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A B S T R A C T

Chemotherapy-induced cardiovascular disease has become one of the main 
causes of death in cancer survivors. Several international authoritative 
societies have developed a number of guidelines to standardize clinical 
practice for the emerging discipline of cardio-oncology, aiming to allow 
patients to receive cancer treatment while reducing the risk of cardio
vascular events. Anthracyclines, as the earliest first-line chemotherapy 
drugs, have attracted much attention from researchers due to their severe 
cardiotoxicity. Although targeted therapy and immunotherapy strategies 
improve anticancer efficacy, they also increase the risk of cardiotoxicity. 
Therefore, anthracyclines are still indispensable in cancer treatment, and 
in-depth understanding of the mechanism of cardiotoxicity will help to 
develop effective therapeutic strategies. This review aims to summarize 
the new mechanisms of cardiotoxicity caused by anthracyclines and cur
rent emerging therapeutic strategies.
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1. Introduction

Over the past decades, the survival and prognosis of cancer patients have been significantly improved 
due to the continuous development of innovative cancer therapies. At the same time, the complex se
quelae related to cancer therapies continue to occur in clinical practice. Among them, cardiovascular 
diseases caused by cancer therapies have attracted much attention, leading to high hospitalization and 
mortality rates of cancer patients.1–3 Cardio-oncology has emerged as a new interdisciplinary field and a 
clinical frontier hotspot. In recent years, authoritative societies such as the European Society of Cardi
ology (ESC), the American Society of Clinical Oncology (ASCO), the Canadian Cardiovascular Society 
(CCS), and the Chinese Society of Clinical Oncology (CSCO) have successively developed a series of 
consensus documents and guidelines aimed at standardizing the identification, surveillance, manage
ment, prevention, and treatment of cardiovascular complications associated with cancer therapies. These 
efforts are designed to ensure that cancer patients receive optimal care, thereby minimizing the risk to 
their cardiac health during clinical treatment.4–10

Anthracycline chemotherapy, one of the earliest chemotherapy strategies, inhibits the proliferation 
and survival of tumor cells through cytotoxic effects, and their therapeutic effects have indeed received 
positive feedback in clinical applications, improving the overall survival of patients with various types of 
cancer.11 However, the severe cardiotoxicity caused during this process, known as Cancer Therapy- 
Related Cardiac Dysfunction (CTRCD), cannot be ignored in terms of drug safety.12 A study indicated 
that during the follow-up period, 37.5% of patients treated with anthracyclines suffered from cardio
toxicity.13 Anthracycline-induced cardiotoxicity (AIC) is classified into acute and chronic based on the 
time of onset, with chronic cardiotoxicity potentially occurring within a year or several years after the 
completion of anthracycline treatment. The cardiotoxicity is almost exclusively chronic, and only a small 
proportion is acute and typically reversible upon discontinuation of anthracycline treatment.14 Con
currently, this cardiotoxicity is a progressive process, initially manifesting as subclinical myocardial 
injury, and gradually progressing to early asymptomatic left ventricular ejection fraction (LVEF) re
duction, ventricular wall thickness increase, and myofibrillar disarray. Prolonged exposure may ulti
mately result in dilated cardiomyopathy and irreversible heart failure.15,16 Both early and long-term 
cardiotoxicity contribute to the occurrence of poor prognosis in cancer patients.

With a deeper understanding of the mechanisms of cancer development, there has been substantial progress in 
other cancer therapies to further enhance the efficacy of cancer treatment and mitigate the relative cardio
toxicity, such as targeted therapy, immunotherapy, and other therapies. Targeted therapy drugs, such as 
monoclonal antibodies trastuzumab and pertuzumab, have been proven to significantly improve the prognosis of 
patients with human epidermal growth factor receptor 2 (HER2)-positive breast cancer. However, they also 
inevitably increase the risk of cardiac dysfunction and heart failure in cancer patients, especially when used in 
combination with anthracyclines, where the incidence of cardiac dysfunction is much higher than with an
thracyclines alone.11,17 Immunotherapy, particularly the use of immune checkpoint inhibitors, has been widely 
applied in the treatment of various types of cancer over the past decade due to its ability to overcome tumor 
immune escape. However, the non-specific activation of the immune system by these agents leads to a broad 
spectrum of immune-related adverse cardiovascular events, with myocarditis being the most severe and carrying 
an extremely high fatality rate.18,19 In addition to targeted therapy and immunotherapy, other cancer therapies 
such as radiation therapy and hormone therapy can also cause varying degrees and types of cardiotoxicities, 
severely affecting patients’ survival, prognosis, and quality of life. More importantly, there is a lack of large-scale 
and high-level evidence-based medical evidence for cardiac protection strategies developed in response to car
diotoxicity induced by these therapies.20,21

Although anthracycline drugs may cause severe cardiotoxicity, their significant advantages, such as 
high efficacy at low doses, broad-spectrum antitumor activity, and inhibitory effects on tumor cells in 
different cell cycles, have made anthracyclines the first-line treatment for many types of cancers in 
clinical practice for more than fifty years.22,23 Therefore, AIC continues to hold a significant position in 
clinical practice, prompting clinicians and basic researchers to delve deeply into its pathogenic me
chanisms and develop safer and more effective therapeutic strategies to prevent and mitigate cardio
toxicity. This study aims to review the latest advances in the mechanisms of AIC and emphasize the 
emerging therapeutic strategies.
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2. Emerging mechanisms of AIC

The mechanisms of cardiotoxicity caused by anthracyclines are complex and varied. In addition to the 
previously reported mechanisms of inhibiting topoisomerase, causing oxidative stress, damaging mi
tochondrial structure and function, disrupting autophagy and mitophagy, and so on, the researchers 
have recently discovered emerging pathogenic mechanisms involving cellular aging, genetic factors, and 
organ interactions such as intestinal flora, which we summarized (Fig. 1).

Fig. 1. Overview of the emerging mechanisms of AIC. (A) Anthracyclines cause mitochondrial dysfunction and cardiotoxicity in 
cardiomyocytes by interfering with mitochondrial division and fusion balance, disrupting mitophagy, mitochondrial substrate meta
bolism and electron transport chains. (B) Anthracyclines induce lipid peroxidation and myocardial damage by disrupting intracellular 
iron balance and increasing intracellular free iron content in cardiomyocytes. (C) Anthracyclines accelerate the senescence phenotype 
of cardiomyocytes by disrupting telomere-binding proteins and telomerase, causing DNA breakage damage, and activating senescence- 
related signaling pathways, leading to cardiotoxicity. (D, E) Genetic factors and epigenetic modifications play an important role in AIC, 
involving multifaceted mechanisms such as drug transport, metabolism, DNA and RNA methylation, histone modification, and non- 
coding RNA. (F) Anthracycline-induced dysregulation of the gut microbiota may lead to cardiotoxicity through mechanisms such as 
affecting intestinal barrier integrity, inflammatory response, short-chain fatty acids, and so on. ABCB: ATP-binding cassette, sub-family 
B; ABCC: ATP-binding cassette, sub-family C; AIC: anthracycline-induced cardiotoxicity; ATP: adenosine triphosphate; DNA: deoxyr
ibonucleic acid; DNMT3B: DNA methyltransferase 3B; Drp1: dynamin-related protein 1; GATA-4: GATA binding protein 4; GPX4: 
glutathione peroxidase 4; GSTM1: glutathione S-transferase mu 1; HDACs: histone deacetylases; HO1: heme oxygenase 1; MAPK: 
mitogen-activated protein kinase; METTL14: methyltransferase-like protein 14; MFN2: mitofusin 2; mPTP: mitochondrial permeability 
transition pore; NADPH: nicotinamide adenine dinucleotide phosphate; OPA1: optic atrophy 1; PC-PUFA2s, polyunsaturated fatty acids 
with 2 double bonds in phosphatidylcholine; RNA: ribonucleic acid; SCFAs: short-chain fatty acids; TET1/2: ten-eleven translocation 1/ 
2; TLR4: toll-like receptor 4; TMAO: trimethylamine N-oxide. This figure was created using image from Servier Medical Art under a CC 
BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
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2.1. Mitochondrial dysfunction

Mitochondria are the main site of energy production in cardiomyocytes and a major source of reactive 
oxygen species (ROS) and reactive nitrogen species (RNS).24 An increasing number of studies have 
shown that anthracyclines, especially doxorubicin (DOX), perturb the mitochondrial quality-control 
system, which is considered to be a central and critical factor in mitochondrial function and cellular 
homeostasis.24–27 Specifically, anthracyclines can affect the dynamic balance of mitochondrial fission 
and fusion and increase the expression of the mitochondrial fission protein dynamin-related protein 1 
(Drp1), inhibit the expression of mitochondrial fusion proteins such as mitofusin 2 (MFN2) and optic 
atrophy 1 (OPA1), induce dysregulation of mitochondrial autophagy and contribute to the fragmentation 
and dysfunction of mitochondria, which can cause cardiotoxicity.24,28 Anthracyclines can also interfere 
with the mitochondrial substrate metabolism especially fatty acid metabolism and electron transport 
chain, which can result in the blockage of adenosine triphosphate (ATP) synthesis, and induce the 
opening of mitochondrial permeability transition pore (mPTP), ultimately lead to cell apoptosis.29,30 In 
addition, anthracyclines affect mitochondrial gene expression, especially inhibiting the GATA binding 
protein 4 (GATA-4) gene, which suppresses mitochondrial synthesis and metabolism, further exacer
bating cardiotoxicity.31 Given the vital role of energetics in the heart, the mechanism of mitochondrial 
disorders has always been the focus of researchers.

2.2. Ferroptosis

As the mechanism of anthracyclines inducing various forms of cell death, such as apoptosis, pyr
optosis, and necroptosis, has been extensively investigated, strategies to inhibit cell death have been 
developed to improve the survival rate of cardiomyocytes.32 However, inhibition of these cell death 
pathways has been shown to only partially improve the survival of cardiomyocytes,33 suggesting the 
possibility and importance of other cell death pathways in this process. Ferroptosis is a form of cell death 
proposed by Dr. Brent R. Stockwell of Columbia University in 2012.34 It has gradually become a hot 
research topic in the cardiovascular field in recent years.35–37 Several studies have shown that ferroptosis 
as a specific type of cell death plays a key role in AIC. Anthracyclines disrupt such as heme oxygenase 1 
(HO1) and glutathione peroxidase 4 (GPX4)-induced intracellular iron homeostasis, resulting in the 
increase of free iron in cardiomyocytes, lipid peroxidation in cell membranes and mitochondria, indu
cing cellular iron death and myocardial injury, and this process persists during treatment.38–40 To mi
tigate the ferroptosis induced by anthracyclines, there are some strategies have been proposed. Iron 
chelators such as dexrazoxane, deferoxamine, ciclopirox and low-iron diets are recommended to at
tenuate iron accumulation, protect mitochondrial structure and function, and reduce the incidence of 
cardiotoxicity.32,41,42 Recently, it has been found that the activation of molecules such as nicotinamide 
adenine dinucleotide phosphate (NADPH) and Toll-like receptor 4 (TLR4) promotes anthracycline-in
duced ferroptosis.36 In addition, phospholipids containing a single polyunsaturated fatty acyl tail (PL- 
PUFA1s) have been reported to facilitate ferroptosis.43 Further, a novel perspective has been proposed 
that diacyl-PUFA phosphatidylcholines (PC-PUFA2s) promote ferroptosis by activating ROS production 
in mitochondria and lipid peroxidation in endoplasmic reticulum,35 which provides a potential ther
apeutic target for ferroptosis-related diseases, including anthracycline-induced ferroptosis.

2.3. Myocardial senescence

Cell senescence refers to the irreversible arrest of the cell cycle, thereby permanently losing the ability 
to proliferate.44 Cellular senescence is considered a major risk factor for cardiovascular disease, leading 
to abnormal changes in cardiac structure and function, such as left ventricular (LV) hypertrophy, dia
stolic dysfunction, and myocardial fibrillation.45,46 The biological characteristics of senescence in var
ious cell types, including cardiomyocytes, are manifested by the up-regulation of senescence signaling 
pathways such as p53/p21 signaling pathway, activation of deoxyribonucleic acid (DNA) damage 
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response markers such as p38 mitogen-activated protein kinase (MAPK) and gamma H2A.X variant 
histone (γH2AX), silencing of proliferation-related genes, and release of senescence-related secretory 
phenotypes such as interleukin (IL)-1 and IL-6.47

Notably, since AIC patients develop cardiac abnormalities such as diastolic dysfunction, increased 
incidence of atrial fibrillation, and abnormal heart rate similar to elderly individuals, the hypothesis that 
anthracyclines accelerated the senescence phenotype of cardiomyocytes has been proposed.48 First, in 
addition to disrupting telomere-binding proteins and telomerase,49,50 anthracyclines cause DNA 
breakage damage, which has been shown to activate ataxia telangiectasia mutated-checkpoint kinase 2 
(ATM-Chk2) and ataxia telangiectasia and Rad3-related protein-checkpoint kinase 1 (ATR-Chk1) and 
subsequently inhibit mouse double minute 2/4 (MDM2/4), the key factor in p53 ubiquitination de
gradation.51 Besides, anthracyclines activate the p38 MAPK signaling pathway,52 and these abnormal 
changes can activate the senescence phenotype. Another important feature of senescence is mitochon
drial dysfunction. In senescent cells, the content of cardiolipin in the inner mitochondria is reduced, and 
the structure of the inner membrane ridge is damaged, thus disrupting the normal function of the 
electron transport chain.53 In addition, abnormal changes such as loss of mitochondrial membrane po
tential, excessive production of ROS, disorder of mitophagy and mutation of mitochondrial DNA are also 
shown in senescent cells. Similarly, the above abnormal changes were observed in all AIC animal models, 
supporting the hypothesis that anthracyclines accelerated cardiomyocyte senescence.48

In summary, basic research suggests that age and tissue-specific expression of these senescence-re
lated features or biomarkers is strongly associated with AIC,45 and that senescence-associated secreting 
phenotype factors hold promise as potential biomarkers for identifying, monitoring, and predicting AIC 
outcomes.54 Therefore, in-depth studies on myocardial senescence and senescence-related biomarkers 
are of great importance.

2.4. Genetic factors and epigenetic changes

The susceptibility of different patients to cardiotoxicity has led researchers to explore individual 
genetic factors. Recently, studies have revealed multifaceted mechanisms of genetic contribution to AIC, 
involving drug transport, drug metabolism, epigenetic changes, and so on,14,55,56 which provides a new 
perspective on AIC.

The latest researches indicate that genes encoding proteins involved in drug transport, such as mul
tiple variants of ATP-binding cassette, sub-family C (ABCC) and ATP-binding cassette, sub-family B, 
member 4 (ABCB4), are significantly associated with the risk of AIC. Variations in these genes lead to the 
accumulation of anthracyclines in the heart. Instead, coding in anthracycline-based drug efflux trans
porters of the ABCB1 gene (rs1045642) of single nucleotide polymorphisms (SNPs) and genetic variants 
of the soluble carrier (SLC) transporter gene family seem to have cardioprotective effects.14,52,57 In 
addition to drug transport distribution, drug metabolism also plays an important role in drug efficacy 
and safety. As mentioned above, metabolic disorders promote the occurrence and development of AIC, 
and genetic variation of some metabolism-related genes has been shown to be related to this process. 
Glutathione S-transferases (GSTs), as a class of phase II metabolic enzymes, play a key role in the de
toxification of many carcinogens and drugs.58 Clinical studies have shown that the deletion of glu
tathione S-transferase mu 1 (GSTM1) gene in both cardiomyocytes and peripheral blood is significantly 
related to the incidence of AIC,59 providing a new strategy for the identification of AIC risk in children.

Epigenetic modifications include DNA and ribonucleic acid (RNA) methylation as well as histone 
modification and non-coding RNA (ncRNA). Anthracyclines have been reported to affect these processes 
and thus drive the development of cardiotoxicity.56 DNA methylation is often associated with gene 
silencing. Studies have shown that anthracycline treatment leads to the upregulation of DNA de
methylases such as ten-eleven translocation 1/2 (TET1/2) and the downregulation of DNA methyl
transferase 3B (DNMT3B), resulting in significantly down-regulated methylation levels of genes asso
ciated with cardiac dysfunction in animal models and patient tissues, thus promoting the development of 
cardiac toxicity.60,61 Anthracyclines also promote the expression of RNA methyltransferase-like protein 
14 (METTL14), thereby inducing N6-methyladenosine (m6A) modification of circ-ZNF609, whose 
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inhibition has been shown to alleviate AIC.62,63 In addition, anthracyclines affect the methylation and 
acetylation of histones. Previous studies have reported that anthracyclines can affect the expression of 
multiple subtypes of histone deacetylases (HDACs) and sirtuins, resulting in a series of injuries such as 
oxidative stress and apoptosis of cardiomyocytes.56 Recent studies have revealed that the expression of 
histone-3 lysine-27 (H3K27) demethylase Jumonji domain-containing 3 (JMJD3) is upregulated in the 
hearts of patients and animal models treated with anthracyclines. Thus, the trimethylation level of 
H3K27 in the promoter region of ROS suppressor Sestrin2 is reduced, making its transcriptional re
pression.64

MicroRNAs (miRNAs) are short-stranded ncRNA molecules encoded by endogenous genes consisting 
of 21–23 nucleotides, which regulate gene expression and protein translation mainly by interacting with 
miRNA regulatory elements in the 3’ untranslated regions (3’ UTR) of target messenger RNAs (mRNAs), 
and then inhibiting the translation efficiency of the mRNAs or promoting their degradation.65 In this 
process, miRNAs act as potential key regulators and therapeutic targets that affect cell proliferation, 
apoptosis, cell necrosis, and cell differentiation.66–68 Studies have shown that anthracyclines, especially 
DOX, upregulate harmful miRNA and downregulate protective miRNA. To be precise, anthracyclines can 
upregulate the expression of cytotoxic miRNAs such as miR-135a-5p and miR-526b-3p, thus promoting 
oxidative stress and apoptosis of cardiomyocytes.69,70 At the same time, anthracyclines downregulated 
the expression of protective miRNAs such as miR-152 and miR-495-3p, thereby aggravating AIC.71,72

Recent studies have reported that anthracyclines can reduce the expression of miR-432-5p in cardio
myocytes, suggesting that exogenous supplementation of miR-432-5p reduces cardiotoxicity.73 In ad
dition, miR-25a-5p is found to exacerbate anthracycline-induced oxidative damage in cardiomyocytes.74

These studies suggest that miRNAs, as important regulators of gene expression, may also serve as pos
sible early diagnostic biomarkers and therapeutic targets, providing new ideas and approaches for the 
diagnosis and treatment of cardiac diseases.

In summary, genetic factors and epigenetic changes play an important role in the cardiotoxicity of 
anthracyclines and have important clinical implications for the development and optimization of ther
apeutic strategies.

2.5. Gut microbiota

Gut microbiota is a complex community that colonizes in the human intestinal tract and inter
dependent with the human body over a long period of time, which plays an important role in human 
health.75 In recent years, a series of studies have revealed that there exists a complex and close re
lationship between gut microecology and the cardiovascular system, which has been referred to as the 
“gut-microbiota-heart (GMH) axis”.76–78 Previous studies have found that anthracyclines can cause 
dysbiosis in gut microbes. The transplantation of fecal microbiota from AIC mice into germ-free mice 
induced the development of cardiotoxicity,79 revealing the key role of intestinal microbial dysbiosis in 
AIC. Although the mechanism by which anthracycline-induced dysbiosis is still unclear, recent studies 
have suggested several possible mechanisms, including but not limited to intestinal barrier impairment, 
inflammatory response, and alterations in short-chain fatty acids (SCFAs).78 These complex mechanisms 
interact together to cause an imbalance of gut microbiota that possibly induces cardiotoxicity.

The integrity of the intestinal barrier is crucial to prevent the invasion of external microorganisms and 
harmful substances.80 The regulation of tight junctions serves as the core of the intestinal barrier, which 
consists of a variety of transmembrane proteins, including the claudin family, zonula occludens (ZO) 
protein and occludin protein, which regulate the transmembrane transport of ions and water through 
different mechanisms, affecting the permeability of the intestinal barrier.81 A clinical study found that 
the plasma level of zonulin was significantly increased in chemotherapy patients, indicating impaired 
intestinal permeability. Moreover, this change was positively correlated with the levels of markers for 
myocardial injury N-terminal pro-B-type natriuretic peptide (NT-proBNP) and cardiac troponin T 
(cTnT). Notably, impaired intestinal permeability appeared to precede cardiotoxicity, as they observed a 
significant increase in zonulin levels in chemotherapy patients who had not yet developed cardiac 
dysfunction.82 A study showed that DOX disrupted the normal arrangement of CLAUDIN-2 protein in 
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tissue, resulting in damage to the intestinal barrier, however, it is unclear whether this change is related 
to AIC.83 Interestingly, trimethylamine N-oxide (TMAO), a metabolite of intestinal microbiota, exacer
bates DOX-induced myocardial fibrosis by activating NOD-like receptor family pyrin domain containing 
3 (NLRP3) inflammasome, providing a new target for anthracycline-induced myocardial fibrosis.84

SCFAs are a metabolite of gut microbiota, which is involved in anti-inflammatory response and energy 
production.85 Studies have shown that the reduction of SCFAs induces AIC by causing energy impair
ment of heart mitochondria, oxidative stress, and inflammation, which can be alleviated by oral SCFAs 
such as phenylalanine-butyramide, butyrate, etc.86–88 Of note, the specific mechanism of these oral 
metabolites for AIC treatment still needs to be further explored.

In summary, interfering with the composition and function of intestinal microbes may provide a new 
therapeutic strategy for the GMH axis to reduce or reverse the toxic side effects of anthracyclines. 
Rational use of anthracyclines and attention to the balance of gut microbiota are of great significance for 
the treatment and rehabilitation of chemotherapy patients.

2.6. Novel biomarkers

Among the emerging mechanisms of AIC, multiple novel biomarkers have been shown to have an 
important impact on disease progression and treatment response. Researches show that markers of in
flammation, fibrosis, and oxidative stress C-reactive protein (CRP), myeloperoxidase (MPO), growth 
differentiation factor 15 (GDF-15), and glycogen phosphorylase BB (GPBB), an essential enzyme for 
glucose metabolism, were elevated after anthracycline treatment and were associated with reduced risk 
of LVEF.89,90 Elevated levels of placental growth factor (PGF), asymmetric dimethylarginine, and N- 
monomethylarginine were associated with an increased risk of CTRCD after chemotherapy with an
thracyclines.91,92 As mentioned earlier, epigenetic factors have been shown to be closely related to the 
pathological mechanism of anthracycline-induced cardiotoxicity, among which miRNAs have attracted 
more attention. miRNAs regulate the expression of about 30% of human essential genes and are closely 
related to various physiological and pathological processes.93 Multiple clinical studies have shown that 
dysregulation of miRNAs, such as miRNA-34a, is associated with CTRCD risk in patients with anthra
cycline chemotherapy. However, there are discrepancies between some studies, which may be limited by 
the lack of a standardized method to isolate, quantify, and qualitatively identify miRNAs, and the need to 
consider the influence of individual differences and comorbidities.6 In addition, changes in the blood 
metabolome were found 2 weeks after the end of DOX treatment, and most of the changes were asso
ciated with cardiac parameters, suggesting that changes in the blood metabolome can be used as po
tential markers of myocardial damage for anthracyclines.94

In recent years, it has seen a growing recognition of the significance of human induced pluripotent stem 
cells (hiPSCs) in elucidating pathogenic mechanisms and assessing disease risk. Human induced pluripotent 
stem cell-derived cardiomyocytes (hiPSC-CMs) have been successfully employed to model the susceptibility 
of cancer patients to AIC, thereby providing an ideal platform for identifying individuals at high risk of 
AIC.95 Patients with the solute carrier transporter family 28 member 3 (SLC28A3) variant have repeatedly 
been found to hold a low AIC susceptibility, however, this cardioprotective mechanism is unclear. By 
functional genomics, it was found that patient-derived iPSC-CMs carrying the protective SLC28A3 variant 
had significantly lower DOX uptake, to a certain extent, to provide a basis for identifying low AIC risk 
groups.96 Moreover, hiPSC-CMs in conjunction with clustered regularly interspaced short palindromic re
peats interference and activation (CRISPRi/a) system have successfully identified previously unreported 
pathogenic drivers of AIC, such as hematopoietic prostaglandin D synthase (HPGDS), Scm polycomb group 
protein homolog 1 (SCMH1), carbonic anhydrase 12 (CA12), and ATPase H+/K+ transporting subunit alpha 
(ATP4A), offering potential targets for drug development. However, it has also been reported that the mi
tochondrial content in hiPSC-CMs is lower than that in normal human cardiomyocytes, and the high pro
portion of mitochondria in cardiomyocytes is considered a key factor contributing to cardiac vulnerability to 
anthracyclines. Therefore, the impact of this difference in mitochondrial content on risk effect requires 
further evaluation.95,97 In other words, these novel biomarkers provide a possible sensitive, specific, and 
cost-effective monitoring of patients receiving anthracyclines.
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3. Traditional therapeutic strategies for AIC

3.1. Limiting cumulative dose, changing administration or non-anthracycline treatment regimens

Both acute and chronic cardiotoxicity caused by anthracyclines are dose-dependent. For example, 
studies have shown that when the cumulative dose of DOX exceeded 600 mg/m2, the incidence of 
cardiotoxicity increased to 36%, of which, when the cumulative dose exceeded 550 mg/m2, the in
cidence of heart failure reached 26%.27 Therefore, reducing the cumulative dose of anthracyclines and 
changing the route of administration such as using continuous infusion instead of injection to reduce the 
occurrence of cardiotoxicity are recommended by international guidelines.8,98 The lifetime cumulative 
dose of DOX is usually limited to 450 mg/m2, or modified DOX analogs with higher limiting doses such 
as epirubicin are used.99 The results of clinical practice also affirm this strategy. An early prospective 
randomized evaluation has shown that a 6-h continuous infusion of DOX has a lower risk of cardio
toxicity than a 15–20 min rapid infusion.100 A meta-analysis also showed a lower risk of cardiotoxicity 
with epirubicin than with DOX.101 In addition, non-anthracycline therapy may be used. However, the 
dose of chemotherapy drugs is closely related to the antitumor effect, and limiting cumulative dose may 
also reduce the damage to tumor cells while reducing cardiotoxicity.102 And due to individual genetic 
differences, cardiotoxicity may still occur in some patients within the restricted dosage.103 In addition, a 
previous clinical trial in pediatric cancer patients showed that continuous DOX infusion did not show a 
cardioprotective advantage over injection,104 suggesting there may be some limitations to changing the 
route of administration to mitigate cardiotoxicity. Multiple factors need to be considered in the course of 
treatment to minimize cardiotoxicity while maintaining the maximum antitumor effect.

3.2. Changing the dosage forms

Nanotechnology has been used to modify anthracyclines, as researchers have tried to change the 
dosage form to preserve the efficacy of anthracyclines while improving drug safety. Various nano
technological formulations of anthracyclines have been developed, such as PEGylated and non- 
PEGylated liposomes, chitosan nanoparticles, polymer micelles, dendrimers, etc. These polymer-an
thracycline conjugates hold good pharmacokinetics, considerable anticancer activity, and low non- 
tissue-specific toxicity.105 Among them, PEGylated liposomal doxorubicin (PLD) is the first nanomedi
cine approved by the US Food and Drug Administration (FDA) for cancer, which reduces toxic reactions 
by altering the pharmacokinetics of anthracyclines. Multiple clinical trials have shown that the incidence 
of early cardiotoxicity in the treatment of breast cancer with PLD combined with cyclophosphamide and 
trastuzumab is lower than that with DOX and cyclophosphamide alone.106,107 Other clinical studies have 
shown PLD as an adjuvant chemotherapy regimen for breast cancer patients is comparable to DOX or 
epirubicin, but with a lower incidence of cardiotoxicity.108–110 However, there have been reports of new 
toxic effects associated with PLD use in the short term, such as higher skin toxicity and risk of mucositis. 
Fortunately, appropriate supportive care can reverse this non-lethal adverse reaction.111

3.3. Cardioprotective agent—dexrazoxane

To reduce cardiotoxicity without compromising the effect of anticancer effect, the researchers also 
developed an iron chelator, dexrazoxane, as a cardioprotective agent against the cardiotoxicity of an
thracyclines. Multiple adult randomized studies have shown that dexrazoxane used in patients with 
metastatic breast cancer who received a high cumulative dose of anthracyclines reduces the risk of heart 
failure and does not affect anti-cancer treatment outcomes.112,113 Therefore, authoritative societies such 
as the ASCO, the ESC, and the CSCO recommend that dexrazoxane be considered as a cardioprotective 
strategy in patients at high risk of cardiotoxicity with anthracyclines.8–10 However, it is rarely used in 
clinical practice, and some reports have analyzed the possible main reasons.98 A study showed that in 
patients with pre-existing reduced LVEF or heart failure prior to cancer diagnosis, no change in 
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cardiovascular events was observed with dexrazoxane as a cardioprotective agent. Trial results to the 
contrary have been reported, but relative evidences are limited. In addition, some studies have shown 
that pediatric patients treated with dexrazoxane may have a higher risk of secondary malignancies 
(SMN),113 although previous studies have shown that dexrazoxane does not cause SMN in pediatric 
patients. Therefore, clinicians and patients should weigh the cardioprotective effects of dexrazoxane 
against the risk of possible adverse effects under this safety controversy.

4. Emerging therapeutic strategies for AIC

4.1. Other cardioprotective agents

Because AIC can eventually develop into heart failure, many guidelines on cardio-oncology re
commend the use of heart failure treatment drugs such as angiotensin-converting enzyme inhibitor 
(ACE-I), angiotensin II receptor blockers (ARBs), and beta-blockers (BB) for high-risk patients receiving 
anthracyclines. These recommendations are based on multiple clinical trials demonstrating the effec
tiveness of the drugs. Recently, some meta-analyses reviewed multiple randomized controlled trials to 
evaluate the effects of these drugs on AIC. The results showed the beneficial effects of BB and ACE-I/ARB 
therapy on LVEF in anthracycline treatment regimens.114,115 However, some randomized controlled 
trials have shown the opposite. The trial results showed that although BB and ACE-I/ARB treatment early 
in patients with breast cancer or non-Hodgkin lymphoma was associated with reduced left ventricular 
end-diastolic diameter (LVEDd) and retained global longitudinal strain (GLS), it did not alter the out
come of decreased LVEF, which is an important indicator to identify and monitor cardiotoxicity. More 
importantly, there were significant differences in cardiac troponin (cTn) concentrations with no change 
in LVEF before and after treatment with these cardioprotective agents, so they also question the 
guidelines recommendation to use cTn to identify and monitor patients at cardiovascular risk for an
thracyclines.116,117

Statins, a distinctive class of lipid-lowering drugs, are recommended in the guidelines as new cardi
oprotective agents because they have demonstrated beneficial effects against the cardiotoxicity of an
thracyclines. Nevertheless, similar to the aforementioned heart failure treatment drugs, the beneficial 
effects of statins on cardiotoxicity have presented diverse outcomes in different clinical trials.118 Several 
studies have indicated the beneficial role of statins in preventing the cardiotoxicity of anthracyclines by 
reducing the incidence of cardiac dysfunction and hospitalization for heart failure in patients with breast 
cancer or lymphoma.119,120 In contrast, a large-scale trial yielded negative results. The findings showed 
that the prospective use of statins in patients with breast cancer and lymphoma without indications of 
cardiovascular diseases did not prevent the decline in LVEF after 2 years of DOX treatment.121 Therefore, 
despite guideline recommendations, there remain conflicting viewpoints on the cardioprotective effects 
of heart failure drugs or statins. This might be partly attributed to the inconsistencies in the recruitment 
criteria, trial size, and follow-up duration of relevant trials.

Since mitochondrial structure and function disorders are one of the key pathogenic mechanisms of 
AIC, many drugs targeting mitochondrial disorders have been developed. Studies have shown that the 
use of iron-chelating agents such as deferoxamine, antioxidants such as Mito-Q, vitamin E, and other 
compounds can inhibit the formation of ROS/RNS and reduce myocardial oxidative stress damage.122 It 
has been reported that the novel angiotensin receptor antagonist LCZ696 can improve the mitochondrial 
quality control mechanism and promote electron transfer in the mitochondrial respiratory chain by 
inhibiting Drp1.123 In addition, drugs used to treat metabolic diseases have also been shown to ame
liorate anthracycline-induced mitochondrial disorders in recent years. Metformin is a class of oral hy
poglycemic agents used in the treatment of type 2 diabetes. Studies have shown that metformin can 
inhibit the release of cytochrome C from mitochondria, reduce the production of ROS, and activate 
adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK) pathway to inhibit mitochondrial 
oxidative stress damage caused by anthracyclines.124,125 Studies have shown that sodium-glucose co
transporter (SGLT-2) inhibitors, also used as hypoglycemic agents, can improve cardiac mitochondrial 
dysfunction caused by anthracyclines and increase intracellular ATP levels.126 Additionally, SGLT-2 has 
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been reported to be associated with a lower risk of cardiac events in patients treated with anthracy
clines.127,128 Significantly, more large-scale, high-level, and evidence-based medical evidence is required 
to substantiate the beneficial effects of these emerging cardioprotective agents.

4.2. New nanotechnology

Based on the typical traits of enhanced permeability and retention effect and specific receptors on the 
surface of tumor cells, a variety of nano-formulated anthracyclines have been developed, which employ 
nano-molecules to either passively target tumor cells (with larger liposomal drug volume) or actively 
target tumor cells (via specific ligands). This is done to enhance the specific delivery of drugs to tumor 
cells and minimize the toxic side effects on other tissues.105 Among various ligands such as peptides, 
oligonucleotides, or antibodies, the combination of targeted antibodies and nanotechnology has gra
dually emerged as a mainstream cancer treatment strategy due to the high selectivity and affinity of 
monoclonal antibodies to tumor cell surface antigens. Monoclonal antibodies that can actively target 
specific receptors on cancer cells are covalently coupled with nanomedical drugs through chemical re
actions, thereby achieving a therapeutic approach that targets cancer cells and mitigates toxic side ef
fects simultaneously.129 Recent studies have reported that myocardium-specific targeting peptide 
combined with 8P, an antioxidant active ingredient extracted from the natural compound Eleuther
ococcus senticosus, to construct a myocardium-targeting PLD can improve mitochondrial function, reduce 
oxidative stress, and thus alleviate AIC.130 However, since the chemical reaction might affect the affinity 
of the antigen-antibody, the efficacy and release rate of the drug,131 and more importantly, the emer
gence of drug-resistant cancer cell populations, the clinical application of combining monoclonal anti
bodies and nanomaterials has been unsatisfactory.132–134 To overcome this limitation, researchers have 
developed multiple bispecific antibodies that bind to PEGylated liposomes to construct anthracycline 
targeting systems. By binding with two different antigens or two non-overlapping epitopes on the same 
antigen, they can enhance the sensitivity of cancer cells to chemotherapy, further inhibit the progression 
of solid tumors and non-solid tumors, and reduce the occurrence of off-target effects, thereby alleviating 
the occurrence of toxic side effects in various organs, including the heart. This type of bispecific antibody 
and anthracycline targeting drugs have demonstrated an enhancing efficacy and reducing toxicity effect 
in leukemia, breast cancer, non-small cell lung cancer, and other cancers.135–139

4.3. Stem cell therapy

Stem cell therapy, with its advantages such as autologous transplantation and no immunological 
rejection, has become an important novel therapy for treating a variety of diseases and has brought new 
hope for the treatment of heart diseases.140

The normal activity of mesenchymal stem cells (MSCs) is crucial for tissue and organ homeostasis. In 
the body, chemical messengers can be exchanged between organs to maintain the homeostasis of tissues 
and metabolic, a process known as interorgan crosstalk. These chemical messengers are packed into 
extracellular vesicles, which travel through various interstitial fluids and the blood, enabling paracrine 
communication between neighboring cells and distal tissues in both healthy and diseased states.141,142

Studies indicate that paracrine effects mediated by bone marrow-derived MSCs have been evaluated as a 
cardiac repair strategy to prevent and reverse anthracycline-induced myocardial injury and heart 
failure.143 Result from a SENECA trial showed that mesenchymal stem cells delivered mitochondria 
surrounded by extracellular vesicles to damaged cardiomyocytes via a paracrine mechanism, thereby 
alleviating mitochondrial dysfunction and subsequent cardiomyocyte apoptosis. The study highlighted 
that this effect was mainly generated by the specific uptake of exogenous mitochondria surrounded by 
extracellular vesicles by damaged cells, and extracellular vesicles lacking mitochondria did not show 
therapeutic effects, providing a possible strategy for cell-free therapy.144 Subsequently, mitochondrial 
transplantation, a revolutionary intervention to improve the cardiotoxicity of anthracyclines, was in
troduced to improve cardiac function induced by DOX-induced cardiotoxicity by rescuing cardiac energy 
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depletion through transplantation of healthy mitochondria.145–147 Unfortunately, at present, this tech
nique has only been successfully implemented in vitro or in animals. It is expected that this intervention 
strategy can be successfully implemented in clinical practice with the support of more basic evidence and 
advanced technology in the future.

iPSCs are a type of regenerative cells with unlimited differentiation potential and self-renewal ability, which 
can differentiate into any cell type. They provide a powerful tool for constructing heart disease models, studying 
patient-specific physiology and pathology, and screening potential therapeutic drugs for heart disease. In the past 
decade, stem cell therapy based on iPSCs has made remarkable progress in the field of myocardial regeneration. 
An earlier study showed that iPCS-CMs created from Filipino cynomolgus monkey, were injected into major 
histocompatibility complex-matched cynomolgus monkey with myocardial infarction through an allogeneic 
transplantation strategy, improving the cardiac contractile function and showing electrical coupling with host 
cells. However, this allogeneic strategy could lead to immunological rejection without immunosuppression and 
temporarily cause ventricular tachycardia. Further efforts are needed to develop strategies to control these ad
verse reactions.148 Fortunately, a study showed that transplanting the hPSC-CMs with depolarization-related 
genes hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4), calcium voltage-gated 
channel subunit alpha1 H (CACNA1H), and solute carrier family 8 member A1 (SLC8A1) knocked out and 
hyperpolarization-related gene potassium inwardly rectifying channel subfamily J member 2 (KCNJ2) over
expressed into the body could reduce the risk of arrhythmia, providing hope for improving the safety of iPSC 
therapy.149 Additionally, a study demonstrated that autologous iPSC-CMs could be successfully implanted and 
matured in two cynomolgus monkeys with subclinical chronic myocardial infarction without immunosuppres
sion, providing evidence to reduce concerns about the immune response to autologous iPSC therapy.150 Notably, 
a recent report showed that injecting hiPSC-CMs into non-human primates with myocardial infarction could 
restore cardiac contractile function with a low incidence of arrhythmia, providing another strong piece of evi
dence for the application of iPSCs in treating human heart diseases.151However, there are currently no reports on 
the treatment of AIC based on iPSCs, and only small-scale clinical trials for treating heart diseases are ongoing in 
countries such as China and Japan. Since the results of these trials have not been published yet, the safety and 
efficacy of iPSC therapy in humans remain to be confirmed.152 Nevertheless, these studies provide important 
theoretical foundations and experimental data for the application of iPSCs in treating AIC, demonstrating the 
potential of iPSC-based cardiac regenerative medicine in AIC treatment.

4.4. Chinese herbal formulas

Natural products play a key role in drug discovery, especially the application in cardiovascular medicine has a 
long history. Over the past few decades, nearly half of newly developed cardiovascular drugs have been based on 
natural products.153 Recently, increasing reports have shown that the use of Chinese herbal formulas alone or in 
combination with chemical drugs can prevent and treat AIC, and significantly improve the prognosis and quality 
of life of patients. We reviewed relevant clinical studies in the last 3 years (Table 1).

Clinical trial has shown that total crocin tablet combined with micro-pump infusion of DOX effectively 
reduced the incidence of abnormal electrocardiogram, increased LVEF, and improved hemorheological 
indicators in patients with diffuse large B-cell lymphoma, thereby reducing heart damage.154 Huangqi 
Shengmai decoction enhanced LV function and reduced myocardial damage in breast cancer patients 
treated with anthracyclines.155 Modified Zhigancao decoction combined with Kaihe Liuqi acupuncture 
reduced the incidence of arrhythmia and improved cardiac function in breast cancer patients receiving 
anthracycline-treated chemotherapy.156 Shengmai powder combined with Taohong Siwu decoction 
prevented myocardial damage and electrocardiogram abnormality in patients with non-Hodgkin lym
phoma treated with DOX.157 Wenxin Zhicao decoction reduced the electrocardiogram abnormality 
caused by DOX and reduced the incidence of cardiotoxicity in breast cancer patients.158 Wenyang Yiqi 
formula reduced the incidence of abnormal electrocardiogram in breast cancer patients treated with 
epirubicin and alleviated the clinical symptoms of cardiac injury.159 Qiliqiangxin capsule prevented 
cardiotoxicity in breast cancer patients induced by epirubicin, reduced the occurrence of heart failure, 
and improved the quality of life of patients.160 Shenmai injection combined with dexrazoxane sig
nificantly reduced the occurrence of myocardial damage in acute leukemia patients during 

G. Ling, F. Ge, W. Li et al.                                                                                                                 Medicine Plus 2 (2025) 100074

11



chemotherapy and alleviated cardiotoxicity.161 In addition, more natural products or Chinese herbal 
formulas have been shown to significantly improve the cardiotoxicity induced by anthracyclines in basic 
studies, and the mechanisms of action are diverse.

Certainly, we must acknowledge its limitations. Firstly, the sample sizes of current studies on Chinese herbal 
formulas tend to be small, which may lead to insufficient statistical significance of the results, and thus affect the 
universal applicability of the conclusions. In addition, although some studies have provided preliminary evidence 
that Chinese herbal formulas can enhance cardiac function or mitigate cardiotoxicity, these studies generally lack 
long-term follow-up and large-scale randomized controlled trials. Therefore, we should remain cautious when 
comprehensively evaluating the effects of Chinese herbal formulas and look forward to future clinical practice of 
higher quality to fill the knowledge gaps in this area.

4.5. Distal ischaemic preconditioning

Transient, reversible ischemia-in-perfusion treatment at the distal tissue has been shown to induce a 
systemic protective phenotype,162 which is closely related to cardiac protection.163 Preclinical study in 
large animals has shown that distal ischemic preconditioning prior to each anthracycline treatment 
could alleviate dysregulation of mitochondrial cleavage and autophagy, thereby alleviating cardiac 
dysfunction.164 Some randomized clinical trials have been conducted on this basis. However, two trials 
in children and adults, respectively, did not show a beneficial effect of distal ischemic preconditioning. 
An important reason was that the recruited patients, both children and adults, had a low risk of car
diotoxicity, which might limit the beneficial effects of these interventions.165,166 Given that this inter
vention has been shown to have a beneficial effect on the heart in clinical studies in other cardiovascular 
areas,167 it remains a very promising therapeutic strategy against the cardiotoxicity of anthracyclines. It 
is important to include a larger number of people at higher risk of cardiotoxicity in future clinical trials. 
Such a study is currently underway in a large clinical trial to evaluate the safety and efficacy of distal 
ischemic preconditioning in high-risk populations receiving anthracyclines.168,169 Of note, it is reported 
that distal ischaemic preconditioning may promote cancer progression,170 and this will require clinicians 

Table 1 
Summary of clinical trials of Chinese herbal formulas in the treatment of AIC. 

Chinese herbal formulas Cancer types (cases, n) Chemotherapy 
drugs

Outcomes

Crocin tablet154 Diffuse large B-cell 
lymphoma (92)

Doxorubicin Electrocardiogram, CK-MB, cTnI, 
NT-proBNP, LVEF, 
hemorheological indexes

Huangqi Shengmaiyin155 Breast cancer (50) Anthracyclines E/a’, E/e’, GWI, GCW, GWW, GWE
Modified Zhigancao decoction156 Breast cancer (100) Epirubicin Electrocardiogram, LVEF, LVEDs/d
Shengmai powder combined with 

Taohong Siwu decoction157
Non-Hodgkin 
lymphoma (60)

Doxorubicin AST, LDH, CK, LVEF, LVEDd, 
cTnI, BNP, Mb, 
electrocardiogram

Wenxin Zhicao decoction158 Breast cancer (68) Doxorubicin NT-proBNP, cTnI, 
electrocardiogram

Wenyang Yiqi decoction159 Breast cancer (88) Epirubicin LVEF, CK-MB, cTnI, BNP, 
electrocardiogram

Qiliqiangxin capsule160 Breast cancer (88) Epirubicin LVEF, LVEDs/d, NT-proBNP
Shenmai injection161 Acute leukemia (60) Daunorubicin CK, CK-MB, LDH, AST, 

electrocardiogram, LVEF, BNP, 
cTnT

a’, late diastolic velocity of mitral annulus obtained by tissue Doppler imaging; AIC: anthracycline-induced cardiotoxicity; 
AST: aspartate aminotransferase; CK-MB: creatine kinase isoenzyme MB; cTn: cardiac troponin; E, mitral inflow early dia
stolic velocity obtained by pulsed wave; e’, early diastolic velocity of the mitral annulus obtained by tissue doppler imaging; 
GCW: global constructive work; GWE: global work efficiency; GWI: global work index; GWW: global wasted work; LDH: 
lactate dehydrogenase; LVEDs/d: left ventricular end-systolic/diastolic diameter; LVEF: left ventricular ejection fraction; 
Mb: myoglobin; n, number of cases; NT-proBNP: N-terminal pro-B-type natriuretic peptide.
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to further validate and weigh the risks and benefits.

4.6. Physical exercise and monitoring

In addition to drug therapy, exercise training has also been included in non-drug interventions for AIC. Both 
clinical and preclinical studies have shown that exercise interventions are associated with a lower risk of car
diotoxicity with anthracyclines.171,172 There are also some tests, however, suggest that exercise to prevent AIC 
was not significant. But no doubt that exercise has a positive effect on cardiopulmonary function.173 It is im
portant to note that security issues must be taken seriously. For example, intense exercise itself may put a strain 
on the heart. Patient frailty caused by cancer treatment should also be taken into account. Therefore, exhausting 
exercise should be avoided. At the same time, cardiopulmonary exercise testing should be performed before 
exercise to evaluate the patient’s exercise tolerance, and cardiac function should be monitored regularly during 
exercise to develop a reasonable exercise plan.174

4.7. Treatment monitoring and personalized therapy

Monitoring cardiac serum biomarkers in cancer patients during anthracycline treatment is critical for 
assessment, early diagnosis, and prevention of cardiotoxicity. The 2022 Cardiovascular Oncology 
Guideline of the ESC recommends that in addition to cardiac imaging for anthracycline-based che
motherapy patients, continuous monitoring such as cardiac serum troponin and natriuretic peptide 
should be needed for risk stratification to promote early diagnosis and treatment. However, experts have 
raised potential limitations of these traditional biomarkers, including troponin and natriuretic peptide as 
nonspecific markers susceptible to patient gender, race, weight, and other comorbidities.6 To overcome 
the limitations of traditional biomarkers, researchers are exploring more specific and sensitive bio
markers. In addition to the novel circulating biomarkers mentioned above, galactin-3 associated with 
myocardial fibrosis has shown good predictive value in animal models, but a clear association with 
reduced LVEF has not been observed in clinical studies, which might be related to the inability of 
echocardiography to accurately assess myocardial fibrosis.175 In addition, fms-like tyrosine kinase-1 and 
immunoglobulin E have been reported as candidate biomarkers.8 To ensure antitumor efficacy while 
minimizing the risk of cardiotoxicity, dynamic monitoring of treatment response using biomarkers can 
optimize treatment choice and further evaluate prognosis. For example, combining traditional bio
markers (such as cTnT, NT-proBNP) with novel biomarkers (such as miRNAs, MPO) can significantly 
improve the sensitivity and specificity of early diagnosis and prognosis assessment of AIC.176 The in
vestigation into the emerging mechanisms of AIC offers a robust theoretical foundation for the devel
opment of more sensitive and specific biomarkers, as well as innovative therapeutic strategies. By 
leveraging hiPSC-CMs technology and integrating novel biomarkers such as inflammatory markers, 
metabolomic indicators, and epigenetic signatures, the risk assessment of cardiotoxicity in patients 
exposed to anthracyclines can be significantly enhanced. This approach provides stronger support for 
clinical decision-making and facilitates personalized treatment regimens. However, further research is 
essential to address existing challenges and propel the ongoing advancement of AIC treatment strategies.

5. Feasibility and challenges of emerging therapeutic strategies

While emerging therapeutic strategies for mitigating AIC hold significant promise, they have also 
ignited discussions surrounding ethical considerations, cost challenges, and barriers to implementation.

The earliest use of embryonic stem cell therapy strategies has sparked intense ethical controversy because it 
involves the destruction of embryos. Adult stem cells such as MSCs avoid ethical problems, but their sources and 
differentiation potential are relatively limited. Although the newly developed iPSCs can avoid the above pro
blems, they also face new challenges, such as the complicated preparation process, and the risk of immunological 
rejection, arrhythmia, and tumorigenesis. Fortunately, there are reports that these challenges can be overcome, 
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but more reliable data is needed to support their safety and effectiveness.177,178 For interventions such as remote 
ischemic preconditioning, the potential risk and individual differences of patients need to be fully considered in 
clinical trials to avoid exposing low-risk patients to possible ineffective interventions.179 Moreover, the issue of 
cost presents a significant challenge that we cannot overlook. The development and application of high-tech 
means such as new nanotechnology require huge financial investment, which may lead to high treatment costs, 
making it unaffordable for some patients.180 At the same time, although clinical trials have shown that Chinese 
herbal formulas are significantly effective, pollution, misidentification, and improper processing of formulas may 
cause health problems, and the implementation obstacles should not be ignored.181 Interestingly, studies have 
shown that exercise adherence is influenced by a variety of factors. For example, patients with heart failure are 
often motivated by improved health, performance in activities of daily living, and body image. On the other 
hand, patient efforts, social support from family members, and medical care all play an integral role. However, it 
is worth noting that these factors, while promoting adherence, may also potentially become an obstacle for 
patients to maintain exercise habits for a long time.182

In summary, in exploring novel therapeutic strategies to combat AIC, it is imperative to take into 
account ethical considerations, cost constraints, and the obstacles pertaining to their implementation.

Fig. 2. Therapeutic strategies for AIC. ACE-I: angiotensin-converting enzyme inhibitor; AIC: anthracycline-induced cardi
otoxicity; ARBs: angiotensin II receptor blockers; BB: beta-blockers; CRP: C-reactive protein; GDF-15: growth differentiation 
factor 15; GPBB: glycogen phosphorylase BB; iPSCs: induced pluripotent stem cells; MPO: myeloperoxidase; MSCs: me
senchymal stem cells; PGF: placental growth factor; SGLT-2: sodium-glucose cotransporter. This figure was created using 
images from Servier Medical Art under a CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
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6. Prospect and conclusion

Anthracyclines have consistently played a significant role in cancer treatment, and their adverse 
cardiovascular effects have always been a matter of concern. Tremendous efforts have been exerted to 
develop novel strategies to safeguard cancer patients from cardiovascular risks (Fig. 2). Guidelines 
suggest the utilization of heart failure medications such as ACE-I/ARBs, BB, statins, etc., as a preventive 
measure. However, the actual administration of these cardioprotective agents remains controversial due 
to the uncertain protective effects demonstrated in clinical trials. Nevertheless, the therapeutic potential 
of these medications cannot be denied, but more high-level evidence-based medical evidence is needed 
to continuously support this beneficial effect.

The early identification of the risk of cardiovascular events is of crucial importance for early pre
vention and treatment, and the challenge lies in accurately identifying patients at risk. Monitoring 
cardiac serum biomarkers is an essential tool for the identification and early diagnosis of cardiovascular 
events, and there is greater value in developing potential markers that are sensitive and predictable at an 
early stage, and have a good correlation with pathological mechanisms. Additionally, new biomarkers 
should be customized to specific populations to avoid being influenced by factors such as individual 
differences and cancer types. Epigenetic factors have been proved to be crucial to AIC, and epigenetic 
therapeutic strategies have shown broad application prospects in combating AIC. However, few clinical 
studies have been reported on the efficacy of drugs based on this strategy, and more clinical trials are 
needed to confirm the efficacy and safety of epigenetic drugs for AIC treatment. In recent years, gene 
therapy holds potential in the treatment of heart diseases, especially in terms of gene modification or 
replacement for certain inherited heart disorders. However, gene therapy for the cardiotoxicity of an
thracyclines has not been reported in clinical practice. With the growing recognition of the genetic 
susceptibility to the cardiotoxicity of anthracyclines, gene therapy may become a new therapeutic 
strategy for preventing and treating the cardiotoxicity of anthracyclines in the future.183 It is necessary 
to formulate an individual treatment plan based on the genetic background of the patient and to explore 
a personalized comprehensive treatment strategy.

Both conventional and emerging therapeutic strategies for the cardiotoxicity caused by anthracyclines 
have potential benefits and risks, and more research is required to support the safety, efficacy, and 
rationality of these therapeutic strategies. These research challenges highlight the complexity of the 
cardiotoxicity of anthracyclines, necessitating interdisciplinary collaboration and continuous research to 
reduce the risk of cardiotoxicity in cancer patients while enhancing their quality of life.
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