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Abstract 

Background. Phosphoinositide 3-kinase (PI3K) is a lipid kinase that functions as a central 

intracellular signaling transduction node, receiving input from cell receptors and initiating a 

cascade of cellular signaling that regulates and integrates central cellular processes such as 

glucose uptake, growth and survival. This PhD thesis is primarily concerned with the PI3Kα 

isoform and its role in normal and pathological heart physiology. 

Background—Ischemia/reperfusion injury. PI3K signaling, including downstream activation 

of Akt, is regularly cited as causing cellular protective effects in experimental 

ischemia/reperfusion (IR) injury; however, a transgenic mouse with reduced PI3Kα activity is 

dramatically protected from IR injury.  

Objective. Elucidation of the mechanism(s) underlying this phenomenon could lead to an 

improved understanding of both IR injury and PI3Kα functions. Two chapters of this thesis show 

experiments aimed at understanding why reduced PI3Kα is protective.  

Methods and Results.  In chapter 3 I test the contribution of the PI3Kγ isoform by using PI3Kγ 

knockout mice in Langendorff perfusions, metabolic substrate utilization through working heart 

perfusions, and downstream signaling. IR protection was not dependent on PI3Kγ or glucose 

oxidation but ERK activation was increased. In chapter 4 I test the importance of downstream 

signaling through Langendorff perfusions with selective inhibitors of the Akt and ERK pathways, 

and test an inducible, cardiomyocyte specific PI3Kα knockout model. Then, I investigate 

mechanisms of cellular injury, apoptosis and necrosis, which lead me to consider known 

regulators of necrotic cellular injury as possibly altered in PI3Kα deletion hearts. IR protection 

was not dependent on acute Akt or ERK activation. Reduced PI3Kα prevented necrotic cell 

death upon IR and preserved mitochondrial membrane potential, investigated with live tissue 

imaging. I investigated reported regulators of necrotic cell death, RIP1/3, CaMKII, Bax Bak, 
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Cyp-D through Western blot, Co-IP cell fractionation, but did not find a correlation with the 

PI3Kα phenotype. 

Conclusions. PI3Kα deletion causes robust IR protection and maintained mitochondrial 

function, but not through commonly recognized mechanisms of IR protection.  

Background—Heart function, cardiotoxicity of PI3Kα inhibition. The role of PI3Kα in 

maintaining normal heart function and morphology is an ongoing question, and is topical due to 

the numerous PI3K inhibitors currently under development as cancer treatments.  

Objective. Assess heart function under both genetic and pharmacological PI3Kα inhibition in 

otherwise healthy adult mice, and in the context of the cytotoxic cancer therapy doxorubicin.   

Methods and Results. In chapter 5 I use multiple methods to delete or inhibit PI3Kα and 

assess heart and cardiomyocyte function. I found that PI3Kα does not directly control heart 

function, but it does increase the vulnerability of the heart to the cytotoxicity of Cre recombinase 

with tamoxifen administration. In chapter 6 I look at adverse effects of PI3Kα inhibition/deletion 

in the context of a commonly used cytotoxic cancer therapy doxorubicin. In the context of 

doxorubicin chemotherapy, PI3Kα inhibition caused severe weight loss, heart atrophy and 

distinct right ventricular dilation. Upon examination of underlying molecular changes, I found 

increased redox stress and p38 MAPK activation in combination treated hearts. Therapeutic 

inhibition of p38 MAPK partially ameliorated heart atrophy and dysfunction.   

Conclusions. PI3Kα inhibition is well tolerated by the heart, except when combined with the 

additional stress of cytotoxic Cre-tamoxifen or doxorubicin. PI3Kα inhibition can cause body 

weight and muscle loss, as well as heart atrophy, which are already common and serious 

morbidities present in cancer patients. The right ventricle may be particularly vulnerable to 

atrophy and redox stress.   
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1. Introduction  

Includes excerpts from published manuscripts listed in the preface 

1.1. Introduction to PI3K signaling 

Phosphoinositide 3-kinase (PI3K), also known as phosphatidylinositol-4,5-bisphosphate 3-kinase, 

and here referred to as PI3K, is a protein family that mediates the addition of a phosphate group 

to phosphatidylinositol (4,5)-bisphosphate (PIP2) to produce phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). PIP3 binds signaling proteins at lipid membranes through conserved binding 

domains such as pleckstrin homology (PH) domains, causing their activation and co-localization 

with other signaling proteins.1 As such, PI3K acts as an essential mediator for the activation of 

numerous intercellular signaling molecules with >250 proteins having potential PH domains.2 

PI3K signaling is a key downstream mediator of growth and survival signaling from numerous 

ligands, such as neuregulin, platelet derived growth factor (PDGF), insulin, insulin like growth 

factor 1 (IGF-1) and epidermal growth factor (EGF) (Figure 1.1).  The PI3K family includes 

multiple classes, but this thesis will only consider members of Class I, which is comprised of 

catalytic subunits p110α,β,γ and δ; and multiple regulatory subunits including p85 and p55 

isoforms.3 Catalytic subunits p110α,β and γ are expressed in the heart.4-6 

PI3K enzymes are recruited to activated cell membrane receptors, with different PI3K 

isoforms responding to different receptor types, including receptor tyrosine kinase (RTK), and G 

protein coupled receptors (GPCR). Catalytic subunits p110α and p110β bind p85 regulatory subunits 

(multiple isoforms and truncations), which bind to activated RTKs via their src homology 2 domain 

(SH2) and stimulate PI3K catalytic activity.1 Conversely, p110γ is activated by GPCRs and binds a 

p101 or p87 regulatory subunit, both of which are unrelated to p85.3 Optimal activation of p110γ is 

dependent on its regulatory subunit, with p87 being highly expressed in the heart.7 Additionally, both 

p110β and p110γ can be activated by direct recruitment to Gβγ subunits upon GPCR stimulation.8 
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The degree to which p110β is a transducer of RTK or GPCR signals seems to vary between cell 

types,9 and the in vivo signaling role in the heart is currently poorly understood. A Ras binding 

domain (RBD) can be found on all class 1 PI3K catalytic subunits, but the importance of Ras 

mediated PI3K activation in the adult heart is unclear; one report shows that in neutrophils the RBD is 

more important for p110γ activation than the p101 regulatory subunit,10 and mice with p110α loss of 

RBD die perinatally, with impairment of lymphatic and vasculature development.3, 11  

1.2. PI3K in metabolic signaling 
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This thesis is primarily concerned with the p110α (also referred to as PI3Kα) isoform. Insulin 

mediated glucose uptake is an example of p110α dependent signaling: insulin activates the insulin 

receptor, activating the insulin receptor substrate (IRS) adaptor protein, which recruits and activates 

PI3Kα (p110α+p85 regulatory subunit), which produces PIP3, which leads to multiple subsequent 

signaling steps including Akt activation. Akt is recruited to membranes by PIP3 and is phosphorylated 

at Thr308 by phosphoinositide-dependent protein kinase 1 (PDK1),12 which is also activated by PIP3.13 

Akt can also be phosphorylated and further activated at Ser473 by mTORC2,14 which can also be 

activated by PI3K.15 Akt affects metabolism by increasing glucose uptake through AS160 inactivation 

and subsequent GLUT4 translocation to the cell membrane,16 and GSK3β inhibition which promotes 

glycogenesis.17 Akt promotes cell growth through GSK3β inhibition and its effects on NFAT, β-catenin 

and GATA4,18 and through mTORC1 activation, which causes increased S6K ribosomal subunits and 

promotes protein translation through inhibition of 4E-BP1.19 PI3K was originally discovered through 

its connection to cell transformation and cancer progression,20, 21 followed by its connection to insulin 

signaling and metabolism;22 regulation of cell metabolism and growth have been interrelated and 

enduring themes in PI3K research.  

1.3. PI3K inhibition a target in cancer therapy  

Gain-of-function mutations in various nodal points in the PI3K pathway play a critical 

causative role in many malignancies.23-29 PI3Kα mutations are frequently found in human tumors, 

and its inhibition represents a direct target that is highly sought after for cancer therapy.30, 31 The 

PI3K pathway is frequently aberrantly activated in breast cancer with mutations occurring in up to 

one quarter of breast cancers. These mutations increase enzymatic function, enhance downstream 

signaling elements including Akt, and promote oncogenic transformation.32 Akt activation has a pro-

survival effect through the interactions with caspases and BcL-2 proteins, including the BH3-only 

proteins Bax and Bad.33 The majority of PI3K mutations are correlated with cancer are in the p110α 

gene PIK3CA in its helical domain, where the p85 subunit binds with an inhibitory effect,34 and a 
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mutation in the C-terminal kinase domain that promotes greater association with membranes, 

causing increased catalytic activity.35 There are multiple levels of PI3K activation (recruitment to 

receptors, interactions between PI3K subunits, catalytic activity, etc), and likewise, many points at 

which this system can be dysregulated: membrane binding combinations including Ras, Gβγ, and 

pY (phospho tyrosine) combine to cause more or less membrane recruitment. Also, inhibition as well 

as activation by regulatory subunits affects localization and catalytic activation, and negative 

regulation by the PTEN phosphatase may be altered.36 While PI3Kα mutations are associated with 

favorable outcomes in breast cancer patients,37 these mutations have also been linked to reduced 

efficacy of trastuzumab and lapatinib treatment,38 likely because activated PI3Kα bypasses the 

receptors that these drugs inhibit. On the other hand, PI3Kβ inhibition may be more relevant for 

cancer driven by a loss of function mutation in PTEN.39 In this case, PI3Kβ, which contributes more 

to the basal constitutive PIP3 pool, can cause high PIP3 signaling and drive cancer growth.40 

Cancers with loss of PTEN function are often not correlated with increased RTK signaling; rather, it 

is the loss of PTEN that amplifies the basal activity of PI3Kβ/δ.40, 41  

1.4. Development of PI3K Inhibitors  

            The majority of PI3K inhibitors have been designed to bind somewhere in the active site of 

the enzyme, which causes effective inhibition of activity.42-60 However, the enzymatic active site is 

the most conserved domain among kinases which may lead to some degree of inhibition of several 

other enzyme targets, despite attempts to improve target specificity.61 This lack of specificity can 

make it difficult to predict and minimize treatment-related toxicity. A number of strategies have been 

devised to minimize non-specific effects, including targeting other points of the protein away from the 

active site. There is also the possibility of designing a drug that binds both the active site and an 

auxiliary site, which would give greater specificity for its target.61 Early PI3K inhibitors, such as 

wortmannin and LY294002 were not suitable for clinical use due to poor pharmacological properties 

and off target effects. However, several compounds that are now in clinical trials have used 
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wortmannin and LY294002 as parent compounds to design PI3K inhibitors with greater selectivity 

and improved pharmacokinetics.44-60 Examples include GDC-0941, which is a highly selective, 

reversibly binding, inhibitor for p110α/δ derived from LY294002,62 and PX866, an irreversibly binding 

pan PI3K inhibitor derived from wortmannin.  Isoform selective inhibitors are also of great interest; if 

one PI3K isoform is predominant in a particular tumor, selective inhibition of that PI3K isoform and 

not other isoforms should reduce the risk of unwanted systemic effects. PI3Kα is a common mutation 

in cancer cells and tumors; the rational design of a selective PI3Kα inhibitor led to the development of 

the small molecule inhibitor BYL719,63 which I have used in experiments looking at effects on the heart 

(Chapters 5 and 6).  

1.5. PI3K signaling in heart hypertrophy 

PI3Kα signaling was first investigated in the heart through use of mice carrying transgenes under 

the regulation of the heart specific alpha myosin heavy chain (αMyHC) promoter.4 Increased and 

decreased PI3Kα activity was achieved by a constitutively active (PI3Kα-CA) and catalytically 

inactive dominant negative (PI3KαDN) transgene respectively. This study established the 

importance of PI3Kα in normal heart growth: PI3Kα-CA hearts and cardiomyocytes were enlarged 

compared to controls, whereas PI3KαDN hearts and cardiomyocytes had reduced size. PI3Kα 

was further established as a mediator of non-pathological, adaptive hypertrophy important for 

physiological adaptation such as hypertrophy in response to exercise.64   

Signaling through PI3Kα, induced by growth factors such as IGF-1 and insulin through 

RTKs, has been associated with adaptive physiological hypertrophy,64, 65 and in the setting of heart 

failure, is responsible for an initial phase of adaptive hypertrophy which helps the failing heart 

maintain function.64, 66 A recent survey of genetic mutations correlating with pathological LV 

hypertrophy identified mutations in the IGF-1 receptor gene.67 Also, cardiomyocyte-specific over-

expression of IGF-1 receptors resulted in beneficial hypertrophy in a PI3Kα-dependent manner.68 

Interestingly, circulating levels of IGF-1 are reduced in men with chronic heart failure and correlates 
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with adverse prognosis.69IGF-1 signaling is required for exercise induced hypertrophy, which was 

blocked in a PI3Kα dominant negative (PI3KαDN) model70 as well as p85 deletion,71 with both 

models having reduced baseline heart size. PI3K signaling is highly active in the pre and post-natal 

rat heart compared to the adult,72 consistent with a central role for PI3K signaling in developmental 

growth. This may be an important consideration if PI3K inhibitors are to be used to treat juvenile 

cancer patients who are still undergoing developmental heart hypertrophy as a component of 

normal development.  

1.6. PI3K signaling in heart failure 

Over expression of PI3Kα in the heart was protective against pressure overload (aortic 

banding) induced heart failure,73 whereas the PI3KαDN model showed enhanced susceptibility to 

aortic banding, with rapid progression to a dilated cardiomyopathy.65 In the absence of pathological 

stimuli, PI3KαDN hearts had normal function5 and actually showed reductions in markers for 

cardiac aging at time points greater than 20 months, such as reduced lipofuscin accumulation74, 

although the same model was reported to have reduced cardiac output at 45 weeks of age.75  This 

evidence suggests that although PI3Kα signaling may be dispensable in the healthy adult heart, 

the adaptive response to pathological stressors, such as hypertension, may require intact PI3Kα 

signaling; also, cardioprotective signaling, such as growth factors released during exercise, may be 

attenuated with PI3K inhibition.    

            With the progression of heart failure, defined as excessive hemodynamic workload relative 

to the heart’s capacity, neuro-hormonal stimulants such as angiotensin (Ang) II and epinephrine 

activate GPCRs in cardiomyocytes, which stimulate PI3Kγ signaling.76 Serum and glucocorticoid-

regulated kinase (SGK1) is also activated by PI3Kγ, and can have short term beneficial anti-

apoptotic effects, but promote adverse myocyte remodeling when chronically stimulated.77 

Inhibition of PI3Kγ has a number of possible benefits for cardiovascular disease; the hypertrophic 

remodeling normally associated with the adrenergic stimulant isoproterenol was blocked in PI3Kγ-/- 
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mice.78 Also, PI3Kγ has an important role in inflammation,79 which is a critical step for the formation 

of atherosclerotic plaques; mice prone to atherosclerosis had reduced plaque development when 

crossed with PI3Kγ-/- mice.80 Activation of the catalytic p110γ subunit through p87 causes the 

binding of RIIα, the regulatory subunit of PKA, to the RBD of 110γ resulting reduced PKA activity.81 

In addition, PI3Kγ causes reduced PKA activity through activation of PDE4, which degrades cAMP, 

a key activator of PKA.82 However, there are detrimental effects associated with long-term 

suppression of PI3Kγ signaling83 due to increased MMP activity which resulted in a loss of cell 

adhesion integrity in response to pressure-overload84 and myocardial infarction.83, 85 Although 

PI3Kγ is not a specific target for cancer therapies, several of the PI3K inhibitors block all PI3K 

isoforms, so inhibition of PI3Kγ may contribute to the cumulative effect on cardiac physiology of 

these drugs.  

1.7. Negative regulation of PI3K through PTEN 

The lipid phosphatase PTEN is a negative regulator of PI3K signaling by converting PIP3 to PIP2. and 

loss of function mutations in PTEN are among the most common mutations in cancer leading to PI3K 

gain of function.86  In the heart, loss of PTEN results in physiological hypertrophy similar to exercise 

training,5 reduced heart and cardiomyocyte contractility,4 resistance to pressure-overload induced 

heart failure87 and improved functional recovery after ex vivo ischemia reperfusion (IR) injury.88 

Numerous other phosphoinositide phosphatases are also expressed in the heart and likely contribute 

to the close regulation of PIP3 levels in the heart.89 Distinct effects on heart size and contractility were 

first distinguished by crossing PTEN knockout mice with the PI3KαDN, which caused the phenotype 

to revert to a reduced heart size, and second, by crossing PTEN knockout mice with a p110γ 

knockout mouse.5 The p110γ knockout has increased contractility due to p110γ negative regulation 

of cAMP downstream of GPCR receptors. The PTEN knockout went from reduced heart function to 

super physiological heart function with p110γ knockout. This study established distinct roles for PI3K 
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isoforms, despite the common PIP2 substrate and PIP3 product, although cross signaling between 

different PI3K isoforms has also been suggested in following studies.  

1.8. Ischemia Reperfusion (IR) injury and PI3Kα signaling 

Ischemic heart disease, wherein blood flow to the myocardium is interrupted, causing cell death 

from reduced ATP production and acidosis due to the lack of oxygen, as well as damage from 

the flood of oxygen radicals that result from reperfusion, 90 is a common cause of heart injury  

and death. Patients that survive an ischemic event have a significant risk of developing heart 

failure due to loss of functional myocardium and subsequent remodeling and fibrosis.91 Clinical 

treatment surrounding occluded myocardial blood flow, called acute coronary syndrome (ACS) 

centers around timely reperfusion, either by percutaneous coronary intervention (PCI) or 

coronary artery bypass graft (CABG). Ischemic injury is thought to be caused by both the 

ischemic event as well as reperfusion injury upon reperfusion.90 Common animal models of 

ischemic heart disease represent different aspects of clinical ischemic heart disease, and 

include surgical myocardial infarction (MI), where a coronary artery is permanently occluded, 

and ischemia reperfusion (IR), where perfusion of a coronary artery (in vivo) or the entire heart 

(ex vivo), is temporarily stopped, and then resumed.  

There has been a concerted effort to understand IR injury and mechanisms whereby 

myocardial damage can be prevented or reduced.92 The PI3K pathway has been extensively 

studied in connection to preventative measures for reducing IR injury as part of a Reperfusion 

Injury Salvage Kinase (RISK) signaling axis, which includes PI3K, Akt and ERK with proposed 

beneficial end effects on maintaining mitochondrial function upon IR injury.93 IR therapies have 

been largely disappointing when tested in real-world clinical applications, and activators of PI3K 

pathway signaling are an example of this. Insulin is a robust activator of PI3Kα signaling and 

activation of Akt, but treatment with glucose-insulin-potassium (GIK) did not improve outcomes 

in ST-segment elevation myocardial infarction (STEMI) patients in a large clinical trial.94 
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Furthermore, cyclophilin-D (Cyp-D), which is postulated as an important end target of RISK 

signaling as well as other protective strategies, is inhibited by cyclosporine, but cyclosporine 

showed no benefit when given in a bolus to STEMI patients undergoing PCI.95 Clearly, there is 

still a need for a greater mechanistic understanding of PI3K and RISK signaling and their role in 

cellular mechanisms of IR injury or protection.  

 It was first reported in 2008 that PI3KαDN hearts are resistant to IR injury.96 This finding, 

which contradicts the RISK paradigm, was nevertheless originally harmonized to the RISK 

paradigm by suggesting that there was compensatory upregulation of PI3Kγ signaling and 

enhancement of Akt activation in the PI3KαDN hearts upon IR.96 Also, loss of PI3Kγ caused 

increased infarct size post in vivo IR, and had reduced activation of Akt after reperfusion.85 This 

is in contrast to earlier evidence that these pathways are distinct.5 In chapters 3 and 4 of this 

thesis, I present my investigation into the mechanisms underlying this finding that loss of PI3Kα 

is protective against IR injury. Chapter 3 shows our findings when we cross bred the PI3KαDN 

mice with PI3Kγ knockout mice to see if the protective phenotype is PI3Kγ dependent. We then 

look at metabolic changes and signaling pathways that may provide an explanation of PI3KαDN 

IR protection. We published these findings without ever finding the underlying mechanism of 

PI3KαDN IR protection. Chapter 4 shows some of my ongoing attempts to find the elusive 

mechanism underlying this phenotype. My first approach was to acutely inhibit the Akt and ERK 

pathways, important nodes in the RISK signaling system, to see if this could impair PI3KαDN IR 

recovery. I also found that the cardiomyocyte inducible PI3Kα deletion model using 

tamoxifen/Cre was protected under IR injury.  Following this, I adopted a new strategy: 

characterize the end injury process and investigate known molecular regulators of those 

processes, especially regulators with possible connections to PI3K signaling based on the 

published literature. I could then work back from these cellular processes to their intersection 

with PI3Kα regulation. I found that control hearts sustained severe necrotic cell death in our IR 

protocol, which was dramatically reduced in PI3KαDN. Regulated necrosis is an expanding field 
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of research, 97 with several reports connecting necrotic regulators to myocardial ischemic 

injury.98-102 A common end mechanism for a large number of IR protection strategies is 

maintenance of the mitochondrial permeability transition pore (mPTP), which can disrupt 

mitochondrial membrane potential, which is essential for ATP production via oxidative 

phosphorylation. I did live tissue imaging to measure post-IR mitochondrial membrane potential, 

and then looked for altered regulation of cyp-D as well as Bcl-2 family proteins Bax and Bak, 

which have also been implicated in necrotic death via disruption of mitochondrial membrane 

potential.98  

1.9. PI3Kα signaling and heart function 

The initial distinction between PI3Kα controlling developmental hypertrophy, and PI3Kγ 

influencing heart function5 was subsequently challenged by a report showing that an inducible, 

cardiomyocyte specific knockout of p110α caused a contractility defect.103 These authors 

propose that the lack of contractile effects in the PI3KαDN hearts may be due to compensation 

in development, and expect that their model better captures the effects of PI3Kα loss in adult 

hearts. Cardiomyocyte specific p110α knockout mice were generated through insertion of LoxP 

sites that flank the gene of interest. These mice can then be crossed to commercially available 

mice expressing Cre recombinase (Cre) under the αMHC promoter. To conditionally target 

these genes in only the adult heart, a Cre chimera is utilized in which Cre is fused to a mutated 

estrogen receptor (MER) (MCM; MER-Cre-MER) which keeps Cre in the cytosol. Administration 

of the drug tamoxifen causes nuclear localization and activation of Cre. A constitutively active 

Cre can also be employed which does not require tamoxifen for activation, but does not allow 

for the same level of temporal control of the gene deletion.  In sharp contrast to PI3KαDN 

hearts, which have normal function at baseline conditions,4, 5, 64 the PI3Kαflx/flx MCM (PI3KαMer) 

mice were reported to display reduced contractility, with L-type Ca++ channels (LTCC) 

membrane depletion, suggesting a specific role for PI3Kα in maintaining normal contractility.103 



11 
 

Interpretation of cardiac phenotypes from mice using the MCM model is complicated by the 

cardiotoxic effects from the combination of the Cre recombinase enzyme and tamoxifen.104, 105 

Oral administration of tamoxifen sufficient to cause a reporter gene deletion was previously 

shown to cause a transient reduction in cardiac function at 10 days after starting the drug 

(80mg/kg/day for 7 days PO), with full recovery of function at 28 days.105 Subsequent reports 

have shown that even a single dose dose of 40mg/kg IP injection caused gene deletion and 

avoided heart toxicity,106 although the precise amount of tamoxifen required to delete any one 

specific gene may vary and should be confirmed for each case. The ideal control for 

Cre/tamoxifen induced toxicity is mice bearing the Cre transgene, but without a gene being 

targeted by LoxP sites administered the same amount of tamoxifen used in the knockout model 

of interest. I have argued that in addition to using this control cohort, the dose of tamoxifen 

should be kept minimal because even without overt toxicity in the control group, a phenotype in 

a knockout model may emerge or be exacerbated when combined with tamoxifen/Cre toxicity.107 

The previous study of inducible p110α deletion used daily tamoxifen injections of 1mg for 28 

days (40mg/kg for 25g mouse);103 this study, published in Circulation, was released at almost 

the same time as the Circulation Research paper showing tamoxifen/Cre toxicity.105  Chapter 5 

of this thesis details my efforts to parse out the effects of p110α deletion on heart function apart 

from influence of the tamoxifen/Cre transgenic system.  

1.10. Potential for heart toxicity of PI3Kα inhibition in cancer patients  

Numerous cancer therapies may contribute to the cumulative risk for heart disease, including 

chemotherapeutic agents such as anthracyclines and targeted therapies such as HER2 inhibitors 

(trastuzumab) and VEGF pathway inhibitors,108-113 which may exacerbate traditional 

cardiovascular risk factors often highly represented in cancer patients. Downstream of HER2, 

VEGF, and other growth factor receptors, the PI3K family of lipid kinases and associated 

phosphatases are among the most commonly occurring sites of mutations in cancer patients, 
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including gain of function mutations in the p110α class 1A catalytic subunit (gene name: PIK3CA) 

in women with breast cancer.3, 114 PI3K inhibition is particularly of interest in women with breast 

cancer, where PI3K pathway mutations, including in HER2 are common.115, 116 Numerous 

inhibitors of the PI3K pathway have been developed with hundreds of clinical studies currently in 

progress on the safety and efficacy of isoform-specific and pan-PI3K inhibitors, often in 

combination with other therapies.117, 118 PI3K inhibition is likely to slow, but not kill cancer cells, so 

combination therapies with cytotoxic drugs will likely be required.119 Similarly, trastuzumab in 

combination with cytotoxic anthracycline (example: doxorubicin) therapy both has enhanced 

therapeutic efficacy against breast cancer as well as increased heart toxicity.108, 112   

As a master transduction node for growth factor signaling, PI3K inhibition may promote 

skeletal muscle loss,120 but effects on the myocardium are less clear. People who die from 

cancer have lower heart weights than people who die of non-cancer or cardiac causes.121 The 

nature of adverse cardiac remodeling and atrophy, in conjunction with cancer cachexia and the 

potential for adverse cardiac effects of extended PI3K inhibition in these vulnerable populations 

remains unknown.  

Ongoing pre-clinical investigations using animal models of cancer therapy toxicity are 

important for anticipating potential adverse effects of new cancer therapies.111, 122 Furthermore, 

the need to study heart disease among women, and not simply extrapolate findings from men 

and male animal models is being more fully appreciated within the cardiovascular community.123, 

124 These pitfalls also need to be avoided in the growing field of cancer related cardiotoxicity. 

Displayed in chapter 6 of this thesis, I investigate the effect of PI3Kα inhibition on the cardiac 

structure and function in female murine models receiving cytotoxic anthracycline (Dox) treatment.  

Anthracyclines, such as Dox, have been recognized to potentially cause heart damage, 

which can lead to adverse heart remodeling and dysfunction, and potentially cause overt heart 

failure.125 This has been a limiting factor in the maximum allowable dose of anthracyclines. Early 

detection, limitation of anthracycline dose, and treatment with traditional heart failure medications 
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have been strategies to limit adverse effects of anthracyclines on the heart.110 A significant effort 

has been made to understand the mechanisms of anthracycline effects on the heart, to 

potentially find ways to mitigate risks to the heart, thereby allowing greater utilization of 

anthracyclines for their antineoplastic effects. Proposed mechanisms of anthracycline toxicity 

include DNA damage as well as increased reactive oxygen species and mitochondrial 

dysfunction, leading to cardiomyocyte dysfunction and death, resulting in a cardiomyopathy.111 It 

is unknown if the use of PI3K inhibitors will add additional, and possibly synergistic risk for 

adverse heart effects in patients who have also been exposed to anthracycline therapies.  
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2. General Methods 

2.1 Experimental animal use 

Mice used in this study were were in a C57Bl/6 (wildtype) genetic background. Mice were 

housed on a 12-h light/12-h dark cycle with ad libitum access to chow diet (#5001 from Lab Diet, 

St. Louis, MO, with 13.5% kcal from fat) and water. Experiments were performed in accordance 

with the Canadian Council of Animal Care (CCAC) with approval from a University of Alberta 

Animal Care and Use Committee (ACUC). Animal husbandry was performed with the services 

and oversight of Health Sciences Laboratory Services (HSLAS). 

2.1.1. Chapter 3 animal use 

Male PI3KγKO, cardiac- specific PI3KαDN mice, and double mutant (DM) mice 

(PI3KγKO/PI3KαDN), which were generated by breeding female PI3KγKO with male PI3KαDN 

mice as described previously.4, 5, 84, 96 PI3KαDN mice were originally created by cloning a 

truncated p110α gene with a disrupted kinase domain into a αMHC promoter construct.4 

Immunoprecipitation of the regulatory p85 subunit pulled out only 20% of endogenous p110α 

compared to the control group. PI3KγKO were produced as a whole body germline knockout.126 

PI3KDM mice were generated at the expected Mendelian frequency.  

2.1.2. Chapter 4 animal use 

Male mice models used include PI3KαDN mice described above and inducible p110α 

cardiomyocyte specific knockout mice. Mice with conditionally active transgenic Cre 

recombinase (MCM) under the control of the αMHC promoter (purchased from Jackson Lab: 

Tg(Myh6-cre)1Jmk/J; No: 005650) were crossed with mice carrying loxP sites targeting PI3Kα 

as previously described (kindly shared by Dr. Bart Vanhaesebroeck, University College 

London).9, 127 Male mice 10-14 weeks old were given tamoxifen (Sigma), dissolved in corn oil 
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(concentration calculated for 4mL/kg), by oral gavage daily for 2 days. Mice were used for 

terminal experiments 7-14 days after the last tamoxifen administration.  

2.1.3. Chapter 5 animal use 

Mice with transgenic Cre recombinase either conditionally active (MCM) or constitutively active 

(Cre) under the control of the αMHC promoter (Jackson Lab: Tg(Myh6-cre)1Jmk/J; No: 009074) 

were crossed with mice carrying loxP sites targeting either the PI3Kα or PI3Kβ genes (PIK3CA, 

PIK3CB respectively) as previously described(kindly shared by Dr. Bart Vanhaesebroeck, 

University College London).9, 127 Male mice 10-11 weeks old were given tamoxifen (Sigma), 

dissolved in corn oil (concentration calculated for 4mL/kg), by oral gavage daily for 4 days. The 

high dose (HD) of tamoxifen was 60mg/kg/day and the low dose (LD) was 40mg/kg/day. 

Male mice 16-18 weeks old were given 30mg/kg/day BYL-719 dissolved in corn oil 

(concentration calculated for 8mL/kg) by oral gavage daily for two weeks, 5 days/week or 

acutely once per day for four days. The dose of 30mg/Kg/day was previously shown to reduce 

the size of PI3Kα driven tumors in mice.128 

2.1.4 Chapter 6 animal use 

All animals used were female in a C57BL/6 background. Female WT mice were treated daily, 

five days/week, with BYL719 (BYL; trade name Alpelisib)  suspended in corn oil (3.75mg/mL), 

or equal volume vehicle, by oral gavage (30mg BYL719/kg/day), based on dosing previously 

shown to cause tumor regression by BYL-719 in murine models.128-130 Mice were treated once 

weekly with doxorubicin dissolved in DMSO (5% final) and diluted in saline (1.25mg/mL), or 

equal volume vehicle, by intraperitoneal (IP) injection (10 mg doxorubicin/kg/week). For p38 

inhibition, mice were treated daily, five days/week, with SB202190 dissolved in DMSO (5% final) 

and diluted in saline (1.25mg/mL) given by IP injection (5mg/kg), a dose previously used to limit 

weight loss in tumor bearing mice.131  
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 Heart specific genetic deletion of p110α was achieved by breeding mice homozygous for 

loxP sites (flx) at the p110α gene (PIK3CA), as previously described above, with Cre 

recombinase under the control of the αMHC promoter ( The Jackson Laboratory: Tg(Myh6-

cre)1Jmk/J; No: 009074).  

2.2. Heart functional assessment 

2.2.1. Echocardiography 

Noninvasive functional heart assessment was performed on mice for chapters 3, 5 and 6 by 

transthoracic echocardiography (ECHO) using a Vevo 770 or 3100 high resolution imaging 

system with 30 MHz transducer (RMV-707B; VisualSonics) under isoflurane anesthetic (1.5-2%) 

as previously described.132, 133 Systolic function of the LV and RV was assessed by dimensional 

changes viewed in the short axis m-mode. Pulse wave Doppler imaging was used to 

characterized transmitral filling during passive LV filling (E wave) and active filling during atrial 

systole (A wave). The pulse wave Doppler was also analyzed for isovolumetric relaxation and 

contraction times, as well as ejection time. Tissue Doppler imaging of mitral annulus movement 

was also analyzed for relative movement in passive filling (E’) and active filling (A’). 

2.2.2 Invasive hemodynamic assessment 

Hemodynamic assessment was performed with a pressure transducer catheter (1.2F 

admittance catheter; Scisense Inc.) under isoflurane anesthetic (1.5-2%) with the closed chest 

model previously described.134 The catheter was inserted into the right carotid and advanced 

into the left ventricle as indicated by the pressure reading using the ADVantage Pressure-

Volume System (TCP-500, Scisence Inc.) with iworx LabScribe2 software for data recording 

and analysis (iWork Systems Inc.). The end diastolic pressure-volume relationship was 

measured by transiently clamping the inferior vena cava to cause varying preload in the heart.  
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For right ventricle measurements, the catheter was inserted at the right jugular vein and 

advanced into the right ventricle, using the pressure trace to indicate when the catheter reached 

the right ventricle. Due to the irregular chamber shape of the right ventricle, absolute volumes 

could not be measured, so volumes are compared as relative changes in magnitude.  

2.3. Blood glucose measurements 

Blood glucose was measured in fasted mice from a tail vein prick using the Ascensia Contour 

Blood Glucose Monitoring System (Bayer). 

2.4. Body weight, composition and food consumption 

For chapter 6, body weight was measured once per week and drug dosing adjusted. Body 

composition was measured in live, conscious mice using a NMR-MRI scanner (EchoMRI). Food 

consumption was estimated by weighing food in a cage at 24hr intervals, with care taken to find 

any fragments that may have fallen into the bedding. Food consumption was then expressed 

relative to the total body weight of the animals in that cage (2-3 animals/cage).    

2.5. Electrocardiogram (ECG) 

For chapter 6, surface electrocardiogram was recorded with mice under light anesthesia (1% 

inhaled isoflurane) on a heated pad to maintain body temperature using DSI Ponema P3Plus 

version 5 with measurements recorded in lead I. P and QRS waves were identified by the 

software, and T waves were manually marked where the wave returned to the isoelectric line.    

2.6. Ex vivo heart perfusions 

2.6.1. Isolated Langendorff heart perfusion and ischemia–reperfusion protocol 

Retrograde Langendorff heart perfusion was used to study heart contractile function. Mice were 

heparinized, anesthetized (isoflurane 2%) and hearts were excised and mounted on the 

Langendorff system and perfused at a constant pressure of 80 mm Hg with modified Krebs–

Henseleit solution (116 mM NaCl, 3.2 mM KCl, 2.0 mM CaCl2, 1.2 mM MgSO4, 25 mM NaHCO3, 
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1.2 mM KH2PO4, 11 mM glucose, 0.5 mM  EDTA and 2 mM pyruvate), which was kept at 37°C 

and continuously oxygenated with 95% O2 and 5% CO2 to maintain a pH of 7.4 as previously 

described.96 By inserting a water-filled balloon into the LV chamber, which was connected to a 

pressure transducer, the pressure changes were recorded by a PowerLab system (AD 

Instruments, US). After stabilization and 10 min baseline recording (approximately 30min total), 

global ischemia was induced by stopping the perfusion for 30 min followed by 40 min 

reperfusion. Following reperfusion, atria were removed and ventricles were snap-frozen in liquid 

nitrogen and stored at −80 °C until further processing. 

 For live tissue imaging following the above IR protocol, florescent probes 

(tetramethylrhodamine, ethyl ester) TMRE, Hoechst and Sytox green were added at specific 

times to the perfusion buffer in the reperfusion phase (Figure 2.1) with 10min of washout before 

a longitudinal slice of the left ventricle free wall was cut for confocal imaging.  

 

2.6.2. Working heart perfusion and ischemia–reperfusion protocol 

Hearts from anesthetized mice were perfused in working mode with Krebs–Henseleit buffer 

containing 5 mmol/L [5-3H/U-14C] glucose, 1.2 mM palmitate prebound to 3% delipidated 

bovine serum albumin, and 50 μU/mL insulin as described previously.135 Hearts were perfused 

aerobically at a constant left atrial preload pressure of 11.5 mmHg and a constant aortic 

afterload pressure of 50 mm Hg for 30 min, followed by 18 min of no-flow ischemia, and 40 min 
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of aerobic reperfusion. Determination of glucose oxidation and glycolysis was carried out as 

previously described.135, 136 Following perfusion, atria were removed and ventricles were snap-

frozen in liquid nitrogen and stored at −80 °C until further processing. 

2.7. Adult mouse and human cardiomyocyte isolation, function and culture 

2.7.1. Adult mouse cardiomyocyte isolation 

For isolation of mouse cardiomyocytes, the mouse was anesthetized with inhaled isoflurane 

(2%). The heart was removed and promptly perfused with a collagenase solution and myocytes 

isolated and cultured as previously described.137 We modified the protocol by adding (S)-

blebbistatin (25 µM; Toronto Research Chemicals) used in ‘stopping buffer’ to inhibit 

cardiomyocyte contraction after isolation; also, ATP and BDM supplements were not used in 

media or buffers.137  

2.7.2. Adult human cardiomyocyte isolation 

Human cardiomyocytes were isolated from non-failing human donor hearts which was obtained 

by the Human Organ Procurement and Exchange (HOPE) program. The mouse perfusion 

based protocol was modified as follows: fresh, explanted LV tissue was pulled apart with fine 

forceps and stirred in digestion buffer with blebbistatin (25 µM) at 36°C. After 20 min, digestion 

buffer was periodically removed and suspended cells were pelleted to determine the progress of 

the tissue digestion. Pelleted cells with rod shape morphometry were pooled as digestion 

continued (approximately 1hr), and fresh digestion buffer was added. Calcium reintroduction, 

plating and culture were performed as for murine cardiomyocytes.  

         After plating cells in media containing 10% serum, cardiomyocytes were cultured in serum 

free media with ITS supplement (Sigma) containing 10mg/L insulin. For addition to culture 

media, BYL-719 (100nM final concentration) dissolved in dimethyl sulfoxide (DMSO) was 

serially diluted to give final concentration of 0.005% DMSO in treated or vehicle control.  
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2.7.3. Measurement of cardiomyocyte contractility 

Cardiomyocytes were isolated as described above, but blebbistatin was omitted to preserve 

contractile function. Following isolation, cardiomyocytes were kept in perfusion buffer solution 

(pH 7.4). An aliquot of isolated cardiomyocytes were transferred in a glass-bottomed recording 

chamber on top of inverted microscope (Olympus IX71) and allowed to settle for 5-6 min. Cells 

were superfused at a rate of 1.5-2 ml/min with modified Tyrode’s solution (containing in mM): 

135 NaCl, 5.4 KCl, 1.2 CaCl2, 1 MgCl2, 1 NaH2PO4, 10 Taurine, 10 HEPES, 10 glucose; pH 7.4 

with NaOH). The superfusion solutions were heated to in-bath temperature of 35-36°C using in-

line heater (SH-27B, Harvard Apparatus) controlled by automatic temperature controller (TC-

324B, Harvard Apparatus). Quiescent rod-shaped cardiomyocytes with clear striations were 

selected for study. Platinum-wire electrodes were placed near the cell just outside of the 

microscope view at 400X magnification. Cardiomyocytes were paced at 1 or 3 Hz with voltage 

of 3-4 V (ca. 50% above threshold) and pulse duration of 2.5 ms using S48 stimulator (Grass 

Technology). Sarcomere length was estimated in real time from images captured at a rate 200 

frame/sec via 40X objective (UAPO 40X3/340, Olympus) using high-speed camera (IMPERX 

IPX-VGA-210, Aurora Scientific) as we have previously described.138 At about 2 min of 

stimulation time, 5-10 consecutive contractions were selected and averaged to reduce noise 

and make calculations of derivatives more precise. Averaged contraction was used to calculate 

fractional shortening (FS) and ±dL/dt. Calculations were performed in Origin 8.5 (OriginLab) 

using custom-made script of built-in LabTalk language. 

2.8. cAMP measurements 

Measurements of cAMP in the left ventricle tissue were made using a competitive enzyme 

immunoassay; briefly, fragmented beta-galactosidase enzyme complementation is inhibited by a 

cAMP antibody, but when cAMP binds to the antibody, this competitive inhibition is lost, leading 
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to beta-galactosidase activity, which is detected through the enzymatic reaction with a substrate 

(GE Healthcare, Amersham Biosciences). 

2.9. Histology 

Hearts were arrested in saline with 1M KCl to stop the heart in diastole, then fixed in 10% 

buffered formalin. Hearts were then embedded in paraffin, and tissue slices (5μm thick) 

mounted to glass slides.  

2.9.1. PSR 

Picro-sirius red (PSR) and trichrome staining was performed to assess fibrosis. Deparafinization 

of slides was performed by heating (65°C for 10min), followed by Xylene and then alcohol 

gradient rehydration, followed by staining with Celestine Blue (5min), wash in distilled water, 

hematoxylin (5min), wash with tap water, acid alcohol (5min), wash in tap water and then Scott’s 

tap water (2min), wash in distilled water, 0.2% PMA (25min), PSR dye (90min), wash in acid 

alcohol, then ethanol (5min) and Xylene (5min) and apply mounting media and cover slip to 

image. 

2.9.2. WGA staining 

Wheat germ agglutinin (WGA) staining was performed to visualize the outline of cells to 

measure cross sectional area. Rehydration was performed as with PSR staining followed by 

incubation with fluorescent conjugated WGA in 1.5%BSA solution (25min), followed by washing 

with PBS and mounting media and coverslip before imaging.  

2.9.3. TUNEL staining 

Terminal-deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) assay kit was 

performed on formalin fixed sections according to the manufacturer’s directions (Invitrogen).  
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2.9.4. DHE staining 

Dihydroethidium (DHE) staining was performed on frozen sections cut from tissue frozen in 

OCT freezing medium. Thawed slides were covered with Hanks Buffered Salt Solution (HBSS) 

(5min), then incubated with DHE dye for 20min at room temperature followed by 30min at 37°C, 

followed by washing with HPSS, mounting media and coverslip before imaging fluorescence.  

2.10. Quantitative PCR for gene expression 

RNA was extracted by homogenizing (TissueLyser II) frozen tissue samples in TRIzol according 

to the manufacturer’s instructions, and cDNA was synthesized. Gene expression was measured 

by cDNA quantification using real-time PCR primers and probes (TAQMAN) using a Lightcycler 

480 (Roche). Primers (forward and reverse) and probes (all ThermoFisher) are as follows:  

Protein(gene)  Type                                           Sequence 

β- MHC 
(Myh7) 

Forward: 
Reverse: 
Probe: 

5'-GTGCCA AGG GCC TGA ATG AG-3' 
5'-GCA AAG GCT CCA GGT CTG A-3' 
5'-FAM-ATC TTG TGC TAC CCA GCT CTA A-TAMRA-3' 

ANF 
(Nppa) 

Forward: 
Reverse: 
Probe: 

5'-GGA GGA GAA GAT GCC GGT AGA-3' 
5'-GCT TCC TCA GTC TGC TCA CTC A-3' 
5'-FAM-TGA GGT CAT GCC CCC GCA GG-TAMRA-3’ 

BNP 
(Nppb) 

Forward: 
Reverse: 
Probe: 

5'-CTG CTG GAG CTG ATA AGA GA-3' 
5'-TGC CCA AAG CAG CTT GAG AT-3' 
5'-FAM-CTC AAG GCA GCA CCC TCC GGG-TAMRA-3' 

α-skeletal 
muscle actin 
(ACTA1) 

Forward: 
Reverse: 
Probe: 

5'-CAGCCGGCGCCTGTT-3' 
5'-CCACAGGGCTTTGTTTGAAAA-3' 
5'-FAM-
TTGACGTGTACATAGATTGACTCGTTTTACCTCATTTTG- 
TAMRA-3' 

Atrogin-1 
(Fbxo32) 

 ThermoFisher catalogue # 4331182 

TNF-α 
(Tnfa) 

Forward: 
Reverse: 
Probe: 

5'- ACAAGGCTGCCCCGACTAC-3’ 
5'- TTTCTCCTGGTATGAGATAGCAAATC-3’ 
5'-FAM-TGCTCCTCACCCACACCGTCAGC-TAMRA-3’ 

IL-6 
(Il6) 

Forward: 
Reverse: 
Probe: 

5'-ACAACCACGGCCTTCCCTACTT-3’ 
5'-CACGATTTCCCAGAGAACATGTG-3’ 
5'-FAM-TTCACAGAGGATACCACTCCCAACAGACCT-
TAMRA-3’ 

IL-1β 
(Il1B) 

Forward: 
Reverse: 
Probe: 

5'-AACCTGCTGGTGTGTGACGTTC-3’ 
5'-CAGCACGAGGCTTTTTTGTTGT-3’ 
5'- FAM-TTAGACAGCTGCACTACAGGCTCCGAGATG-
TAMRA-3’ 

 



23 
 

2.11. Tissue homogenization and Protein analysis 

2.11.1. Tissue homogenization 

Heart tissue was homogenized using a TissueLyser II in CelLytic M Cell Lysis Reagent (Sigma) 

with cOmplete and PhosSTOP inhibitors (Roche). Protein concentrations were standardized 

using a Bradford assay (Bio-Rad); samples were boiled in a denaturing Laemmli load dye (Bio-

Rad).   

2.11.2. Western blot 
Samples were separated using SDS-PAGE to Immobilon PVDF membranes (Millipore). PVDF 

membranes were stained for total protein as a loading control using MemCode (Thermo). 

Membranes were probed using the following list of antibodies at 1:1000-1:2000 concentration in 

Tris buffered saline solution with 1.5% BSA, followed by HRP conjugated secondary antibodies 

(Cell Signaling) at 1:5000 concentration and imaged with ECL (GE Amersham) 

Chemiluminescence using an ImageQuant TL (GE).  

 

Antibody target Company Product ID 

P110α Cell Signaling 4255 

Akt total Cell Signaling 9272 

P-Akt Ser 473 Cell Signaling 9271 

P-Akt Thr 308 Cell Signaling 9275 

ERK 1/2 total Cell Signaling 4695 

P-ERK 1/2 Cell Signaling 4377 

Caspase 3 Cell Signaling 9662 

Caspase 8 Cell Signaling 4927 

RIP-1 Cell Signaling 3493 

RIP-3 Cell Signaling 75702 

P-CaMKII (Thr 286) Cell Signaling 12716 
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Bax Cell Signaling 2772 

Bak Cell Signaling 12105 

Cyp-D (Cyclophilin F) abcam Ab110324 

Cox4 Cell Signaling 4850 

Acyl-Lysine Millipore 05-515 

P-Ser abcam Ab9332 

Calpain 1 Cell Signaling 2556 

Calpain 2 Cell Signaling 2539 

PDE5a Abcam ab14672 

P-PDH EMD Millipore AP1062 

P-p38 Cell Signaling 4511 

p38 total Cell Signaling 9212 

FOXO1 Cell Signaling 2880 

FOXO3A Cell Signaling 12829 

SMAD 2/3 Cell Signaling 5678 

Histone H3 Cell Signaling 4499 

IRS-1 Cell Signaling 3407 

P-p38 Cell Signaling 9215 

P38 total Cell Signaling 9212 

Histone H3 Cell Signaling 4499 

P-ERK Cell Signaling 4377 

ERK total Cell Signaling 4695 

Phospholamban Badrilla A010-14 

P-Phospholamban (Ser 16) Badrilla A010-12 

P-AMPKα2 (Thr 172) Cell Signaling 2531 

AMPKα2 total Santa Cruz sc-25792 

P-AS160 ThermoFisher 44-1071 

CD36 Novusbiologicals NB400 



25 
 

2.11.3. Subcellular fractionation 

For chapter 4, subcellular fractionation of frozen tissue was performed to obtain mitochondria 

and cytosolic fractions was adapted from a published protocol.139 Alterations include: 

phosphatase and protease inhibitors from Roche were used; tissue was homogenized using a 

TissueLyserII (Qiagen; 3min, 25 cycles/sec); final mitochondrial and cytosolic pellets were 

resuspended in CellLytic buffer (Sigma) with Roche inhibitors.  

Fractionation of cell nuclei from heart tissue for chapter 6 was performed as previously 

described.134 Tissue was homogenized in hypotonic lysis buffer, spun 5min at 100g, then SN 

spun 10min at 2,000g. The resulting SN was considered the non-nuclear fraction, and the pellet 

was considered the rough nuclear fraction. The rough nuclear fraction was further purified by 

ultracentrifugation loaded onto hypotonic lysis buffer + 2.4M sucrose and spun 90min at 

100,000g. The pellet was then collected as the final nuclear fraction. The non-nuclear fraction 

was not further separated into membrane and cytosolic fractions.  

2.11.4. Co-immunoprecipitation 

For chapter 4, co-immunoprecipitation (Co-IP) of Cyp-D was performed using Dynabeads 

(Invitrogen) according to the manufacturer’s instructions. Briefly, magnetic beads with protein G 

surface coating were incubated with the Cyp-D antibody. Beads were then incubated with tissue 

homogenates. The unbound homogenate was removed, and the beads were washed. Finally, 

bound proteins were released by suspending the beads in lysis buffer with denaturing load dye 

and boiling the samples as with standard Western blots.  

2.12. Statistics and graphing 

Unpaired two-tailed Student t-test was used to test for differences between two experimental 

groups. One-way analysis of variance (ANOVA) with Student Newman Keuls post hoc test was 

used for three or more groups. Two way ANOVA was used for two groups with two subgroups 



26 
 

(i.e. two genotypes with two treatments). If no combination effect was observed, main effects of 

individual treatments/genotype were considered. Cox regression was used for survival analysis. 

Data was graphed using bar graphs showing mean values +/- standard error of the 

mean (SEM) or box and whisker plots dividing the data into quartiles with the box representing 

the first and third quartile and the internal band representing the second quartile (median) 

(Origin 2016); the mean was indicated by a small square, and whiskers maximum and minimum 

values, except for outliers indicated when greater than 1.5x the interquartile range from the 

upper or lower limit of the box. Statistical analysis was performed using Microsoft SPSS (version 

23). Statistical significance was considered to be P≤0.05. 
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3. PI3Kα in Ischemia Reperfusion Injury Part I: Published Work 

Adapted from previously published: Enhanced recovery from ischemia-reperfusion injury in 

PI3Kα dominant negative hearts: investigating the role of alternate PI3K isoforms, increased 

glucose oxidation and MAPK signaling. J Mol Cell Cardiol. 2013 Jan;54:9-18. 

3.1 Introduction 

This chapter details our study of PI3K signaling in an ex vivo ischemia/reperfusion (IR) injury 

model introduced in chapter 1.8. This study follows on the previous findings that PI3KαDN 

hearts are resistant to IR injury, and proposed that enhanced PI3Kγ activity explains this 

phenotype. 96 This chapter has three main themes: (1) cross breeding PI3KαDN and PI3Kγ 

knockout (KO) mice to see if the PI3KαDN phenotype is lost, (2) characterization of altered 

metabolic substrate utilization as a possible mechanism and (3) investigation of related 

signaling pathway changes that could explain the PI3KαDN phenotype.  

3.2 Results and discussion 

3.2.1. Independent basal effects of PI3Kα and PI3Kγ 

It was previously shown that PI3Kα and PI3Kγ play different roles in the myocardium from mice 

with a PTEN null background.5 Here we tested the hypothesis that PI3Kα and PI3Kγ mediate 

independent effects in the heart when both isoforms are mutated in mice with a wildtype (WT) 

background (non-transgenic littermates to PI3KαDN mice). We found that cross bred PI3KαDN 

and PI3KγKO mice, here referred to as PI3K double mutant (PI3KDM) mice mimic the PI3KαDN 

phenotype with smaller hearts based on the decreased ratios of heart weight to body weight and 

left ventricle (LV) weight to tibial length (Table 3.1). PI3KγKO mice have increased myocardial 

cAMP resulting in enhanced cardiac contractility 5, 84.  

We found that cAMP concentrations were also elevated in the PI3KDM hearts (Figure 

3.1A), which corresponded to increased phosphorylation of phospholamban (serine-16) (Figure 

https://www.ncbi.nlm.nih.gov/pubmed/23142539
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3.1B and C) with similar values seen in PI3KγKO hearts (Figure 3.1A–C). These molecular 

alterations are expected to increase basal myocardial contractility as was observed previously in 

PI3KγKO mice. Echocardiographic and invasive hemodynamic measurements confirmed

 

increased basal myocardial contractility in PI3KDM mice characterized by increased velocity of 

circumferential fiber shortening (VCFc), +dP/dtmax and −dP/dtmin compared to WT mice (Table 

3.1). These results show that basal PI3Kα and PI3Kγ isoforms are independent and the dual 

loss of PI3Kα and PI3Kγ signaling results in smaller and hypercontractile hearts. 

3.2.2. Loss of PI3Kγ does not reverse protection in PI3KαDN hearts 

PI3Kγ controls GPCR-mediated downstream signaling,140, 141 and loss of PI3Kγ impairs ischemic 

preconditioning and prevents adenosine-mediated phosphorylation of Akt.96 We hypothesized 

that loss of PI3Kγ would abrogate the protective effect of PI3Kα inactivation on the functional 

recovery of PI3KαDN hearts following IR, and as such we subjected PI3KDM hearts to IR using 

the classic Langendorff model. Contrary to our hypothesis, PI3KDM hearts showed a marked 
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protection from myocardial IR injury using a standard ischemic–reperfusion protocol. Left 

ventricular developed pressure (LVDP), +dP/dtmax, −dP/dtmin and rate–pressure product 

(RPP) (Figure 3.1D–G) collectively showed a significantly greater recovery in the PI3KDM 

compared with WT hearts.  
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3.2.3. Signaling through Akt and GSK3β is reduced in PI3KDM hearts 

Western blot analysis showed that WT hearts had significantly increased phosphorylation of Akt 

following IR when compared to baseline (aerobic perfusion) (Figure 3.2A–C). Basal Akt 

phosphorylation in the PI3KDM hearts was reduced compared to WT; Akt phosphorylation 

increased, although not significantly in the PI3KDM hearts after IR treatment, but was still 

reduced compared to IR WT hearts based on phospho-Akt/total ratio (Figure 3.2A–C). 

Accordingly, GSK3β phosphorylation was also reduced in PI3KDM hearts compared to WT at 

baseline (Figure 3.2A and D), but phosphorylation of GSK3β was not significantly different 

between PI3KDM and WT in IR groups (Figure 3.2A and D). The robust phosphorylation of 

GSK3β upon IR, despite the low Akt activation in the PI3KDM model may be partially caused by 

other pathways that can also phosphorylate GSK3β, such  as PKA 142, which may be  activated 

by  the increased cAMP  levels  in the PI3KDM model (Figure 3.1A). PI3KαDN hearts have 

higher Akt phosphorylation than WT after IR,96 but have reduced basal Akt phosphorylation. 4 

These results support a role of PI3Kγ mediated signaling in the phosphorylation of Akt in 

response to myocardial IR injury. However, the marked protection against myocardial IR injury 

despite the relative lack of Akt phosphorylation in the PI3KDM hearts compared to WT both at 

baseline and upon IR, and the similar level of GSK3β phosphorylation between PI3KDM and 

WT upon IR, implies other mechanism(s) are responsible for the cardioprotection in these 

hearts. 

3.2.4. PI3KαDN hearts are resistant to myocardial I/R injury in the ex vivo working heart 

perfusion model 

We next investigated whether cardioprotection seen in the PI3KαDN hearts perfused in the 

Langendorff mode can be recapitulated in an ex vivo working heart perfusion model.  
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We had three reasons for utilizing the working heart model: first, to see if the IR protection of the 

PI3KαDN hearts would be maintained in the ejecting, working heart mode and not only in the 

Langendorff isovolumic system; second, to directly compare PI3KαDN and PI3KDM hearts to 

see if there is any effect on PI3KαDN IR recovery with the loss of PI3Kγ; and third, the working 

heart model allows the use of dual energy sources (palmitate and glucose) and assessment of 

cardiac metabolism in the presence of physiological levels of insulin. While the product of heart 

rate and peak systolic pressure (HR×PSP) and cardiac power were not significantly different at 

baseline between the three groups, both PI3KαDN and P3IKDM hearts had significantly 
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stronger recovery after IR than WT with no difference between PI3KαDN and PI3KDM (Figure 

3.3A–D). 

 

Taken together, these results confirm that chronic loss of PI3Kα protects the heart from 

myocardial IR injury in a setting of afterload and with dual substrate (glucose and palmitate) 

utilization, and this protection is independent of PI3Kγ signaling.  

3.2.5. Akt and GSK3β in PI3KαDN and PI3KDM from the working heart perfusion 

PI3KαDN hearts have enhanced phosphorylation of Akt and GSK3β after IR treatment using the 

Langendorff model,96 and we have obtained similar results using the working heart model 

(Figure 3.4A–C and E). Interestingly, both PI3KαDN and PI3KDM  hearts had increased mean 

total Akt protein levels, with the PI3KDM model reaching significance (Figure 3.4D), and 

PI3KDM hearts had increased GSK3β protein levels (Figure 3.4F). Increased expression of total 
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Akt was also reported for a cardiac PI3Kα knockout using the flox/ Cre transgenic system 143. 

Due to the increased protein levels of Akt and GSK3β, PI3KDM has a phospho/total ratio for Akt 

and GSK3β that is similar to WT. When comparing PI3KDM to WT, there is a striking reversal in 

the total Akt and GSK3β phosphorylation between Langendorff and working heart perfusions, 

but PI3KDM hearts recover from IR injury significantly better than WT in both perfusion systems, 

suggesting that although signaling through Akt and GSK3β has IR protective effects, it is not the 

driving mechanism behind the IR protection of PI3KαDN hearts. In our study we did not 

investigate the different activation of the Akt isoforms (Akt1–3) which may explain the varying 

degrees of total Akt activation and the final effect on IR recovery, as Akt1 is known to have a 

greater role in IR protection compared to Akt2 144. In addition, we measured Akt and GSK3β 

phosphorylation levels at the end of the reperfusion, but we did not assess their levels 

immediately after reperfusion, when Akt activation and GSK3β inhibition may be more important 

for IR protection. 

3.2.6 Altered metabolic substrate utilization in PI3KαDN and PI3KDM hearts 

Metabolic reprogramming, which can shift the utilization of metabolic substrates, is known to 

have an important role in the heart’s ability to minimize myocardial IR injury,145, 146 and either inhibition 

of FA oxidization or stimulation of glucose oxidization can cause a dramatic reduction in IR injury.147 

PI3K can play a key role in regulating cardiac metabolism 75, 148 and PI3KαDN hearts have decreased 

FA oxidization75 which may increase glucose oxidation due to the Randle effect.149  

 Interestingly, both PI3KαDN and PI3KDM hearts showed an increase in basal glucose oxidation 

compared to WT hearts before ischemia and also upon reperfusion (Figure 3.5A), but glycolysis rates 

were not significantly different between the three genotypes at baseline or upon reperfusion (Figure 

3.5B).  



34 
 

 

 AMP-activated protein kinase (AMPK) acts as a metabolic master switch for important aspects of 

cellular energy supply including the uptake of glucose and β-oxidation of fatty acids. Following a rise in 

the intracellular AMP-to-ATP ratio, AMPK switches off energy-consuming processes such as protein 

synthesis, whereas ATP-generating mechanisms, such as fatty acid oxidation and glycolysis are 

activated.150, 151 The low level of AMPK activation in the PI3KαDN and PI3KDM hearts following IR 

(Figure 3.5C-D) is indicative of maintained ATP production and is consistent with the increased levels 

of glucose oxidation in these models. Upon phosphorylation of AMPK, fatty acid oxidation increases via 

phosphorylation of acetyl-CoA carboxylase,152, 153 and fatty acid uptake is increased via activation of 

membrane translocation of the fatty acid transporter CD36. CD36 expression was decreased compared 

to WT in PI3KαDN and PI3KDM but only the former was significant (Figure 3.5E).  AS160 is an 

important negative regulator of glucose uptake through inhibition of GLUT4 membrane translocation; 
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when phosphorylated by Akt, AS160 is inactivated and glucose transport is promoted.154 Both PI3KαDN 

and PI3KDM hearts had increased levels of p-AS160 (Thr 642) (Figure 3.5C); PI3KαDN hearts had a 

coordinate increase in the ratio of phospho to total AS160 protein (Fig. 5F), but this was not the case 

with the PI3KDM model, due to an increase in the total protein level of AS160 (Figure 3.5G). Before 

further investigating the mechanism responsible for causing increased glucose oxidation in PI3KαDN, 

we first wanted to investigate the significance of this altered metabolic substrate utilization in the 

context of IR injury.  

To test the significance of enhanced glucose oxidation for IR recovery in PI3KαDN hearts, 

we perfused hearts in the working mode with palmitate but in the absence of glucose. We did not 

continue at this point with PI3KDM model because we had established that PI3Kγ signaling did not 

have an effect on PI3KαDN IR recovery. We hypothesized that if increased glucose was an important 

factor in PI3KαDN IR recovery, the benefit would be lost if the hearts were forced to metabolize only 

FAs. When perfused with only palmitate as a metabolic substrate, WT hearts had normal function after 

a 30min baseline perfusion; this was expected considering that FAs are a major source of energy for 

the heart in vivo (60-90%).155 However, upon administration of 18min ischemia, WT hearts did not 

recovery sufficiently to pump against the afterload (data not shown). We reduced the ischemic period to 

9min in an attempt to have WT hearts regain some function, but WT hearts were still non-ejecting after 

9min ischemia (Figure 3.5H-K). In contrast, PI3KαDN hearts had nearly complete recovery after 9min 

ischemia in the absence of glucose (Figure 3.5H-K). These results confirmed the importance of glucose 

oxidation for the recovery of WT hearts after ischemia, but suggested that increased glucose oxidation 

was not the primary mechanism of IR protection in PI3KαDN hearts.    
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3.2.7. Increased MAPK signaling in PI3KαDN hearts 

Inhibition of the PI3K signaling axis can have effects on alternate signaling pathways that 

may contribute to the IR protection of PI3KαDN hearts; for example, pharmacological inhibition of PI3K 

causes a significant increase in MAPK signaling.156 We looked at activation of three key nodes in 

MAPK signaling in hearts from our working heart model: ERK1/2, JNK and p38. ERK1/2 signaling is 

anti-apoptotic and protective in the setting of IR,157, 158 JNK has been associated with both protective 

and detrimental effects on IR recovery 159 while p38 activation is associated with reduced IR 

recovery.160 Phosphorylation of both ERK1/2 and JNK was significantly increased (Fig. 6A-C), but p38 

activation was unchanged between WT and PI3KαDN (Figure 3.6A and D). As noted previously, 

wortmannin collapsed PI3KαDN IR recovery to the same level as WT,161 but wortmannin has numerous 

targets outside of the PI3K family, including MAPK.162  

In order to explain this increase in ERK1/2 and JNK activation in PI3KαDN hearts, we looked 

to the large field of PI3K signaling in the context of cancer research. Deregulation of PI3K activation is 

a common driving factor in numerous cancers, and several PI3K inhibitors are in clinical trials and 

early development.31 An important complication that arises when inhibiting the PI3K pathway is the 

possibility for compensatory upregulation of parallel signaling pathways due to the relief of negative 

feedback mechanisms.163-165 For example, PI3K signaling activates the ribosomal subunit S6K, which 

promotes protein translation and cell growth. However, S6K also inhibits the expression of IRS-1, an 

important mediator between growth factor receptors and PI3K activation.166 We investigated the 

expression and activation of IRS-1 in PI3KαDN hearts, and found that total IRS-1 expression was 

dramatically increased (Figure 3.6E-G), and phosphorylation of the activating Tyr 612 site was also 

increased. IRS-1 is able to cause strong activation of ERK1/2, as a result of rapamycin treatment, 

which causes relief of S6K inhibition of IRS-1.167 This increase in IRS-1 expression and activation 

may also explain some of the differences in Akt phosphorylation between our Langendorff and 

working heart models: insulin was included in the working heart perfusate but was not used in the 
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Langendorff. Interestingly, the PI3KDM model had reduced Akt activation after IR in the Langendorff 

model compared to WT (Figure 3.2A-C), but in the working heart, PI3KDM hearts had similar ratios of 

phospho to total Akt compared to WT (Figure 3.4A-C), this result may be explained by an increased 

sensitivity to insulin due to increased IRS-1 activity.    

 

3.3 Conclusions 

We have concluded that IR protection in PI3KαDN hearts was not due to increased signaling 

through PI3Kγ isoform because PI3KDM hearts were still protected.  We  observed  interesting  

variations  in Akt activation, with robust Akt activation in PI3KαDN hearts perfused in the 

working model, and PI3KDM hearts also had high Akt activation in this model, although not 

different than WT when comparing phospho to total protein levels. Activation of Akt was reduced 
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in the PI3KDM when compared to WT hearts in the Langendorff model, but functional recovery 

for PI3KDM was significantly higher than WT in both Langendorff and working heart models, 

suggesting that the activation of Akt is not a critical mediator of the protection against IR injury in 

this model. Importantly, using both Langendorff and working heart models we have shown that 

both the PI3KαDN and PI3KDM hearts displayed similar and enhanced functional recovery   in 

response to IR injury. Interestingly, PI3KαDN hearts have enhanced glucose oxidation during 

baseline and post-IR; this may be caused by a combination of increased glucose uptake into the 

cell or a decrease in FA uptake/utilization, possibly by altered expression and regulation of 

AMPK, AS160 and CD36. However, this preference for glucose oxidization does not seem to be 

important for PI3KαDN IR protection, because these hearts were still significantly protected from 

IR injury when hearts were forced to only metabolize FAs (palmitate). Interestingly, we found 

that MAPK signaling through ERK1/2 and JNK had increased activation in PI3KαDN hearts, 

possibly driven by an increase in IRS-1 activation and expression, although further work will be 

needed to determine the extent to which MAPK activation  is  responsible  for the IR protection 

seen in PI3KαDN hearts. Our results illustrate the inherent complexity of signaling mechanisms 

in the heart and highlight an interesting intersection between PI3K and MAPK signaling. 
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4. PI3Kα in Ischemia Reperfusion Injury Part II: Unpublished Work 

4.1. Introduction 

This chapter presents some of the further experiments I’ve performed following our previous 

publication (chapter 3).168 This chapter has the following main topics: (1) testing the relevance of 

acute Akt and ERK activation in PI3KαDN hearts in IR injury by performing perfusions with 

inhibitors to those pathways, (2) testing IR recovery in an inducible PI3Kα knockout model, (3) 

investigation of mitochondrial membrane potential and cell injury/death processes and (4) 

investigation of mediators of regulated necrosis.  

 Our overall goal with this ongoing project is to understand the cellular and molecular 

mechanisms that underpin the resistance of PI3KαDN hearts to IR injury, possibly leading to 

new understandings of PI3K signaling, IR injury mechanisms and possible new therapeutic 

targets. 

4.2. Challenge of PI3KαDN hearts with inhibitors against MEK and AKT in IR model 

4.2.1. Background and rational for experiments 

There is a general consensus that IR protective signaling pathways converge through cellular 

mechanisms that cause maintained mitochondrial integrity and function. Intact mitochondria are 

essential for sufficient ATP production as well as maintenance of ionic homeostasis. Opening of 

the mitochondrial permeability transition pore (mPTP) Akt and ERK have been proposed as 

central nodes for IR protection.169 To test my previous hypothesis168 that the MAPK member 

ERK activation may cause enhanced IR recovery in PI3KαDN hearts, as well as the hypothesis 

that increased Akt signaling was responsible for this phenotype,96 I performed Langendorff 

perfusions with inhibitors against either the Akt or ERK pathway. The Akt inhibitor MK2206 

inhibits Akt isoforms 1-3 with IC50 of 12-65nM,170 and is currently in clinical trials as a cancer 

therapy (50 results for MK2206 on clinicaltrials.gov Oct. 2016). ERK is the substrate of the 
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kinase MEK; to reduce ERK activation, I used the potent MEK inhibitor MEK-162 (ARRY-162, 

Binimetinib; IC50 12nM; manufacturer supplied). This drug is in clinical trials as a cancer therapy 

and as an anti-inflammatory agent (43 results for MEK-162 on clinicaltrials.gov Oct. 2016). I 

hypothesized that one or both of these inhibitors would significantly reduce the functional 

recovery of PI3KαDN hearts after IR.  

 4.1.2. Results: Akt and ERK inhibition in PI3KαDN and Ctr hearts 

Perfusion with MEK-162 significantly reduced ERK phosphorylation, but did not reduce 

functional recovery in PI3KαDN hearts (Figure 4.1A,B). Similarly, perfusion with the Akt inhibitor 

MK2206 significantly reduced phosphorylation of Akt at Thr308 and Ser473 residues (Figure 

4.1D), but did not reduce functional recovery of PI3KαDN hearts (Figure 4.1C). Surprisingly, Akt 

inhibition had a beneficial effect on IR functional recovery in control hearts if only wildtype hearts 

were considered in an unpaired t-test (not shown).  

4.2 IR recovery in an adult, inducible PI3Kα deletion model  

4.2.1 Background and rational for experiments 

The PI3KαDN heart had a kinase dead p110α transgene expressed in the heart, which causes 

constitutively reduced PI3Kα activity, including throughout development, resulting in reduced 

heart size.4 Others have speculated that PI3KαDN phenotypes may be influenced by 

developmental processes, where adaptation to reduced p110α during development may cause 

a different phenotype than if p110α was inhibited/deleted in an adult heart.103 To determine if the 

strong IR recovery seen in PI3KαDN hearts is unique to the PI3KαDN model or is found in other 

models of p110α deletion, I tested an inducible, cardiomyocyte specific p110α model. For 

control hearts, I used littermates which carry the LoxP sites on the p110α gene, but lack the Cre 

recombinase transgene. I also did not treat these mice with tamoxifen. These would not be ideal 

controls if tamoxifen/Cre toxicity was a concern, but I had already established a safe dose of 
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tamoxifen,6 and I was hypothesizing a beneficial phenotype for the conditional knockout mice. 

Also, these littermate control hearts gave a IR phenotype similar to wildtype mice.  
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4.2.2 Results: PI3Kα Mer, 60min ischemia, p110α inhibition with BYL719 

Deletion of p110α was achieved after 2 days of tamoxifen treatment (40mg/kg) with 7-10 days 

follow-up allowed before perfusion experiments (Figure 4.2A). Under our standard 30min 

ischemia and 40min reperfusion protocol, knockout hearts had significantly improved functional 

recovery compared to controls (Figure 4.2B). With 60min ischemia, both PI3KαDN and 

PI3KαMer had similar, higher functional recovery compared to Ctr hearts (Figure 4.2C). These 

results showed that reduction of myocardial PI3Kα through distinct transgenic models both 

resulted in similar IR protection compared to control hearts.   
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4.3 Assessment of mitochondrial membrane potential and cell injury after IR injury 

4.3.1 Background and rational for experiments 

Mitochondrial membrane potential (MMP) is required for the proton gradient that drives 

mitochondrial oxidative respiration. Loss of the MMP causes lost production of ATP from the 

mitochondria, and can lead to cell death. We hypothesized that PI3K deletion models likely have 

an end effect of maintaining MMP after IR compared to Ctr hearts. We performed live tissue 

imaging after IR by perfusing hearts with fluorescent probes during reperfusion (Figure 4.3A). 

4.3.2 Results: reduced PI3Kα models have higher MMP and reduced cell death after IR 

TMRE fluorescence was significantly higher in PI3Kα deletion models after IR than controls 

(Figure 4.3B). This corresponded to reduced levels of Sytox green positive cells (Figure 4.3C), 

showing that maintenance of mitochondrial function closely correlated with functional recovery 

(Figure 4.1-2), whereas control hearts not only had reduced function, but severe cell injury and 

death.  
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4.4 Investigation of cellular injury processes: apoptosis or necrosis 

4.4.1 Background and rational for experiments 

Both apoptosis and necrosis have been reported as cellular injury processes responsible for 

cellular damage in IR injury.171-173 IR protection in PI3KαDN hearts was originally hypothesized 

to be due to anti-apoptotic signaling,96 so I first investigated activation of apoptosis in our 

models. Necrosis is distinctive from apoptosis because it does not require caspase cleavage 

and involves cellular rupture with cellular contents released from the cell, whereas apoptosis 

contains cellular contents in apoptotic vesicles. Apoptosis can be a rapid process that could fit 

within our time period of 30min ischemia and 40min reperfusion: the key mechanisms if 

apoptosis have been shown to be activated within 10minutes.174 Apoptosis is also an ATP 

dependent process, whereas necrosis is not;175 the loss of MMP in Ctr hearts in our IR injury 

model likely leads to a low ATP environment that may favor necrosis.  Increasingly, acute IR 

injury is thought to be primarily a regulated necrotic injury process known as necroptosis.98, 176, 

177   

4.4.2 Results: Apoptosis not detected, evidence for necrosis 

Initiator caspase 8, as well as executioner caspase 3 were not cleaved, but greater protein 

levels were detected in PI3KαDN hearts compared to Ctr in post IR heart tissue (Figure 

4.4A,B,D). TUNEL staining was also not detected in post IR hearts. High levels of protein were 

detected in effluent from WT hearts post IR, but not PI3KαDN; this included cytosolic proteins 

Akt and caspase 3; this may explain the reduced levels of caspase 3 in Ctr hearts, and 

observed lower levels of Akt in WT compared to PI3KαDN hearts.168 

 

4.5 Investigation of molecular mechanisms of IR necrosis and protection in PI3KαDN 
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4.5.1 Justification of experiments 

Necrotic cell death can occur as an unregulated process, such as through traumatic cellular 

injury such as freezing, but regulated necrotic cell death is increasingly being recognized, and 

has been proposed as a driving process in myocardial IR injury.98, 176, 177 I hypothesized that 

PI3Kα may regulate mediators of regulated necrosis. Therefore, I next investigated proposed 

mediators of regulated necrosis. Receptor interacting proteins (RIP) 1 and 3 can activate 

apoptosis pathways when cleaved, or can induce regulated necrosis as intact proteins through 

formation of a necrosome complex.176, 177 The RIP-1 inhibitor necrostatin has been reported to 

be protective against myocardial IR injury, including in pig and mouse IR models. 100, 178, 179 RIP3 

overexpression induced cell death, and RIP3 knockout had greater heart function after MI.102 

Moreover, a recent publication has reported that RIP3, and not RIP1 is critical for myocardial IR 

necrotic injury, and CaMKII (activated by phosphorylation) is the final mediator of cell membrane 

permeability and rupture.101  

The mitochondria, long connected to intrinsic induction of apoptosis through cytochrome 

C release, can also play a role in necrosis induction; if mitochondrial membrane potential is lost 

and cellular energetics are impaired, apoptosis induction can be impaired because it requires 

ATP, and necrotic cell death becomes the dominant process. Bcl-2 family members Bax and 

Bak, commonly associated with apoptosis induction when localized to mitochondrial 

membranes, were also required for necrotic cell death in cell models of necrotic cell death, and 

mitochondrial swelling when challenged with increasing Ca++ concentrations.180, 181 These Bcl-2 

proteins can be regulated by PI3K signaling, so they are good candidates for altered regulation 

in PI3KαDN hearts.182  

Cyclophilin-D (Cyp-D) is an end effector of mitochondrial damage; Cyp-D knockout 

models are protected from IR injury, and many IR protective processes are thought to converge 

on inhibition of Cyp-D. Acetylation183 and Ser residue phosphorylation184 have both been 

proposed as regulatory post translational modifications of Cyp-D that block mitochondrial 
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disruption. A report shows that Cyp-D is stabilized by HSP90, and this interaction maintains the 

ability of Cyp-D to interrupt mitochondrial membrane potential.185  Considering the 

understanding of lost mitochondrial membrane potential as a critical step in IR injury and 

regulated necrosis, we were intrigued to find a report that PI3K inhibition caused mitochondrial 

protection in a cancer study,184 and hypothesized that a similar mechanism could explain the 

PI3KαDN heart IR phenotype. Interestingly, this study also showed that HSP90 inhibition 

enhanced the cytotoxicity of PI3K inhibition in tumor cells, citing HSP90 mediated maintenance 

of mitochondrial protein folding and Cyp-D inactivation.    

4.5.2 Results: RIP protein; Bak protein levels, localization; Cyp-D modifications and 

interactions 

Both RIP1 and RIP3 levels were increased in non-perfused PI3KαDN hearts compared to 

controls and levels of both proteins were barely detectible in both groups after IR (Figure 

4.5A,B). This could be either due to release from the cell, or protein degradation. RIP1,3 were 

equally reduced in PI3KαDN hearts, which showed reduced rupture and release of cellular 

contents (Figure 4.4), suggesting that RIP1,3 are cleaved/degraded. Furthermore, the similar 

cleavage/degradation of RIP1 suggests that this is unlikely to be a regulatory step that 

distinguishes PI3KαDN hearts from controls in IR injury. Despite several studies investigating 

RIP1 and RIP3 in the heart, I do not know of any report showing protein levels in an acute IR 

protocol, so this cleavage/degradation of RIPs in IR is not well characterized. To further 

investigate the timing of RIP cleavage/degradation, I perfused control hearts and collected 

hearts at 4 different time points: 1) aerobic baseline period, 2) end of ischemia, 3) 10min into 

reperfusion and 4) 40min of reperfusion (regular protocol). I found that RIP1 was largely lost at 

the end of ischemia, and RIP3 levels declined within the first 10min of reperfusion (Figure 4.5C). 

Furthermore, phosphorylation of CaMKII, which was proposed as the end effector of RIP 

mediated cell rupture,101 had higher mean values in PI3KαDN hearts after IR (Figure 4.5D). I 
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contacted the corresponding author of this paper, who told me that CaMKII phosphorylation was 

not consistent at shorter reperfusion time points, only at 2hrs of reperfusion shown in the paper, 

is CaMKII activated.  
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I conclude from this data that altered regulation of RIPs and P-CaMKII (Thr286) are not likely to 

be responsible for IR protection in PI3KαDN hearts, and this data also suggests that these 

regulators may not play a role in acute IR injury, at least in this mouse heart ex-vivo model.  
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Bcl-2 family members Bak but not Bax protein levels were significantly increased in non-

perfused PI3KαDN hearts compared to controls, and Cyp-D levels were moderately reduce 

(Figure 4.6A). Recruitment of Bax and Bak to mitochondria has been shown as a mechanism of 

mitochondrial outer membrane permeabilization; this was a different process than Bax/Bak 

oligomerization and apoptotic pore formation.181 I hypothesized that one or both of these 

proteins may not be recruited to the mitochondrial membrane upon IR injury in PI3KαDN hearts, 

however, nuclear fractionation of myocardium from IR hearts showed both Bax and Bak in the 

mitochondrial fraction, with higher levels of Bax in PI3KαDN hearts (Figure 4.6B). 

Immunoprecipitation of Cyp-D did not pull out Akt or HSP90, and lysine acylation and serine 

phosphorylation of Cyp-D appeared similar between PI3KαDN and Ctr hearts (Figure 4.6C).  

4.6 Discussion and conclusions regarding PI3Kα in IR injury 

The search for the underlying mechanism of reduced PI3Kα mediated IR protection remains 

incomplete. The dramatic protection from necrotic cell injury in this model is evidence that a 

fundamental determinant of necrotic cell death is altered by PI3Kα. A fundamental question 

going forward is to determine if maintained mitochondrial function is due to special properties of 

the mitochondria that make them resistant to IR stress including calcium overload, or if cellular 

processes are changed in a way that calcium overload is avoided. My ideas for further 

experiments are discussed in Chapter 7. 
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5. PI3Kα and Heart Function 

Previously published: PI3Kα is essential for the recovery from Cre/tamoxifen cardiotoxicity and 

in myocardial insulin signaling but is not required for normal myocardial contractility in the adult 

heart. Cardiovasc Res. 2015 Mar 1;105(3):292-303. 

5.1. Introduction 

This chapter shows our work to establish a cardiomyocyte specific, inducible PI3Kα deletion 

model in the lab. We seek to test the claim that the PI3KαDN phenotype, especially concerning 

regulation of heart function, is limited due to developmental compensatory effects.103 We show 

that insulin signaling in the heart is disrupted, despite normal heart contractile function as a 

positive control for PI3Kα function, while also confirming that this is the dominant insulin 

mediating PI3K isoform in the heart.   

 

https://www.ncbi.nlm.nih.gov/pubmed/25618408
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5.2. Results 

Oral administration of tamoxifen in food (80mg/kg/day for 7 days) was previously reported to 

cause effective gene deletion in MCM/[gene]flx/flx.105 We adopted an oral gavage regimen in 

order to closely control tamoxifen dosing using MCM transgenic mice without flx sites as 

controls for Cre/tamoxifen toxicity.  We observed considerable morbidity and mortality at higher 

tamoxifen doses in MCM transgenic mice (80mg/kg/day for 5 days, data not shown) and we 

found that 4 days of 60mg/kg/day tamoxifen (high dose; HD) was tolerated with no mortality. 

Heart function, assessed by echocardiography, was significantly reduced in the PI3Kα MCM 

transgenic models at 10 days from the start of treatment (Figure 5.1A-B) (Table 5.1).  

We assessed heart function again at 28 days, and observed functional recovery in MCM 

transgenic controls (no flx targeted genes). However, PI3Kα MCM mice had continued severe 

systolic dysfunction (Figure 5.1C-D), suggesting a critical role for PI3Kα in recovering normal 

heart function after tamoxifen/Cre toxicity.  

We reduced the Tamoxifen dose to 4 days of 40mg/kg/day (low dose; LD), and observed 

normal heart function at 10 days from the start of tamoxifen treatment (Figure 5.2A-B) (Table 

5.2), and maintained effective loss of the target protein (Figure 5.2C). Similarly, cardiomyocytes 

isolated from PI3Kα MCM treated with LD tamoxifen had normal function compared to untreated 

controls (Figure 5.2D). Combined, these results demonstrate a role for PI3Kα in recovery from 

Cre/tamoxifen toxicity, but not a direct role in heart function.   

PI3Kβ MCM mice treated with HD tamoxifen followed the same phenotype as MCM 

controls, with reduced heart function at 10 days from the start of tamoxifen and recovery to 

normal function at 28 days (Figure 5.2E-F). PI3Kβ protein was significantly reduced in this 

model (Figure 5.2F).  
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In addition to reduced function, tamoxifen/Cre toxicity was previously characterized by 

transient increases in expression of genes associated with heart disease at day 10, but resolved 

by day 28 from the start of tamoxifen treatment.105 We observed PI3Kα MCM HD mice had 

elevated expression of markers of heart disease: expression of ANF, BNP and α-skeletal actin, 

but not β-myosin heavy chain at 28 days (Figure 5.3A), suggesting a continuation of the acute 

tamoxifen/Cre toxicity phenotype. Tamoxifen/Cre toxicity can also cause increased myocardial 

fibrosis;186 we observed elevated transcription of collagen III and increased myocardial fibrosis 

in PI3Kα MCM HD hearts but not LD hearts (Figure 5.3B-C) compared to MCM HD controls. 

The PI3Kα MCM LD did not deviate from controls in disease markers or collagen expression 

(Figure 5.3A-B) using ANOVA analysis.  
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However, comparison of only control and PI3Kα MCM LD (not shown) did show 

significant increase (p=0.034) in ANF expression which was also previously observed in 

PI3KαDN hearts,4 and may have a beneficial effect due to antihypertrophic and antifibrotic 

properties.187 

Western blot analysis was performed to investigate changes in signaling pathways 

related to PI3Kα signaling. Akt activation (P-Akt Thr) was consistently low in both HD and LD 

tamoxifen treated PI3Kα MCM models, but Akt activation levels were highly variable in MCM 

control hearts, so Akt activation was not significantly different between groups (Figure 5.3D). 

We suspect that this is due to variations in plasma insulin levels because we did not control 

feeding prior to sacrifice. To better clarify the level of PI3Kα activity, we adapted a model of 

fasting and acute insulin administration in subsequent models. In this way Akt activation can 

serve as a marker of PI3Kα activity. We also wanted to confirm in mouse and human adult 

cardiomyocytes that PI3Kα is a key transducer of insulin signaling.188 

We observed increased MAPK ERK1/2 activation in PI3Kα MCM hearts with low dose, 

but not high dose tamoxifen (Figure 5.3D). We also previously reported increased MAPK 

ERK1/2 phosphorylation of PI3KαDN hearts in setting of ischemia/reperfusion in a working heart 

model;168 others have also shown increased P-ERK activation in PI3KαDN hearts189 and 

pharmacological inhibition of PI3K in SkBr3 cells with PI3K inhibitors BEZ235, LY294002 and 

wortmannin all caused increased ERK1/2 phosphorylation.190 Activated ERK1/2 can lead to 

hypertrophy, and has important cardio-protective roles in the setting of cardiac injury and 

failure.191  

Activation of AMPK by phosphorylation was observed in LD PI3Kα MCM hearts, and 

IRS-1, which can be controlled by negative feedback downstream of PI3K, 166 was increased in 

LD and HD PI3Kα MCM hearts. The SERCA2a pump and its regulator phospholamban (PLN) 

were not changed from control hearts (Figure 5.3E).     
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In contrast to the MCM model, the constitutively active Cre transgenic model does not 

allow for a temporally controlled knockout; under the αMHC promoter, Cre is likely active 

perinatally,192 with the potential for developmental effects from absent PI3Kα signaling and 

possible toxicity from constitutively active Cre recombinase.193 However, no tamoxifen is needed 

to activate Cre, so there is no chance of tamoxifen/Cre toxicity. With this model, we observed 

normal heart function (Figure 5.4A-B) (Table 5.3) and normal contractility of isolated 

cardiomyocytes (Figure 4C).  

 

To investigate in-vivo signaling in PI3Kα Cre hearts, mice were fasted overnight and then 

received an acute injection of insulin 15 min before sacrifice (Figure 5.4E). PI3Kα Cre mice had 

impaired insulin dependent activation of Akt, and constitutively higher activation of ERK1/2 

independent of insulin stimulation.  IRS-1 levels increased after insulin stimulation consistent with 

previous findings,194 but had higher overall levels in PI3Kα Cre mice. Activation of AMPK was 

also increased in PI3Kα Cre hearts.  
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Alpha skeletal actin expression was significantly increased in PI3Kα Cre (Figure 5.4F), but 

not in LD treated PI3Kα MCM (Figure 5.3A), suggesting that this may be a byproduct of the 

unique characteristics of the Cre model (expressed early in development, constitutively active 

Cre).  

The PI3Kα specific inhibitor BYL-71963 blocked insulin mediated activation of Akt in vivo in 

the mouse heart, and in vitro in mouse and human adult cardiomyocytes (Figure 5.5A-B). PI3Kα 

inhibition also caused increased activation of ERK1/2 and AMPK signaling, but did not affect 

protein levels of p110α or IRS-1 (Figure 5.5B). Treatment of wt mice with BYL-719 did not result 

in alterations in cardiac function after two weeks of treatment (Figure 5.5C,F). Echocardiography 

and P/V loop measurements were performed 3 days after the end of drug treatment to avoid 

any acute drug effects. Consistent with the established role of PI3Kα in regulating insulin 

signaling and glucose metabolism,195 fasting glucose levels were elevated after the first week of 

treatment with BYL-719 (Figure 5.5D). Treated mice also had significant weight loss after 2 

weeks of treatment (Figure 5.5E). The expression of disease markers did not change between 

vehicle treated and 4day or 2week BYL-719 treated mice (Figure 5.5G).  

5.3. Discussion 
. 

The PI3K signaling pathway is a critical regulator of myocardial structure and function in 

development and pathophysiology.5, 140, 141, 196  The MCM and Cre models for PI3Kα deletion are 

an important expansion on research performed with the PI3KαDN model because they offer a 

true deletion of the gene for either PI3Kα or PI3Kβ, and the MCM model allows for gene 

deletion in the adult, avoiding complications due to developmental roles for these kinases. Oral 

administration of tamoxifen sufficient to cause gene deletion was previously shown to cause a 

transient reduction in cardiac function at 10 days after starting the drug, with full recovery of 

function at 28 days.105 This led us to hypothesize that loss of PI3Kα may increase susceptibility 

to tamoxifen/Cre toxicity, but may not be necessary for preserved heart function. Increased 
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awareness for Cre/tamoxifen toxicity has prompted investigators to now favor a minimal dose of 

tamoxifen to cause gene deletion.106 Although we observed functional recovery in our HD 

tamoxifen control group (Figure 5.1), there may be residual damage present that could not be 

captured by the methods we used.  After observing that PI3Kα deletion impaired recovery from 

tamoxifen/Cre toxicity, our primary aim in this study was not to determine the precise 

mechanism of the resulting cardiomyopathy, but rather to avoid this compounding variable in 

our study of PI3Kα signaling in relation to heart function, which is why we tested a reduced 

tamoxifen dose as well as other complementary models of PI3Kα deletion/inhibition that do not 

require tamoxifen.  

Numerous genetic models have shown a complex role for PI3Kα in diverse 

cardiovascular pathophysiological processes, with both beneficial and detrimental effects from 

loss of PI3Kα. We observed normal heart function in PI3Kα MCM LD and PI3Kα Cre models, 

despite loss of PI3Kα, and normal heart function after 2 weeks of PI3Kα inhibition with BYL-719. 

Therefore, we conclude that loss of PI3Kα is not inherently pathological to the heart in otherwise 

healthy mice, and specifically does not directly regulate heart contractility in these models.  Our 

results are consistent with the normal functioning cardiac phenotype observed in PI3KαDN 

hearts.4, 5, 64 We allowed drug washout before functional phenotyping of the BYL-719 treated 

group to specifically examine persisting effects of PI3Kα inhibition on myocardial contractility. 

We avoided functional phenotyping of acute treatment with BYL-719 to avoid possible off-target 

effects seen with other PI3K inhibitors,197 and complicating factors, such as alterations in 

metabolic substrate utilization, which may alter myocardial efficiency.198  
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ERK1/2 activation has been associated with hypertrophy and cell survival effects,199 and 

enhanced ERK1/2 signaling in PI3Kα MCM and PI3Kα Cre hearts may partially compensate for 

loss of PI3Kα due to overlapping roles in cell survival signaling. One possible mechanism of 

ERK1/2 activation is through reduced negative feedback downstream of PI3K that affects 

upstream elements common to both PI3K and ERK1/2 signaling pathways. IRS-1 is negatively 

regulated by the PI3K pathway;166 PI3Kα haploinsufficient mice display increased IRS-1 protein 

levels and maintained insulin sensitivity with age.200 Increased IRS-1 may partially explain 

increased ERK1/2 activation,167 but IRS-1 levels were increased in both HD and LD PI3Kα MCM 

hearts (Fig. 5.3D), despite ERK1/2 activation only being increased in the LD treated mice, so 

there are likely to be other regulatory factors also influencing ERK1/2 activation. Interestingly, 

ERK1/2 signaling has an important role in cell survival and proliferation in the setting of PI3K 

class IA isoform inhibition in hematopoietic progenitor cells and fibroblasts.201 Consequently, 

increased ERK1/2 signaling in PI3Kα MCM LD but not HD tamoxifen treated mice may 

contribute to the disparity in the pathology between these two groups.  

AMPK is an energy conserving mechanism activated in the setting of low insulin 

signaling,202 and is consistent with reduced Akt activation and impaired insulin signaling in the 

PI3Kα MCM hearts.103 AMPK activation may have an adaptive role in the setting of mild 

metabolic stress, due to AMPK mediated inhibition of energy demanding processes such as 

protein synthesis.203 Similarly, AMPK may be beneficial for energy homeostasis in PI3Kα MCM 

hearts (Figure 5.3D), but may inhibit cellular stress responses needed to reduce tamoxifen 

cytotoxicity in HD tamoxifen treated hearts. Our findings showing enhanced AMPK and ERK1/2 

signaling in these PI3Kα deletion/inhibition models are indicative of the potential for cellular 

adaptation, and we expect that many more cellular regulatory pathways are also modified in 

these models. The resulting phenotypes are likely a complex combination of the loss of PI3Kα 

specific signaling, such as insulin and IGF-1,68 and adaptations through altered  regulation of 

other signaling pathways.   
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PI3Kα MCM mice with low dose tamoxifen may be an ideal genetic model for further 

studying the role of PI3Kα in the heart, along with the new generation of clinically targeted PI3K 

inhibitors such as BYL-719. We have observed that PI3Kα is critical for insulin mediated 

activation of Akt in the heart, but further studies are needed to investigate the ramifications for 

this loss of Akt activation on heart metabolic substrate utilization.  We observed marked weight 

loss in mice treated with the PI3Kα inhibitor BYL-719. Future studies looking at the effects of 

PI3Kα inhibitors on food consumption, whole body metabolism and body composition would be 

useful. Weight loss due to skeletal muscle sarcopenia can have serious negative consequences 

for cancer patients,204 and it is possible that PI3Kα inhibitors may promote this process.  

Interestingly, human cases with the converse, elevated PI3K activity due to PTEN 

haploinsufficiency, have increased insulin sensitivity and are more likely to be obese.205 Our 

data and previous studies have clearly documented that PI3Kα is the dominant isoform which 

controls insulin-mediated signaling in the heart with a secondary regulatory role for PI3Kβ.103, 188 

We would also speculate that considering the dramatic difference in PI3Kα mediated activation 

of Akt between fasted and insulin stimulated control mice (Figures 5.4E, 5.5B), it does not seem 

practical to the organism for this system to also regulate heart function, because the act of 

eating and insulin release may not closely correlate with times when extra cardiac function is 

required. This is in contrast to the clear inotropic effect of the sympathetic nervous system, 

which is rapidly recruited in times of need for increased heart function.     

The genetic and pharmacological models of PI3K loss/inhibition are timely models for 

predicting the effect on the heart of PI3K inhibition considering the current trials for PI3K 

inhibitors in adults with cancer. 4, 5,118 Our observation in this study, that PI3Kα loss reduced the 

ability for recovery from tamoxifen/Cre cardiotoxicity suggests that PI3Kα has important 

cardioprotective properties, and future studies should investigate the impact of PI3Kα inhibition 

in patients with common comorbidities and risk factors such as advanced age, hypertension, 

coronary artery disease, metabolic syndrome and combinations with other cancer therapies. On 



67 
 

the flipside of PI3K inhibition for cancer patients, activation of PI3Kα signaling, such as through 

exercise64 or pharmacological therapies, may be of strategic importance for clinical scenarios 

where PI3Kα signaling is protective. However, the physiological significance of altered PI3Kα 

signaling needs to be established for specific pathological conditions.   
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6. PI3Kα and Doxorubicin Toxicity  

Submitted for publication as: Inhibition of PI3Kα in a Female Murine Cardiotoxicity Model 

Causes Heart Atrophy and Distinct Biventricular Remodeling with Pathological p38 

MAPK Activation 

6.1. Introduction 

This chapter follows on our previous findings (Chapter 5) that loss of PI3Kα causes increased 

susceptibility to the cytotoxic effects of tamoxifen combined with Cre recombinase. The 

tamoxifen/Cre system is a bioengineered tool for pre-clinical researchers to make inducible, 

tissue specific gene modifications. We next hypothesized that PI3Kα may also be important for 

maintained heart health and function under cytotoxic insults that may be encountered by 

patients who are also candidates to receive PI3Kα inhibitors, such as chemotherapeutic agents 

(introduced in Chapter 1.10). In fact, increasing evidence shows that additional cytotoxic 

therapies may be required to be used in combination with PI3K inhibitors to achieve their 

therapeutic potential.206-209 The downside of this scenario is that unintended effects, including 

adverse effects on the heart, may be increased. Here we test the hypothesis that PI3Kα 

inhibition/deletion will potentiate or exacerbate the cytotoxic effects of the chemotherapeutic 

drug doxorubicin. We utilized female mice because the majority of cardiotoxic effects of human 

cancer treatments have been in female patients, particularly combination therapies using 

Trastuzumab, an antibody based inhibitor of receptor signaling upstream of PI3K, and 

anthracyclines; however, the majority of animal research done on anthracycline induced heart 

toxicity has used male mice or not specified the sex of the animal.    

6.1. Results 
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6.2.1 Co-treatment with PI3Kα inhibitor and doxorubicin results in heart atrophy and 

increased mortality 

To simulate the clinical application of anthracycline and PI3Kα inhibition, WT female mice were 

treated 4 weeks with weekly doses of doxorubicin (Dox) and 5/week daily doses of the PI3Kα 

specific inhibitor, BYL (Figure 6.1A).6 Phenotyping was performed after 1-2 weeks of follow-up to 

assess persisting effects. Unexpected mortality was observed in the Dox+BYL group beginning 

near the end of the 4th week of treatment, and continued over the two-week follow-up period 

(Figure 6.1B). Dox treatment caused gradual weight loss which was exacerbated in the Dox+BYL 

group (Figure 6.1C), while body composition analysis showed that Dox caused loss of fat mass 

and Dox+BYL had an additive negative effect on lean mass (Figure 6.1D).  

Both Dox and BYL caused heart atrophy (Figure 6.1E), which was consistent with 

reduction in myocyte cross sectional area (MCSA), dominated by Dox in the left ventricle (LV; 

P=0.15) and BYL effect in the right ventricle (RV) (Figure 6.1F). These effects occurred in the 

absence of significant hyperglycemia (Figure 6.2A), a potential metabolic side effect of PI3Kα 

inhibition. These results demonstrate a striking increase in mortality and heart atrophy in 

response to combination therapy with a dominant effect of PI3Kα inhibition on right ventricular 

atrophy.  

6.2.2 Biventricular remodeling is characterized by reduced stroke volume and RV dilation 

in the setting of weight loss 

Echocardiography showed that Dox treatment caused reduced LV chamber diastolic and systolic 

dimensions resulting in decreased LV stroke volume, with a further reduction in response to 

combination therapy with BYL (Figure 6.3A-B; Table 6.1) in the absence of pulmonary 

congestion (Figure 6.2B).  
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Given the changes in preload, we performed invasive left ventricular pressure-volume analysis to 

perform load-independent assessment of myocardial contractility, revealing reduced negative 

dP/dtmax upon Dox treatment (Figure 6.3C and Table 6.1). In contrast, the RV of Dox+BYL 

treated mice were dilated and had reduced fractional shortening (FS); consistent with ventricular 

interdependence (common stroke volume, shared septum and interdependent contraction 

forces) and reduction in LV dimensions (Figure 6.3D). Pulmonary artery acceleration time (Figure 

6.2C) and the ratio between LV and RV MCSA (Figure 6.2D), indicators of pulmonary arterial 

hypertension (PAH), were not significantly changed between the experimental groups. Hearts did 
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not show increased apoptosis (TUNEL staining) or myocardial fibrosis based on Masson’s 

trichrome and picro-sirius red (PSR) staining in response to Dox+BYL (Figure 6.2E-G).  

We next treated an additional cohort for only 3.5 weeks (Figure 6.3E) for the following 

reasons: (1) to avoid survival bias in the Dox-BYL group (the mice that died in this group were 

likely different from the survivors in several of the key phenotyping indicators that we considered, 

such as heart function, mass etc, thus potentially skewing this data towards a less severe 

phenotype), (2) to test for elevated RV afterload pressures while under BYL treatment by 

invasive, closed chest catheterization, (3) to collect tissues for molecular investigation under 

conditions in which direct effects of BYL are still present, (4) and to measure food consumption, 

as a possible confounding cause of weight loss. While both Dox and BYL caused weight loss, 

daily measurement of food consumption during the third week of treatment showed stable food 

consumption normalized to body size (Figure 6.3F). Catheterization of the RV was performed 4-6 

days after the final dose of Dox and 1-2hrs after the final dose of BYL. Relative RV ejection 

fraction was reduced in Dox treated hearts with some Dox+BYL hearts declining further in 

relative ejection fraction and stroke volume at this early time point, but no alteration in RV filling 

and peak systolic pressures (Figure 6.3H). In contrast, LV demonstrated distinct remodeling: left 

ventricular chamber dimensions and stroke volume were reduced by BYL at this time point 

(Figure 6.3I and J), suggesting that the effects of BYL on LV chamber dimensions were partially 

masked by survival bias and Dox effects in the previous cohort that underwent 4+2 weeks 

treatment. Electrocardiographic analysis confirmed intact HR, PR interval and QRS duration with 

significant prolongation of the QTc interval confirming the presence of cardiomyopathy in the 

absence of conduction disease in the combination treated mice (Figure 6.4). Our results illustrate 

cardiotoxicity in female mice characterized by RV dilation and decreased LV cardiac output and 

myocardial contractility, consistent with ventricular interdependence.  
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6.2.2. Cardiomyocyte-specific loss of PI3Kα potentiates the susceptibility to Dox toxicity 

We next used a female, cardiomyocyte-specific p110α deletion mouse strain (αMHC-Cre)13 to 

investigate the direct contribution of the loss of cardiomyocyte p110α function to biventricular 

remodeling in response to Dox. The αMHC-Cre/p110α cohort of Dox treated mice did not sustain 

the high mortality rates seen in the Dox+BYL  group (4+2 week protocol), so a total of 5 weeks of 

treatment were completed (5+2 week protocol) (Figure 6.5A). While these results indicate that 

systemic p110α inhibition did contribute to the increased mortality of Dox+BYL treated mice, Dox 

treatment caused body weight loss, and cardiac atrophy in the αMHC-Cre/p110α mice (Figure 

6.5B). Transthoracic echocardiography showed dilated RV, reduced fractional shortening with 
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striking interventricular dependence and D-shaped septum in the Dox+αMHC-Cre/p110α group 

(Figure 6.5C).  

A second cohort was treated for 4 weeks and invasive RV catheterization was performed 

which confirmed RV dilation and reduced relative cardiac output and ejection fraction in the 

αMHC-Cre/p110α+Dox group (Figure 6.5D and E). Ventricular functional assessment by invasive 

catheterization and echocardiography, showed that Dox treatment reduced LV volume and 

cardiac output coupled with reduced myocardial contractility as illustrated by the decrease in 

end-systolic pressure-volume relationship (ESPVR) as well as impaired maximal rate of 

contraction and relaxation (dP/dtmax) (Figure 6.5G and Table 6.1) in female αMHC-Cre/p110α 

mice. These results indicate that direct cardiomyocyte PI3Kα inhibition is predominantly 

responsible for the distinct adverse biventricular remodeling and dysfunction we observe in 

female mice treated with Dox.   

6.2.3. Molecular Basis for the Biventricular Cardiomyopathy 

We next investigated the molecular pathogenesis of the biventricular myocardial remodeling. We 

profiled the expression of heart disease markers in the LV and RV from the 3.5-week Dox-BYL 

protocol, which showed that Dox increased expression of the β-myosin heavy chain isoform and 

atrial natriuretic factor (ANF) was increased in some hearts of the combination group in both the 

LV and RV (Figure 6.6A).  

We then investigated molecular mechanisms that could account for the biventricular 

remodeling using tissue from the 3.5-week protocol. We first focused on signaling pathways 

implicated in muscle atrophy.210 Nuclear localization of FOXO1 was reduced by Dox in the RV 

and FOXO3a and Smad2/3 was detected only in nuclear and non-nuclear fractions, respectively 

(Figure 6.6B), indicating that these pathways did not have increased activation. Furthermore, 

expression of atrogin-1, a regulatory target of FOXO1, was not changed (Figure 6.6C).  
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We next investigated potential molecular mechanisms of RV dysfunction.211, 212 

Phosphodiesterase-5 (PDE5) was increased in Dox treated LV and with a similar trend in the RV 

(Figure 6.6D). Pyruvate dehydrogenase (PDH) phosphorylation (inhibitory) was increased in the 

LV and RV upon BYL treatment with no effect of DOX on LV, but in the RV, Dox suppressed 

PDH phosphorylation (Figure 6.6E). However, neither of these pathways were specifically altered 

in Dox+BYL treated hearts and do not correlate with the RV dilation and dysfunction. 

Phosphorylation and activation of the p38 MAPK kinase, which is suppressed by the 

PI3K/Akt pathway213, is linked to the promotion of atrophy.214 Activation of the p38MAPK was 

increased by both Dox and BYL treatment, resulting in even higher activation by additive effects 

in Dox+BYL treated hearts (Figure 6.8A). In the αMHC-Cre/p110α mice, Dox treatment also 

resulted in a similar pattern of increased p38 activation in the heart (Figure 6.8B). Since the 

activation of p38 is associated with increased redox stress and inflammation,214 we then 

investigated redox stress. Dihydroethidium (DHE) fluorescence imaging indicated increased 

reactive oxygen species production in Dox+BYL hearts compared to vehicle treated controls 

(Figure 6.8C). Expression of TNFα, IL6, and IL1β, pro-inflammatory cytokines, in Dox-BYL 

treated hearts was not upregulated in either the LV or RV, and plasma TNFα levels were not 

increased (Figure 6.7).  

To understand the translational aspect of these findings, we next investigated p38 MAPK 

activation and redox stress in female explanted human hearts with dilated cardiomyopathy, a 

disease which involves both ventricles. Interestingly, while both p38 activation (Figure 6.8D) and 

DHE fluorescence (Figure 6.8E and F) were increased in dilated cardiomyopathy (DCM) hearts 

compared to age and sex matched controls (Ctr); the increased p38 kinase activation and redox 

stress had higher mean values in the RV compared to the LV, although we did not directly 

compare ventricles.  
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These results support the relevance of p38 activation, correlating with increase redox 

stress as an important mechanism driving the biventricular cardiomyopathy in response to PI3Kα 

inhibition and Dox treatment.  
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6.2.4. Inhibition of p38 signaling partially reversed the biventricular cardiomyopathy 

Inhibition of p38 has been linked with skeletal muscle atrophy in cancer cachexia215 as well as 

heart dysfunction and remodeling.216 Since p38 MAPK inhibitors are currently in clinical trials,217 

we tested a rescue strategy using a p38 MAPK inhibitor in our Dox+BYL model. Inhibition of p38 

MAPK with SB202190 in the Dox+BYL group attenuated weight loss and heart atrophy with a 

trend toward retained whole body fat and lean mass (Figure 6A). Cardiomyocyte cross-sectional 

area was increased in the LV and RV with p38 inhibition (Figure 6B). Invasive pressure-volume 

analysis of the RV showed reduced ventricular volume associated with increased relative 

ejection fraction and cardiac output (Figure 6C and Table 2) in response to p38 kinase inhibition. 

The LV stroke volume and fractional shortening increased, which was consistent with improved 

RV parameters and interventricular interdependence (Figure 6D and Table 2). Dihydroethidium 

fluorescence, as a marker of redox stress, showed a non-significant reduction (Figure 6E), 
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consistent with p38 activation being primarily a down-stream effect rather than upstream cause 

of redox stress. Electrocardiographic analysis showed normalization of the QT interval with p38 

inhibition (Figure 6F). These results support a mechanistic role for p38 activation in mediating the 

adverse Dox+BYL effects on the heart and the potential for p38 inhibition as a therapeutic 

strategy. 

6.3. Discussion 

The emergence of targeted cancer therapies may contribute to the cumulative risk for heart 

disease since they are often used in combination with chemotherapeutic agents such as 

anthracyclines and in patients with risk factors for heart disease.108-113  A striking example of this 

is the growing list of tyrosine kinase inhibitors indirectly blocking upstream or downstream PI3Kα 

signaling and direct PI3Kα inhibitors that have the potential to be broadly used both in patients 

with identified PI3K pathway mutations as well as general adjuvant therapies.118, 218, 219 The 

compounded CV risk of PI3Kα inhibitor use in vulnerable groups such as women with breast 

cancer is particular relevant given the high prevalence of p110α gain-of-function mutations and 

the large number of clinical trials currently in progress.115, 220 Breast cancer survivors have an 

increased risk of CV death compared to a cancer free comparison cohort221 which could be 

compounded if therapies that increase cancer survival also increase CV risk when coupled with 

comorbidities.122 Preclinical studies can be used to understand the type and mechanism of the 

cardiac risk of PI3Kα inhibition in combination with other perturbations or comorbidities. 
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           Using female murine models, we demonstrated that combined doxorubicin and PI3Kα 

inhibition resulted in increased mortality and a distinct biventricular remodeling (Figure 6.10) 

documented by echocardiography and invasive pressure-volume analysis. Right ventricular 

dilation and reduced fractional shortening resulted in ventricular interdependence and reduced 

cardiac output. Invasive, closed chest measurement of RV showed normal peak and filling 

pressures in the presence of PI3Kα inhibition indicated that pulmonary artery hypertension was 

not present in our model, consistent with the lack of cardiomyocyte hypertrophy in the RV and 

normal lung morphology.  Rodent models of doxorubicin toxicity often report dilated LV end 

diastolic dimensions222-224  whereas we observed reduced LV dimensions in our chronic 

treatment using female mice, possibly due to sex dimorphic responses to these therapies or 

differences in dosage protocols. Our chemotherapy regimen also resulted in significant weight 

loss and reduced heart mass and LV chamber dimensions; heart mass is normally closely 

correlated with body mass, and anorexia also causes reduced heart mass.225 The LV may be 

partially protected from atrophy due to its higher systolic pressures, which activate pro-

hypertrophy/mass maintaining signaling in comparison to the RV; consistent with this, in a rat, 

tumor driven cachexia model, RV mass was preferentially decreased.226 In patients with 

advanced heart failure, cachexia correlated with reduced RV function, and worse outcomes 

compared to patients without cachexia.227  

           The RV has a number of inherent differences from the LV, which may contribute to the 

distinct ventricular remodeling in response to chemotherapy. The RV has reduced defense 

against redox stress,228 and molecular changes underpinning ventricular remodeling vary by type 

and magnitude between the LV and RV.229, 230 Genetic variation in estradiol metabolism and 

androgen signaling was associated with RV morphology in a sex-specific manner.231 Right 

ventricular cardiomyocytes are predominantly longitudinal in orientation, whereas LV myocytes 

are more radially orientated.232  



85 
 

 

Sex differences in RV remodeling is also seen in obese women who exhibit right ventricle 

remodeling with increased end diastolic dimension, which is not present in obese men.233 Our 

findings that PI3Kα inhibition contributes to RV dysfunction in a female mouse model should 

raise concern considering the profile of advanced heart disease cancer patients/survivors as 

indicated by the INTERMACS registry for patients with LVAD where patients with chemotherapy 

related cardiomyopathy receiving LVAD were predominantly female and were more likely to 

require right ventricle assistance.234 Indeed, in cancer patients, female sex is an independent risk 

factor for cardiac abnormalities after treatment with doxorubicin in association with a greater 

decrease in LV mass.235 

We identified that the activation of the p38 MAPK signaling pathway in both LV and RV 

may underlie our observed phenotype in female hearts with cardiotoxicity. Dox can activate p38 

activation in cardiomyocytes through negative modulation of the PI3K pathway and promotion of 

an atrophy gene program213 and p38 MAPK activation can have a direct negative inotropic effect 
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at the level of myofilament Ca2+ sensitivity.236 Activation of p38 promotes increased energy 

expenditure and mitochondrial uncoupling in muscle,214 and p38 inhibition has beneficial effects 

in models of muscle atrophy in tumor bearing cancer cachexia models.131, 215 Importantly, in 

female human hearts with DCM we found that both p38 MAPK activation and redox stress as 

assessed by DHE staining was increased. To our surprise, FOXO1 signaling, which is implicated 

in skeletal muscle atrophy and regulated by PI3K signaling,120 was not activated in the heart in 

this study. In cancer patients with tumor types and therapies that place them at a high risk for 

cachexia, PI3K inhibition may exacerbate and possibly potentiate pathological weight loss, 

potentially through increased p38 signaling. Importantly, p38 MAPK inhibition may be beneficial 

for both heart216, 217 and cancer treatment.237 

Our study shows that in female preclinical models, PI3Kα inhibition and Dox resulted in 

marked RV dilation and dysfunction in the setting of weight loss and heart atrophy. These 

changes were linked to increased pathological p38 MAPK activation coupled with redox stress. 

We suspect that weight loss and adverse heart remodeling will be key safety indicators once 

PI3K inhibitors are used for extended periods. PI3K inhibition may soon become a mainstay in 

multi-drug combination cancer therapy; a search for “PI3K” on clinicaltrials.gov yielded 411 

studies, and “PI3K+cancer gives” 377 studies, most of which utilize a PI3K inhibitor, often in 

combination with other therapies. Our current animal study focuses on the PI3Kα isoform, 

although many PI3K inhibitors target multiple PI3K isoforms which are broadly expressed, 

creating the potential for additional adverse effects. More studies are needed to fully characterize 

the significance of different PI3K isoform inhibition in combination with other cancer therapies 

and comorbidities.  
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7. Final discussion, research impact and future directions 

7.1 General comments   

As much as we might talk about PI3K signaling as pro-growth or pro-survival, the physiological 

impact of PI3K signaling in a complex organ system like the heart is highly context dependent. 

Just as heart disease itself is of heterogeneous origin and presentation, my graduate research 

has impressed me with the view that alterations in PI3K signaling can be neutral, beneficial or 

detrimental depending on the context.  

7.2 Discussion and impact: ischemia/reperfusion project  

I began with the IR project (chapter 3), which we expected to confirm that PI3KαDN expression 

was dependent on enhanced PI3Kγ signaling, which I thought would lead into further studies of 

the crosstalk between these different PI3K isoforms. However, cross breading of PI3KαDN and 

PI3Kγ-/- mice did not abrogate IR protection, forcing us to reject this hypothesis. The large effect 

size and consistent IR protection now seen in multiple models of reduced myocardial PI3Kα has 

motivated me to continue the search for the underlying mechanism of this phenomenon. A 

downstream target, rather than PI3Kα itself, may be the ideal target for therapeutic intervention 

that harnesses these protective effects, which is why an understanding of the underlying 

mechanism is critical.  

The most immediate impact of these IR studies may be to challenge the idea of PI3K 

and Akt signaling as inherently beneficial in the setting of IR. Akt activation is often reported as 

mechanistic proof of a beneficial effect, even without inhibiting Akt to see if Akt activation is a 

side effect and not a cause of the process in question. PI3K signaling research may also be 

affected by the many studies using non-specific inhibitors such as LY294002, which has many 

off-target effects outside of PI3K.238 There are over 500 citations in Pubmed for this drug in 2016 

alone, despite many highly specific new generation PI3K inhibitors being available to 
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researchers.118 Focused PI3K research will likely continue to contend with the prevalent 

conception that PI3K activation is a panacea that ameliorates almost any pathological process. 

7.3 Suggestions for future work 

Looking again to fundamental mechanisms of IR injury, it is still not clear in PI3Kα 

deficient hearts if damaging processes, such as cytosolic calcium overload, never reach the 

high levels found in control hearts, or if the cardiomyocyte is better able to withstand and 

ameliorate these processes. For example, high cytosolic calcium in the first few minutes of 

reperfusion may cause loss of mitochondrial membrane potential, leading to poor ATP 

production, which further impairs the removal of cytosolic calcium via ATP dependent pumps 

(such as SERCA2A). Do PI3Kα deficient hearts never sustain sufficiently high cytosolic calcium 

to cause this vicious cycle, or is there something different about their mitochondria that causes 

them to remain functional long enough to clear the high cytosolic calcium? This question could 

be addressed using optical mapping and a calcium sensitive dye such as Fura-2239 loaded into 

the heart followed by an IR protocol.  

If high cytosolic calcium levels are recorded in PI3Kα deficient hearts at the initial 

moments around reperfusion, it would support the theory that mitochondria are resistant to high 

cytosolic calcium. I would try to confirm this theory using experiments with isolated 

mitochondria. The Molkentin lab has shown that Cyp-D knockout mitochondria can sustain 

repeated calcium challenges before mitochondria integrity is impaired, whereas control 

mitochondria are quickly compromised.240 I would do similar experiment using mitochondria 

from PI3Kα deficient hearts. 

If calcium overload is avoided altogether in PI3Kα deficient hearts, then I would trace 

back the steps that lead to calcium overload, looking for differences compared to control hearts. 

One hypothesis is that reduced PI3Kα affects glycogen metabolism through its role in glucose 

uptake and regulation of glycogen synthesis/degradation. Upon induction of no-flow ischemia, 
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glucose is no longer delivered to the heart, and oxygen is no longer available for mitochondrial 

respiration. Stored glycogen is the available fuel source for uncoupled glycolysis, which is 

metabolized to lactate.241 This acidifying process can then lead to intracellular calcium overload 

via ion exchange, and intracellular calcium overload then results in loss of mitochondrial 

membrane potential and necrotic cell death.98 This hypothesis would be tested first by 

measuring glycogen and lactate levels in hearts after baseline aerobic perfusion and then after 

no-flow ischemia. If glycogen flux and lactate production is reduced, we would then probe for 

protein levels and activation of key glycogen regulators, including GSK3β, glycogen synthase 

and glycogen phosphorylase. This information could then inform how we approached 

interventions that promoted glycogen flux in PI3Kα reduced hearts (expecting loss of IR 

protection) or reduce glycogen flux in wildtype hearts (expecting improved IR recovery).  

Looking further ahead, if a mechanistic understanding of our model is established using 

perfused hearts, the same processes could be tested in an in vivo IR model. If a therapeutic 

target is identified that recapitulates the reduced PI3Kα protection phenotype, and a strategy is 

found to achieve these effects in wildtype hearts, experiments could be pursued in large animals 

models of IR and ex vivo human heart perfusions such as donor hearts that are found to be 

unsuitable for transplant. The potential for new therapies to emerge from this work will become 

clearer when a mechanistic understanding of this IR protection phenotype is better understood. 

Specifically, if the unknown mechanism can be harnessed at a reperfusion or post reperfusion 

time point, since many of the IR scenarios found in real-world clinical scenarios do not allow for 

preconditioning treatment. This would include patients with occluded coronary arteries who will 

be receiving angioplasty, or donor hearts which have stopped beating and have sustained an 

ischemic period before being reperfused and transplanted. If a suitable drug target is found 

based on this research, maybe anyone at risk of an ischemic event could be given medications 

to keep with them at home, and be told to take a pill anytime they have symptoms of angina and 

also see a doctor.  
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7.4 Discussion and impact: heart function project 

This project arose as we worked out the protocol for inducible deletion of PI3Kα using the 

tamoxifen/Cre system. The 2009 Circulation paper from Lin103 seemed to be ignored by 

pharmaceutical companies who continued with PI3K inhibitor development as cancer therapies. 

If PI3Kα inhibition really did cause depletion of membrane calcium channels and heart 

dysfunction, I would expect that this finding would disqualify PI3Kα as a safe therapeutic target. 

The heart phenotype could also be potentially affected by the long exposure to tamoxifen, and 

indeed, I found that heart dysfunction could be uncoupled from PI3Kα deletion with a reduced 

tamoxifen administration regimen.  

I initially submitted these findings for publication at Circulation Research, but was 

rejected; however, soon after this Circulation Research published an article reporting 

cardiomyocyte specific deletion of myostatin causing acute heart dysfunction and mortality, 

again using a very high dose of tamoxifen. Myostatin inhibitors are being tested in clinical trials 

to reduce pathological muscle wasting. It was hard for me to imagine how this circulating 

signaling protein could be deleted only in cardiomyocytes, a relatively minor contributor to 

myostatin expression, with such severe consequences for the heart. Meanwhile, whole body 

inhibition of myostatin had beneficial effects,242 and genetic deletion of myostatin in 

cardiomyocytes reduced heart failure associated skeletal muscle loss.243 I expressed my 

concern that tamoxifen/Cre toxicity may be contributing to this newly reported myostatin 

phenotype in a letter to the editor.107 

Despite our findings that PI3Kα was dispensable in the hearts of otherwise healthy mice, 

we know that the target population for PI3Kα inhibition, cancer patients, is not a healthy 

population. We had seen that PI3Kα caused increased vulnerability to tamoxifen/Cre toxicity, so 

we hypothesized that PI3Kα inhibition may also predispose the heart to cytotoxic cancer 

therapies. We investigated the commonly used anthracycline drug doxorubicin. In this context, 
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we found that PI3Kα inhibition promoted loss of heart and body mass. Promotion of atrophy 

may be the most important adverse effect of PI3Kα inhibition in cancer patients, including whole 

body loss of lean mass and reduced heart mass, to which the RV may be especially vulnerable. 

Cancer cachexia causes a significant burden for cancer survival as well as quality of life. If PI3K 

inhibition promotes cachexia symptoms, this is likely to be a significant factor that will limit the 

application of these drugs in clinical use. I was surprised that I did not detect activation of the 

FOXO1 or Smad2/3 transcription factors from PI3Kα inhibition. These pathways have been 

closely connected with PI3Kα signaling in skeletal muscle models of sarcopenia.244 

7.5 Suggestions for future work 

There are many directions to pursue for subsequent studies into the effects of PI3K inhibition on 

the heart. First, electrophysiology effects of PI3K inhibition needs to be better understood. This 

is being pursued in the Oudit Lab. Second, PI3K inhibition, including isoform specific and pan 

inhibition, should be applied to numerous models of comorbidities to further establish the risk 

profile of these drugs in the heart and the body. This would include experiments in tumor 

bearing animals, obesity, and aged animals.  

Considering that numerous PI3K inhibitors are being tested in clinical trials, an ideal 

scenario for ongoing preclinical investigation would be to design animal experiments that use 

the strengths of animal work, such as deductive and invasive mechanistic experiments, to 

explain and predict clinical effects of PI3K inhibition. I would search for clinical groups using the 

PI3K inhibitors and doing extensive heart imaging, ideally MRI to get reliable heart mass and 

biventricular volumes. If heart changes were observed, such as reduced heart mass or RV 

dysfunction, I would try to replicate these conditions in an animal model to investigate the 

underlying molecular mechanisms. A challenge in this type of clinical research is that heart 

tissue will not likely be available from these cancer patients, because they are not likely to 

receive heart surgery or get a heart transplant; therefore, preclinical models will be essential for 



92 
 

understanding molecular mechanisms. Noninvasive assessment of heart and body mass and 

composition will likely continue to be an important tool to assess atrophy in the heart and body 

for cancer patients. Also, surgeries that have incidental access and removal of muscle or 

adipose tissue from these patients will likely be an important source of tissue for research, 

although molecular mechanisms of atrophy may differ between the heart and skeletal muscle.  
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