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Breast cancer, a leading cause of increased morbidity and mortality among
women, overexpresses the human epidermal growth factor receptor 2 in
approximately 20% to 30% of cases. Trastuzumab (Trz), a monoclonal
antibody against the human epidermal growth factor receptor 2, improves
survival in breast cancer patients in both the adjuvant and metastatic

settings. Despite the therapeutic benefits of Trz, there is an increased inci-
dence of cardiotoxicity, particularly when administered following
anthracycline-based chemotherapy. The pathogenesis underlying Trz-
mediated cardiotoxicity remains poorly understood. The present review
focuses on the current understanding of Trz-mediated cardiotoxicity from
both the basic and clinical science perspectives.
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BREAST CANCER IN CANADA
Breast cancer is the most prevalent form of malignant disease
among women, with an estimated 1.05 million new cases every
year worldwide (1). In Canada alone, it is estimated that more
than 22,000 Canadian women will be newly diagnosed with
breast cancer in 2009, leading to 5400 deaths (2,3).

Recent advances in the management of breast cancer
patients have carefully considered predisposing genetic factors
underlying its development and progression. With a strong cor-
relation between family history and the onset of breast cancer
(4), the BRCAI, BRCA2 and TP53 genes are the most fre-
quently involved (5). Women who carry the BRCAI and
BRCA2 mutations are three to four times more likely to
develop breast cancer (5). Among women who develop breast
cancer, palpability, neoplasm size, nuclear grade and metastasis
to axillary lymph nodes are poor prognostic factors.

The treatment for breast cancer is multifaceted, involv-
ing a combination of surgery, radiotherapy and chemother-
apy. Mastectomy is often the first-line approach for breast
cancer patients. This procedure varies depending on
whether any adjacent lymph nodes are affected. Approaches
range from radical mastectomy, in which all of the breast
tissue is removed, to node-specific lymphadenectomy (6,7).
Radiotherapy is an integral component of early-stage breast
cancer treatment because it is effective in both surgery and
chemotherapy (8). Radiotherapy has been shown to reduce
the risk of local recurrence and is particularly effective as
an adjuvant treatment. Chemotherapeutic agents generally
include cyclophosphamide and anthracyclines, including
either doxorubicin or epirubicin. Finally, in patients who
express estrogen- or progesterone-positive receptors, adju-
vant hormonal therapy is warranted (9).

HUMAN EPIDERMAL GROWTH FACTOR

RECEPTOR 2 AND TRASTUZUMAB
It has been well established that overexpression of the human
epidermal growth factor receptor 2 (HER2/ErbB2) family of
transmembrane tyrosine kinase receptors is present in numer-
ous forms of carcinoma (10). Approximately 20% to 30% of
breast cancer patients overexpress the HER2/ErbB2 receptors
(11). It is clinically accepted that this population of breast
cancer patients experiences more aggressive tumours, with
lower overall survival rates (12,13). Also, both cytotoxic
agents and radiotherapy are less effective in this subset of breast
cancer patients, because cancer cells that overexpress
HER2/ErbB2 exhibit resistance (13,14).

Overexpression of HER2 is detected using either cell-based
chromogenic in situ hybridization (CISH) or fluorescence in
situ hybridization (FISH) (15,16). Based on positive CISH or
FISH results from these immunochemical methods of detec-
tion, trastuzumab (Trz) is recommended for treatment of
patients with strong HER2/ErbB2 overexpression (11). Trz, a
monoclonal antibody against the HER2 receptor, improves
survival in breast cancer patients in both the adjuvant and
metastatic settings (17). Detection of HER2 overexpression in
breast cancer patients yields several clinically useful applica-
tions including, but not limited to, predicting prognosis and
response to drug regimens including endocrine therapy, tam-
oxifen, chemotherapeutic drugs and anti-HER2 drugs (18).

The clinical use of Trz varies between adjuvant therapy
and its use in metastatic disease (11,19). In the adjuvant set-
ting of breast cancer, for which anthracycline-based com-
pounds are used, Trz is generally administered following
completion of chemotherapy, with a loading dose of 8 mg/kg
and a weekly maintenance dose of 6 mg/kg for one year (20).
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The use of Trz in the metastatic setting is administered with
loading and maintenance doses of 4 mg/kg and 2 mg/kg,
respectively, generally given every three weeks, as reported in
several clinical trials (21). As a first-line treatment, Trz has
been added to paclitaxel or anthracyclines, along with
cyclophosphamide. The use of Trz has also been evaluated in
many chemotherapeutic regimens including capecitabine,
cisplatin, gemcitabine and vinorelbine among others. In
situations in which patients have significant risk factors for
cardiotoxicity, Trz has been administered as monotherapy.
Once administered, Trz has a mean half-life of 28.5 days;
however, the metabolic pathways for eliminating the drug
remain undefined (11,19,22).

Adjuvant setting

In the adjuvant setting of breast cancer, Trz continues to be
used because it improves patient survival and reduces rates of
reccurrence and progression. Trz use has consistently shown a
50% reduction in the rates of breast cancer reccurrence (23).
Many clinical trials have evaluated the efficacy of Trz when
combined with chemotherapeutic treatment regimens. Four
multicentred, randomized controlled trials have studied the use
of Trz in the adjuvant setting, including Herceptin Adjuvant
(HERA) trial, National Surgical Adjuvant Breast and Bowel
Project (NSABP) B-31 trial, North Central Cancer Treatment
Group (NCCTG) trial N9831, and the Breast Cancer
International Research Group (BCIRG) 006 trial. Findings
from these trials revealed that in those patients who had
received at least four cycles of a neoadjuvant chemotherapy
followed by one year of Trz therapy, in which the maximum
cumulative dose of doxorubicin did not exceed 360 mg/m?* and
epirubicin did not exceed 720 mg/m?, there was a 34% to 41%
reduction in the reccurence of malignancies along with a 34%
to 41% improvement in overall disease-free survival (24,25).
Overall, these landmark trials have led to a universally
accepted practice that the addition of Trz to adjuvant anthra-
cycline- and taxane-based chemotherapy regimens improves
patient survival and lowers the risk of breast cancer reccur-
rence. As described later in the present review, cardiotoxic side
effects limit the use of Trz, and it is for this reason, current
adjuvant regimens avoid the concurrent use of Trz with anthra-
cycline treatment (26).

Metastatic setting

Ten per cent of breast cancer patients present with meta-
static malignancies (19). Approximately 35% to 45% of
breast cancer metastatic tumours have been found to over-
express HER2. The primary therapeutic outcome of meta-
static breast cancer chemotherapy is palliative. The use of
numerous agents have been evaluated, including anthracy-
clines, capecitabine, docetaxel, gemcitabine, paclitaxel and
vinorelbine, which have all been suggested to improve the
survival of metastatic breast cancer patients (27). Most
recently, however, significant progress has been made in
improving the survival outcomes of these patients with the
clinical introduction of Trz. Improvements have occurred
among patients who had previously had a prognosis of less
than three years (27). The addition of Trz to metastatic
breast cancer treatment regimens has shown improvements
in the progression of breast cancer (19). In a multicentre
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study (28) of 114 metastatic HER2-positive patients, there was
a 26% overall response rate to Trz as a monotherapy, without
the previous use of chemotherapy. The concurrent combina-
tion of anthracyclines with Trz has been shown to have a sig-
nificantly greater responsiveness among HER2-positive
patients. Stickeler et al (29) showed that 89% of metastatic
breast cancer patients overexpressing HER2 responded to ther-
apy versus 39% of HER2-negative patients.

TRZ-MEDIATED CARDIOTOXICITY:

CLINICAL WORLD
Despite the therapeutic benefits of Trz, however, there is an
increased incidence of cardiotoxicity, particularly when Trz is
administered following anthracycline-based chemotherapy.
Standard parameters of cardiac dysfunction have been defined
by the Cardiac Review and Evaluation Committee on sub-
analysis of phase III clinical trials. Four general criteria were
established to be sufficient to conclude a diagnosis of Trz-
related cardiac dysfunction: congestive heart failure (CHF)
symptoms; symptoms associated with CHF including an S3 gal-
lop, tachycardia or a combination; and a greater than 5%
decline in left ventricular ejection fraction (LVEF) with associ-
ated CHF symptoms, or a greater than 10% decline in LVEF
without CHF symptoms. The presence of any one of the afore-
mentioned criteria is used to classify Trz-mediated cardiotox-
icity (30).

Adjuvant setting

Anthracyclines, in particular doxorubicin, have historically
been associated with cardiotoxicity. Common risk factors for
developing anthracycline-mediated cardiac dysfunction include
a cumulative dose that exceeds 400 mg/m?, age older than
70 years, left chest radiotherapy and a history of hypertension
(30-32). Recently, however, it has been shown that the inci-
dence of cardiomyopathy is substantially increased when Trz is
used sequentially following chemotherapy drugs, limiting the
use of both of these drugs. Despite clinical trials demonstrating
an overall prevalence of carditoxicity ranging from 10% to
15% following the use of Trz in the adjuvant setting, real-world
studies suggest a higher frequency.

Of four major clinical trials using Trz in the adjuvant setting
following anthracycline-based chemotherapy, the incidence of
symptomatic CHF was reported to range from 0% to 4%
(33,34). Asymptomatic cardiac dysfunction was higher in clin-
ical trials, reported as an incidence of 5% to 10% (35).
Furthermore, a review of data from the N9831 and NSABP
B-31 (20), HERA (36,37), FinHer (38), BCIRG (19) and
PACS-04 trials suggests that 8% to 16% of patients required
discontinuation of Trz because of cardiac dysfunction (34). In
contrast with the clinical trials, we recently reported that 22%
of patients developed left ventricular (LV) systolic dysfunction
following the administration of Trz in the adjuvant setting in a
real-world setting (35). Approximately one in four breast can-
cer patients undergoing anthracycline-based chemotherapy
with subequent Trz use may require discontinuation of the drug
as a result of cardiotoxicity (35).

Metastatic setting

Unfortunately, the prevalence of cardiotoxicity is higher in the
metastatic setting of breast cancer because Trz is administered
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Figure 1) Normal heterodimerization of the human epidermal
growth factor receptor 2 (HER2) with adjacent receptors (EvbBI,
ExbB3, ErbB4, gp1130 and IL-6). Trastuzumab binds to HER2,
inhibiting downstream signalling with subsequent development of a
dilated cardiomyopathy

concurrently with anthracycline-based chemotherapy. Metastatic
breast cancer trials demonstrate that there is a substantially
greater incidence of LV cardiac dysfunction, with a heart failure
prevalence of approximately 22%. This is due to the aggressive
treatment approach because metastatic patients have a poor
prognosis. Treatment is often palliative with the use of paclitaxel
following Trz therapy, increasing the incidence of cardiac dys-
function to 27% (19,26,39,40). Despite the high incidence of
cardiac complications, the side effects are greatly counter-
balanced by the benefits that are otherwise limited for treatment
options in the metastatic setting (41).

MECHANISMS

HER2/ErbB2

Before discussing the pathogenesis of Trz-induced cardiomyop-
athy, it is first necessary to briefly review the progress made in
the current understanding of the mechanisms underlying the
function of HER2/ErbB2. ErbB receptors are a group of tyrosine
kinases belonging to the epidermal growth factor receptor
family and are responsible for mediating cell growth, differen-
tiation and survival (42,43). In general, signalling of these
receptors involves crosstalk and several signalling events
arranged in a complex and interdependent cellular network
(43). However, the exact mechanisms and signal pathways
remain poorly understood, especially for the ErbB2 isoform
(43). Four isoforms are expressed: ErbB1, ErbB2, ErbB3 and
ErbB4. Each of these isoforms expresses the ability to act as a
co-receptor in neuregulin (NRG) signalling. The transmission
of cell survival signals and metabolism alteration have been
directly implicated as a function of ErbB2 (44,45). Each of the
ErbB family receptors exhibit the ability to couple to a unique
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intracellular signalling pathway whereby ErbB2 does not dir-
ectly bind to NRG, but instead heterodimerizes with adjacent
ErbB receptors for signalling (46,47).

ErbB2 is of specific importance in the setting of breast can-
cer. This receptor’s extracellular domain is functionally ligand-
independent. The receptor is transactivated by signalling
G protein-coupled receptors, while it is mediated by intracellu-
lar signals (Figure 1). G protein-coupled receptors have a posi-
tive effect on ErbB signalling through the activation of matrix
metalloproteinases and through the indirect activation of Src
(48). On stimulation by a ligand, the receptor heterodimerizes
with adjacent ErbB receptors including the cytokine inter-
leukin 6. Because interleukin 6 is a mediator of carcinoma
growth, it acts on ErbB2 by inducing tyrosine phosphorylation
of ErbB2. In ErbB2 overexpression, this effect results in
increased intensity of influence (49). Protein kinase C activat-
ing growth factors and hormones counteract this effect by
decreasing tyrosine phosphorylation and, hence, the binding
affinity of ligands. Intermediate signal mediating sequences of
epidermal growth factor receptor are required for ErbB2 activa-
tion and transmodulation (50). This mechanism suggests that
the overexpression of ErbB2 affects the degree of crosstalk
between adjacent receptors and other signalling pathways (48).
A study (51) on ErbB2 expression vectors showed that ErbB2
and epidermal growth factor receptors couple with mitogenic
signalling pathways. This has direct implications in cellular
oxidative stress and apoptotic pathways, which are a key com-
ponent of Trz-induced cardiomyopathy (Figure 1).

Trz-mediated cardiomyopathy

Although the pathogenesis of Trz-induced cardiotoxicity
remains poorly understood, most investigators agree on the
following:

¢ Inhibition of NRG-1/ErbB2 signalling within the heart, as
required for G protein-coupled receptor signalling, plays a
major role in cardiomyocyte cell death. This is based on the
following observations: inhibition or mutation of ErbB2
leads to deterioration of ventricular trabeculations, leading
to dilated cardiomyopathy (52,53); blockade of ErbB2 leads
to apoptosis via the mitochondrial- and ROS-dependent
pathways (47,54); and binding of an anti-ErbB2 antibody
reduces ErbB2 activation and downregulates Bcl-xL, while
increasing Bcl-xS expression (55).

The addition of Trz to anthracycline treatment regimens
significantly increases the cardiotoxic risk. An animal
ErbB2 knockout model showed that the sensitivity to
anthracyclines was increased in ErbB2-negative cardiac
myocytes (47). Although the exact mechanism of this is
unknown, several pathways have been implicated. Along
with the agreed notion that these effects are synergistic, this
combined effect may be attributed to the anthracycline-
induced dilation of T-tubules allowing greater access of Trz
to ErbB2 within the sarcolemma.

Trz-induced cardiomyopathy is not dose-dependent and is at
least partially reversible. The reversibility has been shown
in adjuvant clinical trials in which discontinuing the drug
with or without concurrent treatment for heart failure has
shown recovery of previously diminished LVEE The
mechanism underlying the reversibility itself has scarcely
been investigated. It is most conceivable that Trz inhibition

Exp Clin Cardiol Vol 14 No 3 2009



of cardiac ErbB2 is only temporary. On discontinuation of
its use, the downstream and adjacent pathways resume their
normal function. However, as discussed in the present
review, the cardiotoxicity likely involves a complex
interaction of multiple pathways including apoptotic factors
that are together necessary in Trz reversibility (Figure 1).

REVERSIBILITY OF TRZ-MEDIATED
CARDIOMYOPATHY
Chemotherapy-related cardiac dysfunction is classified as
type I or type II. Type I is characterized by irreversible damage
as inflicted by anthracycline and Trz-mediated cardiotoxicity.
To some degree, the dysfunction is considered to result from
myocyte apoptosis. On the other hand, Trz-related cardiac dys-
function is generally classified as type II, which is a category of
reversible cardiomyopathy, following discontinuation of the
drug (56). Studies indicate that unlike anthracyclines, Trz-
associated cardiotoxicty is not dependant on the cumulative
dose administered (57). Following the recovery of cardiac dys-
function via treatment with angiotensin-converting enzyme
inhibitors (ACEIls) and beta-blockers, the reintroduction of Trz
therapy has been shown to be generally well tolerated (58).
However, outside of clinical trials that had stringent screening
criteria and short follow-up times, the extent to which Trz-
mediated cardiotoxicity is reversible remains undefined (59).
Trials (33), such as the HERA trial, suggest that approximately
60% of breast cancer patients with Trz-related diminished
LVEF have shown recovery to some extent at six-month
follow-up. Real-world studies, on the other hand, indicate that
40% of breast cancer patients show no recovery despite both
the withdrawal of Trz and treatment (35). The extent to which
this is reversible outside of clinical trials remains ill-defined.
One recent study (35), as mentioned above, demonstrated that
22% of adjuvant breast cancer patients recovered from cardiac
dysfunction on withdrawal of Trz in a real-world population of

152 patients.

It is clear that a significant predictor of susceptibility to
cardiac dysfunction and the potential of reversibility are
derived from traditional cardiac risk factors including a family
history of coronary artery disease, a history of cardiac disease,
smoking and hypertension, and age (35,41). These risk factors
predicate prognostic features of increased susceptibility to Trz
cardiotoxicity, and are strongly suggested to be included in
screening criteria before its use for strategic treatment manage-

ment (33,35).

PREVENTION

To limit the increasing prevalence of cardiotoxicity associated
with Trz, two strategies have been pursued in the clinical set-
ting. The first involves the use of noninvasive cardiac imaging.
Current standard preventive strategies use serial multiple-gated
acquisition (MUGA)) scans for baseline evaluation of LVEF
followed by serial monitoring every three months in patients
receiving Trz in the adjuvant setting (24). Recently, however,
studies (35,60,61) have evaluated the use of other imaging
modalities, in particular, echocardiography and cardiac mag-
netic resonance imaging (MRI) for detecting early myocardial
damage due to Trz.

Although the current method of choice for monitoring the
cardiac function of patients receiving adjuvant Trz therapy are
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MUGA scans, more sensitive, early markers of Trz-induced
cardiac dysfunction using noninvasive cardiac imaging may
allow for a better adaptation of this treatment and a subsequent
decrease in cardiac morbidity and mortality. Tissue Doppler
imaging (TDI), using echocardiography, is a sensitive, non-
invasive echocardiographic technique that allows for measure-
ments of velocity at any point along the ventricular wall during
the cardiac cycle. TDI allows for the measurement of maximal
systolic endocardial velocity and strain rate. When compared
with conventional measures of LVEF, TDI-derived parameters
are less influenced by loading conditions, such as the change in
intravascular volume that occurs with chemotherapy and Trz
therapy. Thus, TDI is a more feasible imaging modality that
might provide improved sensitivity in detecting early sub-
clinical LV dysfunction (61).

A recent study (61) evaluated the utility of TDI for the early
detection of anthracycline-induced cardiomyopathy, and dem-
onstrated that TDI provides an earlier and more accurate evalua-
tion of cardiac dysfunction during anthracycline therapy in
comparison with radionuclide LVEF estimations (MUGA).
Similarly, we recently validated the potential application of TDI
for the early detection of anthracycline and Trz-mediated cardiac
dysfunction in a murine model (61). We demonstrated that TDI
was abnormal in mice receiving either doxorubicin or doxorubi-
cin plus Trz as early as 24 h after treatment, and predicted ensu-
ing LV systolic dysfunction with increased mortality.

Improvements in spatial and temporal resolution have made
cardiac MRI a powerful tool that has become the gold standard
for the noninvasive assessment of LV systolic function. Cardiac
MRIs are frequently used in the assessment of dilated cardio-
myopathies secondary to ischemia and myocarditis. Of interest
is the utility of cardiac MRI in the assessment of chemotherapy-
induced cardiomyopathy. Recently, it was demonstrated that
delayed enhancement imaging using cardiac MRI was positive
in assessing for scar and fibrosis of the lateral portion of the LV
wall in Trz-induced cardiomyopathy (60). Use of delayed
enhancement imaging as an early predictor of LV dysfunction
remains unexplored in this patient population and needs fur-
ther study (35).

Currently, dexrazoxane is used as a cardioprotective agent
against anthracycline cardiotoxicity. Dexrazoxane is prescribed
in the metastatic setting as a free-radical scavenger in patients
who have exceeded a cumulative doxorubicin dose of 300 mg/m?*
(62). Although dexrazoxane has been shown to be highly effect-
ive in preventing cardiac dysfunction in the metastatic setting,
there is concern that it may reduce the efficacy of chemotherapy
(63). There have been conflicting results with phase III clinical
trials, in which one study concluded that the antitumour efficacy
of doxorubicin is reduced when dexrazoxane is used, whereas
other trials suggest otherwise (63).

ACEIs, angiotensin receptor blockers (ARBs) and beta-
receptor antagonists (beta-blockers) incur a standard use in the
setting of heart failure treatment and specifically in asymptom-
atic LV dysfunction (64,65). The use of ACEI has been shown
to prolong survival in heart failure patients (66).

Similarly, in the setting of chemotherapy-related CHE
ACEIs, ARBs and beta-blockers are widely used in many com-
binations for the treatment of asymptomatic and symptomatic
CHE Clinically, in the treatment of CHE including
anthracycline-induced cardiomyopathy, ACEIs and ARBs are
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proven class I medications as per the American College of
Cardiology/American Heart Association and Canadian
Cardiovascular Society guidelines (42,43). Furthermore, ACE
inhibition has been shown to attenuate symptomatic CHF as a
result of anthracycline-mediated cardiotoxicity (67,68). ACElIs
have been implicated in the prevention of LVEF drops associated
with high-dose chemotherapy (69). Recent small trials (44)
have proposed the prophylactic use of ACEIs for the prevention
of doxorubicin-mediated cardiomyopathy in breast cancer
patients. The prophylactic administration of ACElIs, including
zofenopril and lisinopril, has demonstrated cardioprotective
effects in this clinical setting, likely from their free radical scav-
enging and antioxidant properties. The nonselective beta-
blocker carvedilol has proven efficacy in preventing
doxorubicin-associated cardiomyopathy (70,71). The potential
use of ACEIs and beta-blockers for their cardioprotective effect
in the setting of Trz-mediated cardiac dysfunction remains ill-

defined.

CONCLUSION

The mechanisms underlying Tratuzumab-associated cardiotox-
icity in both the adjuvant and metastatic settings remain ill-
defined and necessitate future investigation. Cardioprotective
drugs, such as antioxidants, ACEIs and beta-blockers that miti-
gate reactive oxidative stress pathways and reduce cardiac
stress, may prevent the onset of cardiotoxicity and optimize
treatment outcomes for breast cancer patients receiving Trz.
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