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Abstract 

Over the last century, the composition of dietary fats has changed in Western countries leading to 

an increased ratio of n-6:n-3 polyunsaturated fatty acid (PUFA) consumption. It has been 

suspected that this altered ratio may contribute to the increase in incidence of cardiovascular 

diseases in Western countries.  One of the classical ways how diet can impact diseases is through 

increasing oxidative stress. Previous studies have shown that linoleic acid (LA), a common 

dietary n-6 PUFA, is able to induce oxidative stress. Oxidative stress in the heart can be 

mitigated by antioxidants. In this regard, glutathione peroxidase 1 (GPx1) is an important 

antioxidant involved in protecting the heart. My project was to investigate the role of GPx1, in 

protecting the heart especially following a high n-6 fatty acid Western diet. The first objective 

was to investigate the effects of high fat diets in vivo in GPx1 deficient mouse hearts (Chapter 1). 

At the onset, we determined that GPx1+/- mouse hearts had lower mitochondrial copy number 

indicating metabolic abnormality. Upon feeding of various diets, we established that a GPx1 

heterozygous KO does not affect linoleic acid induced cardiotoxicity in mice Further, GPx1+/- 

mouse hearts did not have reduced cardiac function, thereby indicating that even in reduced 

amounts, GPx1 is able to provide protection. Regarding antioxidants the GPx1+/- mouse hearts 

had upregulated gene expression of other antioxidants such as GPx4, superoxide dismutase 

(SOD) 1, SOD2, and catalase when compared to the wildtype control mice, indicating that 

alternate antioxidants did maintain antioxidant status in these mice. The second objective was to 

investigate the interactions between GPx1 and fatty acids in vitro on antioxidant regulation in 

H9c2 cardiomyocytes, one of the main heart cell types, in causing cell death (Chapter 2). GPx1 

overexpression increased cellular uptake of neutral red indicating higher cell number. However, 

with incubation with fatty acids, we found that GPx1 overexpression increased caspase 3/7 

activity with lower LDH release, thereby indicating a more controlled mode of cell death. 

Furthermore, we determined that GPx1 overexpressed cells incubated with linoleic acid, and not 

oleic acid, had increased glutathione, possibly an adjustment to cope with the increased oxidative 

stress that occurs after n-6 PUFA exposure. Overall, these results contribute to understanding the 

role of GPx1 in the heart under various dietary fatty acids. 
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Lay Summary 

It is believed that dietary imbalances may contribute to increases in heart disease, that which is 

observed in Westernized countries. In recent years, Western diets have increased the 

consumption of omega-6 polyunsaturated fatty acids (PUFA), which mainly found in corn and 

sunflower oils. Studies have shown that excess omega-6 PUFAs may damage heart muscle and 

lead to cell death, however; the underlying mechanisms are unknown. Furthermore, the heart 

utilizes antioxidants, like glutathione peroxidase 1 (GPx1), to prevent heart damage. I propose 

that when GPx1 is reduced, the heart is at risk for incurring damage from a Western diet. In vivo, 

we observed that various antioxidant gene expressions were altered but there was no change in 

heart function. In vitro, we observed that GPx1 overexpression led to changes in the type of cell 

death occurring. These results contribute to understanding the role of GPx1 in the heart 

following a Western diet. 
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Chapter 1: Introduction 

1.1 Overall Problem 

Cardiovascular disease (CVD) was the top cause of global mortality in 2013 1. Currently in 

Canada, CVD mortality is ranked second in occurrence, only to be surmounted by cancerous 

tumors 2. Unsurprisingly, CVD places a heavy burden on Canadians due to the prevalence and 

financial cost of this disease 2. Heart disease and atherosclerosis, the latter of which is a 

dangerous accumulation of plaque within arterial walls, are categorized as circulatory system 

diseases, that which totaled a cost of $13.1 billion in Canada in 2010 3. With the Canadian 

predictions on population growth and aging, it is expected that these costs and rates of CVD 

incidence will continue to increase, however; the etiology of these diseases are still not fully 

understood 4. 

1.2 Cardiovascular Disease 

CVD encompasses several diseases of the heart or circulatory system including coronary artery 

disease, stroke, coronary heart disease, cardiomyopathy, heart failure and several others. 3. While 

CVD has been researched heavily over the years, there is still debate upon absolute causes of 

CVD 5. There are several known risk factors for developing CVD including obesity and diet 6,7. 

For chronic diseases, it is recommended to increase intake of fruits and vegetables; however, in 

westernized countries there is a movement towards processed, quickly prepared foods, that 

which are rich in seed oils 6,8. While these recommendations to eat the appropriate amount of 

vegetables and fruits are known, there are added complexities related to certain chronic diseases 
9,10. 

Being a multifactorial disorder, there are various contributing factors like diet, exercise, or an 

underlying genetic component 11 that lead to the development of CVD 12. To add to the rich 

complexity of understanding CVD; illnesses typically exist as co-morbidities, where an 

individual suffers from multiple clinical manifestations of disease 13. While some diseases have 

similar origins, cardiomyopathy is typically independent of coronary vascular disease 14. 

1.2.1 Cardiomyopathy 

Cardiomyopathies are diseases of the heart and can be further distinguished between various 

types including dilated cardiomyopathy and hypertrophic cardiomyopathy 14. Unsurprisingly, the 
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negative effects include ventricular dysfunction, such as by dilation or hypertrophy 14. Both of 

which have enlargement of the ventricles and the causes are considered to be predominantly 

genetic 14.  

Hypertrophic cardiomyopathy, one of the most common forms of cardiomyopathies, is typically 

an inherited genetic mutation 15,16. It is common for cardiomyopathy patients have left ventricular 

hypertrophy 15. Left ventricular hypertrophy (LVH) is an increase in wall thickness and mass of 

the ventricle as a cellular adaptation that occurs to cope with wall stress 17–19. Therefore, 

hypertension is a main cause of LVH17,20. In aged populations, there are similar changes in the 

heart that occur by pressure induced hypertrophy 21. Both have an increase in the volume fraction 

of myocytes and a decrease in interstitium 21. The link between age-related cardiomyopathy 

though is controversial 22. Unique to cardiomyopathy among several CVDs however; is the 

potential occurrence of disease during any life stage 15. 

Mitochondrial disease has the capability to manifest as a cardiomyopathy by mutations to 

mitochondrial DNA 16. This is because the contractile cells within the heart contain plentiful 

amounts of mitochondria and therefore abnormalities can lead to cardiac cell impairment 16.  

While the prevalence is not as common as hypertrophic cardiomyopathy, the severity of 

mitochondrial cardiomyopathy varies and can lead to heart failure and death 16. More recently, 

mitochondrial changes have been attributed to obesity due to a faulty diet 23. 

1.2.2 Obesity, Oxidative Stress and Cardiomyopathy 

Obesity, a chronic disease prevalent in western countries, is characterized as an accumulation of 

adipose tissue and a minimum body mass index above 30kg/m2 11,24
. Adipose tissue, which is 

composed of adipocytes, secretes hormones and cytokines in part of homeostatic regulation. In 

an obese individual, with increased adipose tissue, cytokines can produce ROS and thereby result 

in an inflammatory response24. Eventually the amount of ROS cannot be equivocated by 

antioxidants and oxidative stress results 25. Furthermore, obese individuals typically have 

increased plasma levels of free FAs (FFA) due to inhibited clearing of FFA in addition to 

adipose tissue releasing more FFA 26. Heightened FFA then is able to negatively affect the 

insulin-signaling pathway and contribute to insulin resistance 26. Obese rats had impaired cardiac 
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function with elevated FFA levels 27. Subsequently, obesity is a risk factor for developing 

additional oxidative-induced disease such as diabetes mellitus, CVD, and cancer 24.  

In addition, obesity is capable of straining the cardiovascular system by increasing blood volume 

and cardiac output due to the addition of body mass 28,29. Cardiac output is increased from stroke 

volume and therefore the heart rate is typically elevated as well 30. The occurrence of these 

factors contributes to dysfunction in several other cardiovascular areas leading to heart failure 
28,29. In obese individuals, impaired antioxidant function leads to onset of other chronic oxidative 

diseases 25. It has been shown that individuals with metabolic syndrome, not just obesity, have 

lowered amounts of antioxidants 25. Obese individuals however, are more at risk for death by 

progressive heart failure 31. 

1.3 High Fat Diets 

Western diet is categorized as one with high amounts of fat, sugar and salt8. The fat is typically 

around 40% of total caloric intake 32 and has been steadily on the rise over the past 100 years due 

to agricultural advancements 8. Dietary fat is thought to be one of the main contributors to 

obesity, which is a foundation for developing several other diseases33. It is now understood that 

the types of fat are important for disease propagation and not necessarily the amount of fat34. 

Types of fat and therefore types of fatty acids (FAs), vary in their chemical composition8.  

1.3.1 Saturated Fatty Acids 

Saturated fatty acids (SFAs) contain no double bonds and therefore are saturated with 

hydrogens35. Some examples of foods rich in SFA are fatty meats, butter, milk, and cheese8. In 

the 20th century, the recommended intake of SFA has decreased due to the possible links to 

CVD36. In 1986, Menotti et al.,  published a paper indicating a positive association between SFA 

intake and death rates from CHD37. Later, it was shown that SFA increases low density 

lipoprotein which are associated with atherosclerotic plaques38,39. As previously stated, 

hypertension contributes to left ventricle hypertrophy, therefore additional supporting evidence 

was published in 1997 stating that saturated fat intake increased blood pressure40.  

After further review, the role of SFAs and the onset of CVD has been heavily debate 36,41. 

Unfortunately, there are few randomized control trials that support these claims pertaining to 
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SFA intake and CVD risk9. Clinical trials have often reduced SFA but increased other types of 

fat in the diet, thereby complicating interpretation of the results38. Some studies reduced fat 

content but it has been shown that carbohydrates can cause abnormal lipid profiles as well38,42. In 

a meta-analysis from 2010, it was concluded that there is no association in increased CHD or 

CVD risk with SFA intake 36. In addition to this, several other studies have been published 

concluding similar results that the link is weak between CVD and SFA intake36,42,43. 

1.3.2 Polyunsaturated FAs 

PUFAs have multiple double bonds as opposed to MUFAs, which contain one double bond 44. 

Depending on where the first double bound is in relation to the terminal methyl group designates 

the n value of the PUFA. As an example, linoleic acid (LA) has a total of 18 carbons, has its first 

double bond at the 6th carbon from the methyl group 44 and a total of 2 double bonds. Hence LA 

is termed as 18:2n-6 and is the predominant FA present in vegetable oils like corn, safflower and 

sunflower oils44.  

Interestingly, although proteins and carbohydrate intakes generally remained the same, the 

amount of total fats and oils and the consumption of specific FAs has changed due to changes in 

consumption of certain newer kinds of fats and oils. Of the three FA types shown, there was a 

large increase in consumption of polyunsaturated FAs (PUFAs) (Table 1). A small increase was 

seen in monounsaturated fatty acid (MUFA) consumption, whereas SFAs has decreased since 

1976 (Table 1). 
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Table 1. Canadian food disappearance data from 1986-2009. Combined from Wong et al., 2015 
and Data Statistics Catalogue number 21-020-X 

 1986 1996 2006 2009 % Increase 

Total fats (g) 88.31 97.98 94.17 91.02 3% 

Total PUFA (g) 14.08 17.78 17.69 17.06 21% 

Total SFA (g) 27.37 26.60 26.54 25.7 0% 

Total MUFA (g) 40.70 47.31 43.62 42.10 3% 

Carbohydrates (g) 288.74 302.60 299.62 295.65 2% 

Proteins (g) 68.36 68.59 71.03 69.85 2% 

 

Investigating the effects of certain types of FAs has been a large focus in nutrition research 

recently. n-3 PUFAs are thought to suppress inflammation compared to n-6 PUFAs which drives 

an anti-inflammatory response8. However, in Western countries, large amounts of n-6 PUFA 

compared to n-3 PUFA are consumed8. LA is converted to arachidonic acid (ARA) through 

chain elongation and desaturation 45. ARA is a precursor for several eicosanoid metabolic 

products such as thromboxanes and prostaglandins45, which in cardiovascular system can 

promote atheromas and thrombus, that which can lead to autoimmune and inflammatory 

responses45. While ARA is well known as a pro-inflammatory mediator, it can also lead to the 

production of anti-inflammatory mediators such as lipoxins 46,47. Lipoxins act synergistically to 

resolvins to reduce inflammation 48.  

n-3 PUFAs like the marine fish derived docosahexaenoic acid (DHA; C22:6n3) and 

eicosapentaenoic acid (EPA; C20:5n3) encourage anti-inflammatory processes by promoting 

synthesis of resolvins46,49. Resolvins can reduce the severity and duration of inflammation 

directly by decreasing neutrophil infiltration and increasing macrophage phagocytosis of 

apoptotic cells 46,50. For EPA specifically, production of differing series prostaglandins, 

thromboxanes, and leukotrienes are produced49. A study in mice hearts found that n-3 PUFA diet, 

including DHA and EPA, was able to increase antioxidant enzyme expression and decreased 
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mitochondrial ROS 51,52. In humans it was shown that within 2-3 weeks of EPA and DHA 

supplementation there were changes within the human heart such as enhancement of antioxidant 

capacity 51 

The production of anti and pro inflammatory mediators is important for homeostasis and 

therefore represents a complex relationship shaped by consumption of n-3 and n-6 PUFAs46. 

Finally, as n-3 and n-6 PUFAs share the same enzymatic pathway to produce longer chain 

PUFAs, it is thought that a western diet rich in n-6 PUFAs would have increased pro-

inflammatory mediators compared to anti-inflammatory mediators45,53. 

Regarding structural roles, LA and ARA and other PUFAs are necessary components for cell 

membranes45. Dietary FAs are able to replace existing FAs within membranes45, which can 

increase the risk of potential oxidation of double bounds in membranes. PUFAs, thereby 

containing the most double bonds, are most at risk for lipid peroxidation and continual ROS 

damage54. This can lead to a damaged cell membrane from accumulating oxidative damage. 

Mitochondrial membranes have high amounts of PUFAs in their membranes and are the main 

producers of reactive oxygen species (ROS). This makes mitochondria at risk for lipid 

peroxidation in addition to the already present inflammatory processes from ARA production54. 

The increases in chronic disease, such as CVD and diabetes, is well understood to be from 

possible increased dietary ratio of n-6 to n-3 PUFAs45. 

It should be mentioned that several studies support that n-6 PUFAs, such as LA, are good for 

cardiovascular health 44,55. However, increasingly it is shown that consumption of certain plant 

oils, such as those containing n-6 PUFAs can lead to higher mortality when compared to SFAs 
38,41. While recommendations are made to consume plants for reducing incidence of disease, it 

becomes complex when considering oils deriving from various plants 9,56–58. Furthermore, not all 

plant based diets are nutritionally equal and while it is recognized that plant based diets can 

reduce incidences of certain diseases, the “less-healthy” (for example including fruit juices or 

refined grains) plant based diets do put individuals more at risk for developing CVD when 

compared to a healthier plant based diet 10. While corn is considered a healthy vegetable, corn oil 

contains large amounts of LA 10,41. It is well established that LA is a precursor for inflammatory 

molecules by conversion into ARA, necessary for production of eicosanoids, therefore a 
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reduction of dietary n-6 PUFAs such as LA can decrease inflammation44,48. This is shown in a 

reanalysis of the Sydney heart study where LA had a 17.8% chance of death compared to the 

11% chance in the control group41,59. Additionally, the negative effects associated with LA were 

shown recently when mice were provided varying amounts of LA directly to the left ventricle 

before ischemia50. The infarct sizes were recorded and found that increasing LA increased 

myocardial infarct size50. A paradigm shift is far from occurring in the field because the effects 

of LA on heart health has not been well established60. 

1.4 Reactive Oxygen Species and Oxidative Stress 

ROS are reactive oxygen containing molecules, which can interact with proteins, lipids, and 

DNA and cause oxidative changes 61,62. The cellular oxidative damage eventually can lead to 

tissue damage and death61. Production of ROS can occur endogenously (respiration, lipid 

metabolism) or exogenously (UV light, toxins) 61. Due to the high-energy demand and a high 

concentration of mitochondria, the mitochondria are responsible for approximately 90% of ROS 

production in the heart muscle63,64. Additionally, ROS is also produced in response to cytokines 

or bacterial invasion to transduce signal to initiate a defense mechanism 65. 

ROS production and scavenging systems are highly regulated. An alteration of these systems can 

change various signaling pathways including host defense and the aging process61,66. Under 

normal conditions is it estimated that ~2% of total oxygen consumed produces ROS and thereby 

maintains these vital signaling pathways61. Alternatively, excess ROS causes the negative effects 

such as cell damage and death. One of the primary ROS is the superoxide anion (O2
-), as shown 

below in Figure 167. The superoxide anion is produced by single electron reduction of molecular 

oxygen 66. The two main points where ROS are produced within the mitochondria are complex I 

and complex III during the electron transport chain (ETC)61. The superoxide anion produced 

from these processes will harm numerous cell constituents in addition to the mitochondria’s own 

DNA62. A self-perpetuating cycle can be induced where a defective mitochondrion is producing 

more ROS and cannot combat ROS due to a lack of antioxidants (Figure 1). 

Hydrogen peroxide (H2O2) is considered the strongest molecule for cellular signaling 68. Unique 

to H2O2, is the enzymatic production and degradation, that which is not present in other ROS  

(superoxide, hydroxyl radical, etc.). 68. H2O2 has a considerably long half-life and able to oxidize 
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cysteine residues easily 69. Next, the cystine is able to continue the cascade of events by 

interacting with another cystine, glutathione (GSH), an amide in a protein backbone, or another 

hydroperoxide 68. The hydroxyl radical is a product of hydrogen peroxide decomposition and is 

thought to cause the most oxidative damage 69. 

 

Figure 1. Simplification of types of ROS. Adapted from Kiley & Storz, 2004. 
ROS originate as a normal by-product of cellular respiration from molecular oxygen 70. The most 
reduced product is water, while working towards the products on the left are more oxidized. 
Abbreviations: O2, molecular oxygen; O2

-, superoxide anion; H2O2, hydrogen peroxide; -OH; 
hydroxyl radical, and H2O, water.  
 

There are several antioxidants acting to alleviate oxidative stress. There are however, three main 

intracellular antioxidants: superoxide dismutase, catalase, and glutathione peroxidase 71. 

Superoxide dismutase converts O2
-
-
 into hydrogen peroxide (H2O2). Next, catalase converts 

hydrogen peroxide into water and oxygen. Glutathione peroxidase also converts H2O2 into water 

by using two molecules of reduced glutathione, which becomes oxidized glutathione (GSSG) 71. 

Further discussion on antioxidants will be continued in a later section, however; the reactions for 

these three particular antioxidants are shown below 71.  

 Superoxide Dismutase: O2
- + O2

- + 2 H+  à H2O2 + O2  

 Catalase: H2O2 + H2O2  à 2 H2O + O2 

 Glutathione Peroxidase: H2O2 + 2 GSH  à 2 H2O + GSSG  

Oxidative stress is a result of an imbalance between ROS and antioxidants (Finkel & Holbrook, 

2000). Without sufficient antioxidant levels, ROS clearing is impaired the accumulation of ROS 

O O H O OH2 2 2 H O2
-

2
-.

e- e- e- e-

Reduced
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produces oxidative damage. Increased oxidative stress can damage tissues and lead to various 

diseases such obesity or CVD70.  

1.4.1 Oxidative Stress and CVD 

An imbalance between antioxidant systems and ROS production is seen in various chronic 

pathologies including diabetes, insulin resistance, and cardiovascular disease 62,63. Cardiovascular 

disease (CVD) is present worldwide; however, it is more prevalent among westernized countries 

and is the top cause of death in diabetic individuals 62,72. CVD, similarly, to other chronic 

diseases, is a result of numerous complex variables including diet, exercise, genetic 

predisposition, sex, and other factors 62. Atherosclerosis, a type of CVD, once was thought to 

simply be the accumulation of fat in vessels; however, now it is understood to be complex multi-

stage chronic inflammatory process triggered by endothelial damage 62. ROS in this case 

damages the epithelial tissue and primes for atherosclerotic lesions by exposing the underlying 

cells to inflammatory processes62. Atherosclerosis is harmful to an individual and unfortunately 

can worsen and induce myocardial infarction73,74. The fatty inflamed plaques decrease the amount 

of oxygen rich blood reaching the heart (ischemia) these ischemic tissues become damaged and 

necrotic and can lead to heart complications73.  

While there are several contributors to developing CVD, a large proportion of the risk factors for 

CVD are preventable and include factors such as smoking, diabetes, and lipid intake74. Lipid 

intake, as we now understand is more complex than previous assumed, and therefore this 

supports the notion that in order to help patients with CVD that the n-6:n-3 ratio could be 

reduced in an attempt to allow cardiovascular protection provided by cellular pathways 50’. 

1.4.2 Importance of ROS 

ROS production and scavenging systems are highly regulated 75. An alteration of these systems 

can change various signaling pathways including host defense and the process of aging 61,66. 

Under normal conditions is it estimated that ~2% of total oxygen consumed produces ROS and 

thereby maintains these vital signaling pathways 61. Alternatively, unregulated ROS has negative 

outcomes such as cell damage and death 76. 

Most of the discussion in this thesis revolves around ROS levels remaining exceedingly high and 
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causing oxidative damage. While ROS have the capacity to be harmful, their strength as 

signaling molecules is unequivocal. The roles of ROS in several homeostatic pathways are well 

established, such as in the mitogen-activated protein kinase (MAPK) pathway 65. MAPK broadly 

encompasses processes that result in cell growth, development and differentiation 65. 

Specifically, ROS has been shown association in the big MAP kinase 1 pathway (BMK1/ERK5), 

which delegates action for cell survival, motility, differentiation and proliferation 65. ROS can 

activate precursor molecules that activate this pathway 65. In regard to the human immune 

system, macrophages play a key role in eliminating bacterial cells by oxidative burst 77. The 

mechanism is still not fully understood, however; involves production of ROS and reactive 

nitrogen species by the phagolysosomes 77.  

ROS play valuable roles in several aspects of homeostasis ranging from vascular considerations, 

apoptosis, and the immune system, to name a few 68,75,78. One example of vascular physiology 

reliance on ROS is for maintenance of a differentiated contractile phenotype, that which is a 

result of H2O2 interaction with embryonic stem cells by activating certain transcription factors 69. 

Apoptosis, a programmed cell death as a result of an interaction with a death stimulus 78. H2O2 

activates tumor suppressor protein p53 which then activates transcription of apoptotic genes 

involved in intrinsic apoptosis 79. Additionally, ROS are able to damage mitochondrial DNA and 

disrupt mitochondrial function, thereby activating mitochondrial apoptosis 79. ROS are key 

secondary messengers for activation of both the innate and adaptive immune systems 76. To 

mention briefly, there are several antimicrobial modes of action utilizing ROS 80. As previously 

stated, ROS are able to damage protein, DNA and lipids; therefore, it is unsurprising that it is 

used as chemical warfare against pathogens by the host’s immune system 80. 

Exercise is an excellent way to combat the preventable risk factors for several chronic diseases. 

Exercise does increase ROS and can still diminish diabetes, cancer, and other ROS-related 

diseases 76. From an inflammatory perspective, the decrease in visceral fat thereby reduces pro-

inflammatory molecules associated with visceral fat and therefore can reduce inflammation 81. 

ROS are regular by-products of cellular metabolism, that could be upregulated during exercise 82. 

In a healthy individual, adaptations to the exercise stressor can occur such as increases in 

antioxidant activity 82. Furthermore, it is suggested that the exercise adaptation process can lower 

baseline of ROS and therefore reduce ROS-related disease such as Alzheimer’s and diabetes 83. It 
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should be mentioned that although exercise is able to improve some patient health outcomes, 

excessive exercise counteracts these positive effects83.  

1.5 Antioxidants 

Antioxidants are classified as enzymatic and non-enzymatic 84. Enzymatic antioxidants are 

reducing agents that delay or prevent oxidative damage from ROS accumulation and examples 

include superoxide dismutase and glutathione peroxidase84,85. Non-enzymatic antioxidants 

include glutathione and uric acid 84. Endogenous antioxidants, such as glutathione, thioredoxin, 

and coenzyme Q, are considered to be principal intracellular reducing agents84,85. Antioxidant 

enzymes constitute the remainder of the endogenous antioxidant category84. Examples are 

glutathione peroxidase and superoxide dismutase84. These enzymes have several activities in 

relation to detoxifying harmful ROS but also in regeneration of glutathione or NADPH 84. The 

antioxidant system though relies heavily on exogenous uptake of antioxidants due to the 

synergistic nature of both the endogenous and exogenous sources of antioxidants in maintenance 

of redox homeostasis84.  

1.5.1 Exogenous Antioxidants 

Exogenous antioxidants typically from diet and include vitamins (A, C and E), plant 

polyphenolic compounds (flavonoid sand tannins), and carotenoids (beta-carotene), and trace 

elements (zinc and selenium), to mention a few 84. These compounds can be consumed; however, 

large amounts can lead to toxicity or impairment of cellular ROS signaling 84. Exogenous 

reducing compounds supplement the endogenous primary defense systems, for example 

selenium is present in several antioxidant compounds 84,86. Flavonoids are naturally occurring 

compounds derived from plants 87,88. Of the many roles within plants, these compounds influence 

color and are used in signaling for pollinators in addition to their role as ROS scavengers 87. Red 

wine and tea contain high levels of phenolic compounds 87,88. While endogenous and exogenous 

work together, endogenous antioxidants play a more powerful role in redox homeostasis in 

humans 84. Several studies have investigated the role of plant phenols and decreasing the 

incidence of coronary heart disease and atherosclerosis  88–90. For atherosclerosis, polyphenols 

inhibit low-density lipoprotein (LDL) oxidation to prevent development of lesions 88,90. For other 

CVDs, it is that the protective effects are provided by improving endothelial function and anti-

inflammatory effects 88,91. 
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1.5.2 Glutathione 

Glutathione (GSH) acquires its redox capabilities from its thiol group located on the cysteine 

residue within the tripeptide 92,93. In addition to its role in redox homeostasis, GSH is involved in 

signal transduction and several other cellular pathways 94. GSH is a ubiquitously expressed 

antioxidant that scavenges free radicals and reduces H2O2 
92. GSH is a highly prevalent 

antioxidant as there are 100-1000-fold more glutathione molecules than thioredoxin, another 

thiol rich protein, in mammalian systems85. 

Various tissue types contain differing amounts of glutathione ranging from 0.1-15mM, with the 

highest concentration at the synthesis site within the liver 70,92,93. Around 10-15% of total GSH 

moves from the cytosol to the mitochondria for first line of defense against ROS 92. Glutathione 

exists in bound or unbound forms 92. The unbound form has two redox states: oxidized 

glutathione disulfide (GSSG) and the active, reduced glutathione (GSH), both of which are 

visualized below in Figure 2. The ratio of GSH/GSSG is an indicator of redox status within the 

cell or specific organelles because as the ratio decreases the cells are more at risk for oxidative 

damage92. GSSG is returned to its reduced state by glutathione reductase utilizing NADPH as an 

electron donor 70,95. 

 

Figure 2. Glutathione metabolism adapted from Weydert & Cullen, 2010. 
Following glutathione production, GSSG (oxidized glutathione) is reduced by the antioxidant 
enzyme GPx to form 2 molecules of GSH (reduced glutathione). GPx, in addition to SOD and 
CAT are the main intracellular antioxidant enzymes. The superoxide anion (O2-), a byproduct of 
normal cellular metabolism, is reduced by superoxide dismutase (SOD). GPx, a selenium (Se) 
containing enzyme, reduces H2O2 into water. Similarly, CAT similarly reduces H2O2 into water 
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and oxygen (O2). Glutathione reductase (GR) replenishes the glutathione pool by oxidizing 2 
molecules of GSH to produce GSSG, using NADPH as the electron donor. 
 
 
Cancer, neurodegenerative diseases, and CVD are all associated with GSH deficiencies, which 

therefore helps to establish the importance of this antioxidant94. Importantly, individuals with a 

deficiency in systemic glutathione have been shown to develop worsening heart failure and 

structural abnormalities96 as well as cardiomyopathy97. GSH utilizes enzymes such as glutathione 

peroxidase (GPx) and glutathione reductase to maintain redox homeostasis85. GPx is of particular 

interest as they utilize GSH to reduce H2O2 and lower oxidative stress67,85. While GSH is able to 

reduce ROS, antioxidant enzymes target harmful products as a result of ROS interactions92. 

1.5.3 Glutathione Peroxidases 

GPxs are a family of antioxidant enzymes that reduce hydroperoxides into corresponding 

alcohols utilizing the antioxidant glutathione typically 86. Interestingly, not all GPxs utilize GSH 

and have been known to have specificity for thioredoxin or other thiol oxidoreductases 98. The 8 

isoforms are listed below in Table 2 as well as their corresponding primary tissue location by 

species. The table was generated using NCBI to determine the primary locations of each GPx 

isoform. The search was conducted using the gene function specific to each species of interest. 

Lists are not conclusive but display the predominant locations. 

The family can be differentiated based on the presence of selenium in the catalytic site 86. The 

four selenium proteins were determined following analysis of the selenoproteome 86,99. Later, 

GPxs containing only a cysteine in the active site were discovered 86. GPx1, GPx2, GPx3, GPx4, 

and GPx6 make up the selenoenzyme group whereas GPx5, GPx7 and GPx8 contain cysteine 
98,100. The locations of the various GPx isoforms is detailed in Table 2 below. 
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Table 2. Glutathione peroxidase isoforms and their highest expressed organ or tissue location in 
Homo sapiens and Mus musculus. 
Isoform Homo sapiens 

Accession 
Homo sapiens 
location 

Mus musculus 
Accession 

Mus musculus 
location 

GPx1 AAH07865 All cell types1 P11352 All cell types7, 
predominantly in 
erythrocytes7, 
kidney7, liver7 

GPx2 NP_002074 Gastrointestinal 
tract2 

Q9JHC0 Gastrointestinal 
tract8 

GPx3 P22352 
 

Plasma2, lung2, 
kidney2 

P46412 Kidney6, plasma10 

GPx4 P36969 Most cell types, 
predominantly in 
testis2 

O70325 Testis11, sperm11, 
brain13, liver12, 
heart12, kidney12 

GPx5 O75715 Epididymis3 P21765 Epididymis9 
GPx6 P59796 Olfactory 

epithelium, embryos4 
Q91WR8 
 

Olfactory 
epithelium6 

GPx7 Q96SL4 Esophageal 
epithelial cells5 

Q99LJ6 Vault of skull 
bone6  

GPx8  Q8TED1 (Putative), kidney6  Q9D7B7 Humerus 
cartilage6 

 
1 - 101 
2 - 102 
3 - 103 
4 - 104 
5 - 105 
6 – Uniprot.org 
7 - 106 

8 - 107 
9 - 108 
10 - ncbi.nlm.nih.gov 
11- 109 
12 - 110 
13- 111 
 

 

 

1.5.3.2 GPx1 

Of all GPxs, GPx1 was the first to be discovered in 1953 and in 1973 and was categorized as a 

selenoenzyme 102,112,113. It is a tetrameric protein containing 22-23 kDa identical subunits with 4 

identical subunits 102,113. GPx1 is an intracellular antioxidant enzyme that reduces FA 

hydroperoxides in phospholipids under the presence of phospholipase A2 113. It is limited to 

hydrogen peroxide predominantly due to the presence of a loop structure restricting access for 

bulk phospholipid hydroperoxides 98,102. Catalase and GPx proteins both remove hydrogen 

peroxide; however, GPxs have a lowered Km (high affinity for H2O2) and are considered to be the 
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main removers of hydrogen peroxide as a result 106. 

The mechanism of reduction by GPx1 is established. In GPx1, the selenocysteine reactive site 

becomes a selenic acid intermediate before becoming reduced by 1 molecule of GSH98. GSH 

becomes a glutathionylated senol intermediate which undergoes a subsequent reaction with a 

second GSH molecule98. Finally, the selenocysteine activity site is restored and GSSG is a 

result98.  

When discussing antioxidants, it is beneficial to understand what benefits or detriments could 

occur during alterations of activity. GPx1 overexpression is protective against apoptosis in 

scenarios involving a disruption in normal redox balance102. Some tumor cells undergoing 

chemical induced apoptosis were not able to circumvent apoptosis with the addition of increased 

GPx1 expression102. This result is not unexpected as increasing an antioxidant in the presence of 

a stressor is typically beneficial and furthermore, specifically GPx1 is a cytosolic enzyme present 

within the mitochondria and  therefore could play a role in decreasing intrinsic apoptosis113. 

1.5.3.3 GPx1 and Heart Disease 

 As previously mentioned, when attempting to understand oxidative stress in the heart, that 

former of which that underlies several diseases, it could be beneficial to look to GPx1 as it has 

been shown to play a unique role in the cardiovascular system113,114. The catalyst for some of the 

GPx1 research interest was a paper that measured antioxidant activity in coronary artery disease 

patient’s red blood cells 115. The authors found that erythrocyte GPx1 activity was associated 

with lower risk of cardiovascular events in coronary artery disease patients115. This result was not 

shown in other antioxidants tested which included catalase and superoxide dismutase 115. As seen 

in table 2, GPx1 is in high levels predominantly in the fat and spleen; however, its role in the 

heart and cardiovascular system should not be neglected113. 

Additionally, it has been shown that deficiencies of GPx1 in mouse models has accelerated 

atherosclerosis following a western diet116. Furthermore, H2O2, the primary target of GPx1, has 

been shown to accelerate contractile dysfunction of the heart, therefore in a reduced GPx1 

individual there may be heart function abnormalities114. Therefore, GPx1 seems to play an 

important role in maintenance of cardiovascular health. However, the effect has not been 
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investigated fully following consumption of a n-6 PUFA diet. We have shown previously the 

negative effects of excess n6 PUFA consumption on cardiovascular health outcomes117–119. 

Consequently, this study aims to determine the specific role that GPx1, an important class of 

cardiac antioxidants, plays in preventing CVD following high n-6 fat feeding. 

1.5.3.4 GPx1 and Cell Death 

Apoptosis describes a type of cellular death that involves morphological changes (decrease in 

cell volume, DNA cleavage, etc.)120,121. Apoptosis is important for normal development; however, 

if apoptosis is unregulated then it can lead to negative effects such as the development of 

disease22,122. Caspase-independent apoptosis undergoes the same cell and nuclear morphology as 

seen in apoptosis and therefore can be difficult to prove that all caspase activity is inhibited in 

addition to our potentially limited current understanding of the number of caspases123,124. In spite 

of this, measurement of caspase activity is still considered appropriate to estimate apoptosis 

activity. 

In addition to measurement of apoptosis, necrosis is measured when discussing cellular death. 

Necrosis is characterized as cell death in which swelling and rupture of the intracellular 

organelles occurs followed by plasma membrane disintegration125. Necrosis is considered to be 

an inflammatory cellular death in comparison to apoptosis126. Necrotic cells do not have 

mitochondrial membrane permeability and caspase activation while apoptotic cells do not have a 

reduction in mitochondrial membrane permeability before caspase activation127. 

A common way to evaluate necrosis in vitro is by measurement of lactate dehydrogenase (LDH), 

the latter of which is a soluble cytoplasmic enzyme that is released into extracellular space when 

the plasma membrane is damaged125,128. There are other methods to measure necrosis or viability, 

such as by measurement of the DNA binding propidium iodide; however, when propidium iodide 

(PI) staining is used on its own it cannot distinguish between necrotic or apoptotic cells as 

apoptosis eventually can lead to necrosis123,129. Therefore, we selected LDH measurement to 

estimate necrosis. Complexities can arise when interpreting LDH data though, post-apoptotic 

cells can release cellular components into the extracellular space127. While a macrophage 

typically engulfs the cell, there is a possibility for apoptotic cells to release LDH and therefore 

lead to an incorrect interpretation127. However, there were no macrophages in our assay. 
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Caspase is an ATP dependent cellular death and typically when the cell is faced with a large 

stressor, necrosis exists123,130. Increased GPx1 could be seen as an advantage in regard to facing 

the FA stressors. Therefore, when presented with the highest stressor LA, it is somewhat 

predicted to have decrease caspase 3/7 activity as perhaps that cell is facing increased oxidative 

stress and would pursue necrosis instead57. This will require further investigation though. 

 

CD95, a receptor in the tumor necrosis family, is established as a death receptor expressed in 

most tissues and plays a role in the extrinsic apoptotic pathway131,132. CD95 activates caspase-8 

and thereby triggers the apoptotic cascade 120. It is also known that fluctuations in glutathione 

levels can trigger apoptosis through CD95 and therefore early on it has been theorized that ROS 

plays a role in CD95 apoptotic signalling131. GPx1 overexpression in human breast carcinoma 

T47D cells, a cell type expressing high levels of CD95, was able to reduce ROS production 

induced by CD95131.  

 

GPx1 plays a role in the intrinsic apoptotic pathway by decreasing pro-apoptotic proteins. In the 

human-like endothelial line ECV304, GPx1 overexpression, in the absence of additional ROS, 

was able to alter the ratios for mRNA and protein levels between Bax to Bcl-2 133. By decreasing 

Bax, that which is a mitochondrial pore forming protein, and not Bcl-2, that which is a pro-

survival protein, the cell may be protected from programmed death 134. Next p53 mRNA and 

protein levels were measured and the result was no change between GPx1 overexpressed cells 

and the control 133. H2O2 primarily targets p53 to cause cell cycle arrest or lead to apoptosis 133. 

As shown in Figure 2, GPx1 reduces H2O2 to water, therefore GPx1 does not confer protection in 

the absence of a stressor. In addition, GPx4 overexpressed cells (RBL2H3 and M15) were unable 

to induce the same changes observed in GPx1 overexpressed ECV304 cells, thereby indicting the 

unique role of GPx1 in mitigating anti-apoptotic signaling 133,135. 

 

Of interest to this project is the effect of GPx1 in the heart. One study found that GPx1 

overexpression in diabetic mouse hearts inhibited cardiac remodeling and diastolic dysfunction 

as a result of cardiac stiffening 136. Diabetic hearts developed specific cardiomyopathy in the 

absence of hypertension or other factors 136,137. Oxidative stress may lead to myocardial 
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remodeling such as myocyte hypertrophy, apoptosis and fibrosis, all of which impair cardiac 

function 136. Furthermore, it has been shown that GPx1-/- mouse hearts experienced more 

apoptosis, measured by DNA strand breaks, compared to WT hearts following 

ischemia/reperfusion injury 138.  Similarly, another study measuring apoptosis in GPx1-/- mouse 

brain samples following ischemia had larger infarct sizes compared to the control mice 139. There 

was increased apoptosis in the GPx1-/- mouse brains as well 139. Additionally, GPx1 

overexpressed transgenic mice had reduced tissue damage following ischemia/reperfusion 140,141. 

Another study showed that following myocardial infarction, induced via ligation of the left 

coronary artery, GPx1 overexpressed transgenic mice had reduced cardiac dysfunction, myocyte 

hypertrophy, and apoptosis 142. As GPx1 likely conferred extra protection against ROS, we 

wanted to assess the effects of dietary FA exposure and cell death in cardiomyocytes. 

 

 
 

1.6 Hypothesis and Objectives 

In concert with the one of the main theories regarding excess dietary n-6 FA 

consumption, I hypothesize that: 

Glutathione peroxidase 1 (GPx1), an important mitochondrial antioxidant enzyme 

protects the heart following a high fat diet by reducing the accumulation of ROS. 

 

To test this hypothesis, I propose two objectives: 

 

First Objective  Investigate the effects of high fat diets in GPx1+/- mouse hearts. 

 

Second Objective Investigate the interactions between GPx1 and FAs on 

cardiomyocytes, one of the main heart cell types, in causing cell 

death. 

 

Within Chapter 2 of this thesis, the in vivo work is described and focuses on the first 

objective. Chapter 3 of the thesis focuses on the second objective, utilizing in vitro techniques. 
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Chapter 2: GPx1 heterozygous knock out does not further aggravate LA induced 

cardiotoxicity in mice 

2.1 Overview 

Over the last century, the composition of diet has changed in Western countries leading to an 

increased ratio of n6:n3 PUFA consumption8,143. Additionally, there has been an increase in 

chronic diseases in Western countries 57. It is now suspected that these two events may be 

linked8,143. Furthermore, while GPx1 plays an important role in protecting the heart, it has not 

been investigated under the high n-6 Western diet 113,114. In previous research it was shown that 

CHD patients that had decreased GPx1 activity level in their erythrocytes were more likely to 

incur a negative cardiovascular event 115. This observation was not associated with other 

antioxidant enzymes such as catalase and superoxide dismutase115. Therefore, this paper 

established the important of GPx1 in the cardiovascular system115.  

 

We obtained GPx1 KO mice, which contains only one functional allele 102 and is considered to 

be a heterozygous KO and is depicted by GPx1+/-. A heterozygous mouse is able to express the 

gene; however, in reduced amounts compared to a WT 102.  Alternatively, both alleles of the gene 

can be knocked out and therefore considered a full KO (or called homozygous KO, depicted by 

GPx1-/-) 102, which we did not use. Therefore, the objective of this chapter is to assess 

cardiovascular changes following the stress of a HFD diet in a heterozygous GPx1 murine 

model.  

 

In this chapter, we show that there were no changes in lipid peroxidation across the diets in 

GPx1+/- hearts or alterations in heart functional parameters in GPx1+/- or WT hearts. To determine 

if other antioxidant systems were present in GPx1+/- hearts, qPCR revealed an increased SOD1 

and SOD2 gene expression. Furthermore, in the presence of LA, there was decreased GPx1 

expression in the GPx1+/- hearts. Lastly, there were alterations of antioxidant gene expression 

(catalase, SOD1, SOD2, and GPx4). It was postulated that perhaps the number of mitochondria 

could have been decreased from the reduction of GPx1. Indeed, there was decreased ND5 gene 

expression in the GPx1+/- hearts compared to the WT hearts, indicating a decrease in 

mitochondrial copy number. ND5 gene expression is a commonly used method to determine 
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mitochondrial copy number as it encodes a subunit of the  NADH dehydrogenase complex 144. 

This data indicates that although GPx1 KO mice had cardiac morphological abnormalities, n-6 

PUFA rich diets and other factors such as duration and age of mice, were not able to cause 

detectable alterations detected in vivo. 

 

2.2 Background 

As previously mentioned, sizable changes in diet composition have occurred over the past 

century, most notably in regards to increased n-6 PUFA consumption, thereby shifting the 

critical n-6:n-3 ratio8,57,143. One of the mechanisms proposed to explain the impact of a high n-6 

PUFA diet has been the involvement of oxidative stress. Oxidative stress represents an 

imbalance between ROS production and its amelioration by antioxidants like GPx1.  A paper 

published in 2003 by Torzewski et al. found that coronary artery disease patients exhibiting 

higher activity levels of GPx1 in their red blood cells were less likely to incur a cardiovascular 

event 115. However, the mechanisms remain unclear as to how GPx1 could be protective. We 

proposed that it is able to combat the oxidative stress induced by Western style high n-6 PUFA 

diet.  

 

2.2.1 GPx1 Transgenic Mouse Models 

Murine models are frequently used for nutrition research due to its similarity to the human and 

other mammalian systems. Diabetes, obesity, and other chronic diseases are thought to arise from 

the diet. Mouse models fed high fat are commonly used in diet studies, that which has led to 

several breakthroughs in our understanding of obesity, diabetes and insulin resistance 145,146. 

Thus, CVDs arising from such metabolic diseases are can be investigated using mice models 6. 

GPx1 KO mice develop normal phenotypically and are able to reproduce 106. Several other 

antioxidant enzymes such as SOD and catalase play similar roles in removing ROS therefore 

removal of GPx1 does not cause overtly negative effects 106. Following GPx1 knock out (KO), 

cells are rendered more at risk for oxidative damage 102,106. GPx1 is found in all cells and 

therefore plays an important role in maintaining redox balance 102. 
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Complete GPx isoform knockouts do not cause lethality with the exception of GPx4 110. GPx4 

directly reduces lipid hydroperoxides and maintains membrane integrity 147. Additionally, GPx4 

overexpression experiments have shown its importance in several pathways and may retain 

mitochondrial function by reducing intracellular hydroperoxides 95.   

While a complete KO of a particular GPx is relevant for understanding the role of the enzyme, it 

is not necessarily biologically relevant. Instead, single nucleotide polymorphisms are typically 

utilized because it is more likely that an individual has decreased expression and not typically a 

complete ablation 102. Of the 38 single nucleotide polymorphisms (SNPs), two are typically 

studied that impact protein coding 102. One polymorphism inserts 5-7 alanines near the N-

terminus while the second SNP has leucine replacing proline at position 198 102. One study 

looked at a polymorphism of GPx1 designated rs1050450 and found that it increased 

cardiovascular disease risk in an East Asian population 116. The GPx1 polymorphisms are 

Pro198Leu and Pro197Leu 116. The Leu variant has been predicted to reduce GPx1 expression by 

40% 116. I propose that a transgenic mouse model, in addition to in vitro techniques, could be a 

sufficient to model the effects of high fat feeding. 

2.2 Materials and Methods 

2.2.1 Rodent Model 

Transgenic mice were purchased from Knockout Mouse Project (KOMP) at the University of 

California Davis, USA and bred in the In Vivo animal care facility at the University of British 

Columbia Okanagan, Kelowna, Canada. Male and female mice were weaned at 3 weeks and 

placed on their experimental diets by 2-3 months of age. A powdered rodent diet (Bio Serv, AIN-

76A) was mixed with various dietary oils. The ingredients in the powder diet are as follows: 

sucrose, casein, corn starch, corn oil, cellulose, mineral mix, vitamin mix, DL-methionine, and 

choline bitartrate. The food was prepared weekly and stored at 4°C. New food portions were 

given daily to reduce oxidation of food and each mouse received 5g of food per day. The final 

diet (basal plus oil) contained 13.89 kJ/g of energy. The % energy by weight and by energy are 

shown below in Table 3. 
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Table 3. Percent composition of major macronutrients in mouse diets. 

 % by weight  % by energy  
Carbohydrate  44.7  40.1  
Protein  21.2  19.0  
Fat  25 50  
ENERGY DENSITY /g of finished diet: 13.89 kJ/g  

 

Mouse mass was recorded every 2-3 days. After 6 weeks of feeding, the cardiac parameters were 

recorded for each mouse by using echocardiogram (detailed in section 2.2.6). After 6 weeks of 

feeding, the mice were euthanized, and tissues of interest were collected and flash frozen in 

liquid nitrogen before storage in -80°C. Half of the frozen heart was used for RNA extraction 

and the remaining half was utilized for DE-TBARS (section 2.2.5) and gas chromatography 

(section 2.2.4). 

 

2.2.2 Total RNA Extraction and qPCR 

Total RNA was extracted from frozen left-ventricle heart sections using the Fibrous Tissue 

RNeasy Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s instructions. cDNA was 

synthesized using an iScript cDNA synthesis kit (Bio-Rad Laboratories Inc, Hercules, CA, 

USA). Integrated DNA Technologies (IDT; Coralville, Iowa) synthesized all desired mRNA 

primers (Table 4). Quantitative polymerase chain reactions (qPCR) were performed using a Bio-

Rad CFX Manager 2.0 machine. The reagent for gene amplification used was Sso Fast Eva 

Green Supermix (Bio-Rad Laboratories Inc, Hercules, CA, USA). Duplicates of each sample 

were done, and the final volume of each reaction was 10ul. Polymerase chain reactions (PCR) 

were performed under cycling conditions of 95°C for 30s then 50 cycles of 95°C for 5s, 58°C for 

5s and 95°C for 10s. Then a melt curve analysis from 65°C-95°C in 0.5°C increments for 5s was 

performed. CFX Manager Software version 3.0.1224.1015 was used to quantify gene expression 

using 18s rRNA as a reference gene for all reactions except for ND5, that which used beta-actin. 

Primer efficiencies were obtained using LinREG software and are shown below in Table 4. 

Relative normalized gene expression was quantified via the ΔΔCt method 148. 
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Table 4. Primer efficiencies and sequences for primers used. 

Gene Primer Sequence (5’à3’) Primer Efficiency 

GPx1 F: GTTCGGACACCAGGAGAA 

R: GCCTTCTCACCATTCACTTC 

1.93  

 

GPx4 F: GGCAGGAGCCAGGAAGTAAT 

R: GTGGGCATCGTCCCC 

1.92 

SOD1 F: GGCTTCTCGTCTTGCTCTCTC 

R: TTCACCGCTTGCCTTCTG 

1.97 

 

SOD2 F: GGCCAAGGGAGATGTTAC 

R: TGATAGCCTCCAGCAACTC 

1.90 

Catalase F: AGAAGCCTAAGAACGCAATTC 

R: ATCCATCCAGCGTTGATTAC 

1.91 

 

ND5 F: ACAGCTATTTGTGCCCTCACCCAA 

R: GCATGGCTTTGAAGAATGCGTGGG 

1.96 

18s-rRNA F: CGGCTACCACATCCAAGGAA 

R: GCTGGAATTACCGCGGCT 

1.97 

Beta-actin F: GCCAACACAGTGCTGTCTG 

R: TACTCCTGCTTGCTGATCCA 

1.91 

 

2.2.3 Protein Extraction 

500ul of radio-immunoprecipitation assay buffer (RIPA buffer) (containing 1:100 protease 

inhibitor, see formula below in Table 5) was added to a small section of tissue around 20-30mg 

in mass. Ingredients found in RIPA buffer are listed below in Table 5. A homogenizer bead was 

added to the tube and the tissue subsequently underwent homogenization at 30hz for 2 min, 

followed by a 1 min rest and then a repeat of 30hz for 2 min using a Retsch Mixer Mill M400 

homogenizer (Retsch, Germany). Next, the homogenate was centrifuged at 4,000rpm for 5 min 

at 4 °C. The supernatant was removed and added into a new tube. The isolated supernatant was 

stored in -20 °C. 
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Table 5. RIPA Buffer Recipe used for protein extractions, pH 8.5. 

Component Amount  

Sodium chloride 17.5g 

Triton X-100 2mL 

SDS (0.1%) 0.2g 

Sodium deoxycholate (0.5%) 1g 

Tris-Base (50mM) 1.2g 

 

2.2.4 Gas Chromatography  

To determine the relative proportions of various FA in the cardiac tissue, thereby establishing 

that the FA specific diets had accumulated in the tissue of interest, was done using a combined 

FA extraction and methylation protocol 149. Methylation produces FA methyl esters from 

glycerolipids and sterol esters 150. Boron trifluoride was used as an acid catalysis for 

esterification 150. Next, 30mg of tissue was added to 1.2ml hexane and 1.2ml boron trifluoride-

methanol solution. Samples were then heated on a hot plate to between 90- 100°C for 1 hour. 

Next, 1ml of water was added to the samples, and the sample was centrifuged for 1 min. The top 

aqueous layer, containing the extracted and methylated FAs, was removed and placed into a 

glass vial for gas chromatography analysis. FA methyl esters were analyzed on a Trace 1300 Gas 

Chromatograph with a flame ionization detector (FID) using a Supelco Famewax column (30m x 

0.32 mmID x 0.5 microns). Peaks were identified using a 37-peak standard (Sigma Aldrich, St. 

Louis, MO, USA). The area under the curve for each identified peak was calculated and then the 

% area (% FA) was determined for each FA in that sample. Software used for analysis was 

Chromeoleon7™ Chromatography Data System Software (ThermoFisher Scientific, Waltham, 

MA, USA). 

2.2.5 DE-TBARS 

Lipid oxidative damage can be obtained using diethyl thiobarbituric acid (DE-TBARS) reactive 

products, a common lipid peroxidation assay for detecting the presence of TBARS products 151. 

Following protein extraction with RIPA buffer (as above mentioned), 80ul of RIPA homogenate 

was added to 50ul of 50% glacial acetic acid in a 1.5mL tube. The control contained RIPA and 
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glacial acetic acid only, without the tissue homogenate. Next, the solutions were placed on a 

shaker for 30 minutes to precipitate the proteins. Once precipitated, the tubes were centrifuged at 

3,000rpm for 2 mins to pellet the precipitate. The supernatant was next removed and added to an 

equal volume of 4.0mM DE-TBA solution. Following a short vortex, the tubes were heated to 

95°C for 45 minutes. Once cooled to room temperature, the solutions were pipetted in duplicates 

into a sterile, clear 96-well plate. Fluorescence was recorded at 490em/510-570 by GloMax plate 

reader.   

 

2.2.6 Echocardiogram 

A HP/Philips Sonos5500 ultrasound system (Hewlett Packard Co., NL) was used to measure 

various heart parameters in mice by utilization of non-invasive transthoracic echocardiography 
152. Mice were initially anesthetized with 2% isoflurane and maintained with 1% isoflurane on a 

warming platform to maintain a constant body temperature at 37°C. A 15-L transducer (7-

15MHz, Hewlett Packard Co.) was used for M-mode and Pulsed-Wave Doppler to investigate 

heart and aortic valve function, correspondingly.  

2.2.6.1 M-Mode 

The probe was placed in a position to observe the mitral valve to acquire images with multiple 

readings taken to ensure accuracy. Long-axis scans and 2-chamber view were utilized.  Images 

were then transformed from the machine to the computer for further analysis. Digimizer Image 

Analysis Software was used to take multiple readings from the stored images including left 

ventricular internal diameter end diastole (LVIDd) and end systole (LVIDs), posterior wall 

thickness diastole (PWd) and systole (PWs), interventricular septal end diastole (IVSd) and end 

systole (IVSs). Fractional shortening (Equation 1) and ejection fraction (Equation 2) were 

calculated by using measurements obtained in other published work 153, and together are able to 

provide left ventricle systolic function. Equation 3 provided left ventricle mass, that which was 

also obtained from another published article153. Stroke volume (Equation 4) was calculated by 

using M-MODE and utilized the equation from Qi et al. (2017). The following Equations 5-6 

were calculated for use in Equation 4154 
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																				𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙	𝑆ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔	(𝐹𝑆) = 2
LVIDd − LVIDs

LVIDd : × 	100 
(1) 

LVIDd = diastolic left ventricle internal dimension 

LVIDs = systolic left ventricle internal dimension 

 

		𝐸𝑗𝑒𝑐𝑡𝑖𝑜𝑛	𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	(𝐸𝐹) = @
(LVIDd)A − (LVIDs)A

(LVIDd)A B × 	100 
(2) 

 

𝐿𝑒𝑓𝑡	𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑙𝑒	𝑀𝑎𝑠𝑠 = 1.055[(𝐼𝑉𝑆𝑇𝑑 + 𝐿𝑉𝐷𝑑 + 𝑃𝑊𝑇)A − (𝐿𝑉𝐷𝑑)A] (3) 

1.055 = specific gravity of the myocardium (muscular heart tissue) 

IVSTd = diastolic interventricular septum thickness 

LVIDd = diastolic left ventricle dimension 

PWT = diastolic posterior wall thickness 

 

		𝑆𝑡𝑟𝑜𝑘𝑒	𝑉𝑜𝑙𝑢𝑚𝑒	𝑏𝑦	𝑀 −𝑀𝑂𝐷𝐸	(𝑆𝑉) = 𝐸𝐷𝑉 − 𝐸𝑆𝑉 (4) 

 

𝐸𝑛𝑑 − 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐	𝑣𝑜𝑙𝑢𝑚𝑒	(𝐸𝐷𝑉) = 2
7

(2.4 + LVIDd): × (LVIDd
A) 

(5) 

 

 

End − systolic	volume		(𝐸𝑆𝑉) = 2
7

(2.4 + LVIDs): × (LVIDs
A) 

(6) 

 

2.2.6.2 Pulsed-Wave Doppler Mode 

After acquisition of the images, calculations were performed using the left ventricular outflow 

tract (LVOT) package analysis. Within the LVOT package, left ventricular outflow trace velocity 

time integral (LVOT VTI) was selected and the trace tool was used to manually trace the areas of 

interest within the cardiac cycle (Figure 3). The length of the trace-line provides the value of 

LVOT VTI. Other parameters including blood flow velocity and aortic blood pressure were both 

measured under the LVOT VTI function. Multiple cardiac cycles were measured separately. To 
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measure the diameter of the aorta, LVOT DIST (LVOT distance) was selected under the LVOT 

package. By using the caliper tool, aorta diameter was obtained. LVOT, heart rate, systolic blood 

pressure and diastolic blood pressure were measured using the trace function (dotted line shown 

in Figure 3). Once the heart rate measurement was completed, cardiac output (Equation 7) and 

mean arterial pressure (MAP, Equation 8) were calculated. The heart rate (HR) were measured 

by the echocardiography machine utilizing a caliper tool in M-Mode. Cardiac output was 

calculated using Equation 7, that which was obtained from J Zhang, Critchley, & Huang (2015). 

Cardiac output is the amount of blood pumped in one minute 30. Finally, Equation 8 was obtained 

from Razminia et al., (2004) and was used to calculate mean arterial pressure (MAP), that which 

provides the pressure of the vessel in one cardiac cycle.  

 
 

 
Figure 3. Echocardiogram reading used for visualizing several recorded measurements, that 
which were later used in several calculations. 

 
𝐶𝑎𝑟𝑑𝑖𝑎𝑐	𝑂𝑢𝑡𝑝𝑢𝑡 = 𝐻𝑒𝑎𝑟𝑡	𝑅𝑎𝑡𝑒	 × 	𝑆𝑉 (7) 

 

𝑀𝑒𝑎𝑛	𝐴𝑟𝑡𝑒𝑟𝑖𝑎𝑙	𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	(𝑀𝐴𝑃) = @2
2
3	: × 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐B +	@2

1
3: 	× 𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐B 

(8) 
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2.2.7 Statistical Analyses 

Graphical results are visualized in box plot formats, that which easily identify the interquartile 

range, median, and outliers, if any. For Chapter 2, either a one-way analysis of variance 

(ANOVA), a two-way ANOVA, or an un-paired T-test was utilized. In the case of non-normal 

data, a non-parametric test was utilized, in this case a Kruskal Wallis one-way analysis of 

variance.  

If significance was calculated following a two-way ANOVA, a Tukey’s multiple comparisons 

post hoc test was used. Statistical significance was set at P < 0.05. GraphPad Prism 7.0 was 

utilized for all statistical analyses and graphical representation (GraphPad Software Inc., San 

Diego, CA, USA), All groups have their respective n values displayed, minimum n=3, except for 

LDH assay in chapter 2. In Table 6, displaying GC results, standard deviation was displayed, 

which was calculated using Microsoft Excel. 

 

2.3 Results 

2.3.1 Mice Fed Specific Diets Successfully Demonstrated Differential Fat Accumulation 

To determine the proportions of FAs present in the diet, gas chromatographic analysis was 

conducted on the rodent diets. The rodent diet was a mixture of a powdered basal mix and a 

dietary vegetable oil of interest. As expected, the corn oil diet, that which is rich in linoleic acid, 

contained more LA than the olive oil diet (Figure 4). In contrast, the olive oil diet contained 

more oleic acid, that which is expected as it is known that this oil contains more oleic acid, as 

shown in Figure 4 35. The gas chromatograph results for linoleic acid and oleic acid are displayed 

respectively in Figure 4 below.  
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Figure 4. Relative proportions of FAs present in the corn oil and olive oil diets. 
Gas chromatography result depicting the relative percentages of the FA types of interest within 
the experimental diet. Figure 4.A depicting the corn oil diet and Figure 4.B depicts the olive oil 
diet. 
 

After the diets were verified to contain proportions of interest of specific FAs, the feeding began. 

To ensure that the mice were consuming their experimental diets, their individual body weight 

were recorded every 3-4 days for the duration of the experiment. At the end of the study, the 

final body weight was subtracted from initial body weight to determine the changes in weight 

occurring in the study, that which is represented in Figure 5 across the three diet types. We were 

able to show that the GPx1+/- mice consuming a basal diet supplemented vegetable oil gained 

more mass compared to the basal diet alone and there was no significant difference in body 

weight between OO and CO fed mice. 

A

B
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Figure 5. Change in body mass across the normal control (NC), olive oil (OO), and corn oil 
(CO) diets. 
Change in body mass was determined by taking the final mass recorded and subtracting from the 
initial mass (n=6). Data was analyzed using one-way ANOVA (NC-OO P<0.05, NC-CO 
P<0.005) and visualized as mean +- standard error of the mean (SEM). Abbreviations: NC, 
normal control; OO, olive oil; and CO, corn oil.  

 

Gas chromatographic analysis confirmed that the olive oil mice hearts fed specific diets 

contained more of the specific FAs of interest. The results from the heart tissue FA analysis is 

displayed in Table 5. A one-way ANOVA was used to determine if there were any significant 

differences in OA or LA accumulation within the GPx1+/- mouse hearts and it was found only 

that the olive oil diet contained a statistically significant amount of OA. In the corn oil diet, the 

amount of LA was not statistically significant. 

 

 

 

 

 

 

 

1

* *



31 

Table 6. Relative proportions of certain FAs of interest within heart tissue, obtained by gas 
chromatography (n=5). One-way ANOVA was used to calculate significance for the corn oil diet 
containing LA (P=0.0512) and for the olive oil diet containing OA (*P=0.0018). Abbreviations: 
AVG, average; SD, standard deviation. 
 Normal Control Olive Oil  Corn Oil  

Fatty Acid AVG (%) ± SD 

 

Palmitic (C16:0) 20.72 ± 1.76 17.52 ± 0.76 20.39 ± 2.37 

Stearic (C18:0) 21.17 ± 2.80 20.30 ± 3.14 23.87 ± 1.70 

Oleic (C18:1) 15.54 ± 2.27 25.76* ± 2.59 15.41 ± 4.23 

Linoleic (C18:2) 25.17 ± 3.41 19.12 ± 4.18 26.11 ± 5.69 

Gamma-Linolenic (C18:3n6) 0.22 ± 0.20 1.52 ± 2.88 0.23 ± 0.23 

Alpha Linolenic (C18:3n3) 0.14 ± 0.10 0.10 ± 0.04 0.17 ± 0.15 

Arachidonic (C20:4n6) 0.02 ± 0.03 0.03 ± 0.02 0.03 ± 0.02 

EPA (C20:5) 0.07 ± 0.04 0.05 ± 0.02 0.13 ± 0.11 

DHA & Nervonic Acid 

(C22:6+C24:1) 

0.09 ± 0.09 0.01 ± 0.01 0.02 ± 0.01 

 

Next, qPCR was conducted on the heart tissue to determine if GPx1 gene expression was 

reduced (Figure 6). First, the GPx1+/- mice were compared to GPx1+/+ mice to see if a 

heterozygous KO of GPx1 is able to cause a decrease in GPx1 antioxidant expression (Figure 6). 

As expected, the transgenic mice had decreased heart GPx1 expression compared to the WT 

mice (Figure 6). Additionally, the presence of LA in a GPx1 reduced heart resulted in an even 

further decrease of GPx1 expression when compared to the wildtype (WT) mouse.  
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Figure 6. GPx1+/- mice express significantly less GPx1 in heart tissue. 
qPCR on the GPx1 gene showing GPx1+/- mouse hearts had decreased gene expression. 
Additionally, in the GPx1+/- mice fed a CO diet, there was a reduction in GPx1 gene expression 
levels when compared to WT mouse hearts (GPx1 gene factor P<0.0001, GPx1+/- CO-GPx1+/+ 
CO P=0.0088). In comparison to the WT CO group, the GPx1+/- CO group had reduced GPx1 
gene expression (P=0.0088). Two-way ANOVA used to determine significance (GPx1+/+ n=5, 
GPx1+/- n=6). Abbreviations: NC, normal control; OO, olive oil; CO, corn oil.  
 

2.3.2 Dietary differences did not induce lipid peroxidation changes in GPx1+/-mouse hearts 

A DE-TBARS assay was used to determine if lipid peroxidation was occurring across the 

different diet types. This commonly used assay is able to detect lipid peroxidation products and 

is considered as a biomarker of lipid peroxidation 157. Only using GPx1+/- heart tissue, we 

investigated if the diet was able to induce detectable changes in lipid peroxidation due to the 

presence of more unsaturated FAs while looking at the x-axis moving outwards in Figure 7. 

There were no statistically significant differences between any of the groups compared. 
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Figure 7. Lipid peroxidation differences across diet types in GPx1+/- cardiac tissue. 
DE-TBARS was utilizes to asses lipid peroxidation in GPx1+/- cardiac tissue (n=6). One-way 
ANOVA was used to determine significance (P = 0.9033). Abbreviations: NC, normal control; 
OO, olive oil; and CO, corn oil. 
 

2.3.3 Antioxidant Gene Expression Alterations and Mitochondrial Copy Number 

The heart tissue of both the WT and GPx1+/- mice was investigated to determine if other 

antioxidant enzymes would be compensating for the lack of GPx1 in GPx1+/- hearts across diet 

groups. We demonstrated that GPx4, catalase, SOD1 and SOD2 gene expression varied between 

the GPx1+/- mouse hearts compared to the WT, that which is shown in Figure 8. There were no 

statistically significant differences among diet groups with the exception of in the GPx1+/- mouse 

hearts treated with olive oil, there was increased SOD1 gene expression.  
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Figure 8. GPx1+/- mouse hearts have differing expression of antioxidant genes. 
qPCR gene expression on WT and GPx1+/- mouse hearts for A) glutathione peroxidase 4 (GPx1 
factor P= 0.0404; diet factor P=0.4508; interaction P=0.5037); B) catalase (GPx1 factor P= 
0.0092; diet factor P=0.4096; interaction P=0.2557); C) superoxide dismutase 2 (GPx1 factor P= 
0.0326; diet factor P=0.5582; interaction P=0.6726); or D) superoxide dismutase 1 (GPx1 factor 
P= 0.0339; diet factor P=0.2829; interaction P=0.1761, GPx1+/+ OO-GPx1+/- OO P =0.0279) 
(GPx1+/+ n=5, GPx1+/- n=6). Two-way ANOVA used for figures A, C-D. Kruskal-Wallis analysis 
of variance test was used for B. Abbreviations: NC, normal control; OO, olive oil; CO, corn oil.  

 

qPCR determined that there was reduced expression of ND5 in the GPx1+/- mice compared to the 

control WT mice, as shown in Figure 9. In comparison to the WT OO group, the GPx1+/- OO 

group had reduced ND5 gene expression. ND5 encodes an essential subunit for the NADH 

dehydrogenase complex and it used as an indicator of mitochondrial DNA abundance 144,158. 
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Figure 9. GPx1+/- mouse heart displays lower ND5 gene expression, possibly due to decreased 
mitochondrial health.  
ND5 gene expression encoding an important subunit in the NADH dehydrogenase complex. 
Two-way ANOVA was used to determine significance (GPx1 overexpression factor P= 00115; 
diet factor P=0.1343; interaction P=0.0623) (GPx1+/+ n=5, GPx1+/- n=6). Abbreviations: OO, 
olive oil; and CO, corn oil. 
 

2.3.4 Heart Function Measurements as Determined by Echocardiogram 

Expanding beyond molecular techniques, we demonstrated that the heterozygous GPx1 KO was 

unable to cause detectable heart function changes. By using echocardiogram, various heart 

parameters were measured and compared. Fractional shortening (Figure 10.A), ejection fraction 

(Figure 10.B) and stroke volume (Figure 10.D) did not have any statistically significant 

differences. Left ventricle mass, as shown in Figure 10.C, had increased LV mass in the NC fed 

GPx1+/- mice compared to the GPx1+/-+ mice. Additionally, the GPx1+/- LV mass was decreased 

following CO diet. Two-way ANOVA determined that the GPx1 overexpression factor and diet 

factor interaction was of significance as well. 
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Figure 10. GPx1+/- mouse left ventricle mass was increased, however; decreased in the presence 
of corn oil. 
Echocardiogram measurements utilizing M-Mode, from section 2.2.6 and 2.2.6.1. Calculations 
used were from Equations 1-6 in section 2.2.6.1. Figures as follows: A) Fractional shortening; 
Figure 10.B, Ejection Fraction; C) Left Ventricle Mass (Interaction between GPx1 
overexpression factor and diet factor P=0.005, GPx1+/- NC = P=0.0054, GPx1+/- CO P=0.0215); 
D) Stroke Volume. Two-way ANOVA was used to determine significance (GPx1+/+ n=5, GPx1+/- 
n=6). Abbreviations: NC, normal control; OO, olive oil; and CO, corn oil.  
 

After measuring various heart parameters, cardiac output and mean arterial pressure were 

calculated. First, cardiac output, shown in Figure 11.A., did not have any differences. MAP, 

shown in Figure 11.B also did not have any differences. 
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Figure 11. No change in cardiovascular function across diets in GPx1+/- mice hearts. 
Doppler mode was utilized to obtain measurements, that which were utilized in calculations 
using Equations 7 and 8 from section 2.2.6.2. One-way ANOVA was used to determine 
significance (n=6): cardiac output, P=0.184; mean arterial pressure, P=0.715. Abbreviations: NC, 
normal control; OO, olive oil; and CO, corn oil. 
 

2.4 Discussion 

2.4.1 Mice Fed Specific Diets Successfully Demonstrated Differential FA Accumulation 

An experiment based upon the effects of diet relies heavily on consumption of the variables of 

interest and the appropriate delivery of the specific variable, that which have both led to 

improvements in animal diets in nutrition studies159. However, even with such advancements, 

diet studies are typically not consistent in reporting specific details among studies and typically 

contain varying amounts of micro- and macronutrient values160. A characteristic of unsaturated 

FAs, that which are found in certain dietary oils, is that they are able to oxidize over time or 

under improper storage conditions 161. Oxidation of oils is well established to alter the chemical 

composition of FAs present and thereby negatively affect one’s results161. Furthermore, 

commonly consumed dietary oils can differ in amounts of FAs present35. To address these issues, 

diets were replaced daily to prevent oxidation. Additionally, gas chromatography verified that 

the diets contained the specific FAs of interest. Weighing the mice ensured proper feeding of 

mice and was further verified by gas chromatographic analysis on heart tissues, which showed 

accumulation of the specific FAs present in the diet (Table 6). It was found that when comparing 

the amounts of LA or OA in the three diet treatments, only the olive oil diet contained a higher 
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amount of OA compared to the other groups. This was that the corn oil diet did not have a 

significantly different percent amount of LA as the basal diet does contain corn oil, albeit at 

lower amounts. 

 

In our own experience 6 weeks of dietary intervention has been sufficient to induce lipid changes 

in the heart in mice earlier as well. changes while being 117,119. After considering the length of the 

dietary intervention, it is important to note the changes in mass shown in Figure 5. The high fat 

diet fed mice gained more mass compared to the normal control fed mice. The high fat diets 

contained 25% W/W fat from energy coming from fat and therefore are more calorically dense in 

comparison to the normal control diet. The normal control diet contained only 5% W/W fat. 

Energy from fat is 9 calories/g of fat compared to that of protein or carbohydrate, that which are 

4 calories/g.  

 

2.4.2 Dietary Differences Did Not Induce Lipid Peroxidation Changes in GPx1+/-Mouse 

Hearts 

To assess lipid peroxidation differences driven by diet, a DE-TBARS assay was conducted to 

indirectly detect thiobarbituric acid reactive substances by spectroscopy. There was no 

statistically significant change in lipid peroxidation detected by DE-TBARS, as depicted in 

Figure 7. It is possible that the dietary intervention was too short in duration or the antioxidant 

system was sufficient to prevent lipid oxidation. Additionally, there is evidence that suggests that 

aged systems may be more at risk for lipid peroxidation due to decreased antioxidant effects, 

therefore the younger mice used in this study could have increased antioxidant protection162.  

 

2.4.3 Antioxidant Gene Expression Alterations and Mitochondrial Copy Number 

qPCR is a commonly used method across various fields of research due to its relatively quick 

speed and sensitivity allowing quantification of gene levels  148. The results in this thesis showed 

that there were alterations occurring in gene expression following the heterozygous KO of GPx1. 

This was shown in Figure 8, that which had significant variances due to genotype across all 

antioxidants tested (SOD1, SOD2, GPx4, and catalase). There are several other antioxidants to 
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observe in addition to these selected. Furthermore, of those that selected, only catalase has the 

same function to reduce H2O2 to water, however; catalase does not oxidize glutathione as part of 

the reaction71. Catalase has a high Km for H2O2 and therefore serves a smaller role when H2O2 is 

prevalent; however, in high concentrations of H2O2, catalase takes over106. 

 

In regard to GPx1-/- mice, GPx4 was not upregulated at a transcriptional level in the aortic tissue 

following a high fat diet163. This study also saw a change in GPx2 but that is a predominantly 

kidney associated isoform163. The high fat diet used however contained 15% cocoa butter and 

50% sucrose, and therefore isn’t an accurate representation of the types of fats being commonly 

consumed163. In the absence of GPx1, it is well established to render murine models injected with 

the oxidative agent paraquat164,165. 

 

Due to heterozygous GPx1 KO not causing lethality, it has been suspected that other antioxidants 

are able to act in its place106,110. This result is not seen in the homozygous GPx4 KO as it causes 

lethality and demonstrates the importance of this particular antioxidant isoform110. It is predicted 

that perhaps in the absence of GPx1, that GPx4 is able to provide the same function166. 

Antioxidants, similar to several other biological systems, have biological redundancy where two 

or more genes are performing the same function and therefore there is no phenotype effect when 

there is an absence of one167. Biological systems are complex and therefore biological 

redundancy contributes to the difficulty in investigating a single antioxidant enzyme167.  

 

When it came to differences from dietary intervention, the alterations were less detectable, as 

shown in Figure 8. This could be due to a multitude of factors including dietary intervention 

length, the use of male and female mice, or age of the mice used. Some animal studies have 

feedings for several months, which thereby could lead to larger detectable changes168. 

Furthermore, some diets are able to become obesogenic within shorter ranges of times while 

others require a longer duration168. Next, diet studies typically use male mice, which has led to a 

gap in our knowledge of the female systems168,169. It is suspected that the female estrous cycle has 

been the factor leading to the decreased use of female mice models when studying obesity168. 

Interestingly though, female murine models are considered better when using a HFD model due 

to their close similarity to humans, in comparison to male murine models168. In this study, both 
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females and males were used and therefore could lead to mixed results. Lastly, the age of mice is 

an important consideration in studies. When trying to accurately depict an adult’s life stage, it 

should be considered when planning an animal study as mice that are only a couple months old 

like in this study, are more so representative of a 20-30 year old human170. While there are large 

cost considerations, it is important to use appropriately aged mice to answer our research 

questions170. 

 

Of particular interest in this chapter was the change in expression levels of antioxidants (Figure 

8). Several of the antioxidants incurred changes between the WT and GPx1+/- mouse hearts 

(Figure 9). As GPx1 has an important role within the mitochondria, it was suspected that the 

mitochondrial health could be decreased and therefore causing alterations in antioxidant gene 

expression171. A commonly used method to determine mitochondrial numbers or function is to 

measure Mitochondrial DNA (mtDNA)172. mtDNA copy number lacks histones and DNA repaid 

mechanisms present in nuclear DNA, and therefore is more at risk for incurring oxidative 

damage thereby altering the mtDNA172. Of additional interest to investigating mitochondrial copy 

number is the potential for mtDNA copy number to be used as a biomarker for CVD 172. This is 

due to the high number of mitochondria and subsequently mitochondrial DNA present in cardiac 

tissue, that which is at risk of becoming oxidized and can contribute to negative pathologies such 

as CVD172. A recently published meta-analysis determined that there was a negative correlation 

between mtDNA copy number and CVD risk172. Therefore, to investigate the amount of mtDNA, 

qPCR was completed on mtDNA. 

 

To detect mtDNA, primers specific to ND5 were used. ND5 is an important subunit of the 

NADH complex within complex I144. Therefore, detection of ND5 can be used to determine 

mtDNA copy number by qPCR144,158. The GPx1+/- hearts had reduced ND5 gene expression 

(Figure 9). Therefore, this result perhaps indicates there is an important role GPx1 is playing and 

in the reduced presence of GPx1 there is a consequential effect to mitochondrial copy number, 

that which is shown in Figure 9. There were no dietary differences observed between the groups.  
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2.4.4 Heart Function Measurements as Determined by Echocardiogram 

Due to the importance of GPx1 in the protection of mitochondria, and the heart containing high 

amounts of mitochondria, it could be predicted that changes in the heart could occur and specific 

changes in function could be detected by echocardiogram in the GPx1+/- model 171. By using 

equations 1-8, we were able to determine various cardiovascular parameters to assess heart 

function.  

 

In Figure 10, various parameters were measured using M-Mode. Fractional shortening (Figure 

10.A) is used to determine left ventricular systolic function 153. Ejection Fraction (Figure 10.B) is 

described as the volume pumped from the left ventricle per heart beat 173. Stroke volume (Figure 

10.D) is the volume difference between the diastolic and systolic cycles and therefore provides 

the volume pumped in one cycle 174. In all three of the previous heart parameters, there were no 

statistically significant differences. Figure 10.C calculated left ventricle mass and was found that 

the interaction between diet and genotype caused variance. The NC fed GPx1+/- mouse had 

increased LV mass when compared to the WT. Additionally, within the GPx1+/- group, the CO 

fed mouse had a decreased LV mass when compared to the NC fed mouse. Interestingly, the CO 

fed GPx1+/- heart had a smaller mass and yet had the same stroke volume as the other mice, 

perhaps indicating that it has increased strength, however this would require further 

investigation. 

 

In order to investigate if there was a difference detectable in two commonly used cardiovascular 

measurements, cardiac output (Figure 11.A) and mean arterial pressure (Figure 11.B) were 

calculated using Doppler mode in the GPx1+/- mice only. There were no differences across the 

dietary groups. While GPx1+/- CO fed hearts are perhaps more efficient in that they are smaller 

but retain the same stroke volume, there is no improvement in cardiac output when compared to 

the other GPx1+/- hearts. 

 

Using M-Mode to determine stroke volume has been questioned previously and is considered by 

some to be a poor estimator due to some assumptions when using M-Mode, such as the left 

ventricle contracting symmetrically175,176. Any misalignment with the assumptions leads to error 
175. However; M-Mode is still utilized by some 154. It is recommended to use two-dimensional or 
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Doppler to obtain this measurement 175,176. The equipment utilized in this thesis did not allow 

choice of method for echocardiogram measurements. 

 

When all taken together, we know that the lipid composition varies amongst the hearts and there 

are some changes in antioxidant expression; however, it did not elicit a detectable functional 

response. This could be due to a low sample number (n= 5-6) and sex differences in the 

cardiovascular system. Male mice are typically used in cardiovascular studies therefore some 

variance could be introduced when using both sexes in an experiment such as this one169. 

 

2.5 Chapter Conclusion 

In summary, the specific objective for this chapter was to investigate the effects of high fat diets 

in GPx1+/- mouse hearts. The overall hypothesis was that glutathione peroxidase 1 (GPx1), an 

important mitochondrial antioxidant enzyme, which is able to protect the heart following a 

high fat diet. To address this hypothesis, it was shown that n-6 PUFA feeding in a GPx1+/- 

model did not induce large detectable changes by qPCR, or echocardiography. We demonstrated 

that in GPx1+/- mouse hearts, there were alterations in other antioxidant (SOD1, SOD2, Catalase, 

GPx4) gene expression, perhaps this result could be due to low mitochondrial health, that which 

was investigated by ND5 gene expression. In summary, this chapter showed that the 

heterozygous KO of GPx1 was able to induce minor changes on a cellular level but not 

detectable in vivo even following a HFD.  
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Chapter 3: Investigating the Effects of Dietary FAs in GPx1 Overexpressed H9c2 

Cardiomyocytes 

3.1 Overview 

Over the last century, the composition of diet has changed in Western countries leading to an 

increased ratio of n6:n3 PUFA consumption, that which has been suggested to contribute to the 

prevalence of chronic disease 8,57,143<sup>8,57,143</sup>. Furthermore, while GPx1 has been 

established previously to play an important role in protecting the heart, it has not been 

investigated under the high n-6 Western diet113,114. As cardiomyocytes make up the majority of 

cells within the heart and provide contractility, it was shown in various studies that dietary FAs 

could lead to changes at the cellular levels177,178. An accumulation of oxidative damage from the 

type and amount of FAs in these cells could eventually lead to death and loss of contractility, 

which would eventually translate to cardiomyopathy121. Therefore, the objective of this chapter is 

to assess cellular death following the dietary FA exposure in GPx1 overexpressed cardiomyocyte 

cells (H9c2). The idea behind these experiments was to assess the role of GPx1 in cardiomyocyte 

health under various fat diets. 

 

In this chapter we show that n-6 PUFA feeding in a GPx1 overexpressed H9c2 cells had 

increased neutral red uptake, possibly indicating a positive outcome on cellular health. The 

neutral red uptake assay estimates the number of viable cells by measuring the amount of dye 

trapped within the lysosomes179. The dye becomes charged once entering the lysosome, due to 

the lowered pH gradient within the organelle, and therefore becomes trapped179. The dye is 

released upon cell death or pH gradient disruption179. To determine if there were any differences 

in cellular death following dietary FA exposure, we measured caspase 3/7 activity and LDH to 

provide estimations of apoptosis and necrosis respectively. We demonstrated that GPx1 

overexpression increased caspase 3/7 activity while LA in both the control and GPx1 

overexpression transfected cells had decreased caspase 3/7 activity. Therefore, this result may 

indicate that H9c2 cardiomyocytes that have GPx1 overexpressed may be undergoing the more 

controlled apoptotic cellular death pathways more commonly than the control cells. However; 

when the GPx1 overexpressed cells or empty vector overexpressed cells were provided the 

stressor LA, there was a decrease in caspase 3/7 activity, thereby creating a FA specific trend. 
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Interestingly, the control vector overexpressed H9c2 cells though did not have a different LDH 

measurement compared to GPx1 overexpressed cells, but FA exposure was able to cause a shift. 

To determine if GSH was contributing to the cell death trends, we measured GSH in its reduced 

state. We also show that in GPx1 over expressed cells that were exposed to LA, there was an 

increase in the amount of GSH.  Antioxidant systems become upregulated following a stressor180. 

Therefore, following LA treatment, it is not surprising to observe and increase in GSH. This data 

indicates that n-6 PUFA rich diets and GPx1 overexpression caused differences in our apoptotic 

measurement, and GSH upregulation could have shifted cell death to a more controlled apoptosis 

as shown by our lab earlier181.  

3.2 Background 

In vitro models are key for understanding biological processes due to its ability to investigate the 

microscopic cellular mechanisms occurring. In vitro is most suitable when modeling phenomena 

that which are typically simpler in nature. While there are limitations of in vitro experiments due 

to the complex nature of the biological systems being modeled, it remains a useful tool for 

investigations of small size182. 

3.2.1 In Vitro Cell Lines 

There are three main cell types within the heart: cardiomyocytes, fibroblasts, and endothelial 

cells183. In regard to studies of the heart, typically the cardiomyocyte is of interest due to its role 

as the muscular contractor and high prevalence within the cardiac tissue183. In vitro studies 

therefore typically utilize H9c2 cells, that which  are of ventricular origin from an E13 BDIX rat 

(Rattus norvegicus) heart184. While the cell line is undifferentiated, treatment with retinoic acid is 

able to produce terminally differentiated cells184. The usability of H9c2 has been seen recently 

when the cell line was compared to primary neonatal cardiomyocyte cells and there was found to 

be similar effects following treatment between the two lines. This therefore helps support the use 

of H9C2 for molecular studies investigating heart disease185. While H9c2 is a rat model, there is 

homology between humans, rats and mice186 . Therefore, as long as awareness exists that 

differences may occur, it remains a useful model in addition to in vivo Mus musculus 

experimentation. 
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3.2.2 GPx1 Overexpression 

Overexpression of GPx1 is typically shown to have enhanced protection against oxidative stress 
101. Mice with overexpression of GPx1 in their hearts were found to be more resistant to 

doxorubicin, that which causes adverse effects in mitochondria by uncoupling of electron 

transfer and oxidative phosphorylation 121,187. Overexpression of GPx1 is typically protective of 

apoptotic stimuli that has a disruption in normal redox balance; however, it should be noted that 

GPx1 in tumor cells failed to protect against apoptosis when treated with chemicals that did not 

disrupt redox pathways 102.  

 

3.3 Materials and Methods 

3.3.1 Cell Line 

H9c2 (CRL-1446) rat myoblasts were purchased from American Type Culture Collection 

(ATCC; Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified Eagle Medium in 

Low Glucose (DMEM; Hyclone, Logan, UT, USA) with 10% fetal bovine serum (FBS) at 37°C 

under 5% CO2. The H9c2 cell line was differentiated into mature cardiomyocytes over 7 days 

with a daily addition of 0.1 μM all- trans retinoic acid. Differentiation of this cell type is able to 

produce a more accurate model of the terminally differentiated cardiomyocyte cell present in 

mammals 184. The in vitro experiments were conducted in a class 2, type IIA biological safety 

cabinet. All experiments utilized sterile clear 48- or white 96- well plates, obtained from 

CellStar. 

 

3.3.1.1 Overexpression 

Overexpression of the antioxidant enzyme GPx1 (mouse GPx1; Transomic Technologies, 

Huntsville, AL, USA) H9c2 was achieved using Attractene transfection reagent (Qiagen, 

Toronto, ON, Canada). Sequences were checked to ensure that the mouse GPx1 would also work 

in a rat model. Approximately 5000 cells were plated per well of a 48-well plate. After overnight 

incubation, the media was removed, and cells were washed with PBS to remove traces of FBS. 

To each well 100 μl transfection solution was added. The transfection solution was prepared 

using a two-step process. First 0.5 μl of Attractene (Qiagen, Toronto, ON, Canada) was added to 
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50 μl serum free/antibiotic free media per well to be transfected. A separate solution containing 

250 ng plasmid (overexpression or PTCN empty vector) was added to 50 μl serum free/antibiotic 

free media per well to be transfected. The two solutions were then mixed and incubated at 37°C 

for 20 minutes. After addition of the transfection solution cells were incubated for a minimum of 

6 hours at 37°C under 5% CO2. Then 100 μl antibiotic free media containing 20% FBS was 

added to each well. Cells were then incubated for 48 hours before receiving additional treatment. 

 

To verify successful overexpression of GPx1, mRNA was extracted from the cells using RiboZol 

RNA extraction reagent following manufacturer’s instructions (Amresco, Solon, OH, USA). 

After removal of media, 150 μl of RiboZol was added to each well and then stored at -70°C until 

needed. For the extraction, the RiboZol cell mixture was transferred to a clean microfuge tube, 

following a brief thaw on ice. The sample was incubated for 5 minutes at room temperature to 

allow the complete dissociation of nucleoprotein complexes. Next, 60 μl of chloroform was 

added to the sample tubes, which were then shaken by hand for 30 seconds and incubated for 3 

minutes at room temperature. Then tubes were then centrifuged at 12,000 rpm at 4°C for 15 

minutes. To precipitate the RNA, the aqueous layer was transferred to a fresh tube and 75 μl 

isopropanol was added. RNA was precipitated at room temperature for 30 minutes. The samples 

were then centrifuged at 12,000rpm at 4°C for 15 minutes and the supernatant was discarded. 

Next, the pellet was washed with 1 ml 70% ethanol. Samples were centrifuged for 5 minutes at 

7,500 rpm at 4°C. The supernatant was discarded, and the pellets were air dried then resuspended 

in nuclease free H2O. The samples were then incubated at 65°C for 10 minutes. Synthesis of 

cDNA and qPCR were performed as described above in section 2.2.2. 

3.3.2 FA Treatments 

For all cell culture FA treatments, 100mM stock FAs (bovine serum albumin (BSA), OA, LA) 

are made for storage in -80°C. The FAs were dissolved in 70% ethanol (made from 100% 

anhydrous ethyl alcohol and sterile cell culture water). First, 3% FA-free, low-endotoxin BSA 

solution was prepared in PBS. Then the 3% BSA solution and the 100mM stock FAs solutions 

were heated to 37 °C (OA, LA). Afterwards, 100mM FAs stock were mixed with 3% BSA 

solution in a 20-fold dilution to produce 5mM FA stock solutions, that which were subsequently 

placed in 37°C for 3-4 hours with stirring. Finally, the 5mM FAs were sterile filtered and stored 
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in -80 °C. Based on previous laboratory experiments, FA concentrations above 0.1mM over 24 

hours causes excess toxicity and are not suitable for cell signaling assays. Therefore, the working 

concentration for FAs in all cell experiments was be 0.1mM for 24 hours. The vehicle control 

used was 5mM BSA only. 

 

3.3.3 Total mRNA Extraction 

The mRNA extractions from in vitro experiments were conducted using RiboZol RNA extraction 

reagent following manufactures instructions (Amresco, Solon, OH, USA). Briefly 150 μl of 

RiboZol was added to each well and then placed at -70°C until needed. For the extraction the 

RiboZol cell mixture was transferred to a clean microfuge tube and the sample was incubated for 

5 minutes at room temperature to allow the complete dissociation of nucleoprotein complexes. 

Then 60 μl of chloroform was added to the sample tubes which were then shaken by hand for 30 

seconds and incubated for three minutes at room temperature. Tubes were then centrifuged at 

12000 rpm at 4°C for 15 minutes. To precipitate the RNA, the aqueous layer was transferred to a 

fresh tube and 75 μl isopropanol was added. RNA was precipitated at room temperature for 30 

minutes. The samples were then centrifuged at 12000rpm at 4°C for 15 minutes, the supernatant 

was discarded, and the pellet was washed with 1 ml 70% ethanol. Samples were centrifuged for 5 

minutes at 7500 rpm at 4°C. The supernatant was discarded, and the pellets were air dried then 

resuspended in nuclease free H2O. The samples were then incubated at 65°C for 10 minutes. 

Synthesis of cDNA and qPCR were performed as described in previous section 2.2.2. 

 

Table 7. Primer efficiencies and sequences for primers used. 

Gene  
 

Primer Sequence (5’à3’) Primer Efficiency 

GPx1 F: GTTCGGACACCAGGAGAA 

R: GCCTTCTCACCATTCACTTC 

1.937  
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3.3.4 Neutral Red Assay 

This commonly used assay is used to quantitively estimate the number of viable cells 179. The dye 

is incorporated by live cells and concentrates within the lysosomes 179. After application of an 

acidified alcohol solution, the absorbance is read using a spectrophotometer at 540nm. The 

neutral red media (regular media with 40micrograms/mL neutral red dye) was prepared a day in 

advance and was incubated at 37°C. Media was centrifuged for 5 min at 1,400 rpm to remove 

precipitated dye crystals. Next, the normal media was removed from the plate and replaced with 

100uL of neutral red media per well. The plate was incubated at 37°C for 2 hours before 

removal. Cells were then washed with PBS before the addition of 150μL neutral red destain 

solution (containing 50% ethanol (96% purity), 49% deionized water and 1% glacial acetic acid). 

Next, the plate was agitated rapidly on a plate shaker for 10 min. The OD was read at 540nm. 

 

Table 8. Ingredients for solid and liquid Luria-Bertain- Miller (LB) media. 
Ingredients Solid LB Media (pH 7.2) Liquid LB Media (pH 7.2) 

NaCl 5g 5g 

Tryptone 5g 5g 

Yeast Extract 2.5g 2.5g 

Agar 7.5g  

Ampicillin 100ug/1mL 100ug/1mL 

 

3.3.5 Electroporation 

Using the electroporator at 2.0 kV, 200 ohms, and 25uF. Recovery media SOC was placed in 

37°C. LB antibiotic plates were pre warmed in 37°C while cells were thawed on ice for 10 mins. 

Next, 1mm electroporation cuvette and microcentrifuge tubes were placed on ice. The tubes 

containing cells were lightly flicked to mix before removal of 50uL into a microcentrifuge tube 

occurred. 1-3uL of DNA solution was added to cells in microcentrifuge tube. Next, the mixture 

was transferred to the cool cuvette, tapped twice on the counter, and the external surface was 

wiped. 
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Immediately following electroporation, 950uL of 37°C SOC media was mixed and transferred to 

a 15mL falcon tube. The solution was shaken at 200rpm at 37°C for 1 hour. Next, the solution 

was diluted and plated before 18-hour incubation in 37°C. After 18 h, colonies collected were 

placed in liquid LB media for 24 hours. Once adequate growth occurred (about 24 hours) the 

plasmid extraction was completed using the Qiagen Plasmid Mini Easy Kit. 

 

3.3.6 Caspase 3/7 Activity 

This luminescent assay is used to detect apoptosis dependent on caspase 3 and 7 activity, both of 

which are executioner caspases, in cardiomyocytes (Caspase-Glo 3/7 Assay Systems, Promega). 

The assay substrate contains Z-DEVD-aminoluciferin, that which undergoes cleavage to remove 

Z-DEVD- in the presence of caspase 3/7. The remaining substrate is acted on by luciferase. The 

assay was completed following the manufacturer’s instructions allowing cell lyses, caspase 

cleavage of substrate and luminescence by luciferase. Luminescence is proportional to the 

amount of caspase activity detected. Luminescence was recorded using the GloMax Multi+ 

detection system (Promega, Madison, WI, USA). 

 

3.3.7 GSH Assay 

o-Phthaladehyde (OPA) is a fluorescent probe that can be used for the detection of both oxidized 

(GSSG) and reduced (GSH) glutathione (Senft, Dalton, & Shertzer, 2000). Cells are first washed 

with PBS to remove traces of thiols present in the media. As OPA fluoresces in the presence of 

all thiols, two separate reactions are performed to increase specificity. The first reaction is to 

detect all background thiols, by the addition of N-ethylmaleimide, a potent inhibitor of 

glutathione reductase, which removes all GSH for detection of background thiols only. The 

second reaction determines GSH plus background thiols. The first reaction is subtracted from the 

second reaction to obtain a reading of GSH. Fluorescence was recorded at 365 nm excitation and 

410/460 nm emission using the GloMax Multi+ detection system (Promega, Madison, WI, 

USA). 
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3.3.8 Lactate Dehydrogenase Assay 

Cell death causes loss of cell membrane integrity that which releases lactate dehydrogenase 

(LDH) out of the cell (Ghosh et al., 2004). Media LDH was estimated using a kit (G LDH-Cytox 

Assay Kit, BioLegend). Manufacturer’s procedural instructions were followed to complete this 

assay. The kit utilizes enzymatic reactions beginning with NAD+ is reduced to NADH when 

lactate is dehydrogenated to pyruvate by LDH. Furthermore, NADH reduces the water-soluble 

tetrazolium salt. This reaction results in the conversion of the tetrazolium salt into an orange 

color formazan. The LDH activity is determined as NADH oxidation. Formazan was measured at 

490nm by GloMax Multi+ detection system (Promega, Madison, WI, USA).  

 

3.3.9 Resazurin Assay 

Resazurin assays are frequently used as an indication of cell viability and relies on the 

determination of mitochondrial redox status. During the assay, resazurin dye is reduced in the 

mitochondria to become the fluorescent resorufin (O’Brien, Wilson, Orton, & Pognan, 2000). 

Stock resazurin dye (Biotium, Fremont, CA, USA) was diluted 10x into cell media and 

subsequently was used to incubated H9c2 cells for 2 hours at 37°C and 5% CO2. Fluorescence 

was measured at 525nm excitation and580/640 nm emission using a GloMax Multi+ detection 

system (Promega, Madison, WI, USA).  

3.3.10 Statistical Analyses 

For Chapter 3, either a one-way analysis of variance (ANOVA), a two-way ANOVA, or an un-

paired T-test was utilized. Analyses was conducted similarly as was described in section 2.2.7. 

All groups have their respective n values displayed, minimum n=3, except for LDH assay in 

chapter 2. 
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3.4 Results 

3.4.1 GPx1 Overexpressed H9c2 Cells Express Significantly More GPx1 Compared to the 

Empty Vector Overexpressed H9c2 Cells 

To test whether the overexpression was successful, qPCR was conducted from frozen cells. The 

method utilized is detailed above in 3.2.3 and shown in Figure 13 below. We were able to verify 

that the overexpression of GPx1 in H9c2 cells was successful by comparing the two treatments 

groups: empty vector overexpression and GPx1 vector overexpression. By comparing to the 

control, that which was containing overexpression of an empty vector, it is evident that there was 

higher GPx1 gene expression in the GPx1 overexpressed cells, shown in Figure 12 below. 

 

 

 

 
Figure 12. GPx1 overexpressed H9c2 cells express significantly more GPx1. 
qPCR on GPx1 overexpressed cells ensure that the overexpression technique was successful 
(n=3). Unpaired test used to determine significance (P=0.0012). 
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3.4.2 No Change in Mitochondrial Resazurin Reduction; However, GPx1 Overexpressed 

H9c2 Cells had More Uptake of Neutral Red 

Next, after establishing that the H9c2 cells were able to successfully undergo GPx1 

overexpression, two assays were conducted to asses cellular health. First, neutral red 

fluorescence was measured, and the result determined that there was a statistically significant 

difference in the GPx1 overexpressed cells, shown below in Figure 13.A. Next, a resazurin assay 

was completed, that which measures mitochondrial resazurin reduction. There was no 

statistically significant different between the two vector types, that which is shown below in 

Figure 13.B. 

 

 
Figure 13. GPx1 overexpressed H9c2 cells had increased neutral red uptake but no change in 
Mitochondrial Resazurin Reduction.  
Cell viability assays conducted on transfected H9c2 cells a) Neutral Red Uptake Assay (P= 
0.0404); b) Mitochondrial Resazurin Reduction (P=0.261) at the end of a 24-incubation period. 
Unpaired t-test used to determine significance (control n=3, GPx1 overexpression n=3). 
 

3.4.3 GPx1 Overexpression Led to Variance in Caspase 3/7 Activity and Lactate 

Dehydrogenase Detection, While FA Treatment Led to Variation in Caspase 3/7 Activity Only 

To determine if GPx1 is altering cellular death pathways, caspase 3/7 activity was measured, and 

is visualized in Figure 14.A. The Two-way ANOVA showed that the GPx1 overexpression was 

source of variation. Additionally, a source of variation occurred from diet but there was no 

significant variation from the interaction between the two treatments. Tukey’s multiple 
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comparison post-hoc determined that in both the LA treated groups, there was a decrease in 

caspase 3/7 activity when compared to BSA. 

 

Lactate dehydrogenase (LDH) was measured and a source of variation from FA treatment 

occurred but no significance of interaction between FA and GPx1 overexpression was 

determined. There were no statistically significant difference between the treatment groups. The 

result is displayed in Figure 14.B. 

 

 
Figure 14. GPx1 overexpressed cells had increased caspase 3/7 activity, but in the presence of 
LA in both overexpressed cells there was a decrease in caspase 3/7 activity. 
GPx1 and empty vector overexpressed cells were treated with either a FA or vehicle control 
(BSA). At the end of a 24-incubation period, two assays were conducted. Two-way ANOVA 
was used to determine significance (control n=3, GPx1 overexpression n=3). Figures displayed 
as follows: Figure 14.A, Caspase 3/7 Activity (GPx1 overexpression P<0.0001;  FA exposure 
P=0.0003; interaction P=0.9496; control LA treated P<0.05; GPx1 overexpression LA treated 
P<0.05); Figure 14.B, Lactate Dehydrogenase Assay (FA exposure P=0.0136; GPx1 
overexpression P=0.0064; interaction P=0.3717). Abbreviations: BSA, bovine serum albumin; 
OA, oleic acid; and LA, linoleic acid. 
 

3.4.4 GPx1 Overexpressed H9c2 Cells had Higher Levels of GSH Following FA Exposure 

To investigate what may be underlying the differences between the empty and GPx1 vector 

overexpressed cells, a GSH assay was completed. As GPx1 (shown in Figure 2) utilizes GSH to 

reduce its oxidative targets, it was suspected that GSH levels may be depleted and leading to 

adverse results. It was predicted that GPx1 in such high amounts could be detrimental to the cell 

by depleting cellular levels of GSH. The GSH assay showed that in the presence of OA and LA 
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in the GPx1 overexpressed group, there were increased levels of GSH when compared to the 

BSA treated group. The two-way ANOVA determined that there was significant variance from 

GPx1 overexpression and FA treatment; however, no significant variance occurring from the 

interaction of the two treatment types. 

 
Figure 15. GPx1 overexpressed cells treated with linoleic acid had increased glutathione in its 
reduced form.  
Amount of GSH present in its reduced form. The two-way ANOVA determined that there was 
significant variance from GPx1 overexpression (P=0.0018) and FA treatment (P=0.0019); 
however, no significant variance occurring from the interaction of the two treatment types 
(P=0.2725). Additionally, as indicated by the start (*), the GSH assay showed that in the 
presence of LA (P<0.005) in the GPx1 overexpressed group, there was increased GSH (control 
n=3, GPx1 overexpression n=3). Abbreviations: BSA, bovine serum albumin; OA, oleic acid; 
and LA, linoleic acid. 
 

3.5 Discussion 

 

3.5.1 GPx1 Overexpressed H9c2 Cells Express Significantly More GPx1 Compared to the 

Empty Vector Overexpressed H9c2 Cells 

As expected GPx1 cells had increased GPx1 expression when compared to the empty vector. 

Therefore, qPCR validated that the overexpression was successful, as shown in Figure 12. 
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3.5.2 No Change in Mitochondrial Resazurin Reduction; However, GPx1 Overexpressed 

H9c2 Cells had More Uptake of Neutral Red 

The neutral red assay is commonly used due to its independence of enzymatic dye conversion188. 

While the assay is considered to be an indicator of viability, it is dependent on multiple 

factors179,188. If the cell dies or pH gradient is reduced then the dye is released, hence the basis of 

the assay179. Additionally, if there are any cell surface alterations of lysosomal surface 

modifications it can affect uptake of the dye179.  

 

GPx1 overexpressed H9c2 cells had higher neutral red absorbance; and more dye was 

incorporated into the cell (Figure 13.A). At physiological pH, the neutral red dye becomes 

incorporated into lysosomes179. Therefore, a cell that is producing ATP and has a regular pH 

would incorporate more dye179. This result could indicate an improvement over the empty vector 

overexpressed cells. H9c2 cells, that which provide contractility within the heart, contain high 

numbers of mitochondria therefore it is predicted that this cell type would benefit from increased 

GPx1 expression since it has been shown to protect the mitochondria102,121. Hence, the GPx1 

overexpressing mitochondria may be protected from damage due to GPx1 overexpression in 

comparison to the empty vector overexpressed cells, and therefore the GPx1 overexpressed cells 

had increased neutral red uptake absorbance179.  

 

In contrast to the neutral red uptake assay, the resazurin reduction assay relies on an enzymatic 

conversion, that which occurs in the mitochondria188. Typically, the assay is used to indicate 

metabolic activity188. As shown in Figure 13.B, there were no differences between the two 

transfected groups. As this assay detects cell proliferation and cytoxicity, it is not expected for 

there to be a difference between terminally differentiated cells189. It is predicted that cell activity 

drives the conversion of the dye from resazurin to resorufin, that which is a product of cellular 

metabolism utilizing oxygen189. In sperm, the addition of NADH + H+ increased the reduction of 

resazurin, thereby demonstrating the importance of the diaphorase enzyme transfer from NADH 

+ H+ to resazurin190. Therefore, it is possible that a similar mechanism may occur in H9c2 cells. 
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These results taken together may indicate perhaps that the decrease in sensitivity in resazurin 

assays188. Neutral red measures dye uptake in lysosomes while resazurin measures dye in the 

mitochondria, therefore, mitochondrial redox did not change but lysosomes demonstrated 

enhanced stabilization with GPx1 overexpression. 
 

3.5.3 GPx1 Overexpression Led to Variance in Caspase 3/7 Activity and Lactate 

Dehydrogenase Detection, While FA Treatment Led to Variation in Caspase 3/7 Activity Only 

As GPx1 is likely conferring extra protection against ROS, therefore we wanted to assess the 

effects of dietary FA exposure and cell death as cardiomyocytes receive exposure to dietary FA 

within the heart, that which perhaps may play a role in mitochondrial induced cardiomyopathy.  

 

As shown in Figure 14.A, caspase 3/7 activity was measured. Caspases are intracellular cysteine 

endopeptidases that at by cleaving target proteins at a cysteine amino acid122,191. The amino acid 

is only cleaved if it is followed behind an aspartic acid residue122. Caspase-3 and caspase-7 are an 

executioner caspases that directly leads to cell lysis122,191,192. Two-way ANOVA determined that 

GPx1 overexpression significantly caused variance and FA exposure caused variance as well, but 

no significance due to their interaction. Tukey’s post hoc analyses determined that LA exposure 

within the control and GPx1 overexpressed cells, decreased caspase 3/7 activity compared to 

BSA treatment. 

 

As shown in Figure 14.B, LDH was measured to estimate necrosis. Two-way ANOVA 

determined FA exposure caused variance, but no significance due to their interaction or GPx1 

overexpression. Tukey’s post hoc analyses determined that LA exposure within the control and 

GPx1 overexpressed cells, decreased caspase 3/7 activity compared to BSA treatment. Tukey’s 

post doc test did not reveal any significance in its findings. 

 

Previously, we have shown that when GSH was increased, apoptosis was promoted while 

inhibiting necrosis within fibroblast cells181. Taken together, while this work is not sufficient 

enough to state that a shift is occurring, there is an interesting trend observed. 
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3.5.4 GPx1 Overexpressed H9c2 Cells had Higher Levels of GSH Following LA Exposure 

As previously mentioned, we have shown that when GSH was increased, apoptosis was 

promoted while inhibiting necrosis within fibroblast cells181. Therefore, to investigate if there 

were any differences in the amount of reduced glutathione present, we conducted a GSH assay. 

The mechanism of action for glutathione peroxidases is well established and uses GSH to 

produce its reducing power (Figure 2). As shown in Figure 16, the two-way ANOVA determined 

that there was significant variance from GPx1 overexpression and FA treatment; however, no 

significant variance occurring from the interaction of the two treatment types. Furthermore, 

GPx1 overexpressed cells had increased GSH in the presence of LA.  

 

Based on the GPx1 mechanism of action, it is expected that GPx1 overexpressed cells would 

have decreased GSH levels (Figure 2). This however was not the result obtained in Figure 16. 

Perhaps this was not observed due to an increase in GSH production, as a result of signaling 

occurring by increased GPx1 expression. Expectedly, GSH would decrease when there is an 

oxidative threat. LA was predicted to be a strong enough oxidative opponent but perhaps it was 

no comparison to the high amount of GPx1 gene expression exhibited by the H9c2 cells. The 

next step is to determine the amount of oxidized glutathione present to have a better estimation 

of the glutathione pool. 

 

Likely, ordinary redox signaling has been altered in GPx1 overexpressed cells due to the 

increased capacity to reduce ROS. As GPx1 utilizes GSH for its action, it is a likely prediction 

that GSH levels had been altered. This was observed, as variance occurred between GPx1 

overexpressed H9c2 cells and empty vector overexpressed H9c2 cells. As we did not measure 

GSH levels at the early hours following GPx1 overexpression we are unable to say for certain 

what occurred. Perhaps GSH was reduced to provide GPx1 with reducing power but this requires 

further investigation. However; as part of many homeostatic pathways, a deficiency leads to an 

increase to try and compensate for the reduction and to combat further stresses180. Therefore, 

likely GSH was decreased following GPx1 overexpression and furthermore following LA 

exposure during the early incubation hours, but following complex signaling, the amount of GSH 

increased. Increases in GSH can occur in one of two ways: regeneration by NADPH production 

and by generation of new GSH 193. In addition to a deficiency of GSH, oxidative stress is known 



58 

to increase expression of the glutathione synthetic enzymes180. As GPx1 utilizes GSH, it is 

predicted in the absence of a stressor that initially it would be reduced. Normally there are higher 

levels of GSH compared to GSSG (depending on cellular redox within the cell), therefore if there 

was an increase in the total glutathione pool, it would exist in the GSH form180,194. 

3.6 Chapter Conclusion 

In summary, the specific objective for this chapter was to investigate the effects of dietary FAs in 

GPx1 overexpressed H9c2 cells. The overall hypothesis was that glutathione peroxidase 1 

(GPx1), which is an important mitochondrial antioxidant enzyme, is able to protect the 

heart following a high fat diet. To address this hypothesis, it was shown that n-6 PUFA feeding 

in GPx1 overexpressed cells had increased neutral red uptake, possibly indicating increased 

cellular health. This is expected due to the increased ability of the cell to neutralize ROS. 

Furthermore, we demonstrated that GPx1 overexpression increased caspase 3/7 activity. 

Additionally, LA in both the control and GPx1 overexpression transfected cells had decreased 

caspase 3/7 activity, thereby indicating apoptotic signaling. LDH on the other hand was only 

altered by FA exposure, and not due to the GPx1 overexpression. Lastly, we showed that in 

GPx1 overexpressed cells that were exposed to LA, there was an increase in the amount of GSH. 

This result may have occurred by an attempt to reach redox homeostasis that would have been 

altered from the addition of the stressor LA. When interpreting the GSH result with caspase 3/7 

activity, it is already established that GSH depletion observed in apoptotic cells and extreme 

deficits of GSH shifts cell death from apoptosis to necrosis 180,195. While this result is not entirely 

supported in this chapter, the trend of LA in GPx1 overexpressed cells did indeed have decreased 

caspase 3/7 activity. In conclusion, this work has provided introductory steps to investigate the 

effects of dietary FA exposure in GPx1 overexpressed H9c2 cells. 
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Chapter 4: Conclusion 

4.1 Limitations of Thesis Work 

Although ROS related phenomena are universal in nature, the work described in this thesis was 

primarily performed in a Mus musculus model for the in vivo work and a Rattus norvegicus H9c2 

cell culture line for in vitro. Thus, it is not appropriate to extrapolate results directly from this 

thesis to explain human phenomena196. More research needs to be done in humans with GPx1 

gene mutations under various fat diets using research findings from this thesis as appropriate116. 

Finally, it is difficult to study isolated systems in vivo due to biological redundancy of 

antioxidant systems84,197,198. 

4.2 Significance 

With substantial research investigating GPx1 and its role in CVD, there is a gap in the literature 

regarding experimentation accurately depicting the current western diet114,171. It is becoming more 

established that our current diets may be contributing to the onset or worsening of chronic 

diseases, such as heart disease8,57,102. When studying Keshan disease specifically, which is a form 

of cardiomyopathy characterized by low levels of GPx1, it is important to note these results show 

that these individuals may not at further risk for cardiac function problems when consuming a 

western diet116,199. While this thesis utilized murine models, it is important to investigate the 

human system to observe if a similar result occurs. Furthermore, this thesis draws attention to the 

necessity for further research to determine the role of GPx1 in cardiac health following a high n-

6 PUFA diet. 

4.3 Conclusion 

With current research indicating that excess n-6 PUFA consumption could be contributing to 

development of chronic diseases we can better understand the mechanisms underlying 

CVD45,57,59. While there is evidence supporting n-6 PUFA as a cardiotoxic agent in elevated 

amounts, the mechanisms through which this cardiotoxicity occurs are not well understood. This 

thesis provides the following results, that which add to the understanding of GPx1 and 

cardiotoxicity following a n-6 PUFA diet:  
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1. In GPx1 KO mouse hearts, gene expression of GPx4, SOD2, and SOD1 was increased 

compared to the WT mouse hearts. Catalase gene expression, however, was decreased. 

This indicates that perhaps other antioxidants are in place to combat oxidative stress. 

Additionally, it demonstrates that biological redundancy in antioxidant systems 

contribute to the difficulty in investigating the role of a specific antioxidant enzyme such 

as GPx1. Interestingly, dietary intervention did not alter gene expression of the 

antioxidants in WT or GPx1 KO mouse hearts and perhaps indicates that dietary lipids 

are not key regulators in gene expression when compared to a reduction of an antioxidant 

enzyme.  

2. There were no functional changes by various dietary fats or GPx1 heterozygous genetic 

KO as detected by echocardiogram in the heart of WT or GPx1 KO mice. While the LV 

mass result observed in GPx1 KO mice may imply that perhaps the small corn oil hearts 

are more efficient due to no reduction in cardiac output, MAP, or stroke volume.  

3. There was a shift in cellular death occurring in GPx1 overexpressed cells, as observed by 

an increase caspase 3/7 activity. As seen in Chapter 1, mitochondrial copy number was 

reduced in heterozygous GPx1 KO mouse hearts. This result therefore adds to the current 

understanding that GPx1 plays a large role in retaining mitochondrial health. While we 

were unable to show any changes occurring in necrosis, there is a need to increase the n 

number of this assay to conclude whether there was a change.  

4.4 Future Directions 

This thesis is able to add to the breadth of understanding GPx1 in the heart following high fat 

feeding; however, several opportunities for further research have arisen to address further 

questions. 

1. Measure glutathione synthetase and glutamyl cysteine ligase by qPCR to obtain an 

indication as to if synthesis of GSH is increased in the presence of LA in GPx1 

overexpressed H9c2 cardiomyocytes. 

2. Measure ROS in GPx1 and empty vector overexpressed cells to determine if there is a 

difference in ROS production, that which could explain the increase in neutral red uptake, 

that which is a measurement of cell viability, observed in GPx1 overexpressed cells. 
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3. Measure antioxidant activity in addition to gene expression levels (GPx1, SOD1, SOD2, 

etc.) to determine if there were functional changes beyond those occurring at a 

transcriptional level. 
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