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Abstract
Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide,
while ischemic heart disease (IHD) dominates the cause of CVD mortality. Following myocardial
infarction (MI), the heart experiences a series of structural and functional changes, termed postinfarction cardiac remodeling, characterized by ventricular dilation, eccentric hypertrophy,
inflammation, and fibrotic scar formation. Within the heart, cardiomyocytes and endothelial cells
are critical to maintain cardiac function. Moreover, they are essential players in orchestrating the
complex post-infarction responses. Cardiomyocytes, especially those in the infarcted region,
struggle to survive, while the survived cardiomyocytes undergo hypertrophy attempting to
maintain cardiac function. Cardiac endothelial cells can be rapidly activated and undergo
angiogenesis in response to myocardial injury, orchestrating cardiac remodeling processes.
Attempting to attenuate post-MI adverse remodeling, I evaluated the roles of PI3K isoforms in
IHD.
Class I phosphoinositide 3-kinases (PI3K) are conserved lipid kinases that produce the
second massager PIP3 which subsequently leads to the activation of various downstream
effectors. They contain four isoforms, PI3Kα, PI3Kβ, PI3Kδ, and PI3Kγ. While PI3Kα and PI3Kβ
are ubiquitously expressed, PI3Kδ and PI3Kγ are enriched in leukocytes. Previous research has
highlighted the pro-survival roles of PI3Kα in tumor progression, leading to the development of
PI3Kα inhibitors as a novel anti-cancer therapy. In the heart, PI3Kα is involved in cardiomyocyte
hypertrophy, contractility, and post-injury viability. Moreover, PI3Kα in the endothelial cells
participates in angiogenic processes. On the contrary, PI3Kβ has been considered to be
redundant for decades. Recent studies have suggested the function of PI3Kβ in cell survival,
DNA replication, and DNA repair. Nonetheless, little is known about the role of PI3Kα and PI3Kβ
in post-MI cardiac remodeling. With the knowledge gaps in mind, I investigated how PI3Kα and
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PI3Kβ function in endothelial cells and cardiomyocytes to modulate cardiac function and postinfarct ventricular remodeling.
First, I investigated whether PI3Kα inhibition affects cardiac health and post-MI cardiac
healing and remodeling. WT mice with daily and oral PI3Kα inhibitor-BYL719 administration for
10 days showed reduced left ventricular longitudinal strain with normal ejection fraction, weight
loss, decreased heart weight, body composition alteration, and prolonged QT interval. BYL719
also aggravated cardiac dysfunction and cardiac remodeling after MI, with increased apoptosis,
elevated inflammation, decreased vascular density, and inhibited Akt/GSK3β/eNOS signaling.
Genetic inactivation of PI3Kα specifically in cardiomyocytes suggests PI3Kα regulates baseline
cardiac function. Either endothelial- or cardiomyocyte-PI3Kα inactivation led to a markedly
deterioration of cardiac function after MI. Whilst lack of endothelial PI3Kα suppressed
endothelial repair with decreased endothelial survival, proliferation, and vascular density, loss of
cardiomyocyte PI3Kα enhanced post-MI cell apoptosis and inhibited hypertrophy. BYL719
suppressed endothelial Akt/eNOS activation, cell viability, proliferation, and angiogenic
responses. Moreover, it decreased hypoxia associated Akt activation and cell survival in
isolated adult mouse cardiomyocytes. Thus, PI3Kα inhibition is detrimental to post-MI cardiac
repair by suppressing endothelial repair, cardiomyocyte survival, and hypertrophic responses.
I then examined the role of endothelial and cardiomyocyte PI3Kβ in post-infarct cardiac
remodeling. Loss of endothelial PI3Kβ resulted in marked resistance to infarction with
decreased mortality, improved systolic function, preserved microvasculature, and enhanced Akt
activation. Cultured endothelial cells with PI3Kβ knockout or inhibition displayed preferential
PI3Kα/Akt/eNOS signaling that consequently promoted angiogenesis. In contrast, mice with
cardiomyocyte PI3Kβ-deficiency exhibited adverse post-infarct ventricular remodeling with
larger infarct size and deteriorated cardiac function, which was due to enhanced susceptibility of
cardiomyocytes to ischemia-mediated cell death. Disruption of cardiomyocyte PI3Kβ signaling
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compromised nuclear PI3Kβ and phospho-Akt levels, leading to perturbed gene expression and
elevated pro-cell death protein levels. This study demonstrates novel, differential, and cellspecific functions of PI3Kβ in the ischemic heart. While the loss of endothelial PI3Kβ activity is
cardioprotective, cardiomyocyte PI3Kβ is required for myocardial ischemic recovery.
In summary, the studies have demonstrated the cell type-specific function of PI3Kα and
PI3Kβ in cardiac tissue in the healthy and ischemic heart. Manipulation of PI3Kα and/or PI3Kβ
has therapeutic potential in IHD. While amplification of cardiac PI3Kα might provide beneficial
effects to the ischemic heart by protecting cardiomyocyte from apoptosis and supporting
angiogenesis, small-molecule inhibitors targeting PI3Kβ might improve post-MI cardiac repair by
enhancing vascular repair. Moreover, with the growing evidence supporting the use of PI3Kα
inhibitors in advanced tumors, the concerns of potential cardiotoxicity of chronic treatments
should be raised, especially when coinciding with an ischemic event.
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Chapter 1
Introduction

1

1.1. Post-infarction Cardiac Remodeling
Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide,
which claimed 17.6 million deaths in the world in 2015 and 20161,2. Ascribed to improved
medical care and increased awareness of primary prevention, deaths attributable to CVD have
declined slightly for the last two decades in advanced regions such as United States 3. However,
with the growth of the ageing population who are susceptible to CVD, CVD burden has
increased constantly. Globally, deaths from CVD increased by 14.5% between 2006 and 2016 2.
And the total costs of CVD have been projected to reach 1.1 trillion in 2035 in United State 3.
Ischemic heart disease (IHD) has remained the dominant cause of CVD mortality in the world.
In 2016, IHD claimed 9 million lives globally; and it is the leading CVD cause in United States
between 1990 and 2016, making up 43.2% CVD in 20162-4. Accounting for the majority of IHD
morbidity and mortality, myocardial infarction (MI) is defined as the presentation of myocardial
death resulted from myocardial ischemia which is usually due to the rupture or erosion of
atherosclerotic coronary plaques 5,6. MI has experienced a significant decline in incidence and
mortality worldwide with variation among regions7-10. Nevertheless, it remains the leading
contributor to the socioeconomic burden of disease, and it is commonly progressed to postinfarction heart failure with reduced ejection fraction (HFrEF) as the post-MI life expectancy
increases11,12. Therefore, we should take MI seriously and advance our knowledge regarding
the pathophysiologic basis and cardiac remodeling following MI, which might allow us to better
identify potential therapeutic targets and to consequently improve the clinical outcomes in
patients with MI, easing the burden of MI in the world.
1.1.1. Pathophysiology of Post-infarction Cardiac Remodeling
Following MI, the heart experiences a series of structural and functional changes,
termed post-infarction cardiac remodeling, which is governed by cellular and molecular
mechanisms and characterized by ventricular dilation, eccentric hypertrophy, and fibrotic scar
formation13. These finely orchestrated modifications promote infarct healing and beneficial
compensatory responses, maintaining cardiac structural integrity and cardiac pumping (Figure
1.1). However, the adaptive processes eventually become detrimental as the survived
myocardium fails to compensate the increase in ventricular wall stress; and the infarcted heart
develops adverse ventricular remodeling and progresses to HFrHF12,14.
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Figure 1. 1. Post-infarction cardiac remodeling is a finely orchestrated response. It involves in
myocardium death, inflammation, cardiomyocyte hypertrophy, fibrosis, and angiogenesis, attempting to
maintain cardiac structural integrity and cardiac function.

Even though cardiomyocytes in mammalian species are resistant to transient coronary
ischemia, prolonged myocardial ischemia causes irreversible cardiomyocyte death through
necrosis, apoptosis, and autophagic cell death15, leading to detrimental outcomes as adult
cardiomyocytes have minimum capacity to regenerate. Systemically, the loss of myocardium,
which decreases cardiac function and causes substantial hemodynamic perturbation, leads to
various detrimental actions in the cardiovascular system largely by the activation of sympathetic
system and renin-angiotensin system (RAS). These systemic changes mediate cardiac
hypertrophy, induce hypertensive responses, and exacerbate cardiac remodeling. Within the
heart, the release of danger-associated molecular patterns (DAMPs, e.g., high mobility box 1
(HMGB1), mitochondrial DNA, and matricellular proteins) from necrotic cells, damaged
extracellular matrix (ECM), and stressed cells stimulate the expression and the release of
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inflammatory cytokines (e.g., tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and IL-6) and
chemokines (e.g., monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory
protein 2α (MIP-2α)) from survived cells through pattern-recognition molecules such as Toll-like
receptors (TLRs), which leads to the recruitment of leukocytes, activation of vascular endothelia,
and subsequent rolling and infiltration of the circulating leukocytes into the damaged
myocardium16. The infiltration of neutrophils and monocytes further amplifies the inflammatory
response through releasing more inflammatory mediators and induces the digestion of the
damaged matrix and the clearance of dead cells and matrix debris. This proinflammatory
response, with neutrophils, Ly6ChighCCR2high monocytes, and M1 (classic) macrophages as the
dominant players, paves the way for infarct healing and reparative remodeling. As the
proinflammation resolves, anti-inflammatory pathways are activated, which are characterized by
the accumulation of Ly6ClowCCR2low monocytes and M2 (alternative) macrophages. Augmenting
the expression and release of anti-inflammatory cytokines and growth factors (e.g., IL-10,
transforming growth factor-β (TGF-β), and vascular endothelial growth factor (VEGF)), these
inflammatory cells support collagen scar formation and angiogenesis through promoting the
proliferation and differentiation of fibroblasts and endothelial cells. In addition to neutrophils,
monocytes, and macrophages, dendritic cells and T-lymphocytes also contribute to
inflammatory resolution and tissue repair. This timely and spatial regulation of post-MI proinflammatory and anti-inflammatory responses is required for proper infarct repair, but an
inadequate, prolonged, or remote myocardium-localized activation of inflammation could result
in detrimental effects on the heart including the induction of cardiomyocyte death, excessive
reactive oxygen species production, and unwanted fibrosis17.
In response to the increased fibrogenic mediators, especially cytokine TGF-β, the best
described regulator of cardiac fibrosis, fibroblasts differentiate into myofibroblasts which express
contractile smooth muscle actin and contribute to the synthesis and deposition of type I and type
III collagen, forming a fibrotic scar to replace damaged myocardium. Besides heavily involved in
fibrotic responses, cardiac myofibroblasts have been reported to participate in the engulfment of
apoptotic cells in the infarcted heart, contributing to infarct size limitation through obtaining antiinflammatory properties upon engulfment 18. As the fibrogenic signals withdraw, the infarct repair
goes into the maturation phase, characterized by the cross-linked matrix proteins and the
deactivation of myofibroblasts. While adequate collagen scar formation is critical to maintain the
integrity of the infarcted heart, the presence of fibrosis in the non-infarct area could further
compromise ventricular compliance, affecting the function of the heart. Overall, inflammation
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and the replacement of dead tissue by fibrotic scar are critical infarct healing processes that
maintain the structural integrity of the heart.
Besides the key responses mentioned above, many processes take place to support
cardiac remodeling and to improve cardiac function. The survived cardiomyocytes undergo
hypertrophy to counteract the loss of cardiomyocytes and the increase in wall stresses. This
hypertrophic response is stimulated by the perturbations of circulatory hemodynamics which
activate the sympathetic nervous system, the systemic and local RAS, and natriuretic peptide
(atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)) release. Moreover, the
infarct healing process is accompanied by an intense angiogenic response which amplifies postMI revascularization to salvage ischemic cardiomyocytes, to support the healing process and
cardiomyocyte hypertrophy with adequate oxygen and nutrients, and to attenuate the HF
transition19-21. A high plasma VEGF level in MI patients has been associated with better
prognosis22. In addition, during injury repair, the cardiac interstitial tissue constantly undergoes
remodeling, predominantly regulated by the balance between matrix metalloproteinases (MMPs)
and tissue inhibitors of the metalloproteinase (TIMPs). The initial degradation of the ECM by
serine proteases and MMPs, on one hand, results in infarct expansion and ventricular dilation,
leading to the elevation of wall stresses. On the other hand, it is accompanied by the creation of
a provisional matrix which serves as a scaffold to mediate cardiac repair, including
inflammation, angiogenesis, and collagen scar formation. Subsequently, the ECM continues
being degraded and deposited until the stabilization of the distending stress. Additionally,
cardiac remodeling is associated with the metabolic switch which the heart shifts from relying on
mitochondrial fatty acid oxidation-produced adenosine triphosphate (ATP) to increasing the
usage of glycolysis-contributed ATP production23. This change compromises myocardial energy
production, contributing to impaired cardiac contractility and the transition to HF. Furthermore,
electrical remodeling following MI, altered electrical properties of the heart, affects the outcomes
of patients with an ischemic heart by compromising cardiac functions and potentially triggering
cardiac arrhythmia24. Last but not least, cardiac remodeling also causes systemic alterations
triggering responses in distant organs such as liver and spleen, which is associated with various
cell mobilization and active molecule secretion during remodeling processes, affecting gene
expression and function of other organs25-27.
It is essential to recognize that various cell types participate in orchestrating the complex
and integral post-infarct responses, including cardiomyocytes and noncardiomyocytes. Effective
post-infarct cardiac repair and cardiac function depend on extensive intercellular and cell-ECM
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communication in the heart in a timely, coordinated manner. There is no doubt that there are still
knowledge gaps on the roles of these cell types and their contribution to cardiac remodeling.
Among the integrated cellular players in a healthy heart, cardiomyocytes occupy about 70% of
the heart volume but only constitute approximately 30% of the cells in a mammalian adult heart,
whereas endothelial cells have recently been identified as the most abundant cell population,
made up more than 50% of all cells in the heart 28,29. Moreover, cardiomyocytes and cardiac
vasculature constantly interplay with each other to achieve a dynamic and homeostatic state.
Whilst cardiomyocytes affect the vascular tone and vascular growth through paracrine signals
such as VEGFs, the cardiac vasculature supports cardiomyocyte survival and growth, regulating
the heart size and cardiac function30. In addition, cardiomyocytes and endothelial cells,
important components in post-infarct cardiac remodeling, are promising targets in mitigating
ischemic injury. A considerable amount of research targeting the inflammatory and fibrotic
responses in ischemic injury has shown conflicting results because of the requirement of a
delicate balance among the pleiotropic, cell-specific players in cardiac repair. Thus, in this
dissertation, I focus on the potential of targeting cardiomyocytes and endothelial cells in
ischemic heart treatments. The current understanding of the role of cardiomyocytes and
endothelial cells in post-infarction cardiac remodeling is summarized below.
1.1.2. Cardiomyocytes: Essential in Cardiac Function Regulation
Cardiac remodeling following coronary artery occlusion has profound effects on
cardiomyocytes in both the affected and unaffected areas. Cardiomyocytes, especially those in
the infarcted region, struggle to survive, while the survived cardiomyocytes undergo hypertrophy
attempting to maintain cardiac function. Cardiomyocyte death and hypertrophy are the two main
results responding to stress as an adult heart has negligible regenerative capacity.
1.1.2.1. Cardiomyocyte Death
The abruption of the coronary blood flow triggers the loss of cardiomyocytes extending
from the subendocardium to the subepicardium31,32, which initiates the post-infarct cardiac
remodeling; and the magnitude of initial myocardial loss controls the severity of remodeling.
Even though timely coronary artery patency is achieved, a paradoxical exacerbation of
cardiomyocyte death might occur during the restoration of blood flow and reoxygenation, termed
ischemia-reperfusion (IR) injury. IR injury is related to increased reactive oxygen species (ROS)
production such as peroxynitrite, elevated inflammation, and increased vascular impedance 33. In
addition, the cardiomyocytes resident in the remote area, which survival through the acute
event, could also undergo cell death because of the disruption of pro-survival and pro-death
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signals during chronic post-infarct cardiac remodeling. Nonetheless, both hypoxia-mediated and
reoxygenation-induced injury cause cardiomyocyte death through apoptosis, necrosis, and
autophagy-associated cell death33,34. A high magnitude of both necrosis and apoptosis are
implicated in the cardiomyocyte death in the infarcted region and in the development of HF.
Necrosis, the predominant form of cell death in the infarcted heart, is characterized by
cell swelling and the subsequent rupture of the cell membrane, eliciting intensely inflammatory
responses because of the release of intracellular contents. It is now recognized that this form of
cell death can be regulated by signaling events including receptor interacting protein 3 (RIP3)dependent necroptosis and mitochondrial permeability transition pore (mPTP) regulated
necrosis. During MI, necroptosis is triggered by the activation of death receptor pathway by
death receptor ligands such as TNF-α which initiate the downstream assembly of protein
complexes, leading to RIP1-RIP3 interaction and subsequent necroptotic cell death when
caspase-8 is inhibited35. Moreover, calcium overloading condition leads to the opening of mPTP
in the inner mitochondrial membrane (IMM). The resulting destruction of the electrochemical
proton gradient across IMM causes mitochondrial swelling and rupture.
Apoptosis, also termed programmed cell death, involves the shrinkage and
fragmentation of the cells, producing plasma membrane-enclosed apoptotic bodies. Based on
the mechanistic differences, it can be separated into mitochondrion-involving intrinsic pathways
and cell surface death receptor-mediated extrinsic pathways 15. They are both critically
implicated in cardiomyocyte death in the infarcted heart. The intrinsic pathway is regulated by
the interactions among the B-cell lymphoma 2 (Bcl-2) family members, controlling the
permeabilization of the outer mitochondrial membrane (OMM). Under MI, the increased cell
stress disrupts the balance between BH3-only proapoptotic Bcl-2 family proteins (e.g., Bad, Bid,
and Puma) and antiapoptotic proteins (e.g., Bcl-2, Bcl-Xl, and Mcl-1), leading to the activation
and pore formation of OMM-located multidomain proapoptotic Bcl-2 family members Bax and
Bak. This results in the escape of mitochondrial inter-membranous space contents such as
cytochrome c and Smac/DIABLO and subsequent formation of the apoptosome complex and
caspase activation. The extrinsic apoptotic pathway is initiated through death receptors36.
Triggering by FAS ligand, TNF-α, or TNF-related apoptosis-inducing ligand (TRAIL), death
receptors recruit downstream adaptors to form protein complexes which cause the activation of
caspase cascades, leading to apoptotic cell death.
Autophagy is a housekeeping and pro-survival mechanism that recycle dysfunctional or
unnecessary components to replenish energy. During autophagy, membrane besieged
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intracellular organelles and parts of the cytoplasm, termed autophagosomes, are delivered to
lysosomes for degradation. Research has shown that the enhancement of autophagy under
myocardial ischemia through AMP-activated protein kinase (AMPK) activation protects
cardiomyocytes from cell death37,38. However, it can also mediate cellular demise through
apoptotic and autophagic killing39,40. Autophagic cell death has been described as massive
vacuolization and ubiquitin accumulations, which might be induced by excessive degradation of
cellular components 34,41. Further investigations are required to illustrate autophagic effects on
cardiomyocyte survival and death.
Cardiomyocyte survival and death through necrosis, apoptosis, or autophagy are
governed by intricate signaling pathways and multiple effector molecules which are interplaying
with and influencing each other. For instance, death receptors have been shown to trigger
survival, apoptosis, and necroptosis signaling depending on the intracellular conditions. And
mitochondria can be the center of both apoptotic and necroptotic cell death, whilst
mitochondrion-trigger necroptosis also induces apoptosis when mitochondrial breakdown
releases mitochondrial contents. Moreover, Bcl-2 family proteins regulate both apoptosis and
autophagy. Nevertheless, how these processes interplay and balance in the MI condition to
control cardiomyocyte survival and death is not fully understood. The upcoming challenges to
uncover these complex relationships should be taken to guild context-specific pharmacological
therapies.
1.1.2.2. Cardiomyocyte Hypertrophy
To maintain adequate contractile function and counterbalance the elevated ventricular
wall stress, the remained cardiomyocytes primarily undergo hypertrophy which is characterized
by the increase in protein synthesis and cell volume, especially contributed to the increased
series replication of sarcomeres. This change initially is beneficial by compensating the cardiac
functional loss; however, this adaptive hypertrophy eventually might become detrimental as it
fails to normalize the increased wall stress and to control chamber dilation, generally termed
eccentric hypertrophy. Thus, this pathological cardiac hypertrophy is detrimental and associated
with increased morbidity and mortality when the pathological condition remains 42,43. Distinct from
physiological cardiac hypertrophy which displays normal cardiac morphology and function
during postnatal cardiac growth and pregnancy- or exercise-induced cardiac hypertrophy, the
pathological hypertrophy induced by MI is associated with cell death, cardiac metabolism
alteration, cardiac fibrosis, and contractile dysfunction. In the infarcted heart, cardiac
hypertrophy is stimulated by a variety of stimuli, including neurohormonal factors, myocardial
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stretch, and other paracrine/autocrine stimuli. Through binding to membrane receptors, these
factors activate multiple intracellular signaling cascades which subsequently alter cardiac gene
profiles, resulting in increased cardiac contractile proteins and sarcomere assembly. This is
characterized by upregulated β-myosin heavy chain (β-MHC) and downregulated α-MHC,
increased fetal gene programming (e.g., ANP and BNP), and decreased calcium-handling
proteins (e.g., sarcoplasmic reticulum Ca2+-ATPase 2a (SERCA2a)), struggling to achieve the
more economical contractile function44,45.
The major trigger of pathological hypertrophy is neurohumoral factors elicited by MItriggered mechanical stress. The catecholamine (e.g., norepinephrine and epinephrine)
released from sympathetic nerve terminals and the adrenal medulla activates adrenergic
receptors on cardiomyocytes, triggering the hypertrophic effects. Meanwhile, compromised
cardiac function and activated sympathetic nervous system trigger the release of renin from the
renal juxtaglomerular apparatus, activating RAAS. Produced and released from the liver,
angiotensinogen is cleaved by renin to form angiotensin I (Ang I) which further transforms to
Ang II by angiotensin-converting enzyme (ACE) primarily located in the pulmonary vasculature.
Besides the increase in the systemic RAS, the cardiac Ang II production also increases in
response to the upregulated angiotensinogen gene expression and the increased local ACE
activity. The increased Ang II stimulates hypertrophic signaling by binding to the Ang II receptor1 (AT1) on the cardiomyocytes 46. The enhanced Ang II activity enhances norepinephrine
production, and vice versa. Moreover, Ang II and norepinephrine enhance the release of
endothelin-1 (ET-1) from the cardiovascular system. Then, ET-1 triggers cardiomyocyte
hypertrophy through binding ET-1 receptor A (ETA)47. Belonging to G protein-coupled receptor
(GPCR) family, adrenergic receptors, AT1, and ETA activation initiate the multiple intracellular
signaling pathways to induce cardiac hypertrophy 48. The activation GPCRs causes the
dissociation of the Gα and Gβγ subunits. While the former subsequently mediates inotropy and
hypertrophic effects through Gαs-induced, cyclic adenosine monophosphate (cAMP)-dependent
or Gαq-directed, phospholipase C β (PLCβ)-mediated mechanisms, the latter subunit triggers
phosphoinositide 3-kinase (PI3K)/Akt cascades to regulate cardiac hypertrophy 49. Adenylyl
cyclase (AC)-mediated generation of cAMP activates protein kinase A (PKA) which
subsequently phosphorylates contractility-regulated substrates such as ryanodine receptor,
phospholamban (PLB), and L-type calcium channel (LTCC) to enhance cardiac contractility with
the assistance of scaffolding protein-A-kinase anchoring proteins (AKAPs). And AKAPs also
mediate hypertrophic gene transcription through several mechanisms. For instance, the
activation of AKAP cargo proteins calcium-sensitive calcineurin and phosphodiesterase regulate
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transcription through transcription factor NFAT and MAPK signaling respectively 50,51. Another
pro-hypertrophic player downstream GPCR signaling, PLCβ, converts membrane inositol
phospholipids into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol. While IP3 mobilizes
sarcoplasmic reticulum (SR) calcium through IP3 receptor binding, diacylglycerol-mediated
protein kinase C (PKC) and ensuing PKD activation play critical roles in cardiac hypertrophy by
histone

deacetylase

(HDAC)

inactivation

and

mitogen-activated

protein

kinase

(MAPK)/extracellular signal-regulated kinase (ERK) pathway activation52-54. Furthermore,
calcium transients regulate cardiomyocyte growth and hypertrophic gene programming through
the activation of calcium-sensitive calcineurin and calmodulin-dependent protein kinase II
(CaMKII)55-57. Finally, GPCR activation also triggers cAMP-dependent activation of the small
GTPase Rac and Ras which in turn activate downstream cardiac hypertrophic cascades58,59.
In addition to the contribution of neurohormonal responses in cardiac hypertrophy,
mechanical stretch can directly regulate transcriptional profiles to promote hypertrophic growth
of cardiomyocytes 60. Mechanotransduction of stretch-induced hypertrophy is mediated via
stretch-sensing proteins that convert extracellular signals to intracellular information. Among
them, integrins are the center of myocardial stretch-induced hypertrophic signaling by linking
ECM with contractile sarcomeres and triggering intracellular signaling pathways such as
PI3K/Akt and ERK1/2 pathways61,62.
Finally, paracrine and autocrine signaling from IL-663, insulin-like growth factor 1 (IGF1)64, and TGF-β65 is implicated in stress-induced cardiac hypertrophy. These ligands promote
hypertrophic growth through activation of downstream effectors including signal transducer and
activator of transcription 3 (STAT3)66, PI3K/Akt, and TGF-β-activated kinase (TAK1)/MAPK 65,67.
To balance hypertrophic growth, the stimulation of Ang II and ET-1 and mechanical strain
induce the production of ANP and BNP which negatively modulate cardiac hypertrophy through
atrial natriuretic peptide receptors (NPR)/guanylyl cyclase/cyclic GMP (cGMP) signaling68.
Thus, during post-infarct cardiac remodeling, the appropriateness of cardiac hypertrophy
is of great importance and clinically relevant. And these hypertrophic responses are highly
coordinated with a complex crosstalk within intracellular signaling pathways and stimuli.
1.1.3. Cardiac Endothelial Cells: A Modulatory Component of Cardiac Function
Cardiac endothelial cells and the vasculature are key regulators in cardiac health, which
guarantees the adequate supply of oxygen and nutrients, supports cardiac growth, regulates
vascular tone, prevents thrombotic formation, and maintains myocardial homeostasis through
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paracrine signals such as apelin. With these key functions, endothelial cells participate in the
pathogenesis of heart diseases such as atherosclerosis, myocardial infarction, and
cardiomyopathy. Here, I summarize the roles of endothelial cells in post-infarct cardiac
remodeling.
Although mostly remaining quiescent, the endothelium can be rapidly activated in
response to myocardial injury, orchestrating the processes in cardiac remodeling. First, the
activation of endothelial cells at the onset of MI is required for the inflammatory responses as
they facilitate the recruitment and infiltration of immune cells. Responding to the increased proinflammatory signals, endothelial cells are activated with the upregulation and presence of
adhesion molecules such as P-selectin, E-selectin, and intercellular adhesion molecule (ICAM)
on the lumen surface of the plasma membrane, which promotes the binding and
transendothelial migration of circulating leukocytes. Moreover, the activation of the endothelium
increases vascular permeability as the intercellular junctions between endothelial cells become
compromised, facilitating the inflammatory responses. In addition, the balance between
vasodilation and vasoconstriction after MI is altered, which is associated with altered levels of
vascular tone regulators and different responses of coronary artery toward these regulators.
Endothelial nitric oxide synthase (eNOS) level have been demonstrated to be increased in the
infarct and peri-infarct areas after MI, and vasodilator nitric oxide (NO) generated by eNOS has
displayed cardioprotective effects with improved endothelial vasomotor dysfunction69,70. The
coronary vasoconstriction effects from vasoconstrictors such as Ang II and endothelin are
reduced, while the vasodilator influence of NO is reduced as well71,72.
Most importantly, endothelial cells can undergo angiogenesis, the construction of new
microvessels from existing capillaries, to support inflammatory and fibrotic changes and to keep
pace with cardiomyocyte hypertrophy after MI, attenuating the progressive transition to HF. And
this is a major form of damaged vessel reconstruction in the ischemic heart. Multiple growth
factor families, cytokines, and chemokine have angiogenic effects and contribute to angiogenic
processes, including VEGF, IGF, IL-8, and stromal cell-derived factor 1-α (SDF1α). After MI, the
myocardium upregulates angiogenic signals through several pathways. Firstly, the ischemic
myocardium increases the expression of angiogenic factors through hypoxic stabilization of
hypoxia-inducible factor 1α (HIF1α) and subsequently enhancing the HIF1 transcriptional
activity, including VEGF and NOS transcription73,74. Secondly, anti-inflammatory cells present
during cardiac repair processes, such as reparative macrophage phenotype and fibroblast, also
synthesize and release angiogenic factors75,76. Finally, mechanical stresses have been
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demonstrated to increase angiogenic factor expression which might be associated with HIF1α
activity77. Among all these angiogenic signals, VEGF is a key and well-studied one that has
shown to be significantly upregulated after acute MI; and all these signals are tightly coordinated
to guarantee functional vasculature formation78-80. Activated by angiogenic signals, endothelial
cells detach from the basement membrane and migrate into the matrix, which is facilitated by
the increased vascular permeability and the ECM remodeling. Sensing angiogenic signals, a
specialized endothelial cell-tip cell is selected and migrates toward the higher gradient of
angiogenic signals, while the neighboring endothelial cells-stalk cells proliferate to elongate the
sprouts. Eventually, a vessel lumen is formed, and the newly formed vessels are stabilized by
mural cell recruitment and basement membrane reestablishment.
Besides angiogenesis, vessels can grow in other

ways after MI, including

vasculogenesis, arteriogenesis, and collateral growth. Unlike angiogenesis, vasculogenesis
forms microvessels by mobilizing endothelial progenitor cells to the ischemic area and
incorporating themselves into existing vessels81,82. Arteriogenesis refers to the vessel
maturation by mural cells and vessel enlargement, while collateral growth highlights the
expansion of pre-existing vessels. These methods coordinate with each other to achieve a more
extensive vascular network. The paracrine action of mobilization of stem and progenitor cells
enhances angiogenesis with the secretion of angiogenic factors such as VEGF 83. Arteriogenesis
and collateral growth are part of the new vessel maturation and remodeling. Via these
processes, the increase in vascular density has the potential to salvage ischemic myocardium
and to prevent the transition to HF. Among all these methods, capillary angiogenesis is a
promising therapeutic target to help manage MI. As a highly vascularized organ, the heart
contains many endothelial cells which provide angiogenic potential in an ischemic event. In the
infarct area, angiogenesis facilitates inflammatory responses and scar formation. Capillary
formation in the border zone distributes blood flow to the ischemic but viable myocardium. And
the newly formed capillaries in the remote area support long-term cardiac remodeling and
cardiac function.
1.1.4. Novel Therapeutic Intervention
Introduction of timely coronary reperfusion through thrombolytic therapy, percutaneous
coronary intervention, and/or coronary artery bypass graft (CABG) surgery has significantly
improved the prognosis of acute MI patients, which salvages ischemic myocardium and
subsequently attenuates post-infarction cardiac remodeling. Additionally, pharmacological
interventions have consistently improved patient outcomes. ACE inhibitors (ACEIs), Ang II
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receptor blockers (ARBs), and β-adrenergic receptor blockers (β-blockers) have improved
survival rates and attenuated cardiac remodeling despite that the detailed mechanisms
underlying these drugs remain unclear14. Partially, these drugs have contributed to the
regulation of cardiomyocyte hypertrophy, cell death, and fibrosis, eventually ameliorating the
transition to adverse ventricular remodeling. Moreover, combined therapies with antiplatelet,
anticoagulation, and lipid-lowering agents have become an essential component in the
treatment of MI, which prevents the reoccurrence of a new thrombotic event. Unfortunately,
despite the widespread use of these interventions in the MI population, the mortality and
morbidity of MI and MI-related HF remain high. Thus, novel therapeutic strategies are required
to prevent or attenuate post-infarction adverse remodeling.
Beside early revascularization, other therapeutics preventing programmed cell death
have been investigated, attempting to further improve the clinical outcomes of MI patients.
Regardless of the beneficial effect of TNF-α inhibition in animal MI models, clinical trials of antiTNF therapy in HF patients were disappointing, raising the necessity of a better understanding
of TNF-α in HF84,85. Cyclosporine, an immunosuppressant with inhibitory effects on mPTP
opening, has demonstrated no cardioprotective effect on acute MI patients on survival, cardiac
function, and rehospitalization86. Although these therapeutic strategies hold limited promise in
MI treatment, cell death inhibitors still have the potential to be cardioprotective agents.
Several strategies to enhance vascularization in the damaged heart have been proposed
and tested in clinical trials. Because of the role of growth factor or cytokine-mediated vascular
growth, growth factors and cytokines have potential therapeutic effects in MI via enhancing
vascularization. Gene therapy targeting growth factors, such as VEGF, has resulted in potential
benefit despite the statistical underpower87,88. Cell therapy, transplanting bone marrow-derived
stem cells, endothelial progenitor cells, or other pluripotent cells, has been tested based on the
notion that pluripotent stem cells have the capability of differentiating into different cell types
which potentially repairs or regenerate the damaged myocardium, especially contributing to
vascular repair and neovascularization. Despite that current clinical trials have shown
inconclusive results and low statistical power, several have demonstrated cardioprotective
effects of cell therapy in MI patients by improving cardiac function 89,90.
In conclusion, translating encouraging preclinical data to clinical trials is challenging and
current findings of these approaches in the clinical context have yielded mixed results. But these
novel therapies have remained promising targets in tackling MI. The therapeutic window of
these methods should be examined further as it may be very narrow for some therapies. And a
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combination of therapies might be needed to elevate clinical benefits. Moreover, better
elucidation of the complex mechanisms of post-infarct cardiac remodeling has continued to yield
significant benefit by providing promising therapeutic targets. The clarification of the effects of
signaling pathways and cellular targets is likely to provide essential information in the
promisingly multidisciplinary treatment because targeting a single pathway or an individual cell
type is inefficient due to these intricate and overlapping targets.
1.2. The PI3K Isoforms and Signaling
Phosphoinositide 3-kinases are a family of conserved lipid kinases that phosphorylate
the third hydroxyl group of the inositol ring of phosphatidylinositol (PtdIns), which in turn regulate
an extraordinarily wide range of cellular functions involving nutrient sensing, growth and
metabolism control, and aging. They are categorized into three major classes (Class I, II, and
III) based on structural and functional specificity. Class II PI3Ks are monomers with a carboxyterminal C2 domain, including PI3K-C2α, PI3K-C2β, and PI3K-C2γ, which specifically
phosphorylate PtdIns and PtdIns(4)P. Class III PI3K only has one member-vacuolar protein
sorting 34 (Vps34), a heterodimeric complex, which prefers targeting PtdIns and critically
involves in vesicle trafficking and autophagic processes. In the dissertation, I will focus on the
Class I PI3Ks (which will be simplified as PI3Ks at the rest of the dissertation), their signaling
networks, and how they function in the cardiovascular system.
Class I PI3Ks are of the most interesting of all classes of PI3Ks because they are vital in
modulating cellular regulatory processes, including cell survival, cell growth, cell cycle91,92,
glucose metabolism93, and actin dynamics and cell motility. They are heterodimers which
consist of a p110 catalytic subunit (p110α, β, δ, and γ) and a regulatory subunit, converting
PtdIns (4,5)-biphosphate (PI(4,5)P2, PIP2) to PtdIns (3,4,5)-trisphosphate (PI(3,4,5)P3, PIP3).
Coupling with different types of regulatory subunit, Class I PI3Ks are further divided into two
subclasses, Class IA and IB. Three Class IA PI3Ks, PI3Kα, PI3Kβ, and PI3Kδ, are encoded by
pik3ca (3q26.32), pik3cb (3q22.3), and pik3cd (1p36.22) gene specifically. They couple with a
p85 family regulatory subunit (p85α, p55α, p50α, p85β, and p55γ), predominantly activated by
receptor tyrosine kinases (RTKs) such as insulin receptor, IGF-1 receptor, and VEGF receptor
(VEGFR) via the regulatory subunit-activated RTK interaction. Besides activated by RTKs,
PI3Kβ has been shown to regulate GPCRs-dependent signaling through Gβγ heterodimer-p110β
binding94. Despite that both PI3Kα and PI3Kβ are ubiquitously expressed, PI3Kα is the
dominant isoform responding to RTK activation in many cell types 95, whereas PI3Kδ is highly
restricted to leukocytes and involves in immune responses. Meanwhile, the only Class I B PI3K14

PI3Kγ, encoded by pik3cg (7q22.3) gene, is binding to a p101 or a p87 subunit, mediated by
free Gβγ subunits following the activation of GPCRs such as β adrenergic receptors, AT1, and
ETA. Besides activated by RTKs and/or GPCRs, PI3Ks can interact and be activated by Ras
and Rho family small GTPases96. PI3Kα and PI3Kγ can also be activated by RAS, whereas
PI3Kβ is stimulated by RAC1 and CDC42 downstream of GPCRs97-99.
These various PI3K isoforms have distinct and redundant functions which are precisely
balanced to maintain proper development. Studies on germline manipulation of specific PI3K
isoforms have revealed that both PI3Kα and PI3Kβ are required for embryonic development as
either deficiency of PI3Kα or PI3Kβ leads to early embryonic lethality due to severe proliferative
defects or growth arrest at the blastocyst stage specifically 100-102, while deficiency of PI3Kγ or
PI3Kδ is viable with impaired inflammatory responses 103,104. However, mice with kinase-dead
PI3Kβ develop normally, suggesting the importance of the kinase-independent function of
PI3Kβ in prenatal development 105. Despite that both PI3Kα and PI3Kβ bind to activated RTKs,
PI3Kα is the main isoform transducing the RTK/Akt signaling such as the hepatic insulin
signaling, while PI3Kβ catalytic activity is required to sustain long-term insulin signaling105,106.
Moreover, PI3Kβ has been suggested to regulate basal Akt signaling because it is less inhibited
by regulatory subunit binding than PI3Kα, proposing the function of PI3Kβ in the control of basal
PI3K/Akt activity107. Research has also suggested a competitive role between them in which the
less active PI3Kβ competes for receptor binding with the more active PI3Kα, which highlights
the importance of PI3Kα and PI3Kβ in fine-tuning RTK-induced PI3K signaling108. Besides,
PI3Kβ has been found in the nucleus where it regulates DNA replication, double-strand break
DNA repair, and cell survival109-111. In addition, even though all PI3K isoforms are implicated in
oncogenesis, PI3Kα is predominantly associated with the development and progression of solid
tumors such as breast, cervical, lung, and head and neck cancer, whereas PI3Kβ majorly
participates in prostate tumorigenesis driven by PTEN loss probably via transducing GPCR
signaling112-114. Heavily present in hematopoietic cells, PI3Kδ and PI3Kγ are involved in
hematopoietic and lymphoid malignancies, being promising targets in the management of these
malignancies115,116. Because of that, selective inhibitors of PI3Kδ such as idelalisib and duvelisib
have shown beneficial effects in chronic lymphocytic leukemia. Furthermore, PI3Kβ and PI3Kγ
have been demonstrated with a kinase-independent, scaffolding roles. Whilst the former has
participated in clatharin-mediated endocytosis and nuclear lamina organization117,118, the latter
has regulated phosphodiesterase 3 (PDE3)-mediated cAMP destruction119. In addition, highly
expressed in hematopoietic cells, PI3Kδ and PI3Kγ exert biological functions relevant to
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autoimmune disease, inflammation, and thrombosis 120. Clearly, the PI3K isoforms display
overlapped and distinct functions to coordinate complex intracellular signaling.
The action of Class I PI3Ks is antagonized by a tumor suppressor-phosphatase and
tensin homolog (PTEN) which dephosphorylates PIP3 to PIP2. PIP3, the second messenger, in
turn binds to pleckstrin homology (PH) domain containing effectors such as phosphoinositidedependent kinase 1 (PDK1) and protein kinase B (PKB/Akt), recruiting them to the plasma
membrane where PDK1 phosphorylates Akt at Thr308. Maximal activation of Akt requires
phosphorylation at both Thr308 and Ser473. The latter has been demonstrated to be
phosphorylated by the mammalian target of rapamycin complex 2 (mTORC2); however, the
regulation of this process is still under investigation and appears to be influenced by multiple
factors. The activation of Akt results in phosphorylation of a wide spectrum of downstream
substrates, controlling cell survival, proliferation, growth, migration, and others 121; and the list of
Akt substrates is expanding.
Akt is a key PI3K effector in the regulation of cell functions. First of all, Akt exerts prosurvival functions through many signaling pathway 122. On one hand, it directly phosphorylates
Bad to prevent activating the apoptotic signaling123; on the other hand, Akt enhances the prosurvival and anti-apoptotic gene expression through regulating transcription factors such as
cAMP-response element-binding protein (CREB), NFκB, and Forkhead Box O (FOXOs)124-126.
Secondly, Akt promotes cell growth by stimulating mTORC1-dependent protein synthesis and
inhibiting protein degradation127. Akt inactivates tuberous sclerosis protein 2 (TSC2), reducing
the GTPase-activating protein (GAP) activity of TSC1-TSC2 complex towards the small Gprotein Ras homologue enriched in brain (Rheb), which triggers mTORC1 activation128. Then
mTORC1 enhances protein synthesis through inhibition of eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) and activation of S6 kinase (S6K). Moreover, Akt also relays the
growth signals through inhibiting FOXOs and glycogen synthase kinase 3β (GSK3β)
transcription factor129,130. Furthermore, Akt mediates cell cycle and proliferation by regulating
mTORC1, FOXO, Mdm2, p21, p27, and Myc. Akt-dependent mTORC1 activation and FoxO
inhibition enhance cell proliferation, which is related to Myc-mediated pro-proliferation activity 131133

. Phosphorylation of Mdm2 by Akt elevates the degradation of the p53 tumor suppressor,

which is associated with increased Mdm2 nuclear localization and its activity 134,135. And p21 and
p27 nuclear extrusion is promoted by Akt, which subsequently releases its cell proliferationinhibiting activity 136,137. In addition, Akt plays an important role in metabolism by promoting
glucose uptake, glycogen synthesis, and lipogenesis. It enhances AS160-dependent membrane
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translocation of glucose transporter type 4 (GLUT4) and promotes GLUT1 activity and recycling,
speeding up GLUT4-mediated glucose uptake138-140. And Akt promotes glycogen synthesis by
suppressing GSK3-regulated glycogen synthase inhibition, whilst it activates the transcription
factor sterol regulatory element-binding protein (SREBP1c) to enhance hepatic lipogenesis via
mTORC1 stimulation and INSIG2a suppression141,142. Last but not least, besides having
substrates resident in the nucleus, Akt has been present in the nuclear compartment where it
exerts multiple functions such as cell cycle, survival, and DNA repair 143. Despite that the
detailed processes of Akt nuclear translocation have not been fully unveiled, Akt has been
demonstrated to translocate to the nuclei partially through association with other proteins 144.
Within the nuclei, Akt not only targets the aforementioned substrates such as FOXO, p21, and
p27, it also interacts with other nuclear proteins such as Ebp1 and B23 to enhance cell
survival145-147. Overall, Akt signaling network regulates a wide range of cellular functions, and a
more comprehensive understanding of this network will provide key information in biomedical
sciences.
Beyond Akt, PI3Ks/PDK1 also activates serum and glucocorticoid-regulated kinase
(SGK) which processes structural similarity with the catalytic domain of Akt148. SGK1 has been
demonstrated to share several downstream substrates with Akt such as p70s6 kinase and
GSK3β, regulating cell size, cell survival, and protein synthesis 149. And it also regulates the
activity of late sodium current in the heart. Mice with cardiac SGK1 overexpression have
developed mildly decreased ejection fraction at baseline and a higher lethal ventricular
arrhythmia incidence after IR injury because of the positive effects of GSK1 on late sodium
current, while dominant negative SGK1 expression has generated cardioprotective effect after
transverse aortic constriction150. Moreover, PI3Ks also play a crucial role in cytoskeleton
reorganization through PIP3-dependent, subcellular localization of guanine nucleotide exchange
factors (GEFs) which consequently activate Rac proteins93,151. In addition, PI3K-driven PIP3
negatively regulate gelsolin activity to preserve actin cytoskeleton in the cardiomyocytes 152.
However, further investigations on the role of PI3K signaling beyond Akt are required.
Taken together, PI3K signaling, especially the PI3K/Akt pathway, plays a central role in
cellular function, mediating critical cellular processes such as cell survival, growth, proliferation,
and more (Figure 1.2). Consequently, it has been revealed to be critically involved in a wide
range of human disorders, making this pathway a promising therapeutic target.
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Figure 1. 2. PI3K signaling critically regulates cell survival, proliferation, cell growth, metabolism,
and others.

1.2.1. PI3K/Akt Signaling in the Heart
Aberrations in PI3K signaling contribute to a wide range of human diseases, including
cancer, diabetes, immunological disorders, overgrowth syndromes, and cardiovascular
disease121,153. Here, I am going to highlight the roles of PI3K signaling in cardiac development
and heart diseases. Firstly, PI3K signaling is important in cardiac postnatal growth. Suppression
of PI3K signaling by loss of PDK1, deficiency of PI3K regulatory subunit, or enhanced GSK3β
activity has led to a smaller heart and restriction of cardiac hypertrophy, whilst overexpression of
this pathway through deleting PTEN gene or overexpression PI3K/Akt has generated the
opposite effects 154-156. Shiojima et al demonstrated that Akt expression participates in both
physiological and pathological hypertrophy depending on the duration of Akt activation 21.
Secondly, PI3K pathway regulates cardiomyocyte viability under pathological conditions.
PI3K/Akt activation has prevented cultured cardiomyocytes from oxidative stress-induced
apoptosis and doxorubicin-induced cell death157,158. Cardiac-specific overexpression of Akt has
improved cardiac function on a pressure overload-induced HF model by decreasing apoptosis
and supporting angiogenesis 159. Thirdly, PI3K/Akt signaling critically involves in the regulation of
cardiac contractility. Mice with cardiac-specific Akt overexpression have shown increased
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cardiac contractility 130. PI3K/Akt signaling sustains calcium current, which is partially due to
PI3K/Akt-dependent stabilization of L-type Ca2+ channels increasing its density at the plasma
membrane160,161. However, the lack of PTEN has resulted in contractile dysfunction, which has
been suggested to be associated with the disruption of PI3Kγ signaling 156. Critically regulating
the cardiac function, PI3K signaling has been heavily investigated in cardiovascular diseases,
attempting to identify a promising therapeutic target in heart disease treatment.
In MI setting, the enhancement of PI3K/Akt signaling potentially offers cardioprotective
effects by promoting cardiac repair. Studies on animal models carrying genetic modification on
PI3K/Akt pathway and with PI3K inhibitor administration has highlighted the involvement of
PI3K/Akt signaling in the regulation of post-MI cardiac function, infarct size, cardiac remodeling,
and vascular repair162-164. Moreover, deletion of cardiac-specific GSK3β or GSK3α has protected
against adverse post-MI cardiac remodeling partially by increased cardiomyocyte survival and
proliferation165,166. However, fibroblast-specific GSK3β deletion has the opposite effects under
MI, causing adverse remodeling with excess fibrosis 167. These findings highlight the importance
of understanding the cell type-specific roles of PI3K/Akt signaling as this pathway has distinct
and essential functions in different cell types. In addition, PI3K/Akt signaling is of central
importance mediating vascular function, orchestrating post-MI cardiac function168. PI3K/Akt
signaling is required to support coronary angiogenesis by promoting endothelial cell survival,
migration, elongation, and angiogenesis121,169-172. Promotion of angiogenesis via enhanced
VEGF and angiopoietin-1 expression has improved cardiac functions in porcine MI hearts by
increased vascular density and reduced apoptotic cells 173. Deficiency of eNOS has rendered
exacerbated post-MI cardiac dysfunction associated with decreased capillary density and
cardiac hypertrophy, and endothelial-specific eNOS overexpression have attenuated cardiac
dysfunction and enhanced survival after myocardial infarction in mice 174,175. Overall, further
studies should be carried out to reveal the roles of PI3K/Akt signaling in different cell types in
the MI setting, which will guide PI3K/Akt-targeted pharmacological development in MI therapy.
In this dissertation, I focus on exploring the function of PI3Kα and PI3Kβ in the heart,
specifically in cardiomyocytes and endothelial cells, to outline our current understanding on the
roles of PI3Kα and PI3Kβ in cardiomyocytes and endothelial cells (Figure 1.3 and 1.4) and to
indicate the gaps in our knowledge in this field.
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Figure 1. 3. PI3Kα, PI3Kβ, and PI3Kγ distinctly and collaboratively regulate metabolism,
cardiomyocyte hypertrophy, and cardiac contractility.

Figure 1. 4. PI3K isoforms participate in regulating angiogenic responses.
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1.2.2. PI3Kα in the Heart
In cardiomyocytes, the PI3Kα/Akt signaling pathway plays a central role both in
physiological and pathological conditions. Firstly, PI3Kα/Akt signaling participates in the
regulation of embryonic cardiomyocyte differentiation and growth and cardiomyogenesis176-178.
Moreover, PI3Kα/Akt pathways control postnatal cardiomyocyte size and physiological
hypertrophy121. Transgenic mice with cardiac-specific constitutively active or dominant-negative
p110α expression developed an increase or a decrease in heart size respectively as a result of
different degrees in cardiomyocyte hypertrophy, highlighting the importance of PI3Kα signaling
in cardiomyocyte size regulation156,179. Dominant-negative p110α abolishes exercise-induced
cardiac hypertrophy. Beside regulating cardiomyocyte growth, PI3Kα also influences myocardial
contractility, probably via maintaining the level of Ca2+-handling proteins, including L-type Ca2+
channels, ryanodine receptors, and SERCA2a180,181. Furthermore, PI3Kα regulates the
expression of structural components of cardiomyocytes such as dystroglycan, filamin C, and
Rho-associated coiled-coil containing protein kinase 2, participating in Z-disc alignment and
mechanotransduction182. Additionally, PI3Kα protects the heart against various cardiovascular
diseases. PI3Kα/Akt/GSK3β signaling was upregulated during recovery from cardiac pacinginduced HF in a canine model183. PI3Kα have been demonstrated to have cardioprotective
effects in dilated cardiomyopathy and pressure-overload mouse models 184,185. And lack of PI3Kα
has rendered the development of atrial fibrillation in a dilated cardiomyopathy mouse model 186.
Cardiac-targeted PI3Kα overexpression via gene therapy has mitigated diabetic cardiomyopathy
by reducing oxidative stress, ER stress, and apoptosis187. When facing MI, studies on
transgenic mice with increased or decreased PI3Kα activity have demonstrated the
cardioprotective effect of PI3Kα in post-MI remodeling by regulating microRNA (miRNA) and
messenger RNA (mRNA)188.
In endothelial cells, PI3Kα is the most active PI3K isoforms followed by PI3Kβ, similar to
those in many cell types189. It is a key player in angiogenesis, a series of fine-tuning processes
involving endothelial survival, proliferation, permeability, vascular tone regulation, and vascular
remodeling. Endothelial-specific inactivation of PI3Kα causes embryonic lethality due to severe
vascular defects, highlighting the essentiality of PI3Kα in angiogenic sprouting and vascular
remodeling189. It controls VEGF-dependent endothelial migration through Akt-independent RhoA
and Akt-dependent eNOS activation189,190. Responding to PI3K/Akt activation, phosphorylation
and subsequent cytosol localization of forkhead transcription factors in endothelial cells have
resulted in gene expression alteration, mediating cell survival and proliferation 191. Moreover,
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PI3Kα promotes TNF-induced endothelial permeability and leukocyte transendothelial migration
via the components of endothelial adherens junctions, including vascular endothelial cadherin
(VE-cadherin)192,193.
Overall, PI3Kα exerts cardioprotection against cardiovascular diseases. Thus, it is no
surprise that pharmacological PI3Kα inhibition via isoform-specific inhibitor or activation by
insulin has displayed opposite effects in a mouse IR model 194.
1.2.3. PI3Kβ in the Heart
The knowledge regarding the roles of PI3Kβ in the cardiomyocytes and endothelial cells
are scarce. In part, this is due to the redundant function of PI3Kβ with PI3Kα and PI3Kγ.
Currently, research has underestimated the participation of PI3Kβ in cardiac contractility as the
lack of PI3Kβ activity in the cardiomyocytes does not affect its contractility 180. In the endothelial
cells, PI3Kβ have been demonstrated primarily responding downstream GPCR activation,
triggered by SDF-1, IL-8, and sphingosine-1-phosphate (S1P) as PI3Kγ 189. Despite that, the lack
of PI3Kβ activity has been shown to decrease GPCR agonist-induced angiogenic effects, which
indicates that PI3Kγ alone is not sufficient to relay GPCR-induced angiogenic signaling189.
PI3Kβ/Akt has been shown to mediate endothelial migration by S1P which has protected the
heart against IR injury in a mouse model 195,196. Furthermore, a study using gene therapy to
enhance cardiac PI3Kβ expression has highlighted that PI3Kβ has reduced cardiomyocyte
apoptosis and promoted cardiomyocyte cell cycle activity after MI197. Thus, the currently limited
understanding on PI3Kβ has suggested its involvement in cardiomyocyte survival and
angiogenic signaling responding to GPCR agonists. However, further studies are required to
elucidate the role of PI3Kβ in cardiomyocytes and endothelial cells.
1.2.4. PI3Kγ in the Heart
The PI3Kγ, made up of p110γ/p101 complex, exerts full functional potential following
GPCR activation by direct interaction of the helical domain of p110γ and p101 with G βγ
heterodimers198. Research has supported the expression of PI3Kγ in cardiomyocytes and
endothelial cells, displaying divergent roles in the heart. In cardiomyocytes, PI3Kγ is required to
fine-tune GPCR signaling. It acts as a negative regulator of cardiac contractility by controlling
cAMP levels through kinase activity-independent scaffolding action. PI3Kγ mediates subcellular
compartmentalization of cAMP through protein-protein interaction with PDE3 which degrade
cAMP, resulting in the alteration of cAMP-dependent PKA activation and subsequent changes in
PLB and sarcoplasmic reticulum Ca2+ ATPase activity119,156. Thus, PI3Kγ is fine tuning the
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GPCR/cAMP-induced cardiac contractility. Moreover, both PI3Kγ kinase-dependent and independent activity are required to orchestrate GPCR signaling through regulating β-adrenergic
receptor (β-AR) internalization and desensitization199. Activated PI3Kγ interacts with and
relocates G protein-coupled receptor kinase-2 (GRK-2) which phosphorylates β-AR and
eventually controls β-AR endocytosis. Both in pressure overload- and MI-induced heart failure
mouse models, PI3Kγ expression was upregulated, indicating the involvement of PI3Kγ in
cardiovascular disease progression119,200. When facing pressure overload, while the kinase
activity of PI3Kγ mediates adverse remodeling via Akt and MAPK signaling, its scaffolding
function are necessary to prevent adverse outcomes via reducing cAMP level 119. However, it is
a different story in the ischemic heart, which strengthens the involvement of PI3Kγ in post-MI
repair via angiogenesis. Loss of PI3Kγ activity by systemic inhibitor administration or genetic
modification in mice have displayed significantly deteriorated cardiac function associated with
impairing reparative neovascularization and enhanced cardiomyocyte apoptosis, despite the
reduced leukocyte infiltration200. Similarly, a study on inflammatory vascular injury has also
demonstrated the importance of PI3Kγ activity in endothelial regeneration and vascular
repair201. Hence, while the kinase-independent function of PI3Kγ is indispensable in the heart,
PI3Kγ kinase activity has distinct functions in the cardiomyocytes and endothelial cells in
cardiovascular diseases. Inhibition of PI3Kγ activity might exert cardioprotective effects in
pressure

overload-induced

cardiomyopathy

by

suppressing

PI3Kγ/Akt

signaling

in

cardiomyocytes, while it causes devastating effects in the ischemic hearts through
compromising vascular repair. Because of these, further investigations are required before
targeting PI3Kγ in the clinical context, and it is likely that PI3Kγ should be targeted in a case-bycase scenario.
Besides having distinct functions in the regulation of cardiac functions, these three PI3K
isoforms undeniably crosstalk with each other in cardiac health and heart diseases. First, the
theories behind the coexistence of PI3Kα and PI3Kβ within the same cell type in the heart are
not well demonstrated. And there is a suggestion that PI3Kα and PI3Kβ collaborate to fine-tune
RTK signaling. Moreover, both being activated downstream GPCR signaling, PI3Kβ and PI3Kγ
are expected to coordinate or antagonize in signaling transduction. Additionally, while the
complicated crosstalk between RTK and GPCR signaling is still under investigation, there might
be an interaction between PI3Kα and PI3Kγ. McMullen et al have demonstrated that PI3Kα
negatively regulates pathological signaling by inhibiting pathological stimuli-triggered GPCR and
PI3Kγ activation under pathological setting and subsequently provides cardioprotective
effects184. Overall, a better understanding of the functions of these PI3K isoforms in the heart
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and in cardiovascular diseases is essential to permit pursuing therapeutic strategies through
manipulating PI3Ks.
1.3. Cardiac Implication of PI3K inhibitors in Anticancer Therapies
PI3K/Akt signaling amplification due to various reasons such as Pik3ca mutation or loss
of PTEN function is the most frequent alteration in human cancers, including breast cancer, lung
cancer, head and neck cancer, colorectal cancer, and others 202. And PI3K pathway activation
contributes to the acquisition of resistance to anticancer agents in various cancers. Thus, animal
studies and clinical trials have been under investigation to test the therapeutic opportunity and
effectiveness of PI3K signaling inhibition in cancer treatments. Pan-Class I PI3K inhibitors (e.g.
Buparlisib and Pictilisib), Akt inhibitors, mTOR inhibitors, and dual-specificity PI3K/mTOR
inhibitors have been developed and shown clinical activity. However, because of the diverse
role of PI3K signaling in human health and the optimal therapeutic responses achieved by
sufficient depth of target inhibition in tumor, treatment-related complications are commonplace
in patients with systemic administration of PI3K/Akt pathway inhibitors, which includes
hyperglycemia and hyperinsulinemia, hyperlipidemia, rash, and gastrointestinal discomforts 203.
Moreover, combinations of PI3K pathway inhibition and other targeted therapies such as
chemotherapy are frequently required to achieve effective clinical responses, which raise the
potential risks of adverse effects. Due to these reasons, the clinical efficacy of these drugs has
been compromised. To maximize therapeutic efficacy and to minimize drug toxicity, PI3K
isoform-selective inhibitors have been explored. Alpelisib (BYL719), a potent small-molecule
PI3Kα-selective inhibitor, has demonstrated antitumor activity in mice carrying Pik3ca-mutated
cancer graft and patients with Pik3ca-altered cancer204-206. Recently, a phase 3 trial has
evidenced that the combination of PI3Kα inhibitor and an estrogen receptor antagonist has
significantly prolonged progression-free survival in patients with Pik3ca-mutated advanced
breast cancer207. And patients treated with PI3Kα inhibitor have manifested manageable side
effects such as mild to moderate hyperglycemia and gastrointestinal reactions 205,206. With the
promising results from current clinical trials, PI3Kα inhibitors have offered exciting prospects for
treating many other malignancies, especially when combined with other anticancer remedies.
However, further evaluation of the potential risks and adverse effects of these agents is
required.
Unlike PI3Kα, PI3Kβ has gained less attention as an anti-cancer target despite that
research has indicated the potential role of PI3Kβ in PTEN loss-driven prostate cancer and
human epidermal growth factor receptor 2 (HER2)-driven breast tumor development105,113. This
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might be largely due to the limited knowledge we have obtained in the last few decades
regarding PI3Kβ’s function in cancer progression and in human health. Preclinical studies have
demonstrated the potential of using PI3Kβ inhibitors to treat cancer with distinct genetic profiles,
such as PTEN-deficient tumor and renal cell carcinoma with Vhl and Setd2 mutations208,209. A
recently published phase I clinical trial has evaluated PI3Kβ inhibitor-GSK2636771 in patients
with PTEN-deficient advanced solid tumors, which suggests that it had clinical benefit in these
patients with manageable side effects such as hypophosphatemia, hypocalcemia, and
gastrointestinal discomforts 210. Further clinical studies are currently underway.
However, despite the initial existing results from early clinical trials on the use of PI3K
isoform-selective inhibitors, especially PI3Kα inhibitors, as cancer therapy, a concern has been
raised on the likelihood of cardiotoxicity because of the critical roles of PI3Ks in the heart. For
one thing, the importance of PI3Kα in cardiac health is well accepted. PI3Kα inhibition regimen
contributes to cardiac implications such as Long-QT syndrome. QT interval prolongation arises
from PI3K/Akt suppression associated with increased depolarizing currents and decreased
repolarizing currents by regulating cardiac iron channel activity, protein expression, and/or
trafficking, which is documented in diabetes mellitus and PI3K inhibitor usage 211,212. And about
16% of patients have experienced QTc prolongation in a clinical study 213. Generally, these
effects of PI3Kα inhibitors on the heart impose a heightened risk of poor outcomes in patients
with life-threatening arrhythmia. For another, my colleagues have revealed that PI3Kα is
required for heart function recovery from tamoxifen-triggered cardiac dysfunction214. And, in
conjunction with doxorubicin-a chemotherapy agent, PI3Kα inhibition has led to biventricular
atrophy and severe right ventricular dysfunction215. These findings highlight the essential of
cardiac PI3Kα when facing cardiac toxic agents, raising the awareness of potential cardiac side
effects in combined cancer therapies. In addition, there are knowledge gaps in the roles of
PI3Kα and P3Kβ in heart diseases development and progression, imposing the potential of
PI3K isoform-specific inhibition affecting cardiac health and cardiac disease recovery.
It is no doubt that managing and minimizing potential toxicity risks on the heart are of
great importance, particularly in vulnerable patients with high susceptibility to heart diseases.
Effective drug combination and dosing strategies, appropriate subpopulation selection, and
robust biomarker identification will help overcome toxicities and maximize therapeutic benefit.
Moreover, advances in drug development, such as nanoparticle-encapsulated inhibitors, would
limit adverse side effects by targeting the tumor while sparing normal organs. Besides that, a
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better understanding of the roles of PI3K isoforms in the heart could improve PI3K-directed drug
development and safety.
1.4. Hypotheses and Objectives
The use of transgenic mice and animal models of MI have provided great opportunities
for the investigator to delineate the cellular and molecular mechanisms that contribute to postinfarct cardiac remodeling. The increasing refined insights in the functions of PI3K isoforms in
cardiac health and in post-infarct cardiac remodeling will unveil new opportunities to improve the
therapeutic efficacy of PI3K inhibitors in cancer and to identify therapeutic targets for treating
ischemic diseases. Thus, acknowledging the gaps of PI3K isoforms in cardiac health, I am
specifically investigating how PI3Kα and PI3Kβ function in endothelial cells and cardiomyocytes
to modulate the cardiac function and post-infarct ventricular remodeling during my graduate
study, evaluating the therapeutic possibility of targeting PI3K isoforms in ischemic treatment and
potential consequences of systemic PI3Kα inhibition on cardiac health.
First, I hypothesized that PI3Kα is a critical player in the regulation of post-MI cardiac
recovery both in endothelial cells and cardiomyocytes. Specifically, the following objectives have
been set to test the hypothesis:
Objective 1: To characterize the effects of systemic administration of PI3Kα inhibitorBYL719 in the heart and in post-infarct cardiac recovery in mice.
Objective 2: To evaluate the impact of conditional loss of endothelial PI3Kα in post-MI
repair using endothelial PI3Kα-inactivated mice.
Objective 3: To investigate the functions of PI3Kα specifically in cardiomyocytes after MI
using cardiomyocyte PI3Kα-deficient mice.
Next, I hypothesized that PI3Kβ may play a distinct role in endothelial cells and
cardiomyocytes in post-MI cardiac remodeling, with the following objectives:
Objective 4: To assess the roles of endothelial PI3Kβ in cardiac health and in the
ischemic heart.
Objective 5: To evaluate the influences of lacking cardiomyocyte PI3Kβ activity in a
mouse MI model.
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Chapter 2
Materials and Methods
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2.1. Experimental Animals
Animal experiments were conducted in accordance with the Canadian Council for
Animal Care guidelines, with protocols approved by the Animal Care and Use Committee at the
University of Alberta.
Wildtype (C57BL/6, WT) and αMHC-Cre mice were purchased from the Jackson
Laboratory. BYL719 (Chemietek) or vehicle was given to 11- to 12-week-old WT mice in the
morning for 10 days (50 mg/Kg/day, p.o.). Mice with cardiomyocyte-specific PI3Kα inactivation
(p110α-αMHC) controlled by α-MHC promoter were generated by crossbreeding p110αflx/flx
(p110αFlx) mice with αMHC-Cre mice, while mice without endothelial cell PI3Kα activity
(p110αTie2) were generated by crossbreeding p110αFlx with Tie2-MerCreMer mice under the
control of Tie2 promoter-driven conditionally-active Cre-recombinase189. Littermates from each
genotype, p110αFlx, are used as controls. Tamoxifen (Sigma-Aldrich) was given to p110αTie2
and its littermates at 80 mg/kg/day for 5 days via intraperitoneal (IP) injection when they were
about 10 weeks old. p110αFlx are mice with floxed exons 18 and 19 in Pik3ca which are critical
in the regulation of kinase activity 189. Cre-recombinase activation deletes exons 18 and 19,
producing a truncated p110α protein without kinase activity. The generation of cardiomyocyte
(p110β-αMHC) or endothelial (p110βTie2) specific PI3Kβ inactivated mice was by
crossbreeding p110βflx/flx (p110βFlx) with αMHC-Cre or Tie2-MerCreMer mice94,214,216.
Homozygous littermates p110βFlx mice were used as control. Tamoxifen was given to 10-weekold p110βTie2 and littermate controls at 80 mg/kg/day for 5 days via IP injection to activate Cre
in endothelial cells in p110βTie2. Cre-recombinase deletes exons 21 and 22 from Pik3cb,
producing a truncated p110β which lacks catalytic activity 94,217. All tamoxifen-treated mice were
given a 2-week washout period before experiments. All mice used in the experiments were on
C57BL/6 background, and they were viable with no apparent phenotypes under our husbandry
conditions.
Polymerase chain reaction (PCR) analysis of the genomic DNA from the aforementioned
mice was carried out to detect floxed Pik3ca or Pik3cb, Tie2 transgene, Cre transgene, and
partial-deleted Pik3ca or Pik3cb as previously described94,189. Specifically, WT and floxed
Pik3ca allele were amplified with primers 5’-GGATGCGGTCTTTATTGTC-3’ and 5’TGGCATGCTGCCGAATTG-3’. Primers 5’-AGTGAACGCTATGCATCACACCAGC-3’ and 5’AAGTACAAACATCCAAGCAA-3’ were used to detect WT and floxed Pik3cb allele. PCR for the
Cre transgene was performed using primers 5’-GCGGTCTGGCAGTAAAAACTATC-3’ and 5’GTGAAACAGCATTGCTGTCACTT-3’. The Tie2 transgene was detected with primers 5’28

CGAGTGATGAGGTTCGCAAG-3’ and 5’-TGAGTGAACGAACCTGGTCG-3’. The floxed Pik3ca
allele following Cre-mediated deletion was detected in genomic DNA prepared from the hearts
(p110α-αMHC and controls) or the lungs (p110αTie2 and controls) using primers 5’ACACACTGCATCAATGGC-3’ and 5’-GCTGCCGAATTGCTAGGTAAGC-3’. The sequences of
the primers detecting the partially deleted Pik3cb allele in the hearts from p110β-αMHC and
controls and in the lungs from p110βTie2 and controls are 5’-ACAGCCATGAGACCCCACTT-3’
and 5’-AAGTACAAACATCCAAGCAA-3’.
2.2. Human Explanted Hearts
Non-failing control human heart and failing post-MI adult human heart tissue were
collected as part of the Human Organ Procurement and Exchange program (HOPE) and Human
Explanted Heart Program (HELP) respectively. Informed and signed consents were obtained
from all participants. The collection of human cardiac tissues and ethics were approved by the
Mazankowski Alberta Heart Institute and the Institutional Ethics Committee.
Once the hearts were arrived, they were quickly dissected into infarct, peri-infarct, and
non-infarct areas based on the structural differences between tissues, which were flash-frozen
immediately in liquid nitrogen for further molecular analyses or embedded in optimal cutting
temperature compound (OCT) for histological analysis. All tissue was preserved in the -80°C
freezer.
2.3. In Vivo myocardial infarction and ischemia reperfusion Models
MI achieved by permanent ligation of the proximal left anterior descending artery (LAD)
or sham surgery was performed on 12-week-old male mice by a technician who was blinded to
the genotype as described218. Briefly, a left thoracotomy was performed on anesthetized and
intubated mice in the fourth intercostal space. After opening the pericardium and exposing the
left ventricle, LAD was identified and encircled with a 7-0 silk. LAD was ligated in MI mice, while
it was encircled only in sham-operated mice. Afterwards, the muscle and skin were closed in
layers with a 6-0 silk suture. Animals were inspected at least twice daily before sacrificed, and
survival data were recorded. We performed autopsy on each mouse found dead during the
study. At indicated time points after surgery, mice were anesthetized and hearts were quickly
excised and dissected into infarct, peri-infarct, and non-infarct areas, which were flash-frozen
immediately in liquid nitrogen for further molecular analyses. For histological analysis, hearts
were fixed in 10% formalin or embedded in optimal cutting temperature compound (OCT).
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Infarct size was visualized using Triphenyl Tetrazolium Chloride (TTC) (Sigma) staining and
Masson’s trichrome staining.
The procedures for IR surgery were similar to the MI surgery except that a piece of
polyethylene tubing was placed and the suture was tightened around the LAD and tubing to
minimize vessel damage219. The LAD artery was occluded for 30 minutes before the removal of
the tubing and the suture to achieve reperfusion. The IR surgery protocol was validated using
Evans blue perfusion and non-invasive electrocardiogram (ECG).
2.4. Echocardiographic Measurements
At day 7 or week 4 after the surgery, mice were anesthetized to undergo noninvasive
transthoracic

echocardiography

using

a Vevo 3100 high-resolution

imaging system

(Visualsonics, Toronto, Canada). Standard parasternal longitudinal and short-axis views were
obtained. All echocardiographic images were digitally stored, and offline analysis was performed
on a workstation installed with VevoLab software. Conventional measurements were carried out
to evaluate cardiac systolic and diastolic function. Left ventricular systolic function parameters,
including left ventricular end-systolic volume (LVESV), left ventricular end-diastolic volume
(LVEDV), ejection fraction (EF), stroke volume (SV), and fractional area change (FAC), were
obtained according to the manufacturer’s manual. The wall motion score index (WMSI) was
assessed based on 17-segment LV model, and wall motion was scored as described 218,220.
Speckle-tracking based strain analysis on 2-dimensional echocardiographic images
acquired from the longitudinal views was carried out 221. In brief, semi-automated tracing of the
endocardial and epicardial borders was achieved over 3 cardiac cycles, and then tracked
images were further processed for strain measurements. Each long-axis view of the LV was
divided into 6 standard anatomic segments (anterior-base, anterior-mid, anterior-apex, inferiorbase, inferior-mid, and inferior-apex). Peak systolic strain or longitudinal strain was obtained
from all 6 standard segments, and global peak systolic strain or global longitudinal strain was
calculated as the average of 6 segments.
2.5. Blood Glucose and Body Composition Measurements
Blood glucose was measured in overnight-fasted mice from a tail vein prick using the
Ascensia Contour Blood Glucose Monitoring System (Bayer). Body composition, including fat
mass and lean mass, was detected in live and conscious mice using an NMR-MRI scanner.
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2.6. Immunofluorescence
Immunofluorescence staining was performed on formalin-fixed paraffin- or OCTembedded tissue using established protocols 218. Briefly, paraffin slides were deparaffinized and
redehydrated with alcohol grades before antigen retrieval process, while the frozen sections
were fixed with 4% paraformaldehyde and rehydrated in wash buffer. Then, permeabilization
with 0.1% triton X-100 and blockage with 4% Bovine Serum Albumin were carried out in
sequence. The sections were incubated overnight at 4°C with a primary antibody, including antimouse Ly-6B.2 (AbD Serotec), anti-mouse CD68 (AbD Serotec), anti-p110β (Santa Cruz), antiCD31 (BD Pharmingen), and anti-Ki67 (AbD Serotec), followed by incubation with secondary
antibody at 37°C for 1 hours. After mounting antifade mounting mediate with DAPI (Life
Technologies), the slides were used for visualization and imaging through fluorescence
microscopy (Olympus IX81). Wheat Germ Agglutinin (WGA, Alexa Fluor 488 conjugate,
Invitrogen) or fluorescent conjugated phalloidin staining for F-actin (Invitrogen) was performed
to identify the cardiomyocytes through incubation on slides for 30 minutes at room temperature
followed by mounting with DAPI media.
Fluorescein-conjugated Ricinus Communis Agglutinin I (RCA 1; Lectin; Vectorlabs)
intravital perfusion method was used to identify the functional vasculature as described218.
Lectin (0.2 mg/100 μl Saline) was injected into the anesthetized mice’s circulation via the right
jugular vein and circulated vascular system for 18 minutes, followed by papaverine HCL (0.2
mg/50 μL Saline; Sigma Aldrich) intravenous injection for two minutes. Then, the hearts were
quickly excised and fast-frozen in OCT. Tissue sections were fixed with 4% paraformaldehyde
and rehydrated using PBS buffer. Mounted with DAPI media, the sections were visualized and
imaged.
Fragmented DNA of apoptotic cells was detected using the DeadEnd Fluorometric
Terminal Deoxynucleotidyl Transferase (TdT)-mediated dUTP Nick-End Labeling (TUNEL)
System (Promega) according to the manufacturer’s instructions. The heart sections were
incubated with buffer containing equilibration buffer, nucleotide mix, and recombinant TdT at 37
°C for 1 hour, followed by mounting the sections with DAPI media and visualization by
fluorescence microscopy. All the fluorescent images were analyzed using Metamorph software
(Version 7.7.0.0).
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2.7. Endothelial Cell Culture and Reagents
Human umbilical vein endothelial cells (HUVECs) and human coronary artery endothelial
cells (HCAECs, ATCC) were used in this study. HUVECs were cultured in M199 (Life
Technologies) containing 20% fetal bovine serum (FBS) and 1% endothelial cell growth
supplement (VWR) using established protocols222, while HCAECs were cultured in vascular cell
basal medium (ATCC) with endothelial growth kit-VEGF (ATCC), supplemented with VEGF,
fibroblast growth factor (FGF), epidermal growth factor (EGF), IGF, ascorbic acid, and 5% FBS
(ATCC) at 37˚C in a humidified atmosphere with 5% CO2. When indicated, endothelial cells
were cultured in serum- and growth supplement-free medium in a hypoxic chamber with 1% O2
and 5% CO2. Endothelial cells were used between passage 3 to 7. Cells cultured to 70-80%
confluence in 6-well plates were transfected with small interfering RNA against human p110β
(sip110β) or scrambled small interfering RNA (s-siRNA) in Opti-MEM (Gibco) containing
Lipofectamine (Invitrogen) for 48 hours to test the effects of genetic ablation of p110β on
endothelial cells. Pharmacological inhibition of PI3Kα or PI3Kβ using the PI3Kα-specific inhibitor
BYL719 (Cayman Chemical) at the indicated concentration or PI3Kβ-specific inhibitor TGX-221
(500 nmol/L, Cayman Chemical) was used on 70-80% confluent endothelial cells. Cells were
serum-starved in basal medium without growth factors and FBS for 5 hours prior to stimulation
with 50 ng/ml or 100 ng/ml recombinant human VEGF165 (VEGF, PeproTech Inc) for 10 minutes.
In addition, the Akt inhibitor MK-2206 (1 µmol/L, APExBIO) was used to inhibit Akt activity for 1
hour before VEGF stimulation.
2.8. Murine Bone Marrow Cell Isolation
Bone marrow cells of p110β-Tie2 and littermate control mice were isolated from the
femur bones as previously described223. Briefly, after anesthetized (2% isoflurane with O2) a
mouse, the femur was dissected from surrounding tissue. Then, the proximal and distal end of
the bone was trimmed to expose the interior marrow shaft. Using a 28G needle and a 1-ml
syringe, the bone was flushed with HBSS solution. The collected cell suspension was
centrifuged at 250xg for 10 min at room temperature. The pelleted bone marrow cells were
flash-frozen immediately in liquid nitrogen for further analyses.
2.9. Bead Angiogenesis Assay
In vitro angiogenesis bead assay on HUVEC or HCAECs was performed as
described218. Briefly, HUVECs or HCAECs were treated with TGX-221, BYL719, or MK-2206
prior to being mixed with beads (Invitrogen) and incubated for 2 hours. Then the beads were
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resuspended in fibrinogen solution mixed with aprotinin (0.15 Units/ml) and thrombin (0.625
Units/ml). After 18-hour incubation, Calcein AM was added to the wells for 15 minutes to label
viable cells. Images were captured using a fluorescent inverted microscope (Leica). The number
of sprouts and the length of sprouts per bead were analyzed using ImageJ software, and at
least 20 beads per group were analyzed.
2.10. BrdU incorporation assay
Endothelial cell proliferation was evaluated using BrdU (5-bromo-2’-deoxyuridine,
Abcam) incorporation assay. After being incubated with 10 μmol/L for 5 hours, cells were
washed with ice-cold PBS followed by fixation in 4% paraformaldehyde. Then cell DNA was
denatured by 2 mol/L hydrochloric acid at 37˚C for 10 minutes with subsequent neutralization
with Borate buffer (0.1 mol/L). After that, immunofluorescence staining for BrdU and DAPI was
carried out.
2.11. Flow Cytometric Analysis of Endothelial Cell Death
Endothelial cell survival and death were assessed using Annexin V and propidium iodide
(PI) Kit (Invitrogen) detected by flow cytometry. Cells were cultured in 6-well plates for 2 days
before experiments. After being cultured with indicated treatment for overnight, endothelial cells
were rinsed with ice-cold PBS and collected using Accutase Cell Detachment Solution (EMB
Millipore). After washed, cells were resuspended in 100 μl binding buffer. Then, Alex Fluor 488
annexin V and red-fluorescent PI nucleic acid binding dye were added and incubated in the dark
at room temperature for 15 minutes. After staining, cells were analyzed by flow cytometry using
the Attune NxT Acoustic Cytometer and the Attune NxT Software (Invitrogen). Apoptotic cells
show green fluorescence, necrotic cells display red fluorescence, and viable cells have little or
no fluorescence.
2.12. Adult Mouse Cardiomyocyte Isolation, Culture, and Stretching
Adult murine left ventricular cardiomyocytes were isolated, cultured, and stretched as
described224,225. Briefly, after anesthetized and heparinized a mouse, the heart was quickly
excised and cannulated on a Langendorff perfusion apparatus. Then, a calcium-free buffer was
perfused in the heart, followed by collagenase digestion. The digested ventricles were teased
into small pieces and gently pipetted with an increasing concentration of CaCl 2. Then, the cells
were plated in minimum essential media (MEM, Gibco) with 5% FBS for 2 hours, followed by
cultured in MEM with 1% bovine serum albumin (BSA) for 1 hour. In normoxic groups,
cardiomyocytes were cultured with full medium in a humidified chamber with 2% CO2, while
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hypoxic treatment was achieved by culturing the cells in serum-free medium in a chamber with
low O2 levels and 2% CO2. When indicated, cultured cardiomyocytes were cyclically stretched at
1Hz and an elongation of 5% for 3 hours with Flexcell FX-5000 Tension System (Flexcell
International Corp). Plated cardiomyocytes were cultured with vehicle, BYL719 at indicated
dose, or PI3Kγ inhibitor-AS252424 at 400 nmol/L for one hour before protein collection. After
completion of the experiment, cardiomyocytes were imaged under a light microscope to assess
the cell viability. Culture media were collected to evaluate cell death by examining creatine
kinase activity (BioAssay Systems), and cardiomyocytes were fixed for TUNEL staining.
2.13. Immunoblotting and Nuclear Fractionation
Extracted proteins from left ventricles, endothelial cells, and isolated cardiomyocytes
were separated by 8% to 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis,
followed by electrotransfer to polyvinylidene difluoride membranes. Primary antibodies,
including phospho-(Thr308)/phospho-(Ser473)/total Akt, phospho-(Thr202/Tyr204)/total p44/42
MAPK (Erk1/2), phospho-eNOS (Ser1177)/eNOS, phospho-(Ser9)/total GSK-3β, PI3K p110β,
PI3K p110α, FoxO1, FoxO3a, Caspase 3, Caspase 8, Bak, Bax, RIP1, and RIP3 (Cell Signaling
Technology), were examined. Blots were visualized and analyzed using ImageQuant LAS 4000
(GE Healthcare).
Nuclear fractionation was performed as described, with slight modifications 226. Left
ventricular tissues were homogenized in STM buffer (250 mmol/L sucrose, 50 mmol/L Tris-HCl
pH 7.4, 5 mmol/L MgCl2, and protease and phosphatase inhibitor cocktails). The homogenate
was maintained on ice for 30 minutes and then centrifuged at 800g for 15 minutes. The
supernatant was centrifuged at 800g for 10 minutes and the final supernatant was saved as the
cytosol fraction. The first pellet from centrifugation was washed using STM buffer to remove
excess cell debris. Then, the washed pellet was resuspended in NET buffer (20 mmol/L HEPES
pH 7.9, 1.5 mmol/L MgCl2, 0.5 mol/L NaCl, 0.2 mmol/L EDTA, 20% glycerol, 1% Triton-X-100,
protease and phosphatase inhibitors). Centrifuged at 9,000 g for 30 minutes, the resultant
supernatant was kept as the nuclear fraction. Immunoblotting was performed, and antibodies for
the nuclear protein marker-Histone H3 (Cell Signaling Technology) and the cytosol protein
marker-GAPDH (Santa Cruz) were used to assess the purity of the fractions.
2.14. RNA Sequencing
RNA isolation and RNA-seq were performed as described227. Total RNAs from left
ventricles (3 left ventricles/group) were extracted using TriZol (Invitrogen) according to the
34

manufacturer’s instructions. RNA sequencing was carried out using the Illumina HiSeq platform,
and raw RNA sequencing data were analyzed with BaseSpace using the TopHat Alignment
application. Significantly differentially expressed genes were determined by a false discovery
rate >0.05 using the Cufflinks Assembly and DE application. Pathway enrichment analysis on
significantly altered genes was performed using WebGestalt (WEB-based Gene SeT Analysis
Toolkit), including KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway maps. RNAseq data were also entered into Protein ANalysis THrough Evolutionary Relationships
(PANTHER) classification system (Pantherdb.org) to categorize altered genes and their
proteins. Upregulated genes involved in biological processes were subcategorized to generate a
pie chart and pathway alteration was analyzed according to the PANTHER system. RNA-seq
data Ingenuity Pathway Analysis was used to predict the activation and inhibition of upstream
transcription factors.
2.15. TaqMan Real-time PCR
RNA expression levels were examined by TaqMan real-time polymerase chain reaction
(RT-PCR) as described218. Total RNA was extracted from left ventricular tissue using TRIxol
reagent (Invitrogen) according to the manufacturer’s protocol. Complementary DNA (cDNA)
from RNA was used to be amplified through PCR on a LightCycler 480 II system (Roche). The
expression levels of atrial natriuretic peptide (Anp), brain natriuretic peptide (Bnp), and β-myosin
heavy chain (β-Mhc) were determined using specific TaqMan primers and probes. The 18s
expression level was used as a control.
2.16. Statistical Analysis
Statistical analyses were carried out using SPSS Statistics 24 software, and statistical
significance was defined as p<0.05 (two-sided). Continuous data were presented in scatter plots
with mean±SEM. The differences between two independent groups were evaluated using
independent t-test, or Mann-Whitney U test after normality examination. Paired t-test was
carried out for two paired groups. One-way ANOVA or Kruskal-Wallis test with pairwise
comparisons were used in studies with more than two groups based on the normality of the
data. Two-way ANOVA was used to compare the differences between groups with two
independent variables. Repeated measures ANOVA was carried out in data with multiple
measures. Categorical data were compared using Fisher exact test. Survival data were
presented as the Kaplan-Meier plots, and the log-rank test was used to evaluate the statistical
significance.
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3.1. Introduction
The phosphoinositide 3-kinases (PI3Ks) are conserved lipid kinases that regulate critical
intracellular signaling pathways including cell growth, survival, proliferation, and metabolism.
Containing one of the four 110-kD catalytic subunits (p110α, p110β, p110δ, and p110γ), the
members of Class I PI3K function non-redundantly and coordinately in the regulation of cellular
functions. Ubiquitously expressed and being the dominant PI3K isoform in many cell types,
PI3Kα is a critical regulator in a wide range of cellular processes upon receptor tyrosine kinases
(RTKs) activation. It converts phosphatidylinositol-3,4-bisphosphate (PtdIns(3,4)P 2 or PIP2) to
phosphatidylinositol-3,4,5-trisphosphate

(PtdIns(3,4,5)P 3

or

PIP3)

which

leads

to

the

phosphorylation and activation of Akt at Thr308. Consequently, Akt phosphorylates downstream
effectors and regulates various pathways, including mammalian target of rapamycin complex 1,
glycogen synthase kinase 3β (GSK3β), and endothelial nitric oxide synthase (eNOS).
Indisputably, PI3Kα exerts critical roles in different cell types mediating cell survival and cell
cycle, insulin signaling and metabolism, and endothelial function 106,189,214. Because of the
diverse roles of PI3Kα, the aberrations of PI3Kα are associated with a broad spectrum of human
diseases. The most noticeable one is cancer. Pik3ca, the gene that encodes p110α, is
frequently mutated or amplifying in common human tumors such as lung, head and neck,
breast, endometrial, and cervical cancer228. In addition, disruptions of PI3Kα signaling contribute
to obesity, diabetes, overgrowth disorders, and other diseases229,230.
Currently, several PI3Kα inhibitors are under development and have been explored in
human diseases. The most popular one-BYL719 (Alpelisib) has been demonstrated to have a
dose- and time-dependent PI3Kα inhibition with a tolerably and safe profile in both animal and
human studies204,206,231,232. Clinical trials have explored and supported the use of BYL719 in
Pik3ca-related solid tumors and overgrowth syndrome205,206,233. Moreover, a lower dose of
BYL719 has shown potential in weight control in obese mice; besides, inhibition of PI3Kα
activity via butein has also demonstrated beneficial effects in weight gains and metabolic
profiles in diet-induced obese mice234,235. Another PI3Kα inhibitor-PIK75 can reduce injuryinduced arterial thrombus formation in mice by inhibiting vascular smooth muscle cell
proliferation while sparing endothelial cells, suggesting the potential of developing PI3Kα
inhibitor-eluting stents to tackle restenosis 236.
However, with growing evidence supporting BYL719 remedy in several diseases, little is
known about the effects of PI3Kα inhibition in ischemic heart disease (IHD) which is the leading
cause of deaths and years of life lost in the globe, followed by neoplasms2. Following
myocardial infarction (MI), cardiac repair and remodeling are the results of orchestration of
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various cell types such as cardiomyocytes, inflammatory cells, fibroblasts, and endothelial cells,
defining the cardiac function and patient outcomes 237. Previously, we and others have identified
PI3Kα as a regulator in physiological hypertrophy, insulin signaling, and contractility in
cardiomyocytes180,214,238. Transgenic mice with constitutively active or dominant-negative PI3Kα
in cardiomyocytes have shown the cardioprotective effect of PI3Kα against MI through
microRNA and mRNA regulation188. Moreover, studies on endothelial PI3Kα have demonstrated
the dispensable role of PI3Kα in endothelial cell migration, vascular tone regulation, and
angiogenesis189,222. Despite the accumulating knowledge of PI3Kα, the impact of PI3Kα
inhibition on cardiac remodeling after MI requires thorough investigation as which will provide
guidance on the use of PI3Kα inhibitors in human diseases and the therapeutic potential of
PI3Kα modulation in IHD.
In the present study, we showed that BYL719 administration in mice is associated with
common effects such as weight loss, hyperglycemia, and prolonged QT interval. For the first
time, we reveal that BYL719 intake compromises systolic function at baseline depicted by lower
left ventricular longitudinal strain and deteriorates cardiac remodeling after MI characterized by
inhibited ischemia-related vascular repair and increased cardiomyocyte apoptosis. In addition to
the pharmacological approach, we also used tamoxifen-inducible endothelial-PI3Kα inactivated
(p110αTie2) and cardiomyocyte-specific PI3Kα inactivated (p110α-αMHC) mice to confirm the
detrimental effect of loss of PI3Kα activity in endothelial cells and cardiomyocytes in post-MI
cardiac remodeling. Furthermore, endothelial cell culture supports that PI3Kα is the key factor
driving endothelial survival, proliferation, and angiogenesis, whilst adult murine cardiomyocyte
isolation highlights the impact of PI3Kα inhibition in cell survival. These studies raise the
awareness of the potential harm of PI3Kα inhibitor usage under MI condition and the therapeutic
potential of PI3Kα amplification in MI treatment.

3.2. Methods
Detailed methods used in the present study are available in Chapter 2 Materials and
Methods.

3.2.1 Animal Models and Human Explanted Hearts
All animal studies were conducted according to the Canadian Council for Animal Care
guidelines and approved by Animal Care and Use Committee at the University of Alberta. Wild
type (WT) C57BL/6 mice were purchased from Jackson Laboratory. BYL719 (Chemietek) or
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vehicle was given to 11- to 12-week-old WT mice in the morning for 10 days (50 mg/Kg/day,
p.o.). Inducible endothelial cell-specific PI3Kα-inactivated mice (p110αTie2) were generated by
crossbreeding p110αFlx mice, displaying Pik3ca gene (encoding p110α) with floxed 18 and 19
exons189, with tamoxifen-induced and Tie2 promoter-controlled Cre expression mice. Tamoxifen
(80 mg/kg/day, Sigma-Aldrich) was given to 10-week-old mice by intraperitoneal injection for 5
days to induce endothelial-specific, floxed-exon deletion in p110αTie2, and this method has
previously shown sparing hematopoietic cells from targeted gene deletion 239. Cardiomyocytespecific PI3Kα-inactivated mice (p110α-αMHC) were generated by crossbreeding p110αFlx with
αMHC-driven Cre mice214. Homozygous male littermates p110αFlx were used as control.
Myocardial infarction was achieved by permanently ligating the proximal left anterior
descending artery (LAD) on WT mice after receiving 3 doses of BYL719 or vehicle and on about
12-week-old p110αTie2, p110α-αMHC, and control mice218. Surgery was performed by a
technician who was blinded to the mouse strains. Cardiac tissue collection was performed on
ketamine (100 mg/kg) and xylazine (10 mg/kg) cocktail euthanized mice.
Human cardiac specimens from non-failing control (NFC) and failing post-MI hearts were
obtained as part of the Human Organ Procurement and Exchange program (HOPE) and Human
Explanted Heart Program (HELP) respectively, approved by the Mazankowski Alberta Heart
Institute and the Institutional Ethics Committee at the University of Alberta.

3.2.2. Echocardiography and Electrocardiogram
Noninvasive transthoracic echocardiography was performed on mice anesthetized with
1.5% isoflurane using Vevo 3100 (Visualsonics). Conventional measurements and speckletracking

strain

analysis

was

carried

out

as

previously

described239.

Non-invasive

electrocardiogram (ECG) was carried out to evaluate the electrical activity of the heart as
described239.

3.2.3. Endothelial Cell Culture, Flow Cytometry, and Bead Angiogenesis Assay
Human umbilical vein endothelial cells (HUVECs) and human coronary artery endothelial
cells (HCAECs, ATCC) were used between passage 3 to 7. BYL719 was used at indicated
doses; and PI3Kγ inhibitor AS252424 (AS) was used at 400 nmol/L. Recombinant human
vascular endothelial growth factor (VEGF165, PeproTech) was added to stimulate endothelial
responses at 50 ng/ml. Cell survival was examined on overnight vehicle- or BYL719-treated
cells using flow cytometry (Attune NxT, Invitrogen) with annexin V and propidium iodide staining
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(Invitrogen). Endothelial cell proliferation was evaluated using BrdU incorporation assay
(Abcam). In vitro angiogenesis bead assay was performed on HUVECs and HCAECs as
previously described239.

3.2.4. Adult Murine Cardiomyocyte Isolation, Culture, and Stretching
Adult murine ventricular cardiomyocytes were isolated from 2% isoflurane-anesthetized
mice. Plated cardiomyocytes were culture with vehicle or BYL719 for 1 hour under normoxia (2%
CO2) or hypoxia (1% O2, 2% CO2) before protein collection. Cyclical mechanical stretch of
cardiomyocytes was achieved using Flexcell FX-5000 Tension System (Flexcell International
Corp) at 1Hz and 5% elongation for 3 hours in serum-free culture medium under hypoxic
atmosphere239. Then, cells were collected for the morphologic study.

3.2.5. Immunofluorescence and Immunoblotting
Immunofluorescence staining was performed using established protocols 239. Antibodies
against CD31, Ly6B, CD68, Ki67, and BrdU were used. Fluorescein-conjugated Lectin intravital
perfusion was performed to identify the functional vasculature. Wheat Germ Agglutinin (WGA)
or phalloidin were performed to identify cardiomyocytes. Fragmented DNA of apoptotic cells
was detected using the DeadEnd Fluorometric Terminal Deoxynucleotidyl Transferasemediated dUTP Nick-End Labeling (TUNEL) System.
Immunoblotting for various proteins was performed on left ventricular homogenates or
cultured cell lysates as before239.

3.2.6. Statistical Analysis
Statistical analyses were carried out using SPSS Statistics 24 software, and statistical
significance was defined as p<0.05 (two-sided). Continuous data were presented in scatter plots
with mean±SEM. The differences between two independent groups were evaluated using
independent t-test or Mann-Whitney U test after normality examination. Paired t-test was carried
out for two paired groups. One-way ANOVA or Kruskal-Wallis test with pairwise comparisons
was used in studies with more than two groups based on the normality of the data. Two-way
ANOVA was used to compare the differences between groups with two independent variables.
Repeated measures ANOVA was carried out in data with multiple measures. Categorical data
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was compared using Fisher exact test. Survival data were presented as the Kaplan-Meier plots,
and the log-rank test was used to evaluate the statistical significance.

3.3. Results
3.3.1. Inhibition of PI3Kα with BYL719 Results in Subtle Cardiac Dysfunction and
Systemic Disturbances in Mice
We first examined the influence of pharmacological PI3Kα inhibition on WT mice by
orally and daily giving mice 50 mg/kg BYL719 for 10 days (Figure 3.1A). This treatment was
chosen because previous studies have confirmed the therapeutic effects of this strategy on
mice bearing PI3Kα-driven tumors, osteosarcoma, lung cancer, and squamous cell
carcinomas97,204,240,241. We demonstrated that BYL719 suppressed daily weight gain, leading to
a decrease in body weight at day 10 (Figure 3.1B). Examining the effect of BYL719 on blood
glucose, we demonstrated that BYL719 administration transiently increased blood glucose
without affecting fasting glucose over 10 days (Figure 3.1C). Moreover, BYL719-treated mice
displayed an increase in fat mass and a decrease in lean mass over 10 days (Figure 3.1D).
These findings indicate the influence of PI3Kα inhibition in glucose metabolism and body
composition.

Figure 3. 1. Administration of PI3Kα inhibition BYL719 leads to a decrease in body weight,
transient hyperglycemia, increased fact mass, and reduced lean mass in mice. (A) Schematic
diagram for the experiment. (B) Daily body weight changes and body weight at day 10 in mice. (C) Blood
glucose levels measured in mice. (D) Body composition alteration in control and BYL719-treated mice.
*P<0.05 vs indicated group in B and D and vs fasting in C; #P<0.05 vs WT-Vehicle in C.
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Next, we looked at how BYL719 affects the heart. BYL719 treatment was associated
with reduced heart and left ventricle weight (Figure 3.2A). ECG examination showed prolonged
QT interval in BYL719-treated mice, without affecting heart rate, PR interval, and QRS duration
(Figure 3.2B). Protein level examination on left ventricular lysates surprisingly showed a
significant decrease in eNOS phosphorylation with BYL719 treatment, despite that the levels of
p110α, phosphorylated Akt, and phosphorylated GSK3β were comparable (Figure 3.2C).
Furthermore, despite the normal ejection fraction present on BYL719-treated mice, strain
analysis on echocardiography indicated significantly lower global longitudinal strain in BYL719treated mice, suggesting the existence of subtle systolic dysfunction (Figure 3.2D).
Taken together, these results establish that PI3Kα inhibition with BYL719 has systemic
effects in mice. Besides affecting the body composition and glucose metabolism, PI3Kα
inhibition results in decreased heart weight, prolonged QT interval, and subtle cardiac
dysfunction.

Figure 3. 2. PI3Kα inhibition results in reduced heart weight, prolonged QTc interval, and subtle
systolic dysfunction. (A) Heart weight and left ventricular (LV) weight changes in mice. (B) ECG
characteristics with BYL719 administration. (C) Protein levels of p110α, Akt, GSK3β, and eNOS in LV
lysates. (D) Ejection fraction and global longitudinal strain in control and BYL719-treated mice. *P<0.05 vs
indicated group in A, C, and D and vs BYL effect in B; #P<0.05 vs day 0 in B.
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3.3.2. BYL719 Administration Is Detrimental to Post-MI Cardiac Repair
To discern the function of PI3Kα under MI condition, we first examined the protein levels
of p110α and Akt phosphorylation in post-MI human and mouse hearts. Compared with nonfailing human hearts, left ventricular specimens from MI patients showed a markedly increase in
p110α level both in the infarct and peri-infarct regions, accompanied by different degrees of
enhanced Akt phosphorylation among regions (Figure 3.3A). Moreover, a similar tendency of
p110α/Akt signaling alterations was documented in post-MI mouse hearts (Figure 3.3A).
We next investigated whether pharmacological PI3Kα inhibition would impact MI
outcomes (Figure 3.3B). Post-MI survival rate was slightly decreased in BYL719-treated mice
compared with controls, whilst the causes of death due to cardiac rupture or not were
comparable between groups (Figure 3.3C). These findings suggest that arrhythmia-related
sudden cardiac death might not be a major player in the death of post-MI BYL719-treated mice.
Echocardiography documented the escalation of systolic dysfunction in BYL719-treated post-MI
mice with significantly decreased ejection fraction, enlarged left ventricular chamber, and
enhanced wall motion abnormality, despite comparable ejection function between groups at
baseline (Figure 3.3D).
Because myocardial apoptosis determines the severity of cardiac injury, we evaluated
apoptotic rate using TUNEL staining. Although sham-operated hearts displayed negative
TUNEL signaling, 1-day post-MI BYL719-treated hearts demonstrated an increase in apoptotic
rate compared with controls (Figure 3.4A). Linked to myocardial apoptosis, inflammatory
responses were significantly enhanced in post-MI BYL719-treated hearts (Figure 3.4B). In
addition, PI3Kα inhibition by BYL719 significantly suppressed post-MI cardiomyocyte
hypertrophy without markedly affecting cardiomyocyte size in the sham-operated group (Figure
3.4C). Besides, vascular density was markedly decreased in the peri-infarct area in post-MI
BYL719-treated hearts, whilst it was similar between sham-operated groups (Figure 3.4D).
Furthermore, phosphorylated protein levels of Akt at Thr308, GSK3β at Ser9, and eNOS at
Ser1177 were significantly reduced in PI3Kα-inhibited mice compared with controls at day 7
post-MI without obvious alterations on p110α, phospho-Akt at Ser473, and phospho-ERK levels
(Figure 3.4E).
The results indicate that systemic BYL719 administration has detrimental roles in the
infarcted heart by enhancing apoptotic cell death, increasing inflammation, suppressing cardiac
hypertrophy, and inhibiting vascular repair.
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Figure 3. 3. PI3Kα/Akt signaling is increased in post-MI human and mouse hearts; and BYL719
exacerbates cardiac dysfunction after MI. (A) Protein levels of p110α and Akt in control and post-MI
hearts. NFC, non-failing control. (B) Experimental design testing the influence of MI during BYL719
treatment. (C) Kaplan-Meier survival curve and distribution of causes of death in vehicle- and BYL719treated mice after MI surgery. (D) Echocardiographic images showing ventricular morphology and
analysis of ejection fraction (EF), fractional area change (FAC), left ventricular end-systolic and enddiastolic volume (LVESV and LVEDV), and wall motion score index (WMSI) in WT-Vehicle and WT-BYL
mice. *P<0.05 vs NFC/sham group; #P<0.05 vs p110αFlx.
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Figure 3. 4. BYL719 leads to adverse ventricular remodeling after MI. (A) Apoptotic cells detected
using terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) and DAPI
immunofluorescence staining on 1-day post-MI hearts. (B) Immunofluorescence staining for neutrophils
(anti-Ly6B) and macrophages (anti-CD68) with DAPI. (C) Wheat germ agglutinin (WGA) staining with
DAPI to outline cardiomyocyte size. (D) Endothelial cell immunofluorescence staining with anti-CD31 to
visualize vascular density. (E) Western blot analysis of p110α, Akt, ERK1/2, GSK3β, and eNOS in left
ventricular lysates. *P<0.05 vs sham group or vs indicated group; #P<0.05 vs p110αFlx.
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3.3.3. Endothelial- or Cardiomyocyte-specific PI3Kα Inactivation Aggravated Post-MI
Cardiac Dysfunction
In order to delineate the functions of PI3Kα in the heart, and because the two major cell
types in the heart are cardiomyocytes and endothelial cells 29, we generated mice expressing
kinase-dead PI3Kα specifically in endothelial cells (p110αTie2) or in cardiomyocytes (p110ααMHC) to unveil the cell-specific roles of PI3Kα in the heart.
First, we examined how endothelial PI3Kα inactivation would affect cardiac function and
post-MI cardiac remodeling (Figure 3.5A). Kinase-dead PI3Kα expression in endothelial cells
was confirmed by the presence of truncated Pik3ca in the lung DNA extraction from p110αTie2
mice (Figure 3.5B); and mice with endothelial PI3Kα inactivation showed comparable body
weight, heart weight, left ventricular weight, and the cardiac protein levels of p110α, phosphoAkt, and phospho-eNOS as controls at baseline (Figure 3.5C and 3.5D). Evaluating the cardiac
function at baseline, we recorded comparable systolic function in p110αTie2 and control hearts
(Figure 3.5E). However, after MI, the deterioration of systolic function was aggravated in 7-day
and 4-week post-MI p110αTie2 hearts compared with controls, despite that the post-MI survival
rate was comparable (Figure 3.5E-G). Further analysis showed that endothelial PI3Kα
inactivation did not affect cardiomyocyte size at baseline and after MI (Figure 3.6A). However,
inflammatory cell infiltration was increased in post-MI p110αTie2 hearts compared with controls
(Figure 3.6B). Next, as myocardial angiogenesis is critical in infarct healing and decreased
vascular density was detected in post-MI BYL719-treated hearts, we performed immunostaining
to examine vascular repair processes. We detected an increase in apoptotic endothelial cell
ratio at day 1, a decrease in proliferating endothelial cell ratio at day 3, and a reduction in
vascular density and functional vasculatures at day 7 post-MI (Figure 3.6C-E). In addition, the
expression of phospho-Akt levels was significantly lower in p110αTie2 post-MI hearts than
controls (Figure 3.6F). These results indicate that endothelial PI3Kα is required in the infarcted
heart to maintain cardiac function by supporting endothelial survival, proliferation, and
angiogenesis.
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Figure 3. 5. Endothelial PI3Kα inactivation in mice leads to the exacerbation of cardiac function
after MI. (A) Experimental design of testing the functions of endothelial PI3Kα using p110αTie2 and
control mice. (B) PCR analysis amplifying the DNA fragment with partially deleted PIK3ca allele. (C) Body
weight, heart weight, and left ventricular weight from p110αTie2 and control. (D) Western blot analyses
accessing p110α, Akt, and eNOS protein levels from left ventricular lysates. (E) Echocardiographic
images showing left ventricular morphology and functional analysis of ejection fraction (EF), left
ventricular end-systolic and end-diastolic volume (LVESV and LVEDV), and wall motion score index
(WMSI). (F) Kaplan-Meier survival analysis in post-MI p110αTie2 and control mice. (G) Echocardiography
analysis showing EF on 4-week post-MI p110αTie2 and control mice. *P<0.05 vs sham group or vs
indicated group; #P<0.05 vs p110αFlx.
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Figure 3. 6. Endothelial PI3Kα is required to maintain cardiac function and angiogenesis after MI.
(A) Representative immunofluorescence images of wheat germ agglutinin (WGA) staining with DAPI for
cardiomyocyte cross-sectional area. (B) Immunofluorescence staining for neutrophils (Ly6B) and
macrophages (CD68) to examine inflammation. (C) Spotting apoptotic endothelial cells using CD31 and
TUNEL immunofluorescence staining with DAPI. (D) Using CD31 and Ki67 staining to detect proliferating
endothelial cells with DAPI. (E) CD31 immunofluorescence analysis for vascular density. (F) Western blot
analysis of Akt level in 7-day post-MI hearts. *P<0.05 vs sham group in A and E, vs indicated group in B
and F, and vs infarct group in C and D; #P<0.05 vs p110αFlx.
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Next, we investigated the role of cardiomyocyte PI3Kα in the heart using p110α-αMHC
mice (Figure 3.7A). We first confirmed the success of truncated Pik3ca expression in p110ααMHC hearts (Figure 3.7B). We found that p110α-αMHC mice displayed smaller body weight,
heart weight, and left ventricular weight than control littermates (Figure 3.7C), which is
consistent with the findings from BYL719-treated WT mice. Moreover, p110α-αMHC hearts
showed marked reduction in p110α and phospho-GSK3β levels without differences in phosphoAkt level (Figure 3.7D). Furthermore, p110α-αMHC mice displayed a mild reduction in systolic
function at baseline (Figure 3.7E). After MI, cardiomyocyte PI3Kα deficiency led to the
exacerbation of systolic dysfunction and wall motion abnormality, with significantly increased
mortality and cardiac rupture incidence (Figure 3.7E and 3.7F). Evaluating post-MI cardiac
remodeling, we found that p110α-αMHC hearts showed no apoptosis at baseline; however, a
dramatic increase in apoptotic cells number was detected at day 1 post-MI p110α-αMHC hearts
(Figure 3.8A). In addition, post-MI cardiac hypertrophy and vascular density in the non-infarct
area was significantly compromised in p110α-αMHC hearts (Figure 3.8B and 3.8C). In addition,
Akt phosphorylation was significantly inhibited in p110α-αMHC hearts after myocardial infarction
(Figure 3.8D). Therefore, lack of PI3Kα activity not only has detrimental effects on postnatal
cardiac development, leading to mild systolic dysfunction, but also severely deteriorates post-MI
survival and cardiac dysfunction associated with elevated apoptosis and suppressed cardiac
hypertrophy.
Taken together, both endothelial- and cardiomyocyte-PI3Kα inactivated mice share
partial similarity with pharmacological PI3Kα inhibition mice under both baseline and post-MI
conditions, which indicates that the effects of BYL719 on the non-surgery and infarcted heart
are partially due to the inhibition of PI3Kα on endothelial cells and cardiomyocytes. While
endothelial PI3Kα is only critical in post-MI vascular repair, cardiomyocyte PI3Kα is essential to
maintain normal cardiac function under physiological condition and to support cell survival and
hypertrophy when facing MI challenge.

50

Figure 3. 7. Cardiomyocyte PI3Kα inactivation in mice causes severe systolic dysfunction and
increased mortality and cardiac rupture rate. (A) Experimental design on p110α-αMHC and control
mice. (B) PCR analysis amplifying the DNA fragment with partially deleted PIK3ca allele. (C) Body weight,
heart weight, and left ventricular weight differences between p110α-αMHC and control mice. (D) Western
blot analysing p110α, Akt, and GSK3β protein levels from left ventricular lysates. (E) Echocardiographic
analysis on ejection fraction (EF), fractional area change (FAC), left ventricular end-diastolic volume
(LVEDV), and left ventricular end-systolic volume (LVESV). (F) Kaplan-Meier survival analysis for survival
rate and cardiac rupture incidence. *P<0.05 vs sham group or vs indicated group; #P<0.05 vs p110αFlx.
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Figure 3. 8. Loss of cardiomyocyte PI3Kα activity is associated with increased cell death,
decreased vascular density, and hypertrophy suppression after MI. (A) Accessing apoptosis using
TUNEL and DAPI immunofluorescence staining. (B) WGA staining outlining cardiomyocyte size. (C)
Representative immunofluorescence images of CD31 staining with DAPI for vascular density. (D)
Western blot analysis of Akt level in 7-day post-MI hearts. *P<0.05 vs sham group or vs indicated group;
#P<0.05 vs p110αFlx.

3.3.4. Inhibition of PI3Kα Impairs Angiogenesis
To further evaluate the role of PI3Kα in endothelial cells, we cultured HUVECs, a wellstudy endothelial cell type, and HCAECs, cardiac-specific endothelial cells, to test the effect of
PI3Kα inhibition on endothelial functions and how it affects cardiac angiogenesis. The
concentration of 500 nmol/L was chosen as the highest concentration tested in the experiments
because it is approximately the lowest concentration in the plasma of patients with continuous
BYL719 treatment, making this concentration more clinically relevant 206. As PI3Kα primarily
responses to RTKs such as vascular endothelial growth factor receptors (VEGFRs) on
52

endothelial cells, we first tested the effect of BYL719 inhibition on VEGF-induced PI3K/Akt
signaling. Responding to an increase in BYL719 concentration, Akt phosphorylation was
progressively decreased; and at the concentration of 500 nmol/L, BYL719 completely blocked
VEGF-stimulated Akt phosphorylation on HUVECs (Figure 3.9A). However, VEGF-induced
eNOS phosphorylation was suppressed only at high BYL719 concentration-500 nmol/L (Figure
3.9A). In the HCAECs, BYL719 also inhibited Akt activation following VEGF stimulation; but
HCAECs showed higher sensitivity to BYL719 compared to HUVECs as both 100 nmol/L and
500 nmol/L completely brought VEGF-induced Akt activation back to baseline, with lower
inhibitory effect on eNOS phosphorylation (Figure 3.9B). Nevertheless, these results suggest
that BYL719 specifically inhibits VEGF-stimulated Akt signaling in HUVECs and HCAECs, with
partially inhibitory effects on eNOS phosphorylation. Next, testing the effects of BYL719 on
cultured cells with complete angiogenic supplements, we showed that, over 500 nmol/L
concentration, BYL719 suppressed Akt activity without significantly affecting phospho-eNOS
and p110α protein levels on HUVECs, while both 100 nmol/L and 500 nmol/L BYL719 similarly
inhibited Akt/eNOS signaling on HCAECs (Figure 3.9C and 3.9D). Altogether, these results
indicate that BYL719 inhibits Akt/eNOS signaling in HUVECs and HCAECs, with HCAECs being
more susceptible to PI3Kα inhibition.
Next, we examined the effects of PI3Kα inhibition on endothelial cell survival,
proliferation, and angiogenesis. Treated with 500 nmol/L BYL719, the majority of HUVECs
underwent cell death through apoptosis, not necrosis; moreover, PI3Kα inhibition with BYL719
decreased the number of viable cells, increased apoptosis rate, and reduced proliferation rate
(Figure 3.10A and 3.10B). Furthermore, Angiogenic sprouting was significantly inhibited with
BYL719 treatment compared with control (Figure 3.10C). These results indicate that PI3Kα
activity is required for HUVEC survival, proliferation, and angiogenic sprouting upon angiogenic
stimulation. Then, we tested how BYL719 affects angiogenic responses in cardiac endothelial
cells. Survival analyses showed that BYL719 treatment decreased cell viability, increased
apoptosis, and decreased cell proliferation as HUVECs (Figure 3.10D and 3.10F). Further
angiogenic assay depicted the inhibitory effect of BYL719 on the development of angiogenic
sprouts and the length of sprouts (Figure 3.10F).
Taken together, our results suggest that BYL719 is specific and potent PI3Kα inhibitor
on HUVECs and HCAECs, and endothelial cells require PI3Kα to maintain Akt/eNOS signaling,
cell survival, proliferation, and angiogenesis.
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Figure 3. 9. Endothelial cells require PI3Kα to maintain Akt/eNOS signaling. (A) Effects of BYL719
on vascular endothelial growth factor (VEGF)-induced Akt/eNOS activation testing by Western blot on
HUVECs. (B) Effects of BYL719 on VEGF-induced Akt/eNOS activation testing by Western blot on
HCAECs. (C) Impact of BYL719 on Akt/eNOS signaling in cultured HUVECs detecting by Western blot.
(D) Impact of BYL719 on Akt/eNOS signaling in cultured HCAECs detecting by Western blot. *P<0.05 vs
vehicle without VEGF in A and B and vs vehicle group in C and D; #P<0.05 vs vehicle with VEGF.
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Figure 3. 10. PI3Kα activity is dispensable in endothelial cell survival, proliferation, and
angiogenesis. (A) Flow cytometry images and quantification data for HUVEC survival staining with
annexin V and propidium iodide. (B) Accessing cell proliferation rate using BrdU and DAPI
immunofluorescence staining on HUVEC treated with vehicle or BYL719. (C) Bead assay showing
endothelial sprouts in HUVECs with and without BYL719. (D) Flow cytometry images and quantification
data for cell survival staining with annexin V and propidium iodide. (E) Accessing cell proliferation rate
using BrdU and DAPI immunofluorescence staining on HCAECs. (F) Bead assay testing the effect of
BYL719 on HCAECs. *P<0.05 vs indicated group in A-C and vs vehicle group in D-F.
55

3.3.5. Cardiomyocyte PI3Kα Protects Hypoxia-induced Cell Death
To elucidate the roles of PI3Kα in cardiomyocyte survival, adult mouse cardiomyocytes
were isolated from WT mice. BYL719 had no effect on Akt activity under normoxic condition;
however, BYL719 inhibited hypoxia-related Akt activation in a dose-dependent manner with 500
nmol/L markedly blocking Akt and GSK3β phosphorylation (Figure 3.11A). And this effect was
not caused by cross-inhibition of PI3Kγ by BYL719 because additional PI3Kγ inhibition with
AS252424 had let to further decrease in Akt phosphorylation without effects on GSK3β
phosphorylation (Figure 3.11B). Thus, PI3Kα is required in hypoxia triggered Akt/GSK3β
signaling.

Figure 3. 11. Hypoxia induced Akt/GSK3β signaling is through PI3Kα. (A) Western blot analyses on
lysates from cardiomyocytes cultured under normoxic and hypoxic conditions. (B) Western blot analyses
on isolated cardiomyocyte lysates with PI3Kα inhibitor-BYL719 and PI3Kγ inhibitor-AS252424 (AS).
*P<0.05 vs normoxic group in A and vs vehicle group in B; #P<0.05 vs hypoxic vehicle group in A and vs
indicated group in B.
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Next, we cultured isolated cardiomyocytes under hypoxia with cyclic mechanical
stretching system to simulate in vivo condition. With 3-hour mechanical stretching, the
morphologic study revealed a comparable number of rod-shaped cardiomyocytes with and
without BYL719; however, cardiomyocyte apoptosis rate was increased with BYL719 treatment
(Figure 3.12A and 3.12B). Our previous work has identified the role of PI3Kα/PIP3 in
maintaining F-actin density152. Here, we showed that hypoxia increased F-/G-actin ratio in
stretched cardiomyocytes, and PI3Kα inhibition has significantly decreased F-/G-actin ratio
under hypoxic condition (Figure 3.12C). Overall, these results indicate that PI3Kα is necessary
to induce hypoxia associated Akt activation, cell survival, and cytoskeleton remodeling.

Figure 3. 12. PI3Kα inhibition leads to an increase in hypoxia induced apoptosis and a reduction in
hypoxia triggered cytoskeleton remodeling. (A) Representative images and analyses of cell viability
from isolated cardiomyocyte under hypoxic condition with cyclic mechanical stretch. (B) Representative
immunofluorescence images of TUNEL staining with F-actin and DAPI showing apoptotic cells and
quantification of apoptosis rate. (C) Representative images depicting F-actin and G-actin in stretched
cardiomyocytes under normoxic or hypoxic condition. *P<0.05 vs vehicle in B and vs normoxic group in C;
#P<0.05 vs vehicle group.

3.4. Discussion
The coexistence of cardiovascular disease (CVD) and cancer, the two leading causes of
death worldwide, have received increasing awareness in recent years 242,243. Evidence has linked
cancer with a higher incidence of ischemic heart disease, and vice versa244,245, which has been
attributed to the shared risk factors, the consequence of one disease-focused treatment, and
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the systematically molecular alterations such as chronic inflammation and oxidative stress 246-248.
Thus, optimization of both IHD and cancer care is critical. In this study, we revealed that PI3Kα
inhibitor-BYL719, the novel anti-cancer drug, has detrimental effects on cardiac health and postMI cardiac repair, unveiling the central role of PI3Kα in wound healing after MI. We further
specified that both endothelial and cardiomyocyte PI3Kα are crucial in post-MI cardiac healing
(Figure 3.13). While endothelial PI3Kα critically participates in angiogenic processes to maintain
vascular distribution in the ischemic heart, cardiomyocyte PI3Kα partially regulates cardiac
contractility under physiological condition, and most importantly, prevents cardiomyocyte
apoptosis, supports cardiac hypertrophy, and maintains F-/G-actin ratio under ischemia.
Therefore, the augmentation of PI3Kα activity may assist the preservation of cardiac function in
the ischemic heart, whilst anti-cancer therapy with PI3Kα inhibitors may raise the potential of
cardiac toxicity to the heart, especially to the ischemic heart.

Figure 3. 13. PI3Kα is critical to maintain cardiomyocyte survival and hypertrophy and support
angiogenesis after MI.

Activation of the PI3Kα/Akt signaling pathway contributes significantly to cancer
development and progression as PI3Kα activity is frequently altered in a variety of the common
human tumors228. With this notion, PI3Kα-specific inhibitors, such as alpelisib (BYL719) and
serabelisib, have been developed and have achieved initial success on advanced solid tumor
treatment especially when combined with standard anti-cancer therapy206,249-251. However, it is
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known that PI3Kα inhibitors also generate systemic effects. Besides confirming that PI3Kα
inhibition causes gradual weight loss and transient hyperglycemia as others 203,215, our study also
revealed that BYL719 led to lean mass reduction and fat mass increase which are associated
with poor outcomes in CVD252. Moreover, despite that the major toxic effects of PI3Kα inhibitors
reported in clinical trials are hyperglycemia, cutaneous reactions, and gastrointestinal
discomforts253, our pre-clinical studies have also indicated the potential of PI3Kα inhibitorsrelated cardiotoxicity. Previously, our team has demonstrated that long-term BYL719 treatment
has led to heart weight reduction, cardiomyocyte size reduction, and QTc interval
prolongation212,215, we here showed partly similar results in mice with 10-day BYL719
administration; and, most importantly, we detected compromised left ventricle global longitudinal
strain in these mice using strain analysis, indicating the existence of subtle cardiac dysfunction
under BYL719 treatment. Both prolonged QTc interval and lower GLS have been evidently
associated with higher risk of cardiovascular morbidity and mortality 254,255. Thus, the combined
results suggest that the systemic and cardiac-specific effects of PI3Kα inhibitors predispose to
higher cardiovascular risks.
Accordingly, we studied genetically modified mice with endothelial- or cardiomyocytePI3Kα inactivation to specifically focus on the effects of PI3Kα activity in the cardiac tissue.
Lining the blood vessels in a highly vascularized cardiac tissue 29, cardiac endothelial cells are
the gatekeeper between blood and cardiac parenchymal, making them susceptible to the
administration of PI3Kα inhibitors. We showed that endothelial PI3Kα is not required to maintain
vascular density and cardiac function under physiologic conditions, which might be attributed to
the quiescent and non-proliferative status of the endothelial cells under physiologic condition.
Unlike endothelial PI3Kα showing no obvious influence on cardiac function in adult mice,
cardiomyocyte PI3Kα is required to maintain normal cardiac function. Previous studies on
cardiac-specific constitutive-active or dominant-negative PI3Kα mice have demonstrated normal
systolic function with a bigger or smaller heart 188. Our results on genetic ablation of
cardiomyocyte PI3Kα demonstrated a decrease in heart weight as well. However, a mild
decrease in cardiac function was also suggested, which is consistent with previous findings on
mice with inducible PI3Kα gene deletion where the decreased cardiac function has been
attributed to the reduction of L-type calcium channels180. Additionally, we spotted a decrease in
GSK3β inactivation with decreased PI3Kα level, despite no obvious changes on Akt
phosphorylation or evidence of apoptosis, which suggests that compensatory processes,
potentially via other PI3K isoforms, might take place to maintain Akt activity at baseline, while
GSK3β phosphorylation is heavily dependent on PI3Kα. This was confirmed in isolated
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cardiomyocyte culture experiments showing PI3Kα, not PI3Kγ, was responsible for hypoxia
induced GSK3β phosphorylation. Overall, a minimum requirement of cardiomyocyte PI3Kα
activity might be required to maintain proper cardiomyocyte size and cardiac function, but lack
of PI3Kα does not induce cell death without pathologic stimulus despite that one of the most
important roles of PI3K/Akt pathway is controlling cell survival 92.
However, it is a different story under MI challenge. In this study, we demonstrated that
PI3Kα and Akt phosphorylation were significantly upregulated after MI, suggesting the
participation of PI3Kα/Akt signaling in ventricular remodeling. Experiments on BYL719-treated
mice revealed that PI3Kα inhibition caused a slight increase in mortality, a marked decrease in
cardiac function, and adverse ventricular remodeling despite no overt cardiac dysfunction on
sham-operated mice. No significant difference on the cause of post-MI death between BYL719
and controls was depicted, regardless of the predicted effects of drug-induced QTc prolongation
on sudden cardiac death in IHD patients256. This result suggests that other aspects of adverse
ventricular remodeling, not electrophysiological remodeling, might be the culprits of the shortterm adverse outcomes in this animal model.
Post-MI cardiac remodeling is a series of complex and highly orchestrated events
involving cardiomyocyte death and growth, inflammation, vascular repair, and fibrosis, which
determines patient outcomes 257. While balanced inflammatory and fibrotic responses are
required in post-MI cardiac repair to maintain cardiac integrity and function, prevention of
cardiac apoptosis and maintenance of cardiac vasculatures provide beneficial effects to the
ischemic heart15,237,258. Ischemic preconditioning, postconditioning, and many compounds have
been demonstrated to protect against myocardial apoptosis through PI3K/Akt pathway, making
PI3K/Akt the central regulator of the anti-apoptotic effect164,259-261. Moreover, PI3K/Akt signaling
have established an essential role in angiogenesis for decades. In vitro cell cultures have
demonstrated the dispensable roles of PI3K/Akt in endothelial cell survival, migration,
elongation, and angiogenesis 170,172,262,263. Besides, in vivo use of pan-PI3K inhibitor has
exacerbated the cardiac dysfunction and reduced angiogenesis in post-MI swine model163.
Here, we discerned the PI3Kα isoform of the PI3Ks is of great importance in regulating
myocardial apoptosis and cardiac angiogenesis following MI. And to our best knowledge, this is
the first paper to investigate the implications of pharmacological PI3Kα inhibitor on cardiac
health and after myocardial ischemic injury. We demonstrated that inhibition of PI3Kα isoform
leads to increased mortality incidence, exacerbated cardiac dysfunction, enhanced apoptotic
cell death, elevated inflammation, decreased cardiomyocyte hypertrophy, and diminished
vascular density after MI. This model shared some similarity with genetically modified animal
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models with cardiomyocyte- or endothelial-specific PI3Kα inactivation. While lack of
cardiomyocyte PI3Kα activity promotes post-MI cardiac rupture and systolic dysfunction
associated with enhanced myocardial apoptosis and suppressed hypertrophy, endothelial
PI3Kα primarily regulates cardiac function through angiogenic responses. In addition, animal
models with BYL719 and in vitro experiment on endothelial cells and cardiomyocytes confirm
that PI3Kα inhibitor suppresses Akt/GSK3β/eNOS phosphorylation, leading to GSK3β
overactivation and eNOS inhibition. Previous research has evidenced that deficiency of cardiac
GSK3β and overexpression of eNOS have protected against post-MI remodeling by regulating
cardiac hypertrophy and capillary density 165,264. Thus, these results suggest that systemic
administration of PI3Kα inhibitor impacts post-MI cardiac remodeling and repair partially through
inhibiting cardiomyocyte and endothelial PI3Kα activity.
Under hypoxic condition, cardiomyocytes upregulate PI3K/Akt/GSK3β signaling pathway
to counteract apoptosis through regulating apoptosis-related proteins such as Bad, modifying
mitochondrial function through mitochondrial translocation, and influencing nuclear activity 265-268.
We documented that the increase in PI3K/Akt signaling is blocked by PI3Kα inhibition, which is
associated with increased apoptotic rate. In conjunction with other studies, cardiac PI3Kα
positively regulates cardiac remodeling following dilated cardiomyopathy, pressure overloadinduced heart failure, and MI-associated heart failure152,184,188,238. In contrast to cardiomyocytes
lacking regenerative capability, endothelial cells are capable of transiting from quiescent state to
proliferative and angiogenic state under pathologic circumstances, especially under MI. We
agreed with others that PI3Kα is preferentially activated downstream RTKs, such as VEGF
receptors222. And previous studies have highlighted the regulatory roles of PI3Kα in endothelial
adherens junctions and endothelial cell migration189,192. In this study, we showed that angiogenic
factors-induced

endothelial

survival,

proliferation,

and

angiogenesis

are

significantly

compromised under PI3Kα inhibition in cardiac-specific endothelial cells, which is associated
with Akt/eNOS signaling suppression; moreover, these findings are consistent with in vivo
animal models showing PI3Kα suppression remarkably inhibits cardiac repair processes in the
ischemic heart, causing the decrease in vascular density and deterioration of cardiac function.
Hence, PI3Kα exerts differentially functions in cardiomyocytes and endothelial cells in the
ischemic heart. It regulates cardiomyocyte apoptosis and endothelial angiogenesis to influence
cardiac repair and remodeling.
From a clinical standpoint, our results are significant because (i) they suggest the
therapeutic potential of manipulating cardiac PI3Kα to improve post-MI cardiac repair by
supporting cell survival and angiogenesis; (ii) they address the idea that the use of PI3Kα
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inhibitor is detrimental to the heart, especially to the ischemic heart; and these effects are
partially attributed to the effects of PI3Kα inhibitor on cardiomyocytes and endothelial cells as
cardiomyocyte- or endothelial-specific inactivation of PI3Kα displays similar findings in the
healthy and ischemic heart. There is plenty of clinical research indicating the anti-cancer effects
of PI3Kα inhibitor, but limited literature demonstrating the long-term effect of PI3Kα inhibitor on
the heart and CVD morbidity and mortality. Thus, this study highlights the importance of
monitoring cardiac function while taking PI3Kα inhibitor, being cautious in patients with high
CVD risk, and promoting CVD risk factor modification in patients. However, further exploration
of cardiac health after PI3Kα inhibitor withdrawal and the detailed mechanisms into the
intracellular signaling of PI3Kα could be profoundly beneficial to minimize the adverse effects of
PI3Kα inhibitors on the heart, particularly in patients experiencing MI during PI3Kα inhibitor
treatment.

62

Chapter 4
Endothelial and Cardiomyocyte PI3Kβ
Divergently Regulate Cardiac Remodeling in
Response to Ischemic Injury
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4.1. Introduction
Ischemic heart disease (IHD) has a high risk of developing heart failure (HF) with a high
morbidity and mortality burden worldwide269. Given the high metabolic demands of the heart,
disruption of coronary blood flow leads to loss of cardiomyocyte followed by scar formation, both
of which are characteristic changes of myocardial infarction (MI) and ischemia-reperfusion (IR)
injury270,271. Hence, improving vascular supply by proangiogenic therapy and preventing
cardiomyocyte death can protect the ischemic myocardium. During angiogenesis, various
angiogenic signals, such as vascular endothelial growth factor (VEGF), activate quiescent
endothelial cells, which proliferate and differentiate to form microvascular sprouts and ultimately
neovessels, rescuing peri-infarct cardiomyocytes and preventing the transition to HF272.
Meanwhile, necrosis, apoptosis, and autophagy are major contributors to cardiomyocyte death
in ischemic hearts, and the extent of cardiomyocyte loss determines infarct size, cardiac
function, and patient outcomes 15.
Phosphoinositide 3-kinase (PI3K) signaling pathways are central determinants of cellular
response to injury and play a critical role in promoting angiogenesis and cell survival 273.
Members of the class I A PI3Ks are composed of a p110 catalytic subunit (p110α, β, and δ) and
a regulatory subunit. Activation of insulin- or growth factor-receptor complexes stimulate PI3Ks
which promote the production of phosphatidylinositol-3,4,5-trisphosphate (PIP3) and plasma
membrane recruitment of PIP3-binding proteins, regulating various cellular responses. VEGF
and its receptors signal through PI3Kα/Akt/endothelial nitric oxide synthase (eNOS) pathway in
endothelial cells, controlling cell survival, migration, vascular permeability, and vessel
sprouting171,189,190.

In

cardiomyocytes,

PI3Kα/Akt

signaling

regulates

ischemia-driven

cardiomyocyte apoptosis, hypertrophy, and contractile function162,238.
As a member of the class IA PI3Ks, PI3Kβ isoform is ubiquitously expressed and was
originally considered being functionally redundant because PI3Kβ functions are similar to other
PI3Ks (PI3Kα and PI3Kγ)94,195. In endothelial cells, PI3Kβ activity is lower than PI3Kα, and mice
harboring inactivated-PI3Kβ endothelial cells display normal vasculature, suggesting a
dispensable role of PI3Kβ during embryonic vascular development 189. However, the role of
PI3Kβ in the response to injury has not been examined. Using genetic murine models, we
examined the cell-specific function of PI3Kβ in endothelial cells versus cardiomyocytes in
response to myocardial ischemic injury. Here we demonstrate that inhibition of endothelial
PI3Kβ protects the ischemic heart by promoting the PI3Kα/Akt/eNOS signaling pathway and
angiogenesis, while inhibition of PI3Kβ activity in cardiomyocytes exacerbates the adverse
cardiac remodeling post-MI by sensitizing cardiomyocytes to ischemia-triggered cell death.
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4.2. Methods
Detailed methods used in the present study are available in Chapter 2 Materials and
Methods.

4.2.1. Animal Models and Human Explanted Hearts
Mice with PI3Kβ-inactivation under the control of Tie2 promoter-driven conditionallyactive Cre recombinase (p110βTie2) or α-MHC promoter-controlled constitutively-active Cre
(p110β-αMHC) were generated as described94,214. Homozygous littermates p110βflox/flox
(p110βFlx) mice were used as control. Tamoxifen (Sigma-Aldrich) was given to 10-week-old
p110βTie2 and littermate controls to activate Cre in endothelial cells. Cre deletes exons 21 and
22 from Pik3cb (gene encoding p110β), producing a truncated PI3Kβ which lacks catalytic
activity. Animal experiments were conducted in accordance with the Canadian Council for
Animal Care guidelines and the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health.
Myocardial infarction was achieved by permanent ligation of the proximal left anterior
descending artery (LAD). The ligation or sham surgery was performed on 12-week-old male
mice by a technician who was blinded to the genotype218. Infarct size was visualized using
Triphenyl Tetrazolium Chloride (TTC) (Sigma) staining and Masson’s trichrome staining. The
procedures for IR surgery with 30-minute occlusion protocol were similar to the MI surgery
except that a piece of polyethylene tubing was placed on the LAD to minimize vessel
damage219. The IR protocol was validated by Evans blue perfusion and electrocardiogram
(ECG). Mice were sacrificed with intraperitoneal injection with ketamine (100 mg/kg) and
xylazine (10 mg/kg) cocktail, and the heart tissue and bone marrow were collected.
Human tissue from non-failing control hearts and failing post-MI hearts were collected
from Human Organ Procurement and Exchange program (HOPE) and Human Explanted Heart
Program (HELP) respectively, with ethical approval from the Mazankowski Alberta Heart
Institute and the Institutional Ethics Committee218. Informed and signed consents were obtained
from all participants; and our study conformed to the principles outlined in the Declaration of
Helsinki.
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4.2.2. Echocardiography
Noninvasive transthoracic echocardiography was performed on mice anesthetized with
1.5% isoflurane in O2 using Vevo 3100 (Visualsonics). Conventional measurements and
speckle-tracking strain analysis were carried out218,221. Global peak systolic strain was
calculated as the average of 6 standard anatomical segments.

4.2.3. Immunofluorescence
Immunofluorescence staining was performed using established protocols 218. Wheat
Germ Agglutinin (WGA, Invitrogen) staining was performed to outline cardiomyocytes.
Fluorescein-conjugated Lectin (Vectorlabs) intravital perfusion was performed to identify the
functional vasculature218. Fragmented DNA of apoptotic cells was detected using the DeadEnd
Fluorometric Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick-End Labeling
(TUNEL) System (Promega) according to instructions.

4.2.4. Endothelial Cell Culture and Bead Angiogenesis Assay
Human umbilical vein endothelial cells (HUVECs) and human coronary artery endothelial
cells (HCAECs, ATCC) were used between passage 3 to 7. Endothelial cells cultured to 70-80%
confluence were transfected with small interfering RNA against human PI3Kβ (sip110β) or
scrambled small interfering RNA (s-siRNA) for 48 hours to test the effects of genetic ablation of
PI3Kβ on endothelial cells. Pharmacological inhibition of PI3Kβ using the PI3Kβ-specific
inhibitor TGX-221 (500 nmol/L, Cayman Chemical) was used on endothelial cells for 48 hours.
Cells were starved in basal medium for 5 hours prior to stimulation with 50 ng/ml or 100 ng/ml
recombinant human VEGF165 (PeproTech) for 10 minutes. Where indicated, cells were preincubated with the PI3Kα-specific inhibitor BYL719 (500 nmol/L, Cayman Chemical) or the Akt
inhibitor MK-2206 (1 µmol/L, APExBIO) for 1 hour before VEGF stimulation.
In vitro angiogenesis bead assay of HUVECs/HCAECs was performed as described 218.
The number of sprouts was counted using ImageJ software, and at least 20 beads per
independent experiment were analyzed.

4.2.5. Adult Cardiomyocyte Isolation, Culture, and Stretching
Adult murine left ventricular cardiomyocytes were isolated from isoflurane (2%)anesthetized mice; and the isolated cardiomyocytes were cultured and stretched as described224.
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Plated cardiomyocytes were cyclically stretched at 1Hz with an elongation of 5% for 3 hours by
Flexcell FX-5000 Tension System (Flexcell International Corp) in serum-free culture medium
under a 2% CO2 and 5% O2 atmosphere.

4.2.6. Immunoblotting and Nuclear Fractionation
Immunoblotting and nuclear fractionation was performed as previously described 218,226.
Histone H3 and GAPDH (Cell Signaling) were used as nuclear and cytosolic markers,
respectively.

4.2.7. RNA Sequencing and TaqMan RT-PCR
RNA isolation and RNA sequencing were performed as described274. Total RNAs from
left ventricles (3 left ventricles/group) were extracted. Data were analyzed using WebGestalt,
Protein ANalysis THrough Evolutionary Relationships (PANTHER) classification system
(Pantherdb.org), and Ingenuity Pathway Analysis. RNA expression levels were examined by
TaqMan real-time polymerase chain reaction (RT-PCR) as described218. The expression levels
of myocardial disease markers, including atrial natriuretic peptide (Anp), brain natriuretic peptide
(Bnp), and β-myosin heavy chain (β-Mhc), were examined.

4.2.8. Statistical Analysis
Statistical analyses were carried out using SPSS Statistics 24 software, and statistical
significance was defined as p<0.05 (two-sided). Continuous data were presented in scatter plots
with mean ± SEM. The differences between the two groups were evaluated using independent
t-test or Mann-Whitney U test after normality examination. One-way ANOVA or Kruskal-Wallis
test with pairwise comparisons were used in studies with more than two groups based on the
normality of the data. Survival data were presented as the Kaplan-Meier plots and the log-rank
test was used to evaluate the statistical significance.
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4.3. Results
4.3.1. Akt phosphorylation and PI3Kβ are elevated in ischemic hearts
Because of the vital role of cardiac Akt in injury repair 275, we examined the protein levels
of Akt in post-MI murine heart and found increased Akt phosphorylation, especially at threonine308, in the infarct and peri-infarct area (Figure 4.1A). As one of the upstream regulators of Akt
activation, the p110β protein level was assessed next to evaluate the effect of MI on PI3Kβ. We
observed an increase in p110β level in the infarct and peri-infarct area, and to a lesser extent, in
the non-infarct area (Figure 4.1A). Importantly, explanted human hearts showed largely similar
trends of phospho-Akt and p110β levels following MI (Figure 4.1B), suggesting a conserved
mechanism of upregulation of PI3Kβ following myocardial ischemia. Immunofluorescence
analysis showed that in both murine and human hearts, PI3Kβ is expressed in both endothelial
cells and cardiomyocytes, and while PI3Kβ was constitutively expressed in endothelial cells, it
was highly upregulated and localized to the nuclei in cardiomyocytes (Figure 4.1C and 4.1D).
These findings suggest that PI3Kβ could have specific and distinct functions in endothelial cells
and cardiomyocytes. Thus, we examined the function of PI3Kβ in endothelial cells and
cardiomyocytes separately in response to MI and myocardial IR injury using genetically modified
mice.
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Figure 4. 1. Catalytic isoform of PI3Kβ-p110β is increased in post-MI murine and human hearts
and expressed both in endothelial cells and cardiomyocytes. (A,B) Western blot analysis of p110β
and Akt levels on 7-day post-sham/MI mouse hearts and on non-failing and post-MI failing human hearts.
(C,D) Immunofluorescence images of PI3Kβ in the heart with endothelial marker-CD31, WGA outlining
cardiomyocytes, and DAPI marking nuclei on mouse and human hearts. *P<0.05 vs sham/NFC group.
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4.3.2. Endothelial PI3Kβ inactivation improves cardiac function and remodeling after MI
To gain insight into the role of endothelial PI3Kβ in post-MI remodeling, we generated
p110βTie2 mice in which endothelial PI3Kβ was conditionally and partially deleted, producing
truncated PI3Kβ protein lacking catalytic activity94. Successful genetic inactivation of p110β in
p110βTie2 was confirmed by PCR analysis with truncated PI3Kβ gene expression without
affecting hematopoietic cells (Figure 4.2A). Both p110βTie2 and littermate control (p110βFlx)
mice showed similar body weight, heart weight, left ventricular weight, and levels of p110β,
p110α, and phospho-Akt in whole-heart protein extracts (Figure 4.2B and 4.2C).
p110βTie2 and littermate controls were randomly and blindly assigned to sham operation
or MI induction. While sham-operated groups had similar cardiac function, post-MI p110βTie2
exhibited higher survival rate (92% vs. 74%) by day 7, with improved post-MI cardiac function
reflected by maintained left ventricular end-diastolic and end-systolic dimensions, greater
ejection fraction and enhanced regional systolic function (Figure 4.2D and 4.2E). Consistent
with the preservation of post-MI cardiac function, p110βTie2 hearts showed lower expression
levels of myocardial disease markers with equivalent hypertrophy in both genotypes (Figure
4.2F and 4.2G). While initial post-MI infarct size and apoptotic level were comparable between
genotypes, p110βTie2 showed reduced infarct expansion on day 7 and absence of post-MI
pulmonary edema (Figure 4.3A-D). Moreover, even though sham-operated hearts and the noninfarct area of post-MI hearts displayed similar vascular density between genotypes, p110βTie2
showed increased vascular density in the infarct and peri-infarct areas, confirmed by endothelial
marker staining and lectin in vivo perfusion for the detection of functional vessels (Figure 4.3E).
Since PI3K/Akt/eNOS and Erk1/2 pathways are critical mediators of cardioprotection 276, we
examined the levels of phospho-Akt and phospho-Erk1/2 and found both were increased in
post-MI p110βTie2 hearts compared to control, while phospho-eNOS was significantly
increased in the infarct and remote areas (Figure 4.3F). Taken together, these findings
demonstrate that catalytic inactivation of endothelial PI3Kβ resulted in marked cardioprotection
following MI associated with preserved vascular density and increased Akt activation in the
ischemic area.
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Figure 4. 2. Inactivation of endothelial PI3Kβ preserves cardiac function after MI with higher
survival rate. (A) PCR analysis amplifying a fragment of the p110β allele after Cre-mediated excision of
exons 21 and 22. (B) Body weight, heart weight, and left ventricular weight from adult mice. (C) Western
blot analysis and representative images of p110β, p110α, and Akt protein levels. (D) Kaplan-Meier
survival curve of mice following MI surgery. (E) Echocardiographic images showing ventricular
morphology and analysis of left ventricular end-systolic and end-diastolic volume (LVESV and LVEDV),
ejection fraction (EF), and wall motion score index (WMSI). (F) mRNA relative expression (R.E.) level of
atrial natriuretic peptide (Anp), brain natriuretic peptide (Bnp), and β-myosin heavy chain (β-Mhc) with 18s
as controls. (G) Wheat Germ Agglutinin (WGA) analysis on 7-day post-operated hearts with DAPI
staining. *P<0.05 vs sham group or vs indicated group; #P<0.05 vs p110βFlx.
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Figure 4. 3. Inactivation of endothelial PI3Kβ protects the heart against MI by preserving
vasculatures and increasing Akt activity in the ischemic areas. (A,B) Infarct size analysis from
triphenyl tetrazolium chloride (TTC)-stained sections and representative images of trichrome histological
staining of hearts. (C) Representative immunofluorescence images of terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) and DAPI on 1-day post- MI hearts. (D)
Pulmonary edema evaluated using lung wet/dry weight ratio at day 7 after sham and MI operation. (E)
Immunofluorescence analysis of endothelial marker-CD31 and endothelial marker-lectin via in vivo
perfusion method. (F) Western blot analysis of Akt, Erk1/2, and NOS protein levels in different areas from
7-day post-MI hearts. *P<0.05 vs sham group or vs indicated group; #P<0.05 vs p110βFlx.
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4.3.3. Loss of PI3Kβ activity promotes VEGF-induced PI3Kα/Akt signaling and angiogenic
sprouting in endothelial cells
The VEGF/VEGF receptor axis plays a crucial and well-established role in vascular
survival and angiogenesis through PI3Kα/Akt signaling 276,277. This was also supported by our
findings in human umbilical vein endothelial cells (HUVECs) that Akt activation was required for
VEGF-induced angiogenic sprouting using Akt inhibitor (MK-2206), VEGF-stimulated Akt
activation largely depended on the activity of PI3Kα as the PI3Kα specific inhibitor (BYL719)
completely abolished the effect of VEGF-induced Akt phosphorylation without affecting p110β
and p110α protein levels, and VEGF-induced eNOS activation partially relied on Akt activity
(Figure 4.4A-C).

Figure 4. 4. Akt signaling is required for VEGF-induced angiogenesis which is dependent on
PI3Kα. (A) Western blots showing p110β, p110α, Akt, GAPDH, and eNOS protein levels on Akt inhibitorMK-2206-treated HUVECs. (B) Representative beads and quantification of sprout number in control and
MK-2206-treated HCAECs. (C) Western blot analysis of p110β, p110α, GAPDH, Akt, and eNOS in
BYL719-treated HUVEC lysates. *P<0.05 vs indicated group.
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Because of the vital role of PI3Kα in VEGF-induced and Akt-mediated angiogenesis, we
hypothesized that selective inactivation of PI3Kβ in endothelial cells might upregulate PI3K/Akt
signaling via the PI3Kα isoform. We first tested the effects of VEGF on HUVECs with PI3Kβspecific siRNA which showed that abrogation of PI3Kβ increased Akt and eNOS
phosphorylation upon VEGF stimulation which was completely blocked by BYL-719 (Figure
4.5A-B). These results suggest that the abrogation of PI3Kβ leads to an enhanced activation of
PI3Kα/Akt signaling. Next, we studied the effect of pharmacological PI3Kβ inhibition in
endothelial cells on VEGF-induced Akt/eNOS activation as cardioprotective effects were
observed in mice with endothelial-PI3Kβ inactivation (p110βTie2). Consistent with our animal
and PI3Kβ-deleted endothelial cell data, the PI3Kβ specific inhibitor (TGX-221) potentiated
VEGF-induced Akt activation in HUVECs, which was completely dependent on intact PI3Kα
signaling (Figure 4.5C-D).
To address whether these effects exist in cardiac endothelial cells, human coronary
artery endothelial cells (HCAECs) were examined the effect of PI3Kβ inhibition on
VEGF/PI3K/Akt signaling. Immunofluorescence analysis confirmed the expression of PI3Kβ in
cardiac endothelial cells (Figure 4.6A). Consistent with our findings in HUVECs, PI3Kβ inhibition
in HCAECs resulted in a striking increase in Akt and eNOS phosphorylation upon VEGF
stimulation without affecting p110α and p110β protein levels, which were suppressed by PI3Kα
inhibition (Figure 4.6B-C). Since the PI3K/Akt pathway is critical in angiogenesis and increased
vasculature was detected in the ischemic area in post-MI p110βTie2 hearts, we performed the
angiogenic bead assay to test the effect of PI3Kβ inhibition on angiogenic sprouting in HCAECs.
Coinciding with increased Akt activation, PI3Kβ inhibition potentiated angiogenic sprouting
(Figure 4.6D). Taken together, these data suggest that inhibiting PI3Kβ activity enhances
VEGF-mediated Akt activation via the PI3Kα isoform resulting in increased angiogenic response
in cardiac endothelial cells.
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Figure 4. 5. Loss or inhibition of PI3Kβ in HUVECs elevates VEGF-stimulated PI3Kα/Akt/eNOS
signaling. (A) Western blot analysis of p110β, p110α, Akt, and eNOS in PI3Kβ-deficient HUVECs. (B)
Western blot analysis of Akt and eNOS in PI3Kβ-deficient HUVECs with and without PI3Kα-specific
inhibitor, BYL719. (C) Western blots demonstrating the effect of VEGF on p110β, p110α, GAPDH, Akt,
and eNOS protein levels in TGX-221-treated HUVECs. (D) Western blot analysis of Akt and eNOS in
TGX-221-treated HUVECs with and without BYL719. *P<0.05 vs indicated group.

76

Figure 4. 6. Inhibition of PI3Kβ in human cardiac endothelial cells enhances PI3Kα/Akt/eNOS
signaling and angiogenesis. (A) HCAEC stained with p110β, Von Willebrand factor (VWF), and DAPI.
(B) Western blot analysis of p110β, p110α, GAPDH, Akt, and eNOS in HCAECs. (C) Western blot
analysis of Akt and eNOS in TGX-221-treated HCAECs with and without BYL719. (D) Representative
beads and quantification of sprout number in control and TGX-221-treated HCAECs. *P<0.05 vs indicated
group.

4.3.4. Inactivation of PI3Kβ in cardiomyocytes exacerbates cardiac dysfunction following
MI
We next evaluated the role of cardiomyocyte-PI3Kβ in post-MI remodeling using p110βαMHC mice which express kinase-dead PI3Kβ specifically in cardiomyocytes. Analysis of
truncated p110β gene expression confirmed the success of PI3Kβ inactivation in p110β-αMHC
hearts, and the adult p110β-αMHC mice were viable and fertile with comparable body weight to
littermate controls-p110βFlx (Figure 4.7A-B). The protein level of p110β was reduced in p110βαMHC hearts without altering whole-heart baseline phospho-Akt levels (Figure 4.7C). However,
at day 7 post-MI, p110β-αMHC mice exhibited a trend of increased mortality compared to
controls (62% vs. 76%), with increased left ventricular dimensions, deteriorated systolic
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function, and worsened regional systolic function (Figure 4.7D-E). Chamber dimensions and
cardiac function did not differ between genotypes in sham-operated groups (Figure 4.7E).

Figure 4. 7. Cardiomyocyte-specific PI3Kβ inactivation exacerbates cardiac dysfunction after MI.
(A) PCR analysis amplifying a fragment of the p110β allele with the deletion of exons 21 and 22. (B) Body
weight of p110β-αMHC and p110βFlx mice before surgery. (C) Western blot analysis of p110β and Akt
levels in p110β-αMHC and p110βFlx left ventricular lysates. (D) Kaplan-Meier survival analysis in post-MI
p110β-αMHC and control mice. (E) Echocardiographic images showing left ventricular morphology and
functional analysis of left ventricular end-systolic and end-diastolic volume (LVESV and LVEDV), ejection
fraction (EF), and wall motion score index (WMSI). *P<0.05 vs sham group or vs indicated group;
#P<0.05 vs p110βFlx.

Consistent with worsened cardiac function, p110β-αMHC hearts showed larger infarcted
area on days 1 and 7 after MI (Figure 4.8A). This functional and structural deterioration in postMI p110β-αMHC hearts was accompanied by increased pathological hypertrophy, reduced
coronary microvasculature, and strikingly increased MI-related myocardial inflammation (Figure
4.8B-D). Importantly, analysis of the canonical Akt signaling pathway displayed comparable
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pAkt-T308 levels, while phosphorylation of Akt at serine-473 was slightly increased in the periinfarct area of p110β-αMHC hearts (Figure 4.8E). These results demonstrate that in striking
contrast to PI3Kβ function in endothelial cells, loss of PI3Kβ activity in cardiomyocytes resulted
in increased susceptibility to ischemic injury and adverse post-MI remodeling illustrating a novel
cell-dependent role of PI3Kβ signaling.

Figure 4. 8. Cardiomyocyte-PI3Kβ inactivation leads to adverse ventricular remodeling after MI. (A)
Trichrome histological-stained images and triphenyl tetrazolium chloride (TTC)-stained images and infarct
size quantification on post-MI hearts. (B) Wheat Germ Agglutinin (WGA) immunofluorescence staining
outlining cardiomyocyte size. (C) Vascular density and capillary-to-cardiomyocyte ratio testing by CD31
and WGA immunofluorescence staining on post-surgery hearts. (D) Neutrophils identified by Ly6B and
macrophages marked by CD68 immunofluorescence staining. (E) Western blot analysis of Akt protein
level. *P<0.05 vs sham group or vs indicated group; #P<0.05 vs p110βFlx.
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4.3.5. Cardiomyocytes with PI3Kβ deficiency are prone to hypoxia-induced cell death:
role of PI3Kβ in the regulation of myocardial gene expression
Given the increase in infarct size in p110β-αMHC hearts, we hypothesized that PI3Kβ
prevents cardiomyocyte death. Immunofluorescence and Western blot analysis demonstrated
increased apoptosis in post-MI p110β-αMHC hearts, characterized by elevated apoptotic cell
number and cleaved caspase 3 protein levels (Figure 4.9A). Since cardiomyocytes are not the
only cell types to undergo apoptosis under MI, we combined TUNEL and WGA staining to
evaluate apoptotic cardiomyocytes which confirmed an increase in apoptotic cardiomyocytes in
the infarct and peri-infarct area (Figure 4.9B). To elucidate the molecular mechanisms
underlying the increased susceptibility of p110β-αMHC cardiomyocytes to apoptosis, we
analyzed cell death proteins at baseline in left ventricular samples. Pro-apoptotic proteins,
including full-length caspase 3, full-length caspase 8, Bax, and Bak, were upregulated in p110βαMHC; meanwhile RIP3, a critical determinant of necrosis, but not RIP1, was also upregulated
(Figure 4.9C). To determine the effect of the loss of PI3Kβ in cardiomyocytes, we isolated adult
cardiomyocytes and examined the role of PI3Kβ in hypoxia-induced cell death under cyclic
mechanical stretch. The results showed that cell viability was decreased in p110β-αMHC
cardiomyocytes compared with control cardiomyocytes in response to 3-hour cyclical stretch
under hypoxic condition (5% O2) (Figure 4.9D). In line with these data, we observed higher
creatine kinase level in the culture media, a marker of cardiomyocyte death, and an increase in
the number of apoptotic cardiomyocytes in p110β-αMHC cardiomyocytes (Figure 4.9E-F). Thus,
cardiomyocytes with compromised PI3Kβ activity develop an intrinsic susceptibility to cell death
in response to acute ischemic and hypoxic stress.
Western blot analysis demonstrated that PI3Kβ was present in the nuclear fraction of left
ventricles, and immunostaining on isolated adult cardiomyocytes confirmed the presence of
PI3Kβ in the nuclei, and both cytosolic and nuclear fractions were decreased in p110β-αMHC
hearts (Figure 4.10A). Surprisingly, in p110β-αMHC hearts, phospho-Akt level was
downregulated in the nuclear fraction, but not in the cytosolic fraction, without alteration in the
protein levels of FoxO1 and FoxO3a, which are known down-stream effectors of Akt
phosphorylation (Figure 4.10B). Taken together, these findings indicate that deficiency of
cardiomyocyte-PI3Kβ results in decreased nuclear Akt phosphorylation which might affect
nuclear activity independent of FoxO transcription factors, leading to a pro-cell death phenotype
in cardiomyocytes.
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Figure 4. 9. Inactivation of cardiomyocyte-PI3Kβ sensitizes cardiomyocytes to cell death by
increasing pro-cell death proteins expression, leading to increased post-MI cell death. (A) TUNEL
and DAPI immunofluorescence analysis for apoptotic cells and western blot analysis for cleaved caspase
3 on 1-day post-MI hearts. (B) Combined WGA, TUNEL, and DAPI immunofluorescence staining to
highlight apoptotic cardiomyocytes. (C) Western blot analysis for baseline protein levels of full-length
caspase 3, full-length caspase 8, Bax, Bak, RIP1, and RIP3 in left ventricle lysates from p110β-αMHC
and control mice. (D) Representative right field images and cell viability evaluation after stretching. (E)
Evaluation of creatine kinase level in media from cultured cardiomyocytes. (F) TUNEL staining from
apoptotic cardiomyocytes with F-actin staining. *P<0.05 vs indicated group.
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Figure 4. 10. PI3Kβ is expressed in cardiomyocyte nuclei and loss of PI3Kβ is associated with
decreased nuclear Akt phosphorylation. (A) Nuclear fractionation analysis for p110β, GAPDH and
Histone H3 in p110β-αMHC and p110βFlx left ventricular lysates and immunofluorescence images of
p110β and sarcomeric α actin on isolated murine cardiomyocytes. (B) Fractionation analysis for Akt,
FoxO1, and FoxO3a in p110β-αMHC and p110βFlx left ventricular lysates. *P<0.05 vs p110βFlx in A and
vs indicated group in B.

To better define the involvement of PI3Kβ in transcriptional control, we performed RNA
sequencing to clarify the differences in global gene expression profiles in control and p110βαMHC left ventricles, which revealed 1057 up-regulated genes and 838 down-regulated genes
in p110β-αMHC hearts, affecting the pathways associated with metabolism, cell cycle, and
chemokine signaling (Figure 4.11A-B). Notably, among the affected genes in the p110β-αMHC
hearts, genes associated with cell death were prominently upregulated, while genes related to
the regulation of metabolic processes were downregulated (Figure 4.11C). Among the
upregulated genes related to biological processes, cellular processes were altered, while protein
tyrosine kinases signaling pathway showed minimal changes (Figure 4.11D). Moreover,
apoptosis and inflammatory signaling pathways were dramatically up-regulated in p110β-αMHC
(Figure 4.11E) which is consistent with our observations demonstrating excessive apoptosis and
inflammation in the post-MI p110β-αMHC hearts. Ingenuity Pathway Analysis identified
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activation of Creb1, Smad3, Mkl1, and Nr3c2 transcription factors; furthermore, Smad7, Tfam,
Ppara, and Klf15 transcription factors were inhibited in p110β-αMHC hearts (Figure 4.11F).
Several of these transcriptional regulators are known to be associated with detrimental postinfarct outcomes (Mkl1, Nr3c2, Smad, and Tfam), as well as with regulation of cardiac
metabolism contributing to infarct healing (Ppara and Klf15)278-283. Our data suggest that PI3Kβ
signaling in cardiomyocyte is required for protection against ischemic injury and nuclear Akt
contributes to this protection.

Figure 4. 11. Cardiomyocyte-PI3Kβ inactivation alters gene expression in the heart, which is
associated with increased apoptotic signaling. (A) Scatterplot of significantly differentially expressed
genes after RNA-seq analysis on p110β-αMHC and p110βFlx left ventricles. (B) KEGG pathway
enrichment analysis of RNA-seq results for significantly altered genes. (C) WebGestalt enrichment
analysis for disrupted pathways on significantly upregulated and downregulated genes in biological
processes. (D) Panther GO analysis showing subcategories of differential gene expression in biological
processes. (E) Significantly altered signaling pathways identified by Panther signal transduction pathways
analysis. (F) Potentially altered upstream transcription factors identified by Ingenuity Pathway Analysis.
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4.3.6. PI3Kβ has divergent effects in ECs and CMs facing ischemia-reperfusion (IR) injury
We next examined whether inactivation of p110β in endothelial cells or cardiomyocytes
would affect cardiac performance after IR injury which comprises of ischemic and reperfusion
injury and commonly present in MI patients following myocardial reperfusion treatments284. IR
injury was performed using 30 minutes of LAD occlusion followed by reperfusion in p110β-Tie2,
p110β-αMHC, and control mice. In vivo Evans Blue perfusion confirmed the occlusion of the
LAD as the affected myocardium remained unstained, and successful reperfusion was
confirmed when this area was perfused with the dark blue dye stain after the release of LAD
obstruction (Figure 4.12A). Furthermore, bipolar surface electrocardiogram obtained from these
mice showed prolonged QRS and elevated ST-segment after 30 min of LAD occlusion
compared to baseline electrocardiogram (Figure 4.12B), indicating the presence of myocardial
ischemia.

Figure 4. 12. Myocardial IR injury model is confirmed by Evans Blue perfusion and
electrocardiogram. (A) Sequential images of IR surgery with Evans Blue perfusion showing the blue dye
rushes into the infarcted area after the release of occlusion. (B) Representative electrocardiogram (ECG)
of mice with IR surgery.

Myocardial strain analysis revealed better longitudinal peak systolic strain in the
p110βTie2 mice at day 7 post-IR compared to control (Figure 4.13A). Consistent with improved
cardiac function, p110βTie2 mice exhibited higher coronary density in the ischemic and periischemic myocardium (Figure 4.13B). In contrast, at 7-day post-IR, p110β-αMHC mice
displayed deteriorated cardiac function with decreased longitudinal peak systolic strain (Figure
4.13C). In addition, TUNEL staining of 3-hour post-reperfusion hearts revealed increased
apoptotic cardiomyocytes in p110β-αMHC hearts (Figure 4.13D). These results clearly support
the use of myocardial strain analysis to detect changes in cardiac performance and demonstrate
that endothelial inactivation of PI3Kβ is cardioprotective against IR injury while PI3Kβ deficiency
in cardiomyocytes enhances the susceptibility to IR injury.
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Figure 4. 13. Lack of endothelial PI3Kβ protects the heart against IR injury with increased vascular
density, whilst cardiomyocyte PI3Kβ is required to maintain cardiomyocyte survival after IR. (A)
Echocardiographic longitudinal strain analysis on post-IR p110βTie2 and control mice with representative
longitudinal strain curve images. (B) Vascular density evaluated by staining endothelial marker-CD31. (C)
Echocardiographic longitudinal strain analysis. (D) TUNEL staining with WGA showing apoptotic
cardiomyocytes on 3-hour post-IR hearts. *P<0.05 vs indicated group in A, C, and D and vs p110βFlx in
B.

Figure 4. 14. Divergent role of PI3Kβ in endothelial cells and cardiomyocytes in the ischemic heart.
Disruption of endothelial-p110β signaling enhances PI3Kα/Akt activation in the ischemic heart, promoting
angiogenesis, while nuclear PI3Kβ/Akt in cardiomyocytes is required to maintain cellular homeostasis to
prevent cell death facing ischemic stress.
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4.4. Discussion
Our findings reveal a novel, critical, and cell-specific role of PI3Kβ in the regulation of
endothelial sprouting and cardiomyocyte survival in ischemic hearts. Using endothelial- and
cardiomyocyte-specific PI3Kβ-inactivated mice which display comparable cardiac function under
physiological conditions, we demonstrate that PI3Kβ plays distinct cell-specific roles in the
ischemic heart. Specifically, inactivation of endothelial PI3Kβ enhances VEGF-stimulated
PI3Kα/Akt/eNOS signaling and angiogenesis, reducing myocardial ischemic injury in vivo,
whereas cardiomyocyte-specific PI3Kβ ablation disrupts cellular homeostasis with a pro-cell
death profile, sensitizing cardiomyocytes to cell death following myocardial ischemia (Figure
4.14). In the heart, PI3Kβ is expressed in endothelial cells and cardiomyocytes and is
upregulated following MI in both murine and human hearts confirming the PI3Kβ signaling
pathway is altered in heart disease.
In striking contrast to the dispensable role of endothelial PI3Kβ in adult quiescent cardiac
vasculature189, endothelial-specific PI3Kβ inactivation leads to increased Akt phosphorylation,
myocardial microvasculature preservation, cardiac function maintenance, and reduced mortality
after ischemic injury. Activation of endothelial Akt/eNOS pathway is essential in VEGF-induce
postnatal angiogenesis by regulating cell survival, migration, and NO release 171,263,285.
Interestingly, despite that endothelial PI3Kα drives the VEGF-induced Akt phosphorylation and
following angiogenesis, the reduction or inhibition of PI3Kβ in HUVECs enhances VEGFinduced PI3Kα/Akt activation and, to a lesser extent, eNOS activation, improving angiogenic
sprouting. The short-term endothelial PI3Kβ inhibition has no influence on VEGF-induced Akt
activation189,216. However, studies on PI3Kα- or PI3Kβ-dependent cancer cells have revealed
time-dependent activation of PI3K/Akt signaling in response to dominant-PI3K isoform inhibition
by relieving the feedback inhibition of dominant-PI3K isoform on another isoform 286,287. Similarly,
our results suggest that inhibition of PI3Kβ in endothelial cells relieves feedback inhibition of
PI3Kβ on PI3Kα amplifying VEGF-induced Akt activation and angiogenic sprouting after MI,
leading to reduced infarct size, protected cardiac function, and reduced mortality.
Similarly to endothelial-PI3Kβ, cardiomyocyte-PI3Kβ is not required for postnatal cardiac
development180. However, in response to myocardial ischemia, in contrast to the
cardioprotective effects of endothelial PI3Kβ inactivation, we observe that inactivation of PI3Kβ
in myocytes sensitizes them to cell death in response to ischemic injury, leading to adverse
cardiac remodeling and deteriorated cardiac function. In line with our observation that
considerable nuclear-PI3Kβ were present in the cardiomyocytes, cytosolic p110β/p85β
complexes are known to enter the nucleus where they play a role in protecting cells against
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oxidative stress-induced apoptosis and regulating DNA replication and repair 109-111. In this
framework, inactivation and/or reduction in levels of nuclear PI3Kβ should promote oxidative
stress-induced apoptosis and hinder DNA repair facilitating cell death increasing size of infarct.
In addition, cardiomyocyte-PI3Kβ deficiency significantly affects the transcriptional profile of the
myocardium characterized by altered the expression of metabolic genes and increased the
expression of programmed cell death genes, leading to the increase in pro-cell death protein
levels, including caspase 3, caspase 8, Bax, Bak, and RIP3, which are associated with adverse
outcomes in ischemic hearts by promoting cardiomyocyte death and increasing infarct
size15,288,289. In line with this context, cardiac overexpression of PI3Kβ mediates cardioprotective
effects in mice with MI by reducing hypoxia-induced cardiomyocyte apoptosis with increased Akt
activation211. In this study, we found that overall Akt activation is largely unaffected by PI3Kβ
deficiency either at quiescent or infarcted state, which is in line with prevailing view that PI3Kβ is
not required for postnatal cardiac development 180. However, nuclear Akt activation is diminished
in PI3Kβ deficient mice, suggesting that nuclear fraction of PI3Kβ/Akt contributes to the adverse
post-MI outcomes in the model. The cardioprotective function of nuclear PI3Kβ may be
mediated via Akt, which is known to have multiple roles in the nucleus, such as promoting cell
survival and regulating cell cycle143. Specifically, in the heart, nuclear accumulation of Akt
inhibits cardiomyocyte apoptosis, protecting the heart against IR injury290.
Overall, our study highlights that PI3Kβ is a versatile PI3K isoform in the heart where it
has distinct roles in the cardiac endothelium versus cardiomyocytes. Inactivation of PI3Kβ in the
cardiac endothelium protects the heart from ischemic injury by promoting PI3Kα/Akt signaling
and angiogenesis, whereas inactivation of PI3Kβ in cardiomyocytes promotes ischemia-induced
cell death by disrupting gene programs and increasing pro-cell death protein levels.
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Chapter 5
Discussion
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5.1. Important findings
In this dissertation, I have studied the role of PI3Kα and PI3Kβ in the heart and in the
ischemic condition. To clearly elucidate PI3Kα functions, pharmacological approach through
PI3Kα inhibitor administration and genetic methods using endothelial- and cardiomyocytespecific PI3Kα inactivation in mice were used. Exploration of PI3Kβ function was achieved using
endothelial- and cardiomyocyte-specific PI3Kβ inactivated mice. Moreover, left anterior
descending artery ligation technique was adopted as the MI model because left anterior
descending artery is commonly affected in STEMI patient and LAD infarctions are associated
with high risk of adverse outcome291,292. In addition, human cardiac samples were used to test
the changes of PI3K/Akt signaling after MI. I summarize and discuss the major findings in the
dissertation as follows.
5.1.1. Administration of PI3Kα Inhibitor-BYL719 Leads to Subtle Cardiac Dysfunction in
the Heart and Adverse Ventricular Remodeling after Myocardial Infarction
Despite that a single dose of PI3Kα inhibitor, including BYL719 and TAK117,
administration in healthy subjects did not raise any cardiac safety concern in early clinical
trial232,293, I found that mice with 10-day BYL719 treatment developed subtle systolic dysfunction
using echocardiographic strain analysis, with normal left ventricular ejection fraction. This is
largely due to the higher sensitivity of global longitudinal strain in detecting early subclinical
cardiomyopathy than EF294. Besides this finding, our results were consistent with previous
publications on the regulatory effects of BYL719 on body weight, heart weight, blood glucose,
and electrocardiographic alterations 212,214, which might be associated with the inhibitory effects
of BYL719 on systemic context. Previous research has highlighted the regulatory role of PI3Kα
in energy expenditure, growth, locomotor activity, and thermogenesis, which leads to the
disruption of PI3Kα signaling with BYL719 intake, producing a lean phenotype295. And
insulin/PI3Kα/Akt signaling is essential in the regulation of glucose uptake in skeletal muscles
and hepatocytes; thus, BYL719 administration leads to transient hyperglycemia possibly
associated with hepatocyte and skeletal myocyte PI3Kα inhibition. Interestingly, with a decrease
in muscle mass, there is an increase in fat deposition in BYL719-treated mice. This highlights
the differential impacts of BYL719 on different cell types. In the skeletal muscle, IGF/PI3K
signaling supports skeletal muscle hypertrophy and blocks muscle atrophy 296; hence, the use of
BYL719 leads to the reduction in skeletal muscle mass. However, the studies on adipose PI3Kα
have shown mixed results. Whilst low dose of pan-PI3K inhibitor decreased adiposity in obese
mice, loss of PI3Kα specifically in adipose tissue resulted in increased adiposity297,298. Our
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finding on the increase in fat mass with BYL719 might be associated with the alterations on
other signaling pathway by cross-talking with PI3Kα signaling and the systemic feedback
regulation after PI3Kα inhibition such as enhanced insulin release203, resulted in a stimulation of
lipogenesis and inhibition of lipolysis. Overall, our findings suggest that systemic use of PI3Kα
inhibitor have systemic effects in mice, affecting growth, body composition, and, most
importantly, cardiac function. In the clinical setting, cardiac dysfunction, muscle mass reduction,
and adiposity are indicators of adverse outcome in various diseases.
When facing MI challenge, PI3Kα inhibition led to exacerbated cardiac dysfunction,
increased apoptotic cell death, enhanced inflammation, hypertrophic suppression, and
decreased vascular density in the ischemic area. And these effects are accompanied by
suppressed Akt/GSK3β and Akt/eNOS signaling. Numerous studies have highlighted the
importance of PI3Kα in cell survival and cell growth; however, none of them has investigated the
consequence of PI3Kα inhibitors coincided with a heart attack. Preclinical studies implied the
therapeutic potential of pharmaceutical PI3Kα inhibitors in atherosclerosis, inflammation,
thrombosis, and obesity because of its inhibitory effects on vascular smooth muscle cell
proliferation and migration, TNFα-induced vascular permeabilization and leukocyte migration,
platelet activation, and body weight193,234,236,299. Most importantly, PI3Kα inhibitors, mainly
BYL719 (Alpelisib), have been in clinical trials for cancer treatment since 2015, showing efficacy
in advanced tumors such as breast cancer, colorectal cancer, and ovarian cancer 206,250,300,301.
Because of the shared biology of cardiovascular disease and cancer, research has shown that
cancer patients had an increased rate of CVD, while MI patients showed a higher incidence of
cancer242,246,248,302. Thus, our studies have highlighted that devastated cardiac outcomes might
develop in MI patients who are taking PI3Kα inhibitor medication.
5.1.2. Endothelial PI3Kα is Crucial in Post-MI Vascular Repair by Supporting
Angiogenesis
As compared to constitutive lack of endothelial PI3Kα activity mice which developed
angiogenic defect during embryonic development 189, loss of endothelial PI3Kα activity during
adulthood had no effect on vascular density and cardiac function. This is consistent with the
notion that quiescent endothelial cells lining mature vessels are resistant to apoptosis and
refractory to VEGF stimulation303. Thus, lack of PI3Kα, the major PI3K isoform in the endothelial
cells, did not affect PI3K/Akt/eNOS signaling at baseline. However, when experiencing a heart
attack, mice without endothelial PI3Kα activity developed severe systolic dysfunction with
enhanced inflammation, increased endothelial apoptosis, decreased endothelial proliferation,
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and reduced vascular density. In vitro experiments on cultured endothelial cells confirmed the
importance of PI3Kα in endothelial survival, proliferation, and angiogenesis. These findings are
consistent with previous studies highlighting the critical roles of PI3Kα in different endothelial
cell types189. Importantly, this is the first study, to the best of my knowledge, exploring
endothelial PI3Kα in the heart and on how it regulates post-infarct cardiac remodeling. After MI,
vascular repairs have been triggered by the means of angiogenesis and bone marrow-derived
progenitor cells such as endothelial progenitor cells recruitment, which is associated with the
increase in angiogenic signals81,304,305. Moreover, enhanced angiogenesis has shown
cardioprotective effects via suppressing cardiac remodeling 19. Surely, cardiac endothelial
functions regulate cardiac contractility and cardiac remodeling via paracrine signals such as
interleukins, IGF-1, and apelin306. In the study, I agree with others that the degree of
angiogenesis affects post-MI outcomes; moreover, inhibition of endothelial PI3Kα compromises
angiogenic effects, subsequently exacerbating post-MI cardiac function.
5.1.3. Cardiomyocyte PI3Kα Plays Critical Roles in the Healthy and Ischemic Heart
Using genetically modified mice with cardiomyocyte-specific PI3Kα inactivation, I
established that PI3Kα regulates cardiac function at baseline and after MI. Mice without
cardiomyocyte-PI3Kα

developed

a mild

decrease

in systolic

function

and GSK3β

phosphorylation with a slight decreased trend in cardiomyocyte size. The study is partially
consistent with previous studies demonstrating the role of PI3Kα/Akt/GSK3β signaling in cardiac
contractility and cardiomyocyte size130,179,307. Previous studies on different cardiac-specific,
genetically modified PI3Kα mice have shown mixed results on cardiomyocyte size and cardiac
function, which might be largely attributed to strain differences and various compensatory
processes. While constitutively active or dominant negative PI3Kα expression affected
cardiomyocyte size without impacts on cardiac function, conditional knockout of cardiac-specific
PI3Kα showed a reduction in systolic function due to decreased calcium current 179,180. Moreover,
cardiac-specific and conditional overexpression of PI3Kα has resulted in increased contractility
with increased Ca2+-regulating proteins without hypertrophic effect 181. Overall, our findings on
baseline p110α-αMHC mice indicate that cardiac PI3Kα regulates heart size, cardiac
contractility, and GSK3β signaling.
Being vital after MI, cardiomyocyte PI3Kα/Akt signaling controls post-MI survival and
cardiac function, associated with apoptotic and hypertrophic regulation. Lin et al have
demonstrated that cardiac PI3Kα supported post-MI systolic function using mice with increased
or decreased PI3Kα activity, and they pointed out the role of PI3Kα in miRNA and mRNA
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regulation188. Our findings, showing similar preservative effect of PI3Kα on post-MI cardiac
function using a different genetic model, highlighting PI3Kα in the regulation of hypoxia induced
cardiomyocyte apoptosis and MI triggered hypertrophic effects. In vivo and in vitro experiments
in the study showed that PI3Kα inhibition enhanced MI-associated cardiomyocyte apoptosis
with decreased Akt signaling, and this is consistent with previous studies supporting the
cardioprotective

effects

of

PI3Kα

in

dilated

cardiomyopathy,

doxorubicin-induced

cardiomyopathy, diabetic cardiomyopathy, and heart failure models 183,184,187,308. Using cultured
neonatal cardiomyocytes or immortalized cardiomyocytes, research has long shown the
enhanced Akt signaling after hypoxic treatment and confirmed the anti-apoptotic effects of
PI3K/Akt signaling259,265,266,309,310. Back up by these studies, I underlined the importance of
PI3Kα isoform in conducting the anti-apoptotic effects of PI3K/Akt/GSK3β signaling using
hypoxia-treated primary adult cardiomyocytes and MI model. Moreover, despite current
research has highlighted GPCR/G protein signaling in pathological cardiac hypertrophy,
PI3K/Akt signaling also contributes to pathological cardiac hypertrophy 311. The study showed
that PI3Kα also participated in post-MI cardiac hypertrophy. In addition, previous research from
our research group has shown that PI3Kα/PIP3 controls actin cytoskeleton remodeling by
negatively regulating gelsolin152. Similar to a study on neonatal rat cardiomyocytes showing
enhanced F-actin content after hypoxia312, I observed an increase in F-/G-actin ratio after
hypoxia exposure and PI3Kα inhibitor suppressed this enhancement. These results not only
confirm the inhibitory effect of BYL719 in hypoxia-induced PI3Kα activity, but also indicate the
role of PI3Kα in hypoxia-mediated actin cytoskeleton remodeling.
5.1.4. PI3Kβ Coordinates with PI3Kα in the Regulation of Endothelial PI3K/Akt/eNOS
Signaling
Inactivation of PI3Kβ during adulthood had no effect on cardiac function as previous
publication, which is partially related to the quiescent stage of endothelial cells in mature
vessels, the dominant effect of PI3Kα in RTK signaling instead of PI3Kβ, and the redundant
functions of PI3Kβ with PI3Kγ in GPCR signaling189,195,216,303. Surprisingly, mice without
endothelial PI3Kβ activity recovered better from MI, with enhanced survival rate, improved
systolic function, and decreased disease markers. And this is associated with increased
vascular density in the ischemic area and enhanced Akt/eNOS signaling. In vivo endothelial cell
culture confirmed that PI3Kβ deletion or inhibition enhanced VEGF-induced PI3Kα/Akt/eNOS
signaling and angiogenesis. Combined with these findings, I proposed that PI3Kβ activity
functions negatively to suppress dominant VEGF/PI3Kα/Akt/eNOS signals in endothelial cells;
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thus, suppression of endothelial PI3Kβ enhances MI-triggered angiogenic effects in the heart,
leading to better post-MI recovery. Regarding the roles of PI3Kβ in RTK/Akt signaling, mixed
results have been shown in the current literature. A study on myoblasts has suggested that the
kinase-independent function of PI3Kβ on endocytosis negatively regulation IGF-1/PI3Kα/Akt
signaling, while isolated cardiac endothelial cells from mice have shown no effect of lack of
PI3Kβ in VEGF/Akt signaling117,189. In fibroblasts and primary endothelial progenitor cells,
neither the genetic knockout of PI3Kβ activity nor short-term (1-hour) PI3Kβ inhibition has
influenced RTK/Akt signaling94,216. However, research on PI3K isoform-specific inhibitors has
supported the rebound PI3K/Akt signaling with the long-term (more than 6 hours) use of PI3Kβ
inhibitor through releasing the inhibitory effect of PI3Kβ on PI3Kα in PTEN-mutated prostate
carcinoma cell line287. In the dissertation, our findings showed that not only PI3Kβ knockout, but
also long-term PI3Kβ inhibition in endothelial cells augmented VEGF/PI3Kα/Akt signaling.
These mixed results highlight the potential cell line-specific and time-dependent functions of
PI3Kβ inhibitors. Nevertheless, further experiments are required to further elucidate the role of
PI3Kβ in the endothelial cells. But importantly, this study has emphasized the potential of
targeting endothelial PI3Kβ in MI treatment.
5.1.5. Nuclear PI3Kβ is Essential in Maintaining Cardiomyocyte Survival
Consistent with previous publication152,214, lack of cardiomyocyte PI3Kβ activity has no
effect on cardiac function despite that PI3Kβ was presenting in cardiomyocyte nuclei. However,
without cardiomyocyte PI3Kβ, mice developed exacerbated systolic dysfunction and adverse
ventricular remodeling after MI, which was associated with increased cardiomyocyte apoptosis.
Further analyses showed that cardiomyocyte PI3Kβ activity deficiency reduced nuclear Akt
activation and altered gene expression with enhanced expression of genes related to cell death
and inflammation, resulting in increased caspases, Bax, Bak, and RIP3 protein levels. PI3Kβ
has been previously identified carrying nuclear localization signals, with a nuclear localization
signal in p110β C2 domain and a nuclear export sequence in p85β regulatory subunit 111.
Moreover, the nuclear PI3Kβ has been demonstrated to control cell survival, to guild doublestrand break repair, and to promote cardiomyocyte proliferation and survival downstream Yesassociated protein110,111,197. In addition, nuclear Akt has participated in apoptosis inhibition in
different cell types 146,147. Specifically, it has prevented hypoxia-induced cardiomyocyte apoptosis
with changes in the transcriptional profile290. In the dissertation, although I could not identify the
precise effector between nuclear PI3Kβ and nuclear Akt in the anti-cell death effects and the
specific nuclear candidates that nuclear PI3Kβ/Akt targetes, I revealed that lack of PI3Kβ
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sensitized hypoxia-related cardiomyocyte death by altering the transcriptional profile and
subsequently enhancing cell death protein levels.
5.2. Targeting PI3K Isoforms in Ischemic Heart Disease
Into the 21st century, IHD remains one the leading cause of death worldwide. Knowledge
of the mechanisms related to the development and progression of IHD is critical for the
development of novel treatments and for a better disease management. The concept that the
formation of coronary artery thrombosis as the result of atherosclerotic plaque rupture or erosion
triggers MI dominates our understanding of the pathophysiology of MI for decades 313.
Atherosclerosis is a chronic arterial wall inflammatory disease involved a combination of
endothelial dysfunction, lipid deposition in the intima, macrophage infiltration, vascular smooth
muscle cell proliferation, and extracellular remodeling, resulting in atherosclerotic plaque
formation. Upon atherosclerotic plaque rupture or erosion, the exposure of plaque core
components and vascular structures rapidly initiate the processes of thrombus formation,
including the recruitment of circulating platelets and the activation of coagulation cascade314.
Subsequently, the formation of an occlusive coronary thrombus leads to MI. In addition, largely
resulted from atherosclerosis, MI has been demonstrated to accelerate atherosclerosis
associated with increased monocyte recruitment 315. Thus, besides tackling atherosclerosis, a
better management of post-MI cardiac remodeling could yield better clinical outcomes.
In the dissertation, I have investigated the role of PI3Kα and PI3Kβ in post-infarct
cardiac remodeling and proposed the potential of manipulating PI3K isoforms in MI treatment.
Class I PI3Ks, activated by RTKs and/or GPCRs, engage multiple downstream intracellular
effects, importantly Akt, in the regulation of cell survival, growth, migration, proliferation, and
metabolism through the production of the lipid second messenger PIP3. The four PI3K isoforms,
PI3Kα, PI3Kβ, PI3Kγ, and PI3Kδ, are differentially present in different cell types within the
cardiovascular system. During the last decades, the PI3K/Akt pathway has highly impinged in
the development of atherosclerosis, thrombosis, and the progression of MI-induced heart
failure316. Here, I am going to discuss the possibility of targeting PI3K isoforms in
atherosclerosis-associated MI.
5.2.1. Manipulating PI3Kα in Ischemic Heart Disease
I have demonstrated the important role of both endothelial- and cardiomyocyte-PI3Kα in
post-MI cardiac repair and the devastating results with PI3Kα inhibitor administration after MI.
Combined with other findings supporting the importance of PI3Kα in cardiomyocyte survival,
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angiogenesis, and post-MI systolic function maintenance188,189,194,308, amplification of PI3Kα
activity has the therapeutic potential to enhance post-MI outcomes. PI3Kα gene therapy has
been previously shown to enhance cardiac-specific PI3Kα activity without affecting other
organs, and the increase in cardiac PI3Kα activity had no effect on cardiac function at
baseline187. However, a long-term impact of PI3Kα gene therapy requires a full evaluation
before translating to the clinic. Moreover, technological advancement in gene delivery would
improve the potential of gene therapy to be a practical tool for treatment.
However, despite the detrimental effect of PI3Kα inhibition in MI, PI3Kα inhibitors have
demonstrated inhibitory effects on thrombus formation, suggesting the potential of PI3Kα
inhibitors as antiplatelet drugs. Gilio et al have unveiled that PI3Kα inhibition suppressed
thrombus formation by reducing glycoprotein VI-dependent calcium responses and downstream
platelet aggregation317. Moreover, PI3Kα has participated in IGF-1-enhanced platelet activation
in an Akt-independent way299. However, a study on vascular injury has shown that PI3Kα
inhibitor-PIK75 usage had no effect on platelet aggregation, but it inhibited tissue factor and
plasminogen activator inhibitor-1 expression and activity and neointima formation by impairing
vascular smooth muscle cell proliferation and migration, showing implication in the prevention of
injury-induced arterial thrombus formation236. In spite of the mixed results and that further
investigations are needed to clearly elucidate PI3Kα’s involvement in thrombosis, PI3Kα
inhibitors have exhibited initial benefits against the pathogenesis of IHD by impairing thrombus
formation. However, considering the harmful effect of PI3Kα inhibition in post-MI cardiac
remodeling, a more comprehensive knowledge about the effects of systemic administration of
PI3Kα inhibitor on atherosclerosis, thrombosis, and post-MI ventricular remodeling as well as
the impact of different PI3Kα inhibitor dosages under normal and pathophysiological conditions
is needed to weight the benefit and harm of PI3Kα inhibition in IHD. And local use of PI3Kα
inhibitor such as via drug-eluting stents might represent a novel therapeutic strategy which
potentially yields better clinical outcomes while minimizing unwanted side effects.
In summary, PI3Kα is a therapeutic potential target in IHD treatment. However,
extensive experiments further clearing the role of PI3Kα in the development and progression of
IHD are dispensable before being translated to the clinical setting. And based on the diverse
roles of PI3Kα in different tissue under different medical conditions, it is likely that PI3Kαtargeted therapy would be used in a scenario-based approach.
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5.2.2. Manipulating PI3Kβ in Ischemic Heart Disease
During my studies, I was surprised by the distinct role of PI3Kβ in cardiomyocytes and
endothelial cells when facing MI. Interestingly, lack of PI3Kβ in the cardiomyocytes sensitized
cardiomyocytes to hypoxia induced cell death, causing the detrimental effects under ischemic
condition, whilst endothelial cells without PI3Kβ activity was beneficial to the ischemic heart by
increasing angiogenesis via PI3Kα/Akt/eNOS signaling. These findings highlight the cell typespecific role of PI3Kβ. On one hand, our results on cardiomyocyte-PI3Kβ are consistent with a
previous study which has demonstrated that cardiac-specific amplification of PI3Kβ via gene
therapy has protected the heart from MI by reducing cardiomyocyte apoptosis and promoting
cardiomyocyte cell cycle activity197. On the other hand, I showed that in vivo and in vitro PI3Kβ
inhibition in cardiac endothelial cells enhanced angiogenesis by increasing PI3Kα/Akt/eNOS
signaling; however, this is contradicted with a previous study demonstrating that postnatal lack
of endothelial PI3Kβ sensitized mice to acute kidney failure after thrombotic microangiopathy
injury by impairing angiogenic processes 216. These inconsistent findings underline the
endothelial heterogeneity in structure and function318. Importantly, future studies should target
specific sites of the vasculature to maximize therapeutic gain in vascular medicine; in the
meantime, the awareness of potential distinct impacts on different vascular beds in health and
disease should be raised. Nevertheless, endothelial PI3Kβ inhibition has the therapeutic benefit
in managing post-infarct cardiac remodeling.
Besides, studies from the last decade have indicated the therapeutic potential of PI3Kβ
inhibitors as novel antithrombotic agents. Jackson et al have shown that PI3Kβ inhibitor-TGX221 displayed rapid and dose-dependent antithrombotic effect; and a low dose of TGX-221 was
more effective in preventing the development of occlusive thrombi than aspirin in vivo319.
Mechanically, PI3Kβ participates in platelet activation and aggregation by sustaining integrin
αIIbβ3 activation, coordinating with focal adhesion kinases Pyk2, and GSK3-associated
thrombus stabilization120,319-321. A further investigation has evaluated the efficacy of PI3Kβ
inhibitor-AZD6482 as an antiplatelet drug alone and in combination with other antiplatelet
agents such as P2Y12 inhibitor and aspirin322. However, one preclinical study has disagreed
with others and pointed out the potential of increased bleeding with anti-thrombotic TGX-221
doses323. Nevertheless, with great antiplatelet potential, early clinical trials have evidenced a
mild and generalized antiplatelet effect of AZD6482 with a safety profile and demonstrated the
potential of AZD6482 in combination with other antiplatelet agents 322,324. Thus, PI3Kβ is an
attractive antiplatelet target. With the promising antiplatelet effect of PI3Kβ inhibitors and the
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close vicinity of the endothelial cell with the blood stream, it is likely that a low dose of PI3Kβ
inhibitor intravenous delivery might provide beneficial effects in acute MI patients by preventing
further thrombus formation and improving cardiac vascular repair. However, further studies
should be conducted on the dose relationship on post-infarct cardiac remodeling.
In summary, despite the damaging effect seen in the lack of cardiomyocyte PI3Kβ
activity, the PI3Kβ inhibitor remains an attractive therapeutic potential agent in managing IHD
because of its antiplatelet and pro-angiogenic effects. However, thorough investigations on the
usage of PI3Kβ inhibitor in the ischemic heart are required to ensure the efficiency and safety of
PI3Kβ inhibitors in IHD.
5.3. Concluding Remarks
Altogether, the studies have demonstrated the cell type-specific function of PI3Kα and
PI3Kβ in the cardiac tissue in the healthy and ischemic heart. Specifically, PI3Kα is required in
cardiomyocytes to maintain cardiac size and function and to fight against hypoxia induced
apoptosis, whereas endothelial PI3Kα is critical to maintain endothelial survival, proliferation,
and angiogenesis during cardiac injury despite the dispensable role of endothelial PI3Kα during
adulthood. PI3Kβ plays a distinct and divergent role in cardiomyocytes and endothelial cells.
The lack of PI3Kβ activity sensitizes cardiomyocyte to hypoxia induced cell death by enhancing
the expression of cell death-associated proteins; on the contrary, PI3Kβ inactivation in
endothelial cells promotes post-MI cardiac repair by improving angiogenesis. Therefore, PI3Kα
and PI3Kβ are nonredundant in cardiac tissue to maintain proper cardiac function and to
regulate post-infarct cardiac repair.
Manipulation of PI3Kα and/or PI3Kβ has therapeutic potential in IHD treatment. While
amplification of cardiac PI3Kα might provide beneficial effects to the ischemic heart by
protecting cardiomyocyte from apoptosis and supporting angiogenesis, small molecules drug
targeting PI3Kβ might improves post-MI cardiac repair by enhancing vascular repair and
preventing further thrombus formation with its antiplatelet effects. Moreover, with the growing
evidence supporting the use of PI3Kα inhibitors in advanced tumors, the concerns of potential
cardiotoxicity of chronic treatments should be raised, especially when coinciding with an
ischemic event. Therefore, efforts should be undertaken to clarify the functions of PI3Kα and
PI3Kβ in the heart that could enhance the therapeutic index of targeting these isoforms in IHD
treatment and minimize the cardiac side effects when systemic administration of drugs targeting
PI3Kα or PI3Kβ.
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Chapter 6
Limitations and Future Directions
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6.1. Limitations
6.1.1. Genetically Modified Mice
The Cre mouse models in the dissertation are powerful tools that allow me to study
specific PI3K isoform using mice with cell type-specific genetic loss of function; however, there
are limitations. Studying the role of PI3K isoform in endothelial cells, the Tie2-MerCreMer
system was used to generate inducible endothelial genetic loss of function, which showed no
effect on the hematopoietic lineage when giving tamoxifen to the adult mice. However,
commonly used endothelial-specific Cre models, including the Tie2-Cre system and VECadherin-Cre system, have been shown to affect lymphatic vasculature as well325, making it
impossible to separate between the effects in vascular beds and in the lymphatic vasculature.
When studying the functions of PI3K isoforms in the cardiomyocytes, genetically modified mice
with gene deletion specifically in cardiomyocyte was driven by α-MHC promoter which is
commonly used and provides robust expression in ventricular cardiomyocyte after birth326.
Without using inducible Cre activation, the effects of loss of PI3K isoform activity during
embryonic development cannot be completely ruled out; and the compensatory effects due to
the loss of PI3K isoform activity might also participate in the outcomes.
6.1.2. Experimental Myocardial Infarction Model
The left anterior descending artery ligation procedure is one of the most widely used
models of MI in mice. In the dissertation, all mice were randomly assigned to receive MI or
sham surgery, and the surgery was performed by a technician who was blind to the genotypes,
making our results more reliable and reproducible. However, the development and progression
of MI are affected by genetic and environmental factors and comorbidity in the clinical
environment. The adopted MI model in the dissertation was carried out in young adult mice
without any cardiovascular risk factors; therefore, future studies on aged, spontaneous
atherosclerotic plaque developed, obese, and/or high-fat diet mice should be performed. In
addition, because of the difference in disease development and progression in male and female,
only male mice were used in current study to pinpoint the role of PI3K isoforms in post-MI
cardiac remodeling. Aged female mice should be used to study the PI3K isoform functions as
well.
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6.2. Future Directions
6.2.1. To Further Study the Long-term Effects of PI3Kα Inhibitor Usage and the Potential
of Heart Function Recovery after Drug Withdrawal
During my graduate studies, I found that 10-day PI3Kα inhibitor administration led to
subtle systolic dysfunction and an MI event during drug administration worsened post-MI
outcomes. With the use of PI3Kα inhibitors in cancer treatment which will require long-term
usage of PI3Kα inhibitors, these findings raise questions: (i) does long-term PI3Kα inhibition
influence cardiac function; (ii) will the heart recovery from the effects of short-term or long-term
PI3Kα inhibitor usage; (iii) will discontinuance of PI3Kα inhibitor usage when experiencing a
heart attack impact post-MI outcomes. Further investigation of these questions will provide
better guidance on PI3Kα usage in high-risk patients.
6.2.2. To Investigate the Impacts of PI3Kβ Inhibitor on the Heart and the Potential of
Using low-dose PI3Kβ Inhibitor in MI Treatment
Since PI3Kβ inhibitors, such as GSK2636771 and AZD6482, have been used in clinical
trials tackling PTEN-deficient advanced tumor and thrombosis specifically and inhibition of
endothelial PI3Kβ displayed cardioprotective effects after MI, there is potential of using low-dose
PI3Kβ inhibitor in MI treatment by preventing further thrombus formation and supporting post-MI
angiogenesis. Thus, further studies on the following questions will explore the therapeutic
potential of PI3Kβ inhibitors in MI: (i) the impact of difference doses (e.g. low-dose or high-dose)
of PI3Kβ inhibitor administration on cardiac function; (ii) and will the use of low-dose or highdose PI3Kβ inhibitor upon MI influence post-MI outcomes.
6.2.3. To Further Explore the Systemic Effects of PI3Kα and the Role of PI3Kα in the
Adipose Tissue and Skeletal Muscles
In the study, I have shown that PI3Kα inhibitor usage was associated with a marked
increase in fat mass and a significant decrease in lean mass, which brings up the question how
BYL719 administration affects body composition. With clinical studies highlighting the
importance of fat mass and lean mass in the prognosis of cardiovascular disease and chronic
disease, it is critical to explore the effect of PI3Kα inhibitor administration in body composition
alteration. Therefore, studies in the future investigate the following questions should be
considered: (i) how the administration of PI3Kα inhibitor alters composition and molecular
signaling in adipose tissue and skeletal muscles; (ii) what the function of PI3Kα is in adipose
tissue; (iii) how PI3Kα regulates muscle mass.
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