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Doxorubicin is a widely used anticancer drug in clinical practice for the treatment of
various human tumors. However, its administration is associated with cardiotoxicity.
Administration of doxorubicin with low side effects for cancer treatment and
prevention are, accordingly, urgently required. The human body harbors various
endogenous metal ions that exert substantial influences. Consequently, extensive
research has been conducted over several decades to investigate the potential of
targeting endogenous metal ions to mitigate doxorubicin’s side effects and impede
tumor progression. In recent years, there has been a growing body of research
indicating the potential efficacy of metal ion-associated therapeutic strategies in
inhibiting doxorubicin-induced cardiotoxicity (DIC). These strategies offer a
combination of favorable safety profiles and potential clinical utility. Alterations in
intracellular levels of metal ions have been found to either facilitate or mitigate the
development of DIC. For instance, ferroptosis, a cellular death mechanism, and metal
ions such as copper, zinc, and calcium have been identified as significant contributors
to DIC. This understanding can contribute to advancements in cancer treatment and
provide valuable insights for mitigating the cardiotoxic effects of other therapeutic
drugs. Furthermore, potential therapeutic strategies have been investigated to
alleviate DIC in clinical settings. The ultimate goal is to improve the efficacy and
safety of Dox and offer valuable insights for future research in this field.
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1 Introduction

Doxorubicin (Dox), the first anthracycline used in clinical therapy, is a widely used class of
antitumor antibiotics, commonly employed in the treatment of childhood leukemia, breast
cancer, lymphoma, and sarcoma, among other conditions. Unfortunately, the clinical application
of Dox in anticancer therapy is greatly limited by various systemic adverse reactions, which can
lead to acute and chronic cardiomyopathy and, in severe cases, congestive heart failure, and the
cardiotoxicity is considered irreversible (Ewer and Lippman, 2005). DIC is classified as acute and
chronic, the clinical dose of Dox is 50-60 mg once every 3—-4 weeks or 20-30 mg weekly for
3 weeks, repeated after 2-3 weeks of withdrawal, with a maximum cumulative dose of 550 mg/m’
(Li and Hill, 2014). Children’s dosage is about half that of an adult. Up to 25% of patients using
Dox may experience DIC (Swain et al., 2003).
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Dox inhibits the growth and proliferation of tumor cells by
inhibiting topoisomerase II (Top2p), inserting into the double helix
structure of DNA to unravel the double strand and inhibiting DNA
and RNA synthesis (Kitakata et al., 2022). However, the exact
mechanism of DIC is not fully deciphered, and it is only certain
that oxidative stress and apoptosis play a key role in DIC. Numerous
studies have identified various potential pathogenic mechanisms of
DIC, including transcriptional dysregulation, calcium dysregulation,
oxidative stress, DNA damage, nitric oxide release, inflammatory
mediates, mitochondrial dysfunction, accumulation of iron in
mitochondria, and dysregulation of autophagy due to the
inhibition of Top2f (Renu et al., 2018). Therefore, it is important
and advantageous to gain an understanding of the pathological
factors that contribute to the onset or progression of DIC.

The human body needs trace elements such as iron, copper, zinc,
calcium, manganese, etc., to maintain health and normal function of the
system. These essential metal elements play a crucial role within cells, as
many catalytic enzymes and proteins involved in biochemical processes
heavily depend on them (Zoroddu et al, 2019). Disorders in iron
metabolism can result in significant tissue degeneration, impairment
of organ function, and potential development of cancer, ferroptosis
activation may be a potential strategy to overcome mechanisms of
resistance to conventional cancer therapy (Zhao et al, 2022). In mice
mesothelioma models, reducing bioavailable copper through the use of
D-pen, tetrathiomolybdate (TM), or trientine also reduced tumor growth
and hindered tumor blood vessel formation (Ishida et al., 2013). Zinc can
bind to Tau-specific amino acids to accelerate deposition, induce Tau
abnormal phosphorylation, amplify its cytotoxicity, and aggravate
cognitive impairment in Alzheimer’s patients (Hu et al, 2017).
Calcium is chelated through the sarcoplasmic/endoplasmic Ca**-
ATPase (SERCa2a) after its release from the Ryanodine receptors
(RyR2), and changes in these proteins in the circulation occur as the
heart ages, leading to arrhythmias (Hamilton and Terentyev, 2019).

The disturbance of metal ion balance in cardiomyocyte of DIC
patients is associated with oxidative stress and mitochondrial
dysfunction, indicating the significant role of metal ions in the
pathogenesis of DIC (Sheibani et al., 2022). In heart tissues affected
by DIC, it is possible to observe alterations in the regulation of metal
ions, including upregulation, downregulation, or dysregulation. In
2022, Abe et al. found that Dox accumulated in mitochondria by
intercalating into mitochondrial DNA and decreased the abundance
of 5'-aminolevulinate synthase 1, the rate-limiting enzyme in this
process, thereby resulting in iron overload and ferroptosis in
mitochondria in cultured cardiomyocytes (Abe et al, 2022).
Clinical trials have been conducted in experimental animal
models of DIC, using supplementation, chelation, or modulation
of metal ions for treatment.

In the following section, we have reviewed the various roles of metal
ions in the pathological mechanism of DIC and have discussed the roles
of iron, copper, zinc, and calcium in triggering oxidative stress,
mitochondrial dysfunction, DNA damage, among other effects.

2 Role and mechanism of ferroptosis
in DIC

Ferroptosis is a newly discovered mode of regulatory cell death
(RCD) by Stockwell et al., in 2002. Unlike other RCD modes.

Frontiers in Pharmacology

10.3389/fphar.2023.1292088

Ferroptosis does not show apoptotic features such as nuclear
rupture, DNA ladder, and caspase-3 activation (Dolma et al,
2003), instead, it relies on Fe’* and reactive oxygen species
(ROS), along with mitochondrial dysfunction. This dysfunction is
observed as mitochondrial outer membrane rupture, reduction or
disappearance of mitochondrial ridges and shrinkage of the
mitochondrial membrane (Friedmann Angeli et al, 2014). By
focusing on the three primary features of ferroptosis, namely,
dependence on iron, disrupted lipid metabolism, and excessive
production of ROS (Jiang et al, 2021), new therapeutic targets
can be pinpointed and more precise drugs can be developed.
These are illustrated in Figure 1.

2.1 Iron overload

There are two main sources of dietary iron absorption:
inorganic iron and heme iron (Uzel and Conrad, 1998). In a
study conducted by Panjrath, G. S. et al., two groups of animals
were fed either iron-rich food or ordinary food, and then treated
with Dox and normal saline, respectively. The results showed that
animals fed iron-rich food exhibited more severe DIC compared
to those fed ordinary food. Additionally, feeding iron-rich foods
alone did not cause cardiac damage, suggesting that iron
accumulation and its bioavailability in the body may serve as
crucial independent predictors of DIC sensitivity (Panjrath et al.,
2007). The deposition of iron in cardiomyocyte can result in
oxidative stress, mitochondrial damage and dysfunction, which
further worsens DIC.

Disruption of the redox equilibrium is a core pathological
mechanism in many heart diseases. The conversion of Fe** to
Fe*" is a reversible redox process, but electron transfer may result
in the production of excessive ROS when iron is overloaded in
cardiomyocyte. Normally, there is not enough free iron in the body
to bind with Dox, the problem is that Dox carries a positive charge
which enhances its affinity for iron and promotes the formation of
the Dox-Fe complex. This complex alters the distribution and
metabolism of iron and further combines with free oxygen in the
body, resulting in cardiotoxicity (Gutteridge, 1984). Furthermore,
iron and copper ions promote the binding of Dox to DNA, leading to
increased cytotoxicity. A study demonstrated that 5-fluorouracil can
upregulate iron levels in animals and cause iron accumulation in cell
experiments, resulting in fluorescence quenching and increasing
lipid peroxide levels (Li et al., 2022a). In addition, a study by He et al.
revealed that pretreatment with Epigallocatechin-3-gallate can
reduce iron deposition, inhibit oxidative stress by activating
AMPKa2 (He et al,, 2021). Recent studies have also shown that
cardiac dysfunction caused by ferroptosis can be inhibited by iron
complexing agents and antioxidants such as Ferrostatin-1 (Baba
et al., 2018), Dexrazoxane (Weiss et al., 1999), Deferoxamine
(Menon and Kim, 2022), Deferiprone (El-Ammar el et al,, 2011),
and Vitamin E (Berthiaume et al., 2005). These studies demonstrate
that iron overload exacerbates Dox-induced oxidative stress and
cardiomyocyte death. Interestingly, the use of antioxidants alone is
insufficient to protect against DIC (Mukhopadhyay et al., 2009).

Cardiomyocyte contain a large number of mitochondria
(Sheibani et al., 2022). However, mitochondria are also prone to
iron overload, leading to lipid peroxidation on their membranes. Li
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et al. discovered that injection of endotoxin into mice increases the
expression of nuclear receptor coactivator 4, facilitating the transfer
of Fe’" to mitochondria, leading to mitochondrial iron overload,
triggering oxidative stress (Li et al, 2020b). On the other hand,
Chang H.C. et al. suggested that overexpression of the mitochondrial
iron efflux pump or the application of specifically targeted iron
chelating agents within mitochondria could decrease mitochondrial
iron levels (Chang et al, 2016). For instance, MitoTEMPO, a
mitochondria-targeting antioxidant, can be easily integrated into
the mitochondria (Dikalova et al., 2010). Experimental results have
demonstrated that mitochondrial oxidative damage is the primary
mechanism of heart injury caused by ferroptosis. Interestingly, the
non-targeted antioxidant TEMPO does not exhibit any cardiac
protective effects (Fang et al, 2019). Similarly, Ichikawa et al.
confirmed that overexpression of the mitochondrial transporter
ABCB8 promotes iron efflux, and prevents DIC in vivo and
in vitro (Ichikawa et al., 2014). This suggests that reducing the
iron levels in cardiomyocyte mitochondria can reverse the
cardiotoxicity caused by Dox in cancer therapy.

2.2 Ferroptosis regulatory pathway

2.2.1 Glutathione peroxidase 4 (GPX4)

The enzyme selenate Gpx4 plays a crucial role in regulating
ferroptosis by minimizing lipid peroxidation. It accomplishes this by
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converting reduced glutathione (GSH) into glutathione disulfide
(GSSG) and utilizing hydrogen ions to effectively diminish the
presence of hydrogen peroxide and lipid peroxidation,
subsequently reducing the accumulation of ROS (Forcina and
Dixon, 2019). Several studies have reported that Dox can
attenuate the levels of Gpx4. Protein arginine methyltransferase
4 can inhibit the Nrf2/Gpx4 to enhance ferroptosis, then mitigate
DIC (Wang et al., 2022c). Moreover, the overexpression of Gpx4 or
the introduction of ferrous ion chelators specifically targeting
mitochondria have demonstrated the ability to mitigate DIC

(Tadokoro et al., 2020).

2.2.2 GSH/GSSG

GSH, a tripeptide comprising glutamine, cysteine and glycine,
exists in cells in either its oxidized form, GSSG, or reduced form,
GSH. GSH/GSSG is influenced by redox reaction, and maintaining
an optimal ratio is vital for combating oxidative stress (Anderson,
1998). GSH catalytic detoxification of various electrophilic
compounds and peroxides, facilitating the elimination of ROS
through the, a process mediated by glutathione S-transferase and
Gpx enzymes (Townsend et al., 2003). In a study conducted by Sun
et al. observed that the protein expression of Gpx4 and SLC7AL11, as
well as the GSH/GSSG, were diminished upon Herceptin treatment
(Sun et al, 2022). Furthermore, the intervention of Herceptin
resulted in an increase in cellular and mitochondrial iron levels
(Sun et al., 2022).
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2.2.3 System Xc-

System Xc-is a heterodimer reverse transport system for input
cysteine and output glutamate, consisting of two subunits SLC3A2 and
SLC7A11. Among them, SLC7AI1 can promote cystine uptake and
glutathione biosynthesis, maintain redox balance in vivo, and inhibit
ferroptosis (Kim et al., 2020). In addition, the expression level of
SLC7A11 is usually positively correlated with the activity of the
2013).
transcription factor 3 (ATF3), a common stress receptor, inhibits

reverse transporter (Lewerenz et al, Activation  of
SLC7A11 expression, thereby exacerbating elastin-induced lipid
peroxidation and ferroptosis (Wang et al., 2020a). Repression of the
SLC7A11/GSH/GPX4 axis triggers ferroptosis of vascular smooth
muscle cells to promote vascular calcification under chronic kidney

disease conditions (Ye et al., 2022).

2.2.4 Nrf2-KEAP1

Nuclear factor erythroid 2-related factor 2 (Nrf2) possesses redox
activity, when activated, iit enhances the overall detoxification and
clearance of harmful substances in cells. Keapl serves as an adapter
protein for the CUL3-based E3 ubiquitin ligase and, under normal
circumstances, binds to cytoplasmic Nrf2, promoting its ubiquitination
and degradation. Hence, Keapl functions as a negative inhibitor of
Nrf2, a proposition that has also been experimentally supported
through gene-deficient mice. Tertbutylhydroquinone (tBHQ) is an
Nrf2 activator (Dinkova-Kostova and Talalay, 2008), the research
demonstrates that tBHQ can induce Nrf2 overexpression, resulting
in the upregulation of SLC7A11 expression in Hela or human corneal
endothelial cells (Guha and Roy, 2021). In transgenic mice models, it
has been proven that sequestration of Keapl has been found to protect
the heart from doxorubicin-induced ferroptosis (Hou et al., 2021). The
ubiquitin E3 ligase TRIM21 interacts with p62 and ubiquitinates it,
negatively regulating the p62-KEAP1-Nrf2 antioxidant pathway (Refaie
et al, 2021).

2.2.5 AMPK

Adenosine monophosphate-activated protein kinase (AMPK) is a
macromolecular protein complex composed of three subunits: one
catalytic site a and two regulatory sites p and y. The AMPK pathway is
closely associated with key mechanisms of DIC, including oxidative
stress, mitochondrial damage, dysregulation of autophagy, increased
apoptosis, and fibrosis. Dox inhibits the activation of other signals such
as Akt and mitogen activated protein kinase (MAPK) through the
AMPK pathway, leading to DNA damage. Activation of AMPK has
several effects: firstly, it inhibits the autophagy activating protein ULK1,
promoting autophagy (Kim et al., 2011); secondly, it inhibits the TGFf
pathway, which decreases myocardial fibrosis (Lin et al., 2015); thirdly,
it inhibits the mTOR signal, reducing apoptosis (Ren et al., 2016).
Various drugs can activate the AMPK signal, including metformin,
statins, resveratrol, thiazolidinedione, AICAR (Acadesine), and specific
AMPK agonists. These drugs are expected to have clinical applications
in resisting DIC.

3 Promotion and treatment strategy of
copper on DIC

Copper, an essential trace element in basic physiological activities of
the human body, is involved in numerous key biological processes,

Frontiers in Pharmacology

10.3389/fphar.2023.1292088

including free radical scavenging, iron metabolism, connective tissue
synthesis, immunity and cell signal transduction (Tainer et al., 1983;
Banci and Bertini, 2013; Apresova et al., 2014; Bhuvanasundar et al.,
2014). Additionally, several important “cuproproteins” in the human
body, such as cytochrome C oxidase (COX), NADH dehydrogenase-2,
Cu/Zn-superoxide dismutase (SOD1) and tyrosinase, rely on copper as
a catalytic cofactor to fulfill their roles (Denoyer et al, 2015).
Furthermore, the high redox activity of copper allows it to easily
transition between the two valence states, and as a result, the
generated electrons can promote the formation of ROS (Purchase,
2013).

In patients with osteosarcoma and leukemia, endogenous
copper levels are higher compared to normal cells and tissues,
and patients with more aggressive typically exhibit elevated
serum copper levels (Fisher et al., 1976). Copper has been shown
to promote angiogenesis, tumor growth, and metastasis (Gupte and
Mumper, 2009). The body regulates copper concentrations through
processes of absorption, excretion and bioavailability. Copper
copper)
processing by the liver, which controls its distribution in serum

obtained from food sources (organic undergoes
and tissues, excretes excess copper into bile (Angelova et al., 2011);
on the other hand, copper (inorganic copper) present in drinking
water or from copper supplements is absorbed by the intestinal
mucosa and directly enters the free copper pool in the blood,
bypassing the liver. This route likely allows copper to cross the
blood-brain barrier (BBB) (Brewer, 2009). Based on Figure 2, three
main approaches can be identified for addressing copper overload.

Copper deficiency may not necessarily worsen the cardiac
toxicity induced by Dox (Fischer et al., 1993). It was found that
copper-deficient rats may compensate for Dox-induced oxidative
stress in the heart by improving the activity of Cu, Zn-superoxide
dismutase and glutathione S-transfers (Fischer et al, 1992).
However, Mizutani, H. et al. measured the levels of 8-oxo-7,8-
(8-0x0dG), a of DNA

damage, and found that Dox can cause DNA damage in the

dihydro-2'-deoxyguanosine marker
presence of Cu*" or cytochrome P450 reductase. Curiously, the
extent of Cu’"-mediated DNA damage, including the formation of
8-0x0dG, is far greater than the extent of DNA damage mediated by
cytochrome P450 reductase (Mizutani et al, 2003). Therefore,
people are striving to maintain stable levels of copper within cells
when using Dox. This is currently being done through three
approaches: chelation, ion carriers, and coordination compounds.

3.1 Copper chelation

The use of copper chelators to reduce the concentration and
bioavailability of copper in vivo is an effective method. By forming
complexes with copper, chelators help remove it from the body and
inhibit the formation of cancer blood vessels, thereby preventing
further progression of the disease.

Several common copper chelators, such as D-pen, trientine,
ALXN 1840, or TM, have been shown to delay the spread of cancer
by inhibiting angiogenesis in various animal models. This effect has
been demonstrated in animal models of rat gliosarcoma (Brem et al.,
1990), mice hepatocellular carcinoma (Yoshii et al., 2001), head and
neck squamous cell carcinoma (Cox et al., 2001) and mesothelioma
(Crowe et al,, 2013). D-PEN, for example, can inhibit the activity of
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ATP7A/B copper transporting ATPase A/B. Image from biorender.

lysine oxidase and disrupt collagen crosslinking. Consequently, it
affects the expression of endothelial growth factor, leading to the
delayed progression of glioblastoma multiforme in vivo (Mammoto
et al,, 2013). Animal experiments have shown that treatment with
trientine at doses ranging from approximately 34-68 mg/kg/day for
6-8 weeks resulted in increased cardiac output, increased left
ventricular pressure, as well as improvements in left ventricular
fractional shortening (LVES) and left ventricular ejection fraction
(LVEF). TM-induced copper deficiency inhibits angiogenesis by
activating the transcription factor NF-kB, thereby reducing the
secretion of angiogenic factors (VEGF, FGF2) and interleukins
(IL-1a, IL-6, IL-8) (Pan et al.,, 2003). ALXN1840 acts by forming
a tripartite complex with copper and albumin, which reduces the
levels of non-ceruloplasmin-bound copper in the bloodstream. It
specifically targets intracellular copper in the liver and increases the
copper excretion through bile (Komatsu et al., 2000).

3.2 Copper ionophore

Copper ionophores are a class of fat-soluble molecules that
reversibly bind copper ions and can induce apoptosis in copper-
containing cells. Unlike copper chelators, which remove copper
from the body, copper ionophores redistribute the distribution of
copper ions within cells. By doing so, they exploit the cytotoxicity of
copper to specifically target and eliminate cancer cells.

Three different compounds—Cu**(gtsm) (a bis(thiosemicarbazone)
analog), clioquinol (a hydroxyquinoline analog) and disulfiram (a
dithiocarbamate analog)—have been studied for their ability to
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inhibit proteasomal chymotrypsin-like activity, thereby preventing the
release of copper (Chen et al, 2007). These compounds have
demonstrated anticancer effects both in vitro and in rodent models
(Cater et al, 2013). Cu**(gtsm), when used in combination with its
ligands, exhibited enhanced anti-proliferative activity against tumor cells
compared to the ligands alone (Anjum et al,, 2019). It is worth noting
that the growth of tumors in an anoxic microenvironment diminishes
the
compounds and their copper complexes, compared to an oxygen-

anti-proliferative  efficacy of most bis(thiosemicarbazone)
rich environment (Anjum et al, 2019). Clioquinol and disulfiram
have undergone extensive clinical trials, the results have shown that
these compounds can indeed transport copper into human cells and
exert selective cytotoxicity in tumor cells. However, the underlying
reasons for this selectivity have not been identified (Johansson, 1992;
Schimmer et al., 2012). Studies have demonstrated that the anticancer
activity of clioquinol is intensified with higher extracellular copper levels,
which can be counteracted by the formation of copper complexes with a
chelating agent called TM (Cater and Haupt, 2011). Li et al’s study
showed that the disulfiram-copper complex exerts anti-tumor activity in
nasopharyngeal carcinoma cells through the ROS/MAPK pathway and
the p53-mediated ferroptosis pathway. Additionally, this complex can
inhibit a-SMA expression, inactivate cancer-related fibroblasts (Li et al.,
20200).

3.3 Copper coordination compounds
The interest in finding alternative metal complexes for

supplementary treatment has been growing, considering the
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widespread clinical use of platinum-based drugs such as cisplatin,
carboplatin, and oxaliplatin. This is driven by the aim of reducing
the side effects associated with platinum-containing chemotherapy
(Marzano et al., 2009). Copper has been shown to have potential to
enhance efficacy, reduce side effects, and bypass drug resistance
(Marzano et al,, 2009). A study conducted by Pivetta evaluated the
combined effects of three copper coordination compounds containing
one or two 1,10-phenanthroline molecules in combination with
cisplatin. The results indicated a significant synergistic anti-tumor
effect on cell proliferation. This combination therapy holds promise
for enhancing the effectiveness of existing treatments (Pivetta et al,
2015). Additionally, the combination of copper and tin binary
complexes has been investigated, demonstrating superior anticancer
activity compared to monometallic complexes (Chauhan et al., 2007).
CuSn2 has been particularly effective in inducing apoptotic cell death in
various cancer cell lines in vitro. Notably, CuSn2 exhibits a significantly
higher maximum tolerated dose than cisplatin while causing fewer toxic
side effects. Interestingly, there is no evidence of liver, kidney, or brain
toxicity associated with CuSn2 at equivalent doses (Zaidi et al., 2014).

In conclusion, the increasing research on copper complexes as
complementary chemotherapy agents presents an encouraging avenue
for cancer treatment. Novel copper complexes, such as the binuclear
Cu* complex targeting DNA, combinations with existing drugs like
cisplatin, and heterologous copper-tin complexes, hold promise for
future cancer therapies. Further studies are warranted to fully explore
the efficacy and safety profiles of these complexes and their potential for
clinical translation.

4 Regulation of zinc and promoting
effect on DIC and potential therapeutic
direction

Zinc is the second most abundant metal element in the human
body after iron. The majority of enzymatic reactions in the human body
rely on zinc, making it indispensable for normal physiological functions
and overall health. Zinc is found in various tissues and organs, but its
content in the heart is minimal, accounting for 0.4% of the total zinc
content (King et al, 2000). With age and the presence of certain
pathological conditions, the level of zinc in the body gradually
decreases, leading to an increased risk of complications (Bayir et al,
2013). Decreased zinc ion concentration in peripheral blood has been
suggested as an independent risk factor for predicting coronary heart
disease, especially in elderly patients, non-smokers, and
postmenopausal women (Meng et al., 2021).

The [Zn*']; in Dox-treated H9c2 cells is significantly higher
compared to the control group, indicating the presence of
endoplasmic reticulum (ER) stress as evidenced by elevated levels of
ER stress markers, such as GRP78 and CHOP/Gadd15 (Olgar et al.,
2018). Interestingly, directly increasing [Zn®*]; through a zinc ion carrier
induced a significant increase in these markers, while directly inducing
ER stress did not alter the levels of zinc ion transport proteins (Olgar
et al, 2018). Disruption of Zn** homeostasis in cells can lead to
mitochondrial and endoplasmic reticulum stress, causing disruption
of normal ER/mitochondrial crosstalk and mitochondrial autophagy,
resulting in metabolic dysfunction (Dabravolski et al., 2022). Therefore,
controlling intracellular zinc levels through zinc ion transporters may be
an important approach in the treatment of DIC.
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4.1 Zinc ion transporters

Zinc homeostasis is regulated by multiple proteins at various
levels. Zinc ion transporters are the most significant among these
regulators, which can be classified into two families: ZnTs (SLC30)
and ZIPs (SLC39) (Kambe et al,, 2021), as shown in Figure 3. The
ZIPs family increases zinc ion concentration in the cytoplasm by
promoting extracellular uptake or release from subcellular
organelles. Conversely, the ZnTs family reduces zinc ion
concentration in the cytoplasm. Imbalances or changes in the
expression and localization of these zinc ion transporters can
lead to zinc ion imbalances, resulting in various severe
pathophysiological stimuli within cells (Tuncay et al., 2019). The
expression of zinc ion transporters ZIP7 and ZnT7 at the protein
and RNA levels is relatively low in mammalian heart tissues. ZIP7 is
widely expressed in human and mice tissues, while ZnT7 is
abundant in the liver and small intestine (Kirschke and Huang,
2003; Huang et al., 2005).

Kirschke et al. and Turan et al. analyzed confocal images of
cardiomyocyte using immunofluorescence microscopy and Huygens
software, they found that ZIP7 was primarily located in the
sarcoplasmic(endoplasmic) reticulum [S(E)R], with a small portion in
the Golgi apparatus, but not in the nucleus(Kirschke and Huang, 2003;
Turan, 2019). Similarly, Tuncay et al. examined ZIP7 and
ZnT7 colocalization in S(E)R preparations isolated from rat
cardiomyocyte and observed the same localization pattern (Tuncay
et al, 2017). They also discovered that hyperglycemia-induced
intracellular redistribution of free zinc led to an increased
cytoplasmic [Zn*']; and decreased [Zn*']; in S(E)R through activation
of CK2a-associated ZIP7 phosphorylation (Tuncay et al.,, 2017).

4.2 Metallothionein

Metallothionein (MT) is a low-molecular-weight protein rich in
mercaptans, which functions as a scavenger of free radicals (Wang
et al,, 2001), It contains a high concentration of cysteine, which
effectively protects cells and tissues from oxidative damage (Kang,
1999). There are four subtypes of MT: MT-I and MT-II are present
in all tissues and organs of mammals, MT-III is unique to brain
tissues, and MT-IV is found only in certain tissues containing
lamellar squamous epithelial cells (Meloni et al., 2006). Cardio-
specific overexpression of MT and catalase significantly inhibited
acute (Kang et al., 1997) and chronic (Sun et al., 2001) cardiotoxicity
induced by Dox, proved by characteristic histopathological,
ultrastructural  changes, and dysfunction. Cardiomyocyte
apoptosis induced by Dox was significantly reduced in mice with
cardiac-specific overexpression of MT (Kang et al., 2000). What’s
more, Zinc-MT strongly inhibited lipid peroxidation when present
during incubation (Thomas et al., 1986).

4.3 Combining therapies for cardiac toxicity
treatment

Researchers have made many attempts and innovations to reduce
the cardiac side effects during chemotherapy. For example, Y. Zhang
et al. found zinc-selenium tea can effectively alleviate the extent of
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Zinc is maintained by two families, ZnTs and ZIPs. There are two families of zinc transport proteins that maintain the stability of zinc ions within the
body. ZIPs (SLC39A) increase the concentration of zinc in the cytoplasm, while ZnTs (SLC30A) decrease the concentration of zinc in the cytoplasm. Image

from biorender.

myocardial fiber disarray, rupture, and inflammatory cell infiltration
induced by nonylphenol (Zhang et al., 2023b); although green tea has a
similar effect, not as pronounced as zinc-selenium tea (Zhang et al,
2023b). P.K. Badkoobeh found that the antioxidant nano-zinc oxide
(nZnO) has a cellular protective effect for Dox-induced male gonadal
toxicity (Badkoobeh et al.,, 2013). Zinc finger protein 260 (Zfp260), also
known as phenylephrine-induced complex-1 (PEX1), is an effector of a-
1-adrenergic signaling in cardiac hypertrophy. It has been found that
overexpression of Zfp260 can upregulate anti-apoptotic genes and
reduce doxorubicin-induced apoptosis in primary cardiomyocyte (Li
et al., 2022b). Researchers also evaluated the cardioprotective effects of
zinc taurine solid dispersion in SD rats. After giving Dox treatment, zinc
taurine was found to alleviate the decrease in blood pressure and left
ventricular pressure caused by Dox (Wang et al., 2015). It also reduced
serum Zn*" and albumin levels and inhibited cardiomyocyte apoptosis
(Wang et al,, 2015). In addition, R. Wu et al. found that Zn**-Curcumin
supplementation significantly attenuates Dox-induced zinc imbalance,
improves Dox-induced cardiac dysfunction, reduces myocardial injury
(Wu et al,, 2019).

5 Maintenance of calcium homeostasis
and promoting effect on DIC and
potential therapeutic direction

Calcium is a vital trace element that plays various roles in the
human body, both structurally and functionally. The concentration of
intracellular and extracellular calcium is strictly regulated through
processes such as intestinal absorption, renal reabsorption, and bone
exchange, which are controlled by a group of interacting hormones,
including parathyroid hormone, parathyroid hormone-related peptides,
and key receptors (Matikainen et al,, 2021), These mechanisms ensure
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that blood calcium concentrations and systemic calcium ion balance are
maintained within a narrow range (Matikainen et al., 2021). Calcium
exists in two forms in the body: as an inactive binding form and as the
highly active bivalent cation Ca™.

5.1 Calcium homeostasis

In cardiomyocyte, calcium is predominantly found in the SR.
According to Figure 4, under normal physiological conditions, the
release of calcium ions from the SR generates ROS. However, under the
influence of Dox, the release of Ca®" increases, leading to apoptosis of
cardiomyocyte. On the other hand, chelating agents of Ca®* inhibit ROS
production and cardiomyocyte apoptosis (Kalivendi et al,, 2005).
Disruption of Ca* balance triggers activation of the ER stress
response. Maintaining Ca®* homeostasis requires a highly integrated
and complex system, which includes the plasma membrane Na*/Ca**
exchanger (NCX), a system with low affinity but a strong capability to
transport Ca®*. The plasma membrane Ca** pump (PMCA) and the
S(E)R calcium ATPase (SERCA) have a high affinity for Ca** but poor
capacity (Krebs et al,, 2015). Similarly, in the case of DIC, ER stress can
also induce cardiomyocyte apoptosis, further exacerbating the condition
(Lakshmanan et al., 2013). Furthermore, during the metabolism of Dox,
the toxic metabolite DOXOL is produced, which inhibits sodium/
calcium exchange channels (Fu et al., 1990).

In a rabbit model with DIC, Arai et al. found that reduced
expression levels of the SR mRNA gene responsible for calcium
transport are the main cause of disrupt calcium homeostasis (Arai
et al,, 1998). Therefore, several studies have identified targets related to
ER stress, aiming to expand the possibilities for preventing and treating
DIC. For instance, it has been observed that Stiml expression is
downregulated in Dox-treated mice cardiomyocyte. Conversely,
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Calcium depends on the transport of different proteins between cytoplasm and organelles, and calcium overload promotes apoptosis. Ca®* is
pumped into the cytoplasm by L-Type channels and CaMKIl. It then influences the calcium ion concentration in organelles such as mitochondria and
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calcium ATPase; RyR ryanodine receptor; NCX sodium (Na)-calcium exchanger; SR sarcoplasmic reticulum; mPTP mitochondrial permeability transition
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cardio-specific deficiency of Stiml worsens Dox-induced cardiac
dysfunction and cardiomyocyte apoptosis, while cardio-specific
overexpression of Stiml alleviates these phenomenon (Zhu et al,
2021); Additionally, downregulation of Stiml enhances Dox-induced
ER stress in cardiomyocyte, whereas overexpression of Stiml inhibits
the activation of molecular markers of ER stress (Zhu et al., 2021).

5.2 Calcium channel blockers

Dox also causes calcium overload in mitochondria. On one hand,
Dox treatment can disrupt mitochondrial energy synthesis, and induce
mutations and defects in mitochondrial DNA (Sheibani et al., 2022); On
the other hand, elevated intracellular calcium concentration can also lead
to mitochondrial dysfunction and apoptosis (Mitry and Edwards, 2016).
To maintain the flow of Ca®* across the mitochondrial membrane, Ca*
enters the mitochondria through a specific non-adenosine triphosphate-
dependent single transporter and then exits through Na* carriers or
Ca®*/H" reverse transporters in the heart and liver, respectively (Mughal
etal,, 2018). Interestingly, calcium directly affects enzymes that stimulate
the tricarboxylic acid cycle and the electron transport chain, resulting in
increased oxidative phosphorylation (Ivannikov and Macleod, 2013).
Mitochondria, in turn, regulate cellular calcium signaling by sequestering
and buffering cytoplasmic calcium.

Calcium channel blockers can be used to prevent cellular death to
alleviate calcium overload. Nicorandil, an indirect calcium channel
blocker, can inhibit oxidative stress-induced apoptosis by opening
mitochondrial KATP channels or activating NO/cGMP-dependent
pathways (Nishikawa et al,, 2006). Studies have shown that Nicorandil
can preserve phosphocreatine and adenine nucleotide levels by restoring
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mitochondria’s oxidative phosphorylation ability and creatine kinase
activity (Ahmed and El-Maraghy, 2013). Diltiazem (DIL), another
calcium channel blocker, has been reported to downregulate the
expression of the mitochondrial transporter ABCBI gene in the
human breast cancer cell line MCF-7 when used in combination with
Dox. DIL treatment can reverse the resistance of breast cancer cells to
Dox and has a protective effect against DIC (Al-Malky et al., 2019).

5.3 Calcium sensitizer

There are three overall types of calcium sensitizer agents (Pollesello
et al, 2016). Type I calcium sensitizers increase the affinity of Ca®" to
troponin C either through direct action or conformational changes,
enhancing myocardial contractility. Their mechanism of action is
central, such as Pimobendan, CGP-48506, and Oxyphenamone.
Type II calcium sensitizers act directly on cardiac myofilaments,
promoting the regulation of actin and myosin, which increases the
sensitivity of myocardial fibers to Ca** but does not affect the affinity of
troponin C to Ca**. Their mechanism of action is downstream, such as
Levosimendan (LEVO). Type III calcium sensitizer directly acts on the
troponin C and is considered a downstream mechanism. Moreover, it
exhibits myocontractile effects by activating the actomyosin ATPase,
even in the absence of Ca*", such as EMD57033. While LEVO is one of
the well-studied calcium sensitizer and vasodilator. Studies have shown
that LEVO can activate the cAMP-PKA-PLN axis, reducing calcium
overload in cardiomyocyte, and alleviating DIC (Efentakis et al., 2020).
Additionally, LEVO can inhibit the activation of PTEN, promote the
expression of P-Akt, decrease cell apoptosis, and repair cardiac function
damage caused by Dox (Li et al,, 2020a).
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TABLE 1 Potential therapeutic interventions in Dox-induced cardiotoxicity in vivo/vitro.

Metal ion
species

Iron

Study model

In vivo/Ripk3™~ mice or wild-

type mice

Doxorubicin dosage
and route of
administration

20 mg/kg, ip, single dose

Therapeutic intervention

Ferrostatin 1 (1 mg/kg, ip)

10.3389/fphar.2023.1292088

Outcomes of therapy

| Dox-induced cell mortality

| Anp, Bnp and Myh7 mRNA
levels

T LVEF, LVFS

References

Fang et al. (2019)

In vivo/C75BL/6 mice

10 mg/kg, ip, single dose

ZnPP (10 mg/kg, ip)

| Ptgs2
| MDA

| Anp, Bnp and Myh7 mRNA
levels

Fang et al. (2019)

In vivo/Sprague-Dawley rats

6 mg/kg, iv, single dose

Feed iron-rich chow

T weight loss

7 annexin uptake

T Cardiomyocyte damage

Panjrath et al.
(2007)

In vivo/C57BL/6 mice and 1 uM, 24 h 2.5 mg/kg, ip, Epigallocatechin-3-gallate | CK-MB, LDH He et al. (2021)
neonatal Sprague Dawley rats, 2 times per week for 3 weeks (20 mg/kg/d, ig, for six consecutive
and in vitro/H9¢2 cardiac cells weeks) T LVEF, LVFS
TLC3
1 P62
1 AMPKa2
In vivo/Hfe”"mice or wild-type 10 pM, 24 h 20 mg/kg, ip, single | ABCB8 overexpression T ABCBS8 Menon and Kim

Hfe mice, and in vitro/H9c2 rat
cardiomyocyte

In vivo/Sprague-Dawley rats

dose

15 mg/kg, ip, single dose

Deferiprone (10 mg/kg for 10 days,
po, once daily for 10 days)

1 Dox retention

| mitochondrial iron
| oxidative stress
| Heart rate

T ST segment

| CK-MD

| LDH, MDA

| GSH, SOD

(2022)

El-Ammar el et al.
(2011)

In vivo/Sprague-Dawley rats

In vivo/TRIM217~ or TRIM21*/*
C57BL/6] mice and in vitro/mice
embryonic fibroblasts and H9¢
cardiomyocyte line

2 mg/kg/d, ip, for a week

20 mg/kg, ip, single dose

D-a-tocopherol succinate (2 g/kg,
po, for a week)

Loss of TRIM21

| Weight gain

| Heart weight
7T the content of tocopherols
7 Survival time

T Cardiac function

| 4-HNE

| MDA

| Ferroptosis

Berthiaume et al.
(2005)

Hou et al. (2021)

In vivo/Wistar albino rats

15 mg/kg, ip, single dose

Hemin (2.5, 5, 10 mg/kg/d, ip, for a
week)

| CK-MB, LDH, MDA

1T GSH
7 Nrf-2, and HO-1 mRNA level
| NF-kB

| Cleaved caspase-3

| cardiac muscle fibers

Refaie et al. (2021)
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TABLE 1 (Continued) Potential therapeutic interventions in Dox-induced cardiotoxicity in vivo/vitro.

Metal ion
species

Copper

Zinc

Calcium

Study model

In vivo/Sprague-Dawley rats

Doxorubicin dosage
and route of
administration

1,2, or 4 mg/kg, 1 time/week for
4 weeks

Therapeutic intervention

Copper deficiency

10.3389/fphar.2023.1292088

Outcomes of therapy

T the activity of Cu, Zn superoxide
dismutase, and glutathione
S-transferase

References

Fischer et al. (1992)

In vitro/HL/60 and its H,O,-
resistant HP100 cells

In vitro/ ATCC CRL1446 and
H9c2 cardiomyocyte

1,2,5uM, 3 h

1 uM for 24 h

H,0,-resistant

PKC inhibitor

7 8-0x0dG
T DNA damage
1 intracellular-free Zn>*

T PUMA protein levels

1 ER

Mizutani et al.
(2003)

Olgar et al. (2018)

In vivo/cardiac MT-
overexpressing transgenic mice
or normal controls

20 mg/kg, ip, single dose

Metallothionein overexpression

Maintain the normal morphology
of cardiomyocyte

| serum CPK activity

| inotropy (left atrium)

Kang et al. (1997)

In vivo/cardiac-specific
overexpression of MT transgenic
mice or nontransgenic controls

In vivo/cardiac-specific MT-
overexpressing transgenic
positive and negative FVB mice
and in vitro/neonatal mice
primary cardiomyocyte

4 mg/kg, ip, 10 times in 7 weeks

15 mg/kg, ip, single dose 0.1, 0.5,
1.0 mM, 6 h

Metallothionein overexpression

Metallothionein overexpression

| Cardiac hypertrophy

| Dox-induced myocardial injury

| The degree of cytoplasmic
vacuolation retains the fine
ultrastructure of mitochondria

T TUNEL-positive myocardium

T Morphological changes

Sun et al. (2001)

Kang et al. (2000)

In vivo/Adult male Wistar rats

In vivo/Mature adult male Wistar
rats

In vivo/C57BL/6 mice and in
votro/Primary rat cardiomyocyte

In vivo/cardiomyocyte-specific
stim1 knockout or WT C57BL/
6 mice and in vitro/

AC16 cardiomyocyte

6 mg/kg, ip, 3 d

6 mg/kg, ip, 3 times weekly for
8 weeks

15 mg/kg, ip, single dose
300 nM

200 pL, 15 mg/kg, at a rate of
0.5 uL/h, over a period of
14 days

Co-administration of nano-zinc
oxide (5 mg/kg/d, 3 d)

Co-administration of nano-zinc
oxide (3 mg/kg/d, 5 times weekly
for 8 weeks, po)

Phenylephrine-induced complex-1
overexpression

STIMI overexpression

| plasma total antioxidant power

| Lipid peroxidation

| plasma testosterone

| LH, Sperm count
T DNA damage

| GSH

| CAT

1 MDA

| reproductive organs

| epididymal sperm count

| live sperm

T Cytoplasmic vacuolization and
myofibril loss

| The transcript and protein levels
of GATA-4

1 Cell viability

T Apoptosis
| AC16 cardiomyocyte apoptosis

7 Cardiac function

| ER stress

Badkoobeh et al.
(2013)

El-Maddawy and
Abd El Naby
(2019)

Li et al. (2022b)

Zhu et al. (2021)
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TABLE 1 (Continued) Potential therapeutic interventions in Dox-induced cardiotoxicity in vivo/vitro.

Metal ion
species

Study model

In vitro/adult rat cardiomyocyte

Doxorubicin dosage
and route of
administration

3 uM

Therapeutic intervention

Ryanodine (20 pM)

Dantrolene (2 uM)

10.3389/fphar.2023.1292088

Outcomes of therapy

| Dox-mediated SR Ca*" release

| ROS generation

a-lipoic acid (100 uM)

| Caspase 3 activity

References

Kim et al. (2006)

In vivo/Wistar rats

In vivo/Wistar rats

3 mg/kg, ip, 3 times
weekly(every other day), for a
cumulative dose of 18 mg/kg

15 mg/kg, ip, single dose

Nicorandil (3 mg/kg, po, over a
period of 2 weeks)

Diltiazem (4 mg/kg, ip, single
dose)

| Rats mortality

7 Heart rate

| Oxidative stress, apoptosis

| the mitochondrial overall injury
score

| ABCB1 mRNA level

In vitro/human breast cancer cell
line MCF-7

Protocol 1: In vivo/Wistar rats

0.25 or 1 ug/mL, 48 h

Protocol 1: 20 mg/kg, ip, single
dose

Diltiazem (20 pg/mL, 48 h)

Protocol 1: Levosimendan (12 or
24 pg/kg, ip, single dose)

1 FOXO3a, P53

| CK-MB, MDA
1 TAC, GPx

T Myocardial contractility

Protocol 2: In vivo/PLN™~ or
normal SV129 mice

Protocol 3: In vivo/C57BL/6 mice

Protocol 2: 3 mg/kg, ip, 3 times
weekly

Protocol 3: 3 mg/kg, ip, 3 times
weekly

Protocol 2: Levosimendan
(24 pg/kg, ip, single dose)

Protocol 3: Levosimendan
(6 ug/kg, ip, for 4 times or
24 pg/kg, ip, single dose)

| Myocardial fibrosis

| Cardiac hypertrophy

| MDA

1 ROS accumulation

| Dox-induced changes of iNOs
and MnSOD

T Phosphorylation of eNOs
and Akt

T cGMP

Ahmed and
El-Maraghy (2013)

Al-Malky et al.
(2019)

Efentakis et al.
(2020)

In vivo/C57L/6 mice and in vitro/
H9c2 cells

5 mg/kg, ip, 1 time/week for
4 weeks 1 pmol/mL, 24 h

Levosimendan (1 mg/kg, po, once
daily for 4 weeks) Levosimendan
(10 pmol/mL, 2 h)

T LVEF, LVES

| Cardiac dysfunction

1 HW/TL

| Anp, Bnp mRNA levels

| BAX, c-caspase-3
T Bcl-2

| Apoptosis

Li et al. (2020a)

6 Discussion

At present, metal chelators that satisfy these three conditions have
not yet been identified for clinical treatment of DIC. Ferroptosis
All of the metals mentioned above, although the amount needed ~ currently has only one clinical treatment option, which is
by the human body is very small, can cause signs of disease when  Dexrazoxane. Studies have shown that Ferrostatin 1 can inhibit
absent. Abnormal transport of metal ions has been observed in  ferroptosis more than Dexrazoxane in mice (Fang et al, 2019).
patients with cardiomyopathy caused by continuous use of Dox in  Interestingly, researchers have pointed out that the in vivo
cancer treatment and in rodents with cumulative dosing of Dox to  therapeutic function of Ferrostatin 1 is weaker than in vitro due
model cardiomyopathy. Previous literature suggests that overload

and deposition of endogenous metal ions are part of the mechanism

to its instability in plasma. To tackle this, a soluble Ferrostatin analog
named UAMC-3203 has been developed. UAMC-3203 is a more

of DIC. An effective metal chelator should have the ability to cross
the BBB, be specific to a single metal ion, and not interfere with the
normal physiological metabolism of metal ions (Wang et al., 2020b).
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stable and effective inhibitor of ferroptosis (Jin et al., 2022a).

Currently, we have discovered various chemical drugs, natural

compounds or traditional Chinese medicine formulations that
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exhibit different mechanisms in combating DIC. Examples of
chemical compounds include empagliflozin (Quagliariello et al.,
2021), sulforaphane (Wang et al, 2022b), dexmedetomidine
(Wang et al,, 2022d). Natural products such as puerarin (Huang
et al., 2022), isoquercitrin (Luo et al., 2023), icariside II (Gao et al.,
2023) have also shown efficacy. Additionally, traditional Chinese
medicine compound formulations like qing-xin-jie-yu granule
(Zhang et al, 2023a), kaixin san (Cao et al, 2023), and
qishenyiqi drops (Wu et al,, 2023) have demonstrated the ability
to inhibit ferroptosis and maintain intracellular iron balance.
Furthermore, supplementation with Ginkgolide B (Gao et al,
2016), vitamins B and D (Awad et al., 2021), Epalastat analogue
NARI-29 (Syamprasad et al., 2023), and d-Limonene complexed
with cyclodextrin (Durgo et al., 2023) have been found to alleviate
DIC through calcium-related pathways. Taurine zinc solid
dispersions (Wang et al., 2015), Zn(ii)-curcumin supplementation
(Wu et al.,, 2019), magnolol and honokiol complex (Aktay et al.,
2023) have been shown to improve the abnormal state of Zn2+
during DIC. Interestingly, cannabidiol has the ability to restore
normal calcium and zinc levels simultaneously, thereby playing a
protective role for the heart (Fouad et al., 2013).

In addition to reducing DIC, metal ion overload also has certain
cardiotoxic effects. For example, a series of previous meta-analysis
studies conducted by Wang’s team found that an increase in dietary
heme iron intake by 1 mg per day led to a 7% increase in the risk of heart
disease (Fang et al,, 2015). Furthermore, hereditary hemochromatosis, an
autosomal recessive genetic disease characterized by large deposits of
Fe’* in multiple organs. According to a study by the Mayo Clinic in the
United States, approximately one-third of hemochromatosis patients die
from heart disease (Olson et al., 1987). Moreover, women with
hemochromatosis have a lower risk of cardiovascular events than
men, possibly due to persistent iron deficiency during women’s
periods (Gaenzer et al,, 2002). Similarly, uncombined or free copper
is toxic, as almost all copper in the human body must be combined with
copper proteins. Acute copper poisoning can lead to abdominal pain,
nausea and vomiting, liver necrosis, kidney damage, and more. In terms
of the cardiovascular system, it can lead to atherosclerosis. Excessive zinc
or calcium in adults can also increase the risk of coronary heart disease
and arteriosclerosis. As summarized in Table 1, Dox promotes apoptosis
and mortality rates, induces myocardial diseases. However, when
administered with metal ion inhibitors through various mechanisms,
it exhibits significant cardiac protective effects. Metal ions have
characteristics of a “double-edged sword,” so it is important to avoid
excessive adjustment of their concentration.

Despite its side and adverse effects, Dox remains a key drug in many
cancer treatments. The mechanism of DIC is influenced by many
factors. Depending on the mechanism, different strategies can be
developed to prevent or reduce the adverse cardiotoxicity of Dox.
Previous studies have shown that ADAR2 overexpression attenuates
DIC by enhancing cardiac function and reducing apoptosis (Wu et al.,
2022). Similarly, DIC can be alleviated by activating some classical
signaling pathways such as cAMP/PKA/SIRT1 (Hu et al,, 2020), or
AKT/SIRT3/SOD2 (Liu et al, 2022). Recently, some potential DIC
therapeutic targets have been newly discovered, such as PDE10A (Chen
et al,, 2023), Sestrin 2 (Wang et al., 2022a), FAM134B (Qu et al., 2022),
TFEB (Chen et al., 2022), etc., which play a cardioprotective role in
reducing apoptosis, improving cardiac function, reducing oxidative
stress and endoplasmic reticulum stress, and promoting autophagy.
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In addition, some non-coding RNAs have been shown to play
important roles in DIC, such as miR-128-3p (Zhao et al, 2019),
miR-451 (Li et al, 2019), miR-152 (Zhang et al,, 2021), miR-125b
(Jin et al., 2022b), etc. Recently, there are also newly discovered drugs
with evidence of reducing DIC, such as Di'ao Xinxuekang capsule (Li
etal, 2022c), tanshinone I (Jiang et al., 2022), glycyrrhetinic acid (Cheng
et al,, 2022), and Berberine (Wang et al., 2023), etc.

This paper discusses various metal ion chelators, ionic carriers,
metal complexes, and natural chemical products that can reduce ROS
production by regulating endogenous metal ion homeostasis, reducing
oxidative stress and mitochondrial dysfunction, and thereby alleviating
the cardiac toxicity of Dox. In future studies, it is hoped that by further
improving the structure and deficiencies of these drugs, they will not
only be effective at the animal and cellular level, but can also be used
clinically through drug clinical trials to prevent or treat DIC.
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