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ABSTRACT: Anthracyclines are the cornerstone of therapy for a wide range of solid and hematologic malignancies; however, their use is limited

by the risk of chemotherapy-induced cardiotoxicity leading to cardiomyopathy and heart failure. The incidence of cardiotoxicity in the literature

depends on the definition being used, anthracycline dose, duration of follow-up, and surveillance methods used to identify cardiac injury. The

reported risk of clinical heart failure has been around 2% to 4% with low-dose anthracycline regimens, whereas the incidence of cardiac injury

defined by an abnormal increase in cardiac biomarkers has been reported as high as 35%.

Multiple mechanisms have been proposed for anthracycline cardiotoxicity, including the deleterious effects of oxidative stress and reactive

oxygen species and the inhibition of topoisomerase Il beta, which leads to cardiomyocyte death. In addition, genetic susceptibility is an emerging

field that is currently generating active research. The risk factors associated with anthracycline cardiotoxicity include lifetime cumulative dose,

age, prior cardiac dysfunction, and the presence of cardiovascular risk factors, in particular hypertension. In this review, we summarize the

incidence, mechanisms, and risk factors for anthracycline-mediated left ventricular dysfunction and discuss the role of risk stratification and early

detection in patient management.

INTRODUCTION

Anthracyclines have successfully been used for several
decades to treat a wide range of malignancies and currently
play a key role in the treatment of both hematologic and solid
tumor cancers. The discovery of the anthracycline family

of drugs dates back to the 1950s with the identification of
daunorubicin from the soil bacterium Streptomyces peucetius.'
Since then, anthracyclines have been used in combination

with other chemotherapeutics and targeted therapies to treat
malignancies including lymphoma, sarcoma, breast cancer, and
pediatric leukemia.? The first reports of anthracycline-related
left ventricular (LV) dysfunction and heart failure (HF) marked a
series of changes in oncology and cardio-oncology practices,
including the limitation of dose, assessment of cardiac function
before anthracycline administration, and investigations of
preventive strategies to reduce cardiotoxicity.® In this review,
we summarize the incidence, mechanisms, and risk factors

of anthracycline-related cardiomyopathy and discuss the
importance of risk stratification and early detection in patient
management.

INCIDENCE
Chemotherapy-induced cardiomyopathy is a disease spectrum

ranging from cardiac injury—detected by biomarkers and
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asymptomatic decline in systolic function as measured by left
ventricular ejection fraction (LVEF)—to the development of
overt symptoms and clinical signs of HF.* The incidence of
cardiomyopathy and HF in those treated with anthracyclines

is variable. Von Hoff et al. were the first to note a continuum of
increasing risk as the cumulative amount of drug increased—
with an HF incidence of 3% at 400 mg/m?, 7% at 550 mg/m?,
and 189% at doses of 700 mg/m?2.® A retrospective analysis by
Swain et al.® that included 630 patients treated with doxorubicin
for breast cancer and small cell lung cancer reported that
26% of patients experienced anthracycline-related HF at a
cumulative dose of 550 mg/m?. Since the 1990s, the doses

of anthracycline used in the treatment of many cancers have
continued to decline, and in some malignancies, such as
subgroups of breast cancer, anthracyclines are being replaced
as first-line therapy.®

In a Medicare study of 43,338 patients with breast cancer
treated with either anthracyclines or another chemotherapy

and followed over a median of 53 months, anthracycline-based
chemotherapy was associated with an adjusted HR of 1.26 (CI
1.12-1.42) for development of congestive HF in women aged 66
to 70.7 In the pediatric and young adult population, survivors of
childhood cancer who were treated with anthracyclines and/

or mediastinal radiotherapy were reported to have a 15-fold
increased lifetime risk of HF compared with matched controls.®
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Among patients older than 65 years who were treated with
commonly used anthracycline doses, the rate of anthracycline-
associated HF is reported to be as high as 10%.° The short-
term risk for developing HF is also increased in older patients
with pre-existing cardiovascular risk, with one study reporting
a 17% incidence of clinical HF at 5 years among survivors of
aggressive non-Hodgkin's lymphoma.®

The incidence of cardiotoxicity also varies according to how

it is defined. Cardiotoxicity spans the continuum of severity,
ranging from asymptomatic detectable structural changes on
cardiac imaging, or the detection of measurable biomarkers
before structural or electrical change is evident, to overt clinical
symptoms requiring urgent hospitalization, cardiogenic shock,
and/or refractory HF treated with advanced HF therapies.
The incidence of different subtypes of cardiotoxicity (mostly
from low-dose anthracyclines) has been reported in the range
of 2% to 4% for clinical HF decompensation, 9% to 11% for
subclinical change identified on cardiac imaging, and 30% to
35% for cardiac injury defined as biomarker increase.’® With
novel generations of more sensitive biomarkers, the threshold
for detecting cardiac injury has been lowered, although the
relevance of these findings in clinical practice remains to be
elucidated.

A distinction has also been made between the timing of
cardiotoxicity, with early toxicity occurring within the first year of
treatment and late cardiotoxicity defined as toxicity that manifests
after several years (median of 7 years post-treatment).>'" This
classification was based on retrospective studies in which

the decline in LV function was determined either after HF
developed or on random evaluations in pediatric cancer patients.
A recent study by Cardinale et al. that involved 2,625 patients
demonstrated an overall incidence of cardiotoxicity of 9% after
anthracycline treatment. In this study, 98% of the cases occurred
within the first year and were asymptomatic.''

MECHANISMS

Despite our ever-increasing understanding of the molecular
basis of anthracycline-induced cardiotoxicity, the exact
mechanism of action remains unknown. Several theories have
been proposed over the years, and our current knowledge
suggests that the deleterious effects of anthracyclines affect
cardiac myocytes at various cellular levels." The following
pathways have been implicated in anthracycline cardiotoxicity
(Figure 1).

The most-widely accepted hypothesis for the mechanism
of anthracycline-induced cardiomyopathy is the generation
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of excess reactive oxygen species (ROS), which occurs

by electron exchange between oxygen molecules and the
anthracycline quinone moiety and other cellular electron
donors.' An imbalance of increased downstream oxidative
stress products and reduced upstream antioxidants is thought
to result in lipid peroxidation, cellular membrane disruption,

and DNA/RNA damage leading to cellular apoptosis and
fibrous tissue formation.'*'® In cardiomyocytes, the quinone
moiety of anthracyclines is subject to univalent reduction to

a semiquinone radical, which auto-oxidizes in the presence

of molecular oxygen to re-form the quinone of the parent
anthracycline and the free radical superoxide anion. This auto-
oxidation process forms a repeating cycle, resulting in continued
production and accumulation of superoxide anions."” In turn, the
paucity of free radical scavenging enzymes in cardiomyocytes
leads to oxidative stress that may result in cardiomyocyte injury
and/or cell death.”'® The generated ROS can also interact with
mitochondrial DNA, lipids, and proteins, disrupting the normal
mitochondrial function and reducing cellular energy reserves.'®
The high concentration of mitochondria in cardiac myocytes
and the ability to upregulate their production in response to
hypertrophy may predispose the heart to anthracycline toxicity
more than other body tissues.?>?' The free radical hypothesis
has led investigators to study the role of antioxidants in
preventing or reversing anthracycline cardiomyopathy, but data
on clinical or subclinical benefits remain elusive.?*?* Reactive
oxygen species may also be generated by the formation of
anthracycline-iron complexes that undergo redox cycling.?®

A novel study, however, showed that the accumulation of
mitochondrial rather than cytosolic/extracellular iron potentiates
the cardiotoxicity.?® Transgenic mice with upregulated
mitochondrial iron exporters were found in one study to be
protected from anthracycline cardiotoxicity, and these findings
have supported the mechanism of action of dexrazoxane, a
cardioprotective iron chelator that reduces mitochondrial iron
levels.?”

Recent years have yielded a better understanding of the role of
topoisomerase Il beta (TOP2B) inhibition, making it one of the
most conceivable mechanisms of anthracycline cardiomyopathy.
DNA topoisomerases, collectively, are classes of enzymes

that prevent the supercoiling of DNA during replication,
transcription, and recombination.?® In cancer cells, anthracycline
binds with TOP2B and DNA to form a complex that inhibits
cellular replication and triggers cell death.?® Topoisomerase

I exists in two isoenzymes in humans, topoisomerase |l

alpha (TOP2A) and TOP2B. TOP2A is largely expressed in
replicating cells, whereas TOP2B exists in quiescent cells

such as cardiomyocytes. It was proposed that the interaction
between anthracycline and TOP2B in cardiac myocytes is

JOURNAL.HOUSTONMETHODIST.ORG



METHODIST DEBAKEY CARDIOVASCJ | 15 (4)2019

REVIEW

P53 apoptotic pathways\

Inhibits transcription
of antioxidants

[p]0) ¢
TOP2B

DNA breaks .

TOP2B

Antioxidants pathways

Nucleus

Figure 1.

Mitochondria

3-\‘
1 te

H 5
Upidﬁon\

DNA damage
Protein denaturation
Inhibit ATP synthesis

NAD*
NADH =

[0,1+[0,] + H,, Superoxide dismutase O,+H,0,,

Peroxidase 2H.0

Catalase 2H,0+0,

Cellular pathways involved in anthracycline-induced cardiotoxicity using doxorubicin as an example. NADPH: nicotinamide adenine dinucleotide phosphate;

DOX: doxorubicin; TOP2B: topoisomerase |l beta isoform

responsible for anthracycline cardiotoxicity by causing DNA
breaks and inhibiting mitochondrial biogenesis.? Evidence
supporting this theory comes from animal studies in which mice
embryonic fibroblasts with TOP2B deletion were resistant to
doxorubicin-induced DNA damage.®® Mice with cardiomyocyte-
specific TOP2B gene deletion have also demonstrated
protection from DNA strand breaks, defective mitochondrial
biogenesis, and ROS formation when exposed to anthracycline,
preventing the development of HF.3' Cardiomyocyte exposure
to anthracyclines and TOP2B inhibition also results in impaired
mitochondrial biogenesis and activation of p53, all of which lead
to cardiomyocyte injury and death.®

RISK FACTORS

Cardiac complications of anthracyclines were initially reported a
few years after the introduction of daunorubicin.? As mentioned
earlier, Von Hof et al.® was the first to identify total cumulative
dose as a major risk factor for doxorubicin-related HF.® Through
retrospective analysis, they generated a dose toxicity curve by
plotting the incidence of HF (defined clinically) against the total
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anthracycline dose used across many studies and reported
that there was a continuum of increasing risk with increasing
total anthracycline dose.® A subsequent study by Swain et al.
found a higher HF incidence than reported by the Von Hoff
group, with 5%, 16%, 26%, and 48% of patients experiencing
doxorubicin-related congestive HF at cumulative doses of 400
mg/m?, 500 mg/m?, 550 mg/m?, and 700 mg/m?, respectively.®
With improved understanding of HF pathophysiology, the

term “congestive heart failure” is now rarely used in recent
literature; however, it still persists in oncology reports and in
general indicates symptomatic HF with volume overload. The
Swain group performed a retrospective analysis that included
data from three prospective studies involving 630 patients that
were randomized to doxorubicin plus placebo, with 32 of the
patients developing HF. Age was found to be an important risk
factor for anthracycline toxicity, as was cumulative doxorubicin
dose above 400 mg/m?, with the greatest toxicity being seen
among those older than 65 years of age. It was also noted that
doxorubicin-related HF may be schedule dependent, with a
lower incidence seen in those treated once per week compared
to patients treated once every 3 weeks.**% The most important
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take-home message of these trials is that HF could occur at
relatively low doses, such as < 300 mg/m?, a notion that led to
changes in oncology practice and reduction in anthracycline
doses across many cancer treatment regimens.

Other risk factors in addition to cumulative anthracycline dose
include female gender, African-American race, extremes of age
(> 65 years or < 18 years), and concomitant cardiac exposure
to radiation therapy, all of which have been shown to increase
the risk of cardiotoxicity®®23% and have been incorporated

into risk scores developed for survivors of childhood cancer.
Childhood risk scores can be used to predict the risk of
developing heart failure, ischemic heart disease, and stroke by
age 50 among survivors of childhood cancer, particularly those
within 5 years of their cancer diagnosis.®®*” More recent studies
also reported associations between cardiovascular risk factors
such as arterial hypertension, hyperlipidemia, and existing
myocardial disease with anthracycline cardiomyopathy, leading
to interest in cardiovascular risk factor treatment before, during,
and after anthracycline therapy.'?%®

GENETIC SUSCEPTIBILITY: AN EMERGING CONCEPT

The first genome-wide association study performed in

patients with anthracycline toxicity supported the role of the
anthracyclines—=TOP2B interaction.®® This study identified a
highly significant polymorphism in retinoic acid receptor-gamma
(RARG), a protein known to play a role in the transcriptional
regulation of TOP2B. In vitro studies showed that RARG
represses the expression of TOP2B, and rat cardiomyoblasts
carrying this polymorphism expressed higher basal levels of
TOP2B, which may explain the increased risk of anthracycline
toxicity in carriers of that allele.*® Variants in genes encoding

for membrane transporters that regulate anthracycline influx
(SLC28A3) and efflux (ABCC1, ABCC2, ABCC5) have also
been found to associate with anthracycline toxicity in several
studies.?**% The most extensive evidence exists for one of

the polymorphisms in the SLC28A3 gene, which showed a
protective effect in three pediatric cohorts; the data suggest that
a lower influx of anthracyclines into cardiomyocytes results in
less cardiotoxicity.**4>#* Another gene, UGT1AB, is associated
with the drug detoxification glucuronidation pathway.*® It has
been proposed that reduced UGT1A6-mediated glucuronidation
of anthracycline metabolites may lead to the accumulation

of toxic metabolites in variant gene carriers, which can then
result in the observed anthracycline toxicity risk.*® There is still
much to be learned about the role of genetic susceptibility in
anthracycline toxicity, and investigations are underway.

A recent study by Labeit et al. suggested that rare variants
in genes known to be associated with cardiomyopathies,
particularly titin, can increase the risk of anthracycline
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cardiotoxicity.*” In another recent study, rare titin-truncating
variants were found to be more prevalent in adult and childhood
cancer patients who experienced anthracycline cardiotoxicity
than in the general population.*® This study also found that
anthracyclines were associated with protracted LV dysfunction
in mice with a titin truncation compared to the wild-type mice.
As more information becomes available, the clinical implications/
applications of these finding will need to be determined.

CLINICAL PRACTICE

Risk stratification and early detection of anthracycline
cardiotoxicity are two important aspects of cardio-oncology
care because they provide an opportunity to initiate
cardioprotective strategies and ultimately mitigate the risk of
myocardial injury and HF.*® Current clinical practice is focused
on identifying those at increased risk of anthracycline toxicity,
implementing strategies to minimize the risk, treating those with
clinical or subclinical cardiotoxicity, and developing appropriate
surveillance strategies for long-term monitoring.

The clinical practice guideline that was developed by the
American Society of Clinical Oncology provides a roadmap for
practitioners in this area by guiding them through five clinical
questions geared toward identifying risk, preventive strategies,
monitoring, and treatment of cardiac dysfunction.?° The
guideline provides an excellent summary of reported evidence
and identifies three broad categories of risk:

1. Treatment that includes high doses of anthracyclines (eg,
doxorubicin = 250 mg/m?, epirubicin = 600 mg/m?), high
doses of radiation therapy (= 30 Gy) involving the heart, or
lower doses of anthracyclines combined with lower doses of
radiation therapy;

2. Treatment with lower doses of anthracyclines (eg,
doxorubicin < 250 mg/m?, epirubicin < 600 mg/m?) or
trastuzumab alone with risk factors that include older age,
abnormal baseline LV function, or the presence of multiple
other known cardiovascular risk factors such as hypertension
and diabetes; and

3. Sequential therapy with lower doses of anthracyclines
followed by trastuzumab.

Risk stratification is important because it determines the
approach to prevention, management, and surveillance.?°

The recent guidelines from the American College of
Cardiology/American Heart Association define patients

with cardiotoxicity as having stage A disease, which places
them in a category where they are “at risk” for developing
HF.®" Treatment recommendations for this stage include
aggressive management of cardiovascular risk factors such as
hypertension, hyperlipidemia, and diabetes.®' Managing risk
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factors is particularly important for oncologic patients during the
pretreatment and treatment assessment given the associations
between cardiovascular risk factors and the risk of cardiac
toxicity. As these areas of clinical need continue to grow,
ongoing research and improved understanding of risk and best
strategies to minimize toxicity will be needed.

CONCLUSION

Our understanding of anthracycline-related cardiotoxicity has
grown significantly in conjunction with improved cancer survival.
Ongoing research to improve risk stratification will need to
happen concurrently with the development of new therapeutic
options, mechanistic studies to understand the association with
other therapies, and clinical approaches to hasten diagnoses,
treat cardiotoxicity, and improve outcomes.

KEY POINTS

* Anthracyclines have a proven beneficial role in the
treatment of multiple malignancies but can have
cardiotoxic effects that result in left ventricular
dysfunction and heart failure.

* The proposed mechanisms of anthracycline cardiotoxicity,
although not fully elucidated, include oxidative stress
signaling and reactive oxygen species as well as the
contribution of topoisomerase ll-beta.

* Risk factors for anthracycline cardiotoxicity include the
lifetime cumulative dose, age (very young and old), female
sex, cardiovascular risk factors, prior cardiac dysfunction,
and concomitant treatment with trastuzumab. New data
indicate an association between rare genetic variants
in cardiomyopathy-associated genes and anthracycline
cardiotoxicity.

* Current clinical practice includes assessment of cardiac
function before administration and with high doses of
anthracyclines.
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