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Abstract: Breast cancer is the most common cancer in the UK. Advances in the methods of early
diagnosis as well as newer and more effective treatments have led to improvements of disease-free
and overall survival over the last decade. Almost one-third of breast cancers present with an aggres-
sive form characterized by increased expression of human epidermal growth receptor 2 (HER2)
proteins. A targeted treatment using monoclonal antibodies against HER2 expression such as
trastuzumab has been shown to improve survival. Unfortunately, there is a degree of cardiotoxicity
associated with these agents, as inhibition of HER2 pathways can also impair cardioprotective
pathways. In the present review, we discuss the mechanisms by which trastuzumab might affect
vascular homeostasis leading to endothelial dysfunction. We also provide suggestions for future
research examining the effects of trastuzumab on the vasculature in breast cancer.

Keywords: endothelial dysfunction, microvasculature, macrovasculature, congestive heart
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Introduction

Breast cancer is the most common cancer in the UK and accounts for 30% of all new
cancer cases in females with a greater incidence in women over the age of 60 years.!
Fortunately, a variety of treatments including surgical resection, adjuvant chemotherapy,
hormonal therapy, and radiation therapy have been shown to improve survival and
reduce the risk of tumor reoccurrence. Approximately 15%—-25% of patients present
with aggressive breast cancer characterized by increased expression of human epi-
dermal growth receptor 2 (HER2) proteins in the breast tissue.' It is postulated that
HER2-positivity increases the likelihood of invasion and survival of tumor cells at
the site of metastasis.? Therefore, patients with HER2-positive tumors may also have
increased resistance to common anticancer treatments, such as chemotherapy and
radiation therapy.?

In these patients, targeted treatment using monoclonal antibodies such as trastu-
zumab (Herceptin) can be used to reduce tumor recurrence and improve survival.*
Trastuzumab selectively binds to the extracellular domain of HER2 receptors, where
it inhibits downstream signaling pathways, resulting in a reduced proliferation of
tumor cells. This is achieved by identifying tumor cells for immune destruction, and
then, by initiation of antibody-dependent cellular cytotoxicity, causing apoptosis of
tumor cells.” In addition, trastuzumab undergoes internalization (endocytosis) into the
tumor cells and subsequently increases the expression of HER2 on the cellular surface.
This enhances the immune effects of trastuzumab and reduces tumor expression.’
However, trastuzumab is also associated with an increased risk of cardiotoxicity
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which manifests clinically as congestive heart failure
(CHF).® Trastuzumab-mediated cardiotoxicity appears to be
independent of drug dose, has not been shown to be associ-
ated with structural changes in cardiomyocytes, and is fully
reversible following cessation of treatment.” Cardiotoxicity
is more likely to occur in patients who have preexisting
hypertension, a history of smoking, obesity, family history of
cardiovascular disease (CVD), and previous coronary artery
disease — all of which are well-established risk factors for
cardiac events.*® CVD and its sequelae are strong predictors
of mortality in patients with breast cancer, this association
being independent of breast cancer stage.!” It is therefore
possible that trastuzumab-related cardiotoxicity might be
mediated by adverse drug effects on the coronary vasculature.
In this review, we summarize the biological mechanisms by
which trastuzumab may affect the vasculature and contribute
to CVD risk. We also provide suggestions about the inves-
tigation of trastuzumab-mediated cardiotoxicity in future
research studies.

The importance of HER2

and neuregulin

The human epidermal growth receptors are tyrosine-kinase
receptors and are expressed as four isoforms: HER1, HER2,
HER3, and HER4. The second isoform (HER2) regulates
the growth, repair, and regeneration of breast tissue,'' but
overexpression of HER2 receptors via polymorphisms in the
erb-b2 receptor tyrosine kinase 2 oncogene can lead to uncon-
trolled cell growth.!? This state is known as HER2-positivity
and is linked with increased mortality.'*!* Under normal
conditions, a protein called neuregulin is released by coro-
nary microvascular endothelial cells and the endocardium.'s
Neuregulin binds to HER4 receptors which dimerize with
HER2 receptors and increase several survival pathways in
the myocardium." The primary role of the survival pathways
is to inhibit the production of reactive oxygen species (ROS)
and maintain cellular integrity by reducing cell apoptosis. In
an animal model of adult rat ventricular myocytes, treatment
with either paclitaxel or trastuzumab resulted in damage to
cardiac myofilaments which corresponded with increased
intracellular calcium, reduced diastolic relaxation time, and
increased oxidative stress.'® These adverse changes follow-
ing trastuzumab increase the risk of developing CHF (for
review, see Sandoo et al'’). Indeed, the HER2/neuregulin
pathway is integral to the preservation of sarcomeres in the
cardiomyocytes.'® However, neuregulin can also increase
the expression of endothelial nitric oxide synthase (eNOS)."
The eNOS gene is constitutively expressed in vascular
endothelial cells and releases nitric oxide (NO) — a vasoactive

molecule that reduces oxidative stress and prevents
atherosclerosis.!” NO bioavailability is increased via activa-
tion from protein kinase B as a result of the dimerization
of HER2 and HER4 receptors.'s Trastuzumab blocks this
dimerization and therefore inhibits the cardioprotective
actions of neuregulin.?’ Given that the myocardium is a highly
vascularized territory, it is possible that abnormalities in the
vasculature following trastuzumab could also contribute to
CHEF. In the following section, we discuss the implications
of blocking HER?2 using trastuzumab on vascular endothelial
cells, and highlight how this may contribute to cardiovascular
complications in breast cancer.

Mechanisms for trastuzumab-
mediated endothelial dysfunction
eNOS

The endothelium is the delicate and permeable lining of
the vasculature which allows specific vasoactive factors to
regulate homeostatic processes and prevent atherosclerosis. '
In a healthy vessel, eNOS continuously synthesizes NO,
helping to maintain basal vasodilator tone and preventing
platelet aggregation and formation of ROS.' In chronic
disecase states characterized by increased oxidative stress
and low-grade chronic inflammation (such as breast cancer),
endothelial cells can be damaged, leading to a reduction in
eNOS expression and endothelial dysfunction.?-??

The expression of eNOS has been postulated to play
an important role in regulating cardiovascular function
and overall survival in breast cancer. In a recent study,
Zeglinski et al** compared 60 wild-type mice with 60 mice
having a congenital absence of the eNOS gene treated with
either saline, doxorubicin, or trastuzumab, or both drugs
simultaneously. Following simultaneous treatment with both
agents, the mice with absence of the eNOS gene presented
with adverse modeling of the left ventricle, reduced left
ventricular systolic function, increased oxidative stress, and
reduced survival when compared with the wild-type mice.
These findings suggest that adequate expression of the eNOS
gene is important in suppressing the generation of ROS
which may in turn improve cardiac function and survival
following trastuzumab treatment. Indeed, in human breast
cancer patients receiving chemotherapy, polymorphisms in
the eNOS gene result in poorer survival,” and expression
of eNOS in the microvessels surrounding breast tumors
associates with better prognosis, possibly due to a reduc-
tion in tumor progression.® In addition, polymorphisms in
the Asp298 allele of the eNOS gene result in impaired NO
synthesis which reduces event-free survival in patients with
systolic heart failure.?
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Generation of ROS

Inhibition of the neuregulin/HER2 pathway by trastuzumab
allows increased production of ROS, " due to abnormalities in
mitochondrial respiration in cardiomyocytes, which increases
myocardial stress.”” When the myocardium is increasingly
stressed, angiotensin II (ANG II), thrombin, platelet-derived
growth factor, and tumor growth factor-alpha are upregu-
lated and stimulate vascular smooth muscle cells to increase
formation of further ROS.?2 ANG II, which is a potent vaso-
constrictor, also inhibits neuregulin activity in the coronary
microvasculature and increases levels of nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH).?** NADPH has
been implicated as a causal factor of endothelial dysfunction
due to its ability to generate large amounts of ROS in the
endothelium.?? The mechanisms highlighted above represent
a vicious cycle of free radical formation which will injure
the endothelium causing endothelial dysfunction (Figure 1).

Endothelial dysfunction and CHF

Treatment with trastuzumab does not cause morphological
alterations to cardiomyocytes, and myocardial function can
improve following cessation of treatment.*® Although apop-
tosis of cardiomyocytes following trastuzumab treatment can
result in CHE?! in the general population, endothelial dysfunc-
tion is one of the primary causal factors for CHFE.*>** On this
basis, it has been hypothesized that endothelial dysfunction

Inhibition of
neuregulin/HER2
pathway

Increased
mitochondrial
respiration

Oxidative stress
and endothelial
dysfunction

ANG I
stimulates
NADPH

Greater
myocardial
stress

Upregulation of
ANG I, thrombin,
PDGF, TGF-o

Figure | The generation of reactive oxygen species following inhibition of the
neuregulin/HER2 pathway.

Abbreviations: HER, human epidermal growth receptor; ANG Il, angiotensin Il;
NADPH, nicotinamide adenine dinucleotide phosphate-oxidase; PGDF, platelet-
derived growth factor; TGF-0, tumor growth factor-alpha.

might be the principal mechanism for trastuzumab-
mediated CHF (see Figure 2)."”

The myocardial microvasculature receives less than 5% of
cardiac output yet regulates the majority of blood flow to the
myocardium.?® Unsurprisingly, in a 5-year prospective study
of 242 CHF patients, microvascular endothelial dysfunction
was independently associated with cardiac events.** Similarly,
Fischer et al*? revealed that large-vessel endothelial dysfunc-
tion was independently associated with higher incidence
of hospitalization from CHE, cardiac transplantation, and
cardiac death. These findings suggest that global alterations
in the vasculature are important determinants for the devel-
opment of CHF and associated comorbidities.

The central mechanisms in the development of CHF involve
the reduction in  -arginine and tetrahydrobiopterin (BH,) con-
centrations — both essential substrates for the synthesis of NO.*’
In particular, absence of the NO cofactor BH, can increase the
production of ROS, perpetuating myocardial damage. The con-
version of | -arginine to NO by eNOS requires the presence of
BH, which helps the transfer of electrons produced at the eNOS
site to an oxidase domain, resulting in activation of oxygen. The
activated oxygen is then “coupled” with -arginine oxidation to
produce NO.* However, in the absence of BH, or | -arginine,eNOS
produces superoxide molecules instead of NO.** Levels of BH, are
reduced in CHE?* and the consequent reduction in NO will impact
on coronary vasorelaxation and basal blood flow, both of which are
important physiological factors for the development of CHE*

The renin—angiotensin system also plays an important
role in regulating the release of NO from vascular endothelial
cells. In CHF patients presenting with decreased vasodila-
tory function of the large arteries, angiotensin-converting
enzyme (ACE) inhibitors improve vasodilatation as a result
of increased NO bioavailability.*! Similarly, endothelial func-
tion improves following administration of ANG II receptor
antagonists concomitantly with ACE inhibitors.** In breast
cancer patients treated with trastuzumab, concomitant admin-
istration of ACE inhibitors, ANG Il receptor antagonists, and
beta-blockers improves left ventricular ejection fraction over
the course of treatment.* Given that trastuzumab can reduce
NO production and increase production of ANG II via inhi-
bition of neuregulin, it is plausible that CHF resulting from
trastuzumab treatment is likely to be mediated, in part, by
endothelial dysfunction of the coronary vasculature.

Role of classical CVD risk
in potentiating trastuzumab-

mediated cardiotoxicity
The link between endothelial dysfunction and development
of CHF in trastuzumab-treated patients could be mediated
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Figure 2 The effects of trastuzumab on the vasculature and its subsequent contribution to congestive heart failure.

Notes: Administration of trastuzumab inhibits HER2 receptors, which prevents dimerization with the neuregulin-HER4 complex. This subsequently causes a reduction in
eNOS expression and NO bioavailability, along with a concomitant increase in ANG Il and ROS. These processes culminate in endothelial dysfunction which is characterized
by reduced vasodilatory capacity, enhanced vasoconstrictor tone, and endothelial injury. Endothelial dysfunction is a well-established causal factor for congestive heart failure
because it increases systemic vascular resistance, afterload, and myocardial workload, but reduces coronary microvascular blood flow.

Abbreviations: ANG ll, angiotensin Il; eNOS, endothelial nitric oxide synthase; HER, human epidermal growth receptor; NO, nitric oxide; ROS, reactive oxygen species.

by several classical CVD risk factors. Associations between
CVD risk factors implicated in endothelial dysfunction and
trastuzumab-mediated cardiotoxicity have been reported.®®
The presence of severe hypertension in particular appears
to be an important factor in the development of heart failure
following trastuzumab treatment.®* Hypertension usually
occurs when NO bioavailability is reduced, allowing vaso-
constrictors such as endothelin-1 and ANG 1I to increase
systemic vascular resistance.* The direct consequence is an
augmentation in afterload and intracavitary pressures of the
left ventricle. If the increased myocardial stress is coupled
with poor myocardial blood flow, cardiac workload will be
increased, leading to profound damage of the myocardium
and CHFE.* Thus, the impact of CVD risk status is important
in understanding the impact of trastuzumab treatment on the
vasculature.

Proposals for future

research studies

The investigation of endothelial dysfunction following
trastuzumab treatment has received little attention in
the literature to date, yet it is clear that abnormalities
in the vasculature following inhibition of HER2 could be

implicated in the development of trastuzumab-mediated
cardiotoxicity. At present, several noninvasive assess-
ments which examine vasodilatory function and arterial
structure can be utilized in patients with breast cancer."
These peripheral vascular assessments correlate well
with assessments in the coronary circulation*’*® and are
strong predictors of cardiac events in a variety of clinical
populations at risk of CVD,**? including postmenopausal
women.>' Thus, we suggest that, in addition to further
in vitro and animal model work, studies should also be
conducted to 1) identify whether there is evidence of
endothelial dysfunction in trastuzumab-treated patients
when compared to non-trastuzumab-treated patients and
healthy controls; 2) establish the time course of endothelial
dysfunction by conducting long-term prospective studies
examining endothelial function at pretreatment baseline
and at multiple follow-up points; and 3) assess the impact
of classical CVD risk factors and their control on the above.
Such studies will enable better understanding of the pro-
cesses that cause CHF following trastuzumab treatment,
inform possible pharmacological and nonpharmacologi-
cal interventions, and eventually improve cardiovascular
outcomes in this patient population.
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