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ABSTRACT 

 
The metabolic changes to adipose tissue during obesity can induce cardiac insulin 

resistance. During obesity and diabetes, cardiac metabolic flexibility is reduced, which 

may lead to impaired ATP production, elevated reactive oxygen species production, 

mitochondrial dysfunction and apoptosis. The adipokine, autotaxin (ATX), which 

generates bioactive lipids called lysophosphatidic acids (LPA), has been linked to 

obesity-induced insulin resistance in both mouse models and humans. This study is the 

first to examine the role of ATX/LPA in obesity-induced cardiac insulin resistance and 

cardiac dysfunction and the role of LPA in palmitate-induced lipotoxicity. Pre-incubation 

with LPA reduced the magnitude of insulin stimulation of AKT compared to baseline. In 

the presence of palmitate, LPA exacerbated cardiac insulin resistance in H9C2 cells and 

neonatal rat cardiomyocytes. Lastly, a reduction in ATX/LPA levels protected against 

obesity-induced cardiac insulin resistance and cardiac dysfunction. Collectively, these 

results suggest that increasing levels of ATX/LPA aide in the progression of 

cardiomyopathy during obesity and insulin resistance/diabetes.    
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CHAPTER 1: INTRODUCTION 

1.1 Obesity as a Risk Factor for Diabetes and Cardiovascular Disease  

According to a 2014 report from Statistics Canada the prevalence of overweight and 

obese individuals has reached 54% among adult Canadians and is increasing annually 

with the highest rates seen in the Atlantic Provinces. Worldwide, between 1980 and 2013, 

the prevalence of overweight or obese children increased by 47.1% and adults by 27.5%, 

leading to a total of 2.1 billion individuals who are overweight or struggling with obesity 

[1]. Obesity is the accumulation of excessive adipose tissue that can be detrimental to 

systemic health and lead to insulin resistance. In lean and metabolically healthy 

individuals, insulin increases triglyceride (TAG) storage in adipose tissue by promoting 

adipocyte differentiation, increased glucose and fatty acid uptake, inhibiting lipolysis and 

promoting lipogenesis in mature adipocytes [2]. In obese and metabolically unhealthy 

individuals, hypertrophied adipocytes have a reduced response to insulin, leading to 

increased free fatty acid release (or lipolysis), increased macrophage recruitment in the 

adipose tissue, and reduced adipose tissue glucose and fatty acid uptake, which can result 

in systemic insulin resistance. These functional alternations are driven by the rapid 

expansion of the adipose tissue and resulting inadequate vascularization of the adipose 

tissue [3]. During this condition, areas of hypoxia and necrosis occur, promoting the 

recruitment of macrophages which increases inflammation in the area and, in turn, more 

macrophage recruitment occurs. This resulting vicious cycle leads to chronic 

inflammation. Adipocytes in the inflamed and hypertrophied adipose tissue release non-

esterified fatty acids or free fatty acids (NEFA), and secrete pro-inflammatory adipokines. 

As a response to the increased level of circulating NEFA, other tissues not adapted for 
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lipid storage like the liver, muscle, and heart begin to accumulate FA and their 

metabolites, giving rise to tissue lipotoxicity. This can lead to impaired cellular function 

due to apoptosis, oxidative stress and endoplasmic reticulum stress, and initiate insulin 

resistance in these tissues.  Additionally, the increased release of pro-inflammatory 

adipokines from macrophage-infiltrated adipose tissue promotes chronic systemic 

inflammation which  induces systemic insulin resistance [4]. Adipokines are endocrine 

factors released by adipose tissue that function as chemokines, cytokines and hormones 

involved in energy homeostasis and inflammation. These endocrine factors are not always 

exclusively released by adipose tissue; currently, over 600 have been identified [5].  

The metabolic changes to the adipose tissue during obesity not only induce systemic 

insulin resistance, but can also affect cardiac insulin sensitivity and can lead to 

myocardial dysfunction. Proper cardiac metabolism and function requires high rates of 

ATP production from glucose and fat oxidation. The healthy heart is metabolically 

flexible and can meet its high energy demands by rapidly adjusting to fluctuations in 

available circulating substrates [6, 7]. Systemic insulin resistance impairs the metabolic 

flexibility of the heart by chronically reducing the use of glucose and shifting the heart to 

a greater use of FA for energy [8, 9]. As a result, diabetic cardiac tissue has elevated 

reactive oxygen species production, mitochondrial dysfunction and apoptosis.  These 

changes can cause alterations in structure and function of the myocardium leading to 

cardiomyopathy and eventual heart failure. To date, the molecular mechanisms and 

cardiomyocyte signalling pathways that underlie obesity/diabetes-associated cardiac 

insulin resistance remain incompletely understood. It has recently been proposed that 

adipokines may influence cardiac insulin function in obesity and diabetes. 
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1.2 Adipose Tissue Remodelling During Obesity Impairs Cardiac Insulin Sensitivity 

1.2.1 Adipose Tissue Macrophage Infiltration During Obesity Promotes a Pro-

inflammatory Environment That Leads to Systemic Insulin Resistance  

Adipose tissue remodelling is an ongoing process that rapidly responds to 

alterations to nutrient deprivation and excess. In the obese state, this process becomes 

accelerated and pathological. Healthy adipose tissue expansion/remodeling occurs 

through recruitment of adipocyte precursor cells that differentiate into small adipocytes, 

the recruitment of other stromal cell types, subsequent vascularization, minimized 

recruitment of extracellular matrix and minimal inflammation [10].  

 On the contrary, pathological adipose tissue expansion seen in obese and 

metabolically unhealthy individuals occurs through rapid growth of existing adipocytes, 

increased macrophage infiltration, restricted vessel development and massive fibrosis 

[10]. Poor vascularization to the expanded tissue, results in localized hypoxia. This has 

also been verified clinically showing adipose tissue of obese individuals is poorly 

oxygenated [3, 20]. Studies using animal models and isolated murine adipocytes have 

shown that hypoxia upregulates the release of pro-inflammatory adipokines such as 

macrophage migration inhibitory factor (MIF), the matrix metalloproteinases MMP2 

and MMP9, Interleukin 6 (IL-6), Angptl4, plasminogen activator inhibitor (PAI)-1, 

vascular endothelial growth factor (VEGF), and leptin [21-23]. These increased pro-

inflammatory adipokines create an environment that promotes macrophage mobilization 

into the adipose tissue. In obese adipose tissue, monocyte accumulation is also regulated 

by chemokines, small pro-inflammatory molecules that promote macrophage 

mobilization from bone marrow to tissue. These chemokines are derived from 
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macrophages and/or hypertrophic adipocytes in the adipose tissue and active MCP-1/CC2 

pathways [24-26].  

In the lean state, the resident macrophages are largely in the M2 status [11, 12]. 

These M2 macrophages release factors that promote tissue repair, angiogenesis for the 

increasing adipose tissue mass, removal of dead and dying adipocytes, recruitment and 

differentiation of adipocyte progenitors and preservation of normal adipocyte function 

[13].  During obesity, macrophages are polarized into an M1 form. M1 macrophages are 

positively correlated with insulin resistance and express pro-inflammatory factors such as 

F4/80, CD11c, TNF-α, IL-6, iNOS and CCR2 [12, 14] when induced by 

lipopolysaccharide and T helper cell (Th1)  cytokine IFN-γ. In fact, conditional ablation 

of CD11c positive macrophages in adipose tissue of high fat diet (HFD)-fed obese mice 

results in reduced pro-inflammatory adipose tissue macrophage accumulation and rapid 

whole body normalization of insulin sensitivity [15].      

Adipocyte death, hypoxia, enhanced chemokine secretion and dysregulation of fatty 

acid fluxes are four independently acting mechanisms, through which macrophages are 

recruited and infiltrate the adipose tissue [10]. In advanced obesity, macrophages 

aggregate, forming crown-like structures surrounding necrotic adipocytes [16-18]. 

Additionally, massive adipocyte death can cause rapid accumulation of adipose tissue 

macrophages, which was shown using a transgenic model of inducible lipoatrophy by 

targeted caspase 8 activation [19].  

FFA fluxes, either high rates of lipolysis or an influx of saturated FFA into 

adipocytes, can cause temporary inflammation within the tissue [27]. This primes the 

adipose tissue for increased macrophage infiltration which accelerates adipose tissue 
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inflammation, impairing adipose tissue insulin sensitivity and leading to systemic insulin 

resistance. NEFA serve as ligands for TLR4 complex activating TNF-α release by the 

accumulated macrophages which in turn stimulates adipocyte lipolysis releasing saturated 

NEFA [27, 28]. This paracrine loop between macrophages and adipocytes results in 

accelerated adipose tissue inflammation.  

1.2.2 Free Fatty Acid Release and Ectopic Lipid Accumulation in the Heart  

Enlarged adipocytes as observed during obesity generally have higher rates of 

lipolysis and as such release higher levels of NEFA into the circulatory system. Lipolysis 

normally increases after fasting, as a method for stored fatty acids in the adipose tissue to 

be sent to organs for substrate utilization during conditions of poor substrate availability 

[29]. Once released from adipose tissue, NEFA bound to albumin are transported to the 

liver and packaged into very-low density lipoproteins. Hepatic production of TAG-rich 

lipoproteins is heavily dependent on circulating FA. These lipoproteins are released into 

the circulation and transport fatty acids to other organs, which requires TAG breakdown 

by lipoprotein lipase. During obesity, regulation of adipose tissue lipolysis is altered and 

rates of FFA release are increased despite already high levels of available substrates [30]. 

This translates to an impaired ability of adipose tissue to store of FAs and ectopic 

accumulation of FAs in other organs like liver, muscle and heart.  

The heart increases fatty acid uptake in response to the increased fatty acid 

availability during obesity. Subsequently, the heart is susceptible to TAG and lipid 

metabolite accumulation in the myocardium. It is believed that TAGs are non-toxic lipid 

forms and that saturated FA and their metabolites, such as long chain acyl-coenzyme A 

(LC acyl-CoA), ceramides and diacylglycerol (DAG), can impair insulin signalling by 
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promoting the activation of protein kinases. These include multiple isoforms of protein 

kinase C (PKC), mitogen activated protein kinase (MAPK), c-Jun N-terminal kinase 

(JNK), and the inhibitor of nuclear factor κB kinase β (IKK β) [31-33]. In mice fed HFD 

for 10 weeks, decreased cardiac glucose oxidation was associated with increased DAGs 

[34], suggesting that this lipid metabolite may play a role in HFD-induced cardiac insulin 

resistance. 

  Lipolysis is stimulated by catecholamines and glucagon which bind to beta-

adrenergic receptors and glucagon receptors, respectively, activating Gs-protein that 

sends a stimulatory signal to adenylyl cyclase (AC) to generate cyclic AMP (cAMP) [35]. 

cAMP binds to protein kinase A (PKA), increasing the activity of the enzyme by 

exposing PKA’s catalytically active subunits [36]. PKA polyphosphorylates hormone-

sensitive lipase (HSL) on multiple sites (Ser-563, Ser-659 and Ser660), which causes 

activation and subsequent translocation of HSL from the cytosol to the lipid droplet [37, 

38].  PKA also phosphorylates perilipin on the lipid droplet, causing movement of 

perilipin away from the lipid droplet [39], opening the lipid droplet for lipolytic attack 

[40], and causing perilipin-mediated activation of HSL activity at the surface of the lipid 

droplet [41]. The resulting effect is increased adipose tissue lipolysis. 

Insulin functions as an antilipolytic hormone, as it binds to its receptor causing 

autophosporylation and subsequent phosphatidylinositol kinase-3 (PI3K) activation. 

Protein kinase B (AKT) is subsequently phosphorylated and activates phosphodiesterase 

3B, which degrades cAMP in adipocytes. This prevents cAMP binding to PKA resulting 

in decreased lipolysis. Additionally, insulin stimulates the phosphorylation of the 

regulatory subunit of protein phosphatase-1 which dephosphorylates and deactivates HSL 
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leading to decreased lipolysis [42]. Conversely, insulin resistance may increase basal 

lipolysis seen in obesity. For instance, decreased insulin-mediated suppression of 

adipocyte lipolysis has been reported in obese rats and women with visceral obesity. 

Additionally, chronic and acute peripheral administration of leptin in rats increased TAG 

hydrolysis by 9 to 16-fold [43, 44]. Increased levels of leptin may also enhance lipolysis 

by inhibiting insulin and its antilipolytic effects by attenuating the inhibition of beta-

adrenergic receptor-mediated lipolysis and PKA activation caused by insulin [45].  

1.3 Cardiac Insulin Signalling    

1.3.1 Cardiac Insulin Signalling Mechanism  

To understand cardiac insulin resistance, one must first clarify molecular 

mechanisms of insulin signalling in the heart. In the lean and metabolically healthy state, 

the heart uses FA as the main substrate for ATP production, fatty acid β-oxidation 

accounts for 60-70% of the energy needed for cardiac contractile function [9]. However, 

in conditions of increased circulating glucose and insulin levels (such as after a meal) the 

heart is able to shift to primarily glucose metabolism. Insulin signalling in the heart is 

initiated by insulin secretion into the circulatory system from pancreatic β-cells. 

Circulating insulin then binds to the tyrosine kinase domains on the α subunits of the cell 

surface insulin receptors inducing auto-phosphorylation of the β subunits [46]. This trans-

phosphorylation reaction activates adjacent substrates such as insulin receptor substrates 

(IRS1 – IRS4), Src-homology-2-containing (Shc) adaptor proteins, signalling-regulatory 

proteins (SIRPs), and Grb2-associated binder-1 (Gab1) [47]. Tyrosine phosphorylation of 

IRS1/2 activates two signalling pathways (Figure 1.1) 1) the phosphatidylinositol 3 kinase 

(PI3K) –AKT/protein Kinase B (PKB) pathway, and 2) the Ras-mitogen-activated protein 
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kinase (MAPK) pathway, which regulates transcription, protein synthesis, cell growth and 

differentiation [48].  

After PI3K activation, its product phosphatidylinositol (3,4,5)-trisphosphate (PIP3)  

activates the kinase phosphoinositide-dependent protein kinase 1 (PDK1) which 

phosphorylates protein kinase AKT at Thr308 [49]. Protein kinase AKT is also 

phosphorylated at Ser473 by mechanistic target of rapamycin complex 2 (mTORC2), 

increasing AKT activity 50-fold [50, 51] (Figure 1.1). There are three isoforms of AKT 

(AKT 1, 2 and 3), of which AKT2 is central to insulin signalling [52]. One substrate of 

AKT2, AKT substrate of 160 kDa (AS160), dissociates from vesicles containing glucose 

transporter 4 (GLUT4) upon phosphorylation. This initiates translocation of GLUT4 from 

intracellular vesicles to the plasma membrane resulting in myocardial glucose uptake. 

Cardiomyocytes mostly utilize GLUT1 and GLUT4 glucose transporters for glucose 

uptake. During fetal and early postnatal life GLUT1 is the predominant glucose 

transporter and resides in the sarcolemma under basal conditions. In adult 

cardiomyocytes, GLUT4 becomes the dominating isoform. It resides in intracellular 

membrane compartments and translocates to the cell surface once stimulated by insulin 

(catecholamines, ischemia, or increased workload can also trigger GLUT4 translocation) 

[53-55]. Aside from increased expression in adult cardiomyocytes, GLUT4 (Km: 4-7 

mM) also has higher affinity for glucose than GLUT1 (Km: 20-26 mM), therefore, at 

physiological glucose concentrations (4 – 7 mM) GLUT4 is the major regulator of 

cardiomyocyte glucose uptake [56].  In pathological conditions such as post-ischemic 

reperfusion, post-infarcted heart failure, and pressure overload hypertrophy, GLUT4 

expression is repressed and GLUT1 expression is concurrently increased [57-59]. Murine 
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myocardium knockout of glut4 leads to a 3-fold overexpression of GLUT1 compared to 

wildtype myocardium [60].  

In parallel with mediating glucose uptake, insulin-activated AKT2 also triggers 

glycogen synthesis by suppressing glycogen synthase kinase 3 (GSK3) which activates 

glycogen synthase (GS) [61] (Figure 1.1). In addition to promoting glucose storage as 

glycogen, insulin induces long chain fatty acid (LCFA) uptake in cardiomyocytes by 

inducing translocation of LCFA transporters FAT/CD36 [62]. Phosphorylation of AKT 

also inhibits tuberous sclerosis complex 1 and 2 (TSC1/2) which releases the inhibition of 

Ras homolog enriched in brain (RHEB) to activate mTORC1 complex. This enhances 

protein synthesis through activation of eukaryotic translation initiation factor 4E binding 

protein-1 (4E-BP) and p70 ribosomal protein S6 kinase 1 (p70S6K1). Additionally, AKT 

inhibits forkhead box O (FoxO) activity by translocating into the nucleus (Figure 1.1), 

phosphorylating FoxO and inducing 14-3-3 protein association [63]. The 14-3-3 FoxO 

complex translocates to the cytoplasm inhibiting FoxO transcriptional activity. FoxO 

proteins mediate transcription of genes involved in oxidative stress, autophagy, aging and 

apoptosis [64].  

Aside from tyrosine phosphorylation, IRS can also be phosphorylated at serine 

residues, inhibiting insulin signalling. During normal insulin signalling conditions these 

inhibitory serine residues are phosphorylated by extracellular signalling regulated kinase 

(ERK), and p70S6K1 [65] through a regulatory negative feedback loop.  Insulin-activated 

ERK attenuates AKT activation by phosphorylating IRS1 at Ser-612 [66]. Additionally, 

mTORC1 complex activation induces p70S6k1 phosphorylation of IRS-1 at multiple 

serine residues [67].  
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1.3.2 Cardiac Insulin Resistance 

During obesity, circulating levels of saturated FAs and inflammatory factors such 

as TNF-α increase. TNF-α and saturated NEFA activate JNK and nuclear factor kB 

kinase β (IKKβ) leading to Ser-307 phosphorylation of IRS and inhibition of insulin 

signalling [68]. Increased FA and fatty acid metabolites during obesity can activate PKCs 

(α β1 δ λ ε θ and ζ) and inhibit insulin signalling by promoting serine phosphorylation of 

IRS1 [69]. In addition, there are inhibitory molecules of insulin signalling such as the 

protein tyrosine phosphatases 1B (PTP1B), the suppressor of cytokines signalling (SOCS) 

and the growth factor receptor bound protein 10 (Grb10) that induce insulin receptor de-

phosphorylation, physical blocking of substrates phosphorylation and degradation of the 

insulin receptor and/or IRS.  

In addition to inhibition of insulin signalling, increased circulating levels of long 

chain fatty acids during obesity cause a shift in cardiac substrate utilization to 

predominantly FA oxidation [70]. FA oxidation inhibits glucose uptake and catabolism. 

Glucose oxidation is prevented at pyruvate dehydrogenase by acetyl-coA production [71]. 

As FA levels continue to increase, the liver converts FAs into ketone bodies that are 

released into the blood to be used in other organs. In poorly controlled diabetes, ketone 

bodies become the major substrate for ATP production in the heart and inhibit both 

glucose and FA oxidation [72]. Animal models of severe insulin resistance such as ob/ob 

and db/db mice and long-term exposure to high-fat diets have impaired activation of 

intracellular signalling kinases, such as AKT [73-75]. This reduction in insulin signalling 

in the heart contributes to left ventricular dysfunction through increased mitochondrial 

dysfunction, decreased angiogenesis, and increased fibrosis [76-79]. Alterations to insulin 
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signalling pathways during cardiac insulin resistance also increase the risk of developing 

cardiac hypertrophy, maladaptive left ventricular remodelling and eventual heart failure 

[80].  

1.4 Adipokines  

1.4.1 Adipokines Influence Systemic Insulin Sensitivity  

In addition to being a major site for storage of excess energy in the form of TAGs, 

adipose tissue also has an endocrine function. Adipose tissue secretes multiple endocrine 

factors involved in energy homeostasis and inflammation such as chemokines, cytokines 

and hormones termed “adipokines” [5, 81]. Initially, it was thought that only white 

adipose tissue released adipokines, but recently brown adipose tissue was found to also 

have both autocrine and paracrine function [81]. Adipokines are also produced by a 

variety of other tissues and only a few are  exclusively secreted by adipose tissue [81].  

Adipokines play a role in energy homeostasis, thermogenesis, reproduction and 

immunity. Additionally, alterations to levels of adipokines, such as leptin, adiponectin 

and resistin, influence insulin signalling and contribute to obesity-associated type 2 

diabetes.  The role of three major adipokines in regulating insulin sensitivity is discussed 

below: 

Leptin is mainly expressed by differentiated adipocytes in white adipose tissue 

[82] and both low and high levels of leptin are associated with obesity and diabetes 

development. Hyperleptinaemia induces an increased pro-inflammatory response: leptin 

controls TNF-α production, macrophage activation and triggers MCP-1 expression 

through mechanisms not fully understood [83].  Additionally, TNF-α and interleukin-6 

stimulate adipocyte leptin production. Leptin plasma concentration [84] and mRNA 
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levels [85] are positively related to  fat mass. Although high levels of leptin are associated 

with obesity severity and contribute to inflammation seen in obesity, the principal role of 

leptin is to suppress food intake, increase energy expenditure and improve insulin 

sensitivity through activation of AMP protein kinase [86].  

Resistin expression increases during obesity.  Administration of recombinant resistin 

to normal animals produces insulin resistance [87]. Additionally, resistin-gene knockout 

mice showed a decrease in fasting glucose, improved glucose tolerance and enhanced 

insulin sensitivity [88]. 

The adipokine adiponectin is under expressed in obese patients with insulin 

resistance or type 2 diabetes [89]. Through receptor AdipoR1 and R2 adiponectin 

promotes insulin sensitivity by PPARα and AMPK activation [90-92]. 

1.4.2 Direct Effects of Adipokines on Cardiac Function.  

During obesity, adipose tissue expansion and increased accumulation of 

macrophages in the adipose tissue lead to increasing secretion of pro-inflammatory 

adipokines [93, 94] such as monocyte chemotactic protein (MCP)-1, tumor necrosis 

factor (TNF)-α, interleukin (IL)-1, IL-6 and IL-8 [95-97]. TNF-α and IL-6 stimulate both 

the c-Jun amino terminal kinase (JNK) and the IκB kinase-β (IKK-β)/nuclear factor-κB 

(NF-κB) pathways, resulting in upregulation of potential mediators of inflammation that 

can lead to cardiac insulin resistance [98]. In addition to modulating cardiac insulin 

sensitivity, adipokines also influence cardiovascular function and can broadly be grouped 

into cardio-protective adipokines (anti-inflammatory) and cardio-adverse adipokines (pro-

inflammatory).  
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Many studies have shown plasma leptin levels are positively correlated to 

cardiovascular diseases. In humans, leptin levels  increase after myocardial infarction  

[99] and in heart failure patients independent of body mass [100].  Leptin directly alters 

function of the heart. Leptin  suppresses cardiac contractile function in ventricular 

myocytes, through endothelin-1 receptor and NADPH oxidase-mediated pathway [101]. 

Leptin can increase blood pressure and heart rate, which can increase myocardial 

workload and promote hypertrophy [102]. Leptin deficiency in mice leads to increased 

mortality when subjected to viral myocarditis [103] , greater cardiac hypertrophy [104] 

and greater remodelling in response to chronic ischemic injury [105, 106].   

Adiponectin is cardio-protective and many studies have shown its protective 

actions on cardiovascular cell types such as smooth muscle cells, cardiac myocytes, and 

vascular endothelial cells [107]. Low serum adiponectin levels have been associated with 

hypertension, coronary artery disease, left ventricular hypertrophy and increased risk of 

myocardial infraction. Adiponectin decrease is associated with impaired AMP-activated 

protein kinase (AMPK) signalling. AMPK mediates energy balance in the heart [108]; 

when AMP:ATP ratio increases, AMPK is activated, stimulating ATP production by 

increasing glucose and FA uptake and oxidation [109-111]. AMPK directly upregulates 

fatty acid oxidation by inhibiting acetyl-CoA carboxylase, thereby blunting malonyl-CoA 

synthesis, the inhibitor of carnitine palmitoyltransferase 1. Additionally, adiponectin 

signalling stimulates NO production through AMPK-dependent activation of eNOS 

which has beneficial effects on endothelial cell function.  

Studies using adiponectin-deficient mice have demonstrated that adiponectin plays 

a protective role in the cardiovascular system. Adiponectin protects against cerebral 
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ischemia-reperfusion [112], promotes revascularization of ischemic limbs [113], and 

protects against salt-induced hypertension through eNOS activity [114]. Some studies 

have shown that overexpression of adiponectin inhibits atherosclerotic lesion formation, 

while adiponectin deficiency leads to augmented atherosclerosis.  

1.4.3 Autotaxin-LPA Axis is Implicated in Obesity and Diabetes. 

Autotaxin (ATX) is a newly identified adipokine that has recently been implicated 

in obesity-associated comorbidities. Serum ATX levels increase with obesity-induced 

insulin resistance in mouse models [115]. In addition, our group has found that serum 

ATX levels correlate with measures of obesity and insulin resistance in obese humans 

[116, 117]. ATX is a unique adipokine as it is a major generator and regulator of 

lysophosphatidic acid (LPA). LPA is a glycerol phospholipid with one polar phosphate 

group and one fatty acid chain [118]. Currently, five isoforms of ATX have been isolated 

(ATXα, ATXβ, ATXγ, ATXδ and ATXε) and all are catalytically active [119]. ATXβ is the 

most abundant isoform, found in the brain, peripheral tissues and nervous system [119]. 

ATX functions as a constitutively active lysophospholipase D, generating LPA from  

lysophosphatidylcholine (LPC) in plasma and extracellular media as the primary pathway 

for LPA generation [119, 120] (Figure 1.2). The catalytic domain of ATX possesses a 

threonine 209 residue that is essential for its phospholipase D activity. Through its 

somatomedin-B like 1 (SMB1) and somatomedin-B like 2 (SMB2) domains, ATX binds 

to activated integrins which aids to localize LPA production to the plasma membrane 

[121] (Figure 1.2). Additionally, ATXα has a unique polybasic insertion loop (located in 

the catalytic domain) that allows binding to heparan sulfate proteoglycans [121] (Figure 
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1.2). ATX can bind the plasma membrane via SMB1, SMB2, and the polybasic insertion 

loop, facilitating LPA binding to its membrane receptors.  

Alternatively, extracellular LPA can also be generated from phosphatidic acid. 

Phosphatidic acid is generated from phospholipids or DAG and then deacylated by 

phospholipase A1 or phospholipase A2 to form LPA [122] (Figure 1.3). Circulating 

lipoproteins and albumin are a large source of lysophosphatidylcholine (Figure 1.2). 

There are also degradative pathways that reduce LPA levels. One pathway involves lipid 

phosphate phosphatase 1 and 3. As transmembrane exophosphatases, LPP1 and 3 degrade 

LPA by removal of its phosphate group [123]. LPP1 mutant mice have increased plasma 

LPA levels and metabolize intravenously injected LPA 4-fold less than wildtype mice 

[124]. LPP3 deficiency in mice is embryonically lethal due to abnormal blood vessel 

formation [125]. Similar defects to vascular development are seen in ATX-deficient mice, 

suggesting strict regulation of LPA levels during embryonic development is essential for 

vasculature development [126].  

The influence of ATX on insulin sensitivity and ultimately glucose homeostasis 

implicates LPA as a possible modulator of tissue insulin signalling. Originally LPA was 

considered just an intermediate in de novo lipid synthesis, and a component of the plasma 

membrane. LPA is now known as a potent extracellular signalling messenger that acts 

through G protein-coupled receptors. Currently, six receptors have been identified 

(LPAR1-6) in mammals [127], which mediate cell proliferation, apoptosis, cell migration, 

cytokine and chemokine secretion, platelet aggregation and smooth muscle contraction 

[118].  Previous studies show that the ATX-LPA signalling axis both promotes and 

hinders insulin signalling and glucose uptake. In vitro, LPA increased glucose uptake of 
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L6 myotubes and 3T3 L1 adipocytes [128], while ex vivo cultures of mouse islet cells 

showed decreased insulin secretion in mice intraperitoneally injected with 18:1 LPA (50 

mg/kg ~ 78 µmol/kg) [115]. Additionally, mesangial cells had increased hexokinase 

activity, when incubated with LPA in both a concentration- and time-dependent manner 

[129]. Hexokinases phosphorylate glucose, trapping it in the cell and promoting 

continuous transport of glucose into the cell.  Intravenous injection of 18:1 15 µmol/kg 

LPA in mice  decreased blood glucose comparable to the insulin (0.6 U) injected group 

[128]. The opposite was seen when chow- and HFD-fed mice were  intraperitoneally 

injected with of 50 mg/kg  18:1 LPA, with both responding with an increase in blood 

glucose post-injection [115]. Additionally, specific knockout of ATX in mice adipocytes 

was shown to improve glucose tolerance [130]. These studies suggest that LPA 

concentration and/or injection site can dictate how LPA influences glucose homeostasis.  

1.4.4 Autotaxin-LPA Axis Effects on Cardiovascular Function. 

Autotaxin-LPA axis has been implicated in affecting cardiovascular function, 

especially the progression of atherosclerosis. Few studies have investigated the effects of 

LPA on myocardial function and fewer yet have studied the effect of autotaxin. LPA 

receptors 1 and 3 mediate LPA-induced hypertrophy in NRCMs.  LPA-induced 

hypertrophy in cardiac myocytes involves AKT and NF-Kappa B signalling pathways. 

Additionally, it has been suggested that LPA receptors 1 and 3 mediate left ventricular 

remodelling in rats subjected to myocardial infarction [131]. LPA modulates myocardial 

contraction of human atrial and ventricular myocytes by reducing isoprenaline-induced 

contractions, and was suggested to exert an antiadrenergic effect by inhibiting adenylyl 

cyclase activity through LPA receptors 1 and 3 [132]. In rats, intravenous injection of 
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LPA increased left ventricular systolic and diastolic pressure which was abolished by pre-

treatment with L703606, a neurokinin type 1 receptor antagonist, and verapamil, a Ca2+ 

channel antagonist [133]. In perfused isolated rat hearts, 20-50 uM LPA elevated left 

ventricular diastolic pressure [133]. LPA has also been suggested to influence cardiac 

fatty acid uptake. Specifically, LPA increased lipoprotein lipase activity in 

cardiomyocytes potentially increasing lipid utilization and deposition [134]. Decreased 

contractile function of hearts in diabetic animals was related to increased expression of 

RhoA and ROCK [135], which are effectors of LPA signalling. Moreover, it has been 

shown that inhibition of the RhoA/ROCK pathway improves contractile function of 

diabetic rat hearts [135]. Recently, pre-treatment with LPA was found to protect against 

ischemic reperfusion in immature hearts [136]. LPA pretreatment enhanced cardiac 

function, reduced myocardial infarct size, increased pro-survival signalling molecules 

expression and decreased myocardial apoptosis [136].  Despite growing evidence 

showing that autotaxin and LPA can influence cardiac function, and that circulating levels 

of autotaxin-LPA increase during obesity and diabetes, the role of the autotaxin-LPA axis 

in cardiomyocyte insulin signalling and obesity-induced cardiac insulin resistance remain 

unclear. Therefore, we hypothesized that increased levels of autotaxin-LPA as seen in 

obesity and diabetes contribute to the development of cardiac insulin resistance. To 

investigate this, 1) cardiomyocytes were cultured in normal and lipotoxic conditions and 

incubated with or without LPA and stimulated with insulin to determine how LPA 

influences insulin sensitivity in these conditions. 2) To determine if mice with lower 

circulating plasma levels of autotaxin-LPA show improved cardiac insulin sensitivity 

during obesity, heterozygous ATX-knockout mice were fed a high-fat high-sucrose 
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(HFHS) diet and cardiac insulin sensitivity was evaluated. 3) Lastly, to determine if 

lowering plasma levels of autotaxin-LPA improves obesity-induced cardiac dysfunction, 

sarcomere shortening of cardiomyocytes isolated from heterozygous ATX knockout mice 

was analyzed.   
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Figure 1. 1. Insulin signaling pathway and fatty acid interaction in cardiomyocytes. 

Insulin activates auto-phosphorylation of its receptor which initiates signal 

transduction of both the AKT and ERK1/2 pathway. AKT is phosphorylated and 

activated by both PDK1 and RICTOR from mTOR complex 2. AKT inhibits the mTOR 

complex 1 inhibitor tuberous sclerosis complex 1 and 2 (TSC1/2) activating protein 

synthesis. Through inhibitory phosphorylation of GSK3, AKT activates glycogen 

synthesis. AKT also inhibits FoxO proteins translocation to the nucleus and prevents 

transcription of genes involved in oxidative stress, autophagy, aging and apoptosis. Under 

lipotoxic conditions, cellular levels of long chain fatty acids can increase leading to 

increased levels of DAG and ceramides which inhibit insulin signalling through IRS 

serine phosphorylation and inhibition of AKT activation.  
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Figure 1. 2. Autotaxin mediated LPA signalling 

All autotaxin isoforms (α, β, γ, δ, and ε) have four major domains. Somatomedin-B like 1 

(SMB1) and somatomedin-B like 2 (SMB2) domains allow ATX to bind to activated 

integrins. Residue threonine 209 in the catalytic domain is essential for the 

lysophospholipase D activity of ATX. ATX also has a C-terminal nuclease-like domain 

which, together with the SMB1 and SMB2 domains, stabilizes the proper location of the 

catalytic threonine residue. Unique to the ATX isoform, ATXα, is a polybasic insertion 

loop that allows for binding to heparan sulfate proteoglycans. ATX can bind the plasma 

membrane via SMB1, SMB2, and the polybasic insertion loop, resulting in localized LPA 

production. ATX binding to integrins may induce LPA-independent signalling, but 

further research is required. 
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Figure 1. 3. Lysophosphatidic acid synthesis from various lipid species. 

DAG: Diacylglycerol, GPAT: Glycerol-3-phosphate acyltransferase, LPC: 

Lysophosphatidylcholine, LPE: Lysophosphatidylethanolamine, LPP1/3:  Lipid 

phosphate phosphatase 1 or 3 LPS: Lysophosphatidylserine, MGAT: Monoacylglycerol 

acyltransferase, PLA2 Phospholipase A2, PLD: Phospholipase D, PC: 

phosphatidylcholine, PE: phosphatidylethanolamine, PS: phosphatidylserine. 
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CHAPTER 2: EXPERIMENTAL METHODS 
 

2.1 Animal Models 

 

Breeding pairs of C57BL/6 wildtype (WT; Enpp2+/+) and C57BL/6 heterozygous 

autotaxin knockout mice (Het ATX-KO; Enpp2+/-) were given by the laboratory of Dr. 

Vassilis Aidinis and were used to breed cohorts of  Het ATX-KO mice and control 

littermate wildtype mice. Mice were housed on a 12 h light and 12 h dark cycle with ad 

libitum access to chow diet (5001; Lab diet, St Louis, MO, USA) containing protein (30 

kcal%), fat (13.5 kcal%) and carbohydrates (58 kcal%) (3.83% sucrose) until 9-10 weeks 

of age before they were used in the diet-induced obesity study. All protocols (Protocol 

number: 16-053) involving rodents were approved by Dalhousie University, Institutional 

Animal Care and Use Committee. 

2.1.1 Diet-Induced Obesity and Whole Heart Tissue Collection 

Nine- to ten-week old male Het ATX-KO and wildtype mice were randomly assigned to 

groups fed either chow or HFHS diet (12451; Research Diets, New Brunswick, NJ, USA) 

with protein (20 kcal%), fat (45 kcal%) and carbohydrates (35 kcal%) (17% sucrose) for 

20 weeks. Body weight was recorded weekly and body weight gain was quantified as fold 

change by dividing weekly average weight by average starting weight for each diet group. 

After 20 weeks, mice were subjected to a 3 h food withdrawal and injected with either 

saline or insulin (10 U/kg). Ten min thereafter, mice were euthanized by decapitation 

using a guillotine. Heart ventricles were collected and frozen between two spatulas 

chilled in liquid nitrogen and stored at -80˚C until further processing. Frozen hearts were 

powdered using mortar and pestle chilled in liquid nitrogen and homogenized in ice-cold 

lysis buffer containing Tris-HCl pH 7.4 (20 mM), EDTA (5 mM), Na4P2O7 (10 mM, 
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567540; Calbiochem, EMD Chemicals, Gibbstown, NJ, USA), NaF (100 mM),  Nonidet 

P-40 (1%), Na3VO4 (2 mM), protease inhibitor cocktail (10 µl/ml, P8340; Sigma, St 

Louis, MO, USA) and phosphatase inhibitor cocktail (10 µl/ml, 524628; Calbiochem). 

Homogenates were centrifuged at 10,000 g for 10 min at 4 ̊C and the supernatant 

containing membrane, cytosolic and nuclear proteins was transferred to another 

microcentrifuge tube. Protein concentration was determined using the bicinchoninic acid 

(BCA) protein assay kit (23255; Pierce, Thermo Fisher Scientific, Waltham, MA, USA). 

Lysates were stored at -80 ̊C for subsequent biochemical analysis.    

2.1.2 Genomic DNA Isolation and PCR Genotyping of Wildtype and Heterozygous 

Autotaxin Knockout Mice. 

DNA was isolated from mouse ear punches using the Extracta DNA Prep for PCR –tissue 

kit (Quanta Biosciences 95091). Mouse ear punches were submerged in 50 µL of 

extraction reagent and incubated at 95˚C (for 30 mins). After incubation, samples (now 

containing PCR ready genomic DNA) were cooled to room temperature and of 

stabilization buffer (50 µL) was added. In the PCR reaction mix (AccuStart II GelTrack 

PCR Supermix (6.25 µL; Quanta Biosciences 95136), primer A1 (2 µL; 10 pmol), primer 

B2 (1 µL; 5 pmol), primer C1 (1 µL; 5 pmol), and nuclease-free water (1.25 µL)) 

extracted DNA (2 µL) was added. Primer sequences used were:  A1: CGC ATT TGA 

CAG GAA TTC TT; B2: TAC ACA ACA CAG CCG TCT CA, and C1: ATC AAA 

ATA CTG GGG CTG CC; Primer set A1/C1 yields a 223 bp PCR product for the wild 

type (WT) alleles. Primer set A1/B2 yields a 422 bp PCR product of 422 bp for the 

knockout allele. PCR products were visualized using the Qiaxcel Advanced automated 

capillary electrophoresis.   
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2.2 Cell Culture  

2.2.1 H9C2 Cell Culture 

H9C2 rat embryonic cardiomyoblasts (CRL-1446; ATCC) were cultured at a cell density 

of 5 x105 per 35 mm plate and maintained in Dulbecco’s modified Eagle’s high-glucose 

medium (SH30243.01; DMEM-HG; Hyclone Laboratories) supplemented with 10% fetal 

bovine serum (1400-500; FBS, Seradigm) for 48 h until 90% confluency. H9C2 

cardiomyoblasts were then differentiated for 48 h in DMEM 1X media (11966025; 

Thermo Fisher Scientific, MA, USA) supplemented with FBS (0.5%) and glucose (5 

mM). After 48 h of differentiation, cells were used in experiments detailed in section 

2.2.6. Cells were then harvested in phosphate-buffered saline (PBS, 0780; Amresco), 

followed by centrifugation to pellet the cells (10,000 g, 10 min, 4˚C). Cell pellets were 

sonicated in lysis buffer, followed by centrifugation (10,000 g, 10 min, 4˚C). The 

supernatant was transferred to another microcentrifuge tube and protein concentration 

was determined using the BCA protein assay kit. Lysates were stored at -80 ̊ C for 

subsequent immunoblot analysis.    

2.2.2 Adult Mouse Cardiomyocyte Isolation and Culture  

Adult mouse cardiomyocytes were isolated from hearts of 29-30 week-old 

wildtype and Het ATX-KO mice fed chow or HFHS diet.  Hearts were excised and 

immersed in ice-cold perfusion buffer (pH 7.4) containing NaCl (113 mM), KCl (4.7 

mM), KH2PO4 (0.6 mM), Na2HPO4 (0.6 mM), MgSO4 •7H2O (1.2 mM), NaHCO3 (12 

mM), HEPES (10 mM), Taurine (30 mM), 2,3 Butandione monoxime (BDM, 10 mM) 

and Glucose (5.5 mM). Hearts were then retrogradely perfused through the aorta on a 

Langendorff perfusion rig. Initially, hearts were equilibrated by perfusing them with 
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oxygenated perfusion buffer (37oC) for 6 minutes. Thereafter, hearts were perfused with 

recirculating collagenase digestion (1.6 mg/ml, Worthington Lot: 45D15719) buffer for 

20-25 min. After collagenase digestion, hearts were removed from the Langendorff rig, 

placed in a 60 mm cell culture dish, and minced into small pieces. Used collagenase 

buffer was collected from the rig and used to make a suspension of the minced heart. This 

suspension was passed through a 100 µm filter to further dissociate tissue, and transferred 

to a 50 ml centrifuge tube. The suspension was filled up to 30 ml, and 10 ml of stopping 

buffer (perfusion buffer, FBS (2.4 mg/ml) and CaCl2 (12.5 µM)) was added to stop 

digestion. The cell suspension was spun to pellet the cells (1,000 g for 45 s) and the 

supernatant was decanted. Cells were then made calcium-tolerant by resuspending the cell 

pellet in stopping buffer with increasing CaCl2 concentration (C1:100 µM, C2:400 µM 

and C3:900 µM). Cells were incubated in each solution for 10 min in a 37 ˚C water bath. 

After each incubation, viable cells settle to the bottom of the centrifuge tube and the 

supernatant was removed using a Pasteur pipette, followed by the addition of the next 

calcium solution with higher concentration. Following incubation with C3, the 

supernatant was removed and 1 ml of plating medium was added to resuspend and count 

cells. Cells were seeded at 25,000-50,000 cells on laminin-coated 25 mm x 25 mm slides 

or 35 mm plates, and were incubated in plating medium for 2 h before cells were used for 

experiments detailed in 2.2.6.4 and 2.4. Cells were then harvested in phosphate-buffered 

saline (PBS; 0780, Amresco), followed by centrifugation to pellet the cells (10,000 g for 

10 min at 4˚C). Cell pellets were sonicated in lysis buffer, followed by centrifugation 

(10,000 g for 10 min at 4˚C). The supernatant was transferred to another microfuge tube 
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and protein concentrations were determined using the BCA protein assay kit. Lysates 

were stored at -80 ̊ C for subsequent immunoblot analysis.    

2.2.3 Neonatal Rat Cardiomyocytes Isolation and Culture  

Neonatal rat cardiomyocytes were isolated from 1- to 2-day old Sprague-Dawley rat pups. 

Hearts were excised and atria were removed to collect the ventricles. Blood was removed 

from the ventricles by slicing ventricles lengthwise and rinsing in fresh phosphate-

buffered saline (PBS). Ventricles were then minced into small pieces and thoroughly 

washed with ice cold PBS. An average of 20 minced ventricles were transferred to a T25 

flask and the volume was topped to 17 ml with PBS. Collagenase- type 2 (2% W/V), 

DNase (0.5% W/V) and trypsin (2% W/V) (Worthington Biochemical Corporation) were 

added and the mixture was stirred (80 rpm and 37˚C for 20 mins) to dissociate tissues. 

Dissociated tissue was added to DF20 Medium (20 mL) composed of DMEM/F12 

(D6421; Sigma), FBS (25%, Sigma F1051), penicillin-streptomycin (1%, 30-002-CI, 

Corning, NY, USA) and gentamycin (50 µg/ml, 30-005-CR; Corning) in a 50 ml 

centrifuge tube and spun at room temperature for 1 min and 800 rpm. Supernatant 

containing debris, red blood cells and fibroblasts was discarded and 17 ml of PBS were 

added to the centrifuge tube to resuspend the pellet. The resulting mixture was transferred 

to another T25 flask for a second incubation with proteolytic enzymes. This was repeated 

for a total of 3 incubation steps. To maximize cell yield, the supernatant collected in the 

second centrifugation step was spun at 1800 rpm for 7 min and only the pellet was 

retained. Twenty ml of DF20 medium and dissociated cell suspension from the third 

incubation was added to the centrifuge tube containing the centrifuged pellet. This final 

suspension was spun at 1800 rpm for 7 min at room temperature. The supernatant was 
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discarded and cell pellet was then resuspended using 12 ml plating medium composed of 

DMEM/F12 HAM (D6421; Sigma), FBS (10%, Sigma F1051), horse serum (15%, Life 

Technologies, 16050-122), penicillin-streptomycin (1%, 30-002-CI, Corning, NY, USA) 

and gentamycin (50 µg/ml, 30-005-CR; Corning), and transferred to a T75 flask for 2 h 

differential plating to eliminate non-cardiomyocytes. Supernatant from differential plating 

containing cardiomyocytes was collected and suspended in growth medium containing 

DMEM/F12 HAM , FBS (10%), cytosine-β-D-arabinofuranoside (10 µM, C1768; ARAC, 

Sigma), Insulin Transferrin-Selenium (25800-CR, ITS, Corning), 1% penicillin-

streptomycin (1%, 30-002-CI, Corning, NY, USA) and gentamycin (50 µg/ml, 30-005-

CR; Corning) and plated using Primeria Falcon plastic plates. The following day, cells 

were washed in PBS and cultured in serum-free medium containing DMEM 1X 

(11966025; Thermo Fisher Scientific), ARAC (10 µM), gentamycin (50 µg/ml), 

penicillin-streptomycin (1% ) and glucose (10 mM) for 24 h. Thereafter, cells were 

treated as described in section 2.2.6.5. Cells were then harvested in PBS, followed by 

centrifugation to pellet cells (10,000 g for 10 min at 4˚C). Cell pellets were sonicated in 

lysis buffer, followed by centrifugation (10,000 g for 10 min at 4˚C). The supernatant was 

transferred to another microfuge tube and protein concentration was determined using the 

BCA protein assay kit (23255; Pierce, Thermo Fisher Scientific). Lysates were stored at -

80 ̊ C for subsequent immunoblot analysis.    

2.2.4 Preparation of Lysophosphatidic Acid Solution  

Oleoyl-LPA (18:1 Avanti polar lipids 857130C) was complexed to fatty acid-free 

BSA in ice cold PBS. Fatty acid-free BSA was first dissolved in PBS to make a 0.1% 

(w/v) BSA solution, by spinning BSA powder layered over PBS (2000g for 5 min at 4oC).  
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Meanwhile in a glass tube, 50 µl of LPA stock solution in chloroform (10 mg/ml) was 

evaporated using nitrogen gas. To make a working stock of LPA (272 µM), 4 ml of 0.1% 

BSA in PBS solution was added to the glass tube to resuspend the chloroform-free LPA. 

The working stock of LPA and remaining solution of 0.1% BSA in PBS was sterile 

filtered and used to incubate cells.     

2.2.5 Preparation of Palmitate Solution  

BSA-complexed fatty acid (FA) solution was prepared in DMEM 1X (11966025; 

Thermo Fisher Scientific, MA, USA) medium. A stock solution of sodium palmitate (120 

mM, P9767; Sigma) was prepared in DMEM 1X medium and warmed to 100˚C to 

dissolve. The stock solution was used to make desired concentrations of palmitate by 

mixing with a pre-warmed (50  ̊C) fatty acid-free BSA solution (2% ) prepared in DMEM 

1X (11966025; Thermo Fisher Scientific, MA, USA ) medium. The resulting palmitate 

and BSA solution was then allowed to complex (37 ̊C for 30 min). Thereafter, the 

medium was sterile-filtered (0.20 µm) and immediately used to incubate cells.    

2.2.6 Experimental Design for Cell Culture 

2.2.6.1 Incubation of H9C2 Cells with LPA and Insulin Stimulation  

Differentiated H9C2 cells were serum-starved for 24 h in DMEM 1x (11966025; 

Thermo Fisher Scientific, MA, USA) medium with glucose (5 mM). After serum 

starvation medium was changed to 0.1% vehicle control medium (DMEM 1X, glucose (5 

mM) and BSA (0.1%)) containing LPA (10 µM or 20 µM) and cells were incubated for 

16 h. Thereafter, cells were incubated for 15 min with DMEM 1X and glucose (5 mM) 

with or without insulin (400 nM) to determine the effect of LPA signalling on insulin 

signalling. Through trial and error, 400 nM insulin was determined to be the lowest 
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concentration able to stimulate insulin response in our H9C2 cells (200 nM insulin was 

used on other cell-types which required lower concentrations to elicit a response). Cells 

were rinsed with PBS before every media change. After incubation with/without insulin, 

cells were rinsed with ice cold PBS and then harvested in 1 ml of ice cold PBS.  

2.2.6.2 Incubation of H9C2 cells with palmitate and LPA  

Differentiated H9C2 cells were serum-starved for 24 h in DMEM 1X (11966025; 

Thermo Fisher Scientific, MA, USA) medium with glucose (5 mM). After serum 

starvation medium was changed to 0.2 mM PA medium (palmitate (0.2 mM), BSA (2%), 

glucose (5 mM) in DMEM 1X) and 2% vehicle control medium BSA (2%), glucose (5 

mM) in DMEM 1X), and incubated for 24 h, or changed to 0.8 mM PA medium 

(palmitate (0.8 mM), glucose (5 mM) in DMEM 1X) and 2% vehicle control medium and 

incubated for 16 h.  For co-incubation of cells with LPA and palmitate, differentiated 

H9C2 cells were serum-starved (24 h) and medium was changed to 2% vehicle control 

medium, 20 µM LPA medium, 0.8 mM PA medium or 20 µM LPA and 0.8 mM PA 

medium (BSA (2%), LPA (20 µM), palmitate (0.8 mM), and glucose (5 mM) in DMEM 

1X) and incubated for 16 h. For co-incubation of cells with lower palmitate concentration 

(0.2 mM), media was changed to 2% vehicle control, 20 µM LPA medium, 0.2 mM PA 

medium or 20 µM LPA and 0.2 mM PA medium and incubated for 24 h. To examine 

insulin signalling, cells were then incubated with DMEM 1X and glucose (5 mM) 

medium with or without insulin (400 nM) for 15 min. Cells were rinsed with PBS before 

every media change. After the 15 min incubation cells were rinsed with ice cold PBS, 

then harvested in ice cold PBS (1 ml).  
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2.2.6.3 Insulin stimulation of isolated adult cardiomyocytes  

Cardiomyocytes isolated from wildtype and Het ATX-KO mice fed chow or 

HFHS were allowed to attach to laminin-coated plates (50,000 cells/35 mm plate) for 2 h 

and then serum-starved for 2 h in serum-free plating medium. After serum starvation, 

cells were incubated for 15 mins with either DMEM 1X and glucose (5 mM) with and 

without insulin (200 nM) to determine insulin signalling. Cells were rinsed with PBS 

before every media change. After the last incubation, cells were rinsed with ice cold PBS, 

then harvested in 1 ml of ice cold PBS.  

2.2.6.4 Incubation of neonatal rat cardiomyocytes with palmitate and LPA 

After serum starvation, media was changed to DMEM 1X (11966025; Thermo 

Fisher Scientific, MA, USA), BSA (2%), ARAC (10 µmol), gentamycin (50 µg/ml), 

penicillin-streptomycin (1%), glucose (10 mM) supplemented with either LPA (20 µM), 

PA (0.8 mM), or a combination of, or PA (0.8 mM) and LPA (20 µM) and incubated for 

16 h. To assess insulin signalling, cells were incubated for 15 mins with either DMEM 

1X and glucose (5 mM) with or without insulin (200 nM). Cells were rinsed with PBS 

before every media change. After the last incubation, cells were rinsed with ice-cold PBS 

and then harvested in 1 ml of ice cold PBS.  

2.2.7 Fluorescence Microscopy   

To determine the effects of co-incubation of LPA and palmitate on oxidative 

stress, differentiated H9C2 cells were incubated in vehicle control medium  or 0.8 mM 

PA, 20 µM LPA or  0.8 mM PA and 20 µM LPA media for 16 h.  Because this 

concentration of palmitate increases inflammation and apoptosis, the effect of co-

incubation of LPA with lower concentration of palmitate was also tested. H9C2 cells 



 
31 

 

were incubated with vehicle control medium, 0.2 mM PA medium, 20 µM LPA medium 

or 0.2 mM PA with 20 µM LPA medium for 24 h.  Thereafter, media were changed to 

DMEM 1X medium with glucose (5 mM) and MitoSOX (3 µM; Stock 5 mM MitoSOX 

in DMSO, Thermo Fisher scientific, M36008 Ex/Em 510/580 nm), and incubated for 15 

min followed by counter staining of nuclei with Hoechst 33342 (Thermo Fisher scientific) 

for 7 min. Live cell images at 20X magnification were obtained using an EVOS 

microscope and Zeiss near confocal microscope, and fluorescence intensity was measured 

using Cell Profiler software (Carpenter Lab, Broad Institute of Harvard and MIT).  

2.2.8 Assessment of Cell Viability  

To evaluate cell viability and proliferation of H9C2 cells following incubation 

with palmitate and/or LPA, cells were seeded in a 96 well plate (10,000 cells/well) and 

incubated in the presence or absence of LPA and palmitate as indicated in section 2.2.6.2 

and cell viability was assessed using PrestoBlue™ Cell Viability Reagent (Life 

Technologies A13262,), which is reduced by metabolically active cells transforming the 

solution from blue to a pink and increasing absorbance compared to metabolically 

inactive cells. After incubation with palmitate and/or LPA, media were carefully removed 

using a multichannel pipette to not disrupt the cell monolayer. Cells were rinsed with PBS 

and incubated with 1X PrestoBlue™ Cell Viability Reagent (1:10 dilution in media 

containing glucose (5 mM) in DMEM 1X )(2 h at 37 °C and 5% CO2). Absorbance was 

measured at 570 nm using the Synergy H4 Hybrid Microplate reader and absorbance of 

medium alone was used as reference normalization.  
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 2.3 Immunoblot Analysis 

Heart lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS – PAGE), proteins were transferred onto a nitrocellulose membrane 

and blotted proteins were visualized using reversible Coomassie stain (24580; MemCode 

Reversible protein Stain, Pierce, Thermo Fisher Scientific). Reversible stain was erased 

and membrane was blocked in 5% skim milk in Tris-buffered saline with Tween 20 

(TBS-T; Tris (20 mM), NaCl (150 mM), Tween 20 (0.1%) ) for 1 h. Targets were probed 

overnight (4ºC) using the primary antibodies (1:1000, milk (1%) in TBST): anti-Cleaved 

Caspase 3 (9664; Cell Signaling), anti-pJNK T183/Y185(4688; Cell Signaling), anti-JNK 

(sc-571; Santa Cruz), anti-pP70S6K Thr389 (9234; Cell Signaling), anti-p70S6K (9202; 

Cell Signaling), anti-pS6 Ser240/244 (2215; Cell Signaling), anti-S6 (2217; Cell 

Signaling), anti-Pan Actin (sc-1616; Santa Cruz), anti-pAKT Ser473 (sc-7985; Santa 

Cruz), anti-pAKT Thr308 (9275; Cell Signaling), anti-AKT (5-591; Millipore), anti-IR 

1162/1163 (44804G; Life Technologies), anti-IR beta (sc-713; Santa Cruz), anti-

pGSK3α/β Ser21/9 (9331; Cell Signaling), anti-GSK3 (9315; Cell Signaling), anti-SDHA 

(ab14715; Abcam), anti-IRS1 Y612 (44-816; Novex), anti-RAN (610341; BD 

Biosciences). Incubation with horseradish peroxidase-conjugated anti-rabbit (sc-2054; 

Santa Cruz), anti-mouse (sc-2055; Santa Cruz), or anti-goat (sc-2020-dup11501; Santa 

Cruz) secondary antibody (1:2000 in 5% skim milk in TBS-T) was performed (room 

temperature for 1 h). Immunoblots were developed using the Western Lightning Plus-

ECL enhance chemiluminescence substrate (Perkin Elmer, Waltham, MA). Densitometry 

analysis was performed using Image lab software (Bio-Rad) and band intensity was 

corrected to protein stain then loading control or total protein.  
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2.4 Sarcomere Shortening Analysis 

From each group of wildtype and Het ATX-KO mice fed HFHS or chow diet, 

hearts were excised and cardiomyocytes were isolated as described in section 2.2.4 and 

seeded at 25,000 cells/coverslip in plating medium on 25 mm by 25 mm coverslips. After 

2 h to allow cardiomyocytes to attach to laminin coated coverslips, cardiomyocytes were 

used to determine contractility of wildtype versus Het ATX-KO cardiomyocytes after 20 

weeks of chow or HFHS diet. Cardiomyocytes in EBSS medium (14155063; Thermo 

Fisher Scientific) containing calcium (1.25 mM), were electrically stimulated (10 V at 1 

Hz for 1-1.5 mins; Ionoptix electrical stimulator). Sarcomere length was determined using 

the PTI RatioMaster (HORIBA) monochromator-based wide-field microscope system. 

The sarcomere shortening module of the PTI RatioMaster was set to collect 30 

measurements of sarcomere length per contraction. From each contraction, baseline 

length, percent sarcomere shortening, rate of contraction and rate of relaxation was 

measured. Each cardiomyocyte analyzed for sarcomere length was considered an n of 1 

and 10 contractions were averaged to determine baseline length, the percentage sarcomere 

shortening, rate of contraction and rate of relaxation for each cardiomyocyte.  

2.5 Statistical Analysis  

 

Results are expressed as mean ± S.E.M. Comparison between multiple groups was 

performed using a One-way or Two-way analysis of variance (ANOVA) followed by 

Tukey multiple comparison test or Sidak  multiple comparison test. Unpaired t-tests were 

also performed where indicated using GraphPad Prism software. P-value of less than 0.05 

were considered statistically significant.     
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CHAPTER 3: RESULTS 

3.1 Lysophosphatidic Acid Upregulates Insulin Signalling Targets in Insulin-

Sensitive H9C2 Cells.  

Insulin signalling activates PI3K, which leads to PDK1 activation and 

upregulation of both AKT and P70S6K pathways [137]. Signalling through LPA 

receptors  activates PI3K and therefore may influence insulin signalling (Figure 3.1 B) 

[138]. Through activation of PI3K, LPA can upregulate AKT and P70S6K pathways 

[139, 140] and therefore may be an enhancer of insulin signalling. On the other hand, 

chronic upregulation of P70S6K can trigger a negative feedback loop, which results in the 

inhibition of insulin receptor substrate, and decrease of insulin signalling [67, 141, 142]. 

To examine the effects of LPA on cardiac insulin signalling, I employed an in vitro model 

of differentiated H9C2 cardiomyofibroblast cells incubated in the absence or presence of 

oleoyl-LPA (18:1), which is an abundant LPA species in plasma and commonly used in 

laboratory experiments [140]. H9C2 cells are derived from embryonic rat heart, can be 

differentiated to myotubes, and exhibit signalling properties that are similar to cardiac 

muscle cells [143]. In this study, differentiated H9C2 cells were incubated with LPA (10 
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µM and 20 µM) bound to delipidated BSA (0.1%), mimicking physiological and 

pathophysiological serum concentrations, respectively [127, 140, 144], for 16 h. Control 

cells were incubated with BSA (0.1%). Thereafter, cells were further incubated with or 

without insulin (400 nM, for 15 mins) and phosphorylation of major insulin signalling 

targets, specifically AKT, P70S6K and S6, in cell lysates was examined by 

immunoblotting analysis (Figure 3.1 C).  

At baseline, LPA (10 µM and 20 µM) significantly increased levels of AKT 

phosphorylated at S473 4.7-fold and 6.5-fold, respectively, compared to vehicle control 

(Figure 3.1 D). Incubation with insulin led to the significant upregulation of AKT pS473 

levels in all groups. Pre-incubation with LPA (20 µM) significantly increased levels of 

insulin stimulated AKT pS473 compared to insulin-stimulated vehicle control (Figure 3.1 

D), while insulin-stimulated AKT pS473 levels were unchanged upon pre-incubation with 

LPA (10 µM)  (Figure 3.1 D). Despite the upregulation of insulin-stimulated AKT pS473 

by LPA (20 µM), the fold stimulation of AKT pS473 levels comparing insulin-stimulated 

vs. control groups was lower upon LPA pre-incubation. In the vehicle group, insulin 

stimulation resulted in a 6-fold upregulation of AKT pS473 while only a 1.7 and 1.5-fold 

upregulation was observed in the LPA (10 µM and 20 µM) groups, respectively (Figure 

3.1 D). Taken together, these data suggest that LPA increases AKT pS473 levels in H9C2 

cells, but reduces the effectiveness of insulin to stimulate AKT pS473.  

Similar to the upregulation of AKT pS473, LPA (10 µM and 20 µM) increased 

levels of P70S6K phosphorylated at T389 2.0-fold compared to vehicle control (Figure 

3.1 E). Incubation with insulin resulted in the upregulation of P70S6K pT389 in all 

groups. However, the fold stimulation compared to no-insulin control was less upon pre-
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incubation with LPA (2.6-fold in vehicle group, 1.7-fold in 10 µM LPA group, 1.8-fold in 

20 µM LPA group), suggesting that LPA reduces the insulin-stimulated increase in 

P70S6K pT389 in H9C2 cells.   

In comparison to AKT pS473 and P70S6K pT389, LPA-induced changes in 

phosphorylated levels of S6 were less pronounced. At baseline, LPA (20 µM) 

significantly increased levels of S6 phosphorylated at S240/244 by 1.5-fold compared to 

vehicle control (Figure 3.1 F) while LPA (10 µM) had no effect. Levels of insulin-

stimulated S6 p S240/244 were similar between groups with a 1.6-fold, 1.3-fold, and 1.3-

fold increase from baseline in vehicle, LPA (10 µM LPA and 20 µM) groups, 

respectively.  These results suggest that, similar to the trend seen in AKT phosphorylated 

at S473 and P70S6K phosphorylated at T389, pre-incubation with LPA increased baseline 

levels of S6 phosphorylation at S240/244, resulting in lower insulin-stimulated increase in 

S6 pS240/244 levels. Taken together, these trends may indicate that increasing 

concentration of circulating LPA as seen in obesity and insulin resistance, may reduce 

insulin-stimulated upregulation of key targets in the insulin signalling pathway.   
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Figure 3. 1. Lysophosphatidic acid (18:1) increases phosphorylation of proteins 

downstream of PDK1 at baseline and following insulin stimulation.   

A) Experimental design and timeline for the incubation of H9C2 cells with BSA (0.1%), 

LPA (10µM), or LPA (20µM) for 16h and subsequent stimulation with 400nM insulin for 

15 minutes. B) Schematic showing how LPA and insulin receptor signalling pathways 

intercept at PI3K. C) Immunoblot and D) densitometric analysis of AKT phosphorylation 

at S473 E) densitometric analysis of P70S6K phosphorylation at T389 F) densitometric 

analysis of S6 phosphorylation at S240/244 normalized to protein stain and respective 

total protein. Means are noted above bars and fold change to no-insulin control is noted 

above dotted lines. Graph represents mean ± S.E.M., comparison to vehicle control 

indicated by *, comparison to vehicle insulin indicated by $, degree of significance is 

indicated by number of symbols: 1 symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - 

P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, followed by Sidak’s multiple 

comparison test; n = 9 (three independent experiments with three replicates); Ctrl: no-

insulin control, INS: insulin, A.U.: arbitrary units, FC: fold change. 
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3.2 Incubation With Palmitate Leads to Insulin Resistance in H9C2 Cells.  

 

To determine whether LPA alters insulin signalling in H9C2 cells subjected to 

conditions mimicking obesity/diabetes, i.e. high concentrations of circulating FA, I 

sought to establish a lipotoxicity-induced H9C2 insulin resistance model. Lipotoxicity 

may induce insulin resistance by several mechanisms. Increasing circulating levels of FAs 

are taken up into cardiac cells by FA transporters, lipoprotein lipase and through passive 

diffusion, leading to the accumulation of FAs in the cytoplasm that are converted into LC 

acyl-CoAs [145], which can be oxidized or incorporated into other lipids, e.g. 

diacylglycerols (DAGs) and ceramides (Figure 3.2 B), which also have lipotoxic 

properties and can induce apoptotic cell death and interfere with insulin signalling [146]. 

Specifically, DAGs and LC acyl-CoAs may activate JNK, IKK, and PKC signalling 

cascades that lead to serine phosphorylation and inhibition of IRS. Additionally, 

ceramides can inhibit AKT by promoting serine 473 dephosphorylation (Figure 3.2 B) 

[147, 148].      
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Figure 3. 2. Experimental design for H9C2 cell incubation with palmitate and 

mechanism of palmitate-induced insulin resistance.  
A) Experimental design and timeline of palmitate treatment of H9C2 cells. B) Schematic 

of how palmitate-induced cellular effects interact with insulin receptor signalling to 

induce insulin resistance. 

 

To establish a lipotoxicity-induced H9C2 insulin resistance model, I incubated 

H9C2 cells with either PA (0.2 mM for 24 h) or PA (0.8 mM for 16 h), followed by 

stimulation with insulin (Figure 3.2 A). Palmitate induces lipotoxic events in cardiac 

muscle cells [149-151], however, only recently has palmitate been used in H9C2 cells to 

establish an in vitro myocardial insulin-resistance model [152]. To determine whether 

incubation with palmitate induces lipotoxicity-induced apoptosis in H9C2 cells, I 

examined protein levels of cleaved caspase 3 in cell lysates (Figure 3.3 A, B). While 



 
40 

 

incubation with PA (0.8 mM for 16 h) markedly increased cleaved caspase 3 protein 

levels compared to control (incubated with delipidated BSA (2%)), incubation with PA 

(0.2 mM for 24 h) had a much more nuanced effect, leading to only a trend towards 

increased cleaved caspase 3 protein levels (Figure 3.3 A, B). These data suggest that 

palmitate stimulates apoptosis in H9C2 cells in a dose-dependent manner. Examination of 

insulin-stimulated phosphorylation of IRS1 at Y612, AKT at S473 and AS160 at T642 in 

cell lysates showed that both concentrations of palmitate blunted the insulin-stimulated 

increase in protein levels of phosphorylated IRS1, AKT, and AS160 (Figure 3.3 A, C-E). 

These data suggest that low and high concentrations of palmitate induce insulin resistance 

in H9C2 cells.  
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Figure 3. 3. Incubation of H9C2 cells with palmitate induces insulin resistance.  

A) Immunoblot and B) densitometric analysis of cleaved caspase 3, C) densitometric 

analysis of IRS-1 phosphorylation at Y612, D) densitometric analysis of AKT 

phosphorylation at S473 and E) densitometric analysis of AS160 phosphorylation at T642 

normalized to protein stain and actin. Graphs represent mean ± S.E.M., comparison 

between control and insulin incubated indicated by *; comparison to insulin incubated 

vehicle is indicated by $, degree of significance is indicated by number of symbols: 1 

symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - P<0.001, 4 symbols - P<0.0001; 

Two-way ANOVA, followed by Sidak’s multiple comparison test; n = 3 (1 independent 

experiment with three replicates). Ctrl: no-insulin control, INS: insulin. A.U.: arbitrary 

units  
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3.3. LPA Promotes Insulin Resistance in the Presence of Palmitate in H9C2 Cells  

To examine whether LPA can precipitate lipotoxicity-induced insulin resistance, I 

co-incubated H9C2 cells with LPA and palmitate and performed immunoblot analysis of 

the cell lysates.  Insulin stimulation resulted in a significant upregulation of AKT 

phosphorylation at S473 in cells pre-incubated with vehicle control medium, medium 

containing LPA (20 µM) and medium containing PA (0.8 mM), resulting in a 4.3, 2.1 and 

2.4-fold increase, respectively. Interestingly, insulin-stimulated upregulation of AKT 

pS473 phosphorylation was blunted in cells incubated with a combination of LPA (20 

µM) and PA (0.8 mM) (p =0.09, Figure 3.4 C). Additionally, insulin-stimulated cells pre-

incubated with both LPA and PA had significantly lower AKT phosphorylation compared 

to cells pre-incubated with 2% vehicle medium and medium containing PA (0.8 mM). 

These results suggest that co-incubation of H9C2 cells with LPA and palmitate reduced 

insulin sensitivity compared to other treatment groups stimulated with insulin. Due to 

variability in protein levels of total AKT protein, notably in the PA (0.8 mM) group 

(Figure 3.4 D), protein levels of AKT phosphorylated at S473 were also expressed 

relative to the loading control, SDHA (Figure 3.4 E). When corrected to loading control 

SDHA, levels of phosphorylated AKT at S473 at baseline significantly increased (2.2-

fold) after incubation with LPA (20 µM) compared to vehicle control (Figure 3.4 E), 

consistent to results in Figure 3.1 D. Moreover, pre-incubation with PA (0.8 mM) resulted 

in significantly lower AKT pS473 levels following insulin stimulation (2.8-fold increase) 

compared to vehicle control cells stimulated with insulin (4.0-fold increase) (Figure 3.4 

E). Additionally, co-incubation with PA (0.8 mM) and LPA (20 µM) significantly 

decreased insulin stimulated upregulation of AKT phosphorylated at S473 (1.7-fold 
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increase) compared to cells pre-incubated with BSA (2%) (4.0-fold increase), LPA (20 

µM) (3.2-fold increase and PA (0.8 mM) (2.8-fold increase). Taken together, these data 

suggest that pre-incubation of H9C2 cells with LPA and palmitate leads to marked insulin 

resistance at the level of AKT.  

Protein levels of phosphorylated P70S6K pT389/P70S6K were significantly 

increased in insulin-treated groups pre-incubated with palmitate (3.2-fold increase) and 

palmitate co-incubated with LPA (2.9-fold increase) in comparison to insulin stimulated 

cells pre-incubated with BSA (2%) or cells pre-incubated with LPA (20 µM) alone 

(Figure 3.4 F). P70S6K pT389 phosphorylation was also expressed over loading control 

because palmitate incubation was found to significantly reduce total P70S6K level 

(Figure 3.4 G). Comparison of non-insulin stimulated groups show total P70S6K level 

was significantly decreased in cells pre-incubated with PA (0.8 mM), compared to cells 

incubated with BSA (2%)  or LPA (20 µM) (Figure 3.4 G). P70S6K pT389 protein level 

expressed over loading control showed insulin significantly increased P70S6K pT389 

protein level (1.6-fold) in BSA pre-incubated group, PA (0.8 mM) pre-incubated group 

(2.1-fold) and in the group co-incubated with PA (0.8 mM) and LPA (20 µM )(2.2-fold) 

compared to their respective non–insulin-stimulated control groups (Figure 3.4 H). 

Insulin significantly increased P70S6K pT389 protein levels in cells pre-incubated with 

palmitate (3.8-fold) and cells co-incubated with palmitate and LPA (3.7-fold) compared 

to cells pre-incubated with BSA (2%) or LPA (20 µM) (Figure 3.4 H). Collectively, these 

findings suggest that, in the presence of high palmitate concentrations, LPA promotes 

insulin resistance at the level of AKT, but does not alter P70S6K activation 
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Figure 3. 4.  Co-incubation of H9C2 cells with 0.8 mM palmitate and 20 µM LPA 

decreases levels of AKT pS473.  
A) Signalling pathway of LPA, insulin and excessive fatty acids and how they may 

interact. B) Immunoblot and C) densitometric analysis of AKT phosphorylation at S473 

normalized to total AKT, D) densitometric analysis of total AKT normalized to loading 

control SDHA, E) densitometric analysis of AKT phosphorylation at S473 normalized to 

total SDHA, F) P70S6K phosphorylation at T389 normalized to total P70S6K, G) 

densitometric analysis of P70S6K normalized to SDHA, H) densitometric analysis of 

P70S6K phosphorylation at T389 normalized to SDHA. Graph represents mean ± S.E.M., 

comparison between control and insulin stimulated groups indicated by *, comparison to 

vehicle insulin indicated by $, comparison to LPA (20 µM) stimulated with insulin 

indicated by #; comparison to control LPA (20 µM) indicated by ^; degree of significance 

is indicated by number of symbols: 1 symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - 

P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, followed by Sidak’s multiple 

comparison test; n = 9 (three independent experiments with three replicates); Ctrl: no-

insulin control, INS: insulin, A.U.: arbitrary units, FC: fold change 
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3.4 LPA Does not Influence Palmitate-Induced Inflammatory Signalling and 

Apoptosis in H9C2 Cells. 

Once it was established that LPA exacerbated palmitate-induced insulin resistance 

in H9C2 cells, I next wanted to examine whether LPA’s effect on insulin signalling may 

be due to the stimulation of inflammatory signalling. Increased inflammation is a known 

mechanism of insulin resistance and plays an important role in palmitate-induced insulin 

resistance [24, 31, 98]. To examine the effect of LPA on palmitate-induced inflammatory 

signalling, H9C2 cells were co-incubated with PA (0.8 mM) and LPA (20 µM) for 16 h 

(Figure 3.5 A). Protein levels of JNK phosphorylated at T183/Y185, a marker of 

inflammation [153, 154], were determined through immunoblot analysis. As expected, 

incubation with palmitate led to an upregulation of phosphorylated JNK levels in both 

non-insulin (3.1-fold increase) and insulin-stimulated (4.6-fold increase) groups 

compared to cells incubated with BSA (2%) or LPA (20 µM) (Figure 3.5 B, C). Co-

incubation of cells with palmitate and LPA led to an upregulation of phosphorylated JNK 

levels in both non-insulin (3.5-fold increase) and insulin stimulated (4.9-fold increase) 

groups that was similar to cells incubated with only palmitate (Figure 3.5 B, C). These 

results suggest that LPA does not ameliorate or exacerbate palmitate-induced 

inflammatory signalling. In addition to inducing inflammatory signalling, palmitate or, 

more specifically, palmitate-derived ceramides are known to induce apoptosis leading to 

ventricular dysfunction [155-157]. Therefore, I next determined if co-incubation of cells 

with palmitate and LPA exacerbates palmitate-induced apoptosis. Apoptosis was 

determined by examining protein levels of cleaved caspase 3, a marker of apoptosis and 

cell viability through PrestoBlue™ cell viability assay (Figure 3.5 D-E). Incubation with 
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doxorubicin (10 µM, DOX), a potent cytotoxic agent [158, 159], served as positive 

control in the cell viability assay. 

As expected, incubation with palmitate led to an upregulation of cleaved caspase 3 

protein levels in both non-insulin (8.1-fold increase) and insulin stimulated (4.6-fold 

increase) groups compared to cells incubated with 2% BSA or 20 µM LPA (Figure 3.5 

B,D). Co-incubation of palmitate and LPA similarly led to an upregulation of cleaved 

caspase 3 protein levels in both non-insulin (10.0-fold increase) and insulin stimulated 

(3.1-fold increase) groups compared to cells incubated with BSA (2%) or LPA (20 

µM)(Figure 3.5 B,D). Interestingly, 15 min insulin stimulation significantly decreased 

cleaved caspase 3 levels in cells incubated with palmitate by 1.8-fold and cells incubated 

with both palmitate and LPA by 3.2-fold compared to their respective controls incubated 

in the absence of insulin (Figure 3.5 B, D). Cell viability assay showed that a 16 h 

incubation with PA (0.8 mM) reduced cell viability to 39% compared to DMEM 1X 

medium supplemented with glucose (5 mM) which was set to 100% cell viability. 

Additionally, PA (0.8 mM) incubation significantly reduced cell viability compared to 

cells incubated with DOX (51% cell viability). Cell viability was 88% in the group 

incubated with BSA (2%) and 84% in cells incubated with LPA (20 µM) (Figure 3.5 E). 

Co-incubation with PA (0.8 mM) and LPA (20 µM) reduced cell viability to 46%, which 

was not significantly different to the viability of cells incubated with palmitate alone 

(Figure 3.5 E). Since PA (0.8 mM) showed a dramatic effect on cell viability, incubation 

with a lower concentration of palmitate (0.2 mM) was used to determine if LPA 

exacerbated cell apoptosis at lower and less toxic palmitate concentrations. Cells were 

incubated with palmitate (0.2 mM) for 24 h, a concentration and time point that induced 
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insulin resistance, but not significantly increased cleaved caspase 3 levels (Figure 3.3 B). 

24 h incubation with PA (0.2 mM) reduced cell viability to 68%, which was significant 

compared to DMEM 1X medium supplemented with glucose (5 mM) (set to 100% cell 

viability) and BSA (2%), which showed 98% cell viability. Similarly, co-incubation with 

PA (0.2 mM) and LPA (20 µM) reduced cell viability to 68%, (Figure 3.5 F). These 

results suggest that at lower levels of palmitate, LPA does not ameliorate or exacerbate 

the palmitate-induced reduction in cell viability. In the absence of palmitate, 16-h 

incubation with LPA did not alter cell viability (84%), while a 24-h incubation with LPA 

significantly reduced cell viability (75%) compared to control incubated with BSA (2%) 

(Fig. 3.5 E, F), suggesting that LPA reduces cell survival/proliferation in a time-

dependent manner.  
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Figure 3. 5. Co-incubation of H9C2 cells with palmitate and LPA does not attenuate 

palmitate-induced inflammation and apoptosis.  
A) Experimental design and timeline of co-incubation of H9C2 cells with PA (0.8mM) 

and LPA (20 µM) and subsequent insulin stimulation; control cells were incubated with 

BSA (2%). B) Immunoblot and C) densitometric analysis of JNK phosphorylation at 

T183/Y185 normalized to loading control SDHA, D) densitometric analysis of cleaved 

caspase 3 normalized to caspase 3. E) Viability of H9C2 cells 16 h after incubation with 

0.8 mM palmitate and/or LPA (20µM). F) Viability of H9C2 cells 24 h after incubation 

with 0.2 mM palmitate and/or LPA (20µM). Graph represents mean ± S.E.M., 

comparison to vehicle control indicated by *, comparison to LPA (20 µM) control 

indicated by $, comparison to vehicle insulin indicated by ^, comparison to LPA (20 µM) 

insulin indicated by &, comparison between control and insulin groups indicated by #, 

comparison to DMEM 1X indicated by ~, comparison to palmitate induction indicated by 

! , comparison to palmitate and LPA co-incubation indicated by /, degree of significance 

is indicated by number of symbols: 1 symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - 

P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, followed by Sidak’s multiple 

comparison test; n = 9 (three independent experiments with three replicates) was used for 

densitometric statistics; One-way ANOVA, followed by Tukey’s multiple comparison 

test was used for cell viability statistics; n = 12 (3 independent experiments with 4 

replicates); Ctrl: no-insulin control, INS: insulin, A.U.: arbitrary units.  
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3.5 LPA Increases Oxidative Stress in the Presence of Palmitate in H9C2 Cells.  

Obesity is associated with increased oxidative stress in the heart and oxidative 

stress has also been implicated in the pathophysiology of insulin resistance. Thus, I next 

evaluated if LPA increases oxidative stress in H9C2 cells incubated with palmitate. Cells 

incubated for 24 h with BSA (2%), LPA (20 µM), PA (0.2 mM) and co-incubated with 

PA (0.2 mM) and LPA (20 µM) were exposed to MitoSOX (3 µM), a fluorescent 

indicator of oxidative stress, which is specifically oxidized by superoxides producing an 

oxidized product that is highly fluorescent upon binding to nucleic acids. Incubation with 

MitoSOX showed that incubation with BSA (2%) and LPA (20 µM) did not induce 

oxidative stress through mitochondrial superoxide production (Figure 3.6 B-E). The 

group incubated with PA (0.2 mM) showed a slight increase in superoxide production, 

but was not significantly different to cells incubated with BSA (2%) or LPA (20 µM) 

(Figure 3.6 B-C). Interestingly, co-incubation of cells with PA (0.2 mM) and LPA (20 

µM) significantly increased superoxide levels in these cells in comparison to all other 

groups (Figure 3.6 B-C).  Incubation with PA (0.8 mM) and co-incubation of PA (0.8 

mM) and LPA (20 µM) significantly increased superoxide levels compared to cells 

incubated with BSA (2%) or LPA (20 µM) (Figure 3.6 D-E).  These results suggest that, 

depending on the dose of palmitate, LPA can induce oxidative stress through increased 

mitochondrial superoxide production.      
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Figure 3. 6. Co-incubation of H9C2 cells with low palmitate and LPA increases 

oxidative stress.   
A) Experimental design and timeline of co-incubation of H9C2 cells with PA (0.8 mM) 

and LPA (20 µM) and subsequent insulin stimulation; control cells were incubated with 

2% BSA. B) Representative fluorescence microscopy images of Hoechst 33342 and 

MitoSOX (3µM) stained cells after 24 h incubation with indicated substrates, images 

taken with EVOS Microscope (20X magnification), and C) graphical representation of the 

fluorescent images. D) Fluorescence microscopy images (20x magnification) of Hoechst 

33342 and MitoSOX (3µM) stained cells after 16 h incubation with indicated substrates, 

images taken with Zeiss Microscope, and E) graphical representation of the fluorescent 

images. Graph represents mean ± S.E.M., comparison to vehicle control indicated by *, 

comparison to vehicle insulin indicated by $, degree of significance indicated by number 

of symbols; 1 symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - P<0.001, 4 symbols - 

P<0.0001; one-way ANOVA, followed by Tukey’s multiple comparison test; n = 4-6 

independent experiments with 50-200 florescent measures per image. 



 
51 

 

 

3.6 LPA Exacerbates Insulin Resistance in The Presence of Palmitate in Neonatal 

Rat Cardiomyocytes. 

I then examined whether LPA also exacerbates insulin resistance in primary 

neonatal rat cardiomyocytes (NRCMs), which more closely reflect cardiomyocytes in the 

intact heart. Incubation with PA (0.8 mM) and/or LPA (20 µM) for 16 h caused extensive 

cell death in NRCMs (data not shown). Due to this increased sensitivity to palmitate and 

LPA, cells were incubated with PA (0.6 mM) and/or LPA (10 µM) for 16 h. Co-

incubation of cardiomyocytes with PA (0.6 mM) and LPA (10 µM) significantly 

decreased insulin-stimulated phosphorylation of IR at Y1162/1163, GSK3α/β at S21/9 

and S6 at S240/244 in comparison to cells incubated with palmitate alone (Figure 3.7 B, 

C D, and E). These results are consistent with results obtained with H9C2 cells. Taken 

together, these data suggest that LPA exacerbates palmitate-induced toxicity and insulin 

resistance in primary cardiomyocytes.  
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Figure 3. 7.  Palmitate and LPA co-incubation decreases protein level of downstream 

insulin signalling targets in neonatal rat cardiomyocytes.  
A) Experimental design and timeline, of NRCMs incubated with BSA (2%), LPA (10 

µM), palmitate (0.6 mM) and co-incubated with palmitate (0.6 mM) and LPA (10 µM). 

B) Immunoblot and C) densitometric analysis of IR phosphorylation at Y1162/1163 

normalized to IR beta. D) densitometric analysis of GSK3α/β phosphorylation at S21/9 

normalized to GSK3 E) densitometric analysis of S6 phosphorylation at S240/244 

normalized to S6. Graph represents mean ± S.E.M., comparison between plus or minus 

insulin groups indicated by *, comparison to vehicle insulin indicated by $, comparison to 

LPA (10 µM) insulin indicated by #, comparison to palmitate (0.6 mM) insulin indicated 

by !, degree of significance is indicated by number of symbols: 1 symbol - P < 0.05, 2 

symbols - P<0.01, 3 symbols - P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, 

followed by Sidak’s multiple comparison test; and unpaired t test; n = 3 (3 groups of 

pooled 10-20 hearts). 
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3.7 Heterozygous Autotaxin Knockout Mice Fed High Fat-High Sucrose Diet, Show 

Reduced Weight Gain and are Protected From Myocardial Insulin Resistance.  

Since our data suggested that LPA exacerbates insulin resistance in lipotoxic 

conditions in vitro using H9C2 cells and NRCMs, I next investigated if a reduction of 

circulating LPA in vivo could improve cardiac insulin sensitivity in mice fed an 

obesogenic diet containing high fat and high sucrose (HFHS). We utilized mice that were 

haploid deficient of autotaxin (Het ATX-KO) [160] and littermate wildtype mice as 

controls. Mice were donated by Dr. Vassilis Aidinis and our mouse cohorts were bred and 

maintained by Kenneth D’Souza and myself.  Het ATX-KO mice have ~50% reduced 

circulating ATX and LPA levels and display a normal phenotype while total ATX-KO is 

embryonically lethal [160]. To induce obesity, male wildtype and Het ATX-KO mice 

were fed chow or HFHS diet for 20 weeks and weight gain was recorded weekly (Figure 

3.8 A, B). While both wildtype and Het ATX-KO mice developed obesity following 

HFHS feeding, Het ATX-KO mice fed HFHS gained less weight than wildtype mice, 

which was evident after 12 weeks of feeding (Figure 3.8 B). To examine myocardial 

insulin signalling, chow and HFHS-fed mice were injected with saline or insulin (10 

units/kg). Following insulin injection, blood glucose dropped markedly and to a 

comparable level in all groups examined (Figure 3.8 C).  I subsequently performed 

immunoblot analysis to determine insulin-stimulated AKT phosphorylation in lysates of 

heart ventricles. Insulin stimulation led to a significant upregulation of AKT 

phosphorylation at T308 and S473 in all groups (Figure 3.9 B-D). As expected, insulin-

stimulated AKT phosphorylation was markedly reduced in hearts from HFHS-fed 

compared to chow-fed wildtype mice, demonstrating that HFHS feeding led to 
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myocardial insulin resistance (Figure 3.9 B, -D). Interestingly, levels of phosphorylated 

AKT at S473 was higher in HFHS-fed Het ATX-KO mice compared to wildtype after 

insulin injection. Levels of phosphorylated AKT at T308 also increased after insulin 

injection in HFHS-fed Het ATX-KO mice, but were not significantly different from 

wildtype mice (Figure 3.9 B, -D). These data suggest that heterozygous ATX deficiency 

and chronically reduced LPA levels may protect against obesity-induced cardiac insulin 

resistance in vivo.   
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Figure 3. 8.  Heterozygous autotaxin knockout mice fed high-fat high-sucrose diet 

show reduced weight gain and blood glucose drop after 10U/kg insulin injection is 

evident in all groups.  
A) Timeline of HFHS feeding experiments in wildtype and ATX Het KO mice. B) 

Weight gain expressed as fold change from initial weight of wildtype and Het ATX-KO 

mice fed chow or HFHS diet. C) Measured blood glucose of wildtype and autotaxin 

heterozygous knockout mice fed chow or HFHS diet after insulin injection (10U/kg). 

Graph represents mean ± S.E.M., comparison between wildtype and Het ATX-KO mice 

indicated by *, comparison between pre and post insulin injection indicated by $, degree 

of significant indicated by number of symbols: 1 symbol - P < 0.05, 2 symbols - P<0.01, 

3 symbols - P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, followed by Sidak’s 

multiple comparison test; n = 5-6 mice per group. 
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Figure 3. 9.  Heterozygous autotaxin knockout mice fed high-fat high-sucrose diet 

show improved insulin sensitivity compared to wildtype mice.  
A) Timeline and experimental design of HFHS diet study and heart extraction. B) 

immunoblot analysis of whole heart lysates of wildtype and Het ATX-KO mice fed chow 

or HFHS diet. C) densitometric analysis of AKT phosphorylation at T308 normalized to 

total AKT, D) densitometric analysis of AKT phosphorylation at S473 normalized to total 

AKT. Graph represents mean ± S.E.M., comparison to respective insulin minus group 

indicated by *, comparison to respective chow plus insulin group indicated by $, 

comparison between wildtype and Het ATX-KO indicated by #, degree of significant 

indicated by number of symbols: 1 symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - 

P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, followed by Sidak’s multiple 

comparison test; n = 4-6 mice per group. 
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3.8 Cardiomyocytes Isolated From Heterozygous Autotaxin Knockout Mice Fed 

High-Fat High-Sucrose Diet Show Improved Insulin Sensitivity.  

Since the heart consists of many cell types besides cardiomyocytes, I next 

determined insulin signalling specifically in cardiomyocytes isolated from hearts of 

wildtype and HET ATX-KO mice fed chow or HFHS diet following incubation of cells 

with insulin (200 nM, 15 mins).  Insulin-stimulated AKT phosphorylation at S473 was 

reduced in cardiomyocytes from HFHS-fed compared to chow-fed wildtype mice (Figure 

3.10 B), while cardiomyocytes from HET ATX-KO mice were protected from HFHS 

diet-induced impairment of AKT phosphorylation (Figure 3.10 B).  Similar results were 

observed for phosphorylation of GSK3α/β at S21/9, a downstream target of AKT (Figure 

3.10 C). Cardiomyocytes isolated from Het ATX-KO mice were protected from HFHS-

induced downregulation of GSK3 phosphorylation when compared to wildtype mice 

(Figure 3.10 C). Taken together, these data suggest that a chronic reduction in autotaxin 

and LPA in vivo protects cardiomyocytes from obesity-induced insulin resistance. 
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Figure 3. 10.  Cardiomyocytes isolated from heterozygous autotaxin knockout mice 

fed high-fat high-sucrose diet show improved insulin sensitivity compared to 

wildtype mice.  

A) Immunoblot of isolated cardiomyocytes, treated with or without insulin (200 nM) after 

2 h serum starvation, from wildtype and Het ATX-KO mice fed chow or HFHS diet. B) 

densitometric analysis of AKT phosphorylation at S473 normalized to total AKT. C) 

densitometric analysis of GSK3α/β phosphorylation at S21/9 normalized to total GSK3. 

Graph represents mean ± S.E.M., comparison to respective no insulin group indicated by 

*, comparison to respective chow plus insulin group indicated by $, comparison between 

wildtype and Het ATX-KO indicated by #, degree of significance indicated by number of 

symbols: 1 symbol - P < 0.05, 2 symbols - P<0.01, 3 symbols - P<0.001, 4 symbols - 

P<0.0001; Two-way ANOVA, followed by Sidak’s post hoc test; n = 4 mice per group. 

 

 

 

3.9 Cardiomyocytes Isolated From Heterozygous Autotaxin Knockout Mice are 

Protected From High-Fat High-Sucrose Diet-Induced Contractile Dysfunction  

Cardiac insulin resistance impairs the nutritional flexibility of the heart. Rather 

than rapidly adjusting nutrient metabolism to utilize substrates based on their availability 
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in circulation, the insulin resistant myocardium must rely mostly on fatty acids for energy 

and has a reduced ability to utilize glucose as a fuel source [161]. As a result, the insulin-

resistant myocardium shows elevated reactive oxygen species production, mitochondrial 

dysfunction and apoptosis [73, 162-164]. These alterations have the potential to cause 

myocardial dysfunction leading to cardiomyopathy and the eventual development of heart 

failure. Since Het ATX-KO mice fed HFHS diet showed better cardiomyocyte insulin 

sensitivity in comparison to HFHS-fed wildtype mice, I next investigated if Het ATX-KO 

mice fed HFHS have improved cardiac function using sarcomere shortening analysis in 

electrically stimulated cardiomyocytes. At baseline, cardiomyocytes isolated from Het 

ATX-KO mice fed HFHS had moderately longer sarcomeres (Figure 3.11 D) than those 

from chow-fed Het ATX-KO mice, although sarcomere length for all groups were within 

normal range. Fractional shortening and rate of contraction and relaxation were 

significantly reduced in cardiomyocytes from HFHS-fed wildtype mice compared to 

chow, suggesting that HFHS feeding led to cardiomyocyte dysfunction in wildtype mice 

(Figure 3.12 A-D). Interestingly, fractional shortening and rate of contraction and 

relaxation remained unchanged in cardiomyocytes from Het ATX-KO mice compared to 

chow (Figure 3.12 A-D). Taken together, these data suggest that partial ATX deficiency 

and reduced LPA levels protect cardiomyocytes from dysfunction following diet-induced 

obesity.  
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Figure 3. 11. Cardiomyocytes isolated from heterozygous autotaxin knockout mice 

fed high-fat high-sucrose diet show increased sarcomere length although within 

normal range.  

A) Timeline of cardiomyocyte isolation and sarcomere length measurement. B) 

Representation of areas selected for sarcomere analysis. C) Resulting contractions after 

averaging 10 contractions per cardiomyocytes (n = 7-12 cardiomyocytes from 2-3 mice 

per group). D) Sarcomere length averaged from 10 contractions per cardiomyocyte (n = 

7-12 cardiomyocytes from 2-3 mice per group).  E) Representative traces collected from 

cardiomyocytes isolated from wildtype and Het ATX-KO mice fed chow or HFHS diet. 

Graph represents mean ± S.E.M., comparison to Het ATX-KO fed chow indicated by $, 

degree of significance indicated by number of symbols: 1 symbol - P < 0.05, 2 symbols - 

P<0.01, 3 symbols - P<0.001, 4 symbols - P<0.0001; Two-way ANOVA, followed by 

Sidak’s multiple comparison test; n = 7-12 cardiomyocytes from 2-3 mice per group.   
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Figure 3. 12. Cardiomyocytes isolated from heterozygous autotaxin knockout mice 

fed high-fat high-sucrose diet show improved cardiac function compared to wildtype 

mice.  

A) Percent fractional shortening during contraction relative to baseline sarcomere length 

(100%). B) Percent fractional shortening at the deepest point of contraction/shortest 

sarcomere length. C) Rate of contraction/rate of transition from fully expanded to fully 

contracted sarcomeres measured between 1-2 on figure A. D) Rate of relaxation/rate of 

transition from fully contracted to fully relaxed sarcomeres measured between 2-3 on 

figure A. Graph represents mean ± S.E.M., comparison between chow and HFHS 

indicated by $, comparison between wildtype and Het ATX-KO cardiomyocytes 

indicated by #; degree of significance indicated by number of symbols: : 1 symbol - P < 

0.05, 2 symbols - P<0.01, 3 symbols - P<0.001, 4 symbols - P<0.0001; Two-way 

ANOVA, followed by Sidak’s multiple comparison test;  n = 7-12 cardiomyocytes from 

2-3 mice per group. 
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CHAPTER 4: DISCUSSION 

Autotaxin levels increase with obesity-induced insulin resistance in murine models 

[115] as well as correlate with measures of obesity and insulin resistance in obese humans 

[116, 117]. As a major generator and regulator of circulating LPA the correlation of ATX 

to insulin resistance and ultimately glucose homeostasis implicates LPA as a possible 

mediator. LPA is present in many body fluids, with the highest concentration in serum 

(10 µM) [140]. The influence of LPA and ATX on insulin signalling in cardiomyocytes 

has not been heavily investigated. Most of the data collected implicating the ATX-LPA 

signalling axis in obesity and glucose homeostasis utilized adipose tissue, skeletal muscle 

and hepatic tissue. Additionally, cardiovascular research involving LPA mostly focused 

on atherosclerosis, ischemia-reperfusion injury and fibrosis rather than diabetic 

cardiomyopathy or cardiac insulin resistance.  This study was the first to investigate the 

implication of LPA signalling in cardiomyocytes under lipotoxicity conditions in vitro 

and as well as the first to investigate the role of LPA in cardiac function and cardiac 

insulin signalling under obesogenic condition in vivo.  

LPA increased basal AKT and P70S6K phosphorylation in H9C2 cells in the absence 

of insulin (Figure 3.1), which is consistent with prior studies conducted using other cell 

types. For example, a colon cancer cell line (Caco-2 cells) incubated with LPA similarly 

showed upregulation of phosphorylated AKT and p70S6K [165]. LPA signals through six 

G-coupled receptors which all can activate PI3K p110β through Gαi/oβγ proteins [138]. 

Additionally, LPA-induced phosphorylation of P70S6K in fibroblast cells depends on 

phospholipase D activation, which is known to be implicated in mTOR signalling [166]. 

In addition to activating the PI3K cascade, LPA can also stimulate PDK2 phosphorylation 
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through PKCδ [167]. The PI3K-AKT pathway regulates an array of cell survival and 

metabolism pathways and dysregulation of the PI3K-AKT pathway is linked to diseases 

like cancer, cardiovascular disease and diabetes [168, 169]. AKT activation by LPA 

contributes to cell survival as well as cell migration and proliferation [140, 170, 171].   

As expected, insulin increased levels of AKT pS473 and P70S6K pT389 significantly 

above non-insulin incubated cardiomyocytes (Figures 3.1). Additionally, insulin 

stimulated cells pre-exposed to LPA, had higher levels of AKT pS473 and P70S6K 

pT389 than cells just incubated with LPA. On the other hand, the magnitude of change 

between insulin-incubated and non-insulin controls decreased with increasing 

concentration of LPA (Figures 3.1), suggesting that LPA is interfering with insulin 

sensitivity and that cardiac cells pre-exposed to high levels of LPA are not as responsive 

to additional stimulation by insulin. As mentioned before, there are conflicting results on 

the effect of LPA on insulin signalling. In myotubes and adipocytes, LPA was found to 

upregulate glucose transport and work synergistically with insulin to increase glucose 

transport [128]. Conversely, isolated islets cells from mouse pancreas showed reduced 

insulin secretion when exposed to increasing levels of LPA [115], suggesting that in 

obese conditions, LPA may interfere with insulin secretion, contributing to the reduction 

in insulin secretion by beta cells seen in late stages of type 2 diabetes [172].     

Since the interaction between LPA and insulin showed increased protein levels of 

phosphorylated insulin signalling targets, but magnitude of increase by insulin was 

reduced by LPA, the next step was to determine if LPA would improve or exacerbate 

insulin resistance of insulin resistant cells. Cells were rendered insulin resistant by 

incubation with palmitate. Palmitate concentrations were selected to be within 



 
64 

 

physiological range. C57BL6 mice fasted for 12 h have been reported to have ∼ 0.87 

mEq/l (or mM) serum  NEFA [173] and humans have free fatty acid levels between 0.2 - 

0.8 mM throughout the day depending on fed and fasted states and levels elevate under 

conditions of metabolic stress, starvation or diabetes [71]. Women classified as 

moderately obese were found to have 0.61+/-0.14 mM plasma NEFA and grossly obese 

women had 0.81+/-0.21 mM plasma NEFA [174]. H9C2 cells were incubated with 

palmitate (0.2 mM for 24 h, or 0.8 mM for 16 h) to induce insulin resistance. NRCMs 

were incubated with 0.6 mM palmitate for 16 h, because 0.8 mM palmitate disrupted cell 

monolayer indicating toxicity, and 0.6 mM palmitate was still in range of the level of 

NEFA seen in obesity. Palmitate is often used to induce insulin resistance in in vitro 

studies [175]. Recently, palmitate was shown to impair β-oxidation and citric acid cycle 

flux in neonatal rat cardiomyocytes, suggesting that palmitate hinders lipid clearance and 

promotes toxic lipid intermediates accumulation in the heart [176]. This accumulation of 

toxic lipid intermediates is known to induce insulin resistance by inhibiting the activity of 

insulin receptor substrate and AKT. In this study, palmitate incubation in both H9C2 and 

neonatal cardiomyocytes significantly blunted insulin-induced phosphorylation of insulin 

signalling targets, and co-incubation with LPA and palmitate resulted in an additional 

decrease (Figure 3.4, 3.7).  Incubation of palmitate and co-incubation of palmitate and 

LPA showed increased levels of phosphorylated P70S6K. This may be due to palmitate-

induced dysregulation of mTOR. In skeletal muscle cells, palmitate decreases levels of 

phosphorylated AMPK, Raptor and 4EBP1 while increasing phosphorylated p70S6K 

levels [177]. Through inhibition of AMPK, palmitate induced hypo-phosphorylation of 

Raptor, leading to the activation of mTOR and hyper-phosphorylation of p70S6K [177]. 
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This increase in P70S6K activation, by triggering a negative feedback loop that leads to 

inhibition of insulin receptor substrate activation, may lead to insulin resistance. 

Additionally, LPA signalling triggers phosphorylation of P70S6K and may contribute to 

palmitate-induced dysregulation of mTOR signalling also by activating P70S6K. 

Consequently, cells co-incubated with LPA and palmitate showed exacerbation of 

palmitate-induced insulin resistance. These data suggest that LPA is detrimental to insulin 

sensitivity in conditions of high levels of palmitate. In the pathology of obesity-induced 

insulin resistance levels of circulating NEFA increase and heart tissue preferentially 

utilizes fatty acids due to their high availability [161]. In this environment, circulating 

ATX and LPA levels also increase [130, 178-180] and serum ATX levels have also been 

correlated with insulin resistance in humans with obesity [116, 117]. This suggests 

increasing levels of circulating ATX and LPA may aid in the progression of insulin 

resistance in obesity.   

However, there are conflicting results in the literature showing LPA injection can 

both decrease or increase blood glucose level. Aside from differing injection sites and 

mouse strain, a potential confounding factor is the nutritional state of the mice prior to 

LPA injections. Fatty acids seem to interact with LPA signalling and reduce insulin 

sensitivity. Since prolonged starvation/fasting can transiently increase circulating NEFA 

to levels seen in obesity and levels of NEFA are significantly decreased after feeding, 

fasted mice injected with LPA may show increased blood glucose levels, while fed mice 

injected with LPA would show reduced blood glucose levels.  A 1996 review by Frayn et 

al tabulated measured levels of circulating NEFA of individuals under varying metabolic 

stressors, nutritional states, and health conditions [181]. They showed that circulating 
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fatty acid levels increased with increasing length of fasting, degree of obesity, severity of 

diabetes, and emotional stressors like public speaking. Conversely, levels decreased after 

glucose intake and during insulin infusion [181].  

Although LPA induced insulin resistance in the presence of palmitate, LPA was found 

not to exacerbate palmitate-induced inflammatory signalling and apoptosis (Figure 3.5). 

Palmitate induces inflammation and apoptosis which contribute to the development of 

insulin resistance. Palmitate has been shown to directly bind to TLR4 accessory protein 

MD2. Palmitate stimulates the formation of MD2/TLR4–MyD88 complex, resulting in 

activation of MAPKs/NF-κB signalling that regulates pro-inflammatory molecules [182]. 

In addition to stimulating pro-inflammatory molecules, palmitate induces apoptosis by 

increasing reactive oxygen species generation and activation of the ERK1/2 signalling 

pathway in H9C2 cells [157]. A study employing embryonic chick cardiomyocytes 

showed that palmitate-induced apoptosis is mediated through alterations in mitochondria 

and can be inhibited by cyclosporin A, which inhibits the development of mitochondrial 

transition pores [155, 183]. LPA has been heavily studied in the development of 

atherosclerosis and has been shown to promote inflammation. In vascular smooth muscles 

cells LPA induced IL-6 and monocyte chemoattractant protein secretion through PKC 

activation of p38 MAPK [184]. ATX is transported in the aortic valve by lipoprotein (a) 

and is also secreted by valve interstitial cells. This ATX synthesizes LPA which promotes 

inflammation and mineralization of the aortic valve [185]. LPA accumulates in the 

atherosclerotic plaque and activates mast cells, which promotes intraplaque hemorrhage 

leading to atherosclerotic plaque destabilization and increases macrophage recruitment 

leading to increased vascular inflammation [186]. The role of LPA signalling in apoptosis 
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in cardiomyocytes has not been investigated, but LPA has been shown to inhibit or 

protect against apoptosis in cervical cancer cells, mesenchymal stromal cells, and H19-7 

cells [187-189]. In C2C12 skeletal muscle cells, prolonged treatment with LPA led to 

caspase 3 and PARP cleavage and activation of stress-associated MAP kinases JNK and 

p38, but did not induce cell death [190]. LPA-mediated apoptosis was triggered by 

blocking LPA-induced ERK1/2 and AKT activation [190]. Similar to these findings, 

H9C2 cells incubated with LPA (20 µM for 24 h) showed reduced cell viability compared 

to control cells (Figure 3.5 F). However, in the presence of palmitate, LPA did not 

decrease cell viability further or increase cleaved caspase 3 or JNK phosphorylation. 

Although the high palmitate concentration (0.8 mM) used in our study did not show 

increased inflammation and cleaved caspase levels in the presence of LPA, repeated 

experiments with low palmitate concentration (0.2 mM) are required to determine if LPA 

can increase inflammation and apoptosis in the reduction of palmitate-induced 

inflammation.  

Aside from increased apoptosis and inflammation in the diabetic myocardium, 

diabetic cardiomyopathy is also associated with increased oxidative stress. This is due in 

part to increased fatty acid oxidation, which must occur to utilize the increased level of 

circulating fatty acids under conditions where glucose uptake is reduced. In this study, 

incubation with a relatively lower concentration of palmitate (0.2 mM) or LPA did not 

induce oxidative stress after 24 h, but co-incubation with LPA and low palmitate 

significantly increased levels of superoxides (Figure 3.6). Higher levels of palmitate (0.8 

mM) were sufficient to increase superoxide levels without additional effects of LPA.  

LPA increases superoxide anion levels, mRNA levels of NOX4 and p40(phox) (reactive 
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oxygen species generating enzymes) and decrease superoxide dismutase 1 in porcine 

coronary arteries and human coronary artery endothelial cells (HCAECs) [191].  

Oxidative stress is deleterious to mitochondrial enzyme function and, likewise, LPA-

treated HCAECs also showed reduced mitochondrial membrane potential and ATP 

content [191]. The increased oxidative stress observed after co-incubation with palmitate 

and LPA may suggest that LPA exacerbates palmitate-induced insulin resistance by 

increasing oxidative stress which leads to reduced mitochondrial enzyme function. 

Mitochondrial dysfunction would further reduce fatty acid clearance and exacerbate 

lipotoxicity in cells co-incubated with LPA and palmitate.  

 In vitro results showed that in the presence of palmitate at concentrations that are 

observed during obesity, incubation of cardiomyocytes with LPA, leads to increased 

insulin resistance. To verify these results in vivo, mice haploid deficient in ATX (Het 

ATX-KO mice) were employed to determine if a~ 50% reduction in circulating levels of 

ATX/LPA would protect against obesity-induced cardiac insulin resistance. Het ATX-KO 

mice gained less weight on HFHS diet compared to their wildtype littermates (Figure 

3.8). This is consistent with results obtained from transgenic mice overexpressing ATX, 

which have increased susceptibility to diet-induced obesity compared to wildtype mice 

[192]. Additionally, Het ATX-KO mice and adipocyte specific ATX- KO mice compared 

to control mice on HFD, also show reduced weight gain [193], suggesting ATX/LPA 

contributes to diet induced obesity. In addition to reduced weight gain on an obesogenic 

diet, Het ATX-KO mice showed improved cardiac insulin sensitivity compared to their 

wildtype littermates fed HFHS (Figure 3.9). Cardiomyocytes isolated from Het ATX-KO 

mice fed HFHS were also more sensitive to insulin stimulation than cardiomyocytes 
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isolated from wildtype mice fed HFHS (Figure 3.10). This result is consistent with results 

from previous studies obtained from adipocyte specific ATX-KO mice fed HFD, which 

showed improved whole body glucose tolerance compared to wildtype mice fed HFD 

[115]. Additionally, mice fed HFD and injected with LPA receptor 1 and 3 inhibitor 

Ki16425 also showed improved glucose tolerance compared to untreated mice fed HFD 

[115]. Moreover, injected LPA acutely impaired glucose tolerance and insulin secretion 

[115, 180], suggesting that the reduction in circulating ATX-LPA levels may improve 

whole body insulin sensitivity. Similarly, our study shows reduction in circulating ATX-

LPA improves cardiac insulin sensitivity.  

 Since isolated cardiomyocytes from Het ATX-KO mice fed HFHS showed 

improved insulin sensitivity compared to wildtype mice, I determined if a reduction in 

ATX/LPA signalling translated to preserved function following HFHS feeding by 

measuring sarcomere shortening of isolated cardiomyocytes. Cardiomyocytes isolated 

from HFHS fed wildtype mice showed a significant reduction in % fractional shortening, 

rate of contraction and rate of relaxation (Figure 3.12). HFD in previous studies, 

compromises myocardial function and reduces fractional shortening [194-196]. Although 

baseline sarcomere length was within the range of normal (1.7-2.0 µm) [197-199], HFHS 

diet significantly increased baseline sarcomere length in Het ATX-KO mice and showed a 

trend to increase in wildtype mice. This increase in sarcomere length could indicate an 

increase in cardiomyocyte size, which has been shown to be the case after HFD feeding 

[194]. Cardiomyocytes isolated from HFHS fed Het ATX-KO mice showed improved 

fractional shortening, rate of contraction and rate of relaxation compared to wildtype 

HFHS cardiomyocytes and similar levels compared to cardiomyocytes from chow fed 
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control mice. Normal fractional shortening in mice was ~10%, while HFHS diet caused a 

50% reduction in fractional shortening in wildtype mice, indicating a significant reduction 

in contractility of these cardiomyocytes (Figure 3.12). This was not seen in 

cardiomyocytes isolated from Het ATX-KO mice. Together with improved insulin 

sensitivity, these results suggest that ATX/LPA contributes to cardiomyopathy and 

cardiac insulin resistance in diet-induced obesity.   
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS 

This study was the first to investigate the role of ATX/LPA in obesity-induced 

cardiac insulin resistance and cardiac dysfunction and the role of LPA in palmitate 

induced lipotoxicity. This study yielded three major findings: 1) LPA upregulated 

downstream targets of insulin signalling at baseline and although LPA increased levels of 

phosphorylated insulin targets further post insulin stimulation in H9C2 cells, the 

magnitude of insulin stimulation compared to baseline was reduced. 2) In the presence of 

palmitate, LPA exacerbated cardiac insulin resistance in H9C2 cells and neonatal rat 

cardiomyocytes, which may be due in part to the activation of P70S6K. Additionally, in 

the presence of non-toxic levels of palmitate, LPA significantly increased superoxide 

production, suggesting that LPA may exacerbate mitochondrial dysfunction during 

lipotoxicity. 3) Cardiomyocytes from Het ATX-KO mice fed HFHS had improved insulin 

sensitivity and maintained proper contractility in comparison to cardiomyocytes from 

wildtype mice fed HFHS, showing that ATX/LPA contributes to cardiac insulin 

resistance and cardiac dysfunction as seen in obesity-induced cardiomyopathy.    

 The mechanism by which LPA exacerbates lipotoxicity induced insulin resistance 

in cardiomyocytes still needs to be investigated. Data collected here suggest that this may 

involve the dysregulation of mTOR/P70S6K activation, alterations in mitochondrial 

function, and increased reactive oxygen species production. It is important to note the 

harmful effects of LPA were primarily seen following prolonged exposure (24h), in the 

presence of palmitate (in vitro) and high levels of circulating fatty acids in the diet-

induced obese mice. Therefore, investigating how LPA affects insulin signalling during 
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hyperglycemia, hyperinsulinemia and conditions of high levels of glucose and fatty acids, 

which are seen in obesity and diabetes, beg to be investigated. Additionally, conflicting 

reports show that mice injected with LPA have both increased and decreased glucose 

uptake. This discrepancy may be due to differing circulating fatty acids levels; 

investigating how injected LPA effects glucose levels in fed and fasted states may better 

elucidate its role in glucose homeostasis. Cardiomyocytes from mice with reduced ATX 

and LPA levels fed HFHS showed improved function compared to wildtype mice of the 

same condition. Further investigation is needed to address whole heart function of Het 

ATX-KO mice after diet-induced obesity.  

Het ATX-KO mice employed in this study show both a reduction in circulating 

ATX and LPA levels. Therefore, to elucidate if the cardioprotection seen when these 

mice are fed HFHS is due to decreased levels of ATX, decreased levels of LPA or a 

combination of both, cardiac insulin signalling and function should be investigated in Het 

ATX-KO mice injected with LPA and wildtype mice injected with LPA receptor 

inhibitors (Suramin, inhibits LPA receptor binding, Kil6425 LPA receptors 1/3 

antagonist, HL 5765834 LPA receptor 1/3/5, HL5186303 LPA receptor 2 antagonist) fed 

HFHS diet. These mice would represent models of low ATX with normal LPA levels, and 

normal levels of ATX with low levels of LPA signalling, respectively.  

 Taken together, this study has opened new avenues to investigate the interplay 

among ATX/LPA and cardiac insulin signalling, ATX/LPA and substrate utilization and 

availability, and ATX/LPA and obesity-induced cardiac insulin resistance and 

dysfunction.    
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