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The cardiotoxicity of chemotherapy:
New prospects for an old problem
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Laura Da Ronch!, Elda Viel?, Andrea Veronesi!, Chiara Lestuzzi?
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Background. Cardiotoxicity caused by chemotherapy, with its diverse early and late presentations, can
hamper potentially curative or palliative treatments. The drugs most often linked to cardiotoxicity include
anthracyclines, trastuzumab, 5-fluorouracil and taxanes, but some forms of cardiotoxicity have been de-
scribed, more or less sporadically, for most antitumour agents. It is likely that the widespread use of the new
biological target therapies will lead to the identification of other less known toxic effects. The available data
on its incidence and clinical presentation, the pathogenetic mechanisms involved, the diagnosis, prevention
and management of cardiac toxicity from chemotherapy are briefly reviewed.

Conclusions. The identification of novel molecular targets will increase the number of drugs available for
the treatment of neoplastic disease. It will be important to evaluate the side effects related to treatment,
particularly in organs with a limited regenerative capability such as the heart. Further studies will therefore
be necessary.
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Introduction cancer drugs are briefly reviewed. The pos-

sibilities to intervene through alterations of

The available data on the incidence, risk
factors, pathogenetic mechanisms in-
volved, clinical presentation, diagnosis and
management of cardiac toxicity from anti-
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the chemotherapy schedule or the use of
cardioprotective agents are discussed. Not
mentioned are the possible cardiac com-
plications of radiotherapy and hormonal
therapy.

Risk factors

Risk factors for the development of hy-
pokinetic cardiopathy from anthracyclines
include: elevated serum anthracycline con-
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centrations following high doses and/or
short infusions, previous or concomitant
radiotherapy to the mediastinum or to the
left hemithorax, age less than 15 years or
over 65 years, cardiovascular risk factors
such as arterial hypertension and diabetes,
pre-existing hypokinetic cardiopathy and
the female sex, in which morbidity and
cardiac mortality are twice as frequent as
in males in the presence of another cardio-
vascular risk factor.!¢

The only identified risk factors for tras-
tuzumab are the type of chemotherapy
pretreatment and the age of the patient
that appear to be particularly influential in
the group also treated with anthracyclines.”
Regarding 5-fluorouracil, there is no con-
sensus on age as a risk factor. Some authors
report a more elevated risk in patients older
than 50, while others do not.%10

Anthracyclines

The most frequently observed cardiotoxic
effect after the use of anthracyclines (adri-
amycin or doxorubicin, daunorubicin, epi-
rubicin and mitoxantrone) is the depression
of myocardial contractility. About 10-15% of
neoplastic patients treated with anthracy-
clines develop a hypokinetic cardiopathy!!,
and this depends mainly on the cumulative
dose of the drug. The risk related to an
adriamycin cumulative dose equal to 550
mg/m? is 7%; this grows linearly with high-
er dosages, reaching 50% for a total dose of
1000 mg/m?2."12 However, cardiotoxicity can
also occur at a cumulative dose of less than
400 mg/m?, especially if the anthracycline
is combined with other cytotoxic drugs, for
example, cyclophosphamide.’® Various hy-
potheses on the pathogenetic mechanisms
of cardiopathy from anthracyclines have
been formulated: the production of free
radicals’™ and/or a reduction of free radi-
cal scavengers; the inhibition of the ionic
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pumps through toxic metabolites'®; altera-
tion of the energetic mitochondrial metabo-
lism'®; the formation of a complex binding
trivalent iron ions that damage cellular
membranes and DNA3; the release of in-
flammatory cytokines!!; and the induction
of an adrenergic dysfunction.'” Histological
damage is characterized by the expansion
of the sarcomere tubules and by the loss of
actin and myosin myofilaments.
Cardiotoxicity can occur early or in a
later phase. Acute toxicity, that is during
chemotherapy infusion, occurs in 0.4 - 41%
of cases!!, especially in the presence of
electrolytic alterations'®, presenting mainly
as sinus tachycardia, supraventricular or
ventricular non-repetitive arrhythmia, as-
pecific alterations of repolarisation or an
extension of the QT tract. In this phase,
the patient is generally asymptomatic or
only mildly so, and these alterations sub-
side some hours after the discontinuation
of the drug.! This type of cardiotoxicity is
not a contraindication for further treatment
with anthracyclines, but only after an ade-
quate correction of the plasma electrolytes.
However, cases of sudden death correlated
to arrhythmia have been reported.?
Chronic toxicity appears weeks to
months to years after the end of chemo-
therapy; it can also occur during treatment
when the cumulative dose is elevated, or
years after a first course of chemotherapy if
the patient receives a second course. The in-
cidence of chronic toxicity in anthracycline
treated patients varies from 0.4 - 23%.181°
The appearance of signs and/or symptoms
of congestive heart failure such as pulmo-
nary edema or cardiogenic shock, which
may occur progressively or unexpectedly,
is frequent.'>!® The ECG may be normal or
may present ventricular conduction delays
of different grades. Chest radiography may
show possible signs of pulmonary conges-
tion® with cardiac dimensions in the up-
per normal range. Echocardiography may
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show hypokinesia, often more evident at
the septal level, with a reduced function
of the left ventricular pump which may or
may not be associated with the involvement
of the right ventricle, depending on the
duration of the heart failure. The cardiac
dimensions are frequently in the normal
range or only slightly increased, but in the
more serious cases or in the case of a late
diagnosis, these may be greatly increased
with evident remodeling. Parietal thickness
is generally preserved. The diastolic mi-
tralic flow may be normal or altered when
seen on echodoppler. An endomyocardial
biopsy may highlight vacuolisation of the
cytoplasm and mitochondrial degeneration
as well as the loss of myofibrils and perivas-
cular fibrosis.?

The use of less cardiotoxic second gen-
eration anthracyclines such as idarubicin,
epirubicin or mitoxantrone has been sug-
gested and utilized in clinical practice.
However, second generation anthracyclines
are not devoid of cardiotoxicity, but gener-
ally at higher doses.!321-22 Moreover, the
damage is cumulative even among different
anthracyclines.

One strategy to limit doxorubicin car-
diotoxicity is its encapsulation in lipo-
somes which alters the tissue distribution
and the pharmacokinetics of the drug,
limiting its toxic effect on healthy tissue.
The available data suggests a better cardio-
logical safety profile of these formulations,
both in monochemotherapy and in combi-
nation with trastuzumab or other cytotoxic
agents. 2>

Attention to the cumulative dose and
a careful cardiological follow-up still have
the greatest role in the prevention of an-
thracycline cardiotoxicity. Measurement of
the left ventricular pump function should
be performed at baseline either by echo-
cardiogram or by radionuclide angiography
when a cumulative dose of 250-300 mg/m?
of adriamycin or 500 mg/m? of epirubicin

or 25-30 mg/m? of mitoxantrone has been
reached and repeated 10-30 days after the
end of chemotherapy.!¥? Late cardiotoxic-
ity can be detected by extending the cardio-
logical follow-up annually for at least 4-5
years after chemotherapy termination.

In the past, the prognosis of cardio-
myopathy from anthracyclines was rather
unfavourable. The two-year mortality rate
of patients in the functional NYHA III-IV
class, in treatment only with digitalis and
diuretics, was 50%.2° The prognosis in
children appears to be better than that of
adults!, with a two-year mortality rate of
20%.

After the introduction of the ACE-inhib-
itors for the treatment of patients with left
ventricular dysfunction irrespective of the
aetiology, the prognosis of patients with
anthracycline cardiopathy clearly improved
in terms of both morbidity and mortality.
Moreover, the possible reversibility of left
ventricular dysfunction has also been dem-
onstrated.'?72829 The most used drugs
are captopril and enalapril®® at the same
recommended dose as in other types of
hypokinetic cardiopathy.

Currently, studies on the effectiveness
of beta-blockers in this specific type of car-
diopathy are less numerous.**2 However,
small studies have shown a significant
improvement of the left systolic ventricular
function®3* and of the NYHA functional
class® in patients with anthracycline car-
diopathy receiving beta-blocker treatment.
The principal drugs used in these patients
are metoprolol®?° and carvedilol®® at the
doses recommended by the international
guidelines for cardiac failure.

Trastuzumab

Trastuzumab is a recombinant monoclonal
antibody that targets the HER-2 receptor.
It is effective in metastatic breast cancer
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with a high HER-2 expression both as a
single agent or in combination therapy and
as first-line treatment or in pretreated pa-
tients. Being a very specific monoclonal an-
tibody, it has a favourable toxicity/efficacy
ratio. However, it can cause cardiotoxicity
in the form of ventricular dysfunction and
heart failure, especially if administered af-
ter or together with anthracyclines.”,3839
The mechanism of the toxicity is still not
known, but some hypotheses have been
formulated.

Direct toxicity

While HER-2 and HER-4 receptors are in-
volved in cell growth, reparation and sur-
vival during the embryonic development of
the heart, the normal adult muscle has few
HER-2 receptors. Both HER-2 and HER-4
receptors have been detected in the myocar-
dium of some cases showing clinical toxicity
from trastuzumab.’*4% In a small series of
patients, the injection of radiomarked tras-
tuzumab was followed by cardiac captation
in about one third of the cases, and most of
these presented subsequent cardiotoxicity.*!
Therefore, trastuzumab could have a direct
cardiotoxic effect, at least in some subjects.
Probably, there is an interpersonal variabil-
ity in the expression of HER-2 and HER-4
receptors in the human myocardium as well
as in the tumor itself.

Indirect toxicity

Cardiotoxicity is greater when trastuzu-
mab is administered together with anthra-
cyclines and, if this occurs under stress
conditions, the HER-2 receptor is possibly
involved in the reparative processes of
damaged myocytes. This could suggest that
the HER-2 receptor blockade prevents the
myocardium from repairing the damage
caused by anthracyclines, increasing their
eventual toxic effect.3%42

Trastuzumab has an antitumoral speci-
ficity and a favourable toxicity/activity ra-
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tio that will probably make it a more widely
used agent in the next years. The recently
available results on the impact of trastu-
zumab in the adjuvant therapy of breast
carcinoma could be predictive of a more
generalized use in patients with HER-2
hyperexpressing tumors after surgery. The
evaluation of the cardiotoxicity will be of
special importance in this context.

5-Fluorouracil

In the literature, the frequency of fluorou-
racil-related cardiotoxicity such as angina,
myocardial infarction, arrhythmia, heart
failure and sudden death ranges from 1.6%
-18%, with a mortality rate ranging from
2.2% to 13%. This variability is partly due
to patient selection (inclusion or exclusion
of those with pre-existing cardiopathy,
especially of the ischemic type), to the
study methods (retrospective or prospec-
tive; with provocative tests and/or close
cardiological follow-up or limited to clini-
cal observation only), to the method of
drug administration (high or low doses;
bolus or continuous infusion) and to the
possible interference of other potentially
cardiotoxic drugs in polychemotherapeu-
tic regimens.®%4347 From a metanalysis of
the literature, cardiotoxicity generally con-
cerns 5-10% of unselected subjects receiv-
ing high doses (>800 mg/day), particularly
in continuous infusion. In single bolus
doses at 1-4 week intervals, as, for exam-
ple, in the CMF regimen, it is generally
well tolerated even in patients pre-treated
with known cardiotoxic drugs such as
anthracyclines.”#3-4648 This could be ex-
plained by the peculiar pharmacokinetics
of fluorouracil, that has a brief plasmatic
half-life of a few minutes only, but enters
various tissues, including the myocardium,
from which it is subsequently released in
a variable number of days. In continuous
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infusions, circadian variations of the hae-
matic levels of the drug occur, partly due
to fluctuations of the dihydropirimidine-
dehydrogenasis (DPD) activity.*’ In most
cases, the signs of cardiotoxicity appear
2-3 days after the beginning of treatment
and they can also persist after the end of
the infusion; therefore, only with very el-
evated doses of fluorouracil or in the case
of continuous infusions can a high con-
centration of the drug in the cardiac tissue
be sufficient to cause a toxic reaction.

The presence of ischemic cardiopathy
or ECG alterations of an ischemic type may
identify a group of patients with a more
elevated risk of cardiotoxicity, but not all
authors agree with this.®%1% Hereditary
congenital DPD defects can also cause
significant fluorouracil toxicity, which is,
however, mostly haematological.”!

Generally, fluorouracil cardiotoxicity
causes angina, with or without ECG signs
of an acute heart attack or with ECG signs
of ischemia in the absence of typical pain.
Sudden death and arrhythmia, especially
ventricular arrhythmia, follow in order of
frequency. In several cases, ventricular ar-
rhythmia and death have been described
after the appearance of acute myocardial
ischemia, while in other cases, sudden
death occurred in the absence of cardio-
logical follow-up and might have been due
to a myocardial infarction. In conclusion, it
can be hypothesized that in at least 90% of
cases of toxicity, the primary cause is due
to ischemia 284751, 52

More rarely, toxicity appears in the form
of cardiogenic shock, heart failure and a
myocarditis type syndrome.*”>! The major-
ity of events appear during the first cycle of
chemotherapy, and in more than half of the
cases, within 72 hours from the beginning
of the infusion, but in studies with a direct
follow-up of the patients, the events oc-
curred on the third or fourth day of a high
dose continuous infusion.?851,52

The ECG alterations consist either in
the elevation or in the depression of the
ST tract, diffuse or localized.33:344041 An
onset with ST elevation leads to the sup-
position that vasospasm is the cause of the
ischemia, as confirmed in some cases by
angiographic documentation and experi-
mental studies.>*5¢ An interesting finding
is the sporadically reported induction of
vasospastic effort angina during the fluo-
rouracil infusion. This event is probably
underdiagnosed because of the generally
scanty follow-up of outpatients.”

The mechanism of fluorouracil cardio-
toxicity has not yet been entirely clarified,
and could also be linked to different events
which are more or less predominant in
different patients. For example, the mecha-
nisms underlying the induction of vaso-
spasm are little known. Endothelin, that
has been found to be particularly elevated
in patients with tumors and fluorouracil
toxicity, could possibly be a mediator, but it
is also possible that other still unknown va-
soactive compounds could be involved.?-%8

In some cases of vasospastic effort angi-
na, ischemia does not appear during stress
but on recovery; therefore hyperventilation
could play some role.525° Other factors that
could explain this phenomenon include
the formation of thrombi, an increase in
the oxygen requirement of myocytes from
the inotropic and positive chronotropic
effect, an interference with cellular me-
tabolism, ATP depletion, inhibition of the
tricarboxylic acid cycle, delayed immune
reactions with lymphokine activation and
cellular toxicity like that induced by anthra-
cyclines, 44454760

A specific therapy does not exist. The
use of nitroderivatives, calcium channel
blockers or a combination of these could
be effective in the management or pre-
vention of a recurrence of the toxicity in
some patients; in others these measures
could be completely or partially ineffective.
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Arrhythmia and cardiogenic shock could
be resistant to all conventional therapies
or regress with a simple type of support-
ive therapy. As a rule, the discontinuation
of fluorouracil leads to the regression of
symptoms within 48-72 hours.?284351525
461 Once a patient has manifested cardio-
toxicity, each further fluorouracil admin-
istration, even with the protection of anti-
anginal drugs, carries an elevated risk of a
repetition of the cardiotoxicity; therefore, a
modification of the dose or of the method

of administration can sometimes be effec-
tive 284,51

Taxanes

Hypokinetic arrthythmia, particularly oligo-
or asymptomatic sinus bradycardia but
occasionally also transient atrioventricular
II or III grade blocks, supraventricular and
ventricular arrhythmia, depression of the
systolic function and myocardial infarction
have occurred in some studies involving
paclitaxel, but in others no significant car-
diotoxicity was reported.®2¢

Some toxic effects, mainly arrhythmia,
are analogous to those observed after ac-
cidental poisoning with parts of the yew
plant and are probably due to paclitaxel
itself. Others, particularly myocardial isch-
emia, ventricular arrhythmia and hypoten-
sion, may be due to the action of cremo-
phore, the paclitaxel carrier, through the
induction of histamine release, or to other
substances used in the premedication.®*

The combination of paclitaxel with
doxorubicin causes an increased incidence
of cardiotoxicity. It has been suggested that
the interaction between the two agents,
with delayed elimination of doxorubicin
when administrated after paclitaxel, is re-
sponsible for this effect.?® Docetaxel, in-
stead, does not seem to have cardiotoxic
effects.
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The mechanism of paclitaxel cardiotox-
icity is strictly related to its antitumoral
activity. In fact, the antimitotic effect is due
to its ability to stabilize the microtubules.
At much higher doses than those effective
in neoplastic cells, the same action occurs
in the cardiac cells, affecting its elastic and
electromechanical properties as seen in
hypertrophy from fluid overload.®”%° The
effect would be a decrease of the spontane-
ous contraction frequency and a greater
susceptibility to arrhythmia, without sig-
nificant modifications of the contractil-
ity or muscle compliance; however, if the
dose and time of exposure to paclitaxel is
increased, a depression of contractility has
been observed.®”%

It has also been suggested that the car-
diotoxicity of taxanes is due to coronary
vasoconstriction through a mechanism that
is independent from the action on microtu-
bules. This effect is observed only with pa-
clitaxel and not with other analogues such
as docetaxel, which has the same antimi-
totic mechanism. The partial discrepancy
of the data can perhaps be explained by
the different methods of drug administra-
tion such as the dose, duration of the infu-
sion and its association with other drugs.
However, a general consensus seems to
exist on the fact that the cardiotoxic effects
of taxanes are transient and that the cel-
lular dysfunction does not lead to necrosis
as happens with anthracyclines; as a result,
toxicity is not cumulative. Some toxic ef-
fects such as vasomotor phenomena, dys-
pnea and respiratory distress syndrome
have an allergic origin, and are probably
due to the drug carrier (Cremophor) or to
the excipients rather than to the molecule
itself; these symptoms generally respond
to steroid treatment. It is, therefore, not
necessary to submit all patients to a car-
diological follow-up, but only those with
bradyarrhythmia or conduction anomalies.
The exclusion from taxane treatment of
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all patients with a cardiological history is
probably not justified.

Other drugs

Effects like bradycardia, ventricular ar-
rhythmia, heart failure, hypertension and
myocardic ischemia have been ascribed to
cisplatin and carboplatin. Some of these
side effects have been described after poly-
chemotherapies, generally in association
with cyclophosphamide, vinca alkaloids,
etoposide or fluorouracil, in which the
role of platinum compounds is debatable.
However, cisplatin can give haemodynam-
ic and arrhythmic problems. The drug
is nephrotoxic and therefore substantial
amounts of hydration are given before and
after its administration. In subjects with
unstable cardiac compensation, hyperten-
sion or who have suboptimal compliance of
the left ventricle, this could favour an acute
pulmonary edema and/or a hypertensive
crisis. The toxic effect on the kidney could
explain other events such as ventricular
arrhythmia, caused perhaps by hypomag-
nesemia and hypokalemia, a particularly
frequent side effect, and hypertension.”%73
In the more recent prospective studies in
which the prevention of dysionia was pre-
scribed, cardiac toxicity was not a problem.
Moreover, carboplatin appears to be gener-
ally less toxic than cisplatin.”76

Following gemcitabine therapy, arrhyth-
mia, particularly atrial fibrillation, hyper-
tension and heart failure have been de-
scribed, but the role of gemcitabine as a
cause of these phenomena is rather specu-
lative.””/78

Cyclophosphamide can cause cardiotox-
icity by damaging the capillary endotheli-
um and also causing microthrombosis with
subsequent hemorrhagic and ischaemic
myocarditis, but this mainly concerns treat-
ment with high doses of the drug.””

Important cardiotoxicity with arrhyth-
mia and acute ischemic cardiopathy have
been observed following cytokine treat-
ment, in particular with intravenously ad-
ministered interleukin-2 (IL-2) and o-in-
terferon. The cause seems to be mainly
capillary leak syndrome in the case of IL-2
and a direct toxicity or vasculitis for inter-
feron. Currently, following the subcutane-
ous administration of these drugs, their
cardiotoxicity appears to be rare.5

Following the administration of vinorel-
bine, cases of myocardial infarction have
been reported, and, when associated with
trastuzumab, cases of depression of the
pump function and of heart failure have
been reported.®! A more frequent problem
is acute dyspnea, often associated with a
hypertensive crisis and sometimes with
thoracic pain generally related to broncho-
spasm or respiratory distress that disap-
pears with the administration of oxygen,
bronchodilators and cortisone. The ECG is
usually normal.

Bleomycin does not have any particular
cardiotoxicity, but is important with regard
to the problems of differential diagnosis.
This drug is an integral part of therapeutic
regimens used in Hodgkin’s lymphoma,
head and neck cancer and testicular cancer.
In the most favourable forms of Hodgkin’s
disease and testicular cancer, the percent-
age of cure is higher than 90%. The latter
tumors are particularly frequent in young
people with a long life expectancy in whom
late toxicities are of paramount importance.
The main dose-limiting effect of bleomycin
is pulmonary toxicity (25-30% acute and
7-10% chronic).82%” Often, even long after
treatment discontinuation, the patient may
have to be referred to a cardiologist because
of dyspnea. In these cases, the dose of
anthracyclines and/or mediastinal radio-
therapy need to be assessed, and a cardio-
logical evaluation and respiratory function
tests should be performed. The main risk
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factors for bleomycin pneumopathy are age
> 40 years, cumulative dose > 300 mg and
concomitant radiotherapy to the lungs or
platinum chemotherapy.

Cardioprotective agents

A number of methods to reduce the risk of
anthracycline cardiopathy have been sug-
gested. The most widely used is the limita-
tion of the cumulative dose of various drugs:
550 mg/m? for adriamycin, 600 mg/m? for
daunorubicin, 1000 mg/m? for epirubicin,
1900 mg/m? for zorubicin and 160 mg/m?
for mitoxantrone.> When an association
with other antineoplastic cardiotoxic drugs
or with radiotherapy to the mediastinum is
scheduled, lesser doses should be used.

The administration of anthracyclines
in smaller, more frequent doses and/or
the prolongation of the time of infusion to
48-96 hours can reduce the cardiotoxic risk
linked to elevated plasma concentrations of
the drug. The use of less cardiotoxic deriva-
tives of first-generation anthracyclines such
as idarubicin, epirubicin or mitoxantrone
has been suggested and performed in the
clinical setting. However, second-genera-
tion anthracyclines can also cause cardio-
toxicity, though at higher doses.!®222 The
damage is cumulative even between differ-
ent anthracyclines.

Liposomes, used as adriamycin carri-
ers?® have been elaborated to lessen their
toxic effect on healthy tissues; however,
in vivo studies have not shown the same
degree of cardiotoxicity prevention noted
in in vitro studies. Besides, the elevated cost
of the liposomal formulations limit their
generalized use.

Many clinical studies have identified
substances which are able to protect the
myocardium from anthracycline toxicity
without reducing their antineoplastic ac-
tivity.3889 Cytoprotector agents such as
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ICRF187 (dexrazoxane) at doses of 20:1 or
10:1 of the dose of adriamycin can reduce
cardiac events to 30-50% and anthracy-
cline cardiopathy to 10-15% of the original
risk.”%! This intracellular iron chelator re-
duces the formation of free radicals’? and
promotes an immunomodulating effect on
the myocardial inflammation caused by
anthracyclines.” Although clinical stud-
ies have shown the effectiveness of this
substance in preventing the initial car-
diotoxicity from anthracyclines, there are
no current randomized studies that have
determined its role in the prophylaxis of
myocardial damage in the long term.%
Other studies have shown that dexrazox-
ane at high doses (>900 mg/m?) could
have a counter effect on the antineoplastic
activity of adriamycin and epirubicin®, in-
cluding increasing the systemic clearance
of the drug”™?; in addition, it can cause
bone marrow toxicity and phlebitis at the
administration site.?®%7 For these reasons,
dexrazoxane is not used extensively in
clinical practice, but mostly in patients
with previous cardiac damage who have
to receive further doses of anthracyclines.
Other substances such as vitamin E, pro-
bucol, ascorbic acid, melatonin and other
antioxidants have not yet shown an ad-
equate in vivo cardioprotective effect.
Presently, the prevention of anthracy-
cline cardiopathy is based on the cardiologi-
cal follow-up of the patient. A knowledge of
the possible cardiovascular risk factors, a
sound clinical evaluation and the measure-
ment of the left ventricular function before,
during and after chemotherapy may lead to
an early diagnosis of cardiotoxicity. In this
case, the reduction or discontinuation of
the drug and/or the beginning of an ade-
quate cardioprotective therapy may improve
and normalize the cardiac function. In this
phase, the collaboration with the oncologist
is of particular importance to clarify the
risk/benefit ratio and to reduce, discontinue
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or modify the cardiotoxic regimen.

Regarding trastuzumab, an in vitro study
on human cardiomyocytes has shown a
partial reversibility of the toxicity of the
drug with the addition of recombinant
neuregulines.*! Periodic clinical and in-
strumental controls are advisable after 1-2
months and then every 6 months if there
are no problems, more often if signs of tox-
icity are present. In the case of a left ven-
tricular dysfunction, chemotherapy should
immediately be discontinued and the usual
medical therapy for heart failure begun,
that is, diuretics, ACE-inhibitors, digitalis
and beta-blockers when necessary, with a
follow-up planned after a few weeks. The
discontinuation of trastuzumab may result
in a complete recovery of the cardiac func-
tion and the suspension of the cardiological
therapy. In the event of trastuzumab car-
diotoxicity, it should be permanently dis-
continued. Antidotes for cardiotoxicity are
not yet available. It has also been suggested
that the exposure to trastuzumab for a long
time may induce apoptosis in neoplastic
cells, but this mechanism has not yet been
shown in the myocardium.”®

Patients scheduled for therapy with flu-
orouracil should undergo an initial cardio-
logical evaluation to rule out an ischemic
cardiopathy. Patients with a higher risk
should have a cardiological check-up 2-3
days after the start of the infusion if high
doses are used (>800 mg/m?) or after two
weeks in the event of chronic low doses,
and, in the case of angina, a stress test
should be performed. For patients with
pre-existing ischaemic cardiopathy or with
signs of cardiotoxicity from fluorouracil,
the use of alternative drugs should be en-
couraged. When fluorouracil is essential, it
should be administered in a protected envi-
ronment with continuous ECG monitoring
and the association of nitrates and calcium
antagonists. A modification of the thera-
peutic scheme such as administering low

doses in weekly boluses rather than in con-
tinuous infusion could also be helpful.5862
When, despite these precautions, serious
toxicity appears, fluorouracil should be no
longer be administered.

New agents

The cardiotoxic effects of some new anti-
neoplastic agents are currently little known.
As a matter of fact, the recent introduction
of these drugs in clinical practice does not
permit an adequate estimation of their car-
diotoxic effects and further evaluation and
investigation will be necessary. Examples of
these drugs include monoclonal antibodies
such as rituximab, a chimeric murine/human
monoclonal antibody against the CD20 anti-
gen on normal and malignant B-lymphocytes,
bevacizumab, a monoclonal antibody that
blocks vascular endothelial growth factor
(VEGEF ) receptors, cetuximab, a chimeric anti-
body targeting the human epidermal growth
factor (EGFR) receptor, and tyrosine kinase
inhibitors such as imatinib, gefitinib and er-
lotinib and other classes of agents.

The identification of novel molecular
targets will increase the number of drugs
available for the treatment of neoplastic
disease. It will be important to evaluate the
side effects related to treatment, particu-
larly in organs with a limited regenerative
capability such as the heart. Further stud-
ies will therefore be necessary.

Acknowledgments
The authors thank Anna Maria Colussi
for assisting with the preparation of the
manuscript.

References

1. Allen A. The cardiotoxicity of chemotherapeutic
drugs. Semin Oncol 1992; 19: 529-42.

Radiol Oncol 2006; 40(3): 149-61.



158

10.

11.

12.

13.

14.

15.

Wojtacki J, Lewicka-Nowak E, Lesniewski-Kmak
K. Anthracycline-induced cardiotoxicity: clinical
course, risk factors, pathogenesis, detection and
prevention - review of the literature. Med Sci Monit
2000; 6: 411-20.

De Vita V, Hellman S, Rosenberg S. Cancer:
Principles and practice of oncology. Philadelphia: JB
Lippincott Company; 1997.

Moreb ]S, Oblon DJ. Outcome of clinical conges-
tive heart failure by anthracycline chemotherapy.
Cancer 1992; 70: 2637-41.

Hochster H, Wasserheit C, Speyer J. Cardiotoxicity
and cardioprotection during chemotherapy. Curr
Opin Oncol 1995; 7: 304-9.

Lipshultz SE, Lipsitz SR, Mone SM, Goorin AM,
Sallan SE, Sanders SP, et al. Female sex and drug
dose as risk factors for late cardiotoxic effects of
doxorubicin therapy for childhood cancer. New
Engl | Med 1995; 332: 1738-43.

Leyland-Jones B. Trastuzumab: hopes and reali-
ties. Lancet Oncol 2002; 3: 137-44.

Anand AJ. Fluorouracil cardiotoxicity. Ann
Pharmacother 1994; 28: 374-8.

Becker K, Erckenbrecht JF, Haussinger D, Frieling
T. Cardiotoxicity of the antiproliferative compound
Fluorouracil. Drugs 1999; 57: 475-84.

Fleming RA, Milano GA, Gaspard MH, Bargnoux
PJ, Thyss A, Plagne R, et al. Dihydropyrimidine
dehydrogenase activity in cancer patients. Eur |
Cancer 1993; 29: 740-4.

Jensen BV, Skovsgaard T, Nielsen SL. Functional
monitoring of anthracycline cardiotoxicity: a prospec-
tive, blinded, long-term observational study of out-
come in 120 patients. Ann Oncol 2002; 13: 699-709.

Von Hoff D, Rozencwieg M, Piccart M. The cardio-
toxicity of anticancer agents. Semin Oncol 1982; 9:
23-33.

Watts RG. Severe and fatal anthracycline cardio-
toxicity at cumulative doses below 400 mg/m?:
evidence for enhanced toxicity with multiagent
chemotherapy. Am | Hematol 1991; 36: 217-8.

Steinherz L], Graham T, Hurwitz R, Sondheimer
HM, Schaffer EM, Schwartz RG, et al. Guidelines
for cardiac monitoring of children during and after
anthracycline therapy: report of the Cardiology
Committee of Childrens Cancer Study Group.
Pediatrics 1992; 89: 942-9.

Lacasse Y, Bolduc P. Sudden death in leukemic
patients treated with doxorubicin. Can | Cardiol
1992; 8: 53-6.

Radiol Oncol 2006; 40(3): 149-61.

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Miolo GM et al. / Cardiotoxicity of chemotherapy

. Fu LX, Waagstein F, Hjalmarson A. A new in-
sight into adriamycin-induced cardiotoxicity. Int |
Cardiol 1990; 29: 15-20.

Wakasugi S, Wada A, Hasegawa Y, Nakano S,
Shibata N. Detection of abnormal cardiac ad-
renergic neuron activity in adriamycin-induced
cardiomyopathy with iodine-125-metaiodobenzyl-
guanidine. ] Nucl Med 1992; 33: 208-14.

Shan K, Lincoff A, Young J. Anthracycline-induced
cardiotoxicity. Ann Intern Med 1996; 125: 47-58.

Holland ], Frei E III, Bast RC, Kufe D, Morton
DL, Weichselbaum RR. Cancer medicine, 3" Edition.
Philadelphia: Lea and Febiger; 1993.

Cummings J, Willmott N, Smyth J. The molecular
pharmacology of doxorubicin in vivo. Eur | Cancer
1991; 27: 532-5.

Villani F, Galimberti M, Comazzi R, Crippa F.
Evaluation of cardiac toxicity of idarubicin (4-deme-
thoxydaunorubicin). Eur | Clin Oncol 1989; 25: 13-8.

Henderson I, Allegra J, Woodcock T, Wolff S,
Bryan S, Cartwright K, et al. Randomized clinical
trial comparing mitoxantrone with doxorubicin in
previously treated patients with metastatic breast
cancer. | Clin Oncol 1989; 7: 560-71.

Berry G, Billingham M, Alderman E, Richardson
P, Torti F, Lum B, et al. Reduced cardiotoxicity of
doxil (pegylated liposomal doxorubicin) in Aids
Kaposi’s sarcoma patients compared to a matched
control group of cancer patients given doxorubi-
cin. Ann Oncol 1998; 9: 711-6.

Theodoulou M, Hudis C. Cardiac profiles of li-
posomal anthracyclines. Greater cardiac safety
versus conventional Doxorubicin? Cancer 2004;
100: 2052-63.

Ritchie JL, Bateman TM, Bonow RO, Crawford
MH, Gibbons RJ, Hall R], et al. Guidelines for clin-
ical use of cardiac radionuclide imaging. Report
of the American College of Cardiology/American
Heart Association Task Force on Assessment
of Diagnostic and Therapeutic Cardiovascular
Procedures (Committee on Radionuclide Imaging),
developed in collaboration with the American
Society of Nuclear Cardiology. | Am Coll Cardiol
1995; 25: 521-47.

Ryberg M, Nielsen D, Skovsgaard T, Hansen ],
Jensen BV, Dombernowsky P. Epirubicin cardio-
toxicity: an analysis of 469 patients with meta-
static breast cancer. | Clin Oncol 1998; 16: 3502-8.

Jensen BV, Nielsen SL, Skovsgaard T. Treatment
with angiotensin-converting-enzyme inhibitor for
epirubicin-induced dilated cardiomyopathy. Lancet
1996; 347: 297-9.



28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

Miolo GM et al. / Cardiotoxicity of chemotherapy

Keefe DL, Roistacher N, Pierri MK. Clinical cardio-
toxicity of 5-fluorouracil. ] Clin Pharmacol 1993; 33:
1069-70.

Okumura K, Jin D, Takai S, Miyazaki M. Beneficial
effects of angiotensin-converting enzyme inhibi-
tion in adriamycin-induced cardiomyopathy in
Hamsters. Jpn | Pharmacol 2002; 88: 183-8.

Vaynblat M, Shah HR, Bhaskaran D, Ramdev
G, Davis W] 3rd, Cunningham JN Jr, et al.
Simultaneous angiotensin converting enzyme in-
hibition moderates ventricular dysfunction caused
by doxorubicin. Eur | Heart Fail 2002; 4: 583-6.

Matsui H, Morishima I, Numaguchi Y, Toki Y,
Okumura K, Hayakawa T. Protective effects of
carvedilol against doxorubicin-induced cardiomy-
opathy in rats. Life Sci. 1999; 65: 1265-74.

Santos DL, Moreno A], Leino RL, Froberg MK,
Wallace KB. Carvedilol protects against doxo-
rubicin-induced mitochondrial cardiomyopathy.
Toxicol Appl Pharmacol 2002; 185: 218-27.

. Shaddy RE, Tani LY, Gidding SS, Pahl E, Orsmond

GS, Gilbert EM, et al. Beta-blocker treatment of
dilated cardiomyopathy with congestive heart fail-
ure in children: a multi-institutional experience. J
Heart Lung Transplant 1999; 18: 269-74.

Noori A, Lindenfeld J, Wolfel E, Ferguson D,
Bristow MR, Lowes BD. Beta-blockade in adria-
mycin-induced cardiomyopathy. ] Card Fail 2000;
6: 115-9.

Okamoto M, Miyazaki H, Tsuzuki M, Ino T, Ezaki
K, Hirano M. Long-term selective 1-blockade
therapy for patients with anthracycline-induced
cardiomyopathy. Rinsho Ketsueki 1995; 36: 1305-
10.

Fazio S, Palmieri EA, Ferravante B, Bone F, Biondi
B, Salla L. Doxorubicin-induced cardiomyopathy
treated with carvedilol. Clin Cardiol 1998; 21: 777-
9.

Seidman A, Hudis C, Pierri MK, Shak S, Paton V,
Ashby M, et al. Cardiac dysfunction in the trastu-
zumab clinical trials experience. J Clin Oncol 2002;
20: 1215-21.

OzceliK C, Erdmann B, Pilz B, Wettschureck N,
Britsch S, Hubner N, et al. Conditional mutation
of the ErbB2 (HER?2) receptor in cardiomyocytes
leads to dilated cardiomyopathy. PNAS 2002; 99:
8880-5.

Strasser F, Betticher DC, Suter TM. Trastuzumab
and breast cancer. New Engl ] Med 2001; 345: 996.

40

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

51

159

. Behr TM, Behe M, Wormann B. Trastuzumab and
breast cancer. New Engl ] Med 2001; 345: 995-6.

Schneider JW, Chang AY, Rocco TP. Cardiotoxicity
in signal transduction therapeutics: erbB2 antibod-
ies and the heart. Semin Oncol 2001; 28: 18-26.

. Bordowicz T, Kandolier D, Tomek S, Ludwig C,
Rudas M, Kunstefeld R, et al: Anti-HER2/neu
antibody induces apoptosis in HER2/neu overex-
pressing breast cancer cells independently from
p53 status. Br ] Cancer 2001; 30: 85: 1764-70.

Gradishar W], Vokes EE. 5-Fluorouracil cardiotox-
icity: a critical review. Ann Oncol 1990; 1: 409-14.

Gradishar W, Vokes E, Shilsky R, Weichselbaum
R, Panje W. Vascular events in patients reciving
high-dose infusional 5-fluorouracil-based chemo-
therapy: the University of Chicago experience.
Med Ped Oncol 1991; 19: 8-15.

De Forni M, Malet-Martino MC, Jaillais P, Shubinski
RE, Bachand JM, Lemaire L, et al. Cardiotoxicity
of high-dose continuous infusion Fluorouracil: a
prospective clinical study. J Clin Oncol 1992; 10:
1795-801.

Rezkalla S, Kloner RA, Ensley ], al Sarraf M,
Revels S, Olivenstein A, et al. Continuous ambula-
tory ECG monitoring during Fluorouracil therapy:
a prospective study. J Clin Oncol 1989; 7: 509-14.

Papadimitriou CA, Dimopoulos MA, Ampela
C, Louvrou-Fertaki A, Anagnostopoulos A,
Athanassiades P. Sequential administration of
doxorubicin and paclitaxel followed by cyclophos-
phamide, methotrexate and 5-fluorouracil com-
bination (CMF) in women with metastatic breast
cancer. Oncology 1998; 55: 533-7.

Liss RH, Chadwick M. Correlation of 5-fluor-
ouracil distribution in rodents with toxicity and
chemotherapy in man. Cancer Chemother Rep 1974;
58: 777-86.

Harris BE, Song RL, Soong SJ, Diasio RB.
Relationship between dihydropyrimidine dehy-
drogenase activity and plasma 5-fluorouracil levels
with evidence for circadian variation of enzyme
activity and plasma drug levels in cancer patients
receiving 5-fluorouracil by protracted continuous
infusion. Cancer Res 1990; 50: 197-201.

Robben NC, Pippas AW, Moore JO. The syndrome
of 5-fluorouracil cardiotoxicity. An elusive cardio-
pathy. Cancer 1993; 71: 493-509.

Eskilsson J, Albertsson M, Mercke C. Adverse car-
diac effects during induction chemotherapy treat-
ment with cis-platin and 5-fluorouracil. Radiother
Oncol 1988; 13: 41-6.

Radiol Oncol 2006; 40(3): 149-61.



160

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Freeman NJ, Costanza ME. 5-fluorouracil-associ-
ated cardiotoxicity. Cancer 1988; 61: 36-45.

Luwaert R], Descamps O, Majois F, Chaudron J-M,
Beauduin M. Coronary artery spasm induced by
5-fluorouracil. Eur Heart ] 1991; 12: 468-70.

Mancuso L. Prinzmetal’s angina during 5-fluorou-
racil chemotherapy. Am ] Med 1987; 83: 602.

Mosseri M, Fingert HJ, Vartikovski L, Chokshi
S, Isner JM. In vitro evidence that myocardial
ischemia resulting from 5-fluorouracil chemo-
therapy is due to protein kinase C-mediated vaso-
constriction of vascular smooth muscle. Cancer Res
1993; 53: 3028-33.

Colin R, Bordes G, Bory M. Angor de Prinzmetal
I'effort au course d'une cure de 5-fluorouracile. La
Presse Médicale 1994; 23: 1137.

Lestuzzi C, Viel E, Picano E, Meneguzzo N.
Coronary vasospasm as a cause of effort related
myocardial ischemia during low-dose chronic con-
tinuous infusion of 5-fluorouracil. Am | Med 2001;
111: 316-8.

Kuzel T, Esparaz B, Green D, Kies M.
Thrombogenicity of intravenous 5-fluorouracil
alone or in combination with cisplatin. Cancer
1990; 65: 885-9.

Thyss A, Gaspard MH, Marsault R, Milano G,
Frelin C, Schneider M, et al. Very high endothelin
plasma levels in patients with 5-FU cardiotoxicity
[letter]. Ann Oncol 1992; 3: 88.

Akpek G, Hartshorn KL. Failure of oral nitrate
and calcium channel blocker therapy to prevent
5-fluorouracil-related myocardial ischemia: a case
report. Cancer Chemother Pharmacol 1999; 43: 157-
61.

Weidmann B, Teipel A, Niederle N. The syndrome
of 5-fluorouracil cardiotoxicity: an elusive cardio-
pathy. Cancer 1994; 73: 2001-2.

Rowinsky E, McGuire W, Guarnieri T, Fisherman
J, Christian M, Donehower R. Cardiac disturbanc-
es during the administration of taxol. | Clin Oncol
1991; 9: 1704-12.

Arbuck S, Strauss H, Rowinsky E, Christian M,
Suffness M, Adams ], et al. A reassessment of
cardiac toxicity associated with taxol. Monogr Natl
Cancer Inst 1993; 15: 117-30.

Lilenbaum RC, MacManus D, Engstrom C, Green
M. A phase I study of paclitaxel and etoposide for
metastatic or recurrent malignancies. Am | Oncol
1998. 21: 129-34.

Radiol Oncol 2006; 40(3): 149-61.

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75

Miolo GM et al. / Cardiotoxicity of chemotherapy

. Padzur R, Kudelka AP, Kavanagh JJ, Cohen PR,
Raber MN. The taxoids: paclitaxel (Taxol) and
docetaxel (Taxotere). Cancer Treat Rev 1993; 19:
351-86.

Brouty-Boye D, Kolonias D, Lampidis TJ.
Antiproliferative activity of taxol on human tumor
and normal breast cells vs. effects on cardiac cells.
Int J Cancer 1995: 60: 571-5.

Parker KK, Taylor LK, Atkinson B, Hansen DE,
Wikswo JP. The effects of tubulin-binding agents
on stretch-induced ventricular arrythmias. Eur |
Pharmacol 2001; 417: 131-40.

Perotti A, Cresta S, Grasselli G, Capri G, Minotti
G, Gianni L. Cardiotoxic effects of anthracycline-
taxane combinations. Expert Opin Drug Saf 2003; 2:
59-71.

Alloatti G, Penna C, Gallo MP, Levi RC, Bombardelli
E, Appendino G. Differential effects of paclitaxel
and derivatives on guinea pig isolated heart and
papillary muscle. ] Pharmacol Exp Ther 1998; 284:
561-7.

Blachely JD, Hill JB. Renal and electrolyte dis-
turbances associated with cisplatin. Ann Int Med
1981; 95: 928-31.

Tomirotti M, Riundi R, Pulici S, Ungano A, Perdetti
D, Villa S, et al. Ischemic cardiopathy from cis-di-
amminedichloroplatinum (CDDP). Tumori 1984;
70: 235-6.

Doll DC, List AF, Greco A, Hainworth JD, Hande
KR, Johnson DH. Acute vascular ischemic events
after cisplatin-based combination chemotherapy
for germ-cell tumors of the testis. Ann Int Med
1986; 105: 48-51.

Forastiere AA, Metch B, Schuller DE, Ensley JF,
Hutchins LF, Triozzi P, et al. Randomized com-
parison of cisplatin plus fluorouracil and carbo-
platinum plus fluorouracil versus methotrexate
in advanced squamous-cell carcinoma of the head
and neck: a Southwest Oncology Group Study. |
Clin Oncol 1992; 10: 1245-51.

Spaulding MB, Fisher SG, Wolf GT. Tumor re-
sponse, toxicity, and survival after neoadjuvant
organ-preserving chemotherapy for advanced la-
ryngeal carcinoma. | Clin Oncol 1994; 12: 1592-9.

. Birkenhake S, Leykamm S, Martus P, Sauer R.
Concomitant radiochemotherapy with 5-FU and
cisplatin for invasive bladder cancer. Acute toxic-
ity and first results. Strahlentherapie und Onkologie
1999; 175: 97-101.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Miolo GM et al. / Cardiotoxicity of chemotherapy

Sauer-Heilborn A, Kath R, Schneider CP, Hoffken
K. Severe non-haematological toxicity after treat-
ment with gemcitabine. ] Cancer Res Clin 1999;
125: 637-40.

Bengala C, Danesi R, Guarneri V, Pazzagli I,
Donati S, Favre C, et al. High-dose consolida-
tion chemotherapy with idarubicin and alkylating
agents following induction with gemcitabine-epi-
rubicin-paclitaxel in metastatic breast cancer: a
dose finding study. Bone Marrow Transpl 2003; 31:
275-80.

Tolba KA, Deliargyris EN. Cardiotoxicity of cancer
therapy. Cancer Invest 1999; 17: 408-22.

Taniguchi I. Clinical significance of cyclophospha-
mide-induced cardiotoxicity. Inter Med 2005; 44:
89-90.

Eskander ED, Harvey HA, Givani E, Lipton A.
Phase I study combining tumor necrosis factor
with interferon-alpha- and interleukin-2. Am J Clin
Oncol 1997; 20: 511-4.

Burstein HJ, Harris LN, Marcom PK, Lambert-Falls
R, Havlin K, Overmoyer B, et al. Trastuzumab and
vinorelbine as first-line therapy for HER2-over-
expressing metastatic breast cancer: multicenter
phase II trial with clinical outcomes, analysis of
serum tumor markers as predictive factors, and
cardiac surveillance algorithm. | Clin Oncol 2003;
21: 2889-95.

Gobbi PG, Broglia C, Merli F, Dell’Olio M, Stentano
C, lannitto E, et al. Vinblastine, bleomicyn, and
methotrexate chemotherapy plus irradiation for
patients with early-stage, favorable Hodgkin lym-
phoma. Cancer 2003; 98: 2393-401.

Chaudhary UB, Haldas JR. Long-term complica-
tions of chemotherapy for germ cell tumours.
Drugs 2003; 63: 1565-77.

Sleijfer S. Bleomycin-induced pneumonitis. Chest
2001; 120: 617-24.

O’Sullivan JM, Huddart RA, Norman AR, Nicholls
J, Dearnaley DP, Horwich A. Predicting the risk of
bleomycin lung toxicity in patients with germ-cell
tumours. Ann Oncol 2003; 14: 91-6.

Diehl V, Franklin J, Pfeundschuch M, Lathan B,
Paulus U, Hasenclever D, et al. Standard and in-
creased-dose BEACOPP chemotherapy compared
with COPP-ABVD for advanced Hodgkin’s dis-
ease. New Engl | Med 2005; 18: 353:744.

Aleman BMP, Raemaekers J]MM, Tirelli U, Bortolus
R, van’t Veer MB, Lybeert ML, et al. Involved-field
radiotherapy for advanced Hodgkin’s lymphoma.
New Engl ] Med 2003; 348: 2396-406

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

161

Speyer JL, Green MD, Kramer E, Rey M, Sanger
J, Ward C, et al. Protective effect of the bispipera-
zinedione ICRF-187 against doxorubicin-induced
cardiac toxicity in women with advanced breast
cancer. New Engl ] Med 1988; 319: 745-52.

Bu'Lock FA, Gabriel HM, Oakhill A, Mott MG,
Martin RP. Cardioprotection by ICRF187 against
high dose anthracycline toxicity in children with
malignant disease. Brit Heart ] 1993; 70: 185-8.

Mott M. Anthracycline cardiotoxicity and its pre-
vention. Ann N Y Acad Sci 1997; 824: 221-8.

Swain S, Whaley F, Gerber M, Weisberg S, York M,
Spicer D, et al. Cardioprotection with dexrazoxane
for doxorubicin-containing therapy in advanced
breast cancer. ] Clin Oncol 1997; 15: 1318-32.

Hasinoff BB. The interaction of the cardioprotec-
tive agent ICRF-187 ((+)-1,2-bis (3,5-dioxopipera-
zinyl-1-yl) propane); its hydrolysis product (ICRF-
198); and other chelating agents with the Fe (III)
and Cu (II) complexes of adriamycin. Agents Action
1990; 29: 374-81.

Lipshultz S. Dexrazoxane for protection against
cardiotoxic effects of anthracyclines in children.
Editorial. ] Clin Oncol 1996; 14: 332-3.

Sehested M, Jensen PB, Sorensen BS, Holm B,
Friche E, Demant EJ. Antagonistic effect of the
cardioprotector (+)-1,2-bis (3,5-dioxopiperazinyl-
1-yl) propane (ICRF-187) on DNA breaks and
cytotoxicity induced by the topoisomerase II di-
rected drugs daunorubicin and etoposide (VP-16).
Biochem Pharmacol 1993; 46: 389-93.

Herman EH, Zhang ], Chadwick DP, Ferrans VJ.
Comparison of the protective effects of amifostine
and dexrazoxane against the toxicity of doxoru-
bicin in spontaneously hypertensive rats. Cancer
Chemother Pharmacol 2001; 45: 329-34.

Basser RL, Sobol MM, Duggan G, Cebon ],
Rosenthal MA, Mihaly G, et al. Comparative study
of the pharmacokinetics and toxicity of high-
dose epirubicin with or without dexrazoxane in
patients with advanced malignancy. | Clin Oncol
1994; 12: 1659-66.

Pedersen-Bjergaad ]. The dioxopiperazine deri-
vates, their leukemogenic potential and other
biological effects. Leukemia Res 1992; 16: 1057-9.

Henson ES, Hu X, Gibson SB. Herceptin sensitizes
ErbB2-overexpressing cells to apoptosis by reduc-
ing antiapoptotic Mcl-1 expression. Clin Cancer Res
2006; 12: 845-53.

Radiol Oncol 2006; 40(3): 149-61.



