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Lay Abstract

High density lipoproteins are known to protect against cardiac stress and
cardiovascular disease. The scavenger receptor class B type I is a high affinity high
density lipoprotein receptor, though its role in mediating the protective effects of high
density lipoprotein on the heart has yet to be thoroughly examined. We have shown that
high density lipoprotein protects against different types of cardiomyocyte death induced
by various stressors on the heart, and that in each case, high density lipoprotein requires
the scavenger receptor class B type | to trigger downstream cardioprotective signaling

through phosphoinositide 3-kinase, and protein kinase B.



Abstract

Cardiovascular disease and cancer are the leading causes of death in Canada and
are a major burden to the health of developed societies. Three quarters of all
cardiovascular related deaths are due to ischemic heart disease and heart attack.
Doxorubicin is an effective and commonly used chemotherapeutic that has deleterious
side effects including cardiotoxicity and heart failure, thereby limiting its long term use.
In a recent study both reconstituted and native high density lipoprotein particles provided
protection against doxorubicin-induced cell death in vitro, and a number of studies have
implicated high density lipoprotein in protection against myocardial ischemia. As high
density lipoprotein provides protection to cardiomyocytes undergoing cardiotoxic stress,
or ischemic stress, we postulate that it may be a notable target for protection against the
deleterious effects of cardiac stress. The scavenger receptor class B type I is a high-
affinity high density lipoprotein receptor, and its role in facilitating high density
lipoprotein mediated signaling in the cardiomyocyte has yet to be assessed. Here we
have evaluated whether increasing high density lipoprotein protects cardiomyocytes and
the heart against cardiotoxic or ischemic stress, and the signaling mechanisms involved.
We have shown that increasing plasma high density lipoprotein attenuates the cardiotoxic
effects of doxorubicin, and that high density lipoprotein protects isolated cardiomyocytes
against necrosis induced by simulated ischemia. Our findings presented here demonstrate
a critical role for cardiomyocyte scavenger receptor class B type 1 in facilitating high

density lipoprotein mediated protection. We have also identified phosphoinositide 3-



kinase and protein kinase B as downstream mediators in the cardioprotective signaling

cascade by high density lipoprotein and the scavenger receptor class B type I.
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Chapter 1.  General Introduction

1.1. Cardiac Health and Stress

The heart, a vital organ of life, faces the obstacle of functional recovery following
injury caused by stressors such as myocardial ischemia or drug induced cardiotoxicity.
The heart is severely limited in its ability to regenerate cardiomyocytes as their
proliferative capacity is low (1). Although researchers have identified cardiomyocytes
being replaced in the adult heart, due to low capacity for regeneration the heart is unable
to compensate for severe cardiomyocyte loss due to myocardial ischemia or
cardiotoxicity (2, 3). Following cardiac injury the heart cannot replace dead
myocardium, and so it attempts to replace lost tissue with fibrotic deposition, or
hypertrophic remodelling (4). Ultimately, loss of cardiomyocytes compromises cardiac
contractility and can lead to heart failure (4). The obstacle of limited regeneration
highlights the importance of protecting the heart against the initial cardiac stress and

thereby preventing cardiomyocyte loss.

1.2. Cardiac Stress; Doxorubicin Induced Cardiotoxicity

Cancer is a leading cause of death in developed societies (5). The two most
commonly used anthracycline-based chemotherapeutics for both children and adults are
doxorubicin (DOX) and daunorubicin. Terminal half life of DOX in humans is 24-48 h,
and for a single dose of 60mg/m?, the peak plasma concentration is 2-6ug/mL (6, 7).
DOX’s pleiotropic use is highlighted by its ability to treat tumors of both solid and
hematologic origin (8), though anthracycline therapeutics including DOX are limited in
their long-term use due to dose-dependent cardiotoxicity (9). The cardiotoxic side effects

range from less severe asymptomatic left ventricular dysfunction, to problematic

1
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arrhythmias and severe symptomatic congestive heart failure (CHF) (8, 9). The estimated
cumulative percentage of patients with CHF was 5% in patients receiving a cumulative
DOX dose of 400mg/m?, which increased to 26% at a dose of 550mg/m?, and 48% at
700mg/m? (9). Onset of cardiac dysfunction typically occurs within the first year
following the termination of chemotherapy in adults, though in survivors of childhood
cancer, onset can be delayed by 4-20 years (10-12). In fact, survivors of childhood
cancer now represent a new, vast, group of adults at risk of developing premature

cardiovascular disease (CVD).

1.3. Mechanisms of DOX Cardiotoxicity

DOX enters tissues and cells by passive diffusion across the plasma membrane.
DOX is a tetracyclic quinoid aglycone, with an amino sugar (see Figure 1.1). Its quinone
moiety acts as an electron acceptor, and following cellular uptake DOX can undergo
redox cycling, resulting in production of reactive oxygen species (ROS) and oxidative
stress (13). DOX can reportedly bind to the cytoplasmic proteasome, which assists in the
translocation of DOX to the nucleus by an ATP-dependent nuclear pore-mediated
mechanism (14), where DOX can interact with DNA and induce DNA strand breaks (15).
Additionally, DOX binds anionic membrane phospholipids and more specifically,
cardiolipin- a major cardiomyocyte mitochondrial inner membrane phospholipid, with
high affinity (16). At the mitochondria, cardiolipin plays an integral role in mediating
and stabilizing components of the electron transport chain, and therefore affects energy
metabolism (17). It remains to be tested whether DOX binding to cardiolipin causes

defects in energy metabolism or structural changes to the mitochondrial membrane.
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At the cellular level, DOX initiates its deleterious effects from within the
cytoplasm, mitochondria, and nucleus, and promotes suppression of protein synthesis,
ultrastructural changes, alterations to energy metabolism, and alterations in cellular
signaling (18). These deleterious effects can cause cardiomyocyte death, atrophy, and
impaired cardiac function (18). DOX-induced cardiomyocyte death occurs mainly by
way of apoptosis, however; autophagy and necrosis have also been implicated (19, 20).
Although interrelated and complex, the mechanisms of DOX-induced cardiotoxicity can
be grouped into three subsets; oxidative stress, formation of the topoisomerase 2 beta
(Top-2PB)-DOX-DNA cleavage complex, and dysregulation of intracellular calcium
(Ca®) release. Research demonstrates that these mechanisms are activated in a
cooperative and concerted manner to induce cardiomyopathy. Similar mechanisms also
play a role in cardiac injury induced by myocardial ischemia, which will be discussed
later in this introduction.

Therapeutic strategies developed for protection against DOX cardiotoxicity have
yielded mixed results, leaving dose modification as the most effective approach.
Although not endorsed worldwide, dexrazoxane (DRZ) is currently the only United
States Food and Drug Administration, and Health Canada approved drug for use in
combination with DOX to limit cardiotoxicity in adults (21). DRZ acts as an iron
chelator, interferes with ROS production, can bind to Top-2f to inhibit complex
formation with DOX, and also reduce Top-2p expression (22-24). A recent systematic
review found an association of DRZ with reduced risk of cardiovascular complications,

but increased risk of secondary malignant neoplasms in children receiving chemotherapy
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(25). Given these results, Health Canada cautions against use of DRZ in children, as well

as in elderly populations with reduced cardiac, hepatic, or renal function.

* =quinone ring 0]

OH

Figure 1.1 Structure of DOX.

DOX is comprised of a tetracyclinc aglycone moiety and an aminosugar. Redox
cycling occurs at the quinone ring indicated by a red star. Modified from
National Institutes of Health, National Center for Biotechnology Information,

PubChem, 2016.

1.4. Mechanisms of DOX Cardiotoxicity: Role of Top-2p

Recently, Top-2p was identified as a molecular mediator of DOX cardiotoxicity.
Top-2p is found in both the nucleus and mitochondria, and is an important mediator of
DNA topology (15). Top-2p alters the topology of DNA by catalyzing the breaking and
rejoining of DNA in order to allow for strands to pass by one another (15). DOX directly
binding to Top-2p and DNA forms the Top-2—DOX—DNA cleavage complex (26).

By binding to Top-2p, DOX reportedly induced DNA strand breaks and disrupts


https://www.ncbi.nlm.nih.gov/
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rejoining of DNA, resulting in cell death (27). The potential for crosstalk between
mechanisms should be noted as chronic DOX exposure alters expression of genes
involved in mitochondrial function and oxidative metabolism, which are improved by

cardiomyocyte specific deletion of Top-2p (26).

1.5. Mechanisms of DOX Cardiotoxicity: Cardiomyocyte Atrophy

A hallmark feature of DOX cardiotoxicity is myofibril structural disarray, and
atrophy- a reduction in cardiomyocyte cross sectional area (CSA), and these
ultrastructural changes to the myocardium appear well before clinical manifestations
(28). Given that cardiomyocyte size is related to overall force generation during
contraction, reduced cardiomyocyte CSA in diseased states will eventually manifest as a
reduction in cardiac function, as in the case of DOX-cardiotoxicity (29). The ubiquitin
proteasome is a critical regulator of cardiomyocyte size, and does so by tagging proteins
for degradation (30). Atrogin-1 is a muscle specific ubiquitin lygase that facilitates
atrophic signaling in cardiomyocytes by promoting protein degradation (30). DOX
upregulates Atrogin-1 in cardiomyocytes in a p38-mitogen activated protein kinase
(MAPK) dependent manner leading to degradation of contractile proteins, and reduction

in cardiomyocyte size (31).
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Figure 1.2 Mechanisms of DOX induced cardiotoxicity.

DOX enters the cell by passive diffusion, and within the cytoplasm
undergoes redox cycling resulting in the generation of ROS, and oxidative stress.
Oxidative stress is known to contribute to activation of autophagic, necrotic, and
apoptotic pathways of cell death. DOX can promote Ca** overload by inhibiting
SERCAZ2a and transiently enhancing the activity of RyR2. DOX can bind
cardiolipin, a major inner mitochondrial membrane lipid. At the mitochondria
DOX promotes damage to mitochondrial DNA (mtDNA), disruption of
mitochondrial function and therefore ATP production, and promotes the
generation of ROS, all of which can contribute to initiation of cell death. Adapted

from Burridge, PW, et al. Human induced pluripotent stem cell-derived
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cardiomyocytes recapitulate the predilection of breast cancer patients to

doxorubicin-induced cardiotoxicity. 2016. Nature Medicine. 22, 547-556.

1.6. Cardiac Stress: Myocardial Ischemia

Cardiovascular disease (CVD) is a leading cause of death and a major burden to
the healthcare systems of developed societies (32). Three quarters of all cardiovascular
related deaths are due to ischemic heart disease and heart attack (32). Partial or complete
occlusion in one or more areas of the coronary tree renders an ischemic myocardial
environment, which if left un-perfused, results in myocardial infarction due to
irreversible death of cardiomyocytes (33). Non-infarcted areas must compensate for the
lack of contractile activity of infarcted tissue and over time increased demand on the non
infracted tissue may lead to detrimental functional changes such as hypertrophy, and can
lead to heart failure (33); therefore it is of utmost importance to prevent or limit the
amount of cardiomyocyte loss.

Obstruction of blood flow at the myocardium causes a block in the supply of
oxygen (Oy) and nutrients to the myocardium, in addition to inhibiting the clearance of
cardiac metabolites. This can alter cellular homeostasis and result in cardiomyocyte
death by way of necrosis, programmed necrosis (necroptosis), apoptosis, and autophagy
(34-36). The form of death that a cardiomyocyte undergoes is dependent on several
factors including the magnitude and duration of the ischemic event, and location of the
cardiomyocyte with respect to the ischemic environment (35, 37).

Under normoxic conditions, 60-70% of energy in the heart is derived from
aerobic oxidation of fatty acids (38). Cellular homeostasis largely relies on regulation of

energetic ATP supply; and under ischemic conditions- when cellular O, levels are low,
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the cardiomyocyte relies heavily on anaerobic ATP production (39, 40). ATP production
by anaerobic metabolism is inefficient in comparison to aerobic metabolism in the
cardiomyocyte, and is paired with the production of inorganic phosphate, lactate, and H*
which accumulate in and around an ischemic cardiomyocyte, and ultimately increases pH
(36, 41). Inefficient ATP synthesis reduces or inhibits the function of ATP-dependant
pumps, and as a consequence promotes intracellular accumulation of sodium and
depletion of potassium (34, 41). Imbalances in the ionic state across cellular membranes
lead to membrane swelling and rupture, and further impairs regulation of cytoplasmic

Ca®", the implications of which will be discussed below (34, 41).

1.7.  Role of Calcium Overload in Myocardial Ischemic Injury and DOX
Cardiotoxicity

Ca®* overload is a mechanism of both DOX cardiotoxicity and myocardial
ischemic injury. Ca?* release from the sarcoplasmic reticulum (SR) is required for
cardiac contraction, and it is therefore of importance to regulate its release and uptake by
the SR (42). Inability of the SR to take up Ca®" or increased release of Ca** would lead
to consistently high cytoplasmic levels, resulting in impaired relaxation of the cardiac
muscle (42). Regardless of the initiating cardiac stress (cardiotoxic drug or ischemia), a
rise in cytosolic Ca?* leads to non cycling actin-myosin cross bridges, membrane rupture
(a hallmark feature of necrosis), and cellular damage caused by activation of Ca®*
dependent phospholipases, proteases, and calpain (a mediator of apoptosis) (34).
Physiologically these detrimental cellular changes manifest as arrhythmias, or myocardial

contracture (42).
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The ryanodine receptor 2 (RyR2) and the sarcoendoplasmic reticulum ATPase 2a
(SERCAZ2a) regulate calcium release and uptake from the SR, and thereby contribute to
coordination of the cardiomyocyte contractile cycle. Both DOX, and doxorubicinol- a
metabolite of DOX, can bind and inhibit SERCAZ2a as well as bind RyR2 and in a
biphasic effect enhance and then inhibit RyR2 activity (43, 44). Given the role of RyR2
in mediating calcium release from the SR, and SERCAZ2a in transporting calcium from
the cytosol to the SR, DOX and doxorubicinol promote accumulation of cytoplasmic
Ca®" (43, 44). In the case of myocardial ischemia, a rise in cytosolic Ca®* occurs due to
lack of ATP required for normal function of SERCA2a and other ATP dependent Ca?*
pumps (34). Overall, Ca** overload can be induced by both cardiotoxic and ischemic

stress and leads to death and dysfunction of cardiomyocytes.

1.8.  Role of Oxidative Stress in Myocardial Ischemic Injury and DOX
Cardiotoxicity

Redox signaling is a crucial component of normal and pathophysiological
responses of cells. The cardiomyocyte is armed with several classes of enzymes to
combat ROS including, but not limited to, superoxide dismutase (SOD), glutathione
(GSH), catalase, and peroxidases (45). Changes to the cellular redox state through
alterations in the balance between oxidant and reductant levels can trigger signaling
cascades that lead to an outcome of cell proliferation, differentiation, or death (46).
Reaction of free radicals with oxygen (O,) can spur chain reactions with some amino
acids, peptides, and proteins to yield hydroperoxides (34, 46). Hydroperoxides are key
species in protein damage, and can initiate DNA strand breaks, both of which promote

cardiomyocyte death and dysfunction (34, 46).
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Oxidative stress is a factor involved in both DOX cardiotoxicity and myocardial
ischemic injury. In the ischemic cardiomyocyte, ROS contribute to dysfunction of the
mitochondria, activation of apoptosis, and Ca®* overload (46). Oxidative stress activates
apoptosis by opening the mitochondrial permeability transition pore and subsequent
release of pro-apoptotic proteins (46). In addition, ROS have been reported to contribute
to ischemia-induced dysfunction of mitochondrial respiration and oxidative
phosphorylation (47). ROS also contribute to defective Ca** handling by impairment of
SERCA activity, thereby reducing Ca®* transport into the SR, and exacerbating Ca**
overload within the ischemic cell (48, 49).

Upon cellular uptake, DOX readily undergoes redox cycling between its quinone
and semiquinone forms thereby generating substantial amounts of ROS (13).
Additionally, DOX increases accumulation of iron within the mitochondria, leading to
further ROS production (50). Paired with production of ROS, DOX treatment reduces
the activity and expression of matrix manganese SOD (MnSOD) and GSH peroxidase
(51), further promoting oxidative stress. Given the high levels of ROS associated with
DOX-treatment and reduction in antioxidant expression, one would hypothesize
antioxidant therapy may be useful for cardioprotection against DOX. Administration of
antioxidants such as vitamin E, or N-acetylcysteine to dogs yielded inconsistent results
(52, 53). In a prospective randomized clinical trial, N-acetylcysteine was ineffective in
protecting against anthracycline induced cardiotoxicity (53, 54). Overall, antioxidant
therapies have proved ineffective in their protection against DOX cardiotoxicity, possibly

due to the deleterious effects of DOX aside from ROS generation, and currently no clear
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guidelines or worldwide accepted therapies exist for preventing or treating DOX

cardiotoxicity.

1.9. Lipoproteins

Lipoproteins are diverse biological particles that provide a means of transport for
lipids such as cholesterol and triglycerides, between cells, tissues, and other lipoproteins
(55). Plasma lipoproteins are separated into classes based on their density, size, and
relative content of cholesterol, triglycerides, and apolipoproteins (55). These classes
include: chylomicrons, very-low-density lipoproteins (VLDL), intermediate density
lipoproteins (IDL), low density lipoproteins (LDL), and high density lipoproteins (HDL)
(55). At its most basic form, a lipoprotein consists of apolipoproteins and a monolayer of
phospholipids and cholesterol which encapsulates a hydrophobic core that is rich in
triglycerides and cholesteryl esters. The proteome of lipoprotein classes and subclasses
are diverse in nature, and can include apolipoproteins, enzymes, lipid transfer proteins,

acute phase proteins, and proteinase inhibitors, among others (56).

1.10. HDL Composition and Classes

Clinical and basic research has demonstrated that unlike other lipoproteins, HDL
has unique anti-oxidative, anti-apoptotic, and anti-inflammatory properties. HDL is often
referred to as ‘good cholesterol’ by the non-scientific community due to these
cytoprotective properties. HDLs are distinguishable from other lipoprotein classes based
on their small particle size (5-11nm), density (1.063-1.21g/ml), and their apolipoprotein
(Apo) content —the major apolipoprotein being ApoAl (57). ApoAl constitutes up to
~70% of the total protein content of HDL, and its major function is to provide a point of

interaction between HDL and cellular receptors (57). Other apolipoproteins that are
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carried by HDL, but in smaller proportions, include ApoAll, ApoD, ApoCs, ApoE, and
ApoM among others (57). HDL composition is dynamic with many subfractions existing
within the class of lipoproteins referred to as HDL. Initially, in 1954, two subclasses of
HDL were separated by ultracentrifugation and identified as HDL2- HDL that was
relatively lipid-rich, and HDL3- HDL that was relatively protein-rich (58). The HDL2
subclass is comprised of HDL that are lower in protein (43% of weight) and higher in
cholesterol (23% of weight) than HDL3 (58% protein, 14% cholesterol) (59). These two
classes were further divided based on their particle size by non-denaturing gel
electrophoresis into HDL3c (7.2-7.8nm), HDL3b (7.8-8.2nm), HDL 3a (8.2-8.8nm),
HDL2a (8.8-9.7nm), and HDL 2b (9.7-12.0nm) (60). HDL particles can also be divided
into alpha-migrating (including HDL2a-c and HDL3a-c) and pre-beta-migrating particles
(unlipidated ApoALl or discoidal HDL- phospholipidated ApoAl). Alpha and pre-beta-
migrating HDL differ in their surface charge and therefore electrophoretic mobility (61).
Given the complexity of what we refer to as HDL, it is important to appreciate that

subgroups may differ in their function.
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1.11.

Apolipoproteins

Phospholipids and

Non polar lipids in core Cholesterol

(Trigylcerides and cholesterol
esters)

Figure 1.3 Basic depiction of HDL.

Apolipoproteins, the backbone of lipoproteins, phospholipids, and cholesterol
encapsulate a core rich in triglycerides and cholesterol esters. Modified from
Kingwell, BA., et al. 2014. HDL raising therapies: progress, failures, and future.

Nature Reviews Drug Discovery. 13:445-464.

HDL Biogenesis

The biogenesis and remodeling of HDL is a complex process and requires

apolipoproteins, enzymes, cellular receptors, and lipid transfer proteins to co-ordinate the

production and remodeling of HDL. Biogenesis of HDL is initiated by synthesis and

secretion of ApoAl largely by the liver and intestine into the plasma and mesenteric

lymph (62). Next, lipid-free ApoALl interacts with ATP-binding cassette transporter Al

(ABCAL). In general, ATP-binding cassette transporters (ABCs) are integral for the

ATP-dependent transfer of substrates across membranes (63). ABCA1 facilitates the
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transfer of cellular phospholipids and cholesterol to ApoA1l, and leads to the conversion
of lipid-free ApoAl to discoidal HDL particles (64). ABCAL is abundantly expressed in
macrophages, liver, intestines, and brain tissue (64, 65). Next, discoidal HDL are
converted to spherical particles by the esterification of free cholesterol by lecithin—
cholesterol acyltransferase (LCAT) (66). LCAT associates with discoidal HDL, and
upon activation by ApoAl, catalyzes the transfer of the 2-acyl group of
phosphatidylcholine or phosphatidylethanolamine to cholesterol to form a cholesterol
ester (66). Cholesterol esters comprise the core of spherical HDL, and following
esterification and movement to the core are replaced in the shell of the particle by

unesterified cholesterol that is constantly being picked up from other cells or tissues (66).

1.12. HDL Remodelling

There are numerous ways in which HDL particles are remodeled and catabolized
by plasma and membrane proteins, giving rise to dynamic subfractions that differ in size,
shape, composition, and function. Membrane receptors including ATP-binding cassette
transporter G1 (ABCG1) and SR-B1 promote movement of lipids between cells and
HDL, and plasma proteins such as cholesteryl ester transfer protein (CETP) assist in
movement of lipids between lipoproteins. ABCGL facilitates cellular efflux of
cholesterol and phospholipids to spherical HDL (67). SR-B1 is a critical membrane
receptor expressed in hepatocytes, macrophages, steroidogenic tissues, and other cell
types that promotes bi-directional movement of unesterified cholesterol between tissues
and HDL, in addition to mediating selective uptake of cholesteryl esters, triglycerides,
and phospholipids from HDL to cells (68-70). It is of note that unlike ABCs, SR-B1

mediated movement of cholesterol from cells to HDL is a passive and energy
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independent process, and does not require internalization or degradation of the particle
(71). SR-B1 will be discussed in greater detail below.

Other plasma proteins contribute to HDL remodelling. Cholesteryl esters can
undergo direct transfer from HDL to VLDL and LDL via CETP, a plasma protein (72).
Transfer of cholesteryl esters by CETP requires equimolar transport of triglycerides in the
opposite direction (VLDL or LDL to HDL) (72). The triglyceride and phospholipid
cargo on HDL can also be modified by hepatic lipase (HL) and endothelial lipase (EL)
which hydrolyze triglycerides and phospholipids, promoting a reduction in HDL size, and
dissociation of ApoAl from the particle (73, 74). In summary, there are many cellular,
plasma, and lipoprotein-associated mediators of HDL composition, that contribute to the

dynamic nature of HDL composition, and likely affect HDL function.

1.13. Cardioprotective Nature of HDL

A number of clinical studies have demonstrated an inverse correlation between
plasma levels of HDL and risk of CVD (32, 75, 76). More broadly, HDL is recognized
as a protective factor both clinically and experimentally in the protection against
atherosclerosis (77, 78), myocardial ischemic injury and infarction (79-83), and in vitro
DOX-induced cardiomyocyte apoptosis (84). Mechanisms by which HDL protects
against various forms of cardiac stress are under intense investigation.

HDL may provide protection against myocardial ischemic injury in two ways;
indirectly for example, by limiting atherosclerotic plaque formation and therefore
prevention of myocardial ischemia or other peripheral effects, or directly by inducing
protective signaling on the cardiomyocyte. It is conceivable that HDL would reach the

cardiomyocyte in order to bind and initiate protective signaling given that interstitial
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HDL levels are approximately 25% of their plasma levels (85), and HDL can transcytose
the endothelial layer (86). The cardioprotective mechanisms of HDL in response to
myocardial ischemia will be discussed in detail below, though to date there are only two
brief reports of the ability of HDL to protect against DOX-induced cardiomyocyte
apoptosis in in vitro systems (84, 87).

Early research has described the protective effects of HDL against atherosclerosis
and the manifestation of myocardial ischemic injury. Infusion of ApoAl or HDL
precursors into mice and rabbits increased plasma HDL levels, and reduced the
development of atherosclerosis (88, 89). The effects of HDL on ischemia using
experimental systems to induce ischemia in vivo (ligation of the left anterior descending
(LAD) coronary artery) or ex vivo (stopping perfusion of a Langendorff perfused heart)
without the requirement of atherosclerosis have been tested (79, 81). Preconditioning of
the ex vivo heart with reconstituted HDL or ApoAl complexed with phospholipids
improves cardiac function and prevents release of creatine kinase (a marker of
cardiomyocyte necrosis) following ischemia/reperfusion (79). The cardioprotective
nature of HDL is supported by in vivo experimental evidence reporting that following
LAD coronary artery ligation, adenovirus mediated gene transfer of ApoAl in a low
density lipoprotein receptor knockout mouse (LDLR™) significantly protects against a
decline in cardiac function, reduces infarct size, and improves survival (81).
Additionally, the endogenous levels of ApoAl correlate with infarct size following LAD
ligation in mice, where mice lacking one (heterozygous) or two (homozygous) copies of
the ApoALl gene are increasingly sensitive to myocardial infarction (90). Thus, these

models provide evidence that HDL protects hearts directly, and not only by attenuating
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atherosclerotic plaque development (79-81, 83) Regardless of the experimental model of
ischemia, HDL consistently provides protection against cardiomyocyte death and cardiac
dysfunction.

Cell types other than cardiomyocytes participate in formation of an infarct
following ischemia. Endothelial cells play a role in attracting circulating cells to the site
of injury (91). Once bound to ligands on the endothelial cell, circulating immune cells
can infiltrate the underlying tissue. Infiltrating cells, responsible for clearance of dead
cardiomyocytes, release pro-inflammatory, pro-oxidant, and proteolytic molecules and
enzymes (91). HDL mediates NO and prostanoid production in endothelial cells
following ischemia/reperfusion, which in turn promotes vasodilation and inhibition of
cell adhesion molecules thereby reducing circulating cell adhesion to the endothelial
layer (92). Others have reported intravenous administration of ApoAl 10 minutes prior
to ischemia prevented production of the inflammatory cytokines tumor necrosis factor o
(TNF-a), and interleukin-6, reduced leukocyte infiltration into the heart, and reduced
infarct size (93, 94). Lastly, HDL protects isolated cardiomyocytes from hypoxia-
reoxygenation induced cell death (95), though the role of cardiomyocyte SR-B1 in
mediating HDL protection against ischemia-induced cardiomyocyte death has not been

tested.

1.14. PI3K/AKT- A Cardioprotective Signaling Pathway
The phosphoinositide 3-kinase (P13K) and protein kinase B (AKT) pathway is
reportedly a major mediator of cardioprotective effects of ApoAl. Co-administration of

a PI3K inhibitor (Wortmannin) with ApoA1l abolishes the protective effects of ApoAl on
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infarct size (94). These data suggest the importance of the PI3BK/AKT pathway in
mediating the protective effects of ApoAl, and therefore HDL.

PI13K and its downstream effector AKT are central to and main determinants of
cardiomyocyte survival and function (96). Activation of PI3K and AKT leads to
inhibition of cardiomyocyte death, and activation of AKT preserves function in surviving
cardiomyocytes (97, 98). Several classes of PI3K exist and include Class IA and B (the
most studied and understood), Class Il, and Class Il which differ in their structure and
substrate specificity (99). PI3K is activated either directly by cell surface receptors or by
signaling molecules such as Src family protein tyrosine kinases. For example, Class IA
PI3K has been reported to be activated by both G-coupled protein receptors (GCPRs) and
non-receptor tyrosine kinases, whereas IB were reported to be activated by GCPRs
exclusively (99). In the case of SR-B1, Src has been reported to bind to SR-B1 to in turn
activate PI13K (100, 101). Activated PI3K generates phosphatidylinositol (3,4,5)
trisphosphate (PIP3) which serves as a membrane docking site for proteins that express
pleckstrin homology (PH) domains, including AKT and phosphoinositide-dependent
protein kinase 1 (PDK1) (102).

Three isoforms of AKT (AKT1, AKT2, AKT3) exist and exhibit ~80% homology
although they are encoded by different genes (103). AKT1, AKT2, AKT3 have varied
tissue expression where AKT1 has been reported to be widely expressed, AKT2 being
highly expressed in muscle and adipocytes , and AKT3having the most limited
distribution being mainly expressed in the brain and testes (103). The major isoforms of
AKT are reported to be present in the heart are AKT1 and AKT2 (103). In vitro studies

reported the three isoforms having similar substrates, however; studies in genetically
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modified mice have identified distinct roles of the AKT isoforms (96). Studies
evaluating AKT1 null mice have reported reduced fetal and postnatal growth and greater
sensitivity to cellular apoptosis (104, 105). Mice lacking AKT2 grow normally, but
exhibit deficiencies in glucose homeostasis (106). Knockout of AKT3 reduced brain size
but does not affect body weight or glucose homeostasis (107). Although common
substrates exist for the three isoforms of AKT, it appears they also have non-redundant
functions.

Once recruited to the membrane PDK1 phosphorylates AKT at Thr308, leading to
partial activation, and phosphorylation at Ser473 by mammalian target of rapamycin
complex 2 (MTORC?2) leads to full enzymatic activity of AKT (102, 108, 109). The
activity of PI3K is antagonized by phosphatase and tensin homolog (PTEN), whose lipid
phosphatase activity reduces the cellular pool of PIP3 by converting PIP3 back to
phosphatidylinositol (4,5) bisphosphate (P1P2) (110). AKT is dephosphorylated by the
protein phosphatase 2A (PP2A) (111).

Downstream targets of AKT include cell growth, cell survival, anti-inflammatory
and metabolic effectors, as depicted in Figure 1.4. Upon activation, AKT phosphorylates
forkhead box transcription factor (FOXO) 3a, thereby leading to nuclear exclusion and
reduced transcription of pro-apoptotic molecules (112). AKT mediated phosphorylation
and activation of endothelial nitric oxide synthase (eNOS) leads to enhanced nitric oxide
(NO)-release (113, 114). In the myocardium, release of NO results in inotropic and
chronotropic events, such as enhancement of ventricular relaxation and decreased
myocardial oxygen consumption, reduced inflammation (115). AKT also affects cell

growth by phosphorylation and inhibition of glycogen synthase kinase 3p (GSK-3p), a
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negative regulator of cardiomyocyte hypertrophy (116, 117), and by activating
mammalian target of rapamycin (mTOR), a positive regulator of protein synthesis and
therefore cell growth (118, 119).

Targeting AKT has been demonstrated to protect against DOX cardiotoxicity, and
myocardial ischemic injury. Constitutively active AKT expression negatively regulates
DOX-induced upregulation of Atrogin-1 (31), and adenovirus mediated delivery of
constitutively active AKT1 to the myocardium inhibited DOX-induced reductions in
cardiac function and prevented a DOX-induced decline in cardiac weight (120).
Transgenic expression or adenoviral mediated gene transfer of AKT leads to increased
SERCAZ2a expression, a central regulator of calcium mobilization, and promotes
preservation of cardiac contractility under stressed conditions (121-123). Under
oxidative stress, AKT mediates uptake of glucose by activation of the glucose transporter
GLUT4 (124), and inhibition of GSK-3 by AKT leads to increased cardiac glycogen
synthesis, an effect which is known to precondition the heart against ischemic injury
(125, 126). Taken together, the downstream effectors of PI3K and AKT highlight the

importance of this pathway in cardiomyocyte and cardiac health, function, and survival.
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Figure 1.4 Cardioprotective Targets of AKT.

Activation of PI3K, and AKT results in the modulation of cardioprotective
pathways. Pathways include targets for cardiomyocyte growth, cardiomyocyte
survival, and glucose metabolism. Modified from Matsui, T., and Rosenzweig, A.
2005. Convergent signal transduction pathways controlling cardiomyocyte
survival and function: the role of PI 3-kinase and Akt. J Mol Cell Cardiol 38:63-

71.

1.15. Scavenger Receptor Class B Type |
Scavenger receptors are able to bind a range of ligands and have diverse functions
including, but not limited to, clearance of apoptotic cells and pathogens (127). Different

structural classes of scavenger receptors have been described and have little sequence
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similarities (127). SR-B1 belongs to the class B family of scavenger receptors, and is
encoded by the SCARB1 gene on chromosome 5 in mice, and chromosome 12 in humans
(69). SCARBL1 encodes a 509 amino acid protein that becomes fatty acylated and N-
glycosylated (69). SR-B1 is comprised of an extracellular ligand binding domain, two
transmembrane domains, and cytoplasmic amino and carboxy terminal domains (70, 128,
129). Within the ligand binding domain of class B scavenger receptors exists a cluster of
a helices giving rise to a hydrophobic tunnel through its core (130). SR-B1 is reported to
cluster within cholesterol rich domains of the plasma membrane such as caveoli, at least
in some cell types (129) . SR-BI is expressed in cells of both hematopoietic (ex.
macrophages, platelets), and non-hematopoietic origin (ex. steroidogenic cells,
hepatocytes, and endothelial cells) (70, 131). SR-B1 protein has been reported in heart
tissue but it is unclear if this is due to expression in cardiomyocytes, endothelial cells, or
other resident cells of the heart (70).

SR-B1 binds a number of ligands including HDL, LDL, VLDL, apoptotic bodies
via phosphatidyl serine, and chemically modified proteins including maleyated albumin,
and acetylated LDL (69, 70, 132). Despite its many ligands, the major function of SR-B1
is thought to be its binding to HDL and the ability to facilitate exchange of lipids between
cells and bound HDL. Recent research, however; has reported other roles of SR-B1
including mediating cellular uptake of the Hepatitis C virus, and macrophage
efferocytosis (100, 133). By mediating lipid exchange, SR-B1 plays an integral role in
reverse cholesterol transport (RCT), where cholesterol is collected by HDL from various
tissues, and offloaded at hepatic and steroidogenic tissues (134). RCT represents a

mechanism for protection against atherosclerosis by removing cholesterol from the
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arterial wall (135). SR-B1 binds to ApoAl on HDL (136), and mediates the movement
of phospholipids, triglycerides, vitamins, and unesterified cholesterol to/from HDL
particles (70, 137-139). Unlike other lipoprotein receptors, SR-B1 does not appear to
internalize and degrade the lipoprotein, but allows for internalization and selective lipid
uptake from the lipoprotein to the cell, followed by re-secretion of HDL (70, 140, 141).
Based on the literature, we identified a lack in knowledge of what role SR-B1 has in
cardiomyocytes, and hypothesized that SR-B1 could play an integral role in facilitating

HDL signaling in the cardiomyocyte given that it has been reported in cardiac tissue.

SR-B1

Extracellular

ARAnRRRRN
888888888

Intracellular

Figure 1.5 Depiction of HDL binding to SR-B1.

SR-B1 is a plasma membrane receptor with two transmembrane domains
and an extracellular loop where ligands such as HDL, other lipoproteins, and
vitamin E can bind. The intracellular N and C terminal domains of SR-Blare
depicted. Modified from Al-Jarallah, A., and Trigatti, B. 2010. A role for the

scavenger receptor, class B type I in high density lipoprotein dependent activation
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of cellular signaling pathways. Biochimica et Biophysica Acta (BBA) -

Molecular and Cell Biology of Lipids. 12: 1239-1234.

1.16. Intracellular Signaling by HDL through SR-B1

Our lab and others have demonstrated that SR-B1 mediates HDL-initiated
signaling in model cell lines (Chinese hamster ovary cells), macrophages, hematopoietic
stem cells, and endothelial cells, among others (142-150). We have extrapolated from
findings in these cell types to propose mechanisms through which SR-B1 may signal in
the cardiomyocyte. HDL signaling through SR-B1 triggers activation of a number of
intracellular targets including AMP-activated protein kinase (AMPK), PI3K, AKT, and
ERK1/2 (148, 149, 151) by uptake of lipids (including ceramide, estrogen, and
sphingosine 1-phosphate) from HDL (142-145). Conversely, in endothelial cells,
intracellular signaling can be induced by the interaction of ApoA1l or reconstituted HDL
that contains only ApoAland phospholipids, suggesting lipid transport from HDL may
not be the only method for signal transduction to occur (152).

Our lab has demonstrated a role for the HDL/SR-B1/PI3K/AKT pathway in
initiating macrophage migration, and protection against macrophage apoptosis (153-155).
Recent evidence also demonstrated the role of the SR-B1/PI3K pathway in mediating
macrophage efferocytosis (100). In brief, following introduction of apoptotic cells to
macrophages, SR-B1 activated macrophage PI3K through the non-receptor tyrosine
kinase Src (100). Macrophages lacking SR-B1 have defective efferocytosis and were
reported to contribute to the generation of increased atherosclerotic plaque size (100).

Binding of HDL to SR-B1 increases the expression of heme oxygenase-1 (HO-1)

in human coronary artery endothelial cells, an effect which is downstream of PI3K and

24


http://www.sciencedirect.com/science/journal/13881981
http://www.sciencedirect.com/science/journal/13881981

Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

AKT (152). HO-1 reportedly protects against cardiac injury following ischemia (156,
157), and advocates a mechanism by which SR-B1 could mediate HDL induced
cardiomyocyte protection. Additionally, the anti-inflammatory and anti-adhesive effects
of HDL (93, 94, 158) could be mediated by SR-B1, as HDL activates eNOS in an SR-B1
dependent manner (148, 159). By stimulating NO production by eNOS, SR-B1
facilitates vascular smooth muscle relaxation, endothelial cell migration, and attenuation
of monocyte cell adhesion (148, 159). In the myocardium, release of NO is
cardioprotective, and initiates enhancement of ventricular relaxation and preserves
myocardial oxygen consumption (115). Additionally, HDL can mediate hypoxia-induced
angiogenesis in coronary artery endothelial cells via SR-B1 (160, 161), and promote
differentiation of peripheral blood monocytes into endothelial progenitor cells via a
PI3K/AKT/NO pathway (162). Alternatively, in endothelial cells, SR-B1 activates
AMPK through calcium/calmodulin dependent protein kinase (CAMK) which in the
context of perivascular electric injury leads to endothelial cell migration and carotid
artery reendothelialization (163).

Clearly SR-B1 plays an integral role in meditating the signaling cascades initiated
by HDL in macrophages and endothelial cells. Given that many of these targets (PI3K,
AKT, AMPK, eNQS) are also components of protective pathways in cardiomyocytes, we
hypothesize that SR-B1 may also mediate protective signaling by HDL in the

cardiomyocyte.

1.17. Rationale for the Role of SR-B1 in HDL Mediated Cardioprotection
Mice lacking SR-B1 provide rational for the importance of SR-B1 in mediating

cardioprotection by HDL. In mouse models of atherosclerosis, atherosclerotic lesions
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typically do not form spontaneously in the coronary arteries without genetic modification
or long term high fat diet feeding. Coronary artery atherosclerosis and non-lethal
myocardial fibrosis can be induced in LDLR apolipoproteins E double knockout
(LDLR/ApoE dKO) mice by feeding mice a high fat diet for a prolonged period of time
(164). Interestingly, when SR-B1 is knocked out in mice also lacking ApoE (SR-
B1/ApoE dKO), and these animals are fed a normal chow diet, mice exhibit occlusive
coronary artery atherosclerosis and extensive myocardial infarction, cardiac conductance
abnormalities, and reduced heart function, resulting in death at a very young age (165).
Of significance is the striking phenotype of extensive and lethal myocardial infarction
when SR-BL1 is knocked out on an atherogenic strain (ApoE"', ApoE-hypomorphic, or
LDLR™) while on a normal or high fat/high cholesterol diet (165-167). We therefore
hypothesized that the effects of SR-B1 may extend beyond its role in atherosclerosis,
such as to facilitate protection against clinical manifestations including myocardial
infarction.

Importantly, we have evidence that HDL activates cardiomyocyte AKT in a PI3K
dependent manner (94, 168), and more specifically, the activation of this pathway is
downstream of SR-BL1 in other cell types (148, 152, 155, 159). Our current
understanding of whether HDL could 1) protect the heart against DOX-induced
cardiotoxicity in vivo, and 2) whether HDL requires SR-B1 for protecting the heart
against various stressors such as cardiotoxic drugs or myocardial ischemia, is lacking.
We hypothesize, based on the ability of HDL to protect isolated cardiomyocytes against
apoptosis in vitro (84), and the fact that PISBK/AKT signalling protects against cardiac

stress (96) and is a cellular pathway downstream of HDL/SR-BL1 in other cell types (148,
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152, 155, 159), that 1) HDL protects against DOX-induced cardiotoxicity, could be a
notable target for protection against DOX-induced cardiotoxicity, and 2) SR-B1 mediates
protective signaling by HDL in cardiomoycytes. Thus, here we evaluate the role of SR-
B1 and downstream mediators PI3K and AKT in the protective signaling by HDL against

oxygen glucose deprivation (OGD)-induced cardiomyocyte death.

1.18. Simulation of Myocardial Ischemia

Mice are resistant to coronary artery atherosclerosis-a major initiating factor of
human myocardial ischemia (34). Because of this, experimental myocardial ischemia has
to be initiated in mouse models by manipulation of genetics or diet to promote the
development of coronary artery atherosclerosis, or induced by surgically ligating the
LAD coronary artery (169). In response to the difficulty of generating mice with
coronary artery atherosclerosis and control of myocardial ischemia, in addition to the
skill required to perform ligation of the coronary artery, researchers can gain mechanistic
insight using methods of simulated ischemia. These methods include stopping perfusion
of an isolated perfused heart for a given time period to induce global ischemia, or in vitro
simulation of ischemia in isolated cardiomyocytes by limiting (hypoxia) or eliminating

(anoxia) O, and/or energy producing substrates such as glucose (170).

1.19. Overview of Mouse Strains Used in Experimentation
Genetically modified mice were used for experimentation throughout this
dissertation. These mice will be briefly discussed here. Detailed information regarding
the supplier, catalogue number, and background strain can be found in Table 1.1 below.
The SR-B17 mouse was generated by Dr. Monty Krieger and colleagues, and first

reported in the literature in 1997 (134). Targeted mutagenesis of the first exon and 554
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bases of intron 1 and insertion of a neomycin resistance cassette resulted in total body
deficiency of SR-B1 (134). The SR-B17 mouse was important in demonstrating the role
of SR-B1 in RCT. Mice deficient in SR-B1 had increased HDL particle size with no
difference in plasma ApoAl suggesting that the large, cholesterol rich HDL were an
effect of impaired hepatic clearance of HDL-C, and not an increase in number of HDL
particles (134). Homozygous male mice are fertile, but homozygous female mice are
infertile, though female infertility is corrected by feeding of a diet rich in probucol, and
allows for breeding of homozygotes (171). Probucol is an anti-oxidant and cholesterol
lowering drug that has been applied clinically as a therapeutic for CVD, and when fed to
SR-B1"" mice, restores HDL-C levels and fertility (171).

The ApoA1™™ mice were generated by Dr. Rubin and colleagues, and were first
reported in the literature in 1991 (172). Mice were generated by transgenic insertion of
the human ApoA1l gene under the control of its own promoter. ApoAngrr 9 mice
reportedly express ~245mg/dl human ApoALl in plasma, have two fold higher plasma
HDL-C, and a substantial post-transcriptional decrease in endogenous mouse ApoAl
(112 to 6.5mg/dl) (172). Mice homozygous for the transgenic insert are viable, fertile
and normal in size. SR-B17ApoA1™™ mice were generated in-house by crossing

ApoA1™9 and SR-B17" mice.
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Table 1.1 Information Pertaining to Mouse Models

ANIMAL GENETICS GENTEIC SOURCE Mouse Code/Origin
CODE BACKGROUND
ApoA1+*/’++ OR | Wild- type mouse C57Bl/6 Bred in house | C57BI/6J, JAX
SR-B1
SR-B1” Replacement of the C57Bl/6J Bred in house, | B6;129S2-Scarb1™ "],
entire coding region of back crossed Krieger Lab
the first exon and an 10 generations
additional 554 bases of onto C57BI/6J
intron 1 with a
neomycin cassette
ApoA1ToTo Transgenic insertion of | C57BI/6J Bred in house | C57BL/6-
the human Tg(APOAL)1Rub/J, JAX
apolipoprotein A-1 gene
including the promoter.
ApoA1T9To Cross between C57Bl/6J Crossed and See above.
SR-B1™" ApoA1™™and SR-B1° bred in house
" mice

1.20. Overall Context and Objectives

The major objective of this thesis is to characterize the mechanism of HDL

mediated protection against cardiac injury and cell death induced by DOX and OGD. We

aim to determine whether SR-B1, and downstream signaling through PI3K and AKT are

involved in HDL mediated protection of cardiomyocytes. Here we have also assessed

whether raising HDL by overexpression of ApoALl or injection of ApoAl can protect the

heart against DOX-induced cardiotoxicity. We conclude that increasing plasma HDL

attenuates the cardiotoxic effects of DOX, and that HDL protects isolated cardiomyocytes

against OGD-induced necrosis. Beyond this, our findings demonstrate a critical role for

SR-B1 in cardiomyocytes by facilitating HDL mediated protection. We have also

identified PI3K and AKT as downstream mediators in the cardioprotective signaling

cascade by HDL and SR-BL1.
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Figure 1.6 Proposed mechanism of HDL mediated protection against the

cardiac stressors DOX and OGD. SR-B1 depiction modified from Al-Jarallah,

A., and Trigatti, B. 2010. A role for the scavenger receptor, class B type I in high

density lipoprotein dependent activation of cellular signaling pathways.

Biochimica et Biophysica Acta (BBA)- Molecular and Cell Biology of Lipids. 12:

1239-1234.
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Chapter 2. Aims and Hypotheses of Thesis

The objectives of this thesis are three-fold.

Aim 1. Evaluate whether increasing plasma HDL by overexpression of ApoAl protects
against DOX-induced cardiotoxicity, and to determine whether SR-B1, PI3K,
and AKT mediate the protective effect of HDL against DOX-cardiotoxicity
and/or cardiomyocyte apoptosis.

Hypotheses of Aim 1: | hypothesize that:

1. Increased plasma HDL will provide protection against DOX-induced in vivo
cardiotoxicity, in an SR-B1 dependant manner.
2. SR-B1, PI3K, and AKT are required for HDL mediated protection against
DOX-induced cardiomyocyte apoptosis.
Aim 2. To evaluate the effects of therapeutic injection of ApoAl in an acute model of
DOX-induced cardiotoxicity in mice.

Hypotheses of Aim 2: | hypothesize that:

1. Therapeutic injection of ApoAl will protect against the cardiomyocyte
apoptosis and atrophy caused by a single injection of DOX.
2. Therapeutic injection of ApoAl will induce activation of AKT in the hearts.

Aim 3. To evaluate the role of SR-B1/PI3SK/AKT in mediating HDL-induced

cardiomyocyte protection against OGD-induced necrosis.

Hypotheses of Aim 3: | hypothesize that:

1. OGD will induce necrosis of cardiomyocytes.

2. HDL will protect against OGD-induced necrosis.

31



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

3. HDL requires SR-B1, PI3K, and AKT for protection against cardiomyocyte

death induced by OGD.
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Chapter 3.  HDL Requires SR-B1, PI3K and AKT1 to Protect Against
Doxorubicin Induced Cardiotoxicity

Author List: Kristina Durham, Christy Mak, Cyrus Thomas, Melissa MacDonald,
Bernardo Trigatti

3.1. Preface

In this manuscript we aimed to 1) determine whether overexpression of ApoAl
and therefore an increase in plasma HDL protects against the deleterious cardiotoxic side
effect of DOX, and 2) evaluate the mechanisms involved in protection. Specifically, we
identified the contribution of SR-B1, PI3K, and AKT to the cardioprotective effects of
HDL.

This project was initiated by Kristina Durham and Dr. Bernardo Trigatti.
Experiments were designed by Kristina Durham with guidance from Dr. Bernardo
Trigatti. Kristina Durham conducted all experiments with the exceptions of Figure 3.2
and Supplementary Figure 3.2 which were designed by Kristina Durham, and carried out
by Christy Mak under the supervision of Kristina Durham, and Figure 3.1D-F, which was
also designed, supervised, and analyzed by Kristina Durham, but carried out by Cyrus
Thomas. All data were interpreted by Kristina Durham with guidance from Dr. Bernardo
Trigatti. This manuscript was written by Kristina Durham with guidance and editing
from Dr. Bernardo Trigatti. This manuscript has been submitted to AJP-Heart and
Circulation and is currently undergoing revisions.

3.2. Abstract
Doxorubicin is a widely used chemotherapeutic though its use is severely limited

due to its deleterious cardiotoxic side effect that can lead to heart failure. HDL has been
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shown to protect cardiomyocytes in vitro against doxorubicin-induced apoptosis. The
scavenger receptor class B type | (SR-B1) is a high affinity HDL receptor that mediates
cytoprotective signaling by HDL through AKT. Here we assess whether increased HDL
levels can protect against DOX-induced cardiotoxicity in mice, in vivo, and in
cardiomyocytes in culture, and explore the intracellular signaling mechanisms involved.
Mice with increased levels of HDL, through overexpression of human ApoAl

+/+

(ApoAng/Tg) and control wild type mice with normal levels of HDL (ApoAl1™") were

+/+

treated chronically with doxorubicin. Following treatment, ApoA1™" mice displayed
cardiac dysfunction as evidenced by reduced LVESP, and reduced +dP/dt. In contrast,
left ventricular function was maintained following doxorubicin treatment in ApoA1™/™
mice. Histological analysis revealed reduced cardiomyocyte cross-sectional area and

+/+

increased cardiomyocyte apoptosis following doxorubicin treatment in ApoA1™" mice.
ApoA1"™ mice, on the other hand, were protected against doxorubicin-induced
cardiomyocyte atrophy and apoptosis. Similar in vivo analyses revealed overexpression
of ApoAl does not protect against doxorubicin-induced cardiotoxicity when SR-B1 is
knocked out, and that SR-B1 is required for HDL mediated protection of cardiomyocytes
against doxorubicin-induced apoptosis in vitro. Using neonatal mouse cardiomyocytes
and human immortalized ventricular cardiomyocytes in combination with genetic
knockout, inhibitors, or sSiRNA mediated knockdown, we demonstrate that SR-B1, PI3K,
and AKT1lare required for HDL mediated protection against doxorubicin-induced
cardiomyocyte apoptosis.

Our findings illustrate the protective effect of ApoAl against doxorubicin

cardiotoxicity in vivo and demonstrate the roles of SR-B1, PI3K, and AKT as mediators
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in the protective effect, and will have important implications both for our understanding
of how the protective properties of HDL extend beyond effects on atherosclerotic plaque,
and also for understanding the role of SR-B1 in mediating HDL induced protection of
cardiomyocytes.
3.3.  Introduction
Cancer is a leading cause of death in developed societies and is a major burden to

the health care system (1). Doxorubicin (DOX) is a widely used and effective cancer
treatment, though its long term use is severely limited by its dose-dependent and
deleterious side effects including cardiotoxicity and congestive heart failure (1). At the
cellular level, DOX promotes suppression of protein synthesis, ultrastructural changes,
alterations to energy metabolism, and cardiomyocyte death, which together manifest
physiologically as a reduction in cardiac function (2). A major therapeutic goal of
cardiology is to prevent cardiomyocyte death caused by an insult such as DOX, as current
treatments are limited in their ability to repair or replace dead myocardium. A potential
avenue for promoting cardiomyocyte protection against DOX is through high density
lipoprotein (HDL). In a recent study both reconstituted and native HDL particles
provided protection against DOX-induced cell death in vitro (3), though whether this
translates to in vivo protection is yet to be determined. Here we assess whether
increasing plasma apolipoprotein A1 (ApoAl), the major apolipoprotein and precursor of
HDL, protects against DOX-induced cardiomyocyte atrophy and apoptosis, and cardiac
dysfunction.

Mechanisms by which HDL protects against other forms of cardiac stress have

been linked to its anti-inflammatory and anti-oxidative signaling, as well as its role in
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reverse cholesterol transport (RCT) (4-6). The scavenger receptor class B type | (SR-B1)
is a high affinity HDL receptor that is a key player in RCT, and mediates bidirectional
flux of lipids between cells and lipoproteins. Additionally, binding of HDL to SR-
Blinitiates intracellular signaling in macrophages, endothelial and other cells (7-13).
Intracellular signaling by HDL or ApoAl complexed with phospholipids, through SR-B1
triggers activation of phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), and
extracellular signal regulated kinases (ERK) 1 and 2 (11, 12, 14, 15). Although the
signaling initiated through SR-B1 has yet to be studied in the cardiomyocyte, the
signaling cascades known to be initiated in other cell types through SR-B1 are also
involved in cardioprotection (16). In light of the protective effects of HDL against DOX-
induced cardiomyocyte apoptosis in vitro, and the protective signaling induced by HDL
through SR-BL1 in other cell types, we investigated the signaling mechanisms involved in
HDL mediated protection against DOX-induced cardiotoxicity and cardiomyocyte
apoptosis.

3.4. Results

ApoA1™™ mice are protected against DOX-induced cardiac dysfunction, cardiomyocyte
apoptosis, and atrophy. Overexpression of human ApoAl led to elevated levels of
ApoALl in plasma as previously described (17), which corresponded to a 3.09 fold

+/+

increase in HDL cholesterol as compared to ApoA1™" mice (Supplementary Fig. 3.1).
Following treatment, body weight (BW), heart weight (HW), and heart weight to tibial
length ratio (HW:TL) were lower in both ApoA1** and ApoA1™T™ mice treated with

DOX than corresponding saline-treated controls though differences in TL were not

statistically significant, suggesting mouse growth was likely not impaired

36



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

(Supplementary Table 3.1). There was no effect of ApoAl overexpression on HW, BW,
and TL (Supplementary Table 3.1).

Left ventricular function was analyzed by invasive hemodynamics. No
differences in left ventricular function were observed between ApoA1** and ApoA1™¥™
mice injected with saline (Fig. 3.1A, B). Cardiac dysfunction was observed in ApoA1*"*
animals following chronic DOX treatment, as indicated by a reduced rate of pressure
development (+dP/dt), an increase in the rate of pressure decline (-dP/dt), and reduction
in the left ventricular end systolic pressure (LVESP) (Fig. 3.1B, C). ApoAng’Tg mice
were protected against DOX-induced cardiac dysfunction since +dP/dt, and LVESP were
similar in ApoAng’Tg mice following DOX or control saline-treatment (Fig. 3.1B, C).
The preservation of these parameters in DOX-treated ApoA1™™ but not ApoA1*"* mice
demonstrates thatApoAl overexpression and/or increased HDL protects against DOX-
induced cardiac dysfunction.

Histological analysis further confirmed that overexpression of ApoAl provided
protection at the cellular level against DOX-induced cardiomyocyte apoptosis and

+/+

atrophy. ApoAl1™" hearts displayed a 12.4 fold increase in apoptosis following DOX
treatment (0.49+0.7 versus 6.07+0.67 % TUNEL-positive cardiomyocytes, Fig. 3.1D, E).
In contrast, hearts from ApoA1" mice treated with either saline or DOX exhibited
similar and low levels of cardiomyocyte apoptosis (0.38+0.11 vs. 0.43+0.15% TUNEL-
positive cardiomyocytes, Fig. 3.1D, E). Cardiomyocyte cross sectional area (CSA) was

reduced by 26.4% in ApoA1** mice whereas it was preserved in ApoA1™™ mice treated

with DOX compared to those treated with saline (Fig. 3.1F, G). Together, this data
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suggests that overexpression of ApoAl protected against DOX-induced cardiomyocyte
apoptosis and atrophy.

The cardioprotective effects of overexpressing ApoAl require SR-B1. To assess
the role of SR-B1 in mediating the protective effects of ApoAl overexpression, we
generated SR-B17"ApoA1"™ mice. ApoAl overexpression in SR-B1” mice resulted in
elevated plasma ApoALl levels, and a 3.5 fold increase in HDL cholesterol compared to
SR-B1""ApoA1*"* (Supplementary Fig. 3.2A, C). Chronic administration of DOX
prevented body weight gain in both SR-B1”ApoA1** and SR-B1"ApoA19™ mice
though body growth as measured by TL was not altered by DOX (Supplementary Table
3.3). DOX-induced a similar reduction in HW:TL in both strains of mice
(Supplementary Table 3.3). Overexpression of ApoALl in SR-B1”" mice did not mitigate
the cardiotoxic effects of DOX. This was evidenced by similar levels of apoptotic
cardiomyocytes in DOX treated SR-B1”ApoA1*"* and SR-B1”ApoA1"™ mice (6.1 vs.
6.8% apoptotic cardiomyocytes, p>0.05, Fig. 3.2A, B), and similar level of atrophy (25.6
vs. 26.8% reduction in CSA compared to relative saline treated animals, p>0.05, Fig.
3.2C, D).

Lack of SR-B1 in vivo sensitizes cardiomyocytes to DOX-induced apoptosis. Our data
demonstrates that overexpression of ApoALl protects against DOX-induced cardiotoxicity
via a pathway that requires the HDL receptor SR-B1. To test whether SR-B1 itself
facilitates protection against DOX-induced apoptosis and atrophy under conditions of

+/+

normal levels of ApoAl, we subjected SR-B1” and control SR-B1** mice with normal
wild-type ApoAl (ApoAl*™) to chronic DOX versus saline treatment. Chronic

administration of DOX prevented body weight gain in both SR-B1** and SR-B1”" mice
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although body growth as measured by TL was not altered by DOX (Supplementary Table
3.3). Similarly, DOX reduced HW to TL ratios to a similar extent in SR-B1*"* and SR-
B1” mice. No differences in animal characteristics were observed between the two
strains following weekly saline injections (Supplementary Table 3.2). DOX treatment
increased apoptosis in both SR-B1*""* and SR-B1™ cardiomyocytes as compared to
respective saline treated groups (4.1 vs. 7.2% apoptotic cardiomyocytes Fig. 3.3A, B).
On the other hand, DOX reduced cardiomyocyte CSA to a similar extent in SR-B1** and
SR-B1”" mice (15.58 and 18.23% reduction relative to saline treated Fig. 3.2C, D). This
suggests that the degree of DOX-induced cardiomyocyte apoptosis but not atrophy is
increased in the absence of SR-B1 expression.

SR-B1 in cardiomyocytes mediates HDL-dependent protection against DOX-induced
apoptosis. We next assessed whether SR-B1 specifically on the cardiomyocyte is
required for the cardioprotective effects of HDL against DOX-induced cardiotoxicity.
SR-B1 protein expression in hearts (ApoA1** and ApoA1™™ treated with DOX or
saline) and cardiomyocytes (neonatal mouse cardiomyocytes [NMCM] from SR-
B1"*mice, and human immortalized ventricular cardiomyocytes [HIVCM]) was
confirmed by immunofluorescence labeling and/or western blotting (Supplementary Fig.
3.4, Fig. 3.4C). Treatment of mouse cardiomyocytes with either human HDL (Fig. 3.4)
or HDL prepared from wild type mice (not shown) protected SR-B1** NMCM against
DOX-induced apoptosis (23.7+1.8 vs. 7.7+5.0% TUNEL positive cardiomyocytes, Fig.
3.4AB). Conversely, HDL did not protect SR-B1”~ NMCM against DOX-induced
apoptosis (31.6+5.8 vs. 35.5+8.3 TUNEL positive cardiomyocytes, Fig. 3.4A, B)

suggesting that SR-B1 in murine cardiomyocytes is required for HDL mediated
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protection against DOX-induced apoptosis. Similarly, DOX-induced apoptosis in
HIVCM (1.9£1.0 vs. 43.9+2.0% TUNEL positive cardiomyocytes, Fig. 3.4E, F), and
pretreatment of cells with HDL attenuated this induction (43.9£2.0 vs. 14.6+0.8%
TUNEL positive cardiomyocytes, Fig. 3.4E, F). siRNA mediated knockdown of SR-B1,
which resulted in a reduction in SR-B1 protein levels by ~85% (Fig.3.4C, D), prevented
HDL dependent protection of HIVCM against DOX-induced apoptosis (42.1+5.2 vs.
36.3£1.9% TUNEL positive cardiomyocytes, Fig. 3.4E, F). These data demonstrated that
SR-B1 is present in cardiomyocytes and that cardiomyocyte SR-B1 is required for HDL-
mediated protection against DOX-induced apoptosis. Deletion of SR-B1 results in
expansion of cholesterol in HDL sized particles (18) and this was confirmed in our
animals (Fig. 3.5A), raising the possibility that altered HDL metabolism and/or structure
in SR-B1 deficient mice, rather than the absence of SR-B1 in cardiomyocytes themselves,
may have contributed to the increased DOX-induced apoptosis in hearts from SR-B1™"
mice. To test if the absence of SR-B1 in hearts themselves increased the sensitivity to
DOX-induced apoptosis in vivo, in a manner predicted by our in vitro studies of the
effects of knockout or knockdown of SR-B1 in cardiomyocytes in culture, we used an ear
pinna heart transplantation model where neonatal hearts of SR-B1*"* and SR-B1”" were
surgically transplanted to opposite ears of an adult wild-type mouse. In this model, hearts
become vascularised and display pulsatile activity (19, 20). In this way, hearts of

+/+

different genotypes (SR-B1** and SR-B1™) can be tested in the same environment—
specifically, in the presence of the same wild-type (SR-B1**) HDL. Transplanted
recipient mice were treated with a single injection of either saline or 1mg/kg DOX and

apoptosis of cardiomyocytes in neonatal hearts transplanted under the ear pinnae was
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+/+

analyzed one week later. DOX did not induce apoptosis of cardiomyocytes the SR-B1
transplants (0.82+0.23 vs. 0.99+0.52% TUNEL positive cardiomyocytes, Fig. 3.5C,D),
however; SR-B1™" transplants displayed 2.21 fold increase in numbers of apoptotic
cardiomyocytes (1.78+0.21 vs. 3.95+0.4% TUNEL positive cardiomyocytes, Fig.

3.5C,D) in DOX- versus saline-treated recipients. This suggests that a lack of SR-B1 in
the heart, itself, sensitizes cardiomyocytes to DOX-induced apoptosis. In light of a recent
report that deletion of SR-B1 in macrophages impairs clearance of apoptotic cells (21),
and the well-known presence of tissue macrophages in hearts, we wanted to ensure that
the increased levels of cardiomyocyte apoptosis observed in transplanted SR-B1™

+/+

compared to SR-B1™" hearts was not due to differences in the capacity of macrophages to
clear apoptotic cells. Therefore we stained transplanted heart sections for SR-B1 and the
macrophage marker CD107b to determine if macrophages in the transplanted hearts were
derived from the recipient host. We observed SR-B1-staining in the majority of
CD107b+ cells in both the SR-B1** and SR-B1™" transplants from recipients treated with
either saline or DOX, and that the numbers of CD107b+ stained cells increased
dramatically in the tissues from mice treated with DOX compared to those from saline-
treated mice (Supplementary Fig. 3.7). This suggests that the majority of cardiac
macrophages in this system are derived from the host, and express SR-B1 and that there
should be no difference in the capacity for clearance of apoptotic cardiomyocytes from
the transplanted SR-B1""* and SR-B17 hearts, but rather, that the increased

cardiomyocyte apoptosis reflects an increased sensitivity of cardiomyocytes in hearts

from SR-B1”" mice to DOX-induced apoptosis.
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AKT is activated in an SR-B1 dependent manner in hearts of mice overexpressing ApoAl
following chronic DOX treatment. Heart homogenates were assessed for the ratio of
phosphorylated AKT (pAKT, Ser 473) to total AKT (tAKT) protein levels, indicating the
level of activation of AKT. Activation of AKT did not differ between any animals that

+/+

were treated with saline. Treatment of ApoA1™" mice with DOX, similarly did not
change the levels of AKT phosphorylation. In contrast, ApoAl overexpressing mice
exhibited a 2.9 fold increase in pAKT:tAKT following chronic DOX treatment (Fig.
3.6A, B). Interestingly, when this was repeated in SR-B1”"mice, ApoA1l overexpression
did not lead to elevated DOX-induced pAKT:tAKT; in contrast, DOX treatment resulted
in a 49% reduction in pAKT:tAKT in SR-B17ApoA1** and a 55% reduction in SR-B1™"
ApoAng’Tg mice (Fig. 3.6C, D). No difference in baseline pAKT:tAKT at baseline
(Fig.3.6E,F) were observed between SR-B1** and SR-B1” hearts. This suggests the
absence of SR-B1 expression sensitizes the myocardium to DOX-induced reductions in
activated AKT, and that SR-B1 is required for ApoA1™™ mediated increase in
pAKT:tAKT following DOX exposure.

HDL Requires PI3K, AKT1, and AKT2 to induce protection of cardiomyocytes against
DOX-induced apoptosis. PI3K is an upstream effector of AKT and is a determinant of
cardiomyocyte function and survival. We found that HDL increased activation of AKT
between 30min to 24h following treatment of HIVCM (Supplementary Fig. 3.9). To
evaluate the role of PI3K and AKT in HDL mediated protection against DOX-induced
apoptosis, we inhibited PI3K or AKT, or knocked down AKT1 and AKT2 (the most

prominent isoforms in cardiomyocytes (22)) and assessed the effect on HDL mediated

protection against DOX-induced apoptosis. Protection by HDL of HIVCM and NMCM

42



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

was attenuated by either LY294002- an inhibitor of PI3K, or AKT Inhibitor V-an
inhibitor of all AKT isoforms (Fig. 3.7A, B), implicating PI3K and AKT in the protective
signaling cascade initiated by HDL. To delineate whether specific isoforms of AKT are
involved in HDL mediated protection, we knocked down AKT1, AKT2 or both using
SIRNA which resulted in~71% and ~72% reduction in protein levels respectively in
NMCM (Fig. 3.8 A/B), and ~70 and ~84% reduction in protein levels respectively in
HIVCM (Fig. 3.8D, E). Knockdown of AKT1 completely abolished protection by HDL
in NMCM (55.2+£14.5 vs. 52.1+£10.9% TUNEL positive cardiomyocytes, Fig. 3.8C).
Similarly, when AKT2 was knocked down, HDL could no longer protect NMCM against
DOX induced apoptosis (39.6+2.5 vs. 33.9+11.7% TUNEL positive cardiomyocytes, Fig.
3.8C). Similarly in HIVCM, knockdown of AKT1 abolished protection by HDL (Fig. 3.8
F), and HDL appeared to lose much of its ability to protect cardiomyocytes against DOX-
induced apoptosis since HDL pre-treatment reduced apoptosis by only 40% in cells
treated with siAKT2 compared to virtually 100% in cells treated with siScram (Fig.
3.8F). Knockdown of both AKT1 and AKT2 did not reduce HDL dependent protection
of HIVCM further than knockdown of AKT1 or AKT2 alone (Fig. 3.8C, F).
3.5. Discussion

Cardiotoxicity and chronic heart failure are major side effects of the
chemotherapeutic DOX. A recent study of 12 females receiving chemotherapy (7 of
which were treated with DOX) indicated these women had reductions in plasma ApoAl
and a corresponding decrease in plasma HDL-C (23). Given the cardioprotective nature
of HDL, and the protection afforded to cardiomyocytes against DOX-induced apoptosis

in vitro (3), we sought to assess whether increasing ApoALl provides protection against
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DOX-induced cardiotoxicity in vivo, and to understand the mechanisms involved. Our
data is the first to demonstrate that increasing plasma ApoAl in vivo attenuates the
cardiotoxic effects of DOX by protecting against cardiomyocyte atrophy and apoptosis,
and maintaining cardiac function. As the therapeutic effect of DOX on cancer cells is
accompanied by the negative effects on cardiomyocytes, an ideal therapeutic would
enhance tumor cytotoxicity while reducing cardiotoxicity. Although the present study
was performed in cancer-free mice (in order to avoid confounding variables associated
with malignancy), evidence from other studies provides rationale for hypothesizing that
the cardioprotective effects of HDL would extend to mice with tumors while allowing
DOX to maintain its chemotherapeutic effects. Raising plasma ApoALl by genetic
overexpression or injection of human ApoAl has been reported to reduce tumor
metastasis and improves survival, whereas knockout of ApoAl enhances tumor growth in
multiple mouse tumor models, indicating the importance of ApoAl in anti-tumorgenic
activities (24). Furthermore, encapsulating DOX in HDL enhances its cytotoxic effect on
tumors in vivo (25). This evidence in combination with our results reinforces the
therapeutic potential for ApoAl or HDL raising therapies during DOX treatment. Future
research should employ an animal tumor model to assess the effects of increasing ApoAl
on both the heart and tumor following DOX therapy.

Examination of the intracellular signaling involved in HDL mediated protection
against DOX-induced cardiomyocyte apoptosis revealed the importance of SR-B1. Here
we have demonstrated that SR-B1 is required for the protective effects of ApoAl and
HDL mediated protection against DOX. Contrary to our results, a recent study by Brinck

et al., found that down regulating SR-B1 in rat cardiomyocytes did not alter the effect of
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HDL when cells were cultured with HDL and DOX for a period of 20h. As a
hydrophobic molecule, DOX is readily incorporated into HDL, altering its effective
concentration and/or presentation to cells, which may result in alterations in signaling at
the cardiomyocyte. In our in vitro experiments, we controlled for this by incubating
cells with HDL for 24h, and removing the HDL during incubation with DOX. Our
experiments also differ in the species of cardiomyocytes used. In a separate study,
ApoALl induced intracellular signaling through ERK, ACC, and AMPK in L6 myotubes
was impaired when SR-B1 was knocked down (26). Overall, our experiments indicate an
integral role of SR-B1 in facilitating the protective effects induced by increased ApoAl
against DOX-induced apoptosis and cardiotoxicity.

Up to this point research has focused on the involvement of the sphigosine-1-
phosphate (S1P) receptors (S1PR) in the cardioprotective effects of HDL, though the
participation of specific S1IPR isoforms remains unclear. Circulating S1P is primarily
carried by HDL (27), and when applied alone, or as part of reconstituted HDL containing
ApoAl with phospholipids, protects cardiomyocytes against various stresses (3, 28, 29).
Tao et al., have implicated S1P; and S1P;receptors in HDL induced protection of adult
mouse cardiomyocytes against hypoxia-reoxygenation (29), whereas Frias et al., shown
inhibition of S1P, receptor ablates the protection afforded by HDL against DOX-induced
apoptosis in neonatal rat ventricular cardiomyocytes (3). The differences may be in part
due to the cargo of S1P on the HDL particle, and/or the differences in cardiomyocytes
studied. Alternatively, SR-B1, known to mediate the cellular uptake of HDL bound
lipids, could mediate the uptake of HDL bound S1P, making it accessible to S1PRs.

Overall our data presents a role for SR-B1 in facilitating HDL-induced cytoprotective
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signaling, though at this time we cannot rule out co-operative effects of SR-B1 and
S1PRs. Further research is required to determine if one or more S1PRs are involved in
HDL dependent signaling through SR-B1, or whether SR-B1 mediates signaling by HDL
independently of S1PRs (30) in cardiomyocytes. In summary, lack of SR-B1 abolishes
the in vivo protective effects of overexpressing ApoAl, and negates the in vitro HDL
mediated protection against apoptosis, which emphasizes the importance of SR-B1 in
vivo for protection against cardiotoxicity.

For our in vivo studies, we elicited a 10-fold increase in plasma ApoAl, and a ~2.5
fold increase in plasma HDL-C levels by overexpressing hApoAl. As HDL raising
therapies such as lifestyle modification, small molecule drugs, and ApoAl mimetics
provide more modest increases in HDL levels, future studies should delineate whether
smaller increases in plasma ApoA1l provide protection against DOX cardiotoxicity.
Chronic DOX treatment induced increased cardiotoxicity despite the ~2-fold higher
HDL-C levels in SR-B17" mice compared to SR-B1*"* mice. We interpret this to mean
that merely increasing HDL-C is not sufficient—rather that HDL function (in this case,
signaling via SR-BL1 in cardiomyocytes) is the important parameter that confers
protection against DOX-induced cardiotoxicity. In the case of SR-B1-/- mice, the
absence of SR-B1 in cardiomyocytes prevents cardioprotective signaling by HDL. This is
consistent with our observation that neonatal hearts from SR-B1”" mice were more

+/+

susceptible to DOX-induced cardiotoxicity than neonatal hearts from SR-B1™" controls
when both were transplanted into wild type recipients.
We further examined the involvement of intracellular components including PI3K

and AKT. Contrary to Frias et al., who found LY294002 did not affect the protective
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effects of HDL or S1P induced protection of neonatal rat cardiomyocytes (3), we found
that inhibition of PI3K by LY294002 mitigated the effects of HDL induced protection in
both HIVCM and NMCM. Our results demonstrate that AKT is an important mediator of
HDL induced suppression of cardiomyocyte apoptosis evoked by DOX, which is in
accord with several other studies reporting that targeting AKT pathways promotes
protection against DOX-induced cardiotoxicity (31-34). Further to this, we have
demonstrated that AKTL1 is required for protection by HDL against DOX-induced
apoptosis. Our results are consistent with studies that demonstrate that gene delivery of
AKT1 protects against the DOX-induced decline in cardiac function (35), and AKT1 is
the major isoform involved in protection against ischemic preconditioning (36).

Our findings presented here illustrate the protective effect of raising ApoAl levels
against DOX-induced cardiotoxicity in vivo. Furthermore, we show that the protection
afforded by HDL requires SR-B1 and involves a PI3K/AKT1 dependent pathway. Our
research will have important implications both for our understanding of how the
protective properties of HDL extend beyond effects on atherosclerotic plaque, and also
for understanding the role of SR-B1 in mediating HDL induced protection of
cardiomyocytes. It may also lead to new insights into therapeutic interventions for

anthracycline based chemotherapeutics or other forms of cardiotoxicity.
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3.6. Methods
Antibodies and siRNA

Please refer to Supplementary Tables 5 and 6 for a detailed list of all antibodies
and siRNAs used in this manuscript.
Chronic DOX Treatment of Animals

All mice were group housed and given free access to normal chow diet and water.
Beginning at 7 weeks of age, male mice were given 5 weekly intraperitoneal (IP)
injections of 5mg/kg DOX (Toronto Research Chemicals, Toronto, ON, Canada) or 0.9%
sterile saline. Blood was collected by tail bleed 24 hours following the fifth injection for
plasma cTnl analysis. Organs were snap frozen or perfusion fixed with 10%w/v formalin
one week following the fifth injection.
Hemodynamic Measurements and Electrocardiography

One week following the fifth injection, animals were anesthetized by isofluorane
and left ventricular pressures in 5 animals per group were measured by inserting a
pressure-volume catheter (PVR-1045 or PVR-1035, Millar, Houston, TX) in to the left
ventricle through the right common carotid artery. Electrocardiography was performed
using a 3 lead approach. Data was collected and analyzed with the ADInstruments
system and Lab Chart software (ADInstruments, Colorado Springs, CO).
Lipoprotein Profiles

Whole blood collected by cardiac puncture one week following the last injection
was centrifuged, and plasma was collected. Plasma from saline treated animals was

fractionated by gel filtration FPLC on a Sepharose 6 column (GE Healthcare Life

48



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

Sciences, Mississauga, ON,Canada). Cholesterol content in each fraction was assayed by
using the Cholesterol Infinity kit (Wako Chemicals USA, Richmond, VA) following
manufacturer’s instructions. Total cholesterol in HDL sized fractions was quantified by
summing cholesterol in fractions 26 to 42 in SR-B1*"* animals, or fractions 18-42 in SR-
B1” fractions.
Microscopy

Fluorescent and bright field images were captured using a Zeiss Axiovert 200M
inverted microscope (Carl Zeiss Canada Ltd. Toronto, ON, Canada), or an Olympus
BX41TF microscope (Olympus Canada Inc., Richmond Hill, ON, Canada).
Cardiomyocyte CSA Analysis

Fixed hearts were paraffin embedded and sectioned at 4um. Sections were
deparaffinised, stained with hematoxylin and eosin, and imaged using light microscopy.
CSA was determined using ImageJ software by measuring a minimum of 130
cardiomyocytes/heart across three sections of the heart representing the base, midline,
and apex. Only round or cuboidal and nucleated cardiomyocytes were included in
analyses.
Quantification of Apoptosis

Sections were subjected to antigen revival using by boiling the samples for 5 min
in a microwave pressure cooker while incubated in Antigen Unmasking Solution (Vector
Laboratories, Burlington, ON, Canada). Apoptosis was assessed using the terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay
according to manufacturer’s instructions (Millipore Canada Ltd., Etobicoke, ON,

Canada). Sections were co-stained with mouse monoclonal anti cardiac troponin T
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antibody (cTnT, Thermo Fisher Scientific Inc., Waltham, MA) using a Mouse on Mouse
Kit with biotinylated secondary labeling (Vector Laboratories, Burlington, ON,Canada)
and tertiary labeling with streptavidin conjugated AlexaFluor 568 antibody (Life
Technologies, Burlington, ON,Canada) to identify cardiomyocytes from other cardiac
cells, and nuclei were stained with DAPI. Apoptotic cardiomyocytes were identified as
having a TUNEL-positive nucleus that was surrounded by cTnT staining. TUNEL
positive nuclei were counted in 4 randomly selected fields per section, from 3 sections
per heart representing the base, midline, and apex of the heart. Apoptosis was expressed
as a ratio of TUNEL positive cardiomyocyte nuclei to total cardiomyocyte nuclei.
Culture of Neonatal Mouse Cardiomyocytes and Human Immortalized Ventricular
Cardiomyocytes

Hearts were isolated from 1-3 day old neonatal mice and placed into ice cold
Hank’s balanced saline solution (HBSS, Life Technologies, Burlington, ON, Canada).
Atrial and aortic appendages were removed and ventricles were washed with fresh ice
cold HBSS. The ventricles were then serial digested at 37°C using 0.2mg/mL collagenase
type Il (Worthington Biochemical Corp., Lakewood, NJ), and 0.6mg/mL pancreatin
(Sigma-Aldrich Canada Co., Oakville, ON, Canada) in HBSS. After each digestion, cell
suspension was transferred into fetal bovine serum (FBS, Life Technologies, Burlington,
ON, Canada) on ice. The cell suspension was centrifuged at 300xg for 10 min at 4°C.
The supernatant was removed and the cell pellet was re-suspended in 37°C DMEM/M199
(4:1) supplemented with 10% horse serum, 5% fetal bovine serum (FBS), 100uM bromo-
deoxyuridine,100U/mL penicillin, 100ug/L streptomycin, and 0.5mM L-Glutamine (Life

Technologies, Burlington, ON,Canada). The cell suspension was transferred to an
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uncoated plate for 1h to allow non cardiomyocytes to adhere. The myocyte enriched
suspension was then removed for cell counting and plated at 1x10° cells/cm? on collagen
type | (Life Technologies, Burlington, ON,Canada), coated dishes and incubated in a
humid 5% CO, incubator at 37°C for 48 hours at which point they were used for
experiments. SV40 large T antigen HIVCM were obtained from Applied Biological
Materials Inc. (Richmond, BC, Canada). HIVCMs were cultured in Prigrow | media
(Applied Biological Materials Inc., Richmond, BC, Canada) and were supplemented with
10% FBS, and 100U/mL penicillin.
DOX Treatment of Cells

In some experiments HIVCMs were transfected with scrambled siRNA, or sSiRNA
against SR-B1, AKT1 orAKT2 either individually or in combination. See Supplementary
table 5 for a list of SIRNA used. Cells were transfected using Lipofectamine RNAiI Max
(Life Technologies, Burlington, ON, Canada), 24h prior to the initiation of experimental
treatments. In all experiments, HIVCMs, and NMCMs were starved of lipoproteins by
incubating for 24h in media containing lipoprotein deficient serum either before all
treatments, or in the case of SIRNA experiments, 24h following transfection. Next, cells
were treated with or without 100pug/mL human HDL (Alfa Aesar, Ward Hill, MA) for 24
hours, and subsequently treated with or without 1uM DOX for 6 hours. In other
experiments, cells were treated with 10uM LY294002 (PI3K inhibitor; Cell Signaling
Technologies Inc., Danvers, MA) or 3uM AKT Inhibitor V (pan-AKT inhibitor;
Millipore Canada Ltd., Etobicoke, ON, Canada), or vehicle (DMSQ) 30 min prior to and

during HDL treatment.
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Cell death analyses
For assessment of apoptosis NMCMs and HIVMs were fixed with 4%

parafomaldehyde, stained for apoptosis using the TUNEL assay, and co stained with
DAPI. NMCM were co-immunostained for cTnT (as described above) to identify
cardiomyocytes. TUNEL positive cardiomyocytes were imaged by fluorescence
microscopy.
Ear Pinna Heart Transplant

Neonatal hearts were transplanted under the ear pinna of an adult recipient

+/+

according to previous reports (19, 20). Adult SR-B1™" mice served as recipients for heart
transplants, and both ears underwent transplant surgery. 1 day old SR-B1** or SR-B1™"
neonates served as heart donors. Recipients were anesthetized under isofluorane/O, for
the duration of the surgery. Aseptic techniques were followed and a 2mm transverse
incision into the epidermis was made on the dorsum of the recipient’s ear pinna. Using
fine-tip sterile forceps a small pocket between the cartilage and skin was made. Donor
neonates were sterilized and decapitated, and their hearts were quickly removed by
thoroacotamy and placed in ice cold sterile saline. Aortic and atrial appendages were
removed and following a second rinse in ice cold saline, the ventricular portion was
inserted into the ear pocket of the recipient. Gentle compression was applied to remove
air and seal the pocket. Animals were allowed to recover for one week, at which point the
transplanted hearts were visually assessed for spontaneous beating, and the recipient mice

with two viable transplants were injected with a single IP injection of 0 or 1 mg/kg DOX.

Seven days post injection mice were euthanized and hearts collected from the ear pinna
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for histological evaluation of apoptosis using TUNEL, and identification of
cardiomyocytes using with cTnT co-staining.
Western Blotting

Hearts or cells were lysed in a buffer containing 20mM Tris-HCI pH 7.5, 150mM
NaCl, ImM Na;EDTA, 1mM EGTA, 1% Triton, 2.5mM Na,sP,07, ImM -
glycerophosphate, 1ImM NasVOs, with 1pug/mL Pepstatin A, Img/mL leupeptin 2pug/mL
aprotinin, 50uM p-Amidinophenylmethylsulfonylfluoride (all from Sigma-Aldrich
Canada Co., Oakville, ON, Canada). Homogenates or lysates (20-25ug total protein),
and plasma (1.5uL) were denatured and separated by SDS-polyacrylamide gel
electrophoresis and transferred onto a PVDF membrane. Antibodies were applied
following manufacturer’s instructions, and visualized using enhanced chemiluminescence
(Thermo Fisher Scientific Inc., Waltham, MA). For a list of antibodies used, refer to
Supplementary Table 6.
Statistical Analysis

Data are expressed as mean = standard error of the mean (SEM). Differences are

considered statistically significant at P< 0.05. Data was analyzed for statistical
significance using GraphPad software (GraphPad Software, Inc., La Jolla, CA).
Normality was assessed using the Shapiro-Wilk or D'Agostino-Pearson omnibus test, and
equal variance by F test. Data that was normally distributed and showed equal variance
were analyzed by Student’s t test (2-tailed, unpaired) to compare two groups, one way
ANOVA to compare more than two groups, and two-way ANOVA to compare data with

two or more independent variables. Post hoc analysis of statistically relevant
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comparisons were tested using the Tukey test for groups with equal N groups, or the

Tukey-Kramer test for groups with unequal N.
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Figure 3.1 Mice overexpressing ApoAl are resistant to DOX induced cardiotoxicity.
A) Left ventricular end diastolic pressure. N=5 animals/group. B) Left ventricular end
systolic pressure. N=5animals/group. C) Rate of pressure development and decline of the

left ventricle. N=5 animals/group. D) Representative images and E) quantification of
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TUNEL positive cardiomyocytes. N=7 animals/group. Red=cTnT, Green= TUNEL,
Blue=DAPI. Scale bar= 50um. F) Representative images and G) quantification of
cardiomyocyte CSA. N=7 animals/group. *p<0.001. Scale bar= 15um. All data

represents mean+S.E.M. *=p<0.05
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Figure 3.2 Mice lacking SR-B1 are not protected against DOX induced
cardiotoxicity when ApoAl is overexpressed.

A) Representative images and B) quantification of TUNEL positive cardiomyocytes.
N=6-8 animals/group. Red=cTnT, Green= TUNEL, Blue=DAPI. Scale bar=
50um. C) Representative images and D) quantification of cardiomyocyte CSA.
N=6-8 animals/group. *p<0.001. Scale bar= 15um. All data represents

mean+S.E.M. *=p<0.05
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Figure 3.3 Treatment of mice lacking SR-B1 with DOX leads to exacerbated
cardiomyocyte apoptosis.

A) Representative images of TUNEL stained heart sections and B) quantification of
apoptosis. Red=cTnT, Green= TUNEL, Blue=DAPI. Scale bar= 20um. N=7-8
animals/group. Dissimilar letters are significantly different p<0.05 C) Representative
images and D) quantification of cardiomyocyte CSA in SR-B1"*and SR-B1 " hearts
treated with saline or DOX n=5 animals/group. = treatment effect p<0.001. Scale bar=

15um. All data represents mean+S.E.M..
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Figure 3.4 SR-BL1 is required for protection of HIVCM and NMCM against DOX
induced apoptosis in vitro.

A) Representative images of TUNEL staining and B) quantification for DOX induced
apoptosis of isolated neonatal SR-B1+/+ or -/- cardiomyocytes treated £ human or mouse
HDL. Red=cTnT, Green=TUNEL, blue=DAPI. Scale bar= 50pum. N=3 wells/group. C)
Representative western blot of HIVCM transfected with scrambled or SR-B1 siRNA, and

D) quantification in the bar graph. N=3/group. E) Representative TUNEL staining and F)
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quantification for DOX induced apoptosis of HIVCM treated + human HDL.
Green=TUNEL, blue=DAPI. Scale bar=50um. N=2-3 replicates/group. Dissimilar

letters are significantly different, and *=p<0.01.
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Figure 3.5 Hearts lacking SR-B1 are more sensitive to DOX induced apoptosis in
the presence of wild type HDL.

A) Average lipoprotein profiles of SR-B1** and SR-B1™” mice, n=3/group. B)
Representative image of neonatal heart placed under the ear pinna of an adult recipient.
C) Representative images and quantification of TUNEL positive cardiomyocytes in
transplanted hearts. N=3-4/group. Red=cTnT, Green= TUNEL, Blue=DAPI. Scale bar=

20um. All data represents mean+S.E.M., **=p<0.001.

61



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

4.0 *

Saline DOX — 03 ApoAl**
T 35 mm ppoaTeTe
ApoATH ApoA1TeTe ApoA T+ ApoA1TelTa < 30

£65 2
PAKT Serdf3 | S e e R e e e EE 20
<

%’_S 1.5
AT | S e B BR s e %1-9"-’_—-—_|
X 054
00 T T
Saline DOX
-I- ++
C  SRBItApoAI* SR-BI*ApoAlTsTs D 3 SRBIAoAT
15, WE SRB1Apoal™e
Saline DOX Saline DOX -
(=]
< . RS E 10 -|—
PAKT Serd73 ” RN ‘ %% ' p
£&
% 2 05 T
. B 8
paKT | - Z
00 . r
Saline DOX
E SR-B1+ SR-B1+ F 15
PAKT Serd73 | W W . e e 104

05

pAKTAKT
(Relative Fold Change)

tAKT"“”””

00
SR-B1*™*

Figure 3.6 Overexpression of ApoAl increases activation of AKT under stressed
conditions whereas knockout of SR-B1 abolishes this effect of ApoAl
overexpression.

A) Representative western blot and B) quantification of ApoA1*™* and ApoA1™9T heart
homogenates from mice treated £DOX chronically. N=5-6 animals/group. *p<0.01. C)
Representative western blot and D) quantification of SR-B1” ApoA1** and SR-B1™"
ApoA1"T9 heart homogenates from mice treated +DOX chronically. N=4
animals/group. *p<0.01. E) Representative western blot and F) quantification of SR-

B1"*ApoA1"* and SR-B1""ApoA1** heart homogenates.
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Figure 3.7 Protection by HDL against DOX induced apoptosis requires PI3K, and

AKT.
A/B) DOX-induced cell death assessed by TUNEL staining in NMCM (A) and HIVCM

(B) treated +tHDL and £L.Y294002 to inhibit PI3K, or £AKT Inhibitor V to inhibit AKT.

*p<0.01. Data represents mean+S.E.M. N=3/group unless otherwise stated.
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Figure 3.8 Protection by HDL against DOX-induced apoptosis requires AKT1 and
AKT2.

A/B Representative immunoblots and quantification of AKT1 (A) and AKT2 (B) in
NMCM transfected with scrambled siRNA or siRNA for AKT1, AKT2, or AKT1 and 2
in combination. C) DOX-induced cardiomyocyte death assessed by TUNEL staining in
NMCM transfected with siScram, siAKT1, siAKT2, or siAKT1+2 siRNA and treated
+HDL *p<0.01. D/E) Representative immunoblots and quantification of AKT1 (D) and
AKT2 (E) in HIVCM transfected with scrambled siRNA or siRNA for AKT1, AKT2, or
AKT1 and 2 in combination. F) DOX-induced cardiomyocyte death assessed by TUNEL
staining in HIVCM transfected with siScram, siAKT1, siAKT2, or siAKT1+2 siRNA and
treated tHDL *p<0.01. Data represents mean+S.E.M. N=3/group unless otherwise

stated.

65



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

A B
* 0.6
g ™ . -0~ ApoA1™*
28 10 =
25 | £ - ApoA1'9T9
wo =
%E A % 04'
Z2 4 "%‘
a7, 5 0.2-
ApoA1™' ApoA1T9T8 _
5
o
ApoAl .
0.0+
0 6 12 18 24 30 36
Fraction Number
C
57 *
=

N
1

w
1

HDL Cholesterol (m
- [ )

(=}
T

ApoA1 +H+ ApoAT TgTg

Supplementary Figure 3.1 Plasma ApoAl and HDL-C levels.

A) Immunoblotting of ApoAl in plasma from ApoA1** and ApoA1™™ mice.
N=3/group. B) Lipoprotein profile of plasma from ApoA1** and ApoA1™™ mice
treated with saline. Curve represents averages of 3 and 5 animals/group. C)
Quantification of area under the curve of lipoprotein profiles in fractions 26-42.

*p<0.001. All data represents meanzS.E.M.
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Supplementary Figure 3.2 Plasma ApoAl and HDL-C levels.

A) Immunoblotting of ApoALl in plasma from SR-B1"ApoA1"* and SR-B1”ApoA1™™
mice. N=3/group. B) Lipoprotein profile of plasma from SR-B1”ApoA1*"* and SR-B1”
ApoA1"T mice treated with saline. Curve represents averages of 3-4 animals/group.

C) Quantification of area under the curve of lipoprotein profiles in fractions 18-42.

*p<0.001. All data represents meanzS.E.M.
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Supplementary Figure 3.3 SR-B1 expression levels do not differ in ApoAl*’+ and
ApoAlT“”Tg heart homogenates following 5 weekly injections of saline or DOX.
A) Representative immunoblot. B) Quantification. N= 4/group. Data represents

mean+S.E.M.

NMCM

SR-B1 ** SR-B1

Supplementary Figure 3.4 Immunofluorescent staining of SR-B1 in isolated

SR-B1*"* or SR-B1”" NMCM or HIVCM.

Blue=DAPI, Green=SR-B1. Scale bar=20um (NMCM), and 100pum (HIVCM).
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Supplementary Figure 3.5 HDL but not LDL protects HIVCM against DOX-
induced cell death.

Protection against DOX induced apoptosis (A) or cell death (B) in HIVCM is specific to
HDL, and not LDL, and protection by HDL requires SR-B1. HIVCM were starved of
lipoproteins, and treated £100ug/mL human HDL or LDL for 24h and subsequently
stressed with 1uM DOX for 6h. A) HIVCM were assessed for viability using a resazurin
assay (AlamarBlue, Thermo Fisher Scientific Inc., Waltham, MA) as per manufacturers’
instructions. Briefly, following treatment, fresh media containing 1:20 AlamarBlue was
added to wells. Cells were incubated for 18h and absorbance was recorded using a
spectrophotometer. N=10 wells/group. B) HIVCM were stained for apoptosis using

TUNEL staining. N=3 wells/group. C) Cell viability in HIVCM transfected with
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siScram or siSR-B1. N=10 wells/group. Data represents meanstS.E.M. Dissimilar letters

and * are significantly different to p<0.05 and **=p<0.001.

70



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

301
3 sSR-B1"* Chow
| EE SRr-B1** Probucol
Qg
B S 20-
o O
29 T
]
i B
)
— 8 10+
X
| - i
0
DOX HDL+DOX

Supplementary Figure 3.6 NMCM isolated from litters born to parents on chow

diet and probucol diet respond to DOX and HDL similarly.

NMCM were starved of lipoproteins, and treated £100pg/mL human HDL for 24h and
subsequently stressed with 1uM DOX for 6h, and stained for apoptosis using TUNEL

staining. N=3 wells/group. Data represents means=S.E.M. B= treatment effect =p<0.01.
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Supplementary Figure 3.7 Host macrophages (SR-BI™") are present in both
SR-B1"*and ™ transplanted hearts.
Representative images of transplanted heart sections stained for the macrophage marker

CD107b (green) and SR-B1 (red). White arrows identify cells that co-stain for SR-B1

and CD107h.
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Supplementary Figure 3.8 Activation of AKT by HDL.
AKT phosphorylation at Ser473 in HIVCM following 0-24h incubations +HDL. N=3

experiments/group. Data represents means+S.E.M. *=p<0.05.

44 % 3 *
c c
2 S
T o 31 )
22 22 2
o ® ]
55 2 5
g g
° -
5, £5 "
g &
< <
0- 0-
HDL (100pg/mL. + + + + + HDL (100pg/mt.) + + + + +
LY294002 ([uM]) O 0 25 5 10 20 AKTInhV ([uM]) © 0 1.5 3 6 10
pAKT Serd73 |

B 3 R R
Pcin | b a0 W BF|

Supplementary Figure 3.9 AKT inhibition by LY294002 and AKT Inh V.

Inhibition of AKT phosphorylation in HIVCM following 24h incubation +HDL and A)
LY294002 and B) AKT Inhibitor V at varying concentrations. N=3 experiments/group.

Data represents means+S.E.M. *=p<0.05.
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Supplementary Figure 3.10 Female mice lacking SR-B1 have exacerbated
cardiomyocyte apoptosis following a single injection of DOX.

Animals were injected with a single injection of 10mg/Kg DOX or vehicle, and hearts
were harvested for analysis of cardiomyocyte apoptosis 7 days later. N=4/group. Data

represents means+S.E.M. *=p<0.05.

Supplementary Table 3.1 Physical Characteristics of Mice.

Saline DOX
ApoAl+H ApoAlTeTe ApoAl+H ApoAlTeTs
Initial BW (g) 25207 23.5+£09 243 £0.6 235+1.1
Final BW (g) * 26704 27.2+0.8 23.8+0.06 24.5+£0.8
HW (mg) * 1389+32 1398+ 4.8 1162 +£4.0 1170+ 34
TL (numn) 20004 20.0+0.3 193+£02 185+0.6
HW:TL (img/mm) * 6.9+02 7.0+0.2 6.0=+02 04+01

*drugeffect p<<0.05. BW: bodvweight, HW: heart weight, TL: tibial length. n=7-8
nce/group
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Supplementary Table 3.2 Physical Characteristics of Mice

Saline DOX
SRB1-*ApoAl** SRB1-ApoAlTeTs SRB1--ApoAl*H SRB1-"ApoAlTaTe
Initial BW (g) 24.1£1.0 26.8+1 .4 23.740.3 25.4+£1.5
Final BW (g) * 28.0+0.8 31.0+1 .4 23.2404 251414
HW (mg) * 164.1+3.5 165.7£15 132.51£6.6 131.1£7.3
TL (mmy}) 18.4+£0.3 18.4%0.5 15.1+0.2 15.4+0.06
HW:TL (mg/mm) * 8.9+0.2 9.0£0.7 7.310.4 7.1£0.3
*drug effect p<0.03. BW: body weight, HW: heart weight, TL: tibial length. n=6-8 mice/group
Supplementary Table 3.3 Physical Characteristics of Mice
Saline DOX
SE-B1+ SR-B1-- SR-BL1H* SR-B1--
Initial BW (g) 25.840.3 25.0+1.0 26.2+0.9 24.320.7
Final BW (g) * 27.4+0.6 26.8+1.3 23.2+1.2 21.940.7
HW (mmg) * 149.4£51 150411 122 4455 120 4£5.1
TL (mm) 22.7+0.5 23.0+0.5 23.240.4 22.1+0.2
HW:TL (mg/mm) * 6.610.3 6.510.4 5.340.2 5.810.2

*drug effect p<<0.05. BW: body weight, HW: heart weight, TL:

Supplementary Table 3.4 List of siRNAs

fibial length. n=7-8mice/group

Targeted

siRNA Name Supplier Gene Target Sequence
AllStars Negative Control
siRMNA Qiagen M/ A Proprietary
Hs_AKT1_10 Qiagen AKT1 5'-CACGCTTGGTCCCGAGGLCAA-Y
Hs_AKT2 7 (iagen AKT2 5'-ACGGGCTAAAGT GACCATGAA-
Hs_SCARB1_6 Qiagen SCARB1 5 -CCGATCCATGAAGCTAATGTA-3
Mm_Aktl 3 (iagen Aktl 5'-AACAATTAGATTCATGTAGAA-S
Mm_Akt2_1 Qiagen Akt2 5 -ACGGGCCAAAGTGACCATGAA-3'
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Antibody Target Supplier Cat. Number Species
B-Actin Cell Signaling Technology 12620 RabbitmAb
Akt Cell Signaling Technology 9272 RabbitpAb
Aktl Cell Signaling Technology 2938 RabbitmAb
Alt2 Cell Signaling Technology 3063 RabbitmAb
Phospho Akt (Ser473) Cell Signaling Technology 4060 RabbitmAb
Phospho Akt (Thr 308) Cell Signaling Technology 13038 RabbitmAb
CD107b BD Pharmingen 553322 Rat mAb
Apolipoprotein Al Midlands BioProducts Corp 71107 Goat pAb
Troponin T Cardiac Isoform  [Thermo Scientific MAS5-12960 MousgemAb
SR-B1 Novus Biologicals NB400-104 RabbitpAb

Supplementary Table 3. 6 List of Secondary Antibodies

Target Label/Dye Supplier Cat. Number | Species

RabbitIgG (H+L) 4188 [nvitrogen A11008 Goat
MouselgG (H+L) 4188 [nvitrogen A11059 Rabbit
Streptavidin Conjugate (594 [nvitrogen 532356
GoatIeG (H+L) HRP Tackson ImmunoResearch |305-035-003 [Rabbit
RabbitIeG (H+L) HRP Tackson ImmunoResearch |711-035-152 [Donkey
MouselgG (H+L) HRP Tackson ImmunoResearch |715-035-150 [Donkey
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Chapter 4.  Therapeutic Administration of ApoAl Protects Against Doxorubicin
Induced Cardiomyocyte Apoptosis

Author List: Kristina Durham, Christy Mak, Melissa MacDonald, Bernardo Trigatti

4.1. Preface

In this manuscript we aimed to determine whether raising plasma HDL by a
therapeutic injection of human ApoAl would protect against the deleterious cardiotoxic
side effects of DOX including cardiomyocyte apoptosis and atrophy. This project was
initiated by Kristina Durham and Dr. Bernardo Trigatti. Experiments were designed by
Kristina Durham with guidance from Dr. Bernardo Trigatti. Kristina Durham conducted
all experiments involving animals, and data collected from analysis of tissues was
produced and analyzed by both Kristina Durham and Christy Mak under the supervision
of Kristina Durham. All data were interpreted by Kristina Durham with guidance from
Dr. Bernardo Trigatti. This manuscript was written by Kristina Durham with guidance
and editing from Dr. Bernardo Trigatti. Melissa MacDonald assisted with animal
breeding. This manuscript will be submitted for publication in 2017, and is an ongoing

study.

4.2. Abstract

The deleterious cardiotoxic side effects of doxorubicin, a clinically used
chemotherapeutic, severely limits its use. To date there are no widely accepted therapies
used to protect against the cardiotoxic side effects of DOX. Most importantly, a
therapeutic aimed at cardioprotection must not lessen the anti-tumorgenic activity of
doxorubicin. In 2010, researchers reported the ability of HDL to protect isolated rat

cardiomyocytes against DOX-induced apoptosis (1). Our previous work has
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demonstrated that raising plasma high density lipoprotein by overexpression of
apolipoprotein Al protects against doxorubicin -induced cardiotoxicity by inhibiting the
pro-apoptotic and pro-atrophic effects. Other research has reported that overexpression
or injection of apolipoprotein Al into tumor bearing mice reduces tumor metastasis and
improves survival. Here, we assess whether a therapeutic increase in plasma high density
lipoprotein by injection of apolipoprotein Al protects against the cardiotoxic side effects
of doxorubicin. Secondly, we attempt to delineate whether increasing plasma high
density lipoprotein leads to changes in the activation of the cardioprotective protein
kinase B within the heart. Briefly, mice that were injected with apolipoprotein Al were
protected against doxorubicin-induced apoptosis, but not atrophy. Immunoblot analyses
of the hearts revealed an increase in protein kinase B activation in hearts from mice
treated with doxorubicin and apolipoprotein A1l. We conclude that providing a
therapeutic injection of apolipoprotein Al prior to and following a single injection of
doxorubicin protects against doxorubicin-induced cardiomyocyte apoptosis, and may be a
result of protective signaling through the protein kinase B pathway, however; future

research is required to delineate the role of protein kinase B.

4.3.  Introduction

Doxorubicin (DOX) is an effective anthracycline used to treat both solid and
hematologic cancers (2). Despite its therapeutic benefits, long term use of DOX is
limited by its dose-dependent and deleterious side effects of cardiotoxicity and
congestive heart failure (2). Others have reported the protective effect of high density
lipoprotein (HDL) against DOX-induced cardiomyocyte apoptosis in vitro (1). Our

previous work has demonstrated that increasing plasma HDL by overexpressing
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apolipoprotein A1 (ApoAl) negates the cardiotoxic side effects of DOX as evidenced by
maintained cardiomyocyte cross sectional area, and lack of induction of cardiomyocyte
apoptosis, as well as maintenance of cardiac function following chronic DOX exposure
(see Chapter 3, Unpublished data, Durham K. and Trigatti B. et al, 2016). This
protection afforded by increased HDL was dependent on the expression of the scavenger
receptor class B type | (SR-B1), and the intracellular targets phosphoinositide 3-kinase
(P13K), and protein kinase B (AKT) (see Chapter 3, Unpublished data, Durham K. and
Trigatti B. et al., 2016). Research has demonstrated that both transgenic expression of
ApoA1l and injection of ApoAl reduces tumor growth and metastasis, and increases
survival of tumor bearing mice (3). The anti-tumor effects of ApoAl were attributed to a
transition of macrophages associated with the tumor from a pro-tumor M2 to anti-tumor
M1 type (3). Additionally, encapsulating DOX in reconstituted HDL particles enhances
the cytotoxic effects of DOX on tumors in vivo, and cancer cells in vitro (4, 5). Given the
paradoxical cardioprotective and anti-tumor nature of ApoA1l- the backbone of HDL, and
the enhanced anti-tumorgenic activity of DOX when encapsulated in HDL, we postulate
that ApoALl, and therefore HDL, may be a notable therapeutic target for generating
protection against the deleterious side effect of DOX.

As proof of principle, we used transgenic overexpression of human ApoALl to
dramatically raise HDL in experimental mice and showed that overexpression of ApoAl
attenuated DOX-induced cardiomyocyte apoptosis, atrophy, and dysfunction. To test the
effects of a more pharmacologically relevant intervention, here we evaluate whether
intraperitoneal (IP) injection of ApoALl leads to a moderate and clinically relevant

increase in plasma ApoAl, and whether this therapeutic increase in ApoAl will protect
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against DOX-induced cardiomyocyte apoptosis and atrophy. Secondly, we have assessed
the hearts for activation of the cardioprotective kinase AKT, in order to evaluate whether
(in line with our previous chronic DOX studies, see Chapter 3), AKT activation may play

a role in mediating protection of the heart against cardiotoxic stress.

4.4. Results

A therapeutic IP injection of human ApoALl increases plasma ApoAl. Plasma ApoAl was
increased by ~2.2 times following a single injection of 14mg/Kg human ApoAl (Fig.
4.2A). When a second injection of 14mg/Kg of human ApoAl was administered 8h
following the first, plasma ApoAl was increased ~3.4 times (Fig. 4.2A). One week
following the start of treatment, plasma ApoAl levels did not differ between Control,
ApoAl, DOX, or ApoA1+DOX treated animals (Fig. 4.2B). This suggests that ApoAl is
being catabolized over the course of a week which is expected given that ApoAl
clearance is approximately 4.5 days (6). Plasma from mice harvested at 11h following
initiation of treatment was fractionated by fast protein liquid chromatography (FPLC) and
assayed for cholesterol in order to determine whether the increase in plasma ApoAl (and
therefore HDL particle number) corresponded to an increase in cholesterol contained in
HDL sized particles. No detectable differences in cholesterol contained in HDL sized
fractions were observed suggesting at this time point the increase in HDL number (due to
increased ApoAl) does not correspond to an increase in HDL associated cholesterol
(HDL-C) (Fig. 4.2E).

Animal Characteristics. Animal characteristics including initial body weight (BW), heart
weight (HW), and HW:tibial length (TL) did not differ between any groups regardless of

treatment (Table 4.1). Some non-significant reductions were observed such as a DOX-
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induced reduction in HW:TL, however; greater numbers of animals per group would be
required to achieve greater statistical power. Of note is the higher final BW of Control
and DOX treated animals in comparison to ApoAl animals and is likely related to the
lower initial BW of these animals (Table 4.1).

Injection of ApoAl protects against DOX-induced cardiomyocyte apoptosis but not
atrophy. Injection of ApoAl alone did not affect apoptosis of cardiomyocytes as
evidenced by similar and low levels of apoptosis compared to Control animals (1.14+0.47
vs. 1.31+0.5% TUNEL-positive cardiomyocytes, Fig. 4.3A, B). A single injection of
10mg/Kg DOX resulted in a 5.1 fold increase in apoptotic cardiomyocytes compared to
Control animals (6.65+0.47 vs. 1.31+0.5% TUNEL-positive cardiomyocytes, Fig. 4.3A,
B). In contrast, hearts from ApoALl injected mice treated with either saline or DOX
exhibited similar and low levels of cardiomyocyte apoptosis (1.14+0.47 vs. 0.47+0.48
TUNEL-positive cardiomyocytes, Fig. 4.3A, B), indicating ApoAl injection protects
against DOX-induced cardiomyocyte apoptosis in vivo. Injection of ApoAl alone did not
affect cardiomyocyte CSA as evidenced by similar CSA compared to control animals
(136.4+0.7 vs. 122.745.1 pm?, Fig. 4.3C, D). Cardiomyocyte CSA was reduced by 35%
in mice treated with DOX (136.4+0.7 vs. 88.8+7.6 pm?, Fig. 4.3C, D). Injection of
ApoALl did not entirely protect against DOX-induced cardiomyocyte atrophy as
evidenced by a DOX-induced 20% reduction in CSA compared to ApoALl treated hearts
(122.745.1 vs. 98.7+4.2 um?, Fig. 4.3C, D).

AKT is activated in an ApoAl/stress-dependent manner. Hearts collected 7 days
following the start of treatment were homogenized and assessed by immunoblotting for

activation of AKT. One week following the initiation of treatment, phosphorylation of
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AKT at ser473 was increased 4.5 times in hearts from ApoA1+DOX treated mice
compared to Control hearts (Fig. 4.4B), suggesting ApoAl promotes activation of AKT
in a stress-dependent manner. It should be noted that there was a non-statistically
significant trend towards increased phosphorylation of AKT at ser473 in hearts treated

with ApoAl alone.

4.5.  Discussion

Our previous work (see Chapter 3) identified the cardioprotective role of HDL in
attenuation of the deleterious cardiotoxic side effects of DOX. Previously we raised
HDL levels in a murine model by overexpressing the HDL backbone ApoAl. As genetic
manipulation is currently not a clinically relevant means to increase HDL, and also
results in a chronically sustained and large magnitude of increase in HDL levels, we
identified the need to evaluate whether a moderate increase in HDL by therapeutic
delivery of ApoAl would provide protection against the deleterious cardiotoxic side
effects of DOX. Here we evaluated whether raising plasma ApoAl by IP injection of
human ApoAl led to protection against DOX-induced cardiomyocyte apoptosis and
atrophy. Firstly, we validated a method to increase plasma ApoAl that resulted in a ~2.2
fold increase in plasma ApoAl after a single IP injection of 14mg/Kg of human ApoAl
into a wild-type mouse. Following a second injection of ApoAl, spaced 8h from the
first, plasma ApoAl was increased 3.4 fold. Next, administration of a single injection of
10mg/Kg DOX led to increased cardiomyocyte apoptosis compared to Control mice,
however; when ApoAl was administered in combination with DOX, animals did not

show elevated cardiomyocyte apoptosis in response to DOX treatment, suggesting a 2.2-
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3.4 fold increase in plasma ApoAl is sufficient for protection against DOX-induced
apoptosis.

We have previously demonstrated that overexpression of ApoAl protects against
chronic DOX-induced cardiomyocyte atrophy. In the current study a single injection of
DOX reduced cardiomyocyte CSA as compared to control animals, indicating DOX-
induced atrophy. Raising plasma ApoAl by injection did not protect against DOX-
induced cardiomyocyte atrophy. Interestingly, the increase in ApoAl was not enough to
overcome the atrophic effects of DOX but was sufficient to protect against DOX-induced
apoptosis. Perhaps protective effects of ApoAl against DOX-induced atrophy require
greater or sustained increases in plasma ApoAl.

Analysis of hearts from mice harvested 7 days following initiation of experiments
revealed a greater level of AKT activation in hearts from mice treated with both ApoAl
and DOX. This is in line with our previous results in ApoA1™™ mice which found AKT
was activated by overexpression of ApoAl in a DOX-dependent manner, and that ApoAl
overexpression alone did not affect AKT phosphorylation (See Chapter 3). This stress-
dependency of ApoAl-induced activation of AKT may due to control mechanisms in
non-stressed hearts which control the dynamic activation of AKT, such as phosphatase
and tensin homolog or phospholipase 2A- both negative regulators of AKT activation (7,
8).

Overall our data reflects the protective effects of a small increase in ApoAl
against the apoptotic effect of DOX on cardiomyocytes. Future studies should aim to
delineate the dose-dependent effects of ApoALl to identify a therapeutically relevant dose

of ApoAl that leads to protection against both DOX-induced apoptosis and atrophy. This
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work is ongoing, and currently mice lacking SR-B1 specifically in cardiomyocytes are
being generated in order to test whether the protection afforded by ApoAl injection
against DOX-induced cardiomyocyte apoptosis is dependent on SR-B1. See Chapter 6:
Limitations and Future Directions for a detailed description of the future directions of this

project.

4.6. Methods
Treatment of Mice

Male C57BI/6 mice were group housed and allowed free access to normal chow
diet and water. A timeline of the experimental protocol can be found in Figure 4.1. At 7-
8 weeks of age, mice received two injections, 8h apart, of 14mg/Kg human ApoALl or
0.9% sterile saline IP (as a vehicle control, Alfa Aesar, Ward Hill, MA). Animals were
injected IP with 10mg/Kg DOX (Toronto Research Chemicals, Toronto, ON, Canada) or
0.9% sterile saline 3h following the first injection of ApoAl. Blood was collected by
saphenous bleed 3h following each injection of ApoA1l for assessment of plasma ApoAl,
and at time of euthanasia by cardiac puncture for assessment of plasma lipoprotein
cholesterol. Animals were anesthetized and organs were collected at either 1 week
following the start of experiments for analysis of cardiomyocyte apoptosis and atrophy,
or 3h following the second ApoAl injection for assessment of plasma lipoprotein
cholesterol. Groups labels are: Control- all vehicle treated, DOX- vehicle for ApoAl and
DOX treated, ApoAl- ApoAl treated and vehicle for DOX, ApoAl1+DOX- ApoAl and
DOX treated.

Collection of Hearts for Analyses

90



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

At the time of euthanasia, blood was collected by cardiac puncture, and mice were
perfused with heparinized saline to flush blood from tissues. The hearts were excised and
cut into two- a piece was snap frozen for immunoblotting, and the other half was fixed in
10% formalin for paraffin embedding.

Cardiomyocyte CSA Analysis

Fixed hearts were paraffin embedded and sectioned at 4um. Sections were
deparaffinised, stained with hematoxylin and eosin, and imaged using light microscopy.
Cardiomyocyte CSA was determined using ImageJ software by measuring a minimum of
130 cardiomyocytes/heart from three different heart sections which represented the base,
midline, and apex of the heart. Only round or cuboidal and nucleated cardiomyocytes
were included in analyses.

Quantification of Apoptosis

Heart sections were subjected to antigen retrieval by boiling the samples for 5 min
in a commercially available microwave pressurizer in Antigen Unmasking Solution
(Vector Laboratories, Burlington, ON, Canada) for Immunofluorescent staining.
Apoptotic nuclei were immunofluorescently labeled using the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) assay according to
manufacturer’s instructions (Millipore Canada Ltd., Etobicoke, ON, Canada). To
distinguish cardiomyocytes from other cardiac cells, sections were co-stained with a
mouse monoclonal anti cardiac troponin T antibody (cTnT, Thermo Fisher Scientific Inc.,
Waltham, MA) using a Mouse on Mouse Kit and biotinylated secondary (Vector
Laboratories, Burlington, ON, Canada) and tertiary labeling with a streptavidin

conjugated AlexaFluor 568 antibody (Life Technologies, Burlington, ON, Canada).
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Nuclei were stained with DAPI. Apoptotic cardiomyocytes were identified as having a
TUNEL-positive nucleus that was surrounded by cTnT staining. TUNEL positive nuclei
were counted in 3 sections per heart representing the base, midline, and apex of the heart,
from 4 randomly selected fields per section. Apoptosis was expressed as a ratio of
TUNEL positive cardiomyocyte nuclei to total cardiomyocyte nuclei.
Microscopy

Bright field and fluorescent images were captured using a Zeiss Axiovert 200M
inverted microscope (Carl Zeiss Canada Ltd. Toronto, ON, Canada), or an Olympus
BX41TF microscope (Olympus Canada Inc., Richmond Hill, ON, Canada).
Immunoblotting

Hearts were homogenized in a lysis buffer containing 20mM Tris-HCI pH 7.5,
150mM NaCl, 1ImM Na;EDTA, 1mM EGTA, 1% Triton, 2.5mM NasP,07, ImM -
glycerophosphate, 1mM NazVOgs, with 1pug/mL Pepstatin A, Img/mL leupeptin 2pug/mL
aprotinin, 50uM p-Amidinophenylmethylsulfonylfluoride (all from Sigma-Aldrich
Canada Co., Oakville, ON, Canada). Heart homogenates (25ug total protein), or plasma
(1.5uL) were denatured and separated by SDS-polyacrylamide gel electrophoresis and
transferred onto a PVDF membrane. Antibodies were applied following manufacturer’s
instructions, and visualized using enhanced chemiluminescence (Thermo Fisher
Scientific Inc., Waltham, MA). Antibodies were purchased from Cell Signaling
Technologies Inc. (Danvers, MA) with the exception of anti-ApoAl (Midlands
BioProducts Corp, Boone, 1A). See Supplementary Table 3.5 for source, catalogue
number, and species of primary antibodies, and Supplementary Table 3.6 for secondary

antibodies used.
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Statistical Analyses
All data are expressed as mean + standard error of the mean (S.E.M.).

Differences are considered statistically significant at p< 0.05. Data was analyzed for
statistical significance using GraphPad software (GraphPad Software, Inc., La Jolla, CA).
Normality was assessed using the Shapiro-Wilk or D'Agostino-Pearson omnibus test and
equal variance by F test. Data that was normally distributed and showed equal variance
were analyzed by one way ANOVA to compare more than two groups. Post hoc analysis
of statistically relevant comparisons were tested using the Tukey test for groups with

equal N groups, or the Tukey-Kramer test for groups with unequal N.
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4.7.  Figures

=»Blood Collection
ApoAl Injection
DOX Injection

[ I I I ... —1
Oh 3h 8h 11h 168h

Figure 4.1 Experimental timeline.
Red arrows represent collection of blood by saphenous bleed or cardiac puncture (at time
of euthanasia), blue arrows represent injection of ApoALl or vehicle, and orange arrows

represent injection of DOX or vehicle.
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Figure 4.2 IP injection of ApoAl increases plasma ApoAl levels.
A) Representative immunoblot of ApoAl from plasma collected at the 0, 3, and 11h time
points, and B) quantification. C) Representative immunoblot of ApoAl from plasma
collected at day 7 and D) quantification. E) Representative lipoprotein profiles of plasma
from Control or ApoALl treated mice collected 11h following initiation of treatment. N=3
animals/group for all experiments except E) where a representative curve from a single

animal in each group is shown. *p<0.0001. Data represent means+S.E.M.
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Figure 4.3 Increasing ApoAl by injection protects against the apoptotic effect of a
single DOX injection.

A) Representative images of heart sections stained for apoptosis with TUNEL (green),
cardiomyocytes with cTnT (red), and nuclei with DAPI (blue). B) Quantification of
apoptotic cardiomyocytes. C) Representative images of heart sections stained with H&E
to assess cardiomyocyte CSA. D) Quantification of CSA. N=3 animals/group. Data

represent means+S.E.M.. *p<0.01
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Figure 4.4 AKT is activated in an ApoAl and stress dependent manner at Ser473.
A) Representative immunoblots and B) quantification of pAKT>*""*tAKT from hearts

collected 7 days following the initiation of treatment. N=3animals/group. Data represent

meansS.E.M.. *p<0.01

Table 4.1 Animal Characteristics

Control ApoAl DOX ApoAl+DOX
Initial Body Weight (g) 24.842.6 29.7+0.3 23.740.2 28.4+0.8
Final Body Weight (g) 24.241.7* 28.8+0.3 21.940.3%* 26.1+0.9
Heart Weight (mg) 127.7+4 .8 1474442 110.7£322 138.6+14.5
TL. mm 18.741.2 19.8+0.4 17.320.3 20.5+0.3
HW:TL (mg/mm) 6.9+0.5 74£0.2 6.4+0.3 6.8+0.7

*p=<0.05versus ApoAl
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Chapter 5. HDL protects cardiomyocytes against necrosis induced by simulated
ischemia, through SR-B1, PI3K, and AKT1/2

Author List: Kristina Durham, Bernardo Trigatti

5.1. Preface

The aim of this manuscript was to evaluate whether the SR-B1/PI3K/AKT pathway is
involved in HDL mediated protection against other forms of cardiac stress. Here we
assessed the mechanistic involvement of this pathway in HDL mediated protection
against oxygen glucose deprivation -induced necrosis, a form of simulated ischemia.
This project was initiated and designed by Kristina Durham and Dr. Bernardo Trigatti.
Kristina Durham conducted all experiments. All data were analyzed and interpreted by
Kristina Durham with guidance from Dr. Bernardo Trigatti. This manuscript was written
by Kristina Durham with guidance and editing from Dr. Bernardo Trigatti. This

manuscript will be submitted to AJP-Heart and Circulation.

5.2. Abstract

The cardioprotective lipoprotein HDL aids in preventing myocardial infarction,
and cardiomyocyte death due to ischemia/reperfusion injury. The scavenger receptor
class B, type 1 (SR-B1) acts as a high affinity HDL receptor and has been shown to
mediate HDL dependent lipid transport as well as signaling in a variety of different cell
types. The contribution of SR-B1 in cardiomyocytes to the protective effects of HDL on
cardiomyocyte survival following ischemia have not yet been studied. Here we use a
model of simulated ischemia (oxygen glucose deprivation; OGD), to assess the
mechanistic involvement of SR-B1, PI3K, and AKT in HDL mediated cardiomyocyte

protection. Neonatal mouse cardiomyocytes and immortalized human ventricular
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cardiomyocytes were treated with HDL and then subjected to OGD. HDL, but not LDL,
protected against OGD-induced necrosis. Inhibition of PI3K or inhibition of AKT
abolished HDL mediated protection against OGD-induced necrosis in both HIVCM and
NMCM. Knockout or silencing of SR-B1, AKT1, and AKT2 resulted in loss of the
protection afforded by HDL. Similarly, activation of AKT in HIVCM by HDL was
abolished following silencing of SR-B1, suggesting SR-B1 is required for HDL mediated
activation of AKT. These results are the first to identify a role of SR-B1 in mediating the
protective effects of HDL against necrosis in cardiomyocytes, and the first to identify

AKT activation downstream of SR-B1 in cardiomyocytes.

5.3. Introduction

Cardiovascular disease is a leading cause of death, and a major burden to the
health care systems of developed societies (1). Three quarters all cardiovascular related
deaths are due to ischemic heart disease and heart attack (1). Partial or complete
occlusion in one or more areas of the coronary arteries renders an ischemic myocardial
environment, which if left un-perfused, results in infarction due to irreversible
cardiomyocyte death and myocardial infarction. Over time the increased demand on the
non infracted tissue may lead to detrimental functional changes and heart failure;
therefore it is of utmost importance to prevent or limit the amount of infracted tissue.

Clinical and experimental research has described the protection HDL affords in
response to myocardial ischemia. Low plasma HDL cholesterol (HDL-C) is associated
with increased risk of mortality in patients recovering from myocardial infarction (2), and
HDL-C levels are inversely correlated with CVD risk (3). The clinical data is supported

by ex vivo experimental evidence, where administration of HDL provides protection
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against ischemia-reperfusion injury in rodent hearts (4, 5), and in vivo experimental
evidence that demonstrates following coronary artery ligation, adenovirus mediated gene
transfer of ApoAl (the major apolipoprotein (Apo) component of HDL) in a low density
lipoprotein receptor knockout mouse (LDLR™) significantly protects against a decline in
cardiac function, reduces infarct size, and improves survival (6). Lack of ApoAl, by
genetic knockout, and a resultant reduction in HDL impairs cardiomyocyte mitochondrial
function and generates larger infarctions following LAD ligation (7).

Although the physiological effects of HDL against myocardial ischemia are well
documented in both humans and rodents, the receptor(s) and pathways through which
HDL induces protection at the cardiomyocyte are not completely defined. The
scavenger receptor class B type | (SR-B1) is a high affinity HDL receptor that is present
in heart tissue, and has been implicated in mediating cytoprotective intracellular signaling
by HDL in a number of cell types (8-14), though its role in mediating HDL-induced
protection of cardiomyocytes against myocardial ischemic injury has yet to be assessed.

In murine models, typically atherosclerosis does not develop spontaneously in the
coronary arteries. Therefore, genetic modification or high fat diet feeding is required to
initiate myocardial ischemia as a manifestation of coronary artery atherosclerosis.
Coronary artery atherosclerosis and non-lethal myocardial infarcts can be induced in
LDLR/Apo E double knockout (dKO) mice by feeding a high fat diet for prolonged times
(15). On the other hand, coronary artery atherosclerosis and lethal myocardial infarcts
develop spontaneously in mice lacking SR-B1 and ApoE (SR-B1/ApoE dKO) (16) and in
a high fat/high cholesterol diet dependent manner in SR-B1/LDLR dKO mice (17) or SR-

B1” mice with a hypomorphic mutation in apoE (18). In SR-B1-deficient models,

102



Ph.D. Thesis- K. Durham; McMaster University- Medical Sciences

spontaneous or diet-induced coronary artery atherosclerosis and myocardial infarction are
accompanied by cardiac conductance abnormalities, reduced heart function, and rapid
death (16-18). The striking phenotype of extensive myocardial infarction when SR-B1 is
knocked out in atherosclerosis susceptible strains of mice led us to hypothesize that the
effects of SR-B1 extend beyond its role in atherosclerosis, such as to facilitate protection
against clinical manifestations including myocardial infarction.

Protection afforded by HDL to cardiomyocytes undergoing
hypoxia/reoxygenation involves activation of phosphoinositide 3-kinase (PI13K), and
protein kinase B (AKT) (19, 20). PI3K and AKT are well characterized in their
cytoprotective role against cardiomyocyte death (21, 22). The binding of HDL to SR-B1
triggers activation of PI3K and AKT in a variety of cell types including endothelial cells,
macrophages and Chinese hamster ovary cells (12-14, 23). Whether SR-B1 is required
for HDL mediated induction of PI3K/AKT signaling in cardiomyocytes has not been
tested.

Given the striking phenotype of CAD in SR-B1 ApoE dKO mice, and the
protective signaling initiated by HDL through SR-B1 in various cell types, we
hypothesize that SR-B1 mediates the cardioprotective effects of HDL against ischemia-
induced cardiomyocyte death. Thus, we have evaluated the role of SR-B1 and
downstream mediators PI3K and AKT in the protective signaling by HDL against oxygen

glucose deprivation (OGD)-induced cardiomyocyte death.

5.4. Results
HDL protects against OGD-induced necrosis. HIVCM viability was reduced by

75£2.6% following 4h of OGD. The reduction in cell viability was attenuated, however,
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when cells were pre-treated with HDL prior to OGD (60+2.7%, Fig. 5.1A). Cells
subjected to OGD exhibited only very low levels of apoptosis, as measured by AxV and
TUNEL staining, and these very low levels were unaffected HDL treatment (Fig. 5.1B-D,
F). The lack of cardiomyocyte apoptosis following 4h of OGD in our experiment is
mirrored in recent research that demonstrates a time dependant induction of apoptosis in
H9c2 cells exposed to 6 or more hours of hypoxia (24). Despite the low levels of
apoptosis, OGD caused membrane permeabilization of HIVCM (a marker of necrotic or
necroptotic cell death) as evidenced by increased nuclear staining with propidium iodide
(PI) compared to corresponding normoxic controls (82.6+1.7 vs. 0+0% PI-positive
cardiomyocytes, Fig. 5.1E, G), and treatment with HDL attenuated PI uptake (82.6+1.7
vs. 49.2+12.1% PI-positive cardiomyocytes, Fig. 5.1E, G). Conversely, treatment with
low density lipoprotein (LDL) was unable to protect HIVCM against OGD-induced Pl
uptake (58.4+2.5 vs. 52.8+1.8% PI-positive cardiomyocytes, Fig. 5.1F). Cellular uptake
due to permeabilized membranes, and nuclear accumulation of Pl could represent
necrosis or necroptosis (a form or programmed necrotic cell death), as membrane
permeabilization is a feature of both (25). To distinguish between these two types of cell
death, cells were treated with the necroptosis inhibitor Nec-1s. Nec-1s did not reduce Pl
uptake following OGD (62.5+1.4 vs. 63.6£13.6% PI-positive cardiomyocytes, Fig. 5.2C),
however it did substantially reduce PI uptake following exposure to TNF-a (Fig 5.2A), a
known inducer of necroptosis (25). This suggested that the Pl uptake following OGD is a
consequence of unprogrammed necrotic cell death, and not necroptosis.

HDL requires SR-B1 to protect against OGD-induced cell death. Neonatal mouse

cardiomyocytes (NMCMs) were isolated from SR-B1** and SR-B1™ mice to test the role
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of SR-B1 in facilitating HDL mediated protection against OGD-induced necrosis. OGD
led to similar levels of necrosis in SR-B1"* and SR-B1” NMCMs (60.6+7.7 vs.
55.1+2.1% PI-positive cardiomyocytes, Fig. 5.3). HDL pretreatment reduced the extent
of OGD-induced necrosis in SR-B1** NMCMs compared to SR-B1""* treated with DOX
alone (28.5£8.3 vs. 60.6+7.7 % Pl-positive cardiomyocytes, Fig 5.3), but failed to protect
SR-B1”~ NMCM s against OGD-induced necrosis (59.1+8.4 vs. 55.1+2.9% PI-positive
cardiomyocytes, Fig. 5.3). This suggests that SR-B1 in murine cardiomyocytes is
required for HDL mediated protection against OGD-induced necrosis. Similarly, SiRNA
mediated knockdown of SR-B1, which resulted in a reduction in SR-B1 protein levels by
~87% (Fig. 5.4A), prevented HDL-dependent protection of HIVCM against OGD-
induced necrosis (Fig. 5.4B). These data demonstrate that cardiomyocyte SR-B1 is
required for HDL-mediated protection against OGD-induced necrosis.

HDL activates AKT in an SR-B1 dependent manner. To test whether AKT
activation in HIVCM by HDL is downstream of SR-B1, we incubated HIVCM that were
transfected with siScram or siSR-B1 with HDL for 30min. HDL-treatment led to
increased AKT phosphorylation at Ser 473 in HIVCM treated with siScram (1.7 fold
induction in pAKT:tAKT, Fig. 5.4C), and conversely, when SR-B1 was silenced, HDL-
treatment did not increase AKT Ser 473 phosphorylation, suggesting AKT is activated by
HDL in an SR-B1 dependant manner (Fig. 5.4C).

Inhibition of PI3K or AKT abolishes HDL mediated protection. As AKT is
activated in an SR-B1 dependent manner, we sought to assess whether inhibition of AKT,
or inhibition of PI3K (an upstream activator of AKT) impaired the ability of HDL to

protect against OGD-induced necrosis. Treatment of cells with the PI3K inhibitor
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LY294002, or with the pan-AKT Inhibitor V (AKTInhV) abolished HDL mediated
protection against OGD-induced necrosis in HIVCM (Fig. 5.5A).

Silencing AKT1 or 2 abolishes HDL mediated protection. AKT1 and AKT2 are
the major isoforms of AKT expressed in the heart (26). HIVCM were transfected with
siScram or siRNA for AKT1, AKT2 or a mixture of siRNA’s targeting each of AKT1
and AKT2. Transfection with siAKT1 or siAKT2 resulted in reduction of AKT1 and 2
levels by 85 and 95% respectively (Fig. 5.5B). Protection by HDL against OGD-induced
necrosis was abolished when AKT1 or AKT2 alone, or the combination of AKT1 and 2
together were knocked down, suggesting both major isoforms of AKT in the heart

mediate HDL protection against necrosis.

5.5. Discussion

As a cardioprotective lipoprotein, we sought to assess whether HDL protects
against OGD-induced cell death of HIVCM, and NMCM, and evaluate whether SR-B1,
PI3K, and AKT are involved in the protective signaling elicited by HDL. Others have
shown that following 4h of hypoxic stress, neonatal rat ventricular cardiomyocyte cell
death was a result of necrosis, though reoxygenating cells for increasing lengths of time
resulted in a shift of cell death from necrosis to apoptosis (24). Similarly, we found that
in HIVCM and NMCM deprived of oxygen and glucose for 4h, necrosis was the primary
driver of cell death, and little to no induction of apoptosis, or necroptosis. We have
provided evidence that HDL against cardiomyocyte necrosis via a pathway requiring SR-
B1, AKT1, and AKT2. These results are in line with our previous research using
doxorubicin as a cardiomyocyte stress. Interestingly, HDL provided protection against

cardiomyocyte apoptosis in the setting of doxorubicin, yet against necrosis in the setting
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of OGD. This highlights the pleiotropic effects of HDL, and the ability to generate
protection against various forms of cardiomyocyte death.

Sphingosine 1-phosphate (S1P) is a bioactive sphingolipid that is primarily carried
by HDL (27), and when applied to cardiomyocytes alone, or as part of reconstituted
HDL, can protect cardiomyocytes against various stresses (20, 28, 29). Sphingosine-1-
phosphate receptors (S1PRs) have been implicated in facilitating cardiomyocyte viability
by following hypoxia and rexoygenation by the S1P cargo of HDL (19, 30). S1PRsis
required for HDL mediated protection against Ml in mice in vivo (30), and mouse
cardiomyocytes subjected to hypoxia reoxygenation required both S1IPR; and S1PR; for
protection by HDL (19). Here we conclude that SR-B1 is also a critical receptor for HDL
mediated protection of cardiomyocytes. It is conceivable that SR-B1 could function to
anchor HDL in close proximity to S1IPRs or alternatively, as SR-B1 is known to mediate
the cellular uptake of HDL bound lipids such as S1P, SR-B1 may mediate the uptake of
HDL bound S1P, making it accessible to S1IPRs. Regardless, our data indicates a role of
SR-B1 in facilitating HDL mediated protection against OGD-induced cardiomyocyte
necrosis. Future research should determine whether SR-B1 acts alone or in combination
with the S1PRs.

OGD can be applied to cardiomyocytes in vitro in order to mimic the in vivo
ischemic environment, and assists in defining mechanistic and direct effects of
cardioprotective agents specifically on the cardiomyocyte. A limitation of this study is
that we employed an in vitro model of ischemia, and that the primary form of cell death
was necrosis. In an ischemic/reperfused heart, various cells other than cardiomyocytes

are present in or enter the heart and contribute to the generation of infarction (30, 31),
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therefore; further studies will employ an in vivo model of myocardial
ischemia/reperfusion to confirm the role of HDL/SR-B1/AKT1/2 in protection against
myocardial infarction. Additionally, our model of OGD led to cell death by way of
necrosis and not apoptosis or necroptosis. As apoptosis is a major contributor to cell
death in the infarct border zone (32), and emerging research is connecting the role of
necroptosis to infarct generation and remodeling (33), it would be important to assess the
role of HDL and the signaling mechanism against ischemia induced apoptosis and
necroptosis both in vitro and in vivo.

Given the extensive and lethal myocardial infarctions occurring at a young age in
SR-B1/ApoE dKO mice on a normal chow diet (16), and in a high fat/high cholesterol
diet dependent manner in SR-B1/LDLR dKO mice (17) or SR-B1" mice with a
hypomorphic mutation in apoE (18), we hypothesized that the lethal myocardial
infarction may be a consequence of both the coronary artery atherosclerosis, but also a
consequence of increased susceptibility of cardiomyocytes lacking SR-B1 to cell death.
Here we have demonstrated that cardiomyocytes (human and mouse) depend on SR-B1
to facilitate the activation of AKT and protective effects elicited by HDL in order to
attenuate cardiomyocyte necrosis.

This research will have important implications both for our understanding of how
the protective properties of HDL extend beyond the atherosclerotic plaque to affect
clinical manifestations of CAD such as cardiomyocyte death. With the knowledge of the
importance of SR-B1 in facilitating HDL-mediated protection of cardiomyocytes, our

research may also lead to new insights into therapeutic interventions for HDL.
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5.6. Methods

Culture of Neonatal Mouse Cardiomyocytes and Human Immortalized Ventricular
Cardiomyocytes

NMCM were isolated from hearts of 1-3 day old mice. Briefly, neonatal mice
were euthanized by decapitation and hearts were excised and washed with Hank’s
balanced saline solution (HBSS, Life Technologies, Burlington, ON, Canada). The
ventricles were serially digested at 37 °C using 0.2mg/mL collagenase type 11
(Worthington Biochemical Corp., Lakewood, NJ), and 0.6mg/mL pancreatin (Sigma-
Aldrich Canada Co., Oakville, ON, Canada) in HBSS. The cell suspension was
centrifuged at 300 X g for 10 min at 4°C, the supernatant was removed, and the cell
pellet was re-suspended in 37°C DMEM/M199 (4:1) medium supplemented with 10%
horse serum, 5% fetal bovine serum (FBS), 100M bromo-deoxyuridine, 100U/mL
penicillin, 100ug/L streptomycin, and 0.5mM L-glutamine (Life Technologies,
Burlington, ON, Canada). Non-cardiomyocytes were removed by plating on an uncoated
plate for 1hr. The myocyte-enriched suspension was then plated at 1 X 10° cells/cm? on
collagen type | (Life Technologies, Burlington, ON, Canada) coated dishes and incubated
in a humid 5% CO; incubator at 37°C for 48 hrs at which point they were used for
experiments. SV40 large T antigen immortalized human ventricular CMs (HIVCM) were
obtained from Applied Biological Materials Inc. (Richmond, BC, Canada). HIVCMs
were cultured in Prigrow | media (Applied Biological Materials Inc., Richmond, BC,
Canada) supplemented with 10% FBS, and 100U/mL penicillin (Life Technologies,
Burlington, ON,Canada).

OGD of Human and Mouse Cardiomyocytes
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Forty-eight hrs after plating, cell culture media was replaced with media
containing 3 % newborn calf lipoprotein deficient serum and cells were cultured for a
further 24 hrs; all experiments were carried out in media supplemented with serum
depleted of lipoproteins. Cells were incubated with or without100ug(protein)/mL human
HDL or LDL (Alfa Aesar, Ward Hill, MA) for 30min, then media was changed to OGD
media (DMEM with no glucose and 1% lipoprotein deficient serum), and cells were
incubated in a humidified chamber with 100% N at 37°C for 4 hrs. Alternatively,
normoxic control cells received DMEM containing glucose, and 1% lipoprotein deficient
serum, and were incubated in 95% air, 5% CO; at 37°C. In some experiments, HIVCMs
were transfected with 30nM siRNAs in the presence of Lipofectamine RNAI Max (Life
Technologies, Burlington, ON, Canada), 24 hrs prior to lipoprotein starvation. See
Supplementary Table 3.4 for a list of SIRNA used. In other experiments, cells were
treated with 10uM LY294002 (P13K inhibitor; Cell Signaling Technologies Inc.,
Danvers, MA), 3uM AKT Inhibitor V (pan-AKT inhibitor; Millipore Canada Ltd.,
Etobicoke, ON, Canada), 10uM Nec-1s (necroptosis inhibitor; BioVision Inc., Milpitas,
CA) or vehicle (DMSO, Sigma-Aldrich Canada Co., Oakville, ON, Canada) 30 min prior
to, and during HDL treatment. All inhibitors were applied to cells 10min prior to and
during HDL incubation and for the duration of OGD treatment.

Measurement of Cell Viability

Cells were cultured and treated in a 96 well plate. Following OGD, cells were
incubated with the Cell Titer Blue (Promega Corp., Madison, WI) assay reagent (a
resazurin dye) according to manufacturer’s instructions to assess cell viability using a

spectrophotometer. Cell viability was expressed as a percentage of OGD-induced cell
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death compared to normoxic controls (OGD-induced cell death (%)=(1.0- (OGD cell
viability with /normoxic cell viability)X100)).
Measurement of Necrosis

Following OGD, cells were stained with PI, washed extensively, fixed with 4%
paraformaldehyde, and counterstained with DAPI to identify nuclei. Necrotic cells were
identified as cells with co-staining of DAPI and P1. Additionally, NMCM were co-
stained with a mouse monoclonal anti-cardiac troponin T antibody (cTnT, MA5-12960,
Fisher Scientific Inc., Waltham, MA) using a Mouse on Mouse Kit (Vector Laboratories,
Burlington, ON, Canada), biotinylated secondary, and tertiary labeling with streptavidin
conjugated with AlexaFluor 568 (Life Technologies, Burlington, ON, Canada) to identify
cardiomyocytes from other cardiac cells.
Measurement of Apoptosis

Following treatment, apoptosis was assessed using the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) assay (Millipore Canada Ltd.,
Etobicoke, ON, Canada), or by staining with FITC conjugated Annexin V (AxV, Life
Technologies, Burlington, ON, Canada) according to manufacturer’s instructions. All
cells were counterstained with DAPI to identify nuclei.
Microscopy and Quantification of Necrotic and Apoptotic Cells

Fluorescent images were captured using a Zeiss Axiovert 200M inverted
microscope (Carl Zeiss Canada Ltd. Toronto, ON, Canada), or an Olympus BX41TF
microscope (Olympus Canada Inc., Richmond Hill, ON, Canada). A minimum of 4, and
maximum of 10 fields of view were imaged per well. Necrotic nuclei were identified as

having Pl and DAPI co-staining, and apoptotic cells were identified as having DAPI and
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AXV staining. Necrotic and apoptotic cell numbers/field of view were summed within a
well, and averaged across triplicates.
Statistics

All data are expressed as means = S.E.M. Data was graphed and statistically
analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). Data
comparing two groups was tested for significance by Student’s t test, data comparing
more than two groups with one independent variable was tested using one-way ANOVA
and Tukey’s post-hoc, and data comparing two or more independent variables was tested
using Two-way ANOVA with Tukey’s post hoc. P<0.05 was considered statistically

significant.
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Figure 5. 1 HDL protects against OGD-induced necrosis of HIVCM

DAPI PI

A) OGD-induced cell death of HIVCM treated £HDL, was measured by the Cell Titer
Blue viability assay. n=10wells/group. *p<0.001. B) Quantification and C)

representative images of TUNEL stained HIVCM (green) and nuclei in blue.
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n=3wells/group. Quantification of OGD-induced cell death by FITC-AxV staining (D) or
Pl staining (E) in HIVCM treated £+HDL, and representative images (G). F)
Quantification of OGD-induced cell death by PI staining in HIVCM treated £LDL.
n=3wells/group. All scale bars=50um. Data represents means=S.E.M. *p<0.05, and

different lower case letters indicate statistically significant differences to p<0.05.
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Figure 5.2 4 hrs of OGD induced necrosis of cardiomyocytes.

A) Quantification of TNF-a induced PI staining of HIVCM, and effect of Nec-1s.

n=3wells/group. B) Quantification of FITC-AxV staining of HIVCM exposed to OGD

and treated £Nec-1s. n=3wells/group. C) Quantification of OGD-induced PI uptake in

HIVCM treated £Nec-1s. n=3wells/group. Data represents meansS.E.M. *p<0.01.
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Figure 5.3 SR-B1 is required for HDL mediated protection of NMCM against

OGD-induced necrosis.
A) Representative images and B) quantification of Pl staining in SR-B1** and SR-B1”"
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fixation with PI (red) or, after fixation with DAPI (blue) and cTnT (green). Data

represents means+S.E.M. *p<0.05, n=3wells/group.
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Figure 5.4 SR-B1 is required for HDL-mediated protection of HIVCM against

OGD-induced necrosis, and activation of AKT.

A) Representative immunoblot and quantification of SR-B1 knockdown by siRNA in

HIVCM. *p<0.001. B) Quantification of OGD-induced necrosis in HIVCM treated with

siScram or siSR-B1. Silencing of SR-B1 by siRNA abolished HDL mediated protection

against OGD-induced necrosis, n=3wells/group. *p<0.05. C) Representative

immunoblots (left) and quantification of pAKT>"*"3:tAKT in bar graph (right) for

HIVCM transfected with scrambled or SR-B1 siRNA, and treated for 30min +100ug/ml

HDL. *p<0.001. Data represents meansS.E.M.
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Figure 5.5 PI3K, AKT1, and AKT2 are required for HDL mediated protection of
HIVCM against OGD-induced necrosis.

A) Quantification of OGD-induced necrosis in HIVCM treated £HDL and inhibitors of
PI3K (10 uM LY294002) or AKT (3uM AKT InhV). B) Representative immunoblot and
quantification of AKT1 knockdown by siRNA in HIVCM. C) Representative
immunoblot and quantification of AKT2 knockdown by siRNA in HIVCM. D)
Quantification of OGD-induced necrosis in HIVCM treated £HDL where AKT1, AKT2,
or AKT1+2 were silenced by siRNA. p<0.05, n=3wells/group. Data represents

means+S.E.M. * indicates p<0.05. N.S. indicates not statistically significant.
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Chapter 6.  Limitations, and Future Directions
Effect of Increased HDL on DOX Chemotherapy and Tumor Size

A recent study consisting of 12 adult females undergoing chemotherapy treatment
for breast cancer (7 of which were treated with DOX) reported a reduction in plasma
ApoAL1 and a corresponding decrease in plasma HDL-C (173). There is also evidence
that HDL-C levels are inversely correlated to the risk and prognosis of cancer (174, 175).
Experimentally increasing HDL by overexpression or therapeutic injection of ApoAl
protects mice against DOX induced cardiotoxicity and tumor regression (176), and DOX
encapsulated in HDL particles provides greater tumor regression than DOX alone (177).
Taken together with our data suggesting that raising HDL-C by modulating ApoAl
protects against the cardiotoxic side effects of DOX, HDL-raising therapies may be of
importance for improving the anti-tumor effects of anthracycline based
chemotherapeutics, while protecting against the deleterious side effect of cardiotoxicity.
Whether increased HDL, either by genetic modification or therapeutics, will provide both
chemotherapeutic and cardioprotective effects in the context of DOX therapy remains to
be evaluated. Therefore; future work should employ a tumor bearing mouse model, and
test whether raising HDL affects the use of DOX as a chemotherapeutic while providing
protection against the cardiotoxic side effects.
Increasing HDL-C Versus Improving HDL Composition and Function

Classical epidemiological studies reported the association and inverse relationship
of HDL-C and CVD risk and this relationship exists regardless of sex, and across many
populations and ethnicities (75). In light of this, HDL was regarded as a cardioprotective

molecule, hence its common name “good cholesterol” (75), and the hypothesis that
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increasing HDL-C would translate to improved protection against CvVD and
manifestations of CVD (178). This led to the development of HDL-C raising drugs, such
as niacin, statins, and CETP inhibitors though paradoxically, these HDL-C raising drugs
did not correlate with a lower risk of heart disease, in fact, HDL-targeting drugs have
been unsuccessful in the prevention or treatment of CVD (178).

Elevated HDL-C levels could indicate an increase in HDL particle number, or
simply an increase in the cholesterol associated with a given number of HDL particles, or
both. In addition, measurement of HDL-C does not allow for evaluation the HDL
population composition or function, both of which are crucial to understanding HDL
function. Research has reported differences in HDL particle composition and function
between diseased patients and healthy humans, therefore increasing HDL-C in diseased
populations may actually result in a rise in pathological HDL particles. This is evident in
a recent population study which has identified a loss-of-function variant in the gene
encoding SR-BI (SCARBL1) that results in the inability of SR-B1 to uptake cholesterol
from HDL (179). Homo- and heterozygous carriers of this variant have increased HDL-
C, yet despite this increase, were at higher risk for coronary heart disease (179).
Similarly, in our animal studies, SR-B1”" mice were more sensitive to chronic DOX-
induced cardiotoxicity despite the ~2-fold higher HDL-C levels compared to SR-B1**
mice. We interpret this to reflect that HDL signaling via SR-B1 in cardiomyocytes is the
important parameter that confers cardioprotection, rather than merely an increase in
HDL-C (which appears not to be sufficient for cardioprotection). As HDL composition

appears to be a main determinant of HDL function, newer research is shifting away from
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finding ways to increase HDL-C, and towards identifying particle subspecies and particle
compositions associated with specific functions of HDL.

In diseased states such as inflammatory or metabolic disorders, HDL particles can
undergo modifications such as oxidation, nitration, or glycation, or compositional
changes (180). These alterations can render the HDL particle dysfunctional due to loss of
their cyto-protective effects, and gain of pathological effects (181). For example, HDL
particles isolated from CVD, or metabolic syndrome patients are no longer anti-oxidative,
anti-apoptotic, or anti-adhesive, and in some cases are pro-inflammatory (182-185).
These particles have altered composition and carry less of the antioxidant paroxonase 1
(182). HDL particles isolated from patients with diabetes mellitus are glycated and less
effective in protection of cardiomyocytes against DOX-induced death (87). In type 2
diabetics, HDL composition is abnormal and these particles have decreased capacity for
cholesterol efflux (186-188). Interestingly, the HDL-associated S1P levels are inversely
correlated with the occurrence of ischemic heart disease (189), and protection of
cardiomyocytes against DOX-induced apoptosis (87). Lastly, a diet high in saturated fat
negates the anti-inflammatory properties of HDL, conversely, a diet high in
polyunsaturated fat improves the anti-inflammatory activity of HDL (190). This
evidence of disease related dysfunction of HDL leads to the question of whether HDL
particle composition and function are affected by cancer or DOX treatment. In light of
this, future research should characterize 1) HDL composition and function from healthy,
and tumor bearing mice (or humans should the samples be available), as well as 2) HDL

from mice (or humans) treated with and without DOX or other chemotherapeutics.
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Therapeutically increasing HDL

Clinically, raising HDL-C has not provided the protection expected, and therefore
newer research is focusing on increasing the number of HDL particles. The most
physiologically relevant approach for raising HDL particle number is by the infusion of
HDL, or mimetics such as reconstituted HDL (rHDL), native or lipidated ApoAl, ApoAl
mimetic peptides, or genetic variants of ApoAl (ApoAl milano) (178). The small
amphipathic ApoAl mimetic peptides structurally and functionally resemble ApoAl
(191). To date, clinical research evaluating these therapeutics encompass small numbers
of participants. Despite this, clinical trials have demonstrated a regression in coronary
atheroma following 4-5 weekly infusions of rHDL containing recombinant ApoAl
milano (a genetic variant of ApoAl) complexed with phospholipids or lecithin (77, 192,
193). Infusion of HDL therapeutics rapidly increase plasma ApoA1l and discoidal HDL
particles, and promote the efflux of cholesterol from peripheral tissues (194, 195). In
animal models, orally administered ApoAl mimetic peptides activate RCT and reduce
atherosclerosis (196-199). Two mimetic peptides- 5A and 6F are in clinical development
(178).

The ease of administration of rHDL or ApoAl (protein or mimetic peptides) is
limited by transient effect on HDL levels, short half life, and need for multiple infusions
for chronic treatment (178). Alternatively, one could assess whether raising HDL levels
through lifestyle modification could reverse or prevent disease induced HDL dysfunction.
Modification of diet and exercise has been reported to revert disease-induced pro-
oxidative HDL back to anti-oxidative HDL (200, 201). Future research should continue

to delineate whether increased ApoALl, through therapeutic manipulations such as ApoAl
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mimetic peptides, or lifestyle modification (ex. exercise, diet) could provide an increase
in levels of or cardioprotective function of HDL to promote protection against both
DOX-induced cardiotoxicity, and ischemia reperfusion-induced myocardial infarction.
The Role of SR-B1; Peripheral Versus Systemic Effects of HDL

A limiting factor to our DOX studies is that to assess the mechanistic role of SR-
B1, we tested mice with whole-body deletion of SR-B1 due to (at the time) lack of
availability of floxed SR-B1 mice. Use of a total body SR-B1 knockout left us with the
inability to comprehensively test whether protection against cardiotoxicity by genetic
overexpression of ApoAl was due to a lack of SR-B1-induced cardioprotective signaling
in cardiomyocytes, or peripheral effects such as increased HDL-C. Because of the
increase in cholesterol carried by HDL sized particles in SR-B1” mice, and due to the
role of SR-B1 in mediating macrophage efferocytosis, we were unable to separate the
influence of SR-B1 on the liver or macrophages from SR-B1 in the heart. To test this we
used an ear pinna transplant model, and found that SR-B17" neonatal heart transplants

+/+

were sensitized to DOX-induced cardiomyocyte apoptosis compared to SR-B1

+/+

transplant in the same adult recipient SR-B1™" mouse. Still, confounding factors exist
such as stress of ischemia during implantation, and endogenous SR-B1” macrophages
carried over with the cardiac tissue. In light of these issues and in order to test the role of
cardiomyocyte SR-B1, one could test whether ApoALl overexpression of injection of
ApoALl protects against DOX-induced cardiotoxicity of mice lacking SR-B1 specifically
in cardiomyocytes. Briefly, to generate cardiomyocyte specific knockout of SR-B1, mice

expressing cre recombinase under the cardiac specific murine o myosin heavy chain 6

promoter (Myh6Cre+/+, [B6.FVBTg(Myh6-cre)2182Mds], Jackson Labs) could be
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crossed with SR-B1 floxed mice (202) to generate cardiac specific deletion of SR-B1.
Liver SR-B1 governs the increase in HDL particle size, therefore by selectively deleting
SR-B1 in cardiomyocytes, HDL particles should be unaffected. This model will allow us
to test whether SR-B1, specifically on the cardiomyocyte is responsible the
cardioprotective effects of HDL. Finally, crossing the conditional SR-B1 knockout mice
with ApoAng’Tg mice, or increasing plasma ApoAl by injection of ApoAl will allow for
the assessment of whether lack of SR-B1 on the cardiomyocyte, or peripheral effects
mediate the protective effect of increasing ApoAl on DOX induced cardiotoxicity.
There are two conceivable outcomes from these analyses: 1) cardiomyocyte SR-B1
specifically is required for ApoAl mediated protection where cardiomyocyte specific SR-
B1 null mice will not be protected against DOX-induced cardiotoxicity or 2) peripheral
effects account for the protection afforded by increased HDL, where overexpression of
ApoALl in cardiomyocyte specific SR-B1 null mice will still protect against DOX-
induced cardiotoxicity.
Translation of OGD Studies to a Clinically Relevant Model of Myocardial Ischemia and
Reperfusion

Our OGD studies were useful for obtaining mechanistic data on HDL-mediated
protection. Although in vitro studies allow for precise control of experiments, in vivo
studies are crucial for understanding the contribution of a single cell type to an outcome
that involves many cell types and systems. It is therefore of importance to assess the role
of HDL/SR-B1/PI3K/AKT in vivo during ischemia/reperfusion by probing the
contribution of this pathway to protection of the ischemic/reperfused cardiomyocyte.

Evaluating the effect of HDL on cardiomyocytes in vivo is complicated because of the
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nature of HDL,; it is present in plasma and therefore has widespread effects throughout
the body, and the components of the signaling pathway (SR-B1/PI3K/AKT) are also
expressed by numerous cell types. Thus, use of whole body knockout or transgenic
models could confound interpretation. Briefly, to generate cardiomyocyte specific
knockout of individual AKT isoforms, mice expressing cre recombinase under the
cardiac specific murine o myosin heavy chain 6 promoter (Myh6Cre+/+,
[B6.FVBTg(Myh6-cre)2182Mds], Jackson Labs) will be crossed with the AKT1 floxed
mice (B6.129S4(FVB)-Akt1™*2MP/3: Jackson Labs) or AKT2 floxed mice (B6.129-
Akt2"™-2Mbb/3- Jackson Labs). For clinical relevance, myocardial ischemia/reperfusion
could be induced in vivo using a model of LAD coronary artery ligation and release
which allows for timed control of the ischemic period and subsequent reperfusion.
Removing the Antagonistic Activity on PI3K Signaling

At the cellular level a dynamic control system exists where balance between
antagonistic and agonistic signaling is maintained. In our studies, we identified PI3K and
AKT as being major mediators of the protective effects initiated by HDL/SR-B1 in
cardiomyocytes. An initial step in the activation of AKT is the conversion of PIP2 to
PIP3 by PI3K (102). PTEN is a lipid phosphatase and functions as an antagonist of PI3K
activity by converting PIP3 back to PIP2 and thereby reducing the cellular pool of PIP3
(110). It would be of interest to determine whether removing this ‘break’ on PI3K
activity would allow for increased protective signaling through the HDL/SR-B1 pathway.
The PISK/AKT pathway is not only a cardioprotective pathway, but is also important in
the growth of tumors, and currently PTEN is a heavily studied as a tumor suppressor.

Tissue specific deletion of PTEN promotes tumor genesis (203), and loss of PTEN
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activity and promotion of cancer cell growth and proliferation is common across many
tumor types (204). Yet on the other hand, inducible deletion, or downregulation of
cardiac PTEN protects against cardiac injury from ischemia (205, 206). In light of
PTENSs role in inhibiting cancer cell growth, targeting PTEN for prevention of the
cardiotoxic side effects of DOX would not be suitable. It may, however, be a notable
short-term target to improve HDL therapies in protection against myocardial ischemia, by
enhancing cardioprotective signaling through PI3K/AKT. Unfortunately at the current
time, PTEN inhibitors are not highly selective in their target (207) and often affect other
protein tyrosine phosphatases, making it difficult to use as a therapeutic. Should a highly
specific inhibitor be discovered in the future, it would be interesting to test whether the
PTEN inhibitor given in combination with an HDL-raising therapy would provide
substantially more protection against myocardial ischemia. In the mean time, one could
delete cardiac PTEN by crossing the mice expressing tamoxifen-inducible cre
recombinase under the cardiac specific murine o myosin heavy chain 6 promoter
(B6.FVB(129)-Tg(Myh6-cre/Esr1*)1Jmk/J) to mice expressing floxed PTEN (C;129S4-
Pten™""!/J, Jackson Labs) and test whether transient deletion of PTEN reduces
sensitivity to DOX-induced cardiotoxicity under conditions of normal levels of HDL, as
well as whether there is further protection afforded by increasing ApoAl when PTEN is
deleted by crossing with an ApoA1™™ mouse or by injecting with ApoAL.

We have shown that activation of AKT is required for the anti-apoptotic and anti-
necrotic effects of HDL in cardiomyocytes. It is possible that by inhibiting the
dephosphorylation of AKT, one might increase downstream activation of AKT targets.

Unfortunately, PP2A, the protein phosphatase that regulates AKT dephosphorylation, is
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ubiquitously expressed and together with PP1 account for 90% of protein
dephosphorylation in the heart (208). Others have reported that hearts from cardiac-
deficient PP2A mice undergo dysfunctional cardiac hypertrophic remodeling (209).
Reducing the dephosphorylation of AKT by targeting PP2A would likely result in a
number of off target effects due to the dephosphorylation of proteins other than AKT.
Chapter 7.  Conclusions

This thesis centers around the role of SR-B1 and downstream targets PI3K and
AKT in facilitating cardioprotective signaling against various cardiac stresses including
drug induced cardiotoxicity and myocardial ischemia. Chapters 3 and 4 evaluate whether
increasing plasma HDL by 1) overexpression of ApoAl, or 2) therapeutic injection of
ApoALl can protect against the deleterious side effects of the cardiotoxic drug DOX.
Chapter 3 employed in vivo methods to determine the role of SR-B1 in facilitating the
protective effects elicited by raising HDL. Chapter 5 assesses the role of SR-B1 and
downstream targets PI3K and AKT in protection of cardiomyocytes against simulated
ischemia (OGD)-induced cardiomyocyte necrosis. Overall our work demonstrates that
increasing HDL through genetic manipulation of ApoA1l and therapeutic injection of
ApoALl lead to protection against the cardiotoxic drug DOX, and that HDL requires SR-
B1, PI3K and AKT for protection. Secondly, our work highlights the importance of HDL
and SR-B1 not only in facilitating protection against drug induced cardiotoxicity, but also
in protection against cardiomyocyte necrosis. This research suggests HDL raising
therapies may be of benefit during chemotherapy, and is the first to identify a

cardioprotective role of SR-B1 beyond plaque development.
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