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Abstract
Non-alcoholic fatty liver disease (NAFLD) is a major health burden in the Western world, as the
Western diet (WD) appears to be the driving force of this disease. However, the individual
contributions of the diet and the impacts of their individual metabolism are currently ill-defined.
This study used HepG2 cells to understand the impact of the individual components of WD in
early NAFLD development under basal insulin levels. Specifically, nutrient-induced changes in
reactive oxygen species (ROS) and signaling pathways, such as sterol regulatory element binding
proteins (SREBPs), were examined to identify the root cause of steatosis development. High-fat
and WD-exposed cells were associated with triglyceride and lipid droplet accumulation, paired
with changes in SREBPs and lipid processing genes. These cells displayed hallmarks of
lipotoxicity, such as decreased cell number and increased ROS. Together, this work unravels the
maladaptive phenotypes associated with WD consumption, as these events may be critical in the
onset of NAFLD pathogenesis.

Keywords
Non-alcoholic fatty liver disease (NAFLD), Western Diet (WD), Oxidative Stress, Reactive
Oxygen Species (ROS), Sterol Regulatory Element Binding Protein (SREBP), HepG2

ii

Summary for Lay Audience
The Western world is currently burdened with the rising rates of metabolic diseases, as many
individuals continue to engage in unhealthy eating practices. One such pattern, characterized by
excessive saturated fat and sugar consumption, is the Western diet (WD). This diet has been
linked to the worsening of metabolic health, leading to the development of diseases such as type
II diabetes mellitus and obesity. The liver is especially susceptible to the ongoing consumption
of the WD, as it overwhelms the processes that breakdown fats and sugars. Excessive nutrient
intake can disrupt these processes, leading to the accumulation and storage of fats (steatosis) –
the hallmark of non-alcoholic fatty liver disease (NAFLD). NAFLD involves a spectrum of liver
defects that are characterized by steatosis and inflammation. Over time, these events may lead to
fibrosis, cirrhosis, cancer, and eventually death. While the mechanisms of this disease have been
heavily studied in obese individuals who present with various metabolic abnormalities, people
with lean NAFLD are currently underrepresented and the disease is misunderstood. Using a cell
model, the goal of this study was to understand the consequences of WD-like consumption and
individual nutrients on the mechanisms of steatosis development in early stages of NAFLD. This
was not a model of obese NAFLD as cells were not exposed to certain complications associated
with obesity, such as inflammation or high concentrations of insulin. Cells with high-fat and WD
treatment displayed lipid accumulation and storage, followed by changes in the expression of
genes that regulate lipid metabolism. Moreover, these treatments displayed decreases in cell
number with accumulation of harmful products in the cells. Taken together, this work reveals
that while the quantity of calories one consumes is alarming, the type of calories is equally
concerning as certain nutrient components may disrupt normal liver functioning, resulting in
hepatic steatosis and NAFLD. These findings are significant in that it investigates the direct
effects of dietary components in dysregulated metabolic functioning in an otherwise healthy
model, revealing key events in early steatosis development and furthering our understanding of
NAFLD.
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Chapter 1: Literature Review
1.1 Western Diet and its Impact on Health
1.1.1 Western Diet
There is growing awareness that over the course of six to eight generations, especially in
the last two decades1, there has been a shift in global dietary patterns that has negatively
influenced the health and well-being of individuals. Dietary patterns describe the complex
relationship between diet and health, and how certain nutrients alone or combined can contribute
to overall health2. A dietary pattern is defined as the quantity or proportion, variety, and
combination of different foods and beverages that are routinely consumed by an individual3.
Food intake and dietary patterns vary among individuals around the world, allowing for the study
of various nutrient combinations on health. While biological determinants such as appetite and
hunger play a large role in one’s food choices, other factors such as food access and availability,
income, culture, stress, and the attitudes, beliefs, and knowledge one holds about food can
influence what they consume.
Alongside these different lifestyles, the Western dietary pattern has emerged and is
currently believed to play a substantial role in the recently observed decline in individual health,
along with the onset of “civilization diseases” (obesity, type II diabetes mellitus, dyslipidemia,
cardiovascular diseases, hypertension, etc.)1,4. The Western diet (WD) is characterized by the
overindulgence of refined sugars, saturated fats, salt, processed meats, and refined grains,
leaving individuals in a constant post-prandial state5. With the Agricultural Revolution ~10,000
years ago, and even more so with the Industrial Revolution 250 years ago, these events caused
profound environmental changes in diet and lifestyle – changes that happened too quickly for the
human genome to adapt to1,4. While this diet was established in North America over the past two
centuries, it seems as though nutrient transformations are occurring more rapidly in developing
countries due to the increased availability and affordability of these foods, coupled with
globalization and economic growth6. With the rise of obesity to epidemic proportions7 – a
consequence of the convergence to a WD – it is not uncommon to find millions of people in
Western civilizations attempting to lose weight at any given time of the year.
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In a healthy diet, such as the Mediterranean diet, macronutrients (i.e., carbohydrates,
lipids, proteins) are consumed in appropriate amounts to provide and support the body with its
daily energetic and physiological needs. In regard to the calorically-rich WD, the excessive
quantity and proportion of macronutrients consumed by individuals is concerning5. Equally
alarming is the unfavourable quality of nutrients that are being consumed, as data from 1908–
1989 in the United States revealed that total calories consumed from carbohydrates decreased
from 57% to 35%, with total calories available from fats increasing from 32% to 45%, providing
insight on modern macronutrient intake trends5,8.
Although the amount of carbohydrates consumed in the WD is decreasing, the kilocalorie
intake of simple sugars such as fructose and glucose are increasing, along with foods high in
glycemic index. These foods are known to have a direct effect on the harmful metabolic
properties associated with the WD5. Fructose consumption in particular has increased
significantly over the past 400 years (~10% of caloric intake in the United States9,10) and this
increase is strongly correlated with non-alcoholic fatty liver disease (NAFLD) and hypertension9,
as well as type II diabetes mellitus (T2DM). Paired with the low consumption of fruits and
vegetables, beans, and whole grains, the lack of these high-quality carbohydrates in the WD
prevents individuals from consuming essential sources of vitamins and minerals needed for
proper cellular and organ functioning.
Also crucial to various biological and cellular functions are fatty acids. Diet is one of the
two main sources of lipids in an organism, and the type of lipids circulating within an organism
are strongly influenced by food intake. Saturated fatty acids (SFAs) in particular are known to be
deleterious to metabolic health11, and the quantity and quality in which they are consumed
directly influence the magnitude of chronic inflammation present in metabolic diseases5. In fact,
many studies have found that the consumption of a SFA-rich diet, such as the WD, is positively
correlated with the presence of hepatic steatosis, T2DM, and obesity11. Additionally, these
dietary fats can disrupt immune system functioning by altering the cell membranes of immune
cells12. Common dietary SFAs, such as palmitic, stearic, lauric, and myristic acid have proven to
be the most inflammatory12, which together with its influence on the production of low-density
lipoprotein (LDL) cholesterol, can contribute to the formation of atherosclerotic plaques and
consequently, cellular damage4,13.
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While an excess of SFAs in the diet cause negative side effects in terms of health
outcomes, monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) tend
to have the opposite effect. Specifically, omega-3 PUFAs, such as -linolenic, docosahexaenoic,
and eicosapentaenoic acid can have beneficial effects on metabolic health as they are antiinflammatory in nature and promote antioxidant activity11. Through these mechanisms, PUFAs
can regulate and improve metabolic health in the nervous system and circulatory system, as well
as glucose tolerance, and skeletal muscle metabolism14. Regarding MUFAs like oleic acid, these
are also known to promote metabolic health and can prevent the development of thrombosis and
atherosclerosis through improvements in the gut microbiome11,15,16. Compared to the WD,
dietary patterns such as the Mediterranean diet, which is characterized by the high consumption
of olive oil, fish, whole grains, and fruits and vegetables, have a higher amount of MUFAs
consumed (60%) compared to SFAs (20%) (WD: 36% MUFAs, 33% SFAs)11,17. Increased
MUFA consumption has also been positively correlated with lower incidences of metabolic
syndrome (MetS) and obesity, resulting in decreased chronic inflammation and mortality11,18,19.
Additionally, diets with high MUFA content have been associated with improvements in
circulating lipid and blood glucose profiles, as well as with lowering blood pressure11,20–22. As
such, these diets can promote cardiovascular health and contribute to beneficial changes in the
gut microbiome that improve general metabolic health11,15,16.
Overall, the WD can exert negative impacts on the metabolic health and well-being of
individuals. While a total increase in caloric intake contributes to the many mechanisms involved
in WD consumption, the type of calories and nutrients one consumes may be of greater
importance as each nutrient component can affect metabolic processes in different ways.
Individuals should be made aware of the harmful consequences the WD poses to their health and
their organs, as modifications and improvements in diet can alleviate the heavy burden it places
on the development of chronic diseases23.
1.1.2 Western Diet and the Liver
As the central hub of metabolic and physiological processes, the liver is an important organ
in the human body that interacts with nearly every other organ system24. Among its main
functions, the liver plays a large role in the metabolism of macronutrients through which it
provides the body with the energy it needs to drive physiological processes. A growing body of
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evidence has revealed that lifestyle factors such as diet, in particular total caloric intake and
specific nutrient intake25, play a large role in dysregulating metabolic processes within the liver
and lead to the development of metabolic diseases such as NAFLD – an umbrella term for a
disease spectrum that is characterized by increased fat accumulation in the liver.
There are controversial results when it comes to reporting the exact cause of fatty liver in
regard to diet. Previous studies have reported that an increased intake of SFAs and total fats
causes the deposition of lipids, while others state that diets high in total carbohydrates and sugars
are to blame25. Consistent among these studies is that in general, an excess of nutrients can lead
to hepatic fat accumulation; however, isocaloric diets may trigger different responses in the liver
as the “type” of calories consumed may be of greater importance23.
With adherence to the Western dietary pattern, this places patients at a greater risk of
developing a fatty liver as it disrupts metabolic pathways involved in fatty acid and glucose
metabolism. In regard to dietary fat content, it has been found that when compared to MUFAs
and PUFAs, which can decrease liver triglyceride levels26, SFAs can increase liver fat and
exacerbate insulin resistance25–27. Additionally, human subjects with fatty livers tend to have
higher concentrations of SFAs and MUFAs in total plasma and hepatic lipids compared to
healthy individuals26,28,29. The high intake of SFAs typical of the WD is detrimental to liver
functioning as these fatty acids are known to cause lipotoxic effects which include mitochondrial
dysfunction, endoplasmic reticulum (ER) stress, and oxidative stress26,30,31. Further, SFAs may
upregulate lipogenic genes which act to promote triglyceride synthesis26,32.
Another component of the WD that is strongly associated with liver-related pathologies is
the increased intake of fructose, particularly from sweetened beverages like soft drinks33.
Fructose consumption can come in the form of sucrose (table sugar: 50% fructose, 50% glucose)
or as high fructose corn syrup (HFCS: 55% fructose, 45% glucose). It has been implicated in
liver pathologies as it can cause hepatic steatosis in animal models following its administration33–
36

. Interestingly, in rat models of NAFLD, liver fat accumulation is achieved when animals are

administered diets high in sucrose, even though they are under a calorically restricted
regimen33,35. Additionally, individuals with NAFLD have been found to consume fructosecontaining soft drinks in higher amounts than their healthy counterparts, causing an increased
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expression of hepatic fructose-metabolizing enzymes33,37. This ultimately leads to mitochondrial
oxidative stress, along with fat accumulation33,38–40.
Given the impact of Western dietary components on the liver, this further emphasizes the
importance of the type of nutrients one consumes. Overall, the habitual consumption of excess
nutrients in the WD can negatively impact the liver through the alteration and dysfunction of
metabolic processes.
1.1.3 Metabolism of Fatty Acids in the Liver
One of the main functions of the liver is to maintain and regulate lipid metabolism – a
tightly regulated process that relies on the balance between fatty acid uptake and export41. When
lipid homeostasis is disturbed, this can lead to the development of liver-related pathologies, such
as NAFLD. The hepatic free fatty acid (FFA) pool is sourced from de novo lipogenesis (DNL),
dietary fatty acids, and non-esterified fatty acids (NEFAs) released from adipose tissue in the
plasma42,43. While these three processes contribute to FFA uptake, their elimination occurs
through -oxidation in the mitochondria, and to a lesser extent in peroxisomes44. They can also
be exported from the hepatocyte in the form of very low-density lipoproteins (VLDLs) that are
rich in triglycerides41. As a result of this balance between FFA uptake/synthesis and export, the
liver maintains a steady state of triglyceride content (<5%) as it processes large quantities of
FFAs on a daily basis41,45. The small amount of triglycerides that remain within the liver are
stored in the form of cytoplasmic lipid droplets.
When consuming a Western diet, which is rich in fats, the metabolic capacity of the liver
becomes overwhelmed as it cannot accommodate for the overloaded hepatic free fatty acid
pool42,46. A disequilibrium results between fat production/uptake and degradation – one of the
most direct mechanisms involved in the pathogenesis of NAFLD42. As fatty acids enter the
hepatocyte through fatty acid transporters, these FFAs will be localized to different cellular
compartments47. Controlled by the sterol regulatory element binding protein (SREBP) family of
transcription factors, DNL will convert acetyl-CoA, derived from excess carbohydrates, to new
FFAs47, which can then be stored as triglycerides. -oxidation will then attempt to reduce
increased FFA levels in the mitochondria, however, when overloaded by increased FFA intake,
or if the mitochondria are dysfunctional, -oxidation rates will increase and will be shunted

6

towards the peroxisomes and cytochromes, effectively generating reactive oxygen species
(ROS)47, inflammation, and liver disease progression48 (Fig. 1.1.3-1). In fact, it has been found
that the degree of steatosis is positively correlated with the rate of mitochondrial and
peroxisomal -oxidation, as patients with severe steatosis present with increased rates of oxidation in these cellular compartments compared to those with less severe steatosis and nonsteatotic controls49. Although this is the livers compensatory mechanism to deal with the
increased intake of FFAs, this also produces excess ROS, which may overwhelm the antioxidant
capacity of the cell and ultimately induce oxidative stress47.

Figure 1.1.3-1. Metabolism of excess fatty acids and sugars in the liver. With WD consumption,
the hepatic FFA pool is overloaded by an increased delivery of free fatty acids (FFAs) and nonesterified fatty acids (NEFAs), and dietary sugars which will activate de novo lipogenesis.
Glucose will be metabolized through glycolysis, forming glucose-6-phosphate (G6P) and
fructose-6-phosphate (F6P). F6P will then be phosphorylated by phosphofructokinase (PFK) to
form fructose-1,6-bisphosphate (F-1,6-BP). This can then be converted into glyceraldehyde-3phosphate (GA-3-P), which will then form pyruvate. Conversely, fructose will be rapidly
metabolized into fructose-1-phosphate (F1P) by ketohexokinase isoform C (KHK-C). This will
eventually be converted into GA-3-P and finally pyruvate. The pyruvate will then be used to fuel
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the Citric Acid Cycle (TCA cycle) in the mitochondria, producing acetyl-CoA. This acetyl-CoA
will then be used for de novo lipogenesis, which is regulated by sterol regulatory element binding
proteins (SREBPs). De novo lipogenesis will then produce FFAs, further contributing to the FFA
pool. The FFAs and NEFAs will directly enter the hepatocytes and can be esterified to form
triglycerides, which are stored in lipid droplets; or they are used to form very low-density
lipoproteins (VLDLs) which are then transported into the plasma. The large influx of FFAs are
also shunted toward mitochondrial -oxidation in an attempt to catabolize these products.
However, the mitochondria eventually become overloaded and/or dysfunctional, and FFAs are
then oxidized in peroxisomes, with both processes forming lipotoxic lipid species and
culminating in increased reactive oxygen species (ROS) production. Created with
BioRender.com and adapted from Chen et al., 202042.
1.1.4 Metabolism of Sugars in the Liver
Another important function of the liver is to regulate glucose homeostasis, which is
required to maintain individual health, as well as to meet the energy requirements of other
organs50. While glucose metabolism is more tightly controlled, it is believed that fructose is able
to cause liver-related pathologies due to the nature of its metabolism. Firstly, fructose is
delivered to the liver in much higher proportions compared to other tissues as it is sent from the
small intestine directly to the liver through the portal vein51,52. When consumed in low amounts,
fructose has been shown to be cleared by the small intestine, where it is converted into glucose
and organic acids, then sent to the liver51. However, the high intake of this simple sugar
overloads the capacity of the small intestine to metabolize fructose, causing it to “spill over” into
the liver51. Both fructose and glucose from the small intestine are then taken up into hepatocytes
by the insulin-independent glucose transporter GLUT253. While glucose is metabolized through
glycolysis, fructose will undergo similar steps; however, it bypasses the gating step of glycolysis
as it does not need to be phosphorylated by phosphofructokinase (PFK)51. Glycolysis begins with
phosphorylation of glucose to form glucose-6-phosphate, which is then converted into fructose6-phosphate (F6P). Phosphofructokinase will then phosphorylate F6P to form fructose-1,6bisphosphate. Fructose, on the other hand, is phosphorylated at a different position by the highactivity enzyme, ketohexokinase isoform C (KHK-C), to form fructose-1-phosphate53.
Interestingly, KHK-C is not allosterically regulated, nor does it have a negative feedback
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system53. This can then be cleaved into three-carbon units without phosphorylation by PFK51,
which is a major rate-limiting step in glycolysis (Fig. 1.1.3-1). Due to the rapidity in which
fructose is metabolized compared to glucose, it has been proposed that excessive fructose intake
can cause a decrease in the ATP:AMP ratio51, most likely a consequence of uninhibited KHK-C
activity53, resulting in changes in oxidative phosphorylation and mitochondrial dysfunction.
In humans, fructose is rarely consumed alone, but is more commonly consumed with
glucose, and together, these two simple sugars can influence fat accumulation in the liver25.
When excess carbohydrates are consumed, the liver will convert these sugars to glycogen.
However, in carbohydrate-rich diets such as the WD, the liver will form fatty acids from the
carbohydrates in a process called de novo lipogenesis (DNL) using acetyl-CoA derived from the
end-product of glycolysis, pyruvate50. These fatty acids are then used to form triglycerides and
lipid droplets, as well as very low-density lipoproteins (VLDLs) that are transported to white
adipose tissue for storage50,54 (Fig. 1.1.3-1). Studies have shown that acute over-feeding of
fructose causes significant increases in liver fat content in otherwise healthy individuals55–58, and
it may be due to the ability of fructose to upregulate hepatic DNL, even more so than a high-fat
diet52. However, when glucose is consumed with fructose, such as in HFCS, it seems that the
combination of both sugars is critical for the enhanced activation of hepatic DNL25,59, as isolated
glucose consumption is not incorporated into triglycerides60. Since fructose does not require
insulin for its metabolism, this makes fructose particularly lipogenic in cases of insulin resistance
where it can directly activate sterol regulatory element binding protein 1c (SREBP-1c) – a
transcription factor involved in the regulation of DNL52. Following activation of SREBP-1c, this
results in the transcriptional activation of other lipogenic enzymes such as fatty acid synthase
(FASN), acetyl-CoA carboxylase 1 (ACC1), and stearoyl-CoA desaturase 1 (SCD1)50.
While FFAs contribute to liver fat accumulation, it is evident that the presence of highsugars in the diet may be of great concern through their activation of DNL. Additionally, in
patients with NAFLD, DNL should not be ignored as its marked increase may be the most
prominent abnormality present in these patients compared to healthy controls61,62. While DNL is
upregulated in obese patients who are insulin-resistant, lean patients with NAFLD – a new
phenomenon that has emerged – also show signs of DNL activation, although this occurs at
lower rates63–65. Overall, determining how each individual dietary component contributes to
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liver-related pathologies, especially in NAFLD, is of utmost importance as the global population
continues to converge to harmful dietary patterns, placing themselves at a greater risk of
developing chronic liver diseases.

1.2 Non-Alcoholic Fatty Liver Disease (NAFLD)
1.2.1 Overview of NAFLD
The liver, a complex organ involved in many vital physiological processes, plays a major
role in metabolism, including glucose, lipid, and cholesterol homeostasis66. In the absence of
metabolic homeostasis, sustained chronic inflammation occurs followed by a disruption in
systemic metabolic functions66, and the ability of the liver to resolve inflammation, fueling the
progression of metabolic diseases. As tissue homeostasis is disrupted, a series of liver
abnormalities result, including hepatic steatosis, fibrosis, cirrhosis, and liver failure, which are
key events in the progression of non-alcoholic fatty liver disease66.
Non-alcoholic fatty liver disease (NAFLD), recently termed metabolic dysfunctionassociated fatty liver disease (MAFLD)67, is an increasing concern and a major health burden in
the Western world. NAFLD has become the fastest rising cause of liver disease worldwide, as it
is highly associated with the incidence of obesity and type II diabetes mellitus (T2DM)68,69. This
disease has also been driven by a rise in sedentary lifestyles, coupled with low levels of physical
activity and excess caloric intake67. As the rates of obesity and metabolic syndrome (MetS)
continue to rise, the prevalence of NAFLD has increased steadily alongside it, and has reached a
global prevalence of over 25%70,71. According to the Canadian Liver Foundation in 2019,
NAFLD was found to affect 1 in 5 Canadians from adults to children. With the global population
continuing to adhere to a Western dietary pattern, there is an increased risk of developing this
disease, as well as the metabolic comorbidities that follow in its wake.
NAFLD is classified by the presence of intracellular fat accumulation in >5% of
hepatocytes (steatosis), in the absence of excessive alcohol intake, drugs, or other metabolic
conditions70,72. It involves a broad spectrum of liver abnormalities, and with each stage the
pathogenesis of the disease worsens. It begins with non-inflammatory isolated hepatic steatosis73,
which can be a benign, reversible event, and is characterized by intrahepatic accumulation of
triglycerides69. This progresses to a more severe form, non-alcoholic steatohepatitis (NASH),
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where steatosis, hepatocyte damage and ballooning, chronic inflammation, and varying degrees
of fibrosis are observed69,73. The disease may advance to cirrhosis and eventually liver failure,
and has the potential to lead to hepatocellular carcinoma (HCC), the most common form of liver
cancer.
The pathogenesis of NAFLD is still not entirely clear as it is a multifaceted disease
involving both genetic and environmental factors42, as well as complex interactions between diet,
obesity, changes in the microbiome, and epigenetics73. As such, a new definition has been
proposed to better represent the hepatic manifestation of MetS – MAFLD. Since this disease is
classified as heterogeneous in its presentation, underlying causes, progression, and outcomes,
this definition aims to view the disease as a continuum, rather than one with exclusion criteria67.
It is possible that different stages of the disease may be present at one time (e.g., hepatic steatosis
present with mild NASH). This is beneficial as it helps to identify sub-classes of the disease and
will account for the differences in histopathology that are often observed67. Further, a multiplehit hypothesis of disease progression is currently accepted in regard to NAFLD, which proposes
that a multitude of factors are acting synergistically, especially in those who are genetically
predisposed73. In this model, insulin resistance paired with steatosis, increased lipogenesis and
impaired fatty acid oxidation, can sensitize the liver to inflammation and cell death, promoting
oxidative stress42. These pathogenic insults are thought to act in parallel, rather than sequentially,
further exacerbating NAFLD pathogenesis. The multiple-hit hypothesis is also beneficial for
understanding the different phenotypes that commonly arise in clinical practice, especially in
regard to the lean population.
1.2.2 Lean vs. Obese NAFLD
While NAFLD is predominantly associated with obesity, the disease is increasingly being
diagnosed in lean and non-obese individuals74, with 6–20% of NAFLD cases occurring in this
population75; and this prevalence has been reported to reach as high as 40% in Western
countries67. Even more concerning is that these patients are asymptomatic and often go
undiagnosed for years as the disease is discovered incidentally76. Although research on lean
NAFLD is currently scarce, many studies have stated that these patients share a similar
metabolic milieu to that of their obese counterparts76,77. These metabolic abnormalities may
include, but are not limited to, dyslipidemia, insulin resistance, and high blood pressure78. In the
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absence of these comorbidities, it has also been found that lean or non-obese NAFLD patients
are at an increased risk for their development, along with incident T2DM, cardiovascular disease,
and all-cause mortality compared to obese patients without NAFLD or MetS75,78–82.
In North America, the lean patient is defined as an individual with a body mass index
(BMI) ≤25 kg/m2, with the BMI of non-obese overweight patients ranging from 25–30 kg/m2,
and a BMI ≥30 kg/m2 characterizing obese patients83. Although useful, BMI as an indicator of
NAFLD is often inappropriate for lean patients as it fails to identify body fat composition and
differences in visceral adiposity among patients76 – a factor that plays a large role in the
development of NAFLD. Importantly, lean NAFLD individuals tend to have a lower body
weight and waist circumference compared to obese patients; however, they may present with
increased adiposity in the abdomen76. Lean patients have also displayed increased visceral
adipose tissue (VAT) compared to healthy controls84–86. Another limitation to the use of BMI as
an indicator of NAFLD is that different cut-offs have been established for different cultures,
which may lead to a misinterpretation of the literature on lean NAFLD. Due to the difficulty of
screening lean individuals for NAFLD, it may be beneficial to measure waist circumference
routinely. Physicians may also be aware of the fact that lean NAFLD is more common in
younger patients who are male79, and who have lower levels of fasting glucose, blood pressure,
and glycated hemoglobin (HbA1c) compared to their obese counterparts; although when
compared to healthy controls, these markers are increased along with the presence of
dyslipidemia76,87,88.
While there are differences between lean/non-obese NAFLD individuals and obese
NAFLD subjects, in general, the pathogenesis of the disease in both populations is relatively
similar (Fig. 1.2.2-1). A hallmark of disease development in both groups is the accumulation of
free fatty acids in the liver78, and both groups present with increased triglyceride levels, lower
high-density lipoprotein (HDL; “good”) cholesterol, and higher low-density lipoprotein (LDL;
“bad”) cholesterol84. Significantly, insulin resistance plays a large role in disease progression in
both groups; however, lean NAFLD patients have a higher risk of T2DM than patients who are
overweight or obese without the presence of NAFLD75; and it is more commonly observed in the
lean NAFLD population compared to healthy controls79. This increased risk remains in the
absence of other metabolic abnormalities75,89. Overall, this suggests that lean NAFLD is a major
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concern as these individuals are likely to develop metabolic comorbidities, regardless of BMI
status.

Figure 1.2.2-1. Characteristics of NAFLD in lean vs. obese subjects. The similarities and
differences between lean and obese NAFLD. Lean patients are defined as those with a BMI ≤25
kg/m2, while obese patients have a BMI ≥30 kg/m2. NAFLD: non-alcoholic fatty liver disease;
BMI: body mass index; FFA: free fatty acid; VAT: visceral adipose tissue; T2DM: type II
diabetes mellitus. Created with BioRender.com and adapted from Kuchay et al., 202178.
1.2.3 Clinical Outcomes and Treatment Options
While obese patients represent the extremes of NAFLD outcomes, lean patients are still at
an increased risk for the development of metabolic comorbidities. Strikingly, this population may
have even worse outcomes than their obese NAFLD counterparts. Progression to NASH and
fibrosis is enhanced in lean individuals, but less significant than the risk posed to obese
individuals, as lean NAFLD livers tend to have lower measures of stiffness90. Regarding disease
progression to cirrhosis and HCC, lean individuals with the presence of diabetes are more likely
to progress to these stages74. Along with a 50% increase in all-cause mortality, these patients also
present with a >2-fold increase in cardiovascular mortality91. Significantly, liver-related
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mortality is also found to be two times higher in the lean NAFLD population than in their obese
counterparts74 (Fig. 1.2.2-1).
There are currently no guidelines or pharmacological interventions available for the
treatment of lean NAFLD. As the first course of action, patients are advised to reduce excess
body weight, as well as to undergo lifestyle changes76–79. Although weight loss has proven to be
effective in both obese and non-obese/lean NAFLD patients, body weight is not always the issue
in the lean population and may not be the best approach76. While histological improvements are
observed in tandem with weight loss, oftentimes this does not control the metabolic
abnormalities or insulin resistance observed in lean patients76. Instead, other lifestyle changes
such as increased physical activity, specifically aerobic exercise to target VAT92–94, or dietary
interventions to monitor macronutrient intake, may be more appropriate for these patients.
Currently, professional dietary advice is more commonly provided to overweight or obese
individuals, suggesting that lean individuals do not require any dietary intervention23. This is
concerning since low diet quality is known to be an independent predictor of declining metabolic
health23, and may cause exacerbation of NAFLD and metabolic abnormalities, as well as
increased risk of complications in the future. Patients should be encouraged to stray from the
Western pattern and adhere to a Mediterranean diet paired with decreased consumption of
fructose23,76.
Regarding pharmacological treatment options, some drugs have been studied in the
context of obese and diabetic NAFLD patients, but there is currently limited evidence to support
a specific treatment regimen in the case of lean NAFLD76,79. Some therapeutic agents such as
thiazolidinediones (peroxisomal proliferator-activated receptor agonists) and glucagon-like
peptide-1 receptor agonists (liraglutide)78 may be beneficial, as the latter has shown to improve
NASH in non-obese patients95. These drug classes may be useful in the treatment of lean
NAFLD since they target key processes involved in its pathogenesis, such as dysfunctional
visceral adiposity and insulin resistance78. Since NAFLD is a multi-faceted disease, one
treatment option may not be beneficial for every patient, and as such, many factors need to be
taken into account to find and implement the best course of action. Further, an emphasis on dietquality should be at the forefront of treatment options and should be discussed with all patients,
regardless of weight.
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Overall, there is currently no standard treatment recognized for the effective management
of lean NAFLD, except lifestyle modifications and if it reaches cirrhosis, the only available
treatment is liver transplantation69. As NAFLD is highly associated with metabolic
comorbidities, it continues to strain health care systems and the economy, and calls for the
attention of physicians, specialists, and health policy makers96. This warrants further research, as
the pathogenic mechanisms of lean NAFLD are poorly understood74.

1.3

Signaling Pathways in NAFLD

1.3.1 Sterol Regulatory Element Binding Proteins (SREBPs)
With excessive hepatic lipid accumulation lying at the forefront of NAFLD pathogenesis,
steatosis often results from an imbalance between the processes of lipogenesis and lipolysis.
These two processes are governed by a family of transcription factors called sterol regulatory
element binding proteins (SREBPs)4,97. These proteins regulate the transcription of genes
involved in cholesterol and fatty acid synthesis in animal cells, as well as phospholipid and
triglyceride synthesis, and have been implicated in the progression of NAFLD97,98. There are two
isoforms, SREBP-1 and SREBP-2, where the former is transcribed into two splicing variants,
SREBP-1a and -1c98,99. Among the SREBP isoforms, some functional overlap is evident;
however, these proteins regulate different metabolic pathways and have specific functions for
regulation98. Specifically, SREBP-1c and -2 are predominantly expressed in organs such as the
liver and adipose tissue100,101. Additionally, SREBP-1c displays high expression levels in the
adrenal gland, various muscles, and the brain in adult rats and humans98,99,102, whereas SREBP1a is expressed in highly proliferative tissues such as the spleen and intestine102. Further, the
majority of cultured cells have been found to express SREBP-1a and -2100.
In regard to their function, SREBP-2 is a major regulator of cholesterol biosynthesis,
while SREBP-1c regulates fatty acid synthesis and is thought to be a major mediator of insulin
action on carbohydrate and lipid metabolism100,101. Interestingly, the SREBP-1a isoform can
activate both cholesterol and fatty acid synthesis pathways103, providing the precursors for
membrane synthesis, and is a stronger activator of these pathways due to its longer
transactivation domain100. As such, SREBP-1a has the ability to activate transcription of all
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SREBP target genes, with SREBP-1c preferentially activating genes involved in fatty acid
synthesis and SREBP-2 activating genes involved in cholesterol synthesis104.
Activation of SREBPs are regulated by proteins from the insulin-induced gene protein
(INSIG) family. INSIGs are important in the regulation of lipid metabolism and are defined as
oxysterol-binding proteins103,105. In humans, there are two INSIG proteins, INSIG1 and INSIG2,
that both bind to SREBP cleavage-activating protein (SCAP) in a sterol-dependent manner106.
INSIG2 is ubiquitously expressed in human tissues, whereas INSIG1 is highly expressed in the
liver. Significantly, INSIG1 regulates the expression of SREBP target genes in HepG2 cells and
is a target of nuclear-SREBPs (n-SREBPs) as its mRNA levels rise and fall with n-SREBP
levels103,106. Through their binding activities, both proteins influence lipogenesis, cholesterol
metabolism, and glucose homeostasis103.
In general, SREBP isoforms are directly regulated by sterols, steroids, and SCAP103.
Inactive SREBPs are synthesized on the endoplasmic reticulum (ER) membrane where they
immediately form a complex with SCAP. INSIG1/2 will bind to SCAP when sterols are
abundant, retaining the INSIG/SCAP/SREBP complex in the ER membrane103. When sterols are
depleted, SCAP will dissociate from INSIG1/2 and carry SREBP to the Golgi apparatus. Here,
SREBP is cleaved, released into the cytoplasm, and translocates to the nucleus to induce
transcription of its target genes105 (Fig. 1.3.1-1). These target genes include fatty acid synthase
(FASN), acetyl-CoA carboxylase 1 (ACC1), LDL receptor (LDLR), stearoyl-CoA desaturase 1
(SCD1), and 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR) – all of which are
involved in lipogenesis and cholesterol synthesis.
While SREBP-1a and -2 expression increase with low sterol availability, in rodents,
SREBP-1c expression appears to be regulated by nutritional changes99, specifically by changes
in insulin levels107. SREBP-1c expression decreases in fasting rodents, but upon refeeding with a
carbohydrate-rich diet, SREBP-1c levels increase markedly99. Experiments on isolated rat
hepatocytes demonstrated that SREBP-1c transcription is induced by a rise in insulin, with a
subsequent increase in both its ER membrane-bound precursor and its nuclear form to act as a
transcription factor99,108. SREBP-1c transcription is also activated by Liver X Receptor (LXR) ,
a nuclear hormone receptor that is activated in the presence of oxysterols. Here, SREBP-1c can
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act as a transcription factor involved in cholesterol efflux and clearance99. When fed a diet high
in cholesterol, rodent cells selectively increase their levels of SREBP-1c mRNA and nuclear
protein, followed by the expression of lipogenic target genes, and a subsequent increase in
lipogenesis99,109–111. The mechanism through which insulin induces SREBP-1c activation is
thought to be linked with LXR, where insulin has been shown to increase LXR mRNA
levels112. As such, it has been suggested that SREBP-1c is involved in insulin resistance, and has
been closely associated with NAFLD as it is known to be a key regulator for mediating the
signaling of insulin and glucose to lipogenesis113. However, both SREBP-1 isoforms can exhibit
insulin-independent stimulation through pathways caused by hyperglycemia114–116, however,
these pathways are less understood.
Additionally, it is thought that the presence of obesity and T2DM, which is often
associated with NAFLD, may be attributable to SREBP-1c overactivation114. In human NAFLD
livers, expression of SREBP-1c and its target genes are increased107,117–119; an effect that was
also observed in animal models of hepatic steatosis and obesity118,120,121. Many mouse models of
diet-induced obesity, as well as leptin-deficient ob/ob and db/db mice, have established SREBP1c in the liver to be a marker and possible therapeutic target for hepatic steatosis 114,122. The
regulation of SREBP-1c in the context of lean NAFLD may be similar to that in obese NAFLD;
however, its mechanism of action remains undescribed.
The function of SREBPs in the liver have been characterized in vivo through the use of
transgenic and knockout mice that lack or overexpress components of the SREBP pathway123,124.
Transgenic mice overexpressing nuclear SREBP-1a displayed the most dramatic phenotype as
they developed extensive fatty livers filled with both triglycerides and cholesterol esters125.
Additionally, microarray data revealed that these mice had a 26-fold increase in fatty acid
synthesis gene expression, with a 5-fold increase in cholesterol biosynthesis genes123, which
accounted for the accumulation of triglycerides. Compared to overexpressed nuclear SREBP-1c,
these mice presented with fatty livers enriched with triglycerides and no increases in cholesterol
content124. Overexpressed nuclear SREBP-2 was found to cause increases in all cholesterol
biosynthetic enzymes, with a smaller effect on activation of fatty acid synthesis genes126. In
regard to SREBP global knockouts or deficiencies in SREBP processing genes such as SCAP,
these mouse models can recover from hepatosteatosis in the presence of obesity114. However,
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deficiencies or partial knockouts of SREBP-1c moderately improve steatosis, suggesting that
other factors are involved in hepatic lipogenesis during NAFLD development114,127,128.

Figure 1.3.1-1. Activation and proteolytic processing of SREBPs. In the endoplasmic reticulum
(ER), inactive SREBPs are processed and immediately bind to SCAP to form a complex. When
intracellular sterol levels are high, INSIG will bind to SCAP, retaining the SREBP/SCAP/INSIG
complex in the ER membrane. When sterol levels are low, the SREBP/SCAP complex will
dissociate from INSIG and will be moved to the Golgi apparatus in COPII vesicles. Once in the
Golgi, SREBP will be cleaved by site 1 and site 2 proteases, forming the mature form of SREBP
that will be translocated to the nucleus (n-SREBP). Here, n-SREBP will bind to the sterol
response element to induce transcription of its target genes (ACC1, FASN, LDLR, HMGCR,
SCD1). SREBP: sterol regulatory element binding protein; SCAP: SREBP cleavage activating
protein; INSIG: insulin induced gene protein; COPII: coat protein complex II; S1P: site 1
protease; S2P: site 2 protease; n-SREBP: nuclear SREBP; ACC1: acetyl CoA carboxylase 1;
FASN: fatty acid synthase; LDLR: low-density lipoprotein receptor; HMGCR: HMG-CoA
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reductase; SCD1: stearoyl-CoA desaturase 1. Created with Biorender.com and adapted from
Espenshade & Hughes, 2007129.
1.3.2 Nutrient-Induced Regulation of SREBPs
In contrast to SREBP-1a and -2 which are activated in response to sterols, SREBP-1c
may be of more concern since it is regulated by nutrient conditions, and may have many
implications in metabolic disorders that are influenced by dietary intake. In cell culture and in
vivo, it has been established that while carbohydrate meals activate SREBP-1c, glucose does not
cause activation of this gene; rather, insulin spikes following glucose consumption is the main
inducer of this isoform107,130–132. This results in activation of lipogenic pathways, which have
also been found to be strongly activated by dietary fructose intake107. Studies using rodent
primary hepatocytes have shown that SREBP-1c expression is activated by fructose-rich diets133–
135

, as fructose can slightly increase plasma insulin concentrations133,134, although it does not

stimulate insulin secretion from the pancreas136.
Additionally, the type of fatty acids that one consumes may also be important during
SREBP-1c activation, as the effects of these potent regulators differ depending on their
saturation107. Unsaturated fatty acids, such as MUFAs and PUFAs, can inhibit hepatic
lipogenesis by their direct action on SREBP-1c and -1a isoforms, which can occur both posttranscriptionally and post-translationally137,138. Unsaturated fatty acids can increase RNA decay
of SREBP-1, degrade mature n-SREBP-1, or most commonly, inhibit its proteolytic
processing139. In contrast to SREBP-2, unsaturated fatty acids are less effective than sterols in
regard to their inhibitory action140. While the action of unsaturated fatty acids on SREBPs are
well understood, the mechanisms through which saturated fatty acids may act on this gene are
still unclear. While palmitate has been shown to inhibit SREBP cleavage in Drosophila141, there
are controversial results in mammals. It was previously shown that SREBP-1c inhibition
increases with the degree of FFA unsaturation, with palmitate having no effect140; but it was later
proven that diets high in saturated fats can increase SREBP-1c expression, along with its target
genes107.
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Overall, the effect of individual dietary components on the activation of all SREBPs
should be investigated further, both in the context of high and low insulin concentrations to
understand its mechanism of action during times of nutrient excess, especially in lean NAFLD.
1.3.3 Selective Insulin Resistance
Although SREBP-1c is dependent on insulin for its activation, it is interesting that it is
highly expressed in patients with metabolic syndromes such as T2DM, which is characterized by
insulin resistance. While SREBP-1c can act on many different pathways, the activation of this
isoform by insulin involves phosphoinositide 3-kinase (PI3K), as well as the mitogen activated
protein kinase (MAPK) pathway (Fig. 1.3.3-1). Both of these pathways begin with the activation
of insulin receptor substrate 1/2 (IRS1/2) and result in the activation of mammalian target of
rapamycin complex 1 (mTORC1). Through this increased mTORC1 activation, this can activate
ribosomal S6 kinase (S6K), which will act to enhance the proteolytic processing of SREBP1c142. Additionally, mTORC1 activation will cause inhibition of lipin-1, a known inhibitor of
SREBP-1c, resulting in enhanced n-SREBP-1c activity as a transcriptional activator142,143 (Fig.
1.3.3-1). Several explanations can be put forth as to how these pathways become dysregulated in
pathological conditions, and while it is understood how SREBPs are activated under different
nutrient conditions, few studies have investigated the influence of individual nutrient
components on these pathways in lean NAFLD specifically, both in the presence and absence of
insulin.
In insulin resistant states, it has been theorized that lipogenesis can be driven by insulinindependent pathways143. This state has been termed as selective hepatic insulin resistance where
insulin fails to suppress gluconeogenesis, while continually activating lipogenesis in situations of
hyperinsulinemia143,144. In this context, it is thought that SREBP-1c remains sensitive to its
activation by insulin143,144, most likely through its ability to inhibit INSIG (Fig. 1.3.3-1). As a
result, n-SREBP-1c accumulates and accentuates fatty acid synthesis, causing an accumulation
of triglycerides in the liver. Additionally, IRS1/2 is also important in the regulation of
carbohydrate and lipid metabolism, and can be phosphorylated under basal conditions by insulinindependent kinases, or in response to lipid and inflammatory mediators that are often elevated
in metabolic diseases145,146. Although this effect is exacerbated in hyperinsulinemic states, it is
suggested that excessive nutrients may also play a role in the activation of IRS1/2 under basal
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insulin levels, resulting in activation of the PI3K and MAPK pathways. While common in
metabolic diseases, this dysregulation has been attributed to hyperinsulinemia, as well as insulinindependent feedback pathways as lipids can “hijack” the insulin-regulated phosphorylation of
IRS1/2147.
This phenomenon has been studied in liver insulin receptor knock-out mice (LIRKO) and
it was found that without insulin, there is no activation of SREBP-1c, resulting in less VLDL
secretion and oftentimes, these animals do not present with hypertriglyceridemia148. This is
similar to insulin resistant states in NAFLD where a marked decrease in VLDL secretion is
observed149. Although SREBP-1c cannot be maximally activated as when insulin is present,
LIRKO mice studies have demonstrated that it can still be activated, as long as there is a
sufficient amount of carbohydrates present116. Additionally, in mouse livers treated with
streptozotocin, an antibiotic that causes mice to be insulin deficient, SREBP-1c and target gene
induction still occurred in the presence of excess carbohydrates115. This is important to note,
especially in the case of the Western diet, as the population is consuming larger amounts of
sweetened beverages containing fructose, which may contribute to the induction of SREBPs
during selective insulin resistance.
It has also been revealed that following insulin receptor knockdown in ob/ob mice
models of T2DM, SREBP-1c activation by insulin is prevented116, suggesting that insulin
signaling is more important in the context of obesity. Further, in this condition, SREBP-1c target
genes are not induced, thereby lessening the presence of steatosis. While insulin-independent
signaling occurs in the context of feeding and can compensate for insulin by SREBP-1c
induction, complete activation of this isoform is entirely dependent on insulin and only occurs in
obese/T2DM states116. These results point to the fact that insulin-independent signaling has a role
in the induction of lipogenesis, although to a lesser extent than seen in hyperinsulinemic states.
To better understand the role of insulin-independent or non-hyperinsulinemic signaling
on the development of steatotic livers in NAFLD, it will be important to study all SREBP
isoforms, along with commonly activated pathways in both obese and lean NAFLD populations.
This would be invaluable for the comparison between SREBP mechanisms in early- and endstage NAFLD.
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Figure 1.3.3-1. Activation of SREBP-1c and insulin signaling pathways. While SREBP-1c can
be activated in response to oxysterol levels through the nuclear receptor LXR, insulin in
hyperinsulinemic conditions can further induce its proteolytic processing. In this context, insulin
can cause the phosphorylation of IRS1, which will activate either the PI3K or MAPK pathway.
Both pathways eventually lead to increased mTORC1 activation, followed by induction of S6K,
which will act to enhance SREBP-1c proteolytic processing. Further, mTORC1 will also inhibit
lipin-1 to prevent inhibition of SREBP-1c processing. Under basal conditions, insulinindependent kinases can phosphorylate IRS1, effectively activating insulin signaling pathways
and therefore SREBP-1c. Overall, these events lead to increased SREBP-1c activity and target
gene expression, causing an increase in lipogenic enzymes. SREBP-1c: sterol regulatory element
binding protein 1c; n-SREBP-1c: nuclear SREBP-1c; SCAP: SREBP cleavage activating protein;
INSIG: insulin induced gene protein; LXR: liver X receptor alpha; IRS1: insulin receptor
substrate 1; PI3K: phosphoinositide-3-kinase; AKT: protein kinase B; TSC1/2: tuberous sclerosis
protein 1/2; mTORC1: mammalian target of rapamycin complex 1; S6K: ribosomal protein S6
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kinase; RAS: rat sarcoma virus GTPase; RAF: rapidly accelerated fibrosarcoma kinase;
MEK1/2: MAP (mitogen-activated protein) kinase/ERK (extracellular signal-regulated kinase)
kinase 1/2; ERK1/2: extracellular signal-regulated kinase. Created with Biorender.com and
adapted from Dorotea, Koya, & Ha, 2020142.
1.3.4 Cholesterol Metabolism
The liver is a major regulator of biological pathways involved in cholesterol metabolism
which include cholesterol synthesis, chylomicron uptake, re-uptake from LDL and HDL, release
of cholesterol as VLDL, and the production of bile acids150. As such, it is important for the liver
to regulate plasma cholesterol levels.
In disease states such as NAFLD, the presence of steatosis alone is enough to cause a
proatherogenic lipid profile in patients, resulting in the production of proinflammatory
markers151,152. Emerging evidence has linked alterations in hepatic cholesterol homeostasis and
the accumulation of free cholesterol to NAFLD, and to the progression of simple steatosis to
NASH153,154. In NAFLD animal models, it has been proposed that dysregulation of cholesterol
metabolism can contribute to NAFLD155, and in humans, that NAFLD causes impaired
cholesterol metabolism156. Additionally, excessive hepatic fat accumulation has been shown to
contribute to increased circulating cholesterol levels157, which tends to precede weight gain and
the development of additional metabolic complications158,159. Since triglyceride and cholesterol
metabolic pathways are tightly linked through SREBPs, it is not surprising that disturbances in
liver lipid metabolism play an active role in hypercholesterolemia and increased intracellular
cholesterol levels. Therefore, it is important to identify how this may play a role in the
pathogenesis of lean NAFLD.
Since cholesterol is an important precursor of bioactive substances and a necessary
component of cell membranes, it is of utmost importance that cellular cholesterol levels are
maintained in all cell types. Cholesterol homeostasis is dependent on the balance between
cholesterol synthesis, elimination, absorption, and storage154. Crucial to this process is the LDL
receptor (LDLR) as it regulates cholesterol at the cellular level. The LDLR has an intracellular
feedback regulation system that senses changes in the levels of LDL cholesterol and its
derivatives. Through this system, LDLR can regulate levels of cholesterol uptake, effectively
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protecting cells from excessive intracellular cholesterol accumulation153. In this way, intra- and
extracellular cholesterol are used appropriately to balance cellular and systemic cholesterol
levels154.
The LDLR is also tightly regulated through signaling pathways at the transcriptional and
post-transcriptional level. Its expression can be regulated by many different factors which
include glucose and its metabolites, cholesterol and its derivatives, inflammatory mediators,
hormones, and growth factors160,161. The major regulators of LDLR gene transcription are
SREBPs154, with SREBP-2 being the most potent activator of genes involved in cholesterol
metabolism124,162; however, SREBP-1a also has the ability to activate transcription of LDLR,
which becomes activated through the mechanism previously described in response to changing
concentrations of intracellular cholesterol (Fig. 1.3.1-1). In disease states, cholesterol
homeostasis along with LDLR transcription is disturbed124,160, and it is thought that this can
cause lipid-mediated organ damage.
In regard to NAFLD, disrupted hepatic cholesterol homeostasis paired with free
cholesterol accumulation is linked to its pathogenesis154. Cholesterol has been found to alter the
redox status of cells by increasing hepatic reactive oxygen species (ROS) while causing
progressive liver damage28,149. Recent findings have also shown that patients with insulin
resistance have reduced cholesterol absorption, but display an elevation in cholesterol
synthesis163,164. In chronic inflammatory states, which is commonly observed in NAFLD,
inflammatory factors such as Tumor Necrosis Factor  (TNF) can act to upregulate the LDLR,
causing the inappropriate intake of cholesterol into cells165. The redistribution of cholesterol
from the blood to the tissues, such as the liver, contributes to excessive lipid deposition and
further organ damage154. Additionally, in NAFLD patients experiencing chronic inflammation, it
has been reported that inflammatory cytokines can cause resistance to statins166 – a class of drugs
that help to lower plasma cholesterol levels. While NAFLD patients prescribed statins have
shown improved levels of LDL cholesterol, the expression of the receptor remains elevated and
is comparable to NAFLD subjects who are not taking these drugs154. As such, the dysregulation
of the LDLR pathway may be an important factor in the pathogenesis of all forms of NAFLD,
especially when coupled with excessive lipid accumulation.
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1.3.5 Lipid Droplets
Lipid droplets are dynamic structures found in many cell types that act as energy reservoirs
and store lipids in times of energy excess167. These organelles consist of a neutral lipid core
containing triglycerides and cholesterol esters that are surrounded by a phospholipid
monolayer167,168. This monolayer is made up of free cholesterol and bound proteins169, such as
perilipins, that aid in lipid droplet structure and formation.
Across cell types, the amount and size of lipid droplets differ. Although they are most
abundantly found in white adipose tissue, the liver also possesses a large capacity to store
triglycerides in lipid droplets41. The lipid core of these droplets differ between hepatic cell types,
but in hepatocytes specifically, these cores tend to be enriched with triglycerides41 – the most
abundant neutral lipid in hepatic steatosis167.
The prominent family of proteins that coat lipid droplets are known as perilipins. In
mammals, there are 5 perilipin proteins (perilipins 1–5), and each seem to differ in their function
and localization. Perilipins 1, 4, and 5 are more limited in their tissue expression, while perilipins
2 and 3 are ubiquitously expressed170. Some perilipins, like perilipin 1 and 2, usually only
associate with lipid droplets, however, perilipins 3–5 show no preference in regard to
cytoplasmic localization or lipid droplet association as they are stable in both conditions170.
Additionally, the perilipin 1A isoform, along with perilipins 2 and 5, have a preference for lipid
droplet cores enriched with triacylglycerols, which contrast perilipin 4, 1C and 1D isoforms that
associate with cholesterol-ester filled lipid droplets171.
There is currently little understanding between the biology of lipid droplets and how they
contribute to NAFLD pathogenesis. As increases in lipogenesis, impaired mitochondrial fatty
acid oxidation, and inhibited triglyceride secretion are known to contribute to hepatic steatosis,
collectively, these processes exert effects on lipid droplet accumulation in hepatocytes168,
resulting in an increase in perilipin proteins.
The perilipins are the predominant family of lipid droplet proteins found in the liver41,
with perilipin 2 (PLIN2) associating with lipid droplets in hepatocytes and exhibiting the highest
expression levels in the liver compared to other perilipin proteins172,173. Perilipin 2 is the bestcharacterized protein in fatty liver diseases, as PLIN2 levels are typically increased during fat
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accumulation169. Several studies have also found PLIN2 levels to be directly proportional to
intracellular lipid levels174,175. Interestingly, PLIN2 has been implicated in NAFLD as it has been
found to be the highest expressed perilipin protein in the livers of rodent NAFLD models176, as
well as in human NAFLD patients172. This protein can also act to promote triglyceride
accumulation and inhibit fatty acid oxidation177,178, and has been correlated with hepatocyte
ballooning in NASH through the presence of oxidative stress179.
The consequence of increased PLIN2 expression in hepatocytes is the intracellular
accumulation of lipid droplets that favour adipogenesis173. In situations of nutrient excess, it has
been suggested that PLIN2 expression is greatly influenced by high fat diets. Mice deficient in
PLIN2 displayed a 60% decrease in hepatic triglyceride content and were resistant to dietinduced fatty liver180, while also being protected from diet-induced obesity181. Further, PLIN2
antisense oligonucleotide in both ob/ob and diet-induced obese mice resulted in decreased liver
steatosis178. Together, these results indicate that PLIN2 is important in the development of dietinduced liver steatosis169. Additionally, other studies found that knock-outs of PLIN2 could
promote VLDL secretion from mice livers177,182, while those over-expressing PLIN2 in rat
hepatocytes demonstrated a decrease in VLDL production and secretion177, demonstrating the
role of PLIN2 in this process. Collectively, the imbalance between lipid droplet production and
the secretion of VLDL, aided by PLIN2, may be a contributing factor in the development of
steatosis149,183.
The accumulation of lipid droplets has been associated with detrimental cellular effects
such as insulin resistance, mitochondrial dysfunction, and inflammation184 – all of which are
implicated in NAFLD. Specifically, PLIN2 has inflammatory effects, as its expression is
increased in states of chronic inflammation, such as foam cell and atherosclerotic plaques185,
non-alcoholic steatotic livers186, and various cancers. Interestingly, in PLIN2-knockout Western
diet-induced obese mice, these animals were unable to improve their insulin resistance and
inflammation181. Other studies have shown that while ablation of PLIN2 improves steatotic livers
in mice, there is still an upregulation of fibrotic genes187. This suggests that PLIN2 may be
protective and has multiple roles in the progression of NAFLD. This is supported by a study
done by Nocetti et al., where they observed higher levels of lipid peroxidation products within
the cores of PLIN2-coated lipid droplets of isolated hepatocytes from obese mice173. The authors
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theorized that while PLIN2 favours accumulation of triacylglycerols and cholesterol esters
within the lipid droplets, this action is protective to avoid damage associated with ROS from
lipid peroxidation products173. However, this protective function could cause the sequestration of
unwanted or harmful lipids in cells previously oxidized by other cellular compartments188.
While the action of PLIN2 may be protective in the context of NAFLD, overall, this
results in the accumulation of intracellular lipids, which ultimately contributes to lipotoxicity
along with increased ROS and lipid intermediates that can activate signaling cascades involved
in hepatic inflammation173. Perhaps the action of PLIN2 is like a double-edged sword in that it
can protect cells from lipotoxicity to a certain extent, but enhances complications of NAFLD in
the process, and may contribute to disease progression. While the effects of PLIN2 in the context
of fatty liver diseases have been well-studied in obese animal models, it will be important for
future studies to discern the role of PLIN2 in lean NAFLD.
1.3.6 Sources of Reactive Oxygen Species
Oxidative stress occurs when there is an imbalance between the production of reactive
oxygen species (ROS) and the ability of cellular antioxidant systems to detoxify these products.
It has been recognized that oxidative stress is a central factor involved in the pathogenesis of
NAFLD189, as ROS play an important role in hepatic metabolism149; although the underlying
mechanisms behind this phenomenon are not clearly understood. In line with the “multiple
parallel-hit model” of NAFLD progression, oxidative stress is believed to prime the liver for
injury by leading to cellular dysfunction, and is likely the source of hepatic and extrahepatic
damage seen in NAFLD44,149. In situations of hepatic lipid and carbohydrate overload,
lipotoxicity and glucotoxicity can facilitate the overproduction of free radicals, leading to the
modification and harmful accumulation of damaged macromolecules in the cell (i.e., DNA,
lipids, proteins), resulting in liver injury42. The increased production of ROS observed in
NAFLD may be a maladaptive response that results in metabolic dysfunction42,190.
Reactive oxygen species are produced through a sequence of enzymatic and nonenzymatic reactions, and are categorized as free radicals (superoxide, hydroxy radical, nitric
oxide, etc.) and non-radicals (hydrogen peroxide, hypochlorous acid, peroxynitrite). Under
physiological conditions, ROS concentrations are maintained as they act as signaling molecules
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involved in processes such as metabolism, proliferation, cell survival, and differentiation42. In
various diseases, oftentimes ROS levels begin to accumulate, which can trigger pathological
redox signaling and lead to cellular damage42. While it is difficult to determine ROS species
within the cell, it is not uncommon to find that these ROS are derived from organelles such as
the mitochondria, endoplasmic reticulum (ER), or peroxisomes. Additionally, there are nonorganelle cytoplasmic sources of ROS that are generated by enzymes such as NADPH oxidases,
which can directly catalyze the generation of superoxide or hydrogen peroxide (H2O2)42,191.
While there are many sources of ROS within the cell, mitochondrial and ER sources of ROS will
be discussed, as abnormalities in these cellular compartments have been implicated in NAFLD
pathogenesis and are the main mechanisms behind the oxidative stress-induced damage to liver
structure and hepatic functioning189.
Mitochondria are known as the major site of fatty acid -oxidation in cells and have been
stated as the most important ROS generators in NAFLD192–195. In the presence of increased FFAs
and lipid overload, or lipotoxicity, this can cause increases in ROS production with a
concomitant decrease in antioxidant systems, as FFAs have been shown to produce significant
quantities of ROS in the liver196. Mitochondrial function is effected by ROS production which
causes deterioration of the electron transport chain (ETC) followed by electron leakage42,189, as
FFAs can interact with the ETC and either increase or decrease superoxide production 197.
Additionally, FFAs can increase membrane fluidity by incorporating into the inner mitochondrial
membrane, further promoting electron leakage198.
During early stages of hepatic fat accumulation in NAFLD, the mitochondria trigger
several adaptive mechanisms to prevent oxidative stress and further ROS production44,199. One of
these compensatory mechanisms is an increase in mitochondrial activity in order to catabolize
lipids to prevent from the harmful effects of lipid storage194. This early stimulation of oxidation reflects the livers attempt to avoid fat accumulation195. It has also been proposed that
these mechanisms are in place to prevent further oxidative stress and ROS production by
separating lipotoxic FFAs into stable triglyceride stores44,199.
While mitochondria greatly contribute to ROS in the liver, they are not the only source in
NAFLD. The ER and oxidative stress have been linked in the progression of NAFLD and are
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related to many pathophysiological changes, such as lipogenesis, insulin resistance, and
inflammation in animal models of NAFLD and human NAFLD/NASH patients200,201. The ER is
a potent source of ROS, and maintaining ER homeostasis is important for its proper functioning,
as alterations in its production and clearance of H2O2 can induce ER stress and exacerbate
metabolic dysfunction200. Additionally, all ER stress-sensing pathways have been shown to
regulate the development of microvesicular steatosis in the liver202.
In regard to diet, saturated fatty acids (SFAs) have been shown to exhibit a more
damaging effect on hepatocytes and the liver as they can disrupt ER homeostasis, which
activates the unfolded protein response (UPR) and proinflammatory pathways44,203, ultimately
leading to cell death. ER stress is a mechanism involved in lipotoxicity204, and under these
conditions, misfolded and unfolded proteins begin to accumulate in the ER lumen, activating the
UPR in an attempt to restore ER homeostasis201. A direct role of lipids in the ER stress response
has been supported as lipid saturation of the ER membrane was found to activate the UPR
independently of unfolded or misfolded proteins205. Additionally, the UPR has been shown to be
activated in human NAFLD livers to varying degrees206, and if prolonged, this response can
trigger apoptotic pathways.
Glucotoxicity, along with lipotoxicity, can also contribute to oxidative stress in the
context of NAFLD. While lipotoxicity is associated with the harmful effects of increased lipids
and lipid derivatives in cells, glucotoxicity is associated with insulin resistance, and is the
manifestation of hyperglycemia and the effects of excess carbohydrate intake on cells and
tissues204. Not only can carbohydrates be converted into triglycerides and FFAs, but they can
also form and accumulate hepatotoxic lipids such as ceramides, lysophosphatidyl choline, bile
acids, and free cholesterol204. Through the induction of ER stress and cell death, glucotoxicity
can be injurious to hepatocytes and can alter insulin secretion and action as a result of ROS
production204.
Both glucose and fructose can contribute to oxidative stress in the development of
NAFLD and its metabolic comorbidities, such as T2DM. In mice fed a high-glucose diet for 4
weeks, hepatic oxidative stress was induced as a result of increased hepatic FFA accumulation
and insulin resistance207. Additionally, high fructose diets displayed increases in SFA content
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and gluconeogenesis, leading to steatosis208; and when combined with a high-fat diet, fructose
enhanced liver injury and caused fibrosis, inflammation, ER stress, and apoptosis204. This
fructose-induced activation of ER stress has also been linked to the activation of SREBP1c135,209, with glucose amplifying the effects of FFA-induced ER stress210. Overall, the excessive
intake of carbohydrates leads to toxic effects within cells that ultimately induces liver toxicity 204.
Closely related to insulin resistance and dysregulated redox signaling, the resultant oxidative
stress, ER stress, and inflammation from excessive carbohydrate intake harbours a toxic
environment for the liver, culminating in cellular demise.
There has also been evidence of cross-talk between the ER and mitochondria during
oxidative stress. As the main site of calcium storage and homeostasis, the ER lumen can be
disrupted by SFAs, ultimately effecting calcium stores44. This causes calcium leakage from the
ER, which can act on mitochondrial membranes through the formation of mitochondrial
permeability transition pores42,44. This effectively blocks the ETC, causes calcium build up in the
mitochondria and release of cytochrome c, culminating in increased ROS production, induction
of metabolic disorders, and apoptosis211–214. Additionally, when the UPR is activated, cells will
increasingly produce ATP-requiring chaperone proteins in order to correctly fold the misfolded
proteins42. Through the continual activation of this response in NAFLD – a response triggered by
the lipotoxic-induced accumulation of misfolded proteins in the ER lumen – increased strain is
placed on the mitochondria, which may already be dysfunctional. This can form a vicious cycle
that will continue to promote oxidative stress during NAFLD progression. While the sources of
ROS in NAFLD are understood, the direct mechanisms of these pathways and how their
dysregulation varies depending on disease stage and severity should be studied. Additionally,
further research on the role of ROS in all NAFLD populations is warranted as research is
currently limited to obese populations.
Overall, the WD is a harmful dietary pattern that can lead to a milieu of metabolic
abnormalities, with the excessive consumption of its nutrient components greatly effecting their
metabolism within the liver. Through the dysregulation of hepatic lipid and carbohydrate
metabolism, this diet is the principal factor contributing to NAFLD progression. Although
satisfying, it is evident that this dietary pattern is harmful to metabolic health as it can alter
signaling pathways involved in fatty acid and cholesterol synthesis, insulin signaling, and lipid
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droplet formation. Additionally, the components of this diet can induce changes in cellular redox
signaling, which can contribute to cellular and tissue damage, exacerbating NAFLD progression.
Even more alarming is that this disease can go unnoticed for years, and is increasingly being
recognized in the lean population. As such, it is important that the whole population is made
aware of, and educated on, the deleterious and damaging effects of this diet, regardless of BMI
status.

1.4

Rationale, Hypothesis, and Objectives

1.4.1 Rationale
The Western lifestyle, characterized by sedentary behaviour and chronic overeating of
harmful nutrients, has contributed to the development of civilization diseases and metabolic
dysfunction1,4,5. This is inevitable given the association of WD consumption with an increased
risk of metabolic diseases such as NAFLD1, which is now considered as the primary outcome
leading to MetS, as well as hyperinsulinemia and T2DM, and eventually cardiovascular
diseases74. Due to the abundance of SFAs and refined sugars in this diet, these nutrient
components effectively dysregulate metabolic processes and cellular signaling pathways,
culminating in tissue damage215–217. As the central hub of metabolic processes, the liver is
especially susceptible to the detrimental effects associated with the habitual consumption of this
diet; as not only total caloric intake, but specific nutrient intake, can dysregulate metabolism and
lead to the development of NAFLD25. While this disease is prevalent in the obese population,
adherence to this dietary pattern is becoming increasingly concerning in the lean NAFLD
population given that these individuals may present with a metabolic milieu worse than their
obese counterparts76,77,218.
Research has been heavily focused on investigating the impact of the WD on the obese
NAFLD population. There has been increasing awareness of the “metabolically healthy” and
“metabolically unhealthy” obese patient, classified by the presence or absence of additional
metabolic abnormalities such as hypertension, hypertriglyceridemia, or impaired glucose
tolerance23. This led to the recognition of the “metabolically unhealthy lean” cohort, where it was
identified that NAFLD was present in individuals who were classified as non-obese according to
their BMI219. Since NAFLD has been heavily associated with the WD and obesity, this disease is
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currently under-recognized and is often undetected in the lean population76,219. This leaves a
major gap in the research field as an estimated 6–20% of NAFLD cases fall into the lean
category75, with an even higher prevalence of 40% reported in Western civilizations67. This is
concerning considering these patients are at an increased risk of developing metabolic
comorbidities compared to their obese counterparts75–82,89. Since NAFLD is a multi-faceted
disease, it is important to study the effects of harmful lifestyles, such as the WD, on both obese
and lean NAFLD phenotypes to understand the underlying mechanisms contributing to this
disease, as the pathogenic mechanisms of lean NAFLD are poorly understood74.
Nutrition has been stated as the principal factor governing NAFLD pathogenesis, and
evidence points to different dietary components acting to initiate or cause progression of the
disease42. While it is understood that excessive nutrient intake is detrimental to metabolic health,
in the lean population, this may not be the main concern as a healthy daily energy balance is
maintained without weight gain. Rather, the emphasis should be placed on the quality of
macronutrients consumed5. Many convenience foods are rich in oleic and palmitic acid12, the
most abundant fatty acids in the WD204, along with refined sugars such as glucose and fructose.
These nutrients are known to overload hepatic lipid and glucose metabolism, culminating in the
production of ROS, inflammation, and organ damage1. A major limitation to previous studies is
that the majority have investigated the effects of these nutrients in isolation12. While it is
important to understand how these nutrients act alone, it is equally important to identify how
these nutrients work in tandem to alter metabolic signaling, as they would in processed foods.
In the liver specifically, the increased intake of both FFAs and sugars can contribute to
the development of steatosis through different mechanisms. Additionally, hepatic lipid levels
remain stable after longer periods of treatment150, therefore it is essential to determine how initial
spikes in lipid accumulation trigger changes within cells to recognize warning signs of the
disease. While these are heavily studied in the obese phenotype, how each nutrient component,
alone and combined, can lead to disease progression in an otherwise healthy individual may
illuminate the mechanisms behind early stages of steatosis development before other metabolic
abnormalities may complicate the disease. This approach is important for identifying the root
cause of diet-induced steatosis in the beginning phases of NAFLD, before additional
abnormalities arise, which is more relevant to the lean population.
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Prior to weight gain, the WD can lead to the development of insulin resistance due to its
propensity to cause hyperinsulinemia and oxidative stress1. Many animal models of obese
NAFLD have focused on SREBP-1c and insulin signaling as major players in NAFLD
pathogenesis; however, less is known about SREBP gene activation and their corresponding
pathways in lean NAFLD, especially in response to diet. In line with excessive nutrient intake,
all SREBP isoforms exhibit nutrient-induced regulation and often display changes in their
expression levels in animal models and human livers with NAFLD117–121,137–141. Specifically,
SREBP-1c relies on insulin for its maximal activation. However, in pathological conditions such
as obesity, and in the presence of a continual post-prandial state, individuals often present with
hyperinsulinemia, leading to selective insulin resistance in the liver. In this case, complete
induction of SREBP-1c by insulin and insulin signaling has been shown to be more important in
the context of obesity116. However, in the absence of insulin as in LIRKO mice, SREBP-1c can
still be activated as long as sufficient carbohydrates are provided and will activate lipogenic
pathways115. Collectively, this reveals that under basal insulin levels, insulin signaling may play
a dual role in the development of steatosis in NAFLD, and these effects may be more important
when studying the lean population where elevated insulin levels may not be present, since most
lean NAFLD cases are incidentally detected as they are often asymptomatic78. Additionally, all
SREBP isoforms should be investigated in the case of nutrient excess under physiological insulin
levels to identify the underlying signaling mechanisms in early stages of NAFLD pathogenesis.
Few culture models recapitulate the environment of obese220 and lean patients. However,
majority of cell models are often used for studying the molecular mechanisms involved in
NAFLD progression221. As such, cell culture models are invaluable for the study of early stages
of NAFLD, characterized by the presence of steatosis with the accumulation of triglycerides and
no inflammation72,221,222, which is a hallmark of progression to NASH. Investigating the
molecular mechanisms driving early steatosis development may be more applicable to the lean
population as hepatic lipid accumulation is an early indicator of metabolic dysfunction66, and
these patients do not present with any abnormalities or symptoms in early stages of this disease77.
While critical for the lean population, understanding the mechanisms of steatosis development in
cell culture is also applicable to all NAFLD subjects as this stage is the initiating factor of the
disease in all cases. Further, later stages of NAFLD, such as fibrosis and cirrhosis, seem to
develop at slower rates with smaller groups of patients progressing to these stages221. Therefore,
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investigating steatotic mechanisms may be helpful for identifying the disease before further
progression and damage occurs to metabolic health.
Taken together, this study is aimed at identifying the WD-induced signaling pathways
and mechanisms governing the early stages of NAFLD as a way to explain mechanisms of action
in lean subjects. By discerning the effect of individual nutrient components alone and combined
on hepatocytes, the goal of this work is to provide insight on the importance of nutrient quality
vs. quantity in the case of early NAFLD and steatosis development. Additionally, both in vivo
and in vitro models are currently lacking in regard to the lean phenotype, and the development of
lean NAFLD models is imperative to clarify its pathophysiology223. While models have
exclusively focused on the obese phenotype, this work uses a human hepatoma-derived cell line
(HepG2) which is appropriate to identify the direct effects of nutrient components on liver cells,
in the absence of other metabolic comorbidities that often complicate obesity. This includes
elevated levels of circulating cytokines, such as interleukin 6 and TNF that have been shown to
be significantly elevated in obese subjects compared to lean controls224; and these cytokines were
correlated with increased waist circumference and fat mass, as well as decreased pancreatic cell function, systemic insulin resistance, and cardiometabolic risk factors224. Further, HepG2
cells display unlimited growth potential and maintain a stable phenotype throughout culture
time225. They are also the most commonly used cell line in hepatotoxicity studies and express
many differentiated hepatic functions that are investigated in this study, specifically cholesterol
and triglyceride metabolism, and insulin signaling226.
Given the minimal literature on the mechanisms driving lean NAFLD progression, this
preliminary work will provide insight on the role of excessive nutrient intake on NAFLD
pathways under basal insulin conditions, which may be more applicable to the lean population,
and will provide a snapshot of metabolic dysfunction in the early stages of this disease before
metabolic comorbidities arise.
1.4.2 Hypothesis
It is postulated that with exposure to Western diet-like media, HepG2 cells will exhibit
steatosis, resulting in a NAFLD phenotype. Moreover, I hypothesize that different nutrient
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components in the Western diet will impact SREBP and insulin signaling pathways, lipid
processing genes, and cause nutrient-induced changes in reactive oxygen species.
1.4.3 Objectives
The objectives of this work are as follows:
1. To establish an in vitro model of non-alcoholic fatty liver disease.
2. To identify the signaling pathways and mechanisms of NAFLD in response to different
nutrients under basal insulin levels.
3. To characterize the nutrient-induced effects on reactive oxygen species in early NAFLD.
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Chapter 2: Materials and Methods
2.1

Cell Culture

2.1.1 Cell Culture Conditions and Treatments
Human hepatocellular carcinoma cells (HepG2; ATCC HB 8065), a gift from Dr. Nica
Borradaile, were cultured in Eagle’s Minimal Essential Media (Lonza #12-622F) and
supplemented with 10% fetal bovine serum (FBS; Gibco #16141079), 0.125 µg/mL fungizone
(Gibco #15290-018), 20 U/mL penicillin and 20 µg/mL streptomycin (Gibco #15140-122), and
incubated at 37C and 5% CO2. Culture media was replaced every 2 days, and cells were seeded
and grown for 3 days prior to treatment and use in each experiment. The passage number of cells
ranged from 20–29 passages.
To induce steatosis, cells were treated with a 1 mM mixture of palmitic (Sigma P5585)
and oleic (Sigma O1383) acid (PA/OA, 1:1 ratio) – the most abundant free fatty acids (FFAs) in
the WD227. This concentration was used as it has been reported that regardless of BMI, 1 mM is
the peak concentration of FFAs in circulation228. These fatty acids were supplemented with
growth media and conjugated to fatty acid free bovine serum albumin (BSA; BioShop A6003) in
a 2:1 molar ratio as previously described28,229–231. This concentration was used to reflect
circulating levels of fatty acids found in NAFLD patients232,233; however, lipidomic analyses are
limited to obese patients28,29. Therefore, a 1:1 ratio of PA:OA was used to reflect early NAFLD,
as lipotoxic ratios used in previous cell culture models use higher ratios of PA:OA (2:3)230–232.
Growth media was also supplemented with D-Glucose (Bioshop GLU501.500) at a
concentration of 12.5 mM, as Diabetes Canada defines hyperglycemia as blood sugar levels ≥ 11
mmol/L. Of note, EMEM contains 5.5 mM of glucose, which was accounted for when creating
the glucose-supplemented and WD media. Additionally, media was supplemented with 15 mM
D-Fructose (Sigma F3510-100G) as this concentration has been previously shown to cause
changes in lipid accumulation and gene expression234. Serum levels of fructose have also been
reported to reach 17.2 mM after ingestion of sweetened beverages, like soft drinks, that contain
both glucose and fructose235. To mimic a WD, a combination of each treatment described above
was supplemented into culture media (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose).
Fatty acid free BSA was added to each treatment media, including the control. The control media
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consisted of EMEM, BSA, and NaOH + cell culture grade water (negative control), which was
used to dissolve the FFAs. This negative control was also present in both glucose- and fructosesupplemented media.
All treatments were warmed in a 37C water bath for 30 minutes prior to treatment. Cells
were exposed to each treatment for 6 hours as this duration of treatment with fatty acids has been
reported to cause steatosis in HepG2 cells as previously described231,236, and for analysis of
early-stage NAFLD. Additionally, cells need at least 4 hours to store excess calories as fat,
which then reaches a peak at 8 hours. As such, the 6 hour treatment regimen was chosen as the
intermediate or early NAFLD time point.

2.2 Quantification and Visualization of Lipids
2.2.1 Nile Red Staining and Fluorescence Microscopy
A Nile Red Staining Kit (ab228553) was used to measure steatosis, however, this data was
not used in this study (see Appendix A). Oil Red O was the selected method of lipid droplet
quantification as it has been reported that Nile Red tends to non-specifically label cellular lipid
organelles, such as intracellular membranes237, whereas Oil Red O is more specific to neutral
lipid droplet staining.
2.2.2 Oil Red O Staining
Cells were plated in 24-well culture dishes at a density of 75,000 cells and reached
approximately 80% confluency. Following treatment, cells were washed 3 times with PBS and
fixed with 4% paraformaldehyde (0.25 mL) for 30 minutes, followed by 3 more PBS washes. Oil
Red O working solution (60%) was made by adding 3 mL Oil Red O Stock solution (0.5% in
isopropanol; Sigma-Aldrich O1391) to 2 mL of PBS and filter sterilized on the day of use237. Oil
Red O working solution was added to each well (0.25 mL) for 10 minutes, followed by 3 PBS
washes, after which the cells were viewed and imaged under a phase contrast microscope (Leica
EC3 Camera 2.4). To extract neutral lipids, 4% Nonidet P-40 extraction solution (IGEPAL;
Sigma-Aldrich I3021) was used and prepared by adding 2 mL of Nonidet P-40 to 48 mL of
isopropanol. This solution was then added to each well for 30 minutes, and later transferred to a
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96-well plate where the optical density was measured at 520 nm using the GloMax®-Multi
Detection System (Promega).
2.2.3 Lipid Mass and Triglyceride Extraction
Cells were seeded on 6-well plates at 750,000 cells/well and grew for 3 days prior to
treatment. Following treatment, cells were washed twice with 2 mL/well of PBS with 0.2 g BSA
per 100 mL. This was followed by 3 washes with 2 mL/well of PBS, excluding the BSA. Lipids
were then extracted by adding 1 mL/well of a 3:2 (v:v) hexane:isopropanol solvent mixture and
incubated for 30 minutes as previously described231. To extract proteins, 2 mL/well of 0.1 N
NaOH was added to each well for 2 hours, and then incubated for 24 hours at room temperature.
Prior to aliquoting the experimental triglyceride samples into 96-well plates, the samples were
diluted by adding CHCl3 and CHCl3/1% Triton X-100 to glass tubes, vortexed, and left
overnight. These were then evaporated until dry under nitrogen, followed by the addition of 500
µL deionized water. Tubes were vortexed and incubated at 37°C for 15 minutes in a water bath.
The triglyceride assay was performed using WAKO Diagnostics Triglyceride Reagent
(#996-02895 and 992-02995). Fifty microlitre (µL) samples were assayed in duplicate using a
dilution of 50 µL + 75 µL H2O/Triton X-100. The first triglyceride reagent (75 µL) was added to
all wells and plates were tapped to mix and incubated for 10 minutes. This was repeated with the
second reagent (75 µL) and was incubated for an additional 50 minutes at room temperature
prior to reading on the GloMax®-Multi Detection System (Promega) at 505 and 700 nm. These
values were subtracted and normalized to cell protein levels.

2.3 Gene Expression
2.3.1 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Cells were grown on 60 mm dishes for 3 days to 80% confluency where they were treated
for 6 hours with each media, followed by total RNA isolation and collection using the RNeasy
Mini Kit (Qiagen 74104). Following collection, RNA quality was determined using a Nanodrop
to ensure the 260/280 ratio fell between 1.8–2.0. RNA integrity was also confirmed by running
the samples on a gel to visualize the 5.8S, 18S, and 28S bands. Samples were then reverse
transcribed into first strand cDNA using the Applied Biosystems High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. Primers

38

were designed for the following genes: ACACA, ACACB, SCD1, G6PD, TNF, ACSL5,
ACADVL, CREB3L3, PLIN2, ACTB, PSMB6; while others were drawn from previous studies:
SREBP-1a238, SREBP-1c238, SREBP-2239, FASN240, LDLR241, HMGCR242, LXR243, IRS1244,
PI3K245, KRAS246, RPLP0247 (Table 2.3.1-1). Temperature optimization and primer efficiency
were performed for each primer set, and primers with efficiencies of 90–110% were used248.
Each reaction was carried out using 400 nM of forward and reverse primer, 8 µL
SensiFAST™ SYBR No-ROX Kit (Meridian Bioscience, BIO-98005), and 6 µL of 1:20 cDNA
template. The CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories) was used
to analyze and perform the qRT-PCR reactions. Analysis of gene expression was conducted
using the comparative Cq method ([1+ primer efficiency/100]-∆Cq) to calculate the relative
expression of each gene249. The relative quantities were then normalized to three constitutively
active genes (RPLP0, ACTB, PSMB6) using the geometric mean250. Expression of these three
genes did not vary between the different treatments (see Appendix B).
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Table 2.3.1-1. List of primers with primer sequences, melting temperatures, efficiencies, and R2
values used in this study.
Gene

Forward Primer (5’–3’)

Reverse Primer (5’–3’)

Tm (C)

Efficiency (%)

R2

RPLP0

CCCATTCTATCATCAACGGGTACAA

CAGCAAGTGGGAAGGTGTAATCC

56

99.4

0.99

ACTB

GTTGCTATCCAGGCTGTGCT

AGGTAGTCAGTCAGGTCCCG

60

92.7

0.99

PSMB6

CGGGAAGACCTGATGGCGGGA

TCCCGGAGCCTCCAATGGCAAA

60

106.5

0.99

SREBP-1a

CATCGACTACATTCGCTTTCTG

CAGATCCTTCAGAGATTTGCTTT

56

97.5

0.98

SREBP-1c

TGGATTGCACTTTCGAAGACAT

CAGCATAGGGTGGGTCAAATAG

59

98.5

0.99

SREBP-2

GCTGCAACAACAGACGGTAATG

CTGGTATATCAAAGGCTGCTGGAT

56

97.5

0.99

FASN

AAGGACCTGTCTAGGTTTGATGC

CTGGTATATCAAAGGCTGCTGGAT

55

103.1

0.99

ACACA

GATGTGGATGATGGGCTACA

TGAGGCCTTGATCATTACTGG

60

101.7

0.98

LDLR

AGGACGGCTACAGCTACCC

CTCCAGGCAGATGTTCACG

55

99.9

0.99

HMGCR

ATAACACGATGCATAGCCATCCTG

AAAATTGTGAAAAGGCCAGCAATAC

60

99.4

0.99

LXR

CGCACTACATCTGCCACAGT

TCAGGCGGATCTGTTCTTCT

55

95.2

0.98

IRS1

TATGCCAGCATCAGTTTCCA

TTGCTGAGGTCATTTAGGTCTT

55

95.9

0.99

SCD1

CTTGCTGCAGGACGATATCTCTA

TTCCAAGTAGAGGGGCATCG

61.2

103

0.99

PI3K

AACGAGAACGTGTGCCATTTG

AGAGATTGGCATGCTGTCGAA

55

106.1

0.99

KRAS

TTGACGATACAGCTAATTCAGAATCA

CCTGCTGTGTCGAGAATATCCA

55

99.8

0.99

G6PD

CTACCGCATCGACCACTACC

CCTGTTGGCAAATCTCAGCAC

58

109.4

1.00

TNF

CTGCTGCCACTGGAACCTAC

TTCTGAAGCGGTGAAGGAGC

59

106.7

0.98

ACSL5

CACCCCAAAAGGCATTGGTG

AGGTCTTCTGGGCTAGGAGG

60

104.5

0.99

ACADVL

CAGGTGTTCCCATACCCGTC

GGGATCGTTCACTTCCTCGAA

60

101.7

0.99

CREB3L3

TTTTGGCCCCAACAAAACCG

GCAGCATCGTTGTGCAAAGT

60

96.4

0.99

PLIN2

ACCTCTCATGGGTAGAGTGGAA

CACCTTGGATGTTGGACAGG

60

96.5

0.99

ACACB

ATTGCCAACAACGGGATTGC

GGGACGTAATGATCCGCCAT

60

101.8

0.99
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2.4 Cellular Activity
2.4.1 MTT Assay
Cells were seeded in 96-well plates at 60,000 cells/well and grown for 3 days prior to
treatment. Following 6 hours of treatment, cells were incubated with MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) reagent (2.5 µg/ml; Sigma) for 4
hours at 37°C and 5% CO2. The MTT was aspirated, and dimethyl sulfoxide (DMSO) was added
to each well to solubilize the formazan crystals. Plates were then incubated in the dark at room
temperature and placed on a shaker overnight. Absorbance was measured at 560 nm and 750 nm
(reference wavelength) using the GloMax®-Multi Detection System (Promega), and these values
were subtracted to calculate the difference in optical density (∆OD) to determine the activity of
the cells. These values were then normalized to cell number (cells/mL)252. Cells were counted
using the DeNovix CellDrop Brightfield Cell Counter, with each treatment plated in duplicate
and each well was counted 3 times.

2.5 Reactive Oxygen Species (ROS) Detection
2.5.1 DCFDA Assay and MitoSox™
Total ROS levels were measured using a 2’7’-dicholorfluorescin diacetate (DCFDA)
Cellular ROS Assay Kit (ab113851) following the manufacturer’s instructions. This assay is
based on the ability of ROS products to oxidize DCFDA into 2’7’-dichlorofluorescein (DCF).
Briefly, cells were seeded in a 96-well plate with 60,000 cells/well the day before the
experiment. The next day, cells were treated with each supplemented media for 6 hours, then
washed with 1X buffer and stained with 20 M DCFDA for 45 minutes at 37C in the dark.
Cells were washed 2 times in 1X buffer, and fluorescence was measured at Ex/Em = 485/535 nm
using the GloMax®-Multi Detection System (Promega). Final values were calculated by
subtracting blank control readings from the fluorescence readings, which were then normalized
to cell number (cells/mL). Cells were counted using the DeNovix CellDrop Brightfield Cell
Counter, with each treatment plated in duplicate and each well was counted 3 times.
Mitochondrial ROS was detected using MitoSOX™ Red Mitochondrial Superoxide
Indicator (MitoSOX; Thermo Fisher Scientific, M36008). Cells were seeded in a 96-well plate
with 60,000 cells/well the day before the experiment. The next day, cells were washed with PBS
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and treated with 5 M MitoSOX™ reagent for 10 minutes, and incubated at 37C. This was
followed by three PBS washes. Fluorescence was then measured at Ex/Em = 510/580 nm using
the GloMax®-Multi Detection System (Promega). Final values were calculated by subtracting
blank control readings from fluorescence readings, which were then normalized to cell number
(cells/mL). Cells were counted as explained above.
2.5.2 Live Cell Fluorescence Microscopy
Cells were seeded in 35 mm glass-bottomed dishes at 200,000 cells. Once 70–80%
confluency was reached (~3 days), cells were treated with each media for 6 hours. Following
treatment, cells were stained with either DCFDA or MitoSOX™ for 45 minutes and 10 minutes
at 37C, respectively. The cells were then washed with their respective buffers according to the
manufacturer’s instructions, and were counterstained with Hoescht 33342 (Thermo Fisher
Scientific, 62249) by medium exchange (1 g/mL) for 5 minutes at room temperature.
Counterstain was then removed, and cells were left in warm buffer for live cell imaging on the
Nikon Eclipse Ti2E Inverted Deconvolution Microscope (Biotron Integrated Microscopy
Facility, Western University).
2.5.3 Antioxidant Assay
Total antioxidant capacity of cell lysates was measured using an Antioxidant Assay Kit
(Cayman Chemical, 709001). Cells were seeded at 600,000 cells in 60 mm plates and grew for 3
days prior to treatment and harvesting for this experiment. Cell lysates were collected using the
assay buffer provided by the kit (5 mM potassium phosphate, pH 7.4, 0.9% sodium chloride,
0.1% glucose). Plates were scraped and pellets were sonicated, followed by a 5X dilution of the
lysates using the assay buffer provided. This kit measures the ability of all aqueous- and lipidsoluble antioxidants in the sample (i.e., glutathione, superoxide dismutase, catalase, lipids,
vitamins, proteins, uric acid, etc.) to inhibit oxidation of 2,2’-Azino-di-(3-ethylbenzathiazoline
sulphonate) (ABTS) to ABTS•+ by metmyoglobin. The reaction was initiated by adding 40 L of
441 M of hydrogen peroxide to each well, and plates were incubated on a shaker for 5 minutes
at room temperature. Absorbance was then measured at 750 nm using the GloMax®-Multi
Detection System (Promega). The ability of antioxidants in each sample to cause suppression of
absorbance was proportional to their concentration, which was compared to Trolox standards
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(see Appendix C for standard curve). Antioxidant concentrations were normalized to total cell
protein levels and were calculated using the following formula:

Antioxidant (mM) = [

(𝑆𝑎𝑚𝑝𝑙𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒) − (𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)
] 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛
𝑠𝑙𝑜𝑝𝑒

2.6 Statistical Analyses
2.6.1 Statistical Analyses
All data are presented as mean  SEM from at least four biological replicates. Comparisons
between all treatments used a One-Way Analysis of Variance (ANOVA) followed by a Tukey’s
Honest Significant Difference Test (Graphpad Prism Software, San Diego, California).
Normality of all data was confirmed using a Shapiro Wilks Test (Graphpad Prism Software, San
Diego, California), and any outliers were removed using a Grubb’s Test (=0.05; Graphpad
Prism Software, San Diego, California). For all analyses, statistical significance was assumed
when p<0.05.
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Chapter 3: Results
3.1 Establishing a cell culture model of NAFLD
3.1.1 Neutral lipid droplet quantification
To establish a model, all treatments were measured to determine the degree to which
steatosis, the first stage of NAFLD, could be induced. Steatosis was first measured through Oil
Red O staining to indicate the presence of neutral lipid droplet accumulation. The PA/OA
treatment displayed a significant increase in Oil Red O absorbance compared to the control
treatment (p<0.05; PA/OA: 3.579  0.017 nm vs. Control: 3.505  0.019 nm) (Fig. 3.1.1-1).
There were no significant changes found in Oil Red O absorbance in the PA/OA group compared
to both glucose (PA/OA: 3.579  0.017 nm vs. Glucose: 3.522  0.014 nm) and fructose groups
(PA/OA: 3.579  0.017 nm vs. Fructose: 3.526  0.007 nm) (Fig. 3.1.1-1). Additionally, no
significant changes in Oil Red O absorbance were observed between both sugar treatments and
the control, as well as between glucose and fructose, as absorbance measures were comparable to
each other (Control: 3.505  0.019 nm vs. Glucose: 3.522  0.014 nm vs. Fructose: 3.526 
0.007 nm) (Fig. 3.1.1-1).
As for the Western diet (WD) treatment, a significant increase in Oil Red O absorbance
was observed when compared to the control treatment (p<0.01; WD: 3.603  0.014 nm vs.
Control: 3.505  0.019 nm) (Fig. 3.1.1-1). Additionally, there was a significant increase in
absorbance in the WD-treated cells compared to those treated with glucose (p<0.01; WD: 3.603
 0.014 nm vs. Glucose: 3.522  0.014 nm) and fructose (p<0.05; WD: 3.603  0.014 nm vs.
Fructose: 3.526  0.007 nm) (Fig. 3.1.1-1). Further, an increase in absorbance was observed in
the WD treatment compared to the PA/OA treatment; however, this change was not significant
(PA/OA: 3.579  0.017 nm vs. WD: 3.603  0.014 nm) (Fig. 3.1.1-1). This indicated that there
was an accumulation of neutral lipid droplets in cells treated with PA/OA, although more
significantly in the WD-treated cells, and as such, the cell model of early NAFLD was
established as steatosis was present.
Following staining, cells were imaged and those treated with PA/OA and WD media
showed an increase in the amount of stained neutral lipid droplets compared to the control
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treatment (Fig. 3.1.1-2). Many lipid droplets in the PA/OA treatment appeared to be smaller in
size and showed a more dispersed localization, whereas in the WD treatment, the droplets
seemed larger and tended to cluster together (Fig. 3.1.1-2). In some WD-treated cells, these
droplets were accompanied by large swellings, where the droplets were displaced to the
periphery of cells, which was not observed in the PA/OA treatment. These swellings were also
evident in both high sugar groups (Fig. 3.1.1-2).
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Figure 3.1.1-1. Neutral lipids accumulate in Western diet and high-fat media. Oil Red O
absorbance (520 nm) of neutral lipid droplets in cells treated with control, 12.5 mM glucose, 15
mM fructose, 1 mM PA/OA and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM
fructose) media for 6 hours. Statistical significance was determined using a One-Way ANOVA
followed by a Tukey’s test. Means followed by the same letter are not significantly different
(p<0.05) according to Tukey’s test. N=5. Box plot legend: median (midline), box (25th–75th
percentile), whiskers (extrema).
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Figure 3.1.1-2. Neutral lipid droplets accumulate, and cellular swellings occur in the Western
diet treatment from the high-fat media and high-sugar media, respectively. Representative phasecontrast images of cells stained with Oil Red O after 6 hours of treatment with control, 12.5 mM
glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose +
15 mM fructose) media at objectives of 20X (left column) and 40X (right column) using a Leica
EC3 Camera 2.4. Blue arrows denote areas of intracellular swelling. Scale bar = 100 µm.
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3.1.2 Quantification of triglyceride accumulation
Since Oil Red O stains both triglycerides and cholesteryl oleate253, to get an accurate
measure of triglyceride accumulation in the cells, lipids were extracted and normalized to total
cell protein levels. There was a significant 2.3-fold increase in triglyceride accumulation
observed in the PA/OA treatment when compared to control (p<0.0001; PA/OA: 229.0  5.089
g/mg vs. Control: 98.72  2.760 g/mg) (Fig. 3.1.2-1). This increase was also found to be
significantly greater than that of both sugar components (p<0.0001; PA/OA: 229.0  5.089
g/mg vs. Glucose: 100.8  2.208 g/mg) (p<0.0001; PA/OA: 229.0  5.089 g/mg vs.
Fructose: 99.36  1.519 g/mg) (Fig. 3.1.2-1). No significant changes in triglyceride
accumulation were observed between both sugar treatments and the control, as well as between
glucose and fructose, as lipid mass measures were comparable to each other (Control: 98.72 
2.760 g/mg vs. Fructose: 99.36  1.519 g/mg vs. Glucose: 100.8  2.208 g/mg) (Fig. 3.1.21).
Similarly, the WD treatment displayed a significant increase in triglyceride accumulation
compared to control, where a 2.2-fold increase was observed (p<0.0001; WD: 220.8  4.246
g/mg vs. Control: 98.72  2.760 g/mg) (Fig. 3.1.2-1). Triglyceride content in WD-treated cells
was also found to be significantly greater than that of both glucose- and fructose-treated cells
(p<0.0001; WD: 220.8  4.246 g/mg vs. Glucose: 100.8  2.208 g/mg) (p<0.0001; WD: 220.8
 4.246 g/mg vs. Fructose: 99.36  1.519 g/mg) (Fig. 3.1.2-1). There were no significant
changes observed between the PA/OA and WD-treated cells in regard to triglyceride
accumulation as measurements were comparable to each other (PA/OA: 229.0  5.089 g/mg vs.
WD: 220.8  4.246 g/mg) (Fig. 3.1.2-1).
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Figure 3.1.2-1. Triglyceride accumulation occurs in high-fat and Western diet media. Lipid mass
measurements (g triglyceride/mg cell protein) in cells treated with control, 12.5 mM glucose,
15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM
fructose) media for 6 hours. Statistical significance was determined using a One-Way ANOVA
followed by a Tukey’s test. Means followed by the same letter are not significantly different
(p<0.05) according to Tukey’s test. N=5. Box plot legend: median (midline), box (25th–75th
percentile), whiskers (extrema).
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3.2 Changes in gene expression
3.2.1 qRT-PCR analysis of SREBP isoform expression
To determine the effect of different nutrients on transcript expression and cell signaling
pathways in NAFLD, qRT-PCR was utilized and relative gene expression was determined. All
SREBP isoforms (-1a, -1c, 2), which are known to be involved in the pathogenesis of
NAFLD97,98, were investigated. When cells were treated with high-fat media, there was a
significant decrease observed in SREBP-1a gene expression compared to control cells (p<0.05;
PA/OA: 0.617  0.087 vs. Control: 1.000  0.120) and when compared to fructose-treated cells
(p<0.05; PA/OA: 0.617  0.087 vs. Fructose: 1.099  0.278) (Fig. 3.2.1-1). A similar outcome
was observed in WD-treated cells as SREBP-1a gene expression significantly decreased in
comparison to fructose-treated cells (p<0.05; WD: 0.676  0.166 vs. Fructose: 1.099  0.278);
however, this change was not significant compared to the control (WD: 0.676  0.166 vs.
Control: 1.000  0.120) (Fig. 3.2.1-1). Compared to the glucose treatment, changes in SREBP-1a
gene expression were not significant in both PA/OA and WD cells (Glucose: 0.815  0.044 vs.
PA/OA: 0.617  0.087 vs. WD: 0.676  0.166) (Fig. 3.2.1-1). There were also no significant
changes observed between the PA/OA group and the WD group (PA/OA: 0.617  0.087 vs. WD:
0.676  0.166) (Fig. 3.2.1-1).
Additionally, there were no significant changes observed in SREBP-1a gene expression
between fructose and the control treatment as expression levels were comparable to each other
(Fructose: 1.099  0.278 vs. Control: 1.000  0.120) (Fig. 3.2.1-1). Although SREBP-1a gene
expression appeared to decrease in cells treated with glucose, this change was also not significant
when compared to control and fructose treatments (Glucose: 0.815  0.044 vs. Control: 1.000 
0.120 vs. Fructose: 1.099  0.278) (Fig. 3.2.1-1).
Regarding the SREBP-1c isoform, there were no significant changes in gene expression
across all treatment groups (WD: 0.530  0.433 vs. PA/OA: 0.542  0.338 vs. Glucose: 0.826 
0.258 vs. Control: 1.000  0.379 vs. Fructose: 1.059  0.465) (Fig. 3.2.1-2A). Similarly, the
SREBP-2 isoform displayed no significant changes in gene expression between all treatment
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groups (PA/OA: 0.893  0.072 vs. Glucose: 0.967  0.149 vs. Control: 1.000  0.206 vs. WD:
1.043  0.261 vs. Fructose: 1.151  0.385) (Fig. 3.2.1-2B).
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Figure 3.2.1-1. SREBP-1a gene expression is decreased in PA/OA- and Western diet-treated
cells. Normalized fold expression values from qRT-PCR analysis of SREBP-1a when treated
with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA
+ 12.5 mM glucose + 15 mM fructose) media for 6 hours. Relative quantities were normalized to
the expression of RPLP0, ACTB, and PSMB6. Statistical significance was determined using a
One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not
significantly different (p<0.05) according to Tukey’s test. N=4. Box plot legend: median
(midline), box (25th–75th percentile), whiskers (extrema).
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Figure 3.2.1-2. Gene expression of SREBP-1c and SREBP-2 are unchanged across all treatment
groups. Normalized fold expression values from qRT-PCR analysis of (A) SREBP-1c and (B)
SREBP-2 when treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA, and
Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours. Relative
quantities were normalized to the expression of RPLP0, ACTB, and PSMB6. Statistical
significance was determined using a One-Way ANOVA followed by a Tukey’s test. Means
followed by the same letter are not significantly different (p<0.05) according to Tukey’s test.
N=4. Box plot legend: median (midline), box (25th–75th percentile), whiskers (extrema).
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3.2.2 qRT-PCR analysis of signaling pathways, inflammation, and target gene expression
Genes known to be involved in the pathogenesis of NAFLD, many of which are direct
targets of SREBP isoforms (FASN, LDLR, ACACA, SCD1, G6PD, HMGCR) or are involved in
their cellular signaling pathways (LXR, IRS1, PI3K, KRAS), as well as inflammatory markers
(TNF), were investigated using qRT-PCR. Of note, gene expression of LDLR in glucose-treated
cells was significantly decreased compared to control cells (p<0.05; Glucose: 0.758  0.071 vs.
Control: 1.000  0.138) (Fig. 3.2.2-1). This change in gene expression, however, was not
significant compared to fructose- or PA/OA-treated cells (Glucose: 0.758  0.071 vs. Fructose:
0.944  0.239 vs. PA/OA: 0.944  0.067). Additionally, the expression of LDLR significantly
decreased 0.66-fold in the glucose treatment group compared to the WD treatment group
(p<0.01; Glucose: 0.758  0.071 vs. WD: 1.148  0.047) (Fig. 3.2.2-1). In the remaining
treatment groups, no significant changes were observed in LDLR gene expression when
compared to control and to each other (Control: 1.000  0.138 vs. PA/OA: 0.944  0.067 vs.
Fructose: 0.944  0.239 vs. WD: 1.148  0.047). Additionally, no significant changes in
expression were observed in the remainder of genes described above under the differing nutrient
conditions (Fig. 3.2.2-2 & 3.2.2-3).
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Figure 3.2.2-1. LDLR gene expression is decreased in glucose-treated cells. Normalized fold
expression values from qRT-PCR analysis of LDLR when treated with control, 12.5 mM glucose,
15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM
fructose) media for 6 hours. Relative quantities were normalized to the expression of RPLP0,
ACTB, and PSMB6. Statistical significance was determined using a One-Way ANOVA followed
by a Tukey’s test. Means followed by the same letter are not significantly different (p<0.05)
according to Tukey’s test. N=4. Box plot legend: median (midline), box (25th–75th percentile),
whiskers (extrema).
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Figure 3.2.2-2. Gene expression of SREBP target genes are unchanged across all treatment groups. Normalized fold expression values
from qRT-PCR analysis of (A) ACACA, (B) FASN, (C) SCD1, (D) HMGCR, and (E) G6PD when treated with control, 12.5 mM
glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours.
Relative quantities were normalized to the expression of RPLP0, ACTB, and PSMB6. Statistical significance was determined using a
One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not significantly different (p<0.05) according to
Tukey’s test. N=4. Box plot legend: median (midline), box (25th–75th percentile), whiskers (extrema).
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Figure 3.2.2-3. Gene expression of SREBP signaling pathways and inflammatory markers are unchanged across all treatment groups.
Normalized fold expression values from qRT-PCR analysis of (A) LXR, (B) IRS1, (C) PI3K, (D) KRAS, and (E) TNF when treated
with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM
fructose) media for 6 hours. Relative quantities were normalized to the expression of RPLP0, ACTB, and PSMB6. Statistical
significance was determined using a One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not
significantly different (p<0.05) according to Tukey’s test. N=4. Box plot legend: median (midline), box (25th–75th percentile),
whiskers (extrema).
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3.2.3 qRT-PCR analysis of lipid processing gene expression
The effect of different nutrients on the expression of several lipid processing genes were
analyzed using qRT-PCR. Many genes were considered (ACADVL, ACACB, ACSL5, CREB3L3,
PLIN2), yet few significant changes in gene expression were observed when cells were exposed
to each treatment (Fig. 3.2.3-1). However, the expression of PLIN2 showed significant changes
in gene expression, being significantly increased in the PA/OA treatment compared to control,
where a ~2.1-fold increase was observed (p<0.001; PA/OA: 2.088  0.134 vs. Control: 1.000 
0.116) (Fig. 3.2.3-2). This increase was also found to be significantly greater than PLIN2
expression in both glucose- (p<0.001; PA/OA: 2.088  0.134 vs. Glucose: 0.933  0.056) and
fructose-treated cells (p<0.001; PA/OA: 2.088  0.134 vs. Fructose: 1.260  0.238) (Fig. 3.2.32). Although cells treated with fructose appeared to have a ~1.3-fold increase in expression of
PLIN2, this change was not significant compared to control or to the glucose treatment
(Fructose: 1.260  0.238 vs. Control: 1.000  0.116 vs. Glucose: 0.933  0.238) (Fig. 3.2.3-2).
Additionally, glucose-treated cells showed no significant changes in PLIN2 gene expression
compared to control (Glucose: 0.933  0.238 vs. Control: 1.000  0.116).
Like the high-fat media, the WD treatment group displayed a significant 2.6-fold increase
in PLIN2 expression compared to control (p<0.0001; WD: 2.645  0.059 vs. Control: 1.000 
0.116) (Fig. 3.2.3-2). This increase was also found to be significantly greater in cells treated with
glucose (p<0.0001; WD: 2.645  0.059 vs. Glucose: 0.933  0.056) and fructose (p<0.001; WD:
2.645  0.059 vs. Fructose: 1.260  0.238) (Fig. 3.2.3-2). While there was an increase in the
expression of PLIN2 in the WD condition compared to the PA/OA condition, this change was
not significant (WD: 2.645  0.059 vs. PA/OA: 2.088  0.134) (Fig. 3.2.3-2).
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Figure 3.2.3-1. Gene expression of lipid processing genes are unchanged across all treatment groups. Normalized fold expression
values from qRT-PCR analysis of (A) ACADVL, (B) ACACB, (C) ACSL5, and (D) CREB3L3 when treated with control, 12.5 mM
glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours.
Relative quantities were normalized to the expression of RPLP0, ACTB, and PSMB6. Statistical significance was determined using a
One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not significantly different (p<0.05) according to
Tukey’s test. N=4. Box plot legend: median (midline), box (25th–75th percentile), whiskers (extrema).
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Figure 3.2.3-2. PLIN2 gene expression is increased in cells treated with high-fat and Western
diet media. Normalized fold expression values from qRT-PCR analysis of PLIN2 when treated
with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA
+ 12.5 mM glucose + 15 mM fructose) media for 6 hours. Relative quantities were normalized to
the expression of RPLP0, ACTB, and PSMB6. Statistical significance was determined using a
One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not
significantly different (p<0.05) according to Tukey’s test. N=4. Box plot legend: median
(midline), box (25th–75th percentile), whiskers (extrema).
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3.3 Nutrient-induced changes in activity and cell number
3.3.1 MTT assay
To examine the activity of HepG2 cells exposed to different nutrient conditions, an MTT
assay was performed and values were measured using a microplate reader and normalized to cell
number. This reaction depends on the ability of oxidoreductase enzymes, particularly
nicotinamide adenine dinucleotide phosphate (NADPH), to reduce MTT to insoluble formazan
crystals, which may indicate metabolic function252. It was found that cells treated with PA/OA
displayed a significant increase in activity compared to control cells (p<0.05; PA/OA: 1.184 x
10-5  7.185 x 10-7 nm/cells/mL vs. Control: 9.827 x 10-6  4.882 x 10-7 nm/cells/mL) (Fig.
3.3.1-1). This significant increase in oxidoreductase activity was also observed in PA/OA cells
when compared to the activity in both glucose- (p<0.001; PA/OA: 1.184 x 10-5  7.185 x 10-7
nm/cells/mL vs. Glucose: 8.675 x 10-6  3.972 x 10-7 nm/cells/mL) and fructose-treated cells
(p<0.001; PA/OA: 1.184 x 10-5  7.185 x 10-7 nm/cells/mL vs. Fructose: 8.427 x 10-6  1.442 x
10-7 nm/cells/mL) (Fig. 3.3.1-1). No significant changes in activity were found in cells treated
with glucose or fructose compared to the control and each other (Fructose: 8.427 x 10-6  1.442 x
10-7 nm/cells/mL vs. Glucose: 8.675 x 10-6  3.972 x 10-7 nm/cells/mL vs. Control: 9.827 x 10-6
 4.882 x 10-7 nm/cells/mL) (Fig. 3.3.1-1).
Regarding the WD-like treatment, there were no significant changes in MTT activity
observed when compared to control cells as values were comparable to each other (WD: 1.046 x
10-5  2.858 x 10-7 nm/cells/mL vs. Control: 9.827 x 10-6  4.882 x 10-7 nm/cells/mL) (Fig.
3.3.1-1). There was also an increase in activity in the WD group compared to the glucose group,
although this change was not significant (p=0.072; WD: 1.046 x 10-5  2.858 x 10-7 nm/cells/mL
vs. Glucose: 8.675 x 10-6  3.972 x 10-7 nm/cells/mL) (Fig. 3.3.1-1). Conversely, when
compared to fructose-treated cells, this increase was found to be significantly different (p<0.05;
WD: 1.046 x 10-5  2.858 x 10-7 nm/cells/mL vs. Fructose: 8.427 x 10-6  1.442 x 10-7
nm/cells/mL) (Fig. 3.3.1-1). Additionally, there was a slight increase in reductase activity in the
PA/OA treatment group compared to the WD group; however, this was not significant (PA/OA:
1.184 x 10-5  7.185 x 10-7 nm/cells/mL vs. WD: 1.046 x 10-5  2.858 x 10-7 nm/cells/mL) (Fig.
3.3.1-1).
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Figure 3.3.1-1. Activity is increased in cells treated with high-fat and Western diet media.
Analysis of absorbance (OD=560-750nm) from oxidoreductase activity of the MTT assay
reaction in HepG2 cells treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA
and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours and
normalized to cell number (nm/cells/mL). Values are presented as mean  SEM. Statistical
significance was determined using a One-Way ANOVA followed by a Tukey’s test. Means
followed by the same letter are not significantly different (p<0.05) according to Tukey’s test.
N=5.
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3.3.2 Cell number
When treated with different nutrient components, significant changes were observed in cell
number between the treatment groups. In the PA/OA treatment, there was a significant decrease
in cell number compared to the control group (p<0.05; PA/OA: 1.032 x 105  6.462 x 103
cells/mL vs. Control: 1.276 x 105  2.455 x 103 cells/mL) (Fig. 3.3.2-1). This decrease in cell
number was also significantly different from that of cells treated with glucose (p<0.001; PA/OA:
1.032 x 105  6.462 x 103 cells/mL vs. Glucose: 1.439 x 105  6.131 x 103 cells/mL) and fructose
(p<0.001; PA/OA: 1.032 x 105  6.462 x 103 cells/mL vs. Fructose: 1.438 x 105  5.420 x 103
cells/mL) (Fig. 3.3.2-1). No significant changes in cell number were observed between the
glucose and fructose treatments as the values were comparable; and although cell number
appeared to increase in both glucose- and fructose-treated cells compared to control, this change
was also not significant (Control: 1.276 x 105  2.455 x 103 cells/mL vs. Fructose: 1.438 x 105 
5.420 x 103 cells/mL vs. Glucose: 1.439 x 105  6.131 x 103 cells/mL) (Fig. 3.3.2-1).
Similarly, in WD-treated cells, there was a significant decrease in cell number when
compared to cells treated with glucose (p<0.01; WD: 1.080 x 105  5.776 x 103 cells/mL vs.
Glucose: 1.439 x 105  6.131 x 103 cells/mL) and fructose (p<0.01; WD: 1.080 x 105  5.776 x
103 cells/mL vs. Fructose: 1.438 x 105  5.420 x 103 cells/mL) (Fig. 3.3.2-1). While cell number
appeared to decrease in the WD treatment compared to the control treatment, this change was not
significant (WD: 1.080 x 105  5.776 x 103 cells/mL vs. Control: 1.276 x 105  2.455 x 103
cells/mL). There was also no significant change observed in cell number between the WD and
PA/OA treatment groups as the values were comparable (PA/OA: 1.032 x 105  6.462 x 103
cells/mL vs. WD: 1.080 x 105  5.776 x 103 cells/mL) (Fig. 3.3.2-1).
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Figure 3.3.2-1. Cell number is decreased in PA/OA- and Western diet-treated cells. Changes in
cell number (cell/mL) in HepG2 cells treated for 6 hours with control, 12.5 mM glucose, 15 mM
fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose)
media. Values are presented as mean  SEM. Statistical significance was determined using a
One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not
significantly different (p<0.05) according to Tukey’s test. N=5.
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3.4 Oxidative stress
3.4.1 Analysis of total antioxidant capacity
To assess if different dietary components influenced cellular antioxidant levels, an
antioxidant assay was used to measure total antioxidant capacity. Values were measured using a
microplate reader and normalized to total cell protein levels. Antioxidant concentrations were
then calculated from the linear regression of the standard curve (See Chapter 2.1.9 for equation;
see Appendix C for standard curve). No significant changes in total antioxidant capacity were
observed between each treatment group (PA/OA: 3.718  0.028 mM/mg vs. Control: 3.782 
0.032 mM/mg vs. Glucose: 3.793  0.039 mM/mg vs. Fructose: 3.823  0.027 mM/mg vs. WD:
3.842  0.029 mM/mg) (Fig. 3.4.1-1). Although not significant, the WD group exhibited the
largest total antioxidant capacity when compared to the PA/OA treatment, which displayed the
lowest total antioxidant capacity (p=0.08; PA/OA: 3.718  0.028 mM/mg vs. WD: 3.842  0.029
mM/mg) (Fig. 3.4.1-1).

68

Figure 3.4.1-1. Total antioxidant capacity is unchanged across all treatment groups. Antioxidant
capacity normalized to cell protein (mM antioxidant/mg protein) in cells treated with control,
12.5 mM glucose, 15 mM fructose, 1 mM PA/OA, and Western diet (1 mM PA/OA + 12.5 mM
glucose + 15 mM fructose) media for 6 hours. Statistical significance was determined using a
One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are not
significantly different (p<0.05) according to Tukey’s test. N=4. Box plot legend: median
(midline), box (25th–75th percentile), whiskers (extrema).
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3.4.2 Analysis of mitochondrial stress
To identify if the major source of ROS was mitochondrial, cells were stained with
MitoSOX™. Following staining, fluorescence microscopy was performed to visualize
superoxide products within the cells. There seemed to be a decrease in fluorescence observed in
the glucose- and fructose-treated cells compared to control, with a slight increase in fluorescence
seen in both the PA/OA and WD groups (Fig. 3.4.2-1).
To corroborate these results and to determine if there were any changes in superoxide
levels, fluorescence values were measured using a microplate reader and normalized to cell
number. Compared to the control, there seemed to be a decrease in fluorescence in cells treated
with glucose (Glucose: 4.671 x 10-4  4.470 x 10-5 nm/cells/mL vs. Control: 8.535 x 10-4  1.663
x 10-4 nm/cells/mL) and fructose (Fructose: 3.838 x 10-4  2.513 x 10-4 nm/cells/mL vs. Control:
8.535 x 10-4  1.663 x 10-4 nm/cells/mL), however, these changes were not significant (Fig.
3.4.2-2). No significant changes in fluorescence were observed between the two sugar groups,
and this decrease in fluorescence was also not significant compared to the PA/OA and WD
treatments (Fructose: 3.838 x 10-4  2.513 x 10-4 nm/cells/mL vs. Glucose: 4.671 x 10-4  4.470 x
10-5 nm/cells/mL vs. PA/OA: 9.057 x 10-4  1.911 x 10-4 nm/cells/mL vs. WD: 9.058 x 10-4 
1.232 x 10-4 nm/cells/mL) (Fig. 3.4.2-2). Although there was a 1.06-fold increase of superoxide
products in the WD and PA/OA groups compared to control, this increase was not found to be
significant, as well as when compared to each other as the values between these two groups were
similar (Control: 8.535 x 10-4  1.663 x 10-4 nm/cells/mL vs. PA/OA: 9.057 x 10-4  1.911 x 10-4
nm/cells/mL vs. WD: 9.058 x 10-4  1.232 x 10-4 nm/cells/mL) (Fig. 3.4.2-2). Thus, across all
treatment groups, no significant changes were observed in mitochondrial ROS.
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Figure 3.4.2-1. Nutrient-induced mitochondrial superoxide fluorescence. Representative live cell fluorescence microscopy images of
stained mitochondrial superoxide using MitoSOX™ in HepG2 cells treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM
PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours. Cells were counterstained with
Hoechst 33342 and images were taken at 60X using a Nikon Eclipse Ti2E Inverted Deconvolution Microscope. Scale bar = 20 m.
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Figure 3.4.2-2. Mitochondrial superoxide levels are unchanged across all treatment groups.
Fluorescence of MitoSOX™ normalized to cell number (nm/cells/mL), indicative of
mitochondrial superoxide in cells treated with each nutrient condition after 6 hours. Cells were
treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA and Western diet (1 mM
PA/OA + 12.5 mM glucose + 15 mM fructose) media. Statistical significance was determined
using a One-Way ANOVA followed by a Tukey’s test. Means followed by the same letter are
not significantly different (p<0.05) according to Tukey’s test. N=5. Box plot legend: median
(midline), box (25th–75th percentile), whiskers (extrema).
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3.4.3 DCFDA assay analysis of total reactive oxygen species
To determine the effect of different nutrient conditions on the oxidative status of the cells,
a DCFDA assay was used to analyze measures of total reactive oxygen species (ROS). This
assay measures the ability of all ROS (hydroxyl, peroxyl, and other free radicals) to oxidize
DCFDA to DCF, resulting in fluorescence. Following live cell imaging, there seemed to be an
increase in fluorescence observed in both the PA/OA and WD cells compared to control-,
glucose-, and fructose-treated cells (Fig. 3.4.3-1); however, upon observation, it was difficult to
conclude if the magnitude of this fluorescence was significant. As such, DCFDA fluorescence
was measured using a microplate reader and normalized to cell number to corroborate these
results.
Cells treated with PA/OA exhibited a significant increase in fluorescence compared to
control cells, indicating that there was an increase in the amount of total ROS in these cells
(p<0.05; PA/OA: 0.096  0.005 nm/cells/mL vs. Control: 0.066  0.006 nm/cells/mL) (Fig.
3.4.3-2). Additionally, when compared to both glucose- and fructose-treated cells, the PA/OA
treatment displayed a significant increase in ROS products (p<0.05; PA/OA: 0.096  0.005
nm/cells/mL vs. Glucose: 0.067  0.003 nm/cells/mL vs. Fructose: 0.065  0.006 nm/cells/mL)
(Fig 3.4.3-2). There were no significant changes in fluorescence in both sugar groups when
compared to control and to each other as the values were similar (Control: 0.066  0.006
nm/cells/mL vs. Glucose: 0.067  0.003 nm/cells/mL vs. Fructose: 0.065  0.006 nm/cells/mL)
(Fig. 3.4.3-2).
In regard to the WD treatment, there was a significant increase in ROS products observed
when compared to control cells (p<0.05; WD: 0.099  0.009 nm/cells/mL vs. Control: 0.066 
0.006 nm/cells/mL) (Fig. 3.4.3-2). This increase was also found to be significant in the WDtreated cells when compared to the glucose treatment (p<0.05; WD: 0.099  0.009 nm/cells/mL
vs. Glucose: 0.067  0.003 nm/cells/mL), and to the fructose treatment (p<0.01; WD: 0.099 
0.009 nm/cells/mL vs. Fructose: 0.065  0.006 nm/cells/mL) (Fig. 3.4.3-2). There were no
significant differences observed between the PA/OA and WD-treated cells in regard to ROS
products as values were comparable to each other (PA/OA: 0.096  0.005 nm/cells/mL vs. WD:
0.099  0.009 nm/cells/mL) (Fig. 3.4.3-2).
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Figure 3.4.3-1. High-fat and Western diet media displayed increased fluorescence of ROS products. Representative fluorescence
microscopy images of DCFDA staining of total ROS in HepG2 cells treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM
PA/OA, and Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours. Cells were counterstained with
Hoechst 33342 and images were taken at 60X using a Nikon Eclipse Ti2E Inverted Deconvolution Microscope. Scale bar = 20 m.
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Figure 3.4.3-2. High-fat and Western diet media cause an increase in total ROS products.
Fluorescence of DCFDA normalized to cell number (nm/cells/mL), indicative of total ROS
products in cells treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA and
Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours. Statistical
significance was determined using a One-Way ANOVA followed by a Tukey’s test. Means
followed by the same letter are not significantly different (p<0.05) according to Tukey’s test.
N=5. Box plot legend: median (midline), box (25th–75th percentile), whiskers (extrema).
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Chapter 4: Discussion
4.1 Impact of individual nutrient components on hepatocytes
4.1.1 Development of steatosis in NAFLD
Adherence to the Western dietary pattern is associated with hepatic lipid accumulation, as
the excessive intake of fatty acids and sugars contribute to the development of steatosis 47 – the
first stage of NAFLD. To investigate the impact of nutrient components individually and
combined on the development of a NAFLD model, cells were treated with media supplemented
with a palmitic and oleic acid mixture (PA/OA), glucose, fructose, and a Western diet (WD)-like
media (PA/OA + glucose + fructose). Cells were then analyzed based on the level of steatosis
present through Oil Red O and triglyceride measurements to determine the feasibility of the
model, and to discern how each nutrient component contributed to its development.
Following treatment, high-fat and WD-treated cells displayed an increase in the
accumulation of lipid droplets and triglycerides (Fig. 3.1.1-1 & 3.1.2-1). This indicated that
these treatments were able to induce steatosis, effectively establishing the model of NAFLD. In
contrast, both high-fructose and glucose conditions were unable to cause steatosis on their own;
however, morphological changes were observed following treatment. Both the fructose and
glucose groups presented with intracellular swellings, which was observed in the WD treatment,
but not in the PA/OA treatment (Fig. 3.1.1-2). Additionally, in regard to lipid droplets, the WD
group exhibited increased lipid droplet accumulation compared to control, glucose, and fructose
treatments.
The results presented here suggest that the high-fat and WD treatments cause an
imbalance in the regulatory processes of triglyceride and lipid droplet formation. This is
supported by work done in animal models of NAFLD, where short-term exposure to high-fat and
the WD caused significantly steatotic livers in rodents9,150. Additionally, in pre-steatotic models,
short-term exposure to a WD displayed an increase in the number and frequency of lipid
droplets, further supporting this work. In vitro studies in HepG2 cells have also found that the
increased exposure of cells to media supplemented with fatty acids, such as oleate and palmitate,
significantly induce steatosis227,254,255.
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As many studies have stated that increased sugar intake, specifically of fructose, causes
lipid accumulation in animal models and HepG2 cells33–36,234,256, the results in this study,
although unexpected, revealed that fructose and glucose were unable to cause steatosis on their
own. However, due to the increase in lipid droplet formation in the WD treatment, the sugars
may be contributing to this change rather than triglyceride accumulation257; and overall, the
treatment duration used may limit the ability of fructose and glucose to cause steatosis,
indicating that dietary fat is important in establishing steatosis in early NAFLD258. Additionally,
the majority of previous studies have treated cells for time periods ranging from 24–48 hours and
have induced glucose uptake with insulin227,234,259. As such, the longer time frame of treatment,
paired with insulin induction, may play a role in the development of steatosis in sugar treatments,
which was not observed in this study. Evidence also points to a greater activation of de novo
lipogenesis (DNL) in hyperinsulinemic obese patients, as it has been proposed that DNL is more
significant after longer time periods of sustained nutrient intake and energy imbalances260. While
it can be concluded that high fats are contributing to steatosis development through triglyceride
accumulation in early NAFLD, at this point in time, the sugar treatments may not yet be
significantly activating lipogenic pathways, which is supported by the unchanged expression of
DNL genes observed (FASN, ACACA, SCD1; Fig. 3.2.2-2).
Collectively, these results indicate that with consumption of the WD, the majority of fat
accumulation seen in hepatocytes during early stages of NAFLD are attributable to the excessive
intake of fatty acids. While increased sugar intake plays a larger role in the induction of DNL
during hyperinsulinemic states73, overall, in the case of basal insulin levels, glucose and fructose
consumption alone are not sufficient to cause steatosis. However, although inconclusive, these
sugars may cause morphological changes in the cells, and may account for the increased
accumulation of lipid droplets in the WD, which was not observed in the PA/OA treatment.
These results also support the notion that while the quantity of macronutrients have negative
effects on hepatocytes, the quality of nutrients consumed may be of more importance as their
individual effects may work in tandem to contribute to the detrimental outcomes often seen in
WD-induced NAFLD.
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4.2 Signaling pathways in early NAFLD
4.2.1 SREBP expression
Sterol regulatory element binding proteins (SREBPs) are an important family of
transcription factors that are involved in the maintenance of lipogenesis in the liver4,97. These
proteins are highly implicated in NAFLD pathogenesis; and, the expression of these genes were
examined in this study using qRT-PCR analysis. Although unexpected, no changes were
observed in the expression of SREBP-1c and SREBP-2 isoforms across all treatment groups (Fig.
3.2.1-2); however, there was a decrease in the expression of SREBP-1a observed in both the
PA/OA and WD treatments when compared to fructose alone (Fig. 3.2.1-1). This change in
SREBP-1a expression was significantly decreased in the PA/OA group compared to control,
suggesting that the fructose supplement in the WD treatment may account for its slightly higher
expression in this group. It can also be speculated that SREBP-1a mRNA expression is decreased
in these treatments as a result of high protein levels of mature n-SREBP-1a; however, protein
levels were not investigated in this study and additional research is needed to further characterize
this effect.
It is widely accepted that the expression of SREBPs are regulated by nutritional changes,
as well as through the nuclear receptor, LXR110. However, no changes in LXR gene
expression were observed across all treatment groups (Fig. 3.2.2-3A), indicating that SREBP-1a
expression was changed in response to nutrient excess. While SREBP-1c is preferentially
activated by increased carbohydrates and increased insulin levels, SREBP-1a and -2 are activated
in response to sterols99. Many studies have examined the ability of fatty acid saturation to
activate or inhibit SREBP activity and have found that PA treatment alone in HepG2 cells
significantly enhances the expression of SREBP-1c261,140 and SREBP-2259; while Chen et al.
found this expression can be subsequently downregulated after administration of PA/OA
treatment261. Although SREBP-1a was not investigated in the previous study, it has been reported
that unsaturated fatty acids can directly inhibit both SREBP-1c and -1a isoforms137,138. This
suggests that the oleic acid content in the fatty acid mixture is acting to inhibit the PA-induced
upregulation of these genes, accounting for the decreased expression of SREBP-1a observed in
high-fat and WD cells in this study.
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Additionally, since SREBP-1a possesses a longer transactivation domain compared to
SREBP-1c and -2, the -1a isoform is the most potent activator of all SREBP target genes in both
fatty acid and cholesterol biosynthetic pathways124. While this study did not observe significant
changes in expression of the majority of SREBP target genes (FASN, ACACA, SCD1, G6PD,
HMGCR; Fig. 3.2.2-2), it is speculated that over time, fructose may contribute to activation of
the -1a transcript and its target genes in the WD treatment135, resulting in inappropriate
activation of lipogenic and cholesterolgenic genes. However, this warrants further research to
characterize the underlying mechanism of action.
While the majority of NAFLD studies have focused on the SREBP-1c isoform107–
109,115,116,119–122,130–132,135,139,143

, few have examined the effects of SREBP-1a101,125. This is likely

due to the fact that induction of SREBP-1c is greatly dependent on insulin spikes after feeding,
especially in the obese and T2DM phenotypes116. As such, the activation of all SREBP isoforms
in the context of lean NAFLD have not been well studied, especially under non-hyperinsulinemic
conditions. Together, this study sheds light on the activation of these pathways and suggests that
the SREBP-1a isoform should not be ignored as it may be of more importance in the early stages
of NAFLD. While evidence has shown that fructose-rich diets are strong activators of SREBP-1c
and lipogenesis133–135, this was not observed in this study; however, it may have the ability to
alter SREBP-1a expression. Although this model did not capture later stages of the disease, this
data suggests that the fructose component of the diet under basal insulin levels may cause
activation of SREBP-1a. This activation may have implications on lipogenic pathways in the WD
treatment, and subsequently, on the development of steatosis.
4.2.2 Insulin signaling pathways and inflammation
Inflammation and the dysregulation of insulin signaling, specifically the PI3K and
MAPK pathways, are a known contributor to NAFLD pathogenesis262. As such, TNF, IRS1,
PI3K, and KRAS transcript levels were analyzed in this study using qRT-PCR. No changes in
expression were observed in all four genes (Fig. 3.2.2-3B-E), indicating that these pathways
were not yet dysregulated in the early stages of NAFLD.
It was important to classify whether the dysregulation of these pathways was occurring in
early stages of NAFLD, specifically through non-hyperinsulinemic and nutrient-excess feedback
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systems. These pathways are activated by IRS1/2, which is often stimulated by insulin, revealing
its important role in the regulation of carbohydrate and lipid metabolism146. However, evidence
has shown that insulin-independent feedback also contributes to the dysregulation of these
pathways in metabolic diseases, such as NAFLD, as lipids and inflammatory mediators can
phosphorylate IRS1/2 at the same sites as insulin, and at additional sites147. In support of the
results in this study, rats fed a high-fructose diet exhibited no changes in IRS1 levels263.
Interestingly, the PI3K pathway can influence the proteolytic processing of SREBP-1264, and
both PI3K and KRAS can effect lipogenesis through activation of SREBP-1, especially in HCC
– the end stage of NAFLD265,266. Studies have revealed that SREBP-1 expression is significantly
higher in HCC as well267. This work, paired with my results, indicate that dysregulated insulin
signaling and activation of SREBP-1 may be increasingly significant in later stages of NAFLD.
Monounsaturated fatty acids (MUFAs), such as oleic acid, are known to promote
metabolic health when consumed in moderation11. In contrast, saturated fatty acids (SFA), like
palmitic acid, contribute to weight gain and inflammation, and successfully induce insulin
resistance268,269. Oleic acid has been shown to prevent SFA-induced inflammation as it can
reduce the levels of inflammatory cytokines such as TNF268, which remained unchanged across
all treatment groups in this study (Fig. 3.2.2-3E). However, there was a ~1.2-fold increase in
TNF expression in both the Western diet and fructose treatments, which was not significant
(Fig. 3.2.2-3E). Importantly, the absence of this cytokine further establishes the early NAFLD
model in this study as inflammation is a key component of steatosis progression to NASH72,221.
Taken together, these results reveal that the insulin signaling pathways are not yet
dysregulated in early stages of NAFLD. Moreover, it is unclear whether the absence of
inflammation in these cells was due to the protective action of OA, or if the slight increases seen
may be attributable to the fructose component in the WD treatment; however, it is likely that
inflammation is not yet present in the current NAFLD model system.
4.2.3 LDLR expression
The dysregulation of cholesterol metabolism has been linked to NAFLD, along with
progression to more severe stages of the disease such as NASH153,154. Cholesterol homeostasis
relies heavily on the SREBP target gene, LDLR, to regulate cholesterol at the cellular level.
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While many SREBP target genes were investigated in this study using qRT-PCR, changes were
only observed in LDLR gene expression. Significantly, upon glucose treatment, cells exhibited a
decrease in LDLR expression compared to both the control and WD-treated cells (Figure 3.2.21).
Compared to triglyceride metabolism, cholesterol metabolism has not been studied as
extensively in NAFLD, especially in the context of carbohydrate metabolism270; however, it is
now understood that the metabolism of glucose can interact with cholesterol absorption and
synthesis. In healthy individuals following a meal, increased insulin levels promote the uptake of
glucose into the liver271, which is stored as glycogen. However, in insulin-resistant or
hyperinsulinemic states, gluconeogenesis cannot be inactivated, causing an increase in glucose
production. As the liver cannot store the excess glucose, it is shuttled toward glycolysis,
providing pyruvate, the precursor for acetyl-CoA formation, which can then be converted into
either FFAs or cholesterol272. Although LDLR protein levels were not examined in this study,
my work, combined with the work of previous studies, show that under non-hyperinsulinemic
conditions, a decrease in the LDLR may contribute to reduced cholesterol uptake to counter the
potential increase in its synthesis. This would be expected due to its mechanism of action and
regulation by SREBPs. Interestingly, in non-diabetic men, high plasma glucose levels are
associated with lowered cholesterol absorption and increased synthesis270,273. Additionally, MetS
subjects fed a diet composed of rye bread and pasta – which has been associated with a
decreased postprandial insulin response274,275 – displayed a positive correlation to cholesterol
synthesis, while inhibiting cholesterol absorption163. Collectively, this suggests that when
exposed to high levels of glucose/carbohydrates in non-hyperinsulinemic states, this may cause
an increase in the synthesis of cholesterol paired with a decrease in its uptake through changes in
the LDLR feedback system. However, future studies should incorporate protein analysis, as well
as measures of cholesterol for further clarification.
The LDLR is a key target gene of SREBPs, more specifically for SREBP-2; although
SREBP-1a has the ability to activate all SREBP genes, including LDLR162. Perhaps SREBP-1a,
as discussed in the previous section, may be acting on the LDLR in the WD treatment. In many
mouse models of NAFLD and NASH, the expression of LDLR in hepatocytes is enhanced,
resulting from an increase in SREBP-2 activation199,216,276. Additionally, in mice fed a
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methionine- and choline-deficient diet – a diet that causes steatohepatitis and induces low serum
insulin levels – there was no upregulation of the LDLR in hepatocytes276. Together with my
results, these studies demonstrate the role that both hyperinsulinemia and excessive nutrient
consumption play in the dysregulation of hepatic cholesterol homeostasis. With hepatic
cholesterol stores already increased in NAFLD livers153,154, hyperinsulinemia can cause
prolonged, non-physiological expression of LDLR, resulting in further cholesterol uptake into
cells276. While the results of this study are inconclusive, it can be speculated that insulin is
unlikely the only mediator of dysregulated cholesterol metabolism in early NAFLD, as excess
nutrient components are shown to alter LDLR expression as well. My work also points to a
potential mechanism at which the level of cholesterol metabolism may become dysregulated in
response to excess nutrient consumption.
While the majority of previous studies were done in NASH models, this suggests that
dysregulation of the LDLR becomes more apparent in later stages of the disease, especially
under hyperinsulinemic conditions. In the context of this research, during the early stages of
NAFLD and in response to dietary insults, the expression of LDLR in the WD treatment is not
downregulated as seen in glucose-treated cells. The excess glucose may be shuttled towards
cholesterol synthesis, effectively downregulating LDLR expression to avoid further uptake and
synthesis of cholesterol. If glucose is causing an increase in intracellular cholesterol, this effect
may also be apparent in the WD treatment; however, the same effect was not observed in that
LDLR expression levels were unchanged. Perhaps in lean NAFLD progression, failure to
downregulate the LDLR may be a potential mechanism that leads to increased uptake and
accumulation of free cholesterol, causing significant damage to cells in this disease.
4.2.4 PLIN2 expression
An increase in lipid droplet formation can significantly contribute to steatosis as they
play a large role in hepatic lipid metabolism167,277. Perilipin 2 (PLIN2), a lipid droplet surface
binding protein, has been highly implicated in NAFLD pathogenesis as it can promote
triglyceride accumulation, while inhibiting fatty acid oxidation177,178. To determine if PLIN2
expression was influenced by nutrient components in the early stages of NAFLD, qRT-PCR
analysis was used. It was found that with exposure to the high-fat and WD treatments, the
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expression of PLIN2 was significantly increased compared to all other treatment groups (Fig.
3.2.3-1).
Similar to the model in this study, other studies with HepG2 cells using treatments of
PA/OA278, and fructose and glucose256, found that PLIN2 expression was increased and was
stated to be “the most comprehensive marker of lipid accumulation”256. Perilipin expression is
common in many steatosis models, and specifically, PLIN2 is the most upregulated perilipin in
rodents and humans with NAFLD167. The enhanced PLIN2 expression in this study is further
supported by obese mice models, where a high-fat diet induced increases in PLIN2 mRNA in the
presence of steatosis277. While protein levels of PLIN2 were not investigated in this study, it
seems that transcription of PLIN2 is more important in earlier stages of NAFLD. This is
supported by studies in which prolonged WD-like treatment (48 hours) in HepG2 cells displayed
no changes in PLIN2 mRNA levels; however, PLIN2 protein levels were significantly
increased256. Additionally, after 30 weeks of WD feeding, there were no significant changes in
hepatic PLIN2 mRNA levels in mice181; and upon further observation of obese and insulin
resistant animals, PLIN2 was involved in hepatic inflammation and fibrosis181, which are
hallmarks of NAFLD progression to NASH. Collectively with my work, these results suggest
that the increase in PLIN2 gene expression is important during the early stages of steatosis
development, and is less important once steatosis is already present, most likely due to early lipid
droplet formation.
As triglycerides accumulate within hepatocytes during steatosis, these triglycerides are
stored in lipid droplets. When there is an imbalance in lipid droplet formation and mobilization,
this can further accentuate lipid accumulation in NAFLD277. As shown in my study, cells treated
with both PA/OA and WD media displayed an increased accumulation of lipid droplets (Fig.
3.1.1-1) and triglycerides (Fig. 3.1.2-1), which was correlated with the increased expression of
PLIN2. Due to the increased significance in which the WD treatment accumulated neutral lipid
droplets compared to control, which I presume is caused by the sugar components, this may
account for the larger fold-change in PLIN2 gene expression observed when compared to the
PA/OA group. This suggests that PLIN2 expression is strongly enhanced by dietary FFAs, and to
a lesser extent by dietary sugars, to accommodate for increased lipid droplets in both conditions.
While the mechanism behind lipid droplet formation in this study was not investigated, I can
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speculate how this may be occurring as excess triglyceride storage in lipid droplets tends to
occur through these three mechanisms: (1) increased triglyceride synthesis paired with lipid
droplet growth/biogenesis; (2) decreased lipid droplet catabolism with decreased fatty acid
oxidation; and (3) impaired secretion of triglycerides or VLDLs167. Overall, the increased
expression of PLIN2 in both the PA/OA and WD treatments, paired with the observed increase in
triglyceride accumulation under non-hyperinsulinemic conditions, may shed light on the role of
PLIN2 in early steatosis development.
Lipid droplets are also important in protecting cells from lipotoxicity; however, an
increase in lipid droplet formation favours the increased storage of lipotoxic lipids, exacerbating
their effects on hepatocytes as hepatic lipid stores can incorporate FFAs from various sources277.
Additionally, changes in glycerophospholipid ratios, which is commonly observed in NAFLD
and NASH patients280, causes increased package defects in lipid droplet monolayers, which
results in the formation of unstable lipid droplets281. This can contribute to a decrease in VLDL
secretion and stabilization, causing hepatic lipid accumulation, and consequently, lipotoxicity282.
These package defects may be further exacerbated by an increased flux of FFAs from the diet, as
neutral lipids in the lipid droplet core can intercalate into the monolayer, causing hydrophobic
patches on the lipid droplet surface277. Although lipid droplet composition was not studied in this
work, it is interesting that the expression of PLIN2 is important for establishing and stabilizing
lipid droplet compartments278. As an increased flux of FFAs are entering the endoplasmic
reticulum (ER) – where lipid droplet formation occurs – to be processed, perhaps PLIN2
expression is increased to not only prevent the formation of lipotoxic species, but to also aid in
the stabilization of defective lipid droplets in NAFLD and steatosis development.
This does not, however, explain the increase in SREBPs that is commonly observed in
this disease. Interestingly, a PLIN2 deletion in WD-fed mice exhibited significant decreases in
all SREBP isoform mRNA levels283,284. These decreases in SREBP expression were also evident
in control diet-fed PLIN2-null mice, further supporting the notion that PLIN2 may contribute to
the regulation of lipid metabolism in the absence of obesity284. From these results, an increase in
SREBP mRNA levels would be expected along with PLIN2; however, I observed the opposite
effect in that SREBP-1a expression was decreased in the PA/OA and WD treatments. This may
indicate that induction of SREBP transcription by PLIN2 may occur at later stages in the disease,
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as this effect was not present in my cell model, or that this activation may be insulin-dependent.
Additionally, SREBP activation has been shown to affect glycerophospholipid synthesis in nonmammalian organisms285–287, pointing to SREBPs as important regulators in membrane lipid
biogenesis141,287,288. Perhaps SREBPs are activated by PLIN2 in order to further stabilize the lipid
droplets, which also becomes maladaptive in that more lipids are produced through DNL.
Although inconclusive, I speculate that in the early stages of NAFLD, an increase in
PLIN2 mRNA may be a crucial event in the development of steatosis. While I have shown that
during times of nutrient excess, the activation of PLIN2 is correlated with increased triglyceride
and lipid droplet accumulation, I propose that the formation of lipid droplets occurs to protect
cells from lipotoxicity, which may be maladaptive. This may also lead to the degradation and
decreased secretion of VLDLs, causing hepatic lipid accumulation. Overall, this work points to
the important role of PLIN2 in NAFLD and provides a potential marker of early steatosis
development before metabolic comorbidities complicate this disease.

4.3 Impact of nutrient components on lipid metabolism and cell number
4.3.1 Changes in lipid metabolism
Dysregulated hepatic lipid metabolism significantly contributes to the development of
steatosis, and consequently NAFLD, resulting from the imbalance between FFA uptake,
synthesis, export, and degradation41–43. To evaluate changes in metabolism, an MTT assay was
conducted to determine how individual nutrient components may effect metabolic processes in
hepatocytes. I found that the activity of cells treated with PA/OA media displayed a significant
increase in activity compared to all treatment groups (Fig. 3.3.1-1). While the WD treatment
seemed to be increased compared to control- and glucose-treated cells, this increase in activity
was significant when compared to cells treated with fructose only (Fig. 3.3.1-1).
In the MTT reaction, the tetrazolium salt is reduced to form formazan crystals, which is
heavily dependent on metabolically active cells252. The measured OD values are accepted as the
representation of formazan concentration and therefore the capacity of cells to reduce MTT252.
Many studies have wrongfully applied the MTT assay to measure mitochondrial activity252,289, as
other studies have shown the localization of the reduced formazan crystals in various
intracellular organelles such as in the ER and cytosolic lipid droplets289,290. It has been assumed
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that MTT is reduced in the mitochondria, allowing this assay to be a suitable indicator of
mitochondrial function and activity. This is concerning given that evidence shows the majority of
MTT is reduced in the cytoplasm by NADPH and dehydrogenases associated with the ER291.
Interestingly, a study done by Stockert et al. found that MTT formazan tends to accumulate in
the cytoplasm first, with none of this product appearing in the lysosomes or the mitochondria289,
suggesting MTT reduction is unlikely in these organelles. Additionally, following treatment with
oil to form lipid droplets, the MTT formazan product was increasingly abundant within the lipid
droplets compared to untreated cells289. A similar effect may be occurring in this study as the
only treatments associated with increased triglyceride and lipid droplet formation (PA/OA and
Western diet) displayed increases in formazan levels. This supports the notion that an increase in
lipid droplet formation within the ER may be associated with the increased MTT signal
observed.
While it is assumed that MTT reduction occurs through the activity of mitochondrial
dehydrogenases in living cells292, previous studies have found that HepG2 treatment with PA
causes a significant decrease and changes in oxidative phosphorylation (OXPHOS) enzyme
activity, while this activity remains unchanged in OA-treated cells after 24 hours293,294. Along
with my work, these results further suggest that this diet-induced increase in MTT reduction may
not be a result of mitochondrial OXPHOS activity, but may be from another source. Since MTT
is cationic, following its uptake into cells, it is likely to bind to anionic sites289, such as the
phosphate groups associated with the ER (membrane phospholipids, ribosomal RNA).
Consequently, this would result in a quick and easy reduction of MTT by ER dehydrogenases289,
and suggests that the increased amount of formazan observed in my study may be a result of
enhanced ER activity in lipid metabolism. While increased lipid droplet accumulation was
evident in this study, this offers further support for the idea that these droplets may also be large
reservoirs for formazan produced from the MTT reaction.
During the early stages of NAFLD, there is a compensatory increase in mitochondrial
activity, and this activity is altered to protect hepatocytes from the harmful effects caused by
lipid storage189, which becomes maladaptive as this results in the increased production and
accumulation of ROS189,199. This is supported by my work as increases in lipid droplet
accumulation with a concomitant increase in PLIN2 expression were observed, along with
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increased activity in PA/OA and WD cells. Although it is unclear whether this increased activity
is occurring in the mitochondria or ER, I cannot dismiss the possibility that in the early stages of
NAFLD, steatosis may be a protective mechanism in order to prevent further liver damage in
NAFLD progression44, and that this effect may be due to compensatory mechanisms in the
mitochondria. Equally compelling is the idea that mitochondrial activity may not yet be
compensating for the increase in lipid droplet formation in this acute culture system.
While sugars can contribute to lipotoxic species, my results show that at this point in
time, the FFAs in the PA/OA treatment are contributing to the increased activity observed. This
activity may be manifesting as changes in ER lipid metabolism and homeostasis, which has the
potential to lead to lipotoxic species and ER stress295; as the formation of lipid droplets in the ER
serve as a convenient space to sequester toxic lipids and proteins that accumulate within the ER
network296. While the source of increased activity remains to be resolved, I can speculate that in
early stages of NAFLD under basal insulin levels, lipid droplet formation is an important process
in the maintenance of ER homeostasis and to protect against lipotoxic species. It is interesting to
note that these changes are observed in the absence of hyperinsulinemia, illuminating the
detrimental effects of individual dietary components on liver lipid metabolism. This notion
further supports the idea that lipid droplet formation is a key event in the development of
steatosis, although it may be maladaptive; as over time, constant insults from oxidative stress and
increased lipid droplet formation can lead to NAFLD progression.
4.3.2 Cell number
The metabolically demanding process of cell division requires large amounts of energy to
occur297, and the decision to undergo this process is mediated by the cell’s metabolic status and
availability of nutrients. While metabolism changes significantly during the cell cycle, it has
been found that metabolism can also regulate cell cycle progression. Cell number was analyzed
in this study under each nutrient condition, and interestingly, there was a significant decrease in
cell number observed in the PA/OA and WD treatments compared to cells treated with glucose
and fructose (Fig. 3.3.2-1). This decrease was also significantly different from that of the control
group when compared to the PA/OA treatment.
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A commitment to enter the cell cycle is successful when sufficient nutrients are
available297. In this study, both sugar treatments displayed the highest cell number counts, and as
expected,

these

macromolecules

undergo

glycolytic

metabolism,

thereby

promoting

proliferation. Proliferating cells prefer to use glycolysis for macromolecule biosynthesis through
the pentose phosphate and serine biosynthesis pathways298, while non-proliferating cells use
mitochondrial OXPHOS299. However, expression of the rate-limiting enzyme of the pentose
phosphate pathway, G6PD, remained unchanged, suggesting glucose and fructose were not
shuttled toward this pathway (Fig. 3.2.2-2E).
In line with my work, studies have shown that HepG2 incubation with OA and PA
significantly inhibit cell growth300. Others have shown that inhibition of cell growth in HepG2
cells is not induced by lipid peroxidation, but by changes in fatty acid metabolism301, as
speculated in the previous section. While it is widely accepted that PA can induce apoptosis and
trigger ER stress in HepG2 cells228,236, OA is anti-apoptotic in nature and seems to be more
important for the accumulation and formation of triglycerides204,227,236,302,303. While MUFAs are
known to promote metabolic health11,15,16, this offers further support for the observed increase in
triglycerides and lipid droplets in this cell model as a defense system against the pro-apoptotic
effects caused by large amounts of FFAs in cells228,303, which is likely attributable to the SFA
intake in the WD. Taken together, this work suggests that lipotoxic intermediates may be present
in both the PA/OA and WD treatments, effectively halting the cell cycle and causing a lower cell
count. However, lipotoxic intermediates were not investigated, therefore it is equally important
to consider that changes in fatty acid metabolism may be altering cell cycle progression in these
treatments; which may be of more importance in this model considering our MTT assay may
suggest increased lipid metabolism in the ER.
It has been speculated that the presence of lipid droplets is incompatible with cell
proliferation, as their accumulation is associated with liver regenerative processes and not cell
division304. This notion is supported by my results in that both groups exhibiting increased
triglyceride and lipid droplet accumulation (PA/OA and WD) displayed decreases in cell
number. Additionally, in obese/diabetic mouse models, animals exhibit impaired cell cycle
progression in hepatocytes following liver regeneration304,305, as steatosis and lipid droplet
accumulation

can

reduce

proliferation

and

negatively

regulate

cell

division

in
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hepatocytes304,306,307; a mechanism of action in my study. Interestingly, these steatotic effects on
the cell cycle remain with no changes in serum concentrations of insulin306,307, which is proproliferative in nature. Together, along with my results, this supports the idea that regardless of
insulin concentrations, high-fat content within the liver may affect the cell cycle, and possibly
lead to decreased cell proliferation. Although previous studies investigated cell cycle effects in
obese models, my work demonstrates that this phenomenon may also be present in the onset of
NAFLD, before metabolic comorbidities arise.
Overall, it is speculated that a dysregulation in lipid metabolism is greatly influencing
cell division and proliferation in early stages of NAFLD. This work highlights that high fat
content can disrupt cell number even in the absence of hyperinsulinemia, although it may be
occurring through various unknown mechanisms. This is concerning given that these effects may
occur in otherwise healthy individuals in response to dietary insults, revealing the threat posed
by increased intake and habitual consumption of the WD to cellular processes.

4.4 Induction of ROS in lipid accumulation
4.4.1 Sources of ROS
The presence of oxidative stress and the overproduction of ROS throughout the stages of
NAFLD has been described as central factors involved in its pathogenesis189. To determine how
excess nutrients can affect ROS production and if ROS is involved in the early stages of
NAFLD, assays were used to measure the amount of ROS in the cells. A DCFDA assay was
used to measure total ROS levels, followed by MitoSOX™ to determine if the source of ROS
was mitochondrial, and finally an antioxidant assay to assess if changes were occurring at the
antioxidant level. It was found that total ROS levels were increased in the PA/OA and WD cells
compared to all other treatments (Fig. 3.4.3-2), with no changes observed in both the
MitoSOX™ (Fig. 3.4.2-2) and antioxidant assay (Fig. 3.4.1-1).
The mitochondria are considered as the “most quantitatively relevant ROS generators” in
the cell42,192,193 and have been recognized as the most important source of ROS in NAFLD
pathogenesis192–194. One way in which the mitochondria deal with increases in FFAs is by
activating mitochondrial -oxidation to prevent further accumulation of lipids within the liver195.
However, no changes in the gene expression of enzymes involved in the -oxidation pathway
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were observed, indicating that this compensatory mechanism was not yet activated in the cells
(Fig. 3.2.3-1). Further, no changes in mitochondrial superoxide were detected, suggesting that
the mitochondria may be resilient to changes in lipid metabolism during the early stages of
NAFLD. This is supported by in vivo work where mice fed a high-fat diet for 4 weeks exhibited
decreased activation of -oxidation which was recovered after 8 weeks of feeding308. Others
have shown that following both short- and long-term exposure to a high-fat diet, rodent livers do
not present with drastic changes in mitochondrial bioenergetics309; and fluctuations in oxidation following palmitate treatment have also been observed310,311. Additionally,
peroxisomal -oxidation cannot be dismissed as during this process, electrons are not delivered
to the electron transport chain (ETC), but are sent directly to oxygen, forming H2O242,44.
Peroxisomal -oxidation in diet-induced obese mice has also been associated with inflammation,
the hallmark of NASH, as well as increased expression of HCC genes312. While peroxisomes are
a large source of cytoplasmic ROS and may be contributing to the effect observed in this cell
model, the results in previous studies suggest that peroxisomal -oxidation is increasingly
significant in the progression of NAFLD313, and therefore may be less apparent in this early
NAFLD cell model.
While superoxide production is known to markedly increase in the presence of FFAs314,
this study did not observe significant changes in superoxide levels, which may be attributable to
the shorter duration of treatment with FFAs, as the majority of studies used treatment regimens
of 12–24 hours293,294,314–316. In HepG2 cells, palmitate has been associated with increases in ROS
products such as H2O2302, lipid peroxidation by-products293,294,314, and ER stress316, while oleic
acid is shown to ameliorate these effects293,316. Additionally, these FFAs can incorporate into the
inner mitochondrial membrane, causing increased membrane fluidity and increased electron
leakage42. Through their incorporation into the mitochondrial membrane, these FFAs cause
imbalances between the ETC and -oxidation, further promoting superoxide production42. This
study cannot dismiss mitochondrial superoxide completely in NAFLD progression; however, we
can conclude that this source of ROS is not yet predominant in early stages of steatosis, and may
be more apparent in later stages of this disease. While superoxide was not significantly increased
in this study, we did observe an increase in total ROS products, suggesting that in early stages of
NAFLD, ROS may be sourced from other organelles such as the ER or peroxisomes. Equally

92

compelling is that H2O2, most commonly measured through DCFDA assays, may be the
predominant ROS species present in early NAFLD.
In regard to both sugar treatments alone, this study did not observe changes in total ROS
products under basal insulin conditions. This contrasts previous studies as increases in ROS
production

were

observed

in

response

to

fructose

treatments

administered

under

hyperinsulinemia317, and under high glucose concentrations (25 mM)294. As such, my work
reveals that this effect is not apparent under basal insulin levels at this point in time. This may
have been due to the lower concentration of sugars used, as well as the shorter treatment
duration. As such, it is reasonable to assume that under basal insulin levels in early steatosis
development, the sugars are not yet contributing to the increased ROS in the WD treatment.
Instead, this phenomenon is likely due to the high-fat component in the media, suggesting that
FFAs may be initiating the first diet-induced insults in this disease in the context of ROS
production.
The results in this study support the presence of an alternative source of ROS by
providing evidence for the absence of significant mitochondrial superoxide levels in the
beginning stages of NAFLD. While mitochondrial dysfunction in NAFLD has been viewed as
the result of systemic decline and not a causative factor42, this further adds to the idea that dietinduced ROS may originate elsewhere. Although this study did not investigate ER stress
markers, this major source of ROS is reported to be upregulated in NAFLD and may be common
to all stages of the disease, as it is prominent in the development of simple steatosis209,318 and
NASH42. Additionally, through ER-mitochondrial cross-talk during situations of oxidative stress,
later stages of NAFLD may present with mitochondrial ROS products as a result. Importantly,
the ER serves as the central communicator between all organelles, and it would be reasonable to
believe that dysregulated ER activity and communication to other organelles would result in their
dysfunction as well.
In regard to antioxidant levels, this study did not observe any changes in total antioxidant
capacity of the cells, suggesting that antioxidant levels have not yet adapted to the increase in
ROS at this stage in disease development. There tend to be discrepancies in the literature on
antioxidant levels in NAFLD; however, the consensus is that antioxidants are generally
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decreased in most NAFLD/NASH patients42. Due to the low-quality WD that lacks essential
vitamins to counteract ROS products5, it is possible that the available antioxidant mechanisms
are not yet exhausted, or have not been activated. Additionally, this assay did not take into
account individual antioxidant markers, therefore we cannot conclude whether dietary
components cause changes in individual antioxidants as these effects may be masked in the
assay. Future studies should be aimed at the nutrient-induced activation or inactivation of
individual antioxidant markers that are commonly implicated in NAFLD.
Overall, these results point to the contribution of increased FFAs to the induction of ROS.
Although the source of ROS is inconclusive, this study shows that total ROS levels are increased
in early NAFLD under basal insulin conditions, and are not significantly sourced from the
mitochondria. This work is meaningful in that it demonstrates the presence of ROS in beginning
stages of this disease, providing a ripe environment for the deterioration of metabolic health, and
illuminating the role of ROS throughout NAFLD disease progression; however, other sources of
ROS must be considered for further clarification in future studies.

4.5 Limitations and Future Work
This study was unique in that it revealed the important role of individual dietary
components on steatosis development in early NAFLD under basal insulin conditions. While
some of these findings expand on current research in the field, it also adds significant knowledge
to the underrepresented lean NAFLD population and the non-hyperinsulinemic side of the story.
However, this study can only provide insight on the activity of one cell type during NAFLD
pathogenesis. While I have shown that my cell culture model mirrors the characteristics observed
in NAFLD, including key outcomes such as increased triglyceride and lipid droplet
accumulation, changes in lipid metabolism, and increased ROS production, this study is not
without its limitations. First, this study was carried out in a two-dimensional cell culture model
and therefore does not account for the complexity of NAFLD at the organ level. This disease is
complicated by many comorbidities such as insulin resistance, high blood pressure,
hypertriglyceridemia, and impaired glucose tolerance, indicating the presence of multi-organ
cross-talk involved in NAFLD, which was not captured in this study. Additionally, this tissue
culture system only investigates hepatocytes, which is one of many major cell types in the liver;
and there are various non-parenchymal cells that play a role in inflammatory processes during
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the progression of NAFLD225,319. Together, these cell types form a functional hepatic unit that
regulate key processes in physiological and pathological conditions319; and without them, this
system does not recapitulate the behaviour and microenvironment of these cells in vivo. In future
studies, co-culturing of hepatic stellate cells and hepatocytes may be useful for identifying the
action of inflammatory cytokines in the progression of simple steatosis to NASH225.
Additionally, to corroborate if the findings in this study are applicable to human NAFLD models,
it will be important to validate these observations in primary human hepatocytes, which most
resemble hepatocytes in vivo225, along with diet-induced animal models of this disease.
It is also important to note that although the HepG2 cell line is commonly used in
NAFLD models225, its tumour phenotype often complicates its direct applicability to human
NAFLD. During the immortalization process, this cell line exhibits altered metabolic function225,
which is often limited compared to primary hepatocytes226. While HepG2 cells retain features of
normal hepatocytes, they most closely resemble tumour cells in hepatoblastoma320. In contrast to
normal hepatocytes, the HepG2 smooth ER is poorly developed and these cells have less
mitochondria320, with the former having implications on the storage of proteins and lipids, and
the latter effecting cellular metabolic activity. Given that HepG2 cells possess an intermediate
phenotype between tumorigenic and normal hepatocytes, they still provide insight on hepatocyte
functioning in disease states; however, I cannot directly apply my findings to the in vivo situation
in NAFLD.
Although this study only sampled at one time point (6 hours) to examine the early
development of steatosis, and hence NAFLD, this disease is multi-faceted and is characterized
by a myriad of insults occurring at different times. As such, this may limit my study as my
results only provide a snapshot of this disease at this point in time, and I cannot conclude if the
events observed mark the beginning of disease onset; or if earlier/later time points may provide
more information as specific key features of NAFLD were not yet present in this cell model
(e.g., changes in -oxidation, mitochondrial stress, etc.).
This work is also limited by the absence of protein analysis, as it is difficult to draw
conclusions from mRNA expression data alone. While this study provides evidence for mRNAlevel changes, this does not always correlate to changes at the protein level. Therefore, I can only
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speculate what may be occurring at this point in time. Regarding SREBP signaling, INSIGs,
which are important in the regulation of SREBP processing, are of particular importance for
protein analysis as their activity under hyperinsulinemic and basal insulin conditions would be an
interesting area of study. This work would complement the current findings and provide a more
complete picture on the activity of these genes. Additionally, examining gene expression and
protein levels at different time points would allow for the characterization of NAFLD
progression.
While free cholesterol accumulation and deposition within lipid droplets is increasingly
being recognized as an important characteristic of NAFLD154, cholesterol levels were not
measured in this study. Future studies should be aimed at measuring and staining cholesterol in
these cells to determine its accumulation and localization, respectively. Further, studying the role
of VLDL production and secretion in steatosis would be relevant as it can promote steatosis
and/or hypertriglyceridemia, and is linked to many of the biological mechanisms discussed in
NAFLD progression.
While this work identified that ROS is present early in disease progression and may be a
driver of NAFLD, studying the effects of diet on ROS presence at earlier time points, as well as
on the pathways investigated in this study, may reveal how NAFLD progression may occur.
Further, measuring ROS products presents a challenge as they are highly reactive molecules with
short half-lives321. Both MitoSOX™ and the DCFDA assay present limitations as they can
exhibit nonspecific oxidation of their products from atmospheric oxygen, or from other products
within cells. Although useful for measuring total ROS levels, the DCFDA assay does not always
directly react with H2O2 to produce fluorescence321, therefore I cannot definitively conclude that
the DCFDA output is from H2O2 alone. In regard to MitoSOX™, this product is advantageous
for the localization of superoxide; however, it is difficult to quantify, as with the majority of
fluorescent probes321. While the assays used in this study provide knowledge on the presence of
ROS, they are not completely reliable, therefore I cannot conclude which ROS product is present
or most abundant. This can be addressed by detecting ROS formation through Western blot
analysis by examining markers of ER stress that are involved in the UPR, such as PERK, ATF6,
and IRE1. Investigation of ROS-induced damage to nucleic acids, lipids, and proteins, as well as
determining the type of ROS present through the use of more specific and accurate probes will
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provide invaluable evidence on where the ROS has evolved from. Other major sources of ROS
such as NADPH oxidases and peroxisomes should be measured to further characterize the dietinduced effects of ROS on early NAFLD development and progression.
Finally, lipid droplet biology paired with ER membrane dynamics in the context of lean
NAFLD and steatosis development will be an intriguing avenue of research as it has heavy
implications on early NAFLD and disease progression. The involvement of PLIN2 in disease
onset through multiple mechanisms triggered by dietary insults, such as through the ER,
SREBPs, and ROS would aid in understanding the complexity of steatosis development and
provide a new area of drug targeting research for this burdensome disease.

4.6 Conclusion
This study was governed by the hypothesis that with induction of the NAFLD phenotype
through Western diet-like culture media, this would cause steatosis with significant alterations in
hepatic functioning, specifically through lipogenic signaling pathways, and through reactive
oxygen species. This hypothesis is supported by the findings outlined below.
Overall, this work revealed that in the early stages of NAFLD, the high-fat component of
the media promoted the majority of pathological conditions observed in this disease, as these
effects from the PA/OA treatment alone also manifested in the Western diet group. These
phenotypes included increased triglyceride and lipid droplet accumulation, increased activity and
ROS production, and decreases in cell number. Moreover, this study also observed changes in
mRNA expression of genes involved in important cellular signaling pathways.
The first objective aimed to establish a cell culture model of NAFLD in order to
investigate the pathogenic mechanisms involved in the early stages of its development. The
changes in lipid accumulation observed were attributable to the increased FFA component in the
media227,254,255, most likely as a result of an imbalance between triglyceride use and synthesis
causing lipid droplet formation. However, the greater increase in neutral lipids observed in the
Western diet treatment may be due to the ability of the sugar components to activate DNL;
although this may be more relevant in hyperinsulinemic states73. Overall, early steatosis
development in NAFLD is likely caused by an increased flux of FFAs in the diet under
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physiological insulin levels as DNL remained unchanged, indicating that sugars are not yet
contributing to hepatic lipid accumulation.
Attention was then focused on the mechanisms behind steatosis development, as the
second objective investigated the alteration of signaling pathways under lipid accumulation and
basal insulin levels. It was found that the expression of SREBP-1a was reduced in both the
PA/OA and Western diet treatments compared to fructose. As such, it is speculated that this
reduction in SREBP-1a expression may be due to the protective effects of OA137,138,261, while
fructose may be acting to slightly increase its expression in the Western diet treatment133–135.
Since SREBP-1a is a potent activator of all SREBP target genes, it was also theorized that this
was able to override the ability of Western diet cells to downregulate the LDLR, as observed in
the glucose-treated cells. It is likely that the excess glucose is shuttled toward cholesterol
biosynthetic pathways272, and cells are therefore exhibiting the correct response in
downregulating LDLR to prevent further cholesterol synthesis and uptake into hepatocytes. As
such, the addition of fructose in the Western diet media may be causing dysregulation in
cholesterol metabolism at the level of LDLR, which is linked to NAFLD pathogenesis154 (Fig.
4.6.1-1).
Lastly, the expression of PLIN2 was significantly increased as a result of the high-fat
component in the media257, which was correlated with the accumulation of triglycerides and lipid
droplets observed. It is speculated that this increase in PLIN2 mRNA serves as a protective
mechanism in the development of steatosis, and therefore NAFLD. This would ensure
stabilization of lipid droplets, along with the sequestration of triglycerides and FFAs278,
effectively protecting cells from lipotoxicity. However, over time, this response may be
maladaptive as the lipid droplets may exhibit package defects and harbour increased amounts of
lipotoxic lipids277, culminating in phenomena such as insulin resistance, mitochondrial
dysfunction, and inflammation186 (Fig. 4.6.1-1).
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Figure 4.6.1-1. Proposed mechanism of action in early NAFLD induced by each individual
dietary component in excess under basal insulin levels. Free fatty acids (PA/OA) in the Western
diet treatment cause an increase in triglyceride levels, resulting in their storage in lipid droplets,
and consequently an increase in PLIN2 expression. The excess glucose may be converted into
cholesterol, causing in increase in intracellular cholesterol, followed by the appropriate decrease
in LDLR expression to avoid further uptake and synthesis of cholesterol. Fructose in the diet may
cause increased SREBP-1a expression, which may translate to an increase in n-SREBP-1a. Since
SREBP-1a is a potent activator of all SREBP target genes, this slight activation in the fructose
treatment may contribute to the inability of the Western diet treatment to downregulate the LDLR
as observed in the glucose-treated cells, possibly leading to an increase in its expression. As a
result, there would be an increase in cholesterol uptake and synthesis, further increasing PLIN2
expression, which eventually culminates in NAFLD and other cellular abnormalities. PA/OA:
palmitic acid/oleic acid; SREBP-1a: sterol regulatory element binding protein 1a; n-SREBP-1a:
nuclear SREBP-1a; LDLR: low-density lipoprotein receptor; PLIN2: perilipin 2; ROS: reactive
oxygen species; NAFLD: non-alcoholic fatty liver disease.
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Finally, the third objective aimed to discern the effects of different nutrient components
on ROS in NAFLD development. As a result of lipid accumulation, the PA/OA and Western diet
cells exhibited increased activity, with a concomitant decrease in cell number. While it is likely
that the increase in activity was due to changes in OXPHOS, treatment with PA/OA often causes
inhibition of this process294. This leads to the conclusion that this activity may be caused by an
increase in lipid metabolism within the ER, the major hub of lipid homeostasis and the site of
lipid droplet formation277. With an increase in lipid droplets and ROS production, this creates an
unfavourable environment for cell division300, which may contribute to the decreased cell
number observed.
This work is significant in that it provides evidence of ROS from the onset of steatosis,
and therefore NAFLD, in an otherwise healthy model. Again, this increase in ROS was attributed
to the high-fat component of the media in the Western diet; however, this work revealed that this
ROS was not mitochondrial in nature, suggesting it is originating from another source in the
development of steatosis. Since many signaling pathways like -oxidation and insulin signaling
were not yet effected by nutrient components under basal insulin levels, these results are
meaningful in that it reveals ROS to be both a contributing factor and driver of dysregulated
signaling mechanisms in later stages of NAFLD. Moreover, this study is unique in that it
illuminates the differential effects of dietary components on hepatocytes individually and
combined; and this model is one of few that exist in the current literature. While it is common
knowledge that excessive calories are detrimental to human health, this research reveals how the
quality of one’s diet is equally concerning and should not be overlooked.
Overall, it is proposed that steatosis development in the onset of NAFLD is influenced by
the interaction between PLIN2 and lipid droplet formation, ER stress, and subsequently ROS.
Interestingly, the activity and increased expression of PLIN2 has been shown to lead to oxidative
stress, as the presence of ROS in the form of H2O2 can upregulate the expression of PLIN2 in
HepG2 cells283. This is interesting to note, as H2O2 is the major ROS species produced from the
ER lumen322 – the area in which lipid droplet and occasionally VLDL formation occurs277. As
such, it is likely that the high-fat and Western diet cells in this study may be presenting with ER
stress due to the increased accumulation of lipid droplets and PLIN2 expression, followed by
package defects. To support this lipid droplet/VLDL formation and secretion, the liver will
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continuously synthesize large amounts of phospholipids. The membranes of these droplets are
similar in composition to the ER, which mainly consists of glycerophospholipids277.
Interestingly, the activity of SREBP-1 isoforms can upregulate the expression of genes involved
in

glycerophospholipid

metabolism285;

and

perhaps

the

reason

for

changes

in

glycerophospholipid ratios in NAFLD patients is a response to the increasing stiffness of the
membrane from SFAs280.
In regard to the ER membrane, which is highly sensitive to miniscule changes in its
membrane cholesterol content285, it can activate the UPR independently of misfolded/unfolded
proteins due to a lipid saturated membrane204 – an effect that has been linked to palmitate
exposure323. While SFAs cause stiffening of the ER membrane, MUFAs have an opposite
effect324. Since MUFAs alleviate this stress, DNL may be activated to produce oleic acid – the
end product of this process; and an altered ER environment can also cause SCAP dissociation
from INSIG, resulting in SREBP activation285. Therefore, it is possible that an altered ER
environment may lead to increased activation of SREBPs and subsequently, DNL, providing
further support for ROS as a driver of this disease and steatosis development.
Taken together, it is proposed that through increased FFA and sugar intake associated
with WD consumption, this may cause an increase in both PLIN2 expression and ER stress.
These two processes will feed back on each other as more lipid droplets form, causing package
defects and the secretion of lipotoxic lipids. These package defects, paired with ER membrane
changes and increased ER stress may cause the activation of SREBP isoforms, specifically
SREBP-1a in this model. This may then lead to the increased activation of LDLR and DNL,
resulting in an increase in both FFA and cholesterol uptake and synthesis – two processes which
further promote ER stress. The ER stress will be continually producing ROS, which culminates
in steatosis, effectively establishing lean NAFLD and eventually leading to insulin resistance,
inflammation, and mitochondrial dysfunction with disease progression (Fig. 4.6.1-2). This
proposed mechanism of action will be a fascinating avenue of research for future studies.
Collectively, this work has revealed the differential effects of individual dietary
components in the Western diet on hepatocytes in the context of NAFLD, providing invaluable
evidence on the dangers of Western diet consumption, regardless of BMI. This study has
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demonstrated that in early stages of steatosis and NAFLD development, each nutrient component
may act in different ways within the Western diet to modify metabolic functioning of cells,
specifically through the alteration of cellular signaling pathways, lipid processing genes, and the
induction of ROS. These results strongly support the idea that diet quality may be more
important than diet quantity, especially in otherwise healthy lean individuals, where excessive
intake of these nutrients lead to the onset and progressive deterioration of liver functioning.
Although the present study has only provided a glance at the mechanisms of early disease
development, these events are likely to cause long-term detrimental effects to hepatic
metabolism and overall health. As such, increased intake of these nutrients pose a great risk to all
individuals, as habitual consumption of this diet can cause steatosis development before
metabolic comorbidities and visible phenotypes arise. Often an asymptomatic disease, especially
in the lean population, this research serves to educate individuals on the detrimental effects of
this diet, in hopes that better dietary and lifestyle choices are made in order to preserve metabolic
health, and therefore prevent the onset of NAFLD.
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Figure 4.6.1-2. Proposed mechanism of steatosis and onset of lean NAFLD. Through Western
diet consumption, this causes an increase in PLIN2 expression, followed by the formation of
triglycerides and their sequestration in lipid droplets. An increased flux of FFAs will cause
defectively packaged lipid droplets, resulting in the secretion of lipotoxic lipids. To compensate
for the package defects, this may cause an increase in SREBPs, specifically SREBP-1a
expression, to activate de novo lipogenesis to repair both the ER and lipid droplet membranes.
This would cause activation of SREBP target genes, such as LDLR, which would result in
enhanced cholesterol uptake and synthesis. All of these events would disrupt ER homeostasis,
leading to ER stress, and consequently, increased production of ROS. This culminates in the
establishment of steatosis and lean NAFLD, followed by inflammation, and other metabolic
abnormalities such as insulin resistance, causing disease progression. FFA: free fatty acids;
PLIN2: perilipin 2; SREBP-1a: sterol regulatory element binding protein 1a; LDLR: low density
lipoprotein receptor; DNL: de novo lipogenesis; ER: endoplasmic reticulum; ROS: reactive
oxygen species; NAFLD: non-alcoholic fatty liver disease.
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Appendices
Appendix A. Nile Red quantification and fluorescence microscopy data
Nile Red quantification
Cells were stained with Nile Red dye to quantify lipid droplet accumulation after
treatment with various concentrations of fatty acid combinations and glucose from 0–48 hours.
Cells were plated in 96-well culture dishes at 60,000 cells/well and grew for 3 days prior to
treatment and use in this experiment. Following the manufacturer’s instructions, 100 L Nile
Red Staining Solution was added to each well after treatment. Cells were then incubated at 37C
in the dark for 15 minutes. Fluorescence was then read at 550/640 nm using the GloMax®-Multi
Detection System (Promega). The fat treatments used were similar to those described in Chapter
2.2.1, however additional treatment durations (0, 12, 24, 48 hours) and concentrations (control; 1
mM and 2 mM PA, 1 mM and 2 mM OA, 1 mM and 2 mM PA/OA) were used. The glucose
treatments were made from 30 mM glucose stock solutions that were diluted in cell culture grade
water and incorporated into the media to reach the desired final concentrations (12.5 mM and 20
mM). The control treatments for glucose consisted of cell culture grade water and media only.
Upon staining and quantification of Nile Red fluorescence using a microplate reader, no
significant changes in fat accumulation were found among all fatty acid treatments of 1 mM
(Table A-1) and 2 mM (Table A-2) at each time point (0, 12, 24, and 48 hours) compared to
control. Similarly, no significant changes in lipid droplet accumulation were observed among
both glucose treatments of 12.5 mM (Table A-3) and 20 mM (Table A-4) at 0, 12, 24, and 48
hours compared to control. These results further show the inaccuracy and non-specific labeling
of Nile Red compared to Oil Red O as lipid droplet accumulation was expected in the 1 mM
PA/OA treatment. The results also showed considerable variation. One common trend observed
among all treatments, with the 2 mM PA treatment being the only exception, was a progressive
increase in lipid droplets up to 24 hours, followed by a decrease in fluorescence at 48 hours.
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Table A-1. Nile Red fluorescence (nm) of lipid droplets in cells treated with 1 mM of various
fatty acid combinations.
Fluorescence (nm)
Control

PA

OA

PA/OA

0

155.180  42.308

126.227  38.116

145.793  49.631

120.259  21.121

12

175.041  54.666

135.959  29.371

252.119  53.487

189.719  36.360

24

192.055  67.135

214.481  54.986

302.621  69.319

251.286  65.591

48

137.491  31.065

134.746  35.809

194.229  35.198

196.716  29.098

Time (h)

Note: Cells were treated with control, 1 mM PA, 1 mM OA, and 1 mM PA/OA media for 0, 12,
24, and 48 hours. Values are presented as mean  SEM. Statistical significance was determined
using a Two-Way ANOVA. N=6.
Table A-2. Nile Red fluorescence (nm) of lipid droplets in cells treated with 2 mM of various
fatty acid combinations.
Fluorescence (nm)
Control

PA

OA

PA/OA

0

154.676  56.337

164.881  44.870

132.501  20.559

132.450  40.409

12

241.899  106.307

140.791  34.139

200.019  43.096

189.962  47.438

24

243.513  106.397

307.715  131.079

275.950  83.449

359.468  122.995

48

207.038  81.789

180.782  58.576

195.932  30.020

226.507  33.092

Time (h)

143

Note: Cells were treated with control, 2 mM PA, 2 mM OA, and 2 mM PA/OA media for 0, 12,
24, and 48 hours. Values are presented as mean  SEM. Statistical significance was determined
using a Two-Way ANOVA. N=6.
Table A-3. Nile Red fluorescence (nm) of lipid droplets in cells treated with 12.5 mM of
glucose.
Fluorescence (nm)
Control

Glucose

0

99.586  27.464

159.574  36.836

12

259.458  64.246

258.040  45.602

24

338.115  72.680

266.945  45.039

48

154.751  19.595

173.654  28.432

Time (h)

Note: Cells were treated with control and 12.5 mM glucose media for 0, 12, 24, and 48 hours.
Values are presented as mean  SEM. Statistical significance was determined using a Two-Way
ANOVA. N=6.
Table A-4. Nile Red fluorescence (nm) of lipid droplets in cells treated with 20 mM of glucose.
Fluorescence (nm)
Control

Glucose

0

115.520  37.588

165.593  34.454

12

224.760  62.894

231.453  71.050

24

381.956  95.292

318.483  58.742

48

164.214  31.393

174.157  19.687

Time (h)
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Note: Cells were treated with control and 20 mM glucose media for 0, 12, 24, and 48 hours.
Values are presented as mean  SEM. Statistical significance was determined using a Two-Way
ANOVA. N=6.
Nile Red fluorescence microscopy
Based on the trend observed from the quantitative Nile Red data, two treatments from the
24-hour time point (1 mM OA and 12.5 mM glucose) were used for fluorescence microscopy.
Cells were grown on coverslips at 400,000 cells, treated with 1 mM OA and 12.5 mM glucose
for 24 hours, then stained with Nile Red. Following staining, cells were fixed with 4%
paraformaldehyde for 5 minutes, followed by 3 PBS washes. Coverslips were then mounted onto
microscope slides using DAPI/Antifade Solution (Sigma-Aldrich S7113) and imaged using a
Zeiss Upright AxioImagerZ1 fluorescent microscope (Biotron Integrated Microscopy Facility,
Western University).
There appeared to be an increase in lipid droplets in the OA treatment compared to
control, as observed from the quantitative data, although this change was not significant (Fig. A1). In regard to glucose, the amount of lipid droplets stained compared to control did not differ as
fluorescence appeared to be comparable (Fig. A-2). Although the quantitative data suggested a
slight decrease in fluorescence in the 24-hour 12.5 mM glucose treatment compared to control,
this may have been due to an increase in cell number in the control group as the cell density
appeared to be higher (Fig. A-2).
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Figure A-1. Lipid droplet staining appeared to increase in cells treated with OA. Fluorescence
microscopy images of cells stained with Nile Red dye after 24 hours of treatment with control
and 1 mM OA. Cells were counterstained with DAPI and images were taken at 20X using a
Zeiss Upright AxioImagerZ1 fluorescent microscope. Scale bar = 100 m.

Figure A-2. Lipid droplet staining appeared unchanged in cells treated with glucose.
Fluorescence microscopy images of cells stained with Nile Red dye after 24 hours of treatment
with control and 12.5 mM glucose. Cells were counterstained with DAPI and images were taken
at 20X using a Zeiss Upright AxioImagerZ1 fluorescent microscope. Scale bar = 100 m.

146

Appendix B. Expression of reference genes
Expression of the three reference genes used in this study (RPLP0, ACTB, PSMB6) did not differ
between the treatments (Table B-1).
Table B-1. Quantitation cycle (Cq) values for the reference genes used in this study.
Cq values
Control

Glucose

Fructose

PA/OA

Western

RPLP0

22.068  0.487

21.458  0.250

22.137  0.351

21.878  0.370

21.859  0.273

ACTB

22.737  0.815

21.890  0.163

22.832  1.050

22.524  0.373

22.516  0.861

PSMB6

24.623  0.325

24.141  0.202

24.674  0.541

24.507  0.335

24.146  0.416

Note: Cells were treated with control, 12.5 mM glucose, 15 mM fructose, 1 mM PA/OA, and
Western diet (1 mM PA/OA + 12.5 mM glucose + 15 mM fructose) media for 6 hours. Cq values
were measured using the CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories). Values are presented as geomean  SEM. N=4.
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Appendix C. Antioxidant assay standard curve
The standard curve for the antioxidant assay was calculated through the preparation of Trolox
standards as per the manufacturer’s instructions (Fig. C-1). Trolox is an antioxidant like vitamin
E and has the capability to reduce oxidative stress. Samples were plated in duplicate, and
absorbance was measured using a microplate reader at 750 nm. The linear regression of the
standard curve was used to calculate the concentration of antioxidants in each sample.

Figure C-1. Standard curve of Trolox standards. Absorbance (750 nm) of Trolox antioxidant
capacity (mM) and linear regression of the standard curve used in this study to calculate
antioxidant concentrations.
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