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Abstract

Acute lymphoblastic leukemia is the most common hematological malignancy at pediatric age. Cardiotoxicity holds
the first place among the causes of morbidity and mortality in these patients. Anthracyclines are cytostatic drugs
frequently associated with cardiotoxicity. Early diagnosis of cardiac impairment during the treatment of pediatric
patients is extremely important, both for modulating future chemotherapy and for administering cardioprotective
agents. Long term monitoring after chemotherapy helps to identify the risk of late cardiotoxicity among cancer
survivors. There are several biomarkers, already in use or still under study, which may represent an operator-in-
dependent alternative for echocardiography in the diagnosis of cardiotoxicity. In case of cardiac damage, the
clinician has options for treating or limiting the progression, either with the use of already approved agents, such
as Dexrazoxane, or by administrating other cardioprotective drugs. International experts are still attempting to
establish the best algorithm for early detection of cardiotoxicity, as well as the most efficient treatment plan in case
of already existing myocardial damage in these patients. We present a review on treatment-related cardiotoxicity,
including mechanisms of development, useful biomarkers and treatment options, after carefully analyzing specialty
literature.
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Introduction dence of acute lymphoblastic leukemia (ALL)
is 30.9/million inhabitants (3). It is mandatory
to assign patients to risk groups, to establish the
diagnosed with cancer (1) and 25-30% of them most appropriate therapeutic plan, and to deter-
develop acute leukemia (2). The overall inci- mine the prognosis (4).

Approximately 130 children/million/year are
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Currently, an event-free survival of 87.5% after
5 years has been reached (3). The cardiovas-
cular side effects occupy the first place among
the causes of mortality and morbidity (5), more
than 7% of the pediatric oncological patients
will develop heart failure after 30 years from the
diagnosis (6). The most frequently incriminated
agent is the group called anthracyclines (AC).
The cardiac damage is dose dependent and a
cumulative dose (CD) of 250-300 mg/m?, used
by pediatric protocols, usually induces only an
asymptomatic pathology, proved by performing
echocardiographies (7).

Chemotherapy-induced cardiotoxicity (CIC)
can be divided into two categories: type 1, con-
sidered irreversible, occurring by damaging the
myocytic microstructure, leading to necrosis or
cell apoptosis, respectively type 2, represent-
ed by myocytic dysfunction without structural
anomalies, which can be remitted after the end
of the administration of the medicinal product
causing it (8).

AC are frequently used through various phar-
maceutical forms: doxorubicin, epirubicin, ida-
rubicin, daunorubicin. The most frequently used
product is doxorubicin, extracted from a mutated
strain of Streptomyces Peucetius. It is composed
of a naftacenequinon nucleus and an amino-sug-
ar, daunozamine. Excretion is done through the
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liver and the kidneys, the product having a bi-
phasic half-life, after 5 minutes, respectively af-
ter 30-40 hours (9). Its structure is presented in
Figure 1.

The first documentation of cardiotoxicity in
ALL patients was in 1967 (11). AC are known
to cause irreversible and dose-dependent cardiac
impairment, translated into subclinical dysfunc-
tion, arrhythmias, cardiomyopathy, and conges-
tive heart failure (12). There are studies show-
ing patients with partial remission of this injury,
probably due to early detection (13).

CIC is defined by the “Cardiac Review and Eval-
uation Committee” as cardiomyopathy with a
decreased left ventricle ejection fraction (LVEF)
at a global or mostly septal level, symptoms and
signs of congestive heart failure, including gal-
loping noise and tachycardia, a decrease of at
least 5% of LVEF in symptomatic patients or at
least 10% in asymptomatic ones, up to a LVEF
value of less than 55% (14). Another group of
criteria used to define CIC involves an increase
above the threshold value of troponin I or tro-
ponin T, a temporary or persistent decrease of
LVEF by 10% compared to the pretreatment lev-
el or a decrease below 55%, new areas of myo-
cardial fibrosis detected by gadolinium-enriched
magnetic resonance examination, worsening of
diastolic function shown by echocardiography,

Doxorubicin

Doxorubicinol

Fig.1. The chemical structure of Doxorubicin and Doxorubicinol
(modified and adapted after Wang GX et al (10))
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pericarditis, newly installed or unstable myocar-
dial ischemia, rhythm disorders, valvulopathies
(15).

According to the moment of development, car-
diotoxicity is categorized as: acute, during the
first week following AC in fewer than 1% pa-
tients, with arrhythmias, electrocardiogram ab-
normalities, myocarditis, pericarditis to conges-
tive heart failure, early, during the first year after
diagnosis in 1.6-2.1% patients, with decreased
left ventricle contractility, and late, occurring af-
ter this temporal interval, 65% of surviving chil-
dren presenting cardiac impairment after 6 years
from end of therapy (6).

Mechanisms of development

The mechanisms of CIC include direct cellular
toxicity on myocytes, ischemia induced by va-
soactive effects, thrombogenesis, myocardial
inflammation and interference with transmem-
brane channels (16). A schematic representation
is shown in Figure 2.

One of the hypothesis is the generation of free
oxygen radicals following the reaction between
the AC structure, oxygen molecules, and cell
electrons (18). Another hypothesis is the inter-
mediation of AC drugs among nucleic acids,
resulting in the interference of cellular replica-
tion through an enzyme-dependent iron-relat-
ed process, the patients with an increased iron
concentration in tissues being prone to cardiac
impairment (19). It seems that hemochromatosis
C282Y gene carriers present a higher risk for de-
veloping CIC (19).

There are two types of topoisomerase 2 (Top2):
Top2a, essential in AC antitumor action, and
Top2B, whose inhibition causes ruptures in the
DNA structure, leading to cellular death. Top2[3
determines the activation of p53, stimulates the
production of antioxidants, but also inhibits the
coactivators la and 1 of peroxisome activated
receptor, which are vital in mitochondrial syn-
thesis. A study on rats showed that an increased
blood level of Top2 was noticed in patients sen-
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Fig. 2. Mechanisms of action of Doxorubicin at the cellular level.
DOX: doxorubicin, Fe: iron, ROS: reactive oxygen species, Ca: calcium, Top2: topoisomerase, NO: nitric oxide
(modified and adapted after Lipshultz SE et al (17))
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Some experts suggest that dystrophin, a cyto-
skeletal protein, has a role in the development
of CIC, while other scientists study the interac-
tion between sarcolemma, sarcomeres, and the
occurrence of both systolic and diastolic cardiac
dysfunction (20).

In addition to myocytes, 20% of the heart struc-
ture consists of fibroblasts, endothelial cells,
adipocytes, and smooth muscle. They may be
affected by AC even before the myocytes, so
cardiomyopathy is preceded by alterations in the
supporting matrix (20). Moreover, data from an-
imal models suggest that AC leads to a decrease
in c-Kit in cardiac progenitor cells, being the
reason why the response to pathogenic stress is
diminished and the injury repair no longer takes
place (21).
Anotheraspectistheimpairmentofdiastolicrelax-
ation by titin proteolysis, calpain-dependent, and
the accumulation of intracellular calcium (22).
Myocytes become more susceptible to chang-
es in neuregulin-1 and ErbB signals, through
phosphoinositid-3-kinase, AKT-kinase serin-tre-
onin-specific, mitogen-enabled protein-kinase
and ERK-kinase (22). The prolonged exposure
of the organism to AC may result in decreased
cardiac glutathione peroxidase activity, defects
in the respiratory chain with damages to the mi-
tochondrial DNA, and generation of free radi-
cals. They are formed even after completing the
AC-based treatment, causing late CIC (6).
Possibly the most important aspect correlated
with the occurrence of CIC in ALL pediatric
patients is the CD (6). International guidelines
recommend not to exceed 450-550 mg/m? per
patient (18). Exposure to a total dose of 151-200
mg/m? AC is associated with odds ratio of 3.69
of CIC, between 201-250 mg/m? the risk doubles
and the probability reaches 23.47 when the CD
increases above 251 mg/m? (23).

Another risk factor to be considered is gender;
girls develop CIC four times more frequently
than cancer-diagnosed boys. Obesity also seems

to be an important factor (6). Some studies have
shown that young age at diagnosis is associat-
ed with an increased risk of cardiac impairment
(24). Other factors involved in the occurrence
of CIC highlight cardiac pathology, metabolic
deficits (25), and the type of administered AC
product, doxorubicin being more toxic to cardiac
tissue than epirubicin (16).

Biomarkers used in diagnosing CIC

Early diagnosis of cardiac impairment in ALL
children is important to modulate chemotherapy
and to add cardioprotective agents (25). Distance
monitoring after end of treatment is useful to se-
lect survivors at risk of developing late cardio-
toxic effect (24). At present, the most effective
method of detecting myocardial injury has not
been established (8).

Differential proteomics is the method which
can identify the specific biomarkers of a certain
disease/tissue/organ by quantifying the level ex-
pressed between the targeted patients and a con-
trol group. The term of “biomarker” was defined
in 1989 (26). In case of cellular death and met-
abolic stress, several intracellular proteins are
released into the bloodstream (16). In the con-
text of lesions caused by ischemia of myocar-
dial cells, these biomarkers are early indicators
of cardiac injury, but CIC is not produced sole-
ly through this mechanism; therefore, it is not
easy to evaluate the kinetic properties of cardiac
markers (27).

Perhaps the most studied tests for early detection
of CIC are troponin I, C, and T. These are pro-
teins found in skeletal, myocardial, and smooth
muscles (13) and they control the calcium-de-
pendent link between actin and myosin (28, 29).
In 2004, the FDA called troponins sensitive,
specific and robust biomarkers of cardiac injury
which enable the detection and quantification of
cell lesions and apoptosis caused by drugs (8).
In patients with different malignancies, troponin
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values increase directly proportionally to CD of
AC, are correlated with the degree of cardiac
impairment found in anatomopathologic analy-
sis, and are associated with clinical signs of left
ventricle dysfunction. The levels are even higher
in patients subjected to a more aggressive and
longer-term chemotherapy regimen (8).

Drafts’s study on 37 patients who received
doxorubicin, respectively 16 with daunorubicin,
showed troponin I had a growing trend, reaching
positive values in 25% patients after six months
from the beginning of the treatment (8). Lip-
shultz et al. followed 100 patients who received
doxorubicin and 105 who received doxorubicin
associated with dexrazoxane, concluding that
the level of troponin I during the first 90 days of
treatment was predictable for myocardial dam-
age four years later (8).

A study conducted by Oztarhan on a group of
276 children with ALL, followed over a sev-
en-year period, concluded that diastolic dys-
function appeared earlier compared with the sys-
tolic one, respectively to the increase in cardiac
biomarkers, as well as the changes in troponin
values were associated with the occurrence of
congestive myocardial insufficiency (30).

In a reference study, Cardinale et al. showed that
in breast cancer patients treated with high doses
of chemotherapy there was a clear correlation
between the increase in troponin levels after
treatment and the decrease in LVEF (31). In an-
other study, Lee analyzed a group of 86 patients
and showed troponin values correlated with both
LVEF and CD of AC (32).

In opposition, there are studies which contradict
the usefulness of these markers and support the
hypothesis that the variations are due to phys-
iological changes or underlying cardiovascular
conditions (8). Moreover, several studies have
shown that troponin was not useful for the assess-
ment of CIC after 1-2 years following chemo-
therapy (12). Soker and Kervancioglu conducted
an analysis on a group of 31 patients treated with

Doxorubicin (33), and Specchia et al. analyzed
a group of 17 patients diagnosed with ALL (34),
whose level of troponin remained undetectable
throughout the study.

In the paper authored by Tian S., reference is
made to four studies conducted on breast can-
cer patients, treated with AC, where the correla-
tion between troponin I and LVEF was analyzed
(35). Two of these studies, carried out on 92
and 33 patients, respectively, did not find any
correlations (36,37). However, Feola et al. ana-
lyzed 53 patients in whom troponin I registered
an increase after one month from the beginning
of the treatment, which subsequently returned to
normal values (38), and Garrone et al. concluded
there was a correlation between the increase of
this biomarker and the decrease of LVEF in 50
women (39).

In specialty literature, there are few studies on
the evaluation of cardiotoxicity in pediatric pa-
tients treated with AC by monitoring the dynam-
ic changes in troponin I. In a study on 50 children
with ALL, the values of this biomarker changed
during therapy (40). However, Rajesh et al. did
not find any changes in troponin after treatment
in 29 children (8). Furthermore, in a group of 70
patients there were no significant changes (41).
Troponin | appears to be more suitable than tro-
ponin T or C to detect myocardial lesions with
greater precision. An explanation for this could
be its lower molecular weight and kinetic curve,
which enable early quantification (8). The rhythm
of troponin release into the bloodstream has not
yet been established, so further measurements are
needed to capture the exact dynamics (16).
Furthermore, new studies on high-sensitivity
troponin are in progress, which appear to offer
promising results (42). It was noticed that adding
the troponin value to the measurement of glob-
al longitudinal deformation led to an increased
predictive value, but the echocardiographic pa-
rameter remained the only independent predictor
within the model (43).
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The natriuretic peptide is synthesized in the atria
and ventricles following injury of cardiac walls
and increased pressure (28). It produces natri-
uresis and vasodilation through guanosine-cy-
clic-monophosphate mediated mechanisms. It
can be used in the diagnosis of heart failure and
cardiomyopathies (8).

An increase in B-type natriuretic peptide, cleaved
from a pre-pro-peptide to pro-BNP (35), is asso-
ciated with the early detection of cardiac dam-
age in oncologic patients, but it is not correlated
with LVEF changes. In parallel, A-type natriuret-
ic peptide does not appear to be useful for this
purpose. The inactive fragment of BNP seems to
have elevated values in patients diagnosed with
cancer, especially in those treated with AC (8).
Moreover, it appears that elevated values of both
are predictive for late-onset CIC (13).

The heart-type fatty acid binding protein
(H-FABP) is a small molecule found in the cy-
toplasm, which participates in the elimination of
free radical acids. H-FABP records an increase
during the first 2-3 hours from the myocardial
injury or even after one hour (35).

There are studies attesting the value of H-FABP
in the context of patients receiving cytostatic
treatment with AC. ElGhandour et al. analyzed
H-FABP changes in 40 patients diagnosed with
Hodgkin lymphoma who received AC-based
treatment, without exceeding 300 mg/m? CD.
The results were favorable, this biomarker in-
creased in 25% of patients even after the first
cycle of chemotherapy, while after the last cycle
8 out of 10 patients had decreased LVEF levels
associated with a significant increase in H-FABP
(44). Another analysis showed the inhibition of
the H-FABP gene expression following the ad-
ministration of Doxorubicin over a longer period
(45). In another study, 20 children who benefit-
ed from HSCT were evaluated on days 0, 7, and
21 using a panel of cardiac markers, including
H-FABP. It was shown that H-FABP on day 21
was higher than baseline, p < 0.05 (46).

A group of 47 adult patients, who received stan-
dard chemotherapy or conditioning regimen for
HSCT, did not present H-FABP variations (47).
The experiment carried out by Lai and Wang di-
vided rabbits into a control group and four groups
of subjects which received increased doses of
doxorubicin. Only the subset which received the
highest CD showed increased values of H-FABP,
that is why the authors concluded this biomarker
might not be suitable for assessing early cardiac
damage induced by AC (48).

high-sensitivity C-reactive protein is a biologi-
cal marker without cardiac specificity, an acute
phase protein, and its expression is adjusted by
interleukins 1, 6 and tissue necrosis factor (35).
Some international studies have shown that there
was a link between elevated values of high-sen-
sitivity C-reactive protein and cancer survivors,
but without any correlations with changes in
echocardiographic assessment. The motivation
seems to be related to the inflammatory effect of
chemotherapy and not to the cardiotoxic effect
of drugs (8).

Glycogen phosphorylase BB is a newly suggest-
ed test for CIC diagnosis (8). It is a heart-specif-
ic glycogen-lithic enzyme that carries glucose to
smooth muscles (35). In a study related to high-
dose chemotherapy followed by HSCT, results
showed increased levels of this biomarker, not
correlated with troponin or natriuretic peptide
values, which is why it is not possible to con-
clude whether it is a more sensitive essay, or the
increase is related to the aberrant changes in this
protein (8).

Myeloperoxidase is a proatherogenic enzyme
present in neutrophils, which leads to the forma-
tion of free radicals and lipid peroxidation (49).
The increase of the myeloperoxidase value after
AC administration, and its subsequent decrease,
proved to be correlated with the occurrence of
late cardiac involvement, especially in combina-
tion with the modification of echocardiographic
parameters (32).
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Circulating antioxidants in peripheral blood ap-
pear to register a decrease directly proportional-
ly to the AC dose administrated to patients (8).
Circulating microRNAs represent noncoding
fractions of RNA and play a role in homeostasis
(8) and in the mechanism of response to oxida-
tive stress and cellular injury (50). They can be
detected by RT-PCR or sequencing techniques,
directly from the tissue or circulating leukocytes
(13). The quantification of microRNAs can play
a significant role in detecting inflammation and
damaged myocardial cells, post-administration
of the cytostatic treatment (8).

Galectin-3 is a useful biomarker in detecting
myocardial fibrosis in patients with heart failure
(13). In studies on patients treated with chemo-
therapy or cancer survivors, galectin-3 has not
demonstrated its role in the early diagnosis of
CIC, being uncorrelated with other biological
markers with cardiac specificity or with echocar-
diographic parameters (8).

ST-2 protein is part of the interleukin 1 family
and is a marker used in diagnosing myocardial
infarction and heart failure. In some studies, this
test had increased values when analyzing cancer
survivors compared with the control group (13).
Nitric oxide is a small molecule, produced from
arginine, with an extremely important role in
the mechanisms of CIC. A study showed an in-
creased nitric oxide value in pediatric patients
treated with AC, correlated with decreases in
LVEF (39).

Cardioprotective agents

Administration of the same dose of AC during
a longer period has been discussed. Although it
has been shown that infusion over 48-96 hours in
female patients undergoing treatment for breast
cancer reduces the risk for cardiac impairment,
compared with the bolus administration of che-
motherapy, in children with ALL there has not
been any decrease in the incidence of early or

late cardiotoxicity with the same approach (6).
Another investigated aspect was the type of AC
product used. Even though preclinical studies
showed that epirubicin and idarubicin might
be less cardiotoxic, in tests on human patients
these results were not conclusive (6). There are
several new products (liposomal doxorubicin, li-
posomal daunorubicin, and pegylated liposomal
doxorubicin) which have shown the same tumor-
icidal properties as traditional preparations, but
without the association with the same degree of
cardiac impairment, toxic CD rising to 600-900
mg/m?. However, for the time being, these drugs
have been studied only on adult groups, with no
extrapolation of the results in children (8).
Another strategy to reduce the risk of CIC de-
velopment is the concomitant administration
of cardioprotective agents. Dexrazoxane is the
only drug approved by the FDA to prevent the
occurrence of cardiotoxicity induced by AC ad-
ministration (22). It inhibits Top2, leading to the
chelation of free iron or doxorubicin-iron com-
plex, thus limiting the formation of free oxygen
radicals (6).

Currently there are numerous studies attesting to
the cardioprotective value of this drug, both in
adult patients and children. By administering it
simultaneously with the AC dose, dexrazoxane
protects the heart from side effects (6), decreases
the level of cardiac biomarkers (8), and improves
the results obtained in echocardiographic assess-
ments (50). Likewise, according to studies, it
seems that the effect is much more pronounced
in female patients than in boys (51).

However, there are opinions against the routine
use of dexrazoxane because of possible protec-
tive effect not only at myocytic level, but also
on the tumor cells. A few studies on large groups
of patients disproved of this premise, demon-
strating a similar healing rate between the group
receiving and the one without additional treat-
ment with dexrazoxane (6). At the same time,
the hypothesis that the use of this agent increas-
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es the risk of a secondary malignancy was con-
tradicted (8).

Several angiotensin converting enzyme inhibi-
tors were taken into consideration, such as val-
sartan, captopril, and enalapril (6), which reduce
the cardiotoxic effects induced by doxorubicin in
adult oncological patients, without significantly
influencing blood pressure. At the same time,
zofenoprilat appears to be useful in this context
(52). For the time being, however, there are no
data on the correct dosage, nor the optimal time
of administration, either concomitantly with the
AC dose or a month apart (8).

Statins are used in patients with atherosclerot-
ic disease, having a reducing effect on lipids,
anti-inflammatory and antioxidant. According
to studies on this subject, statins may represent
agents capable of decreasing the incidence of
CIC (28). Lovastatin, Fluvastatin, and atorvasta-
tin were analyzed for this purpose (22).
Carvedilol and nebivolol are adrenergic antago-
nists used in the treatment of cardiovascular dis-
eases, which demonstrated properties of antiox-
idant and reducing agents of CIC in preclinical
studies (8).

Probucol is an antioxidant and a lipid reducer,
which has been studied in mice. It appears to de-
crease the risk of atherosclerotic disease without
influencing the cancerous effect of doxorubicin.
Some studies have shown that mice which did
not receive Probucol before AC administration
presented a lower level of an antioxidant en-
zyme, GSHPx, or a superoxide-dismutase, and
another analysis showed the protective activity
of probucol against thiobarbituric acid, an oxi-
dative stress marker (6).

N-Acetylcysteine is a mucolytic agent with an-
ti-cardiogenic and anti-genotoxic properties,
which is considered a potential cardioprotective
agent (6).

Sildenafil is a phosphodiesterase inhibitor used
in the treatment of pulmonary hypertension in

children with congenital heart disease. Its car-
dioprotective effect has been studied in adults
treated with chemotherapy with very promising
results (6).

Adiponectin is a hormone involved in various
metabolic processes. Studies on mice highlight-
ed its potential to reduce CIC (53).
Erythropoietin is produced in kidneys, but it is
also found in other tissues, such as cardiac, ce-
rebral, muscular, and spinal tissue. A decrease
in CIC incidence was shown on mice receiving
doxorubicin and erythropoietin concomitantly
(6).

Amifostine is a cytoprotective phosphatase,
which seems to have an effect against CIC, at
least in preclinical studies (6).

A flavonoid, monohydroxyethylrutoside, showed
promising results on mice, but human patients
are still under investigation (9).

Rimonabant is a cannabinoid receptor antagonist
used in obese patients setting (54) which seems
to have cardioprotective effects by interfering
with some mechanisms of doxorubicin (9).

In addition to these pharmacological agents, oth-
er strategies for reducing CIC incidence have
also been studied. Therefore, although mild food
restrictions may diminish the risk of cardiac im-
pairment, a specific dietary regimen for these
patients has not yet been established. There is
currently no consensus on the benefits offered by
physical exercise (20).

Conclusions

Despite the efforts to limit the incidence of treat-
ment-related cardiotoxicity by developing proto-
cols involving the use of few AC doses, but also
by simultaneous cardioprotective agents, cardiac
impairment induced by oncological treatment
remains an important problem among pediatric
cancer survivors.
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