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Impact Statement

Iron overload cardiomyopathy (IOC) is the main
cause of death in iron overload patients. Although
iron chelation therapy is the standard treatment for
this condition, combining it with other therapeutic
approaches may improve the clinical outcomes.
There is growing evidence to demonstrate promis-
ing results associated with the use of calcium chan-
nel blockers, antioxidants, mitochondrial dynamic
modulators, and cell death inhibitors. This review
provides comprehensive information regarding
these potential therapeutic strategies against I0C.

Abstract

Iron overload can be the result of either dysregulated iron metabolism in the case of
hereditary hemochromatosis or repeated blood transfusions in the case of secondary
hemochromatosis (e.g. in B-thalassemia and sickle cell anemia patients). Under
iron overload conditions, transferrin (Tf) saturation leads to an increase in non-Tf
bound iron which can result in the generation of reactive oxygen species (ROS).
These excess ROS can damage cellular components, resulting in the dysfunction
of vital organs including iron overload cardiomyopathy (IOC). Multiple studies have
demonstrated that L-type and T-type calcium channels are the main routes for iron
uptake in the heart, and that calcium channel blockers, given either individually or
in combination with standard iron chelators, confer cardioprotective effects under
iron overload conditions. Treatment with antioxidants may also provide therapeutic
benefits. Interestingly, recent studies have suggested that mitochondrial dynamics
and regulated cell death (RCD) pathways are potential targets for pharmacological
interventions against iron-induced cardiomyocyte injury. In this review, the potential

therapeutic roles of iron chelators, antioxidants, iron uptake/metabolism modulators, mitochondrial dynamics modulators, and

inhibitors of RCD pathways in IOC are summarized and discussed.
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Introduction

Hereditary hemochromatosis (HH) is a group of genetic
disorders in which defects of iron metabolism result in
iron overload through increased intestinal iron absorp-
tion.! However in secondary hemochromatosis, repeated
blood transfusions are the main cause of iron overload,
often seen in patients with transfusion-dependent thalas-
semia (TDT) or sickle cell disease.? In addition, in mild or
moderate secondary hemochromatosis which is non-trans-
fusion dependent, patients can develop iron overload from
increased intestinal iron absorption secondary to ineffective
erythropoiesis.!? Under iron overload conditions, the non-
transferrin bound iron (NTBI) can be deposited in many
vital tissues, leading to the generation of highly toxic reac-
tive oxygen species (ROS) via the Fenton reaction.? Cardiac
iron accumulation culminates in IOC, which is a common
cause of death in iron overload patients.® The excess ROS
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can damage cellular and organellar (in particular, mito-
chondrial) macromolecules, including membrane lipids,
proteins, and nucleic acids, leading to organ dysfunction.?
Although iron chelation therapy remains the standard
treatment for iron overload patients, inadequate chelation
and harmful side effects are of concern, and mortality rates
in iron overload patients receiving iron chelation are still
high.* Therefore, fundamental insights regarding the car-
diac iron uptake mechanisms and the pathophysiology of
iron toxicity in cardiomyocytes are crucial to the devising
of novel therapeutic strategies to achieve better clinical out-
comes for iron overload patients.

Mechanisms involved in iron-mediated
cardiomyocyte damage
Under the physiological condition, iron is an essential

element involved in numerous metabolic and biological
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processes including cell growth, cellular respiration and
metabolism, and DNA synthesis and repair; however, an
excessive level of iron can result in tissue damage due to
oxidative stress.>® Normally, dietary iron, an inorganic iron
(ferric [Fe3*] ion), is reduced to the ferrous ion (Fe?*) by a
ferrireductase (Dcytb, duodenal cytochrome b reductase) at
the apical surface of the brush border and then taken up into
enterocytes via divalent metal transporter-1 (DMT1).5¢ The
iron then enters the blood circulation via the iron exporter
ferroportin which is regulated by hepcidin.5¢ Hephaestin
oxidizes the released iron to ferric ions, which then bind to
plasma transferrin (Tf) to form the Tf-bound iron complex,
which transports iron into several cells via transferrin recep-
tors (TFRs) for use in cellular metabolism or storage in the
iron storage protein ferritin.5¢ In general, cellular iron home-
ostasis is regulated by IRPs/IREs (iron regulatory proteins/
iron-responsive elements) system which ensures adequate
iron supply for cell needs without cellular toxicity.” IRPs
are cytosolic proteins which can bind to IREs in the 3" or 5’
untranslated regions (UTRs) of mRNAs encoding proteins
involved in iron uptake, storage, export, and also enzymes
for heme synthesis and iron-sulfur protein subunit (Fe-S) in
mitochondrial electron transport chain.” When IRPs bind
to IREs at the 5UTR of target mRNAs, IRPs can inhibit the
translation of those target mRNAs, including iron storage
protein (ferritin), iron export protein (ferroportin), enzyme
for heme synthesis (5-aminolevulinate synthase; ALAS)
as well as iron-sulfur protein subunit in the mitochondrial
electron transport chain (mitochondrial aconitase and suc-
cinate dehydrogenase). In contrast, when IRPs bind to IREs
at the 3'UTR of target mRNAs, it enhances the expression
via blocking the mRNAs degradation that include iron
import proteins (TfR1 and DMT1).” In summary, when cell
is in the stage of iron depletion, IRPs will bind to the IREs
of target mRNAs to enhance iron import and reduce iron
export and storage to maintain optimal intracellular iron
concentrations. When the levels of iron are higher than the
physiological level, reduced IRPs binding to IREs will hap-
pen, resulting in increased iron export and storage protein
expression, and decreased iron import protein expression.”
However, under the condition of chronic iron overload such
as severe hemochromatosis diseases, this mechanism is not
sufficient to prevent iron toxicity in those diseases. Under
iron overload conditions, the excess of iron in the blood cir-
culation triggers Tf saturation, leading to the appearance of
NTBI which can be deposited in many vital organs.>® Many
studies have demonstrated that L-type and T-type calcium
channels (LTCC and TTCC) are the main routes for cardiac
iron uptake under iron overload conditions.®!! Recently, this
study demonstrated that lipocalin-2 (LCN-2) and its recep-
tor were essential for Fe3* uptake into iron-overloaded cul-
tured cardiomyocytes.!? However, cardiac iron overload is
rarely observed in HH patients, which is characterized by
iron overload in different organs including the liver and pan-
creas.’ In animal models with HH, it was found that cardio-
myocytes can protect themselves by increasing iron export
under iron overload conditions.> However, when systemic
iron overload is severe (ferritin =1000pg/L), cardiac iron
overload can be observed, but this is still at a more reduced
rate in comparison to other organs.®

Pharmacological interventions against iron overload cardiomyopathy

The excess intracellular free iron causes increased pro-
duction of highly toxic radicals, produced via the Fenton
reaction, which can induce damage to DNA, proteins, and
membrane lipids.? Cardiac excitation—contraction coupling-
related proteins are highly sensitive to iron overload toxicity,
leading to impaired cardiac function as seen in IOC, and iron
excess in the conduction system also leads to arrhythmias.®
Mitochondrial dysfunction through cardiac mitochondrial
iron overload is also a major cause of IOC since the homeo-
stasis of mitochondrial iron is crucial for the preservation
of overall cardiac iron homeostasis.> Evidence suggests that
cytosolic iron can enter the mitochondria via mitoferrin 2
(Mfrn2) and mitochondrial calcium uniporter (MCU) to be
used for synthesizing enzyme of heme synthesis as well as
Fe-S proteins in the mitochondrial electron transport chain.”
Here, iron can be exported via ATP-binding cassette subfam-
ily B member 8 (ABCB8).>” The excess iron in the mitochon-
dria can be stored in the mitochondprial ferritin (mtFT), which
is the defense mechanism protein observed during cardiac
injury.>® In addition, frataxin (FXN) is the important protein
in mitochondria that involves in iron metabolism including
mitochondrial iron storage protein, and acts as an iron chap-
erone for Fe-S and heme biosynthesis in the mitochondria.”
The deficiency of frataxin causes Friedreich’s Ataxia which
is an inherited disease that causes severe neurodegeneration.
The excess iron in mitochondria can be stored in mtFT, which
is the defense mechanism protein response during cardiac
injury.>® Under conditions of iron overload, the excess intra-
cellular iron can be taken up into the mitochondria which
generates oxidative stress in mitochondria, as indicated by
increased ROS production, depolarization of mitochondrial
membrane potential and mitochondrial swelling, leading
to mitochondrial dysfunction.'®* Mitochondrial membrane
depolarization under iron overload conditions leads to the
release of cytochrome, resulting in activation of the caspase
cascade and apoptosis.!® In addition, iron overload has been
found to cause mitochondrial dynamic imbalance by pro-
moting mitochondrial fission and suppressing mitochon-
drial fusion.!® Intracellular and mitochondrial iron overload
have also been observed in association with the cardiotoxic-
ity caused by myocardial infarction (MI) and doxorubicin
(DOX).¢ In the past decades, iron dysmetabolism has been
observed in association with MI which is characterized by
increased iron import via TFR and reduced ability for iron
sequestration into ferritin in cardiomyocytes in the chronic
phase of the disease.® In the case of DOX, a chemotherapeu-
tic agent widely used to treat various cancers, cardiotoxic-
ity is one of its serious side effects.® In the animal models
treated with DOX, DOX-induced iron overload is caused by
the increase in non-heme iron resulting from heme degra-
dation.'® Moreover, both in vitro and in vivo data show that
iron overload induced by DOX is concentrated in mitochon-
dria, leading to mitochondrial iron overload.®!®* However,
the actions of DOX on cellular iron metabolism are quite
complex as although it causes increased iron and oxidative
stress in mitochondria, it reduces iron import and enhances
the ability of ferritin to bind free iron in the cytoplasm and
mitochondria. Additional mechanisms involving inflamma-
tion, fibrosis, and several cell death pathways can account
for the pathophysiologic processes of iron-induced cardiac
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damage that leads to heart failure (HF).? Inflammation is
associated with increased pro-inflammatory cytokine lev-
els including tumor necrosis factor alpha (TNF-a) which
can promote pathological cardiac remodeling (hypertrophy
and fibrosis).1” A previous study showed that forkhead box
protein O 1 (FOXO1) was involved in the development of
cardiac hypertrophy and also the regulation of calcium ion
homeostasis, protein synthesis, autophagy, and apoptosis
in cardiomyocytes.!® Sirtuin 1 (SIRT1) is an enzyme that
deacetylates the transcription factors involved in cellular
regulation, and responses to stress.!® Under conditions of
oxidative stress, it has been shown that SIRT1 can regulate
FOXO-mediated transcription via nicotine adenine dinu-
cleotide (NAD)-dependent deacetylation.!® In both acquired
and genetic IOC rodents models, it has been demonstrated
that iron overload increased the acetylation of FOXO1 and
nuclear accumulation with an inverse correlation to changes
in the SIRT1 levels of the heart and liver.202!

Regulated cell death (RCD) is an important process that
maintains organismal homeostasis and also plays a pivotal
role in pathologic conditions.?? In the past decade, the type
of RCD in the heart which has been studied the most is
apoptosis which is believed to contribute to the pathogen-
esis of IOC.1523 A previous study found that iron overload
induced caspase-3 activation resulting in cardiac apopto-
sis via mitochondria-dependent pathways in HL-1 cardio-
myocytes.!® It has also been found that the mitochondrial
dysfunction associated with iron overload can lead to the
activation of the caspase-dependent apoptotic pathway in an
iron-overloaded mouse model.'*?* Furthermore, necroptosis
(programmed necrosis) also plays a role in the pathophysi-
ological process of IOC by induced cell death via the TNF-
o activated receptor-interacting serine/threonine-protein
kinase 1/3 (RIPK1/3) pathway.?> Although pyroptosis is a
pro-inflammatory pathway of programmed cell death, as
is necroptosis, there is no evidence to indicate the involve-
ment of pyroptosis in iron overload models. In addition, the
recently identified iron-dependent programmed cell death,
ferroptosis, has been found to participate in the pathophysi-
ological process of IOC.2526 Nevertheless, studies regarding
the role of cardiac mitochondrial dynamics, necroptosis, and
ferroptosis under iron overload conditions are still limited.

In this review, the evidence of the potential uses of iron
chelators, antioxidants, iron uptake and metabolism modu-
lators, mitochondrial dynamic modulators, and several cell
death pathway inhibitors in the treatment in IOC is evalu-
ated and discussed. Although clinical trials have already
begun into gene therapy to improve erythropoiesis for
the treatment of TDT patients, their effects on IOC are not
included in this review and will need to be evaluated in the
future.?” The aim of our review is to provide therapeutic tar-
get insights into how future studies can inform and identify
better treatments for IOC patients. The pathophysiologic
mechanism-based therapeutic approaches for treatment of
IOC are summarized in Figure 1. Several therapeutic tar-
gets for pharmacological interventions in IOC are discussed
below and proposed in Figure 1 including modulation of
iron absorption via hepcidin and ferroportin, promotion
of iron clearance by iron chelators, blockading against car-
diac iron entry through calcium channels and lipocalin-2,

attenuation of oxidative stress by antioxidants, modulation
of mitochondrial dynamics, and inhibition of several RCD
pathways.

Therapeutic targets in I0C
Systemic and cardiac iron

The main iron chelators used in standard chelation therapy
for iron overload patients are deferoxamine (DFO), defer-
iprone (DFP), and deferasirox (DFX).* The differences
between the three drugs include routes of administration,
pharmacokinetics profiles (e.g. half-life), and adverse effects.
DFO has a 30-min half-life and must be administered by
continuous subcutaneous or intravenous infusion.* DFP
and DFX are oral chelators with longer half-lives (2-3h and
8-16h, respectively).* Important adverse effects are local
reactions at the site of infusion for DFO, agranulocytosis for
DEFP, and a decrease in renal function for DFX.*

Previous evidence has shown that iron chelation improves
cardiac function, prevents arrhythmias, and reduces mor-
tality in secondary iron overload patients, especially TDT
patients.?-%2 Previous studies have demonstrated decreased
cardiac morbidity and mortality, as well as reduced cardiac
iron deposition among iron overload patients treated with
DFP when compared with DFO.323 DFP has also been shown
to be more effective than DFX in lowering cardiac iron depo-
sition and improving cardiac function.?$?° Although the total
iron excretion achieved by DFP is reportedly less than that by
DFO and DEX, DFP could have a more significant cardiopro-
tective effect due to its ability to cross the cell membrane.?829
Although each of these three chelators generally reduces
cardiac iron deposition and improves ventricular function,
these may not be accomplished in some patients receiving a
single iron chelator.* Therefore, various combinations of iron
chelators have been commonly used to treat iron overload
(especially in TDT) patients with left ventricular dysfunc-
tion.393! In comparison with DFO alone, a combination of
DFO with DFP has been shown to reduce myocardial iron
deposition further and to improve ventricular and endothe-
lial function.?3! However, there are still relatively few clini-
cal studies that test the cardioprotective efficacy of other
combined chelator regimens (DFO plus DFX or DFP plus
DEFEX).343 Since cardiac complications are still common and
remain a major cause of mortality in iron overload patients
who have already received iron chelation,*32 novel therapeu-
tic approaches are warranted.

Calcium channels

In addition to iron chelation, new therapeutic strategies in
IOC are focused on the blockade of LTCC and TTCC, both of
which are capable of transporting iron into cardiomyocytes
under iron overload conditions.®! Calcium channel block-
ers (CCBs) are widely used as antihypertensive drugs since
they inhibit Ca?* influx in vascular smooth muscle cells, thus
causing vasodilation.® Several studies have demonstrated
that CCBs also exert beneficial effects on the iron-overloaded
heart.8-1137-% In in vitro and ex vivo studies, efonidipine
(a TTCC blocker)®4 or verapamil and amlodipine (LTCC
blockers)!> could prevent iron uptake into cardiomyocytes
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Figure 1. Pathophysiological mechanism-based therapeutic approaches for treatment of iron overload cardiomyopathy. Dietary iron uptake through enterocytes into
blood circulation via the iron exporter ferroportin which is regulated by hepcidin. Excess iron, both from intestinal absorption and blood transfusion, can potentially be
taken up into cardiomyocytes via LTCC, TTCC, and LCN-2 under iron overload conditions. Cytosolic iron can enter the mitochondria via Mfrn and MCU for synthesized
protein of heme synthesis and Fe-S proteins for electron transport chain which can regulate by FXN, while iron can be exported via ABCB8. The excess iron in
mitochondria can be stored in the mitochondrial ferritin (mtFT). Iron overload causes cardiomyocyte injury via alteration of cardiac mitochondrial dynamics, impairment
of cardiac mitochondrial function, and induction of several regulated cell death pathways including apoptosis, ferroptosis, and necroptosis. Several clinical strategies
have been proposed including modulation of iron absorption via enhanced hepcidin levels, promotion of iron clearance by iron chelators, blockading against cardiac
iron entry by calcium channel blockers, and attenuation of oxidative stress by antioxidants. Evidence from preclinical research indicates several novel potential targets
for pharmacological interventions and continues to reveal additional mechanistic insights regarding iron overload cardiomyopathy including the inhibition of Fe3*
uptake via LCN-2, the use of mitochondrial dynamics modulators, and the inhibitors of several regulated cell death pathways. (A color version of this figure is available

in the online journal.)

ABCB: ATP-binding cassette subfamily B member; CCBs: calcium channel blockers; Dcytb: duodenal cytochrome b; DMT1: divalent metal transporter; DRP1:
dynamin-related protein 1; Fer-1: ferrostatin-1; Fe-S: iron-sulfur; FPN: ferroportin; FT: ferritin; FXN: frataxin; Hp: hephaestin; LCN2: lipocalin 2; LCN2R: lipocalin 2
receptor; LIP: labile iron pool; LTCC: L-type calcium channel; MCU: mitochondrial calcium uniporter; Mdivi-1: mitochondrial division inhibitor-1; Mfrn: mitoferrin; MLKL:
mixed lineage kinase domain-like protein; mtFT: mitochondrial ferritin; Nec-1: necrostatin-1; RIPK1/3: receptor-interacting protein kinase 1/3; ROS: reactive oxygen
species; siRNA: silencing RNA; STEAP3: six-transmembrane epithelial antigen of the prostate 3; Tf: transferrin; TfR: transferrin receptor; TNF-a: tumor necrosis factor
alpha; TNFR: tumor necrosis factor receptor; TTCC: T-type calcium channel; Z-vad: Z-VAD-FMK.

and the Langendorff-perfused isolated heart* under iron
overload conditions. In several rodent models and thalas-
semic mice with iron overload, treatment with either LTCC
blockers (amlodipine, nifedipine, and verapamil) or a TTCC
blocker (efonidipine) resulted in a significant decrease in
Fe?" uptake, an attenuated deposition of cardiac iron, and
an improvement in cardiac mitochondrial function, resulting
in improved cardiac function.8-1137-%9 All findings suggested
that LTCC and TTCC blockers could provide cardioprotec-
tive effects under iron overload conditions. Therefore, clini-
cal studies are needed to warrant the potential use of CCBs
on preventing cardiac iron deposition and left ventricular
dysfunction in iron overload patients. Currently, some clini-
cal data on LTCC blockers are available; however, no clinical
data on TTCC blockers are available to support the findings
from preclinical studies.

The results from clinical studies supported the preclinical
data which demonstrated that treatment with a combina-
tion of an iron chelator (DFO, DFP, DFX, and DFO + DFP)
and a LTCC blocker (amlodipine) resulted in a decrease in
cardiac iron levels, as verified by cardiac magnetic reso-
nance imaging T2* (MRI T2*); however, this was without

any improvement in left ventricular ejection fraction (LVEF)
in B-thalassemia major patients.*!#3 Only one case report on
patients with IOC exists to date which demonstrated that
treatment with DFO plus verapamil improved left ventricu-
lar function.** However, the applicability of CCBs may be
limited in the patients in an advanced phase of systolic car-
diac dysfunction due to their negative inotropic effects, and
some side effects including gastrointestinal (GI) upset, diz-
ziness, and swollen ankles are noted. Since all these reports
were based on a short observation period and a small sample
size, larger prospective studies with long duration of follow-
up are needed to warrant the use of a combination of a CCB
and iron chelator in IOC patients. Moreover, although TTCC
blockers have shown cardioprotective effects in animal mod-
els with iron-induced cardiotoxicity,?1° further clinical stud-
ies are needed to confirm these beneficial effects in human
subjects.

Lipocalin-2

Lipocalin-2 (LCN2), or neutrophil gelatinase-associated
lipocalin (NGAL), is a protein originally found in human
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neutrophils which confers an aspect of innate immunity
by sequestrating iron from bacteria, thus preventing their
growth.* Cardiomyocytes have been shown to express
LCN-2 receptors (LCN-2R) and produce LCN-2, which were
found to be significantly increased in both experimental and
clinical HE.#748 Previous studies have demonstrated that
LCN-2 levels were significantly increased in cardiomyocytes
of post-MI rats* and also increased in the serum of patients
who had MI, chronic HE#*4 or B-thalassemia.’®® In addi-
tion, cultured cardiomyocytes exposed to LCN-2 showed
increased intracellular iron levels and apoptosis.5! Since
LCN-2 levels in both serum and the heart are often signifi-
cantly increased in HF and thalassemia patients, it has been
proposed that LCN-2 and LCN-2-R potentially play a role in
iron transport into cardiomyocytes in IOC. A recent study
demonstrated that downregulation of LCN-2 and LCN-2
receptors using siRNA improved cardiomyocyte viability via
decreasing iron uptake, improving mitochondrial dynamics,
and reducing apoptosis in the Fe3* overload condition, while
treatments with either an LTCC or TTCC blocker showed
similar beneficial effects on those parameters in Fe?* over-
load scenarios.’? These findings suggested that LCN-2 and
LCN-2R play roles in Fe3* uptake, while LTCC and TTCC
were essential for Fe?* uptake into the cardiomyocytes under
iron overload conditions. Thus, in addition to CCBs that are
potentially effective against cardiac Fe?* toxicity, the inhibi-
tion of cardiac Fe3* uptake via LCN-2/LCN-2R could poten-
tially be therapeutically beneficial in IOC. Since LCN-2 acts
on the bacteriostatic proteins by binding to the iron-loaded
siderophores required for bacterial growth, the inhibition
of these proteins under iron overload conditions may let
the patients be more susceptible to infection. However, due
to the limited number of investigations available, further
preclinical and clinical studies are needed to support these
findings.

Hepcidin and ferroportin

Other potential therapeutic targets to prevent organ iron
overload are the modulated iron regulatory proteins,
which include hepcidin and ferroportin. Hepcidin, is an
iron regulatory hormone, primarily synthesized by hepat-
ocytes, which regulates the entry of iron into the circula-
tion by downregulating the iron exporter ferroportin, thus
inhibiting enterocyte iron absorption and macrophage iron
release.5? Matriptase-2, or transmembrane protease serine 6
(TMPRSS6), is an enzyme mainly expressed in the liver that
inhibits the expression of hepcidin.5? Several studies have
demonstrated that the increased hepcidin levels induced
by TMPRSS6 siRNA5354 or antisense oligonucleotides®® and
minihepcidins® could decrease iron overload and anemia in
an NTDT mouse model. Likewise, an oral ferroportin inhibi-
tor (VIT-2763) reduced liver iron and improved anemia in an
NTDT mouse model, and also transiently decreased serum
iron and Tf saturation in a phase-1 study in healthy vol-
unteers.” However, since iron overload in the TDT model
is mainly from repeated blood transfusions rather than
increased GI iron uptake, the beneficial effects of hepcidin
activators or ferroportin inhibitors in TDT patients are still
unclear. In addition, information regarding the manipulative
effects of hepcidin or ferroportin on I0C is still lacking.

Oxidative stress

The excess accumulation of iron leads to increased genera-
tion of ROS which is a major underlying basis of disease and
known to damage several cellular components.? Previous
studies demonstrated that sex steroids and sexual dimor-
phism also play a role in cardiac iron metabolism in IOC
both in experimental animal and human models.’¥>° Males
were shown to be more susceptible to iron overload-medi-
ated organ injury than females, leading to worsening clinical
outcomes in B-thalassemia, sickle cell anemia, and primary
hemochromatosis patients.>®5° However, the relationship
between androgens and estrogens and the proteins involved
in cardiac iron overload is quite complex and will need to be
further evaluated in future studies. Sex hormones are known
to affect both the antioxidant status and the response to oxi-
dative stress under conditions of iron overload.®> Increased
lipid peroxidation and antioxidant depletion has been dem-
onstrated in iron overload patients, and oxidative stress in
males was enhanced more than in females, which could also
contribute to the increased susceptibility to iron overload
pathologies in males.5®%° Moreover, it has been shown that
ovariectomized female mice lost their antioxidant defense,
resulting in aggravated iron-induced myocardial injury and
enhanced severe cardiac dysfunction under iron overload
conditions, whereas 17-estradiol therapy rescued cardiac
injury in male iron-overloaded mice.’® These findings sug-
gested that estrogen therapy could mediate the beneficial
effects in a male IOC model.

Previous studies have shown that antioxidant com-
pounds could decrease oxidative stress and iron deposits in
vital tissues, and improve organ function in iron-overloaded
rodent models.?+60-62 The possible mechanisms used by anti-
oxidant therapies such as N-acetylcysteine (NAC), silymarin
(plant flavonoid), and curcumin that provide these beneficial
effects and attenuate the organ dysfunction induced by iron
overload are probably related to their antioxidant abilities
and iron-chelating properties.?+%0-62 Resveratrol is a plant
polyphenol compound which has a wide range of biologi-
cal properties including antioxidant, cardioprotective, neu-
roprotective, anti-inflammatory, and anticancer activities.*®
In previous studies, the genetic hemochromatosis (hemo-
juvelin [HJ V] knockout mice) and acquired (secondary iron
overload) murine models of iron overload showed increased
myocardial and liver iron deposition, oxidative stress, inflam-
mation, fibrosis, and apoptosis, resulting in IOC in addition
to hepatic iron overload in these models.?0264 Resveratrol
supplementation attenuated oxidative stress, reversed path-
ological hypertrophy, and fibrosis leading to normalized
cardiac and liver function in both acquired and genetic iron
overload rodent models.?921.64 Moreover, resveratrol sup-
pressed iron-mediated pro-oxidant and pro-fibrotic effects
in human and mouse cardiomyocytes and cardiofibroblasts,
outcomes which showed a correlation with the reduction in
iron-induced myocardial oxidative stress and fibrosis in the
acquired and genetic iron-overloaded rodent models.? In
addition, iron overload increased FOXO1 acetylation and
nuclear accumulation had an inverse correlation to changes
in SIRT1 levels of the heart and liver, whereas resveratrol
therapy reversed this effect through its pleiotropic antioxi-
dant properties.??! Based upon these beneficial effects of
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resveratrol without any toxic side effects, resveratrol treat-
ment could be potentially useful in reversing the clinical
burden of IOC.2021

In addition to antioxidant monotherapy, the combina-
tion of an antioxidant and an iron chelator could provide
enhanced and increased therapeutic benefits to improve
organ function by decreasing tissue iron accumulation and
reduce oxidative stress in iron overload conditions. A com-
bination of vitamin C with an iron chelator was shown to
significantly increase urinary iron excretion (UIE),%% and
increase LVEF®” in idiopathic hemochromatosis, beta-thalas-
semia major (B-TM) and adult non-thalassemic patients
with transfusional iron overload, and also improve the
biochemical and histopathological cardiac changes in iron-
overloaded rats.®® However, the use of vitamin C has been
raised as a serious concern since it may induce iron toxic-
ity by altering the Fe3* ion to Fe2*, the toxic form, which
leads to increased enterocyte iron absorption and increased
iron release from the macrophages of the reticuloendothelial
system.® Interestingly, a combination of NAC and the iron
chelator DFP was shown to exert greater efficacy than either
as a monotherapy in restoring cardiac and brain function
by reducing iron deposition in the tissues, oxidative stress,
and apoptosis in iron-overloaded rodent models.?46270 In
clinical studies, NAC combined with an iron chelator also
reduced oxidative stress markers in blood cells from thalas-
semia patients”! and significantly reduced serum oxidative
stress, increased Hb levels, and also reduced DNA damage
in children with B-TM.”2

There is an accumulation of evidence to demonstrate
that curcuminoids could decrease plasma NTBI both
in iron-overloaded thalassemic mice”® and thalassemic
patients,”* and also improve cardiac function in those mice.
Furthermore, a combination of tetrahydrocurcumin and
DFP was shown to exert a greater efficacy than either as a
monotherapy in reducing systemic iron overload, oxidative
stress, and vascular dysfunction in iron-overloaded mice.®!
Curcumin combined with an iron chelator could also reduce
oxidative stress, but did not improve anemia or iron sta-
tus in B-TM patients.” Interestingly, the iron chelator DFP
combined with idebenone (CoQ10 analog) therapy was
shown to decrease apoptosis, improve heart hypertrophy,
and may possibly improve neurological function, but fur-
ther studies are needed.”®”” Treatment with vitamin E alone
also increases antioxidants and reduces oxidative stress in
beta-thalassemia intermedia patients.”®” Moreover, an iron
chelator combined with vitamin E effectively reduced oxida-
tive stress, decreased GPx activity, and improved anemia in
B-TM patients.”?® In addition, DFP combined with a cocktail
of antioxidants (curcuminoids + NAC) or (vitamin E + NAC)
improved anemia, and reduced iron overload status as well
as oxidative stress in hemoglobin E (HbE)-B-thalassemia
patients.8! Another interesting clinical report pertains to sily-
marin. Several studies have revealed that an iron chelator
combined with silymarin effectively improved systemic and
liver iron status, as well as liver function, in -TM patients
without any improvement in anemia.283

All of these findings suggest that the combination of iron
chelators and antioxidant cocktails could provide greater
efficacy than either as a monotherapy in reducing oxidative
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stress, systemic iron status, and tissue iron accumulation
in iron overload patients. Although a combination of an
iron chelator and antioxidants has beneficial effects on the
heart in reducing cardiac iron accumulation and oxidative
stress, most studies have not validated the effects of those
therapeutic approaches on left ventricular function status.
Further large-scale clinical studies are needed to validate
the beneficial effects of these combinations, especially on
cardiac function.

Apoptosis

Apoptosis is a classic form of programmed cell death that
has two signaling pathways, intrinsic and extrinsic.8* The
intrinsic pathway is mitochondria-dependent and is acti-
vated by various intracellular stimuli, resulting in exces-
sive stress which activates the caspase-dependent apoptotic
pathway.3* The extrinsic pathway is initiated by the death
ligands binding to their receptors, for example, TNF-a.. This
then activates the caspases (caspase-3, 6, and 7) leading to the
activation of the mitochondria-mediated intrinsic apoptotic
pathway.®* Apoptosis is known to be involved in the patho-
physiology of several diseases, and the pan-caspase inhibitor
z-VAD-FMK has been shown to exert beneficial effects in
several pathological disease models, including cardiovascu-
lar disease and neurodegeneration.®>-8” Moreover, inhibition
of caspase by z-VAD-FMK alleviates myocardial ischemia/
reperfusion (I/R) injury in rodent models.8687 All these
findings suggest that apoptotic inhibition by pan-caspase
inhibitors would be an effective strategy in the attenuation
of pathological cardiac conditions. However, the effects of
caspase inhibitors in IOC have never been investigated and
still need further investigation.

Ferroptosis

Ferroptosis is a form of iron-dependent RCD which was dis-
covered more recently.?>?¢ Excess iron metabolism can lead
to the accumulation of lipid peroxidation products resulting
in cellular damage.?>?¢ Previous studies have already docu-
mented that ferroptosis plays a role in the pathophysiology
of many diseases, including neurodegenerative disorders,
renal failure, and cardiac I/R injury.2688 However, the study
of the impact of ferroptosis on I0C is still limited. Although
ferroptosis has been shown in other cell types including
fibroblasts and hepatocytes,3° only one study showed that
ferroptosis in cardiomyocytes was induced by excess iron.?!
Currently, there is only one in vivo study into ferroptosis
inhibitors which found that they decreased cardiomyopathy
in mice with sickle cell disease.”? Recently, ferroptosis has
been associated with IOC induced by DOX and I/R in mice.'®
This effect is confirmed by increased cellular iron mainly in
mitochondria and increased lipid peroxidation, which was
worsened after receiving a high iron diet.!® Treatment with
an antioxidant that targeted mitochondria (MitoTEMPO)
significantly rescued DOX-induced cardiomyopathy, sup-
porting oxidative damage in mitochondria as a major mecha-
nism in ferroptosis-induced IOC.1¢ In addition, inhibition of
ferroptosis by ferrostatin-1 rescued heart failure conditions
induced by DOX and I/R in mice.'® Although ferroptosis
contributes to the pathophysiological process of I0C,-1
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studies supporting the beneficial effects of ferroptosis inhibi-
tors in IOC are still limited and further investigation in this
area is needed.

Necroptosis

Necroptosis or programmed necrosis is also a type of RCD
pathway that is mediated by death receptors.”® Activation of
TNF receptors leads to the activation of RIPK1 and RIPK3
interaction, resulting in the promotion of phosphorylation
of the mixed-lineage kinase domain-like (MLKL) protein,
causing an inflammatory response then triggering necrop-
tosis.” Previous studies demonstrated that the suppres-
sion of necroptosis by necroptosis inhibitor Nec-1 could
alleviate myocardial I/R injury in mice, rats, and pigs.®+
Furthermore, the combined treatment of necroptosis inhibi-
tor Nec-1 and apoptosis inhibitor zZVAD-FMK could reduce
the infarct size and cause a greater impact on the RIPK1-
mediated necroptosis pathway.? Currently, the effects of
Nec-1 on IOC have not been investigated but do warrant
further investigation.

Mitochondrial dynamics

Mitochondria are dynamic organelles, the dynamics includ-
ing mitochondrial fusion and fission processes, fission being
regulated by dynamin-related protein-1 (Drp-1), and fusion
by mitofusin-1 and -2 (Mfn-1 and Mfn-2) and optic atro-
phy type 1 (OPA1).”” Imbalance in mitochondrial dynamics
has been demonstrated in iron overload conditions.!* Under
pathological conditions, excess Drpl-activated mitochon-
drial fission results in apoptosis; thus, attenuation of mito-
chondrial fission could be a promising therapeutic target.”
However, currently there is only one relevant study which
reports an imbalance of cardiac mitochondrial dynamics
indicated by an increased cardiac Drp-1/Mfn-2 ratio in both
wild-type and thalassemic mice under conditions of IOC.13
In past decades, the modulators of mitochondrial dynam-
ics including mitochondrial fission inhibitor 1 (Mdivi-1) and
a mitochondrial fusion promoter (M1) have been shown to
exert cardioprotective and neuroprotective effects in sev-
eral models of cardiac and brain ischemia.?-1% Moreover,
Mdivi-1 has been shown to protect against neuronal injury
via Drpl-independent action by attenuating oxidative stress
and mitochondrial membrane depolarization.”® Previous
studies demonstrated that Mdivi-1 effectively attenuates
mitochondrial ROS production and dynamic imbalance,
resulting in reduced cardiac cell death and improved mito-
chondrial function, as well as cardiac function in both normal
rats and prediabetic rats during I/R injury.”” Previous stud-
ies also found that the promotion of mitochondrial fusion
during cardiac I/R injury attenuated cardiac mitochondrial
dynamic imbalance and improved cardiac function in predi-
abetic rats® and diabetic cardiomyopathy rats.!® Therefore,
the inhibition of mitochondrial fission or the promotion of
mitochondrial fusion might be potential therapeutic strate-
gies for the attenuation of cardiac pathology. Since there are
limited studies investigating the effects of the modulators of
mitochondrial dynamics, Mdivi-1 and M1, on IOC, further
studies are needed to warrant their use in the future.

Conclusions

Iron chelation therapy is the gold standard for treating iron
overload patients, but the side effects of its long-term use are
still a concern. There is increasing evidence to demonstrate
that there is an opportunity to improve the clinical outcomes
when an iron chelator is combined with other types of phar-
macological interventions, including CCBs, LCN-2 siRNA,
hepcidin activators, antioxidants, cell death inhibitors, and
mitochondrial dynamics modulators. Currently, there is evi-
dence to show that combining an iron chelator with either
CCBs or antioxidants has more beneficial effects in IOC
than monotherapy. However, other combinations should be
further investigated to warrant their use in the future and
more clinical studies to support their use for cardioprotec-
tive effects in IOC are needed. All associated fundamental
concepts, which are illustrated in Figure 1, may contribute
to improved therapeutic strategies in the near future to
improve clinical outcomes in patients with IOC.
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