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Newer cancer therapies have improved the survival of patients with cancer and, in
some cases, turned cancer into a chronic disease. Patients are now surviving long
enough for the adverse cardiovascular effects of some cancer therapies to become
apparent. The anthracyclines are perhaps the most notorious offenders. Acute reactions
include chest discomfort and shortness of breath consistent with a myopericarditis.
Toxicity can also develop months after the last chemotherapy dose and typically
presents as new onset heart failure with left ventricular systolic dysfunction. Late
reactions are seen years after presentation as new-onset cardiomyopathy, often in
patients who were treated for childhood neoplasms. 5-Fluorouracil, its prodrug
capecitabine, and trastuzumab, a tumor-specific antibody, have also been associated
with cardiotoxicity. Until adequate predictive models, prevention modalities, and
treatments can be identified, the clinician’s focus should be on aggressive monitoring
for early signs of cardiac dysfunction in order to prevent severe systolic dysfunction and
its concomitant morbidity and mortality.
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Cancer is the second leading cause of mortality in the United States,
where it is responsible for 1 of every 4 deaths.1 This impact has driven
efforts to detect cancers earlier and to develop more aggressive antineo-

plastic regimens, including newer biologic and immunologic therapies. Some
of these therapies, while leading to remission and cure, are also associated with
serious cardiovascular complications that in themselves adversely affect patient
survival. As these newer therapies improve survival and turn cancer into a
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chronic disease, patients are now
surviving long enough for adverse
cardiovascular effects, including car-
diomyopathy, to become apparent.
It is important for cardiologists to be
familiar with cancer treatments that
have cardiovascular toxicity, to rec-
ognize predisposing factors so that
adverse events can be prevented, and
to optimally treat manifestations of
cardiovascular toxicity. Research ex-
amining these toxicities is giving the
cardiology community new insights
into the cardiomyocyte and its life
cycle.

Anthracycline Antibiotics
Perhaps the most notorious offend-
ers for chemotherapeutic cardiotoxi-
city are the anthracyclines. These
agents prevent cell division by dis-
rupting the structure of the DNA and
terminating its function. The anthra-
cyclines include the parent com-
pound daunorubicin, which early on
was found to have significant toxici-
ties. However, because daunorubicin
was an effective antineoplastic
agent, daughter compounds were
sought. They include doxorubicin,
epirubicin, idarubicin, and mito-
xantrone. 

Doxorubicin was thought to have
an increased therapeutic index com-
pared with daunorubicin.2 It has a
somewhat reduced risk of cardiotox-
icity and broad effectiveness in the
treatment of acute leukemia and
multiple soft tissue tumors. It went
into widespread clinical use for a va-
riety of tumors, including leukemias
and lymphomas, and for breast, uter-
ine, ovarian, and lung cancers. In
1973, Lefrak and colleagues3 assem-
bled a comprehensive case series de-
tailing the cardiotoxicity of doxoru-
bicin. Of 399 patients who had
received doxorubicin at their institu-
tions, there were 11 cases (3%) of
acute cardiac decompensation, with
8 deaths within 3 weeks. During and

after treatment with doxorubicin, 45
patients (11%) had electrocardio-
gram (EKG) changes. Most of these
EKG changes were transient; they
included sinus tachycardia, nonspe-
cific ST segment and T-wave changes,
frank ST-segment elevation, and a
decrease in voltage consistent with
a myocarditis or diffuse edema
throughout the myocardium. Scan-
ning electron microscopy showed a
marked decrease in the number of
myocardial fibrils, mitochondrial
distortion, nuclear degeneration, dis-
organized sarcoplasmic reticulum,
and glycogen granule depletion. In
this early study, the authors noted
that there was certainly a dose effect,
with 0.27% of patients developing
heart failure at doses of less than 550
mg/m2, but 30% of patients develop-
ing refractory congestive heart fail-
ure with doses greater than 550
mg/m2. Findings on biopsy included

ruptured cristae, swollen mitochon-
dria with dense deposits, myofibril
disruption and disorganization, vacu-
olization, and replacement of my-
ocardium with fibrous tissue.3,4

There are established risk factors
for the development of cardiomy-
opathy with anthracycline treat-
ment. The most predictive is cumu-
lative dose. From the earliest
experience, there has been a clear
dose response, with a sharp increase
in the events of cardiac toxicity with
doses greater than 550 mg/m2. Other
factors, such as age, are also impor-
tant. Children and patients older
than 70 appear to be more suscepti-
ble to the development of cardiac
toxicity.5 Patients who have received
chest irradiation or who are cur-
rently receiving it are at increased
risk, as are those who are receiving

other chemotherapies, which may
act in a synergistic effect with
doxorubicin. The most notable
chemotherapeutic agents that can
add to anthracycline toxicity include
trastuzumab, paclitaxel, and cy-
clophosphamide. In a review of 3 tri-
als of doxorubicin, Swain and col-
leagues6 identified cardiac events in
9% to 65% of patients receiving dox-
orubicin and cyclophosphamide, as
a function of the doxorubicin dose.
(Cardiac events were defined as a
drop in left ventricular [LV] ejection
fraction from baseline of at least 20%
or of at least 10% if the level de-
creased below 50%.)

Types of Reactions
Cardiovascular toxicities related to
anthracyclines can be categorized as
acute, early, or late. Acute reactions
typically present during or shortly
after intravenous infusion with the

chemotherapeutic agent. Initial
symptoms can include chest dis-
comfort and shortness of breath
consistent with a myopericarditis.
Echocardiography may show  LV dys-
function. In 2005, Nakamae and col-
leagues7 showed that valsartan, an
angiotensin receptor blocker, can
mitigate the effects of acute car-
diotoxicity. Any link to subsequent
development of systolic dysfunction
is unclear because patients typically
recover uneventfully from this acute
toxic presentation. Early toxicity
develops months after the last
chemotherapy dose and typically
presents as new onset heart failure
with  LV systolic dysfunction. Treat-
ment of these patients includes all of
the standard heart failure medica-
tions, including angiotensin-convert-
ing enzyme inhibitors, beta blockers,

Children and patients older than 70 appear to be more susceptible to the
development of cardiac toxicity.
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aldosterone antagonists, and diuret-
ics. Patients with evidence of  LV dys-
synchrony may also benefit from car-
diac resynchronization therapy. 

Late reactions are seen years after
presentation as new-onset cardiomy-
opathy, often in patients who were
treated for childhood neoplasms. A
survey by the Pediatric Cardiomy-
opathy Registry shows that more
than 15% of adult patients with car-
diomyopathy were treated for cancer
during childhood or adolescence.8 In
patients with late, severe, refractory
cardiotoxicity, as long as the cancer
has been cured, orthotopic heart
transplantation is an option. 

Cell Biology of Anthracycline
Cardiotoxicity
Because anthracyclines are such ef-
fective anticancer drugs, their mech-
anisms of action have been under in-
tense investigation for many years.
Multiple mechanisms have been pro-
posed, including free radical forma-
tion, apoptosis, disruption in DNA
replication, and transcription by in-
teraction with the DNA-topoiso-
merase complex or direct interaction
with the DNA.9 Cardiac myocytes are
not proliferating, so the mechanism
for doxorubicin-induced cardiotoxic-
ity has been attributed, at least in
part, to reactive oxygen species
(ROS)–mediated damage to cardiac
myocytes. Treatment with antioxi-
dants can protect isolated cardiac
myocytes and intact hearts from dox-
orubicin toxicity,10-13 which suggests
that production of ROS and damage
to mitochondria play an important
role in doxorubicin-mediated car-
diotoxicity and that limiting oxida-
tive stress can mitigate these effects.

There is evidence implicating car-
diac mitochondria as key intracellu-

lar targets, both as sites of generation
of ROS and as direct targets. Mito-
chondrial swelling and vacuolization
have been identified in human car-
diac tissue.14 Doxorubicin can accu-
mulate in the mitochondria, where it
forms a complex with cardiolipin in
the inner membrane.15,16 The cycling
of doxorubicin between the quinone
and semiquinone forms can generate
large amounts of superoxide, which
can be converted to hydrogen perox-
ide and hydroxyl radical. Excess lev-
els of ROS can result in oxidative
modification of mitochondrial pro-
teins, lipids, and mitochondrial DNA
(mtDNA), culminating in mitochon-

drial dysfunction and cell death. It
has been suggested that mitochondr-
ial bioenergetic failure plays a critical
role in doxorubicin-induced car-
diotoxicity. Patients treated with an-
thracyclines during childhood
showed impaired myocardial high-
energy phosphate metabolism in
adulthood even in the absence of
cardiomyopathy.17 Doxorubicin
treatment decreased levels of respira-
tory chain subunits encoded by
mtDNA in rat and human hearts.18-19

Although a decrease in mitochondr-
ial functional deficits may not be ap-
parent in the nonstressed heart,
these hearts will be more susceptible
to additional bioenergetic stress
under increased workload and would
have limited functional reserve. 

Recent investigations have re-
vealed that progenitor cells residing
in the heart have the ability to dif-
ferentiate into cardiac myocytes.20-24

These cells are thought to participate
in cardiac growth during adoles-
cence and to provide a mechanism
for replacement of damaged cells
within the adult heart. It is possible

that doxorubicin targets the cardiac
stem cells, thus limiting future re-
generative potential. This effect
would be exacerbated by concomi-
tant chest irradiation. Tomita and
colleagues25 reported that granulo-
cyte-colony stimulating factor (G-
CSF) enhanced migration of bone
marrow cells to the heart and atten-
uated cardiotoxicity by doxorubicin.
Similarly, Hou and coworkers26

found that administration of G-CSF
inhibited cardiomyocyte apoptosis
and improved cardiac function in a
mouse model of doxorubicin-
induced cardiomyopathy. These
studies suggest that future manage-
ment of anthracycline cardiotoxicity
may involve promoting repair and
regeneration through therapeutic ad-
ministration of stem cells or their
growth factors. 

Detection of Cardiotoxicity
Despite the identification of risk fac-
tors, there are very few convincing
data regarding the identification of
which patients will develop car-
diotoxicity from doxorubicin. From
early experience, we understand that
if the condition is allowed to
progress to congestive heart failure
with severe systolic dysfunction,
then the chance for recovery is low
and the mortality rates are high.
Therefore, much emphasis has been
placed on early identification of car-
diotoxicity in the hope of preventing
the development of severe irre-
versible systolic dysfunction. Tradi-
tionally, an assessment of ejection
fraction is performed prior to each
cycle of doxorubicin, and typically
after doses of 100, 300, and 400 to
450 mg/m2, depending on risk fac-
tors. This assessment can be per-
formed with a multiple gated
acquisition scan or 2-dimensional
echocardiography. If the baseline
ejection fraction (EF) is less than
30% or if the EF drops to less than

More than 15% of adult patients with cardiomyopathy were treated for
cancer during childhood or adolescence.
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50% with a decrease of 10% since
the previous cycle, the doxorubicin
treatment is withheld. With close
monitoring, most cases of serious
doxorubicin toxicity can be avoided.
Unfortunately, ejection fraction re-
mains a rather crude and late mea-
sure of cardiotoxicity. 

In 2006, Civelli and colleagues27

reported on their experiences using
low-dose dobutamine echocardiog-
raphy during and after anthracy-
cline administration to measure LV
contractile reserve (LVCR). They
postulated that LVCR, which is the
difference in ejection fraction be-
tween the peak dobutamine effect
and the basal state, is potentially an
early measure of myocardial dys-
function and a predictor of late car-
diac dysfunction. In this study, 49
women with advanced breast cancer

were studied. Any patient with
known cardiac disease or risk factors
such as diabetes or advanced age was
excluded. These patients underwent
stress echocardiography prior to
chemotherapy, after each of 3 cycles
of epirubicin, cyclophosphamide,
and docetaxel, and then at 1, 4, and
7 months after chemotherapy. Rest-
ing echocardiography was per-
formed between 12 and 18 months
after therapy for all the surviving
participants. Seventeen percent of
patients developed systolic dysfunc-
tion with a drop in EF of at least
10%, and with a final EF of less than
50%. Prior to and during chemo-
therapy, resting echocardiography
showed no significant differences
between the groups that did and did
not go on to develop systolic dys-
function. However, with dobuta-

mine, there were significant de-
creases in peak LVEF and LVCR in
those patients who did go on to de-
velop systolic dysfunction at rest
(P � .0001). The differences can be
identified as early as after the first
cycle of chemotherapy, but become
significant prior to the third cycle.
Diastolic dysfunction was identified
in both groups and was not found to
be a predictive factor for the devel-
opment of systolic dysfunction in
this patient population. Although
dobutamine echocardiography can
be somewhat cumbersome and ex-
pensive, it stratified patients at low
risk and at higher risk for developing
systolic dysfunction. This distinc-
tion is important because the levels
of systolic dysfunction identified in
this trial fulfill the guidelines to
withhold further anthracycline

chemotherapy, as even asympto-
matic reductions in LVEF lead to
severe congestive heart failure if
anthracyclines are continued.28,29

In regard to diastolic dysfunction,
in as early as 1989, Marchandise and
colleagues30 documented changes in
LV filling dynamics in patients who
had received doxorubicin as com-
pared with controls. These changes
were typified by mitral flow patterns
of a prolonged LV cavity isovolumic
relaxation period, a reduced E veloc-
ity, and a decreased E/A ratio. These
findings are seen in as many as 80%
of patients who receive doxorubicin
and are not correlated to systolic dys-
function. In fact, there have been
many studies documenting diastolic
dysfunction using a variety of mea-
sures in patients receiving anthracy-
clines.31 Only 1 study found a signif-

icant association between diastolic
dysfunction and subsequent systolic
dysfunction.32

Other, more sensitive methods for
measuring LV function have also
been sought. Eidem and coworkers33

have investigated the use of the my-
ocardial performance index (MPI) in
children receiving doxorubicin. MPI
is defined as the sum of the isovolu-
mic relaxation time and isovolumic
contraction time divided by the ven-
tricular ejection time. Measured
from the 5-chamber view, an in-
crease in the MPI is interpreted as a
decrease in myocardial performance.
For example, a weaker heart will
have a lengthened isovolumic con-
traction time and a decreased ejec-
tion time. In this study of 29 pedi-
atric patients, significant toxicity, as
defined by an increase in MPI, was
seen in those with increased doses of
doxorubicin before the occurrence of
LV systolic dysfunction. In this
study, the 4 patients who developed
overt LV systolic dysfunction had el-
evated MPI prior to the drop in EF.
With discontinuation of therapy,
these patients’ ejection fractions
returned to normal, but the MPI
remained persistently elevated. 

Transient and more sustained re-
lease of troponin I after high-dose
chemotherapy can identify cancer
patients at progressively increased
risk of LV systolic dysfunction and
combined cardiac morbidity and
mortality. In a recent analysis, LVEF
remained within 15% of baseline
among the 483 of 495 patients
(97.6%) with troponin I levels that
remained normal after chemother-
apy.34 However, EF decreased by
more than 15% in 94 of the 145 pa-
tients (64.8%) in whom troponin I
increased early but normalized 1
month after chemotherapy, and in
53 of the 63 patients (84.1%) in
whom troponin I remained elevated
at 1 month. 

Although dobutamine echocardiography can be somewhat cumbersome and
expensive, it can stratify patients at low risk and at higher risk for develop-
ing systolic dysfunction.
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Prevention of Cardiotoxicity
There has been a significant effort on
the part of the medical community
to identify protocols or medications
that mitigate the adverse effects of
anthracycline antibiotics. The com-
pound with the most evidence is
dexrazoxane (DZR). An antioxidant
that chelates iron in a fashion similar
to ethylenediaminetetraacetic acid
has been shown to reduce iron-
dependent free radical formation and
lipid peroxidation. Other antioxi-
dants that act following the forma-
tion of free radicals have not shown
any effectiveness in mitigating
anthracycline-induced cardiotoxic-
ity.6,35 DZR has been evaluated in
multiple trials. A recent meta-analysis
by van Dalen and colleagues36

showed a significant reduction of risk
for heart failure, with a relative risk of
0.28. However, because of fears of re-
duced efficacy of the anthracycline
antitumor response, DZR is often
withheld until patients have already
received 300 mg/m2 of doxorubicin
in the treatment of primary breast
cancer. In regard to adjuvant treat-
ment for breast cancer or other ma-
lignancies, DZR is often withheld al-
together.37 Liposomal formulations
of daunorubicin and doxorubicin
that appear to be somewhat less toxic
to cardiac tissue have been approved. 

In a study by Cardinale and col-
leagues,38 473 cancer patients who
had received high-dose chemother-
apy and had a significant elevation of
troponin I were randomized to an
angiotensin-converting enzyme (ACE)
inhibitor or control. These investiga-
tors found that the incidence of the
primary endpoint (worsening LV
function) was significantly higher in
control subjects than in the ACE-
inhibitor group (43% vs 0%; P � .001).
Results from a small study that aimed
to determine the protective effect of
carvedilol in anthracycline-induced
cardiomyopathy suggested that the

prophylactic use of carvedilol in pa-
tients receiving anthracyclines may
protect both systolic and diastolic
functions of the left ventricle.39

Treatment of Cardiotoxicity
Once systolic dysfunction develops,
patients with doxorubicin-associated
congestive heart failure should re-
ceive comprehensive medical man-
agement with device therapy as indi-
cated by guidelines for nonischemic
cardiomyopathy. In particular, ACE
inhibitors have been shown to im-
prove cardiac function in a small
study of patients with anthracycline
cardiotoxicity.40 Patients who fail
standard medical management for di-
lated cardiomyopathy, and whose tu-
mors are considered “cured,” may be
candidates for orthotopic heart trans-
plantation. Until adequate predictive
models, prevention modalities, and
treatments can be identified, the clin-
ician’s focus should be on aggressive
monitoring for early signs of cardiac
dysfunction in order to prevent se-
vere systolic dysfunction and its con-
comitant morbidity and mortality.

Non-Anthracycline Agents
5-Fluorouracil and its prodrug
capecitabine are the next most com-
mon causes of chemotherapy-related
cardiotoxicity after the anthracy-
clines. Depending on the study, rates
of toxicity range from 1% to
19%.41,42 Most studies have found
rates of toxicity of less than 8%. Risk
factors for the development of car-
diotoxicity include underlying coro-
nary artery disease, concurrent an-
thracycline administration, and
radiation therapy. It is thought that
the toxicity is related to endothelial
effects and vasospasm leading to
coronary spasm.43 Toxicities of 5-flu-
orouracil can include angina, my-
ocardial infarction, arrhythmias, and
pulmonary edema, as well as cardiac
arrest and pericarditis. 

Treatment of 5-fluorouracil toxic-
ity consists of discontinuation of
the offending agent. Symptoms of
angina typically resolve with med-
ical therapy. If therapy is to be re-
sumed, stress testing can be used to
identify any underlying coronary
artery disease. In the uncommon
case in which therapy is not discon-
tinued, the infusions may be
switched to bolus form, or if there is
significant coronary disease on stress
testing, the patient may benefit from
revascularization prior to resump-
tion of chemotherapy.44 Because the
basis of cardiac ischemia with 5-fluo-
rouracil is related to intense coro-
nary spasm, calcium antagonists
and/or nitrates may be useful in
those patients who have exhibited
this cardiovascular toxic effect and
in whom it is imperative to continue
5-fluorouracil therapy. (Note there is
no clinical trial experience to sup-
port this approach.)

Paclitaxel belongs to an important
new class of anticancer agents: the
taxanes used in the treatment of pa-
tients with advanced ovarian and
breast cancer. Paclitaxel promotes
the polymerization of tubulin, lead-
ing to the development of dysfunc-
tional microtubules. These dysfunc-
tional microtubules interfere with
normal cell division and may even-
tually lead to cellular death. Tran-
sient asymptomatic bradycardia ap-
pears to be the most frequent
cardiovascular adverse effect, re-
ported in up to 29% of the patients
treated with paclitaxel.45 Paclitaxel
may potentiate the development of
heart failure when used in combina-
tion with anthracyclines. 

Biologic Therapies
In the past decade, anti-tumor thera-
pies have grown increasingly into the
realm of targeted biologic therapies.
Tumor-specific antibodies are one
such example. In addition to being
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one of the most exciting develop-
ments in oncology, this field has also
begun to elucidate some basic mech-
anisms in cardiomyocyte biology.

In the 1980s, work by Slamon and
colleagues46 brought to light the role
of the HER2/neu (ERBB2) proto-
oncogene in many breast cancers.
HER2, or human epidermal growth
factor receptor 2, codes for a trans-
membrane tyrosine kinase receptor.
Overexpression of the HER2 protein,
which occurs in approximately 25%
of breast cancers, leads to cell prolif-
eration, angiogenesis, and resistance
to apoptosis.47 Slamon and col-
leagues46 showed that patients whose
tumors over-express HER2 have a
worse prognosis than patients whose
tumors do not. Investigation of HER2
eventually led to the development
of a monoclonal antibody against
HER2. Trastuzumab was approved by
the US Food and Drug Administra-
tion in 1998 as both adjunctive ther-
apy and monotherapy for women
with HER2-positive breast cancer.
Early in its development, trastuzumab
demonstrated effectiveness against
HER2-expressing tumors, with rela-
tively few apparent side effects. Early
studies showed that trastuzumab im-
proved response rates and survival of
patients with advanced metastatic
breast cancer.48 Later studies showed
that patients with operable tumors
also benefited, with a 33% relative
risk reduction in mortality.49 Tras-
tuzumab also worked as a monother-
apy, reducing recurrence by up to
50%.50

These early studies did not identify
cardiotoxicity as a side effect of
trastuzumab. Many of these patients
typically had received large doses of
anthracycline chemotherapy, and
some had received radiation to the
chest, so cardiac events were not
readily assigned to trastuzumab. It
was not until phase 3 studies that
cardiotoxicity as a potential side ef-

fect was identified.51 The concern re-
garding cardiotoxicity, as well as the
presence of multiple confounding
factors, led to the development of
the Cardiac Review and Evaluation
Committee (CREC) to review the
data gathered in all previous phase 2
and 3 trials. Cardiac events were de-
fined as the development of conges-
tive heart failure symptoms and
signs, including an S3 or tachycardia
associated with a drop in EF of more
than 5% to less than 55%, or an
asymptomatic drop in EF of more
than 10% to less than 55%.52 In per-
haps its most significant finding, the
CREC looked at the multinational
phase 3 study led by Slamon and
colleagues46 comparing chemotherapy
plus trastuzumab versus chemother-
apy alone. In this trial of 469 patients,
there were both anthracycline/
cyclophosphamide and paclitaxel
arms. The greatest risk for develop-
ing cardiac events was in the group
receiving trastuzumab plus anthracy-
cline and cyclophosphamide, of
whom 27% developed heart failure.
This rate is in comparison to only
8% in the patients who received an-
thracycline plus cyclophosphamide
without trastuzumab. Cardiac toxic-
ity occurred in 13% of patients who
received paclitaxel and trastuzumab,
4% of patients who received
trastuzumab monotherapy, and 1%
of patients who received paclitaxel
monotherapy. In addition, patients
who received anthracyclines in com-
bination with trastuzumab had
greater functional impairment and
more severe cardiomyopathies.52

The risk factors identified for
trastuzumab-related cardiomyopa-
thy were concomitant use of an an-
thracycline, previous exposure to an
anthracycline, chest wall irradiation,
pre-existing cardiac dysfunction, and
age. The cardiotoxicity does not ap-
pear to be dose-related, in contrast to
anthracycline.53 In a recent study by

Rastogi,54 the risk of cardiomyopathy
did not seem to increase with time
from exposure to trastuzumab, and
some patients who had developed
myocardial injury had recovery of
function with time. The association
between trastuzumab and heart fail-
ure was stronger in women who were
older, used hypertensive medica-
tions, and had a low normal baseline
LV ejection fraction.

Treatment for trastuzumab-related
cardiotoxicity has been with the
standard heart failure regimen, in-
cluding beta blockers, ACE in-
hibitors, and diuretics. A small
observational study by Ewer and col-
leagues55 examined 38 patients with
trastuzumab-related cardiomyopa-
thy. Sixteen percent received no spe-
cific treatment and 84% received
standard heart failure treatment as
described above. All recovered func-
tion, with a mean time to recovery of
6 weeks. Additionally, upon re-
administration of the agent, 88%
remained free of heart failure. 

Investigation into the pathophysi-
ology of trastuzumab-related car-
diotoxicity has brought forth some
interesting findings related to car-
diomyocyte biology. ERBB2 knock-
out mice were viable, but displayed
early signs of dilated cardiomyopa-
thy, including wall thinning, de-
creased contractility, and chamber
dilation. These mice were also
more susceptible to anthracycline
toxicity.56 Use of polymerase chain
reaction DNA fragmentation assays
showed that ERBB2 knockout mice
displayed increased apoptosis as
compared with controls. In order to
determine whether apoptosis plays a
role in the development of heart fail-
ure in the ERBB2 knockout mice,
they were transfected with an anti-
apoptosis gene, basal cell lym-
phoma-extra large (Bcl-xL). In the
ERBB2 knockout mice, the addition
of Bcl-xL prevented chamber dilation
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and reduction of fractional shorten-
ing, suggesting that chamber dila-
tion is at least in part due to apopto-
sis. ERBB2 knockout cardiomyocytes
in culture also demonstrated in-
creased sensitivity to doxorubicin.
Trastuzumab, therefore, provides an
elegant example of the failure of ty-
rosine-kinase activity to cause apop-
tosis-induced heart failure. This find-
ing has important implications, as
many new therapies that are being
used for a variety of disorders are tar-
geting various tyrosine-kinase en-
zymes, and the side effects of these
agents can be various and unpre-
dictable. Results from one trial sug-
gest that in patients who require
treatment with both an anthracy-
cline and trastuzumab, treatment
with trastuzumab first may reduce
the risk of cardiotoxicity.57

There have also been reports of
heart failure symptoms in patients
taking imatinib mesylate. Imatinib
inhibits the function of bcr-abl, a
constitutively active tyrosine kinase.
Kerkelä and colleagues58 reported 10
cases of congestive heart failure in
patients taking imatinib. Electron
microscopies from biopsies of these
patients show myocyte membrane
whorls, pleomorphic mitochondria
with effaced cristae, scattered cytoso-
lic lipid droplets and vacuoles, and
glycogen accumulation in the car-
diomyocytes. These changes have

been described in cases of toxic car-
diomyopathy. In mice treated with
imatinib, the same findings were
seen by electron microscopy. In this
mouse model, imatinib caused a de-
crease of mitochondrial membrane
potential. This reduction in turn
caused a release of cytochrome C
into the cytosol and subsequent lipid
droplet formation, cytosolic vac-
uolization, and cell death. Gene
transfer of c-Abl inhibited release of
cytochrome C and prevented cell
death.58 Other tyrosine kinase in-
hibitors, such as sunitinib malate,
have also been reported to have car-
diotoxicity. It was postulated by
Mann59 that the cardiotoxicity could
be an effect of sustained stress re-
sponse of the endoplasmic reticu-
lum. Oxidative stress has also been
associated with translocation of c-
Abl to the mitochondria and with
the enzyme catalase that breaks
down H2O2, a potential modulator of
mitochondrial collapse and cell
death.59,60

Bevacizumab is a therapeutic anti-
body that is believed to work by tar-
geting and inhibiting the function of
vascular endothelial growth factor. It
is approved for use in combination
with intravenous 5-fluorouracil-
based chemotherapy as first- or sec-
ond-line treatment of patients with
metastatic carcinoma of the colon or
rectum and in combination with

carboplatin and paclitaxel for the
first-line treatment of patients with
unresectable, locally advanced, re-
current or metastatic, nonsquamous,
non–small cell lung cancer. In ran-
domized, active-controlled studies,
the overall incidence of arterial
thromboembolic events was in-
creased with the use of bevacizumab
in combination with chemotherapy
(4.4% vs 1.9%). The incidences of
both cerebrovascular arterial events
(1.9% vs 0.5%) and cardiovascular
arterial events (2.1% vs 1.0%) were
increased in patients receiving beva-
cizumab in combination with
chemotherapy. In addition, there
was a correlation between older age
(at least 65 years) and increase in risk
of thromboembolic events.61

Prostate cancer and its anti-andro-
gen therapies are not typically
thought of as high-risk chemothera-
pies. In fact, they are considered
well-tolerated therapies that are rela-
tively safe. An analysis by D’Amico
and colleagues62 examined fatal my-
ocardial infarctions in patients who
were enrolled in 1 of 3 randomized
controlled trials of androgen sup-
pression therapy (AST). They found
that men older than 65 years who
were given AST for longer than 6
months had a shorter time to fatal
myocardial infarction than those
who did not receive AST (P � .017).
There was some suggestion that time

Main Points
• Perhaps the most notorious offenders for chemotherapeutic cardiotoxicity are the anthracyclines. They include

daunorubicin and its daughter compounds, doxorubicin, epirubicin, idarubicin, and mitoxantrone. 

• The most predictive risk factor for the development of cardiomyopathy with anthracycline treatment is cumulative
dose.

• Treatment of patients with anthracycline cardiotoxicity includes all of the standard heart failure medications, such as
angiotensin-converting enzyme inhibitors, beta blockers, aldosterone antagonists, and diuretics.

• 5-Fluorouracil and its prodrug capecitabine are the next most common causes of chemotherapy-related cardiotoxicity
after the anthracyclines. Rates of toxicity range from 1% to 19%.

• Trastuzumab was associated with cardiotoxicity in phase 3 studies.
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to fatal myocardial infarction was
shorter in patients with as little as 3
months of AST. Other ancillary data
suggest that antiandrogen therapies
are associated with metabolic syn-
drome and that androgens may actu-
ally have a protective effect on the
development of atherosclerosis. Al-
though the risk of cardiovascular dis-
ease progression with AST has not
been evaluated prospectively, cur-
rent data suggest that risk assessment
and aggressive therapy of coronary
disease may be warranted prior to
the initiation of AST. 

Conclusion
Cancer is an aggressive disease with a
wide variety of powerful treatments.
The cellular processes that these
therapies affect, however, are not
limited to neoplastic tissue, and
many therapies have significant car-
diotoxicities that clinicians must be
more familiar with.
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