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Abstract: Among different pathomechanisms involved in the development of heart failure, adverse
metabolic myocardial remodeling closely related to ineffective energy production, constitutes the
fundamental feature of the disease and translates into further progression of both cardiac dysfunction
and maladaptations occurring within other organs. Being the component of key enzymatic machiner-
ies, iron plays a vital role in energy generation and utilization, hence the interest in whether, by
correcting systemic and/or cellular deficiency of this micronutrient, we can influence the energetic
efficiency of tissues, including the heart. In this review we summarize current knowledge on dis-
turbed energy metabolism in failing hearts as well as we analyze experimental evidence linking iron
deficiency with deranged myocardial energetics.
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1. Introduction

Heart failure (HF) is one of the leading challenges for healthcare systems worldwide
due to the growing patient population, frequent re-hospitalizations and finally the low
quality of life of patients, often with multimorbidity and/or frailty [1]. Adverse metabolic
myocardial remodeling as reflected by abnormal energy generation constitutes the hallmark
of HF pathophysiology, and translates into further progression of both ‘central’ myocardial
dysfunction and ‘peripheral’ organ maladaptations (such as of adipose tissue or skeletal
muscles) [2–6]. Impaired energy production and utilization affecting the heart and other
organs is considered not only an important pathophysiological feature of disrupted home-
ostasis occurring during circulatory decompensation but also an emerging therapeutic
target during later long-term clinical recovery/improvement or not [7,8].

Energetic impairment of cardiac muscle and other organs can contribute to recurrent
episodes of worsening HF along with inevitable entering the path of a terminal, end-stage
phase of the disease [9,10]. There is experimental evidence that iron deficiency (ID) is
linked with energy depletion within myocardial and other tissues (such as skeletal mus-
cles) [11–13]. Of note, it has been demonstrated that intravenous iron therapy with ferric
carboxymaltose (FCM) administered after an episode of acute HF in patients with systemic
ID (evaluated based on circulating iron parameters) can prevent recurrent HF hospital-
izations [14]. The intriguing, hypothetical concept of affecting/improving myocardial
energy metabolism using particular substances given orally or intravenously (such as iron
formulations) requires further translational research, in particular because myocardial iron
status (strictly in the heart) is not comprehensively studied [15]. It is worth mentioning
that we have limited data suggesting possible improvement of skeletal muscle energetics
due to iron therapy in HF patients with ID [16]. In the current review paper, we discuss
the hypothesis of whether intravenous iron repletion may have clinically beneficial effects
through improving myocardial energetics in iron-deficient patients with HF.
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2. Physiology of Cardiac Energetics

Although the heart utilizes a lot of energy, the reserve of adenosine triphosphate (ATP)
and biofuels within this organ is limited [3,17,18]. Myocardial tissue is characterized by
potent oxidative capacity and ATP generation, mainly due to a high mitochondrial density
and a high efficacy of citric acid cycle (CAC) enzymes [4]. More than 95% of ATP generated
in the heart originates from highly efficient mitochondrial oxidative phosphorylation [17].
The turnover of high-energy phosphates in the myocardium is very dynamic and efficient—
although cardiac ATP stores amount to less than 1.0 g, the heart utilizes as much as a few
kilograms daily [19]. Regarding biofuels, myocardial tissue is considered ‘omnivorous’,
and cardiomyocytes utilize predominantly fatty acids (FAs), glucose and lactate, with the
limited use of amino acids and ketones [17,20,21]. Under physiological conditions, the
β-oxidation of FAs accounts for the majority of produced cardiac acetyl-coenzyme A, a
common compound synthesized also from other energy substrates [17]. The role of the
creatine kinase (CK) system needs also to be mentioned here [2,3]. During extensive muscle
performance with high ATP turnover, phosphocreatine (PCr) donates the high-energy
phosphate bond in the reaction catalyzed by the myofibrillar CK isoenzyme, and the high
temporal ATP concentration can be achieved [2].

Complex enzymatic repertoire allocated in the mitochondrial matrix and membranes
enables these organelles to play the fundamental role in the efficient oxidative metabolism
within the myocardial tissue [4,22–24]. Mitochondria account for almost one third of the
cardiac muscle tissue volume, and as mentioned above, the vast majority of energy gener-
ated in cardiomyocytes originates from mitochondrial respiration [23,25]. Mitochondria are
not only cellular ‘power plants’, but are also involved in the processes of cardiomyocyte
apoptosis, calcium handling and reactive oxygen species (ROS) generation [23,26].

The regulation of myocardial energy metabolism is not only based on direct modula-
tion of individual metabolic pathways, but is also influenced by hormones (e.g., thyroid,
pituitary or steroidal), and responds dynamically to the supply of particular energy sub-
strates [2,6,17,27–29]. Adenosine monophosphate-activated protein kinase (AMPK) is an
example of master energy and redox sensor, which in response to diverse stress stimuli for
the cardiomyocyte (not only energy deficit but also, for example, excessive oxidative stress)
plastically modulates intracellular metabolism to promote catabolic pathways crucial for
survival at the expense of temporarily less important anabolic ones [30]. As mentioned
above, the fasted vs. fed state can also impact myocardial substrate preference. Starvation
is characterized by low circulating insulin, accompanied by down-regulated sarcolemmal
glucose transporters proteins, augmented lipolysis and high circulating FAs, which results
in the preferential utilization of FAs through β-oxidation [17,29,31].

3. Deranged Energy Metabolism in HF
3.1. Adverse Metabolic Myocardial Remodeling in HF

Traditionally, the term ‘myocardial remodeling’ has been dedicated to describe the
structural and functional changes (firstly adaptive but later maladaptive) occurring in a
damaged heart [32,33]. In recent two decades, however, this term has acquired a new
meaning, as energetic and mitochondrial disturbances occurring in failing heart have also
been considered as an element of ‘myocardial remodeling’, and even the term ‘metabolic
remodeling’ has been proposed in this context [5,6,27].

The prominent metabolic feature of a cardiac failure is energy starvation due to either
inefficient energy production or/and increased energy demand (promoted by increased
preload or/and afterload, tachycardia or sympathoexcitation) [2,4,27]. This view has been
strongly supported by both experimental evidence coming from animal models of car-
diac hypertrophy or HF of different aetiology [2,4,27,33], and clinical data arising from
studies performed in vivo in humans based on the metabolomic approach [34,35]. Indeed,
failing hearts are characterized by abnormal profile of high-energy phosphates and most
prominent abnormalities are detected in advanced HF [2,4]. In particular, myocardial
tissue from patients and animals with advanced HF is characterized by a reduced ATP
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content up to 40% [36–38]. In a few available studies (human studies or animal models) it
has also been demonstrated that cardiac dysfunction in the course of HF is accompanied
by depleted amount of both creatine and PCr, decreased CK activity, altered CK isoform
distribution, and the down-regulated creatine transporter [37,39–42]. Another prominent
characteristic of failing myocardium is a shift towards the glucose utilization as the primary
substrate for energy generation [43–45]. The role of this shift is to minimize the oxidative
loss occurring during the FAs utilization, and to increase the ATP generation/oxygen con-
sumption ratio [43,44,46]. The increased glucose utilization via the glycolytic pathway is
induced by different stimuli such as reduced oxygen supply, AMPK activation or depleted
FAs metabolism [27]. In the early stages of HF, the FA utilization in myocardium may
be unchanged or only slightly altered [17,47]. However, finally, several factors contribute
to the diminished use of FAs and in the advanced stage of the disease their oxidative
metabolism is markedly depleted [17,27,48]. It is worth mentioning that some authors
rank altered substrate metabolism and oxidative stress within the myocardium higher
than net deficiency/inefficient regeneration of high-energy phosphates in terms of the
importance for adverse metabolic remodeling of the failing heart [5]. Importantly, in the
course of HF diverse energetic maladaptations within myocardial tissue are promoted by
increased sympathetic drive and overactive renin-angiotensin-aldosterone system, which
further augment oxidative stress and are responsible for disordered calcium handling [18].
Moreover, the excessive adrenergic signaling accompanying the progression of HF, along
with the subsequent insulin-resistance [49], have detrimental impact on the primarily adap-
tive shift towards glucose metabolism, as they decline the intracellular glucose utilization
and increase lipotoxic properties associated with high circulating FAs [2,5,29,50–53]. Not
without significance in the context of adverse myocardial metabolic remodeling are also
not fully established myocardial effects of excessive visceral/epicardial adiposity and/or
systemic disorders of carbohydrates metabolism [54,55].

Importantly, there is no clear borderline between the adaptive reversible stage and the
maladaptive irreversible stage of metabolic derangements and mitochondrial dysfunction
accompanying the natural history of myocardial dysfunction. In the earlier stage, all these
metabolic derangements are presumed to play an adaptive role within viable but partially
damaged or stunned cardiomyocytes, and in this situation therapeutic interventions ame-
liorating these pathologies seem to be at least feasible. In the latter stage, the progression
of metabolic derangements accompanied by multifaceted mitochondrial dysfunction are
rather maladaptive, and when persisted—lead inevitably from overt to end-stage HF, where
any attempts to reverse these pathologies seem to be less or even not effective [6,10,33].

3.2. Mitochondrial Dysfunction in the Failing Heart

Accumulated evidence from basic science studies and animal models indicate the key
role of impaired mitochondrial biology for the pathophysiology of HF [22–24]. Mitochon-
drial dysfunction is considered to represent the advanced stage of adverse myocardial
remodeling [22,27,56,57]. There has been proposed a hypothesis that the occurrence of
mitochondrial insufficiency is the critical point in the transition from compensated cardiac
hypertrophy to overt HF [28,33], however, abnormal myocardial energetics and mitochon-
drial dysfunction have been found already in patients with cardiac hypertrophy [58]. In the
course of HF, myocardial mitochondria are characterized by distinct structural alterations,
impaired biodynamics, increased ROS generation as well as functional abnormalities consis-
tent with inefficient oxidative capacity (of separate mitochondria themselves and of failing
myocardium globally) [22,23,33,57]. In one study comparing left ventricular samples from
advanced HF patients (referred for heart transplantation) versus donors without HF, Me-
lenovsky et al. have demonstrated, firstly, decreased myocardial mitochondrial oxidative
metabolism in HF, and secondly, that some of these mitochondrial derangements within
failing hearts were related to myocardial ID (see further paragraphs) [59]. While the key
element promoting the progression to end-stage HF (and hypothetically a therapeutic target
to prevent this deterioration) is naturally believed to be the failure of the mitochondria
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to produce enough energy (‘mismatch’ between energetic demand and supply), it should
be noted that other mitochondria-related pathologies can also contribute to lethal car-
diomyopathy, such as uncontrollable ROS generation, abnormal functioning of heat shock
proteins, altered mechanisms of apoptosis or dysregulated Ca2+ dynamics [22,57,60,61].

4. Iron and Energy Metabolism in the Heart
4.1. Beyond Circulating Biomarkers—Pools of Iron

Human body contains approx. 3–4 g of iron in total, with the majority (~70%) in
the erythron, ~20% being stored in the liver or mononuclear phagocyte system cells,
~10% incorporated in muscular myoglobin and only single milligrams circulating [62,63]
[Figure 1]. It needs to be emphasized that just another milligrams of iron make up the total
amount of the “bioactive” and metabolic pool, which is present in virtually all cells within
the organism [62–65]. Due to unique chemical properties of two oxidative states, iron has
a number of diverse biological functions—as the constituent of enzymatic machineries,
intracellular energetic centers within mitochondria, and molecular transportation systems—
in both hematopoietic and non-hematopoietic tissues [63–65]. Systematically, we should
distinguish labile iron pool (LIP) and bound iron (within functional groups) [64,66]. LIP
are basically redox active ionic iron compounds which are capable of inducing deleterious
oxidative stress to the cell [24,64–66]. Not surprisingly, this potentially harmful pool is
only responsible for a trace amount of iron in the body and an elegant repertoire of diverse
molecules involved in the transportation, handling and storage of iron maintains LIP at
the lowest possible level sufficient for cell physiology [64–66]. Consequently, almost all
body iron is encompassed by the iron in functional groups, which is not directly harmful
for the cells. Chemically, iron is an element of two major groups of proteins—hemoproteins
(e.g., hemo- and myoglobin, catalases, [per]oxidases and cytochromes) and non-heme
iron-containing proteins (e.g., aconitase or ferredoxin) [62–65]. In general, bound iron
resources ‘by weight’ are related to the characteristics of particular organs/tissues where
we can further distinguish storage-transportation and functional-metabolic pools of this
nutrient [62–65] (Figure 1). With the majority of body iron being present in the erythrocytes
and their bone marrow precursors (as the element of hemoglobin), other organs containing
significant amounts of this nutrient are liver (where iron is stored in ferritin in parenchymal
cells) and myocardial and skeletal muscle tissue (where iron is mainly represented as the
constituent of myoglobin) [63,65].

Importantly, iron is also deposited and recycled by the mononuclear phagocyte system
macrophages as well as it constantly circulates in blood bound to transferrin, with the
latter acting as a supplier of iron for dedicated tissues [63,64]. Functional-metabolic pool
of iron refers to iron incorporated into specialized extra-mitochondrial and mitochondrial
enzymatic machineries and proteins involved in diverse physiological functions. Outside
mitochondrial energetic machinery iron serves as a component of enzymes related to the
turnover of lipids, proteins and ribonucleic acids, and is involved in the metabolism of e.g.
collagen or amino acids [65,67–73]. In mitochondria, iron is an important constituent of
enzymatic prosthetic groups—heme and iron-sulfur clusters. Both these prosthetic groups
play a role in the mitochondrial energy generation through oxidative phosphorylation (as
the components of the respiratory chain) [71–73].
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The human body cannot actively remove excessive iron in case of overload and
therefore iron absorption is tightly controlled, in particular through the effects of hepatic
peptide hormone hepcidin [62,65,74]. Highly specialized transporters and receptors are
variously expressed in particular tissues to maintain precise uptake and release of iron such
as ferroportin (duodenum or mononuclear phagocyte system cells), transferrin receptor,
haephastin or emerging iron regulatory proteins (IRP) which modulate the expression of
iron homeostasis genes [75]. Importantly, since both LIP is toxic and ID detrimental for cell
homeostasis, there is an evident U-shaped relationship between the amount of iron and
cell death [76–78]. Indeed, in experimental animal models the states of both depleted and
excessive iron are characterized by the marked mitochondrial dysfunction and increased
oxidants generation [76–78]. This is also why some authors express their concerns related
to intravenous iron therapy that may potentially lead to the accumulation of redox-active
iron in cells and consequently result in severe oxidative stress [79]. There are well-known
genetic disorders characterized by iron overload confirming that excessive accumulation of
iron is harmful to various organs [80]. On the other hand, ID can also generate increased
oxidative stress within the cell due to impaired anti-oxidative defense [81]. In one study
already cited above the authors analyzed comprehensive cardiomyocyte mitochondrial
functioning in relation to myocardial iron content in explanted failing human hearts, and
have shown that myocardial ID correlated not only with reduced activity of CAC enzymes,
but also with reduced expression of proteins responsible for ROS defense [59].

Owing to the critical role of iron for cellular oxidative metabolism and energy gen-
eration, ID is particularly detrimental for tissues with enhanced synthesis of various
compounds (such as the liver or the kidneys) or those characterized by high energy de-
mand [64,82]. Liver may be an example here—mice lacking iron regulatory proteins in
the liver develop ID within mitochondria, which is followed by an abnormal mitochon-
drial metabolism of prosthetic groups containing iron, and this leads to lethal failure of
the organ [73]. Skeletal muscle tissue is also very sensitive to impaired iron homeosta-
sis [83–86]. Limited but analogous data have been provided for the heart—for example, the
induction of dietary ID in experimental animals is followed by mitochondrial abnormalities
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in the myocardial muscle (e.g., mitochondrial swelling, structural sarcomere alterations,
increased mitochondrial cytochrome c release) along with the development of hypertrophy
and dilatation of left ventricle [12].

4.2. ID in the Heart—Clinical and Experimental Evidence

In recent years, there has been an increase in interest in ID as a comorbid condition
that not only restricts erythropoiesis, but also disturbs the energy metabolism of the heart,
kidneys or muscles [87]. The etiology of ID in chronic disorders (e.g., HF, chronic kidney
disease or chronic obstructive pulmonary disease) is multifactorial, with potential con-
tributing mechanisms including e.g., iron-poor diet, malabsorption, pro-inflammatory state,
gastrointestinal bleeding (frequently subclinical) or interactions with certain medications
(for example proton pump inhibitors) [81,88]. In patients with HF with reduced left ventric-
ular ejection fraction, ID is highly prevalent and correlates with worse quality of life, lower
exercise capacity and eventually increased long-term mortality [89–92]. Similar observa-
tions have been published for HF patients with preserved left ventricular ejection fraction.
In such patients, ID is also common and relates to worse symptomatology, quality of life
and exercise tolerance [93,94], but without unequivocal impact on long-term outcomes
such as mortality or re-hospitalizations [93].

ID in patients with chronic disorders (such as HF) is diagnosed and replenished
based on the assessment of iron parameters in peripheral blood only [95]. These easily
accessible parameters such as serum ferritin, transferrin saturation index (TSAT) or soluble
transferrin receptor (sTfR) indeed reflect to some extent iron status in peripheral tissues. For
example, we have demonstrated that in patients with coronary artery disease (referred for
surgical revascularization), elevated sTfR correlates with bone marrow iron depletion [96].
Analogously, in patients with HF the criterion of functional ID based on TSAT < 20% has
been validated with ID confirmed in bone marrow iron staining [97]. It is also worth noting
that in advanced HF myocardial and serum iron status are related to each other to some
extent, e.g., circulating sTfR (indicator of iron demand in peripheral tissues) correlates
with myocardial iron amount as well as with the myocardial expression of transferrin
receptor, as assessed in explanted failing hearts [98]. This approach oriented at diagnosing
and correcting the so-called “systemic ID”, as reflected by a few common iron parameters
assessed in peripheral blood, is indeed clinically very practical, however, it does not provide
any direct insight into what happens with the iron in particular organs on the cellular and
sub-cellular level. Given that circulating indices of iron status predict clinical outcomes in
chronic diseases, they have been targeted in clinical trials, for example in acute or chronic
HF [14,99]. Nevertheless, more comprehensive understanding of iron homeostasis in
particular organs in health and disease could translate into further benefits for patients.
One may ask an intriguing question of whether there are patients with chronic disorders
who would benefit from iron therapy through improving functioning of particular organs,
in spite of indices of iron status in peripheral blood within the normal range.

Data on myocardial iron status in failing vs. non-failing human heart are limited. In
advanced HF, myocardial iron content is reduced as it has been demonstrated in severely
compromised hearts explanted before the transplantation procedure [15,17,59,98,100,101].
In one study it has been demonstrated that myocardial ID is common in advanced HF
(explanted hearts) and is related to greater severity of left ventricular dysfunction and
more symptomatic disease [15]. Importantly, predefined left ventricular myocardial ID
correlated with decreased activity of CAC and respiratory chain activity as well as reduced
anti-oxidant properties [15]. Once again, the above-cited study regarding direct tissue
analysis of explanted failing hearts [59] should also be recalled, where it was shown
that although myocardial ID was not associated with the activity of respiratory chain
enzymes, it correlated with a decrease in important CAC enzymes activity (aconitase and
citrate synthase) as well as with reduced expression of protective antioxidant enzymes.
Diminished myocardial iron is also associated with greater remodeling—in one study
regarding patients with non-ischemic cardiomyopathy hearts with low iron content were
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characterized by greater neurohormonal activation and myocardial remodeling, however,
amount of cardiac iron was once again not related to levels of circulating iron biomarkers
in these subjects [102].

There is evidence from experimental animals and cell cultures that the state of ID has
detrimental impact on the performance of both the whole heart and isolated cardiomyocytes
in vitro [103–106]. Experimentally, we can develop ID by introducing the specific low-iron
diet for an animal or through chelating iron in the culture (environmental iron depletion),
or alternatively we can “generate” ID within the whole organism or in selected organs/cells
using precise knockouts of genes involved in iron metabolism (transgenic ID). It needs to
be emphasized that in experimental animals the induction of a severe ID frequently leads
to the development of anemia, and therefore the overlapping of effects of ID and decreased
haemoglobin needs to be acknowledged [103,107]. Importantly, in a few studies iron was
first limited and then supplemented, which confirms the causal relationship between ID
and detected pathologies that were due successfully reversed [103].

Multifaceted abnormalities within animal hearts in the course of inducible ID are
visible at all levels of tissue organization, from the entire organ, through isolated cardiomy-
ocytes, ending with sophisticated mitochondrial pathobiology (Figure 2). Not surprisingly,
rodents with ID have lower iron content in their hearts as compared with control ani-
mals [108]. As far as a few decades ago it has also been demonstrated that rats persistently
fed with an iron-deficient diet presented with cardiac hypertrophy and myocardial mi-
tochondria had decreased cytochrome content and activity with reduced overall oxygen
uptake [109]. Indeed, dietary ID affects morphology of the heart (resulting in dilata-
tion and hypertrophy, systolic compromise) and on the tissue level it enhances apopto-
sis [12,13,107,108,110,111]. Regarding cardiac hypertrophy as an initial morphological
adaptation to mechanical overload of both the heart and cardiovascular system as a whole
(finally leading to progressive heart failure), the differences between volume and pressure
overload (responsible for concentric and eccentric hypertrophy, respectively) should be
highlighted here [112,113]. Rats with anemia due to ID present with left ventricular di-
latation and therefore as a model of HF development they represent eccentric rather than
concentric hypertrophy [112]. The question of whether the broadly understood pathophys-
iology of ID (systemic and in particular body compartments/organs) in the course of HF
caused predominantly by pressure overload (with initial adaptive concentric hypertrophy)
is different compared to volume-overload HF, requires further experimental studies.

ID also influences isolated cardiomyocytes and their mitochondria, the latter both mor-
phologically (altered structure) and functionally (reduced oxygen uptake, decreased activity
of respiratory chain complexes) [12,104–106,109]. ID is also related to myocardial calcium
signaling—one of emerging pathways attributed to impaired contractility of human failing
hearts [107,114]. In one murine model animals with dietary IDA developed remarkable
biventricular contractile dysfunction, which was accompanied by decreased cytoplasmatic
Ca2+ transient amplitude in isolated cardiomyocytes [107]. Importantly, i.v. iron therapy
with FCM reversed these abnormalities [107]. Another study also showed beneficial effects
of i.v. iron on abnormal myocardial functioning due to ID—in rats made iron-deficient to
induce adverse myocardial remodeling (dilated cardiomyopathy phenotype, fibrosis), in-
travenous iron sucrose reversed initial maladaptations along with the decrease in oxidative
stress and pro-inflammatory and remodeling biomarkers within cardiac muscle [13]. With
regard to isolated cardiomyocytes experimentally made iron-deficient, it has been demon-
strated in one study that they present with impaired contractility along with decreased
mitochondrial respiration, and these abnormalities were also reversed by adding iron back
to the culture [115]. We have demonstrated that both during or without hypoxia, ID im-
pairs the viability of rat cardiomyocytes [104,105]. Additionally, in human cardiomyocytes
subjected to mechanical work decreased iron intensifies glycolysis and increases lactate
production but mitochondrial aerobic metabolism is reduced [106].
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Knockout murine models of ID restricted to cardiac muscle provide additional evi-
dence on the critical role of adequate availability of iron for effective mechanical and ener-
getic performance of cardiomyocytes [100,116]. With regard to methodology, myocardium-
targeted deprivation of iron in transgenic animals is achieved either by directly affecting
transferrin receptor or indirectly through modulating regulatory cascades (IRP). The latter
maintain sufficient intracellular iron for synthesis processes and metabolic needs [100]. For
example, in one study the authors blocked selectively myocardial iron uptake by inacti-
vating transferrin receptor in cardiomyocytes [116]. Consequently, experimental animals
did not increase their cardiac iron throughout an early postnatal period (due to constantly
deranged iron uptake from circulation) and shortly demonstrated the entire spectrum of
severe morphological and functional abnormalities in their hearts, including cardiomegaly,
hypertrophy, impaired contractile function, enlarged mitochondria, ineffective mitophagy,
and eventually the decreased activity of electron transport chain complexes [116]. Finally,
messenger ribonucleic acid signatures within the hearts of transgenic mice demonstrated
the upregulation of Myc (gene playing key role in cell lifecycle and survival), glycolytic
and hypoxia-inducible factor genes, and the downregulation of genes involved in myo-
genesis and peroxisome proliferator-activated receptor, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha and insulin signaling [116]. Importantly, an aggressive
iron replenishment in severely cardiac iron-deficient animals inhibited to some extent the
development of aforementioned lethal cardiomyopathy [116]. In another study of Had-
dad et al. [100] cardiomyocyte-specific deletion of IRP in mice resulted in the decrease in
cardiomyocyte iron content, impaired cardiac adaptation to acutely or chronically increased
workload (during dobutamine test or in the model of progressive ischemic HF, respectively),
and completely ineffective increase in mitochondrial respiration during exercise. These
maladaptations were later reversed by FCM in knockout but not control animals [100]. A
key body iron regulator hepcidin (mainly synthesized in the liver; it controls iron homeosta-
sis in a negative feedback mechanism through inhibiting ferroportin) is also expressed in
cardiac muscle, where its gene (hepcidin antimicrobial peptide gene—HAMP) can also be
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selectively deleted [117]. Namely, in the mouse model of cardiomyocyte-specific deletion
of HAMP, the animals developed lethal cardiomyopathy with remarkable mitochondrial
dysfunction and metabolic impairment [117]. Importantly, genetic modifications did not
affect circulating iron biomarkers and cardiomyopathy due to cardiac ID was prevented
with intravenous iron therapy analogously to previous experiments [117]. A similar phe-
notype of HF was observed in the second arm of the experiment, where cardiac-specific
knock-in of hepcidin-resistant ferroportin was introduced demonstrating a unique model
of uncontrolled iron release from cardiomyocytes without an autocrine control with cardiac
hepcidin [117]. Nevertheless, a few studies have also demonstrated detrimental effects of
iron overload on mitochondrial functioning with the subsequent development of cardiac
compromise, e.g., mice with inducible mitochondrial iron overload (ATP binding cassette
transporter B8 knockout) develop cardiac systolic and diastolic dysfunction, along with the
increased oxidative stress and structural abnormalities within mitochondria [118]. Indis-
putably, precise control mechanisms of iron homeostasis in the heart protect against both
harmful deficiency and excess of this micronutrient.

5. Conclusions

Impaired myocardial energetics constitutes an important pathophysiological feature
of HF at molecular level and is considered to promote clinical progression of the disease,
not infrequently in spite of administered evidence-based cardioprotective treatments [2,4,5].
Iron plays a number of important biochemical roles in the cell, and bidirectional abnor-
malities regarding iron homeostasis (excess vs. deficiency) negatively affect cell biology
and viability [62,63,65]. It has been demonstrated in a few well-designed translational
studies that ID adversely affects the functioning of the heart at different levels of tissue
organization (including leading to its overt failure), and iron supplementation reverses
at least some of these maladaptations [103]. There is limited evidence that in the course
of its advanced failure (before transplantation) the human heart is also often deficient in
this micronutrient, which is to some extent related to unfavorable remodeling, energetics
and patient clinical status [15,17,59,98,100,101]. There are published a few clinical trials
demonstrating that the correction of systemic ID (diagnosed with biomarkers from blood
sample) in HF results in the improvement of quality of life, symptoms and exercise capacity,
and these effects go beyond simply improving red cell indices [81,119]. Moreover, clinical
benefits in terms of reducing HF hospitalizations (and therefore affecting the natural his-
tory of the disease) have been demonstrated in iron-deficient patients stabilized after an
episode of acute HF who were treated pre-discharge with FCM (intravenous iron) [14]. It
needs to be acknowledged, however, that we have no data for if and how intravenous iron
supplementation in patients with HF and systemic ID (assessed in peripheral blood) affects
iron levels in the heart. Interestingly, there are scarce data suggesting that intravenous
iron load can affect skeletal muscle energetics in iron-deficient subjects with HF [11]. It is
reasonable to further study systemic effects of (intravenous) iron therapy on individual
iron compartments in the body, including myocardial iron levels, especially in the context
of possible metabolic improvement potentially translating into reduced morbidity.

Author Contributions: Conceptualization, M.T., P.P. and E.A.J.; review of literature, M.T., K.M.G.,
W.H.L. and E.A.J.; writing—original draft preparation, M.T., K.M.G. and W.H.L.; writing—critical
revision of the manuscript for important intellectual content, P.P. and E.A.J.; writing—revisions, M.T.,
K.M.G. and W.H.L.; supervision, E.A.J.; funding acquisition, P.P. and E.A.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was financially supported by subsidy no. SUBZ.A460.22.055 of the Institute
of Heart Diseases, Wroclaw Medical University, Wroclaw, Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Int. J. Environ. Res. Public Health 2022, 19, 17000 10 of 15

Conflicts of Interest: Wroclaw Medical University received an unrestricted grant from Vifor Pharma.
M.T. reports personal fees from V-Wave Ltd., Eidos Therapeutics, Cytokinetics, Impulse Dynamics,
Alnylam Pharmaceuticals and Takeda, outside the submitted work. K.G. and W.H.L. have nothing to
disclose. P.P. reports grants, personal fees and other from Vifor Pharma; personal fees and other from
Amgen, Bayer, Novartis, Abbott Vascular, Boehringer Ingelheim, Pfizer, Servier, AstraZeneca, Cibiem,
BMS, Impulse Dynamics; personal fees from Berlin Chemie; and other from Cardiac Dimensions;
outside the submitted work. E.A.J. reports grants and personal fees from Vifor Pharma, personal
fees from Bayer, Novartis, Abbott, Boehringer Ingelheim, Pfizer, Servier, AstraZeneca, Berlin Chemie,
Cardiac Dimensions, Takeda, Gedeon Richter, Respicardia, outside the submitted work. Both P.P. and
E.A.J. have been co-PIs in the AFFIRM-AHF trial sponsored by Vifor Pharma.

Abbreviations

AMPK adenosine monophosphate-activated protein kinase
ATP adenosine triphosphate
CAC citric acid cycle
CK creatine kinase
FAs fatty acids
FCM ferric carboxymaltose
HAMP gene hepcidin antimicrobial peptide gene (encoding hepcidin)
HF heart failure
ID iron deficiency
IRP iron regulatory proteins
LIP labile iron pool
PCr phosphocreatine
ROS reactive oxygen species
sTfR soluble transferrin receptor
TSAT transferrin saturation (index)

References
1. Groenewegen, A.; Rutten, F.H.; Mosterd, A.; Hoes, A.W. Epidemiology of heart failure. Eur. J. Heart Fail. 2020, 22, 1342–1356.

[CrossRef] [PubMed]
2. Neubauer, S. The failing heart—An engine out of fuel. N. Engl. J. Med. 2007, 356, 1140–1151. [CrossRef] [PubMed]
3. Ingwall, J.S. Energy metabolism in heart failure and remodelling. Cardiovasc. Res. 2009, 81, 412–419. [CrossRef] [PubMed]
4. Mettauer, B.; Zoll, J.; Garnier, A.; Ventura-Clapier, R. Heart failure: A model of cardiac and skeletal muscle energetic failure. Pflug.

Arch. 2006, 452, 653–666. [CrossRef]
5. Bertero, E.; Maack, C. Metabolic remodelling in heart failure. Nat. Rev. Cardiol. 2018, 15, 457–470. [CrossRef]
6. Lopaschuk, G.D.; Karwi, Q.G.; Tian, R.; Wende, A.R.; Abel, E.D. Cardiac Energy Metabolism in Heart Failure. Circ. Res. 2021, 128,

1487–1513. [CrossRef]
7. Lopez, R.; Marzban, B.; Gao, X.; Lauinger, E.; Van den Bergh, F.; Whitesall, S.E.; Converso-Baran, K.; Burant, C.F.; Michele, D.E.;

Beard, D.A. Impaired Myocardial Energetics Causes Mechanical Dysfunction in Decompensated Failing Hearts. Function 2020, 1,
zqaa018. [CrossRef]

8. Tewari, S.G.; Bugenhagen, S.M.; Vinnakota, K.C.; Rice, J.J.; Janssen, P.M.L.; Beard, D.A. Influence of metabolic dysfunction on
cardiac mechanics in decompensated hypertrophy and heart failure. J. Mol. Cell. Cardiol. 2016, 94, 162–175. [CrossRef]

9. Lin, D.; Hollander, Z.; Meredith, A.; Stadnick, E.; Sasaki, M.; Cohen Freue, G.; Qasimi, P.; Mui, A.; Ng, R.T.; Balshaw, R.; et al.
Biomarkers in Transplantation Team; & NCE CECR PROOF Centre of Excellence. Molecular signatures of end-stage heart failure.
J. Card. Fail. 2011, 17, 867–874. [CrossRef]

10. van Bilsen, M.; van Nieuwenhoven, F.A.; van der Vusse, G.J. Metabolic remodelling of the failing heart: Beneficial or detrimental?
Cardiovasc. Res. 2009, 81, 420–428. [CrossRef]

11. Melenovsky, V.; Hlavata, K.; Sedivy, P.; Dezortova, M.; Borlaug, B.A.; Petrak, J.; Kautzner, J.; Hajek, M. Skeletal Muscle
Abnormalities and Iron Deficiency in Chronic Heart Failure. An Exercise 31P Magnetic Resonance Spectroscopy Study of Calf
Muscle. Circ. Heart Fail. 2018, 11, e004800. [CrossRef] [PubMed]

12. Dong, F.; Zhang, X.; Culver, B.; Chew, H.G., Jr.; Kelley, R.O.; Ren, J. Dietary iron deficiency induces ventricular dilation;
mitochondrial ultrastructural aberrations and cytochrome c release: Involvement of nitric oxide synthase and protein tyrosine
nitration. Clin. Sci. 2005, 109, 277–286. [CrossRef] [PubMed]

13. Toblli, J.E.; Cao, G.; Rivas, C.; Giani, J.F.; Dominici, F.P. Intravenous iron sucrose reverses anemia-induced cardiac remodeling;
prevents myocardial fibrosis, and improves cardiac function by attenuating oxidative/nitrosative stress and inflammation. Int. J.
Cardiol. 2016, 212, 84–91. [CrossRef] [PubMed]

http://doi.org/10.1002/ejhf.1858
http://www.ncbi.nlm.nih.gov/pubmed/32483830
http://doi.org/10.1056/NEJMra063052
http://www.ncbi.nlm.nih.gov/pubmed/17360992
http://doi.org/10.1093/cvr/cvn301
http://www.ncbi.nlm.nih.gov/pubmed/18987051
http://doi.org/10.1007/s00424-006-0072-7
http://doi.org/10.1038/s41569-018-0044-6
http://doi.org/10.1161/CIRCRESAHA.121.318241
http://doi.org/10.1093/function/zqaa018
http://doi.org/10.1016/j.yjmcc.2016.04.003
http://doi.org/10.1016/j.cardfail.2011.07.001
http://doi.org/10.1093/cvr/cvn282
http://doi.org/10.1161/CIRCHEARTFAILURE.117.004800
http://www.ncbi.nlm.nih.gov/pubmed/30354361
http://doi.org/10.1042/CS20040278
http://www.ncbi.nlm.nih.gov/pubmed/15877545
http://doi.org/10.1016/j.ijcard.2016.03.039
http://www.ncbi.nlm.nih.gov/pubmed/27038710


Int. J. Environ. Res. Public Health 2022, 19, 17000 11 of 15

14. Ponikowski, P.; Kirwan, B.A.; Anker, S.D.; McDonagh, T.; Dorobantu, M.; Drozdz, J.; Fabien, V.; Filippatos, G.; Göhring, U.M.;
Keren, A.; et al. Ferric carboxymaltose for iron deficiency at discharge after acute heart failure: A multicentre; double-blind;
randomized, controlled. Lancet 2020, 396, 1895–1904; Correction in Lancet 2021, 398, 1964. [CrossRef]

15. Zhang, H.; Jamieson, K.L.; Grenier, J.; Nikhanj, A.; Tang, Z.; Wang, F.; Wang, S.; Seidman, J.G.; Seidman, C.E.; Thompson, R.; et al.
Myocardial Iron Deficiency and Mitochondrial Dysfunction in Advanced Heart Failure in Humans. J. Am. Heart Assoc. 2022, 7,
e022853. [CrossRef]

16. Charles-Edwards, G.; Amaral, N.; Sleigh, A.; Ayis, S.; Catibog, N.; McDonagh, T.; Monaghan, M.; Amin-Youssef, G.; Kemp, G.J.;
Shah, A.M.; et al. Effect of Iron Isomaltoside on Skeletal Muscle Energetics in Patients with Chronic Heart Failure and Iron
Deficiency. Circulation 2019, 139, 2386–2398. [CrossRef]

17. Stanley, W.C.; Recchia, F.A.; Lopaschuk, G.D. Myocardial substrate metabolism in the normal and failing heart. Physiol. Rev. 2005,
85, 1093–1129. [CrossRef]

18. Bhatt, K.N.; Butler, J. Myocardial Energetics and Heart Failure: A Review of Recent Therapeutic Trials. Curr. Heart Fail. Rep. 2018,
15, 191–197. [CrossRef]

19. Ingwall, J.S. ATP and the Heart; Springer Science & Business Media: New York, NY, USA, 2002; Volume 11, ISBN 978-1-4613-5391-1.
20. Randle, P.J. Regulatory interactions between lipids and carbohydrates: The glucose fatty acid cycle after 35 years. Diabetes Metab.

Rev. 1998, 14, 263–283. [CrossRef]
21. Abel, E.D. Glucose transport in the heart. Front. Biosci. 2004, 9, 201–215. [CrossRef]
22. Zhou, B.; Tian, R. Mitochondrial dysfunction in pathophysiology of heart failure. J. Clin. Investig. 2018, 128, 3716–3726. [CrossRef]

[PubMed]
23. Bisaccia, G.; Ricci, F.; Gallina, S.; Di Baldassarre, A.; Ghinassi, B. Mitochondrial Dysfunction and Heart Disease: Critical Appraisal

of an Overlooked Association. Int. J. Mol. Sci. 2021, 22, 614. [CrossRef] [PubMed]
24. Bayeva, M.; Gheorghiade, M.; Ardehali, H. Mitochondria as a therapeutic target in heart failure. J. Am. Coll. Cardiol. 2013, 61,

599–610. [CrossRef] [PubMed]
25. Ventura-Clapier, R.; Garnier, A.; Veksler, V. Energy metabolism in heart failure. J. Physiol. 2004, 555 Pt 1, 1–13. [CrossRef]
26. Kurdi, M.; Booz, G.W. Focus on mitochondria dysfunction and dysregulation in heart failure: Towards new therapeutic strategies

to improve heart function. Congest. Heart Fail. 2011, 17, 255–256. [CrossRef]
27. van Bilsen, M.; Smeets, P.J.; Gilde, A.J.; van der Vusse, G.J. Metabolic remodelling of the failing heart: The cardiac burn-out

syndrome? Cardiovasc. Res. 2004, 61, 218–226. [CrossRef]
28. Beauloye, C.; Bertrand, L.; Horman, S.; Hue, L. AMPK activation, a preventive therapeutic target in the transition from cardiac

injury to heart failure. Cardiovasc. Res. 2011, 90, 224–233. [CrossRef]
29. Ardehali, H.; Sabbah, H.N.; Burke, M.A.; Sarma, S.; Liu, P.P.; Cleland, J.G.; Maggioni, A.; Fonarow, G.C.; Abel, E.D.; Campia, U.;

et al. Targeting myocardial substrate metabolism in heart failure: Potential for new therapies. Eur. J. Heart Fail. 2012, 14, 120–129.
[CrossRef]

30. Marino, A.; Hausenloy, D.J.; Andreadou, I.; Horman, S.; Bertrand, L.; Beauloye, C. AMP-activated protein kinase: A remarkable
contributor to preserve a healthy heart against ROS injury. Free Radic. Biol. Med. 2021, 166, 238–254. [CrossRef]

31. Azevedo, P.S.; Minicucci, M.F.; Santos, P.P.; Paiva, S.A.; Zornoff, L.A. Energy metabolism in cardiac remodeling and heart failure.
Cardiol. Rev. 2013, 21, 135–140. [CrossRef]

32. González, A.; Ravassa, S.; Beaumont, J.; López, B.; Díez, J. New targets to treat the structural remodeling of the myocardium. J.
Am. Coll. Cardiol. 2011, 58, 1833–1843. [CrossRef] [PubMed]

33. Abel, E.D.; Doenst, T. Mitochondrial adaptations to physiological vs. pathological cardiac hypertrophy. Cardiovasc. Res. 2011, 90,
234–242. [CrossRef] [PubMed]

34. Turer, A.T. Using metabolomics to assess myocardial metabolism and energetics in heart failure. J. Mol. Cell. Cardiol. 2013, 55,
12–18. [CrossRef] [PubMed]

35. Griffin, J.L.; Atherton, H.; Shockcor, J.; Atzori, L. Metabolomics as a tool for cardiac research. Nat. Rev. Cardiol. 2011, 8, 630–643.
[CrossRef] [PubMed]

36. Starling, R.C.; Hammer, D.F.; Altschuld, R.A. Human myocardial ATP content and in vivo contractile function. Mol. Cell. Biochem.
1998, 180, 171–177. [CrossRef] [PubMed]

37. Beer, M.; Seyfarth, T.; Sandstede, J.; Landschütz, W.; Lipke, C.; Köstler, H.; von Kienlin, M.; Harre, K.; Hahn, D.; Neubauer, S.
Absolute concentrations of high-energy phosphate metabolites in normal; hypertrophied; and failing human myocardium
measured noninvasively with (31)P-SLOOP magnetic resonance spectroscopy. J. Am. Coll. Cardiol. 2002, 40, 1267–1274. [CrossRef]

38. Shen, W.; Asai, K.; Uechi, M.; Mathier, M.A.; Shannon, R.P.; Vatner, S.F.; Ingwall, J.S. Progressive loss of myocardial ATP due
to a loss of total purines during the development of heart failure in dogs: A compensatory role for the parallel loss of creatine.
Circulation 1999, 100, 2113–2118. [CrossRef]

39. Nascimben, L.; Ingwall, J.S.; Pauletto, P.; Friedrich, J.; Gwathmey, J.K.; Saks, V.; Pessina, A.C.; Allen, P.D. Creatine kinase system
in failing and nonfailing human myocardium. Circulation 1996, 94, 1894–1901. [CrossRef]

40. Ten Hove, M.; Chan, S.; Lygate, C.; Monfared, M.; Boehm, E.; Hulbert, K.; Watkins, H.; Clarke, K.; Neubauer, S. Mechanisms of
creatine depletion in chronically failing rat heart. J. Mol. Cell. Cardiol. 2005, 38, 309–313. [CrossRef]

http://doi.org/10.1016/S0140-6736(20)32339-4
http://doi.org/10.1161/JAHA.121.022853
http://doi.org/10.1161/CIRCULATIONAHA.118.038516
http://doi.org/10.1152/physrev.00006.2004
http://doi.org/10.1007/s11897-018-0386-8
http://doi.org/10.1002/(SICI)1099-0895(199812)14:4&lt;263::AID-DMR233&gt;3.0.CO;2-C
http://doi.org/10.2741/1216
http://doi.org/10.1172/JCI120849
http://www.ncbi.nlm.nih.gov/pubmed/30124471
http://doi.org/10.3390/ijms22020614
http://www.ncbi.nlm.nih.gov/pubmed/33435429
http://doi.org/10.1016/j.jacc.2012.08.1021
http://www.ncbi.nlm.nih.gov/pubmed/23219298
http://doi.org/10.1113/jphysiol.2003.055095
http://doi.org/10.1111/j.1751-7133.2011.00269.x
http://doi.org/10.1016/j.cardiores.2003.11.014
http://doi.org/10.1093/cvr/cvr034
http://doi.org/10.1093/eurjhf/hfr173
http://doi.org/10.1016/j.freeradbiomed.2021.02.047
http://doi.org/10.1097/CRD.0b013e318274956d
http://doi.org/10.1016/j.jacc.2011.06.058
http://www.ncbi.nlm.nih.gov/pubmed/22018293
http://doi.org/10.1093/cvr/cvr015
http://www.ncbi.nlm.nih.gov/pubmed/21257612
http://doi.org/10.1016/j.yjmcc.2012.08.025
http://www.ncbi.nlm.nih.gov/pubmed/22982115
http://doi.org/10.1038/nrcardio.2011.138
http://www.ncbi.nlm.nih.gov/pubmed/21931361
http://doi.org/10.1023/A:1006876031121
http://www.ncbi.nlm.nih.gov/pubmed/9546644
http://doi.org/10.1016/S0735-1097(02)02160-5
http://doi.org/10.1161/01.CIR.100.20.2113
http://doi.org/10.1161/01.CIR.94.8.1894
http://doi.org/10.1016/j.yjmcc.2004.11.016


Int. J. Environ. Res. Public Health 2022, 19, 17000 12 of 15

41. Neubauer, S.; Remkes, H.; Spindler, M.; Horn, M.; Wiesmann, F.; Prestle, J.; Walzel, B.; Ertl, G.; Hasenfuss, G.; Wallimann, T.
Downregulation of the Na+-creatine cotransporter in failing human myocardium and in experimental heart failure. Circulation
1999, 100, 1847–1850. [CrossRef]

42. Sylvén, C.; Lin, L.; Jansson, E.; Sotonyi, P.; Fu, L.X.; Waagstein, F.; Hjalmarsson, A.; Marcus, C.; Brönnegård, M. Ventricular
adenine nucleotide translocator mRNA is upregulated in dilated cardiomyopathy. Cardiovasc. Res. 1993, 27, 1295–1299. [CrossRef]
[PubMed]

43. Kolwicz, S.C., Jr.; Tian, R. Glucose metabolism and cardiac hypertrophy. Cardiovasc. Res. 2011, 90, 194–201. [CrossRef] [PubMed]
44. Sack, M.N.; Kelly, D.P. The energy substrate switch during development of heart failure: Gene regulatory mechanisms (Review).

Int. J. Mol. Med. 1998, 1, 17–24. [CrossRef] [PubMed]
45. Nascimben, L.; Ingwall, J.S.; Lorell, B.H.; Pinz, I.; Schultz, V.; Tornheim, K.; Tian, R. Mechanisms for increased glycolysis in the

hypertrophied rat heart. Hypertension 2004, 44, 662–667. [CrossRef] [PubMed]
46. Morrow, D.A.; Givertz, M.M. Modulation of myocardial energetics: Emerging evidence for a therapeutic target in cardiovascular

disease. Circulation 2005, 112, 3218–3221. [CrossRef] [PubMed]
47. Chandler, M.P.; Kerner, J.; Huang, H.; Vazquez, E.; Reszko, A.; Martini, W.Z.; Hoppel, C.L.; Imai, M.; Rastogi, S.; Sabbah, H.N.;

et al. Moderate severity heart failure does not involve a downregulation of myocardial fatty acid oxidation. Am. J. Physiol. Heart
Circ. Physiol. 2004, 287, H1538–H1543. [CrossRef]

48. Osorio, J.C.; Stanley, W.C.; Linke, A.; Castellari, M.; Diep, Q.N.; Panchal, A.R.; Hintze, T.H.; Lopaschuk, G.D.; Recchia, F.A.
Impaired myocardial fatty acid oxidation and reduced protein expression of retinoid X receptor-alpha in pacing-induced heart
failure. Circulation 2002, 106, 606–612. [CrossRef]

49. Opie, L.H.; Knuuti, J. The adrenergic-fatty acid load in heart failure. J. Am. Coll. Cardiol. 2009, 54, 1637–1646. [CrossRef]
50. Kalsi, K.K.; Smolenski, R.T.; Pritchard, R.D.; Khaghani, A.; Seymour, A.M.; Yacoub, M.H. Energetics and function of the failing

human heart with dilated or hypertrophic cardiomyopathy. Eur. J. Clin. Investig. 1999, 29, 469–477. [CrossRef]
51. Razeghi, P.; Young, M.E.; Alcorn, J.L.; Moravec, C.S.; Frazier, O.H.; Taegtmeyer, H. Metabolic gene expression in fetal and failing

human heart. Circulation 2001, 104, 2923–2931. [CrossRef]
52. Taylor, M.; Wallhaus, T.R.; Degrado, T.R.; Russell, D.C.; Stanko, P.; Nickles, R.J.; Stone, C.K. An evaluation of myocardial fatty

acid and glucose uptake using PET with [18F]fluoro-6-thia-heptadecanoic acid and [18F]FDG in Patients with Congestive Heart
Failure. J. Nucl. Med. 2001, 42, 55–62. [PubMed]

53. Tuunanen, H.; Engblom, E.; Naum, A.; Scheinin, M.; Någren, K.; Airaksinen, J.; Nuutila, P.; Iozzo, P.; Ukkonen, H.; Knuuti, J.
Decreased myocardial free fatty acid uptake in patients with idiopathic dilated cardiomyopathy: Evidence of relationship with
insulin resistance and left ventricular dysfunction. J. Card. Fail. 2006, 12, 644–652. [CrossRef] [PubMed]

54. Patel, V.B.; Shah, S.; Verma, S.; Oudit, G.Y. Epicardial adipose tissue as a metabolic transducer: Role in heart failure and coronary
artery disease. Heart Fail. Rev. 2017, 22, 889–902. [CrossRef] [PubMed]

55. Nielsen, R.; Jorsal, A.; Iversen, P.; Tolbod, L.; Bouchelouche, K.; Sørensen, J.; Harms, H.J.; Flyvbjerg, A.; Bøtker, H.E.; Wiggers, H.
Heart failure patients with prediabetes and newly diagnosed diabetes display abnormalities in myocardial metabolism. J. Nucl.
Cardiol. 2018, 25, 169–176. [CrossRef] [PubMed]

56. Doenst, T.; Pytel, G.; Schrepper, A.; Amorim, P.; Färber, G.; Shingu, Y.; Mohr, F.W.; Schwarzer, M. Decreased rates of substrate
oxidation ex vivo predict the onset of heart failure and contractile dysfunction in rats with pressure overload. Cardiovasc. Res.
2010, 86, 461–470. [CrossRef] [PubMed]

57. Sabbah, H.N. Targeting the Mitochondria in Heart Failure: A Translational Perspective. JACC Basic Transl. Sci. 2020, 5, 88–106.
[CrossRef] [PubMed]

58. Ranjbarvaziri, S.; Kooiker, K.B.; Ellenberger, M.; Fajardo, G.; Zhao, M.; Vander Roest, A.S.; Woldeyes, R.A.; Koyano, T.T.; Fong, R.;
Ma, N.; et al. Altered Cardiac Energetics and Mitochondrial Dysfunction in Hypertrophic Cardiomyopathy. Circulation 2021, 144,
1714–1731. [CrossRef]

59. Melenovsky, V.; Petrak, J.; Mracek, T.; Benes, J.; Borlaug, B.A.; Nuskova, H.; Pluhacek, T.; Spatenka, J.; Kovalcikova, J.; Drahota, Z.;
et al. Myocardial iron content and mitochondrial function in human heart failure: A direct tissue analysis. Eur. J. Heart Fail. 2017,
19, 522–530. [CrossRef]

60. Knowlton, A.A.; Kapadia, S.; Torre-Amione, G.; Durand, J.B.; Bies, R.; Young, J.; Mann, D.L. Differential expression of heat shock
proteins in normal and failing human hearts. J. Mol. Cell. Cardiol. 1998, 30, 811–818. [CrossRef]

61. Del Re, D.P.; Amgalan, D.; Linkermann, A.; Liu, Q.; Kitsis, R.N. Fundamental Mechanisms of Regulated Cell Death and
Implications for Heart Disease. Physiol. Rev. 2019, 99, 1765–1817. [CrossRef]

62. Kohgo, Y.; Ikuta, K.; Ohtake, T.; Torimoto, Y.; Kato, J. Body iron metabolism and pathophysiology of iron overload. Int. J. Hematol.
2008, 88, 7–15. [CrossRef] [PubMed]

63. Cairo, G.; Bernuzzi, F.; Recalcati, S. A precious metal: Iron; an essential nutrient for all cells. Genes Nutr. 2006, 1, 25–39. [CrossRef]
[PubMed]

64. Ponka, P. Cellular iron metabolism. Kidney Int. Suppl. 1999, 69, S2–S11. [CrossRef] [PubMed]
65. Beard, J.L. Iron biology in immune function; muscle metabolism and neuronal functioning. J. Nutr. 2001, 131, 568S–580S.

[CrossRef] [PubMed]
66. Cabantchik, Z.I.; Kakhlon, O.; Epsztejn, S.; Zanninelli, G.; Breuer, W. Intracellular and extracellular labile iron pools. Adv. Exp.

Med. Biol. 2002, 509, 55–75. [CrossRef]

http://doi.org/10.1161/01.CIR.100.18.1847
http://doi.org/10.1093/cvr/27.7.1295
http://www.ncbi.nlm.nih.gov/pubmed/8252591
http://doi.org/10.1093/cvr/cvr071
http://www.ncbi.nlm.nih.gov/pubmed/21502371
http://doi.org/10.3892/ijmm.1.1.17
http://www.ncbi.nlm.nih.gov/pubmed/9852194
http://doi.org/10.1161/01.HYP.0000144292.69599.0c
http://www.ncbi.nlm.nih.gov/pubmed/15466668
http://doi.org/10.1161/CIRCULATIONAHA.105.581819
http://www.ncbi.nlm.nih.gov/pubmed/16301353
http://doi.org/10.1152/ajpheart.00281.2004
http://doi.org/10.1161/01.CIR.0000023531.22727.C1
http://doi.org/10.1016/j.jacc.2009.07.024
http://doi.org/10.1046/j.1365-2362.1999.00468.x
http://doi.org/10.1161/hc4901.100526
http://www.ncbi.nlm.nih.gov/pubmed/11197981
http://doi.org/10.1016/j.cardfail.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17045185
http://doi.org/10.1007/s10741-017-9644-1
http://www.ncbi.nlm.nih.gov/pubmed/28762019
http://doi.org/10.1007/s12350-016-0622-0
http://www.ncbi.nlm.nih.gov/pubmed/27473218
http://doi.org/10.1093/cvr/cvp414
http://www.ncbi.nlm.nih.gov/pubmed/20035032
http://doi.org/10.1016/j.jacbts.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/32043022
http://doi.org/10.1161/CIRCULATIONAHA.121.053575
http://doi.org/10.1002/ejhf.640
http://doi.org/10.1006/jmcc.1998.0646
http://doi.org/10.1152/physrev.00022.2018
http://doi.org/10.1007/s12185-008-0120-5
http://www.ncbi.nlm.nih.gov/pubmed/18594779
http://doi.org/10.1007/BF02829934
http://www.ncbi.nlm.nih.gov/pubmed/18850218
http://doi.org/10.1046/j.1523-1755.1999.055Suppl.69002.x
http://www.ncbi.nlm.nih.gov/pubmed/10084280
http://doi.org/10.1093/jn/131.2.568S
http://www.ncbi.nlm.nih.gov/pubmed/11160590
http://doi.org/10.1007/978-1-4615-0593-8_4


Int. J. Environ. Res. Public Health 2022, 19, 17000 13 of 15

67. Kell, D.B. Iron behaving badly: Inappropriate iron chelation as a major contributor to the aetiology of vascular and other
progressive inflammatory and degenerative diseases. BMC Med. Genom. 2009, 2, 2. [CrossRef]

68. Andrews, N.C. Disorders of iron metabolism. N. Engl. J. Med. 1999, 341, 1986–1995; Erratum in N. Engl. J. Med. 2000, 342, 364.
[CrossRef]

69. Hower, V.; Mendes, P.; Torti, F.M.; Laubenbacher, R.; Akman, S.; Shulaev, V.; Torti, S.V. A general map of iron metabolism and
tissue-specific subnetworks. Mol. Biosyst. 2009, 5, 422–443. [CrossRef]

70. Dunn, L.L.; Suryo Rahmanto, Y.; Richardson, D.R. Iron uptake and metabolism in the new millennium. Trends Cell Biol. 2007, 17,
93–100. [CrossRef]

71. Rouault, T.A.; Tong, W.H. Iron-sulphur cluster biogenesis and mitochondrial iron homeostasis. Nat. Rev. Mol. Cell Biol. 2005, 6,
345–351. [CrossRef]

72. Huang, M.L.; Lane, D.J.; Richardson, D.R. Mitochondrial mayhem: The mitochondrion as a modulator of iron metabolism and its
role in disease. Antioxid. Redox Signal. 2011, 15, 3003–3019. [CrossRef] [PubMed]

73. Galy, B.; Ferring-Appel, D.; Sauer, S.W.; Kaden, S.; Lyoumi, S.; Puy, H.; Kölker, S.; Gröne, H.J.; Hentze, M.W. Iron regulatory
proteins secure mitochondrial iron sufficiency and function. Cell Metab. 2010, 12, 194–201. [CrossRef] [PubMed]

74. Nemeth, E.; Ganz, T. Regulation of iron metabolism by hepcidin. Annu. Rev. Nutr. 2006, 26, 323–342. [CrossRef] [PubMed]
75. Cairo, G.; Recalcati, S. Iron-regulatory proteins: Molecular biology and pathophysiological implications. Expert Rev. Mol. Med.

2007, 9, 1–13. [CrossRef] [PubMed]
76. Walter, P.B.; Knutson, M.D.; Paler-Martinez, A.; Lee, S.; Xu, Y.; Viteri, F.E.; Ames, B.N. Iron deficiency and iron excess damage

mitochondria and mitochondrial DNA in rats. Proc. Natl. Acad. Sci. USA 2002, 99, 2264–2269. [CrossRef] [PubMed]
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