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ABSTRACT 

The obesity epidemic is an important global health concern. Obesity is 

associated with a number of diseases including type 2 diabetes, non-alcoholic 

fatty liver disease (NAFLD), cardiovascular disease, and some cancers. Insulin 

resistance, a precursor to type 2 diabetes, is defined as an unresponsiveness of 

metabolic tissues to insulin, leading to long-term hyperglycemia and 

hyperinsulinemia. The fatty acid-induced model of insulin resistance indicates 

that an accumulation of lipid intermediates interferes with insulin signal 

transduction leading to insulin resistance. It is, therefore, important to examine 

means by which these lipid intermediates can be reduced to alleviate interferences 

in insulin signaling in the treatment of insulin resistance and type 2 diabetes. 

Exercise and metformin are two common interventions in patients with type 2 

diabetes and obesity. They both commonly activate AMP-activated protein kinase 

(AMPK). AMPK contributes to a number of metabolic processes including 

increased glucose and fatty acid oxidation. However, the effects of AMPK 

activation on insulin sensitivity are currently not fully understood. This 

compilation of studies examined the insulin sensitizing effects of AMPK 

activation via metformin, exercise, and novel AMPK activator R419 in obese 

mice. In Chapter 2 we show that metformin increases AMPK phosphorylation of 

acetyl-CoA carboxylase (ACC) 1 Ser79 and ACC2 Ser212, resulting in increased 

fatty acid oxidation, decreased lipid content and improvements in hepatic insulin 

sensitivity. In Chapter 3 we show that exercise-induced improvements in insulin 
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sensitivity occur independent of AMPK phosphorylation of ACC phosphorylation 

sites and independent of lipid content in the liver. Finally, in Chapter 4 we show 

that R419 improves skeletal muscle insulin sensitivity independent of AMPK and 

lipid content but improves exercise capacity via a skeletal muscle AMPK-

dependent pathway in obese mice. These findings suggest that future studies 

examining the effects of AMPK activation in obesity will aid in our understanding 

of the mechanisms of insulin resistance and introduce methods of prevention and 

treatment of obesity and type 2 diabetes. 
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INTRODUCTION 

1.1 Epidemiology of obesity and type 2 diabetes 

Worldwide obesity rates have doubled in the last 30 years. Currently, 

about 36.9% of men and 38.0% of women are overweight or obese [1], defined as 

a body mass index ≥25 kg/m2. Obesity is associated with a number of diseases 

including type 2 diabetes and cardiovascular diseases, which are largely 

preventable and 3.4 million deaths each year are attributed to being overweight or 

obese [1]. The accumulation of fat in obesity leads to risk factors like abdominal 

obesity, glucose intolerance, and hypertension, which are commonly categorized 

under one title as Metabolic Syndrome [2,3]. Between 50 to 90% of patients with 

type 2 diabetes are overweight or obese [4] and obesity is the most important risk 

factor for the development of type 2 diabetes [5,6]. There are two main types of 

diabetes – type 1 and type 2, characterized by a deficiency in insulin production 

and improper use of insulin in the body, respectively. About 90% of diabetics 

have type 2 diabetes, the majority of who are obese adults. Prevalence rates of 

diabetes in adults are projected to increase from 6.4% in 2010 to 7.7% by 2030. 

Developed countries are expected to have a 20% increase in the number of adults 

with diabetes, while developing countries are expected to have a 69% increase 

between 2010 to 2030 [7]. By 2030, diabetes will be the 7th leading cause of death 

worldwide. Along with contributing to 1.5 million deaths worldwide, diabetes is 

associated with many other complications such as heart disease and stroke, 
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neuropathy, retinopathy, and kidney failure [8]. In addition, current overweight 

and obesity rates in children in developed countries lie at 23.8% in boys and 

22.6% in girls and in developing countries at 12.9% in boys and 13.4% in girls 

[1]. Only recently have children started to develop type 2 diabetes, speaking to the 

need for greater research in the field. 

1.1.1 Non-alcoholic fatty liver disease (NAFLD) 

Obesity is the leading cause of non-alcoholic fatty liver disease (NAFLD), 

characterized by hepatic steatosis, or an accumulation of lipids or fatty acids in 

the liver [9,10]. There is a 3-14% prevalence of NAFLD in the general population 

[11], and patients with type 2 diabetes commonly present with NAFLD [12], 

indicating a close relationship between the two processes [13–17] that may occur 

as a result of excess accumulation of fatty acid-derived intermediates that impede 

normal insulin sensitivity [18,19] (discussed below). NAFLD refers to a spectrum 

of liver manifestations ranging from simple steatosis and non-alcoholic 

steatohepatitis (NASH), to more serious liver fibrosis and cirrhosis, and 

eventually liver failure [20]. The first in the spectrum of NAFLD is steatosis, 

characterized by infiltration of fatty acids in the liver (>55.6 mg/g triglyceride 

level in the liver). Steatosis is clinically benign and reversible [21]. About 20-30% 

of individuals with steatosis can develop steatohepatitis [22], which refers to fatty 

acid infiltration into the liver that is accompanied with inflammation and collagen 

deposition. NASH can range from mild, moderate, to severe. Steatosis and NASH 

are followed by four stages of fibrosis, with cirrhosis the final stage referring to 
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irreversible damage to the liver compromising its function [20,23] (for details 

about the grading of NAFLD see Appendix A).  

 

1.2 Regulation of blood glucose by insulin 

Insulin is a hormone secreted by the β cells of the pancreas that primarily 

regulates metabolic pathways of glucose uptake, gluconeogenesis (production of 

glucose from the liver), protein synthesis, and lipid synthesis. Postprandial 

secretion of insulin occurs in response to high glucose levels, which in turn 

inhibits catabolic pathways of glycogenolysis, protein breakdown, and lipolysis 

and activates anabolic pathways of glycogen synthesis, protein synthesis, and 

lipogenesis [24]. An important distinction should be made regarding the effects of 

insulin on skeletal muscle and adipose tissue versus the liver in order to maintain 

blood glucose levels. Insulin increases muscle and adipose tissue glucose uptake 

via insulin-stimulated glucose transporters and coordinately inhibits the 

production of glucose, otherwise known as gluconeogenesis, from the liver 

(Figure 1.1). A dysregulation in insulin signaling leads to the development of 

insulin resistance.  
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Figure 1.1 Regulation of blood glucose by insulin. In the fed state, increased 

blood glucose levels trigger insulin secretion by the pancreatic β cells, which 

increases muscle and adipose tissue glucose uptake and inhibits gluconeogenesis, 

(hepatic glucose production) from the liver. 
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1.2.1 Regulation of glucose uptake in skeletal muscle 

In skeletal muscle and adipose tissue, the main function of insulin is to 

regulate glucose uptake, a process achieved by the translocation of glucose 

transporter 4 (GLUT4) to the plasma membrane. Insulin binds to its insulin 

receptor (IR) outside of the cell, leading to the activation of insulin receptor 

substrate (IRS)-1 and IRS-2 inside of the cell. The substrates then activate the 

catalytic subunit (p110) of phosphatidylinositol-3 kinase (PI3K) by 

phosphorylating its regulatory subunit (p85) [25,26] and results in the 

phosphorylation of phosphatidylinositol-4,5-bisphosphate (PIP2) to produce 

phosphatidylinositol-3,4,5-bisphosphate (PIP3). This leads to the recruitment of 

Akt/protein kinase B (PKB) and its conformational change, which causes Akt 

phosphorylation and activation at Thr308 via phosphoinositide-dependent protein 

kinase 1 (PDK1). Akt activation at Ser473 requires mammalian target of 

rapamycin-Rictor complex 2 (mTORC2) [27,28]. Akt phosphorylation of TRE2-

Bub2-CDC16 domain family member 4 (TBC1D4) at Thr642 and phospho 

Ser/Thr Akt (PAS) sites leads to the translocation of GLUT4 transporters to the 

plasma membrane. GLUT4 release is believed to occur by TBC1D4 (previously 

known as AS160 (Akt substrate of 160 kDa)). Akt phosphorylation of TBC1D4 

leads to inhibition of its GTPase activity and subsequent activation of Rab 

proteins due to GTP loading [24,29–32]. Akt inactivation of TBC1D4 results in 

GLUT4 translocation to the plasma membrane, which mediates glucose uptake. 

Akt also phosphorylates (Ser9) and inhibits glycogen synthase kinase 3 (GSK3), 
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which activates glycogen synthase (GS) and increases cellular levels of glycogen 

synthesis [33,34] (Figure 1.2). 

 

 

	  

Figure 1.2 Regulation of glucose uptake by insulin. Insulin binding to the 

insulin receptor leads to elevated levels of glucose uptake and glycogen synthesis 

as described in detail above.   
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1.2.2 Regulation of liver gluconeogenesis 

In the liver, insulin promotes glycogen synthesis and inhibits 

glycogenolysis (breakdown of glycogen) and gluconeogenesis (production of 

glucose from non-carbohydrate substrates like lipids or protein) [35,36]. When 

circulating insulin is low during fasting, liver glycogenolysis and gluconeogenesis 

are activated in order to maintain blood glucose levels. Fasting also increases 

circulating glucagon, which increases glycogenolysis. Glucagon binding to 

hepatocytes activates protein kinase A (PKA), which phosphorylates and activates 

glycogen phosphorylase kinase and glycogen phosphorylase, enzymes involved in 

glycogenolysis. Once glycogen stores are depleted in the liver, gluconeogenesis 

begins [35]. Transcription of gluconeogenic genes is regulated by the interaction 

of transcription factor cyclic AMP-inducible factor CREB (cAMP response 

element binding protein) and CREB regulated transcription coactivator 2 

(CRTC2) [37]. Glucagon elevation during fasting leads to CRTC2 

dephosphorylation and its translocation to the nucleus to upregulate CREB and 

other gluconeogenic enzymes [38,39]. CREB also activates gluconeogenesis by 

increasing peroxisome proliferator-activated receptor γ co-activator-1α  (PGC-1α) 

expression [37]. PGC-1α binds forkhead box protein O1 (FOXO1) and hepatic 

nuclear factor 4α (HNF-4α), which activates the transcription of gluconeogenic 

enzymes, like phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-

phosphatase (G6Pase) [40].  
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After feeding, blood glucose and insulin levels are elevated and glucagon 

low. Insulin binding to hepatocytes stimulates glycogen synthesis and turns off 

gluconeogenesis. Unlike GLUT4 in skeletal muscle and adipose tissue, GLUT2 is 

the predominant glucose transporter in the liver. GLUT2 is constitutively 

expressed on hepatocytes and circulating glucose enters hepatocytes through 

facilitated diffusion [36]. Once inside the cell, glucose is immediately 

phosphorylated by hepatic glucokinase (GK) and is subsequently stored in the 

form of glycogen. Insulin binding to the α subunit of its receptor leads to tyrosine 

phosphorylation of the intracellular β subunit and then tyrosine phosphorylation 

of IRS-1 and IRS-2, with IRS-2 as the main substrate in the liver [35,41]. IRS-2 

activates PI3K by phosphorylating its p85 subunit. Pyruvate dehydrogenase 

kinase (PDK)-1 and Akt are then translocated to the plasma membrane and 

activated [35,42,43]. Akt increases glycogen synthesis by phosphorylating and 

inhibiting the activity of GSK-3 [35,42]. Akt phosphorylates FOXO1 at Ser253 

[44], a transcription factor that inhibits binding to PGC-1α. This results in the 

down-regulation of gluconeogenic enzymes, like PEPCK and G6Pase [35,42]. 

Therefore, liver regulation of glucose homeostasis depends on a proper response 

to insulin in the fed and fasting state (Figure 1.3). 
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Figure 1.3 Regulation of gluconeogenesis by insulin. Insulin binding to the 

insulin receptor leads to inhibition of gluconeogenesis and increased glycogen 

synthesis in the liver as described above. 

 

1.2.3 Insulin resistance 

Insulin resistance, a precursor to type 2 diabetes [45], is defined as an 

unresponsiveness of metabolic tissues (skeletal muscle, adipose tissue, and the 

liver) to insulin. This unresponsiveness or resistance to insulin leads to long-term 

hyperglycemia and subsequent hyperinsulinemia in a compensatory response [24]. 

Despite extensive research, the exact mechanisms of insulin resistance are not 
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fully understood. Insulin resistance involves a dysregulation of the insulin 

signaling cascade downstream of the insulin receptor in metabolic tissues at many 

levels. Points of dysregulation include the insulin receptor [46,47] glucose 

transporter translocation [48–50], IRS-1 [51–53], IRS-2 [54,55], PI3K [56] and 

other insulin signaling substrates [57–60]. These points of modification, whether 

single or multi, ultimately result in impairments in skeletal muscle and adipose 

tissue glucose uptake and liver regulation of gluconeogenesis.  

Skeletal muscle is especially important to the development of insulin 

resistance and type 2 diabetes because it regulates about 80% of insulin-

stimulated glucose disposal [61,62]. In addition, the liver responds to fasting or 

feeding to regulate glucose levels using gluconeogenesis, glycogneolysis, and/or 

glycogen synthesis [35]. Lipid oversupply has been associated with impaired 

glucose disposal into skeletal muscle and adipose tissue [62] and impaired 

inhibition of liver gluconeogenesis [35] with insulin. This introduction will 

specifically examine mechanisms of fatty acid-induced insulin resistance in 

skeletal muscle and liver in relation to AMPK as a potential therapeutic target in 

the treatment of insulin resistance and type 2 diabetes.  

 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   12 

1.2.4 Fatty acid/Lipid-induced insulin resistance 

1.2.4.1 Randle cycle/Glucose-fatty acid cycle 

In 1963, Randle and colleagues were the first to propose that insulin 

resistance occurred due to lipid/fatty acid-induced impairments in glycolytic 

enzymes within skeletal muscle, like pyruvate dehydrogenase (PDH) and 

phosphofructokinase-1 (PFK-1) [63]. PDH is involved in the conversion of 

pyruvate to acetyl-CoenzymeA (acetyl-CoA), which enters the citric acid cycle. 

Increased levels of fatty acids lead to increased levels of mitochondrial fatty acid 

oxidation. Fatty acids increase acetyl-CoA and NADH in the cytosol and increase 

citrate, which are inhibitors of PDH activity [64]. Furthermore, the metabolism of 

acetyl-CoA through the citric acid cycle leads to elevated levels of citrate, which 

inhibits PFK-1. PFK-1, the rate-limiting enzyme of glycolysis, converts fructose 

6-phosphate and ATP to fructose 1,6-bisphosphate and ADP. PFK-1 inhibition 

leads to an accumulation of G6P due to feedback inhibition of hexokinase (HK) 

and glucose uptake [65]. Overall, this inhibition of glycolysis by fatty acids 

results in the synthesis of glycogen and conversion of pyruvate to lactate. Lactate 

is then converted back to glucose in the liver via the Cori cycle. Therefore, the 

glucose-fatty acid cycle proposed by Randle suggested that lipids inhibit 

glycolytic enzymes, leading to impairments in glucose metabolism (Figure 1.4).  
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Figure 1.4 Glucose-fatty acid cycle. Randle and colleagues attributed insulin 

resistance to lipid/fatty acid-induced impairments in glycolytic enzymes within 

skeletal muscle, like pyruvate dehydrogenase (PDH) and phosphofructokinse-1 

(PFK-1). The mitochondrial acetyl-CoA/CoA ratio increases and reduces acetyl-

CoA production from pyruvate. The resulting citrate inhibits glycolytic enzymes, 

leading to a buildup of G6P and a reduction in glucose uptake by the cell. 
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1.2.4.2 Fatty acid-induced insulin resistance in skeletal muscle 

The Randle cycle was later challenged with evidence to suggest that, 

rather than impeding glycolysis, high fatty acid concentrations cause impairments 

in glucose transport into skeletal muscle [66–68], an effect likely occurring due to 

reduced GLUT4 translocation to the plasma membrane [69,70]. It was later 

observed that fatty acids induced impairments in the phosphorylation and activity 

of IRS-1 or PI3K in the insulin signaling cascade [68,71,72]. Consequently, 

insulin resistance was proposed to develop in response to an accumulation of lipid 

intermediates like long-chain acyl-CoA (LCACoA), diacylglycerol (DAG), and 

ceramides in insulin-responsive tissues [17,73]. LCACoAs are activated free fatty 

acids within the cell [74] that have been associated with inhibiting hexokinase 

activity in skeletal muscle and activation of a family of protein kinase C (PKC) 

isoforms [75]. DAG and ceramides also activate PKC isoforms [76–79], along 

with IkappaB kinase-β (IKK-β)  [80], c-jun terminal amino kinase (JNK) 1 [81], 

and suppressor of cytokine signaling (SOCS) [82], which impede the function of 

proteins downstream of the insulin receptor, like IRS and Akt (also referred to as 

protein kinase B). Increases in skeletal muscle PKC [83–85], IKK-β [86,87], JNK 

[88], and SOCS3 [82,89,90] have been associated with obesity and deletion of 

JNK1 [91] and SOCS3 [92] have been shown to prevent skeletal muscle insulin 

resistance.  

DAGs are derived from triglycerides and phospholipids and act as a 

secondary messenger to activate PKC [93], while ceramides are derived from 
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phospholipids and they act as a secondary messenger to modify the activity of 

kinases, phosphatases, and transcription factors. The finding that high-fat diet 

increases skeletal muscle DAG and ceramide concentrations has been important 

in our understanding of insulin resistance [94]. PKCβ2, PKCδ [84] and PKCθ 

[84,95] induction by DAGs, in particular, have been implicated in skeletal muscle 

insulin resistance. For example, evidence has shown that PKCθ inhibits skeletal 

muscle IRS-1 activity [73], potentially through phosphorylation of IRS-1 at 

Ser307 [81]. Ceramides also accumulate in muscle in obesity and are believed to 

increase Akt dephosphorylation due to increases in protein phosphatase 2A 

(PP2A) [96] and increased Akt sequestration to caveolin-enriched microdomains, 

which prevents its phosphorylation [96,97]. Skeletal muscle Akt phosphorylation 

mediates the release of GLUT4 to the plasma membrane for glucose uptake 

(Figure 1.5A), so reductions in Akt phosphorylation will reduce GLUT4 

translocation to the plasma membrane. Ultimately, reductions in IRS-1 and Akt 

activity within skeletal muscle may be an important mechanism by which DAGs 

and ceramides induce insulin resistance (Figure 1.5B).  

Insulin resistance has also been associated with chronic low-grade 

inflammation [98–101]. As a result, examination of the SOCS family of proteins, 

which regulate inflammatory processes, has been important. SOCS proteins are 

elevated in a number of tissues in obesity. For example SOCS1 and SOCS3 

expression are increased in the liver [102], adipose tissue [103–106] and muscle 

[82,90] of obese rodents. IL-6 [89,107], and tumor necrosis-α (TNF-α) [103] are 
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believed to trigger skeletal muscle SOCS3 expression. When elevated, SOCS3 

has been shown to reduce insulin signaling by inhibiting the insulin receptor 

[106,108], IRS-1 or by reducing IRS tyrosine phosphorylation [102,109]. 

Together, these studies demonstrate several mechanisms by which lipid 

oversupply can contribute to the development of skeletal muscle insulin 

resistance; however, many other factors are also involved, thus highlighting the 

need for additional research in the area. 

 

  

 

Figure 1.5 (A) Insulin-stimulated glucose uptake in skeletal muscle. Insulin-

stimulated glucose transport into skeletal muscle is achieved via increased 

GLUT4 translocation to the plasma membrane. 
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Figure 1.5 (B) Fatty acid-induced insulin resistance in skeletal muscle. Insulin 

resistance was proposed to develop in response to an accumulation of lipid 

intermediates like diacylglycerol (DAG), and ceramides in insulin-responsive 

tissues. DAG and ceramides activate a family of protein kinase C (PKC) isoforms. 

PKCθ has been shown to inhibit skeletal muscle IRS-1 activity and ceramides are 

believed to increase Akt dephosphorylation by protein phosphatase 2A (PP2A).  

 

1.2.4.3 Fatty acid-induced insulin resistance in liver 

The mechanisms by which elevated lipids contribute to liver insulin 

resistance have been extensively studied and likely involve the convergence of 

multiple pathways that inhibit insulin signal transduction [110,111]. There are 

currently a number of conflicting studies examining this relationship. Some 

studies regard lipid accumulation in hepatocytes as a cause of hepatic insulin 

resistance [112–114], while others, instead, suggest that type 2 diabetes leads to 
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fatty liver [115–123]. One of the goals of this thesis is to help shed some light on 

this discrepancy.  

NAFLD and insulin resistance have both been associated with elevated 

visceral adipose tissue inflammation [124–129]. Visceral adipose tissue is 

believed to transfer free fatty acids and cytokines into the liver via the hepatic 

portal vein, referred to as the “portal effect”, contributing to ectopic accumulation 

of fat in the liver [130].  

Hepatic insulin resistance is associated with impaired inhibition of 

gluconeogenesis and increased glycogen synthesis in humans [131,132]. A 

number of rodent studies have examined the importance of lipid oversupply in the 

liver. Even a few short days of high-fat feeding leads to hepatic insulin resistance, 

characterized by a decrease in the phosphorylation of IRS-1 and IRS-2 by the 

insulin receptor [114]. A reduction in the phosphorylation of IRS will impair Akt 

function by reducing PI3K and PDK1 activity. Impairment in Akt will inhibit 

glycogen production via reductions in the phosphorylation of glycogen synthase 

kinase 3 (GSK-3) and glycogen synthase activity. Akt impairment will also 

increase FOXO1 translocation to the nucleus to upregulate gluconeogenic 

enzymes, thus, impairing insulin-stimulated inhibiton of gluconeogenesis [133] 

(Figure 1.6 A & B).  

Similar to skeletal muscle, DAG activation of PKCs has been implicated 

in the development of hepatic insulin resistance. Compared to healthy individuals 

whose liver has no PKCε, a fatty liver is associated with high levels of PKCε 
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expression that impair insulin receptor kinase activity [134–139]. In addition, 

PKCε antisense oligonucleotide administration improves insulin signaling in rats 

fed a high-fat diet [139] and human data indicates that DAG expression of PKCε 

in the liver is strongly associated with liver insulin resistance [140] (Figure 1.4B).  

While DAG and PKC activation have been strongly linked to the 

development of hepatic insulin resistance, it is unlikely that a single pathway 

directly contributes to insulin resistance (for review see [141] (Fu et al. 2012)). 

Indeed, many other proteins upregulated by fatty acids have been associated with 

impaired insulin action in the liver, including components of the endoplasmic 

reticulum-stress pathway, IKK-β, JNK1, PP2A [20,142] and SOCS molecules, 

which can also inhibit insulin signal transduction (for review see [143] (Galic et 

al. 2014)). Deletion of SOCS3 from the liver improves insulin sensitivity when 

fed a normal chow diet [144,145]; however, SOCS3 liver knockout (KO) mice 

that are aged or fed a high-fat diet, develop exacerbated insulin resistance and 

hepatic lipid accumulation [144,145], suggesting that SOCS3 is essential to 

prevent insulin resistance. Ultimately, the fatty acid-induced insulin resistance 

refers to impairments in insulin’s ability to activate glycogen synthesis and inhibit 

hepatic gluconeogenesis in the liver, effects that have been observed in patients 

with type 2 diabetes [131,132] (Figure 1.6 B).  
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Figure 1.6 (A) Insulin-induced inhibition of gluconeogenesis. Insulin binding 

to its insulin receptor on the hepatocyte leads to inhibition of gluconeogenesis and 

favours glycogen synthesis. 

 

Figure 1.6 (B) Fatty acid-induced insulin resistance in liver. Hepatic insulin 

resistance was proposed to develop in response to an accumulation of lipid 

intermediates like diacylglycerol (DAG) activation of a family of protein kinase C 

(PKC) isoforms. PKCε has been shown to inhibit skeletal muscle IRS-1/IRS-2 
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and PI3K activity. The resulting suppression of Akt phosphorylation contributes 

to an inhibition of glycogen synthesis and activation of gluconeogenesis. 

 

Taken together, the fatty acid-induced model of insulin resistance indicates 

that an accumulation of fatty acid-derived metabolites (DAG, fatty acyl-CoA and 

ceramides) correlates with decreases in insulin action and inactivation of the IRS-

associated PI3K pathway. It is, therefore, important to examine means by which 

these lipid intermediates can be reduced to alleviate interferences in insulin 

signaling in the treatment of insulin resistance and type 2 diabetes.  

 

1.3 AMP-activated protein kinase (AMPK)  

Exercise is an important intervention in patients with type 2 diabetes. 

While reduced levels of daily physical activity increases the incidence of type 2 

diabetes [146–150], even one bout of exercise has been shown to improve insulin-

stimulated glucose uptake in sedentary adults [151] and to increase glucose uptake 

by >40% [152]. Individuals with metabolic syndrome, type 2 diabetes, and 

obesity present with an impaired capacity for exercise [153] and have been 

associated with low basal expression of the AMP-activated protein kinase 

(AMPK) in skeletal muscle [154,155] and adipose tissue [156–158]. AMPK is a 

metabolic enzyme whose regulation will be discussed in detail in the following 

sections of this thesis. Exercise/muscle contractions increase the activity of 
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AMPK [159,160], which has led to the suggestion that AMPK may be important 

for mediating the beneficial effects of exercise in type 2 diabetes.  Importantly, 

the activation of AMPK with exercise is noted not only in the contracting skeletal 

muscle [160–165], but also adipose tissue [162–166], and liver [162–166]. And 

while it appears that AMPK is important for mediating the acute effects of 

exercise/contractions to stimulate glucose uptake in skeletal muscle [167], 

whether AMPK is important for mediating the insulin sensitizing effects of 

exercise in obesity is not currently understood [168] and as such will be the focus 

of Chapter 3 of this thesis. 

In addition to exercise, metformin is the most commonly prescribed 

therapeutic for type 2 diabetes in the world. Metformin is derived from a French 

lilac called Galega officinalis [169]. It was first shown to clinically lower 

gluconeogenesis in patients with type 2 diabetes [170] and later showed evidence 

of lowering liver lipid levels [18]. However, the mechanisms by which this occurs 

and its relationship with type 2 diabetes are unclear. Metformin inhibits complex I 

of the mitochondrial respiratory chain leading to increases in cellular AMP and 

ADP [171,172] and activation of AMPK [173]. However, whether AMPK is 

required for the effects of metformin to improve insulin sensitivity is currently not 

fully understood and will be the focus of Chapter 2 of the thesis.   

1.3.1 Basic structure and function 

AMPK is ubiquitously expressed in all tissues and activation primarily 

occurs with phosphorylation of its Thr172 site on the α subunit (reviewed in [174] 
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(Oakhill et al. 2012)). Complete germline deletion of AMPK has been shown 

embryonic lethal and all subunits are necessary for proper function and activation 

of the enzyme [175]. AMPK was discovered in 1973 having the ability to inhibit 

acetyl-CoA carboxylase (ACC) and HMG-CoA reductase (HMGR) in the liver 

[176,177], a process that occurs in response to a change in “adenylate energy 

charge” [178]. Subsequent studies determined that AMPK is an enzyme that is 

activated in states of low energy status in order to turn on catabolic processes and 

inhibit anabolic processes in the cell [179,180].  

AMPK exists as an αβγ heterotrimer structure with an α catalytic subunit 

and two regulatory subunits, β and γ [181,182] (Figure 1.5). There are multiple 

genes for each subunit (α1, α2, β1, β2, γ1, γ2, γ3), allowing for 12 potential 

heterotrimers of AMPK [183]. AMPK α2 is mainly expressed in muscle [184], 

while AMPK α1 is mainly expressed in brain and fat [185,186]. Liver expresses 

both α1 and α2 [187], and expression of these isoforms are almost completely 

dependent on the liver AMPK β1 subunit [188]. AMPK β2 is mainly expressed in 

muscle, with low levels in the liver and brain [189,190] and AMPK β1 is mainly 

expressed in the liver and brain, with low levels in the kidney and muscle [190]. 

As such, AMPK β1 KO mice have reduced AMPK activity in liver but not 

skeletal muscle [188] while AMPK β2 KO mice have reduced AMPK activity in 

skeletal muscle but not other tissues [191]. AMPK γ1 is expressed in all tissues 
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[186] while AMPK γ2 and γ3 are expressed primarily in the heart [192], and 

skeletal muscle [183,192–194], respectively. 

The AMPK α subunits contain the catalytic phosphorylation site (Thr172) 

on their N-terminal while the C-terminal of the α subunit binds the β subunit 

[195,196]. The β subunit is often referred to as the scaffolding subunit since it 

contains an α and γ subunit binding sequence that is essential to maintain the 

structure of the AMPK heterotrimer [197–200]. The β subunit also contains a 

carbohydrate-binding module (CBM) [201], which has been associated with 

AMPK regulation via glycogen [202]. In addition to its role in regulating 

glycogen, the CBM has been shown to be critical for controlling enzyme activity 

in response to the direct AMPK activator A769662 [203,204]. Specifically, 

Ser108 within the CBM of the β1 subunit has been shown to be required for 

activation by the direct AMPK activators A769662 [205], salicylate [206], EX229 

[207] and MT 63-78 [208].  

Finally, the γ subunit is referred to as a regulatory subunit due to its 

nucleotide-binding properties [209,210]. The two Bateman domains on AMPK γ 

bind nucleotides AMP, ATP and ADP to oversee the allosteric control of AMPK 

[186,209,210].  AMP, ADP, and ATP bind to the AMPK γ subunit competitively 

[203,209,210]. AMP and ADP binding induces a conformational change to 

AMPK enabling its activation and preventing its dephosphorylation by 

phosphatases [203,209]. The AMPK γ subunit has 4 potential binding sites for 

AMP, but only 3 are able to bind nucleotides since they contain a conserved 
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aspartate residue that can bind the ribose sugar of AMP [182]. Two out of these 

three AMP-binding sites are exchangeable with ATP and one is non-exchangeable 

[182].  Some evidence suggests that ADP may play a similar role to AMP in 

mediating AMPK activation by LKB1 [209–211]; however, most recent evidence 

suggests that although ADP does protect from dephosphorylation, ADP 

concentrations need to be 10 fold higher to trigger a similar potency to which 

AMP can enable activation of AMPK [212]. As such, the γ subunit of AMPK is 

essential for activating AMPK in responses to energetic stress induced by 

hypoxia, exercise, AMP analogs (AICAR, C13) or compounds that inhibit 

mitochondrial respiration and increase cellular AMP levels (metformin, 

resveratrol, berberine, hydrogen peroxide) (as reviewed in Hardie 2015 [213]).   

Recent publications have described the crystal structures of human α2β1γ1 

[214] and α1β1γ1 [215] heterotrimer complexes that were fully activated by 

phosphorylation on Thr 172 and crystallized in the presence of AMPK activators 

AMP, A-769662 or 991. AMPK contains two main components – the catalytic 

component and the nucleotide-binding component. The catalytic component 

contains the kinase domain and glycogen-binding domain, between which lies the 

binding site for A-769662 and 991. The nucleotide-binding component contains 

the C-terminals of the alpha and beta subunit and the entire gamma subunit with 

the regulatory subunits for AMP, ADP, and ATP [214,215] (Figure 1.7). 
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Figure 1.7 Structure of AMPK. AMPK exists as an αβγ heterotrimer structure 

with an α catalytic subunit (α1, α2) and two regulatory subunits, β (β1, β2) and γ 

(γ1, γ2, γ3). AMPK α2β1γ1 is 1 of 12 potential heterotrimers of AMPK illustrated 

in the figure. Structurally, the heterotrimer can also be divided into a catalytic 

module (bottom left) and a nucleotide-binding module (top right). The AMPK α 

subunits contain the catalytic phosphorylation site (Thr172) lying in the cleft 

between these two modules. The β subunit acts as the scaffolding subunit that 

maintains the structure of the heterotrimer by binding the α and γ subunit and the 
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γ subunit acts as regulatory subunit due to its nucleotide-binding properties. 

Figure taken from [216]. 

1.3.2 Regulation of AMPK activity by upstream kinases 

Phosphorylation of AMPK Thr172 on the α subunit is the most potent 

activator of AMPK (>100 fold) (reviewed in [174] (Oakhill et al. 2012)). 

Myristoylation of the β subunit has been shown to be important for the 

phosphorylation of AMPK on Thr172; however, allosteric activation of AMPK by 

AMP (discussed in the following paragraph) does not require myristoylation 

[174]. There are three upstream kinases that have been shown to phosphorylate 

AMPK at Thr172: LKB1 [217–219], calmodulin-dependent kinase kinase 

(CaMKKβ) [203,220–222], and transforming growth factor-β-activated kinase-1 

(Tak1) [223]. LKB1 is the major upstream kinase regulating AMPK function with 

the highest basal activity [218,224]. AMP binding to the AMPKγ subunit leads to 

conformational changes that favour LKB1 phosphorylation and activation of 

AMPK on its Thr172 site. In addition, LKB1 blocks AMPK dephosphorylation by 

protein phosphatase 2A and 2C (PP2A and PP2C) [203,209]. Recent studies have 

shown that AMPK activation by LKB1 during nutrient deficiency occurs at the 

surface of the lysosome, a process regulated by an adaptor protein axin, which 

brings AMPK and LKB1 to the Ragulator complex [225,226].  
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1.3.3 Exercise and metformin 

Among its role in a number of other metabolic pathways, AMPK 

activation is a promising means to target and alleviate effects of fatty acid-

induced insulin resistance in skeletal muscle and liver. Section 1.4 in this 

introduction will cover the role of AMPK in regulating skeletal muscle glucose 

uptake, exercise and mitochondrial capacity, fatty acid uptake and fatty acid 

oxidation. Section 1.5 will cover topics of liver gluconeogenesis and fat 

metabolism. Considering the ability for metformin and exercise to activate 

AMPK, the role of skeletal muscle and liver AMPK on insulin sensitivity and the 

influence of exercise and metformin will be covered in Section 1.6.  

1.4 Skeletal muscle AMPK and exercise 

Skeletal muscle is a highly dynamic tissue that can increase the rate of 

ATP turnover by >100-fold in response to exercise [227]. Under such conditions, 

AMP and ADP levels are increased in an intensity-dependent manner and ATP 

levels decline only slightly. Given the sensitivity of AMPK to changes in 

nucleotides, it is not surprising that AMPK is rapidly activated in response to 

muscle contractions (electrical stimulation) and exercise (cycling exercise in 

humans and treadmill running in mice) [159,165,228,229]. Interestingly, AMPK 

activation with exercise has a stronger correlation to changes in ADP, compared 

to AMP [174], as shown with direct binding studies which show free-bound ADP 

levels, but not AMP, reach levels required for AMPK Thr172 phosphorylation 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   29 

[174,210,230]. Therefore, although exercise increases both AMP and ADP levels, 

ADP is responsible for the phosphorylation and activation of AMPK. The 

activation of skeletal muscle AMPK α1 and α2 is dependent on exercise intensity, 

with α2 AMPK activities increasing at moderate workloads starting at 40% of 

VO2 Max and increasing progressively with higher intensity exercise. In contrast, 

AMPK α1 activity only appears to be increased during high intensity tetanic 

muscle contractions equivalent to >100% VO2 Max [161,228,231]. In agreement 

with this idea, we have recently shown that skeletal muscle AMPK β subunits are 

critical for controlling exercise tolerance [167].  

1.4.1 AMPK expression in skeletal muscle 

AMPK plays a central role in skeletal muscle metabolism. Human skeletal 

muscle predominantly expresses the AMPK α2 and AMPK β2 subunits, 20% of 

which associate with AMPK γ3 and 80% of which associate with AMPK γ1 

(α2/β2 and α1/β2) [232]. Out of all the potential AMPK heterotrimer complexes 

found in skeletal muscle in mice [233] and humans [234], exercise has been found 

to activate only the α2β2αγ3 and α2β2γ1 AMPK heterotrimer complexes [234–

236]. Various isoform-specific mouse models have been examined to determine 

the importance of skeletal muscle AMPK. Whole-body AMPK α2 KO and 

AMPK α2 knockdown (KD) mice have reduced AMPK α2 activity and AMPK 

Thr172 phosphorylation in skeletal muscle [237–239]. AMPK α2 KO mice show 

enhanced activity of AMPK α1, while AMPK α2 KD mice show a slight 
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reduction in AMPK α1 in skeletal muscle. AMPK α1 KO mice have reduced 

AMPK α1 activity but normal AMPK α2 activity and AMPK Thr172 

phosphorylation because AMPK α2 is the main isoform upholding AMPK 

activity in skeletal muscle [239]. Furthermore, AMPK β2 KO mice have reduced 

AMPK α1 and α2 expression despite higher levels of the AMPK β1 isoform 

[191], while AMPK β1 KO mice have normal levels of AMPK activity in skeletal 

muscle [188]. AMPK γ3 is expressed only in skeletal muscle [183,192,193]. 

AMPK γ3 is predominantly expressed in fast-twitch glycolytic muscle like the 

extensor digitorum longus (EDL) [240] and AMPK α1 and β1 are primarily 

expressed in slow-twitch oxidative muscle like the soleus [241]. In mice, AMPK 

β1 and β2 is predominantly expressed in EDL, while AMPK β1 is primarily 

expressed in the soleus associated with AMPK α2 [189]. AMPK γ3 and γ2 are 

mainly expressed in EDL muscle [183,194], while γ1, γ2, and γ3 are evenly 

expressed in gastrocnemius muscle, which comprises a mix of slow-twitch and 

fast-twitch fibers [183].  

1.4.1.1 AMPK and glucose uptake in skeletal muscle  

The role of AMPK in regulating skeletal muscle glucose uptake has been 

studied extensively over the last 2 decades [242–245]. Both AMPK α1α2-muscle 

knockout (-MKO) and AMPK β1β2-MKO mice have confirmed that AMPK is 

not required for insulin-stimulated glucose uptake [167,246]. However, skeletal 

muscle AMPK does increase GLUT4 translocation to the plasma membrane 
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independent of insulin, to stimulate glucose uptake in response to 

pharmacological activators such as 5-aminoimidazole-4-carboxamide-1-β-d-

ribofuranoside (AICAR) [247–250], EX229 [207] and caffeine [251]. This 

process has been proposed to be mediated by AMPK phosphorylation of 

TBC1D1, a GTPase activator protein (Rab-GAP) at Ser237 and Thr596 (Figure 

1.8) [167,252–255]. It is interesting to note that although insulin stimulated 

glucose uptake is impaired in type 2 diabetes, AMPK-mediated glucose uptake is 

not [256], making it an important area of research.  

The first studies examining the role of AMPK in regulating glucose uptake 

studied the compound AICAR which acts as a mimetic of AMP when it becomes 

phosphorylated to 5-aminoimidazole-4-carboxamide riboside monophosphate 

(ZMP) [247,257,258]. AICAR stimulation of glucose uptake in resting skeletal 

muscle was lost in α2 [238,259], β2 [191] and γ3 [194] null mice. AICAR-

mediated increases in skeletal muscle glucose uptake have been shown to depend 

on the phosphorylation of TBC1D1 and TBC1D4, which in turn allows GLUT4 to 

travel to the plasma membrane [260,261]. While the effects of AICAR to robustly 

increase glucose uptake via an AMPK-dependent pathway are well established, 

surprisingly other AMPK activators (A769662, metformin, C13) appear to have 

negligible effects on increasing glucose uptake [233,262–264]. The reasons for 

these differences are not fully understood but may be related to activation of 

different AMPK heterotrimers or cellular localization.     



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   32 

GLUT4 expression in skeletal muscle has been shown to increase after an 

acute bout of exercise in patients with type 2 diabetes [265]. In addition, the acute 

effects of AMPK activation on GLUT4 expression have been examined using 

AICAR in vivo. A number of studies have shown that AICAR leads to increased 

GLUT4 levels and increased glucose uptake [266–269],  an effect that is lost in 

mice lacking AMPK α2- or γ3-subunits [259,270]. However, since AICAR has 

many non-specific effects, future studies need to confirm whether AICAR may be 

mediating GLUT4 expression via other mechanisms [269]. 

Overexpression of GLUT4 in skeletal muscle has been associated with 

improvements in insulin action [271] and GLUT4 transgenic mice are protected 

from high-fat diet-induced glucose intolerance [272]. Similarly, mice with 

transgenic deletion of GLUT4 develop insulin resistance and glucose intolerance 

[273]. This speaks to the essential role of GLUT4 in the longterm regulation of 

blood glucose. Interestingly, exercise training has been associated with increased 

intracellular stores of skeletal muscle GLUT4 and increased expression of 

GLUT4 transcription factors [274]. In addition, chronic AMPK activation has 

been shown to increase the expression of GLUT4 [275–277], an effect that may 

be occur via phosphorylation of HDACs [275]. These findings highlight that 

AMPK activation has a role in GLUT4 expression in skeletal muscle. 
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Figure 1.8 AMPK stimulation of skeletal muscle glucose uptake. AMPK 

regulation of skeletal muscle glucose uptake is proposed to occur via AMPK 

phosphorylation of TBC1D1, a GTPase activator protein (Rab-GAP) at Ser237 

and Thr596.  

 

1.4.1.2 Regulation of glucose uptake by AMPK during exercise/muscle 

contractions 

The importance of AMPK for glucose uptake during muscle contractions 

has been examined extensively in genetically modified mouse models and has 

been shown to be necessary for contraction-stimulated glucose uptake in some 

[167] but not all studies [191,194,278,279]. It is now established that contraction-
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stimulated glucose uptake can occur via a pathway that is independent of 

AMPKα2β2γ3 (the major heterotrimer found in muscle; [191,194,278,279]). 

However, a concern with studies in which only a single AMPK isoform is 

genetically altered/deleted is that there may be residual AMPK activity that is 

sufficient to increase glucose uptake during muscle contractions. Consistent with 

this idea, male mice lacking the AMPK β2 subunit specifically in skeletal muscle 

had normal glucose uptake (despite reductions in AMPK activity of >90%), but 

deletion of both AMPK β1 and β2 subunits simultaneously reduced muscle 

(soleus and EDL) glucose uptake during treadmill exercise and muscle 

contractions [167]. AMPKα1α2-MKO mice have a reduction in contraction-

stimulated glucose uptake in the soleus but not extensor digitorium longus muscle 

[246]. The reason for the difference between studies is not currently known but 

may be related to the intensity of muscle contractions or the Cre-promoters used 

to drive deletion of AMPK subunits. Future studies investigating the mechanisms 

by which AMPK regulates glucose uptake during muscle contractions are 

warranted.  

1.4.1.3 Skeletal muscle AMPK and its role in regulating mitochondrial biogenesis 

and exercise capacity  

A number of studies have examined the importance of skeletal muscle 

AMPK in regulating exercise capacity. Numerous lines of transgenic mice with 

reductions in skeletal muscle AMPK have reduced exercise capacity/muscle 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   35 

function [167,191,238,246,280–283]. As many of the studies have used a Cre-

driven promoter that also reduces cardiac AMPK activity, it has been suggested 

that the poor exercise capacity with muscle AMPK deficiency may be due to 

reductions in AMPK activity in the heart which may impair cardiac function 

[284–287]. However, this is likely not the case as AMPKα1α2-MKO have 

reductions in exercise capacity despite normal cardiac AMPK activity thus 

indicating that skeletal muscle AMPK is indeed vital for maintaining exercise 

capacity [280]. Recent studies have suggested that one potential cause of reduced 

muscle performance may be a severe myopathy associated with reduced myofiber 

area, centrally located nuclei and increased split and necrotic myofibers 

[246,288]. In AMPKβ1β2-MKO, mice the myopathy was associated with 

increased platelet aggregation and a large reduction in capillary density and 

vascular perfusion, which was also noted in AMPK α2-KD mice, and may be 

mediated by AMPK regulation of neuronal nitric oxide µ (nNOSµ) [280]. 

Supporting this connection it has been found that AICAR treatment increased 

nNOSµ phosphorylation and nitric oxide production in WT but not AMPKβ1β2-

MKO muscle cells, suggesting a role for skeletal muscle AMPK in regulating 

nNOSµ and potentially vascular perfusion. These findings suggest that AMPK is 

important for maintaining the vascular delivery of nutrients to skeletal muscle 

during exercise and that this may contribute to reduced exercise capacity/muscle 

performance. However, as muscles from AMPKβ1β2-MKO mice also fatigue 

more rapidly when contracted ex vivo, thus bypassing the need for vascular 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   36 

delivery of nutrients, it is unlikely that reduced vascular perfusion is the only 

cause for the reduced muscle function.  

Another mechanism by which AMPK may regulate exercise capacity 

involves its regulation of mitochondrial function. Exercise training has been 

known to increase mitochondrial biogenesis in skeletal muscle for many years 

[289–291]. One of the proposed mechanisms regulating mitochondrial biogenesis 

involves activation of the transcriptional co-activator PGC-1α, which increases 

the activity of the transcription factors nuclear respiratory factors 1 and 2 and 

mitochondrial transcription factor A [292]. Muscle-specific PGC-1α/β mice have 

a severe impairment in exercise tolerance and muscle oxidative capacity [293] 

that is similar to AMPK β1β2-MKO mice. Consistent with these findings, 

pharmacological or transgenic activation of AMPK has been shown to increase 

PGC-1α [234,294] and markers of mitochondrial function like citrate synthase 

(Cs) and β-hydroxyacyl CoA dehydrogenase (β-HAD) in many studies [295–

297]. Pharmacological activation of skeletal muscle AMPK enhances 

mitochondrial biogenesis, an effect shown to be dependent largely on expression 

of the AMPK α2 subunit [283] and PGC-1α [298]. The overexpression of 

constitutively active skeletal muscle AMPK also increases PGC-1α and 

mitochondrial function, further supporting a critical role for this pathway in 

regulating mitochondrial biogenesis [299].  Many studies have investigated the 

mechanisms by which AMPK may regulate PGC1α activity, and this has been 

shown to involve both direct phosphorylation and acetylation (via sirtuin 1) of 
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PGC-1α (reviewed by O’Neill et al. 2013 [300]). Consistent with an important 

role for AMPK in regulating mitochondrial content, AMPKβ1β2-MKO and 

AMPKα1α2-MKO mice have reduced mitochondrial function [167,246]. Future 

studies investigating the effects of exercise on mitochondrial biogenesis in mice 

lacking both AMPK subunits in muscle will be important to establish whether 

factors other than the AMPK–PGC-1α–sirtuin 1 pathway are necessary for 

mediating adaptations to exercise. 

1.4.2 AMPK regulation of fatty acid uptake in skeletal muscle  

Fatty acid entry into skeletal muscle occurs through fatty acid transporters. 

These include the fatty acid binding protein located on the plasma membrane 

(FABPPM) [301–303], fatty acid transport proteins 1-6 (FATP1-6) [230,304,305], 

and fatty acid translocase/cluster of differentiation 36 (FAT/CD36) [306]. 

FAT/CD36 is the primary contributor to fatty acid transport in skeletal muscle. 

Some data suggests that the transporter used for entry will determine the fate of 

the fatty acid. For example, FATP1 encourages fatty acid oxidation [307], while 

FAT/CD36 is believed to support fatty acid synthesis and storage in obese muscle 

[308]. Importantly, obese humans [309] and obese or insulin resistant rodents 

[310–314] have elevated rates of long-chain fatty acid (LCFA) uptake into 

skeletal muscle. In addition, increases in sarcolemmal FAT/CD36 compared to 

total FAT/CD36 protein expression have been observed in insulin resistant obese 

human myotubes [315] and a number of models of insulin resistance [311–



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   38 

313,316]; however, the exact mechanisms are not known. Because obesity leads 

to elevated plasma free fatty acids, it is possible that increased localization of 

FAT/CD36 to the plasma membrane leads to greater uptake of LCFA [317], but 

further research is required. 

Mice lacking AMPKα in skeletal muscle, have reduced protein expression 

of CD36 and FABPPM in soleus, quadriceps, and tibialis anterior muscles [318]. 

AMPK, fasting and muscle contractions have been shown lead to the recruitment 

of CD36 to the plasma membrane [319,320]. In addition to AMPK regulating 

CD36 localization/expression, it also appears that CD36 may regulate AMPK 

activity as a recent study has indicated that CD36 regulates LKB1 and AMPK 

activity by producing a CD36/Fyn/LKB1/AMPK protein complex [321]. When 

fatty acid availability is low, LKB1 relocates to the nucleus and as a result, 

AMPK remains inactive. Increased binding of fatty acids to CD36 leads to CD36 

dissociation from Fyn, allowing LKB1 activation of AMPK [321]. Importantly, 

since CD36 variants have been associated with metabolic syndrome [322], poor 

regulation of this pathway may be a cause of metabolic complications in obesity. 

Increased fatty acid uptake with muscle contractions is associated with 

relocation of the fatty acid transporter FAT/CD36 to the plasma membrane [323]. 

The AMPK activator AICAR increases FAT/CD36 translocation via an AMPK-

dependent pathway; however, with muscle contraction, increases in fatty acid 

uptake occur via an AMPK-independent mechanism [323]. Recent studies have 

suggested that calcium/calmodulin-dependent protein kinases may be required 
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[324], an idea which is consistent with the very rapid translocation of CD36 to the 

plasma membrane at the onset of muscle contractions, before any detectable 

increases in AMPK activity [323].  

 

1.4.3 AMPK regulation of fatty acid oxidation in skeletal muscle 

Carnitine palmitoyl-CoA transferase-1 (CPT-1) is located on the outer 

membrane of the mitochondria and is a mediator of acyl-CoA transport into the 

mitochondria for oxidation [325]. High malonyl-CoA levels allosterically inhibit 

CPT-1. When malonyl-CoA levels are reduced (which occurs when ACC is 

phosphorylated and inactivated), the allosteric inhibition on CPT-1 is removed 

and this allows fatty-acyl-CoAs to enter the mitochondria for oxidation [326,327]. 

In addition to ACC, malonyl-CoA contents are also regulated by malonyl-CoA 

decarboxylase (MCD). MCD catalyzes the decarboxylation of malonyl-CoA 

thereby reducing cytoplasmic malonyl-CoA and enabling entry of fatty acids into 

the mitochondria for oxidation [328]. However, the importance of MCD remains 

questionable, and ACC may be the key enzyme that regulates the production of 

malonyl-CoA under most physiological conditions [329]. 

ACC has two different isoforms, ACC1 and ACC2. ACC1 is more highly 

expressed in liver and adipose tissue, while ACC2 is more common in heart and 

skeletal muscle [330]. Structurally, ACC1 and ACC2 are similar, but ACC2 has 

an additional NH2-terminal allowing unique attachment to the mitochondrial 

membrane [331]. As a result, ACC2 was believed to be the primary regulator of 
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fatty acid oxidation, while ACC1 was believed to be the primary regulator of fatty 

acid synthesis [332]. However, this distinction has since become unclear and 

assessment of whether there is an overlap in function of the two enzymes is an 

important point of discussion in this thesis. 

Given the predominant expression of ACC2 in skeletal muscle, the 

importance of this enzyme in regulating skeletal muscle and whole-body rates of 

fatty acid oxidation has been studied using genetic targeting. Initial findings in 

ACC2 KO mice showed that an ablation of ACC2 results in continuous fatty acid 

oxidation, less adipose tissue storage, reduced liver lipid and triacylglycerol 

content, and improved insulin sensitivity on normal chow [333,334] and high-fat 

and high-carbohydrate diets [138,334]. However, these findings were later 

challenged by two studies showing that ACC2 deletion has no effect on body 

weight, fat mass, and insulin sensitivity of mice [335,336]. The reason for the 

discrepancy between studies is not clear but it has been speculated that in the 

absence of ACC2 in skeletal muscle there may be upregulation of ACC1 and 

MCD that may compensate to control malonyl-CoA contents. 

Transcription of ACC is regulated by a number of transcription factors 

including SREBP1c (sterol-regulatory-element- binding protein 1c), liver X 

receptor, retinoid X receptor, PPARs (peroxisome-proliferator-activated 

receptors), FOXO (forkhead box O) and PGC (PPARγ co-activator) isoforms 

[337–339]. Among the key transcription factors, SREBP1c plays a major role in 

controlling the expression of ACC1 and other lipogenic enzymes [339–341].   
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In addition to transcriptional control, ACC activity is also regulated 

through covalent and allosteric mechanisms. Insulin encourages the 

dephosphorylation and activation of ACC [342], an effect that occurs due to 

insulin activation of PP2A and inhibition of AMPK. This means that insulin 

favours an anabolic state in which fatty acid synthesis is active and fatty acid 

oxidation inactive. ACC activity is also increased allosterically by citrate. Citrate 

triggers polymerization of ACC, consequently, increasing its enzymatic activity 

[343]. Moreover, ACC enzyme activity is inhibited by covalent regulation of a 

number of phosphorylation sites [344]. AMPK and PKA have been shown to 

phosphorylate and inactivate ACC [333]. A number of studies have identified 

various phosphorylation sites that inhibit ACC and these include Ser79, Ser1200, 

Ser1215 (by AMPK), and Ser77 and Ser1200 (by PKA) [344–346]. Although the 

exact importance of PKA phosphorylation sites has never been established, Ser79 

was determined to be the only AMPK phosphorylation site that was important for 

regulating ACC1 activity [347,348]. Ser79 exists on the ACC1 isoform, and is 

conserved on ACC2 as Ser221 [333]. AMPK, therefore, phosphorylates and 

inactivates ACC1 through phosphorylation at Ser79 [349–351] and it was 

assumed that paralagous phosphorylation of the Ser221 residue would inhibit 

ACC2 activity (Figure 1.9); however, this had not been genetically confirmed 

until our recent findings in ACC double-knock (KI)-in mice [352], which will be 

discussed in detail in Chapter 2. 
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MCD catalyzes the decarboxylation of malonyl-CoA, reducing 

cytoplasmic malonyl-CoA and enabling entry of fatty acids into the mitochondria 

for oxidation (Figure 1.9) [328]. AMPK has been shown to reduce cytoplasmic 

malonyl-CoA by phosphorylating and activating MCD [164,353]; however, 

whether AMPK is necessary for its regulation is not known [354].  ACC appears 

to be the primary enzyme controlling malonyl-CoA content under physiological 

conditions [329] but may involve a coordinate regulation of malonyl-CoA 

between MCD and ACC [164].  

 

Figure 1.9 AMPK regulation of fatty acid oxidation. AMPK activation leads to 

the phosphorylation of ACC2 in skeletal muscle. This inhibits the conversion of 

acetyl-CoA to malonyl-CoA. MCD also catalyzes the decarboxylation of 
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malonyl-CoA to acetyl-CoA. The reduction in malonyl-CoA allows for fatty acid 

(FA) entry into the mitochondria to undergo β-oxidation. 

1.4.3.1 AMPK and exercise in skeletal muscle fatty acid oxidation 

Increases in fatty acid uptake into skeletal muscle with exercise and 

muscle contractions are accompanied by a reduction in the activity of ACC. The 

ACC2 isoform is phosphorylated at Ser221 in response to muscle contractions, an 

effect associated with reductions in ACC activity and malonyl-CoA and increased 

rates of skeletal muscle fatty acid oxidation [160]. 

The role of AMPK and ACC in regulating fatty acid oxidation during 

exercise/muscle contractions has been studied in both rodents and humans. In 

contrast to the observations detailed above, there appears to be a mismatch 

between AMPK activation, ACC2 phosphorylation, malonyl-CoA levels and rates 

of fatty acid oxidation. For example, it is well established that rates of fatty acid 

oxidation increase until ~65% of maximal oxygen uptake; however, AMPK and 

ACC phosphorylation are only somewhat increased at these moderate exercise 

intensities, and malonyl-CoA content is unchanged or only modestly reduced 

[355,356]. In contrast, during high-intensity exercise, where carbohydrates are 

used preferentially and absolute rates of fatty acid oxidation decline, AMPK is 

activated and ACC phosphorylation increased, while malonyl-CoA levels do not 

change [355]. These findings suggest that during muscle contractions and/or 

exercise, the concentration of malonyl-CoA is not vital for controlling 

mitochondrial fatty acid flux, a concept observed in a recent report detailing 
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insensitivity of mitochondrial fatty acid oxidation to malonyl-CoA in 

permeabilized muscle fibres [357]. 

Consistent with a potential AMPK/ACC2-independent pathway during 

muscle contractions/exercise, AMPK α2 kinase dead [237], AMPK β2 [191] and 

α2 null mice [358] display normal fatty acid oxidation during exercise/muscle 

contractions. A caveat of these studies is that these mice with partial AMPK 

deficiencies maintain the ability to phosphorylate and inhibit ACC2 during 

muscle contractions [191,237,358]. However a recent study in AMPKα1α2-MKO 

mice has shown a potentially important role for skeletal muscle AMPK in 

regulating fatty acid oxidation [246]. The authors find that AMPKα1α2-MKO 

mice preferentially utilize glucose instead of fatty acids as indicated by an 

elevated RER during treadmill running. Surprisingly, this finding is the opposite 

to what was observed in AMPK β1β2 MKO mice that had a lower RER compared 

to WT littermates when running at the same relative workload [167]. In addition, 

when skeletal muscle was examined ex vivo, fatty acid oxidation was impaired in 

AMPKα1α2-MKO muscle, suggesting an importance for skeletal muscle AMPK 

in regulating fatty acid oxidation during exercise. 

As indicated, AMPK phosphorylates and inactivates ACC2 at Ser221. As 

a result, the role of AMPK in skeletal muscle fatty acid oxidation has been 

examined. Surprisingly, many mouse models with genetically induced reductions 

in skeletal muscle AMPK have normal rates of basal and AICAR-stimulated fatty 

acid oxidation, which may be due to the presence of residual ACC 
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phosphorylation [167,191,237,358]. The reason for this remaining ACC 

phosphorylation and preserved fatty acid oxidation in skeletal muscle but not in 

other tissues, such as liver [188] or macrophages [359], is not known and has 

raised the idea that skeletal muscle may contain an alternative ACC kinase [237]. 

Nevertheless, mice lacking skeletal muscle AMPKα show abnormal levels of 

genes involved in fatty acid oxidation, which may limit fatty acid oxidation in 

vivo [318]. Therefore, better examination of AMPK signaling of ACC on fatty 

acid metabolism in skeletal muscle is warranted. 

 

In summary, this section discussed the role of skeletal muscle AMPK in 

regulating glucose uptake, exercise capacity, mitochondrial biogenesis, fatty acid 

uptake and fatty acid oxidation. AMPK is not essential to maintain insulin-

stimulated glucose uptake. The importance of AMPK in controlling glucose 

uptake at different exercise/muscle contraction intensities and the mechanisms 

involved require further clarification based on conflicting reports in mouse 

models lacking skeletal muscle AMPK. The regulation of fatty acid uptake 

appears to be largely independent of AMPK. In resting conditions, AMPK 

regulation of ACC2 and PGC-1α in skeletal muscle has important roles in the 

regulation of fatty acid oxidation and mitochondrial biogenesis; however, future 

studies are needed to determine whether AMPK is required with exercise/muscle 

contractions. Given that disturbances in AMPK control of the above metabolic 

pathways are implicated in insulin resistance, a better understanding of these 
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processes during exercise may lead to improved therapeutic and preventative 

strategies for type 2 diabetes.  

1.5 AMPK regulation of liver fatty acid metabolism 

Similar to skeletal muscle, exercise has also been shown to activate 

AMPK in the liver [164,360]. Examination of AMP and ATP concentrations in 

liver and skeletal muscle following 35 minutes of endurance exercise and 

exhaustive exercise resulted in an interesting observation in which the liver 

appeared to be more susceptible to metabolic changes compared to muscle, as 

shown by a striking decrease in ATP concentrations and increase in AMP 

concentrations compared to muscle [361]. As a result of these findings, the topic 

of this section is to examine current knowledge on the role of AMPK activation in 

regulating liver metabolism and insulin sensitivity. 

1.5.1 AMPK and liver gluconeogenesis 

AMPK phosphorylates the carbohydrate response element binding protein 

(ChREBP), which inhibits the expression of the liver glycolytic enzyme pyruvate 

kinase [362]. AMPK also inhibits liver gluconeogenesis, an effect that has been 

shown to occur via phosphorylation of the coactivator CRTC2 at Ser171, and its 

subsequent exocytosis [363]. Similarly, salt-inducible kinase 1 (SIK1) and SIK2 

are AMPK-related kinases that have also been shown to phosphorylate CRTC2 

[363]. CRTC2 binding to 14-3-3 proteins when phosphorylated, prevents its 

translocation to the nucleus and CRTC2 regulation of gluconeogenic factors like 
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G6Pase and PEPCK [363]. Other means by which AMPK has been shown to 

inhibit gluconeogenesis include the phosphorylation of HNF-4α at Ser304 [364] 

and GSK-3β at Ser129 and Ser133 [365]. Phosphorylation of HNF-4α prevents 

DNA binding leading to its degradation [364]. In addition, AMPK 

phosphorylation and inhibition of GSK-3β leads to inhibition of gluconeogenesis 

via inhibition of the CRTC2 coactivator CREB [365] (Figure 1.10).  

 

Figure 1.10 AMPK regulation of hepatic gluconeogenesis. AMPK inhibits liver 

gluconeogenesis, an effect that has been shown to occur via phosphorylation of 

the coactivator CRTC2 at Ser171 and phosphorylation of HNF-4α at Ser304. In 

addition, AMPK phosphorylation of GSK-3β at Ser129 and Ser133 leads to 

inhibition of gluconeogenesis via inhibition of the CRTC2 coactivator CREB. 
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1.5.2 Regulation of fatty acid metabolism in the liver 

Liver sources for fatty acids include free fatty acids from the blood, 

chylomicron remnant uptake, and de novo lipogenesis (as reviewed by [366] 

(Mashek 2013)). Fatty acids are transported into the liver via FATP2, FATP5 

[367,368] and the scavenger receptor CD36 [38], with a minor contribution from 

passive diffusion [369,370]. Importantly, CD36 is not required for normal rates of 

fatty acid uptake, since CD36 KO mice maintain normal rates of fatty acid uptake 

[38]; however, its overexpression has been associated with NAFLD in rodents and 

humans [38,371,372]. Once in the cytosol, fatty acid binding proteins (FABPs) 

attach to fatty acids for transport within the cell [373]. 

Insulin regulation of lipid metabolism involves increasing fatty acid 

synthesis and inhibiting fatty acid oxidation. Fatty acid synthesis is primarily 

controlled by sterol response element binding protein-1c (SREBP-1c), a 

transcription factor that regulates the expression of lipogenic (i.e. ACC, fatty acid 

synthase) and glycolytic (L-pyruvate kinase) enzymes in liver and muscle [374–

376]. Insulin has been shown to activate SREBP-1c by initiating its cleavage in a 

PI3K-dependent manner leading to increased fatty acid synthesis [377]. 

Furthermore, insulin also regulates peroxisome proliferator activated receptor-γ 

(PPAR-γ). PPAR-γ is repressed by CREB during fasting to inhibit fatty acid 

synthesis, while insulin stimulation reduces CREB activity, thus, leading to 

PPAR-γ activation [37]. PPAR-γ is highly expressed in the liver, and when active, 

is involved in upregulating lipogenic genes [378,379]. The liver is believed to be 
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the primary tissue contributing to de novo lipogenesis in humans [380]. 

Importantly, liver de novo lipogenesis has been shown to be a critical cause of 

NAFLD in humans [381]; therefore, a better understanding of this pathway is 

important for developing new therapies for treating and preventing liver lipid 

accumulation. Rates of liver de novo lipogenesis vary dramatically depending 

nutritional status (fed versus fasted) [382]. During fed conditions, ACC and fatty 

acid synthase (FAS) are the key enzymes involved in de novo lipogenesis in the 

liver. As discussed in the previous section, ACC converts acetyl-CoA to malonyl-

CoA, the first intermediate in the fatty acid synthetic pathway.   FAS mediates the 

elongation of fatty acids to produce palmitate (16:0) [383]. Stearoyl-CoA 

desaturase 1 (SCD1) then generates C16:1 and C18:1 [384], long-chain FA 

elongase 5 generates C18:0 and C18:1 [385], and other elongases and desaturases 

can generate long polyunsaturated long-chain fatty acids (e.g. C18:2 and C18:3) 

[386,387]. Fatty acid activation is catalyzed by long chain acyl-CoA synthetase 

(ACSL) 3 and ACSL5. Acyl-CoAs can then be incorporated into triglycerides 

and/or phospholipids or can be oxidized by the mitochondria [388,389] (Figure 

1.11 has a more in depth step description of fatty acid synthesis and oxidation).  

In the first step of triglyceride synthesis, sn-1-glycerol-3-phosphate 

acyltransferase (GPAT) catalyses the conversion of glycerol-3-phosphate and 

acyl-CoA into lysophosphatidic acid. Sn-1-acyl-glycerol-3-phosphate 

acyltransferase (AGPAT) then catalyzes the conversion of lysophosphatidic acid 

into phosphatidic acid, which is then catalyzed by phosphatidylinositol to become 
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DAG. DAG catalyzation by sn-1,2-diacylglycerol acyltransferase (DGAT) creates 

a triacylglycerol [366].  

 

	  

Figure 1.11. Triacyglycerol synthesis. Fatty acids are activated to form acyl-

CoA, which can be used for either fatty acid synthesis or β-oxidation. In β-

oxidation, acyl-CoAs are converted to acyl-carnitines that enter the mitochondria. 

Very-long chain acyl-CoA dehydrogenase (VLAD), long chain acyl-CoA 

dehydrogenase (LCAD), medium chain acyl-CoA dehydrogenase (MCAD), and 

short chain acyl-CoA dehydrogenase (SCAD) metabolize acyl-CoA into acetyl-

CoA, which enters the tricarboxylic/citric acid cycle (TCA). The TCA cycle 

produces NADH and FADH, which are used for oxidative phosphorylation. In 

fatty acid synthesis, acetyl-CoA in the mitochondria is converted to citrate and 

citrate gets reconverted to acetyl-CoA once in the cytosol. De novo lipogenesis 
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begins when acetyl-CoA is converted to malonyl-CoA by ACC and fatty acid 

synthase builds malonyl-CoAs to make an acyl-CoA. Elongation of the fatty acids 

to form TAG requires fatty acid elongases (Elovl) and desaturases (SCD) and 

esterification of glycerol-3-phosphate by glycerol-3-P acyltransferases (GPAT) to 

create lysophosphatidic acid (LPA). LPA is then esterified to form phosphatidic 

acid (PA) by an acyl-glycerol-3-P acyltransferase. PA is hydrolyzed by 

phosphatidic acid phosphohydrolase (PAP) and finally, PAP is converted into 

TAG via diacylglycerol acyltransferase (DGAT). TAG is either transported into 

TAG droplets or VLDL for storage or transport, respectively (Figure from Nagle 

et al. 2009 [390]). 

 

Under fasting conditions, when liver glycogen stores become depleted, 

free fatty acids and ketone bodies are used as the primary source of energy. 

Fasting may reduce fatty acid synthesis through liver AMPK phosphorylation and 

inhibition of the transcription of SREBP-1c, which in turn would lead to lower 

expression of lipogenic genes like FAS, mtGPAT, and ACC [164,391,392].  In 

addition to the transcriptional control of the lipogeneic program, AMPK also 

phosphorylates and inhibits ACC leading to reduction in malonyl-CoA. This in 

turn relieves allosteric inhibition of CPT-1 allowing long chain-fatty acyl-CoAs to 

be transported into the mitochondria for beta oxidation [393] while 

simultaneously reducing fatty acid synthesis (discussed in detail below) (Figure 

1.12). 
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Figure 1.12 AMPK regulation of fat metabolism. AMPK decreases lipogenic 

gene transcription by phosphorylating SREBP-1c. Also, AMPK phosphorylation 

ACC1 at Ser 79 and ACC2 at Ser 212 leads to increases in fatty acid oxidation 

and decreases in fatty acid synthesis. 

 

AMPK phosphorylation of ACC1 in the liver was the first substrate to be 

identified by Carling et al. in 1987 [394]. However, understanding the importance 

of AMPK in regulating this pathway has become more complicated as other 

points of regulation have been discovered. In particular, two isoforms of ACC 

(ACC1 and ACC2) have been identified, both of which are expressed in the liver.   

To date, the distinction between the roles of ACC1 and ACC2 and whether they 

maintain separate pools of malonyl-CoA has been unclear. The first study 
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published in this area showed reductions in fatty acid synthesis in liver the liver of 

the ACC1 KO mouse model, despite the maintenance of ACC2, thus suggesting 

that only ACC1 was capable of regulating fatty acid synthesis [395]. However, in 

another study in involving, this time using liver-specific ACC1 KO mice, liver 

fatty acid synthesis was normal, thus indicating ACC2 is able to compensate to 

maintain fatty acid synthesis in the liver [396]. Furthermore, inhibition of only 

ACC1 and ACC2 in rat hepatocytes by antisense oligonucleotides increased fatty 

acid oxidation in rat hepatocytes, while ACC1 suppression alone was sufficient to 

inhibit lipogenesis [397]. In the same study, inhibition of both ACC1 and ACC2 

in rats was needed to significantly reduce hepatic malonyl-CoA and lipid content, 

and to improve hepatic insulin sensitivity [397]. These findings should be 

interpreted with caution since antisense oligonucleotides did not result in a 

complete reduction of ACC enzyme levels (~20% was still present). Given these 

differences between studies, it is still unclear about whether ACC1 and ACC2 

have distinct (lipogenesis and fatty acid oxidation, respectively) or overlapping 

metabolic functions and is discussed in Chapter 2 of this thesis. 

1.5.2.1 NAFLD and exercise in clinical studies 

Recent clinical studies have shown that individualized exercise and diet 

interventions are beneficial at reducing liver lipid content or hepatic steatosis in 

adults [398–400] and adolescents [401–403]. In addition to reducing liver lipids, 

engaging in regular exercise is associated with a lower prevalence of NAFLD 

[404]. Findings of some studies, however, are not as supportive. Short-term 
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endurance training without weight loss does not change liver lipid content in men 

and women and 8 weeks of endurance training had no effect on alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST), two markers of 

liver function [405]. Consequently, time and duration of exercise may play an 

important role in mediating changes in liver lipids. Vigorous [406], resistance 

[398], endurance [407], and aerobic exercise training programs [399,400] have all 

been associated with reductions in liver lipids. A careful analysis of how these 

types of exercises impact liver metabolism is necessary. 

1.5.2.2 NAFLD and exercise in animal studies 

Rodent studies have also recognized the importance of exercise in 

preventing the development of hepatic steatosis [408]. The duration and form of 

exercise is important to liver lipid accumulation because although an acute single 

2 hour bout of aerobic exercise reduces intracardiomyocellular and 

intramyocellular lipids, it led to increases in intrahepatic lipid levels [409]. 

Nevertheless, studies examining training effects generally show reductions in 

hepatic lipid content [407,410,411] and cessation of training in previously active 

rats leads to the redevelopment of hepatic steatosis [412].  

The effects of chronic exercise training on NAFLD have also been 

examined. Along with improving high-fat diet induced insulin resistance, 8 weeks 

of aerobic exercise (45 minute at a speed of 10 m/min) improved liver 

mitochondrial function and fatty acid oxidation, and reduced de novo lipogenesis 

and triglyceride synthesis [413]. Still, it is important to differentiate between types 
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of exercise and the related effects on lipid content in the liver. For example, Sene-

Fiorese & colleagues compared the effects of 8 weeks of intermittent exercise (90 

minutes/day, divided into three daily sessions (3 × 30 minutes/day) with 4 hour of 

controlled intervals between the exercise periods of swimming) and constant 

exercise (90 minutes/day swimming) to the development of hepatic steatosis. All 

groups were fed a high-fat diet and although both forms of exercise resulted in 

reduced liver lipid levels, intermittent exercise decreased the likelihood of 

developing fatty liver and NAFLD the most when compared to constant exercise. 

The rate of in vivo liver lipogenesis in the high-fat diet groups was also lowest in 

the intermittent exercise intervention [414]. Similarly, 8 weeks of high-intensity 

exercise (interval running sessions for 1 hour, consisting of successive 4 minute 

periods at 85–90% of VO2 max, interspersed by 3 minute recovery periods at 70% 

of VO2 max) in rats improved hepatic insulin resistance compared to continuous 

exercise (ran continuously at 70% of VO2 max) [415]. Another study comparing 

liver lipid levels in rats that were genetically selected and bred for high aerobic 

capacity running versus low aerobic capacity running showed that high aerobic 

running capacity improved oxidative capacity in liver mitochondria [416]. In 

addition, the low-aerobic group of mice displayed higher lipid content in the liver, 

increased levels of SREBP-1c and ACC, and greater chance of lipid peroxidation 

– all characteristics of hepatic steatosis and oxidative stress [416]. A final study 

showed that vigorous-intensity interval treadmill running (twelve 1 minute 

intervals at 17 m/min with 2 minute active recovery at 10 m/min between 
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intervals), and moderate-intensity continuous treadmill running (8 m/min, giving a 

total exercise time of 46 minutes to match for distance) both improved NAFLD 

but it was vigorous-intensity interval treadmill running that was more efficient at 

improving hepatic steatosis [417]. Vigorous-intensity interval treadmill running 

was associated with greater AMPK activation and lower adiponectin and NF-κB 

secretion [417]. Therefore, evidence suggests an important role for type of 

exercise and that high-capacity intermittent exercise is likely more beneficial to 

hepatic liver lipid accumulation. Due to the variability in the exercise protocols 

used in studies, it is important to determine which form of exercise is most 

effective. Some studies, but not all, indicated that exercise was able to reduce 

liver fat content [398,418,419]; however, many of these studies showed exercise-

induced weight loss [415,416,420–424]. Since weight loss is an important 

regulator of NAFLD, it is difficult to make a conclusion about the importance of 

exercise on regulating NAFLD.  

1.5.2.3 Liver fatty acids, AMPK and exercise 

Exercise is believed to regulate lipid content by increasing hepatic fatty 

acid oxidation and decreasing fatty acid synthesis [425], however, direct evidence 

supporting this hypothesis does not currently exist. Since AMPK regulates both of 

these metabolic processes, it is important to consider the role of AMPK activation 

in the liver to better assess the mechanisms of exercise-induced reduction of liver 

lipids. To shed some light on mechanism, one study suggested that glucagon 

action in the liver is essential to achieve reductions in liver lipid levels during 
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treadmill and running wheel exercise. High-fat feeding on mice with a deletion of 

the glucagon receptor did not show reductions in lipid levels in the liver as in 

wild-type littermates [426]. Interestingly, the glucagon receptor knockout mice 

did not show increases in AMPK phosphorylation; suggesting that glucagon-

induced activation of AMPK was vital for reducing liver lipid content [426]. Two 

studies examining the impact of exercise cessation in previously trained animals 

observed a restoration of lipids in the liver [412,424]. Both studies also observed 

increases in ACC and FAS in livers of the exercise cessation group, suggesting 

greater lipid storage. This supports the hypothesis that exercise reduces fatty acid 

synthesis by AMPK phosphorylation and inhibition of ACC, which lowers 

cytosolic malonyl-CoA content to increase fatty acid oxidation. However, despite 

detection of ACC phosphorylation with exercise in these studies, AMPK 

phosphorylation was not detected in many studies [412,424]. This may be a result 

of tissue collection since AMPK phosphorylation is very sensitive to hypoxia and 

thus requires that liver tissue be snap frozen with liquid cooled tongs in situ [349].  

 

In summary, this section summarizes the current information about the 

role of AMPK in regulating liver fatty acid metabolism and development of 

NAFLD. A number of clinical and animal studies have shown that exercise can 

reduce liver lipid content; however, the exact mechanisms remain unknown. 

Therefore a primary purpose of the thesis was to examine the importance of 

AMPK in regulating liver liver lipid metabolism and NAFLD. 
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1.6 AMPK and insulin sensitivity 

AMPK has been shown to play an important role in regulating insulin 

sensitivity [427–429]. Glucose homeostasis requires both proper function of 

peripheral glucose uptake by skeletal muscle and adipose tissue and hepatic 

gluconeogenesis. The importance of AMPK has been studied in both skeletal 

muscle and the liver. This section will describe the findings of AMPK KO models 

and our current understanding about the role of AMPK in regulating insulin 

sensitivity in response to exercise training and metformin.  

 

1.6.1 Liver AMPK and insulin sensitivity 

Research has also suggested a vital role for liver AMPK in maintaining 

glucose homeostasis, effects which may be mediated in part through the control of 

liver gluconeogenesis. Cell studies initially showed an importance of AMPK in 

regulating gluconeogenesis [204,430]. The first in vivo studies indicating an 

important role for gluconeogenesis were made when mice lacking liver LKB1 (the 

upstream kinase of AMPK) developed severe hyperglycemia, an effect 

accompanied by a blunted activation of AMPK [431]. Similarly, genetic ablation 

of AMPK α2 from the liver leads to hyperglycemia and hyperinsulinemia [432]. 

These findings imply an importance of AMPK α2 in maintaining glucose 

production. Surprisingly, AMPK β1 KO mice are protected from high-fat diet-

induced hepatic insulin resistance [188]. However, this was attributed to the 

hypothalamic effects which reduced food intake and weight gain in mice; 
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therefore, making it difficult to make any associations regarding the importance of 

AMPK in regulating hepatic insulin sensitivity.  

The effects of exercise-induced activation of AMPK on hepatic insulin 

sensitivity have been examined in a limited number of studies. Mice fed a 

standard chow diet were given voluntary access to a running wheel for 8 weeks. 

Interestingly, improvements in hepatic insulin sensitivity occurred in the exercise 

group as shown by increased liver Akt Ser473 phosphorylation, increased insulin-

stimulated GSK3β Ser9 phosphorylation, and reduced SOCS3 expression [421]. 

AMPK and ACC phosphorylation, which is associated with reductions in liver 

malonyl-CoA and lipid content, increased with exercise in mouse and rat liver in 

most [164,426,433,434], but not all studies assessing insulin sensitivity [360]. As 

a result, it is possible that AMPK may be mediating improvements in insulin 

sensitivity through phosphorylation and inhibition of ACC activity. Therefore, 

future studies examing the effects of exercise training in mice lacking the ability 

of AMPK to regulate ACC would help delineate the importance of liver AMPK in 

regulating insulin sensitivity following exercise training and is a topic that is 

covered in Chapter 3 of this thesis. 

The liver contains high levels organic cation transporter 1 (OCT1) 

transporters making metformin particulary susceptible to uptake by hepatocytes 

[435]. A number of clinical studies have examined the effects of metformin on 

NAFLD [436]. Although metformin does not appear to alter liver histology 

clinically, it has been shown to improve insulin sensitivity and ALT and AST 
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levels in patients with hepatic steatosis [436]. In a clinical population, metformin 

was shown to only reduce glucose production without altering glucose uptake 

[437], and its main action was to lower hepatic gluconeogenesis in patients with 

type 2 diabetes [170]. AMPK was previously shown to be important for the action 

of metformin-induced improvements in insulin sensitivity [438] and hepatic 

steatosis [439,440]. Acute administration of metformin, however, was shown to 

decrease hepatic gluconeogenesis independent of liver AMPK in mice fed a 

normal chow diet [441], an effect occurring in response to reductions in glucagon 

induction of protein kinase A (PKA) [173]. In addition, inhibition of glucagon-

mediated induction of gluconeogenesis in hepatocytes was shown to occur 

independent of AMPK [442]. Still, there is evidence to suggest that treatment of 

hepatocytes with metformin leads to reduced mRNA and protein expression of 

SREBP-1 and reduced ACC activity, an effect dependent on AMPK [173]. In 

order to better understand the mechanisms of metformin in the liver, an 

examination of the importance of fatty acid metabolism and how this relates to 

hepatic insulin sensitivity is necessary. Chapter 2 and Chapter 3 of this thesis will 

examine the importance of AMPK phosphorylation of ACC in mice fed a high-fat 

diet and treated with metformin.  

As a result of the association between insulin resistance and NAFLD, it is 

important to look downstream of AMPK and examine the importance of AMPK 

regulation of ACC and fatty acid metabolism in association with hepatic insulin 

resistance. The impact of AMPK phosphorylation/inhibition of ACC on the 
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regulation of lipid metabolism and development on hepatic insulin resistance is a 

topic of Chapter 2 and Chapter 3 of this thesis.  

 

1.6.2 Skeletal muscle AMPK and insulin sensitivity 

Skeletal muscle controls ~80% of insulin-stimulated glucose disposal, 

indicating an important role for this tissue in maintaining glucose homeostasis 

[61,62,443]. AMPK activation by exercise has been shown to improve insulin 

sensitivity and glucose control in skeletal muscle [444] and reductions in skeletal 

muscle AMPK activity have been detected with aging and obesity in rodents 

[238,278] and humans [194]. These findings suggest an important role for skeletal 

muscle AMPK in sustaining insulin sensitivity. However, a number of skeletal 

muscle AMPK knockout mouse models do not support a vital role for AMPK in 

maintaining skeletal muscle insulin sensitivity when fed a control chow diet 

[167,239,246,445,446], an obesity-promoting high-fat diet [446,447], or when 

aged [445]. It should be noted that some studies have detected modest reductions 

in muscle insulin sensitivity [191,239,448]; an effect which may be due to 

increased catecholamines and not due to a direct defect in muscle metabolism 

[239].  

A high-fat diet has been shown to impair the expression and activity of 

skeletal muscle AMPK in some [449] but not all studies [90,450]. In one study, 

the transgenic overexpression of a dominant negative AMPK α2 mice in muscle 

developed a more severe inhibition of insulin-stimulated glucose transport 
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compared to WT mice fed high-fat diet [451]. Similarly, AMPK β2 KO mice 

showed greater impairments in insulin sensitivity when fed high-fat diet compared 

to WT mice [191]. However, whole-body AMPK α2 deletion [446] and AMPK 

α2 kinase dead [447] mice fed a high fat diet did not show any difference in the 

development of high-fat diet-induced insulin resistance. Importantly, although 

high-fat diet decreased AMPK α2 mRNA in skeletal muscle, mRNA levels of 

AMPK α1 were not altered [449]. While previous studies have investigated the 

effects of an obesity-inducing high-fat diet on a genetic background of lower 

muscle AMPK activity, it is possible that small amounts of residual AMPK 

activity may have been sufficient to maintain skeletal muscle insulin sensitivity in 

these previous reports [446,447]. Data in Chapter 4 of this thesis sheds light on 

whether small amounts of AMPK may have been important in maintaining insulin 

sensitivity in mice fed a high-fat diet by examining insulin sensitivity in obese 

AMPKβ1β2-MKO mice.  

Despite the equivocal results supporting a role for skeletal muscle AMPK 

activation to maintain insulin sensitivity, it should be noted that treatment of mice 

with many different types of AMPK activators consistently improve skeletal 

muscle insulin sensitivity [32,229,452–454]. However, the exact mechanisms by 

which AMPK may regulates skeletal muscle insulin sensitivity is currently not 

fully understood. Chronic exercise has been shown to improve skeletal muscle 

insulin resistance in obesity [455,456] but the exact mechanisms by which this 

occurs are not known. An increase in muscle insulin sensitivity has been shown to 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   63 

persist many hours after an acute bout of exercise [457–461] and improvements in 

insulin sensitivity with chronic exercise have been attributed to increased AMPK 

in humans [462–464]. However, not all studies have shown a connection between 

activation of AMPK with exercise and improvements in skeletal muscle insulin 

sensitivity [459,465], suggesting other mechanisms are also likely involved.  

Exercise-induced improvements in glucose control in skeletal muscle have 

been attributed to AMPK activation [444]. Although exercise training was shown 

to result in skeletal muscle metabolic changes independent of AMPK α2 on 

normal chow diet [283], 6 weeks of voluntary running wheel exercise did not 

improve skeletal muscle insulin sensitivity in AMPK α2 dominant negative mice 

as in WT mice fed a high-fat diet [466]. Briefly, AMPK α2 dominant negative 

mice given voluntary access to a running wheel showed partial improvements in 

skeletal muscle insulin sensitivity but did not show improvements in insulin 

levels, insulin-mediated palmitate uptake and oxidation, and CPT-1 expression 

that were achieved in WT mice. Still, reductions in palmitate oxidation, JNK1/2 

phosphorylation, and CD36 expression occurred in both WT dominant negative 

mice [466]. This indicates that skeletal muscle AMPK α2 is at least partially 

required for insulin sensitization by exercise. However, it should be noted that 

although mice had equal running time, WT mice showed increased total running 

distance [466]. Future studies should control for distance traversed or work input 

during exercise between mice.  
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In addition to exercise training, the treatment of mice with a diverse range 

of compounds that activate AMPK including AICAR [248,467–469], resveratrol 

[470], berberine [452], metformin [263,453,471,472] or ciliary neurotrophic 

factor [90] has been shown to improve skeletal muscle insulin sensitivity.  The 

insulin sensitization of these compounds have been shown to be mediated through 

skeletal muscle AMPK dependent [90,248,467,472] and independent 

[263,468,469] pathways.     

Of the above listed compounds, metformin has been most intensely 

studied as it has been shown to increase skeletal muscle AMPK in insulin 

resistance rodents [449] and humans [473]. While there are some studies in 

muscle cells showing metformin may increase glucose uptake [263,471], 

clinically it has been shown that improvements in muscle glucose uptake or 

insulin sensitivity are usually not seen with metformin treatment in humans [474].  

Instead the clinical data indicate the primary mechanism target for metformin 

action is the liver and suggest that studies showing effects in muscle may be 

primarily the result of the delivery method used (intraperitoneal administration vs. 

oral) and high concentrations studied which typically would not be observed in 

systemic circulation.   

Based on the potential for muscle AMPK activators to improve exercise 

capacity and insulin sensitivity/glucose homeostasis, there has been a tremendous 

impetus from both industry and academic laboratories to develop new small 

molecule activators of skeletal muscle AMPK. Two direct activators of AMPK, 
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A769662 and salicylate, target the β1 subunit thus limiting their clinical utility in 

activating skeletal muscle AMPK [205,212] given the low expression of this 

subunit in skeletal muscle [188,191]; although it should be noted that recently 

EX229 has been shown to directly activate both AMPK β1 and β2 containing 

complexes in muscle [207]. Despite this, examination of chronic skeletal muscle 

AMPK activation in obesity is necessary to better elucidate effects of long-term 

AMPK activation on skeletal muscle insulin sensitivity. In Chapter 4 of this thesis 

we will discuss our findings related to R419 (N-(1-(4-cyanobenzyl)piperidin-4-

yl)-6-(4-(4-methoxybenzoyl)piperidine-1-carbonyl)nicotinamide, which is a novel 

mitochondrial complex I inhibitor that activates AMPK in myotubes [475].  
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1.7 Main objective 
	  

The overall purpose of this thesis is to investigate the role of AMPK 

activation in obese mice.  

1.7.1 Specific Aims 
	  

The specific aims of this thesis are to examine the effects of AMPK 

activation during the progression of diet-induced obesity in mice via:  

1. Metformin (Chapter 2).  

2. Exercise (Chapter 3) 

3. Novel AMPK activator R419 (Chapter 4). 

 

1.8 Hypotheses 
	  

In Chapter 2, we explore the effects of metformin on insulin sensitivity 

and fatty acid metabolism in AccDKI (serine-alanine knockin mutations of ACC1 

Ser79 and ACC2 Ser212) mice generated on a C57Bl/6 background and WT mice 

fed a high-fat diet. AMPK phosphorylation of ACC activates fatty acid oxidation 

and inhibits fatty acid synthesis. Therefore, we hypothesize that AMPK activation 

by metformin treatment will lead to reductions in liver lipid levels in WT mice but 

not AccDKI mice. This will primarily occur in the liver due to the high levels of 

OCT1 transporter. This reduction in liver lipid levels in WT mice will result in 
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improvements in whole-body insulin sensitivity. AccDKI mice, however, will not 

exhibit any improvements in insulin sensitivity with metformin treatment.  

In Chapter 3, we explore the effects of exercise-induced activation of 

AMPK on insulin sensitivity and fatty acid metabolism in AccDKI and WT mice 

fed a high-fat diet. We hypothesize that AMPK activation by exercise will lead to 

reductions in liver lipid levels in WT mice but not AccDKI mice, leading to 

improvements in whole-body insulin sensitivity in WT mice only.  

In Chapter 4, we explore the effects of novel AMPK activator, R419, on 

insulin sensitivity in AMPKβ1β2-MKO (AMPK-MKO) and WT mice fed a high-

fat diet. Since R419 activates AMPK in myotubes and skeletal muscle, we 

hypothesize that R419 will lead to improvements in insulin sensitivity and 

exercise capacity in only WT mice and the same effects will not occur in AMPK-

MKO mice. 	  
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CHAPTER TWO 
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Single phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and 
the insulin-sensitizing effects of metformin 
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The obesity epidemic has led to an increased incidence of 
nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes. 
AMP-activated protein kinase (Ampk) regulates energy 
homeostasis and is activated by cellular stress, hormones  
and the widely prescribed type 2 diabetes drug metformin1,2. 
Ampk phosphorylates mouse acetyl-CoA carboxylase 1 (Acc1;  
refs. 3,4) at Ser79 and Acc2 at Ser212, inhibiting the 
conversion of acetyl-CoA to malonyl-CoA. The latter metabolite 
is a precursor in fatty acid synthesis5 and an allosteric inhibitor 
of fatty acid transport into mitochondria for oxidation6. To test  
the physiological impact of these phosphorylation events,  
we generated mice with alanine knock-in mutations in both 
Acc1 (at Ser79) and Acc2 (at Ser212) (Acc double knock-in,  
AccDKI). Compared to wild-type mice, these mice have 
elevated lipogenesis and lower fatty acid oxidation, which 
contribute to the progression of insulin resistance, glucose 
intolerance and NAFLD, but not obesity. Notably, AccDKI  
mice made obese by high-fat feeding are refractory to the  
lipid-lowering and insulin-sensitizing effects of metformin. 
These findings establish that inhibitory phosphorylation of  
Acc by Ampk is essential for the control of lipid metabolism 
and, in the setting of obesity, for metformin-induced 
improvements in insulin action.

Genetic disruption of Acc1 (refs. 7,8) or Acc2 (refs. 9–12)  
has yielded conflicting results as to the role of these enzymes in  
controlling fatty acid metabolism. The Ampk-mediated phospho-
rylation of Acc1 at Ser79 (Acc1 Ser79, equivalent to Acc2 Ser212) 
inhibits catalytic activity in cell-free systems13. To test the impor-
tance of Ampk signaling to Acc in vivo, we generated Acc1-S79A and 

Acc2-S212A knock-in mice and intercrossed these strains to gener-
ate AccDKI mice (Supplementary Fig. 1a,b). We examined Ampk- 
mediated phosphorylation of liver Acc1 Ser79 and Acc2 Ser212 by 
mass spectrometry and confirmed the absence of phosphorylation  
at these sites in the AccDKI but not the wild-type (WT) mice (Fig. 1a  
and Supplementary Fig. 1c). We observed no change in baseline  
Ampk Thr172 phosphorylation in livers from all three lines 
and no change in the expression of either Acc isoform (Fig. 1a).  
The activities of Acc1 and Acc2 were elevated in AccDKI mice  
(Fig. 1b,c) compared to WT controls, consistent with Ampk phospho-
rylation negatively regulating Acc1 and Acc2 enzyme activity in vivo. 
Furthermore, dephosphorylation of liver Acc1 using lambda phos-
phatase increased enzyme activity in liver from WT but not AccDKI 
mice (Supplementary Fig. 2a), indicating that Ser79 is the main regu-
latory site for Acc1 activity. Both WT and AccDKI enzymes remained 
sensitive to citrate activation, confirming that other mechanisms of 
Acc regulation remained intact in the AccDKI livers.

Liver malonyl-CoA content is dependent on Acc activity for 
synthesis and on malonyl-CoA decarboxylase activity for degrada-
tion. AccDKI mice had elevated liver malonyl-CoA in the fed state  
compared to WT control mice (Fig. 1d), but this did not result in 
compensatory upregulation of malonyl-CoA decarboxylase transcript 
level (Supplementary Fig. 2b). Hepatocytes from AccDKI mice had 
higher de novo lipogenesis (Fig. 1e) and lower fatty acid oxidation 
(Fig. 1f) compared to those from WT controls. Consistent with this, 
AccDKI mice also had higher hepatic de novo lipogenesis in vivo 
(Supplementary Fig. 2c) than WT mice. In contrast, single mutations 
in Acc1 or Acc2 had minimal changes in these parameters, indicating 
redundancy between Acc isoforms (Supplementary Fig. 2d–f), which 
is consistent with a previous siRNA knockdown study14.

Single phosphorylation sites in Acc1 and Acc2 regulate 
lipid homeostasis and the insulin-sensitizing effects  
of metformin
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Skeletal muscle is the major tissue contributing to the basal 
metabolic rate, and Acc2 and malonyl-CoA have been shown to 
be important in regulating skeletal muscle fatty acid oxidation in 
some9,11 but not all10,12 studies. We found that relative to WT con-
trols, malonyl-CoA was higher in skeletal muscle of AccDKI mice 
(Supplementary Fig. 2g), whereas fatty acid oxidation was slightly 
lower (Supplementary Fig. 2h). These data indicate that liver and 
skeletal muscle malonyl-CoA content and fatty acid metabolism  
are sensitive to the regulatory phosphorylation of Acc1 at Ser79 and 
Acc2 at Ser212.

We examined the phenotype of AccDKI mice fed a standard chow 
diet. Growth curves (data not shown) and adiposity were similar 
(Fig. 1g), but liver (Fig. 1h) and skeletal muscle (Supplementary 
Fig. 2i) diacylglycerol (DAG) and triacylglycerol (TAG) levels were 
elevated in AccDKI compared to WT mice. There were no differ-
ences in ceramide content in either tissue (data not shown). Elevated 
hepatic lipid content in AccDKI mice was associated with clinical 
signs of NAFLD, including an increased level of fibrosis (Fig. 1i) 
and a slightly elevated serum ratio of alanine aminotransferase to 
aspartate aminotransferase (Supplementary Fig. 2j) compared to 
WT controls. Pathological accumulation of DAG has been shown 
to activate atypical isoforms of protein kinase C (Pkc)15, specifically 
Pkc-  and Pkc-  in liver16 and Pkc-  in skeletal muscle17, which have 
been shown to interfere with canonical insulin signaling. Consistent 
with this, AccDKI mice had greater amounts of membrane-associated 
(Fig. 1j) and phosphorylated Pkc-  (Supplementary Fig. 3a) in liver 

and Pkc-  in skeletal muscle (Supplementary Fig. 3b) compared to 
control animals, whereas amounts of membrane-associated Pkc-  did 
not differ between AccDKI and WT mice (data not shown). These 
results demonstrate that Acc Ser79 and Ser212 phosphorylation play 
an essential part in preventing ectopic lipid accumulation independ-
ent of body mass or adiposity.

The storage of excess lipid in insulin-sensitive organs such as liver 
and skeletal muscle is strongly associated with insulin resistance15,18. 
We found that AccDKI mice were hyperglycemic (Fig. 2a), hyperin-
sulinemic (Fig. 2b) and also glucose (Fig. 2c) and insulin intolerant 
(Fig. 2d) compared to WT controls. Hyperinsulinemic-euglycemic 
clamp experiments (Supplementary Fig. 3c) revealed that AccDKI 
mice had a lower glucose infusion rate (GIR) (Fig. 2e), a lower glucose 
disposal rate (GDR) (Fig. 2e), elevated hepatic glucose production 
(HGP) (Fig. 2f) and a lower suppression of HGP by insulin (Fig. 2g) 
compared to WT controls. Further, livers from AccDKI mice had 
reduced Akt kinase (Ser473) and FoxO1 transcription factor (Ser253) 
phosphorylation (Fig. 2h,i) and higher gluconeogenic gene expres-
sion at the completion of the clamp (Fig. 2j) compared to WT con-
trols. In addition, we found that c-Jun N-terminal kinase (Jnk), which 
also inhibits canonical insulin signaling19, was unchanged in livers 
from chow-fed AccDKI mice (Supplementary Fig. 3d). We observed 
a trend toward decreased 2-deoxyglucose (2-DG) uptake into skeletal 
muscle of AccDKI mice during the clamp (Supplementary Fig. 3e) 
and a marked reduction in muscle Akt (Ser473) and FoxO1 (Ser253) 
phosphorylation (Supplementary Fig. 3f,g) at the completion of the 
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clamp compared to WT control mice. Furthermore, insulin resistance 
in AccDKI mice was independent of changes in liver or adipose tis-
sue macrophage accumulation, inflammatory cytokine gene expres-
sion or protein content (Supplementary Fig. 4a–c) or differences in 
circulating free fatty acids (Supplementary Fig. 4d). These results 
indicate that Acc phosphorylation is required to maintain insulin 
sensitivity in lean healthy mice. Notably, mice with complete deletions 
of Ampk isoforms in skeletal muscle20 or liver21 have normal lipid 
levels and insulin sensitivity, suggesting that in these models, there 
may be alterations in compensatory pathways that are important for 
controlling fatty acid metabolism.

Over 120 million people are prescribed metformin for the man-
agement of type 2 diabetes22. As metformin indirectly activates 
Ampk, it was initially thought that Ampk mediates metformin’s 
therapeutic actions23. However, acute inhibition of gluconeogenesis 
by metformin is independent of Ampk21 and involves inhibition of 
glucagon signaling through protein kinase A (Pka)24. Nevertheless, 
the ability of metformin to lower blood glucose in obese individu-
als with type 2 diabetes involves chronic enhancement in insu-
lin sensitivity25–29. We found that acute metformin treatment 
activated hepatic Ampk in both genotypes, but this was only asso-
ciated with increased Acc phosphorylation (Fig. 3a) and reduced 
malonyl-CoA levels (Fig. 3b) in WT mice. Metformin reduced  
de novo lipogenesis in hepatocytes from WT mice, and this sup-
pressive effect was equivalent to that caused by Ampk- 1–specific 
activation using A-769662 (ref. 30) (Fig. 3c). Notably, the metformin-
induced inhibition of hepatic lipogenesis seen upon Ampk activation 
was entirely mediated by Ampk phosphorylation of Acc, as met-
formin and A-769662 were ineffective at suppressing lipogenesis in 

AccDKI or Ampk- 1–deficient hepatocytes (Fig. 3c). However, unlike  
A-769662, metformin did not increase fatty acid oxidation in either 
genotype (Supplementary Fig. 4e). These data demonstrate that the 
effects of metformin on lipogenesis are specific to Ampk and indicate 
that although Ampk may inhibit multiple targets in this pathway, 
including sterol regulatory element binding protein-1c (ref. 31) and 
expression of fatty acid synthase32, the primary regulation of lipo-
genesis is dependent on the phosphorylation of both Acc1 and Acc2. 
In contrast, lipogenesis was inhibited by metformin in hepatocytes 
from both WT and Acc1 knock-in (Acc1KI) mice (Supplementary 
Fig. 4f), and in vivo, a lipid-lowering effect was demonstrated in high-
fat diet (HFD)-fed WT and Acc1KI animals treated with metformin 
(Supplementary Fig. 4g).

In humans, therapeutic doses of metformin (0.5–3 g per day)27 
result in plasma concentrations ranging from 10 to 25 M (refs. 33,34).  
In rodents, the administration of 50 mg per kg body weight of  
metformin has been shown to elicit plasma concentrations of 29 M 
(ref. 35). We therefore treated HFD-fed WT and AccDKI mice with 
a daily dose of metformin at 50 mg per kg body weight for 6 weeks. 
In contrast to chow-fed mice, HFD-fed AccDKI mice showed no 
differences in any metabolic parameters compared to HFD-fed WT 
animals (Fig. 3 and Supplementary Figs. 5–7). This indicates that 
diet-induced obesity overwhelms the effect of signaling by endog-
enous Ampk to Acc unless an external Ampk stimulus is provided.

Metformin has been shown to have positive effects on fatty liver 
in some but not all clinical trials25. However, rodent studies with 
metformin have demonstrated a clear lipid-lowering effect23,30, 
which suggests the need for more robust analyses or the development  
of more reliable biomarkers in human studies25,36. Notably, in vivo 
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lipogenesis was similar between HFD-fed WT and AccDKI mice  
(Fig. 3d), and an acute dose of metformin (50 mg per kg body weight) 
suppressed lipogenesis in vivo by ~35% in WT livers yet was com-
pletely ineffective in AccDKI mice (Fig. 3d). We next assessed the 
metabolic effects of chronic metformin treatment and found that, 
independent of change in weight or adiposity (Supplementary  
Fig. 5c), hepatic lipid content was reduced in WT mice, an effect 
completely absent in AccDKI mice (Fig. 3e–g). Reductions in 
hepatic DAG were accompanied by decreased membrane-associated  
(Fig. 3h) and Ser729-phosphorylated Pkc-  (Supplementary Fig. 5d)  
and lower Jnk activation (Supplementary Fig. 5e) in metformin-
treated WT but not AccDKI mice.

In addition to reducing hepatic lipid content, chronic metformin 
treatment of HFD-fed WT but not AccDKI mice was associated 
with lowered fasting blood glucose (Fig. 4a), a trend toward lowered 
serum insulin levels (Supplementary Fig. 5f) and improved glucose 
tolerance (Supplementary Fig. 5g) and insulin sensitivity (Fig. 4b). 
Metformin-induced suppression of cAMP and glucagon-dependent 
hepatic glucose output is independent of Ampk21,24, and in hepato-
cytes from WT, AccDKI and Ampk- 1–deficient mice, metformin 
was effective at suppressing cAMP-stimulated glucose production 
(Supplementary Fig. 5h). Metformin was also able to acutely lower 
circulating glucose levels in both chow-fed and obese HFD-fed WT 
and AccDKI mice, as shown by metformin tolerance tests (200 mg 
per kg body weight37) (Supplementary Fig. 5i). However, at the dose 
that was used for our chronic treatments (50 mg per kg body weight), 
glucose levels were unaltered (Supplementary Fig. 5j), strongly sug-
gesting that metabolic differences following chronic metformin treat-
ment between AccDKI and WT mice were primarily the result of 
differential regulation of insulin sensitivity rather than acute effects 
on glucose lowering.

In hyperinsulinemic-euglycemic clamp experiments, chronic 
metformin treatment improved GDR (Supplementary Fig. 6a) 

and skeletal muscle 2-DG uptake in both WT and AccDKI mice 
(Supplementary Fig. 6b,c). This is consistent with an Ampk-
Pkc–dependent pathway controlling metformin-induced skel-
etal muscle glucose uptake38. In contrast, chronic metformin 
treatment increased GIR (Supplementary Fig. 6d–g), decreased HGP  
(Fig. 4c) and increased suppression of HGP by insulin (Fig. 4d) 
in WT but not AccDKI mice. Enhanced Akt (Ser473) and FoxO1 
(Ser253) phosphorylation (Supplementary Fig. 7a,b) and reduced 
gluconeogenic gene expression (Supplementary Fig. 7c) at the com-
pletion of the clamp in WT but not in AccDKI mice provides further 
evidence of metformin-induced improvements in hepatic insu-
lin sensitivity. We demonstrated that metformin improved insulin 
sensitivity in a liver cell-autonomous manner in a cellular model of 
palmitate-induced insulin resistance. In particular, hepatocytes made 
insulin resistant by chronic treatment (18 h) with the saturated fatty 
acid palmitate were treated with metformin, which improved insu-
lin-stimulated phosphorylation of Akt Ser473 and FoxO1 Ser253  
(Fig. 4e), insulin-induced suppression of gluconeogenic gene expres-
sion (Fig. 4f) and insulin-induced suppression of hepatic glucose 
production (Fig. 4g) in hepatocytes from WT but not AccDKI mice. 
Notably, the beneficial metabolic effects of specific Ampk activa-
tion by A-769662 were completely abrogated in AccDKI hepatocytes  
and in vivo (Supplementary Fig. 8a–d), which corroborates the 
fundamental importance of Ampk-Acc signaling for hepatic lipid 
metabolism and insulin sensitivity.

Metformin remains the primary therapeutic option for the treat-
ment of type 2 diabetes, although the precise mechanisms by which it 
confers its beneficial effects are incompletely understood. Glucagon-
driven hepatic gluconeogenesis maintains glycemia during states of 
fasting, and this is poorly regulated in patients with type 2 diabe-
tes. Recently, it has been shown that metformin counters this pro-
gram by inhibiting glucagon-stimulated cAMP production, thereby 
reducing Pka activity and glucagon-stimulated glucose output from  
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the liver24. We confirmed that this mechanism also operates in both 
WT and AccDKI mice in response to high concentrations of met-
formin (Supplementary Fig. 8e). An important distinction between 
this previous work24 and our current study is their focus on the fast-
ing, or glucagon-specific, actions of metformin, which occur in the 
absence of insulin stimulation. The ability of insulin to suppress 
hepatic gluconeogenesis and to promote the efficient uptake of glu-
cose in the periphery is fundamental and dramatically decreased in 
insulin resistance and type 2 diabetes.

The insulin-sensitizing effects of metformin have been well docu-
mented25,28,29, but mechanistic insight has been lacking. Our data 
provide evidence that in the setting of obesity and insulin resistance, 
chronic metformin treatment (at a clinical dose) reduces hepatic 
lipogenesis and lipid accumulation by activation of Ampk and con-
sequent inhibition of both Acc1 and Acc2. This lipid-lowering effect 
then alleviates obesity-induced insulin resistance. Notwithstanding 
metformin inhibition of glucagon-dependent gluconeogenesis, we 
provide evidence for a parallel mechanism, whereby chronic met-
formin treatment increases insulin sensitivity through alterations in 
hepatic lipid homeostasis (Fig. 4h).

Since the initial discovery that Ampk directly phosphorylates Acc1, 
the site-specific phosphorylation of Acc1 and Acc2 has been used 
as a surrogate marker for Ampk signaling in hundreds of studies. 
Currently, more than 30 other substrates of Ampk have been identi-
fied in multiple metabolic pathways. Through genetic targeting of 
Acc1 Ser79 and Acc2 Ser212 and the generation of knock-in mice, 
we show that phosphorylation and inhibition of these two Ampk 

substrates is critical for maintaining lipid metabolism and insulin 
sensitivity. Moreover, Acc phosphorylation by Ampk also underpins 
the insulin-sensitizing effects of metformin.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Animals. Both Acc1-S79A KI and Acc2-S212A KI mice were generated 
by OzGene Pty (Perth, Australia). The targeting strategy is summarized 
in Supplementary Figure 1. The generation of Ampk- 1–deficient and 
Ampk- 2–deficient mice has previously been described39,40. All mice used 
in the study were bred on a C57BL/6 background and from heterozygous 
intercrosses. Male mice were used for all studies and housed in specific- 
pathogen–free microisolators and maintained on a 12-h light-dark cycle with 
lights on at 7:00 a.m. Mice were maintained on either a chow diet (17% kcal 
from fat; Diet 8640, Harlan Teklad, Madison, WI) or HFD (45% kcal from  
fat; D12451, Research Diets; New Brunswick, NJ) starting at 6 weeks of age  
for 12 weeks. For HFD-metformin experiments, mice received 6 weeks of  
daily intraperitoneal injections of metformin (50 mg per kg body weight)  
starting after 6 weeks of the HFD. Fasting and fed blood samples were col-
lected for serum analyses through submandibular bleeding. The McMaster 
University (Hamilton, Canada) Animal Ethics Research Board and St. Vincent’s  
Hospital (Melbourne, Australia) Animal Ethics Committee approved all 
experimental protocols.

Enzymatic activity assays. Acc activity in liver was measured by 14CO2 fixation 
into acid-stable products. Acc1 or Acc2 protein was immunoprecipitated from 
2 mg of tissue homogenates using Acc1- or Acc2-specific antibodies. Acc1- and 
Acc2-specific antibodies were generated by immunizing sheep with synthetic 
peptides coupled to keyhole limpet hemocyanin (CDEPSPLAKTLELNQ  
(rat Acc1 (1–15 Cys1) and CEDKKQAPIKRQLMT (rat Acc2 (145–159 Cys145)) 
and purifying antibodies from the resulting sera by affinity chromatography on 
immobilized peptides. Immunoprecipitates were incubated for 1.5 h at room 
temperature with reaction buffer containing 125 M acetyl-CoA, 12.5 mM 
NaHCO3 and 16.7 Ci/ml [14C]NaHCO3 with the indicated concentrations of 
citrate. The reactions were terminated by addition of HCl and dried overnight 
at 37 °C. Water was added to the dried sample and radioactivity measured by 
liquid scintillation counting. Purified Acc1 proteins from WT and Acc1KI 
livers were subjected to  phosphatase (400 U in a 60- l reaction) treatment 
for 25 min at 30 °C. After a wash removal of the phosphatase, a small aliquot 
was used for determination of Acc1 Ser79 phosphorylation by western blot 
analysis. The majority of the protein that remained was used to assess Acc 
activity, as described above.

Mass spectrometry analyses. Acc isoforms from WT and AccDKI livers  
were affinity-purified by streptavidin. Proteins were eluted from beads, 
reduced and alkylated with iodoacetamide and then precipitated with 
methanol/chloroform (1:1, vol/vol). The denatured proteins were digested 
overnight with trypsin in solution at 37 °C. Peptides were separated on a 
PepMap RSLC C18 column using a Dionex 3000 Series NCS-3500RS nano 
liquid chromatography system. Mass spectrometry was performed on a  
5600 Triple TOF MS (AB SCIEX).

Malonyl-CoA assay. Quantification of short-chain CoA species was performed 
as reported previously with modification41. Briefly, frozen muscle and liver 
samples (~15–20 mg) were homogenized for 20 s in 300 l of 6% (vol/vol) 
perchloric acid. After homogenization, the samples were left on ice for 10 min 
and then centrifuged at 12,000g for 5 min. The resulting supernatant (100 l) 
was analyzed using a UPLC Waters Acquity System. Each sample was run at 
a flow rate of 0.4 ml/min through an Ascentis Express C18 Column, 10 cm × 
2.1 mm and 2.7- m particle size from Supelco maintained at a temperature 
of 40 °C. The analyte detection occurred at an absorbance of 260 nm. The 
mobile phase consisted of a mixture of buffer A (0.25 M NaH2PO4 and water) 
and buffer B (0.25 M NaH2PO4 and acetonitrile). The gradient-elution profile 
consisted of the following initial conditions: 2% B for 2–4 min, 25% B for  
4–6 min, 40% B for 6–8 min and 100% B for 10–12 min, maintained for 15 min. 
All gradients were linear and peaks were acquired, integrated and analyzed 
using the Waters Empower Software.

Histological analyses. Tissues were fixed in formalin for at least 48 h, embed-
ded in paraffin and H&E stained. After staining, each sample was imaged in 
triplicate. For determination of hepatic fibrosis, trichrome staining was used 

to visualize collagen. This was then quantified using the color segmentation 
function of Image J software (National Institutes of Health).

Western blotting, inflammation and RT-PCR. Tissues were dissected rapidly, 
snap-frozen in liquid nitrogen and stored at −80 °C until subsequent analyses. 
All primary antibodies were used at a dilution of 1:1,000. Blotting for total and 
phosphorylated Akt, Jnk, Ampk and Acc (antibodies all from Cell Signaling: 
Akt #9272, pAkt Ser473 #4058, Jnk #9252, pJNK #9251, AMPK-  #2532, 
pAMPK-  Thr172 #2531, Acc #3676, pAcc Ser79 #3661 and -actin #5125) 
were performed as previously described42. Phosphorylated FoxO1 Ser253 (Cell 
Signaling #9461) was normalized to Gapdh (Cell Signaling #2118). For Pkc-   
phosphorylation, an antibody directed against Ser729 was used (Abcam 
ab134031). For membrane-associated Pkc activation, tissues were homog-
enized in 300 l of buffer I (20 mM Tris·HCl, pH 7.4, 1 mM EDTA, 0.25 mM 
EGTA, 250 mM sucrose and protease inhibitor mixture) and centrifuged at 
100,000 × g for 1 h (4 °C). The supernatants containing the cytosolic frac-
tion were removed to new tubes. Pellets were then resuspended in 300 l of  
buffer II (250 mM Tris·HCl, pH 7.4, 1 mM EDTA, 0.25 mM EGTA, 2% Triton 
X-100 and protease inhibitor mixture) and centrifuged at 100,000 × g for 1 h  
(4 °C) to obtain the plasma membrane fraction. Gapdh and caveolin-1 were 
used as markers of the cytosolic and membrane preparation purity, respec-
tively. Pkc- , Pkc-  and Pkc-  activation (Cell signaling Pkc-  #2683, Pkc-  
#2059 and Pkc-  #2058) was expressed as a ratio of membrane (normalized 
to caveolin-1(BD Biosciences #C37120)) to cytosolic (normalized to Gapdh) 
localization, which was assessed from the same membrane to eliminate 
exposure bias. Hepatic tissues were prepared as previously described43, and 
proinflammatory cytokines were determined using commercially available 
kits. Total RNA isolation, cDNA synthesis and quantitative RT-PCR were  
performed as described previously42.

Metabolic studies. For glucose, insulin and metformin tolerance tests, mice 
were injected with d-glucose (2 g per kg body weight and 1 g per kg body 
weight for chow and HFD, respectively), human insulin (0.6 U per kg body 
weight and 1 U per kg body weight for chow and HFD, respectively) or 50 and 
200 mg per kg body weight metformin37 through intraperitoneal injection 
and blood glucose monitored at the indicated times by a small cut in the tail 
vein. Whole-body adiposity was assessed by computed tomography, and res-
piratory exchange ratio was determined using Columbus Laboratory Animal 
Monitoring System as previously described42. Hyperinsulinemic-euglycemic 
clamps were performed as previously described42. Briefly, 5 d after cannula-
tion, only mice that lost <8% of their weight were clamped. Mice fasted 6 h 
were infused with a basal infusate containing d-[3-3H]glucose (7.5 Ci/h,  
0.12 ml/h) for 1 h to determine basal glucose disposal. An insulin infu-
sate (10 mU insulin per kg body weight per min in 0.9% saline) containing  
d-[3-3H]glucose (7.5 Ci/h, 0.12 ml/h) was then initiated and blood glucose 
monitored and titrated with 50% dextrose infused at a variable rate to achieve 
and maintain euglycemia. For rates of glucose uptake, [14C]2-DG (10 Ci) 
was infused during the clamped state and tissues excised after 30 min. The 
rates of glucose disposal in the basal and clamped states and hepatic glucose 
output were calculated using the Steele equation for steady-state conditions44. 
Insulin was measured by ELISA kit, alanine aminotransferase and aspartate 
aminotransferase were determined using commercially available kits and 
TAG levels were determined by glycerol assay following saponification of the 
TAG fraction separated using thin-layer chromatography. Total levels of tissue 
DAG and ceramides were quantified using DAG kinase assay as previously 
described45. de novo lipogenesis was determined in vivo by the incorpora-
tion of [3H]acetate into hepatic lipids after metformin (50 mg per kg body 
weight) or A-769662 (30 mg per kg body weight) injection, where saline and 
5% DMSO in PBS served as vehicles, respectively. Skeletal muscle fatty acid 
oxidation was assessed in isolated extensor digitorum longus muscle as previ-
ously described40. For metformin-stimulated glucose uptake, isolated extensor 
digitorum longus muscle was incubated with vehicle (60 min), metformin 
(1 mM for 60 min), submaximal insulin (2.0 M for 30 min) or metformin 
(1 mM for 60 min) plus insulin (2.0 M for 30 min). 2-DG uptake was then 
measured over 20 min in the presence of insulin (2 M) or metformin (1 mM). 
To measure hepatic cAMP, WT and AccDKI mice in the fed condition were 
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injected with vehicle, 200 or 400 mg per kg body weight metformin. After  
1 h, mice received a vehicle or glucagon injection (2 mg per kg body weight). 
Livers were collected after 5 min and rapidly freeze-clamped23. Hepatic cAMP 
measurements were performed using an EIA from Cayman Chemicals per the 
manufactures instructions.

Cell culture experiments. Primary hepatocytes were isolated by collagenase 
perfusion42. [3H]acetate lipogenesis and [14C]palmitate oxidation was per-
formed as described previously39. Briefly, for lipogenesis, [3H]acetate (5 Ci/ml)  
was in the presence of 0.5 mM sodium acetate for 4 h. Medium was then 
removed and cells washed with PBS before lipid extraction for determination 
of incorporation into lipid fractions. For fatty acid oxidation, [14C]palmitate 
(2 Ci/ml) was in the presence of 0.5 mM palmitate (conjugated to 2% BSA) 
for 4 h. Medium was removed and acidified with equal volume of 1 M acetic 
acid in an airtight vial. [14C]CO2 was trapped in 400 l of 1 M benzethonium 
hydroxide and radioactivity determined. Cellular lipids were extracted after a 
PBS wash, and radioactivity of the acid soluble intermediates was determined. 
Total oxidation was then calculated as a function of both [14C]CO2–produced 
and incomplete oxidation products. For insulin signaling experiments in hepa-
tocytes, cells were incubated in the presence or absence of 0.5 mM palmitate 
(conjugated to 2% BSA) and 0.5 mM metformin for 18 h (with 0.1% FBS). Cells 
were then stimulated with 10 nM insulin; gluconeogenic gene expression was 
assessed after 6 h of insulin treatment, and insulin signaling was assessed after 
5 min of insulin stimulation. Hepatic glucose production was determined as 
previously described22. Briefly, cells were cultured as above in the presence 
of 100 nM dexamethasone. Cells were washed once with PBS and incubated 
in glucose-free DMEM (100 nM dexamethasone, 10 mM lactate and 1 mM 

pyruvate) with or without Bt2-cAMP (100 M) and with or without indi-
cated doses of metformin or A-769662. For chronic treatments, palmitate-,  
metformin- and A-769662–supplemented medium was removed after 18 h, 
cells were washed and glucose-free DMEM was added to measure glucose 
output in the presence or absence of insulin (10 nM). Glucose in the medium 
after 4 h was assessed by glucose oxidase kit.

Statistical analyses. All results shown are mean  s.e.m. Results were ana-
lyzed using a two-tailed Student’s t-test or two-way ANOVA, where appropri-
ate, using GraphPad Prism software. A Bonferonni post hoc test was used to  
test for significant differences revealed by the ANOVA. Significance was 
accepted at P  0.05.

39. Dzamko, N. et al. AMPK 1 deletion reduces appetite, preventing obesity and 
hepatic insulin resistance. J. Biol. Chem. 285, 115–122 (2010).

40. Steinberg, G.R. et al. Whole body deletion of AMP-activated protein kinase 2 
reduces muscle AMPK activity and exercise capacity. J. Biol. Chem. 285,  
37198–37209 (2010).

41. Ussher, J.R. et al. Stimulation of glucose oxidation protects against acute myocardial 
infarction and reperfusion injury. Cardiovasc. Res. 94, 359–369 (2012).

42. Galic, S. et al. Hematopoietic AMPK 1 reduces mouse adipose tissue macrophage 
inflammation and insulin resistance in obesity. J. Clin. Invest. 121, 4903–4915 
(2011).

43. Schertzer, J.D. et al. NOD1 activators link innate immunity to insulin resistance. 
Diabetes 60, 2206–2215 (2011).

44. Steele, R. Influences of glucose loading and of injected insulin on hepatic glucose 
output. Ann. NY Acad. Sci. 82, 420–430 (1959).

45. Preiss, J. et al. Quantitative measurement of sn-1,2-diacylglycerols present in 
platelets, hepatocytes, and ras- and sis-transformed normal rat kidney cells. J. Biol. 
Chem. 261, 8597–8600 (1986).
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Supplementary Fig. 1. Generation and confirmation of Acc1KI and Acc2KI mice. 
Schematic representation of the targeting strategy for (a) Acc1KI and (b) Acc2KI mice. (c) 
Summary of mass spectroscopy analyses of the Ser–Ala mutation on Acc1 and Acc2, where 
the precursor denotes the charge at the site of the mutation at Acc1 Ser79 and Acc2 Ser212.  

Single phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the 
insulin–sensitizing effects of metformin 
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Supplementary Fig. 2. Metabolic profile of Acc1KI, Acc2KI and AccDKI in liver and skeletal muscle. 
(a) Acc1 enzyme activity was assessed under basal conditions (in the absence of citrate) and after λ 
phosphatase treatment from WT and Acc1KI livers (n = 4). (b) Liver malonyl–CoA decarboxylase (Mcd) 
expression in AccDKI mice relative to WT control (n = 7–8). (c) The in vivo incorporation of [3H]–acetate 
into total liver lipid as a measure of de novo lipogenesis (n = 5). (d) Liver malonyl–CoA levels (n = 7–8), (e) 
hepatocyte lipogenesis ([3H]–acetate incorporation into TAG) and (f) hepatocyte [14C]–palmitate oxidation 
from Acc1KI, Acc2KI and AccDKI mice, expressed relative to WT control (n = 3 from at least 3 separate 
experiments). (g) Skeletal muscle malonyl–CoA in the fed–state (n = 8). (h) [14C]–Palmitate oxidation in 
isolated extensor digitorum longus muscle (n = 8–10). (i) Skeletal muscle DAG and TAG (n = 6–8). (j) The 
serum activities of markers of liver function, alanine aminotransferase (ALT) as a ratio of aspartate 
aminotransferase (AST) between WT control and AccDKI (n = 7–8). Data are expressed as means ± SEM, 
where * P < 0.05 and ** P < 0.01 compared to WT control, # P < 0.05 compared to basal treatment as 
determined by Student’s t test or an ANOVA and Bonferonni post hoc test, respectively. Mcd relative gene 
expression was normalized to Actb. 
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Supplementary Fig. 3. Lipid parameters, Pkc activation and insulin sensitivity in chow mice. (a) 
Liver Pkc–ε Ser729 phosphorylation (n = 7). (b) Skeletal muscle membrane–associated Pkc–θ (n = 7), 
shown as the ratio of membrane:cytosolic fraction. (c) Blood glucose measurements and glucose infusion 
rates (GIR) over the time course of the clamp procedure, as well as steady–state insulin levels at the 
termination of the clamp for chow–fed mice (n = 7–8). (d) Representative blot and densitometry showing 
phosphorylation of liver Jnk (n = 5). (e) [14C]–2–deoxyglucose (2–DG) uptake into skeletal muscle during 
the clamp (n = 7–8), and skeletal muscle (f) Akt (Ser473) phosphorylation and (g) FoxO1 (Ser253) 
phosphorylation at the completion of the clamp (n = 7–8). Data are expressed as means ± SEM, where * P 
< 0.05 compared to WT control as determined by a Student’s t test. Duplicate gels were run for 
quantification of total Akt and Jnk. For Pkc activation, Gapdh and caveolin–1 were used for cytosolic and 
membrane normalization, respectively, and blots shown are from duplicate gels. 
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Supplementary Fig. 4. AccDKI insulin resistance is not due to inflammation or higher serum fatty 
acids, and metformin requires Acc1 and Acc2 phosphorylation. (a) The relative expression of 
macrophage–specific transcripts as well as pro–inflammatory cytokines in the liver (n = 7–8). (b) Hepatic 
pro–inflammatory cytokine protein levels IL–1β, IL–6 and TNF–α (n = 8). (c) The relative expression of 
macrophage–specific transcripts as well as pro–inflammatory cytokines in the epididymal white adipose 
tissue (WAT) (n = 7–8). (d) Circulating non–esterified fatty acids (NEFA) in the fasted–, fed– and 
clamped–state (n = 7–16). (e) [14C]–palmitate oxidation from WT and AccDKI hepatocytes (n = 3–4 from 
at least 2 separate experiments). (f) [3H]–acetate incorporation into TAG was measured from WT and 
Acc1KI hepatocytes (n = 3 from 2 separate experiments). (g) Hepatic DAG from HFD–fed WT and 
Acc1KI mice chronically treated with 50 mg/kg metformin (n = 8–12). Data are expressed as mean ± 
SEM, * P < 0.05, **P < 0.01 and *** P < 0.001 compared to WT and ### P < 0.001 compared to vehicle 
control as determined by ANOVA and Bonferonni post hoc test, and relative gene expression was 
normalized to Actb. 
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Supplementary Fig. 6.  Chronic metformin treatment increases skeletal muscle glucose uptake 
independent of Acc phosphorylation. (a) Glucose disposal rate (GDR) for HFD–control and HFD–
metformin treated WT and AccDKI mice (n = 7–8). (b) [14C]–2–deoxyglucose (2–DG) uptake into 
skeletal muscle during the clamp (n = 7–8). (c) [3H]–2–DG uptake in isolated ex vivo stimulated extensor 
digitorum longus muscle from WT or AccDKI mice (n = 5–6). Hyperinsulinemic–euglycemic clamp 
results for blood glucose measurements and glucose infusion rate (GIR) over the time course of the clamp 
procedure for (d) HFD control, (e) HFD–metformin treated WT and AccDKI mice and (f) a summary of 
final rates (n = 7–8). (g) Steady–state insulin levels at the termination of the clamp (n = 7–8). Data are 
expressed as mean ± SEM, # P < 0.05, ## P < 0.01 and ### P < 0.001 compared to control treatment as 
determined by ANOVA and Bonferonni post hoc test. 
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and duplicate gels were run for quantification of total Akt and Gapdh. 
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Supplementary Fig 8.  Specific Ampk activation requires Acc signaling, but metformin–induced 
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Exercise training improves liver insulin sensitivity independently of liver 
lipid content, inflammation and AMPK-Acetyl-CoA Carboxylase signaling 
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This manuscript examines the effects of exercise training on insulin 

sensitivity and fatty acid metabolism in WT and AccDKI obese mice. Insulin 
sensitivity and NAFLD are two closely connected complications of obesity. 
NAFLD has also been associated with the transfer of fatty acids and fatty acid 
derived metabolites from visceral adipose tissue to the liver via the hepatic portal 
vein in the ‘portal theory’. Findings from prior exercise studies examining 
NAFLD and adipose tissue inflammation individually have been complicated by 
weight loss making it difficult to delineate mechanisms by which exercise 
improves insulin sensitivity and NAFLD. We, therefore, developed a relatively 
low volume high-intensity interval exercise training program to minimize caloric 
expenditure and prevent weight loss in both WT and AccDKI mice fed a high-fat 
diet. We show that exercise training increases food intake, basal activity levels, 
carbohydrate oxidation and adipose tissue and liver insulin sensitivity without 
reducing adiposity or liver lipid content. These data indicate that exercise training 
leads to insulin sensitization of the liver independently of reducing adiposity or 
markers of NAFLD. 
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Abstract  

Objective: Endurance exercise training reduces insulin resistance, adipose tissue 

inflammation and non-alcoholic fatty liver disease (NAFLD), an effect often 

associated with modest weight loss. Recent studies have indicated that high-

intensity interval training (HIIT) lowers blood glucose in individuals with type 2 

diabetes independently of weight loss; however, the organs affected and 

mechanisms mediating the glucose lowering effects are not known. Intense 

exercise increases phosphorylation and inhibition of acetyl-CoA carboxylase 

(ACC) by AMP-activated protein kinase (AMPK) in muscle, adipose tissue and 

liver. AMPK and ACC are key enzymes regulating fatty acid metabolism, liver fat 

content, adipose tissue inflammation and insulin sensitivity but the importance of 

this pathway in regulating insulin sensitivity with HIIT is unknown.  

Methods: In the current study, the effects of 6 weeks of HIIT were examined 

using obese mice with serine-alanine knock-in mutations on the AMPK 

phosphorylation sites of ACC1 and ACC2 (AccDKI) or wild-type (WT) controls.  

Results: HIIT lowered blood glucose and increased exercise capacity, food 

intake, basal activity levels, carbohydrate oxidation and liver and adipose tissue 

insulin sensitivity in HFD-fed WT and AccDKI mice. These changes occurred 

independently of weight loss or reductions in adiposity, inflammation or liver 

lipid content.  
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Conclusions: These data indicate that HIIT lowers blood glucose levels by 

improving adipose and liver insulin sensitivity independently of changes in 

adiposity, inflammation, liver lipid content or AMPK phosphorylation of ACC.  

 

Keywords HIIT; exercise; obesity-induced insulin resistance; type 2 diabetes; 

NAFLD; AMPK.  

 

Abbreviations 

ACC Acetyl-CoA carboxylase 
AccDKI Serine-alanine knock-in mutations of ACC1 Ser79 and ACC2 

Ser212 
ALT Alanine transaminase 
AMPK AMP-activated protein kinase 
AST Aspartate transaminase 
AUC Area under the curve 
CPT-1 Carnitine palmitoyl transportase-1 
CT Computed tomography  
DAG Diacylglycerol 
GDR Glucose disposal rate 
GIR 
HFD 

Glucose infusion rate 
High-fat diet (45% kcal fat) 

HGP Hepatic glucose production 
HIIT High-intensity interval training 
ITT Insulin tolerance test 
Nefa Non-esterified fatty acids 
RER Respiratory exchange ratio 
TAG Triacylglycerol  
WT Wildtype 
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1. Introduction 

Endurance exercise training improves insulin sensitivity and delays the 

onset of type 2 diabetes through mechanisms which are not fully understood [1–

3]. Despite the importance of endurance exercise training, less than 20% of 

individuals complete the recommended 150 minutes of endurance exercise per 

week, frequently citing a lack of time as a major deterrent [4]. Over the last 

decade, several studies in humans have found that high-intensity interval training 

(HIIT), an exercise training program involving brief bouts of intense exercise (90-

100% of VO2 max) followed by periods of recovery, can elicit similar metabolic 

adaptations to classical endurance exercise training but with a much shorter time 

commitment. Importantly, recent studies have established that HIIT can lower 

blood glucose and markers of insulin resistance independently of alterations in 

adiposity/body mass in individuals with insulin resistance and type 2 diabetes [5–

9]. Despite these beneficial metabolic effects, the tissues involved and 

mechanisms underlying the glucose lowering effects of HIIT have not yet been 

defined.   

Insulin resistance is associated with the development of low grade 

inflammation caused by an increased accumulation of pro-inflammatory 

macrophages into adipose tissue and ectopic accumulation of lipid in the liver 

(also known as non-alcoholic fatty liver disease (NAFLD)) [10–15]. Endurance 

exercise training can reduce liver lipid content [16–23] and adipose tissue 

inflammation [10,11,24–27]; however, a caveat of these studies is that they are 
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often accompanied by significant weight loss/reductions in adiposity [18–25], 

thus making it difficult to conclude whether improvements were attributable to the 

exercise training per se or weight loss. HIIT improves insulin sensitivity without 

weight loss, but whether this involves reductions in liver lipid content or adipose 

tissue inflammation has not been examined. 

One mechanism by which HIIT may improve insulin sensitivity involves 

the activation of AMP-activated protein kinase (AMPK) which occurs in skeletal 

muscle [28–31], liver [30,32] and adipose tissue [30,33,34] during intense 

exercise. AMPK is vital for suppressing inflammation in adipose tissue 

macrophages [35–38], an effect associated with increases in macrophage fatty 

acid oxidation and reductions in macrophage lipid content. Similarly, the 

activation of AMPK in hepatocytes also increases fatty acid oxidation, while 

reducing fatty acid synthesis and liver lipid content [35,39]. The effects of AMPK 

on fatty acid metabolism are mediated through the phosphorylation and inhibition 

of acetyl-CoA carboxylase (ACC1) at Ser79 and ACC2 at Ser221 (Ser212 in 

mice) which inhibits the production of malonyl-CoA, a metabolic intermediate 

that provides acetyl groups that are incorporated into fatty acids during their 

synthesis and is also an allosteric inhibitor of carnitine palmitoyltransferase 1 

(CPT-1) (for review see [40]). The mutation of AMPK phosphorylation sites on 

ACC1 (Ser79Ala) and ACC2 (Ser212Ala) (AccDKI mice) results in constitutively 

active ACC isozymes resulting in fatty and fibrotic liver and impaired insulin 

sensitivity when mice are fed a control chow diet [39]. Although feeding mice a 
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high-fat diet (HFD) reduces the differences in metabolic profile between WT and 

AccDKI mice, metformin was shown to improve insulin sensitivity through ACC 

phosphorylation and subsequent reductions in de novo lipogenesis and liver lipid 

content [39]. Whether or not exercise training also regulates inflammation, liver 

lipid content and insulin sensitivity via an AMPK-ACC signaling pathway is 

currently unknown.  

The primary aim of this study was to assess the mechanisms by which 

HIIT improves insulin sensitivity in obese mice. We hypothesized that this would 

involve improvements in adipose tissue and liver insulin sensitivity, effects that 

would be mediated through the phosphorylation and inhibition of ACC and 

subsequent reductions in liver lipid content and adipose tissue inflammation. We 

found that HIIT improved liver and adipose tissue insulin sensitivity but that these 

effects were independent of liver lipid content, adipose tissue inflammation and 

ACC phosphorylation.    

 

2. Materials and Methods 

2.1 Mouse experiments. Male AccDKI (serine-alanine knock-in mutations of 

ACC1 Ser79 and ACC2 Ser212) mice generated on a C57Bl/6 background and 

wild-type (WT) littermates were first fed ad libitum with high-fat diet (HFD) (45 

kcal% fat, D12451, Research Diets; New Brunswick, NJ). Mice were maintained 

on a 12 hour light/dark cycle and fed a HFD starting at 6-8 weeks of age for 12 

weeks. After the first 6 weeks of HFD, mice were either exercise trained or 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   94 

remained sedentary for the final 6 weeks. All experiments were approved by the 

McMaster University (Hamilton, Canada) Animal Ethics Committee.  

2.2 Exercise capacity and HIIT. Mice assigned to the HIIT exercise training 

(HFD+Ex) group were acclimatized to the treadmill over 3 days, running at 10-15 

m/min for 15 minutes. To assess improvements in exercise performance with 

training, an exercise capacity test was performed before training and after 5 weeks 

of training. Mice began treadmill running at 8 m/min and treadmill speed was 

increased by 1 m/min every 2 minutes until exhaustion. Exhaustion was defined 

as the point at which instead of running on the treadmill, mice remained on the 

shockers that serve to encourage running for more than 10 seconds. At 

exhaustion, time and speed were recorded. Distance traversed was calculated by 

adding the distance covered during each 2 minute interval at the different 

workloads/treadmill speed.  The experimenter was blinded to the mouse 

genotypes.  

HIIT involved treadmill running 3 days per week for the final 6 weeks of 

HFD. Exercise training entailed 2 min of running at 100% of maximal running 

speed from the initial exercise capacity test followed by 2 min of rest for a total 

60 min. This meant that HFD+Ex mice ran on the treadmill at 15 m/min for 2 

minutes followed by 2 minutes of rest for a total of 60 min during the first week. 

The speed of running was increased by 1 m/min every week with a final speed of 

22 m/min obtained during the final week of training. During the period that mice 

were trained, the sedentary group remained in their cages and ate HFD ad libitum. 
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2.3 Metabolic parameters. The Oxymax Comprehensive Lab Animal 

Monitoring System (CLAMS; Columbus Instruments, Columbus, OH) uses 

indirect calorimetry to measure metabolic gas exchange, ambient activity, and 

food intake as described previously [35]. Measurements began ~24 hours after the 

latest exercise session to avoid any post-exercise effects. Mice were acclimatized 

to the cages for 12 hours prior to measurements. Basal metabolic rate was the VO2 

when mice were inactive (as determined by ≤100 beam breaks per minute) as we 

have described previously [41]. 

2.4 Metabolic studies. To detect acute phosphorylation of AMPK and ACC in 

the liver of obese mice fed a HFD for 6 weeks, liver was collected and snap 

frozen immediately after an acute bout of HIIT exercise. For our chronic training, 

body mass of mice was monitored and recorded weekly. Computed tomography 

(CT) was used to assess the effects of exercise training on whole body adiposity 

and analyzed with the Amira Visage Imaging Software Program, as described 

previously [42]. Blood (~100 µL) was collected by facial bleed in the fed and 12 

hour fasted state (with fasting beginning in the evening), after 5 and 6 weeks of 

exercise training, respectively. Blood glucose concentrations were recorded by 

hand-held glucometer. Serum analysis of 12 hour fasting insulin (Millipore) was 

performed according to manufacturer instructions. Serum analysis of alanine 

transaminase (ALT) and aspartate transaminase (AST) after 12 hours of fasting 

was conducted as per manufacturer instructions (Biooscientific). Serum 

adipokines (interleukin-6 (IL-6), leptin, tissue plasminogen activator inhibitor-1 
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(tPAI-1), resistin, tumor necrosis alpha (TNF-α), and monocyte chemoattractant 

protein-1/CCL2 (MCP-1)) were measured using the Mouse Serum Adipokine kit 

from Millipore (St. Charles, MO), according to manufacturer’s instructions. In 

addition, intraperitoneal (ip) glucose (D-glucose (1 g/kg)) and insulin (human 

insulin (1 U/kg, NovoRapid)) tolerance tests were performed after a 6 hour fast 

after 5 and 6 weeks of exercise training, respectively. Blood glucose was 

measured by glucometer from a small nick of the tail vein during a 2 hour span 

after ip injection. After 12 weeks of the study with 6 weeks of exercise training 

and a cannulation of the jugular vein surgery (with <10% loss in body weight 

change), hyperinsulinemic-euglycemic clamps were performed as previously 

described [35,39].  After a 5 hour fast and 1 hour of basal D- [3-3H]-glucose (7.5 

µCi/h, 0.12 ml/h in 0.9% saline) infusion, a constant infusion of insulin (10 

mU/kg/min insulin in 0.9% saline) (Novorapid), containing D- [3-3H]-glucose 

(7.5 µCi/h, 0.12 ml/h in 0.9% saline) was begun. This was followed by an 

infusion of 50% dextrose that was slowly increased until euglycemia - blood 

glucose between 5.8-7.0 mM for at least 30 minutes - was reached [35]. Steele’s 

equation for steady state conditions was used to determine rates of hepatic glucose 

output and glucose disposal in the basal and clamped state [43]. Finally, clamped 

blood was collected and serum was used to measure non-esterified fatty acid 

(NEFA) concentration, as per manufacturer instructions (Wako). 2-deoxyglucose 

(DG) uptake into epididymal white adipose tissue (eWAT) and mixed 

gastrocnemius muscle was measured following an intravenous injection of 2-
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[14C]-DG (10 µCi) at the conclusion of the clamp as we have described previously 

[39]. Briefly, blood samples were taken at 10, 20, and 30 minutes. Mice were 

euthanized with an intravenous injection of ketamine-xylazine and tissues were 

collected, snap frozen in liquid nitrogen, and stored at minus 80°C for later 

analysis [42]. eWAT and gastrocnemius muscle lysates were prepared and 

glucose uptake was quantified via scintillation counting in which the 

unphosphorylated 2-[14C] DG fraction was subtracted from the total fraction to 

give the quantity of 2-[14C] DG-P. 2-[14C] DG-P was then expressed relative to 

blood glucose and 2-[14C] DG infusion in the blood.  

2.5 Analytical Techniques. Liver tissue was powdered on dry ice and 

homogenized in cell lysis buffer using a Precellys 24 Homogenizer (Bertin 

Technologies; Paris, France). To quantify liver triacylglycerol (TAG) content, 

lipids were extracted with chloroform and methanol [44], were saponified and 

glycerol content measured using Glycerol Reagent (Sigma). Diacylglycerols 

(DAG) and ceramides were quantified using the DAG kinase assay, as previously 

described [45]. Briefly, lipids were extracted from freeze-dried liver and 

gastrocnemius muscle tissue sample that was incubated in 

chloroform:methanol:0.2% SDS (1:2:0.8) in PBS. Cardiolipin/octylglucoside was 

used to reconstitute the lipids and [γ-32P] ATP reaction mixture was added. The 

reaction was stopped with chloroform:methanol (2:1) and samples were separated 

by thin layer chromatography as described previously [42]. To measure glycogen 
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content, liver tissue was incubated in 6N HCl at 80°C and then neutralized with 

6N NaOH. Glucose content was then measured using a Glucose Assay (Sigma).  

2.6 Adipose tissue macrophage collection. Macrophages display the unique 

dendritic-cell specific marker CD11b and CD11c in obese mice and humans and, 

for simplicity, they are often grouped either as classically or alternatively 

activated [10,11]. Adipose tissue macrophages were isolated as previously 

described [35]. Briefly, adipose tissue was minced and digested with Type II 

Collagenase (Sigma). The resulting cell suspension was filtered (100µm cell 

strainer) and centrifuged (500g for 5 minutes). Pellet was re-suspended in 

recommended medium (2% FBS, 1mM EDTA) and labeled with CD11b+ PE 

Labeling Reagent, PE Selection Cocktail, and Magnetic Nanoparticles (StemCell 

Technologies; Vancouver, BC). Macrophages were separated using the EasySep® 

kit magnet. Macrophages were resuspended in 1mL TRIzol® Reagent 

(Invitrogen; Carlsbad, CA) and stored at -80°C. 

2.7 Histology and Immunohistochemistry. A small piece of liver and adipose 

tissue were dissected and formalin-fixed in 10% buffered formalin. Paraffin-

embedding and slicing of 5 µm thick sections were completed by trained 

technicians in the histopathological lab in the Department of Medicine at 

McMaster University. Sections of liver and adipose tissue were stained with 

hematoxylin and eosin (H&E) to assess the overall degree of steatosis compared 

between groups. In addition, a section of liver was made for trichrome staining. 

Collagen content (area fibrosis) was quantified using ImageJ software. Sections of 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   99 

adipose tissue were also prepared for immunohistochemistry (IHC) to assess 

macrophage infiltration in the adipose tissue. Paraffin-embedded adipose tissue 

was dewaxed and rehydrated to perform antigen retrieval by boiling (15 minutes) 

the slides in 10mM sodium citrate (pH 6.5). Endogenous peroxidase was 

quenched (1% fetal calf serum and 3% hydrogen peroxide in PBS) and tissue 

samples were then blocked (5% normal rabbit serum) for 40 minutes, incubated 

with Avidin D (Biotin/Avidin Blocking Kit, Vector Laboratories; Burlinghame, 

CA) for 15 minutes, and incubated with Biotin (Biotin/Avidin Blocking Kit, 

Vector Laboratories) for 15 minutes. Sections were then incubated with primary 

antibody rat anti-mouse F4/80 (1:100) (AbD Serotec, Oxford, UK) for 2 hours, a 

biotin-conjugated secondary antibody (1:50) (Vector Laboratories) for 1 hour, and 

Vectastain ABC solution (Vector Laboratories) for 30 minutes. The sections were 

developed using the DAB Substrate Kit (Vector Laboratories) sections and slides 

were counterstained with hematoxylin.  

2.8 Real-time quantitative PCR. RNA from liver, adipose tissue, and 

macrophages were extracted using TRIzol reagent and cDNA was made using 

Superscript III Reverse Transcriptase (Invitrogen), according to manufacturer 

instructions. TaqMan® Gene Expression Assays (Applied Biosystems; Foster 

City, CA) were used for real-time quantification with Rotor-Gene 6000 (Corbett 

Research; Mortlake, Australia) of (1) liver glucose 6-phosphatase (G6pc, 

Mm00839363_m1), phosphoenolpyruvate carboxykinase (Pck1, 

Mm01247058_m1), interleukin 1 beta (Il1β, Mm00434228_m1), tumor necrosis 
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factor alpha (Tnfa, Mm00443258_m1), F4/80 (Emr1, Mm00802529_m1), 

interleukin 10 (Il10, Mm00439616_m1), macrophage arginase (Arg, 

Mm01190441_g1), inducible nitric oxide synthase (Nos2, Mm01309902_m1), 

Cd68 (Mm00839636_g1), and (Kc, Mm00433859_m1) genes; and (2) adipose 

tissue interleukin-6 (Il6, Mm00446190_m1), Cd68 (Mm00839636_g1), and F4/80 

(Emr1, Mm00802529_m1), uncoupling protein 1 (Ucp1, Mm01244861_m1), cell 

death activator (Cidea, Mm00432554_m1), PR domain containing 16 (Prdm16, 

Mm00712556_m1), pyruvate dehydrogenase kinase isoform 4 (Pdk4, 

Mm01166879_m1), peroxisome proliferator-activated receptor gamma 

coactivator-1-alpha (Ppargc1a, Mm00447183_m1), glucose transporter 4 (Glut4, 

Mm00436615_m1); adipose tissue macrophage arginase (Arg, Mm01190441_g1), 

inducible nitric oxide synthase (Nos2, Mm01309902_m1), interleukin 1 beta 

(Il1β); and adipose tissue and macrophage, chemokine ligand 1 (Kc, 

Mm00433859_m1), and tumor necrosis factor alpha (Tnfa, Mm00443258_m1). 

Gene expression was measured using the ddCT method[46], in which the 

expression of a gene of interest is compared to that of the housekeeping gene 

(CycA - Mm00839493_m1, Tbp - Mm00446973_m1 and Rplp0 - 

Mm01974474_gH) and expressed relative to HFD WT.  

2.9 Western blotting. Protein extracts were separated by SDS-PAGE, and 

immunoblotting was performed after transfer to nitrocellulose membranes. 

Membranes were blocked for 1 hour at room temperature with 5% BSA in 1x 

TBST (Tris buffered saline-Tween-20, 25 mM Tris·HCl (pH 7.5), 1 mM NaCl, 
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and 0.1% Tween-20) and then incubated overnight at 4°C with primary antibodies 

(from Cell Signaling, unless indicated) phosphorylated (p)-acetyl-CoA 

carboxylase (ACC) Ser79/221 (1:1000), ACC total (1:1000), pAMPK Thr172 

(1:1000), AMPK total (1:1000), pAkt Ser473 (1:1000), pAkt Thr308 (1:1000), 

Akt (1:1000), pAS160 (Akt substrate of 160 kDa) Thr642, (1:1000), OXPHOS 

(MitoSciences, 1:5000), anti-PGC-1 (Millipore, 1:1000) in liver and/or quadriceps 

muscle. After overnight incubation, membranes were washed (3 x 5 min) in 

TBST, incubated at room temperature for 1-hr with corresponding secondary 

antibody, washed (3 x 5 min) with TBST and developed with ClarityTM Western 

ECL Substrate (Biorad). Protein expression was shown relative to GAPDH (Cell 

Signaling, 1:5000). Densitometry was performed using ImageJ software. 

2.10 Statistical analysis. Results are expressed as mean ± standard error of the 

mean (SEM) and analyzed using a two-way ANOVA with Bonferroni post-hoc 

tests for group comparisons (unless otherwise denoted), using GraphPad Prism 

software. Repeated measures ANOVA was used to measure body mass, GTT, 

ITT, and GIR. Significance was accepted at p≤0.05. 

 

3. Results  

3.1 Exercise capacity is increased with HIIT independent of body weight and 

adiposity. To first establish that the HIIT activated AMPK, we collected liver 

from WT mice following a single training session and found increased AMPK 

(Supplementary Figure 1A) and ACC (Supplementary Figure 1B) 
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phosphorylation. All subsequent data were collected in AccDKI or WT littermates 

fed a HFD that were either sedentary or completed the HIIT protocol 3 times per 

week for 6 weeks. Consistent with our previous report [39], we found that WT 

and AccDKI mice had comparable weight gain and adiposity when fed HFD 

(Figure 1A,B). Exercise training did not alter these variables in either genotype 

(Figure 1A,B). There was no difference in liver, eWAT or heart tissue weights 

between any group with or without HIIT (Table 1). Furthermore, HFD-fed WT 

and AccDKI mice did not show differences in exercise capacity and both 

improved time to exhaustion, speed at exhaustion, and distance traversed to an 

equivalent degree following HIIT (Figure 1C,D,E). This improvement in exercise 

capacity is comparable to what other studies have observed using higher volume 

endurance exercise training programs [18,47]. 

 

3.2 HIIT improves metabolic flexibility independently of AMPK 

phosphorylation of ACC. Energy intake and expenditure, activity levels and 

substrate utilization were examined using metabolic cages. We found that HIIT 

increased food intake and ambient activity in both WT and AccDKI mice (Figure 

1F,G). Consistent with increased ambient activity, exercise trained mice had 

increased energy expenditure (Figure 1H) in line with elevations in VO2 and 

VCO2 (Figure 1I). This increase in VO2 was not due to alterations in basal 

metabolic rate, which was comparable between sedentary and exercise trained 

mice irrespective of genotype (Figure 1J), suggesting that increases in VO2 were 
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the result of an increase in activity levels. There were no differences in respiratory 

exchange ratio (RER) (Figure 1K), carbohydrate oxidation (Figure 1L), or lipid 

oxidation (Figure 1M) between sedentary HFD-fed WT and AccDKI mice. 

However, HIIT increased RER and calculated rates of carbohydrate oxidation 

while suppressing lipid oxidation in both WT and AccDKI mice (Figure 1K,L,M), 

findings suggestive of improved whole-body insulin sensitivity following exercise 

training [48,49]. 

 

3.3 HIIT improves insulin sensitivity independently of AMPK 

phosphorylation of ACC. All of the assessments of glucose homeostasis were 

completed 48-72 hours after treadmill running to minimize the acute insulin 

sensitizing actions of exercise. Consistent with our previous findings [39], 

sedentary HFD-fed WT and AccDKI mice had comparable fed blood glucose 

(Figure 2A), fasting blood glucose and serum insulin levels (Figure 2B,C). Insulin 

tolerance test (ITT), glucose tolerance test (GTT), and corresponding area under 

the curves (AUCs) were also comparable between WT and AccDKI mice (Figure 

2D-I). While no chow group was examined in this study, these measures of 

glucose and insulin were all much higher than we have previously reported in 

chow fed WT and AccDKI mice [39] or other mice fed a chow diet in our 

laboratory [50], indicating the development of insulin resistance following the 12 

wks of HFD. Importantly, HIIT reduced fed (Figure 2A) and 12 hour fasted 

(Figure 2B) blood glucose levels and tended to improve fasting serum insulin 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   104 

levels (Figure 2C). Insulin tolerance tests indicated improvements in whole-body 

insulin sensitivity by ~20% in both WT and AccDKI mice following HIIT (Figure 

2D,E,F); however, surprisingly, glucose tolerance was not significantly different 

(Figure 2G,H,I).  

 

3.4 HIIT increases adipose tissue glucose uptake without altering 

inflammation, macrophage infiltration or browning markers. To examine the 

mechanisms mediating improvements in insulin sensitivity, we conducted 

hyperinsulinemic-euglycemic clamps. An important caveat of this experiment is 

that based on the time to catheterize the mice and allow recovery, the clamp was 

completed 5 days after the last exercise bout and, as such, significant detraining 

effects may have occurred, thus minimizing differences between the sedentary 

and HIIT intervention groups. In the clamped state, glucose infusion rates (GIR) 

were comparable between sedentary WT and AccDKI mice but, importantly, 

increased with HIIT indicating improvements in whole-body insulin sensitivity 

(Figure 3A and Supplementary Figure 1C-F). Surprisingly, glucose disposal rates 

(GDR) were not different between WT and AccDKI mice and only tended to 

increase in WT mice that were exercise trained (Interaction p=0.12) (Figure 3B). 

Consistent with a similar GDR, 2-DG uptake into mixed gastrocnemius muscle 

was comparable between genotypes (Figure 3C). Skeletal muscle insulin 

resistance has been associated with long chain acyl-CoA, DAG and ceramide 

accumulation [51,52]. Although there was no difference either in TAG or 
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ceramide accumulation in skeletal muscle, HIIT training resulted in reductions in 

ceramide content in both WT and AccDKI mice (Figure 3D,E). To further assess 

muscle insulin sensitivity, the phosphorylation of Akt Ser473, Akt Thr308, and 

AS160/TBC1D4 Thr642 was determined in clamped quadriceps muscle (Figure 

3F). HIIT training modestly increased Akt Ser473 and Thr308 phosphorylation,; 

however, surprisingly, the phosphorylation of its downstream substrate 

AS160/TBC1D4 phosphorylation was not enhanced (Figure 3F). This suggests 

that while improving proximal components of the insulin signaling cascade, HIIT 

training was unable to fully rescue HFD-induced suppression of AS160/TBC1D4 

phosphorylation, a finding consistent with the similar 2-DG uptake and GDR in 

the hyperinsulinemic-euglycemic clamp between sedentary and HIIT trained 

mice. Future studies investigating the mechanisms contributing to this differential 

response are warranted. 

As muscle mitochondrial content is a robust measure of the exercise 

training response, we measured protein expression of complexes of the electron 

transport chain (OXPHOS) in quadriceps muscle. We found that AccDKI mice 

tended to have higher OXPHOS expression (Figure 3G); a finding consistent with 

their modest fiber type shift [53]. However, HIIT training only had a tendency to 

increase OXPHOS protein expression (Figure 3G). Consistent with similar 

OXPHOS expression with exercise training, PGC1-α protein expression was also 

unchanged with HIIT training (Figure 3H). Given the robust increase in exercise 

capacity (which was measured within 72 hours of the last exercise bout), these 
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data suggest that detraining may have occurred between the last bout of exercise 

and the day of sacrifice at the completion of the clamps. This rapid detraining 

effects is consistent with other studies, which have also shown rapid reductions in 

mitochondrial markers in skeletal muscle following the cessation of exercise 

training [54–57].  

In contrast to the muscle, HIIT dramatically improved eWAT insulin 

sensitivity, as indicated by increased 2-DG uptake (Figure 4A) and lower 

circulating NEFA levels (Figure 4B) during the clamp. eWAT size did not differ 

between WT and AccDKI mice with or without exercise training (Figure 4C). We 

hypothesized that exercise training improved adipose tissue insulin sensitivity by 

reducing the number and inflammatory status of adipose macrophages. However, 

we found that exercise training did not alter the mRNA expression of the 

macrophage markers CD68 and F4/80 (Emr1) (Figure 4D) or the protein 

expression of F4/80+ cells in eWAT (Figure 4E), suggesting that HIIT did not 

influence macrophage accumulation in adipose tissue. There were also no 

differences in the eWAT mRNA expression of Il6, Tnfa or the chemoattractant Kc 

with HIIT (Figure 4F). Serum adipokine levels of IL-6, tPAI01, and resistin also 

did not differ between mice with or without training (Table 2) with the exception 

of leptin (Interaction p=0.01), which was lower in WT mice following HIIT 

(Table 2). These data indicate that HIIT improves adipose tissue insulin 

sensitivity independently of ACC phosphorylation and without altering 

macrophage infiltration or markers of adipose tissue inflammation. 
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Since adipose tissue macrophages are the primary source of inflammation 

in eWAT, we next isolated this cell type (using a CD11b positive selection kit) 

and examined markers of polarization by assessing arginase and iNOS. Arginase 

is an anti-inflammatory marker expressed with alternatively activated (M2) 

macrophages, and iNOS is a pro-inflammatory marker expressed with classically 

activated (M1) macrophages. Exercise training did not change Arg1 or iNos 

expression in adipose tissue macrophages (Figure 4G) nor did it affect the 

expression of Tnfa and Il1b (Figure 4H). There was a strong tendency for the 

chemoattractant Kc to be reduced with exercise training (p=0.07) (Figure 4H). 

Collectively, these data suggest that HIIT does not alter adipose tissue 

macrophage inflammation.  

Although eWAT is resistant to stimuli that induce “browning” it was 

possible that increased 2-DG uptake into this fat pad following exercise training 

could potentially be mediated by an increased population of metabolically active 

beige/brite adipocytes [58,59]. However, we were not able to detect Ucp1 (data 

not shown) and there was no difference in the mRNA expression of Cidea, 

Prdm16, Pdk4 and Ppargc1a irrespective of genotype or training status (Figure 

4I). HIIT training also did not result in changes in Glut4 expression (Figure 4I).  

 

3.5 HIIT improves liver insulin sensitivity independently of alterations in 

liver fat content or inflammation. In sedentary mice, hepatic glucose production 

(HGP) and percent suppression did not differ between WT and AccDKI mice, 
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consistent with our previous findings [39]. Importantly, exercise training resulted 

in reduced HGP and greater percent suppression of HGP by insulin in both WT 

and AccDKI mice (Figure 5A,B). Consistent with greater reductions in HGP, the 

mRNA expression of the gluconeogenic enzyme G6pase was reduced and there 

was a strong tendency (p=0.06) for reduced Pepck expression in the livers of 

clamped WT and AccDKI mice following exercise training (Figure 5C).  

We hypothesized that improvements in liver insulin sensitivity would be 

accompanied by reductions in liver lipid content but found that surprisingly TAG, 

DAG, and ceramide content in the liver were comparable (Figure 5D,E). 

Histological examination of the livers supported similar amounts of lipid 

deposition and there were no changes in liver fibrosis with HIIT or between 

genotypes (Figure 5F). No differences were observed in liver glycogen content 

(Figure 5G). Consistent with similar degrees of liver lipid and fibrosis, HIIT did 

not reduce the expression of a number of markers of liver inflammatory status 

(I11b, Il10, iNos, and Arg - Table 3) and, surprisingly, increased the expression of 

Tnfa and F4/80 (Emr1) (Table 3). However, the monocyte/macrophage markers 

Cd68 and Kc were lower in both WT and AccDKI mice that were exercise trained 

(Table 3). Surprisingly, despite similar lipid content and fibrosis, there was a 

reduction in serum ALT and AST levels with HIIT in both WT and AccDKI mice 

(Figure 5H) and a reduction in the ALT/AST ratio (Figure 5I).    
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4. Discussion 

Consistent with studies in humans, we found that HIIT led to a substantial 

improvement in exercise capacity without altering body mass or adiposity and that 

this was accompanied by significant reductions in fasting and fed blood glucose 

levels. HIIT improved adipose tissue insulin sensitivity independently of 

adipocyte cell size, macrophage accumulation in adipose tissue, adipose tissue 

inflammation or markers of adipose tissue browning. HIIT also improved liver 

insulin sensitivity independently of reductions in liver TAG/DAG/ceramide 

levels. Importantly, improvements in adipose and liver insulin sensitivity occurred 

independently of ACC phosphorylation, which we have previously shown is 

required for the insulin sensitizing effects of metformin [39]. These findings 

indicate that HIIT can uncouple inflammation and lipid metabolism from insulin 

sensitivity and does not depend on AMPK phosphorylation and inhibition of 

ACC. 

Our HIIT training protocol is similar to that originally proposed by the 

Gibala laboratory, which involved 60 seconds of intense exercise (at 100% of 

VO2 max) followed by 75 seconds of rest, repeated for 8-12 cycles, 3 times per 

week [60]. Importantly, this study demonstrated that the adaptations achieved in 

regards to muscle mitochondrial biogenesis were similar to those obtained with 

more than 5 times the volume of endurance (50-70% of VO2 max) exercise 

training [60]. While there are higher intensity protocols that utilize less time, these 

protocols may not be appropriate for obese individuals with cardiometabolic 
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disease. And while we acknowledge that the protocol we have used is still longer 

than that used in many human studies, it constitutes only 90 minutes of treadmill 

running per week, which - to the best of our knowledge - is the lowest volume of 

exercise shown to have a positive effect on insulin sensitivity in obese rodents. 

Importantly, this volume of exercise is approximately 75% less than the majority 

of studies conducted in rodents which typically complete around 60 minutes of 

treadmill exercise per day 5 days per week [20–22,25,27,61]. In future studies, it 

will be interesting to titer down the work volume to determine the minimal 

exercise volume necessary to elicit improvements in insulin sensitivity in rodents.  

Research indicates that improvements in insulin sensitivity with HIIT are 

comparable to [62,63], if not greater than [62,64], improvements elicited by 

moderate intensity continuous endurance exercise. Importantly, a number of 

studies have demonstrated that HIIT can improve insulin sensitivity, independent 

of weight loss and adiposity, in adults who are sedentary [6], overweight/obese 

[9] or have type 2 diabetes [7,8]. However, these studies provide little information 

regarding the tissue-specific mechanisms by which HIIT may improve insulin 

sensitivity; although it was generally assumed that the primary effects resulted 

from improvements in muscle insulin sensitivity. Therefore, our findings, from 

hyperinsulinemic-euglycemic clamps, indicating that HIIT improves adipose 

tissue and liver insulin sensitivity provide important information regarding the 

mechanisms by which HIIT improves glycemic control. Further studies in humans 
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using clamps are certainly warranted to investigate whether adipose tissue and 

liver insulin sensitivity are also improved.  

Consistent with our previous findings [39], weight gain/adiposity between 

sedentary WT and AccDKI mice on the HFD was comparable. As intended by our 

selection of the exercise training program, there were no changes in body mass or 

adiposity compared to sedentary mice. This allowed for examination of the 

metabolic effects of exercise without the confounding influence of differences in 

adiposity. We found that despite similar adiposity and body weight, HIIT 

increased daily food intake in both WT and AccDKI mice, which appeared to be 

offset by elevations in spontaneous physical activity and subsequent increases in 

oxygen consumption and energy expenditure compared to sedentary controls. 

This is especially important since many animal studies examining effects of 

exercise training on insulin sensitivity [21,65,66], liver lipids [18–23,67–69] and 

white adipose tissue inflammation [24,25] all showed reductions in body mass, 

making it difficult to directly assess the effects of exercise training.  

 We found that our exercise training program in obese mice induced similar 

improvements in exercise capacity and insulin sensitivity compared to previous 

studies examining effects of exercise training [24,25]. In contrast to the ip ITT, 

the ip GTT did not show significant improvements with HIIT in either genotype, 

although a tendency was present in the WT mice. The reason for the lack of clear 

effect on glucose tolerance is likely related to the fact that we conducted an ip 

rather than oral GTT. Previous studies have demonstrated that exercise enhances 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   112 

glucose tolerance due to IL-6 stimulation of GLP-1 [70], an effect that would not 

be expected to be enhanced due to the ip delivery of glucose. As we did not 

collect blood during the ip GTT, it is not possible to measure serum insulin or 

GLP-1 but we would hypothesize that insulin may have been lower in the 

exercise-trained mice. Future studies completing oral glucose tolerance tests and 

investigating the effects on this response are warranted. 

Improvements in whole body insulin sensitivity following HIIT were 

associated with marked increases in eWAT 2-DG uptake and reductions in 

circulating NEFA during the hyperinsulinemic-euglycemic clamp, indicating 

improvements in adipose tissue insulin sensitivity. However, in contrast to 

previous exercise training studies, we did not detect reductions in markers of 

eWAT macrophage inflammation that have been linked to insulin resistance in 

obesity [11,71,72]. These data suggest that reductions in inflammation with 

exercise training reported by previous studies are most likely due to a loss of 

adiposity. Our studies also suggest that improvements in adipose tissue insulin 

sensitivity with HIIT can occur independently of reductions in inflammation. 

These results are in agreement with several recent studies, which have also 

detected a dissociation between adipose tissue inflammatory status and insulin 

resistance [73,74]. Due to limited quantity of tissue, we were unable to assess 

adipose insulin signaling in our study. Future studies examining the mechanisms 

by which exercise improves adipose tissue insulin sensitivity are warranted. 
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In addition to improving adipose tissue insulin sensitivity, we also found 

that HIIT improved hepatic insulin sensitivity, an effect that occurred 

independently of reductions in liver lipid content. Many studies in rodents 

[18,23,67–69] and humans [16,17,75] have indicated that exercise training can 

lower liver fat content. As small reductions in adiposity can have a large impact 

on liver fat content [76], interpreting the relative importance of exercise training 

on reductions in liver fat content has been difficult given that there are also 

reductions in adiposity in most studies. Our findings indicating that HIIT does not 

alter adiposity or liver fat content suggest that exercise alone is likely insufficient 

to lower liver lipid content. Surprisingly, despite similar lipid content, the 

ALT:AST ratio was lower, suggesting that liver damage induced by HFD was 

blunted following HIIT training. Future studies examining liver fat content and 

markers of liver function following HIIT training in humans are warranted.     

A limitation of this study is that only one type of exercise training type 

was used and does not speak to the effects of other training types. HIIT is 

generally associated with greater use of carbohydrates rather than lipids in 

comparison to high-volume endurance exercise training [77]. Future studies 

directly comparing HIIT to classical endurance exercise training in mice would 

help delineate potential differences between these two types of training. Another 

limitation of our study was that we did not detect improvements in skeletal muscle 

insulin sensitivity, which may have been due to the hyperinsulinemic-euglycemic 

clamps being conducted 5 days after the last bout of exercise. Future studies in 
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which mice are clamped 72 hrs after the last exercise bout may be important to 

avoid detraining effects in muscle.    

In summary, HIIT improved exercise capacity and whole-body glucose 

homeostasis by enhancing liver and adipose tissue insulin sensitivity. These 

effects were independent of reductions in adiposity/adipose tissue cell size 

indicating the therapeutic potential of exercise independent of weight loss.  

Improved insulin sensitivity was also independent of adipose tissue inflammation, 

macrophage infiltration/inflammation or reductions in liver lipid content 

indicating dissociation between these parameters and insulin resistance. Lastly, 

we demonstrated that in contrast to metformin, HIIT exercise training improves 

insulin sensitivity independently of the AMPK-ACC signaling pathway. Future 

studies identifying the mechanism by which HIIT improves insulin sensitivity 

may reveal novel strategies to improve glucose homeostasis in individuals with 

type 2 diabetes.  
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Table Legends 
 
Table 1: Analysis of tissue weights. Data are expressed as means ± SEM. 

Table 2: Serum cytokines in HFD Sedentary and HFD Exercised mice. Data are 

expressed as means ± SEM, ***p<0.001, for difference between WT sedentary vs 

WT exercise; §§p<0.01, for difference from WT vs AccDKI, as determined by 

two-way ANOVA and Bonferonni post hoc test. 

Table 3: Analysis of liver inflammatory markers. Data are expressed as means ± 

SEM, †p<0.05, †††p<0.001, for difference from sedentary vs exercise, as 

determined by two-way ANOVA and Bonferonni post hoc test. 
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Figure Legends 

Figure 1. HIIT increases exercise capacity and metabolic flexibility 

independent of body weight and adiposity. (A) Body weights of WT and 

AccDKI mice that were sedentary or exercise trained (two-way repeated measures 

ANOVA). (B) Whole-body percent adiposity, with representative CT scan 

images. Areas highlighted in red represent adipose region. (C) HIIT time to 

exhaustion, (D) HIIT speed at exhaustion, and (E) HIIT distance traversed. (F) 

Average daily food intake. (G) Average daily ambient activity. (H) Average daily 

energy expenditure. (I) Average daily VO2 consumption and VO2 production. (J) 

Basal VO2 consumption  (K) Daily average RER. (L) Daily average CHO 

oxidation. (M) Daily average lipid oxidation. Number of mice are denoted on the 

graph. Data are expressed as means ± SEM, †p<0.05, ††p<0.01, †††p<0.001, for 

difference from sedentary vs exercise, as determined by two-way ANOVA and 

Bonferonni post hoc test.  

Figure 2. HIIT improves insulin sensitivity independent of AMPK 

phosphorylation of ACC. (A) Fed blood glucose concentration. (B) 12 hour 

fasting blood glucose concentration and (C) serum insulin concentration. (D) ITT 

(ip) comparison between WT sedentary and WT exercise trained mice. (E) ITT 

(ip) comparison between AccDKI sedentary and AccDKI exercise trained mice. 

(F) ITT (ip)  AUC. (G) GTT (ip) comparison between WT sedentary and WT 

exercise trained mice. (H) GTT (ip) comparison between AccDKI sedentary and 

AccDKI exercise trained mice. (I) GTT (ip) AUC. Number of mice is denoted on 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   128 

the graph. Data are expressed as means ± SEM, †p<0.05, ††p<0.01, for difference 

from sedentary vs exercise, as determined by two-way ANOVA and Bonferonni 

post hoc test. *p<0.05, and **p<0.01 as a comparison between sedentary and 

exercise, as determined by two-way repeated measures ANOVA and Bonferonni 

post hoc test. 

Figure 3. HIIT improves insulin sensitivity independently of skeletal muscle 

insulin sensitivity. (A) Clamped glucose infusion rate (GIR) and (B) glucose 

disposal rate (GDR). (C) Skeletal muscle 2-DG uptake, (D) TAG, (E) DAG and 

ceramide accumulation. (F) Skeletal muscle pAkt Thr308/Akt total, pAkt 

Ser473/Akt total and pAS160 Thr642/GAPDH at the completion of the clamp 

(from separate gels). (G) Protein expression of Complex V, Complex IV, 

Complex III and Complex II/GAPDH of the electron transport chain and (H) 

PGC1α/GAPDH in skeletal muscle relative to HFD WT. Number of mice are 

denoted on the graph. Data are expressed as means ± SEM, ††p<0.01 for 

difference from sedentary vs exercise, ¶p<0.05 for difference between WT and 

AccDKI, as determined by two-way ANOVA and Bonferonni post hoc test.  

 

Figure 4. HIIT increases adipose tissue glucose uptake independent of ACC 

phosphorylation but does not alter inflammation, macrophage infiltration or 

browning markers. (A) Adipose tissue 2-DG uptake. (B) Clamped circulating 

non-esterified free fatty acid levels. (C) Adipocyte size. (D) Adipose tissue Cd68 

and Emr1 mRNA expression. (E) F4/80+ cells in adipose tissue. (F) Adipose 
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tissue inflammatory markers Il6, Tnfa, and Kc. (G) Adipose tissue macrophage 

arginase and Nos2 mRNA expression. (H) Adipose tissue macrophage Tnfa, Il1b, 

and Kc mRNA expression. (I) Adipose tissue Cidea, Prdm16, Pdk4, Pgc1a, and 

Glut4 mRNA expression. 

 

Figure 5. HIIT improves hepatic insulin sensitivity independent of ACC 

phosphorylation and liver triglycerides. (A) HGP and (B) percent suppression 

of insulin. (C) Relative expression of liver gluconeogenic gene expression of 

G6pase and Pck1. (D) Liver TAG content. (E) Liver DAG, and ceramide content 

and representative liver H&E images. (F) Liver area of fibrosis and representative 

liver trichrome stain images. Fibrosis represented by collagen is stained in blue. 

(G) Liver glycogen content. (H) Serum ALT and AST concentrations. (I) 

ALT/AST ratio. Number of mice is denoted on the graphs. Data are expressed as 

means ± SEM, †p<0.05, ††p<0.01, †††p<0.001 for difference from sedentary vs 

exercise, as determined by two-way ANOVA and Bonferonni post hoc test.  

 

Supplementary Figure 1. (A) Acute pAMPK Thr172 to AMPK total and (B) 

pACC Ser79/212 to ACC total in liver after an acute bout of exercise. (C) 

Clamped GIR curve comparison between WT sedentary and WT exercise trained 

mice during clamp. (D) Clamped GIR curve comparison between AccDKI 

sedentary and AccDKI exercise trained mice during clamp. (E) Blood glucose 

comparison between WT sedentary and WT exercise trained mice during clamp. 
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(F) Blood glucose comparison between AccDKI sedentary and AccDKI exercise 

trained mice during clamp. Number of mice is denoted on the graph. Data are 

expressed as means ± SEM, *p<0.05 for difference between sedentary vs exercise 

as determined by t-test.  
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The AMPK activator R419 improves exercise capacity and skeletal muscle 
insulin sensitivity in obese mice 
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Skeletal muscle AMPK is an important regulator of glucose homeostasis, 
mitochondrial content and exercise capacity. This manuscript shows that ablation 
of AMPK in skeletal muscle does not alter high-fat diet-induced insulin resistance 
in mice. A lack of skeletal muscle AMPK impairs exercise capacity in mice, 
likely as a result of an inability to achieve exercise-induced skeletal muscle 
glucose uptake. We also considered the impact of novel AMPK activator R419 in 
obese mice. We show that R419 improves skeletal muscle glucose uptake to 
improve whole-body insulin sensitivity and it does so via a skeletal muscle 
AMPK-independent fashion. Furthermore, R419 improves exercise capacity in 
obese mice via an AMPK-dependent pathway. These findings suggest that R419 
may have therapeutic importance in improving exercise capacity and skeletal 
muscle insulin sensitivity.  
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The AMPK activator R419 improves exercise
capacity and skeletal muscle insulin sensitivity
in obese mice

Katarina Marcinko 1, Adam L. Bujak 1, James S.V. Lally 1, Rebecca J. Ford 1, Tammy H. Wong 1,
Brennan K. Smith 1, Bruce E. Kemp 3, Yonchu Jenkins 4, Wei Li 4, Todd M. Kinsella 4, Yasumichi Hitoshi 4,
Gregory R. Steinberg 1,2,*

ABSTRACT

Objective: Skeletal muscle AMP-activated protein kinase (AMPK) is important for regulating glucose homeostasis, mitochondrial content and
exercise capacity. R419 is a mitochondrial complex-I inhibitor that has recently been shown to acutely activate AMPK in myotubes. Our main
objective was to examine whether R419 treatment improves insulin sensitivity and exercise capacity in obese insulin resistant mice and whether
skeletal muscle AMPK was important for mediating potential effects.
Methods: Glucose homeostasis, insulin sensitivity, exercise capacity, and electron transport chain content/activity were examined in wildtype
(WT) and AMPK b1b2 muscle-specific null (AMPK-MKO) mice fed a high-fat diet (HFD) with or without R419 supplementation.
Results: There was no change in weight gain, adiposity, glucose tolerance or insulin sensitivity between HFD-fed WT and AMPK-MKO mice. In
both HFD-fed WT and AMPK-MKO mice, R419 enhanced insulin tolerance, insulin-stimulated glucose disposal, skeletal muscle 2-deoxyglucose
uptake, Akt phosphorylation and glucose transporter 4 (GLUT4) content independently of alterations in body mass. In WT, but not AMPK-MKO
mice, R419 improved treadmill running capacity. Treatment with R419 increased muscle electron transport chain content and activity in WT
mice; effects which were blunted in AMPK-MKO mice.
Conclusions: Treatment of obese mice with R419 improved skeletal muscle insulin sensitivity through a mechanism that is independent of
skeletal muscle AMPK. R419 also increases exercise capacity and improves mitochondrial function in obese WT mice; effects that are diminished
in the absence of skeletal muscle AMPK. These findings suggest that R419 may be a promising therapy for improving whole-body glucose
homeostasis and exercise capacity.

! 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Exercise-mimetic; Mitochondrial; Diabetes; Obesity; AMPK; Complex-I; R419

1. INTRODUCTION

The AMP-activated protein kinase (AMPK) is an abg heterotrimer that
plays an important role in regulating whole-body glucose homeostasis
and insulin sensitivity (for review see Ruderman et al., 2013 [1] and
Steinberg & Jorgensen 2007 [2]). Over the last decade, many acti-
vators of AMPK have been shown to improve insulin sensitivity and
glycemic control [3e7] through AMPK dependent [8e10] and inde-
pendent [11e13] pathways. Of these AMPK activators, metformin,

which is a mild complex-I inhibitor, has been extensively studied and
found to exert its glucose lowering effects primarily by acting in the
liver (for review see Foretz et al., 2014 [14]). This liver predominant
effect of metformin is believed to be the result of high expression of
the organic cation transporter 1 (OCT1) that is required for metformin
uptake and thus limits the effectiveness of metformin to act in other
tissues such as skeletal muscle [14]. Similarly, direct activators of
AMPK like A769662 [15] and salicylate [16] activate AMPK through the
b1 subunit which is prevalent in liver but has low expression in skeletal

1Division of Endocrinology and Metabolism, Department of Medicine, McMaster University, 1280 Main St. W., Hamilton, Ontario L8N 3Z5, Canada 2Department of
Biochemistry, McMaster University, 1280 Main St. W., Hamilton, Ontario L8N 3Z5, Canada 3Protein Chemistry and Metabolism, St Vincent’s Institute and Department of
Medicine, University of Melbourne, 41 Victoria Parade, Fitzroy, Victoria 3065, Australia 4Rigel Pharmaceuticals Inc., 1180 Veterans Boulevard, South San Francisco, CA
94080, USA

*Corresponding author. Division of Endocrinology and Metabolism, Department of Medicine, HSC 4N63, McMaster University, 1280 Main St. West, Hamilton, Ontario L8N
3Z5, Canada. E-mail: gsteinberg@mcmaster.ca (G.R. Steinberg).

Abbreviations: 2-DG, 2-deoxyglucose; ACC, acetyl-CoA carboxylase; AICAR, 5-aminoimidazole-4-carboxamide-1-b-D-ribofuranoside; AMPK, AMP-activated protein kinase;
AMPK-MKO, skeletal muscle-specific AMPK b1b2 floxed Cre-; AUC, area under the curve; COX, cytochrome c oxidase; CT, computed tomography; EDL, extensor digitorum
longus; HFD, high-fat diet (45% kcal fat); GDR, glucose disposal rate; GIR, glucose infusion rate; GLUT4, glucose transporter 4; HGO, hepatic glucose output; OXPHOS,
proteins involved in oxidative phosphorylation (electron transport chain); R419, N-(1-(4-cyanobenzyl) piperidin-4-yl)-6-(4-(4-methoxybenzoyl) piperidine-1-carbonyl; Tbp,
TATA-binding protein; TA, tibialis anterior; WT, wildtype
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muscle [17,18]. While recent studies have identified new direct acti-
vators of AMPK that may be effective in muscle [19e21], their role in
regulating skeletal muscle insulin sensitivity and muscle mitochondrial
content is currently not known. As improvements in skeletal muscle
insulin sensitivity are important for restoring glucose homeostasis,
there is a need to develop and evaluate new activators of AMPK that
may exert positive effects on skeletal muscle metabolism and insulin
sensitivity.
In addition to improving insulin sensitivity, AMPK is also vital for
controlling muscle mitochondrial content and exercise capacity (for
review see Richter & Ruderman 2009 [22] and O’Neill et al., 2013
[23]). For example, mice with undetectable levels of AMPK activity due
to genetic deletion of a or b subunits in skeletal muscle have a
severely impaired capacity for treadmill running that is associated with
alterations in mitochondrial content and/or function [24,25]. In
contrast, the activation of AMPK through genetic manipulation or a
wide variety of pharmacological agents has been shown to increase
treadmill exercise performance in most studies [10,26e29]. These
data indicate that activators of AMPK may also be able to increase
muscle mitochondrial content and improve exercise performance.
R419 (N-(1-(4-cyanobenzyl)piperidin-4-yl)-6-(4-(4-methoxybenzoyl)
piperidine-1-carbonyl)nicotinamide) is a recently described mito-
chondrial complex I inhibitor that acutely activates AMPK in a variety of
cell systems including myotubes and hepatocytes [30]. R419 acutely
increases glucose uptake and fatty acid oxidation in cultured myotubes
via an AMPK dependent pathway. In contrast, R419 was shown to
acutely inhibit glucose production in isolated hepatocytes via an AMPK-
independent process. Metabolite tracer analysis of db/db mice treated
with R419 suggested increased flux through both skeletal muscle
glycolytic and fatty acid oxidative pathways and increases in glucose
transporter 4 (GLUT4) promoter activity [30]. However, whether chronic
R419 treatment improves glucose homeostasis and insulin sensitivity
is not currently understood. Since the tissue specific uptake of R419
would not be limited by OCT1, as is the case with metformin, we
hypothesized that R419 would improve glucose homeostasis through
improvements in skeletal muscle insulin sensitivity and that this effect
would require skeletal muscle AMPK. Furthermore, since activation of
AMPK has been associated with muscle mitochondrial biogenesis, we
also hypothesized that R419 would increase exercise capacity through
an AMPK dependent process. We find that in obese mice fed a high-fat
diet (HFD), R419 improves glucose tolerance and enhances insulin-
stimulated glucose disposal into skeletal muscle in WT and AMPK-
MKO mice while also enhancing exercise capacity only in WT controls.

2. MATERIAL AND METHODS

2.1. Mouse experiments
Male AMPK b1b2 floxed muscle creatine kinase (MCK)-Cre- (WT) and
AMPK b1b2 floxed MCK-Creþ (AMPK-MKO) littermates were used in
all experiments and have been described previously [25]. The
McMaster University (Hamilton, Canada) Animal Ethics Committee
approved all experimental protocols. To measure R419-mediated
AMPK activation, WT and AMPK-MKO mice were fasted for 12 h and
re-fed ad libitum with HFD (45 kcal% fat, D12451, Research Diets;
New Brunswick, NJ) formulated with R419 at a dose of 100 mg/kg HFD
(HFD þ R419) or the same HFD without R419. After 3 h of re-feeding,
blood glucose was measured by glucometer with a small nick of the
tail vein. Mice were then anesthetized and tibialis anterior (TA) muscle
was collected, snap frozen and kept at minus 80 "C for later analysis.
To examine the chronic effects of R419 treatment, mice were main-
tained on a 12 h light/dark cycle and fed a HFD starting at 6e8 weeks

of age for 12 weeks. After the first 6 weeks of HFD, mice were
continued on HFD or given HFD þ R419. Mice were allocated to
different experiments in order to reduce stress from excessive testing
and handling. Food intake was measured over a 72 h timeframe using
the Oxymax Lab Animal Monitoring System (Columbus Instruments,
OH).

2.2. Exercise capacity test
Mice were acclimated to the treadmill as described previously
[17,25,31]. Exercise capacity test was completed once after 5 weeks
of treatment. Mice began running at 8 m/min and treadmill speed was
increased by 1 m/min every 2 min as previously described [17,25]. At
exhaustion, time and speed were recorded and distance traversed
calculated. Exhaustion was defined as the point at which instead of
running on the treadmill, mice remained on the shockers that serve to
encourage running for more than 10 s. Experimenters were unaware of
the genotype/treatment of the mice while they were performing the
experiment. Mice were quickly removed from the treadmill, blood was
collected by facial bleed, and blood glucose recorded. Lactate Assay
Kit was used to measure serum lactate, according to manufacturer
instructions (Biovision), in the fed basal state and at exhaustion.

2.3. Metabolic studies
After 6 weeks of treatment, computed tomography (CT) was used to
assess whole body adiposity and analyzed with the Amira Visage
Imaging Software Program, as described previously [10]. Mice were
fasted for 12 h in the evening andw100 mL of blood was collected by
facial bleed in the morning. Blood glucose concentrations were
recorded by glucometer. Serum analysis of insulin (Millipore) and non-
esterified free fatty acids (NEFA) (Wako NEFA-HR) were completed,
according to manufacturer instructions. For glucose (GTT, after 5
weeks of treatment) and insulin (ITT, after 6 weeks of treatment)
tolerance tests, mice were fasted for 6 h and injected with D-glucose
(1 g/kg) and human insulin (1 U/kg, NovoRapid), respectively. Blood
glucose was monitored during a 2 h span. Blood glucose was
measured by glucometer from a small nick of the tail vein.
Hyperinsulinemic-euglycaemic clamps were performed after 12 weeks
of the study as previously described [32,33]. The jugular vein was
surgically cannulated and if mice had <10% loss in body weight
change, they were clamped 5 days later. On the day of the clamp, mice
were fasted for 6 h and basal D- [3-3H]-glucose (7.5 mCi/h, 0.12 ml/h
in 0.9% saline) was infused for 1 h. This was followed by a constant
infusion of insulin (10 mU/kg/min insulin in 0.9% saline) (Novorapid),
containing D- [3-3H]-glucose (7.5 mCi/h, 0.12 ml/h in 0.9% saline).
Blood glucose was titrated with infusion of 50% dextrose that was
gradually increased until euglycaemia was reached, defined as blood
glucose between 5.8 and 7.0 mmol/L for at least 30 min [32]. Addi-
tionally, glucose uptake in tissues was measured after intravenous
injection of 2-[14C]-deoxy-glucose (2-[14C] DG) (10 mCi). Blood sam-
ples were taken at 10, 20, and 30 min. Mice were euthanized with an
intravenous injection of ketamine-xylazine and sacrificed by exsan-
guination. Tissues were removed, snap frozen in liquid nitrogen, and
stored at minus 80 "C for later analysis [10].

2.4. Analytical techniques
Extensor digitorum longus (EDL), TA and quadriceps muscles were
powdered on dry ice and homogenized in cell lysis buffer using a
Precellys 24 Homogenizer (Bertin Technologies; Paris, France). Lysates
were collected from centrifuged homogenate (13 000 rpm). Tissue-
specific glucose uptake (2-[14C] DG-Phosphate) was quantified by
scintillation counting in which the unphosphorylated 2-[14C] DG

Brief communication
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fraction was subtracted from the total fraction of homogenate. Values
were expressed to blood glucose and 2-[14C] DG infusion in the blood.
Additionally, lysates were used to measure cytochrome c oxidase
(COX) activity, as described previously [34]. Blood was collected for
serum biochemistry measurements post-hyperinsulinemic euglycemic
clamp, including NEFA and insulin (Iso-insulin ELISA kit (Mercodia)).
Steele’s equation for steady state conditions was used to determine
rates of hepatic glucose output and glucose disposal in the basal and
clamped state [35]. Lipid content in quadriceps muscle was measured
by Bligh and Dyer procedure [36]. Briefly, lipids were extracted using
chloroform and methanol. Lipids from chloroform phase were
saponified and glycerol content measured with Glycerol Reagent
(Sigma). Glycogen content was measured by incubating powdered
tissue in 6N HCl at 80 !C and then neutralized with 6N NaOH. Glucose
content was measured using a Glucose Assay (Sigma).

2.5. Western blotting
SDS-PAGE system was used to separate protein extracts. Immuno-
blotting was performed once proteins were transferred on nitrocellu-
lose or polyvinylidene difluoride membranes. Membranes were first
blocked for 1 h at room temperature with 5% BSA in 1xTBST (Tris
buffered saline-Tween-20, 25 mM Tris$HCl (pH 7.5), 1 mM NaCl, and
0.1% Tween-20). Membranes were then incubated overnight at 4 !C
with primary antibodies (from Cell Signaling, unless indicated) phos-
phorylated (p) acetyl-CoA carboxylase Ser79/212 (1:1000), ACC total
(1:1000), pAMPK Thr172 (1:1000), AMPK total (1:1000), pAkt Ser473

(1:1000), pAkt Thr308 (1:1000), Akt (1:1000), GLUT4 (Millipore,
1:1000), OXPHOS (Complex I subunit NDUFB8, Complex II subunit CII-
30, Complex III subunit Core 2 CIII-core2, Complex IV subunit I CIV-I,
and ATP synthase subunit alpha CV-alpha) (MitoSciences, 1:5000),
and GAPDH (Cell Signaling, 1:10 000) in TA and/or quadriceps muscle.
Membranes were then washed (3 " 5 min) with TBST and incubated
at room temperature for 1 h with corresponding secondary antibody.
Membranes were washed (3 " 5 min) with TBST and developed with
Clarity!Western ECL Substrate (Biorad). Densitometry was performed
using ImageJ software.

2.6. Statistical analysis
All results are expressed as mean# standard error of the mean (SEM).
Results were analyzed using a two-way ANOVA with Bonferroni post-
hoc tests for group comparisons (unless otherwise denoted), using
GraphPad Prism software. Repeated measures ANOVA was used to
analyze body mass, GTT, ITT, and GIR. Significance was accepted at
p $ 0.05.

3. RESULTS

3.1. R419 acutely activates skeletal muscle AMPK but does not
result in hypoglycemia
Treatment with R419 at 100 mg/kg HFD resulted in a plasma con-
centration of about 24 ng/mL and AUC of 600 ng*hr/mL over
24 h (Figure 1A), which is comparable to previous administration of
R419 (5e10 mg/kg body weight) by oral gavage [30]. In WT, but not
AMPK-MKO TA muscle, R419 resulted in a tendency for increased
AMPK Thr172 phosphorylation and significant increases in ACC Ser79/
212 phosphorylation compared to HFD alone (Figure 1B). It should be
noted that ACC Ser79/212 phosphorylation is considered a more sen-
sitive measure of cellular AMPK activity as it takes into account the
significant role that allosteric and covalent regulation of AMPK has on
its activity [37]. R419 treatment did not alter blood glucose in either WT
or AMPK-MKO mice relative to HFD alone (Figure 1C).

3.2. A lack of skeletal muscle AMPK or treatment with R419 does
not alter weight gain or adiposity in mice fed a HFD
Subsequent experiments were performed in WT and AMPK-MKO mice
chronically treated with HFD þ R419. A loss of skeletal muscle AMPK
did not exacerbate the development of HFD-induced obesity or weight
gain over time (Figure 1D). Treatment with HFD þ R419 did not result
in differences in weight gain (Figure 1D), food intake (Figure 1E) or
adiposity (Figure 1F) between groups. There was also no effect of R419
on liver, adipose tissue, soleus, or EDL mass (Table 1). We were
specifically interested in the effects of R419 in obesity, therefore, we
did not test the effects of the compound in control chow-fed mice but
the weight gain and adiposity obtained in these HFD-fed mice were
very comparable to our recent publications using the same HFD and
time course in which chow control mice were examined [33,38].

3.3. R419 improves insulin sensitivity independent of skeletal
muscle AMPK
HFD AMPK-MKO mice had comparable fasting blood glucose and in-
sulin levels compared to WT littermates irrespective of R419 treatment
(Figure 2A,B). AMPK-MKO mice had higher fasting serum NEFA
(Table 1). Glucose and insulin tolerance and corresponding areas under
the curve (AUC) were also similar between AMPK-MKO and WT lit-
termates fed a HFD (Figure 2C,D), indicating that a lack of AMPK does
not promote the dysregulation of glucose homeostasis. Of note, the
degree of glucose and insulin intolerance achieved in the HFD-fed mice
of this study was comparable to many previous studies from our
laboratory in which normal chow diet fed controls were also examined
in parallel [33,38].
Treatment of mice with R419 did not alter fasting blood glucose
(Figure 2A) but it did significantly reduce fasting serum insulin in both
WT and AMPK-MKO mice (Figure 2B). Consistent with these findings,
R419 tended to improve glucose tolerance and significantly increased
whole-body insulin tolerance in both WT and AMPK-MKO mice
(Figure 2C,D). These data indicate that R419 improves whole-body
insulin sensitivity in obese mice through a pathway independent of
skeletal muscle AMPK.
To examine the tissues contributing to these improvements in insulin
sensitivity, we conducted hyperinsulinemic-euglycaemic clamps. R419
treatment did not affect basal blood glucose or basal glucose turnover
(Supplementary Table 1). Clamped serum glucose and insulin levels
were comparable between groups (Supplementary Table 1). However,
R419 treatment increased insulin-stimulated glucose infusion rates
(GIR) in both WT and AMPK-MKO mice (Figure 2E,F). Consistent with an
elevated GIR, the insulin-stimulated glucose disposal rate (GDR) was
increased in both WT and AMPK-MKO mice treated with R419
(Figure 2G). Enhanced GDR with R419 treatment was accompanied by
elevated 2-[14C]DG uptake at the completion of the clamp into all
muscle types of both WT and AMPK-MKO mice (Figure 2H). There were
no differences between groups in circulating NEFA (Supplementary
Table 1), suggesting that adipose tissue insulin sensitivity was not
altered with R419 treatment. During the clamp, R419 treatment had a
modest effect on reducing hepatic glucose output (HGO) and tended to
increase the percent (%) suppression of HGO in WT mice
(Supplementary Table 1).
To investigate the intracellular mechanisms mediating enhanced
insulin-stimulated 2-[14C]DG uptake into muscle, we assessed Akt
phosphorylation and GLUT4 expression (Figure 2I). Improvements in
skeletal muscle insulin-stimulated glucose disposal with R419 treat-
ment were associated with enhanced phosphorylation of Akt Thr308

and Ser473 (Figure 2J,K). As AMPK may also increase insulin-
stimulated glucose uptake by increasing the transcription of GLUT4
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through phosphorylation of histone deacetylases (HDACs) [39], we
examined skeletal muscle GLUT4 expression. R419 treatment
increased skeletal muscle GLUT4 protein expression in both WT and
AMPK-MKO mice (Figure 2L). These data indicate that R419 likely
increases glucose disposal in skeletal muscle by increasing both in-
sulin sensitivity and GLUT4 expression via pathways that are inde-
pendent of skeletal muscle AMPK.

3.4. R419 improves exercise capacity via an AMPK dependent
pathway
In agreement with our previous findings in chow-fed mice [25], time
and speed at exhaustion were significantly impaired in AMPK-MKO
compared to WT mice (Figure 3A,B). Despite obtaining a much lower
maximal running speed, AMPK-MKO mice had elevated serum lactates
and displayed significantly elevated blood glucose levels, consistent
with their inability to stimulate muscle glucose uptake during treadmill
running (Table 1), as previously reported [25]. R419 treatment
increased time to exhaustion, speed at exhaustion and distance
covered in WT but not AMPK-MKO mice (Figure 3A,B,C).
To examine the potential mechanism mediating these effects, we first
assessed muscle glycogen and triglycerides and found that R419 did

not affect these parameters (Table 1). In HFD-fed mice, mitochondrial
complex proteins were reduced in AMPK-MKO mice compared to WT
(Figure 3D). R419 increased the protein content of Complex II, III/IV,
and V of the respiratory chain in WT mice. These effects of R419 were
blunted in AMPK-MKO mice (Figure 3D). There was also a tendency for
increased protein expression of Complex I. R419 elevated COX activity
in quadriceps (quad) muscle of WT but not AMPK-MKO mice. Collec-
tively, these data suggest that R419 increases mitochondrial biogen-
esis (Figure 3E).

4. DISCUSSION

R419 has recently been shown to acutely activate AMPK in a variety of
cell systems [30] but its effects on whole-body glucose homeostasis,
insulin sensitivity and exercise capacity are not known. We demon-
strate that chronic R419 treatment lowered fasting insulin, improved
glucose tolerance and insulin-stimulated glucose disposal into skeletal
muscle, independently of alterations in adiposity in both WT and
AMPK-MKO mice. Increases in skeletal muscle 2-DG uptake were
associated with elevated Akt phosphorylation and increased GLUT4
expression. In addition, R419 treatment increased exercise capacity
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and electron transport chain content and activity in WT, but not AMPK-
MKO mice. These data indicate that in the context of HFD-induced
obesity, R419 may be a promising therapy for improving exercise
capacity and glucose homeostasis.
Despite the well-documented role of AMPK activators improving insulin
sensitivity, most studies have found that mice having reductions in
skeletal muscle AMPK activity fed a control chow [25,34,40] or
obesity-promoting HFD diet [40,41] have normal skeletal muscle in-
sulin sensitivity compared to wildtype littermates; although it should be
noted that some studies have detected modest reductions in muscle
insulin sensitivity [17,42,43]. While previous studies have investigated
the effects of an obesity-inducing HFD on a genetic background of
lower muscle AMPK activity, it is possible that small amounts of re-
sidual AMPK activity may have been sufficient to maintain skeletal
muscle insulin sensitivity in these previous reports [40,41]. Thus it was
unknown whether AMPK-MKO mice might be more susceptible to
HFD-induced obesity and insulin resistance. We found that body mass
and adiposity were comparable between genotypes. Insulin tolerance
was also unchanged between genotypes as were rates of glucose
infusion and glucose disposal during hyperinsulinemic-euglycemic
clamps. In contrast to our previous studies in young [25] and aged
[34] AMPK-MKO mice which had normal glucose tolerance, we found
that there was a tendency for AMPK-MKO mice to have improved
glucose tolerance and increased muscle GLUT4 expression when fed
HFD. We also found that the large reduction in muscle mitochondrial
content we have previously observed in chow-fed AMPK-MKO mice
[25] was largely attenuated (so that there were minimal genotype
differences) when mice were fed HFD. These data are consistent with
findings that HFD-induced mitochondrial biogenesis occurs via a
pathway involving calcium/calmodulin-dependent protein kinase [44].
Collectively, these data indicate that a lack of skeletal muscle AMPK
does not enhance the development of HFD-induced obesity or insulin
resistance and suggest that future studies investigating the induction
of compensatory pathways in AMPK-MKO mice in response to HFD are
warranted.

Obese mice treated with R419 had lower fasting serum insulin levels,
irrespective of genotype. Notable improvements were also observed in
glucose and insulin tolerance with R419 treatment. Hyperinsulinemic-
euglycaemic clamps revealed that improved insulin sensitivity was
mediated by enhanced insulin-stimulated glucose disposal into skel-
etal muscle and that this effect was independent of skeletal muscle
AMPK. In addition to enhancing insulin-stimulated skeletal muscle
glucose uptake in a skeletal muscle AMPK independent manner, R419
modestly reduced insulin-stimulated hepatic glucose output; however,
it should be noted that the insulin-simulated % suppression of HGO
was not significantly different between treatments. Given the modest
effect on HGO (and lack of a significant increase in the % suppression),
these data suggest, that, in contrast to metformin that primarily elicits
its insulin sensitizing effects by acting in the liver [33,45], R419 pri-
marily elicits its glucose lowering/insulin sensitizing effects by
enhancing skeletal muscle glucose uptake.
In order to assess the potential mechanisms contributing to the
improved insulin-stimulated glucose disposal/2-DG uptake into skel-
etal muscle following R419 treatment, we assessed activating phos-
phorylation of Akt and total GLUT4 expression. We found that R419
treated mice had greater Akt phosphorylation and increased GLUT4
expression compared to HFD-fed mice. The overexpression of GLUT4
in skeletal muscle enhances insulin-stimulated glucose uptake and
reduces fasting insulin in HFD-fed mice [46]. Enhanced GLUT4
expression may also alter hepatic glucose metabolism/insulin sensi-
tivity, thus explaining the potentially modest changes observed in liver
insulin sensitivity [47]. This suggests that increased glucose disposal
in skeletal muscle via R419 may be mediated in part through increases
in GLUT4 expression via AMPK-independent pathways. These findings
are consistent with reports that GLUT4 expression is also increased
following exercise via AMPK-independent pathways [48,49]. Future
studies investigating the AMPK-independent mechanisms controlling
GLUT4 transcription are warranted.
Exercise training is associated with the induction of mitochondrial
biogenesis and enhanced exercise performance (for review see Richter

Table 1 e Analysis of tissue weights, blood glucose, serum lactate, muscle glycogen and triglyceride and serum non-esterified free fatty acids (NEFA).

AMPK-WT AMPK-MKO

HFD HFDþR419 HFD HFDþR419

Average "SEM N Average "SEM N Average "SEM N Average "SEM N

Liver
Weight (mg) 1257.9 57.3 14 1192.4 124.4 9 1172.2 60.3 8 1230.0 78.53 8
Weight/gram bw (mg/g bw) 32.5 0.9 14 32.8 2.2 9 34.9 2.5 8 35.6 1.9 8

Epididymal adipose
Weight (mg) 1299.3 93.9 16 1224.1 104.4 12 1182.8 190.0 8 1173.4 119.9 9
Weight/gram bw (mg/g bw) 34.5 1.7 16 34.5 1.9 12 32.2 4.5 8 33.6 3.1 9

Soleus (mg) 11.4 0.4 13 11.7 0.3 7 11.6 0.5 8 10.9 0.5 7
EDL (mg) 11.0 0.5 9 11.6 0.5 7 10.9 0.9 8 11.2 0.4 7
Glucose (mmol/l)
Fed 9.1 0.4 13 8.4y 0.3 9 10.3x 0.6 11 9.2yx 0.5 6
Post-Exercise 11.6 0.6 10 9.5 0.5 8 12.5xx 1.2 10 10.3xx 0.4 6

Lactate (mmol/l)
Fed 6.5 1.0 10 9.3 1.5 7 8.3 1.0 4 8.4 2.2 5
Post-Exercise 8.6 0.8 11 8.1 0.9 7 11.0x 1.3 7 11.1x 0.4 5

Glycogen (mg/g tissue)
Quadriceps 137.3 6.4 16 141.3 9.8 8 124.9x 3.6 8 118.3x 10.3 8

Triglycerides (mg/g tissue)
Quadriceps 323.9 29.0 11 371.8 107.5 5 271.1 54.4 6 412.8 57.7 4

NEFA (mmol/l)
Fasting (12 h) 1.1 0.1 15 1.0 0.1 8 1.6xxx 0.1 6 1.4xxx 0.1 6

Data are expressed as means" SEM, yp< 0.05, for difference from HFD control vs HFDþ R419, and xp< 0.05, xxp< 0.01, xxxp< 0.001 for difference from WT vs AMPK-MKO, as
determined by two-way ANOVA and Bonferroni post hoc test.
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& Ruderman 2009 [22] and O’Neill et al., 2011 [23]). R419 improved
treadmill running capacity in WT mice by over 30%, while having no
effect in AMPK-MKO mice. This increase in treadmill running capacity
is comparable to other studies in mice with endurance exercise
training [50,51]. A limitation of our study was that we defined fatigue/
exhaustion as the point at which instead of running on the treadmill,
mice remained on the shockers, which serve to encourage running, for
more than 10 s. Future studies measuring biochemical measures of
exhaustion ([52], e.g. muscle and liver glycogen, lactate) with and
without R419 and/or muscle AMPK deficiency will be important to
establish genuine fatigue and to confirm the effects were not due to
changes in motivation or altered sensitivity to the electrical shocking
system.
A feature of studies in which AMPK has been activated using either
genetic gain of function [53] or pharmacological agents such as AICAR
[54] is that muscle glycogen contents are elevated; which could be a
primary factor contributing to the enhanced exercise performance [42].
With R419 treatment, there was no change in muscle glycogen content.
Instead, improvements in treadmill running capacity in WT mice were
associated with increased protein expression of subunits of the electron
transport chain and COX activity. These observations that R419, a
complex-I inhibitor, can enhance mitochondrial content and function
are consistent with previous findings indicating that siRNA mediated
complex-1 inhibition in C. elegans induces mitohormesis (an increase in
mitochondrial biogenesis and efficiency) [55]. Interestingly, these ef-
fects were blunted in AMPK-MKO mice suggesting that R419 primarily
elicits its effects on mitochondrial function through a pathway involving
AMPK. Future studies investigating the downstream substrates medi-
ating R419 effects on mitochondrial function are warranted.
In summary, chronic treatment with R419 leads to substantial im-
provements in glucose homeostasis, effects that are primarily

mediated through enhanced skeletal muscle insulin sensitivity and are
independent of skeletal muscle AMPK. In addition, chronic treatment of
obese mice with R419 elicits improvements in exercise capacity and
skeletal muscle electron transport chain content/activity in WT mice,
effects which are blunted in the absence of AMPK. These data indicate
that R419 mimics many of the effects of chronic exercise training in
skeletal muscle and suggest that R419 may be of therapeutic
importance for improving exercise capacity and skeletal muscle insulin
sensitivity in obesity.

AUTHOR CONTRIBUTIONS

KM, YH and GRS conception and design of research; KM, ALB, JSL,
RJF, THW, BKS, YJ, WL, TMK performed experiments; KM, ALB, JSL,
THW, BKS analyzed data; KM, YH and GRS interpreted results of ex-
periments; KM and GRS prepared figures; KM, YH and GRS drafted
manuscript; KM, BEK, YH, YJ and GRS edited and revised manuscript;
KM, ALB, JSL, RJF, THW, BKS, YJ, WL, TMK, BEK, YH and GRS
approved final version of manuscript. KM and GRS are responsible for
the integrity of the work as a whole.

FUNDING

These studies were supported by research grants from Rigel Phar-
maceuticals, Inc. (K.04521.00.RES.FND) and the Canadian Institutes of
Health Research (RGPIN-371870-2009) (GRS). GRS is a Canada
Research Chair in Metabolism and Obesity and the J Bruce Duncan
Chair in Metabolic Diseases. BEK was supported by grants from the
Australian Research Council (DP130104548) and the National Health
and Medical Research Council (1028254, 1078752) and in part by the
Victorian Government’s Operational Infrastructure Support Program.

Figure 3: R419 improves exercise capacity via an AMPK dependent pathway involving increased content and activity of the electron transport chain. (A) Time to
exhaustion. Significant interaction between treatment and genotype (p ¼ 0.03). (B) Speed at exhaustion. Significant interaction between treatment and genotype (p ¼ 0.02). (C)
Distance traversed. Significant interaction between treatment and genotype (p ¼ 0.02). (D) OXPHOS complex expression in quadriceps muscle. Representative image of OXPHOS
blot from the same membrane. (E) COX Activity. Data are expressed as means " SEM, yp < 0.05, yyp < 0.01 for difference from HFD control vs HFD þ R419; *p < 0.05 for
difference from HFD control post hoc within genotype; xp < 0.05, xxp < 0.01, xxxp < 0.001 for difference from WT vs AMPK-MKO, as determined by two-way ANOVA and
Bonferroni post hoc test.
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CHAPTER FIVE 
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DISCUSSION 

5.1 Introduction 
	  

This compilation of studies examined the insulin sensitizing effects of 

AMPK activation in obese mice. Specifically, it described the effects of AMPK 

activation by metformin, exercise training, and R419 in mice fed a high-fat diet. 

In Chapter 2 we show that metformin reduces liver lipid content by increasing 

AMPK phosphorylation of ACC1 Ser79 and ACC2 Ser212, which results in 

improvements in hepatic insulin sensitivity. In Chapter 3 we show that exercise-

induced improvements in insulin sensitivity occur independent of these ACC 

phosphorylation sites and independent of lipid content in the liver. Finally, in 

Chapter 4 we show that R419 improves skeletal muscle insulin sensitivity 

independent of AMPK and skeletal muscle lipid content but improves exercise 

capacity in obese mice via a skeletal muscle AMPK-dependent pathway.  

5.2 AMPK, metformin, and liver insulin sensitivity  
 

Chapter 2 of this thesis examined chronic effects of metformin in an obese 

setting using a clinically relevant dose of metformin (50 mg/kg daily for 6 weeks 

which has been shown to elicit a 29 µM plasma concentration of metformin 

[476]). We demonstrated that chronic metformin treatment alleviates hepatic 

insulin resistance via AMPK phosphorylation of ACC1 at Ser79 and ACC2 at 
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Ser212. Improvements in hepatic insulin sensitivity with metformin in WT mice 

were associated with reductions in liver de novo lipogenesis and liver lipid 

content (DAG), effects not observed in AccDKI mice. These data suggest that 

chronic metformin treatment improves insulin sensitivity through a mechanism 

requiring AMPK phosphorylation of ACC and reductions in liver lipid content. 

While some groups have shown an important role for AMPK in regulating liver 

hepatic glucose output [173,431,477], others have not [441,442] and these studies 

will be discussed in the preceding paragraphs.  

Foretz et al. (2010) observed that metformin (250 µM and 1 mM) 

inhibited gluconeogenesis in AMPK α1α2 KO hepatocytes and lowered blood 

glucose levels in mice deficient in AMPK after an acute administration of 

metformin (at doses 150 and 300 mg/kg by oral gavage). Rather than lowering 

gluconeogenesis through AMPK activation, metformin was proposed to inhibit 

gluconeogenesis via changes in hepatic energy state which increases AMP levels 

and activates PKA [441]. Miller et al. (2013) also demonstrated that phenformin 

(100 µM and 1 mM in hepatocytes), a biguanide like metformin, reduces 

gluconeogenesis by inhibiting glucagon signaling through a cAMP-PKA pathway 

[442]. However, it should be noted that phenformin is a stronger complex I 

inhibitor and has a 20 times greater likelihood of inducing lactic acidosis in 

humans [478]. In a study examining acute and chronic effects of metformin, 

Madiraju et al. (2014) showed that a clinically relevant dose of metformin (50 

mg/kg-the same dose used in our study) inhibited mitochondrial glycerol 3-
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phosphate dehydrogenase and resulted in elevated NADH levels [479]. 

Interestingly, AMPK phosphorylates and inhibits glycerol 3-phosphate 

dehydrogenase in yeast [480], which reduces glucose production from glycerol 

and lactate [479], suggesting that this study may support a role for AMPK in 

mediating the effects of metformin on hepatic gluconeogenesis. 

Clearly scientists are divided in their understanding of how metformin is 

driving improvements in insulin sensitivity. A concern regarding the studies listed 

above is the major inconsistencies in the dose used to examine the mechanism by 

which metformin inhibits hepatic gluconeogenesis. After clinical administration 

of metformin [481], concentrations of metformin in the hepatic vein and 

circulation have been shown to be 40-70 µM [476] and 10-40 µM  [482,483], 

respectively. Interestingly, most low metformin concentrations have been shown 

to have AMPK-dependent effects on gluconeogenesis [173,477], while higher 

doses appear to mostly have AMPK-independent effects on gluconeogenesis 

[441,442]. Studies indicating AMPK-independent effects of metformin used 

concentrations that were 10-100 times higher than physiological levels. In 

addition, the low (<50 µM) concentrations of metformin in these studies did not 

change cAMP levels and AMP/ATP ratio but still inhibited glucose production 

[441,442]. Interestingly, low dose metformin (<100 µM), but not high dose 

metformin (>500 µM), has also been shown to stabilize the AMPK heterotrimer 

[484]. This speaks to the need for future animal studies to use physiologically 

relevant doses of metformin to identify mechanisms of action.  



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   156 

In addition to variability in the dose of metformin used, most studies have 

focused their attention on the acute effects of metformin and examinations of the 

mechanism for the chronic effects of metformin in obese insulin resistant mice 

have not been widely studied. Genome-wide analysis of patients with type 2 

diabetes taking metformin has been associated with increased AMPK subunit 

genes [485] and chronic treatment with metformin increases AMPK Thr172 

phosphorylation without inhibiting mitochondrial complex I activity and/or ATP 

content in the liver of humans and mice [486,487]. Therefore, future studies 

examining the effects of chronic metformin treatment on hepatic glucose 

production within the physiological range in vivo are necessary. 

Recently, Duca et al. (2015) proposed that duodenal AMPK has an 

important role in regulating hepatic glucose production [488]. Ablation of 

duodenal AMPK by adenovirus impeded hepatic glucose production reduction 

and glucose lowering effects of metformin (administered by duodenal infusion at 

a 200 mg/kg dose). The suggested mechanism of action involves AMPK 

activation of incretin hormone glucagon like peptide-1 receptor (GLP-1r) in the 

duodenum. Metformin has previously been shown to stimulate GLP-1 secretion 

[489], which has been shown to regulate the gut-brain-liver axis maintaining 

hepatic glucose production [490]. GLP-1r also increases PKA signaling [491]. 

Using a gut-brain-liver axis, duodenal AMPK activation of GLP-1r and PKA by 

metformin was proposed to send a neural circuit to the brain which then sends a 

signal to decrease hepatic glucose production [488]. It should be noted, however, 
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that this study examined only acute effects of metformin on hepatic glucose 

production. In addition, metformin (75 mg/kg by oral gavage) has previously been 

shown to improve glucose tolerance independent of incretin hormones [489]. 

Therefore, examination of chronic effects of metformin treatment on duodenal 

AMPK and hepatic glucose production in rodents fed a high-fat diet is warranted. 

It would also be important to look at AMPK and ACC phosphorylation within the 

liver after an acute bolus of metformin in the duodenum.  

Therefore, to better elucidate the insulin sensitization mechanisms of 

metformin, future studies should focus on long term dietary supplementation at 

clinical doses starting on a background of insulin resistance.  

5.3 AMPK, exercise, and liver insulin sensitivity  
	  

It is of interest that metformin and exercise – two AMPK activators – use 

different mechanisms to improve hepatic insulin sensitivity. Metformin-induced 

improvements in hepatic insulin sensitivity were shown to depend on the ability 

of AMPK to phosphorylate ACC signaling and reduce liver lipid content. In 

contrast, exercise-induced improvements in hepatic insulin sensitivity occur 

independent of ACC and liver lipid content. It should be noted that many previous 

studies examining the effects of exercise on insulin sensitivity were complicated 

by weight loss [415,416,420–424]. Our exercise training protocol was unique 

since we show that improvements in hepatic insulin sensitivity can occur without 

weight loss and without changes in liver lipid content. The next section will 



Ph.D. Thesis - K. Marcinko                      McMaster University - Medical Sciences 

	   158 

discuss a few different targets that we think should be examined by future studies 

to assess the mechanism(s) by which exercise training improves insulin 

sensitivity.  

Overexpression of hepatic MCD has been shown to improve muscle, liver, 

and whole-body insulin sensitivity and reduce liver triglyceride content by 

lowering free-fatty acid levels [492]. We measured protein expression of liver 

MCD following the hyperinsulinemic-euglycemic clamp and to our surprise, 

found that MCD protein expression was reduced in the liver of WT and AccDKI 

mice that were exercise trained compared to those that were sedentary (Figure 

5.1). These data further support the idea that exercise training-induced 

improvements in hepatic insulin sensitivity are not driven by alterations in 

malonyl-CoA levels and suggest an alternative pathway is driving the observed 

improvements. 

 

 

 

 

 

Figure 5.1. Hepatic MCD (MLYCD, Abcam) protein expression (post-

hyperinsulinemic euglycemic clamp) in WT and AccDKI mice that were either 

exercise trained or remained sedentary.  
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Patients with type 2 diabetes and NAFLD present with impaired 

mitochondrial respiration [493], while active lifestyles have been associated with 

improved liver mitochondrial function (as reviewed in Goncalves et al. 2013 

[494]). A few studies have shown that exercise improves liver mitochondrial 

function [495] and/or structure [407] in hepatic steatosis. However, obese 

individuals have been shown to have higher mitochondrial mass despite lower 

maximal respiration and hepatic insulin resistance [496]. Therefore, the 

relationship between hepatic insulin resistance and mitochondrial content/function 

remains unclear. In Chapter 3, we showed no effect of exercise on the gene 

expression of markers of mitochondrial function. In addition, protein expression 

of the electron transport chain (OXPHOS) in the liver showed no differences with 

exercise training (Figure 5.2). However, OXPHOS is only a measure electron 

transport chain content and cannot speak to the functionality of the mitochondria. 

Future studies should measure markers of mitochondrial function to better assess 

the impact of exercise training on mitochondrial function. For example, a P/O 

ratio [497] will assess the amount of ATP produced per amount of oxygen 

consumed in isolated mitochondria. It is therefore a good way to measure 

mitochondrial efficiency to produce ATP.  
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Figure 5.2. Hepatic OXPHOS (Mitosciences) protein expression (post-

hyperinsulinemic euglycemic clamp) in WT and AccDKI mice that were exercise 

trained or remained sedentary. 

 

Obesity has also been associated with elevated levels of mTORC1 and 

S6K activity in liver, skeletal muscle, and adipose tissue [498–500]. Inhibition of 

mTORC1 by rapamycin or deletion of S6K removes this inhibitory effect on 

insulin signaling, in which S6K1 phosphorylates and leads to the degradation of 

IRS-1 by phosphorylation [501,502]. Whole-body knockout of S6K1 protects 

mice from developing age- and diet-induced obesity and insulin resistance [500]. 

In addition, liver-specific deletion of S6K using an adeno-associated virus 

carrying small hairpin RNA (shRNA) prevents high-fat diet-induced insulin 

resistance and glucose intolerance independent of body weight [503]. AICAR and 

exercise have been shown to inhibit the mTORC1 pathway and reduce S6K1 and 

S6 phosphorylation in skeletal muscle [504–508]. In addition, AMPK activation 

has also been shown to inhibit the mTORC1 pathway in hepatocytes [509] and 
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liver [510]. Therefore, this is a potential mechanism by which exercise training 

may improve hepatic insulin sensitivity independently of ACC phosphorylation or 

liver lipid content. Future studies examining the importance of liver AMPK and 

S6K with exercise training and the development of diet-induced insulin resistance 

are warranted.  

In summary, Chapter 3 of this thesis identified that the benefits of exercise 

training on hepatic insulin sensitivity occur independent of AMPK 

phosphorylation of ACC1 Ser79 and ACC2 Ser212 and independent of liver lipid 

levels. Future directions should examine the role of liver mitochondrial function 

and S6K with exercise training and how this impacts the development of liver 

insulin sensitivity.  

5.4 AMPK, R419, and skeletal muscle insulin sensitivity  
 

R419 is a novel AMPK activator that was shown to increase glucose 

uptake and fatty acid oxidation in cultured myotubes, effects that were found to be 

dependent on the expression of AMPK [475]. In addition, when acutely delivered 

to db/db mice, R419 led to an increased flux through both glycolytic and fatty 

acid oxidative pathways [475]. However, the effects of long-term treatment with 

R419 on exercise capacity and insulin sensitivity and the importance of AMPK in 

mediating these effects were not known until our study. Unlike metformin and 

exercise, in which improvements in hepatic insulin sensitivity were emphasized, 

R419 was shown to improve peripheral insulin sensitivity by increasing glucose 
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uptake levels into skeletal muscle, albeit in an AMPK-independent fashion. We 

found that insulin sensitivity was improved concomitantly with increased protein 

expression of skeletal muscle GLUT4 in R419-treated mice. In addition, R419 

was associated with increased GLUT4 promoter activity [475] suggesting that the 

effects of R419 on GLUT4 may be the mechanism by which R419 improves 

skeletal muscle insulin sensitivity. Therefore, a future direction would be to treat 

GLUT4-MKO mice made obese by high-fat diet with R419 to determine whether 

increased GLUT4 expression is the means by which R419 improves peripheral 

glucose disposal [273]. 

The identification of agents that can mimic exercise for the treatment of 

metabolic diseases has been an area of interest for some researchers. Additionally, 

since individuals with type 2 diabetes and obesity present with compromised 

exercise performance [153], identification of agents that will help improve their 

ability to exercise would be valuable to improving their daily life. Interestingly, 

direct AMPK activation with AICAR has been shown to increase activity of 

skeletal muscle oxidative enzymes [511–513] and to improve exercise 

performance by ~45% in untrained mice [513]. Because AICAR is not well 

tolerated in humans, the finding that R419 improved exercise capacity was 

important. We further showed that R419 treatment increases exercise capacity in 

skeletal muscle via a skeletal muscle AMPK-dependent mechanism. Since high-

fat diet leads to reduced exercise capacity in mice [514], one future direction 

would be to compare exercise capacity levels pre-treatment with R419 in order to 
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determine whether R419 is actually improving exercise capacity or whether it is 

blunting the gradual impairments in exercise capacity that occur with high-fat 

diet. Therefore, in addition to the insulin sensitizing effects of AMPK activation, 

future studies examining the potential for AMPK activation in skeletal muscle to 

improve exercise performance in obese patients is warranted.  

5.5 Summary 
 

The main goal of this thesis was to investigate the role of AMPK 

activation in diet-induced obesity and insulin resistance, the precursor to type 2 

diabetes. Three main findings were examined and presented. We show that 

metformin, the most commonly prescribed anti-diabetic drug improves hepatic 

insulin resistance by reducing liver lipid levels via inhibition of AMPK 

phosphorylation of ACC1 Ser79 and ACC2 Ser212 in vivo. Future studies should 

focus on studying the effects of chronic metformin treatment at clinical doses and 

using diets that represent the typical diet of the obese human populations. Next, 

exercise-induced improvements in hepatic insulin sensitivity were shown to occur 

independent of AMPK regulation of ACC1 Ser79 and ACC2 Ser 212, and 

independent of liver lipid content. Examination of the role of mitochondrial 

dysfunction and S6K signaling may help elucidate the mechanisms by which 

exercise training improves hepatic insulin sensitivity. Finally, we found that the 

novel AMPK activator R419 requires skeletal muscle AMPK to induce 

improvements in exercise capacity but does not need AMPK to improve 
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peripheral glucose disposal into skeletal muscle in diet-induced insulin resistance. 

A future direction is to assess whether R419 improves insulin sensitivity by 

increasing GLUT4 content in skeletal muscle.  

In conclusion, this thesis demonstrates that strategies to activate AMPK in 

liver and skeletal muscle are associated with improvements in insulin sensitivity. 

Mechanistically, while metformin treatment leads to reductions in lipid content 

and improvements in insulin sensitivity, improvements in insulin sensitivity via 

exercise training and R419 do not depend on lipid content. These findings suggest 

that future studies examining the effects of AMPK activation in obesity will 

provide insights into the mechanisms of insulin resistance and will help in the 

prevention and treatment of obesity and type 2 diabetes.  
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Appendix A: Staging of NAFLD (from Angulo 2002 [20]). 

 


