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Abstract 
The prevalence of obesity has increased at an alarming rate over the past 
few decades. Obesity is caused by a positive energy balance and is 
associated with several major health risks, such as cardiovascular disease, 
type 2 diabetes mellitus (T2DM) and some cancers. This research focuses on 
two proteins involved in energy regulation: AMP-activated protein kinase 
(AMPK) and uncoupling protein-3 (UCP3). 

AMPK functions to maintain cellular and whole body energy homeostasis. 
Studies in experimental animals have demonstrated that activation of AMPK 
in skeletal muscle protects against insulin resistance, T2DM and obesity. The 
first objective of this research was to determine whether R225W, a rare 
mutation in the muscle-specific V3 subunit of AMPK, affects activity and 
function in human muscle. R225W was associated with increased basal and 
AMP-stimulated AMPK activities, increased muscle glycogen and decreased 
intramuscular triglyceride (IMTG). These findings are consistent with an 
important role for AMPKy3 in human muscle energy metabolism and highlight 
the attractiveness of this y isoform as a pharmaceutical target for the 
treatment of metabolic disorders associated with obesity, such as T2DM. 

UCP3 is a poorly understood mitochondrial inner membrane protein 
expressed predominantly in skeletal muscle. Although the function of UCP3 is 
unknown, the literature supports roles for UCP3 in facilitating fatty acid 
oxidation and mitigating oxidative stress. Moreover, lower levels of UCP3 
have been observed in muscle of T2DM patients. The second objective of this 
research was to determine if UCP3 protects from the development of insulin 
resistance. UCP3 -/-, wildtype, and UCP3tg overexpressor mice were fed a 
10% or 45% fat diet for 4 or 8 months. Although UCP3 overexpression 
protected against the accumulation of IMTG, paradoxically, both UCP3tg 
and UCP3 -/- mice were protected from the development of glucose 
intolerance and insulin resistance. UCP3tg mice were, however, protected 
from the development of obesity, whereas UCP3 -/- mice were not. These 
results therefore support a role for UCP3 in preventing the accumulation of 
triglyceride in both muscle and adipose tissue. 

It is anticipated that these findings will lead to a better understanding of the 
mechanisms involved in the development of disorders of energy regulation. 
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General Introduction 
"There is a state function E, called 'energy', whose differential equals the 

work exchanged with the surroundings during an adiabatic process." 

Rudolf Julius Emanuel Clausius, 1850 
((25), translated into English (24)) 

Energy 

The first law of thermodynamics was originally proposed in 1850 by German 

physicist and mathematician Rudolf Clausius in his most famous paper, Ober 

die bewegende Kraft der Warme (25) ("On the Moving Force of Heat and 

the Laws of Heat which may be Deduced Therefrom" (24)). The first law of 

thermodynamics refers to the conservation of energy, the principle that 

energy can neither be created or destroyed, but can only be converted 

from one form to another. The solar energy emitted from the sun as a 

consequence of hydrogen fusion can be captured by photosynthetic 

autotrophs (higher plants, phytoplankton, algae and chloroplast-containing 

bacteria) and used to combine carbon dioxide and water to produce 

oxygen and organic materials such as glucose: 

6 C 0 2 + 6 H2O + hv -> 6 O2 + C6Hi206 

All life on earth depends on this photosynthetic process. Heterotrophs 

(animals, fungi, protozoa and most bacteria) consume photosynthetic 

autotrophs (and other heterotrophs) in order to extract the energy 

Sheila Costford 2008 1 



originating from the sun and convert it to a usable form, adenosine 

triphosphate (ATP) (Figure 1). 

The utilization, storage and management of energy in living organisms are 

the major concepts addressed in the following thesis. This General 

Introduction therefore covers topics in energy catabolism, energy anabolism, 

energy balance, energy regulation and disorders of energy regulation. 

Biological Fuel 

The extractable energy consumed by heterotrophs such as humans can be 

in one of four forms: carbohydrate, lipid, protein or alcohol. Through 

catabolic processes, energy is extracted from the bonds of these molecules 

and repackaged as high energy phosphate bonds in ATP. ATP can then be 

used to fulfil cellular functions. Energy is often measured in calories (cal) or 

kilocalories (kcal) in biological settings. One calorie is equal to the amount of 

energy required to raise the temperature of 1 gram (g) of water by 1 degree 

Celsius (equivalent to 4.184 joules), whereas 1 kilocalorie is equal to the 

amount of energy required to raise the temperature of 1 kilogram (kg) of 

water by 1°C (equivalent to 4.184 kilojoules). It has been approximated that 

one gram of carbohydrate contains 4 kcal of energy, whereas protein 

contains 4 kcal/g, alcohol contains 7 kcal/g and fat contains 9 kcal/g (92). 
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These approximations are termed 'Atwater Factors' and are generally 

adequate for the determination of caloric intake in the diet of North 

Americans, but they are not accurate for caloric determination of diets 

containing substantial amounts of fibrous plant material (145). 

Energy Extraction from Fuel 

Carbohydrate Catabolism 

Carbohydrate digestion begins to a small extent in the mouth where salivary 

amylase begins to break the alpha-l,4-glycosidic linkages between 

monosaccharide monomers in complex carbohydrates (e.g., starch). 

Digestion continues in the duodenum with the injection of pancreatic 

amylase, which performs the same function. Carbohydrate monomers, 

largely glucose, are taken up by the intestinal epithelial cells, and enter the 

portal vein. Circulating concentrations of glucose are 'sensed' by the 

pancreas. Under normal circumstances, as a result of elevated blood 

glucose levels, glucose is taken up by pancreatic beta cells through GLUT2 

transporters, and insulin is released into the blood. Most peripheral glucose 

disposal occurs postprandially in skeletal muscle and adipose tissue. Insulin 

binds to the insulin receptor, initiating a cascade of intracellular signalling 

events, which result in the translocation of GLUT4 transporters to the plasma 

membrane (insulin signalling details are described in the 'Skeletal Muscle' 

section of this General Introduction and illustrated in Figure 8). Glucose is 
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then taken up into these insulin-sensitive tissues and phosphorylated to 

produce glucose-6-phosphate. The process of glycolysis ensues in the 

cytoplasm, resulting in the production of 2 pyruvate molecules for every 

molecule of glucose-6-phosphate (Figure 2). 

In skeletal muscle, glucose can be taken up via the insulin-dependent 

pathway, described above, or through an insulin-independent pathway 

activated by muscle contraction or hypoxia (82, 89, 119, 120, 156, 164, 171). 

The details of this/these pathway(s) have not been completely elucidated, 

although there is evidence that AMP-activated protein kinase (AMPK) is 

responsible for some insulin-independent glucose uptake (101). 

Carbohydrate monomers other than glucose, normally much less common in 

the human diet, enter glycolysis at various steps in the pathway. Pyruvate is 

converted by the pyruvate dehydrogenase (PDH) complex to the 

metabolite that is common to many pathways of carbohydrate, lipid and 

amino acid catabolism and anabolism, acetyl-CoA. Acetyl-CoA then enters 

the tricarboxylic acid (TCA) cycle to produce the energy-rich reducing 

equivalents nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2), as well as a small amount of usable energy in the form 

of guanosine triphosphate (GTP) (Figure 3). 
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These processes occur in the mitochondria, the 'powerhouses' of the cell 

(mitochondria are described in more detail in the 'The Role of Mitochondria 

in Energy Conversion' section of this General Introduction). 

Reducing equivalents are then shuttled to the electron transport chain (ETC) 

located on the mitochondrial inner membrane, where equivalents donate 

their electrons to the first of four complexes. As electrons are passed from 

complex to complex, protons are pumped out of the mitochondrial matrix by 

three of these complexes (I, III and IV) into the intermembrane space, 

creating a chemical electrical potential of approximately 150 to 200 mV. 

Protons return to the matrix via ATP synthase (also referred to as complex V) 

and the energy associated with this return is used to phophorylate adenosine 

diphosphate (ADP) to ATP, the usable form of energy for the cell (Figure 4). 

Alternatively, protons can return to the mitochondrial matrix through 'proton 

leaks' caused by the uncoupling proteins and other poorly understood 

mechanisms, and these are reviewed below. Altogether the activities of the 

ETC and ATP synthase are referred to as oxidative phosphorylation. 
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Intriguingly, however, this energy conversion process of oxidative 

phosphorylation (95) is not perfect: the energy associated with protons 

'leaking back' into the matrix by any other mechanism other than through 

ATP synthase is lost as heat (23). This process is termed "uncoupling" (86) and 

may occur through particular proteins expressed on the mitochondrial inner 

membrane (reviewed in (113)) or through other means. The uncoupling of 

oxidative phosphorylation has been most extensively studied in brown 

adipose tissue, where it is essential in thermoregulation in small mammals and 

newborn humans (reviewed in (15, 63)). Uncoupling in skeletal muscle may 

account for up to 50% of resting energy expenditure in this tissue (121, 123) 

and is discussed more extensively in the 'Treatment of Energy Regulation 

Disorders' section of this General Introduction. 

Fat Cotabolism 

The main form of dietary fat is triglyceride. Following ingestion, bile salts, 

produced by the liver and released into the duodenum, emulsify triglycerides 

and other dietary fats to form mixed micelles. Pancreatic lipase then releases 

the free fatty acids from the glycerol backbone of triglycerides. Glycerol and 

free fatty acids are then taken up into the mucosal epithelial cells of the 

intestinal wall to be reconverted back into triglyceride. Triglyceride is 

packaged with cholesteryl esters, phospholipids, cholesterol and 

apolipoproteins to form chylomicrons. These chylomicrons are released into 
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the lymph system and then into the blood via the thoracic duct. Lipoprotein 

lipase releases free fatty acids from the core of the chylomicron, which can 

then be taken up into the tissues. Fatty acids undergo beta-oxidation in the 

mitochondria (e.g., Figure 5) to produce the common intermediate, acetyl-

CoA (which enters the TCA cycle) and reducing equivalents (which donate 

their electrons to the ETC). 

Protein and Alcohol Catabolism 

Dietary protein is rarely used as a fuel source in the human body, and only is 

used to a significant extent during the consumption of hypocaloric diets, 

containing moderately high levels of protein. Endogenous protein (e.g., of 

skeletal muscle) is used to a small extent during extended periods of 

negative energy balance. The carbon skeletons of amino acids from dietary 

proteins supplied in excess of amino acid requirements (e.g., to support 

protein turnover reactions) are converted by the liver to energy-rich 

intermediates. They are converted to either glucose (via gluconeogenesis) or 

one of three ketone bodies (acetoacetate, beta-hydroxybutyrate or 

acetone; via ketogenesis), depending on the specific amino acid. Glucose 

can be released into the blood to fuel obligate glucose consumers, and 

ketone bodies can also be released into the blood to fuel tissues such as the 

heart, skeletal muscle, and the brain during fasting, when blood glucose 

levels are low. 
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In most cases, energy contribution to the diet from alcohol is minimal 

compared to the other energy substrates, carbohydrate, lipid and protein. 

Alcohol (ethanol) is oxidized in the liver to acetaldehyde by alcohol 

dehydrogenase, and then converted to acetic acid by acetaldehyde 

dehydrogenase. The acetyl group from acetic acid is bound to coenzyme A 

to produce acetyl-CoA, which can then enter the TCA cycle for further 

oxidation. 

The Role of Mitochondria in Energy Conversion 

Mitochondria are often referred to as the 'powerhouses' of the cell as 

energy conversion to ATP takes place in these organelles. The mitochondrion 

is enclosed in two membranes: the outer more permeable membrane and 

the inner highly impermeable membrane. The mitochondrial inner 

membrane has many folds called cristae, allowing for a large membrane 

surface area in a small volume of space. Important metabolic processes 

such as beta-oxidation of fatty acids (Figure 5) and the TCA cycle (Figure 3) 

occur in the matrix at the interior of this organelle, whereas the ETC (Figure 4) 

is located on the inner membrane. A membrane potential is maintained 

across the inner membrane due to the efflux of protons by the ETC into the 

intermembrane space. This chemical potential energy is used to drive ATP 

synthesis as protons re-enter the matrix through ATP synthase (Figure 4). In 
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addition to these energy metabolic functions, mitochondria play a significant 

role in apoptosis and transient calcium storage. 

Mitochondrial dysfunction is implicated in many disease states, including 

obesity, T2DM, Alzheimer's Disease, Parkinson's Disease and aging (reviewed 

in (112, 130)). The production of reactive oxygen species (ROS) at complexes 

I and III of the ETC can cause oxidative stress in high amounts, resulting in 

damage to mitochondrial DNA (mtDNA) and eventual cell death (reviewed 

in (112)). Type 2 diabetics as well as healthy offspring of individuals with T2DM 

have been consistently shown to have decreased mitochondrial content 

and oxidative capacity (87, 97, 98, 107). 

Fuel Storage 

Humans do not have to consume energy substrates continuously: storage 

mechanisms allow energy to be stockpiled for later use. Carbohydrate can 

be stored as glycogen in the liver (up to 10% of its weight) and in skeletal 

muscle (1-2% of its weight). During situations such as fasting, when blood 

glucose concentrations are low, glycogenosis occurs in the liver releasing 

glucose back into the blood in order to fuel obligate glucose users such as 

the brain, the renal medulla and erythrocytes. Glycogenolysis can also occur 

in skeletal muscle, although the resulting glucose 6-phosphate molecules are 

not converted to glucose or released into the blood. They can enter 
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glycolysis and their energy can be extracted for use solely by the muscle. 

Carbohydrate is utilized as the preferential fuel in the postprandial state as 

well as during short-term vigorous exercise in skeletal muscle. 

In humans, the amount of energy stored in the body as glycogen is relatively 

small compared to the amount stored as triglyceride (triacylglycerol). Fat 

content accounts for -72% of the human body's energy content, whereas 

carbohydrate accounts for - 1 % (protein accounts for -27%) (43). Excess 

dietary carbohydrate is converted to acetyl-CoA, then to fatty acids, and 

then packaged as triglyceride for storage. Excess fatty acids are also stored 

as triglyceride primarily in adipose tissue, although ectopic storage of 

triglyceride can occur in the liver (166), the heart (17), the pancreas (153), 

the kidneys (36) and in skeletal muscle (109). The negative consequences 

associated with this phenomenon, known as 'lipotoxicity' (129, 152), is 

typically observed in obese subjects, although lipotoxicity in liver and skeletal 

muscle is more closely linked with insulin resistance (109, 166). Lipotoxicity is 

discussed in more detail in the 'Diabetes Mellitus' section of this General 

Introduction. Fatty acids (from triglyceride stores) are an important fuel 

substrates during fasting as well as during long-term aerobic exercise (44, 52). 

Protein is not stored by the body for fuel: the carbon backbones of excess 

dietary amino acids are converted to ketone bodies via ketogenesis, or to 
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glucose via gluconeogenesis. The energy of dietary glucose can be stored 

as glycogen or converted to fatty acids and stored as triglyceride. Alcohol 

cannot be stored by the body either, and is therefore oxidized in the liver 

through a series of steps described above. Acetyl-CoA can be converted to 

fatty acid and then stored as triglyceride if it does not enter the TCA cycle for 

oxidation. 

Energy Balance 

The ability to store energy is essential for human life. Energy stores are drawn 

upon between meals in everyday life, and to a more extreme degree in 

situations of famine. Currently in developed countries, where food is easily 

and abundantly available, it is more likely for humans to be in a state of over-

nutrition as opposed to under-nutrition. It is ideal for an individual to be in a 

state of energy homeostasis, or 'energy balance'. According to the energy 

balance equation (depicted as a scale in Figure 6), body weight will remain 

constant if energy consumption is equal to energy expenditure. 

If energy expenditure exceeds energy intake and the scale is t ipped 

downwards on the right, an individual will lose weight ('negative energy 

balance'). Conversely, and more commonly the case, if energy intake 

outweighs energy expenditure, the scale is tipped downwards on the left 
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Energy IN Energy OUT 

Figure 6: Energy balance. When energy consumption is equal to energy 

expenditure, body weight will remain constant. 
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and the individual will gain weight ('positive energy balance'). If an 

individual accumulates more body weight than is considered healthy for 

their height, they are classified as overweight or obese. The World Health 

Organization (WHO) defines overweight and obesity using the Body Mass 

Index (BMI). BMI is defined as the subject's weight (in kg) divided by their 

height (in meters, m) squared (kg/m2). Table 1 provides BMI ranges for 

underweight, normal weight, overweight and obesity: 

Obesity rates have been increasing worldwide at an alarming rate. 

According to Statistics Canada, in 2004 58.8% of Canadian adults were 

overweight or obese (35.4% overweight, 23.4% obese) and 26.3% of 

Canadian children aged 2 to 17 were overweight or obese (18.1% 

overweight, 8.2% obese) (142). Obesity is associated with cardiovascular 

disease, type 2 diabetes mellitus (T2DM) and certain cancers (reviewed in 

(76)). This state of energy disregulation can be caused by increased energy 

consumption (food intake), decreased energy expenditure, or a 

combination of the two. Both sides of the energy balance equation are 

influenced by genetic (117) and environmental factors (reviewed in (138)). 
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Classification 
Underweight 

Normal Range 
Overweight/Pre-Obese 

Obese Class 1 
Obese Class II 
Obese Class III 

Body Mass Index (kg/m2) 
< 18.50 

18.50-24.99 
25.00 - 29.99 
30.00 - 34.99 
35.00 - 39.99 

>40.00 

Table 1: World Health Organization Body Mass Index classifications (161, 162). 
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Energy Regulation 

Energy Regulation at the Cellular Level 

Energy homeostasis at the cellular level appears to be controlled by a 

'master switch': adenosine monophosphate-activated protein kinase 

(AMPK). AMPK is ubiquitously expressed (16) and acts to maintain the energy 

status of the cell (54, 57). Appropriately also referred to as a 'fuel gauge' 

{56), AMPK is activated in response to metabolic stress such as muscle 

contraction, glucose deprivation, hypoxia or ischemia (58). When cellular 

ATP levels fall in response to these stresses, AMP levels rise as a result of the 

adenylate kinase reaction (165): 

2 ADP -+ ATP +AMP 

The kinase activity of AMPK is stimulated by direct binding of AMP to the 

regulatory gamma subunit, as well as by phosphorylation of threonine 

residue 172 within the kinase domain itself (60) by tumor suppressor LKB1 (59, 

160) or calcium calmodulin-dependent kinase kinase-alpha/beta (CaMKKa, 

CaMKKp) (61, 66, 159). AMPK is inactivated by high levels of ATP (27, 31), 

although the exact mechanism of this inhibition is not clear. A detailed 

introduction into AMPK's molecular structure and biochemical properties can 

be found in the Introduction of Chapter 1. 

Upon activation, AMPK stimulates ATP-producing (catabolic) pathways (such 

as glycolysis and fatty acid oxidation) and inhibits ATP-consuming 
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(anabolic)pathways (such as glycogen synthesis and fatty acid synthesis) in 

order to restore the energy charge of the cell (reviewed in (53)). Downstream 

effects of AMPK activation are depicted in Figure 7. 

Energy Regulation at the Whole Body Level 

Interestingly, AMPK acts not only as a cellular energy sensor, but also to 

maintain whole body energy balance by influencing food intake in the 

hypothalamus (Figure 7B) (reviewed in (71)). Fasting {i.e., low blood glucose 

levels) increases AMPK activity in the hypothalamus, increasing food intake, 

whereas re-feeding [i.e., high glucose and insulin levels) decreases AMPK 

activity, eliciting the opposite effect (94). Ghrelin (originating from the gut) 

and neuropeptide agouti-related peptide are orexogenic peptides that 

stimulate AMPK activity in the hypothalamus, thereby stimulating appetite (5, 

94). Conversely, the adipokine leptin acts in an anorexogenic fashion by 

increasing AMPK activity in the arcuate nucleus (ARC) and the 

paraventricular nucleus (PVN), partly through melanocortin 4 (MC4) receptor 

stimulation (94). AMPK therefore plays a role in whole body energy balance 

by increasing food intake and body weight upon its activation in the 

hypothalamus (5, 94) and by decreasing food intake and body weight upon 

its inhibition (73,94). 

Sheila Costford 2008 21 



:ttu-<fiiwr;a.'i;ri«*;ti|pfr. 

Berberine 
Resveratrol 

EGCG 

• Glucose , A S 1 6 0 i .AMPK " "" *Protein 
Uptake 4 ̂ ^ mTOR — * Synthesis 

• Glycolysis *"""^ 

"•"Fatty Acid 
Oxidation 

I GS - ^ ^ ^ ^.Glycogen 

ACC2 HMGR^^^~~* Synthesis 
PGC1a ACC1 m v i u , K \ ^ 

/ \ * Sterol 
• Mitochondrial # Fatty Acid Synthesis 

Biogenesis Synthesis 

MUSCLE, LIVER & OTHER CELLS 

Figure 7A: Molecular activation and inhibition of AMPK; downstream effects 

of AMPK activation (adapted from (53)). PPARy: peroxisome proliferator-

activated receptor-y; IL-6: interleukin-6; CTNF: ciliary neurotrophic factor; 

EGCG: (-)epigallocatechin-3-gallate; AS160: Akt/PKB substrate of 160 kDa; 

PFK2: 6-phosphofructo-2-kinase; ACC2: acetyl-coenzyme A carboxylase-2; 

PGCla: PPARyco-activator-la; ACC1: acetyl-coenzyme A carboxylase-1; 

HMGR: 3-hydroxy-3-methylglutaryl coenzyme A reductase; GS: glycogen 

synthase; mTOR: mammalian target of rapamycin; EF2K: elongation factor-2 

kinase. 
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Energy balance is normally very well regulated. In the current context in most 

societies of widely available palatable foods, however, regulatory 

mechanisms are being overridden. Recent research, beginning with the 

identification of leptin (168), has revealed that regulatory mechanisms are 

complex and that there are many players in the regulation of energy 

balance. The control of food intake occurs in the hypothalamus and involves 

several hypothalamic peptide systems (e.g., neuropeptide Y (NPY), orexins, 

melanocortins, cocaine and amphetamine regulating transcript (CART), 

galanin/galanin like peptides (GALP) and endocannabinoids) (reviewed in 

(51)). Peripheral hormones released prior, during or following a meal, such as 

cholecystokinin (CCK), gastrin releasing peptides (GRP), glucagon-like 

peptide 1 (GLP-1), enterostatin, amylin, peptide YY (PYY), obestatin and 

ghrelin, control feelings of hunger and satiety as well as food intake 

(reviewed in (51)). 

Diabetes Mellitus 

There are two types of diabetes mellitus (DM): type 1 diabetes mellitus 

(T1DM), which accounts for approximately 10% of all DM worldwide, and 

type 2 diabetes mellitus (T2DM), which accounts for the other 90% (WHO). 

WHO estimates that over 180 million people currently have diabetes, and 

that this number will likely double by the year 2030. In Canada, more than 2 
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million individuals have DM and this number is expected to rise to over 3 

million by the year 2010 (Canadian Diabetes Association, CDA). 

Type 1 Diabetes Mellitus 

T1DM is an autoimmune disease in which the immune system targets and 

destroys the insulin-producing beta cells in the Islets of Langerhans of the 

pancreas. The processes triggering T1DM are complex and still poorly 

understood (reviewed in (106)). As a result, individuals with T1DM are unable 

to produce insulin in response to high blood glucose levels and indefinitely 

must be regularly infused or injected with exogenous insulin. The onset of this 

disease is primarily in childhood and early adulthood, and has previously 

been termed 'early-onset' DM or 'insulin-dependent' DM. 

Type 2 Diabetes Mellitus 

T2DM is characterized by insulin resistance: the inability of insulin to stimulate 

peripheral glucose disposal and to inhibit hepatic glucose production 

(glycogenosis and gluconeogenesis) (91). In the first stage of T2DM 

progression, often referred to as "prediabetes', subjects paradoxically 

experience hyperglycemia as well as hyperinsulinemia: the pancreas is still 

able to sense high blood glucose levels and secrete insulin in response (91). 

The dysfunction lies at the level of the peripheral tissues: insulin is unable to 

stimulate glucose uptake (which occurs mainly in skeletal muscle) or to 
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suppress glucose production in the liver. In the later stages of T2DM, the beta 

cell fails and is unable to provide sufficient insulin in response to elevated 

glucose levels (91). The molecular pathogenesis of T2DM has not been fully 

elucidated; however, inroads have been made in our understanding of the 

development of insulin resistance, especially in skeletal muscle (reviewed in 

(99) and discussed below). 

Skeletal Muscle: Energy Expenditure and Energy Substrate Storage 

Skeletal muscle is a type of striated muscle having the primary function of 

contraction and body movement. In humans, skeletal muscle makes up 

approximately 42% of body weight and is responsible for 20% of energy 

expenditure at rest (122) (the latter percentage is greatly increased during 

exercise). Skeletal muscle is also responsible for 80% of postprandial 

peripheral glucose disposal (42). It is an insulin-sensitive tissue and therefore 

considered the major peripheral site of insulin resistance in T2DM (33). 

Skeletal muscle is known to be a major site of glycogen storage in the body; 

however, it also stores lipid in the form of triglyceride. The amount of lipid 

stored in skeletal muscle (known as intramuscular triglyceride, IMTG, or 

intramyocellular lipid, IMCL) correlates very well with the degree of insulin 

resistance of the individual (80, 109, 111, 148, 158). Interestingly, increased 

IMTG stores are also observed in trained athletes without the accompanying 
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increase in insulin resistance. This paradox has not yet been fully explained, 

however, the lack of insulin resistance may be related to the higher fat 

oxidation to IMTG ratio in athletes compared to in sedentary individuals 

(reviewed in (154)). 

In healthy muscle, insulin binds to the insulin receptor on the plasma 

membrane, initiating a cascade of intracellular signaling events to elicit the 

translocation of GLUT4-containing vesicles to the membrane, increasing the 

number of GLUT4 transporters on the membrane surface, allowing for 

increased glucose uptake into the cell (reviewed in (34)). The insulin signaling 

cascade begins with insulin binding to the alpha-subunit of the insulin 

receptor, activating the beta-subunit to tyrosine phosphorylate insulin 

receptor substrate-1 (IRS-1). These phosphorylated tyrosine residues recruit 

phosphatidylinositol-3-kinase (PI3K) into an active signaling complex which in 

turn catalyzes the phosphorylation of phosphatidylinositol (3,4)-bisphophate 

(PI(3,4)P2) to phosphatidylinositol (3,4,5)-triphosphate (PI(3,4,5)P3) at the 

plasma membrane. PI(3,4,5)P3 recruits and binds protein kinase B (Akt/PKB), 

displacing its pleckstrin homology (PH) domain, allowing it to be 

phosphorylated by a protein complex containing mammalian target of 

rapamycin (mTOR) and Rictor, and by phosphoinositide dependent kinase-1 

(PDK1). The details of the subsequent translocation of GLUT4-containing 

vesicles to the plasma membrane have not been fully elucidated, although 
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it is clear that the phosphorylation of Akt/PKB substrate of 160 kDa (AS 160) by 

Akt/PKB is required (reviewed in (79, 99, 146) and illustrated in Figure 8). 

Since trained athletes have high levels of IMTG but maintain insulin sensitivity, 

it cannot simply be the presence of excess IMTG that impedes the process of 

insulin-dependent glucose uptake. In the last few years it has become 

apparent that the accumulation of particular lipid species, specifically 

ceramides and diacylglycerol (DAG), interfere with insulin signaling in insulin-

resistant individuals (reviewed in (99, 146)). 

Skeletal muscle ceramide content as well as plasma ceramide by-product 

levels have been shown to be higher in insulin-resistant individuals compared 

to insulin-sensitive individuals (3, 48, 144). Ceramides interfere with a number 

of metabolic processes in the cell (reviewed in (146)). With respect to insulin 

signaling, ceramide activates protein phosphatase 2A (PP2A), which 

dephosphorylates and inactivates Akt/PKB (20, 125, 150, 173), thereby 

preventing GLUT4 translocation to the plasma membrane. Ceramide also 

activates protein kinase C-zeta (PKC£), which phosphorylates tyrosine residue 

34 in the PH-domain of Akt/PKB, preventing its translocation to the 

membrane and halting the insulin signaling pathway (114, 115) (illustrated in 

Figure 8). 
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Figure 8: Interaction of ceramides and diacylglycerol in the insulin signalling 

pathway in skeletal muscle (adapted from (37, 99, 146)). IRS-1: insulin 

receptor substrate-1; PI3K: phosphatidylinositol-3-kinase; PI(3,4)P2: 

phosphatidylinositol (3,4)-bisphophate; PI(3,4,5)P3: phosphatidylinositol (3,4,5)-

triphosphate; Akt/PKB: protein kinase B; AS160: Akt/PKB substrate of 160 kDa; 

GLUT4: glucose transporter 4; PDK1: phosphoinositide dependent kinase-1; 

mTOR: mammalian target of rapamycin; PKC£: protein kinase C-zeta; PKC0: 

protein kinase C-theta PP2A: protein phosphatase 2A; TAG: triacylglycerol 

(triglyceride); DAG: diacylglycerol; LCFA-CoA: long chain fatty acyl-

coenzyme A. 
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Lipid-induced insulin resistance in humans results in increased DAG content 

in skeletal muscle and activated protein kinase C-theta (PKC9) (67). There is 

evidence for DAG-activation of PKC9 in insulin-resistant subjects and 

subsequent serine phosphorylation of IRS-1, preventing its interaction with 

PI3K and further cellular insulin signaling, although the details of this pathway 

are not yet clear (4, 74, 84, 96, 98, 100, 167). 

Skeletal muscle is made up of several different types of fibers, which have 

unique cellular and biochemical characteristics. There are two major classes 

of muscle fiber type, type 1 and type 2 (110, 118), as well as several sub­

classes. Type 1 fibers, also called 'slow twitch', 'oxidative', 'slow-oxidative' or 

'red' fibers, are characterized by their slow contraction time, small motor 

neuron, low force production, low glycolytic capacity, high resistance to 

fatigue, high mitochondrial content, high capillary density and high oxidative 

capacity (reviewed in (7, 134, 137)). These fibers rely on oxidative 

phosphorylation for ATP production and are typically recruited during longer 

term lower intensity aerobic activities (reviewed in (7, 134, 137)). 

Type 2 fibers, also called 'fast twitch' fibers, have two well-characterized and 

quite distinct sub-classes: a and b (14, 50). Type 2a fibers, sometimes called 

'fast-oxidative' or 'fast-oxidative-glycolytic' fibers, have a fast contraction 

time, large motor neuron, intermediate resistance to fatigue, intermediate 

Sheila Costford 2008 30 



capillary density, high force production, high mitochondrial density, high 

oxidative capacity and high glycolytic capacity (reviewed in (7, 134, 137)). 

They tend to be recruited for longer term anaerobic activities (reviewed in (7, 

134, 137)). Type 2b 'fast-glycolytic' fibers are characterized by a very fast 

contraction time, very large motor neuron, low resistance to fatigue, low 

mitochondrial density, low oxidative capacity, high glycolytic capacity and 

very high force output (reviewed in (7, 134, 137)). Type 1 fibers typically rely 

on stored triglyceride for fuel whereas type 2 fibers rely on stored glycogen 

and creatine-phosphate (reviewed in (7, 134, 137)). Type 2b fibers are also 

often referred to as type 2x fibers in the literature, but are in fact distinct from 

type 2b fibers. Muscle fibers originally identified as 2b in human skeletal 

muscle via myofibrillar adenosine triphosphatase (mATPase) staining were in 

fact later identified as type 2x fibers based on myosin heavy chain (MHC) 

isoform content (41, 136), and therefore ambiguity in the literature remains. 

Type 1, type 2a and type 2b/x are considered the major classes of fiber in 

human skeletal muscle, however 3 additional classes have been identified: 

type l a type 2ab (also referred to as type 2ax (41, 136)) and type 2c (140). 

The human vastus lateralis is made up of 41% type 1 fibers, 1% type l c fibers, 

31% type 2a fibers, 6% type 2ab fibers, 20% type 2b fibers and 1% type 2c 

fibers, as determined by mATPase staining and MHC isoform content (141). A 

higher percentage of type 2b fibers and a lower percentage of type 1 fibers 
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are observed with obesity (2, 62, 78, 116, 149) and insulin resistance/T2DM (62, 

78, 85, 90), however type 1 fiber percentage can be increased with exercise 

(reviewed in (172)), but not with weight loss alone (72). Maintaining a high 

percentage of type 1 fibers therefore appears to be essential for metabolic 

health, likely due to the high density of mitochondria and high oxidative 

capacity of these fibers. 

Treatment of Energy Regulation Disorders 

While overweight/obesity is an energy balance disorder, T2DM is a disorder of 

energy substrate management. These two energy regulation disorders are 

closely linked (19, 26, 35, 128). Overweight/obesity is an important risk factor 

for T2DM: according to the US Third National Health and Nutrition 

Examination Study (NHANES III), performed over the period of 1999 to 2002, 

85.2% of adults diagnosed with T2DM were overweight or obese (30.4% 

overweight, 54.8% obese) (Center for Disease Control, CDC). 

Overweight/obesity is a risk factor for T2DM, and when excess weight is lost, 

subjects with T2DM can improve insulin sensitivity and glucose tolerance (47, 

83). 

Treatment of Obesity 

As obesity is a disorder of energy balance, therapies must target either 

energy intake, energy expenditure, or both. According to The Obesity 
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Society's publication "The Practical Guide: Identification, Evaluation and 

Treatment of Overweight and Obesity in Adults" based on the "Guidelines on 

the Identification, Evaluation, and Treatment of Overweight and Obesity in 

Adults: Evidence Report" developed by the National Heart, Lung, and Blood 

Institute (NHLBI) Expert Panel (June 1998), therapies for the treatment of 

obesity include dietary modification, physical activity, behaviour therapy, 

pharmacotherapy, and weight loss surgery. It is recommended that obese 

subjects reduce their caloric intake by 500 to 1000 kcal per day, while 

maintaining a minimum daily intake of 800 kcal and losing a maximum of 2 

pounds per week. Physical activity recommendations include moderate-

intensity activities for 30 minutes on most, if not all, days of the week. A 

variety of behaviour modification strategies are recommended, including 

self-monitoring, stress management and social support. Sibutramine, an 

appetite suppressant targeting norepinephrine and serotonergic 

mechanisms in the brain, and orlistat, a pancreatic lipase inhibitor preventing 

fat uptake in the intestine, are approved in Canada for long-term weight 

loss. Weight loss surgery is an option only in cases of severe obesity. 

The search for novel effective weight loss pharmacotherapies is ongoing. 

New treatments may target energy intake through endocrine/neuronal 

pathways of whole body energy regulation (as described above) or may 

target energy expenditure, likely in skeletal muscle or adipose tissue. An 
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active area of research and exciting potential treatment for obesity is the 

activation of the uncoupling of oxidative phosphorylation. When protons 

return to the mitochondrial matrix from the intermembrane space by any 

other means than through ATP synthase, the potential energy that is 

associated with their return is not captured as ATP and therefore lost as heat 

(23). Uncoupling in BAT is attributed to the original uncoupling protein, 

uncoupling protein-1 (UCP1) (102, 104). UCPTs activity is stimulated through 

sympathetic neural stimulation of adenylate kinase in brown adipocytes and 

the subsequent binding of fatty acids; the latter process is still poorly 

understood (46). The activation of UCP1 in BAT causes a dramatic increase in 

the leak of protons into the matrix, and subsequently in cellular oxygen 

consumption and heat production. However, although BAT may play a role 

in the prevention of obesity in rodents (88), adult humans have very small 

amounts of BAT, and therefore this may not be a realistic pharmaceutical 

target to increase whole body energy expenditure by significant amounts. A 

more promising mechanism for the increase of energy expenditure through 

UCP1 may be in the conversion of white adipose tissue (WAT) to BAT (49, 75), 

potentially achieved through pathways involving the beta-3 adrenergic 

receptor (B3 AR) (64), peroxisome proliferator-activated receptor-y co-

activatorl-a (PGCla) (163), FOXC2 (18), RIP140 (21, 22) or TLQP-21 (69) 

(reviewed in (28)). 
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Uncoupling in skeletal muscle can account for up to 50% of resting metabolic 

rate in this tissue (121, 123). Potential pharmaceutical targets for uncoupling 

in skeletal muscle, reviewed in Costford et al. 2007 (28), include the adenine 

nucleotide translocator (ANT) (12) and the activation of thyroid hormone 

(T3), possibly via kaempferol (KPF) (30). Uncoupling protein-3 (UCP3), a UCP1 

homologue, was identified in 1997 and shown to be expressed highly 

selectively in skeletal muscle and at low levels in BAT (10, 155). Although the 

identification of the UCP1 protein and its function were determined (102, 104) 

prior to the identification of its gene (11, 68, 77), the identification of UCP3's 

gene has preceded the elucidation of its physiological function. Although it 

was originally hypothesized to be responsible for proton leak reactions in 

muscle, its physiological function has yet to be determined. UCP3 is 

upregulated in response to fasting (9, 93, 157) and acute exercise (132, 151), 

which are situations of energy deficit and therefore inconsistent with the 

hypothesis that UCP3 acts to 'waste' energy as an uncoupler of oxidative 

phosphorylation. UCP3 has also been shown to be upregulated in response 

to a high fat diet (126, 127). These observations led to two hypotheses for the 

function of UCP3: as a fatty acid effluxor during high rates of beta-oxidation 

[65) or as a fatty acid translocator in situations of fatty acid surplus in the 

mitochondrion (133). More recently, UCP3 has been implicated in the 

protection from ROS and oxidative damage in the mitochondria, eliciting 

another hypothesis involving UCP3 mediating an inducible proton leak (38-
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40). The details surrounding the search for UCP3's function are discussed in 

the Introductions of Chapters 2 and 3 (and have been recently reviewed by 

Bezaire et a/. 2007 and Costford et oh 2007 (8, 29)). 

Treatment of Type 2 Diabetes Mellitus 

The American Diabetes Association Standards of Medical Care in Diabetes 

2008 (1) recommend treatment in the areas of medical nutrition therapy 

(MNT) (including weight loss/management), diabetes self-management 

education (DSME), physical activity (150 min/week of moderate to intense 

activity and resistance training 3 times/week), hypertension and dyslipidemia 

treatment (if applicable) through pharmacotherapy [e.g., angiotensin-

converting enzyme (ACE) inhibitors and statins, respectively), smoking 

cessation and cardiovascular disease (CVD) treatment [e.g., metformin and 

thiazolidinediones (TZD)) (1). Metformin, a biguanide drug commonly 

prescribed to type 2 diabetics to improve glucose uptake, has been shown 

to indirectly activate AMPK (135, 169). Rosiglitazone and pioglitazone, both 

belonging to the TZD class of drugs and widely prescribed to type 2 

diabetics, have also been shown to indirectly activate AMPK (45, 124). AMPK 

is a logical target for treatment of T2DM as AMPK increases GLUT4 

translocation to the plasma membrane and glucose disposal in an insulin-

independent fashion (81). Interestingly, AMPK activation during exercise has 

been shown to be reduced in subjects who are obese or who have T2DM 
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(139). A recent report revealed that patients treated with rosiglitazone have 

a slightly elevated risk of death from a cardiovascular event (105). This may 

be due to the effects of increasing AMPK activity in the heart: certain 

mutations in the gamma-2 subunit of AMPK lead to increased AMPK activity, 

glycogen accumulation in the heart and Wolff-Parkinson-White syndrome 

(discussed further in the introduction of Chapter 1 and reviewed in (55)). 

Additionally, activation of AMPK in the hypothalamus causes increased food 

intake (reviewed in (71)), therefore non-specific activation of AMPK in 

obese/T2DM patients is not ideal. A better approach would be to 

pharmacologically target AMPK for activation in specific tissues, such as 

skeletal muscle. 

AMPK-Activated Protein Kinase and Uncoupling Protein-3 

Electrically induced contractions in skeletal muscle have been shown to 

increase both AMPK activity and UCP3 mRNA (6, 108, 170). Upregulation of 

UCP3 mRNA can also be achieved by either acute or chronic treatment with 

5-aminoimidazole-4-carboxamid-ribosid (AICAR), an established activator of 

AMPK (108, 143, 147, 170). Additionally, mice overexpressing UCP3 have 

been shown to have increased AMPK activity (131), whereas the AMPK-

alpha-2 knockout mouse has decreased UCP3 mRNA expression (13, 70). 

Brauner et a/, also found a correlation between UCP3 mRNA expression and 

alpha-2-AMPK expression in skeletal muscle of preterm newborn humans (13). 
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The previous studies looked at UCP3 transcript levels only, however, de Lange 

et a/, recently showed increased phosphorylation of AMPK and ACC as well 

as increased UCP3 protein levels in rat skeletal muscle following food 

deprivation (32). These observations have led to the hypothesis that AMPK 

may control UCP3 expression. As AMPK is activated in situations of decreased 

cellular energy status and UCP3 expression is increased in situations where 

fatty acid metabolism is relied upon, it is an attractive association. However, 

the association is correlative at this stage. Further investigation into the 

molecular regulation of UCP3 by AMPK is required. 

Summary 

As energy regulation disorders such as obesity and T2DM become more and 

more prevalent in our society, the importance of research into the basic 

mechanisms of energy management by the human body increases. Our 

understanding of the integration of these pathways precludes our ability to 

develop novel therapies for these disorders. The next three chapters of this 

thesis describe the identification of the first naturally occurring gain-of-

function mutation in the gamma-3 subunit of AMPK in humans, the effects of 

over- and under-expression of UCP3 in rodents, and the implications of each 

for obesity and T2DM. 
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Brief Description of Contents 
This manuscript, published in PLoS ONE in September of 2007, describes the 

identification of the first mutation in the gamma-3 subunit of AMP-activated 

protein kinase in humans, R225W. Findings demonstrate that this mutation results 

in an overall increase in both basal and AMP-stimulated AMPK activity in muscle 

fibers isolated, grown up and differentiated in culture from vastus lateralis 

biopsies of R225W carriers. Carriers also display increased muscle glycogen 

content and decreased intramuscular triglyceride, but with no change in fiber 

type ratio. Results are consistent with an important regulatory role for AMPKy3 in 

human skeletal muscle metabolism and have broad implications for the 

treatment of type 2 diabetes mellitus. 
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Abstract 

Background 

AMP-activated protein kinase (AMPK) is a heterotrimeric enzyme that is 

evolutionary conserved from yeast to mammals and functions to maintain 

cellular and whole body energy homeostasis. Studies in experimental animals 

demonstrate that activation of AMPK in skeletal muscle protects against insulin 

resistance, type 2 diabetes and obesity. The regulatory Y3 subunit of AMPK is 

expressed exclusively in skeletal muscle; however, its importance in controlling 

overall AMPK activity is unknown. While evidence is emerging that gamma 

subunit mutations interfere specifically with AMP activation, there remains some 

controversy regarding the impact of gamma subunit mutations (11,23,37). Here 

we report the first gain-of-function mutation in the muscle-specific regulatory Y3 

subunit in humans. 

Methods and Findings 

We sequenced the exons and splice junctions of the AMPK Y3 gene [PRKAG3] in 

761 obese and 759 lean individuals, identifying 87 sequence variants including a 

novel R225W mutation in subjects from two unrelated families. The Y3R225W 

mutation is homologous in location to the Y2R302Q mutation in patients with 

Wolff-Parkinson-White syndrome and to the Y3R225Q mutation originally linked to 

an increase in muscle glycogen content in purebred Hampshire Rendement 
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Napole (RN-) pigs. We demonstrate in differentiated muscle satellite cells 

obtained from the vastus lateralis of R225W carriers that the mutation is 

associated with an approximate doubling of both basal and AMP-activated 

AMPK activities. Moreover, subjects bearing the R225W mutation exhibit a -90% 

increase of skeletal muscle glycogen content and a -30% decrease in 

intramuscular triglyceride (IMTG). 

Conclusions 

We have identified for the first time a mutation in the skeletal muscle-specific 

regulatory Y3 subunit of AMPK in humans. The Y3R225W mutation has significant 

functional effects as demonstrated by increases in basal and AMP-activated 

AMPK activities, increased muscle glycogen and decreased IMTG. Overall, 

these findings are consistent with an important regulatory role for AMPK Y3 in 

human muscle energy metabolism. 
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Introduction 

AMP-adiverted protein kinase (AMPK) is a serine/threonine kinase that is 

evolutionarily conserved from yeast to mammals and functions as a highly 

responsive energy sensor in cells (6, 24, 25, 29). It acts both centrally and 

peripherally to coordinate multiple inputs from various hormones, peptides and 

nutrients to maintain overall energy homeostasis. In response to cellular stress in 

the periphery, AMPK inhibits anabolic pathways and stimulates catabolic 

pathways to restore cellular energy charge. In vitro and experimental animal 

studies have demonstrated that altered activity of AMPK has significant 

implications for a number of cardiovascular risk factors, including type 2 

diabetes (24, 25, 29). In skeletal muscle, AMPK activation stimulates glucose 

uptake, fatty acid uptake and oxidation, and mitochondrial biogenesis (29). 

Thus AMPK activation in skeletal muscle protects against the development of 

insulin resistance, type 2 diabetes and obesity (7, 9, 10, 38). 

AMPK has a heterotrimeric structure and is composed of an a-catalytic, a (3-

regulatory and a v-regulatory subunit. The a-catalytic subunit has two isoforms 

(ai, 02), the ^-regulatory subunit has two isoforms (fr, $2), and the y-regulatory 

subunit has three isoforms (yi, Y2, Y3) (12,14). Figure 9 depicts the three y isoforms 

and their structural characteristics. 
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Figure 9: y subunit isoforms showing the 4 tandem repeats of CBS domains 

responsible for AMP and ATP binding. Locations of the human R225W and the 

porcine R225Q mutations in the Y3 subunit as well as the R302Q and R61Q 

mutations in the Y2 long and short forms, respectively, are indicated. Figure 

adapted from (12). 
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The various isoforms of each subunit are encoded by distinct genes, with 

alternative promoters and splice variants, adding to genetic and post­

rad ia t iona l complexities (29). Most isoforms are expressed to some extent in all 

tissues, although mRNA expression data indicate that the Y3 subunit is more 

abundant in skeletal muscle than in any other tissue (31). The relative 

proportions of the y subunits in human skeletal muscles are as yet unknown. 

Several exercise studies in humans have measured y subunit protein levels in the 

vastus lateralis muscle. In these studies, protein levels were expressed as 

percentage of sedentary controls, pretraining values, or untrained muscles as 

opposed to absolute relative values (18,35,39). A more recent study provided 

evidence that only 3 out of the 12 possible AMPK complex combinations are 

expressed in human vastus lateralis: a i / f c /y i , a2/p>2/yi and ai/fii/vz (8). The only 

heterotrimer shown to be phosphorylated and activated during high intensity 

exercise was the complex containing the y3 isoform. The activity associated with 

the other two heterotrimers either remained unchanged or decreased during 

exercise (8). The Y2 long and short isoforms (Y2L and Y2s, respectively) result from 

alternative splicing of a common transcript in heart and other tissues (13,22,30). 

While both long and short isoforms are expressed in heart, Y2s is predominant in 

skeletal muscle (13). 

To date the only published mutations in the AMPK genes in humans are in the V2-

regulatory subunit, the predominant y isoform in cardiac muscle. While AMPK 
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activity stimulates fatty acid oxidation, glucose uptake and glycolysis in the 

heart, its regulation is complex, and still not well understood (11,17,37). At least 

six different missense mutations within the CBS domains of Y2 have been shown 

to cause the excess storage of glycogen in pronounced glycogen-associated 

vacuoles(15). This excess storage of glycogen results in a complex phenotype, 

including Wolff-Parkinson-White (WPW) syndrome, conduction system disease 

and cardiac hypertrophy (4,21,22). In purebred Hampshire Rendement Napole 

(RN) pigs, a naturally occurring R225Q mutation in the Y3 subunit of AMPK was 

identified and linked to increased glycogen storage in skeletal muscle (32) and 

to increased resynthesis of glycogen after exercise when R225Q AMPKy3 is 

overexpressed in transgenic mice (6). 

In the context of our ongoing goal of identifying genes that underlie 

predisposition for diabetes and obesity, we searched for genetic variation in 

human PRKAG3. Of the 24 novel coding variants identified, we focused on the 

R225W mutation due to the established importance of the mutation in porcine 

AMPK Y3 and the homologous mutations in the Y2 subunit of human AMPK. We 

determined the functional significance of this mutation in differentiated muscle 

cells from the vastus lateralis of R225W carriers compared to matched controls. 

Here we describe a previously unreported R225W mutation in the human AMPK 

Y3 gene, PRKAG3, found in two independent kindreds. We show that the R225W 
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mutation causes increased basal and AMP-activated AMPK activity, as well as 

increased muscle glycogen storage and decreased intramuscular triglyceride 

(IMTG). 
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Methods 

Subjects and Sequence Analysis 

The coding exons and splice junctions of the human AMPK Y3 gene (NCBI 

accession no. NM_017431) were resequenced in obese Caucasian subjects 

from the Ottawa Hospital Weight Management Clinic and in lean healthy 

Caucasian individuals who participated in a study of leanness at the University 

of Ottawa Heart Institute. The cohorts consisted of 761 obese subjects with a 

mean BMI of 39.9 kg/m2 and >90th percentile adjusted for age and sex, and 759 

lean subjects with a mean BMI of 20.1 kg/m2 and <25th percentile adjusted for 

age and sex. The study was approved by the institutional review boards of the 

University of Ottawa Heart Institute and the Ottawa Hospital. Informed written 

consent was obtained from all participants. A total of 58 genes were 

sequenced as part of this study and detailed findings have been presented 

elsewhere (2). Selection criteria for our patient population as well as methods for 

DNA isolation, sequencing and data analysis have been described previously 

(1). 

Predictions of the possible functional implications of the variants were made 

using PolyPhen (http://genetics.bwh.harvard.edu/pph/) and SIFT 

(http://blocks.fhcrc.ora/sift/SIFT.html) programs (34, 36). The R225W variant, 

which is found in the second CBS domain (Figure 1), was identified to be 
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functionally damaging by both programs. This variant was intriguing since it is 

analogous to the R225Q mutation causing increased muscle glycogen content 

in pigs, as well as having the same amino acid location as the mutations in the 

human Y2 subunit that are known to alter AMPK protein function and cause 

Wolff-Parkinson-White syndrome. We thus contacted subjects that were 

identified as carrying the R225W mutation in the initial study cohorts, and 

screened their available family members for further study (Figure 10). 

The region of the AMPKG3 gene with the R225W variation was sequenced in 

DN A samples from family members to determine whether they carried the same 

variation. Subject characteristics are described in Table 2. 

Skeletal Muscle Biopsies and Cell Culture 

Five subjects with the R225W mutation and five control subjects were matched 

for gender, age, weight, BMI, as well as amount and intensity of self-reported 

weekly physical activity. These subjects refrained from physical activity for three 

days prior to undergoing additional studies in the post-absorptive state after an 

overnight fast. Percutaneous skeletal muscle biopsies of the vastus lateralis 

muscle were obtained from R225W carriers and their matched controls using a 

5mm Bergstrom needle (Opitek) under local anaesthesia with 1% lidocaine. 

Vastus lateralis is commonly selected for studies of human muscle metabolism 
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and was chosen for biopsy in the current study due to the demonstrated 

importance of the Y3 subunit in this muscle (8). 
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Figure 10: Families of the two probands with the PRKAG3-R225W mutation. 

*Subjects who underwent muscle biopsy. 
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Age (years) 
Weight (kg) 
BMI (kg/m2) 
Total Cholesterol (mmol/L) 
Body Fat (%) 
Basal Metabolic Rate (kJ) 
HDL-C (mmol/L) 
LDL-C (mmol/L) 
TC:HDL 
Triglycerides (mmol/L) 
Glucose (mmol/L) 
Insulin (pmol/L) 
HbAlc 

R225W (n=5) 

40.6112.4 
82.5 ± 23.2 
29.1 ±9.0 
5.54 ± 0.70 
34.6 ±10.4 
6773.8 ±1201.1 
1.29 ± 0.26 
3.22 ± 0.47 
4.40 ±0.71 
2.27 ± 1.00 
4.94 ±0.61 
54.2 ±10.1 
0.0522 ±0.0031 

Controls (n=5) 

42.8 ±12.9 
80.9 ±27.1 
29.2 ±10.3 
4.52 ± 0.66 
35.6 ± 8.7 
5380.4 ±2134.9 
1.52 ± 0.70 
2.55 ± 0.35 
3.44 ± 1.24 
1.11 ±0.61 
5.16 ±0.63 
47.4 ± 35.8 
0.0544 ±0.0013 

Table 2: Characteristics of PRKAG3-R225W subjects and controls who underwent 

muscle biopsy. Blood chemistry measurements were conducted following an 

overnight fast. Means +/- SD. n=5, Student's f-test, no significant differences 

between R225W and control subjects. 
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A 10 mg sample of the biopsy was flash frozen in O.C.T. compound for muscle 

fiber typing, glycogen content determination and IMTG determination. A 25 mg 

sample of tissue was subjected to trypsin digestion and cells were grown to 

-70% confluency in Ham's F10 media (supplemented with 1% antibiotic-

antimycotic, 2.5 Mg/mL gentamycin, 12.4% FBS, 0.41 mg/mL BSA, 826 nM 

dexamethazone, 8.3 ng/mL epidermal growth factor, 0.41 mg/mL fetuin, and 25 

pmol insulin). Isolation of satellite cells was achieved via immuno-sorting using 

primary anti-5.1 HI 1 (Developmental Studies Hybridoma Bank) and secondary 

MACS goat anti-mouse IgG microbeads. After the suspension was passed 

through a magnetic field, labelled cells were isolated, eluted and then grown 

up in culture. Upon reaching 80% confluency, cells were differentiated for -10 

days in Dulbecco's modified Eagle's medium (supplemented with 2% horse 

serum, 1% antibiotic-antimycotic and 2.5 u.g/mL gentamycin). 

AMPK Isolation 

Approximately 10 days after differentiation, myotubes were incubated on ice 

while shaking in the presence of lysis buffer (30 mM HEPES, 2.5 mM EGTA, 3 mM 

EDTA, 70 mM KCI, 0.1% Nonidet P-40,20 mM ^-glycerophosphate, 20 mM NaF, 2 

mM NaPPi, 1 mM Na3V04, 200 u.M PMSF and 1 u.M pepstatin A). Partial 

purification of AMPK from the cell lysate was carried out as detailed in (26,28). 

The cell lysate was incubated at a 1:1 ratio with 30% polyethylene glycol 6000 

for 1 hour. Resulting purified protein was dissolved in assay buffer (62.5 mM Na 

72 



HEPES, 62.5 mM NaCI, 62.5 mM NaF, 6.25 mM Na pyrophosphate, 1.25 mM EDTA, 

1.25 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF, 5 |jg/mLSBTI and 1 MM pepstatin 

A) and then quantified using the bicinchoninic assay. 

AMPK Activity Determination 

The SAMS peptide assay was carried out as detailed in (16, 26) with minor 

modifications: 13 u l reaction buffer (20 mM HEPES-NaOH, 0.4 mM dithiothreitol, 

0.01% Brij-35 with or without 300 u.M AMP), 10 u l of 562 MM SAMS substrate 

peptide, 10 uCi [32P]ATP (3000 Ci/mmol), and 6 ug of partially purified AMPK 

were incubated with constant shaking at 30°C for 15 minutes. Negative controls 

consisted of all reagents except SAMS substrate peptide and AMP. All reactions 

were carried out in triplicate. AMPK activity was expressed as pmol of 32P-

radiolabeled phosphate incorporated into the SAMS peptide per minute per 

mg of protein. 

Quantitative RT-PCR Analysis 

RNA from muscle biopsy samples was extracted using Trizol (Invitrogen) and 

treated with DNasel (Ambion). cDNA was generated from 0.5 ug of RNA using 

random decamer primers (Ambion) with MMLV reverse transcriptase 

(Invitrogen). Amplicons of AMPKG3 and GAPDH genes were cloned into pCR 

2.1 -TOPO (Invitrogen). Serial dilutions of these constructs were used to generate 

standard curves, following assessment of primer efficiency and analysis of 
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melting curve profiles. Quantitative real-time PCR analysis was performed in a 

LightCycler system (Roche) using FastStart DNA MasterPLUS SYBR Green I kit 

(Roche). The primers for real-time PCR were designed using LightCycler Probe 

Design Software v l .0 (Roche). Following 30 cycles of amplification with 1.0 u.1 of 

cDNA and 0.5 u.M of F and R primers per reaction, expression of AMPKG3 was 

normalized to expression of GAPDH. Primer sequences: F: 5'-

CAGAGGACACTATGTCTGG-3' and R: 5'-GCnGGGAnGAGGACT-3' (AMPKG3), 

F: S'-GATTTGGCCGTATTGGG-S' and R: 5'-TCCACGACATACTCAGC-3' (GAPDH). 

Western Blotting and Densitometry 

To determine protein levels of the y3 isoform, the same purified protein extracts 

that were used for the AMPK activity assay were subjected to immunoblotting. 

Electrophoresis was carried out using a 12% polyacrylamide gel. Following 

transfer to nitrocellulose membranes, primary antibodies were incubated at a 

1:1000 dilution overnight at 4°C (AMPKyi, AMPKy3 and |3-actin antibodies were 

from Cell Signaling Technology, Danvers, MA). The secondary antibody was a 

peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Inc., Santa Cruz, CA) 

and was incubated at a 1:500 dilution for one hour at room temperature. For 

detection, blots were processed using enhanced chemiluminescence kits 

(Amersham Pharmacia; Baie d'Urfe, QC, Canada). (3-actin was used as the 

loading control and densitometry was carried out to determine relative protein 

levels (values expressed as y isoform integrated densitometry value (IDV) 
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divided by (3-actin IDV). 

Muscle Glycogen Content Determination 

Glycogen content was determined using Periodic Acid Schiff (PAS) staining. 

Frozen tissues were cut as 10 u.m cross sections and mounted on Superfrost 

slides. After Schiff staining, sections were counterstained with Harris's 

hematoxylin. Imaging software (Northern Eclipse) was used to analyze tissues at 

200X magnification with an Axiophot digital light microscope (Axiophot 2, Zeiss, 

Oberkochen, Germany). 2-3 fields of view in each of 3 sections per patient were 

analyzed for glycogen content as a proportion of surface area of each field. 

Intramuscular Triglyceride (IMTG) Content 

IMTG content was determined using osmium tetroxide (OsCM) staining. Frozen 

tissues were cut as 10 u.m cross sections and mounted on Superfrost slides and 

fixed in 10% neutral buffered formalin. IMTG was stained black with l%Os04and 

then cells were counterstained with hematoxylin and eosin (H&E). Imaging 

software (Northern Eclipse) was used to analyze tissues at 200X magnification 

with an Axiophot digital light microscope (Axiophot 2, Zeiss, Oberkochen, 

Germany). 2-3 fields of view in each of 3 sections per patient were analyzed for 

IMTG content as a proportion of surface area of each field. 
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Fiber Typing 

Frozen tissues were cut as 10 pm cross sections and mounted on Superfrost 

slides. Sections were stained using the Vectastain ABC-AP kit (Vector 

Laboratories). Type 1 fibers were identified by using A4.840 as the primary 

antibody (Developmental Studies Hybridoma Bank), which is specific to the C-

terminal part of the beta slow myosin heavy chain in type I skeletal muscle 

fibers. Biotinylated goat anti-mouse IgG (BA-9200, Vector Laboratories) was 

used as the secondary antibody, and then cells were stained red using SK-5100 

(Vector Laboratories). Type 2a fibers were identified by using N2.261 as the 

primary antibody (Developmental Studies Hybridoma Bank), which is specific to 

the N-terminal part of the beta slow myosin heavy chain in adult skeletal myosin 

heavy chain type IIA. BA-9200 was used as the secondary antibody, and then 

cells were stained blue using SK-5300 (Vector Laboratories). Type 2b/x fibers 

were identified as unstained cells. Fiber type ratios were determined by 

counting numbers of each fiber type in 2-3 fields of view in 3 sections per 

patient. 

Statistical Analysis 

The management of clinical and genotypic data was carried out with SAS 

statistical software (Version 9.1, SAS Institute Inc., Gary, NC). A one-way ANOVA 

with Tukey post-test was used to determine differences in AMPK activity (Figure 
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11). Student's f tests were used to assess mRNA levels, protein levels, glycogen 

content, intramuscular triglyceride and fiber type ratio (Figures 12-15). 



Results 

AMPK Y3 Sequence Variants 

We sequenced the exons and intron/exon boundaries of PRKAG3, which codes 

for the subunit of AMPK that is specific to skeletal muscle. We studied 761 obese 

subjects with a mean BMI of 39.9 kg/m2 and >90th percentile adjusted for age 

and gender, and 759 lean subjects with a mean BMI of 20.1 kg/m2 and <25th 

percentile adjusted for age and gender. We identified 87 genetic variants in 

PRKAG3 and its flanking regions. Of the six common (minor allele frequency 

>0.05) variants, three were intronic polymorphisms (IVS2+45, IVS6+31 and 

IVS10+85), one was a synonymous variant (G180G), and two were non-

synonymous variants (P71A and R340W). The 81 rare variants included one SNP 

in the upstream region, one in the 5' UTR, 50 intronic SNPs, 10 synonymous and 

16 nonsynonymous coding variants, one frameshift mutation that leads to a stop 

codon and two SNPs in the 3' UTR. The frequency and functional prediction for 

the coding variants are outlined in Table 3. 

Of the 30 coding PRKAG3 variants observed in this study, 24 were not listed in 

the current SNP database (dbSNPbuildl26). Computational predictions of the 

severity of missense substitutions were made using PolyPhen (36) and SIFT (34). 
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Table 3: Coding variants in the PRKAG3 gene observed in this study. (MAF: minor 

allele frequency; S/NS: synonymous/nonsynonymous) 
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Given the established importance of homologous mutations in Rendement 

Napole (RN-) pigs (Y3R225Q) (3, 27, 32) and in the Y2subunit (R302Q/R61Q) in 

human patients (22), we pursued the functional significance of the novel R225W 

mutation identified in two unrelated subjects. A total of 11 subjects from the two 

families were screened for the R225W mutation. Two family members in the first 

family and three family members in the second family were observed to carry 

the mutation (Figure 10). Other sequence variants that are predicted to have 

functional implications according to PolyPhen and SIFT are shown in Table 3. Of 

interest are variants M197T, I269T, R307C and R340Q, all of which occur at 

similarly low frequencies in our cohorts. 

Characteristics of R225W and Matched Control Subjects 

The five carriers of the R225W variant were matched with control subjects on the 

basis of gender, age, weight, and BMI. The R225W carriers and control subjects 

were also well-matched for amount and intensity of self-reported weekly 

physical activity. Two brothers of the proband in the first family, and the sister 

and daughter of the proband in the second family consented to muscle 

biopsies and were included in the study (Figure 10). No significant differences 

were noted in fasting values for plasma lipids, glucose, insulin, or HbAlc in this 

small cohort (Table 2). During a hyperinsulinemic glucose clamp study, the rate 

of glucose infusion required to maintain euglycemia in the last hour of the 

clamp was somewhat higher in the 2 carriers of the R225W variant as compared 
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to 2 closely matched controls but did not reach a nominal standard of 

significance (7.3 ± 0.8 vs. 5.4± 2.4 ml/kg/min, p=0.16). 

Basal and AMP-Activated AMPK Activity 

We determined that the R225W mutation had an overall effect on AMPK 

activity. Myocytes derived from vastus lateralis biopsies were immunopurified 

and differentiated into myotubes, following which total AMPK activity was 

assayed using the 'gold-standard' SAMS peptide assay (16, 26) in purified 

protein extracts. Results demonstrated that the basal (p=0.015) as well as the 

AMP-activated (p=0.001) AMPK activities in subjects with the R225W mutation 

were two-fold higher compared to that found in controls (Figure 11). 

Control subjects exhibited a 0.054 pmol/min/mg mean increase in activity upon 

AMP-stimulation, whereas R225W carriers showed a mean increase of 0.108 

pmol/min/mg, representing a 657o and a 58% increase from basal activity, 

respectively. Although R225W carriers demonstrate twice the AMP-stimulated 

AMPK activity of control subjects, the similar percent increases indicate that 

R225W AMPK is likely activated by AMP with a similar magnitude to control 

AMPK. R225W AMPK is therefore not constitutively active or AMP-independent, 

as it is able to be further activated by AMP. 
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* * 

Figure 11: Basal and AMP-activated AMPK activities in differentiated skeletal 

muscle cells from R225W carriers and matched control subjects. Means +/- SD. 

n=3, One-way ANOVA, Tukey post-test, *p=0.015, **p=0.001. 
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Expression of AMPK Y Isoforms 

AMPKY3 mRNA levels in skeletal muscle biopsy samples were detected by RT-

PCR analysis. There was no difference in AMPKy3 mRNA levels between R225W 

carriers and control subjects (p=0.083, 2-tailed t-test). AMPKyi and y3 protein 

levels were detected by Western blotting in the same purified protein extracts 

as used for the AMPK activity assay. P>-actin was used as the loading control 

and densitometry was carried out to determine relative protein levels. There 

were no differences in either AMPKyi or Y3 protein levels between R225W carriers 

and control subjects (p=0.389 and p=0.229, respectively) (Figure 12a and b). 

Importantly, the only three complexes that normally contribute to AMPK activity 

in human vastus lateralis are a i fcy i , 02(^1 and 0 2 ^ 3 (8). We think that the 

R225W variant is affecting AMPK activity without affecting the level of 

transcription or translation of the PRKAG3 gene. 

Skeletal Muscle Glycogen Content 

To determine the effect of the R225W mutation on skeletal muscle glycogen 

content, we used Periodic Acid Schiff (PAS) staining of cryo-sectioned vastus 

lateralis muscle. As shown in Figure 13, muscle of R225W carriers had 

approximately 90% more muscle glycogen content than controls (p=0.002). This 

result was expected as the Hampshire RN- pigs carrying the R225Q Y3AMPK 

mutation have increased muscle glycogen content (32). 

83 



Control R225W B 

I 0.35 
? 
£ 0.30 
CO 

<o 0.25 
E 
| 0 . 2 0 
CD 
* 0.15 
a. 

| 0.10 

.£ 0.05 

£ 0.00 

i -«i 

i; 3 
P. -« 
(••• - i l l 

* ** fc *» 
*- J! 
k ---;| 

r "5 
!-: a 
( 1 

Control R225W 

Figure 12: Relative protein levels of the yi (A) and Y3 (B) isoforms in differentiated 

skeletal muscle cells from R225VV carriers and matched control subjects. The 

integrated densitometry value (IDV) for each y subunit was divided by the IDV 

of the loading control, (3-actin. Means +/- SD. n=2-4, Student's f-test, p=0.389 (A), 

p=0.229 (B). 
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Figure 13: Glycogen content of vastus lateralis for R225W and control subjects. 

Muscle sections were prepared and stained with PAS, as described in the 

methods section (A: control, B: R225W). C: quantification of glycogen content 

via imaging software. Means +/- SD. n=5. Student's f-test, **p=0.002. 
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Intramuscular Triglyceride (IMTG) Content 

We hypothesized that IMTG would be reduced in skeletal muscle of subjects 

with the R225W variant, given observations in transgenic mice expressing the 

homologous mutation in the AMPK Y3 gene and fed a high fat diet (6). Osmium 

tetroxide (OsCu) staining of sections of the vastus lateralis muscle indicated 

lower IMTG levels in the R225W carriers as compared to matched controls 

(p=0.032) (Figure 14). 

Vastus Lateralis Muscle Fiber Type Composition 

Finally, we determined whether or not there were differences in muscle fiber 

type composition in the biopsied muscle. Immunohistochemistry of the sections 

revealed a similar proportional distribution of fiber types in subjects with the 

R225W mutation compared to controls (Figure 15). 

Fiber type ratio is an important measure due to its influence on muscle 

glycogen content and IMTG content. Since there are no differences in fiber 

type ratio between R225W subjects and controls, differences in glycogen and 

IMTG cannot be attributed to fiber type composition. 
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Figure 14: Intramuscular triglyceride content of vastus lateralis for R225W and 

control subjects. Muscle sections were prepared and stained with OsCu, as 

described in the methods section (A: control, B: R225W). C: quantification of 

IMTG via imaging software. Means +/- SD. n=4, Student's f-test, *p=0.032. 
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Figure 15: Fiber type ratios of vastus lateralis for R225W versus control subjects, 

expressed as percentage of each fiber type. Means +/- SD. n=5, Student's f-test 

for each fiber type, no significant differences between R225W and control 

subjects (Type 1: p=0.992, Type 2a: p=0.896, Type 2b/x: p=0.834). 
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Discussion 

AMPK is widely recognized as a key metabolic regulator of energy expenditure 

in peripheral tissues and of energy intake in the hypothalamus. In this study we 

focused on the functional importance of a rare mutation in PRKAG3 encoding 

the AMPK regulatory Y3subunit that is expressed exclusively in skeletal muscle. 

While the functions of the three AMPK subunits have not been fully 

characterized, it is becoming increasingly clear that the y subunit is a major 

regulator of holoenzyme activity (17, 24, 25, 29). The y subunit is thought to be 

involved in AMP binding, and in the regulation of glycogen content as variants 

in its CBS domains affect glycogen metabolism in skeletal and cardiac muscle 

(4, 13, 15, 32, 40). This is the first report of functional effects of nonsynonymous 

sequence variants in the Y3 subunit in humans. We have demonstrated that the 

R225W mutation increases basal and AMP-activated AMPK activities in 

differentiated muscle cells obtained from the vastus lateralis of carriers (Figure 

11), and that yi and Y3 protein levels are unchanged in R225W carriers (Figure 

12). Normally in human vastus lateralis, the complexes that contribute to AMPK 

activity are a i fcy i , a2|32Yi and 02(^3 (8). Future studies will need to assess the 

subunit combinations that contribute to AMPK activity in R225W carriers. We 

have also demonstrated that R225W results in increased skeletal muscle 

glycogen content (Figure 13) and decreased IMTG content (Figure 14), while 

there was no change in muscle fiber type composition (Figure 15). 
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Further studies are required to characterize the effects of R225W on metabolic 

responses to challenges such as acute and chronic exercise. However, given 

the literature on Hampshire RN- pigs with an analogous Y3 mutation (3, 27, 32), 

and the Tg-R225Qv3 mice (5,20), it is anticipated that the human R225W variant 

would result in improved capacity during chronic exercise challenges due to 

their increased muscle glycogen. The natural occurrence of mutations in 

AMPKy3 was first discovered in Hampshire RN- pigs (3, 32). The single missense 

mutation, arginine 225 to glutamine (R225Q) results in a dominant mutation that 

is homologous to the Y3 R225W variant described here. R225Q causes an 

approximate 70% increase in skeletal muscle glycogen, but no change in heart 

and liver glycogen content, resulting in poor meat quality. Other phenotypic 

effects include lower muscle fat content and increased oxidative capacity. 

Furthermore, Hampshire RN- pigs carrying the mutation showed normal resting 

levels of glucose and insulin as well as normal glucose tolerance tests. When 

challenged with exercise, it was found that R225Q pigs depleted their glycogen 

stores at normal rates, but re-synthesized glycogen at faster rates than control 

pigs due to increased muscle glucose uptake rates (3,27). This limited evidence 

indicated no functional impairments associated with the increased glycogen in 

skeletal muscle. Our findings that human R225W carriers have an approximate 

90% increase in skeletal muscle glycogen, an approximate 30% decrease in 

intramuscular triglyceride, and normal levels of plasma lipids, glucose, insulin 

90 



and HbAlc are consistent with the animal studies described above. Future 

studies will investigate the physiological response of these subjects to exercise 

challenges. 

Recently mice bearing the homologous human AMPK Y3transgene, Tg-R225Q, 

were developed to study the effects of the naturally occurring pig mutation. 

The R225Q mutation produced a fully dominant protein (6) with increased AMPK 

activity. ACC phosphorylation was increased in the basal state as well as after 

stimulation with AICAR (an artificial activator of AMPK), indicating that the 

mutated AMPK could be activated (6). Glycogen content of various muscles in 

mice bearing the R225Q mutation have 1.5-2 times the glycogen content of 

controls (40), consistent with our findings in humans. Moreover, exercise 

increased ACC phosphorylation and decreased intramuscular triglyceride 

(IMTG) in the gastrocnemius muscle of transgenic, compared to wild-type, 

mice. Tg-R225Q mice thus oxidized more fat in the AMP-stimulated state (during 

exercise) compared to wild-type controls (5). As demonstrated in the current 

study, the R225Wy3 mutation in humans is a gain-of-function mutation that 

exhibits increased basal and AMP-activated activity of AMPK. It should be 

noted that total cellular AMPK activity was assayed in this study, not immuno-

purified y3 activity. Therefore, the R225W mutation in y3 has an important effect 

overall on total AMPK activity in skeletal muscle. It will be of interest in future 

studies to determine whether the aif^Yi- CI2P2Y1 and a2^2Y3Subunit combinations 
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normally found in human vastus lateralis are also formed in skeletal muscle of 

R225W carriers. 

Interestingly, this novel mutation is analogous to the Y2 subunit mutation that 

causes inherited cardiac arrhythmias and cardiac hypertrophy (4,21,22). While 

it is known that AMPK activity stimulates fatty acid oxidation, glucose uptake 

and glycolysis in the heart, its regulation is complex, and still not well understood 

(17). Missense mutations within the CBS domains of Y2 have been shown to 

cause the excess storage of glycogen in pronounced glycogen-associated 

vacuoles (15). This excess storage of glycogen is thought to result in myocyte 

hypertrophy, and gives rise to WPW syndrome and cardiac conduction disease 

(15). The enhanced skeletal muscle glycogen deposition demonstrated in 

carriers of the analogous Y3 mutation is consistent with the above results in the 

heart. Subsequent introduction of some of the Y2 mutations into the AMPK 

homologue in yeast (SNF1/SNF4) produced a constitutively active enzyme, 

indicating that these heterozygous missense mutations were dominant in their 

effect (4). Our findings indicate that the Y3 R225W mutation increases basal 

AMPK activity, but results in a protein that can be further activated by AMP, 

unlike the latter Y2 mutations. 

In summary, we report the identification of human subjects bearing a R225W 

mutation in PRKAG3 which causes increased basal and AMP-stimulated AMPK 
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activity, increased glycogen content and decreased IMTG in skeletal muscle. 

These findings are relevant to an improved understanding of the regulatory role 

that AMPK plays in skeletal muscle energy metabolism. The Y3 subunit represents 

an attractive pharmacological target due to its exclusive expression in skeletal 

muscle. It has already been demonstrated that Metformin, commonly 

prescribed for treatment of type 2 diabetes, acts via stimulation of AMPK (19,33, 

41); and although it is not possible to draw conclusions regarding therapeutics 

from this study, it is tempting to hypothesize that the stimulation of AMPK activity 

in skeletal muscle alone, without affecting AMPK activity in the brain or heart, 

could be effective in the treatment of obesity and type 2 diabetes mellitus. 
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Brief Description of Contents 
This manuscript was published electronically in January 2006 and then 

published in print in the American Journal of Physiology: Endocrinology and 

Metabolism in June of 2006. It describes the whole body energetics and 

development of insulin resistance in mice overexpressing or lacking 

uncoupling protein-3 (UCP3) compared to wildtype control animals. 

Paradoxically, both overexpressor and knockout mice showed protection 

from the development of insulin resistance as assessed by glucose and insulin 

tolerance tests. Overexpressor mice were leaner, had lower fat pad weights, 

and when challenged with a high fat diet, stored less intramuscular 

triglyceride (IMTG). Knockout mice took up more 2-deoxy-D-[l-3H]-glucose 

into brown adipose tissue, incorporated more 2-deoxy-D-[l-3H]-glucose into 

liver glycogen and when challenged with a high fat diet, stored more IMTG. 

Results are consistent with a role for UCP3 in preventing accumulation of 

triglyceride in both adipose tissue and muscle. 
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Abstract 

Uncoupling protein-3 (UCP3) is a poorly understood mitochondrial inner 

membrane protein expressed predominantly in skeletal muscle. The aim of 

this study was to examine the effects of the absence or constitutive 

physiological overexpression of UCP3 on whole body energy metabolism, 

glucose tolerance and muscle triglyceride content. Congenic male Ucp3 -/-, 

wildtype, and UCP3tg overexpressor mice were fed a 10% fat diet for 4 or 8 

months following weaning. UCP3tg mice had lower body weights and were 

less metabolically efficient than wildtype or Ucp3 -I- mice, but were not 

hyperphagic. UCP3tg mice had smaller epididymal white adipose tissue and 

brown adipose tissue (BAT) depots, however there were no differences in 

muscle weights. Glucose and insulin tolerance tests revealed that both 

UCP3tg and Ucp3 -I- mice were protected from development of impaired 

glucose tolerance and were more sensitive to insulin. 2-deoxy-D-[l-3H]-

glucose tracer studies showed increased uptake of glucose into BAT and 

increased storage of liver glycogen in Ucp3 7- mice. Assessments of 

intramuscular triglyceride (IMTG) revealed decreases in quadriceps of 

UCP3tg mice compared to wildtype and Ucp3 -/- mice. When challenged 

with a 45% fat diet, Ucp3 -I- mice showed increased accumulation of IMTG 

compared to wildtype mice, which in turn had greater IMTG than UCP3tg 
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mice. Results are consistent with a role for UCP3 in preventing accumulation 

of triglyceride in both adipose tissue and muscle. 

Key Words: Intramuscular triglyceride, obesity, glucose tolerance, insulin 

resistance, skeletal muscle 
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Introduction 

Lipotoxicity is the detrimental accumulation of lipids and lipid metabolites in 

tissues other than adipose tissue (e.g., liver, heart or skeletal muscle). The 

accumulation of triglyceride in muscle (intramuscular triglyceride, IMTG) 

correlates well with impaired insulin-stimulated glucose uptake (27, 28). While 

IMTG is not related to BMI, age, fasting plasma triglycerides, non-esterified 

fatty acids, glucose or insulin, it is a determinant of insulin resistance (21). 

Insulin resistance is the best predictor of type 2 diabetes mellitus, and 

therefore there is a keen interest in understanding processes that are related 

to the accumulation of lipid in muscle. 

There is evidence of a potential link between uncoupling protein-3 (UCP3) in 

muscle and protection against the development of type 2 diabetes. Fl 

generation mice overexpressing human UCP3 20-fold normal in skeletal 

muscle showed reduced fasting glucose and insulin levels, as well as 

increased glucose tolerance in response to an oral glucose tolerance test (9, 

10). Interestingly, these mice were also reported to be hyperphagic despite 

being protected from the development of obesity. Patients with type 2 

diabetes have been shown to have decreased UCP3 expression in vastus 

lateralis (30), and although initial studies revealed a negative correlation 
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between UCP3 mRNA levels and BMI (31), later studies showed no 

association between UCP3 protein levels and body mass index (30). 

UCP3 is a mitochondrial inner membrane protein of unknown function 

expressed predominantly in skeletal muscle (6). Since its identification in 1997, 

it has also been found to be expressed in brown adipose tissue (BAT), at low 

levels in the heart, and in certain parts of the brain (34, 35). UCP3 was named 

due to its 57% sequence homology to uncoupling protein-1 (UCP1) (6, 34), 

which is expressed exclusively in BAT and serves to uncouple oxidative 

phosphorylation, resulting in the dissipation of energy as heat in response to 

cold or overfeeding (26). It was originally hypothesized that UCP3 would act 

to uncouple oxidative phosphorylation in muscle as UCP1 does in BAT (13), 

and, in fact, overexpression studies of UCP3 in yeast yielded increased 

uncoupling (20, 38). However, it has since been demonstrated that this 

observed uncoupling may have been artifactual, due to very high levels of 

protein expression in the mitochondrial inner membrane (16, 32). 

Physiologically, UCP3 expression is increased in response to fasting (3, 5, 8, 

24), acute exercise (11, 33), and elevation of plasma lipids via high fat diet 

(14) or infusion of Intralipid (37), conditions in which reliance on fat oxidation 

is increased, regardless of any increases or decreases in energy expenditure. 

Moreover, unlike UCP1, UCP3 does not increase in response to cold 
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adaptation (5). These findings suggest that UCP3 is not likely involved in 

dissipating energy through uncoupling of oxidative phosphorylation, which 

would be detrimental to the organism during dietary energy deficits, but may 

indicate that UCP3 is involved in facilitating fat oxidation. A mechanism 

through which UCP3 could facilitate fatty acid oxidation was proposed (19) 

to involve a mitochondrial thioesterase functioning in tandem with UCP3. The 

former liberates the CoASH, which is in high demand during fatty acid 

oxidation, and the latter exports excess fatty acid anions. While several 

reports support such a role (4, 23, 25, 36), the molecular mechanism remains 

to be proved. Moreover, there is strong support for a role for UCP3 in the 

protection from reactive oxygen species (7, 23). Altogether, findings are 

consistent with the possibility that low levels of UCP3 could impair fat 

oxidation and therefore result in the accumulation of lipid in muscle, the 

onset of insulin resistance and the development of type 2 diabetes. 

Our purpose here was to assess the metabolic impacts of the absence, 

presence and physiological levels of overexpression of UCP3 in mice. We 

hypothesized that transgenic UCP3 overexpressor mice [UCP3tg) would be 

protected from the development of insulin resistance whereas Ucp3 

knockout mice (Ucp3 -/-) would be predisposed to the development of 

insulin resistance. Strengths of this study include the use of congenic lines of 
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mice, a defined diet, and levels of UCP3 overexpression that are 

physiological. 



Materials and Methods 

Treatment of Animals 

Congenic male Ucp3 -/-, wildtype (WT) and UCP3tg C57BL/6 mice (n=60) 

were housed individually and fed a defined rodent diet with 10 kcal% fat 

(Research Diets, D12450C, New Brunswick, NJ) ad libitum from weaning. An 

additional group of congenic male Ucp3 -/-, wildtype and UCP3tg mice 

(n=15) were fed a 45 kcal% fat diet (Research Diets, D12451, New Brunswick, 

NJ) ad libitum from weaning for further intramuscular triglyceride studies. The 

D12450C diet consisted of 20% protein, 70% carbohydrate and 10% fat 

whereas the D12451 diet consisted of 20% protein, 35% carbohydrate and 

45% fat by kcal. Protein from both diets was from casein and L-cysteine, 

carbohydrate was from corn starch, maltodextrin and sucrose, and fat was 

from soybean oil and lard. Food was given to mice inside the clear 

polycarbonate cages in which they were housed. UCP3tg mice, which 

overexpress human UCP3 in skeletal muscle (~66-fold increase in mRNA) and 

at low levels in BAT (50% increase in mRNA), were provided originally by Dr. 

John Clapham at Glaxo-Smith-Kline (UK), the Fl generation of which has 

been previously described (10). Ucp3 -I- mice on a mixed genetic 

background have also been previously described (15). Mice used in the 

current study had been backcrossed 10 generations into the C57BL/6 

background to minimize effects of genetic background. Overexpressor mice 
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express UCP3 protein levels in skeletal muscle that are 2-2.5 fold of wildtype 

levels (4). Mice were maintained at 23°C with light from 0600-1800 and were 

studied from weaning to 4 or 8 months on the defined diets. Animals were 

cared for in accordance with the principles and guidelines of the Canadian 

Council on Animal Care and the Institute of Laboratory Animal Resources 

(National Research Council). The study was approved by the Animal Care 

Committee of the University of Ottawa. 

Whole Body Analyses 

Food intake was measured and mice were weighed semi-weekly from 

weaning to sacrifice. Food intake was calculated by dividing the total 

amount of energy ingested over the lifespan of the mouse by the number of 

days the mouse consumed the defined diet (4 or 8 months). The results are 

expressed as mean kcal ingested per day. Metabolic efficiency was 

calculated as total body weight gained divided by total amount of food 

consumed over 4 or 8 months and is expressed as mg body weight gained 

per kcal ingested. Naso-anal length and rectal body temperature were 

measured prior to sacrifice at the same time every day (Physitemp 

Thermalert, Model TH-8, Clifton, New Jersey). 
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Glucose and Insulin Tolerance Tests 

Glucose and insulin tolerance tests were carried out (one week apart to 

allow mice to recover) after 1, 3, 4 and 8 months on the diet. Mice were 

fasted for 16 hours with water ad libitum prior to the test. Fasting blood 

glucose was determined by bleeding mice from the saphenous vein onto a 

glucometer (One Touch Basic, LifeScan, Burnaby, British Columbia). Mice 

were given an interperitoneal injection of 1 mg glucose (10% dextrose in 

sterile saline) or 1 x 1CH units human insulin (Humalog Rapid Acting, Eli Lilly, in 

sterile saline) per g body weight. Blood glucose was assessed again at 10, 20, 

30 and 120 min post-injection. 

Indirect Calorimetry 

Oxygen consumption (VO2) and carbon dioxide production (VCO2) of mice 

were measured using a customized four-chamber Oxymax system with 

automatic temperature and light controls (Columbus Instruments, Columbus, 

OH). Temperature was maintained at 24°C and lights were on from 0600-

1800. System settings included a flow rate of 0.5 L/min, a sample line-purge 

time of 2 min, and a measurement period of 60 s every twelve min. Mice 

were placed in separate 2.5 L calorimetry chambers with ad libitum access 

to the defined diet and water. 24-hour energy expenditure was expressed as 

percent relative cumulative frequencies of all points collected throughout a 
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24-hour period, as described previously (2, 29). Respiratory exchange ratios 

(RER) were calculated as the ratio of VCO2 divided by VO2. 

Analysis of 2-Deoxy-[1 -3H]-glucose-6-phosphate in Tissue 

This procedure was carried out as detailed in Wang ef a/., 2003 (36), with 

minor modifications. At 4 months, half of the mice were fasted for 16 hours. 

Mice were given an intraperitoneal injection of 0.5 u.Ci 2-deoxy-[l-3H]-

glucose mixed with 10% dextrose to provide a fixed specific activity at 1 g 

glucose per kg body weight. Mice were decapitated 70 min post-injection, 

and quadriceps, gastrocnemius, diaphragm, interscapular brown adipose 

tissue (BAT), epididymal white adipose tissue (EWAT), liver, pancreas and 

heart were dissected and flash frozen in liquid nitrogen. Thawed tissues were 

homogenized in 2% HCIO4 (10 u.1 per mg tissue) and left at 4°C overnight. 

Homogenates were centrifuged for 10 min at 2000 g and supematants were 

neutralized to pH 7.4 with 2 M KOH. Total [3H]-radioactivity was measured in 

half the volume of the supernatant, and the other half of the supernatant 

was added to a column filled with anion exchange resin (Agl-X8) (BioRad, 

Mississauga, Ontario, Canada). Free 2-deoxyglucose was eluted with 12 ml of 

water and 2-deoxyglucose-6-phosphate was eluted with 10 ml 0.4 M 

ammonium acetate/0.5 M formic acid. [3H]-radioactivity was measured in 2-

deoxyglucose and 2-deoxyglucose-6-phosphate eluantes. Tissue glucose 
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uptake (pmol/g/min wet tissue) was calculated by dividing tissue [3H]-2-

deoxyglucose-6-phosphate activity by the glucose specific activity. 

Analysis of 2-Deoxy-[l -3H]-glucose-6-phosphate in Liver Glycogen 

This procedure was carried out as detailed in Wang ef a/., 2003 (36), with 

minor modifications. Liver samples were homogenized, extracted and 

neutralized as tissues undergoing [3H]-2-deoxyglucose-6-phosphate analysis. 

500 pi KOH containing 2.5% oyster glycogen and 100 uJ 0.2% Na2S04 were 

added to 500 ul of neutralized supernatant. Glycogen was precipitated with 

1 ml ethanol, centrifuged for 15 min at 850 g at 4°C, and the pellet was 

washed with 66% ethanol before resuspension in 1 ml distilled water and 

counted for [3H]-radioactivity. 

Intramuscular Triglyceride Determination 

After 8 months, quadriceps muscles from mice fed the 10% fat diet and from 

mice fed the 45% fat diet were fixed in 10% buffered neutral formalin. Tissues 

were trimmed no thicker than 4mm, rinsed in dhbO, and left in 0.17M 

potassium dichromate 0.08M osmium tetroxide solution for 8 hours (1). Tissues 

were left under running H2O for 2 hours and then processed in an automatic 

tissue processor, embedded in paraffin and cut in 5um sections. Tissues were 

mounted on glass slides and then incubated at 42°C overnight. Imaging 

software (Northern Eclipse) was used to analyze tissues at 10X magnification 
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with an Axiophot light microscope (Axiophot, Zeiss, Oberkochen, Germany). 

Images from fields in 9-12 sections per mouse were selected and converted 

into 8-bit grayscale. The number of sections per mouse depended on the 

amount of quadriceps muscle available for histological staining, and 

therefore varied somewhat. Images (fields of view) consisted of the entire 

section (this was consistent between mice). Threshold was set at 0 to 99. 

IMTG was measured as a proportion of surface area of each field. 

Brown Adipose Tissue Histology 

Brown adipose tissue (BAT) was fixed in 10% buffered neutral formalin and 

subjected to standard histological methods for staining with hematoxylin and 

eosin. 
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Results 

Whole Body 

UCP3tg mice had lower body weights than both wildtype and Ucp3 7- mice 

at both 4 and 8 months, however there were no differences in linear growth, 

as assessed by naso-anal length (Table 4). 

At 8 months, UCP3tg mice were less metabolically efficient than both 

wildtype and Ucp3 -I- mice. This trend was also present at 4 months, but did 

not reach statistical significance. There were no differences in food intake or 

body temperature between genotypes at either 4 or 8 months (Table 4). 

UCP3tg mice had lower quadriceps weights compared to wildtype mice at 4 

months, but this difference disappeared by 8 months (Table 5). 

UCP3tg mice had lower diaphragm weights compared to wildtype and 

Ucp3 -I- mice at 4 months, but these differences also disappeared by 8 

months (Table 5). UCP3tg mice had lower EWAT and BAT weights than both 

wildtype and Ucp3 -I- mice at both 4 and 8 months (Table 5). UCP3tg mice 

also had lower liver weights compared to wildtype mice at both 4 and 8 

months (Table 5). 
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4 months 

Body Weight (g) 

Metabolic Efficiency 

(mg/kcal) 

Food Intake (kcal/d) 

8 months 

Body Weight (g) 

Body Temp (°C) 

Naso-Anal Length 

(cm) 

Metabolic Efficiency 

(mg/kcal) 

Food Intake (kcal/d) 

UCP3tg 

29.3 ± 1.1 

17.7 ±0.7 

9.4 ±0.4 

UCP3tg 

34.3 ± 1.6 

34.0 ± 0.9 

8.4 ± 0.3 

8.3 ± 0.7 

11.6 ±0.2 

WT 

35.2 ± 0.9 

19.5 ±0.9 

9.6 ±0.2 

WT 

41.2 ±0.7 

35.0 ± 0.9 

8.3 ± 0.2 

10.9 ±0.3 

12.0 ±0.2 

Ucp3 -/-

35.1 ±1.2 

19.0 ±0.7 

9.8 ± 0.2 

Ucp3 -/-

40.0 ± 2.4 

35.4 ± 0.6 

8.4 ± 0.2 

10.7 ±1.0 

12.0 ±0.5 

p-value 

O.01 

UCP3tg vs WT 

UCP3tg vs Ucp3 -/• 

>0.05 

>0.05 

p-value 

<0.01 

UCP3tg vs WT 

<0.05 

UCP3tg vs Ucp3 -/• 

>0.05 

>0.05 

<0.01 

UCP3tg vs WT 

<0.05 

UCP3tg vs Ucp3 -/-

>0.05 

Table 4: Whole body measurements. Means ± SEM, n=10. One-way ANOVA, 

Tukey post-test. UCP3tg mice have lower body weights at 4 and 8 months, as 

well as lower metabolic efficiencies at 8 months. 
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4 months 
Tissue (g) 

Soleus 

Gastrocnemius 

Quadriceps 

Diaphragm 

EWAT 

BAT 

Pancreas 

Liver 

Heart 

Spleen 

UCP3tg 

0.03 ± 0.00 

0.31 ±0.01 

0.27 ± 0.02 

0.06 ±0.01 

0.94 ±0.14 

0.09 ± 0.01 

0.20 ±0.01 

0.99 ± 0.04 

0.16 ±0.01 

0.08 ± 0.01 

WT 

0.03 ± 0.00 

0.34 ±0.01 

0.34 ±0.01 

0.09 ±0.01 

1.72 ±0.17 

0.14 ±0.01 

0.21 ±0.01 

1.19 ±0.04 

0.16 ±0.01 

0.06 ± 0.01 

Ucp3 -/-

0.03 ± 0.00 

0.33 ± 0.02 

0.31 ±0.02 

0.10 ±0.00 

1.60 ±0.17 

0.13 ±0.01 

0.21 ± 0.02 

1.12 ±0.07 

0.16 ±0.01 

0.07 ± 0.00 

p-value 

>0.05 

>0.05 

<0.01 
UCP3tg vs WT 

O.01 
UCP3tg vs WT 

UCP3tg vs Ucp3 -/• 

<0.01 
UCP3tg vs WT 

<0.05 
UCP3tg vs Ucp3 -/• 

<0.05 
UCP3tg vs WT 

UCP3tg vs Ucp3 -/• 

>0.05 

<0.05 
UCP3tg vs WT 

>0.05 

>0.05 



8 months 
Tissue (g) 

Soleus 

Gastrocnemius 

Quadriceps 

Diaphragm 

EWAT 

BAT 

Pancreas 

Liver 

Heart 

Spleen 

UCP3tg 

0.02 ± 0.00 

0.34 ±0.01 

0.31 ±0.02 

0.10 ±0.01 

1.39 ± 0.20 

0.20 ± 0.03 

0.22 ±0.01 

1.41 ±0.11 

0.32 ±0.16 

0.08 ±0.01 

WT 

0.03 ± 0.00 

0.32 ± 0.01 

0.32 ±0.01 

0.10 ±0.01 

2.18 ±0.09 

0.37 ± 0.02 

0.22 ±0.01 

2.07 ±0.14 

0.16 ±0.01 

0.09 ± 0.00 

Ucp3 -/-

0.03 ±0.01 

0.33 ±0.01 

0.30 ± 0.02 

0.11 ±0.01 

2.14±0.31 

0.35 ± 0.06 

0.22 ± 0.02 

1.97 ± 0.30 

0.17±0.01 

0.09 ± 0.00 

p-value 

>0.05 

>0.05 

>0.05 

>0.05 

<0.01 
UCP3tg vs WT 

<0.05 
UCP3tg vs Ucp3 -/• 

<0.01 
UCP3tg vs WT 

<0.05 
UCP3tg vs Ucp3 -/• 

>0.05 

<0.05 
UCP3tg vs WT 

>0.05 

>0.05 

Table 5: Tissue wet weights. Means ± SEM, n=10. One-way ANOVA, Tukey 

post-test. UCP3tg mice have lower epididymal white adipose tissue (EWAT), 

brown adipose tissue (BAT) and liver weights. Differences in muscle weights 

disappear by 8 months. 
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Indirect Calorimetry 

There were no differences in respiratory exchange ratios (RER) between 

genotypes at either 4 or 8 months (Figure 16A,B), indicating that there was no 

shift in fuel preference at the level of the whole body in either UCP3tg or 

Ucp3 -I- mice. There were no differences in oxygen consumption between 

genotypes after either 4 months or 8 months on the diet (Figure 17A,B), 

indicating that energy expenditure was similar between genotypes. 

Glucose Tolerance 

Surprisingly, both UCP3tg and Ucp3 -I- mice showed protection from the 

development of glucose intolerance, as measured by glucose tolerance test 

(Figure 18). Initially, after 1 month on the diet, only Ucp3 -/- showed better 

glucose tolerance compared to wildtype mice (Figure 18A). At 3 months, 

however, both UCP3tg and Ucp3 -I- mice showed better glucose tolerance 

than the wildtype mice (Figure 18B). At 4 months the differences in glucose 

tolerance between the genotypes narrowed, but statistical significance was 

maintained and both UCP3tg and Ucp3 -I- mice had better glucose 

tolerance than wildtype mice (Figure 18C). After 8 months on the diet, both 

UCP3tg and Ucp3 -I- mice still showed protection from the development of 

glucose intolerance, however, Ucp3 -I- were more glucose tolerant than 

both wildtype and UCP3tg mice (Figure 18D). These results were unexpected 

and point to possible compensatory mechanisms in the Ucp3 -I- mice. 
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Figure 16: Percent relative cumulative frequency of respiratory exchange 

ratios (RER) at 4 months (A) and 8 months (B). Means ± SEM, n=6-10 (a), n=5-

10 (b). One-way ANOVA with Tukey post-test was used to test for differences 

in means at 10, 20, 30, 40, 50, 60, 70, 80 and 90th percentile values. No 

significant differences between groups. 
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Figure 17: Percent relative cumulative frequency of oxygen consumption 

(VO2) at 4 months (A) and 8 months (B). Means ± SEM, n=6-10 (a), n=5-10 (b). 

One-way ANOVA with Tukey post-test was used to test for any differences in 

means at 10, 20, 30, 40, 50, 60, 70, 80 and 90th percentile values. No 

significant differences between groups. 
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Figure 18: Glucose tolerance tests. Measurements taken at 1 month (A), 3 

months (B), 4 months (C) and 8 months (D). Means ± SEM, n=20 (A-C), n=10 

(D). Two-way ANOVA with Bonferroni correction. *p<0.05, **p<0.01, 

***p<0.001 UCP3tg vs. WT. tp<0.05, JpO.01, Hp<0.001 WT vs. Ucp3 -/-. 

§p<0.01 UCP3tg vs. Ucp3 -/-. Both UCP3tg and Ucp3 -I- mice are protected 

from the development of impaired glucose tolerance. 
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Insulin Tolerance 

Both UCP3tg and Ucp3 -I- mice showed some protection from the 

development of insulin resistance, as measured by insulin tolerance test 

(Figure 19). After 1 month on the diet, UCP3tg mice were more sensitive to 

insulin in the early part of the curve, in the first ~20 minutes post injection 

(Figure 19A). At 3 months, this difference disappeared (Figure 19B), but 

reappeared after 4 months on the diet: both UCP3tg and Ucp3 -I- mice were 

more sensitive to insulin compared to wildtype mice in the first ~20 minutes 

post injection (Figure 19C). After 8 months on the diet, there was a trend for 

both UCP3tg and Ucp3 -/- mice to be more insulin sensitive than wildtype 

mice, but this did not reach statistical significance (Figure 19D). These results 

were also surprising and again suggest that the Ucp3 -I- mice might have 

developed mechanisms to compensate for the lack of UCP3. 

2-Deoxy-[1-3H]-Glucose Uptake 

After 4 months on the diet, Ucp3 -I- mice took up and phosphorylated more 

2-deoxy-[l-3H]-glucose in BAT (Figure 20A). Histological studies indicated that 

BAT from UCP3tg mice was more metabolically active and had smaller lipid 

droplets compared to wildtype and Ucp3 -I- mice (Figure 21). Ucp3 -I- also 

incorporated more 2-deoxy-[l-3H]-glucose into liver glycogen compared to 

UCP3tg mice (Figure 20B). 
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Figure 19: Insulin tolerance tests. Measurements taken at 1 month (A), 3 

months (B), 4 months (C) and 8 months (D). Means ± SEM, n=19-20 (A), n=20 

(B,C), n=10 (D). Two-way ANOVA with Bonferroni correction. **p<0.01, 

***p<0.001 UCP3tg vs. WT. KpO.OOl WT vs. Ucp3 -/-. Both UCP3tg and Ucp3 -

I- mice show some protection from the development of insulin resistance. 
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Figure 20: 2-deoxy-[3H]-glucose uptake into tissues (A) and incorporation into 

liver glycogen (B) at 4 months. n=10, *p<0.05 UCP3tg vs. Ucp3 -/-. One-way 

ANOVA with Tukey post-test. Ucp3 -I- take up and phosphor/late more 2-

deoxy-[3H]-glucose into BAT compared to UCP3tg. Less glucose is 

incorporated into glycogen in UCP3tg compared to Ucp3 -/- mice. 
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Figure 21: Brown adipose tissue (BAT) stained with haematoxylin and eosin 

(H&E). 
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Intramuscular Triglyceride (IMTG) 

After 8 months on the diet, quadriceps from UCP3tg mice had less 

intramuscular triglyceride (IMTG) compared to quadriceps from both 

wildtype and Ucp3 -I- mice (Figure 22A,C). In humans UCP3 protein is 

expressed most abundantly in type 2b fibers, less abundantly in type 2a 

fibers, and at even lower levels in type 1 fibers (18). In mice UCP3 protein is 

highest in gastrocnemius (1/3 type 1; 1/3 type 2a; and 1/3 type 2b), lowest in 

soleus (90% type 1) and intermediate in tibialis anterior (2/3 type 2a, and 1/3 

type 2b) (12). Quadriceps muscle was assessed in our current study, as we 

hypothesized that the effects of UCP3 would be more apparent in muscles 

with a higher ratio of glycolytic to oxidative fibers. There was a trend for Ucp3 

7- to store more triglyceride in their quadriceps compared to wildtype mice, 

however this did not reach statistical significance. In order to further 

challenge the genotypes with respect to IMTG accumulation, mice were fed 

a 45% fat diet for 8 months. Under these dietary conditions, UCP3tg mice 

were still protected from the accumulation of IMTG, however Ucp3 -I- mice 

had higher levels of IMTG compared to both UCP3tg and wildtype mice 

(Figure 22B,D). Physiological overexpression of UCP3 protected against the 

accumulation of triglyceride in muscle, whereas the lack of Ucp3 promoted 

accumulation of IMTG. 

128 



t 30-

25-

20-

is­

le­

s' 

0-

UCP3tg 

WT 

UCP3 -/-

UCP3tg WT 
T -

UCP3 -/-

J 30-

25-

20-

is­

le­

s' 

0 
UCP3tg WT UCP3 -/-

Figure 22: Quadriceps intramuscular triglyceride (IMTG) stained with osmium 

tetroxide (Os04) in mice fed a 10% fat diet (A) or a 45% fat diet (B) for 8 

months. IMTG was measured as a proportion of surface area using imaging 

software for 10% fat fed mice (C) and 45% fat fed mice (D). Means ± SEM, 

n=3-5 (C) n-4-6 (D). One-way ANOVA with Tukey post-test, ***p<0.001. 

UCP3tg have less IMTG than WT and Ucp3 -/- on both diets, Ucp3 -/- have 

more IMTG than WT on the 45% fat diet. 
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Discussion 

Contrary to our initial hypothesis, both UCP3tg and Ucp3 -I- mice 

demonstrated protection from the development of glucose intolerance and 

insulin resistance. However, UCP3tg mice showed decreased overall 

adiposity, whereas Ucp3 -I- mice showed increased lipid storage specifically 

in skeletal muscle. 

Strengths of this study include the use of congenic transgenic and knockout 

mice backcrossed 10 generations into the C57BL/6 background. When 

identifying phenotypic differences between mice, comparing mice that 

have identical (or nearly-identical) genetic backgrounds increases 

confidence that identified differences are due to the gene being studied, 

not to random genetic variance (17). The use of a defined diet is also 

extremely important in metabolic studies such as these, as nutrient 

composition and macromolecule sources are consistent in such diets. 

Notably, the level of UCP3 overexpression in these transgenic mice was 2-2.5-

fold compared to wildtype levels (4), and represents a physiological 

increase. Very high expression levels of uncoupling proteins can lead to 

artifactual uncoupling of oxidative phosphorylation (16, 32), which would 

mask the true metabolic effects of physiological increases of the protein In 

vivo. 
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Compared to wildtype mice, UCP3tg mice had lower body weights, lower 

fat pad and liver weights, less intramuscular triglyceride, and lower metabolic 

efficiencies. However, they showed no difference in food intake and no 

difference in metabolic rate or fatty acid oxidation (as measured by indirect 

calorimetry). Since there were no differences in food intake and no 

differences in energy expenditure, it appears as though neither one can 

account for the clear differences in metabolic efficiency observed. The 

explanation may lie in part in the -5% error associated with indirect 

calorimetry (22). In addition, while food intake and metabolic efficiency 

determinations were conducted over long periods of time (4 or 8 months), 

indirect calorimetry was assessed only over a 24h period. Thus, small, but 

meaningful, differences in energy expenditure may not have been detected 

during this shorter time frame. Conversely, Ucp3 -I- mice did not show any 

reduction in body weight, fat pad weight, liver weight or intramuscular 

triglyceride compared to wildtype mice, however they showed increased 2-

deoxy-glucose uptake in BAT. Ucp3 -/- mice showed no differences in food 

intake, metabolic rate, or fatty acid oxidation. 

Interestingly, glucose and insulin tolerance tests demonstrated that both 

UCP3tg and Ucp3 -I- mice were protected from the development of glucose 

intolerance and insulin resistance. These findings run counter to our original 

hypothesis that while transgenic mice would be protected from glucose and 
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insulin intolerance, knockout mice would be predisposed to the latter, 

compared to wildtype mice. In hindsight, given that these are germline 

genetic modifications and given the complexities of inter-tissue mechanisms 

involved in the development of glucose intolerance and insulin resistance, it 

could be considered somewhat na'fve to expect that overexpressors and 

knockouts would have phenotypes mirror-imaging one another (17). 

Compensatory mechanisms are likely present. One possible explanation for 

the increased glucose and insulin tolerance in the UCP3tg mice may be that 

these mice are more lean compared to the wildtype and Ucp3 -I- mice. In 

contrast this cannot explain why the Ucp3 7- mice also show increased 

glucose and insulin tolerance, as they have a similar degree of adiposity to 

wildtype mice. Further studies are underway in our laboratory to elucidate 

these mechanisms. Determining which genes are upregulated to 

compensate for UCP3 in its absence will hopefully be instructive with regard 

to the function of this protein. 

In the examination of results from the various experimental approaches used 

herein, and in light of additional findings from our laboratory and others, a 

number of consistencies emerge. In these two experimental groups of mice it 

appears that improved glucose tolerance and insulin tolerance occurs 

through different mechanisms. In the transgenic mice there are decreases in 

muscle and BAT triglyceride contents, and decreases in the weights of fat 
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depots that coincide with the improved glucose and insulin tolerance. These 

findings are consistent with the ideas that the protection afforded to the 

mice occurs as a result of lipotoxicity prevention. Importantly there were no 

differences identified in total (whole body) energy expenditure and no 

differences in food intake, compared to wildtype controls. 

UCP3fg mice had lower liver weights as well as a decreased incorporation of 

2-deoxy-glucose into liver glycogen, thus identifying some important 

secondary effects of the muscle-specific changes in UCP3 content on liver 

fuel metabolism. In Ucp3 -/- mice there were no changes in fat depot 

weights, or skeletal muscle, and yet these mice still had better glucose 

control overall than wildtype mice. The latter, in conjunction with the results 

from overexpressors, is consistent with the conclusion that UCP3 has little or 

no role in regulation of adiposity, but does play some role in the control of 

fuel substrate oxidation (glucose versus fatty acids) in some tissues where it is 

expressed [e.g., BAT). Again, consistent with the results from overexpressors, 

there were no differences in total energy expenditure, or in food intake, 

compared to wildtype mice. The absence of Ucp3 appears to have a 

significant effect on fuel metabolism in BAT. In Ucp3 -/- mice, BAT took up 

and phosphorylated more glucose than did BAT of the other two groups of 

mice. This could explain the improved glucose tolerance and insulin 

tolerance in these mice compared to the other two groups. The latter 
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hypothetically occurs as a result of some impaired capacity to take up 

and/or oxidized fatty acids in BAT, leading to an increased reliance on 

glucose for fuel. Indeed in another series of studies conducted, we found 

that UCP3 played and important role in facilitating FA oxidation in muscle (4). 

However, the paradox remains as to why the absence of UCP3 in muscle 

does not lead to lipotoxicity in muscle, or even an increased reliance on 

glucose there as observed in BAT. Further research into this paradox is 

actively underway in our laboratory. Findings from this series of studies identify 

the need also for studies in conditional knockout and overexpressor mouse 

models, to avoid the issues of compensation that are associated with 

germline models. 
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Brief Description of Contents 
This manuscript was submitted to the American Journal of Physiology: 

Endocrinology and Metabolism in December of 2007 and is currently in the 

revision stage. It describes the whole body energetics and development of 

insulin resistance in mice overexpressing or lacking uncoupling protein-3 

(UCP3) compared to wildtype control animals when challenged long-term 

with a high fat diet. Overexpressor and knockout mice were both protected 

from the development of insulin resistance (as assessed by glucose and 

insulin tolerance tests) after short-term high fat feeding, however, this 

protection did not continue with long-term high fat feeding. Overexpressor 

mice had lower levels of adiposity whereas knockout mice had higher levels 

of adiposity compared to wildtype mice with long-term high fat feeding, 

indicating a protective effect of UCP3 against fat gain. Results are consistent 

with a role for UCP3 in the protection from fat gain induced by long-term 

high fat feeding, but indicate that UCP3 may not be involved in the 

protection from fat-induced insulin resistance. 
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Abstract 

Uncoupling protein-3 (UCP3) is a mitochondrial inner-membrane protein 

highly expressed in skeletal muscle. While UCP3's function is still unknown, it 

has been hypothesized to act as a fatty acid (FA) anion exporter, protecting 

mitochondria against lipid peroxidation, and/or facilitating FA oxidation. The 

aim of this study was to determine the effects of long-term feeding of a 45% 

fat diet on whole body indicators of muscle metabolism in congenic C57BL/6 

mice that were either lacking Ucp3 [Ucp3 -/-) or had constitutive 

physiological (2-3 fold protein) overexpression of human UCP3 (UCP3tg). 

Mice were fed the high fat (HF) diet for a period of either 4 or 8 months 

immediately following weaning. After long-term HF feeding, UCP3tg mice 

weighed less than wildtype mice and had lower metabolic efficiencies than 

both wildtype and Ucp3 -/- mice. Additionally, UCP3tg mice had lower, while 

Ucp3 -I- mice had higher levels of adiposity compared to wildtype mice, 

indicating a protective effect of UCP3 against fat gain. After 4 months on the 

diet, UCP3tg mice had lower whole body oxygen consumption compared to 

Ucp3 -I- mice, however this difference disappeared after 8 months of HF 

feeding. Glucose and insulin tolerance tests revealed that both the UCP3tg 

and Ucp3 -I- mice were more glucose tolerant and insulin sensitive 

compared to wildtype mice after short-term HF feeding, but this difference 

also disappeared after 8 months of HF feeding. Findings indicate that UCP3 is 
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involved in protection from fat gain induced by long-term HF feeding, but 

not in protection from insulin resistance. 

Key Words: uncoupling protein-3, obesity, insulin resistance, type 2 diabetes 

mellitus, skeletal muscle 
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Introduction 

Obesity is the excessive accumulation of body fat beyond what is normally 

considered healthy for a given height. Traditionally measured using the Body 

Mass Index (BMI), body mass divided by height squared (kg/m2), obesity is 

defined as a BMI of 30 or above (World Health Organization, WHO). The 

prevalence of obesity has increased at an alarming rate over the past few 

decades. In the US, prevalence of obesity among adults increased from 15% 

in the mid-1970s to 32.2% in 2004 (12, 21, 27). Associated with several major 

health risks such as cardiovascular disease, type 2 diabetes mellitus (T2DM) 

and certain cancers (reviewed in (20)), obesity is caused by a positive 

energy balance (i.e., energy consumption greater than energy expenditure). 

A number of factors influence energy balance (reviewed in (36)); both 

environmental (e.g., high fat diet, physical inactivity) and genetic (28). There 

is a great need for more information regarding the genetic predisposition to 

obesity and its clinical sequalae, as well as the need for more effective 

treatment strategies. 

Obesity treatment strategies must accomplish a decrease dietary energy 

intake, an increase in energy expenditure, or both. Increased energy 

expenditure can be achieved with increased physical activity/exercise or by 

decreasing metabolic efficiency. Metabolic efficiency, at the level of the 
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whole body, refers to the degree to which the energy in food substrates is 

captured as ATP. The majority of cellular ATP production occurs in the 

mitochondria through oxidative phosphorylation. When cellular fuel oxidation 

is tightly coupled to ATP production, metabolic efficiency is high. Energy 

conversion through oxidative phosphorylation is not perfect, however, and 

varies with several factors related to resting metabolic rate (RMR) (e.g., 

thyroid status, reviewed in (16, 35)). The mitochondrial electron transport 

chain (ETC) pumps protons out of the mitochondrial matrix into the 

intermembrane space, creating an electrochemical gradient across the 

inner membrane. During 'coupled' oxidative phosphorylation, protons return 

to the matrix through ATP synthase (complex V) and ADP is phosphorylated 

to ATP. If protons return to the matrix by any means other than through ATP 

synthase, the potential energy across the membrane is lost as heat and ATP 

is not produced. This process is referred to as the 'uncoupling' of oxidative 

phosphorylation. Uncoupling occurs in all tissues, but at particularly high rates 

in brown adipose tissue (BAT) through uncoupling protein-1 (UCP1) for heat 

production during non-shivering thermogenesis (reviewed in (8, 26)). 

Uncoupling in skeletal muscle may account for up to 50% of resting energy 

expenditure (30, 31), and therefore can play a significant role in maintaining 

energy balance. For example, increased weight loss in a clinical weight loss 

program was associated with increased skeletal muscle mitochondrial 

uncoupling and uncoupling protein-3 (UCP3) mRNA expression (17). 
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The novel uncoupling proteins (UCPs 2-5) have been studied over the last 

decade; however their physiological functions are still unclear. UCP3 is 

expressed highly selectively in skeletal muscle, BAT and at low levels in the 

heart (3, 40). Early studies of UCP3 overexpression in experimental systems 

ranging from yeast to mice were confounded by supra-physiological levels 

of expression (10, 15, 19, 37, 42). These high levels of protein expressed on the 

mitochondrial inner membrane induced artifactual proton leak (15, 37), 

making it difficult to draw conclusions about the true function of UCP3. 

In this study our aim was to assess the effect of long-term (4 or 8 month-) high 

fat feeding on Ucp3 -I- mice, wild type control mice, and in mice with 

increased levels of UCP3 that are physiological [UCP3tg). Here we report the 

effects of UCP3 on development of T2DM, whole body energetics and fuel 

storage. 
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Materials and Methods 

Animal Models 

Male Ucp3 -/-, wildtype and UCP3tg C57BL/6 mice (n=20 per genotype) 

back-crossed 10 generations were housed individually in clear 

polycarbonate cages from weaning and fed a high fat rodent diet 

(Research Diets, D12451, New Brunswick, NJ) ad libitum. The D12451 diet 

consisted of 20% protein (casein and L-cysteine), 35% carbohydrate (corn 

starch, maltodextrin and sucrose) and 45% fat (soybean oil and lard) by 

kilocalorie. Mice were housed at 23°C for 4 or 8 months with light from 0600-

1800. The Fl generation of the UCP3tg mice has been previously described 

(10); these mice were provided originally by Dr. John Clapham at Glaxo-

Smith-Kline (UK). The overexpressor mice used in this study express 2-3 fold the 

UCP3 protein levels of wildtype mice in skeletal muscle. The Ucp3 -I- mice 

have also been previously described, but on a mixed genetic background 

(13). Animals were cared for in accordance with the principles and 

guidelines of the Canadian Council on Animal Care and the Institute of 

Laboratory Animal Resources (National Research Council). The study was 

approved by the Animal Care Committee of the University of Ottawa. 
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Whole Body Analyses 

Body weight and food intake were determined twice per week for the 

duration of the study. Food intake is expressed as the total amount of energy 

ingested over the study period divided by the same number of days (mean 

kcal ingested per day). Metabolic efficiency was calculated as total body 

weight gained divided by total amount of energy consumed during the 

study period (mg body weight gained per kcal ingested). Rectal body 

temperature was measured at 0730 immediately prior to sacrifice (Physitemp 

Thermalert, Model TH-8, Clifton, New Jersey) while naso-anal length was 

measured post-sacrifice. 

Glucose and Insulin Tolerance Tests 

Mice were assessed for glucose and insulin tolerance after 1, 2, 3, 4 and 8 

months on the diet. Tests were carried out at one week intervals to allow 

recovery time. Saphenous blood was used to measure blood glucose using a 

glucometer (One Touch Basic, LifeScan, Burnaby, British Columbia). Prior to 

the tests, fasting blood glucose was measured and then mice were 

intraperitoneally injected with 1 mg glucose (10% dextrose in sterile saline) or 

1 x TO4 units human insulin (Humalog Rapid Acting, Eli Lilly, in sterile saline) per 

g body weight. Blood glucose was assessed again at 10, 20, 30 and 120 min 

post-injection. 
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Indirect Calorimetry 

A customized four-chamber Oxymax system (Columbus Instruments, 

Columbus, OH) was used to measure oxygen consumption (VO2) and 

carbon dioxide production (VCO2) in the mice. The system was programmed 

to maintain chamber temperature at 24°C with lights on from 0600-1800. Flow 

rate was set at 0.5 L/min and the sample line-purge at 2 min. Mice were 

housed individually in the 2.5 L calorimetry chambers and given ad libitum 

access to water and the diet. Measurements were taken every twelve 

minutes for 60 s over a period of 24-hours. Energy expenditure was expressed 

as percent relative cumulative frequencies of all points collected, as 

described previously (29). Respiratory exchange ratios (RER) were calculated 

as the ratio of VCO2 divided by VO2. 

Analysis of 2-Deoxy-[1-3H]-Glucose-6-Phosphate in Tissue 

This procedure was adapted from Wang et at. (41) with minor modifications 

and has been previously described (11). At 4 months, mice fasted overnight 

were injected intraperitoneally with 0.5 u.Ci 2-deoxy-[l-3H]-glucose mixed with 

10% dextrose to provide a fixed specific activity of 1 g glucose per kg body 

weight. 70 min post-injection, quadriceps, gastrocnemius, diaphragm, 

interscapular brown adipose tissue (IBAT), epididymal white adipose tissue 

(EWAT), liver, pancreas and heart were flash frozen in liquid nitrogen. Thawed 

tissues homogenized in 2% HCICU were incubated at 4°C overnight then 
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centrifuged for 10 min at 2000 x g. Total [3H]-radioactivity was determined in 

50% of the neutralized supernatant, and the other 50% was applied to a 

anion exchange resin-filled column (Agl-X8) (BioRad, Mississauga, Ontario, 

Canada). [3H]-radioactivity was measured in free 2-deoxyglucose and 2-

deoxyglucose-6-phosphate eluantes. Tissue glucose uptake was determined 

by dividing tissue [3H]-2-deoxyglucose-6-phosphate activity by the glucose 

specific activity. 

Analysis of 2-Deoxy-[1 -3H]-Glucose-6-Phosphate in Liver Glycogen 

This procedure was adapted from Wang ef a/. (41) with minor modifications 

and has been previously described (11). Preparation of liver samples was 

carried out as described above in the analysis of tissue 2-deoxy-[l-3H]-

glucose-6-phosphate. 2.5% oyster glycogen and 0.2% Na2SC>4 were added to 

the neutralized supernatant prior to glycogen precipitation with ethanol. The 

resulting pellet was washed once and resuspended in distilled water before 

[3H]-radioactivity counting. 

Statistical Methods 

One-way ANOVA with Tukey post-test was used to assess statistical 

significance for body weight, food intake, naso-anal length, body 

temperature, metabolic efficiency, tissue weights, oxygen consumption, 

respiratory exchange ratios, 2-deoxy-[l-3H]-glucose tissue uptake and 
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incorporation of 2-deoxy-[l-3H]-glucose into liver glycogen (Figures 23-27, 30; 

Table 6). Two-way ANOVA with Bonferroni correction was used to assess 

statistical significance for glucose tolerance tests and insulin tolerance tests 

(Figures 28 and 29). 
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Results 

Whole Body Analysis 

There were no differences in body weight after 4 months of HF feeding 

(Figure 23A), however, after 8 months on the diet, UCP3tg mice weighed less 

than wildtype mice (Figure 23B). There was a trend for UCP3tg mice to have 

lower body weights compared to Ucp3 7- mice at 8 months, although this 

did not reach statistical significance. UCP3tg mice did, however, have lower 

metabolic efficiencies compared to both wildtype and Ucp3 -/- mice after 8 

months of HF feeding, but not after 4 months (Figures 24A, 24B). There were 

no differences in food intake at either 4 months (UCP3tg: 10.18 ± 0.18 kcal/d; 

WT: 10.08 ± 0.25 kcal/d; Ucp3 -/-: 10.31 ± 0.24 kcal/d; n=10-13, means ± SEM, 

One-way ANOVA, Tukey post-test, NS) or 8 months (UCP3tg: 12.67 ± 0.26 

kcal/d; WT: 12.51 ± 0.38 kcal/d; Ucp3 -/-: 12.89 ± 0.47 kcal/d; n=10, means ± 

SEM, One-way ANOVA, Tukey post-test, NS). There were no differences in 

naso-anal length at 8 months (UCP3tg: 8.5 ± 0.2 cm; WT: 9.0 ± 0.2 cm; Ucp3 -/-

: 9.0 ± 0.2 cm; n=10, means ± SEM, One-way ANOVA, Tukey post-test, NS), 

although there was an unexpected increase in body temperature of both 

UCP3tg and Ucp3 -I- mice compared to wildtype mice [UCP3tg: 34.2 ± 

0.4°C; WT: 30.3 ± 1.6°C; Ucp3 -/-: 34.1 ± 0.4°C; n=10, means ± SEM, One-way 

ANOVA, Tukey post-test, *p<0.05 UCP3tg vs. WT, *p<0.05 Ucp3 -/- vs. WT). 
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UCP3tg UCP3-/- B UCP3tg UCP3 -/-

Figure 23: Body weight (g). Means ± SEM; one-way ANOVA, Tukey post-test. 

A) After 4 months of HF feeding; n=10-13; NS. B) After 8 months of HF feeding; 

n=10;*p<0.05. 
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Figure 24: Metabolic efficiency (mg/kcal). Means ± SEM; one-way ANOVA, 

Tukey post-test. A) After 4 months of HF feeding; n=10-13; NS. B) After 8 

months of HF feeding; n=10; **p<0.01. 
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Wet weight tissue analysis revealed no differences in muscle mass 

(gastrocnemius, soleus, quadriceps, diaphragm), interscapular brown 

adipose tissue (IBAT), or organ (pancreas, liver, heart, spleen) weights (Table 

6). There were no differences in adiposity as measured by epididymal white 

adipose tissue (EWAT) mass at 4 months. However at 8 months of HF feeding, 

UCP3tg mice had smaller EWAT depots compared to Ucp3 -/- mice, and 

Ucp3 -I- mice had higher EWAT depots compared to wildtype mice (Figures 

25A, 25B). 

Indirect Calorimetry 

After 4 months of HF feeding, UCP3tg mice had lower whole body oxygen 

consumption compared to Ucp3 -I- mice, however, this difference 

disappeared after 8 months on the diet (Figures 26A, 26B). There were no 

differences in respiratory exchange ratio (RER) after either 4 or 8 months of HF 

feeding (Figures 27A, 27B). 

Glucose Tolerance 

After one month on the HF diet, Ucp3 -I- mice had better glucose tolerance 

compared to wildtype mice, whereas after 2 and 3 months of HF feeding the 

UCP3tg and Ucp3 -I- mice had better glucose tolerance compared to 

wildtype mice (Figures 28A, 28B, 28C). Differences in glucose tolerance were 

not evident after 4 months of HF feeding (Figures 28D, 28E). 
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4 months 
Tissue (g) 

Soleus 
Gastrocnemius 

Quadriceps 
Diaphragm 

IBAT 
Pancreas 

Liver 
Heart 

Spleen 

8 months 
Tissue (g) 

Soleus 
Gastrocnemius 

Quadriceps 
Diaphragm 

IBAT 
Pancreas 

Liver 
Heart 

Spleen 

UCP3tg 

0.03 ± 0.00 
0.37 ±0.01 
0.37 ± 0.02 
0.09 ± 0.01 
0.10 ±0.01 
0.19 ±0.02 
0.92 ± 0.03 
0.15 ±0.01 
0.08 ±0.01 

UCP3tg 

0.02 ± 0.00 
0.32 ±0.01 
0.32 ±0.01 
0.10 ±0.01 
0.29 ± 0.04 
0.31 ±0.04 
1.57 ± 0.20 
0.17 ±0.01 
0.09 ± 0.01 

WT 

0.03 ±0.01 
0.34 ±0.01 
0.37 ± 0.02 
0.11 ±0.01 
0.14 ±0.01 
0.21 ± 0.03 
1.02 ± 0.04 
0.18 ±0.01 
0.10 ±0.01 

WT 

0.03 ±0.01 
0.34 ±0.01 
0.30 ±0.01 
0.11 ±0.01 
0.33 ± 0.04 
0.28 ±0.01 
2.31 ±0.18 
0.16 ±0.01 
0.10 ±0.01 

Ucp3 -/-

0.02 ± 0.00 
0.33 ± 0.04 
0.32 ± 0.02 
0.10 ±0.01 
0.13 ±0.04 
0.23 ± 0.02 
0.99 ±0.10 
0.15 ±0.01 
0.10 ±0.02 

Ucp3 -/-

0.03 ±0.01 
0.35 ± 0.02 
0.29 ± 0.03 
0.14 ±0.02 
0.32 ± 0.04 
0.34 ± 0.03 
1.87 ± 0.37 
0.18 ±0.02 
0.10 ±0.02 

Table 6: Wet tissue weight analysis. Means ± SEM, n=10-13 (4 months), n=10 (8 

months), One-way ANOVA, Tukey post-test, NS. 
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UCP3tg UCP3 -/- B UCP3tg WT UCP3 -/-

Figure 25: Epididymal white adipose tissue (EWAT) mass (g). Means ± SEM; 

one-way ANOVA, Tukey post-test. A) After 4 months of HF feeding; n=10-13; 

NS. B) After 8 months of HF feeding; n=10; *p<0.05, ***p<0.001. 
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A V02 (ml/min/mouse) B V02 (ml/min/mouse) 

Figure 26: Mean percentage of cumulative frequency (PRCF) of oxygen 

consumption (V02). One-way ANOVA, Tukey post-test at 10th, 20th, 30th, 

40th, 50th, 60th, 70th, 80th, and 90th percentiles. A) After 4 months of HF 

feeding; n=7-l 1; *p<0.05, **p<0.01 UCP3tg vs. Ucp3 -/-. B) After 8 months of 

HF feeding; n=7-10;NS. 
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Figure 27: Mean percentage of cumulative frequency (PRCF) of respiratory 

exchange ratio (RER). One-way ANOVA, Tukey post-test at 10th, 20th, 30th, 

40th, 50th, 60th, 70th, 80th, and 90th percentiles. A) After 4 months of HF 

feeding; n=7-l 1; NS. B) After 8 months of HF feeding; n=5-9; NS. 
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Figure 28: Glucose tolerance tests. Means ± SEM; two-way ANOVA, 

Bonferroni correction. A) After 1 month of HF feeding; n=20; JpO.01 WT vs. 

Ucp3 -/-. B) After 2 months of HF feeding; n=20; *p<0.05, **p<0.01 UCP3tg vs. 

WT; tp<0.05 WT vs. Ucp3 -/-. C) After 3 months of HF feeding; n=20; *p<0.05 

UCP3tg vs. WT; fp<0.05 WT vs. Ucp3 -/••• D) After 4 months of HF feeding; n=20; 

NS. E) After 8 months of HF feeding; n=l 0; NS. 
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Insulin Tolerance 

There were no differences in insulin tolerance during the first 2 months of HF 

feeding (Figures 29 A, 29B), however, both UCP3tg and Ucp3 -I- mice were 

more insulin sensitive compared to wildtype mice after 3 and 4 months of HF 

feeding (Figures 29C, 29D). As seen with glucose tolerance, long-term HF 

feeding caused this difference to disappear: there were no differences in 

insulin sensitivity between the genotypes after 8 months on the HF diet (Figure 

29E). 

2-Deoxy-[1-3H]-Glucose Uptake 

In accordance with glucose tolerance data, there were no differences in 2-

deoxy-[l-3H]-glucose uptake into any tissue (Figure 30A) or in incorporation of 

2-deoxy-[l-3H]-glucose into liver glycogen (Figure 30B) after 4 months of HF 

feeding. 
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Figure 29: Insulin tolerance tests. Means ± SEM; two-way ANOVA, Bonferroni 

correction. A) After 1 month of HF feeding; n=19-20; NS. B) After 2 months of 

HF feeding; n=2-; NS. C) After 3 months of HF feeding; n=20; *p<0.05 UCP3tg 

vs. WT; tp<0.05 JpO.Ol, HpO.OOl WT vs. Ucp3 -/-. D) After 4 months of HF 

feeding; n=20; **p<0.01 UCP3tg vs. WT; tp<0.05 WT vs. Ucp3 -/-. E) After 8 

months of HF feeding; n=10; NS. 
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Figure 30: A) Mean 2-deoxy-[3H]-glucose uptake into tissues ± SEM after 4 

months of HF feeding. One-way ANOVA, Tukey post-test, NS. B) Mean 

incorporation of 2-deoxy-[3H]-glucose into liver glycogen ± SEM after 4 

months of HF feeding. One-way ANOVA, Tukey post-test, NS. 
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Discussion 

Given the hypothesized roles for UCP3 in skeletal muscle energy expenditure 

and lipid handling, our aim overall was to assess the impact of the long-term 

feeding of a high fat diet. To achieve this, we studied congenic mice either 

lacking, or having physiological overexpression of L/CP3, compared to 

wildtype control mice. After 8 months of HF feeding, UCP3tg mice showed 

reduced adiposity compared to Ucp3 -I- mice, and Ucp3 -I- mice showed 

increased adiposity compared to wildtype mice (Figure 25B). Differences in 

body weight were also observed after 8 months on the HF diet: UCP3tg mice 

had decreased body weight compared to wildtype controls (Figure 23B). 

There were no differences in muscle (soleus, gastrocnemius, quadriceps, 

diaphragm), IBAT or organ (pancreas, liver, heart, spleen) weights following 4 

or 8 months of HF feeding (Table 6). Therefore, the only tissue to be 

significantly affected by the absence and physiological overexpression of 

UCP3 was adipose tissue. Thus we can conclude that UCP3 plays an 

important role in mitigating HF diet-induced obesity. 

Our results demonstrate that there were no differences in dietary energy 

intake between the three genotypes, resulting in lower metabolic efficiency 

in UCP3tg mice compared to both wildtype and Ucp3 -/- mice over 8 

months of HF feeding (Figure 24B). Since there were no differences in food 
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intake, the increased adiposity in Ucp3 -I- must be explained by differences 

in energy expenditure. Energy expenditure was measured as oxygen 

consumption using whole body indirect calorimetry, but we were unable to 

detect differences in oxygen consumption after 8 months of HF feeding 

(Figure 26B). It can be difficult to detect small differences in whole body 

energy expenditure via indirect calorimetry due to the -5% error associated 

with this technique (22). Interestingly, compared to Ucp3 7- mice, UCP3tg 

mice displayed lower oxygen consumption after 4 months of HF feeding 

(Figure 26k), despite no differences in body weight (Figure 23A), EWAT 

weight (Figure 25A), food intake or metabolic efficiency (Figure 24A). 

However, there were no statistical differences in oxygen consumption 

between UCP3tg mice and wildtype controls. Spontaneous physical activity 

was not assessed, although differences in this parameter could account for 

the oxygen consumption results at this early time point. 

We previously published a study in which we assessed the absence and the 

overexpression of UCP3 in congenic C57BI6 mice fed a 10% fat defined diet 

(11). Although UCP3tg mice were protected from obesity and the 

development of insulin resistance, Ucp3 7- mice were also protected from 

insulin resistance. However, when challenged with a high fat (45%) diet, Ucp3 

-I- showed increased accumulation of intramuscular triglyceride (IMTG) 

compared to wildtypes, whereas UCP3tg mice showed decreased IMTG 
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content. Accumulation of IMTG is known to be closely linked with 

development of insulin resistance (reviewed in (14)). Additionally, Choi and 

colleagues demonstrated that UCP3tg mice were protected from the 

development of insulin resistance after short term (10 day-) high fat feeding 

(9). The latter finding was recently corroborated by Tiraby et al (38). However, 

neither of these reports included analyses of Ucp3 -I- mice. 

Paradoxically, Ucp3 -I- mice as well as UCP3tg mice were protected from 

the development of glucose intolerance and insulin resistance when fed a 

10% fat diet (11). Similar glucose tolerance results were obtained when mice 

were fed the 45% fat diet for the first 3 months, although these differences 

disappeared as of 4 months on the diet (Figures 28A-E). UCP3tg and Ucp3 -/-

mice also showed protection from insulin resistance after 3 and 4 months of 

high fat feeding, but these differences disappeared after 8 months of 

consumption of the HF diet (Figures 29A-E). Unlike Ucp3 -/- mice fed the 10% 

fat diet which showed increased 2-deoxy-[l-3H]-glucose in BAT at 4 months, 

there were no genotype differences in 2-deoxy-[l-3H]-glucose uptake in any 

of the muscles, fat depots or organs examined (Figure 30A). In addition, there 

were no differences in 2-deoxy-[l-3H]-glucose incorporation into liver 

glycogen in mice fed the HF fat diet (Figure 30B). Altogether, 2-deoxy-[l-3H]-

glucose uptake results are consistent with the glucose tolerance data at 4 

months (Figure 28D). 
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Due to its high sequence homology to the original uncoupling protein 

expressed in BAT, UCP1, UCP3 was first hypothesized to dissipate the proton 

gradient across the mitochondrial inner membrane in skeletal muscle, 

thereby uncoupling oxidative phosphorylation and releasing energy as heat. 

Since its discovery in 1997, several studies have shown that UCP3 is likely not 

responsible for basal proton leak in muscle (1, 7). In fact, the adenine 

nucleotide translocator (ANT) is probably responsible for the majority of 

proton leak in this tissue (6). However, it may be possible that UCP3, upon 

activation by a fatty acid, a reactive oxygen species (ROS), or a lipid by­

product of ROS [e.g., 4-hydroxynonenal) can cause increases in proton leak 

(5). UCP3 expression is increased in situations of increased reliance on fatty 

acid oxidation, such as fasting (4, 25), high fat feeding (24, 33) and acute 

exercise (32, 39). These expression patterns led to two hypotheses implicating 

UCP3 as a fatty acid anion transporter; either to increase fatty acid oxidation 

capacity (18) or for the protection from lipid peroxidation (34). Indeed the 

content and/or activity of key proteins involved in FA uptake and oxidation 

are increased in UCP3tg muscle, supporting a role for UCP3 in FA metabolism 

(2). MacLellan ef a/ also demonstrated that the physiological overexpression 

of UCP3 in 16 muscle cells resulted in increased FA oxidation, and decreased 

reactive oxygen species production (23). However, the molecular 

mechanisms through which UCP3 functions in FA metabolism are yet to be 

elucidated. 
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In conclusion, our results support a role for UCP3 in the protection from fat 

gain when exposed to a HF diet over a prolonged period of time, but not a 

role for long-term protection against HF-induced insulin resistance. The 

physiological function of UCP3 and its molecular mechanism require further 

investigation, although it appears likely that this protein is involved in fuel 

management. 
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General Discussion 

The Necessity of Novel Therapies for Energy Regulation Disorders 

In a country where ~6 in 10 adults and ~3 in 10 children are overweight or 

obese (64), there can be no disputing the necessity of action in this area. The 

medical implications of maintaining a state of over-nutrition are clear 

(reviewed in (40)) and include Canada's leading causes of death, 

cardiovascular disease and cancer [65). Another risk factor associated with 

overweight/obesity is the energy management disorder T2DM (reviewed in 

(40)). Over 2 million Canadians are currently living with DM, and this number 

is expected to grow by 50% by the time we reach the year 2010 (CDA). The 

association between overweight/obesity and T2DM is well documented (10, 

13, 20, 58) and adds to the complexity of dissecting this energy management 

disorder. With the majority of our population living in a state of positive 

energy balance and an increasing number of Canadians succumbing to 

insulin resistance and T2DM, the need for the development of effective 

treatment strategies has become essential. 

Weight loss and/or halting/reversing the progression of T2DM through lifestyle 

management is possible, but difficult for many people in today's obesigenic 

society. A negative energy balance can be achieved through a decrease in 

energy intake (via caloric restriction) and/or an increase in energy 
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expenditure (via physical activity). Weight loss has been shown to be 

effective in improving glucose tolerance and insulin sensitivity in type 2 

diabetics (27, 44), and even muscle contraction alone is extremely beneficial 

as it elicits glucose uptake through the insulin-independent pathway (42, 46, 

51, 52, 70, 75, 78). However, adherence to this traditional 'diet and exercise' 

regimen has proven to be easier said than done for many individuals. 

Targeting energy intake is an active area of research, as discussed in the 

Whole Body Energy Regulation section of the General Introduction of this 

thesis. Exploiting neuro-endocrine pathways to control feelings of hunger and 

satiety may be an effective way to regulate food intake in humans (28). 

Targeting energy expenditure at the molecular level may also be possible 

through the activation of uncoupling of oxidative phosphorylation in skeletal 

muscle or converted WAT (reviewed in (15)), also discussed in the General 

Introduction in the Treatment of Energy Regulation Disorders section. 

Regardless of the targeting strategy, it is clear that research into the basic 

mechanisms underlying whole body energy management and tissue-specific 

cellular energy homeostasis will be crucial for the development of novel 

therapies to stem the energy disregulation epidemic in our society. 
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AMPKY3 Activation as a Treatment for T2DAA and Obesity 

AMPK is touted as the master regulator of energy in the cell (30, 32) and 

fascinatingly contributes to the regulation of energy balance at the level of 

the whole body as well (reviewed in (39)). When activated (through a fall in 

cellular ATP levels and subsequent rise in AMP levels) by muscle contraction, 

low glucose, hypoxia or ischemia (33, 76), AMPK 'turns on' ATP producing 

pathways and associated processes such as glucose uptake, glycolysis, fatty 

acid oxidation and mitochondrial biogenesis. Activated AMPK 'turns off ATP 

consuming pathways such as those responsible for the synthesis of glycogen, 

fatty acids, sterols and proteins. It thus restores energy charge in the cell 

(reviewed in (29)). 

Since the activation of AMPK elicits glucose uptake into the cell in an insulin-

independent manner (48) and suppresses gluconeogenesis in the liver (45), it 

is a logical target for T2DM therapy. In fact, AMPK activation in skeletal 

muscle has been shown to reduce the level of insulin resistance and T2DM in 

experimental animals (4, 8, 9, 74). Metformin, an anti-diabetic drug of 

widespread use, indirectly activates AMPK (24, 77) through the tumor 

suppressor LKB1 (62) to improve glucose clearance in type 2 diabetics. 

Rosiglitazone and pioglitazone, both TZDs and also commonly prescribed in 

cases of T2DM, have been shown to carry out their effects partly through 

PPARy/adiponectin-mediated activation of AMPK (24, 41, 43, 49, 55). The 
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positive effects of these drugs in skeletal muscle and liver are clear, however, 

metformin and TZDs are non-specific activators of AMPK, therefore activating 

AMPK in all tissues. Activation of AMPK in the hypothalamus results in 

increased food intake (reviewed in (39)), which is obviously undesirable in 

obesity and T2DM. Also, certain missense mutations in the AMPKy2 isoform 

have been shown to be constitutively active when expressed in the AMPK 

yeast homologue (SNF1/SNF4) (2) (although some controversy exists here 

(18)) and result in increased glycogen storage in the heart, WPW syndrome, 

conduction system disease and cardiac hypertrophy (2, 25, 26). In fact, it 

was recently revealed that some subjects treated with rosiglitazone have a 

slightly elevated risk of death from a cardiovascular event (50), and it has 

been suggested that this risk may arise from the activation of AMPK in the 

heart (31). 

It therefore seems rational that more specific activators of AMPK would be of 

great benefit for the treatment of T2DM. Since AMPK has three subunits, each 

with various isoforms, one way to target tissue-specific AMPK activation 

would be to develop a pharmaceutical that activates only one isoform of a 

particular subunit. The gamma-3 isoform is expressed exclusively in skeletal 

muscle, and it is thought that only three AMPK complexes are expressed in 

human vastus lateralis: a i / f c /y i , a2/(32/Yi end adfolvz (5). Further, only the 

gamma-3 containing complex is phosphorylated and activated during high 
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intensity exercise (5). Based on studies in purebred Hampshire Rendement 

Napole pigs, AMPKY3 containing the R225Q mutation has been shown to 

result in increased AMPK activity, increased glycogen storage in skeletal 

muscle (but not in heart or liver) and decreased muscle fat (1, 35, 71). 

Increased muscle glycogen content may seem contradictory in a situation of 

AMPK activation since AMPK is known to inhibit glycogen synthase; however, 

it is thought that increased glucose uptake rates overcompensate for this 

inhibition, resulting in the accumulation of glycogen in muscle tissue. In fact, 

it has been shown that R225Q pigs re-synthesize glycogen at faster rates than 

control pigs due to increased muscle glucose uptake rates following an 

exercise challenge (1, 35). Development of a pharmaceutical that would 

act specifically on the gamma-3 subunit of AMPK could be an effective way 

to increase glucose uptake in skeletal muscle of individuals with T2DM 

without eliciting negative effects in the brain or heart. Unfortunately, hepatic 

glucose production would not be decreased (as is it with metformin 

treatment (3, 37)) as AMPKy3 is not expressed in the liver. 

Prior to development of such a drug, we now have a model of how it might 

affect humans: the recently identified naturally occurring AMPKy3 R225W 

mutation results in both increased basal and AMP-stimulated AMPK activity in 

skeletal muscle, increased muscle glycogen and decreased IMTG in the 

absence of a change in fiber type ratio (17). Additionally, it may cause 
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increased glucose uptake in skeletal muscle following exercise (preliminary 

results in Appendix A), as seen in the R225Q pigs (1, 35). Further 

characterization of the AMPKV3 R225W carriers is required. In an ongoing 

study, we are continuing to assess glucose uptake into skeletal muscle in vivo 

in the resting and exercised states through positron emission tomography 

(PET) (described in Appendix A). We will also investigate glucose uptake 

following a V02max treadmill test and look at whole body oxygen 

consumption and respiratory exchange ratios via indirect calorimetry in the 

resting and exercised states. Another muscle biopsy of these carriers and 

their matched controls is planned so that we can look at metabolic 

characteristics of isolated muscle cells grown up and differentiated in 

culture. Experiments planned include biochemical determination of 

glycogen and IMTG, oxygen consumption and metabolic flexibility using 

fluorescence technologies (Seahorse Bioscience Extracellular Flux Analyzer), 

mitochondrial membrane potential and ROS production through the use of 

fluorescence probes, and glucose uptake using radiotracer approaches. 

Activities of key enzymes known to be affected by AMPK will also be 

measured. It is our hope that a full characterization of the effects of the 

AMPKy3 R225W mutation in vivo and in vitro will lead to the development of 

novel pharmacotherapies for individuals with T2DM, as we now know that 

individuals with T2DM or obesity have deceased AMPK activation during 

exercise (63). 
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There is less evidence to support AMPK as an effective target for obesity 

treatment, although long-term AICAR treatment in rats has been shown to 

decrease intra-abdominal fat content (73). The stimulation of pathways such 

as glycolysis and fatty acid oxidation through activation of AMPK may initially 

appear to be instigating a shift towards an increase in energy expenditure; 

however, the end result of these pathways is the production of ATP. 

Phosphogen levels are tightly regulated in the cell: the ATP:ADP ratio is 

maintained at 10:1 (reviewed in (34)). ATP is a direct inhibitor of AMPK, 

therefore high cellular levels of ATP inactivate AMPK (14, 19). This negative 

feedback loop would make achieving a negative energy balance 

impossible strictly through the activation of AMPK. In order to maintain 

activation of AMPK (and its downstream effectors), ATP levels in the cell 

would need to be depleted through the utilization of ATP, or ATP production 

would have to be prevented through uncoupling of oxidative 

phosphorylation, where the energy associated with reducing equivalents 

entering the ETC would be dissipated as heat. It is worth noting, however, 

that whole body energy balance has many major players besides AMPK 

[e.g., NPY, endocannabinoids and GRP; reviewed in (28)). Activation of 

AMPK in peripheral tissues may be (over-)compensated for by other neuro­

endocrine players in order to affect whole body energy balance. The ability 

of ATP to inhibit skeletal muscle AMPK activity in AMPKy3 R225W carriers has 

yet to be assessed. 
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The Physiological Function of UCP3 

The physiological role of UCP3 is still elusive, despite 10 years of active 

research since its discovery. Probably the most striking phenotype of the 

UCP3 overexpressor mouse is its leanness, even when challenged with a high 

fat diet (12, 16, 66); however, UCP3 protein levels do not correlate with BMI in 

humans (59). One possibility that could explain this phenotype in the 

overexpressor mice (and lack of the opposite phenotype in the knockout 

mice) is that even a 2 to 3-fold increase in UCP3 protein causes artifactual 

uncoupling. This possibility has yet to be tested. 

It has been shown that individuals with T2DM have lower levels of UCP3 

protein in vastus lateralis (59), and several studies have shown improved 

glucose and insulin tolerance in UCP3 overexpressor mice (11, 12, 16); 

however, UCP3 knockout mice display the same protection from the 

development of insulin resistance (16), and neither UCP3 overexpressors or 

knockouts are protected from the development of insulin resistance when 

challenged with long-term high fat feeding (Costford et a/., submitted). 

Uncoupling of oxidative phosphorylation in skeletal muscle accounts for up 

to 50% of the tissue's resting metabolic rate (53, 54). Uncoupling in this tissue is 

therefore a reasonable target for increasing energy expenditure in the 

treatment of obesity. The discovery that UCP3 is expressed predominantly in 
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skeletal muscle and has high sequence homology to UCP1 (7, 69) sparked 

the logical hypothesis that it was indeed responsible for the high rates of 

uncoupling in resting muscle. UCP3 was subsequently found to be 

upregulated in response to situations of dependence on fatty acid oxidation 

and/or energy deficit such as fasting (6, 47, 72), acute exercise (60, 68) or 

high fat feeding [56, 57). No consistent correlations have been observed 

between UCP3 expression and altered in vivo energy expenditure. The 

uncoupling hypothesis therefore became inconsistent with UCP3's expression 

patterns. Two hypotheses for the function of UCP3 in fat metabolism were put 

forward in 2001: as a facilitator of beta oxidation (36) or as a protector from 

lipotoxicity (61). Another hypothesis was subsequently proposed implicating 

UCP3 in the protection from ROS and oxidative damage via mediation of an 

inducible proton leak (21-23). Very recently, it has also been proposed that 

the UCPs play important roles in mitochondrial calcium import (67). 

The studies described in this thesis do not advance our understanding of the 

molecular mechanism of UCP3 action; however, they do support a role for 

UCP3 in fat metabolism. Under both low and high fat feeding circumstances, 

UCP3 appears to prevent the accumulation of lipid storage in muscle (16), 

although this does not necessarily translate into protection from the 

development of fat-induced insulin resistance in the long-term (Costford et 

a/., submitted). UCP3 protected against increased storage of lipid in BAT 
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under low fat feeding conditions (16) and protected against the 

accumulation of adipose tissue during long-term high fat feeding conditions 

(Costford ef a/., submitted). Based on these studies, it is possible that UCP3 

may be an effective target for the prevention of fat gain; however, inducible 

transgenic mouse models are required for the determination of whether 

inducing increased expression of UCP3 is effective in initiating weight loss and 

reversing obesity. Regardless, further studies into the mechanistic action of 

this elusive protein are required for a better understanding of its physiological 

role. 

Conclusions 

Energy regulation disorders are complex. The heterogeneity of these 

disorders, especially obesity (reviewed in (38)), necessitates interdisciplinary 

routes of therapy. Investigated in this thesis were the roles of two potential 

obesity/T2DM therapeutic targets, AMPK and UCP3, in skeletal muscle fuel 

metabolism. 

Although further characterization is required, the identification of the 

naturally occurring AMPKy3 R225W mutation in humans, the subsequent 

discovery of its gain-of-function nature and the associated skeletal muscle 

fuel storage characteristics has set the stage for the development of a 

gamma-3 specific pharmaceutical activator of AMPK. Such an activator 
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would increase AMPK activity in skeletal muscle and promote increased 

glucose uptake in this tissue without altering AMPK activity or eliciting 

unwanted effects in other tissues. 

The physiological function of UCP3 has yet to be elucidated, however it is 

clear that overexpression of this mitochondrial inner membrane protein leads 

to the prevention of fat gain, even following long-term high fat feeding. 

UCP3 may play a role in the protection from the development of insulin 

resistance, but only in situations of low fat feeding or short-term high fat 

feeding. There is ample evidence that UCP3 plays a role in the management 

or regulation of fat metabolism, however, mechanistic studies are now 

required to determine its molecular role in the cell. 

AMPK and UCP3 are undoubtedly important players in the bioenergetics of 

skeletal muscle. There is potential for each as a target for novel 

pharmacotherapies, although further investigation in these areas is still 

required. 
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Appendix A 

Real-time skeletal muscle glucose uptake in 
AAAPKY3 R225W carriers using positron emission 

tomography 
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Rationale 

Upon activation, AMPK has been shown to increase glucose uptake in 

skeletal muscle by causing GLUT4 vesicle translocation to the plasma 

membrane (6) through AS 160 (5, 8). Since the AMPKy3 R225W mutation leads 

to increased basal and AMP-stimulated AMPK activity (3), we hypothesized 

that R225W carriers would display increased glucose uptake in both resting 

and exercising skeletal muscle. 

To investigate the effects of the AMPKy3 R225W mutation on glucose uptake 

in vivo, we collaborated with the University of Ottawa School of Human 

Kinetics and the Molecular Functioning and Imaging (MFI) Group at the 

University of Ottawa Heart Institute to determine real-time skeletal muscle 

glucose uptake in R225W carriers using [18F]-fluorodeoxyglucose (FDG) 

positron emission tomography (PET). 
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Condensed Protocol 

Pre-Screening 

Control subjects for R225W carriers were matched for age, gender, BMI and 

physical activity. Prior to inclusion in the study, all subjects completed a 

standard Physical Activity Readiness Questionnaire (PAR-Q) to evaluate 

exercise eligibility. 

Visit #1 

Subjects fasted overnight before undergoing testing at the University of 

Ottawa School of Human Kinetics to determine the maximal force output of 

the quadriceps muscle group in their dominant leg using a KinCom leg 

extension machine. This value was used to calculate the load for the exercise 

intervention prior to PET analysis. Electromyography (EMG) was also 

performed during a series of fatigue tests to evaluate resistance to muscular 

fatigue. 

Visit #2 

Subjects underwent an overnight fast prior to arriving at the PET Facility at the 

University of Ottawa Heart Institute. An intravenous (IV) line was inserted in 

one arm (for FDG injection) and an arterialized IV line was inserted in the 

other line (for blood sampling). A baseline blood sample was taken 
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immediately before the initiation of the exercise intervention for the 

determination of free fatty acid (FFA), Cortisol, insulin, lactate and glucose 

concentrations. 

Subjects performed 30 minutes of leg extensions on their dominant leg with 1 

second duration for the concentric contraction and 2 seconds duration for 

the eccentric contraction (timed using a metronome). Subjects lifted an 

ankle weight bearing a load which required them to generate 11% of their 

maximal force output, as determined on Visit #1 (Figure 31). Ten minutes after 

the initiation of exercise, subjects were injected with the FDG (this time point 

is referred to as 'time 0'). After the completion of 30 minutes of exercise, 

subjects were transferred immediately to the CT/PET scanner, where they 

underwent a CT scan followed by a 15-minute PET scan (Figure 32). Subjects 

remained in the scanner until 70 minutes post-exercise initiation ('time 60'). 

After the initial sampling, blood was drawn for metabolite determinations 

immediately following injection of FDG, 20 minutes post-injection and 60 

minutes post-injection. Blood samples for [18F] activity determination were 

taken immediately following injection, every 20 seconds for the first 3 minutes, 

then every 10 minutes until 60 minutes post-injection (Figure 33). 
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Figure 31: Image of subject performing leg extensions with ankle weight 

during test run of procedure. 
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Figure 32: Image of subject undergoing PET scan during test run of the 

procedure. 
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Figure 33: FDG PET exercise intervention protocol. 



Results to Date 

Maximal Muscular Force Output 

To date (n=2), there are no differences in maximal force output of the 

quadriceps between R225W carriers and matched controls (Figure 34). 

Muscular Fatigue 

Subjects also underwent a series of muscular fatigue tests during which EMG 

was performed. We anticipate that R225W subjects will have higher 

resistance to muscular fatigue as they have increased muscle glycogen 

content (3), however the data as of yet is too preliminary to analyze. 

Real-Time Glucose Uptake 

There is a trend for R225W patients to have increased FDG uptake during 

exercise, but not at rest under fasting conditions (Figure 35 and 36). 
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Figure 34: Maximal force output generated during extension of the leg. n=2, 

means ± SEM. Student's f test, NS. 
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PET/CT PET 

Control 

R225W 

Figure 35: PET/CT and PET images of cross section of thighs in R225W carrier 

and matched control following exercise intervention. FDG indicated by 

colour intensity scale on right of each image (colour at top of scale indicates 

highest concentration of FDG). Anterior thigh: top; posterior thigh: bottom. 

Resting leg on left, exercised leg on right. 
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Figure 36: Quantification of PET images: maximal FDG uptake represented in 

standard uptake values (SUV). n=2, means ± SEM. One-way ANOVA, NS 

between R225W carriers and controls. 
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Summary 

Muscle Function 

There were no differences in maximal force output of the quadriceps 

between R225W carriers and matched controls (Figure 34), however this 

result was not unexpected. There is evidence that AMPK is involved in the 

molecular adaptation to endurance exercise (reviewed in (9)), therefore we 

hypothesized that R225W carriers would have increased resistance to 

muscular fatigue. The sample size is as yet too small to be able to draw 

conclusions from the EMG data, however we are currently recruiting more 

subjects for this study. 

Skeletal Muscle Glucose Uptake 

FDG PET has recently begun to be used to examine glucose uptake into 

skeletal muscles and tendons during exercise (4, 7). We compared FDG 

uptake in resting and exercised quadriceps muscles in R225W carriers and 

matched control subjects. We hypothesized that R225W carriers would have 

increased glucose uptake in both the resting and the exercised state 

compared to matched controls, due to their increased basal and AMP-

stimulated AMPK activity in skeletal muscle (3). R225W carriers also exhibit 

increased muscle glycogen storage (3), which is paradoxical as AMPK is 

known to inhibit glycogen synthase (1, 2, 10). Increased glucose uptake, 
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however, may be able to explain the excess storage of glycogen in these 

subjects. 

Our data indicate that there is no difference in FDG uptake in the resting 

state between R225W carriers and controls (Figure 36). However, PET may not 

be sensitive enough to detect differences in such low levels of glucose 

uptake in skeletal muscle as during the fasting state. There is a trend for 

R225W carriers to take up more FDG into the quadriceps muscles during the 

exercised state compared to control subjects. We anticipate that this result 

will reach statistical significance with an increased sample size. 
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RESEARCH PRESENTATIONS and POSTERS 

October 2007 

October 2006 

May 2006 

February 2006 

June 2005 

March 2005 

November 2004 

January 2004 

June 2003 

June 2003 

June 2003 

April 2003 

The Obesity Society Annual Scientific Meeting 
Oral Presentation (New Orleans, LA) 

Biochemistry of Exercise 13th International Conference 
Poster Presentation (Seoul, Korea) 

University of Ottawa Centre for Catalysis Research and 
Innovation Grand Opening, Poster Presentation (Ottawa, 
ON) 

University of Ottawa Biochemistry, Microbiology & 
Immunology Research Symposia, Oral Presentation 
(Ottawa, ON) 

48th Annual Meeting of the Canadian Federation for 
Biological Societies, Poster Presentation (Guelph, ON) 

University of Ottawa, BMI Graduate Student Poster Day 
Poster Presentation (Ottawa, ON) 

North American Association for the Study of Obesity 2004 
Annual Scientific Meeting, Poster Presentation (Las Vegas, 
NV) 

Centre for Catalysis Research and Innovation Workshop-Ill 
Poster Presentation (Ottawa, ON) 

46th Annual Meeting of the Canadian Federation for 
Biological Societies, Nestle Nutrition Graduate Student 
Competition Finalist 
Oral Presentation (Ottawa, ON) 

46th Annual Meeting of the Canadian Federation for 
Biological Societies 
Poster Presentation (Ottawa, ON) 

Centre for Research of Biopharmaceuticals -
Diabetes/Obesity Research Day, Poster Presentation 
(Ottawa, ON) 

University of Ottawa, BMI Graduate Student Poster Day 
Poster Presentation (Ottawa, ON) 



RESEARCH PRESENTATIONS and POSTERS CONTINUED 

April 2003 Experimental Biology 2003 Conference 
Poster Presentation (San Diego, CA) 

INVITED LECTURES 

February 2007 Connexion Fitness Conference 
Keynote Address (Ottawa, ON) 

ACADEMIC SERVICE 

Jan-Dec 2006 University of Ottawa BMI Graduate Students' 
Association 
Vice President Internal Affairs 

Mar 05-Dec 2006 University of Ottawa Faculty of Medicine Graduate 
Student Representative Committee, Member 

Oct 04-Dec 2006 University of Ottawa Biochemistry Graduate Studies 
Committee 
Graduate Student Representative 

May 04-Dec 2006 University of Ottawa Biochemistry, Microbiology & 
Immunology Council, Graduate Student 
Representative 

Jan 03-Dec 2005 University of Ottawa BMI Graduate Students' 
Association, Secretary 



TEACHING EXPERIENCE 

Jan 07-Apr 2007 Teaching Assistant: Lecturer 
University of Ottawa, Faculty of Science 

Jan 04-Apr 2006 Teaching Assistant: Marker/Corrector 
University of Ottawa, Faculty of Science 

Sep 03-Sep 2006 Teaching Assistant: Laboratory Demonstrator 
University of Ottawa, Faculty of Science 

May 02-Dec 07 Health & Fitness Trainer/Presenter 
National Capital Region YMCA-YWCA Education 
Centre 

MEDIA & CONSULTING 

November 2006 Program Development for Canada's First Women's 
Only YMCA Centre, National Capital Region YMCA-
YWCA 

Jan-Dec 2006 Health & Fitness Columnist 
University of Ottawa Biochemistry, Microbiology & 
Immunology Bulletin 

February 2003 Invited Interview: CBC Radio One, Ottawa Morning 
(with Anthony Germain). Topic: Nutrition: Breakfast 
101 

PROFESSIONAL MEMBERSHIPS 

Since 2003 American College of Sports Medicine 

Since 2002 American Physiological Society 

Since 2002 Canadian Society for Nutritional Sciences 

Since 2002 Canadian Federation for Biological Societies 

Since 2002 Centre for Science in the Public Interest 

Since 2001 Canadian Fitness Professionals 
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Associate Professor of Biochemistry 
Department of Biochemistry, Microbiology and Immunology 
Faculty of Medicine 
University of Ottawa 

Ruth McPherson MD, PhD, FRCPC 
Director, Lipid Clinic, 
Lipid Research Laboratory 
University of Ottawa Heart Institute 
Professor, Medicine & Biochemistry 
University of Ottawa 

Additional references available upon request. 
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