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Abstract
Although modern breast cancer therapies have signifi cantly improved long-term survival, reliable tools for the early detection and prediction of Cancer Therapy-

Related Cardiac Dysfunction (CTRCD) remain essential. Cardiovascular toxicity encompasses a broad spectrum of manifestations, ranging from asymptomatic myocardial 
dysfunction to heart failure, ischemic heart disease, valvular abnormalities, arrhythmias, hypertension, and thromboembolic events.

Anthracyclines and radiation therapy are the most well-established cardiotoxic treatments. Anthracycline-induced cardiotoxicity demonstrates a dose-dependent and 
often irreversible pattern (Type I cardiotoxicity), primarily mediated by oxidative stress and mitochondrial injury. In contrast, HER-2 targeted therapies are associated with 
reversible myocardial dysfunction (Type II cardiotoxicity), mainly through the disruption of the ErbB2 signaling pathway. Newer therapies, including anti-VEGF agents and 
endocrine therapies combined with CDK4/6 inhibitors, further expand the spectrum of cardiovascular risks.

Current guidelines support the use of left ventricular ejection fraction, troponins, and natriuretic peptides for cardiotoxicity monitoring. However, emerging biomarkers, 
including myeloperoxidase, matrix metalloproteinases, galectin-3, infl ammatory markers, and microRNAs, have shown potential for the early detection of myocardial injury. 

This review summarizes the current evidence regarding the mechanisms, clinical features, and risk factors of cardiotoxicity associated with breast cancer therapy. 
It further evaluates both established and novel biomarkers and highlights the clinical value of integrating them with advanced imaging modalities to improve the early 
detection and monitoring of cardiac remodeling. Further research is required to validate these approaches for clinical use (Graphical abstract).
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Graphical abstract: Integrated multimodal approach for the early detection of Cancer Therapy-Related Cardiac Dysfunction. Cancer therapies trigger myocardial injury through multiple 
mechanisms. Combined use of cardiac biomarkers and advanced imaging modalities, particularly global longitudinal strain, enables detection of subclinical dysfunction before a decline 
in left ventricular ejection fraction. Early identifi cation allows for timely cardioprotective interventions and prevention of progression to heart failure.
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Glossary

BC: Breast Cancer; CTRCD: Cancer Therapy-Related Cardiac 
Dysfunction; AIC: Anthracycline-Induced Cardiotoxicity; TIC: 
Trastuzumab-Induced Cardiotoxicity; HF: Heart Failure; AF: 
Atrial Fibrillation; LVD: Left Ventricular Dysfunction; LVEF: 
Left Ventricular Ejection Fraction; GLS: Global Longitudinal 
Strain; NT-proBNP: N-terminal pro-BNP; BNP: B-type 
Natriuretic Peptide; cTnI and cTnT: Cardiac troponin I and 
Cardiac troponin T; Ais: Aromatase inhibitors; SERMs: 
Selective Estrogen Receptor Modulators; DOX: Doxorubicin; 
MACE: Major Adverse Cardiovascular Events; HER2: Human 
Epidermal Growth Factor Receptor 2; MPO: Myeloperoxidase; 
MMPs: Matrix Metalloproteinases; CRP: C-Reactive Protein; 
miRNAs: MicroRNAs; Gal-3: Galectin-3

Introduction

Breast cancer (BC) therapy has signifi cantly improved the 
survival of a growing population of long-term cancer survivors. 
This progress has shifted attention toward treatment-related 
complications, particularly cardiovascular toxicity [1]. Cancer 
Therapy-Related Cardiac Dysfunction (CTRCD) encompasses 
a wide spectrum of clinical manifestations, ranging from 
asymptomatic left ventricular dysfunction (LVD) to overt heart 
failure (HF)  [2–4].

The fi rst anticancer treatments associated with 
cardiotoxicity were anthracyclines and radiation, both of which 
are vital tools for treating BC. Anthracycline administration 
causes left ventricular dysfunction (LVD) in a dose-dependent 
manner, whereas radiation is associated with valvular 
dysfunction and coronary artery disease [5]. Currently, 
patients undergoing targeted cancer therapies, including HER-
2 inhibitors, frequently develop symptomatic HF [6].

The Cardiac Review and Evaluation Committee overseeing 
trastuzumab clinical trials developed one of the most precise 
clinical defi nitions of cardiotoxicity, defi ning drug-associated 
cardiotoxicity as one or more of the following: (1) a decrease 
in the left ventricular ejection fraction (LVEF) due to 
cardiomyopathy, (2) HF symptoms, (3) HF symptoms including 
tachycardia, S3 gallop, or both, (4) a decline in LVEF from 
baseline that ranges between  5% and < 55% with concomitant 
HF symptoms, or a decrease in LVEF between 10% and <55% 
without concomitant symptoms [7]. The ESC has released 
Clinical Practice Guidelines to enhance the management of 
CTRCD. These guidelines include evaluating LVEF, determining 
troponin-I levels, and measuring natriuretic peptides, such as 
brain natriuretic peptide (BNP) [8]. Recent advances in imaging 
and circulating biomarkers have offered the opportunity for 
earlier detection of subclinical injuries. Global longitudinal 
strain (GLS) is the most extensively studied strain parameter, 
with substantial evidence supporting its diagnostic and 
prognostic values. GLS is the best deformation measure for 
identifying subclinical LVD [9]. It has become an early indicator 
of cardiotoxicity because conventional monitoring based on 
LVEF often detects myocardial dysfunction at a relatively late 
stage [10]. The most widely used biomarkers for identifying 

cardiac toxicity are cardiac troponins, which are the gold 
standard for identifying cardiac damage and cardiomyocyte 
necrosis. In asymptomatic patients, pro-B-type natriuretic 
peptide (proBNP) and N-terminal pro-B type natriuretic 
peptides (NT-proBNPs) are biomarkers of subclinical mild 
cardiotoxicity [11], show variable diagnostic performance and 
may result in inconsistent fi ndings [12]. To lower the risk of 
cardiac events, predictive biomarkers for both early- and late-
stage development of CTRCD are urgently needed. Clinical trials 
are exploring prognostic markers linked to oxidative stress, 
infl ammation, and cardiac function to advance diagnostic, 
monitoring, and prognostic techniques for early- and late-
stage development of CTRCD [13]. This review presents the 
latest fi ndings regarding the use of novel blood biomarkers 
that are either already available or may be developed in the 
future as predictors and/or indicators of early cardiotoxicity in 
BC patients receiving chemotherapy (Figure 1).

Methods

We conducted this narrative review collecting data 
regarding BC induced cardiotoxicity based on scientifi c articles 
published on electronic databases such as PubMed and Google 
Scholar. The search strategy was conducted using the following 
keywords: (cardiotoxicity) OR (induced cardiotoxicity) OR 
(chemotherapy-induced cardiotoxicity) OR (cancer therapy-
induced cardiotoxicity) AND (breast cancer) AND (biomarkers). 
The review covered studies that were published within a 26-
year period, from 2000 to 2026. Our team mainly considered 
reviews, randomized controlled trials, cohort studies, and the 
reference lists of pertinent papers after eliminating articles 
that were not written in English. A total of 879 papers were 
obtained using the keyword list, 21 of them were duplicates and 
were eliminated. Based on the abstract’s relevancy, 379 of the 
607 papers that were selected for screening were eliminated. 
The eligibility criteria were used to evaluate the remaining 228 
papers, and 135 papers were disqualifi ed for the reasons listed 
in Figure 2. This resulted in a comprehensive bibliography of 
93 papers.

Figure 1: Clinical workfl ow for the early detection and management of CTRCD. 
Baseline cardiovascular assessment, followed by serial biomarker and imaging 
monitoring, allows for the early identifi cation of subclinical myocardial dysfunction. 
The integration of troponin and global longitudinal strain enables timely clinical 
intervention and prevention of progression to overt cardiac dysfunction.
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Results

Types of cardiotoxicity

Ewer and Lippman classifi ed cardiotoxicity based on the 
type and extent of damage and the degree of reversibility. The 
abnormalities caused by anthracyclines in cardiac function 
constitute an entity, known as type 1 cardiotoxicity, which 
differs from the damage caused by other chemotherapeutic 
agents, described more recently, which differs structurally 
and functionally, and constitutes type II  [14,15]. Risk factors 
that increase the likelihood of this complication have been 
identifi ed and are associated with increased left ventricular 
end-diastolic pressure. Type I cardiotoxicity is believed to occur 
from the fi rst administration of the drug, and once a threshold 
of damage is reached, cell death follows. The cardiovascular 
system can compensate for cell loss; however, severe damage 
remains in the patient’s myocardium, making it vulnerable to 
successive stresses due to infections, cardiovascular events, 
or other etiologies. In contrast, type II cardiotoxicity is not 
dose-dependent, does not appear to occur in all patients, is 
expressed in a wide range of severity when it occurs, and is not 
associated with recognizable structural abnormalities in the 
heart. These characteristics of type II cardiotoxicity highlight 
its profound contrast with those of type I cardiotoxicity. 
Simultaneously, the mechanism responsible for the damage 
is also decisively different. Type I is caused, at least in part, 
by oxidative stress caused by iron-based oxygen-free radicals 
in cardiac muscle cells. Free radicals cause peroxidation of 
myocyte membranes and subsequent infl ux of intracellular 
calcium. It has also been noted that there is a synergy in the 
function of mitochondria that seems to contribute to the 
appearance of these morphological changes. The mechanism 

of molecular damage caused by type II cardioxicity has been 
discovered in recent years using trastuzumab as a model. The 
major mechanism associated with this chemotherapeutic agent 
involves, at least in part, the ErbB2 pathway. Trastuzumab 
binds to the extracellular domain of the HER-2 protein and 
blocks ErbB2 signaling required for cardiomyocyte growth, 
repair, and survival, which helps maintain cardiac contractility, 
function, and structure. HER-2 activates transcription factors, 
such as AP-1 and nuclear factor kapa-, which are implicated 
in cardiac hypertrophy and the cellular stress response. The 
ErbB2 molecular pathway in cardiac cells is essential for dilated 
cardiomyopathy induction. The main difference is that in type 
I, the dysfunction is considered potentially irreversible, long-
term and can occur years or decades after treatment, whereas 
in type II, it seems to be largely reversible and short-term [15].

Anthracycline-Induced cardiotoxicity (AIC)

According to the most recent classifi cation, which stems 
from the early 1980s, AIC can be classifi ed into three distinct 
types: acute, which is usually reversible; occurs after a single 
dose or course, and the symptoms, appear within the fi rst 14 
days from the end of treatment; early onset chronic, which 
occurs during the fi rst year of treatment,  and  is related to the 
appearance of a dilated-hypokinetic cardiomyopathy evolving 
to HF, and late-onset chronic form, developing through the 
years after completion of the anthracycline treatment [16].

The risk of anthracycline-induced HF is dose-dependent 
and increases as the cumulative dose administered increases: 
3–5% with 400 mg/m2, reaching 18–48% at 700 mg/m2. 
Aggravating factors include age (<5 years, >65 years), previous 
or ongoing chest radiation, pre-existing cardiac disease, 
and established cardiovascular risk factors [17], as well as 
concomitant therapy with other agents that increase the risk, 
such as cyclophosphamide, paclitaxel, and trastuzumab [14].

Mechanism

The primary mechanism underlying doxorubicin (DOX)-
induced cardiotoxicity is the formation of damaging reactive 
oxygen species under oxidative stress, which may trigger the 
development of cardiomyopathy. Exposure to DOX causes 
nicotinamide adenine dinucleotide phosphate (NAPD) oxidase 
to produce excessive amounts of free radicals, which can deplete 
antioxidant defense mechanisms over a prolonged period, 
resulting in cardiac myocyte apoptosis. In addition, cancer 
patients with impaired multidrug resistance protein (MRP) 
activity experience greater damage after DOX treatment, as 
these cell surface proteins protect cells from cytotoxic agents by 
transporting them out of the intracellular space [18]. All three 
types of cardiac cell death can be induced by DOX treatment. 
Apoptosis occurs through the activation of the p53 pathway, 
direct mitochondrial damage, and ATP depletion, which 
contribute to necrosis and lysosomal degradation through 
both iron and free radical mechanisms, resulting in autophagy 
[19]. Recent data indicate that the immunological response of 
patients may play a key role in the initiation of toxicity, which 
is associated with increased expression of neutrophil-specifi c 
genes and chemokines. Neutrophils, as early responders to 

Figure 2: PRISMA2020 fl ow diagram for the systematic review.
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stimuli produce cytoplasmic granules containing enzymes, 
such as myeloperoxidase (MPO), metalloproteinase 8 (MMP8), 
elastase 2 (ELA2), and cathelicidin antimicrobial peptide 
(CAMP) [20].

The activation of these pathways in patients with genetic 
variability in several HLA genes who receive doxorubicin, is not 
always benefi cial, as they are involved in the progression of 
cardiovascular diseases, including atherosclerosis, thrombosis, 
and acute coronary syndrome [21]. Finally, neutrophil 
extracellular traps (NETs) represent an additional infl ammatory 
mechanism, representing an immune response of leukocytes in 
which a web-like structure of DNA and intracellular contents is 
created. In patients with breast cancer, reactive oxygen species 
produced in the tumor microenvironment in the context of 
the infl ammatory reaction stimulate the activation of this 
complex, a process called mitosis. NETs produce proteolytic 
components such as MPO and NE, provoking endothelial 
dysfunction, and further the release of infl ammatory factors, 
such as IL-8 [22]. Endothelial dysfunction is associated with 
cardiovascular diseases, such as hypertension, coronary artery 
disease, chronic HF, and peripheral artery disease.

Trastuzumab-Induced Cardiotoxicity (TIC)

Human epidermal growth factor receptor 2 (HER2) is 
a transmembrane glycoprotein belonging to the family of 
receptor tyrosine kinases, which in humans includes HER1 
(EGFR, ERBB1), HER2, HER3 (ERBB3), and HER4 (ERBB4). Erb 
receptors are involved in cell proliferation and differentiation 
during embryogenesis and in adulthood. Its uncontrolled 
overexpression is associated with the development of many 
types of cancer, and its overexpression is observed in 20–30% 
of patients with BC. In these cases, it is associated with more 
aggressive tumors and worse prognosis [23]. Trastuzumab 
was the fi rst humanized monoclonal antibody developed and 
successfully used in HER-2 (+) BC. Trastuzumab binds to the 
extracellular domain of HER2, suppressing the intracellular 
signaling pathways controlled by it, preventing direct kinase 
inhibition to prevent molecular activation and recruitment 
of downstream signaling partners, and recruiting antibody-
dependent cell-mediated cytotoxicity [24]. The use of 
targeted drugs, such as trastuzumab, pertuzumab, and more 
recently, tucatinib and trastuzumab teruxtecan (T-DXd), has 
contributed to improved survival in women with HER-2 (+) BC. 
Currently, early-stage BC treated with dual antibody therapy 
and chemotherapy achieves survival rates of more than 90% 
[25].

However, although survival has increased with the use of 
these new targeted therapies, there is no shortage of unwanted 
complications, the most important of which is, cardiotoxicity. 
This can manifest as asymptomatic, with a decrease in left 
ventricular ejection fraction (LVEF), or as symptomatic with the 
onset of congestive HF and, very rarely, cardiac death [26]. The 
complication rate increases in patients receiving concomitant 
trastuzumab and anthracycline plus cyclophosphamide and 
can reach up to 7% [27]. Zhang et al. (2022) demonstrated 
that the incidences of cardiotoxicity with trastuzumab and 
trastuzumab combined with pertuzumab were 14.3% and 

17.9%, respectively (P > 0.05). Cardiotoxicity developed in 67 of 
420 patients (15.9%), defi ned as a 10% decrease in LVEF of at 
least 10% from baseline [28].

Mechanism

Although the exact mechanism by which trastuzumab 
damages cardiac cells is unclear, it is thought to be associated 
with the critical role of erbB2 in normal cardiac function, that 
is, its cardioprotective role. TIC does not appear to be immune-
mediated or due to the effects of the drug outside the heart. 
Crone et al. demonstrated in their preclinical studies that 
erbB2 conditional knockout mice showed increased cardiac cell 
apoptosis and reduced ability of the anti-apoptotic gene Bcl-
xL to protect against dilated cardiomyopathy, resulting from 
genetic modifi cation, while cardiomyocytes of the knockout 
mice had increased susceptibility to cell damage induced by 
anthracyclines [29]. It is worth noting that not all anti-Her-2 
treatments have the same severity of damage to cardiac cells; 
for example, pertuzumab tends to cause milder cardiotoxicity 
[30]. Cardiotoxicity due to trastuzumab is partially reversible; 
however, treatment discontinuation is associated with disease 
recurrence and worse survival rates [31]. An analysis by 
Jacquinot et al. (2018) showed that after discontinuation or 
completion of trastuzumab treatment, 60.54% and 48.53% of 
patients failed to recover at 12 and 30 months, respectively, 
with an LVEF value similar to their baseline value [32]. Notably, 
compared with trastuzumab, pertuzumab and lapatinib have 
lower rates of cardiotoxicity [30,33]. Although cardiotoxicity 
occurs in a large proportion of patients, as mentioned above, 
1/3 of them have > ΝΥΗΑ ΙI HF symptoms, less than 30% have 
been referred to a cardiologist, and less than 17% have received 
appropriate medication [34].

Other chemotherapeutic agents

In addition to the agents already mentioned, numerous 
other chemotherapeutic agents are used to treat BC, which 
have a wide range of cardiovascular side effects.

Several types of cardiovascular diseases, particularly 
arterial hypertension and left ventricular dysfunction (LVD), 
have been linked to the use of anti-VEGF agents. In addition 
to direct cardiomyocyte toxicity or compromised microvascular 
function, LVD may be associated with an elevated left 
ventricular afterload. They also increase the risk of myocardial 
ischemia and venous and arterial thromboembolic events in 
patients with cancer [35]. 

Endocrine therapy, such as aromatase inhibitors (Ais) and 
selective estrogen receptor modulators (SERMs) like tamoxifen 
(TMX), is essential for treating estrogen receptor (ER)-positive 
breast cancer. However, these substances cause myocardial 
ischemia, increased HF rates, and changes in lipid metabolism 
[36]. In patients with hormone receptor-positive, HER2-
negative advanced BC, endocrine therapy (Ais or fulvestrant) is 
combined with cyclin-dependent kinase (CDK) 4/6 inhibitors, 
such as abemaciclib, palbociclib, and ribociclib. The addition of 
CDK 4/6 inhibitors to endocrine therapy increases the risk of 
venous thromboembolism by 3.5 times. They also cause dose-
dependent QTc prolongation [37].
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Over the past ten years, poly (adenine-nicotinate) (PARP) 
inhibitors (PARPi) have shown notable anticancer effectiveness 
in various tumor types that carry BRCA1/BRCA2 gene mutations, 
particularly in BC. However, PARPi-based treatment is 
associated, with a markedly elevated risk of thromboembolic 
events, hypertension, and MACEs [38].

Finally, the precise mechanism underlying the cardiac 
toxicity caused by cyclophosphamide remains to be elucidated. 
It has been postulated that cyclophosphamide metabolites 
induce oxidative stress and directly injure endothelial 
capillaries, leading to the extravasation of proteins, 
erythrocytes, and toxic metabolites. Proteins, erythrocytes, and 
hazardous metabolites are thought to extravasate as a result 
of oxidative stress and direct endothelial capillary damage 
caused by cyclophosphamide metabolites. Edema, interstitial 
bleeding, and microthrombi are immediate consequences of 
endothelial cell breakdown in the presence of toxic metabolites, 
which also damage the heart and capillary blood vessels. 
Clinically, these injuries present as arrhythmias and severe 
CF [39]. Tachyarrhythmias, hypotension, HF, myocarditis, 
and pericardial illness are typical symptoms that can appear 
up to 10 days after starting the medication, although they 
usually appear within the fi rst 48 h. A rare consequence of this 
condition is hemorrhagic myocarditis, which is consistently 
and rapidly lethal [40].

Traditional biomarkers

Troponin (Tn): Cardiac troponin I (cTnI) and T (cTnT) 
are almost exclusively expressed in the heart and are part 
of the contractile machinery of myocardial cells. No reports 
have indicated an increase in cTnI levels after noncardiac 
tissue damage. The situation is more complicated for cTnT. 
Elevations in cTnT levels may occasionally originate from the 
skeletal muscle because of biochemical evidence showing that 
injured skeletal muscle expresses proteins that the cTnT assay 
may detect. According to recent evidence, these elevations 
may occur more frequently than previously believed in the 
absence of ischemic heart disease. Consequently, cTnI and 
cTnT are the recommended biomarkers for assessing acute 
and chronic myocardial damage; thus, for routine clinical use, 
high-sensitivity (hs)–cTn tests are advised [41]. When blood 
levels of cTn rise above the 99th percentile upper reference 
limit (URL), myocardial damage is considered to be present 
[Fourth Universal Defi nition of Myocardial Infarction, 2018]. 
Troponins are used in patients with cancer undergoing 
chemotherapy because they are a proven early sign of cardiac 
impairment with good diagnostic and prognostic value. 
Indeed, LVEF reduction and associated adverse cardiac events 
have been predicted by an increase in troponin levels. They 
are, also, strong predictors of LVEF decline and poor cardiac 
prognosis shortly after chemotherapy, primarily following 
anthracycline-containing regimens. In patients receiving 
trastuzumab, troponin evaluation provides a useful opportunity 
to identify individuals likely to develop cardiotoxicity [42]. 
However, TnI levels increased in approximately one-third of 
patients with aggressive cancers shortly after receiving high-
dose chemotherapy (HDC), according to a study by Cardinale 

et al. (2000). The subsequent year observed a decline in 
left ventricular ejection fraction (LVEF), which was closely 
linked to the early increase. However, there is still a dearth 
of information on TnI behavior following this early increase 
and its possible infl uence on clinical outcomes in patients with 
cancer [43]. 

To evaluate the prognostic effi cacy of cardiac troponin I 
for CIC in cancer patients, nine clinical studies totaling 2033 
patients were included in a metanalysis of Liu et al. Compared 
with cTnI-negative individuals, cTnI-positive patients 
experienced severe cardiac events, as evidenced by a decrease 
in LVEF: RD = 0.279 [95% CI (0.248–0.311), p = 0.000, I2 = 
81.3%, 8 trials], HF: RD = 0.117, [95% CI (0.090–0.144), p = 
0.000, I2 = 77.8%, 6 trials], arrhythmias: RD = 0.057 [95% CI 
(0.028–0.086), p = 0.000, I2 = 0.0%, 3 trials], and cumulative 
events: RD = 0.318 [95% CI (0.272–0.364), p = 0.000, I2 = 73.5%, 
3 trials]. Acute pulmonary edema, acute coronary syndromes, 
and cardiac death did not differ signifi cantly between cTnI-
positive and cTnI-negative patients [44].

Zardavas et al. (2016) found that a signifi cant increase in 
the risk of LVEF drop was linked to elevated baseline troponin 
I (>40 ng/L) and T (>14 ng/L) levels, which were found in 56 
out of 412 (13.6%) and 101 out of 407 (24.8%) patients receiving 
trastuzumab with chemotherapy, respectively. The researchers 
developed Cox regression models for the time to the occurrence 
of the fi rst signifi cant LVEF decline based on increased baseline 
troponin levels, because most elevations were already evident 
at baseline. As anticipated, these analyses yielded results 
comparable to the Cox analyses of troponin levels at any point 
in the study: for cTnI, HR = 4.52 (95% CI, 2.45 to 8.35; P<0.001) 
in the univariate model, and for cTnT, HR = 3.57 (95% CI, 1.95 
to 6.55; P=001) in the univariate model [45].

Shafi  et al. (2017) examined 82 patients with BC undergoing 
adjuvant or neoadjuvant chemotherapy based on anthracyclines. 
Eighteen (33 %) of them reported high cTnI levels. Elevated cTnI 
levels were observed shortly after the initial treatment round in 
most patients.  Most patients displayed only a brief increase in 
cTnI, which subsided in later cycles. Therefore, after adjusting 
for important variables, they found that cTnI elevation was the 
greatest independent predictor of cardiotoxicity in multivariate 
analysis (95% CI, 0.003546 to 0.2535; p<.001). One cardiac 
event (reduction in LVEF, CHF, acute coronary syndrome, or 
arrhythmias) occurred in individuals with normal cTnI levels, 
whereas nine events occurred in patients with elevated cTnI 
levels [46].

Ky et al. (2014) examined eight patients every 3 months for 
a maximum of 15 months in a multicenter cohort of 78 patients 
with breast cancer receiving doxorubicin and trastuzumab 
therapy. Only TnI was signifi cantly associated with the 
risk of cardiotoxicity when biomarker concentrations were 
examined 3 months after therapy initiation. The risk of future 
cardiotoxicity increased by nearly 40% for every 106.8 ng/l rise 
in the SD of TnI (HR: 1.38; 95% CI: 1.05-1.81; p= 0.020) [47].

Similar results were found in a prospective study by 
Demissei et al. (2020), which included 323 patients who received 
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anthracyclines and/or trastuzumab. Their fi ndings point to 
two major potential uses of hs-cTnT, particularly during the 
anthracycline completion phase: fi rst, hs-cTnT levels >14 ng/L 
were linked to a >2-fold increased risk of CTRCD, and this 
threshold had a PPV of 26.5% for the prediction of CTRCD at 
one year after therapy completion; second, throughout the next 
year of follow-up, none of the patients with hs-cTnT levels 
<5 ng/L who had fi nished anthracycline therapy experienced 
CTRCD [48].

Natriuretic peptides

The heart ventricles release B-type natriuretic peptide 
(BNP) and N-terminal pro-BNP (NT-proBNP) in response to 
pressure and volume overloading. BNP acts on the kidneys, 
increasing sodium excretion, inducing diuresis, and relaxing 
vascular smooth muscle, thereby lowering ventricular preload. 
The inactive part of the cleaved pro-BNP molecule is NT-
proBNP [49].

In 2020, Andersson et al. evaluated 136 patients with HER-
2 positive breast cancer receiving adjuvant, neoadjuvant, 
or palliative chemotherapy along with HER-2 blocking.  
Patients underwent blood tests and echocardiography at 
baseline, six months, and twelve months after the initiation of 
chemotherapy. Five patients experienced TIC after six months, 
and one patient developed TIC after 12 months (cohort TIC 
incidence, 4.4%). NT-proBNP increased from 198.8 ± 64.0 pg/
ml to 678.7 ± 132.4 pg/ml in patients with TIC (p <.05, n = 6). 
In contrast, at 6 months, the NT-proBNP levels of control 
patients decreased from 131.2 ± 20.9 pg/ml to 86.7 ± 8.8 pg/ml 
(p <.05, n =119) [50].

According to a retrospective observational study by Blancas 
et al. (2020), 27.3% of 66 patients with HER2-positive BC who 
received trastuzumab experienced cardiotoxicity. Cardiotoxicity 
was observed in 27.3% of patients receiving trastuzumab. In 
66.7% of the cases, the onset of cardiac symptoms led to a 
diagnosis. A signifi cant association was found between LVEF 
and NT-proBNP levels using the correlation test (Spearman’s 
coeffi cient = −0.156, p = 0.040). The correlation was particularly 
signifi cant among women aged ≥ 50 years (−0.194, p = 0.039). A 
non-parametric ROC curve was utilized to assess the diagnostic 
validity of NT-proBNP as a biomarker for cardiotoxicity, and 
an ideal cut-off point of 206.5 pg/ml was determined [51].

In their study, Alves et al. included 64 BC patients who were 
treated with doxorubicin. CTRCD occurred in 22 patients up to 
one year after treatment. Three time points were monitored: 
before chemotherapy (T0), during the fi nal seven days of 
chemotherapy (T1), and 12 months after the last doxorubicin 
cycle (T2). The cTnI and NT-proBNP levels in the 22 cardiotoxic 
patients increased by at least 20% at T1 or T2 compared to those 
at T0. At T1 and T2, 73% and 27% of the patients, respectively, 
had elevated cTnI and NT-proBNP levels. Additionally, they 
found that at T1 (116.55 ± 107.66 pg/mL), the NT-proBNP levels 
were 2.1 times higher than those at T0 (54.51 ± 28.58 pg/mL; 
p <.05) [52].

All 135 patients with HER2-positive BC who began 
trastuzumab therapy were included in a prospective, single-

center cohort study by Bouwer et al. Echocardiograms were 
planned at regular intervals of every three months for a year 
to monitor heart function. NT-proBNP levels were measured at 
the same time points for research purposes. The trial endpoint 
of TIC was reached by 45 individuals (33%) at a median of 6 
months. TIC was defi ned as LVEF <45%, an absolute decrease in 
LVEF >10% after enrollment, and/or the occurrence of a clinical 
cardiac event. Any+10 pmol/l change in NT-proBNP (at any 
time point during follow-up) was associated with an absolute 
difference in LVEF of −4.5% (95% CI -2.2% to −6.7%; p < 
0.001). NT-proBNP levels and LVEF were correlated. Patients 
with and without TIC had mean NT-proBNP levels of 16.8 and 
10.1 pmol/l, respectively. This suggests a mean difference of 
6.7 pmol/l (p = 0.031). At any stage during follow-up, the HR 
for developing TIC was 1.06 for a +10 pmol/l change in NT-
proBNP (95% CI 1.02–1.10, p = 0.008). All patients had NT-
proBNP levels that were marginally higher than baseline (+2.9 
pmol/l), and this difference was higher in patients with TIC 
(+10.2 pmol/l) than in those without TIC and was  statistically 
signifi cant (p = 0.037).TIC development was independently 
associated with NT-proBNP at baseline (HR 1.04, 95% CI 
1.02–1.07; p = 0.003) and LVEF reduction during anthracycline 
treatment prior to starting trastuzumab (HR 1.16, 95% CI 1.07–
1.25; p < 0.001). However, prior to the onset of TIC, there was 
no indication that NT-proBNP levels had increased gradually 
or abruptly. Consequently, the authors concluded that NT-
proBNP is not appropriate for the early detection of TIC [53].

In their meta-analysis, Zhang et al. (2019) included four 
trials with 72 patients with BC who received radiation therapy. 
The results showed that the pooled SMD was -0.233 (95% CI, 
-1.113–0-.057). There was a signifi cant difference in the pooled 
SMD (z=3.99, P=.000). These fi ndings demonstrated that 
following radiation therapy, plasma BNP levels were clearly 
elevated, particularly in patients with left breast cancer, who 
showed no discernible change. Thus, BNP could be a biomarker 
of cardiac damage at high heart-absorbed doses following 
radiation therapy, particularly in patients with left-sided BC. 
[54].

Kouloubinis et al. explored the potential utility of novel 
biomarkers for the early detection of asymptomatic LVD in 
patients treated with anthracyclines. This prospective study 
comprised two groups of patients with BC: group A, who 
received chemotherapy with epirubicin for metastatic disease, 
and group B, who received less cardiotoxic treatment and had 
no residual disease. Additionally, healthy women were included 
for comparison purposes. In the metastatic group, plasma levels 
of NT-proBNP increased signifi cantly (283.3 ± 27.2 vs. 158.0 ± 
8.4 post- and pre-chemo, respectively, p < 0.001); however, 
the levels of NT-proBNP and other biochemical and apoptotic 
markers did not differ signifi cantly between the groups, which 
may indicate more tissue and cellular damage [55].

In a 2019 study, Lu et al. evaluated 149 patients with BC 
who were treated with anthracyclines. Every 3–6 months after 
starting chemotherapy, the patients underwent the required 
cardiac checkup, which included echocardiography and a 
thorough physical assessment of their symptoms and indicators 
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of heart failure. Individuals were assigned to the cardiotoxicity 
group if they met any of the following four criteria: LVEF 
<55%, ΔLVEF ≥10%, ΔLVDs ≥7 mm, or symptoms and signs 
of cardiac insuffi ciency. If not, they were assigned to the non-
cardiotoxicity group. The authors discovered that the ideal 
diagnostic threshold of BNP following the last anthracycline 
chemotherapy treatment was 107.9 pg/ml, with a diagnostic 
sensitivity of 0.538 and a specifi city of 0.794. Furthermore, 
the study found that the cardiotoxicity group had signifi cantly 
higher serum BNP levels than the non-cardiotoxicity group 
prior to the second dose of chemotherapy (P=0.043), indicating 
a delayed decline in BNP levels as a result of established cardiac 
injury [56].

Novel biomarkers

Myeloperoxidase (MPO): In response to infl ammatory 
stimuli, neutrophils travel from the bloodstream to infected 
tissues, where they effectively bind, ingest, and neutralize 
pathogens. Phagocytosed bacteria are swiftly eradicated 
by proteolytic enzymes, antimicrobial proteins, and 
reactive oxygen species. Neutrophils degranulate, releasing 
antimicrobial agents into the extracellular milieu and producing 
extracellular fi bers, known as neutrophil extracellular traps 
(NETs), which consist of granule and nuclear components that 
neutralize and eliminate germs extracellularly[57]. Histones 
and over 30 primary and secondary granule components are 
proteins that bind to NETs. These include peptidoglycan-
binding proteins, lactoferrin, pentraxin 3, gelatinase, elastase, 
myeloperoxidase, cathepsin G (CG), LL37, proteinase 3 (PR3), 
and other proteins with bactericidal activity that can eliminate 
virulence factors [58].

MPO’s primary mechanism of action involves the 
enzymatic conversion of hydrogen peroxide and chloride to 
hypochlorite, a highly effective antibacterial oxidant. HOCL 
initiates modifi cation processes, such as oxidative cross-
linking, nitration, and halogenation, against lipids, DNA, 
and lipoproteins [59]. The behavior of these circulating 
biomarkers may help identify individuals at a higher risk of 
developing cardiac injury and offer mechanistic insights into 
the development of AIC [60].

To ascertain whether various indicators of infl ammation, 
hypercoagulopathy, and endothelial damage are associated 
with the risk of early cardiotoxicity in patients with breast 
cancer, Todorova et al. (2020) conducted a study of 51 patients 
receiving chemotherapy based on DOX. Cardiotoxicity was 
defi ned as an asymptomatic reduction in LVEF of > 10%. After 
controlling for confounding variables such as sex, age, BMI, 
and cancer type, the researchers found that the 21 patients 
who experienced cardiotoxicity according to the previously 
mentioned criteria had higher MPO levels at baseline (mean 
value 169.9, SD=50.7) and following the initial dosage of 
doxorubicin-based chemotherapy (mean value 269.6 + SD= 
112.5) than patients (n=30) who did not experience a drop 
in LVEF. (mean value at baseline 132.6 + SD=45.6, after fi rst 
treatment 174.5 + SD= 76). Their results demonstrated that 
elevated levels of MPO in the bloodstream prior to and during 
doxorubicin DOX-based therapy imply that MPO may be able 

to predict the risk of cardiotoxicity both before and after the 
initial dose of chemotherapy [61].

Blood samples obtained from 174 patients who received 
anthracycline-based chemotherapy in the CECCY trial were 
analyzed to assess changes in MPO levels during therapy. 
These levels were 1.3 and 1.5 times higher at 3 and 6 months 
(17.7 ng/mL (11.1, 31.1) and 19.2 ng/mL (11.1, 37.8)) following 
the start of treatment, respectively, than the baseline (13.2 ng/
mL (7.9, 24.8)). However, at 3 and 6 months (16.3 ng/mL [10.3, 
35.6] and 20.5 ng/mL [10.5, 37.8], respectively), following 
the start of anthracycline-based chemotherapy, MPO levels 
did not differ (p = 0.85) between patients with a decrease 
in LVEF by ≥10% (14.1 ng/mL [10.4, 25.5], n = 26) and those 
without a decrease in LVEF (18.1 ng/mL [12.3, 39.1] ), n = 148. 
Throughout therapy (6, 9, and 12 months), higher cTnI levels 
(p = 0.041), a sign of myocardial damage, were associated with 
higher baseline MPO levels above the median. According to the 
authors, higher MPO levels before chemotherapy can be used 
to identify patients likely to benefi t from the cardioprotective 
effects of carvedilol (p < 0.001). In this study, cardiotoxicity 
was defi ned as a decrease in LVEF of ≥10% at any time up to 
six months after the end of treatment. It should be noted that 
the authors used similar cut-off values as previously described 
(350μg/L) because there were no established cut-off values 
for MPO, and the low incidence of cardiotoxicity observed in 
the CECCY trial might have made it more diffi cult to identify a 
possible link between MPO and the onset of AIC. Additionally, 
patients with breast cancer would presumably have a higher 
baseline MPO score due to increased infl ammation. The MPO 
baseline levels in the study, however, were below the median 
of participants from a healthy population [60].

Lakhani et al. (2021) compared the increase in biomarker 
values at three and six months after the initiation of 
anthracycline therapy between 17 women with triple-negative 
BC and 17 healthy women, revealing a favorable association. At 
six months after starting anthracycline medication, 23% of the 
patients in this trial had a substantial decrease in LVEF. The 
decrease in ejection fraction was accompanied by an increase 
in TnI and MPO levels (r=0.3078) [62]. Although this study 
had a limited sample size, it demonstrated the potential of 
this biomarker in predicting cardiotoxicity and preventing its 
repercussions.

In another cohort study by Putt et al. (2015), eight 
biomarkers, including MPO, were assessed at baseline and at 
3-month intervals for a maximum follow-up of 15 months in 
78 patients with BC receiving doxorubicin and trastuzumab 
therapy. Elevated MPO levels are individually associated with 
a higher risk of cardiotoxicity. According to the defi nition 
provided by the Cardiac Review and Evaluation Committee, 
23 women experienced > 1 cardiac event. The study found a 
correlation between an increase in hs-cTnI and MPO levels 
after three months of treatment and the potential risk of fi rst 
cardiotoxicity. [HR=1.37, 95% CI (1.11-1.69), P=0.02]. At the 
same visit or the one that followed three months later, they 
also considered the correlation between each cardiovascular 
incident and the recurring biomarker elevations that lasted for 
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up to 15 months after the index event. Crucially, their research 
indicated that an increase in MPO levels after three months 
continued to predict cardiotoxicity during treatment [63].

In contrast, in a study by Gullo et al., 2019, 62 patients were 
categorized into two groups based on cardiotoxicity, and early 
biomarker fold changes were examined between baseline and 
either 3 or 6 months. However, higher MPO levels could not 
differentiate individuals with cardiotoxicity (n=12) from those 
without (n=50) at baseline or 3 months after treatment with 
docetaxel, cyclophosphamide, and bevacizumab (p=0.1637). In 
addition, none of the biomarkers predicted later cardiotoxicity 
[64].

Matrix Metalloproteinases (MMPs)

Metalloproteinases (MMPs), a class of zinc-dependent 
endopeptidases released by tumor and stromal cells, break 
down the extracellular matrix (ECM) and basement membrane 
barriers. TIMPs, or tissue inhibitors of metalloproteinases, are 
particular inhibitors that control their action. According to 
their structure, substrate specifi city, and proteolytic function, 
the 24 members of the MMP family that have been identifi ed in 
humans are divided into subfamilies [65].

MMP-2 was proposed as a sensitive predictor of early 
alterations in asymptomatic patients that could develop into 
the cardiac clinical form, as well as a biomarker for fi brosis 
replacement during early remodeling. In patients with cardiac 
disease, MMP-9 appears to be a biomarker of severe cardiac 
remodeling and late-stage fi brosis [66].

Chan et al., 2021, showed for the fi rst time that Doxy and 
ONO-4817, two oral MMPs inhibitors, reduce DOX-induced 
cardiotoxicity in vivo in mice. They found that DOX enhanced 
the transcription, protein levels, and activity of MMP-2 in the 
heart. In mouse hearts, myofi lament lysis, titin proteolysis, 
and interstitial fi brosis were all avoided by inhibiting MMP-
2 activity. DOX-impaired remodeling, systolic and diastolic 
function were improved by MMPs inhibitor-mediated 
protective effects on extracellular and intracellular matrices 
[67].

According to a prospective observational clinical trial by 
Grakova et al. (2022), patients who experienced AIC had higher 
serum levels of MMP2 and MMP9 by 8% (p=0.017) and 18.4% 
(p<0.001), respectively, than those who did not. MMP-2 levels 
were associated (p <0.05) with LVEF (r = − 674), end-diastolic 
and end-systolic dimensions (r = 0.296, r = 0.399), NT-
proBNP (p = 0.568), and MMP-9 (r = 0.634) in women with 
AIC. In addition, LVEF (r = − 665), end-diastolic dimension (r 
= 0.295), end-systolic dimension (r = 0.398), and NT-proBNP 
(p = 0.698) all showed a signifi cant correlation (p <0.05) with 
MMP-9 levels. Crucially, ROC analysis showed that both MMP-
2 and MMP-9 levels might predict anthracycline-induced 
cardiotoxicity, although echocardiographic parameters and 
NT-proBNP levels did not appear to play a predictive role. 
Interestingly, the C/C genotype of MMP-2 and MMP-9 was 
associated with an adverse course of cardiotoxicity and higher 
levels of MMP-2 and MMP-9, whereas the T/T genotype 

was associated with a favorable anthracycline-induced 
cardiotoxicity course. Echocardiographic parameters, NT-
proBNP levels, and 6-min walk test distances were analyzed. 
Women with the C/C genotype of MMP-2 had further 
progression of HF, with LVEF decreasing by 13.2%, end-
systolic dimension increasing by 7.7% (p < 0.001), and end-
diastolic dimension increasing by 4.0% (p < 0.001). Although 
there was a propensity for NT-proBNP levels to decline by 
15.7% (p = 0.052) in women with the C/C genotype of MMP-
9 (rs3918242), they also exhibited additional progression of 
heart failure, which was characterized by a drop in LVEF and 
an increase in LV dimensions. The authors concluded that gene 
polymorphisms that increase MMP-2 and MMP-9 levels in 
response to DOX may be used to predict cardiotoxicity risk [68].

The predictive value of MMPs at both the early and late 
stages of AIC in patients with BC warrants further investigation.

C-reactive protein (CRP)

C-reactive protein (CRP) is an acute-phase protein 
produced during infl ammatory responses. In association with 
other cardioclinical outcomes, including myocardial infarction, 
congestive HF, and stable coronary artery disease, an increase 
in its level is predictive of diastolic dysfunction and decreased 
LVEF [69,70]. Hasan et al, demonstrated that using a high-
sensitivity (hs) assay to measure high-sensitivity C-reactive 
protein (hs-CRP), BC patients were predicted to have decreased 
LVEF with 92.9% sensitivity and 45.7% specifi city. The study’s 
notable alterations in hs-CRP,  with a cut-off point of <5.0 
mg/L (hs-CRP), imply that the risk of cardiotoxicity may 
vary depending on the treatment regimen and occur during 
treatment [71]. These fi ndings were further supported by 
Onitilo et al. in a prospective study that comprised 54 patients 
with early-stage BC who tested positive for her-2. Because 
of the location of these proteins within the heart, potential 
indicators of cardiotoxicity, including BNP and cTnI, are likely 
to be unique to cardiomyopathy. CRP, on the other hand, is 
derived from hepatocytes and is not unique to cardiomyopathy 
because it is produced during a variety of infl ammatory 
diseases, including infection. Therefore, it is not surprising 
that hs-CRP has a positive predictive value and a rather low 
specifi city for reduced LVEF. When patients with BC receiving 
adjuvant trastuzumab therapy have elevated hs-CRP levels, 
which indicates the need for ongoing routine observation during 
trastuzumab treatment to ensure cardiac health and prevent 
irreversible damage, the associated cost of a false-positive 
(elevated hs-CRP in the absence of cardiotoxicity) would be 
relatively low [72]. However, the previously mentioned studies 
in this review, showed that patients with BC may have higher 
or lower CRP levels in response to treatment [61,73] and no 
association between CRP levels and subsequent CTRCD was 
observed in other trials [47].

Galectin-3 (Gal-3)

A beta-galactoside-binding lectin implicated in 
fi brogenesis and the infl ammatory response in the failing 
heart is the new cardiac biomarker galectin-3 (Gal-3). It 
is believed that Gal-3 refl ects key mechanisms underlying 
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maladaptive cardiac remodeling. Numerous trials have shown 
that Gal-3 improves mortality risk prediction and ventricular 
remodeling in individuals with acute and chronic heart failure 
of different causetiologies [74]. Additionally, the median Gal-
3 levels increased from baseline to therapy completion in 
patients undergoing anthracycline-based chemotherapy, but 
not in a discernible dose-dependent manner [73]. Numerous 
studies have been conducted to determine whether there is 
an association between baseline Gal-3 levels and the risk of 
subsequent cardiotoxicity.

For a maximum of 15 months, eight biomarkers were 
assessed every 3 months in a multicenter cohort of 78 BC 
patients who received DOX and trastuzumab therapy. Despite 
not being statistically signifi cant, the observed effect sizes 
similar to those of TnI and MPO were linked to increases in Gal-
3 levels, with an HR of 1.33 (p=0.195 for every SD increment). 
Furthermore, individuals undergoing chemotherapy had 
elevated Gal-3 levels during therapy, with a median difference 
between baseline and 3 months of 0.5 (-1.5 to 2.2), which was 
not statistically signifi cant (p=0.14). In addition, the study 
found that interval changes in MPO and TnI levels could 
predict cardiotoxicity, with HRs of 1.36 and 1.43 per SD increase 
in interval change, respectively. Patients with elevated changes 
in both biomarkers had the highest risk of cardiotoxicity. 
The combination of multiple markers, such as MPO and TnI, 
may improve the detection of DOX and trastuzumab-induced 
cardiotoxicity. However, the addition of other biomarkers, such 
as GDF-15 or Gal-3, did not yield signifi cant fi ndings. Only the 
model containing ΔMPO retained the signifi cance of additional 
biomarkers [47].

Bulten et al., 2015, used 123I-mIBG scintigraphy, 
conventional and strain echocardiography, and biomarker 
analysis one year after anthracycline treatment. On planar and 
SPECT 123I-mIBG scintigraphy, interobserver and intermethod 
variabilities were computed using washout (WO) and heart/
mediastinum (H/M) ratios. Multivariate analyses were 
conducted to identify independent variables and correlations 
between 123I-mIBG scintigraphy data. The only biomarker 
that exhibited a signifi cant association with the WH H/M ratio 
among those evaluated was Gal-3 [75].

Special attention should be paid to the systematic review 
and meta-analysis by Kastora et al.,2022, which included four 
observational studies of 1167 patients in total, with a low risk of 
bias. With a hazard ratio of 4.25 (95% confi dence interval 3.1–
5.18), doubling Gal-3 levels was associated with a higher risk 
of early anthracycline-induced cardiotoxicity (p < 0.0001) [76].

The results of the two fi nal studies discussed here are 
inconsistent with the aforementioned conclusions. Patel et al. 
(2021) conducted a retrospective cohort study with 1160 patients 
(580 matched pairs) to compare the levels of three novel 
biomarkers between those who received anthracycline-based 
chemotherapy and those who did not. The lack of difference 
in Gal-3 levels between patients who received anthracycline 
(15.8, SD=7.5) and those who did not (16.1, SD=7.8) suggests 
that Gal-3 is probably not a useful biomarker of cardiotoxicity 
(p= 0.86) [77]. Similar fi ndings were observed in the CECY 

trial, in which 174 BC patients undergoing chemotherapy with 
anthracyclines were randomized to assess the relationship 
between Gal-3 behavior and cardiotoxicity. The Gal-3 blood 
level trajectories of women with LVEF drop > 10% and those 
without LVEF drop were comparable. More precisely, baseline 
Gal-3 levels were observed to increase by 2- and 1.6- times at 
3 months (12.4 ng/mL in the non-cardiotoxicity group and 11.0 
in the cardiotoxicity group) and 6 months (10.3 ng/mL in the 
non-cardiotoxicity group and 10.4 in the cardiotoxicity group, 
respectively) relative to the baseline (6.3 ng/mL in both groups) 
in response to anthracycline treatment. This fi nding might be 
supported by the short-term follow-up, as the studies that 
demonstrated a correlation had longer follow-up [60].

MicroRNAs (miRNAs)

Non-coding RNAs with a length of 18–25 nucleotides, 
known as microRNAs (miRNAs), control the expression of 
genes by binding to mRNAs in a sequence-specifi c manner and 
causing translational inhibition or degradation of the targeted 
transcripts. Given that miRNAs control approximately 30% 
of total mRNA, they may be crucial for various physiological 
processes, including the control of ventricular hypertrophy 
and heart failure [78]. Determining whether the dynamic 
regulation of cardiac-expressed miRNAs may be more useful 
than mRNA profi ling as a molecular signature for specifi c 
cardiac syndromes is of great interest because of their apparent 
sensitivity to clinical status and the possibility that they can be 
measured in peripheral blood samples (instead of myocardial 
biopsies). Approximately 200 of the approximately 1000 
human miRNAs that have been discovered to date are expressed 
in the heart, and over 70% of them have been shown to be 
upregulated or downregulated in HF or clinical or experimental 
cardiac hypertrophy [79].

Seventeen women with HER-2 positive BC were assessed 
at baseline, three months, and six months following the 
initiation of chemotherapy in the study by Pillai et al. (2022). 
They demonstrated that cardiac troponin I exhibited a strong 
positive correlation with all miRNAs, including miR-34a (r = 
0.3394), miR-21 (r = 0.4036), miR-133 (r = 0.5804), miR-1 (r 
= 0.3235), and miR-30e (r = 0.3350). Additionally, they found 
that cardiac troponin T was signifi cantly positively correlated 
with each of the miRNAs, including miR-34a (r = 0.3882), 
miR-21 (r = 0.4744), miR-133 (r = 0.4242), miR-1 (r = 0.4372), 
and miR-30e (r = 0.4920), all at a confi dence interval of >99%. 
In this study, compared to healthy controls, the expression 
of circulating miR-34a was considerably elevated six months 
after the initiation of trastuzumab therapy. The expression 
of miR-21 was signifi cantly upregulated at 3 and 6 months 
after trastuzumab therapy compared to baseline and healthy 
controls. At six months, there was a noticeable increase in 
the relative expression of miR-133 compared to baseline and 
healthy controls. The expression of miR-1 and miR-30e was 
then evaluated, and after 3 and 6 months, it was signifi cantly 
upregulated compared to baseline and healthy controls. The 
levels of any of these circulating miRNAs did not signifi cantly 
change or increase between three and six months [80].

In a study by Lakhani et al. (2021), the investigators 
found signifi cant upregulation of miR-34a and miR-29a in 
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anthracycline-treated patients, which was associated with 
cardiac remodeling and hypertrophy. Cardiomyocyte-enriched 
miR-499, which has high sensitivity and specifi city for 
myocardial injury, was also found to be a strong indicator of 
anthracycline-induced acute cardiac injury. Furthermore, the 
study found that miR-126, an early marker of heart failure, was 
upregulated by anthracycline treatment, possibly due to cellular 
damage, and miR-423 was upregulated in patients receiving 
anthracycline treatment, suggesting molecular changes in 
cardiac tissues. Additionally, their fi ndings showed that miR-
126, -423, and -499 were correlated with cardiac troponin T, 
whereas miR-29a, -34a, and -126 were signifi cantly correlated 
with cardiac troponin I [62].

The expression level of miR-3135b in blood samples from 
70 individuals with BC was assessed by Zare et al. (2022). The 
investigators compared 33 women with CTRCD to 37 women 
who received chemotherapy for BC but did not experience 
any adverse cardiac events. Patients with heart failure had 
signifi cantly higher miR-3135b levels (P = 0.01; t-test). The 
standardized mean difference (SMD) was–0.57 (95% CI:–1.02 
to–0.13), whereas the mean difference (MD) was–0.86 (95% 
CI:–1.5 to–0.19). Additionally, comparing the levels of miR-
3135b in the two groups revealed that patients with heart 
failure had higher levels of miR-3135b than those in the control 
group (P < 0.05). In addition, there was a signifi cant correlation 
between the ejection fraction and expression level of miR-
3135b (r = 0.5, P = 0.0001). There was no signifi cant correlation 
between any of the miR-3135b and either age (r = 0.03; P = 
0.78), or BMI (r = 0.05; P = 0.65) [81].

In 2020, Feng et al. examined the alterations in miRNA 
130a and its association with cardiotoxicity in 72 patients with 
HER-2 positive BC who underwent resection and were planned 
to receive treatment with epirubicin, cyclophosphamide, 
docetaxel, and trastuzumab. Cardiotoxicity was defi ned by any 
of the following circumstances:1) LVEF <35% and absolute 
decrease of LVEF >10, 2) heart failure, 3) acute coronary artery 
syndromes, and 4) fatal arrhythmia. The study found a 16.7% 
cumulative incidence of cardiotoxicity in patients with HER-2 
BC who underwent adjuvant EC-D+T treatment. miR-130a, an 
miRNA targeting peroxisome proliferator-activated receptor γ, 
was positively correlated with cardiotoxicity. It is also linked 
to a higher susceptibility to hypoxic injury, cardiomyocyte 
apoptosis, and cardiac fi brosis. The study also found that miR-
130a expression increased gradually in both cardiotoxicity and 
non-cardiotoxicity patients, possibly due to the production of 
superoxide anion free radicals and reactive oxygen species [82].

Finally, miR-4732-3p, one of the most promising 
cardioprotective miRNAs was found to be downregulated in 
blood samples of BC patients after anthracycline treatment (p 
< 0.05 validation study), in a prospective study by Sánchez-
Sánchez et al., in 2022, who compared individuals with 
decreased cardiac function (n = 10) within the fi rst year 
following anthracycline-based chemotherapy with individuals 
without cardiac dysfunction (n = 10 controls) [83].

These results further support the clinical use of our 
suggested panel of biomarkers and miRNAs in the evolution 

of CTRCD by demonstrating their ability to identify the early-
onset of anthracycline-induced cardiotoxicity, even before it is 
detectable on echocardiography.

Other biomarkers

Infl ammation and the immune system signifi cantly 
infl uence disease and drug-induced toxicity. You et al. (2017) 
conducted a study in which 27 individuals were administered 
chemotherapy. Plasma samples were screened using 
multiplex immunoassays for 40 chemokines, nine matrix 
metalloproteinases, and 33 possible indicators of cardiovascular 
disease. The results demonstrated the signifi cance of 
infl ammation and immunity in the early subclinical response 
to DOX-based chemotherapy. It is likely that cardiomyocytes 
of immunologically sensitive patients are more vulnerable to 
DOX-induced injury [20].

The pathophysiology of infection, infl ammation, 
autoimmunity, and cancer has been linked to IL-10. It is 
commonly recognized that IL-10 has positive effects on 
reducing the infi ltration of infl ammatory cells into the 
myocardium, which improves both diastolic and systolic 
function and reduces cardiac fi brosis. [84,85]. However, 
cardiac macrophages release IL-10, which has detrimental 
profi brotic effects on the myocardium, according to a recent 
in vivo model of left ventricular pressure overload. Therefore, 
there is disagreement over whether IL-10 causes or protects 
against conditions such as cancer and heart disease [86].

According to a retrospective study by Alves et al. (2022), 
which included 64 BC patients receiving DOX, prior to the 
fi rst chemotherapy (T0), up to seven days after the last cycle 
ended (T1), and 12 months later (T2), the IL-10 levels of the 
cardiotoxicity group were signifi cantly higher at T1 (4.96 pg/
μL) than at T0 and T2 (3.77 pg/μL) (p <0.05 for both). Both 
the cardiotoxicity (n = 22) and non-cardiotoxicity (n = 42) 
groups had similar baseline cytokine levels. At T1 (p =0.006) 
and T2 (p =.0046), however, the cardiotoxicity group’s IL-
10 levels were higher than those of the non-cardiotoxicity 
group. There was no difference in TNF, IL-1β, or IL-6 levels 
between the two groups (p >0.05). IL-10 and NT-proBNP levels 
at T0 and T2 were correlated with the cardiotoxicity group 
(r = 0.427, p =0.048; r = 0.740, p =0.004, respectively), but 
the non-cardiotoxicity group did not exhibit this association. 
Additionally, at T0, IL-10 exhibited a positive correlation with 
both IL-6 and TNF (r = 0.476, p =.025; r = 0.580, p =.005, 
respectively); however, at T1 and T2, these associations were 
not observed (p <0.05). Remarkably, at T1, IL-10 and IL-1β 
exhibited a positive correlation (r = 0.488, p =.021). IL-10 levels 
did not signifi cantly correlate with either group’s cTnI, LVEF, 
BMI, or DOX dose (p >0.05) [52].

In a 2021 study, Micheletti et al. compared 50 healthy 
controls to BC patients receiving acute cycles of doxorubicin 
(DOX) (n = 33), paclitaxel (n = 35), or trastuzumab (n = 52) to 
assess infl ammatory markers such as free iron, homocysteine, 
and TNF-α. In this study, we demonstrated that regular heart 
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damage assessment indicators, such as CK-MB and hs-CRP, 
changed in the blood of patients with breast cancer following 
acute treatment. The same plasma samples from all treated 
patients concurrently showed increased levels of other pro-
infl ammatory mediators, such as TNF-a, homocysteine, and 
free iron, indicating a potential interaction between them and 
their association with heart injury [87] [Table 1].

Discussion

CTRCD represents a major limitation in the management 
of BC, particularly in the era of improved long-term survival. 
Early identifi cation of subclinical myocardial injury is essential 
to prevent the progression to overt cardiac dysfunction 
and HF. This review summarizes current evidence on both 

Table1: Serum biomarkers and CTRD

Study Patients (n) Treatment Biomarkers Key fi ndings

Todorova et al., 2020
[61]

51 DOX+ cyclophosphamide

MPO, dsDNA, 
nucleosomes, TM, vWF,

TAT complex, 
p-selectin, CRP

The cardiotoxicity group showed higher MPO, dsDNA, nucleosomes, 
TM, vWF, TAT complex, P-selectin, and CRP levels than those in the 

non-cardiotoxicity group.

Wanderley et al., 2022
[60] 174

Cyclophosphamide + DOX + 
paclitaxel

MPO, Gal-3
A high baseline MPO predicted a greater rise in TnI levels (p=0.041). 

Carvedilol lowered TnI levels only in patients with high MPO (p<0.001; 
interaction p=0.009). Gal-3 showed no interaction (p=0.99).

Lakhani et al., 2021
[62]

34 DOX

MPO, TOP2β, IL-6, 
MMP2, MMP9,

miR-126, miR-34a, 
miR-499,

miR-29a, miR-423

cTnI correlated with TOP2β, MPO, MMP2/MMP9, and miR-29a/-
34a/-126 (r≈0.30-0.62). hs-cTnT correlated with TOP2β, MPO, IL-6, 
MMP2/MMP9, and miR-126/-423/-499 (r≈0.32-0.55). No signifi cant 

cTnI-IL-6 correlation.

Putt et al., 2015
[63]

78
Anthracyclines -> taxanes + 

trastuzumab

hsCRP, NT-proBNP, 
GDF-15,

MPO, PlGF, sFlt-1, Gal-3

Increased MPO, PlGF, and GDF-15 levels were associated with a 
higher risk of cardiotoxicity (HR: 1.37, 3.77, and 1.80, respectively). 
hsCRP was borderline (p=0.07), and the other biomarkers were not 

signifi cant.

Gullo et al., 2019
[64]

62
Docetaxel + cyclophosphamide 

+ bevacizumab
VEGF, cTnI, MPO, PlGF

A higher baseline PlGF level suggests a subclinical vulnerability to 
cardiotoxicity. A greater decline in VEGF levels at 6 months was 

associated with a higher subsequent LVEF (p=0.05). MPO was not 
found to be discriminatory.

Grakova et al., 2022
[68]

114
DOX + cyclophosphamide ± 

docetaxel
MMP-2, MMP-9

In cardiotoxicity, MMP-2 and MMP-9 levels increased at 24 months 
(both p<0.001). MMP2 C/C and MMP9 C/C genotypes were 

associated with cardiotoxicity (odds ratio [OR], 4.76 and 15.2, 
respectively).

Hasan et al., 2021
[71]

56
Adriamycin + 

cyclophosphamide ± taxane
hs-CRP

hs-CRP levels were higher in cardiotoxicity-positive patients than in 
cardiotoxicity-negative patients (median 2.45 vs. 0.7; p<0.001).

Onitilo et al., 2012
[72]

49 Trastuzumab BNP, hs-CRP, cTnI
hs-CRP > 3 mg/L predicted LVEF decline with 92.9% sensitivity and 

45.7% specifi city, whereas normal hs-CRP had a 94.1% negative 
predictive value.

Alves et al., 2022
[52]

64 DOX IL-10, IL-1β, IL-6, TNF
The cardiotoxicity group showed higher IL-10 levels at T1 and T2. IL-

10 levels correlated with NT-proBNP levels at T0 and T2.

Bulten et al., 2015
[75]

59
DOX + docetaxel + 
cyclophosphamide

NT-proBNP, TNF-α, 
Gal-3,

IL-6, TnI, ST2, sFlt-1

The 123I-mIBG parameters were strongly correlated with standard 
echocardiographic measures, especially GLS and GRS, and with 

galectin-3.

Ky et al., 2014
[47]

78
DOX + cyclophosphamide -> 

paclitaxel + trastuzumab
TnI, CRP, GDF-15, MPO,

PlGF, sFlt-1

TnI, CRP, GDF-15, MPO, PlGF, and sFlt-1 levels increased from 
baseline to visit 2. Interval increases in TnI (HR, 1.38) and MPO 
(HR, 1.34) levels, alone or in combination, were associated with 

cardiotoxicity.
Sanchez-Sanchez et al., 2022

[83]
52

Anthracycline-based 
chemotherapy

25-miRNA panel
Exposure to anthracyclines was associated with downregulation of 

miR-4732-3p ( p<0.05).
Kastora et al., 2022

[76] 1167 DOX + cyclophosphamide
GDF-15, Gal-3, proBNP,

hs-cTnT, PlGF, MPO, 
hs-CRP, FLT1

Higher GDF-15 and Gal-3 levels were associated with early AIC (HR, 
3.74 and 4.25, respectively).

Patel et al., 2021
[77]

1160
Anthracycline-based 

chemotherapy
NT-proBNP, sST2, Gal-3

Anthracycline recipients had higher NT-proBNP levels than non-
recipients, whereas sST2 and Gal-3 levels did not differ signifi cantly.

Pillai et al., 2022
[80] 34

Anti-HER2 therapy
(trastuzumab ± pertuzumab)

cTnI, miR-34a, miR-21,
miR-133, miR-1, miR-

30e

cTnI was correlated with miR-34a, miR-21, miR-133, miR-1, and miR-
30e. cTnT was signifi cantly correlated with all measured miRNAs 

(>99% CI).
Zare et al., 2023

[81]
70

Anthracycline, paclitaxel,
docetaxel

miR-3135b-5p
miR-3135b expression was higher in chemotherapy-induced 

cardiotoxicity (P=0.0001) and correlated with ejection fraction (r=0.5).

Feng et al., 2021
[82]

72
Epirubicin + cyclophosphamide,
docetaxel + trastuzumab (EC-

D+T)
miR-130a

miR-130a levels were higher at all treatment stages of cardiotoxicity. 
Baseline miR-130a levels independently predicted EC-D+T 

cardiotoxicity (OR 3.827).

Micheletti et al., 2021
[87]

170
DOX, paclitaxel,

trastuzumab
hsCRP, TNF-α,

homocysteine, Fe

DOX increased hs-CRP, TNF-α, and Fe levels; paclitaxel altered hs-
CRP, TNF-α, homocysteine, and Fe levels; and trastuzumab increased 

hs-CRP and TNF-α levels.
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established and emerging biomarkers, highlighting their role 
in early detection and risk stratifi cation [88]. Traditionally, 
the identifi cation of a cardiotoxicity event depends on clinical 
evidence, radiographic indicators (such as echocardiography 
or magnetic resonance imaging), or changes in biomarkers. 
Clinical trials have mainly reported HF and myocardial 
dysfunction; however, there is variability in cardiotoxic events. 
Recent guidelines consider a wide range of cardiac disorders 
of increasing signifi cance, such as arrhythmias, valve 
dysfunction, coronary artery disease at any stage, arterial or 
venous thromboembolism, myocarditis, and pericarditis [89]. 

Among the available diagnostic tools, cardiac troponins 
combined with GLS currently represent the most robust 
and clinically applicable strategy for the early detection 
of cardiotoxicity. Troponins provide high sensitivity for 
myocardial injury and have demonstrated consistent prognostic 
value in multiple studies [44–48]. In parallel, GLS enables the 
detection of subclinical LVD before changes in LVEF become 
evident, allowing earlier clinical intervention [10].

Natriuretic peptides, including BNP and NT-proBNP, offer 
complementary information by refl ecting myocardial wall 
stress and hemodynamic burden in patients with HF. However, 
their role in the early detection remains limited because 
elevations often occur at later stages of myocardial dysfunction. 
Despite their prognostic value, they should be interpreted in 
conjunction with imaging fi ndings rather than as standalone 
early markers [90].

Emerging biomarkers, such as MPO, MMPs, Gal-3, 
infl ammatory markers, and miRNAs, provide important 
insights into the underlying mechanisms of cardiotoxicity, 
including oxidative stress, infl ammation, and myocardial 
remodeling. Although several studies suggest a potential 
predictive value, the current evidence remains heterogeneous 
and is often derived from small cohorts with variable 
methodologies. The absence of standardized cutoff values and 
limited reproducibility further restrict their integration into 
routine clinical practice [52,60,68,87,91].

A multimodal approach integrating circulating biomarkers 
with advanced imaging techniques appears to be the most 
effective strategy for the early detection and risk stratifi cation of 
CTRCD. Several randomized multi-center prospective studies, 
such as CardioToX (NCT04790266) and the CardioCare project 
funded by Horizon 2020 (955175), are presently underway 
with the goal of evaluating the use of circulating biomarkers 
and cardiac imaging in the diagnosis of cardiotoxicity in 
BC patients receiving cardiotoxic cancer therapy, such as 
anthracyclines and/or trastuzumab [92,93]. This integrated 
strategy supports a shift toward personalized monitoring and 
timely interventions in cardio-oncology. 

Limitations

The studies or trials included in this review have 
acknowledged several limitations. The authors’ defi nition of 
CTRCD, which clearly differs throughout the scientifi c literature 
and makes comparisons between other research diffi cult, 

is a crucial issue pertaining to any clinical investigations or 
trials. The diverse therapeutic regimens, the sample size of 
the studies/trials, the time points at which the biomarkers are 
evaluated, and/or the various assays employed to identify each 
marker may all contribute to the diversity of results shown in 
studies concerning several biomarkers. Additionally, it was 
clear that some biomarkers were not repeatable across clinical 
trials.

Further perspectives

The risk assessment tools while widely used to stratify 
cancer patients, face several validation and application 
problems according to recent clinical studies such as 
underestimation of risk and limited discriminatory power. The 
investigation of new biomarkers in cardio-oncology moves the 
emphasis from treating irreversible heart failure to preventing 
(CTRCD) in a proactive, precision-based manner. They enable 
medical professionals to intervene prior to the appearance 
of structural damage on routine echocardiograms. A multi-
marker algorithmic approach is becoming more prevalent in the 
integration of these markers. Modern clinical trials are creating 
customized pre-treatment cardiotoxicity risk assessments 
by evaluating patient characteristics using machine learning 
algorithms. While encouraging, larger prospective studies are 
needed to standardize thresholds and determine the optimal 
monitoring intervals before these markers can reach their full 
potential.

Conclusion

The European Society for Medical Oncology and the 
European School of Cardiology have published guidelines 
for the prevention, diagnosis, treatment, and monitoring of 
individuals susceptible to cardiotoxicity. To reduce the frequency 
of cardiac adverse events, oncologists should adhere to these 
recommendations. To expand our current understanding and 
raise awareness regarding the biomarkers that are currently 
being studied for the detection and prediction of CTRCD in 
patients with BC, we undertook a comprehensive literature 
review. The advantages and disadvantages of the current leading 
methods for managing cardiotoxicity through biomarkers have 
been emphasized, with the goal of facilitating the creation of a 
more precise risk stratifi cation model for predicting and early 
identifying cardiotoxicity in this population. We examined 
the existing evidence on classical biomarkers and compiled a 
list of recently explored biomarkers. A combination of serum 
and imaging biomarkers is typically advised for the best and 
most accurate risk assessment of those at risk of developing 
chemotherapy-induced cardiotoxicity. To validate the current 
and recently identifi ed signs and predictors of cardiac damage, 
this review emphasizes the necessity of additional prospective 
clinical trials with adequate statistical power. 
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