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Abstract 

AMPK is a master regulator of cellular energy homeostasis. The gain-of-function AMPKg3 

R225W mutation in human skeletal muscle increases resistance to fatigue during exercise, 

mitochondrial content, and glycogen storage. We demonstrate that primary myotubes exhibit 

increased OCR, decreased ECAR, increased FAO, and increased activities of several 

mitochondrial complexes. To examine whether functional effects are attributable to 

mitochondrial content, we inhibited AMPK; differences between R225W and control were 

diminished. Glycogen phosphorylase inhibition demonstrated normal respiration independent 

of glycogen. We examined markers of quality/quantity control of mitochondria. In R225W 

muscle, fusion markers increased, biogenesis markers remained unchanged, mTOR pathway 

was inhibited, and there was greater capacity for autophagic flux and mitophagy. We thus 

determine that bioenergetic effects of R225W are in part due to active AMPK, but also due to 

capacity for more robust mitochondria. Overall, R225W provides a model for evaluating 

effects of AMPK, and new avenues toward treatment of metabolic disease. 
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Introduction 

Laws of Thermodynamics and Biological Fuel Currency 

“Energy can be neither created nor destroyed, only transferred or converted from one form to 

another” (Clausius, 1850). The first law of thermodynamics, which although originally coined 

in 1850, remains the guiding principle at the foundation of all energy-related research. Solar 

energy can be harnessed by photosynthetic autotrophs, capable of undergoing the fundamental 

reaction: 

6 H2O + 6 CO2 + Energy à C6H12O6 + 6O2 

Heterotrophs, such as Homo sapiens (humans), rely on the ability of other living organisms 

that are capable of performing this photosynthetic reaction by consuming autotrophs or other 

heterotrophs. They then extract this energy largely through a process called cellular respiration, 

converting the energy into a usable form called adenosine triphosphate (ATP) (figure 1). ATP 

harnesses this energy in its 2 high-energy phosphoanhydride bonds (between the a and b 

phosphates, and b and g phosphates) and releases this energy when these bonds are hydrolyzed 

(Bonora et al., 2012). 

 
Figure 1. Molecular structure of adenosine triphosphate (ATP). 

Each ATP molecule is comprised of an adenine group, with its N9 group covalently bonded to 
a ribose at C1, which in turn is bonded to 3 phosphate groups at C5. Energy is stored in the 
phosphoanhydride bonds between the a and b phosphates, and the b and g phosphates. 
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The basic unit of energy is Joule (J), but in biological processes and everyday life, energy is 

often referred to in terms of calories (cal). 1 calorie is equivalent to the energy needed to raise 

one gram (g) of water by one degree Celsius (oC) which corresponds to 4.184 J. Heterotrophs 

extract energy by consuming carbohydrates, lipids, proteins, and alcohol (Merrill, 1973). 

Carbohydrates and proteins contain approximately 4 kcal/g, alcohol contains 7 kcal/g and fat 

contains 9 kcal/g (Merrill, 1973). 

Mitochondria: Structure and Function 

Mitochondria are primarily recognized for being the main site of ATP production in the cell 

through the process of oxidative phosphorylation (OXPHOS). Mitochondria also play essential 

roles in processes including cell death signalling, calcium homeostasis, and heme synthesis 

(Duchen, 2000). Evolutionarily, mitochondria arose from the engulfment of a bacterium by a 

eukaryotic cell, and remained in eukaryotes as a form of mutual symbiosis (Friedman and 

Nunnari, 2014). Mitochondria are circumscribed by a double membrane – one membrane is 

from the original bacterial cell membrane, and the other as a result of the endocytosis 

(Friedman and Nunnari, 2014). Mitochondria contain a roughly 16 kilobase (kb) circular 

genome in human cells which encode proteins essential to mitochondrial structure and function 

(Friedman and Nunnari, 2014). The inner mitochondrial membrane is arranged in cisternal 

invaginations called cristae which house the 5 OXPHOS complexes (Friedman and Nunnari, 

2014). The space contained by the inner membrane is known as the mitochondrial matrix 

which is the site of b-oxidation and most steps of the tricarboxylic acid (TCA) cycle, and the 

space between the inner and outer membrane is the intermembrane space, critical for processes 

related to the electron transport chain (ETC) and proton motive force (Friedman and Nunnari, 

2014). 
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Mitochondrial Respiration 

Carbohydrate Digestion 

Carbohydrate digestion begins with salivary a-amylase which breaks the a1-4 glycosidic 

linkages to release glucose and maltose, basic monosaccharide and disaccharide units of 

hexose carbohydrates (Smith and Morton, 2010). Salivary amylase is inactivated by the low 

pH of gastric acid when the bolus of food arrives in the stomach (Smith and Morton, 2010). 

Pancreatic juice is secreted into the duodenum (first part of small intestine), containing a 

second a-amylase which continues the digestion of the carbohydrate (Smith and Morton, 

2010). Glucose is reabsorbed in the small intestine via active transport with the Na+/glucose 

cotransporter into the epithelial cells, then enters the blood stream, where it is transported to 

tissues that require it for ATP production (Chen et al., 2016). When glucose concentrations in 

the blood increase postprandially, the pancreas releases insulin into the blood (Del Prato et al., 

2002). Insulin-sensitive tissues such as skeletal muscle, adipose tissue, and liver increase their 

glucose uptake in response to this insulin increase (Honka et al., 2018). Increased insulin 

activates the phosphoinositol 3-kinase/AKT pathway which causes the glucose transporter 

type 4 (GLUT4) to translocate to the plasma membrane, leading to an increase in cellular 

glucose uptake (Honka et al., 2018). 

Glycolysis 

Glycolysis is a 10-step pathway in the cytoplasm that converts a glucose monomer into two 

pyruvate molecules. Glycolysis begins when the a-D-glucose is irreversibly phosphorylated 

to form glucose-6-phosphate (G6P) by hexokinase at the expense of one ATP molecule (Lunt 

and Vander Heiden, 2011). G6P is then isomerized into fructose-6-phosphate (F6P) by G6P 

isomerase. F6P is then irreversibly phosphorylated at carbon 1 by phosphofructokinase 1 
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(PFK) to generate fructose-1,6-bisphosphate (FBP) at the expense of one ATP (Lunt and 

Vander Heiden, 2011). FBP is then cleaved by aldolase to form glyceraldehyde-3-phosphate 

(GAP) and dihydroxyacetone phosphate (DHAP) (Lunt and Vander Heiden, 2011). DHAP is 

isomerized by triose phosphate isomerase (TPI) to from another molecule of GAP (Lunt and 

Vander Heiden, 2011). The GAP molecules are oxidized and phosphorylated by GAP 

dehydrogenase (GAPDH) to form 1,3-bisphosphoglycerate (BPG); nicotinamide adenine 

dinucleotide (NAD+) acts as the electron acceptor (Lunt and Vander Heiden, 2011). The BPG 

molecules each donate a phosphoryl group to adenosine diphosphate (ADP) to form 2 

molecules of ATP, resulting in the formation of 2 molecules of 3-phosphoglycerate (3PG) 

(Lunt and Vander Heiden, 2011). Then, the 3PG molecules are isomerized to form 2-

phosphoglycerate (2PG) by phosphoglycerate mutase (Lunt and Vander Heiden, 2011). 

Enolase dehydrates 2PG to form 2 phosphoenolpyruvate (PEP) molecules (Lunt and Vander 

Heiden, 2011). Lastly, a phosphoryl group is irreversibly transferred from PEP to an adenine 

diphosphate (ADP) to form 2 ATP molecules and 2 molecules of pyruvate (Lunt and Vander 

Heiden, 2011). The process of glycolysis has a net generation of 2 ATP and 2 NADH (figure 

2) (Lunt and Vander Heiden, 2011). 
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Figure 2. Summary of glycolysis. 

Glycolysis has two stages: investment (green) and payoff (blue) with a total of 10 steps. The 
net production from glycolysis includes 2 NADH and 2 ATP for 1 glucose molecule. Steps 1, 
3, and 10 are highlighted for their use or production of ATP and are the only 3 steps that are 
irreversible in the glycolysis process. 

 
The pyruvate molecules can then undergo one of two fates: aerobic or anaerobic respiration 

(Lunt and Vander Heiden, 2011; Ghosh, 2004). Anaerobic respiration occurs in hypoxic 

conditions resulting in the formation of 2 lactate molecules and 2 ATP molecules (or 2 ethanol 

molecules in yeast fermentation) from the two molecules of pyruvate (Engelking, 2015; Huang 

and Tang, 2007). Aerobic respiration generates considerably more ATP and is the preferable 

ATP production method in mammals (Lunt and Vander Heiden, 2011). In aerobic respiration, 

pyruvate gets shuttled into the mitochondria, and is converted to acetyl-CoA by pyruvate 

dehydrogenase in an irreversible manner, resulting in the formation of 2 NADH (Lunt and 
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Vander Heiden, 2011). The acetyl-CoA molecules can subsequently go into the TCA cycle, 

better known as the Krebs cycle (Lunt and Vander Heiden, 2011).  

Krebs Cycle 

Acetyl-CoA enters the TCA cycle and combines with oxaloacetate in a reaction catalyzed by 

citrate synthase (CS) to form citrate (Martínez-Reyes and Chandel, 2020). Citrate (figure 3, 

step 1) is then dehydrated by aconitase to form cis-aconitate, then rehydrated to form isocitrate 

(Martínez-Reyes and Chandel, 2020). Isocitrate (figure 3, step 2) undergoes oxidative 

decarboxylation by isocitrate dehydrogenase to form a-ketoglutarate (figure 3, step 3), 

simultaneously producing one NADH (Martínez-Reyes and Chandel, 2020). Then, there is a 

second oxidative decarboxylation by the a-ketoglutarate dehydrogenase complex to form 

succinyl-CoA (figure 3, step 4) and another NADH (Martínez-Reyes and Chandel, 2020). 

Succinyl-CoA is then used in a substrate level phosphorylation step to produce one guanosine 

triphosphate (GTP) and succinate (figure 3, step 5) via succinyl-CoA synthetase (Martínez-

Reyes and Chandel, 2020). Then succinate dehydrogenase produces fumarate (figure 3, step 

6) in a dehydrogenation reaction, which produces one flavin adenine dinucleotide (FADH2) 

(Martínez-Reyes and Chandel, 2020). Fumarase hydrates the fumarate to form malate (figure 

3, step 7) (Martínez-Reyes and Chandel, 2020). Lastly, to complete the cycle, malate 

dehydrogenase reforms oxaloacetate (figure 3, step 8), which is then ready to enter a new cycle 

with another acetyl-CoA molecule (Martínez-Reyes and Chandel, 2020). The overall cycle 

from one glucose molecule which yields 2 acetyl-CoA molecules results in the production of 

2 GTP, 6 NADH, 2 FADH2, and 4 CO2 (from each decarboxylation) (Martínez-Reyes and 

Chandel, 2020). 
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Figure 3. Summary of TCA cycle. 

Acetyl-CoA proceeds into the TCA cycle which takes place in the mitochondrial matrix. The 
main purpose of the cycle is to produce reduced NADH and FADH2 which can provide 
electrons to the electron transport chain in the mitochondrial inner membrane. Each TCA cycle 
produces 3 NADH, 1 FADH2, and 1 GTP molecule. Each number corresponds to a metabolite 
present in the TCA cycle (Martínez-Reyes and Chandel, 2020). 
 
Fatty Acid Oxidation 

Free fatty acids (FAs) exist freely in the cellular environment in varying hydrocarbon chain 

lengths (Cholewski et al., 2018). The nomenclature of saturated (no double bonds) FAs 

depends on the length of its hydrocarbon chain (Davidson and Cantrill, 1985). Unsaturated 

(include 1 or more double bonds) FAs are also named for the length of their hydrocarbon chain, 

but include cis and trans designations for special orientation around the double bond alongside 

the number for the carbon at which the double bond is located (Davidson and Cantrill, 1985). 

Depending on the length of the FA, it may be metabolized in a different location within the 

cell. Most FAs are oxidized inside the mitochondria to produce the electron carriers NADH 

and FADH2 to send electrons to the ETC (Houten et al., 2016). Fatty acid oxidation (FAO) or 
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b-oxidation is a critical source of electrons in limited-glucose or glucose starvation states 

(Houten et al., 2016). In order to undergo b-oxidation, FAs must first enter the mitochondria 

(Houten et al., 2016). Small-chain FAs can readily diffuse across the mitochondrial 

membranes, whilst medium-, long-, and very long-chain FAs are unable to do so (Schönfeld 

and Wojtczak, 2016). Very long-chain FAs are metabolized through non-mitochondrial b-

oxidation at peroxisomes (Reddy and Hashimoto, 2001). Medium- and long-chain FAs are 

imported into the mitochondria using the carnitine cycle (Houten et al., 2016). The carnitine 

shuttle system requires L-carnitine, carnitine palmitoyltransferases 1 and 2 (CPT1 and CPT2), 

and carnitine translocase (CACT) (Houten et al., 2016). CPT1 is located on the outer 

mitochondrial membrane and is responsible for catalyzing the transesterification of the acyl-

CoA to acylcarnitine (Houten et al., 2016). Then, the CACT transports the acylcarnitines 

across the inner mitochondrial membrane, where CPT2 converts the acylcarnitine back to an 

acyl-CoA (Houten et al., 2016). The main rate-controlling step of b-oxidation is the CPT1 

reaction catalysis, and it is controlled by ATP levels in the cell (Shriver and Manchester, 2011). 

 
Figure 4. Carnitine shuttle system from cytosol to mitochondrial matrix. 

CPT1 and CPT2 work to do opposite reactions, with the intermediate between the two enzymes 
being acyl-carnitine, which is capable of crossing the inner mitochondrial membrane with the 
help of CACT. Once the acyl-CoA is in the mitochondrial matrix, it can undergo fatty acid 
oxidation. 
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CPT1 is also up-regulated in the presence of adenosine monophosphate activated kinase 

(AMPK) because AMPK is capable of suppressing the lipogenic pathway in WAT leading to 

a reduction of malonyl-CoA, a CPT1 repressor (Srivastava et al., 2012). Malonyl-CoA is 

involved in the feedback loop inhibition of b-oxidation, and this allosteric inhibition has been 

thought to be linked to the development of insulin resistance (Ruderman et al., 1999). 

Once the FA is in the mitochondria, FAO proceeds with a cycle of 4 steps: dehydrogenation 

by acyl-CoA dehydrogenase which forms 1 FADH2 (figure 5, step 1), hydration by enoyl-CoA 

hydratase (figure 5, step 2), dehydrogenation by 3-hydroxyacyl-CoA dehydrogenase which 

forms 1 NADH (figure 5, step 3), and cleavage by thiolase to yield 1 acetyl-CoA, and a fatty 

acid that is now 2 carbons shorter than before the first cycle (figure 5, step 4) (Houten et al., 

2016). The acetyl-CoA formed can proceed to the citric acid cycle, and the NADH and FADH2 

can transfer their electrons to the ETC (Houten et al., 2016). 

 
Figure 5. Summary of fatty acid oxidation. 

Fatty acid oxidation proceeds in 4 steps: dehydrogenation, hydration, another 
dehydrogenation, and lastly thiolytic cleavage. Each number corresponds to a step. The cycle 
continues with the Cn-2 acyl-CoA, cutting 2 carbons off to form acetyl-CoA until the entire 
chain has been metabolized. 
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Electron Transport Chain 

Electrons enter the ETC at complex I (NADH dehydrogenase) or complex II (succinate 

dehydrogenase) via electron carriers, either NADH or FADH2 (Zhao et al., 2019) and at 

complex III from FAO where electrons are transferred via electron transport flavoprotein 

(ETF) (Wang et al., 2010). CI is the largest multi-subunit enzyme in the chain and its primary 

function is transferring electrons from NADH to ubiquinone (Zhao et al., 2019). CII, succinate 

dehydrogenase, is a 4-subunit complex and a component of both the TCA cycle and the ETC; 

receiving electrons from FADH2 (Zhao et al., 2019). Although the other mitochondrial 

complexes are encoded by both mitochondrial DNA (mtDNA) and nuclear DNA (nDNA), CII 

is the only complex encoded entirely by nDNA, which speaks to the evolutionary origins of 

the ETC (Marusich et al., 1997). Electrons are shuttled from CI and CII to coenzyme Q (CoQ, 

ubiquinone), complex III (cytochrome C reductase), cytochrome C, and then complex IV 

(cytochrome C oxidase). Cytochrome C is a mobile electron carrier which is loosely held in 

place by electrostatic interactions on the outer-side of the inner mitochondrial membrane; 

allowing the transfer of electrons from CIII to CIV (Zhao et al., 2019). Cytochrome C transfers 

4 electrons to oxygen (O2) which bind and result in the reduction of O2 to H2O (Zhao et al., 

2019). 8 protons in total are removed at CIV from the matrix, 4 are pumped into the 

intermembrane space, and 4 are used to form H2O (Zhao et al., 2019). Protons are pumped out 

from the mitochondrial matrix as the electrons pass complexes I, III, and IV, which generates 

an electrochemical gradient ultimately capable of driving ATP production at complex V (F1F0 

ATP synthase) (figure 6) (Zhao et al., 2019). This proton gradient is also known as the proton 

motive force; the driving force for ATP synthesis (Zhao et al., 2019; Divakaruni et al., 2014). 
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Figure 6. Oxidative phosphorylation in mitochondrial inner membrane. 

A series of complexes where electrons donated by NADH and FADH2 are transferred from CI 
and CII to the rest of the complexes, and from FAO through ETF at CIII; until finally at CIV, 
oxygen is reduced to water. Complexes I, III, and IV pump protons into the intermembrane 
space, and these protons flow down their concentration gradient at CV, or ATP synthase, 
producing ATP. Superoxide is produced largely at CI and CIII, and manganese superoxide 
dismutase (MnSOD) coverts superoxide to hydrogen peroxide. 
 
The understanding about the organization and control of the 5 complexes is evolving, and the 

current thought is that the ETC organization has a plasticity. Complexes I, III, and IV are able 

to associate into specific supercomplexes, and this stabilizes the complexes and decreases 

reactive oxygen species (ROS) production (Dudkina et al., 2010). Deficiencies in the 

formation of mitochondrial supercomplexes have been observed in skeletal muscle from 

individuals with type II diabetes mellitus (T2DM) (Antoun et al., 2015).  

ROS Production 

ROS is an important by-product of the ETC. There are various forms of ROS including the 

superoxide anion (O2-), hydrogen peroxide (H2O2), and hydroxyl radicals (OH-) (Schieber and 

Chandel, 2014). ROS have been shown to be damaging to macromolecules, and have 

traditionally been thought of as toxic by-products of metabolism, but can also be important in 
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cell signalling reactions (Li and Zhou, 2011; Mittler, 2017). It was initially thought that cell 

death was a direct outcome of increased ROS, but it is now better understood that ROS also 

act as signalling molecules, and that it is not necessarily just a cell succumbing to oxidative 

stress (Mittler, 2017). ROS appears to have been an early evolutionary mechanism to allow 

organisms to adapt to environmental oxidative state and changes in nutrient availability 

(Schieber and Chandel, 2014). Within cells, mitochondria are a major source of ROS. 

Specifically, O2 is reduced to H2O at complex IV once it receives 4 electrons, however partial 

reduction of O2 leads to the production of ROS (Li and Zhou, 2011). In mitochondria, ROS 

are primarily produced at complex I, and III in the form of O2- (Li and Zhou, 2011). Molecules 

that contain unpaired electrons and are able to exist freely are referred to as free radicals 

(Schieber and Chandel, 2014). O2- has only one unpaired electron and thus is more reactive 

than O2 because it will readily accept electrons in its less stable form (Schieber and Chandel, 

2014). For this reason, O2- is converted to hydrogen peroxide by MnSOD because this reduced 

form is more stable (Li and Zhou, 2011; Schieber and Chandel, 2014). MnSOD is an enzyme 

in mitochondria which helps mitigate the ROS production by the partial reduction of O2 and 

has been implicated in a variety of diseases related to excessive oxidative stress (Li and Zhou, 

2011). Apoptosis is just one example of an essential role of basal ROS in the cellular 

microenvironment; others include differentiation by activating proliferative pathways, 

maintaining levels of ROS within an appropriate range for proper development, maintaining 

appropriate immune responses, and more (Mittler, 2017). 

Metabolic Disease 

In many societies internationally, there is a rapidly increasing prevalence in metabolic diseases 

such as obesity, T2DM, and cardiovascular disease. Development of metabolic disease is often 
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attributed to a chronic energy imbalance (Kerr et al., 2007). In 2018, the Canadian Diabetes 

Association reported 11 million people living with diabetes or are pre-diabetic, which is 

characterized by hyperglycemia resulting from insufficient insulin secretion (Diabetes 

Canada). Approximately 90% of the 11 million Canadians have T2DM, which often develops 

in adulthood (Diabetes Canada). Skeletal muscle accounts for up to 80% of postprandial 

insulin-stimulated glucose uptake, and therefore plays a critical role in the development of 

insulin resistance and T2DM (DeFronzo and Tripathy, 2009). Dysregulated skeletal muscle 

cellular bioenergetics that lead to alterations in metabolic flux and energetic efficiency are 

implicated as an underlying cause of obesity and T2DM (Misra and Chakrabarti, 2007). 

Current approaches for management of insulin resistance and T2DM prior to becoming 

insulin-dependent include lifestyle modifications such as exercise and pharmacological 

interventions such as metformin, which stimulate glucose uptake in skeletal muscle, by 

initiating the translocation of GLUT4 to the plasma membrane (Polianskyte-Prause et al., 

2019). 

Type 1 Diabetes Mellitus (T1DM) 

T1DM is considered a chronic, autoimmune disease, most often presenting in childhood or 

adolescence (Katsarou et al., 2017). In T1DM, insufficient insulin is produced by the b-cells 

of the pancreas because these cells are destroyed by T-cells (Katsarou et al., 2017). As a result 

of insufficient insulin, the body is unable to properly regulate  blood glucose (Katsarou et al., 

2017). Presently, there is no cure for this disease, and it is treated by lifelong insulin 

injections/pump infusions (Katsarou et al., 2017). 
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Type 2 Diabetes Mellitus (T2DM) 

T2DM can be developed at any point during life and is often linked to obesity (DeFronzo et 

al., 2015). Where T1DM is typically associated with genetic factors, T2DM is more associated 

with environmental factors, however genetic factors are also significant (DeFronzo et al., 

2015). Risk genes have been identified such as CAPN10 and TCF7L2 and several others 

through genome wide association studies (GWAS) (Ali, 2013). Studies have shown that 

heritability of T2DM ranges from 20%-80% T2DM is characterized by insulin insensitivity as 

a result of hyperinsulinemia, with heritability substantially increasing if one or both biological 

parents has/have T2DM (DeFronzo et al., 2015). Insulin is no longer able to have an effect on 

peripheral tissues, its ability to cause glucose uptake from the blood is diminished (DeFronzo 

et al., 2015). As T2DM progresses,  pancreatic b-cells are no longer able to produce enough 

insulin to regulate blood glucose, and hyperglycemia develops (DeFronzo et al., 2015). 

Skeletal Muscle Insulin Resistance 

Insulin resistance (IR) is a hallmark feature of T2DM and is believed to appear as a symptom 

long before b-cells begin to fail producing sufficient insulin and hyperglycemia becomes 

evident (DeFronzo and Tripathy, 2009). IR is characterized by a decreased response of skeletal 

muscle to insulin signalling and a failure to suppress gluconeogenesis in the liver (DeFronzo 

and Tripathy, 2009; Hatting et al., 2018). In normal glucose control conditions, when insulin 

signalling is active (e.g. post-prandially), up to 80% of glucose uptake occurs in skeletal 

muscle (DeFronzo and Tripathy, 2009). Studies have shown that glucose uptake by muscle in 

individuals with T2DM may be reduced up to 50% in hyperinsulinemic conditions (DeFronzo 

and Tripathy, 2009). Furthermore, insulin regulates production of glucose in the liver under 

normal conditions, but when an individual develops insulin resistance, hepatic glucose 
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production increases (Hatting et al., 2018). Mitochondrial dysfunction has been heavily 

correlated with IR although the mechanisms have yet to be clearly elucidated (Sergi et al., 

2019; Gonzalez-Franquesa and Patti, 2017). Studies of individuals with IR and T2DM have 

consistently shown a wide variety of differential mitochondrial dynamics including biogenesis, 

mitophagy, fission and fusion (Sergi et al., 2019; Gonzalez-Franquesa and Patti, 2017). 

Individuals with T2DM have also characteristically shown a decreased CI activity which aligns 

with mitochondrial dysfunction (Sergi et al., 2019). 

Energy Regulation and AMPK 

AMPK is a serine/threonine kinase and is the master regulator of cellular metabolism in 

eukaryotes (Sanz, 2008). Due to its ability to sense energy levels, it has been the focus of much 

research related to treatment of various metabolic diseases, particularly T2DM. In humans, 

there are 2 isoforms of the a- and b-subunits (a1, a2 and b1, b2), and 3 isoforms of the g-subunit 

(g1, g2, and g3) – this suggests the possibility of 12 different combinations of subunits (Jeon, 

2016). The a-subunits are encoded by PRKAA1 and PRKAA2, the b-subunits are encoded by 

PRKAB1 and PRKAB2, and the g-subunits are encoded by PRKAG1, PRKAG2, and PRKAG3 

genes respectively (Herzig and Shaw, 2018). In human vastus lateralis muscle, only 3 

combinations exist: a1/b2/g1, a2/b2/g1, and a2/b2/g3 (Crawford et al., 2010; Mahlapuu et al., 

2004). The g3 isoform of the subunit has been shown to be highly specific to skeletal muscle, 

whilst the g1 and g2 isoforms have broader distribution in tissues (Mahlapuu et al., 2004). The 

g3 subunit is upregulated in human skeletal muscle upon differentiation of human primary 

myoblasts to multinucleated myotubes (Jeon, 2016; Costford et al., 2007). The isoform 

combination a2/b2/g3 is also predominantly activated during exercise in human skeletal muscle 

(Birk and Wojtaszewski; Herzig and Shaw, 2018). AMPK is controlled by the naturally 
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fluctuating levels of adenosine monophosphate (AMP) and ATP in the cellular environment 

(Herzig and Shaw, 2018). The role of AMPK is to upregulate the production of ATP by 

initiating energy generating pathways and inhibiting energy consuming processes upon 

sensing that the AMP:ATP ratio is increased (Herzig and Shaw, 2018). It is critical for the cell 

to minimize futile metabolic cycles to avoid exhausting its remaining resources when ATP 

levels are low (Herzig and Shaw, 2018). The a-subunit of AMPK contains the kinase domain 

and the critical residue Thr172 which must be phosphorylated by an upstream kinase to be 

activated (Herzig and Shaw, 2018). Thr172 is found in the activation loop of the a-subunit and 

when phosphorylated stimulates a 100-fold increase in activity of AMPK (Willows et al., 

2017). AMPK is most commonly phosphorylated at Thr172 by upstream kinases liver kinase 

B1 (LKB1) and calcium/calmodulin-dependent kinase 2 (CAMKK2) (Herzig and Shaw, 

2018). 

Regulatory Subunits 

The b- and g-subunits are regulatory: the b-subunit contains a carbohydrate-binding domain 

that allows association of AMPK with glycogen, and the g-subunit contains the domain 

responsible for responding to AMP:ATP ratio changes (Herzig and Shaw, 2018). The g-subunit 

is able to bind to AMP with high affinity and with lesser affinity to ATP because it contains 4 

tandem cystathionine-b-synthase (CBS) domains (Herzig and Shaw, 2018). The binding of 

AMP can increase the basal AMPK activity by 2- to 5- fold (Viollet et al., 2010). There are 3 

proposed mechanisms by which AMP binding at the g-subunit can stimulate AMPK activity 

(Herzig and Shaw, 2018). The first potential mechanism involves the binding of AMP to 

stimulate the phosphorylation of Thr172 by an upstream kinase by either directly activating 

the upstream kinase, or by acting as an allosteric activator that changes the conformation of 
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AMPK to be more receptive to phosphorylation at Thr172 (Herzig and Shaw, 2018). The 

second proposed mechanism of action is that the bound AMP prevents dephosphorylation of 

the Thr172 residue by physically protecting the phosphorylation site from phosphatases 

(Herzig and Shaw, 2018). The last proposed mechanism is that AMP binding is necessary to 

allosterically activate AMPK that is already phosphorylated at Thr172 (Herzig and Shaw, 

2018). The binding of AMP occurs in a cooperative manner in which the binding of one AMP 

greatly increases the binding affinity of AMPK for further AMP molecules (Gu et al., 2017). 

ATP is also capable of binding to the CBS domains in order to allow AMPK to respond to 

rising levels of ATP, which allows AMPK to become inactivated (Herzig and Shaw, 2018). 

The ability to bind both AMP, (ADP) and ATP competitively is in large part the reason why 

AMPK is considered a master regulator of cellular energy levels. It is critical in maintaining 

cellular energy homeostasis (Herzig and Shaw, 2018). 

 
Figure 7. AMP-bound AMPK in active form. 

A full view of active AMPK and a zoomed-in top view of the AMP-binding site with two AMP 
molecules present. Structure was produced from PDB ID: 4CFH in MacPyMOL by 
Schödinger ©. 
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AMPK Signalling 

Active AMPK is able to phosphorylate and have an effect on several different targets related 

to energy homeostasis. AMPK can have an impact on every macromolecule synthesis, 

breakdown, and storage (Herzig and Shaw, 2018). Firstly, AMPK has an activating effect on 

glucose uptake in order to bring in glucose from which ATP can be generated, and an inhibitory 

effect on glycogen synthesis in order to pause the storage of glucose when there is a need for 

its oxidation (Hunter et al., 2011). Furthermore, in an effort to restore fuel levels, AMPK can 

activate fatty acid catabolism, and inactivate fatty acid synthesis processes to lead to 

production of more ATP (Hardie and Pan, 2002; Houten et al., 2016). It is also able to halt 

cholesterol synthesis processes by directly phosphorylating the rate-limiting step enzyme 

HMG-CoA reductase (Zhang et al., 2015). AMPK has been known to have an influence on 

processes involved in mitochondrial synthesis and turnover to maintain health of the 

mitochondrial reticulum (Thornton, 2017; Herzig and Shaw, 2018). Specifically, AMPK can 

induce mitochondrial biogenesis, regulate mitochondrial ultrastructure, and activate 

autophagy/mitophagy through the mammalian target of rapamycin (mTOR) (Saxton and 

Sabatini, 2017), and Unc51-like Autophagy Activating Kinase 1 (ULK1) (Hardie, 2011; De 

Palma et al., 2014).  



 19 

 
Figure 8. Summary of AMPK pathways. 

Activated AMPK has many targets. It phosphorylates various proteins in order to activate 
downstream pathways. P is indicative of a phosphorylation event. 
 
AMPK, Glucose Uptake and Glycogen Synthesis 

AMPK promotes glucose transport into cells for glycolysis in times of energy deficit by 

activating GLUT4 translocation to the cellular membrane, whilst simultaneously inhibiting 

glycogen synthase, which is necessary for glycogenesis (Hunter et al., 2011). G6P, a glycolysis 

intermediate, is able to overcome the glycogen synthase inhibition by AMPK as it opposes the 

action by activating glycogen synthase (Hunter et al., 2011). Glycogen can also be broken 

down by glycogen phosphorylase in a process called glycogenolysis, which is activated by 

AMPK when phosphorylated (Jeon, 2016). 

AMPK and Fatty Acid Catabolism and Synthesis 

As noted previously, FAO is activated in energy-deficient cell environments, when ATP levels 

begin to drop. When AMPK is active, it is capable of phosphorylating and inactivating acetyl-
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CoA carboxylase (ACC), which is responsible for the irreversible carboxylation of acetyl-CoA 

to produce malonyl-CoA (Hardie and Pan, 2002). AMPK directly phosphorylates ACC1 at 

Ser79 and ACC2 at Ser212 (Galic et al., 2018). In the absence of malonyl-CoA, a CPT1 

inhibitor, FAs are capable of entering the mitochondria, and proceeding into FAO which 

produces acetyl-CoA and electron carriers (Hardie and Pan, 2002; Houten et al., 2016). Since 

FAO leads to the restoration of ATP levels, it is natural that AMPK would inhibit the opposite 

process, FA synthesis (Houten et al., 2016). Furthermore, AMPK is able to inhibit cholesterol 

synthesis by phosphorylating HMG-CoA reductase which is the rate-limiting enzyme and 

primary site of control in this process (Zhang et al., 2015). When there is an excess of acetyl-

CoA and it does not need to be used to form ATP, it can be deposited in the form of cholesterol 

(Zhang et al., 2015). This occurs when AMPK is inactive; it is the main phosphorylating 

enzyme for HMG-CoA reductase (Zhang et al., 2015). 

AMPK and Mitochondrial Fusion/Fission 

Mitochondria are extremely dynamic organelles and are constantly undergoing fusion and 

fission cycles in order to preserve integrity and quality of mitochondria (Thornton, 2017). A 

long-term loss of the this dynamic cycle can be deleterious to an organism (Thornton, 2017). 

Fusion is governed by 3 key proteins: mitofusin-1 (MFN-1) and -2 (MFN-2), and optic atrophy 

protein 1 (OPA-1) (Westermann, 2010). Both MFN-1 and MFN-2 are in contact with each 

other in the cell and play an important role in fusion through mitochondrial membrane 

tethering (Li et al., 2019). Distinctive mechanistic differences between the two mitofusins have 

not been fully elucidated; however in yeast MFN-1 has a much higher GTP turnover than 

MFN-2, while mutations in MFN-2 are associated with many more human diseases (Li et al., 

2019). Key fission proteins include dynamin-related protein 1 (DRP1) and mitochondrial 
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fission protein 1 (Fis1) (Westermann, 2010; Thornton, 2017). Fusion is thought to allow 

interchange of mitochondrial content within the cell in order to defuse accumulating mtDNA 

mutations and to increase ATP production by maintaining integrity of the mitochondrial 

complexes (Thornton, 2017). Fission is viewed as a precursor to mitophagy, as well as in 

preparation for apoptosis (Thornton, 2017). Importantly, AMPK has been suggested to 

promote fusion and to directly phosphorylate DRP1 in order to inhibit fission, but these 

mechanisms have yet to be fully elucidated (Thornton, 2017). It has been suggested that 

AMPK targets A kinase anchoring protein 1 (AKAP1) which can then recruit protein kinase 

A (PKA) to the mitochondrial membrane (Zhang et al., 2017; Merrill and Strack, 2014). PKA 

is able to phosphorylate and subsequently inhibit DRP1 at Ser637 (Merrill and Strack, 2014). 

DRP1 can be dephosphorylated by calcium-dependent phosphatase; however it is unknown 

whether this plays a role in DRP1-dependent fission (Merrill and Strack, 2014). 

AMPK and Mitochondrial Biogenesis 

Mitochondrial biogenesis is the process of growing and dividing pre-existing mitochondria in 

order to increase the overall mitochondrial mass in the cell (Herzig and Shaw, 2018). Both 

exercise and the AMPK-activating drug 5-aminoimidazole-4-carboxamide-1-b-D-

ribofuranoside (AICAR) are able to lead to chronic AMPK activation and results in increase 

in mitochondrial biogenesis (Herzig and Shaw, 2018). Peroxisome proliferator-activated 

receptor-gamma coactivator 1a (PGC1a) is a master regulator of mitochondrial biogenesis 

and has 2 phosphorylation sites for AMPK: Thr155 and Ser538 (Herzig and Shaw, 2018). 

Active PGC1a directly affects biogenesis by acting as a transcriptional factor, promoting the 

expression of nuclear respiratory factors 1 (NRF-1) and 2 (NRF-2) (Reznick and Shulman, 
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2006). NRF-1 and NRF-2 are important in transcribing several mitochondrial enzymes and for 

replicating mtDNA in preparation for biogenesis (Reznick and Shulman, 2006). 

AMPK and mTOR Signalling 

The mTOR pathway plays a key role in coordinating and regulating cell growth and 

metabolism, respectively (Saxton and Sabatini, 2017). mTOR is a serine/threonine protein 

kinase, like AMPK, that forms the catalytic subunit of mTOR complex 1 (mTORC1) and 2 

(mTORC2) (Saxton and Sabatini, 2017). mTORC1 contains 3 core units: mTOR, the 

regulatory protein associated with mTOR (Raptor), and mammalian lethal with Sec13 protein 

8 (mLST8) (Saxton and Sabatini, 2017). Raptor is responsible for recruiting the substrate 

whilst mLST8 helps stabilize the kinase activation loop (Saxton and Sabatini, 2017). mTORC2 

has similar core units, but instead of Raptor it contains the rapamycin insensitive companion 

of mTOR (Rictor) (Saxton and Sabatini, 2017). Rictor has analogous function to Raptor 

(Saxton and Sabatini, 2017). Protein synthesis is greatly implicated in the mTOR signalling 

pathway. mTORC1 acts by phosphorylating p70S6 kinase (S6K1) and eukaryotic Initiation 

Factor (eIF) 4E Binding Protein 1 (4E-BP1) (Saxton and Sabatini, 2017). S6K1 is 

phosphorylated at Thr389, a hydrophobic region of the kinase which allows it to be activated 

by phosphoinositide-dependent kinase 1 (PDK1) (Saxton and Sabatini, 2017; Peterson et al., 

1999). Phosphorylation of S6K1 at Ser371 has also been shown to be essential in order to 

allow Thr389 to be phosphorylated, and thus is essential to the activity of S6K1 (Peterson et 

al., 1999). When active, S6K1 proceeds to phosphorylate several downstream targets in order 

to upregulate mRNA translation (Saxton and Sabatini, 2017). 4E-BP1 is phosphorylated at 

several sites by mTORC1; when unphosphorylated, it acts as an inhibitor of eIF4E, blocking 

mRNA translation and proliferation – it is considered to have tumour suppressing activity 
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(Musa et al., 2016). However, when it is phosphorylated, its inhibitory activity is prevented, 

thus promoting the opposite: mRNA translation and proliferation (Musa et al., 2016; Saxton 

and Sabatini, 2017). S6 ribosomal protein (S6RP) is also a target of active S6K1 

phosphorylation and acts to control translation of proteins at the ribosome (Li et al., 2014). 

mTOR is a target of AMPK phosphorylation, and when phosphorylated, mTOR action is 

inhibited (Saxton and Sabatini, 2017). 

AMPK, Autophagy and Mitophagy 

Autophagy is a highly conserved, critical cellular process that allows the body to clean 

damaged cells and prevent stress caused by these cells (Khandia et al., 2019). Dysregulation 

of autophagy is associated with several human diseases such as cancer and degenerative 

diseases (Khandia et al., 2019). Autophagy is a lysosomal-degradation pathway that acts 

primarily as a quality control mechanism; however, it can also be used as a protein-recycling 

mechanism under conditions of cell starvation (Zachari and Ganley, 2017). AMPK has been 

shown to have an activating effect on ULK1, a key autophagy-related protein, by 

phosphorylation (Hardie, 2011). ULK1 is a serine/threonine protein kinase, which is a direct 

target of AMPK, and is capable of initiating autophagy pathways (Hardie, 2011).  

p62 is an autophagy substrate used to deliver ubiquitinated proteins to proteasomes for 

degradation (Liu et al., 2016). p62 accumulates when autophagy is inhibited, and is depleted 

when autophagy is activated (Komatsu and Ichimura, 2010). The degradation of p62 is 

mediated by microtubule-associated protein 1A/1B light chain 3 (LC3) which plays an 

important role in autophagosome formation (Komatsu and Ichimura, 2010; Tanida et al., 

2008). The interaction between p62 and LC3 causes p62 to be localized to the lysosome 

(Komatsu and Ichimura, 2010). LC3 levels are considered indicative of the quantity of 
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autophagosomes, and levels are often used as an indicator of autophagy, coupled with 

decreased p62 levels (Tanida et al., 2008). Chloroquine is a drug that is often used to block 

autophagy in in vitro experiments and then immunoblotting for LC3 and p62 is often used to 

demonstrate that protein levels are changing due to autophagy (Mauthe et al., 2018). 

Chloroquine blocks the degradation of target proteins by disrupting autophagosome-lysosome 

fusion (Mauthe et al., 2018), which allows for the study of autophagic flux. 

Mitophagy is a subset function of autophagosomes and results in the degradation of damaged 

or excessive mitochondria (De Palma et al., 2014). PTEN-induced kinase (PINK1) 

distinguishes damaged mitochondria from healthy mitochondria and recruits Parkin to 

damaged mitochondria (Jin and Youle, 2012). Parkin ubiquitylates proteins located on the 

outer mitochondrial membrane to initiate mitophagy (Jin and Youle, 2012). Parkin is also 

capable of preventing mitochondrial fusion by degrading MFN-1 and MFN-2, both of which 

are critical components for mitochondrial fusion (Jin and Youle, 2012). AMPK is said to 

regulate mitophagy through activation of ULK1, similarly to autophagy, however the exact 

mechanism of action has not yet been elucidated (Herzig and Shaw, 2018). 

R225W Phenotype 

The Harper Laboratory and close collaborators have previously identified in humans a novel 

AMPK mutation, R225W, in PRKAG3, the gene coding for the g3 subunit (Crawford et al., 

2010; Costford et al., 2007). This mutation was initially discovered as a part of a study on 

factors affecting leanness and ongoing studies in the Ottawa Hospital Weight Management 

Clinic. The mutation has only been identified in two distinct families to-date. 
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Figure 9. Families of two probands with the R225W mutation. 

The * and ** denoted individuals had vastus lateralis skeletal muscle biopsies; the number of 
* indicates how many times they were biopsied over several years of research. Ages reported 
are from initial biopsies in 2007. 
 
AMPKg3 R225W is a naturally existing, but rare, mutation in skeletal muscle. No other 

affected individuals have been identified internationally. However, the allele frequency is 

approximately 1 in 10,000, and has only been identified in individuals of European descent 

(rs138130157). R225W is believed to be a gain-of-function mutation in humans which leads 

to an overall increased resistance to fatigue (Crawford et al., 2010; Costford et al., 2007). This 

mutation in human cardiac muscle is analogously found as R302Q in the PRKAG2 gene of the 

g2 subunit (Doevendans and Wellens, 2001). In cardiac muscle, this mutation is not 

advantageous and is one of the known mutations associated with Wolff-Parkinson-White 

Syndrome, a congenital heart defect that can cause periods of tachycardia (Doevendans and 

Wellens, 2001).  An analogous PRKAG3 gene mutation also exists in Hampshire pigs, R200Q, 

which has been linked to increased muscle glycogen storage (Costford et al., 2007; 

Doevendans and Wellens, 2001; Andersson, 2003). In skeletal muscle, their glycogen storage 
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is increased by 70%, with no changes in cardiac muscle or liver glycogen levels (Nilsson et 

al., 2006). This mutation in pigs has been identified as the Rendement Napole (RN-) genotype, 

and these pigs are non-marketable because the high glycogen content results in high acidity 

and water content in the meat (Zhao et al., 2009; Du, 2004). In mice, the same phenotype is 

achieved with the R225Q mutation in the Prkag3 gene (Nilsson et al., 2006). AMPK g3 knock-

out (Prkag3-/-) and transgenic R225Q (TgPrkag3225Q) mice have been bred to exhibit the same 

phenotypes as the human R225W mutation (Nilsson et al., 2006). 

The R225W mutation was initially identified through the Ottawa Hospital Weight 

Management Clinic through participants in a study on leanness by the University of Ottawa 

Heart Institute (UOHI) (Costford et al., 2007), leading to the discovery of these unique 

individuals who did not experience muscle fatigue. The cohort consisted of 761 individuals 

with obesity (mean BMI 39.9 kg/m2) and 759 lean individuals (mean BMI 20.1 kg/m2) 

(Costford et al., 2007). Crawford et al. assessed muscle fatigue resistance by 

electromyography during 60 second isometric contraction of the quadricep muscle and found 

that individuals with the R225W mutation were extremely resistant to fatigue when compared 

to their matched controls (Crawford et al., 2010). AMPK activity in cells was increased 

independently of changes in mRNA and protein expression of AMPKg3, suggesting that the 

impacts of this mutation specifically impacted activity and not its levels (Crawford et al., 2010; 

Costford et al., 2007). The mutation was thus shown to lead to AMPK being constitutively 

active (Crawford et al., 2010; Costford et al., 2007). Moreover, the R225W mutation in 

AMPKg3 has been shown to increase mitochondrial content. Specifically, Costford et al. found 

by bicinchoninic acid (BCA) assay that the increased AMPK activity in R225W individuals 

leads to a threefold increase in mitochondrial content (Costford et al., 2007). These findings 
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were consistent with mouse studies, showing that mitochondrial content was also increased in 

translational animals (Bergeron et al., 2001). Costford et al. used a Periodic Acid Schiff (PAS) 

stain to quantify skeletal muscle glycogen content, and it was found to be double, compared 

to matched controls (Costford et al., 2007). Furthermore, intramuscular triglyceride (IMTG) 

was found to be reduced in the R225W individuals as compared to matched controls; however, 

Costford et al. determined that when the R225W and control cells were treated with the AMPK 

activator AICAR, IMTG content decreased in the primary skeletal muscle cells from age-

matched controls, but not in the cells isolated from R225W individuals (Crawford et al., 2010; 

Costford et al., 2007). Studies have demonstrated that treatment with AICAR, which stimulates 

activity of AMPK, similarly to the R225W mutation, is accompanied by a decrease in blood 

glucose concentration, likely due to increased glucose uptake (Musi and Goodyear, 2003). 

Crawford et al. observed this effect when conducting a glucose uptake assay by exposing cells 

to 2-deoxy[3H]-glucose and 2-deoxy-glucose; the R225W cells were found to have an 80% 

higher basal glucose uptake than the matched control cells (Crawford et al., 2010). Glucose 

uptake was also determined with PET scans in vivo, and the volume of muscle actively taking 

up glucose in R225W affected individuals was significantly higher (Crawford et al., 2010). 

Furthermore, they investigated the oxidative capacity of R225W myotubes and determined 

that the oxygen consumption rate (OCR) was significantly greater at leak-dependent and 

maximal respiration (Crawford et al., 2010). The increased oxidative capacity was found 

accompanied by an increase in CS activity, a known biomarker for mitochondrial density in 

skeletal muscle (Crawford et al., 2010). To our knowledge, no other group internationally has 

found this mutation in humans and obtained primary skeletal muscle cells. 

The overall goal of this study was to further characterize the R225W phenotype by delving 

deeper into the various pathways that AMPK is capable of affecting when constitutively active. 
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In this study, we assessed metabolic flexibility in primary human primary muscle cells by 

quantifying ATP production from glycolysis and OXPHOS. We hypothesized that oxidative 

capacity and metabolic flexibility of the muscle obtained from R225W individuals would be 

increased. Moreover, we expected the muscle fibres and primary myotubes from the R225W 

individuals would exhibit increased fatty acid oxidation, mitochondrial turnover and 

autophagic flux.  
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Methods 

Subjects/Participants 

Subject inclusion criteria for this study have previously been described by Costford et al. 

(Costford et al., 2007). Briefly, subjects were matched for gender, age, weight, body-mass 

index (BMI), and intensity of self-reported exercise each week. Experimental procedures were 

approved by the Research Ethics Board of the Ottawa Hospital and the UOHI. Written 

informed consent was obtained from all participants. Percentage body fat was determined by 

a bioelectrical impedance scale.  Blood samples were collected after a 12-hr. fast, routine blood 

analyses were carried out in the Clinical Biochemistry Laboratory at the Ottawa Hospital. 

Vastus lateralis biopsy  

Four subjects with the R225W mutation and four control subjects were matched for gender, 

age, weight, BMI, and self-reported weekly physical activity. Participants refrained from 

physical activity for 3 days and fasted for 12 hr. prior to the biopsy. Percutaneous skeletal 

muscle biopsies of the vastus lateralis muscle were taken from the R225W individuals and 

their matched controls using a 5 mm Bergstrom needle (Opitek) under 1% lidocaine local 

anaesthetic as previously described by Costford et al. (Costford et al., 2007). Vastus lateralis 

muscle was immediately divided: one in ice-cold relaxing solution (BIOPS (5.77 mM Na2ATP, 

7 10 EGTA-CaEGTA buffer (60 mM K-lactobionate, 15 mM phosphocreatinine, 20 mM 

imidazole, 0.5 mM DTT, 50 mM MES, pH 7.1 at 0oC)) for mitochondrial respiration analysis; 

and one in Ham’s F10 medium used for tissue culture of primary myoblasts; remaining tissue 

was snap frozen in liquid nitrogen and stored at -80oC for further analyses. 
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Cell culture 

A 25 mg sample of tissue was cultured, and satellite cells were cultured in Ham’s F10 medium 

with 1% antibiotic-antimycotic, 2.5 μ/mL gentamycin, 12.5% FBS, 826 nM dexamethasone, 

8.3 ng/mL human epidermal growth factor, and 25 pmol of insulin. Satellite cells were isolated 

via immune sorting using a magnetic column and CD56 antibody coated magnetic microbeads. 

CD56 positive cells were differentiated into myotubes by incubation for 7-10 days in 

Dulbecco’s modified Eagle’s medium (DMEM) with 2% horse serum, 1% antibiotic- 

antimycotic, and 2.5 μg/mL gentamycin.  

Oxygen consumption of primary myotubes 

Cellular bioenergetics were assessed in primary myotubes using the Seahorse XFe96 (Agilent 

Technologies, Santa Clara, CA, USA). Briefly, 15,000 myoblasts were plated in each well on 

a 96-well Seahorse plate and differentiated into myotubes for 7-10 days. On the day of the 

assay, growth medium was changed to Seahorse medium (DMEM powder, 1 g/L D-glucose, 

1 mM sodium pyruvate, 4 mM L-glutamine, pH 7.4) for 1 hr. prior to analysis. During the 

assay, basal respiration was measured first, followed by the measurement of leak respiration, 

which was induced by oligomycin (2 μg/mL). 2 μM of carbonyl cyanide p-(trifluoromethoxy) 

phenyl-hydrazone (FCCP) was then injected to induce maximal respiration. Subsequently, 5 

μM antimycin-A and 10 μM rotenone were injected together to measure non-mitochondrial 

OCR. Lastly, 20 M monensin was injected to measure maximal extracellular acidification rate 

(ECAR). Oxygen consumption values were adjusted to the non-mitochondrial oxygen 

consumption following the addition of antimycin-A and rotenone.  After the assay, the 

myotubes were washed twice with 100 μL of 1X phosphate-buffered saline (PBS), then placed 

in 40 μL of RIPA buffer (0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5% deoxycholic acid, 10% 
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NP-40, 10mM EDTA) containing 0.1% protease inhibitor cocktail (PIC)(Sigma Aldrich 

#P8340, 1:1000). A bicinchoninic acid (BCA) (Pierce BCA Protein Assay Kit; Thermo Fisher 

Scientific #23225, Rockford, IL, USA) assay was used to determine protein concentration in 

each well and Seahorse assay measurements were normalized to protein content (μg/mL). 

Bioenergetic capacity and fuel flexibility characteristics were investigated by graphing 

glycolytic and oxidative ATP production as previously described by Mookerjee et al. 

(Mookerjee et al., 2017). We used Mookerjee et al’s. openly available table for calculations 

with the following two assumptions: the buffering power of our media is estimated at 0.1 

mpH/pmol H+ in 7μL; and the maximal ECAR is a slight underestimation due to the presence 

of oligomycin during the assay, although the presence of rotenone and antimycin A should 

restrict this underestimation (Mookerjee et al., 2017). 

Oxygen consumption of AMPK-inhibited myotubes 

To assess the contribution of constitutively active AMPK to the observed increase in OCR of 

the R225W primary myotubes, cellular bioenergetics were assessed using the Seahorse XFe96 

in the presence of Compound C. 24 hr. prior to the Seahorse assay, primary myotubes were 

incubated with 10 μM AMPK inhibitor Compound C (Sigma Aldrich #P5499).  

Oxygen Consumption of myotubes with glycogen phosphorylase inhibitor 

To assess whether the increased OCR in R225W primary myotubes was in part due to the 

glycogen storage, we treated the cells with a glycogen phosphorylase inhibitor, CP-316819 

(Sigma Aldrich #PZ0189). 24 hr. prior to the Seahorse assay, primary myotubes were 

incubated with 10 mM of CP-316819 inhibitor. Cellular bioenergetics were assessed using the 

Seahorse XFe96. 
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Fatty acid oxidation mitochondrial stress test in primary myotubes 

 15,000 myoblasts/well were plated on XFe96 plates and differentiated for 7-10 days. 24 hr. 

prior to the Seahorse assay, cells were placed in a substrate-limited medium (DMEM powder, 

0.5 mM glucose, 1mM L-glutamine, 0.5 mM carnitine, 1% FBS). The oligomycin (2 μg/mL), 

FCCP (2 μM) antimycin-A/rotenone (5 μM/10 μM), and monensin (20	μM) were prepared in 

fatty acid oxidation (FAO) assay medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 2 

mM MgSO4, 1.2 mM NaH2PO4, 2.5 mM glucose, 0.5 mM carnitine, 5 mM HEPES, pH 7.4, 

37oC). The substrate-limited media was removed and replaced with FAO Assay medium and 

incubated in a non-CO2 incubator at 37oC for 30 min. 15 min. prior to the start of the assay, 

select wells were treated with 40 μM etomoxir to inhibit CPT1 and then incubated for 15 min. 

at 37oC in a non-CO2 incubator to allow for etomoxir to be taken up by the cells and to bind 

to CPT1. Prior to starting the assay, cells were treated with 0.17 mM palmitate:bovine serum 

albumin (BSA) or just 0.03 mM BSA (vehicle control). In brief, the conjugated palmitate:BSA 

was done using FA-free (FAF) BSA, which was added to 150 mM NaCl and stirred until 

dissolved at 37oC. Then ½ of the BSA was diluted to 0.17 mM for stock at -20oC. Sodium 

palmitate was added to the other ½ of BSA and stirred at 70oC. Then pH was adjusted to 7.4 

(Seahorse Bioscience). A BCA assay was performed to determine protein concentration in 

each well and Seahorse assay measurements were normalized to protein content (μg/mL).  

Metabolic enzyme activities  

Enzyme activities for CS and CPT1 were determined in differentiated myotubes. Pelleted cells 

were lysed in ice-cold RIPA buffer using a 28-gauge needle and syringe. Cellular debris was 

eliminated through centrifugation of the lysate at 14,000 g for 10 min. at 4oC. The supernatant 

was collected and stored at -80oC until further use. All assays were performed using the BioTek 
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Synergy 96-well microplate reading spectrophotometer at room temperature (RT). CS activity 

was determined by measuring absorbance at 412 nm in 50 mM Tris-HCl (pH 8.0) with 0.2 

mM DTNB, 0.1 mM acetyl-coA and 0.25 mM oxaloacetate. CPT1 activity was determined by 

measuring absorbance at 412 nm in 50 mM Tris-HCl (pH 7.4) with 0.5 mM palmitoyl Co-A, 

0.2 mM DTNB, 150 mM KCl, 1.88 nM BSA and 5 mM L-carnitine. Rate of absorbance 

change, and path length of each well was determined using BioGen 5.0 The enzyme activities 

were calculated using extinction factors 13.6 mM-1cm-1 for CS, and 6.22 mM-1cm-1 for CPT1.  

Maximal activities of mitochondrial respiratory complexes 

Mitochondrial complex activities were determined as described by Spinazzi et al. (Spinazzi et 

al., 2012). In brief: Complex I was measured as a decrease in NADH at 340nm in 50mM 

potassium phosphate buffer (pH 7.5) with 100	μM NADH, 60	μM coenzyme Q, 3 mg/mL FA 

free-BSA (FAF-BSA), 300 μM KCN. Complex II was measured as the reduction of 

dichlorophenolindopenol (DCPIP) at 600nm in 25mM potassium phosphate buffer (pH 7.5), 

20mM succinate, 80	μM DCPIP, 50	μM decylubiquinone (DUB), 1 mg/mL FAF-BSA, and 

300	 μM KCN; Complex III was measured as the reduction of cytochrome C at 550nm in 

0.025% tween-20 in 25mM potassium phosphate buffer (pH 7.5), 100	μM decylubiquinol, 75	

μM cytochrome C, 500	μM KCN, and 100 μM EDTA; Complex IV was measured as the 

oxidation of cytochrome C at 550 nm in 50 mM potassium phosphate buffer (pH 7.0), and 50	

μM of reduced cytochrome C. Complex I+III linked activity was measured as the reduction of 

cytochrome C at 550 nm in 50 mM potassium phosphate buffer (pH 7.5), 200	μM NADH, 50	

μM cytochrome C, 1 mg/mL FAF-BSA, and 300	μM KCN. Complex II+III linked activity was 

measured as the reduction of cytochrome C at 550 nm in 0.5 M potassium phosphate buffer 

(pH 7.5), 10 mM succinate, 50	μM cytochrome C, and 300	μM KCN. Extinction coefficients 
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were used for data analysis (CI = 6.2, CII = 19.1, CIII, CIV, CI+CIII = 18.5, CII+CIII = 13.6 

mM-1cm-1) and normalized to protein concentration and citrate synthase activity (Spinazzi et 

al., 2012).  

High resolution respirometry of permeabilized myotubes 

The oxygen consumption of myotubes isolated from affected and control individuals was 

determined using high resolution respirometry (OROBOROS Instruments, Innsbruck, 

Austria). Two assays were conducted at 37oC in MiR05 (0.5mM EGTA, 3mM MgCl2•H2O, 

20mM taurine, 10mM K2HPO4, 20mM HEPES, 110mM sucrose, 1g/L BSA (pH 7.1, 37oC)). 

Myotubes were detached using 0.25% Trypsin-EDTA and resuspended in MiR05 buffer. 

Following addition of the cells to the chamber, myotubes were  permeabilized with 4.05	μM 

digitonin, and the assay was started with the addition of 5mM malate and 10mM pyruvate to 

measure leak respiration in the presence of low endogenous ADP (CI leak), then 2.5mM ADP 

was added to measure CI-dependent phosphorylating oxidative phosphorylation (CI 

OXPHOS) Following that, 10mM succinate was added to measure combined CI and CII 

OXPHOS, and then phosphorylation was inhibited using 2.5	μM oligomycin which inhibits 

F0F1-ATPAse to measure proton leak (under conditions when mitochondria are energized). 

Finally, OXPHOS was uncoupled with 0.5	μM titrations of FCCP, and then 1	μM antimycin-

A was added to inhibit electron flow at CIII.  

To measure FA oxidation, 0.1mM malate was added to digitonin permeabilized myotubes to 

measure leak respiration (CI+FAO leak), and then 0.5mM L-carnitine and 20	μM palmitoyl-

CoA was added to measure CI+FAO OXPHOS dependent on CPT1 activity. Following that, 

5mM ADP was added to measure CI-dependent oxidative phosphorylation (CI OXPHOS), and 

then 10	μM palmitoyl-carnitine and 100	μM octanoyl carnitine were added to measure CPT1-
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independent respiration using lipid-based substrates; then 10mM succinate was added to 

measure combined CI and CII OXPHOS, and then phosphorylation was inhibited with 2.5	μM 

oligomycin which inhibits F0F1-ATPAse to measure CI and CII leak. Finally, OXPHOS was 

uncoupled with 0.5	μM titrations of FCCP to assess uncoupled maximal respiration, and then 

1	μM antimycin-A was added to inhibit electron flow at CIII. Data are normalized to protein 

content as determined by BCA assay. 

Permeabilization of biopsied fibres  

Within 1-2 hr. after each vastus lateralis biopsy, BIOPS-stored muscle fibres [BIOPS (5.77 

mM Na2ATP, 7 10 EGTA-CaEGTA buffer (0.1 μM free Ca2) 6.56mM MgCl2-6H2O, 20 mM 

Taurine, 60 mM K-lactobionate, 15 mM phosphocreatine, 20 mM imidazole, 0.5 mM DTT, 

50 mM MES, pH 7.1 at 0°C] were teased into fibre bundles and placed into 1 mL of fresh ice-

cold BIOPS solution, containing 50 μg/ml of freshly-prepared saponin, for 30 min. under 

gentle agitation. Fibres were then washed three times in ice-cold respiration media (MiRO5, 

0.5 mM EGTA, 3 mM MgCl2-6H2O, 2 0mM Taurine, 10 mM K2HPO4, 20 mM HEPES, 110 

mM sucrose, 1 g/L BSA, pH 7.1 at 37°C). Fibre bundles were quickly blotted on filter paper 

and weighed, and approximately 2 mg were used immediately in respiration assays.  

Assays to measure oxygen consumption, FAO and ROS production 

Oxygen consumption and H2O2 emission from permeabilized fibres were measured 

simultaneously using high-resolution respirometry, coupled with fluorimetry (OROBOROS 

Instruments, Innsbruck, Austria). Assays were conducted at 37oC in MiR05, with medium 

oxygen concentration maintained between 300-500 nmol/mL. All assays were conducted in 

duplicate. For ETC and FAO determinations, a SUIT protocol was run as previously described 

(see Methods: “High resolution respirometry of permeabilized myotubes”, pg. 34). H2O2 
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emission was determined using 50 μM Amplex Ultra Red (Thermo Fisher Scientific A36006, 

Waltham, MA, USA) in the presence of 5U/mL superoxide dismutase (SOD) and horseradish 

peroxidase (HRP), with excitation of 525 nm and emission of 615 nm. To calibrate the 

fluorimeter, 0.1 μM of H2O2 was added to each chamber prior to each assay. The assay was 

started with the addition of 5 mM malate and 10 mM pyruvate to measure leak respiration (CI 

LEAK); next, 2.5 mM ADP was added to quantify CI OXPHOS. Following, 10mM succinate 

was added to measure combined CI, CII OXPHOS. Subsequently, phosphorylation was 

inhibited following the addition of 1μM carboxyatractyloside, which inhibits the adenine 

nucleotide transporter (ANT), and 2.5 μM of oligomycin which inhibits the F0F1-ATPase, thus 

leak respiration with complex I and II electron input was measured (CI, CII LEAK). To induce 

uncoupling of OXPHOS, and maximal rate of the ETS, repetitive 1μL titrations of 0.5 μM 

FCCP were carried out, ETS CI, CII. 1 μM antimycin A was added to inhibit the flow of 

electrons through CIII in the ETS.  

Mass-specific oxygen and H2O2 flux were calculated as the time derivative of oxygen and H2O2 

concentration respectively using DatLab 6 Software (Oroboros Instruments). Non- 

mitochondrial oxygen consumption was determined after addition of antimycin A and used to 

adjust oxygen flux rates in other respiratory states. Respiration states were defined according 

to Gnaiger (Makrecka-Kuka et al., 2015). Mitochondrial H2O2 emissions was determined at 

all steady-states (CI LEAK, CI OXPHOS, CI CII OXPHOS, CI, CII LEAK, and ETS). To 

account for variations in mitochondrial mass between separate biopsies, citrate synthase (CS) 

activity per mg muscle was determined (see Methods: “Metabolic enzyme activities”, pg. 32) 

and used to normalise mitochondrial function measures, as it is well-correlated with 
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mitochondrial density. Values of mitochondrial respiration are expressed as pmol O2/s/U.CS, 

and values of mitochondrial H2O2 emission are expressed as fmol H2O2/s/U.CS.  

Western Blots 

Flash frozen muscle was homogenized in ice-cold RIPA buffer (150mM NaCl, 1% NP-40, 

0.5% deoxycholate, 0.1% SDS, Tris-HCl (pH 7.5), 0.1% Na3VO4, 0.1% protease inhibitor 

cocktail (PIC Sigma-Aldrich P8340 1:1000)) using a bead mill homogeniser (Thermo Fisher 

Scientific, Rockford, IL, USA). Sample aliquots containing 20 μg of protein were suspended 

in a 1x Laemmli buffer solution (10% glycerol, 2% SDS, 0.25% bromophenol blue, 400 mM 

dithiothreitol (DTT), 0.5 M Tris-HCl (pH 6.8)), boiled at 95oC for 5 min., and subjected to 

separation with SDS-PAGE. Proteins were transferred to a 0.2	μM nitrocellulose membrane 

then incubated with blocking buffer (5% BSA in Tris buffered saline containing 0.1% Tween 

20 (TBS-T)) for 1 hr. at RT. The membranes were then incubated overnight at 4oC with 

primary antibodies under gentle wavering. Samples were probed for fusion markers: MFN-1 

(Abcam #ab126575 1:1000), MFN-2 (Abcam #ab57602 1:1000), and OPA-1 (Abcam 

#ab42364 1:1000); mitochondrial biogenesis markers: NRF-1 (Santa Cruz Biotechnologies 

#sc-33771 1:1000), NRF-2 (Santa Cruz Technology #sc-365949 1:1000) and PGC1a (Santa 

Cruz Biotechnologies #sc-13067 1:1000); mTOR pathway proteins: mTOR (Cell Signaling 

Technology # 2983 1:1000), p70 S6 kinase (Cell Signaling Technology #9202 1:1000), p-

p70S6k (Thr389 Cell Signaling Technology #9205 1:1000), p-4E-BP1 (Cell Signaling 

Technology #2855 1:1000), S6RP (Cell Signalling Technology #2217S 1:1000), and p-S6RP 

(Ser240/Ser244 Cell Signalling Technology #2215S 1:1000); mitophagy/autophagy markers: 

LC3A/B (Cell Signalling Technology #12741S 1:1000), SQSTM1/p62 (Cell Signalling 

Technology #5114S 1:1000), p-ULK (Ser555 Abcam #ab5869 1:1000), parkin (Santa Cruz 
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Biotechnology #sc-32282 1:1000), PINK1 (Sigma Aldrich #SAB2500794 1:1000), BNIP3 

(Santa Cruz Biotechnologies #sc-56167 1:1000). Secondary antibody anti-mouse (Promega 

#W402B 1:10000), anti-rabbit (Promega #W401B 1:10000), or anti-goat (Santa Cruz 

Biotechnologies #sc-2033 1:10000) was added for 1 hr. following primary antibodies. Loading 

controls used include a-tubulin (Abcam #ab15246 1:1000) and GAPDH (Santa Cruz 

Biotechnologies #sc-47724 1:10000). GAPDH is used for 15% gel membrane transfers due to 

lower molecular weight. 

To determine autophagic flux in vitro, differentiated myotubes were treated with 50 μM 

chloroquine for 6 hr. Pelleted cells were lysed in ice-cold RIPA buffer using a 28-gauge needle 

and syringe and lysates were centrifuged for 10 min. at 14,000 g to remove cellular debris. 

Proteins were separated by SDS-PAGE, transferred to a 0.2	μM nitrocellulose membrane, and 

blocked for 1 hr. at RT. The membranes were probed for SQSTM1/p62 (Cell Signalling 

Technology #5114S 1:1000) and LC3A/B (Cell Signalling Technology #12741S 1:1000). 

Statistics 

Statistical analysis was performed in GraphPad Prism Software (GraphPad Software Inc., La 

Jolla, CA) using a two-way unpaired parametric Student’s t-test. GraphPad Prism software 

was used to generate graphs, Seahorse cell mitochondrial stress profiles and bioenergetic 

boxplots were generated in Microsoft Excel. Data are presented as mean ± SEM, where a value 

of p < 0.05 was considered significant. 
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Results 

Anthropometric and biochemistry data of follow-up biopsies 

Individuals II: 1, II: 2, and II: 3 from family 1 (figure 9) and an age-, gender-, and weight- 

matched control for individual II: 3 R225W members were biopsied a second time in 2018 for 

additional analysis. The anthropometric and biochemistry data include a breakdown of body 

mass distribution and blood analyses for indicators of metabolic disease. There were no 

differences in anthropometric or plasma biochemistry markers between the control and 

R225W individuals (table 1).  

Table 1. Characteristics of R225W and age-matched control subjects who underwent 
follow-up muscle biopsies in September 2018. 

Measurements were conducted on individuals prior to undergoing muscle biopsies. Blood 
chemistry measurements were conducted following an overnight fast.  
 
 R225W Control 
Age 62.2 ± 2 55.2 ± 2 
BMI 30.25 ± 0.15 25.4 ± 3.2 
Weight (lbs) 189.05 ± 8.95 159.26 ± 6.76 
% Fat 35.4 ± 6.9 25.6 ± 10.7 
Fat mass (lbs) 66.26 ± 9.75 41.5 ± 19 
Fat free mass (lbs) 122.78 ± 18.74 117.5 ± 12.5 
TBW 89.76 ± 13.75 86 ± 9 
Diastolic BP 132 ± 15 122.5 ± 7.5 
Systolic BP 86 ± 1 71 ± 6 
Glucose Fasting (mmol/L) 5.35 ± 0.75 5.75 ± 0.45 
HbA1c (%) 5.9 ± 0.8 6.1 ± 0 
Creatinine 70 ± 2 79 ± 1 
Insulin Fasting (pmol/L) 24 ± 10 67 ± 12 
Cholesterol Fasting (mmol/L) 4.2 ± 1.2 3.55 ± 0.55 
HDL Fasting (mmol/L) 1.67 ± 0.01 1 ± 0.12 
Non-HDL Fasting (mmol/L) 2.5 ± 1.2 2.55 ± 0.65 
LDL Fasting (mmol/L) 2.05 ± 0.85 1.95 ± 0.35 
TGs Fasting (mmol/L) 1.11 ± 0.75 1.37 ± 0.74 
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Oxygen consumption and ATP production are increased in R225W myotubes 

The Seahorse mitochondrial stress test assay is used to measure OCR and ECAR. The assay 

provides insight into mechanisms of mitochondrial OXPHOS function and glycolysis, 

allowing the investigation of metabolic differences between cell lines. An analysis tool is made 

publicly available by Mookerjee et al. to determine metabolic flexibility (Mookerjee et al., 

2017). Under fuel-rich conditions, there were no differences in basal respiration (figure 10A, 

10B). However, following the injection of oligomycin, to inhibit activity of the ATP synthase 

(complex V) (Seahorse XF Cell Mito Stress Test Kit | Agilent), we observed a 35.5% higher 

leak respiration in myotubes isolated from R225W individuals, as compared to matched 

controls (p < 0.05, figure 10A). Similarly, maximal oxygen consumption rate was on average 

trending to be 32.1% higher in the R225W myotubes than in their matched control myotubes 

(p < 0.10, figure 10A, 10B), and non-mitochondrial respiration was trending on average 85.8% 

higher in the affected individuals (p < 0.10, figure 10A, 10B). These values were derived from 

the chemical uncoupling agents FCCP and rotenone/antimycin A, respectively. 

The ECAR measurement is a proxy measure for rate of glycolysis. Upon addition of monensin, 

which stimulates maximal glycolytic rate, we see a significantly higher maximal glycolysis 

rate in the control individuals by 28.5% as compared to the R225W affected individuals (p < 

0.05, figure 10C, 10D). Using the Mookerjee method to assess bioenergetic capacity as a 

function of ATP production by glycolysis and ATP production by OXPHOS, the R225W 

myotubes had higher rate of ATP production from OXPHOS compared to matched control 

cells; this is evident in the areas of the rectangles for maximal respiration (figure 10F). 

However, glycolytic production of ATP is higher in control myotubes than in R225W 

myotubes in both maximal and basal respiration states (figure 10F). A difference in OXPHOS 
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ATP production basally is not discernible between R225W and control individuals in the 

bioenergetic boxplot (figure 10F). 

Next, we sought to confirm our findings, by assessing cellular respiration in differentiated 

myotubes using the Oroboros O2K systems. Here, rather than assessing metabolic 

characteristics of adhered myotubes as in the Seahorse systems, oxygen consumption is 

measured in suspensions of permeabilized cells, using a Clarke type oxygen electrode. No 

differences in oxygen consumption were observed under any of the respiration conditions 

between R225W and control myotubes (figure 10E).  
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Figure 10. Leak respiration and bioenergetic capacity are increased in individuals with 
the R225W AMPK mutation. 

Isolated primary human myoblasts were differentiated into myotubes for 7-10 days and 
underwent a mitochondrial stress test in an XFe96 Agilent Seahorse. Measurements 1-3 are 
basal respiration, 4-6 are leak respiration following oligomycin injection, 7-9 are maximal 
respiration following FCCP injection, 10-12 are non-mitochondrial respiration following 
antimycin A and rotenone injection, finally 13-15 are to measure maximal glycolysis following 
monensin injection. (A) Averaged raw OCR measurements between R225W and control 
myotubes. (B) Average OCR measurements in bar graph form in which basal respiration is 
raw basal minus non-mitochondrial respiration, ATP-linked respiration is raw basal minus leak 
respiration, and spare capacity is maximal minus raw basal respiration. (C) Averaged raw 
ECAR measurements between R225W and control myotubes. (D) Averaged ECAR 
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measurements in bar graph form. (E) Oxygen consumption of suspensions of permeabilized 
myotubes was measured simultaneously using high-resolution respirometry (OROBOROS ®). 
Oxygen consumption values are compared between affected and control myotubes for CI leak, 
CI OXPHOS, CI+CII OXPHOS, CI+CII leak, maximum respiration, and CIV activity 
respectively. (F) Bioenergetic capacity as a function of ATP production by glycolysis (JATPgly) 
and production by OXPHOS (JATPox). Data are mean±SEM (n = 3), *p < 0.05. 

Acute AMPK inhibition leads to loss of difference in bioenergetic capacity, and 
increased glycogen content does not affect respiration 
 
The Harper lab has previously demonstrated that there is a two-fold increase in glycogen 

content in skeletal muscle obtained from individuals with the R225W mutation in AMPK. 

These individuals also exhibit several gain-of-function phenotypes, including a remarkable 

increase in muscle fatigue-resistance in vivo. This same mutation in cardiac tissue causes a 

similar build-up of glycogen, and this is pathogenic, contributing to Wolff-Parkinson-White 

syndrome. Following this observation, we sought to determine whether the increased glycogen 

content contributed to the increased respiration in primary myotubes. We treated the myotubes 

with a chemical glycogen phosphorylase (GP) inhibitor (CP-316819), expecting to potentially 

observe a greater decrease in R225W respiration than control cell respiration characteristics in 

a mitochondrial stress test. However, in the presence of the GP inhibitor, CP-316819, no 

significant change between treated and untreated conditions was found (p = 0.12, figure 11A, 

11B), indicating that the excess glycogen being stored in skeletal muscle is not being used at 

a different rate than in control individuals. OCR remained significantly different between 

R225W and control when treated which indicates that differences were maintained regardless 

of not having access to excess glycogen supply (p < 0.05, figure 11A, 11B). Changes were 

also not seen in ECAR with the addition of glycogen phosphorylase inhibitor (figure 11C, 

11D). 
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Next, we sought to inhibit AMPK overall, in order to determine whether the active AMPK as 

a result of R225W was the direct cause for increased respiration, or whether this was an indirect 

result of increased mitochondrial content. Compound C (or dorsomorphin) is a non-specific 

AMPK inhibitor. When the R225W myotubes were treated with the inhibitor for 24 hours, the 

myotubes exhibited a marked change in difference between R225W and control myotubes in 

OCR (figure 11E, 11F) and ECAR (figure 11G, 11H) where previously significant changes 

became non-significant. It appears that control myotube maximal respiration markedly 

increases in the presence of Compound C, whilst R225W respiration remains the same (figure 

11F). Interestingly, in the presence of Compound C, R225W myotube ECAR is elevated 

significantly and becomes similar to that of its control (figure 11H). This finding suggests that 

when the skeletal muscle isoform of AMPK was inhibited, R225W myotubes had increased 

glycolytic ATP production. This suggests that the mechanism driving increased bioenergetics 

capacity in the R225W myotubes may indeed be as a direct result of the mutation but is likely 

supported by additional pathways leading to chronic changes in mitochondrial capacity. 
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Figure 11. OCR and ECAR of R225W myotubes in presence of glycogen phosphorylase 
and compound C inhibitors. 

Myotubes underwent a cell mitochondrial stress test in a XFe96 Agilent Seahorse. + refers to 
“in presence” of inhibitor, whilst – refers to “in absence” of inhibitor. (A) averaged raw OCR 
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measurements of myotubes in presence of GP inhibitor, (B) averaged OCR measurements in 
presence of GP inhibitor where basal respiration is raw basal minus non-mitochondrial 
respiration, ATP-linked respiration is basal minus leak respiration, and spare capacity is 
maximal minus basal respiration, (C) averaged raw ECAR measurements in presence of GP 
inhibitor, (D) ECAR measurements in bar graph format in presence of GP inhibitor, (E) 
averaged raw OCR measurements of myotubes in presence of Compound C inhibitor, (F) 
averaged OCR measurements in presence of Compound C inhibitor where basal respiration is 
raw basal minus non-mitochondrial respiration, ATP-linked respiration is basal minus leak 
respiration, and spare capacity is maximal minus basal respiration, (G) averaged raw ECAR 
measurements in presence of Compound C inhibitor, (H) ECAR measurements in bar graph 
format in presence of Compound C inhibitor. Data are mean±SEM (n = 3-4), *p < 0.05 and 
**p < 0.01. 
 
R225W myotubes exhibit increased fatty acid oxidation 

As AMPK activation is associated with increased FA import into mitochondria (Hardie and 

Pan, 2002), we next assessed respiration of the R225W myotubes when supplied with fatty 

acids using the Seahorse XFe96. Palmitate is a 16-carbon length fatty acid that must be 

imported into the mitochondria via the carnitine shuttle system in order to undergo b-oxidation. 

Longer-chain FFAs are relatively insoluble in the aqueous environment of in vitro work, to 

overcome this, palmitate is conjugated to BSA at a 1:6 palmitate:BSA ratio. Etomoxir is an 

irreversible CPT1 inhibitor, preventing palmitate:BSA from entering mitochondria for 

oxidation. A 55.8% decrease was seen from palmitate:BSA respiration to palmitate+etomoxir 

respiration in myotubes from R225W individuals (p < 0.05, figure 12A, 12B), as compared to 

no significant inhibition of respiration in myotubes from control individuals (figure 12C, 12D). 

There was also a significant 45.3% increase in basal respiration in myotubes from R225W 

individuals in presence of palmitate:BSA (p < 0.05, figure 12A, 12B), with no significant 

change in control myotubes (figure 12C, 12D). Raw values were analyzed as per Seahorse 

protocol. No change was observed in OCR due to uncoupling FFA which is determined by 

oligomycin palmitate:BSA rate minus oligomycin BSA rate (figure 12E). No change was 

observed in basal respiration due to exogenous FAs which is determined by basal 
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palmitate:BSA rate minus basal BSA rate minus OCR due to uncoupling by FFA. A 91.9% 

increase in R225W myotubes was observed at maximal respiration due to the addition of 

palmitate which is determined by maximal palmitate:BSA minus maximal BSA rate minus 

OCR due to uncoupling by FFA (p < 0.05, figure 12E). No change was observed in basal 

respiration due to endogenous FAs which is determined by basal BSA minus basal 

BSA+etomoxir rate. Finally, no change was observed in maximal respiration due to 

endogenous FAs which is determined by maximal BSA minus maximal BSA+etomoxir rate 

(figure 12E).  

Next, we aimed to confirm and extend these findings through high resolution respirometry, in 

which FAO was assessed in digitonin permeabilized myotubes (figure 12F). We designed a 

unique protocol to assess FAO that is dependent on the activity of CPT1, or that bypasses 

CPT1 in the presence of palmitoylcarnitine and octanoylcarnitine. The CPT1-depedent leak 

respiration was 80.2% higher in R225W individuals, and CPT1-dependent CI+FAO OXPHOS 

was 77.8% higher (p < 0.05, figure 12F). The CPT1-independent respiration was trending to 

be increased following the addition of both palmitoylcarnitine and octanoylcarnitine (p = 0.07 

and 0.06, respectively, figure 12F).  Following the addition of FCCP, maximal respiration was 

69.4% higher in myotubes from R225W individuals (p < 0.05, figure 12F). We additionally 

determined that in lysed primary myotubes, CPT1 specific activity was increased in R225W 

affected individuals by 30.8% (figure 12G). Since AMPK indirectly lowers malonyl-CoA 

content, a CPT1 inhibitor, these findings of increased CPT1 activity are consistent with our 

hypothesis. We expect that the increased ability of CPT1 to import FAs into the mitochondria 

also contributes to the increased FAO we observed in R225W myotubes. 
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Figure 12. Increased FAO and increased CPT1 activity in myotubes from R225W 
individuals. 

Isolated primary human myoblasts were differentiated into myotubes for 7-10 days and 
underwent a cell mitochondrial stress test in an XFe96 Agilent Seahorse Analyzer. 
Measurements 1-3 are basal respiration, 4-6 are leak respiration following oligomycin 
injection, 7-9 are maximal respiration following FCCP injection, 10-12 are non-mitochondrial 
respiration following antimycin A and rotenone injection. Myotubes were treated with 
palmitate:BSA and etomoxir. (A) averaged raw OCR measurements of R225W myotubes, (B) 
averaged OCR measurements of R225W myotubes in which basal respiration is raw basal 
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minus non-mitochondrial respiration, ATP-linked respiration is basal minus leak respiration, 
and spare capacity is maximal minus basal respiration, (C) averaged raw OCR measurements 
on control myotubes, (D) averaged OCR measurements of control myotubes in which basal 
respiration is raw basal minus non-mitochondrial respiration, ATP-linked respiration is basal 
minus leak respiration, and spare capacity is maximal minus basal respiration, (E) OCR 
measurements in which OCR due to uncoupling FFA is oligomycin palmitate:BSA-Eto rate 
minus oligomycin BSA-Eto rate, basal respiration (exogenous FAs) is basal palmitate:BSA-
Eto rate minus basal BSA-Eto rate minus OCR due to uncoupling by FFA, maximal respiration 
(exogenous FAs) is maximal palmitate:BSA-Eto minus maximal BSA-Eto rate minus OCR 
due to uncoupling by FFA, basal respiration (endogenous FAs) is basal BSA-Eto minus basal 
BSA+Eto rate, and maximal respiration (endogenous FAs) is maximal BSA-Eto minus 
maximal BSA+Eto rate, (F) high resolution respirometry results following FAO protocol, and 
(G) CPT1 activity (nmol/min./mg of protein) measured on myotube homogenate. Data are 
mean±SEM (n = 3-4), *p < 0.05. 
 
Activities of mitochondrial ETC complex proteins are increased in primary 
myotubes from R225W individuals  
 
Mitochondrial ETC complex proteins harness the electrons from the oxidation of energy 

substrates for the synthesis of ATP through OXPHOS. We aimed to determine whether there 

were differences in the total maximal activities of specific ETC proteins using 

spectrophotometric assays of Vmax activities. Activities were measured as total cellular activity 

in primary myotube lysate. There were significant increases in activities of complexes II, III, 

and IV, and a trending increase in CI-III and CII-III linked activities in cells of AMPK R225W 

individuals, as compared to controls, which is consistent with the observations of increased 

bioenergetic capacity (figure 13). However, there was no change in CI activity in the cells of 

R225W individuals as compared to the controls (figure 13A). CII activity is increased by 

60.1% (p < 0.05, figure 13B), CIII activity is increased by 74.2% (p < 0.05, figure 13C), CIV 

activity is increased by 49.6% (p < 0.01, figure 13D), CI-II linked activity trends an increase 

by 34.6% (p < 0.1, figure 13E), and CII-CIII linked activity trends for an increase by 46.0% 

(p < 0.1, figure 13F) in the myotubes of R225W affected individuals as compared to their 

matched controls. 
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To assess whether increases in cellular respiration and activities of the ETC complex proteins 

activity were attributable to increased mitochondrial content of the myotubes, we next 

quantified the total cellular activity of citrate synthase (CS). Consistent with previous findings 

of increased mitochondrial content in the R225W individuals, here we found it to be 47.4% 

greater in myotubes R225W individuals than in the matched control cells (p < 0.05, figure 

13G).  
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Figure 13. Increased activities of ETC proteins in myotubes of R225W affected 
individuals than in myotubes of matched controls. 

Specific activities (nmol/min./mg of protein) of (A) complex I, (B) complex II, (C) complex 
III, (D) complex IV, (E) complex I-III linked, and (F) complex II-III linked activities were 
measured on R225W and control primary myotube lysates (G) CS activity measured on 
myotube homogenate. Data are mean±SEM (n = 3-4), *p < 0.05, **p < 0.01. 
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Respiration rates are lower in biopsied skeletal muscle of R225W individuals 
than in muscle of matched controls 
 
To determine whether our findings of increased bioenergetic capacity in the primary muscle 

cells isolated from R225W individuals also translated to muscle tissue, we measured 

characteristics of oxygen consumption in freshly biopsied muscle using high resolution 

respirometry (figure 14A, 14B, 14C). We found that OXPHOS tends to be increased in muscle 

fibres of R225W individuals; as well as CIV activity (figure 14A). No firm conclusions can be 

drawn about FAO in muscle due to lower sample size (n = 2); the 3rd sample could not be run 

due to availability of muscle from biopsy (figure 14B). Lastly, ROS trends higher in R225W 

individuals overall between each individual and their matched control, but non-significantly 

due to large biological variability (figure 14C). Interestingly, CS activity in muscle 

homogenate appeared to have the opposite result to what we determined in myotubes (figure 

11G, 14D). CS activity was significantly lower by 29.9% (p < 0.05, figure 14D) in muscle 

homogenate of R225W individuals. This is starkly different from the 47.4% higher CS activity 

seen in primary myotubes of R225W individuals (p < 0.05, figure 13G).  
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Figure 14. CS activity is decreased in R225W muscle homogenate, OXPHOS, FAO, and 
ROS production in biopsied muscle preparations did not change. 

Biopsied muscle tissue was permeabilized, and used for determination of oxygen consumption, 
and FAO using high resolution respirometry. H2O2 emission was measured using fluorimetry 
Data were normalized to CS activity, a proxy measure of muscle mitochondrial content. (A) 
Characteristics of electron transport chain activity under various incubation conditions, (B) 
FAO measured by respirometry, where CI+FAO leak is measured with malate injection, then 
CI+FAO OXPHOS dependent on CPT1 is measured with L-carnitine and palmitoyl-CoA 
injection, (C) ROS emission measured by fluorimetry at all steady states with Amplex Ultra 
Red to measure H2O2 production in presence of SOD with peak excitation of 525 nm and 
emission at 615 nm. , and (D) CS activity in homogenized muscle (n = 4). Data are mean±SEM 
(n = 2-3), *p < 0.05. 
 
Mitofusin protein levels are elevated in muscle from R225W individuals 

Mitochondria exist as a functional network that adapts in size and function through fusion and 

fission processes to meet the metabolic demands of a cell. AMPK is thought to play a role in 

maintaining the balance of fusion and fission (Herzig and Shaw, 2018). Thus, we assessed the 

expression of key proteins involved in maintaining the balance of mitochondrial fusion and 

fission. Levels of the fusion proteins, MFN-1 and MFN-2, were found to be increased in the 
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biopsied muscle of R225W individuals compared to controls (p < 0.05, figure 15A, 15B, 15C). 

There was no significant change seen in the inner membrane fusion protein OPA-1 (figure 

15A, 15D).  

 
Figure 15. Fusion proteins MFN-1 and MFN-2 are increased in biopsied muscle of 
R225W individuals compared to controls. 

Muscle was homogenized and prepared with DTT and Laemmli buffer. Samples were run on 
6%-15% SDS-Tris gels at 120V and transferred to 0.2 µm nitrocellulose membranes. (A) blots 
of MFN-1, MFN-2, OPA-1, and loading controls, (B) quantified MFN-1 blot, (C) quantified 
MFN-2 blot, and (D) quantified OPA-1 blot. Data are mean±SEM (n = 3) *p < 0.05. 
 
Markers of mitochondrial biogenesis in biopsied muscle are similar in R225W 
and control individuals 
 
We hypothesized that mitochondrial biogenesis would be elevated in the muscle of R225W 

individuals, as AMPK can directly phosphorylate and activate PGC1a (Reznick and Shulman, 
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2006). Contrary to our hypothesis, we found no changes in the mitochondrial biogenesis 

markers NRF-1, NRF-2 and PGC1a (figure 16A, 16B, 16C, 16D).  

 
Figure 16. Levels of marker proteins of mitochondrial biogenesis are similar in biopsied 
muscle of R225W and control individuals. 

Muscle was homogenized and prepared with DTT and Laemmli buffer. Samples were run on 
6%-15% SDS-Tris gels at 120V and transferred to 0.2 µm nitrocellulose membranes. (A) blots 
of PGC1a, NRF-1, NRF2, and loading controls, (B) quantified PGC1a blot, (C) quantified 
NRF-1 blot, and (D) quantified NRF-2 blot. Data are mean±SEM (n = 3). 
 
mTOR pathway is inhibited in R225W muscle homogenate 

AMPK inhibits the mTOR pathway by supressing mTORC1 activity and phosphorylating the 

scaffold protein raptor (Herzig and Shaw, 2018). The inhibition of mTOR by AMPK leads to 
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suppression of cell proliferation and the induction of autophagy (Löffler et al., 2011).  Here, 

we blotted for mTOR and downstream proteins to determine if the gain-of-function R225W 

mutation is associated with any changes in the mTOR pathway. We observed no significant 

change in the protein levels of total mTOR (figure 17A, 17B). Compared to muscle 

homogenate of control individuals, the level of p70S6K was trending to be decreased by 34.0% 

in R225W individuals (p < 0.1, figure 17A, 17C). The level of p-p70S6K was increased by 

80.2% (p < 0.05, figure 17A, 17D). However, p-4EBP1 and S6RP levels were unchanged 

(figure 17A, 17E, 17F). The level of p-S6RP was decreased by 72.8% in R225W muscle 

homogenate (figure 17A, 17G). 
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Figure 17. p70S6K, p-4E-BP1, and p-S6RP are decreased, and p-p70S6k is increased in 
biopsied muscle from R225W individuals as compared to controls. 

Muscle was homogenized and prepared with DTT and Laemmli buffer. Samples were run on 
6%-15% SDS-Tris gels at 120V and transferred to 0.2 µm nitrocellulose membranes. (A) blots 
of mTOR, p70S6K, p-p70s6K, p-4E-BP1, S6RP, p-S6RP, and loading controls, (B) quantified 
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mTOR blot, (C) quantified p70S6K blot, (D) quantified p-70S6K blot, (E) quantified 4E-BP1 
blot, (F) quantified S6RP blot, and (G) quantified p-S6RP blot. Data are mean±SEM (n = 3) 
*p < 0.05. 
 
The R225W mutation is associated with increased markers of autophagic flux 
capacity and mitophagy 
 
As AMPK is a well-known inducer of autophagy, we sought to determine whether skeletal 

muscle from R225W individuals exhibited elevated autophagic flux. First, we assessed skeletal 

muscle homogenate for the expression of key autophagy proteins. We observed a significant 

decrease in p62 content by 72.6% (p < 0.05, figure 18A, 18B). However, we did not see 

differences in the levels of p-ULK, LC3A/B, and BNIP3 in R225W muscle homogenate 

(figure 18A, 18C, 18D, 18E). We saw no change in PINK1 (figure 18A, 18F), a marker of 

mitophagy, but saw a potential for an increase in parkin (n = 2, figure 18A, 18G). As the 

muscle samples were collected when participants were fasting, this may have led to an increase 

in basal autophagy in both R225W and control individuals (Bujak et al., 2015). We then tested 

characteristics of autophagic flux in primary myotubes in which flux mechanisms can be 

challenged in vitro. We treated the primary myotubes isolated from R225W and control 

individuals with chloroquine to assess capacity for autophagic flux. Chloroquine inhibits 

autophagic flux by decreasing autophagosome-lysosome fusion (Mauthe et al., 2018). 

Analyses revealed increased capacity for autophagic flux in R225W myotubes than in 

myotubes of matched controls as there was a significantly greater increase in build-up of 

LC3BII in myotubes of R225W than in control myotubes when autophagy was inhibited (p < 

0.05, figure 19A, 19B, 19C, 19D). We saw no significant changes in p62 levels following 

chloroquine treatment (figure 19A, 19B, 19E, 19F). 
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Figure 18. Protein levels of p62 are decreased in biopsied R225W compared to control 
muscle. 

Muscle was homogenized and prepared with DTT and Laemmli buffer. Samples were run on 
6%-15% SDS-Tris gels at 120V and transferred to 0.2 µm nitrocellulose membranes. (A) blots 
of p62, LC3A/B, p-ULK, BNIP3, PINK1, parkin and loading controls, (B) quantified p62 blot, 
(C) quantified LC3A/B blot, (D) quantified p-ULK blot, (E) quantified BNIP3 blot, (F) 
quantified PINK1 blot, and (G) quantified parkin blot. Data are mean±SEM (n = 3) *p < 0.05. 
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Figure 19. Increased level of LC3BII after chloroquine treatment in R225W compared 
to control myotubes. 

Myotubes were differentiated for 7-10 days and treated with 50 μM chloroquine for 6 hours 
then harvested. Samples were run on 10-15% SDS-Tris gels a 120V and transferred to 0.2 µm 
nitrocellulose membranes. (A) control blots where – is untreated and CQ is chloroquine, (B) 
R225W blots where – is untreated and CQ is chloroquine, (C) quantified control LC3BII blot, 
(D) quantified R225W LC3BII blot, (E) quantified control p62 blot, and (F) quantified R225W 
p62 blot. Data are mean±SEM (n = 5) *p < 0.05.  
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Discussion 
 
AMPK is considered a master regulator of cellular energy homeostasis due to its ability to 

sense and respond to changes in cellular energy levels (Garcia and Shaw, 2017). We have 

previously identified a rare gain-of function R225W mutation in the PRKAG3 gene of the g3-

subunit of AMPK which is highly selectively expressed in skeletal muscle. Individuals with 

this mutation demonstrate increased resistance to fatigue during exercise, which is 

complimented by additional changes in muscle such as an increased quantity of mitochondria 

and glycogen content compared with matched controls (Costford et al., 2007; Crawford et al., 

2010). In the current study, we sought to extend our knowledge of the implications of the 

R225W mutation for muscle metabolism and cellular biology. Our findings demonstrate that 

R225W individuals exhibit greater bioenergetic capacity in OXPHOS, decreased glycolytic 

ATP production, and increased FAO, with evidence that these functional effects are as a direct 

result of the mutation and as a result of increased mitochondrial content. We also see evidence 

of increased fusion and autophagy/mitophagy in biopsied muscle from R225W individuals as 

compared to control muscle which elucidates the mechanism for more robust mitochondria. 

Previous research has demonstrated that the chronic activation of AMPK results in various 

beneficial adaptions in mitochondrial oxidative capacity in skeletal muscle (DeFronzo and 

Tripathy, 2009). Consistent with our previous findings, and seminal studies using the 

pharmacological AMPK activator AICAR (Crawford et al., 2010; Costford et al., 2007) we 

demonstrate that R225W individuals exhibit increased proton leak and maximal respiration. 

The increased proton leak and maximal respiration are consistent with previous observations 

by Crawford et al. of increased respiration and mitochondrial yield from differentiated 

myotubes and CS activity on isolated mitochondria (Crawford et al., 2010). The increase in 
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OCR of myotubes is an expected phenotypic outcome of a mutation which causes a stark 

increase in mitochondrial content (Mookerjee and Brand, 2015). Furthermore, in order to 

examine whether the effects of the R225W mutation are a direct result of increased AMPK, or 

just mass effect associated with increased mitochondrial content, we examined myotube 

respiration following 24 hours of treatment with Compound C, a non-specific AMPK inhibitor. 

We observed that the difference in respiration between control and R225W myotube 

respiration was diminished, which indicates that AMPK may be partially driving increased 

myotube respiration. For example, given that myotubes were treated with inhibitor for 24 

hours, it is possible that Compound C, which is non-specific and has many targets, exhibited 

off-target effects which resulted in the significant increase in control myotube respiration, 

although it had minimal impact on R225W respiration. Specifically, it is known that 

Compound C is capable of activating glucokinase, a rate-limiting step enzyme in glycolysis 

which may explain the observed increases in respiration (Liu et al., 2012). Furthermore, it is 

possible that the treatment with Compound C caused a cellular stress response which led to 

the increase in OCR. We also saw that ECAR of myotubes isolated from R225W individuals 

increased to the level of control myotubes after treatment with Compound C which indicates 

that glycolysis may have increased as a result of AMPK (or off-target) inhibition. More 

experiments are necessary to explore these and other possibilities. 

Contrary to our hypothesis, the primary myotubes from the R225W carriers displayed a 

dramatic decrease in ECAR, a proxy measure of glycolysis (Mookerjee and Brand, 2015). We 

expected ECAR to increase as a result of AMPK because it is known that AMPK increases 

glucose uptake and glycolysis in cardiac muscle (Dyck and Lopaschuk, 2006). At the 

molecular level, AMPK can activate 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase-
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3 (PFKFB3) which in turn activates PFK1, a rate-limiting step in glycolysis (Herzig and Shaw, 

2018; Rider et al., 2004). This unexpected finding may help to explain our previous 

observation of a remarkably increased resistance to fatigue during exercise (Crawford et al., 

2010). Typically, substantial training is required to increase the threshold for exercising at 

maximal capacity prior to producing lactic acid; this concept is known as the lactate or 

anaerobic threshold (Ghosh, 2004). Lactic acid is a known contributor to feelings of muscle 

fatigue during exercise as an indicator to the body that it needs to rest, and as it begins to build-

up, individuals may experience fatigue or soreness (Lindinger, 2007). A reduction in maximal 

anaerobic glycolysis is consistent with the possibility that a lower lactic acid production in 

muscle of the individuals with the R225W mutation may contribute to fatigue resistance. 

Furthermore, Ljubicic et al. notes that mitochondrial biogenesis as a result of AMPK activation 

by AICAR is followed by a hallmark increase in fatigue resistance (Ljubicic et al.). When 

considering the three-fold increase in skeletal muscle glycogen stores in the R225W carriers, 

we expected the readily available glycogen in skeletal muscle was being used at maximal 

respiration as the primary source of glucose via breakdown by glycogen phosphorylase. We 

hypothesized that maximal OCR respiration in R225W individuals in the presence of a 

glycogen phosphorylase inhibitor would be decreased. While skeletal muscle glycogen 

reserves are depleted only after liver reserves are used, previous studies have shown that use 

of skeletal muscle glycogen stores is critical in acute emergencies such as the “fight or flight” 

response (Jensen et al., 2011). FCCP elicits a similar mitochondrial response as the stress 

response does by uncoupling the mitochondrial membrane from the drive for ATP synthesis, 

and thus we anticipated that at maximal respiration these glycogen stores would be readily 

used (Demine et al., 2019; Brand and Nicholls, 2011). AMPK normally acts as a glycogen 

synthase inhibitor; however, its activation of glucose uptake and the glycolysis pathway can 



 64 

override this action and thereby increase glycogen storage (Hunter et al., 2011). This may 

explain why we did not observe a decrease in respiration when we blocked access to glycogen 

storage. R225Q Hampshire pigs with the analogous phenotype (RN-) were similarly found to 

deplete their glycogen stores at a normal rate when exercised (Andersson, 2003). Altogether, 

the excess storage is likely due to increased glucose uptake and a resulting increased ability to 

replenish glycogen stores (Hunter et al., 2011). This is consistent with the previous 

interpretation of data from Crawford et al. which demonstrated a two-fold increase in glycogen 

synthesis in myotubes isolated from R225W individuals than in control myotubes (Crawford 

et al., 2010). Further corroborating determinations are required to determine that glycogen is 

not used because the decrease in respiration in R225W myotubes was very close to showing a 

trend (p = 0.12). 

Skeletal muscle is highly oxidative and has a dramatic fuel plasticity which allows ATP 

production to increase over 100-fold during maximal contraction (Porter and Wall, 2012). We 

found that CS activity is two-fold greater in the muscle of R225W individuals, but this does 

not reflect previous findings by Crawford et al. of a nine-fold increase (Crawford et al., 2010). 

This discrepancy can likely be explained due their use of a technique for isolating mitochondria 

which may be artificially selecting the healthiest mitochondria by removing damaged 

mitochondria, and thus elevating the reported CS activity (Frezza et al., 2007; Piper et al., 

1985). CS activity is used to measure mitochondrial content of cells and tissue, and is also 

used to normalize data collected from cell and tissue preparations to levels of mitochondria 

(Porter and Wall, 2012). Many measures for mitochondrial content exist including cytochrome 

c oxidase activity and cardiolipin content, though the most robust method is considered 

quantitative morphometry of transmission electron microscopy (TEM) micrographs (Porter 
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and Wall, 2012). Interestingly, we found that the activities of a few of the respiratory chain 

complex proteins are increased by greater than two-fold in myotubes isolated from R225W 

individuals, suggesting that the intrinsic activities of ETC proteins may also elevated. This 

could occur through mechanisms including posttranslational modifications (PTMs), redox 

state, and cellular energy levels (Kramer et al., 2015; Berg et al., 2002; Hou et al., 2018). 

However, it is likely that the greatest contributor to increased activity is indeed increased 

mitochondrial content because the elevated complex activity becomes non-significant after CS 

normalization. Notably, CI activity did not change between R225W carrier myotubes and 

controls, which suggests that CI activity is lower per unit of mitochondrial content in myotubes 

of R225W individuals. Interestingly, metformin, the most commonly prescribed medication 

for T2DM, inhibits CI which leads to the indirect activation of AMPK (Abdelgadir et al., 

2017). CI is the largest ETC complex, and the target of several PTMs which can modify its 

activity (Hou et al., 2018). It is possible that CI activity does not reflect the increased 

mitochondrial content in R225W cells due to PTM control of CI. Studies have shown 

specifically ROS-related PTMs leading to reduced activity of CI (Ryan et al., 2012; Vial et al., 

2019). PTMs known to impact CI activity include carbonylation due to oxidative stress, and 

as well glutathionylation (Frohnert and Bernlohr, 2013; Marí et al., 2009). When there are 

decreases in glutathione (GSH), CI activity has also been shown to decrease which may be due 

to increased ROS causing a global shift of redox state to glutathione disulphide (GSSG) (Marí 

et al., 2009). Interestingly, metformin inhibition of CI also results in decreased ROS 

production; however, there is no indication that metformin directly introduces PTMs at CI 

(Vial et al., 2019). Intriguingly, the specific mechanism of action of metformin on CI is not 

well understood, but there is evidence that metformin suppresses the efficient coupling of 

redox and proton transfer domains in CI (Cameron et al., 2018; Fontaine, 2018). More 
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mechanistic studies are warranted to elucidate the possible PTM control of CI activity by 

AMPK in skeletal muscle. 

Activation of AMPK in skeletal muscle leads to increased FAO and inhibition of FA synthesis 

by directly phosphorylating and inhibiting acetyl-CoA carboxylase (ACC), respectively. ACC 

catalyzes the conversion of acetyl-CoA to malonyl-CoA, a necessary substrate for FA 

biosynthesis (Galic et al., 2018; Berg et al., 2002). Therefore, AMPK inhibition of ACC 

promotes increased FAO and decreased FA synthesis. Consistent with our previous findings 

of increased FA uptake in R225W myotubes and lower IMTG in skeletal muscle of individuals 

with the R225W mutation (Crawford et al., 2010), FAO was increased in permeabilized 

myotubes isolated from R225W individuals. Importantly, malonyl-CoA inhibits CPT1 

activity, which prevents longer-chain FAs from entering the mitochondrial matrix for b-

oxidation (Hardie and Pan, 2002). Indeed, CPT1 activity is substantially increased in R225W 

myotubes, suggesting that the increase in FAO is attributable at least in part to the increased 

uptake of FAs. This functional effect may also be a result of increased mitochondrial content, 

allowing for a greater turnover of FAO. However, it is likely an interplay of mitochondrial 

content and constitutively active AMPK; with the mitochondria providing the infrastructure 

for an increased FAO, and AMPK acting to enhance fatty acid uptake through CPT1. Very 

early studies showed that AMPK activated by exercise resulted in malonyl-CoA depletion, 

ultimately leading to increased FAO (Winder and Hardie, 1996). Smith et al. showed that the 

same effect on FAO occurs with AICAR treatment, consistent with the notion that R225W 

similarly impacts FAO through increased AMPK activity (Smith et al., 2005). Similar effects 

are also observed in C2C12 muscle cells treated with metformin (Wang et al., 2014). In 

individuals with insulin resistance, hyperinsulinemia has several effects on muscle metabolism 
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including suppressing FAO and promoting lipid storage (Collier et al., 2006). Metformin is 

able to combat this by reversing the effects of insulin-induced changes in FA metabolism 

(Collier et al., 2006; Yu Wang et al., 2019). The mechanism through which metformin 

increases FAO remains unclear but it is speculated that it is due to an indirect activation of 

AMPK by depressed CI activity, or due to increased transcription of mtDNA (Collier et al., 

2006; Lord et al., 2020). Barnes et al. determined an increase in p-ACC in transgenic mice 

with the analogous R225Q mutation, which suggests again that AMPK is directly involved in 

inhibiting ACC activity and promoting FAO (Barnes et al., 2005). Taken together, our results 

demonstrate that the R225W mutation indeed leads to increased FAO in skeletal muscle. 

While research involving primary muscle cells allows the study of mechanistic aspects in 

muscle cells, the characteristics of primary muscle cells and biopsied muscle fibres can often 

portray different characteristics from each other (Eisner et al., 2014). For example, Eisner et 

al. demonstrated that human myotubes can exhibit up to 8 times more fusion events than the 

muscle fibres from the same donor (Eisner et al., 2014). Fusion/fission machinery and 

processes are more stable in muscle fibres than in myotubes, causing fusion/fission events to 

be less frequent (Eisner et al., 2014). We found that CS activity in muscle tissue biopsied from 

R225W carriers was lower than the matched controls, demonstrating the opposite effect seen 

on isolated myotubes and isolated mitochondria (Crawford et al., 2010). CS activity is a marker 

of  mitochondrial density (Larsen et al., 2012), and thus it is possible that gross mitochondrial 

content could be impacted if mitochondrial turnover is dramatically different between 

myotubes and muscle fibres (Eisner et al., 2014). Increased fusion/fission events may lead to 

a higher CS activity because a more constant turnover rate – or more quality control – promotes 
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healthier and more robust mitochondria in myotubes (Eisner et al., 2014; Youle and Van Der 

Bliek, 2012). 

Despite the lower CS activity, there is a consistent trend for increased CS-normalized oxygen 

consumption in permeabilized skeletal muscle fibres between each R225W individual and 

their matched control. While this did not reach significance due to low sample size, the trend 

for increased oxygen consumption supports increased intrinsic function of mitochondria. 

Metformin has similarly been shown to increase respiration by activating AMPK. 

Interestingly, we also observed a trend for increased H2O2 emission in the R225W 

permeabilized skeletal muscle fibres. Although not observed in muscle fibres, there is evidence 

that increased FAO can lead to elevated ROS production due to excessive electron flux in the 

ETC (Nobe& et al., 1990; Serra et al., 2013). Activation of AMPK does not directly lead to 

production of ROS, but with increased respiration, ROS is sometimes increased. AMPK 

activity has been previously associated with an increased amount of ROS production 

(Rabinovitch et al., 2017). In a feedback-loop type manner, ROS produced by mitochondria 

can also indirectly lead to an activation of AMPK by affecting the ATP:ADP ratio, which is 

assumed to occur via direct inhibition of the ETC by ROS (Hinchy et al., 2018; Akhova and 

Tkachenko, 2014). Furthermore, ROS may also activate AMPK by direct action on redox 

sensitive cysteine residues Cys299 and Cys304 (Hinchy et al., 2018). Overall further studies 

must be done to evaluate the impacts of constitutively active AMPK in R225W on ROS and 

vice versa. 

Mitochondria are dynamic reticular structures that are continuously undergoing fusion and 

fission; the purposes of mitochondrial dynamics are not fully understood, but are thought to 

include quality control (Westermann, 2010). Consistent with our hypothesis of increased 
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mitochondrial dynamics, we detected higher protein expression of MFN-1 and MFN-2 in the 

muscle of R225W carriers, suggesting that R225W mitochondria undergo elevated fusion 

events in comparison to mitochondria in muscle of control individuals. Kang et al. showed 

that in hepatocytes, activation of AMPK by AICAR led to significantly increased expression 

of MFN-1 and OPA-1 which was associated with higher mitochondrial integrity (Kang et al., 

2016). This apparent increase in fusion is not necessarily consistent with the idea of increased 

mitochondrial content seen in myotubes without an increase in mitochondrial biogenesis 

(Costford et al., 2007; Crawford et al., 2010), but it is consistent with how active the 

mitochondria are bioenergetically. Both mitochondrial fusion and fission are integral to 

optimizing bioenergetic capacity, especially in metabolically active cells; fusion allows for the 

exchange of metabolites and genes, whereas fission allows for the splitting off of damaged 

parts of the mitochondrial reticulum into smaller fragments for elimination through mitophagy 

(Westermann, 2012). Interestingly, the activation of AMPK by metformin in high-fat diet 

(HFD)-fed mouse hepatocytes led to decreased OPA-1 and increase in mitochondrial fission 

factor 1 (MFF1), suggesting that metformin promotes mitochondrial fission (Yu Wang et al., 

2019). Wang et al. found that HFD-fed mice exhibited increased mitochondrial density when 

treated with metformin (Yu Wang et al., 2019). Overall, it is evident that mitochondrial 

dynamics are impacted by the R225W mutation and show some insight to the mechanism by 

which R225W myotubes exhibit increased mitochondrial robustness. Further markers for 

fission and fusion should be explored for more conclusive results, as well as visualizing 

characteristics of the mitochondrial reticulum using confocal microscopy, for example with 

translocase of the outer membrane 20 (TOM20) immunostaining. 
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Activation of AMPK leads to the induction of mitochondrial biogenesis through PGC1α and 

NRF-1 (Bergeron et al., 2001). NRF-2, however, plays important roles in monitoring cellular 

redox, regulating FAO, and ensuring the structural and functional integrity of mitochondria 

(Gureev et al., 2019; Dinkova-Kostova and Abramov, 2015). NRF-1 and PGC1a are strong 

inducers of mitochondrial biogenesis. NRF-1 promotes transcription of genes encoding the 

mitochondrial ETC complex proteins and has also been shown to be linked with mitochondrial 

transcription factor A (TFAM) (Marin et al., 2017). Interestingly, Marin et al. found that 

AMPK activated by AICAR promotes biogenesis by remodeling portions of the chromosome 

that encode biogenesis-related proteins (Marin et al., 2017). AMPK does this by reducing 

methylation, increasing acetylation, and subsequently loosening chromosome compaction in 

areas that PGC1a, NRF-1, NRF-2, and TFAM are located (Marin et al., 2017). However, we 

did not detect differences in the protein levels of NRF-1, NRF-2 nor PGC1α in muscle. Several 

epigenetic factors also regulate mitochondrial biogenesis such as DNA (cytosine-5)-

methyltransferase 1 (DNMT1), retinoblastoma-binding protein 7 (RBBP7), and histone 

acetyltransferase 1 (HAT1) which are phosphorylated by AMPK and lead to increased 

mitochondrial biogenesis (Marin et al., 2017). Since the mechanisms of biogenesis are 

complex, it is possible that any one of these epigenetic markers are not being phosphorylated 

by AMPK in R225W muscle, which may be influencing the transcription of classic markers. 

Furthermore, without further probing of these or other potential factors, a definitive conclusion 

cannot be drawn regarding an effect of R225W on mitochondrial biogenesis.  

AMPK is one of the key regulators of mTOR, protein synthesis and cell proliferation pathways 

(Herzig and Shaw, 2018). Contrary to our hypothesis that active AMPK will inhibit mTOR 

and its pathway, we observed a decrease in p70S6K and an increase in p-p70S6K, suggesting 
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that the mTOR pathway is not inhibited by constitutively active AMPK. However, studies 

have shown that other kinases such as 3-phosphoinositide-dependent protein kinase 1 (PDK1) 

are capable of directly phosphorylating and activating p-p70S6K (Williams et al., 2000; Pullen 

et al., 1998). Indeed, AMPK can activate the phosphoinositide 3-kinase (PI3K) pathway which 

leads to a downstream activation of PDK1 (Tao et al., 2010). Interestingly, p-S6RP and p-4E-

BP1 were decreased in R225W muscle which is consistent with our hypothesis of decreased 

mTOR activity because these are commonly used markers of mTOR activity (Qin et al., 2016). 

Taken together, our data suggest that the mTOR pathway is inhibited as a result of the R225W 

mutation, but some further determinations are necessary. 

The interplay between AMPK and mTOR activity has a great influence on autophagic flux, in 

which AMPK has an activating effect through ULK1, and mTOR regulates autophagic 

machinery (Jung et al., 2010). Studies have shown that mTOR inhibition by either rapamycin 

or starvation leads to a dephosphorylation of ULK1, suggesting that mTOR may have a direct 

effect on autophagic flux (Jung et al., 2010). ULK1 has an essential role in communicating 

nutrient levels and stress response to the cell which may regulate autophagy (Jung et al., 2010). 

However, we saw no change in p-ULK1, but did see a decrease in p62 in R225W muscle. 

Declèves et al. showed that AMPK activation in the presence of AICAR or metformin, p62 

levels were normalized and LC3 levels were increased (Declèves et al., 2014). In muscle 

homogenate we were unable to detect LC3BII, which is highly expressed during autophagy, 

but localizes to the autophagosome membrane and rapidly degraded upon fusion with 

lysosomes making it difficult to detect under basal conditions (Tanida et al., 2008). However, 

when myotubes were treated with chloroquine, an inhibitor of autophagosome-lysosome 

fusion (Mauthe et al., 2018), myotubes of R225W individuals demonstrated increased LC3BII 
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build-up compared to their matched controls. Thus, our results are consistent with 

constitutively active AMPK enhancing autophagic flux capacity. Furthermore, we anticipated 

that mitophagy would be increased in muscle of R225W individuals, which could be attributed 

to increased mitochondrial content, and maintenance of mitochondrial health. While parkin 

appears to be increased in muscle of R225W individuals we did not see a significant change 

in PINK1; a greater sample size would be required to test this possibility. Kang et al. 

documented a 120% increase in parkin following AICAR treatment, which led to increased 

mitophagy (Kang et al., 2016). While, metformin has been shown to promote mitophagy in a 

PINK1-parkin mediated manner (Song et al., 2016), recent research demonstrates that AMPK 

can promote mitophagy in a PINK1-parkin-independent manner by activating TANK binding 

kinase 1 (TBK1) (Seabright et al., 2020). The findings of Seabright et al. also suggest that 

TBK1 activation is mediated by AMPK (Seabright et al., 2020). Taken together, an increase 

in parkin expression is not necessarily sufficient to confirm increased mitophagy. Additional 

research including measurements of induced mitophagy such as visualizing increased 

colocalization of mitochondria and lysosomes are required for confirmation of elevated 

mitophagy due to the R225W mutation. 

Conclusion 

The R225W mutation which leads to elevated AMPK activity primarily shows phenotypic 

effects as a result of an interplay between direct AMPK action and increased mitochondrial 

content. Functional effects include increased ATP flux due to OXPHOS, increased FAO, 

increased activities of several ETC proteins, and increased ROS production. We suggest that 

the enhanced muscle cell bioenergetics may be mechanistically attributed to increased fusion 

cycles and that the quality of mitochondria is also potentially improved due to increased 
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mitophagy and autophagy. Altogether, the R225W mutation includes many phenotypic 

characteristics that are similar to those induced by the chemical activation of AMPK (e.g. by 

AICAR) or through metformin treatment. Thus, the R225W mutation provides a uniquely 

useful model to study the functions of AMPK in skeletal muscle. In a broader sense, it also 

advances our understanding of potential mechanisms through which AMPK activation may be 

useful in the treatment of metabolic diseases.  
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Science Students’ Association Vice-President of Social Activities – May 2018 – April 
2019 

- Planning orientation week for 700 students and coordinating 200 guides 
- Organizing events throughout the school year such as Trivia Nights, Festive Days, Self-

Care Services 
- Chairing committee meetings to plan events such as Formal and Grad Ball 
- Attend biweekly executive meetings, monthly general council meetings, and weekly 

Social Round Tables 
- A part of: Formal, Grad Ball, Elections, Scholarships/Grants, SSA 2020, Constitution, 

and Scholastic Events Committees 
Total Hours: 970 
 
Heart of the City Piano Program Ottawa Chapter Executive Co-Director – January 
2016 – August 2020  

- Volunteered at Vincent Massey Public School to teach piano 
- Teaching children piano who would otherwise not be able to learn piano 
- Coordinating an executive team of 13 in order to provide lessons at 5 elementary 

schools across Ottawa 
Total Hours: 200 
 
Science Students’ Association Biochemistry Representative – October 2017 – April 2018 

- Organizing a program information session, and a social event for the Biochemistry 
students 

- Attending monthly Biochemistry Curriculum Review meetings with members of the 
Department of Biochemistry to share the student perspective on curriculum changes  

- Attend Faculty Council once a semester with the heads of departments in the Faculty 
of Science 

Total Hours: 40 
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Section G: Other 
 
Personal Endeavour in Piano Playing – January 2001 – Present 

- Grade 10 RCM Piano Performance and Corequisites completed with First Class 
Honours (August 2016) 

- Playing piano at ARCT diploma level (estimated completion: August 2020) 
- Competing in Kiwanis Music Festival (2nd place in Grade 10 List D May 2014, 1st place 

in ARCT List B April 2018, 3rd place ARCT List C April 2018) 
- Composing recreationally 

Total Hours: 2000 
 
Personal Endeavour in Dance – September 2003 – Present 

- Advanced 1 RAD Ballet Vocational Syllabus completed (November 2013) 
- Training and performing primarily ballet and modern 
- Other forms of dance include contemporary, lyrical, jazz, tap, character, and Serbian 

folklore at an advanced level 
- Participated in uOttawa Dance Club as Modern choreographer and as dancer for several 

dance forms 
Total Hours: 1500 
 
 


