
Chemotherapy-Induced Cardiotoxicity 

www.discoveriesjournals.org/discoveries 1 

REVIEW Article 
 

 

Chemotherapy-Induced Cardiotoxicity: Mechanisms, 

Detection and Emerging Therapies in Cardio-Oncology 

 

Brandon Sánchez 1,*, Pamela González 1, Iván Goveo 3, Pedro Contreras 2, Luis Domínguez 
2, Paola Manrique 3, Manuel Vargas 1 
 
1 Pontificia Universidad Católica Madre y Maestra. Santiago, Dominican Republic 
2 Corazones del Cibao, Santiago, Dominican Republic 
3 Universidad Autonoma de Guadalajara, Guadalajara, Mexico 

 
* Corresponding authors: Brandon Sánchez, Pontificia Universidad Católica Madre y Maestra, Santiago de 

los Caballeros, Republica Dominicana; email: brandonsanchezrdgz@gmail.com; ORCID: 0009-0000-4525-

7975. 

Submitted: Nov. 29, 2025; Revised: Dec. 29, 2025; Accepted: Dec. 29, 2025; Published: Dec. 31, 2025. 

Citation: Sánchez B, González P, Goveo I, Contreras P, Dominguez L, Manrique P, Vargas M. Chemotherapy-

Induced Cardiotoxicity: Mechanisms, Detection and Emerging Therapies in Cardio-Oncology. Discoveries 

2025, 13(4): e217. DOI: 10.15190/d.2025.16 

 
ABSTRACT 

Cancer remains a leading cause of global mortality, 

with annual incidence projected to exceed 35 million 

cases by 2050. Modern antineoplastic therapies have 

improved survival outcomes at the risk of 

increasingly associated cardiovascular complications, 

collectively termed cancer therapy related cardiac 

dysfunction (CTRCD). Anthracyclines and HER2-

targeted therapies remain the most well-characterized 

cardiotoxic agents. Anthracyclines cause irreversible, 

dose-dependent myocardial injury through 

mechanisms including oxidative stress, iron 

dysregulation, mitochondrial dysfunction, and 

topoisomerase IIβ inhibition, leading to progressive 

ventricular dysfunction and heart failure. HER2-

directed therapies, such as trastuzumab, interfere with 

cardioprotective ErbB signaling, typically producing 

reversible cardiac impairment. Other oncologic 

treatments - including tyrosine kinase inhibitors, 

VEGF antagonists, and immune checkpoint inhibitors 

- contribute to hypertension, ischemic injury, and 

immune-mediated myocarditis. Newer modalities, 

such as proteasome inhibitors, histone deacetylase 

inhibitors, and CAR T-cell therapy, have expanded 

the spectrum of treatment-associated cardiotoxicity. 

 

Early CTRCD detection through multimodal 

strategies—including echocardiographic assessment 

with global longitudinal strain, cardiac magnetic 

resonance imaging, and serial measurement of 

troponins and natriuretic peptides—facilitates timely 

intervention. Risk stratification tools such as the 

HFA–ICOS score enable personalized monitoring 

and therapeutic planning. Preventive and 

management strategies incorporate cardioprotective 

agents like ACE inhibitors, β-blockers, dexrazoxane, 

and emerging therapies such as SGLT2 inhibitors. 

Modern cardio-oncology emphasizes a 

multidisciplinary, precision-based approach 

integrating early detection, genetic risk assessment, 

and targeted prophylaxis to preserve cardiac function 

while maintaining oncologic efficacy, thereby 

enhancing both survival and quality of life for cancer 

patients. 
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therapy (CAR-T); cardiac magnetic resonance (CMR); 
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kinase (MAPK); phosphatidylinositol 3-kinase (PI3K); 
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1. Introduction 

 

Cancer represents one of the leading causes of death 

worldwide and imposes a considerable global disease 

burden1. According to the World Health 

Organization, in 2022, approximately 20 million new 

cancer cases and 9.7 million deaths were reported 

globally, and the incidence is expected to rise to over 

35 million by 20502. The use of antineoplastic agents 

has intensified as part of therapeutic strategies for 

these diseases, contributing to reduced mortality and 

increased cancer survival3. However, these treatments 

can cause significant adverse effects, including 

cardiotoxicity4. Among these drugs, anthracyclines, 

introduced in 1960, have transformed the 

management of both solid and hematologic 

malignancies and remain essential in lymphomas, 

acute leukemias, and sarcomas. Their use, however, 

is limited by dose-dependent cardiotoxicity, which 

can impair cardiac function and lead to heart failure5. 

Similarly, chemotherapeutic agents like 

anthracyclines induce damage by generating reactive 

oxygen species (ROS), resulting in oxidative stress 

and irreversible injury to cardiomyocytes6. 

 Furthermore, therapies targeting the vascular 

endothelial growth factor (VEGF) pathway, used to 

treat solid tumors, can lead to cardiovascular effects 

such as hypertension and myocardial hypoperfusion, 

contributing to the development of heart failure. With 

the advent of more potent medications, patients often 

face the dual challenge of controlling cancer while 

simultaneously protecting cardiovascular health7. 

Therefore, the 2022 European Society of Cardiology 

(ESC) cardio-oncology guidelines emphasize the 

importance of a multidisciplinary and personalized 

approach to safeguard cardiovascular health 

throughout oncologic treatment8. 

 In this context, early detection of cardiotoxicity 

using biomarkers such as troponins and imaging 

techniques, including echocardiography and cardiac 

magnetic resonance (CMR), allows identification of 

cardiovascular risks before irreversible damage 

occurs. Prevention and management strategies 

include the early use of cardioprotective drugs, such 

as beta-blockers, angiotensin-converting enzyme 

(ACE) inhibitors, and angiotensin II receptor 

antagonists, which help mitigate cardiovascular side 

effects of oncologic therapy and enable patients to 

continue potentially life-saving treatments. Cardio-

oncology thus aims to optimize cancer care while 

protecting the heart, improving both survival and 

quality of life for patients7. While recent high-impact 

guidelines, provide comprehensive frameworks for 

clinical risk stratification and surveillance strategies, 

the present review offers a distinct contribution by 

integrating mechanistic depth with emerging 

precision medicine approaches. Specifically, this 

manuscript bridges molecular pathophysiology with 

clinical application by synthesizing the latest 

evidence on subcellular mechanisms of cardiotoxicity 
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across traditional and novel therapeutics, while 

emphasizing the evolving role of pharmacogenetic 

risk assessment and personalized cardioprotective 

strategies 

 

2. Epidemiology 

 

Oncologic therapies can impair cardiac structure 

and/or function, manifesting either as asymptomatic 

cardiac dysfunction or symptomatic heart failure, 

collectively termed cancer therapy–related cardiac 

dysfunction (CTRCD)9. The risk of cardiotoxicity in 

cancer patients is influenced by multiple factors, 

including the specific chemotherapeutic agent used, 

cumulative dose, combination regimens, and patient-

specific characteristics such as age, pre-existing 

cardiovascular disease, and genetic susceptibility. 

Likewise, the prevalence of late-onset symptomatic 

cardiotoxicity associated with anthracyclines is 

affected by the type of cancer treated, concomitant 

cardiovascular risk factors, baseline cardiac 

conditions, and the duration of follow-up7. 

 Anthracyclines, including doxorubicin, 

daunorubicin, epirubicin, and idarubicin, are 

commonly employed for a variety of malignancies, 

including breast cancer and lymphoma. Their use is 

associated with dose-dependent cardiomyocyte injury 

and death, potentially leading to left ventricular 

dysfunction and heart failure. In three studies 

involving 630 patients with breast and lung cancer, 

the incidence of clinical heart failure during 

doxorubicin therapy rose exponentially, from 5% at a 

cumulative dose of 400 mg/m² to 48% at 700 mg/m² 
10. When asymptomatic reductions in left ventricular 

ejection fraction (LVEF) were included in the 

cardiotoxicity definition, the rate of cardiac events 

increased substantially, even at lower cumulative 

doses: 7%, 18%, and 65% with 150 mg/m², 350 

mg/m², and 550 mg/m², respectively10. 

 A meta-analysis of 53 studies encompassing 

35,651 patients estimated a pooled overall incidence 

of chemotherapy-related cardiac dysfunction of 63.21 

per 1000 person-years (95% CI: 57.28–69.14). 

Incidence rose sharply within the first six months of 

chemotherapy initiation and stabilized with longer 

follow-up. Stratified analyses indicated a markedly 

higher incidence in patients aged ≥50 years compared 

with those <50 years (99.96 vs. 34.48 per 1000 

person-years). By cancer type, the highest incidence 

was observed in patients with breast cancer (72.97 per 

1000 person-years), followed by leukemia (65.21 per 

1000 person-years) and lymphoma (55.43 per 1000 

person-years)11. 

 

3. Risk Factors for Cancer Therapy-Related 

Cardiac Dysfunction 

 

The risk of CTRCD varies considerably among 

patients, and much of this variation is influenced by 

their baseline cardiovascular health. Age remains one 

of the most important risk factors. Older adults 

typically have reduced cardiac reserve, increased 

vascular stiffness, and a higher prevalence of 

underlying heart disease, all of which make them 

more susceptible to the cardiotoxic effects of cancer 

treatments12. In addition, comorbid conditions such as 

hypertension, diabetes, obesity, and coronary artery 

disease further elevate the likelihood of cardiotoxicity 

by imposing additional stress on the myocardium and 

vascular system. Recent meta-analyses consistently 

demonstrate that patients with these pre-existing 

conditions are at a significantly higher risk of 

developing heart failure and other cardiovascular 

complications during and after cancer therapy13. 

 Genetic predisposition is increasingly recognized 

as an important factor influencing the risk of 

cardiotoxicity. Patients with similar clinical profiles 

can experience widely different degrees of 

myocardial injury, in part due to genetic 

polymorphisms that affect how cardiomyocytes 

respond to chemotherapy. For example, certain non-

coding genetic variants have been associated with 

differences in sensitivity to anthracyclines in induced 

pluripotent stem cells derived from cardiomyocytes, 

highlighting the role of heritable factors in CTRCD 

susceptibility8. In addition to genetic influences, 

modifiable lifestyle factors such as tobacco use, 

physical inactivity, previous myocarditis, and pre-

existing heart failure can further increase cardiac risk 

and should be addressed before initiating cancer 

therapy14. Incorporating these variables including 

age, comorbid conditions, genetic background, and 

lifestyle behaviors into structured pre-treatment 

assessments, such as the Heart Failure Association–

International Cardio-Oncology Society (HFA-ICOS) 

risk score, allows clinicians to better identify high-

risk patients and to design individualized surveillance 

and prevention strategies. 

 Beyond patient characteristics, the type and 

delivery of cancer therapy itself strongly influence the 

risk of cardiotoxicity. Anthracyclines remain one of 

the leading causes of CTRCD, with a well-established 
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dose-dependent relationship between cumulative 

exposure and the likelihood of left ventricular 

dysfunction15. HER2-targeted therapies, such as 

trastuzumab, are inherently less cardiotoxic but can 

significantly increase the risk of cardiac injury when 

administered concurrently or sequentially with 

anthracyclines, creating a well-recognized “two-hit” 

phenomenon16. This underscores the importance of 

careful treatment sequencing and the need for 

intensified cardiac monitoring in patients receiving 

both agents. 

 Dose and infusion schedule also influence 

cardiotoxic risk. Rapid bolus administration and 

higher cumulative doses are associated with more 

pronounced myocardial injury. Advanced imaging 

techniques, such as global longitudinal strain (GLS), 

can detect early, subclinical changes in cardiac 

function, allowing for timely intervention before 

significant ventricular dysfunction occurs14. Thoracic 

radiation therapy adds another layer of complexity. 

Contemporary evidence shows that higher mean heart 

doses and greater radiation exposure to coronary 

structures significantly increase the risk of ischemic 

events and heart failure, particularly when combined 

with prior anthracycline exposure17. Efforts to reduce 

cardiac radiation including optimized treatment 

planning, fractionation strategies, and heart-sparing 

techniques, are essential for risk mitigation. 

 Finally, targeted therapies and tyrosine kinase 

inhibitors (TKIs) present additional cardiovascular 

risks, including hypertension, myocardial ischemia, 

arrhythmias, and heart failure. The HFA-ICOS risk 

score incorporates drug class, cumulative exposure, 

and combination treatment effects into overall risk 

assessment, enabling clinicians to adjust surveillance 

frequency and implement cardioprotective strategies, 

such as ACE inhibitors or beta-blockers, when 

appropriate8. 

 

4. Mechanisms of Cardiotoxicity 

 

4.1 Mechanisms of Anthracycline-Induced 

Cardiotoxicity 

 

The therapeutic efficacy of anthracyclines stems from 

multiple cellular mechanisms that result in both 

cytotoxic and growth-inhibitory effects. The 

predominant mechanism involves anthracycline 

binding to topoisomerase II, creating a triple 

molecular complex consisting of topoisomerase II, 

doxorubicin, and DNA. This complex disrupts the 

normal DNA repair process by blocking the rejoining 

of cleaved double-strand DNA breaks18. The 

consequence is cell cycle arrest followed by 

programmed cell death. Two distinct forms of 

topoisomerase II exist: the alpha (α) and beta (β) 

isoforms. The alpha isoform shows elevated 

expression levels in cancer cells, accounting for the 

preferential anticancer activity of anthracycline 

treatment19. Furthermore, anthracyclines can insert 

themselves between DNA base pairs within the 

nuclear compartment, inhibiting DNA and RNA 

synthesis20. Anthracyclines also alter gene expression 

patterns, impairing cellular biogenesis and function. 

Through topoisomerase-IIβ–dependent mechanisms, 

they suppress the expression of protective antioxidant 

enzymes, which further amplifies reactive oxygen 

species production. Together, these changes drive 

oxidative damage within malignant tissues21,22. 

However, among the significant adverse effects of 

chemotherapy, drug-induced cardiotoxicity 

represents a critical concern requiring careful 

monitoring. The cardiovascular manifestations 

encompass a wide range of clinical presentations, 

most commonly presenting as dose-dependent left 

ventricular dysfunction, which may progress to heart 

failure. Arrhythmias and pericarditis are less frequent 

but clinically relevant manifestations23–25.  

 While the precise mechanisms underlying 

anthracycline-induced cardiac damage remain 

elusive, multiple pathological processes have been 

identified. Among these, anthracycline-mediated 

suppression of topoisomerase-II β (Top2β) in cardiac 

muscle cells and the generation of reactive oxygen 

species are now widely accepted as central 

mechanisms of anthracycline-induced 

cardiotoxicity18. Zhang and colleagues demonstrated 

in 2012 that the elimination of topoisomerase-II β 

provides cardiac protection against doxorubicin-

induced DNA strand breaks. This mechanism has 

subsequently been confirmed as pivotal and widely 

accepted in understanding doxorubicin-related 

cardiomyocyte injury22,26. Their findings suggested 

that Top2β plays a central role in doxorubicin-related 

heart muscle damage. Mouse models lacking Top2β 

showed a marked reduction in cardiac cell death 

following doxorubicin exposure, supporting the 

significance of Top2β-anthracycline interactions in 

disease development22. The binding of anthracyclines 

to Top2β in heart muscle cells triggers double-strand 

DNA damage, which subsequently activates p53-

dependent cell death pathways27.  
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 Recent medical literature robustly supports the 

multifactorial mechanisms underlying anthracycline-

induced cardiac damage, extending well beyond the 

classic pathways of DNA intercalation and 

topoisomerase II inhibition. Disruption of cellular 

iron regulation is a key contributor, with 

anthracyclines causing mitochondrial iron 

accumulation, which exacerbates reactive oxygen 

species formation and mitochondrial dysfunction 28–

30. Reduced production of energy molecules, 

particularly ATP, results from anthracycline-induced 

suppression of mitochondrial respiratory chain 

activity and persistent defects in high-energy 

phosphate metabolism, which have been documented 

years after exposure 29,31. Blood vessel dysfunction is 

increasingly recognized as a contributor to 

anthracycline cardiotoxicity, with evidence of 

endothelial injury and impaired vascular signaling  
28,31. Altered calcium handling mechanisms, such as 

changes in mitochondrial membrane permeability and 

sarcoplasmic reticulum dilation, disrupt intracellular 

calcium homeostasis and impair contractility 31,32. 

Collectively, these mechanisms—iron dysregulation, 

mitochondrial injury, energy depletion, protein 

degradation, vascular dysfunction, and calcium 

mishandling—interact to drive myocyte death and 

progressive contractile dysfunction, as consistently 

described in recent reviews and scientific statements 

(see Figure 1)21,28–32. 

 

4.2 Mechanisms of Trastuzumab-Induced 

Cardiotoxicity 

 

HER2 is a transmembrane glycoprotein possessing 

intrinsic tyrosine kinase activity and belongs to the 

epidermal growth factor receptor (EGFR) family. 

This protein participates in intracellular signaling 

pathways that regulate cellular growth, survival, 

adhesion, migration, and proliferation33. 

Trastuzumab, a HER2-directed monoclonal antibody, 

represents the standard therapeutic approach for 

HER2-positive malignancies. The mechanism of 

Figure 1. Pathways of Cardiac Damage from Anthracycline Chemotherapy. Anthracyclines achieve their cancer-

fighting activity by creating a three-component structure with topoisomerase IIα and DNA, resulting in breaks in both 

DNA strands and subsequent death of malignant cells. Within cardiac muscle cells, interaction with topoisomerase IIβ 

initiates genetic damage and cell death mediated by p53. At the same time, anthracyclines cause iron metabolism 

dysregulation, which enhances the production of reactive oxygen species, causing damage to mitochondria, a reduction 

in ATP availability, and disruption of calcium balance. Damage to the inner lining of blood vessels and compromised 

vascular communication additionally promotes oxygen deficiency in tissues. Together, these pathways lead to ongoing 

loss of cardiac muscle cells and deterioration of left ventricular function, resulting in clinical manifestations ranging from 

heart failure, arrhythmias to pericarditis (Created with BioRender.com) 21,28–32 
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action involves inhibition of HER2-positive tumor 

cell growth through disruption of growth factor-

tumor cell interactions34. 

Cardiotoxicity represents the most frequently 

observed adverse effect associated with trastuzumab 

therapy, presenting clinically as decreased left 

ventricular ejection fraction, cardiac arrhythmias, or 

congestive heart failure, occurring independently of 

dosage35,36.  In contrast to anthracycline-induced 

cardiotoxicity, trastuzumab-related cardiac 

dysfunction demonstrates reversibility due to the 

absence of ultrastructural cardiomyocyte alterations 
35. 

 The pathophysiological mechanisms underlying 

trastuzumab-induced cardiotoxicity remain 

incompletely elucidated, though several hypotheses 

have been proposed. Given trastuzumab's nature as a 

monoclonal antibody, antibody-dependent cellular 

cytotoxicity may contribute to cardiomyocyte 

injury36.  Within cardiac tissue, HER4 interacts with 

the erythroblastic oncogene B2 receptor (ErbB) 

through heterodimer formation, subsequently 

activating downstream signaling cascades including 

phosphatidylinositol 3-kinase (PI3K)/protein kinase 

B (AKT), mitogen-activated protein kinase (MAPK), 

and endothelial nitric oxide synthase (eNOS) 

pathways. These signaling mechanisms promote 

cellular survival and proliferation, preserve 

mitochondrial function, and facilitate sarcoplasmic 

reticulum calcium handling, thereby conferring 

cardioprotective effects through ErbB2 activation37. 

 Trastuzumab administration results in HER2 

inhibition and disruption of normal ErbB signaling 

through interference with Her/ErbB family dimer 

formation, consequently compromising 

cardiomyocyte survival, mitochondrial function, and 

sarcoplasmic reticulum calcium uptake37. An 

additional proposed mechanism involves reactive 

oxygen species (ROS) generation secondary to eNOS 

downregulation following HER2 suppression, 

leading to diminished antioxidant capacity and 

increased ROS accumulation with resultant 

mitochondrial damage37,38. Progressive mitochondrial 

dysfunction ultimately results in impaired 

cardiomyocyte contractility and cellular injury. 

 

4.3 Cardiotoxic Mechanisms of Targeted and 

Immune-Based Therapies 

 

The introduction of numerous immunotherapy 

treatments represents a significant advancement in 

managing various cancer types39. However, the 

cardiovascular complications associated with these 

precision therapies elevate the risks for individuals 

who survive cancer40. Cardiac complications related 

to TKIs, immune checkpoint inhibitors (ICIs), and 

novel targeted medications are gaining increased 

recognition and vary based on the therapeutic class 

and individual agent. Commonly reported 

cardiovascular adverse effects include elevated blood 

pressure, irregular heart rhythms, reduced heart 

pumping capacity, cardiac insufficiency, and abrupt 

cardiac death. TKIs are often linked with several 

cardiovascular complications. Numerous TKIs, such 

as sunitinib, imatinib, and trametinib, cause heart 

damage through a series of events that are triggered 

by PI3K blockade41. This blockade disrupts PI3K-

controlled management of calcium balance, which 

results in excessive cytoplasmic Ca2+ accumulation, 

elevated ROS, and decreased contractile function (see 

Figure 2)32,42. Notably, several recent reports have 

suggested that ponatinib is the most cardiotoxic agent 

in all FDA-approved TKIs43.  

 Additionally, TKIs may be administered with 

VEGF inhibitors. VEGF is essential for angiogenesis, 

the development of new blood vessels, by stimulating 

endothelial cell activity. In cancer cells, VEGF 

stimulates dysregulated angiogenesis, promoting 

tumor growth, proliferation, and spread44. However, 

VEGF inhibitors also decrease eNOS and promote 

endothelin-1 production; together, these effects may 

lead to systemic and pulmonary hypertension, 

resulting in left ventricular (LV) hypertrophy and 

myocardial ischemia44–46. In animal models, 

endothelin-1 antagonism reversed the acute 

hypertension caused by VEGF inhibitors, suggesting 

the process may be reversible47.  Furthermore, VEGF-

TKI therapy may cause cardiotoxicity through 

mitochondrial dysfunction44. While VEGF inhibition 

represents a valuable anticancer strategy, its 

cardiovascular complications, including 

hypertension, ventricular remodeling, and 

mitochondrial damage, necessitate careful monitoring 

and consideration of cardioprotective interventions in 

clinical practice. 

 ICIs are associated with immune-mediated 

myocarditis; incidence is low but carries high 

mortality48. ICIs not only cause myocarditis, which is 

the most recognized cardiovascular event, but also 

other immune-related cardiovascular adverse events 

such as pericardial disease, vasculitis, acute coronary 

syndromes, and thromboembolic events, as well as 
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arrhythmias and LV dysfunction, including takotsubo 

syndrome, have also been described48. The main 

hypothesis centers on molecular mimicry, in which 

CD8+ T cells erroneously assault cardiac muscle 

since heart proteins resemble cancer proteins. 

Identical T-cell groups have been detected in 

malignancies, skeletal muscle, and cardiac tissue42,48. 

Novel therapeutic agents, including proteasome 

inhibitors, immunomodulatory drugs, CAR T-cell 

therapies, and histone deacetylase inhibitors, are 

associated with cardiac toxicity. Research indicates 

that the proteasome plays an essential role in cardiac 

function, and its inhibition leads to ventricular 

dysfunction. Additionally, it disrupts key processes 

such as protein regulation and cell survival. 

Suppression of proteasome AMPKα activity 

decreases autophagy, resulting in left ventricular 

dysfunction and heightened cardiac susceptibility49. 

Carfilzomib, a proteasome inhibitor, induces 

myocardial complications primarily through 

increased PP2a activity50.  

 Another oncologic treatment, chimeric-antigen 

receptor (CAR) T-cell therapy (CAR-T), functions by 

reprogramming a patient's T lymphocytes to enhance 

their ability to identify and eliminate tumor cells51. 

CAR T-cell therapy can result in cardiovascular 

toxicities through various mechanisms, some 

potentially hypothetical, though several relevant 

theories exist. One study utilizing modified T-cell 

receptors (TCR) targeting the tumor antigen MAGE-

A3 reported two patient deaths from cardiogenic 

shock and cardiac failure52. Autopsy findings 

revealed myocarditis characterized by T lymphocyte 

infiltration and myocyte necrosis in cardiac tissue. 

 

Figure 2. Pathways of Heart Damage Caused by Targeted and Immunotherapy Cancer Treatments. Tyrosine 

kinase inhibitors (TKIs) disrupt PI3K (phosphatidylinositol 3-kinase) signaling, resulting in excessive calcium 

accumulation, elevated reactive oxygen species production, and compromised cardiac contractility. Immune checkpoint 

inhibitors (ICIs) trigger immune-driven inflammation of the heart muscle through T-cell recognition of cardiac antigens 

and inflammatory cytokine production. Emerging therapeutic agents, such as proteasome inhibitors, CAR T-cell 

immunotherapy, and histone deacetylase (HDAC) inhibitors, induce cardiac damage via disrupted protein quality control, 

unintended immune-mediated cardiac tissue injury, and altered gene regulation patterns. Together, these 

pathophysiological processes lead to impaired left ventricular function, cardiac rhythm disturbances, and heart failure 

development, highlighting the critical need for cardiac monitoring in the cardio-oncology management of cancer patients. 

(Created with BioRender.com) 
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Notably, MAGE-A3 is not expressed in cardiac 

tissue; instead, the modified TCRs erroneously 

recognized titin, a structural protein of cardiac 

muscle, causing the lymphocytes to attack the heart 

as if it were tumor tissue53.  

 Histone deacetylase (HDAC) inhibitors similarly 

pose cardiac toxicity risks. HDACs regulate the 

genetic expression of molecules involved in oxidative 

stress, apoptosis, proliferation, DNA damage 

response, and cardiac remodeling processes that can 

be disrupted by HDAC inhibitors54. Collectively, 

these emerging therapies demonstrate that while they 

offer promising anti-cancer efficacy, their diverse 

mechanisms of cardiac injury, ranging from direct 

cellular damage to off-target immune recognition, 

underscore the critical need for enhanced cardio-

oncology surveillance and the development of 

cardioprotective strategies in patients receiving these 

novel treatments.  

 

5. Detection and Monitoring  

 

Early detection of CTRCD is essential to prevent 

progression to overt heart failure55. CTRCD includes 

both symptomatic heart failure and asymptomatic left 

ventricular (LV) dysfunction in patients receiving 

cardiotoxic treatments, most often anthracyclines and 

HER2-targeted agents56. Asymptomatic CTRCD is 

usually defined as an absolute LVEF decrease greater 

than 10 percentage points to a value below 53%56. 

 More recently, a relative GLS decrease greater 

than 15% from baseline and elevated cardiac 

biomarkers have been recognized as early signs of 

myocardial injury, enabling diagnosis before evident 

LVEF decline57. Baseline cardiovascular evaluation 

is recommended for all patients before initiating 

potentially cardiotoxic treatments55. This includes a 

detailed history, cardiovascular risk factor 

assessment, physical examination, and baseline 

electrocardiogram (ECG). 

 The HFA-ICOS cardio-oncology tools, developed 

in 2020, provide a comprehensive framework for 

stratifying cardiovascular risk in oncology patients 

prior to potentially cardiotoxic cancer therapies. The 

assessment integrates multiple factors, including the 

planned treatment regimen, prior cardiotoxic therapy 

exposure, and pre-existing cardiovascular disease. 

Additional considerations encompass cardiac 

biomarkers, patient age, traditional cardiovascular 

risk factors (diabetes, hypertension, chronic kidney 

disease), and modifiable lifestyle factors such as 

smoking and obesity8. This systematic approach 

enables clinicians to identify high-risk patients who 

may benefit from enhanced cardiovascular 

monitoring and preventive interventions throughout 

their cancer treatment. 

 

5.1 Imaging 

 

Transthoracic echocardiography (TTE) is the first-

line imaging modality, given its availability, safety, 

and reproducibility, with strong evidence from 

studies of anthracycline and HER2-targeted therapy 

recipients56. Baseline TTE should include both LVEF 

and Global Longitudinal Strain (GLS) where feasible, 

as baseline LVEF and strain values are predictive of 

future HF risk—patients with lower-normal baseline 

LVEF or impaired GLS are at greater risk for 

CTRCD56,58. 

 During treatment, risk-stratified surveillance is 

recommended. High-risk patients—such as those 

receiving cumulative anthracycline doses ≥250 

mg/m², combination anthracycline + trastuzumab, or 

with pre-existing cardiovascular disease- should 

undergo repeat TTE with GLS every 3 months. 

Moderate-risk patients can be monitored every 6–12 

months, and long-term survivors can be monitored 

every 2–5 years55,56. A relative GLS decline of >15% 

or an absolute LVEF drop of ≥10% to <50% should 

trigger repeat imaging, initiation of cardioprotective 

therapy (ACE inhibitor or β-blocker), and 

multidisciplinary discussion regarding chemotherapy 

continuation55. 

 CMR is the preferred second-line modality when 

echocardiographic images are inconclusive or when 

additional tissue characterization is needed. In 

addition to accurate volumetric assessment, CMR 

provides T1/T2 mapping and late gadolinium 

enhancement (LGE) to detect diffuse fibrosis, edema, 

and inflammation-key in diagnosing myocarditis, 

infiltrative cardiomyopathies, and early subclinical 

disease56. 

 Other modalities may be used selectively. Cardiac 

computed tomography angiography (CCTA) 

provides a noninvasive assessment of coronary 

anatomy when invasive angiography is 

contraindicated and can be used for coronary calcium 

scoring in survivors at risk of premature coronary 

artery disease. Nuclear imaging, such as multigated 

acquisition scan (MUGA), is now reserved for 

patients in whom echocardiography and CMR are not 

feasible56. 



Chemotherapy-Induced Cardiotoxicity 

www.discoveriesjournals.org/discoveries 9 

5.2 Biomarkers 

 

Troponin (I or T) and natriuretic peptides (BNP, NT-

proBNP) are the principal biomarkers for the 

detection and monitoring of chemotherapy-induced 

heart failure. The American Heart Association, 

American College of Cardiology, and Heart Failure 

Society of America all recognize the utility of these 

markers in risk stratification and surveillance for 

cardiotoxicity in patients receiving agents such as 

anthracyclines, trastuzumab, and other targeted 

therapies59,60. 

 The European Society of Cardiology recommends 

baseline and serial measurement of troponin and 

natriuretic peptides in high-risk patients, particularly 

those receiving anthracyclines or trastuzumab8. 

 Elevated levels during or after chemotherapy 

correlate with increased risk of heart failure and 

mortality and may be more predictive than LVEF 

alone for overall death in this population 60. BNP and 

NT-proBNP are sensitive for detecting early LV 

dysfunction and predicting heart failure events. Serial 

measurement, especially within 72 hours of 

chemotherapy and at ~1 month after treatment, can 

identify patients at risk for developing heart failure 

before changes in LVEF occur. Persistently elevated 

troponin is linked to worse prognosis and lack of 

LVEF recovery60. 

 In summary, troponin and natriuretic peptides are 

the most evidence-based biomarkers for early 

detection and monitoring of chemotherapy-induced 

heart failure, with serial measurement recommended 

in high-risk patients to guide intervention and 

preserve cardiac function8,59,60. This multimodal, risk-

stratified approach optimizes early detection of 

CTRCD, allows timely initiation of cardioprotective 

therapy, and helps preserve both cardiac and 

oncologic outcomes. 

 

6. Prevention and Management 

 

To effectively mitigate the negative impacts of 

chemotherapy related to heart failure, a variety of 

strategies are employed, which include 

pharmacological interventions, adjustments in 

chemotherapy delivery, and general 

recommendations found in cardiovascular prevention 

protocols. The emergence of heart failure can lead to 

lasting harm for patients, underscoring the necessity 

for early and thorough preventive measures. 

 A thorough initial evaluation, including a detailed 

medical history, assessment of cardiovascular risk 

factors, and diagnostic studies such as ECG, 

echocardiogram, and cardiac biomarkers (troponin, 

BNP, NT-proBNP), is a key recommendation in 

clinical practice guidelines for patients who will 

undergo potentially cardiotoxic therapies, particularly 

anthracyclines and anti-HER2 agents. The 

identification and management of comorbidities such 

as hypertension, obesity, dyslipidemia, and diabetes 

are essential to reduce the risk of cardiotoxicity61. 

 After completing this evaluation, patients should 

be categorized based on their cardiovascular risk55: 

• High risk – individuals on multiple medications 

(more than five), those taking antiarrhythmics, 

oral anticoagulants, or tyrosine kinase inhibitors. 

• Intermediate risk – cancer patients who are not on 

multiple medications but have existing heart 

disease. 

• Low risk – patients without any cardiovascular 

history. 

This stratification of risk enables the prediction of 

possible complications and supports the development 

of a personalized pharmacological treatment plan. 

An additional important measure is to prevent 

drug interactions, which can greatly elevate the risk 

of cardiotoxicity. The administration of ACE 

inhibitors and mineralocorticoid receptor antagonists 

has shown protective benefits for ventricular 

function, especially in individuals with raised 

biomarkers or early indications of ventricular 

dysfunction. For individuals undergoing 

anthracycline-based chemotherapy, dexrazoxane is 

frequently utilized, as it helps decrease the production 

of free radicals that contribute to heart damage55. It is 

crucial to optimize cardiovascular risk factors, which 

involves stringent management of blood pressure, 

glucose, and lipid levels, in addition to lifestyle 

changes25. Moreover, ongoing monitoring throughout 

and following chemotherapy is essential to identify 

early signs of cardiac dysfunction, enabling prompt 

interventions to avert the transition to manifest heart 

failure. 

 Managing heart failure is crucial during 

chemotherapy because many cancer treatments have 

the potential to damage the heart (cardiotoxic effects). 

Just like patients without this condition, individuals 

with existing heart failure need a detailed evaluation 

by a cardiologist. Those with existing cardiovascular 

risk factors or who are expected to receive high doses  
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of chemotherapy are considered high-risk. For these 

patients, it’s recommended to start prophylactic 

therapy (preventive medication) using drugs like 

RAAS inhibitors or beta-blockers, as these can help 

protect the heart muscle62. Ongoing monitoring is 

essential and should include imaging techniques and 

lab tests, not just clinical assessments. The 

echocardiogram is the preferred imaging method, 

mainly used to evaluate the LVEF. However, the most 

sensitive measure for catching early, subclinical heart 

muscle damage is the GLS. A relative reduction in 

GLS of ≥10−15% compared to baseline 

measurements often happens before a drop in LVEF. 

This early identification allows for sooner 

intervention, which can prevent the progression to 

symptomatic heart failure63. 

 

7. Emerging Directions  

 

The modern management of CTRCD is shifting 

rapidly toward a Precision Cardio-Oncology model, 

supported by a collaborative, multidisciplinary heart 

team. At the center of this transition is an emphasis 

on early and aggressive risk factor modification, 

particularly targeting the Cardio-Renal-Metabolic 

Syndrome. Close surveillance and strict blood 

pressure control are critical, especially in patients 

receiving vascular-toxic treatments such as TKIs and 

VEGF inhibitors. Achieving blood pressure levels 

consistently below 130/80 mmHg is vital to reduce 

the likelihood of ischemic events and to limit therapy-

induced vascular aging8. 

 Emerging pharmacologic strategies are focused on 

metabolic and homeostatic regulation. SGLT2 

inhibitors (such as dapagliflozin and empagliflozin) 

are gaining particular attention—not only because 

they have demonstrated reductions in heart failure 

hospitalizations and mortality across the spectrum of 

ejection fraction (HFrEF and HFpEF), but also 

because preliminary evidence suggests they may 

protect the myocardium from chemotherapy-induced 

damage. Although early clinical data from 

observational studies show promise in reducing heart 

failure hospitalizations, randomized control trials 

evidence remain limited, with ongoing trials needed 

to validate efficacy64–66). There are currently no 

randomized control trials testing SGLT2 inhibitors 

for preventing chemotherapy-induced cardiotoxicity. 

The proposed mechanisms of SGLT 2 inhibitors 

include improved myocardial energy use, reduced 

oxidative stress, and anti-inflammatory effects. 

Additionally, chronotherapy, which aligns the timing 

of anticancer drug administration with the patient’s 

circadian rhythm, is under investigation as a way to 

lower cardiac vulnerability and systemic toxicity67,68. 

 A crucial area of development in preventing heart 

failure in patients undergoing chemotherapy is 

Predictive Pharmacogenetics. This strategy relies on 

the use of genomic panels to identify patients with 

high cardiovascular susceptibility. This risk is 

determined by searching for Single Nucleotide 

Polymorphisms (SNPs) in key genes, such as RARG 

or SLC28A3, which regulate the metabolism of 

anthracyclines, as well as in myocardial structural 

genes. Identifying a high-risk genotype not only 

justifies the early implementation of precision 

cardioprotective therapies (e.g., Dexrazoxane) but 

can also influence the selection of an inherently less 

cardiotoxic oncological regimen from the start of 

treatment, thus preventing subclinical damage before 

clinical manifestation67. No randomized controlled 

trials or prospective observational studies specifically 

examine pharmacogenetic-guided prevention 

strategies in cardio-oncology populations. The 

evidence remains at the preclinical and theoretical 

level, which represents a knowledge gap that requires 

prospective validation. 

 Traditional neurohormonal antagonists like ACE 

inhibitors, ARBs, and beta blockers have mixed 

randomized controlled trial evidence, with some trials 

showing LVEF preservation while others 

demonstrate no significant benefit64,69. The STOP-CA 

trial provided evidence for atorvastatin in preventing 

LV dysfunction in lymphoma patients receiving 

anthracyclines representing one of the few positive 

randomized controlled trials70. 

 

8. Conclusion  

 

The progress in this medical field, known as Cardio-

Oncology, focuses on a multidisciplinary and 

personalized approach. Strategies such as early 

patient risk stratification and the implementation of 

prophylactic cardioprotective therapies are essential 

for intercepting damage before it progresses to 

irreversible heart failure. Looking ahead, 

pharmacogenetics promises to transform the 

landscape by allowing the identification of individual 

genetic susceptibilities. This will enable the precise 

adaptation of both oncologic therapies and 

cardioprotective protocols. Essentially, the main goal 

of modern oncology is to optimize cancer survival 
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without sacrificing the patient's long-term quality of 

life. 

 

Acknowledgements 

All authors contributed equally to the drafting and 

writing of this manuscript. Brandon Sánchez, Pamela 

González, Iván Goveo, Pedro Contreras, Luis 

Domínguez, Paola Manrique, and Manuel Vargas 

were all responsible for the preparation and 

composition of the final document. Figures created by 

Brandon Sánchez. The authors declare that the 

contents of this manuscript have not been previously 

published and are not under consideration for 

publication elsewhere. This work did not receive any 

specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

 

Conflict of Interest 

The authors have no conflicts of interest to disclose. 
 

Publisher’s note  

All claims expressed in this article are solely those of 

the authors and do not necessarily represent those of 

their affiliated organizations, or those of the 

publisher, the editors and the reviewers. Any product 

that may be evaluated in this article, or claim that may 

be made by its manufacturer, is not guaranteed or 

endorsed by the publisher. 

 

References 

1.  Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer 

statistics, 2023. CA Cancer J Clin [Internet]. 2023 Jan 

[cited 2025 Sep 26];73(1):17–48. Available from: 

https://pubmed.ncbi.nlm.nih.gov/36633525/ 

2.  World Health Organization. Global cancer burden 

growing, amidst mounting need for services [Internet]. 

2024 [cited 2025 Sep 26]. Available from: 

https://www.who.int/news/item/01-02-2024-global-

cancer-burden-growing--amidst-mounting-need-for-

services 

3.  Tiberio P, Antunovic L, Gaudio M, Viganò A, Pastore 

M, Miggiano C, et al. The Relationship among Bowel 

[18]F-FDG PET Uptake, Pathological Complete 

Response, and Eating Habits in Breast Cancer Patients 

Undergoing Neoadjuvant Chemotherapy. Nutrients 

[Internet]. 2023 Jan 1 [cited 2025 Sep 26];15(1). 

Available from: 

https://pubmed.ncbi.nlm.nih.gov/36615868/ 

4.  Paul A, Anand R, Karmakar SP, Rawat S, Bairagi N, 

Chatterjee S. Exploring gene knockout strategies to 

identify potential drug targets using genome-scale 

metabolic models. Sci Rep [Internet]. 2021 Dec 1 

[cited 2025 Sep 26];11(1):213. Available from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC7794450/ 

5.  Camilli M, Cipolla CM, Dent S, Minotti G, Cardinale 

DM. Anthracycline Cardiotoxicity in Adult Cancer 

Patients: JACC: CardioOncology State-of-the-Art 

Review. Cardio Oncology [Internet]. 2024 Oct 1 [cited 

2025 Sep 26];6(5):655–77. Available from: 

/doi/pdf/10.1016/j.jaccao.2024.07.016 

6.  Suter TM, Ewer MS. Cancer drugs and the heart: 

importance and management. Eur Heart J [Internet]. 

2013 Apr 14 [cited 2025 Sep 26];34(15):1102–11. 

Available from: 

https://pubmed.ncbi.nlm.nih.gov/22789916/ 

7.  Theofilis P, Vlachakis PK, Oikonomou E, 

Drakopoulou M, Karakasis P, Apostolos A, et al. 

Cancer Therapy-Related Cardiac Dysfunction: A 

Review of Current Trends in Epidemiology, 

Diagnosis, and Treatment. Biomedicines 2024, Vol 

12, Page 2914 [Internet]. 2024 Dec 21 [cited 2025 Sep 

26];12(12):2914. Available from: 

https://www.mdpi.com/2227-9059/12/12/2914/htm 

8.  Lyon AR, López-Fernánde T, Couch LS, Asteggiano 

R, Aznar MC, Bergler-Klei J, et al. 2022 ESC 

Guidelines on cardio-oncology developed in 

collaboration with the European Hematology 

Association (EHA), the European Society for 

Therapeutic Radiology and Oncology (ESTRO) and 

the International Cardio-Oncology Society (IC-OS). 

Eur Heart J [Internet]. 2022 Nov 1 [cited 2025 Sep 

26];43(41):4229–361. Available from: 

https://pubmed.ncbi.nlm.nih.gov/36017568/ 

• Early detection saves hearts: Multimodal surveillance enables identification of subclinical cardiotoxicity 

before irreversible myocardial damage occurs, allowing timely initiation of cardioprotective therapy while 

maintaining life-saving cancer treatment. 

 

• Precision cardio-oncology is the future: The integration of pharmacogenetic profiling to identify high-risk 

variants, individualized monitoring protocols, and targeted prophylaxis represents a paradigm shift toward 

personalized cardiovascular protection that optimizes both cancer survival and long-term quality of life. 

 



Chemotherapy-Induced Cardiotoxicity 

www.discoveriesjournals.org/discoveries 12 

9.  Herrmann J, Lenihan D, Armenian S, Barac A, Blaes 

A, Cardinale D, et al. Defining cardiovascular 

toxicities of cancer therapies: an International Cardio-

Oncology Society (IC-OS) consensus statement. Eur 

Heart J [Internet]. 2022 Jan 31 [cited 2025 Sep 

26];43(4):280–99. Available from: 

https://dx.doi.org/10.1093/eurheartj/ehab674 

10.  Henriksen PA. Anthracycline cardiotoxicity: an 

update on mechanisms, monitoring and prevention. 

Heart [Internet]. 2018 Jun 1 [cited 2025 Sep 

26];104(12):971–7. Available from: 

https://pubmed.ncbi.nlm.nih.gov/29217634/ 

11.  Deng HW, Fan R, Zhai YS, Li J, Huang Z Bin, Peng 

LY. Incidence of chemotherapy-related cardiac 

dysfunction in cancer patients. Clin Cardiol [Internet]. 

2024 Apr 1 [cited 2025 Sep 26];47(4). Available from: 

https://pubmed.ncbi.nlm.nih.gov/38634453/ 

12.  Raisi-Estabragh Z, Murphy AC, Ramalingam S, 

Scherrer-Crosbie M, Lopez-Fernandez T, Reynolds 

KL, et al. Cardiovascular Considerations Before 

Cancer Therapy: Gaps in Evidence and JACC: 

CardioOncology Expert Panel Recommendations. 

JACC CardioOncol [Internet]. 2024 Oct 1 [cited 2025 

Oct 2];6(5):631–54. Available from: 

/doi/pdf/10.1016/j.jaccao.2024.07.017 

13.  Terui Y, Nochioka K, Ota H, Tada H, Sato H, Miyata 

S, et al. Risk Prediction Models of Cardiotoxicity in 

Patients With Breast Cancer: Multicenter Prospective 

CHECK HEART-BC Study. JACC: Asia [Internet]. 

2025 Sep 30 [cited 2025 Oct 2]; Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S2772374

725004636 

14.  Liu JE, Barac A, Thavendiranathan P, Scherrer-

Crosbie M. Strain Imaging in Cardio-Oncology. JACC 

CardioOncol [Internet]. 2020 Dec 1 [cited 2025 Oct 

3];2(5):677–89. Available from: 

/doi/pdf/10.1016/j.jaccao.2020.10.011 

15.  Edpuganti S, Puthooran DM, Jape T, Anand Y, Soju 

SM, Edpuganti S, et al. Cardiac Toxicity of Cancer 

Therapies: Mechanisms, Surveillance, and Clinical 

Implications. International Journal of the 

Cardiovascular Academy. 2025 Sep 1;11(3):97–106.  

16.  Bowles EJA, Wellman R, Feigelson HS, Onitilo AA, 

Freedman AN, Delate T, et al. Risk of heart failure in 

breast cancer patients after anthracycline and 

trastuzumab treatment: a retrospective cohort study. J 

Natl Cancer Inst [Internet]. 2012 Sep 5 [cited 2025 Oct 

2];104(17):1293–305. Available from: 

https://pubmed.ncbi.nlm.nih.gov/22949432/ 

17.  Locquet M, Jacob S, Geets X, Beaudart C. Dose-

volume predictors of cardiac adverse events after high-

dose thoracic radiation therapy for lung cancer: a 

systematic review and meta-analysis. BMC Cancer 

[Internet]. 2024 Dec 1 [cited 2025 Oct 3];24(1). 

Available from: 

https://pubmed.ncbi.nlm.nih.gov/39702000/ 

18.  Saleh Y, Abdelkarim O, Herzallah K, Abela GS. 

Anthracycline-induced cardiotoxicity: mechanisms of 

action, incidence, risk factors, prevention, and 

treatment. Vol. 26, Heart Failure Reviews. Springer; 

2021. p. 1159–73.  

19.  Dempke WCM, Zielinski R, Winkler C, Silberman S, 

Reuther S, Priebe W. Anthracycline-induced 

cardiotoxicity — are we about to clear this hurdle? Eur 

J Cancer. 2023 May 1;185:94–104.  

20.  Rayner DM, Cutts SM. Anthracyclines. Side Effects 

of Drugs Annual [Internet]. 2023 Jan 30 [cited 2025 

Sep 19];36:683–94. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK538187/ 

21.  Renu K, V.G. A, Tirupathi TP, Arunachalam S. 

Molecular mechanism of doxorubicin-induced 

cardiomyopathy – An update. Eur J Pharmacol 

[Internet]. 2018 Jan 5 [cited 2025 Sep 19];818:241–

53. Available from: 

https://www.sciencedirect.com/science/article/abs/pii

/S0014299917306921?via%3Dihub 

22.  Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu 

LF, et al. Identification of the molecular basis of 

doxorubicin-induced cardiotoxicity. Nat Med. 2012 

Nov;18(11):1639–42.  

23.  Sobczuk P, Czerwińska M, Kleibert M, Cudnoch-

Jędrzejewska A. Anthracycline-induced cardiotoxicity 

and renin-angiotensin-aldosterone system—from 

molecular mechanisms to therapeutic applications. 

Vol. 27, Heart Failure Reviews. Springer; 2022. p. 

295–319.  

24.  Stansfeld A, Radia U, Goggin C, Mahalingam P, 

Benson C, Napolitano A, et al. Pharmacological 

strategies to reduce anthracycline-associated 

cardiotoxicity in cancer patients. Vol. 23, Expert 

Opinion on Pharmacotherapy. Taylor and Francis 

Ltd.; 2022. p. 1641–50.  

25.  Ryan TD, Bates JE, Kinahan KE, Leger KJ, 

Mulrooney DA, Narayan HK, et al. Cardiovascular 

Toxicity in Patients Treated for Childhood Cancer: A 

Scientific Statement from the American Heart 

Association. Vol. 151, Circulation. Lippincott 

Williams and Wilkins; 2025. p. e926–43.  

26.  van der Zanden SY, Qiao X, Neefjes J. New insights 

into the activities and toxicities of the old anticancer 

drug doxorubicin. Vol. 288, FEBS Journal. John 

Wiley and Sons Inc; 2021. p. 6095–111.  

27.  Varghese SS, Eekhoudt CR, Jassal DS. Mechanisms 

of anthracycline-mediated cardiotoxicity and 

preventative strategies in women with breast cancer. 



Chemotherapy-Induced Cardiotoxicity 

www.discoveriesjournals.org/discoveries 13 

Vol. 476, Molecular and Cellular Biochemistry. 

Springer; 2021. p. 3099–109.  

28.  Xie S, Sun Y, Zhao X, Xiao Y, Zhou F, Lin L, et al. 

An update of the molecular mechanisms underlying 

anthracycline induced cardiotoxicity. Vol. 15, 

Frontiers in Pharmacology. Frontiers Media SA; 2024.  

29.  Wallace KB, Sardão VA, Oliveira PJ. Mitochondrial 

Determinants of Doxorubicin-Induced 

Cardiomyopathy. Vol. 126, Circulation Research. 

Lippincott Williams and Wilkins; 2020. p. 926–41.  

30.  Murphy E, Ardehali H, Balaban RS, DiLisa F, Dorn 

GW, Kitsis RN, et al. Mitochondrial Function, 

Biology, and Role in Disease: A Scientific Statement 

from the American Heart Association. Circ Res. 2016 

Jun 10;118(12):1960–91.  

31.  Lipshultz SE, Adams MJ, Colan SD, Constine LS, 

Herman EH, Hsu DT, et al. Long-term cardiovascular 

toxicity in children, adolescents, and young adults who 

receive cancer therapy: Pathophysiology, course, 

monitoring, management, prevention, and research 

directions: A scientific statement from the American 

Heart Association. Circulation. 2013 Oct 

22;128(17):1927–55.  

32.  Asnani A, Moslehi JJ, Adhikari BB, Baik AH, Beyer 

AM, De Boer RA, et al. Preclinical Models of Cancer 

Therapy-Associated Cardiovascular Toxicity: A 

Scientific Statement from the American Heart 

Association. Vol. 129, Circulation Research. 

Lippincott Williams and Wilkins; 2021. p. E21–34.  

33.  de la Brassinne Bonardeaux O, Born B, Moonen M, 

Lancellotti P. Mild Cardiotoxicity and Continued 

Trastuzumab Treatment in the Context of HER2-

Positive Breast Cancer. Journal of Clinical Medicine 

2023, Vol 12, Page 6708 [Internet]. 2023 Oct 24 [cited 

2025 Sep 26];12(21):6708. Available from: 

https://www.mdpi.com/2077-0383/12/21/6708/htm 

34.  Findlay VJ, Scholar E. Trastuzumab. xPharm: The 

Comprehensive Pharmacology Reference [Internet]. 

2024 Jun 22 [cited 2025 Sep 26];1–5. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK532246/ 

35.  Gabani M, Castañeda D, Nguyen QM, Choi SK, Chen 

C, Mapara A, et al. Association of Cardiotoxicity With 

Doxorubicin and Trastuzumab: A Double-Edged 

Sword in Chemotherapy. Cureus [Internet]. 2021 Sep 

[cited 2025 Sep 26];13(9):e18194. Available from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC8459919/ 

36.  Zambelli A, Della Porta MG, Eleuteri E, De Giuli L, 

Catalano O, Tondini C, et al. Predicting and 

preventing cardiotoxicity in the era of breast cancer 

targeted therapies. Novel molecular tools for clinical 

issues. Breast [Internet]. 2011 Apr 1 [cited 2025 Sep 

26];20(2):176–83. Available from: 

https://www.thebreastonline.com/action/showFullTex

t?pii=S0960977610002316 

37.  Wakasa M, Masaki M, Kajinami K. Trastuzumab 

Cardiotoxicity: Mechanism and Management. Biol 

Pharm Bull [Internet]. 2025 Sep 1 [cited 2025 Sep 

26];48(9):1287–94. Available from: 

https://pubmed.ncbi.nlm.nih.gov/40887295/ 

38.  Abete P, Napoli C, Santoro G, Ferrara N, Tritto I, 

Chiariello M, et al. Age-related decrease in cardiac 

tolerance to oxidative stress. J Mol Cell Cardiol 

[Internet]. 1999 Jan 1 [cited 2025 Sep 26];31(1):227–

36. Available from: https://www.jmcc-

online.com/action/showFullText?pii=S00222828989

08628 

39.  Sayegh N, Yirerong J, Agarwal N, Addison D, Fradley 

M, Cortes J, et al. Cardiovascular Toxicities 

Associated with Tyrosine Kinase Inhibitors HHS 

Public Access. Curr Cardiol Rep. 2023;25(4):269–80.  

40.  Singh AP, Umbarkar P, Tousif S, Lal H. 

Cardiotoxicity of the BCR-ABL1 tyrosine kinase 

inhibitors: Emphasis on ponatinib. Int J Cardiol 

[Internet]. 2020 Oct 1 [cited 2025 Oct 3];316:214–21. 

Available from: 

https://www.internationaljournalofcardiology.com/ac

tion/showFullText?pii=S0167527320307233 

41.  Gao M, Cheng Z, Yan W, Zhang Z, Zhang L, Geng H, 

et al. Tyrosine kinase inhibitors induce cardiotoxicity 

by causing Ca2+ overload through the inhibition of 

phosphoinositide 3-kinase activity. Biochem Biophys 

Res Commun [Internet]. 2025 Jul 22 [cited 2025 Oct 

3];771:152027. Available from: 

https://www.sciencedirect.com/science/article/abs/pii

/S0006291X25007417?via%3Dihub 

42.  Thuny F, Naidoo J, Neilan TG. Cardiovascular 

complications of immune checkpoint inhibitors for 

cancer. Eur Heart J [Internet]. 2022 Nov 7 [cited 2025 

Oct 3];43(42):4458. Available from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC10263267/ 

43.  Liang FG, Moslehi J, Kitsis RN. Ponatinib-induced 

Cardiomyocyte Toxicity: Dark Side of the Integrated 

Stress Response. Circ Res [Internet]. 2024 Mar 1 

[cited 2025 Oct 3];134(5):502. Available from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC10906736/ 

44.  Mihalcea D, Memis H, Mihaila S, Vinereanu D. 

Cardiovascular Toxicity Induced by Vascular 

Endothelial Growth Factor Inhibitors. Life [Internet]. 

2023 Feb 1 [cited 2025 Oct 7];13(2):366. Available 

from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC9965690/ 

45.  Narayan HK, French B, Khan AM, Plappert T, Hyman 

D, Bajulaiye A, et al. Noninvasive Measures of 

Ventricular-Arterial Coupling and Circumferential 

Strain Predict Cancer Therapeutics–Related Cardiac 



Chemotherapy-Induced Cardiotoxicity 

www.discoveriesjournals.org/discoveries 14 

Dysfunction. JACC Cardiovasc Imaging [Internet]. 

2016 Oct 1 [cited 2025 Oct 7];9(10):1131–41. 

Available from: /doi/pdf/10.1016/j.jcmg.2015.11.024 

46.  Maurea N, Coppola C, Piscopo G, Galletta F, Riccio 

G, Esposito E, et al. Pathophysiology of cardiotoxicity 

from target therapy and angiogenesis inhibitors. 

Journal of Cardiovascular Medicine [Internet]. 2016 

May 1 [cited 2025 Oct 7];17:S19–26. Available from: 

https://journals.lww.com/jcardiovascularmedicine/ful

ltext/2016/05001/pathophysiology_of_cardiotoxicity

_from_target.4.aspx 

47.  Di Lisi D, Madonna R, Zito C, Bronte E, Badalamenti 

G, Parrella P, et al. Anticancer therapy-induced 

vascular toxicity: VEGF inhibition and beyond. Int J 

Cardiol [Internet]. 2017 Jan 15 [cited 2025 Oct 

7];227:11–7. Available from: 

https://www.internationaljournalofcardiology.com/ac

tion/showFullText?pii=S016752731633635X 

48.  Palaskas NL, Ali HJ, Koutroumpakis E, Ganatra S, 

Deswal A. Cardiovascular toxicity of immune 

therapies for cancer. BMJ [Internet]. 2024 [cited 2025 

Oct 3];385. Available from: 

https://pubmed.ncbi.nlm.nih.gov/38749554/ 

49.  Georgiopoulos G, Makris N, Laina A, Theodorakakou 

F, Briasoulis A, Trougakos IP, et al. Cardiovascular 

Toxicity of Proteasome Inhibitors: Underlying 

Mechanisms and Management Strategies: JACC: 

CardioOncology State-of-the-Art Review. Cardio 

Oncology [Internet]. 2023 Feb 1 [cited 2025 Oct 

3];5(1):1–21. Available from: 

/doi/pdf/10.1016/j.jaccao.2022.12.005 

50.  Efentakis P, Kremastiotis G, Varela A, Nikolaou PE, 

Papanagnou ED, Davos CH, et al. Molecular 

mechanisms of carfilzomib-induced cardiotoxicity in 

mice and the emerging cardioprotective role of 

metformin. Blood [Internet]. 2019 Feb 14 [cited 2025 

Oct 3];133(7):710–23. Available from: 

https://pubmed.ncbi.nlm.nih.gov/30482794/ 

51.  Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, 

Bagg A, et al. T cells with chimeric antigen receptors 

have potent antitumor effects and can establish 

memory in patients with advanced leukemia. Sci 

Transl Med [Internet]. 2011 Aug 10 [cited 2025 Oct 

3];3(95). Available from: 

https://pubmed.ncbi.nlm.nih.gov/21832238/ 

52.  Baik AH, Oluwole OO, Johnson DB, Shah N, Salem 

JE, Tsai KK, et al. Mechanisms of Cardiovascular 

Toxicities Associated with Immunotherapies. Circ Res 

[Internet]. 2021 May 28 [cited 2025 Oct 

3];128(11):1780. Available from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC8159878/ 

53.  Linette GP, Stadtmauer EA, Maus M V., Rapoport AP, 

Levine BL, Emery L, et al. Cardiovascular toxicity and 

titin cross-reactivity of affinity-enhanced T cells in 

myeloma and melanoma. Blood [Internet]. 2013 Aug 

8 [cited 2025 Oct 3];122(6):863–71. Available from: 

https://pubmed.ncbi.nlm.nih.gov/23770775/ 

54.  Yoon S, Eom GH. HDAC and HDAC Inhibitor: From 

Cancer to Cardiovascular Diseases. Chonnam Med J 

[Internet]. 2016 [cited 2025 Oct 3];52(1):1. Available 

from: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC4742605/ 

55.  Bloom MW, Vo JB, Rodgers JE, Ferrari AM, Nohria 

A, Deswal A, et al. Cardio-Oncology and Heart 

Failure: a Scientific Statement From the Heart Failure 

Society of America. J Card Fail [Internet]. 2025 Feb 1 

[cited 2025 Oct 1];31(2):415–55. Available from: 

https://pubmed.ncbi.nlm.nih.gov/39419165/ 

56.  Addison D, Neilan TG, Barac A, Scherrer-Crosbie M, 

Okwuosa TM, Plana JC, et al. Cardiovascular Imaging 

in Contemporary Cardio-Oncology: A Scientific 

Statement From the American Heart Association. 

Circulation [Internet]. 2023 Oct 17 [cited 2025 Oct 

1];148(16):1271–86. Available from: 

https://pubmed.ncbi.nlm.nih.gov/37732422/ 

57.  Zaha VG, Hayek SS, Alexander KM, Beckie TM, 

Hundley WG, Kondapalli L, et al. Future Perspectives 

of Cardiovascular Biomarker Utilization in Cancer 

Survivors: A Scientific Statement From the American 

Heart Association. Circulation [Internet]. 2021 Dec 21 

[cited 2025 Oct 1];144(25):E551–63. Available from: 

/doi/pdf/10.1161/CIR.0000000000001032 

58.  Bozkurt B, Colvin M, Cook J, Cooper LT, Deswal A, 

Fonarow GC, et al. Current Diagnostic and Treatment 

Strategies for Specific Dilated Cardiomyopathies: A 

Scientific Statement From the American Heart 

Association. Circulation [Internet]. 2016 Dec 6 [cited 

2025 Oct 1];134(23):e579–646. Available from: 

https://www.ahajournals.org/doi/pdf/10.1161/CIR.00

00000000000455 

59.  Armenian SH, Lacchetti C, Barac A, Carver J, 

Constine LS, Denduluri N, et al. Prevention and 

Monitoring of Cardiac Dysfunction in Survivors of 

Adult Cancers: American Society of Clinical 

Oncology Clinical Practice Guideline. J Clin Oncol 

[Internet]. 2017 Mar 10 [cited 2025 Oct 1];35(8):893–

911. Available from: 

https://pubmed.ncbi.nlm.nih.gov/27918725/ 

60.  Calderon AM, Salcedo L, Loayza Pintado JJ, Matos 

Munoz C, Mogollon I, Arias Reyes F, et al. 

EXPRESS: Silent Damage, Early Signals: A Narrative 

Review of the Evolving Role of Cardiac Biomarkers 

in Oncology-Driven Cardiotoxicity. J Investig Med 

[Internet]. 2025 Sep 14 [cited 2025 Oct 1]; Available 

from: https://pubmed.ncbi.nlm.nih.gov/40947505/ 



Chemotherapy-Induced Cardiotoxicity 

www.discoveriesjournals.org/discoveries 15 

61.  Livi L, Barletta G, Martella F, Saieva C, Desideri I, 

Bacci C, et al. Cardioprotective Strategy for Patients 

With Nonmetastatic Breast Cancer Who Are 

Receiving an Anthracycline-Based Chemotherapy: A 

Randomized Clinical Trial. JAMA Oncol [Internet]. 

2021 Oct 1 [cited 2025 Oct 3];7(10):1544–9. 

Available from: 

https://jamanetwork.com/journals/jamaoncology/fulla

rticle/2783534 

62.  Khan SS, Breathett K, Braun LT, Chow SL, Gupta 

DK, Lekavich C, et al. Risk-Based Primary Prevention 

of Heart Failure: A Scientific Statement From the 

American Heart Association. Circulation [Internet]. 

2025 May 20 [cited 2025 Oct 3];151(20):e1006–26. 

Available from: 

/doi/pdf/10.1161/CIR.0000000000001307 

63.  Lala A, Beavers C, Blumer V, Brewer L, Oliveira-

Gomes D De, Dunbar S, et al. The Continuum of 

Prevention and Heart Failure in Cardiovascular 

Medicine: A Joint Scientific Statement from the Heart 

Failure Society of America and The American Society 

for Preventive Cardiology. J Card Fail [Internet]. 2025 

Aug [cited 2025 Oct 3];0(0). Available from: 

https://onlinejcf.com/action/showFullText?pii=S1071

916425003276 

64.  Avagimyan AA, Pogosova N, Fogacci F, Urazova O, 

Djndoyan Z, Mirzoyan L, et al. Pharmacological 

prevention in cardio-oncology: from bench-to-

bedside. Heart Fail Rev [Internet]. 2025 Dec 1 [cited 

2025 Dec 28];31(1). Available from: 

https://pubmed.ncbi.nlm.nih.gov/41326864/ 

65.  Rivera RJ, Muaref F, Paika S, Ruyyashi A, Gondi CS. 

From bench to bedside: investigating SGLT2 

inhibitors as a novel strategy against chemotherapy-

induced cardiomyopathy. Front Cardiovasc Med 

[Internet]. 2025 [cited 2025 Dec 28];12:1647747. 

Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/41059442 

66.  Greco A, Canale ML, Quagliariello V, Oliva S, 

Tedeschi A, Inno A, et al. SGLT2 Inhibitors in Cancer 

Patients: A Comprehensive Review of Clinical, 

Biochemical, and Therapeutic Implications in Cardio-

Oncology. Int J Mol Sci [Internet]. 2025 May 1 [cited 

2025 Dec 28];26(10). Available from: 

https://pubmed.ncbi.nlm.nih.gov/40429921/ 

 

 

 

 

 

 

 

67.  Greco A, Canale ML, Quagliariello V, Oliva S, 

Tedeschi A, Inno A, et al. SGLT2 Inhibitors in Cancer 

Patients: A Comprehensive Review of Clinical, 

Biochemical, and Therapeutic Implications in Cardio-

Oncology. International Journal of Molecular 

Sciences 2025, Vol 26, [Internet]. 2025 May 15 [cited 

2025 Oct 3];26(10):4780. Available from: 

https://www.mdpi.com/1422-0067/26/10/4780 

68.  Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, 

Byun JJ, Colvin MM, et al. 2022 AHA/ACC/HFSA 

Guideline for the Management of Heart Failure: A 

Report of the American College of 

Cardiology/American Heart Association Joint 

Committee on Clinical Practice Guidelines. J Am Coll 

Cardiol [Internet]. 2022 May 3 [cited 2025 Oct 

3];79(17):e263–421. Available from: 

/doi/pdf/10.1016/j.jacc.2021.12.012 

69.  Veeder JA, Hothem LN, Cipriani AE, Jensen BC, 

Rodgers JE. Chemotherapy-associated 

cardiomyopathy: Mechanisms of toxicity and 

cardioprotective strategies. Pharmacotherapy 

[Internet]. 2021 Dec 1 [cited 2025 Dec 

28];41(12):1066–80. Available from: 

https://pubmed.ncbi.nlm.nih.gov/34806206/ 

70.  Khan SS, Breathett K, Braun LT, Chow SL, Gupta 

DK, Lekavich C, et al. Risk-Based Primary Prevention 

of Heart Failure: A Scientific Statement From the 

American Heart Association. Circulation [Internet]. 

2025 May 20 [cited 2025 Dec 28];151(20):e1006–26. 

Available from: 

/doi/pdf/10.1161/CIR.0000000000001307 

 

This article is an Open Access article distributed under the 

terms of the Creative Commons Attribution License, which 

permits unrestricted use, distribution, and reproduction in 

any medium, provided the original work is properly cited 

and it is not used for commercial purposes; 2025, Sánchez 

B. et al., Applied Systems and Discoveries Journals. 


