBS. In the mitochondria, iron remains as a labile iron
pool, is bound by ferritin and stored, or is incorporated into ISC- and heme-containing
enzymes of mitochondrial complexes of the electron transport chain. ISC and heme are also
exported from the mitochondria by an unknown mechanism, then incorporated into non-
mitochondrial ISC- and heme-containing enzymes. Mitochondrial complexes I and 111
produce superoxide ROS by electron leakage to O,. This superoxide is protonated to form
H»0,, which can then react with free iron to form hydroxyl radical ROS. CI-CIV:
complexes I through 1V. ISC: iron/sulfur cluster.
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Fig. 3.

Systemic and mitochondrial copper transport. Copper from the diet is imported into
enterocytes by Ctrl, then exported into the bloodstream by ATP7A. In the bloodstream, the
majority of copper is bound to ceruloplasmin. Copper is transported into cells by Ctrl, and
across the outer mitochondrial membrane by an unknown mechanism. In the inter-
membrane space, copper is bound by Cox17, which delivers copper to Scol or Cox11. Scol-
bound copper is delivered to the Cox1 subunit of Cco. Cox11-bound copper is delivered to
the Cox2 subunit of Cco. Cu: Copper. Ce: Ceruloplasmin. OM: outer mitochondrial
membrane. IS: intermembrane space. IM: inner mitochondrial membrane. Cco: cytochrome
oxidase.
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