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Abstract 

The pathophysiology behind metabolic dysfunction-associated steatotic liver disease 

(MASLD) and mechanisms underlying the progression of the disease are highly complex, 

complicating treatment options, leaving diet and weight loss as the standard of care. Functional 

foods can mitigate MASLD progression by improving glucose and lipid homeostasis with many 

studies focusing on the role of dairy products; however, the mechanism of action has not been 

elucidated.  

This study aims to compare MASLD-related outcomes after feeding non- (NFM) versus 

whole-fat milk (WFM) in a high-fat diet (HFD)-induced obese mouse model. I hypothesize that 

(1) both WFM and NFM will significantly reduce diet-induced hepatic lipid accumulation and 

prevent the progression of early-stage MASLD in obese, male C57BL/6 mice but via different 

mechanisms and that (2) increased capacity for substrate uptake and metabolism in skeletal 

muscle may act as a mediator of reduced hepatic steatosis.  

After 8 weeks of providing 0.425 mL for 5 days per week of either NFM or WFM milk to 

mice, mice were euthanized, and tissues collected in a fasted state. NFM significantly reduced 

body weight (BW) gain and fat mass, hepatic triglyceride (TG), lipid droplet (LD) number, and 

total area covered by LD compared to HFD (p < 0.05). This was accompanied by an increase in 

hepatic mitochondrial complex abundance (p < 0.05) and a trend towards enhanced microsomal 

triglyceride transfer protein (MTP) abundance (p = 0.076). WFM trended towards a reduction in 

total area covered by LD (p = 0.051) compared to HFD but had significantly higher TG 

compared to NFM (p < 0.05). Enzymes involved in de novo lipogenesis were increased in WFM, 

including fatty acid binding protein 4 (FABP4) (p = 0.059), fatty acid synthase (FAS) (p < 0.05), 

and the proportion of phosphorylated acetyl-CoA carboxylase (p-ACC / ACC) (p < 0.05) 
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compared to NFM. There was also an increase in carnitine palmitoyl transferase 1a (CPT1a) 

protein abundance (p < 0.05) in WFM compared to HFD and Opa1 expression (p < 0.05) in 

WFM compared to NFM.  

In skeletal muscle, no significant differences were seen in protein kinase B (Akt), or 

adenosine-monophosphate (AMP) activated kinase (AMPK), which are enzymes involved in 

glucose metabolism. Within lipid metabolism pathways, CD36 abundance was downregulated in 

both WFM and NFM compared to HFD (p < 0.05), and Sirtuin-1 (SIRT1) abundance was 

enhanced in WFM compared to NFM (p < 0.05). No differences were seen in CPT1a and 

peroxisome proliferator-activated receptor-gamma coactivator 1a (PGC1a).  

Overall, NFM displayed greater beneficial effects than WFM in mitigating MASLD 

progression by increasing the capacity for hepatic oxidative phosphorylation and fatty acid (FA) 

export, which were associated with reduced hepatic fat accumulation. Skeletal muscle 

metabolism did not display an enhanced capacity for substrate uptake, and only WFM 

demonstrated an enhanced abundance of SIRT1 with no further alterations downstream.  

In conclusion, this thesis provides evidence that NFM is may be superior to WFM in 

promoting beneficial effects in an HFD-induced obese mouse model through reduced hepatic 

lipid accumulation and improved utilization of FA. These results may outline a potential tool for 

early intervention to prevent and attenuate the progression of MASLD.  
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Chapter 1: Introduction & Literature Review 

1.1 Introduction and purpose 

 The global prevalence of chronic metabolic disorders has grown exponentially over the 

last few decades. Overweight and obesity affects more than 2.5 billion adults, type 1 diabetes 

(T1D) and type 2 diabetes (T2D) affect over 545 million individuals, metabolic syndrome 

(MetS) prevalence estimates range between 20-45% of the global population, and 2.31 billion 

individuals are diagnosed with metabolic dysfunction-associated steatotic liver disease 

(MASLD) [1], [2], [3], [4], [5]. An individual can be diagnosed with more than one metabolic 

disorder, thereby increasing morbidity, mortality, and drastically reducing quality of life [6]. 

These disorders progress over time, and their preclinical signs often go undetected, resulting in 

irreversible pathologic progression. Thus, almost half of the world’s population is at risk of 

developing a chronic metabolic condition that results in trillions of dollars spent on health care 

and loss of economic productivity [7]. Individuals require lifelong monitoring and, in the case of 

diabetes, administration of exogenous insulin or another pharmacotherapy. This can cause an 

extreme burden, not only financially, but mentally and physically with almost 64% of adults 

displaying severe distress with concerns over complications and disease management [8]. 

Polypharmacy is another clinical concern and has been associated with decreased therapeutic 

benefit among patients with MetS [9]. Pharmacotherapy is provided once clinical thresholds are 

met, reducing its efficacy and applicability for the prevention of disease progression [10].  

Early intervention after identification of preclinical markers or risk factors could prevent 

progression to clinical disease, preventing comorbidities and overall mortality. Lifestyle 

interventions are integral to prevent and treat chronic disorders such as obesity, diabetes, 

MASLD, and hypertension [6]. Adopting long-term lifestyle modifications such as consistent 
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physical activity, limiting alcohol intake, and refraining from smoking significantly reduces 

mortality, hepatic steatosis, and hyperglycemia [11], [12], [13]. Low-energy diets, omega-3 fatty 

acid-rich diets, and the Mediterranean diet effectively reduce visceral adiposity, dyslipidemia, 

blood pressure, hepatic fat accumulation, and improve glycemic control [14], [15]. Multiple 

lifestyle intervention studies combining diet and physical activity programs significantly improve 

weight, glycemic control, and dyslipidemia over 2-4 years [16], [17]. Overall, diet and physical 

activity are recommended before pharmacotherapy for early intervention and mitigation of 

chronic disease progression [6].  

 In our research, we examine how whole foods contribute to health, disease prevention, 

and treatment. We seek to identify foods, that if consumed in greater quantity, could alleviate the 

burden of chronic disease. Our past preclinical research on dairy products suggests benefits on 

BW gain, diabetes-related outcomes, and hepatic steatosis, but there is controversy in the 

literature about the wisdom of consuming of dairy because some dairy products are high in 

saturated fat [18]. However, in our preliminary research studying the effects of dairy milk on 

these outcomes, we saw indications that both non-fat (NFM) and whole-fat milk (WFM) had 

benefits [19]. In this thesis, I will extend these preliminary studies to characterize and compare 

the effects of dairy milk on body weight (BW) gain, diabetes-related outcomes, and hepatic 

steatosis in a mouse model of obesity, preclinical diabetes, and hepatic steatosis. My overall aim 

is to assess dairy milk efficacy as an early intervention tool to mitigate the initiation of metabolic 

dysfunction.  
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1.2. Metabolic syndrome: a global clinical problem 

 1.2.1 Global epidemic: metabolic dysfunction 

 MetS is a complex condition characterized by concurrent comorbidities resulting in an 

enhanced risk for cardiovascular disease (CVD) and mortality [20]. Some comorbidities include 

T2D, hypertension, MASLD, dyslipidemia, and obesity.   

 The prevalence of MetS varies due to differing diagnostic criteria globally, however, 

estimates range between 20-45% of the global population, a number expected to increase to 53% 

by 2035 [4]. To be diagnosed with MetS in Canada, three or more of the following criteria must 

be met: elevated waist circumference, elevated triglycerides (TG), reduced high-density 

lipoprotein cholesterol (HDL-C), elevated blood pressure (BP), and elevated fasting blood 

glucose (FBG) [21]. In Canada, approximately one in five adults are diagnosed with metabolic 

syndrome, with over 44% on the cusp of diagnoses with two risk factors [22]. The diagnostic 

thresholds used can be seen in Figure 1.1.  

 The pathophysiology and etiology of MetS is complex as they involve multiple 

physiological systems and environmental risk factors. Some risk factors for the disorder include 

family history, increased age, obesity, low socioeconomic status, and western dietary patterns 

[23]. Insulin resistance (IR) in combination with enhanced FA flux is thought to be the primary 

driver of MetS, resulting in lipid accumulation in multiple tissues such as the liver, adipose 

tissue, and skeletal muscle. This can then lead to a proinflammatory state as the expansion of 

adipose tissue causes immune cell infiltration, reactive oxygen species production, and cytokine 

mediator release. Chronic inflammation alongside IR can result in tissue fibrosis, atherogenesis 

and consequently CVD [24].  
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 MetS diagnostic criteria encompasses multiple concurrent disorders, with this thesis 

focusing on two disorders: T2D and MASLD. T2D is denoted by dysfunctional insulin secretion 

and production by pancreatic b-cells and/or the inability of tissues to respond appropriately to 

insulin signalling, resulting in hyperglycemia [25]. T2D represents 90% of all diabetes 

diagnoses, with approximately 537 million prevalent cases in 2021 [3]. This number is expected 

to increase to 1.31 billion by 2050 with no countries expected to reduce their prevalence rates. 

Individuals who have T2D present with elevated blood glucose, visceral adiposity, sedentary 

lifestyle, and poor nutrition [26]. T2D is a multi-organ disorder affecting the pancreas, liver, 

adipose tissue, brain, skeletal muscle, and small intestine [27].  

Diagnostic criteria for both T1D and T2D in Canada include either an 8-hour fasting 

blood glucose (FBG) ³ 7.0 mmol/L, a glycated hemoglobin A1C (A1C) ³ 6.5 % in adults, 2-hour 

plasma glucose (PG) in a 75g oral glucose tolerance test (OGTT) ³ 11.1 mmol/L, or a random 

PG ³ 11.1 mmol/L [21]. Individuals with T1D are generally under the age of 25, thin, and have 

absent insulin production whereas T2D patients are generally overweight (>90%), have a 

frequent familial history of T2D, and have insulin production.  

MASLD is a disease comprised of metabolic dysfunction-associated steatotic liver 

(MASL) and metabolic dysfunction-associated steatohepatitis (MASH) and is described as the 

hepatic manifestation of MetS [28]. Without proper management, MASLD can progress to 

cirrhosis and hepatocellular carcinoma, which are leading causes of liver transplantation globally 

[29]. A summary of the progression of MASLD can be seen in Figure 1.2. In 2019, the global 

prevalence of MASLD was 29.8%, with North America having the highest prevalence of 35.7% 

[5]. MASLD is a risk factor for several global epidemics such as obesity and T2D, with almost 

56% of T2D patients and 70% of obese patients also diagnosed with MASLD [30], [31].  
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To diagnose MASLD, a liver biopsy is the gold standard to distinguish between MASL 

and MASH histologically [32]. However, conducting a liver biopsy is invasive, expensive, and 

creates a risk for further complications [33]. Thus, non-invasive techniques such as magnetic 

resonance imaging-derived proton density fat fraction, transient elastography, and biomarkers 

such as plasma cytokeratin, aspartate transaminase (AST), alanine aminotransferase (ALT), and 

microbiome metabolites are all being investigated to provide earlier diagnosis and prognosis.  

 

 

 

Figure 1.1. Diagnostic thresholds for MetS diagnosis according to Diabetes Canada [21]. 

TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; BP, blood pressure; FBG, fasting 

blood glucose. Created by EB with Biorender.com. 



   6 

 

Figure 1.2. Summary figure of MASLD progression and morphological changes. MAFL, 

metabolic dysfunction-associated fatty liver; MASH, metabolic dysfunction-associated 

steatohepatitis. Created by EB with Biorender.com.  

 

 1.2.2 Preclinical MetS-related conditions: interconnected pathophysiology  

 Prior to reaching clinical status, metabolic diseases such as T2D and MASLD have 

preclinical windows of intervention. Prediabetes is characterized by elevated FBG between 6.1-

6.9 mmol/L, 2hPG in a 75g OGTT between 7.8-11 mmol/L, or an A1C between 6-6.4%, putting 

people at an enhanced risk of developing diabetes within their lifetime [21]. The global 

prevalence of prediabetes in 2021 was around 762 million individuals, a number expected to 

increase to over 1 billion by 2045 [34]. Although MASLD does not have a defined preclinical 

stage like prediabetes, it does have preclinical windows of intervention before reaching later 

stages of MAFL and MASH. Both MASLD and T2D are ‘silent’ as they progress, with many 

patients presenting with mild hyperglycemia, dyslipidemia, or being asymptomatic until 

advanced stages are reached [35]. However, they share similar alterations to normal physiology 

that may allow for earlier diagnosis and concurrent management of the disorders prior to meeting 
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clinical thresholds. A brief overview of these connections will be described in this section, with a 

deeper understanding of normal versus pathological physiology explored in the next section.  

Enhanced adipose tissue expansion resulting in visceral obesity is one of the starting 

points for the pathologic progression of prediabetes and MASLD [36]. Excessive consumption of 

a westernized diet resulting in hyperglycemia and hyperlipidemia causes an increase in insulin 

production and secretion by pancreatic b-cells. However, these compensatory mechanisms 

cannot be sustained long-term, resulting in reductions in glucose sensitivity leading to IR of key 

regulator tissues such as the liver, adipose tissue, and muscle. Adipose tissue expansion also 

leads to an enhanced production of proinflammatory mediators, which can dysregulate b-cell 

function through various pathways, ultimately resulting in the progression of IR and prediabetes 

into a diabetic state. IR within the liver enhances gluconeogenesis, exacerbating hyperglycemia 

and pushing the progression of both T2D and MASLD. To mitigate hyperglycemia and 

hyperlipidemia, hepatic de novo lipogenesis is upregulated, increasing hepatic TG content, and 

progressing MASLD status [37]. A summary of the events that occur during T2D progression is 

outlined in Figure 1.3. T2D and MASLD are intrinsically linked through their pathophysiology 

and preceding risk factors, with almost 56% of patients with T2D concurrently diagnosed with 

MASLD [38]. Thus, if clinical intervention can occur at a preclinical window to mitigate obesity, 

proinflammatory states, and IR, we not only would mitigate T2D progression but also MASLD 

and other concurrent metabolic disorders that affect over half of the global population. Further 

discussion on solutions is covered in Section 1.4.  
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Figure 1.3. Overview of pathologic progression of IR from obesity resulting in T2D and 

MASLD. MASLD, metabolic dysfunction-associated steatotic liver disease; T2D, type 2 

diabetes. Created by EB with Biorender.com and adapted from Dludla et al. [36].  

 

1.3 Allowing chronic disease to progress: pathophysiology of chronic metabolic conditions 

1.3.1 Glucose homeostasis & pathophysiology 

Ensuring stable blood glucose necessitates intricate coordination among various 

physiological processes, demanding a continual balance between glucose storage, synthesis, and 

utilization. Insulin and glucagon, hormones secreted by the pancreas with opposing functions, 

collectively regulate blood glucose [39]. After consuming a meal, glucose is absorbed in the 

small intestine through sodium-dependent glucose cotransporter 1 (SGLT1) and into the systemic 

circulation through a facilitated-diffusion glucose transporter (GLUT2) [40]. GLUT2 

transporters are also present on pancreatic b-cells, and sense the elevation in blood glucose, 
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resulting in the release of insulin into the circulation [39]. This results in a cascade of events in 

insulin-sensitive tissues, culminating in glucose uptake and storage for later use.  

When blood glucose drops during fasting, pancreatic a-cells secrete glucagon, which acts 

in the liver to inhibit glycogenesis and promote gluconeogenesis and glycogenolysis to elevate 

blood glucose for metabolism. Both insulin and glucagon can be regulated by the central nervous 

system (CNS) and other circulating hormones; however, the focus of this thesis will be on insulin 

and glucagon actions in the liver and skeletal muscle to regulate glucose metabolism and 

homeostasis.  

 

1.3.2 Hepatic glucose metabolism: gluconeogenesis, glycogenesis, de novo lipogenesis  

 The liver is a vital organ in glucose homeostasis as it is the primary tissue producing 

glucose in a fasted state to support maintenance of FBG [41]. GLUT2 transporters are 

responsible for insulin-independent glucose uptake into hepatocytes as well as glucose release 

into the circulation. Once taken up, glucose can be utilized through glycolysis, generating 

glucose-6-phosphate (G6P) which is a precursor for glycogenesis [42]. G6P can also be 

metabolized into pyruvate and shuttled to the mitochondria for oxidative phosphorylation or used 

to synthesize FA through de novo lipogenesis (DNL) [42]. 

 In a fasted state, glucagon acts to promote glycogenolysis and gluconeogenesis to elevate 

circulating blood glucose [39]. During short-term fasting, glycogenolysis is the main source of 

circulating glucose; however, chronic fasting results in a depletion of hepatic glycogen stores, 

requiring de novo production of glucose through gluconeogenesis [42]. Gluconeogenesis 

produces glucose from non-carbohydrate precursors such as lactate from glycolysis, glycerol 

from lipolysis and amino acids through the citric acid cycle [43]. Glucagon activates signalling 
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cascades that result in an increased concentration of cyclic adenosine monophosphate (cAMP) 

which phosphorylates pyruvate kinase, enhancing phosphoenolpyruvate carboxykinase (PEPCK) 

expression [42]. PEPCK catalyzes the formation of phosphoenolpyruvate from oxaloacetate and 

is one of the rate-limiting steps of gluconeogenesis alongside pyruvate carboxylase, fructose 1,6-

biphosphatase, and glucose-6-phosphatase (G6Pase) [41]. Further biochemical reactions result in 

the production of G6P, which is converted to glucose by G6Pase, and glucose is then released 

into the circulation. Increases in the abundance of gluconeogenic enzymes can increase the 

capacity for gluconeogenesis in IR, and this capacity can be measured using a pyruvate tolerance 

test (as described in Chapter 3). 

 Insulin impacts hepatic glucose metabolism by stimulating glycolysis through enhanced 

expression of hepatic glucokinase, promoting the conversion of glucose to G6P [39]. 

Glycogenesis is also upregulated through activating glycogen synthase kinase, resulting in 

glycogen synthase activation. Insulin also suppresses PEPCK and G6Pase expression, resulting 

in enhanced storage of glucose in the liver and inhibition of gluconeogenesis. Glucose can also 

be stored in the form of TG through DNL (see section 1.3.5). Once glycolysis occurs, pyruvate is 

shuttled to the mitochondria and is metabolized into acetyl-CoA [39]. In the cytoplasm, acetyl-

CoA is carboxylated by ACC to form malonyl-CoA, which fatty acid synthase (FAS) uses to 

synthesize FA. Insulin stimulates DNL postprandially through the activation of mammalian 

target of rapamycin complex 1 (mTORC1) and Akt.  Overall, the liver is a critical organ in 

maintaining blood glucose concentrations, operating a tight balance between glycogenesis, DNL, 

glycogenolysis, and gluconeogenesis.  
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1.3.3 Skeletal muscle glucose metabolism: glycolysis and glycogenesis 

 The skeletal muscle accounts for approximately 85% of systemic glucose uptake and 

therefore plays a large role in maintaining glucose homeostasis [44]. Postprandially, insulin-

dependent glucose uptake is the most important. Insulin secreted in response to glucose and other 

meal-associated secretagogues binds to its receptor, which initiates a cascade of reactions 

including autophosphorylation of the tyrosine kinase subunit of the receptor, followed by 

phosphorylation of insulin receptor substrate proteins (IRS). This promotes recruitment of 

phosphatidylinositol-3-which leads to phosphorylation of Akt, which is frequently measured as 

an index of activation of insulin-dependent glucose uptake. Akt phosphorylates Akt substrate 160 

(AS160), stimulating GLUT4 translocation from the cytosol to the plasma membrane. Glucose 

then enters myocytes via facilitated transport to be phosphorylated by hexokinase into G6P, 

which serves as the initial substrate of further glucose utilization or storage [45]. During fasting 

or active muscle contraction (i.e. exercise), insulin-independent uptake is facilitated by basal 

GLUT1 or GLUT4 respectively [46]. Exercise effects are dependent on AMP-activated protein 

kinase (AMPK), which is highly sensitive to changes in cellular energy. Like Akt, AMPK also 

increases GLUT4 insertion into the plasma membrane via phosphorylation of AS160. The 

calcium influx associated with muscle contraction potentiates GLUT4 translocation through 

calmodulin-dependent kinase (CAMK) [47]. Glucose has four fates within the skeletal muscle; 

however, this thesis will focus on two, glycolysis and glycogenesis.  

Glycolysis is a ten-step process that results in the conversion of glucose into pyruvate 

[48]. Split into two stages, key enzymes of the first stage include hexokinase, which catalyzes the 

first conversion of glucose to G6P, and phosphofructokinase-1, which catalyzes the conversion of 

fructose-6-phosphate (F6P) to fructose 1,6-biphosphate (F1,6BP). One more conversion by 
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aldolase converts F1,6BP into glyceraldehyde 3-phosphate. The first stage requires two 

molecules of adenosine triphosphate (ATP) and is known as the investment stage. The key 

enzyme of the second stage is pyruvate kinase, which catalyzes the final step of glycolysis, 

converting phosphoenol pyruvate (PEP) to pyruvate. The second stage produces four molecules 

of ATP and is known as the payoff stage. Pyruvate has two main fates. In the presence of oxygen, 

it is converted to acetyl-CoA and enter the citric acid cycle to produce ATP, or in the absence of 

oxygen, it is converted to lactate [49].  

Glycogenesis is the conversion of glucose into glycogen and is the main source of energy 

for skeletal muscle [50]. As hexokinase converts glucose into G6P, further reactions occur until 

insulin-dependent glycogen synthase converts uridine diphosphate glucose (UDPG) into 

glycogen [50]. Gluconeogenesis occurs in skeletal muscle, but glucose is not released to the 

circulation due to the absence of G6Pase, the enzyme required for the conversion of G6P to 

glucose; therefore, it can be catalyzed by muscle or used to rebuild glycogen stores [51]. 

 



   13 

 

Figure 1.4. Summary figure of glucose homeostasis and metabolism in the liver and skeletal 

muscle. Created by EB with Biorender.com.  

 

1.3.4 Pathophysiology of glucose metabolism in T2D & MASLD 

 In T2D and MASLD, glucose metabolism is dysregulated in both the liver and skeletal 

muscle. As briefly mentioned in the previous section, nutritional excess resulting in adipose 

tissue expansion, hyperglycemia, and hyperlipidemia can initiate the transition between healthy 

physiology and pathophysiology [37]. Reduced insulin sensitivity triggers b-cell hypersecretion 

of insulin to maintain normoglycemia through hyperinsulinemia [35]. However, chronic 

hyperfunction of pancreatic b-cells causes fatigue and dysfunction, leading to insulin deficiency 

and hyperglycemia. IR and b-cell dysfunction pose a conflicting argument within the literature in 

terms of what arises first. One perspective is that IR is primary resulting in hyperinsulinemia due 
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to diet-induced disruption of integral peripheral tissues such as the liver and skeletal muscle [52]. 

The opposing viewpoint is that hyperinsulinemia is primary resulting in the downregulation of 

insulin pathways in peripheral tissues, resulting in IR [52]. However, physiological changes do 

not occur in isolation, suggesting that both perspectives may be valid and occurring 

simultaneously, resulting in the overall presentation of hyperglycemia, dyslipidemia, and IR.  

 Hepatic IR results in impaired inhibition of gluconeogenesis, either indirectly or directly. 

Indirectly, IR promotes lipolysis in white adipose tissue (WAT), and increased NEFA and 

glycerol content in the circulation, which are taken up by the liver to act as substrates for 

lipogenesis and gluconeogenesis [53]. Peripheral IR in the skeletal muscle impairs glucose 

uptake resulting in enhanced hepatic glucose uptake and DNL. Directly, IR impairs the inhibition 

of gluconeogenesis, exacerbating the production of glucose and hyperglycemia. Insulin inhibits 

hepatic gluconeogenesis by binding to its receptor, subsequently phosphorylating Akt, which 

inhibits forkhead box O1 (FOXO1) from entering the nucleus, reducing transcription and 

activation of PEPCK and G6Pase [53].   

 In T2D and MASLD, the IRS/PI3K/Akt/AS160 insulin-dependent pathway (described in 

section 1.3.4) is disrupted due to IR, attenuating the translocation of GLUT4 to the plasma 

membrane and glucose influx into the myocytes [45]. Hepatic steatosis has been significantly 

linked with reduced Matsuda index 72 of 72 Japanese patients diagnosed with MASLD, 

suggesting a central role of peripheral resistance and skeletal muscle IR [54]. In diabetic rats, 

expression of Irs-1, Akt, and Glut4 are significantly reduced [55], and decreasing human 

myotubular IRS-1 or Akt2 using gene silencing impairs insulin-stimulated glucose uptake [56]. A 

vicious cycle ensues, in which IR exacerbates hyperglycemia, leading to hyperinsulinemia, 

worsened IR, and progression of T2D and MASLD.  
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 IR is associated with a whole host of complications. One main consequence of 

hyperglycemia is the production of reactive oxygen species (ROS) resulting in impaired cellular 

function, damage, and death [57]. Microvascular complications associated with IR include 

diabetic retinopathy, neuropathy, nephropathy, and amputation [58]. Macrovascular 

complications include cardiovascular disease, cerebrovascular disease, and peripheral artery 

disease. Intervention at a preclinical window prior to loss of control over glycemic parameters is 

imperative to prevent complications, reduced quality of life, and overall mortality.  

 

1.3.5 Lipid homeostasis and pathophysiology  

 Approximately 35% of our daily average caloric intake comes from dietary fats, of which 

TG is the predominant form [59]. Dietary TG is first broken down by pancreatic lipases and 

absorbed through intestinal enterocytes before being re-esterified into TG. Uptake of dietary fats 

occurs either through transport proteins or through passive diffusion through the apical 

membrane [60]. Once inside, dietary TG and other fats can be packaged into chylomicrons or 

stored as cytosolic LD for fatty acid oxidation. TG are packaged into chylomicrons by 

microsomal triglyceride transport protein (MTP) and apolipoprotein B (apoB). Chylomicrons are 

TG-rich lipoproteins that have a phospholipid monolayer surface and a lipid-rich core [61]. The 

chylomicrons exit the enterocyte into the lymphatic system in a controlled manner to prevent 

excess secretion and enter the systemic circulation through the thoracic duct. Lipoprotein lipases 

(LPL) catalyze the hydrolysis of TG within chylomicrons, liberating FFA that are taken up by 

tissues for various metabolic and cellular pathways [59]. Lipids are also stored, produced, and 

released into the circulation by the liver through DNL and lipolysis. They can also be stored and 

released by adipose tissue; however, this thesis will not focus on the adipose tissue role. Lipid 
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homeostasis is a tight balance between absorption, production, utilization, and storage, of which 

the liver and skeletal muscle play integral roles.  

1.3.6 Hepatic lipid metabolism: lipid uptake, DNL, oxidation, and lipolysis 

 There are four arms of liver lipid metabolism: FA uptake and DNL, which increase TG 

content of the liver, and FA oxidation and export, which decrease TG content in the liver and 

potentially enhance serum TG levels. These arms require tight regulation to maintain lipid 

homeostasis and when these arms become dysregulated, pathophysiology such as MASLD can 

occur.  

 FA uptake in the liver occurs when TG is hydrolyzed by LPL, producing glycerol and FA 

[62]. Non-esterified FA (NEFA) are taken up by the liver in three ways, either through FA 

transport proteins (FATP), CD36, or through simple diffusion. Once across the plasma 

membrane, NEFA is bound to FA binding proteins (FABP) or acyl-CoA synthetase (ACS) and 

activated to channel towards either storage or FA oxidation. TG synthesis occurs to store FA as 

TG and primarily uses the glycerol-3-phosphate (G3P) pathway [63]. First, FA is esterified to 

G3P by G3P acyltransferases (GPAT), then G3P undergoes multiple reactions to become 

phosphatidic acid (PA) by acylglycerol-3-phosphate acyltransferases (AGPAT). PA is converted 

to diacylglycerol (DAG) by lipin enzymes. DAG is then converted to TG by diacylglycerol 

acyltransferases (DGAT) then packaged into lipid droplets (LD) or very-low-density lipoproteins 

(VLDL) to be secreted into the circulation.  

 Via DNL, the liver has the capacity to generate FA from non-lipid substrates, notably 

carbohydrates [64]. As mentioned above (section 1.4.2), glucose can be converted to citrate 

through glycolysis and the citric acid cycle, acting as a substrate for ATP-citrate lyase to produce 

acetyl-CoA. ACC and FAS then catalyze the conversion of acetyl-CoA to palmitate. Insulin and 
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high-carbohydrate diets can regulate DNL, enhancing the expression of genes within the DNL 

pathway [65]. Excess TG produced enters the same fate as dietary TG, i.e., either stored as LD or 

packaged into VLDL molecules to be secreted into circulation.  

 VLDL molecules are assembled by the ER, requiring MTP and apoB proteins [63]. MTP 

is responsible for incorporating TG to apoB proteins in the ER lumen and packaging additional 

TG in the golgi apparatus. VLDL molecules are then secreted into the circulation. LD are also 

formed in the ER but are not dependent on MTP and apoB. The outer layer of LD is comprised 

of multiple proteins such as perilipins, Cidea, and microsomal fat-inducing transmembrane 

protein, and a phosphatidylcholine surfactant monolayer with a TG-rich core.  

 Lipolysis is the breakdown of TG into FA and is dependent on adipose triglyceride lipase 

(ATGL) [63]. TG is hydrolyzed by ATGL into DAG, which is hydrolyzed by hormone-sensitive 

lipase (HSL) into monoacylglycerol (MAG). Finally, monoacylglycerol lipase hydrolyzes MAG 

into FA and glycerol. FA can be converted to acyl-CoA by ACS and shuttled to undergo FA 

oxidation or esterified back into TG. b-oxidation of FA primarily occurs in the mitochondria but 

can also occur in peroxisomes. Carnitine palmitoyltransferase-1 (CPT-1) is the rate-limiting step 

of b-oxidation and is responsible for shuttling FA into the mitochondria [62]. Through b-

oxidation, electrons are transferred to flavin-adenine dinucleotide (FAD) and nicotinamide-

adenine dinucleotide (NAD+), which then donate electrons to the electron transport chain (ETC) 

to produce ATP. Overall, the liver is a principal organ involved in lipid homeostasis, regulating 

lipid uptake, storage, oxidation, and export.  
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1.3.7 Skeletal muscle lipid metabolism: lipid uptake, storage, lipolysis, and oxidation 

 Skeletal muscle not only utilizes glucose as a fuel source but also uses FA and amino 

acids to sustain metabolic requirements. As in the liver, circulating FA enter myocytes via FATP 

and CD36, then are bound to FABP and FA transport proteins (FATP) [66]. Although muscle can 

readily utilize FA for energy, depending on the overall energy balance, substrate availability and 

energy requirements of the muscle, lipid storage in droplets may occur and this is called 

intermuscular adipose tissue or intramyocellular lipids (IMCL). TG synthesis is catalyzed by 

MAG acyltransferases (MGAT) and DAG acyltransferases (DGAT) [67]. In normal 

physiological conditions, IMCL is utilized for fuel during acute and chronic physical activity 

when circulating glucose is limited or glycogen is depleted. 

 Lipolysis in the skeletal muscle follows a similar pathway as in the liver with ATGL and 

HSL acting as the major enzymes responsible for TG hydrolysis [68], with the resulting FA 

available for oxidation. During prolonged exercise, and depending on the muscle type (i.e., slow-

twitch vs fast-twitch), skeletal muscle relies more on FA oxidation [69]. However, in insulin-

resistant states, IMCL may become elevated and contribute to worsening IR, with its attendant 

complications, as explained in earlier sections [70].  
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Figure 1.5. Summary of lipid homeostasis and metabolism in the liver and skeletal muscle. 

LPL, lipoprotein lipase; DNL, de novo lipogenesis; TG, triglyceride; G3P, glycerol-3-phosphate; 

LD, lipid droplets; VLDL, very low density lipoprotein; MAG, monoacylglycerol; IMCL, 

intramyocellular lipids. Created by EB with Biorender.com.  

 

1.3.8 Pathophysiology of lipid metabolism in T2D & MASLD 

 Systemic lipid homeostasis is tightly regulated; however, in pathologic states like T2D 

and MASLD, this tight regulation is lost, resulting in dyslipidemia and lipotoxicity. MASLD 

results from the inability of the liver to utilize or export FA imported or produced by DNL. The 

pathophysiology of MASLD is complex, with the multi-hit hypothesis accounting for various 

components resulting in the initiation and progression of the disease.  
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 The multi-hit hypothesis proposes that nutrition, genetics, organ cross talk, and 

inflammatory pathways all play a role in MASLD progression. Initially, excessive consumption 

of a westernized diet and genetic factors leads to the expansion of WAT past its capacity, 

resulting in WAT inflammation, IR, and enhanced lipolysis [71]. Resultant hyperlipidemia causes 

the liver to take up FA to normalize lipid concentrations. IR due to hyperglycemia and 

hyperlipidemia intensifies DNL, resulting in an increased load on the liver to utilize and handle. 

The microbiome also plays a role in worsening MASLD progression, with multiple microbial 

metabolites associated with MASLD progression and severity [72]. 

Enhanced DNL in IR in T2D and MASLD is contradictory to what is seen in knockout-

induced hepatic IR [73]. In insulin receptor KO mice, hepatic gluconeogenesis is increased with 

a decrease in DNL as expected through normal physiological pathway inhibition [74]. However, 

the opposite is seen in T2D and MASLD models, suggesting induction of selective IR in the liver 

[55]. This may be caused by either enhanced substrate availability due to impaired lipolysis in 

WAT or altered brain-liver interactions where insulin signalling counteracts hyperglycemic 

signals in the brain, resulting in lipid production and accumulation [75].   

Regardless, increased FA uptake and DNL results in hepatic TG accumulation, and the 

formation of toxic lipid species, increased mitochondrial biogenesis, and oxidative DNA damage 

[76]. There is also a reduction in FA export, denoted by a reduction in apoB and MTP abundance 

in individuals with MASLD [77]. Key genes have been associated with hepatic fibrosis, 

steatosis, and enhanced hepatic FA flux, playing an additive role, and promoting MASLD 

progression. Overall, there is a net accumulation of FA within the liver, exacerbating MASLD 

and metabolic dysfunction. Due to the complex nature of both MASLD and T2D, mitigation of 
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disease progression and early intervention are imperative to reducing disease burden and 

mortality.  

 

Figure 1.6. Overview of the multiple hit hypothesis for the progression of MASLD. DNL, de 

novo lipogenesis; FA, FA; MASL, metabolic dysfunction associated steatotic liver; MASH, 

metabolic dysfunction-associated steatohepatitis. Created by EB with Biorender.com.  

 

1.4 Current modes of treatment 

1.4.1 Pharmaceutical interventions  

 Pharmacological interventions for T2D can complement lifestyle interventions if 

A1C remains > 1.5% above the clinical target at the 3-month mark or can be administered at the 

time of diagnosis if individuals display symptoms of hyperglycemia or metabolic dysfunction 

[10]. Metformin is the first line of pharmacological treatment; however other drug categories 



   22 

have shown efficacy in reaching clinical goals such as insulin, glucagon-like peptide-1 (GLP-1) 

receptor agonists, sodium-glucose co-transporter (SGLT2) inhibitors, dipeptidyl peptidase 4 

(DPP-4) inhibitors, insulin secretagogues, or thiazolidinediones. The mechanism of action of 

these drugs varies; however, all are used to reach the clinical end goal of improved glycemic 

control. The out-of-pocket costs of pharmaceuticals in addition to the side-effect burden result in 

low adherence of patients to treatment protocols, compromising disease management [78], [79].  

MASLD pharmacotherapies are currently underdeveloped with only one recently FDA-

approved medication targeted to directly improve MASH and liver fibrosis [80]. However 

multiple drug types such as de novo lipogenesis inhibitors, GLP-1 agonists, SGLT-2 inhibitors, 

and PPAR agonists target the associated comorbidities, such as glycemic control and obesity, to 

improve clinical markers of MASLD [81]. Although, it is important to highlight that to treat with 

pharmaceuticals, patients must have reached clinical thresholds and diagnosis status, missing a 

critical intervention window to prevent disease initiation. For this reason, lifestyle interventions 

remain as the first line of treatment and management for early-stage T2D and MASLD.  

 

1.4.2 Lifestyle interventions as a public health approach 

Lifestyle interventions are the first line of treatment for MASLD and T2D with a goal of 

clinically relevant weight loss to improve hepatic steatosis and fibrosis [82]. Diet interventions 

such as the Mediterranean diet reduce visceral adipose tissue, hepatic fat content, and serum TG 

in an adult population [15]. Exercise interventions also demonstrate a reduction in liver steatosis 

and stiffness [13]. Adopting long-term lifestyle modifications such as consistent physical activity, 

limiting alcohol intake, and refraining from smoking reduces mortality and incident T2D risk 

[11]. An optimal activity dose of approximately 183 to 367 minutes per week of moderate-
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intensity activity was calculated to reduce AIC levels [83]. Both high-intensity and low-intensity 

functional training are effective at reducing FBG, insulin, A1C, blood pressure and homeostatic 

model assessment for IR (HOMA-IR) in elderly T2D patients [12]. Low-energy diets alone have 

demonstrated efficacy in treating T2D, with reversal of the disease back to a healthy status 

within 12 months seen in 50% of patients in multiple studies [84], [85].  

Multiple lifestyle intervention studies combining diet control and physical activity 

programs have significantly improved weight, glycemic control, and dyslipidemia over 2-4 years 

[16], [17]. The Look AHEAD (Action for Health in Diabetes) trial also assessed medication 

usage with fewer participants in the lifestyle intervention group requiring blood glucose or blood 

pressure medications after the trial [16]. These studies provide support for lifestyle interventions 

to manage metabolic disorders such as T2D and MASLD, however, they require life-long 

compliance and adherence, which can be challenging [86]. Thus, finding aspects of daily living 

that are easily accessible and adhered to, such as consuming well-liked foods as part of a usual 

diet, is critical to achieving lifelong management and prevention of metabolic disorders. 

 

1.4.3 Dairy’s role in metabolic health 

 Dairy as a functional food is globally consumed with over 94 national dietary guidelines 

recommending adequate consumption to reduce the global burden of metabolic disorders [87]. 

Previous research by our group sought to determine whether different types of dairy, such as 

cheese, yogurt, and milk, would affect glycemic control among other aspects of metabolic health. 

Supplementing HFD-induced obese C57BL/6 mice with a low dose (less than one serving 

equivalent) of WFM, yogurt or cheese demonstrated significant reductions in serum TG and 
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hepatic steatosis, specifically within the milk group [19]. This suggests that dairy milk may 

confer protective effects to hepatic lipid metabolism under the strain of HFD.  

 

1.4.4 Dairy milk impacts from human and animal models 

 Dairy milk consumption and its impacts on metabolic health have been explored in 

animal and human studies, demonstrating an overall beneficial effect and mitigation of 

cardiometabolic disease risk. In a recent meta-analysis of observational studies, milk 

consumption was inversely related to MASLD occurrence, with a greater overall consumption 

reducing risk by 10% [88]. Total dairy consumption and low-fat milk consumption were 

associated with 15% and 41% lower risk of T2D respectively in adult participants [89]. Milk 

consumption has also been noted to reduce the overall risk of MetS, with 200 g/day (< 1 serving) 

associated with a 15% reduction in the incidence of MetS [90]. In adult participants enrolled in a 

randomized control trial (RCT), 6 weeks of low-fat dairy supplementation significantly reduced 

ALT, AST, hepatic steatosis index scores, and inflammatory cytokine expression [91]. Similar 

effects were seen in adolescents as dairy fat intake, marked by plasma C15:0 and C17:0 FA, was 

inversely related to hepatic steatosis [92]. In a multinational cohort study, increased consumption 

of whole-fat dairy was associated with a lower incidence of diabetes and hypertension and a 

lower prevalence of MetS [93]. However, in a RCT of 111 patients with T2D, increasing 

consumption of low- and whole-fat dairy did not affect HbA1c, BW, BP, or lipid profile [94]. 

This was suggested to be due to the advanced disease status of these patients while previous 

studies were looking into a prediabetes window of intervention, highlighting the importance of 

lifestyle interventions prior to disease progression.  
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 Animal models demonstrate similar effects of dairy intake on metabolic parameters. 

C57BL/6 mice supplemented with phospholipid-rich dairy milk had reduced liver weight, TG, 

cholesterol, and serum lipids compared to controls [95]. Supplementation with calcium-fortified 

dairy milk in aP2-agouti transgenic mice reduced weight gain and increased expression of 

uncoupling protein (UCP) 3 and peroxisome proliferator-activated receptor-a (PPARa) in 

skeletal muscle [96]. In C57BL/6 male mice, 17-week supplementation with WFM (3%) or low-

fat (1%, LFM) milk resulted in opposing effects [97]. WFM had greater BW gain, higher serum 

cholesterol, TG, and glucagon, and reduced abundance of Akt, p-Akt, and AMPK in the liver and 

WAT compared to chow-fed animals. Whereas LFM had unchanged lipid profiles, stable BW, 

and higher abundance of Akt, p-AKT, and p-AMPK than the HFD group. This may suggest that 

different nutritional components of milk have distinct effects on metabolism, as dairy milk 

contains multiple bioactive components that have different effects documented in the literature.  

 

1.4.5 Dairy milk matrix, bioactive components, and metabolic health 

 Foods consist of multiple nutrients that are bound together in a complex structure called 

the food matrix, which determines the nutrients’ digestion and absorption thereby controlling the 

overall metabolic effect [98]. Thus, food matrices may confer altered effects when compared to 

supplementation of their isolated nutrients. The dairy milk matrix is composed of macronutrients 

such as fat, protein and carbohydrates, and micronutrients such as vitamins, minerals and other 

bioactive molecules that may all exert effects on metabolism, growth, inflammation, and disease 

states [99].  Isolated and purified macro- and micronutrients range from triple to quadruple the 

cost of simple milk products, with similar to lesser effects [100]. This section will describe 
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various bioactive components of milk with a central focus on the additive effect of molecules 

within the dairy matrix rather than the effect of these components in isolation.  

Whey and casein are the two major proteins in dairy products and have demonstrated 

efficacy in mitigating hepatic steatosis, obesity, and atherosclerosis in Sprague-Dawley rats and 

LDLr-/- Leiden mice [101], [102]. In apoE-/- mice, whey protein hydrolysate reduced serum and 

liver lipids, and alleviated hepatic steatosis, inflammation, and oxidative stress compared to 

controls [103]. Casein supplementation in C57BL/6 mice reduced BW gain, FBG, liver weight, 

and hepatic lipid accumulation [104].  

Dairy milk lipids can play a role in regulating inflammation, lipid metabolism, and 

gastrointestinal (GI) integrity [105]. Supplementation with dairy milk gangliosides and 

phospholipids reduced liver mass, mesenteric adipose tissue, and hepatic lipid accumulation in 

C57BL/6 ob/ob mice. Milk fat globule membrane (MFGM) is comprised of phospholipids, polar 

lipids, and proteins that have bioactive properties. Supplementation of MFGM for 8 weeks in 

HFD and streptozotocin-induced T2D C57BL/6 mice reduced FBG, serum lipids, hepatic 

steatosis, and enhanced insulin sensitivity as evidenced by improved ITT and OGTT, and higher 

abundance of p-Akt and p-PI3K in both the liver and skeletal muscle [106]. Similar results were 

seen in a human RCT where 8 weeks of MFGM supplementation reduced total cholesterol, LDL 

cholesterol, apoB, and non-HDL cholesterol compared to diets without MFGM [107]. Individual 

FA such as pentadecanoic acid (C15:0), heptadecanoic acid (C17:0), and trans-11 vaccenic acid 

(VA, 18:1, n-7) also display efficacy in reducing metabolic dysfunction. In T2D male Sprague 

Dawley rats, VA supplementation in a diet containing butter oil as the dairy background 

improved insulin secretion denoted by a higher glucose infusion rate in a hyperglycemic clamp 

[108]. In C2C12 myotubes, in vitro application of pentadecanoic acid promoted GLUT4 
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translocation, glucose uptake, and increased phosphorylation of AS160 and AMPK, enhancing 

insulin sensitivity [109].  

Micronutrients in milk such as choline, calcium and vitamin A also mitigate hepatic 

steatosis and metabolic dysfunction. Choline, which is vital for the synthesis of cell membranes 

and neurotransmission, is associated with MASLD, with higher intake associated with lower 

incidence risk [110], [111]. Choline may prevent hepatic lipid accumulation, because choline-

deficient bovine hepatic cells display significantly larger LD, hepatocyte TG content, and FAS 

[112]. Other studies demonstrate normalization of HFD-induced weight gain in a mouse model 

and enhanced FA oxidation with choline supplementation in vitro [113], [114]. Calcium is 

another potential nutrient that is rich in milk and is involved in endoplasmic reticulum (ER) 

stress, and mitochondrial dysfunction in cells [115]. Calcium enhances the activity of Complex I 

and IV in vitro to facilitate oxidative phosphorylation [116]. Vitamin A, or the active form 

retinoic acid (RA), is integral in hepatic lipid metabolism with strong associations with MASLD 

progression [117]. Retinoic acid receptor agonist administration to HFD-induced T2D, ob/ob, 

and db/db mice reduced hyperglycemia, BW, hepatic steatosis, and expression of lipogenesis 

genes [118]. Human hepatoma HepG2 cells administered all-trans RA upregulated carnitine 

palmitoyl transferase-1 (CPT-1), enhancing cellular oxidation and FA catabolism [119].  

Although the above studies remarked on the beneficial effects of these molecules in 

isolation, other studies were unable to replicate the same benefits or instead found opposing 

effects with an increase in hepatotoxicity and inflammatory biomarkers seen in male Wistar rats 

with long-term whey supplementation, and complete dairy supplementation improving BW and 

HOMA-IR in Sprague-Dawley rats compared to whey and casein supplementation alone [100], 

[120]. The additive effects of each bioactive molecule and nutrient within the dairy matrix may 
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potentiate the overall metabolic benefits conferred by dairy consumption. Currently, no study 

exists that compares the effects of NFM and WFM supplementation in a preclinical window to 

mitigate the initiation of metabolic dysfunction. The mechanism of action is also unknown, 

highlighting the gap this project aims to fill.   
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Chapter 2: Hypothesis and objectives 

 

2.1 Hypothesis 

Based on data from the above literature review in combination with previous research 

completed in our lab, I hypothesize that (1) both NFM and WFM will significantly reduce diet-

induced hepatic lipid accumulation and prevent the initiation of early-stage MASLD in obese, 

male C57BL/6 mice but via different mechanisms and that (2) increased capacity for substrate 

uptake and metabolism in skeletal muscle may act as a mediator of reduced hepatic steatosis.  

 

2.2 Overall aims 

 The overall aims of this thesis are to compare the effects of a daily dose of NFM and 

WFM provided to male mice fed a HFD on: 

1) the metabolic phenotype including body composition, blood glucose and hepatic lipid profiles; 

2) liver lipid accumulation and its regulation by lipid metabolism pathways and  

3) insulin-dependent and -independent pathways regulating skeletal muscle glucose uptake and 

metabolism.  

 

2.3 Specific objectives 

 The specific objectives of this thesis include:  

1. To characterize the model of metabolic dysfunction used in this thesis 

 a) To characterize the metabolic phenotype of LFD versus HFD fed mice 

b) To quantify the effects of LFD versus HFD on hepatic morphology and lipid 

accumulation 
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c) To identify changes in serum and hepatic lipid profiles of LFD versus HFD 

d) To compare key proteins involved in lipid metabolism between LFD versus HFD 

 

To complete objective one, an in vivo study was conducted using C57BL/6 mice as 

outlined in Figure 2.1. Outcomes examined in objective 1a included BW changes, lean to fat 

mass ratios, insulin sensitivity, and pyruvate tolerance. For objective 1b, histological analysis of 

liver tissue was completed with the key outcomes of LD number, hepatic fat accumulation, and 

LD size. For 1c, measurement of serum non-esterified FA, liver TG, and cholesterol were 

completed in addition to gas chromatography of extracted liver tissue to further characterize the 

hepatic lipid profile. For 1d, expression of genes involved in hepatic lipid metabolism and 

mitochondrial function were identified via qPCR. Protein abundance was then assessed by 

western blotting for the key proteins within FA uptake, de novo lipogenesis, FA oxidation, and 

FA export. Chapter 4 outlines the results of objective one.   

 

2. To compare the effects of a low dose (less than one serving equivalent/day) of NFM and 

WFM on hepatosteatosis caused by HFD 

 a) To compare the metabolic phenotype of NFM versus WFM-supplemented mice 

b) To quantify the effects of NFM versus WFM on hepatic morphology and lipid 

accumulation 

 c) To identify changes in serum and hepatic lipid profiles of supplemented mice 

 

Similar methods were used to complete objective two as were used in objective one. An 

in vivo study was conducted using C57BL/6 mice as outlined in Figure 2.1. Outcomes examined 
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in objective 2a included BW changes, lean to fat mass ratios, insulin sensitivity, and pyruvate 

tolerance. For objective 2b, histological analysis of liver tissue was completed with the key 

outcomes of LD number, hepatic fat accumulation, and LD size. For 2c, measurement of serum 

non-esterified FA, liver TG, and cholesterol were completed in addition to gas chromatography 

of extracted liver tissue to further characterize the hepatic lipid profile. Chapter 5 outlines the 

results of objective two.  

 

3. To identify and compare regulation of hepatic lipid metabolic pathway(s) by NFM and 

WFM 

 To complete objective 3, the expression of genes involved in hepatic lipid metabolism 

and mitochondrial function were identified via qPCR. Protein abundance was then assessed by 

western blotting for the key proteins within FA uptake, de novo lipogenesis, FA oxidation, and 

FA export. Chapter 6 outlines the results of objective three.  

 

4. To measure abundance and activation of key enzymes regulating insulin-dependent and -

independent uptake of substrates in skeletal muscle.  

 To complete objective four, protein abundance was assessed by western blotting for the 

key proteins, including Akt, AMPKa, CPT1a, PGC1a, CD36, and SIRT1. Chapter 7 outlines the 

results of objective three.  
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Figure 2.1. Summary of animal and diet protocol. Abbreviations: LFD, low-fat diet; HFD, 

high-fat diet; NFM, non-fat milk; WFM, whole-fat milk; ITT, insulin tolerance test; PTT, 

pyruvate tolerance test. Created by EB with biorender.com.  
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Chapter 3: Methods 

3.1 Animal Protocol 

 This protocol and some results were previously published by our group [19] and 

approved by the Health Sciences Animal Care and Use Committee at the University of Alberta. 

Briefly, two cohorts of 6-week-old C57BL/6 male mice were acclimatized for 1-week post-

arrival and were housed in a room with a reverse light cycle for the duration of the trial to 

facilitate milk feeding. Cohort one was designated for NFM (n = 24) and cohort two for WFM (n 

= 36). Following the acclimatization, a third of cohort one (n = 8) and cohort two (n = 12) 

consumed LFD ad libitum and two-thirds (n = 16; n = 24) consumed a HFD ad libitum for 1 

week. The HFD mice in cohorts one and two (n = 16; n = 24) were then randomized to consume 

either NFM (n = 8) or WFM (n = 12) or remain on HFD (n = 20). A summary of the diet 

assignments is provided in Figure 3.1. At week 7, the mice were randomized (within their diet 

groups) to undergo either an insulin tolerance test (ITT) or a pyruvate tolerance test (PTT). At 

week 8, the mice underwent an overnight fast and ten minutes prior to euthanasia, half were 

injected intraperitoneally with 0.37 IU/kg BW of insulin in saline (n = 30). Only male mice were 

used in this study, but it is important to state that a group of female mice were included in cohort 

two (WFM). These female mice (n = 40) displayed no signs of IR or metabolic dysfunction 

providing the reasoning for utilizing only male mice in this study [19]. A summary of the animal 

and diet protocol is provided in Figure 2.1.  

 

3.2 Diet 

The mice were randomly distributed into four diet groups as follows: 
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1. HFD control with 45 kcal% fat 

2. LFD control with 10 kcal% fat 

3. HFD + Whole-fat Milk (3.25 g% fat) 

4. HFD + Non-fat Milk (0 g% fat) 

 

The HFD and LFD control groups were provided with half of a plain Cheerio daily to control for 

handling stress, which affects blood glucose. Diet composition was published by our group 

previously [19] and is summarized in Table 3.1. WFM and NFM were administered at 0.425 mL 

on five out of seven days in a separate dish from the pelleted diet. Food was removed for two 

hours at the end of the light cycle and all animals were placed in clean cages, separated into four 

individual compartments, and provided either half a Cheerio in the LFD and HFD groups or the 

supplemented milk in the WFM and NFM groups. The individual compartments ensured that 

each mouse received the appropriate dosage, and the restriction of food for two hours enhanced 

the likelihood that novel foods would be ingested. Animals in the WFM and NFM groups were 

trained to drink milk from a small bowl and given two hours to consume their milk prior to 

returning to their home cage, which was replenished with the appropriate diet. The dairy dosage 

used in this study was to determine whether a minimal amount of dairy added to the diet is 

enough to cause significant alterations to overall metabolic health as a part of total calorie intake. 

The dosage of milk in this study equated to 2% of the total calorie intake by our mice.  The 

nutritional characteristics of WFM and NFM are reported in Table 3.2 and 3.3. Food intake was 

measured weekly for cohort 1 and for cohort 2 was measured over 24 hours three times during 

week 7 of the study.  
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Figure 3.1. Summary of diet assignments. Abbreviations: LFD, low-fat diet; HFD, high-fat 

diet; NFM, non-fat milk; WFM, whole-fat milk.  
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Table 3.1. Nutritional composition of control diets 

 HFD (D12451) LFD (D12450B) 
Macronutrients  Kcal (%) Kcal (%) 

Protein 20 20 

Carbohydrate 35 70 

Fat 45 10 
Total Kcal/g 4.73 3.85 
Ingredients    
Casein (g) 200 200 

L-Cystine (g) 3 3 

Corn Starch (g) 72.8 452.2 

Maltodextrin 10 (g) 100 75 

Sucrose (g) 172.8 172.8 

Cellulose, BW200 (g) 50 50 

Soybean Oil (g) 25 25 

Lard (g) 177.5 20 

Mineral Mix S10026 (g) 10 10 

Dicalcium Phosphate (g) 13 13 

Calcium Carbonate (g) 5.5 5.5 

Potassium Citrate, 1 H2O (g) 16.5 16.5 

Vitamin Mix V10001 (g) 10 10 

Choline Bitartrate (g) 2 2 

FD&C Red Dye #40 (g) 0.05 0.01 

FD&C Yellow Dye #40 (g) 0 0.04 

Total (g) 858.15 1055.05 
Diet composition adapted and taken from Research Diets Inc., 2006.  
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Table 3.2. Nutritional composition of milk servings. 

 WFM  SERVING GIVEN 

TO MICE 

NFM SERVING GIVEN 

TO MICE 

MEASURE (ML) 250  0.425  250 0.425  

WEIGHT (G) 249 0.42 246 0.42 

ENERGY (KCAL) 152 0.26 83.6 0.14 

PROTEIN (MG) 8140 13.8 8440 14.4 

CARBOHYDRATE 

(MG) 

11500 19.6 12100 20.6 

TOTAL SUGAR (MG) 12000 20.4 12400 21.1 

TOTAL FAT (MG) 7970 13.6 197 0.33 

SATURATED FAT (MG) 4808 7.87 121 0.21 

CALCIUM (MG) 306 0.52 325 0.55 

AVERAGE CHOLINE 

(MG) 

36.9 0.06 44.8 0.08 

IRON (MG) 0.08 0.00 0.00 0.00 

POTASSIUM (MG) 374 0.64 411 0.70 

MAGNESIUM (MG) 29.6 0.05 30.8 0.05 

PHOSPHOROUS (MG) 251 0.43 263 0.45 

VITAMIN A (RAE) 79.7 0.14 157 0.27 

VITAMIN D (MCG) 2.39 0.00 2.71 0.00 

FOLATE (DFE) 0.00 0.00 4.92 0.01 

VITAMIN B12 (MCG) 1.34 0.00 1.43 0.00 

RIBOFLAVIN (MG) 0.34 0.00 0.32 0.00 

Abbreviations: mg, milligram; mcg, microgram; RAE, rational activity equivalent; DFE, dietary 

folate equivalent. Nutrient composition is taken from the USDA FoodData Central, 2019; WFM 

(FDC ID 746782), NFM (FDC ID 746776).  
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Table 3.3. Energy contributed by macronutrients in each diet group.  

 LFD (D12450B) HFD (D12451) HFD + WFM 
(3.25%) 

HFD + NFM 
(0%) 

Macronutrients  Kcal (%) Kcal (%) Kcal (%) Kcal (%) 

Protein 20 20 20.01 
 

20.02 

Carbohydrate 70 35 34.07 34.08 

Fat 10 45 44.93 44.92 

Total Kcal / day 11.55 14.19 14.45 14.33 

Abbreviations: LFD, low-fat diet; HFD, high-fat diet; WFM, whole-fat milk (3.25%); NFM, 

non-fat milk (0%). Calculated assuming an average of 3g of chow per day for each diet group.  
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3.3 Insulin tolerance test (ITT), pyruvate tolerance test (PTT), and fasting glucose  

 At week 7, ITT and PTT were performed [121] after a four-hour fast and overnight fast 

respectively. Blood glucose was measured from a tail vein sample using a glucometer (Contour 

Next, Bayer, Leverkusen, Germany) at time zero for both tests. For ITT, human insulin (Sigma 

Aldrich, St. Louis, MO, United States) was first diluted with saline, then a dose of 0.75 IU/kg 

BW was intraperitoneally injected. For PTT, 2 g/kg of sodium pyruvate was injected 

intraperitoneally.  Blood glucose was measured at 15, 30, 60, 90 and 120 minutes for both tests.  

Fasting glucose and ITT were used to interpret IR in the mice whereas PTT was used to measure 

hepatic gluconeogenesis [122].  

 

3.4 BW, body composition, and tissue collection 

 Mice were weighed weekly with body composition measured at week 7 in fasted animals 

using ECHO magnetic resonance imaging (ECHO MRI) as per the standard manufacturer’s 

protocol. Adipose tissue, lean tissue, free water, and total water were measured. At the end of 

week 8, all animals were fasted overnight, and half were injected with saline-diluted insulin 

(0.37 IU/kg BW) ten minutes prior to euthanasia. Animals were euthanized using CO2 and 500-

1000 mL blood was collected using cardiac puncture, then centrifuged for ten minutes at 4000 

RPM to separate the serum. Liver, skeletal muscle, epididymal adipose, brown adipose tissue, 

ileum, and colon were collected. Samples of liver, epididymal adipose, and colon were prepared 

for histological analysis and fixed in phosphate-buffered formalin. The remaining tissues were 

snap-frozen in liquid nitrogen and stored at -80 °C until further analysis.   
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3.5 Histological analysis 

 Paraffin blocks of the liver were cut into 5 mm sections and fixed to glass slides. Slides 

were stained using the hematoxylin and eosin (H&E) protocol previously published by our group 

[123]. Four random photomicroscopic images of each slide (one slide per animal) were captured 

using a Zeiss AxioCam HR microscope 20x objective lens connected to a Canon Power Shot 

camera. Per group, six animals were used, with 96 images analyzed. Each image was quartered, 

and the top left quadrant was analyzed. ImageJ software, specifically the “freehand selections” 

tool, was used to quantify LD area and the total number of LDs.  

 

3.6 Liver TG, cholesterol, and serum NEFA assays 

 Liver lipids were extracted using an adapted Folch extraction protocol using 

approximately 100 mg of tissue [124]. Tissue was homogenized in 1 mL of 1M NaCl solution 

and 1 mm glass beads. A total of 500 mL of the extract was mixed with 2 mL of Folch solution 

(2:1 chloroform: methanol), centrifuged at 3500 rpm for ten minutes and the lower phases 

collected into another 1.5 mL glass tube. While the lower phase was dried under nitrogen, 1 mL 

of Folch solution was added to the upper phase, vortexed, and spun at 3000 rpm for ten minutes. 

The lower phase was added to the lower phase tube, dried, resuspended with 1 mL of 2% Triton 

X-100 solution in chloroform, and dried again. The dried sample was then resuspended in ddH2O 

and kept at -40 °C until assays were completed. TG and cholesterol content were measured using 

commercial kits (InfinityTM, Thermo Scientific, Waltham, MA, USA). NEFA content was 

measured within the serum using a commercial kit (Wako Pure Chemical Industries LTD., Chuo-

ku, Osaka, Japan), following the manufacturer’s protocol.    
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3.8 Gas chromatography (GC) of liver extracts 

 Liver lipids were extracted using an adapted Folch protocol using approximately 100 mg 

of liver tissue [125], [126]. Tissue was homogenized in 1 mL KCl using 1mm glass beads in a 

tissue homogenizer, after which 950 mL of the extract was transferred to a glass tube, 1 mL of 

KCl and 8 mL of 2:1 chloroform:methanol was added, and tubes were vortexed and left to stand 

at 4 °C overnight. The following day, tubes were centrifuged at 1500 rpm for five minutes and 

the lower phase was transferred to a new tube and dried under nitrogen gas in a warming plate at 

55 °C. The dried sample was resuspended in hexane and aliquoted for isolation on thin-layer 

chromatography on G plates. Silica plates were baked at 55 °C for an hour prior to scoring and 

spotting. Previously prepared aliquots were spotted on plates (eight samples per plate) and 

developed for 30 minutes. Plates were removed when the developing solution was one inch from 

the top of the plate and dried before being sprayed with ANSA spray. UV light was used to 

visualize triglycerides and phospholipid bands, scored around, and removed into 8 mL tubes. The 

tubes were then methylated by adding 1.5 mL BF3 and 1.5 mL Hexane to the tubes and boiled at 

110 °C for one hour. Tubes were cooled for five minutes, 1 mL of dd H2O added, and put in the 

cold room at 4 °C overnight. The following morning, tubes were spun at 1500 rpm for five 

minutes and the upper phase was removed and dried under nitrogen, then resuspended in 300 mL 

hexane. FA were separated using automated GC and quantified as relative percent of total lipid 

and total phospholipid FA content.   

 

3.9 Protein extraction and western blot   

 Total protein from liver and skeletal muscle was extracted using a lysis buffer (50 mM 

Tris HCL pH:8.0, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) 
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supplemented with protease and phosphatase inhibitors (2 mg/mL aprotinin (Calbiochem), 5 mM 

sodium fluoride, 5 mM sodium orthovanadate, and protease inhibitor cocktail (FastPrep® - 24, 

MP Biomedicals). Total protein content was measured using the modified Lowry protein assay 

protocol. Bovine serum albumin was used as a protein standard with 200 mL of Lowry reagent 

(Sigma, St. Louis, MO, United States) added, incubated for ten minutes, followed by 20 mL 

Folin & Ciocalteu Phenol Reagent 2.0 N (Thermo Scientific, Waltham, MA, United States) 

diluted with ddH2O, and incubated for 30 minutes. Absorbance of 750 nm was measured using a 

spectrophotometer and concentrations was interpolated in GraphPad Prism 7.0 (GraphPad 

Software Inc., CA, United States). For immunoblotting, protein samples were diluted into a final 

concentration of 2 mg/mL with a lysis buffer and SDS loading buffer, boiled depending on 

protein sensitivity at 100 °C for five minutes. Samples were stored at -80 °C. Thawed samples 

were loaded and separated using an SDS-PAGE 8, 10, or 12% polyacrylamide gel, transferred to 

nitrocellulose membranes, and incubated overnight at 4 °C. Membranes were either incubated 

with fluorescent (Li-cor Biosciences) or peroxidase-coupled secondary antibodies for one hour at 

room temperature and then imaged using Li-cor scanners or placed in SuperSignal™ 

chemiluminescent substrate (Thermo Fisher Scientific) and imaged with a Bio-Rad ChemiDoc 

MP imaging system respectively. Images were analyzed using ImageJ software [127]. Total 

proteins were normalized to b-actin and phosphorylated proteins were normalized to their 

respective total protein and then expressed as a fold change (FC) of HFD. A summary of 

antibodies used can be found in Table 3.4.  
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Table 3.4. Antibody summary table. 

ANTIBODY COMPANY & CATALOGUE 
NUMBER 

DILUTION 

ACETYL-CoA CARBOXYLASE 
(ACC)  

Cell Signalling - CS3676 1:1000 

PHOSPHORYLATED ACC (P-ACC) 
(SER79) 

Cell Signalling - CS11818 1:1000 

AMP-ACTIVATED PROTEIN 
KINASE a (AMPKa)  

Cell Signalling - CS2603s 1:1000 

PHOSPHORYLATED AMPKa (P-
AMPKa) (THR172) 

Cell Signalling - CS2531s 1:1000 

AMPKb Cell Signalling - CS12063 1:1000 
p-AMPKb (SER108) Cell Signalling - CS23021 1:1000 
ATP-CITRATE LYASE (ACL) Cell Signalling - CS4332 1:1000 
PHOSPHORYLATED ACL (P-ACL) 
(SER455) 

Cell Signalling - CS4331 1:1000 

ACYL COA SYNTHASE (ACS) Cell Signalling - CS9189 1:1000 
AKT Cell Signalling - CS48272s 1:1000 
P-AKT (SER473) Cell Signalling - CS4060s 1:1000 
ADIPOSE TRIGLYCERIDE LIPASE 
(ATGL) 

Cell Signalling - CS2439 1:1000 

CARNITINE PALMITOYL 
TRANSFERASE 1a (CPT1a) 

Cell Signalling - CS97361 1:1000 

FATTY ACID BINDING PROTEIN 4 
(FABP4) 

Cell Signalling - CS2120 1:1000 

FATTY ACID SYNTHASE (FAS) Cell Signalling - CS3180 1:1000 
HORMONE SENSITIVE LIPASE 
(HSL) 

Cell Signalling - CS4107s 1:1000 

PHOSPHORYLATED HSL (P-HSL) 
(SER660) 

Cell Signalling - CS4126 1:1000 

MICROSOMAL TRIGLYCERIDE 
TRANSFER PROTEIN (MTP) 

Santa Cruz - SC515742 1:500 

CD36 Santa Cruz - SC7309 1:500 
OXIDATIVE PHOSPHORYLATION 
COMPLEXES I-V (OXPHOS) 

Abcam - Ab110413 1:1000 

PROLIFERATOR-ACTIVATED 
RECEPTORS a (PPARa) 

Santa Cruz - SC398394 1:500 

PPARg Cell Signalling - CS2435 1:1000 
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PEROXISOME PROLIFERATOR 
ACTIVATED RECEPTOR-GAMMA 
COACTIVATOR (PGC1a) 

Santa Cruz - SC518025 1:500 

SIRTUIN 1 (SIRT1) Cell Signaling – CS2310 1:1000 
ANTI-MOUSE IGG Sigma Aldrich - A9169 1:4000 
ANTI-RABBIT IGG Sigma Aldrich - A9169 1:4000 
BETA-ACTIN (b-ACTIN) Sigma Aldrich - A5441 1:2000 

 

 

3.10 Liver RNA extraction and quantitative PCR (qPCR) 

 RNA extraction was performed using the QIAGEN RNeasy mini plus kit following the 

manufacturer’s instructions with the following modifications. Approximately 100 mg of liver 

tissue was homogenized with 1 mL of TRIzol, rested for five minutes at room temperature, then 

added 0.2 mL of chloroform per mL of TRIzol. Samples were incubated at room temperature for 

three minutes, centrifuged at 12000x g for ten minutes at 4 °C, supernatant collected, and the 

manufacturer’s instructions followed for the remaining procedure [128]. RNA concentration was 

measured using a Nanodrop (ThermoFisher, Waltham, MA, USA) and cDNA synthesis was 

conducted using the high-capacity cDNA RT kit (Applied Biosystems, Waltham, MA, USA) 

using 2 mg RNA per reaction. qPCR was performed using PerfeCYa SYBR Green SuperMix 

ROX (Quantabio, Beverly, MA, USA) in a QuantStudio3 machine (Applied Biosystems, 

Waltham, MA, USA). Cyclophilin A was used as the reference gene and the primer sequences for 

all genes are provided in Table 3.5.  
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Table 3.5. Primer sequences  

Primer  Primer Sequence 
Acaca F 5’ – 3’  

R 5’ – 3’  
CCTGAAGACCTTAAAGCCAATGC 
CCAGCCCACACTGCTTGTA 

ApoB F 5’ – 3’  
R 5’ – 3’  

ACTGTGACTTCAATGTGGAG 
CTGAGGCAGACAGACTTGTC 

Cidea F 5’ – 3’  
R 5’ – 3’  

GCCGTGTTAAGGAATCTGCTG 
TGCTCTTCTGTATCGCCCAGT 

Cd36 F 5’ – 3’  
R 5’ – 3’  

TGGCTAAATGAGACTGGGACC 
ACATCACCACTCCAATCCCAAGTAAGG 

Cpt1a F 5’ – 3’  
R 5’ – 3’  

CCTACCATGGCTGGATGTTTGCAG 
GTATCTTTGACAGCTGGGACAGGCA 

Dgat1 F 5’ – 3’  
R 5’ – 3’  

GAGTCTATCACTCCAGTGGG 
GGCGGCACCACAGGTTGACA 

Dgat2 F 5’ – 3’  
R 5’ – 3’  

CTGGCAAGAACGCAGTCA 
TTCTTCTGGACCCATCGG 

Fasn F 5’ – 3’  
R 5’ – 3’  

CTTCCGTCACTTCCAGTTAGAGCAG 
AGTTCAGTGAGGCGTAGTAGACAGTG 

Mttp F 5’ – 3’  
R 5’ – 3’  

AGAGGACAGCTTTGTCACCG 
TCTTCAGCTCCAATTTCTGCTTCG 

Opa1 F 5’ – 3’ 
R 5’ – 3’ 

TCTCAGCCTTGCTGTGTCAGAC 
TTCCGTCTCTAGGTTAAAGCGCG 

Ppia F 5’ – 3’  
R 5’ – 3’  

TGGCTATAAGGGTTCCTCCTTTCACAG 
GCCAGGACCTGTATGCTTTAGGATG 

Srebp1c F 5’ – 3’  
R 5’ – 3’  

GGAGCCATGGATTGCACATTTGAAGACAT 
TTCCAGAGAGGAGGCCAGAGA 

Abbreviations: Gene symbol is followed by its name and the encoded protein of interest: Acaca 

(acetyl-coA carboxylase alpha) encodes ACC1; ApoB (apolipoprotein B) encodes APOB; Cidea 

(cell-death inducing DNA fragmentation factor-like effector A) encodes CIDEA; Cd36 encodes 

fatty acid translocase CD36; Cpt1a (carnitine palmitoyl transferase 1a) encodes CPT1a; Dgat1 

(diacylglycerol O-acyltransferase) encodes DGAT1; Dgat2 (diacylglycerol O-acyltransferase 2) 

encodes DGAT2; Fasn (fatty acid synthase) encodes FAS; Mttp (microsomal triglyceride transfer 

protein) encodes MTP; Opa1 (optic atrophy 1) encodes OPA1; Ppia (peptidylprolyl isomerase A) 
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encodes cyclophilin A; Srebp1c (sterol regulatory element binding transcription factor 1C) 

encodes SREBP-1c.  

 

3.11 Statistical analysis 

 Statistical analysis was conducted using GraphPad Prism software 7.0 (GraphPad 

Software Inc., San Diego, CA, USA). Data are presented as means ± SEM with the 

corresponding sample size described in each figure caption. For western blot, data sets were 

combined with both insulin-stimulated and basal animals included for pathways independent of 

direct insulin action (n = 8 / group). For those with direct insulin action, data sets were separated 

into basal (n = 4 / group) and insulin-stimulated (n = 4 / group). LFD was compared to HFD 

groups using two-tailed t-tests to identify diet-related differences in Chapter 4. HFD, 

HFD+WFM and HFD+NFM groups were compared using one-way ANOVA or two-way 

ANOVA followed by Tukey’s post-hoc test to study treatment effects in Chapters 5, 6 and 7. 

Data were checked for normal distribution using the Shapiro-Wilk test and any identified outliers 

(q = 0.5%) were removed. Data that did not follow a normal distribution were log-transformed 

prior to the statistical analysis. Statistically significant was considered if the p-value < 0.05 and a 

p-value of < 0.1 was considered a trend.  
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Chapter 4: Creating a model of metabolic dysfunction with a HFD 

4.1 Results 

4.1.1 Food intake, body composition, and tissue weight 

 Food intake was similar between the LFD and HFD groups (Figure 4.1). After 8 weeks of 

diet intervention, the HFD group had significantly higher BW increases than the LFD group (p < 

0.0002) even when corrected to baseline BW (Table 4.1). Four-hour fasting blood glucose (FBG) 

was lower in LFD animals compared to HFD animals (p < 0.05), however, overnight FBG was 

unchanged between the LFD and HFD groups (Table 4.1). Body composition analysis showed 

that LFD mice had a lower fat mass % (p < 0.0001) when compared to the HFD animals (Table 

4.1). The liver weight was unchanged between LFD and HFD, whereas the epidydimal white 

adipose tissue (WAT) was significantly less in the LFD than the HFD group (Table 4.1).  
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Figure 4.1. Food intake measured as Kcal per day per animal during 8 weeks of diet 

supplementation. Data expressed as an average per cage with n = 8 mice and analyzed by two-

way ANOVA followed by Tukey’s post-hoc. LFD, low-fat diet; HFD, high-fat diet.  

Table 4.1. Body composition and metabolic profile of LFD and HFD mice.  

 LFD HFD 

Body composition   

BW initial (g) 22 ± 0.28 22 ± 0.28 

BW final (g) 31 ± 0.7*** 36 ± 1.0 

BW change (% of Baseline) 38 ± 4.0*** 61 ± 3.5 

Final fat mass (% BW) 23 ± 1.2**** 34 ± 1.1 

Final lean mass (% BW) 68 ± 0.9**** 58 ± 1.0 

Tissue Weight    

Liver (% BW) 3.3 ± 0.22 3.0 ± 0.16 

eWAT (% BW) 3.7 ± 0.37** 5.6 ± 0.38 

Plasma (fasting)   

4-hour fasted glucose (mmol/L) 9.3 ± 0.37* 11 ± 0.49 

Overnight fasted glucose (mmol/L) 6.2 ± 0.34 5.9 ± 0.53 

NEFA (mEq/L) 0.51 ± 0.06 0.49 ± 0.04 

Liver Content (mg/g tissue)   

TG (mg/g) 39.3 ± 5.0* 71.7 ± 14.4 

Cholesterol (mg/g) 1.35 ± 0.29 1.40 ± 0.23 
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Abbreviations: BW, body weight; eWAT, epidydimal white adipose tissue; NEFA, non-esterified 

FA; TG, triglycerides. Data expressed as mean ± SEM of n = 8 mice / group. Analysis by two-

tailed t-test. * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  

 

4.1.2 ITT, PTT, and FBG 

LFD animals had a significantly lower blood glucose concentration after a four-hour fast 

compared to the HFD group (p < 0.05) (Table 4.1). These values were time = 0 (baseline) in the 

ITT. There was no statistical difference seen between LFD and HFD after an overnight fast 

(Table 4.1). These values were time = 0 in the PTT.  

Two-way ANOVA analysis displayed a significant time x diet interaction (p < 0.05), and 

effect of the diet (p < 0.05). Blood glucose during the ITT was significantly lower in LFD at the 

0-minute (p < 0.05) and 15-minute time mark (p < 0.01) compared to HFD (Figure 4.2A). Once 

corrected to baseline, the significant differences between time x diet and diet effects were lost. 

Blood glucose after correction was reduced to a trend (p = 0.09) at the 15-minute mark and was 

not significantly different at any other time point (Figure 4.2B). ITT AUC values were not 

different both prior and after correcting for baseline FBG suggesting that marked IR may not 

have been established (Figure 4.2C/D). PTT was not significantly different between LFD and 

HFD (Figure 4.3). However, two-way ANOVA analysis displayed a significant effect of time (p 

< 0.01). 
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Figure 4.2. Insulin tolerance test (ITT) in 4-h fasted LFD and HFD mice. (A) ITT LFD vs 

HFD (n = 10 / group); (B) ITT as % of baseline fasting blood glucose concentration for LFD vs 

HFD; (C) ITT area under the curve (AUC) and (D) ITT AUC of baseline corrected curves. Data 

expressed as mean ± SEM and analyzed by two-way ANOVA followed by Tukey’s post-hoc for 

ITT for the effect of diet (A, B) and two-tailed t-test for AUC. * Indicates p < 0.05, ** indicates 

p < 0.01. 
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Figure 4.3. Pyruvate tolerance test (PTT) in overnight-fasted LFD and HFD mice. (A) PTT 

LFD vs HFD (n = 10 / group); (B) PTT area under the curve (AUC). Data expressed as mean ± 

SEM and analyzed by two-way ANOVA followed by Tukey’s post-hoc for the effect of diet and 

two-tailed t-test for AUC.  
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4.1.3 Hepatic histology & lipid profile  

Histological analysis of hepatic LD showed no changes in the number of LD between the 

LFD and HFD groups (Figure 4.4C). The average size of LD was smaller in LFD compared to 

HFD (p < 0.01) and the total area covered by LD was lower in LFD (p < 0.01) (Figure 4.4B & 

Figure 4.4D). Hepatic TGs were lower in the LFD group compared to the HFD group (p < 0.05) 

(Table 4.1). No significant differences were seen in hepatic cholesterol concentration or serum 

non-esterified FA (NEFA) (Table 4.1).  

GC analysis of the FA profile of liver total phospholipids and total lipids displayed small 

changes. Starting with total hepatic lipids (Table 4.2), compared with LFD, HFD trended to have 

higher polyunsaturated FA (PUFA) content (p = 0.098). Total monounsaturated FA (MUFA) and 

total saturated FA (SFA) were not affected by diet treatment. 

To understand the drivers of differences elicited by HFD in the PUFA fractions in liver 

tissue, FA species were compared. Proportionally higher FA within the PUFA class in HFD 

included C18:2n-6 (p < 0.05), C18:3n-3 (p < 0.01) and C20:2 (p < 0.05). Two of the omega-3 

series were increased in HFD: C22:5n-3 (p<0.01) and C20:5n-3 (p = 0.084). Within the SFA 

class, two FA species were higher in HFD: C15:0 (p <0.05) and C17:0 (p = 0.054). C16:0 

trended proportionally lower in HFD compared to LFD (p = 0.098). For individual FA within the 

MUFA class, C17:1 was higher (p <0.01) and C18:1n-7 lower in HFD compared to LFD (p < 

0.05).  

For total phospholipids (Table 4.3), the proportions of total SFA, MUFA, and PUFA were 

not significantly different. The omega-3 series PUFA C18:3n-3 (p < 0.05) and C22:5n-3 (p = 

0.072) were higher in HFD compared to LFD.  
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Figure 4.4. Liver histology and morphological characterization in overnight-fasted mice. 

(A) distribution of lipid droplets by average size and number per quadrant; (B) average area of 

lipid droplets; (C) average number of lipid droplets per quadrant; (D) percentage of the total area 

covered by lipid droplets; (E) histological images displaying lipid accumulation in stained liver 

slides; LD denoted by arrows. Data expressed as mean ± SEM (n = 6 / group) and analyzed by 

two-tailed t-test. ** Indicates p < 0.01. LD, lipid droplet; LFD, low-fat diet; HFD, high-fat diet.  
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Table 4.2. Total liver lipid content characterization represented as peak area percentage. 

 LFD HFD p - values 

SFA    

C14:0 0.54 ± 0.06 0.58 ± 0.06  

C15:0 0.045 ± 0.003 0.061 ± 0.004 p < 0.05 

C16:0 28.3 ± 0.38 27.2 ± 0.47 p = 0.098 

C17:0 0.05 ± 0.006 0.08 ± 0.014 p = 0.054 

C18:0 3.97 ± 0.45 5.00 ± 0.58  

C20:0 0.23 ± 0.03 0.29 ± 0.04  

C24:0 0.01 ± 0.003 0.01 ± 0.002  

å SFA (%) 33.2 ± 0.93 33.2 ± 1.17  

MUFA    

C14:1 0.04 ± 0.008 0.03 ± 0.01  

C15:1 0.02 ± 0.005 0.02 ± 0.005  

C16:1n-7 0.70 ± 0.06 0.71 ± 0.21  

C16:1n-9 5.6 ± 0.58 4.0 ± 0.98  

C17:1 0.07 ± 0.006 0.11 ± 0.01 p < 0.01 

C18:1n-7 2.8 ± 0.39 1.6 ± 0.18 p < 0.05 

C18:1n-9 40.5 ± 2.29 35.8 ± 1.88  

C20:1n-6 0.56 ± 0.05 0.45 ± 0.06  

C24:1n-9 0.14 ± 0.03 0.19 ± 0.04  

å MUFA (%) 50.4 ± 3.42 42.9 ± 3.38  
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PUFA    

C18:2n-6 8.8 ± 1.42 15.1 ± 1.77 p < 0.05 

C18:3n-3 0.17 ± 0.03 0.37 ± 0.05 p < 0.01 

C20:2 0.10 ± 0.02 0.22 ± 0.05 p < 0.05 

C20:3 0.35 ± 0.06 0.40 ± 0.04  

C20:4 4.6 ± 0.63 4.9 ± 0.84  

C20:5n-3 0.06 ± 0.01 0.09 ± 0.008 p = 0.084 

C22:5n-3 0.07 ± 0.01 0.16 ± 0.03 p < 0.01 

C22:6n-3 2.2 ± 0.20 2.6 ± 0.52  

å PUFA (%) 16.4 ± 2.38 23.8 ± 3.31 p = 0.098 

Abbreviations: LFD, low-fat diet; HFD, high-fat diet; SFA, saturated fatty acids; MUFA, 

monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. Data expressed as mean ± SEM 

(n = 6 / group; fasted), analyzed by two-tailed t-test.  
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Table 4.3. Total liver phospholipid content characterization represented as peak area 
percentage.  

 LFD HFD p - values 

SFA    

C14:0 0.09 ± 0.01 0.07 ± 0.007  

C15:0 0.07 ± 0.004 0.06 ± 0.004  

C16:0 26.2 ± 0.52 24.7 ± 1.12  

C17:0 0.11 ± 0.004 0.19 ± 0.02 p < 0.01 

C18:0 16.9 ± 0.70 17.2 ± 0.73  

C20:0 0.27 ± 0.02 0.30 ± 0.007  

C24:0 0.28 ± 0.02 0.16 ± 0.04 p = 0.063 

å SFA (%) 43.9 ± 1.28 42.7 ± 1.93  

MUFA    

C14:1 0.02 ± 0.003 0.007 ± 0.0007 p < 0.05 

C15:1 0.02 ± 0.002 0.02 ± 0.002  

C16:1n-7 0.22 ± 0.01 0.19 ± 0.01  

C16:1n-9 1.6 ± 0.22 1.0 ± 0.26  

C17:1 0.06 ± 0.02 0.07 ± 0.02  

C18:1n-7 3.5 ± 0.29 2.1 ± 0.35 p < 0.05 

C18:1n-9 10.1 ± 0.15 11.5 ± 2.17  

C20:1n-6 0.13 ± 0.02 0.14 ± 0.02  

C24:1n-9 0.65 ± 0.04 0.60 ± 0.03  

å MUFA (%) 16.3 ± 0.76 15.6 ± 2.86  
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PUFA    

C18:2n-6 10.0 ± 0.64 13.1 ± 0.73 p < 0.05 

C18:3n-3 0.05 ± 0.01 0.07 ± 0.008  

C20:2 0.11 ± 0.02 0.20 ± 0.04 p = 0.064 

C20:3 1.0 ± 0.11 0.94 ± 0.09  

C20:4 18.2 ± 0.51 18.6 ± 0.39  

C20:5n-3 0.11 ± 0.01 0.13 ± 0.01  

C22:5n-3 0.28 ± 0.03 0.38 ± 0.04 p = 0.053 

C22:6n-3 8.4 ± 0.53 8.1 ± 0.35  

å PUFA (%) 38.2 ± 1.86 42.3 ± 1.66  

Abbreviations: LFD, low-fat diet; HFD, high-fat diet; SFA, saturated fatty acids; MUFA, 

monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. Data expressed as mean ± SEM 

(n = 6 / group; fasted), analyzed by two-tailed t-test.  
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4.1.4 Hepatic lipid metabolism 

 Hepatic genes within the four arms of lipid metabolism displayed a reduced expression of 

Fasn (p < 0.01) and an enhanced expression of Opa1 (p < 0.05) in LFD compared to HFD 

(Figure 4.5A). Western blot was completed to assess if gene expression differences were 

continued at the protein level with a summary of the proteins measured displayed in Figure 4.6. 

There were no significant differences seen between LFD and HFD in FA uptake proteins FABP4 

and CD36 (Figure 4.7A, B). Within DNL proteins, acetyl-CoA synthetase (ACS) was 

significantly higher in HFD compared to LFD (p < 0.05) (Figure 4.7C). The ratio of p-

ACC/ACC and FAS and abundance was unchanged between LFD and HFD with total ACC 

trending toward higher abundance in insulin-stimulated LFD compared to HFD (p = 0.072) 

(Figure 4.7E-G). Two-way ANOVA displayed a significant interaction between diet and insulin-

stimulation (p < 0.05) for ACC.  

 Within FA oxidation only OXPHOS complex V trended higher in LFD vs HFD (p = 

0.060) (Figure 4.8E). There were no other differences seen in FA oxidation or FA export proteins 

between LFD and HFD groups (Figure 4.8 & Figure 4.9). Key regulatory proteins were analyzed 

within the lipid metabolism arms. p-AMPKa and the ratio of p-AMPKa over total AMPKa 

trended higher in LFD compared to HFD (p = 0.070 & p = 0.096 respectively) (Figure 4.10A-C). 

p-AMPKb, AMPKb, and the ratio of p-AMPKb over total AMPKb were higher in LFD 

compared to HFD (p < 0.05) (Figure 4.10D-F). PPARg was significantly higher in LFD 

compared to HFD (p < 0.05) (Figure 4.10G). 
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Figure 4.5. Hepatic mRNA expression of genes involved in lipid metabolism in overnight-

fasted LFD and HFD groups. (A) LFD vs HFD expression (n = 6 / group). Gene expression 

was normalized to cyclophilin (B). Data expressed as mean ± SEM and analyzed by two-tailed t-

test. * Indicates p < 0.05, ** indicates p < 0.01. 
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Figure 4.6. Summary of proteins measured within liver lipid metabolism pathways via 

qPCR and western blot. Proteins coloured grey denote similar abundance between LFD and 

HFD whereas proteins coloured pink denotes higher abundance in LFD compared to HFD. 

Created by EB with biorender.com.  
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Figure 4.7. Liver lipid transporters and de novo lipogenesis protein abundance in tissue 

from overnight fasted mice. (A) FABP4, fatty acid binding protein 4; (B) CD36; (C) ACS, 

acetyl-CoA synthetase; (E) FAS, fatty acid synthase; (F) p-ACC / ACC, acetyl-CoA carboxylase; 

(G) ACC; (D and H) Representative western blots. Proteins were normalized to b-actin. Data 

expressed as mean ± SEM. Sample size for A-E was n = 8 / group (combined basal and insulin-

stimulated) and for F-G n = 4 / group for basal and n = 4 / group for insulin-stimulated. Data 

analyzed by two-tailed t-test (A-E) and two-way ANOVA (F-G) followed by Tukey’s post-hoc 

test. * Indicates p < 0.05.  
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Figure 4.8. Hepatic fatty acid oxidation protein abundance in tissue from overnight fasted 

mice. (A-E) OXPHOS mitochondrial complexes I-V; (G) CPT1a, carnitine palmitoyltransferase 

1a; (F) OXPHOS representative blot; (H) CPT1a representative blot. Data expressed as mean ± 

SEM (n = 8 / group; combined basal and insulin-stimulated). Data analyzed by two-tailed t-test.  
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Figure 4.9. Liver lipolysis and export protein abundance in tissue from overnight fasted 

mice. (A) ATGL, adipose triglyceride lipase; (B) MTP, microsomal triglyceride transfer protein; 

(C) representative western blot. Proteins were normalized to b-actin. Data expressed as mean ± 

SEM. Sample size was n = 8 / group (combined basal and insulin-stimulated). Data analyzed by 

two-tailed t-test.   
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Figure 4.10. Regulators of energy metabolism protein abundance in tissue from overnight 

fasted mice. (A) p-AMPKa / AMPKa, AMP-activated protein kinase a; (B) AMPKa; (C) 

PPARg, peroxisome proliferator-activated receptor gamma; (D) p-AMPKb / AMPKb; (E) 

AMPKb; (F) representative western blot. Proteins were normalized to b-actin. Data expressed as 

mean ± SEM. Sample size was n = 8 / group (combined basal and insulin-stimulated). Data 

analyzed by two-tailed t-test. * Indicates p < 0.05.   
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4.2 Discussion 

My first objective aimed to create a model of metabolic dysfunction exhibiting fatty liver 

using HFD in C57BL/6 mice. The HFD treatment elicited increases in BW and fat mass, mild 

disturbances in glucose homeostasis, and enhanced hepatic steatosis, consistent with a preclinical 

phenotype. 

Body composition was drastically different between the two groups with HFD displaying 

significant increases in BW gain, fat mass, and epidydimal WAT (eWAT), despite similar food 

intake. Body composition changes were accompanied by higher four-hour FBG in HFD animals, 

an indication for mild metabolic disturbance. However significant differences were not seen in 

the ITT and PTT. This may be due to the inability of ITT to detect subtle changes in insulin 

sensitivity. In a similar diet study using the same mouse model, ITT was similar between HFD 

and LFD animals, however data from the hyperinsulinemic-euglycemic clamp displayed a lower 

glucose infusion rate and higher hepatic glucose production than the LFD group, indicating IR 

[129].  

  Hepatic lipid accumulation was enhanced in HFD compared to LFD animals, paired with 

a higher hepatic TG content. These results follow the literature as HFD ranging from 58-80% fat 

have induced hepatic steatosis in Sprague-Dawley rats, C57BL/6Ncrj mice, and uncastrated 

boars [130], [131], [132]. Histological differences in the HFD animals included LD with larger 

areas and a larger percentage of the liver covered by LD compared to LFD. Larger LDs, also 

known as macrovesicular steatosis, are enriched with SFA, which has been shown to enhance ER 

stress, apoptosis, ROS accumulation, and cytotoxicity [133].  

Of interest, our diet model to induce metabolic dysfunction presenting with pre-diabetes 

or MASLD contrasts with models used by other groups. Commonly, HFD with 60% kcal or a 
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combination of HF (~40% kcal fat) and high sucrose (~27% kcal) are used to induce MASLD 

over longer intervention periods (12-16 weeks on average) [134], [135], [136]. This could be a 

reason why there was a lack of fibrosis and immune infiltration in the livers of the HFD animals 

as seen in a previous study using a similar diet [137], comparable changes in ITT, and similar 

liver weights between HFD and LFD. However, this model allows us to answer our hypothesis 

under conditions similar to preclinical disease status in humans, before reaching pronounced IR 

and MASH, which could be useful in disease prevention. Another potential reason for the 

absence of MASH characteristics is the temperature in which they were housed as mice require 

higher ambient temperatures (~29-32 °C) to maintain thermoneutrality [138]. Thus, our mice 

housed at ~24 °C may be utilizing more energy to maintain their core body temperature, 

resulting in reductions in weight gain and disease progression.  

 Molecular pathways were generally unaffected with minimal differences seen in hepatic 

DNL, FA uptake, oxidation, and export. However, the regulatory proteins, p-AMPKa, p-

AMPKb, and PPARg, had higher abundance in LFD compared to HFD. AMPK is important in 

both lipid and glucose metabolism, through the inhibition of DNL and upregulation of FA 

oxidation and lipolysis [139]. Chronic AMPK activation in transgenic mice elicited reduced 

DNL, hepatic TG, and hepatic lipid accumulation [140]. Thus, HFD mice may have an impaired 

ability to adapt to changes in substrate availability and cellular energy; therefore, it will be 

important in the following studies to examine whether milk treatment mitigates the effect of 

HFD on AMPK and the enzymes it regulates.   

 Overall, HFD animals displayed metabolic dysfunction consistent with preclinical T2D 

and fatty liver. Although molecular changes were modest, key regulatory pathways displayed 

lower abundance, indicating metabolic dysfunction within crucial metabolic pathways in the 
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HFD model. The next chapters will outline whether milk supplementation effectively ameliorates 

HFD effects on metabolism.  
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Chapter 5: Metabolic outcomes of dairy milk intervention 

5.1 Results 

5.1.1 Food intake, body composition, and tissue weight 

 Food intake was similar between groups (Figure 5.1). After 8 weeks of diet intervention, 

NFM supplementation significantly reduced BW gain when compared to the HFD (p = 0.031) 

and WFM groups (p = 0.0068) (Table 5.1). This significance was retained when corrected to 

baseline BW. Four-hour FBG was not different between groups, however overnight FBG was 

higher in the WFM group compared to HFD (p < 0.05) and the NFM group (p < 0.01) (Table 

5.1). NFM animals had significantly lower fat mass % compared to the HFD group (p = 0.029) 

and the WFM group (p = 0.044) (Table 5.1). The liver weight and eWAT was not different 

between groups (Table 5.1).  

 

 

Figure 5.1. Food intake measured as Kcal per day per animal during 8 weeks of NFM and 

WFM supplementation. Data were expressed as an average per cage with n = 8 mice from 2 

cages and analyzed by two-way ANOVA followed by Tukey’s post-hoc. HFD, high-fat diet; 

WFM, whole-fat milk; NFM, non-fat milk. 
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Table 5.1. Body composition and metabolic profile of NFM and WFM supplemented 
C57BL/6 mice.  

 HFD WFM NFM 

Body composition    

BW initial (g) 22 ± 0.28 23 ± 0.75 21 ± 0.74 

BW final (g) 36 ± 1.0a 38 ± 1.7a, b 31 ± 1.4a, c 

BW change (% of Baseline) 61 ± 3.5a 68 ± 4.6a 46 ± 2.5B 

Final fat mass (% BW) 34 ± 1.1a 35 ± 2.0a 28 ± 1.7B 

Final lean mass (% BW) 58 ± 1.0a 57 ± 1.9a 64 ± 1.6B 

Tissue Weight    

Liver (% g/BW) 3.0 ± 0.16 3.2 ± 0.17 3.2 ± 0.12 

eWAT (% g/BW) 5.6 ± 0.38 5.9 ± 0.28 5.8 ± 0.33 

Plasma (fasting)    

4-hour fasted glucose 

(mmol/L) 

11 ± 0.49 11 ± 0.93 13 ± 0.92 

Overnight fasted glucose 

(mmol/L) 

5.9 ± 0.53a 7.7 ± 0.35b 4.8 ± 0.62a, C 

NEFA (mEq/L) 0.49 ± 0.04 0.50 ± 0.04 TBD 

Liver Content    

TG (mg/g) 71.7 ± 14.4a 69.2 ± 16.5a 46.0 ± 10.4b 

Cholesterol (mg/g) 1.40 ± 0.23 1.14 ± 0.22 1.27 ± 0.58 

Abbreviations: BW, body weight; eWAT, epidydimal white adipose tissue; NEFA, non-esterified 

fatty acids; TG, triglycerides. Data expressed as mean ± SEM of n = 8 mice / group. Analysis by 
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one-way ANOVA followed by Tukey’s post-hoc test. Different lowercase letters indicate p < 0.05 

with uppercase letters indicating p < 0.01.  

 

5.1.2 ITT, PTT, and FBG 

 FBG after a four-hour fast was not different between groups (Table 5.1). These values 

were at time = 0 (baseline) in the ITT. However, WFM animals had higher FBG after an 

overnight fast compared to HFD (p < 0.05) and NFM (p < 0.01). These values were time = 0 in 

the PTT.  

Absolute ITT blood glucose concentrations prior to correction were not different, but 

after correcting for baseline were significantly lower in NFM at the 120-minute time point (p < 

0.05) (Figure 5.2A, B). ITT AUC values were not different between all groups both prior and 

after correcting for baseline FBG (Figure 5.2C, D). For PTT, WFM had a higher blood glucose 

concentration than NFM at the 0-minute and 20-minute time point (p < 0.05) and lower blood 

glucose concentration than NFM at the 120-minute mark (p < 0.05) (Figure 5.3A). NFM trended 

to be lower than HFD at the 40-minute time point (p = 0.07). After correction to baseline, WFM 

presented lower blood glucose concentration compared to HFD at the 40-minute time point (p < 

0.05) (Figure 5.3B). The PTT AUC was unchanged between groups (Figure 5.3C), but after 

correction to baseline FBG, NFM was higher than WFM (p < 0.05) (Figure 5.3D).  

 



   71 

 

Figure 5.2. Insulin tolerance test (ITT) in 4-hour fasted mice supplemented with WFM and 

NFM . (A) ITT HFD groups (n = 10 HFD; n = 6 WFM & NFM); (B) ITT as % of baseline 

fasting blood glucose concentration; (C) ITT area under the curve (AUC) and (D) ITT AUC of 

baseline corrected curves. Data expressed as mean ± SEM, analyzed by two-way ANOVA (A, B) 

and one-way ANOVA (C, D) followed by Tukey’s post-hoc test, to identify diet effect. * 

Indicates p < 0.05 comparing HFD and NFM.  

 

0

500

1000

1500

A
U

C
 (m

m
ol

/L
/m

in
)

0 15 30 60 90 120
0

5

10

15

ITT  

Time (min)

G
lu

co
se

 (m
m

ol
/L

)

HFD

WFM

NFM

A B

C D

Basa
l

In
su

lin
-Stim

ulat
ed

Basa
l

In
su

lin
-Stim

ulat
ed

Basa
l

In
su

lin
-Stim

ulat
ed

Basa
l

In
su

lin
-Stim

ulat
ed

0.0

0.5

1.0

1.5

2.0

2.5

A
M

PK
β 

/ β
-A

ct
in

 
(F

C 
of

 H
FD

)

LFD HFD WFM NFM

0

2000

4000

6000

8000

10000

A
U

C
(%

 b
as

el
in

e)

0 15 30 60 90 120
0

50

100

150

Time (min)

G
lu

co
se

 (%
 B

as
el

in
e)

HFD

WFM

NFM

* HFD x NFM

*



   72 

 

Figure 5.3. Pyruvate tolerance test (PTT) in overnight-fasted mice supplemented with 

WFM and NFM. (A) PTT HFD groups (n = 10 HFD; n = 6 WFM & NFM); (B) PTT as % of 

baseline fasting blood glucose concentration; (C) PTT area under the curve (AUC) and (D) PTT 

AUC of baseline corrected curves. Data expressed as mean ± SEM, analyzed by two-way 

ANOVA (A, B) and one-way ANOVA (C, D) followed by Tukey’s post-hoc test, to identify diet 

effect. * Indicates p < 0.05 comparing WFM and NFM in panel A and HFD and WFM in panel 

B.  
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5.1.3 Hepatic histology 

 Histological analysis of hepatic LD displayed an altered distribution of LD, with an 

increasing number of larger LD in the HFD group (Figure 5.4A). The average size of LD was not 

statistically different between HFD groups (Figure 5.4B), however NFM had significantly less 

LD compared to HFD (p < 0.05) (Figure 5.4C). The total area covered by LD was significantly 

lower in NFM (p < 0.05) and strongly trended towards a reduction in WFM (p = 0.051) 

(Figure5.4D). The qualitative analysis of the images reveals a visible reduction in liver fat in the 

WFM and NFM groups when compared to HFD, shifting towards normalization of lipid 

accumulation (Figure 5.4E).  

Hepatic TG was significantly lower in NFM compared to both HFD and WFM (p < 0.05). 

No significant differences were seen in hepatic cholesterol concentration and serum NEFA. 

Based on both measures, NFM outperformed WFM, but there is still a suggestion of 

improvement with WFM, as seen by the representative images.  
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Figure 5.4. Hepatic histology and morphological characterization in tissue from overnight 

fasted mice. (A) Distribution of LD by average size and number per quadrant; (B) average area 

of LD; (C) average number of LD per quadrant; (D) percentage of total area covered by LD; (E) 

histological images displaying lipid accumulation in stained liver slides; LD denoted by arrows. 

Data expressed as mean ± SEM (n = 6 / group) and analyzed by one-way ANOVA. * Indicates p 

< 0.05. LD, lipid droplet; HFD, high-fat diet; WFM, whole-fat milk; NFM, non-fat milk.  
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5.1.4 Hepatic lipid profile 

GC analysis of the FA profile in liver total phospholipids and total lipids displayed small 

changes within individual FA, but the overall profile was not statistically different between 

treatment groups.  

Starting with total hepatic lipids (Table 5.2), there were no differences in total MUFA, 

PUFA, or SFA content between HFD and milk-treated groups. Comparison between groups was 

completed to uncover possible differences between specific FA species. There was only a single 

difference between HFD ± milk groups in individual MUFA or PUFA content, with C16:1n-9 

trending lower in NFM compared to HFD (p = 0.088). For individual FA within the SFA class, 

NFM animals had higher C17:0 compared to HFD (p < 0.05) and WFM (p = 0.053), higher 

C18:0 compared to WFM (p = 0.086), and lower C14:0 compared to HFD (p = 0.073). WFM 

animals had higher C16:0 compared to NFM (p < 0.05). 

For total phospholipids (Table 5.3), WFM exhibited lower MUFA in phospholipids 

compared to HFD (p = 0.095). Total SFA and PUFA content was not significantly different 

between any of the groups. Within the MUFA class, FA accounting for the reduction in WFM 

included C16:1n-9 (p = 0.067). For NFM, C16:1n-9 (p = 0.052) and C18:1n-9 (p = 0.076) were 

lower whereas C24:1n-9 trended higher compared to WFM (p = 0.057). Of interest within the 

SFA class were FA considered to be biomarkers of dairy intake. However, no clear pattern 

emerged as C15:0 was lower in WFM compared to NFM (p < 0.05) while C17:0 was similar 

between groups. C20:2 trended higher in NFM compared to WFM (p = 0.065).  
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Table 5.2. Total liver lipid content characterization represented as peak area percentage. 

 HFD WFM NFM 

SFA    

C14:0 0.58 ± 0.06 0.46 ± 0.06 0.39 ± 0.04# 

C15:0 0.06 ± 0.003 0.06 ± 0.004 0.07 ± 0.003 

C16:0 27.2 ± 0.47a, b 28.1 ± 0.51a 26.5 ± 0.43b 

C17:0 0.08 ± 0.014a 0.08 ± 0.01a 0.12 ± 0.01b 

C18:0 5.00 ± 0.58 4.2 ± 0.65 6.8 ± 1.03# 

C20:0 0.29 ± 0.04 0.29 ± 0.03 0.37 ± 0.05 

C24:0 0.01 ± 0.002 0.01 ± 0.002 0.02 ± 0.003 

å SFA (%) 33.2 ± 1.17 33.2 ± 1.27 34.3 ± 1.57 

MUFA    

C14:1 0.04 ± 0.008 0.02 ± 0.009 0.01 ± 0.003 

C15:1 0.02 ± 0.005 0.01 ± 0.04 0.02 ± 0.002 

C16:1n-7 0.70 ± 0.06 0.93 ± 0.16 0.66 ± 0.06 

C16:1n-9 5.6 ± 0.58 3.3 ± 0.32 2.3 ± 0.26# 

C17:1 0.07 ± 0.006 0.13 ± 0.02 0.11 ± 0.01 

C18:1n-7 2.8 ± 0.39 1.7 ± 0.25 1.7 ± 0.18 

C18:1n-9 35.8 ± 1.88 35.7 ± 2.01 29.5 ± 2.71 

C20:1n-6 0.45 ± 0.06 0.45 ± 0.05 0.38 ± 0.05 

C24:1n-9 0.19 ± 0.04 0.20 ± 0.01 0.28 ± 0.03 

å MUFA (%) 42.9 ± 3.38 42.4 ± 2.87 35.0 ± 3.31 
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PUFA    

C18:2n-6 15.1 ± 1.77 15.4 ± 1.37 18.2 ± 0.86 

C18:3n-3 0.37 ± 0.05 0.34 ± 0.06 0.37 ± 0.04 

C20:2 0.22 ± 0.05 0.19 ± 0.03 0.24 ± 0.02 

C20:3 0.40 ± 0.04 0.46 ± 0.03 0.45 ± 0.03 

C20:4 4.9 ± 0.84 4.8 ± 0.76 7.4 ± 1.30 

C20:5n-3 0.09 ± 0.008 0.12 ± 0.02 0.13 ± 0.02 

C22:5n-3 0.16 ± 0.03 0.24 ± 0.03 0.25 ± 0.03 

C22:6n-3 2.6 ± 0.52 2.3 ± 0.09 3.8 ± 0.61 

å PUFA (%) 23.8 ± 3.31 23.9 ± 2.39 30.8 ± 2.91 

Abbreviations: LFD, low-fat diet; HFD, high-fat diet; WFM, whole-fat milk; NFM, non-fat milk; 

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty 

acids. Data expressed as mean ± SEM (n = 6 / group; fasted), analyzed by one-way ANOVA 

followed by Tukey’s post-hoc test. Different lowercase letters indicate p < 0.05 and # represents a 

trend of 0.05 < p < 0.1.  
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Table 5.3. Total liver phospholipid content characterization represented as peak area 
percentage.  

 HFD WFM NFM 

SFA    

C14:0 0.07 ± 0.007 0.06 ± 0.01 0.11 ± 0.03 

C15:0 0.06 ± 0.004a, b 0.05 ± 0.003a 0.06 ± 0.002b 

C16:0 24.7 ± 1.12 25.5 ± 1.0 25.9 ± 0.25 

C17:0 0.19 ± 0.02 0.18 ± 0.01 0.21 ± 0.01 

C18:0 17.2 ± 0.73 17.5 ± 1.1 18.4 ± 0.49 

C20:0 0.30 ± 0.007 0.29 ± 0.02 0.32 ± 0.03 

C24:0 0.16 ± 0.04 0.21 ± 0.02 0.27 ± 0.02 

å SFA (%) 42.7 ± 1.93 43.8 ± 2.16 45.3 ± 0.83 

MUFA    

C14:1 0.007 ± 0.0007 0.01 ± 0.006 0.007 ± 0.001 

C15:1 0.02 ± 0.002 0.017 ± 0.002  0.016 ± 0.001 

C16:1n-7 0.19 ± 0.01 0.16 ± 0.01 0.18 ± 0.01 

C16:1n-9 1.0 ± 0.26 0.60 ± 0.02# 0.59 ± 0.04# 

C17:1 0.07 ± 0.02 0.08 ± 0.02 0.10 ± 0.01 

C18:1n-7 2.1 ± 0.35 1.6 ± 0.22 1.6 ± 0.15 

C18:1n-9 11.5 ± 2.17 8.0 ± 0.31 7.9 ± 0.37# 

C20:1n-6 0.14 ± 0.02 0.12 ± 0.01 0.13 ± 0.01 

C24:1n-9 0.60 ± 0.03 0.53 ± 0.02 0.66 ± 0.05# 

å MUFA (%) 15.6 ± 2.86 11.1 ± 0.62# 11.2 ± 0.64 
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PUFA    

C18:2n-6 13.1 ± 0.73 13.3 ± 1.79 13.8 ± 0.36 

C18:3n-3 0.07 ± 0.008 0.06 ± 0.02 0.06 ± 0.008 

C20:2 0.20 ± 0.04 0.17 ± 0.03 0.26 ± 0.02# 

C20:3 0.94 ± 0.09 0.82 ± 0.10 0.72 ± 0.06 

C20:4 18.6 ± 0.39 19.2 ± 1.0 19.8 ± 0.58 

C20:5n-3 0.13 ± 0.01 0.10 ± 0.01 0.11 ± 0.01 

C22:5n-3 0.38 ± 0.04 0.31 ± 0.04 0.35 ± 0.04 

C22:6n-3 8.1 ± 0.35 8.3 ± 0.64 8.5 ± 0.23 

å PUFA (%) 42.3 ± 1.66 42.3 ± 3.63 43.6 ± 1.31 

Abbreviations: HFD, high-fat diet; WFM, whole-fat milk; NFM, non-fat milk; SFA, saturated 

fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. Data 

expressed as mean ± SEM (n = 6 / group; fasted), analyzed by one-way ANOVA followed by 

Tukey’s post-hoc test. Different lowercase letters indicate p < 0.05 and # represents a trend of 

0.05 < p < 0.1. 
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5.2 Discussion 

Dairy consumption reduces the risk and incidence of MASLD, however, the mechanism 

of action has yet to be elucidated and is likely to vary depending on the dairy product [88]. In 

this chapter, in which I used the model of metabolic dysfunction described in Chapter 4, I 

provided data consistent with my hypothesis that a low dose (equivalent to less than half a 

serving) of NFM supplementation significantly reduces BW gain and body fat mass and, 

importantly, reduces hepatic lipid accumulation without changes in food intake. In contrast, 

WFM treatment did not improve body composition and only partially mitigated hepatic steatosis. 

This suggests that NFM is superior to WFM in mitigating hepatic steatosis perhaps secondary to 

reduced BW gain and fat mass, which are known risk factors for metabolic dysfunction. 

Similarly, feeding skim milk powder to obese Sprague-Dawley rats significantly reduced weight 

gain and body fat %, pointing to a benefit of skim milk over WFM [100].  

Moreover, observational research in an elderly Mediterranean population demonstrated 

an inverse relationship between low-fat milk consumption and risk of MetS, with no association 

seen with WFM [141]. Previously discussed studies found similar results, with an increased 

intake of low-fat milk inversely associated with T2D and MASLD risk in various adult 

populations [89], [142]. The data from this study can serve to support dietary recommendations 

for those at risk of metabolic dysfunction and contribute to resolving the controversy between 

WFM and NFM. However, this is not to propose that there are no metabolic benefits of WFM as 

mild mitigation of hepatic steatosis was demonstrated, but to a lesser extent than NFM, which 

suggests that NFM has a greater therapeutic benefit.  

Overnight FBG was reduced in NFM compared to WFM, suggesting a healthier 

metabolic phenotype. However, AUC for PTT corrected to baseline displayed significant 
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elevation in the NFM group compared to WFM, consistent with altered control of 

gluconeogenesis. In a RCT of adult participants, consumption of 3.3 servings of either WFM or 

NFM per day resulted in a reduction of the Matsuda insulin sensitivity index and an increased 

HOMA-IR, suggesting that increased dairy intake impairs glucose tolerance compared to limited 

dairy controls [143]. Further, WFM displayed reduced oral disposition index, pointing towards 

impaired b-cell insulin secretion, a relationship not indicated in the NFM group. NFM 

consumption with a fat-containing meal in male adults enhanced post-prandial insulin secretion, 

pointing to blunted hyperglycemia, and promoted lipid metabolism by NFM compared to a milk 

protein only drink [144]. Overall, more research is required to determine the effect of NFM over 

WFM as my data supports a beneficial role post-prandially. The fasting data are equivocal 

because FBG was reduced but a possible increased capacity for hepatic gluconeogenesis was 

indicated in the PTT.  

Hepatic lipid content and accumulation were different between groups, displaying 

morphological and metabolic differences in lipid metabolism. In NFM-fed mice, the reduction in 

hepatic steatosis was evidenced by a reduction in the number and total area of hepatic 

parenchyma covered by LDs, and lower hepatic TG compared to HFD. WFM treatment did not 

reduce LD numbers but tended to reduce the area covered by LDs. Similar results to NFM were 

observed in C57BL/6 mice supplemented with phospholipid-rich dairy milk [95]. Dairy 

phospholipids are mainly found on the MFGM in WFM and membranous material in NFM, and 

phosphatidylethanolamines (PE) are the most abundant PL in milk fat [145]. PE comprises 

several distinct FAs, among which C16:0, C18:0, C18:1n-9, and C18:2n-6 constitute the largest 

proportion, with differences present when looking at MFGM in isolation versus WFM [146]. 

SFA and MUFA have various implications on metabolic health, with positive associations found 
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between plasma phospholipids C16:0 and C18:0 and T2D, and enhanced C18:1n-9 and C18:2n-6 

seen in human NASH hepatocytes [147], [148].  

However, our analysis of hepatic lipid profiles displayed only small differences between 

individual FA in the WFM and NFM groups. In obese patients with MASLD, overall hepatic 

PUFA lipid content was lower with individual FA 20:4n-6, 22:5n-3, and 22:6n-3 reduced when 

compared to controls [149]. Docosapentaenoic acid (DPA, 22:5n-3) and docosahexaenoic acid 

(DHA, 22:6n-3) are commonly known as beneficial omega-3 FA, with their consumption 

resulting in improvements demonstrated in heart rate, blood pressure, circulating lipids, and anti-

inflammatory effects [150]. Arachidonic acid (20:4n-6) affects lipid metabolism, with 

supplementation for 7 weeks in California yellowtail juveniles resulting in improved blood 

cortisol and FBG, and enhanced expression of hepatic b-oxidation enzyme Cpt1a and reduced 

expression of Fas [151]. Although not statistically significant, NFM increased overall PUFA 

content by almost 23% compared to HFD, with DPA increased by 36%, DHA increased by 32%, 

and arachidonic acid by 31%. This may reflect a healthier metabolic phenotype in the total lipid 

pool compared to HFD groups, complementing the human and animal findings within the 

literature.  

Considering the significant difference in hepatic morphology, metabolic parameters, and 

liver content, our next step was to determine the mechanism of action by which NFM, and WFM 

to a lesser extent, prevented hepatic steatosis and promoted a healthier metabolic phenotype. 

Based on the phenotypic data, I predict that the molecular effects in the liver will be more 

pronounced in the NFM group.  
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Chapter 6: Molecular mechanisms of dairy milk interventions 

6.1 Results 

 Of hepatic genes within the four arms of lipid metabolism only Opa1 (p < 0.05) was 

higher in WFM compared to HFD and a trend towards enhanced expression of Mttp in WFM 

was noted compared to HFD (p = 0.07) and NFM (p = 0.06) (Figure 6.2).  Western blot was 

completed to assess if gene expression patterns were continued or altered at the protein level 

with a summary of the proteins measured displayed in Figure 6.1.  

 

6.1.1 Liver lipid transporters and de novo lipogenesis 

FA transporter CD36 was unchanged between groups (Figure 6.3A) but a regulator of FA 

uptake, FABP4 trended towards enhanced abundance in the WFM group compared to NFM 

(Figure 6.3B, p = 0.059). FAS, the rate limiting enzyme for DNL, was significantly higher in 

WFM compared to NFM (p < 0.05) (Figure 6.3C) but there was no difference between groups in 

ACS abundance (Figure 6.3D). p-ACC had altered responses to diet (two-way ANOVA, p < 

0.05). There was higher abundance in the insulin-stimulated WFM group compared to NFM, 

where it was nearly undetectable in many samples (p = 0.069) (Figure 6.3E). Also, total ACC 

trended towards higher abundance in insulin-stimulated WFM compared to NFM (p = 0.097) 

(Figure 6.3F). In addition, two-way ANOVA revealed a significant diet x insulin-stimulation 

interaction for p-ACL (p < 0.05) and a significant effect of diet (p < 0.05). The ratio of p-ACL / 

ACL also displayed significant diet x insulin stimulation interaction, with insulin increasing 

versus decreasing p-ACL in NFM versus WFM (p < 0.05) and a similar trend for NFM compared 

to HFD (p = 0.060). There were also independent effects of diet and insulin (p = 0.0013, p < 
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0.0001 respectively) (Figure 6.3G). There was no difference in total ACL between groups 

(Figure 6.3H).  

 

6.1.2 Liver fatty acid oxidation 

Within the OXPHOS complexes, there were consistent increases in Complex I (Figure 

6.4A, p = 0.088), Complex II (Figure 6.4B, p < 0.05) and Complex IV (Figure 6.4D, p < 0.05) in 

NFM compared to WFM (p = 0.088), although Complexes III (Figure 6.4C) and V (Figure 6.4E) 

were not different between groups. The enzyme that catalyzes acyl-carnitine production and 

transport into the mitochondria, CPT1a was significantly higher in WFM compared to HFD (p < 

0.05) (Figure 6.4G).  

 

6.1.3 Liver lipogenesis and export 

 With FA synthesis and export proteins, there were no differences between groups for 

ATGL (Figure 6.5A). MTP trended towards higher abundance in NFM compared to WFM (p = 

0.076) with no difference between any other groups (Figure 6.5B).  

 

6.1.4 Liver lipid metabolism modulators 

Western blots were also completed for key regulatory proteins within the lipid 

metabolism arms. PPARg trended towards higher abundance in NFM compared to HFD (p = 

0.068) (Figure 6.6G). There were no differences seen between groups for p-AMPKa, AMPKa, 

p-AMPKa / AMPKa, p-AMPKb, AMPKb, and p-AMPKb / AMPKb (Figure 6.6A-F).  
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Figure 6.1. Summary of proteins within lipid metabolism measured by qPCR and western 

blot within milk-supplemented groups. Proteins coloured grey denote proteins of interest. 

Created by EB with biorender.com.  
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Figure 6.2. Hepatic mRNA expression of lipid metabolism genes in overnight fasted mice. 

(A) Comparison of HFD groups (n = 6 / group). Gene expression was normalized to cyclophilin 

(B). Data analyzed by one-way ANOVA followed by Tukey’s post-hoc test. * Indicates p < 0.05.  
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Figure 6.3. Liver lipid transporters and de novo lipogenesis enzyme abundance in tissue 

from overnight fasted mice. (A) CD36; (B) FABP4, fatty acid binding protein 4; (C) FAS, fatty 
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acid synthase; (D) ACS, acetyl-CoA synthetase; (E) p-ACC / ACC, acetyl-CoA carboxylase; (F) 

ACC; (G) p-ACL / ACL, ATP-citrate lyase; (H) ACL; (I, J) representative western blots. Proteins 

were normalized to b-actin. Data expressed as mean ± SEM. Sample size for A-D was n = 8 

(combined basal and insulin-stimulated) and for E-H n = 4 for basal and n = 4 for insulin-

injected. Data analyzed by one-way ANOVA (A-D), and two-way ANOVA (E-H) followed by 

Tukey’s post-hoc test for effect of diet and insulin. * Indicates p < 0.05, **** indicates p < 

0.0001. 
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Figure 6.4. Liver fatty acid oxidation protein abundance in tissue from overnight fasted 

mice. (A-E) OXPHOS mitochondrial complexes I-V; (F) OXPHOS representative western blot; 

(G) CPT1a, carnitine palmitoyltransferase 1a; (H) CPT1a representative western blot. Proteins 
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were normalized to b-actin. Data expressed as mean ± SEM (n = 8 / group; combined basal and 

insulin-stimulated). Data analyzed by one-way ANOVA followed by Tukey’s post-hoc test. * 

Indicates p < 0.05.   

 

 

Figure 6.5. Liver lipogenesis and export protein abundance in tissue from overnight fasted 

mice. (A) ATGL, adipose triglyceride lipase; (B) MTP, microsomal triglyceride transfer protein; 

(C) representative western blot. Proteins were normalized to b-actin. Data expressed as mean ± 

SEM. Sample size was n = 8 (combined basal and insulin-stimulated). Data analyzed by one-way 

ANOVA followed by Tukey’s post-hoc test.  
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Figure 6.6. Liver lipid metabolism regulatory protein abundance in tissue from overnight 

fasted mice. (A) p-AMPKa / AMPKa, AMP-activated protein kinase a; (B) p-AMPKa; (C) 

AMPKa; (D) p-AMPKb / AMPKb; (E) p-AMPKb; (F) AMPKb; (G) PPARg, peroxisome 

proliferator-activated receptor g; (H) representative western blot. Proteins were normalized to b-

actin. Sample size was n = 8 (combined basal and insulin-stimulated). Data analyzed by one-way 

ANOVA followed by Tukey’s post-hoc test.   
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6.2 Discussion 

The objective of this chapter was to characterize and compare regulation of hepatic lipid 

metabolic pathway(s) by NFM and WFM. Based on the results in Chapter 5, showing that NFM 

was more effective in reducing liver fat, I hypothesized that NFM would induce metabolic 

pathways associated with increased fat oxidation and/or export. Overall, my data supports the 

hypothesis, with NFM increasing proteins of the mitochondrial oxidative phosphorylation 

complexes while also reducing some enzymes that regulate DNL. Whereas the WFM effects on 

lipid metabolic enzymes would be predicted to increase FA uptake and possibly DNL. Neither 

milk product reversed the decrease in AMPK or p-AMPK noted in HFD mouse livers (Chapter 

4). 

FA oxidation is the process by which FA are transported into the mitochondrial matrix by 

the rate-limiting enzyme CPT1a and targeted to undergo b-oxidation and oxidative 

phosphorylation [152], [153]. Mitochondrial dysfunction is intricately linked to MASLD 

progression, as chronic activation of FA oxidation in the presence of elevated plasma and hepatic 

TGs can result in increased ROS, ATP depletion, and mitochondrial apoptosis [154]. WFM 

increased the abundance of CPT1a compared to HFD, which could promote shuttling of FA into 

the mitochondrial matrix. However, complexes I, II, and IV were higher than HFD in NFM and 

not WFM, suggesting a greater oxidative phosphorylation capacity. Supplementation of the milk 

protein whey in Sprague Dawley rats yielded reduced hepatic oxidative stress and restoration of 

complex I, II, and IV activity [155], and in a T2D model whey lowered hepatocyte oxidative 

stress, enhanced mitochondrial function, and sustained ATP production in vitro [156]. This may 

suggest a potential bioactive role of milk protein, however the difference between protein content 
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in the overall diet of our animals was less than 1 mg, indicating a difference of less than 0.2 mg 

of whey intake solely from the NFM versus WFM.   

Regarding lipid uptake, I found weak evidence for increased capacity with non-

significant increases for FABP4 abundance in WFM group compared with HFD (p < 0.1), and 

~50% increase in CD36 abundance in NFM versus WFM. Although gene expression of the DNL 

enzymes Fasn and Acaca were similar between groups, FAS protein abundance was enhanced in 

WFM. FAS catalyzes the synthesis of de novo FA from malonyl-CoA, acetyl-CoA, and NADPH, 

suggesting increased lipogenic capacity in this group compared to NFM [157]. However, the 

ratio of p-ACC to total ACC was significantly higher in the WFM group. p-ACC is the inactive 

form of the enzyme and signifies a lack of substrate availability for FAS. Overall, the histology, 

direct measurement of TG, and molecular results support the hypothesis of reduced hepatic lipid 

production in the NFM group whereas WFM results are equivocal. Neither NFM nor WFM 

altered AMPK proteins or their phosphorylation relative to HFD. Thus, the ability of hepatocytes 

to switch from fat to carbohydrate metabolism or respond to low energy availability may still be 

impaired [158]. 

As the metabolic and molecular results from the liver displayed alterations in the NFM 

group compared to WFM and HFD, and because of the inter-organ crosstalk described in 

Chapter 1, I questioned whether these effects on lipid or glucose metabolism would be evident 

elsewhere to promote a healthier metabolic phenotype. I hypothesized that skeletal muscle may 

play a protective role in reducing lipid and glucose metabolic dysfunction, as it is essential to 

both glucose storage and utilization as well as being a key consumer of FA [159]. NFM also 

displayed an enhancement of lean muscle mass % and a reduction of BW gain, suggesting an 
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altered metabolic phenotype compared to WFM. Thus, the next chapter will outline findings in 

skeletal muscle in LFD, HFD, NFM, and WFM groups.  
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Chapter 7: Alterations in skeletal muscle metabolism 

7.1 Results 

7.1.1 Skeletal muscle glucose metabolism 

When comparing the LFD and HFD groups, there were no notable variances observed in central 

regulatory proteins of glucose metabolism, AMPKa, AMPKb, or Akt, including the ratio of 

phosphorylated to total protein (Figure 7.1). Similarly, the NFM and WFM groups displayed no 

significant differences in the three proteins of interest when compared to HFD. However, there 

was a notable trend towards higher levels of p-Akt / Akt within the NFM group, indicating a 

potential augmentation of insulin-dependent glucose uptake (Figure 7.2).  

 

7.1.2 Skeletal muscle lipid metabolism 

Within key lipid pathway proteins, LFD had higher abundance of SIRT1 compared to 

HFD (p < 0.05), with no significant differences seen in CD36, PGC1a, or CPT1a (Figure 7.3). 

NFM and WFM displayed lower abundance of CD36 compared to HFD (p < 0.01 and p < 0.05 

respectively), suggesting a reduction in FA uptake (Figure 7.4). WFM had higher abundance of 

SIRT1 compared to NFM (p < 0.05) and HFD (p = 0.079), suggesting a higher utilization of FA 

present in the muscle tissue. There were no other differences between the HFD groups for 

PGC1a or CPT1a.  
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Figure 7.1. Skeletal muscle glucose metabolism protein abundance for LFD and HFD in 

tissue from overnight fasted mice. (A) p-AMPKb / AMPKb; (B) AMPKb; (C) p-AMPKa / 

AMPKa; (D) AMPKa; (E) p-Akt / Akt; (F) Akt; (G-I) representative western blots. Sample size 

for A-D was n = 8 (combined basal and insulin-stimulated), E-F was n = 4 (insulin-stimulated). 

Data analyzed by two-tailed t-test.  
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Figure 7.2. Skeletal muscle glucose metabolism protein abundance for NFM and WFM 

supplemented mice in tissue from overnight fasted mice. (A) p-AMPKb / AMPKb; (B) 

AMPKb; (C) p-AMPKa / AMPKa; (D) AMPKa; (E) p-Akt / Akt; (F) Akt; (G-I) representative 

western blots. All proteins normalized to b-Actin. Sample size for A,B,C,D was n = 8 (combined 

basal and insulin-stimulated); E,F sample size was n = 4 (insulin-stimulated). Data analyzed by 

one-way ANOVA.  
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Figure 7.3. Skeletal muscle lipid metabolism protein abundance for overnight-fasted LFD 

and HFD mice. (A) CD36; (B) PGC1a; (C) SIRT1; (D) CPT1a (E) representative western blot. 

All proteins normalized to b-Actin. Sample size for A, C was n = 4 (basal). Sample size for B, D 

was n = 8 (combined basal and insulin-stimulated). Data analyzed by two-tailed t-test. * 

Indicates p < 0.05.  
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Figure 7.4. Skeletal muscle lipid metabolism protein abundance for overnight fasted mice. 

(A) CD36; (B) PGC1a; (C) SIRT1; (D) CPT1a (E) representative western blot. All proteins 

normalized to b-Actin. Sample size for A, C was n = 4 (basal). Sample size for B, D was n = 8 

(combined basal and insulin-stimulated). Data analyzed by one-way ANOVA. * Indicates p < 

0.05, ** indicates p < 0.01.  
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7.2 Discussion 

Skeletal muscle plays an integral role in maintaining glucose and lipid homeostasis, and I 

hypothesized that NFM would more effectively enhance glucose and lipid metabolism in the 

skeletal muscle than WFM. Such an outcome would have the potential to reduce the load on the 

liver and promote a healthier metabolic profile. However, this hypothesis was refuted as glucose 

metabolism regulators Akt and AMPK displayed no significant abundance changes with milk 

supplementation, with only a trend to increased abundance in p-Akt / Akt after NFM treatment. 

However, these results should be interpreted with caution because the Akt and AMPK pathways 

were not altered by HFD compared with LFD; thus, marked effects of milk treatment might not 

be expected. 

On the other hand, lipid metabolism showed the opposite results as expected as CD36 

abundance was lower in both WFM and NFM compared to HFD, and SIRT1 abundance, which 

is important for FA oxidation, was higher in the WFM compared to NFM, which essentially 

returned SIRT1 to a similar level as observed in the LFD group.  

Other studies found that more severe MASH in C57BL/6N mice results in the 

overexpression of skeletal muscle microRNA-34a (miR-34a), a microRNA that inhibits SIRT1 

and AMPK, and skeletal muscle SIRT1 and p-AMPK abundance were reduced [160]. Our HFD 

results are consistent with the SIRT1 but not the p-AMPK profile, suggesting that the latter 

develops later in the pathogenesis of MASLD. SIRT1 also plays a role in mediating 

inflammation in the skeletal muscle, with enhanced abundance mitigating muscle atrophy, 

inflammatory cytokine production and enhancing ROS scavenging [161], [162]. This may 

provide an alternate pathway WFM may be acting and be a future direction for further research.  
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IMCL in skeletal muscle can have contradictory effects, with enhanced abundance 

associated with IR and chronic metabolic dysfunction, while also providing essential fuel during 

periods of activity [163], [164]. Although I was unable to run TG assays and histological analysis 

on the skeletal muscle in this study, a previous RCT in adults found that high-protein, low-fat 

skimmed milk drinks reduced IMCL compared with low-protein, high-fat diets [165]. T2D and 

prediabetes have both been associated with an increase in IMCL, suggesting that an attenuation 

of IMCL accumulation by dairy may provide a therapeutic benefit for metabolic disorders [166]. 

This is a future gap that could be assessed.  

MASLD and skeletal muscle are intricately linked as evidenced by a 7-year longitudinal 

study of ten thousand individuals without and 3000 with MASLD that showed an inverse 

relationship between relative muscle mass and MASLD incidence [167]. Muscle mass was also 

positively associated with the resolution of MASLD, suggesting that there is a protective factor. 

Dairy intake attenuated sarcopenia, loss of skeletal muscle mass, in a RCT studying adults over 

60 years of age [168]. In adult female LCR rats, milk protein supplementation reduced fat mass 

%, and LDL content and enhanced mitochondrial biogenesis in the plantaris muscle [169]. This 

animal trial was conducted over 21 weeks, potentially highlighting a limitation in the short 

duration of our study in replicating the beneficial effects in skeletal muscle. This may also 

indicate that the muscle mass of our animals was not enhanced to the point of altered metabolic 

function, highlighting a future research area.  
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Chapter 8: General discussion and conclusion  

8.1 Summary of hypothesis and main findings 

 The global incidence and prevalence of MASLD, in association with T2D, MetS, and 

obesity are increasing rapidly, each acting as their own global epidemic. Functional foods, such 

as dairy products, have demonstrated significant beneficial effects in reducing the progression of 

MASLD and the incidence of concurrent metabolic disorders, providing a possible therapeutic 

that can reduce the burden of MASLD while pharmacological treatments are still in development 

[13]. Moreover, foods that reduce fatty liver could be used preventatively before therapeutic 

agents are prescribed. In this study, I hypothesized that both NFM and WFM would significantly 

improve diet-induced hepatic lipid accumulation and prevent the initiation of early-stage 

MASLD in C57BL/6 mice but via different mechanisms. Overall, the data support the 

hypothesis, but with NFM being superior to WFM. NFM significantly reduced BW gain and fat 

mass %, hepatic lipid accumulation and TG, and enhanced the abundance of enzymes involved 

in FA oxidation.  

Interestingly, while not improving body composition, WFM did elicit a strong trend to 

reduced hepatic lipid accumulation but enhanced both hepatic DNL and FA oxidation protein 

abundance, which would be predicted to have antagonistic effects. Further investigation into the 

skeletal muscle did not support our hypothesis of a potential protective role of the skeletal 

muscle as there was a reduction in the capacity for FA uptake, and no consistent changes in 

enzyme pathways that might contribute to glucose uptake or lipid oxidation in either WFM or 

NFM tissues. This suggests that the skeletal muscle is not playing the role I proposed and leaves 

open future directions into other organs involved in MASLD such as the adipose tissue, 

pancreas, and gut.  
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8.2 Impacts of dairy and its components on hepatic lipid metabolism 

Dairy consumption reduces the risk and incidence of MASLD, however, the mechanism 

of action has yet to be elucidated and is likely to vary depending on the dairy product [88]. In 

this study, I demonstrated that a low dose (equivalent to a third of a human serving) of NFM 

significantly reduces hepatic lipid accumulation, as evidenced by a reduction in the number and 

total area of hepatic parenchyma covered by LDs, and lower hepatic TG compared to HFD. 

Whereas WFM treatment did not reduce LD numbers but tended to reduce the area covered by 

LDs. 

 Milk as a functional food has certain nutrients and bioactive molecules that could 

contribute to reducing hepatosteatosis. Choline, which is vital for the synthesis of cell 

membranes and neurotransmission, is associated with MASLD, with higher intake associated 

with lower incidence risk [110], [111]. Choline may prevent hepatic lipid accumulation, because 

choline-deficient bovine hepatic cells display significantly larger LD, hepatocyte TG content, 

and FAS [112]. Other studies demonstrate normalization of HFD-induced weight gain in a mouse 

model and enhanced FA oxidation with choline supplementation in vitro [113], [114]. Dairy 

products are a common source of choline in the diet with both NFM and WFM containing 16 mg 

and 14 mg respectively in 100g of milk [111]. The dosage in each of these mouse studies ranged 

from 0.3-1 mg/day of total choline supplementation, compared with < 0.1mg/day in our study. 

The differences in choline between milk groups in our study are minimal (0.02 mg/day), and 

only represent 2-3% of the total choline intake from chow and milk combined, therefore I 

speculate this difference may not be enough by itself to result in the morphological and 

molecular changes seen. However, in combination with other elements of the dairy matrix, it is 

possible that choline plays a role. Choline in the chow is present as a salt, whereas choline in 
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milk segregates largely in the MFGM in the form of phospholipids, i.e. phosphatidylcholine. As 

previously described, phospholipids from dairy are implicated in improving cardiovascular risk, 

and research shows that diets enriched in phosphatidylcholine, but not free choline reduces 

atherosclerotic plaque formation and lowered circulating VLDL [106], [107], [170]. A mix of 

lipid-soluble choline forms fed to dams also reduced inflammatory cytokine production in gut-

derived immune cells from their female offspring while a mix of free choline and 

phosphatidylcholine reduced gut permeability in inflammatory cytokines in a HFD rat model 

[171]. Thus, a role for choline cannot be completely ruled out and could be a potential future 

direction of study.  

Calcium is another potential nutrient that is rich in milk and is involved in endoplasmic 

reticulum (ER) stress, and mitochondrial dysfunction in cells [115]. Calcium enhances the 

activity of Complex I and IV in vitro to facilitate oxidative phosphorylation [116]. Calcium 

supplementation of approximately 0.1 mg/day in C57BL/6 mice reduced hepatic steatosis, liver 

TG, epididymal fat, and enhanced hepatic ATGL activity [172]. As the calcium per dose in the 

NFM group is only 0.03 mg/day more than WFM and 1.6% of total calcium intake from chow 

and milk combined, it may not play a primary role in the differential molecular changes seen 

within the mitochondrial oxidative capacity and hepatic lipid accumulation in our study. 

However, as with choline, combining calcium with other elements of the dairy matrix, such as 

vitamin D, has demonstrated lower hepatic lipid accumulation, adiposity, and elevation of HDL-

C in male Wistar rats [173]. This further supports our reasoning that the dairy matrix elements 

are acting in an additive factor rather than one single element in isolation causing these 

pronounced metabolic effects.   
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Milk protein is also a potential player in the modified lipid metabolism as the NFM diet 

contains 0.6 mg/day more milk protein compared to WFM. Casein and whey are major proteins 

in dairy milk with each displaying therapeutic properties, some of which have been described 

above [174]. Casein supplementation reduces BW gain, hepatic steatosis, and FAS activity in 

Sprague-Dawley rats and Leiden male mice [101], [102]. However, the Sprague-Dawley rats 

were supplemented with approximately 30 mg/day of casein and the Leiden mice were 

supplemented with approximately 9 mg/day, which is drastically higher than the difference 

between our milk groups. Whey intake of 7 mg/day also reduces hepatic TG, lipid accumulation, 

and DNL while enhancing FA oxidation in a mouse model [175]. As such, milk protein may 

contribute to eliciting the morphological and molecular changes seen in our study, but again, the 

additive effects of protein with the other bioactive components may be playing a larger role.  

As our study focuses on the dairy matrix as a whole and not the individual components, it 

is important to understand that although the above studies remarked on the beneficial effects of 

certain molecules in isolation, other studies were unable to replicate the same benefits or instead 

found opposing effects. An increase in hepatotoxicity and inflammatory biomarkers was seen in 

male Wistar rats supplemented with whey whereas complete dairy supplementation improved 

BW and HOMA-IR in Sprague-Dawley rats compared to whey and casein supplementation alone 

[100], [120]. The additive effects of each bioactive molecule and nutrient such as choline, 

calcium, and milk proteins within the dairy matrix may be potentiating the benefits seen in our 

study. 
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8.3 Impacts of dairy on skeletal muscle glucose and lipid metabolism 

Milk-derived nutrients may have direct effects on hepatic metabolism, or effects on other 

organs may elicit secondary improvement in liver steatosis. Skeletal muscle is one of the key 

players in glucose metabolism, responsible for approximately 80% of postprandial glucose 

uptake [176]. It is intricately linked with the adipose tissue and liver to balance glucose and lipid 

homeostasis. When this balance is disrupted by an excess of circulating glucose and lipids, as 

seen in MASLD, myosteatosis can develop, resulting in dysfunctional muscle tissue, atrophy, 

and worsened systemic IR [177]. Reduced skeletal muscle mass, known as sarcopenia, is 

positively associated with the development of MASLD, while sarcopenic obesity is associated 

with an even higher risk of MASLD [178]. Milk consumption positively associates with 

increased skeletal muscle mass, mitigating the risk of sarcopenia [179]. Although NFM mice in 

this study did not have more fat-free mass, which includes skeletal muscle, than WFM or HFD 

groups, it was higher as a percentage of total BW, which may confer some metabolic advantage.  

I measured activation of two regulatory proteins of glucose uptake important in skeletal 

muscle, Akt and AMPK. No significant alterations of Akt were seen. However, I did see a 2-fold 

higher abundance of p-Akt / Akt in NFM (p > 0.05), suggesting enhanced capacity for glucose 

uptake through insulin-dependent pathways. In future studies, it may be beneficial to study Akt 

phosphorylation using a fasting-refeeding paradigm, which is more physiological than injecting 

animals with supraphysiological doses of insulin that could mask mild or moderate differences. 

AMPKa/b abundance and phosphorylation were similar across all groups, indicating a lack of 

enhancement of insulin-independent glucose uptake that may have mitigated the elevation of 4-

hour FBG. Contrasting results have been seen in the literature as treatment with milk casein 

hydrolysate significantly increased p-AMPK in skeletal muscle cells grown in similar 
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environments and milk-fat globule supplementation up-regulated p-Akt in sarcopenic rats 

injected daily with D-galactose, promoting an increase in muscle glucose uptake [180], [181].   

 

8.4 Impacts of dairy on a pre-disease state and clinical relevance 

The central aim of this project was to determine dairy milk efficacy as an early 

intervention tool to mitigate the initiation of metabolic dysfunction and alleviate the burden of 

chronic disease. Almost 762 million individuals were diagnosed with prediabetes in 2021 and 

35% of adults in North American have MASLD, highlighting the importance of preventative 

methods to attenuate progression [5], [34]. In the Lifelines Cohort Study, 112, 086 Dutch adults 

completed food frequency questionnaires and donated blood [182]. Out of the total number of 

participants, 25, 549 had pre-diabetes and low-fat dairy consumption was inversely associated 

with incident T2D. In an Australian adult population, a higher intake of high-fat dairy was 

associated with a lower risk of prediabetes following a 12-year longitudinal study [183]. Results 

from the Korean Genome and Epidemiology study display an inverse association with dairy-rich 

diets and MASLD risk [184].  

These studies within human populations display the clinical relevance of proper dietary 

counselling and intervention. Current recommendations by Obesity Canada for providers suggest 

calorie-restriction diets, the Mediterranean diet, and low-glycemic index diets as the top three 

medical nutrition therapies [185]. These often require a complete overhaul of a patient’s current 

diet practices and may have low adherence. However, at the end of the list of recommendations 

are dairy foods, although no specificity to which dairy products to add or limit to promote 

metabolic health. Diabetes Canada also outlines lifestyle management, with a quick nutrition 

guide outlining health options including low-fat milk with meals [186]. This study may help to 
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clarify and specify to patients why milk, in particular, can be a beneficial addition to their diets 

and that it may not require high consumption, but rather approximately 75 mL of milk daily.  

 

8.5 Overall energy metabolism impacts of milk 

  The impacts of NFM on hepatic lipid metabolism may be mediated by its effects on 

overall energy metabolism and mitigation of weight gain, rather than direct effects on the liver. 

As seen in Table 5.1, NFM had significantly less weight gain than both HFD and WFM. 

Unpublished work in our lab focusing on the impacts of high-dose supplementation of NFM 

(equivalent to 2 human servings) in a similar experimental model, demonstrated a greater 

capacity for diet-induced thermogenesis (DIT) within BAT through enhanced abundance of 

UCP-1, SIRT1, and PGC1a. Additionally, whey intake in 23 lean humans increased DIT and 

cumulative fat oxidation compared to casein, soy, and high-carbohydrate controls [187]. DIT 

refers to an increase in energy expenditure postprandially, and is associated with digestion, 

absorption, utilization, and storage of dietary components [188].  

BAT is integral for shivering and non-shivering thermogenesis to increase energy 

expenditure and maintain body temperature and weight, respectively.  Reduced BAT activity was 

demonstrated in 29 MASLD participants and was associated with greater hepatic fat content 

[189]. BAT activation through CNS-stimulated hypothalamic circuits in male mice led to 

enhanced expression of UCP-1 and inhibited hepatic steatosis [190]. BAT activation through 

dietary measures, such as milk, may effectively reduce BW gain, mitigate hepatic steatosis, and 

result in a healthier metabolic phenotype. As obesity is a main risk factor for and consequence of 

MASLD, increasing energy expenditure through DIT could act as a potential therapeutic for both 

chronic diseases. NFM may be acting in this route to reduce dyslipidemia, mitigate weight gain, 
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and attenuate the metabolic load on the liver, resulting in the beneficial morphological and 

metabolic effects seen in this study.  

 

8.6 Limitations & future directions  

This is the first study elucidating the mechanistic differences between NFM and WFM to 

mitigate the progression of HFD-induced MASLD. Further research is still needed to fully 

understand the crosstalk between the liver, skeletal muscle, and adipose tissue. However, 

compared with WFM, NFM supplementation has superior potential to mitigate the effects of 

HFD-induced MASLD through reduced hepatic lipid accumulation and enhanced FA uptake and 

oxidation mediated by increased mitochondrial capacity. This would result in a reduction of DNL 

and an enhanced usage of dietary fats to mitigate the progression of early-stage MASLD, 

highlighting an important intervention window. Although I utilized a low dosage of NFM and 

WFM, most adults do not consume the recommended 2-3 servings per day, with multiple studies 

citing average adult dairy consumption around 1-2 servings per day [89], [191], [192]. As such, 

an equivalent dosage as was provided to the mice, is easily attainable in by encouraging a small 

increase in daily dairy consumption in people with low dairy consumption and increased risk of 

MASLD [88].  

This study has limitations as I did not achieve full IR as indicated by the ITT and 

phosphorylation of Akt, thus I cannot assume similar effects would be seen in an overtly insulin 

resistant MASLD model. However, this is also a benefit to our study as I can determine the 

impacts of dietary changes before full disease progression, allowing insights into the 

preventative impacts of dietary modifications. Exploration of the adipose tissue was not 

investigated, leaving a future route into possible alterations in adipogenesis and thermogenesis. A 
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final limitation is the lack of statistical power for my insulin-stimulated groups as the sample size 

was four, leaving room for improvement.  

8.7 Conclusion 

To conclude, while both NFM and WFM improved morphological characteristics of MASLD, 

NFM had a greater beneficial effect in reducing liver TG and enhancing capacity for 

mitochondrial oxidative phosphorylation. WFM treatment on the other hand yielded a potential 

enhancement in b-oxidation that may be partially negated by enhanced DNL and accumulation 

of liver TG in comparison with NFM. Therefore, NFM demonstrates a greater protective effect in 

mitigating hepatic steatosis and preventing the progression of MASLD. A summary depicting the 

proposed mechanisms of action of both NFM and can be seen in Figure 8.1.  
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Figure 8.1. Summary of the mechanisms of action impacted by NFM and WFM. HFD, high-

fat diet; NFM, non-fat milk; WFM, whole-fat milk; PPARg, proliferator activated receptor 

gamma; MTP, microsomal transport protein; OXPHOS, oxidative phosphorylation complexes; 

TG, triglycerides; CPT1a, carnitine palmitoyl transferase 1a; Opa1, optic atrophy 1; FABP4, 

fatty acid binding protein 4; FAS, fatty acid synthase; VLDL, very low density lipoprotein. 

Created by EB with Biorender.com.  
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