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ABSTRACT 

The metabolic pathways in the heart are fine-tuned to supply substantial amounts 

of energy for contraction. Metabolic dysfunction not only diminishes energy production 

but can also enhance oxidative stress. Pyruvate kinase (muscle isoform 2, PKM2), a 

glycolytic enzyme, has emerged as a potentially cardioprotective therapeutic target to 

reduce oxidative stress. Its physiological role in the healthy heart remains to be 

explored.  

Using germline PKM2 knockout mice (PKM2-/-), we characterized the metabolic 

functions of PKM2 in the heart. Glucose isotopic tracing revealed perturbations in 

glucose flux that prioritized glucose consumption in lipid synthesis and the pentose 

phosphate pathway in PKM2-/- cardiomyocytes compared to controls. Removal of PKM2 

altered lipid profiles, led to the accumulation of lipid droplets, and impaired insulin-

mediated glucose uptake in cardiomyocytes. These alterations impaired mitochondrial 

respiration, increased mitochondrial superoxide production in cardiomyocytes, and 

depleted ATP in PKM2-/- hearts. Our study establishes PKM2 as a metabolic regulator of 

oxidative stress in the healthy heart. We also provide evidence of enhanced cardiac and 

systemic inflammation in PKM2-/- mice. In addition, PKM2-/- hearts exhibited aggravated 

fibrosis following myocardial infarction. 

Our study demonstrates important roles for PKM2 in the unstressed heart in 

regulating energy production, oxidative stress, and cardiac inflammation. These 

functions carry over to the stressed heart and reveal PKM2 as a cardioprotective 

enzyme in limiting cardiac remodeling after infarction. 
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CHAPTER 1. INTRODUCTION 

The heart is a highly metabolic organ to ensure constant supply of chemical 

energy for contraction. This energy is provided by metabolism of a wide range of 

substrates to produce ATP. Disease can perturb metabolism and reduce energy 

production. Ischemia, a reduction in blood flow and thus oxygen delivery, causes a shift 

from oxidative metabolism to glycolysis that reduces the efficiency of ATP production. A 

better understanding of the key regulators of cardiac metabolism that maintain energy 

production during ischemia may lead to improved therapy. 

Previous work in our lab identified an isoform switch of the glycolytic enzyme 

pyruvate kinase (muscle, PKM) that is regulated by hypoxia.1 We observed reduced 

expression of the normally predominant isoform PKM1, while PKM2 upregulation was 

promoted by hypoxia-inducible factor 1 (HIF-1). The adjustment from oxidative 

metabolism to glycolysis in the ischemic heart corresponds with the reported metabolic 

functions of the two isoforms and their expression. Studies of other cardiovascular 

diseases have also demonstrated this isoform switch,2-4 further stimulating investigation 

into the role of PKM2 upregulation in the diseased heart. 

The aim of this research has been to elucidate the metabolic function of PKM2 in 

the heart at baseline and after myocardial infarction (MI). We evaluated the cardiac 

glucose metabolism, lipid profile, and mitochondrial function of global PKM2 knockout 

(PKM2-/-) mice. The ubiquitous deletion of PKM2 also allowed investigation into its role 

in cardiac inflammation, a key factor in tissue repair in the infarcted heart, during which 

infiltrating immune cells which undergo a glycolytic burst upon activation that is partially 

dependent on PKM2 activity. The goal of this study was to inform potential therapies 
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modulating PKM2 expression and activity to enhance cardiac energetics and recovery 

after MI. 

In this chapter, we will discuss the cellular mechanisms mediating hypoxic 

signaling and oxidative stress in the infarcted heart, as well as cells that mediate the 

inflammatory response and scar formation. We will then discuss cardiac metabolism 

and alterations in the diseased heart. Lastly, the known functions of both PKM isoforms 

will be described, including modifications that facilitate non-metabolic activities that 

influence the overall survival and proliferative capacity of the cell. 

 

1.1 Myocardial infarction 

Cardiovascular disease has become the leading cause of death worldwide.5,6 

The umbrella term refers to health conditions that affect the heart and blood vessels, 

including predominately ischemic and hypertensive heart disease. MI, commonly 

referred to as a heart attack, is an event that restricts blood flow to a part of the 

myocardium, usually by a clot in one of the coronary arteries that supplies blood to the 

heart muscle.7 The loss of blood flow reduces nutrient and oxygen availability required 

for healthy cell function but also prevents waste removal. A marked reduction in blood 

flow for more than a few minutes leads to hypoxia and resulting tissue necrosis. The 

infarcted area is eventually replaced by scar tissue which limits both relaxation and 

contraction. Cardiac remodeling after MI can lead to dilation of the ventricles and 

hypertrophy of cardiomyocytes.7,8 Over time, these factors contribute to weakening of 

the ventricular wall and inefficient geometry for the ejection of blood.  
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Adverse cardiac remodeling resulting in inefficient pumping in cardiovascular 

disease can lead to congestive heart failure.6 Metabolic dysfunction has also been 

identified as a contributing factor to depressed contractility in heart failure. Alterations in 

glucose and fatty acid consumption, combined with decreased insulin sensitivity, will 

reduce ATP production that is necessary for contractility.9 Mitochondrial dysfunction is 

also considered a predictor of mortality in patients with cardiovascular disease. It is a 

feature of systolic heart failure and may contribute to heart failure progression.10,11 In 

sum, it is imperative to maintain cardiac energetics to prevent damage during an infarct 

and subsequent deterioration of cardiac function. 

1.1.1 Hypoxia 

The loss of blood flow during a myocardial infarction creates a low-oxygen 

environment, termed hypoxia. Hypoxia in the ischemic region induces signaling in 

surviving cells mediated by hypoxia-inducible factor 1 (HIF-1).12 Under normal oxygen 

(normoxic) conditions, the transcription factor subunit HIF-1Ŭ is hydroxylated by prolyl 

hydroxylases (PHD) and factor inhibiting HIF (FIH) and then ubiquitinated by the von 

Hippel-Lindau (VHL) protein for degradation in the cytoplasm. In hypoxic conditions, the 

lack of oxygen limits hydroxylation of HIF-1Ŭ and allows it to translocate to the nucleus 

to interact with HIF-1ɓ at hypoxia-response elements (HREs) via helix-loop-helix 

domains. HREs have been identified at the promoters of a broad range of genes 

including glycolytic enzymes, angiogenic factors, and cell survival mediators.13 HIF-1-

mediated gene expression helps the cell adapt to the hypoxic environment and form 

new vasculature to enhance blood flow to deliver necessary oxygen and nutrients. 

Notably, the transcription of the Pkm gene is upregulated by HIF-1, discussed further in 
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section 1.3. The expression of such genes promoted by HIF-1 mediates the 

cardioprotective effects of the transcription factor in response to MI. 

One study showed the value of HIF-1 in response to MI where overexpression of 

HIF-1Ŭ in cardiomyocytes reduced infarct size, led to cardiac function retention, and 

increased capillary density after MI mice.14 Studies of ischemic pre-conditioning (IPC) in 

mice have shown HIF-1 expression to mitigate ischemia-reperfusion (I/R) injury in the 

myocardium.12 IPC involves exposing the heart to short periods of ischemia and 

reperfusion. Infarction following IPC was reduced in size and apoptotic signaling when 

compared to mice that had not undergone IPC.15 Interestingly, IPC had no effect on 

infarct size in heterozygous Hif-1+/- mice after I/R. Additionally, in an endothelial cell-

specific Hif-1 knockout model, mice lacking HIF-1Ŭ or HIF-1ɓ did not show 

cardioprotective effects from IPC.16 These studies show an important role for HIF-1 in 

protecting against ischemic injury in myocardial cells. 

1.1.2 Oxidative stress 

As the name suggests, reactive oxygen species (ROS) are unstable molecules 

containing oxygen such as OHÅ, OH-, O2Å-, and H2O2.17 The lack of oxygen 

counterintuitively increases ROS production in cells after MI. In fact, a majority of the 

literature on cardiac ischemia explores oxidative stress in the context of reperfusion, as 

sudden exposure to oxygen after hypoxia promotes electron leakage in mitochondria 

and overwhelms antioxidant capacity.18 In MI without reperfusion, the remaining cells 

surrounding the infarcted region produce elevated levels of ROS and have reduced 

antioxidant activity.19,20 It is thought a combination of dysregulated ATP/ADP ratios and 

obstructed electron flow in the mitochondria contribute greatly to ROS production during 
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ischemia.21,22 The majority of superoxide production occurs at complexes I and III of the 

electron transport chain, with some contribution from ɓ-oxidation enzymes. Mitochondria 

have developed mechanisms that counteract rising ROS, one of which includes 

uncoupling the electron transport chain to limit electron flux using uncoupling proteins 

(UCP).23 This can have protective effects during cardiac I/R.23 In the following chapters, 

we present evidence of regulation of oxidative stress and damage by PKM2 in the 

healthy heart and following MI. 

O2Å-, also known as superoxide, is the primary ROS produced by mitochondrial 

dysfunction and can be converted to O2 and H2O2 by superoxide dismutase (SOD). 

H2O2 can be further reduced to O2 and H2O by catalase.24 Glutathione peroxidase 

(GPX) also participates in scavenging ROS, with GPX1 and 4 as the prevalent isoforms 

in the heart.25-28 Glutathione, the cofactor in GPX, is synthesized from glycine, 

glutamine, and cysteine, which originates from the methionine and folate cycles.26,29 

When synthesized, glutathione is in its reduced form (GSH), and oxidation by ROS 

creates a disulfide linkage between two glutathiones (GSSG). NADPH is necessary to 

return GSSG to its reduced form, GSH, allowing for further antioxidant activity. As highly 

metabolic cells, cardiomyocytes produce elevated levels of ROS. In the healthy heart, 

ROS can be quickly reduced by antioxidants and are maintained at low levels for cell 

homeostasis.17 This scavenging ability has led to the theory that cardiomyocytes are 

particularly resilient to oxidative stress.  

ROS have been documented to oxidize various proteins such as protein kinases, 

enzymes in the insulin signaling pathway, and calcium channel pumps.30,31 Some of 

these modifications are reversible which contributes to the recent theory that ROS act 
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as intracellular signaling molecules under normal physiological conditions. In this case, 

ROS act as messengers to limit oxidative processes. In conjunction with nitric oxide 

(NO), ROS regulate vascular tone and growth.32,33 NO also regulates cardiac function 

by stimulating guanylyl cyclase and altering the intracellular calcium concentration.34 

Whether the modifications of proteins by ROS at low physiological levels is simply a 

consequence of oxidative damage needs further exploration. 

However, excessive ROS can have detrimental effects. Free radicals can alter 

protein activity, damage DNA, and oxidize lipids.35 Superoxides can convert NO to 

ONOOÅ-, effectively inactivating the function of NO in maintaining the endothelium.34 

Elevated ROS levels can promote apoptosis by opening the mitochondrial permeability 

transition pore and releasing pro-apoptotic proteins.36 ROS have been implicated in 

several pathways that lead to cardiac hypertrophy, with many studies demonstrating a 

correlation between development of cardiac hypertrophy and imbalanced ROS 

antioxidant levels.17 Iron-mediated ROS production via the Fenton reaction contributes 

greatly to lipid peroxidation.37 Lipid peroxidation can yield a number of toxic products 

that continually propagate, and accumulation of these products in the cell membrane 

can lead to cell death by ferroptosis.38,39 Excess iron and ferroptosis inducers have 

been demonstrated to increase cardiomyocyte death, and excessive iron is considered 

an adverse risk factor for left ventricular remodeling in MI patients after reperfusion 

therapy.40,41 

ROS also modifies glucose flux, promoting entry into the pentose phosphate 

pathway (PPP). As an anabolic pathway, the oxidative phase of the PPP is the major 

source of NADPH used to assist with glutathione antioxidant activity, while the non-
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oxidative phase produces nucleotide substrates.42 Mechanistically, ROS stimulates ATM 

(ataxia telangiectasia mutated) that then activates the first PPP enzyme, glucose-6-

phosphate dehydrogenase (G6PD).43 Initial diversion of glucose to the PPP in response 

to acute ROS appears to be independent of ROS inhibition of glycolytic enzymes in 

human skin cells.44 The importance of the PPP in combating rising ROS was 

demonstrated by inhibition of oxidative PPP enzymes, causing increased ROS and 

apoptosis of thyroid cancer cells, likely owing to the inability to produce NADPH to 

scavenge the rising ROS levels that overwhelmed the balance.45 

Altogether, the heart has several mechanisms in place to control ROS levels. 

However, when antioxidant capacities are overwhelmed, ROS can damage cellular 

components and induce cell death, exacerbating cardiac remodeling and heart failure 

progression.  

1.1.3 Immune cell infiltration 

The response to MI encompasses the actions of multiple cell types. Damaged or 

dying cells in the infarcted area of the heart release damage-associated molecular 

patterns (DAMPs), such as ATP and DNA, that can be recognized by resident 

fibroblasts and immune cells.46 This, in addition to ROS, attracts infiltrating immune cells 

to the site of injury, initiating the inflammatory phase that can persist up to 4 days after 

injury.47,48 Indeed, in Chapter 4 we present data that suggests the heightened oxidative 

state of the PKM2-deficient heart increases immune cell presence in the myocardium. 

Neutrophils are the first immune cells to infiltrate the myocardium at the onset of 

injury. These pro-inflammatory cells release myeloperoxidase, which through a series of 
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oxidation reactions, produces toxic products such as hypochlorite.47,49 While effective as 

an anti-microbial, hypochlorite has been found to modify cardiac contraction.50 

Neutrophils also secrete matrix metalloproteases (MMPs), collagenase, and elastase, 

and phagocytose degraded matrix components to clear the injured area. Pro-

inflammatory cytokines released by neutrophils, such as IL-1ɓ and IL-6, activate 

inflammatory signaling cascades and differentiating immune cells. Typically, neutrophil 

infiltration is attenuated within 1 day.48 Uncontrolled and prolonged neutrophil activity 

can devastate the surrounding tissue by excessive matrix degradation and oxidative 

stress.51 Accumulation of neutrophils in the ischemic and border regions of rabbit hearts 

after coronary occlusion and reperfusion can increase the incidence of arrhythmias.52 

Neutrophil activity is  necessary for  phagocyte recruitment and dead cell and 

debris removal.36 During MI, resident macrophages in the infarct area die and are 

replaced by infiltrating monocyte-derived macrophages.53 Bone-marrow-derived 

macrophages are distinguished from resident cardiac macrophages by the presence of 

C-C chemokine receptor 2 (CCR2) on the cell surface.54 

Activated macrophages are broadly classified into pro-inflammatory M1 and anti-

inflammatory M2 subtypes; the former involved in the inflammatory phase of an MI and 

the latter dominating the immune response in the subsequent proliferative phase.47 M1 

macrophages, similar to neutrophils, also secrete matrix metalloproteases and pro-

inflammatory cytokines, including TNF-Ŭ, and clear the infarcted area.47 Within 3-7 days, 

pro-inflammatory macrophages undergo apoptosis and release annexin A1 and 

lactoferrin which have been reported to have anti-inflammatory functions.55 
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The shift to M2-polarized macrophages occurs around 5 days after MI.47 These 

cells are primarily associated with fibrosis, secreting cytokines such as IL-4 and IL-13 

that activate fibroblasts to become myofibroblasts that facilitate scar tissue formation 

and wound healing.56 M2 macrophages may also enhance angiogenesis via HIF-1 and 

vascular endothelial growth factor (VEGF).57 Although M2 macrophages are generally 

considered to be anti-inflammatory and therefore beneficial during the reparative phase, 

scar tissue formation is a fine balance that necessitates regulation of myofibroblast 

activation by M2 macrophages. Excessive extracellular matrix (ECM) deposition can 

thicken and stiffen the ventricular wall, impeding contraction and relaxation, but 

inadequate wound healing can jeopardize ventricular integrity.54 This highlights the 

importance of a balanced inflammatory and anti-inflammatory response to facilitate 

proper wound healing. 

1.1.4 Scar tissue formation 

Upon ischemic injury, fibroblasts are activated by DAMPs, becoming 

myofibroblasts that resemble smooth muscle cells and are able to contract, facilitating 

wound healing and mimicking cardiomyocyte function.58-61 The ECM that is deposited by 

myofibroblasts during the proliferative phase will cross-link and form the fibrotic scar 

that prevents ventricular wall rupture.62,63 As an essential aspect of wound healing follow 

MI, we assess fibrotic scar formation in Chapter 4 as an indicator of tissue damage 

resulting from metabolic dysregulation. 

1.1.5 Current treatments 

A number of strategies have been developed to restore blood flow in patients 

diagnosed with MI.64,65 Despite treatments that reduce plaque formation and cardiac 
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workload, many patients are still at risk of heart failure as a consequence of scar 

formation and cardiomyocyte death. As adult mammalian cardiomyocyte proliferation is 

limited, with approximately only 0.3-1% of cardiomyocytes proliferating per year in adult 

human hearts,66 cardiac regeneration to replenish lost cardiomyocytes would require 

additional therapies. Induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) 

initially appeared promising, but so far have yielded little evidence of regeneration.67 

Yet still, targeting the underlying causes of myocyte dysfunction, such as 

metabolic and oxidative stress, can prevent cell death and reduce the risk of heart 

failure. Infusion of a glucose-insulin-potassium (GIK) solution during acute MI was 

explored as the original metabolic therapy.68 This treatment aimed to prevent lipotoxicity 

of free fatty acid uptake into the heart, an event that is increased in MI and heart failure 

patients.69 Although GIK therapy may have reduced mortality of acute MI patients, 

enthusiasm diminished due to poor and inconsistent study designs, some showing no 

effect on infarct size, and new drugs had been developed to treat MI symptoms.68 There 

is increasing interest in creatine kinase (CK), in the past used to diagnose infarction, as 

a therapeutic target.70,71 CK rapidly supplies ATP in times of high energy demand, and 

restricted CK flux is highly correlated with heart failure patients.70 Cardiac-specific 

overexpression of mitochondrial CK (using an Ŭ-MHC promoter and tetracycline-

controlled activation of mitochondrial CK expression) reduced cardiac remodeling and 

restored ejection fraction induced by transverse aortic constriction (TAC).72 Reduction of 

the phosphocreatine / ATP ratio has become an established predictor for mortality of 

heart failure patients.73 These studies demonstrate that modulation of cardiac 

energetics can be cardioprotective and limit disease pathology.  
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1.2 Cardiac metabolism 

The contractile function of the heart is sustained by large amounts of ATP. 

Approximately 60-70% of the ATP produced in the heart is utilized for actomyosin 

contractile function and the remaining 30-40% for ion pumps.74 If not continuously 

replenished, the small reserve pool can be depleted within seconds.74,75 Maintaining 

energy production is vital for preserving cardiac output. As such, in later chapters we 

assess the contribution of energy maintenance in cardiac function and damage 

following infarction. 

1.2.1 ATP consumption for contraction 

With each heartbeat, upon electrical stimulation, L-type Ca2+ channels within the 

t-tubule open, increasing the intracellular calcium concentration (Fig. 1.1). This calcium 

influx opens the ryanodine receptor (RYR) on sarcoplasmic reticulum, releasing 

intracellular calcium stores to the cytosol. Calcium can then bind troponin, displacing 

tropomyosin, and permit interaction of the myosin head with actin. Connection of myosin 

heads to the actin filament occurs with ATP hydrolysis. The resulting ñpower strokeò 

moves the myosin head towards the center of the sarcomere. The myosin head is then 

released from the actin polymer upon binding of new ATP, returning the myosin heads 

for the next step down the actin. Calcium is returned to the sarcoplasmic reticulum by 

the SERCA pump, which also requires substantial amounts of ATP, and the myocyte is 

ready for the next cycle of excitation-contraction coupling. To maintain the correct 

balance of ions for this process the Na+ / Ca2+ antiporter also removes intracellular 

calcium while pumping in sodium, and the Na+ / K+ pump uses ATP to remove excess 

sodium.  
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Figure 1.1. ATP regulates calcium flux to initiate contraction and relax muscle.  

Entry of calcium into the sarcoplasm activates the RYR to release calcium stores from 

the sarcoplasmic reticulum. Calcium then mediates actin-myosin contractile function. 

Intracellular stores are replenished through the SERCA pump, and excess calcium is 

transported out of the cell by ion exchange pumps. cTn = cardiac troponin, PLN = 

phospholamban, SERCA = sarcoendoplasmic calcium ATPase, RYR = ryanodine 

receptor. 
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In addition to its crucial role in contractility, ATP is necessary for phosphorylation 

that regulates contraction. Phospholamban (PLN) inhibits SERCA activity and slows re-

entry of calcium into the sarcoplasmic reticulum.76 Phosphorylation of PLN by either 

protein kinase A (PKA) or calcium/calmodulin-stimulated protein kinase II (CaMKII) 

releases its inhibition of SERCA (Fig. 1.2). PKA itself is activated by cyclic AMP 

produced from ATP by adenylyl cyclase, a process that is initiated by stimulation of ɓ1/2 

adrenergic receptors.  

 

Figure 1.2. Regulation of phospholamban 

PKA and CaMKII activate SERCA activity by preventing inhibitory regulation of PLN. 

PKA = protein kinase A, CaMKII = calcium/calmodulin-stimulated protein kinase II, AC = 
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adenylyl cyclase, AR = adrenergic receptor, PLN = phospholamban, SERCA = 

sarcoendoplasmic calcium ATPase. 

In Chapter 2, we present evidence suggesting that disruptions in glucose flux can 

modify signaling of contractile machinery by the elevation in ROS. Our data suggest that 

the resulting dysregulation of contraction depletes the ATP pool in PKM2-ablated hearts. 

1.2.2 Energy substrates 

The heart is capable of using a wide range of energy substrates to generate ATP, 

such as fatty acids, sugars, lactate, and ketones.74,77 In terms of acetyl-CoA production,  

fatty acids contribute 40-60% of total acetyl-CoA, and sugars and lactate contribute 20-

40% of total acetyl-CoA in a healthy heart.78 In terms of ATP production, oxidative 

metabolism using NADH and FADH2 accounts for 95% of ATP production in the heart, 

while ATP/GTP directly coming from glycolysis and the TCA cycle only account for 5% 

(in the normoxic, unstressed heart).74 

1.2.2.1 Fatty acids 

A healthy adult heart preferentially metabolizes fatty acids for energy as there are 

typically ample stores of lipids readily available.77 Fatty acid uptake can be passive or 

mediated through a fatty acid translocase (FAT) or plasma membrane fatty acid binding 

protein (FABPpm) (Fig. 1.3).79-81 In electrically-stimulated isolated cardiomyocytes, it 

has been shown that fatty acid uptake increases in response to contraction and 

increased energy demand.82 The most abundant FAT in the heart is CD36.81,82 Fatty 

acids are then bound by cytosolic FABP and esterified by fatty acyl-CoA synthetase, 

located near CD36 to efficiently esterify fatty acids.81 
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Figure 1.3. Fatty acid uptake and catabolism. 

Long chain fatty acids are taken into the cell via a transporter. Similarly, carnitine 

shuttles long chain fatty acids into the mitochondria for ɓ-oxidation. Acyl-CoA can also 

be integrated into acylglycerols and sequestered in lipid droplets. FAT = fatty acid 

translocase, FABP = fatty acid binding protein, CPT = carnitine palmitoyltransferase, 

CAT = carnitine acyl transferase, IMS = intermembrane space, TCA = tricarboxylic acid 

cycle, ETC = electron transport chain. 

Esterified long chain fatty acids can then be synthesized into diacylglycerol 

(DAG) and triacylglycerol (TAG) by diglyceride acyltransferase (DGAT), or enter the 

mitochondria carried by carnitine for ɓ-oxidation with aid from the carnitine acyl 

transferase (CAT) and carnitine palmitoyltransferases 1 and 2 (CPT1/2).83,84 Esterified 
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short and medium chain fatty acyl chains, under 13 carbons, are able to cross the 

mitochondrial membrane without assistance. In the mitochondrial matrix, acyl-CoA is 

oxidized and hydrated in stepwise fashion down the chain, generating acetyl-CoA, 

FADH2, and NADHðthe latter two can be used to generate ATP in the electron 

transport chain.82  

In Chapter 2, we provide evidence that disruptions in glucose flux can modify the 

cardiac lipid profile that result in dysregulated lipid metabolism discussed in Chapter 3. 

In a healthy heart, approximately 10-30% of intracellular fatty acids are incorporated into 

TAG.77 TAG can then be stored in lipid droplets, that also store other neutral lipids such 

as cholesteryl and retinyl esters.84,85 During energy deprivation, lipid droplets associated 

with mitochondria can release fatty acids through lipolysis or lipophagy to supply 

substrates for ɓ-oxidation and the TCA cycle.85 Importantly, the close association of lipid 

droplets with mitochondria reduces leakage of free fatty acids (FFA) into the cytosol. 

The accumulation of lipids and derived metabolites increase the risk of lipotoxicity, a 

deleterious condition that is characterized by increased oxidative and ER stress, 

mitochondrial dysfunction, inflammation, and insulin resistance.86 

Palmitate, a saturated fatty acid of 16 carbons, is thought to be a key mediator of 

lipotoxicity. Excessive palmitate in neonatal rat ventricular myocytes (NRVMs) results in 

mitochondrial swelling and altered dynamics, cytochrome c release and apoptosis.87 

Incubation of cardiomyocytes with palmitate induces ER stress and apoptosis.88 

Palmitate can also be synthesized into ceramide and DAG, both associated with 

reduced insulin signaling, specifically activating protein kinase C (PKC) that is 

correlated with reduced Akt activation and phosphorylation.89-91 Several studies have 
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documented reversal of palmitate-induced lipotoxicity using oleate, a mono-unsaturated 

fatty acid, reducing ER and oxidative stress in cardiomyocytes.88,92 and reverses 

palmitate-induced insulin resistance and inflammation in skeletal muscle.93 These 

studies demonstrate that cardiac lipid homeostasis has significant implications for 

overall metabolism and survival. 

1.2.2.2 Glucose 

My thesis work provides substantial characterization of the glycolytic enzyme, 

PKM2, in regulating glucose uptake and consumption, and subsequent energy 

production. Cellular glucose can originate from glycogen, the bloodstream, or 

gluconeogenesis, in which glucose is synthesized from other metabolites. The heart is 

not a gluconeogenic organ, and the primary source of glucose is from the bloodstream, 

with a smaller portion coming from the breakdown of glycogen.94 Glucose can enter the 

cell via glucose transporters (GLUT), the most abundant of which in cardiac muscle is 

GLUT4.95 GLUT4 is the conventional insulin-responsive GLUT, in which insulin signaling 

induces translocation of intracellular vesicles containing GLUT4 to the cell surface, 

where they fuse with the plasma membrane and take up glucose through the channel. 

GLUT1 is also abundant in the heart. GLUT1 is primarily responsible for basal glucose 

uptake, however, some studies suggest that GLUT1 expression can be influenced by 

insulin action.95,96 When GLUT1 levels are first reduced by long-term fasting, insulin 

increases GLUT1 expression in the heart.95 Others have found insulin can also induce 

GLUT1 translocation to the plasma membrane.96 Insulin and ischemia have additive 

effects on GLUT1 and 4 translocation.97 GLUT1 and 4 expression is also altered in 

cardiomyopathies, thereby affecting glucose metabolism, energy production, and 
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subsequently dysregulating fatty acid metabolism. In canine, MI has been demonstrated 

to increase GLUT 1 expression, and GLUT1 and 4 translocation to the sarcolemma.98-

100 Both GLUT1 and 4 are downregulated in end-stage failing human hearts.95 Chronic 

hypoxia will increase GLUT1 expression in cardiomyocytes, possibly by HIF-1 action, 

and has been correlated with reduced apoptosis.95  

Once glucose enters the cell, it is immediately phosphorylated to glucose-6-

phosphate (G6P), which prevents efflux, or converted to sorbitol that cannot exit the 

cell101 (Fig. 1.4). When glucose is converted to sorbitol, the reaction consumes NADPH, 

and sorbitol can then be converted to fructose, a step that generates NADH. These 

reactions are reversible, and sorbitol production can be thought of as a short-term 

reserve for glucose and fructose. As the main intermediate in the polyol pathway, 

sorbitol is considered protective against high intracellular sugar concentrations as the 

polyol pathway is only activated under high sugar conditions that can overwhelm 

glycolytic capacity.102 However, high intracellular concentrations of sorbitol can be toxic 

to the cell. Overproduction of fructose from this pathway exhausts ATP supply when 

metabolized by fructokinase.103,104 This can also lead to excessive acetyl-CoA 

production.105 Both fructose and acetyl-CoA can modify proteins and alter their 

functions.103,106 Additionally, sorbitol can adversely influence cellular osmotic pressure. 

Incubation of cardiomyocytes with extracellular impermeable sorbitol surprisingly 

increases glucose uptake to maintain osmotic homeostasis, which in turn increases 

intracellular conversion of glucose to sorbitol.107 This is associated with activation of 

extracellular signal-regulated kinase (ERK), p54 c-Jun N-terminal kinase (JNK), and 
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protein kinase B, as well as reduction of anti-apoptotic protein Bcl-xL, and glutathione 

depletion that mediate pro-apoptotic effects. 

 

Figure 1.4. Glucose uptake and catabolism. 

Glucose enters the cell via a glucose transporter (GLUT). The glycolytic pathway is 

highlighted in green. P = phosphate, PK = pyruvate kinase, LDH = lactate 
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dehydrogenase, MPC = mitochondrial pyruvate carrier, PDC = pyruvate dehydrogenase 

complex, TCA = tricarboxylic acid cycle, PPP = pentose phosphate pathway. 

 

The G6P produced upon initial entry of glucose in the cell is the central 

metabolite at the crossroad of many metabolic pathways. Most notable is glycolysis that 

ultimately generates pyruvate and ATP. Conversion of G6P to 6-phosphogluconolactone 

by G6P dehydrogenase (G6PD) generates NADPH and commits it to the pentose 

phosphate pathway (PPP). Isomerization by phosphoglucomutase to glucose-1-

phosphate allows addition of uridine diphosphate (UDP), generating UDP-glucose, a 

building block for glycogen or glycosylation.  

The glycolytic pathway yields a net of 2 ATP per glucose molecule compared to 

the 31 ATP produced by glucose oxidation in the mitochondria. Despite this, aerobic 

glycolysis that results in lactate production is elevated in several cardiovascular 

diseases,108,109 cancers,110 and in activated immune cells.111 There are several 

suggested reasons for this. It is thought that glucose metabolism provides a quick burst 

of energy for activated immune cells to migrate and respond to the site of inflammation. 

In the case of cancer, the Warburg effect describes a reliance on aerobic glycolysis 

regardless of available oxygen for oxidative metabolism.112 Consequently, ATP 

production is severely reduced as glycolysis inefficiently generates energy. It is 

hypothesized that ATP/GTP generated by the TCA cycle adequately supplies energy to 

cancer cells via glutamine metabolism. Importantly, glutamine is both a carbon and 

nitrogen source for amino acid and nucleotide synthesisðboth necessary for 

proliferating cells. Additionally, upregulation of biosynthetic pathways such as the PPP, 
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one carbon pathways, and dihydroxyacetone phosphate in glycolysis promote cancer 

cell proliferation and tumor growth.112,113 Possible benefits of aerobic glycolysis for 

cancer cell survival include providing carbons for biosynthesis or promoting an anti-

inflammatory tumor microenvironment, although no single theory has been proven to be 

conclusive.114 In cardiovascular stresses such as pressure overload and MI, cardiac 

metabolism shifts from primarily fatty acid oxidation to increased glycolysis, and this 

appears to be an adaptive response to improve heart function and promote cell 

survival.115 Rates of fatty acid oxidation seems to vary in different cardiovascular 

diseases, however. For example, increased rates of fatty acid oxidation was observed in 

patients with congestive heart failure but fatty acid oxidation is reduced after MI.75,116,117 

This variability in metabolic adaptations poses challenges in identifying therapeutic 

targets that sustain energy production in the heart to reduce disease progression. 

Following glycolysis, pyruvate has two potential fates: conversion to lactate by 

lactate dehydrogenase A (LDHA), or transport into the mitochondria by the 

mitochondrial pyruvate carrier (MPC) to be converted to acetyl-CoA by the pyruvate 

dehydrogenase complex (PDC). It was generally accepted that the presence or 

absence of oxygen determined the fate of pyruvate, promoting either oxidative 

metabolism or fermentation, respectively. Further mechanistic insight reveals that the 

lack of oxygen causes mitochondrial dysfunction and increased ROS, reducing MPC 

expression and subsequently inhibiting pyruvate entry to the mitochondria.118 Both 

lactate and acetyl-CoA can bind to proteins as post-translational modifications, some 

reportedly having cardioprotective effects after MI.119,120 



22 
 

1.2.3 Tricarboxylic acid cycle 

Glycolysis and ɓ-oxidation converge at acetyl-CoA that is then typically 

incorporated into the TCA cycle (Fig. 1.5). In Chapter 2, we provide evidence of 

modified TCA cycle metabolism in hearts lacking PKM2. The TCA cycle occurs in the 

mitochondrial matrix. Acetyl-CoA combines with oxaloacetate to form citrate that 

isomerizes to cis-aconitate and then to isocitrate. The conversion to Ŭ-ketoglutarate 

generates NADH and CO2, as does the next step to succinyl-CoA. Succinate synthesis 

can generate either GTP or ATP, depending on the succinyl-CoA synthetase isoform.121 

Succinate directly interacts with the electron transport chain at complex II (also known 

as succinate dehydrogenase [SDH]), converting to fumarate and generate FADH2 to 

contribute electrons through the system. Fumarate is then converted to malate, that 

then generates NADH when converted to oxaloacetate, thus completing the cycle. 

Pyruvate can directly feed into this cycle at oxaloacetate by pyruvate carboxylase, 

however, this process consumes an ATP. Glutamate can also enter the TCA cycle at Ŭ-

ketoglutarate, as can numerous other amino acids at various points of entry, suggesting 

a resilient and omnivorous nature for the TCA cycle.  

Succinate has emerged as a biomarker for metabolic and cardiovascular 

diseases.122 Succinate accumulation has been observed in hypoxic and ischemic 

settings due to low SDH levels, inhibiting conversion to fumarate. SDH has been 

observed to reverse electron flow in isolated mitochondria, reverting fumarate to 

succinate.123 However, in ischemic cardiac tissue, the primary driver of succinate 

accumulation is glutaminolysis fueling the forward TCA cycle.124 Combined with a 

reduction in SDH levels, this leads to a buildup of succinate. Reperfusion following 
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ischemia releases a significant portion of the accumulated succinate, allowing it to bind 

receptors that modify the activity of inflammatory cells.122,125 Cytosolic succinate can 

inhibit prolyl hydroxylase (PHD), as does a decrease in Ŭ-ketoglutarate levels, 

promoting HIF-1Ŭ stabilization and nuclear translocation, further propagating hypoxic 

signaling.126,127 Succinate can modify the epigenetic landscape, in which SDH-deficient 

neuronal cells had hypermethylated DNA.126 Furthermore, succinate can also modify 

proteins. In general, succinate is larger than most post-translational modifications, 

increasing a proteinôs mass, and shifts the charge of a lysine residue from positive to 

negative. Interestingly, although ischemia increases succinate abundance in the heart, 

patients that have progressed to ischemic heart failure and mice with chronic MI have 

overall fewer succinylated proteins compared to healthy controls.128,129 These studies 

focused on myofibril and mitochondrial proteins, respectively. These studies suggest 

that dysregulated succinylation of proteins in cardiac cells contributes to worse heart 

function. Addition of succinyl-CoA restored succinylation of proteins to some degree in 

MI mice.129 These findings underscore the gaps in our knowledge of cardiac 

metabolism, especially in the context of disease. 
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Figure 1.5. TCA cycle. 

Glucose and fatty acid metabolism converge at acetyl-CoA in the mitochondria that 

feeds into the TCA cycle. TCA cycle metabolites highlighted in blue and specific 

enzymes in green.  
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1.2.4 Mitochondrial electron transport chain 

In Chapter 2, we examine how glucose metabolism regulated by PKM2 

influences mitochondrial respiration, the primary energy source in cardiac metabolism. 

The electron transport chain involves five complexes embedded within the inner 

mitochondrial membrane (IMM) (Fig. 1.6).130 Complex I, NADH oxidoreductase, oxidizes 

NADH to NAD+ and transfers electrons through the chain. Crucially, this replenishes 

NAD+ for the continuous functioning of glycolysis and the TCA cycle. This complex also 

pumps 4 protons from the matrix to the inter-membrane space (IMS). Complex II 

converts succinate to fumarate as part of the TCA cycle, generating electrons via 

FADH2. This complex does not contribute to the proton gradient. Electrons that enter 

complexes I/II transfer to coenzyme Q (CoQ), that then cycle through complex III, 

cytochrome bc1 complex. For every 2 electrons through complex III, one cycles back to 

CoQ and one transfers to cytochrome c to enter complex IV, cytochrome c oxidase, 

where electrons are used to reduce O2 to H2O. Complexes III/IV also pump protons to 

the IMS. These protons are then pumped back into the matrix via complex V, ATP 

synthase, that facilitates a mechanical turning of the F0 subunit. In humans, 8 protons 

are required for a full revolution. ADP and a phosphate ion (Pi) bind to the F1 subunit, 

and mechanical rotation by protons changes conformation of the active site that 

catalyzes ATP synthesis.  

Distribution of these complexes are mostly random, freely moving by lateral 

diffusion, however, ultrastructure analyses reveals regular alignment of ATP synthases 

along rows of cristae, conserved across many species.130 ATP synthases self-assemble 

into double rows that bend the lipid bilayer, creating the curvature of the cristae. This 
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may reduce proton leakage and facilitate high energy requirements. Indeed, a 

characteristic feature of cardiac mitochondria is the compact cristae, providing a 

substantial surface area for greater ATP production. Reduction and irregularity of cristae 

are observed in cardiovascular disease and cardiac metabolic syndrome, impairing 

mitochondrial respiration and ATP production.131,132 

 

 

Figure 1.6. Electron and proton movement through the electron transport chain. 

C = complex, cyt. c = cytochrome c, Q = coenzyme Q, IMS = intermembrane space, 

IMM = inner membrane.  

 

1.2.5 Pentose phosphate pathway 

The dysregulated glucose flux that will be discussed in Chapter 2 involves 

redirection of glucose from glycolysis to the PPP in hearts lacking PKM2 (Fig. 1.7). 

G6PD is the rate limiting enzyme that catalyzes the first irreversible reaction, committing 

G6P to the PPP. This reaction generates NADPH and 6-phosphogluconolactone. The 

metabolite is then oxidized by 6-phosphogluconolactonase to 6-phosphogluconate. 6-

phosphogluconate dehydrogenase then catalyzes the conversion to ribulose-5-
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phosphate, generating another NADPH. These reactions comprise the oxidative phase 

of the PPP, named as such because of the importance of NADPH in reducing ROS. 

 

Figure 1.7. The oxidative and non-oxidative phases of the pentose phosphate pathway. 

Metabolites from glycolysis are highlighted in green. P = phosphate, G6PD = glucose-6-

phosphate dehydrogenase. 

 

G6PD plays a crucial role in regulating the oxidative state of the heart. G6PD-

deficient mice develop cardiac hypertrophy and contractile defects.115 Elevated G6PD 

abundance has been observed in patients with heart failure. It may increase NADPH, 

although it is theorized that this fuels superoxide production by NADPH oxidase (NOX) 

rather than ROS mitigation.115 High NADPH/NADP+ has been demonstrated to act as an 

inhibitory feedback regulator of G6PD.44 This inhibition is proposed to be lifted when 
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elevated levels of ROS deplete the NADPH pool. This study presents evidence that 

challenges pre-existing theories regarding the factors influencing glucose redirection to 

the PPPðnamely, that enzyme oxidation inhibits glycolysis and reroutes glucose-

derived intermediates to the PPP instead. Rather, this study proposes that the PPP, 

specifically G6PD, is activated directly by high ROS, highlighting the primary function of 

the oxidative phase in reducing oxidative stress. 

In the non-oxidative phase, ribulose-5-phosphate from the oxidative phase can 

be converted to either xylulose-5-phosphate or ribose-5-phosphate, the latter an 

important substrate for nucleotide synthesis. Combination of these two metabolites by 

transketolase rearranges the carbons and produces sedoheptulose-7-phosphate and 

glyceraldehyde-3-phosphate (G3P). These products can again be combined and 

rearranged by transaldolase to produce fructose-6-phosphate (F6P) and erythrose-4-

phosphate. The combination of the latter with xylulose-5-phosphate can generate 

another molecule of G3P and F6P, both of which are metabolites that can enter 

glycolysis. All reactions within this phase are reversible, allowing glycolytic metabolites 

to feed directly into the non-oxidative phase, and vice versa. 

During MI, decreased ATP production coupled with sustained ATP consumption 

for contraction depletes energy stores.133 This depletion can be mitigated by 

intravenous infusion of ribose, a crucial precursor for de novo nucleotide synthesis.134 

Through the non-oxidative phase of the PPP, ribose may be converted to the glycolytic 

substrates F6P and G3P, contributing to energy production. The non-oxidative phase 

may also impact cardiomyocyte maturation and proliferation by contributing to 
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nucleotide synthesis.115 Overall, both phases of the PPP provide substrates that 

promote cell survival. 

1.2.6 Cardiac insulin response 

A rise in blood sugar stimulates insulin secretion from the pancreas.135 Insulin 

then binds the insulin receptor at the cell surface, initiating a phosphorylation cascade 

that enhances glucose uptake. The insulin receptor autophosphorylates and activates 

the insulin receptor substrate (IRS). IRS activates phosphoinositide 3-kinase (PI3K), 

phosphorylating phosphatidylinositol 4,5-bisphosphate (PIP2) to generate 

phosphatidylinositol 3,4,5-bisphosphate (PIP3). PIP3 then recruits phosphoinositide 3-

kinase-dependent kinase (PDK1) that then phosphorylates Akt. Activated Akt releases 

the inhibition of GLUT4 vesicles by its substrate, Akt substrate of 160kDa (AS160).136 

The vesicles can then translocate to the plasma membrane where GLUT4 can facilitate 

glucose uptake. Insulin action can also promote CD36 translocation to increase fatty 

acid uptake.137 Additionally, studies show that insulin signaling facilitates calcium influx 

for contraction via direct interaction of insulin signaling proteins with ion channels, or 

promoting transcription of RYR and SERCA2.138,139 

There are several other factors that regulate this pathway, including glycosylation 

and proteins that mediate vesicular trafficking and fusion. One notable enzyme is the 

AMP-activated protein kinase (AMPK). This enzyme is sensitive to ATP levels and 

promotes catabolism during an energy deficit. This has wide ranging effects on fatty 

acid and glucose metabolism. For example, when activated by liver kinase B1 (LKB1)-

mediated phosphorylation at Thr172, AMPK inhibits fatty acid synthesis and promotes 

fatty acyl-CoA transfer into the mitochondria.140 AMPK also inhibits glycogen synthase 
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to promote glucose consumption instead of storage, although paradoxically, chronic 

activation of AMPK promotes glycogen synthesis in skeletal and cardiac muscles.141 

There is also evidence in skeletal muscle that AMPK phosphorylates and activates the 

insulin receptor, promoting glucose uptake especially after glucose deprivation.142 

Phosphorylation of AMPK by Akt at Ser485/491 may then act as a negative feedback 

loop that inhibits further AMPK activity.143 AMPK can also promote GLUT4 vesicle 

translocation to the plasma membrane independent of insulin induction.144 

Mechanistically, AMPK has been demonstrated to activate Akt within the insulin 

signaling pathway in the heart.145 The study also showed inhibition of IRS-1/PI3K 

signaling by AMPK, preventing insulin-induced Akt activation. In contrast, activation of 

AMPK by AICAR or ZMP (AMP analogues) reduces glucose uptake and inefficiently 

embeds GLUT4 in the plasma membrane in isolated cardiomyocytes.146 These 

seemingly conflicting results may point to additional factors that regulate AMPK-induced 

glucose uptake in the heart.  

The onset of type 2 diabetes mellitus (T2DM) is characterized by impairment of 

insulin-induced glucose uptake. Insulin signaling can be perturbed by obesity, lipid 

accumulation and lipotoxicity, hyperglycemia, high ROS, mitochondrial dysfunction, 

short chain fatty acid production by gut microbiota, and branched-chain amino acid 

catabolism.147 Each of these can target several points of the insulin signaling pathway. 

For example, ROS may induce stress responses that activate p38 mitogen-activated 

protein kinase (MAPK) in hepatocytes, leading to downregulation of IRS1 and Akt 

activity.148 Conversely, acute ROS in 3T3-L1 adipocytes can inactivate phosphatase and 

tensin homologue deleted on chromosome 10 (PTEN), enhancing Akt activity.149 



31 
 

Interestingly, there is substantial evidence that T2DM does not impair cardiac insulin 

signaling as it does in the skeletal muscle.69 Insulin-induced myocardial glucose uptake 

was comparable between T2DM and non-diabetic patients when plasma FFA were 

matched.69 Although the heart appears to be particularly resilient in this regard, in the 

case of systemic insulin resistance, the elevated circulating glucose and FFA may be 

detrimental to cardiac health in accumulating toxic intermediates.150 For example, 

elevated myocardial FFA and dysregulated ɓ-oxidation are often associated with insulin 

resistance.69 This seems to suggest that individual secondary factors that arise from 

systemic insulin-resistance may lead to the development of diabetic cardiomyopathy, 

that does not originally manifest as myocardial insulin resistance.  

Impairment of insulin-induced glucose uptake is seen in already failing hearts.151 

In support of this, we present data in Chapter 2 that suggests a link between 

dysregulated glucose flux and impaired insulin-induced glucose uptake in 

cardiomyocytes by removal of the glycolytic enzyme pyruvate kinase. In mice subjected 

to TAC that models pressure overload-induced cardiac dysfunction, circulating blood 

glucose levels were increased, reminiscent of insulin resistance.152 In another study, this 

coincided with reduced sarcolemmal GLUT4 in heart failure patients, while overall 

GLUT4 content was similar compared to controls.153 Multiple studies have shown that 

translocation of the GLUT4 vesicle is impaired in heart failure, implying disruption of the 

insulin signaling pathway. On the other hand, Akt and PI3K are still activated by insulin, 

mediating deleterious effects instead of GLUT4 translocation. Inhibiting this signaling in 

TAC mice attenuated cardiac hypertrophy and adverse cardiac remodeling.152 The 
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mechanisms surrounding the action of insulin in the development of heart failure remain 

to be fully elucidated.  

1.2.7 Cardiac cellular metabolism during ischemic injury 

To summarize, a healthy adult heart preferentially metabolizes fatty acids in 

oxidative metabolism. However, this dynamic shifts in hypoxic conditions, such as after 

MI. Hypoxia limits the availability of oxygen to be the final electron acceptor for the 

electron transport chain, which is necessary to drive the proton gradient to generate 

ATP in the mitochondria. In fact, myocardial ATP content is reduced by 50% after 30 

minutes of ischemia.154 Thus, sustaining ATP production via glycolysis, although 

inefficient, is beneficial in hypoxic environments. In Chapter 4, we will discuss the 

cardioprotective contributions of PKM2 that regulate the response to infarction. 

This shift in substrate preference provides advantages beyond ATP generation. 

There is residual ɓ-oxidation during MI, and though it still provides energy, it is also a 

source of ROS.69 Additionally, there is evidence to suggest unmitigated ɓ-oxidation may 

be harmful, as partial inhibition during acute ischemia or reperfusion improved cardiac 

contractility.69 This treatment, including inhibition of myocardial fatty acid uptake, may be 

promising in preventing the progression of heart failure.69 

In conjunction, there is substantial evidence that cardiac glucose uptake is 

increased under hypoxic stress and cardiac disease that may be protective against 

cardiomyocyte cell death.155-157 This may be a result of increased energy production by 

glucose metabolism through glycolysis. In a study using NRVMs, infusion of other 

substrates such as pyruvate or propionate did not attenuate hypoxia-induced myocyte 
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death, and inhibition of glycolytic enzymes glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), hexokinase, and glucose-6-phosphate isomerase reversed the anti-apoptotic 

effects of additional glucose,155 suggesting that the protective mechanism of increased 

glycolysis lies between G3P and pyruvate. This may imply that ATP production by the 

energy-releasing phase of glycolysis, rather than other metabolic pathways, is beneficial 

in hypoxic stress. The data also imply that there is no increase in glucose being shunted 

to the PPP when given additional glucose, which would be surprising given the high 

ROS in these cells, though this was not assessed in the study. It is possible that there is 

another point of regulation within the second half of glycolysis that may promote glucose 

entry to the PPP to reduce ROS, as will be discussed in Chapter 1.3. 

The upregulation of glycolysis during cardiac disease culminates in increased 

lactate production.158 Lactate can then be secreted by monocarboxylate transporter 4 

(MCT4), coupled with a proton, and lactate secretion is suggested to correlate with 

glycolytic activity.159 Elevated levels of lactate in the blood of acute MI patients 

correlates with mortality and larger myocardial infarct size, suggesting lactate to be a 

marker that reflects damage to the myocardium.160,161 Inadequate clearance of lactate 

from the myocardium can lead to lactic acidosis, characterized by a combination of 

hyperlactemia and low pH, that is associated with mortality in patients with cardiogenic 

shock.162 Developed pressure of hearts perfused with high concentrations of lactate 

(20mM) declined by 20%. These results suggest that extracellular lactate has 

deleterious effects on heart function.163 As such, there are efforts to inhibit export of 

lactate, as one study did by inhibition of MCT4, which was associated with reduced 

cardiac hypertrophy in mice treated with isoproterenol.164 This may allow intracellular 
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lactate to re-enter metabolism as pyruvate.165 Lactate can also be added as a post-

translational modification on proteins. Lactylation of histone 3 in cardiomyocytes may 

promote cell survival, while in monocytes, it may promote expression of reparative 

genes after MI.119,166 Furthermore, reduced lactylation of Ŭ-MHC Lys1897 led to the 

development of heart failure in mice.167 These studies suggest that intracellular lactate 

is important for overall survival after MI. 

Many studies focus on the secondary effects that impair cardiac function, such as 

high ROS levels and the buildup of toxic metabolites. Investigation of metabolic enzyme 

functions may reveal their role in producing these toxic metabolites that promote heart 

failure. A particularly valuable insight is the various non-metabolic and potentially 

cardioprotective functions of these enzymes. For example, several non-glycolytic 

functions have been found for GAPDH,168 and inhibiting PKCŭ phosphorylation of 

GAPDH promoted mitophagy by direct association of GAPDH with damaged 

mitochondria and lysosomal-like structures that was protective against I/R injury.169  

In summary, cardiac metabolism is adjusted in pathological settings to meet the 

energy requirements for contractility with limited resources. Modification of these 

pathways to sustain energy production during stress may reduce damage to the 

myocardium. 

 

1.3 Pyruvate kinase 

As the final enzyme of glycolysis, pyruvate kinase catalyzes the conversion of 

phosphoenolpyruvate and ADP to pyruvate and ATP. Under normal physiological 
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conditions, the forward reaction is highly favored, making it effectively irreversible. The 

fate of pyruvate is partially determined by the isoform and activity level of pyruvate 

kinase, which are regulated by a number of factors, discussed below. Chapter 2 and 3 

will provide a close examination of pyruvate kinase activity in basal glucose and lipid 

metabolism in the heart, which informs our analyses of its role in the ischemic response, 

discussed in Chapter 4. 

1.3.1 Isoforms and localization 

Four isoforms exist in humans and mice: pyruvate kinase liver (PKL), pyruvate 

kinase L/R (PKLR), and pyruvate kinase muscle isoforms 1 and 2 (PKM1/2). All are 

highly conserved between the two species, with both Pkm isoform transcripts 

approximately 90% homologous between Mus musculus and Homo sapiens. PKL and 

PKLR are expressed in the liver and red blood cells, respectively. PKM1 is expressed in 

high-respiring tissues, such as the brain and heart, while PKM2 is expressed 

ubiquitously throughout the body. In the heart specifically, PKM1 is typically the 

predominant isoform and PKM2 is expressed at comparatively low levels. PKM1 is 

exclusively located in the cytosol, whereas PKM2 may also be found in the nucleus or in 

the vicinity of mitochondria. 

PKM1 and PKM2 arise from alternatively spliced Pkm transcripts. Inclusion of 

exon 9 and exclusion of exon 10 encodes for PKM1, whereas the opposite encodes for 

PKM2. Incorporation of these two exons is mutually exclusive. Heterogeneous 

ribonucleoproteins (hnRNPs) A1, A2, and I, and polypyrimidine tract binding protein 

(PTBP1) facilitate the splicing and promote inclusion of exon 10, leading to PKM2 

expression.170 Our lab has demonstrated that cardiac ischemia can promote this 
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splicing event by upregulating expression of the splicing factors hnRNPA1 and PTBP1, 

and HIF-1-mediated PKM2 upregulation.1 The reason for the preferential upregulation of 

PKM2 over PKM1 during hypoxic stress is a question at the center of studies that 

investigate the role of PKM2 in cardiac diseases. My thesis work provides insight into 

regulation of PKM2 in the healthy heart that influences function in diseased states. 

1.3.2 Differing conformations and activity of PKM1 and PKM2 

PKM1 exists as a homotetramer with constitutively high pyruvate kinase activity 

(Fig 1.8A). This isoform is often associated with oxidative metabolism due to its efficient 

catalytic activity, promoting pyruvate conversion to acetyl-CoA by the pyruvate 

dehydrogenase carrier (PDC). Although the exact mechanism is unknown, PKM1 

enhances PDC activity, as evidenced by reduced PDC activity in PKM1-deficient mouse 

hearts.171 It has been suggested that PKM1 prevents inhibitory phosphorylation of 

PDC.172 

The majority of PKM2 is tetramerized in the healthy adult heart, with a small 

fraction as dimers, as assessed in Sprague-Dawley rats.173 As a homotetramer, PKM2 

has equivalent activity to that of PKM1 (Fig. 1.8A).174 However, PKM2 can also exist as 

a homodimer with reduced pyruvate kinase activity (Fig. 1.8B). This is likely due to a 

higher Km for phosphoenolpyruvate (PEP, 0.19mM) compared to that of PKM1 

(0.035mM), suggesting weak binding by PKM2 and an inefficient reaction.174 Reduced 

pyruvate kinase activity is attributed to increased lactate production and rerouting of 

upstream glycolytic intermediates that accumulate into other pathways, such as the 

PPP (Fig. 1.8B). The importance of PKM2 in cell survival goes beyond its pyruvate 

kinase activity, discussed below. 
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Figure 1.8. Functional regulation of PKM2 conformations. 

A. Metabolic pathways promoted by PKM1 (blue) and PKM2 (orange) tetramers, and B. 

promoted by the PKM2 dimer. C. Nuclear activity of the PKM2 dimer. D. Regulation of 

mitochondrial function by PKM2. E. Post-translational modifications that alter PKM2 

conformation. 

The conformation of PKM2 is also an important factor in regulating immune cell 

activity. Notably, the glycolytic upregulation by the PKM2 dimer facilitates quick bursts of 

energy for activated immune cells.175 This is partially due to the nuclear activity of PKM2 

in promoting HIF-1-mediated transcription of glycolytic genes.176,177 Treatment of 

immune cells with TEPP-46 to promote PKM2 tetramerization and oxidative metabolism 

reduces phagocytic and pro-inflammatory capacity in T-cells, macrophages, natural 

killer cells, and dendritic cells.175,178-181 Additionally, tetramerizing PKM2 increased ROS 

generation that is associated with reduced effector function in natural killer cells.180 The 
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involvement of PKM1 in immune cell activation is more complex and may be cell-type 

specific, facilitating differentiation of Th17 cells but impeding activation of CD4+ T 

cells.175,182 Removal of PKM2 in myeloid cells, leaving only PKM1 expression, shifted 

macrophage activation to the M2 phenotype and reduced inflammatory capability while 

enhancing efferocytosis.183 These results highlight the differences in immune cell 

populations that necessitate diverse cellular responses to mount the appropriate 

response.  

1.3.3 Post-translational modifications of PKM2 

9ŔƣċƣŔŸŰ Modification Residue Effect 

ΝΤΝЯНΝΥΞр
ΝΥΠ Fructose-1,6-bisphosphate - 

Allosteric binding of FBP promotes 
tetramerization. This interaction is 
strengthened with small molecules such as 
TEPP-46. 

ΝΥΣрΝΥΤ Phosphorylation Tyr105 
pTyr105 prevents FBP from binding, allowing 
the dissociation of PKM2 into dimers. 

ΝΥΥ Phosphorylation Ser37 
pSer37 is recognized by importins that facilitate 
translocation of PKM2 to the nucleus. 

ΝΥΣ Acetylation Lys305/433 

Acetylation at Lys305 has been demonstrated 
to target PKM2 for lysosomal degradation. 
Modification on Lys433 promotes nuclear 
translocation, although pSer37 is still required. 

ΝΦΠ Hydroxylation Pro403/408 
Hydroxylation by PHD3 at these residues 
promotes PKM2/HIF-1 binding. 

ΝΥΣЯНΝΦΡ Oxidation Cys358/423/424 
Oxidation of PKM2 by ROS promotes 
dimerization. 

ΝΦΤрΝΦΥ Oxidation/Glutathionylation Cys423/424 

PKM2 may be glutathionylated at oxidized sites. 
This modification has been found on nuclear 
PKM2 that promoted HIF-1 activity. 

ΝΥΣ Ubiquitin Lys186/206 
Monoubiquination reduced PKM2 function but 
did not alter protein stability. 

ΝΥΣ Glycosylation Thr405/Ser406 

O-GlcNAcylation destabilizes PKM2 into dimers 
and may promote nuclear translocation, 
although pSer37 is still required. 

ΝΦΦ Methylation Arg445/447/455 Does not affect PKM2 conformation.  
Table 1.1. Post-translational modifications of PKM2. 
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Unlike PKM1, PKM2 can be allosterically regulated to modify its conformation 

and activity (Fig. 1.8E). Notably, allosteric binding of fructose-1,6-bisphosphate (FBP) 

promotes tetramerization and enhances pyruvate kinase activity for oxidative 

metabolism. As demonstrated in splenic cells, addition of FBP increased the affinity of 

PKM2 for PEP to that of PKM1, suggesting tetramerization of PKM2 that is normally 

dimeric in the spleen.174,184 Selective activators such as TEPP-46 have been developed 

to strengthen FBP binding to its allosteric pocket in PKM2.185 Serine can also bind 

PKM2 in an allosteric pocket separate from FBP, promoting tetramerization,186 although 

full activation requires FBP.187  

Dimerization of PKM2 can also be enhanced by post-translational modifications, 

the most notable being phosphorylation of Tyr105. This modification prevents FBP 

binding, promoting separation of PKM2 into dimers.188 pTyr105 is specific to PKM2 and 

is not observed on PKM1.189 Nuclear activity of the PKM2 dimer is supported by 

phosphorylation of Ser37 (Fig. 1.8C).190 This specific modification is recognized by PIN 

and importin Ŭ5 that translocate the PKM2 dimer to the nucleus, where PKM2 acts a co-

activator for transcriptional factors like ɓ-catenin and HIF-1.176,190,191 Other 

phosphorylation sites, as well as acetylation sites, have been reported to facilitate 

nuclear translocation and activity in cancer cells.188,192 The presence of nuclear PKM2 

(Ser37) has been demonstrated in C57BL/6N mouse cardiomyocytes, though it may be 

a rare event according to available evidence.3 A phosphoproteomic study that assessed 

global phosphorylation of cardiac proteins in wildtype C57BL/6N mice identified 

phosphorylation of PKM on serine residues 100, 127, 202, 205, 222, though the isoform 

was not discernible.193 Only serine residues 77 and 127 were determined to be 
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phosphorylated by another phosphoproteomic study in FVBN mouse hearts.194 

Phosphorylated Ser37 was only found in transgenic FVBN mice that spontaneously 

developed dilated cardiomyopathy.194 Most of the post-translational modifications found 

in the two mass spectrometry studies have not yet been correlated with any alterations 

in PKM function. 

Other post-translational modifications of PKM2 include hydroxylation by prolyl 

hydroxylase 3 (PHD3) at Pro403/408, interestingly under hypoxic conditions (1% O2, but 

not 0.1% O2), that promotes direct binding of PKM2 to HIF-1.195 As HIF-1Ŭ is also 

activated under hypoxic conditions, this oxygen-sensing regulation of PKM2 likely 

facilitates enhanced HIF-1 action. Oxidation of PKM2 by ROS at Cys358/423/424 

promotes dimerization.188,196 Together with oxidation of GAPDH, this produces the 

observed hinderance of glycolysis during oxidative stress that reroutes metabolites to 

the PPP to generate NADPH.44 The influence of the cellular oxidative state on 

regulating PKM2 activity was captured in an intriguing study that aimed to tackle the 

predicament of known cardiotoxic effects of anti-cancer drugs, namely doxorubicin.197 

The study demonstrates opposing effects of doxorubicin and tetramerization using 

TEPP-46 in lung cancer cells with a low ROS environment, compared to the high ROS 

environment of the myocardium, in facilitating an apoptotic response via p53, though the 

exact mechanism requires further research. Importantly, this study establishes PKM2 as 

a potential target for mitigating cardiotoxic effects in cancer treatment.  

Oxidation of PKM2 can promote the addition of glutathione on these residues 

and has been suggested to promote dimerization and nuclear translocation,198,199 

though it has not yet been determined whether increased glutathionylated PKM2 
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abundance in the nucleus is simply due to the increased abundance of PKM2 dimer 

caused by oxidation. Glutathionylation of PKM2 upregulated HIF-1 target genes that 

included glycolytic and pro-inflammatory genes in bone marrow-derived 

macrophages.199 

Both PKM isoforms may be ubiquitinated by E3 ubiquitin ligases, though this 

does not appear to reduce protein stability and the effect on pyruvate kinase activity 

varied depending on the modified residue.188 Glycosylation of PKM2 appears to 

destabilize the tetramer and promote nuclear translocation, although Ser37 

phosphorylation is still required for nuclear transport. Methylation of PKM2 does not 

appear to affect conformation, but occurs specifically on the dimer at residues 

Arg445/447/455.200 In the study that demonstrated differential effects of TEPP-46 on 

doxorubicin treated cancer and cardiac cells, one notable difference between the two 

cell populations was the presence of methylated PKM2 in cancer cells, and lack thereof 

in cardiac cells.201 Rather, the region was predominantly oxidized in cardiomyocytes. 

The authors proposed this as the driving factor for enhanced survival of cardiomyocytes 

following TEPP-46 treatment. However, the exact mechanism underlying this effect still 

requires further investigation. 

1.3.4 Non-glycolytic activities of PKM2 

The metabolic functions of PKM2 extend beyond lactate production, exerting 

broad effects on glucose metabolism across various pathways and influencing the 

overall oxidative state. One such outlet of glucose flux facilitated by the PKM2 dimer is 

serine biosynthesis that can promote proliferation.202 Another pathway is the PPP, as 

previously mentioned, activated by high ROS and PKM2 inactivation. Interestingly, 
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PKM2 overexpression in cardiomyocytes has also been observed to increase glucose 

flux to the oxidative PPP that reduced ROS and oxidative damage.203 Assessment of 

PKM2 conformation could help explain these paradoxical observations. Indeed, one 

study identified increased abundance but decreased function of PKM2 in hearts with 

right ventricular failure (which showed reduced oxidative phosphorylation and TCA 

cycle), ascribed to increased PKM2 monomers.173  

In the nucleus, PKM2 may act as a co-activator of transcription factors and 

modify gene expression. Its interaction with ɓ-catenin has been observed in the heart, 

upregulating the target genes cyclin D1 and c-Myc.203 This was associated with 

reactivation of cardiomyocyte proliferation, and the study suggested that PKM2 

overexpression could be used to regenerate the heart after injury. Interaction with NF-

əB has been described in several cancers, but is not well established in the heart. The 

activation or inhibition of NF-əB by PKM2 appears to vary in different types of 

cancers.191,204 

PKM2 also directly binds with HIF-1Ŭ in the nucleus, supporting the upregulation 

of HIF-1 target genes.191,195 This interaction drives a pro-inflammatory phenotype in 

activated macrophages, and tetramerization by TEPP-46 appears to mediate a shift 

towards the less inflammatory M2 phenotype.179,205 Again, TEPP-46 attenuated PD-L1 

upregulation due to PKM2 in LPS-induced macrophages. These data demonstrate the 

importance of PKM2 conformation in mounting a proper inflammatory response beyond 

its glycolytic activities. 

The PKM2/HIF-1 interaction is not so clearly defined in the cardiac setting. One 

study using immortalized mouse atrial cardiomyocytes (HL-1) demonstrated direct 
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binding of PKM2 to HIF-1Ŭ.198 This interaction appeared to be strengthened in ROS-

induced glutathionylation of PKM2 that promoted PKM2 nuclear translocation, 

upregulating the HIF-1 pathway as identified by KEGG analysis. The study suggests 

that this PKM2 glutathionylation induced by the drug dihydrotanshinone I can 

precondition the heart against ischemic injury. Preconditioning the heart with 

dihydrotanshinone I for 3 days prior to MI surgery reduced infarct size and fibrosis, 

whereas these were unchanged in samples with PKM2 knocked down or mutated 

PKM2 resistant to glutathionylation. It is possible that this treatment increases the 

abundance of dimerized PKM2 and thereby reroutes glucose to pathways that help 

mitigate oxidative stress. Further studies will be needed to explore this hypothesis, but 

these data suggest PKM2 as a beneficial mediator of both metabolism and survival in 

the heart. 

Acetylation of PKM2 may also target it to the nucleus and has been associated 

with activation of STAT3.188 PKM2-mediated regulation of STAT3 has been observed in 

the cardiac setting. PKM2 was upregulated in the hearts of mice treated with 

angiotensin II, and knockdown of PKM2 suppressed the Jak2/STAT3 signaling pathway, 

amongst others, that reduced cardiac remodeling and oxidative stress.192 

PKM2 can also regulate mitochondrial function (Fig. 1.8D). As previously 

mentioned, dimerized PKM2 influences mitochondrial calcium concentration that 

ultimately affects ATP production.200 Deletion of PKM2 in cardiomyocytes also 

exacerbated impairment of ATP production, functions of complexes I and III, and 

increased ROS production in septic cardiomyopathy induced by LPS, suggesting a role 

for PKM2 in maintaining mitochondrial integrity.206 PKM2 also promotes mitochondrial 
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fusion by direct interaction with mitofusin 2 (MFN2), while inhibiting dynamin-related 

protein-1 (DRP1) expression, thus regulating mitophagy via several mechanisms.207-209 

A majority of this work was done in cancer cells, owing to the prominence of PKM2 in 

the Warburg effect. However, relationship between PKM2 and the Warburg effect 

remains to be studied in other systems. One study in the kidney presents a 

contradicting interaction between PKM2 and DRP1, promoting mitochondrial 

fragmentation.210 This demonstrates the differing phenotypes of each cell population 

and the wide variability in PKM2 activity. 

1.3.5 PKM in cardiac development and disease 

In the low-oxygen environment of the developing heart, glycolysis source of 

ATP.77 The shift to oxidative metabolism after birth is accompanied by altered 

expression of genes that will facilitate energy production in an oxygen-rich 

environment.211 The duality of the PKM isoforms provides adaptability in these 

distinctive settings. Both PKM1 and PKM2 are highly expressed in the fetal murine 

heart, however, in postnatal hearts, where oxidative metabolism becomes predominant, 

PKM1 is abundant, while PKM2 is much less so.203 PKM2 has long been considered to 

have minimal function in the adult heart due to its low basal abundance, and has not 

been extensively explored. Instead, the PKM isoforms have been examined in disease, 

where PKM2 expression is commonly upregulated.1,203 A switch in PKM isoforms has 

been observed in cardiac ischemia,1 cardiac hypertrophy,2,212 right ventricular failure,173 

and other cardiovascular disorders.213 Chronic hypoxia can also upregulate PKM2 in the 

heart, correlating with increased glycolysis and PPP flux.214  
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Cardiac-specific PKM2 overexpression was found to inhibit RAC1 (rho family, 

small GTP binding protein) and reduce adverse cardiac remodeling in TAC hearts 

compared to vehicle controls, whereas cardiomyocyte-specific PKM2 knockout 

exacerbated cardiac remodeling.2 In a study of hypertrophy developing into right 

ventricular failure, PKM2 tetramerization by TEPP-46 attenuated oxidative stress and 

apoptosis of cardiomyocytes.173 Conversely, in another model of cardiac hypertrophy, 

inactivation and knockdown of PKM2 by shikonin attenuated fibroblast proliferation and 

collagen synthesis in angiotensin-II-treated hearts.212 In this study, inhibition of PKM2 

correlated with the suppression of TGF-ɓ/Smad2/3 and Jak2/Stat3 signaling pathways 

and oxidative stress. These studies demonstrate the distinct functions of PKM2 that 

cardiomyocytes and fibroblasts each require. This highlights the complexity of treating 

cardiovascular disease, given the variety of cell populations and subpopulations in the 

heart. Interestingly, deletion of PKM1 in cardiomyocytes has also been shown to worsen 

cardiac hypertrophy and fibrosis in response to pressure overload, while PKM1 

overexpression attenuated these affects by maintaining glucose oxidation and ATP 

production.171 These results suggest that PKM1 and PKM2 are both protective against 

adverse cardiac remodeling under pressure overload. 

Our lab has suggested a mechanism of PKM2 upregulation after MI.1 Activation 

of HIF-1Ŭ in the infarcted tissue allows transcription of its target genes, one being PKM 

3 days after MI. Although HIF-1 was also found to bind to the HREs of genes of Pkm2 

splicing factors PTBP1 and HNRNPA2B1,215 there was no increase in HIF-1 binding to 

these sites after infarction.1 It is possible that another transcription factor produced the 

increased abundance of Ptbp1 mRNA observed in the study, or that there were other 



46 
 

factors that enhanced HIF-1 transcription of these genes. The splicing factors, along 

with hnRNPA1, had elevated protein abundance in the infarct zones compared to their 

corresponding remote regions and sham controls.  

Other studies have shown that modulation of PKM2 in immune cells can affect 

infarct size and cardiac remodeling. Inhibition of PKM2/HIF-1 nuclear activity by an 

arachidonic acid derivative shifted macrophage polarization from M1 to the anti-

inflammatory M2 phenotype after LPS stimulation.216 This is corroborated by 

investigations of macrophage-specific PKM2 activity, where inhibition of PKM2 nuclear 

activity by TEPP-46 promotes the M2 phenotype.179 Mice treated with arachidonic acid 

after MI have reduced infarct size.216 Neutrophils were also found to have a role in 

wound healing after MI via secretion of PKM2 that promoted angiogenesis, though the 

mechanism of PKM2 modifying endothelial cell migration was not explored in the 

study.217 It is possible that the angiogenesis observed in the study was promoted by 

PKM2 activation of HIF-1, an established inducer of vascular endothelial growth factor 

(VEGF). These studies highlight the various roles of PKM2 in different cell types, all 

contributing to the response to MI. 

A study by Magadum et al. demonstrated that cardiomyocyte-specific 

overexpression of PKM2, via modified mRNA (modRNA) vectors, can be beneficial after 

MI by reducing oxidative stress and transcriptionally re-activating cardiomyocyte 

proliferation via ɓ-catenin.203 The researchers also showed that overexpression of 

PKM2 facilitated rerouting of glycolytic metabolites to the non-oxidative PPP to provide 

nucleic acids necessary for dividing cells. This suggests the potential of PKM2 modRNA 

as a therapeutic approach for treating MI. However, overexpression of a protein does 
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not always accurately reflect the typical enzymatic function, which is essential for 

evaluating approaches to modify its functionality. Indeed, another study by Hauck et al. 

demonstrates an opposing mechanism, that cardiomyocyte proliferation can be driven 

by inhibiting the PKM2/ɓ-catenin axis.218 This may suggest that overexpression of 

PKM2 had off-target effects. Thus, in our study, we assessed whether the physiological 

upregulation of PKM2 was protective in ischemic hearts and other environmental 

stressors. 

Altogether, these studies suggest that PKM2 may have a role in regulating 

oxidative stress after injury. The identified mechanisms in cardiomyocytes appear to be 

upregulation of PPP flux and maintaining mitochondrial integrity.173,203,206 The response 

to MI involves a concerted effort by various cell types, including resident cardiac cells 

and infiltrating immune cells, each exhibiting diverse PKM2 functions. Therefore, a 

holistic approach is necessary to fully address the complexities involved in the response 

to MI. In this study, we aim to provide insight into basal metabolism that influences the 

cardiac response to injury or stress. 

 

1.4 Summary 

Cardiac metabolism is tightly regulated, yet adaptable in response to injury and 

environmental changes. Dysregulated glucose and fatty acid consumption is 

characteristic of the metabolism in an ischemic myocardium, to preserve energy 

production. This is in part due to mitochondrial dysfunction that can generate ROS that 

may be detrimental for cell survival. Thus, it is an important goal of cardiac therapy to 
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preserve energy production for contraction while limiting oxidative stress to prevent cell 

death. As a key regulator of glucose metabolism, PKM2 not only catalyzes an energy-

producing step but also mediates non-glycolytic functions that promote cell survival 

through its conformational changes. This makes PKM2 a promising therapeutic target 

for modulating its activity to reduce myocardial damage following infarction. 

Previous research from our lab demonstrating ischemia-mediated upregulation of 

PKM2 suggested a cardioprotective role during MI. Corroborating this, PKM2 

overexpression is implicated in reducing oxidative stress in cardiomyocytes by altering 

glucose flux. Before evaluating the role of PKM2 during MI, we first established its basal 

function as described in Chapter 2 to determine if these functions may be beneficial 

when translated to an ischemic setting. We report the novel finding that PKM2 regulates 

the cellular oxidative state in the healthy heart by balancing glucose consumption. 

Results reported in Chapter 3 demonstrate dysregulated cardiac lipid metabolism with 

loss of PKM2 that progresses into a whole-body phenotype with age. In order to 

evaluate the function of PKM2 in the concerted stress response of various cardiac cell 

populations, we used global PKM2 knockout mice (PKM2-/-). In Chapter 4, we assessed 

the cardiac response to MI of hearts with physiological PKM2 upregulation compared to 

those with dysregulated metabolism caused by loss of PKM2. We further evaluated 

cardiac activity after exercise and diabetes induced by high-fat diet to further elaborate 

the function of PKM2 in the cardiac stress response. This work extensively 

characterizes PKM2 function in the heart, and we expect that it will inform therapies that 

modulate PKM2 in treating cardiac diseases. It is our overall hypothesis that increased 

PKM2 expression would be beneficial during ischemic injury and stress to increase 
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glycolysis as an alternative pathway for ATP production while limiting oxidative stress. 

The implications of this work in whole-body PKM2-/- mice are potentially broad and can 

suggest that systemic drugs that modify PKM2 activity, such as those used in cancer 

treatments, may have unintended effects on cardiac glucose and lipid metabolism. 
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CHAPTER 2. PKM2 REGULATES METABOLIC FLUX AND OXIDATIVE STRESS IN 

THE MURINE HEART 

Summary In Chapters 2 and 3, we focus discussion of cardiac PKM2 to its 

metabolic role in the uninjured heart. As the primary role of pyruvate kinase is in 

glycolysis, we first explored the alteration in glucose metabolism in global PKM2 

knockout (PKM2-/-) mice compared to flox controls (PKM2fl/fl). We found diminished 

glucose oxidation in PKM2-/- cardiomyocytes, as well as reduced glucose uptake in 

response to insulin treatment. Instead, we demonstrated increased glucose flux through 

the PPP and that glucose-derived acetyl-CoA was used for lipogenesis. As mentioned 

previously, NADPH generated by the oxidative phase of the PPP aids in reducing ROS. 

Concordantly, we found increased total ROS and mitochondrial superoxides in PKM2-/- 

cardiomyocytes compared to PKM2fl/fl controls. Our data demonstrate a cycle of 

elevated oxidative stress and metabolic dysfunction in PKM2-/- hearts, reducing 

efficiency of energy production and modifying cardiac function compared to controls. 

This chapter offers new insights into the regulation of glucose metabolism by PKM2, 

extending beyond its traditional glycolytic role. 
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2.1. Introduction 

The heart requires large amounts of ATP to maintain contractility and provide 

blood flow to the body. Therefore, it has developed an adaptable and omnivorous 

metabolism, able to accept fatty acids, glucose, or ketone bodies as an energy source. 

The developing heart uses glucose and lactate as its main energy sources during 

embryogenesis and switches to the predominantly oxidative metabolism of fatty acids 

postpartum.219 However, the heart can enhance glycolytic metabolism under stress, 

such as hypoxia.73 

One of the mechanisms by which substrate utilization is optimized is alternative 

splicing of mRNAs.220 In the heart, pyruvate kinase muscle (PKM) is the final enzyme in 

glycolysis, catalyzing the conversion of phosphoenolpyruvate to pyruvate and 

generating ATP. Alternative splicing of Pkm, regulated by heterogeneous nuclear 

ribonucleoproteins (hnRNP) A1, A2, and I, produces two muscle isoforms in the heart: 

PKM1 and PKM2.170 These splicing factors produce mutually exclusive incorporation of 

either exon 9 or 10 to generate PKM1 or PKM2, respectively. Both isoforms can form 

tetramers with high enzymatic activity that directs pyruvate to the Krebs cycle and 

oxidative metabolism.221 However, the balance of PKM2 dimer and tetramer can be 

allosterically regulated by numerous factors, including metabolites such as fructose-1,6-

bisphosphate or post-translational modifications such as phosphorylation of Y105.221 

The dimeric form exhibits reduced pyruvate kinase activity, promoting the conversion of 

pyruvate into lactate and enabling upstream glycolytic metabolites to enter the pentose 

phosphate pathway (PPP).221 Recent evidence suggests that overexpression of PKM2 
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can redirect metabolites into the oxidative PPP and reduce oxidative damage in 

cardiomyocytes after myocardial infarction (MI).203 

PKM2 is highly expressed during embryogenesis and remains expressed at 

varying levels throughout the body in the adult.221 By contrast, PKM1 expression 

increases during maturation and differentiation and becomes the predominant isoform in 

the adult heart and other highly metabolic tissues.221 We have previously shown that 

ischemia-induced alternative splicing of Pkm in the heart leads to increased PKM2. This 

is due in part to hypoxia-inducible factor (HIF)-1-mediated increases in Pkm2 transcript 

and its associated splicing factors.1 This switch in isoforms after MI was accompanied 

by an overall decrease in pyruvate kinase activity.1 PKM2 upregulation in the heart has 

also been observed in hypoxia, transverse aortic constriction (TAC)-induced 

hypertrophy, heart failure, and other forms of cardiac injury.2-4 Aside from its metabolic 

activities, PKM2 overexpression has been found to attenuate cardiac hypertrophy and 

heart failure induced by pressure overload by phosphorylating the Rho family GTPase 

RAC1.2 PKM2 has also been shown to have nuclear activity that enhances 

cardiomyocyte survival by stabilizing pro-survival transcription factors GATA4/6 and 

promoting the degradation of pro-apoptotic p53.3 Together, these studies suggest a 

cardioprotective role for PKM2 after injury.  

While increased expression of PKM2 in disease settings may be beneficial, its 

role in basal cardiac metabolism is unclear. In this study, we found that PKM2 can 

regulate glucose metabolism in cardiomyocytes to influence the cellular oxidative state. 

PKM2 ablated hearts had high levels of reactive oxygen species (ROS) and reduced 

ATP content, indicative of mitochondrial and metabolic stress. These results indicate 
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PKM2 may help maintain metabolic homeostasis, which may be particularly important 

during cardiac stress and injury.  
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2.2. Methods 

2.2.1 Mice and reagents 

Approximately equal numbers of C57BL/6 male and female mice were used 

between 8 and 16 weeks of age (>25 g). All animal protocols and experiments were 

approved by the Institutional Animal Care and Use Committee of the University of 

Hawaii at Manoa (IACUC approval number 06-011-17) and conform to the NIH Guide 

for the Care and Use of Laboratory Animals. PKM2fl/fl (stock no. 024048) and CMV-Cre 

(stock no. 006054) mouse lines were acquired from the Jackson Laboratory. Expression 

of Cre recombinase excised exon 10 (Pkm2) from PKM2fl/fl mice, leading to nonsense-

mediated decay of Pkm2 transcripts lacking both exon 9 and 10.222 Global Pkm2 

knockout mice were then bred to remove the presence of Cre (hereafter called PKM2-/-). 

Mice were anesthetized using 5% isoflurane before euthanasia by CO2. Antibodies used 

in this study are listed in Table S2.1. At least 15 mice per group were used based on 

power calculations for a 90% likelihood at p<0.05 to see a 7.5% difference in ejection 

fraction with a 4.8% standard deviation for inter-animal variability. Power calculations for 

ex vivo experiments were based on glucose content assessed in cardiomyocytes, and 

at least 5 samples were assayed for a 90% likelihood at p<0.05 to observe a 30% 

difference between groups with 14% inter-sample variation.  

 

2.2.2 Metabolomics 

Metabolites were quantified in citrated plasma and ventricular tissue of unfasted 

mice using ultrahigh-pressure liquid chromatography and triple quadrupole mass 

spectrometry (UPLC-TQMS) and gas chromatography and time-of-flight mass 
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spectrometry (GC-TOFMS) as previously described, with modifications.223-226 Data was 

processed using the TargetLynx application manager (Waters Corp., Milford, MA), and 

raw data from GC-TOFMS analysis were exported in NetCDF format to ChromaTOF 

software (v4.50, Leco Co., CA, USA) as previously described.223-226 

 

2.2.3 Western blotting 

Protein extraction from frozen pulverized tissue of the left ventricle and isolated 

cardiomyocytes and western blotting and analyses were performed as previously 

described 1. Briefly, equal amounts of protein (20 or 30ɛg) were loaded on 10% SDS-

PAGE (Tris-HCl) gels under reducing or nonreducing conditions and transferred to 

PVDF membranes. Intercept (PBS/TBS) Blocking Buffers (LI-COR, cat.# 927-

70001/927-60001) and Intercept T20 (PBS/TBS) Antibody Diluents (LI-COR, cat.# 927-

75001/927-65001) were used during blotting. Images were compiled for publication 

using Sciugo.227 

 

2.2.4 Echocardiography 

We used a 38mHz transducer with a Vevo 2100 system (Fujifilm VisualSonics) to 

assess the left ventricular function of sentient mice with transthoracic echocardiography. 

M-mode and B-mode images were obtained in the left ventricular parasternal short-axis 

view at the level of the papillary muscle. At least three consecutive heartbeats in M-

mode were used to measure dimensions for fractional shortening (FS%) and 2D scans 

to obtain areas for ejection fraction (EF%). Measurements were taken blinded to the 

genotype and treatment. 
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2.2.5 RNA isolation and semiquantitative PCR 

Total RNA was extracted from left ventricles using the Qiagen RNeasy kit 

according to the manufacturerôs instructions. 1 ɛg of RNA was reverse transcribed using 

the qScript cDNA synthesis kit (QuantaBio, cat.# 95047-100). Semiquantitative PCR 

(qPCR) was performed with QuantiTect SYBR Green PCR Kit (Qiagen, cat.# 204145) 

and run on a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems). 

Primers were designed to span exon-exon junctions when possible and sequences are 

provided in Table S2.2. Tangerin (Ehbp1l1) was used for normalization as its expression 

is unaffected by hypoxia, and its abundance is similar to our targets.228 The relative 

abundance of transcripts was determined by ȹȹCt calculations according to standard 

methods.  

 

2.2.6 RNA sequencing and analysis 

Samples from male mice were used to minimize sex-based transcriptomic 

differences.229 RNA was prepared as previously described.1 RNA samples with an RNA 

integrity number value Ó 8 were depleted of rRNA using the NEBNext rRNA Depletion 

Kit v2 (New England Biolabs, cat.# E7400L). cDNA libraries were prepared according to 

manufacturerôs protocol (NEBNext Ultra II RNA Library Prep Kit for Illumina, New 

England Biolabs, cat.# E7770S). Libraries were pooled, and paired-end sequenced on 

an Illumina NextSeq 550 system. Reads were quality-checked using FastQC and 

prepared for alignment using PRINSEQ as previously described.1,230,231 Trimmed 

sequences were first aligned to the GRCm39 reference genome using Kallisto to 

determine splice variant expression of Pkm1 and Pkm2.232 HISAT2 was used to index 
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the Mus musculus UCSC mm10 reference genome and align high-quality reads.233 The 

resulting sequence alignment map (SAM) files were used to count reads mapped to 

mouse gene models with featureCounts.234 Differential gene expression was then 

determined using the DESeq2 Bioconductor package.235 Transcripts with a Benjamini 

and Hochberg q value < 0.05, FDR < 0.05, and log2(fold change) Ò -1 or Ó 1 (i.e., fold 

change Ó 2) were considered differentially expressed. Differentially expressed genes 

(DEGs) were analyzed as previously described.1 All primary RNA-seq data are available 

on Gene Expression Omnibus under accession number GSE243668. DEGs were 

validated using RT-qPCR of samples from similar numbers of male and female mice. 

 

2.2.7 Cardiomyocyte isolation 

The cardiomyocyte fraction (CM) of adult mouse hearts was isolated using a 

Langendorff-free method as previously described.236 Buffers and media were prepared 

as detailed in Table S2.3. Briefly, high EDTA buffer was perfused through the right 

ventricle to inhibit contraction and coagulation and to destabilize intercellular 

connections. A perfusion buffer was used to remove EDTA before tissue digestion using 

a collagenase solution. Hearts were digested until soft and pliable for physical 

dissociation. Perfusion buffer containing 5% FBS was added to prevent further 

digestion. Cardiomyocytes were purified by sedimentation, and nonmyocytes (non-CM) 

were retrieved from the supernatant. Cells were gradually reintroduced to calcium. 
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2.2.8 Cell viability assay 

CMs were incubated in either normoxic (21% O2) or hypoxic (1% O2) conditions 

for 24 hours in a hypoxia chamber (Baker-Ruskinn) at 37ÁC. Cell viability was assessed 

using fluorescent dyes supplied in the Live and Dead Cell Assay (Abcam) according to 

manufacturerôs instructions. Cells were incubated at 37ÁC with 5% CO2 during imaging 

with the Leica THUNDER Imager Live Cell system. Hypoxic conditions were maintained 

using the Tokai Hit WSKM stage top incubator with the GM-8000 dual-gas mixer. 

Maximum projections shown. All microscopy experiments utilized both PKM2fl/fl and 

PKM2-/- groups in tandem. 

 

2.2.9 Glucose, Glycogen, and ATP assays 

Cardiac glucose and glycogen were determined using the Glucose-Glo Assay kit 

(Promega, cat.# J6021) and the Glycogen Assay Kit II (Abcam, cat.# ab169558), 

respectively. ATP was measured using the ATP Determination Kit (Invitrogen, cat.# 

A22066). Equivalent amounts of left ventricles were prepared for the assay according to 

the manufacturer's protocols. Values were normalized to total protein determined by 

BCA assay. 

 

2.2.10 Glucose uptake assay 

CMs were plated in M199 (Sigma-Aldrich) supplemented with 10% FBS (Gibco) 

overnight, then serum starved in low glucose DMEM (Caisson) for 2 hours. The media 

was then replaced with HEPES buffered Krebs Ringer Buffer (Boston Bioproducts, cat#. 
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BSS-260), supplemented with 100nM human recombinant insulin (Sigma, cat#. 

91077C) for insulin-treated wells. Cells were then incubated with 20ɛM of IRDye 

800CW 2-deoxyglucose (2-DG, LI-COR, cat.# 926-08946) for 1 hour. After fixing with 

4% paraformaldehyde, DNA was stained using TO-PRO-3 (Invitrogen, cat.# T3605) for 

normalization. 2-DG and TO-PRO-3 were visualized on a LI-COR Odyssey CLx Imaging 

System, and signals were quantified using Image Studio densitometry analysis 

software. At least 3 technical replicate wells were quantified per mouse. 

 

2.2.11 U-13C-labeled glucose metabolism 

Following overnight incubation in M199 (Sigma-Aldrich) supplemented with 10% 

FBS (Gibco), CM media was replaced with DMEM lacking glucose and sodium pyruvate 

(Thermo Fisher) supplemented with 10% dialyzed FBS (Gibco) and 4.5 g/L U-13C 

glucose (Cambridge Isotope Laboratories, cat.# CLM-1396-5). After 10 minutes, 2 

hours, or 18 hours, cells were washed with 150mM ammonium acetate and incubated at 

ï80ÁC for 1 hour with 80% methanol. 1nmol norvaline was added as an internal 

standard, as previously described.203 Cell pellets were resuspended in 0.05mM NaOH 

and heated to 95ÁC for 20 minutes before protein concentration was determined. The 

supernatant containing the metabolites was concentrated and desiccated using a 

Savant SpeedVac DNA 120. Samples were then sent to the Metabolomics Core at the 

University of California, Los Angeles, for liquid chromatography/mass spectrometry 

(LC/MS).  
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Dried metabolites were resuspended in 50% acetonitrile (ACN) water, and 1/10th 

was loaded onto a Luna 3um NH2 100A (150 Ĭ 2.0 mm) column (Phenomenex) 

according to previously described methods.237 The chromatographic separation was 

performed on a Vanquish Flex (Thermo Scientific), and metabolites were detected using 

a Thermo Scientific Q Exactive mass spectrometer. Maven (v 8.1.27.11) was used to 

quantify the targeted metabolites by AreaTop using expected retention time, verified with 

standards, and accurate mass measurements (< 5 ppm mass error). Values were 

normalized to the protein content of the extracted material. Relative amounts of 

metabolites were calculated by summing up the values for all isotopologues of a given 

metabolite. Metabolite Isotopologue Distributions and Fractional Contribution were 

corrected for natural 13C abundance. Data analysis was performed using in-house R 

scripts, including principal component analysis and heat map generation. 

 

2.2.12 Transmission electron microscopy and quantification of lipid droplets 

Left ventricles were sectioned into 1mm pieces at the level of the papillary 

muscle while submerged in fixative and fixed overnight in 2% paraformaldehyde + 2.5% 

glutaraldehyde + 2mM CaCl2 in 0.1M sodium cacodylate buffer, pH 7.4. Tissues were 

washed with 0.1M cacodylate buffer and postfixed with 1% osmium tetroxide in 0.1M 

cacodylate buffer for 1 hour. Tissues were then dehydrated with progressively higher 

concentrations of ethanol before propylene oxide incubation. Resin mix (50% LX-112, 

22.2% DDSA, and 27.8% NMA) was applied before overnight incubation in a 1:1 

mixture of resin mix : propylene oxide. Sections were imaged on a Hitachi HT7700 

Transmission Electron Microscope. Using ImageJ, two adjacent left ventricle sections 
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per mouse (10 images per section) were used to quantify lipid droplets normalized to 

total area. 

 

2.2.13 Mitochondrial respiration and glycolysis assays 

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

of isolated CM were measured using the Seahorse XFe96 Extracellular Flux Analyzer 

(Agilent). CM cell viability was determined using acridine orange/propidium iodide dye 

(ViaStain, cat#. CS2-0106) and analyzed using the CellDrop cell counter (DeNovix). 

Only live cells (8 x 104 cells/well) were plated in at least 6 replicates in Seahorse media 

(unbuffered DMEM supplemented with 10mM glucose, 2mM glutamine, and 1mM 

sodium pyruvate) for 1 hour at 37ÁC in a room air incubator. HepG2 cells were used as 

controls to confirm treatment response, and 4 corner wells were used as temperature 

controls. Using the Mito Stress Test kit (Agilent, cat.# 103015-100), oligomycin (2ɛM), 

the mitochondrial uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenyl-hydrazone 

(FCCP, 1ɛM), and rotenone/antimycin A (0.5ɛM) were added after approximately 20, 40, 

and 60 minutes, respectively. 

 

2.2.14 ROS assay 

Following cardiomyocyte isolation and plating, cells were incubated in either 

normoxic (21% O2) or hypoxic (1% O2) conditions for 24 hours. ROS levels were 

determined from cell pellets using the OxiSelectÊ In Vitro ROS/RNS Assay Kit (Cell 

BioLabs, cat.# STA-347) according to the manufacturerôs protocol with H2O2 and 2ô, 7ô-

dichlorodihydrofluorescein (DCF) standards and normalization to total protein. 
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2.2.15 MitoSOX assay 

CMs were incubated in either normoxic (21% O2) or hypoxic (1% O2) conditions 

for 24 hours. Mitochondrial superoxide were stained using MitoSOX green (Thermo 

Fisher) according to manufacturerôs protocol. Normoxic or hypoxic conditions were 

maintained at 37ÁC using the Tokai Hit WSKM stage Top incubator described above in 

the cell viability assay.238 

 

2.2.16 MitoTracker assay 

CMs were stained with MitoTracker Red CMXRos (Thermo Fisher, cat.# M46752) 

according to the manufacturerôs protocol. Cells were imaged as described above. 

 

2.2.17 CaMKII activity assay 

Following cardiomyocyte isolation, cell pellets were lysed using the Kinase Assay 

Buffer from the ADPsensorÊ Universal Kinase Activity Assay Kit (BioVision, cat#. K212-

100), supplemented with PierceTM protease inhibitor (Thermo Fisher). Small metabolites 

were removed from the cell lysate using a 10kDa centrifugal filter (Amicon). Equivalent 

amounts of protein were used for the kinase assay, performed according to the 

manufacturerôs instructions, using 100ɛM CaMKII-specific substrate Syntide-2 (Cayman 

Chemical, cat.# 15934) in sample reactions. Background reactions lacked ATP and 

Syntide-2. Reactions were incubated at 30ÁC, and fluorescence was measured over 

time. 
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2.2.18 Statistical Analysis 

Data was analyzed using GraphPad Prism 8. Unpaired studentôs t-test was used 

to compare 2 groups, and two-way ANOVA with Tukeyôs test was used to compare more 

than two groups. A p-value of less than 0.05 was considered significant. Error bars 

indicate standard deviation (SD).   
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2.3. Results  

2.3.1 Basal cardiac glucose is reduced in PKM2 ablated mice. 

To examine the role of PKM2 in the uninjured adult heart, we generated global 

PKM2 knockout (PKM2-/-) mice by crossing PKM2fl/fl mice with mice expressing Cre 

driven by a CMV promoter. After germline deletion, knockout mice were bred to remove 

the Cre allele (Fig. 2.1A, S2.8A-B). As expected, the loss of PKM2 led to a 

compensatory increase in Pkm1 transcripts and PKM1 protein (Fig. S2.8B-D). 

To characterize the consequences of PKM2 loss on basal cardiac metabolism, 

we performed metabolomics screening on whole heart tissue and plasma from PKM2fl/fl 

and PKM2-/- mice by mass spectrometry. Given the importance of PKM2 activity in 

glycolysis, we were intrigued to find substantially reduced glucose in PKM2-/- mouse 

hearts (Fig. 2.1B). Plasma glucose levels were similar in unfasted PKM2fl/fl and PKM2-/- 

mice (Fig. 2.1C), suggesting that the lower level in PKM2-/- hearts was likely not due to 

changes in circulating blood sugars. We confirmed our results using an independent 

glucose assay and found reduced glucose in both isolated CM and non-myocyte 

populations; only the reduction in CM reached statistical significance (Fig. 2.1D-E). 

Although PKM2 is often associated with lactate production,221,239 we did not observe a 

difference in cardiac or plasma L-lactic acid between PKM2fl/fl and PKM2-/- animals, nor 

was there a difference in pyruvate (Fig. S2.9). These results suggest that glucose 

uptake or metabolism in the heart may be dysregulated with loss of PKM2. 
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Figure 2.1. Basal glucose levels and uptake in PKM2-/- hearts. 

A. Generation of global PKM2-/- mice. B-C. Glucose measurements in whole heart 

tissue and plasma (n=3-4 mice per group). D. Cardiac glucose of whole heart tissue 

determined by an independent glucose assay (n=4-5 mice). E. Intracellular glucose in 

primary CM and non-CM (n=8 mice per genotype). F. Quantifying 2-DG uptake in CM 

normalized to DNA (n=7 mice per genotype). Each point represents the average of at 

least 3 technical replicates from a single mouse. G. Intracellular glucose in primary CM 

stimulated with insulin (n=10 mice per genotype). Two-way ANOVA with Tukeyôs multiple 

comparisons. H. Glycogen content in whole heart tissue (n=10 mice per group). 

Studentôs t-test vs. PKM2fl/fl mice unless specified. Data are shown as means Ñ SD.  
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2.3.2 Basal glucose uptake is similar in PKM2 ablated CMs. 

We explored potential mechanisms that might contribute to the reduction in 

intracellular glucose. First, we investigated glucose uptake using fluorophore-labeled 2-

deoxyglucose (2-DG), a glucose analog that the cell cannot metabolize. We did not 

observe any changes in basal 2-DG uptake between control PKM2fl/fl and PKM2-/- CM 

(Fig. 2.1F), although intracellular glucose levels remained lower in PKM2-/- CM (Fig. 

2.1G). Interestingly, unlike PKM2fl/fl CM, insulin treatment did not stimulate increased 2-

DG uptake in PKM2-/- CM (Fig. 2.1F). This was confirmed with independent 

measurements of intracellular glucose levels (Fig. 2.1G). Intracellular stores can serve 

as another source of glucose in the cell. We quantified glycogen content in whole heart 

tissue and found markedly less glycogen in PKM2-/- hearts than PKM2fl/fl hearts (Fig. 

2.1H).  

We assessed the abundance of cardiac glucose transporter to further 

characterize glucose uptake. We did not observe any differences in overall expression 

of glucose transporters 1 and 4 (GLUT1 and GLUT4) in PKM2fl/fl and PKM2-/- hearts 

(Fig. 2.2A-B) or isolated CM, regardless of the presence or absence of insulin (Fig. 

2.2C-D), nor did we observe any differences in their transcript abundances by qPCR 

(Fig. 2.2E). We also assessed GLUT3 and 12 protein abundance as these alternative 

hexose transporters have also been reported to be expressed in the heart, albeit at 

lower levels than GLUT1 and 4.95 Unexpectedly, we discovered that GLUT3 was 

reduced in PKM2-/- hearts compared to PKM2fl/fl hearts (Fig. S2.10). Despite this, similar 

basal 2-DG uptake between PKM2fl/fl and PKM2-/- CM suggests that lower GLUT3 

abundance had minimal influence on glucose uptake. Together, these data suggest that 
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lower basal intracellular glucose in PKM2-/- CM was likely the result of increased 

consumption rather than reduced delivery. 

 

Figure 2.2. Primary cardiac glucose transportersô GLUT1/4 expressions are similar. 

A-B. Western blots and quantifications of total GLUT1/4 proteins in cardiac tissue (n=10 

mice per group, representative blot of 5 mice per group shown, each blot normalized to 

total protein and PKM2fl/fl controls. GLUT1, 4, and 12 were stained on the same blot. 

Total protein is also shown for normalization in Fig. S2.10). C-D. Western blot of CM 

incubated with or without insulin (n=3 mice per genotype, normalized to total protein). 

Two-way ANOVA with Tukeyôs multiple comparisons. E. Slc2a1 and 4 transcripts in 

cardiac tissue were assessed by qPCR (n=5 mice). Studentôs t-test vs. PKM2fl/fl mice 

unless specified. Data are shown as means Ñ SD.  
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In addition to its direct role in glucose metabolism, PKM2 has been reported to 

have transcriptional activities as a nuclear coactivator of HIF-1Ŭ and ɓ-catenin in 

various cell types, including CM, to promote the transcription of genes involved in 

glycolysis and proliferation.203,221 We therefore evaluated the transcriptome of PKM2fl/fl 

and PKM2-/- hearts using RNA sequencing. Only 11 genes were differentially expressed 

to a degree that reached statistical significance (log2FC Ó 1, FDR < 0.05, Table S2.4). 

None were closely associated with glucose regulation, suggesting that the basal 

metabolic changes we observed in PKM2-/- hearts are not directly due to loss of PKM2 

transcriptional activity. 

 

2.3.3 Loss of PKM2 diminishes entry of glucose-derived metabolites into glycolysis and 

the TCA cycle in CM. 

We next evaluated glucose consumption as the cause of glucose depletion in 

PKM2-/- CM. We traced the metabolism of glucose-derived metabolites in PKM2fl/fl and 

PKM2-/- CM using uniformly labeled glucose (U-13C) (Fig. 2.3A). Specific timepoints after 

U-13C glucose incubation were chosen based on the time required to achieve steady-

state labeling for each pathway,203 a point at which the relative abundance of 

isotopically labeled metabolites remains constant over time. At 10 minutes post-U-13C 

glucose incubation, we analyzed the labeling pattern of glycolytic intermediates. TCA 

cycle intermediates were measured after 2 hours, while PPP products were quantified 

after 18 hours.  

Similar levels of intracellular U-13C glucose were observed in PKM2fl/fl and PKM2-

/- CM (Fig. 2.3C), suggesting basal rates of glucose uptake similar to those seen with 2-
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DG (Fig. 2.1F). Despite similar uptake, both labeled (C13) and unlabeled (C12) 

glycolytic intermediates appeared to be less abundant in PKM2-/- CM compared to 

PKM2fl/fl CM (Fig. 2.3D-G). Entry of acetyl-CoA (Fig. 2.3H) into the TCA cycle was also 

diminished in PKM2-/- CM, as we observed a reduction in unlabeled citrate and 

aconitate (Fig. 2.3I-J). Labeled citrate and aconitate also appeared to be reduced in 

PKM2-/- CM compared to PKM2fl/fl CM, although this did not reach statistical 

significance. The greater abundance of unlabeled Ŭ-ketoglutarate, succinate, and 

malate in PKM2-/- CM compared to PKM2fl/fl CM (Fig. S2.11) suggested that activity in 

later steps of the TCA cycle was maintained in PKM2-/- CM, possibly through increased 

conversion of glutamate to Ŭ-ketoglutarate.  

 

Figure 2.3. Catabolic pathways glycolysis and the TCA cycle are dysregulated in PKM2-

/- CM. 
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A. Experimental workflow. Cells are harvested 10 minutes, 2 hours, and 18 hours after 

the addition of U-13C glucose media. B. The schematic of glucose entry into glycolysis 

leads to acetyl-CoA synthesis and the TCA cycle. C-G. Glycolytic intermediates were 

assessed at 10 minutes of incubation. Unlabeled metabolite abundances are indicated 

as "C12," labeled metabolites as "C13," followed by the number of heavy carbons in the 

molecule. H-J. TCA cycle metabolites were assessed at 2 hours of incubation. All n=3 

mice per group. Data are shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice. 

 

2.3.4 PKM2-/- hearts have increased lipid synthesis. 

Interestingly, glucose-derived acetyl-CoA appeared to be used for fatty acid 

synthesis in PKM2-/- CM instead of contributing to the TCA cycle. Although labeled and 

unlabeled acetyl-CoA were lower in PKM2-/- compared to PKM2fl/fl CM after 2 hours of 

labeling, these metabolites were of similar abundance at 10 minutes of labeling, which 

indicated to us that the supply of acetyl-CoA was not rate limiting (Fig. S2.12). We 

observed elevated levels of U-13C labeled malonyl-CoA in PKM2-/- compared to PKM2fl/fl 

CM (Fig. 2.4A), suggesting that glucose-derived acetyl-CoA is incorporated into fatty 

acids in PKM2-/- CM. Labeled isobutyryl-CoA, which can be used in place of acetyl-CoA 

to form branched-chain fatty acids,240 was also elevated in PKM2-/- CM (Fig. 2.4B). This 

is in stark contrast to PKM2fl/fl CMs which did not show labeling of lipids. The heart is 

normally not a lipogenic organ unless under metabolic stress.241 Similarly, we observed 

a greater abundance of glycerol-3-phosphate and glycerol (Fig. 2.4C-D), products of 

dihydroxyacetone phosphate from glycolysis that can be used for triglyceride 

synthesis.242 We also observed almost twice as many lipid droplets in PKM2-/- hearts as 
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PKM2fl/fl hearts using TEM (Fig. 2.4E-F). Together, these data indicate that loss of 

PKM2 shifts cellular metabolism from oxidative metabolism to allow fatty acid synthesis 

in the heart. 

 

Figure 2.4. Lipid biosynthesis is dysregulated in PKM2-/- hearts. 

A-D. 13C labeling of lipid substrates in CM analyzed by LC/MS after 18 hours of 

incubation with U-13C glucose. All n=3 mice per group. Data are shown as means Ñ SD. 

E-F. Representative TEM images showing lipid droplets (black spheres, examples 

indicated by black arrows, n=3 mice). Each dot represents the average of 10 images 

from one tissue section per mouse. An independent experiment of an adjacent tissue 

section produced similar results. Scale bar = 8ɛm. Studentôs t-test vs. PKMK2fl/fl mice.  
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2.3.5 PKM2-/- CM have elevated ROS and utilize glucose in the pentose phosphate 

pathway. 

PKM2 has been implicated in upregulating the oxidative PPP in both cardiac and 

cancer cells to promote the biosynthesis of lipids, proteins, and ribonucleic acids 203,243. 

Interestingly, glucose entry to the PPP appeared virtually absent in PKM2fl/fl CM. In 

contrast, conversion of labeled glucose to metabolites of both the oxidative (6-

phosphogluconate) and non-oxidative PPP branches (ribose-5-phosphate and 

sedaheptulose-7-phosphate) was abundant in PKM2-/- CM (Fig. 2.5A-F). Glucose 

consumption in the oxidative PPP was also observed early at 10 minutes of U-13C 

glucose incubation (Fig. 2.5B). Importantly, an increase in NADPH (labeled and 

unlabeled) was also observed only in PKM2-/- CM after 18 hours of labeling (Fig. 2.5D), 

possibly from de novo synthesis and contributions from the oxidative PPP. Since 

NADPH can mediate ROS scavenging,244 we measured ROS in isolated CM and 

observed higher ROS in PKM2-/- CM compared to PKM2fl/fl CM (Fig. 2.5G). We also 

found mitochondrial superoxide was a major source of elevated ROS in the KO CM 

(Fig. 2.5H-I). Increased oxidative stress was reflected in lower cell viability of isolated 

PKM2-/- CM (Fig. 2.5J-K). To examine the effects of environmental stress on ROS 

production, we exposed isolated CM to hypoxia for 24h. We observed further increases 

in total and mitochondrial ROS production in both PKM2fl/fl and PKM2-/- CM, which 

correlated with further reductions in cell viability. However, the difference in 

mitochondrial superoxide production was lost (Fig. 2.5G-I). These results suggest that 

glucose may be redirected to the PPP to mitigate the elevated ROS levels in PKM2-/- 

CM. 
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Figure 2.5. Loss of PKM2 elevates ROS and superoxide levels in CM. 

A. The Schematic of glucose entry into the oxidative PPP branch generates NADPH, 

leading to the non-oxidative biosynthetic PPP branch. B-F. Isotopic tracing of PPP 

metabolites at 18 hours of incubation unless specified. 6P-gluconate abundance at both 

10 minutes and 18 hours is shown. Total NADPH (labeled and unlabeled) was assessed 

across all time points. All n=3 mice per group. G. ROS (n=6 mice per genotype) and H. 

mitochondrial superoxide levels (n=5 mice per genotype) in CM incubated at normoxia 

(21% O2) or hypoxia (1% O2). I. Representative fluorescent MitoSOX images (right, 

green) for analysis from H. with accompanying brightfield images on the left. Scale bar = 

100 ɛm. J. Quantified cell viability of isolated CM incubated at normoxia or hypoxia, K. 

representative fluorescent cell viability images (right, live cells green, dead cells red) 

with accompanying brightfield images on the left (n=5 mice per genotype). Scale bar = 

100 ɛm. Data are shown as means Ñ SD. Two-way ANOVA with Tukeyôs multiple 

comparisons. 

 

2.3.6 PKM2-/- CMs have impaired mitochondrial function and reduced ATP content. 

Elevated levels of mitochondrial superoxide often indicate electron leakage from 

the electron transport chain, resulting in inefficient oxidative metabolism.245 We 

therefore measured the oxygen consumption rate (OCR) in isolated PKM2fl/fl and PKM2-

/- CM to evaluate mitochondrial respiration and the extracellular acidification rate 

(ECAR) to evaluate media acidification from glycolytic and TCA processes (lactate and 

CO2) based on glucose consumption. These parameters are reduced in the PKM2-/- CM 

compared to PKM2fl/fl (Fig. 2.6A-B), which agrees with the isotopic labeling data of 
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glycolytic and TCA intermediates. Additional analysis revealed proton leak, non-

mitochondrial oxygen consumption, and basal and maximal respiration were all reduced 

in PKM2-/- CM compared to PKM2fl/fl CM (Fig. 2.6C-F). Lower non-mitochondrial oxygen 

consumption, such as consumption by NADPH oxidase (NOX) or xanthine oxidase (XO) 

to generate ROS,246 may suggest that much of the ROS in PKM2-/- CM at normoxia are 

mitochondrial, which supports the total ROS and mitochondrial superoxide results. 

Although PKM2 has previously been reported to regulate mitochondrial structural 

dynamics,247 we did not observe overt differences in mitochondrial structure in PKM2fl/fl 

and PKM2-/- CM (Fig. S2.13A-B). We also did not observe differences in mitochondrial 

quantity (Fig. S2.13C-D). Mitochondrial ATP production appears to be slightly reduced in 

PKM2-/- CM compared to PKM2fl/fl CM, as assessed by a Seahorse assay (Fig. 2.6G), 

although it did not reach statistical significance. These data suggest mitochondrial 

dysfunction led to limited ATP production in PKM2-/- CM. Quantification of total ATP 

levels in CM by mass spectrometry (Fig. 2.6H, combined labeled and unlabeled) and 

luciferase assay in whole heart tissue and CM (Fig. 2.6I-J) both confirmed that ATP was 

reduced in PKM2-/- hearts and CM.  
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Figure 2.6. Mitochondrial respiration and ATP production are dysregulated in PKM2-/- 
hearts. 

A. OCR and B. ECAR were measured using the Seahorse assay. Arrows indicate the 

addition of oligomycin, FCCP, and rotenone & antimycin A, respectively. The experiment 

was repeated 3 times for a total of 4 mice. Representative plot of one experiment 

shown; each point is the average of 8 technical replicates for one mouse. C. Calculation 

of basal respiration, D. maximal respiration, E. proton leak, F. non-mitochondrial oxygen 

consumption, and G. ATP production as determined by Seahorse assay. Data are 

shown as means Ñ SD of 8 technical replicate wells for one mouse. Studentôs t-test vs. 
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PKM2fl/fl mice. H. Total ATP abundance in CM determined by LC/MS across all time 

points (n=3 mice per group). I. ATP levels were determined in whole heart tissue (n=10 

mice) and J. ATP in CM (n=10 mice per genotype). Two-way ANOVA with Tukeyôs 

multiple comparisons.  

 

The disparity in total ATP content suggested ATP might be consumed differently 

in PKM2-/- CM. Since the majority of ATP in cardiomyocytes is utilized for contraction 

and ion pumps,74 we evaluated cardiac ejection fraction (EF) and fractional shortening 

(FS). Interestingly, these measurements were slightly higher in PKM2-/- mice at 2-3 

months of age (Fig. 2.7A-B). Further assessment of cardiac geometry through 

measurements of the intraventricular septum (IVS), left ventricular internal diameter 

(LVID), and left ventricular posterior wall (LVPW) mirrored these results, with larger IVS 

and LVPW and smaller LVID (Fig. S2.14). However, this did not reach statistical 

significance. This difference in cardiac function became more pronounced over time, 

with approximately a 10% greater EF in aged PKM2-/- mice (> 1-year-old, Fig. 2.7C-D). 

This prompted us to investigate phospholamban (PLN) and the sarcoendoplasmic 

reticulum calcium ATPase 2 (SERCA2) pump, key regulators of sarcoplasmic calcium 

flux that influence contractility. Total PLN appeared to be increased, but importantly, we 

identified increased phosphorylation of PLN at Ser16/Thr17 that indicated a reduction in 

inhibition of the SERCA2 pump in PKM2-/- hearts (Fig. 2.7E-G).248 The expression of the 

SERCA2 pump was similar in PKM2fl/fl and PKM2-/- hearts (Fig. 2.7H-I). PLN can be 

phosphorylated by protein kinase A (PKA) at Ser16 and calcium/calmodulin-stimulated 

protein kinase II (CaMKII) at Thr17.248 Evaluation of another PKA target, cardiac 
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troponin I (Ser 23/24), indicated that PKA activity was reduced in PKM2-/- hearts (Fig. 

2.7J-K). Total and phosphorylated CaMKII appeared to be similar in PKM2fl/fl and PKM2-

/- hearts (Fig. S2.15). However, CaMKII activity was measurably higher in PKM2-/- CM 

(Fig. 2.7L). These results suggest that elevated CaMKII activity in PKM2-/- hearts may 

be involved in preserving cardiac contractility by inhibitory phosphorylation of PLN. Our 

data showed substantial oxidative and metabolic stress in PKM2-/- hearts with 

contractility preserved by a CAMKII-dependent mechanism. 
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Figure 2.7. Preserved ejection fraction and fractional shortening in PKM2-/- mice. 

A. Ejection fraction (EF) and B. fractional shortening (FS) assessed by 

echocardiography (n=16 mice for PKM2fl/fl and n=23 for PKM2-/-) in mice aged 2-3 

months old and C-D. in mice aged 1 year old (n=18 and 21 mice). E-K. Western blots of 

phosphorylated PLN, SERCA2, and phosphorylated troponin I and their respective 
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quantifications. Phosphorylated PLN (Ser16/Thr17) and phosphorylated troponin I 

(Ser23/24) normalized to PLN or troponin I, respectively (n=5 mice). Total PLN (n=5 

mice) and SERCA2 normalized to total protein (n=5 mice for PKM2fl/fl and n=4 for 

PKM2-/-). Dotted line in H. represents connection of nonconsecutive lanes of the same 

blot. L. CaMKII activity as assessed by kinase consumption of ATP to ADP. Data shown 

as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice. 
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2.4. Discussion 

Metabolic homeostasis requires the coordination of energy uptake, storage, 

production, and expenditure. Numerous points of regulation ensure an adequate energy 

supply for proper cellular functions and serve as switches for adaptable metabolism in 

different environments. The heart's omnivorous nature and adaptable metabolism are 

crucial to maintaining sufficient energy production for contractility and blood circulation. 

Any perturbation to this system can impair heart function and exacerbate stress-induced 

pathology.  

Our studies revealed that loss of cardiac PKM2 leads to decreased glucose 

oxidation and ATP production and increased ROS generation through mitochondrial-

derived superoxide. This setting of impaired mitochondrial respiration has also been 

observed in several diabetic models (db/db, ob/ob, high-fat diet). It has been linked to 

increased NADH and FADH2 flux, increased fatty acid oxidation, and subsequent 

mitochondrial uncoupling.249-251 High intracellular glucose can alter electron transfer 

donor usage to trigger mitochondrial inner membrane hyperpolarization and superoxide 

production. Data from early stage,44 diabetic mice indicate that impaired glucose 

utilization can precede changes in fatty acid utilization and transcription.251 

It is unclear what the initial trigger for ROS generation may be in these mice. It is 

possible that in the initial healthy state of the PKM2-ablated heart, the compensatory 

increase in PKM1 expression promotes oxidative metabolism to the point of excessive 

superoxide production, consequently altering glucose consumption in the PPP to 

scavenge the ROS. This would suggest that the low level of PKM2 at baseline in the 

heart acts as a buffer for uncontrolled oxidative metabolism. ROS may be a key factor in 
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regulating glucose metabolism. Indeed, one study has demonstrated ROS to be a 

strong activator of the PPP by stimulating ATM (ataxia telangiectasia mutated) that 

activates glucose-6-phosphate dehydrogenase, redirecting glycolytic metabolites to the 

oxidative phase that generates NADPH, an essential cofactor for mitigating ROS.43,44 

This led to reduced glucose utilization in both glycolysis and the TCA cycle. We also 

observed a reduction of early TCA cycle metabolites and an increase of unlabeled TCA 

metabolites in PKM2-/- cardiomyocytes beginning at Ŭ-ketoglutarate, which implies the 

utilization of an unlabeled source. Glutamine and glutamate can enter the TCA cycle 

once converted to Ŭ-ketoglutarate, as can other amino acids at various points. The 

increase in unlabeled Ŭ-ketoglutarate, succinate, and malate and the absence of 

labeling on Ŭ-ketoglutarate and succinate further suggests that glucose is not being 

utilized in oxidative metabolism. Our data suggest that PKM2 regulates basal cardiac 

metabolism and oxidative stress. It will be important in future studies to identify the 

cause of ROS production in PKM2-/- hearts in anticipation of potential therapeutic 

interventions. 

We also present evidence of preserved cardiac contractility in global PKM2-/- 

mice. Inhibitory phosphorylation of PLN was increased in PKM2-/- hearts, possibly by 

CaMKII, allowing for enhanced SERCA2 activity, which may increase ATP consumption. 

CaMKII can be activated by oxidation of residues Cys281/Met282 or Met281/Met282, as 

demonstrated by induction with hydrogen peroxide.252-255 The concurrent increase in 

ROS and CaMKII activity in PKM2-/- hearts may indicate CaMKII oxidation, suggesting 

that the preserved contractility in PKM2-/- hearts is another consequence of oxidative 

stress. In support of this, ROS has been previously documented to modify sarcoplasmic 
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calcium flux, which has led to altered contractile function.256,257 While SERCA2 directly 

regulates diastolic function of the heart, other studies have shown that increasing 

SERCA2 abundance and activity can increase ejection fraction and fractional 

shortening.258,259 This positive inotropic effect, observed with SERCA2 activation via ɓ-

adrenergic signaling, may result from increased calcium accumulation in the 

sarcoplasmic reticulum, which enhances calcium release in the subsequent contraction 

cycle.260 Several components are likely contributing to this effect. A more detailed 

assessment of the contractile machinery will be necessary to fully elucidate the 

mechanism of preserved contractility in PKM2-/- hearts. 

We also found other diabetic indicators in PKM2-/- hearts, including impaired 

insulin-mediated glucose uptake, increased fatty acid synthesis, and lipid accumulation. 

The relationship between cardiac lipid accumulation and heart failure has been well 

documented,261 where resulting cardiac lipotoxicity has been associated with impaired 

heart function,262,263 insulin resistance,264 and mitochondrial dysfunction.265,266 Previous 

studies have also shown that the accumulation of fatty acids such as malonyl-CoA in rat 

hearts can inhibit fatty acid oxidation.267 The link between mitochondrial dysfunction and 

increased fatty acid synthesis with reduced ɓ-oxidation has been demonstrated in 3T3-

L1 cells, showing intracellular accumulation of triglycerides upon impairment of 

mitochondrial respiration.268 Increased diacylglycerols and ceramides have also been 

observed in diabetic models and contribute to impaired insulin signaling and diabetic 

cardiomyopathy.269 Taken together, these studies suggest that loss of PKM2 in the heart 

may disrupt metabolism and energy production, with each component exacerbating the 

effects of the other. This appears to be tolerated in otherwise healthy mice for 
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substantial periods but eventually accumulates to the point that cardiac function is 

impaired due to metabolic stress in aged mice. A previous study found that aged PKM2-

/- mice spontaneously develop insulin resistance and hepatic steatosis, which led to 

hepatocellular carcinoma.270 Similarly, our data presents early indications of insulin 

resistance in PKM2-/- CMs with reduced glucose uptake in response to insulin. 

Collectively, these data suggest that metabolic dysregulation due to PKM2 ablation 

disrupts insulin sensitivity.  

While we show similar levels of basal glucose uptake in PKM2fl/fl and PKM2-/- 

CMs, it is possible that the reduced glycolytic rate in PKM2-/- CMs creates a bottleneck 

that leads to glucose accumulation within the cell, and thus gives the appearance of 

similar glucose uptake. Examination of glucose transporter abundance at the cell 

membrane at baseline would provide further insight into whether basal glucose delivery 

into PKM2-/- CMs is truly unencumbered. 

Cardiac mitochondria are considered resilient compared to those in other tissues, 

based on high respiratory efficiency and energy production with low peroxide presence, 

even in aged hearts.271 It is thought that cardiomyocytes have mechanisms to combat 

oxidative stress and maintain contractility21 and thus may not develop pathological 

changes without additional stressors. Indeed, cardiomyocyte-specific PKM2 ablation 

has demonstrated elevated ROS correlated with increased apoptosis, but only in the 

presence of doxorubicin.201 Our results support these findings with hypoxic PKM2-/- 

cardiomyocytes having decreased viability compared to PKM2fl/fl controls (Fig. 2.5J-K). 

Combined with our mitochondrial functional data, these results suggest that loss of 

PKM2 may limit cellular resilience to metabolic stress (as indicated by lower maximal 
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mitochondrial respiration) and leave cardiomyocytes more susceptible to injury from 

environmental stress. 

There is a growing emphasis on evaluating cardiometabolic risk using 

biomarkers that precede the onset of disease.272 When a patient presents with clinical 

symptoms, it can be difficult to intervene in a way that limits disease progression. 

Cardiac energetics have emerged as potential predictors for heart failure risk, focusing 

on creatine kinase (CK) as it rapidly supplies ATP during high-energy demand. Our 

findings suggest that PKM2 is important in maintaining energy stores in cardiomyocytes 

and that loss of basal PKM2 function causes metabolic stress in the heart. Due to 

metabolic and transcriptional activities, PKM2 has been implicated in several 

cardiovascular diseases as a cardioprotective enzyme.213 Cardiomyocyte-specific PKM2 

deficiency increased apoptosis of cardiomyocytes due to loss of PKM2 transcriptional 

activity, leading to the development of fibrosis and dilated cardiomyopathy in an age-

dependent manner in mice.3 Cardiac-specific PKM2 deletion has been demonstrated to 

exacerbate cardiac function and remodeling under pressure overload, while PKM2 

overexpression improved cardiac recovery.2 These findings suggest that PKM2 

improves energy utilization in a manner that can ameliorate cardiac pathology. 

A limitation of our study is that PKM2 is ablated in all cells in our mice. This may 

present confounding effects when studying cardiac-specific events. Further study using 

cell-specific deletions of PKM2 will be important to delineate the specific contribution of 

PKM2 in each cell type within the heart and its effect on function. However, global 

knockout of PKM2 can also serve as a model for systemic metabolic and oxidative 

stress that closely resembles non-alcoholic fatty liver disease, where symptoms in mice 
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were preceded by metabolic dysfunction in the liver.270 Additionally, conditions that may 

inhibit PKM2 function or drugs that alter PKM2 activity would have systemic effects as 

PKM2 is ubiquitously expressed. Indeed, a PKM2 activator is currently under clinical 

investigation as an anti-cancer therapy (NCT04328740). Therefore, our results may 

shed light on cardiac side effects from these potential treatments.  

The global knockout model also makes it difficult to distinguish the effects of 

PKM2 deletion in other tissues that contribute to both systemic and cardiac metabolism. 

For example, PKM2 ablation has been demonstrated to reduce insulin secretion from ɓ-

cells 273, which may have secondary effects on insulin signaling. Although PKM2 is 

typically expressed at very low levels in the heart compared to other tissues,274 our data 

from isolated cardiomyocytes indicate that loss of PKM2 in these cells is sufficient to 

alter cellular metabolism. Future studies using tissue-specific PKM2 knockout mice will 

be needed to determine the impact of PKM2 deletion in metabolic tissues on cardiac 

function and metabolism. 

Another concern is that metabolic measurements in isolated cells may not 

accurately reflect processes that occur in vivo. However, our results from isolated CM 

largely agreed with data collected from whole heart tissue, indicating our observations 

were not likely a consequence of our in vitro measurements or PKM2 deletion in other 

cardiac cells. Whereas the sample sizes in our in vivo experiments were larger, some of 

the in vitro experiments were relatively small and therefore limit the statistical power of 

these results. However, these data were all corroborated through independent assays. 

Our findings indicate that PKM2 regulates basal cardiac metabolism by 

preventing excessive ROS generation and maintaining ATP production. These results 
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may help explain why overexpression of PKM2 can be protective after injury such as 

myocardial infarction and indicate that modulation of PKM2 activity may hold promise as 

a therapeutic intervention to limit oxidative stress and preserve ATP production in heart 

disease.  
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2.6 Supplemental Figures 

 

Figure S2.8. PKM2 ablation increases Pkm1 expression. 

A. Polymerase chain reaction with primers surrounding exon 10 (Pkm2) excised in 

PKM2-/- mice. Lane 1 ï ladder, lane 2 ï PKM2+/+ (wildtype), lane 3 ï PKM2fl/fl, lane 4 ï 

PKM2-/-. B. Western blot showing PKM2 ablation and PKM1 protein in global PKM2-/- 

mice. The total protein is shown for normalization. Dotted lines represent the connection 

of non-consecutive lanes of the same blot. Arrowhead indicates PKM2 presence in 

PKM2fl/fl mice and deletion in PKM2-/- mice. C. Pkm1 and Pkm2 transcript abundances 

determined by RNA-seq (n=2-3 mice per group), plotted by transcripts per million (TPM) 

and D. qPCR (n=5 mice per group). Data are shown as means Ñ SD. Studentôs t-test vs. 

PKM2fl/fl mice.  
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Figure S2.9. Pyruvate and lactate levels in PKM2fl/fl and PKM2-/- hearts and blood. 

A-B. Pyruvate and lactate measurements in whole heart tissue and C-D. plasma (n=3-4 

mice per group). Data are shown as means Ñ SD. 
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Figure S2.10. The protein abundance of hexose transporters is similar in PKM2fl/fl and 
PKM2-/- hearts. 

A-B. Western blot and quantifications of GLUT3 and 12 in PKM2fl/fl and PKM2-/- cardiac 

tissue (n=5 per group. GLUT12 was repeated for n=10, and a representative blot was 

shown. Each blot normalized to total protein and PKM2fl/fl controls. GLUT1, 4, and 12 

were stained on the same blot. Total protein is also shown for normalization in Figure 2). 

Data are shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice. 
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Figure S2.11. Increased abundance of unlabeled later TCA cycle intermediates in 
PKM2-/- CM. 

A-C. TCA cycle metabolites were assessed at 2 hours of incubation. All n=3 mice per 

group. Data are shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice. 
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Figure S2.12. Production of acetyl-CoA is similar between PKM2fl/fl and PKM2-/- CM 
after 10 minutes of labeling. 

A. Isotopic tracing of acetyl-CoA at 10 minutes after incubation (n=3 mice per group). 

Data shown as means Ñ SD. 
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Figure S2.13. Mitochondrial structure is similar in PKM2fl/fl and PKM2-/- hearts. 
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A. Representative TEM images of mitochondria in PKM2fl/fl and B. PKM2-/- hearts. Insets 

show high magnification of the regions indicated. Scale bar = 1ɛm. C. Representative 

MitoTracker images in PKM2fl/fl and PKM2-/- cardiomyocytes. Scale bar = 50ɛm. D. 

Quantification of MitoTracker in cardiomyocytes (n=5 mice per group). At least 100 

cardiomyocytes were measured per mouse. Data are shown as means Ñ SD.  
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Figure S2.14. Additional echocardiogram measurements. 

Dimensions at diastole (d) and systole (s) of A-B. the intraventricular septum (IVS), C-D. 

left ventricular internal diameter (LVID), and E-F. left ventricular posterior wall (LVPW) 

(n=20 PKM2fl/fl mice and n=32 PKM2-/- mice). Data are shown as means Ñ SD. 

Studentôs t-test vs. PKM2fl/fl mice. 
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Figure S2.15. Total CaMKII protein and phosphorylation of whole heart lysate. 

A-B. Western blot and quantification of phosphorylated CaMKII (Thr286). C-D. 

Nonreducing western blot and quantifying CaMKII, normalized to total protein (n=5 mice 

per group). Data are shown as means Ñ SD. 

 

  



97 
 

2.7 Supplemental Tables 

Table S2.1: Antibodies used in this study 

Antigen Dilution Company 
Catalog 
number RRID 

GAPDH 
WB 
1:20000 Sigma G8795 AB_1078991 

PKM1 WB 1:4000 Proteintech 
15821-1-
AP AB_2163820 

PKM2 WB 1:4000 Proteintech 
15822-1-
AP AB_1851537 

GLUT1 WB 1:1000 Proteintech 
21829-1-
AP 

AB_1083707
5 

GLUT4 WB 1:2000 Proteintech 66846-1-Ig AB_2882186 

GLUT3 WB 1:1000 
Santa Cruz 
Biotechnology sc-74497 AB_1124974 

GLUT12 WB 1:1000 

Thermo 
Fisher 
Scientific PA5-80020 AB_2747135 

Phospho-Troponin I 
(Cardiac) (Ser23/24) WB 1:1000 Cell Signaling 4004 AB_2206275 

Troponin I  WB 1:1000 Cell Signaling 4002 AB_2206278 

SERCA2 WB 1:1000 Invitrogen MA3-919 AB_325502 

Phospho-PLN 
(Ser16/Thr17) WB 1:1000 Cell Signaling 8496 

AB_1094910
2 

PLN WB 1:1000 Cell Signaling 8495 
AB_1094910
5 

Phospho-CaMKII 
(Thr286) WB 1:1000 Cell Signaling 3361 

AB_1001520
9 

CaMKII WB 1:2000 Invitrogen MA1-048 AB_325403 

IRDye 800CW Donkey 
anti-Rabbit IgG 

WB 
1:20000 LI-COR 926-32213 AB_621848 

IRDye 680RD Donkey 
anti-Mouse IgG 

WB 
1:20000 LI-COR 926-68072 

AB_1095362
8 

Table S2.1. Antibodies used in this study. 

Primary and secondary antibodies used for western blotting listed with Research 

Resource Identifiers (RRID). 
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Table S2.2: Primer sequences 

Gene Forward Reverse Length (bp) 

Pkm1 CACCGTCTGCTGTTTGAAGA AGCACTCCTGCCAGACT 144 

Pkm2 CATCTACCACTTGCAGCTATTC GAGCACTCCTGCCAGACT 152 

Glut1 GATTGGTTCCTTCTCTGTCGG ATCTCAAAGGACTTGCCCAG 132 

Glut4 GTAACTTCATTGTCGGCATGG AGCTGAGATCTGGTCAAACG 155 

Ehbp1l1 TTCCAGTTTGTGGCGTGTTAC TTCCGCCGAGTCCATACCA 91 

Table S2.2. Primer sequences. 

Primers used for qPCR unless otherwise specified. qPCR primers were designed to 

span exon-exon junctions when possible. 
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Table S2.3: Cardiomyocyte 
isolation buffers 

EDTA buffer 

Reagent 
Final 

concentration 

MilliQ-dH2O - 

NaCl 130mM 

KCl 5mM 

NaH2PO4ĿH2O 0.5mM 

HEPES 10mM 

Taurine 10mM 

EDTA 10mM 

D-glucose 10mM 

  

Perfusion buffer 

Reagent 
Final 

concentration 

MilliQ-dH2O - 

NaCl 130mM 

KCl 5mM 

NaH2PO4ĿH2O 0.5mM 

HEPES 10mM 

Taurine 10mM 

MgCl2 1mM 

D-glucose 10mM 

  

Plating Media 

Reagent 
Final 

concentration 

M199 media - 

FBS 5% 

  

Culture Media 

Reagent 
Final 

concentration 

M199 media - 

BSA 0.1% 

ITS 1% 

CD lipid 1% 

Table S2.3. Cardiomyocyte isolation buffers. 

Buffer and media formulations for Langendorff-free cardiomyocyte isolation. 
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Table S2.4: RNA-seq DEGs 

Gene name log2FoldChange lfcSE stat pvalue padj PKM2fl/fl PKM2fl/fl PKM2-/- PKM2-/- 

Gm20594 3.7 0.4 9.1 7.5E-20 
2.0E-
15 108 181 1964 1796 

Rny1 2.6 0.4 7.2 7.6E-13 
1.0E-
08 450 728 3049 4182 

Snap91 2.9 0.6 5.2 2.2E-07 
2.0E-
03 39 23 181 279 

Cd44 4.3 0.9 4.8 2.0E-06 
9.9E-
03 2178 4265 64037 65838 

Lars2 4.6 1.0 4.7 2.2E-06 
9.9E-
03 11991 24451 408790 470007 

Gphn 4.0 0.8 4.8 1.7E-06 
9.9E-
03 5308 8848 96692 124140 

Rnu11 1.5 0.3 4.6 4.0E-06 
1.6E-
02 33 50 138 101 

Gm28872 1.5 0.3 4.5 5.5E-06 
1.9E-
02 34 50 138 101 

Gm44511 1.6 0.4 4.5 7.4E-06 
2.2E-
02 34 29 79 117 

CT010467.1 5.0 1.2 4.3 1.7E-05 
4.6E-
02 75034 161506 4055171 3369650 

Gm39383 3.3 0.8 4.3 2.0E-05 
4.9E-
02 5 5 28 82 

Table S2.4. RNA-seq DEGs. 

Differentially expressed genes (DEGs) determined by RNA-seq analysis of left 

ventricular tissue. Transcript counts are shown in the last four columns. 
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CHAPTER 3. PKM2 IS A KEY REGULATOR OF LIPID METABOLISM IN MICE 

Summary In Chapter 2, we identified dysregulated lipid synthesis and droplet 

abundance in PKM2-/- cardiomyocytes. We therefore sought to identify the role of PKM2 

in lipid metabolism, which has not been explored in the cardiac setting. We found 

substantial alteration of the PKM2-/- cardiomyocyte lipidome, including increased 

abundance of lipid membrane products and reduced triacyl glycerol. Also, PKM2-/- CM 

were carnitine-deficient, affecting their ability to metabolize long-chain fatty acids in the 

mitochondria. These metabolic alterations were identified in young mice (2-3 months). 

In aged PKM2-/- mice (1-year old) we identified preferential whole-body metabolism of 

lipids, based on a respiratory exchange ratio of ~0.7, higher metabolic rate, and reduced 

aerobic capacity. A high-fat diet (HFD) challenge, revealed sex-dependent phenotypes 

that suggest removal of PKM2 interferes with the protections against HFD-induced 

diabetes and obesity typically seen in female mice.275 The findings in this chapter 

underscore the importance of PKM2 in metabolic homeostasis in both the heart and the 

whole organism. 
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3.1. Introduction 

Fatty acid oxidation typically supplies most of the ATP necessary for cardiac 

function. However, cardiac stress or injury alter metabolic homeostasis.74,115 Ischemia 

reduces oxidative metabolism in favor of glycolysis, and this reduces mitochondrial ATP 

production by approximately 50%.154 From another perspective, temporarily lower rates 

of ɓ-oxidation during reperfusion reduces oxidative injury.69 Adaptable regulators that 

can maintain metabolic homeostasis in various conditions may be valuable therapeutic 

targets. In Chapter 2, we demonstrated PKM2 regulation of glucose metabolism. 

Dysregulated glucose flux is often accompanied by alterations in fatty acid metabolism, 

however, this role for cardiac PKM2 remains to be explored. 

Recent studies show various mechanisms by which PKM2 regulates lipid 

metabolism in cancer.276-280 For example, in pancreatic and bladder cancers, a 

reciprocal relationship was demonstrated between PKM2 and fatty acid synthase 

(FASN), where reduction of one downregulated transcription of the other.276,278 

Specifically in the context of bladder cancer, researchers demonstrated that PKM2 

regulated FASN expression via Akt signaling, and suppression of PKM2 reduced 

lipogenesis.278 In breast cancer, nuclear PKM2 activity impaired expression of a 

carnitine transporter, limiting metabolism of long-chain fatty acids.277 Another study 

demonstrated elevated levels of cholesterol in plasma in PKM2-/- mice via 

transmembrane protein 33 (TMEM33) regulation of sterol regulatory element-binding 

proteins (SREBP) transcription of lipid synthesis genes.280 This exacerbated allografted 

breast cancer tumor size. Together, these studies suggest that PKM2 regulates lipid 
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metabolism via lipogenesis. Here, we establish an important role for PKM2 in preserving 

fatty acid oxidation in the heart. 
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3.2. Methods 

Previously described methods are listed as follows: 

3.2.1 Mice and reagents 

Mice were generated as described above in Chapter 2, section 2.1.  

 

3.2.2 Echocardiography 

Echocardiograms were performed as described in Chapter 2, section 2.4. 

 

3.2.3 Metabolomics 

Metabolites were quantified in citrated plasma and ventricular tissue as described 

in Chapter 2, section 2.2. 

 

3.2.4 Cardiomyocyte isolation 

The cardiomyocyte fraction (CM) of adult mouse hearts was isolated using a 

Langendorff-free method as previously described in Chapter 2, section 2.7.236,281  

 

3.2.5 U-13C-labeled glucose metabolism 

U-13C glucose-derived metabolites were traced in isolated CM as described in 

Chapter 2, section 2.11. 
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3.2.6 Statistical Analysis 

Data was analyzed as previously described in Chapter 2, section 2.18. 

 

Newly described methods are detailed below: 

3.2.7 Metabolic chambers 

Feeding and drinking behavior, physical activity, and respiratory metabolism were 

monitored using the PhenoMaster system and software (TSE systems). Mice were 

acclimated to the metabolic chambers for 24 hours followed by 48 hours of assessment. 

Oxygen and carbon dioxide concentrations were sampled for 3 minutes per cage every 

27 minutes to calculate oxygen consumption (VO2) and carbon dioxide production 

(VCO2). Data was analyzed using CalR ver. 1.3.282 

 

3.2.8 Lipid profiling of cardiomyocytes 

Following cardiomyocytes isolation, cells were pelleted and frozen in glass vials. 

Samples were submitted to the UCLA Lipidomics core for shotgun lipidomic analysis 

using the liquid chromatography/mass spectrometry system Sciex 5500 QTRAP with a 

DMS (SelexION) according to previously published methods.283 Acyl chains with at least 

12 carbons were measured. 

 

3.2.9 Mitochondrial palmitate oxidation 

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

of isolated CM were measured using the Seahorse XFe96 Extracellular Flux Analyzer 
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(Agilent). CM cell viability was determined using acridine orange/propidium iodide dye 

(ViaStain) and analyzed using the CellDrop cell counter (DeNovix). Only live cells (8 x 

104 cells/well) were plated in at least 6 replicates in Seahorse media (unbuffered DMEM 

supplemented with 10mM glucose, 2mM glutamine, and 1mM sodium pyruvate) for 1 

hour at 37ÁC in a room air incubator. HepG2 cells were used as controls to confirm 

response to treatments, and 4 corner wells were used as temperature controls. Using 

the Palmitate Stress Test kit (Agilent), etomoxir (4ɛM), oligomycin (1.5ɛM), the 

mitochondrial uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenyl-hydrazone (FCCP, 

1ɛM), and rotenone / antimycin A (0.5ɛM) were added after approximately 20, 55, and 

75, and 95 minutes, respectively. 

 

3.2.10 Cardiac lipid uptake 

Experiments were performed in both males and females. In vitro lipid uptake was 

performed in freshly isolated serum-starved cardiomyocytes for 2 hours. Cells were 

incubated with 3.8ɛM of BODIPY-FL-C16 (Thermo Fisher, Massachusetts, USA, cat. # 

D3821), and fluorescence was measured using a spectrophotometer. 30ɛM of BODIPY-

FL-C16 and 30ɛM of BODIPY-558/568-C12 (Thermo Fisher, Massachusetts, USA, cat. # 

D3835) were injected intraperitoneally in mice following a 2-hour fast to assess in vivo 

lipid uptake as previously described.284,285 Hearts and plasma were harvested 3 hours 

after administration. Cardiac cells were lysed in 1X RIPA buffer with protease inhibitor. 

Equal amounts of protein were loaded using the BCA assay. Fluorescence was 

measured in heart lysate and plasma using a spectrophotometer. 
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3.2.11 Critical speed testing 

Testing was performed on an Exer-6M Treadmill (Columbus Instruments). Mice 

were acclimated to the treadmill for 5 days for 5 minutes each day at 10, 15, 20, 25, and 

30 m/min, with 5 m/min increases in the last minute. Critical speed then was determined 

by a series of 5 runs to exhaustion between 15-35 m/min at a 5% incline. Exhaustion 

was determined by the inability to keep pace the treadmill despite obvious exertion of 

effort. A critical speed test run was deemed successful if a noticeable change in gait 

occurred prior to exhaustion, and if attenuation of the animalôs righting reflex was 

observed. (When placed in a supine position, a non-exhausted mouse will attempt to 

right themselves within Ḑ1 s). The critical speed and finite distance capacity (Dô) were 

calculated from the slope (a) and intercept (b) of the regression line y=ax+b of the 

distance plotted against the time to exhaustion, respectively.286 

 

3.2.12 High-fat diet study 

Beginning at 8 weeks of age, mice were randomly assigned to a high-fat diet 

(HFD) consisting of 60% of calories from lard (Bio-Serv, S3282) or remained on a 

regular, low-fat diet (LFD) with 14.8% calories supplied by fat (LabDiet, 5V5R) for 16 

weeks. After 12-16 hour fasting, blood glucose was measured from the tail vein using a 

OneTouch Ultra glucometer (Lifescan).  
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3.2.13 Tissue fibrosis staining 

Hearts were fixed, processed, and stained using a 1:1 mixture of Weigertôs 

hematoxylin A and B (Electron Microscopy Sciences) and picrosirius red solution (Direct 

Red 80 in saturated picric acid solution [Sigma Aldrich], 0.1% w/v%). Brightfield images 

were taken with the Leica THUNDER imaging system using a 10X objective. 
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3.3. Results 

3.3.1 Altered lipid profile in PKM2-/- CM. 

Previous investigations identified perturbations in lipid synthesis in PKM2-/- 

hearts, evidenced by an increased abundance of lipid droplets and glucose-derived lipid 

synthesis. We, therefore, profiled the lipidome of PKM2fl/fl and PKM2-/- CM. Contained 

within lipid droplets are cholesteryl esters and triacylglycerols (TAG), amongst other lipid 

species.287 Relative to the total lipids found in each sample, we observed a trend 

towards a greater proportion of cholesteryl esters in PKM2-/- CM compared to controls 

(Fig. 3.1A). Surprisingly, TAG levels were lower in PKM2-/- CM compared to controls 

(Fig. 3.1B). TAG can be synthesized by the addition of an acyl chain to diacylglycerol 

(DAG), levels of which were similar between PKM2fl/fl and PKM2-/- CM (Fig. 3.1C). DAG 

can also be used to synthesize membrane components, such as phosphatidylcholine 

(PC), phosphatidylserine (PS), and phosphatidylethanolamine (PE).288 In addition to 

phosphatidylinositol (PI), sphingomyelin (SM), and lysophosphatidylcholines (LPC), we 

observed an overall increase in levels of lipid membrane species in PKM2-/- CM 

compared to controls (Fig. 3.1D-I). These results suggest utilization of DAG for lipid 

membrane synthesis rather than TAG in PKM2-/- CM. 
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Figure 3.1. Altered lipid profile of PKM2-/- CM. 

Levels of A. cholesteryl esters, B. triacylglycerols, C. diacylglycerols, D. 

lysophosphatidylcholines, E. phosphatidylserine, F. sphingomyelin, G. 

phosphatidylcholine, H. phosphatidylglycerol, I. phosphatidylinositol relative to total 

lipids in each CM sample measured by shotgun lipidomics (n=5 mice per group). 

Studentôs t-test vs. PKM2fl/fl mice. Data shown as means Ñ SD. 

 

3.3.2 PKM2-/- CM are carnitine-deficient. 

Investigations of the metabolome in PKM2-/- CM revealed substantially reduced 

carnitine and acyl-carnitines abundance compared to PKM2fl/fl CM (Fig. 3.2A-B). 

Consistent with carnitine deficiency, we observed an increase in medium chain 

dicarboxylic acids (DCA),289 such as adipic, suberic, and sebacic acid, in PKM2-/- heart 

tissue and plasma (Fig. 3.2C-H). Carnitine deficiency hinders entry of long chain fatty 

acids into the mitochondria, impairing ɓ-oxidation. Functional analysis of palmitate 

metabolism showed reduced mitochondrial respiration in PKM2-/- CM with palmitate as 
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the energy substrate (Fig. 3.2I-N). Basal and maximal oxygen consumption in the 

presence of palmitate was lower in PKM2-/- CM compared to controls (Fig. 3.2K-L). 

Palmitate uptake in cardiomyocytes and intact hearts was not impaired, nor was lauric 

acid uptake (Fig. S3.6), nor was in vivo medium chain fatty acid uptake (Fig. S3.6C). 

These results are indicative of modified lipid metabolism in PKM2-ablated CM. 
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Figure 3.2. Carnitine deficiency in PKM2-/- CM impairs mitochondrial respiration. 

Levels of A. carnitine and B. acyl-carnitines in CM (n=3 mice per group). C, E, G. 

Dicarboxylic acids (adipic, suberic, and sebacic acid) measured in whole heart tissue 

(n=3-4 per group). D, F, H. Dicarboxylic acids measured in plasma (n=3-4 per group). I-

J. Palmitate oxidation in CM represented by OCR measurements. Arrows indicate the 

addition of etomoxir or media, oligomycin, FCCP, and rotenone & antimycin A, 

respectively. The experiment was repeated 3 times for a total of 3 mice. Representative 

plot of one experiment shown; each point is the average of at least 4 technical 

replicates for one mouse. K-M. Calculation of basal respiration, maximal respiration 

without etomoxir, and inhibited maximal respiration with etomoxir inhibition as 

determined by Seahorse assay. Data shown as means Ñ SD. Studentôs t-test vs. 

PKM2fl/fl mice. 

 

3.3.3 Progression of altered whole-body lipid metabolism in PKM2-/- mice. 

We then investigated whole-body metabolism of young (2-3 months old) and 

aged mice (1-year old). Although energy balance and the respiratory exchange ratio 

(RER) were similar in young PKM2fl/fl and PKM2-/- mice (Fig. S3.7A-B), we observed 

preferential utilization of lipids in aged PKM2-/- mice relative to controls based on a lower 

RER of approximately 0.7 (Fig. 3.3A). A combination of lower food intake and higher 

energy expenditure resulted in an overall negative energy balance, although body 

weights did not differ between the two genotypes for either gender (Fig. 3.3B-H). The 

higher energy expenditure was not due to increased locomotive or ambulatory activity 

(Fig. S3.7C-D). These results suggest a higher metabolic rate in PKM2-/- mice. To 
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further support this, we measured the mass of interscapular brown adipose tissue 

(iBAT) and found lower iBAT mass in both young and aged PKM2-/- compared to 

controls, that reached significance in aged mice (Fig. 3.3I, Fig. S3.7E). These results 

suggest modification of whole-body metabolism in PKM2-/- mice that progresses with 

age. 

 

Figure 3.3. Increased metabolic rate and preferential utilization of lipids in aged PKM2-/- 
mice. 

A. Metabolic chamber studies in aged (1-year old) mice show lower respiratory 

exchange ratio indicative of increased lipid metabolism in PKM2-/- mice (n=8 mice per 

group). Data shown as light (inactive) and dark (active) cycles. B-C. Average and 

cumulative food intake, PKM2fl/fl controls shown in black and PKM2-/- mice shown in red. 

D-E. Average and cumulative energy expenditure. F-G. Average and cumulative energy 
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balance. H. Body weights of male and female aged mice measured during metabolic 

chamber studies. I. Interscapular brown adipose tissue mass measured in aged mice 

(n=6 mice per group). Data shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice. 

 

Exercise tolerance evaluations provide insight into aerobic capacity during 

physiological stress for skeletal muscle and the cardiovascular system.286,290 Greater 

reliance on lipid metabolism and negative energy balance may translate to reduced 

aerobic capacity during exhaustive runs. Aged PKM2-/- mice had a lower critical speed 

than their PKM2fl/fl counterparts (Fig. 3.4A), indicating an inability to sustain steady 

oxidative metabolism at higher speeds that were observed in PKM2fl/fl controls. As Dô 

represents stored energy in the form of O2 reserves (ie. myoglobin), high-energy 

phosphates, and a source to supply ñanaerobicò glycolysis,290 increased Dô in PKM2-/- 

males would suggest the higher storage capacity of their energy reserves compared to 

littermate controls (Fig. 3.4B). These results demonstrate a physiological consequence 

of the metabolic changes produced by PKM2 ablation. 

 

Figure 3.4. PKM2-/- mice exhibit reduced exercise capacity. 

A-B. Critical speed and finite distance capacity (Dô) calculated from treadmill runs of 

aged mice (1-year old, n=5-7 mice per group). Data shown as means Ñ SD. Studentôs t-

test vs. PKM2fl/fl mice. 
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3.3.4 High-fat diet reveals sex-dependent phenotypes. 

The imbalance of food intake and energy expenditure observed in PKM2-/- mice 

may affect the development of diet-induced obesity.291 Therefore, we challenged the 

mice with a high-fat diet (HFD) for 16 weeks, beginning at 8 weeks of age. Cardiac 

function was not measurably different between the beginning and end of the study (Fig. 

S3.8A-B), and heart weights did not differ between groups after 16 weeks of HFD (Fig. 

S3.8C). Interestingly, PKM2-/- males were leaner relative to their PKM2fl/fl counterparts 

(Fig. 3.5A), but developed hyperglycemia at rates comparable to PKM2fl/fl mice on a 

HFD (Fig. 3.5B). PKM2fl/fl females were relatively protected from diet-induced high blood 

glucose and weight gain (Fig. 3.5A-B), as previously demonstrated in wildtype C57Bl6/J 

female mice compared to males.275 In contrast, PKM2-/- females developed 

hyperglycemia and weight gain at rates similar to PKM2-/- males. Surprisingly, the 

difference in blood sugar was also present in the cohort that was only fed a normal, low-

fat diet (LFD), measured at a similar age to HFD mice at the end of the study (Fig. 

3.5C). 

Chronic HFD has been demonstrated to induce cardiac fibrosis in a long-term 

experiment.292 We evaluated collagen abundance in hearts after 16 weeks of HFD to 

assess whether HFD-induced fibrosis may be aggravated by loss of PKM2. We did not 

find a substantial amount of collagen deposition after 16 weeks of HFD, though there 

was a small but appreciable increase in PKM2-/- hearts compared to controls (Fig. 3.5D-

H). 
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Figure 3.5. HFD elicits a sex-dependent response. 

A. Body weight and B. fasted blood glucose of mice on a HFD measured over 16 weeks 

(n=4-6 mice per group). C. Fasted blood glucose of mice on a LFD (n=5-6 per group). 

D. Total collagen area indicated by picrosirius red staining normalized to total tissue 

area. Data shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice. E-H. 

Representative images of collagen staining. Scale bar = 500ɛm. Location of enlarged 

images designated by inset. Scale bar = 75ɛm.  
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3.4. Discussion 

Reduced flexibility in energy substrate utilization is a hallmark of diseased hearts. 

In particular, the impaired ability to oxidize palmitateða key energy source for a healthy 

heartðdue to carnitine deficiency can lead to cardiomyopathy, resulting in reduced 

heart function.293 Impaired oxidation of long-chain fatty acids in failing hearts has been 

demonstrated to elevate ketone and short-chain fatty acid oxidation.294,295 Impaired ɓ-

oxidation can also lead to a vicious cycle as acyl-coenzyme A (CoA) accumulates and 

regeneration of CoA is prioritized, resulting in the generation of acyl-carnitines exported 

from the cell, further depleting the carnitine pool.296 Reduced long-chain fatty acid entry 

into the mitochondria promotes oxidation by microsomes or peroxisomes. DCA are 

generated by ɤ-oxidation in microsomes that can then be metabolized to medium-chain 

fatty acids in peroxisomes for passive entry into the mitochondria.297 Both of these 

processes are activated by compromised mitochondrial respiration. Here, we 

demonstrate impaired mitochondrial oxidation of long-chain fatty acids and carnitine 

depletion in PKM2-/- CM, coinciding with an increase in DCA in PKM2-/- hearts. This 

suggests that DCA metabolism may sustain mitochondrial respiration in PKM2-/- hearts.  

Although most carnitine is obtained from dietary intake, a small portion is 

synthesized in the liver and kidneys. This may indicate systemic metabolic alterations in 

PKM2-/- mice. Previous studies of global PKM2-/- mice have shown molecular changes 

in the liver as a component of metabolic syndrome, which worsened liver damage on a 

HFD and progressed to hepatocellular carcinoma in aged mice.270 These findings 

suggest that, although we did not observe a marked increase in myocardial fibrosis in 

this study, age and HFD can predispose PKM2-/- mice to disease and injury. Our data 
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complement these findings, demonstrating molecular alterations in lipid metabolism in 

young PKM2-/- mice and altered whole-body metabolism and reduced aerobic capacity 

in aged mice. The latter correlates with reduced cardiac output and is often observed in 

heart failure patients.298,299 These underlying systemic issues may contribute to a higher 

risk of cardiovascular disease, reflecting impaired heart function or energy production. 

The alterations in whole-body metabolism in 1-year-old PKM2-/- mice suggest a 

higher resting metabolic rate and lipid utilization. It is possible that the higher metabolic 

rate may have reduced the weight gain induced by HFD in PKM2-/- males, despite 

reaching the same level of hyperglycemia as PKM2fl/fl males. Although this may seem 

beneficial, the reduction in critical speed suggests disruptions in whole-body oxidative 

metabolism that limit aerobic capacity, as seen in both PKM2-/- male and female mice. 

Our results also show a greater finite distance reserve (Dô) in PKM2-/- males, 

representing anaerobic energy reserves.286 Given that PKM2 is associated with 

anaerobic glycolysis, we previously observed an expected decrease in the rate of 

glycolysis (and Krebs cycle) in PKM2-/- CM compared to controls,281 suggesting that the 

anaerobic distance capacity in PKM2-/- males may come from other sources. Although 

we previously observed lower glycogen and ATP levels in PKM2-/- hearts,281 which may 

also extend to skeletal muscle, our data suggest that considerable reserves of other 

energy sources are present in the skeletal muscle of PKM2-/- males. A previous study 

determined that critical speed and Dô did not vary between sexes in wildtype C57Bl6/J 

mice,286 suggesting that the dissimilarity in Dô between PKM2-/- male and female mice 

may result from the metabolic dysregulation caused by PKM2 ablation. Further studies 
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examining energy reserves in skeletal muscle in both sexes may provide insight into the 

physiological consequences of this disrupted metabolism. 

HFD is commonly used to induce obesity and insulin-resistance, although it has 

been demonstrated to be less effective in female mice compared to males.275 One 

possible explanation may be a difference in locomotive activity.275 Although we observed 

a higher blood glucose concentration in PKM2-/- females compared to PKM2fl/fl females 

on a LFD (that became more pronounced on a HFD), their locomotor activity on LFD 

was similar, suggesting another cause for the differing glycemic levels at baseline. 

Estrogen has been suggested to protect females from insulin resistance, as evidenced 

by studies showing that ovariectomized female mice with estrogen replacement exhibit 

improved mitochondrial ɓ-oxidation and insulin sensitivity than those without estrogen 

replacement.300 Alterations in pancreatic ɓ-cell insulin secretion and nutrient sensing 

between male and female mice have also been explored, showing less maladaptation in 

ɓ-cell morphology in response to insulin resistance in females.275,301 Interestingly, 

estrogen promotes the nuclear activity of PKM2 that aids in insulin secretion,302,303 

supporting the idea that loss of PKM2 would impair this protective signaling, however 

insulin secretion does not appear to be impaired by removal of PKM2 due to redundant 

metabolic activities shared by PKM1.273 A previous study of global PKM2-/- mice has 

also demonstrated similar basal levels of insulin in serum of PKM2-/- and control mice, 

that became elevated in PKM2-/- mice compared to controls following a 6-week HFD 

challenge.270 Although the exact mechanism is unknown, it is likely that PKM2 ablation 

may interfere with the mechanisms that limit HFD-induced obesity and insulin resistance 

in female mice. Therefore, PKM2-/- females may present with phenotypes commonly 
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seen in male mice on HFD. Future investigations in ɓ-cell morphology and function 

would be beneficial in understanding the sex-dependent responses to HFD in PKM2-/- 

mice. Additionally, as we used male mice in the Seahorse assays to minimize variance 

between runs, additional assessments will be needed in female and male mice. 

Our data also suggest that DAG are preferentially used for lipid membrane 

synthesis rather than for TAG synthesis in PKM2-/- hearts. One notable membrane 

species is LPC, which has been shown to recruit and activate monocytes.304-306 Our 

findings complement previous observations of increased immune cell presence in 

PKM2-/- hearts, suggesting that the altered metabolome could influence immune activity. 

Furthermore, cardiac accumulation of LPC has been associated with a higher incidence 

of severe arrhythmias, studied by perfusion of rat hearts with LPC.307 These studies 

suggest that the LPC accumulation observed in PKM2-/- CM may have deleterious 

effects on cardiac function and inflammation. 

A limitation of our study is that not all experiments were performed using both 2-

3-month and 1-year-old mice. Our data is corroborated by previous reports of initial 

molecular changes in tissue of young mice that progresses to a whole-body phenotype 

with age.270 As previously discussed,281 the global PKM2 knockout model limits cardiac-

specific conclusions, as the metabolic alterations we identified in the heart may be 

influenced by other systems affected by the removal of PKM2. Previous studies have 

shown that loss of PKM2 caused metabolic dysfunction in the liver and systemic 

inflammation that predisposed mice to hepatocellular carcinoma with age.270,281 The 

global PKM2 knockout may be a potentially useful model of systemic metabolic stress. 
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Future studies using tissue-specific deletions will be needed to differentiate the systemic 

effects from the tissue-specific effects of PKM2 ablation. 

We show substantial modifications in the lipid profile of PKM2-/- cardiomyocytes 

compounded by mitochondrial dysfunction. Importantly, our findings reveal alterations in 

whole-body metabolism in PKM2-deficient mice, highlighting a crucial role in 

maintaining metabolic homeostasis throughout the body.  
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3.5 Supplemental Figures 

 
Figure S3.6. Palmitate and lauric acid uptake are not impaired. 

A-B. In vivo (n=6 mice per group) and in vitro (n=4 per group) uptake of BODIPY-FL-

C16, normalized to average fluorescence in PKM2fl/fl hearts or CM, respectively. C. In 

vivo uptake of BODIPY-558/568-C12, normalized to average fluorescence in PKM2fl/fl 

hearts (n=6 mice per group). Data shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl 

mice.  
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Figure S3.7. Additional metabolic chamber measurements. 

A-B. Respiratory exchange ratio and energy balance of young (2-3 month old) mice 

(n=8 mice per group). C-D. Locomotor and ambulatory activities in aged (1-year old) 

mice. Data shown as light (inactive) and dark (active) cycles (n=8 per group). E. 

Interscapular brown adipose tissue mass measured in young (2-3 months old, n=6 per 

group) Data shown as means Ñ SD. Studentôs t-test vs. PKM2fl/fl mice.  
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Figure S3.8. Cardiac function and heart weight of mice on HFD. 

A-B. Ejection fraction and fractional shortening measured prior to starting a HFD, and at 

16 weeks on a HFD (n=4-6 mice per group). C. Heart weights measured at 16 weeks on 

a HFD. Data shown as means Ñ SD. 
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CHAPTER 4. LOSS OF PKM2 DYSREGULATES INFLAMMATORY SIGNALING IN 

THE INFARCTED MURINE HEART 

Summary In addition to our assessments of oxidative stress in Chapter 2, we 

further showed increased oxidative damage in PKM2-/- hearts, indicated by elevated 

levels of the lipid peroxidation product 4-hydroxynonenal (4-HNE) compared to controls. 

After demonstrating that PKM2 may serve a protective role in limiting oxidative stress 

while maintaining ATP production in the healthy heart, we then investigated the role of 

PKM2 upregulation after myocardial infarction (MI). 

Transcriptomics at 3 days after MI suggested an elevated abundance of immune 

cells in PKM2-/- infarcted hearts, particularly neutrophils. Immunohistochemistry of 

cardiac tissue showed considerable abundance of immune cells in both PKM2-/- and 

PKM2fl/fl infarcted hearts at 3 and 28 days post-MI. Surprisingly, comparable levels of 

immune cells were also observed in PKM2-/- noninfarcted hearts, including CD86+ 

macrophages at 3 days after sham surgery. We demonstrate both local and systemic 

inflammation in PKM2-/- mice, indicated by elevated levels of pro-inflammatory cytokines 

IL-6 and IL-1ɓ, along with increased plasma C-reactive protein (CRP). Importantly, we 

demonstrate that the combination of oxidative damage, and local and systemic 

inflammation, may have contributed to increased fibrosis in PKM2-/- hearts 28 days after 

MI. The data presented in this chapter highlight a deleterious physiological 

consequence of the metabolic and inflammatory dysregulation induced by PKM2 

ablation. 
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4.1. Introduction 

During and after myocardial infarction (MI) there is a shift in cardiac energy 

production towards glycolysis.108,308 Our lab has shown differential expression of 

alternatively spliced PKM isoforms that was mediated by hypoxia-inducible factor 1 

(HIF-1) after MI.1 Exogenous overexpression of PKM2 in cardiomyocytes has been 

shown to reduce oxidative damage.203 In Chapter 2, we described a role for PKM2 in 

the healthy heart as a buffer against excessive ROS associated with mitochondrial 

dysfunction, where deletion of PKM2 exacerbated superoxide production.281 The 

upregulation of PKM2 after MI may therefore have a similar function in the cardiac 

ischemic response. 

Another important component of the initial cardiac response to ischemic injury is 

controlled by the immune system. ROS, amongst other factors, can react with cell 

components to form adducts that quickly attract neutrophils to the damaged 

myocardium, which then recruit macrophages to remove dead cells and later initiate 

wound healing.46-48 Neutrophils and macrophages rely on PKM2 to mount a proper pro-

inflammatory response.179,183,309 Both PKM2 deletion and tetramerization limit the 

glycolytic capacity needed for activated macrophages, shifting them to an anti-

inflammatory phenotype.179,183 While the effects of anti-inflammatory cytokines are 

largely beneficial in reducing infarct size, a range of cytokines are needed for successful 

healing; an imbalance of specific pro- and anti-inflammatory cytokines can be 

detrimental in cardiac remodeling.310 

Here, we provide evidence of a cardioprotective role of PKM2 against excessive 

inflammation. PKM2 ablation increased immune cell abundance, and oxidative damage 
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in the heart, with increased markers of systemic inflammation. The absence of PKM2 

exacerbated fibrosis following MI. These data suggest that the dysregulated metabolism 

in PKM2-/- hearts promotes oxidative stress that exacerbates the inflammatory response 

to ischemia. 
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4.2. Methods 

Previously described methods are listed as follows: 

4.2.1 Mice and reagents 

Mice were generated as described above in Chapter 2, section 2.1. Antibodies 

used in this study are listed in Table S4.1.  

 

4.2.2 Echocardiography 

Echocardiograms were performed as described in Chapter 2, section 2.4. 

 

4.2.3 Western blotting 

Protein was extracted from left ventricles and blotted as previously described in 

Chapter 2, section 2.3. 

 

4.2.4 RNA isolation and semiquantitative real-timePCR 

Total RNA from left ventricles was extracted as described in Chapter 2, section 

2.5.  

 

4.2.5 Tissue fibrosis staining 

Sections were prepared and imaged as described in Chapter 3, section 2.13. 
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4.2.6 Cardiomyocyte isolation 

Adult mouse cardiomyocytes were isolated using a Langendorff-free method as = 

described in Chapter 2, section 2.7. 

 

4.2.7 Lipid profiling of cardiomyocytes 

Lipids were extracted from cardiomyocytes as described in Chapter 3, section 

2.8. 

 

4.2.8 Statistics 

Data was analyzed as previously described in Chapter 2, section 2.18. 

 

Newly described methods are detailed below: 

4.2.9 Myocardial infarctions 

The left anterior descending artery (LAD) was permanently ligated to induce MI, 

as previously described.281,311 Briefly, baseline echo was obtained, mice were intubated 

and anesthesia maintained with isoflurane. A left-lateral thoracotomy between the third 

and fourth rib and incision of the pericardial sac were performed to access the LAD for 

ligation with 7.0 silk. Myocardial infarction was confirmed by pallor and ST elevation and 

the incision was closed in two layers. Mice were resuscitated on a warming pad until 

active. 
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4.2.10 RNA sequencing and analysis 

Transcripts were prepared as described in Chapter 2, section 2.6. Resulting 

reads were analyzed as described above, with modifications. Infarction-regulated 

transcripts were determined by comparison of sham and MI samples using a Benjamini-

Hochberg adjusted p-value < 0.01 and an absolute log2(fold change) Ó 1.5 

(corresponding to a fold change of Ó 2.8 or Ò 0.35). For comparisons between MI 

samples, transcripts with a Benjamini-Hochberg adjusted p-value < 0.05 and an 

absolute log2(fold change) Ó 1 (corresponding to a fold change of Ó 2 or Ò 0.5) were 

considered differentially expressed genes (DEGs). 

 

4.2.11 Immunohistochemistry (IHC) 

Hearts fixed with 4% paraformaldehyde were embedded in paraffin and cut into 

5ɛm sections. Sections were deparaffinized and antigen retrieval was performed with 

10mM sodium citrate buffer, pH 6. Images were obtained using the Leica THUNDER 

imaging system with deconvolution at 20X. Cross sections of cardiomyocytes were 

defined by an ovular shape surrounded by circular capillaries. For MI samples, cells in 

the border region near the ischemic zone were used for measurements. For sham 

samples, cells in the free wall were measured. Along these regions, images were taken 

from random fields of view. To maintain consistency, paraffin blocks were sectioned at 

the papillary muscle level and cells from the subendothelial layer were used for 

measurements. At least 100 cardiomyocytes were measured per sample and cross-

sectional areas were measured by ImageJ. 
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4.2.12 Multiplex assay 

IL-6 and IL-1ɓ abundance in citrated plasma and heart tissue were assessed 

using the LuminexÈ Discovery Assay Mouse Premixed Multi-Analyte Kit (Bio-Techne). 

Tissue samples were lysed in Cell Lysis Buffer (Thermo Fisher), diluted 1:5, and 

centrifuged. Equivalent amounts of total protein in tissue lysate and plasma samples 

were used. Assay was performed according to manufacturerôs protocol. 

 

4.2.13 Enzyme-linked immunosorbent assays 

Blood was collected at the time of cardiac harvest in 0.5M sodium citrate and 

spun to separate plasma. C-reactive protein (CRP) levels in plasma was determined 

using a colorimetric assay (Invitrogen, EM20RB) according to manufacturerôs 

instructions. 4-hydroxynonenal (4-HNE) was measured in isolated cardiomyocytes using 

according to manufacturerôs directions (Cell Biolabs, STA-838). 
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4.3. Results 

4.3.1 PKM2 deletion does not affect ejection fraction after MI. 

We compared PKM2-/- mice to controls (PKM2fl/fl) after myocardial infarction. 

Analysis of PKM isoform expression by western blotting demonstrated that control mice 

had reduced PKM1 and increased PKM2 protein expression, as we reported 

previously,1 whereas PKM2-/- mice maintained elevated levels of PKM1 at baseline and 

after MI (Fig. S4.7). Echocardiography showed that PKM2-/- mice have preserved EF at 

baseline,281 with a decrement similar to PKM2fl/fl mice at 3 or 28 days after MI (Fig. 

4.1A-B). Heart weight to tibia length ratios were similar in PKM2fl/fl and PKM2-/- mice 

after MI (Fig. 4.1C). Similarly, cardiomyocyte cross-sectional areas showed similar 

increases between PKM2fl/fl and PKM2-/- hearts at 3 and 28 days post-MI (Fig. 4.1D-E). 

These results suggest that the PKM2-/- animals have grossly normal contractile and 

hypertrophic responses to MI. 

 

Figure 4.1. Heart function and hypertrophy after MI. 



134 
 

A-B. Ejection fraction and fractional shortening of PKM2fl/fl and PKM2-/- mice 3 days 

(n=9-23 mice per group) or 28 days (n=4-8 per group) following sham or MI surgery, C. 

Heart weight to tibia length ratios measured at 3 (n=7-12 per group) or 28 days (n=4-8 

per group) after surgery. D. Quantification of cardiomyocyte cross-sectional areas at 

baseline, or 3 days (n=3-4 per group) or 28 days (n=4-6 per group) after sham or MI 

surgery. E. Representative images of cells delineated by wheat-germ agglutinin (WGA), 

from sham and MI hearts taken 28 days post-surgery. Scale bar=100ɛm. Two-way 

ANOVA with Tukeyôs multiple comparisons unless otherwise specified. Data shown as 

means Ñ SD.  

 

4.3.2 Myeloid cells are more abundant in uninjured PKM2-/- hearts. 

Previous studies have shown that PKM2 expression is upregulated after cardiac 

injury and can act as a co-activator for transcription factors such as HIF-1 and ɓ-

catenin.179,203 We, therefore, profiled the transcriptomes of PKM2fl/fl and PKM2-/- hearts 

3 days after LAD ligation or sham surgery to assess the effects of PKM2 deletion in the 

early response to infarction. As expected, principal component analysis and heatmap 

displayed distinct clustering of MI samples from baseline and sham samples, regardless 

of genotype (Fig. S4.8A-B). However, additional analysis of MI samples alone revealed 

separate clusters for PKM2fl/fl and PKM2-/- hearts (Fig. S4.8C), which indicated the loss 

of PKM2 altered the transcriptional response to injury. 

We first identified genes regulated by infarction by comparing sham and MI 

samples within their respective genotypes (Fig. 4.2A). 1902 genes were differentially 
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expressed in PKM2fl/fl hearts after MI compared to PKM2fl/fl shams, and 2461 

differentially expressed genes (DEGs) were found in PKM2-/- hearts after MI compared 

to PKM2-/- shams. We considered these to be ñinfarction-regulated genesò. We then 

performed a separate comparison with only PKM2fl/fl and PKM2-/- MI samples, yielding 

127 DEGs. Of these, 91 DEGs were also infarction-regulated genes, indicating both 

infarction and genotype were factors in their differential expression (Table S4.3). 44 

DEGs were modified only in PKM2-/- hearts after MI (Table S4.3, group 2). 

Analysis of the 44 DEGs modified in only PKM2-/- hearts after MI for enriched 

canonical pathways revealed enrichment of immune signaling pathways (Fig. 4.2B). 

Gene ontology (GO) term analysis of the DEGs with increased abundance in PKM2-/- 

hearts after MI attributed these genes to neutrophil activation and chemotaxis (Fig. 

4.2C). Abundance of key transcripts were validated by qPCR (Fig. S4.9). 
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Figure 4.2. Differentially regulated genes for immune activity in PKM2-/- hearts 3 days 
after MI. 

A. Schematic of transcriptome analysis comparison method. Genes regulated by 

infarction were identified by comparing the transcriptomes of sham and MI samples. 

Subsequently, PKM2fl/fl and PKM2-/- hearts after MI were compared to identify genes 

dysregulated by the loss of PKM2. Up- and downregulated genes in PKM2-/- hearts 

compared to PKM2fl/fl hearts indicated by arrows in final analyses. B. Enriched pathways 

by canonical pathway analysis of the 44 differentially expressed genes (DEGs) in 

PKM2-/- infarcted hearts from Table S3, group 2. C. Gene ontology (GO) term analysis 
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of the DEGs with increased abundance in PKM2-/- hearts after MI compared to PKM2-/- 

MI hearts. 

 

We, therefore, investigated immune cell populations in the heart. We probed for 

myeloid and lymphoid cells using an antibody against Ly6C/G, which showed abundant 

immune cells in both PKM2fl/fl and PKM2-/- hearts 3 days after MI (Fig. 4.3A). Immune 

cell presence remained elevated in PKM2-/- hearts 28 days after MI (Fig. 4.3B-C). 

Surprisingly, Ly6C/G staining was also considerably higher in PKM2-/- hearts after sham 

surgery alone compared to controls (Fig. 4.3A-C). Because transcriptomic analysis 

suggested an increase in genes involved in neutrophil activation and signaling in PKM2-

/- hearts after MI, such as S100a8, S100a9, and Il17ra (Fig. 4.3D-F), we also co-stained 

for myeloperoxidase which is predominantly expressed by neutrophils and has been 

shown to worsen tissue damage during inflammation and promote cardiovascular 

disease.312 Myeloperoxidase staining was increased to a similar degree in both 

genotypes 3 days after MI but was more prominent in PKM2-/- sham hearts compared to 

controls (Fig. 4.3A). 
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Figure 4.3. Elevated immune cell presence in PKM2-/- hearts. 

A-B. Representative images of myeloid and lymphoid staining (Ly6C/G, red) and 

myeloperoxidase (MPO, green) in PKM2fl/fl and PKM2-/- heart tissue 3- or 28-days 

following sham or MI surgery. Scale bar=100ɛm. C. Quantification of Ly6C/G staining in 

hearts 28 days after surgery. D-F. Neutrophil transcript abundances (S100a8, S100a9, 

Il17ra) determined by RNA-seq of PKM2fl/fl and PKM2-/- hearts at baseline or 3 days 
































































