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Abstract
Background: Anthracycline therapy with Doxorubicin (DOX) is very effective in
combatting breast cancer, but its clinical use is limited due to its inherent
cardiotoxic side effects. The recent introduction of Trastuzumab (TRZ), which is a
monoclonal antibody against the human epidermal growth factor receptor known as
HER-2, in the breast cancer setting is known to potentiate the effects of DOX
mediated

cardiac

dysfunction.

Given

the

severity

of

this

drug-induced

cardiomyopathy, the potential use of prophylactic antioxidants to attenuate the
effects of DOX+TRZ mediated cardiac dysfunction has gained recent attention.
Objective: To investigate whether the anti-oxidant, N-acetylcysteine amide (NACA),
can attenuate the drug-induced heart failure caused by Doxorubicin and
Trastuzumab (DOX+TRZ).
Methods: A total of 100 C57Bl/6 female mice received one of the following drug
regimens: i) Saline; ii) NACA; iii) DOX; iv) TRZ; v) DOX+TRZ; vi) NACA+DOX; vii)
NACA+TRZ; and viii) NACA+DOX+TRZ. Serial cardiac function was assessed using
echocardiography. At day 10, mice were euthanized and hearts were analyzed for
oxidative stress (OS) and apoptosis.
Results: In mice receiving DOX, left ventricular ejection fraction (LVEF) decreased
from 73±4% to 43±2% at day 10. In mice receiving DOX+TRZ, LVEF decreased from
72±3% to 32±2% at day 10. Prophylactic administration of NACA to mice receiving
DOX or DOX+TRZ was cardio-protective with an LVEF of 62±3% and 55±3% at day
10, respectively. In addition, the histological damage observed in DOX+TRZ treated
i

mice by electron microscopy, was also attenuated by prophylactic NACA
administration. Additionally, there was a 3-fold and 4-fold increase in superoxide
production in mice treated with DOX or DOX+TRZ at day 10, respectively, which was
also attenuated by the prophylactic administration of NACA. Similarly, although the
degree of oxidized phospholipids was increased in mice receiving DOX or DOX+TRZ,
the prophylactic administration of NACA attenuated the degree of OS in both groups.
Finally, there was a 1.5-fold and 2 fold increase in the Bax/Bcl-xL ratio in hearts of
mice treated with DOX or DOX+TRZ, respectively. Prophylactic administration of
NACA attenuated the degree of apoptosis in both groups.
Conclusion: NACA attenuates the cardiotoxic side effects of DOX+TRZ in a murine
model of chemotherapy induced cardiac dysfunction by decreasing OS and
apoptosis.
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Chapter 1: Introduction
1.1 Breast Cancer: Statistics, Diagnosis, and Treatment
Breast cancer is the most common cancer among Canadian women and is the
second highest cause of cancer related deaths in the country.2 It is estimated that
in 2014, 24,400 women will be diagnosed with breast cancer, accounting for
26% of all new cancer cases in women.2 Statistics show that 5000 women die
from breast cancer annually and that as many as 1 in 9 women will be affected
by the disease within their lifetime in Canada.2
Advancements since the 1980’s in the screening and treatment for high risk
cancer patients has decreased breast cancer related deaths in all age groups. 2
The decreased rates of morbidity and mortality in the past few decades can be
attributed to the development of novel imaging techniques, which allow for the
early detection of tumors.3-6 The current combination of imaging modalities used
in breast cancer screening include full-field digital mammography, magnetic
resonance imaging, ultrasonography, and positron-emission tomography.4, 5, 7
Although the physical exam is a routine apart of the preliminary screening
procedure, it is often combined with an imaging technique in order to detect
tumors that are smaller and at a significantly earlier stage.4 Furthermore, the
combination of novel targeted therapies and genetic screening protocols for
individuals with familial history of breast cancer have also contributed to
decreasing the mortality and morbidity associated with this disease.8
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Breast cancer treatment is multifaceted, most commonly comprised of
surgery, radiation therapy, chemotherapy including anthracyclines, and the
recent addition of monoclonal antibodies. Surgical approaches vary depending
on location and size of affected nodes. Surgical resection can range from node
specific lymphadenectomies to complete radial mastectomy, which includes the
complete removal of breast tissue.7 The use of radiation therapy, in conjunction
with surgical and chemotherapeutic treatments, has proven to be very beneficial
in early breast cancer treatment.9 Adjuvant radiation therapy has been shown to
reduce the risk of local recurrence (18% chemotherapy alone, 7% combination
therapy, p=0.00210 when used in addition to chemotherapy).10 The mainstay of
the chemotherapeutic regimen for breast cancer therapy includes the
combination of 5-fluorouracil-epirubicin-cyclophosphamide (FEC).2 Recent
advancements have incorporated the use of monoclonal antibodies in patients
who express estrogen or progesterone receptors.11

1.2 Breast Cancer Therapy and Cardiac Damage
Many survivors of breast cancer who undergo therapy with anthracycline
therapy followed by monoclonal antibodies often have substantial morbidity
and mortality due to the delayed chemotherapy induced cardiac disease. Given
this, there is a need for an effective protective regimen, which could attenuate
the drug induced cardiac dysfunction associated with breast cancer therapy.
Recent efforts have been directed to discovering the underlying mechanisms
responsible for the cardiotoxic side effects of breast cancer treatment. Many
studies have revealed that an increase in oxidative stress, due to the production
2

of chemotherapy-induced free radicals, plays a pivotal role in damaging
cardiomyocytes.12-14
Given this proposed mechanism of damage, recent efforts to attenuate
chemotherapy induced cardiac dysfunction have led to investigations into the
use of prophylactic antioxidant treatment. N-acetylcysteine (NAC) is an
antioxidant which was seen to significantly reduce free radical induced damage
in cardiomyocytes in vitro, but proved to be ineffective in vivo.15 The
ineffectiveness of NAC has been attributed to its low bioavailability and its
inability to cross the lipid bilayer of cells due to its polarity. The novel
antioxidant N-acetylcysteine amide (NACA), which is a structural analog to NAC
offers an increased lipophilicity making it much more bioavailable. Investigating
the use of NACA as a protective agent in the prevention of chemotherapy
induced cardiotoxicty is warranted.
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Chapter 2: Literature Review
2.1 Anthracycline History
Anthracyclines have been used as antibiotics since the late 1930s.16 Further
characterization of the chemical properties of anthracyclines during the 1960s
led to the discovery of their potential anti-tumor properties.16 Isolations from
the pigment producing soil bacterium, Streptomyces peucetius varcaesitue, lead
to the creation of two anthracycline drugs, known as Daunorubicin (DNR) and
Doxorubicin (DOX).16, 17 Both of these drugs have been extensively characterized
due to their wide range anti-tumor properties against human cancers.17, 18
Doxorubicin and Daunorubicin are very similar in chemical structure. The
two drugs differ by a single termination chain in which Doxorubicin terminates
with a primary alcohol while Daunorubicin terminates with a methyl group.19, 20
This small difference in structure has significant consequences for both of these
drugs. The structure of Doxorubicin causes it to be highly lipophilic allowing it to
effectively penetrate the cellular lipid bilayer, thus increasing its half-life within
the human body (Figure 1).

21

Both of these drugs have been used to combat

various cancers, with Doxorubicin being one of the key components for breast
cancer treatment. The clinical use of Doxorubicin has also been extended to
childhood solid tumors, soft tissue sarcomas, and lymphomas. 16, 22, 23
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Figure 1: The chemical structure of Doxorubicin (8S,10S)-10-{[(2R,4S,5S,6S)-4amino-5-hydroxy-6-methyloxan-2-yl]oxy}-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-1methoxy-5,7,8,9,10,12-hexahdrotetracene-5,12-dione.

2.2 Anthracyclines: Doxorubicin Anti-Cancer Mechanisms
Doxorubicin (Adriamycin) has been reported to reduce solid tumor size by
multiple different mechanisms of action. The anti-tumor activity of Doxorubicin
involves the drug’s ability to intercalate between base pairs of DNA, thus
inhibiting the rapidly dividing tumor cells from replicating and prolferating.20
Recent studies have discovered a novel anti-tumor mechanism, which involves
histone eviction from chromatin of rapidly dividing tumor cells.24 Histone
eviction deregulates the transcriptome (mRNA, tRNA, and rRNA) in cancer cells
and can induce apoptosis and reduce tumor size.24 Other modes of action for
5

Doxorubicin include: DNA crosslinking, interference with DNA unwinding, direct
membrane damage, and altered DNA binding and alkylation.

22, 25, 26

The two

most widely accepted and characterized modes of anthracycline function are the
inhibitory action on the enzyme topoisomerase II and free radical generation. 20,
21, 26

Topoisomerase II (topo-II) is an enzyme that changes the topological state of
DNA by introducing or removing DNA supercoils, which has direct implications
on DNA replication and transcription.27 The enzymes’ direct effect on DNA, and
ultimately cell proliferation, has made it a popular target for anti-tumor
therapy.27 Doxorubicin is a therapeutic agent that is a cleavable complex-forming
topoisomerase II inhibitor that has been used to treat cancer since 1963. 28, 29
Doxorubicin acts by inhibiting mammalian cell DNA and RNA synthesis, thus
effectively arresting uncontrolled tumor growth.

20

Specifically, topo-II, under

normal physiological conditions functions by cleaving the DNA double helix and
allowing the passage of DNA fragments through the break before re-joining the
two strands.27 This is essential during normal DNA unwinding, as the process
introduces supercoils into the DNA resulting in the inability to further unwind.27
Through the enzymatic function of topo-II, the DNA double helix is cleaved,
thereby allowing the supercoiled segments to pass through the break before
rejoining of the two strands, allowing the DNA to relax and continue to
unwind.27, 30 Doxorubicin effectively inhibits this enzyme’s function by creating
stable DNA-topo II complexes that prevent re-annealing and leave DNA lesions
within the unwinding strand, eventually resulting in programmed cell death.29
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In contrast to the protein associated DNA strand breaking of topo-II, the
second most widely accepted anti-tumor function of anthracylines involves DNA
strand breaks associated with production of reactive oxygen species.22 The
mechanism of DOX induced generation of superoxides involves the quinone
structure of DOX, which allows it to act as an electron acceptor in redox
reactions. Once DOX accepts an electron, it produces a semi-quinone free
radical.23,

25

In an aerobic environment, this unstable semi-quinone readily

donates its unpaired electron to molecular oxygen generating a superoxide
radical.25 When these superoxides come into contact with DNA, they lead to
severe damage by causing partial or complete DNA strand breaks. In addition,
DOX can also complex with iron and form intermediates that are capable of
binding DNA and producing partially reduced forms of oxygen.23 DOX has also
been shown to reduce the levels of a free radical scavenging protein known as
glutathione (GSH) peroxidase.31 The multiple anti-tumor properties of DOX
solidify its efficacy as an anti-cancer agent.

2.3 Anthracyclines: Doxorubicin-induced Cardiotoxicity
Doxorubicin has become the most potent, and widely used broad-spectrum
anti-tumor agent since its introduction in the mid 1960’s.31 Through the
extensive use of this drug, it has become evident that DOX is highly effective in
the cancer setting, but its clinical use has been limited due to its associated
adverse side effects.31 Side effects associated with DOX include myelosupression,
nausea, vomiting, cardiac arrhythmia, and cardiac dysfunction.19 The most
limiting side effect of DOX is the inherent cardiotoxicity associated with the drug,
7

which leads to advanced congestive heart failure (CHF). This drug-induced
cardiomyopathy is non-reversible and presents itself in a dose-dependent
fashion, thus limiting the clinical use of DOX.21 Many studies have reported that a
lifetime cumulative dosage of over 500mg/m2 of body surface area places
individuals receiving DOX therapy at a high risk for drug-induced cardiac
dysfunction.

19, 21, 32

Studies have shown that patients who receive 500-550

mg/m2 of DOX go on to develop CHF in 4% of cases. The incidence of CHF
increased to as much as 18% in patients receiving between 550-600 mg/m2, and
has been reported as high as 36% in patients receiving over 600 mg/m2.

19, 33

Other compounding risk factors for DOX mediated cardiotoxicity include age
greater than 70 years, left chest radiotherapy, and a history of hypertension. 19, 34
Given the severity of the cardiotoxicity associated with DOX treatment, risk
stratification of patients receiving the therapy remains the most important
factor in the prevention of DOX mediated cardiac dysfunction. Finding an
equilibrium between anti-tumor effectiveness while maintaining the lowest
degree of cardiotoxicity remains an ongoing challenge.

2.4 Monoclonal Antibodies: The Human Epidermal Growth Factor Receptor
Human epidermal growth factor receptors (ErbB) are a group of tyrosine
kinases (RTK) that comprise a family of receptors responsible for mediating cell
growth, differentiation, and survival.

35

This family of RTK’s consists of four

closely related receptors: HER-1, HER-2, HER-3, and HER-4, all of which
participate in cellular cross talk formulating an intricate cellular signaling
network.

35, 36

Each of these RTK’s is defined as a cell surface receptor that is
8

composed of 3 distinct domains; (i) a single membrane-spanning domain; (ii) a
ligand activated tyrosine kinase domain; and (iii) a carboxy-terminal regulatory
domain. 37, 38
The activation of the ErbB receptor pathways begins with a specific ligandreceptor interaction that takes place on the extracellular domain of the receptor.
The numerous ligands that bind the receptor family are very specific in which
receptor isoform they interact with. Ligands that are specific to HER-1 include
epidermal growth factor (EGF), transforming growth factor (TGF-α), and
amphiregulin. Some ligands do not discriminate between pairs of receptors due
to the homology between their various domains. Ligands that bind to HER-3 and
HER-4 include neu-differentiating factor (NDF), neuregulins (NRG), and
heregulins. In addition, there are also some ligands that specifically bind the
HER-1 and HER-4 isoforms. These ligands include betacellum, epiregulin, and
heparin-binding EGF-like growth factor.

38, 39

There have been no identified

ligands that directly bind the HER-2 isoform. HER-2 is known to participate in
heterodimerization with all of the other HER isoforms, thus acting as a common
receptor for all other isoforms. 40, 41
The HER-2 isoform has been known to be specifically important in the breast
cancer setting. Upon stimulation by a ligand including cytokine interleukin (IL)-6
or NRG, the receptor dimerizes with adjacent HER receptor isoforms. Upon
dimerization, cell proliferation and survival pathways are initiated through RasRaf-MAPK and PI3K/Akt respectively (Figure 2). 37 Overexpression of the HER-2
receptor directly affects crosstalk between adjacent receptors and other

9

signaling pathways that are responsible for cell proliferation and apoptotic
resistance, thereby leading to an uncontrolled proliferation. 36
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Figure 2: Heterodimerization of the human epidermal growth factor receptor 2 (HER-2) with adjacent receptors (HER1, HER-3, HER-4) leads to the downstream activation of the P13K and Ras-Raf-MAPK pathways, which lead to increased
cell proliferation, motility, apoptotic resistance, and angiogenesis. 1
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2.5 Monoclonal Antibodies: Breast Cancer and Overexpression of HER-2
The overexpression of human epidermal growth factor receptors is known to
be intimately involved in a multitude of cancers.

42

It has been reported that as

many as 30% of breast cancer patients present with HER-2 overexpression.
Certain breast cancers, such as ductal carcinoma, are known to overexpress
HER-2 in 90% of cases.43 Overexpression of HER-2 is associated with a
significantly more aggressive tumor phenotype and an increased mortality
rate.43 Breast tissue that is positive for HER-2 overexpression is associated with
gene amplification for the HER-2 receptor gene. This overexpression leads to an
increased number of cell surface receptors, which effectively increases the rate
of cell division leading to proliferation, causing aggressive tumor growth.44, 45
The overexpression of HER-2 occurs very early in the progression of breast
cancer making its early detection crucial to patient outcomes. This early
detection is often achieved through immunohistochemistry (IHC), chromogenic
in situ hybridization (CISH), and silver enhanced in situ hybridization (SISH).46 In
Canada, the guidelines most often employ the use of FISH and IHC for the
detection of HER-2 overexpression. The utility of IHC for this detection uses
monoclonal antibodies that recognize and interact with HER-2 in biopsy tissue
sections taken from the patient, in order to stratify patients into HER-2 positive
or negative groups. 47, 48
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2.6 Monoclonal Antibodies: Trastuzumab and the Inhibition of HER-2
Trastuzumab (TRZ) (Herceptin, Genetech Inc.) is currently used for the
treatment of breast cancer patients who are positive HER-2 overexpression.43
This monoclonal antibody is directed against the extracellular domain of HER-2
and acts by binding to this domain, ultimately preventing the dimerization of
HER-2 with adjacent human epidermal growth factor receptors.49 Interruption
of the HER-2 dimerization effectively disrupts downstream cell survival and
proliferation pathways including Ras-Raf-MAPK and PI3K/Akt.36 In addition to
the anti-dimerization properties of TRZ, the monoclonal antibody also downregulates the accumulation of the HER-2 receptor by enhancing its
internalization and degradation.50 The mechanism of action of TRZ involves two
proteins, P27Kip1 and the Rb-related protein p130. Both of these proteins are upregulated upon TRZ treatment, which causes a significant decrease in the
number of cells entering the S-phase of the cell cycle.51 It has also been
postulated that the interaction between TRZ and the human immune system, via
its immunoglobulin G1 Fc domain, may potentiate the anti-tumor effects of this
monoclonal antibody. 51

2.7 Monoclonal Antibodies: The Clinical Use of Trastuzumab
Following treatment with an anthracycline based chemotherapy regimen,
women who overexpress HER-2 are treated with TRZ in the adjuvant setting of
breast cancer.43, 49, 52 The dosage of TRZ treatment begins with a loading phase in
which patients are administered 8 mg/kg, followed by weekly dosages of 6
mg/kg for a total of one year, when administered as singular therapy.53 If the
13

breast cancer has metastasized to other organ systems, treatment with TRZ
includes a loading dosage of 4 mg/kg followed by maintenance doses of 2 mg/kg
administered every 3 weeks.54 Studies have validated TRZ as a front-line
treatment option when used in combination with chemotherapeutic agents such
as paclitaxel, or anthracycline/cyclophosphamide therapies.52, 55 It has also been
reported that when TRZ is used in conjunction with anthracycline based therapy,
the combination therapy can reduce cancer related death by approximately
33%.49, 52, 53, 56, 57
There have been four major multi-center randomized control studies that
have evaluated the efficacy of TRZ in the adjuvant setting of breast cancer. These
studies include the Herceptin Adjuvant Trial

58,

National Surgical Adjuvant

Breast and Bowel Project Trial B-31 (NSABP), North Central Cancer Treatment
Group Trial N9831 (NCCTG-N-9831), and the Breast Cancer International
Research Group 006 Data Trial (BCIRG 006)53, 56, 59, 60 These trials solidified the
efficacy of TRZ use following anthracycline treatment. The main findings of these
studies include an overall reduction in recurrence of malignancies by 50%, and
mortality by 33%, in women who received adjuvant treatment with TRZ. Due to
the positive results of these impactful trials, TRZ treatment has become an
essential component in anthracycline-based chemotherapy for breast cancer.
Clinical trials have also evaluated the use of TRZ in conjunction with
standard chemotherapy in the 10% of women suffering from breast cancer who
present with metastatic malignancies.52 Of the 10% of women with metastatic
malignancies, 35-45% of patients present with overexpression of HER-2.52
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Women who received chemotherapy with the addition of TRZ in the metastatic
setting of breast cancer experienced a 20% mortality risk reduction. Despite the
beneficial anti-cancer properties of TRZ, its cardiotoxic side effects cannot be
ignored. Approximately 27% of women receiving the combination therapy went
on to suffer cardiac dysfunction, while only 8% of women receiving standard
chemotherapy alone faced these side effects.52

2.8 Monoclonal Antibodies: Trastuzumab Induced Cardiomyopathy
The anti-cancer benefits of Trastuzumab have made the monoclonal antibody
a mainstay in the treatment of breast cancer in women. Despite its therapeutic
benefits, the risk of developing a drug-induced cardiomyopathy is a major
concern. This drug-induced cardiotoxicity is significantly potentiated when TRZ
is administered following standard anthracycline based therapy. The Cardiac
Review and Evaluation Committee has outlined four general criteria to diagnose
TRZ related cardiac dysfunction. The criteria include: congestive heart failure
(CHF) symptoms; symptoms associated with CHF including a S3 gallop and
tachycardia; a 5% or greater decrease in left ventricular ejection fraction (LVEF)
with CHF symptoms; or finally, a 10% decline in LVEF without CHF symptoms. 61
Positive diagnosis for TRZ related cardiac dysfunction includes any one of the
four mentioned criteria.
In the clinical setting, the adverse side effects of adjuvant TRZ therapy
include the development of class I-IV CHF as outlined by the New York Heart
Association (NYHA). The NYHA classification of CHF ranges from class I which is
defined as mild CHF with no limitation in physical activity, to class IV which is
15

defined as severe shortness of breath at rest, with an inability to carry out
physical activity without discomfort.62 The four clinical trials that evaluated the
development of LV systolic dysfunction in adjuvant TRZ therapy showed that
approximately 5-10% of patients developed cardiac dysfunction. The HERA trial
demonstrated that the incidence of symptomatic heart failure in women
receiving TRZ was below 1% while the Trial B-31 showed that it was 4.1%.52 The
results from the N9831 placed the percentage of patients who underwent TRZ
therapy and developed CHF to be at 3%. Given the results form these studies, the
incidence of symptomatic heart failure from breast cancer patients treated with
TRZ lies between 1-4%.
In addition to these trials, our group evaluated 152 HER-2 positive breast
cancer patients who underwent adjuvant therapy with TRZ. The objective of this
study was to retrospectively evaluate the incidence of cardiac dysfunction, and
to identify the reversibility in the HER-2 positive breast cancer population
receiving TRZ in adjuvant therapy.63 Out of the 152 women, 24% developed TRZ
mediated cardiomyopathy, the majority of whom were asymptomatic.63 The
study went on to describe cardiac risk factors that predisposed patients to
developing TRZ related heart dysfunction. Factors that contributed to
development of cardiomyopathy included preexisting hypertension, smoking,
and a family history of premature coronary artery disease. This study was
unique due to the fact that although past clinical trials have shown the incidence
of TRZ -mediated cardiomyopathy to be less than 10%, this real world study
places this risk as high as 25%.63
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The prevalence of TRZ mediated cardiotoxicity is highest in the treatment of
metastatic breast cancer. This is primarily attributed to the fact that TRZ is
administered in conjunction with an anthracycline based therapy in the
metastatic setting of breast cancer. Studies have demonstrated that 27% of
women receiving treatment with TRZ along side standard anthracycline therapy
go on to develop NYHA class III or IV heart failure.44 This aggressive treatment
approach has become common practice in this subset of patients who have poor
prognosis with mean a life expectancy of 9 to 12 months. The treatment regimen
is often palliative with the use of mitotic inhibitors, such as paclitaxel following
TRZ therapy. With the limited treatment options available for metastatic breast
cancer, aggressive therapy with an increased risk of cardiotoxicity has become
the accepted method of treatment.64

2.9 Mechanism of Trastuzumab-Induced Cardiac Dysfunction
The pathogenesis of TRZ induced cardiotoxicity includes three main
mechanisms. One of these mechanisms includes the induction of cell death
pathways through the alteration of anti- and pro- apoptotic proteins. Many
pathological molecular insults may initiate the genetically programmed cell
death pathway known as apoptosis. Specifically, the expanding family of proteins
known as the Bcl-2 family contains both pro-apoptotic and anti-apoptotic
elements.65 The ratio between these two subsets of proteins is a determinant of
whether a cell will initiate apoptosis, or strive as a healthy living cell. It has been
postulated that once TRZ binds the HER-2 receptor, there is an immediate
decrease of the anti-apoptotic protein Bcl-XL, as well as an increase in the pro17

apoptotic protein Bcl-XS.66 These apoptotic proteins play a critical role in
mitochondrial function, thus making the altered ratio of these proteins beneficial
towards fighting cancer but detrimental to cardiac health. The increase in proapoptotic Bcl-XS causes mitochondrial dysfunction and initiates cell death in
cardiomyocytes.66, 67
The second proposed mechanism for TRZ induced cardiac damage is via
increased stimulation of the renin-angiotensin system. The inhibition of cell
survival pathways caused by the binding of TRZ to the HER-2 receptor is known
to stress the myocardium. This increased stress causes a significantly increased
level of circulating angiotensin II (ANG II). Increased ANG II causes a decrease in
NRG-1 protein levels, ultimately reducing the amount of a key regulator in cell
survival signaling pathways.68 In addition, ANG II also inhibits the already
reduced amount of NRG-1 from binding to the HER-4 receptor, thus severely
reducing the activation of cell survival pathways.68 Finally, ANG II also binds to
the angiotensin 1 receptor, which activates a cascade resulting in the production
of reactive oxygen species (ROS). The activation of this cyclic superoxide
production causes increased oxidative stress (OS), which negatively impacts
cardiomyocytes, thus potentiating the drug-induced cardiotoxicity associated
with TRZ.69
Finally, the third mode of action for TRZ induced cardiac dysfunction stems
from the anti-dimerization properties of TRZ. By inhibiting the ability for HER-2
to dimerize with the other HER family receptors, downstream cell survival
pathway signaling is significantly reduced, ultimately causing decreased
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resilience of cardiomyocytes. The inability to deal with excess stress places
active cardiomycoytes at risk of apoptosis through increased OS.70, 71 Active
cardiomyocytes have high metabolic demands for adenosine triphosphate (ATP),
which is produced by the mitochondria. Increased metabolic demand leads to
the generation of ROS through ATP production via the electron transport chain
in the mitochondria. This increased ROS within the cardiomyocyte leads to
development of cardiac dysfunction, potentially through the initiation of
apoptotic cell death pathways.67, 72

2.10 Oxidative Stress: Activated Oxygen Species
Activated oxygen species include singlet oxygen molecules, superoxide
radicals, and hydroxide radicals that are produced by the incomplete reduction
of oxygen.73 These reactive oxygen species are detrimental to surrounding tissue
due to their short half-lives, unstable nature, and highly reactive state.74 They
are able to react with unsaturated lipids causing a chain reaction that results in
lipid peroxidation.73 These free radicals are also known to oxidize of sulphydryl
groups in proteins as well as damage DNA strands.75 Furthermore, increases in
OS have also been shown to cause auto-oxidation of catecholamines, causing
cardiac dysfunction.73 Ischemia-reperfusion studies have also shown that
increases in ROS can interfere with calcium transport in the sarcoplasmic
reticulum resulting in abnormal cardiomyocyte function.73 Ultimately, increases
in ROS can have devastating effects on the normal physiology of cells and organ
systems from a multitude of pathways. Increased awareness of this potential

19

damage has lead to the investigation of the effects of increased ROS caused by
chemotherapeutic regimens for various malignancies.

2.11 Oxidative Stress (OS): A Product of Breast Cancer Therapy
OS is defined as an imbalance between the systemic manifestation of reactive
oxygen species, and a biological systems ability to detoxify the reactive
intermediates. Chemotherapy for breast cancer has been known to cause cardiac
dysfunction primarily through an increase in OS. Anthracycline based therapy is
known to influence two specific signaling pathways: mitogen-activated protein
kinases (MAPKs) and the transforming growth factor-beta 1 (TGF-β1)/SMAD
cascade.73
The increase in OS through breast cancer therapy has a significant impact on
the mitogen-activated protein kinases (MAPK). The MAPK pathway is
responsible for relaying information from the cell surface all the way to the DNA
in the nucleus of cells. This pathway is intimately involved in regulating cell
functions including proliferation, differentiation, mitosis, and apoptosis. 76
Through both JNK and P38 pathways, the expression of key apoptotic proteins
including Bax, Caspase, and PARP is up-regulated, while expression of antiapoptotic proteins including Bcl-2, and Bcl-XL are down-regulated.77 Moreover,
anthracycline induced OS also down-regulates AKT, which is a serine/threonine
kinase that promotes cell survival in cardiomyocytes.77 AKT is normally involved
in protecting cells from apoptosis by phosphorylating substrates that directly
down-regulate apoptotic machinery.78 The effects of OS on the MAPK pathway
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and the ensuing apoptosis of cardiomyocytes significantly impacts the clinical
use of anthracycline based treatment regimens for breast cancer patients.
DOX related increases in OS also up-regulates the Transforming Growth
Factor-β1/SMAD cascade. The TGF-β1 pathway is involved in many cellular
processes in adult organisms. This pathway is responsible for cell growth,
differentiation, apoptosis, and homeostasis. The TGF-β1 pathway functions by a
series of phosphorylation events, which eventually activate the receptor
regulated SMADs, which then complex with other SMAD proteins. 79 These SMAD
complexes localize in the nucleus of the cell where they function as transcription
factors allowing them to regulate gene expression.79 The increased activity in the
TGF-β1 pathway causes proliferation of fibroblasts, increased synthesis of
collagen, and augmented expression of extracellular matrix proteins.80 The
intricate relationship between the SMAD and the TGF-β1 pathways, once upregulated, causes unwanted cardiac fibrosis with subsequent adverse
cardiovascular

remodeling,

eventually

resulting

in

DOX

mediated

cardiomyopathy.81, 82
In addition, DOX+TRZ induced OS has also been reported to damage the
cardiac cytoarchitecture. DOX is known to decrease the function of GATA-4 and
increase calpain, ultimately causing a loss of both myofibrillar and sarcolemmal
integrity (Figure 3). GATA-4 is a transcription factor from the zinc finger family
that is essential in the expression of sarcomeric protein.83 The products of GATA4 regulated genes includes the alpha myosin heavy chain (α-MHC) and troponin I
(cTnI), both of which are essential for normal cardiomyocyte function.84,
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Recent studies have shown that the preservation of GATA-4 can attenuate DOX
induced cell death, thereby displaying the importance of this key molecular
entity.86, 87 Moreover, DOX is known to cause intracellular calcium overload
leading to the activation of calcium dependent proteases known as calpains.88, 89
Calpains are responsible for cleaving cytoskeletal as well as myofilmental
proteins including αMHC, cTnI, desmin and dystrophin, ultimately causing loss
of cardiomyocyte integrity and function (Figure 3).90,

91

A recent study has

shown that DOX administration increased calpain activity in cardiomyocytes and
promoted cell death.92
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Figure 3: A schematic diagram illustrating the proposed roles of Nacetylcysteine amide (NACA), oxidative stress (OS), GATA-4, calpain, and
myofibrillar/cytoskeletal proteins in Doxorubicin + Trastuzumab mediated
cardiotoxicity.
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Given the inherent increases in OS that are associated with breast cancer
therapy, recent efforts have shifted towards potentially preventing the
detrimental

effects

associated

with

chemotherapeutic

regimens.

The

prophylactic use of novel anti-oxidants in the prevention of chemotherapy
induced cardiac dysfunction has gained recent attention.

2.12 OS: Cellular Antioxidants
Cellular antioxidant defenses include two classes of compounds, enzymatic
antioxidants and non-enzymatic antioxidants. Superoxide dismutase, catalase,
and glutathione peroxidase are enzymatic defenders against OS, which are
readily found in cells.93 Cells also contain defensive species that are not
enzymatic in nature, but instead exert their protective effects through their
unique organic structure. The common non-enzymatic antioxidants include
tocopherols, carotenoids, retinol, melatonin, ubiquinol, ascorbic acid, and most
importantly, glutathione (GSH).

94

The structure of all of these non-enzymatic

antioxidants allows them to quench potentially damaging oxidative species
before they exert their effect on cellular components. Through this process, the
antioxidant species is able to consume free radicals, which in turn transforms
the antioxidant to a far less reactive product, or a completely inert species.95
Glutathione is a very important antioxidant species that provides protection
to cells from the negative effects of OS. The tripeptide contains a glycine,
cysteine, and glutamic acid in its protein backbone, allowing it to serve as a key
mediator of homeostasis in cells. 96 The GSH peroxidase system is known to be a
critical defense mechanism against activated oxygen species.97 During GSH
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peroxidase mediated protection, GSH is reduced to GSSG by accepting the free
radical from the reactive oxygen species.97 The maintenance of the GSH reservoir
is essential to maintain cellular viability, and adequate protection from OS. The
maintenance of the GSH pool has also shown to be very important in
chemotherapy related increase in OS. In addition to GSH, there has been an effort
to explore the benefits of pharmaceutical agents, which may also offer protection
from the negative effects of activated oxygen species by either maintaining the
levels of GSH, or acting as free radical electron acceptors themselves.

2.13 Prevention of Chemotherapy Induced Cardiac Dysfunction: NAC
N-acetylcysteine (NAC) is a pharmaceutical drug that is a derivative of
cysteine, which contains an acetyl group attached to a nitrogen atom. The clinical
use of NAC includes treatment for acetaminophen toxicity, mucolytic therapy,
and as a nephron-protective agent against radio-contrast induced nephropathy.
98-100

The protective effects of NAC are rooted in its structure, which contains L-

cysteine, a precursor to the biological antioxidant GSH (Figure 4).
Administration of NAC is able to replenish the GSH reservoir, effectively allowing
cells to dissipate an increase in OS.101
The clinical use of NAC as a cardioprotective agent has been evaluated in DOX
mediated cardiac dysfunction.15 NAC has failed to show any beneficial properties
in DOX mediated cardiac dysfunction.15, 102 A small clinical trial of 20 patients
randomized to either placebo, or prophylactic administration of NAC
(140mg/kg) one hour before a single intravenous (IV) injection of DOX
evaluated the drugs cardioprotective potential. Endomyocardial biopsies were
25

performed at baseline, 4-hours post drug administration, and 24-hours post
drug administration. The three time points of both placebo and NAC groups
showed no significant differences with respect to cardiomyocyte injury. Both
groups developed tubular necrosis and mitochondrial swelling, suggesting that
NAC was unable to serve as a cardioprotective agent in DOX-induced
cardiomyopathy.15
In addition to the inability to validate NAC as a cardioprotective agent, the
drug also has a number of adverse side effects. NAC is known to be a prooxidant, a suppressant to respiratory bursts, and a toxic agent causing ammonia
accumulation in patients with pre-existing liver dysfunction.103 Furthermore,
NAC also contains a negatively charged carboxyl group at physiological pH,
which significantly lowers its bioavailability thus limiting it from becoming a
suitable cardioprotective agent in the clinical setting (Figure 4).

Figure 4: The chemical structure of NAC (2R)-2-acetamido-3-sulfanylpropanoic
acid103
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2.14 Prevention of Chemotherapy Induced Cardiac Dysfunction: NACA
Recent efforts to prevent chemotherapy induced cardiac dysfunction have
lead to the creation of a thiol structural analog of NAC known as Nacetylcysteine amide (NACA). The chemical structure of NACA contains an
amide in place of the carboxyl group that is found in NAC. This chemical
manipulation significantly increases the bioavailability of NACA by allowing it
to traverse the cellular lipid bilayer.104, 105 The anti-oxidant properties of NACA
are rooted in its chemical structure, mirroring the same mechanism of action as
its structural counterpart, NAC (Figure 6). NACA is able to maintain the
intracellular levels of GSH in cells in order to reduce the effects of OS in a
multitude of tissues. This is accomplished through the ability of NACA to
transfer its thiol group to oxidized glutathione (GSSG), thus regenerating GSH
through redox chemistry.105 The increased potency and bioavailability of NACA
allows it to be administered at much lower dosages, thereby significantly
decreasing the adverse effects that have been seen in NAC toxicity. There have
been no reports of adverse effects of NACA in literature to date. 104-107
Investigations into the anti-oxidant properties of NACA have demonstrated
that the compound is able to scavenge free radicals, and protect red blood cells
from OS through the prevention of ROS-induced activation of JNK, MAPK
pathways, and matrix metalloproteinases.105,

106

In addition, another study

exploring the anti-oxidant properties of NACA demonstrated that NACA
(250mg/kg) was able to protect the blood brain barrier from OS in mice
exposed to methamphetamine.104 Studies have also been conducted in an in
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vitro model using embryonic rat cardiomyocytes exposed to DOX. The
parameters of the study included DOX induced increases in ROS, decrease in
anti-oxidant levels, and lipid peroxidation.107 The studies main findings
indicated that NACA was able to reduce the levels of OS as well as lipid
peroxidation, while increasing the levels of GSH and the GSH/GSSG ratio.107 The
data from these studies provides a strong rationale to investigate whether or
not NACA may provide cardioprotection in DOX+TRZ mediated cardiac
dysfunction in the in vivo setting.

Figure 5. The chemical
sulfanylpropanamide108

structure
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of

NACA

(2R)-2-Acetamido-3-

Chapter 3: Rationale, Hypothesis, and Aims
3.1 Rationale:
It is clear from the literature review presented that breast cancer rates are
on the rise. The clinical use of high dose anthracycline and Trastuzumab based
therapy has become the mainstay of disease treatment. The inherent
cardiotoxicity related to use of the anti-cancer drugs DOX and TRZ is still a major
public health concern. The oxidative stress pathway is intricately involved in the
pathogenesis of this drug induced cardiotoxicity, and we still have to devise
ways and means to successfully interfere with this pathway. The study has two
main aims to address this problem, including:

3.2 Aims and Hypothesis:
Aim 1: To investigate whether DOX+TRZ mediated OS leads to disruption of
myofibrillar and sarcolemmal integrity in an acute in vivo female mouse model of
chemotherapy induced cardiac dysfunction.
Hypothesis: DOX+TRZ treatment will cause myofibrillar and sarcolemmal
disruption leading to cardiomyocyte damage. Furthermore, we hypothesize that
this loss of cytoskeletal and myofibrilliar integrity will be due to increases in OS.
Specifically, we will focus on the degree of left ventricular (LV) systolic
dysfunction, histological damage, lipid peroxidation, and degree of apoptosis in
wild type C57Bl/6 mice treated with DOX, TRZ, or the combination of DOX+TRZ.
Aim 2: To investigate whether the prophylactic administration of the
antioxidant NACA will be cardioprotective by preventing some or all of the
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changes in myofibrillar and cytoskeletal proteins in an acute in vivo female
mouse model of chemotherapy induced cardiac dysfunction.
Hypothesis: NACA will attenuate DOX+TRZ mediated cell death. We hypothesize
that as compared to WT controls, female mice receiving prophylactic
administration of NACA will have elevated levels of the anti-apoptotic protein
Bcl-XL, and decreased levels of the pro-apoptotic proteins Bax, Caspase-3, and
PARP. Specifically we will assess cardiomyocyte integrity between groups of
mice administered DOX+TRZ and NACA+DOX+TRZ by exploring changes in LV
systolic function, histological damage, changes in GATA-4, degree of apoptosis,
and lipid peroxidation.
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Chapter 4: Methodology
4.1 Animal Procedures
All animal procedures were conducted in accordance with guidelines
published by the Canadian Council on Animal Care. All procedures, including
drug administration and longitudinal echocardiographic studies, were approved
by the Animal Protocol Review Committee at the University of Manitoba.

4.2 Animal Model
For aims 1 and 2, two protocols were followed.
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Protocol 1 (Acute in vivo 10 day study): A total of 100 mice (7 to 8 week old
C57Bl/6 female mice) were randomized to the treatment groups as shown in
Figure 6.

Figure 6: A total of 100 WT C57Bl/6 female mice were randomized to one of the
following drug regimens: Saline; NACA (250 mg/kg); DOX (20 mg/kg); TRZ (10
mg/kg); DOX+TRZ; NACA+DOX; NACA+TRZ; and NACA+DOX+TRZ. NACA
was administered 30 minutes prior to the experimental arm. Mice received daily
echocardiography for 10 days at which point they were euthanized and tissues were
extracted for biochemical analysis.
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Protocol 2: (Acute in vivo 72-hour study): A total of 70 mice (7 to 8 week old
C57Bl/6 female mice) were randomized to the treatment groups as shown in
Figure 7.

72 Hrs

Figure 7: A total of 70 WT C57Bl/6 female mice were randomized to one of the
following drug regimens: Saline; NACA; DOX; TRZ; DOX+TRZ; NACA+DOX;
NACA+TRZ; and NACA+DOX+TRZ. NACA was administered 30 minutes prior to
the experimental arm. Following injection with one of the above drug regimens,
the mice were euthanized at 72 hours to allow an early time point for
biochemical analysis.
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All female mice were quarantined for 1 week prior to being randomized to a
treatment arm in both protocols. Prior to receiving one of the anti-cancer
regimens

and/or

NACA,

all

mice

underwent

baseline

transthoracic

echocardiography (TTE) and weight analysis. One time administration
(intraperitoneal injection) of 0.9% saline, NACA (250mg/kg)104, DOX
(20mg/kg)12, TRZ (10mg/kg)12, DOX (20mg/kg) + TRZ (10mg/kg), NACA
(250mg/kg) + DOX (20mg/kg), NACA (250mg/kg) + TRZ (10mg/kg), NACA
(250mg/kg) + DOX (20mg/kg) + TRZ (10mg/kg) were administered following
baseline data acquisition for both protocols. NACA (250 mg/kg) was
administered prophylactically, 30 minutes prior to the chemotherapy drugs.
Serial echocardiography and weight measurements were performed daily for 10
days, at which time all surviving mice were anesthetized using pentobarbital
(110mg/kg, i.p) and hearts were preserved for histological and biochemical
analyses for protocol 1 (Figure 6). For protocol 2, mice were administered the
same drug regimens as protocol 1 and weight measurements were performed
daily for 72 hours. At 72 hours, mice were euthanized with pentobarbital
(110mg/kg i.p.) and hearts were preserved for biochemical and histological
analyses (Figure 7). The chemotherapeutic dosages administered to mice are
the minimum concentrations required to induce LV systolic dysfunction in a
murine model.13, 14, 109

4.3 Echocardiography
Non-invasive assessment of cardiac function was performed via murine
echocardiography in awake mice at baseline, and daily for a total of 10 days
34

(Protocol 1). All echocardiographic images were acquired using a 13-MHz probe
(Vivid 7, GE Medical Systems, Milwaukee, WI, US). All of the mice were imaged
in the parasternal long axis (PLAX) and short axis (SAX) views, as previously
described.12, 13, 110, 111 Images were post-processed offline using the EchoPAC PC
software (Vivid 7, version 11.2, GE Medical Systems, Milwaukee, WI, US). Images
acquired in the PLAX view were used to calculate LVEF by manually tracing LV
end-diastolic and end-systolic volumes (Equation 1). Images acquired in the SAX
were used to evaluate LV cavity dimensions through M-mode echocardiography.
Parameters used include LV end-diastolic diameter (LVIDED), LV end-systolic
diameter (LVIDES), posterior wall thickness (PW), and interventricular septal
thickness (IVS).12, 13 In addition, the GE EchoPAC PC program was also used to
calculate fractional shortening (FS) as described by equation 2.

Equation 1: Calculation of LVEF
LVEF =

𝐿𝑉𝐸𝐷𝑉−𝐿𝑉𝐸𝑆𝑉
𝐿𝑉𝐸𝐷𝑉

× 100%

Equation 2: Fractional Shortening
FS =

𝐿𝑉𝐸𝐷𝐷−𝐿𝑉𝐸𝑆𝐷
𝐿𝑉𝐸𝐷𝐷

× 100%

4.4 Histology
The sectioned hearts removed from the thoracic cavity had a tissue sample
flash frozen in liquid nitrogen for histological analysis via electron microscopy.
These heart sections were fixed with 3% glutaraldehyde in 0.1 M phosphate
buffer at pH 7.3 at room temperature for 3 hours. Tissues were rinsed and placed
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in 0.1 phosphate buffer containing 5% sucrose at 4° C for 24 hours. Post-fixation
following the overnight wash was done at room temperature with 1% osmium
tetroxide in 0.01 M phosphate buffer for 2 hours. The tissue samples were then
dehydrated in ascending concentrations of ethanol and embedded in Epon 812
using techniques as previously described.112 Sections were stained with uranyl
acetate and lead citrate for viewing and photography with the Philips CM12
electron microscope in order to determine cell integrity. Grids were coded
without prior knowledge of their source to eliminate observer bias. Wet to dry
weight ratios for liver and lung samples were measured for mice at time of
euthanization. Tissue samples were dried for 72 hours at 65° C.

4.5 Immunohistochemistry
At day 10, surviving mice were euthanized and hearts were removed. Each
heart was rinsed in 0.9% saline and the apex was collected. The apex was
embedded in OCT blocks and stored at -80° C. Preparation for this procedure
began by making a fixative for the tissue sections. 2 g paraformaldehyde solution
was added to 100 ml of water. The solution was heated for 1 minute with the
addition of 10 drops of 1 N NaOH. After heating the solution, it was placed on a
stir plate until it dissolved into a homogeneous mixture. The 1%
paraformaldehyde solution was brought to a final volume of 200ml in PBS and
the pH was adjusted to 7.4. This final solution was filtered through #1 Whatman
paper.
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The OCT embedded tissues was then mounted to the sectioning apparatus.
Frozen tissue sections were sliced at a thickness of 7 μm and placed on a glass
microscope slide (superfrost + Fisher). The slides with tissue sections were then
placed in the prepared 1% paraformaldehyde fixation solution for 1 minute at 4°
C. The tissues were washed with PBS for 5 minutes at a time, for a total of 3
washes. After washing, the tissues were permeabilized with fresh 0.3% Triton X100 in PBS for 30 seconds. Following permeabilization, 6 wash cycles with PBS
for a total of 5 minutes each were performed. Sections probed with mouse
antibodies were then incubated at room temperature with MOM IG Block (Vector
Laboratories BMK-2202) for 60 minutes (22 μl concentrate/625 ul PBS). Primary
antibodies for myosin (MF-20, Developmental Studies Hybridoma Bank),
dystrophin (AB 15277, Abcam 1:400), desmin (AB 15200, Abcam 1:20), and
connexin-43 (610061 BD Transduction 1:100) were placed on the tissue sections
and stored for 24 hours at 4°C. The primary antibody was then washed with PBS
(3x5 minutes). Secondary antibody AlexaFluor 488 (A21206, Life Technologies)
was placed on the tissue sections left for 60 minutes at room temperature,
followed by a 5 minute wash in PBS. Sections were stained with Hoechst 33342
nucleic acid stain (Calbiochem cat# 382065). 5 final washes for 5 minutes each
were performed with PBS before mounting tissue sections with Prolong Gold
mounting media (Invitrogen without DAPI) to cover slips onto the tissuesectioned slides. Slides of tissue sections were than analyzed using the Zeiss
Axiovert 200 M with Epifluorescence microscope. The sections were viewed and
photographed with Axiovision 4.8.2 software.
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4.6 High Pressure Liquid Chromatography – Mass Spectrometry for Oxidized
Phospholipids
Tissue sections from surviving mice were stored for lipid analysis. A section of
cardiac tissue was stored in a vial containing PBS (pH 7.4) with EDTA and the
addition of gaseous nitrogen infused into the tube, stored at -80°C. In order to
perform high-pressure liquid chromatography, extraction of lipids from cardiac
tissue was done by the described method.113 Frozen tissues were weighed at 1020 mg. These tissues were placed in mortar with the addition of 2-3 ml of liquid
nitrogen in order to create a tissue powder. The powdered tissues were placed in
15 ml falcon tubes with the addition of 6 ml ice cold C-M (C-M mixture, 2:1
vol/vol, 0.01% BHT). Once mixed, 0.1 ml of internal standards was added to the
mixture, followed by a gentle vortex and addition of 1.5 ml of PBS. This mixture
was then centrifuged at 4°C at 3500 RPM for 5 minutes. The mixture was
separated using a Pasteur pipette placed through the aqueous phase and
interfacial protein residue and finally into the lipid phase which was withdrawn
and placed into another centrifuge tube. The remaining aqueous phase mixed
with protein residue was mixed with 4.5 ml of C-M-PBS (86:14:1) and centrifuged
again at 4° C at 3500 RPM for 5 minutes. The lipid extraction with the Pasteur
pipette was repeated. The solvents were evaporated from the extracts by use of
the nitrogen evaporator. The lipid extracts were placed in 0.5 ml of C-M (2:1) and
transferred to a sampling vial stored with infusion of nitrogen gas at 80° C.
The lipid extracts were reconstituted in the reverse phase solvent system
consisting of acetronitrile/isopropanol/water (65:30:5 v/v/v). 0.03 ml samples

38

were injected into the Ascentis Express C18 column (15cmx2.1mm, 2.7 μm;
Supelco Analytical, Bellofonte, PA 16823-0048 USA) using an HPLC system
(Shimadzu USA MFG Inc). This apparatus uses a DGU-20A3 degasser, LC-20-AD
pumps, SIL-20AC HT auto sampler and CTO-20 AC column oven. The temperature
of the auto sampler and column oven were left at 4°C and 45°C, respectively. This
HPLC system was attached to 4000 QTrap Triple Quadrupole Linear Ion Trap
Mass Spectrometer system equipped with Turbo V electrospray ion source
(Absciex, 500 Old Connecticut Path, Framingham MA 01701 USA).
Elutions were performed via linear gradient of solvent A (Acetonitrile-Water,
60:40 vol/vol) and solvent B (Isopropanol-Acetonitrile, 90:10, vol/vol). Both of
the solvents contained 10 mM of ammonium formate and 0.1% formic acid. The
time format used was 0.01 min 32% B; 1.50 min 32% B; 4.0 min 45% B; 5.0 min
52% B; 8.0 min 58% B; 11.0 min 55% B; 14.0 min 70% B; 18 min 76% B; 21.0
min 97% B; 25.0 min 97% B; 25.1 min 32% B; and 30.0 min 32% B. The elution
was stopped at 30.1 minutes with a flow rate of the mobile phase at 0.26 ml/min.
The quantification of data was done by using Multiquant 2.1.

4.7 Western Blotting
Frozen heart tissues were placed in a mortar with the addition of liquid
nitrogen and ground into powder. Ground tissues were placed in solution with
radioimmunoprecipition (RIPA) buffer containing protease and phosphatase
inhibitors (Thermo Scientific). These samples were cooled on ice for 20 minutes
and then centrifuged at 10, 000 RPM at 4° C for 10 minutes. The resulting
supernatant was removed and extracted proteins were quantitated using the
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BioRad protein assay. Protein lysates were stored in pre-chilled labeled tubes at 80°C until needed.
Stored protein lysates were used for Western Blot analyses. 30 μg of protein
were loaded in each lane and samples were electrophoresed in a 12% sodium
dodecyl sulfate polyacrylamide gel (SDS-PAGE) at 100 V for 1.5 hours using the
Mini-PROTEAN Tetra System (BioRad) at room temperature. Once separated,
proteins were transferred to a 0.45 mm PVDF membrane (Roche Diagnostics) for 2
hours at 100V at 4° C. The protein embedded membranes were stained with
Ponceau S to ensure that the transfer was effective and to validate equivalent total
protein loading between lanes. Once analyzed, the membrane was washed with 1X
Tris Buffered Saline with 0.1% Tween 20 (TBST). Membranes were blocked for 1
hour in 1X BSA blocking buffer/TBST (Thermo Scientific), which was reconstituted
form the 10X stock solution that was previously prepared. Membranes were
placed in plastic holders with the addition of primary antibodies for a total of 24
hours at 4° C. The membranes were washed 3X for 10 minutes with 1X TBST and
then placed in secondary antibody for 45 minutes at room temperature.
Membranes were again washed 3X for 10 minutes with 1X TBST. Proteins in the
membrane were detected using the ECL Plus Detection Reagent (Western Lighting
Plus-ECL, Amersham) with the use of X-ray film exposure. Primary antibodies used
include the polyclonal antibodies to Bax, Bcl-xL Caspse-3, and PARP (Cell
Signlaing), which were all probed for individually. GAPDH polyclonal antibody was
used as a loading control (Sigma).
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Stripping of proteins was achieved by placing the membrane into Restore
PLUS Western Blot Stripping Buffer (Thermo Scientific) for 15 minutes at room
temperature. Following the stripping buffer, membranes were washed with 1 X
TBST for a total of 3 washes, and then probed with a primary antibody for GAPDH
for 15 minutes. Band intensity was quantitated using the image analysis software
Quantity One; BioRad Laboratories, Inc).

4.8 Quantitative Real Time PCR
Harvested cardiac tissue from surviving mice was also extracted for RNA
analyses. The genes of interest included the pro-apoptotic proteins; Caspase-3,
PARP, Bax, the anti-apoptotic protein Bcl-xL, and the cardiac transcription factor
GATA-4. GAPDH was used as a housekeeping gene (Table 1) shows the designed
primer sequences for these genes and the corresponding amplicon sizes). RNA
was extracted from the tissues using with the Qiagen RNA isolation kit (cat#
74704, RNeasy® Fibrous Tissue Mini Kit). The 12-step protocol allowed the
successful extraction of RNA from the heart tissues from the euthanized mice.
The extracted RNA was measured for purity and concentration by using the
NanoDrop Lite Spectrophotometer (Thermo Scientific) and the sample purity
was evaluated by the 260/280 nm ratio.
A total of 25-50 ng of RNA were ran by qPCR (quantitative Real Time PCR)
using the q-script 1 step qPCR kit (cat# 95057, Quanta Biosciences) with a
protocol as per the manufacturer’s instructions; the composition of the reaction
mix is shown in Table 2. Prior optimization by test runs was done for the
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determination of a number of conditions, namely, the best primer pair (Table 1),
the optimal annealing temperature (using gradient PCR) and the optimal amount
of RNA which resulted in doubling the amplicon efficiently. Real time PCR was
ran using the BioRad iQ5 optical system and analyzed by the BioRad software
(Bio-Rad Labs, CA). The optimized PCR conditions comprised of an initial 2 min
activation of Polymerase at 94°C, followed by 40 cycles of denaturation (15 secs,
94°C), annealing (2 secs, 54°C) and extension (20 secs, 72°C) respectively.
Expression was calculated from the threshold cycle (Ct,) of each transcript.
The relative expression was calculated by the 2−ΔΔCt method114. Data
analysis was done as described115. All data were normalized to the housekeeping
gene, GAPDH. Normalized values were expressed as fold change in expression
relative to the saline control. The PCR products were reconfirmed by melt curve
analysis and gel electrophoresis respectively. All values are an average of three
independent experiments and were expressed as mean ± S.E.M.
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Target

Forward Primer

Reverse Primer

5’CTTTTTGCTACAGGGTTTCATCCAG3’

5’CCATATTGCTGTCCAGTTCATCTCC3’

5’TCTAACATCCCAGCTTCACATAACC3’

5’CCTGCATCTCCTTGTCTACGCTTT3’

Gene
Bax
152 Bp
Bcl-xL
161 Bp
Caspase-

5’CAGCCAACCTCAGAGAGACATTCAT3’
5’TTTGTCCCATAAATGACCCCTTCAT3’

3
181 Bp
PARP

5’GGAAGTCCTCACACACAACTCGAAC3’

5’AAGCCCCTGTCTAACATGAAGATCC3’

5’AACCCTGGAAGACACCCCAATCT3’

5’TTGATGCCGTTCATCTTGTGATAGA3’

5’AATTGTGAGGGAGATGCTCAGTGTT3’

5’CAATGAATACGGCTACAGCAACAGG3’

214 Bp
GATA-4
161 Bp
GAPDH
127 Bp
Table 1: Forward and Reverse Primers for quantitative real time PCR for target
genes of interest.
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qPCR Reaction Mix

Final Concentrations

Volume

Sybr Green Mix

1X

12.5 ul

Forward Primer

200 nM

0.5 ul

Reverse Primer

200 nM

0.5 ul

RNA

10 ng/l

25-50 ng (equivalent volume)

25 ul

0.5 ul

H2O

--------------------

(in accordance with RNA amount)

Total volume

-------------------

25 µl

Reverse
Transcriptase

Table 2: qPCR reaction mix content.

4.9 Statistical Analysis
All

data

are

expressed

as

mean±SD.

Statistical

significance

of

echocardiographic findings was assessed using a 1 (Genotype) x 2 (Time) mixed
factorial design with repeated measurements for the factor of time. Post-Hoc
analysis was achieved through repeated measures of ANOVA in order to evaluate
the significance between independent factors. Post-Hoc between group analyses
were conducted via the Levene’s test in order to assess homogeneity between
group variances. P-values for main effects and interactions were recorded when
appropriate. Histological data analysis involved non-parametric comparison of
scores ranging from 1-4, calculated using the Mann-Whitney test, with 4 being
indicative of severe damage. A p value of <0.05 was considered significant.
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Biochemical and western blot data was analyzed via Student-t tests, with pvalues of <0.05 considered significant. The statistical analysis package SPSS 15.0
and Graphpad Prism 5 were used to perform these analyses.
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Chapter 5: Results
Protocol 1: 10 Day Results

5.1 Murine Echocardiography (Protocol 1: 10 Day Study)
Baseline values for LV dimensions and systolic function, as determined by
fractional shortening (FS) and ejection fraction (EF) were similar in all mice.
Heart rate measurements of all mice at baseline were within the normal limits as
baseline. The data for all of these parameters at baseline and day 10 are
presented in Table 3.
Echo Variable
HR (beats/min)

Group
Saline
NACA
DOX
NACA+DOX
TRZ
NACA+TRZ
DOX+TRZ
NACA+DOX+TRZ

Baseline
694±8
675±11
687±12
689±10
705±15
704±12
701±8
688±11

Day 10
683±9
690±10
682±5
691±8
702±11
695±9
689±12
693±7

P-Value
0.82
0.78
0.77
0.65
0.86
0.87
0.78
0.70

Saline
NACA
DOX
NACA+DOX
TRZ
NACA+TRZ
DOX+TRZ
NACA+DOX+TRZ

0.81±0.02
0.80±0.01
0.82±0.02
0.83±0.02
0.81±0.02
0.80±0.01
0.82±0.03
0.81±0.02

0.82±0.01
0.82±0.02
0.82±0.01
0.82±0.03
0.81±0.01
0.80±0.02
0.82±0.04
0.80±0.02

0.83
0.86
0.91
0.82
0.83
0.85
0.92
0.80

Saline
NACA
DOX
NACA+DOX
TRZ
NACA+TRZ
DOX+TRZ

3.2±0.1
3.1±0.1
3.2±0.2
3.1±0.1
3.1±0.2
3.1±0.2
3.2±0.1

3.1±0.2
3.2±0.1
3.9±0.2*
3.4±0.1*#
3.2±0.2
3.2±0.2
4.3±0.2*

0.89
0.76
<0.05
<0.05
0.76
0.82
<0.05

PWT (mm)

LVEDD (mm)
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NACA+DOX+TRZ

3.2±0.2

3.6±0.1*#

<0.05

Saline
NACA
DOX
NACA+DOX
TRZ
NACA+TRZ
DOX+TRZ
NACA+DOX+TRZ

72±4
74±2
73±4
73±4
71±4
73±4
73±4
72±4

73±4
73±1
43±2*
62±3*#
72±3
73±1
32±2*
55±3*#

0.87
0.82
<0.05
<0.05
0.88
0.68
<0.05
<0.05

Saline
NACA
DOX
NACA+DOX
TRZ
NACA+TRZ
DOX+TRZ
NACA+DOX+TRZ

50±2
51±2
50±4
52±3
52±4
54±2
52±2
54±3

52±2
52±1
41±2*
45±3*#
53±3
51±2
34±3*
41±3*#

0.86
0.88
<0.05
<0.05
0.82
0.78
<0.05
<0.05

LVEF (%)

FS (%)

Table 3: Echocardiographic findings at baseline and day 10 in C57Bl/6 female mice
receiving one of the drug regimens listed. Analyses included assessment of heart
rate (HR), posterior wall thickness (PWT), left ventricular end diastolic diameter
(LVEDD), and left ventricular ejection fraction (LVEF). Values presented are
mean±SEM from an n=5 Saline, n=5 NACA, n=15 DOX, n=15 NACA+DOX, n=15 TRZ,
n=15 NACA+TRZ, n=15 DOX+TRZ, n=15 NACA+DOX+TRZ.
* p<0.05 Saline VS Treatment
# p<0.05 DOX VS NACA+DOX and DOX+TRZ VS NACA+DOX+TRZ
The LVEDD was normal in all of the treatment groups at baseline, as seen in
Table 3. In mice receiving DOX alone, the LVEDD increased significantly from
3.2±0.2 at baseline to 3.9±0.2 at day 10 (p<0.05). Mice that received the
combination treatment of DOX+TRZ similarly showed a significant increase in
LVEDD from 3.2±0.1 at baseline to 4.3±0.2 at day 10 (p<0.05). The prophylactic
administration of NACA attenuated the increase in LVEDD in both the DOX and
DOX+TRZ treated mice at day 10, respectively (p<0.05) (Figure 8).
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LVEDD (mm)
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**
*
##

#

3
2

Saline (n=5)
TRZ (n=5)
DOX (n=15)
DOX+TRZ (n=15)
NACA+DOX (n=15)
NACA+DOX+TRZ (n=15)

1
0

Day 10
Figure 8: The LVEDD of groups of wild type C57Bl/6 female mice at day 10. In wild type mice receiving saline, there was no
significant difference in LVEDD at baseline and 10 days of follow-up. In WT female mice receiving DOX alone, LVEDD increased
from 3.2±0.2 at baseline to 3.9±0.2 at day 10 (p<0.05). In WT female mice receiving the combination of DOX+TRZ, LVEDD
increased from 3.2±0.1 at baseline to 4.3±0.2 at day 10 (p<0.05). Prophylactic administration of NACA to WT female mice
receiving either DOX alone or DOX+TRZ was cardioprotective with an LVEDD of 3.4±0.1and 3.6±0.1 at day 10 (p<0.05),
respectively.
* p<0.05 Saline VS DOX
** p<0.05 Saline VS DOX+TRZ and DOX VS DOX+TRZ
# p<0.05 DOX VS NACA+DOX
## p<0.05 DOX+TRZ VS NACA+DOX+TRZ and NACA+DOX VS NACA+DOX+TR
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LVEF was within normal limits in the various treatment groups at baseline as
seen in table 3. In mice treated with DOX, LVEF decreased from 73±4 at baseline to
43±2 at day 10 (p<0.05). This drop in LVEF was even more pronounced in mice
receiving the combination of DOX+TRZ, with baseline measurements of 73±4 as
compared to day 10 values of 32±2. The prophylactic administration of NACA
attenuated the drop in EF in both the DOX and DOX+TRZ treated mice at day 10,
respectively (p<0.05) (Figure 9).
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Figure 9: The LVEF of groups of wild type C57Bl/6 female mice at day 10. In wild type mice receiving either saline or TRZ
alone, there was no significant difference in LVEF at baseline and 10 days of follow-up. In WT female mice receiving DOX alone,
LVEF decreased from 75±2% at baseline to 43±2% at day 10 (p<0.05). In WT female mice receiving the combination of
DOX+TRZ, LVEF decreased from 75±3% at baseline to 32±2% at day 10 (p<0.05). Prophylactic administration of NACA to WT
female mice receiving either DOX alone or DOX+TRZ was cardioprotective with an LVEF of 62±3% and 55±3% at day 10
(p<0.05), respectively.
* p<0.05 Saline VS DOX
** p<0.05 Saline VS DOX+TRZ and DOX VS DOX+TRZ
# p<0.05 DOX VS NACA+DOX
## p<0.05 DOX+TRZ VS NACA+DOX+TRZ and NACA+DOX VS NACA+DOX+TRZ
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5.2 Immunohistochemistry: Structural Integrity (Protocol 1: 10 Day Study)
There was no significant changes in the cellular structural integrity at day 10
via immunohistochemistry. Structural integrity was assessed through analysis of
key proteins including desmin (cytoskeleton), dystrophin (subsarcolemmal
integrity), myosin (myofibrillar integrity), and connexin-43, representing the
main intercellular communication channel. Changes in these proteins were
further compared through western blot analyses. Changes between groups were
evaluated to determine if DOX, TRZ, or the combination of DOX+TRZ would affect
their relative levels, and whether NACA would prevent these changes. No
significant changes were observed between the various treatment groups
through analyses of western blots as seen in Figure 10.
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Figure 10: Muscle protein analysis in C57Bl/6 female mice at day 10. Treatment groups include Saline (n=2), NACA
(n=2), DOX+HER (n=5), and NACA+DOX+HER (n=5). No changes were observed between the various treatment arms at
day 10 in any of the groups
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5.3 Superoxide Production (Protocol 1: 10 Day Study)
Superoxide production measured by lucigenin-enhanced chemiluminescence
confirmed that superoxide production increased 3-fold and 4-fold in hearts of
wild type C57Bl/6 female mice treated with either DOX or DOX+TRZ respectively.
The prophylactic administration of NACA reduced the degree of OS in both
groups of mice (DOX and DOX+TRZ) as seen in Figure 11.
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Figure 11: A total of 25 WT female mice (n=5 per group) were treated with either 0.9% saline, DOX, DOX + TRZ, NACA + DOX,
or NACA+DOX+TRZ. NACA injections were administered 30 minutes prior to the experimental arm. Cardiac tissue was
harvested at 24 hours for measurement of superoxide production using lucigenin-enhanced chemiluminescence at day 10.
* p<0.05 Saline VS DOX
** p<0.05 Saline VS DOX+TRZ and DOX VS DOX+TRZ
# p<0.05 DOX VS NACA+DOX
## p<0.05 DOX+TRZ VS NACA+DOX+TRZ and NACA+DOX VS NACA+DOX+TRZ
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5.4 Western Blotting – Apoptotic Analyses (Protocol 1: 10 Day Study)
Heart tissues extracted from euthanized mice at day 10, were assessed for
protein expression of key molecular markers involved in apoptosis. In mice
receiving DOX or DOX+TRZ, the expression of caspase-3 (36 kDa) was increased
to 1.2 and 1.6 (relative ratio) respectively (Figure 12). The prophylactic
administration of NACA significantly decreased the expression of 36 kDa
caspse-3 in both groups to 0.9 and 1.05 (relative ratio) respectively (Figure 12).
Similarly, the degree of apoptosis was also assessed by the Bax/Bcl-xL ratio.
In mice receiving DOX or DOX+TRZ the Bax/Bcl-xL ratio was 1.5 and 1.86 (fold
activation) respectively (Figure 13). The prophylactic administration of NACA
significantly decreased the ratio in both groups to 1.25 and 1.4 (fold activation)
respectively (Figure 13).
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Figure 12: The average Caspase-3 protein expression at day 10 expressed as a
relative ratio in C57Bl/6 mice treated with 0.9% saline (n=7), DOX (n=7), DOX+HER
(n=7), NACA+DOX (n=7), NACA+DOX+HER (n=7). Prophylactic NACA administration
decreased caspase-3 levels in both groups. The top band (36 kDa) was used during
quantification of Caspase-3.
* p<0.05 Saline VS DOX
** p<0.05 Saline VS DOX+TRZ and DOX VS DOX+TRZ
# p<0.05 DOX VS NACA+DOX
## p<0.05 DOX+TRZ VS NACA+DOX+TRZ and NACA+DOX VS NACA+DOX+TRZ
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Figure 13: The average Bax/Bcl-xL ratio expression, at day 10 shown as fold
activation in C57Bl/6 mice treated with 0.9% saline (n=7), DOX (n=7), DOX+HER
(n=7), NACA+DOX (n=7), NACA+DOX+HER (n=7). Prophylactic NACA administration
attenuated the degree of apoptosis in both groups.
* p<0.05 Saline VS DOX
** p<0.05 Saline VS DOX+TRZ and DOX VS DOX+TRZ
# p<0.05 DOX VS NACA+DOX
## p<0.05 DOX+TRZ VS NACA+DOX+TRZ and NACA+DOX VS NACA+DOX+TRZ
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Protocol 2: 72 Hour Results

5.5 Histology: Electron Microscopy (Protocol 2: 72 Hour Study)
There was no evidence of myofibril degradation and vacuolization in the
saline treated groups at 72 hours post treatment (Figure 13). Histological
manifestations of cardiac injury were apparent in WT mice treated with DOX+TRZ,
as indicated by myofibril degradation and vacuolization in the electron micrographs
(Figure 14). This damage was attenuated in groups of WT mice receiving
prophylactic NACA 30 minutes prior to DOX+TRZ drug injection (Figure 14).
Histological data analysis involved non-parametric comparison of scores ranging
from 1-4, calculated using the Mann-Whitney test, with 4 being indicative of severe
damage.
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Figure 14: Electron microscopy of representative samples from WT female mouse hearts treated with saline (n=5), DOX+TRZ
(n=5), or NACA+DOX+TRZ (n=5) at 5800X magnification. Arrows indicate cardiomyocytes displaying myofibril disarray which
was most pronounced in DOX+TRZ treated mice signified by a damage score of 4. The prophylactic administration of NACA
was able to attenuate this damage signified by a damage score of 2.
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5.6 Oxidized Phospholipid Analyses (Protocol 2: 72 Hour Study)
Heart tissues extracted from euthanized mice at 72 hours (post treatment)
were used to assess for the degree of oxidized phospholipids. Analyses included
quantification of fragmented oxidized phospholipids. In mice receiving saline, the
amount of fragmented oxidized phospholipids was 1.37 ng/mg. Mice receiving DOX
or DOX+TRZ had 4.81, and 5.07 ng/mg of fragmented oxidized phospholipids,
respectively (Figure 15). The prophylactic administration of NACA was able to
decrease the oxidation of fragmented phospholipids in both groups to 2.62 and 1.42,
respectively (Figure 15).
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Figure 15: The amount of fragmented oxidized phospholipids (ng/mg) at 72 hours, in C57Bl/6 female mice treated with 0.9%
saline (n=4), DOX (n=3), DOX+HER (n=3), NACA+DOX (n=3), NACA+DOX+HER (n=3). Prophylactic NACA administration
attenuated the degree of oxidation in both groups.
* p<0.05 Saline VS DOX and Saline VS DOX+HER
# p<0.05 DOX VS NACA+DOX
## p<0.05 DOX+TRZ VS NACA+DOX+TRZ and NACA+DOX VS NACA+DOX+TRZ
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5.7 qPCR: RNA Analyses (Protocol 2: 72 Hour Study)
Heart tissues extracted from euthanized mice at 72 hours (post treatment)
were used to assess for changes in RNA levels for key molecular markers involved in
DOX+TRZ mediated cardiac dysfunction. The markers assessed include the
apoptotic genes Bax/Bcl-xL, Caspase 3, and PARP. We also assessed changes in the
mammalian cardiac transcription factor GATA-4. There were no significant
differences from the qPCR analyses of these genes (Figure 16).
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Figure 16: RNA analyses in C57Bl/6 female mice at 72 hours post treatment. Treatment groups include Saline (n=3), DOX
(n=3), DOX+HER (n=3), NACA+DOX (n=3), and NACA+DOX+HER (n=5). No significant changes were observed between the
various treatment arms for any of the markers at 72 hours post treatment.
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Chapter 6: Discussion
6.1 General
The emergence of the novel discipline of Cardio-Oncology has led to
advancements in the prevention, diagnosis, and management of cancer patients who
develop cardiovascular complications as a result of their cancer treatment.
DOX+TRZ are two anti-cancer agents used in the breast cancer setting that are
known to reduce overall patient morbidity and mortality, but their clinical use is
limited due to their cardiotoxic side effects. A number of previous studied have
evaluated the prophylactic role of iron chelation, β-blockers, ACE inhibitors, and
anti-oxidants (including Probucol) in the prevention of chemotherapy induced
cardiac dysfunction.13,
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Our study is the first to formally evaluate the

cardioprotective effects of the novel anti-oxidant NACA in a female murine model of
DOX+TRZ mediated cardiac dysfunction.
Our study demonstrated that the prophylactic treatment with the antioxidant NACA significantly attenuated the cardiotoxic side effects of the
combination therapy with Doxorubicin and Trastusuzmab in an acute female
murine model of chemotherapy induced cardiomyopathy. In the current study, we
demonstrated that NACA: i) prevents adverse left ventricular remodeling due to
DOX+TRZ; ii) prevents histological evidence of myofibrillar disarray; iii) reduces the
degree of OS as early as 72 hours which extends to day 10 following treatment with
DOX+TRZ; and iv) attenuates the degree of cardiac apoptosis.
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6.2 Cardiovascular remodeling: Echocardiography
In clinical practice, serial monitoring of LVEF using non-invasive cardiac
imaging is the single most important diagnostic tool in the detection of cardiac
dysfunction among cancer patients. Once heart failure develops in the setting of a
reduced LVEF, however, irreversible cardiac injury may occur.21, 117 In the emerging
field of Cardio-Oncology, a number of basic science studies have evaluated the role
of cardiac imaging for the early detection of LV systolic dysfunction due to
DOX+TRZ.12-14, 118
In an acute murine model of DOX mediated carditoxicity, Neilan et al.
explored the acute cardiotoxic side effects of this anti-cancer agent.119 Their study
concluded that mice treated with DOX developed early LV cavity dilatation with a
LVEDD of 3.2±1 at baseline to 3.4±1 by day 5.119 Additionally, mice treated with DOX
demonstrated a decrease in LVEF of 78±2 % at baseline to 66±3 % at day 5.119. The
results from their chronic model evaluating DOX mediated cardiotoxicity over 16
weeks were also congruent with their acute model, in which WT mice treated with
DOX showed echocardiographic evidence of a dilated cardiomyopathy.119
In 2009, Jassal et al. expanded on this finding, studying the combined
cardiotoxic effects of DOX+TRZ in an acute murine model of cardiomyopathy.
Specifically, WT male mice treated with DOX+TRZ had a significant decrease in LVEF
from 75 ± 2% to 63 ± 2% at day 4.12 A recent study by Walker et al. from 2011 also
reported that mice receiving DOX had a significant increase in left ventricular end
diastolic diameter (LVEDD) from 3.2 ± 0.1 mm at baseline to 3.8 ± 0.2 mm at day
10.13 The combination treatment with DOX+TRZ resulted in an increase in the
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LVEDD from 3.1 ± 0.1 mm at baseline to 4.1 ± 0.2 mm by day 10.13 Of interest,
prophylactic

treatment

with

the

anti-oxidant

Probucol

demonstrated

a

cardioprotective effect by attenuating the increase in LVEDD to 3.1 ± 0.1 mm at
baseline to 3.6 ± 0.1 mm at day 10.13 Furthermore, a 2014 follow-up study by
Zeglinkski et al. illustrated that WT female mice receiving the combination of
DOX+TRZ demonstrated a drop in LVEF from 75 ± 3% at baseline to 46 ± 2% at day
10, as demonstrated by echocardiography.14 Collectively, these basic science studies
demonstrate the potent cardiotoxic side effects of DOX and TRZ in both male and
female mice.
Our current findings are consistent with the previously validated
echocardiographic studies of a DOX+TRZ model of drug-induced cardiomyopathy.12,
14, 119

In the current study evaluating female mice treated with DOX+TRZ, we

demonstrated an increase in LVEDD by 26% and a decrease in LVEF by 41%

120

as

compared to baseline. The prophylactic treatment with NACA in DOX+TRZ treated
mice significantly attenuated the degree of LV cavity dilatation to only 11% as
compared to baseline. Furthermore, NACA also attenuated the decrease in LVEF
DOX+TRZ treated mice. The mice administered DOX+TRZ had a drop in LVEF from
73±4% at baseline to 32±2% at day 10, while the group receiving prophylactic
NACA in addition to DOX+TRZ, maintained an LVEF of 55±3 % at day 10. Given these
echocardiographic

findings,

we

have

successfully

demonstrated

the

cardioprotective effects of the novel anti-oxidant NACA in a female murine model of
drug-induced cardiomyopathy for the first time.
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Previous studies have also evaluated the potential therapeutic effects of
other cardioprotective agents. In particular, prior investigations have characterized
the potential cardioprotective effects of iron chelating agents, β-blockers, ACE
inhibitors, and anti-oxidants including Probucol.13, 121-124 The clincal use of ACE
inhibitors has led to significant improvements in overall morbidity and mortality in
cancer patients who develop heart failure.116-119 Patients who suffer from heart
failure, including DOX induced cardiomyopathy are often treated with ACE
inhibitors following the development of LV systolic dysfunction.125 Similarily, βblockers have also been evaluated for their efficacy in treating heart failure, and are
often used following the development of systolic dysfunction.126 Despite this, to
date, there are no known therapies that have been validated as prophylactic
treatment for chemotherapy induced cardiotoxicity.
Investigations into the potential role of ACE inhibitors as prophylactic
treatment for anthracycline-mediated cardiomyopathy have been established in
both the basic science and clinical setting.68,

127, 128

In animal studies, the

prophylactic administration of ACE inhibitors was partially cardioprotective in both
the acute and chronic models of anthracycline mediated cardiac dysfunction.128 In
recent clinical studies, combination treatment with ACE inhibitors and β-blockers
was postulated to prevent LV systolic dysfunction in patients undergoing
chemotherapy.129 Additionally, the use of anti-oxidants such as Probucol has also
seen to be cardio-protective in the setting of chemotherapy induced cardiac
dysfunction. A major side effect to the use of Probucol as a prophylactic
cardioprotective agent is its pro-arrhythmic effects, and gastrointestinal
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discomfort.130 Despite these promising findings from a multitude of studies, no
medications are currently approved for the prevention of chemotherapy-induced
cardiotoxicity. Given this, our findings have shown the potential role for the novel
anti-oxidant NACA in the setting of chemotherapy-induced cardiomyopathy. NACA
does not have any known side effects thereby making it a suitable prophylactic
agent in DOX+TRZ mediated cardiomyopathy. 107

6.3 Histology
Doxorubicin induced cardiotoxicty is characterized by a loss of cellular
integrity, as validated by both animal and human studies.131, 132 Electron microscopy
analyses by Siveski-Iliskovic et al. illustrated the histological manifestation of
cardiomyopathy in mice treated with a cumulative dose of 15 mg/kg of DOX over a
two-week period.131 They demonstrated significant mitochondrial swelling,
vacuolization of the cytoplasm, formation of lysosomal bodies, and dilatation of the
sarcotubular system.131 Further investigation at higher magnification revealed loss
or distortion of the cristae within the mitochondria. Additional studies by our group
have collectively confirmed the microscopic evidence of extensive myofibrillar
degradation and cellular vacuolization in mice treated with DOX.12-14 All three
studies also reported that mice treated with DOX+TRZ had significantly more
myocardial damage than those mice receiving mono therapy with DOX alone.12, 13
Similarly, our current findings also demonstrate that treatment with DOX or
DOX+TRZ in female mice results in significant histological damage to the
cardiomyocytes. In WT mice treated with DOX+TRZ, significant myofibrillar
degradation, vacuolization, loss of sarcomere integrity, and sarcoplasmic reticulum
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dilation was observed. All of these histological manifestations were attenuated with
the prophylactic administration of NACA in DOX+TRZ treated mice. This novel
finding

suggests

that

NACA

is

cardio-protective

in

this

drug-induced

cardiomyopathy.
Translating these basic science findings into the clinical context can be
accomplished by examination of invasive myocardial biopsy tissue. Clinical biopsies
from the right ventricle (RV) have demonstrated that treatment with DOX causes
loss of myofibrils, vacuolization of the cytoplasm, and distention of the sarcoplasmic
reticulum.132 Bristow et al. investigated the endomyocardial changes associated
with 545 mg/kg of DOX (cumulative dose) in 33 patients that presented with
symptoms of heart failure. The study confirmed that the DOX related changes in the
biopsy samples were congruent with previously mentioned observations. 132
Moreover, clinical investigations into cardiac remodeling in TRZ treated patients has
also been evaluated. Ewer et al. evaluated TRZ-mediated cardiac remodeling in RV
biopsy samples from 9 women who received TRZ monotherapy.133 The main
findings from the study showed that none of the women displayed any adverse
cardiac remodeling from TRZ treatment, suggesting that anthracycline therapy is
the driving force to adverse cardiac effects, those of which are potentiated with
conjunct TRZ therapy.133 Given this observation, the introduction of novel
antioxidants such as NACA as prophylactic cardioprotective agents for patients
receiving DOX+TRZ therapy remains a promising therapeutic approach.
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6.4 Cytoarchitecture
The mechanism of DOX induced cellular damage has been attributed to
increases in OS, which lead to damage in key cytoskeletal and other structural
elements including desmin, dystrophin, myosin, and connexin-43.134, 135 A previous
study by Campos et al. explored the deleterious effects of DOX at cumulative doses
up to 15mg/kg in male rats. The main findings of this study showed that
myocardium exposed to a cumulative dose of 15mg/kg of DOX over 14 days
displayed diffuse foci of disrupted actin, myosin, and dystrophin, reflecting a
disrupted sarcomeric structure.134 The study reported that at 14 days after DOX
treatment, there was a significant decrease of dystrophin, a protein normally
responsible for connecting the extracellular matrix and the cytoskeleton to
cardiomyocyte contraction.136 In addition, multiple studies have also shown that in
failing human hearts, the intermyofibirillar pattern of dystrophin seems to increase
initially, potentially functioning as an acute recovery strategy in which
cardiomyocytes are trying to improve myofibrillar stability.137, 138
Contrary to these previous studies, our findings demonstrated no significant
changes in the amounts of desmin, dystrophin, myosin, and connexin-43 following
DOX or DOX+TRZ therapy at day 10. It can be speculated from our findings that day
10 may have been too early to detect decreased levels of cytoskeletal proteins due
to DOX+TRZ mediated cardiotoxicty. Given the significant drop in LVEF in the acute
model of DOX+TRZ mediated cardiotoxicity, these proteins may be rendered
dysfunctional but yet remain localized within the myofibril, thereby explaining our
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findings Further investigation is required to determine the potential mitigating
effects of NACA in DOX+TRZ mediated cytoskeletal damage in a chronic model.

6.5 OS: Superoxides and Oxidized Phospholipids
A potential mechanism for the inherent cardiotoxicity associated with DOX
treatment includes increased formation of OS. Previous studies have shown that
isolated cardiac mitochondria are known to form complexes with DOX.139
Specifically, DOX associates with cardiolipin found within the inner mitochondrial
membrane of cardiomyocytes, where it is subject to reduction by NADH
dehydrogenase from the respiratory chain, resulting in the formation of a
semiquinone free radical.140 This semiquinone radical is oxidized back to its
parental compound, thereby transferring an electron to molecular oxygen, thus
generating superoxide radicals that are known to render cardiomyocytes nonfunctional.141 Mukhopadhyay et al. conducted a study in 2009 that demonstrated the
effect of DOX on generation of superoxides. The results showed a 6-fold increase in
superoxide formation by day 5 in hearts of male mice treated with DOX.141 Our
findings were comparable in a female model of DOX induced cardiomyopathy. Mice
administered DOX had a 3-fold increase in superoxide production by 72 hours post
treatment. This increase was as high as 4-fold in mice receiving the combination
treatment with DOX+TRZ. Our study also demonstrated that the prophylactic
administration of NACA was able to decrease the level of superoxides formed in
both DOX and DOX+TRZ treated mice. This novel finding suggests that NACA is able
to protect to cardiomyocytes in an acute (72 hour) murine model of drug-induced
cardiomyopathy by reducing the degree of OS.
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In addition, it has been reported that ROS can cause detrimental changes in
the lipid profiles found in the cellular bilayer of cardiomyocytes. Recent studies have
outlined the importance of the emerging role of plasma lipidomics in cardiovascular
health.142, 143 It has been established that the oxidative, and subsequent enzymatic
modification of cellular lipids leads to the release of many inflammatory cytokines
thereby promoting cardiac disease.142 The dynamic nature and function of cellular
phospholipids is dramatically altered when they are exposed to increased levels of
superoxides, ultimately rendering them physiologically damaged and responsible
for disease progression.144 A study by Zeglinski et al. explored the effects of
DOX+TRZ on the overall lipid profiles in the hearts of mice.14 The report included
the analysis of 82 distinct oxidized phospholipids in each of the experimental
groups. The results showed a significant increase in the overall amount of oxidized
phospholipids in the hearts of mice treated with DOX+TRZ in comparison to the
saline treated animals.14 These findings confirmed the effects of OS on lipid
composition and the involvement of oxidized phospholipids in drug induced
cardiomyopathy.
Similarly, our findings also showed significant changes in the lipid profiles of
hearts that were subject to DOX+TRZ mediated cardiac dysfunction. Female mice
treated with DOX or DOX+TRZ had approximately 3-fold to 4-fold increases in the
amount of fragmented oxidized phospholipids as compared to saline treated
animals at 72 hours post treatment, respectively. Our findings also showed that
NACA was able to attenuate the degree of OS by significantly decreasing the amount
of oxidized phospholipids in both groups. Given the severe effects of the oxidation of
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phospholipids, the ability for NACA to offer protection to the lipid profile of cells
may offer therapeutic insight into mitigating the effects of DOX+TRZ mediated
cardiac dysfunction.

6.6 Apoptosis
Programmed cell death, commonly known as apoptosis, has been seen to
play a pivotal role in many experimental and clinical studies exploring cardiac
dysfunction.145-148 A previous study by Kumar et al. established a chronic in vivo
model in which rats were administered high doses of DOX over a 2 week period. In
this study, DOX treated animals were seen to have developed a significantly high
rate of apoptosis by day 4, as confirmed by TUNEL assays. 148 The rate of apoptosis
progressed onto more severe levels by the endpoint of the study at day 21. 148 This
study correlated an increased rate of apoptosis as an increase in the Bax/Bcl-2 ratio,
which is the ratio between pro-apoptotic, and anti-apoptotic proteins. The studies
results showed an increase in the expression of BAX in the DOX treated group as
compared to saline controls.148 In addition, the study also measured the amount of
the pro-apoptotic protein Caspase-3, which showed its highest expression at day 4
of the study.147, 148 Similarly, a study by Nielan et al. corroborated these findings in
an acute murine model of chemotherapy induced cardiac dysfunction. The study
showed that wild type mice receiving a one-time dose of DOX went to develop
severe cardiac dysfunction, which was associated with an increased Bax/Bcl-XL
ratio.119 These studies suggest that apoptotic pathways are intimately involved, and
in part, responsible for the cell death of cardiac myocytes in animals treated with
DOX.
73

In addition to DOX induced apoptosis, TRZ therapy has also been seen to
increase cellular apoptosis. A study conducted by Grazaette et al. used the
monocolonal antibody TRZ for the HER2 receptor in an in vitro model in which the
results showed an increase in the ratio between Bcl-Xs and Bcl-XL.66 Increases in the
amount of the pro-apoptotic Bcl-Xs, and decreases in the amount of the antiapoptotic Bcl-XL are indicative of an increased rate of overall apoptosis, leading to
eventual mitochondrial dysfunction. Furthermore, the studies results also revealed
that TUNEL staining and propidium iodide flow cytometry also revealed increased
rates of apoptosis in TRZ treated cardiomyocytes.66
Exploring the combined effects of DOX+TRZ, Jassal et al. confirmed that the
combination treatment with both drugs lead to an increased degree of apoptosis, as
compared to monotherapy with either drug alone, in an acute murine model of
chemotherapy.12 The combination treatment in WT male mice showed the highest
degree of apoptosis by day 10, as compared to either anti-cancer agent alone.12 This
chemotherapy-induced apoptosis was characterized by in increase in key proapoptotic proteins, including PARP, Caspase-3, and the aforementioned BAX/Bcl-XL
ratio. These findings demonstrate that combined therapy with DOX+TRZ potentiates
the apoptotic effects as compared to either agent alone. To further corroborate
these findings, a recent study by Walker et al. in 2011 showed that male mice
treated with DOX+TRZ had much more pronounced cardiac dysfunction than those
administered either drug alone.13 The degree of apoptosis in this study was
exemplified by the Bax/Bcl-XL ratio, which was reported to be highest at day 10.13 In
addition, this study also demonstrated the cardioprotective role of Probucol, an
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antioxidant, in DOX+TRZ mediated cardiac dysfunction. The findings showed that
Probucol was able to offer cardioprotection by showing improved survival,
preserved cardiac systolic function, and attenuation of apoptosis. Both of these
studies illustrate the effects of DOX+TRZ on the cell death pathways, thereby
offering insight into a potential mechanism of damage for this drug-induced
cardiomyopathy.
Similarly, our findings showed a significant increase in the Bax/Bcl-XL ratio
and Caspase-3 at the protein level in WT female mice. Consistent with previous
studies, DOX therapy alone revealed a significant increase in the expression of Bax
and Caspase-3, along with a decreased expression of Bcl-XL. Both of these findings
suggest that the rate of apoptosis was significantly higher in DOX treated mice as
compared to saline controls. Moreover, the combined therapy with DOX+TRZ had an
even more pronounced increase in these pro-apoptotic proteins; suggesting that the
combined therapy induced the highest rate of apoptosis, which is congruent with
prior studies. Prophylactic treatment with NACA was seen to cause significant, but
moderate decreases in the Bax/Bcl-XL ratio and Caspase-3 at the protein level for
both DOX and DOX+TRZ treated mice. These findings indicate that NACA may be
able to offer a protective effect in DOX+TRZ mediated cardiotoxicty by attenuating
the degree of apoptosis.
Given our findings, the prophylactic treatment with NACA to DOX or
DOX+TRZ treated mice had a very pronounced recovery of LVEF, as seen from our
echocardiographic findings. The degree of rescue from our apoptotic studies
showed a much more moderate degree of protection from the use of prophylactic
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NACA in both the DOX and DOX+TRZ treated mice. These findings imply that there
may be other cell death pathways involved in DOX+TRZ mediated cardiac
dysfunction. Autophagy is an apoptotic independent pathway, which may be
responsible for chemotherapy, induced cardiac dysfunction in our murine model.
Under normal physiological conditions, autophagy is a process that removes
damaged cellular organelles and acts as a recycling mechanism, which aids in the
maintenance of homeostasis.149 The involvement of autophagy in mice treated with
DOX as been previously described by Kobayashi et al.150 The study concluded that
the microtubule light chain 3 (LC3-II) is a marker for autophagy, which is seen to
increase in DOX treated mice.150 Additionally, Zhang et al. also showed that mice
treated with DOX had a significant increase in the level of pro-autophagy marker
LC3-II at 24 hours post treatment.151 These studies substantiate the potential
involvement of autophagy in the development of DOX induced cardiac dysfunction.
Further investigation is required to determine the role of autophagy in DOX+TRZ
mediated cardiotoxicity.
Another cell death pathway involved in DOX mediated cardiotoxicity is
necrosis, which is defined as premature rupture of the cellular plasma membrane
with subsequent swelling of cytoplasmic organelles.149 A study by Lim et al. revealed
that adult rat cardiomyocytes exposed to DOX showed an increase in trypan blue
uptake and CK release, both of which are characteristic of necrosis.92 This study
correlated these results to an activation of calpains and showed that inhibition of
calpain activity resulted in minimal trypan blue uptake, resulting in attenuated
necrosis.92 Necrosis has been associated with DOX treatment by resulting in
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mitochondrial dysfunction, and loss of cell membrane integrity. Furthermore, the
induction of necrosis has also been attributed to an increase in OS, which is typical
in DOX+TRZ therapy as seen by our superoxide and oxidized phospholipid
analyses.152 A further understanding of the involvement of necrosis in DOX+TRZ
mediated cardiac dysfunction is required in order to accurately define the role of
this cell death pathway in this cardiomyopathy. Ultimately, DOX+TRZ mediated
cardiotoxicty is likely to be a product of the combined effects of apoptosis,
autophagy, and necrosis. Further research into the involvement of these three
pathways in DOX+TRZ mediated heart failure is warranted.

6.7 Limitations and Future Directions
There are a number of limitations to our study. First, our study only explored
chemotherapy-induced cardiac dysfunction in an acute female murine model of
DOX+TRZ mediated cardiac dysfunction. In future studies, we will consider the use
of chronic dosing studies in order to simulate the clinical setting in which DOX+TRZ
are administered over a longer period of time. In subsequent studies, we will also
evaluate the level of activated calcium dependent proteases known as Calpains, and
explore their role in DOX+TRZ mediated cardiac dysfunction. In addition, the
comprehensive characterization of DOX+TRZ mediated cardiotoxicity requires in
depth analysis of how these two anti-cancer agents influence alternative cell death
pathways, specifically, necrosis and autophagy. Finally, our future studies will also
evaluate whether NACA prevents the anti-cancer efficacy of DOX+TRZ in an in vivo
model of breast cancer, thereby making our findings more easily translatable to the
clinical setting.
77

6.8 Clinical Implications
The application of NACA as a cardioprotective agent against DOX+TRZ
mediated cardiac dysfunction is a novel and clinically applicable finding. Although
dexrazoxane, ACEI, and β-blockers may be useful in the setting of DOX induced
cardiotoxicity, their efficacy in DOX+TRZ mediated cardiac dysfunction remains to
be explored. Prubocol is a pharmacological agent that has been proposed as a
cardioprotective agent against DOX+TRZ induced carditoxicity, but its clinical use in
this setting is being limited due to its side effects. NACA is a novel anti-oxidant with
no known side effects; thereby making it a promising cardioprotective agent in
DOX+TRZ mediated cardiac damage. Further clinical investigation into the potential
role of NACA as a prophylactic agent is warranted.
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Chapter 7: Summary and Conclusion
7.1 Summary of Findings
To summarize our current studies’ main findings:
1. Mice receiving DOX had their LVEF decrease from 73±4% to 43±2% at day 10.
In mice receiving DOX+TRZ, LVEF decreased from 72±3% to 32±2% at day
10. Prophylactic administration of NACA to mice receiving DOX or DOX+TRZ
was cardio-protective with an LVEF of 62±3% and 55±3% at day 10,
respectively.
2. Histological analyses revealed DOX+TRZ treated mice had significant
myofibrillar disarray as seen through electron microscopy, which was also
attenuated by prophylactic NACA administration. Additionally, there was a 3fold and 4-fold increase in superoxide production in mice treated with DOX
or DOX+TRZ, respectively, which was also attenuated by the prophylactic
administration of NACA.
3. Similarly, although the degree of oxidized phospholipids was increased in
mice receiving DOX or DOX+TRZ, the prophylactic administration of NACA
attenuated the degree of OS in both groups.
4. Finally, there was a 1.5-fold and 2 fold increase in the Bax/Bcl-xL ratio in
hearts of mice treated with DOX or DOX+TRZ, respectively. Prophylactic
administration of NACA attenuated the amounts of these pro-apoptotic
proteins thereby suggesting a decreased induction of apoptotic pathways.
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7.2 Conclusion
We are the first group to describe the effects of prophylactic therapy with the
antioxidant NACA in DOX+TRZ mediated cardiac dysfunction. Our novel study
demonstrates that NACA preserves systolic function and attenuates the cardiotoxic
effects of DOX+TRZ. Future studies evaluating the cardioprotective effects of NACA
in the clinical setting of breast cancer are warranted.
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