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Cancer Treatment-Induced Cardiotoxicity: a Cardiac Stem Cell Disease? 
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Abstract: Cardiovascular diseases and cancer represent respectively the first and second cause of death in industrialized 

countries. These two conditions may become synergistic when cardiovascular complications of anti-cancer therapy are 

considered. More than 70% of childhood and 50% of adult cancer patients can be cured, however this important success 

obtained by the biological and medical research is obfuscated by emerging findings of early and late morbidity due to car-

diovascular events. Although anthracyclines are effective drugs against cancer a dose-dependent cardiotoxic effects whose 

mechanism has not been elucidated resulting in failure of therapeutic interventions limit their use. Unexpectedly, tyro-

sine/kinase inhibitors (TKIs) aimed at molecularly interfering with oncogenic pathways, have been implicated in cardiac 

side effects. Possible explanations of this phenomenon have been ambiguous, further strengthening the need to deepen our 

understanding on the mechanism of cardiotoxicity. In addition to a detailed description of anthracyclines and TKIs-related 

cardiovascular effects, the present review highlights recent observations supporting the hypothesis that the cellular target 

of anthracyclines and TKIs may include myocardial compartments other than parenchymal cells. The demonstration that 

the adult mammalian heart possesses a cell turnover regulated by primitive cells suggests that this cell population may be 

implicated in the onset and development of cardiovascular effects of anti-cancer strategies. The possibility of preventing 

cardiotoxicity by preservation and/or expansion of the resident stem cell pool responsible for cardiac repair may open new 

therapeutic options to unravel an unsolved clinical issue. 

Key Words: Cardiotoxicity, cancer treatment, anthracycline, tyrosine kinase inhibitors, cardiovascular diseases, stem cells, 
cardiac progenitors, regenerative medicine.  

INTRODUCTION 

 Anthracyclines are active anti neoplastic drugs able to 

improve survival in hematologic [1] and solid [2] tumors. 

Anthracyclines containing regimens have shown their potent 

anti-tumor efficiency since 1969 [3] becoming the gold  

standard since around 1998. However, their cardiotoxic  

adverse effects, including cardiomyopathy and congestive 

heart failure (CHF) [4], severely limit their use. 

 Women with breast cancer are now considered for the 

treatment with targeted drugs that cause moderate cardiotox-

icity when used as single agents but aggravate clinical mani-

festations of cardiac dysfunction when used in combination 

with anthracyclines [5]. Cardiac toxicity of targeted drugs 

seems to be manageable and reversible at a short- or  

mid- term follow-up, but the development of late cardio- 
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vascular sequelae is more than a speculative possibility.  
Differences between pediatric, adult, and elderly patients  
and the lack of uniform modality in detecting and reporting 
cardiac events make such estimates even more difficult to 
interpret [6]. 

 The important advances in pharmacological and multi-
modality intervention of anti-cancer strategies aimed at im-

proving the efficacy and attenuating toxicity have been par-

tially frustrated by increasing reports of systemic and unde-
sired clinical manifestations. Due to the significant increase 

in the oncologic population of long term survivors which 

accounts for 60-70% of the cases, we are facing an important 
epidemiologic problem related to the late morbidity and mor-

tality affecting the quality of life of otherwise successfully 

treated cancer patients. 

 In this review, by providing detailed information on 
drug-related cardiovascular complications and new insights 
on the pathogenetic mechanisms of cardiotoxicity of anti-
neoplastic therapy, an attempt was made to open innovative 
prospectives to impact on an emerging relevant clinical  
issue.  
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 The recently introduced, although timely known, concept 
that the heart is not a post mitotic organ [7, 8] and contains a 
stem cell pool responsible for myocardial cell turnover [9, 
10] may offer a new way in understanding cardiotoxicity. 
Specifically, beyond cardiomyocytes or parenchymal cells, 
an alternative cellular target of anticancer therapy that is the 
progenitor cell population controlling myocardial homeosta-
sis is proposed to explain a major clinical issue in oncology. 

 Due to their well established or newly discovered car-
diotoxic effects, two major classes of antineoplastic drugs 
will be analysed here, respectively, anthracyclines and tyro-
sine kinase inhibitors (TKIs). 

ANTHRACYCLINE 

General Considerations 

 Anthracycline- induced cardiotoxicity is irreversible and 
directly related to the cumulative dose [11]. Anthracycline 
toxicity is usually classified as early or late depending on the 
time of occurrence after administration [12-14]. Immediately 
after treatment initiation, reversible arrhythmias, pericarditis 
and hypertension can occur [15]. High dose impairs systolic 
function and causes CHF [16]. The chronic cardiomyopathy 
can appear even after several decades from the treatment 
with a progressive deterioration of left ventricular function, 
myocyte death and irreversible cardiac failure in at least 20% 
of the cases [17]. In some individuals, rapid deterioration in 
cardiac function takes place even at low dose and more than 
50% of patients receiving a total dose of 300 mg/m

2
 experi-

enced a reduction in Left Ventricular Ejection Fraction 
(LVEF) of < 30% and occurrence of CHF [18]. Thus, a sharp 
distinction between acute and chronic toxicity may be artifi-
cial because anthracycline-induced damage can take place 
with the first dose suggesting that cardiotoxicity could be 
more accurately defined as a progressive condition in pa-
tients receiving the drug. 

 The incidence of CHF is as high as 26% in patients 
treated with 550 mg/m

2
 of anthracyclines [16] but the altera-

tions in LV function can be detected with much lower doses, 
highlighting the subclinical (i.e. asymptomatic) cardiac dam-
age that eventually progresses with time.  

 Cardiac abnormalities that develop during a long follow 
up period after anthracycline therapy may be exacerbated in 
middle age and elderly patient who are already prone to car-
diac diseases. General risk factors for cardiovascular dis-
eases such as hypertension, hyperlipidemia and diabetes may 
contribute to the progression of cardiac damage [19]. Smok-
ing similarly causes a severe oxidative stress that increases 
the risk of cardiovascular diseases, especially in women [20, 
21].  

 Female sex is generally associated with a remarkable, 
about two-fold, increase in cardiac morbidity and mortality 
once a cardiac risk factor is established [22]. Interestingly, 
the increased susceptibility to anthracycline in female is also 
observed with diabetes [23, 24] and after thrombolytic ther-
apy [25] although primary cardiac events prevail in male. 
Older women and younger women show similar reductions 
in mortality due to chemotherapy for breast cancer, and age 
alone should not be a contraindication to the use of chemo-

therapy in older women who are in good health [26, 27]. 
However, few studies have been focused on the impact of 
sex on cardiotoxicity. Thus, a discussion on this issue to-
gether with a proposed pathogenetic mechanism is detailed 
in the paragraph Pediatric Population.  

 It has also been clearly documented that local radiation 
therapy increases the risk to develop cardiovascular patholo-
gies [28], strongly supporting the contention that alterations 
of the resident myocardial cell turnover is an important fac-
tor in the development of cardiotoxicity. 

 Importantly, recognition of genetic and proteomic mark-
ers of individual patient susceptibility to the cardiotoxic ef-
fects of anthracyclines could improve the safety of this 
treatment [6].  

Dual Biochemical Mechanism of Toxicity  

 Anthracycline possesses at least two different mecha-
nisms of action: a free radical mediated pathway implying a 
reduction of antioxidant enzyme concentrations and in-
creased oxidative stress possibly responsible for the cardio-
myopathy; a non free radical mediated action, with more 
prominent antitumor effects via intercalation with DNA, 
leading to the formation of a topoisomerase II complex that 
impairs DNA replication. Anthracycline also causes cardiac 
injury by triggering apoptotic cascades [29]. 

 A detailed review on the fine biochemical mechanism of 
action of DOX is extensively addressed elsewhere [4]. 
Briefly, the current thinking is that anthracyclines may be-
come cardiotoxic after one- or two-electron reductive activa-
tion. One electron reduction of the quinone moiety of 
doxorubicin (DOX) results in the formation of a semiqui-
none free radical, which regenerates its parent quinone by 
reducing molecular oxygen to superoxide anion (O2•-) and 
hydrogen peroxide (H2O2), members of the broad family of 
reactive oxygen species (ROS) known to cause oxidative 
stress and energy depletion in cardiomyocytes. Two electron 
reduction of the side chain carbonyl moiety converts anthra-
cyclines to secondary alcohol metabolites [DOX(OL), 
EPI(OL), etc.] that are slightly less active at redox cycling 
but remarkably more potent at dysregulating calcium and 
iron homeostasis. Oxidative stress, iron dysregulation and 
concomitant alterations of the cardiac-specific gene expres-
sion program eventually conspire at inducing cardiomyopa-
thy. Secondary alcohol metabolites therefore accumulate in 
the heart and form a long-lived reservoir, which may help to 
understand how anthracyclines introduce a lifelong risk of 
cardiotoxicity. The cellular pharmacokinetics of secondary 
alcohol metabolites may also help to explain how anthracy-
cline cardiomyopathy is exacerbated by chemotherapeutic 
agents that cause little or no cardiotoxicity per se. These re-
sults uncover the fact that anthracycline cardiotoxicity would 
be aggravated by any concomitant drug that stimulated the 
formation of secondary alcohol metabolites. It is also tempt-
ing to speculate that the delayed cardiac events observed in 
adult or childhood cancer survivors may originate from a 
toxic synergism of de novo events with the long-lived car-
diac reservoir of secondary alcohol metabolites [4]. 

 In spite of these relevant lines of evidence, it should be 
pointed out that the clinical impact of the role of oxidative 
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stress in cardiotoxicity is increasingly questioned [6]. One 
reason for this uncertainty is the apparent lack of protection 
provided by antioxidants. Although the protective effects of 
carvedilol, alfa 1 and beta 1,2-adrenoceptor blocker, were 
tentatively attributed to its antioxidant properties, confirma-
tion awaits comparison of carvedilol with other adrenolytic 
agents without antioxidant properties [30-32]. The only 
compound consistently found as cardioprotective in experi-
mental and clinical studies is the iron chelator dexrazoxane 
[33-35]. However, this drug does not directly inactivate free 
radicals but attenuates their formation through intracellular 
iron chelation. 

 A preliminary question that might be asked is whether 
the mechanism by which DOX has an effective anticancer 
action is also the mechanism of cardiac toxicity.  

 The cytostatic effect of DOX is attributed to intercalation 
of the planar anthracycline ring structure into the double 
helix of nuclear DNA to interfere with DNA replication and 
transcription, especially in rapidly dividing cells [4]. It has 
been claimed that myocardial cells are mitotically inactive, 
and therefore the DOX cardiotoxicity ought to be related to 
mechanisms other than its cytostatic effect [15, 36]. How-
ever, this paradigm has been shifted by different methodolo-
gies [7-9] and by several laboratories [7, 8, 10] providing 
strong evidence of the presence of a cardiomyocyte turnover 
in the human heart controlled by a resident stem cell popula-
tion.  

 Cardiac cell turnover has been recently evaluated by a 
mathematical modelling of 

14
C integration into DNA of car-

diomyocytes from individuals born both before and after the 
nuclear bomb tests [8]. By this approach, the annual rate of 
cardiomyocyte renewal involves 1% of the cells at the age of 
25 to decrease to 0.45% at the age of 75 [8]. Higher values 
were observed in noncardiomyocytes since an average cell 
turnover of 18% was calculated. When proliferating cardio-
myocytes were analysed at tissue level in the normal human 
heart by specific nuclear proteins it was found that nearly 
600 and 14 myocytes per million of cells were, respectively, 
cycling and dividing [37, 38]. Apoptotic cell death involves 
more than 150 cardiomyocytes per million of cells [39], al-
though the estimation of the cumulative cell dropout may be 
markedly influenced by higher values of necrotic death nor-
mally involving cardiomyocytes of the normal and patho-
logic heart [40, 41].  

 Thus, in steady state a small fraction of cardiac myocytes 
is cycling and may be sensitive to the interference of anthra-
cyclines on DNA replicative machinery. It has also been 
shown that this population of proliferating myocytes mark-
edly increases in the damaged human heart subjected to 
overload or ischemic insult [37, 38]. The same phenomenon 
may be operative in anthracycline induced cardiomyopathy 
so that repeated administrations of the drug will sequentially 
affect the population of progenitor and parenchymal cells 
that are activated in the attempt to repair the damaged myo-
cardium. This would result in a time dependent accumulation 
of cardiac injury, which is the consequence of both increased 
cell death and impaired cell replacement. This sequence of 
cellular events may explain why a cumulative dose of DOX 
has been recommended to avoid precipitation of cardiac 

function. In addition, the high incidence of late cardiotoxic-
ity in the pediatric population of cancer patients may well be 
explained by the negative consequence of DOX on a higher 
fraction of proliferating cardiomyocytes characterizing the 
young heart [8, 42]. Thus, the more active turnover, which 
physiologically dictates cardiac growth at this age, is trans-
lated in an increased susceptibility to cytotoxic insult and 
progressive cells death until a critical number of contractile 
cells unable to respond to subclinical demand is reached and 
overt heart failure develops.  

 Similar cellular mechanisms of tissue damage have been 
clearly documented in organs or systems provided by high 
cell turnover such as the bone marrow (BM), where repeated 
chemotherapeutic regimens can result in irreversible myelo-
toxicity if the time to recovery for cell replacement is not 
respected.  

 Another question, which bears on the mechanisms of 
toxicity, is why the therapeutic action of DOX should be 
preferentially associated with myocardial damage with re-
spect to other organs. One possible answer is that the heart is 
a high-energy consuming organ and therefore needs a con-
tinuous supply of ATP. A major factor in cardiotoxicity ap-
pears to be an impaired metabolism of high-energy phos-
phate production due to an abnormal mitochondrial function 
[43]. Metabolic abnormalities include modifications induced 
by DOX on ATP and phosphocreatine, in the mitochondrial 
production of ATP, in the utilization of cardiac substrates, in 
the storage and transport of CK energy and in the monitoring 
of signalling of the AMPK sequence [43]. Indeed, available 
evidence points to the involvement of mitochondria as the 
principal targets in the development of DOX cardiac toxicity. 

Nuclei and mitochondria have been shown to be exclusive 
sites of DOX localization [44]. The early stages of DOX 
cardiomyopathy involve morphological and functional 
changes in heart mitochondria, including interference with 
mitochondrial calcium homeostasis at subclinical cumulative 
doses [43]. Thus, growing evidence correlates the onset and 
severity of DOX cardiotoxicity with disturbance in heart 
mitochondrial function and bioenergetics.  

 The fact that both DOX and TKIs [5] possess the elective 
property to alter mitochondrial structure and function may be 
a converging basis to understand the common associated 
cardiovascular events. Moreover, it should be mentioned that 
interaction between the HER-2 signalling pathway and regu-
lation of sarcomere stability is an emerging alternative to the 
oxidative stress hypothesis of anthracycline cardiotoxicity 
[45]. 

Cellular Targets 

 It is undisputed the fact that cycling or non-cycling car-
diomyocytes are directly affected by DOX. The earliest ul-
trastructural changes occur in sarcoplasmic reticulum (SR) 
and mitochondria with myofibrillar degeneration occurring 
later [46]. There is a vacuolar degeneration and swelling of 
the SR, disruption of mitochondria, and eventually disor-
ganization of myofibrils. Similar lesions are found in the 
biopsies of patients with DOX-induced cardiomyopathy [47]. 
Later on, large vacuoles displace both contractile elements 
and mitochondria. Mitochondria exhibit positive calcium 
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staining and electron dense bodies suggesting calcium inclu-
sions [46]. 

 However, as mentioned above, the antineoplastic action 
of DOX has been attributed to the prevention of DNA repli-
cation in rapidly dividing cells, a mechanism that would not 
participate in toxicity of the large fraction of quiescent car-
diac myocytes present in the adult heart.  

 We propose working hypotheses on the cellular mecha-
nism of cardiotoxicity by anti-cancer drugs. Stem cells in the 
heart are believed to provide replacement for dying myo-
cytes [9] and cardiac toxicity of DOX might include also an 
inhibition of stem cell proliferation, which is activated by the 
loss of parenchymal cells, resulting in an impairment of 
myocytes replacement. The potency of DOX on cancer re-
producing cells suggests a preferential toxicity on the multi-
plying cardiac progenitor cells than adult myocytes by acting 
on DNA replication. Moreover, impaired high-energy phos-
phate metabolism might also affect negatively the function 
of all cardiac compartments including stem/progenitor cells.  

 The implication of this mechanism would be that in 
young patients the damage to stem cells might impair their 
growth therefore contributing later on to cardiac failure. The 
depletion of high-energy phosphates could be the result of a 
direct action of DOX on mitochondria and of indirect effects 
due to the dysfunction of ATP requiring structures of stem 
cells. This series of events is consistent with the fact that 
prior to cardiac failure, there is evidence of a compromised 
systolic and diastolic function in patients treated with DOX 
[18]. A diminished uptake of calcium into the SR on the one 
hand would affect force development in systole and on the 
other it would increase diastolic calcium and impair diastolic 
relaxation. As cytosolic calcium increases above certain lev-
els it may lead to apoptosis, consistent with the fact that in 
DOX-induced cardiac failure no hypertrophy occurs [48]. 
These biochemical events acting on stem cells would be ex-
pected to contribute markedly to the lack of compensatory 
reactions. Therefore, the irreversibility of cardiac failure 
once it appears might be related to the inability of stem cells 
to counteract to some extent myocardial damage through cell 
multiplication and to a chronic ATP deficiency and calcium 
overload that severely impair stem cell function.  

 The hypothesis that toxicity of anti-cancer therapy in-
volves cardiac progenitor cells is important also under the 
contention that stem cells hold the promise of regenerative 
therapies such as those used for myocardial infarction [49]. 
Thus, it is conceivable that they might eventually be used in 
the DOX cardiomyopathy to restore viable myocytes. In this 
regard, results on rats, recently published and presented at 
the American Heart Association Congress in 2008, have 
shown that precocious dysfunction of cardiac stem cells oc-
curs after drug exposure and that the DOX-induced cardio-
myopathic heart can be rescued by cardiac stem cell injection 
[50]. 

 Thus, the possibility of preventing cardiotoxicity should 
be tested by preservation and/or expansion of the resident 
stem cell pool responsible for the repair of the pathologic 
heart. However, long-term animal and clinical studies are 
needed to advance our understanding of how these cellular 

mechanisms might influence the lifetime incidence of an-
thracycline cardiotoxicity. 

Pediatric Population 

 Since childhood cancer survivors are an increasing popu-
lation with longer life expectation, pediatric patients deserve 
a separate description.  

 The introduction of anthracycline as antineoplastic ther-
apy for childhood cancer is an effective success of the mod-
ern medicine. During the past three decades, childhood can-
cer mortality declined dramatically, and it is estimated that 5 
years survival rate involves currently over 70% of the chil-
dren diagnosed with cancer [51]. Unfortunately, this impor-
tant success is partially obscured by the long-term morbidity 
of these patients. The CCCS (Childhood Cancer Survivors 
Study) showed that in a cohort of cancer survivors, 30 years 
after treatment, the incidence of severe, disabling, or life-
threatening conditions or death due to a chronic disease, 
reaches a cumulative value of 42% [52]. It has also been 
shown that the cumulative incidence of clinical heart failure, 
in a cohort of 607 children treated with anthracyclines  
between 1976 and 1996 with a mean follow-up of 6.3 years, 
was 2.8%, and the estimated risk increases from 2% after 2 
years to 5% after 15 years [53]. Thus, the overall incidence 
of DOX related cardiac abnormalities seems to increase  
with time and may involve a significant fraction of adult 
survivors.  

 A systematic review of the current literature and the 
analysis of the results of 25 studies of asymptomatic survi-
vors of pediatric cancer previously treated with anthracycline 
has been published [54, 55]. A wide variation from 0% to 
57% on the incidence of subclinical cardiotoxicity was ob-
served, with 13 studies showing values of more than 20% 
[55]. These data may have even underestimated the phe-
nomenon since anthracycline-induced cardiotoxicity was not 
the major objective of the reported studies and the guidelines 
for the long-term follow-up of such patients were still lack-
ing. Although cardiac abnormalities have been carefully de-
scribed, there has been only little investigation on the true 
incidence of asymptomatic disease and there is virtually no 
evidence regarding the value of any treatment in altering the 
natural history of cardiac disease in asymptomatic survivors.  

 Cardiotoxicity manifests itself into three different clinical 
pictures: acute, early onset chronic progressive and late onset 
chronic progressive [54, 56-58]. As in the adult, anthracy-
cline-induced cardiotoxicity in childhood can be variable and 
includes asymptomatic electrocardiographic abnormalities, 
mild hypotension, arrhythmias, myocarditis, pericarditis, 
acute myocardial infarction, heart failure, and long-term car-
diomyopathy.  

 Acute anthracycline cardiotoxicity is estimated to be less 
than 1% [57] and arrhythmias (especially sinus tachycardia) 
are the predominant clinical sign. Other possible symptoms 
can be a transient depression of myocardial contractility, or 
other electrocardiographic changes. Symptoms usually re-
solve with the discontinuation of therapy.  

 Early onset chronic cardiotoxicity speaks for a left ven-
tricular dysfunction, which occurs within one year after 
anthracycline therapy [54, 57]. It may be progressive leading 
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thracycline therapy [54, 57]. It may be progressive leading to 
a clinical heart failure. The incidence of early onset chronic 
cardiotoxicity during the first year of treatment was found to 
occur in 1.6% of all the patients treated from 1974 to 1990 
[57].  

 Late onset chronic progressive cardiotoxicity occurs 
more than 1 year after anthracycline therapy [54, 57]. In a 
cohort of 115 survivors of childhood acute lymphoblastic 
leukemia it was found that almost 65% presented increased 
left ventricular afterload or decreased contractility 6 years 
after therapy [33]. In another study, examining 151 pediatric 
long-term survivors (up to 25 years) treated with anthracy-
cline, 43% had abnormalities of systolic function and a 9% 
incidence of cardiac abnormalities requiring treatment was 
observed [59].  

 Several studies aimed at the characterization of cardiac 
remodelling demonstrated that long-term survivors of child-
hood cancer have impaired myocardial growth and a pro-
gressive increase in left ventricular afterload accompanied by 
LV mechanical dysfunction. The DOX induced cardiomy-
opathic heart seems to involve both depressed contractility 
and increased afterload, which results from a decrease of 
both ventricular mass and wall thickness [60]. The loss of 
myocytes associated with anthracycline therapy leads to LV 
wall thinning and brings to a progressive LV dilation as 
shown by echocardiography [61]. However, left ventricular 
dimension may be increased, normal, or decreased [61]. 

 Compared to the adult population, it is interesting to see 
how in pediatric patients cardiac abnormalities develop with 
time after therapy. While adults usually manifest chronic 
dilated cardiomyopathy with depressed LVEF in response to 
anthracycline, children develop a dilated cardiomyopathy, 
which eventually progresses to a restrictive cardiomyopathy 
[60]. This seems to be the result of a progressive unbalance 
between the inadequate left ventricular mass responsible for 
the depressed ventricular contractility and the increased af-
terload in spite of a normal or even decreased blood pressure. 
Chronic increase in afterload may play a more important role 
than the decreased contractility. Indeed, heart failure with 
preserved LVEF is increasingly recognized in long-term 
follow-up of adult survivors [33, 59]. 

 The most extensive and detailed study on DOX induced 
cardiotoxicity in children has been reported by Lipshultz et 
al. [61]. Patients with a median age at diagnosis of 4.8 years, 
median follow-up after completion of DOX of 11.8 years 
and median DOX cumulative dose of 352 mg/ m² were ex-
amined. Serial echocardiograms were performed to a large 
number of long-term survivors from acute lymphoblastic 
leukemia and functional and anatomical parameters were 
analysed. LV contractility was significantly depressed 
shortly after DOX therapy, normalized during the next 6 
years and then became significantly depressed at 12 or more 
years after diagnosis. LV end-diastolic dilatation took place 
during therapy, however it returned to normal values in the 
low dose DOX-treated group. LV mass was nearly normal 
soon after therapy, then decreased significantly 6 to 9 years 
after diagnosis to became permanently decreased at later 
time intervals. LV wall thickness relative to body/surface 
area was significantly reduced at the completion of DOX, 

became thinner over time and was significantly less than 
normal at all points of follow-up beyond 6 years. Impor-
tantly, thinning of the wall was not a dose-related phenome-
non. LV fractional shortening was significantly depressed 
early after therapy and, following a subsequent transient im-
provement, remained depressed in a dose dependent manner. 
Similarly, LV afterload, as measured by end systolic wall 
stress, increased significantly in a dose-dependent fashion. In 
association with these echocardiographic findings, signifi-
cant decreased in systolic and diastolic blood pressure over 
time were documented 9 years after treatment, suggestive of 
a reduced cardiac output.  

 Several studies aimed at the identification of probable 
risk factors for childhood cardiotoxicity have been reviewed 
[60, 62]. It has been assumed that the combination of multi-
ple factors could lead to a substantial susceptibility to early 
anthracycline cardiotoxicity. This is a relevant issue since it 
is clear that early acute anthracycline cardiotoxicity repre-
sents per se a risk factor for the future development of car-
diac failure. Concomitant radiation treatment is also associ-
ated to increased cardiotoxicity, although we do not know 
whether this effect is synergic or additive [54, 56, 63]. 

 Since the initial studies, it was clear that higher cumula-
tive anthracycline doses were associated with an increased 
risk for the development of cardiovascular pathologies [33, 
56, 58, 60]. As mentioned in the General Consideration 
chapter, it must be also said that there is no dose of anthracy-
cline that can be surely safe and even lower doses can cause 
cardiac dysfunction [61]. 

 An important risk factor is represented by younger age  
at diagnosis since anthracycline therapy before age 4 was 
significantly predictive of late cardiac dysfunction. [33, 58, 
60]. An additional relevant observation about the proneness 
to develop cardiotoxicity indicates the female sex as an inde-
pendent risk factor for the development of cardiotoxicity 
[60]. Echocardiographic evaluation of 120 children and 
adults who received anthracycline therapy 8 years earlier 
showed that LV dilatation, reduced LV mass, and decreased 
systolic blood pressure were more frequent in female pa-
tients. Forty-five percent of the female patients had de-
pressed contractility, as compared to 12% of male. Accord-
ing to the results of the study, the relation between sex and 
the cumulative dose were interactive: the higher the cumula-
tive dose, the greater the difference in contractility between 
female and male patients. Differences in body composition 
could be involved to clarify this phenomenon, which still 
lacks convincing explanations [64, 65]. 

 Understanding the role of sex on the physiologic and 
pathologic cardiovascular system is complex. Studies on the 
senescent human and murine heart indicate that the physiol-
ogic cell turnover is different in female, lacking the progres-
sive parenchymal cell loss, which is present in male [66-68]. 
Our hypothesis is that female sex represents a risk factor for 
cardiotoxicity since in women the favourable anatomical, 
structural and cellular parameters may result in an impaired 
cardiac adaptation to a severe insult brought about by cyto-
toxic drugs. Thus, reparative processes are downregulated in 
the female heart possibly leading to an inadequate prompt 
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availability of progenitor cells to respond to high level of 
oxidative stress. 

 In this regard, a paradigmatic and dramatic case came 
recently to our attention during the research project on alter-
native mechanisms of cardiotoxicity, in which we are col-
lecting cardiac samples from patients who died as a conse-
quence of antineoplastic treatment.  

 A Caucasian woman at the age of 17 was diagnosed as 
having NHL lymphoma involving the left lung. She was suc-
cessfully treated with DOX containing regimens reaching a 
cumulative dose of 350 mg/kg in association with local ra-
diotherapy (36 Gy). Being free from the disease, at the age of 
23 she delivered a healthy boy without post-partum compli-
cations. At the age of 43, she started to display symptoms of 
exertion dyspnoea and moderate fatigue although no medica-
tions were prescribed. Following a brief period in good per-
formance status, a progressive impairment of cardiac func-
tion took place leading to overt heart failure requiring several 
pharmacological interventions and hospitalizations. She 
came to our observation at the age of 47 in bad clinical con-
ditions. A thoracic CAT scan showed a complete collapse of 
the left lung with consensual dislocation of central mediasti-
nal organs. Moreover, pleural and pericardial effusions  

together with calcific pericarditis were documented Fig. (1A 
and B). Due to failure of intensive pharmacologic treatment, 
consultation of several cardiac surgeons excluded the indica-
tion to any intervention because of the severe clinical picture 
associated with the inconceivable anatomical condition. Af-
ter a short period of intensive care the patient died at the age 
of 48.  

 The autopsy was performed and, beside a thick calcified 
pericardium and a complete collapse of the left lung, the 
heart showed macroscopic parenchymal damage. The his-
tologic examination documented scattered acute and chronic 
injuries with a marked myocardial fibrosis Fig. (1C and D). 
High level of apoptotic and necrotic cell death together with 
DNA oxidative damage were present in all myocardial cell 
compartments (data not shown).  

 Thus, a long term disease free survival obfuscated in this 
female pediatric patient an ongoing silent cardiac pathology 
culminating in heart failure 31 years after treatment.  

 More studies are needed to understand the background of 
these observations; furthermore, the study of the different 
hormone regulation in male and female patients, particularly 
due to Growth Hormone (GH) or sex steroids, or the possible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). CAT scan images and myocardial histology of a patient who died 31 years after chemo-radiotherapy (see text for details). A and B: 

images taken by CAT scan one month before death corresponding to the parenchymal and mediastinal window, respectively, of the same 

thoracic section. Complete collapse of the left lung, dislocation of mediastinal organs, pleural and pericardial effusion and calcific pericardi-

tis are illustrated. The right lung is also compromised and shows scissural thickening. C: light microscopy of H&E stained section of the 

heart obtained at autopsy from the same patient, documenting foci of acute damage and extensive myocardial fibrosis best seen in D after 

Trichrome Masson staining of the serial section. Scale bars=200 µm. 
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differences between the pre-puberty and adolescent treated 
patients could be an object of great interest for future re-
search. 

Detection and Monitoring  

 Since cardiac repair is limited or, as suggested by our 
central hypothesis, directly affected by therapeutic strategies, 
drug-induced cardiac damage is irreversible. Early detection 
of the cardiomyopathy is therefore of paramount importance. 

 Subclinical damage as evidenced by cardiac function 
abnormalities (decreased LVEF) is often evident in anthra-
cycline–treated patients long before clinically overt CHF. 
Echocardiography is the most common non-invasive method 
to measure LVEF and is useful to identify patients with sig-
nificant cardiac dysfunction. However, the definition of car-
diac toxicity by an absolute decrease of 10 units in LVEF 
below its normal value of 50% (used as a strict criterion for 
discontinuing chemotherapy) [69], may be substantially 
flawed and may not truly represent the incidence of this phe-
nomenon. It is well established that a decrease in LVEF oc-
curs when the highly efficient compensatory machinery of 
the myocardium has been impaired; therefore, a decline in 
LVEF is actually a marker of advanced damage [70]. Addi-
tionally, CHF, a condition difficult to diagnose during che-
motherapy, frequently occurs even in patients with normal 
LVEF. As a result of these contentions, a major interest is to 
explore the clinical utility of alternative more reliable meas-
urements of changes in cardiac integrity.  

 Methodologies employed to detect clinically apparent 
cardiac injury include multigated radionuclide (MUGA) 
scans, identification of various cardiac specific biochemical 
markers (i.e. BNP and cardiac troponins) and myocardial 
tissue biopsy.  

 The American Heart Association (AHA) and the Ameri-
can Society of Nuclear Cardiology, recommends radionu-
clide angiographic measurement of ventricular function dur-
ing anthracycline therapy timed 10–14 days after the last 
dose [71]. It has been stated that is safe to continue therapy if 
LVEF remains above the lower normal limit or if subnormal 
LVEF stabilizes after anthracycline therapy is discontinued. 
A critical review of the data based on these recommenda-
tions raised doubt about the reliability and sensitivity of 
monitoring LVEF for identification of early cardiotoxicity. 
[6] These recommendations are based mostly on retrospec-
tive analysis with a substantial lack of data on the post-
anthracycline period. Current monitoring recommendations 
should therefore be revised [72]. Feasibility studies of new 
cardiac surveillance modalities would be valuable to clini-
cians treating patients with anthracyclines or other poten-
tially cardiotoxic chemotherapeutic agents [73, 74]. In this 
respect, preclinical evidence for a higher diagnostic value of 
myocardial strain and strain rate as detected by Doppler 
echocardiography needs to be validated as a surrogate end 
point before such determinations could be routinely em-
ployed for monitoring anthracycline cardiotoxicity [75-77].  

 The AHA recommends that both children and adults re-
ceiving potentially cardiotoxic chemotherapy undergo echo-
cardiography at baseline and re-evaluation recurrently to 
monitor for changes in cardiac function [56]. Echocardiogra-

phy, including Doppler analysis, M mode echocardiography, 
two dimensional transthoracic echocardiography, appear to 
be useful and non-invasive tests; many studies have con-
firmed their contribution in monitoring the cardiac dysfunc-
tion, although there is still no established regime to measure 
cardiac risk on survivors of childhood cancer who received 
anthracycline [54, 56, 62, 78]. 

 Cardiac biomarkers may be best used to identify high-
risk patients who are receiving chemotherapy or to more 
accurately predict cardiac toxicity. Broad application of 
biomarkers as a less expensive and more accurate tool is still 
under active investigation [31, 79]. Troponin I (TnI) is re-
leased from myocytes in response to cellular damage. Plasma 
TnI levels increased after anthracycline administration in 
breast cancer patients after high dose chemotherapy (HDC); 
this increase was shown to be significantly associated with 
corresponding decrease in LVEF [80]. Furthermore, follow 
up echocardiography showed a greater decrease of LVEF in 
TnI positive compared with TnI negative patients. Moreover, 
in consideration of the high negative predictive value of TnI 
(99%), we can certainly identify low-risk patients who do 
not require close cardiac surveillance after HDC. In contrast, 
TnI positive patients have a greater incidence of adverse 
cardiac events.  

 Elevation of circulating levels of Brain (B)-type natri-
uretic peptide (BNP), and N-terminal proBNP (NT-proBNP) 
have shown promise as accurate predictors of cardiac toxic-
ity [70, 81]. Preliminary results suggest that NT-proBNP, a 
biomarker of unhealthy heart muscle, may also be considered 
a sign of cardiac stress before irreversible damage occurs in 
children treated with anthracycline [56]. According to other 
investigators, NT-proBNP increases early after the first 
course of anthracycline therapy and higher levels are directly 
related to the dose of the drug. Though, no relation between 
increased NT-proBNP and clinical or echocardiographic 
evidence of cardiac dysfunction was found [82]. Another 
recent study detected abnormal levels of NT-pro-BNP in 
13% of 122 asymptomatic long-term survivors of childhood 
cancer [83]. 

 Although all of the above results may be promising, a 
longer follow-up of cancer survivors is needed to confirm or 
modify the role of biochemical markers in the evaluation of 
the cardiovascular risk and prediction of heart diseases fol-
lowing anti-cancer therapy. 

Treatment  

 Certain cardioprotective medications have demonstrated 
benefit in ameliorating the cardiotoxic effects of anthracy-
clines and HDC [31]. 

 Concerning the rate of administration, prolonged infusion 
therapy has been recommended to reduce the peak serum 
concentrations of anthracyclines. This practice became stan-
dard, but is not related to an effective advantage as a ran-
domized trial [84] confirmed that a continuous doxorubicin 
infusion over 48 h did not offer a cardioprotective advantage 
over bolus infusion, and, on the other hand, could increase 
hospitalisation and costs, and may create additional stress. 
Off note, both ways of administration caused cardiac abnor-
malities.  
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 Early treatment with enalapril, an angiotensin converting 
enzyme inhibitor (ACE-I), in patients with evidence of myo-
cardial cell injury after HDC seems to prevent the develop-
ment of cardiotoxicity and the occurrence of associated ad-
verse clinical events [85, 86]. The transient value of ACE-I 
treatment has been noted in childhood cancer survivors with 
anthracycline cardiotoxicity, but there is no evidence for 
their long-term therapeutic benefits [87-90]. In a study in-
volving 18 children who had regular echocardiographic ex-
aminations during enalapril therapy, a progressive improve-
ment in LV dimension, fractional shortening and mass, and a 
decreased afterload was observed. However, all these pa-
rameters deteriorated between 6 and 10 years, while LV wall 
thickness progressively decreased through the whole study 
[88]. The short-term improvement was transient and primar-
ily related to a decreased diastolic blood pressure, which was 
identified as the only effective benefit of ACE-I. The lack of 
preventing the progression of LV dysfunction and wall thin-
ning eventually led to cardiac transplantation or death. 

 It is unclear whether prophylactic therapy with cardiopro-
tective agents will be helpful in preventing cardiac toxicity in 
all high-risk patients receiving anthracyclines. A significant 
interest has been raised by dexrazoxane for cardioprotection 
during anthracycline chemotherapy [34]. Dexrazoxane is a 
bis-ketopiperazine, which diffuses in cardiomyocytes and 
hydrolyses leading to the formation of a diacid-diamide with 
strong iron-chelating properties. As it is known that iron po-
tentiates the toxicity of anthracycline-derived reactive oxy-
gen species (ROS) and that secondary alcohol metabolites 
further alter iron movements in the cell, an iron chelator like 
dexrazoxane would be the perfect candidate to mitigate an-
thracycline cardiotoxicity. Although the cardioprotective 
effect of dexrazoxane has been documented [91] neither a 
consensus agreement nor high level of recommendation has 
been reached. Moreover, one clinical trial has suggested its 
possible interference with objective tumor response [92] 
pinpointing to an important issue related to the difficult goal 
to preserve normal cells from the desired toxic action of an-
tineoplastic therapy on tumor cells. Many other trials uni-
formly failed to document an interference of dexrazoxane 
with anthracycline activity nor an interaction between dexra-
zoxane and anthracyclines was clearly demonstrated in tu-
mor cells [34, 35]. No data, however, are available about the 
long-term effects of dexrazoxane so that there is still no evi-
dence of improvement in rate of survival for childhood can-
cer. 

 However, prompt beneficial responses to cardiac medica-
tions may not be associated with sustained cardiac recovery 
because early cardiotoxicity is a strong predictor of late car-
diovascular events in anthracycline-treated long-term survi-
vors of cancer [79]. Thus, once irreversible damage occurs 
even clinically positive therapies may fail to prevent late 
cardiovascular complications. 

 In light of the growing number of cancer survivors, there 
is a great need of identifying effective interventions after 
anthracycline treatment that would result in evidence-based 
recommendations [6]. To mitigate the cardiotoxic risks asso-
ciated with anthracyclines, studies are in progress to examine 
the efficacy of nonanthracycline-containing regimens [2, 93]. 

 Liposomal anthracyclines have been developed to reduce 
DOX cardiotoxicity while preserving its antitumor efficacy. 
The changes in tissue distribution of liposomal anthracy-
clines lead to less drug exposure in sensitive organs. Also, 
the release of the drug is slow, which may avoid high peak 
plasma concentrations [94]. Pegylated liposomal doxorubicin 
can improve cardiac safety. In one randomized control trial, 
509 patients with metastatic breast cancer received cumula-
tive doses of at least 500–550 mg/m

2
. The overall risk of 

cardiotoxicity was significantly higher with DOX than with 
the pegylated liposomal form in the presence of similar over-
all survival [95].  

 More recently a formulation of epirubicin has been pro-
duced in which a nitric oxide (NO) release moiety has been 
constructed [96]. Results in mice are encouraging and have 
indicated that by this approach the anti-neoplastic activity of 
anthracycline is increased in the presence of significant car-
dioprotection.  

 Finally, clinical trials are undergoing to determine 
whether a molecular modification of DOX, consisting in an 
albumin-binding prodrug, effectively improve anti-tumor 
efficacy and reduce toxicity [97]. 

 There is no specific actual treatment for DOX-induced 
cardiac dysfunction. Thus, it appears to be necessary to find 
new preventive strategies [93]. 

 In this regard, an intuition, which Lipshultz et al. con-
verted into a study in 2005, was about the possible benefit of 
Growth Hormone (GH) therapy for cancer survivors [98]. 
GH exerts its effect on the heart through Insulin-like Growth 
factor 1 (IGF-1), to maintain an adequate LV mass. GH defi-
ciency is a common problem for children who survive a 
childhood cancer. During this study, GH-treated children 
(cancer survivors with a developed GH-deficiency) were 
compared to a control group (untreated cancer survivors). 
The LV wall was thinner before GH therapy and increased 
significantly during 3-years of treatment. GH therapy was 
also able to increase LV mass, but did not decrease afterload. 
This beneficial effect was rapidly lost after discontinuation 
of therapy and, 4 years after, no significant difference was 
observed between those who received GH and the control 
group [98]. This study concluded that no evidence of an ef-
fective persistent benefit of GH therapy was found. How-
ever, the study did not assess whether GH therapy may re-
duce the global cardiovascular risk in children treated with 
anthracycline. Indeed, a wide variability of the effects of GH 
therapy was present: there were patients who did not tolerate 
GH and developed cardiac failure leading to heart transplan-
tation and other who actually showed a less dramatic cardiac 
deterioration, no deterioration, or even improvement in car-
diac function. Though, many issues remain to be resolved 
before this approach will be totally dismissed.  

 It has been reported that GH therapy induces only myo-
cyte hypertrophy and that LV wall thickness and mass are 
not restored because the number of cardiac myocytes is re-
duced. However, pig studies suggested that GH treatment 
results in myocardial growth by increasing capillary density, 
reducing the rate of apoptosis, and increasing myocardial cell 
number and size [99]. Additional studies have shown that an 
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increase in cardiac myocyte number was possible only in 
young rats, while myocardial cell hypertrophy was the pre-
dominant mechanism of GH-induced LV growth in older 
animals [100, 101]. 

 It could be also possible that the effects of GH on the 
cardiotoxic heart may involve at least two stem cell popula-
tions. One is represented by resident cardiac stem/progenitor 
cells that possess IGF-1 receptor and upon the action of 
GH/IGF-1 proliferate and differentiate to replace cardiomyo-
cytes lost as a consequence of cardiotoxic drugs. This hy-
pothesis is strongly supported by the observation that sys-
temic [102] or local [103] IGF-1 activation promotes myo-
cardial regeneration. Intriguingly, cardiac stem cells also 
express c-met the receptor for Hepatocyte Growth Factor 
(HGF) and it has also been shown that locally delivered HGF 
may have beneficial effect on DOX-induced cardiomyopathy 
[104]. 

 The second potential mechanism implicates a GH medi-
ated proliferation of BM progenitors that, upon peripheral 
blood mobilization, home to the injured heart where by angi-
ogenetic and differentiative properties may repair anthracy-
cline-induced cardiac damage. The demonstration that GH is 
able to expand BM stem cells in animals [105] and humans 
[106] and that circulating progenitors by sensing cardiac 
injury are recruited at the site of damage [107] strongly fa-
vours the possible involvement of BM cells in DOX-induced 
cardiotoxicity.  

 Thus, according to these working hypotheses, an increase 
in LV mass by GH therapy may be explained by the genera-
tion of new individual cardiomyocytes derived from BM or 
resident cardiac stem cell and their reparative properties. 
More knowledge is needed in order to confirm this new fas-
cinating mechanism potentially exploitable to prevent or 
attenuate cardiotoxicity by regenerative approaches. 

 All patients who received chemotherapy at any age, 
should be educated about the secondary prevention for car-
diovascular diseases, since a healthy life-style may be help-
ful to prevent or decrease cardiotoxicity. Although the influ-
ence of a modified healthy diet on cardiotoxicity is limited 
[58], ideal body weight should be maintained, since obesity 
is a major preventable coronary risk factor and is related to 
increased cardiovascular mortality and morbidity. Moreover, 
additional risk factors, such as diabetes, endocrinopathies, 
hypertension, or alcohol consumption, drug abuse and ciga-
rettes smoking should be minimized [89]. 

 Aerobic exercise may also be helpful, although patients 
should be tested to ensure a stable cardiovascular function 
before starting a physical activity [108]. A 12 weeks, hospi-
tal based physical activity program reduces body fat and 
improves general clinical conditions. Importantly, physical 
activity may be beneficial in some cancer survivors but 
harmful in others [108]. Beside these studies, it is our opin-
ion that aerobic exercise should be more critically evaluated 
for the early prevention of cardiotoxic complications. Indeed, 
a moderate pre-treatment training program may physiologi-
cally induce a better myocardial perfusion and a reduction in 
afterload, thus positively conditioning the heart, which has to 
support the subsequent adaptations to repeated drug-

mediated cardiac insults. Interestingly, it has also been dem-
onstrated that a long- and short-term voluntary physical ex-
ercise up-regulates cardiac telomere-stabilizing proteins 
[109] and thereby induces antisenescent and protective ef-
fects, for example, to prevent doxorubicin-induced cardio-
myopathy. These beneficial cardiac effects are mediated by 
TERT, eNOS, and IGF-1 [109]. 

TYROSINE KINASE INHIBITORS 

Trastuzumab  

 The ErbB2 (HER2) receptor, a member of the broad fam-
ily of epidermal growth factor (EGF) receptors (EGFRs), is 
overexpressed in approximately 25% of human breast can-
cers. This subset of HER-2–positive breast cancers are asso-
ciated with advanced clinical stage at presentation, poorer 
disease-free and overall survival compared to HER-2–
negative breast cancers, in the absence of TKIs therapy 
[110]. This scenario dramatically changed after the approval 
of Trastuzumab (TTZ), an anti-HER2 humanized mono-
clonal antibody. TTZ is recommended in metastatic breast 
cancer as well as in the adjuvant and neoadjuvant therapy of 
operable breast cancer [111-113]. In all these settings, the 
addition of TTZ to chemotherapy has led to a remarkable 
gain in survival. 

 In the pivotal phase III trial on metastatic setting, the 
addition of TTZ to DOX and cyclophosphamide or to pacli-
taxel resulted in prolonged time to progression and improved 
survival [114]. However, cardiac events were apparent and 
even monotherapy with TTZ given as second or third line 
produced cardiac dysfunction as the most significant adverse 
clinical event [115]. In the pivotal phase II trial of the drug 
as second- or third-line monotherapy, 6.0% of patients suf-
fered symptomatic heart failure. When follow-up data were 
included, this rate rose to 8.5%. Further stratification re-
vealed that several patients had not received prior anthracy-
clines. Retrospective analysis of data from these anthracy-
cline-naive patients indicated that the rate of TTZ-induced 
heart failure was 3.6% [116]. 

 An independent Cardiac Review and Evaluation Com-
mittee (CREC) was held to retrospectively analyse 7 phase II 
and III clinical trials [117] involving patients treated with 
TTZ to detect cardiotoxicity which was not apparent in pre-
clinical or in phase I and II clinical studies [69, 118-121]. In 
this analysis, the administration of anthracyclines and cyclo-
phosphamide (AC) was associated with an 8% rate of overall 
cardiovascular diseases (CVD) with a New York Heart As-
sociation (NYHA) class III/IV rate of 4%. When TTZ was 
added to AC chemotherapy, the overall CVD rate was 27% 
with a 16% of patients being in class III/IV of NYHA classi-
fication of CHF. Paclitaxel alone was associated with a CVD 
rate of 1% and NYHA class III/IV rate of 1%. The addition 
of TTZ to paclitaxel resulted in a 13% rate of CVD with an 
incidence of NYHA class III/IV patients of 2%. It was the 
opinion of CREC that the CVD risk associated with the use 
of TTZ in metastatic setting can be justified, given the 25% 
improvement in overall survival observed in the pivotal 
comparative chemotherapy trial and the poor prognosis asso-
ciated with HER-2–positive breast cancer. In another study, 
after a median follow-up of 33.6 months and a median time 
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receiving TTZ of 21.3 months, the overall incidence of car-
diac dysfunction was 28% (10.9% NYHA class III) [122]. 
These positive results in the metastatic setting led to design 
several trials assessing the efficacy of TTZ in the adjuvant 
setting for women with HER-2–positive disease.  

 In general, the adjuvant trials demonstrated that the risk 
of severe symptomatic CHF was low. However, data re-
vealed that a much greater proportion of patients receiving 
TTZ experienced low degrees of cardiac dysfunction. Nota-
bly, asymptomatic decreases in LVEF were seen in up to 
14% of patients in the NSABP B-31 trial [123]. Although 
many patients recover left ventricular function after discon-
tinuation of TTZ, follow-up cardiac monitoring have sug-
gested that the decline in LVEF was more sustained than 
previously believed [123]. 

 In the HERA trial, the difference in the rate of cardiac 
death and severe CHF between Trastuzumab- and nonTras-
tuzumab-treated patients was less than 4% [124]. Despite 
this clinical observation, a large number of patients on these 
trials experienced some form of cardiotoxicity, which ulti-
mately required discontinuation of the drug. Similarly, 14% 
of patients in the NSABP B-31 trial had TTZ discontinued 
due to asymptomatic decrease in LVEF.  

 The reported low incidence of clinically relevant heart 
failure in patients receiving TTZ is likely to be only the pro-
verbial tip of the iceberg: many cases showing asymptomatic 
left ventricular dysfunction may well progress to overt heart 
failure with time, as it has been repeatedly shown after an-
thracyclines treatment [5]. This is a relevant issue according 
to the fact that heart failure is known to be a progressive 
clinical syndrome including several, often silent, evolutive 
stages. When asymptomatic left ventricular dysfunction pro-
gresses to symptomatic heart failure, cardiovascular agents 
can prolong life, but overt heart failure continues to have a 
high mortality rate even with modern therapy [125]. 

Mechanisms of Cardiotoxicity 

 HER2 is a 185 kDa transmembrane protein with a  
cytoplasmic tyrosine kinase domain that is normally acti-
vated by heterodimerization with HER1, HER3, or HER4. 
Neuregulins, produced by cardiomyocytes and endothelial 
cells, cause dimerization of HER2 with HER4, autophos-
phorylation of the HER2-HER4 heterodimer, increased tyro-
sine kinase activity and activation of signalling pathways 
aimed at cell survival and growth [126]. Germ line deletion 
of HER2 or HER4 or neuregulin-1 disrupts embryonic car-
diac development, while cardiac-specific deletion of HER2 
late in development causes postnatal dilated cardiomyopathy 
and reduced cardiac resistance to anthracyclines or other 
stressor agents [127-130]. More recently, a fundamental role 
of neuregulins in the control of cardiomyocyte proliferation 
and heart repair has been clearly documented [131]. 

 In adult patients, TTZ alone causes LV contractile dys-
function that develops independently from the dose and 
shows reversibility upon medication or drug withdrawal. It 
has been also shown that LV dysfunction does not relapse 
upon rechallenge and only occasionally induces ultrastruc-
tural damage at endomyocardial biopsies. These observations 
have represented the basis to distinguish the cardiotoxicity of 

anthracyclines (type I) from that of TTZ (type II) [132]. On 
the other hand, TTZ mediated cardiac effects may occur 
through several alternative mechanisms, including antibody-
dependent cell-mediated cytotoxicity (ADCC). 

 A two-hit model of TTZ-induced cardiotoxicity has  
been proposed: TTZ first results in loss of the protective  
effects of ErbB2-mediated signalling which is subsequently 
translated to alteration in the ability of the heart to respond  
to stress (for example the interaction with anthracyclines) 
[133, 134].  

 The nature and severity of cardiac stress in addition to 
underlying cardiac risk factors are believed to be important 
determinants of the magnitude of cardiac injury following 
TTZ therapy.  

 Although all these mechanisms, based on experimental 
and clinical findings, have been proposed, the cellular target 
of TTZ induced cardiotoxicity remains unknown. Recently, 
our laboratory has provided evidence of the existence of a 
resident cardiac progenitor cell population at tissue [37, 38] 
and cellular [9] levels of organization. Thus, from small 
myocardial samples of the adult human heart it is possible to 
isolate and expand multipotent clonogenic cells possessing 
the in vitro and in vivo ability to generate all the structural 
myocardial compartments [9]. We have observed that, in 
addition to the expression of receptors for several growth 
factors including c-kit, for Stem Cell Factor (SCF), and c-
met, for HGF, these cells express the EGF receptor c-erbB2 
(F.Q., personal data). These findings in association with the 
recent documentation of the essential role of ErbB2 in car-
diac repair [131], suggest that TTZ potentially exert its car-
diotoxic effect on the human heart by a direct interference on 
proliferation and survival of primitive cells that control myo-
cardial homeostasis. 

Sunitinib and Sorafenib 

 Sunitinib (SUT) and Sorafenib (SOR) represent examples 
of the recent trend towards drugs that target multiple receptor 
kinases by inhibiting Vascular Endothelial Growth Factor 
(VEGF) receptor 1–3, Platelets Derived Growth Factor 
(PDGF) receptor α/β, KIT, FMS-related tyrosine kinase 3 
(FLT3), colony-stimulating factor 1 receptor (CSF1R) and 
rearranged during transfection (RET) receptor tyrosine 
kinases [135]. 

 In a randomized study, patients with previously untreated 
metastatic renal-cell carcinoma had longer median progres-
sion-free survival on SUT (11 months) than those on inter-
feron alfa (5 months), and SUT was also associated with a 
higher objective response rate (31% vs. 6%) [136]. Similarly, 
in cases of advanced gastrointestinal stromal tumors (GIST) 
that failed previous treatment with imatinib, the median time 
to progression in patients receiving SUT was 27 weeks and 
only 6 weeks in those on placebo. SUT has been approved 
for the treatment of advanced renal-cell cancer and advanced 
GIST after resistance or intolerance to imatinib [137]. 

 However, the use of SUT resulted in a decline of ejection 
fraction [136-138]. Results of three SUT containing trials 
have indicated contrasting results on LV function. One trial, 
on patients with advanced GIST, reported no change in  
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mean LVEF after a median treatment duration of 8 weeks. 
The other trial, on metastatic renal cell carcinoma, reported 
that 10% of patients had a decline in LVEF after median 
treatment duration of 6 months, although in the absence  
of clinical sequelae. However, LVEF values were not  
reported. 

 In an additional study, LVEF declined progressively dur-
ing SUT from a baseline of 64.5% to 59.4% after the fourth 
cycle, and 19% of patients had a reduction in LVEF of 15 
percentage points or more during treatment. Cardiovascular 
(fatal or non-fatal) events involved 11% of patients and a 
large proportion (47%) developed hypertension (>150/100 
mmHg). The prescribing information for SUT [139] notes 
that 11% of patients had a decline in LVEF. 

 The precise rate of cardiotoxicity associated with TKIs 
and its reversibility is unknown. Phase III trials have not 
pursued cardiac end points, and the identification of cardiac 
adverse effects was predominantly based on the occurrence 
of clinical symptoms [140]. The analysis of patients treated 
either with SUT or SOR also suggest that TKI possesses a 
clinically relevant cardiotoxicity. The high rate of cardiotox-
icity in this analysis is related to the definition of a cardiac 
event. This definition was based on the intention to detect 
overt as well as early or minor signs of myocardial damage, 
which, however, may increase with longer treatment periods. 
The incidence of reduced LVEF of at least 10 percentage 
points was 14%, but a clear description of those who devel-
oped heart failure was not provided [70]. 

 It has been reported that in vitro SUT induces prolonga-
tion of action potential in Purkinje fibers and in vivo QT pro-
longation in monkey [141]. QT prolongation was observed 
when drug concentrations were twice the therapeutic dose, 
corresponding to oral administration of 150 mg. These EKG 
changes occurred without clinical sequelae. No QT abnor-
malities were reported by clinical studies employing SUT 
[140]. Interestingly, one report documented that 2 out of 3 
patients developed reversible myocardial ischemia when 
SOR was given 2 to 3 weeks after failure of SUT treatment 
[142]. 

Mechanisms of Cardiotoxicity 

 A hypothesis on the underlying pathologic mechanisms 
of cardiotoxicity caused by SUT and SOR has been ad-
vanced [135]. Sunitinib-induced inhibition of ribosomal S6 
kinase may trigger an intracellular signalling cascade that 
antagonizes BCL2, a prosurvival factor, and consequently 
the release of cytochrome c. This effect may induce the acti-
vation of the intrinsic apoptotic pathway and ATP depletion 
on ventricular myocytes leading to left ventricular dysfunc-
tion. In addition, SUT mediates inactivation of AMP-
activated protein kinase, which is crucial for the cellular re-
sponse to hypoxia affecting cardiomyocyte survival. Finally, 
sunitinib-mediated inactivation of AMP-activated protein 
kinase could promote hypertrophy through increased activity 
of the eukaryotic elongation factor-2 and mammalian target 
of rapamycin (mTOR) [135]. 

 For all TKIs described in the present study, alternative 
pathogenetic mechanisms are suggested in the following 
paragraph dealing with imatinib mesylate. 

Imatinib Mesylate 

 Imatinib Mesylate (IM) belongs to the family of TKIs, 
small-molecules with a spectrum of activity that is reasona-
bly selective for certain cell signaling pathways [135]. The 
inhibited tyrosine kinases by IM include the Abl family en-
compassing the oncogenic fusion protein product of the leu-
kemogenic Bcr-Abl translocation as well as Abl [143, 144] 
and the Abl-related gene ARG [145]. In addition, IM pos-
sesses a potent activity against mutated oncogenic forms of 
the receptor tyrosine kinases KIT and PDGFR. This receptor 
heterogeneity has introduced the use IM in different patho-
logic conditions like Chronic Myeloid Leukemia (CML), 
GIST and hypereosinophilic syndrome. Studies are in pro-
gress about the use of IM in myelofibrosis with myeloid 
metaplasia, c-kit positive Acute Myeloid Leukemia, 
PDGFRA–positive eosinophilic disorders (FIP1L-PDFGFR), 
c-kit positive systemic mastocytosis, policythemia vera, 
chronic myelomonocytic leukemia (TEL-PDGFR) and der-
matofibrosarcoma protuberans (col-PDGF). 

 The important impact of IM and other drugs of the same 
class in the oncologic therapy has recently been resized by 
the finding of cardiotoxicity including symptomatic CHF or 
asymptomatic LV dysfunction [146]. 

 The initial cases of CHF have been described in IM 
treated patients lacking previous evidence of cardiomyopa-
thy [146]. Following this observation, many investigators 
have reported that the incidence of CHF in patients treated 
with IM might have been overestimated [147]. On the other 
hand, the magnitude of this phenomenon could be oppositely 
underestimated because clinical trials have not included pre-
defined cardiac endpoints so that prospective measurement 
of LV function before and during treatment was not per-
formed [148].  

 However, due to the ability of TKIs to change the history 
of some neoplastic diseases, it is imperative to understand 
the molecular mechanism of action and the cardiotoxic effect 
of IM [92]. 

Mechanisms of Cardiotoxicity 

 Determining the mechanism of toxicity requires the iden-
tification of specific targets. The results of such investiga-
tions on IM have been surprising, because kinases, like Abl, 
without a known role in the maintenance of cardiomyocyte 
“health”, have been identified as potential responsible target 
of cardiotoxicity [146]. 

 It is known that Abl kinase usually mediates apoptosis, 
so one would not expect cytotoxicity from Abl kinase inhibi-
tors. It has been suggested that cardiotoxicity of IM is medi-
ated by Abl signaling inhibition in cardiomyocytes like it 
occurs in CML cells, therefore leading to cell death [146]. 
Indeed, in cardiomyocytes Abl, localized in the plasma 
membrane and in endoplasmic reticulum (ER), seems to 
maintain ER homeostasis by unclear mechanisms. IM, 
dasatinib and nilotinib, by inhibiting Abl, induce ER stress 
leading to activation of the PKR-like ER kinase (PERK) and 
IRE1 pathways and to overexpression of protein kinase Cδ 
(PKCδ). These events activate Jun N-terminal Kinase 
(JNKs) [149] and the release of BAX followed by mitochon-
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drial depolarization, ATP depletion, cytochrome c release, 
eventually ending in necrotic and apoptotic cell death. In 
imatinib-resistant mice with c-Abl mutation a marked reduc-
tion of cytochrome c release [150] and a protection from 
imatinib-induced cell death has been also documented in 
vitro.  

 Left ventricular function and morphologic characteristics 
of the heart by transmission optical and electron microscopy 
were analysed in 10 patients under IM therapy [146]. The 
same evaluation was undertaken in IM treated mice using 
different concentration of the drug. Patients with normal left 
ventricular function before IM and followed for 7 months 
(range 1–14 months) after therapy showed evidence of heart 
failure, including significant volume overload and symptoms 
corresponding to a NYHA class III–IV. The low ejection 
fraction was associated with mild left ventricular dilation. 
Myocardial biopsies were performed in two of these indi-
viduals. Transmission electron micrographs showed promi-
nent membrane “whorls” in myocytes. This abnormality, 
although unspecific, has been reported to characterize toxin-
induced myopathies and is rarely seen in non-ischemic idio-
pathic dilated cardiomyopathies. Other abnormalities in-
cluded pleomorphic mitochondria with effaced cristae, scat-
tered cytosolic lipid droplets and vacuoles. In addition, gly-
cogen accumulation in cardiomyocytes was noted [146]. 

 Interestingly, similar findings were observed in mice 
treated with IM for 3 or 6 weeks at a dose of 50, 100 or 200 
mg/kg/die [146]. Transmission electron micrographs from 
samples of three hearts from treated mice showed numerous 
membrane “whorls” in the SR and in or immediately adja-
cent to mitochondria. In addition, SR was substantially di-
lated. As in human hearts, mitochondrial abnormalities were 
noted, including evidence of mitochondrial biogenesis—an 
adaptation typically seen in states of impaired energy genera-
tion—with 30% increased number of mitochondria with 
pleomorphic aspects. Masson’s Trichrome staining showed 
no significant fibrosis. Administration of IM alone to mice, 
in the absence of co-morbidities, was sufficient to induce 
cardiotoxicity, culminating in left ventricular contractile dys-
function and dilatation. This is not the case with humans in 
which the incidence of IM-induced heart failure is relatively 
low in spite of associated pathologic states frequently present 
in adult life. Changes in cardiomyocyte dimensions were not 
significant in the hearts of IM-treated mice. Therefore, the 
hypothesis has been advanced that myocyte loss was the 
cause of the reduction in left ventricular mass. Because the 
TdT mediated dUTP nick end labeling (TUNEL) assay did 
not suggest increased apoptosis, IM was tested on isolated 
cardiomyocytes showing a dose dependent collapse of the 
mitochondrial membrane potential. This was followed by a 
marked release of cytochrome c into the cytosol and a sig-
nificant decline in cellular ATP content. 

 Thus, IM induces abnormalities of mitochondrial mor-
phology and function in the human and mouse heart. 

Cellular Targets 

 Myocyte loss is an important determinant of myocardial 
dysfunction. Cardiomyocytes constitute 80% of cardiac mass 
but represent only 20% of cells populating the heart. Thus, 

other cell types, like fibroblasts, endothelial, smooth muscle 
or stromal cells are important structural and trophic support 
of the myocardium. In this regard, fibroblasts and endothelial 
cells could be sensitive to the toxic insult of anti-cancer 
drugs in a similar manner as it occurs in contractile cells.  
It could be also possible that distribution of drugs through 
extracellular fluids causes a modification of matrix composi-
tion and paracrine signals leading to deterioration of cardio-
myocytes. Studies supporting this hypothesis are in progress.  

 The developing and postnatal heart contains multipotent 
cardiovascular progenitors that can differentiate in vitro and 
in vivo in cardiac phenotypes [9, 151]. These cells express c-
kit, the receptor for SCF, which is the most preserved SC 
markers in different tissues of different species [152-157]. 
Now, the question is whether this cell population could be a 
target of TKIs acting on KIT ligand and other important 
molecules regulating SC survival and function. If this is the 
case, IM may hamper the repairing machinery mediated by 
c-kit

pos
 myocardial progenitors in response to the cytotoxic 

effect of IM on cardiomyocytes induced by inhibition on c-
Abl. 

 Thus, preservation of the SC pool may be cardioprotec-
tive and the observation that IM interferes with the func-
tional competence and the repairing ability of c-kit

pos
 cells in 

the heart strongly supports this contention [107]. 

 In order to test this hypothesis we studied the in vitro 
effect of IM on human myocardial cells isolated from the 
heart [9] and on CML cells taken as a reference. We selected 
5 µM concentration of IM because is equivalent to the in 
vivo dose of 400 mg (that is the canonical therapeutic dose) 
and 50 µM to possibly overcome drug resistance. The 
amount of genotoxic damage was measured at different time 
points in cultured cells by the immunocytochemical detec-
tion of Histone A2 X positive DNA double strand breaks 
(DSBs) Fig. (2A-C). A dose dependent DNA damage was 
observed in both cell types 6 hours after IM exposure Fig. (2 
D-E). Interestingly, lower concentration of IM produced a 
divergent effect, since in CML cells DSBs formation in-
creased with time whereas a trend to decrease was observed 
in myocardial progenitors. This phenomenon may be attrib-
uted to a possible activation of the DNA repairing machinery 
allowed only by low dose of IM in myocardial cells and not 
in Bcr-Abl positive CML [158]. 

 Thus, IM may affect the primitive cell compartment of 
the human heart blunting the reparative processes implicated 
in preservation of cardiac integrity. 

 As for all others drugs under suspicion of cardiotoxicity, 
also for IM is conceivable that the underlying mechanism 
should be elucidated in experimental animals. However, it 
seems that IM is more toxic in mice than in humans, pointing 
to an important limitation in animal models aimed at predict-
ing drug cardiotoxicity [135].  

Risk Factors for TKIs Cardiotoxicity 

 Most of the observations on the identification of the risk 
to develop CVD by TKIs treatment have been made on TTZ. 
In a pivotal study on metastatic setting [115], increasing age 
was the only baseline characteristic representing a significant 
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risk factor for cardiac dysfunction in patients receiving the 
combination of anthracycline, cyclophosphamide and TTZ. 
However, on multivariate analysis, independent risk factors 
for the development of cardiac failure included the concomi-
tant use of anthracycline, prior anthracycline exposure, age > 
45 years and NYHA class IV before enrolment in the trial 
[159]. In terms of risk factors for TTZ-associated cardiotox-
icity in adjuvant setting, in the HERA trial, patients who 
developed heart failure were treated with higher cumulative 
doses of DOX or epirubicine and had a lower LVEF and a 
higher body mass index at screening.  

 No associations were found between cardiac endpoints 
and older age, previous cardiac diseases, hyperlipidemia or 
hypertension. The investigators correctly cautioned that 
analyses of potential risk factors were exploratory and based 

on a small number of cardiac events [124]. The 5-year up-
date of the NSABP B-31 identified four risk factors for heart 
failure in TTZ-treated patients: age, use of hypertensive 
medications, baseline and post-anthracycline LVEF values 
[123]. Hypertension, an easily treated and often ignored co-
existent condition, is a defined risk factor for the develop-
ment of heart failure and other cardiovascular events. The 
incidence of hypertension with TKIs is high and deserves 
attention early in the course of therapy.  

Prevention 

 Detailed guidelines for the prevention of TKIs mediated 
cardiotoxicity are lacking. In the attempt to reduce cardiotox-
icity of TTZ some hypotheses have been proposed. Increas-
ing the washout period from previous chemotherapy has 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Imatinib Mesylate (IM) Induces DNA Double Strand Breaks in Human Myocardial Progenitors. A-C: confocal images of γH2AX 

labeling (green fluorescence) on nuclei (blue fluorescence) of human myocardial cells cultured in the absence (A) and presence of 5 µM (B) 

and 50 µM (C) concentrations of IM. Scale bars= 20 µm. D-E: quantification of DNA double strand breaks in Bcr/Abl rearranged BM CML 

cells (D) and myocardial progenitors (E) documenting a dose dependent DNA damage at each time point. A time dependent DNA damage 

was found only with 50 µM concentration of IM on both cell types, whereas 5 µM doses did not exert a linear genotoxic effect with time. 
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been shown to produce positive results in the development of 
CHF in TTZ treated patients. Ad interim analyses of the 
HERA trial showed that following 90 days of washout, a 
lower incidence of symptomatic CHF was observed after 1 
year of TTZ treatment [124, 159]. 

 Toxicity of TKIs containing regimens could be prevented 
by the same attentions used in cardiotoxicity of antracyclines 
or changing their combination with non-anthracycline re-
gimes (for example paclitaxel and capecytabine) [115, 160-
161]. In the FinHer study, in which patients received a short 
course of TTZ (9 weeks instead of one or two years) before 
anthracycline-containing regimens, cardiotoxicity was not 
observed [162].  

Monitoring and Follow up 

 Extensive reports on the principles regulating the monitor 
and follow-up of TKIs treatment are available only for TTZ. 
When monitored prospectively, the incidence of TTZ-
associated cardiotoxicity appears to be lower than that retro-
spectively estimated from premarketing data. This may be 
partly due to over reporting of cardiotoxicity by the pivotal 
clinical trial and also to vigilant baseline cardiac evaluation 
adopted in more recent clinical trials [159]. 

 Similarly to anthracycline, ventriculography techniques, 
such as MUGA scan, have been used to monitor cardiac 
function. As mentioned earlier, echocardiography may be 
limited by poor reproducibility and high variability [163-
165]. 

 It is recommended that LVEF be re-evaluated every 12 
weeks in patients receiving TTZ in the adjuvant setting. Pa-
tients who experience cardiac symptoms or a greater than 
10% absolute asymptomatic decline in LVEF while receiv-
ing TTZ may continue to undergo annual cardiac assess-
ments following completion of the treatment. At this time, 
no evidence exists to support further cardiac monitoring of 
patients who have completed TTZ treatment in the absence 
of cardiac symptoms and no signs of substantial (greater  
than 10% absolute decrease) asymptomatic LVEF decline 
[166]. 

 The follow-up data on cardiac function represent a con-
cern and challenge the concept that TTZ-related cardiotoxic-
ity is reversible. Among those patients diagnosed with a car-
diac event in NSABP B-31, two thirds continued to receive 
cardiac medications and 71% had a decrease in LVEF rela-
tive to baseline, highlighting persistent cardiac dysfunction. 
Focusing on severe symptomatic CHF does not tell the 
whole story. A substantial portion of patients treated with 
TTZ experience asymptomatic decrements in LVEF (14 % in 
NSABP B-31 and 17% in BCIRG 006) providing additional 
evidence supporting a significant persistence of cardiac dys-
function following drug administration [5]. On the other 
hand, the analysis of cardiac endpoints in the HERA trial 
suggested that the benefit of TTZ on cancer continues to 
increase in the second year of follow-up, while the cumula-
tive incidence of any type of cardiac endpoint appears stable 
after completion of TTZ [124, 159]. 

 A retrospective study showed that symptomatic heart 
failure occurred soon after initiation of SUT (mean onset 22 

days) [167, 168], and was associated with a decline in car-
diac function and elevations in blood pressure. These altera-
tions were not completely reversible in most patients even 
after termination of therapy. The current considerations on 
the management of IM cardiotoxicity are similar to those 
described for other TKIs. 

 It is well known that overt anthracycline cardiotoxicity 
can become manifest many years after treatment and this 
may well be the case with TKIs. The risk of such late toxic-
ity might be acceptable for patients with significantly in-
creased overall survival by the agent, but might be unaccept-
able for others. There is also a general concern that outside 
the setting of clinical trials, the observed rates of cardiotoxic-
ity may be increased due to less restricted criteria and to 
more advanced toxicity monitoring. This underscores the 
importance of patient selection and complies with the car-
diotoxicity monitoring strategies used in the adjuvant trials. 
These observations also highlight the critical importance of 
continued cardiac follow-up of TKIs treated patients. 

 These observations suggest that TKIs associated heart 
failure needs a careful monitoring of cardiac function. Pa-
tients with coronary artery diseases, other cardiac patholo-
gies or previous treatment with anthracycline may be at par-
ticularly high risk of cardiac failure and possibly myocardial 
infarction during TKIs therapy, and therefore need very  
accurate and close follow-up. 

 Exploratory data also indicate that the early detection of 
cardiotoxicity associated with TKIs may be predicted by a 
doubling of BNP levels. 

1
 

Treatment 

 Management of TKIs-related cardiotoxicity has two dis-
tinct aspects: withdrawal of the drug and treatment of cardiac 
dysfunction. The “stopping/restarting” rules have been effec-
tive and are recommended, with some modifications regard-
ing the need of cardiologic consult or treatment of cardiac 
dysfunction (or both) when appropriate. Symptomatic left 
ventricular TTZ-related cardiotoxicity seems to be partially 
reversible after drug withdrawal and initiation of medical 
therapy [166, 169]. 

 Pharmacological treatment should be similar to that of 
patients with LV dysfunction of any other etiology. Most 
patients in the HERA trial with cardiac dysfunction experi-
enced symptomatic improvement and at least partial recov-
ery of LVEF less than 6 months after TTZ withdrawal and 
initiation of ACE-I and beta-blockers. Whether TTZ-related 
LV dysfunction will have a similar natural history or  
a course modifiable by pharmacologic interventions is  
unknown. It is likely that many TTZ treated patients were 
already taking drugs known to favorably impact on the  
natural history of left ventricular dysfunction. Thus, it is  
 

                                                             
1 Kutteh, L.A.; Hobday, T.; Jaffe, A.A correlative study of cardiac biomarkers and left 

ventricular ejection fraction (LVEF) from N9831, a phase III randomized trial of 

chemotherapy and trastuzumab as adjuvant therapy for HER2-positive breast cancer. 

[abstract] J. Clin. Oncol., 2007, 25, 579. 
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possible that the use of these agents may have a beneficial 
effect on the cumulative incidence of the observed cardiotox-
icity [5]. 

 We believe that individualized cardiovascular manage-
ment is essential for reversibility and additional safety when 
TKIs are employed. Due to the high incidence of hyperten-
sion associated with TKIs treatment, an a priori initiation of 
ACE-I might consistently ensure blood pressure control that 
is an important factor to prevent cardiovascular diseases 
[170, 171]. 

 In addition, it would be important to use drugs that pro-
tect myocyte mitochondria, the chief targets for TKIs-
mediated cardiotoxicity. However, such an approach has 
only been demonstrated for IM-induced cardiotoxicity [146]. 
In the case of other TKIs, co medication with β-blockers, 
particularly with carvedilol, appears reasonable. Carvedilol, 
a α/β adrenergic receptor antagonist with antioxidant proper-
ties, has a positive impact on cardiac mitochondria and 
shows beneficial effects on mitochondrial cardiomyopathy 
[172, 173]. Similarly, statins may protect cardiomyocytes via 
activation of NO synthase and mitochondrial ATP-sensitive 
potassium channels, and may be considered as possible new 
candidates with cardioprotective properties in patients 
treated with TKIs [174].  

 A specific mention should be made on the recent attempt 
to produce TKIs molecules with preserved anti-tumor effi-
cacy and reduced toxicity. In this regard, the MD Anderson 
Cancer Center has been able to reengineer IM by hampering 
the inhibition of Bcr-Abl, claimed to be responsible for  
cardiotoxicity, and adding new target kinases to possibly 
increase antineoplstic activity [175]. 

SUMMARY 

 The overall increase population of long-term cancer sur-
vivors, together with evidence that, in addition to anthracy-
cline, the recently introduced target therapy may also affect 
the cardiovascular system, represents an emerging epidemi-
ologic phenomenon requiring urgent measures. 

 Advanced knowledge of biological and cellular events 
implicated in the response of the heart to anti-cancer therapy 
is a fundamental tool for the early detection of cardiotoxicity 
and for the prevention of cardiovascular events in cancer 
survivors. 

 A common subcellular target of anthracycline and TKIs 
involving mitochondrial dysfunction and damage may ex-
plain their preferential toxic effect on the heart, a high en-
ergy-consuming organ.  

 Cardioprotection from anthracycline and TKIs may be 
achieved by drugs selectively acting on the preservation of 
ATP-mitochondrial pathways of myocardial cells. 

 Resident myocardial cell compartments including cardiac 
progenitors responsible for tissue homeostasis are proposed 
as new cellular targets of anthracycline and TKIs toxicity.  

 Approaches aimed at the preservation or expansion of the 
cardiac progenitor cell pool may change the onset and 
development of cardiovascular damage by cytotoxic drugs. 

CONCLUSION 

 Epidemiologic studies show an increased incidence and 
survival of cancer patients. In United States in 2006 the  
diagnosis of cancer has been reported in 1.5 millions subjects 
and more than 0.5 millions died of the disease. These im-
pressive data, together with the observation that cancer sur-
vival is increased from 50% to 64% in the past 30 years, 
leads to an estimated number of 10 millions of cancer pa-
tients per year. Thus, a constant increase with time of these 
patients is expected since 70% of tumors can be cured in the 
pediatric population and 50% of treated patients develop 
cardiovascular complications. Health organizations and insti-
tutions must accomplish a true emergency, which requires 
scientific knowledge on the basic mechanism, prevention 
and treatment of cardiovascular events in cancer patients. If 
our proposed hypotheses are correct the approach to cancer 
and its social and sanitary impact will inevitably change. 
Understanding the toxic effects of anti-cancer therapy will 
improve the clinical benefit of the actual strategy reducing 
hospitalization and mortality. This type of research implies 
large-scale studies, a multidisciplinary approach and interna-
tional networks involving clinical and biologic units. 

 The big challenges that scientific communities and clini-
cal institutions have to face are currently to find an effective 
prevention, to discover new beneficial treatments and to 
avoid or possibly heal cardiac damage caused by anti-cancer 
strategies. 

ABBREVIATIONS 

Abl = Abelson  

ACE-I = Angiotensin converting enzyme inhibitor 

ADCC = Antibody dependent cell mediated cytotoxicity 

AHA = American Heart Association 

AMPK = Adenosine monophosphate protein kinase 

ARG = Abl related genes 

ATP = Adenosine triphosphate 

Bcr = Breakpoint cluster region 

BM = Bone marrow 

BNP = Brain natriuretic peptide 

CHF = Congestive heart failure 

14
C = Carbon-14 

CAT = Computed axial tomography 

CK = Creatine kinase 

CML = Chronic myeloid leukemia 

CSF = Colony stimulating factor  

CVD = Cardiovascular diseases 

DNA = Deoxyribonucleic acid 

DOX = Doxorubicin 

DSB = Double strand break 
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dUTP = Deoxyuridine triphosphate 

EF = Ejection fraction 

EGF = Epidermal growth factor 

EKG = Electrocardiogram 

eNOS = Endothelial nitric oxide synthase 

EPI = Epirubicin  

ER = Endoplasmic reticulum 

FIP1L = Fip 1 like gene 

FLT = FMS-related tyrosine kinase  

F.Q. = Federico Quaini 

GH = Growth hormone 

GIST = Gastrointestinal stromal tumors 

Gy = Gray 

HDC = High dose chemotherapy 

HER-2 = Human epidermal growth factor receptor-2 

H&E = Hematoxylin and eosin 

HGF = Hepatocyte growth factor 

IGF-1 = Insulin-like growth factor-1 

IM = Imatinib 

JNK = June N-terminal kinase 

LV = Left ventricle 

mTOR = Mammalian target of rapamycin 

MUGA = Multi gated acquisition 

NHL = Non-Hodgkin Lymphoma 

NO = Nitric oxide 

NT = n-terminal 

NYHA = New york heart association 

PDGF = Platelets derived growth factor  

PKC = Protein kinase C 

RET = Rearranged during transfection  

ROS = Reactive oxygen species 

SCF = Stem cell factor 

SOR = Sorafenib 

SR = Sarcoplasmic reticulum 

SUT = Sunitinib 

TEL = Translocated ets leukemia  

TERT = Telomerase reverse transcriptase 

TnI = Troponin I 

TKI = Tyrosine kinase inhibitor 

TTZ = Trastuzumab 

TUNEL = Terminal deoxynucleotidil transferase medi-
ated nick end labeling 

VEGF = Vascular endothelial growth factor  
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