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Abstract: Anthracyclines remain a cornerstone of cancer therapy but are associated with a
significant risk of cardiotoxicity, which can lead to overt heart failure. The risk is modulated
by cumulative dose, pre-existing cardiovascular disease, and patient-specific factors. As
cancer survival improves, the long-term cardiovascular consequences of anthracycline
exposure have become a growing concern, underscoring the need for effective preventive
strategies. This narrative review examines lifestyle and pharmacological interventions
aimed at mitigating anthracycline-induced cardiotoxicity. Evidence suggests that struc-
tured exercise programs and antioxidant-rich diets may enhance cardiovascular resilience,
while beta-blockers, renin-angiotensin system inhibitors, and dexrazoxane remain central
pharmacological options. Emerging therapies, including sodium-glucose co-transporter
2 inhibitors and sacubitril /valsartan, show promise but require further investigation. A
comprehensive approach that integrates lifestyle modifications with pharmacological strate-
gies within a multidisciplinary cardio-oncology framework may provide optimal protection,
improving long-term cardiovascular outcomes in cancer patients receiving anthracyclines.
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1. Introduction

Anthracyclines, including doxorubicin, daunorubicin, and epirubicin, are among
the most effective chemotherapeutic agents used for several malignancies, including
breast cancer, lymphomas (Hodgkin and aggressive subtypes of non-Hodgkin), and acute
leukemias [1]. However, their use is limited by their potential to cause anthracycline-
induced cardiotoxicity (AIC), which can manifest as left ventricular (LV) dysfunction, heart
failure (HF), or other cardiovascular complications [1,2]. The risk of AIC increases with
cumulative dose exposure but is also influenced by patient-specific factors, including pre-
existing cardiovascular disease, age, sex, and genetic predisposition [3]. In long-term cancer
survivors, AIC is a leading cause of non-cancer-related mortality, highlighting the need for
early prevention and intervention strategies [4].

Recent advancements in cardio-oncology have led to a growing emphasis on cardiopro-
tective measures aimed at minimizing the impact of anthracyclines on cardiac function [2,5].
These include lifestyle modifications, such as exercise and dietary strategies, and pharma-
cological approaches, including beta-blockers, renin-angiotensin system inhibitors, and
emerging therapies like sodium-glucose co-transporter 2 (SGLT2) inhibitors [3,4]. Addition-
ally, multidisciplinary cardio-oncology teams have successfully integrated these strategies
into routine cancer care, enabling risk stratification and personalized follow-up plans [2].

This review provides a comprehensive analysis of lifestyle and pharmacological
interventions to prevent AIC, exploring their mechanisms, clinical evidence, and practical
application. By highlighting the synergy between exercise, nutrition, and medical therapy,
we aim to inform clinicians on the most effective strategies to preserve cardiac health in
cancer patients undergoing anthracycline-based treatments.

2. Epidemiology of Anthracycline-Induced Cardiotoxicity

Anthracyclines are widely used in oncology for the treatment of both solid and hema-
tologic malignancies, particularly breast cancer, lymphomas (both Hodgkin and non-
Hodgkin), and leukemias [6]. AIC can present in different forms, ranging from subclinical
myocardial dysfunction to overt HF, with incidence rates varying depending on the patient
population, cumulative dose, and presence of predisposing risk factors [2,3].

2.1. Incidence and Prevalence in Adult and Pediatric Populations

The incidence of AIC in adults varies between 3% and 20%, depending on factors such
as total anthracycline exposure, patient comorbidities, and concurrent administration of
other cardiotoxic agents [1]. Cardiotoxicity can manifest acutely during or shortly after
treatment, though this is relatively rare, occurring in less than 1% of cases [7,8]. More
commonly, patients develop early-onset chronic cardiotoxicity within the first year after
treatment or late-onset chronic cardiotoxicity, which may remain subclinical for years before
progressing to symptomatic heart failure [9,10].

In pediatric cancer patients, the risk of AIC is even more pronounced [11]. Studies
report a broad incidence range, from 2% to 65%, largely influenced by cumulative dose,
radiation exposure, and individual susceptibility [12,13]. Given that the pediatric my-
ocardium is still developing, children treated with anthracyclines face a heightened lifetime
risk of progressive cardiac dysfunction. Survivors of childhood cancers often experience a
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gradual decline in LV function, emphasizing the importance of long-term cardiovascular
monitoring in this population [4].

2.2. Anthracycline Use Across Different Malignancies

In breast cancer, anthracyclines have historically been a mainstay of treatment, par-
ticularly for high-risk and triple-negative disease [3,12]. However, evolving strategies
now consider dose reduction or omission in specific subgroups. For instance, in human
epidermal growth factor receptor 2 (HER2)-positive early-stage breast cancer, emerging
evidence suggests that anthracycline-free regimens may offer similar efficacy while mini-
mizing cardiotoxic risk [4]. Despite these efforts, anthracyclines remain a key component
in the treatment of aggressive forms of breast cancer.

In hematologic malignancies, including acute leukemias and lymphomas (Hodgkin
and aggressive subtypes of non-Hodgkin), anthracyclines play a central role in the induction
and consolidation chemotherapy [3,14]. Their potent cytotoxic activity is critical for disease
control, although the cumulative cardiotoxic burden in these patients remains a concern,
particularly for those undergoing multiple cycles of treatment [3].

Gynecologic cancers, particularly advanced or recurrent ovarian and endometrial
cancers, also rely on anthracycline-based chemotherapy in selected cases [15]. While
newer targeted therapies have improved outcomes, anthracyclines continue to be used in
refractory disease settings, contributing to the overall burden of cardiotoxicity in women
with gynecologic malignancies.

2.3. Cumulative Dose and Cardiotoxicity Thresholds

The relationship between anthracycline dose and cardiotoxicity is well estab-
lished [3,13]. For doxorubicin, the most widely used anthracycline, the incidence of
cardiotoxicity rises significantly with cumulative exposure [2]. At a dose of 400 mg/m?,
the estimated risk is around 5%, increasing to 26% at 550 mg/m? and nearly 50% at
700 mg/m? [3]. Due to these risks, current guidelines recommend limiting cumulative
doxorubicin exposure to 400450 mg/m? in most patients [2,8]. Other anthracyclines,
such as epirubicin and daunorubicin, exhibit similar dose-related toxicity but with slightly
different thresholds [3,16].

2.4. Identification of High-Risk Populations

Several patient subgroups are particularly vulnerable to AIC. Older adults are at
increased risk due to reduced cardiac reserve and heightened susceptibility to oxidative
stress and inflammation. In pediatric cancer survivors, incomplete myocardial development
at the time of treatment predisposes them to long-term cardiac complications, with many
experiencing a progressive decline in systolic function that can manifest decades later.

Patients with pre-existing cardiovascular disease, including hypertension, diabetes,
or coronary artery disease, have an amplified risk of AIC due to the additive stress
on the myocardium. Similarly, individuals receiving concurrent cardiotoxic therapies,
such as trastuzumab or thoracic radiation, face a compounded risk of developing
cardiac dysfunction.

Sex-related differences have also been observed, with female patients appearing
more susceptible to anthracycline-induced cardiotoxicity than males. The underlying
mechanisms are not fully understood but may involve hormonal influences, genetic factors,
and differences in myocardial structure. Genetic predisposition, including polymorphisms
affecting oxidative stress pathways and drug metabolism, has also been implicated in
interindividual variability in AIC risk.
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2.5. Long-Term Outcomes and Healthcare Burden

Anthracycline-induced HF can develop during treatment or years after therapy com-
pletion [1]. Subclinical LV dysfunction is common in long-term cancer survivors, and
without appropriate monitoring, many patients progress to symptomatic HF [10,17]. The
presence of AIC significantly worsens survival outcomes, with five-year mortality rates
substantially higher in patients who develop anthracycline-related HF compared to those
without cardiac complications [8].

The long-term management of AIC places a considerable burden on healthcare sys-
tems [4]. Routine cardiac surveillance, including serial echocardiography, biomarker
assessments such as troponins and N-terminal pro-b-type natriuretic peptide (NT-proBNP),
and, in select cases, cardiac magnetic resonance imaging (MRI), is necessary to detect early
myocardial changes [18]. In patients who develop HF, treatment requires lifelong pharma-
cologic management, frequent hospitalizations and, in advanced cases, consideration of
device therapy or heart transplantation [4].

Efforts to mitigate the impact of AIC include dose modifications, the use of liposomal
anthracyclines to reduce myocardial exposure, and the cardioprotective agent dexrazoxane,
which chelates iron and reduces anthracycline-induced oxidative stress, with efficacy in
selected high-risk patients [6,19].

3. Mechanisms of Anthracycline-Induced Cardiotoxicity

The mechanisms underlying AIC are complex and multifactorial, involving oxidative
stress, mitochondrial dysfunction, alterations in calcium homeostasis, and dysregulation
of cell death pathways [3,20]. While anthracyclines exert their anticancer effects primarily
through topoisomerase II (Top2) inhibition, their off-target effects in cardiomyocytes lead
to cumulative and often irreversible myocardial damage [3,7].

3.1. Oxidative Stress and Mitochondrial Dysfunction

One of the most recognized mechanisms of AIC is excessive oxidative stress, driven
by an imbalance between reactive oxygen species (ROS) production and antioxidant de-
fenses [21,22]. Anthracyclines have a high affinity for cardiolipin, a phospholipid abun-
dant in the inner mitochondrial membrane, facilitating their accumulation in mitochon-
dria [22,23]. Within these organelles, anthracyclines undergo redox cycling via interactions
with nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox), nitric oxide
synthase (NOS), and electron transport chain components, leading to the generation of
superoxide (O?~) and hydrogen peroxide (H,O,) [23,24]. This disrupts mitochondrial
function by impairing complexes I and IV of the respiratory chain in the mitochondria,
resulting in further ROS production, energy depletion, and metabolic reprogramming [25].

Iron metabolism also plays a role in amplifying oxidative stress [26]. Anthracyclines
interfere with iron homeostasis by altering iron regulatory protein 1 (IRP-1), increasing
transferrin receptor expression and reducing ferritin synthesis [26]. This results in ele-
vated intracellular free iron, which promotes hydroxyl radical formation via the Fenton
reaction [26,27]. Furthermore, mitochondrial iron accumulation due to the downregula-
tion of the ATP-binding cassette (ABC)-B8 transporter exacerbates ROS generation and
mitochondrial injury [26,28].

Cardiomyocytes are particularly vulnerable to oxidative damage due to their lower an-
tioxidant capacity compared to other tissues [29]. Anthracycline exposure further depletes
key antioxidant enzymes such as superoxide dismutase (SOD) and glutathione peroxi-
dase (GPX), and impairs vitamin C uptake through downregulation of sodium-dependent
vitamin C transporters [22,29]. The resulting oxidative stress contributes to lipid perox-
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idation, protein oxidation, and mitochondrial DNA damage, all of which compromise
cardiac function [21].

3.2. Disruption of Calcium Homeostasis

Anthracyclines also interfere with calcium handling, a key regulator of myocardial
contractility [27]. They upregulate L-type calcium channels by increasing calcium voltage-
gated channel subunit alphalC (CACNAI1C) expression, leading to excessive calcium
influx [27,30]. Simultaneously, they activate ryanodine receptor 2 (RyR2) channels, pro-
moting uncontrolled calcium release from the sarcoplasmic reticulum (SR) into the cy-
tosol [27,31]. At the same time, sarco/endoplasmic reticulum Ca”*-ATPase (SERCA2A)
function is impaired by oxidative modifications, reducing the efficiency of calcium reup-
take into the SR [27]. This results in sustained cytosolic calcium overload, which disrupts
excitation-contraction coupling and contributes to cardiomyocyte dysfunction [27].

Excess cytosolic calcium is also sequestered by mitochondria, where it forms calcium
phosphate complexes, leading to structural damage and impaired ATP synthesis. Pro-
longed mitochondrial calcium accumulation can trigger the opening of the mitochondrial
permeability transition pore (mPTP), causing a loss of membrane potential, energy collapse,
and eventual cell death [27].

3.3. Activation of Cell Death Pathways

AIC is characterized by the activation of multiple cell death pathways, including
apoptosis, autophagy, and pyroptosis [32-34].

Apoptosis, the most extensively studied form of cell death in AIC, is activated through
both intrinsic and extrinsic pathways [35]. The intrinsic pathway involves mitochon-
drial dysfunction, upregulation of pro-apoptotic proteins such as BAX and BAK, and
the release of cytochrome c, which triggers caspase-mediated apoptosis [22]. This pro-
cess is exacerbated by p53 overexpression, c-Jun N-terminal kinase/mitogen-activated
protein kinase (JNK/MAPK) activation, and phosphoinositide 3-kinase/protein kinase
B (PI3K/Akt) inhibition [35].

In addition to apoptosis, anthracyclines influence autophagy, a cellular process respon-
sible for degrading damaged organelles and maintaining energy homeostasis [33]. The role
of autophagy in AIC remains controversial, with evidence suggesting both protective and
detrimental effects [34,36]. While autophagy activation through AMP-activated protein
kinase (AMPK) and p53 pathways may serve as a compensatory mechanism to mitigate
oxidative damage, excessive autophagosome accumulation due to lysosomal dysfunction
can lead to cell death [37]. Anthracyclines inhibit lysosomal acidification and impair the
fusion of lysosomes with autophagosomes, leading to the accumulation of undegraded
cellular debris and further promoting oxidative stress [38].

Pyroptosis, a highly inflammatory form of programmed cell death, has also been
implicated in AIC [29]. This process is mediated by the NOD-like receptor pyrin domain-
containing 3 (NLRP3) inflammasome, which is activated in response to mitochondrial
dysfunction, ROS accumulation, and intracellular danger signals [39,40]. Once activated,
NLRP3 triggers caspase-1-mediated cleavage of gasdermin D, forming membrane pores
that lead to cell lysis and the release of pro-inflammatory cytokines such as interleukin(IL)-
13 and IL-18 [39]. Anthracyclines can also induce pyroptosis through Bcl-2/adenovirus E1B
19-kDa-interacting protein 3 (BNIP3)-mediated caspase-3 activation, which promotes gas-
dermin E cleavage and subsequent membrane disruption [41]. This sustained inflammatory
response contributes to myocardial remodeling and accelerates the progression to HF.
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3.4. DNA Damage and Epigenetic Modifications

Beyond oxidative stress and cell death pathways, anthracyclines induce direct DNA
damage, which plays a critical role in their cardiotoxic effects [42]. While their antitumor
efficacy relies on topoisomerase Il (Top2c) inhibition in cancer cells, they primarily target
topoisomerase II3 (Top2f3) in cardiomyocytes [42,43]. The formation of a ternary complex
between anthracyclines, Top2f3, and DNA leads to double-strand breaks, triggering p53
activation and upregulation of pro-apoptotic genes such as NOXA (Phorbol-12-myristate-
13-acetate-induced protein 1) and PUMA (p53 upregulated modulator of apoptosis) [44].
This promotes Bcl-2-associated X protein/Bcl-2 antagonist/killer (BAX/BAK)-mediated
mitochondrial apoptosis while simultaneously inhibiting mitophagy, leading to the accu-
mulation of dysfunctional mitochondria and exacerbating oxidative stress [45].

Emerging evidence suggests that anthracyclines also induce epigenetic modifications
that may contribute to long-term cardiotoxicity. These include DNA hypomethylation
via downregulation of DNA methyltransferase 1 (DNMT1) and histone modifications
through upregulation of histone deacetylase 6 (HDAC6) [46]. Additionally, anthracyclines
alter microRNA expression, though the functional consequences of these changes require
further investigation.

3.5. Synergistic Effects with Other Cancer Therapies

The cardiotoxic effects of anthracyclines are often exacerbated when used in com-
bination with other cancer therapies. The HER?2 inhibitor trastuzumab, for example,
significantly increases the risk of cardiac dysfunction when administered sequentially
or concurrently with anthracyclines [47]. Similarly, thoracic radiation therapy induces
endothelial damage, fibrosis, and microvascular dysfunction, which can further amplify
anthracycline-related cardiotoxicity [4]. The pro-inflammatory state associated with can-
cer itself may also contribute to enhanced cardiac vulnerability, adding another layer of
complexity to the pathophysiology of AIC [43].

4. Lifestyle Interventions for Prevention

The development of cancer therapy-related cardiac dysfunction (CTRCD) is shaped
by an interplay of patient-specific and drug-specific factors [3]. Of particular importance is
the dose-dependent relationship between cumulative drug exposure and the risk of HF.
This trajectory can be modulated by several variables: protective factors, such as cardio-
protective strategies or liposomal drug formulations, may shift the risk curve rightward,
reducing susceptibility, while factors like genetic predisposition, advanced age, or pre-
existing cardiovascular risk factors may shift it leftward, and increasing vulnerability
even at lower doses [49,50]. These dynamics underscore the need for comprehensive and
personalized risk assessment in patients undergoing anthracycline-based therapies [16,51].

Recent guidelines recommend employing the Heart Failure Association-International
Cardio-Oncology Society (HFA-ICOS) Risk Assessment Tool, which considers cardiovascu-
lar risk factors, clinical history, cancer type, and treatment details [2]. This tool, calculated
by the treating oncologist or cardiologist, enables precise stratification of patients into low-
or high-risk categories for developing clinical or subclinical HF and facilitates tailored pri-
mary or secondary prevention strategies, which may include lifestyle interventions with or
without pharmacological measures [8,12]. Crucially, while the latter have not demonstrated
significant benefit in low-risk patients undergoing anthracycline-based chemotherapy, they
remain essential for those classified as moderate or high risk.

Lifestyle interventions consist of three main pillars: physical exercise (PE), nutrition,
and cardiovascular risk factor management (Figure 1). Among these, PE has emerged
as a cornerstone strategy and is now a key recommendation in the latest clinical guide-
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lines [2]. The pathophysiological rationale for PE is multifaceted and comes from its proven
efficacy in cardiovascular prevention, pre-habilitation, and rehabilitation in non-cancer

populations [52,53].

Anthracycline
administration

l ~

Lifestyle Interventions o
for Prevention S
~ Mitochondrial e
dysfunction Double-strand DNA
breaks

Increased oxidative
stress

Physical Exercise

. |

Mediterranean Diet =

e

Risk Factors Management

Loss of functional cardiomyocytes and
consequent left ventricular dysfunction

Figure 1. Primary components of lifestyle interventions and their key mechanisms of action. Abbre-
viations. DNA: deoxyribonucleic acid; ROS: reactive oxygen species.

At a cellular level, preclinical evidence demonstrates that PE reduces anthracycline ac-
cumulation, preserves myosin heavy-chain integrity, and mitigates oxidative stress [54-56].
These cardioprotective effects persist regardless of PE type, intensity, or timing. Addi-
tionally, PE modulates critical cellular pathways, including apoptosis, autophagy, and
lysosomal signaling, and enhances myocardial tissue turnover by stimulating cardiomy-
ocyte progenitors and modulating calcium signaling [57-59].

At a clinical level, these mechanisms extend beyond the cardiac muscle to influence the
entire cardiovascular system as an integrated entity, comprising the lungs, diaphragm, cere-
brovascular and peripheral vasculature, nervous system, and metabolic pathways. Indeed,
PE promotes cardiomyocyte adaptation and growth, partially counteracting the sarcopenic
effects of cancer treatments and contributing to an improved cardiometabolic profile [60].
Enhanced cardiovascular reserve through increased peak oxygen consumption (VO,peak)
is another key benefit, driven by improved endothelial function, autonomic regulation,
and cardiac perfusion [15,61]. Finally, targeted PE also strengthens the diaphragm, lowers
vascular resistance, and normalizes calcium-handling proteins, as observed in cardiac
recovery programs for HF, collectively enhancing cardiovascular performance [62,63].

Once the impact of PE on cardiovascular function and recovery after anthracycline
administration is established, the next critical question is which type of PE offers the
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greatest benefit and when it should be implemented. Aerobic and resistance PE have
shown complementary benefits: aerobic exercise improves cardiorespiratory fitness, while
resistance training preserves lean muscle mass, a key factor linked to better survival
and outcomes in cancer patients [64,65]. Reflecting this, guidelines from the American
College of Sports Medicine (ACSM) and the American Cancer Society (ACS) recommend
combining more than 2 h of moderate-intensity or 75 min of high-intensity aerobic PE per
week with at least two resistance training sessions [66]. This recommendation has also been
adopted into the multidisciplinary Cardio-Oncology Rehabilitation (CORE) framework
introduced by the American Heart Association (AHA) in 2019 [67]. Knowledge about
newer, nontraditional PE modalities, such as high-intensity interval training (HIIT) and
circuit-based exercises, remains limited. Early studies suggest that HIIT may improve
endothelial function and slow the progression of atherosclerosis by increasing levels of
metalloproteinase [68]. However, concerns about its feasibility and safety in cancer patients
persist, highlighting the need for further investigation.

When considering the optimal timing for PE implementation, evidence indicates that
PE provides positive effects at any point along the cancer care continuum compared to
sedentary behavior [69]. Importantly, as demonstrated by Kang et al., initiating exercise
either before or during anthracycline administration may enhance or maintain survivors’
baseline functional capacity, creating a buffer against the inevitable treatment-related de-
cline and helping to prevent crossing into the “disability threshold.” Conversely, starting
exercise after treatment may assist in lifting survivors out of the “disability threshold” [70].
PE as pre-habilitation, particularly when initiated immediately after diagnosis, may offer
significant advantages: patients are typically in better overall health status at this early
stage, making them more likely to adhere to higher-volume and higher-intensity training
regimens [71]. On the other hand, the prescription of PE during anthracycline treatment
raises important considerations regarding safety and feasibility. Treatment-related side
effects, such as nausea, dizziness, or fatigue can hinder adherence to training programs.
However, a study by Shephard, RJ. et al. demonstrated that improvements in cardiorespi-
ratory fitness, reflected by significantly higher VO, peak values in patients engaging in PE,
were maintained despite an average 20% reduction in exercise volume caused by treatment-
related side effects [72]. Feasibility is further challenged by the demands of cancer care,
including intensive treatment schedules and frequent medical appointments, which often
leave limited time for structured exercise interventions. Addressing these logistical barriers
is essential to fully realize the potential benefits of PE during treatment. Finally, PE follow-
ing cancer treatment capitalizes on the critical transition from cancer survival to overall
health improvement, serving as a phase for patient management and education. To this
end, programs such as LIVESTRONG® at the YMCA have been introduced as innovative
frameworks to support cancer survivors and their families. This initiative provides a struc-
tured 12-week physical activity program in a safe and supportive environment, designed
to enhance physical, emotional, and mental well-being. However, while this program rep-
resents a pioneering effort, data on its specific impact on patients undergoing anthracycline
therapy remain limited, underscoring the need for further comprehensive investigation.

Beyond PE, nutrition and cardiovascular risk factor management are essential in re-
ducing CTRCD risk. A scoping review of seven studies by Stephenson et al. highlighted the
beneficial effects of various oral supplements, including Coenzyme Q10 (CoQ10), vitamin
E, levocarnitine, ginseng, alpha-lipoic acid, vitamin D, and multiflora honey, as well as
adherence to a Mediterranean diet [73]. These interventions demonstrated positive effects,
such as preserved LV ejection fraction (EF), reductions in cardiac biomarkers (e.g., troponin
and creatine kinase-MB), decreased oxidative stress and inflammatory markers (e.g., tumor
necrosis factor-«, IL-6), improved metabolic parameters, enhanced body composition, and
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better quality of life. CoQ10, in particular, is essential for energy production in cardiac
tissues due to its role in aerobic respiration and cellular metabolism [74]. Reduced CoQ10
levels have, in fact, been linked to cardiomyopathies and chronic cardiac dysfunction, mak-
ing its supplementation of particular therapeutic interest, especially as an adjunct in HF
medical treatments [75-77]. The observed improvements in LVEF are likely attributable to
the ability of CoQ10 to inhibit plasma low-density lipoprotein oxidation, enhance endothe-
lial function, and support myocardial bioenergetics [78]. Vitamin E is a potent lipid-soluble
antioxidant that helps preserve cardiovascular health by protecting polyunsaturated cellu-
lar membrane lipids against free radical-induced damage and modulating inflammatory
markers, including C-reactive protein (CRP) and IL-6. Vitamin D exhibits complemen-
tary properties, with its active metabolite, 1,25-dihydroxyvitamin D, reducing IL-6 and
other inflammatory mediators via p38 signaling pathways while also decreasing ROS
and mitigating mitochondrial damage without compromising the therapeutic efficacy of
anthracycline-based treatments [79-81]. These nutritional elements, along with polyphe-
nols and omega-3 fatty acids, are part of the Mediterranean diet, which includes fruits,
vegetables, whole grains, legumes, nuts, olive oil, moderate amounts of fish and poultry,
and limited alcohol consumption [82]. This dietary pattern has been shown to enhance ther-
apeutic responsiveness and reduce the risk of chemotherapy-induced cardiac damage, as
demonstrated in a preclinical study involving mice with triple-negative breast cancer. The
same study also revealed that while mice on a Western diet experienced significant bone loss
due to the anticancer treatment, increasing their risk of fractures, those on a Mediterranean
diet appeared to be protected [83]. The management of modifiable risk factors constitutes
the third essential pillar of lifestyle prevention within the multidisciplinary CORE approach
and is strongly endorsed by the latest cardio-oncology guidelines [2]. This includes opti-
mizing blood pressure control, promoting smoking cessation, and implementing targeted
interventions for diabetes and lipid management, in alignment with the 2021 guidelines
from the European Society of Cardiology on cardiovascular disease prevention [84].

Recently, the International Cardio-Oncology Society (ICOS) established the Cardio-
Oncology Rehabilitation and Exercise (CORE) working group to enhance the integration
of structured exercise and cardiovascular risk management into routine cancer care [85].
The ICOS-CORE initiative emphasizes the importance of multidisciplinary interventions,
leveraging principles from cardiac rehabilitation to improve the cardiovascular health of
cancer survivors [85]. This model is designed to address key gaps in cardio-oncology by
standardizing exercise prescriptions, optimizing risk factor management, and promoting
adherence to lifestyle modifications [85]. Despite its potential benefits, the widespread
implementation of CORE remains limited by challenges such as insufficient reimbursement
policies and variability in program availability. Nevertheless, emerging data support its
effectiveness in reducing cardiovascular toxicity and improving long-term outcomes in
cancer patients undergoing anthracycline-based treatments.

5. Pharmacological Strategies for Prevention

Pharmacological strategies for the primary prevention of CTRCD include but are not
limited to well-established neurohormonal antagonists—such as angiotensin-converting en-
zyme (ACE)-inhibitors (ACE-I), angiotensin Il receptor blockers (ARBs), and beta-blockers—
along with statins, dexrazoxane and promising emerging therapies currently under in-
vestigation. Principal randomized controlled trials evaluating established therapies for
anthracycline-induced cardiotoxicity are summarized in Table 1.



J. Cardiovasc. Dev. Dis.

2025, 12,212

10 of 22

Table 1. Principal randomized controlled trials evaluating established therapies for anthracycline-
induced cardiotoxicity. Abbreviations. ACE-i: angiotensin-converting enzyme inhibitors; ALL: acute
lymphoblastic leukemia; AML: acute myeloid leukemia; ARBs: angiotensin II receptor blockers;
CTRCD: cancer therapy-related cardiac dysfunction; EDV: end-diastolic volume; ESV: end-systolic
volume; GLS: global longitudinal strain; LVEDD: left ventricular end-diastolic diameter; LVEF: left
ventricular ejection fraction; LVESD: left ventricular end-systolic diameter; MM: multiple myeloma;
MRAs: mineralocorticoid receptor antagonists.

No. of

. o . .
Study Study Design Participants Cancer Type (%) Intervention Follow-Up Outcome
ACE-i/ARBs
| ventricular
remodeling and
Nakame et al. Randomized, Valsartan arrhythmia
(2005) [86] placebo-controlled 40 Lymphoma 80 mg daily 0.25 months incidence
LVEF unchanged
in the treatment arm
Cardinale et al. Randomized, 114 AML, lymphoma, Enalapril from dose of 12 months ‘LaLrX:lEgSiI/‘lgnTl Eli?lV
(2006) [87] placebo-controlled MM, breast 2.5 mg to 20 mg daily Y
untreated patients
Beta-Blockers
Unchanged LVESD
and LVEDD in the
Kaya et al. Double-blind, . . nebivolol group
(2013) [88] placebo-controlled 45 Breast Nebivolol 5 mg daily 6 months J declines in LVEF
in the
intervention arm
CECCY trial . . . No impact of
Avila etal. la]:c)g];lc]:‘-l:c;]rglltlrr:ill/e d 200 Breast ir(icarrevni(i;{?allvég?e 6 months carvedilol in
(2018) [89] p LVEF reduction
Beta-Blockers + ACE-i/ ARBs
LVEF unchanged in
OVERCOMEE trial Double-blind, ALL, AML, ) ) the 1ntervenfc10n
Bosch X et al. lacebo-controlled 90 lvmphoma. MM Enalapril + carvedilol 6 months group while
(2013) [90] P ymphoma, significantly |
in controls
Candesartan +
metoprolol > no
PRADA trial 2 x 2 factorial, Metoprolol change in LVEE,
Heck et al. randomized-placebo 120 Breast combined 23 months GLS, or LVESD
(2021) [91] controlled trial candesartan candesartan alone >
| declines in GLS
and EDV [91,92]
MRAs
No significant
. differences in LV
ELEVATE trial Randomized Eplerenone systolic or diastolic
Davis et al. . 44 Breast . 6 months .
placebo-controlled trial 50 mg daily dysfunction were
(2019) [93]
observed compared
to the placebo group
Statins
PREVENT trial Double-blind, - Breast (85%), Atorvastatin o month ﬁff&i,fé;re‘;e T 4
Hundley et al. (2022) [94] placebo-controlled lymphoma (15%) 40 mg daily onts a sacjuste
for baseline
Breast (65%),
SPARE-HF trial gnr lymphoma (21%), . No difference in
Thavendiranathan et al. la]:c)glglcl)g—l:o?lltlrrz)(ill/e d 112 sarcoma (6%), ix(t)ort;lva(sitaaitlm 2.5 months final LVEF, adjusted
(2023) [95] p thymoma (5%), g y for baseline
leukemia (3%)
STOP-CA trial Double-blind, 300 Lymphoma (100%) Atorvastatin 12 months ic,ri?{nge;Cteh(;f
Neilan etal. (2023) [96] placebo-controlled ymp ° 40 mg daily statin arm

The use of ACE-Is or ARBs is supported by the central role of the renin-angiotensin-
aldosterone system in the pathogenesis of anthracycline-induced cardiotoxicity [97]. An-
thracyclines, particularly doxorubicin, elevate angiotensin-II levels and ACE activity up to
threefold, directly contributing to myocardial damage [43,97]. Targeting these enzymes has
demonstrated cardioprotective benefits, as evidenced by preclinical studies, with zofeno-
pril demonstrating superior efficacy attributed to its sulfhydryl group, which confers ROS
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scavenger activity and higher affinity for cardiomyocytes [98]. Similarly, small randomized
controlled trials (RCTs) have reported positive outcomes across various cancer types [87,99].

Beta-blockers also hold promise in mitigating cardiotoxicity through neurohormonal
modulation, heart rate control, and arrhythmia prevention, with carvedilol and nebivolol
offering additional benefits due to their antioxidant properties. However, clinical evidence
remains mixed. A small RCT by Kaya et al. suggested prophylactic nebivolol could prevent
LV dilatation and functional impairment associated with chemotherapy regimens contain-
ing adriamycin or epirubicin for breast cancer [88]. Conversely, the larger (Carvedilol Effect
in Preventing Chemotherapy-Induced Cardiotoxicity) CECCY trial reported that carvedilol
(50 mg) did not significantly prevent LVEF reduction at six months, although it effectively
reduced troponin elevation and the incidence of diastolic dysfunction [89].

When ACEIs/ARBs and beta blockers are combined for their synergistic effect on the
neurohormonal axis, the clinical evidence becomes increasingly mixed. For instance, the
PRADA trial (Prevention of Cardiac Dysfunction During Adjuvant Breast Cancer Ther-
apy), which employed a 2 x 2 factorial design to assess candesartan cilexetil, metoprolol
succinate, their combination, or placebo in early breast cancer patients receiving adjuvant
epirubicin therapy, found no significant benefits of the combined treatment on LVEF, global
longitudinal strain (GLS), or left ventricular end-systolic diameter (LVESD). However,
candesartan alone attenuated declines in GLS and LV end-diastolic volume, suggesting a
potential role in monotherapy [91,92]. On the other hand, the OVERCOME trial (preven-
tiOn of left Ventricular dysfunction with Enalapril and caRvedilol in patients submitted to
intensive ChemOtherapy for the treatment of Malignant hEmopathies) indicated that con-
comitant enalapril and carvedilol therapy may prevent LV systolic dysfunction in patients
with malignant hemopathies undergoing high-dose chemotherapy, despite the limitation
of a small sample size of only 90 patients.

MRAs have also been proposed as an additional therapeutic option. While their role
as a cornerstone in HF management is well-established, evidence from murine models
suggests that mineralocorticoid receptor suppression may counteract doxorubicin-induced
repression of RNA sequencing in isolated cardiac myocytes [100]. However, current clinical
evidence is limited to small RCTs, with the ELEVATE trial (Effect of Eplerenone on Left
Ventricular Diastolic Function in Women Receiving Anthracyclines for Breast Cancer)
failing to demonstrate any critical discrepancy in systolic or diastolic function between six
months of eplerenone administration and placebo in patients receiving anthracycline for
early or locally advanced breast cancer undergoing [93].

Statins have garnered attention for their pleiotropic effects beyond cholesterol-
lowering, including indirect inhibition of small Ras homologous GTPases like Racl, a
critical regulator of NADPH oxidase and Top2, both implicated in anthracycline-induced
cardiotoxicity [101-104]. These properties have sparked significant interest in their poten-
tial as cardioprotective agents, leading to their introduction as a Class Ila recommendation
for primary prevention in patients at high or very high risk of CTRCD, despite divergent
results from the most recent RCTs. The PREVENT (Preventing Anthracycline Cardiovascu-
lar Toxicity with Statins) trial failed to demonstrate the effectiveness of daily atorvastatin
40 mg, started before anthracycline therapy and maintained for 24 months, in preventing
anthracycline-induced LV dysfunction among 279 patients with breast cancer or lym-
phoma [94]. Similarly, the smaller SPARE-HF (Statins for the Primary Prevention of Heart
Failure in Patients Receiving Anthracycline Pilot Study) trial found no significant benefit of
atorvastatin in reducing LVEF decline compared to placebo (0.79%; p = 0.34) [95]. In con-
trast, the STOP-CA (Statins to Prevent the Cardiotoxicity of Anthracyclines) trial observed
that, among 300 adults with lymphoma, the same therapeutic approach (atorvastatin 40 mg
daily) reduced the risk of cardiac dysfunction over 12 months compared with placebo [96].
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A potential explanation for these conflicting results could be the dose-dependent
cardiotoxicity of anthracyclines, which may account for the protective effect observed only
in the STOP-CA trial, where high-dose anthracyclines were used. Other factors might
include the smaller sample sizes in the two neutral trials, both of which also experienced
higher dropout rates compared to the STOP-CA trial, as well as differences in overall
follow-up duration or the concomitant use of neurohormonal modulators, which may
have influenced the outcomes. Given these uncertainties, statins cannot yet be universally
recommended as a preventive therapeutic strategy for all patients receiving anthracyclines.
Conclusive evidence from larger RCTs is needed to identify the cancer patient subgroups
most likely to benefit from statin therapy, as well as to determine the optimal timing, dose
and duration of treatment.

6. Novel Therapeutic Pharmacological Interventions

Recent research has explored the potential cardioprotective effects of novel pharma-
cological agents in mitigating anthracycline-induced cardiotoxicity [105]. Preclinical and
early-phase clinical studies suggest that SGLT2 inhibitors, glucagon-like peptide-1 recep-
tor agonists (GLP-1 RAs), vericiguat, and sacubitril /valsartan may offer cardioprotective
benefits through distinct molecular pathways [106,107].

6.1. SGLT?2 Inhibitors

SGLT2 inhibitors, initially developed for glycemic control in diabetes, have demon-
strated cardioprotective properties in the context of HF and, more recently, in cardio-
oncology [107]. Preclinical studies have shown that empagliflozin reduces doxorubicin-
induced cardiac dysfunction by preventing mitochondrial dysfunction, inflammation, and
oxidative stress in murine models [108]. Furthermore, these agents appear to inhibit the
NLRP3 inflammasome pathway, thereby reducing myocardial fibrosis and cardiomyocyte
apoptosis [109]. Clinical studies have also indicated a potential role for SGLT2 inhibitors in
reducing cardiovascular complications in cancer patients receiving anthracyclines [106,110].
These findings provide a rationale for further clinical investigations evaluating SGLT2
inhibitors as cardioprotective agents in oncologic populations, as suggested by a recent
metanalysis [105].

6.2. GLP-1 Receptor Agonists

GLP-1 receptor agonists have been investigated for their role in attenuating
anthracycline-induced myocardial damage. Preclinical studies indicate that semaglutide
ameliorates doxorubicin-induced cardiotoxicity by reducing mitochondrial dysfunction via
inhibition of BNIP3 signaling, a key mediator of mitophagy [111]. Similarly, tirzepatide, a
dual GLP-1/GIP receptor agonist, has demonstrated protective effects against doxorubicin
cardiotoxicity by modulating the PI3K/ Akt signaling pathway, which mitigates oxidative
stress and inflammation [112].

6.3. Vericiquat

Vericiguat, a soluble guanylate cyclase (sGC) stimulator, has shown promise in pre-
clinical models of anthracycline-induced cardiomyopathy. Studies suggest that vericiguat
reduces myocardial inflammation and mitochondrial dysfunction via upregulation of the
PRKG1/PINK1 pathway, which counteracts oxidative stress and apoptosis [113]. Addi-
tionally, its effects on the NLRP3 inflammasome may contribute to both cardioprotection
and the attenuation of sarcopenia, which is a common complication in cancer patients
undergoing chemotherapy [114].
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6.4. Sacubitril/Valsartan

Sacubitril /valsartan, a neprilysin inhibitor and angiotensin receptor blocker, has
been extensively studied in HF but is now being investigated for its potential in pre-
venting chemotherapy-induced cardiotoxicity [2]. Preclinical models suggest that sacu-
bitril /valsartan attenuates doxorubicin-induced myocardial inflammation, fibrosis, and
apoptosis via modulation of the AMPKa-mTORC1 pathway [115]. In addition, clinical tri-
als such as the MAINSTREAM study aim to assess its efficacy in preventing LV dysfunction
in breast cancer patients receiving anthracyclines [115,116].

7. Role of Multidisciplinary Cardio-Oncology Teams: Integrating
Prevention and Management

The integration of cardio-oncology teams into cancer care has become essential for
improving the prevention and management of CTRCD, particularly in patients receiving
anthracycline-based treatments. These teams typically comprise cardiologists, oncologists,
nurses, physiotherapists, nutritionists, and other healthcare professionals working collab-
oratively to minimize cardiovascular complications while ensuring optimal oncological
outcomes. Through a structured approach that incorporates early risk assessment, preven-
tive strategies, and tailored follow-up protocols, multidisciplinary teams help reduce the
burden of long-term cardiovascular sequelae in cancer survivors.

8. Personalized Strategies Using Risk Stratification Tools

The 2022 European Society of Cardiology (ESC) guidelines on cardio-oncology rec-
ommend baseline risk stratification as the foundation for developing strategies to prevent,
monitor, and manage CTRCD [2,4,5]. This approach aims to identify patients at risk while
minimizing resource utilization for those less likely to develop CTRCD [6].

The HFA-ICOS risk assessment tool, a critical framework in this field, was developed
by the Heart Failure Association (HFA) of the European Society of Cardiology (ESC) in
collaboration with the International Cardio-Oncology Society (ICOS) [2]. This model aims
to provide a structured, evidence-based approach to evaluate cardiovascular risks, enabling
better prevention and management of CTRCD. This tool demonstrated a sensitivity of
49.3%, specificity of 87.9%, positive predictive value of 23.3%, negative predictive value
of 95.6%, and overall accuracy of 85.3% when predicting the onset of symptomatic or
severe/moderate asymptomatic CTRCD in patients classified as low—moderate risk versus
high—very high risk [117].

The HFA-ICOS risk assessment tool incorporates a wide range of patient-specific and
treatment-specific factors that contribute to cardiotoxicity risk [8]. These include (Table 2):

Table 2. HFA-ICOS tool.

Patient-Specific Factors

Pre-existing cardiovascular conditions

Hypertension, diabetes, hyperlipidemia, coronary artery disease, or
previous heart failure.

Age

Older age increases susceptibility to cardiotoxicity due to general decline
in cardiac function with aging.

Genetic predisposition

Specific genetic factors can increase sensitivity to chemotherapy-induced
heart damage.

Gender

Gender-related differences may exist, with studies showing women may
be at higher risk.
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Table 2. Cont.

Patient-Specific Factors

Lifestyle factors

Smoking, sedentary lifestyle, and poor dietary habits can increase
cardiovascular risk.

Treatment-Specific Factors

Type and cumulative dose of chemotherapy agents

Anthracyclines (like doxorubicin) and trastuzumab are cardiotoxic,
especially at higher cumulative doses.

Radiotherapy

Chest irradiation increases the risk, particularly for left-sided breast
cancer treatments.

Combination therapies

Some chemotherapy regimens, when used with other medications that
affect cardiac function, may increase the risk.

Baseline Cardiac Function

Left ventricular ejection fraction (LVEF)

Lower baseline LVEF can indicate higher risk of developing
significant cardiotoxicity.

Cancer-Specific Factors

Type of cancer

Certain cancers (e.g., breast cancer or hematologic malignancies) carry
different risks for chemotherapy-induced cardiac damage.

Stage of cancer

The stage of cancer and its treatment protocol impact the risk
of cardiotoxicity.

The HFA-ICOS tool (Table 2), evaluating these multiple risk factors, classifies patients
into different categories of risk (low, intermediate, or high) based on their likelihood of
developing HF or other cardiac dysfunction during or after cancer treatment [12,14].

The HFA-ICOS risk stratification demonstrated effective differentiation and reliable ac-
curacy in forecasting symptomatic or severe/moderate asymptomatic CIRCD at both 6 and
12 months [118]. This timeframe is crucial for the onset of anthracycline-induced toxicity,
emphasizing the value of using this model to guide prevention efforts for high-risk patients.

9. Long-Term Follow-Up Protocols
9.1. Biomarkers, Imaging, and Lifestyle Reassessment in Survivors

Early identification of CTRCD is crucial for its prevention and treatment due to its
unfavorable prognosis [13]. To date, metabolic markers and imaging methods are the
primary strategies used for this purpose [10]. Early CTRCD detection can be achieved
through a combination of imaging modalities, cardiac biomarkers, and genetic analysis [18].
The baseline assessment of GLS can aid in evaluating the risk for patients presenting
with a LVEF between 50% and 59%. A GLS value of less than 16% or a relative change
greater than 15% from baseline serve as important risk markers, signaling the potential
need for cardioprotective treatment before any decrease in LVEF occurs [17]. Noninva-
sive metrics such as myocardial work and LV-arterial coupling, which assess chamber
stiffness and arterial load, have established prognostic roles in the general HF population.
While these metrics show promise for detecting changes in diastolic performance following
anthracycline exposure, additional studies in cancer populations are needed [119]. The
right ventricle is also vulnerable to anthracycline-induced damage, and three-dimensional
echocardiography and strain imaging can be useful in evaluating right ventricular function
in these patients. Although cardiac magnetic resonance (CMR) is not routinely used in
routine cancer patient monitoring due to availability and cost-related considerations, its
high reproducibility in estimating LVEF, biventricular volume, and mass, alongside its
unique capacity for tissue characterization, has led to increased utilization in clinical trials.
CMR can detect microvascular obstruction, tissue iron overload, and diffuse interstitial
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fibrosis through native T1 mapping and calculation of the extracellular volume fraction,
while myocardial edema can be quantified via T2 mapping [120]. CMR is particularly
useful in clinical practice when echocardiography is limited or when clinical suspicion
of myocarditis arises. Moreover, CMR plays a role in diagnosing pericardial disease,
which is common among patients exposed to anthracycline therapy [121]. High-sensitivity
cardiac biomarkers, such as troponins and natriuretic peptides (NPs), have significantly
enhanced the early detection of cardiac damage, with troponins demonstrating predictive
and prognostic value in assessing cardiotoxicity. While NPs have been extensively studied
in predicting CTRCD, interpretation of their effects must take into account confounding
factors such as renal function, body weight, and the use of angiotensin receptor neprilysin
inhibitors. Evaluating cardiac biomarkers prior to chemotherapy can help stratify baseline
cardiotoxicity risk, but these findings must be integrated with imaging and electrocardio-
graphic data. Although the exact thresholds for defining clinically significant events are
still being determined, troponins exhibit a high negative predictive value, allowing for the
identification of low-risk patients.

Myeloperoxidase (MPO) is an enzyme predominantly found in the azurophilic gran-
ules of myeloid cells and is abundant in neutrophils. It is released when neutrophils
are activated. Elevated levels of MPO are observed in the body when the myocardium
is damaged, especially with anthracycline treatment, as oxidative stress plays a central
role in anthracycline-induced cardiotoxicity. MPO acts as both a marker and mediator of
inflammation and oxidative stress. Higher MPO levels in peripheral blood, both before and
after the first doxorubicin treatment, are associated with an increased risk of cardiotoxicity
in breast cancer patients [122].

Genetic variations can significantly affect an individual’s susceptibility to anthracycline-
induced cardiotoxicity. Key genes involved include those linked to hereditary cardiomy-
opathies (e.g., titin mutations), those responsible for ROS production and detoxification,
and genes involved in drug metabolism and transport. Regulatory microRNAs also play
a crucial role. Genetic alterations may influence the cellular transport and clearance of
anthracyclines, increasing cardiotoxicity. In mitochondria, anthracyclines generate superox-
ide anions, and polymorphisms in NADPH oxidase subunits can worsen ROS production.
Emerging evidence suggests that mitochondrial function assessed in peripheral blood-
derived cells may reflect systemic mitochondrial alterations, potentially offering a non-
invasive window into cardiovascular health [123]. In the context of anthracycline-induced
cardiotoxicity, peripheral mitochondrial assessment could, in the future, be explored as a
surrogate marker to monitor early subclinical cardiac dysfunction and guide long-term
follow-up strategies [123]. Genetic variants linked to inherited cardiomyopathies may
further increase vulnerability to anthracycline-induced damage [124].

9.2. Integration of Cardio-Protective Strategies into Clinical Workflows

Integrating cardio-protective strategies into the clinical workflow is essential in ensur-
ing that cancer survivors are receiving comprehensive care that includes both oncological
and cardiovascular management [3,4]. Strategies to achieve this integration include multi-
disciplinary teams that provide personalized care for cancer patients at risk of cardiovascu-
lar complications, with regular communication between oncology and cardiology teams,
and shared decision-making involving both oncology and cardiology allows for tailored in-
terventions that balance cancer treatment goals and heart health [2]. The clinicians treating
the patient should use risk prediction models like the HFA-ICOS risk assessment tool that
help the team evaluate cardiotoxicity risk at the time of diagnosis and throughout cancer
treatment. The risk stratification should be reassessed periodically during the survivor’s
care to adjust treatment or preventive measures based on changes in the patient’s condition.
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Cardiotoxicity prevention may involve the use of cardioprotective agents such as ACE
inhibitors, beta-blockers, or liposomal drug formulations to reduce the risk of cardiac
damage. The use of statins, dexrazoxane, and other emerging therapies may be considered
for patients at high risk for cardiotoxicity.

10. Conclusions and Future Directions

Anthracycline-induced cardiotoxicity remains a key challenge in oncology, requiring
a proactive and multidisciplinary approach. Advances in risk stratification, biomarker
surveillance, and cardioprotective therapies have improved early detection and manage-
ment, yet optimizing prevention strategies remains a priority. Emerging pharmacological
interventions, including SGLT?2 inhibitors, GLP-1 receptor agonists, vericiguat, and sacu-
bitril /valsartan, hold promise, but large-scale clinical trials are needed to confirm their
efficacy. Likewise, genetic and biomarker-driven risk models may refine patient selec-
tion for personalized prevention. Multidisciplinary cardio-oncology teams are essential
to integrating cardiovascular care into oncology workflows. Standardized surveillance
protocols, including advanced imaging and risk assessment tools like HFA-ICOS, will
further improve outcomes. Future efforts should focus on precision medicine and risk
stratification, ensuring that cancer patients survive and maintain long-term cardiovascular
health. Bridging cardiology and oncology is the new standard of care.
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