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Abstract 

EXERCISE-INDUCED RECOVERY OF SKELETAL MUSCLE INSULIN 

RESPONSE IS INDEPENDENT OF ADIPONECTIN RESPONSE IN HIGH-FAT 

FED RODENTS 

Roberto Adamo Gulli Advisor: 
University of Guelph, 2011 Professor D. J. Dyck 

High-fat diet induced loss of adiponectin response occurs before development of insulin 

resistance in rodent skeletal muscle. Whether recovery of skeletal muscle adiponectin 

response is necessary for the exercise-induced recovery of insulin response is not known. 

Here, high-fat-fed insulin/adiponectin resistant rodents were treadmill trained or (3-GPA-

supplemented (to reduce high-energy phosphagen stores) to determine if recovered 

adiponectin response corresponded with recovery of insulin response. Responses were 

assessed ex vivo in solei via insulin-stimulated glucose uptake and adiponectin-stimulated 

palmitate oxidation. Insulin response was impaired following four weeks of high-fat 

feeding, but improved following one and two weeks of exercise, corresponding to 

partially restored Akt phosphorylation. Conversely, adiponectin response was not 

restored with exercise. Similar trends were observed following |3-GPA supplementation, 

suggesting that high-energy phosphagen perturbation suffices to recover skeletal muscle 

insulin response, but not adiponectin response. We conclude that the exercise-induced 

recovery of insulin response after high-fat feeding is not dependent on adiponectin 

response. 
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Chapter One: Literature Review 

A) Introduction to Insulin Signalling Pathologies 

EARLY DIABETES AND THE DISCOVERY OF INSULIN RESISTANCE 

Diabetes and the discovery of insulin. 

The study of pathological diabetes far outdates knowledge of insulin and insulin 

resistance. Texts over 3,500 years old have described fatal conditions characterized by 

frequent urination, with the urine exhibiting sweet, honey-like flavour, giving rise to the 

name diabetes mellitus (derived from an Ionic term meaning "to run through" (32, 38) 

and from the Latin word for honey (109)). Only since the 19th century has this disease 

been understood as an endocrine disorder rather than a malfunction of the kidneys. 

In 1921, Fredrick Banting, Charles Best, James Collip and John Macleod showed 

that intravenous injection of pancreatic extract normalized blood sugar of depancreatized 

dogs and removed sugar from the urine, improving overall health and increasing 

longevity of the animals. This extract was the first functional extraction of insulin. Case 

studies described by Banting in his Nobel Lecture also describe the transformative effects 

of insulin in diabetic humans (9). 

Insulin and the discovery of insulin resistance. 

With the discovery of insulin, research into diabetes mellitus quickly intensified. 

By 1939, a new characterization of two forms of diabetes mellitus was forming (34, 76), 

described by Harold Himsworth in 1939 as ".. .(1) the insulin-sensitive type, which 

requires little insulin to prevent the excretion of many grammes of urinary sugar, tolerates 
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little or no increase in insulin dosage without showing hypoglycaemic symptoms, and 

reacts to withdrawal of treatment by profuse glycosuria; and (2) the insulin-resistant type, 

which requires many units of insulin to deal with each gramme of urinary sugar, tolerates 

many units of insulin above the dose required to keep the urine free of sugar, and on 

cessation of treatment shows little or no glycosuria" (48). However, these sub-types of 

diabetes mellitus (type 1 resulting from a lack of endogenous insulin and type 2 resulting 

from a lack of insulin function or little insulin production) were not formally recognized 

until four decades later (40). 

INSULIN RESISTANCE AND ASSOCIATED PATHOLOGIES 

The emergence of secondary pathologies of diabetes. 

The work of Banting and Best has been attributed to saving millions from 

diabetes-related mortality; the resonating effect of these discoveries on morbidity of 

diabetes-associated diseases was not predicted, although quickly realized. In 1934, just 

five years after exogenous insulin was commercially available, Elliot P. Joslin (founder 

of the Joslin Clinic) observed that lower mortality rates attributed to diabetic coma meant 

individuals were now living long enough for diabetes-associated pathologies to develop. 

With the emergence of insulin resistance, a link to other pathologies was quickly drawn, 

and it was noted that "insulin-insensitive diabetics... tend to be older, obese, to have 

hypertension and to exhibit arteriosclerosis..." (49). 

Insulin resistance and metabolic syndrome. 

Insulin resistance is now linked to dysfunction and disease of many tissues. The 

broader state of these pathologies has been termed by various groups as metabolic 
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syndrome or insulin resistance syndrome (3). Metabolic syndrome is variably defined by 

several prominent organizations, but all definitions include indices of insulin resistance, 

obesity, dyslipidemia and hypertension (1, 2, 103). 

Canada's National Diabetes Surveillance System observes incidence of seven 

health problems associated with insulin resistance. According to the most recent 

Canadian data available, diabetics are hospitalized between three and 19 times more 

frequently than non-diabetics for hypertension, ischemic heart disease, heart attack, heart 

failure, chronic kidney disease, stroke and lower limb amputation. Psychosocial 

afflictions of diabetes sufferers lead to a lower health-related quality of life, caused by 

limitations on mobility affecting usual activities, pain and discomfort, anxiety and 

depression (80, 126). Expectedly, this matches higher all-cause mortality rates and a 

shorter life expectancy in diabetics compared to non-diabetic Canadians (118). It is clear 

that diet-induced insulin resistance is a serious disease itself, and in combination with its 

associated diseases, can be quite onerous to sufferers and health care systems. 

PREVALENCE AND SOCIETAL IMPACT OF DIABETES AND INSULIN RESISTANCE 

Prevalence of diabetes and insulin resistance. 

Just as the nature of insulin resistance and its associated diseases has changed 

over the last century, so too has its morbidity. It has now been estimated that insulin 

resistant individuals make up 90-95% of all diabetes mellitus patients (118). Because of 

this, these terms are often used synonymously. The prevalence of insulin resistance and 

type 2 diabetes has increased dramatically over the last century, such that it is now 

considered a global pandemic. In Ireland, for example, diabetic death rates approximately 

tripled as a reflection of increasing prevalence between 1883 and 1983, and continue to 
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rise (26). In the United States, the number of diagnosed diabetics increased more than 3-

fold between 1980 and 2008 

(http://www.cdc.gov/diabetes/statistics/prev/national/tnumage.htm). Recent data in 

Canada shows a 6% annual increase in age-standardized prevalence, which is expected to 

continue through 2012 (118), equivalent to a doubling time of approximately 11.7 years. 

Cost of diabetes and insulin resistance. 

In Canada, direct costs of diabetes were estimated to be approximately $5 billion 

in 1998 (27). This number is a fraction of total costs (direct and indirect), as diabetics 

have been shown to have an employment probability nearly 20% lower than non-

diabetics (73). The most recent estimates in the United States place the total economic 

costs of diabetes (direct and indirect) at $174 billion in 2007 (99). 

It is clear that the prevalence of insulin resistance, and ultimately diabetes has 

inflated over the last century, as have its burdens. It is expected that the impact of insulin 

resistance and diabetes will rise for decades, as prevalence continues to increase (Figure 

1). In the face of these challenges, there is a current global push towards finding new 

ways to mitigate or reverse insulin resistance, and decrease the occurrence of type 2 

diabetes. An understanding of what causes insulin resistance and how it develops is 

essential in order to prevent and reverse it. 
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Figure 1 - Current and projected prevalence of diabetes in 20-79 year old individuals worldwide. Incidence of diabetes is expected to 
continue to rise over the next 20 years, with an additional 153,800,000 new cases. Point i) indicates current estimates of individuals 
diagnosed with diabetes mellitus in millions; ii) represents the expected number of diagnosed diabetics in millions in the year 2030; 
iii) indicates the percentage increase in diabetics normalized by the increase in population. Data adapted from (125). 



B) Causes of Insulin Resistance 

EPIDEMIOLOGICAL CAUSES OF INSULIN RESISTANCE 

Three central topics are widely discussed as contributors to the increasing 

prevalence of diabetes today: genetic predisposition, nutritional transition to more 

calorically dense foods, and physical inactivity. 

Genetic susceptibility to insulin resistance. 

In 1962, population geneticist James Neel hypothesized that genetic susceptibility 

to diabetes is a determining factor of its incidence. Neel coined this predisposition the 

"thrifty genotype," in which an individual is "exceptionally efficient in the intake and/or 

utilization of food," wherein "genes and combinations of genes that were at one time an 

asset may in the face of environmental change become a liability" (89). Metabolic 

efficiency is an asset in calorically sparse environments, but a contributor to obesity and 

diabetes in the current culture of food abundance. This hypothesis has been widely 

explored, with studied populations including Pima Indians (70, 102), Nauruans (145, 146) 

and others (28) lending credence to the thrifty genotype. However, the true importance of 

genetics in insulin resistance and diabetes remains contested, largely because of their 

reliance on augmenting environmental factors. 

Nutritional transition and insulin resistance. 

As globalization of cultures and economies has taken over the last century, so too 

has the nutritional transition to calorically dense food. Production of inexpensive 

vegetable-based oils and sweeteners has dramatically shifted diet composition towards 

foods of higher calorie content and lower nutritive value. These trends affect developing, 
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as well as developed countries, uncoupling the classic correlation between income and fat 

content of diets (30, 98, 144). As a result, the complications of obesity and diabetes 

should no longer be considered afflictions of affluence. 

Inactivity and insulin resistance. 

Inactivity of individuals is an independent risk factor for the development of type 

2 diabetes (101, 119). The fact that societies are becoming increasingly sedentary is well 

known, and this direction is often attributed to a new age of indolence. However, it is 

important to acknowledge that decreasing levels of physical activity are not always the 

choice of the individual, as physical jobs become increasingly mechanized, and many 

spend their occupational lives inactive (144). 

Genetic susceptibility, nutritional transition and increasing inactivity are at the 

crux of the diabetes pandemic. For a deeper understanding of why these three factors 

contribute to the development of insulin resistance, we must first examine their tissue-

specific effects. 

INSULIN RESISTANCE IN SKELETAL MUSCLE 

Insulin signalling and glucose transport in skeletal muscle. 

Skeletal muscle is a large determinant of whole-body insulin sensitivity, as it 

accounts for 80% of whole-body insulin-dependent glucose uptake (10). Upon insulin 

binding its transmembrane receptor, insulin receptor substrate-1 (IRS1) becomes 

phosphorylated and activated. Subsequent downstream elements of this pathway include 

phosphatidylinositol-3-kinase (PI3K), Akt and Akt substrate of 160 kDa (AS 160). As the 

most distal known protein in the insulin signalling pathway, phosphorylation/activation of 
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AS 160 causes glucose transporter-4 (GLUT-4) to translocate from intracellular vesicles 

to the plasma membrane, where it facilitates glucose transport from the extracellular 

space to the cytosol. In cases of insulin resistance, elements of this pathway become 

disrupted, so that GLUT-4 translocation is not stimulated, or only partially stimulated, 

even in the presence of high levels of insulin (Figure 2). It is currently believed that 

disruptions of the insulin signalling cascade may be attributable to changes in fatty acid 

uptake (increased) and oxidation (decreased), ultimately leading to intramuscular 

accumulation of various reactive lipid species. 

Changes in fatty acid transport in obesity and insulin resistance. 

Fatty acid uptake into skeletal muscle is markedly increased in obese individuals. 

Rates of palmitate transport into giant sarcolemmal vesicles prepared from skeletal 

muscle have been shown to be approximately four times greater in obese and type 2 

diabetics than lean individuals (13). This difference was not attributed to differential 

expression of fatty acid transporters; rather it was shown that fatty acid translocase 

(FAT/CD36) sequestration in the plasma membrane was elevated in obesity, and further 

elevated in type 2 diabetics. Elevated rates of transport in obesity and diabetes are further 

exacerbated by the marked increase in circulating fatty acids (104). 
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Figure 2 - Schematic representation of insulin signalling cascade in skeletal muscle, and 
its perturbation by reactive intramuscular lipids. Insulin binds its transmembrane receptor 
(IR), which leads to intracellular activation of insulin receptor substrate-1 (IRS1), 
phosphatidylinositol 3-kinase (PI3K), Akt and Akt substrate of 160 kDa (AS 160). 
Activation of AS 160 promotes GLUT-4 translocation to the plasma membrane from 
intracellular vesicles. An abundance of free fatty acids (FFA) can lead to intramuscular 
accumulation of long-chain fatty acyl-CoA (LCFA-CoA) and diacylglycerol (DAG), 
which inhibit insulin signalling via protein kinase C (PKC; novel and conventional 
isoforms). Ceramide accumulation inhibits Akt. LCFA-CoA can also be oxidized as fuel 
in the mitochondria. Modified from (25). 
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Changes in fatty acid oxidation in obesity and insulin resistance. 

Along with the increased uptake of fatty acids, some postulate that there is a 

decrease in fatty acid oxidation in obesity due to decreased mitochondrial oxidative 

capacity or mitochondrial content (65, 68, 113). 

Results of early studies in this field suggest a reduced capacity to oxidize fatty 

acids, due to decreases in oxidative enzymes such as carnitine palmitoyl transferase and 

fatty acid transporters in skeletal muscle of obese and insulin resistant individuals (113). 

Subsequent studies also showed a decrease in electron transport chain capacity, further 

supporting mitochondrial dysfunction as an implicating factor in lipid accumulation (66). 

Ritov et al. showed a decrease in mitochondrial DNA in skeletal muscle from obese and 

insulin resistant individuals compared to lean individuals, but a proportionately larger 

decrease in electron transport chain capacity, suggesting impaired capacity for fatty acid 

oxidation plays a more significant role in control of fatty acid metabolism than decreased 

mitochondrial content (108). However, a growing body of evidence refutes these early 

findings, suggesting that decreased mitochondrial content, not oxidative capacity is seen 

in obesity and type 2 diabetes (52). When examining skeletal muscle from lean and obese 

individuals, Holloway et al. (53) have shown no change in palmitate oxidation in isolated 

mitochondria alongside a decrease in markers of mitochondrial volume. Furthermore, 

Boushel et al. (14), have shown no differences in mitochondrial respiration in 

permeabilized muscle fibers from lean and obese individuals when normalized to 

mitochondrial DNA content. Classically, this decrease in fatty acid oxidation has been 

attributed to either decreased mitochondrial content (52) or a dysfunction of the existing 

mitochondria (66, 108). A unified theory on how skeletal muscle fatty acid metabolism is 
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altered in obesity and insulin resistant remains elusive. This may be in part because 

changes in mitochondrial content and oxidative capacity can occur alternatively, or in 

conjunction with each other. 

Changes in these mitochondrial content and function may be simultaneously 

controlled by changes in mitochondrial reticulation and architectural networking (148). In 

muscle, mitochondria can form vast interconnected networks, effectively moving 

substrates and intermediates for oxidation and ATP production (79, 90). These 

mitochondrial networks have also been shown to exhibit greater oxidative capacity than 

fragmented mitochondria (7). Mitochondrial networking also changes in obesity. In fact, 

a 25% reduction in mitochondrial networking was observed in obese Zucker rats, with no 

change in mitochondrial volume (8). This correlated with a repression of mitofusin-2 

(mfn-2), a key regulator of mitochondrial fusion and network formation. Repressed mfn-2 

is also seen in skeletal muscle of obese humans, as mfn-2 shows a positive correlation 

with insulin sensitivity and weight loss (7). Further strengthening the relationship 

between mitochondrial reticulation and insulin sensitivity, mfn-2 expression is repressed 

in cultured human skeletal muscle by inflammatory cytokines TNF-a and interleukin-6, 

which are commonly elevated in obesity and insulin resistance. 

A unified and universally accepted theory of how fatty acid oxidation changes in 

obesity is elusive. Regardless of these disputes and equivocal findings, it is quite clear 

that coordinate regulation closely matches fatty acid uptake and oxidation in lean, but not 

obese individuals, manifested by the resultant accumulation of intramuscular lipids. This 

accumulation is a hallmark of obesity and is strongly linked to the development of insulin 

resistance. 
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Intramuscular lipid accumulation and disruption of insulin signalling. 

The development of impaired skeletal muscle insulin signalling is strongly 

correlated to intramuscular lipid accumulation in skeletal muscle. A mismatch of fatty 

acid uptake into skeletal muscle versus its oxidation causes intramuscular lipid 

aggregation. However, not all types of intramuscular lipid are detrimental to insulin 

signalling. For instance, high levels of triacylglyceride (TAG) are inversely correlated 

with insulin sensitivity in obese individuals (92). However, further study has revealed 

that TAG levels are similar in highly trained and obese individuals, negating the potential 

role of TAG as an inhibitor of insulin signalling (39). Intramuscular lipids are also stored 

as long-chain fatty acyl-CoA (LCFA-CoA), diacylglyceride (DAG) and ceramide. It is 

believed that these reactive lipid species may disrupt specific sites within the insulin 

signalling cascade (Figure 2). 

LCFA-CoAs have been shown to correlate with insulin sensitivity in rodents and 

humans (33). It believed that LCFA-CoA inhibits insulin signalling through activation of 

novel and conventional protein kinase C isoforms (PKC), and their subsequent inhibition 

of IRS1 (140). This relationship has been strengthened by findings that LCFA-CoA 

elevation parallels insulin resistance in obese individuals (29) and following lipid 

infusion in lean individuals (18). Correlative evidence implicates LCFA-CoA as a 

mediator of insulin signalling in skeletal muscle; however the causative nature of this 

relationship has not been proven. 

It is likely that LCFA-CoA content also impacts insulin resistance through DAG 

generation. DAG can be formed through the binding of two LCFA-CoAs to a glycerol-3-
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phosphate backbone (121). DAG has been shown to affect insulin signalling by inhibiting 

phosphorylation of IRS 1 (82). It is possible that this effect is also related to the activation 

of PKC, as DAG content has been shown to correlate PKC activation (140). 

Ceramide has also been shown to inhibit downstream insulin signalling at Akt, 

thereby inhibiting GLUT-4 translocation (21). Hajduch et at. have shown that ceramide is 

capable of abolishing insulin's effects on glucose transport — an effect not seen when 

using an inactive ceramide analogue. This impairment was not associated with 

impairments in IRS1 activation, but rather Akt association with the plasma membrane 

(42). 

The relative roles that accumulation of these three lipid species play in the 

development of insulin resistance remains equivocal; however, it is well accepted that 

accumulation of lipid species intramuscularly leads to lipotoxicity and eventually insulin 

resistance. This is supported by recent findings that intramuscular accumulation of DAG 

and ceramide precedes high-fat (HF) diet induced insulin resistance in skeletal muscle 

(83). It is believed that HF feeding may also cause dysfunctional signalling from adipose 

tissue derived hormones, altering skeletal muscle lipid metabolism and exacerbating 

intramuscular lipid accumulation. To investigate this theory, changes in adipose tissue 

biology in obesity and insulin resistance must also be examined. 

INSULIN RESISTANCE IN ADIPOSE TISSUE 

Dysfunction of adipose tissue in obesity and insulin resistance. 

The study of adipose tissue in insulin resistance and obesity has grown steadily 

despite adipose accounting for only a small percentage of whole-body insulin dependent 

glucose transport. Adipose tissue is an important site for the secretion of systemic 
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cytokines, termed adipokines. These adipokines have paracrine functions that control the 

remodelling of adipose tissue as well as systemic metabolic and immune function. 

However, adipokine secretion is altered in the state of insulin resistance and obesity due 

to development of adipose tissue hypoxia, macrophage infiltration and inflammation. 

Development of adipose tissue hypoxia. 

Rapid expansion of adipose tissue without proper vascular remodelling can result 

in tissue hypoxia (112, 123), as observed in rodents after HF feeding (139). Induction of 

hypoxia within adipose tissue is clearly delineated by its secretion of hypoxia inducible 

factor (HIF) - la (139). Tissue hypoxia can occur because of increases in adipose tissue 

size without a corresponding increase in tissue vascularization, as well as an increase in 

cellular size beyond the critical radius for oxygen diffusion. In an effort to quell the 

development of hypoxia, adipose tissue must have a highly dynamic and adaptive 

morphology (44, 124). The importance of this is underscored when examining the known 

secretory profile of adipose tissue: more adipokines have been identified with functions 

related to extracellular matrix remodelling than metabolism and immune system function 

combined (44). Cellular secretion of cathepsins and matrix-metalloproteinases are crucial 

to this remodelling. This state of hypoxia in adipose tissue may contribute to macrophage 

infiltration and inflammation with HF feeding and obesity. 

Induction of macrophage infiltration and inflammation. 

In obesity, macrophage infiltration in adipose tissue is also observed. It is 

hypothesized that this macrophage infiltration is critical to the remodelling of adipose 
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tissue extracellular matrix for expansion of tissue and vascularization. It has been shown 

that macrophages of obese mice are the major producers of angiogenic platelet-derived 

growth factor (PDGF) mRNA and protein content, for vascular remoxelization. Further, 

increases in platelet-derived growth factor production by macrophages can be induced in 

cell culture in response to hypoxia (94). 

Macrophage infiltration also contributes to the induction of chronic, low-grade 

inflammation. In mature adipose tissue, macrophages are recruited to hypertrophied, 

dying and dead adipocytes, where they function to degrade these cells (22). In the 

process, macrophages show an altered secretory profile, further propagating macrophage 

infiltration and inflammation (16). It is believed that the resultant obesity-associated 

inflammation may contribute to the complications of obesity such as insulin resistance 

and cardiovascular disease (95). 

Dysregulation of adipokine secretion. 

Together, the effects of adipose tissue hypoxia, macrophage infiltration and 

inflammation contribute to the dysregulation of adipokine secretion. It is believed that the 

dysregulation of systemic adipokines is a key step in the development of skeletal muscle 

and whole-body insulin resistance. Among the most widely studied of these adipokines 

with regard to skeletal muscle function and metabolism are leptin and adiponectin (Ad). 

Leptin is a 16 kDa protein, named after the Greek root for "thin". Characterized 

by Douglas Coleman (23) and discovered by Jeffrey Friedman (43), leptin is produced 

largely in white adipose tissue, with receptors in many tissues of the body, and acts 

centrally as an appetite suppressant via actions at the hypothalamus (35). Because of this, 
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leptin was widely notarized as an anti-obesogenic and anti-diabetic hormone; however, 

leptin secretion from adipose tissue paradoxically increases in obesity (24, 35), positively 

correlating body mass index and decreasing with weight loss. 

Adiponectin is an insulin-sensitizing hormone first discovered in 1996 (59, 77, 87, 

110), which circulates in the highest concentration of any adipokine. Full-length Ad 

consists of a globular carboxyl-terminal domain and a collagen domain. These molecules 

associate into oligomers of varied size, termed low, medium and high molecular weight 

Ad (91). Full-length Ad can also be cleaved into a smaller fragment, termed globular Ad 

(gAd). This form is highly biologically active, although it accounts for only 1% of total 

circulating Ad (60). Interestingly, Ad levels are dramatically decreased in obesity, 

inversely correlating with body mass index (4). 

Dysregulation of these adipokines in obesity and insulin resistance also affects 

their target tissues. The importance of these adipokines in proper skeletal muscle 

metabolism and physiology is becoming increasingly apparent. 

CROSS-TALK BETWEEN MUSCLE AND ADIPOSE TISSUE 

Effects of leptin on skeletal muscle fatty acid oxidation. 

Although most commonly known for its central effects, leptin can also stimulate 

fatty acid oxidation and decrease fatty acid storage in skeletal muscle. Both of these 

effects can be attributed to its stimulatory phosphorylation of adenosine monophosphate-

activated protein kinase (AMPK) (81). This leads to inhibitory phosphorylation of acetyl-

CoA carboxylase (ACC), which relieves malonyl-coenzyme A inhibition of fatty acid 

uptake into mitochondria and increases fatty acid oxidation. As mentioned earlier, leptin 

levels are elevated in obesity and type 2 diabetes (35, 44); however, in these instances, 
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leptin's stimulation of fatty acid oxidation is lost in skeletal muscle exposed to 

supraphysiological doses of exogenous leptin, suggesting development of leptin 

resistance (117). Whether leptin resistance in response to a HF diet is a causative factor in 

the development of insulin resistance is not known. 

Effects of adiponectin on skeletal muscle fatty acid oxidation. 

In skeletal muscle, the gAd receptor AdipoRl (adiponectin receptor 1) is highly 

expressed (134). In the basal state, adaptor protein APPL2 (adaptor protein containing 

plecksin homology domain, phosphotyrosine binding domain, and leucine zipper motif 

2) binds the cytosolic portion of AdipoRl, and forms a heterodimer with APPLl (adaptor 

protein containing plecksin homology domain, phosphotyrosine binding domain, and 

leucine zipper motif 1) (129). Upon Ad binding the receptor, APPL2 dissociates from 

AdipoRl and releases inhibition of APPLl, allowing the propagation of downstream 

signalling. Within minutes of exposure to adiponectin, AMPK and ACC phosphorylation 

increases, allowing for an increase in uptake of fatty acids into mitochondria for 

oxidation (122, 135). Ad has also been shown to phosphorylate ACC independent of 

changes in AMPK (83), although how this occurs is not clear. As with leptin, skeletal 

muscle becomes resistant to Ad's effects in insulin resistance and obesity (15). 

It is important to note that diet-induced resistance to both leptin and Ad precedes 

insulin resistance in skeletal muscle (83). When rodents are fed a high-saturated fat diet, 

skeletal muscle stimulation of fatty acid oxidation by both leptin and Ad is lost within 

one week. This precedes the accumulation of lipid species intramuscularly, evident after 
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two weeks of HF feeding. Skeletal muscle insulin resistance is observed only after four 

weeks of HF feeding. 

It is evident that leptin and Ad are important points of convergence between 

adipose and skeletal muscle signalling. The rapid development of resistance to these 

signals in response to HF feeding implies their importance in the maintenance of insulin 

signalling and the prevention of insulin resistance. Understanding the causes of insulin 

resistance will undoubtedly aid in the development of effective treatments for the 

restoration of insulin sensitivity. 
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C) Reversal of Insulin Resistance 

RECOVERING INSULIN SENSITIVITY 

Understanding how to restore insulin sensitivity is of paramount importance, 

given the increasing prevalence of insulin resistance. Lifestyle interventions, such as 

caloric restriction and exercise, and pharmaceutical agents are continually being studied 

for the amelioration of insulin resistance. 

Recovery of insulin sensitivity with caloric restriction and exercise. 

Lifestyle interventions which decrease the number of calories consumed through 

dietary changes, and/or increase caloric expenditure through exercise are important in the 

prevention and treatment of insulin resistance and type 2 diabetes (5). Caloric restriction 

has long been advised for moderation of insulin resistance, and is still widely prescribed 

as a method to reduce ectopic fat accumulation in those with insulin resistance and 

diabetes (48, 78). Mild caloric restriction has been shown to reduce circulating glucose 

and insulin levels, relieve hypertension and improve insulin sensitivity in obese type 2 

diabetics (46). In gastric bypass patients whose stomach volume has been surgically 

reduced, insulin sensitivity in vivo and insulin-stimulated glucose transport ex vivo are 

markedly improved (36). This corresponds with drastic post-surgery weight loss. 

Interestingly, Bikman et al. (12) contend that improved insulin sensitivity after gastric 

bypass surgery is not entirely attributable to weight loss, as stable, post-surgery insulin 

sensitivity is greater than weight-matched subjects. Altered signalling from the 

gastrointestinal tract as a result of modified feeding habits may affect insulin sensitivity, 

complimented by a reduction in body mass. 
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Given the previously discussed importance of intramuscular lipid accumulation 

and fatty acid oxidation in the etiology of insulin resistance, it is not surprising that 

endurance exercise is considered a fundamental insulin-sensitizer in skeletal muscle. 

Endurance exercise has long been known to improve oxidative capacity in skeletal 

muscle, along with increased activity of citric acid cycle enzymes, proteins of the electron 

transport chain, fatty acid oxidation enzymes and content of glucose transport proteins in 

skeletal muscle (51, 54). Volitional exercise has been shown to prevent the onset of HF 

diet-induced whole-body insulin resistance in rodents (71). When rodents are made 

peripherally insulin resistant with short-term exposure to streptozotocin, skeletal muscle 

response to exogenous insulin is decreased after only three days; however, this decrease 

is prevented with two hours of daily swimming sessions (128). Exercise has also been 

shown to reverse insulin resistance. After four weeks of high-fat feeding in rodents, 

skeletal muscle responsiveness to insulin is expectedly blunted; however, four subsequent 

weeks of concomitant exercise training and high-fat feeding restores skeletal muscle 

insulin response (74). In a similarly designed study, Ritchie et al. (107) found that 

skeletal muscle insulin response can be partially restored after only one week of treadmill 

training in rodents. 

Although exercise activates many signalling pathways in skeletal muscle, the 

fundamental benefits of exercise can be accrued through activation of AMPK (6, 45). 

AMPK is activated by a decrease in high-energy phosphagens ATP and phosphocreatine 

(PCr), and the resultant increase in ADP, AMP and free creatine (Cr). Activation of 

AMPK effects fatty acid entrance into mitochondria for oxidation. AMPK activation has 

also been shown to increase glucose uptake (63), GLUT-4 mRNA and protein content 
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(63, 143) and stimulate mitochondrial biogenesis through peroxisome proliferator 

activated receptor-gamma coactivator 1-a (PCG-la) (62, 131). 

Recovery of insulin sensitivity with pharmacological agents. 

Insulin sensitivity can also be modulated pharmacologically. Two notable 

compounds capable of this modulation are P-guanidinoproprionic acid (P-GPA) and 

metformin. P-GPA is sometimes referred to as an "exercise mimetic" compound, used as 

a pharmacological tool by researchers for its ability to reproduce several of the myriad 

effects of endurance exercise training in skeletal muscle. p-GPA acts as an inactive Cr 

analogue, which competitively inhibits Cr uptake into skeletal muscle. PCr content 

correspondingly decreases, eventually resulting in a chronic depression of intramuscular 

ATP content and increased ADP content (132). This perturbation of the ATP/AMP ratio 

through prolonged supplementation of P-GPA can lead to activation of AMPK (93, 130) 

and increased skeletal muscle oxidative capacity (111, 147). Four weeks of P-GPA 

supplementation has also been shown in increase capacity for both glucose transport and 

fatty acid oxidation, along with increases in total and plasma membrane-associated 

GLUT-4 and FAT/CD36 (93). Metformin has been prescribed as an anti-diabetic drug for 

those already diagnosed or at risk of developing type 2 diabetes for many years (47), as it 

has been shown to decrease circulating glucose and lipid levels, and lower risk of 

cardiovascular disease (61). Metformin administration has also been shown to decrease 

intramuscular ATP and PCr levels, leading to phosphorylation of AMPK and ACC, 

contributing to its known metabolic effects (86). 

21 



Comparing exercise and pharmacological interventions to insulin resistance. 

To compare the beneficial effects of these approaches to insulin resistance, a 

landmark study compared incidence of type 2 diabetes in high-risk subjects undergoing 

lifestyle intervention, metformin supplementation or placebo (69). Both interventions 

mitigated development of type 2 diabetes compared to placebo over four years. However, 

lifestyle interventions were the most effective manner in which to delay the onset of type 

2 diabetes. In this original study, many of the subjects who did not develop type 2 

diabetes were still considered pre-diabetic, although this data to this end was not initially 

reported. Importantly, subsequent publications using this study population have shown 

that the lifestyle intervention is also much more effective at reversing these metabolic 

disorders, and returning subjects to normative blood glucose levels (96). 

While contraction-independent pharmacological interventions are capable of 

mitigating insulin resistance and type 2 diabetes, lifestyle interventions are recommended 

because of the enhanced effect and a myriad of associative benefits. As adipokines are 

implicated in the development of insulin resistance, it is logical to explore whether the 

recovery of adipokine sensitivity with lifestyle interventions is a predicating factor in the 

exercise-induced recovery of insulin sensitivity. 

THE ROLE OF ADIPOKINES IN THE REVERSAL OF INSULIN RESISTANCE 

The role ofleptin in exercise-induced recovery of insulin response. 

As discussed previously, leptin is considered an insulin-sensitizing adipokine 

because of its ability to stimulate fatty acid oxidation in skeletal muscle. However, this 

stimulation is lost in the obese or insulin resistant state. Recently, Ritchie et al. (107) 

examined whether recovered skeletal muscle leptin response was essential for the 
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exercise-induced recovery of skeletal muscle insulin response. Rodents underwent four 

weeks of high-saturated fat feeding (60% of total kilocalories from lard) to increase 

intramuscular lipids and impair skeletal muscle response to leptin and insulin (measured 

by indices of fat metabolism and glucose transport, respectively). After this initial four 

weeks of HF feeding, rodents began a concomitant endurance exercise training protocol 

with HF feeding. After only one week of exercise, insulin responsiveness of skeletal 

muscle was largely recovered, despite no recovery of leptin response (Figure 3). Leptin 

response was only recovered after two weeks of exercise training, precluding it as a 

permissive factor for the recovery of insulin response in skeletal muscle (107). 

The role of adiponectin in exercise-induced recovery of insulin response. 

While it is clear that leptin's effects on intramuscular lipid levels and AMPK are 

not necessary for the recovery of insulin response, the importance of Ad in this process is 

unknown. Given the increasing prevalence of insulin resistance, the elucidation of factors 

which contribute to the reduction in reactive intramuscular lipid species and the recovery 

of insulin resistance are paramount; when these factors are fully elucidated, lifestyle 

regimes and pharmacological agents will be tailored to effectively target them. 
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Figure 3 - Findings from Ritchie et al. (107). After four weeks of high-fat feeding (60% 
of total kcal from lard), rodent skeletal muscle was resistant to effects of insulin and 
leptin. Intramuscular lipid levels were also increased. Only one week of exercise training 
while still consuming the high-fat diet was sufficient in restoring insulin response as well 
as decreasing lipid levels in skeletal muscle. Leptin response was recovered after two 
weeks of high-fat feeding. Modified from (107). 
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Chapter Two: Aims of the Thesis 

Statement of the problem. 

It is currently known that HF diets induce insulin resistance in skeletal muscle of 

rodents, preceded by resistance to the adipokines leptin and Ad. While exercise increases 

insulin sensitivity and fatty acid oxidation in skeletal muscle, the importance of 

restoration of adipokine sensitivity in this process is unclear. It has recently been 

demonstrated by Ritchie et al. that insulin sensitivity is restored in rodent skeletal muscle 

after one week of endurance exercise training (107). Leptin response, however, is not 

recovered at this time, precluding its role as a mediator of intramuscular lipid 

accumulation and insulin sensitivity. Whether adiponectin response mediates the 

exercise-induced restoration of insulin response in skeletal muscle is unknown. 

To determine this, we will induce insulin and Ad resistance in rodents with four 

weeks of HF feeding. After this initial feeding, rodents will continue HF feeding and 

begin endurance exercise training or diet-supplementation with |3-GPA. The primary 

objective of this thesis is to determine whether endurance exercise restores skeletal 

muscle Ad response along with insulin response in HF-fed rodents. Secondary objectives 

of this thesis include: i) determining whether these effects can be mimicked without 

contraction, using P-GPA, and; ii) the elucidation of signalling mechanisms that underlie 

any observed changes in insulin and/or Ad response. 
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Hypotheses. 

When compared to low-fat fed control animals, sedentary HF-fed rodents will exhibit: 

1. Higher fasting glucose and insulin levels, and lower Ad levels in systemic 

circulation; 

2. Impaired insulin-stimulated glucose uptake in soleus muscle, which will be 

accompanied by decreased phosphorylation of Akt and AS 160 after exposure to 

insulin; 

3. Impaired adiponectin-stimulated fatty acid oxidation in soleus muscle. 

Following these developments, endurance exercise training with concomitant HF feeding 

will lead to: 

4. Lowered systemic circulating glucose and insulin levels, and elevated circulating 

Ad; 

5. Restoration of insulin-stimulated glucose uptake in soleus muscle within one week. 

This will be accompanied by increases in insulin-stimulated Akt and AS 160 

phosphorylation; 

6. Similar restoration of Ad-stimulated fatty acid oxidation in soleus muscle within one 

week. 

When P-GPA is supplemented into the HF diet (rather than endurance exercise training): 

7. High-energy phosphagen content (ATP and PCr) will be reduced; 

8. Effects of endurance exercise on circulating glucose, insulin and Ad will be closely 

mimicked; 

9. Effects of endurance exercise on insulin and Ad response in skeletal muscle will 

also be mimicked. 
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Chapter Three: Methodology 

Animals and experimental groups. 

Experiments were carried out using 96 female Sprague-Dawley rats, which were 

randomly assigned to one of eight groups (n=12 per group; Figure 4). Experimental 

procedures commenced with an initial four week feeding phase, in which 12 animals 

were fed a low-fat diet, while 84 rodents consumed a high-fat (HF) diet. At the end of 

this initial phase, 12 low-fat-fed (CON) and 12 HF-fed rodents (HF4) were sacrificed as 

per the surgical procedures outlined below, in Surgical procedures and tissue storage. Of 

the remaining 72 HF-fed rodents, 36 continued HF-feeding for one week, and 36 

continued for two weeks (five and six weeks total feeding time). Twenty-four consumed 

the HF diet only (HF5 and HFg), twenty-four underwent endurance exercise training (HF-

5EXi and HF6EX2) and twenty-four consumed P-GPA (HF5GPAi and HF6GPA2). Ethical 

consideration for all procedures and protocols was approved by the Animal Care 

Committee at the University of Guelph, in accordance with the Canadian Council on 

Animal Care guidelines. Pertinent purchasing information for materials used in these 

methods can be found in Appendix A. 

Housing and diets. 

Upon arrival, animals were housed in groups of four to six per cage. All cages 

were kept in the same room at approximately 21°C and 41% relative humidity, on a 

reverse 12-12 hour light-dark cycle (07:30 to 19:30 dark). A seven day acclimation 

period preceded experimental feeding, during which standard rodent chow (24%, 58% 
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Figure 4 - Schematic of the experimental treatment groups used in this study. Ninety-six rats were used in total. With the start 
of the feeding period, 84 rats consumed high-fat diet (60% of total kilocalories from fat), and 12 were provided standard rat 
chow (24% of total kilocalories from fat). After four weeks of feeding, 72 rats continued consuming the high-fat diet, while 
one-third of these rats concomitantly started an exercise endurance protocol (denoted by "EX"), and one-third were 
concomitantly supplemented with 1% weight/weight P-guadinoproprionic acid (p-GPA; denoted by "GPA"). 



and 18% total kilocalories from fat, carbohydrate and protein, respectively) and water 

were provided ad libitum. 

Low-fat diets contained 10% of all kilocalories from fat (6% lard, 4% soybean 

oil). High-fat fed groups all consumed a lard-based diet, where 60% of all kilocalories 

were fat-derived (55% lard, 5% soybean oil). In HF5GPA1 and HF6GPA2 groups, this diet 

was supplemented with 1% weight/weight (3-GPA, as this amount has previously been 

shown to decrease muscle phosphagen content (93, 111, 133). 

Exercise protocol. 

The treadmill exercise protocol (HF5EX1 and HF6EX2) has been previously 

utilized in our laboratory to restore insulin response in soleus muscle within one week in 

HF-fed rodents (107). Over the first week of exercise, the speed, duration and inclination 

were gradually increased to 20 meters/min, 60 minutes and 10%o, respectively. Over the 

second week, the duration was incrementally increased to 120 minutes (details in 

Appendix B). 

Surgical procedures and tissue storage. 

Prior to all surgical procedures, animals were fasted overnight, for approximately 

12 hours. At 09:00 on the day of surgery, animals were anesthetized with 6 mg/100 

grams body mass of sodium pentobarbital. Excision of muscles commenced as follows: i) 

gross dissection of both hindlimbs, exposing general musculature; ii) fine dissection to 

expose soleus muscle of leg 1; iii) longitudinal dissection of soleus of leg 1 into three 

muscle strips for incubation (described below); iv) dissection and excision of red and 
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white gastrocnemius muscle of leg 1, and; v) similar dissection, stripping and excision of 

soleus, red gastrocnemius and white gastrocnemius of leg 2. Following removal of 

muscle samples, 2-3 mL of blood was obtained via cardiac puncture. Whole blood 

glucose concentration was measured at this time using a commercially available 

glucometer. 

Upon excision, two unilateral soleus strips were immediately utilized for 

assessment of ex vivo basal (unstimulated) and insulin-stimulated glucose uptake; the two 

unilateral soleus strips from the opposite leg were used for assessment of basal and Ad-

stimulated fatty acid oxidation. All other tissues were immediately frozen in liquid 

nitrogen for subsequent analyses. Prior to freezing, one of the solei strips was incubated 

in 10 mU/mL insulin for assessment of insulin's activation of signalling proteins. Blood 

samples were stored in ice-cold heparinized tubes and centrifuged at 5445 xg for 5 

minutes at 4°C. Plasma was stored at -80°C for further analysis. 

Blood measurements. 

Terminal whole blood glucose measurements were taken from all animals, as 

described previously. Frozen plasma samples were later used for measurement of insulin 

and Ad concentration. All plasma was sampled in duplicate. Quality controls were used 

to ensure accuracy and inter-assay consistency for insulin and Ad assays. 

Insulin measurements were made using commercially available radio

immunoassay kits. Briefly, collected plasma samples were aliquotted into 12*75 mm 

tubes coated with insulin-binding antibodies. A known concentration of I-labelled 

insulin was also added to the tubes, so that unlabelled insulin from the sampled plasma 
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and the radio-labelled insulin competed for antibody binding. This mixture was left for 24 

hours, and then tubes were decanted. Tubes were then counted in a gamma counter to 

1 7S 

measure antibody-bound I, so that plasma sample insulin concentration calculated 

using simultaneously generated standard curve. 

Adiponectin measurements were made using commercially available ELISA kits. 

Sampled plasma was aliquoted into wells of a microtiter plate coated with monoclonal 

Ad antibodies. After 30 minutes, wells were washed of the sampled plasma, and a 

secondary horseradish peroxidase-linked antibody was bound. Spectrophotometric 

absorbance from the horseradish peroxidase-linked antibody was measured, and 

quantified using a simultaneously generated standard curve. 

Basal and insulin-stimulated glucose transport. 

Basal and insulin-stimulated glucose transport rates were assessed via incubation 

of two unilateral solei strips. All incubation buffers contained medium 199 (9.4 g/L), 

sodium bicarbonate (2.2 g/L) supplemented with 0.1% bovine serum albumin (BSA). All 

buffers used for assessment of insulin-stimulated glucose uptake contained 10 mU/mL of 

insulin. Upon excision, strips were placed in 2 mL of the incubation buffer plus 8 mM 

glucose and 32 mM mannitol to equilibrate for 30 minutes. Subsequently, strips were 

washed of glucose in two 10 minute incubations containing incubation buffer plus 4mM 

pyruvate and 36 mM mannitol. Finally, strips were transferred to a fourth incubation 

buffer containing 8 mM 3-0-[methyl-3H]D-glucose and 32 mM D-[1-14C] mannitol. This 

final incubation lasted 40 minutes under basal conditions, and 20 minutes under insulin-

stimulated conditions. Before incubation, all buffers were adjusted to pH 7.0 and pre-
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gassed with humidified 95%> 02/5% CO2. During incubations, vials were warmed to 30°C 

and gently shaken at 25 oscillations per minute. 

After incubations, muscles were blotted of excess liquid, removed of tendons, and 

digested in 1 M NaOH. This digest was used to quantify extracellular space, and 

subsequently transport of glucose into the solei as described originally by Narahara (50) 

and Ozand and Holloszy (88). 

Basal and adiponectin-stimulated fatty acid oxidation. 

Basal and Ad-stimulated palmitate oxidation were also assessed via incubation of 

two unilateral solei strips. All incubation buffers for these measurements contained 

medium 199 (9.4 g/L), sodium bicarbonate (2.2 g/L), 4% BSA, 5 mM glucose and 0.5 

mM palmitate. This buffer was used during the 30 minute equilibration period 

immediately following muscle excision. Subsequently, muscle strips were transferred to 

fresh buffer including 0.5 uCi/mL [1-14C] palmitate, without gAd (basal) or with 2.5 

ug/mL gAd (Ad-stimulated). All buffers were adjusted to pH 7.0 and pre-gassed with 

95% 02/5% CO2. During incubations, vials were warmed to 30°C at 30 oscillations per 

minute. 

Palmitate oxidation was determined via collection of 14C-labelled products of 

fatty acid oxidation. To determine 14C02, 1.0 mL of the incubation buffer was sampled 

and placed in a sealed Erlenmeyer flask containing 0.250 mL benzethonium hydroxide. 

Upon acidification of the incubation buffer using 1.0 mM sulfuric acid, all CO2 was 

released, and captured by the benzethonium hydroxide. The 14C02 content of the 

benzethonium hydroxide was then quantified via scintillation counting. Soleus strips 
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were homogenized and separated into aqueous and lipophilic phases, using a 

chloroform:methanol (2:1) solution. The aqueous phase was sampled in duplicate for 

assessment of 14C-containing oxidation products. These methods have been previously 

described by our laboratory and others (31, 83, 107). 

Western blotting analyses. 

Soleus muscle was used for all Western blotting procedures. Upon excision from 

the animal, solei were immediately freeze-clamped and frozen, or first subjected to a 10-

minute insulin stimulation (10 mU/mL). Complete details for Western blot antibodies, 

buffers, conditions, protocols can be found in Appendix C. Proteins measured in 

unstimulated strips include total GLUT4, total and phosphorylated (Thr172) AMPK, 

APPL1 and total and phosphorylated (Ser ) ACC. Proteins measured on solei that had 

been subjected to a brief insulin stimulus included total and phosphorylated (Thr ) Akt, 

and total and phosphorylated (Thr642) AS 160. 

Soleus muscle was prepared for Western blotting using a whole cell lysate 

procedure. Electrophoresis was conducted using 8% acrylamide gels at 160 V for 1-1.5 

hours, and transferred onto polyvinylidene fluoride membranes at 100 V for 1-2.5 hours, 

dependent on size of the protein to be investigated. The membrane was then soaked in an 

antibody-free blocking buffer for 1 hour to reduce non-specific binding, followed by 

overnight incubation in the primary antibody. Excess antibody was washed from the 

membrane, which was then incubated with a horseradish-peroxidase linked secondary 

antibody for 1 hour. The membrane was once again washed, and proteins of interest were 

detected via chemiluminescence and quantified via densitometry. Equal protein loading 
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between wells was ensured by blotting for a-tubulin and non-specific Ponceau staining of 

the membrane. 

Muscle high-energy phosphagen content. 

A supplementary set of 13 female Sprague-Dawley rats were utilized to ensure 

that the administration of P-GPA decreased muscle phosphagen content, as has been 

previously reported (93, 143). Of these additional animals, six were fed as HF5 and seven 

were fed as HF5GPA1. ATP and PCr contents were quantified in freeze-dried soleus 

muscles. Muscle metabolites were extracted from solei using 0.5 M perchloric acid, and 

neutralized using 2.2 M KHCO3. An NADPH-dependent absorptive assay described in 

Methods of Enzymatic Analysis (11) was then used to determine intramuscular ATP and 

PCr content in triplicate. 

Muscle glycogen content. 

Muscle glycogen content was measured in solei muscles of the additional animals 

described above. Solei were solublized and free glucose was broken down using 0.1 M 

NaOH. The solublized muscle was then brought to a pH of 5.0 using 0.1 M HC1, 0.2 M 

citric acid and 0.2 M Na2HP04. An NADH-dependent absorptive assay described in 

Methods of Enzymatic Analysis (11) was then used to determine intramuscular glycogen 

content using four repeats per animal. 
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Statistical analyses. 

For comparison of basal and stimulated glucose transport and palmitate oxidation 

values between and within groups, a two-way analysis of variance (ANOVA) test was 

conducted (treatment x condition). When treatment, condition, and interaction effects 

were observed, differences in means were elucidated using a Tukey post-hoc test. 

To compare percentage increases in insulin-stimulated glucose transport, Western 

blots and blood analyses, one-way ANOVA procedures were undertaken to determine 

overall group effects of treatment. When overall group effects were seen, group means 

were compared using a Tukey post-hoc test. 
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Chapter Four: Results 

Body mass. 

There were no significant differences in initial body mass between groups (Table 

1). All HF-fed groups gained mass compared to CON, except for P-GPA supplemented 

groups (HF5GPA1 and HF6GPA2). The final body mass of HF5GPA1 and HF6GPA2 was 

not significantly different than CON. 

Blood measurements. 

There was no significant effect of treatment on blood glucose, but plasma insulin 

concentrations were affected by treatment (Table 1). Plasma insulin concentration in 

CON was 5.2 ± 0.7 ng/mL. High-fat feeding had no significant effect. Plasma insulin 

levels in HF5EX1 were significantly higher than CON (8.1 ±0.6 ng/mL, p=0.036), 

although no difference was observed between CON and HF6EX2. Supplementation of the 

HF diet with P-GPA lowered plasma insulin levels in HF6GPA2 compared to CON and 

HF6 (2.3 ± 0.5 ng/mL; p=0.035 and p=0.041, respectively). 

Plasma Ad levels in CON were 9.6 ± 0.4 ug/mL. High-fat feeding and exercise 

had no significant effect on plasma Ad levels. P-GPA supplementation with the HF diet 

lowered plasma Ad levels, with HF6GPA2 showing a significant reduction compared to 

CON and HF6 (5.5 ± 0.5 ug/mL; p<0.001 and p=0.008, respectively). Plasma Ad was 

significantly reduced in HF5GPA1 compared to CON only (8.5 ± 0.5 ug/mL; p=0.022). 
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Table 1. Body mass and blood data. 

Initial body 
mass (g) 

Final body 
mass (g) 

Blood 
glucose 
(mM) 

Plasma 
insulin 

(ng/mL) 

Plasma Ad 
(Hg/mL) 

CON 153.1 ±1.5 254.8 ±9.0 8.9 ±0.3 5.2 ±0.7 9.6 ±0.4 

HF4 153.0 ±2.1 299.9 ± 10.51" 9.8 ± 0.4 6.2 ± 0.5 8.3 ± 0.4 

HF5 155.9 ±1.7 298.5 ±7.1 f 9.0 ±0.4 6.4 ±0.8 8.6 ±0.7 

HF5EX! 152.8 ±2.9 305.8 ±6.1 f 9.4 ±0.5 8.1±0.6 t 8.0 ±0.5 

HF5GPA, 155.0 ±1.0 275.6 ±5.1* 8.7 ± 0.3 4.3 ± 0.6 7.0 ± 0.4 

HF6 151.3 ±1.9 330.3 ± 6.41 8.8 ± 0.2 5.2 ±0.6 8.3 ± 0.7 

HF6EX2 150.3 ±2.0 322.3 ± 1 2 . ^ 8.7 ± 0.3 5.5 ± 0.8 6.7 ± 0.5t 

HF6GPA2 146.8 ±2.3 260.2 ± 6.6* 7.9 ±0.3 2.3±0.5* t 5.5±0.5* t 

Data shown as mean ± SEM. 
* denotes a significant difference (p<0.05) compared to the corresponding HF group. 
* denotes a significant difference (p<0,05) when compared to CON. 
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Basal and insulin-stimulated glucose transport. 

There was no treatment effect on basal glucose uptake rates, which ranged from 

18.4 ± 2.1 (HF5) to 24.5 ± 1.8 nmol/g/min (HF6GPA2) (Figure 5). Glucose transport was 

increased in the presence of insulin in all groups but HF4 and HF5. 

Basal and adiponectin-stimulatedfatty acid oxidation. 

Basal oxidation rates were significantly higher in HF5EX1 than HF6 (22.4 ±1.2 

vs. 15.8 ± 1.1, p<0.001). Ad-stimulated oxidation was higher in CON than all groups but 

HF6EX2 and HF6GPA2. Within groups, Ad-stimulated palmitate oxidation was higher 

than unstimulated palmitate oxidation only in CON animals (+34.1%, p<0.001) (Figure 

6). Basal palmitate oxidation was higher than Ad-stimulated oxidation HF5GPA1 (-

19.5%,p=0.032). 

Western blotting analyses. 

In insulin-stimulated strips, no treatment effect was found when total Akt, total 

AS 160 and phosphorylated AS 160 were assessed with a one-way ANOVA (Figure 7). 

Phosphorylated Akt content was depressed in all HF groups, and HF5EX1; this pattern 

closely matches depression of insulin-stimulated glucose uptake seen in Figure 5. No 

effect of treatment was seen on whole-muscle (total) GLUT-4 content. 

No significant differences were found between groups in any of the proteins 

involved in fat oxidation or Ad signalling (Figure 8). These included total and 

phosphorylated ACC (Ser79), total and phosphorylated AMPK (Thr172) and APPLl. It is 

important to note that due to tissue limitation, these phosphorylated protein 
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measurements were not reflective of an Ad-stimulated state, but rather, these 

measurements were done on muscle excised from fasted animals and immediately frozen. 

In a small number of animals, phosphorylation of these proteins was checked in the fed 

state, to determine whether feeding status masked changes in phosphorylation between 

groups. It was determined that AMPK and ACC phosphorylation was also unaffected 

when muscle samples were taken in the fed state. 

Muscle phosphagen content. 

No differences in soleus ATP content were observed between animals 

supplemented P-GPA for one week compared to HF-fed only (18.0 ±1.3 versus 18.6 ± 

1.0 nmol/g dry weight, p=0.186). Soleus muscle PCr content was decreased in animals 

supplemented P-GPA for one week compared to HF-fed only (32.9 ± 3.27 vs. 51.5 ± 2.7 

nmol/g dry weight, p<0.001). Muscle phosphagen contents are shown in Table 2. 

Muscle glycogen content. 

No differences were observed in soleus glycogen content between animals 

supplemented P-GPA for one week and HF-fed animals only (115.5 ± 10.4 versus 117.5 

± 14.2 nmol/g dry weight, p= 0.438; Table 2). 
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Table 2. Soleus muscle ATP, PCr and glycogen content in animals fed a high-fat diet for 
five weeks with one week of P-GPA supplementation (HF5GPA1) and without 
supplementation (HF5). 

HF5 HF5GPA, 

ATP (nmol/g dry weight) 18.6± 1.0 18.0± 1.3 

PCr (nmol/g dry weight) 51.5 ±2.7 32.9 ±3.3* 

Glycogen (nmol/g dry weight) 117.5 ± 5.8 115.5 ± 10.4 

Data shown as mean ± SEM. 
* denotes a significant difference (p<0.05) compared to HF5 
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Figure 5 - A: Basal and insulin-stimulated glucose transport in isolated soleus muscle 
strips. * denotes a significant difference (p<0.05) when compared to the basal value of 
that group. CON animals were fed standard rodent chow for four weeks. HF groups were 
fed a high-fat diet, with the subscript denoting the number of weeks. EX groups 
participated in endurance exercise training for the final weeks of the high-fat feeding 
(number of weeks denoted by the subscript). Similarly, GPA groups were supplemented 
P-guadinoproprionic acid (P-GPA) for the final weeks of feeding. n=10-12 animals per 
group. 
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Figure 6 - Basal and adiponectin (Ad)-stimulated palmitate oxidation. Groups described 
in Figure 4. Data presented as mean + SE. * denotes a significant difference (p<0.05) 
when compared to the basal value of that group. n=10-12 animals per group. 
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Figure 7 - Muscle protein content total Akt (A), Thr308-phosphorylated Akt (B), total 
AS 160 (C) and Thr642-phosphorylated AS 160 (D). Groups described in Figure 4. Data 
presented as mean + SE. * denotes p<0.05 compared to CON. 
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Chapter Five: Discussion 

It is known that Ad's stimulatory effect on fatty acid oxidation in skeletal muscle 

is lost or blunted in HF-fed rodents (83, 84) and obese humans (15), and that this 

precedes accumulation of intramuscular lipids and development of insulin resistance in 

rodents (83). Exercise is known to stimulate fatty acid oxidation in skeletal muscle and 

improve insulin sensitivity (54). However, whether exercise-induced changes in insulin 

response are dependent on recovered Ad response in skeletal muscle was not previously 

known. To determine this, we induced both insulin and Ad resistance in rodent skeletal 

muscle by feeding a HF diet for four weeks. Rodents subsequently began an endurance 

exercise training protocol for one or two weeks, ending with ex vivo determination of 

skeletal muscle insulin and Ad responsiveness. A separate group of rodents were diet-

supplemented P-GPA in place of endurance exercise training to determine if perturbation 

of intramuscular high-energy phosphagen content could mimic exercise-induced changes. 

Skeletal muscle insulin responsiveness was restored after only one week of endurance 

exercise and P-GPA supplementation, and further improved after two weeks. However, 

skeletal muscle Ad responsiveness was not restored at either of these time points. These 

observations suggest that Ad response is not requisite for improvement of skeletal muscle 

insulin response. 

Insulin response is partially restored after one week of exercise and fi-GPA treatment. 

Similar to previous findings by our group (107), insulin response in skeletal 

muscle of HF-fed rodents was partially restored after only one week of endurance 
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exercise training, and further improved after two weeks. Supplementation with P-GPA 

similarly improved insulin responsiveness. In an effort to determine the mechanisms 

underlying these improvements, we also assessed indices of insulin signalling. High-fat 

feeding caused depression of insulin-stimulated phosphorylation of Akt (Thr308), 

matching the impairment of insulin-stimulated glucose transport. Our laboratory (83, 

120) and others (72) have previously shown similar findings. However, changes in Akt 

phosphorylation were not matched by changes in AS 160 phosphorylation. These 

inconsistencies in Akt/AS160 phosphorylation and insulin-stimulated glucose transport 

are not without precedent in the literature. The dissociation between glucose transport, 

Akt phosphorylation and AS 160 phosphorylation is observed in a growing number of 

studies. In a similar rodent model, depressed Akt phosphorylation was observed after 3 

days of HF feeding, while AS 160 phosphorylation was blunted only after two weeks 

(83). The depression of insulin-response, however, was not manifested until four weeks 

of HF feeding. In models of glucose and lipid infusion, a complete dissociation between 

insulin sensitivity and changes in Akt and AS 160 phosphorylation have also been 

observed (57, 58). Here, we also see dissociation between Akt and AS160 

phosphorylation. While it is well known that Akt and AS 160 are important mediators of 

insulin signalling, inconsistencies in their activation allude important distinctions in their 

effects. 

In adipose tissue, Zeigerer et al. (141) have shown that AS160 phosphorylation is 

a major determinant of GLUT-4 exocytosis, likely modulating GLUT-4 trafficking to the 

plasma membrane, but not effecting intracellular compartmentalization of GLUT-4 or 

fusion to the plasma membrane. Furthermore, the insulin-dependent decrease in the rate 
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of GLUT-4 internalization is independent of AS160 action. If regulation of insulin 

signalling in skeletal muscle is similar, it is possible that changes in glucose uptake in the 

current model are also dependent on changes in GLUT-4 fusion to the plasma membrane 

or the rate of internalization and not just GLUT-4 exocytosis. 

In the current study, it was also observed that changes in insulin-stimulated 

glucose transport with exercise and |3-GPA supplementation were not attributable to 

changes in GLUT-4 protein content. However, since a whole-muscle lysate procedure 

was used for Western blotting, whether intramuscular compartmentalization or 

localization was different in these groups is unknown. 

Adiponectin response was not restored with exercise or (5-GPA supplementation. 

In contrast to the restoration of insulin response, neither exercise training nor (3-

GPA supplementation were sufficient stimuli to recover Ad response. We do not know if 

exercise or (3-GPA would be capable restoring Ad response with a longer intervention. It 

is also unknown whether exercise acutely modulated Ad response in skeletal muscle of 

HF-fed rodents. After exercise, there is a residual contraction-induced increase in GLUT-

4 content and insulin response in skeletal muscle (105). The contraction-induced increase 

in GLUT-4 content and glucose transport is fully reversible within 40 hours of the 

cessation of exercise (55). To avoid residual insulin sensitizing effects of the last acute 

exercise bout, all surgical procedures were carried out at least 48 hours after cessation of 

exercise. This also meant that changes in post-exercise Ad response in skeletal muscle 

were not resolved in the current study. Since initial Ad resistance develops within 72 

hours of HF-feeding, it is conceivable that Ad response was restored immediately after 
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exercise, but resistance was induced again by the 48 hours of HF feeding prior to 

assessment of skeletal muscle Ad response. However, this scenario does not alter the 

conclusions drawn here; namely, that at the time of assessment, Ad response is not 

necessary for insulin response in skeletal muscle of HF-fed rodents. 

In this study, no differences in phosphorylation of AMPK and ACC were 

observed between groups. Although it may be surprising that phosphorylation of these 

proteins was not higher in the low-fat-fed animals than HF-fed animals, it is important to 

note that due to tissue limitation these measurements were made in basal (not Ad 

stimulated) muscle. Therefore, phosphorylation of these proteins was not reflective of 

Ad's ability to stimulate phosphorylation of these proteins. Indeed, in other studies 

examining Ad and leptin response from our laboratory, basal phosphorylation levels of 

these proteins do not change as a result of HF feeding (83, 107). Another study 

examining phosphorylation of specific AMPK isoforms found that the AMPKal subunit 

phosphorylation is significantly decreased in skeletal muscle from obese humans 

compared to lean individuals (15). However, no differences were observed in AMPKa2 

subunit phosphorylation. In the current study, phosphorylation of AMPKal and 

AMPKa2 subunits was measured simultaneously. Given the high levels of the AMPKa2 

subunit in skeletal muscle (67, 116), any small differences in basal phosphorylation state 

of individual AMPK subunits were not resolved. 

In the current study, none of the interventions had a significant effect on total 

APPL1 protein content. As illustrated by Wang et al. (129), APPL1 propagates Ad 

signalling from the AdipoRl receptor to downstream signalling proteins. The inhibitory 

adaptor protein APPL2 can modulate the propagation of this signal by blocking the 
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interaction between AdipoRl and APPLl. Since AdipoRl content is not altered with HF 

feeding (83), it is conceivable that the dysfunction in Ad signalling arises through altered 

associations of APPLl and APPL2 with AdipoRl. While elucidation of these interactions 

was a secondary goal of this study, these analyses could not be performed due to 

inaccessibility of satisfactory AdipoRl and APPL2 antibodies. 

Although current limitations preclude conclusion of the signalling events 

underlying Ad resistance in skeletal muscle, this study has clearly demonstrated that Ad 

response is controlled independently of insulin response, and restoration of these 

conditions are independent of each other. The dissociation of these two conditions is 

underscored by the observation that Ad and insulin resistance are also induced on 

dramatically different time scales (83). 

Effects of/3-GPA supplementation on insulin response and body mass. 

In the current study, we have shown that supplementation of 1% |3-GPA can lead 

to the amelioration of diet-induced insulin resistance, but not Ad resistance; these effects 

closely matched those of endurance exercise training. To our knowledge, this is the first 

study to determine metabolic effects of (3-GPA supplementation of this brief duration, as 

most studies with chronic supplementation extend between four and 10 weeks. After 

prolonged supplementation, intramuscular PCr and ATP decrease by approximately 90% 

and 50%, respectively (133). A perturbation of intramuscular energy charge of this 

magnitude leads to chronic phosphorylation and activation of AMPK (130), which leads 

to increases in GLUT-4 expression, total and plasma membrane content and 

mitochondrial biogenesis (93, 143). AMPK is thought to be critical in these events, as 
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mitochondrial biogenesis is not observed after (3-GPA supplementation in rodents lacking 

skeletal muscle AMPKa2 (147). In the current study, only one week of |3-GPA 

supplementation induced a 46% decrease in intramuscular PCr content and no change in 

intracellular ATP content. This supplementation was sufficient in partially restoring 

insulin, but not Ad response in skeletal muscle. Interestingly though, we show metabolic 

effects of (3-GPA supplementation without observable changes in AMPK, or its 

downstream effects on GLUT-4. 

A noteworthy confounding factor in the current study is the reduced body mass of 

(3-GPA supplemented groups. All animals were fed ad libitum, so equalization of body 

mass would have necessitated food restriction in HF5, HF5EX1, HF6 and HF6EX2. In this 

scenario, any observed insulin-sensitizing effect could not be attributed solely to the 

endurance exercise training, as caloric restriction is a well-known insulin sensitizing 

therapy. Furthermore, the effect of caloric restriction on Ad response in skeletal muscle is 

unknown. Given the primary objective of this study was an examination of insulin- and 

Ad-sensitizing effects of exercise in HF-fed rodents, all rodents could not be pair-fed to 

match caloric consumption of (3-GPA supplemented animals. 

Potential mechanisms and future measurements. 

We have shown that diet-induced insulin resistance can be similarly ameliorated 

by exercise and (3-GPA supplementation without changes in AMPK phosphorylation or 

GLUT-4 content. It remains unclear, however, what mediated the change in insulin 

response in these groups. 
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Exercise is well known to increase total GLUT-4 content as well as plasma 

membrane content (37). It is also known that four to six weeks of (3-GPA 

supplementation increases total and plasma membrane GLUT-4 content (93, 106). In the 

current study, no changes in total muscle GLUT-4 content were observed. However, 

plasma membrane content of GLUT-4 was not directly examined. Since insulin's ability 

to stimulate glucose transport was restored with exercise and (3-GPA administration, it is 

logical to conclude that GLUT-4 translocation would have been elevated in these groups. 

However, future work should determine this directly. Whether the increased GLUT-4 

translocation was the result of increased GLUT-4 exocytosis, decreased internalization or 

both would help elucidate how exercise and (3-GPA exert their insulin-sensitizing effects. 

Suppressor of cytokine signalling-3 (SOCS-3) has also been suggested as a diet-

and endurance-exercise-mediated modulator of insulin signalling. Yaspelkis et al. (136) 

have shown that HF feeding increases in SOCS-3 protein content, as well as its inhibitory 

association with IRSl, which suppresses translocation of insulin signalling proteins to the 

plasma membrane. This coincides with an increase in skeletal muscle inflammatory 

markers. It has also been shown by this group that SOCS-3-associated suppression of 

insulin signalling can be abated and translocation of insulin signalling proteins is restored 

by endurance exercise (137, 138), implicating SOCS-3 as a major control point of 

skeletal muscle insulin response. However, conflicting evidence shows an exercise-

induced increase in SOCS-3 protein expression after 12 weeks of endurance training 

(115), complicating the potential role of SOCS-3 as a determining factor in the loss or 

recovery of insulin response. Clarification of the multifaceted role of SOCS-3 in skeletal 

muscle will help to determine its role in scenarios of combined HF-feeding and exercise. 
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Exercise can also induce changes in skeletal muscle via (3-adrenergic and calcium 

signalling (6). Expression of the nuclear transcription factor nur77 can be rapidly and 

dramatically increased in L6 myotubes with exposure to (3-adrenergic agonists and 

ionophores, but not AMPK activators. Furthermore, its expression in red and white 

muscle of rodents is unaffected by perfusion of an AMPK activator. Nur77 has been 

implicated in control of glucose metabolism in skeletal muscle, as its content is decreased 

in skeletal muscle of obese males (64), and its activation decreases in parallel with 

indices of glucose metabolism after muscle denervation in mice (20). Furthermore, in 

mice lacking functional nur77, intramuscular triglyceride levels are elevated along with a 

decrease in GLUT-4 protein and insulin receptor phosphorylation (19). No direct 

evidence of nur77 modulation in response to decreased intramuscular phosphagen content 

exists; however, mRNA levels become elevated in response to creatine kinase 

overexpression in immune cells (142). While beyond the scope of the current study, it is 

possible that nur77 played a role in the amelioration of insulin resistance in an AMPK-

independent manner here. Changes in nur77 content and nuclear localization should be 

assessed in future studies examining the interaction of HF feeding and exercise training. 

It has also been shown that changes in mitochondrial networking may modulate 

lipid and carbohydrate metabolism in skeletal muscle. In both rodent and human studies, 

mitochondrial fusion proteins mfn-1 and mfn-2 increase with exercise training (17, 97). 

In one of these studies, mitochondrial fission proteins were also upregulated by high-

intensity interval training, which the authors interpreted as an indication of mitochondrial 

remodelling in response to the potent exercise stimulus (97). Mitofusin proteins are 

controlled by PGC-1, suggesting a mechanism whereby exercise may induce 

52 



mitochondrial reticulation, altering substrate metabolism and insulin sensitivity (75, 114). 

While little is known about the effect of chronic intramuscular phosphagen depletion and 

mitochondrial reticulation, it is also possible that changes in mitochondrial architecture 

not detected in the current study may have contributed to altered insulin sensitivity. 

It is currently unknown why Ad resistance develops in skeletal muscle after HF 

feeding, and thus, strategies for the recovery of Ad response in skeletal muscle are also 

unclear. Obesity and lipid induced insulin resistance are characterized by inflammation 

and activation of inflammatory signalling cascades in skeletal muscle (56, 100, 127). The 

role of inflammation in the development of Ad resistance was recently investigated by 

Mullen et al. (85). Three days of feeding high-saturated fat, but not high-polyunsaturated 

fat diet induced skeletal muscle Ad resistance; however no observable change in 

inflammatory signalling protein content or phosphorylation was observed. In this study, 

cellular localization or co-localization of proteins was not assessed, leaving the 

possibility that altered interactions of inflammatory signalling proteins is responsible for 

Ad resistance. Also, whether fasting these animals prior to assessment of the 

inflammatory signalling cascade precluded differences in activation between groups is 

not known, leaving the significance of inflammation in Ad resistance open to speculation. 

For further mechanistic explanation of what causes the dysfunction in Ad 

signalling after HF feeding, further elucidation of the relationship between the AdipoRl 

receptor and its adaptor proteins APPL1 and APPL2 are required. It is also possible that 

interaction of these proteins, and Ad binding affinity to AdipoRl are modulated by 

changes in plasma membrane composition with high-fat feeding, as hypothesized for the 

insulin receptor (41). Future studies should investigate the association of these proteins in 
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the Ad resistant state, and observe their modulation throughout the development of 

recovery of Ad response. The associations of these proteins in response to short-term HF 

feeding should also be observed, in order to explain the rapid development of Ad 

resistance reported by Mullen et al. (83). 

Given the apparent disconnect between restoration of Ad and insulin response, 

speculation as to the significance of skeletal muscle Ad resistance is warranted. However, 

it is undisputed that development of Ad resistance precedes intramuscular accumulation 

of reactive lipids, disruption of insulin signalling and insulin resistance. Understanding 

whether Ad resistance is an initiating event in this sequence or an early index of 

dysfunction will provide important insights and perspectives for the betterment of 

approaches used to reverse insulin and Ad resistance. 

Summary. 

The current investigation aimed to determine whether the exercise-induced 

recovery of insulin response coincided with recovered Ad response in skeletal muscle of 

HF-fed rodents. To do this, we induced insulin and Ad resistance in skeletal muscle with 

four weeks of HF feeding (60% total kcal from lard). Following this period, rodents 

maintained HF diet consumption, while a subset began endurance exercise training or P-

GPA supplementation for one or two weeks. Both exercise and |3-GPA supplementation 

partially restored insulin response after only one week of treatment. Ad response was not 

recovered after one or two weeks of intervention, suggesting skeletal muscle Ad response 

is not necessary for the recovery of insulin response. Decreases in skeletal muscle insulin 

response correlated with depression of Akt phosphorylation, but not AS 160 

54 



phosphorylation. Total muscle Akt content, AS 160 content, GLUT-4 content, APPL1 

content, AMPK content and phosphorylation and ACC content and phosphorylation were 

not different between any groups. While the causes of insulin and Ad resistance are 

unknown, their elucidation through future research will undoubtedly aid in the 

understanding of how exercise restores diet-induced insulin resistance, and why it is an 

insufficient stimulus for the recovery of Ad resistance. This knowledge will lead to the 

tailored development of dietary and lifestyle programs for the amelioration of insulin 

resistance and respite from its associated burdens. 
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2018 Teklad Global 18% 
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Densiometry quantification 
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Globular adiponectin 

Glucometer 

Glucose 

HF diet 

Insulin 

Insulin RIA kit 

Low-fat diet 

Mannitol 

Medium 199 

Palmitate 

Pentobarbital 

Ponceau stain 

Pyruvate 

Rats 

Sodium bicarbonate 

(3-GPA 

Gene Tools 

450-27 

OneTouch Ultra2 
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D05120801 

Humulin R 

R1-13K 

D12450B 

M-9546 
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P-0500 

Pentobarbital sodique 
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P-2256 

S233 

G6878 

American Radiolabeled Chemicals, St. 
Louis, MO 
American Radiolabeled Chemicals, St. 
Louis, MO 
Millipore Corp., Billerica, MA 

Sigma-Aldrich Inc., Oakville, ON 

Roche Diagnostics, Indianapolis, IN 

PerkinElmer; Waltham, MA 

Harlan Laboratories, WI 

American Radiolabeled Chemicals, St. 
Louis, MO 
PerkinElmer, Waltham, MA 

Peprotech Inc., Dollard des Ormeaux, 
QC 
LifeScan Inc., Milpitas, CA 

Sigma-Aldrich Inc., Oakville, ON 

ResearchDiets Inc., New Brunswick, 
NI 
Eli Lily Canada Inc., Toronto, ON 

Millipore Corp., Billerica, MA 

ResearchDiets Inc., New Brunswick, 
NI 
Sigma-Aldrich Inc., Oakville, ON 

Sigma-Aldrich Inc., Oakville, ON 

Sigma-Aldrich Inc., Oakville, ON 

Ceva Sante Animale, La Ballastiere, 
France 
Sigma-Aldrich, Oakville, ON 

Sigma-Aldrich Inc., Oakville, ON 

Charles River Laboratories, Saint-
Constant, QC 
Fisher Scientific, Ottawa, ON 

Sigma-Aldrich Inc., Oakville, ON 



Appendix B: Endurance Exercise Training Protocol 

Weekl: 

Duration 
(minutes) 

Speed (m/min) 

Incline (%) 

Day 1 

20 

15 

0 

Two days of brief treadmill c 

Day 2 

30 

17 

0 

icclimation 

Day 3 

40 

20 

0 

Day 4 

50 

20 

10 

Day 5 Day 6 

60 — 

20 — 

10 — 

were provided prior to Day 1. 

Day 7 

— 

• — 

— 

Week 2: 

Duration 
(minutes) 

Speed (m/min) 

Incline (%) 

Day 8 

75 

20 

10 

Day 9 

90 

20 

10 

Day 10 

105 

20 

10 

Day 11 

120 

20 

10 

Day 12 Day 13 

120 — 

20 — 

10 — 

Day 14 

— 

— 

— 
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Appendix C: Western Blotting Procedures 

Tissue preparation. 

Frozen soleus muscle tissue (30-50 mg) was homogenized in preparation for 
Western blotting. At all points during the homogenization procedure, tissues, buffers and 
equipment were kept ice-cold. Tissue was homogenized in eppendorfs containing 
approximately 10 uL/mg protein of the following homogenization buffer: 

Homogenization buffer. 
Reagent 

Tris, pH 7.5 
EDTA, disodium salt 
EGTA 
Sodium fluoride 
Sodium pyrophosphate 
Glycerol 
Triton X-100 

MW 

121.1 
372.2 

380.35 
41.99 

265.90 
92.09 

[Final] 

50 mM 
ImM 
ImM 

50 mM 
5mM 

10%(v:v) 
1% (v:v) 

Amt 
(g) / 250 mL 

1.5138 
0.0931 
0.0951 
0.5249 
0.3324 

25.0 mL 
2.5 mL 

T3253; Sigma 
ED2SS; Sigma 
02783; Fisher 
S-504S; Sigma 
32,2466; Sigma 
G-5576; Sigma 
X-100; Sigma 

Immediately prior to homogenization, this buffer was supplemented with ImM 
DTT (D-5545; Sigma-Aldrich Inc., Oakville, ON), ImM PMSF (P-7626; Sigma-Aldrich 
Inc., Oakville, ON) and 2uL/eppendorf of protease inhibitor cocktail (P-8340; Sigma-
Aldrich Inc., Oakville, ON). Tissue was homogenized using a Caframo Stirrer 
(BDC3030; Caframo Inc., Wiarton, ON) fitted with a silicon pestle at approximately 300 
RPM. 

After homogenization, approximately 5 mg glass beads (8541701; B. Braun 
Biotech International, Germany) were added to the homogenate and vortexed. Samples 
were then sonicated for 5 seconds to disturb any remaining membranes, and rotated at 
4°C for 60 minutes. 

A standard fluorometric BCA protein assay was then conducted to determine the 
total protein concentration of the soleus muscle tissue homogenate. Appropriate volumes 
of tissue homogenate, 4X Lamelli's buffer (25% total volume) and water (balance) were 
combined to achieve a prepped sample concentration of 2 ug protein/ul volume. 

4X Lamelli's buffer. 
Chemicals Quantities 

Glycerol 40 mL 
SDS 8.2 g 
0.5 M Tris-HCl (pH 6.8) 50 mL 
1 % Bromophenol Blue 500 uL 

Complete to 100 mL using water 
Add 31 mg DTT/500 /uL Lamelli 's immediately prior to use. 
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G-5576; Sigma 
L3771; Sigma 
T3252; Sigma 
B-8026; Sigma 



Gel and buffer making protocols. 

Acrylamide gels. 

Stacking Running (per two gels) 
5% 6% 8% 10% Cat.# 

dH20 
1.5M Tris Base, 
pH8.8 
1.0M Tris Base, 
pH6.8 
Acrylamide, 
30% 
10% SDS 
10% APS 

Temed 

6.8 ml 
*** 

1.25 ml 

1.70 ml 

100 |il 
100 |il 

20 |il 

11.4 ml 
5 ml 

*** 

3.40 ml 

200 nl 
200 |il 

20 |J 

10.6 ml 
5 ml 

*** 

4.00 ml 

200 nl 
200 |il 

20 |il 

9.4 ml 
5 ml 

*** 

5.30 ml 

200 nl 
200 |il 

20|il 

6.7 ml 
5 ml 

*** 

8.0 ml 

200 nl 
200^1 

20 (0.1 

T1503; Sigma 

T1503; Sigma 

161-0156; Bio-
Rad 

L3771; Sigma 
A3678; Sigma 

T9281; Sigma 

Gels start polymerizing immediately after Temed is added. 
pH Tris Base with HCl. 

Running buffer stock. 
500 ml 1L 2 L Cat.# 

Tris Base 15 g 30 g 60 g 
Glycine 72 g 144 g 288 g 
SDS 5g 10 g 20 g 
Dilute 9 :1 (water ;stock) for use during Westerns. 

Transfer buffer stock. 

500 ml 1L 2 L 

T1503; Sigma 
BP381; Fisher 
L3771; Sigma 

Cat.# 
Glycine 52.5 g 105 g 210 g BP381; Fisher 
Tris Base 22.5 g 45 g 90 g Tl503; Sigma 
Dilute 9 :1 (water : stock) in water for proteins smaller than 159 kDa. 
Dilute 7 :2 :1 (water :methanol:stock) for proteins larger than 160 kDa. 

Tris-buffered saline (TBS) stock. 
500 ml 

Tris Base 12.1 g 
NaCl 40 g 
Adjust to pH 7.6 with HCl 

1L 
24.2 g 
80 g 

2 L 
48.4 g 
160 g 

Cat.# 
T1503; Sigma 

S271; Fisher 

Tris-buffered saline with Tween. 
1L 2 L Cat.# 

10 X TBS 
dH20 
Tween 20 

100 ml 
900 ml 
500 ul 

200 ml 
1800 ml 

lml P5927; Sigma 
Ensure solution is stirring when adding Tween. 



Proteins investigated and conditions used. 

Protein 

GLUT4 

Akt 

p~Akt (Thr308) 

AMPK 

p~AMPK (Thr172) 

APPL1 

AS 160 

p~AS160(Thr642) 

ACC 

p~ACC (Ser79) 

Molecular 
weight 

45kDa 

60kDa 

60kDa 

64kDa 

64kDa 

80kDa 

160 kDa 

160 kDa 

260 kDa 

260 kDa 

Source 

CBL243; 
Millipore 

07-372; 
Upstate 

ab66134; 
Abeam 

2603; Cell 
Signaling 

T172; Cell 
Signaling 

3276; Cell 
Signaling 

07-741; 
Upstate 

441071G; 
Medicorp 

07-303; Cell 
Signaling 

3661; Cell 
Signaling 

Blocking 
conditions 

7.5% 
BSA/TBST 

2.5% 
BSA/TBST 

2.5% 
BSA/TBST 

5% 
BSA/TBST 

5% 
BSA/TBST 

5% non-fat 
milk/TBST 

7.5% 
BSA/TBST 

7.5% 
BSA/TBST 

5% 
BSA/TBST 

2.5% 
BSA/TBST 

1° antibody 
(l°:block) 

1:4000 

1:1000 

1:1000 

1:1000 

1:1000 

1:1000 

1:1000 

1:1000 

1:1000 

1:1000 

2° antibody 
(2°:TBST) 

1:4000 

anti-rabbit 

1:2000 

anti-rabbit 

1:2000 

anti-rabbit 

1:2000 

anti-rabbit 

1:2000 

anti-rabbit 

1:2000 

anti-rabbit 

1:1000 

anti-rabbit 

1:2000 

anti-rabbit 

1:2000 

anti-rabbit 

1:2000 

anti-rabbit 

All Western blots were conducted with 3x5 minute washes of TBST before and after 
application of the 2° antibody. 

To image proteins, a composite image was formed using 3x1 minute exposures. 
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