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Abstract

Delayed cardiotoxicity is a major clinical issue with anthracyclines and cancer treatment,
associated with development of life-threatening heart failure. Clinically, drugs interfering with
the angiotensin-signalling pathway have shown promise for mitigation of anthracycline-
induced cardiotoxicity (AIC). However, the mechanistic basis for this response remains
unclear. In this study, both angiotensin Il stimulation and exposure to sub-therapeutic
concentrations of the anthracycline doxorubicin have been shown to induce cellular
hypertrophy in human cardiomyocyte cells, an effect associated with a significant
upregulation of expression of the angiotensin receptor (AT1R). In contrast, no such
morphological changes were observed in primary human cardiac fibroblasts (HCF).
Surprisingly, despite no observable structural change being detected in HCF, exposure to
doxorubicin did cause an increase in AT1R expression. Such an observation indicating a
potential interplay between these two cell types of the myocardium in AIC, involving crosstalk
of the angiotensin-signalling pathway. The importance for AT1R in the cardiomyocyte
response to doxorubicin was confirmed by knockdown of AT1R using small interfering RNA
(siRNA), which mitigated the hypertrophic response. From a therapeutic perspective, the
hypertrophic response of cardiomyocytes was mitigated by pre-exposure to the angiotensin-
receptor blocking drug telmisartan, offering an explanation for the cardioprotective effects of
blocking angiotensin-signalling in AIC. Together these findings support an involvement for
angiotensin signalling in drug-induced hypertrophy and subsequent cardiotoxicity, with scope

for interaction of this pathway for mitigation of chronic cardiotoxicity in the clinic.
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Chapter 1. Introduction

1.1 Cancer and its management

Cancer represents a significant global health concern; it is a broad and complex family of
diseases that involve uncontrolled cell proliferation, invasion of surrounding tissues, and
dissemination to other organs in the body (1). The number of cancer cases diagnosed each
day is over 55,500, and the number of cancer-related deaths is over 26,900 every day globally
(2). Itis expected to be 28 million new cancer diagnoses and 16.2 million cancer-related deaths
worldwide by 2040 (3). Effective cancer treatment requires multidisciplinary approaches to
treat cancer and control its spread to enhance cancer patient quality of life. This is a complex
process often involving single or combinations of approaches, such as surgical resection,
radiotherapy, chemotherapy, and more recently targeted therapies such as immunotherapy
(4).

In recent years, the field of oncology has brought extensive changes and advancements
in cancer treatment with new targeted drugs and chemotherapy. Despite these
advancements, cytotoxic chemotherapeutic agents remain as the cornerstone therapy in
various oncological settings (5). Conventional cytotoxic chemotherapy aims to disrupt cell
proliferation and therefore prevent the growth of rapidly dividing cancer cells, with these
therapeutics being categorised based on their primary mode of action, such as perturbation
of nucleotide synthesis, DNA alkylation, disruption of microtubule dynamics, and DNA
intercalation (6). One of the most commonly used classes of cytotoxic chemotherapy are the
anthracyclines, such as daunorubicin, doxorubicin, idarubicin and epirubicin (7). However, the
clinical success of these agents is now known to be affected by cumulative and dose-

dependent cardiotoxicity, leading to progressive and often delayed heart damage (8, 9).
1.2 Anthracyclines in cancer treatment

Anthracyclines have been used in the clinic for over 50 years with a broad spectrum of clinical
activities against many haematological malignancies as well as solid tumours, such as cancers
of the breast, stomach and lung, amongst others (10). The antineoplastic effects of
anthracyclines are mediated by several mechanisms that disrupt cellular processes critical to

cancer cell survival. These include intercalation between base pairs in the DNA double helix
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that leads to prevention of replication and transcription in rapidly dividing cancer cells and
inhibition of the topoisomerase lla (Toplla) enzyme, responsible for resolving DNA
supercoiling during replication and transcription, leading to DNA breaks which induce cell
cycle arrest and apoptosis in rapidly dividing cancer cells (Figure 1.1) (11, 12). Additionally,
anthracyclines also undergo redox cycling, producing reactive oxygen species (ROS) that cause
induction of oxidative damage and mitochondrial dysfunction causing a multitude of
molecular disturbances, and ultimately cessation of DNA replication and induction of cell
death (Figure 1.2) (11-13).

However, despite anthracyclines being widely used cancer therapeutics, with
significant evidence for treatment success and improvements in cancer survivorship, their use
is strongly associated with significant adverse effects upon the cardiovascular system (8, 9).
These detrimental effects present many months or years after cessation of chemotherapeutic
treatment, often as life-threatening cardiac failure (14). Unlike the acute cardiotoxicity
associated with other cancer chemotherapeutics, such as cyclophosphamide, anthracyclines
are now known for their cumulative and dose-dependent cardiotoxicity, leading to
progressive and often delayed heart damage (8, 9). It is now believed that 9% of adult and 7%
of paediatric cancer patients, receiving anthracycline-based chemotherapy, present with
delayed cardiotoxicity within the clinic (15, 16). Consequently, the balance between
maximizing therapeutic efficacy and minimising these serious side effects, through improved
understanding of the mechanism of cardiotoxicity caused by anthracycline is crucial to

improving patient outcomes and the quality of cancer management.
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Figure 1.1 Mechanism of action of anthracycline. Anthracycline induces cell death in cancer
cells by different mechanisms, including intercalation of DNA, inhibition of the topoisomerase
I, induction of free radicals, and mitochondrial dysfunction. Made by SERVIER Medical Art.
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from reference (17).



1.3 Clinical perspectives of anthracycline-induced cardiotoxicity (AIC)

Anthracycline-induced cardiotoxicity (AIC) is adverse cardiac effects as a result of using
anthracycline-based chemotherapy. The first documented report of anthracyclines
cardiotoxicity was by Lefrak et al. in 1973, who found that 11% of patients receiving
doxorubicin developed transient electrocardiographic abnormalities, independent of
cumulative dose, while 3% of patients receiving doxorubicin doses exceeding 500 mg/m?
experienced severe congestive heart failure (CHF) (18). A retrospective analysis by Von Hoff
et al. reported that cumulative dose played a key role in heart failure development among
over 4,000 patients treated with anthracyclines (8). Consequently, it is now accepted that
there is an exponential increase in heart failure incidence in adults treated with anthracycline
from 5% to 48% with a cumulative dose of 400 mg/m? and 700 mg/m?, respectively (8, 19).
Although it has been observed that limiting total cumulative doxorubicin exposure to 450
mg/m? leads to a reduction of acute cardiovascular toxicity events, late-onset complications
(as described in section 1.3.1) are not significantly reduced (20, 21). In addition, studies have
now found that doxorubicin doses below 300 mg/m? are associated with a higher risk of
cardiotoxicity (20). This suggests that no anthracycline dosage is safe for the cardiovascular
system (22). To address this significant issue, many infusion rates (bolus, short infusions of <1
hour, or extended continuous infusions of up to 96-hours) and newer formulations
(analogues, pegylation, liposomes and other nanodelivery systems) of anthracyclines have
been trialled, aimed at reducing cardiac exposure whilst maintaining tumour exposure and
therapeutic efficacy (23). However, cardiotoxicity with these agents is not abated and further
clinical strategies are still required for management of the cardiac effects (22). Therefore, in
addition to cumulative dose, several other factors may play a role in the development of
cardiovascular toxicity. Consequently, strategies for clinical management and potential

mitigation of AIC remain a high priority.
1.3.1 Clinical presentation of AIC

In the clinic, presentations of acute AIC within hours or days post-treatment, is somewhat
rare, with its management largely handled by cessation of treatment or administration of
medicines focused on stabilising cardiac electrophysiology or contractile disturbances (24, 25).
The more concerning presentation of AIC is that occurring several months or even years after

cancer chemotherapy (14). The adverse effects associated with this chronic cardiotoxicity are
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believed to be irreversible and are largely asymptomatic in the early stages but are associated
with left ventricular dysfunction (LVD), and symptomatic heart failure due to chronic
cardiomyopathy in the latter stages (14, 25). Therefore, compared to the general population,
many cancer patients who already have a higher baseline risk of cardiovascular disease, AIC

threatens to limit long-term cancer patient survival.

1.3.2 Clinical risk factors of AIC

In addition to cumulative dose, which still remains the most significant factor, several other
risk factors have now also been associated with AIC, including age, patient gender, presence
of other cardiovascular diseases such as hypertension, concomitant treatment with other
chemotherapeutic agents, and the dosing rate and schedule for anthracyclines (8, 27). In this
context, a retrospective analysis showed that older patients treated with doxorubicin had a
higher incidence of cardiotoxicity within 2-years of receiving treatment (28). Similarly, it is
estimated that over 50% of paediatric cancer survivors experience cardiotoxicity following
treatment with doxorubicin (29). Interestingly, sex is also a crucial risk factor in younger
patients, with females experiencing cardiac events more frequently than males following
anthracycline exposure (30). Additionally, concomitant treatment of anthracyclines with other
chemotherapeutic agents further increases the cardiotoxicity risk. For example,
cardiovascular complications are significantly increased when anthracyclines are combined
with trastuzumab in breast cancer patients (31). Patients with pre-existing hypertension have
an increased susceptibility to doxorubicin cardiotoxicity. The increase in blood pressure leads
to an increase in cardiac wall stress, preload, and afterload, which increase the risk of heart

damage and the progress to heart failure after doxorubicin exposure (32).
1.4 Molecular mechanisms of AIC

Although AIC remains the most noted chemotherapy-induced cardiotoxicity to date, it
remains unclear as to the mechanistic basis of this toxicity and how acute exposure relates to
a delayed presentation of AIC (33). Doxorubicin-induced cardiomyopathy is widely recognised
as a progressive and multi-factorial process (33, 34). Furthermore, AIC is a complex process,
targeting many cell types within the myocardium and activating several other pathways (33).
Importantly, cardiotoxicity against cardiac tissue appears to be separate from the primary

anticancer mechanism of anthracyclines, since cardiomyocytes are non-proliferative and



express significantly lower levels of Toplla, the main target of anthracyclines, compared to
rapidly dividing cells (35). Potential mechanisms underlying doxorubicin-induced
cardiomyopathy involve disrupted calcium regulation, inhibition of the enzyme
topoisomerase IIB (ToplIB) as opposed to Toplla, the formation of oxygen free radicals within
cardiac cells, disruption of mitochondrial dynamics, activation of cellular stress pathways, and
initiation of cellular senescence (36-40). Together, disruption of the cardiac cellular phenotype
and cellular responses ultimately contributes to cardiac cellular dysfunction and tissue
remodelling, with a subsequent asymptomatic decline in cardiac function. This thereafter

progresses to symptomatic cardiomyopathy and heart failure (27).

1.4.1 |Inhibition of topoisomerase Il enzyme activity hypothesis

A primary mechanism for the therapeutic mechanism of anthracyclines is the inhibition of the
topoisomerase Il (Topll) enzyme complex, involved with changing the conformation of DNA
prior to cellular division (see section 1.2) (11). Doxorubicin binds with the DNA and Topll to
form a complex namely, Topll-doxorubicin-DNA cleavage complex, which results in disruption
of DNA replication kinetics and promotion of cell death (11). In cancer cells, this mechanism
is mediated via inhibition of Toplla, which is overexpressed in cancer cells but expressed at
very low levels or is undetectable in non-malignant tissues (11, 35).

With respective to cardiac tissue, expression of Toplla is negligible, however the beta
isoform of the enzyme (ToplIB) is expressed (35). In this context, several studies have now
shown that anthracyclines can also bind to ToplIB, forming a ternary ToplIB-anthracycline-
DNA complex, with the outcome being similar to its primary mechanism against Toplla, in that
DNA becomes damaged and the cell ultimately undergoes cell death (41). In this context, a
role for ToplIB inhibition in AIC is supported by a murine model in which deletion of the ToplIB
type enzyme from cardiomyocytes mitigated the cardiotoxicity of anthracyclines (36).
Consequently, due to the limited generation capacity of cardiomyocytes, the chronic Topll-
inhibition-mediated loss of these cells through apoptosis and necrosis offers an explanation
in support of progressive development of heart failure, as the functional cellular structure of
cardiac tissue is compromised much earlier than experienced through natural cellular
deterioration and loss (42).

Interestingly, an in vitro study utilising immature and matured human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) has shown that the matured hiPSC-

CMs predominantly expressed TopllB whereas the immature cells expressed Toplla, with the
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latter correlating with a greater degree of DNA damage (43). This observation thus implies
that susceptibility to AIC may be more pronounced in paediatric cancer patients than adult
cancer patients, a hypothesis supporting the differential prevalence of AIC observed in clinical

studies (29).
1.4.2 Impaired calcium handling hypothesis

Disruption of calcium (Ca?*) ions is one of the most important mechanisms of AIC. During the
excitation-contraction coupling of cardiomyocytes, the primary metabolite of doxorubicin,
doxorubicinol, accumulates in cardiomyocytes and disrupts Ca%* ions homeostasis by
inhibiting sarcoplasmic reticulum Ca?*ATPase (SERCA) that responsible of pumping Ca?* ions
into sarcoplasmic reticulum to reduce the Ca?* ions concentration in the cytoplasm (44). The
content of Ca%* ions in the sarcoplasmic reticulum is critically important for cardiac electrical
activity, since cardiac muscle contraction and relaxation depend on efficient Ca?* ions uptake
and release (44). Doxorubicin can also affect the membrane permeability and activate
sarcoplasmic reticulum channels, which results in an increase in the Ca%* ions in the cytoplasm.
This excessive intracellular free Ca®*ions concentration leads to impaired cardiomyocyte

contractility and therefore, contributes to arrhythmias (45).
1.4.3 Disruption of mitochondrial structure and function hypothesis

Effects upon cellular mitochondria are a major component of AIC, with concentrations of
anthracyclines being highest within these subcellular organelles (46). These effects involve
direct damage to mitochondrial DNA (mtDNA) through DNA intercalation and/or Topll
inhibition, culminating in loss of mitochondrial replicative capacity and depletion of cellular
bioenergetics (37, 38, 45). This then results in reduced functional capacity of cardiomyocytes
and tissue function, due to cardiomyocyte death and loss of cellular mass alongside reduced
contractile capacity of the remaining cardiomyocytes (9).

In addition to mtDNA-mediated effects, due to the role of mitochondria in cellular
oxidative respiration, these organelles are also the primary site for oxidative damage

mediated by anthracyclines, a primary mechanism involved in their cardiotoxic action (37).



1.4.3.1 Anthracycline-induced oxidative damage in cardiac cells

It has long been believed that oxidative stress due to anthracycline metabolism is a major
mechanism behind the toxicity of cardiomyocytes. Analogous to that observed within cancer
cells, anthracyclines have also been shown to generate ROS within cardiac cells, through redox
cycling mechanisms involving mitochondria (40).

As shown in Figure 1.2, the anthracycline moiety is readily reduced from quinone to
semiquinone when it encounters reductants, culminating in doxorubicin acquiring electrons
and the resultant generation of free radicals (47). Within the mitochondria, this can be
through pathways involving NADPH, nitric oxide synthase (NOSs) and essentially several
components of the electron transport chain involved in cellular respiration (48). This
mechanism is especially pertinent to cardiomyocytes since they are rich in mitochondria (49).
Importantly, when compared to other tissues such as the liver and kidneys, expression of
‘protective’ enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and
catalase are reportedly much lower in cardiac tissue, meaning that the level of defence against
oxidant damage is particularly low (50). This provides further support for the damage of
cardiomyocytes by anthracyclines, where mitochondria are particularly damaged due to their
higher abundance and the strong affinity of anthracyclines towards the phospholipid
cardiolipin, the latter of which arises as a consequence of oxidative stress in these cells (40,
51, 52). The evidence for an involvement of oxidative stress, centred around mitochondria, in
AIC is increasing. Several studies have demonstrated that genetic variations in enzymes
responsible for regulating oxidative stress can significantly influence susceptibility to cardiac
injury following doxorubicin exposure. In particular, polymorphisms in genes encoding NADPH
oxidase have been associated with an increased risk of developing anthracycline-related
cardiomyopathy (53, 54). Mitochondria further amplify ROS production, exacerbating
oxidative damage within cardiac cells (55). Excessive ROS generation can impair Ca* ions
handling in cardiomyocytes, leading to calcium overload and altered excitation-contraction
coupling. This disruption of calcium homeostasis, in turn, contributes to impaired cardiac
contractility (56). Consequently, ROS-mediated damage affects mitochondrial function,
inhibits adenosine triphosphate (ATP) generation and increases inflammation which all
promoting apoptosis and cardiac remodelling (57).

Oxidative stress also promotes lipid peroxidation, forming lipid radicals (58). These

lipid radicals (LOOe®) react with a hydrogen molecule from another lipid, producing lipid
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hydroperoxide (LOOH), which destabilises membrane integrity and increases membrane
permeability (59). Several studies have confirmed an upregulation of these factors after
doxorubicin treatment (60, 61).

Increased ROS production and oxidative stress have been implicated in development
of heart failure through several pathological processes, including cardiomyocyte apoptosis,
fibrosis, inflammation and cardiac hypertrophy, amongst others (62). There is now also
evidence to support a direct involvement of ROS in development of heart failure, evidenced
by the increased levels of myocardial ROS in the progression of hypertension-induced cardiac
hypertrophy towards heart failure in rats, and by increased levels of oxidative stress in cardiac
tissue of individuals with dilated cardiomyopathies and heart failure (62). However, although

the potential is compelling, the role of oxidative stress in AIC has yet to be confirmed.
1.4.3.2 Iron dysregulation and ferroptosis

An involvement for iron in the development of AIC has also been proposed (63). Within cells,
including cardiomyocytes, iron localisation and metabolism are tightly controlled to restrict
free involvement of the ferrous cation (Fe?*) in the Fenton reaction and the subsequent
production of hydroxyl radicals (OH") and oxidative stress (27, 64).

Cellular uptake of iron is mediated by the plasma glycoprotein transferrin which binds
the ferric cation (Fe3*) and transports it into the cell (65). Inside the cell, the Fe3* is converted
to the Fe?*, with excess iron stored in the cytoplasmic protein ferritin (Ft) (65). The primary
site for utilisation of iron within cells is the mitochondria, where uptake of iron is mediated by
specialised ferritin receptors and any excess iron is thereafter stored in the mitochondria-
specific ferritin protein (FtMt) (66). Maintenance of mitochondrial iron levels is facilitated by
ATP-binding cassette sub-family B member 8 (ABCB8) through coordination of mitochondrial
iron export (67).

In the presence of anthracyclines, a direct reaction occurs with the Fe3*, leading to
generation of OH™ (64). As a result of anthracycline treatment, mitochondrial iron is
accumulated, and iron homeostasis is disrupted (64). Subsequently, this results in sulfhydryl
oxidation of key proteins, mitochondrial dysfunction, and mtDNA damage (68). This
mechanism is supported by an in vivo study using mice genetically overexpressing ABCBS,
which exhibits decreased mitochondrial iron content and oxidative stress (51). These mice

were shown to be protected against doxorubicin-induced cardiomyopathy (51). Furthermore,
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changes in ABCB8 expression have been shown to regulate doxorubicin retention and cellular
toxicity (51).

Another process in the context of an involvement for iron in AIC is ferroptosis, a form
of programmed cell death reliant upon iron accumulation and concomitant lipid peroxide
formation (33). Anthracyclines have been demonstrated to chelate the Fe3*, with the
anthracycline-Fe3* complex reduced to the anthracycline-Fe?* complex in the presence of
oxygen (69). This ferrous-containing complex subsequently enters the Fenton reaction,
resulting in production of OH~, increased levels of lipid peroxidation, and exacerbation of

ferroptosis (33).
1.4.4 Induction of cellular senescent hypothesis

Although many mechanisms of AIC have been proposed, there is still a deficit in understanding
the relationship of short-term acute drug exposure to delayed and late-onset cardiac failure.
One proposed mechanism in this regard is anthracycline-induced cellular senescence, a state
of irreversible growth arrest in cells constituting the cardiac tissue (39, 70, 71).

Mature cardiomyocytes are terminally differentiated and post-mitotic, having lost
their ability to proliferate and regenerate early in development (42). As defined above,
anthracyclines induce oxidative stress within cardiomyocytes, with associated mitochondrial
dysfunction, leading to cellular senescence (72). After receiving doxorubicin, it has been
demonstrated that cardiomyocytes express cellular senescence biomarkers such as -
galactosidase, p16INK4a, and p53, which results in physiological effects that are consistent
with an accelerated ageing process of the cardiomyocytes (73, 74). Additionally, these cells
develop a senescence-associated secretory phenotype (SASP) which create a chronic
inflammatory environment in the heart (71). As a result, the heart continues to be inflamed
even after the chemotherapy regimen is completed.

The specific trigger for senescence within cardiac tissue is as yet undefined (72). One
contributory mechanism to promotion of cellular senescence is the persistence of low levels
of anthracycline-induced DNA damage within cardiac cells, which is not sufficient to trigger
p53-mediated apoptosis but rather leads to activation of persistent cell cycle arrest and
subsequent senescence (71). Subsequently, the damage to these cells is often below the
threshold for elimination meaning that they persist within the tissue (71).

Importantly, recent evidence suggests that post-mitotic cardiomyocytes can undergo

senescence in the absence of cell division through a mechanism involving telomere-associated
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DNA damage that does not require telomere shortening. Anderson et al. (2019) demonstrated
that this type of damage, independent of telomere length, is sufficient to trigger senescence
in cardiomyocytes, supporting the idea that persistent DNA damage, such as those caused by
doxorubicin, can promote senescence independently of replication (75). This provides a
mechanistic explanation for how terminally differentiated non-dividing cardiomyocytes can
still transition into senescence following anthracycline exposure.

The limited capacity of cardiomyocytes to regenerate and compensate the loss of the
functional cellular architecture leads to impaired contractility of the heart and other cardiac
dysfunctions (42). In addition, senescence in non-cardiomyocyte support cells within cardiac
tissue leads to generation of extracellular matrix (ECM) proteins, cardiac fibrosis and
exacerbation of impaired cardiac contractility (76). The permeant cardiomyocyte changes,
inflammatory response, impaired compensatory responses and accelerated cellular ageing
profile offer one explanation for the delayed onset of AIC (70). While the actual mechanisms
responsible for anthracycline-induced cellular senescence remain undefined (39), evidence
supports a causal role for senescent cells in cardiac dysfunction. Demaria et al. (2017) revealed
that selective clearance of senescent cells in a murine model after doxorubicin administration
led to significant improvements in cardiac function (77). This study demonstrated that
senescence is not merely a consequence of cardiotoxic injury but actively contributes to the

deterioration of cardiac performance.

1.5 Cellular structure of cardiac tissue

The heart is the earliest organ to become functional during embryonic development,
beginning to beat spontaneously by the fourth week of gestation (78). As the central
component of the cardiovascular system, the heart functions within a closed circulatory circuit
in conjunction with the peripheral vasculature (79). Structurally, it comprises four chambers
and is primarily composed of specialised striated cardiac muscle. This muscle tissue is densely
perfused by a complex coronary microvascular network, ensuring the delivery of oxygen and
nutrients necessary to meet the high metabolic demands of the myocardium (80).

The heart is composed of several types of cells, including cardiomyocytes, CFs,
endothelial cells, inflammatory cells, and smooth muscle cells, all with distinct roles in cardiac
function (Figure 1.3) (81). All functions of the heart rely on the coordination between these
cells to generate electrical impulses for contracting rhythmically and maintaining structural

support of the heart to pump blood to the body. Understanding the role of each cell is
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important to provide insights into cardiac health and the mechanisms underlying heart

diseases (82).

Superior vena cava

—T T
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Endothelial cells
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Fibroblast Cardiomyocyte

Figure 1.3 Anatomical structure and cellular composition of the human heart. The diagram
shows the four cardiac chambers, heart valves, and major cell types present in cardiac tissue.
Image adapted from SERVIER Medical Art.
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1.5.1 Cardiomyocytes

Cardiomyocytes are the contractile unit that simultaneously contract to maintain coordinated
pump function, to adequately supply organs and tissues, through a well-defined contraction—
relaxation cycle (79). Although cardiomyocytes represent only about 30% of the total cardiac
cell types, they are estimated to occupy nearly 85% of the myocardial volume due to their
relatively large size (81). These cells have a high density of mitochondria to meet the energy
demand of the heart, with organised arrangements of contractile myofilaments called
sarcomeres (49). The sarcomeres are composed of thin actin and thick myosin filaments,
which glide past one another in an energy-dependent process thereby shortening the
sarcomere, resulting in cardiomyocyte contraction (and subsequent relaxation) (49). These
synchronised contractions lead to efficient atrial and thereafter ventricular systole, pumping
blood throughout the body (82).

The development and proliferation of mammalian cardiomyocytes start in foetal
stages and continue after birth in the neonatal period (83). However, with development
progresses, the ability of cardiomyocytes to proliferate declines but cardiomyocytes undergo
physiological hypertrophy to support cardiac growth (84). The shift to a fully matured state is
defined by the cessation of both mitosis and cytokinesis (84). Once this transition is complete,
the total number of cardiomyocytes stays relatively constant into adulthood and a slow but
constant rate of cardiomyocyte turnover is enough to maintain the heart's structural integrity,
even when some are gradually lost as a result of apoptosis and minor cardiac damage (42).

Cardiomyocytes undergo hypertrophic response as a compensation mechanism in
response to physiological stress or minor cardiac injury, allowing functioning myocytes to
counteract cell loss and sustain cardiac output (85). However, due to limited proliferative
capacity, cardiomyocyte loss resulting from apoptosis or necrosis is largely irreversible (84).
Cellular renewal occurs predominantly in endothelial and mesenchymal cell types, particularly
fibroblasts, during processes such as cardiac repair and remodelling (86). This process
promotes fibroblast proliferation which in severe cardiac damage increases cardiac fibrosis, a
phenomenon often linked with ageing hearts, which stabilizes the injured myocardium but
compromises contractility and eventually leads to irreversible myocardial scarring (86). This
fibrosis lowers the heart's contractile efficiency, which contributes considerably to the

progression of heart failure (87).
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1.5.1.1 Cardiomyocyte excitation-contraction coupling

Cardiac excitation-contraction coupling refers to the physiological process required to
translate an electrical impulse into mechanical contraction in myocardium. This energy-
dependent process is ultimately regulated by sequential activity of cellular ion channels, with
Ca?* ion being the driving force of cardiomyocyte contraction (88).

This process is initiated in the sinoatrial node (SAN), where pacemaker cells generate
an action potential that propagate through the myocardium, triggering cardiomyocyte
contraction. During the action potential, atrial and ventricular cardiomyocytes progress
through distinct phases, with each marked by activation of specific ions channels and the
movement of defined ions, which subsequently leads to coordinated cellular
depolarization/repolarization and myocardial, contraction, and relaxation (Figure 1.4) (89,
90).

The ventricular action potential begins with Phase 0, activation of fast voltage-gated
sodium (Na*) channels permitting influx of Na* ions into the cell. This Na* influx results in a
sharp rise in membrane potential, eventually leading to inactivation of Na* channels as
membrane charge equilibrates which initiates Phase 1 of the action potential (89). During this
phase, potassium (K*) channels remain open, leading to efflux of K* ions that initiates partial
cardiomyocyte repolarization. This is followed by Phase 2, known as the plateau phase, which
is unique to cardiac myocytes and is the major driver in excitation-contraction coupling (89).
During this phase, L-type Ca?* channels open, allowing Ca?* to influx into the cardiomyocyte
(89). The sarcoplasmic reticulum, a specialised organelle acting as the main intracellular Ca%
reservoir, has ryanodine receptors (RyRs), which are subsequently activated by the external
Ca?*influx (88). This causes the sarcoplasmic reticulum to release a significantly higher amount
of Ca?* into the cytoplasm, a process known as calcium-induced calcium release (CICR).
Through its interaction with myofilaments, the subsequent increase in free cytosolic Ca?*
triggers cardiac contraction. In particular, Ca?* binds to troponin C, causing a conformational
shift that displaces troponin | and exposes myosin-binding sites on actin filaments. The
sarcomeres shorten as the thick and thin filaments pass one another, generating
cardiomyocyte contraction propelling blood from the heart. At the end of the contraction,
Ca?* dissociates from troponin C, which inhibits the production of cross-bridges. Either
through sodium-calcium exchanger (NCX) activation and Ca?* ion to leave cell, or sarcoplasmic

reticulum SERCA pump excess cytosolic Ca?* back into the sarcoplasmic reticulum. The
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repolarisation of cardiomyocytes is defined by phase 3 of the action potential, characterised
by the closure of Ca?* channels and increased permeability to K* efflux, restoring the resting
membrane potential. Phase 4 (resting phase) starts, during this phase, K* channels remain
open while Na* and Ca?* channels remain closed. This phase is to ensure that cardiomyocyte
is ready to the next action potential cycle (88-90). Normal cardiomyocyte contraction and
heart rhythm depend on the exact synchronisation of ion fluxes, Ca’?* release, and
myofilament interactions. Any disruptions in this mechanism result in abnormal contractility,

arrhythmias, and reduced cardiac output (89).
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Figure 1.4 Cardiomyocyte excitation-contraction coupling. 1) Action potential initiates the
opening of L-type Ca?* channel. 2) Ca?* influx into cytoplasm and activation of RyRs on
sarcoplasmic reticulum. 3) Increase Ca?* release from sarcoplasmic reticulum into cytoplasm.
4) High intracellular Ca?* concentration induces cardiomyocyte contraction. 5) In the diastolic
phase, following contraction, intracellular Ca?* levels are restored to baseline primarily by
SERCA Ca?* channel which pumps excess cytosolic Ca?* back into sarcoplasmic reticulum. In
addition, excess Ca?* is extruded from the cell by activating NCX. Adapted from BioRender.
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1.5.2 Cardiac fibroblast

Cardiac fibroblasts (CFs) are from mesenchymal origin and constitute around 15% of cardiac
cell volume, with key roles in responding to cardiac injury by providing structural support to
cardiomyocytes, maintaining myocardial integrity and production of the supportive ECM
proteins (91). They provide mechanical stability to cardiomyocytes by arranging collagen
networks around cardiomyocytes (92). In addition, CFs play a role in electrical support by
maintaining the fibrous structure that separates the atrial and ventricular myocardium,
ensuring the heart's electrical impulses go along a synchronised course (93). Furthermore,
paracrine factors released by CFs, such as transforming growth factor-beta (TGF-B) and
vascular endothelial growth factor (VEGF), are crucial in maintaining cardiac haemostasis and
driving the physiological and pathological cellular responses of cardiac tissue (94).

During pathological cardiac conditions including myocardial infarction, heart failure,
and cardiac hypertrophy, CFs are responsive to injury by differentiation into myofibroblasts
to promote cardiac repair and maintain optimal cardiac health (92). Myofibroblasts are
characterised by a spindle-like shape, excessive proliferation, increased synthesis of a-smooth
muscle actin (a-SMA), and increased production of collagen which all contribute to tissue
remodelling and fibrosis (92). Pro-inflammatory cytokines such as tumour necrosis factor a
(TNF-a) and interleukin-6 (IL-6) are also triggered to increase cells proliferation and promote
cellular repair (94). However, fibrotic remodelling results in increased stiffness of heart and
reduced systolic and diastolic function which all contribute to arrhythmias (91).

In case of AIC, cardiomyocytes have been considered the classic target of AIC and not
much research has been done on other types of cells in relation to structural cardiotoxicity,
including CFs (22). However, in recent years, there has been a clear shift in attention toward
CFs and their involvement in structural toxicities, which may thus lead to impairment of
cardiac function and contractility without direct damage to cardiomyocytes (95). However,

the mechanism of the toxic effects of anthracyclines on non-myocytes is still unclear.

1.5.3 Vasculature cells: Endothelial cells and pericytes

Cardiac tissue, in addition to cardiomyocytes and CFs, also contains several other cell types to
support and contribute to heart functions. Endothelial cells line the heart chambers and are
the main cell type composition of intramyocardial capillaries (96). These cells are responsible

for transferring nutrients and oxygen to cardiomyocytes to maintain the energy requirement
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for the highly demanding organ (96). Consequently, any drug that adversely affects cardiac
endothelial function would cause a reduction in oxygen, nutrients and cellular signalling
factors to cardiomyocytes. Furthermore, continual and progressive damage to the endothelial
population within cardiac tissue would also increase permeability of the aforementioned
microvasculature and contribute to development of cardiac ischaemia, as reported in
survivors of paediatric cancer following chemotherapy (97).

Stability of vasculature, including the vasculature and microvasculature present in
cardiac tissue, is maintained by pericytes (98). These specialised cells that wrap around the
endothelial cells of capillaries and small blood vessels, regulating blood flow, coagulation, and
maintaining heart tissue integrity (98). The highly vascularized myocardium relies on these
cells to regulate blood flow, making them potential targets in cardiotoxicity. When damaged,

they could impair proper blood supply to the heart, compromising its function (99).

1.5.4 Cardiac progenitor cells

Cardiac progenitor cells (CPCs) are those from which other cells of the cardiac tissue can be
derived, embryonic CPCs and adult CPCs (100). This class of cells is involved in both
maintaining tissue homeostasis and promoting cardiac tissue regeneration (100). The
mechanical and/or hormonal stimulation of this cell population is central to preserving cardiac
function following cardiac injury and damage (101). However, depletion of this cell population
and thus the tissues’ ability to regenerate, results in increased potential for vulnerability to
toxicological insult, including drug-induced cardiotoxicity (22, 101). In this context,
anthracyclines have been reported to inhibit CPCs proliferation and subsequently lead to a
depletion in these cardiac stem cells through both cytotoxic action and induction of cellular
senescence (22, 102). Co-treatment with senolytic agents effectively eliminated senescent
CPCs, thereby suppressing the SASP and mitigating its deleterious effects on surrounding
healthy CPCs (102). Ultimately, in the clinic, this would manifest in accelerated progression of
cardiac failure following exposure of already damaged cardiac tissue to further toxicological
and/or physiological insult, such as is the case with initial anthracycline-induced tissue damage

and latter subsequent stressors such as hypertension, myocardial injury, and ageing (103).
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1.6 Cellular communication within cardiac tissue

Cell-cell communication is important for cardiac tissue to ensure coordination among the
various cell types and maintain physiological cardiac functions (104). These multifaceted
communications include both electrical and chemical signalling pathways, to maintain
integrity and synchronicity of the cardiac syncytium, including gap junctions, neurohumoral

factors, and paracrine and autocrine signalling.
1.6.1 Cell-cell communications

Cardiac contractility, structural integrity, and functionality are driven through the interactions
between cells of the same type and across cell types. Cardiomyocytes and support cells use
gap junctions to facilitate intercellular connections, both homotypic (between similar types of
cells) and heterotypic (between different types of cells) (105). These channels direct
communication between cells to transfer ions, metabolites, and intracellular signalling
molecules, to facilitate the heart to rhythmically contract in a coordinated manner (104, 106).
In addition, they support the transfer of nutrients and oxygen to the myocardium to provide
energy to the high demand organ (105). Gap junctions are composed of connexons that are
formed from connexin proteins, with the most abundant being connexin-43 in
cardiomyocytes, which align to create continuous channels between neighbouring cells (106).
Consequently, dysfunction of gap junctions can cause disturbances to action potential in the
heart, leading to cardiac arrhythmias and cardiac failure. Anthracycline reduces connexin-43
phosphorylation and expression and affects gap junction functions which facilitate Ca%

overload, amplifying cardiotoxic effects across the myocardium (107).
1.6.2 Intercellular chemical communication and signalling

In cardiac cells, gap junctions not only allow the passage of ions and electrical impulses but
also enable the autocrine and paracrine exchange of chemical signalling molecules, a process
essential for maintaining coordinated tissue function (108). These pathways are important for
coordinated cell functions, especially in the heart, where paracrine signalling is responsible
for regulating process of angiogenesis, fibrosis, and tissue repair after myocardial injury (108).
As an example, nitric oxide (NO) is produced by endothelial cells to regulate contractility of

cardiomyocytes, vascular tone, and assist in cardiac remodelling (109). However, dysregulated

19



paracrine signalling is often characterised by excessive cytokine release during chronic

inflammation of the heart, contributing to fibrosis and heart failure (94).

1.6.3 Intracellular signalling and communication

Along with direct communication between cells, cardiac function is also dependent upon
communication between the cellular environment and the individual cells of the myocardium,
mediated by cell surface receptors. This forms a complex network of signalling cues to
maintain the physiological responses and the functional outputs of the cardiac tissue, with
dysfunctions in these pathways being a major driver for cardiac pathologies and dysregulation
(110).

These cell surface receptors belong mainly to the G-protein coupled receptors (GPCR)
family. In cardiac tissue, amongst several others, these include the a- and B-adrenergic
receptors, which drive cardiac inotropy and chronotropy, and the angiotensin receptor family,
responsible for controlling cellular tone and cardiac outputs (111). Expression and activity of
these GPCRs are associated with both cardiomyocytes, CFs and other cell types associated
with the vasculature network (111). As such, aberrant or dysregulated activation of these
receptors leads to cardiac conditions such as hypertension, dysrhythmias, cardiac ischaemia

and cardiac hypertrophy (110).

1.7 Renin-Angiotensin-Aldosterone System (RAAS)

The renin-angiotensin-aldosterone system (RAAS) plays a crucial role in regulating multiple
physiological functions in the renal and cardiovascular systems. The dysregulation of RAAS is
implicated in several pathological conditions, particularly hypertension and heart failure (112,
113). The dysregulation of RAAS has also been reported to increase ROS production and
oxidative stress, contributing to cardiac remodelling and hypertrophy (114, 115). Angiotensin
ll-induced oxidative stress can cause mitochondrial damage, cardiac hypertrophy, apoptosis,
and fibrosis, as well as play a role in angiotensin Il-dependent inflammation and
cardiomyocyte contractile dysfunction (62). However, although the potential is compelling,
the role of oxidative stress in several pathological cardiac conditions has yet to be confirmed.

Decreases in blood pressure or systemic sodium chloride levels trigger the release of
renin, a proteolytic enzyme produced by the juxtaglomerular apparatus in the kidneys (116).

This enzyme thereafter functions upon the pre-hormone angiotensinogen, an alpha-2 globulin
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protein, synthesised in the liver and released systemically (116). The action of renin is to
convert angiotensinogen into the inactive hormone, angiotensin | (116, 117). This hormone is
then further converted into its active octapeptide form, angiotensin Il, through enzymatic
action of an enzyme termed angiotensin-converting enzyme (ACE), an enzyme primarily
localised to pulmonary tissue (117). Angiotensin 1l is the key effector of the RAAS, exerting
potent effects on blood pressure regulation and fluid balance. This is achieved through a
complex receptor signalling pathway that affects its actions upon the cardiovascular, adrenal

and renal systems (Figure 1.5) (113).
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Figure 1.5 lllustration of the renin-angiotensin-aldosterone system (RAAS) and where the
drugs that perturb angiotensin Il signalling work. Angiotensin converting enzyme inhibitor
(ACEi) prevent the conversion of angiotensin | into angiotensin Il, by preventing ACE activity.
Angiotensin receptor blockers (ARB) prevent angiotensin Il binding with AT1R. Made by
SERVIER Medical Art.
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1.7.1 Angiotensin receptor signalling

Angiotensin Il interacts with two different GPCR, namely the angiotensin Il type 1 receptor
(AT1R) and the angiotensin Il type 2 receptor (AT2R) (118). Activated by angiotensin Il through
reversible binding, angiotensin receptor activation regulates several elements of
cardiovascular and renal physiology, including blood pressure regulation, cellular growth and

tissue remodelling (Figure 1.6) (112, 113).
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Figure 1.6. The schematic represents the signalling cascades activated by the binding of
angiotensin Il to AT1R and AT2R and cellular responses. Angiotensin type-1 receptor (AT1R),
Angiotensin type-2 receptor (AT2R), inositol trisphosphate (IP3), Diacylglycerol (DAG), cyclic
guanosine monophosphate (cGMP), Nitric Oxide (NO). Made by SERVIER Medical Art.
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1.7.1.1 Angiotensin type 1 receptor (AT1R) signalling

Among the two types of receptors, AT1R is the most prevalent type of angiotensin Il receptor
in the cardiovascular system and primarily responsible for mediating the well-known effects
of angiotensin Il (115). AT1R is expressed in many tissues such as adrenal gland, kidney, heart,
blood vessels, and brain (119). Two subtypes of AT1R have been identified: type-A (AT1RA)
and type-B (AT1RB) receptors. AT1RA is necessary for cardiomyocyte growth and blood
pressure regulation, whilst AT1RB is important to control vascular tone in the absence of
AT1RA stimulation (120). The specific role and crosstalk of each of these sub-types in the
cardiac system has yet to be fully defined.

Physiologically, angiotensin Il plays a critical role in blood pressure through triggering
of AT1R which is highly expressed in vascular smooth muscle cells (VSMCs) (121). AT1R is
present in the proximal tubules of the kidney and AT1R stimulation in the kidneys promotes
sodium and water retention, contributing to increased blood pressure (122). In addition, AT1R
activation also increases systemic vascular resistance, primarily through activation of
phospholipase C, which increases intracellular Ca?* levels, resulting in enhancement of smooth
muscle contraction, reducing vessel diameter and increasing resistance (121, 123). Under
normal physiological conditions, these changes are transient and function to assist in the
regulation of blood pressure and cardiac output. Conversely, chronic activation of AT1R, leads
to prolonged vasoconstriction, promotion of endothelial dysfunction, and decreased NO
bioavailability, all which are major characteristics of hypertension and atherosclerosis (114).

With respect to cardiac tissue, AT1R expression is believed to play a role in promotion
of cardiac inotropy and chronotropy to maintain cardiac output (124). Activation of cardiac
AT1R initiates a multitude of signalling pathways, resulting in both promotion of cellular
growth and pathological remodelling of cardiac tissue (115, 124). Consequently, AT1R
activation in cardiac tissue facilitates adaptive responses of cardiac cells towards optimisation
of cardiac contractility and cardioprotection (114). In this context, chronic AT1R activation
leads to cardiomyocyte hypertrophy and fibroblast activation (114). Additionally, activation of
AT1R within cardiomyocytes has also been reported to increase oxidative stress and promote
pro-inflammatory pathways, contributing to cardiac remodelling and hypertrophy (114, 115).
Together, these pathophysiological and structural changes lead to cardiac stiffening and
subsequent reduction in the cardiac ejection fraction, independently of effects upon systemic

blood pressure (125).
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1.7.1.2 Angiotensin type 2 receptor (AT2R) signalling

The primary pathophysiological actions of angiotensin Il action are attributed to binding to
AT1R. The interaction of angiotensin Il with the AT2R receptor mediates the opposite effects
to those of AT1R activation. AT2R activation promotes vasodilatation and prevents cellular
proliferation (118). Despite this, AT2R activation has a limited physiological role in adults since
it is present and expressed during development with its presence significantly declining after
birth (126). However, AT2R expression is elevated in pathological conditions such as vascular
injury and heart failure (127, 128). The preclinical studies widely showed the protective effect
of AT2R agonist through inducing vascular relaxation and decreasing blood pressure (129).
However, the role of AT2R in decreasing blood pressure in hypertensive patients is still elusive

(129).

1.7.1.3 Alternative angiotensin pathway: angiotensin-converting enzyme 2 (ACE2) and

angiotensin (1-7)

The regulation of blood pressure and other pathophysiological conditions mediated by
angiotensin Il is primarily regulated by conversion of angiotensin | to angiotensin Il by ACE, as
defined above (117). However, a homologue of ACE, termed angiotensin-converting enzyme
2 (ACE2), which has 40% sequence similarity to ACE, has been identified and shown to play a
role in several pathophysiological processes, involving different metabolites of angiotensin |
and Il (130). ACE2 is shown to convert angiotensin | into angiotensin (1-9), which can be
converted to angiotensin (1-7) by ACE (130). Furthermore, ACE2 can then degrade
angiotensin Il to angiotensin (1-7) (130). This specific angiotensin metabolite has been shown
to lower blood pressure due to vasodilation of blood vessels, induction of the synthesis of
anti-inflammatory prostaglandins, and increases in the release of NO (130). With respect to
cardiac tissue, angiotensin (1-7) exhibits a positive effect by limiting the proliferative and
hypertrophic responses to angiotensin Il (131). Furthermore, this has been postulated to
counter the activity of ACE and function as a mechanism for clearance of angiotensin Il from
the circulation (132).

ACE2 demonstrates a different expression profile to that of ACE, with it being generally
ubiquitous and exhibiting highest levels in the cardiovascular system and lungs (130). In
cardiac tissue, ACE2 is expressed in cardiomyocytes, CFs, as well as VSMC and endothelial cells

(133, 134). The product of ACE2, angiotensin (1-7), binds to the Mas G-protein coupled
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receptor (MasR) on the cell surface and counterbalances the potential detrimental effects of
angiotensin 1l (135). In this regard, ACE2 is believed to be protective by the fact that it acts to
degrade angiotensin Il to limit its availability and generates angiotensin (1-7) to stimulate the
protective nature of the ACE2/angiotensin (1-7)/MasR axis (136). Furthermore, ACE2
overexpression significantly prevents myocardial fibrosis, reduces the development of cardiac

hypertrophy and improves cardiac function (135).

1.8 Management of cardiotoxicity caused by anthracyclines

Management of AIC has primarily focused on elucidating the underlying mechanism of
anthracycline and identifying targeted interventions to prevent cardiotoxic effects. However,
a major challenge in this approach is how to preserve the antitumor effect of anthracycline,
decrease the risk of incomplete tumour eradication or cancer recurrence, and lower the
incidence of adverse cardiac events induced by anthracyclines (137). While acute
cardiotoxicity can be reversible with timely intervention, the chronic cardiotoxicity of
anthracyclines is the most concerning and prevalent form of cardiotoxicity because of its
progressive and irreversible nature (14, 24, 25). As a result, there is an urgent need for
cardioprotective strategies that effectively prevent long-term cardiac complications of
anthracycline without compromising the therapeutic benefits of anthracycline chemotherapy.

The demonstration that anthracycline chemotherapy is associated with a high risk of
long-term progressive cardiotoxicity emphasises the importance of implementing effective
management strategies to treat chemotherapy-induced cardiotoxicity. Many strategies have
been studied for management of AIC including differential infusion rates (bolus, short
infusions of < 1 hour, or extended continuous infusions of up to 96-hours) and newer
formulations (pegylation, liposomes and other nano-delivery systems) of anthracyclines,
aimed at reducing cardiac exposure whilst maintaining therapeutic efficacy (23). In parallel to
this, strategies have also focused on administration of therapeutics to either mitigate the
detrimental effects of anthracyclines by tackling proposed mechanisms of toxicity or reinforce

the cardioprotective pathways present within cardiac tissue (137).
1.8.1 Iron Chelation to reduce cellular oxidative stress

One of the proposed mechanisms of AIC involves iron dysregulation (see section 1.4.3.2).

Anthracyclines have a high affinity for iron, forming an anthracycline-iron complex that
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increases the generation of ROS which contributes to mitochondria dysfunction and
cardiomyocyte damage (27, 64). Given the important role of iron in mediating AIC
pathogenesis, one strategy employed and evaluated clinically is the iron chelators, such as
dexrazoxane (138).

Dexrazoxane, an iron chelator agent, which is one of the FDA-recommended
cardioprotective agents for preventing AIC has been evaluated regarding their ability to
mitigate this cardiotoxicity in many preclinical studies and clinical trials (138). Dexrazoxane
contains the ethylenediaminetetraacetic acid (EDTA) moiety, which is known to chelate metal
ions such as Ca?*, Mg?*, and Fe?*, reducing their activity (139). When dexrazoxane binds to
iron, it exerts its effect by inhibiting the formation of an anthracycline-iron complex, which,
therefore, inhibits free radical formation and results in the prevention of cardiac injury (137).
Unfortunately, due to some concerns about the result from clinical trials on the effect of
dexrazoxane on antitumor efficacy and developing of secondary malignancy after treatment
with dexrazoxane, particularly in paediatric patients, there is a reluctance from oncologists to

use dexrazoxane (138).

1.8.2 Blockade of beta-adrenergic signalling within cardiac tissue

Beta adrenoceptor blockers (B-blockers) are widely used for treatment of hypertension and
heart failure (140). B-adrenergic receptors consist of three subtypes: B1, expressed in the
heart, where it controls cardiac automaticity and conduction velocity; B2, expressed in many
organs and responsible for mediating smooth muscle relaxation; and B3, which plays a role in
lipolysis (140). The cardioprotective effect of B-blockers for preventing AIC has been evaluated
regarding an ability to mitigate this cardiotoxicity in many preclinical studies and clinical trials
(141). Administration of the beta-blocker carvedilol has demonstrated a significant decreasing
in ROS generation and prevention of apoptosis in cardiomyocytes in both in in vitro and in vivo
models, due to antioxidant properties of this agent (142, 143). A network meta-analysis
comparing the effectiveness of B-blockers in mitigation of AIC reported that carvedilol was
effective in lower the incidence of left ventricle ejection fraction (LVEF) decline during
anthracycline therapy compared to other B-blockers (141). This suggest that cardioprotective

effect of carvedilol may be attributed to its antioxidant effects.

26



1.8.3 Interference in angiotensin signalling pathways

The clinical presentation of delayed cardiotoxicity associated with anthracyclines is noted as
being similar to that observed with other cardiac conditions, such as cardiac hypertrophy and
heart failure (144, 145). In these latter conditions, therapeutic approaches are primarily
focused upon preventing further progression of cardiac impairments, limiting cardiac
remodelling and restoration of cardiac function (27). One such strategy is centred around
perturbation of the RAAS axis and re-engagement of normal cardiac physiological action
alongside restoring of haemodynamic functions (27).

Drugs targeting RAAS, such as angiotensin-converting enzyme inhibitors (ACEi) and
angiotensin receptor blockers (ARBs), are widely used in clinical practice to treat
cardiovascular disorders in non-cancer patients (146, 147). These drugs are commonly
prescribed to manage many cardiovascular disorders, including hypertension and heart
failure, and they have demonstrated effectiveness in preventing the progression of LVD (148,
149). Despite targeting the same system, ACEi and ARBs work through distinct mechanisms
within the RAAS. ACEi exert their effect by inhibiting the ACE activity, which is responsible for
converting angiotensin | into its active form, angiotensin Il (Figure 1.5) (146). By inhibiting this
conversion, ACEi reduces the levels of angiotensin I, a potent vasoconstrictor, this leads to a
decrease in vascular resistance and, ultimately, a reduction in blood pressure (150). However,
ARBs work by selectively blocking the AT1R, which mediates many of the harmful effects of
angiotensin Il, such as vasoconstriction, sodium retention, and adverse cardiac remodelling
(115). By inhibiting the AT1R signalling pathway, ARBs effectively reduce the physiological
impact of angiotensin Il, leading to improved cardiovascular outcomes without affecting the

production of angiotensin Il itself (151).

1.8.3.1 (linical studies supporting perturbation of angiotensin signalling pathway for

mitigation of AIC

Clinical studies have unequivocally demonstrated success of ACEi as a management strategy
for heart failure (148, 149). This, in combination with the confirmation that AIC is linked to
progressive development of cardiac failure has led to several studies to evaluate the potential
of ACEi and ARBs for mitigation of AIC (34). These studies are summarised in Table 1.1, with
notable findings highlighted. One such observation is the implication that earlier

administration of ACEi appears to have greater effects. However, inconsistencies are evident
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between these trials, attributed largely to differences in study population age, specific
therapeutic agent employed, time-periods of study analyses and variability in assessment
methodology, amongst others (152-161). In terms of the ACEi as a therapeutic, a limitation of
many of these studies is the use of sub-optimal doses compared to cardiology clinical
guidelines (162). This subsequently led to the PROACT clinical trial, which involves prophylactic
administration of enalapril prior to starting, and throughout treatment period, for
anthracycline-based therapy in breast cancer and lymphoma patients (163). Preliminary
observations for this trial indicate that ACEi did not provide any advantages in the short-term
acute period, as determined by troponin biomarkers and cardiac-imaging modalities (161).
However, the effect of inclusion of ACEi on longer-term development of AIC, reflective of the
major clinical issue, has yet to be established with this trial, with such outcomes expected over
the next decade or so.

From the perspective of ARBs and their slightly different approach to modulation of
the angiotensin response, similar to ACEi, studies have also evaluated ARBs for the
management of AIC (164-169). Murine studies have shown that blocking, or deletion, of AT1R
provides a cardioprotective effect against anthracyclines (170). In clinical studies,
administration of the ARB telmisartan prior to anthracycline chemotherapy associated with a
preservation of cardiac function as determined by electrocardiogram (ECG) (165).

Clinical trials have shown that drugs which perturb the RAAS are effective to some
extent in the prevention of AIC. However, the limitations of these studies include the small
number of patients involved in the study, as well as the short period of observation, single-
centre randomized clinical trials, and the limited number of clinical trials that were conducted
which evaluate the role of ACEi alone in the prevention of AIC. Although the data from these
clinical trials have shown promising protective effects by drugs that perturb the angiotensin Il
signalling pathway, there is a need to validate these findings in larger, randomized controlled
trials.

There are several mechanisms proposed to explain how drugs perturbing angiotensin
Il signalling mitigate the adverse cardiac event associated with anthracyclines. These include
the reduction of ROS production and oxidative stress and prevention of mitochondrial damage
(171, 172). Additionally, ACEi and ARBs contribute to the preservation of cardiovascular
haemodynamics by maintaining systolic and diastolic functions (155, 173). However, the
mechanism of perturbing angiotensin Il signalling pathway confers cardioprotection in the

context of AIC remains not fully understood.
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Table 1.1 Summary of key studies evaluating cardioprotective strategies (ACEi and ARBs) with anthracycline based chemotherapy.

2017

type
(n=69)

efficacy of enalapril against
AIC

mg/day)

chemotherapy, enalapril was shown
to protect the patient against
elevations in troponin |. After 6
months, LVEF same as baseline in
enalapril group. Generally, enalapril

Study Study Aim of the study Intervention Key findings Reference
participants
ACEi
Cardinale et al., | Any adulttumour | Evaluate cardioprotective Enalapril (titrated No significant change in LVEF was (152)
2006 type efficacy of enalapril in up to 20 mg/day) observed in the treatment group. No
(n=114) patients from one-month for 1 year increase in end-diastolic and end-
post-chemotherapy systolic volumes was noted either.
monitored by systemic
troponin | levels
Cardinal et al,, Patients with Evaluate response of Enalapril (2.5- to Early treatment allows for complete (153)
2010 LVEF due to patient with anthracycline 5 mg/day titrated recovery of LVEF and positively
anthracycline induced cardiomyopathy to | up to 20 mg/day) impacts cardiac outcome.
chemotherapy standard of care HF OR
(n=201) therapy Enalapril
(5 mg/day) AND
carvedilol (6.25
mg/day titrated up
to 50 mg/day)
OVERCOME trial Adult Evaluate efficacy of Enalapril (5 mg/day Low incidence of decrease in LVEF, (154)
(2013) haematological enalapril and carvedilol in titrated up to 20 heart failure, and death in patients in
malignancies reducing the risk of mg/day) AND the treatment group.
(n=90) developing LVEF after carvedilol (6.25
chemotherapy mg/day titrated up
to 50 mg/day)
Janbabai et al,, Any adult tumour Assess cardioprotective Enalapril (10-20 After one month of initiation of (155)
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can inhibit anthracycline-induced
systolic and diastolic heart
dysfunction.

ICOS-ONE (2018) | Any adult tumour Compare the Enalapril (10- Regardless of the time of enalapril (156)
type cardioprotective efficacy of 20 mg/day) initiation, no difference in terms of
(n=273) initiating enalapril in all the elevation of troponin |. Moreover,
patients prior to the incidence of LVD was low in both
chemotherapy versus groups.
initiating enalapril in
patients with elevated
troponin levels
Gupta et al., 2018 Paediatric Assess cardioprotective Enalapril (0.1 Patients receiving enalapril had lower (157)
leukaemia or efficacy of enalapril against mg/kg/day) for 6 incidence of elevation in cardiac
lymphoma (n=84) AIC. months biomarker and decline in LVEF
compared to placebo.
Stowik et al., Women with Assess cardioprotective Ramipril (2.5 Patients receiving enalapril had lower (158)
2020 breast cancer efficacy of ramipril against | mg/day titrated up incidence of decline in LVEF and no
(n=96) AIC to 10 mg/day) for 1 change in cardiac biomarker
year compared to placebo.
Wihandono et Adult breast Assess cardioprotective Lisinopril (2.5 Patients receiving lisinopril and (159)
al., 2021 cancer efficacy of lisinopril and mg/day titrated up bisoprolol had lower incidence of
(n=74) bisoprolol against AIC to 10 mg/day) decline in LVEF
AND
Bisoprolol (1.25
mg/day titrated up
to 10 mg/day)
Livi et al., Women with Assess cardioprotective Ramipril (5 Patients receiving ramipril and (160)
2021 breast cancer efficacy of ramipril and mg/day) bisoprolol had lower incidence of
(n=174) bisoprolol against AIC OR decline in LVEF and heart remodelling
Bisoprolol (5
mg/day)

30




PROACT trial Adult breast or Assess cardioprotective Enalapril (20 Enalapril did not significantly reduce (161)
(2024) lymphoma effectiveness of enalapril mg/day), starting 2 the troponin T or troponin | levels,
receiving high against high dose days pre- measured from one-month post-
does [2300 anthracycline based chemotherapy treatment.
mg/m?] regimen LVEF and global longitudinal strain
anthracycline (GLS) similar between groups
(n=111)
ARBs
Nakamae et al., Adult, non- Evaluate ability of valsartan Valsartan No increase of BNP after one week in (164)
2005 Hodgkin to inhibit acute AIC. (80 mg/day) treatment group, and left ventricle
lymphoma (n=40) (LV) dilatation is inhibited by
valsartan.
Cadeddu et al., Any adult tumour | Evaluate cardioprotective Telmisartan Reduction of LV diastolic impairment. (165)
2010 type (n=49) ability of telmisartan (40 mg/day) No increase in the serum ROS level in
against AIC. treatment group
PRADA trial Adult, breast Assess cardioprotective Candesartan (32 Prevention of LVEF decline with (166)
(2016) cancer (n=120) effects of candesartan or mg/day)/placebo candesartan, but no effects of
metoprolol against AIC OR metoprolol observed.
Metoprolol (100
mg/day)/placebo
PRADA trial Adult, breast Assess efficacy of Candesartan (32 Candesartan associated with slight (167)
(2021) cancer candesartan and/or mg/day)/placebo reduction in LV end-diastolic volume
(n=120) metoprolol in the OR and preservation of GLS after two
reduction of long-term Metoprolol (100 years.
cardiac damage associated mg/day)/placebo
with an anthracycline.
Lee et al., Adult, breast Assess cardioprotective Candesartan (4 Candesartan prevented the early (168)
2021 cancer effects of candesartan or mg/day) decrease in LVEF.
(n=195) carvedilol against AIC OR
Carvedilol (3.125
mg/day)
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Cardiac CARE
Trial (2023)

Adult non-
Hodgkin
lymphoma or
breast cancer
(n=175)

Evaluate if cardiac troponin
levels predictive of LVEF,
and whether candesartan
carvedilol co-treatment is

protective of LVEF.

Candesartan (8-32
mg/day)
AND
Carvedilol (6.25-25

mg/day)

After 6-month, candesartan and
carvedilol therapy did not protect
against decline in LVEF after 6 months
of completion of anthracycline
treatment.

(169)
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1.9 Invitro preclinical cardiac models

Several cellular models have been developed for the in vitro studies of cardiac biology and
evaluation of molecule upon the cardiac system (174-176). One of the first models was the
immortalised rat cardiomyoblast H9c2 cell line, which exhibits several features of cardiac cells
such as some contractile proteins and an ability to fuse to a multinucleated structure but also
lacks several features such as contractility and cardiomyocyte morphology (174). Another cell
model used in this context is the HL-1 murine atrial cardiomyocyte cell line model (176). Unlike
Hc92 cells, this cell line has contractile capacity but exhibits an unconventional action
potential profile (176). However, the downside to both the Hc92 and HL-1 cell lines is their
origin from rodent tissue, originating cell type which limits their ability to accurately mimic
the characteristics of human cardiac cells (177). This is especially pertinent when evaluating
the effects of drugs, such as anthracyclines, upon cardiac cells and thereafter translation to
the clinical scenario. Such studies therefore require cell models which recapitulate human

cardiac cells.

1.9.1 Immortalized human ventricular cardiomyocytes (AC10)

A cell line of immortalized human ventricular cardiomyocytes (AC1, AC10, AC12, AC16) was
developed by fusing human heart ventricle cardiomyocytes with SV40-transformed human
fibroblasts devoid mtDNA (175). The AC10 initiated and developed by Davidson et al., 2005,
has been previously characterised and proved suitable for studying drug response on
cardiomyocytes in vitro (175, 178). Although this cell line does not contract and remains in a
pre-contractile state, it expresses different clinically relevant cardiomyocyte markers such as
troponins, tropomyosin, and a-actinin and expresses many contractile proteins which make
them a qualified model to study the cardiomyocyte response to anthracyclines (175).
However, this cell line expresses the mesenchymal cell marker vimentin and, unlike mature
cardiomyocytes, is proliferative (175). This latter action offers great utility as an unlimited
source of cardiomyocytes in vitro (179). These differences from clinical adult cardiomyocytes
are explained by the nature of these cells being a fusion between human cardiomyocytes and
mitochondria-devoid human fibroblasts (175). This human derived cell line however does
overcome the limitation of previous rodent cardiomyocyte models, in their ability to represent

the human cardiomyocytes and their structural response to external agents (175, 178). With
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their cellular growth patterns, mitochondrial function, and expression of cardiac markers,
several studies used this cardiac model to detect cardiomyocyte inflammation and myocardial

injury (180-182).

1.9.2 Human induced pluripotent stem cell cardiomyocytes (hiPSC-CM)

The highest profile cardiac model used for preclinical studies is now hiPSC-CM (183). These
are physiologically relevant human derived cardiomyocytes expressing multiple cardiac
markers, which can be cultured in vitro, making them an ideal model for cardiovascular
research (184). This cell model has many advantages, including spontaneous contraction,
sensitive to cardioactive drugs and express multiple cardiac ion channels and receptors
important for cardiac functions (184). An often-reported limitation of these cells is their
relative immaturity, although this has recently been addressed by strategies to stimulate their
maturation in vitro (43). A major limitation of hiPSC-CM for in vitro studies and the analysis of
drug effects is their cost to produce and maintain compared to other models, such as the AC
cell lines described above (185).

As these cells are the closest model available to primary human cardiomyocytes, they
are now central and widely recognised as essential to many in vitro cardiotoxicity assays and
have demonstrated significant potential in reliably identifying cardiac liabilities in preclinical
drug safety studies (183, 184). However, in many cases their limited growth characteristics,
high cost and limited scope for evaluation of structural cellular effects has restricted their use

for fundamental molecular analyses studies (185).
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1.10 Thesis aims and objectives

The cardioprotective potential against AIC of therapies that act on the angiotensin signalling
pathway has shown significant potential in clinical studies, implying a strong relationship
exists between these two pathways. The mechanistic basis for these relationships has not yet
been fully explored.

The aim of this thesis is to evaluate the relationship between development of AIC and the
angiotensin-signalling pathway, in order to explain why ACEi may reduce AIC and improve

clinical management of this condition.

This thesis is divided into three sections:

A) Evaluation of response of in vitro cardiac cells to clinically relevant exposure of doxorubicin

and physiologically relevant concentrations of angiotensin II.

B) Characterisation of an involvement of the angiotensin-signalling pathway in cardiac

cellular response to doxorubicin.

C) Determination of a role for the AT1R in the cardiotoxicity response of cardiomyocytes to

the anthracycline doxorubicin.
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Chapter 2. Materials and Methods

All reagents were obtained from Sigma-Aldrich Company Ltd (UK) unless specified otherwise.

Plastic tissue culture materials were supplied by Sarstedt (UK).
2.1 Cell culture and maintenance of cells

All the cell models utilised in this study were cultured at 37°C in a humidified atmosphere of
5% carbon dioxide (CO3). Throughout, culture medium was refreshed every two days to
maintain optimal cell health and viability.

The human immortalised human ventricular AC10 cell line was graciously provided by
Dr. Barbara Savoldo at Texas Children's Hospital, Texas, USA. AC10 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM/F12) supplemented with 10% Foetal Bovine
Serum (FBS) (Gibco; product code 10500-064), 2mM L-Glutamine, and 1%
penicillin/streptomycin (pen/strep).

Primary human cardiac fibroblasts (HCF) obtained from Promocell (Heidelberg,
Germany) were established in Fibroblast Growth Medium 3 (Promocell) containing 0.1 ml/mi
Fetal Calf Serum, 1 ng/ml Basic Fibroblast Growth Factor (recombinant human), and 5 pg/ml
Insulin (recombinant human). Once established this media was changed to DMEM/F-12
supplemented with 10% FBS, 2mM L-glutamine and 1% pen/strep.

Cells were passaged when confluency approximately 70-80% by washing the
monolayer with Hank’s Balanced Salt Solution (HBSS) and then addition of 0.25%
trypsin/EDTA. Following detachment, the effects of trypsin were neutralised via addition of
media containing FBS. Resultant cell suspensions were then either reseeded at a 1:10 ratio for
onward culture, or centrifuged (400 x g for 5 minutes) and the cells re-suspended into new

flasks, or cell pellets were stored at -20°C for subsequent molecular analyses.
2.2 Cell counting

Cell number was determined using a Neubauer haemocytometer. After cells trypsinisation
and centrifugation, cell pellets were carefully resuspended in an appropriate volume of
medium. A 10 uL of cell suspension were pipetted under the coverslip onto the
haemocytometer. The number of cells in five Imm? sections were counted, with cells only

counted if they showed a viable appearance — bright and rounded in shape. The average
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number of cells in the five sections (N) was then calculated. Due to the dimensions of the

haemocytometer the average value of cells (N) in the five sections equates to N x10* cells/ml.
2.3 Cryopreservation of cells

Cells were cryopreserved to maintain long-term stocks at -196°C under liquid nitrogen.
Confluent cells were trypsinized, centrifuged at 400 x g for 5 minutes, the supernatant
discarded, and the resultant cell pellet resuspended in fresh medium. The cell suspension was
transferred to a 2.0 mL cryovial, to which 10% dimethyl sulfoxide (DMSO) was added. Cryovials
were placed in a Mr. Frosty™ Freezing Container (Nalgene, Thermo Scientific) filled with
propan-2ol (Fisher Bioreagents) and stored at -80°C, to achieve a cooling rate of approximately
1°C per minute. The following day, the cryovials were moved to a liquid nitrogen storage for

long-term storage.
2.4 Assessment of cell viability using MTS assay

Cellular viability was assessed using the well-established MTS assay ([3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt), using the
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega). This assay measures
the activity of mitochondrial NAD(P)H-dependent oxidoreductase within viable cells. These
enzymes reduce the MTS reagent to produce soluble formazan crystals, promoted by the
electron-coupling agent phenazine methosulfate (PMS). The absorbance of the soluble
formazan product is measured spectrophotometrically at 490nm, with this output being

directly proportional to mitochondrial activity and therefore cellular viability (186).
2.4.1 Evaluation of cell growth and proliferation characteristics by MTS assay

For optimisation of the MTS assay for assessment of cellular viability and proliferative
response, cells were seeded into flat-bottomed 96-well cell culture plates at densities ranging
from 1.250 x 103 to 2 x 10* cells/well for AC10 and HCF in a total volume of 100 uL/well, with
cells being absent from the first lane (cell blank control). MTS assays were conducted over a
7-day period, with MTS assays conducted daily over this period from individual plates
incubated in a humidified atmosphere of 5% CO,. To each well to be evaluated, 20 pL of a 10x
stock solution of MTS/PMS (2 mg/ml MTS, 0.092 mg/ml PMS, made fresh prior to addition)

was added, with the plate reincubated for 4 hours at 37°C/5% CO,. After incubation, the
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absorbance of each well was determined at 490nm using a Thermoscientific Multiskan GO
plate reader (Multiskan Go-Thermo Scientific®). Analysis of absorbance readings were
conducted using Microsoft Excel; the mean absorbance of each treatment concentration was
calculated, from which the mean absorbance of blank control was subtracted. All experiments
were performed in triplicate (N) and standard error of mean (SEM) between replicate were

calculated.

2.4.2 Evaluation of compound cytotoxicity by MTS assay

To determine the cytotoxicity of drugs and other compounds, MTS assays were conducted
after various exposure periods. AC10 cells or HCFs were seeded at 5 x 103 cells per well of a
96-well plate in a total volume of 100 pL media. Cells were incubated in a humidified 5% CO,
incubator to adhere overnight. For each plate, one column remained cell-free (media alone;
blank), one column remained cells plus media (cell control), and one received cells and media
in the presence of the compound vehicle (0.1% DMSO final or media, as required).

Cells were then treated for 24-96 hours with serial dilutions of test drug/compound,
with each drug concentration replicated 8 times, therefore producing 8 intra-experimental
replicates. The procedure outlined in section 2.4.1 was used for subsequent MTS analyses.
Cell viability was expressed as a percentage relative to the vehicle control, with the mean and
standard error of mean (SEM) calculated. All studies were repeated in triplicate. The half
maximal inhibitory concentration (IC50) was calculated by combining the replicate values and
using non-linear regression for curve fitting on GraphPad Prism (Version 10.4.0, GraphPad
Software, Inc.). For comparison, un-paired t-test or One-way analysis of variance (ANOVA)
test, and a post-hoc Dunnett’s test were used to compare between ICsq. Statistically significant

differences were defined as P<0.05.

2.5 Cellular impedance assay (xCELLigence system)

The xCELLigence Real Time Cell Analyzer (RTCA) (Agilent technologies, USA) system employs
electronic sensors to measure impedance changes caused by cellular proliferation, cell
morphology, and to monitor the drug response of cells in real time using a 16 well electrode
plate (E-plate) (Figure 2.1) (187).

Cell index values are calculated using microelectrode sensors located in the base of the wells

within the E-plate, which measure electrical impedance. The current flow between the
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electrodes is impeded as cells attach to the base of the wells; with greater densities associated
with cell division, growth, and adhesion increasing impedance measurements (Figure 2.2).
Conversely, a lack of cells within the well removes this restriction to the current flow,
completing the circuit between the electrodes. Consequently, increased cell death, decreased
cell size and cell detachment are associated with a decrease in the impedance value. Changes
in cellular impedance are defined as a parameter termed cell index (Cl), which indicates the
variation relative to a cell-free impedance value (188). The xCELLigence continuously collects
data over time, allowing for real-time monitoring of cellular activities, and transforming them
into graphical output for analysis and comparison (188). This allows the detection of cellular
perturbations caused by tested drug/compound.

The xCELLigence RTCA software and experimental setup followed the manufacturer’s

instructions, as defined below.

Single Well
(side view)
 ——— — QEE— e
— — fap— e
electron flow impeded electron flow
ailare addition
medium | of cells
= E i == ? L—
negative positive )
terminal well bottom terminal

(glass or PET)

Figure 2.1 Principle of xCELLigence system. If there is only medium in the well, there is no
restriction to the flow of current, completing the circuit between the electrodes (left). If there
isincrease in cell number or change in cellular morphology, the electrons flow will be impeded
(right). Image cited from ACEA Biosciences Inc., Agilent (187).
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Figure 2.2 An overview of the principles of electrical impedance to detect changes in cellular
adhesion, growth and morphology using the xCELLigence technologies. Image cited from

ACEA Biosciences Inc., Agilent (187).
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Following the manufacture’s instruction, prior to cell seeding, 100ul medium was
added to each well of a 16-well E-plate and allowed to equilibrate at room temperature for
30 mins. The plate was inserted into the xCELLigence system, housed within the incubator
(37°C humidified, 5% CO,) and the background reading measured. Cells were prepared,
suspended in media and cell numbers calculated (see section 2.2). Cells suspension (100 puL)
was added to the relevant wells, to a final well volume of 200 uL. On each plate a blank (no
cells) well was included through addition of 100 pL of medium. The plate was left at room
temperature within the laminar flow cabinet for 45 minutes to allow the cells to settle before
re-inserting the plate into the xCELLigence system in the incubator and the experiment
initiated. The RTCA system was instructed to record impedance readings at 15-60-minute
intervals across the duration of the experiment, with results plotted as cell index values on
the xCELLigence software. Following cell attachment (~24 hours), the media was changed, and
drug treatments initiated, as appropriate. For AC10 experiments, to recapitulate effects upon
adult cardiomyocytes, compounds were added once the plateau growth phase was achieved,
approximately 48 hours post-seeding (for 1x10*seeding density) as shown in Figure 2.3. In the
case of HCF cells, which remain proliferative within cardiac tissue, compounds were added 24
hours after seeding. In all experiments, compounds were added to each well either in
duplicate or quadruplicate wells per treatment, depending upon experimental aims and
design. Cells were monitored in real-time throughout the duration of the experiments to

observe the time and concentration effects of compound treatment.
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Figure 2.3 Different stages of cell development over time monitored by the xCELLigence
RTCA system. The xCELLigence RTCA system records the change in cell index after cell seeding.
Initially, cells are attached and settle in, then start to proliferate where cells divided and
increase in number. When the cells reach maximum density, they enter the cell plateau phase.
The dashed lines on the graph indicate changes in cell status. The red dashed line represents
the decline in cell index indicates shrinking of cell size or cell death/detachment due to
addition of specific compound. The increase in cell index represent by the blue dashed line
indicates cell hypertrophy or increase in cell proliferation due to addition of specific

compound.
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Data analyses were conducted using the xCELLigence software system, with raw
impedance values extracted and transferred to Microsoft excel for analysis. The cell index was
normalised to the point of compound addition and the mean normalised cell index values of
each treatment condition calculated.

All experiments were performed in triplicate (N) and SEM between replicate were
calculated. GraphPad Prism software was used to present data and for statistical analysis
(Version 10.4.0, GraphPad Software, Inc.). For comparison, un-paired t-test or One-way
analysis of variance (ANOVA) test, and a post-hoc Dunnett’s test was used when required.

Statistically significant differences were defined as P<0.05.
2.6 Assessment of changes in cell morphology using CellMask™ Actin Tracking Stains

Changes in cell morphology were determined fluorescently using green actin tracking
staining, following the manufacture’s instruction. CellMask™ Actin Tracking Stain (Invitrogen)
is a fluorescent dye designed specifically for labelling and visualizing filamentous actin (F-
actin) in live or fixed cells, providing clear and detailed visualization of the actin cytoskeleton
and its essential roles in maintaining cell shape.

AC10 and HCF cells were seeded into 6-well plate at a density of 2x10* cells/well and
the compound added, as per specific experiment conditions and requirements. To prepare
cells for staining, cell culture media was removed, cells were washed twice with phosphate-
buffered saline (PBS), and the cells fixed in 4% paraformaldehyde (PFA) for 20 minutes at room
temperature. After fixation, cells were incubated in 0.1% Triton X-100 (Merk) (v/v in PBS) for
3x5 minutes at room temperature to permeabilize cells for stain entry. A stock solution
(1000x) of CellMask™ Actin Tracking Stains was prepared by reconstitution of the dye in
DMSO, to a final concentration of 1ImM. The working solution of the dye was obtained by
dilution in PBS, to a final concentration of 1uM. Cell staining was then achieved through
addition of 1mL of the dye solution per well and incubation for 15 minutes at room
temperature, followed by removal of excess dye by washing 3x5 min in PBS.

Micrograph images were collected by fluorescent microscopy at a magnification of 20x
(NikonTE2000 microscope). The surface area of a minimum of 10 cells in 5 random fields per
well were determined using Image)J software (Fiji, Image J 1.52, National Institutes of Health,
USA), with the boundary of each individual cell outlined and the cross-sectional area
thereafter calculated (um?). Using Microsoft excel, the calculated means of each condition

were then normalised to vehicle control. All experiments were performed in triplicate (N) and
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SEM between replicate were calculated. GraphPad Prism software used to present data and
statistical analysis (Version 10.4.0, GraphPad Software, Inc.). For comparison, un-paired t-test
or One-way analysis of variance (ANOVA) test, and a post-hoc Dunnett’s test was used when

required. Statistically significant differences were defined as P<0.05.

2.7 Assessment of cellular expression of AT1R using Real-time quantitative polymerase

chain reaction (RT-qPCR)

2.7.1 RNA extraction for gene expression analysis

Cells were seeded into 6-well plate at a density of 3x10° cells/well for AC10 7x10* cells/well
for HCF and the compound added, as per specific experiment conditions and requirements.
Total RNA was extracted according to the manufacture procedure using RNeasy Mini Kit
Qiagen®. Briefly, cells were trypsinized and collected as a cell pellet, as per section 2.1. Then,
cells were lysed in Buffer RLT, the lysate transferred to QlAshredder spin column for
homogenization and the lysate collected. Ethanol (70%) was added to the lysate and the
mixture transferred to a RNeasy spin column and centrifuged, with the flow-through
discarded. The column was washed with buffers RW1 and RPE, with subsequent
centrifugations, and the RNA finally eluted from the column using RNase-free water. The
quality and the quantity of RNA were measured using Nanodrop Spectrophotometer ND-1000
(Nanodrop Technologies), with an 260nm/280nm ratio >2 being considered acceptable for

future analyses. Samples were stored at -80°C.

2.7.2 Reverse transcription to cDNA for gene expression analysis

Total RNA (500 ng) was reverse transcribed to cDNA using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems™), according to the manufacture procedure. Briefly, the
20ul reaction mix was prepared according to (Table 2.1). Samples were incubated under the
following conditions using a thermocycler (Applied Biosystem): 25°C for 10 minutes, 37°C for
120 minutes, and 85°C for 5 seconds followed by a 4°C hold. cDNA was 10-fold diluted using

Nuclease free H,0 for future experiments in the RT-gqPCR and stored at -20°C.
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Table 2.1 Master mix preparation

Reagent Volume per sample
(uL)

10X RT buffer 2.0

100mM dNTP 0.8

10X Random Hexamers 2.0

50U/ul Reverse Transcriptase | 1.0

500ng total RNA Xul

Nuclease free H,0 To a final reaction

volume of 20pl

2.7.3 Real-time quantitative polymerase chain reaction (RT-qPCR)

SYBR Green was used for RT-qPCR amplifications. Each 10ul reaction contained 9ul of gene
master mix (0.4l of forward and reverse primers, 5ul of SYBR Green and 3.6l Nuclease free
H,0) and 1ul of cDNA. No template controls (NTC) were also included for each primer in
duplicate, to confirm a lack of genetic DNA contamination. All reactions were run in triplicate
intraexperimentally within a 384-well plate. The plate was centrifuged at 1000g for 20 seconds
before being inserted into QuantStudioTM 12K Flex Real-time PCR System (Thermo Fisher
Scientific). The following amplification program were used in all RT-qPCR reactions: 50°C for
2 min, 95°C for 10 mins, 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute. For full SYBR
gene expression quantification analysis, all experiments were performed in triplicate (N) and
SEM between replicates were calculated.

Fluorescence was acquired at the end of each cycle, with post-amplification melting
curves determined for each sample by incrementally increasing the temperature from 55-95°C
to confirm a single amplicon had been generated for each qRT-PCR reaction and to detect
potential impurities and primer-dimers. In addition, standard curves for control were also
generated to assess the primer efficiency and stability. 5x dilution series of cDNA template
was performed for each target gene including AT1R, ribosomal protein L13a (RPL13A),
hypoxanthine-guanine phosphoribosyl transferase 1 (HPRT1), and Beta-actin (B-actin). AT1R,
RPL13A, HPRT1, and B-actin. The dose-response curve, based on the mean threshold cycles

(Ct) values was generated to allow determination of the detected limit for each gene.
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The Ct values and standard deviations for evaluated genes were calculated by
QuantStudio 7 software. Relative gene expressions were calculated in which AT1R normalised
to stable express gene [-actin (AACt), then the fold changes of these normalised coefficient
Ct values relative to control (222¢t) were calculated. Normalised results were expressed in
terms of ‘fold change’, relative to the experimental control which represented the baseline
condition of no treatment or control cell conditions.

GraphPad Prism software used to present data and statistical analysis (Version 10.4.0,
GraphPad Software, Inc.). For comparison, un-paired t-test or One-way analysis of variance
(ANOVA) test, and a post-hoc Dunnett’s test was used when required. Statistically significant

differences were defined as P<0.05.
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Chapter 3. Assessment of the Impact of Angiotensin Il and Doxorubicin on

Morphology of Cardiac Cells In Vitro

3.1 Anthracycline induced cardiotoxicity

Despite clear and evidenced efficacy of anthracyclines against several cancer types, the clinical
use of anthracyclines is associated with cardiovascular complications, which often occur
several months/years after initial exposure (189). Consequently, the therapeutic success of
anthracyclines and improvement of cancer prognosis are tempered by delayed cardiotoxicity.
The incidence of cardiovascular morbidity has been reported to range between 4% and 36%
and it remains a leading cause of non-cancer-related mortality among breast cancer survivors
(190, 191). The incidence of this delayed-cardiotoxicity in adult patients treated with low-
cumulative dose anthracycline is reported to be as high as 16.5% of patients when evaluated
within 4-5 years of completion of anthracycline therapy (192). Furthermore, the incidence of
heart failure after anthracycline therapy has been shown to increase significantly in adult
patients receiving higher cumulative doses of anthracycline (8, 20). For example, the incidence
of anthracycline cardiotoxicity rises from approximately 5% at a dose of 400 mg/m? to 48% at
a dose of 700 mg/m? doxorubicin (20). Importantly, cardiotoxicity is also observed at lower
cumulative doses, previously thought unlikely to initiate heart failure, with 150 mg/m? and
300 mg/m? doxorubicin linked to development of progressive heart failure in 0.2% and 1.6%
of patients, respectively (20). Therefore, studies are needed to understand the mechanisms
of underlying AIC, identify patient-specific risk factors and treatment strategies aiming to
improve long-term outcomes and quality of life for cancer survivors.

The mechanisms of anthracycline cardiotoxicity are multifactorial, with several
potential mechanisms proposed for effects in cardiomyocytes and CFs (see section 1.4). These
changes contribute to an asymptomatic decline in LVEF which chronically progresses to
functional cardiotoxicity, including cardiomyopathy and heart failure (193, 194). From the
cellular perspective, cardiomyocytes are affected directly by the toxic effect of anthracycline,
as exemplified by changes in contractility and cardiac structure (33, 85). CFs, which constitute
a large proportion of the cardiac myocardium and play a central role in maintaining structural
integrity and physiological functions of the heart are also believed to be involved, especially

as they contribute to tissue remodelling and fibrosis/scarring resulting from a progression of
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cardiac damage (195-197). This latter effect feeding into heart failure through promotion of
stiffness of myocardium resulting in an inability of the heart to contract (198, 199).

A further important relationship also exists between cardiomyocytes and CFs through
paracrine signalling and provision of mechanical signals to maintain cardiac functions (200).
Cardiomyocytes are known to be affected by factors secreted by CFs, that affect the
cardiomyocyte to promote responses such as cellular hypertrophy, programmed cell death
and cellular senescence (201). Such responses may also be present with respect to the cardiac
effects of anthracyclines, wherein normal physiological are disrupted and cellular crosstalk
becomes dysfunctional by the toxic effects of anthracycline directly and indirectly, thus
leading to development of cardiac dysfunction (202). Consequently, understanding the
crosstalk between CFs and cardiomyocytes is important to understand the mechanism of
developing AIC. However, there are limited studies on the role of CFs in developing AIC

compared to cardiomyocytes (198).

3.1.1 Perturbation of angiotensin signalling in AIC

Many mechanisms of AIC have been proposed in the literature. However, there is still a deficit
in understanding the relationship of short-term acute drug exposure to delayed and late-onset
cardiac failure. One potential mechanism is anthracycline-induced cardiac remodelling,
involving interaction with the angiotensin-signalling pathway (see section 1.7) and cellular
communication between different cellular populations of the heart. This is based on the fact
that clinical presentation of AIC is noted as being similar to that observed with other cardiac
conditions, such as cardiac hypertrophy and heart failure, and the fact that administration of
therapeutics targeting the RAAS pathway, ACEi and ARB, exhibits good efficacy in mitigation
of AIC (see section 1.8.3.1) (8, 27, 34, 153). Several proposed hypotheses to explain the clinical
cardioprotective effects of ACEi and ARB, ranging reduced afterload, decreased systolic
ventricular wall stress and fibrosis (153, 154, 173). Despite these systemic effects, there is also
believed to be a direct effect of anthracyclines upon the cellular architecture of cardiac tissue,
factors not accounted for in the systemic clinical haemodynamic effects of ACEi and ARB (171,
172). Furthermore, the role of CFs alongside cardiomyocytes in the cardiotoxic response
involving potentially angiotensin-signalling is also not yet addressed.

Doxorubicin induces oxidative stress, mitochondrial dysfunction and persistent DNA
damage within cardiomyocytes (11, 12). Therefore, a physiological response to anthracycline

exposure is postulated to be activation of angiotensin signalling and increased production of
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angiotensin Il, causing cardiomyocyte hypertrophy (34). From the perspective of CFs, it is
known that these become activated and transformed to myofibroblast in response to
oxidative stress and inflammatory activation through secretion of TGF-B and other pro-
inflammatory cytokines such as IL-6, characterised by expression of a-SMA (93, 203, 204). In
addition, activation of RAAS within cardiomyocytes contributes, as angiotensin Il also induces
the differentiation of CFs to myofibroblast (205, 206). Subsequently, these complex processes
of cardiac cell damage and interplay between these two cell types involving activation of RAAS
is theorised to worsen cardiac dysfunction and cardiac remodelling, with cardiac tissue
deteriorating structurally and functionally, leading to irreversible heart failure (207).
Therefore, studies are needed to assess the direct effect of anthracycline on cardiac cells and
understand how activation of RAAS, particularly angiotensin I, might influence the cardiac

response to anthracycline to elucidate the mechanism of AIC.
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3.1.2 Aim and objectives

Aim: Evaluation of response of in vitro cardiac cells, particularly human AC10 cardiomyocyte
cell line and HCFs, to clinically relevant exposure of doxorubicin and physiologically relevant

concentrations of angiotensin Il.

e Evaluation of the growth kinetics of AC10 and HCF using manual counting, MTS assay, and
by cell impedance assay using xCELLigence RTCA system.

e Assessment of the sensitivity to AC10 and HCF to clinically relevant concentrations of
doxorubicin.

e Evaluation of the sensitivity of AC10 and HCF to physiologically relevant concentrations of
angiotensin II.

e Evaluation of time-course and concentration-response relationship of doxorubicin
induced hypertrophy in AC10 and HCF using xCELLigence system and fluorescence
staining.

e Assessment of morphological changes of AC10 and HCF after exposure to physiologically
relevant concentration of angiotensin Il using xCELLigence system and fluorescence
staining.

e Assessment of the sensitivity of AC10 and HCF to clinically relevant concentrations of
doxorubicin in combination with angiotensin II.

e Assessment of the hypertrophic effects of doxorubicin in AC10 and HCF, both
independently and in combination with angiotensin Il, using xCELLigence system and

fluorescence staining.
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3.2 Method

3.2.1 Assessment of growth kinetics of AC10 and HCF measured using manual cell

counting

The growth curves for both the AC10 and the HCF cells were assessed by monitoring the cell
number over time. Cells were seeded at 1x10° cells per T25 flask and the number of cells in a
flask determined every 48 hours, as per section 2.2. The cell numbers were used to construct

a growth curve, from which cell doubling times were determined.
3.2.2 Optimisation of cell seeding densities of AC10 and HCF for MTS assay experiments

In order to identify the best seeding densities for future cell viability experiments for both
AC10 and HCF, cells were seeded into 96-well plates at different seeding densities (1.25x103-
2x10* cells/well) and allowed to adhere to the plate overnight. Viability was assessed for 24-,
48-, 72-, 96-, and 120 hours by MTS assay, as previously described (section 2.4). These data

were utilised to identify cell growth doubling times.
3.2.3 Optimisation of cell seeding densities of AC10 and HCF for xCELLigence experiments

The growth curves for both the AC10 and the HCF cells were assessed in xCELLigence RTCA to
identify the best seeding densities for future experiments. Cells were seeded into 16-well E-
plate in different seeding densities (AC10: 1.25x103-2x10* cells/well; HCF: 1.25x103-2x10*
cells/well). The growth of cells was monitored in xCELLigence, as per section 2.5, with media
changed every 48 hrs. The growth curves were subsequently utilised to calculate cell doubling

times.
3.2.4 Assessment of cell sensitivity of AC10 and HCF to angiotensin Il

AC10 and HCF were seeded into four 96-wells plates at a density of 5x10° cells/well and
viability assessed following exposure to angiotensin Il for 24-, 48-, 72-, and 96-hours using
MTS assay, as previously described (section 2.4).

On Day 0, cells were seeded and allowed to adhere to the plate overnight, on Day 1,
exposed to subsequent physiological-relevant concentrations of angiotensin 1l (200-600pM)

exposure repeated every 24 hrs to mimic the physiological condition (208). The experimental
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endpoint (cellular viability) measured after the incubation period. All studies were repeated a

minimum of three times.
3.2.5 Assessment of cell survival following exposure to doxorubicin in AC10 and HCF

Cell viability of AC10 and HCF was assessed following exposure to doxorubicin for 24-, 48-, 72-
, and 96-hours using MTS assay, as previously described (section 2.4).

On Day 0, cells were seeded into 96-wells plates at a density of 5x103 cells/well and allowed
to adhere to the plate overnight, on Day 1, treated with doxorubicin or vehicle control (DMSO)
and the experimental endpoint (cellular viability) measured after the incubation period to
generate an ICso value. Final concentrations of doxorubicin ranged from 15.6nM to 2uM. This
dose range was selected to include the clinically reported Cmax for doxorubicin in the clinic
(approximately 1.1 uM), thereby ensuring that the in vitro model reflects clinically relevant
exposures (209). On day 2, 24h after drug exposure, doxorubicin exposure was ceased, with
the media in wells replaced with media containing drug vehicle alone. In all cases the maximal

exposure to DMSO did not exceed 0.1%. All studies were repeated a minimum of three times.

3.2.6 Assessment of cells survival following exposure to different concentrations of

doxorubicin in the presence of angiotensin Il in AC10 and HCF

AC10 and HCF cells were seeded into 96-well plates at a density of 4x103 cells/well and viability
assessed following exposure to doxorubicin in the presence of 500pM angiotensin Il using the
MTS assay, as previously described (section 2.4).

On Day 0, cells were seeded and allowed to adhere to the plate overnight, on day 1,
the top half of the plate (rows A-D) treated with doxorubicin in the absence of angiotensin Il
(instead adding drug vehicle, DMSO) and the bottom half of the plate (E-H) was treated with
doxorubicin in the presence of 500pM angiotensin Il. In relation to doxorubicin, final
concentrations ranged from 15.6nM to 2uM. On day 1, 24h after drug exposure, doxorubicin
exposure was ceased, with the media in rows A-D replaced with media alone and media in
rows E-H replaced with media containing 500pM angiotensin Il. The experimental endpoint
(cellular viability) was measured after 24-, 48-, 72-, and 96-hours to generate I1Cso values. In all
cases the maximal exposure to DMSO did not exceed 0.1%. All studies were repeated a

minimum of three times and IC50 values determined from three replicates.
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3.2.7 Assessment of changes in cell morphology following exposure to angiotensin Il in

AC10 and HCF, determined by xCELLigence RTCA

In order to evaluate the cell morphology changes of AC10 and HCF following exposure to
angiotensin Il, AC10 and HCF cells were seeded at a density of (AC10: 1x10* cells/well, HCF:
5x10° cells/well) into a 16-well E-Plate of the xCELLigence RTCA system, as previously
described (section 2.5). For AC10, cells were then maintained for up to a 48h period, until the
plateau growth phase was reached then were exposed to 300pM angiotensin Il. For HCF, after
24 hours of seeding, cells were exposed to 300pM angiotensin Il. The effect of angiotensin Il
on morphology of AC10 and HCF was assessed non-invasively in real-time for a further 48

hours after the initial angiotensin Il exposure.

3.2.8 Evaluation of changes in cell morphology following exposure to angiotensin Il in

AC10 and HCF, determined by measurement of cell size

AC10 and HCF cells were seeded at a density of 2x10* cells per well into a 6-well flat-bottomed
cell culture plate and allowed to adhere overnight. Cells were then exposed to 300pM
angiotensin Il. The effect of angiotensin Il on the morphology of AC10 and HCF cells was
assessed 48 hours after the initial angiotensin Il exposure. Cells were exposed to 1X of
CellMask™ Actin Tracking Stains solution for a period of 15 minutes (section 2.6). Micrograph
images were collected by fluorescent microscopy at a magnification of 20x (NikonTE2000
microscope). The surface area of a minimum of 100 cells in 5 random fields per well were

determined using Image)J software.

3.2.9 Assessment of changes in cell morphology following exposure to different

concentrations of doxorubicin in AC10 and HCF, determined by xCELLigence RTCA

In order to evaluate the cell morphology changes of AC10 and HCF following exposure to
doxorubicin, AC10 and HCF cells were seeded at a density of (AC10: 1x10* cells/well, HCF:
5x10° cells/well) into a 16-well E-Plate of the xCELLigence RTCA system, as previously
described (section 2.5). For AC10, cells were then maintained for up to a 48h period, until the
plateau growth phase was reached then were exposed to 50-500nM doxorubicin or to drug
vehicle (DMSO). For HCF, after 24 hours of seeding, cells were exposed to 50-500nM

doxorubicin or to drug vehicle (DMSO). After a 24h period, media was replaced with media in
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the absence of doxorubicin. The effect of doxorubicin on morphology of AC10 and HCF was

assessed non-invasively in real-time for a further 48 h after the initial doxorubicin exposure.

3.2.10 Assessment of changes in cell morphology following exposure to angiotensin Il and
sub-toxic concentration of doxorubicin in AC10 and HCF, determined by xCELLigence

RTCA

AC10 and HCF cells were seeded at a density of (AC10: 1x10* cells/well, HCF: 5x103 cells/well)
into a 16-well E-Plate of the xCELLigence RTCA system, as previously described (section 2.5).
For AC10, cells were then maintained for up to a 48h period, until the plateau growth phase
was reached then were exposed to 50nM doxorubicin presence or absence of 300pM
angiotensin Il or drug vehicle (DMSQO). For HCF, after 24 hours of seeding, cells were exposed
to 50nM doxorubicin presence or absence of 300pM angiotensin Il or drug vehicle (DMSO).
After a 24h period, media was replaced with that containing media in the absence of
doxorubicin or replaced with 300pM angiotensin Il for respective wells. The effect of
doxorubicin on morphology of AC10 and HCF in presence and absence of angiotensin Il was

assessed non-invasively in real-time for a further 48 h after the initial doxorubicin exposure.

3.2.11 Assessment of changes in cell morphology following exposure to angiotensin Il and
sub-toxic concentration of doxorubicin in AC10 and HCF, determined by

measurement of cell size

The cell morphology changes were evaluated in AC10 and HCF following exposure to
doxorubicin in presence and absence of angiotensin Il. AC10 and HCF cells were seeded at a
density of 2x10* cells per well into a 6-well flat-bottomed cell culture plate and allowed to
adhere overnight. Cells were then exposed to 50nM doxorubicin presence or absence of
300pM angiotensin Il or drug vehicle (DMSO). After a 24h period, media was replaced with
media in the absence of doxorubicin for doxorubicin alone well and replaced with 300pM
angiotensin Il for doxorubicin in combination with angiotensin Il wells. The effect of 50nM
doxorubicin presence or absence of 300pM angiotensin Il on the morphology of AC10 and HCF
cells was assessed 48 hours after the initial doxorubicin exposure. Cells were exposed by
CellMask™ Actin Tracking Stain (section 2.6). The surface area of a minimum of 100 cells in 5

random fields per well were determined using ImageJ software.
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3.3 Results
3.3.1 Growth kinetics of AC10 and HCF cells measured using manual counting

The normal growth pattern (lag, exponential, plateau phases) of AC10 and HCF cells assessed
using manual counting, as shown in Figure 3.1. The exponential doubling time of AC10 and

HCF was determined as 27.7+1.7 and 46.6£3.8 hours, respectively.
3.3.2 Validation of MTS assay for determination of cell growth of AC10 and HCF cells

Before starting the experiments using the MTS assay, defining the appropriate cell seeding
density in the 96 well plate was an important prerequisite. AC10 and HCF were seeded in
different densities in 96-well plate starting from 2X10* cells/well (6.2x10* cells/cm?). An MTS
assay was performed from day 1-5 the absorbance vs time readings were identified each day
(Figure 3.2). The exponential doubling time of AC10 and HCF was determined as 31+7 and
66.5+22.8 hours, respectively. A seeding density of 5x103 cells/well was selected to be optimal

for MTS assay in both AC10 and HCF cells.
3.3.3 Validation of xCELLigence for determination of cell growth of AC10 and HCF cells

Defining the appropriate cell seeding density in the 16-well E-plate was an important
prerequisite before starting experiments using the xCELLigence system. AC10 cells were
seeded in different densities in the 16-well E-plate starting from 2x10* cell/well (1.02x10*
cells/cm?). The exponential doubling time of AC10 was determined as 34.4+9 hours. To
achieve a plateau-phase growth state in AC10 cells, a seeding density of 1x10* cells/well was
selected as optimal for xCELLigence assays and compounds were subsequently added 48
hours post-seeding.

For HCF, cells were seeded starting from 2x10% cell/well (1.02x10% cells/cm?). The
exponential doubling time of HCF was determined as 69+14.2 hours (Figure 3.3). In the case
of HCF cells, which remain proliferative within cardiac tissue, 5x10% have been chosen as the

best seeding density in xCELLigence and compounds were added 24 hours after seeding.
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3.3.4 Comparison of growth kinetics using manual counting, MTS assay, and xCELLigence

RTCA

The doubling time of AC10 and HCF were determined using different methodologies to show
cells growth rate (Table 3.1). There is agreement in doubling times between different
methodology with AC10 showing of 27.7+1.7, 3117, and 34.419 hours using manual cell count,
MTS assay, and xCELLigence RTCA, respectively. The doubling time using manual cell count in
HCF appears slightly lower than other methods, with HCF showing 46.6+3.8, 66.5+22.8, and
69+14.2 hours using manual cell count, MTS assay, and xCELLigence RTCA, respectively.

One parameter that was different between the methodologies was however the
standardisation of seeding densities between the methodologies. To address this, growth
kinetics of cells comparatively at an initial density of 4000 cells/cm? was thus appraised (Table
3.2). As reported above, the doubling time in AC10 remains consistent across different
methodologies (27.7 vs 31.7 vs 26.2 hours). However, for HCF a slow growth rate is observed
MTS assay and xCELLigence methods compares to manual counting method (46.6 vs 70 vs 76

hours).
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Figure 3.1 Evaluation of the normal growth pattern of AC10 and HCF cells. Manual counting
of cells over time. A) Growth characteristics of AC10, doubling time: 27.7+1.7 hours. B) Growth

characteristics of HCF, doubling time: 46.6+3.8 hours. Each growth curve was independently
repeated three times.
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Figure 3.2 Optimization of cell seeding density of AC10 and HCF using an MTS assay. Cells
were seeded in different densities and incubated for 5 days. The absorbance at 490 nm of
different cell densities was measured every 24 hours. A) AC10, doubling time: 3147 hours. B)
HCF, doubling time: 66.5£22.8 hours.
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Figure 3.3 Evaluation of the normal growth pattern of AC10 and HCF cells determined by
cellular impedance using xCELLigence. Growth curves in xCELLigence show the cell index over
time. A) AC10, doubling time: 34.419 hours. B) HCF, doubling time: 69+14.2 hours.

59



Table 3.1 Doubling time by different methodologies.

Initial seeding density Doubling time
Cell line Methodology
(Cells/cm?) (Mean £ SEM, hours)
Haemocytometer manual cell
4x103 cells/cm? 27.7+1.7
count
AC10
MTS assay (3.9-62.5) x10?3 cells/cm? 3147
xCELLigence instrument | (0.64-10.2) x103 cells/cm? 34.419
Haemocytometer manual cell
4x103 cells/cm? 46.613.8
count
HCF
MTS assay (3.9-62.5) x10°3 cells/cm? 66.5+22.8
xCELLigence instrument | (0.64-10.2) x103 cells/cm? 69+14.2

Table 3.2 Doubling time by different methodologies at initial seeding density 4x103

cells/cm?.
Initial seeding density
Cell line Methodology Doubling time (hour)
(Cells/cm?)
Haemocytometer manual cell
4x103 cells/cm? 27.7
count
AC10
MTS assay 4x103 cells/cm? 31.7
xCELLigence instrument 4x103 cells/cm? 26.2
Haemocytometer manual cell
4x103 cells/cm? 46.6
count
HCF
MTS assay 4x103 cells/cm? 70
xCELLigence instrument 4x103 cells/cm? 76
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3.3.5 Cytotoxic response of AC10 and HCF to doxorubicin

To assess the cytotoxic response of AC10 and HCF to doxorubicin, the viability assessed
following exposure to doxorubicin, with concentrations ranging from 15.6nM to 2uM for a 24,
48, 72- and 96-hours continuous period using the MTS assay.

Both AC10 and HCF showed a concentration and time-dependent response to
doxorubicin, with cell viability decreasing over time (Figure 3.4 and Figure 3.5). The ICso values
were determined as 0.34+0.09, 0.17+0.06, and 0.0610.01 with AC10 and 1.001+0.12,
0.47%0.06, and 0.27+0.02 for HCF, after 48-, 72-, and 96-hour exposure, respectively (Table
3.3 and Table 3.4).

3.3.6 Exposure to physiological concentration of angiotensin Il has no effect the cellular

viability of AC10 or HCF

Cell viability of AC10 and HCF after exposure to different physiological range of angiotensin Il
was evaluated by MTS assay. Angiotensin Il from 200 to 600pM has no significant reduction in
viability relative to control and angiotensin Il within this physiological range has no significant
cytotoxic effect over different time points against either AC10 (Figure 3.6) or HCF cells (Figure

3.7).
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Figure 3.4 Dose response curve of AC10 following expose to different concentrations of doxorubicin expressed as a % of the mean normalised to
control. AC10 exposed to different concentrations of doxorubicin ranging from 15.6nM to 2uM for a 24-,48-, 72- and 96-hours continuous period and
cell viability assessed using the MTS assay. Data is representative of at least three repeats +SEM.
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Table 3.3 Exposure duration ICso of doxorubicin against human AC10 cardiomyocyte. Data is
determined from MTS data and is representative of at least three repeats and presented as

ICs0 +SEM.
Cytotoxicity ICso (UM)
24 hr 48 hr 72 hr 96 hr
Doxorubicin >2 0.34+0.09 0.17+0.06 0.06+0.01
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Figure 3.5 Dose response curve of HCF following expose to different concentrations of doxorubicin expressed as a % of the mean normalised to
control. HCF exposed to different concentrations of doxorubicin ranging from 15.6nM to 2uM for a 24-,48-, 72- and 96-hours continuous period and
cell viability assessed using the MTS assay. Data is representative of at least three repeats +SEM.
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Table 3.4 Exposure duration ICso of doxorubicin against HCFs. Data is determined from MTS
data and is representative of at least three repeats and presented as ICso £SEM.
Cytotoxicity ICso (UM)

24 hr 48 hr 72 hr 96 hr

Doxorubicin >2 1.001+0.12 0.47+0.06 0.27+0.02
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Figure 3.6 Dose response curve of AC10 following expose to different concentrations of angiotensin Il ranging from 200 to 600 pM daily expressed
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3.3.7 Exposure to physiological concentration of angiotensin Il has no effect on the

sensitivity of AC10 or HCF to doxorubicin

MTS assay was performed over time points to investigate the cytotoxic response of both AC10
and HCF to various concentrations of doxorubicin ranging from 15.6nM to 2uM in combination
with 500pM angiotensin Il. Exposure to 500pM angiotensin does not affect the sensitivity of
either AC10 cardiomyocytes or HCF to doxorubicin (Figure 3.8 for AC10 and Figure 3.9 for
HCF).

Furthermore, angiotensin Il within this physiological range did not significantly alter
the 1Cso of doxorubicin over the various time points (Table 3.5 for AC10 and Table 3.6 for HCF).
The ICso values for doxorubicin alone versus the combination of doxorubicin and angiotensin
[l (500pM) in AC10 were 0.34+0.085 vs 0.51+0.16 at 48 hours, 0.17+0.06 vs 0.12+0.055 at 72
hours, and 0.06+0.005 vs 0.065+0.004 at 96 hours and in HCF were 1.005+0.123 vs
0.929+0.113 at 48 hours, 0.466+0.06 vs 0.38+0.038 at 72 hours, and 0.270+0.017 vs
0.25210.053 at 96 hours, respectively.

3.3.8 Angiotensin Il induces morphological changes in AC10

The effects of exposure to angiotensin Il on the cell morphology of AC10 were determined by
XCELLigence RTCA in real-time. The cell index of cells, which were in the plateau growth phase,
increased in cells exposed to 300pM angiotensin Il, when normalised to the point of
angiotensin Il addition and after 48 hours of initial angiotensin Il exposure (Figure 3.10A and
B). No significant change (p=0.144) in cell number or viability was associated with this
response, as determined by MTS assay performed 48 hours after angiotensin Il exposure
(Figure 3.10C). This finding was further validated by analysing changes in cell size using
imaging, with a significant increase in cell area of AC10 observed in cells exposed to 300pM
angiotensin 1l compared to control (Figure 3.10D and E). The results confirmed that

angiotensin Il induces cell hypertrophy in AC10 cardiomyocytes.
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Table 3.5 IC5o of human AC10 cardiomyocyte cells in response to exposure to doxorubicin in
the presence or absence of 500pM angiotensin Il. Data is determined by MTS assay and is
representative of at least three repeats, presented as mean ICso £SEM. Statistical significance

was determined by un-paired t-test.
Cytotoxicity ICso (LM)
24 hr 48 hr 72 hr 96 hr
Doxorubicin >2 0.34+0.09 0.17+0.06 0.06+0.01
Doxorubicin + 500pM >2 0.51+0.16 0.12+0.06 0.070.00
Angiotensin I
p-value 0.4379 0.5550 0.4420
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Figure 3.9 Dose-response curve of HCF after exposure to varying concentrations of doxorubicin, starting from 2 uM with a 1:2 serial dilution + 500pM
angiotensin Il daily expressed as a % of the mean normalised to vehicle control. An MTS assay was performed after 24 hrs 48 hrs 72 hrs and 96 hrs.
Data is representative of at least three repeats +SEM.
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Table 3.6 ICso of HCF after exposure to doxorubicin in response to exposure to doxorubicin
in the presence or absence of 500pM angiotensin Il. Data is determined by MTS assay and is

representative of at least three repeats and presented as ICso £SEM. Statistical significance
was determined by un-paired t-test.

Cytotoxicity ICso (UM)
24 hr 48 hr 72 hr 96 hr
Doxorubicin >2 1.001+0.12 0.47+0.06 0.27+0.02
Doxorubicin + >2 0.9340.11 0.38+0.04 0.25+0.05
500pM Angiotensin
I
p-value 0.6694 0.2937 0.7712
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Figure 3.10 Angiotensin ll-induced hypertrophy of AC10 cardiomyocytes. (A) Time vs cell index (xCELLigence output). Dashed line indicates the points
of angiotensin Il additions. (B) Normalised cell index after 48hrs of daily Angiotensin Il addition. (C) Viability of the cells at 48 hrs following daily additions
of 300PM Angiotensin Il was assessed using an MTS assay. (D) Representative images show cell area changes in AC10 exposed to 300pM angiotensin
Il for 48 hours. E) The quantification graph illustrates mean cell area (um?) increased in cells exposed to 300pM angiotensin Il for 48 hours. Mean cell
area (um?) was calculated using ImagelJ. Each data point = mean +/- SE, n > 3. Statistical significance was determined by an un-paired t test (* = p <
0.05, ** = p < 0.01). (Scale bar: 50 um) (Magnification:20x). El Control, 1 300pM Angiotensin II.
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3.3.9 Doxorubicin induces morphological changes in AC10

RTCA xCELLigence system was used to monitor the morphological and proliferation changes
in AC10 which were in the plateau growth phase after exposure to different concentrations of
doxorubicin. When cell index normalised to point of doxorubicin addition, a dose-dependent
increase in the cell index of cells exposed to 50nM, 100nM, 250nM, 500nM doxorubicin
compared to control after 24 hours of initial doxorubicin exposure, indicated that doxorubicin
increased the cell size or proliferation rate of AC10. After 48 hours of initial doxorubicin
exposure, the increase in cell index only observed in cell index of cells exposed to 50nM and
100nM concentrations of doxorubicin and the cell index of cells exposed to 250nM and 500nM
doxorubicin declined compared to control (Figure 3.11 A,B and C).

MTS assay was performed to assess whether the increase of cell index was due to
change in proliferation or not in AC10 after 24 and 48 hours. As Figure 3.11D and E shown, the
cell viability of AC10 did not change when exposed to 50nM, 100nM, 250nM, 500nM
doxorubicin compared to vehicle control after 24 hours (p=0.84), indicated that doxorubicin
did not change the proliferation of AC10. However, the cell viability not changed with 50nM
(p=0.95) and 100nM (p=0.94) doxorubicin but significantly decreased with 250nM and 500nM
doxorubicin at 48 hours. This indicated that doxorubicin induces concentration dependent
hypertrophy in AC10 after 24 hours and after 48 hours induces hypertrophy with 50nM and

100nM doxorubicin and decrease in cell viability with 250nM and 500nM doxorubicin.

3.3.10 Morphological changes in response to doxorubicin in AC10 additive to those

induced by angiotensin Il

To assess whether the combination of doxorubicin and angiotensin Il has an additive effect
compared to angiotensin Il induced hypertrophy in AC10, the morphological changes of AC10
after exposure to 50nM doxorubicin in combination with 300pM angiotensin Il were evaluated
using RTCA xCELLigence system. When the cell index normalised to the point of doxorubicin
addition, the cell index of cells exposed to 50nM doxorubicin, 300pM angiotensin I, or their
combination increased compared to cell index of control after 48 hours of initial doxorubicin
exposure (Figure 3.12A and B). The cell index of cells exposed to the combination of 50nM

doxorubicin and 300pM angiotensin Il was not significantly higher than cell index of cells
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exposed to angiotensin Il (p=0.10), indicated that doxorubicin did not induce additive effect
to those induced by angiotensin Il in AC10 in xCELLigence.

In addition, to determine whether this increase in cell index was due to an increase in
AC10 cell proliferation or not, MTS assay was performed after 48 hours of exposure to 50nM
doxorubicin, 300pM angiotensin Il, or their combination (Figure 3.12C). The cell viability of
AC10 was not significantly affected (p=0.28), indicated that 50nM doxorubicin, 300pM
angiotensin Il, and the combination of 50nM doxorubicin and 300pM angiotensin Il did not
change the proliferation of AC10.

This finding was further validated by analysing changes in cell size using imaging, with
a significant increase in cell area of AC10 observed in cells exposed to 50nM doxorubicin,
300pM angiotensin I, and the combination of 50nM doxorubicin and 300pM angiotensin Il
compared to control (Figure 3.12D and E). Furthermore, cell area of AC10 cells exposed to the
combination of 50nM doxorubicin and 300pM angiotensin Il was higher than cells exposed to
300pM angiotensin Il alone (p=0.004). The results confirmed that both 50nM doxorubicin,
300pM angiotensin Il induce cell hypertrophy in AC10 cardiomyocytes and that doxorubicin

induces additive effect to those induced by angiotensin Il in AC10.
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Figure 3.11 Doxorubicin-induced hypertrophy of AC10 cardiomyocytes. (A) Time vs cell index (xCELLigence output). Dashed line indicates the points
of Doxorubicin addition and remove. (B) Normalised cell index after 24 hrs of initial Doxorubicin addition. (C) Normalised cell index after 48 hrs of initial
Doxorubicin addition. D) Viability of the cells at 24hrs following additions of Doxorubicin was assessed using an MTS assay. E) Viability of the cells at
48hrs following additions of Doxorubicin was assessed using an MTS assay. Each data point = mean +/- SE, n > 3. Statistical significance was determined
by a One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). £ Control, H
50nM Doxorubicin, ll 100nM Doxorubicin,E 250nM Doxorubicin, £1500nM Doxorubicin.
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doxorubicin addition as indicated in the graph. (B) This quantification graph extracted from xCELLigence graph demonstrates the effect of exposure to
300pM angiotensin Il or 50nM doxorubicin and their combination on AC10 48 hours after the initial exposure to doxorubicin. The cell index was
normalised at point of Doxorubicin and Angiotensin Il addition. (C) Confirmation that AC10 maintain viability 48 hrs following additions of 300pM
angiotensin Il or 50nM doxorubicin and their combination relative to vehicle control, assessed using an MTS assay. (D) Representative images show
cell area changes in AC10 exposed to 300pM angiotensin Il or 50nM doxorubicin and their combination for 48 hrs. E) The quantification graph illustrates
that the mean cell area (um?) increased in cells exposed to 300pM angiotensin Il or 50nM doxorubicin and their combination compared to control.
Mean cell area (um?) was calculated using Imagel. Each data point = mean +/- SE, n > 3. Statistical significance was determined by a One-way ANOVA
with post-hoc Dunnett’s multiple comparison test. (* =p <0.05, ** =p <0.01, *** = p <0.001, **** = p <0.0001). (Scale bar: 50 um) (Magnification:20x).
I Control, £1300pM Angiotensin |1, Bl 50nM Doxorubicin,E1 50nM Doxorubicin+300pM Angiotensin Il.
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3.3.11 Cellular morphology of HCF remains unchanged after the addition of angiotensin Il

The effects of exposure to angiotensin Il on the cell morphology of HCF were determined by
xCELLigence RTCA in real-time. As shown in Figure 3.13A and B, there was no increase cell
index of cells exposed to 300pM angiotensin Il compared to the cell index of control, when
normalised to the point of angiotensin Il addition and after 48 hours of initial angiotensin Il
exposure (p=0.99), indicating that angiotensin Il did not affect cell morphology and
proliferation of HCF. MTS assay was performed 48 hours after angiotensin Il exposure
confirmed that exposure to 300pM angiotensin Il did not affect the viability of HCF (p=0.35)
as shown in Figure 3.13C. This finding was further validated by analysing changes in cell size
using imaging. As shown in Figure 3.13D and E, no change in cell size of HCF was observed in
cells exposed to 300pM angiotensin Il compared to control (p=0.61). The results confirmed

that angiotensin Il did not induce morphological changes in HCF.

3.3.12 Cellular morphology of HCF remains unchanged after addition of doxorubicin

RTCA xCELLigence system was used to monitor the morphological and proliferation changes
in HCF after exposure to different concentrations of doxorubicin. When cell index normalised
to point of doxorubicin addition, a dose-dependent decrease in the cell index of cells exposed
to 50nM, 100nM, 250nM, 500nM doxorubicin compared to control after 24 and 48 hours of
initial doxorubicin exposure, indicated that doxorubicin decrease the cell size or viability of
HCF (Figure 3.14A,B and C).

MTS assay was performed to assess whether the decrease of cell index was due to
change in cell viability or decrease in cell size in HCF after 24 and 48 hours. As Figure 3.14D
and E shown, the cell viability of HCF did not change when exposed to 50nM, 100nM, 250nM,
500nM doxorubicin compared to control after 24 hours (p=0.19). However, the cell viability
significantly decreased with 500nM doxorubicin at 48 hours. This result indicated that

doxorubicin did not induces the morphological changes in HCF.
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Figure 3.13 No morphological changes in HCF after 48hrs of exposure to Angiotensin Il. (A) Time vs cell index (xCELLigence output). Dashed line
indicates the points of angiotensin Il additions. (B) Normalised cell index after 48hrs of daily Angiotensin Il addition. (C) Viability of the cells at 48 hrs
following daily additions of 300PM Angiotensin Il was assessed using an MTS assay. (D) Representative images show cell area changes in HCF exposed
to 300pM angiotensin Il for 48 hours. E) The quantification graph illustrates mean cell area (um?) does not change in cells exposed to 300pM angiotensin
Il for 48 hours. Mean cell area (um?) was calculated using ImagelJ. Each data point = mean +/- SE, n > 3. Statistical significance was determined by an
un-paired t test. (Scale bar: 50 um) (Magnification:20x). E Control, 1 300pM Angiotensin II.
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Figure 3.14 No morphological changes after doxorubicin exposure in HCF. (A) Time vs cell index (xCELLigence output). Dashed line indicates the points
of Doxorubicin addition and remove. (B) Normalised cell index after 24 hrs of initial Doxorubicin addition. (C) Normalised cell index after 48 hrs of initial
Doxorubicin addition. D) Viability of the cells at 24hrs following additions of Doxorubicin was assessed using an MTS assay. E) Viability of the cells at
48hrs following additions of Doxorubicin was assessed using an MTS assay. Each data point = mean +/- SE, n > 3. Statistical significance was determined
by a One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). E Control, H
50nM Doxorubicin, ll 100nM Doxorubicin,E 250nM Doxorubicin, E1500nM Doxorubicin.

81



3.3.13 Addition of doxorubicin does not alter the morphological response of HCF to

angiotensin Il

To assess whether doxorubicin changes the response of HCF to angiotensin II, the
morphological changes of HCF after exposure to 50nM doxorubicin in combination with
300pM angiotensin Il were evaluated using RTCA xCELLigence system. When the cell index
normalised to the point of doxorubicin addition, the cell index of cells exposed to 50nM
doxorubicin, 300pM angiotensin Il, or their combination did not change compared to cell index
of control after 48 hours of initial doxorubicin exposure (p=0.91). There was no difference of
the cell index of cell exposed to the combination of 50nM doxorubicin and 300pM angiotensin
Il compared to cell index of cells exposed to 300pM angiotensin Il alone (p=0.58) (Figure 3.15A
and B).

In addition, MTS assay was performed after 48 hours of exposure to 50nM doxorubicin,
300pM angiotensin Il, or their combination to determine whether the combination of 50nM
doxorubicin and 300pM angiotensin Il affect cell proliferation or not in HCF. The cell viability
of HCF was not significantly affected in different treatment conditions compared to control
(p=0.59) (Figure 3.15C).

This finding was further validated by analysing changes in cell size using imaging,
without significant difference of cell area of HCF between treatment conditions compared to
control (p=0.95) (Figure 3.15D and E). Furthermore, cell area of HCF cells exposed to the
combination of 50nM doxorubicin and 300pM angiotensin Il was not changed compared to
cells exposed to 300pM angiotensin Il alone (p=0.56). The results confirmed that both 50nM
doxorubicin, 300pM angiotensin Il did not change the cell morphology in HCF and that

doxorubicin did not change the HCF response to angiotensin Il.
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Figure 3.15 No morphological changes in HCF after 48hrs of exposure to Doxorubicin. (A) Time vs cell index (xCELLigence output) of HCF cells following
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as indicated in the graph. (B) This quantification graph extracted from xCELLigence graph demonstrates the effect of exposure to 300pM angiotensin
Il or 50nM doxorubicin and their combination on HCF 48 hours after the initial exposure to doxorubicin. The cell index was normalised at point of
Doxorubicin and Angiotensin Il addition. (C) Confirmation that HCF maintain viability 48 hrs following additions of 300pM angiotensin Il or 50nM
doxorubicin and their combination relative to vehicle control, assessed using an MTS assay. (D) Representative images show cell area changes in HCF
exposed to 300pM angiotensin Il or 50nM doxorubicin and their combination for 48 hrs. E) The quantification graph illustrates that no changes in mean
cell area (um? in cells exposed to 300pM angiotensin Il or 50nM doxorubicin and their combination compared to control. Mean cell area (um?) was
calculated using Imagel. Each data point = mean +/- SE, n 2 3. Statistical significance was determined by a One-way ANOVA with post-hoc Dunnett’s
multiple comparison test. (Scale bar: 50 um) (Magnification:20x). 1 Control, 1 300pM Angiotensin |, l 50nM Doxorubicin,Ed 50nM
Doxorubicin+300pM Angiotensin .
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3.4 Discussion

The process of AIC is progressive that begins at cellular level with myocardial injury and
continues with LVEF decline and in severe cases congestive heart failure (27). This progressive
effect started with structural cardiotoxicity of cardiac cells which alter the cellular structure
and involve cardiac remodelling, such as cellular hypertrophy or fibrosis which are often
asymptomatic, but in many cases, it progresses to severe cardiac dysfunction, which induces
symptomatic functional cardiotoxicity (193). The usefulness of anticancer activity of
anthracycline is limited by this long term side effects on the heart which often presents several
years after cessation of therapy (189). However, the mechanism of AIC still not understood
and there is a deficit in understanding the relationship of short-term acute drug exposure to
delayed and late-onset cardiac failure. Furthermore, cardiac cell responses to doxorubicin are
also not fully characterised. Thus, using in vitro models, this study aims to assess the cardiac
cells viability after exposure to clinically relevant concentrations of doxorubicin and identify
and link cellular responses to the clinical scenario of AIC.

The immortalised human cardiomyocyte model, AC10 cell line, has been widely used in
cardiotoxicity studies (178, 210). It was originally developed by Davidson et al. by fusing
human ventricular cardiomyocytes with human fibroblasts that had been depleted of mtDNA
(168). This cell line has been characterised and shown to express several cardiac proteins, such
as troponins, tropomyosin, and a-actinin, though they remain in a pre-contractile state. They
also express gap junction proteins, including connexin-40 and connexin-43, which are
essential for electrical signalling between cardiac cells (175, 178). Although AC10 cells are
useful for modelling cardiac biology, one reported limitation of the AC10 model of
cardiomyocyte in this study is the fact they are proliferative and expression of vimentin, a
mesenchymal marker absent in cardiomyocytes, which have a limited capacity to regenerate
in the heart (42). In this context, the fibroblast-like features of AC10 cells can be seen as a
strength as cardiomyocytes in the heart naturally coexist with fibroblasts, which are involved
in cardiac remodelling and ECM production. To recapitulate this clinical situation of
quiescence, in this study AC10 were seeded to reach quiescent state before addition of tested
drug, by undertaking evaluations whilst in the plateau growth phase. Methodologies and

seeding densities were therefore adapted to achieve plateau phase growth 48 hours of
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seeding, permitting consistency across studies. Taken together, these characteristics reinforce
the suitability of AC10 cells as a human cardiac model for study AIC in vitro.

Whilst cardiomyocytes are considered the primary target of anthracycline, CFs
contributes to fibrosis and tissue remodelling which results in progression of cardiac damage
(196). CFs are the most abundant cells in the myocardium and provide the structural support
to cardiomyocytes (211). However, there are limited studies on how CFs contributes to
developing AIC (198). The pathogenesis of AIC involves complex interactions between
cardiomyocyte damage and CFs activation, with emerging evidence highlighting CFs as key
contributors to early myocardial remodelling. CFs exhibit increased glycolytic activity,
mitochondrial dysfunction, and differentiated to myofibroblasts within days of doxorubicin
exposure, even before detectable cardiac dysfunction (95). The early metabolic dysfunction
and differentiation to myofibroblasts were not the only CFs response to anthracycline,
proteomic analyses have shown that doxorubicin exposure can alter CFs protein expression
profile, particularly those affecting pathways associated with mitochondrial energy
metabolism, ECM remodelling, cell cycle regulation and arrest, as well as cell survival (212). A
disruption that potentially affect CFs electrophysiology and amplifying fibrotic signalling. In
addition, doxorubicin has been shown to upregulate TGF-B,IL-6, and matrix
metalloproteinases (MMP-2/MMP-9), which contribute to collagen deposition and increase
myocardial stiffness (199). Taken together, these findings demonstrated that CFs are effector
cells and involved in the early stages of pathogenesis of AIC. Understanding CFs contributions
in AIC require further investigation.

In order to characterise cell response to any agent in vitro, an understanding of cell
behaviours is therefore required and the methodologies associated with these analyses need
to be qualified. The assessment of doubling time allows to understand growth rate of each
cell line which is important in the future studies in this project to assess cell health, behaviour,
and how these cells respond to different treatment and the cytotoxic drug. The doubling time
for AC10 and HCF using manual counting was 27.7+1.7 and 46.6£3.8 hours, respectively. The
doubling time for AC10 and HCF using MTS assay was a bit longer than manual counting with
31+7and 66.5+22.8 hours, respectively. The doubling time using xCELLigence system further
confirm the previous trend of growth rate with 34.4+9 and 69+14.2 hours for AC10 and HCF,
respectively. The short doubling time of AC10 across three methods indicates that AC10 grow
relatively faster than HCF. The difference in doubling time between methods may be due to

the way of measuring cell viability and proliferation between methods. The manual counting
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quantifies the total number of dead and live cells, but it does not assess the changes in cell
metabolic activity or behaviour. Due to its limitations in accurately reflecting cell viability,
manual counting was not pursued further in this study. In contrast, MTS assay provides more
functional measure of cell viability, depending on dehydrogenase enzymes that present in
metabolic active cell. The amount of formazan produced by dehydrogenase enzymes is
directly proportional to the number of living cells in culture and can be measured
spectrophotometrically at 490nm (213). The MTS assay is widely recognised for its accuracy
and has been extensively used for cytotoxicity assessment studies, including those assessing
cardiotoxicity (214, 215). In addition, xCELLigence RTCA system is continuously measure the
cell proliferation, attachment, and behaviour in real time (188). This system measures the
electrical impedance which is sensitive to a change in behaviour of cells and change in cell
proliferation following exposure to tested compound (188). A reduction in cell index reflects
decrease in cell viability or cell size, while an increase indicates the increase proliferation or
cell enlargement (187). The combined use of MTS assay, xCELLigence RTCA system, and
fluorescence imaging in this study provided a comprehensive approach to assess metabolic
activity, change in cell morphology and real-time behavioural responses of cardiomyocytes
and CFs. It allowed to assess the response to treatment at specific time points, factors that
are particularly relevant in assessment of structural cardiotoxicity.

Doxorubicin is the most commonly used anthracycline analogue with the highest
cardiovascular risk (27). Concentration- and time-dependent effects of doxorubicin on AC10
and HCF were assessed, and 1Cso values were calculated to provide a baseline understanding
of the cytotoxic responses of AC10 and HCF to doxorubicin. Acute doxorubicin exposure
produced a dose-dependent reduction viability in both AC10 cardiomyocyte and HCF cell
models. The ICso of AC10 after 48- and 96-hours exposure to doxorubicin were determined as
340190 and 60+10nM, respectively, values consistent with the previous studies which
determined ICso values of 182.5nM and 40.67nM against AC10 cells in vitro (178, 210). With
regards toxicity against fibroblasts, the ICso of doxorubicin against HCF after the same periods
(48 and 96 hours) were 1010+120 and 270+170nM, respectively. These findings suggest that
cardiac cells become more sensitive to doxorubicin with increasing exposure, which is
clinically relevant as prolonged exposure time to anthracycline is a risk factor of developing
AIC (27). Interestingly, these data also indicate that HCF are less sensitive to doxorubicin than
cardiomyocytes. One explanation for the higher sensitivity of AC10 cardiomyocytes than HCF

to doxorubicin could be the comparative doubling times and growth characteristics of these
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cell types, with HCF demonstrating a much longer doubling time than the cardiomyocyte cell
line. From a therapeutic mechanism of anthracyclines perspective this is highly plausible as its
mode of action centres around targeting proliferative cells (11-13). Alternatively,
cardiomyocytes rely on mitochondria to meet their energy demand for continuous contractile
function and have a lower level of antioxidant compared to other cell types (49, 50), making
them susceptible to mitochondrial dysfunction induced by ROS formation and oxidative stress,
mitochondrial DNA damage, and cell death induced by doxorubicin (33, 48, 216). In contrast,
CFs, while also reliant on mitochondrial function, have a lower energy demand, less oxygen
consumption, and fewer number of mitochondria than cardiomyocytes (217). These findings
suggest that the effect of anthracycline extended beyond the proliferation rate assessment
and should consider the pharmacodynamics activities of cells.

A comparison of sensitivity of cardiac cells to doxorubicin in vitro against clinically used
concentrations implies some interesting differences for consideration. The reported Cmax for
doxorubicin in the clinic is 1.1uM, whereas the cytotoxicity 1Cso following 48 hours exposure
in vitro was determined as 0.34+0.09uM and 1.01+0.12uM for AC10 cardiomyocytes and HCF,
respectively (209). This indicates that clinical concentrations of doxorubicin are approximately
equal to those required to kill 50% of HCF and much higher than the cytotoxicity sensitivity of
cardiomyocytes, which would theoretically suggest direct loss of cardiac cells, predominantly
cardiomyocytes, when doxorubicin is administered clinically. However, this does not account
for pharmacokinetics of doxorubicin which exhibits a rapid distribution phase of 3-5 minutes
and a terminal half-life phase of 20 to 30 hours (209, 218). Therefore, it is plausible that the
concentration of active doxorubicin reaching cardiac tissue is lower than the reported Cmax,
due to metabolism and distribution throughout the body. Furthermore, the quiescent nature
of cardiomyocytes in clinical tissue, as opposed to AC10 cells in vitro, will also play a
contributory factor and is likely to reflect a higher ‘resistance’ to doxorubicin clinically.
Nevertheless, these data support the concept that doxorubicin, and potentially other
anthracyclines, initially may result in direct cytotoxicity and loss of cardiomyocytes and CFs
(although less-so than cardiomyocytes) and initial induction of stress upon cardiac tissue and
reactive development of a fibrotic response (95, 193, 196). However, in the context of delayed
cardiotoxicity and progressive development of clinical heart failure associated with
anthracyclines, it is important to appreciate that these ‘dead’ cells do not directly contribute
to this longer-term effect. The cell population responsible for these delayed responses are

those that remain after the toxicological insult, those which have experienced sub-lethal
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effects and their responses. Therefore, in essence, AlC is believed to develop as a consequence
of a minor initial acute cytotoxic episode, with myocardial cellular loss and a responsive
fibrotic response, coupled to the major pathophysiological response of the remaining cardiac
cells, leading to progressive development of heart failure (27, 193). It is this latter element of
AIC and the relative involvement of cardiomyocytes and CFs which requires further
investigation, to better understand the condition in terms of both its monitoring and
management.

Development of heart failure in the clinic is often associated with haemodynamic
changes, such as hypertension, and a direct reactionary response of cardiac tissue, such as
cardiac remodelling, changes in contractile force and reduced cardiac output (219). In this
context, similarities were observed between development of heart failure and clinical
presentation of AIC (8,27, 153). For instance, both conditions are characterised by progressive
myocardial dysfunction and decline in LVEF, ventricular remodelling, and activation of
neurohormonal pathways, including RAAS (8, 27, 153). Based on this comparative
presentation, several clinical studies have thus applied therapeutic principles for management
of heart failure to that of management of AIC (152-161, 164-169). A common evaluated
approach is the administration of therapeutics which interfere with or modify the RAAS
system, particularly ACEi and ARBs (34). Although in many cases still preliminary, several
studies have indicated an ability of ACEi (and ARBs) to reduce the impact of anthracycline
effects upon the cardiac system (34). These studies thereby highlighting the putative
relationship between angiotensin signalling and AIC.

The therapeutic mechanism of ACEi and ARB is known to involve systemic effects as a
consequence on the action of these drugs to reduce blood volume and pressure, which
undoubtedly offers a contribution to limiting progressive development of heart failure (see
section 1.8.3) (26). However, there is now strong evidence that angiotensin signalling also acts
at the local level within cardiac tissue, through direct stimulation and/or activity of cardiac
cellular responses such as modulation of contractility and stimulation of hypertrophy (207,
220). In order to address a role for angiotensin signalling in AIC and the underpinning
mechanism, qualification of the cellular models used in this project was required. Exposure to
physiological concentrations of the effector molecule angiotensin Il across a 96-hour period
was not associated with either growth promotion or growth inhibition in either AC10
cardiomyocytes or HCF. As expected, although there was no hypo- or hyperplastic response,

angiotensin Il did cause an increase in cellular size and/or hypertrophy in AC10
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cardiomyocytes, confirmed by several methodologies including xCELLigence RTCA, cell
viability assessments and cellular imaging. These observations were in alignment with
previous studies exemplifying angiotensin-induced cardiac cell hypertrophy (221-223). This
relationship is further supported by in vivo transgenic murine studies in which cardiomyocytes
overexpression of AT1R demonstrated that angiotensin Il can directly induce hypertrophy in
cardiomyocyte and associated with increased cardiovascular-related morbidity (221).

In contrast to cardiomyocytes, in which the response to angiotensin Il is reported in
several studies, the direct effect upon CFs remains elusive (198). In this context, an important
finding in this study is that angiotensin Il does not induce hypertrophy in HCF, with no
significant change in proliferation rate detected in HCF following exposure to angiotensin Il.
This lack of reactionary response of HCF to angiotensin Il appears to contradict a study using
HCF isolated from ventricles of explanted hearts, in which exposure to angiotensin Il
reportedly promoted cellular growth in vitro (206). However, the reason for this discrepancy
is likely to be the concentration of angiotensin Il used, with the study herein using
physiological relevant concentrations (300-600pM) (208), compared to supraphysiological
concentrations 150-300x higher (100nM) (206). In addition, the differential cellular response
may also be a consequence of cellular density and/or growth phase at the point of angiotensin
Il addition, with lower densities being more prone to activation of a proliferative stimulus than
higher confluency cells wherein proliferation would be limited by contact inhibition (224).
Alternatively, there may also be differences in the cell population, with the commercially
sourced HCF used in this study confirmed as a pure population, whereas the cells used in the
opposing study are an enriched population of HCF from a cardiac explant and thus may contain
a number of other cell types alongside the enriched HCF population. If correct, then the
modest hyperplastic response reported in these latter cells may be a consequence of indirect
mechanism involving paracrine signalling rather than a direct HCF-mediated response. Despite
these apparent discrepancies, importantly neither study identified a hypertrophic response of
HCF to angiotensin Il, in contrast to that confirmed for cardiomyocytes. This however does
not preclude an involvement of CFs in the hypertrophic response of cardiac tissue to
angiotensin |l, as several studies have now highlighted a cell-communication relationship
between cardiomyocytes and CFs in this regard (225-227). For instance, conditioned media
from HCFs exposed to angiotensin Il has been shown to induce hypertrophy of rat cardiac
myocytes, exosomes secreted from HCFs in response to angiotensin Il can augment

cardiomyocyte hypertrophy, with other studies identifying a role for paracrine signalling from
90



HCF to cardiomyocytes in the hypertrophic response (226-228). This thereby implies a close
relationship between HCF and cardiomyocytes in the hypertrophic response to angiotensin Il,
with significant implications for extrapolation into other cardiac responses to external agents.

Based on similarities in clinical presentations between heart failure and AIC coupled to
the fact that ACEi and ARBs can reduce or prevent the progression or development of heart
failure associated with anthracyclines, it has been strongly implied that angiotensin signalling
links to the toxicological mechanism of anthracyclines, particularly cellular hypertrophy (34).
This is supported by histological studies of hearts from adult patients treated with
anthracyclines which have shown the presence of extensive myocyte hypertrophy (54, 229).
Interestingly, the effects upon cardiomyocytes following anthracyclines, appears to be similar
to that observed with excess angiotensin I, which causes inflammation, oxidative stress and
cell death, with prolonged effects presenting as cardiac hypertrophy (62). In order to address
this relationship, in this study the morphological responses of AC10 cardiomyocytes to sub-
toxic concentrations of doxorubicin, mirroring the clinical situation, was explored. This
subsequently revealed a concentration dependent hypertrophic response of cardiomyocytes
after 24 hours of exposure to doxorubicin, as detected by xCELLigence and confirmed by no
change in cell viability and imaging. A cellular size increase was sustained at 48 hours with sub-
toxic concentrations (50 and 100nM), analogous to the response expected for ‘surviving’
cardiomyocytes. However, at concentrations reflective of cytotoxic concentrations of
doxorubicin (250 and 500nM), the initial hypertrophic response of cardiomyocytes was
reversed by 48 hours, indicative of cellular loss or damage. With respect to HCF, exposure to
doxorubicin at concentrations, below those that induce cardiotoxicity, did not induce
morphological changes or hypertrophy in this cell population, an observation in agreement
with exposure to angiotensin Il. Similarly to cardiomyocytes, exposure of higher
concentrations of doxorubicin, falling within the range identified as cytotoxic for this cell type,
led to a reduction in xCELLigence cell index and comparative loss of cell viability, reinforcing
the initial cytotoxic response of cardiac cells at or around their therapeutic dose. These
findings thereby support and confirm a close relationship between angiotensin ll-induced
hypertrophy of cardiomyocytes and that induced by doxorubicin.

The initiation of cardiomyocyte hypertrophy by both angiotensin Il and doxorubicin
raised the potential for synergistic or additive effects, which would indicate parallel rather
than similar effects and molecular pathways. Co-treatment of doxorubicin alongside

physiological concentrations of angiotensin Il indicated no such combination of effects in
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terms of cytotoxicity, with the presence of angiotensin Il not significantly affecting 1Cso values
for doxorubicin in either AC10 cardiomyocytes or HCF. Similarly, no synergistic or additive
effects were observed with regards the hypertrophic response of AC10 cardiomyocytes,
strongly implying that angiotensin Il and doxorubicin induce hypertrophy and cytotoxic effects
via the same pathway. This supports the hypothesis that angiotensin Il signalling pathway
plays a role in doxorubicin induced cardiotoxicity and highlights the potential relevance of
drugs targeting RAAS to mitigate anthracycline-associated cardiac damage.

In conclusion, while several clinical studies have supported the use of heart failure therapies
such as ACEi and ARBs in reducing the delayed cardiotoxicity associated with anthracycline,
the mechanism of AIC and the involvement of RAAS in the pathological process of AIC still not
understood. The findings in this chapter provide an insight on the direct cardiac cell’s response
to angiotensin Il and doxorubicin which induce hypertrophy in human cardiomyocyte, but not
HCF. This highlights the differential cardiac response to doxorubicin and emphasizing the
important to consider each type of cells when assessing the cardiotoxic effect of
anthracyclines. Notably, combined treatment did not result in an additive hypertrophic or
cytotoxic effect, suggesting that angiotensin Il and doxorubicin induce hypertrophy and
cytotoxic effects via the same pathway and provide further evidence support the relationship

between angiotensin Il signalling pathway and AIC.
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Chapter 4. Characterisation of an Involvement of the Angiotensin-Signalling

Pathway in Cardiac Cellular Response to Doxorubicin

4.1 Introduction

The stimulation of cardiomyocyte hypertrophy by doxorubicin at sub-toxic concentrations
(Chapter 3), in a manner comparative to that induced by exposure to the physiological
stimulus angiotensin Il, offers a new perspective in terms of our appreciation of AIC.
Instigation of such a morphological change and stress in those cardiac cells which have not
succumbed to the cytotoxic effects of this agent, especially at concentrations reportedly non-
toxic to these cells and reflective of the exposures related to pharmacokinetic clearance,
offers new perspectives in terms of understanding the progressive and delayed manifestation
of this toxicity. This is especially pertinent when relating short-term exposure to
anthracyclines relative to symptomatic presentation of cardiac failure several years later.
Angiotensin Il exerts its effect by binding primarily to AT1R (see section 1.7) (118, 119).
In the cardiovascular system, activation of AT1R is implicated in many physiological and
pathological functions, playing a key role in regulating cardiac functions, including contractile
force, heart rate, and blood vessel tone (110, 115). AT1R has become a significant target for
therapeutic interventions in cardiovascular disease, through direct inhibition of angiotensin Il
effect by treatment with ARBs (146, 147). Generally, ARBs are well-tolerated and have less
side effects compared to other drugs perturbating angiotensin Il signalling due to selective
inhibition of AT1R (230). While all ARBs share the fundamental mechanism of blocking AT1R,
they exhibit notable differences in their pharmacokinetic and pharmacodynamic properties.
ARBs have varying binding affinity to AT1R as telmisartan has a prolong receptor blocking and
dissociates from the AT1R receptor very slowly after binding (231). ARBs also have different
half-life as telmisartan has the longest half-life (~24 hours) providing sustained receptor
blockade, whereas losartan has a shorter half-life (~2 hours) and weaker affinity to AT1R (232).
Some of ARBs are prodrug such as candesartan cilexetil which require activation to their active
form in liver or gastrointestinal tract (232, 233). These differences in pharmacological
properties may translate into varying clinical outcomes, suggesting that ARBs should not be

considered interchangeable within their class (230).
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In terms of the molecular mechanisms, AT1R activation and binding has been linked to
different cellular responses including oxidative stress, inflammation, and cell death which all
contributes to cardiac remodelling and hypertrophy (114, 115). Of importance for the study
of anthracycline-induced hypertrophy, several studies have supported the induction of
cardiomyocyte hypertrophy, a hallmark of adverse cardiac remodelling, and fibroblast
activation through AT1R (114, 170, 234). Together these pathophysiological and structural
changes lead to cardiac stiffening and subsequent reduction in the cardiac ejection fraction,
independently of effects upon systemic blood pressure (125).

A further dimension to a potential link between AIC and effects caused by angiotensin
Il is offered by studies indicating a role for AT1R in stimulation or activation of several
toxicological mechanisms in cardiac cells, including generation of ROS, induction of
mitochondrial damage, and subsequent oxidative stress (11, 12, 34, 235). Therefore,
understanding how angiotensin Il signalling pathway, particularly AT1R, might influence the

cardiac response to doxorubicin is crucial in elucidating the mechanism of AIC.

94



4.1.1 Aim and objectives

Aim: Determination of the involvement of the angiotensin-signalling pathway in the
mechanism of AIC and doxorubicin-induced hypertrophy of human cardiac cells in vitro. This

will be achieved by the following objectives:

e Assess the effects of therapeutics which perturb angiotensin signalling (ACEi and ARB)
upon sensitivity of cardiac cells, specifically AC10 cardiomyocytes and HCF, to doxorubicin-
mediated cytotoxicity.

e Characterisation of the requirement for AT1R-mediated activity in doxorubicin-induced
hypertrophy of human cardiac cells in vitro, using the human AC10 cardiomyocyte, pre-
exposed to the angiotensin receptor blocking therapeutic, telmisartan.

e Investigate the effects of doxorubicin and/or angiotensin Il on genetic transcription of
AT1R in the human AC10 cardiomyocyte, hiPSC-CMs and HCF.

e Determine the effect of exposure of human AC10 cardiomyocyte, and HCF to doxorubicin

upon protein expression of AT1R.
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4.2 Material and Method

4.2.1 Evaluation of viability of human AC10 cardiomyocytes and HCF following exposure

to ACEi and ARBs, determined by MTS assay

AC10 and HCF cells were seeded into 96-well plates at a density of 5x103 cells/well and viability
assessed following exposure to the ACEi Enalapril, Enalaprilat (active form on ACEi enalapril),
or the ARBs Telmisartan, Losartan or Candesartan, for a 96h continuous period using the MTS
assay, as previously described (section 2.4). In all cases, on Day 0O-cells were seeded and
allowed to adhere to the plate overnight. On Day -1, treated with relevant concentrations of
ACEi, ARB or vehicle control (DMSO), and the experimental endpoint (cellular viability)
measured after the incubation period to generate an ICso value. A 2x dilution series of test
ACEi or ARB were performed across each individual plate, with final concentrations ranging
from 0.08 uM to 10 uM which represent clinical exposures (236-239). All studies were

repeated a minimum of three times and ICso values determined from three replicates.

4.2.2 Evaluation of ability of ACEi or ARBs to reduce the cytotoxicity response of human

AC10 cardiomyocytes and HCF to doxorubicin, determined by MTS assay

AC10 and HCF cells were seeded into 96-well plates at a density of 5x103 cells/well and viability
assessed following exposure to doxorubicin in the presence of the ACEi Enalapril, Enalaprilat
(active form on ACEi enalapril), or the ARBs Telmisartan, Losartan or Candesartan, for a 96h
continuous period using the MTS assay, as previously described (section 2.4). Cells were
seeded on Day -0 and allowed to adhere to the plate overnight. On day 1, the top half of the
plate (rows A-D) treated with doxorubicin in the absence of ACEi or ARB (instead adding drug
vehicle, DMSO) and the bottom half of the plate (E-H) was treated with doxorubicin in the
presence of 5 uM of the ACEi or ARB. In relation to doxorubicin, a 10x dilution series was
performed across the plate, with final concentrations ranging from 100 fM-10 puM. On day 2,
24h after drug exposure, doxorubicin exposure was ceased, with the media in rows A-D
replaced with media containing drug vehicle alone and the media in rows E-H replaced with
media containing 5 UM of the respective ACEi or ARB. The experimental endpoint (cellular

viability) was measured on day 4 (96h) to generate an ICso value. In all cases the maximal
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exposure to DMSO did not exceed 0.1%. All studies were repeated a minimum of three times

and ICsp values determined from all replicates.

4.2.3 Evaluation of ARBs efficacy in mitigating doxorubicin-induced hypertrophy in AC10,
determined by xCELLigence RTCA

AC10 cells were seeded at a density of 1x10* cells per well into a 16-well E-Plate of the
xCELLigence RTCA system, as previously described (Section 2.5). Cells were then maintained
for up to a 48h period, until the plateau growth phase was reached. Cells were then exposed
to either 5 uM of the ARBs telmisartan, losartan, or candesartan, or to drug vehicle (DMSO).
After a 24h period, media was replaced with that containing 50nM doxorubicin in the
presence or absence of the respective ARB. After a further 24h, media was replaced with that
containing the respective ARB (or DMSO) in the absence of doxorubicin. The effect of pre-
exposure to ARB drugs on doxorubicin-induced hypertrophy was assessed non-invasively in

real-time for a further 48 h after the initial doxorubicin exposure.

4.2.4 Evaluation of ARB Telmisartan to mitigate doxorubicin-induced hypertrophy in

AC10, determined by measurement of cell size

AC10 cells were seeded at a density of 2x10* cells per well into a 6-well flat-bottomed cell
culture plate and allowed to adhere overnight. Cells were then exposed to either 5 uM of the
ARBs telmisartan or to drug vehicle (DMSO). After a 24h period, media was replaced with that
containing 50nM doxorubicin in the presence or absence of telmisartan. After a further 24h,
media was replaced with that containing the telmisartan (or DMSO as vehicle control) in the
absence of doxorubicin. The effect of pre-exposure to telmisartan on doxorubicin-induced
hypertrophy was assessed 48 h after the initial doxorubicin exposure. Cells were exposed to
1X CellMask™ Actin Tracking Stains solution (Invitrogen) for a period of 15 minutes (section
2.6). Micrograph images were collected by fluorescent microscopy at a magnification of 20x
(NikonTE2000 microscope). The surface area of a minimum of 100 cells in 5 random fields per

well were determined using Imagel software.
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4.2.5 Maintenance of human induced pluripotent stem cell derived cardiomyocytes

(hiPSC-CMs)

The cryopreserved hiPSC-CMs obtained from FUJIFILM's iCell Cardiomyocytes was cultured
and maintained following the iCell® Cardiomyocytes Application Protocol. Briefly, 24-well
culture plate was coated with 0.6mL/well of 5ug/ml fibronectin and incubated overnight.
Fibronectin is aspirated immediately before addition of cell suspension. Cells were thawed in
a 37°C water bath, followed by transferring them into a pre-warmed plating medium. Cell
viability and density were determined using a haemocytometer then plated onto culture
vessels. hiPSC-CMs were cultured in a cell culture incubator at 37°C, 5% CO2 and the media
changed 48 hours post-plating with a Maintenance Medium. Subsequently, the medium is

changed every two days to support optimal growth conditions.

4.2.6 Assessment of cellular expression of AT1R using Real-time quantitative polymerase

chain reaction (RT-qPCR)

4.2.6.1 RNA extraction for gene expression analysis in human AC10 cardiomyocytes and

HCF

AC10 and HCF were seeded at a density of 3 x 10° cells/well and 7 x 10* cells/well, respectively
into a 6-well flat-bottomed cell culture plate and allowed to adhere overnight. Culture
conditions for both AC10 and HCF is described in (section 2.1). After a 24h period, cells were
exposed to 50nM, 100nM, 250nM, 500nM of doxorubicin, 300pM angiotensin Il or the relative
concentration of the drug vehicle (DMSO). After a 24h exposure to doxorubicin, angiotensin Il
or DMSO, media in all wells was replaced with media containing DMSO drug vehicle alone.
Throughout these experiments, the maximal exposure to DMSO did not exceed 0.1%. After a
further 4-, 8-, 16-, and 24-hours period, cells were immediately washed with HBSS to remove
residual cell debris and total RNA was extracted according to the manufacture procedure using

RNeasy Mini Kit Qiagen®, (Qiagen, Netherlands) as described in section 2.7.1.

4.2.6.2 RNA extraction for gene expression analysis in human induced pluripotent stem

cell derived cardiomyocytes (hiPSC-CM:s)

Total RNA was extracted from hiPSC-CMs following the iCell® Cardiomyocytes Application

Protocol. Briefly, 24-well cell culture plates were coated with fibronectin to facilitate cellular
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adhesion, hiPSC-CMs were seeded at density of 1.6 x 10> cells/well and were maintained
according to culture conditions for hiPSC-CMs described in (section 4.2.5). The hiPSC-CMs
were exposed to 50nM, 100nM, 250nM, or 500nM of doxorubicin or the relative
concentration of the drug vehicle (DMSO). After 24, the culture medium was carefully
aspirated and immediately washed with PBS to remove residual cell debris. Total RNA was
extracted according to the manufacture procedure using RNeasy Micro Kit Qiagen®, (Qiagen,
Netherlands). Briefly, RLT lysis buffer was added directly to the well followed by pipetting to
ensure complete disruption. Then, the lysate was transferred to QlAshredder spin column for
homogenization, diluted in RNase-free water, and supplemented with Proteinase K (Qiagen).
The mixture was incubated at 55°C for 10 minutes on a heated block. After centrifugation, the
supernatant was mixed with 0.5 volumes 100% ethanol and passed through RNeasy spin
column. The RNA was washed with Buffer RW1, treated with DNase | to remove DNA, and
subsequently washed with buffers RW1, RPE, and 80% ethanol. Finally, the RNA was eluted
from the column using RNase-free water. The quality and the quantity of RNA were measured
using Nanodrop Spectrophotometer ND-1000 (Nanodrop Technologies), with an
260nm/280nm ratio >2 being considered acceptable for future analyses. Samples were stored

at -80°C.

4.2.6.3 Reverse transcription to cDNA for gene expression analysis

Total RNA 500 ng was reverse transcribed to cDNA using a High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems™) according to the manufacture procedure as

mentioned in section 2.7.2.

4.2.6.4 Real-time quantitative polymerase chain reaction (RT-qPCR) analysis of

housekeeping comparator gene

Identification of a robust housekeeping comparator gene for expression analyses is
paramount for quantification of AT1R expression. In the majority of RT-qPCR studies of gene
expression in cardiac cells, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is used
routinely (240, 241). However, GAPDH has been reported as being a translational suppressor
for AT1R expression, invalidating its use for this study (242). Thus, various housekeeping genes
were chosen for comparison, including ribosomal protein L13a (RPL13A), hypoxanthine-

guanine phosphoribosyl transferase 1 (HPRT1), and Beta-actin (B-actin). These housekeeping
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genes were selected for comparative analysis to ensure accurate normalisation in AT1R gene
expression studies.

RNA is extracted from AC10 and HCF as described in section 2.7.1 and total RNA 500 ng
was reverse transcribed to cDNA as described in section 2.7.2. Expression was determined
using RT-gPCR for three housekeeping genes RPL13A, HPRT1, and B-actin (see Table 4.1) for
primer sequences). RT-qPCR run as per section 2.7.3. The mean threshold cycles (Ct) valued
for genes were calculated by QuantStudio 7 software.

Table 4.1 Primer sequences

Gene Primer Sequence (5’-3’)

RPL13A Forward CCT GGA GGA GAA GAG GAAAGA GA
Reverse TTG AGGACCTCTGTGTATTTIGTCAA

HPRT1 Forward TTGCTTTCCTTG GTC AGG CA
Reverse ATC CAACACTTC GTG GGG TC

B-actin Forward GAC GAC ATG GAG AAAATCTG
Reverse ATG ATCTGG GTCATCTTCTC

4.2.6.5 Real-time quantitative polymerase chain reaction (RT-qPCR) analysis of AT1R

expression

RT-qPCR was performed to analyse AT1R gene expression (see Table 4.2, AT1R primer
sequence) following exposure to 50nM, 100nM, 250nM, 500nM concentrations of
doxorubicin, 300pM angiotensin Il or drug vehicle (DMSO) in AC10, HCF, and hiPSC-CMs. RT-
gPCR run as per section 2.7.3.

Table 4.2 AT1R primer sequence

Gene Primer Sequence (5’-3’)
ATI1R Forward GAT GAT TGT CCC AAA GCT GG
Reverse TAG GTA ATT GCC AAA GGG CC

4.2.7 Assessment of the changes in the AT1R protein expression using western blot

The ATI1R protein expression assessed following exposure to doxorubicin for 4-, 8-,16-, 24-,
48-, 72-, and 96-hours in AC10 and HCF. AC10 and HCF were seeded at a density of 3 x 10°

cells/well and 7 x 10* cells/well, respectively into a 6-well flat-bottomed cell culture plate and
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allowed to adhere overnight. Culture conditions for both AC10s and HCFs is described in
section 2.1. After a 24h period, cells were exposed to 50nM, 100nM, 250nM, or 500nM of
doxorubicin or the relative concentration of the drug vehicle (DMSO). After a 24h exposure to
doxorubicin or DMSO, media in all wells was replaced with media containing DMSO drug
vehicle alone. Throughout these experiments, the maximal exposure to DMSO did not exceed
0.1%. After a further 4-, 8-, 16-, 24-, 48-, 72-, 96-hours period, cells were immediately washed
with HBSS to remove residual cell debris and transferred to microcentrifuge tubes for each
drug concentration. Cells were lysed using 175 L lysis buffer and then sonicated for a total of
30 seconds.

BCA protein assay analysis is a colorimetric method for quantifying total protein
concentration in a sample (PierceTM BCA Protein Assay Kit, ThermoFisher). Briefly, 10uL of
diluted sample 1:10 added in quadruplicate to a 96- well plate. 10uL of protein standards were
also added in quadruplicate to the 96-well plate. 190uL of the working reagent composed of
Reagent A and Reagent B in 50:1 ratio was added to each well and mixed thoroughly. The plate
incubated at 37°C for 30 minutes. After incubation, the absorbance of each well was measured
at 562nm using a Thermoscientific Multiskan GO plate reader. The protein concentration of
each sample was calculated and 20ug of protein sample mixed with water and 2x laemelli
sample buffer (Containing B-mercaptoethanol), heated at 95°C for 5 minutes to denature
proteins, then transferred onto wet ice.

Tris-glycine Sodium Dodecyl Sulphate (SDS)-Polyacrylamide 10% loading and 5%
stacking gels was made and placed into electrophoresis rig filled with running buffer. 20uL of
protein samples and 5uL of protein ladder (ab116028, Abcam) were loaded in the gel. The
electrophoresis process was carried out for approximately 60 minutes, or until the dye had
reached the gel's bottom, at an electric potential of 150V.

Using a wet transfer method, the separated proteins are transferred from the gel to a
Nitrocellulose blotting membrane (Amersham™ Protran®; cytiva). It Involves sandwiching the
gel and membrane between filter papers soaked in transfer buffer as follows: sponge — filter
paper — membrane — gel — filter paper — sponge arrangement then placed into tank filled with
transfer buffer containing 20% methanol and 300mA current supplied for one hour.

When the transfer finish, the membrane was washed with Tris-Buffered Saline (TBS)
and blocked using 5% skimmed milk powder dissolved in TBS and 0.1% Tween®-20 (TBS-T) for
1 hour to prevent non-specific antibody binding then washed 2X10 minutes with TBS-T. To

probe for expression of AT1R proteins, the membrane incubated overnight at 4°C on a rotating
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mixer with the primary AT1R antibody (Abcam ab124734) diluted 1:250 in 1% skimmed milk
powder dissolved in TBS-T. Next day, the membrane washed 2X10 minutes with TBS-T and
incubated with the secondary antibody polyclonal swine anti-rabbit immunoglobulins/HRP
(Agilent Technologies), optimised to 1:1500 for 1 hour on a rotating mixer at room
temperature. The membrane then washed 3X10 minutes with TBS-T before
chemiluminescence to detect the antibody binding. The enhanced chemiluminescent
detection reagent (ECL) added to the membrane and left for 3 minutes. Excess ECL was
removed, and bands were detected using a ChemiDoc MP System (BioRad, UK).

HRP Anti-beta Actin antibody [AC-15] (abcam AB49900) diluted 1:10 in 1% skimmed
milk powder dissolved in TBS-T was used as loading control to ensure equal protein loading of
the gel. The same membrane used to probe AT1R is striped using acid-stripping buffer and
blocked once more with 5% milk dissolved in TBS-T for one hour. The membrane then
reprobed with the B-actin and incubated for 1 hour on a rotating mixer at room temperature.
The membrane then washed 3X10 minutes with TBS-T then visualized as mentioned above.
The molecular weight of the visible bands on the B-actin and AT1R treated membranes was
ascertained using the protein ladder, with predicted molecular weights of 48 kDa and 35 kDa,
respectively.

Quantifying Western blot bands was analysed using ImagelJ software (Fiji, Image J 1.52,
National Institutes of Health, USA) following Quantifications of Western Blots with Image)
protocol (243). Briefly, pixel intensity values are measured for each protein band. This process
is repeated for all lanes within the blot, including loading control bands and background areas.
Values are recorded then exported to an Excel spreadsheet for further calculations.

Data normalisation is performed by inverting pixel densities using the formula (255 -
X), where X represents the Imagel-recorded value. The net intensity for each protein band is
obtained by subtracting the background intensity from the band intensity. The final protein
expression level is calculated as the ratio of the net band intensity to the net loading control
intensity for each lane.

Statistical analysis was completed by calculating the fold change between the target
protein (AT1R) and the loading control (B-actin). All experiments were performed in triplicate
(N) and SEM between replicate were calculated. GraphPad Prism software used to present
data and statistical analysis (Version 10.4.0, GraphPad Software, Inc.). For comparison, un-
paired t test or One-way analysis of variance (ANOVA) test, and a post-hoc Dunnett’s test was

used when required.
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4.3 Results

4.3.1 ACEi and ARBs do not induce cytotoxicity against AC10 and HCFs in vitro

In order to assess the cell viability of AC10 and HCF after exposure to ACEi or ARB, which will
inform later studies, cells were exposed to the ACEi the active metabolite of enalapril,
enalaprilat, or the ARBs Telmisartan, Losartan, and Candesartan for 96 hours at a
concentration range of 0.08 uM to 10 puM. As shown in Figure 4.1, Figure 4.2, Figure 4.3, and
Figure 4.4 for AC10 and Figure 4.5, Figure 4.6, Figure 4.7, and Figure 4.8 for HCF, no significant
loss of cell viability was observed with any of the ACEi or ARBs across the range of

concentrations tested.

4.3.2 Exposure of AC10 cardiomyocytes and HCF to either ACEi or ARBs does not affect

cytotoxicity induced by doxorubicin

To assess whether ACEi or ARBs could reduce or mitigate the cytotoxic response of AC10 or
HCF cells to doxorubicin, cells were pre-exposed to ACEi or ARBs prior to exposure for 24 hours
to doxorubicin, with cell viability determined by MTS assay after a total 96-hour exposure
period. As shown in Table 4.3 and Table 4.4 for AC10 and Table 4.5 and Table 4.6 for HCF,
neither ACEi (enalapril and enalaprilat) or any of the tested ARBs (telmisartan, candesartan or

losartan) resulted in a significant reduction in the cytotoxic ICso of doxorubicin.
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Figure 4.1 ACEi enalaprilat does not induce cytotoxicity in AC10 cells. AC10 exposed to
clinically relevant concentrations of the ACEi enalaprilat for 96 hours normalised to DMSO
vehicle control, as indicated by MTS cell viability assay. The Cmax of drug is indicated by a
dotted line. Each data point = mean +/- SE, n > 3.
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Figure 4.2 ARB Telmisartan does not induce cytotoxicity in AC10 cells. AC10 exposed to
clinically relevant concentrations of the ARB Telmisartan for 96 hours normalised to DMSO
vehicle control, as indicated by MTS cell viability assay. The Cmax of drug is indicated by a
dotted line. Each data point = mean +/- SE, n > 3.
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Figure 4.3 ARB Losartan does not induce cytotoxicity in AC10 cells. AC10 exposed to clinically
relevant concentrations of the ARB Losartan for 96 hours normalised to DMSO vehicle control,
as indicated by MTS cell viability assay. The Cmax of drug is indicated by a dotted line. Each data
point = mean +/- SE, n > 3.
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Figure 4.4 ARB Candesartan does not induce cytotoxicity in AC10 cells. AC10 exposed to
clinically relevant concentrations of the ARB Candesartan for 96 hours normalised to DMSO
vehicle control, as indicated by MTS cell viability assay. The Cmax of drug is indicated by a
dotted line. Each data point = mean +/- SE, n > 3.
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Figure 4.5 ACEi enalaprilat does not induce cytotoxicity in HCF cells. HCF exposed to clinically
relevant concentrations of the ACEi enalaprilat for 96 hours normalised to DMSO vehicle
control, as indicated by MTS cell viability assay. The Cmax of drug is indicated by a dotted line.
Each data point = mean +/- SE, n > 3.
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Figure 4.6 ARB Telmisartan does not induce cytotoxicity in HCF cells. HCF exposed to clinically
relevant concentrations of the ARB Telmisartan for 96 hours normalised to DMSO vehicle
control, as indicated by MTS cell viability assay. The Cmax of drug is indicated by a dotted line.
Each data point = mean +/- SE, n > 3.
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Figure 4.7 ARB Losartan does not induce cytotoxicity in HCF cells. HCF exposed to clinically
relevant concentrations of the ARB Losartan for 96 hours normalised to DMSO vehicle control,
as indicated by MTS cell viability assay. The Cmax of drug is indicated by a dotted line. Each data
point = mean +/- SE, n > 3.
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Figure 4.8 ARB Candesartan does not induce cytotoxicity in HCF cells. HCF exposed to
clinically relevant concentrations of the ARB Candesartan for 96 hours normalised to DMSO
vehicle control, as indicated by MTS cell viability assay. The Cmax of drug is indicated by a
dotted line. Each data point = mean +/- SE, n > 3.
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Table 4.3 Change in cytotoxicity ICso of AC10 when exposed to 100 fM-10 uM concentrations
of doxorubicin for 96-hours in the presence of 5uM ACEi. Data is determined by MTS assay
and is representative of at least three repeats, presented as mean ICso £SEM. Statistical
significance was determined by a One-way ANOVA with post-hoc Dunnett’s multiple
comparison test.

Doxorubicin Enalapril Enalaprilat IC502SEM (nM) p-value
+ - - 48 +12 -

+ + - 74+ 19 0.260
+ - + 56 + 15 0.709

Table 4.4 Change in cytotoxicity ICso of AC10 when exposed to 100 fM-10 uM concentrations
of doxorubicin for 96-hours in the presence of 5uM ARBs. Data is representative of at least
three repeats and presented as ICso £SEM. Statistical significance was determined by a One-
way ANOVA with post-hoc Dunnett’s multiple comparison test.

Doxorubicin Telmisartan Losartan Candesartan | IC50xSEM (nM) p-value
+ . - - 48 £ 12 -

+ + - - 60+2.0 0.4765
+ - + - 61+0.9 0.4149
+ - - + 82+t14 0.1072
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Table 4.5 Change in ICso of HCF when exposed 100 fM-10 uM concentrations of doxorubicin
for 96-hours in the presence of 5uM ACEi. Data is representative of at least three repeats and
presented as ICso £SEM. Statistical significance was determined by a One-way ANOVA with
post-hoc Dunnett’s multiple comparison test.

Doxorubicin Enalapril Enalaprilat IC502SEM (nM) p-value
+ . - 795+171 -

+ + - 10004281 0.5018
+ - + 9244661 0.8265

Table 4.6 Change in ICso of HCF when exposed to 100 fM-10 uM concentrations of
doxorubicin for 96-hours in the presence of 5uM ARBs. Data is representative of at least three
repeats and presented as ICso £SEM. Statistical significance was determined by a One-way
ANOVA with post-hoc Dunnett’s multiple comparison test.

Doxorubicin Telmisartan Losartan Candesartan IC502SEM (nM) p-value
+ . - - 795+171 -

+ + - - 8444232 0.8749
+ - + - 7954169 0.9983
+ - - + 10684294 0.4676
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4.3.3 Telmisartan attenuates doxorubicin-induced hypertrophy in AC10

The effects of pre-exposure to telmisartan on doxorubicin induced hypertrophy in AC10 were
determined by xCELLigence RTCA in real-time. The cell index of cells, which were in the plateau
growth phase, increased in cells exposed to 50nM doxorubicin and cells exposed to 50nM
doxorubicin in combination with 5uM telmisartan compared to cell index of control, when
normalised to the point of telmisartan addition and after 48 hours of initial doxorubicin
exposure. However, the cell index of cells pre-exposed to 5 uM telmisartan then exposed to
50nM doxorubicin significantly decreased compared to cell exposed to 50nM doxorubicin
alone after 48 hours of initial doxorubicin exposure (Figure 4.9A and B), indicating that
telmisartan mitigates the increase in the cell index caused by doxorubicin after 48 hrs of initial
doxorubicin exposure.

MTS assay was performed 48 hours after doxorubicin exposure confirmed that neither
50nM doxorubicin or 50nM doxorubicin with 5uM telmisartan affects the viability of AC10
(p=0.083) as shown in Figure 4.9C, indicating that doxorubicin alone or telmisartan in
combination with doxorubicin are not cytotoxic to AC10.

This finding was further confirmed by analysing changes in cell size using imaging, with
a significant increase in cell area of AC10 observed in cells exposed to 50nM doxorubicin for
48 hours compared to control. However, a significant reduction in cell area of AC10 was
observed in cells pre-exposed to 5 uM telmisartan then exposed to 50nM doxorubicin after
48 hours compared to cell exposed to doxorubicin alone (Figure 4.10A and B). The results
confirmed that doxorubicin causes cell hypertrophy in AC10 cardiomyocytes, but pre-

exposure to telmisartan mitigates this hypertrophic effect caused by doxorubicin.
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Figure 4.9 The effect of pre-exposure to telmisartan on the increase in cell index in xCELLigence caused by doxorubicin in AC10. (A) Time vs cell index
(xCELLigence output) of AC10 cells following exposure to 50nM doxorubicin alone and following pre-exposed to 5uM telmisartan then additions of
50nM doxorubicin for 48 hrs. The cell index normalised to the point of telmisartan addition as indicated in the graph, (B) This quantification graph
extracted from xCELLigence graph demonstrates the effect of pre-exposure to telmisartan on AC10 48 hours after the initial exposure to doxorubicin.
The cell index was normalised at point of telmisartan addition, and C) Confirmation that AC10 maintain viability 48 hrs following additions of 50nM
doxorubicin alone or 50nM doxorubicin+ 5uM telmisartan relative to vehicle control, assessed using an MTS assay. Each data point = mean +/- SE, n >
3. Statistical significance was determined by a One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (* = p < 0.05, ** = p < 0.01). &
Control, Bl 50nM Doxorubicin, 1 5uM Telmisartan, and E 5uM Telmisartan + 50nM Doxorubicin.
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Figure 4.10 Telmisartan attenuates the hypertrophy caused by Doxorubicin in AC10. Representative images show cell area changes in AC10 exposed
to 50nM doxorubicin alone or pre-exposed to 5uM telmisartan then exposed to 50nM doxorubicin for 48 hrs. The quantification graph illustrates mean
cell area (um?) increased in cells exposed to 50nM doxorubicin compared to control, but mean cell area (um?) decreased in cells pre-exposed to 5uM
telmisartan then exposed to 50nM doxorubicin compared to cells exposed to 50nM doxorubicin. Cells were stained with a green, fluorescent marker
to visualize cell structure. Mean cell area (um?) was calculated using Image). Each data point = mean +/- SE, n > 3. Statistical significance was determined
by a One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (* = p < 0.05, *** = p < 0.001). (Scale bar: 50 um) (Magnification:20x). &
Control, l 50nM Doxorubicin, £ 5uM telmisartan, and E 5uM telmisartan + 50nM Doxorubicin.
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4.3.4 Selective efficacy of telmisartan in mitigation of doxorubicin induced hypertrophy in

AC10 compared to other ARBs

In the previous study we observed that telmisartan able to mitigate doxorubicin induced
hypertrophy in AC10. In this study, further investigation was done to determine if this effect
was unique to telmisartan or if other ARBs, like losartan and candesartan, could also produce
similar effect. The effects of pre-exposure to candesartan on doxorubicin induced hypertrophy
in AC10 were determined by xCELLigence RTCA in real-time. The cell index of cells, which were
in the plateau growth phase, increased in cells exposed to 50nM doxorubicin and cells exposed
to 50nM doxorubicin in combination with 5uM candesartan compared to cell index of control,
when normalised to the point of candesartan addition and after 48 hours of initial doxorubicin
exposure. However, no significant decrease in the cell index of cells pre-exposed to 5 uM
candesartan then exposed to 50nM doxorubicin compared to cell exposed to 50nM
doxorubicin alone after 48 hours of initial doxorubicin exposure was observed (p=0.16) (Figure
4.11A and B), indicating that candesartan did not mitigate doxorubicin induced hypertrophy
in AC10. MTS assay was also performed 48 hours after doxorubicin exposure confirmed that
exposure to 50nM doxorubicin or 5uM candesartan in combination with 50nM doxorubicin
did not affect the viability of AC10 (p=0.61) as shown in Figure 4.11C, indicating that
doxorubicin alone or candesartan in combination with doxorubicin are not cytotoxic to AC10.

As shown in Figure 4.12A and B, the cell index of cells, which were in the plateau
growth phase, increased in both cells exposed to 50nM doxorubicin alone and cells exposed
to 50nM doxorubicin in combination with 5uM losartan compared to control, when
normalised to the point of losartan addition and after 48 hours of initial doxorubicin exposure.
However, no significant decrease in the cell index of cells pre-exposed with 5 uM losartan then
exposed to 50nM doxorubicin compared to cell exposed to 50nM doxorubicin alone after 48
hours of initial doxorubicin exposure was observed (p>0.99). MTS assay was also performed
48 hours after doxorubicin exposure confirmed that exposure to 50nM doxorubicin or 5uM
losartan in combination with 50nM doxorubicin did not affect the viability of AC10 (p=0.86) as
shown in Figure 4.12C, indicating that doxorubicin alone or losartan in combination with
doxorubicin are not cytotoxic to AC10.

These findings indicate that pre-exposure to 5uM candesartan and 5uM losartan were

unable to mitigate doxorubicin induced hypertrophy in AC10.
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Figure 4.11 Candesartan does not prevent doxorubicin-induced hypertrophy in AC10. (A)
Normalised cell index after 48hrs of doxorubicin addition and pre-exposure to Candesartan.
(B) Confirmation that AC10 maintain viability 48 hrs following additions of 50nM doxorubicin
alone or 50nM doxorubicin+ 5uM candesartan relative to vehicle control, assessed using an
MTS assay. Each data point = mean +/- SE, n > 3. Statistical significance was determined by a
One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (* = p < 0.05). E Control,
B 50nM Doxorubicin, £ 5uM Candesartan, and E 5uM Candesartan + 50nM Doxorubicin.
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Figure 4.12 Losartan does not prevent Doxorubicin-induced hypertrophy in AC10. (A)
Normalised cell index after 48hrs of doxorubicin addition and pre-exposure to Losartan. (B)
Confirmation that AC10 maintain viability 48 hrs following additions of 50nM doxorubicin
alone or 50nM Doxorubicin+ 5uM Losartan relative to vehicle control, assessed using an MTS
assay. Each data point = mean +/- SE, n > 3. Statistical significance was determined by a One-
way ANOVA with post-hoc Dunnett’s multiple comparison test. (* = p < 0.05). [ Control, H
50nM Doxorubicin, E15uM Losartan, and B 5uM Losartan + 50nM Doxorubicin.

114



4.3.5 Confirmation of housekeeping gene to use for standardisation of gene expression

analyses in human cardiac cell types

As GAPDH has been reported as being a translational suppressor for AT1R expression,
invalidating its use for this study (242), various housekeeping genes were chosen for
comparison, including RPL13A, HPRT1, and 3-actin. Using cDNA of control sample, melt curve
plots of AT1R, RPL13A, HPRT1 and B-actin were generated as shown in Figure 4.13 to assess
the specificity of the RT-qPCR amplified products. The melt curve plots show a sharp and single
peak, the amplified product appears homogeneous with no presence of non-specific product
or primer-dimer, indicating that the target sequence was amplified specifically.

Primer efficiency was assessed using a serial cDNA dilution of the control samples,
(AC10: Figure 4.14 and Table 4.7) (HCF: Figure 4.15 and Table 4.8). A standard curve for each
reference gene was generated from the gRT-PCR cycle quantification (Cq) values, which were
calculated using the QuantStudio 7 software. The correlation coefficients (r?) and
amplification efficiencies were calculated. The standard curves verify the linearity and
efficiency of the amplification process, ensuring that the primers function effectively across a
range of sample concentrations. Based on the calculations, RPL13A and -actin were selected

as housekeeping genes for future experiment in both AC10 and HCF.
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Figure 4.13 Melt curve plots for different genes used in the qPCR experiments. These plots
for AT1R, RPL13A, HPRT1, and B-actin are screenshots from QuantStudio 7 software. The
lower lines represent the non-target control (NTC).
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Figure 4.14 Standard curves for different genes generated by serial cDNA dilutions using
AC10 control sample.

Table 4.7 Primer efficiency for each gene using cDNA of AC10 control sample.

Slope Y-intercept R? Efficiency (%)
Gene

-3.1759 24.613 0.97 106.47
AT1R

-3.021 18.271 0.96 114.29
RPL13A

-2.7068 24.169 0.74 134.12
HPRT1

-2.9295 15.491 0.97 119.46
B-actin
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Figure 4.15 Standard curves for different genes generated by serial cDNA dilutions using HCF
control sample.

Table 4.8 Primer efficiency for each gene using cDNA of HCF control sample.

Slope Y-intercept R? Efficiency (%)
Gene

-3.5476 27.265 0.96 91.37
AT1R

-3.5433 18.814 0.98 91.52
RPL13A

-3.4384 26.125 0.89 95.36
HPRT1

-3.434 15.139 0.98 95.53
B-actin
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4.3.6 Assessment of housekeeping genes ([-actin and RPL13A) for normalisation of AT1IR

gene expression over time in human AC10 cardiomyocytes and HCF in vitro

The expression levels of the housekeeping genes -actin and RPL13A were evaluated over 24-
hour period to assess their suitability for the normalisation of AT1R Ct values in future
experiments. Mean Ct values of the [B-actin, RPL13A, and AT1R were assessed in control
sample of AC10 and HCF over a 24-hour time course. As illustrated in Figure 4.16, the AT1R
expression was consistent in AC10. However, a reduction in AT1R expression was observed at
16 hours in HCF. Despite this decrease, the AT1R will be normalise to the corresponding time-
matched control which would accommodate this change.

For reference genes, the RPL13A was inconsistent across time points in both AC10 and
HCF. Therefore, it is unsuitable for use as a reference gene in subsequent experiments. In
contrast, the B-actin for control sample is consistent across the timepoints in both AC10 and
HCF, confirming that B-actin is stable overtime. This stability confirms the suitability of B-actin
as a reference gene and support the reliability of subsequent normalisation for AT1R gene

expression analysis in both AC10 and HCF.
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Figure 4.16 Expression levels of B-actin compared to AT1R over timepoints in A) AC10 and
B) HCF, calculated using RT-qPCR QuantStudio. The uniform Ct values across time points
confirms the stability of -actin over timepoints. Data are presented as mean + SEM.
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4.3.7 Exposure to Angiotensin Il induces ATIR mRNA in human AC10 cardiomyocyte cells

but not human cardiac fibroblasts in vitro

The AT1IR mRNA level in AC10s was assessed after exposure to physiological relevant
concentration of angiotensin Il. As Figure 4.17 shown, there is a significant 1.4-fold increase
in AT1IR mRNA levels compared to control after exposure to 300pM angiotensin Il for 24-
hours. Similarly, the ATIR mRNA level in HCF was assessed after exposure to physiological
relevant concentration of angiotensin Il. As Figure 4.18 shown, there is no increase in AT1R
MRNA levels compared to control after exposure to 300pM angiotensin Il for 24-hours (p=

0.99).

4.3.8 Doxorubicin induces mRNA expression of AT1R in human AC10 cardiomyocytes in

vitro

The AT1R mRNA level in AC10 after exposure to different concentrations of doxorubicin was
assessed over different time points. As Figure 4.19 shown, doxorubicin demonstrated no
significant effect on AT1IR mRNA expression compared to the control at 4-hours (p=0.86) or 8-
hours (p=0.50) at any tested doxorubicin concentration. However, after 16-hours of high-
concentration (500nM) doxorubicin exposure, a significant 1.5-fold increase in ATIR mRNA
level relative to control was demonstrated (p=0.034). By 24-hours, a significant 2.2-fold
(p=0.0028) and 1.8-fold (p=0.039) increase in ATIR mRNA level relative to control was

observed at 250nM and 500nM doxorubicin, respectively.

4.3.9 Doxorubicin induces mRNA expression of AT1R in hiPSC-CMs in vitro

The AT1R mRNA level in hiPSC-CMs after exposure to different concentrations of doxorubicin
was assessed at 24 hours. As Figure 4.20 shown, doxorubicin demonstrated a significant 3.2-
fold (p=0.021), 3-fold (p=0.040) and 3.5-fold (p=0.0087) increase in ATIR mRNA expression

compared to the control at 100nM, 250nM, and 500nM doxorubicin, respectively.

4.3.10 Doxorubicin induces mRNA expression of AT1R in human cardiac fibroblasts in vitro

The AT1R mRNA level in HCF after exposure to different concentrations of doxorubicin was
assessed over time points. As Figure 4.21 shown, no significant effect on ATIR mRNA
expression compared to the control at 4-hours (p=0.96) or 8-hours (p=0.16) at any tested
doxorubicin concentration. However, after 16-hours of high-concentration (500nM)
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doxorubicin exposure, a significant 1.7-fold increase in AT1IR mRNA level relative to control
was demonstrated (p=0.0062). By 24-hours, a significant 2.2-fold (p=0.0025) and 2-fold
(p=0.016) increase in AT1IR mRNA level relative to control was observed at 250nM and 500nM

doxorubicin, respectively.
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Figure 4.17 Angiotensin Il causes a significant change in AT1R in AC10s. Cells were exposed
to 300pM Angiotensin Il for 24hrs. B-actin was used as a housekeeping gene. Data is
representative of three repeats and presented as mean *SEM. Statistical significance was
determined by un-paired t test (**** = p < 0.0001).
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Figure 4.18 Angiotensin Il does not cause a change in AT1R expression in HCF. Cells were
treated with 300pM Angiotensin Il for 24hrs. B-actin was used as a housekeeping gene. Data
is representative of three repeats and presented as mean +SEM.
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Figure 4.19 The effect of doxorubicin different concentrations on ATIR mRNA expression
levels in AC10. Cells were treated with increased concentrations (50nM-500nM) of
doxorubicin at different time points (A) 4hrs (B) 8hrs (C) 16hrs (D) 24hrs. B-actin was used as
a housekeeping gene. Data is representative of three repeats and presented as mean +SEM.
Statistical significance was determined by a One-way ANOVA with post-hoc Dunnett’s multiple
comparison test (*=p<0.05, **=p<0.01).
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Figure 4.20 Increased concentrations of doxorubicin cause a change in ATIR mRNA
expression levels in hiPSC-CM. Cells were treated with increased concentrations (50nM-
500nM) of doxorubicin for 24hrs. B-actin was used as a housekeeping gene. Data is
representative of three repeats and presented as mean +SEM. Statistical significance was
determined by a One-way ANOVA with post-hoc Dunnett’s multiple comparison test (* = p <
0.05, ** = p <0.01).
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Figure 4.21 The effect of doxorubicin different concentrations on ATIR mRNA expression
levels in HCF. Cells were treated with increased concentrations (50nM-500nM) of doxorubicin
at different time points (A) 4hrs (B) 8hrs (C) 16hrs (D) 24hrs. B-actin was used as a
housekeeping gene. Data is representative of three repeats and presented as mean +SEM.
Statistical significance was determined by a One-way ANOVA with post-hoc Dunnett’s multiple
comparison test (*=p<0.05, **=p<0.01).
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4.3.11 Doxorubicin does not alter protein expression of AT1R at sub-toxic concentrations

in human AC10 cardiomyocytes in vitro

The AT1R protein expression in AC10 after exposure to different concentrations of
doxorubicin was assessed over different time points. As Figure 4.22 shown, increased
concentrations of doxorubicin have no significant effect on AT1R protein expression levels
compared to the control of the same time point at 4-hours (p= 0.59), 8-hours (p= 0.69), and
16-hours (p= 0.95) of doxorubicin exposure. Although increased expression of AT1R protein
was observed after 24hrs exposure to 50nM, 100nM and 500nM doxorubicin, this was not a
significant change relative to control at these timepoints (p=0.33). As Figure 4.23 shown, after
48 hours of doxorubicin exposure, a significant decrease in AT1R protein expression was
observed with AC10 treated with 500nM doxorubicin (p=0.02), a concentration > ICso of AC10
at 48 hours 0.34+0.085. At 72 hours of doxorubicin exposure, a significant decrease in AT1R
protein expression was observed with AC10 treated with 500nM doxorubicin (p=0.03). After
96 hours of doxorubicin exposure, AT1R protein expression levels were observed to return to

pre-treatment levels (p=0.24).

4.3.12 Elevated protein expression of AT1R in HCF after exposure to doxorubicin

The AT1R protein expression in HCF after exposure to different concentrations of doxorubicin
was assessed over a 96-hour time course. As Figure 4.24 and Figure 4.25 shown, exposure to
doxorubicin had no significant effect on AT1R protein expression levels compared to the
control of the same timepoint at 4 hours (p=0.94), 8 hours (p=0.57), 16 hours (p=0.30), 24
hours (p=0.90), 48 hours (p=0.26), 72 hours (p=0.31). However, at 96hours post-exposure to
doxorubicin, significant increases in AT1R expression were observed with 250nM and 500nM

concentrations of doxorubicin (p=0.005, and 0.008), respectively.
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Figure 4.22 The impact of increased concentrations of doxorubicin on AT1R protein expression levels in AC10 over 24-hours. Western blots and
densitometric analysis of AT1R protein expression levels relative to the corresponding time-matched control. Cells were treated with increased
concentrations (50nM-500nM) of doxorubicin at different time points (A) 4hrs (B) 8hrs (C) 16hrs (D) 24hrs. AT1R protein expression levels were
normalised to (-actin. Data is representative of three repeats and presented as mean +SEM. Statistical significance was determined by a One-way
ANOVA with post-hoc Dunnett’s multiple comparison test. Uncropped western blot is appended.
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Figure 4.23 The impact of increased concentrations of doxorubicin on AT1R protein expression levels in AC10 at different time points. Western blots
and densitometric analysis of AT1R protein expression levels relative to the corresponding time-matched control. Cells were treated with increased
concentrations (50nM-500nM) of doxorubicin at different time points (A) 48hrs (B) 72hrs (C) 96hrs. AT1R protein expression levels were normalised to
B-actin. Data is representative of three repeats and presented as mean +SEM. Statistical significance was determined by a One-way ANOVA with post-
hoc Dunnett’s multiple comparison test (*=p<0.05). Uncropped western blot is appended.
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Figure 4.24 The impact of increased concentrations of doxorubicin on AT1R protein expression levels in HCF over 24-hours. Western blots and
densitometric analysis of AT1R protein expression levels relative to the corresponding time-matched control. Cells were treated with increased
concentrations (50nM-500nM) of doxorubicin at different time points (A) 4hrs (B) 8hrs (C) 16hrs (D) 24hrs. AT1R protein expression levels were
normalised to (-actin. Data is representative of three repeats and presented as mean +SEM. Statistical significance was determined by a One-way
ANOVA with post-hoc Dunnett’s multiple comparison test (**=p<0.01). Uncropped western blot is appended.
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Figure 4.25 The impact of increased concentrations of doxorubicin on AT1R protein expression levels in HCF at different time points. Western blots
and densitometric analysis of AT1R protein expression levels relative to the corresponding time-matched control. Cells were treated with increased
concentrations (50nM-500nM) of doxorubicin at different time points (A) 48hrs (B) 72hrs (C) 96hrs. AT1R protein expression levels were normalised to
[B-actin. Data is representative of three repeats and presented as mean +SEM. Statistical significance was determined by a One-way ANOVA with post-
hoc Dunnett’s multiple comparison test (**=p<0.01). Uncropped western blot is appended.
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4.4 Discussion

Studying the relationship between RAAS, particularly AT1R and cardiotoxicity associated with
doxorubicin has gained recent research attention in understanding the underlying mechanism
of AIC (34). Recent evidence suggests that doxorubicin interacts with RAAS components and
exacerbating cardiotoxic effects and several clinical studies have shown effectiveness of drugs
targeting RAAS in preventing AIC (see section 1.8.3.1). This chapter aimed to explore the
molecular mechanism of AIC and potential involvement of RAAS, particularly AT1R in
mediating cardiotoxicity associated with doxorubicin.

Although the pathogenesis of cardiotoxicity developed after doxorubicin treatment is
complex, growing body of evidence suggests that RAAS plays important role in this
pathogenesis. The key peptide in the RAAS, angiotensin Il, is involved in many cardiovascular
disorders and exerts its effects primarily through the activation of the AT1R (235). This
activation leads to initiation of downstream angiotensin Il signalling pathway and therefore,
one of which is promotion of the hypertrophic response in cardiac cells (34). As indicated
previously (section 3.3.8), activation of this angiotensin Il pathway by angiotensin Il leads to
cardiomyocyte hypertrophy which contributes to cardiac dysfunction (11, 12, 34, 235).
Similarly, exposure to doxorubicin has also been shown to initiate a hypertrophic response in
cardiomyocytes (section 3.3.9). This shared effects between anthracycline and angiotensin Il
emphasized a putative role of activation of the RAAS pathway in developing AIC, a hypothesis
supported by many preclinical and clinical studies (34).

As previously shown (Chapter 3), both angiotensin Il and doxorubicin can induce
hypertrophy in AC10 but not in HCF, highlighting a cell type specific response to angiotensin
Il. To address this interrelationship between angiotensin signalling and AIC, this study has
evaluated the ability of ACEi and ARB, both which affect angiotensin Il activities, to affect the
cardiac cellular response to the anthracycline doxorubicin. Prior exposure of AC10 and HCF to
the ACEi enalapril and its active metabolite enalaprilat was shown to have no effect on
cytotoxicity or hypertrophy of any of the cardiac cell types in vitro. This is not surprising since
ACE is expressed in the lungs within the body where it converts angiotensin | into the active
moiety angiotensin |l, whereas no such environment is present in the in vitro cellular
environment (146). It does however indicate a lack of off-target effects for these ACEi within

cardiomyocytes and HCF. Similarly, exposure of AC10 or HCF to ARBs, which inhibit activation
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of the cell surface receptor for angiotensin Il, did not affect the cytotoxicity profile of
doxorubicin. In contrast, the ARB telmisartan could retard the hypertrophic response of AC10
cells to doxorubicin, indicating a role for AT1R activation in the cellular hypertrophic response
to doxorubicin. Interestingly, although telmisartan mitigated the doxorubicin-mediated
hypertrophic response in AC10 cardiomyocytes, this was not observed with other ARBs,
including candesartan and losartan. The reason for this difference lies in their distinct
pharmacological properties (231). A study into how ARBs block the renin-angiotensin system
has shown that telmisartan binds to AT1R for longer periods and dissociates from the receptor
more slowly compared to others. Even in the presence of competing ligands, telmisartan
remains tightly bound, unlike candesartan which dissociates more readily (231). These
differences in receptor binding behaviour could explain why telmisartan was more effective
in preventing doxorubicin-induced hypertrophy in AC10 cells. Taken together these results
strongly support a role for AT1R in mediating the cardiotoxic response of cardiomyocytes to
anthracyclines. The mechanism for this is at this point unclear, a concept which is evaluated
within this chapter at both the mRNA and protein level using the previously characterised in
vitro cellular models.

An important parameter for genetic analyses and quantification is the selection of a
robust housekeeping comparator gene for analyses. Previous research identified GAPDH as a
translational suppressor of AT1R expression, making it unsuitable as a reference gene in this
study (242). Thus, before starting to characterise the response of AT1R in cardiac cells to
doxorubicin, this study assessed the suitability of other housekeeping genes for normalisation
of AT1R gene analysis studies. Based on RT-qPCR testing and primer efficiency, B-actin has
been selected as a reference gene in this study.

In terms of a molecular rationale as an explanation for the hypertrophic response of
doxorubicin against human cardiomyocytes but not human CFs, as detailed in Chapter 3, and
the mitigation of this hypertrophic response in cardiomyocytes by inhibition of AT1R activity
(Figure 4.10), effects of doxorubicin on expression of AT1R was warranted. This study found
that angiotensin Il at physiological relevant concentrations leads to an upregulation of AT1R
MRNA level with 1.4-fold increase compared to control in AC10 cardiomyocytes but not HCF,
indicating a differential activation of the angiotensin signalling pathway in these cell types.
With reference to doxorubicin, ATIR mRNA levels are upregulated after 16- and 24-hours of
exposure in both AC10 and HCF which align with the half-life of doxorubicin, which is between

20 to 30 hours in the human body (209, 218). However, when AC10 exposed to doxorubicin,
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the increase in ATIR mRNA levels is not corresponding with increase in protein levels. The
highest protein expression levels of AT1R in AC10 was observed at 24 hours exposure then
the expression is declined at 48 and 72 hours of exposure, particularly with 500nM
concentration. The observed reduction with 500nM concentration of doxorubicin align with
previous cytotoxicity studies, indicating that cell viability may affect the AT1R expression and
suggesting that cardiac cells become more sensitive to doxorubicin with increasing exposure,
leading to reduce protein translational efficiency then reduce AT1R protein expression. A
previous study showed a lower AT1R receptor density in damaged ventricular myocardium
when compared to healthy tissue, suggesting that cellular death can directly reduce receptor
expression (244). Alternatively, the reason for increased AT1IR mRNA levels do not result in
increase in protein levels may attributed to post-transcriptional regulation mechanisms that
may differ in the presence of doxorubicin, including differences in mRNA stability, or protein
instability (245). It has been reported that insulin increase protein expression due to AT1R
mMRNA stability by bind to its 3'-untranslated region (UTR) (245, 246).

However, the highest AT1R protein expression upregulation in HCF was observed at 96
hours with sub- toxic concentrations of doxorubicin, indicating that activation of AT1R in CFs
is involved in the cardiac cell response to doxorubicin. Interestingly, the increase in AT1R
protein expression closely mirrors the upregulation observed at the mRNA level, suggesting
that the induction of AT1R gene expression is efficiently translated into protein in HCF. The
findings from cardiomyocytes and CFs support the role of AT1R in the cellular response to
doxorubicin.

Consistent with our findings, the ATIR mRNA and protein expression level are
upregulated in rat cardiomyocytes after doxorubicin treatment and co-treatment with
telmisartan or losartan supress the AT1R upregulation at both mRNA and protein levels (234).
In addition, another study revealed that the rat myoblast H9c2 cell line was treated with
different doses of doxorubicin for 24 hours demonstrated a dose dependent increase in both
AT1R mRNA and protein expression (247). While the upregulation of AT1R in cardiomyocytes
align with previous studies, the limitations of previous studies include the models used
derived from rat myocardium which does not represent the human cardiomyocyte response
to doxorubicin and testing high concentration (above the Cmax) of doxorubicin (178, 218).
Previous findings and our results support our hypothesis that angiotensin Il signalling,
particularly AT1R is involved in AIC and play a crucial role in the cardiac cells response to

doxorubicin.
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Many in vitro cardiomyocyte models are available and were used previously to
examine the effect of doxorubicin on cardiac cells. However, the major concern about these
studies is the use of animal derived cardiomyocytes which do not represent human clinical
situation (185). One of the cardiac cell models that gained recent attention is hiPSC-CM. The
hiPSC-CM cell model is physiologically relevant human derived cardiomyocytes, expressing
multiple cardiac marker, and can be cultured in vitro which make them an ideal model for
cardiovascular research, particularly study the mechanism of AIC (184). Despite their
advantages, the major limitation of hiPSC-CM including the cost to produce and maintain
compared to other models, such as rodent primary cardiomyocytes or commercially available
cardiac cell lines (185). Studies utilizing hiPSC-CM as a cardiac model have been shown
previously to elucidate mechanisms of AIC including dose dependent cell death, increase in
ROS formation, and mitochondrial dysfunction (248). One of the most advanced applications
of hiPSC-CMs is patient specific hiPSC-CM, which allow researchers to study genetic variation
and assess the interindividual variation in susceptibility of these patients to AIC (249-252). For
example, Christidi et al. (2020) found that presence of RARG genetic variation in patient
specific hiPSC-CM increases the susceptibility of those patients to AIC and correcting this
variant to wild type (WT) can reduce cell death and ROS formation, suggesting that patient
specific hiPSC-CM can identify interindividual variation of susceptibility to AIC (252).

In this study the impact of doxorubicin on ATIR mRNA levels in hiPSC-CM was
examined. Our findings revealed that doxorubicin increases ATIR mRNA level in a dose
dependent manner at 24 hours of exposure with the maximum effect observed at 500nM
concentration with 3.5-fold increase in AT1R mRNA relative to control. This finding provides a
new insight into the mechanism of AIC, as it demonstrates that human cardiomyocytes
respond to doxorubicin by upregulating angiotensin signalling and more representative of the
in vivo human cardiac environment than previously utilised animal-based models. When
compared to AC10 cells, which also demonstrated an upregulation of ATIR mRNA in response
to doxorubicin, AC10 cells despite being immortalized, it shared the same effect on AT1R
MRNA level with hiPSC-CMs. Due to these similarities, AC10 cells is a reliable model for
studying cardiomyocyte responses after doxorubicin exposure, particularly in terms of AT1R
regulation, providing an alternative to hiPSC-CMs, cost-effective and time-efficient. However,
the higher fold increase of ATIR mRNA in hiPSC-CMs may reflect higher sensitivity of those
cells to doxorubicin due to developmental maturity as these cells more closely represent the

environment of adult human cardiomyocytes compared to AC10 cells.
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In conclusion, the similarity in the cardiac cell response between angiotensin Il and
doxorubicin raises the possibility that the angiotensin Il signalling pathway plays a role in the
response of cardiac cells to anthracycline. This is supported by the observation that blocking
AT1R using ARBs mitigates the doxorubicin induced hypertrophic response in human
cardiomyocytes, suggesting that angiotensin Il signalling pathway is involved in the
anthracycline cardiotoxicity. Interestingly, both cell types demonstrate mRNA upregulation of
AT1R in response to doxorubicin exposure. However, there is a differential response of AT1R
protein expression between AC10 cardiomyocytes and HCFs, suggesting a cell-type-specific
response to doxorubicin. This differential cellular response underscores the complexity of the
cardiac microenvironment and further supports the involvement of angiotensin Il signalling
pathway in cardiac response to anthracycline. Further studies are warranted to assess

whether blocking AT1R is specifically involved in AIC.
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Chapter 5. Involvement of Angiotensin Il Type 1 Receptor (AT1R) in the

Toxicological Response of Cardiac Cells to Anthracycline

5.1 Introduction
5.1.1 Mitigation of AIC by perturbing angiotensin Il signalling

The previous studies in this project (Chapter 3 and Chapter 4) clearly show that anthracyclines,
specifically doxorubicin, can modulate angiotensin signalling pathways in both
cardiomyocytes and CFs. These findings show that sub-toxic concentrations of doxorubicin
induce cellular hypertrophy in AC10 cardiomyocytes but not CFs, a cellular change that is
inhibited by pharmacological blockade of AT1R. It is also shown that doxorubicin induces both
MRNA and protein expression of AT1R in AC10 cardiomyocytes and HCF. This thereby strongly
supports a relationship between modulation of angiotensin signalling and toxicological
response of cardiac cells to anthracyclines, a concept supported by clinical studies
demonstrating administration of ACEi or ARBs can reduce progression of AIC (152-161, 164-
169). Further support for a relationship between AIC and the angiotensin signalling pathway
is provided from studies of genetically modulated mice in which AT1R expression has been
suppressed. These mice exhibit reduced LV-remodelling in response to doxorubicin treatment,
compared to WT mice (170). However, despite these studies strongly implying a role for
modulation of AT1R signalling in the cardiotoxicological response of the heart to
anthracyclines, the central role of this receptor in this response at the cellular (as opposed to
systemic) level, the role of the different cardiac cell types, and discrimination of systemic

versus local cellular effects is not yet confirmed.

5.1.2 Investigation of the role of a specific gene and/or protein in cellular response by

small interfering RNA (siRNA) technologies

A now commonly used approach for modulating gene expression and studying of gene
functions in in vitro research is Small interfering RNA (siRNA) (253). siRNA technologies
degrade the target RNA transcript by inducing post-transcriptional gene silencing (254).
Briefly, siRNA enters the cells, forms a RNA-induced silencing complex (RISC), wherein the

sense strand is degraded to form a single stranded siRNA (255). This single stranded siRNA,
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specifically the antisense strand, leads the RISC to the target mRNA to cleave it resulting in its
degradation (256). The result is gene knockdown of the target mRNA in the cell and

subsequent suppression of protein synthesis (Figure 5.1) (256).

5.1.2.1 Evidence for a role for AT1R in AIC

Several studies have suggested a significant link between RAAS and AlIC in both animal models
and clinical studies, involving circumstantial evidence and through use of pharmacological
interventions with ACEi and ARBs (34, 257). To indicate a role for AT1R in these responses,
murine studies in which expression of AT1R had been genetically knocked down were
employed (170). This study revealed that the knockout of AT1R in mice significantly reduced
the number of apoptotic cells and mitigated heart LV-remodelling in response to doxorubicin
treatment, compared to WT mice. In addition, knockout of AT1R was shown to offer
protection against doxorubicin-induced atrial natriuretic peptide (ANP) genetic
downregulation, responsible for regulating vascular remodelling (170, 258). However,
although together these studies support a role for AT1R, the relationship between doxorubicin
and angiotensin signaling pathway within the cardiac system itself and the cells therein is only
at this point inferred. To robustly determine whether AT1R is indeed the central conduit for
the association between angiotensin signalling and AIC, or whether this receptor is merely a
bystander for signalling via another molecular pathway, studies utilsing siRNA against AT1R in

cardiac cells is warranted.
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Figure 5.1 Mechanism of siRNA -mediated gene silencing. In the cell cytoplasm, Dicer enzyme
cleaves dsRNA into small fragments. The antisense strand siRNA is then incorporated into the
RISC complex. Guided by sequence complementarity, the siRNA directs RISC to bind to the
target mRNA. This results in degrading of mRNA then suppression of protein synthesis.
Adapted from BioRender.
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5.1.3 Aim and objectives

Aim: Determination of a central role for AT1R in cardiac cell toxicological response to the

anthracycline doxorubicin. This will be achieved by the following objectives:

e Utilisation of siRNA-mediated knockdown of AT1R expression to address the role of the
AT1R in the response of cardiac cells to doxorubicin.

e Determination of the potential prophylactic role of targeting AT1R in mitigation of
doxorubicin induced cardiomyocyte hypertrophy, through siRNA-mediated knockdown of
AT1R.

e Evaluation of the role of AT1R in doxorubicin-induced cardiac cell toxicity, through siRNA-

mediated knockdown of AT1R and challenge with doxorubicin
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5.2 Material and method

5.2.1 Optimization of siRNA transfection efficiency in AC10 and HCF cells using siGLO Red

indicator

AC10 and HCF cells were seeded into 6-well flat-bottomed cell culture plate at a density of
3x10° cells/well and 7x10* cells/well, respectively and allowed to adhere overnight. After a 24
hours period, media was replaced with transfection mixtures of 20nM, 30nM, and 40nM of
siGLO Red transfection indicator (Dharmacon Inc., Lafayette, CO) prepared as follow: each
concentration of siGLO Red mixed with 250 uL of serum-free medium (Opti-MEM | reduced
serum media) and different volumes 5 pL, 7.5 uL, and 10 L of TransIT-X2 transfection reagent
(Mirus, MSC Medical Supply Co. Ltd, Dublin, Ireland). The transfection mixtures incubated at
room temperature for 20 minutes to allow complex formation. The prepared transfection
mixtures then added to the respective wells. Cells were incubated with the transfection
mixture for 24 hours. After the 24-hour incubation period, micrograph images were collected
by fluorescent microscopy at a magnification of 10x (NikonTE2000 microscope). This method
was designed to identify the optimal transfection efficiency in AC10 and HCF cells by varying

the concentration of the transfection indicator and the volume of the transfection reagent.
5.2.2 Confirmation of siRNA-mediated knockdown of AT1R in AC10 and HCF cells

AC10 and HCF cells were seeded into 6-well plates at a density of 3x10° cells/well and 7x10*
cells/well, respectively. Cells were seeded on Day 0 and allowed to adhere to the plate
overnight. On day 1, the transfection mixtures prepared (as per section 5.2.1) and cells
exposed to either fresh media, 7.5 pL of TransIT-X2 transfection reagent alone as mock
transfection, transfection mixture of 20nM non-target siRNA (ON-TARGETplus Non-targeting
Control siRNAs; Dharmacon), or to transfection mixture of 20nM and 40nM concentration of
AT1R siRNA (On-target plus SMARTpool; Dharmacon). After 24 and 48 hrs, cell lysate was
collected for downstream analysis to identify the optimal AT1R siRNA concentration and time

for transfection using RT-qPCR.
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5.2.3 Verification of doxorubicin-induced AT1IR mRNA expression via AT1R knockdown in

AC10 and HCF

To confirm that the upregulation of ATIR mRNA level observed following doxorubicin
exposure is a direct effect, siRNA-mediated knockdown of AT1R was performed. AC10 and
HCF cells were seeded into 6-well plates at a density of 3x10° cells/well and 7x10* cells/well,
respectively. Cells were seeded on Day 0 and allowed to adhere to the plate overnight. On day
1, the transfection mixtures prepared as above and cells exposed to fresh media, 7.5 pL of
TransIT-X2 transfection reagent alone as mock transfection, transfection mixture of 20nM
non-target siRNA, or to transfection mixture of 20nM AT1R siRNA. After further 24 hours
period, media was replaced with that containing doxorubicin or to drug vehicle (DMSO). After

a further 24h, cell lysate was collected for downstream analysis.

5.2.4 Evaluation of ability of AT1R knockdown to reduce the cytotoxicity response of

human AC10 cardiomyocytes and HCF to doxorubicin, determined by MTS assay

AC10 and HCF cells were seeded into 96-well plates at a density of 5x103 cells/well and viability
assessed following exposure to doxorubicin after knockdown of AT1R for a 24-,48-, and 72-
hours continuous period using the MTS assay, as previously described in section 2.4. Cells
were seeded on Day 0 and allowed to adhere to the plate overnight. On day 1, the top rows
of the plate (rows A-C) exposed to transfection mixture of non-target siRNA. Rows D-E
exposed to fresh media and the bottom rows of the plate (F-H) was exposed to transfection
mixture of AT1R siRNA. On day 2, media was replaced with that containing doxorubicin or to
drug vehicle (DMSO). In relation to doxorubicin, a 5x dilution series was performed across the
plate, with final concentrations ranging from 64pM-5 uM. The experimental endpoint (cellular
viability) was measured 24-,48-, and 72-hours after initial doxorubicin exposure to generate
an ICso value. In all cases the maximal exposure to DMSO did not exceed 0.1%. All studies were

repeated a minimum of three times and ICso values determined from all replicates.

5.2.5 Assessment of AT1R knockdown on mitigation of doxorubicin-induced hypertrophy

in AC10

AC10 cells were seeded at a density of 2x10* cells per well into a 6-well Plate and allowed to
adhere overnight. Cells were then transfected as above and exposed to either 7.5 pL of

TransIT-X2 transfection reagent alone as mock transfection, 20nM non-target siRNA, 20nM
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AT1R siRNA, or to media alone. After a 24 hours period, media was replaced with that
containing 50nM doxorubicin or to drug vehicle (DMSO). After a further 24 hours, media was
replaced in the absence of doxorubicin. The effect of transfection to doxorubicin-induced
hypertrophy was assessed 48 h after the initial doxorubicin exposure. Cells were exposed to
1X CellMask™ Actin Tracking Stains solution (Invitrogen) for a period of 15 minutes as
described in section 2.6. Micrograph images were collected by fluorescent microscopy at a
magnification of 20x (NikonTE2000 microscope). The surface area of a minimum of 10 cells in

5 random fields per well were determined using ImageJ software.
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5.3 Results

5.3.1 Optimization of transfection reagents and methodology for AC10 cells

Prior to conducting studies of siRNA-mediated knockdown of AT1R expression, the
methodology firstly requires optimisation. Transfection efficiency was assessed in AC10 cells
using different concentrations of siGLO red indicator (20, 30, 40 nM) and different volumes of
transfection reagent (5, 7.5, 10 pL). As shown in Figure 5.2, the intensive red fluorescence
signal of siGLO red transfection indicator was observed with 7.5 puL and 10 pL of the
transfection reagent. Based on these results, 7.5 pL and 10 uL were selected as the optimal

concentrations for subsequent transfection experiments in AC10.

5.3.2 Demonstration of lack of effect of transfection methodology upon expression of

ATIR in AC10 cells

To confirm a lack of an effect of siRNA transfection methodology upon baseline expression of
AT1R in AC10, cells were mock transfected or transfected with non-target siRNA and the AT1R
MRNA expression levels determined using RT-qPCR. As shown in Figure 5.3, ATIR mRNA
expression levels were neither affected by mock transfection relative to untreated controls
(p=0.20) or use of a non-target siRNA relative to mock transfected cells (p=0.064),

respectively.

5.3.3 Optimization of siRNA concentration for knockdown of AT1R in AC10 cells

To determine the optimal conditions for knockdown of AT1R in AC10 cells, 20nM and 40nM
concentrations of AT1R siRNA for 24 and 48 hours were evaluated. As illustrated in Figure 5.4
(A: 24 hours, B: 48 hours), a significant knockdown efficiency of ATIR mRNA expression levels
was observed with both 20nM and 40nM AT1R siRNA within 24 hours but a reduction in the
knockdown efficiency of ATIR mRNA expression levels was observed at 48 hours. Thus, 20nM
AT1R siRNA with a 24-hour post-transfection incubation was selected as the ideal

concentration and time for subsequent transfection experiments.
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Figure 5.2 Photo micrographs of different concentrations of siGLO red transfection
indicator+ transfection reagent (5 pL, 7.5 uL and 10 pL) to identify the optimal concentration
for transfection in AC10 cardiomyocytes. (Magnification: 10x).
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Figure 5.3 Transfection of mock or non-targeting siRNA does not alter baseline ATIR mRNA
expression in AC10. A) AT1R mRNA expression level at 24 hrs following mock transfection
compared to AT1IR mRNA expression level of control. B) AT1IR mRNA expression level at 24 hrs
following non-target siRNA compared to AT1R mRNA expression level of mock transfection.
Each data point = mean +/- SE, n > 3. Un-paired t test was used for comparison.

146



24 hrs

Z

1.21 |

Expression relative
to Non-target siRNA

12y |

Expression relative
to Non-target siRNA

Figure 5.4 Optimal AT1R siRNA concentration for gene knockdown in AC10 cardiomyocytes.
A) AT1R mRNA expression level of cells transfected with 20nM and 40nM siRNA directed
against AT1R compared to AT1IR mRNA expression level of cells transfected with non-target
siRNA at 24 hrs and B) ATIR mRNA expression level of cells transfected with 20nM and 40nM
siRNA directed against AT1R compared to ATIR mRNA expression level of cells transfected
with non-target siRNA at 48hr. Each data point = mean +/- SE, n > 3. Statistical significance
was determined by a One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (**
= p <0.01, ¥** = p < 0.001, **** = p < 0.0001).
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5.3.4 Transfection methodology does not affect induction of AT1R expression by

doxorubicin in AC10 cells

To confirm that the methodology used to introduce siRNA into AC10 cells does not modify
their response to doxorubicin, expression analyses were conducted using RT-qPCR. As
illustrated in Figure 5.5A, no difference in induction of ATIR mRNA expression levels were
observed between mock transfected cells and non-transfected compared to cells exposed to
100nM doxorubicin (p=0.42). Similarly, Figure 5.5B shows that introduction of siRNA also did
not affect the cellular AT1R response to doxorubicin, with no differential responses observed
between cells transfected with non-targeting siRNA and mock transfection to 100nM

doxorubicin (p=0.063).

5.3.5 siRNA-mediated knockdown of AT1R prevents induction of AT1R expression by

doxorubicin in AC10 cells

A significant reduction was detected in AT1R mRNA expression levels in AC10 cells transfected
with the optimised 20nM AT1R siRNA, compared to cells transfected with non-target siRNA,
qualifying this approach for evaluation of the role of AT1R in cellular responses (Figure 5.5C).

The knockdown of AT1R by siRNA would be expected to mitigate any subsequent
cellular response involving upregulation of AT1R genetic (and thus protein) expression, such
as in response to doxorubicin. To confirm this direct relationship, AC10 cells were transfected
with AT1R siRNA and exposed to doxorubicin. As expected, cells transfected with non-target
siRNA demonstrated an upregulation of AT1R expression in response to 100nM doxorubicin,
whereas cells transfected with AT1R siRNA showed no significant change in AT1R expression

with this anthracycline (Figure 5.5D).

148



=

o
3}
]

1.2 -
0 :S 1.0-
£3 05 == 100nM Doxorubicin
T 50
e 3 E= Mock transfection
5 0 0.6 +Doxorubicin
8=
P c
u;:_‘g_ 0.4 -
2024
0.0
) 1.2- ns
° 6 1.0+ .
20 E=1 Mock transfection+
% s 0.8+ 100nM Doxorubicin
o O
5 8 0.6 - E=1 Non-target siRNA+
@ ¥ 100nM Doxorubicin
83 0.4
— o . -
Z=
L 02
0.0-
1.2 7 *k
o< 1.0 1
=Z &3 Non-target siRNA
8% o8
o = : E3 AT1R siRNA (20nM)
c o
c = 0.64
28
2
52 0.4 1
o o
= 0.24
0.0-
S 2.0 ns *x
[a)] I
=
2 S 154 T &3 Non-target siRNA+
B % 100nM Doxorubicin
g L &= 100nM Doxorubicin
§& 1.0
2% &3 ATIR siRNA+
CT] 100nMDoxorubicin
g9
w s
<
s]
P4
2

B

Figure 5.5 AT1R siRNA prevents doxorubicin-induced upregulation of AT1IR mRNA
expression in AC10. A) ATIR mRNA expression level of cells transfected with mock
transfection and then exposed to 100nM doxorubicin compared to ATIR mRNA expression
level of cells exposed to 100nM doxorubicin alone at 24 hrs, B) ATIR mRNA expression level
of cells transfected with non-target and then exposed to 100nM doxorubicin compared to
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AT1R mRNA expression level of cells transfected with mock transfection and then exposed to
100nM doxorubicin, C) ATIR mRNA expression level of cells transfected with 20nM siRNA
directed against AT1R compared to AT1IR mRNA expression level of cells transfected with non-
target siRNA at 24 hrs, and D) AT1IR mRNA expression level of cells transfected with 20nM
siRNA directed against AT1R and then exposed to 100nM doxorubicin compared to AT1R
MRNA expression level of cells transfected with non-target siRNA and then exposed to 100nM
doxorubicin and cells exposed to 100nM doxorubicin alone at 24 hrs. Each data point = mean
+/- SE, n 2 3. Un-paired t test was used for comparison or One-way ANOVA with post-hoc
Dunnett’s multiple comparison test. (** = p < 0.01).
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5.3.6 Knockdown of AT1R expression in AC10 cardiomyocytes does not affect sensitivity

to doxorubicin cytotoxicity

To assess the cytotoxic response of AC10 to increased concentrations of doxorubicin after
knockdown of AT1R, cells were transfected with siRNA directed against AT1R or with non-
target siRNA and then exposed to doxorubicin. The viability assessed following exposure to
doxorubicin for a 24-,48-, and 72-hours continuous period was determined using the MTS
assay. As illustrated in Table 5.1, no significant difference in the cytotoxic ICso of doxorubicin
was observed with cells transfected with siRNA directed against AT1R relative to cells
transfected with non-target siRNA. This lack of differential response was observed both in

terms of concentration or an exposure duration perspective.

5.3.7 Knockdown of AT1R mitigates doxorubicin-induced hypertrophy in AC10

cardiomyocytes

To investigate the role of AT1R in mediating doxorubicin induced hypertrophy in AC10, the
effect of siRNA-mediated knockdown of AT1R on the cell area of AC10 in presence and
absence of doxorubicin was evaluated after 48 hours of doxorubicin exposure. No difference
in cell area of mock transfected cells compared to cell area of non-transfected cells was
detected (p=0.998) (Figure 5.6A and B). Similarly, no significant difference in cell area was
observed in mock transfected cells compared to non-transfected cells (p=0.998) or cells
transfected with non-target siRNA compared to mock-transfected cells when exposed to
50nM doxorubicin, with equivalent hypertrophic responses detected (p=0.999) (Figure 5.6C
and D). Together this supports a lack of effect of the transfection process upon cellular
morphology.

A lack of an effect for AT1IR upon cell morphology (Figure 5.6E and F) was
demonstrated by the lack of differential in cell area of cells transfected with non-target siRNA
compared to those transfected with AT1R siRNA (p=0.997).

The absence of AT1R, as a result of siRNA knockdown, did however prevent the
hypertrophic response of AC10 cells following exposure to doxorubicin. Whereas exposure of
AC10 cells transfected with non-target siRNA to 50nM doxorubicin led to an increase in
cellular hypertrophy, as previously indicated in section 3.3.10, AC10 cells transfected with

AT1R siRNA showed no such hypertrophic response (Figure 5.6E and F), with a significant
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statistical difference determined (p=0.0002). Together this implies that AT1R is required for

mediation of the hypertrophic response of AC10 cells to doxorubicin.
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Table 5.1 No change in ICs5o values for doxorubicin (64 pM-5 uM) in AC10 cardiomyocytes
following transfection with non-targeting or AT1R-siRNA. Data is representative of at least
three repeats and presented as ICso £SEM. Statistical significance was determined by a One-
way ANOVA with post-hoc Dunnett’s multiple comparison test.

Cytotoxicity ICso (LM)
24 hr 48 hr 72 hr
Doxorubicin only >5 0.28+0.07 0.10£0.04
Non-target siRNA transfection+ | >5 0.36%0.10 0.16x0.05
Doxorubicin
AT1R siRNA+ Doxorubicin >5 0.45+0.12 0.17%0.06
P-value 0.42 0.82 0.54
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Figure 5.6 Hypertrophy caused by doxorubicin is mitigated following AT1R silencing in AC10.
A) Representative images (left) show cell area changes in AC10 in non-transfected cells and
mock transfected cells in presence and absence of 50nM doxorubicin. B) The quantification
graph (right) illustrates mean cell area (um?) increased in cells exposed to 50nM doxorubicin
compared to control in non-transfected cells and mock transfected cells, C) Representative
images (left) show cell area changes in AC10 transfected with either mock or non-targeting
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siRNA in presence and absence of 50nM doxorubicin. D) The quantification graph (right)
illustrates mean cell area (um?) increased in cells exposed to 50nM doxorubicin compared to
control in mock transfected cells and in cell transfected with non-target siRNA, and E)
Representative images (left) show cell area changes in AC10 transfected with either non-
targeting siRNA or 20nM AT1R siRNA in presence and absence of 50nM doxorubicin. F) The
quantification graph (right) illustrates mean cell area (um?) increased in cells exposed to 50nM
doxorubicin compared to control in cell transfected with non-target siRNA and in cell
transfected with AT1R siRNA. However, mean cell area (um?) decreased in cells transfected
with AT1R siRNA and then exposed to 50nM doxorubicin compared to cell transfected with
non-target siRNA and then exposed to 50nM doxorubicin. Cells were stained with a green,
fluorescent marker to visualize cell structure. Mean cell area (um?) was calculated using
Imagel. Each data point = mean +/- SE, n > 3. Statistical significance was assessed using two-
way ANOVA. (*** = p < 0.001, **** = p < 0.0001). (Scale bar: 50 um) (Magnification:20x). &
Control and E 50nM Doxorubicin.
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5.3.8 Optimization of transfection reagents and methodology for HCF cells

Prior to conducting studies of siRNA-mediated knockdown of AT1R expression, the
methodology firstly requires optimisation. Transfection efficiency was assessed in HCF cells
using different concentrations of siGLO red indicator (20, 30, 40 nM) and different volumes of
transfection reagent (5, 7.5, 10 pL). As shown in Figure 5.7, the intensive red fluorescence
signal of siGLO red transfection indicator was observed with 7.5 uL and 10 pL of the
transfection reagent. Based on these results, 7.5 pL and 10 uL were selected as the optimal

concentrations for subsequent transfection experiments in HCF.

5.3.9 Demonstration of lack of effect of transfection methodology upon expression of

ATIR in HCF cells

To confirm a lack of an effect of siRNA transfection methodology upon baseline expression of
AT1R in HCF, cells were mock transfected or transfected with non-target siRNA and the AT1R
MRNA expression levels determined using RT-qPCR. As shown in Figure 5.8, the ATIR mRNA
expression levels were neither affected by mock transfection relative to untreated controls

(p=0.99) or use of a non-target siRNA relative to mock transfected cells (p=0.55), respectively.

5.3.10 Optimization of siRNA concentration for knockdown of AT1R in HCF cells

To determine the optimal conditions for knockdown of AT1R in HCF, 20nM and 40nM
concentrations of AT1R siRNA for 24 and 48 hours were evaluated. As illustrated in Figure 5.9
(A: 24 hours, B: 48 hours), a significant knockdown efficiency of ATIR mRNA expression levels
was observed with both 20nM and 40nM AT1R siRNA within 24 hours and 48 hours. Thus,
20nM AT1R siRNA with a 24-hour post-transfection incubation was selected as the ideal

concentration and time for subsequent transfection experiments.
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Figure 5.7 Photo micrographs of different concentrations of siGLO red transfection
indicator+ transfection reagent (5 pL, 7.5 uL and 10 pL) to identify the optimal concentration
for transfection in HCF. (Magnification: 10x).
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Figure 5.8 Transfection of mock or non-targeting siRNA does not alter baseline ATIR mRNA
expression in HCF. A) AT1IR mRNA expression level at 24 hrs following mock transfection
compared to AT1IR mRNA expression level of control. B) AT1IR mRNA expression level at 24 hrs
following non-target siRNA compared to AT1R mRNA expression level of mock transfection.
Each data point = mean +/- SE, n > 3. Un-paired t test was used for comparison.

158



24 hrs
A)

AFkkxk

1.2 | seokkk

Expression relative
to Non-target siRNA

B)

Expression relative
to Non-target siRNA

Figure 5.9 Optimal AT1R siRNA concentration for gene knockdown in HCF. A) ATIR mRNA
expression level of cells transfected with 20nM and 40nM siRNA directed against AT1R
compared to AT1IR mRNA expression level of cells transfected with non-target siRNA at 24 hrs
and B) AT1R mRNA expression level of cells transfected with 20nM and 40nM siRNA directed
against AT1R compared to AT1IR mRNA expression level of cells transfected with non-target
siRNA at 48hr. Each data point = mean +/- SE, n > 3. Statistical significance was determined by
a One-way ANOVA with post-hoc Dunnett’s multiple comparison test. (**** = p < 0.0001).
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5.3.11 Transfection methodology does not affect induction of AT1R expression by

doxorubicin in HCF

To investigate the role of the AT1R in the cytotoxic response of HCF to doxorubicin, siRNA-
mediated knockdown of ATIR mRNA expression was conducted using RT-qPCR. As illustrated
in Figure 5.10A, no difference in AT1R mRNA expression levels were observed between mock
transfected and non-transfected HCFs exposed to 500nM doxorubicin (p=0.27), with both
showing similar levels of ATIR mRNA induction. Similarly, a lack of difference in doxorubicin-
induced levels of ATIR mRNA were observed between cells transfected with non-targeting

siRNA relative to mock transfected cells (p=0.13; Figure 5.10B).

5.3.12 siRNA-mediated knockdown of AT1R prevents induction of AT1R expression by

doxorubicin in HCF

A significant reduction was detected in AT1IR mRNA expression level in HCF cells transfected
with the optimised 20nM AT1R siRNA, compared to cell transfected with non-target siRNA,
qualifying this approach for evaluation of the role of AT1R in cellular responses (Figure 5.10C).

The knockdown of AT1R by siRNA would be expected to mitigate any subsequent
cellular response involving upregulation of AT1R genetic (and thus protein) expression, such
as in response to doxorubicin. To confirm this direct relationship, HCF cells were transfected
with AT1R siRNA and exposed to doxorubicin. As expected, cells transfected with non-target
siRNA demonstrated an upregulation of AT1R expression in response to 500nM doxorubicin,
whereas cells transfected with AT1R siRNA showed no significant change in AT1R expression

with this anthracycline (Figure 5.10D).

5.3.13 Knockdown of AT1R expression in HCF does not affect sensitivity to doxorubicin

cytotoxicity

To assess the cytotoxic response of HCF to increased concentrations of doxorubicin after
knockdown of AT1R, cells were transfected with siRNA directed against AT1R or with non-
target siRNA and then exposed to doxorubicin. The viability assessed following exposure to
doxorubicin for a 24-,48-, and 72-hours continuous period was determined using the MTS
assay. As shown in Table 5.2, no significant difference in the cytotoxic ICso of doxorubicin was

observed with cells transfected with siRNA directed against AT1R compared to cells
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transfected with non-target siRNA, both in terms of concentration or an exposure duration

perspective.
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Figure 5.10 AT1R siRNA prevents doxorubicin-induced upregulation of ATIR mRNA
expression in HCF. A) AT1IR mRNA expression level of cells transfected with mock transfection
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and then exposed to 500nM doxorubicin compared to ATIR mRNA expression level of cells
exposed to 500nM doxorubicin alone at 24 hrs, B) ATIR mRNA expression level of cells
transfected with non-target and then exposed to 500nM doxorubicin compared to AT1R
MRNA expression level of cells transfected with mock transfection and then exposed to
500nM doxorubicin, C) ATIR mRNA expression level of cells transfected with 20nM siRNA
directed against AT1R compared to AT1IR mRNA expression level of cells transfected with non-
target siRNA at 24 hrs, and D) AT1IR mRNA expression level of cells transfected with 20nM
siRNA directed against AT1R and then exposed to 500nM doxorubicin compared to AT1R
MRNA expression level of cells transfected with non-target siRNA and then exposed to 500nM
doxorubicin and cells exposed to 500nM doxorubicin alone at 24 hrs. Each data point = mean
+/- SE, n 2 3. Un-paired t test was used for comparison or One-way ANOVA with post-hoc
Dunnett’s multiple comparison test. (**** = p < 0.0001).
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Table 5.2 No change in ICso values for doxorubicin (64 pM-5 uM) in HCF following
transfection with non-targeting or AT1R-siRNA. Data is representative of at least three
repeats and presented as IC50 +SEM. Statistical significance was determined by a One-way
ANOVA with post-hoc Dunnett’s multiple comparison test.

Cytotoxicity ICso (LM)

24 hours 48 hours 72 hours
Doxorubicin only >5 0.49+0.22 0.10+0.03
Non-target siRNA+ >5 0.40+0.21 0.15+0.09
Doxorubicin
AT1R siRNA+ Doxorubicin >5 0.54+0.35 0.18+0.10
P-value 0.41 0.90 0.76
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5.4 Discussion

While the precise mechanisms underlying AIC remain unknown, growing evidence suggests
the involvement of RAAS in AIC pathogenesis (34). Several clinical studies have evaluated the
effect of ARBs, such as telmisartan, in mitigation of AIC (see section 1.8.3.1). In this study it
has been shown that doxorubicin induces cardiomyocyte hypertrophy (Chapter 3), with this
response being mitigated by exposure to telmisartan. Doxorubicin has also been shown to
induce AT1R expression in both AC10 cardiomyocytes and HCFs (Chapter 4). However, it is still
unclear whether this hypertrophic cardiomyocyte response and increase in AT1R expression
are contributing factors in the toxicological response to doxorubicin or are bystanders
independent of AIC pathogenesis. Clarification of this is achieved by removal or elimination of
AT1R from the cellular environment, as is achieved by siRNA methodologies.

The use of siRNA as a research tool has gained significant recognition in both basic
science and drug development due to its ability to regulate gene expression (259). siRNA can
be designed to target a specific gene of interest, thereby minimising off-target effects and
offering a valuable approach for therapeutic applications. In this study, siRNA was utilised to
knock down the expression of AT1R in both AC10 cardiomyocyte and HCF, allowing for a direct
investigation into its role in AIC. In contrast to ACEi and ARBs studies which only assess an
involvement for an active angiotensin signalling pathway, gene-silencing offers a more precise
evaluation of AT1R involvement, providing mechanistic insights into the involvement of AT1R
in the pathogenesis of AIC.

Optimisation of AT1R knockdown identified 7.5 pL of transfection reagent combined
with 20nM of AT1R siRNA, with a 24-hour transfection period, for both AC10 and HCF cells.
The transfection process was not shown to affect either cellular morphology or response of
cells to doxorubicin. Furthermore, AT1R knockdown did not affect cellular cytotoxicity
responses to doxorubicin, with 1Cso values remaining unchanged between AT1R positive and
negative cells in both AC10 and HCF cells. This implies that AT1R is not necessary or involved
in doxorubicin-mediated cytotoxic response. From a clinical perspective, this observation
aligns with findings from the PRADA clinical trial which showed that inhibition of AT1R by ARB
candesartan did not prevent early markers of cardiotoxicity such as elevations in cardiac
troponin | and T, a sensitive biomarkers of cardiomyocyte injury (166, 260). Therefore, this

result reinforces the concept that AT1R may contribute to structural cardiotoxicity such as
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hypertrophy and remodelling which appears to occur independently of doxorubicin- cytotoxic
response (261).

Despite AT1R having no observable role in doxorubicin-induced cytotoxicity, it was
shown to play a central role in the adaptive response of cardiac cells to sub-toxic
concentrations of doxorubicin. Such an involvement is highly pertinent for AIC as it is the cells
which remain after the initial cytotoxic response and thus contribute to the functional aspects
of the cardiac myocardium which are of importance for potential development of cardiac
failure often associated with anthracyclines. In this study it was specifically demonstrated that
knockdown of AT1R in AC10 human cardiomyocytes mitigated doxorubicin induced
hypertrophy, confirming the central function of AT1R in mediating the hypertrophic response
of cardiomyocytes to anthracyclines. This reaffirms the actions of telmisartan, which blocked
activity of AT1R and subsequently also prevented cellular hypertrophy. This finding supports
the hypothesis that doxorubicin induces hypertrophy via AT1R-dependent mechanisms and
strengthens the central hypothesis of this study that doxorubicin requires the AT1R for its
cardiotoxic actions and blocking of angiotensin Il signalling can preserve cardiac function
during doxorubicin-based chemotherapy treatment. This also has clinical implications
particularly in explaining the interpatient variability in cardiotoxicity risk. The present study
demonstrated that doxorubicin upregulates the expression of AT1R, which is now understood
to be a critical mediator of its cardiotoxic effects. Therefore, in patients with elevated
circulating angiotensin Il levels such as those with hypertension, heart failure, or chronic
kidney disease, the upregulation of AT1R expression induced by doxorubicin may lead to
enhanced receptor availability on cardiomyocytes. Consequently, the presence of more AT1R
may amplify the cellular response to angiotensin Il and promote greater hypertrophic
responses and adverse cardiac remodelling, which may accelerate the progression to heart
failure.

AT1R is the most prevalent type of angiotensin Il receptor in the cardiovascular system
and primary responsible for mediating the well-known effects of angiotensin II,
vasoconstriction, hypertension, and the regulation of salt and water balance (115). Activation
of AT1R can trigger different cellular response include oxidative stress, hypertrophy,
fibrogenesis, inflammation, and cell death which all contributes to cardiac damage (34, 235).
Systemic knockdown of AT1R activity or expression have previously been shown to reduce the
cardiotoxicity potential of anthracyclines (170, 257, 262). Knockdown of AT1R in mice led to a

decrease in the number of apoptotic cells within cardiac tissue, attenuation of ANP levels, and
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mitigation of heart LV-remodelling in response to doxorubicin treatment (170). The
observations from knockdown of AT1R in cardiomyocytes and HCFs has advanced this
observation and has now exemplified the central requirement of AT1R within cardiac cell as
opposed to other organs of the body in the context of AIC. While previous studies have
implicated the RAAS in systemic cardiovascular pathologies, the present study builds upon this
by demonstrating that AT1R expression within cardiac cells is directly modulated by
doxorubicin exposure, and that its silencing can mitigate key structural responses such as
hypertrophy. This highlights a direct, cell-intrinsic requirement for AT1R in mediating
doxorubicin responses, specifically in cardiomyocytes and CFs, thus advancing our
understanding beyond broader systemic models.

Although angiotensin Il signalling is primarily modulated through AT1R, other
receptors are also know to bind angiotensin Il such as AT2R (118). In contrast to the effect
mediated by AT1R, AT2R activation promotes vasodilatation, prevents cellular proliferation
and counterbalances AT1R with an antihypertrophic response (118). Despite the beneficial
cardiovascular effects of AT2R receptor, the protective effects against AIC observed in this
study by telmisartan or AT1R knockdown do not support a role for AT2R in this context. Given
that AT1R blocking was able to mitigate doxorubicin-induced hypertrophy and reduce AT1R
overexpression in cardiac cells, it is clear that the protective effects in this study are mediated
through AT1R inhibition.

In conclusion, this chapter provides evidence that the presence of AT1R is essential for
the cardiomyocyte adaptive toxicological response of sub-toxic doxorubicin but is not involved
in the cytotoxicity of doxorubicin against either cardiomyocytes or CFs. Moreover, this
reinforces the fact that blocking of AT1R in cardiomyocyte can protect against the longer-term
effects of doxorubicin, including cardiac hypertrophy and upregulation of AT1R expression,

which exacerbate cardiac damage and contribute to the progressive nature of cardiac failure.

167



Chapter 6. General Discussion

Anthracyclines are a class of chemotherapeutic agents extensively utilised in the treatment of
a broad range of haematological malignancies and solid tumours, including breast, gastric, and
lung cancers (10). While their clinical efficacy is well established, with significant evidence for
treatment success and improvements in cancer survivorship, their use is strongly associated
with significant adverse effects upon the cardiovascular system (8, 9). Patients who have
received anthracycline-based therapy presented in the clinic often years later, with clinical
symptoms consistent with heart failure (14). To address this significant issue, a number of
cardioprotective strategies have been explored. Among these, heart failure therapy such as
ACEi and ARBs have been evaluated in many clinical trials for management of AIC (see section
1.8.3.1). This was based on the fact that clinical presentation of AIC is noted as being similar
to that observed with heart failure (144, 145). Clinical studies thereby highlighting the putative
relationship between angiotensin signalling and AIC. Emerging evidence suggests that
doxorubicin contributes to adverse cardiac remodelling and dysfunction by modulating RAAS
signalling pathways but the mechanism of this cardiotoxicity still elusive (34). The aim of this
study was to investigate the mechanism of AIC by assessing the morphological changes
associated with doxorubicin exposure in different cardiac cells and exploring the role of
angiotensin 1l signaling pathway, particularly AT1R, in mediating this cardiotoxicity. The
current study conducted in vitro which allows for a direct evaluation of cell responses to
doxorubicin and investigation of cellular mechanisms underlying doxorubicin-induced
cardiotoxicity without the confounding effects of systemic interactions.

Angiotensin I, a well-known effector in the RAAS, exerts its effects primarily through
the ATIR, playing a critical role in cardiac remodelling by promoting cardiomyocyte
hypertrophy and fibroblast-mediated interstitial fibrosis (206, 263). In order to address the
role for angiotensin signalling in AIC and the underpinning mechanism, qualification of the
cellular models used in this project was required. Exposure to physiological concentration of
angiotensin Il induce hypertrophy in AC10 human cardiomyocyte. This aligns with the large
body of evidence that shows the important role of angiotensin Il in mediating cardiomyocyte
hypertrophy and mediating pathogenesis of many cardiovascular diseases (221-223). The
activation of AT1R and cardiotoxic effect of anthracycline share common effects including the

induction of oxidative stress and generation of ROS, which lead to cardiomyocyte cell death
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and/or cell stress (33, 34, 48, 235). These similarities support a mechanistic link between AIC
and dysregulation of the angiotensin signalling pathway.

Interestingly, sub-toxic concentrations of doxorubicin have been shown in this study
to induce hypertrophy in AC10 human cardiomyocytes. This morphological enlargement after
exposure to doxorubicin may indicate the early response of cardiomyocytes to doxorubicin
that contributes to cardiotoxicity, potentially to maintain contractile function in response to
cellular stress (264). However, sustained hypertrophic response has been implicated in the
progression toward decrease LVEF then heart failure (265). The similarity in response between
angiotensin Il and doxorubicin further support the relationship between angiotensin Il
signalling and AIC. Both angiotensin Il and doxorubicin have been shown to independently
induce hypertrophy in AC10 human cardiomyocytes. To further investigate the interplay
between angiotensin Il and doxorubicin, this study assessed the combined effects of
angiotensin Il and doxorubicin on cell viability, cellular impedance, and morphological changes
in AC10 human cardiomyocytes. Interestingly, these findings indicate that the combination of
angiotensin Il and doxorubicin does not exacerbate the cytotoxic effects observed with
doxorubicin alone in terms of cell viability and morphology, implying that angiotensin Il and
doxorubicin induce hypertrophy and cytotoxic effects via the same pathway which support
the relationship between angiotensin Il signalling and AIC.

To address this interrelationship between angiotensin signalling and AIC, this study
evaluated the ability of ACEi and ARB, both which affect angiotensin Il activities, to affect the
cardiac cellular response to the anthracycline doxorubicin. ACEi and ARBs are both used
clinically for treatment of hypertension, reduction of LV hypertrophy, and heart failure (26,
266). The mechanism of action for both ACEi and ARBs is inhibition of angiotensin Il signalling
pathway (113). This attenuation of angiotensin Il signalling leads to reduction of cardiac
hypertrophy, hypertension, and myocardial injury. Inhibition of angiotensin Il signalling by
ACEi and ARB have been shown to confer cardioprotective effects in preclinical models of AIC,
reportedly through protection against hemodynamic and morphologic changes induced by
anthracyclines (34). In addition, the cardioprotective effect of ACEi and ARBs has extended to
mitigation of AIC in cancer patients treated with anthracycline as reported by several clinical
trials as discussed in (see section 1.8.3.1) (15, 267). These findings underscore the need for
further studies to evaluate the mechanism of AIC and its relationship with angiotensin Il
signalling, not least because systemic effects are difficult to untangle from cellular effects at

this scale. In this context, neither the ACEi enalapril nor enalaprilat (the active form of
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enalapril) mitigated the toxicological responses of doxorubicin against AC10 cells or HCFs in
vitro in this study. This is not surprising since ACE is expressed in non-cardiac tissues within
the body where it systemically converts angiotensin | into the active moiety angiotensin Il,
with no such environment (or by default ACE) present in the in vitro cellular environment
(146). Conversely, pre-treatment of AC10 cardiomyocytes with the ARB telmisartan mitigated
the hypertrophic effect induced by doxorubicin, evidenced by a reduction in the cell index
increase exhibited in the xCELLigence assay. This support the hypothesis that doxorubicin-
induced hypertrophy is mediated through the AT1R-dependent angiotensin Il signalling
pathway. Unlike telmisartan, pre-exposure of AC10 to ARBs losartan and candesartan, which
inhibit activation of the cell surface receptor for angiotensin Il, did not mitigate doxorubicin
induced hypertrophy. This difference in the effect between telmisartan and other ARBs can
be explained by the pharmacokinetics/dynamic properties of these ARBs. Telmisartan is
reported to exhibit prolonged receptor blocking and dissociates from the AT1R receptor very
slowly after binding, significantly different from other ARBs (231). This study may help explain
the differences between the ARBs in their efficacy in preventing doxorubicin induced
hypertrophy in AC10, suggesting that prolonged receptor blocking of these drugs play a role
in their protective effect.

To further investigate the underlying mechanism of AIC, its relationship with
angiotensin Il signalling, and to ascertain that the protective effect of telmisartan was through
AT1R, the mechanism of anthracycline induced hypertrophy was further explored by assessing
AT1R expression at both mRNA and protein levels in AC10 human cardiomyocytes after
exposure to doxorubicin. Previous studies have shown an upregulation of AT1R expression at
protein and mRNA levels after doxorubicin exposure in the rat myoblast H9c2 cell line. This
result was however hindered by the use of immature cardiac cell lines derived from rat
myocardium and suprapharmacological or high toxic concentrations of doxorubicin (234, 247).
By using of AC10 human cardiomyocytes, doxorubicin was shown to induce ATIR mRNA
expression, suggesting that doxorubicin exacerbates the angiotensin signalling pathway
within cardiomyocytes and consequently induce cellular hypertrophy. To increase the clinical
relevance of these findings, ATIR mRNA expression was subsequently determined in hiPSC-
CMs, which provide a more physiologically relevant human cardiac model compared to
immortalized cell lines like AC10, as they better recapitulate the electrophysiological and

contractile properties of adult human cardiomyocytes. The confirmation of doxorubicin-

170



induced AT1R mRNA upregulation in hiPSC-CMs strengthens the use of AC10 human
cardiomyocyte cell line as a model of cardiomyocyte in such mechanistic studies.

The role of AT1R in anthracycline cardiotoxicity is supported by observations from
Huang et al. (2018) who found that AT1R upregulation was required for doxorubicin-induced
cardiotoxicity by mitochondrial ROS-mediated mitogen-activated protein kinase (MAPK)
signalling pathways and heat shock factors (HSF2) activation, providing a mechanistic link
between oxidative stress, AT1R signalling, and anthracycline cardiotoxicity (247). This is
supported also by in vivo studies on rats similarly found that pre-treatment with ARBs
telmisartan and losartan can reduce the morphological and biochemical changes associated
with doxorubicin treatment and mitigate AT1R upregulation in rats (234, 257). Taken together,
the results from the study herein indicate that doxorubicin induces cardiotoxicity is largely
caused via the AT1R-mediated angiotensin Il signalling pathway and blocking of this receptor
able to mitigate cardiovascular side effect associated with doxorubicin.

Another observation is provided from Toko et al study who previously showed that
treatment with doxorubicin led to decreased heart function and histological anomalies like
myofibrillar loss, an increase in apoptotic cells, and cytoplasmic vacuolization in WT mice
(170). However, AT1R knockout mice (AT1KO) and the WT mice given an AT1R antagonist
(Olmesartan) did not experience these negative effects (170). In this study, the knockdown of
AT1R in AC10 human cardiomyocytes has investigated and showed that it did indeed mitigate
doxorubicin induced hypertrophy and prevent AT1R upregulation at mRNA level in AC10
human cardiomyocytes, confirming that AT1R upregulation is required for hypertrophic
response after exposure to doxorubicin. This finding supports the hypothesis that doxorubicin
induces hypertrophy via AT1R-dependent mechanisms and further support the involvement
of RAAS in AIC. This also has important clinical implications, particularly in explaining inter-
patient variability in cardiotoxicity risk. The present study demonstrated that doxorubicin
upregulates the expression of AT1R, which has now been shown to be essential for mediating
the hypertrophic response to anthracycline treatment. In patients with elevated circulating
angiotensin Il levels such as those with hypertension, heart failure, or chronic kidney disease,
this upregulation of AT1R would provide more receptors for angiotensin Il to activate,
potentially amplifying AT1R signalling. This interaction may contribute to heightened
cardiotoxic susceptibility in these patient populations (32).

The heart composes of different cells, CFs considered the most abundant cells in the

myocardium which provide support to contracting cardiomyocytes and maintaining ECM
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composition through regulation of MMP (211). However, there are limited studies on the role
of CFs in developing AIC compared to cardiomyocytes (198). A study on neonatal rat heart
cells showed that fibroblast and endothelial cell is more sensitive to doxorubicin than
cardiomyocytes, with toxicity assessed via metabolic inhibition, morphological changes, and
functional impairments. (268). These findings suggest that AIC extends beyond
cardiomyocytes, involving a complex interplay between multiple cardiac cell types. To assess
the doxorubicin effect on non-myocytes cell types, CFs were included in this study. This study
has demonstrated that neither physiological relevant concentrations of angiotensin Il nor sub-
toxic concentrations of doxorubicin affect the morphology of CFs. The difference in response
between cardiomyocytes and CFs is likely due to their distinct cellular functions and the
specific receptors and signalling pathways present in each cell type. Cardiomyocytes exhibit
morphological enlargement to increase contractile force, while fibroblasts proliferate and
produce ECM components in response to stress signals like angiotensin Il and doxorubicin
(264). In addition, mitochondria play a crucial role in mediating the differential response of
cardiomyocytes and CFs to angiotensin Il and doxorubicin. Cardiomyocytes are highly rich in
mitochondria for energy production due to their continuous contractile function and have a
lower level of antioxidant, making them susceptible to mitochondrial dysfunction induced by
ROS formation and oxidative stress (216). Doxorubicin is known to accumulate in
cardiomyocyte mitochondria, leading to increased ROS generation, mitochondrial DNA
damage, and cell death (33, 48). In contrast, CFs, while also reliant on mitochondrial function,
have a lower energy demand, less oxygen consumption, and fewer number of mitochondria
than cardiomyocytes (217). These reasons explain the doxorubicin-induced hypertrophy in
cardiomyocytes but not CFs and the lower ICso observed in AC10 cells compared to HCF which
reflects a greater sensitivity of cardiomyocytes to doxorubicin. This however does not
preclude an involvement of HCF in the hypertrophic response of cardiac tissue to angiotensin
Il, as several studies have now highlighted a cell-communication relationship between
cardiomyocytes and HCF in this regard. Co-culture of CFs and cardiomyocyte would allow for
more physiological environment and a complete assessment of the effect of doxorubicin and
the role of angiotensin Il signaling pathway on both cells. Studies highlight the contribution of
fibroblast-mediated paracrine signalling in exacerbating cardiomyocyte injury. For example,
angiotensin Il has been shown to stimulate the release of exosomes, nanoparticles that
mediate cell communication, from CFs and CF-derived exosomes can induce the AT1R and

augment the hypertrophy in cardiomyocyte (228). Many studies have assessed the effect of
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angiotensin Il on stimulation of rat cardiac myocytes or H9c2 cell line hypertrophy using
conditioned media collected from cultured CFs or co-culture of both cell types in the same
well and found that angiotensin || mediates cardiomyocyte hypertrophy through activation
paracrine signalling pathway from CFs (225-227). In the context of doxorubicin exposure, it
has been demonstrated that CFs affect cardiomyocyte apoptosis through paracrine
mechanism. These studies demonstrate the critical role paracrine signalling plays in heart
function and support the importance of CFs which also could be target of cardiotoxicity caused
by anthracycline.

Interestingly, findings from this study have demonstrated doxorubicin induced AT1R
upregulation in HCF at both the mRNA and protein level, with AT1R silencing preventing this
upregulation, suggesting that non-myocyte also targeted by doxorubicin and confirming the
role of angiotensin Il signalling in doxorubicin induced cardiotoxicity. Previous studies have
demonstrated that AT1R activation in fibroblasts initiates intracellular signalling cascades that
lead to myofibroblast differentiation. This process is marked by enhanced a-SMA expression,
upregulated pro-fibrotic signalling such as TGF-B, and induced endothelin-1 (ET-1) production
(269). AT1R protein expression in HCF after doxorubicin exposure is increased and correlates
with the increase in mRNA levels, suggesting efficient translation to protein. However, in this
study AT1IR mRNA levels did not change after angiotensin Il exposure in HCF, suggesting that
fibroblasts may regulate AT1R expression differently from cardiomyocytes. Angiotensin Il
might induce downstream pro-fibrotic signalling such as TGF-B activation without necessarily
increasing AT1R mRNA levels as evidence showed that RAAS and TGF-B are promoting cardiac
remodelling by acting as part of a signalling network (270). This finding highlights the
important of RAAS activation in AIC, the broader impact of doxorubicin-induced cardiac injury
beyond cardiomyocytes, and the importance to consider paracrine signalling in this toxicity.
Further studies on other cell types in the heart such as endothelial cells are warranted to

provide full assessment on the direct effect of doxorubicin on AT1R.

6.1 Conclusion

The current study provides evidence that RAAS is involved in the pathogenesis of AIC,
demonstrating that doxorubicin directly affects cardiomyocytes and CFs through AT1R-
dependent mechanisms. Angiotensin Il and doxorubicin can independently induce
hypertrophy in cardiomyocytes accompanied by upregulation in AT1R expression at mRNA

level. Moreover, silencing of AT1R by siRNA mitigates this hypertrophy, confirming that AT1R
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upregulation is required for hypertrophic response after exposure to doxorubicin and
disturbing of angiotensin Il signalling pathway can reduce the toxic effect of doxorubicin.
Furthermore, this study demonstrated that toxic effect of anthracycline extends beyond
cardiomyocytes, involving CFs. Doxorubicin-induced AT1R upregulation in fibroblasts and
silencing of AT1R in CFs by AT1R siRNA prevented doxorubicin-induced AT1R upregulation.
These findings provide a deep understanding of the important of RAAS in the pathogenesis of
AIC and support the use of drugs that disturbing angiotensin Il signalling in mitigation of

adverse cardiac effect after anthracycline therapy.

6.2 Limitations and future directions

An important future direction would involve the use of patient-specific hiPSC-CMs. While this
study utilised commercially available hiPSC-CMs and AC10 cells to model the cardiac response,
patient-specific hiPSC-CMs would offer a more personalised relevant system. This approach
would allow for the assessment of inter-individual variability in AT1R expression and
doxorubicin sensitivity, potentially identifying factors that predispose certain individuals to
AIC. Moreover, studying AT1R regulation in patient-specific hiPSC-CMs could help in the
development of predictive biomarkers or targeted therapeutic interventions. Ultimately,
integrating patient-specific hiPSC-CMs models into future studies would strengthen the
translational potential of this work.

In addition, there is a need to examine the role of other relevant cell types, such as
endothelial cells which are known to contribute to cardiac injury, inflammation, and repair
processes. Furthermore, the current experiments were conducted in monolayer cultures,
either cardiomyocytes or CFs. Co-culture systems combining cardiomyocytes and fibroblasts
could provide a more realistic model of the myocardial environment, especially when studying
the role of paracrine signalling in mediating hypertrophy of cardiac cells after angiotensin Il
and doxorubicin exposure. These models could offer deeper insight into how different cell
populations respond collectively to doxorubicin exposure.

Finally, this study demonstrated that doxorubicin exposure leads to a significant
increase in AT1R mRNA levels in both AC10 cardiomyocytes and CFs. Importantly, knockdown
of AT1R attenuated this upregulation, suggesting a direct involvement of the ATI1R in
mediating the cardiotoxic effects of doxorubicin. However, to fully establish the mechanistic
link between doxorubicin and AT1R induction, further studies are required to explore the

intracellular pathways responsible for this response. Understanding how doxorubicin drives
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AT1R expression at the molecular level would clarify how angiotensin signalling activated in

cardiac cells.
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Appendices

Appendix A: xCELLigence output

A) Angiotensin ll-induced hypertrophy of AC10 cardiomyocytes (xCELLigence output)
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B) AC10 cardiomyocytes exposed to different concentrations of Doxorubicin
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D) HCF exposed to different concentrations of Doxorubicin ( xCELLigence output)
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G) Mitigation of doxorubicin-induced hypertrophy of AC10 cardiomyocytes (XxCELLigence

output) using Telmisartan
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Appendix B: Western Blots

A) Uncropped western blot for AC10 cells when exposed to different concentrations of

doxorubicin for 4 hours.
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C) Uncropped western blot for AC10 cells when exposed to different concentrations of

doxorubicin for 16 hours.
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E) Uncropped western blot for AC10 cells when exposed to different concentrations of
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F) Uncropped western blot for AC10 cells when exposed to different concentrations of

doxorubicin for 72 hours.
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G) Uncropped western blot for AC10 cells when exposed to different concentrations of

doxorubicin for 96 hours.
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H) Uncropped western blot for HCF cells when exposed to different concentrations of

doxorubicin for 4 hours.
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1) Uncropped western blot for HCF cells when exposed to different concentrations of

doxorubicin for 8 hours.
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J) Uncropped western blot for HCF cells when exposed to different concentrations of

doxorubicin for 16 hours.
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K) Uncropped western blot for HCF cells when exposed to different concentrations of

doxorubicin for 24 hours.
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M) Uncropped western blot for HCF cells when exposed to different concentrations of

doxorubicin for 72 hours.
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Appendix C: Compositions of solution and gel for western blot

Table A.

Chemical

Tris HCl pH 7.5

EGTA

EDTA

Sodium Chloride

Triton x100

DTT

Mini protease inhibitor
tablet (Roche, Germany)
dH>0

Table B.

Chemical

dH>0

Buffer A

(1.5M Tris-HCI with 10%
SDS)

Acrylamide

APS

TEMED

Table C.

Chemical

dH>0

Buffer B

(0.5M Tris-HCl with 10%
SDS)

Acrylamide

APS

TEMED

Table D.

Chemical
Glycine
Tris

SDS
dH,0

Lysis buffer composition

Stock

1M

0.5M

0.5M

5M

10%

1M

1 tablet per 50ml of
lysis buffer

Stock

30%
10%

Stock

30%
10%

Composition of running buffer

Concentration
7.1% (w/v)
1.5% (w/v)
0.5% (w/v)
To volume
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Volume
1mL
100 pL
100 pL
660 pL
2mL
20 pL

15.98 mL

Tris-glycine Sodium Dodecyl Sulphate (SDS)-Polyacrylamide 10% loading gel

Volume
1.67ml
S5ml

3.33ml
100ul
10ul

Tris-glycine Sodium Dodecyl Sulphate (SDS)-Polyacrylamide 5% stacking gels

Volume
1.45ml
2.5ml

ImL
50ul
Sul



Table E. Composition of transfer buffer

Chemical Concentration
Glycine 11.26% (w/v)
Tris 3% (w/v)
dH>0 To volume

Table F. Composition of Tris-buffered saline with Tween-20 (TBS-T)
Chemical Concentration
NaCl 14.62% (w/v)

Tris 1.21% (w/v)
dH>0 To volume
Adjust pH to 7.5 with 6M HCl

Tween-20 0.1% (v/v)

Table G. Composition of Acid Stripping Buffer
Chemical Concentration
Glycine 1.5% (w/v)

SDS 0.1% (w/v)
Tween-20 1% (v/v)
dH>0 To volume

Adjust pH to 2.2 with concentrated HCI
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Appendix D: Conference Abstracts

A) 22nd International Congress of the European Society of Toxicology In Vitro: Prague,
Czech Repubilic, 3rd — 6th June 2024
Primary author: “Interplay between cardiomyocytes and cardiac fibroblasts in
cardiotoxicity caused by anthracyclines, involvement of the angiotensin-signalling
pathway”

Delayed cardiotoxicity is a major clinical issue with anthracyclines and cancer treatment, with
the effectiveness of these therapeutics limited by life-threatening heart failure. In recent
studies, drugs interfering with the angiotensin-signalling system have shown promise in the
reduction of anthracycline-induced cardiotoxicity (AIC) in the clinic. Unfortunately, the
mechanisms underpinning mitigation of AIC by these drugs remains unclear. We have
previously shown both angiotensin Il stimulation and exposure to sub-therapeutic
concentrations of the anthracycline doxorubicin induce cellular hypertrophy in human
cardiomyocyte cells, an effect associated with a significant upregulation of expression of the
angiotensin receptor (AT1R). In contrast, our recent studies have demonstrated that no such
morphological changes are observed in primary human cardiac fibroblasts (HCF). However,
despite no observable structural change to HCF, exposure to doxorubicin did cause a time and
concentration-dependent increase in AT1R expression. This suggests a potential interplay
between these two cell types of the myocardium in AIC, involving crosstalk of the angiotensin-
signalling pathway. From a therapeutic perspective, the hypertrophic response of
cardiomyocytes was mitigated by pre-exposure to the angiotensin-receptor blocking drug
telmisartan, offering an explanation for the cardioprotective effects of blocking angiotensin-
signalling in AIC. In addition, AC10 sensitivity to Doxorubicin was mitigated by knockdown of
AT1R using small interfering RNA. Together these findings support an involvement for
angiotensin signalling in drug-induced hypertrophy and subsequent cardiotoxicity, with scope

for interaction of this pathway for mitigation of chronic cardiotoxicity in the clinic.
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Interplay between cardiomyocytes and cardiac fibroblasts in cardiotoxicity
caused by anthracyclines, involvement of the angiotensin-signalling pathway

Ray Alsuhaibanil?, Laura booth?2,

Gavin Richardsons3, Jason Gill2

ITransitional and Clinical Research Institute, Faculty of Medical Sciences, Newcastle University, UK
2School of Pharmacy, Faculty of Medical Sciences, Newcastle University, UK
3 Biosciences Institute, Newcastle University, UK
E-mail: r.alsuhaibani2@newcastle.ac.uk

Introduction

The effects of anthracyclines, such as doxorubicin, on the cardiovascular system are one of the major toxicological challenges of cancer treatment. Despite
clinical efficacy, these therapeutics are associated with significant drug-induced cardiotoxicity, resulting in delayed, irreversible and life-threatening heart failure.
Consequently, a greater understanding of the molecular mechanisms responsible for these toxicities and identification of strategies to mitigate these effects are

of the upmost importance. Recently, clinical studies have demonstrated admini

stration of drugs targeting the angiotensin system have potential to mitigate

anthracycline-induced cardiotoxicity. However, the mechanisms responsible for these effects are as yet unknown. Understanding of the molecular pathways
involved in these effects at the cellular level will significantly improve our understanding of anthracycline-induced cardiotoxicity and its management.

Study Aims

Characterise the effects of sub-toxic concentrations of doxorubicin upon human cardiomyocytes (AC10 cells) and human cardiac fibroblasts (HCF)
Determine degree of morphological change in AC10 and HCF cells in response to doxorubicin, in presence and absence of angiotensin I
Evaluate expression of angiotensin Il receptor (AT1R) in both AC10 and HCF, in response to doxorubicin

Assess effects of AT1R knockdown upon cellular responses to doxorubicin

Results

. Doxorubicin induces cellular hypertrophy in AC10-Cardiomyocytes

2. Doxorubicin Does Not Induce Morphological Change of Cardiac Fibroblasts
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AC10 cardiomyocytes in the plateau growth phase were exposed to 300pM angiotensin Il, 50nM
Doxorubicin, and their combination for 48 hours, with the responses monitored non-invasively and in
real-time by xCELLigence cell analysis.

Doxorubicin and Angiotensin Il both induced significant increases in cell index.

Human cardiac fibroblasts (HCF) were exposed to 300pM angiotensin II, 50nM Doxorubicin, and their
combination for 48 hours, with the responses monitored non-invasively and in real-time by
XCELLigence cell analysis.

Doxorubicin and Angiotensin Il did not induce significant increases in cell index
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Cellular viability determined = Cell morphology determined fluorescently (x20 magnification) using
by MTS assay. Green actin tracking staining and cell surface area calculated by
No significant change in ImageJ software.

cell survival or viability = Doxorubicin and Angiotensin Il both resulted in increased cell
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Cell morphology determined fluorescently ( x20 magnification) using
Green actin tracking staining and cell surface area calculated by
ImageJ software.

Doxorubicin and Angiotensin Il do not cause change in cell size

= Cellular viability determined
by MTS assay.

= No significant change in
cell survival or viability
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relevant sub-toxic concentrations of Doxorubicin (0-500nM), genetic
expression of AT1R determined by quantitative RT-PCR.
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. R i = Human cardiac fibroblasts were exposed for 4-24 hours to clinically | _ >
AC10 cardiomyocytes were exposed for 4-24 hours to clinically of N

relevant sub-toxic concentrations of Doxorubicin (0-500nM) and
genetic expression of AT1R determined by quantitative RT-PCR.

= At 24 hours post-exposure to 500nM doxorubicin, a significant

= AC10 cardiomyocytes were knockdown using
siRNA technique for 24 hours then exposed to
100nM Doxorubicin for 24 hours, genetic
expression of AT1R determined by quantitative
RT-PCR.

= Cellular viability determined by MTS assay.

= No significant change in cell survival or
viability was identified

= At 24 hours post-exp to 100nM a N > "
1.5-fold i in ATR gene exp was observed oo 2-fold increase in AT1R expression was observed. P
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= HCF were knockdown using siRNA technique for 24
hours then exposed to 500nM Doxorubicin for 24
hours, genetic expression of AT1R determined by
quantitative RT-PCR.

= 24 hours post-transfection, a significant
decrease in AT1R gene expression was observed

= Cellular viability determined by MTS assay.

= No significant change in cell survival or
viability was identified
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= Cell morphology determined fluorescently (x20 magnification) using Green actin tracking staining and
cell surface area calculated by ImageJ software.
At 48 hours post: to 40nM i
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Conclusion

Angiotensin Il and doxorubicin induce cellular hypertrophy of AC10 human
cardiomyocytes, but not human cardiac fibroblasts.

Expression of angiotensin type-1 receptor (AT1R) is induced by doxorubicin in both
cardiomyocytes and cardiac fibroblasts.

Activation of the angiotensin signaling pathway is implicated in cellular hypertrophy of
cardiomyocytes.

and cardiac fibroblasts of the
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B) British Toxicology Society Annual Congress: Birmingham, April 17th — 19th 2023
Primary author: “Identification of the molecular mechanisms of anthracycline-
induced cardiotoxicity and its relationship with renin-angiotensin system in different
types of human cardiac cell lines”.

Awarded a student bursary to attend the BTS annual symposium.

Delayed cardiotoxicity is a major clinical issue with anthracyclines and cancer treatment, with
the effectiveness of these therapeutics limited by life-threatening heart failure. In recent
studies, drugs interfering with the angiotensin-signalling system have shown promise in the
reduction of anthracycline-induced cardiotoxicity (AIC) in the clinic. Unfortunately, the
mechanisms underpinning mitigation of AIC by these drugs remains unclear. We have
previously shown both angiotensin Il stimulation and exposure to sub-therapeutic
concentrations of the anthracycline doxorubicin induce cellular hypertrophy in human
cardiomyocyte cells, an effect associated with a significant upregulation of expression of the
angiotensin receptor (AT1R). In contrast, our recent studies have demonstrated that no such
morphological changes are observed in primary human cardiac fibroblasts (HCF). However,
despite no observable structural change to HCF, exposure to doxorubicin did cause a time and
concentration-dependent increase in AT1R expression. This suggests a potential interplay
between these two cell types of the myocardium in AIC, involving crosstalk of the angiotensin-
signalling pathway. From a therapeutic perspective, the hypertrophic response of
cardiomyocytes was mitigated by pre-exposure to the angiotensin-receptor blocking drug
telmisartan, offering an explanation for the cardioprotective effects of blocking angiotensin-
signalling in AIC. In addition, the upregulation of expression of the AT1R was mitigated by
knockdown of AT1R using small interfering RNA. Together these findings support an
involvement for angiotensin signalling in drug-induced hypertrophy and subsequent
cardiotoxicity, with scope for interaction of this pathway for mitigation of chronic

cardiotoxicity in the clinic.
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Introduction

The effects of anthracyclines, such as doxorubicin, on the cardiovascular system are one of the major toxicological challenges of cancer treatment. Despite
clinical efficacy, these therapeutics are associated with significant drug-induced cardiotoxicity, resulting in delayed, irreversible and life-threatening heart failure.
Consequently, a greater understanding of the molecular mechanisms responsible for these toxicities and identification of strategies to mitigate these effects are
of the upmost importance. Recently, clinical studies have demonstrated administration of drugs targeting the angiotensin system have potential to mitigate
anthracycline-induced cardiotoxicity. However, the mechanisms responsible for these effects are as yet unknown. Understanding of the molecular pathways
involved in these effects at the cellular level will significantly improve our understanding of anthracycline-induced cardiotoxicity and its management.

Study Aims

+  Characterise the effects of sub-toxic concentrations of doxorubicin upon human cardiomyocytes (AC10 cells) and human cardiac fibroblasts (HCF)
»  Determine degree of morphological change in AC10 and HCF cells in response to doxorubicin, in presence and absence of angiotensin Il
»  Evaluate expression of angiotensin Il receptor (AT1R) in both AC10 and HCF, in response to doxorubicin

+  Assess effects of AT1R blockade upon cellular responses to doxorubicin

Results

1. Doxorubicin induces cellular hypertrophy in AC10-Cardiomyocytes

2. Doxorubicin Does Not Induce Morphological Change of Cardiac Fibroblasts
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= AC10 cardiomyocytes in the plateau growth phase were exposed to 300pM angiotensin Il, 50nM
Doxorubicin, and their combination for 48 hours, with the responses monitored non-invasively and in
real-time by xCELLigence cell analysis.

= Doxorubicin and Angiotensin Il both induced significant increases in cell index.

= Human cardiac fibroblasts (HCF) were exposed to 300pM angiotensin Il, 50nM Doxorubicin, and their
combination for 48 hours, with the responses monitored non-invasively and in real-time by
XCELLigence cell analysis.

= Doxorubicin and Angiotensin Il did not induce significant increases in cell index

Conrol angiotensin i

Doxorubicn

nglotensin I

= Cellular viability determined = Cell morphology determined fluorescently (x20 magnification) using
by MTS assay. Green actin tracking staining and cell surface area calculated by

= No significant change in ImageJ software.
cell survival or viability = Doxorubicin and Angiotensin Il both resulted in increased cell
was identified size

Cellular viability determined = Cell morphology determined fluorescently ( x20 magnification) using
by MTS assay. Green actin tracking staining and cell surface area calculated by

No significant change in ImageJ software.

cell survival or viability = Doxorubicin and Angiotensin Il do not cause change in cell size
was identified of human cardiac fibroblasts

3. Doxorubicin induced expression of angiotensin

4. Doxorubicin induced

P jon of angi " 5. Angi PR P ion of

receptor (ATIR) in AC10-cardiomyocytes. r ptor (ATIR) in |

diac fibrob r ptor (ATIR) in cardiac fibr biz but
not AC10-cardiomyocytes.

= AC10 cardiomyocytes were exposed for 4-24 hours to clinically = Human cardiac fibroblasts were exposed for 4-24 hours to
clinically relevant sub-toxic concentrations of Doxorubicin (0-
500nM) and genetic expression of AT1R determined by

relevant sub-toxic concentrations of Doxorubicin (0-500nM) and
genetic expression of AT1R determined by quantitative RT-PCR.
quantitative RT-PCR.

At 16 hours post-exposure to 250nM doxorubicin, a
significant 1.7-fold increase in AT1R expression was
observed.

At 16 hours post-exposure to 500 doxorubicin, a significant
1.5-fold increase in AT1R expression was observed.
At 24 hours post-exposure to 100nM doxorubicin, a = At 24 hours post-exposure to 500nM doxorubicin, a

= AC10 cardiomyocytes and Human cardiac fibroblasts were
exposed for 24 hours to either Angiotensin Il (300pm) or
Doxorubicin (50nM) and genetic expression of AT1R determined
by quantitative RT-PCR.

= A signifi 2-fold in AT1R (J i was
observed in response to Angiotensin in HCF, but not
cardiomyocytes

significant 1.5-fold increase in AT1R expression was significant 2-fold increase in AT1R expression was
observed. observed.
6. Blockade of the A i jiti Doxoru ind| Conclusion

Hypertrophy of AC10 cardiomyocytes
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54M Telmisartan A ‘
480°

\
et

Telmisartan addition

AC10 cardiomyocytes in the plateau growth phase were pre-exposed to
the Angiotensin Receptor Blocker (ARB) drug, telmisartan (5uM), for 24
hours, with the responses monitored non-invasively and in real-time by
XCELLigence cell analysis.

AT1R blockade attenuates the hypertrophic effect of doxorubicin.

= No si change in cell survival or viability was identified

Angiotensin Il and doxorubicin induce cellular hypertrophy of AC10 human
cardiomyocytes, but not human cardiac fibroblasts.

Expression of angiotensin type-1 receptor (AT1R) is induced by doxorubicin in both
cardiomyocytes and cardiac fibroblasts.

Expression of angiotensin type-1 receptor (AT1R) is induced by angiotensin Il only in
human cardiac fibroblasts, not cardiomyocytes.

Activation of the angiotensin signaling pathway is implicated in cellular hypertrophy of
cardiomyocytes.
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C) British Toxicology Society Annual Congress: Gateshead, April 4th — 6th 2022
Primary author: “Interplay of the angiotensin signalling pathway in anthracycline-
induced cardiotoxicity of different cell types of the myocardium”.

Cardiotoxicity is a major complication of anthracycline chemotherapy, used in the
management of many cancer types, impacting the quality of life and patient survivorship.
Consequently, greater understanding of the molecular mechanisms responsible for these
toxicities, and identification of therapeutic strategies to mitigate cardiotoxicity are important.
Recently, drugs interfering with the angiotensin-signalling system have shown promise in the
reduction of anthracycline-induced cardiotoxicity. The aim of this study was to examine the
role of angiotensin Il in mediating anthracycline-induced cardiotoxicity, in both human adult
cardiomyocytes (AC10 cell line) and human primary cardiac fibroblasts. Whereas angiotensin
I and the anthracycline doxorubicin induced cellular hypertrophy in cardiomyocytes, no such
morphological change was observed in cardiac fibroblasts. The hypertrophic response in
cardiomyocytes was mitigated by pre-exposure to clinically-utilised angiotensin receptor
blocker (ARB) drugs; implicating these effects were mediated through the angiotensin
receptor. In terms of the cardiac fibroblasts, although no morphological changes were
observed, a significant difference in cellular viability was observed between cells treated with
doxorubicin alone and cells treated with doxorubicin in combination with angiotensin Il. These
differential cellular response of cardiomyocytes and cardiac fibroblasts to anthracyclines and
angiotensin Il implicates a potential interplay between these two cell types of the myocardium
in anthracycline-induced cardiotoxicity, with potential for mitigation of this toxicity through

interference of the angiotensin-signalling pathway in the clinic.
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Cardiotoxicity is a major complication of many anticancer therapies, particularly anthracyclines, impacting the quality of life and overall survival of patients. Consequently,
greater understanding of the molecular mechanisms responsible for these toxicities, and identification of therapeutic strategies to mitigate and overcome these toxicities
are significantly important. Recently, clinical studies have demonstrated that administration of drugs that act upon the angiotensin system may reduce the cardiotoxicity of
anthracyclines. However, despite showing promise, the molecular mechanisms responsible for toxicity mitigation are currently unknown.

To determine the role of angiotensin Il in mediating anthracycline induced cardiotoxicity

To evaluate differential responses of human cardiomyocytes (AC10 cell line) and human cardiac fibroblasts (HCF) to anthracyclines in the presence/absence of
angiotensin Il

+  Changes in cellular morphology and survival of AC10 and HCF following S e _
exposure to clinically relevant concentrations of angiotensin I, the
anthracycline doxorubicin, and a panel of angiotensin receptor blockers,
were monitored in vitro in real-time by cellular impedance (xCELLigence
system) (Figure 1)

. Cellular viability in response to these agents was determined in parallel by

Figure 1 : A: xCELLigence system consists of a Iaptop control unit and an instrument (kept at 37C/5% coz) to
the MTS tetrazolium-salt assay.

monitor cell behaviour. Cells were seeded in specialized 16-well plates. B: Principle of xCELLigence system. The
electrons flow will be impeded if there is increase in cell number or change in cellular morphology.

Figure 2: Angi in Il il morp i hange and hypertrophy in AC10|| Figure 3: Doxorubicin ind morphological change and hypertrophy in AC10
cardlomyocytes but not human cardlac flbroblasts cardiomyocytes but not human cardiac fibroblasts
" - -
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AC10 cardiomyocytes (A) and HCF (B) were exposed to 300pM angiotensin Il for 96 hour, with cellular responses || AC10 cardiomyocytes (A) and HCF (B) were exposed to doxorubicin (S0nM) in presence or absence of angiotensin
determined by xCELLigence assay. Changes in cellular impedance were not associated with a changes in viable ||!! (300pM), with changes in cellular impedance determined by xCELLigence assay. Changes in cellular impedance

cell number, as determined in parallel by MTS assay, for AC10 (€) or HCF (D). were not associated with changes in viable cell number, as determined in parallel by MTS assay, for either AC10
(C) or HCF (D).
» Angiotensin Il induces hypertrophy of cardiomyocytes, but not cardiac fibroblasts. » Doxorubicin induces hypertrophy of cardiomyocytes, but not cardiac fibroblasts.

P Angiotensin Il further increases doxorubicin-induced hypertrophy of cardiomyocytes

Figure 4: Blockade of the Angi R Figure 5: Angi in Il miti icity of || Figure 6: Blockade of Angi in Receptor red
iti doxor induced hypertrophy of AC10 doxorubicin against human cardlac f'br°b|35t5 toxicity of doxorubicin against AC10 cardiomyocy
cardiomyocytes but not AC10 cardiomyocytes but not human cardiac fibroblasts
- —_— rw B
500M Doxorubicin ' Doxorubicin ICs,
50nM Doxorubicin + Telmisartan Peaae—— (nm)
Telmvmi/fv/, Drug Treatment HCF AC10
Doxorubicin Alone 240+ 23+
/ Doxorubicin+ Telmisartan 200 + 114 =
Doxorubicin+ Losartan 210+ 60+
S Doxorubicin+ Candesartan 240 £ 19+
Pre-exposure to the Angiotensin Receptor Blocker (ARB) drug, telmisartan
(a::\:z'( ;ocrl DZ:Er:?:r:y::t;::a;:;:&T":;Zifggiii‘;;fz:i;;doxo""bidn Pre-exposure to Angiotensin Receptor Blocker (ARB) drugs (5uM) does

not affect cytotoxicity of doxorubicin against human cardiac fibroblasts.

HCF (A) and ACIO (B) were exposed to S0nM doxorubicin in| (a).reiricartan. (8): Losartan, (C):Candesartan. (n=3)

PHypertraphlc response of doxorubicin against AC10 presence of angiotensin Il (0-300pM) for 96 hour, with cellular
“ tes involves s ing  through the i i ;i:;‘:;{,icin alone by MTS assay. *pe0.05 *7p<0.01, relative to » Doxorubicin toxicity against human fibroblasts does not
L receptor. involve activation of the angiotensin receptor

» Angiotensin Il produces a protective effect against » Doxorubicin toxicity against AC10 cardiomyocytes involves
doxorubicin in cardiac fibroblasts but not in AC10|| the angiotensin receptor

cardiomyocytes.

Conclusion

« Angiotensin |l and doxorubicin induce cellular hypertrophy of AC10 human cardiomyocytes, but do not cause these effects in human cardiac fibroblasts.

« Activation of the angiotensin signaling pathway is implicated in both cellular hypertrophy and cytotoxicity of cardiomyocytes.

* Doxorubicin-induced activation of the angiotensin signaling pathway is not involved in the cytotoxic action of doxorubicin against human cardiac fibroblasts.
* In contrast to cardiomyocytes, exposure to angiotensin reduces doxorubicin-induced cytotoxicity against human cardiac fibroblasts

» Differential and potentially opposing r to i in and the anthracycline doxorubicin are demonstrated by both human card:ac ﬁbroblusts and human
cardiomyocytes, with significant lmpllcutlons for clinical mitigation and management of this toxicity through interference with the
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