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Abstract

Background: Despite the beneficial effects of chemotherapy agents in improving overall
survival of cancer patients, cardiovascular damage remains a serious complication of
many anti-cancer therapies. Two types of targeted therapy currently in use for colorectal
(CRC) and renal cell cancer (RCC) are the monoclonal antibody Bevacizumab (BVZ)
and the tyrosine kinase inhibitor Sunitinib (SNT), respectively. An unexpected side effect
of these two anti-cancer agents is an increased risk of cardiotoxicity. One of the key
mechanisms involved in the development of BVZ or SNT mediated cardiac damage is
activation of renin-angiotensin system (RAS). Although heart failure drugs including
RAS antagonists are commonly used after cardiac dysfunction is detected in the CRC and
RCC settings, their prophylactic role in the prevention of cardiotoxicity due to BVZ or
SNT has yet to be elucidated.

Objective: To investigate whether prophylactic administration of RAS antagonists will
attenuate the cardiotoxic side effects of BVZ or SNT in a chronic in vivo murine model.
Methods: A total of 194 C57BI/6 male mice received: i) 0.9% saline; ii) BVZ; or iii)
SNT for 4 weeks. Within each arm, mice were administered daily prophylactic treatment
either with water, Hydralazine, Aliskiren, Perindopril, or Valsartan via oral gavage for
the entire study period. Hydralazine served as a positive control due to its inability to
antagonize the RAS pathway. Following serial echocardiographic and hemodynamic
assessments for 4 weeks, the hearts were collected for histological and biochemical
analyses.

Results: In our chronic model of BVZ or SNT induced cardiotoxicity, prophylactic

addition of Hydralazine effectively attenuated hypertension due to BVZ or SNT but was



not overall cardioprotective. Similarly, RAS antagonists completely prevented the rise in
MAP regardless of the targeted agent used. The echocardiographic findings revealed a
significant decrease in LVEF from 72+3% at baseline to 41+2% at week 4 in BVZ
treated mice. Prophylactic treatment with Aliskiren, Perindopril or Valsartan was
partially cardioprotective with LVEF values of 57£2%, 50+2%, and 51+3% at the end of
the study, respectively. Similarly, in mice treated with SNT alone, LVEF decreased from
73+4% at baseline to 34+3%. Addition of Aliskiren, Perindopril, or Valsartan
significantly improved LVEF values to 54+2%, 45+2%, and 44+3% at week 4,
respectively. Moreover, animals treated with BVZ or SNT demonstrated increased loss of
cellular integrity and myofibril disarray, which were partially attenuated by RAS
antagonists. According to our biochemical findings, there was a 2.1- or 2.3-fold induction
in apoptotic marker cleaved PARP in BVZ or SNT treated mice at week 4, respectively,
which was partially attenuated by the prophylactic administration of Aliskiren,
Perindopril, or Valsartan. Finally, a 7.7-fold increase in phosphorylation of p38 was
observed in mice treated with SNT at the end of the study. RAS antagonists completely
normalized the expression of this apoptosis inducing marker.

Conclusion: The prophylactic administration of RAS antagonists partially attenuated the

cardiotoxic side effects of BVZ or SNT in a chronic in vivo murine model.
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Chapter 1: Literature Review
Cancer in Canada: Introduction

Cancer is a major public health concern and the leading cause of death in Canada.
It accounts for 30.2% of all deaths in this population and surpasses the mortality due to
cardiovascular disorders.> Approximately 1 in 2 Canadians will be affected by cancer in
their lifetime, and 1 in 4 individuals will die of this disease.! Males are more likely to be
afflicted with cancer than females,' and the majority of the individuals diagnosed with
cancer are over the age of 50.> Approximately 24 Canadians received a cancer diagnosis
each hour, contributing to 206,200 new cases reported in 2017.> Moreover, 9 individuals
died from cancer each hour, accounting for 80,800 Canadians that year.! Although lung,
breast, colorectal, and prostate are the most prevalent cancer types diagnosed,® bladder,
melanoma, and kidney cancers are also common in this population.

Cardio-Oncology

Cardio-oncology is an evolving discipline that aims to sustain the cardiovascular
health of patients receiving cancer therapy.? The need for this field emerged due to the
increasing survivorship of cancer patients®® and recognition that traditional and novel anti-
cancer agents can adversely affect cardiac function.®’® The focus of cardio-oncology
includes:'* a) identification of cancer patients at the highest risk of cardiotoxicity;'! b)
detection and prevention of cardiovascular injury; c) cardiotoxicity treatment;'! and d)
development of a multidisciplinary approach in the management of cancer patients with
cardiotoxicity.™

The meaning of cardiotoxicity differs among various professional societies.*? It is
defined by the National Cancer Institute as “toxicity that affects the heart”.** * The

Cardiac Review and Evaluation Committee proposed drug-induced cardiotoxicity due to

1



anti-cancer drugs as follows:'* *°

1) cardiomyopathy with evident reduction in left
ventricular ejection fraction (LVEF); ii) symptoms associated with congestive heart failure
(CHF); iii) signs of CHF such as tachycardia; and iv) decrease in LVEF from baseline
with values > 5% to < 55% with accompanying signs or symptoms of heart failure (HF),
or asymptomatic decrease in LVEF ranging from > 10% to < 55%, without accompanying
signs or symptoms of HF.'* > However, the American Society of Echocardiography and
European Association of Cardiovascular Imaging recently identified cancer therapeutics
related cardiac dysfunction (CTRCD) as a reduction in LVEF of > 10% to a value < 53%
that requires a subsequent confirmation by imaging within 2 to 3 weeks.'? ¢

Two types of CTRCD have been reported in the literature.” ** %1 Type | CTRCD
is considered to be irreversible and is associated with the use of anthracycline antibiotics,
particularly doxorubicin (DOX).'* *® 17 This chemotherapeutic agent, which treats breast
cancer, lymphoma, and leukemia, causes permanent damage to cardiomyocytes.” ** 1" The
mechanism of DOX associated cardiac toxicity involves inhibition of type |II
topoisomerase leading to mitochondrial dysfunction, increase in oxidative stress, myofibril
disarray, and cellular death.” ** **% The most common cardiovascular side effects
observed with anthracyclines include dilated cardiomyopathy, arrhythmia, acute
myocarditis and/or pericarditis.”’ Type | CTRCD is also found to be dose dependent.” *°
Patients who receive the cumulative DOX dose of 400 mg/m? have up to 5% risk of
developing HF, whereas exposure to 700 mg/m? elevates this risk to an approximate
48%9 21-23

Type 1l CTRCD is reversible and is not dependent on the administered

chemotherapeutic dose.” ' " There are no structural abnormalities observed in the



myocardium with this form of CTRCD.'? " #* % % Type || dysfunction is commonly

associated with the use of a humanized monoclonal antibody trastuzumab (TRZ),**"%

an
agent that targets breast and gastric cancer cells overexpressing the human epidermal
growth factor receptor 2 (HER2/ErbB2).”*"*® Common cardiovascular toxicities of TRZ
include supraventricular tachycardia, cardiomyopathy, decrease in LVEF, and/or CHF.?®
2% Other novel targeted agents that can lead to type Il CTRCD include lapatinib, imatinib,
sorafenib, pertuzumab, bortezomib, bevacizumab, and sunitinib.”?> %

During the initial visit at a cardio-oncology clinic, assessing patients at high risk

for cardiotoxicity is based on the following factors: %472 30

a) patient’s characteristics —
age, established cardiovascular (CV) disease, existing CV risk factors, metabolic
malfunctions, hypersensitivity to the drugs, prior chemotherapy, and radiation
exposures;>*127 31 by cancer-related factors include anatomic location, type, and stage of
cancer;*® and c) cancer therapy factors including specific drug(s) used, the dosage,
frequency and route of administration as well as sequence and timing between the drugs.?
712,230, 31 cardio-oncology team members including cardiologists, medical oncologists,
nurse practitioners, nurses, dietitians, pharmacists, and social workers, meet with cancer
patients to evaluate their global health needs.” ** A collaborative approach among team
members is used to create the most effective treatment strategy for patients at high risk of
cardiotoxicity.** In this cancer population, the goal of cardio-oncology interventions is
to optimize cardiac health of patients enabling them to complete the proposed cancer

treatment, 2432



Colorectal Cancer: Prevalence, Risk Factors, Diagnosis, and Treatment

Colorectal cancer (CRC) is the third most common cancer type and the fourth
leading cause of death from cancer in the world.*** Nearly 1.2 million people are affected
by this cancer every year, and 608,000 individuals die from it.**** The majority of CRC

3436 \where the incidence of colon cancer is 2 times

cases occur in the developed countries,
higher than that of rectal cancer.’” In Canada, CRC is the second most commonly
diagnosed cancer, and it is more prevalent in men than women.! The lifetime probabilities
of developing CRC in men and women are 7.4% and 6.4%, respectively.' In 2017,
approximately 26,800 Canadians were diagnosed with CRC, and 9,400 died from the
disease.! An estimated 870 new cases of CRC cancer were reported in Manitoba, with a 5-
year age-standardized net survival of 60%."

CRC is classified by origin into two forms.** Up to 94% of the diagnosed
individuals have sporadic CRC.**3° Risk factors for developing CRC include increasing
age, male sex, and previous history of CRC or polyps.®* ** * Environmental factors
including sedentary lifestyle, obesity, diabetes mellitus, smoking, high alcohol
consumption, and diet high in red meat increase the risk for CRC.% 3% 39 Moreover,
duration of inflammatory bowel disease and resulting degree of colorectal inflammation
elevate the risk for CRC.3**° The hereditary form accounts for 5-10% of CRC cases.** It is
represented mainly by two syndromes, familial adenomatous polyposis (FAP) and
hereditary nonpolyposis colorectal cancer (HNPCC).*****° FAP is a rare autosomal
dominant disorder caused by the germline mutation in the adenomatous polyposis coli

(APC) gene.***! This condition is characterized by the presence of hundreds to thousands

of polyps that develop in childhood or adolescence.®* *" % HNPCC, also known as Lynch



syndrome, is an autosomal dominant condition with germline mutations in one of the
mismatch repair genes (MSH2, MLH1, MSH6, PMS2).3* ¥ %! The main feature of almost
all colorectal tumours in patients with this syndrome is microsatellite instability.3*%%%
Notably, other molecular mechanisms involved in the development of CRC are
chromosome instability and aberrant DNA methylation.*? >4

In the early stages of the disease, patients with CRC may not experience any
symptoms.®” The diagnosis is made when patients have persistent symptoms or as the
result of CRC screening.*” Signs and symptoms associated with this CRC include:*” * a)
abdominal pain; b) change in bowel habits ; c) rectal bleeding or blood in stool; d) nausea
or vomiting; and/or e) presence of anemia.>” * Surveillance for CRC is important in order
to effectively diagnose and prevent this disease as well as to reduce mortality in this
population.®***% The current screening modalities include the fecal occult blood test
(FOBT), the Cologuard stool test, colonoscopy, flexible sigmoidoscopy, computed
tomography (CT) colonography, and double-contrast barium enema.*’™® In Canadians
over 50 years of age with no family history of CRC, the national screening guidelines
recommend FOBT to be performed every 2 vyears, followed by either flexible
sigmoidoscopy or colonoscopy every 5 or 10 years, respectively.* Each of the screening
procedures has different risks and benefits.** 3% *® % By assessing the entire colon, polyps
are removed,® *° and tissue biopsy can be taken during colonoscopy.* Bleeding and
bowel perforation are possible side effects.*® *® Moreover, this procedure is less effective
in finding the ascending colon cancer.” On the other hand, FOBT and flexible
sigmoidoscopy are less invasive and safe but might not be as efficacious as colonoscopy

with regards to prevention of cancer.>*3%



Treatment of CRC is multifactorial, including the combination of surgery,
radiation, 5-fluorouracil (5-FU) based chemotherapy, and novel targeted agents.®® 3% 37 3
As the primary treatment strategy, the current surgical approach for patients includes
either open or laparoscopic resection of CRC.** * Laparoscopic colectomy is the common

procedure for colon cancer removal,** %

whereas total mesorectal excision is performed in
patients with rectal cancer.* ** % In up to 30% of CRC patients, who have the metastatic
(stage IV) form of the disease at diagnosis, surgical removal of hepatic, pulmonary or
peritoneal metastasis is also necessary in order to both extend survival and improve quality
of life.*"*** Radiotherapy diminishes the risk of recurrence in patients with stage Il and
I1l CRC.>**" However, no standardized guidelines exist for stage IV CRC, and radiation is
used as the palliative approach to alleviate symptoms or delay tumour growth.?**" A total
of ten separate drugs have been currently approved for the treatment of metastatic CRC,
and their use is determined on the patient’s characteristics and tumour features.>
FOLFOX (infusional 5-FU/leucovorin and oxaliplatin) and FOLFIRI (infusional 5-
FU/leucovorin and irinotecan) are considered the standard first-line chemotherapy
regimens for stage 1V cancer.?” *>**** The addition of molecular targeted agent, including
Bevacizumab, further improves response rates and prolongs overall survival of patients

with metastastic CRC.%* 3" *

Monoclonal Antibody: Bevacizumab

An increased understanding of the molecular mechanisms of CRC has led to the
development of the monoclonal antibody Bevacizumab (Avastin).>”®* In 2004, the United
States Food and Drug Administration (FDA) approved its use as the first-line treatment of

metastatic CRC in combination with fluoropyrimidine based chemotherapeutic agents.**

56
l.

6283 The clinical study by Hurwitz et al.*® was the first to demonstrate that untreated

6



metastatic CRC patients who received irinotecan, bolus fluorouracil, and leucovorin (IFL)
with bevacizumab (BVZ), had a median duration of overall survival of 20.3 months, as
compared to 15.6 months in patients administered IFL with placebo (p<0.001).>® These
results demonstrated a 34% reduction in the risk of death in the BVZ treated group.®
Moreover, the group receiving IFL with BVZ had an increased duration of progression
free survival (10.6 months vs. 6.2 months; p<0.001).>® The overall response rate was
significantly higher in the group treated with IFL and BVZ as compared to the group
administered IFL and placebo (44.8% vs. 34.8%; p=0.004).° The study by Degirmenci et
al.** reported that the patients who received BVZ with capecitabine and irinotecan (BEV-
CAPIRI) had mean progression free survival of 16.2 months and overall survival of 25.3
months, as compared to 10.2 months and 15.2 months, respectively, in patients given
chemotherapy alone.®*

The recommended dose of BVZ for the treatment of metastatic CRC is 5 mg/kg or
10 mg/kg once every 2 weeks when used together with 5-FU based chemotherapy.®” >
This antibody is administered as an intravenous infusion over 90 minutes during the initial
visit.®® % If this infusion is well tolerated, and no immune reaction occurs, the second
infusion is administered over 60 minutes, and all subsequent infusions are administered
over the period of 30 minutes.®® ® The elimination half-life of this targeted agent is
relatively long, ranging from 12 to 22 days.’® *% % ® BVZ related side effects include
headache, fever, cardiovascular events, rash, proteinuria, diarrhea, and/or gastrointestinal
perforation.®® This monoclonal antibody is also used for the treatment of non-squamous
non-small cell lung cancer, glioblastoma, metastatic renal cell carcinoma, cervical cancer

as well as epithelial ovarian, fallopian tube, or primary peritoneal cancer.> ¢



Bevacizumab: Anti-cancer Mechanism

Angiogenesis is the process of forming new blood vessels.>” ® It is important in
embryonic development, reproduction, and wound healing and is controlled by various
pro- and anti-angiogenic factors.®® " % Angiogenesis plays an essential role in growth,
progression, and metastasis of tumour cells.> In order for the tumour to grow beyond 1-2
mm in size and obtain sufficient nutrients and oxygen, overexpression and secretion of
pro-angiogenic factors are favoured.®® ®” % Vascular endothelial growth factor (VEGF)-A
is the key pro-angiogenic factor in tumour angiogenesis and is upregulated in a variety of
cancer types, including CRC.>" ®7° High circulating levels of VEGF in CRC patients
correlated with elevated risk of metastasis and poor prognosis.®® % ™ Tumour cells
increase levels of VEGF-A in response to hypoxia, hypoglycemia, oncogenes, and/or by
inactivation of tumour suppressor genes.> ¢7: 68 72

VEGF-A is responsible for regulating vascular proliferation and permeability.®’
This factor has an anti-apoptotic function for endothelial cells in newly formed blood
vessels.®” " VEGF-A is a homodimeric glycoprotein that belongs to the family of growth
factors that include VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental growth
factor.®”®® " VEGF-A is the most abundant form and has at least 7 different isoforms that
range in molecular weight from 34 to 42 kDa.>>" VEGF-A signals mainly via VEGF
receptor 2 (VEGFR-2),”®> which is highly expressed by endothelial cells involved in
angiogenesis and by circulating bone-marrow derived endothelial progenitor cells.>” "
The binding of VEGF-A to VEGFR-2 results in proliferation of endothelial cells, vascular

permeability, tumour growth, and protection against apoptosis (Figure 1)."
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Figure 1: Angiogenesis and BVZ anti-cancer mechanism.

Tumour angiogenesis is a complex process involving the interaction between VEGF-A
and VEGFR-2. The monoclonal antibody BVZ inhibits VEGF-A extracellularly, thereby
decreasing vascular proliferation and tumour growth. > %8 7172 76-78

VEGF receptor signaling stimulates the RAS pathway, thereby activating the RAF-MEK-
ERK and the PI3K-Akt cascades.”” ™ ™ 7% The |atter leads to phosphorylation of
endothelial nitric oxide synthase and subsequent nitric oxide (NO) formation.” %3

The agent BVZ is a humanized recombinant monoclonal antibody that targets all
isoforms of VEGF-A.>* % The antibody’s structure is 93% human, and the murine portion

of 7% comprises complementarity-determining regions that bind this growth factor.> ®



BVZ neutralizes soluble VEGF-A and, by steric hindrance, does not allow further receptor
binding.”® This inhibition reduces tumour proliferation and blood vessels development
(Figure 1).°%%

Tumour angiogenesis is characterized by formation of vessels with structural and
functional abnormalities, including irregular vascular network and
hyperpermeability.**®3%8858 These blood vessels generally have increased diameter,
length, density, and interstitial fluid pressure, altering the delivery of nutrients and
therapeutic agents.® Inhibition of VEGF-A leads to more normalized tumour vasculature,
decreased interstitial pressure, and restoration of normal blood supply.>® ®" Normalization
of wvessels, hence, enhances the effectiveness of concomitantly administered
chemotherapeutic drugs and increases vulnerability to radiation.®® ® 8 8¢ A study by
Willett et al.®” demonstrated that a single intravenous infusion of BVZ at a dose of 5
mg/kg in patients with non-metastatic rectal cancer produced direct and rapid anti-vascular
effects in tumours.®’ In particular, BVZ diminished tumour blood perfusion and volume,
microvascular density, interstitial fluid pressure, and the amount of circulating endothelial
and progenitor cells.®® ' This antibody also improved the fraction of vessels with pericyte
coverage.®’

Bevacizumab: Cardiovascular Toxicity
Although BVZ decreases tumour growth, improves progression-free and overall

C,56,64,88,89, 90 this anti-

survival, and increases response rates in patients with metastatic CR
cancer therapy is associated with an increased risk of cardiovascular disease.?® **** The
common cardiotoxic side effects observed include new or worsening hypertension,

myocardial infarction, and/or thromboembolic events.®*®*® Moreover, BVZ may cause

left ventricular (LV) systolic dysfunction and heart failure.?**%* This drug mediated
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cardiotoxicity is thought to occur via the following mechanisms:**%

1) decrease in NO
production leading to vasoconstriction, increased peripheral vascular resistance, sodium
retention, and, consequently, elevation in blood pressure; ii) microvascular rarefaction —
decrease in the density of arterioles and capillaries; iii) elevated levels of pro-hypertensive
factors, such as endothelin-1; and/or iv) activation of the renin-angiotensin system
(R AS).95'103

A myriad of literature demonstrates that the RAS pathway is one of the critical
regulators in the pathophysiology of BVZ mediated cardiac dysfunction.%”%% 104 105 The
RAS involves the secretion of renin from the juxtaglomerular cells in the kidney. This
protease enzyme cleaves angiotensinogen into angiotensin I, which is then converted to
angiotensin 11 (Ang-11) by angiotensin converting enzyme (ACE) inhibitor.”” 1%1% Ang-11
subsequently activates type | angiotensin (AT;) receptors leading to vasoconstriction as
well as increased sodium and water reabsorption, thereby elevating blood pressure.**1%-
1%8 |nterestingly, mice possess two types of AT; receptors, including AT, and ATy '
Being the closest homologue to the human AT; receptor, the murine ATy, isoform is
predominantly expressed in the key organ systems, including kidney, heart, and
vasculature, and is responsible for blood pressure regulation and vasoconstriction. %%
Persistent activation of the RAS pathway, however, results in cardiac hypertrophy and
heart failure

The potential mechanism for BVZ induced cardiotoxicity includes increased
expression of Ang-I1, leading to an increase in oxidative stress (OS) by enhancing reactive
112-119

oxygen species (ROS) production and diminishing antioxidant reserve (Figure 2).

Ang-11 induced OS leads to activation of members of the mitogen-activated protein kinase

11



(MAPK) family, including apoptosis signal-regulating kinase (ASK1), c-Jun N-terminal
kinase (JNK) and p38.1212* Activated JNK and p38, which correlate with cardiomyocyte
apoptosis and cardiac pathologies, increase expression of pro-apoptotic genes [Bax,
Caspase-3, and poly (ADP-ribose) polymerase (PARP)] and decrease expression of anti-
apoptotic genes [B-cell lymphoma-extra large (Bcl-xL)].*#™% 1127 Thjs overall cascade

leads to the induction of apoptosis and ultimately heart failure as shown in Figure 2,29 11¢

118-120, 127, 128,114,118
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Figure 2: Bevacizumab and Sunitinib mediated cardiotoxicity.

In experimental models of cardiac injury due to BVZ or SNT, up-regulation of RAS
results in an increase in oxidative stress, leading to downstream activation of the

,162\28I1<271/MAPK pathway, and finally increased cardiac apoptosis and heart failure. !¢ 17 120-
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i) Murine Model

Various animal studies have reported the damaging cardiovascular side effects
associated with the administration of BVZ.1% 11312 A stydy by Belchik et al. evaluated
wild-type C57BI/6 mice that were treated with a phage-derived anti-murine VEGF-A
monoclonal antibody (G6-31) once every 2 weeks (10 mg/kg intraperitoneally (i.p.)).**
After 5 weeks of follow-up, mice treated with the antibody had increased plasma
angiotensin 1l concentrations as compared to sham control mice.’® Antibody treated
animals developed systemic hypertension leading to concentric LV remodeling and
diminished stroke volume.'® Of note, contractile function of the left ventricle was not
impaired in these mice.'® Giordano et al. reported that VEGF-A plays an important role in
the heart.™*® By selectively deleting this gene from cardiomyocytes, mice had thin-walled,
dilated, and hypovascular hearts with evidence of contractile dysfunction.**

Chen et al. studied the orthotopic mouse tumour models of human colorectal and
breast cancers.'® Once these tumors were established in mice, they were treated with BVZ
at 10 mg/kg biweekly through tail vein injection. Moreover, BVZ treated mice were
administered 15 mg/kg of 5-FU once per week (i.p.).**® The results of this study showed
that treatment with BVZ and 5-FU resulted in severe left ventricular systolic dysfunction,
elevated troponin | serum levels, and increased cardiac fibrosis.*?

Serial assessment of LVEF using echocardiography is an important diagnostic tool
to monitor cardiac function during anti-cancer drug administration.™*™** A reduction in
LVEF signifies that irreversible cardiac injury may have already occurred.* 32 13% |
fact, this method is unable to detect early changes in LV systolic function and is highly

dependent on the underlying hemodynamic state.**" *3> Novel echocardiographic indices,

including tissue velocity and strain imaging, are more sensitive in predicting early LV
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function.’®" 13137 By evaluating one point in the myocardium relative to the transducer,
tissue velocity imaging measures endocardial systolic velocity (Vengo)."** In a murine
model, Vendo 1S measured in cm/s, and value below 2 cm/s suggests the presence of early

subtle myocardial dysfunction.’®***

Strain imaging assesses two points in the
myocardium relative to each other and calculates strain rate (SR), which is the rate of
tissue deformation.’®* **® SR is reported as seconds™, and its decline below 20 s attribute
to the abnormalities in cardiac function in an animal model.*™** '3 Various basic science
and clinical studies have established the role of tissue velocity and strain imaging in the
early detection of cardiac dysfunction due to DOX and TRZ in the breast cancer setting.*3"
132, 134,135,138

Recently, our group evaluated whether these novel echocardiographic parameters
can detect early evidence of BVZ mediated cardiotoxicity in an acute murine model.**®
Mice treated with BVZ (10 mg/kg) developed systemic hypertension as early as day 7,
which continued to increase by day 14 of the study.™® Although conventional LVEF
values decreased at day 13 in mice administered BVZ, Ve and SR started to
significantly decline at day 8, confirming early evidence of subclinical LV systolic
dysfunction.** Histological analysis demonstrated an increased loss of cell integrity and
dilatation of smooth endoplasmic reticulum in BVZ treated animals.*** Moreover, these
animals had increased levels of oxidized phosphatidylcholine (OxPC), a marker of OS,
and an elevated expression of Caspase-3 at day 14.'** Therefore, early evidence of BVZ

mediated cardiac damage was confirmed in this acute animal model.*3
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ii) Clinical Setting

Treatment with BVZ has been associated with the development of various
cardiovascular complications.®® 9 % Hypertension is the most common adverse event
seen in BVZ treated patients with an overall incidence rate of up to 35%.2%%4%
Approximately 9-15% of patients developed severe hypertension (grade 3 and 4) in phase
2 trials.”* The grading system of the Common Terminology Criteria for Adverse Events
defines grade 3 hypertension as the state that requires more than one drug or more

intensive therapy management than used previously.**

Grade 4 hypertension is described
when a patient develops a hypertensive crisis.™* In the recently described phase 3 trial by
Hurwitz et al., the prevalence of grade 3 hypertension was 11%.>® Hypertension due to
BVZ administration can develop at any time during treatment and may be dose related.®**
In particular, low doses (5 mg/kg every 2 weeks) of this targeted agent increases the risk
of developing hypertension by 3 times, whereas high doses (10 mg/kg every 2 weeks)
increase this risk by 7.5 times.”**® The presence of hypertension is an indication that the
monoclonal antibody against VEGF-A is effective in treating metastatic CRC.% % 12
Antihypertensive medications should be initiated in this situation, and blood pressure
should be monitored weekly for the duration of the first cycle of cancer treatment and then
every 2 — 3 weeks during the cancer therapy.'! If patients do not develop hypertension, the
treatment strategy for cancer should be altered.”%%°

The risk of stroke, myocardial infarction, coronary artery disease, and death due to
cardiac causes is twice as high in patients who are treated with BVZ.2*° A systematic
review reported the incidence of developing high-grade CHF of 0.9% in BVZ treated

patients.**" Administration of higher doses (5.0 mg/kg per week) of this monoclonal

antibody was associated with a greater risk of severe CHF as compared to lower doses (2.5
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mg/kg per week).'*! The incidence of developing LV systolic dysfunction and heart failure
ranges from 1.7% to 3%.%%2 A retrospective study by our group assessed the prevalence
of BVZ induced cardiac dysfunction in patients with CRC at CancerCare Manitoba from
2010 to 2011.% We identified that 25% of this patient population (19/76) developed LV
systolic dysfunction as measured by a LVEF value of less than 40%.**

Arterial thromboembolic events (ATEs), including arterial thrombosis, angina,
myocardial or cerebral ischemia/infarct, are also prevalent among patients taking BVZ.**
The overall incidence of high-grade myocardial ischemia was 1.5% in 2,322 patients
treated with BVZ.*** Scappaticci et al. performed a pooled analysis of 5 randomized
controlled studies and evaluated 1,745 BVZ treated patients with metastatic colorectal,
breast, or non-small cell lung cancer.**> They reported an overall incidence of ATEs of
about 4%, whereas the incidence of angina/MI was found to be 1.5%.'*° Patients treated
with this monoclonal antibody can develop ATEs at any time during the therapy; however,
the median time to the first event is approximately 3 months.**> Moreover, researchers
have identified that the risk factors for ATEs include previous history of these events and
individuals with age of 65 years or more.**® Importantly, as the use of the novel targeted

agent BVZ poses adverse effects on the cardiovascular system, the current care should

focus on prevention of this drug mediated dysfunction in patients with CRC.
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Renal Cell Carcinoma: Prevalence, Risk Factors, Diagnosis, and Treatment

Renal cell carcinoma (RCC) is a major health concern as it is the 14™ most
common cancer type in the world.**® 1% Nearly 295,000 people are affected by this
cancer every year, and 134,000 individuals die from it.**® Individuals who reside in
developed countries are more than 4 times as likely to acquire RCC than those living in
developing countries.™™® In Canada, RCC is the tenth most commonly diagnosed cancer
and is more prevalent in men than women.! The lifetime probabilities of developing RCC
are 1.8% in men and 1.1% in women.' In 2017, approximately 6,600 Canadians were
diagnosed with RCC and 1,900 died from the disease.! Moreover, the 5-year age-
standardized net survival constitutes 67% for both sexes in the country.® In Manitoba,
RCC is the sixth and the ninth most detected cancer in males and females, respectively,
representing a total of 235 estimated new cases.*

RCC originates in the convoluted tubule within the kidney**’ and is classified into
3 histologic types.**® “**°! The first type is clear cell carcinoma in up to 80% of all
diagnosed RCC affecting the proximal convoluted tubule.**”* Under histologic
examination, cells have clear cytoplasm due to buildup of cholesterol esters, glycogen, and
phospholipids.**! The development of clear cell carcinoma is primarily caused by sporadic
loss, mutation or methylation of tumor suppressor gene named von Hippel-Lindau
(VHL).1" 152153 1n addition, mutations in chromatin remodeling genes (PBRM1, SETD2,
BAP1) and in mTOR pathway genes (PIK3CA, PTEN, and MTOR) have been identified
with this cancer type. %% 152153
Papillary RCC is the second histologic type of RCC and is noted in up to 15% of

152

RCC.® 3 |t also affects proximal convoluted tubule®® and is commonly observed in

patients with kidney transplant.**’ Papillary RCC is further subdivided into 2 types.'*
18



Type | tumours have a single or double layer of small cuboidal cells with scanty basophilic
cytoplasm.’****>1% Tyne || papillary tumour cells are larger with eosinophilic cytoplasm
and are arranged in an irregular manner.****> Increased expression of VEGFR2 was
identified in the epithelium of this tumour type.'*" Patients with type 11 papillary cancer
had higher incidence of nodal and distant metastasis, necrosis, and poor outcome as
compared to patients with type 1 tumour.™’

The third type, chromophobe RCC, is found in approximately 5% of all RCC
cases.™"*° As this tumour does not typically metastasize, patients with this type of kidney
cancer have the best prognosis.**’ As the majority of RCC have sporadic origin, hereditary
form accounts for up to 8% of the diagnosed cases.’®* The most common hereditary

syndromes include:**%*%?

1) VHL syndrome: This autosomal dominant disease involves
combinations of hemangioblastomas of central nervous system or retina,
pheochromocytomas, RCC, endolymphatic sac tumour, papillary cystadenoma of the

1

epididymis, neuroendocrine pancreatic tumours;** ii) Hereditary papillary RCC is an

autosomal dominant condition characterized by mutations in the proto-oncogene MET and

less aggressive type | papillary cancer;*2%13!

iii) Hereditary leiomyomatosis and RCC
(HLRCC) is an autosomal dominant disease that is associated with mutations in the Kreb’s
cycle gene FH.™* This condition represents a more aggressive type 11 papillary cancer that
metastasizes early in the disease onset.'*21°0°1

Risk factors associated with the development of RCC include hypertension,
acquired cystic kidney disease, chronic kidney disease, dialysis, family history of kidney
cancer, increasing age and cigarette smoking. 4 4% 181%° Although obesity places patients

at a higher risk for developing RCC,*® Albiges et al. discovered that patients with
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metastatic RCC treated with targeted therapy had a greater median overall survival if they
had higher body mass index (BMI) than patients with low BMI (25.6 vs. 17.1
months).***!®! Expression of the fatty acid synthase (FASN) gene may be implicated with
patient’s survival.’®” *** They demonstrated that FASN expression was downregulated in
patients with a high BMI than in patients with normal BMI, and median overall survival
was longer in patients with low FASN expression (36.8 vs. 15.0 months; p=0.002).'%*

In the early stages of the disease, patients with RCC do not demonstrate any
symptoms or signs.’®* RCC is typically discovered in its advanced stage during diagnostic
imaging for different medical conditions, and approximately 20% of patients present with
metastatic RCC at the time of diagnosis.'*® °31%21% |maging techniques, including chest
x-ray, abdominal CT, and magnetic resonance imaging (MRI) are the complementary
modalities used for the detection of RCC.****% Staging of RCC includes tumour size,
lymph node involvement, characterization of the contralateral kidney, and abdominal

metastases.'® Abdominal MRI may be used in the following situations:'®

a) if the patient
has allergy to contrast; b) to evaluate renal mass during pregnancy; c) in the case of
diminished kidney function; and d) in order to assess tumour involvement in the inferior
vena cava.’® Chest x-ray is usually performed to evaluate and confirm the presence of
metastasis.’® Symptoms that may be indicative of advanced disease include weight loss,
coughing, bone pain, a lump in the abdomen, edema of lower extremities, and abnormal
liver function.®® ®° The most common laboratory parameters evaluated include complete
blood count, creatinine, glomerular filtration rate, alanine transaminase, aspartate

aminotransferase, alkaline phosphatase, corrected calcium levels.'®® Biopsy is a useful

diagnostic tool for determining the histologic characterization of tumour.*®> As no national
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screening guidelines exist for this patient population in Canada,™" individuals at the high

risk of developing RCC are encouraged to maintain healthy weight and blood pressure,
reduce smoking, and perform regular physical examination by their physicians.*® *°
Treatment strategies for patients with RCC include surgical resection,
radiotherapy, and systemic therapy.*’ Partial or radical nephrectomy is performed
depending on the tumour location and its stage.'*® *** %7 Other approaches that can be
used to remove renal tumours less than 3 cm in diameter include radiofrequency ablation
and cryotherapy.'®*® These techniques are suitable for patients with high surgical risks
and offer fewer complications; however, the recurrence rate of tumour cells may be higher
compared to partial nephrectomy.****>3!%° For patients with metastatic RCC, cytoreductive
nephrectomy is recommended prior to initiation of systemic therapy.’*'®® This surgery
involves the removal of primary gross tumour, thereby reducing the burden of tumour size
and significantly improving overall survival and disease-free state.'®® *° Radiation therapy
may also be beneficial for patients with metastatic RCC, as it controls bleeding, reduces
pain from the tumour, alleviates symptoms originating from metastases, and stabilizes
brain metastases.’”* Non-targeted immunotherapies including interleukin-2 (IL-2) and
interferon-a. (IFN-a) were the first systemic drugs approved for the management of
metastatic RCC.™" 1% However, due to many toxic side effects and low median overall
survival of nearly 12 months, the use of these drugs is now limited.*® 1% ™ With an
increased understanding of pathophysiologic mechanisms of RCC development, the
systemic therapy encompasses various targeted agents including pazopanib, sorafenib,

axitinib, temsirolimus, everolimus, and sunitinib, 47 153171.166
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Tyrosine Kinase Inhibitor: Sunitinib

Sunitinib (Sutent; SNT), an oral small molecule tyrosine kinase inhibitor and a
structural analogue of indolin-2-one, was approved for the treatment of advanced RCC in
2006 (Figure 3).1#*"* The clinical study by Motzer et al. was the first to demonstrate the
superiority of SNT over IFN-o in patients with untreated metastatic RCC.*** ** In this
trial, an improved response rate (47% vs. 12%; p<0.001) and progression-free survival (11
vs. 5 months; p<0.001) were reported in the SNT group than in the IFN-a group.”™
Moreover, patients treated with SNT had median overall survival of 26.4 months as
compared to 21.8 months in patients receiving IFN-o. (p=0.051)."*

SNT is distributed as the malate salt or sunitinib malate.*” *® The recommended
dosage for metastatic RCC patients is 50 mg/day for the duration of 4 weeks followed by a
2 week period without this medication."”® *'" The dosage and schedule of SNT can be
optimized according to patient’s health condition in order to obtain the most benefit from
the treatment.'®* 171 174 177 178 SNT js metabolized into its active N-desethyl metabolite
SU12662 primarily by the cytochrome P450 enzyme in the liver.!”"*" ¥ The half-lives of
SNT and SU12662 are 40-60 hours and 80-110 hours, respectively.'”>*® The total oral
clearance of SNT is 34-62 liters/hour. The primary route of elimination of this targeted
drug is via feces.'”"*® Patient’s age, sex, body weight, and the type of tumour do not

affect the pharmacokinetic profile of SNT.'”’
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Figure 3: Chemical structure of Sunitinib.

Sunitinib is a butanedioic acid, hydroxyl-, (2S)-, compound with N-[2-
(diethylamino)ethyl]-5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-2,4-dimethyl-
1H-pyrrole-3-carboxamide.*’

SNT related side effects include fatigue, hypothyroidism, nausea, diarrhea, skin
discoloration, and cardiovascular events.”? This novel targeted agent has also been
approved for the treatment of gastrointestinal stromal and metastatic pancreatic

neuroendocrine tumours.t’

Sunitinib: Anti-cancer Mechanism

The development of RCC in the majority of patients occurs sporadically, mainly
due to inactivation of the VHL tumor suppressor gene.'®® '8 VVHL regulates the response
of tissues to a low oxygen environment.’® This protein adds ubiquitin to hypoxia-
inducible factor a. (HIF-a), thereby targeting it for proteasome degradation and halting the

downstream signaling.'®#%® 181 A mutation in VHL causes aberrant accumulation of HIF-
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o, leading to overexpression of VEGF, platelet-derived growth factors (PDGF), and
transforming growth factor (TGF) alpha and beta.™® 82184 Qyerexpression of tyrosine
kinase and serine/threonine receptors may promote tumour angiogenesis, proliferation, and
metastasis.®* '’

Tyrosine kinase receptors (TKR) are transmembrane proteins that are located at the
cell surface and transduce extracellular signals to the cell.*”® *® The receptor monomer is
composed of an extracellular ligand-binding domain, a transmembrane domain, as well as
intracellular domain which possesses tyrosine kinase activity.' *® The kinase domain
contains ATP-binding cleft that has adenine, sugar, and phosphate-binding sites.*® Ligand
binding promotes receptor dimerization and autophosphorylation of specific tyrosine
residues of the intracellular domains.!”> Tyrosine kinase activation induces various
signaling pathways that are important in cell proliferation, differentiation, migration,
survival, and angiogenesis (RAF-MEK-ERK, PI3K-Akt-mTOR, Src). 280 18 172, 18
VEGFR signaling plays an important role in angiogenesis and vascular permeability, as do
PDGF-A, PDGF-B, PDGF-C, and PDGF-D that bind to PDGF receptors (PDGFR-o. and
PDGFR-B).}”> PDGFR signaling is essential in pericyte recruitment, vascular maturation,
and stability.*®® Approximately 30% of TKR including stem-cell factor receptor (KIT) and
FMS-like tyrosine kinase-3 (FLT3) are found mutated or overexpressed in different cancer
types.'®>*8” Moreover, PDGRF, basic fibroblast growth factor (0FGF) and its receptor are
also expressed in a variety of tumours.!"?

SNT is a tyrosine kinase inhibitor that targets various TKR including: i) VEGFR 1-
3; 11) PDGFR-a and PDGFR-; iii) FLT3; iv) KIT; v) colony stimulating factor-1 receptor

(CSF-1R), vi) RET, and vii) bFGF (Figure 4).}7% 18018 187 Thjs novel inhibitor possesses
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hydrophobic properties and competes with ATP by presenting up to three hydrogen bonds
to the ATP-binding site of intracellular domain.*® The ability of SNT to inhibit various
tyrosine kinases downregulates tumour angiogenesis and vasculature and leads to an

improved anti-tumour response.**®

PDGFR-a PDGFR-B VEGFR1 VEGFR2 VEGFR3
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Figure 4: Mechanism of action of SNT.
The novel targeted agent Sunitinib exerts its action by inhibiting various tyrosine kinase

receptors, thereby decreasing tumour proliferation, vascular permeability, and
angiogenesis. %78 190 191
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Sunitinib: Cardiovascular Toxicity

Although SNT diminishes tumour growth, improves progression-free and overall
survival, and enhances response rates in metastatic RCC, this novel agent is associated
with a number of cardiovascular side effects.”™ % 3% 1% The most common cardiotoxic

side effects of SNT include hypertension, LV dysfunction, and/or heart failure ®*- 176 193. 194

Bradycardia and QT prolongation are also rarely observed in SNT treated patients.” 1> 1%
LV apical ballooning (Takotsubo) syndrome and reversible acute cardiomyopathy have
also been noted in patients with RCC treated with SNT.'*" 1%

d,*® non-selective inhibitor SNT

As the sites for ATP binding are highly conserve
targets more than 50 kinases, thereby causing cardiac toxicity.®® 1% 2% Moreover, this
drug related cardiac damage is thought to occur via the following possible mechanisms: 1)
decreased nitric oxide signaling; 2) increased endothelin-1 production; 3) capillary
rarefaction; 4) inhibition of AMP-activated kinase; 5) mitochondrial damage; and/or 6)
activation of RAS pathway. % 1*% 202205 However, a myriad of literature suggests that the
RAS pathway is the main regulator of SNT mediated cardiotoxicity.’” 1 104 201 The
potential mechanism for the development of this cardiac damage involves upregulation of
Ang-11, resulting in an increase in OS and subsequent activation the MAPK family of
proteins, including ASK1, JNK and p38.11% 113 115124 Activation of JINK and p38 enhances
expression of pro-apoptotic proteins (Bax, Caspase-3, and PARP) and diminishes the

expression of anti-apoptotic proteins (Bcl-xL).*?: 125 126.204.205 Thjg gyerall cascade leads

to cardiomyocyte apoptosis and ultimately heart failure as denoted in Figure 2.2 14 116

118-120, 127, 128
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i) Murine Model

Various animal studies have investigated the adverse cardiovascular side effects
associated with the administration of SNT.*** ¥ Recently, our group evaluated whether
novel echocardiographic parameters, including Vengo and SR, can detect early evidence of
SNT mediated cardiotoxicity in a murine model.**® Mice treated with SNT (40 mg/kg/day)
developed systemic hypertension as early as day 7 which continued to increase throughout

the duration of the study.*

Although conventional LVEF values decreased at day 13 in
mice administered SNT, Vengo and SR started to significantly decline at day 8, confirming
early subclinical LV systolic dysfunction.™® Electron microscopy demonstrated an
increased loss and disruption of myofibrils in the animals treated with SNT. These mice
had a significant increase in OxPC and elevated expression of Caspase-3 protein.**?

In order to confirm that the RAS pathway and Ang-Il induced OS play a primary
role in the development of this cardiac dysfunction, we performed a pilot study using a
transgenic mouse model homozygous for the disrupted angiotensin type 1 receptor gene
(AT1,R-K0).*® AT1,R-KO mice were administered either 0.9% saline or SNT (40
mg/kg/day) via oral gavage for a total of 14 days.**® Our results demonstrated that in mice
treated with SNT, LVEF did not change significantly from baseline to the study end-point
(744+2% vs. 71+2%; p<0.05). There was no evidence of LV systolic dysfunction in these
mice.

Chu et al. evaluated the effect of SNT in the in vitro setting."®” Treatment of
neonatal rat ventricular myocytes (NRVMs) with 1uM SNT resulted in increased release

of cytochrome C from mitochondria after 30 and 48 hours.*®” These cardiomyocytes

underwent apoptosis as evidenced by elevated caspase-9 activity and the number of
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apoptotic cells.®” In an in vivo animal model of wild-type Swiss-Webster mice,
cardiomyocyte abnormalities, including swelling of mitochondria and disrupted cristae,
were observed after 12 days of administration of SNT (40 mg/kg/day).*®” No significant
changes in blood pressure were noted in these mice."®” To investigate the effect of SNT
and high blood pressure on heart function, mice were given regular chow or chow mixed
with SNT (10 mg/kg/day) for 2 weeks.'®” For the duration of the second week, 0.9% saline
or the a-adrenergic drug phenylephrine (30 mg/kg/d) was co-administered.'®” The rise in
systolic blood pressure was seen in mice receiving phenylephrine alone and SNT with
phenylephrine.*®” However, treatment with SNT resulted in a 7-fold increase in apoptosis
of cardiomyocytes.*®’

Inhibition of PDGF signalling may be another possible explanation for the cardiac
damage noted in the animals treated with SNT.*®® %7 Transverse aortic constriction (TAC)
in mice with cardiac-specific PDGFR-f3 deletion resulted in dilated left ventricles,
pulmonary edema, hypertrophy, secondary fibrosis, and clinical evidence of heart
failure.?” Expression of phosphorylated p38, ERK1/2, JNK, and AKT proteins were
downregulated in these animals.®” Interestingly, the number of apoptotic cardiomyocytes
was significantly elevated compared to control animals, suggesting that PDGFR-
signaling may be involved in activation of proteins that protect the heart in the setting of
pressure overload.?’” The same research group has also evaluated the effect of TAC in
mice treated with SNT (40 mg/kg/d) for 14 days.’®® Although mice did not develop
pulmonary edema or cardiac hypertrophy in this pressure overload model, they had
impaired cardiac function and increased fibrosis. The levels of PDGFR-3 protein were

diminished in TAC mice receiving SNT.2%
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ii) Clinical Setting

Treatment with SNT has been linked with the onset of a number of cardiovascular
complications.%® % 139192 Hynertension is the most frequent cardiac adverse event noted in
SNT treated patients.'*® 19 299 219 yp to0 53% of patients developed new or worsening
hypertension in a variety of clinical studies.’®* 187 #1921 A retrospective trial evaluated
patients with imatinib-resistant gastrointestinal stromal tumours receiving up to 4 cycles of
SNT.*" The development of hypertension (>150/100 mmHg) was noted in 47% of study
participants.'®” 1 The incidence of grade 3 hypertension was observed by the third cycle
of SNT treatment in 17% of patients.*®’

Azizi and colleagues reported on metastatic RCC patients who had unilateral
nephrectomy, received 2 cycles of SNT, and monitored their home blood pressure.?*? By
week 4, all normotensive patients were diagnosed with hypertension. In all hypertensive
patients, blood pressure increased by the end of the first week of SNT treatment.?'?
However, subsequent blood pressure values were similar to baseline, most likely due to
the fact that hypertension was controlled with appropriate medications.**? Development of
new or worsening hypertension in metastatic RCC patients is associated with an improved
response to SNT treatment, longer time to disease progression, and better overall
survival.”** The presence of hypertension may be a surrogate marker that the tyrosine
kinase inhibitor SNT is effective in treating metastatic RCC. %> %

LV systolic dysfunction and heart failure are common side effects due to SNT and
have relatively high incidence among RCC patients.®> #* 2 Telli and colleagues
discovered that 15% of patients treated with SNT developed symptomatic left ventricular
dysfunction within 22 to 435 days of therapy.”** These study participants presented with

214

heart failure signs with LVEF values of less than 40%.“™" A review performed by Hall et
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al. analysed 101 metastatic RCC patients treated with SNT and reported the incidence of
heart failure and reduced LVEF to be 32% and 15%, respectively.”° An international
expanded-access trial, which evaluated 4543 metastatic RCC patients receiving SNT,
stated that cardiac failure was present in 17 participants, including 3 who died from this
therapy related side effect.?® Less than 1% of patients treated with this targeted agent had
congestive cardiac failure.”™® Chu and colleagues evaluated a cohort of patients with
gastrointestinal tumours and found that 1% of patients receiving SNT had myocardial
infarction and 8% developed CHF.*®"**® Approximately 19% of SNT treated participants
had a decrease in LVEF values of more than 15%.'%" ' Histological evaluation of biopsy
tissues revealed the presence of cardiac hypertrophy and abnormal mitochondria in
patients who developed SNT induced LV dysfunction and CHF.1871%

Our ongoing ‘Avastin and Sutent induced cardiotoxicity study’ (ASICS) is
investigating whether novel echocardiographic parameters can detect the early evidence of
CTRCD in CRC and RCC patients receiving BVZ, SNT, or pazopanib (PAZ).*** PAZ is a
tyrosine kinase inhibitor also used in the treatment of metastatic RCC.**® ™ Cardiac
dysfunction related to cancer drug administration was observed in 8% of the study
population. These patients experienced a significant decrease in LVEF from 63% to 51%
at 3 months of follow-up. Significant changes in systolic global longitudinal strain (GLS)
were detected as early as 1 month after targeted therapy initiation. In this study, GLS
decreased by 13% in one month and by 24% by the third month of treatment, thereby
confirming early evidence of CTRCD.** %" 28 Qverall, in a population of CRC and RCC
patients, GLS was able to detect early evidence of cardiotoxicity as compared to

traditional LVEF values.?*°
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Prevention of Cardiotoxicity

Although novel echocardiographic techniques may allow for the early detection of
LV systolic dysfunction in CRC and RCC patients,*®" 13318 137 the more important
question is whether this cardiac injury can be prevented at the onset.?’ Protecting
cardiovascular health during cancer therapy may be an effective approach to improve
patients’ quality of life and overall survival.'>** A key strategy for primary prevention
may be to focus on treating patients who have the highest risk for developing LV
dysfunction due to cancer therapy administration.” %% ?? |ndividuals at increased risk are
those with diabetes, CV disorder (hypertension, coronary artery disease), CV risk factors
(smoking, obesity, alcohol use, sedentary lifestyle, diet), advanced age, exposures to
radiation and cardiotoxins.'> 1" 1 22 potential treatment interventions may involve
adjustment of chemotherapy dosages, prescription of less cardiotoxic agents, and use of
cardioprotective drugs.??**’

No established or consensus guidelines currently exist on the use of prophylactic
therapies as primary prevention of chemotherapy mediated cardiotoxicity.® #4220 |
2016, the Canadian Cardiovascular Society’* suggested the following medications for
patients at the high risk for cardiac complications due to anti-cancer therapy: i) ACE
inhibitor; ii) angiotensin receptor blocker; iii) B-blocker; and/or iv) statin.* A number of
clinical trials have focused their attention on prevention of cardiac damage in breast
cancer, sarcoma, lymphoma, and leukemia patients treated with anthracyclines.*” 2 Due

to the small study size and variable results, limited evidence is currently available on the

prophylactic use of various cardiac medications.””® Hence, more studies are warranted to
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explore the role of cardioprotective agents against chemotherapy related cardiotoxicity in a
variety of cancer settings.™?%

Selection of particular prophylactic agent is determined by the underlying
mechanisms of chemotherapy induced cardiac damage.>** Some cardioprotective drugs
may diminish oxidative stress, mitochondrial damage and/or apoptosis of cardiomyocytes,
while others may decrease the workload on the heart.>??® In the setting of chemotherapy
mediated cardiotoxicity, the cardioprotective role of statins, antioxidants, 3-blockers and
RAS antagonists have been investigated in a number of basic science and clinical studies.>
21, 220, 224-229
1) Statins

Statins are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitors that decrease low-density lipoprotein (LDL) cholesterol by elevating LDL
receptor synthesis.?*> 2! These drugs are used in the treatment of hyperlipidemia and for
the primary and secondary prevention of myocardial infarction and stroke.?*? Statins

possess antioxidative, anti-inflammatory, and immunomodulatory properties.?" 223 233234

They have also had cardioprotective effects in the cancer setting.> ?* 22% 2% 2L |n an in
vivo model of DOX mediated cardiac dysfunction, 4 days of pre-treatment with fluvastatin
resulted in improved systolic function.?* ??® Moreover, an increased expression of the anti-
oxidant superoxide dismutase 2 and attenuation in cardiac nitrotyrosine, apoptotic and
inflammatory mediators were found in mice receiving fluvastatin.”> ??® In another model,

mice prophylactically treated with atorvastatin 1 hour before DOX administration

demonstrated a decrease in oxidative stress and cellular damage within the myocardium.?*
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In the clinical setting, Chotenimitkhun et al.*** demonstrated that treatment with
statins prevented a decline in LVEF in patients receiving anthracycline-based
chemotherapy.”® Similarly, Acar and colleagues evaluated the cardioprotective role of
atorvastatin in anthracycline mediated cardiomyopathy.?® %" In their study, one group of
patients took daily prophylactic atorvastatin (40mg) prior to chemotherapy administration
(1 per month), and another group received chemotherapy alone.”*® %" In the statin treated
group, LVEF values remained unchanged after 6 months while a significant decrease in
LVEF was observed in the control group.”®® " Corroborating the echocardiographic
findings, C-reactive protein levels were low in the statin treated group as compared to
controls.?®® 23" |n a separate observational study, Seicean et al.?** followed patients for a
mean duration of 2.4 years and found a lower incidence of heart failure and cardiac-related
mortality in women with breast cancer who received statins during anthracycline based
chemotherapy.**

ii) Antioxidants

Anti-oxidants, including probucol and N-acetyl cysteine amide (NACA), have
cardioprotective properties in preventing cardiac dysfunction due to chemotherapy.?® 2*°
Probucol is a lipid-lowering agent known to decrease serum low- and high-density

lipoprotein cholesterols,?4%24

and it has been used for the prevention and treatment of
atherosclerotic CV disorders.?** This drug also possesses potent anti-oxidative and anti-
inflammatory properties.?*" 22 Probucol protected against 33driamycin (DOX) mediated
cardiomyopathy and heart failure in rats by maintaining anti-oxidant reserve, decreasing
cardiomyocyte apoptosis and preventing detrimental hemodynamic changes.?**?* In a
murine model of DOX and TRZ induced cardiac dysfunction, prophylactic treatment with

Probucol lessened degeneration of myofibrils and decreased cardiac apoptosis.?*®
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Although Probucol may be an effective prophylactic agent in in vivo settings of

chemotherapy mediated cardiotoxicity,?*

its safety is yet to be investigated in clinical
trials.

NACA is a novel thiol form of N-acetylcysteine that is able to pass through the
cellular membrane.?***® This drug was found to have anti-oxidant and free radical
scavenging properties, thus having the potential to treat diseases related to oxidative
stress.?*® 24728 The cardioprotective role of NACA has been investigated in embryonic rat
cardiomyocytes treated with DOX.2*° In the in vitro setting, NACA attenuated oxidative
stress by increasing activities of anti-oxidant enzymes and decreasing reactive oxygen
species and lipid peroxidation.?*® However, NACA treatment did not prevent DOX
mediated cell death.”*® This anti-oxidant drug was also shown to be npartially
cardioprotective in an acute model of DOX and TRZ induced cardiotoxicity.”®® In this
study, mice received prophylactic administration of NACA with DOX and/or TRZ for 10
days.”® In mice receiving both anti-cancer agents, NACA partially prevented adverse
cardiovascular remodeling, cardiomyocyte damage, oxidative stress, and apoptosis.?*®
iii) B-blockers

B-blockers inhibit B-adrenoreceptors and have mainly been used for the treatment
of CV diseases including hypertension, LV systolic dysfunction, valvular heart disease,
and arrhythmias.?*® 322 These drugs have potential anti-cancer, anti-oxidant, and anti-
apoptotic properties.>??32%221252 A number of clinical trials have investigated whether
these inhibitors can exert cardioprotective effects against chemotherapy induced cardiac
dysfunction.?®® 23 |n a small randomized, placebo-controlled study, anthracycline treated

patients received prophylactic treatment with the p-blocker carvedilol (12.5 mg/day).?*
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After 6 months, carvedilol protected overall LV function and prevented anthracycline
mediated cardiomyopathy.”? In the OVERCOME trial, prophylactic treatment with both
carvedilol and the ACE inhibitor enalapril prevented the development of LV systolic
dysfunction in patients with hematological malignancies receiving chemotherapy.”* The
recent MANTICORE study investigated whether the p-blocker bisoprolol or ACE
inhibitor perindopril would exert cardioprotective effects in breast cancer patients treated
with TRZ.?*® After a mean follow-up of 350 days, bisoprolol attenuated the decrease in
LVEF as compared to perindopril and placebo groups.”®® However, adverse LV
remodeling associated with TRZ treatment was not prevented by either prophylactic
255

agents.

iv) RAS Antagonists

RAS antagonists comprise a group of blood pressure lowering medications that
include direct renin inhibitor (Aliskiren), ACE inhibitors and angiotensin receptor
blockers.'®" 2% 27 Aliskiren has beneficial effects on both the CV and renal systems.?*®1%
ACE inhibitors decrease the risk of death, myocardial infarction, and stroke in high risk
patients who do not have underlying structural heart disease.”*?*"?*® |n patients with heart
failure, that may also be caused by chemotherapy, ACE inhibitors, including Perindopril,
are recommended as Class | medications.”®® #° Although ACE inhibitors should be

104, 250, 260-262 thare js NO CoONsSENsUS

administered after LV systolic dysfunction develops,
recommendation for its prophylactic use to prevent adverse cardiovascular remodelling.®
11,220,221 Angiotensin receptor blockers, including Valsartan, also decrease morbidity and

mortality due to heart failure in a number of landmark clinical trials.”®* ?** RAS
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antagonists may also exert anti-fibrotic, antioxidant, anti-inflammatory, and anti-apoptotic
properties.lzg’ 206, 257, 265-270

A few basic science and clinical trials have investigated the potential role of RAS
antagonists in the prevention of cardiac dysfunction due to DOX and/or TRZ.2%® 2% 272
Akolkar and colleagues recently established a chronic murine model in which mice were
treated with DOX, TRZ, or DOX+TRZ.%"* These animals were prophylactically given
daily placebo, Aliskiren, Perindopril, or Valsartan for a total of 13 weeks.?’? At the end of
the study, mice treated with DOX and DOX+TRZ had increased LV cavity dimension
with reduced LV systolic function.””? Administration of RAS antagonists partially
attenuated cardiac damage by improving echocardiographic parameters and overall

survival of the animals.?"

In a separate study, ACE inhibitors, including Captopril and
Enalapril, prevented DOX induced cardiac damage in rats by maintaining the anti-oxidant
reserve and respiratory efficiency of mitochondria and decreasing free radical
formation.?"*%"3

In the clinical setting, treatment with Enalapril was effective in protecting systolic
and diastolic heart function in a cancer population receiving anthracycline based
chemotherapy.?®® Similarly, the recent PRADA trial evaluated the use of an angiotensin
receptor antagonist candesartan or -blocker metoprolol in breast cancer patients assigned

to anthracycline therapy with or without TRZ.%’

Although prophylactic treatment with
candesartan prevented an overall decrease in LVEF, metoprolol did not exert any
cardioprotective effects.”?’ Despite these encouraging findings, no comprehensive studies

to date have investigated the prophylactic role of RAS antagonists in the prevention of
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BVZ and SNT mediated cardiotoxicity in the settings of CRC and RCC settings,

respectively.
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Chapter 2: Hypothesis, Objectives, and Study Rationale
Hypothesis

We hypothesize that the cardiotoxic side effects of either BVZ or SNT will be
attenuated by the prophylactic use of RAS antagonists, by decreasing OS and expression
levels of PARP, Caspase-3, Bax, and Bcl-xL, leading to decreased apoptosis and
preservation of overall LV systolic function.
Objectives

1) To evaluate whether early pharmacological inhibition of OS by RAS antagonists
will attenuate the cardiotoxic side effects of BVZ or SNT in a chronic in vivo murine
model,

2) To elucidate potential mechanisms for the cardioprotective effects of RAS
antagonism.

Study Rationale

Cancer treatment is multifaceted employing a combination of surgery, radiation,
and chemotherapy. An increased understanding of the molecular mechanisms of cancer
has led to the development of novel targeted agents, including BVZ and SNT, which are

used in CRC and RCC, respectively.®™ 1 Despite the effectiveness of these anti-cancer

56, 174

drugs, an unanticipated side effect of their use is an increased risk of developing

% 100 13 highlighting the clinical significance of this serious

cardiotoxicity,™
complication.
Serial assessment of LVEF using echocardiography is an important noninvasive
clinical diagnostic tool to monitor patients receiving anticancer therapy.™*** A reduction
d.132' 134

in LVEF signifies that irreversible cardiac injury may have already occurre

Although sensitive echocardiographic techniques including tissue velocity imaging (TVI)
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and strain imaging may allow for the early detection of LV systolic dysfunction in cancer

131, 134137 the more important health concern is whether this injury can be

patients,
prevented at the onset to improve patient outcomes.

Previous studies have demonstrated that BVZ and SNT mediated cardiotoxicity
may be due to an increase in cardiac Ang-Il levels with a concomitant upregulation of the
RAS, resulting in increased OS, apoptosis, and ultimately heart failure.?’r 104 113 119, 201
Although heart failure drugs including RAS inhibitors are commonly used after cardiac
dysfunction develops in the CRC and RCC settings,"® their prophylactic role in the

prevention of BVZ and SNT mediated cardiotoxicity has yet to be investigated.
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Chapter 3: Materials and Methods
Animal Model

All animal procedures were conducted in accordance with guidelines of the
Canadian Council on Animal Care. The Animal Protocol Review Committee at the
University of Manitoba approved all procedures, including drug administration and
longitudinal echocardiographic studies (REB: 15-009/1/2 (AC11024)).

A total of 194 wild-type C57BI/6 male mice (8-12 weeks old; Jackson
Laboratories, Bar Harbor, ME, US) were quarantined for 1 week prior to the initiation of
the study. All animals were maintained on a 12-hour day/night cycle and received ad
libitum access to regular chow and water during their stay in the animal holding facility.
Following baseline transthoracic echocardiography (TTE), hemodynamics and weight
analyses, all mice were randomly assigned to 3 regimens as indicated in Figure 5:

1. 0.9% Saline (weekly i.p. injections for 4 weeks, n=39);
2. BVZ (10 mg/kg, weekly intravenous (i.v.) tail vein injections for 4 weeks,
n=78);'**
3. SNT (40 mg/kg, daily oral gavage for 4 weeks, n=77).%%
The doses of targeted therapies BVZ of 10 mg/kg and SNT of 40 mg/kg were sufficient to
induce left ventricular systolic dysfunction in this murine model, as previously described
by our group and others. 3 129187

Within each study arm, mice were further randomized to receive daily prophylactic

treatment via oral gavage with one of the following agents:
a) Water (0.1 mL/day);

b) Hydralazine (0.05 mg/mL);*"™

c) Aliskiren (50 mg/kg);*"
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d) Perindopril (4 mg/kg);*"®
e) Valsartan (2 mg/kg).2%

Prophylactic treatment with water, Hydralazine, or one of RAS antagonists occurred on
the same day, prior to Saline, BVZ, or SNT exposure, for a total of 28 days. The various
dosages of Aliskiren, Perindopril, and Valsartan are the widely accepted concentrations to
provide adequate inhibition of the RAS in a murine setting.®® ?"*%"® These RAS

antagonists have been selected due to their water solubility,?® 27427

thereby increasing
their ease of administration. We hypothesize that the potential cardioprotective effects of
Aliskiren, Perindopril, and Valsartan will be independent of their blood pressure lowering
effects. Hence, Hydralazine was prophylactically added as potential positive control as it
does not affect the RAS pathway.?”’

Body weight of all mice was measured every other day over the study period.
Hemodynamic parameters and serial TTE were evaluated on a weekly basis for 4 weeks.
All animals were then euthanized by i.p. injection of 150 mg/kg pentobarbital buffered
with 2% lidocaine, and hearts were harvested from the thoracic cavity. Each heart was

rinsed in 0.9% saline and preserved for further histological, oxolipidomic, and protein

analyses.
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Figure 5: Experimental Methodology.

A total of 194 C57BI/6 male mice were randomly assigned to either: i) 0.9% saline (i.p.
weekly; n=39); ii) BVZ (10 mg/kg i.v. weekly for 4 weeks; n=78); or iii) SNT (40
mg/kg/day orally for 4 weeks; n=77). Within each arm, mice were further randomized to
receive prophylactic treatment with either water (daily), Hydralazine (0.05
mg/ml/daily),>’* direct renin inhibitor (Aliskiren 50 mg/kg/daily),””> ACEI (Perindopril 4
mg/kg/daily),?’® or ARB (Valsartan 2 mg/kg/daily)*® via oral gavage for a total of 28
days. Mice underwent weekly hemodynamic and echocardiographic assessments at 5 time
points. At the end of the study, cardiac tissues were collected for histological and
biochemical analyses.
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Hemodynamics

Non-invasive heart rate and blood pressure measurements were evaluated in non-
sedated, restrained mice using a tail-cuff method (CODA system, High Throughput, Kent
Scientific, Torrington, CT), as previously reported.?’® 2"® Briefly, the holding platform was
heated to 30°C, and 9 consecutive blood pressure readings were recorded with 1 minute
rest intervals between the readings. Blood pressure was measured at baseline and weekly
for a total of 4 weeks, and the average values for mean arterial pressure were computed
using 9 individual readings.

Murine Echocardiography

Non-invasive murine TTE was performed in all the animals at baseline and weekly
thereafter for the 4-week study. Awake mice underwent echocardiography using a 13-
MHz linear array ultrasound probe (Vivid 7, version 11.2, GE Medical Systems,
Milwaukee, WI, US). Parasternal long axis (PLAX) and short axis (PSAX) windows were
evaluated in all mice as previously described.®* 2% 2’9 Upon acquisition of PLAX images,
endocardial borders of LV cavity were manually traced in order to determine LV end-
diastolic and end-systolic volumes used in the calculation of LVEF (Equation 1). PSAX
windows were recorded to derive the M-mode echocardiographic indices, including LV
end-diastolic diameter (LVEDD), LV end-systolic diameter (LVESD), posterior wall
thickness (PWT), and interventricular septal thickness (IVS). The EchoPAC PC software
(Vivid 7, version 11.2, GE Medical Systems, Milwaukee, WI, US) was used for offline
post-processing of all images and calculations of LVEF and fractional shortening (FS)
(Equations 1 and 2). Echocardiographic data collection and analysis were conducted by

observers blinded to the various treatment groups.
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Equation 1: Left Ventricular Ejection Fraction.

IVEF = (LV end-diastolic volume — LV end-systolic volume) < 100%

LV end-diastolic volume

Equation 2: Fractional Shortening.

(LVEDD — LVESD)
LVEDD

FS = x 100%

To assess the variability of LV cavity dimensions and function, a total of 30 mice
were randomly chosen from the various treatment groups. A single observer (DSJ)
performed independent measurements of LVEDD and LVEF on two separate days two
weeks apart in order to evaluate intra-observer variability. Inter-observer variability was
determined separately by two independent observers (VM and DSJ). Intra- and inter-
observer variations were defined as the difference between the two observations divided
by the means of the observations and expressed as absolute numbers.

Histological Analysis

In the preparation for electron microscopy, 3% glutaraldehyde in 0.1M phosphate
buffer at pH 7.3 was used to fix the heart tissues for 3 hours at room temperature. They
were then rinsed in 0.1M phosphate buffer containing 5% sucrose overnight at 4°C. Post
fixation was then performed with 1% osmium tetroxide in 0.1M phosphate buffer for 2
hours at room temperature. Tissues were dehydrated in ascending ethanol concentrations
and embedded in Epon 812 as previously described.?®® After the tissue sections were
stained with uranyl acetate and lead citrate, they were viewed and photographed with the
Philips CM12 electron microscope in order to determine the degree of cellular integrity.

To avoid observer bias, grids were coded without prior knowledge of their source.
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Oxolipidomic Analysis

Collected heart tissues were stored in an Eppendorf tube containing a solution of
phosphate buffered saline (PBS, pH 7.4) with ethylenediaminetetraacetic acid (EDTA).
After gaseous nitrogen was infused into the tubes, they were flash frozen in liquid nitrogen
and stored at -80°C. Extraction of phospholipids was performed by the previously
described method with modifications.”®* Briefly, thawed heart tissues were placed into a
cold mortar with the addition of liquid nitrogen, and ground into a fine powder. The
powdered heart tissue was then transferred to a zeroed glass centrifuge tube to obtain
tissue weight, followed by the addition of 6 mL ice-cold chloroform:methanol (2:1 CM,
vol/vol) containing 0.01% butylated hydroxytoluene (BHT).?*? Once mixed, 100 pL of a
global internal standard mixture was added to the tubes followed by 1.5 mL ice-cold PBS.
The tubes were then vortexed 3 times and centrifuged (3500rpm) for 5 minutes at 4°C. The
lower lipid phase was withdrawn and placed into a new glass tube while the remaining
aqueous phase was mixed with 4.5 mL of ice-cold CM-PBS (86:14:1) and centrifuged for
5 minutes at 4°C. The lower lipid phase was transferred to the first organic phase, and
evaporation of the combined organic phase solvents was performed using a nitrogen
evaporator. Five hundred microliters of CM (2:1) was added to dissolve the lipid extracts.
They were then transferred to autosampler vials, flushed with nitrogen and stored at -80°C.

For oxolipidomics analysis, the samples were reconstituted in mobile phase,
solvent A (as described below).?%? Thirty microliters of each sample were injected onto an
Ascentis Express C18 reversed-phase high performance liquid chromatography (HPLC)
column (15 cm x 2.1 mm, 2.7 um; Supelco Analytical, Bellefonte, Pennsylvania, USA) by

means of a Prominence UFLC system (Shimadzu Corporation, Canby, Oregon, USA).??
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Separation of analytes was performed by using a binary solvent system with solvent A
(60:40 acetonitrile:water, vol/vol) and solvent B (90:10 isopropanol:water, vol/vol). Both
solvent systems had 10 mM ammonium formate and 0.1% formic acid. The program for
mobile phase composition was set at 0.01 min, 32% B; 1.50 min, 32% B; 4.00 min, 45%
B; 5.00 min, 52% B; 8.00 min, 58% B; 11.00 min, 66% B; 14.00 min, 70% B; 18.00 min,
75% B; 21.00 min, 97% B; 25.00 min, 97% B; 25.10 min, 32% B; and 30.00 min, 32%
B.?%2 The elution was stopped at 30.10 min. The flow rate used for chromatographic
separation was 260 uL/min; moreover, the temperatures of the column and sample trays
were maintained at 45 and 4°C, respectively.

The HPLC system was coupled to a 4000 QTRAP triple quadrupole mass
spectrometer system with a Turbo V electrospray ion source (AB Sciex, Framingham,
Massachusetts, USA). Chromatographic and mass spectral data were collected using
Analyst Software 1.6 (AB Sciex). Analyses of the data were performed by MultiQuant
Software 2.1 (AB Sciex).?

Western Blotting

Frozen heart tissues were ground in the presence of liquid nitrogen into powder.
Total protein was extracted from these tissues by homogenization in the
radioimmunoprecipitation (RIPA) buffer composed of 50 mM Tris pH 7.4, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 0.5% Na-deoxycholate, 1% Triton-X 100, and 0.1% sodium
dodecyl sulfate (SDS). The RIPA buffer was supplemented with protease and phosphatase
inhibitors (Thermo Scientific) prior to its use. After the samples were incubated on ice and
centrifuged for 15 min at 14,000 rpm at 4°C, the supernatants were collected. Total protein

concentration was measured by the Bradford assay using the Coomassie Blue Protein
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Assay Reagent (ThermoScientific) and bovine serum albumin (BSA) standards
(ThermoScientific). 30 ug of protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) at 55mA for 1.5 hours using the large gel
system. Proteins were transferred to 0.2 um pore size polyvinylidene fluoride (PVDF)
membranes at 100V for 1 hour at 10°C. Membranes were blocked in 5% skim milk
powder or BSA in 1x Tris Buffered Saline with 0.1% Tween 20 (TBST) for 1 hour at
room temperature. Membranes were probed with primary antibodies specific to PARP,
Caspase 3, Bax, Bcl-xL, p38, and GAPDH (Cell Signaling) overnight at 4°C. Horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody (BioRad) was then used to
incubate the membranes. Protein bands were detected using Pierce ECL Western Blotting
Substrate (ThermoScientific) on CL-Xposure blue X-ray film (ThermoScientific). Band
intensities were quantified by densitometric analysis using QuantityOne software (Bio-
Rad) and normalized to GAPDH as the loading control.

Statistical Analysis

All data are expressed as mean + standard deviation (SD). For Western analysis,
the data are expressed as mean * standard error mean (SEM). For post hoc analysis,
repeated measures of one-way analysis of variance (ANOVA) were used to evaluate for
significance between independent factors. P values for main effects and interactions were
noted when appropriate. For histological analysis, Mann-Whitney and Kruskal-Wallis tests
were applied for non-parametric comparison of scores between each group. The scores
ranged from 1 to 4, with 1 representing no tissue injury and 4 representing severe damage.
Hemodynamic, echocardiographic, and biochemical analyses were performed by ANOVA

with Dunnet’s post-hoc analysis. Statistical significance for oxolipidomic analysis was
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calculated by one-way ANOVA followed by a Tukey post hoc test. Results with p<0.05
were considered significant. The statistical software packages SPSS 15.0, SPSS version

24, and Graphpad Prism 5 were utilized to perform the statistical analyses.

48



Chapter 4: Results
Hemodynamics: BVZ Treatment

Compared to baseline, mean arterial blood pressure (MAP) of mice treated with
saline remained unchanged at week 4 (11946 mmHg vs. 121+5 mmHg, respectively).
Mice treated with BVZ only demonstrated a significant increase in MAP from 120+4
mmHg to 1364 mmHg at week 4 (Figure 6). Addition of Hydralazine completely
prevented the increase in MAP in BVZ treated mice, with a value of 124+3 mmHg at the
end of the study. Similarly, prophylactic treatment with Aliskiren, Perindopril, or
Valsartan attenuated the onset of hypertension, with blood pressure values of 124+4

mmHg, 125£5 mmHg, or 123+6 mmHg at week 4, respectively.
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Figure 6: Mean arterial pressure changes in BVZ treated mice prophylactically
receiving anti-hypertensive medications.

BVZ treatment induced significant increase in MAP at week 4, while prophylactic
treatment with anti-hypertensive drugs completely attenuated the development of
hypertension in these mice. The results are reported as mean = SD. *p<0.05 between BVZ
at week 4 as compared to Saline. **p<0.05 between BVZ at week 4 as compared to BVZ
baseline. #p<0.05 as compared to BVZ at week 4. BVZ, Bevacizumab; MAP, mean
arterial pressure; RAS, renin-angiotensin system; H, Hydralazine; A, Aliskiren; P,
Perindopril; V, Valsartan.
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Hemodynamics: SNT Treatment

Compared to baseline, MAP of mice treated with saline remained unchanged at
week 4 (121+4 mmHg vs. 1205 mmHg, respectively). Mice treated with SNT alone
demonstrated a significant increase in MAP from 120+3 mmHg to 138+3 mmHg at week
4 (Figure 7). Conversely, the increase in MAP was attenuated with addition of
Hydralazine as a blood pressure value of 1233 mmHg was reported in SNT treated mice
at the end of the study. Similarly, prophylactic treatment with RAS antagonists completely
prevented the development of hypertension. The MAP of mice receiving SNT and either
Aliskiren, Perindopril, or Valsartan was 124+3 mmHg, 125+4 mmHg, or 124+5 mmHg at

week 4, respectively.
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Figure 7: Mean arterial pressure changes in SNT treated mice prophylactically
receiving anti-hypertensive medications.

SNT treatment induced significant increase in MAP at week 4, while prophylactic
treatment with anti-hypertensive drugs completely attenuated the development of
hypertension in these mice. The results are reported as mean + SD. *p<0.05 between SNT
at week 4 as compared to Saline. **p<0.05 between SNT at week 4 as compared to SNT
baseline. #p<0.05 as compared to SNT at week 4. SNT, Sunitinib; MAP, mean arterial
pressure; RAS, renin-angiotensin system; H, Hydralazine; A, Aliskiren; P, Perindopril; V,
Valsartan.
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Murine Echocardiography: BVZ Treatment

At baseline, echocardiographic parameters including heart rate (HR), IVS, PWT,
LVEDD, and LVEF, were similar between all treatment groups (Table 1). HR, IVS, and
PWT remained within the normal range for all the treatment groups throughout the
duration of the 28 day study.

In the animals treated with BVZ and/or all anti-hypertensive medications, a
significant increase in LVEDD is observed beginning at week 2 of the study (Figure 8). At
week 4 of the study, LVEDD increased from 3.2+0.1 mm at baseline to 4.4+0.2 mm in
mice treated with BVZ only. A similar trend was observed with prophylactic Hydralazine
administration. In particular, addition of Hydralazine did not attenuate LV dilatation, and
LVEDD increased from 3.3+0.1 mm at baseline to 4.4+0.1 mm at week 4 in BVZ treated
mice. However, the prophylactic administration of Aliskiren, Perindopril, or Valsartan
partially attenuated the increase in LVEDD, with values of 3.7+£0.1 mm, 3.8+0.1 mm, and
3.8+£0.2 mm, respectively at week 4.

BVZ treatment led to the development of LV systolic dysfunction as LVEF values
significantly decreased from 72+3% at baseline to 41+2% at week 4 (Figure 9). Similarly,
addition of Hydralazine did not preserve cardiac function in BVZ treated mice, causing a
significant decline in LVEF to 43+3%. Prophylactic treatment with Aliskiren, Perindopril,
or Valsartan however was partially cardioprotective with LVEF values of 57£2%, 50+2%,

or 51+3% at week 4, respectively (p<0.05).
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Echocardiographic Group Baseline Week 1 Week 2 Week 3 Week 4 p value
variable
HR (beats/min) Saline (n=5) 691+8 681+10 675+12 682+9 694+10 0.82
BVZ (n=11) 694+7 680+7 681+8 680+7 684+8 0.78
BVZ+H (n=11) 693+1 683+10 678+12 685+8 689+7 0.83
BVZ+A (n=12) 697111 688+8 679+11 694+11 690+7 0.85
BVZ+P (n=12) 693+8 696+11 685+7 679114 69214 0.81
BVZ+V (n=12) 688+11 677+13 691+12 683+11 680+9 0.78
IVS (mm) Saline (n=5) 0.79+0.01 0.8+0.02 0.78+0.02 0.79+0.02 0.80+0.03 0.82
BVZ (n=11) 0.79+0.02 0.80+0.01 0.79+0.03 0.80+0.02 0.81+0.03 0.79
BVZ+H (n=11) | 0.78+0.03 0.80+0.02 0.80+0.03 0.80+0.02 0.80+0.02 0.84
BVZ+A (n=12) | 0.80+0.03 0.81+0.02 0.79+0.03 0.81+0.02 0.80+0.03 0.83
BVZ+P (n=12) | 0.78+0.03 0.79+0.02 0.80+0.03 0.80+0.02 0.79+0.03 0.85
BVZ+V (n=12) | 0.79+0.04 0.80+0.02 0.78+0.03 0.81+0.02 0.80+0.03 0.80
PWT (mm) Saline (n=5) 0.81+0.02 0.81+0.02 0.81+0.02 0.81+0.03 0.79+0.03 0.78
BVZ (n=11) 0.80+0.02 0.79+0.03 0.80+0.02 0.80+0.02 0.80+0.02 0.81
BVZ+H (n=11) | 0.79+0.02 0.81+0.02 0.78+0.03 0.79+0.03 0.78+0.02 0.78
BVZ+A (n=12) | 0.81+0.02 0.82+0.03 0.82+0.02 0.80+0.02 0.81+0.02 0.85
BVZ+P (n=12) | 0.79+0.03 0.80+0.02 0.80+0.03 0.81+0.03 0.80+0.03 0.87
BVZ+V (n=12) | 0.81+0.03 0.81+0.03 0.81+0.02 0.82+0.02 0.81+0.03 0.83
LVEDD (mm) Saline (n=5) 3.2+0.2 3.2+0.1 3.3+0.2 3.310.2 3.310.1 0.82
BVZ (n=11) 3.2+0.1 3.3+0.1 3.6+0.1* 3.9+0.1* 4.4+0.2* <0.05
BVZ+H (n=11) 3.3+0.1 3.3+0.1 3.7+0.1* 3.8+0.2* 4.4+0.1* <0.05
BVZ+A (n=12) 3.310.1 3.310.1 3.4+0.1* 3.6+0.2* 3.7+0.1%# <0.05
BVZ+P (n=12) 3.3+0.1 3.3+0.1 3.4+0.1* 3.7+0.2* 3.8+0.1*# <0.05
BVZ+V (n=12) 3.310.1 3.310.1 3.4+0.1* 3.740.1* 3.8+0.2*# <0.05
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Echocardiographic Group Baseline Week 1 Week 2 Week 3 Week 4 p value

variable
LVEF (%) Saline (n=5) 72+3 73+3 72+3* 72+3* 7243 0.91
BVZ (n=11) 72+3 734 57+2* 51+3* 41+2* <0.05
BVZ+H (n=11) 73+2 T4+4 58+3* 52+4* 43+3* <0.05
BVZ+A (n=12) 7245 733 64+3*# 61+1*# 57+2*# <0.05
BVZ+P (n=12) 7343 73+4 63+2*# 58+3*# 50+£2*# <0.05
BVZ+V (n=12) 7314 7244 62+3*# 57+4*# 51+3*# <0.05

Table 1: Echocardiographic data from C57BI/6 mice treated with 0.9% Saline or BVZ with or without prophylactic anti-
hypertensive medications from baseline to week 4.

Assessments of heart rate (HR), interventricular septum (1VS), posterior wall thickness (PWT), left ventricular end diastolic diameter
(LVEDD), and left ventricular ejection fraction (LVEF) were performed on a weekly basis during the study period. The values are
presented as mean + SD.

*p<0.05 as compared to Saline

#p<0.05 as compared to BVZ alone

BVZ, Bevacizumab; RAS, renin-angiotensin system; H, Hydralazine; A, Aliskiren; P, Perindopril; V, Valsartan.
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Figure 8: Changes in LVEDD in BVZ treated mice prophylactically receiving anti-
hypertensive medications.

BVZ treatment resulted in LV cavity dilatation in C57BI/6 mice at week 4. Prophylactic
treatment with Hydralazine did not attenuate the increase in LVEDD at the end of the
study. Addition of RAS antagonists partially prevented the increase in LV cavity
dimension caused by BVZ administration. The values are presented as mean + SD.
*p<0.05 as compared to Saline. #p<0.05 as compared to SNT alone. LVEDD, left
ventricular end diastolic diameter; BVZ, Bevacizumab; RAS, renin-angiotensin system;
H, Hydralazine; A, Aliskiren; P, Perindopril; V, Valsartan.
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Figure 9: Changes in LVEF in BVZ treated mice prophylactically receiving anti-
hypertensive medications.

C57BI/6 mice treated with BVZ developed a significant decrease in LVEF values at week
4. Addition of Hydralazine failed to preserve cardiac function and lowered ejection
fraction at the end of the study. LVEF values significantly improved with prophylactic
administration of RAS antagonists in animals receiving BVZ. The results are reported as
mean + SD. *p<0.05 as compared to Saline. #p<0.05 as compared to BVZ alone. LV, left
ventricular; BVZ, Bevacizumab; RAS, renin-angiotensin system; H, Hydralazine; A,
Aliskiren; P, Perindopril; V, Valsartan.
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Murine Echocardiography: SNT Treatment

At baseline, the measured echocardiographic parameters, including HR, IVS,
PWT, LVEDD, and LVEF, were similar between all treatment groups (Table 2). HR, IVS,
and PWT remained within the normal limits for all treatment groups throughout the
duration of the 4-week study.

In the animals treated with SNT and/or all anti-hypertensive medications, a
significant increase in LV cavity dimension was noted beginning at week 2 of the study
(Figure 10). In mice treated with SNT only, LVEDD increased from 3.3£0.1 mm at
baseline to 4.6+£0.2 mm at week 4. Left ventricular dilatation was also observed in mice
prophylactically treated with Hydralazine as LVEDD increased from 3.2+0.1 mm at
baseline to 4.5+0.2 mm at week 4. The increase in LVEDD was partially attenuated by the
prophylactic administration of Aliskiren, Perindopril, or Valsartan, with values of 3.7+0.1
mm, 4.0£0.1 mm, or 4.0£0.2 mm at week 4, respectively.

LVEF decreased from 73+4% at baseline to 34+3% in SNT treated mice at week 4,
confirming the development of LV systolic dysfunction (Figure 11). Similarly, addition of
Hydralazine did not preserve cardiac function as LVEF values significantly decreased to
33+4%. However, prophylactic administration of Aliskiren, Perindopril, or Valsartan was
partially cardioprotective with LVEF values of 54+2%, 45+2%, or 44+3% at week 4,

respectively (p<0.05).
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Echocardiographic Group Baseline Week 1 Week 2 Week 3 Week 4 p value
variable
HR (beats/min) Saline (n=5) 68817 684+8 679+11 680+7 693+9 0.85
SNT (n=11) 696+8 683+10 68519 687+11 69416 0.77
SNT+H (n=11) 69445 677+8 684+10 683+9 691+4 0.85
SNT+A (n=12) 695+11 69045 684+8 692111 68818 0.84
SNT+P (n=11) 695+10 694+9 691+8 683+12 698+7 0.87
SNT+V (n=12) 68919 67917 692+12 684+11 683+11 0.79
IVS (mm) Saline (n=5) 0.80+0.02 0.81+0.02 0.79+0.02 0.79+0.03 0.82+0.02 0.83
SNT (n=11) 0.79+0.03 0.81+0.01 0.80+0.03 0.81+0.02 0.82+0.03 0.84
SNT+H (n=11) | 0.7940.02 0.80+0.03 0.81+0.03 0.79+0.02 0.81+0.02 0.78
SNT+A (n=12) | 0.81+0.02 0.83+0.02 0.81+0.03 0.80+0.02 0.81+0.03 0.85
SNT+P (n=11) | 0.79+0.02 0.80+0.02 0.81+0.02 0.82+0.02 0.81+0.04 0.82
SNT+V (n=12) | 0.81+0.03 0.80+0.03 0.82+0.03 0.80+0.03 0.82+0.03 0.91
PWT (mm) Saline (n=5) 0.80+0.03 0.81+0.02 0.82+0.03 0.81+0.02 0.80+0.03 0.81
SNT (n=11) 0.79+0.03 0.80+0.02 0.80+0.01 0.81+0.02 0.82+0.02 0.80
SNT+H (n=11) | 0.80+0.02 0.80+0.02 0.79+0.02 0.80+0.02 0.81+0.03 0.77
SNT+A (n=12) | 0.80+0.02 0.81+0.03 0.82+0.02 0.80+0.03 0.79+0.03 0.83
SNT+P (n=11) | 0.80+0.01 0.82+0.03 0.81+0.03 0.82+0.03 0.82+0.03 0.82
SNT+V (n=12) | 0.82+0.02 0.80+0.03 0.81+0.02 0.81+0.02 0.82+0.03 0.81
LVEDD (mm) Saline (n=5) 3.2+0.1 3.2+0.1 3.2+0.2 3.310.2 3.240.1 0.84
SNT (n=11) 3.3+0.1 3.3+0.2 3.8+0.1* 4.1+0.1* 4.6+0.2* <0.05
SNT+H (n=11) 3.240.1 3.240.2 3.7+0.2* 4.0+0.2* 4.5+0.2* <0.05
SNT+A (n=12) 3.2+0.1 3.3+0.1 3.4+0.1* 3.4+0.2* 3.7+0.1%# <0.05
SNT+P (n=11) 3.310.1 3.240.1 3.6+0.1* 3.9+0.2* 4.0+0.1*# <0.05
SNT+V (n=12) 3.240.1 3.240.1 3.5+0.1* 3.8+0.2* 4.0+0.2*# <0.05
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Echocardiographic Group Baseline Week 1 Week 2 Week 3 Week 4 p value

variable
LVEF (%) Saline (n=5) 7312 72+4 73+2* 73+3* 7313 0.91
SNT (n=11) 7344 7243 54+4* 46+3* 34+3* <0.05
SNT+H (n=11) 7342 T4+4 55+3* 47+4* 33+4* <0.05
SNT+A (n=12) 12+4 71+4 63+2*# 58+3*# 5442*# <0.05
SNT+P (n=11) T4+4 73+2 63+4*# 57+3*# 4512 # <0.05
SNT+V (n=12) 72+4 733 64+3*# 56+3*# 44+3*# <0.05

Table 2: Echocardiographic data from C57BI/6 mice treated with 0.9% Saline or SNT with or without prophylactic anti-
hypertensive medications from baseline to week 4.

Assessments of heart rate (HR), interventricular septum (IVS), posterior wall thickness (PWT), left ventricular end diastolic diameter
(LVEDD), and left ventricular ejection fraction (LVEF) were performed on a weekly basis during the study period. The values are
presented as mean + SD.

*p<0.05 as compared to Saline

#p<0.05 as compared to SNT alone

SNT, Sunitinib; RAS, renin-angiotensin system; H, Hydralazine; A, Aliskiren; P, Perindopril; V, Valsartan.
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Figure 10: Changes in LVEDD in SNT treated mice prophylactically receiving anti-

hypertensive medications.

C57BI/6 mice treated with SNT had increased LV cavity dilatation at week 4. Prophylactic
treatment with Hydralazine failed to attenuate the increase in LVEDD at the end of the
study. Addition of RAS antagonists partially prevented the increase in LV cavity
dimension caused by SNT administration. The values are presented as mean + SD.
*p<0.05 as compared to Saline. #p<0.05 as compared to SNT alone. LVEDD, left
ventricular end diastolic diameter; SNT, Sunitinib; RAS, renin-angiotensin system; H,

Hydralazine; A, Aliskiren; P, Perindopril; V, Valsartan.
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Figure 11: Changes in LVEF in SNT treated mice prophylactically receiving anti-
hypertensive medications.

A significant reduction in LVEF was observed in C57BI/6 mice treated with SNT at week
4. Addition of Hydralazine failed to preserve cardiac function and lowered ejection
fraction at the end of the study. LVEF values significantly improved with prophylactic
administration of RAS antagonists in animals receiving SNT. The results are reported as
mean + SD. *p<0.05 as compared to Saline. #p<0.05 as compared to SNT alone. LV, left
ventricular; SNT, Sunitinib; RAS, renin-angiotensin system; H, Hydralazine; A, Aliskiren;
P, Perindopril; V, Valsartan.
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Histological Analysis: BVZ and SNT Treatment

Approximately 15,000 cells were scanned from 3 random blocks of tissue and
assessed for cellular integrity. As compared to saline control, mice in all BVZ and SNT
treatment arms demonstrated enlargement of mitochondria and altered cristae at week 4
(Figure 12). The occurrence of swollen mitochondria and disrupted myofilaments was
sporadic.

Increased sarcomere disarray and loss of myofibril integrity were observed in mice
treated with BVZ alone compared with saline control (Figure 13). Similarly, mice
prophylactically treated with Hydralazine failed to preserve cellular integrity, and
significant myofibril degeneration was noted at week 4. Addition of Aliskiren and
Perindopril partially attenuated cellular damage caused by BVZ (p=0.02 and p=0.003,
respectively). However, prophylactic treatment with Valsartan was not cardioprotective as
it did not prevent injury associated with BVZ (p=0.08).

Relative to BVZ treatment alone, more pronounced myofibril damage was observed
in mice receiving SNT alone as shown in Figure 14 (p=0.02). Conversely, prophylactic
administration with Hydralazine was associated with significantly less myofibril
disruption and sarcomere disarray as compared to SNT treated mice (p=0.0006). Similarly
results were observed with the addition of RAS antagonists. Aliskiren, Perindopril, and
Valsartan were partially effective at preserving myofibril integrity at week 4 (p=0.0001;
p<0.0001 and p<0.0001, respectively). Moreover, no evidence of fibrosis was present in

any of the treatment arms.
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Figure 12: Structural alterations of mitochondria in all BVZ and SNT treatment arms.

Representative electron microscopy images of heart samples from C57BI1/6 mice treated with saline, BVZ or SNT. Images were taken
at 10,500x magnification. Mitochondria from saline treated mice had normal appearance (yellow arrow). Mitochondrial swellings

were observed in mice from all BVZ and SNT treatment arms (red arrows).
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Figure 13: Cellular alterations in BVZ treated mice prophylactically receiving anti-
hypertensive medications.

Representative electron microscopy images of heart samples from C57BI/6 mice were
taken at 5,800x magnification. Treatment with BVZ alone led to severe damage and loss
of myofibrils at week 4 (red arrows). Similar results were observed with Hydralazine
administration as this drug did not preserve cellular architecture in BVZ treated mice.
Prophylactic treatment with Aliskiren and Perindopril partially prevented the damage
associated with BVZ (yellow arrows). Addition of Valsartan however did not offer
cardioprotective effects against this monoclonal antibody (red arrow).
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Figure 14: Cellular alterations in SNT treated mice prophylactically receiving anti-
hypertensive medications.

Representative electron microscopy images of heart samples from C57BI/6 mice were
taken at 5,800x magnification. Red arrows indicate severe damage and loss of myofibrils
due to SNT treatment. The prophylactic administration of Hydralazine and RAS
antagonists partially attenuated this damage (yellow arrows).
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Oxolipidomic Analysis

No significant changes in OxPC levels were observed in mice treated with BVZ or
SNT at week 4 (data not shown). Prophylactic administration of Hydralazine, Aliskiren,
Perindopril, or Valsartan did not significantly alter OXPC levels as compared to saline and

BVZ/SNT treated mice at the end of our study (data not shown).

67



Western Blotting: BVZ Treatment

At week 4, mice treated with BVZ alone demonstrated a 2.1-fold increase in
cleaved PARP protein expression as compared with saline treated mice (Figure 15).
Prophylactic treatment with Hydralazine failed to attenuate the expression of cleaved
PARP. A similar 2.1-fold increase in this apoptotic marker was observed in mice treated
with BVZ. Prophylactic administration of RAS antagonists partially prevented the
increase of cleaved PARP expression as compared to BVZ treated animals.

Expressions of apoptotic markers including Caspase-3, Bax, Bcl-xL, and
phosphorylated p38 were assessed at day 28. No significant changes were observed

between various treatment groups for these markers (data not shown).

68



N
(3]
)

N
o
1

*# *# *#

-
()]
1

—
o
1
o

Cleaved PARP expression (fold)
e

0.0

Saline BvVZ BVZ+H BVZ+A BVZ+P BVZ+V
(n=10)  (n=10)  (n=10)  (n=10)  (n=10)  (n=10)

Figure 15: Changes in cleaved PARP expression in BVZ treated mice
prophylactically receiving anti-hypertensive medications.

Western blot analysis of heart tissue lysates from C57BI/6 mice treated with saline or
BVZ with prophylactic anti-hypertensive medications at week 4. BVZ administration
significantly upregulated cleaved PARP expression C57BI/6 mice. Prophylactic treatment
with Hydralazine did not attenuate the degree of cellular apoptosis in BVZ treated mice.
Addition of RAS antagonists partially prevented the increase in expression of this
marker. The results are normalized to GAPDH loading control and reported as mean +
SEM. *p<0.05 as compared to Saline. #p<0.05 as compared to BVZ alone. PARP — Poly
(ADP-ribose) polymerase; BVZ, Bevacizumab; RAS, renin-angiotensin system; H,
Hydralazine; A, Aliskiren; P, Perindopril; V, Valsartan.
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Western Blotting: SNT treatment

Mice treated with SNT alone demonstrated a 2.3-fold increase in cleaved PARP
expression compared with saline treated mice at week 4 (Figure 16). Prophylactic
Hydralazine administration failed to prevent activation of cleaved PARP expression as a
similar 2.2-fold increase in this apoptotic marker was noted in SNT treated mice.
Addition of RAS antagonists, including Aliskiren, Perindopril, or Valsartan, was able to
partially attenuate the increase in cleaved PARP as compared to SNT treated animals.

We also observed a 7.7-fold increase in phosphorylated p38 in animals treated with
SNT as compared with saline control (Figure 17). Hydralazine administration failed to
provide cardioprotective properties as a 6.2-fold increase in this marker was observed in
SNT treated mice at week 4. However, treatment with RAS antagonists completely
prevented the increase in the expression of phosphorylated p38 at the end of the study.

Expressions of other apoptotic markers including Caspase-3, Bax, and Bcl-xL were
assessed at week 4. No significant changes were observed between various treatment

groups for these markers (data not shown).
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Figure 16: Changes in cleaved PARP expression in SNT treated mice
prophylactically receiving anti-hypertensive medications.

Western blot analysis of heart tissue lysates from C57BI/6 mice treated with saline or
SNT with prophylactic anti-hypertensive medications at week 4. SNT administration
significantly upregulated cleaved PARP expression C57BI/6 mice. Prophylactic treatment
with Hydralazine failed to attenuate the degree of cellular apoptosis in SNT treated mice.
Addition of RAS antagonists partially prevented the increase in expression of this
marker. The results are normalized to GAPDH loading control and reported as mean +
SEM. *p<0.05 as compared to Saline. #p<0.05 as compared to SNT alone. PARP, Poly
(ADP-ribose) polymerase; SNT, Sunitinib; RAS, renin-angiotensin system; H,
Hydralazine; A, Aliskiren; P, Perindopril; V, Valsartan.
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Figure 17: Changes in phosphorylated p38 expression in SNT treated mice
prophylactically receiving anti-hypertensive medications.

Representative Western blot (A) and data as fold change (B) of phosphorylated p38
protein in C57BI/6 mice treated with saline or SNT with prophylactic anti-hypertensive
medications at week 4. Treatment with SNT resulted in upregulation of phospho-p38
levels. Prophylactic treatment with Hydralazine failed to attenuate phosphorylation of
p38 in SNT treated mice. Addition of RAS antagonists, however, normalized the
expression of this marker. The results are normalized to GAPDH loading control and
reported as mean + SEM *p<0.05 as compared to Saline. #p<0.05 as compared to SNT
alone. SNT, Sunitinib; RAS, renin-angiotensin system; H, Hydralazine; A, Aliskiren; P,
Perindopril; V, Valsartan.

72



Chapter 4: Discussion

Cardio-oncology is a collaborative discipline that focuses on the detection,
management, and prevention of cardiovascular complications caused by cancer therapy.**
An increased understanding of cancer pathophysiology has led to the development of
various targeted agents, including BVZ and SNT, which have been widely used in CRC
and RCC patients, respectively.®’ 1 Despite the effectiveness of these anti-cancer

% 17% their use is associated with an increased risk of developing cardiotoxicity.**

drugs,
94,100,139 ypregulation of RAS pathway is thought to be one of the major contributors of
BVZ or SNT mediated cardiac dysfunction.®” 104 105 113 119201 = Ajthoygh
pharmacotherapy including RAS antagonists are commonly used after systolic
dysfunction develops in the CRC and RCC setting,*** it would be clinically beneficial to
investigate their prophylactic role in the prevention of BVZ or SNT induced
cardiotoxicity. The objectives of the current research study were to: 1) determine whether
RAS antagonists, including Aliskiren, Perindopril, or Valsartan, would attenuate the
cardiotoxic side effects of BVZ or SNT; and 2) to elucidate the potential mechanisms for
the cardioprotective effects of RAS antagonism.

In our chronic in vivo murine model, prophylactic administration of Hydralazine
effectively lowered MAP; however, this medication was not overall cardioprotective.
Conversely, we demonstrated that RAS antagonists partially attenuated the cardiotoxic
side effects of BVZ or SNT at week 4. In particular, addition of Aliskiren, Perindopril, or
Valsartan: i) prevented the rise in MAP; ii) partially prevented adverse cardiovascular

remodeling due to BVZ or SNT; iii) partially preserved myofibril structure; and iv)

diminished the degree of cardiac apoptosis.
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BVZ and SNT Mediated Hypertension

High blood pressure is the most common adverse cardiovascular complication
reported in patients treated with BVZ or SNT.? %4 13919 Thege anti-angiogenic agents
inhibit the VEGF/VEGFR signaling pathway and facilitate the development of
hypertension via the following mechanisms: 1) capillary rarefaction; 2) increased
endothelin-1 synthesis; 3) decreased NO production; and 4) RAS stimulation.?® " 100 102
139,201, 202 A myriad of literature demonstrates that the RAS pathway may be the key
underlying regulator of blood pressure response.®® 2% 104105 201 Njaregver, the balance
between NO and Ang-Il is thought to maintain vascular homeostasis due to the
antagonistic actions of these molecules.?®*?®* NO is known to decrease the expression of
ACE and AT, receptors whereas Ang-Il reduces NO availability by stimulating oxidative
stress.?®*?% However, chronic inhibition of NO production enhances the vasoconstrictor
actions of Ang-Il leading to the development of hypertension, LV hypertrophy, and
adverse cardiovascular remodeling.2%% 2%

In their chronic model using C57BI/6 mice, Belchik et al. observed a rapid rise in
systolic blood pressure of 17+11% during the first week of treatment with the G6-31
antibody.’® Increased plasma Ang-Il levels were involved in the development of
hypertension, leading to increased afterload and LV remodeling.’® The presence of
hypertrophy was congruent with elevated LV mass and end-diastolic wall thickness at
week 5 of the study.'® Conversely, Chu et al. observed no changes in blood pressure in
an acute model of C57BL/6J mice treated with SNT (40 mg/kg/day) via oral gavage for

12 days.™®” However, this group failed to report on the total number of C57BL/6J mice

treated with SNT in their model.*®” Similarly, Chintalgattu and colleagues reported that
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C57BL/6 mice receiving SNT (40 mg/kg/d) did not develop an increase in MAP after 21

days of the study.’®®

Although SNT was administered via oral gavage, the negligible
difference in blood pressure observed in their study may be attributed to their small
sample size of only 5-6 mice.?”’
In contrast, we recently demonstrated that C57BI/6 mice treated with either BVZ
(10 mg/kg) or SNT (40 mg/kg/d) developed systemic hypertension on day 7.'**
Specifically, MAP values increased by 50% at day 14 as compared to baseline.** In our
current study using a chronic model, we confirmed the development of systemic
hypertension in mice treated with BVZ or SNT alone. At the end of 4 weeks of
administration of these targeted agents, MAP markedly increased by approximately 20
mmHg as compared to baseline. Similar to the clinical setting, the onset of high blood
pressure signifies that mice were effectively receiving BVZ or SNT in our chronic
sty dy.95' 195
In mice that undergo TAC, an increase in systolic blood pressure of 70 mmHg
and thickening of posterior wall are observed 2 weeks after surgery.?®” The sudden onset
of high blood pressure leads to increase in LV mass by almost 50% within that time
period.?®® Chintalgattu et al. induced TAC in C57BL/6 mice and administered SNT (40
mg/kg/d) to these animals via oral gavage for 14 days.?*® In this pressure-overload model,
mice treated with SNT did not develop cardiac hypertrophy based on the results of
normalized organ weight.?®® However, they did not present any data on cardiovascular
remodeling using murine echocardiography nor hemodynamic measurements.?®® In our

chronic model, we demonstrated that BVVZ or SNT administration had no effect on

posterior wall dimensions in mice at week 4. This may be due to the fact that a higher
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magnitude of change in MAP and longer duration of BVZ or SNT administration may be
required for hemodynamic remodeling in mice.*?* 2%

Little is known on the role of anti-hypertensive medications in preventing the
development of hypertension in mice receiving either BVZ or SNT. Belcik et al. recently
evaluated the effect of co-administration of VEGF-A mAb and the ACE inhibitor
ramipril (5 mg/kg/d) in C57BI/6 mice for 5 weeks.'®® The administration of ramipril
completely abolished the rise of blood pressure in systole and diastole in mice treated
with G6-31.'® Similarly, our current findings demonstrated that the prophylactic
administration of Hydralazine, Aliskiren, Perindopril, or Valsartan completely prevented
BVZ or SNT mediated hypertension. In our chronic murine model, all four
antihypertensive drugs were equally effective at maintaining the animals in a
normotensive state by week 4.

Translating these basic science results into the clinical setting, hypertension was
reported in approximately 20% of patients treated with BVZ (5 mg/kg) and 5-FU based
chemotherapy.®® Zhu and colleagues performed a meta-analysis of 1,850 patients who
received BVZ for various cancer types, including CRC.?®® The incidence of all grades of
hypertension was up to 32% in patients treated with a low dose of BVZ (3, 5, or 7.5
mg/kg) and up to 36% with a high dose concentration of this monoclonal antibody (10 or
15 mg/kg).?®° In a separate clinical study, Mourad et al. evaluated metastatic CRC

patients treated with chemotherapy and BVZ (5 or 7.5 mg/kg).?*® The mean systolic and

diastolic blood pressures were significantly elevated from 129+13/75+7 mmHg at

baseline to 145+17/82+7 mmHg after 6 months of therapy, respectively.>®
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Similarly, the development of hypertension has also been reported in clinical trials
evaluating the efficacy of the tyrosine kinase inhibitor SNT. Hall et al. demonstrated that
53% of metastatic RCC patients receiving SNT developed new or worsening all grade
hypertension.”® Approximately 37% of these patients had grade 3 hypertension, with
systolic or diastolic values of >160 mmHg or >100 mmHg, respectively.?'? In support of
these findings, Ravaud and colleagues evaluated metastatic RCC patients treated with
SNT for 1 year after undergoing nephrectomy.*®? The incidence of all grade hypertension
in these patients was found to be approximately 40%.'%% Likewise, Azizi et al.
demonstrated that metastatic RCC patients who underwent nephrectomy were
normotensive prior to 2 cycles of SNT administration.”** By week 4, blood pressure
increased by 22.246.4 mmHg in systole and 17.246.0 mmHg in diastole.”*? In another
clinical study, patients with metastatic RCC or gastrointestinal stromal tumour also
developed significant increase in MAP by approximately 15 mmHg at the end of 4 weeks
of SNT administration.*

No studies to date have evaluated the prophylactic role of antihypertensive drugs,
including RAS antagonists, in the prevention of BVZ or SNT mediated cardiotoxicity. In
the MANTICORE study,?® Pitushkin et al. recently demonstrated significant reductions
in systolic and diastolic blood pressure values when breast cancer patients were co-
administered Perindopril (2mg daily) and TRZ adjuvant therapy.?®®> Our present basic
science research is the first to demonstrate that Hydralazine, Aliskiren, Perindopril, or
Valsartan successfully attenuated the increase in MAP with BVZ or SNT treatment,

thereby warranting further study in the clinical setting of CRC and RCC.
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BVZ and SNT Mediated Cardiotoxicity: Echocardiography

Serial assessment of LVEF is an important clinical diagnostic tool in detecting
cardiac dysfunction in the cancer setting."*™*** A reduction in the LVEF signifies that
irreversible cardiac injury may have already occurred.’® 3 3 |n the evolving field of
cardio-oncology, a number of basic science studies have evaluated the role of cardiac
imaging in BVZ or SNT induced cardiotoxicity.'® 3% |n a chronic xenograft model of
human CRC and breast cancers, treatment of BALB/c mice with 5-FU and BVZ for 6
months resulted in up to 3% incidence of LV systolic dysfunction.!”® Significant
decreases in LVEF and cardiac vascular density were reported in the animals treated with
this chemotherapeutic regimen.'”® As BVZ inhibits VEGF-A,>® cardiomyocyte-specific
deletion of this gene resulted in reduced LVEF of 46.8+1.8% compared to control mice
62.3+0.3%."*° Mice lacking VEGF-A demonstrated dilated cardiac chambers as
measured by an increased LVEDD relative to the body weight of mice.**® In contrast to
these findings, this cavity dimension significantly decreased from 3.4+0.2 mm at baseline
to 3.1+0.3 mm at week 5 of G6-31 treatment.’® The reduction in LVEDD and increase in
LV mass and wall thickness were congruent with the presence of hypertrophy in mice
treated with this VEGF-A antibody.*®

Bordun et al. recently demonstrated that administration of BVZ (10mg/kg) led to
an increase in LVEDD from 3.1+0.2 mm at baseline to 3.9+0.2 mm at day 14.' Cavity
dilatation was also reported in mice treated with SNT (40mg/kg/d)."** LVEDD values
increased from 3.1+0.2 mm at baseline to 3.9+0.3 mm at day 14 in these mice.'"
Moreover, LVEF decreased by approximately 30% as compared to the baseline in mice

receiving the anti-cancer agents BVZ or SNT at the end of the 2 week study.™™® The
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findings from our chronic model corroborate these results confirming the development of
BVZ or SNT induced cardiomyopathy. In mice treated with BVZ, LVEDD increased by
38% and LVEF decreased by 31% as compared to baseline at week 4. We demonstrate
greater LV cavity dilatation as compared to the acute model of BVZ mediated
cardiotoxicity investigated by Bordun and colleagues.*** Chronicity of our study and
weekly administration of BVZ may have accounted for these detrimental changes on
cardiac structure and function. Although a similar decline in LVEF of 30% was observed

in both the acute!™

and chronic models of BVZ or SNT mediated cardiotoxicity, we
demonstrated a persistent decline in systolic function as compared to baseline. Similarly,
in mice treated with SNT, LVEDD increased by 39% and ejection fraction dropped by
39% at week 4. As this targeted agent inhibits more than 50 tyrosine kinase receptors and

causes various off-target adverse effects,'%% 2%

greater cardiotoxicity is observed in this
chronic murine model.

Little is known on the cardioprotective properties of antihypertensive drugs,
including RAS antagonists, in the prevention of BVZ or SNT mediated cardiac
damage.’™ % #' Five-week treatment with the ACE inhibitor ramipril completely
preserved ventricular size and function in mice concomitantly receiving G6-31
monoclonal antibody that targets VEGF-A.’® In our present study, although prophylactic
administration of Hydralazine effectively lowered blood pressure in mice, this drug did
not attenuate the cardiotoxic side effects of BVZ or SNT by week 4 as determined by
echocardiography. This peripheral vasodilator does not affect the RAS pathway,?’’ which

is thought to play the key role in the development of cardiac damage caused by anti-

cancer drugs.”” 104105 113,119 \nje demonstrated that Hydralazine was not cardioprotective
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by echocardiography in the setting of BVZ or SNT induced cardiomyopathy in our
chronic in vivo murine model, despite a drop in MAP. Conversely, prophylactic
administration of RAS antagonists significantly attenuated the degree of cardiac damage
in BVZ or SNT treated mice. In our present study, treatment with Aliskiren, Perindopril,
or Valsartan partially prevented LV cavity dilatation. In particular, we demonstrated that
LVEDD increased by 12-15% in BVZ treated mice and by 16-25% with SNT
administration. However, RAS inhibitors partially preserved LV systolic function in our
chronic model of cardiotoxicity as a decline in LVEF of 15-22% or 18-28% was observed
in BVZ or SNT treated mice, respectively. As both Hydralazine and RAS inhibitors
decreased MAP in our chronic murine model, but only the latter prevented adverse
cardiovascular remodeling by echocardiography, this would suggest that the
cardioprotective effects are independent of the blood pressure lowering effects.

We observed a trend that Aliskiren may be more cardioprotective than Perindopril
and Valsartan in our study. This may be due to the fact that the renin inhibitor Aliskiren
interferes with the earliest and rate limiting step of the RAS pathway, thereby effectively
inhibiting angiotensin I, angiotensin 11, and downstream aldosterone production.*** 262%
It has also been suggested that Aliskiren may be internalized by cardiomyocytes which
are found to increase intracellular Ang-11 synthesis in pathological conditions.?®*?* In
this situation, local RAS system may not possess all of the components of RAS in
myocytes, specifically ACE, and may be dependent on renin and chymase for Ang-1I
generation.”®® As Ang-I1 receptor blockers cannot target intracellular Ang-I1, direct renin

inhibitor Aliskiren may provide better protection on the cardiomyocyte level.”® In order

to confirm that Aliskiren is more effective than Perindopril and Valsartan in our chronic
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model of BVZ and SNT mediated cardiotoxicity, similar to the study by Akolkar et al., "

a larger sample size and longer duration of treatment may be studied in the future.
Although a limited number of clinical studies have revealed potential benefits of

RAS antagonists in the setting of anthracycline based chemotherapy,?® 227 2%

no
information is available on their cardioprotective properties in the CRC and RCC setting.
Our present basic science study is the first to demonstrate that the cardiotoxic side effects
of BVZ or SNT were partially attenuated by the prophylactic administration of Aliskiren,
Perindopril, or Valsartan. These inhibitors significantly improved LV structure and
function in our chronic murine model. Future clinical studies are necessary to investigate
the potential cardioprotective role of these RAS antagonists in the clinical setting of BVZ

or SNT mediated cardiotoxicity.

BVZ and SNT Mediated Cardiotoxicity: Histology

Adverse changes at the cellular level are observed with the anti-cancer therapies
BVZ and SNT.** " Chu and colleagues reported degenerative cardiomyocyte
abnormalities, including swelling of mitochondria and disrupted cristae, in C57BL/6J
mice treated with SNT (40mg/kg/d) for 12 days.'®” Similarly, in an acute murine model,
Bordun et al. evaluated hearts from C57BI/6 mice treated with BVZ or SNT for 14 days
using electron microscopy and demonstrated an increased loss of cellular integrity and
myofibril disarray at the end of the study.'*®

Our findings corroborate the histological findings in this acute model™ revealing
significant damage in cardiomyocytes due to BVZ or SNT administration at week 4. Both
of these targeted agents caused significant structural alterations, including increased

myofibril disarray and loss of sarcomere integrity. In addition, we observed enlarged

mitochondria with altered cristae in mice treated with either BVZ or SNT. No deposition
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of collagen fibers was detected in these mice at week 4, signifying the absence of cardiac
fibrosis. Similar to our study, O’Farrell et al. demonstrated the absence of cardiac fibrosis
in Balb/CJ mice and Sprague-Dawley rats treated with SNT for 4 weeks (40 and
20mg/kg/day, respectively).?®® However, this group reported increased number of lipid
droplets in the mouse and rat myocardium, even though myocardial and mitochondrial
structure was not adversely affected by SNT.?®® In contrast with these findings, Chen et
al. reported significantly higher hydroxyproline and collagen levels in BALB/c mice
treated with 5-FU and BVZ for a total of 6 months.?® Prolonged length of anti-cancer

129

drug administration may have resulted in cardiac fibrosis in this study.” We speculate

that fibrotic markers may be upregulated if we extended the duration of our study to a
period of 6 months.'?

The variation in electron microscopy results may be due to the differences of
rodent species used as well as the mode and duration of BVZ and SNT administration.*®
187,202, 203, 291 1y our chronic model, we demonstrated that addition of Hydralazine did not
prevent myofibril damage in the setting of BVZ induced cardiomyopathy, corroborating
our echocardiographic findings. Prophylactic treatment with either Aliskiren or
Perindopril was cardioprotective as these RAS antagonists partially preserved sarcomere
and myofibril integrity in BVZ treated mice. Conversely, addition of Valsartan did not
significantly prevent the cellular damage due to BVZ as signified by the p-value of 0.08.
However, we anticipate that statistical significance may be reached with a larger sample
size in this treatment group in future studies.

More detrimental cellular damage was observed in mice treated with the tyrosine

kinase inhibitor SNT. These histological findings were consistent with the significant
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changes in cardiac structure and function confirmed by echocardiography. Conversely,
prophylactic administration with all antihypertensive medications significantly attenuated
myofibril abnormalities in SNT treated mice at week 4. In our chronic model, despite
effectively lowering MAP, Hydralazine administration did not prevent LV cavity
dilatation and persistent decline in systolic function in mice receiving SNT. As
contractile function of cardiomyocytes was impaired, electron microscopy evaluation
failed to show these cellular aberrations. This discrepancy may be due to the fact that
sarcomere assembly is preserved through an unknown mechanism. Additionally, longer
duration of Hydralazine administration may be required for electron microscopy to reveal
morphologic changes in SNT treated mice.®” %% In our chronic model, mitochondrial
dysfunction was not prevented by any of the anti-hypertensive medications in BVZ and
SNT treatment arms. However, cardioprotective effects of RAS antagonists were
mediated through preservation of cardiac contractile apparatus. Hence, further studies are
warranted to elucidate the role of sarcomere and cytoskeleton proteins in BVZ or SNT
induced dilated cardiomyopathy.2%¢%%

In the clinical setting, histopathological examination is performed by evaluating
endomyocardial biopsy samples from cancer patients.’®” %% 3% Chu et al. evaluated
tissues from 2 patients who presented with LV systolic dysfunction and heart failure due
to SNT administration."®” Light microscopy revealed hypertrophy of cardiomyocytes,
whereas electron microscopy showed structurally normal sarcomeres with swollen
anomalous mitochondria.’®” Similarly, Kerkela et al. demonstrated aberrant and swollen
mitochondria in the tissue from a patient who developed reduced LVEF and CHF due to

SNT.?*? Endomyocardial biopsy is necessary to accurately diagnose diseases, including
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myocarditis and infiltrative cardiomyopathy.*®*

Although this technique is considered to
be the gold standard for identifying type | cardiotoxicity, little is known on its use in
patients with type 11 dysfunction.*® Given this observation, the results from our present
study suggest that RAS antagonists may exert cardioprotective effects in CRC and RCC

% in this cancer

patients, thereby potentially eliminating the need of invasive biopsy™®
population. However, our basic science findings require validation of this hypothesis in
patients treated with BVZ and SNT.

Mechanisms of BVZ or SNT Mediated Cardiotoxicity

Although the precise mechanisms of BVZ or SNT mediated cardiotoxicity are not
completely understood, one of the key signaling processes implicated in this damage is
apoptosis.**® This programmed cell death can be initiated upon activation of certain
apoptotic stimuli, including hypoxia, free radicals, toxins, and chemotherapy drugs.***3%
These stimuli lead to abnormal function of mitochondria and subsequent release of
mitochondrial cytochrome c into the cytosol, which is regulated by the members of Bcl-2
protein family.*3% In particular, pro- and anti-apoptotic proteins, including Bax and
Bcel-xL respectively, determine if the cell undergoes cell death or terminates this
process.’®® 3% 307 Cytochrome ¢ together with pro-caspase-9, and Apaf-1 form the
apoptosis complex “apoptosome”.®’ Activated caspase-9 then cleaves effector caspase-3
or caspase-7,%" which in turn mediates PARP proteolysis, the main feature of
apoptosis.®®®

In an in vivo model of SNT mediated cardiotoxicity, Chu et al. demonstrated
increased release of cytochrome c¢ from mitochondria, activation of caspase-9, and

increased cardiomyocyte apoptosis in neonatal rat ventricular myocytes treated with SNT

1 uM).187 Hasinoff and colleagues reported that up to 10 uM of SNT did not change the
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levels of pro-apoptotic mediator Bax in ventricular myocytes of Spraque-Dawley rats.?*

However, this group demonstrated that treatment with this targeted agent at the
concentration as low as 0.5 uM increased activities of caspase-3 and caspase-7 in these
myocytes.”® Corroborating with these findings, Bordun et al. revealed that caspase-3
levels were significantly elevated in mice treated with BVZ (10mg/kg) or SNT
(40mg/kg/d) for 14 days.*** Administration of either targeted agent did not change the
expression of Bax or PARP proteins by the end of their acute model.* In our chronic
model, although we observed no change in Bax, Bcl-xL, and Caspase-3, there was a
significant increase in the expression of cleaved PARP in mice treated with BVZ or SNT

at week 4. Based on these in vivo and in vitro studies,'*® 2%

it is plausible to propose that
Bax and Bcl-xL might not be the key regulators of cytochrome c release. Therefore,
further investigations are warranted on other protein members of the Bcl-2 family that
may be involved in this drug mediated cardiotoxicity.

Our findings demonstrate that prophylactic administration of Hydralazine did not
attenuate increased cleaved PARP expression induced by BVZ or SNT treatment at week
4. Corroborating the echocardiographic findings, Hydralazine administration was not
cardioprotective in our chronic in vivo murine model, despite an associated decrease in
MAP. Although the addition of this vasodilator resulted in increased cellular damage
with BVZ administration, the opposite trend was observed in SNT treated mice, revealing
no histological evidence of myofibril loss. The upregulation of cleaved PARP in these

animals may have indicated that cardiomyocytes were committed to programmed cell

death but they were not actually executing this process at week 4 of our study.
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In contrast to these findings, prophylactic administration of RAS antagonists
partially attenuated the increase in cleaved PARP expression at week 4 in our chronic
model of BVZ or SNT induced cardiomyopathy. As caspase-3 levels did not change in
mice with administration of these anti-cancer drugs, it is plausible that cleavage of PARP
and, hence, apoptosis may occur via a caspase-3 independent pathway.**"*% The cleaved
PAPR protein was detected at about 85-89 kDa in our study.>*® Therefore, expressions of
caspase-7, cathepsins, and TGF-B proteins should be evaluated in future studies.** These
proteins are involved in the cleavage of PARP and produce the fragment of similar size
we observed in our chronic model.>®

In response to DNA damage, activated PARP synthesizes poly(ADP-ribose)
(PAR) from nicotinamide adenine dinucleotide (NAD") and subsequently transfers PAR
to acceptor proteins.’?® 39°31% poly(ADP-ribosyl)ation leads to chromatin condensation
and recruits DNA repair systems.® ! In the case of severe DNA damage, PARP
activity is greatly elevated resulting in increased NAD* consumption and decrease in
ATP availability.>® ! These processes contribute to PARP cleavage, and inability of
this enzyme to respond to DNA breaks leads to programmed cell death.3® 32 An
important protein that senses cellular energy status and regulates its homeostasis is 5’
adenosine monophosphate-activated kinase (AMPK).2%%2% |t activates energy generating
pathways including fatty acid oxidation and glycolysis, thereby increasing ATP levels.?*

SNT treatment causes AMPK signaling inhibition in both the in vitro and in vivo
settings.?® This tyrosine kinase inhibitor leads to depletion of ATP levels, reduction of
mitochondrial membrane potential, and induction of apoptosis.?®?%334 As the

downstream signal of AMPK is p38, this protein might be involved in apoptosis.*?? 12%31°
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Although AMPK has been shown to regulate p38, there is no compelling evidence that
direct phosphorylation is involved in this process.*? % 3 No information is known on
the role of p38 in BVZ or SNT mediated cardiotoxicity.'?* 1% 3% Qur study is the first to
show that phosphorylation of p38 significantly increased in hearts of mice treated with
SNT and contributed to apoptotic cell death. Similarly, prophylactic administration with
Hydralazine did not prevent activation of phosphorylated p38 due to administration of
this tyrosine kinase inhibitor. Therefore, this drug does not exert any apparent
cardioprotective effects in the setting of SNT mediated cardiac damage. Treatment with
RAS antagonists effectively attenuated the increase in p38 phosphorylation in mice
treated with SNT at week 4. Aliskiren, Perindopril, and Valsartan were found to be
equally cardioprotective with SNT administration. In contrast with these findings,
treatment with the monoclonal antibody BVZ did not elicit any change in the expression
of phosphorylated p38 in mice at the end of our chronic study. These findings warrant
further investigation on additional apoptotic markers that may be involved in BVZ
mediated cardiotoxicity.

Oxidative stress has been found to play an important role in the cardiac damage
caused by BVZ and SNT.'*® Amemiya et al. demonstrated a decreased ratio of
antioxidant glutathione to its oxidized form glutathione disulfide (GSSG) in the hearts of
mice treated with SNT.*!” The C57BL/6 mice received this targeted agent (26.7 mg/kg/d)
with milk-derived fat (MF) diet for a total of 14 days.**"*'® This group has also
performed the thiobarbituric acid reactive substance (TBARS) assay that measures lipid
peroxide levels, specifically malondialdehyde.®!® At the end of the study, TBARS levels

were significantly elevated in the serum of SNT treated mice.*"” Bordun and colleagues
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recently reported a 10-fold increase of OxPC levels in the hearts of mice treated BVZ
(10mg/kg) and SNT (40 mg/kg/d) at day 14.*

Conversely, in our chronic model, treatment with BVZ (10 mg/kg) or SNT (40
mg/kg/d) for the duration of 4 weeks did not change the levels of OxPC in hearts of these
mice. There are several plausible explanations for these findings: 1) As oxidized

phospholipids are upregulated in the acute setting,''®

such as myocardial ischemia-
reperfusion injury,*® the levels of OxPCs might have been affected by the longer chronic
duration of our study. Most oxidized phospholipids are unstable reactive molecules and
have relatively short half-life.*?>3?! They can be inactivated by phospholipase cleavage or
by antioxidant glutathione peroxidase which reduce these phospholipids.* It is plausible
that the presence of antioxidant enzymes prevented the increase in OxPC in the mice
receiving BVZ or SNT by week 4 of our study; 2) The lack of change in OxPCs levels
could have been due to the small sample size of only 4 mice. Therefore, future studies are

warranted to evaluate the levels of antioxidant reserve and reactive oxygen species*? in a

larger sample size of mice treated with BVZ or SNT.
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Limitations

There are a number of limitations associated with the current study. First, we only
evaluated male C57BI/6 mice in this chronic in vivo model of BVZ or SNT mediated
cardiotoxicity. Although males are frequently diagnosed with CRC and RCC in Canada,’
cardiac damage due to these anti-cancer drugs can affect both males and females.*® 3% It
will be useful to evaluate potential cardioprotective role of Aliskiren, Perindopril, and
Valsartan in the chronic model of female mice treated with either BVZ or SNT. Second,
we did not evaluate the effect of RAS inhibitors on the tumor suppressing actions of BVZ
or SNT. Some ACE inhibitors and angiotensin receptor blockers (ARBs) are known to
reduce proliferation of neoplasms in animal models.*?* 3 In the clinical setting, BVZ or
SNT treated patients receiving ACE antagonists and ARBs had better overall survival and
progression free survival as compared to patients given targeted agents alone.®2%3%
Whether RAS antagonists affect the cytotoxic abilities of BVZ or SNT in the cancer
setting should be evaluated in future studies. Third, although Aliskiren, Perindopril, and
Valsartan improved the cardiac structure and function in mice treated with BVZ or SNT,
we did not test other agents that could potentially exert cardioprotective properties. As

107

Ang-Il stimulates the secretion of aldosterone,™" the role of mineralocorticoid

332

antagonists™“ may be investigated in this chronic murine model in future studies.
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Future directions

The following in vivo research directions should be undertaken in order to fully
investigate BVZ or SNT mediated cardiotoxicity and its primary prophylaxis with
pharmacotherapy:
1. Future studies are warranted in evaluating whether RAS antagonists can prevent
cardiotoxicity in the chronic model of female mice treated with BVZ or SNT.

2. Using the xenograft model of metastatic CRC or RCC,'** %

it is necessary to
determine whether the RAS antagonists will affect the cytotoxic abilities of BVZ or SNT
in an in vivo setting.

3. The levels of antioxidant enzymes and OxPCs should be investigated on a weekly
basis, as they could vary with the duration of anti-cancer drug administration."* This
may provide potential insights into the mechanistic actions of BVZ or SNT in the chronic
murine model.

4. Comprehensive investigation is required on the role other cell death pathways,

307, 333

including necrosis and autophagy, play in the development of BVZ or SNT

mediated cardiotoxicity.

5. As Ang-Il stimulates TGF-1 expression and downstream activation of the SMAD

111, 334

pathway, mediating the synthesis of collagen and development of cardiac

111, 334

fibrosis, this overall cascade should be characterized in the setting of BVZ or SNT

administration.
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Clinical Implications

Despite the beneficial effects of BVZ and SNT on tumour suppression in CRC
and RCC patients,*® 1" respectively, the use of these targeted agents is associated with an
elevated risk of cardiotoxicity.”® * 3 Our study is the first to highlight the potential
cardioprotective role of RAS antagonists in the prevention of cardiovascular
complications due to BVZ or SNT. The results of this basic science study provide
encouraging evidence for us to translate our findings to the clinical setting by
investigating the prophylactic role of RAS antagonists in the prevention of cardiotoxicity
in CRC and RCC patients. This clinical study may allow clinicians to adjust treatment
and/or administer these cardioprotective drugs before irreversible cardiac injury develops,
thereby improving overall morbidity and mortality in cancer patients treated with either
BVZ or SNT. Moreover, the role of other heart failure medications, including anti-

5 21,229, 335 ghauld be evaluated in the murine and

oxidants, B-blockers and/or statins
clinical settings. These studies would help develop appropriate strategies and guidelines

to prevent adverse cardiac events in CRC and RCC population.

91



Chapter 6: Conclusion

Our study demonstrated that Hydralazine was effective in lowering blood pressure
but was not cardioprotective in BVZ or SNT treated mice. However, prophylactic
administration of RAS antagonists partially attenuated BVZ or SNT mediated
cardiomyopathy. In our chronic in vivo murine model, RAS antagonists: i) prevented the
rise in mean arterial pressure; ii) partially improved LV function and cavity dimensions;
iii) partially preserved myofibril structure; and iv) diminished the degree of cardiac
apoptosis. Future clinical studies are warranted to investigate the role of RAS inhibition
in preventing the cardiotoxic side effects of BVZ and SNT in CRC and RCC,

respectively.
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