Characterization and Prevention of Chemotherapy

Induced Cardiac Dysfunction

By

Matthew Zeglinski

A thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
In partial fulfillment of the requirements
Of the degree of

Master of Science

Department of Physiology
Faculty of Medicine
University of Manitoba

Winnipeg, Manitoba, Canada

Copyright © 2012 by Matthew Zeglinski



Abstract

Background: Anthracyclines, in particular Doxorubicin (DOX), are highly effective
chemotherapeutic agents in the breast cancer setting, which are limited by their
cardiotoxic side effects. Recently, the introduction of Trastuzumab (TRZ), a novel
monoclonal antibody against the HER2 receptor, in the breast cancer setting compounds
the issue of DOX mediated cardiac dysfunction. Amongst the potential mechanisms for
the deleterious effects of this drug-induced cardiomyopathy, the relationship between

nitric oxide synthase 3 (NOS3) and oxidative stress has gained recent attention.

Objective: To determine the role of NOS3 in a clinically relevant female murine model

of DOX+TRZ induced heart failure.

Methods: A total of 120 C57B1/6 female mice [60 wild type (WT) and 60 NOS3
knockout (NOS3™)] were treated with either 0.9% saline, DOX (20 mg/kg), TRZ (10
mg/kg), or DOX+TRZ. Serial echocardiography was performed daily for a total of 10

days, after which the mice were euthanized for histological and biochemical analyses.

Results: As compared to WT, NOS3” mice demonstrated increased cardiotoxicity
following treatment with DOX. This effect was potentiated with DOX+TRZ combination
therapy. In WT female mice receiving DOX+TRZ, left ventricular ejection fraction
(LVEF) decreased from 75+3% at baseline to 46+2% at day 10 (p<0.05). In the NOS3™
group, LVEF decreased from 724+3% at baseline to 35+2% at day 10 (p<0.05). LVEF was

significantly lower in NOS3” mice than WT at day 10 in those receiving DOX+TRZ



(p<0.05). As compared to WT, NOS3”" mice also demonstrated increased mortality
following treatment with DOX+TRZ, corroborating the echocardiographic findings.
Histological analysis using light and electron microscopy demonstrated increased loss of
cell integrity including myofibrillar degradation, cytoplasmic vacuolization, and
enlargement of the smooth endoplasmic reticulum in both the WT and NOS3™ mice
treated with DOX+TRZ. There was no significant difference, however, in the degree of
cardiac remodeling between the WT and NOS3™" groups. There was an increasing trend
in the degree of cardiac apoptosis in both WT and NOS3”" mice treated with DOX+TRZ

therapy.

Conclusion: Congenital absence of NOS3 potentiates the cardiotoxic effects of

DOX+TRZ in an acute female murine model of chemotherapy-induced cardiomyopathy.
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Table Synopsis

Table 1. Outline of the onset and clinical symptoms of Doxorubicin (DOX) mediated

cardiomyopathy.*> *** (pg. 8)

Table 2. List of the 4 HER receptors found within the heart and the ligands that bind

them. (pg. 11)

Table 3. Classification of New York Heart Association heart failure stages.™ (pg. 20)

Table 4. Echocardiographic data at baseline and day 10 from WT C57B1/6 female mice
receiving either 0.9% Saline, TRZ, DOX, or DOX+TRZ chemotherapy treatment.
*p<0.05 as compared to baseline. HR, Heart Rate; PWT, Posterior Wall Thickness;
LVEDD, Left Ventricular End Diastolic Diameter; LVEF, Left Ventricular Ejection
Fraction; Vgnd0, Endocardial Velocity; WT, Wild type; NOS3” ", Nitric Oxide Synthase 3
Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicint+Trastuzumab. (pg. 52)

Table 5. Echocardiographic data at baseline and day 10 from NOS3” female mice
receiving either 0.9% Saline, TRZ, DOX, or DOX+TRZ chemotherapy treatment.
*p<0.05 as compared to baseline. #p<0.05 as compared to WT in Table 4. HR, Heart
Rate; PWT, Posterior Wall Thickness; LVEDD, Left Ventricular End Diastolic Diameter;

LVEF, Left Ventricular Ejection Fraction; Vgn4,, Endocardial Velocity; WT, Wild type;
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NOS3'/', Nitric Oxide Synthase 3 Knockout; TRZ, Trastuzumab; DOX, Doxorubicin;

DOX+TRZ, Doxorubicin+Trastuzumab (pg. 53)
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Figure Synopsis

Figure 1. The chemical structures of A) Doxorubicin (8S,10S)-10-{[(2R.4S,5S,6S)-4-
amino-5-hydroxy-6-methyloxan-2-ylJoxy}-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-1-
methoxy-5,7,8,9,10,12-hexahydrotetracene-5,12-dione, and B) Daunorubicin (8S,10S)-8-
acetyl-10-{[(2R,4S,58S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy}-6,8,11-

trihydroxy-1-methoxy-5,7,8.9,10,12-hexahydrotetracene-5,12-dione.'***** (pg. 4)

Figure 2. Under normal physiological conditions, heterodimerization between HER2 and
HER4 in cardiomyocytes initiates several cell survival signaling pathways including: A)
MEK; B) PI3K/AKT; and C) FAK. MEK, MAPK/ERK kinase; PI3K, Phospholinostide-3

Kinase; Akt, Protein Kinase B; FAK, Focal Adhesion Kinase. ****°? (pg. 14)

Figure 3. TRZ inhibits HER2 signaling which leads to the production of ROS. First,
activation of the angiotensin 1 receptor leads to activation of NOX and the production of
free radicals. Second, angiotensin II is a potent inhibitor of NRG-1 signaling which
further inhibits cell survival and increases ROS. TRZ, Trastuzumab; ROS, Reactive

Oxygen Species; OS, Oxidative Stress; NOX, NAD(P)H oxidase; NRG-1, Neuregulin-1.

5% (pg. 25)

Figure 4. The chemical structure of Dexrazoxane 4-[(2S)-1-(3,5-dioxopiperazin-1-

yl)propan-2-yl]piperazine-2,6-dione.”* (pg. 32)



Figure 5. The chemical structure of Probucol 2,6-di-tert-butyl-4-({2-[(3,5-di-tert-butyl-4-

hydroxyphenyl)sulfanyl]propan-2-yl} sulfanyl)phenol.”* (pg. 33)

Figure 6. Schematic of the conversion of L-arginine to L-citruline by nitric oxide

synthase 3 (NOS3) and co-production of nitric oxide (NO). (pg. 36)

Figure 7. A flow diagram representing the treatment regimens algorithm and the number
of animals randomized to each treatment arm. WT, Wild type; NOS3™, Nitric Oxide

Synthase 3 Knock-out; TRZ, Trastuzumab; DOX, Doxorubicin. (pg. 42)

Figure 8. Methodology timeline. Prior to receiving acute treatment (0.9% saline, DOX,
TRZ, or DOX+TRZ), all mice underwent baseline echocardiography to determine cardiac
function. Following acute therapy, mice were followed daily to assess cardiac dimensions
and function. At day 10, all surviving mice were euthanized and the hearts removed for
histological and biochemical analyses. DOX, Doxorubicin; TRZ, Trastuzumab;

DOX+TRZ, Doxorubicin and Trastuzumab. (pg. 43)

Figure 9. Determination of left ventricular ejection fraction (LVEF). LVEDv, left
ventricular end-diastolic volume; LVESv, left ventricular end-systolic volume; cc, cubic

centimeter. (pg. 44)



Figure 10. Tissue Velocity imaging of a normal healthy mouse. A Vg4 for mice
between 2.5 and 3.5 cm/s is considered to be within normal range. A Vgngo less than one

is indicative of cardiac systolic dysfunction. Vgngo, Endocardial Velocity. (pg. 45)

Figure 11. A) Comparison of LVEF between WT and NOS3™ female mice treated with
DOX alone. Although the LVEF significantly decreased in both groups (*p<0.05), the
LVEF in the NOS3™ group was significantly reduced as compared to WT group at day
10 (#p<0.05). B) Comparison of LVEF between WT and NOS3” female mice treated
with DOX+TRZ. Similar to the DOX alone treated group, there was a significant
decrease in LVEF at day 10 in both groups (*p<0.05). The LVEF in the NOS3™" group,
however, was significantly reduced as compared to the WT group at day 10 (#p<0.05).
Finally, the LVEF was significantly reduced in NOS3” female mice receiving
DOX+TRZ, as compared to DOX alone. WT Saline n=5; WT DOX n=15; WT TRZ
n=15; WT DOX+TRZ n=25; NOS3" Saline n=5; NOS3"~ DOX n=15; NOS3” TRZ
n=15; NOS3”" DOX+TRZ n=25. LVEF, left ventricular ejection fraction; WT, Wild type;
NOS3'/', Nitric Oxide Synthase 3 Knockout; DOX, Doxorubicin; DOX+TRZ,

Doxorubicin and Trastuzumab. (pg. 54-55)

Figure 12. Percent survival of C57B1/6 and NOS3™ female mice. Mice treated with DOX
demonstrated increased mortality than mice treated with either saline or TRZ.
Furthermore, the combination of DOX+TRZ therapy demonstrated increased mortality in
both the WT and NOS3™" groups as compared to DOX alone. NOS3™ mice treated with

DOX+TRZ had a significantly higher mortality rate than WT at day 10. WT Saline n=5;
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WT DOX n=15; WT TRZ n=15; WT DOX+TRZ n=25; NOS3”" Saline n=5; NOS3”"
DOX n=15; NOS3” TRZ n=15; NOS3" DOX+TRZ n=25. WT, Wild type; NOS3™",
Nitric Oxide Synthase 3 Knockout; TRZ, Trastuzumab; DOX, Doxorubicin, DOX+TRZ,

Doxorubicin+Trastuzumab. (pg. 57)

Figure 13. A) Liver and lung wet-to-dry ratios for all treatment groups. No significant
difference was found amongst any of the groups. WT Saline n=5; WT DOX n=15; WT
TRZ n=15; WT DOX+TRZ n=25; NOS3"" Saline n=5; NOS3” DOX n=15; NOS3"" TRZ
n=15; NOS3” DOX+TRZ n=25. WT, Wild type; NOS3™, Nitric Oxide Synthase 3
Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicint+Trastuzumab. (pg. 58)

Figure 14. Light microscopy of representative samples from WT and NOS3™ groups
treated with saline, TRZ, DOX, or DOX+TRZ (40x magnification). Myofibrillar
degeneration and vacuolization was present in mice receiving DOX and DOX+TRZ. The
degree of damage was greatest in the DOX+TRZ treated groups. No difference in the
degree of cardiac remodeling was detected when comparing WT to NOS3™". WT, Wild
type; NOS3” ", Nitric Oxide Synthase 3 Knockout; TRZ, Trastuzumab; DOX,

Doxorubicin; DOX+TRZ, Doxorubicint+Trastuzumab. (pg. 60)

Figure 15. Electron microscopy of representative samples from WT and NOS3™ groups

treated with saline, DOX, TRZ, or DOX+TRZ (4000x magnification). Note the increased

amounts of cellular damage in the DOX+TRZ treatment groups compared to the DOX
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alone group. WT, Wild type; NOS3™, Nitric Oxide Synthase 3 Knockout; TRZ,

Trastuzumab; DOX, Doxorubicin; DOX+TRZ, Doxorubicin+Trastuzumab. (pg. 62)

Figure 16. A) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
of negative and positive controls from cardiac tissue. Note the dark staining in the
positive control as TUNEL positive nuclei. B) Representative samples from WT and
NOS3” female groups treated with control saline, DOX, TRZ, or DOX+TRZ (40X
magnification). There was no evidence of TUNEL positive nuclei amongst any of the
treatment groups. WT, Wild type; NOS3™, Nitric Oxide Synthase 3 Knockout; TRZ,

Trastuzumab; DOX, Doxorubicin; DOX+TRZ, Doxorubicin+Trastuzumab. (pg. 64-65)

Figure 17. Western blot demonstrating presence of NOS3 protein in WT mice and
absence of NOS3 protein in NOS3” mice. WT Saline n=4; WT DOX n=6; WT TRZ n=6;
WT DOX+TRZ n=6; NOS3"" Saline n=4; NOS3”~ DOX n=6; NOS3” TRZ n=6; NOS3™
DOX+TRZ n=6. WT, Wild type; NOS3'/', Nitric Oxide Synthase 3 Knockout; TRZ,

Trastuzumab; DOX, Doxorubicin; DOX+TRZ, Doxorubicin+Trastuzumab. (pg. 67)

Figure 18. Western blot of Caspase 3 activity. Full length Caspase 3 is indicated by the
lower band (30 kDa) of the double band present, as indicated by the arrow. Note there is
no evidence of Caspase 3 cleavage amongst any of the treatment groups, indicating a
potential for Caspase 3 independent apoptosis. WT Saline n=4; WT DOX n=6; WT TRZ
n=6; WT DOX+TRZ n=6; NOS3" Saline n=4; NOS3”~ DOX n=6; NOS3” TRZ n=6;

NOS3” DOX+TRZ n=6. WT, Wild type; NOS3™, Nitric Oxide Synthase 3 Knockout;
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TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ, Doxorubicin+Trastuzumab. (pg.

68)

Figure 19. Western blot of PARP activity. Full length PARP is indicated by the 118kDa
band as indicated by the arrow. There is no evidence of PARP cleavage amongst any of
the treatment groups. WT Saline n=4; WT DOX n=6; WT TRZ n=6; WT DOX+TRZ
n=6; NOS3"" Saline n=4; NOS3"~ DOX n=6; NOS3”" TRZ n=6; NOS3" DOX+TRZ n=6.
PARP, Poly (ADP-ribose) polymerase; WT, Wild type; NOS3™", Nitric Oxide Synthase 3
Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicint+Trastuzumab. (pg. 69)

Figure 20. The average percent ratio of Bax-to-Bcl-X; expression at experimental day 4.
As compared to saline, there was no evidence of an increase in the Bax-to-Bcl-Xy, ratio in
either WT or NOS3™ mice treated with TRZ alone. While there was an increasing trend
in the Bax-to-Bcl-Xi ratio in WT or NOS3”" mice receiving either DOX alone or the
combination of DOX+TRZ, this did not reach statistical significance. WT Saline n=4;
WT DOX n=6; WT TRZ n=6; WT DOX+TRZ n=6; NOS3™" Saline n=4; NOS3" DOX
n=6; NOS3” TRZ n=6; NOS3” DOX+TRZ n=6. WT, Wild type; NOS3™”", Nitric Oxide
Synthase 3 Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicint+Trastuzumab. Error bars represent SEM. (pg. 70)
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Chapter 1: Literature Review
Breast Cancer: Prevalence, Diagnosis, and Treatment

Cancer is a major public health issue in Canada and is the second leading cause of
death next to cardiovascular disease. In 2010, approximately 174,000 new cases and
76,000 deaths from cancer were reported. ' This represents a 1.6% increase in the number
of reported cases and a 1.2% increase in the number of reported deaths as compared to
2009.% In 2011, the number of new cases of cancer is expected to increase to greater than
177,000. In contrast, the number of reported deaths will remain approximately constant at
75,000." The risk of developing cancer increases with age. In the past year, 43% of new
cases and 61% of deaths occurred in individuals over the age of 70.” Canada is one of the
few nations that has developed a national cancer registry, the Canadian Cancer Registry,
that allows for tracking and comparison of all cancers.

Breast cancer is a major health concern for Canadian women as it is the leading
cause of cancer related illness and the second leading cause of cancer related deaths.’ It is
expected that more than 23,000 new cases and 5,000 deaths from breast cancer will be
reported this year." Women have a 1 in 9 (11%) lifetime risk of developing breast cancer
and a mortality rate of approximately 1 in 27 (4%).>" In the United States, breast cancer
affects more than 200,000 women and results in 40,000 deaths annually.3 3

Treatment of breast cancer relies primarily on early detection. Early detection and
diagnosis can only be accomplished if the population is well educated and screening
resources are readily available. Recent decreases in the rates of morbidity and mortality
in breast cancer patients are attributed to advancements in clinical imaging that allow for

the early detection of tumors.”® Some of these advances in early detection include full-



field digital mammography, ultrasound, magnetic resonance imaging, and positron-
emission tomography.® "1

Breast cancer treatment is multifaceted including surgery, radiation therapy,
chemotherapy including anthracyclines, and the recent addition of novel monoclonal
antibodies. Surgical approaches vary from node specific lymphadenectomies to complete
radial mastectomy, in which all of the breast tissue is removed.'' Radiation therapy used
in conjunction with surgical and chemotherapy treatments has been demonstrated to have
tremendous benefits in early breast cancer treatment.'” ' When used as part of a
multifaceted treatment regimen, radiation therapy has been demonstrated to significantly
reduce the rate of localized (74% combination vs. 90% chemotherapy alone, p = 0.002)
and systemic (31% combination vs. 48% chemotherapy alone, p = 0.004) breast cancer
recurrence as compared to chemotherapy alone.'” The mainstay of chemotherapy for

breast cancer patients includes the combination of 5-fluorouracil-epirubicin-

cyclophosphamide (FEC) or adriamycin-cyclophosphamide (AC)."

Anthracycline History

Since the early 1930’s, anthracyclines have been used in the clinical setting.
Anthracycline antibiotics have been recognized for over 75 years for their antibacterial
properties. However, it was not until the early 1960’s, that their efficacy in treating
cancer came to the forefront of scientific research. Two anthracycline compounds,
Daunorubicin (DNR) and Doxorubicin (DOX), were isolated from the pigment producing
soil bacterium Streptomyces peucetius.'® This discovery marked a major advancement in
the treatment against cancer as it has been demonstrated that these compounds contain

significant antitumor activity.'”'” Numerous studies have demonstrated that DOX has a



greater efficacy and activity level than DNR, despite their structural similarities (Figure
1). This contributed to DOX’s rapid transition into clinical trials, a mere 6 years after the
discovery of its anticancer properties.

Doxorubicin’s unique structure is highly lipophilic, which allows it to have a long
half-life within the body.'” Doxorubicin and DNR contain several structural similarities
including gylconic and sugar moieties as seen in Figure 1.'® In fact, the only structural
difference between DOX and DNR is that the side chain on DOX terminates with a
primary alcohol, whereas the side chain on DNR terminates with a methyl group (Figure
1).!% 2% While DNR is highly effective in acute lymphoblastic and myeloblastic
lymphomas, DOX has become a key component of breast cancer treatment. Furthermore,
DOX therapy has been extended for the use within other cancers including childhood
solid tumors, soft tissue sarcomas, and aggressive Hodgkin’s and non-Hodgkin’s

lymphomas.'® '*-2!
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Figure 1. The chemical structures of A) Doxorubicin (8S,10S)-10-{[(2R.4S,5S,6S)-4-
amino-5-hydroxy-6-methyloxan-2-ylJoxy}-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-1-
methoxy-5,7,8,9,10,12-hexahydrotetracene-5,12-dione, and B) Daunorubicin (8S,10S)-8-
acetyl-10-{[(2R,4S,58S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy}-6,8,11-

trihydroxy-1-methoxy-5,7,8,9,10,12-hexahydrotetracene-5,12-dione.'® > **



Anthracycline Anticancer Mechanisms

Multiple theories have been proposed regarding the mechanisms by which DOX
is able to reduce solid tumor size. These mechanisms include: 1) intercalation in DNA; 2)
generation of free radicals; 3) DNA binding and alkylation; 4) DNA cross-linking; 5)
interference with DNA unwinding; 6) direct membrane damage; 7) inhibition of
topoisomerase II (topo II); and 8) induction of apoptosis.'® ' 21+ %% 1t is likely that
several of these mechanisms are required for DOX to demonstrate such a high efficacy in
the cancer setting. To date, inhibition of topo II and free radical generation have been
identified as the major contributors to the activity of DOX.'® 2! 26-27

Anthracyclines, in particular DOX, is a type II DNA topoisomerase inhibitor that
acts by intercalating their B and C rings into adjacent DNA base pairs. The sugar moiety
plays an integral role in the formation and stabilization of the transient complex. The
major determinant of DOX’s ability to be a topo II toxin is within the sugar moiety,
which lies in the minor groove of the double helix. Under normal physiologic conditions,
topo Il is able to cleave the DNA double helix, thereby, allowing DNA fragments to pass
through the break before rejoining the two strands. In a sense, topo II acts as a molecular
gatekeeper for DNA regulation.”?’ Furthermore, topo II is an essential nuclear enzyme
that is required for processes including replication, transcription, and recombination.*”*°
The addition of DOX to the breast cancer setting creates a transient DNA-topo II
complex that causes damage to the topo II protein. The creation of this transient complex
modifies the enzyme, allowing it to become a DNA damaging agent. Doxorubicin and

other anthracycline treatments for human cancers regulate the creation of the transient

complex.”’



Anthracyclines, in particular DOX, are highly vulnerable to redox-cycling. The
reduction of oxygen on the C ring gives DOX its ability to cleave and degrade DNA.*!
This quinone structure of DOX allows it to act as an electron acceptor in reactions
mediated by oxidative enzymes including cytochrome P450 and nicotinamide adenine
dinucleotide phosphate (NAD(P)H) dehydrogenase. The addition of one electron to DOX
produces a semiquinone free radical that is capable of inducing DNA damage under
aerobic conditions by donating its unpaired electron to molecular oxygen generating a
superoxide radical."™ '*?! Tt is important to note that under anaerobic conditions, DOX is
stable and does not undergo redox-cycling. Redox-cycling is harmful to cells as only a
small quantity of drug is required to induce the production of numerous superoxide
radicals. When DOX is complexed with iron, it forms an intermediate that is capable of
binding DNA and producing partially reduced forms of oxygen. In the vicinity of DNA,
superoxide is capable of inducing significant DNA damage including single and/or
double stranded breaks. Furthermore, DOX is capable of reducing the protein levels of
glutathione (GSH) peroxidase, a critical mediator required for scavenging free radicals.”!
Therefore, DOX’s cytotoxic properties stem from its ability to increase free radical
production, while simultaneously decreasing the availability of antioxidant enzymes

within tumor cells.’!



Doxorubicin-induced Cardiotoxicity

Doxorubicin is a broad-spectrum antibiotic that has been in use for cancer
treatment since the mid 1960°s.>"** Although DOX is a highly effective anticancer agent,
it is associated with significant side effects including myelosupression, nausea, vomiting,
arrhythmia, and more importantly cardiac dysfunction.”” While many of the side effects
are reversible and/or clinically manageable, cardiomyopathy leading to congestive heart
failure (CHF) is not. Doxorubicin demonstrates a dose-dependent cardiac dysfunction
property that may limit its use within the clinical setting.”” Numerous studies have
demonstrated that women who receive a lifetime cumulative dose of DOX exceeding
500mg/m” of body surface area are at a high risk of developing DOX-induced cardiac
dysfunction.”® **?* A retrospective study of 399 patients demonstrated that CHF
developed in 4% of women who received 500-550mg/m’ of DOX, and rose to 18% in
those women who received between 550-600mg/m>.***> The prevalence of CHF due to
DOX therapy continued to rise to over 36% in women that received greater than
600mg/m>.** * Other risk factors for developing DOX-induced cardiac dysfunction
include age >70, left chest radiotherapy, combination therapy (cyclophosphatide,
actinomycin D, or mitomycin C), or a history of pre-existing cardiac disease.*” Initial
clinical trials of DOX revealed modifications in electrocardiogram (EKG) recordings that
included sinus tachycardia, ST segment depression, and T wave abnormalities.’" *%>*
Furthermore, clinical use of DOX has also demonstrated that DOX-induced cardiac
dysfunction can present in either the acute or chronic setting (Table 1). Acute cardiac

dysfunction due to DOX is rare, but does occur and is identified primarily through

abnormal EKG tracings (Table 1). Chronic cardiac dysfunction due to DOX is common



and often life threatening. Onset of symptoms usually occurs within a year and is directly
related to the dose dependency action of DOX. Chronic cardiac dysfunction is
characterized by tachycardia, LV cavity dilation, pulmonary/venous congestion, exercise
intolerance, and progressive cardiac injury (Table 1). Cardiac dysfunction that presents
after one-year of completing DOX treatment is classified as late onset. Key features of
late onset cardiac dysfunction include arrhythmias, LV systolic dysfunction, myocyte

damage and CHF (Table 1).

Type Onset Features

Uncommon (<1%), Abnormal ECG, CHF symptoms

Acute Immediate
rarely observed

Common (7-26%) Life threatening, Dose related,
tachycardia, LV dilation, pulmonary/venous
congestion, exercise intolerance, progressive cardiac

injury

Chronic <1 Year

Common (5%) LV systolic dysfunction, arrhythmias,

>
Late Onset z 1 Year CHF, myocyte damage

Table 1. Outline of the onset and clinical symptoms of Doxorubicin (DOX) mediated

cardiomyopathy.*> ¥4

Doxorubicin mediated cardiotoxicity has a negative influence on the long-term
survival rate of breast cancer survivors. Many women do not present with cardiac
dysfunction until weeks or years after they have discontinued the use of DOX. The
Society of Clinical Oncology has recommended women receiving DOX should not
exceed a cumulative dose of 500mg/m” of body surface area to reduce the risk of

developing CHF.*"***" While limiting cumulative exposure to DOX is a useful tool,




identifying risk factors remains the front line defense in the prevention of DOX-mediated
cardiotoxicity.

Doxorubicin is not tumor cell specific. Its cytotoxic properties also affect healthy
cells and tissues including cardiomyocytes. Within the heart, DOX induces myocardial
and cellular damage leading to apoptosis and CHF. The degree of cardiomyopathy is
directly correlated with the cumulative dose of DOX administered. A number of DOX
analogs have been produced in hopes of creating a compound that is less cardiotoxic,
without compromising the anticancer properties. While most of the analogs developed
have been less cardiotoxic, they are also less active in tumor suppression.'® 2’ There have
also been numerous studies that have investigated the use of prophylactic therapy to
mitigate the cardiotoxic effects of DOX, while leaving the antitumor properties
unaltered.'® 2% 13 %2 These studies used compounds such as vitamins (A, C, E), thiol-
containing reducing agents (N-acetylcysteine, GSH) and iron chelating agents
(Dexrazoxane).'® 2% 313424 Other studies have attempted to use current CHF treatments,
including B-blockers (BB), angiotensin converting enzyme inhibitors (ACEi), and
angiotensin receptor blockers (ARBs), in combination with DOX in hopes of mitigating
the development of cardiac dysfunction.* *° However, these studies were largely
unsuccessful. The use of antioxidants, however, has demonstrated promising results and
is discussed later in further detail. Therefore, it is essential that research continues to
investigate the underlying mechanisms that characterize DOX-induced cardiotoxicity in
order to develop novel cardioprotective therapies for women undergoing DOX treatment

for breast cancer.



Human Epidermal Growth Factor Receptors: Cell Survival Pathways

The human epidermal growth factor receptors (ErbB) are a group of receptor
tyrosine kinases (RTK).*”* To date, there have been four ErbB receptors identified in
mammals. They include ErbB1 (HER1, EGFR), ErbB2 (HER2/neu), ErbB3 (HER3), and
ErbB4 (HER4). The HER signaling network has been the focus of extensive research as it
has been demonstrated to play a central role in various developmental and physiological
processes.”” **” Each RTK is a cell surface receptor that consists of three parts; (i) a
single membrane-spanning domain; (ii) a ligand activated tyrosine kinase domain; and
(ii1)) a carboxyl-terminal regulatory domain that contains multiple tyrosine residues
capable of being a SH2 docking site when phosphorylated.”'® Careful analysis of the
molecular structure reveals that the tyrosine kinase domain is highly conserved (44%
identical, 63% similar) among the ErbB receptors. Conversely, a closer look into the C-
terminal domain reveals a highly divergent structure (3% identical, 15% similar) amongst
the 4-receptor isoforms.”’

Initiation of HER signaling is the result of a ligand binding to its specific receptor
located on the extracellular domain of the HER protein. There are numerous ligands that
bind to the receptors of the HER family. The ligands that bind only to HER1 include the
epidermal growth factor (EGF), transforming growth factor a (TGF-a), and amphiregulin
(Table 2). Ligands that bind to both the HER3 and HER4 isoforms include neu-
differentiating factors (NDF), neuregulins (NRG) and heregulins (Table 2). Finally, the
ligands that bind to and activate both HER1 and HER4 include betacellum, epiregulin,
and heparin-binding EGF-like growth factors (Table 2).**>* To date, no ligand has been

identified that binds to and activates the HER2 receptor.sz’ 55 HER2 is, however, the
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receptor of choice for heterodimerization for all other HER receptors, and results in a

variety of cellular processes including cell proliferation, differentiation, and apoptosis.*”

52

Receptor Ligand Reference
EGF, TGF-o,
ampmregul%n, betaC(?llum, Moghal and Sternberg
HER1 epiregulin, heparin- 1999: Cho et al. 2003
binding EGF-like growth ’ )
factor
HER2 None Landgraf 2007
HER3 NDF, NRG, heregulins Moghal and Sternberg

1999; Cho et al. 2003

NDF, NRG, heregulins,
betacellum, epiregulin, Moghal and Sternberg
heparin-binding EGF-like 1999; Cho et al. 2003
growth factor

HER4

Table 2. List of the 4 HER receptors found within the heart and the ligands that bind

them.

Neuregulins (NRG), specifically neuregulin-1 (NRG-1), are intimately involved
in the survival of cardiomyocytes through signaling of the HER2/4 heterodimer.”
Genetic studies of NRG-1 have demonstrated that NRG-1/HER signaling is a key
mediator of cell-to-cell interactions that are not only capable of regulating tissue
organization during development, but are also critical in maintaining cardiac function
throughout adulthood.’® *” Binding of NRG-1 to HER4 allows HER4 to interact with

HER2 and form a heterodimer. The dimerization process is the primary initiating event of
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several cell-signaling pathways that include cell growth, myofilament structure and
organization, survival, myocyte-matrix coupling, glucose uptake, and angiogenesis.

Dimerization of HER2 to HER4 leads to the trans-phosphorylation of several
tyrosine (Y) residues (Y1248, Y1023, Y1139, Y1196, Y1121/1122), thus initiating
multiple cell survival signaling cascades within cardiomyocytes (Figure 2).”® In adult
cardiomyocytes, NRG-1 is an activator of the mitogen activated protein kinases (MAPK),
through HER2 signaling. Activation of the 185kDa HER2 receptor leads to the
recruitment of several adaptor proteins including She and Grb2.>® Together, these adaptor
proteins activate MAPK signaling through phosphorylation of Ras (Figure 2). Activated
Ras directly interacts with Raf, leading to the activation of MAPK/ERK kinase (MEK).
MEK is then capable of phosphorylating ERK 1/2 threonine (T)/ tyrosine (Y) residues
(T202/Y204) to initiate ERK 1/2 mediated nuclear signaling (Figure 2). ERK 1/2
activates several transcription factors (Elk-1, STAT3, c-myc, n-myc) that ultimately lead
to cell survival, growth, and hypertrophy. Furthermore, ERK 1/2 signaling is intimately
involved in sarcomere synthesis and organization.

A second pathway by which NRG-1 is able to initiate cardioprotective signals is
through the phospholinostide-3 kinase (PI3K)/Akt pathway (Figure 2). This pathway has
been extensively described in the protection of cardiomyocytes against cell death, as well
as regulation of metabolism and growth.”® Phospholinostide-3 kinase catalyzes the
conversion of phosphatidylinositol-3,4-diphosphate (PIP;) to phosphatidylinositol-3,4,5-
triphosphate (PIP;). Dimerization of HER2 with another HER receptor activates PI3K
which subsequently phosphorylates PIP, to PIPs. PIPs, a potent second messenger, is then

able to activate the critical cell survival mediator Akt/protein kinase B. Akt is able to
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phosphorylate a number of proteins to maintain the balance between anti- and pro-
apoptotic processes through changes in mitochondrial respiration and decreases in ROS
(Figure 2).

Finally, a third mechanism by which HER2 signaling is able to initiate cell
survival is through the formation of focal adhesion kinase (FAK) complexes (Figure 2).>*
%% Focal adhesion kinases are important to normal cardiomyocyte homeostasis, as they are
intricately involved in sarcomere maintenance. FAK is a known substrate of Src.
Therefore, upon HER2 activation by NRG-1 and subsequent recruitment of Src, FAK and
p130“*® form the base of a focal adhesion complex that is able to maintain sarcomere

structure, thereby increasing cell survival (Figure 2).
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Figure 2. Under normal physiological conditions, heterodimerization between HER2 and
HER4 in cardiomyocytes initiates several cell survival signaling pathways including: A)
MEK; B) PI3K/AKT; and C) FAK. MEK, MAPK/ERK kinase; PI3K, Phospholinostide-3

Kinase; Akt, Protein Kinase B; FAK, Focal Adhesion Kinase.’ 6,38,59

Breast Cancer and Overexpression of HER2

Breast cancer is the second leading cause of cancer related deaths among
Canadian women. Approximately 25% of women who present with breast cancer
overexpress the HER2 receptor.®”® Overexpression of the HER2 receptor has been
associated with more aggressive tumors and high mortality rate. Breast cancer
overexpressing the HER2 receptor have anywhere between 25-to-50 copies of the HER2
gene, which corresponds with a 40-100 times increase in HER2 protein. This accounts for
roughly 2 million HER2 receptors expressed within tumor cells. Therefore, due to an
increase in receptors, there is a significant up-regulation of cell survival pathways within
the cell allowing the tumor to evade apoptosis and enter the cell cycle.

Fortunately, HER2 overexpression is a fairly early event in the progression of
human breast cancers. Therefore, early diagnosis is key, as receptor amplification is
consistent with invasiveness, and nodal and distant metastasis throughout the progression
of the disease. Only 20% of metastases are HER2 positive suggesting that many in situ
tumors never develop into an invasive state. Methods for early diagnosis of HER2
overexpression include: immunohistochemistry (IHC), fluorescence in situ hybridization
(FISH), chromogenic in situ hybridization (CISH) and silver-enhanced in situ

hybridization (SISH).** > Immunohistochemistry and FISH are the most commonly used
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methods for detecting HER2 overexpression in Canadian centers. Immunohistochemistry
uses monoclonal or polyclonal antibodies that recognize and bind to the HER2 protein in
a tissue section taken during a biopsy. The relative amount of staining is then scored: a
score of 0-1 is considered negative; a score of 2 is uncertain; and a score of 3 is

positive.®®

Trastuzumab and Inhibition of HER2

Trastuzumab (Herceptin, Genetech Inc) is a humanized monoclonal antibody
directed against the extracellular domain of the HER2 receptor.”””* It acts by binding to
the extracellular domain of HER2, thereby preventing its ability to dimerize with other
HER receptors, specifically HER4 in the heart. The inhibition of HER2 has a significant
affect on several downstream cell survival signaling pathways including MAPK/ERK 1/2,
PI3K/AKT, and FAK.>® > "7 A study by Sliwkowski e al. 1999 demonstrated that
Trastuzumab (TRZ) is able to reduce the number of SK-BR-3 cells undergoing S-phase
and increase the number of cells that arrest in Go/Gl.76 This reduction of S-phase and
subsequent increase of cells in Go/G; is attributed to the increased production of p27“P!

and p130, a retinoblastoma related protein, by TRZ.%"-

Trastuzumab and the Clinical Setting

In Canada, TRZ is only used for women who have an IHC score of 3 or a positive
FISH test.®” Fluorescence in situ hybridization uses fluorescence probes that bind to the
HER2 gene within the nuclei. This allows for quantification of the number of HER2 gene
copies being expressed and determines whether excessive copies of the HER2 gene are

present, as observed in women with HER2 positive breast cancer.
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As TRZ targets the extracellular domain of the HER2 receptor, it is highly
effective in treating breast cancers in which HER2 is overexpressed. Clinical trials have
demonstrated that TRZ is highly efficacious in both the adjuvant and metastatic breast
cancer settings. When used in conjunction with chemotherapy, TRZ reduces the risk of
cancer related death by 33%.%7"* In the adjuvant setting, TRZ is generally administered
weekly for one year following a complete course of anthracycline-based chemotherapy.
Conversely, in the metastatic setting, TRZ is administered with a primary loading dose,
followed by tri-weekly maintenance doses.* Further studies have evaluated the use of
TRZ as a front-line treatment option when used in addition to chemotherapeutic agents
such as paclitaxel or anthracycline/cyclophosphamide therapies.”® ® Additionally, TRZ
has been administered as a monotherapy with varying success in the metastatic setting.’”
81,86

The beneficial use of TRZ in the adjuvant setting has been evaluated in four large
multi-center randomized controlled studies. These studies included the Herceptin
Adjuvant trial (HERA), National Surgical Adjuvant Breast and Bowel Project trial B-31
(NSABP), North Central Cancer Treatment Group Trial N9831 (NCCTG-N9831), and
the Breast Cancer International Research Group 006 data trial (BCIRG 006).%* 7" 7%
These studies evaluated the use of TRZ following anthracycline treatment.* 7" 7 ¥
There was an overall reduction in both mortality and recurrence of malignancies in
women who received TRZ therapy by 33% and 50% respectively. Given the overall
positive results from these landmark trials, TRZ is now a key component in the

anthracycline/taxane based chemotherapy treatments for breast cancer.
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While TRZ is not approved for monotherapy treatment in metastatic breast cancer,
its efficacy has been evaluated when used in conjunction with standard chemotherapy
treatment in clinical trials. Of the approximately 10% of women who present with
metastatic breast cancer, 35-45% present with overexpression of HER2.”® Palliative care
is often the best course of treatment for these patients. In 2001, Slamon et al. evaluated
the efficacy and safety profile of TRZ in the metastatic setting. A total of 469 patients
with metastatic breast cancer were randomized to receive either standard chemotherapy
(DOX/EPI and cyclophosphamide) alone (n=234) or chemotherapy plus TRZ (n=235).”
Women who had previously received anthracycline (DOX/EPI) therapy were randomized
to receive paclitaxel (n=96) or paclitaxel plus TRZ (n=92). Women who had not
previously received anthracycline (DOX/EPI) therapy were randomized to a treatment
regimen of anthracycline (DOX/EPI) plus cyclophosphamide (n=143), or the
combination of anthracycline (DOX/EPI), cyclophosphamide and TRZ (n=138).”* DOX
(60mg/m?) or EPI (75mg/m”) were administered in combination with cyclophosphamide
(600mg/m?) once a week for 6 weeks. Women receiving TRZ were administered a
standard loading dose of 4mg/kg followed by weekly maintenance doses of 2mg/kg and
was continued until evidence of disease progression. Median overall survival of the group
receiving DOX, cyclophosphamide and TRZ was 25.1 months, in contrast to 20.3 months
with anthracycline and cyclophosphamide treatment alone (p=0.046).”* Women receiving
chemotherapy plus TRZ also demonstrated a longer time to disease progression (7.4
months vs. 4.6 months; p<0.001) as well as a greater rate of objective response (50% vs.
32%; p<0.001). Overall, women receiving chemotherapy plus TRZ experienced a 20%

mortality risk reduction. The most prevalent side effect due to treatment was the
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development of adverse cardiac dysfunction and was highest in women who underwent
therapy with an anthracycline, cyclophosphamide, and TRZ (39 of 143; 27%). In women
receiving anthracycline and cyclophosphamide alone, 11 of 135 (8%) experienced CHF
symptoms. Twelve of 91 (13%) women who underwent therapy with paclitaxel plus TRZ
and 1 of 95 (1%) whom underwent therapy with paclitaxel alone developed cardiac
dysfunction and CHF. Of this population, the prevalence of New York Heart Association
(NYHA) class III or IV CHF was highest (16%) in the group that received DOX/EPI,
cyclophosphamide plus TRZ compared to women who were administered anthracycline
and cyclophosphamide alone (3%), paclitaxel plus TRZ (2%) and paclitaxel alone (1%).
Taken together, these results suggest that combination therapy of TRZ with anthracycline
(DOX/EPI)/cyclophosphamide treatment in women who overexpress HER2 is beneficial
and leads to an overall improved survival rate, albeit at an increased risk of developing

LV systolic dysfunction.

Trastuzumab-induced Cardiac Dysfunction

Despite the therapeutic benefits of TRZ in the breast cancer setting, cardiotoxicity
remains a major issue. This drug-induced cardiotoxicity is potentiated when TRZ is used
following anthracycline-based treatments. The most adverse side effect of adjuvant TRZ
treatment is the development of NYHA class III and IV CHF (Table 3). Out of the four
major clinical trails, approximately 5-10% of women who receive adjuvant TRZ therapy

developed LV systolic dysfunction.
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Class Patient Symptoms

No limitation of physical activity. Ordinary physical
Class I (Mild) activity does not cause undue fatigue, palpitation, or
dyspnea (shortness of breath).

Slight limitation of physical activity. Comfortable at
Class II (Mild) rest, but ordinary physical activity results in fatigue,
palpitation, or dyspnea.

Marked limitation of physical activity. Comfortable at

Class 11 rest, but less than ordinary activity causes fatigue,
(Moderate) o
palpitation, or dyspnea.
Unable to carry out any physical activity without
Class IV (Severe) discomfort. Symptoms of cardiac insufficiency at rest.

If any physical activity is undertaken, discomfort is
increased.

Table 3. Classification of New York Heart Association heart failure®®

The prevalence of symptomatic CHF in these clinical studies was lower than the
prevalence of asymptomatic CHF. The BCIRG 006 compared the use of AC treatment
with and without subsequent docetaxel plus TRZ therapy. They demonstrated that women
who received docetaxel following AC therapy were less likely to relapse than those who
received doxetaxel alone. Furthermore, women who received a combination of docetaxel
and TRZ demonstrated a 39% risk reduction of breast cancer recurrence. In the HERA
trial, the incidence of severe symptomatic heart failure in women receiving TRZ was less
then 1%, whereas in Trial B-31, the incidence of CHF was 4.1%." Furthermore, Trial
N9831 demonstrated that 2.9% of patients who underwent TRZ therapy developed
symptomatic NYHA class III/IV heart failure. Although it is difficult to compare these

trials, there appears to be some agreement that the incidence of symptomatic heart failure
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lies between 0-4% in women treated with TRZ. As a guideline for physicians, the Cardiac
Review and Evaluation Committee has developed four general criteria that signify TRZ-
mediated cardiac dysfunction. These include: (i) symptoms of heart failure; (i1) symptoms
associated with CHF including S3 gallop or tachycardia; and (iii) a greater than 5%
decline in LVEF associated with CHF symptoms, or a greater than 10% decline in LVEF
without symptoms of CHF.*

While clinical trials have demonstrated that 5-10% of all patients treated with
TRZ in the adjuvant setting develop asymptomatic cardiac dysfunction and 0-4% of
patients develop symptomatic CHF, little is known regarding the prevalence of TRZ-
mediated cardiac dysfunction in the real world. Wadhwa et al. 2009 conducted a
retrospective study and evaluated 152 HER2 positive breast cancer patients who received
adjuvant TRZ therapy.”® Of the 152 women, 36 (24%) developed TRZ-mediated cardiac
dysfunction, of which 31 (86%) were asymptomatic and 5 (14%) were symptomatic. It is
interesting to note that the development of TRZ-mediated cardiac dysfunction could be
predicted in this population if the woman had a pre-existing history of hypertension,
smoking, family history of coronary artery disease and/or have used diuretics. Although
LVEF was reduced in all patients who underwent TRZ therapy, at three-month follow-up,
LVEF was significantly lower in the 36 patients that developed CHF as compared to
those who did not display evidence of cardiotoxicity (6145 % vs. 51+8% respectively).
At 6-month follow-up, cardiac magnetic resonance imaging (CMR) demonstrated sub-
epicardial linear delayed enhancement of the lateral wall of the LV in 34/36 (94%)
women, confirming TRZ mediated cardiac dysfunction. Upon discontinuation of TRZ, 20

of 36 (55%) regained LV systolic function and demonstrated an increase in LVEF >50%
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at 6 months. TRZ was restarted in 4 of the 20 (20%) women in combination with ACEi
and BB with no further evidence of cardiac dysfunction. However, of the 16 of 20 women
in which TRZ was not re-administered, 10 (63%) demonstrated no improvement in LVEF
(39+£5%) and 6 (38%) demonstrated further impairment of cardiac function with an
average LVEF of 25+£5%. A selection bias may account for the conflicting reports
between the real world study by Wadhwa et al. 2009 and the large-scale clinical trials.
The large clinical trials excluded women if they had a pre-existing history of CHF,
coronary artery disease, valvular disease, poorly controlled hypertension, and LVEF less
than 55% following chemotherapy. Conversely, Wadhwa et al. 2009 included those
women with cardiovascular risk factors including hypertension, diabetes, hyperlipidemia,
and a history of smoking and coronary artery disease. Additionally, these risk factors
were directly correlated with and increased susceptibility to the development of heart
failure following TRZ. While large-scale clinical trials have indicated that the incidence
of TRZ mediated cardiac dysfunction (asymptomatic and symptomatic) is less than 10%,
this was the first trial to report that in a real world setting, the incidence of cardiac
systolic dysfunction due to TRZ therapy is higher than previously indicated.

In the metastatic setting, 27% of women who received AC and TRZ treatment
developed NYHA class III or IV heart failure. In contrast, only 8% who received AC
treatment alone or 13% who were treated with TRZ and paclitaxel developed NYHA
class III or IV heart failure. This finding led to the recommendation that anthracycline
plus TRZ therapy should not be used concurrently to avoid the development of severe

cardiac dysfunction. While there is a high risk of developing adverse cardiac dysfunction
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with TRZ, the risk is warranted due to a limited number of treatment options for

metastatic breast cancer.

Mechanisms of Trastuzumab-induced Cardiac Dysfunction

While the underlying mechanisms for DOX-induced cardiac dysfunction have
been extensively explored,'®2% 2> 263334 [ittle is known regarding the mechanisms of
TRZ-induced cardiac dysfunction. Several theories have been proposed including: (i) an
alteration in the anti- to pro-apoptotic protein ratio; (ii) decreased cell survival through
inhibition of NRG-1/HER?2 signaling; and (iii) activation of the renin-angiotensin system
(RAS),56: 3275 86.91-94

First, the binding of TRZ to HER2 has been correlated with a significant change
in the ratio between anti- and pro-apoptotic proteins. Upon binding to HER2, there is an
immediate down-regulation of the anti-apoptotic protein Bcl-X;, and up-regulation of the
pro-apoptotic protein Bcl-Xs.”> The ratio of anti- to pro-apoptotic proteins from the Bcl
protein family is significant, as they are key mediators in mitochondrial function and
apoptosis. Therefore, while an increase in pro-apoptotic proteins is beneficial in cancer
treatment, it is also correlated with mitochondrial dysfunction, leading to cardiomyocyte
death.”**

Second, TRZ binds to HER2 with high affinity, thereby eliminating its ability to
dimerize with other HER receptors. By inhibiting HER2’s ability to dimerize and signal
cell survival through MAPK/ERK 1/2, PI3K/AKT, and FAK dependent pathways,
cardiomyocytes are unable to deal with added stress.’® > 7° As cardiomyocytes are
constitutively active cells, there is a large demand for adenosine triphosphate (ATP)

production in the mitochondria, which are prone to the generation of ROS. Fortunately,
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endogenous antioxidants are able to scavenge the majority of ROS from the mitochondria.
However, there is a limited antioxidant reserve. By blocking HER2 signaling,
cardiomyocytes are unable to activate cell survival pathways that are able to cope with
the excess ROS. Therefore, blockage of HER2 causes the accumulation of ROS within
the cardiomyocytes, leading to the development of cardiac dysfunction by stimulating
cardiomyocyte apoptosis.”* *>

The third mechanism that has been proposed for HER2 mediated cardiotoxicity
includes the over activation of the RAS. When TRZ binds HER2 and inhibits cell
survival signaling pathways, there is an added stress placed on the myocardium. This
added stress leads to an increase in circulating levels of angiotensin I (ANG II), which
has three major effects on the heart. First, ANG II is a potent inhibitor of NRG-1
signaling. By decreasing the amount of NRG-1 protein that is produced, ANG II can
directly inhibit cell survival signaling pathways. Second, ANG II acts by preventing
NRG-1 protein from binding to the HER4 receptor (Figure 3). This further decreases the
activation of cell survival pathways by preventing other members of the HER family
from forming dimers and initiating cell survival pathways. Third, ANG II leads to the
activation of NAD(P)H oxidase (Figure 3).%*** Angiotensin II binds to the angiotensin 1
(AT1) receptor, a well-known G-protein coupled receptor, which activates NOX through
a protein kinase C dependent action.*® NOX produces the potent ROS superoxide and

begins a vicious cycle of superoxide production leading to enhanced accumulation of

ROS. Accumulation of ROS within the heart further potentiates cardiac damage.
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Figure 3. TRZ inhibits HER2 signaling which leads to the production of ROS. First,
activation of the angiotensin 1 receptor leads to activation of NOX and the production of
free radicals. Second, angiotensin II is a potent inhibitor of NRG-1 signaling which
further inhibits cell survival and increases ROS. TRZ, Trastuzumab; ROS, Reactive

Oxygen Species; OS, Oxidative Stress; NOX, NAD(P)H oxidase; NRG-1, Neuregulin-

86, 94
l.

Reversibility of Trastuzumab-induced Cardiac Dysfunction

Unlike anthracycline-induced cardiotoxicity, TRZ-mediated cardiac dysfunction
is not dose dependent.”*® Furthermore, unlike DOX-induced cardiotoxicity, TRZ-
induced cardiac dysfunction may be partially reversible.”” ***° In 2005, Ewer et al.
evaluated the reversibility of TRZ-induced cardiac dysfunction.”® The average LVEF at
baseline was 61+13% and decreased to 43+13% following TRZ treatment. In this study,
immediate discontinuation of TRZ therapy was the result of a significant drop in LVEF
or the identification of symptomatic CHF.'® Ewer et al. 2005 found that 1.5 months after
discontinuing TRZ therapy, LVEF returned to baseline values. Of the 38 women enrolled
in the study, 20 experienced symptoms of CHF while 16 were asymptomatic. Thirty-one
patients underwent standard medical therapy for CHF including ACEi and BB. These
patients either recovered cardiac function or entered a period of stability. To further
examine the reversibility of TRZ-mediated cardiac dysfunction, 25 women were re-
challenged with TRZ. Interestingly, 22 of the 25 patients (88%) did not display any
further reductions in LVEF.”® Unfortunately, 3 of the 25 women (12%) experienced a

further decline in LVEF and were permanently removed from TRZ therapy.
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Despite these promising results, the extent to which TRZ-induced cardiac
dysfunction is reversible remains unknown. A retrospective study by Wadhwa et a/. 2009
demonstrated that 34 of 36 women demonstrated sub-epicardial linear delayed
enhancement of the lateral portion of the left ventricle on CMR that persisted for up to 6
months.”” Only 20 of the 36 patients (56%) completely recovered LVEF from TRZ-
mediated cardiac dysfunction within a 6-month period. Despite aggressive high-dose
treatment with ACEi and BB, 16 patients had no change or worsening of LVEF values.
Although the therapeutic benefits of TRZ therapy are extensive, approximately 25% of
women may experience adverse cardiac side effects including LV systolic dysfunction.
Although cardiac function may recover following discontinuation of TRZ" %7911 the
presence of delayed enhancement of the mid myocardium on CMR brings into question
the true reversibility of TRZ mediated cardiac dysfunction.” Caution should still be taken

when weighing the benefits and risks of TRZ therapy.'®

Early Detection of TRZ-induced Cardiac Dysfunction: Non-invasive Imaging

Basic Science

Early detection and monitoring of breast cancer patients receiving TRZ is useful
in the prevention of TRZ-induced cardiac dysfunction. Non-invasive monitoring of LV
systolic function is useful to identify chemotherapy-induced cardiac dysfunction. Multi-
gated acquisition scans (MUGA), echocardiography, and CMR are useful non-invasive
tools to serially monitor cardiac function in this patient population.”® '*"'% Although
MUGA and two-dimensional (2D) transthoracic echocardiography (TTE) are routinely
used and reproducible methods for the assessment of LVEF, once EF decreases below

40%, irreversible cardiac injury may have already occurred.
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In the emerging field of Cardio-Oncology, early indices of left ventricular (LV)
systolic dysfunction would be useful for addressing the cardiac safety profile of cancer
drugs, potentially avoiding the detrimental effects of end stage heart failure. Tissue
velocity imaging (TVI) and strain imaging, are sensitive, non-invasive echocardiographic
techniques that allow for the early detection of LV systolic dysfunction, prior to a
decrease in conventional LVEF."'% Neilen et al. 2006 described the use of tissue
velocity imaging (TVI) in a murine model of DOX-induced cardiac dysfunction.'” They
found that there was a significant reduction in TVI parameters including endocardial
velocity (Vendo) and strain rate (SR) prior to any changes in traditional LVEF. Recently,
Jassal et al. 2009 validated the use of TVI in a murine model of DOX+TRZ mediated
cardiotoxicity.” They found that in an acute murine model of DOX+TRZ induced cardiac
dysfunction, a significant reduction in Vg4, Was detected as early as 24 hours post-
treatment, whereas LVEF did not change until day 3. This early decrease in Vgyg, Was
found to be a reliable, reproducible marker in predicting future LV systolic dysfunction.
This basic science study was the first to validate the use of TVI in the detection of
DOX+TRZ induced cardiac dysfunction.’ In the clinical setting, the use of TVI to detect

early subtle changes in the myocardium requires further evaluation.

Clinical Setting

Although MUGA and TTE are common modalities for monitoring cardiac
function in the clinical setting, each has its limitations.”” "' MUGA scans are highly
reproducible and demonstrate low intra- and inter-observer variability. However, the use
of ionizing radiation limits its clinical use.'” ' Transthoracic echocardiography studies

are easy to acquire and do not have an issue with radiation. Transthoracic
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echocardiography, however, has a greater intra- and inter-observer variability as
compared to other non-invasive imaging modalities.'” Cardiac MRI (CMR) is
considered the gold standard for non-invasively monitoring LVEF. However due to its
high cost and low availability, its use for monitoring LV systolic dysfunction in breast
cancer patients who experience cardiotoxicity is limited.''* '"!

A recent study by Walker et al. 2010 evaluated the use of real time three-
dimensional transthoracic echocardiography (RT3D-TTE) for the evaluation of cardiac
function in the breast cancer setting.”> A cohort of 50 women underwent MUGA, 2D
TTE, RT3D-TTE and CMR at baseline, 6 month and 12-month follow-up. Serial analysis
revealed a low correlation between 2D-TTE and CMR (r = 0.31, 0.53, and 0.42 at
baseline, 6 months and 12 months respectively). On the contrary, serial LVEF values
assessed by RT3D-TTE and CMR had a significant correlation at all three time points (r
=0.91, 0.97, and 0.90 at baseline, 6 months and 12 months respectively). These results
were similar to the comparison made between MUGA and CMR (r = 0.88, 0.97 at
baseline, 6 months and 12 months respectively).”” Despite an inherent underestimation of
LVEF by RT3D-TTE, this study suggests that RT3D-TTE is a feasible and reproducible
method for assessing LVEF in the breast cancer setting.

To expand our basic science work to the clinical arena, we sought to determine
whether non-invasive cardiac imaging would be useful in the early detection of TRZ-
induced cardiac dysfunction. We recently evaluated the utility of cardiac biomarkers, TVI
and strain imaging, and CMR for predicting early LV systolic dysfunction in HER-2
positive breast cancer patients treated with TRZ in the adjuvant setting. Ten of 42 (24%)

patients developed TRZ mediated cardiac dysfunction within 3 months of treatment. As
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compared to TVI and strain, traditional measures of LV systolic dysfunction, specifically
LVEF, did not change until 6 months in this patient population. This study was able to
confirm that both TVI and strain imaging were able to detect early, subtle changes in LV
systolic function prior to conventional changes in LVEF, in women receiving TRZ in the

adjuvant setting. Four independent studies have recently confirmed this novel finding.'"*

115

Early Detection of TRZ-induced Cardiac Dysfunction: Cardiac Biomarkers

The use of cardiac biomarkers including troponin T (TnT), C-reactive protein
(CRP) and brain natriuretic peptide (BNP) have previously been reported to be highly
sensitive markers of anthracycline-mediated CHF. Our group has recently evaluated the
use of cardiac biomarkers, TVI, and CMR in detecting early subtle changes in LV
function in HER?2 positive breast cancer patients receiving TRZ therapy.''® A cohort of
42 women were prospectively enrolled in the study between 2007 and 2009 at a single
tertiary care centre. All biomarkers were within normal limits at baseline. Although 25%
of patients developed TRZ-mediated cardiac dysfunction, there were no significant
changes in cardiac biomarkers amongst the women who developed TRZ-mediated
cardiac dysfunction.

Unlike cardiac TnT (c¢TnT), cardiac Tnl (cTnl) has been identified to be a
sensitive marker for the early detection of TRZ-induced cardiac dysfunction.''> 7"
Studies, conducted by Cardinale et al. 2000, 2004, 2010 and Sawaya et al. 2011, have
demonstrated that high dose chemotherapy treatment correlated well with an increase in

c¢Tnl levels and is a useful marker for detecting early reductions in LVEF and CHF.""™

HT119° Additionally, Cardinale ez al. 2000, 2004, 2010 found that ¢Tnl was an important
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early screening method for women who may be less likely to recover from TRZ mediated
cardiac dysfunction, despite high-dose CHF therapy.''’"" Elevated circulating cardiac
biomarkers may be one of the best early indicators for diagnosing TRZ-mediated

cardiotoxicity prior to the development of irreversible cardiac damage.

Prevention of Trastuzumab-induced Cardiac Dysfunction

Dexarozoxane

Doxorubicin exerts its cardiotoxic effects through anthracycline-iron complexes
that are capable of catalyzing electron transfer, thereby forming free radicals.”” The
formation of free radicals through redox-cycling has been well documented. It is now
well established that oxidative stress is a major component of DOX-mediated cardiac
dysfunction.”

Dexrazoxane (DEX, Cardioxane”, Zinecard®) is a cyclic derivative of edetic acid
and a cardioprotective agent in anthracycline-mediated cardiac dysfunction (Figure 4).*°
Unlike other cardioprotective agents, DEX acts by preventing free-radical formation,
whereas most other pharmacological agents act by scavenging free radicals once they
have formed.”” ** ' Dexarozxane acts by preventing iron-based oxidative damage to
cardiac mitochondria. Metal chelation of free or anthracycline-bound ferric ions in the
myocardium is thought to be the mechanism by which DEX provides cardioprotection.*”
40-120 Numerous animal studies have demonstrated that there is a significant reduction in
the number of cardiac lesions, and increased survival in those animals treated with DEX.
Several clinical trials have evaluated the use of DEX as a cardioprotective agent.'*''*

Patients who received DEX demonstrated a significantly lower rate of cardiac events

(>15%) compared to control (16-50%) and the incidence of CHF ranged from 0-3% in
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the DEX-treated group. Despite the potential cardioprotective effects of DEX, its
interaction with DOX limits its use within the clinical setting. This is due to the fact that
DEX significantly reduces the cytotoxic abilities of DOX, thereby mitigating its efficacy

within the breast cancer setting.*’

NH
OY\N /\/N\/&O
HN ‘
0
Figure 4. The chemical structure of Dexrazoxane 4-[(2S)-1-(3,5-dioxopiperazin-1-

yl)propan-2-yl]piperazine-2,6-dione.**
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Probucol

Probucol, IUPAC name 2,6-di-tert-butyl-4-({2-[(3,5-di-tert-butyl-4-
hydroxyphenyl)sulfanyl]propan-2-yl}sulfanyl)phenol, is a lipid lowering agent, as well
as a potent antioxidant (Figure 5).>* Chemically, Probucol is composed of two butylated

hydroxytoulene moieties that are connected by a sulfur-carbon-sulfur bridge. The active

antioxidant feature of Probucol is its pair of biphenyl rings (Figure 5).

C(CH,)

CH,),C 3

(CH3); (|:H3

HO s—tl:—s OH
CH

(CH3)C 3 C(CH,)

Figure 5. The chemical structure of Probucol 2,6-di-tert-butyl-4-({2-[(3,5-di-tert-butyl-4-

hydroxyphenyl)sulfanyl]propan-2-yl} sulfanyl)phenol.?

Probucol was first identified in the mid 1970’s as an efficacious lipid-lowering
agent that acts by lowering LDL levels within the blood.'** '** It was later demonstrated
that Probucol was more effective at reducing HDL than LDL.

Probucol is a potent antioxidant.'** ''*® It has been implicated to have
significant cardioprotective effects in mice that receive anthracyclines, in particular,
DOX.'26:12% 130 1t 5 well established that DOX therapy leads to the increased formation
of ROS and the development of OS in the heart. Singal ef al. 1995 and Siveski-Iliskovic

et al. 1994 were the first to demonstrate that simultaneous treatment of rats that received
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DOX with Probucol significantly reduced DOX-mediated cardiac dysfunction and
subsequent CHF.** 124 126- 128130 11 5 qimilar study, Siveski-Iliskovic e al. 1994, 1995
demonstrated that the addition of Probucol to DOX was able to completely rescue (100%
survival) the mortality rate that is usually seen with DOX therapy.** '*’ Furthermore,
prophylactic treatment with Probucol was able to significantly decrease the cardiotoxic
effects of DOX, rescue myocardial ATP/ADP nucleotide levels, attenuate progression of
LV systolic dysfunction, and improve survival after myocardial infarction.

While there is significant evidence that Probucol can prevent DOX-induced
cardiac dysfunction®® ** '2* 12611 Jitfle is known on whether Probucol has
cardioprotective effects when TRZ is added to DOX. Recent work by Walker et al. 2011
evaluated the cardioprotective effects of Probucol in an acute murine model of
DOX+TRZ-induced cardiac dysfunction.'” They demonstrated that co-administration of
DOX+TRZ corresponded to an 80% mortality rate at day 5 and a 90% mortality by day
10. Conversely, mice prophylactically treated with Probucol demonstrated a mortality
rate of only 10% at day 5 and 40% at day 10. Furthermore, they were the first to
demonstrate that prophylactic treatment with Probucol may attenuate myofibril and LV
systolic changes in the setting of DOX+TRZ therapy. Antioxidants, such as Probucol, are
biologically important molecules as they are responsible for the neutralization of
oxidative free radicals that are detrimental to the integrity and survival of the cell.
However, at low physiological levels, ROS are biologically important cell signaling
molecules that are critical regulators of numerous cellular processes such as cell

proliferation, activation, and migration.13 2135
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Nitric Oxide

Nitric oxide (NO) is a free radical gas that is involved in a variety of
physiological processes including vasodilation, angiogenesis, wound healing, and
neuronal signaling."*® "’ Nitric oxide and L-citrulline are produced following the
oxidation of L-arginine (Figure 6)."*% **!'* This reaction is catalyzed by three separate
nitric oxide synthase (NOS) isoforms that include NOS1 (neuronal NOS, nNOS), NOS2
(inducible NOS, iNOS), and NOS3 (endothelial NOS, eNOS). NOS1 and NOS3 are
143, 145, 146

constitutively expressed and are calcium (Ca”")/calmodulin (CaM) dependent.

Therefore, NO production is directly correlated with intracellular Ca** levels.

Nitric Oxide Synthase 3

Nitric oxide synthase 3 (NOS3) is constitutively active in the vascular
endothelium and cardiomyocytes.'*> '*>* ¢ It is the key mediator in the synthesis of NO
through the 5 electron oxidation of a guanidine nitrogen of L-arginine to form L-citrulline
in the presence of oxygen and NAD(P)H (Figure 6)."*” The NOS3 protein consists of two
important domains including a N-terminal oxygenase domain and a reductase domain.
The N-terminal domain consists of amino acids 1-491 and contains the binding site for
heme, L-arginine (at Glu361), and tetrahydrobiopterin (HsB).'*'** The reductase domain
occupies amino acids 492-1205 and contains the binding sites for FFMN, FAD,

NAD(P)H and CaM.'*"'#°
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Figure 6. Schematic of the conversion of L-arginine to L-citruline by nitric oxide

synthase 3(NOS3) and co-production of nitric oxide (NO).

AIl NOS isoforms consist of two identical subunits of 134 kDa that form an active
dimer."*""*" Tetrahydrobiopterin appears to be important in the homodimerization of the
two NOS3 subunits. As individual monomers, these proteins are inactive and incapable of
binding to L-arginine or H4B.'*" Electrons are transferred from NAD(P)H to the
reductase domain flavins before they can be transferred to the heme molecule located in
the oxygenase domain. This is an important step as it catalyzes the formation of NO from
L-arginine and is mediated by CaM binding to its binding domain between amino acids
493 and 512.7°" 1

Nitric oxide synthase 3 has been implicated in several cardiac pathologies
including chronic pressure overload, ischemia, myocardial infarction, and septic
shock.”*"” In each model, mice genetically lacking NOS3 (NOS3™) demonstrated a

significant increase in LV systolic dysfunction, hypertrophy and mortality. Ahmadie et al.
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2010, recently described the effects of NOS3™ on cardiac remodeling in a murine model
of chronic pressure overload due to transverse aortic constriction (TAC)."”” Transthoracic
echocardiography demonstrated an increase in posterior wall thickness (PWT) in all 4
groups (WT + low lipid diet (LLD), WT + high lipid diet (HLD), NOS3™ + LLD, NOS3
"+ HLD) at week 12 compared to baseline. Furthermore, TTE also demonstrated
increased LV end-diastolic diameter (LVEDD) at week 12 in all groups. This increase in
LVEDD was significantly potentiated in the NOS3” + HLD group (p<0.05). Further
TTE analysis demonstrated significant reductions in LVEF (p<0.05), TVI (p<0.05), and
SR (p<0.05) at week 12 in all 4 groups. NOS3” + HLD also demonstrated significant
(p<0.05) reductions in LVEF, TVI, and SR at week 12 compared to the other groups.
Histological evidence further corroborated TTE analysis, as the NOS3” + LLD and
NOS3” + HLD demonstrated LV hypertrophy (LVH) compared to WT mice fed the
same diet. Molecular evidence of increased hi-FGF-2 was greater in the NOS3™ + HLD
group compared to their WT controls at week 12 post-TAC, as well as compared to
NOS3” + LLD mice at week 12 post-TAC. This study demonstrated that NOS3™" mice,
which underwent TAC and fed a HLD, displayed increased LV systolic dysfunction, LV
hypertrophy, fibrosis, and coronary intimal thickening when compared to all other
groups."”” This result lends evidence that mice fed a HLD potentiates cardiac remodeling
in NOS3™ mice in a model of chronic pressure overload. These results were in agreement
with those previously reported by Ichinose e al. 2004, and Ruetten et al. 2005.'
Furthermore, histological evidence supports the TTE data as it displayed a significant
increase in LVH in the NOS3™ group."” Therefore, it is evident from these studies that

various models of cardiovascular injury (chronic pressure overload, ischemia, myocardial
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infarction, and septic shock) lead to significant LV systolic dysfunction in NOS3" mice

as compared to WT.

NOS3, Doxorubicin, and Cardiac Dysfunction

Doxorubicin binds to all three isoforms of NOS (NOSI, NOS2, NOS3)
preferentially to the reductase domain."”® ' This leads to immediate inhibition of the
NOS enzyme and subsequent reduction of DOX."”® '** NOS3 demonstrates the highest
affinity for DOX among the NOS isoforms."”’ The reduction of DOX on the reductase
domain significantly alters the NO:superoxide ratio. This is important to note as this has
the potential to generate peroxynitrite and hydrogen peroxide, two potent oxidants that
are capable of potentiating cardiac dysfunction.'®

Vasquez-Vovar et al. 1997 and Griffith and Stuehr 1995 found that DOX binding
to the reductase domain diverts electron flow away from the oxygenase domain
decreasing the amount of available NO and increasing the levels of superoxide.'”® '®!
They further demonstrated this by administering L-NAME, a known inhibitor of the
oxygenase domain. The reaction was not inhibited and therefore not dependent on Ca*"
and CaM. Therefore, they concluded that NOS3 can shift from a NOS to a NAD(P)H
oxidase and mediate the formation of superoxide rather than NO."”® '®! This causes a shift
in the NO:superoxide ratio in favor of superoxide. Additionally, this alteration has been
implicated in the production of peroxynitrite and subsequent development of cardiac
dysfunction.'>® ¢!
Previously, Neilan et al. 2007 demonstrated that NOS3 and oxidative stress might

contribute to the pathogenesis of DOX mediated cardiac dysfunction, in a predominantly

male murine model (>95%) of DOX-induced cardiac dysfunction.'® This study was not
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powered to detect any potential gender differences amongst the transgenic mice.
Following the administration of DOX, NOS3” male mice demonstrated preserved LV
systolic function and reduced production of ROS and apoptosis as compared to WT.'®*
As administration of DOX leads to superoxide production in cardiac tissues of WT male
mice, but not NOS3™ mice, this suggests that DOX induces cardiac ROS production via a
NOS3 dependent mechanism.'® Genetic disruption of NOS3 (NOS3™ mice) thus
protected against DOX-induced cardiac dysfunction, injury and mortality in a male model
of chemotherapy induced cardiac dysfunction. On the other hand, transgenic male mice
with systemic overexpression of NOS3 (NOS3™“) demonstrated increased degree of LV

systolic dysfunction in this male model of anthracycline-induced cardiomyopathy.'®

Although the previous study'®

confirms an important role for NOS3 as a key
mediator in ROS production in a predominantly male model of DOX induced
cardiotoxicity, little is known about the role of NOS3 and ROS in a clinically relevant
female murine model. As breast cancer predominantly affects women, the role of NOS3

and oxidative stress in a female model of DOX+TRZ mediated heart failure needs to be

further evaluated.
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Study Rationale
Working Hypothesis

Congenital absence of NOS3 (NOS3™) is cardioprotective against the effects of
DOX+TRZ treatment in a clinically relevant female murine model of chemotherapy-

induced heart failure.

Aim 1: To determine the effects that congenital absence of NOS3 (NOS3™) has in vivo,
in a clinically relevant female murine model of acute DOX+TRZ mediated cardiac

dysfunction.

Hypothesis: Congenital absence of NOS3 (NOS3™) will attenuate DOX+TRZ mediated
cardiac dysfunction and injury, and reduce mortality. Furthermore, we hypothesize that as
compared to WT controls, female NOS3” mice will be characterized by preserved LV
systolic function, and decreased mortality. Specifically, we will focus on the degree of
LV systolic dysfunction, and histological damage including vacuolization and
cytoplasmic clearing in WT C57B1/6 and NOS3™ female mice treated with DOX, TRZ or

the combination of DOX+TRZ.
Aim 2: To determine the effect congenital absence of NOS3 (NOS3”) has on the

apoptotic process in a clinically relevant female murine model of acute DOX+TRZ

mediated cardiac dysfunction.
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Hypothesis: A congenital absence of NOS3 (NOS3”) will attenuate DOX+TRZ
mediated apoptosis. We hypothesize that as compared to WT controls, female NOS3™
mice will demonstrate elevated levels of the anti-apoptotic protein Bel-X and decreased

levels of the pro-apoptotic proteins Bax, Caspase 3, and PARP.
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Chapter 2: Methodology

All animal procedures were conducted in accordance with the 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.

Animal Model

A total of 120, 7 to 8 week old C57BIl/6 female mice (60 WT, and 60 NOS3” 5
Jackson Laboratories, MA) were randomized into 4 treatment categories including: (1)

0.9% saline; (2) TRZ; (3) DOX; or (4) DOX+TRZ (Figure 7).

Female Mice
(n=120)

Figure 7. A flow diagram representing the treatment regimens algorithm and the number
of animals randomized to each treatment arm. WT, Wild type; NOS3'/', Nitric Oxide

Synthase 3 Knock-out; TRZ, Trastuzumab; DOX, Doxorubicin.
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All female mice were quarantined for 1 week, prior to being randomized to each
treatment arm. Prior to chemotherapy administration, all mice underwent baseline TTE
and weight analysis. Single intraperitoneal (IP) injections of 0.9% saline, DOX
(20mg/kg), TRZ (10mg/kg), or DOX (20mg/kg) + TRZ (10mg/kg) were administered
following baseline data acquisition (Figure 8). Serial echocardiography and weight
measurements were performed daily for 10 days at which point surviving female mice
were euthanized and their hearts preserved for histological and biochemical analyses

(Figure 8).

Histology
Biochemistry

Peececccccee

Baseline 1 2 3 4 5 6 7 8 9 10
Day

<€ >

Echocardiography

Figure 8. Methodology timeline. Prior to receiving acute treatment (0.9% saline, DOX,
TRZ, or DOX+TRZ), all mice underwent baseline echocardiography to determine cardiac
function. Following acute therapy, mice were followed daily to assess cardiac dimensions
and function. At day 10, all surviving mice were euthanized and the hearts removed for

histological and biochemical analyses. DOX, Doxorubicin; TRZ, Trastuzumab.
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Echocardiography

Non-invasive assessment of cardiac function was performed via murine
echocardiography in awake mice.” '* °7- 18 All echocardiographic data was collected
using a 13-MHz probe (Vivid 7, GE Medical Systems, Milwaukee, WI, US) capable of
TVI. Each mouse was imaged in the parasternal long (PLAX) and short (SAX) axis
windows, as previously described.> 2% '*7 162163 Al post processing of images was
conducted offline using the EchoPAC PC software (Vivid 7, GE Medical Systems,
Milwaukee, WI, US). In the PLAX window, LVEF was determined by manually tracing
the LV end-diastolic and end-systolic volumes (Figure 9). LV cavity dimensions
including LVEDD, LVESD, PWT, and interventricular septal thickness (IVS), were
calculated using M-mode echocardiography.” '*- 17 102 163 Eyrthermore, TVI was
acquired in the parasternal SAX window at the level of the papillary muscles at a rate of
at least 483 FPS, from a 0.2 mm x 0.2 mm region of interest in the posterior wall of the

LV (Figure 10).> 127 163164

. . LVEDv (cc)-LVESv (cc)
Ejection Fraction (EF)= LVEDv (c0) *100

Figure 9. Determination of left ventricular ejection fraction (LVEF). LVEDv, left
ventricular end-diastolic volume; LVESv, left ventricular end-systolic volume; cc, cubic

centimeter.
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3.0 cmm/s
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Figure 10. Tissue Velocity imaging of a normal healthy mouse. A Vgug for mice
between 2.5 and 3.5 cm/s is considered to be within normal range. A Vgngo less than one

is indicative of cardiac systolic dysfunction. Vg4, Endocardial Velocity.
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Histology

At day 10, all surviving mice were euthanized. Upon removal, each heart was
rinsed and cleaned in 0.9% saline and halved. Half of the heart was collected for
histological analysis via light and electron microscopy. The other half of the heart was
flash frozen in liquid nitrogen for biochemical assays.

For light microscopy, half hearts were stored in a fresh 10% buffered formalin
solution. Serial dehydration with ethanol was performed to remove all unbound water
from the tissue. Xylene was then used to clear the tissue of all ethanol prior to embedding.
Tissues were then embedded in paraffin and serially sectioned. Mason’s Trichrome was
applied to 6-micron thick sections in order to assess cell damage, vacuolization, and
myofibril degeneration. All tissues were processed at our core facility at the University of
Manitoba.

For electron microscopy, half hearts were fixed in 0.1M phosphate buffer with 3%
glutaraldehyde at room temperature for 2-4 hours. Tissue was rinsed 3 times for 10
minutes each, in 0.1M phosphate buffer pH=7.2. Post fixation was done in 0.1M
phosphate buffer with 1% osmium tetroxide at room temperature sealed from the light.
Following another course of washing in 0.1M phosphate buffer pH=7.2, all samples
underwent serial dehydration in ethanol and were embedded in Epon 812 following
standard procedures.'® Thin sections were visualized on a Philips CM12 electron
microscope to determine the degree of loss of cell integrity.

Wet weights of liver and lung samples were measured for all mice at the time of
euthanization. Samples were dried for 72 hours at 65°C and dry weights were used to

determine wet-to-dry weight ratios.
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Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL)

Half hearts from mice euthanized on day 4 were preserved in a fresh 10%
buffered formalin solution. Tissues were then embedded in paraffin as per the standard
protocol described above. Six to 10 micron thick sections were subjected to TUNEL
assay according to manufactures directions (Trevigen, TumorTACS In situ apoptosis
detection kit). Briefly, samples were deparaffinized and exposed to Proteinase K as
previously described.'®'®® Following a PBS wash, all samples were incubated with TdT
Labeling Buffer.'®” Samples were then placed in labeling reaction for 1 hour at 37°C
followed by TdT Stop Buffer for 5 min.'"”” Each sample was then treated with Strep-HRP
and DAB solutions, prior to being counter stained with methyl green.'® Slides were

visualized on a standard light microscope at 40X magnification. '®®

Western Blotting

Frozen half hearts from mice euthanized on day 4 were powdered using liquid
nitrogen and homogenized in radioimmunoprecipition assay (RIPA) buffer containing
protease and phosphatase inhibitors (Sigma-Aldrich Corporation, St. Louis, MO). Protein
lysates underwent centrifugation at 14,000 rpm for 120 minutes at 4°C, at which point the
supernatant containing the protein fractions were removed and stored at -80°C. Protein
quantification was accomplished using the BioRad protein assay. All protein samples
underwent 1-dimensional 8-15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) at 150V for 1.25h in a discontinuous system at room
temperature. Each lane was loaded with 5-30ug of protein and was confirmed by
Coomassie blue staining. Transfer to a 0.45-mm PVDF membrane was done in either

1.25 hours at 300mA at 4 °C on ice or over night at 4°C on ice at 30mA. Detection of

47



transfer was accomplished using Ponceau S staining. Membranes were washed in TBS-T
until all color was removed. The membranes were blocked in a 5% skim milk TBS-T
solution for 1 hour. Membranes were washed 3 times for 15 minutes in TBS-T prior to
administration of the primary antibody. Primary polyclonal antibodies for pro-apoptotic
proteins Bax, Caspase-3, PARP (Cell Signaling), anti-apoptotic protein Bcl-Xp (Cell
Signaling), and NOS3 (BD Transductions) were incubated overnight in a 5% skim milk
TBS-T solution. Loading control was accomplished by the use of GAPDH (Cell
Signaling). Anti-mouse or anti-rabbit secondary antibody was used to detect the primary
antibody and was accomplished with the BM chemiluminescence kit (POD substrate;
Roche Diagnostics, Laval, Canada). Protein bands were visualized using the Fluor-S-
Mutlilmager Max system (BioRad Laboratories, Inc) while quantification of band
intensity was accomplished using image analysis software (Quantity One; BioRad

Laboratories, Inc). All procedures were repeated for significance.

Statistical Analysis

All data are expressed as mean+SD. Statistical significance between
echocardiographic measurements was determined using a 2(Genotype) x 2(Time) mixed
factorial design with repeated measures on the time factor. For post-hoc analysis, Tukey’s
multiple comparison test was used to test for significance between independent factors
and Duncan’s test was used to check for any significant differences within factors over
time. In any post-hoc between group analysis, Levene’s test was used to check for
homogeneity of group variances. P-values for main effects and interactions were also
recorded where appropriate. An independent reviewer examined specimens for both light

and electron microscopy without prior knowledge of the treatment groups. Non-
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parametric comparisons of scores ranging from 0 to 4 were calculated using the Mann-
Whitney test. For biochemical analyses, one-way ANOVA and a Student-Newman-Keuls
post-hoc test were performed. A p-value less than 0.05 were considered significant. The
statistical analysis packages SPSS 15.0 and Graphpad Prism 5 were used to perform the

analysis.

49



Results
Echocardiography

At baseline, there was no significant difference in LV systolic function (LVEF
and Vgpgo) or dimensions (PWT and LVEDD) between WT and NOS3”" mice in the
various treatment groups. Heart rate and PWT were within normal limits and did not
change over the course of the study (Table 4A and B).

Left ventricular end diastolic diameter was within normal limits at baseline
amongst all treatment groups. WT mice treated with DOX alone demonstrated an
increase in LVEDD from 3.2+0.1mm at baseline to 3.9+0.1mm at day 10 (p<0.05). In
NOS3” mice receiving DOX, LVEDD significantly increased from 3.1+0.3mm at
baseline to 4.2+0.2mm at day 10 (p<0.05; Table 4B). In WT mice treated with
DOX+TRZ, there was a significant increase in LVEDD from 3.1+£0.2mm at baseline to
4.2+0.2mm at day 10 (p<0.05; Table 4A). This effect was potentiated in the NOS3™”
combination treatment group where LVEDD increased from 3.2+0.1mm at baseline to
4.6+0.1mm at day 10 (p<0.05). At day 10, NOS3” mice demonstrated a significant
increase in LV cavity dimensions as compared to WT mice at the same time point
(p<0.05) (Table 4B).

There was no difference in LVEF at baseline amongst all treatment groups. There
was no significant difference in LVEF of saline or TRZ treatment groups in either WT or
NOS3” mice at day 10. Wild type mice receiving DOX alone demonstrated a significant
reduction in LVEF from 7442% at baseline to 56+3% at day 10 (Figure 11A, Table 4).
NOS3™ mice treated with DOX demonstrated a further reduction in LVEF from 72+3%

at baseline to 48+1% at day 10 (p<0.05; Figure 11A, Table 5). Co-administration of
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DOX+TRZ in WT mice resulted in a significant reduction in LVEF from 75+3% at
baseline to 46+2% at day 10 (p<0.05). Furthermore, NOS3" mice treated with
DOX+TRZ, demonstrated a decrease in LVEF from 72+3% at baseline to 35+2% at day
10 (p<0.05). More importantly, LVEF of NOS3™ mice was significantly lower than that
of WT at day 10 in those receiving DOX+TRZ therapy (p<0.05) (Figure 11B, Table 5).
The tissue velocity index Vgngo also demonstrated severe LV systolic dysfunction
in those mice treated with DOX and DOX+TRZ. In WT mice receiving DOX alone,
VEndo decreased from 3.1£0.2cm/s at baseline to 1.6+0.1cm/s at day 10 (p<0.05; Table 4).
NOS3”" mice treated with DOX also demonstrated a reduction in VEndo from 3.2+0.3cm/s
at baseline to 1.2+0.1lcm/s at day 10. Wild type mice treated with DOX+TRZ
demonstrated a further reduction in Vg4, to 1.2+0.1cm/s at day 10 (p<0.05). NOS3™”
mice co-treated with DOX+TRZ demonstrated the greatest reduction in Vg, at day 10.
Endocardial velocity was significantly reduced from 3.2+0.1cm/s at baseline to
0.9+0.1cm/s cm/s at day 10 in this group (Table 5). NOS3” mice treated with either
DOX or DOX+TRZ did worse at day 10 as compared to WT at the same time point

(p<0.05; Table 5).
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Table 4. Echocardiographic data for WT mice

Echocardiographic .
Variable Group Baseline Day 10 p-Value
Saline 694411 683+7 0.82
i TRZ 67512 682+9 0.78
HR (Beats/min) DOX 691+8 69812 0.83
DOX+TRZ 678+7 68110 0.85
Saline 0.79+0.01 0.8£0.02 0.89
TRZ 0.78£002 0.81+0.01 0.56
PWT (mm) DOX 0.79+0.02 0.80+0.03 0.87
DOX+TRZ 0.77+0.02 0.79+0.02 0.78
Saline 32402 33+0.1 0.87
TRZ 31102 32102 0.88
LVEDD (mm) DOX 32401 3.010.1* <0.05
DOX+TRZ 31102 4.2+02% <0.05
Saline 7442 7342 0.82
TRZ 7313 7214 0.77
0
LVEF (%) DOX 7412 5613 <0.05
DOX+TRZ 7543 46£2% <0.05
Saline 32402 33+0.1 0.89
v ) TRZ 33+0.1 32102 0.90
Endo (CT/S) DOX 3.1+0.2 1.6+0.1% <0.05
DOX+TRZ 33102 1.240.2% <0.05

Echocardiographic data at baseline and day 10 from WT C57Bl/6 female mice receiving

either 0.9% Saline, TRZ, DOX, or DOX+TRZ chemotherapy treatment. *p<0.05 as

compared to baseline. HR, Heart Rate; PWT, Posterior Wall Thickness; LVEDD, Left

Ventricular End Diastolic Diameter; LVEF, Left Ventricular Ejection Fraction; Vgngo,

Endocardial Velocity; WT, Wild type; NOS3” ", Nitric Oxide Synthase 3 Knockout; TRZ,

Trastuzumab; DOX, Doxorubicin; DOX+TRZ, DoxorubicintTrastuzumab.
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Table 5. Echocardiographic data for NOS3™ mice

Echocardiographic .
. Grou Baseline Day 10 -Value
Variable p y p

Saline 68449 691+11 0.67

) TRZ 692+14 698+8 0.81

HR (Beats/min) DOX 689+11 6909 091
DOX+TRZ 672+12 682+5 0.77

Saline 0.78+0.02 0.81+0.03 0.65

TRZ 0.79+0.01 0.81+0.02 0.69

PWT (mm) DOX 0.77+0.03 0.79+0.02 0.54
DOX+TRZ 0.79+0.02 0.80+0.03 0.81

Saline 3.1+£0.3 3.240.2 0.76

TRZ 3.240.3 3.340.2 0.81

LVEDD (mm) DOX 31402 4.240.2%% <0.05
DOX+TRZ 3.240.1 4.6£0.1*" <0.05

Saline 7243 7442 0.76

TRZ 7142 73+2 0.66

0

LVEF (%) DOX 7243 48+1*" <0.05
DOX+TRZ 7243 3542 <0.05

Saline 3.1£0.1 3.0+0.1 0.78

Vienas (cn/s) TRZ 3.1£0.1 3.240.2 0.88
Endo DOX 3.240.3 1.240.1%" <0.05
DOX+TRZ 3.240.1 0.9+0.1%" <0.05

Echocardiographic data at baseline and day 10 from NOS3™" female mice receiving either

0.9% Saline, TRZ, DOX, or DOX+TRZ chemotherapy treatment. *p<0.05 as compared

to baseline. #p<0.05 as compared to WT in Table 4. HR, Heart Rate; PWT, Posterior

Wall Thickness; LVEDD, Left Ventricular End Diastolic Diameter; LVEF, Left

Ventricular Ejection Fraction; Vgng, Endocardial Velocity; WT, Wild type; NOS3'/',

Nitric Oxide Synthase 3 Knockout; TRZ, Trastuzumab; DOX, Doxorubicin, DOX+TRZ,

Doxorubicin+Trastuzumab.
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Ejection Fraction (%)

A) Left ventricular systolic function in WT and NOS3™" female mice receiving DOX
alone.
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B) Left ventricular systolic function in WT and NOS3™ female mice receiving
DOX+TRZ.
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Figure 11. A) Comparison of LVEF between WT and NOS3™ female mice treated with
DOX alone. Although the LVEF significantly decreased in both groups (*p<0.05), the
LVEF in the NOS3™ group was significantly reduced as compared to WT group at day
10 (#p<0.05). B) Comparison of LVEF between WT and NOS3™ female mice treated
with DOX+TRZ. Similar to the DOX alone treated group, there was a significant
decrease in LVEF at day 10 in both groups (*p<0.05). The LVEF in the NOS3™" group,
however, was significantly reduced as compared to the WT group at day 10 (#p<0.05).
Finally, the LVEF was significantly reduced in NOS3” female mice receiving
DOX+TRZ, as compared to DOX alone. WT Saline n=5; WT DOX n=15; WT TRZ
n=15; WT DOX+TRZ n=25; NOS3"" Saline n=5; NOS3"~ DOX n=15; NOS3” TRZ
n=15; NOS3"" DOX+TRZ n=25. LVEF, left ventricular ejection fraction; WT, Wild type;
NOS3'/', Nitric Oxide Synthase 3 Knockout; DOX, Doxorubicin; DOX+TRZ,

Doxorubicin and Trastuzumab.
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Survival

Survival data is shown in Figure 12. Control WT and NOS3” female mice
demonstrated no mortality over the course of the study. A total of 80% of WT female
mice receiving DOX were surviving at day 5, whereas only 33% of NOS3™" mice were
surviving at the same time point. By day 10, WT mice treated with DOX had a survival
rate of 46% as compared to NOS3” mice who had a survival rate of only 20%. The
combination of DOX+TRZ in NOS3™ mice resulted in a 28% survival rate at day 5 and
8% survival rate at day 10. Conversely, WT mice co-treated with DOX+TRZ displayed a
preserved survival rate of 84% at day 5 and 64% at day 10 (Figure 12). Thus, NOS3™
female mice demonstrated reduced survival than WT mice when treated with either DOX

alone or DOX+TRZ.
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Figure 12. Percent survival of C57Bl/6 and NOS3™" female mice. Mice treated with DOX
demonstrated increased mortality than mice treated with either saline or TRZ.
Furthermore, the combination of DOX+TRZ therapy demonstrated increased mortality in
both the WT and NOS3™" groups as compared to DOX alone. NOS3™ mice treated with
DOX+TRZ had a significantly higher mortality rate than WT at day 10. WT Saline n=5;
WT DOX n=15; WT TRZ n=15; WT DOX+TRZ n=25; NOS3” Saline n=5; NOS3™"
DOX n=15; NOS3” TRZ n=15; NOS3" DOX+TRZ n=25. WT, Wild type; NOS3™",
Nitric Oxide Synthase 3 Knockout; TRZ, Trastuzumab; DOX, Doxorubicin, DOX+TRZ,

Doxorubicin+Trastuzumab.
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Tissue Weights

There was no difference in the average wet-to-dry weight ratio of the liver or

lungs between the various treatment groups at the time of euthanization (Figure 13).
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Treatment Groups

Figure 13. A) Liver and lung wet-to-dry ratios for all treatment groups. No significant
difference was found amongst any of the groups. WT Saline n=5; WT DOX n=15; WT
TRZ n=15; WT DOX+TRZ n=25; NOS3"" Saline n=5; NOS3” DOX n=15; NOS3"" TRZ
n=15; NOS3” DOX+TRZ n=25. WT, Wild type; NOS3™, Nitric Oxide Synthase 3
Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicin+Trastuzumab.
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Histology
Light Microscopy

There was no evidence of myofibril degradation and vacuolization in either the
control or TRZ treated groups at day 10 (Figure 14). Evidence of myofibril degradation
and vacuolization was apparent in both WT and NOS3” mice treated with DOX. This
damage was potentiated in both combination treatment groups (Figure 14). There was no
difference, however, in histological evidence of cardiac injury between WT and NOS3™

female mice.
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Electron Microscopy

Approximately 16,000 cells were scanned from 3 randomly derived blocks of
tissue and evaluated for dilation of the sarcoplasmic reticulum and loss of cell integrity.
Significant differences in both sarcoplasmic reticulum structure and the loss of cell
integrity were found between WT DOX and DOX+TRZ treated groups when compared
to the TRZ treatment group alone. Similar damage was also noted in NOS3” DOX and
DOX+TRZ groups when compared to NOS3”™ TRZ treated animals (p<0.001; Figure 15).
There was no significant difference in the degree of cardiac remodeling between the WT

and NOS3”" female mice.
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TUNEL

There was no evidence of TUNEL positive nuclei amongst the various treatment

groups, in either WT or NOS3™ mice at experimental day 4 (Figure 16).
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Western Blot Analysis

Western blot analysis confirmed that there was no evidence of NOS3 protein
expression in NOS3™ female mice (Figure 17). Analysis for cardiac apoptosis is shown
in Figures 18. There was no evidence of Caspase 3 cleavage amongst any of the treatment
groups (Figure 18). Absence of PARP cleavage (Figure 19) lends further evidence
towards lack of Caspase 3 activation (Figure 18) and lack of TUNEL positive nuclei
(Figure 16). As compared to saline treated animals, there was no evidence of an increase
in the Bax-to-Bcl-X{ ratio in either WT or NOS3”" mice treated with TRZ alone (Figure
20). While there was an increasing trend in the Bax-to-Bcl-X ratio in WT or NOS3™
mice receiving either DOX alone or the combination of DOX+TRZ, this trend did not

reach statistical significance (Figure 20).
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WT WT WT WT  NOS3”/ NOS37/ NOS37/- NOS3”
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Figure 17. Western blot demonstrating presence of NOS3 protein in WT mice and
absence of NOS3 protein in NOS3” mice. WT Saline n=4; WT DOX n=6; WT TRZ n=6;
WT DOX+TRZ n=6; NOS3"" Saline n=4; NOS3"~ DOX n=6; NOS3” TRZ n=6; NOS3™
DOX+TRZ n=6. WT, Wild type; NOS3'/', Nitric Oxide Synthase 3 Knockout; TRZ,

Trastuzumab; DOX, Doxorubicin; DOX+TRZ, DoxorubicintTrastuzumab.
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WT  WT WT WT NOS37/- NOS37-NOS3”/- NOS3”
Sal  DOX TRZ DOX Sal DOX TRZ DOX
+TRZ +TRZ
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Caspase 3

Cleaved
Caspase 3

Figure 18. Western blot of Caspase 3 activity. Full length Caspase 3 is indicated by the
lower band (30 kDa) of the double band present, as indicated by the arrow. Note there is
no evidence of Caspase 3 cleavage amongst any of the treatment groups, indicating a
potential for Caspase 3 independent apoptosis. WT Saline n=4; WT DOX n=6; WT TRZ
n=6; WT DOX+TRZ n=6; NOS3" Saline n=4; NOS3”~ DOX n=6; NOS3"" TRZ n=6;
NOS3” DOX+TRZ n=6. WT, Wild type; NOS3™", Nitric Oxide Synthase 3 Knockout;

TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ, Doxorubicin+Trastuzumab.
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Figure 19. Western blot of PARP activity. Full length PARP is indicated by the 118kDa
band as indicated by the arrow. There is no evidence of PARP cleavage amongst any of
the treatment groups. WT Saline n=4; WT DOX n=6; WT TRZ n=6; WT DOX+TRZ
n=6; NOS3"" Saline n=4; NOS3"~ DOX n=6; NOS3”" TRZ n=6; NOS3" DOX+TRZ n=6.
PARP, Poly (ADP-ribose) polymerase; WT, Wild type; NOS3™, Nitric Oxide Synthase 3
Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicin+Trastuzumab.

69



(o2}
o

v
o

Bax-to-Bcl-X, Ratio (%)
w P~
o o

N
o

[y
o

bl

NOSS/ NOS3- / NOS3 -/~ NOS3/-
Sal TRZ DOX DOX+TRZ Sal TRZ DOX DOX+TRZ
(n=4) (n=6) (n=6) (n=6) (n=4) (n=6) (n=6) (n=6)

Treatment Groups

o

Figure 20. The average percent ratio of Bax-to-Bcl-X; expression at experimental day 4.
As compared to saline, there was no evidence of an increase in the Bax-to-Bcl-Xy, ratio in
either WT or NOS3™ mice treated with TRZ alone. While there was an increasing trend
in the Bax-to-Bcl-Xi ratio in WT or NOS3” mice receiving either DOX alone or the
combination of DOX+TRZ, this did not reach statistical significance. WT Saline n=4;
WT DOX n=6; WT TRZ n=6; WT DOX+TRZ n=6; NOS3" Saline n=4; NOS3"" DOX
n=6; NOS3” TRZ n=6; NOS3” DOX+TRZ n=6. WT, Wild type; NOS3™", Nitric Oxide
Synthase 3 Knockout; TRZ, Trastuzumab; DOX, Doxorubicin; DOX+TRZ,

Doxorubicin+Trastuzumab. Error bars represent SEM.
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Discussion

The current study demonstrates that congenital absence of NOS3 is not
cardioprotective in a clinically relevant female murine model of DOX+TRZ induced
heart failure. As compared to WT, NOS3” female mice demonstrated increased mortality
following the co-administration of DOX+TRZ. Histological evidence of cardiac damage
including loss of cell integrity, vacuolization, myofibrilar degradation, and dilation of the
sarcotubular system was observed in both WT and NOS3™" mice treated with DOX+TRZ.
Although there was an increasing trend in the ratio of Bax-to-Bcl-X; in both WT and
NOS3” mice treated with DOX+TRZ therapy, this was not statistically significant. This
would suggest that in a female murine model of acute chemotherapy-induced heart failure,
congenital absence of NOS3 potentiates cardiac dysfunction and increases mortality
through apoptotic independent pathways.

Although TRZ is primarily used for the treatment of HER2 positive breast cancer
in humans, it contains 5 murine framework residues and two additional murine
complementary determining regions, which provides cross-reactivity with the murine
HER?2 receptor.” '* '1"! This has allowed for the development of numerous animal
models of TRZ mediated cardiotoxicity. '* '%"! Recently, Riccio et al. 2009
demonstrated binding of TRZ to the HER2 receptor in both mouse and rat
cardiomyocytes by immuoprecipitation of the HER2/TRZ complex from cardiac cell
extracts.'”’ Furthermore, Yousif ef al. 2011 demonstrated that toll-receptor 4 competent
mice exhibited both systolic and diastolic cardiac dysfunction when treated with TRZ (2
mg/kg).'” Fedele et al. 2011 also demonstrated adverse cardiac dysfunction in C57Bl/6

mice treated with TRZ where LV systolic function significantly decreased one-week
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following treatment.'”” Furthermore, Jassal et al. 2009 evaluated the combined
cardiotoxic effects of DOX+TRZ in an acute murine model of chemotherapy-induced
heart failure.> Co-administration of DOX+TRZ was associated with severe LV systolic
dysfunction, increased cardiomyocyte apoptosis, and increased mortality as compared to
either agent alone.” In a 2011 follow-up study, Walker ez al. 2011 demonstrated that the
prophylactic administration of Probucol, an antioxidant, was partially cardioprotective
against DOX+TRZ mediated cardiac dysfunction.'”® Collectively, these 5 studies
independently validate the cardiotoxic effects of TRZ in a murine model.* '#-'¢%-171
Acute animal studies of DOX-induced cardiac dysfunction have been extensively
reported.'” 3% 192173 A previous study by Neilan ef al. 2007 demonstrated that NOS3 may
contribute to the pathogenesis of DOX mediated cardiotoxicity through a ROS dependent
mechanism in male mice.'® As early as 24 hours following DOX treatment, there was an
increase in lucigen-enhanced chemiluminescence and DHE staining in WT, but not
NOS3” male mice. This increase in ROS production was directly correlated to the
development of adverse LV systolic dysfunction in WT mice. Although FS decreased
from 57+2% to 47+1% in the WT group, FS was relatively well preserved in NOS3™
male mice.'®” Similarly in WT mice, LVEF decreased from 78+2% at baseline to 66+3%
at day 5, whereas NOS3” male mice experienced a decrease from 78+2% at baseline to
74+2% at day 5 (p<0.05). Alternatively, overexpression of NOS3 (NOS3™) was
associated with decreased cardiac performance and increased mortality. Thus, this
previous study concluded that congenital absence of NOS3 (NOS3”) was
cardioprotective in a male murine model of DOX-induced cardiac dysfunction.'®”

Although their study confirmed an important role for NOS3 as a key mediator in ROS
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production in a predominantly male model of DOX-induced cardiotoxicity, little is
known regarding the role of NOS3 and ROS in a clinically relevant female model.

In contrast to the study by Neilan ef al. 2007, the current study suggests that
congenital absence of NOS3 (NOS3™) potentiates the cardiotoxic effects of DOX in a

female murine model of chemotherapy-induced cardiac dysfunction.'®

As compared to
WT, NOS3” female mice treated with DOX demonstrated a significant reduction in
LVEF, which was potentiated by the addition of TRZ (p<0.05). Furthermore, LV cavity
dimensions were significantly increased in all mice treated with DOX alone at day 10.
This affect was potentiated by the co-administration of DOX+TRZ and greatest in NOS3"
" female mice (p<0.05). Overall, these findings suggest a sexual dichotomy for the role
of NOS3 in cardioprotection during chemotherapy.

Early detection of cardiac dysfunction is important in mitigating the hazardous
effects of DOX+TRZ mediated cardiac dysfunction. Tissue velocity imaging measures
the maximal Vgugo within the LV myocardium and can detect early, subtle changes in LV
systolic function. When compared to conventional echocardiographic measurements
such as LVEF, TVI-derived parameters are less influenced by loading conditions,
which commonly occur with chemotherapy treatment. Recently, several animal based
models have demonstrated the utility of TVI in the early detection of DOX and
DOX+TRZ mediated cardiac dysfunction.” '*'%% In 2009, Jassal ef al. demonstrated that
VEndo Was abnormal as early as 24 hours following acute high dose chemotherapy
treatment (DOX 20mg/kg or DOX 20mg/kg+TRZ 10mg/kg); 3 days earlier than an

observable change in LVEF. In a 2011 follow-up study, Walker ef al. confirmed that TVI

is a sensitive marker of DOX+TRZ induced cardiac dysfunction.'” Although LVEF did
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not decrease until day 4, Vewgo and SR were able to detect early subtle changes in the
myocardium within 24 hours, indicative of ensuing cardiac dysfunction. In a 2007
chronic study of DOX mediated cardiotoxicity, Neilan ef al. demonstrated that although
LVEF did not decrease until week 12 in WT mice, Vgngo Was significantly reduced by
week 6, whereas NOS3™" mice did not display any evidence of early injury.'®* Similarly,
our current study confirms that TVI is a sensitive, reproducible measure of early cardiac
dysfunction following chemotherapy treatment in a female model of DOX+TRZ
mediated cardiotoxicity. Thus, TVI may be a more feasible non-invasive imaging
modality for the early detection of subclinical LV systolic dysfunction.

Translating these basic science findings to the clinical arena, Fallah-Rad et al.
recently evaluated the role of TVI and strain in the early detection of DOX+TRZ

mediated cardiac dysfunction in women with breast cancer.''®

Out of 42 women (mean
age 4749 years) prospectively followed between 2007-2009, 10 women (25%) developed
TRZ mediated cardiomyopathy. Within 3 months of adjuvant therapy with TRZ, there
was a significant decrease in the lateral S’ between those women who did not display
evidence of cardiac injury and those patients who developed LV systolic dysfunction
(9.1£1.6 cm/s and 6.4+0.9 cm/s, respectively, p<0.05). Similarly, the peak global
longitudinal and radial strain decreased as early as 3 months in the TRZ mediated
cardiotoxicity group. Left ventricular ejection fraction was decreased at 6 months of
follow-up in all 10 patients, necessitating discontinuation of TRZ. Both TVI and strain

imaging were able to detect preclinical changes in LV systolic function, prior to

conventional changes in LVEF, in patients receiving TRZ in the adjuvant setting.''®
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Several other clinical studies have confirmed these findings.''*'" Di Lisi et al.
2011 conducted a prospective study of 72 women who received either FEC or FEC+TRZ
treatment in the adjuvant breast cancer setting. They demonstrated that there was a
significant reduction in TVI indices but not LVEF during 3 and 6-month follow-up.
Furthermore, there was significant reduction in isovolumic relaxation time, total ejection
isovolumic index and myocardial systolic velocity at each time point (3 and 6 months
respectively), demonstrating an early reduction in cardiac systolic and diastolic function
following chemotherapy treatment. More importantly, they did not find a reduction in
LVEF in any women treated for breast cancer over the course of the study. Similarly,
Hare et al. 2009 demonstrated an early, sub-clinical reduction in TVI indices for both
strain and SR as early as 3 months following chemotherapy plus TRZ treatment.''? In
another study, Sawaya et al. 2011 prospectively evaluated 43 women undergoing
chemotherapy for breast cancer.''” As early as 3 months following treatment, there was a
significant decrease in both longitudinal and circumferential strain. Conventional
echocardiographic measures, particularly LVEF, did not change, however, until month 6
in this patient population.'"> Collectively, these clinical studies confirm the utility of TVI
and strain for the early detection of LV systolic dysfunction in women receiving
antineoplastic agents, thereby potentially preventing irreversible cardiac damage from
occurring. Whether TVI and strain will become a standard of care in the noninvasive
monitoring of LV systolic function in this select patient population will require further
study.

In addition to an increased incidence of cardiac dysfunction, chemotherapeutic

agents including DOX and TRZ lead to increased mortality in murine models. Previous
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studies by Neilan et al. 2007, Jassal et al. 2009 and Walker et al. 2011 have demonstrated
that there is a significant mortality rate in male mice treated with DOX (20mg/kg) as
early as day 5, which continued to increase until day 10.*'®* Additionally, Jassal et al.
2009 and Walker et al. 2011 have demonstrated that the addition of TRZ to DOX
potentiates the mortality rate that is observed with DOX treatment alone.> '** Our current
study supports these findings in that WT female treated with DOX demonstrate a reduced
survival rate which was potentiated with the co-administration of DOX+TRZ.

Similar to LV functional parameters, there was a notable disparity in survival
rates detected between our current study and that previously conducted by Neilan et al.
2007. Neilan et al. 2007 demonstrated that as compared to WT, NOS3” male mice had a
preserved survival rate at day 8.'®> On the contrary, our study demonstrates that NOS3™”"
female mice treated with DOX have a significant reduction in survival rate at day 10 as
compared to WT. Whether or not hormonal differences between the sexes can account for
the divergent echocardiographic and survival data observed between the two studies
merits further evaluation.

We are not the first to demonstrate that male and female NOS3” mice display
different phenotypic characteristics. A study by Miller et al. 2005 evaluated differences
in systemic and pulmonary hypertension between male and female NOS3”" mice.'” They
demonstrated that there was greater early postnatal reduction of muscularity in the
pulmonary vessels of females than in males. Furthermore, by day 14, the extent of
pulmonary arterial muscularization had normalized in females, but remained excessive in
male NOS3™ mice and was associated with pulmonary hypertension. Increased RV

pressure associated with pulmonary hypertension continued into adulthood and was
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significantly greater in the NOS3” males than the females. Additionally, male NOS3™
mice demonstrated significantly higher systemic hypertension than in either WT males or
NOS3™" females. In another study by Moore et al. 2010, male NOS3™ mice demonstrated
prolonged bleeding times as compared to their female counterparts.'” These studies
along with our current study lend evidence to a sexual dichotomy for NOS3 in regulating
various physiological conditions.

Several animal models have demonstrated microscopic changes in the
myocardium as a direct result of DOX therapy. Under the electron microscope, Siveski-
Iliskovic et al. 1994 demonstrated severe mitochondrial swelling, vacuolization of the
cytoplasm, formation of lysosomal bodies, and dilation of the sarcotubular system.*”
They also noted significant disarrangement and disruption of the cristac within the
mitochondria. Using light microscopy, Jassal et al. 2009 and Walker et al. 2011 recently
demonstrated that mice treated with DOX displayed extensive myofibrillar degradation
and cellular vacuolization.> '’ Additionally, mice that received combination therapy with
DOX+TRZ demonstrated significantly more myocardial damage as compared to those
mice treated with DOX alone. > '* Similarly, in our study, we demonstrated that DOX
and DOX+TRZ therapy is associated with significant cardiac remodeling in a female
murine model of acute chemotherapy-induced cardiac dysfunction. In both WT and
NOS3” female mice treated with DOX, there was evidence of myofibrillar degradation,
vacuolization, loss of cell integrity and dilation of the sarcoplasmic reticulum, which was
potentiated by the addition of TRZ.

Direct evidence of cardiac remodeling due to DOX therapy is best accomplished

through invasive myocardial biopsies. Invasive assessment of cardiac structure provides
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the best sensitivity and specificity for diagnosing DOX-mediated cardiac remodeling.
Clinical biopsies of the right ventricle (RV) have demonstrated that DOX treatment is
most commonly associated with loss of myofibrils, distension of the sarcoplasmic
reticulum, and vacuolization of the cytoplasm. Bristow ef al. 1978 correlated the amount
of myocardial damage with the degree of severity due to DOX therapy.'”® They
determined that a biopsy score of 2.5 or greater may be indicative of DOX-induced
cardiac remodeling and discontinuation of therapy should be considered.'’® Clinical
investigations of TRZ-mediated cardiac remodeling has also been evaluated. Ewer ef al.
2005 obtained RV biopsies from 9 women who received TRZ therapy alone and
evaluated them for the presence of myocyte remodeling.”® Interestingly, of the 9 women
tested, none displayed any evidence of ultrastructural remodeling typical to that what is
seen with anthracycline therapy.”®

Programmed cell death, or apoptosis, has been reported in a variety of
experimental and clinical models of cardiac dysfunction.'””'” Several of these studies
have suggested that cardiac remodeling associated with chemotherapy treatment is a
direct result of DOX mediated apoptosis.'*! 1% 18 81 Rat cardiomyocytes exposed to
DOX demonstrated a significant increase in the number of cells undergoing apoptosis
within 24 hours of DOX treatment and was confirmed by Hoechst 33258 staining,
TUNEL, and DNA laddering.'®"'* In a chronic in vivo study, rats exposed to high dose
DOX treatment over 2 weeks demonstrated a significantly higher event rate of apoptosis
by TUNEL as early as day 4 and progressed until day 21 (p<0.05)."!
Immunohistochemical staining revealed an increase in Bax expression in the DOX

treated group as compared to saline controls.””" ' Maximal staining for Caspase 3
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occurred at day 4 following treatment and progressively declined until day 21."*" ' Bax
and Bcl-2 ratio demonstrated a biphasic response to DOX within the heart. A higher Bax-
to-Bcl-2 ratio is indicative of apoptosis.'>' Mouse models have demonstrated that both
WT and NOS3” male mice treated with a single high dose concentration of DOX lead to
an increase in TUNEL-positive cardiac nuclei as early as 24 hours following treatment.'®*
NOS3™” mice, however, demonstrated preserved cardiac function and were correlated
with a reduction of TUNEL positive nuclei.'®® These studies provide strong evidence for
the increased occurrence of apoptosis in cardiac myocytes in male animals treated with
DOX.

Trastuzumab therapy has also been correlated with an increase in cellular
apoptosis. Recently, Grazette et al. 2004 demonstrated that TRZ binding to the HER2
receptor in an in vitro model resulted in a significant increase in the ratio between Bcl-Xg
and Bel-X.” Trastuzumab therapy resulted in the down-regulation of the anti-apoptotic
protein Bcl-X;, and up-regulation of the pro-apoptotic Bcl-Xg and Bax, resulting in
mitochondrial dysfunction.” The ratio of anti- to pro-apoptotic proteins from the Bcl
protein family is key, as they are important mediators of mitochondrial function and
cellular apoptosis. Additionally, there was a modest increase in TUNEL staining and flow
cytometry for propidium iodide labeled neonatal rat ventricular cardiomyocytes despite
the observed increase in the mitochondria death pathway.”” Furthermore, there was no
observable increase in DNA laddering, likely due to low levels of apoptosis that could
not be detected with this technique. Therefore, while an increase in pro-apoptotic proteins
is beneficial in cancer treatment, it is correlated with mitochondrial dysfunction, leading

to myocyte death.”**>
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In 2009 Jassal et al. characterized the degree of apoptosis in the heart associated
with the combination of DOX+TRZ therapy.’> Co-administration of DOX+TRZ in WT
male mice induced the greatest degree of apoptosis at day 10 compared to either agent
alone. An increase in PARP cleavage, activation of Caspase 3, and alteration in the
Bax/Bcl-X|, ratio within the heart of those mice undergoing chemotherapy treatment was
indicative of apoptosis. This suggests that co-adminsitration with DOX+TRZ results in a
greater pro-apoptotic signaling event than either agent alone. In a 2011 study, Walker et
al. treated male mice with DOX (20mg/kg), TRZ (10mg/kg) or a combination of both and
evaluated them for the degree of cardiac dysfunction.'” The degree of cardiac
dysfunction was greatest in those co-treated with DOX+TRZ than with either agent alone,
and was directly correlated to an increased apoptotic response. This apoptotic response
was characterized primarily by a significant increase in the Bax-to-Bcl-X ratio at day 10.
However, prophylactic administration of Probucol attenuated this response and was
characterized by improved survival, preserved cardiac systolic function, reduced
apoptosis and cardiac remodeling.'*’

A review of the survival data from the current study demonstrates that the greatest
morality in female mice receiving either DOX or the combination of DOX+TRZ occurred
on day 4. As such, we chose day 4 for detecting the presence of cardiac apoptosis via
TUNEL and Western analyses. There was no evidence of Caspase 3, PARP, nor TUNEL
positive nuclei at day 4 in any of the treatment groups. However, there was an increasing
trend in the Bax-to-Bcl-X; ratio in WT or NOS3”" mice receiving either DOX alone or
the combination of DOX+TRZ. This contrasts to previous studies that illustrated the

presence of cardiac apoptosis in male mice and rats 10 and 21 days following DOX
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treatment. > '*> 3! Neilan et al. 2007 demonstrated the presence of cardiac apoptosis via
TUNEL positive nuclei 24 hours following DOX treatment in male mice.'®* Additionally,
Jassal et al 2009 and Walker ef al. 2011 demonstrated an increase in PARP and Caspase
cleavage at day 10.> ' As we demonstrated no evidence of apoptosis at day 4, this
suggests that other non-apopototic pathways may be involved in the echocardiographic
and survival findings in our study.

We did, however, detect an increasing trend in Bax-to-Bcl-X ratio amongst the
various treatment groups in both WT and NOS3” female mice. Although there was an
increasing trend in Bax-to-Bcl-X; ratio in both WT and NOS3” DOX+TRZ female mice
as compared to TRZ at day 4, it was not statistically significant. A biphasic response to
DOX and DOX+TRZ therapy may account for the lack of positive apoptotic markers in
our treatment groups. Previously, Kumar ef al. 2001 demonstrated that male rats treated
with DOX had a significant increase in the degree of cardiac apoptosis at day 4 following
DOX treatment, that had declined by day 10. By day 21, however, there was again a
significant increase in the degree of cardiac apoptosis detected in DOX treated male
rats.”*! Increased apoptosis at days 4 and 21 was indicated by an increase in Bax
expression and a decrease in Bcl-2 expression. At day 10, the inverse was true, in that
Bcl-2 was up regulated whereas Bax expression was depressed.'*! Although we did not
detect any TUNEL positive nuclei or Caspase 3 cleavage at day 4 in female mice, we did
demonstrate an increasing trend in Bax-to-Bcl-X; ratio, corroborating previous reports.™
129. 131 162 T4 determine the exact timing of the apoptotic waves associated with
DOX+TRZ therapy, an in-depth time course study in mice is warranted. Based on the

current study, however, this would suggest that in a female murine model of acute
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chemotherapy-induced heart failure, congenital absence of NOS3 potentiates cardiac
dysfunction and increased mortality possibly through an apoptotic independent pathway.
Autophagy and necrosis are apoptotic independent pathways that may account for
the development of cardiac dysfunction in our murine model. Autophagy has been
described to have a dual effect within the heart as it removes protein aggregates and
damaged organelles in the heart and acts as a pro-survival pathway to maintain
homeostasis'®* On the other hand, significant induction of autophagy can lead to
cardiomyocyte death. Several previous studies have indicated that microtubule-associated
light chain 3 (LC3) is a specific marker for autophagy.'®* '® During autophagy, LC3-I is
converted to LC3-II through lipodation by an ubiquitin-like system.'®"'** A higher ratio
of LC3-II to LC3-I is indicative of autophagy induction. Induction of autophagy in mice
treated with DOX has been previously described to play a critical role in the development
of cardiac dysfunction.”™ ' In a study by Kobayashi er al. 2010, cardiomyocytes
exposed to DOX had a significant increase in LC3-II protein levels.'®® Additionally,
Kobayashi et al. 2010 demonstrated that DOX decreases GATA4 activity and is
associated with DOX-induced cardiotoxicity.'®® Using an adenovirus, they overexpressed
GATA4 expression and treated cardiomyocytes with DOX. They found that
overexpression of GATA4 protected cardiomyocytes from DOX-induced cardiotoxicity
by inhibiting autophagy induction.'® In another study, Zhang et al. 2011 demonstrated in
vivo, that mice treated with DOX had significantly higher levels of LC3-II to LC3-I as
carly as 24 hours following DOX treatment.”® Additionally, electron microscopy
demonstrated accumulation of vacuoles in cardiomyocytes following DOX treatment.

Most of these vacuoles were described as electron dense lysosomes.'”® Together, these
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studies validate a potential role for autophagy in the development of DOX mediated heart
failure. Whether autophagy plays a significant role in DOX+TRZ mediated cardiotoxicity
requires further study.

Necrosis may be another process by which DOX induces its cardiotoxic side
effects. Necrosis is characterized by early rupture of the plasma membrane and swelling
of cytoplasmic organelles.'™ Several previous studies have indicted the mouse hearts
treated with DOX demonstrate increased cardiac expression of pro-inflammatory
cytokines, inflammatory cell infiltration and necrosis.'”"** In 2004 Lim et al. subjected
adult rat cardiomyocytes to DOX therapy. They found that although there was an increase
in Caspase 3 activity, there was no change in TUNEL staining 48 hours after DOX
treatment. There was however increased cell loss, as well as an increase in trypan blue
uptake and CK release, which suggests loss of cell membrane integrity, a key feature of
necrosis.'” These results were directly correlated with increased calpain expression, and
inhibition of calpains completely prevented trypan blue uptake.'”* While necrosis due to
DOX therapy has been indicated by mitochondrial dysregulationtion and dysfunction, an
inflammatory response and loss of cell membrane integrity have been described, a clear
understanding into the role that necrosis truly plays in DOX-mediated cardiac
dysfunction remains incompletely known. It is likely that DOX and TRZ mediated heart
failure stems from a combination of apoptosis, autophagy, and necrosis and an in depth

analysis to compare the activation of each is warranted.
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Future Directions

Although we have demonstrated a sexual dichotomy between male and female
NOS3” mice in an acute model chemotherapy-induced cardiac dysfunction, the
underlying mechanism remains unknown. Future studies will determine whether ROS,
autophagy and necrosis play a significant role in cardiac remodeling and dysfunction in
this model. Additionally, investigations into whether pharmacological inhibition of NOS3
can reproduce the current studies findings are warranted. If so, increased NOS3
expression by genetic modification or pharmacological drugs in female mice may provide
protection against DOX+TRZ mediated cardiotoxicity. Finally, hormonal variance
between male and female mice may play an important role in the development of

chemotherapy-induced cardiac dysfunction.
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Limitations

There are several limitations to our study. First, we only characterized
chemotherapy-induced cardiac dysfunction in an acute female murine model of
DOX+TRZ mediated heart failure. When pre-clinical animal models are considered,
many acute in vivo studies involve the use of higher than normal concentrations of
DOX+TRZ, which complicates the translation of basic science findings into the clinical
setting. Therefore, a chronic model of DOX+TRZ mediated cardiac dysfunction that
more closely mimics the clinical setting in a female model is warranted. Second, we
focused only on female mice during the course of the study. It would be useful to
compare equal populations of both male and female mice at the same time in order to
make direct comparisons. Finally, although we focus primarily on apoptosis, little is
known regarding the MAPK, cytoarchitecture signaling, and the RAS pathways in

chemotherapy mediated cardiac dysfunction that requires further exploration.
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Clinical Implications

To the best of our knowledge, we are the first to describe a sexual dichotomy for
the development of chemotherapy-induced cardiac dysfunction in NOS3” mice.
Generally, women who develop breast cancer and have lower levels of NOS3 activity,
tend to respond less often to treatment and experience poor outcomes.'”> Our study is
novel in that it suggests a key role of NOS3 in the pathophysiology of chemotherapy-
induced cardiac dysfunction in females. Thus, by exploring the role of NOS3
overexpression in DOX+TRZ induced cardiac dysfunction, we may shine light onto
novel cardioprotective treatment options, such as nitrites and phosphodiesterase inhibitors,
for women with breast cancer who develop CHF symptoms. Although using drugs to
increase NOS3 activity may prove to be useful within the breast cancer setting, further

investigation is required.
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Conclusion

For the first time, our novel study demonstrates that congenital absence of NOS3
potentiates the cardiotoxic effects of DOX+TRZ in an acute female murine model of
chemotherapy-induced cardiomyopathy. Further research is required to determine
whether overexpression or over activation of NOS3 through pharmacological measures is
cardioprotective in a more clinically relevant female murine model of DOX+TRZ

mediated cardiac dysfunction.
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