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Abstract 

The purpose of this dissertation was to investigate how the regulation of transcriptional 

coactivators (PGC-1α, LRP130) and protein deacetylases (SIRT1, SIRT3), which are shown to regulate 

mitochondrial adaptations in cell and animal models, respond to energy stressors in human skeletal 

muscle. In Chapter 3, we investigated whether changes in fatty acid oxidation known to occur during 

fasting and exercise occur in concert with changes in SIRT3 mitochondrial localization and expression. 

We found that 48 hours of fasting and acute endurance exercise modestly decreased SIRT3 mRNA 

expression but did not alter SIRT3 mitochondrial localization, despite increases in fatty acid oxidation. 

This suggests that if SIRT3 is involved in the acute regulation of fatty acid oxidation in human skeletal 

muscle, this is not accomplished by alterations in mitochondrial localization. In Chapter 4, we 

investigated the impact of a 48-hour fast on the regulation of SIRT1 and GCN5 in human skeletal muscle. 

In addition, we examined the relationship between SIRT1/GCN5 and the expression of PGC-1α target 

genes. SIRT1 mRNA expression slightly increased, while GCN5 was unchanged. However, protein 

content and nuclear localization of SIRT1 and GCN5 did not change, suggesting that, in contrast with 

previous animal studies, SIRT1 and GCN5 are unaltered in response to fasting in human skeletal muscle. 

We also found that individual changes in nuclear GCN5 and SIRT1 predicted changes in PGC-1α mRNA 

expression, but not PDK4, which suggests that SIRT1 and GCN5 may specifically regulate the PGC-1α 

gene. In Chapter 5, we examined changes in LRP130 gene and protein expression in response to 6 weeks 

of sprint-interval training (SIT) in human skeletal muscle. We also investigated the relationships between 

changes in LRP130, SIRT3, and PGC-1α expression in response to exercise. We found that expression of 

these proteins was unaltered following 2 and 6 weeks of SIT, although there were significant positive 

relationships between changes in LRP130, PGC-1α, and SIRT3 protein content. These results suggest that 

the regulation of these proteins may be coordinated in human skeletal muscle. Collectively, these studies 

demonstrate that physiological models derived from cells and animals do not always directly translate to 

human physiology. 
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Chapter 1 

General Introduction 

1.1 Skeletal muscle mitochondrial function and lysine acetylation 

Skeletal muscle accounts for 20-30% of total body oxygen uptake at rest (105), and this 

can increase up to 90% during exercise (189). Accordingly, skeletal muscle cells respond to meet 

exercise-induced energy demands by activating enzymes involved in ATP production via 

allosteric and covalent mechanisms. To date, most of the available research on covalent 

modifications has focused on phosphorylation. For example, over the last 40 years more than 

260000 articles with the term “phosphorylation” have been indexed in PubMed, while only 

approximately 30000 articles contain the term “acetylation”. In addition, far fewer studies have 

investigated acetylation or the enzymes that regulate this covalent modification in humans. In 

human skeletal muscle, hundreds of proteins have multiple acetylation sites (141), and almost 

every enzyme involved in ATP production can be acetylated (141, 265). Protein acetylation can 

be altered in response to energetic stress such as fasting (88, 109, 116, 259) and exercise (118, 

164), and is regulated by acetyltransferases and deacetylases, which add and remove acetyl 

groups, respectively (145, 178). Two deacetylases (SIRT1 and SIRT3) and the acetyltransferase 

general control of amino acid synthesis 5 (GCN5) have been implicated as major regulators of 

mitochondrial function.  

Specifically, the transcriptional coactivator peroxisome proliferator-activated receptor 

(PPAR)-gamma coactivator 1 alpha (PGC-1α), also referred to as the “Master Regulator” of 

mitochondrial biogenesis because of its role in regulating mitochondrial gene expression (184, 

257), is activated by SIRT1 (68, 157, 190) and inhibited by GCN5 (68, 131) in cell and animal 

models. Similarly, SIRT3 is proposed to deacetylate and activate the mitochondrial 

transcriptional coactivator leucine-rich protein 130 (LRP130, aka LRPPRC), promoting the 
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expression of mitochondrial-encoded genes (136). In addition, SIRT3 can deacetylate and 

activate many enzymes directly involved in mitochondrial fatty acid transport, β-oxidation, the 

tricarboxylic acid (TCA) cycle, and the electron transport chain (ETC; for a complete list a targets 

please refer to section 2.2). These relationships are further complicated by reports from several 

studies that have implicated PGC-1α in the control of LRP130 and SIRT3 expression (22, 47, 70), 

and also vice versa (46, 47, 136, 166, 217). An overview of these interactions are presented in 

Figure 1-1. Thus, while there is lack of research examining the regulation of these proteins in 

human skeletal muscle, it is also unclear whether these proteins are regulated in concert with one 

another.  

Fasting and exercise represent practical physiological stresses to investigate the 

regulation of SIRT1, SIRT3, PGC-1α, and LRP130 in human skeletal muscle as their expression 

and activity are altered in response to exercise and/or fasting in cellular and animal models. In 

particular, substrate intermediates such as glycogen and metabolic by-products like NAD+ are 

decreased and increased, respectively, in animal models in response to fasting and exercise. 

Alterations in these factors are sensed by the cell, and the pathways responsible for activating 

SIRT1, SIRT3, PGC-1α, and LRP130 are upregulated. Thus, the aim of this dissertation was to 

utilize fasting and exercise as models to alter the expression and activation of SIRT1, SIRT3, 

PGC-1α, and LRP130 in human skeletal muscle.  

1.2 Is SIRT3 expression and mitochondrial localization in human skeletal muscle 

altered in association with metabolic stress and increases in whole-body fatty acid 

oxidation? 

Lysine acetylation is emerging as an important post-translational modification involved 

in regulating mitochondrial function (86, 116, 226). In mitochondria, sirtuin (SIRT) 3 is the major 

deacetylase responsible for changes in mitochondrial protein acetylation (139), and is believed to 

deacetylate key enzymes involved in oxidative metabolism (2, 88, 136, 237). Evidence from liver  
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Figure 1-1. Known interactions between LRP130, SIRT3, PGC-1α, SIRT1, and GCN5. All 

interactions evidenced by cellular and animal studies. Solid black lines indicate direct protein-

protein interactions, dotted lines indicate regulation of that specific protein’s expression via 

unknown mechanisms. Solid grey lines indicate general activation or inhibition of that protein’s 

activity via several different mechanisms (discussed in text). GCN5, general control non-

repressible 5; LRP130, leucine-rich protein 130; PGC-1α, peroxisome proliferator activated 

receptor gamma coactivator 1-alpha; SIRT1, sirtuin 1; SIRT3, sirtuin 3. 

 

and adipose tissue suggests that SIRT3 is activated in response to energetic stress as part of a 

coordinated response to maintain metabolic homeostasis (88, 136, 140, 217). Additionally, there 

is some evidence that existing SIRT3 protein might translocate to mitochondria in response to 

cellular stress (207). Mitochondrial SIRT3 is essential for fasting-mediated increases in fatty acid 
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oxidation and ATP production in the liver (88, 136). Following fasting, altered SIRT3 expression 

is proposed to contribute to changes in oxidative metabolism in murine skeletal muscle (88, 109, 

166, 217). However, the evidence supporting SIRT3 as a regulator of mitochondrial function is 

exclusively from studies using cells and animal models (86, 88, 109, 139, 166, 217). In addition, 

the impact of fasting and acute exercise on SIRT3 expression in human skeletal muscle is 

unknown, as is the relationship between SIRT3 expression and acute changes in oxidative 

metabolism. 

1.3 Are SIRT1 and GCN5 regulated by fasting in human skeletal muscle? 

At the transcriptional level, the response to energetic stress is largely controlled by 

PGC-1α (106). While the regulation of PGC-1α is complex, acetylation has emerged as a key 

covalent modification that regulates PGC-1α activity (106). In cells and animal models, SIRT1 

deacetylates and activates PGC-1α in response to fasting and exercise (68, 157, 190). Conversely, 

general control of amino acid synthesis 5 (GCN5) appears to be the main acetyltransferase 

responsible for acetylating and inhibiting PGC-1α (68, 131). In mouse skeletal muscle, SIRT1 

and GCN5 are known to respond to changes in nutrient availability (37, 48, 113, 161). 

Consequently, early animal work with SIRT1 and GCN5 utilized fasting to examine the 

regulation of PGC-1α acetylation status in skeletal muscle (33, 48, 68). These studies found that 

PGC-1α was deacetylated and activated (33, 48, 68) in response to fasting, and that this likely 

occurs following SIRT1 activation (67, 155) and potentially reduced GCN5 activity (48). Fasting 

also increases the expression of SIRT1 and decreases the expression of GCN5 in mouse skeletal 

muscle (48, 113, 161). While evidence from cellular and animal models would suggest that 

SIRT1 is activated in response to fasting to deacetylate and activate PGC-1α, with a concomitant 

decrease in GCN5 activity, how these enzymes respond to fasting in human skeletal muscle has 

yet to be investigated. 
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1.4 Is LRP130 expression altered in response to acute and chronic exercise, and does 

this occur in association with its proposed regulators? 

LRP130 is a novel transcriptional coactivator proposed to promote the expression of 

mitochondrial-encoded genes. LRP130-mediated increases in mitochondrial transcript levels is 

purported to result in increases in oxidative phosphorylation and fatty acid oxidation (46, 47, 71, 

137, 201). The exact mechanisms underlying this response are unknown, however, one proposed 

mediator is PGC-1α (47). In the liver, LRP130 forms a complex with PGC-1α to regulate 

mitochondrial gene expression (46). Recently, SIRT3 has also emerged as a regulator of LRP130, 

deacetylating and promoting its activity in response to cellular energy stress (136). Although few 

studies have examined the regulation of LRP130 (47, 239)coo, changes in its expression are also 

potentially involved (239). Several studies have implicated PGC-1α in the control of LRP130 and 

SIRT3 expression (22, 47, 70), and also vice versa (46, 47, 136, 166, 217). In rat skeletal muscle, 

aerobic exercise training for 7 days increases both PGC-1α and LRP130 gene expression and 

protein content (239), and SIRT3 is also increased by exercise training in both murine (22, 92, 

166) and human (22, 111, 236) skeletal muscle. However, whether LRP130 is responsive to 

exercise in human skeletal muscle is unknown, as is whether a relationship exists between 

changes in SIRT3, LRP130, and PGC-1α mRNA or protein expression following acute or chronic 

exercise, respectively, in human skeletal muscle. 

1.5 Purposes 

The goals of this dissertation were to examine factors that are involved in regulating 

mitochondrial function in response to cellular energetic stress, such as fasting and exercise, in human 

skeletal muscle. Specifically, three distinct studies were conducted to investigate the regulation of 

transcriptional coactivators and protein deacetylases that are proposed to mediate fasting- and 

exercise-induced mitochondrial adaptations in human skeletal muscle. 
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The purpose of Chapter 3 of this dissertation was to: 

1) examine the impact of fasting and acute exercise on SIRT3 expression and mitochondrial 

localization, and  

2) determine if changes in these variables are associated with changes in fatty acid and oxidative 

metabolism known to accompany fasting and exercise in human skeletal muscle. 

The purpose of Chapter 4 of this dissertation was to: 

1) examine the expression and activation of SIRT1 and GCN5 in human skeletal muscle 

following a 48-hour fast, and 

2) examine the relationship between SIRT1 and GCN5 and changes in PGC-1α target gene 

expression. 

The purpose of Chapter 5 of this dissertation was to: 

1) examine changes in LRP130 gene and protein expression in response to a single bout and 6 

weeks of sprint-interval training (SIT), respectively; and 

2) determine whether a relationship exists between changes in SIRT3, LRP130, and PGC-1α 

mRNA or protein expression following acute and chronic SIT in human skeletal muscle. 
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Chapter 2 

Literature Review 

2.1 Skeletal muscle mitochondrial function 

2.1.1 Skeletal muscle: importance in regulating whole-body metabolism 

Skeletal muscle is a highly plastic tissue that comprises around 25-50% of total body 

mass, depending on the age, sex, and fat mass of an individual (105). Accordingly, muscle 

accounts for approximately 20-30% of the body’s total oxygen uptake at rest (189). This oxygen 

is required to produce large amounts of ATP via oxidative phosphorylation, which involves a 

series of redox reactions that transfer electrons from reducing equivalents (NADH and FADH2) to 

electron acceptors within the ETC. These redox reactions release energy that the ETC uses to 

make ATP, while oxygen serves as the final electron acceptor allowing the flux of electrons to 

continue through the ETC. Reducing equivalents are produced during the oxidation of glucose 

and fatty acids, with the energy released being transferred to NAD+ and FAD (reducing them to 

NADH and FADH2, respectively) via glycolysis, β-oxidation, and the TCA cycle. During intense 

exercise, the demand for ATP in contracting skeletal muscle increases, and can require up to 90% 

of the body’s total oxygen uptake to meet this need via oxidative phosphorylation (189). The 

body responds to this energy demand by increasing the availability of substrates (i.e. glucose and 

fatty acids) and by activating enzymes involved in glycolysis, β-oxidation, the TCA cycle, and 

the ETC in active muscle. The latter three processes all occur within mitochondria, which makes 

these organelles the major site of cellular energy metabolism. 

Skeletal muscle oxidative capacity is the maximum ability of muscle mitochondria to 

consume oxygen via oxidative phosphorylation. Thus, oxidative capacity is determined by 

mitochondrial number, size, density, and structure. Repeatedly stressing the ability of 

mitochondria to make ATP, as occurs during exercise training, results in improvements in 
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oxidative capacity such that trained muscle is better able to meet increases in energetic demand 

(93, 96, 98, 244). Similarly, fasting or overfeeding can also alter substrate utilization and 

subsequently induce adaptations in skeletal muscle oxidative capacity (91, 215). Exactly how 

these processes are regulated in human skeletal muscle is not completely understood, however, 

evidence suggests that changes in phosphorylation potential ([ATP]/[ADP][Pi]) and the redox 

state of the cell (NAD+/NADH) are sensed by enzymes such as kinases and deacetylases, which 

phosphorylate and deacetylate (respectively) downstream targets that regulate both acute and 

chronic changes in oxidative capacity (96, 145, 227). 

2.1.2 Post-translation modifications 

Post-translational modifications are usually reversible covalent modifications to a fully 

synthesized protein that result in a change in the target protein’s structure and function. There are 

many different types of post-translational modifications, including (but not limited to) 

phosphorylation, acetylation, methylation, ubiquitination, nitrosylation, and sumoylation, with 

each different type of modification targeting specific amino acid residues. For example, 

phosphorylation can occur on serine, threonine or tyrosine residues, while acetylation occurs on 

lysine residues. The addition or removal of these post-translational modifications can alter the 

activity level and/or subcellular localization of proteins involved in a variety of cellular functions, 

including glucose and fatty acid metabolism. The evidence summarized in this literature review 

will focus on acetylation as a post-translation modification and the main enzymes that control 

cellular acetylation status relating to the regulation of mitochondrial function in human skeletal 

muscle. 

2.1.3 Lysine acetylation 

As mentioned above, lysine acetylation is an important post-translational modification 

that contributes to the regulation of skeletal muscle energy homeostasis (116, 145, 178, 226). 
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Similar to other post-translational modifications, the addition or removal of an acetyl group  

(Figure 2-1) can alter the activation of enzymes involved in regulating glucose and fatty acid 

metabolism, as well as the transcriptional control of their gene expression (141, 248). In human 

skeletal muscle, hundreds of proteins have multiple acetylation sites (141), and almost every 

enzyme involved in glucose and fatty acid metabolism can be acetylated (141, 265). Accordingly, 

protein acetylation can be altered in response to metabolic stress including fasting (88, 109, 116, 

259), caloric restriction (86, 210), high-fat diet (90, 115, 215), and exercise (118, 164), with 

cellular acetylation status determined by the addition and removal of acetyl groups by 

acetyltransferases and deacetylases, respectively (145, 178). 

 

 

Figure 2-1.  Displayed formula for an acetyl group. 

 

2.1.3.1 The sirtuin family of protein deacetylases 

Of the five classes (I, IIa, IIb, III, and IV) of protein deacetylases, the dependence of 

class III deactylases on NAD+ as a substrate, and their resulting ability to sense changes in 

cellular energy status, has led to the proposal that these enzymes are important regulators of 

cellular metabolism (6). In mammals this group is referred to as the SIRT family of deacetylases, 

and is comprised of seven members (SIRT1-7). Within the human sirtuin family there are also 

four classes (64), with class I (SIRT1, SIRT2, and SIRT3) exhibiting the most robust intrinsic 

deacetylase activity (53). Of these, SIRT1 and SIRT3 have garnered the most attention to date 
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owing to their proposed involvement in regulating cellular metabolism (159, 178). Specifically, 

SIRT1 is primarily found in the nucleus (148, 238) and is proposed to promote the expression of 

mitochondrial genes by deacetylating, and thus activating, PGC-1α, a transcriptional coactivator 

and key player in the mitochondrial biogenesis associated with prolonged/repeated metabolic 

stress (31, 68). SIRT3 is mainly found in the mitochondria (77, 148, 163, 211) where it is 

proposed to regulate the activity of enzymes involved in fatty acid oxidation and oxidative 

metabolism (2, 88, 237). Additionally, SIRT3 is also implicated in the control of PGC-1α and 

mitochondrial gene expression (86, 136, 166, 217). To date, much of what we know about SIRT1 

and SIRT3 is derived from cellular and animal models, and the regulation of these proteins in 

human skeletal muscle has been scarcely investigated. 

2.1.3.2 The GNAT family of protein acetyltransferases 

There are three main non-histone acetyltransferase families, the GCN5-related 

N-acetyltransferases (GNATs), MYST (comprised of MOZ, YBF2/SAS3, SAS2, and TIP60), and 

protein of 300 kDa and CREB-binding protein (p300/CBP) (145, 178). The GNATs are the only 

acetyltransferases known to inhibit PGC-1α (131), and consequently they have been the focus of 

studies trying to understand the regulation of PGC-1α acetylation status and activity (48, 68, 131, 

175). GCN5 was the first member of the GNAT family (241), and is proposed to regulate skeletal 

muscle metabolism partially through its interaction with PGC-1α (68, 131). However, evidence 

for this relationship comes primarily from cellular models (68, 131), with the exception of a 

recent report demonstrating that acute exercise reduces the association of GCN5 with PGC-1α in 

mouse skeletal muscle (175). The regulation of GCN5 in human skeletal muscle, however, has 

yet to be examined. 
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2.1.4 Transcriptional regulation of mitochondrial function by PGC-1α 

PGC-1α is proposed to coordinate the activation of both nuclear and mitochondrial 

transcription factors that initiate the transcription of mitochondrial genes, eventually resulting in 

increased mitochondrial protein (96, 196, 205). Specifically relating to mitochondrial biogenesis, 

PGC-1α complexes with members of the PPAR family responsible for controlling the expression 

of fatty acid oxidative genes (154, 205); myocyte enhancing factors (MEFs) such as MEF2 that 

regulate PGC-1α and mitochondrial gene expression (83, 204); estrogen-related receptor alpha 

(ERRα), which is involved in controlling numerous nuclear-encoded mitochondrial genes (99, 

151, 205); and more recently yin-yang 1 (YY1), which controls the expression of oxidative 

phosphorylation genes (15, 49). PGC-1α is also a cofactor for nuclear respiratory factor 1 

(NRF-1) and 2 (NRF-2), which are involved in regulating the expression of ETC genes, as well as 

mitochondrial-encoded gene expression via mitochondrial transcription factor A (TFAM) (151, 

257) and LRP130 (46), a transcriptional coactivator that regulates the expression of 

mitochondrial-encoded genes (46, 47, 71, 137, 201). Thus, PGC-1α is capable of coactivating the 

expression of both nuclear- and mitochondrial-encoded genes required for mitochondrial 

biogenesis (Figure 2-2). 

2.1.4.1 Is PGC-1α required for mitochondrial biogenesis? 

While there are numerous studies which indicate that PGC-1α is important for 

mitochondrial biogenesis in skeletal muscle (1, 9, 28, 66, 130, 132, 250, 257), some PGC-1α 

knockout studies have created controversy as to whether this is true in response to exercise (1, 

129, 192). PGC-1α overexpression models in C2C12 myotubes (257) and skeletal muscle-specific 

transgenic mice (28, 132, 250) indicate that higher levels of PGC-1α result in greater expression 

of mitochondrial proteins (28, 257), mitochondrial density (250, 257), mitochondrial function 

(250), and muscular endurance (28). Whole-body knockout of PGC-1α reduces mitochondrial 

density as well as gene expression of mitochondrial proteins and TFAM (130). Similarly, in 
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muscle-specific PGC-1α knockout mice, PGC-1α was required to maintain normal mitochondrial 

morphology and protein content at rest (66). In this study PGC-1α was also required for exercise-

induced increases in cytochrome c oxidase subunit IV (COXIV) and cytochrome c protein 

expression (66), both involved in the ETC. 

 

 

Figure 2-2. Regulation of skeletal muscle mitochondrial biogenesis by PGC-1α. Adapted from 

(112, 205). ERRα, estrogen-related receptor alpha; LRP130, leucine-rich protein 130; MEF2, 

myocyte enhancer factor 2; NRF, nuclear respiratory factor; PGC-1α, peroxisome proliferator-

activated receptor gamma coactivator 1-alpha; PPAR, peroxisome proliferator-activated receptor; 

TFAM, transcription factor A, mitochondrial; YY1, ying yang 1. 

 

Other groups have reported that PGC-1α is not required for exercise-induced 

mitochondrial biogenesis using whole-body (1, 129) or skeletal muscle-specific (192) mouse 

knockout models. However, while these animal models were able to increase mitochondrial 

protein (1, 129, 192) and function (1) following chronic exercise to a similar extent compared to 

wild type (WT) mice, basal levels were much lower than what was observed for WT controls, 
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except for one study which only saw lower levels of complex I activity, but not complexes II 

through V of the ETC (192). Thus, although PGC-1α seems to be necessary for basal 

mitochondrial content and function, it may not be required for exercise-induced mitochondrial 

biogenesis. However, this does not preclude PGC-1α from being involved in regulating 

mitochondrial biogenesis, rather these findings suggest that there are likely other 

factors/pathways that also contribute and/or compensate when PGC-1α is absent. 

2.1.4.2 Regulation of PGC-1α activity 

PGC-1α is proposed to be regulated by changes in its own expression (75, 101, 255), 

subcellular localization (81, 134, 219, 255), as well as post-translational modifications including 

phosphorylation (104, 183) and acetylation (33, 48, 68, 131, 157). In response to exercise in mice, 

a biphasic response is observed for increases in oxidative phosphorylation genes, spiking at 1 

hour and 6 hours into the post-exercise recovery period (101). In association with the second 

increase in oxidative phosphorylation gene expression, PGC-1α protein content is also elevated 6 

hours post-exercise (101), suggesting that PGC-1α is initially activated by changes in cellular 

localization and covalent modification, followed by increases in PGC-1α protein, which is then 

also activated in the same manner. 

2.1.4.2.1 Post-translational regulation of PGC-1α activity 

AMP-activated protein kinase (AMPK) (104) and p38 mitogen-activated protein kinase 

(p38 MAPK) (183) directly phosphorylate and activate PGC-1α. Phosphorylation of PGC-1α by 

p38 MAPK is proposed to promote the association of PGC-1α with its transcription factors by 

inhibiting its interaction with p160 myb-binding protein, resulting in the transcription of 

mitochondrial genes (59, 183). Additionally, both p38 MAPK (38) and AMPK (176) are 

proposed to be activated by phosphorylation in response to glycogen depletion during exercise, 
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suggesting these kinases may regulate PGC-1α activity in human skeletal muscle in response to 

alterations in nutrient and energy availability (Figure 2-3). 

 

 

Figure 2-3. Proposed regulation of PGC-1α activity in human skeletal muscle. Solid black lines 

indicate both direct and indirect interactions. AMPK, adenosine monophosphate (AMP)-activated 

protein kinase; GCN5, general control non-repressible 5; p38 MAPK, p38 mitogen-activated 

protein kinase; PGC-1α, peroxisome proliferator activated receptor gamma coactivator 1-alpha; 

PKA, protein kinase A; SIRT1, sirtuin 1. 

 

In skeletal muscle cells, SIRT1 can deacetylate and activate PGC-1α in response to 

nutrient restriction, which is proposed to activate SIRT1 via increased levels of intracellular 

NAD+ (68). Reports from in vitro models (5, 31, 68, 157) and mice overexpressing SIRT1 (182) 

would suggest a role for SIRT1-mediated mitochondrial biogenesis, while mice lacking SIRT1 

(175) or rats overexpressing SIRT1 do not (80). Thus, controversy exists as to whether SIRT1 is 

required for PGC-1α-mediated mitochondrial biogenesis (75, 179). Alternatively, decreases in 

GCN5 activity may contribute to the decrease in PGC-1α acetylation in response to exercise and 

fasting (48, 68). GCN5 negatively regulates PGC-1α activity by acetylation, functioning in 

opposition to SIRT1, but translocates out of the nucleus in response to exercise (175). Whether 
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SIRT1 and GCN5 regulate mitochondrial biogenesis in human skeletal muscle is unknown, 

however, evidence from animal and cellular models suggests that both may play a role. 

2.1.4.2.2 Regulation of PGC-1α gene expression 

While aerobic exercise training can increase PGC-1α protein content in human skeletal 

muscle (27, 193), an acute bout of aerobic exercise is enough to stimulate an increase in PGC-1α 

mRNA three to four hours post-exercise (55, 57, 173), and this single bout can be sufficient to 

increase PGC-1α protein content 24 hours later (173). Similarly, in mouse skeletal muscle 

PGC-1α mRNA (33, 37) and protein expression (37) increase in response to fasting. Although 

PGC-1α mRNA expression increases in human skeletal muscle in response to caloric restriction 

(45), it decreases following a 48-hour fast (254). Transcriptional regulation of PGC-1α gene 

expression is controlled by the transcription factors MEF2 (50, 83), activating transcription factor 

2 (ATF2) (3, 34), and cAMP-response element binding protein (CREB) (83). MEF2 (262, 264) 

and ATF2 (3, 34) can be phosphorylated by p38 MAPK, and PGC-1α can also coactivate MEF2 

on the PGC-1α promoter (83). In line with this, protein kinase A (PKA), which is activated by 

glucagon and catecholamines (107, 110), but inhibited by insulin (110), can phosphorylate and 

activate CREB (67) (Figure 2-4). 

2.1.4.2.3 PGC-1α subcellular localization 

At rest PGC-1α is mainly located in the cytosol; however, in response to exercise it can 

translocate to the nucleus (133, 134, 196, 255) and mitochondria (196, 219). This is proposed to 

regulate PGC-1α activity by controlling its ability to interact with transcriptional targets within 

the nucleus and mitochondria. What controls the subcellular localization of PGC-1α is not 

completely understood, but phosphorylation by AMPK and/or p38 MAPK (134, 219, 255) and 

deacetylation by SIRT1 (23) have been proposed. Whether the subcellular localization of PGC-1α 
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is altered in response to other types of cellular energy stress in human skeletal muscle, such as 

changes in nutrient availability, is also unknown. 

 

 

Figure 2-4. Regulation of the PGC-1α promoter. Solid black arrows indicate direct 

phosphorylation. ATF2, activating transcription factor 2; CREB, cAMP response element binding 

protein; MEF2, myocyte enhancer factor 2; p38 MAPK, p38 mitogen-activated protein kinase; 

PGC-1α, peroxisome proliferator activated receptor gamma coactivator 1-alpha; PKA, protein 

kinase A 

 

2.1.5 Summary 

Skeletal muscle is a tissue that contributes significantly to whole-body metabolism, 

especially during energetically demanding conditions such as exercise. At the molecular level, 

metabolism is regulated acutely by altering the activity of enzymes involved in glycolytic and 

oxidative ATP-producing pathways, and chronically by regulating the transcription of 

mitochondrial genes. An emerging method of controlling these processes is by reversible lysine 

acetylation, a covalent modification that is regulated by protein deacetylases that remove acetyl 

groups, and acetyltransferases that add them. SIRT1 and SIRT3 are nuclear and mitochondrial 

deacetylases, respectively, that are proposed to be major players in regulating cellular metabolism 

in response to energy stress. While SIRT3 is implicated in the acute regulation of mitochondrial 

enzyme activity, it also plays a role controlling mitochondrial gene transcription via the 

transcriptional coactivators PGC-1α and LRP130. Similarly, SIRT1 and GCN5, an 
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acetyltransferase, are proposed to be the main regulators of PGC-1α acetylation status, and 

therefore PGC-1α activity. The following sections will focus on what we know about the 

regulation of SIRT3, SIRT1, GCN5, and LRP130, and highlight the current knowledge gaps 

surrounding the control of the expression and activity of these proteins. 

2.2 SIRT3: the mitochondrial deacetylase 

In mitochondria, approximately 65% of proteins have at least one acetylated lysine 

residue, many of which are modified in response to altered nutrient availability (86, 116). SIRT3 

deacetylates many enzymes directly involved in mitochondrial fatty acid transport, β-oxidation, 

the TCA cycle, and the ETC (Table 2-1). In mice, knockout of SIRT3, but not other 

mitochondrial sirtuins (139), results in hyperacetylation of many mitochondrial proteins (88, 139) 

and a 50% reduction in skeletal muscle fatty acid oxidation (88). SIRT3 knockout in C2C12 

myotubes also decreases both basal and maximal rates of oxygen consumption, with no change in 

protein expression of the ETC complexes I, III, and V (108), indicating that SIRT3 may alter 

mitochondrial respiration in the absence of changes in mitochondrial content. Ahn and colleagues 

(2008) similarly reported a greater than 50% reduction in resting ATP production in heart, liver, 

and kidney in SIRT3 knockout mice, though the effect on skeletal muscle was not examined in 

this study. Thus, SIRT3 appears to regulate crucial steps in fatty acid and oxidative metabolism, 

promotes fuel switching from glucose to fatty acids, and alters the rate of ATP production. As 

SIRT3 activity is dependent on NAD+ (163, 207), and NAD+ increases in response to nutrient 

restriction (33, 68, 190) and exercise (31, 33), it is reasonable to suggest that SIRT3 regulates the 

activity of the above processes in response to changes in metabolic homeostasis. 

Although Jing and colleagues (2011) found that SIRT3 knockdown in mouse skeletal 

muscle cells did not alter the content of select ETC proteins, others report that this prevents 

PGC-1α-induced increases in the expression of mitochondrial genes, and that SIRT3 

overexpression increases mitochondrial DNA content (119). Thus, SIRT3 is also a purported 
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transcriptional regulator of mitochondrial gene expression, with evidence to suggest that this 

occurs via the coactivators PGC-1α (70, 119, 217) and LRP130 (136). SIRT3 is proposed to 

regulate the expression (166, 217) and activity of PGC-1α (70, 119), potentially via kinases that 

phosphorylate and activate AMPK (166) and CREB (166, 217), which then activate the PGC-1α 

promoter (103, 104, 217). Overexpression of SIRT3 in brown adipocytes also results in elevations 

in PGC-1α and mitochondrial gene expression (217), and these findings extend to in vivo models 

with SIRT3-deficient mice demonstrating decreased levels of skeletal muscle PGC-1α mRNA 

(166). Furthermore, SIRT3 deacetylates and activates LRP130 (136), a transcriptional coactivator 

that is proposed to regulate the expression of PGC-1α (46) and mitochondrial-encoded genes (46, 

136). Collectively, these studies suggest that SIRT3 stimulates the expression and activation of 

PGC-1α, likely via LRP130, AMPK, and CREB, resulting in elevations in PGC-1α and 

subsequently mitochondrial gene transcription. 

 

Table 2-1. SIRT3 targets involved in regulating oxidative metabolism 

Symbol Full Name Function Reference 

ACAA2 acetyl-CoA acyltransferase 2 β-oxidation (86) 

ACADL acyl-CoA dehydrogenase, long chain β-oxidation (88, 89) 

ACADM 
acyl-CoA dehydrogenase, C-4 to C-12 

straight chain 
β-oxidation (89) 

ACADS 
acyl-CoA dehydrogenase, C-2 to C-3 short 

chain 
β-oxidation (89) 

ACADVL acyl-CoA dehydrogenase, very long chain β-oxidation (86) 

ECH1 enoyl-CoA hydratase 1 β-oxidation (86, 89) 

ECHS1 enoyl-CoA hydratase, short chain 1 β-oxidation (86) 

HADH hydroxyacyl-CoA dehydrogenase β-oxidation (86, 89) 

HADHA 

hydroxyacyl-CoA dehydrogenase/3-

ketoacyl-CoA thiolase/enoyl-CoA 

hydratase (trifunctional protein), alpha 

subunit 

β-oxidation (86) 
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HADHB 

hydroxyacyl-CoA dehydrogenase/3-

ketoacyl-CoA thiolase/enoyl-CoA 

hydratase (trifunctional protein), beta 

subunit 

β-oxidation (86) 

SLC25A20 

solute carrier family 25 

(carnitine/acylcarnitine translocase), 

member 20 

β-oxidation (89) 

ATP5A1 

ATP synthase, H+ transporting, 

mitochondrial F1 complex, alpha subunit 

1, cardiac muscle 

ETC (237) 

ATP5B 

ATP synthase, H+ transporting, 

mitochondrial F1 complex, beta 

polypeptide 

ETC (237) 

ATP5C1 

ATP synthase, H+ transporting, 

mitochondrial F1 complex, gamma 

polypeptide 1 

ETC (237) 

ATP5O 
ATP synthase, H+ transporting, 

mitochondrial F1 complex, O subunit 
ETC (237, 256) 

NDUFA9 
NADH:ubiquinone oxidoreductase subunit 

A9 
ETC (2) 

SDHA 
succinate dehydrogenase complex 

flavoprotein subunit A 
ETC, TCA cycle (44, 61, 86) 

CPT1 carnitine palmitoyltransferase 1 fatty acid transport (89) 

CPT2 carnitine palmitoyltransferase 2 fatty acid transport (89) 

LRP130 leucine-rich protein 130 

mitochondrial DNA 

transcription and 

mRNA stability 

(136) 

TFAM transcription factor A, mitochondrial 
mitochondrial DNA 

transcription 
(86) 

ACO2 aconitase 2 TCA cycle (86) 

CS citrate synthase TCA cycle (86) 

FH fumarate hydratase TCA cycle (86) 

IDH2 isocitrate dehydrogenase 2 TCA cycle (208, 220) 

MDH2 malate dehydrogenase 2 TCA cycle (86) 

GDH glutamate dehydrogenase 
TCA cycle, amino 

acid catabolism 

(139, 165, 

208) 

 

 

2.2.1 Regulation of SIRT3 Activity 

SIRT3 activity is proposed to be regulated by changes in SIRT3 expression in response to 

metabolic stress such as high-fat diet (4, 8, 166, 263), caloric restriction (217), fasting (37, 109, 
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166), and exercise (111, 166, 199, 236). To date there are no known covalent modifications 

controlling SIRT3 activity; however, alterations in subcellular localization may be involved 

(207). Accordingly, SIRT3 is proposed to be primarily regulated by changes in its expression and 

substrate availability (i.e. NAD+), based on the energetic demands placed on the cell (26, 159, 

222). At the transcriptional level, SIRT3 expression is purported to be controlled by PGC-1α (22, 

70, 119, 202, 216) via the transcription factors ERRα (70, 119) and NRF-2 (202). Less is known 

about the regulation of SIRT3 subcellular localization, but there is some evidence to suggest that 

existing SIRT3 protein can be translocated to mitochondria in response to cellular stress such as 

UV-irradiation and DNA damage (207). Although acute exercise does not alter mitochondrial 

SIRT3 localization in rat skeletal muscle (77), whether this is the case in human skeletal muscle 

in response to exercise or alterations in nutrient availability is unknown. 

2.2.2 Impact of nutrient availability on SIRT3 

Evidence from liver and adipose tissue suggests that SIRT3 activity is altered following 

changes in nutrient availability as part of a coordinated response to maintain cellular homeostasis 

(88, 136, 217, 222, 237). In response to caloric restriction, SIRT3 mRNA and protein expression 

are elevated in mouse adipose tissue (217) and skeletal muscle (166), respectively. Accordingly, 

SIRT3 protein content is decreased in murine liver (8), heart (4) and skeletal muscle (166, 263) in 

response to a high-fat diet for 12-18 weeks. These results would suggest that in response to 

nutrient deprivation SIRT3 content is elevated to promote fatty acid oxidation and spare glucose, 

whereas nutrient overload from a high-fat diet decreases SIRT3 expression as the body switches 

its reliance from fat to carbohydrate sources. This is supported by elevations in SIRT3 expression 

and decreased mitochondrial acetylation in mouse liver following fasting (88, 237). In addition, 

mice lacking SIRT3 exhibit hyperacetylated mitochondrial proteins in response to fasting (88, 

237). However, the fasting response in murine skeletal muscle is equivocal, as fasting for 24 

hours appears to increase mitochondrial acetylation with a concomitant decrease in SIRT3 protein 
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content, and SIRT3 knockout mice also have hyperacetylated mitochondrial proteins following 

fasting (109). To further complicate matters, additional studies report that SIRT3 expression is 

elevated in mouse skeletal muscle following a 24 hour fast (37, 166). Accordingly, the regulation 

of SIRT3 in murine skeletal muscle is controversial, and its response to fasting in human skeletal 

muscle has yet to be investigated. 

2.2.3 Impact of exercise on SIRT3 

The first study to examine SIRT3 expression in the context of exercise demonstrated that 

higher levels of SIRT3 protein content are found in skeletal muscle of endurance-trained 

individuals compared to healthy sedentary individuals (127). This was followed up by treadmill 

studies in rats that confirmed exercise training itself increases SIRT3 protein expression (92, 

166). To date, increases in SIRT3 protein content have been reported following treadmill training 

for 1-4 weeks in rat skeletal muscle (92, 166), and after 6 weeks of voluntary wheel running in 

mice (22, 166). In young healthy men, however, single-leg knee extensor training for 3 weeks has 

no effect on skeletal muscle SIRT3 protein expression (22). Conversely, other studies have 

reported that skeletal muscle SIRT3 content is elevated in both young and old men and women 

(111), as well as overweight or obese adolescents (236) following 8 and 12 weeks, respectively, 

of endurance training. This discrepancy in humans may be explained by the length of the training 

period (3 versus 8-12 weeks), but regardless, is enough to suggest that SIRT3 expression is 

responsive to endurance training in human skeletal muscle. Although SIRT3 mRNA expression 

does not appear to be elevated following a single bout of exercise in rats (92), repeated bouts 

seem to be effective in stimulating its expression (22, 92, 111, 166, 236). At present, however, the 

effect of acute exercise on SIRT3 gene expression in human skeletal muscle is unknown. 

In human skeletal muscle, endurance training also results in decreased protein acetylation 

of the TCA cycle enzyme isocitrate dehydrogenase 2 (111), although Brandauer and colleagues 

(2015) have reported that acetylation of ATP5O (ATP synthase, H+ transporting, mitochondrial 
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F1 complex, O subunit; aka OSCP) is elevated following training in mice. This inconsistency 

may be explained by species-species differences, or the particular enzyme/acetylation site 

examined, as acetylation of specific sites can either increase or decrease in response to exercise 

(164). In response to acute exercise, Brandauer and colleagues (2015) have reported that 

acetylation of ATP5O (ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit; aka 

OSCP) is unaffected following treadmill running in mouse skeletal muscle and single-leg knee 

extensor exercise in human skeletal muscle. However, Vassilopoulos and colleagues (2014) have 

reported that SIRT3 deacetylates ATP5O following acute exhaustive exercise in mice, suggesting 

that the exercise protocols used by Brandauer and colleagues (2015) may not have been potent 

enough to detect a difference in acetylation (22). Thus, acute exercise may increase SIRT3 

activity, resulting in decreased acetylation of mitochondrial proteins, purportedly to promote ATP 

production and fatty acid oxidation; however, whether this relationship exists in human skeletal 

muscle has yet to be determined. 

2.2.4 Is SIRT3 expression and mitochondrial localization in human skeletal muscle altered 

in association with metabolic stress and increases in whole-body fatty acid oxidation? 

At present, evidence that supports SIRT3 as a regulator of mitochondrial function is 

primarily from cellular and animal studies in liver and adipose tissue (2, 86, 88, 139, 217). 

Accordingly, the role of SIRT3 in regulating mitochondrial function in human skeletal muscle 

remains unclear. While evidence from liver and adipose tissue suggests that SIRT3 is activated 

following alterations in cellular energy status (88, 136, 140, 217, 222), the impact of fasting and 

acute exercise on SIRT3 expression in human skeletal muscle is unknown, as is the relationship 

between SIRT3 expression and acute changes in fatty acid/oxidative metabolism. Therefore, the 

purpose of Chapter 3 of this dissertation was to: 

1) examine the impact of fasting and acute exercise on SIRT3 expression and mitochondrial 

localization, and  
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2) determine if changes in these variables are associated with changes in fatty acid and oxidative 

metabolism known to accompany fasting and exercise in human skeletal muscle (97, 254). 

2.3 SIRT1: regulator of lysine acetylation in the nucleus 

Much of the evidence that supports SIRT1-mediated regulation of skeletal muscle 

mitochondrial biogenesis comes from in vitro models (31, 33, 68, 190), which suggest SIRT1 can 

deacetylate and activate PGC-1α in response to exercise (31, 33, 106) and nutrient restriction (68, 

106, 190). However, in vivo studies report conflicting results (80, 146, 175, 182, 263). For 

example, skeletal muscle-specific loss of SIRT1 activity has been reported to have no effect on 

resting mitochondrial gene or protein expression in mouse skeletal muscle (175), and to reduce 

mitochondrial protein content and respiration (146). Interestingly, both studies found that loss of 

SIRT1 activity had no effect on exercised-induced increases in mitochondrial biogenesis (146, 

175). Gurd and colleagues (2009) transiently overexpressed SIRT1 in rat skeletal muscle and 

found reduced protein expression of PGC-1α, TFAM, and the mitochondrial protein COXIV, but 

a more recent study transiently overexpressing SIRT1 in rat skeletal muscle reported increased 

mitochondrial protein and DNA expression in rats fed a high-fat diet (263). Furthermore, whole-

body overexpression of SIRT1 increases mitochondrial respiration, content, and the expression of 

PGC-1α and its target genes in mouse skeletal muscle (182). Collectively, the results from in vivo 

and in vitro studies would suggest that SIRT1, like PGC-1α, is not required for mitochondrial 

biogenesis in response to energetic stress in skeletal muscle, but it is likely involved. 

2.3.1 Regulation of SIRT1 Activity 

Changes in expression (21, 85, 135, 161, 190), covalent modification (62, 67, 114, 122, 

128, 138, 150, 155, 200, 260, 266), subcellular localization (146, 155, 231), and substrate 

availability (31–33, 190, 222) have all been proposed to regulate SIRT1 activity. However, 

whether changes in expression are important for regulating SIRT1 activity is debated (78), as 
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SIRT1 expression does not always change in association with mitochondrial content (80, 229). 

For example, SIRT1 protein content is negatively (80) and positively (229) related to 

mitochondrial content across a range of oxidative capacities in different types of rat muscle. 

Similarly, increases in mitochondrial content in human skeletal muscle induced by high-intensity 

interval training (HIT), are accompanied by increases (21, 135), decreases (79), or no change 

(142) in SIRT1 protein content. Collectively, these findings suggest that increased SIRT1 protein 

content is not required for skeletal muscle mitochondrial biogenesis. Interestingly, Gurd and 

colleagues found that although SIRT1 protein content was lower following 6 weeks of HIT, 

nuclear SIRT1 activity was elevated in human skeletal muscle (79), suggesting that SIRT1 

activity, rather than sustained changes in SIRT1 content, may be more important in regulating 

mitochondrial biogenesis via PGC-1α (75, 79, 118). The following sections will expand on what 

we know about NAD+-mediated regulation of SIRT1, as well as covalent and transcriptional 

regulation of SIRT1 activity. 

2.3.1.1 NAD+ availability and AMPK 

SIRT1 activity has been linked to the redox state of the cell because NAD+ is one of the 

substrates required for SIRT1-dependent deacetylation of lysine residues (102, 126). In support of 

this, decreases in PGC-1α acetylation in response to nutrient restriction (33, 68, 190, 222) and 

exercise (31, 33) are associated with increases in NAD+ levels in liver (190) and skeletal muscle 

cells (33, 68), as well as murine skeletal muscle (31, 33, 222). Conversely, a high-fat diet results 

in greater PGC-1α acetylation with lower levels of NAD+ in human skeletal muscle (215). NAD+ 

levels are also proposed to be regulated by AMPK, which can increase the expression of 

nicotinamide phosphoribosyl-transferase (NAMPT) (33), an enzyme that catalyzes the rate 

limiting step in the conversion of nicotinamide to NAD+ (188). Nicotinamide is a byproduct of 

SIRT1’s deacetylase reaction, and also noncompetitively inhibits SIRT1 activity (13). Thus, 

AMPK is proposed to increase SIRT1 activity by increasing the expression of NAMPT, which 
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reduces the accumulation of nicotinamide and increases the concentration of NAD+ (33, 65, 188, 

222). Additionally, SIRT1 is proposed to regulate AMPK by deacetylating LKB1 (aka STK11, 

serine/threonine kinase 11), promoting its translocation to the cytosol where it can phosphorylate 

and activate AMPK (125). At present, it is unclear whether alterations in intracellular NAD+ 

levels in human skeletal muscle actually regulate SIRT1 activity, mainly because it is difficult to 

measure free NAD+, and currently it is not possible to measure subcellular compartment-specific 

pools of NAD+ that would actually come into contact with SIRT1 (30). However, it is reasonable 

to suggest that either increases in NAD+ or decreases in nicotinamide may be involved in 

regulating SIRT1 activity in human skeletal muscle, and that AMPK may partially mediate this 

effect via its regulation of NAMPT. 

2.3.1.2 Covalent regulation of SIRT1 

Known post-translational modifications of SIRT1 that also alter its activity include 

phosphorylation (62, 67, 114, 128, 155, 200, 266), sumoylation (260), methylation (138, 150), 

and transnitrosylation (122). Of these modifications, methylation and transnitrosylation are 

proposed to decrease SIRT1 activity (122, 138), while sumolaytion and phosphorylation appear to 

increase it (67, 128, 155, 200, 260). While it is outside the scope of this dissertation to focus on 

all of these modifications, it is important to highlight that a variety of post-translational 

modifications regulate SIRT1. For the purpose of this dissertation, this review will focus on 

phosphorylation and its effect on SIRT1 activity. 

Phosphorylation can increase SIRT1 activity via altering its subcellular localization, 

protein stability, affinity for substrates, and by increasing its catalytic activity (62, 67, 128, 155, 

200). Kinases known to phosphorylate SIRT1 include AMPK (128), cyclin dependent kinase 1 

(200), casein kinase 2 (114, 266), dual specificity tyrosine phosphorylation regulated kinases 

(74), JNK1 (155), JNK2 (62), and PKA (67) (Table 2-2), although it is unknown whether all of 

these kinases target SIRT1 in human skeletal muscle. Phosphorylation of SIRT1 by PKA is 
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proposed to increase SIRT1-mediated deacetylation of PGC-1α by increasing SIRT1’s catalytic 

activity, resulting in elevated expression of fatty acid oxidative genes (67). Since PKA activity 

increases in response to fasting in murine skeletal muscle (63), and possibly exercise (10), this 

may be a mechanism by which SIRT1 activity is regulated in response to cellular energy stress in 

humans. 

JNK1 phosphorylation of SIRT1 promotes its nuclear localization in mouse skeletal 

muscle cells and increases SIRT1 activity (155). Not much else is known about the control of 

SIRT1’s subcellular location within the cell, other than it has two nuclear localization signals, two 

nuclear exportation signals, and its distribution in the nucleus and cytosol can also differ 

depending on the cell or tissue examined (30, 231). In mouse skeletal muscle cells, SIRT1 

translocates to the nucleus in response to chronic contractile activity without any change in total 

SIRT1 protein content (146); however, acute exhaustive exercise does not alter nuclear SIRT1 

levels in rat skeletal muscle either immediately or 3 hours post-exercise (81). Whether this 

finding extends to human skeletal muscle has not been examined; however, JNK1 activity is 

increased in response to fasting in rat liver, which suggests that this might be a mechanism 

regulating skeletal muscle SIRT1 activity in response to alterations in nutrient availability. 

 

Table 2-2. List of known SIRT1 kinases and their effect on SIRT1 activity 

Kinase Species Phosphorylation Sites Activity Reference 

AMPK Human Thr344 Increases (128) 

CDK1 Human Thr530, Ser540 Increases (200) 

CK2 
Mouse Ser154, Ser649, Ser651, Ser683 Increases (114) 

Human Ser659, Ser661 N/A (266) 

DYRK Mouse Thr522 Increases (74) 

JNK1 Human Ser27, Ser47, Thr530 Increases (155) 

JNK2 Human Ser27 Increases (62) 

PKA Mouse Ser434 Increases (67) 

N/A, information not available 
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2.3.1.3 Transcriptional Regulation of SIRT1 

Several transcription factors have been implicated in the transcriptional control of SIRT1 

including CREB (161), carbohydrate response-element-binding protein (ChREBP) (161), E2F 

transcription factor 1 (247), early growth response protein 1 (EGR1) (168), forkhead box O1 

(FOXO1) , hypermethylated in cancer 1 (187), hypoxia-inducible factor (HIF) (40), p53 (156), 

and the PPARs (82, 85, 162). Some of these factors are responsive to alterations in nutrient 

availability; for example, CREB and PPARα are proposed to increase SIRT1 gene expression in 

response to fasting (85, 161), while ChREBP represses SIRT1 transcription in response to feeding 

(161). Similarly, p53 represses SIRT1 transcription under adequate nutrient conditions, but under 

fasting conditions FOXO3A binds to p53, causing p53 to release from its binding site on the 

SIRT1 promoter and resulting in an increase in SIRT1 transcription (156). It is currently unclear 

how SIRT1 expression is regulated in response to exercise; however, since CREB is activated in 

response to acute exercise (57, 175), it has been suggested to possibly play a role (251). 

Additionally, EGR1 may regulate SIRT1 expression in response to exercise by sensing changes in 

reactive oxygen species or mechanosensitive signalling pathways (167, 168). 

2.3.2 Impact of nutrient availability on SIRT1 

In cellular and animal models, SIRT1 is proposed to deacetylate and activate PGC-1α in 

response to nutrient deprivation (48, 68, 157, 190, 222), with the opposite proposed to be true in 

response to nutrient excess (48, 215). Accordingly, if changes in SIRT1 expression are proposed 

to regulate SIRT1 activity, fasting should result in greater SIRT1 expression, while over-feeding 

should decrease it. In support of this, high-fat feeding for 8 to 12 weeks decreases SIRT1 activity 

in mouse skeletal muscle (39, 263), and decreases SIRT1 protein content following 16 weeks (48, 

228). Conversely, SIRT1 mRNA is elevated following 12 and 20 hours of fasting (156, 161), but 

is unaltered after 24 hours (37, 113), whereas SIRT1 protein content is reported to increase 

following 6, 12, and 24 hours of fasting in mouse skeletal muscle (48, 113, 161). This does not 



 

28 

 

agree with findings in humans, where whole-muscle SIRT1 protein content and phosphorylation 

(Ser47) are reported to decrease in response to 24 hours of fasting, although this did not reach 

statistical significance (253). In addition, since SIRT1 may require nuclear localization to interact 

with its target proteins, it is important to investigate the effect of nutrient availability on nuclear 

SIRT1 activity and/or phosphorylation in human skeletal muscle. 

2.3.3 GCN5: SIRT1’s counterpart in the nucleus 

Less is known about SIRT1’s counterpart in the nucleus, GCN5; though, some studies 

suggest it may be more important in regulating PGC-1α acetylation status (169, 175). This is 

evidenced by reduced acetylation of PGC-1α in response to acute exercise in skeletal muscle 

from mice lacking SIRT1 deacetylase activity, in association with a decrease in nuclear GCN5 

and less GCN5 bound to PGC-1α (175). Thus, at least in response to exercise, GCN5 appears to 

translocate out of the nucleus so it cannot complex with, and acetylate, PGC-1α (175). What 

removes the acetyl groups in the absence of GCN5 and SIRT1 is unknown, although SIRT2 is a 

possible candidate (78). Our understanding of what regulates GCN5 translocation is also 

unknown; however, in the liver SIRT6 is reported to deacetylate and subsequently increase GCN5 

activity (52). Although acetyl-CoA availability as a substrate is proposed to regulate GCN5 

activity (106), this has yet to be confirmed experimentally. GCN5 is regulated transcriptionally 

by steroid receptor coactivator 3 (SRC-3, official gene name: nuclear receptor coactivator 3), a 

transcriptional coactivator whose expression is sensitive to changes in nutrient availability (48). 

Accordingly, SRC-3 and GCN5 expression are both increased in response to a high-fat diet, and 

decreased following fasting (48). Although we know little about the regulation of GCN5, it 

appears to play a role in regulating skeletal muscle metabolism in response to exercise (175) and 

nutrient availability (37, 48) in cellular and animal models. However, there are currently no 

studies that have investigated the regulation of GCN5 in human skeletal muscle. 
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2.3.4 Are SIRT1 and GCN5 regulated by fasting in human skeletal muscle? 

To date, few studies have investigated the regulation of SIRT1 in human skeletal muscle 

following alterations in nutrient availability (215, 253), and no one has examined GCN5. While 

evidence from cellular and animal models would suggest that SIRT1 is activated in response to 

fasting to deacetylate and activate PGC-1α, with a concomitant decrease in GCN5 activity, how 

these enzymes respond to fasting in human skeletal muscle has yet to be investigated. In addition, 

whether changes in SIRT1 and GCN5 expression and/or activity are associated with changes in 

PGC-1α target genes in human skeletal muscle is currently unknown. Therefore, the purpose of 

Chapter 4 of this dissertation was to: 

1) examine the expression and activation of SIRT1 and GCN5 in human skeletal muscle 

following a 48-hour fast, and 

2) examine the relationship between SIRT1 and GCN5 and changes in PGC-1α target gene 

expression. 

2.4 LRP130: a novel regulator of mitochondrial-encoded gene expression 

LRP130 initially gained popularity when it was discovered that a recessive mutation of 

the LRP130 gene results in a rare French-Canadian variant of Leigh syndrome, a mitochondrial 

disorder caused by a severe deficiency in cytochrome c oxidase (152). Subsequently, LRP130 is 

reported to control mitochondrial-encoded gene expression (47, 71, 136, 137, 194, 201, 221) by 

regulating transcription (136, 137, 221) and mRNA stability (43, 194, 201). Knockdown of 

LRP130 in human and mouse cell lines consistently decreases basal mRNA expression of 

mitochondrial-encoded genes (46, 47, 71, 136, 137, 201, 221) in association with reduced protein 

expression (71, 201) and mitochondrial function (47, 71, 136, 137, 221). The opposite is true in 

cells overexpressing LRP130 (46, 137), or expressing a constitutively active form of the protein 

(136), which exhibit elevated mitochondrial mRNA levels (46, 137) as well as mitochondrial 

respiration and ATP production (136, 137). Collectively, results from both human and mouse cell 
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lines strongly support a role for LRP130 in regulating mitochondrial mRNA expression and 

mitochondrial function in humans (46, 71, 136, 137, 201, 221). 

Similar to cell lines, knockdown of LRP130 in mouse liver via RNA interference 

decreases mitochondrial-encoded gene expression (46, 136, 137). Although, total knockout of 

LRP130 results in embryonic lethality in mice (194), heart-specific knockout of LRP130 

decreases mitochondrial respiration and results in abnormal cristae morphology (153). Similarly, 

heart/muscle-specific loss of LRP130 causes abnormal cristae morphology, decreases citrate 

synthase and complex IV activity, and decreases basal levels of mitochondrial-encoded mRNAs 

in the heart (194). However, heterozygous knockout, or moderate overexpression, of LRP130 has 

no effect on mitochondrial-encoded mRNA expression or protein content of respiratory chain 

complexes in mouse heart, liver, kidney, and muscle (84). This is in contrast with liver-specific 

LRP130 overexpression in mice, which results in elevated mitochondrial supercomplex 

formation, cristae density, respiration, and ATP production (137). The reason for these 

discrepancies between moderate whole-body and tissue-specific alterations in LRP130 expression 

are unclear; however, the majority of evidence presented suggests that LRP130 is important for 

the maintenance of mitochondrial gene expression and subsequently mitochondrial function in 

vivo. 

2.4.1 How does LRP130 regulate mitochondrial gene expression? 

2.4.1.1 Control of mitochondrial mRNA stability 

LRP130 is consistently demonstrated to be involved in regulating the expression of 

mitochondrial-encoded transcripts (46, 71, 136, 137, 201, 221). Although loss of LRP130 

typically results in abnormal cristae formation (153, 194) with no alterations in mtDNA (71, 137, 

194, 221), mitochondrial respiration and ATP production are decreased (71, 137, 153). This 

suggests that LRP130 is important in maintaining mitochondrial quality, and one of the 
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mechanisms by which LRP130 is proposed to do this is by regulating mtDNA transcript stability 

(43, 194, 201). In mice and humans, LRP130 forms a complex with SRA stem-loop interacting 

RNA binding protein (SLIRP) (84, 194, 201), and this interaction is proposed to stabilize both of 

their expression (124, 201). The LRP130-SLIRP complex is proposed to regulate mRNA stability 

(43, 194, 201) and polyadenylation (43, 194), which is necessary to produce and maintain mature 

mRNA that can be translated into functional protein. However, not all of the data support the 

involvement of LRP130 in regulating mitochondrial mRNA stability (137, 221). For example, 

inhibition of mitochondrial transcription (via actinomycin d or ethidium bromide) has no effect 

on mitochondrial-encoded mRNA decay rates in LRP130 deficient cells (137, 221); though pulse-

chase analysis of newly synthesized mitochondrial transcripts decay much faster in mouse hearts 

lacking LRP130 (194). Thus, there are methodological differences that may explain the disparity 

between these studies, though in combination with evidence that SLIRP regulates mRNA stability 

(124) and complexes with LRP130 (84, 194, 201), there is reason to speculate this mechanism 

may be conserved in human skeletal muscle. 

2.4.1.2 Control of mitochondrial gene transcription 

LRP130 is also purported to regulate mitochondrial transcription (221), resulting in 

increases in oxidative phosphorylation and fatty acid oxidation (46, 47, 71, 136, 137, 201). 

Similar to PGC-1α, LRP130 is proposed to be a transcriptional coactivator, as it does not directly 

bind to mitochondrial DNA promoters (137). However, there is some evidence that questions 

LRP130’s involvement in mitochondrial gene transcription (84, 194). Specifically, studies from 

one lab show that de novo transcription of mtDNA is unaffected in mouse heart mitochondria 

lacking LRP130 (84, 194), while Liu and colleagues (2011) found that LRP130 does stimulate 

mitochondrial gene transcription (137). Harmel and colleagues argue that the results of Liu et al. 

(2011) could have been a result of comparatively lower TFAM concentrations used for the in 

vitro transcription experiment (84). Specifically, if samples were contaminated with other 
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mitochondrial proteins, even small amounts of TFAM or other transcription factors might explain 

the increase in transcription that Liu and colleagues observed (84). Other evidence suggests that 

LRP130 might control mitochondrial transcription by interacting with the transcriptional 

coactivator PGC-1α (46, 47). In the liver, LRP130 is reported to form part of the PGC-1α 

holocomplex, and regulates mitochondrial gene expression (46). While there is controversy as to 

whether LRP130 stimulates mitochondrial transcription in vitro, more studies are needed to 

determine whether LRP130 regulates mitochondrial gene transcription in vivo. Regardless, the 

studies presented above indicate that LRP130 is a powerful regulator of mitochondrial transcript 

levels (46, 71, 136, 137, 201, 221). While the mechanisms underlying how LRP130 controls 

mitochondrial transcript levels are unknown, LRP130 appears to be important in maintaining 

mitochondrial function (47, 71, 136, 137, 221). 

2.4.2 Regulation of LRP130 activity  

The involvement of LRP130 in regulating the adaptive response to exercise has only been 

investigated within the last couple of years (239). This likely stems from LRP130’s interactions 

with PGC-1α (46, 47) and the mitochondrial deacetylase SIRT3 (136), two proteins involved in 

regulating mitochondrial function in response to cellular energy stress (2, 88, 96, 217). In the 

liver, PGC-1α and LRP130 co-localize in the nucleus and form a complex that is proposed to 

regulate the expression of mitochondrial-encoded transcripts (46). However, studies examining 

the subcellular localization of LRP130 have identified that it is predominately present in 

mitochondria (46, 149, 201, 225, 235, 258). While PGC-1α can translocate to mitochondria in 

response to exercise in murine and human skeletal muscle (196, 219), whether LRP130 also 

interacts with PGC-1α in mitochondria is unknown. The only identified covalent modification 

that regulates LRP130 activity is acetylation. Specifically, SIRT3 is proposed to deacetylate and 

activate LRP130, resulting in the expression of mitochondrial genes (136). Thus, few studies have 

examined the regulation of LRP130 activity in response to energetic stress (136, 239), although 
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changes in its expression are potentially involved (239). Several studies have implicated PGC-1α 

in the control of LRP130 and SIRT3 expression (22, 47, 70), and also vice versa (46, 47, 136, 

166, 217). In support of this, aerobic exercise training for 7 days increases both PGC-1α and 

LRP130 mRNA and protein expression in rats (239), and SIRT3 is also increased by exercise 

training in both murine (22, 92, 166) and human (22, 111, 236) skeletal muscle. Since LRP130 is 

regulated by PGC-1α and SIRT3, and they respond to exercise, LRP130 expression and activity 

may also be regulated in response to exercise in human skeletal muscle. 

2.4.3 Is LRP130 expression altered in response to acute and chronic exercise, and does this 

occur in association with its proposed regulators? 

The regulation of LRP130 in human skeletal muscle has not been examined, and whether 

there are relationships between changes in LRP130 with SIRT3 or PGC-1α expression is 

unknown. Given that SIRT3 and PGC-1α are proposed regulators of LRP130 expression and 

activity, and both are up-regulated in response to aerobic exercise in human skeletal muscle, it is 

reasonable to speculate that LRP130 expression should increase in concert with SIRT3 and 

PGC-1α following both acute and chronic aerobic exercise. Therefore, the purpose of Chapter 5 

of this dissertation was to: 

1) examine changes in LRP130 gene and protein expression in response to a single acute bout, 

and 6 weeks of sprint-interval training (SIT), respectively; and 

2) determine whether a relationship exists between changes in SIRT3, LRP130, and PGC-1α 

gene or protein expression following acute and chronic SIT in human skeletal muscle. 
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Chapter 3 

SIRT3 gene expression but not subcellular localization is altered in 

response to fasting and exercise in human skeletal muscle 

 

 

Chapter 3 is published as: 

Edgett BA, Hughes MC, Matusiak JBL, Perry CGR, Simpson CA, Gurd BJ. SIRT3 gene 

expression but not SIRT3 subcellular localization is altered in response to fasting and exercise in 

human skeletal muscle. Exp Physiol 101: 1101–1113, 2016. 
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3.1 Abstract 

The present study examined SIRT3 expression and SIRT3 mitochondrial localization in 

response to acute exercise and short-term fasting in human skeletal muscle. Experiment 1 

involved eight healthy men (age, 21.4 ± 2.8 years; peak O2 uptake, 47.1 ± 11.8 mL⋅min-1⋅kg-1) 

who performed a single bout of exercise at ~55% of peak aerobic work rate for 1 hour. Muscle 

biopsies were obtained at rest (Rest), immediately after exercise (EX-0) and 3 hours post-exercise 

(EX-3). Experiment 2 involved 10 healthy men (age, 22.0 ± 1.5 years; peak O2 uptake, 46.9 ± 6.0 

mL⋅min-1⋅kg-1) who underwent a 48-hour fast, with muscle biopsies collected 1 hour postprandial 

(Fed) and after 48 hours of fasting (Fast). Mitochondrial respiration was measured using high-

resolution respirometry in permeabilized muscle fibre bundles to assess substrate oxidation. 

Whole-body fat oxidation increased after both exercise (Rest, 0.96 ± 0.32 kcal⋅min-1; Exercise, 

5.66 ± 1.97 kcal⋅min-1; p < 0.001) and fasting (Fed, 0.87 ± 0.51 kcal⋅min-1; Fast, 1.30 ± 0.37 

kcal⋅min-1, p < 0.05). SIRT3 gene expression decreased (p < 0.05) after both exercise (−8%) and 

fasting (−19%); however, SIRT3 whole-muscle protein content was unaltered after fasting. No 

changes were observed in SIRT3 mitochondrial localization following either exercise or fasting. 

Fasting also decreased the Vmax of glutamate [80 ± 43 versus 50 ± 21 pmol⋅sec-1⋅(mg dry 

weight)-1; p <0.05]. These findings suggest that SIRT3 does not appear to be regulated by 

changes in mitochondrial localization at the time points measured in the present study in response 

to cellular energy stress in human skeletal muscle. 

3.2 Introduction 

Lysine acetylation is emerging as an important post-translational modification involved 

in regulating mitochondrial function (86, 116, 226). Approximately 65% of mitochondrial 

proteins have at least one acetylated lysine residue, many of which are modified in response to 

altered nutrient availability (86). The sirtuin (SIRT) family of NAD+-dependent deacetylases are 

proposed to be major regulators of cellular acetylation status, with SIRT3 implicated as the major 
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deacetylase responsible for changes in mitochondrial protein acetylation (139). More specifically, 

SIRT3 is believed to deacetylate key enzymes involved in the promotion of fatty acid oxidation 

and oxidative metabolism (2, 88, 136, 237). At present, the evidence supporting SIRT3 as a 

regulator of mitochondrial function is derived primarily from cellular and animal studies in liver 

and adipose tissue (86, 88, 139, 217). Consequently, the role of SIRT3 in regulating 

mitochondrial function in human skeletal muscle is currently unclear. 

Evidence from liver and adipose tissue suggests that SIRT3 is activated following 

changes in cellular energy status as part of a coordinated response to maintain cellular ATP levels 

(88, 136, 140, 217). Following fasting, altered SIRT3 expression may contribute to the regulation 

of fatty acid oxidation and oxidative metabolism in murine skeletal muscle (88, 109, 166, 217). 

However, both increased SIRT3 expression with a proposed decrease in mitochondrial acetylation 

(37, 166) and decreased SIRT3 expression with increased mitochondrial acetylation (109) have 

been observed in murine skeletal muscle. Furthermore, although SIRT3 abundance is consistently 

elevated following exercise training in both rodents (22, 92, 166) and humans (111, 236), the 

acute impact of exercise on SIRT3 expression has yet to be examined in humans. Thus, the 

impact of fasting and acute exercise on SIRT3 expression in human skeletal muscle is unknown, 

as is the relationship between SIRT3 expression and acute changes in fatty acid/oxidative 

metabolism. 

There is also some evidence that existing SIRT3 protein can be translocated to 

mitochondria in response to cellular stress (207), and mitochondrial SIRT3 is required for fasting-

mediated increases in fatty acid oxidation and ATP production in liver (88, 136). In cellular and 

animal models, SIRT3 appears to act via deacetylation of several enzymes involved in the 

regulation of fatty acid and oxidative metabolism (2, 12, 86, 237, 261). Although we have 

previously observed no change in mitochondrial SIRT3 following acute exercise in rat skeletal 

muscle (77), whether SIRT3 translocates to mitochondria in human skeletal muscle following 



 

37 

 

fasting and/or exercise is unknown. It is also unknown whether translocation of SIRT3 to 

mitochondria is required for changes in fatty acid oxidation and mitochondrial respiration in 

human skeletal muscle. 

Therefore, the purpose of the present study was twofold: 1) to examine the impact of 

fasting and acute exercise on SIRT3 expression and mitochondrial localization, and 2) to 

determine whether changes in these variables are associated with changes in fatty acid and 

oxidative metabolism known to accompany fasting and exercise in human skeletal muscle (97, 

254). To accomplish this, changes in SIRT3 expression and mitochondrial SIRT3 protein content 

were compared with changes in whole-body fat oxidation and mitochondrial respiration in 

permeabilized skeletal muscle fibre bundles (PmFBs) following a prolonged (48 hour) fast. To 

isolate the acute regulation of fatty acid oxidation by SIRT3 (i.e. without changes in whole-

muscle SIRT3 protein content), we also examined changes in mitochondrial SIRT3 protein 

content with whole-body fat oxidation following an acute bout of endurance exercise. 

3.3 Methods 

Ethics Statement 

 All participants in this study were young, healthy, recreationally active men (participant 

characteristics are presented in Table 3-1). All experimental procedures performed on human 

participants were approved by the Health Sciences Human Research Ethics Board at Queen’s 

University and conformed to the Declaration of Helsinki. Verbal and written explanation of the 

experimental protocol and associated risks was provided to all participants prior to obtaining 

written informed consent. 

Experimental Design 

 The current study involved the completion of two distinct experiments. The first 

experiment examined the acute effect of exercise (1 hour at 55% of peak work rate) on changes in 
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whole-body fatty acid oxidization, mitochondrial SIRT3 protein content and SIRT3 gene 

expression, and mitochondrial acetylation (using a pan-acetylation antibody). The second 

experiment examined the impact of a 48-hour fast on the same variables listed above, with the 

addition of mitochondrial respiration in PmFBs. A subset of data from experiment two, including 

participant characteristics, has been published previously (246). Peak O2 uptake for all 

participants was determined during a ramp protocol to volitional fatigue as described previously 

(55), and in both experiments skeletal muscle biopsy samples were obtained from the vastus 

lateralis using the Bergström muscle biopsy technique (11) modified with manual suction (55). A 

portion of each biopsy was immediately used to isolate mitochondria, while another was placed 

into ice-cold BIOPS (see ‘Preparation of permeabilized skeletal muscle fibre bundles’ below) and 

used to prepare PmFBs. The remaining tissue was immediately frozen in liquid nitrogen and 

stored at -80ºC for later analysis. 

 

Table 3-1. Participant Characteristics 

 Fasting (n = 10) Exercise (n = 8) 

Age (years) 22.0 ± 1.5 21.4 ± 2.8 

Height (cm) 181.0 ± 5.9 177.2 ± 8.9 

Weight (kg) 77.2 ± 6.2 75.3 ± 13.3 

BMI (kg⋅m-2) 23.4 ± 2.0 23.9 ± 3.2 

Waist Circumference (cm) 81.4 ± 2.0 85.8 ± 9.9 

Absolute VO2peak (mL⋅min-1) 3563 ± 430 3604 ± 1310 

Relative VO2peak (mL⋅min-1⋅kg-1) 46.9 ± 6.0 47.1 ± 11.8 

Values are mean ± standard deviation 

 

Experiment 1: Impact of Acute Exercise 

 The protocol outlining the timing of sample collection for experiment one is presented in 

Figure 3-1A. Participants reported to the lab in the morning following an overnight fast (~12 

hours) after consuming a standardized dinner the night before {Stouffer’s Sauté Sensations  
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Figure 3-1. The effect of acute endurance exercise on the rate of whole-body fat oxidation, 

SIRT3 mRNA expression, and mitochondrial SIRT3 and acetyl-lysine content. Overview of acute 

exercise protocol (A). Abbreviation: WRpeak, peak work rate. The effect of an acute bout of 

endurance exercise on whole-body fat oxidation (B), skeletal muscle SIRT3 gene expression (C), 

mitochondrial SIRT3 content (D), and representative blot (E) of mitochondrial acetyl-lysine 

residues (F). Values are normalized to rest and presented as the means ± SE, ∗ p < 0.05 Rest 

versus EX-0. 



 

40 

 

Country Beef Pot Roast [540 kcal; 56 g carbohydrate (CHO), 20 g fat, 14 g protein] and 500 mL 

of milk with 2% fat [260 kcal; 24 g CHO, 10 g fat, 18 g protein]}. After arriving at the laboratory, 

participants were fed breakfast consisting of a plain bagel (190 kcal; 1 g fat, 36 g CHO, 7 g 

protein) with cream cheese (88 kcal; 8.5 g fat, < 1.0 g CHO, 1.8 g protein) and 200 mL of apple 

juice (90 kcal; 22 g CHO, 0 g fat, 0 g protein). Twenty minutes after completion of breakfast, two 

incisions were made over the vastus lateralis of one leg under local anaesthesia (2% lidocaine 

with epinephrine) separated by ~2 cm. These incisions were then covered with sterile gauze such 

that biopsies could be taken immediately after the collection of resting gas exchange and 

immediately post-exercise (EX-0). Forty minutes after completion of breakfast, resting gas 

exchange was measured using a metabolic cart (Moxus, AEI Technologies, Pittsburgh, PA, USA) 

for 15 minutes. Immediately after gas exchange measurements, participants had a resting biopsy 

taken from the first incision site. After the resting biopsy (~1 hour after breakfast) participants 

were moved to a stationary bicycle (Monark Ergomedic 874 E; Vansbro, Sweden), where they 

exercised at 55% of their peak work rate for 1 hour. Gas exchange was measured again during the 

final 15 minutes of exercise. Immediately after the cessation of exercise, a second muscle biopsy 

was taken (EX-0). Participants then rested for 3 hours before a third muscle biopsy sample was 

taken (EX-3) from a separate incision site on the same leg as the first two biopsies. 

Experiment 2: The Impact of a 48-hour Fast 

 An overview of experiment two is presented in Figure 3-2A. Participants were provided 

with dinner [Stouffer’s Sauté Sensations Mediterranean Chicken Stir Fry (520 kcal; 74 g CHO, 

10 g fat, 32 g protein), Dole Fruit Crisp (160 kcal; 29 g CHO, 3.5 g fat, 2 g protein), and 500 mL 

of milk with 2% fat (260 kcal; 24 g CHO, 10 g fat, 18 g protein)] to consume the night before the 

start of the 48-hour fast no later than 9:00 pm. The following morning, after a 12-hour fast, 

participants reported to the lab in the fasted state and were fed breakfast consisting of a plain 

bagel (190 kcal; 1 g fat, 36 g CHO, 7 g protein) with peanut butter (110 kcal; 10 g fat, 4 g CHO, 
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4 g protein) and 200 mL of apple juice (90 kcal; 22 g CHO, 0 g fat, 0 g protein) followed 2 hours 

later by lunch [12″ Black Forest Ham Sandwich from Subway (~690 kcal; 20 g fat, 106 g CHO, 

34 g protein] and 500 mL of milk with 2% fat [260 kcal; 24 g CHO, 10 g fat, 18 g protein)]. 

Anthropometric measures (height, weight, and waist circumference) were recorded during this 

visit. 

Forty-five minutes after participants were provided with lunch, resting gas exchange was 

measured using a metabolic cart (Moxus, AEI Technologies, Pittsburgh, PA, USA) for 15 

minutes. After measurement of gas exchange [1-hour postprandial (fed state)] a muscle biopsy 

was taken (55). Forty-eight hours later, participants returned to the lab for 15 minutes of fasted-

state gas exchange measurement and a muscle biopsy (taken from the opposite leg of the fed-state 

biopsy). During the fasting period, participants were provided with six calorie-free electrolyte 

beverages (Powerade Zero, The Coca-Cola Company, Atlanta, Ga., USA) and were permitted to 

drink water ad libitum. 

Calculation of Whole-Body Fatty Acid Oxidation Rates 

The last 10 minutes of gas exchange data of each measurement period was used to 

determine the rate of fatty acid oxidation, which was calculated according to the following 

formula (170): fat (in grams per minute) = 1.695 × O2 production (in litres per minute) – 1.701 × 

CO2 production (in litres per minute). To convert fat oxidation rates to kilocalories per minute, 

resulting values were multiplied by 9 kcal⋅g-1. 

Isolation of Mitochondria 

Mitochondria were isolated from 70-100 mg of tissue as described previously (174). All 

mitochondrial isolation steps were performed at 4ºC. Samples were minced in 750 µL of solution 

1 (100 mM KCl, 40 mM Tris-HCl, 10 mM Tris base, 5 mM MgSO4, 1 mM EDTA, and 1 mM 

ATP, pH 7.5). Minced muscle was then homogenized by ~40 strokes in a glass Dounce  
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Figure 3-2. The effect of fasting on the rate of whole-body fat oxidation, SIRT3 mRNA 

expression, and mitochondrial SIRT3 and acetyl-lysine content. Overview of fasting protocol (A). 

The effect of a 48-hour fast on whole-body fat oxidation (B), skeletal muscle SIRT3 gene 

expression (C), mitochondrial SIRT3 content (D), and representative blot (E) of mitochondrial 

acetyl-lysine residues (F). Values are normalized to the fed state and presented as the means ± 

SE. ∗ p < 0.05 Fast versus Fed.  
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homogenizer with a total of 20 volumes of solution 1, and then transferred to a 15 mL tube. 

Samples were centrifuged for 10 minutes at 700 × g, the supernatants collected, and subsequently 

spun for 10 minutes at 14000 × g to pellet the mitochondria. The supernatants were discarded, 

and pellets containing mitochondria were then resuspended and washed in 10 volumes of solution 

2 [100 mM KCl, 40 mM Tris-HCl, 10 mM Tris base, 1 mM MgSO4, 0.1 mM EDTA, 0.25 mM 

ATP, and 1% of bovine serum albumin (BSA; fatty acid content < 0.005%), pH 7.5], then 

centrifuged for 10 minutes at 7000 × g. This process was repeated using solution 3 (100 mM KCl, 

40 mM Tris-HCl, 10 mM Tris base, 1 mM MgSO4, 0.1 mM EDTA, 0.25 mM ATP, pH 7.4) and 

the final pellet was resuspended in 220 mM sucrose, 70 mM mannitol, 10 mM Tris-HCl, and 1 

mM EDTA (pH 7.4), the final volume corresponding to 1µL⋅mg-1 of starting tissue. 

RNA Extraction and Real-Time PCR  

RNA extraction and real-time PCR were performed as we have done previously (55, 213) 

on Fed and Fasted samples, and on resting and EX-3 samples. Briefly, RNA was extracted using 

a modified version of the single-step method by guanidinium thiocyanate-phenol-chloroform 

extraction (41), and then quantified spectrophotometrically at 260 nm using a Take3 Plate 

(Biotek, Winooski, VT, USA). Protein contamination was assessed by measuring absorbance at 

280 nm (samples had an average 260:280 ratio of 1.98 ± 0.02, mean ± SD). One microgram of 

resulting RNA was reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, 

Mississauga, ON, Canada). Transcript levels were determined on an ABI 7500 Real Time PCR 

System (Foster City, CA, USA). Primer set efficiencies were determined using real-time PCR 

with an appropriate cDNA dilution series prior to sample analysis. Average primer set-specific 

efficiencies (186) were E = 2.02 ± 0.07 (mean ± SD). All samples were run in duplicate 25 µL 

reactions containing: 50 ng cDNA, 0.58 μM primers, and GoTaq PCR Master Mix containing 

SYBR Green (Promega, Madison, WI, USA). Primer sequences are provided in Table 3-2. All 

RNA data are expressed relative to TATA-binding protein (TBP), which was stable across all 
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states, with no difference in the raw cycle threshold (CT) values observed between fed and fasted 

states (Fed: 24.18 ± 0.16, Fasted: 24.35 ± 0.26, p = 0.176) or between resting and 3 hours post-

exercise (Rest: 22.17 ± 0.11, EX-3: 22.25 ± 0.25, p = 0.287). 

 

Table 3-2. List of Primer Sequences used for Real-Time PCR 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

PGC-1α CACTTACAAGCCAAACCAACAAC CAATAGTCTTGTTCTCAAATGGGGA 

SIRT3 GCTTCCTCTAGTGACACTGTTAG TGCAGAAGTAGCAGTTCAGTG 

TBP AGACGAGTTCCAGCGCAAGG GCGTAAGGTGGCAGGCTGTT 

 

Western Blotting 

Mitochondrial samples were quantified spectrophotometrically to determine protein 

content (BCA Protein Assay Kit 23225, Pierce, Rockford, IL, USA), then solubilized in sample 

buffer [12.5% sucrose, 1.9% sodium dodecyl sulfate (SDS), 15.6 mM Tris HCl pH 6.8, 0.5 mM 

ethylenediamine tetraacetic acid (EDTA), 0.8% dithiothreitol, 0.003% bromophenol blue] and 

heated to 95°C for 5 minutes. Equal amounts of protein (7.5 μg for SIRT3 and 15 μg for pan-

acetylation) were loaded onto 12% polyacrylamide gels and separated by SDS-PAGE. Gels were 

subsequently transferred to a polyvinylidene difluoride membrane via wet transfer for 1 hour at 

100 V. Membranes were blocked at room temperature by incubating in 5% BSA with TBS-T 

(0.1%). Blots were then incubated with primary antibodies (both at 1:1000) overnight at 4ºC in 

5% BSA with Tris-buffered saline (20 mM Tris Base, 137 mM NaCl, pH 7.5, adjusted using 

hydrochloric acid) and 0.1% Tween-20 (TBS-T). Commercially available antibodies from Cell 

Signaling (Danvers, MA, USA) were used to detect SIRT3 (#5490); and acetylated lysine 

(#9441). All primary antibodies were used at a concentration of 1:1000 and diluted in 5% BSA 

with TBS-T. Proteins were visualized by chemiluminescent detection according to 

manufacturer’s instructions (Millipore, Denmark) and imaged using the FluorChem HD2 system 
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(Protein Simple, San Jose, CA, USA). Band intensities were quantified using AlphaView 

software (Protein Simple). All quantified mitochondrial samples are expressed relative to total 

protein (amido black staining). Acetylated lysine was analyzed both by quantifying individual 

bands, and by quantifying all bands within specified molecular weight ranges. 

Preparation of Permeabilized Skeletal Muscle Fibre Bundles 

This technique is partly adapted from previous methods (123, 233) and has been 

described in detail by us previously (171, 172). Briefly, small portions (~25 mg wet weight) of 

muscle were dissected from each biopsy and placed in ice-cold biopsy preservation solution 

(BIOPS), containing: 50 mM MES hydrate, 7.23 mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM 

imidazole, 0.5 mM dithiothreitol, 20 mM taurine, 5.77 mM ATP, 15 mM PCr and 6.56 mM 

MgCl2•6H20 (pH 7.1, adjusted using potassium hydroxide). The muscle was trimmed of 

connective tissue and fat and divided into several small muscle bundles (~2–7 mm, 1.0–2.5 mg 

wet weight). Each bundle was gently separated along their longitudinal axis with a pair of anti-

magnetic needle-tipped forceps under magnification (Stemi 2000; Carl Zeiss, Jena, Germany). 

Bundles were then treated with 30 mg⋅mL-1 saponin in BIOPS and incubated on a rotor for 30 

minutes at 4°C. Following permeabilization, PmFBs were washed at 4°C (< 30 minutes) in 

MiR05 (0.5 mM EGTA, 3 mM MgCl2⋅6H2O, 60 mM potassium lactobionate, 20 mM taurine, 

10 mM monopotassium phosphate, 20 mM Hepes, 110 mM sucrose and 1 g⋅L-1 fatty acid free 

BSA) until respiratory measurements were initiated. 

Mitochondrial Respiration in Permeabilized Skeletal Muscle Fibre Bundles 

High-resolution respirometry was conducted in 2 mL of respiration medium (MiR05) 

using the Oroboros Oxygraph-2k (Oroboros Instruments, Corp., Innsbruck, Austria) with stirring 

at 750 RPM. MiRO 5 contained 20 mM creatine hydrate to saturate creatine kinase (CK), which 

facilitates mitochondrial-cytosolic energy exchange through ADP/ATP-dependent phosphate 
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shuttling (7, 197, 198, 245). All experiments were conducted in the Oxygraph chamber with an 

initial [O2] of 300 µM and completed before the oxygraph chamber [O2] reached 150 µM. To 

prevent PmFB spontaneous contraction and PmFB disintegration, and to ensure respiratory 

kinetics were assessed in a relaxed state, 25 µM Blebbistatin (BLEB) dissolved in DMSO (5 mM 

stock) was added to the chamber for all respirometric assessments (172). We examined the 

differences in mitochondrial respiratory response between the fed and fasted state to a variety of 

substrates that generate NADH for complex I (pyruvate and glutamate), FADH2 for complex II 

(succinate), or both including FADH2 for electron transfer flavoprotein (palmitoyl-carnitine), 

using 4 different protocols in separate PmFB. Substrates were added in a stepwise titration until 

maximal respiration was achieved. Cytochrome c was then added to test for mitochondrial 

membrane integrity, as partial loss of cytochrome c during sample preparation might limit active 

respiration. A cytochrome c response was detected in < 5% of all experiments and no response 

generated > 10% increase in respiration. At the conclusion of each experiment, PmFB were 

washed in double-distilled H2O to remove salts, frozen at −20◦C, and freeze-dried. Polarographic 

oxygen measurements were acquired at 2 second intervals, with the rate of respiration derived 

from 40 data points and expressed as picomoles per second per milligram of dry weight. The 

apparent Km (Kmapp) for ADP was determined through the Michaelis–Menten enzyme kinetics, 

fitting model [Y = Vmax × X/(Kmapp + X)], where X is the concentration of free ADP and Y is the net 

mitochondrial respiratory oxygen flux (JO2) at the concentration of free ADP, using Prism 

(GraphPad Software, Inc., La Jolla, CA, USA), as published previously (172). 

Statistical Analysis 

Statistical analysis of gene expression was performed on linear data using the  

2-ΔCT method using TBP as a housekeeping gene (209). Pre- and post-intervention data (i.e. 

fasting or exercise) were compared using a paired Student’s t test with statistical significance set 

at p < 0.05. Gene expression and protein content have been presented graphically as fold change 
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relative to pre-intervention data for ease of viewing. Linear regression analysis was performed to 

determine if changes in SIRT3 gene expression were predicted by changes in PGC-1α in response 

to exercise or fasting. 

3.4 Results 

Mitochondrial Purity 

Mitochondrial isolations were analyzed via Western blot to determine the purity of 

samples (Figure 3-3). Enrichment of mitochondrial samples was confirmed with cytochrome c 

oxidase subunit IV, which was highly abundant in isolated mitochondria samples. As expected, 

the cytosolic protein lactate dehydrogenase was found mainly in whole-muscle samples, and was 

either absent from, or detected in negligible amounts in isolated mitochondrial and nuclear extract 

samples. SIRT3 was found in isolated mitochondrial and whole-muscle samples, and was also 

either absent from, or detected in negligible amounts in nuclear extract samples. 

SIRT3 Expression, Localization, and Activation in Response to Endurance Exercise 

 In response to an acute bout of endurance exercise, the rate of fat oxidation (Rest: 0.96 ± 

0.32 kcal⋅min−1, Exercise: 5.66 ± 1.97 kcal⋅min−1, p < 0.001, Figure 3-1B) and oxygen 

consumption (Rest: 0.34 ± 0.07, Exercise: 2.56 ± 0.70 L⋅min-1, p < 0.0001) were significantly 

elevated. Additionally, SIRT3 gene expression decreased (-8%, p < 0.05, Figure 3-1C) and 

SIRT3 mitochondrial content remained unchanged (Figure 3-1D). Mitochondrial acetylation was 

also unaltered in response to exercise, regardless of whether it was quantified by molecular 

weight ranges (Figure 3-1F) or individual bands (not presented). A representative blot for pan-

acetylation of mitochondrial protein is presented in Figure 3-1E. Changes in PGC-1α gene 

expression did not predict changes in SIRT3 gene expression following exercise, F(1, 5) = 0.938, 

p = 0.337, R2 = 0.158, r = -0.398. 
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Figure 3-3. Representative Western blots of lactate dehydrogenase (LDH), cytochrome c oxidase 

subunit IV (COXIV) and SIRT3 from human isolated mitochondria (IM), nuclear extractions 

(NE) and whole-muscle (WM) samples to demonstrate the purity of mitochondrial isolations. 

 

SIRT3 Expression, Localization, and Activation in Response to Prolonged Fasting 

After a 48-hour fast, the rate of fat oxidation increased (Fed: 0.87 ± 0.51 kcal⋅min−1, Fast: 

1.30 ± 0.37 kcal⋅min-1, p < 0.05, Figure 3-2B), whereas oxygen consumption decreased (Fed: 

0.35 ± 0.03, Fast: 0.31 ± 0.04 L⋅min-1, p < 0.01). Similar to experiment one, SIRT3 gene 

expression also decreased (-19%, p < 0.01, Figure 3-2C) and mitochondrial SIRT3 content and 

acetylation remained unchanged (Figure 3-2D, 3-2E and 3-2F). Whole-muscle SIRT3 content 

was also unaltered (data not shown). Changes in PGC-1α gene expression did not predict changes 

in SIRT3 gene expression following fasting, F(1, 7) = 0.267, p = 0.621, R2 = 0.037. 

Mitochondrial Respiration Following Prolonged Fasting 

Owing to tissue limitations we were unable to complete a full data set for 

palmitoylcarnitine, and the data we obtained did not fit Michaelis-Menten-like kinetics, thus we 

were unable to calculate Kmapp or Vmax. However, calculating maximal respiration rates observed 

at the end of a six-point palmitoylcarnitine titration up to 60 μM showed no difference between 

fed [33.7 ± 8.1 pmol⋅sec-1⋅(mg dry wt)-1] and fasted [32.8 ± 11.7 pmol⋅sec-1⋅(mg dry wt)-1] states 

(Student’s unpaired t test, p = 0.948; Fed n = 6, Fast n = 5). For the remaining protocols, no 

change in the apparent Km occurred following fasting (data not shown). The maximal net 

mitochondrial respiratory O2 flux (Vmax) for pyruvate and succinate did not change; however, 

there was a significant decrease in Vmax for glutamate (Fed: 80.4 ± 42.5 pmol⋅sec-1⋅(mg dry wt)-1, 
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Fast: 50.1 ± 21.2 pmol⋅sec-1⋅(mg dry wt)-1, p < 0.05, Figure 3-4), indicating a lower capacity for 

glutamate-stimulated mitochondrial respiration. 

Relationship between SIRT3 mRNA and Protein Expression 

We found there were no significant correlations between SIRT3 mRNA and SIRT3 

protein expression in response to either an acute bout of exercise (p = 0.873, R2 = 0.007, 

r = 0.075) or 48-hours of fasting (whole-muscle SIRT3: p = 0.451, R2 = 0.083, r = 0.289; 

mitochondrial SIRT3: p = 0.613, R2 = 0.055, r = -0.234). 

3.5 Discussion 

The present study investigated the relationship between SIRT3 expression and SIRT3 

cellular localization with fatty acid oxidation in human skeletal muscle. We hypothesized that 

increases in fatty acid oxidation that occur with fasting and exercise would be accompanied by 

increased mitochondrial SIRT3. The major novel findings of the current study were that, in 

response to fasting and exercise: 1) SIRT3 gene expression was modestly decreased and 2) 

changes in fatty acid oxidation were not associated with changes in mitochondrial SIRT3 content. 

These results are inconsistent with findings from animal models, which suggest that changes in 

fatty acid oxidation require changes in SIRT3 expression (37, 88, 109, 166). In addition, based on 

the time points measured in the present study, our findings also suggest that mitochondrial SIRT3 

translocation is not required for increases in fatty acid oxidation in human skeletal muscle. 

Regulation of SIRT3 Expression by Exercise and Fasting 

We report that SIRT3 gene expression is moderately decreased following an acute bout 

of endurance exercise in human skeletal muscle, whereas in rats SIRT3 gene expression is 

unaltered 2, 4, and 8 hours post-exercise (92). Although SIRT3 gene expression does not appear 

to be elevated after a single bout of exercise, repeated bouts seem to be effective in stimulating its 
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Figure 3-4. Respiratory kinetics for pyruvate, succinate and glutamate in response to fasting in 

permeabilized muscle fibres. Net mitochondrial respiratory O2 flux (JO2) in both the fed (filled 

circles) and the fasted state (open circles) supported by increasing concentrations of pyruvate (A), 

succinate (B) or glutamate (C). Maximal net JO2 (Vmax) in the fed (open bars) and fasted state 

(grey bars) for pyruvate (D), succinate (E), or glutamate (F). Values presented as the mean ± SE. 

∗ p < 0.05 significantly different from Fed. 
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expression (92). In support of this, exercise training results in an increase in SIRT3 protein 

content in both murine (22, 92, 166) and human skeletal muscle (111, 127, 236). While it is 

possible that, similar to citrate synthase (173), a single bout of exercise may not be strong enough 

of a stimulus to increase SIRT3 gene expression, repeated bouts of exercise may result in 

cumulative increases in SIRT3 gene expression and, subsequently, protein content. Conversely, 

alterations in SIRT3 gene expression might not be required for changes in SIRT3 protein content, 

and perhaps the stability of SIRT3 protein may play a more important role. Regardless, future 

research should investigate whether higher intensities of exercise differentially regulate SIRT3 

expression and activity. 

In murine skeletal muscle, fasting for 24 hours decreases SIRT3 mRNA expression (37, 

109), and can both increase (37, 166) and decrease (109) SIRT3 protein content. Consistent with 

previous reports (37, 109), we observed a decrease in SIRT3 mRNA expression in human skeletal 

muscle after 48 hours of fasting. Interestingly, we failed to observe a change in SIRT3 protein 

content following fasting, adding to the controversy surrounding the impact of fasting on SIRT3 

protein content in skeletal muscle (37, 109, 166). SIRT3 expression is proposed to be controlled 

by PGC-1α (22, 70, 77, 202) via estrogen-related receptor α (70) and nuclear respiratory factor 2 

(202); however, in the present study we found no relationship between changes in PGC-1α and 

SIRT3 gene expression. Although it is possible that this lack of relationship between SIRT3 and 

PGC-1α gene expression might be explained by additional transcriptional regulators of SIRT3, at 

present the mechanisms controlling SIRT3 expression in human skeletal muscle are still unknown 

and should be addressed in future studies. 

SIRT3 Cellular Localization is Unaffected by Cellular Energy Stress and Not Associated with 

Whole-Body Fatty Acid Oxidation 

 In HeLa and 293T cells, SIRT3 translocates to the mitochondria in response to cellular 

stress caused by ultraviolet irradiation and DNA damage (207), and changes in mitochondrial 
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SIRT3 are associated with altered fatty acid oxidation in liver (88, 136). While these results raise 

the possibility that translocation of SIRT3 into mitochondria may contribute to the control of fatty 

acid oxidation, we did not observe any change in mitochondrial SIRT3 following either fasting or 

exercise in human skeletal muscle. These results agree with our previous observations that acute 

exercise does not increase mitochondrial SIRT3 abundance in rat skeletal muscle (77). However, 

it is possible that in human skeletal muscle SIRT3 may control more chronic changes in fatty acid 

oxidation by regulating proteins involved in the transcriptional control of mitochondrial gene 

expression, such as mitochondrial transcription factor A (TFAM) (86) and leucine-rich protein 

130 (LRP130) (136). If this is the case, changes in SIRT3 mitochondrial localization may also 

occur later in the post-exercise period than examined in the present study. An obvious limitation 

is that we were unable to measure SIRT3 activity or regulation of its specific targets directly, 

which prevents us from concluding whether SIRT3 activity was altered in response to exercise or 

fasting. Regardless, our results suggest that if SIRT3 is involved in the acute regulation of fatty 

acid oxidation in human skeletal muscle, then its activity is not regulated by cellular localization. 

Future studies should be done to determine whether changes in SIRT3 activity are involved in 

regulating both acute and chronic changes in fat oxidation in human skeletal muscle. 

As changes in mitochondrial acetylation are associated with increases in fatty acid 

oxidation (88, 136), and SIRT3 is the main deacetylase in the mitochondria (139), we also 

examined changes in the acetylation of mitochondrial lysine residues following fasting and 

exercise using a pan-acetylation antibody, as has been done previously (88, 109, 210). In contrast 

to studies in mice where a pan-acetylation antibody was also used to estimate mitochondrial 

protein acetylation (88, 109), we observed that increases in fatty acid oxidation were not 

accompanied by changes in mitochondrial acetylation in human skeletal muscle after either 

fasting or exercise. The limitations of utilizing a pan-acetyl-lysine antibody may explain our lack 

of change in mitochondrial acetylation, including the possibility that not all acetylation sites were 
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detected, or that at a given molecular weight (i.e. within a given band) opposing changes in 

acetylation of multiple proteins could cause a net change of zero. In addition, only 15 μg of 

protein was loaded to detect changes in acetyl-lysine residues, and therefore less abundant 

acetylated proteins or sites may not have been detected. In support of this, recent evidence 

suggests that SIRT3 may have fewer, but more selective regulatory targets in skeletal muscle 

where SIRT3 is less abundant (51). Although these results are difficult to interpret given the 

limitations associated with the use of a pan-acetylation antibody, the fact that this technique was 

able to discern changes in mitochondrial acetylation following fasting in animal models (88, 109, 

237) suggests that our findings may be indicative of a divergent response in human skeletal 

muscle. 

SIRT3 and Mitochondrial Respiration: The Role of Glutamate in the Fasting Response 

 We also investigated the effect of fasting on mitochondrial function by examining 

mitochondrial respiration in PmFBs. We believed that mitochondrial SIRT3 would be elevated 

with fasting, where it would act on complexes in the electron transport chain, as well as enzymes 

involved in fatty acid oxidation and the citric acid cycle, to promote ATP production (2, 12, 208, 

237, 261). Of the substrates tested in the current study, only glutamate-stimulated respiration, 

which was reduced, was altered. Although glutamate dehydrogenase is a proposed target of 

SIRT3 (165, 208), it is difficult to comment on the role of SIRT3 in the changes in glutamate 

utilization observed in the present study because no changes in mitochondrial SIRT3 were 

observed. In addition, SIRT3 is proposed to deacetylate and regulate several proteins involved in 

pyruvate and succinate oxidation (2, 44, 86, 208, 237, 261), which were both unaltered in the 

current study. Thus, if SIRT3 was involved in reducing glutamate dehydrogenase activity then it 

is likely that succinate and pyruvate oxidation would also be depressed; however, it is still 

possible that alterations in SIRT3 activity (not measured in the present study) might be 

responsible for decreases in glutamate respiration following fasting in human skeletal muscle. 
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Interestingly, the change in glutamate oxidation does agree with previous reports that glutamate 

dehydrogenase may be inhibited in skeletal muscle during fasting in order to stimulate the 

conversion of glutamate to glutamine to support liver gluconeogenesis (147). Thus, it is possible 

that the decreased glutamate respiration observed in the present study occurs in order to direct 

glutamate away from the citric acid cycle, so that it may be used for glutamine synthesis. Whether 

SIRT3 specifically targets the glutamate pathway in human skeletal muscle remains to be 

determined. 

Conclusion 

This is the first study to investigate changes in SIRT3 expression and mitochondrial 

localization in response to cellular energy stress in human skeletal muscle. We demonstrate that 

fasting and exercise decrease SIRT3 gene expression, but do not alter SIRT3 mitochondrial 

localization despite marked increases in fatty acid oxidation. These findings indicate that if 

SIRT3 activity is altered by fasting and/or exercise in human skeletal muscle, this change in 

activity is not accomplished by changes in cellular localization. Future research should 

investigate whether SIRT3 regulates specific targets within human skeletal muscle mitochondria 

to further our understanding of SIRT3’s role in the regulation of mitochondrial function. 
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Chapter 4 

The impact of a 48-hour fast on SIRT1 and GCN5 in human skeletal 

muscle 

 

 

Chapter 4 is published as: 

Edgett BA, Scribbans TD, Raleigh JP, Matusiak JBL, Boonstra K, Simpson CA, Perry 

CGR, Quadrilatero J, Gurd BJ. The impact of a 48-h fast on SIRT1 and GCN5 in human 

skeletal muscle. Appl Physiol Nutr Metab 41: 953–962, 2016. 
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4.1 Abstract 

The present study examined the impact of a 48-hour fast on the expression and activation 

status of SIRT1 and GCN5, the relationship between SIRT1/GCN5 and the gene expression of 

PGC-1α, and the PGC-1α target PDK4 in the skeletal muscle of ten lean healthy men (age, 22.0 ± 

1.5 years; peak oxygen uptake, 47.2 ± 6.7 mL⋅min-1⋅kg-1). Muscle biopsies and blood samples 

were collected 1 hour postprandial (Fed) and following 48 hours of fasting (Fasted). Plasma 

insulin (Fed, 80.8 ± 47.9 pmol⋅L-1; Fasted, not detected) and glucose (Fed, 4.36 ± 0.86; Fasted, 

3.74 ± 0.25 mmol⋅L-1, p = 0.08) decreased, confirming participant adherence to fasting. Gene 

expression of PGC-1α decreased (p < 0.05, -24%), while SIRT1 and PDK4 increased (p < 0.05, 

+11% and +1023%, respectively), and GCN5 remained unchanged. No changes were observed 

for whole-muscle protein expression of SIRT1, GCN5, PGC-1α, or COXIV. Phosphorylation of 

SIRT1, AMPKα, ACC, p38 MAPK, and PKA substrates as well as nuclear acetylation status was 

also unaltered. Additionally, nuclear SIRT1 activity, GCN5, and PGC-1α content remained 

unchanged. Preliminary findings derived from regression analysis demonstrate that changes in 

nuclear GCN5 and SIRT1 activity/phosphorylation may contribute to the control of PGC-1α, but 

not PDK4, messenger RNA expression following fasting. Collectively, and in contrast to previous 

animal studies, our data are inconsistent with the altered activation status of SIRT1 and GCN5 in 

response to 48 hours of fasting in human skeletal muscle. 

4.2 Introduction 

Cellular metabolic homeostasis is largely controlled at the transcriptional level by 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) (106), a nuclear 

cofactor proposed to coordinate the activation of both nuclear and mitochondrial transcription of 

mitochondrial genes (132, 205). While the regulation of PGC-1α is complex, acetylation status 

has emerged as a key regulator of PGC-1α activity (106). In cellular and animal models, silent 

mating type information regulation 2 homologue 1 (SIRT1) deacetylates and activates PGC-1α in 
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response to cellular energy stress (68, 157, 190). Conversely, general control of amino acid 

synthesis 5 (GCN5, also known as KAT2A) appears to be the primary acetyltransferase 

responsible for acetylating and inhibiting PGC-1α (68, 131). In human skeletal muscle, the role of 

SIRT1 in controlling PGC-1α activity remains controversial (75, 179), while the importance of 

GCN5 has not yet been examined. At present, the regulation of SIRT1 and GCN5 expression and 

activation in response to metabolic stress in human skeletal muscle remains largely unexplored. 

In cellular and animal models, skeletal muscle SIRT1 and GCN5 are known to respond to 

changes in nutrient availability (37, 48, 113, 161). As a result, early animal work in skeletal 

muscle with SIRT1 and GCN5 utilized fasting to examine the regulation of PGC-1α acetylation 

status (33, 48, 68). These studies demonstrated that fasting induces deacetylation and activation 

of PGC-1α (33, 48, 68) subsequent to increases in nicotinamide adenine dinucleotide (NAD+; 

SIRT1 substrate) (33, 68), and potentially post-translational activation of SIRT1 (67, 155). The 

activation of SIRT1 by fasting is thought to occur concurrently with decreases in GCN5 activity 

in mouse skeletal muscle (48), which is proposed to be regulated by nuclear translocation and the 

availability of acetyl coenzyme A (acetyl-CoA) (106, 175). Furthermore, fasting increases the 

expression of SIRT1 and decreases the expression of GCN5 in mouse skeletal muscle (48, 113, 

161), providing an additional potential mechanism by which these factors may regulate the 

acetylation state of their targets following energetic stress. 

Recently, Wijngaarden and colleagues reported that 48 hours of fasting decreases 

PGC-1α messenger RNA (mRNA) expression in skeletal muscle of lean healthy men (254). This 

finding is consistent with an inhibition of PGC-1α activity, as it can autoregulate its own 

transcription (83). This is in contrast with reports in mice, where PGC-1α mRNA is elevated in 

response to fasting (33, 37), supposedly due to an increase in SIRT1 activity and a decrease in 

GCN5 activity (33, 68, 106). While these results suggest that the response of SIRT1 and GCN5 to 
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fasting in mice may not be conserved in humans, the impact of fasting on SIRT1 and GCN5 has 

yet to be examined in human skeletal muscle. 

Interestingly, another transcriptional target of PGC-1α, pyruvate dehydrogenase kinase 

isozyme 4 (PDK4) (249), is reported to have elevated levels of mRNA expression in response to 

fasting in human skeletal muscle (223, 254), a result which is consistent with an increase in 

PGC-1α activity. Whether changes in SIRT1 and GCN5 expression and/or activity are associated 

with changes in PGC-1α and/or PDK4 mRNA in human skeletal muscle following fasting is 

currently unknown. Thus, the purpose of this study was to examine the expression and activation 

of SIRT1 and GCN5 in human skeletal muscle following a 48-hour fast, and to examine the 

relationship between SIRT1 and GCN5 and changes in PGC-1α and PDK4 gene expression. 

4.3 Methods 

Participants 

 Ten lean healthy men volunteered to participate in the study (characteristics presented in 

Table 4-1). All participants were recreationally active but were not involved in a specific training 

program at the time of recruitment. Participants were instructed to maintain their regular daily 

activities, but to avoid exercise and consumption of alcohol or caffeine for 24 hours prior to and 

throughout the duration of the fasting period. The experimental protocol and associated risks were 

explained both orally and in writing to all participants before written consent was obtained. The 

study was approved by the Health Sciences Research Ethics Board at Queen’s University and 

conformed to the Declaration of Helsinki. Results from this data set, including participant 

characteristics and individual changes in PGC-1α gene expression, have been published 

previously (246). 
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Table 4-1. Participant Characteristics 

Age (years) 22.0 ± 1.5 

Height (cm) 181.0 ± 5.9 

Weight (kg) 77.2 ± 6.2 

BMI (kg/m) 23.4 ± 2.0 

Waist Circumference (cm) 81.4 ± 2.0 

Absolute VO2peak (mL⋅min-1) 3563 ± 430 

Relative VO2peak (mL⋅min-1⋅kg-1) 46.9 ± 6.0 

Values are mean ± standard deviation (n = 10). VO2peak, peak oxygen uptake. 

 

Experimental Design 

Prior to the start of the intervention, the importance of adhering to the fasting protocol 

was stressed to all participants, and participants were encouraged to withdraw from the study 

were they unable to fully adhere to the fasting protocol. Participants were provided with dinner 

{Stouffer’s Sauté Sensations [520 kcal; 74 g carbohydrate (CHO), 10 g fat, 32 g protein], Dole 

Fruit Crisp (160 kcal; 29 g CHO, 3.5 g fat, 2 g protein), and 500 mL of 2% milk (260 kcal; 24 g 

CHO, 10 g fat, 18 g protein]} to consume the night before the start of the 48-hour fast, at no later 

than 9:00 pm. The following morning after a 12-hour fast, participants reported to the lab in the 

fasted state and were fed breakfast consisting of a plain bagel (~190 kcal; 1 g fat, 36 g CHO, 7 g 

protein) with peanut butter (110 kcal; 10 g fat, 4 g CHO, 4 g protein) and 200 mL of apple juice 

(90 kcal; 22 g CHO, 0 g fat, 0 g protein), which was followed 2 hours later by lunch [12″ Black 

Forest Ham Sandwich from Subway (Subway IP Inc.; ~690 kcal; 20 g fat, 106 g CHO, 34 g 

protein) and 500 mL of 2% milk (260 kcal; 24 g CHO, 10 g fat, 18 g protein)]. Anthropometric 

measures (height, weight, and waist circumference) were recorded during this visit. 

Venous blood samples were taken 1-hour postprandial (fed state) followed immediately 

by a muscle biopsy (55). Approximately 24 hours into the fasting period, experimenters checked 

in with participants to monitor their progress and to reinforce the importance of adhering to the 

fasting protocol. Forty-eight hours post-prandial, participants returned to the lab for a fasted-state 
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blood sample and muscle biopsy (taken from the opposite leg of the fed-state biopsy). During the 

fasting period participants were provided with six calorie-free electrolyte beverages (Powerade 

Zero, The Coca-Cola Company, Atlanta, Ga., USA) and were permitted to drink water ad libitum. 

Peak oxygen uptake was measured approximately two weeks following completion of the fasting 

protocol as described previously (55). 

Blood Analysis 

Plasma samples were collected by venipuncture from an antecubital vein in sterile BD 

Vacutainer tubes (BD Diagnostics, Franklin Lakes, NJ, USA) that were coated with the 

anticoagulant EDTA. Plasma insulin concentrations were analyzed using a commercially 

available insulin ELISA kit (80-INSHU-E01.1, ALPCO Diagnostics, Salem, NH, USA) and 

plasma glucose concentrations were analyzed using a Glucose Colorimetric Assay Kit 

(#10009582, Cayman Chemicals, Ann Arbor, MI, USA). All blood samples were measured in 

duplicate and according to the manufacturer's instructions. The average coefficient of variation 

was 5.4% ± 3.6% and 1.4% ± 1.2% (mean ± SD) for insulin and glucose, respectively. 

Preparation of Whole-Muscle Lysates 

Muscle biopsy samples used to prepare whole-muscle lysates were immediately frozen in 

liquid nitrogen and stored at -80ºC until analysis. Approximately 20 mg of frozen wet muscle was 

homogenized on ice in 500 μL of lysis buffer [210 mM sucrose, 2 mM ethylene glycol tetraacetic 

acid, 40 mM NaCl, 30 mM Hepes, 5 mM ethylenediamine tetraacetic acid (EDTA)], 

supplemented with protease inhibitors (cOmplete ULTRA Tablets, Mini, EDTA-free, Roche, 

Basel, Switzerland) and phosphatase inhibitors (PhosSTOP, Roche), twice for 15 seconds at 

20000 RPM (Polytron PT 10-35 GT, Kinematica, Luzern, Switzerland) with a 15 second break in 

between. The resulting homogenate was then spun at 14000 × g for 30 minutes at 4ºC and the 

supernatant was taken as the whole-muscle lysate for Western Blotting. 
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Preparation of Isolated Nuclei 

Nuclear fractions were prepared from approximately 75 mg of fresh wet muscle using a 

commercially available kit (NE-PER #78833, Pierce, Rockford, IL, USA) as we and others have 

done previously (81, 133). Briefly, harvested muscles were immediately placed in 750 μL of 

phosphate-buffered saline, where they were minced and briefly homogenized. Cytoplasmic and 

nuclear extraction was performed using the cytoplasmic and nuclear extraction reagents 

supplemented with protease (cOmplete ULTRA Tablets, Mini, EDTA-free, Roche) and 

phosphatase inhibitors (PhosSTOP, Roche). 

Western Blotting 

Nuclear and whole-muscle samples were quantified spectrophotometrically to determine 

protein content (BCA Protein Assay Kit 23225, Pierce), then solubilized in sample buffer [12.5% 

sucrose, 1.9% sodium dodecyl sulfate (SDS), 15.6 mM Tris HCl pH 6.8, 0.5 mM EDTA, 0.8% 

dithiothreitol, 0.003% bromophenol blue] and heated to 95ºC for 5 minutes. Equal amounts of 

protein (12.5-30 μg, depending on the protein of interest) were loaded onto 8%–12% 

polyacrylamide gels and separated by SDS polyacrylamide gel electrophoresis. Gels were 

subsequently transferred to a polyvinylidene difluoride membrane via wet transfer for 1 hour at 

100 V. Membranes were blocked at room temperature by incubating in 5% bovine serum albumin 

(BSA) with TBS-T (Tris-buffered saline, 0.1% Tween 20). Blots were then incubated with 

primary antibodies overnight at 4ºC in 5% BSA. Commercially available monoclonal antibodies 

were used to detect PGC-1α (ST1202; Calbiochem, Darmstadt, Germany); SIRT1 (ab110304; 

Abcam, Cambridge, MA, USA); GCN5 (#3305), p-p38 mitogen-activated protein kinase 

(MAPK) Thr180/Tyr182 (#4511), adenosine monophosphate-activated protein kinase subunit 

alpha (AMPKα) (#2532), p-AMPKα (Thr172, #2535), and acetyl-CoA carboxylase (ACC) 

(#3676) (Cell Signaling Technologies, Danvers, MA, USA). Commercially available polyclonal 

antibodies were used to detect cytochrome c oxidase subunit IV (COXIV) (#4844), p-SIRT1 
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(Ser47, #2314), acetyl-p53 (Lys382, #2570), acetylated-lysine (#9441), p-(Ser/Thr) protein kinase 

A (PKA) substrate (#9621), p38 MAPK (#9212), and p-ACC (Ser80, #3661; this antibody detects 

both ACC1 and ACC2; however, ACC2 is the isoform primarily expressed in skeletal muscle, 

and the corresponding phosphorylation site in humans is Ser222) (Cell Signaling Technologies). 

Proteins were visualized by chemiluminescent detection according to the manufacturer’s 

instructions (Millipore, Denmark) and imaged using the FluorChem HD2 system (Protein Simple, 

San Jose, CA, USA). Band intensities were quantified using AlphaView software (Protein 

Simple). Amido black staining was used as a loading control and did not differ between fed and 

fasted samples (data not shown). 

RNA Extraction and Real-Time PCR  

RNA extraction and real-time PCR were performed as we have done previously (55, 

213). Briefly, RNA was extracted using a modified version of the single-step method by 

guanidinium thiocyanate-phenol-chloroform extraction (41), and then quantified 

spectrophotometrically at 260 nm using a Take3 Plate (Biotek, Winooski, Vt., USA). Protein 

contamination was assessed by measuring absorbance at 280 nm (samples had an average 

260:280 ratio of 1.98 ± 0.02, mean ± SD). One microgram of resulting RNA was reverse 

transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Mississauga, ON, Canada). 

Transcript levels were determined on an ABI 7500 Real Time PCR System (Foster City, CA, 

USA). Primer set-specific efficiencies were determined using real-time PCR with an appropriate 

complementary DNA (cDNA) dilution series prior to sample analysis. Average primer set-

specific efficiencies (186) were E = 2.03 ± 0.04 (mean ± SD). All samples were run in duplicate 

25-µL reactions containing: 50 ng cDNA, 0.58 μM primers, and GoTaq PCR Master Mix 

containing SYBR Green (Promega, Madison, WI, USA). All primer sequences are described 

previously (55), and were designed to amplify across exon–exon boundaries to avoid 

amplification of genomic DNA. TATA binding protein (TBP) was stable across all states with no 
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difference in the raw cycle threshold (CT) values observed between fed and fasted states (Fed 

24.18 ± 0.16, Fasted 24.35 ± 0.26, p = 0.176). RNA was stored at -80°C and cDNA was stored at 

-20°C until use. 

Nuclear SIRT1 Activity 

Nuclear SIRT1 activity was measured using a SIRT1 Fluorometric Drug Discovery Kit 

(BML-AK555, Enzo Life Sciences, Farmingdale, NY, USA) as described by the manufacturer 

protocols. Briefly, 15 μg of nuclear extract (in 25 μL) was incubated with 15 μL of 325 μM Fluor 

de Lys-SIRT1 substrate and 750 μM NAD+ for 30 minutes at 37°C. The reaction was stopped by 

the addition of 50 µL of developer II reagent and 2 mM nicotinamide, and the fluorescence was 

subsequently monitored following incubation at room temperature for 60 minutes at 360 nm 

(excitation) and 460 nm (emission) using a Synergy Mx microplate reader (BioTek). The 

specificity of the Fluor de Lys-SIRT1 substrate has been validated previously (81). 

Immunofluorescent and Histochemical Analysis 

Immunofluorescent analysis of myosin heavy chain isoforms was performed as we have 

done previously (16, 213) using primary antibodies against myosin heavy chain (MHC) I (BA-

F8), MHCIIa (SC-71), and MHCIIx (6H1) (Developmental Studies Hybridoma Bank, Iowa City, 

IA, USA). In addition, sections were incubated with a primary antibody against dystrophin 

[MANDYS1 (3b7), Developmental Studies Hybridoma Bank] to identify the muscle membrane. 

Fibre types were identified by isotype-specific fluorescent secondary antibodies (type I, blue; 

type IIA, green; type IIX, red; as well type IIA/IIX hybrid fibres, IIAX). Type IIX and type IIAX 

fibres were excluded from the current analyses given their relatively low distribution percentage. 

For all immunofluorescent procedures, sections were mounted with Prolong Gold Antifade 

Reagent (Life Technologies, Burlington, ON, Canada) and imaged the following day. These 

sections were visualized with an Axio Observer Z1 microscope (Carl Zeiss, Jena, TH, Germany). 
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Individual images were taken across the entire muscle cross-section and assembled into a 

composite panoramic image using AxioVision software (Carl Zeiss).  

Intramuscular triglyceride (IMTG) content was determined with Oil Red O staining 

(121), whereas glycogen content was determined using the Periodic Acid Schiff method (185). 

Images were acquired with a Brightfield Nikon microscope linked to a digital camera (PixeLink, 

Ottawa, ON, Canada). Individual images were taken across the entire muscle cross-section and 

assembled into a composite panoramic image using Microsoft Image Composite Editor 

(Microsoft, Redmond, WA, USA). Image analysis was performed in ImageJ and calculated by 

subtracting background staining. Compiled images were matched to fibre-type images and 

approximately 40 of each fibre type were randomly selected and analyzed. Data were expressed 

relative to the values obtained in type I fibres, which were assigned a reference value of 1.0, and 

reported as mean optical density in arbitrary units (AU). 

Statistical Analysis 

Statistical analysis of gene expression was performed on linear data using the 2-ΔCT 

method using TBP as a reference gene (209). All data was analyzed using a paired Student’s t test 

with statistical significance set at p < 0.05. Simple linear regression was also used to determine 

the relationships between changes in nuclear PGC-1α, p-SIRT1, SIRT1 activity, and GCN5 with 

changes in PGC-1α and PDK4 [a downstream target of PGC-1α (249)] gene expression. Pearson 

correlation coefficient (r) effect sizes were classified as small (r = ±0.1), medium (r = ±0.3), or 

large (r = ±0.5) (60). 

4.4 Results 

Adherence to Fasting Protocol 

In addition to verbal confirmation, we examined several measures to confirm participant 

adherence to the fasting protocol. Consistent with previous reports (223, 254), we observed a 
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10.2-fold increase (p < 0.0001) in PDK4 mRNA expression in response to prolonged fasting 

(Figure 4-1A). In addition, plasma insulin (Fed, 80.8 ± 47.9 pmol⋅L-1; Fasted, not detected) and 

glucose (Fed, 4.36 ± 0.86; Fasted, 3.74 ± 0.25 mmol⋅L-1, p = 0.0772) levels decreased (Figure 

4-1B, 4-1C). 

 

 

 

Figure 4-1. Impact of a 48-hour fast on metabolic parameters to confirm the effects of fasting. 

Skeletal muscle biopsies were analyzed for (A) mRNA expression of PDK4 (n = 9), while venous 

blood samples were analyzed for (B) insulin and (C) glucose levels (n = 10). Values presented as 

mean ± SE. Filled circles represent individual participant values. ND (not detectable) where 8 out 

of 10 participants were below the limit of detection. † p = 0.0772, **** p < 0.0001 in the fasted 

vs. fed state. 

 

Intramuscular Glycogen and Triglyceride Content 

There was a significant increase in type I fibre IMTG content in response to fasting 

(+54%, p < 0.01, Figure 4-2A), but not in type IIA fibres. Skeletal muscle glycogen content did 

not differ in either type I or type IIA fibres between the fed and fasted state (Figure 4-2B). 

Representative images are presented in Figure 4-2C. Fasting had no effect on fibre-type 

distribution (data not shown). 
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Figure 4-2. Effects of a 48-hour fast on skeletal muscle (A) intramuscular triglyceride (IMTG) 

content, (B) glycogen content, (C) and representative fibre type slides for A and B (n = 9). Type I 

fibres are blue, type IIA fibres are green, and the muscle membrane is red. Filled circles represent 

individual participant values. Values presented as mean ± SE. Scale bars represent 100 µm. **, 

p < 0.01 in the fasted versus fed state. 

 

SIRT1 & GCN5: Regulators of Nuclear Acetylation Status 

In response to 48 hours of fasting, SIRT1 mRNA expression increased by 11% 

(p < 0.01), Figure 4-3A); however, there was no associated change in whole-muscle protein 

content (Figure 4-3B). In addition, we measured the SIRT1 phosphorylation site at Ser47 because 
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Figure 4-3. Effect of a 48-hour fast on skeletal muscle (A) SIRT1 mRNA expression, (B) total 

and phosphorylated (Ser47) SIRT1 and acetyl-p53 protein content, (C) nuclear SIRT1 activity, 

and (D) representative blots for B (n = 9). Values are presented as means ± SE. Filled circles 

represent individual participant values. Whole-muscle samples were measured in duplicate and 

nuclear samples in singlicate for all analyses. *, p < 0.05; **, p < 0.01 in the fasted versus fed 

state. 

 

this site is associated with increased SIRT1 nuclear localization and activity (155). In the present 

study, whole-muscle and nuclear phosphorylated SIRT1 (Ser47) were both unaffected by 

prolonged fasting (Figure 4-3B). Although a 14% decrease in acetylation (Lys382) of the SIRT1 

target p53 (p < 0.05, Figure 4-3B) was observed, no change in nuclear SIRT1 activity was present 

(Figure 4-3C). GCN5 mRNA expression as well as whole-muscle and nuclear protein content 

were not different in the fasted versus fed state (Figure 4-4A, 4-4B). In agreement with all of 

these findings, there was also no change in total nuclear acetylation levels (Figure 4-4C). 
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PGC-1α Expression, Cellular Localization, and Targets 

In response to 48 hours of fasting, PGC-1α mRNA expression decreased by 24% 

(p < 0.0001); however, this was not accompanied by a change in whole-muscle protein 

expression (Figure 4-5A, 4-5B). PGC-1α is also proposed to be regulated by nuclear translocation 

(81, 134); however, in the present study, although PGC-1α gene expression decreased, nuclear 

localization of PGC-1α was not different in the fasted versus fed state (Figure 4-5B). 

Mitochondrial protein cytochrome c oxidase subunit IV (COXIV) protein expression was also 

unaffected by prolonged fasting (Figure 4-5C). 

Signalling Events Regulating PGC-1α 

The cAMP-dependent PKA is also proposed to phosphorylate and activate SIRT1 (67); 

however, at present no commercially available antibody exists for this site in humans. 

Consequently, we utilized a p-PKA substrate-specific antibody to investigate PKA activity. In 

response to a 48-hour fast, total PKA substrate phosphorylation was unchanged (Figure 4-6A). 

Other signalling kinases proposed to be involved in regulating PGC-1α and SIRT1, such as p38 

MAPK (183) and AMPK (31, 104), were also unchanged following 48 hours of fasting (Figure 

4-6B). 

Relationships between Proposed Nuclear Regulators of PGC-1α and PDK4 Gene Expression 

We performed simple linear regressions to determine if individual changes in nuclear 

PGC-1α, p-SIRT1, SIRT1 activity, or GCN5 predicted changes in PGC-1α (Figure 4-7) or PDK4 

mRNA. While nuclear PGC-1α did not predict PGC-1α gene expression, nuclear GCN5 

(p  = 0.034) accounted for 55% of the variance, and nuclear p-SIRT1 and SIRT1 activity 

accounted for 44% (p = 0.051) and 48% (p = 0.076) of the variance, respectively, indicating 

medium (r = ±0.3) to large (r = ±0.5) effect sizes (60). There was no relationship between any of 

these variables and PDK4 gene expression (data not shown). Nuclear p-SIRT1 did not predict 

nuclear SIRT1 activity (p = 0.101, R2 = 0.34, r = 0.58, data not shown). 
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Figure 4-4. Effect of a 48-hour fast on skeletal muscle (A) GCN5 mRNA expression, (B) whole-

muscle and nuclear GCN5 protein content, (C) total nuclear acetylated lysine, and (D) 

representative blots for B and C (n = 9; except for nuclear GCN5, n = 8). Values are presented as 

means ± SE. Filled circles represent individual participant values. Whole-muscle samples were 

measured in duplicate and nuclear samples in singlicate for all analyses. 
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Figure 4-5. Effect of a 48-hour fast on skeletal muscle (A) mRNA expression of PGC-1α, (B) 

whole-muscle and nuclear PGC-1α protein content, (C) whole-muscle COXIV protein content, 

and (D) representative blots for B and C (n = 9). Values presented as means ± SE. Filled circles 

represent individual participant values. Whole-muscle samples were measured in duplicate and 

nuclear samples in singlicate for all analyses. ****, p < 0.0001 in the fasted vs. fed state. 

 

4.5 Discussion 

The results of the current study demonstrate that fasting increased SIRT1 mRNA 

expression, but had no impact on GCN5 mRNA. Additionally, while fasting-induced changes in 

PGC-1α and PDK4 gene expression were not explained by sustained changes in SIRT1 activity 

and/or GCN5 and PGC-1α nuclear translocation at the group level, individual changes in nuclear 

GCN5 and SIRT1 predicted changes in PGC-1α mRNA, but not PDK4. These results are largely 

inconsistent with previous animal skeletal muscle models that propose SIRT1 is up-regulated and 

activated, while GCN5 is down-regulated and inhibited, to promote a net increase in PGC-1α 

activity in response to fasting (33, 37, 48, 68). Additionally, our observation that muscle glycogen 
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Figure 4-6. Effects of a 48-hour fast on skeletal muscle (A) phosphorylation of PKA substrates, 

(B) phosphorylation of p38 MAPK, AMPK, and ACC relative to total protein, and (C) 

representative blots for A and B (n = 9). Values are presented as means ± SE. Filled circles 

represent individual participant values. Whole-muscle samples were measured in duplicate. 

 

was unchanged following fasting, a finding that contrasts the response in mice (33, 195), suggests 

that fasting does not provide as robust of an energetic stress in human skeletal muscle as it does in 

murine muscle (33, 37, 63). This divergent metabolic response between humans and mice may 

help explain why changes in PGC-1α gene expression and the regulators of PGC-1α (SIRT1, 

GCN5, etc.) observed in previous mouse studies (33, 37) do not seem to occur in human skeletal 

muscle in response to fasting. 
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Figure 4-7. Relationship between proposed regulators of PGC-1α gene expression in response to 

a 48-hour fast in human skeletal muscle. Linear regression plots of (A) nuclear PGC-1α protein 

content, (B) nuclear GCN5 protein content, (C) nuclear SIRT1 activity, and (D) nuclear p-SIRT1 

content with PGC-1α gene expression. Numbers on plots correspond to individual participants. 

 

Fasting Alters SIRT1 Gene Expression but Not Activity in Human Skeletal Muscle 

In mice, fasting results in either no change (37, 113) or an increase in skeletal muscle 

SIRT1 mRNA expression (156, 161); findings that are somewhat consistent with our observation 

that SIRT1 mRNA expression is increased in human skeletal muscle following a 48-hour fast. 

While the mechanism(s) underlying this observed increase in SIRT1 gene expression are unclear, 

our observation that whole-muscle p53 acetylation decreased suggests that p53 may have been 
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inhibited (24), and that either activation of p53 is not required for fasting-mediated increases in 

SIRT1 gene expression in humans as it is in mice (113, 156), or that changes in whole-muscle 

p53 acetylation do not reflect nuclear p53 activity (179). Alternatively, other regulators of SIRT1 

gene expression, such as E2F transcription factor 1 (247), hypermethylated in cancer 1 (187), and 

early growth response protein 1 (168) may underlie the observed increase in SIRT1 gene 

expression following fasting. 

While SIRT1 gene expression was increased following fasting, the lack of associated 

changes in SIRT1 protein content or nuclear SIRT1 activity at the group level suggest that 

sustained changes in SIRT1 activity do not contribute to the metabolic response of human skeletal 

muscle to fasting. These findings are somewhat surprising given the robust effect of altered 

nutrient availability on SIRT1 (48, 113, 156, 190) and its proposed regulators (33, 63, 158) in 

cellular and animal models. A limitation of the present study is that we were unable to measure 

nuclear NAD+ levels, and thus in vivo SIRT1 activity may have been altered. Regardless, our 

results still suggest that while SIRT1 is responsive to fasting in cellular and animal models, and 

transient changes in SIRT1 expression/activity in response to shorter-term fasts may occur, 

prolonged changes in SIRT1 activity and protein content do not appear to occur in response to 48 

hours of fasting in human skeletal muscle. 

GCN5 Nuclear Localization and Expression is Unaltered Following Fasting in Human Skeletal 

Muscle 

Whether GCN5 is involved in regulating mitochondrial biogenesis via PGC-1α in human 

skeletal muscle has yet to be explored, and the current study is the first to examine GCN5 protein 

content and cellular localization in human skeletal muscle. Surprisingly, although GCN5 

expression is altered in response to fasting and high-fat feeding in murine models (37, 48), we 

observed no change in GCN5 gene expression or protein content in response to a 48-hour fast. 

Further, we failed to observe any change in nuclear GCN5 protein content, a proposed regulator 
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of GCN5 activity (175). Although we observed no change in GCN5 expression or nuclear 

translocation in the present study, it is possible we may have missed transient changes in GCN5 

cellular localization prior to the 48-hour fasted time point. Conversely, GCN5 activity may have 

been altered via another mechanism, such as acetyl-CoA availability (106), that was not measured 

in this study. Importantly, our findings do not preclude the involvement of GCN5 in the 

metabolic response to energetic stress, or the regulation of PGC-1α activity, to different 

conditions (e.g. exercise) in human skeletal muscle. 

Potential Mechanisms Regulating PGC-1α in Human Skeletal Muscle 

In agreement with Wijngaarden and colleagues (2013), we observed a decrease in 

PGC-1α mRNA without a concomitant change in whole-muscle protein following a 48-hour fast. 

Interestingly, the mRNA expression of the PGC-1α downstream target PDK4 (249) was elevated 

following fasting, raising the possibility that PGC-1α activity may have been elevated in response 

to fasting in human skeletal muscle. Whether PGC-1α or PDK4 gene expression is a more 

appropriate marker of PGC-1α transcriptional activity remains unknown; however, the changes in 

PGC-1α and PDK4 appear to occur in the absence of any prolonged changes in SIRT1 activity or 

GCN5 nuclear localization, PGC-1α nuclear localization, or the phosphorylation status of AMPK, 

ACC, or p38 MAPK. In agreement with this, phosphorylation of AMPK and ACC are unchanged 

in human skeletal muscle following a 48-hour fast (254). Interestingly, subsequent to the 

collection of the current study, Wijngaarden and colleagues (2014) reported a decrease in p-ACC 

following 10 and 24 hours of fasting in human skeletal muscle. This suggests that transient 

changes in molecular signalling, including potential changes in SIRT1 and GCN5, may not have 

been captured in the present study due to the timing of our muscle samples. 

While changes in the nuclear factors proposed to regulate PGC-1α activity were not 

associated with changes in PGC-1α or PDK4 gene expression on a group level, simple linear 

regression revealed that the change in nuclear GCN5, p-SIRT1, and SIRT1 activity all predicted 
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changes in PGC-1α, but not PDK4 gene expression. The finding that individual changes in 

PGC-1α were predicted by changes in SIRT1/GCN5 suggests that these regulators of PGC-1α 

may be specifically associated with regulation of the PGC-1α gene. Surprisingly, fasting-induced 

changes in nuclear GCN5 and p-SIRT1 positively predicted changes in PGC-1α mRNA, while 

the relationship with nuclear SIRT1 activity was negative. These relationships are somewhat in 

opposition to the current theory that SIRT1 activates, while GCN5 inhibits, PGC-1α activity 

(106), and highlight the likely complexity of the fasting response in humans. While the small 

sample size and preliminary nature of these results suggest that caution is warranted in their 

interpretation; these findings underscore the need for further research examining the relationships 

between SIRT1, GCN5 and PGC-1α in human skeletal muscle. 

Time Course of Skeletal Muscle Substrate Utilization in Response to Fasting 

Prolonged fasting in humans is accompanied by significant reductions in circulating 

insulin and glucose levels, which begin approximately 10-36 (223, 224, 253, 254) and 36-48 (25, 

91, 234, 254) hours into the fasting period, respectively. In agreement with this, we observed a 

trend for glucose to decrease following a 48-hour fast, and were unable to detect plasma insulin 

levels in most participants (n = 8). Reductions in circulating insulin observed in the transition 

from the post-absorptive to post-prandial state increase plasma free fatty acids (FFA) and 

whole-body fat oxidation to spare glucose for the brain (36, 91, 223, 234, 240). The increase in 

circulating FFA is proposed to cause elevations in IMTG stores; however, the accumulation is 

gradual and requires at least 48-hours of fasting (25, 91, 224, 240, 252), or longer (25). Similarly, 

we observed a significant increase in IMTG content in type 1 fibres following a 48-hour fast. 

Further, we observed no changes in skeletal muscle glycogen content, which appears to be in 

agreement with previous reports that human skeletal muscle glycogen remains unchanged 

following 24 hours of fasting (143), and increases in response to 72 hours of fasting (240). In 

contrast, reports in murine fasting models indicate that muscle glycogen can be depleted as early 
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as 12 hours into the fasting period (33, 117, 195). Although a limitation of the present study is 

that participants were not monitored continuously throughout the fasting period, the changes in 

substrate storage we observed suggest the presence of a similar skeletal muscle metabolic 

response to fasting as previously reported in humans (25, 91, 240), and also supports the 

adherence of our participants to the fasting protocol. These findings suggest that that a 48-hour 

fast does not appear to be the same physiological stress in humans as in murine models, and may 

partly explain why PGC-1α and its regulators (e.g., AMPK and SIRT1) were largely unchanged 

in the present study, in contrast to previous animal studies. 

Conclusion and Future Directions 

This is the first study to investigate SIRT1 and GCN5 expression/activity in human 

skeletal muscle following a prolonged fast. Our results demonstrate that 48 hours of fasting 

increased SIRT1 gene expression, but had no effect on nuclear SIRT1 activity, or GCN5 gene 

expression or nuclear protein content. Interestingly, regression analysis revealed a relationship 

between the changes in nuclear GCN5 and SIRT1 activity/phosphorylation and PGC-1α, but not 

PDK4, mRNA expression. While we did observe increases in PDK4 and decreases in PGC-1α 

gene expression, these changes occurred without any prolonged changes in protein content, or 

molecular signalling events associated with regulating PGC-1α activity. Although it is possible 

that fasting may alter PGC-1α and PDK4 expression by mechanisms not examined within the 

current study, it is also possible that transient changes in SIRT1/GCN5/AMPK occurred, but were 

missed due to the timing of our post-fasting biopsy (48 hours). Alternatively, unlike in animal and 

cellular models, the SIRT1/GCN5/PGC-1α axis may not be involved in the fasting response in 

human skeletal muscle. Unfortunately, we were unable to examine the time course of the present 

study; however, this remains an interesting topic for future research. While we were also unable 

to measure nuclear PGC-1α acetylation in the present study, a recent report measuring PGC-1α 

acetylation in whole-muscle human lysates (215) suggests that nuclear measures may be possible. 
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The development of an IP protocol to determine nuclear PGC-1α acetylation in humans is a 

critical future research direction in order to fully understand the regulation of PGC-1α activity by 

SIRT1 and GCN5 in humans. Altogether, the results of the current study suggest further 

investigation of the fasting response could provide novel insight into the regulation of SIRT1, 

GCN5, and PGC-1α in human skeletal muscle. 
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Chapter 5 

The effect of acute and chronic sprint-interval training on LRP130, 

SIRT3, and PGC-1α expression in human skeletal muscle 

 

 

Chapter 5 is published as:  

Edgett BA, Bonafiglia JT, Baechler BL, Quadrilatero J, Gurd BJ. The effect of acute and 

chronic sprint-interval training on LRP130, SIRT3, and PGC-1α expression in human skeletal 

muscle. Physiol Rep 4: e12879, 2016. 
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5.1 Abstract 

This study examined changes in LRP130 gene and protein expression in response to an 

acute bout of sprint‐interval training (SIT) and 6 weeks of SIT in human skeletal muscle. In 

addition, we investigated the relationships between changes in LRP130, SIRT3, and PGC‐1α 

gene or protein expression. Fourteen recreationally active men (age: 22.0 ± 2.4 years) performed 

a single bout of SIT (eight, 20-second intervals at ~170% of VO2peak work rate, separated by 

10 seconds of rest). Muscle biopsies were obtained at rest (PRE) and 3 hours post‐exercise. The 

same participants then underwent a 6-week SIT program with biopsies after 2 (MID) and 6 

(POST) weeks of training. In response to an acute bout of SIT, PGC‐1α mRNA expression 

increased (284%, p < 0.001); however, LRP130 and SIRT3 mRNA remained unchanged. 

VO2peak and fiber‐specific SDH activity increased in response to training (p < 0.01). LRP130, 

SIRT3, and PGC‐1α protein expression were also unaltered following 2 and 6 weeks of SIT. 

There were no significant correlations between LRP130, SIRT3, or PGC‐1α mRNA expression in 

response to acute SIT. However, changes in protein expression of LRP130, SIRT3, and PGC‐1α 

were positively correlated at several time points with large effect sizes, which suggest that the 

regulation of these proteins may be coordinated in human skeletal muscle. Future studies should 

investigate other exercise protocols known to increase PGC‐1α and SIRT3 protein, like longer 

duration steady‐state exercise, to identify if LRP130 expression can be altered in response to 

exercise. 

5.2 Introduction 

Leucine-rich pentatricopeptide repeat containing (LRPPRC, aka LRP130) is a novel 

transcriptional coactivator proposed to promote the expression of mitochondrial-encoded genes, 

resulting in increases in oxidative phosphorylation and fatty acid oxidation (46, 47, 71, 137, 201). 

While the mechanisms underlying this response are unknown, one proposed mediator is the 
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transcriptional coactivator peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

(PGC-1α aka PPARGC1Α) (47). In the liver, LRP130 forms part of the PGC-1α holocomplex, 

and regulates gluconeogenic and mitochondrial gene expression (46). Additionally, LRP130 is 

deacetylated, and subsequently activated in the liver by the mitochondrial NAD+-dependent 

deacetylase sirtuin 3 (SIRT3), resulting in increased expression of oxidative phosphorylation 

genes (136). Changes in LRP130 expression are also potentially involved in regulating LRP130 

activity, and several studies have implicated PGC-1α in the control of LRP130 and SIRT3 

expression (22, 47, 70, 119), and vice versa (46, 47, 136, 166, 217). At present, the regulation of 

LRP130 in human skeletal muscle has not been examined, and whether there are relationships 

between changes in LRP130 with SIRT3 or PGC-1α expression is unknown. 

Increases in skeletal muscle mitochondrial gene and protein expression are typical 

responses to aerobic exercise training (19, 95, 173), promoting increases in fatty acid oxidation 

and oxidative phosphorylation (94). These adaptations are proposed to be mediated in part by 

PGC-1α and SIRT3; not only due to increases in their activation, but also their protein abundance 

in response to aerobic exercise training (94, 166, 173, 236). It is well established that acute 

aerobic exercise increases PGC-1α mRNA expression (55, 173, 181), and training induces 

increases in PGC-1α protein and mitochondrial proteins (27, 142, 173). Similarly, SIRT3 protein 

is elevated in human skeletal muscle following aerobic exercise training (111, 236). In rat skeletal 

muscle, LRP130 gene and protein expression are elevated in response to swimming for 7 days 

(239); however, to date no studies have investigated the effect of exercise on LRP130 in human 

skeletal muscle. Thus, while PGC-1α, SIRT3, and mitochondrial gene and/or protein expression 

increase following acute and chronic aerobic exercise (111, 142, 173, 236), whether LRP130 

expression is altered in response to exercise in human skeletal muscle is currently unknown. 

Given that SIRT3 and PGC-1α are proposed regulators of LRP130 expression and 

activity, and both are up-regulated in response to aerobic exercise in human skeletal muscle, it is 
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reasonable to speculate that LRP130 expression should increase in concert with SIRT3 and 

PGC-1α following both acute and chronic aerobic exercise. Importantly, up-regulation of LRP130 

expression could play a role in mediating training-induced increases in skeletal muscle 

mitochondrial proteins and oxidative capacity by increasing the transcription of mitochondrial 

genes. Therefore, the primary purpose of the present study was to examine changes in LRP130 

gene and protein expression in response to a single acute bout, and 6 weeks of sprint-interval 

training (SIT), respectively. In addition, we examined whether a relationship exists between 

changes in SIRT3, LRP130, and PGC-1α gene or protein expression following acute and chronic 

SIT in human skeletal muscle. 

5.3 Methods 

Ethics Statement 

 All participants were young, healthy, and recreationally active men (participant 

characteristics are presented in Table 5-1). No participant was involved in more than 3 hours of 

aerobic exercise (running, jogging, etc.) per week or involved in any structured training program 

within the past 6 months. All experimental procedures were approved by the Health Sciences 

Human Research Ethics Board at Queen’s University and conformed to the Declaration of 

Helsinki. Verbal and written explanation of the experimental protocol and associated risks was 

provided to all participants prior to obtaining written informed consent. 

 

Table 5-1. Participant Baseline Characteristics (n = 14) 

Age (years) 22.0 ± 2.4 

Height (cm) 177.8 ± 6.1 

Weight (kg) 85.9 ± 17.6 

BMI (kg⋅m-2) 27.1 ± 5.4 

Absolute VO2peak (mL⋅min-1) 3375 ± 615 

Relative VO2peak (mL⋅min-1⋅kg-1) 41.6 ± 7.3 

Values are mean ± standard deviation 



 

82 

 

Experimental Design 

 The current study involved the completion of one intervention with two distinct parts. 

The first examined the effect of acute SIT on the mRNA expression of PGC-1α, SIRT3, and 

LRP130. The second utilized the same participants to examine the effect of 6 weeks of SIT on the 

protein abundance of PGC-1α, SIRT3, and LRP130. All physiological testing and training was 

performed on a Monark Ergomedic 874 E stationary ergometer (Vansbro, Sweden). Participants 

were asked to refrain from alcohol and exercise 24 hours before, and caffeine 12 hours before, all 

experimental visits in part one, as well as pre- and post-training testing visits in part two. 

VO2peak was determined during a ramp protocol to volitional fatigue as described previously 

(55), and skeletal muscle biopsy samples were obtained from the vastus lateralis using the 

Bergström muscle biopsy technique (11) modified with manual suction (55). One portion of each 

muscle biopsy was embedded in Tissue-Tek® O.C.T. Compound (#4583, Sakura Finetek, St, 

Torrance, CA, USA) and frozen in liquid nitrogen-cooled isopentane for histochemical analysis. 

Remaining tissue was immediately frozen in liquid nitrogen and stored at -80ºC until analysis by 

real-time PCR and Western Blotting. The experimental protocol is presented in Figure 5-1. 

Acute Exercise Visit (Part 1) 

Participants reported to the lab in the morning following an overnight fast (~12 hours) 

after consuming a standardized dinner the night before {Stouffer’s Sauté Sensations Country Beef 

Pot Roast [540 kcal; 56 g carbohydrate (CHO), 20 g fat, 14 g protein, Dole Fruit Crisp (160 kcal; 

29 g CHO, 3.5 g fat, 2 g protein), and 500 mL of 2% milk (260 kcal; 24 g CHO, 10 g fat, 18 g 

protein]}. Upon arrival, participants were fed breakfast consisting of a plain bagel (190 kcal; 1 g 

fat, 36 g CHO, 7 g protein) with peanut butter (110 kcal; 10 g fat, 4 g CHO, 4 g protein) and 200 

mL of apple juice (90 kcal; 22 g CHO, 0 g fat, 0 g protein). One hour after participants completed 

breakfast, a resting muscle biopsy (PRE) was taken. Immediately following the resting muscle 

biopsy, participants completed eight, 20-second intervals at ~170% of VO2peak work rate 
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separated by 10 seconds of rest for a total of 4 minutes, as described previously (212). During rest 

periods between intervals, participants cycled against no load at a cadence of their choice. 

Participants then rested for 3 hours before a second muscle biopsy sample was taken (3HR) from 

a separate incision site on the same leg as the first biopsy (~2 cm apart). 

 

 

Figure 5-1. Study Protocol Overview 

 

Training Intervention (Part 2) 

All participants completed training 4 days a week for 6 weeks (week 3 only had two 

training sessions due to a mid-training VO2peak test for a total of 22 sessions). Before each 

training session, participants performed a warm-up of load-less cycling at a cadence of their 

choosing for 1 minute. The training protocol was the same as the acute exercise prescribed in part 

1 (see above for description). A mid-training (MID) muscle biopsy was taken ~72 hours (range: 

65-72 hours) following two weeks (8 sessions) of SIT. The mid-training VO2peak test was 

completed ~24 hours following the MID biopsy. Participants then completed the remainder of the 

6-week SIT protocol at ~180% of baseline VO2peak work rate. Approximately 72 hours (range: 

67-74 hours) after the last training session, a post-training (POST) biopsy was taken, and 

~24 hours later, a post-training VO2peak test. Both MID and POST biopsies followed the same 

protocol as the PRE biopsy outlined in part 1. 



 

84 

 

RNA Extraction and Real-Time PCR  

RNA extraction and real-time PCR were performed as we have done previously (55) on 

PRE and 3HR samples. RNA was extracted using a modified version of the single-step method by 

guanidinium thiocyanate-phenol-chloroform extraction (41), and then quantified 

spectrophotometrically at 260 nm using a Take3 Plate (Biotek, Winooski, VT, USA). Protein 

contamination was assessed by measuring absorbance at 280 nm (samples had an average 

260:280 ratio of 1.99 ± 0.02, mean ± SD). One microgram of resulting RNA was reverse 

transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Mississauga, ON, Canada). 

Transcript levels were determined on an ABI 7500 Real Time PCR System (Foster City, CA, 

USA). Primer set-specific efficiencies were determined using real-time PCR with an appropriate 

cDNA dilution series prior to sample analysis. Average primer set-specific efficiencies (186) 

were E = 2.00 ± 0.03 (mean ± SD). All samples were run in duplicate 25 µL reactions containing: 

50 ng cDNA, 0.58 μM primers, and GoTaq PCR Master Mix containing SYBR Green (Promega, 

Madison, WI, USA). Primer sequences are provided in Table 5-2. All RNA data are expressed 

relative to TATA-binding protein (TBP), which was stable across all states with no difference in 

the raw CT values observed between resting and 3 hours post-exercise (PRE: 22.45 ± 0.40, 3HR: 

22.51 ± 0.31, p = 0.621). 

 

Table 5-2. List of Primer Sequences used for Real-Time PCR 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

PGC-1α CACTTACAAGCCAAACCAACAAC CAATAGTCTTGTTCTCAAATGGGGA 

SIRT3 GCTTCCTCTAGTGACACTGTTAG TGCAGAAGTAGCAGTTCAGTG 

LRP130 TTAATGATACCTGCCGCTCAG AGCTTTAGTTCAGGCAAGAGAG 

TBP AGACGAGTTCCAGCGCAAGG GCGTAAGGTGGCAGGCTGTT 
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Western Blotting 

Samples were quantified spectrophotometrically to determine protein content (BCA 

Protein Assay Kit 23225, Pierce, Rockford, IL, USA), then solubilized in sample buffer [12.5% 

sucrose, 1.9% sodium dodecyl sulfate (SDS), 15.6 mM Tris HCl pH 6.8, 0.5 mM 

ethylenediamine tetraacetic acid (EDTA), 0.8% dithiothreitol, 0.003% bromophenol blue] and 

heated to 95°C for 5 minutes. Equal amounts of protein (7.5 μg for LRP130 and PGC-1α and 

15 μg for SIRT3) were loaded onto 6% (LRP130 and PGC-1α) or 12% (SIRT3) polyacrylamide 

gels and separated by SDS-PAGE. Gels were subsequently transferred to a polyvinylidene 

difluoride membrane via wet transfer for 1 hour at 100 V at 4ºC. Membranes were blocked at 

room temperature by incubating in 5% bovine serum albumin (BSA) with Tris-buffered saline 

(20 mM Tris Base, 137 mM NaCl, pH 7.5, adjusted using hydrochloric acid) and 0.1% Tween-20 

(TBS-T). Blots were then incubated with primary antibodies overnight at 4ºC in 5% BSA with 

TBS-T. Commercially available antibodies were used to detect SIRT3 (Cell Signaling, Danvers, 

MA, USA; #5490, lot# 2), LRP130 (Abcam, Cambridge, UK; ab97505, lot# GR40843-18), and 

PGC-1α (EMD Millipore, Darmstadt, Germany; AB3242, lot# J0510). All primary antibodies 

were used at a concentration of 1:1000 and diluted in 5% BSA with TBS-T. Removal of excess 

primary antibody was carried out by washing the membranes in TBS-T three times for 7 minutes 

each. The secondary antibody anti-rabbit (#31460, Thermo Fisher Scientific, Rockford, IL, USA) 

was diluted (1:30000, LRP130; 1:10000, PGC-1α; 1:10000, SIRT3) and incubated with the 

membrane in TBS-T (0.1%) for 1 hour at room temperature. Excess secondary antibody was 

removed by washing the membranes in TBS-T (0.1%) three times for 7 minutes each. Membranes 

were exposed to Immobilon Western Chemiluminescent HRP Substrate (WBKLS0500, EMD 

Millipore) for 5 minutes at room temperature and then visualized using a FluorChem HD2 system 

(Protein Simple, San Jose, CA). Band intensities were semi-quantified using AlphaView software 
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(Protein Simple). Amido black staining was used as a loading control and did not differ between 

PRE, MID, or POST samples.  

Immunofluorescent and Histochemical Analysis 

As a general indicator of oxidative capacity, histochemical staining for succinate 

dehydrogenase (SDH) activity (14) was performed as described previously (16, 212). Briefly, 

sections were imaged using a Brightfield Nikon microscope linked to a PixeLink digital camera. 

Individual images were taken across the entire muscle cross-section and assembled into a 

composite panoramic using Microsoft Image Composite Editor (Microsoft, Redmond, WA, 

USA). To analyze SDH activity, compiled images were matched to corresponding fibre-type 

images and ~ 30 of each fibre type were randomly selected and analyzed in Image J by 

subtracting background staining. Fibre types were identified via immunofluorescent analysis as 

described previously (16, 212), and were categorized as type I, type IIA, or type IIX (pure IIX 

and hybrid IIAX). Briefly, myosin heavy chain isoforms were analyzed using primary antibodies 

from Developmental Studies Hybridoma Bank (Iowa City, IA, USA) against myosin heavy chain 

MHC I (BA-F8), MHC IIA (SC-71), and MHC IIX (6H1), followed by isotype-specific 

fluorescent secondary antibodies. Sections were mounted with Prolong Gold Antifade Reagent 

(Life Technologies, Burlington, ON, CA) and imaged the following day. These sections were 

visualized with an Axio Observer Z1 microscope (Carl Zeiss, Jena, TH, DE). Images were taken 

across entire muscle cross-sections and assembled into a composite panoramic image using 

AxioVision software (Carl Zeiss). SDH activity was analyzed only in type I and type IIA muscle 

fibres as ~64% of sections did not contain any type IIX or IIAX fibres. 

Statistical Analysis 

Statistical analysis of gene expression in part one of the intervention (acute SIT) was 

performed on linear data using the 2-∆CT method using TBP as a housekeeping gene (209). These 
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linear data were then compared using a paired Student’s t test with statistical significance set at 

p < 0.05. For part two (chronic SIT), a one-way repeated measures analysis of variance 

(ANOVA) was used to examine the effect of time on protein expression and VO2peak. SDH 

activity was analyzed using a two-way repeated measures ANOVA (fibre type × time). Any 

significant interactions or main effects were subsequently analyzed using a Bonferroni post hoc 

test. Correlations were performed to determine if changes in LRP130, SIRT3, or PGC-1α gene 

and protein expression occur in association with each other in response to both acute and chronic 

SIT. Pearson correlation coefficient (r) effect sizes were classified as small (r = ±0.1), medium 

(r = ±0.3), or large (r = ±0.5) (60). 

5.4 Results 

Responses to Acute Exercise 

In response to an acute bout of SIT, PGC-1α mRNA expression increased 284% 

(p < 0.001) 3 hours post-exercise; however, LRP130 and SIRT3 were unaltered at this time point 

(Figure 5-2). 

Responses to Exercise Training 

A main effect of time on VO2peak was observed following training (mean ± SD, PRE: 

3370 ± 634, MID: 3461 ± 622, POST: 3696 ± 507 mL⋅min-1, n = 12, p < 0.01). Post hoc analysis 

revealed a significant increase from PRE to POST and MID to POST (p < 0.05). Main effects of 

time (mean ± SD, PRE: 25.3 ± 6.2, MID: 28.1 ± 5.7, POST: 35.1 ± 7.1 arbitrary units, p < 0.001; 

n = 12) and fibre-type (mean ± SD, type I: 32.5 ± 7.2, type IIA: 26.4 ± 6.6, arbitrary units, 

p < 0.001; n = 12) were observed for SDH activity in response to training (Figure 5-3). 

Representative blots for LRP130, SIRT3 and PGC-1α are presented in Figure 5-4. There 

was no effect of time on LRP130 (mean ± SD, PRE: 1.00 ± 0.30, MID: 1.12 ± 0.37, POST: 1.08 

± 0.19 arbitrary units, n = 13), SIRT3 (mean ± SD, PRE: 1.00 ± 0.39, MID: 1.00 ± 0.39, POST:  
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Figure 5-2. Effect of acute sprint-interval training on skeletal muscle mRNA expression of 

LRP130, SIRT3, and PGC-1α at 3 hours post-exercise. * p < 0.0001 3HRS versus PRE. n = 14 

 

0.97 ± 0.39 arbitrary units, n = 13), or PGC-1α protein expression (mean ± SD, PRE: 1.00 ± 0.81, 

MID: 0.73 ± 0.53, POST: 0.96 ± 0.74 arbitrary units, n = 13; Figure 5-5). 

Relationships between LRP130, SIRT3, and PGC-1α Expression 

Correlations of individual changes in LRP130, SIRT3, and PGC-1α mRNA or protein 

expression are presented in Table 5-3 and Figure 5-6, respectively. There were no significant 

correlations between LRP130, SIRT3, or PGC-1α mRNA expression in response to an acute bout 

of SIT. However, correlations between changes in protein expression of LRP130, SIRT3, and 

PGC-1α from PRE to MID were significant. From MID to POST, only LRP130 was related to 

changes in SIRT3 and PGC-1α, while from PRE to POST, only LRP130 was significantly related 

to changes in PGC-1α protein expression. Effect sizes were large for all significant correlations, 

and all variables were positively related. 

5.5 Discussion 

LRP130 is a novel transcription cofactor proposed to regulate the expression of 

mitochondrial-encoded genes via its interactions with the mitochondrial deacetylase SIRT3 (136)  
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Figure 5-3. Effect of 6 weeks of sprint-interval training on skeletal muscle succinate 

dehydrogenase (SDH) activity (A). Representative slides of immunofluorescent fibre-type 

analysis (blue fibres are type I, green are type IIA, red/red-green are type IIX) with serial sections 

of SDH activity PRE, MID, and POST (B). Values presented as mean ± SE. Scale bars represent 

100 µm. * Significant main effect of time, † Significant main effect of fibre type. n = 12 
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and the transcriptional coactivator PGC-1α (46, 47). The present study is the first to investigate 

whether LRP130 gene and protein expression are altered in response to an acute bout, and 

6 weeks of SIT, respectively. In addition, we examined whether there were any relationships 

between changes in LRP130, PGC-1α, and SIRT3 gene or protein expression following acute and 

chronic SIT in human skeletal muscle. The major novel findings of this study were that: 

1) LRP130 mRNA and protein expression were unaltered in response to acute and chronic SIT, 

respectively, and 2) there were several significant positive relationships between changes in 

LRP130, PGC-1α, and SIRT3 protein content following SIT in human skeletal muscle. 

 

 

 

Figure 5-4. Representative blots for PGC-1α, SIRT3, and LRP130 at pre-, mid-, and post-

training. 
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Figure 5-5. The effect of 6 weeks of SIT on the protein content of PGC-1α (A, D), SIRT3 (B, E), 

and LRP130 (C, F) in whole-muscle lysates from the vastus lateralis. Data are presented as mean 

± SE (A, B, C) and also as before and after plots depicting raw participant values (D, E, F). n = 13 

 

LRP130 Expression Following Acute and Chronic Exercise 

Whether changes in LRP130 expression occur in response to exercise in human skeletal 

muscle has yet to be determined, and the current study is the first to examine LRP130 in response 



 

92 

 

to an acute bout of exercise. Although swim training prevents reductions in LRP130 mRNA 

expression caused by hindlimb immobilization in rats (239), we found no change in LRP130 

mRNA expression 3 hours after an acute bout of SIT in human skeletal muscle. Not surprisingly, 

we observed an increase in PGC-1α mRNA expression, which increases in response to various 

types of acute aerobic exercise (55, 69, 87). In agreement with previous reports in rats (92) and 

humans (56), we also failed to observe an increase in SIRT3 mRNA expression 3 hours post-

exercise in human skeletal muscle. These findings, in conjunction with our lack of observed 

change in LRP130 mRNA expression, suggest that changes in LRP130 and SIRT3 gene 

expression (similar to other genes linked to mitochondrial function) do not occur in response to 

acute SIT 3 hours into the post-exercise recovery period; however, if they do occur following 

acute exercise it is likely a delayed response (87, 173, 181). Alternatively, we may have missed a 

change in LRP130 mRNA expression prior to the 3 hour post-exercise time point examined in the 

present study. Regardless, future studies should investigate whether other types (e.g. longer 

duration, steady-state exercise), intensities, and durations of exercise regulate LRP130 expression 

differently compared to SIT. 

 

Table 5-3. Correlations among changes in mRNA expression of LRP130, SIRT3, and PGC-1α 

 SIRT3 PGC-1α Group Mean Change SD 

LRP130 r = 0.31, p = 0.287 r = 0.04, p = 0.883 5% 14% 

SIRT3 - r = 0.11, p = 0.717 5% 13% 

PGC-1α - - 284% 140% 

SD, standard deviation; n = 14 

 

Another explanation as to why LRP130 mRNA expression was unaltered in the present 

study may be that participants were fed 1 hour prior to the acute bout of SIT. This might have 

prevented a sufficient exercise-induced decrease in muscle glycogen levels to stimulate changes 

in LRP130 expression 3 hours post-exercise. Reductions in skeletal muscle glycogen content  
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Figure 5-6. Correlations between changes in protein expression of LRP130 and SIRT3 (A, D, H), 

PGC-1α and LRP130, (B, E, I), and SIRT3 and PGC-1α (C, F, J), from PRE to MID (A, B, C), 

MID to POST (D, E, F), and PRE to POST (H, I, J). r, Pearson’s correlation coefficient; R2, 

coefficient of determination. n = 13 
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prior to an acute bout of exercise can potentiate the effect of exercise on mitochondrial gene 

expression in human skeletal muscle (180), and nuclear localization of PGC-1α in rat skeletal 

muscle (177), suggesting that PGC-1α and LRP130 expression may be modified by muscle 

glycogen levels. While we still observed an increase in PGC-1α mRNA expression in response to 

SIT, it is possible that LRP130 expression may be more sensitive to changes in skeletal muscle 

glycogen levels than PGC-1α, or changes in LRP130 expression may not be as robust as PGC-1α, 

and thus we may have missed exercise-induced changes in LRP130 expression. 

Although LRP130 protein expression is elevated in response to 7 days of swim training 

following hindlimb immobilization in rat skeletal muscle (239), we observed no change in 

LRP130 protein expression following 3 and 6 weeks of SIT. The discrepancy between the 

findings of this study and those of Vechetti-Junior et al. (2016) may be partly explained by 

species differences, and/or differences in basal levels of LRP130 expression due to the 

immobilization protocol implemented prior to training. However, given that LRP130 and PGC-1α 

control each other’s expression in cellular models (46, 47), and PGC-1α protein content is 

reported to increase following various types of aerobic training in human skeletal muscle (27, 

142, 173), we hypothesized that LRP130 protein expression would increase in response to SIT. 

While it is somewhat unexpected that we also observed no change in PGC-1α protein content 

following 3 or 6 weeks of SIT, others have reported similar results following 2 (135, 242) and 4 

weeks (72) of aerobic training. Thus, considering Vechetti-Junior et al. (2016, reference 237) 

observed an increase in LRP130 protein in association with elevated PGC-1α in response to 

training, it is not necessarily surprising that LRP130 protein content did not change in response to 

SIT when PGC-1α content was also unaltered, if these two proteins regulate each other’s 

expression in human skeletal muscle. 
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Relationship between SIRT3, LRP130, and PGC-1α Expression 

An interesting finding of this study is that changes in LRP130 protein expression 

following SIT significantly correlated with changes in PGC-1α expression. These results confirm 

observations that PGC-1α and LRP130 protein were significantly correlated following 3 and 7 

days of aerobic exercise in rats (239), and suggests that the reciprocal regulation between 

LRP130 and PGC-1α observed in liver cells and adipocytes (46, 47) may also be present in 

human skeletal muscle. Specifically, forced expression of LRP130 induces PGC-1α mRNA 

expression in liver cells (46) and adipocytes (47), and increases PGC-1α transcriptional activity 

(46). As well, PGC-1 double-deficient brown adipocytes display dramatically lower levels of 

LRP130 mRNA and protein expression (47). The addition of skeletal muscle-specific LRP130 

knockout and overexpression models would contribute greatly to this area, and future studies in 

humans should investigate the relationship between LRP130 and PGC-1α expression following 

exercise training protocols known to upregulate PGC-1α under different physiological stresses. 

We also found a significant relationship between the change in SIRT3 and PGC-1α 

protein content in response to 2 weeks of SIT (PRE to MID), but this relationship was not present 

following 6 weeks of training. Interestingly, in cell and animal models, SIRT3 has been 

implicated in the control of PGC-1α expression (166, 217) and vice versa (22, 70, 119). Post-

training levels of SIRT3 and PGC‐1α protein content also significantly correlate in skeletal 

muscle of overweight adolescents (236). Accordingly, our results support the contention that 

SIRT3 and PGC-1α may play a role in regulating each other’s expression in human skeletal 

muscle. 

Conclusion 

This is the first study to investigate changes in LRP130, and the relationships between 

changes in LRP130, PGC-1α and SIRT3 expression, in response to acute and chronic exercise in 

human skeletal muscle. LRP130 mRNA and protein expression were unaltered in response to 
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acute and chronic SIT; however, individual changes in LRP130, PGC-1α, and SIRT3 protein 

content were related following SIT. In agreement with previous studies investigating PGC-1α 

(120), our results indicate that changes in LRP130, PGC-1α, and SIRT3 expression are not 

required for training-induced increases in mitochondrial protein and VO2peak. The finding that 

individual changes in LRP130, PGC-1α, and SIRT3 protein content positively correlated at 

several time points in this study, in conjunction with previous reports in cell and animal models 

that indicate LRP130, PGC-1α, and SIRT3 regulate each other’s expression (47, 119, 136, 166), 

suggests that the regulation of these proteins may be coordinated in human skeletal muscle. 

However, future studies should investigate larger doses of interval exercise, and/or longer 

duration steady state exercise known to increase PGC-1α (27, 142, 173) and SIRT3 (111, 236) 

protein content to identify if LRP130 expression is altered in response to other exercise protocols 

and to confirm these findings. 
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Chapter 6 

General Discussion 

6.1 SIRT3, metabolic stress, and fatty acid oxidation 

Described in Chapter 3 is the first study to investigate changes in SIRT3 expression and 

mitochondrial localization in response to energetic stress in human skeletal muscle. We 

hypothesized that increases in fatty acid oxidation that occur with fasting and exercise would be 

accompanied by increased mitochondrial SIRT3, and decreased acetylation of mitochondrial 

proteins. Fasting for 48 hours resulted in an elevated rate of fat oxidation and a moderate decrease 

in SIRT3 mRNA expression. However, whole-muscle and mitochondrial SIRT3 protein 

expression was unaltered, as was mitochondrial acetylation (measured using a pan-acetyl 

antibody with mitochondrial extracts). Similarly, 1 hour of endurance exercise (~55% of peak 

aerobic work rate) significantly elevated fat oxidation and also slightly decreased SIRT3 mRNA 

expression in human skeletal muscle. Mitochondrial SIRT3 protein content was unaltered 

immediately following exercise, as was mitochondrial protein acetylation. Thus, changes in fatty 

acid oxidation in response to fasting and exercise were not associated with changes in 

mitochondrial SIRT3 localization in human skeletal muscle. This is inconsistent with previous 

animal models that propose changes in fatty acid oxidation are associated with changes in 

mitochondrial acetylation (also measured using a pan-acetyl antibody) and SIRT3 expression (37, 

88, 109, 166). In summary, we demonstrate that fasting and exercise modestly decrease SIRT3 

mRNA expression, but do not alter SIRT3 mitochondrial localization despite marked increases in 

fatty acid oxidation. These findings indicate that if SIRT3 activity is altered by fasting and/or 

exercise in human skeletal muscle, this change in activity is not accomplished by changes in 

cellular localization. 
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6.1.1 Limitations and future directions 

A limitation of the present study (and in Chapter 4, re nuclear extracts) is that we used a 

pan-acetyl antibody to estimate mitochondrial protein acetylation. These antibodies function by 

binding to all available acetylated-lysine residues. As SIRT3 is the primary deacetylase in the 

mitochondria (139), changes in acetylated-lysine residues detected in isolated mitochondria 

following fasting or exercise might be attributed to changes in SIRT3 activity. However, the 

problem with using a pan-acetyl antibody is that not all acetylation sites might be detected, or that 

at a given molecular weight (i.e. within a given band) opposing changes in acetylation of multiple 

proteins/residues might cause a net change of zero. In addition, the amount of protein loaded for 

western blotting can affect what residues may be detectable. For example, loading too much 

protein, or the presence of highly abundant acetyl-lysine residues, will result in excess 

horseradish peroxidase (HRP) localized to where the secondary antibody has bound to the 

primary antibody. This results in the excess production of free radicals when the 

chemiluminescent substrate binds to HRP, which can oxidize and inactivate the HRP, damage the 

primary and secondary antibodies, the protein of interest, and the membrane (232). Additionally, 

too high of a signal can cause a saturated western blot image. In both of these situations, bands 

are unquantifiable. Conversely, if too little protein is loaded, the resulting signal will be too low 

to capture some residues. Thus, it is likely not all acetylated residues were detected in our study. 

However, the fact that this technique was able to discern changes in mitochondrial acetylation 

following fasting in animal models (88, 109, 237) suggests that our findings may be indicative of 

a divergent response in human skeletal muscle. To overcome this limitation, future studies should 

use mass spectrometry-based analysis to investigate the effect of energetic stress on global lysine 

acetylation in human skeletal muscle. Although studies have investigated the effect of exercise or 

nutrient availability on global lysine acetylation using these techniques in murine skeletal muscle 

(86, 164, 226, 259), this has yet to be performed in humans (42). 
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Another limitation of the study described in Chapter 3 is that we only examined 

mitochondrial SIRT3 content and mitochondrial acetylation immediately post-exercise. We 

originally chose this time point because it is the best representation of the metabolic milieu during 

exercise. Consequently, we hypothesized that SIRT3 would translocate to mitochondria during 

exercise to promote fatty acid oxidation and oxidative phosphorylation. We did not observe any 

change in mitochondrial SIRT3 following either fasting or exercise in human skeletal muscle. 

However, reports that SIRT3 may also regulate mitochondrial gene transcription via PGC-1α (70, 

119, 217) and LRP130 (136), suggests that SIRT3 might translocate to mitochondria later in the 

post-exercise recovery period. Indeed, in human skeletal muscle PGC-1α does not translocate to 

mitochondria until 3 hours post-exercise (219), suggesting it is possible SIRT3 might also. Thus, 

future investigations should examine multiple post-intervention time points to identify whether 

translocation is a form of SIRT3 regulation in response to energetic stress. Regardless, our results 

suggest that if SIRT3 is involved in the acute regulation of fatty acid oxidation in human skeletal 

muscle, then its activity is not regulated by cellular localization. 

We were also unable to directly measure SIRT3 activity or acetylation of its specific 

targets, which prevents us from concluding whether SIRT3 activity was altered in response to 

exercise or fasting. At present there are no commercially available acetyl-lysine-specific 

antibodies for SIRT3 targets, or methods to measure changes in SIRT3 activity that would be 

present in the natural state of the cell. However, future studies could use (co)immunoprecipitation 

techniques to determine whether SIRT3 associates with its proposed targets in human skeletal 

muscle, and whether these associations are altered in response to energetic stress. In addition, this 

technique would allow future studies to determine whether fasting and exercise alter the 

acetylation of SIRT3 targets. The development of such techniques, and their application to acute 

exercise models, will be crucial to investigate the role of SIRT3 in regulating skeletal muscle 

metabolism in humans. 
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6.2 SIRT1, GCN5, and fasting 

My second study (Chapter 4) was the first to investigate the impact of a 48-hour fast on 

the expression and regulation of SIRT1 and GCN5 in human skeletal muscle. In line with reports 

from cellular and animal models (37, 48, 113, 161), we initially hypothesized that SIRT1 

expression and activity would increase, while GCN5 would decrease, in human skeletal muscle. 

More recently, however, a study in humans found that 48 hours of fasting decreased PGC-1α 

mRNA expression in human skeletal muscle (254). A decrease in PGC-1α mRNA suggests that 

PGC-1α activity might have been inhibited, as there is evidence that it can autoregulate its own 

transcription (83). This finding is also in contrast to reports in mice, where PGC-1α mRNA 

expression is elevated in response to fasting (33, 37), supposedly due in part, to an increase in 

SIRT1 activity and a decrease in GCN5 activity (33, 68, 106). Although these results (254) were 

initially surprising, we also observed a moderate decrease in PGC-1α mRNA expression and an 

increase in PDK4. In addition, we found that SIRT1 mRNA expression slightly increased, while 

GCN5 did not change. However, whole-muscle protein content of SIRT1, GCN5, PGC-1α, and 

COXIV were unchanged. Accordingly, nuclear acetylation status was unaltered, indicating that 

there was no net change in nuclear acetyltransferase and deacetylase activity. Phosphorylation of 

SIRT1, AMPKα, ACC, p38 MAPK, and PKA substrates was also unaltered, as was nuclear 

SIRT1 activity, and nuclear GCN5 and PGC-1α content. These results are largely inconsistent 

with findings from animal models that propose SIRT1 is up-regulated and activated, while GCN5 

is down-regulated and inhibited, to promote a net increase in PGC-1α activity in response to 

fasting (33, 37, 48, 68). 

In addition, we examined the relationship between SIRT1/GCN5 and the mRNA 

expression of PGC-1α targets (PGC-1α and PKD4) using simple linear regression as molecular 

data from human participants can be variable, attributable to our genetic diversity. We found that 

individual changes in nuclear GCN5 and SIRT1 predicted changes in PGC-1α mRNA expression, 



 

101 

 

but not PDK4. This finding suggests that SIRT1 and GCN5 may specifically regulate PGC-1α 

gene expression. Surprisingly, fasting-induced changes in nuclear GCN5 and p-SIRT1 positively 

predicted changes in PGC-1α mRNA, while the relationship with nuclear SIRT1 activity was 

negative. These relationships go somewhat against the current paradigm that SIRT1 activates, 

while GCN5 inhibits, PGC-1α activity (106), and highlights the likely complexity of the fasting 

response in humans. While the small sample size and preliminary nature of these results suggest 

that caution should be used in their interpretation; these findings emphasize that we need to 

further investigate the relationships between SIRT1, GCN5 and PGC-1α in human skeletal 

muscle. In addition, these findings demonstrate that investigating the relationship between 

molecular measures across individuals via correlations or simple linear regression can provide 

additional information that may be missed when only group mean analyses are utilized.  

6.2.1 Limitations and future directions 

A limitation of the study described in Chapter 4 is that we were unable to measure 

nuclear NAD+ or acetyl-CoA levels. While this would have added significantly to the 

interpretation of our results by telling us whether these respective SIRT1 and GCN5 substrates 

were altered by fasting for 48 hours, there were technical limitations that prevented us from 

measuring compartment specific NAD+ and acetyl-CoA in human skeletal muscle. Interestingly, 

since the publication of Chapter 4, a new method has been published that can measure different 

subcellular compartments of NAD+ (29). Specifically, Cambronne and colleagues (2016) have 

developed a genetically encoded biosensor that can directly measure nuclear and mitochondrial 

free NAD+ concentrations in cultured human cells. The authors also propose that the 

mitochondrial NAD+ pool is distinct from the nucleus and cytoplasm, which have a pool of NAD+ 

that is readily exchangeable between these two compartments (29). However, whether this 

method can be utilized to examine NAD+ levels in human tissue, and is sensitive enough to detect 

changes in NAD+ in response to fasting or exercise (73), remains to be determined.  



 

102 

 

Ideally we would have also liked to measure nuclear PGC-1α acetylation; however, Dr. 

Gurd and others (35, 135) have previously tried to examine nuclear PGC-1α acetylation status via 

immunoprecipitation from human muscle samples without success. Although PGC-1α acetylation 

has recently been measured in human skeletal muscle (215), this was performed in whole-muscle 

homogenates using a substantial amount of protein (2000 μg). Given that PGC-1α is known to 

localize in the nucleus (133–135, 196, 255), cytosol (133, 134, 230, 255), and mitochondria (196, 

219, 230), measurement of whole-muscle PGC-1α acetylation cannot be used to infer what is 

occurring within the nucleus. However, nuclear PGC-1α acetylation will be critically important to 

future studies that attempt to investigate the regulation of PGC-1α and mitochondrial function in 

human skeletal muscle. 

Finally, another limitation of Chapter 4 is that we only examined one fasting time point 

(i.e. 48 hours). We initially chose 48 hours to compare our findings to another human fasting 

study that observed a decrease PGC-1α mRNA expression following a 48-hour fast (254). In 

addition, we chose only a single fasting time point because multiple biopsies were required at 

each time point to successfully perform all of the analysis presented in Chapter 4 and experiment 

2 in Chapter 3. Given the discomfort this placed on our subjects, and the significant results 

published from animal studies utilizing only a single fasted time point (33, 37, 48, 63, 68, 113, 

161, 190), we felt that a single time point was justifiable when we originally designed the study. 

Our findings that phosphorylation of AMPK and ACC are unchanged in human skeletal muscle 

following a 48-hour fast agree with results from Wijngaarden and colleagues (254). However, 

data published from this group following the collection of our samples indicate we may have 

missed transient changes in molecular signalling events induced by fasting that could have 

occurred prior to 48 hours (253). Specifically, Wijngaarden and colleagues (2014) reported a 

decrease in p-ACC following 10 and 24 hours of fasting in human skeletal muscle. Although we 

could not add these time points to our study ex post facto, this highlights an interesting and 
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transient response to fasting in human skeletal muscle. Accordingly, future studies using fasting 

as a model in humans to investigate factors which are proposed to control skeletal muscle 

metabolism should take the potential for this transient response into consideration for their study 

design. 

6.3 LRP130 and Exercise 

In Chapter 5, we investigated whether LRP130, a novel transcription cofactor proposed to 

regulate the expression of mitochondrial-encoded genes (47, 71, 136, 137, 194, 201, 221), is 

altered in response to exercise in human skeletal muscle. This is the first study to examine 

LRP130 in humans following exercise. Specifically, we examined changes in LRP130 gene and 

protein expression in response to an acute bout of SIT and 6 weeks of SIT, respectively, in 14 

recreationally active men. In addition, we ran correlations on the changes in LRP130, SIRT3 and 

PGC-1α mRNA or protein expression. As these proteins are proposed to regulate each other’s 

expression (22, 46, 47, 70, 119, 136, 166, 217) we expected changes in their expression to be 

related. In response to acute SIT, only PGC-1α mRNA expression was altered (~3-fold increase). 

SIT for 6 weeks increased VO2peak and skeletal muscle SDH activity. Surprisingly, LRP130, 

SIRT3, and PGC-1α protein expression was unaltered following 2 and 6 weeks of SIT, although 

there were significant positive relationships between changes in their protein content. 

Importantly, these relationships were not due to loading/transfer issues for the western blots, as 

there were no significant correlations between the total protein loaded (unpublished 

observations). These results are the first to demonstrate that changes in LRP130, PGC-1α, and 

SIRT3 protein expression are closely related following training in human skeletal muscle. In 

agreement with previous studies investigating PGC-1α (120), our results indicate that changes in 

LRP130, PGC-1α, and SIRT3 expression are not required for training-induced increases in 

mitochondrial proteins and VO2peak. 
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6.3.1 Limitations and future directions 

An obvious limitation of this study (and common to the field) is that we may have been 

underpowered to detect a difference in protein content using a one-way repeated measures 

ANOVA (3 time points). Although 14 participants are more than most human biopsy studies 

typically employ, the majority of studies with 10 or fewer participants were able to detect 

increases in PGC-1α protein content following 2-6 weeks of training in human skeletal muscle 

with two time points (21, 27, 58, 79, 81, 142, 181, 193, 203, 214). However, analysis of the 

present study using paired t-tests to compare PRE versus MID, and PRE versus POST, also 

yielded no significant results (unpublished observations). In support of our findings, others have 

also reported no change in PGC-1α protein following 2 (135, 242) and 4 weeks (72, 100) of 

interval training, depending on the type of exercise prescribed (72). Given that humans are so 

genetically diverse, it is somewhat unsurprising that there is heterogeneity in training responses. 

Indeed, our lab (17, 18, 76) and others (20, 144, 191, 206, 218, 243) have begun to address this 

issue.  

It may be worth investigating additional exercise interventions, such as continuous 

endurance exercise, that may be a more potent stimulus of PGC-1α, LRP130, and SIRT3 

expression. For example, 1 hour at ~55% of peak aerobic work rate results in greater PGC-1α 

mRNA expression (~13 fold, unpublished observations from reference 55) 3 hours post-exercise 

compared to HIT (~3.5-8.5 fold, reference 54) and SIT (~3 fold, reference 53). Although 

alterations in mRNA expression do not necessarily result in subsequent changes in protein 

expression, these findings suggest that the metabolic stress experienced during these exercise 

bouts is different. Accordingly, future studies should investigate larger doses of interval exercise, 

and/or longer duration steady-state exercise known to increase PGC-1α (27, 142, 173) and SIRT3 

(111, 236) protein content to identify if LRP130 expression is altered in response to other 
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exercise protocols, and to confirm the significant correlations we observed between PGC-1α, 

LRP130, and SIRT3 protein in Chapter 5. 

Another common limitation in exercise physiology is the number of time points 

examined due to the invasive nature of the Bergström biopsy technique. Although we did not 

detect changes in LRP130 or SIRT3 mRNA expression following acute SIT, it is possible that we 

may have missed the timing of this response as we only examined changes in mRNA expression 

3 hours post-exercise. Thus, similar to other genes linked to mitochondrial function, LRP130 and 

SIRT3 might have changed later in the post-exercise period (87, 160, 181). Examining the post-

exercise time-course of these genes in greater detail would contribute greatly to our 

understanding of the regulation of exercise-mediated mitochondrial biogenesis in human skeletal 

muscle. In addition, identifying when SIRT3 and LRP130 mRNA expression peak in response to 

exercise would provide important information as to the time point(s) that future exercise studies 

should investigate when examining the expression of these genes. 

6.4 Conclusion 

The overall purpose of this thesis was to examine the regulation of factors which are 

proposed to control skeletal muscle metabolism in humans. Collectively, these studies 

demonstrate that physiological models derived from cells and animals do not always directly 

translate to human physiology. While the benefits and necessity of using cells and animal models 

to investigate human physiology are appreciable, confirming the importance and function of 

proteins in humans is crucial for our basic understanding of human physiology. Too often 

physiological mechanisms are discovered using cellular and animal models; however, these 

findings are not always investigated further in humans. This represents an important knowledge 

gap that physiologists need to address, especially with research that focuses on developing 

pharmacological agents to treat or prevent metabolic disease. 
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Appendix A 

Fasting Ethics Approval 

  
  

QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING  

HOSPITALS RESEARCH ETHICS BOARD  
June 19, 2013  

  

Dr. Brendon Gurd  

School of Kinesiology and Health Studies  

Queen’s University  

  

Dear Dr. Gurd,   

  

Study Title:  The impact of short term fasting on exercise mediated changes in gene transcription 

and fatty acid oxidation.  

Co-Investigators:  Ms. B. Edgett  

Full Board Meeting Date:  May 13, 2013  
  

The members of the Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics 

Board have examined the protocol, peer review, budget, signed directive, muscle biopsy information sheet 

and information/consent form for your project (as stated above) and consider it to be ethically acceptable. 

This approval is valid for one year from the date of this letter. Please attend carefully to the following list of 

ethics requirements you must fulfill over the course of your study:   

  

Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study 

procedures, etc.), you must submit an amendment to the Research Ethics Board for approval.   

  

Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be 

reported within 2 working days or earlier if required by the study sponsor. All other serious adverse events 

must be reported within 15 days after becoming aware of the information.   

  

Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants 

must be reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All 

documents supplied to participants must have the contact information for the Research Ethics Board.   

  

Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's 

signature below), you will be reminded to submit your renewal form along with any new changes or 

amendments you wish to make to your study. If there have been no major changes to your protocol, your 

approval may be renewed for another year.   

Yours sincerely,  

  
Chair, Research Ethics Board  

Study Code: PHE-133-13Romeo #6008549  
Investigators please note that if your trial is registered by the sponsor, you must take responsibility to 

ensure that the registration information is accurate and complete   
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The membership of this Research Ethics Board complies with the membership requirements for Research 

Ethics Boards and operates in compliance with the Tri-Council Policy Statement; Part C Division 5 of the 

Food and Drug Regulations, OHRP, and U.S DHHS Code of Federal Regulations Title 45, Part 46 and 

carries out its functions in a manner consistent with Good Clinical Practices.   

  

Federalwide Assurance Number: #FWA00004184, #IRB00001173  

Current 2013 membership of the Queen's University Health Sciences & Affiliated Teaching Hospitals 

Research Ethics Board:   
  

Dr. A.F. Clark, Emeritus Professor, Department of Biomedical and Molecular Sciences, Queen's 

University (Chair)   
  

Dr. H. Abdollah, Professor, Department of Medicine, Queen's University   

Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University  
  

Dr. C. Cline, Assistant Professor, Department of Medicine, Director, Office of Bioethics, Queen's 

University, Clinical Ethicist, Kingston General Hospital  

Dr. M. Evans, Community Member   

Dr. C. Godfrey, Assistant Professor, School of Nursing, Queen's University  
  

Ms. J. Hudacin, Community Member  

Dr. J. MacKenzie, Pediatric Geneticist, Department of Paediatraics, Queen's University  
  

Mr. D. McNaughton, Community Member  
  

Ms. P. Newman, Pharmacist, Clinical Care Specialist and Clinical Lead, Quality and Safety, 

Pharmacy Services, Kingston General Hospital  

Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research 

Associate, Division of Cancer Care and Epidemiology, Queen's Cancer Research Institute  

Dr. B. Simchison, Assistant Professor, Department of Anesthesiology and Perioperative Medicine, 

Queen's University  
  

Dr. A. Singh, Professor, Department of Psychiatry, Queen's University  

Ms. W. Weisbaum, LL.B. and Adjunct Instructor, Department of Family Medicine (Bioethics)  
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Appendix B 

Acute Exercise Ethics Approval 

  
QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING HOSPITALS  

RESEARCH ETHICS BOARD  

March 28, 2012  

  

Ms. Brittany Edgett  

School of Kinesiology & Health Studies  

Queen’s University  

  

Dear Ms. Edgett,   

  

Study Title: PHE-121-12 Effect of acute exercise on mitochondrial function in young lean and obese 

adults  

Co-Investigators: Dr. B. Gurd  

Full Board Meeting Date:  February 13, 2012  

  

The members of the Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics 

Board have examined the protocol, revised muscle biopsy information sheet and the information/consent 

form for your project (as stated above) and consider it to be ethically acceptable. This approval is valid for 

one year from the date of the Chair's signature below. Please attend carefully to the following list of ethics 

requirements you must fulfill over the course of your study:   

  

Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study 

procedures, etc.), you must submit an amendment to the Research Ethics Board for approval. (see 

http://www.queensu.ca/ors/researchethics/REB.html).   

  

Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be 

reported within 2 working days or earlier if required by the study sponsor. All other serious adverse events 

must be reported within 15 days after becoming aware of the information.   

  

Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants 

must be reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All 

documents supplied to participants must have the contact information for the Research Ethics Board.   

  

Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's 

signature below), you will be reminded to submit your renewal form along with any new changes or 

amendments you wish to make to your study. If there have been no major changes to your protocol, your 

approval may be renewed for another year.   

Yours sincerely,  

  
Chair, Research Ethics Board  

Study Code: PHE-121-12Â  Romeo #6006607  

Investigators please note that if your trial is registered by the sponsor, you must take responsibility to 

ensure that the registration information is accurate and complete   
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The membership of this Research Ethics Board complies with the membership requirements for Research  

Ethics Boards and operates in compliance with the Tri-Council Policy Statement; Part C Division 5 of the 

Food and Drug Regulations, OHRP, and U.S DHHS Code of Federal Regulations Title 45, Part 46 and 

carries out its functions in a manner consistent with Good Clinical Practices.   

  

Federalwide Assurance Number: #FWA00004184, #IRB00001173  

Current 2012 membership of the Queen's University Health Sciences & Affiliated Teaching Hospitals 

Research Ethics Board:   

  

Dr. A.F. Clark, Emeritus Professor, Department of Biochemistry, Faculty of Health Sciences, 

Queen's University (Chair)   

  

Dr. H. Abdollah, Professor, Department of Medicine, Queen's University   

Dr. R. Brison, Professor, Department of Emergency Medicine, Queen's University  

  

Dr. M. Evans, Community Member   

  

Dr. S. Horgan, Manager, Program Evaluation & Health Services Development, Geriatric  

Psychiatry Service, Providence Care, Mental Health Services, Assistant Professor, Department of 

Psychiatry    

Ms. J. Hudacin, Community Member  

Mr. D. McNaughton, Community Member  

  

Ms. P. Newman, Pharmacist, Clinical Care Specialist and Clinical Lead, Quality and Safety, 

Pharmacy Services, Kingston General Hospital  

Dr. W. Racz, Emeritus Professor, Department of Pharmacology & Toxicology, Queen's University  

Ms. S. Rohland, Privacy Officer, ICES-Queen's Health Services Research Facility, Research  

Associate, Division of Cancer Care and Epidemiology, Queen's Cancer Research Institute  

Dr. B. Simchison Assistant Professor, Department of Anesthesiology and Perioperative Medicine, 

Queen's University   

  

Dr. A.N. Singh WHO Professor in Psychosomatic Medicine and Psychopharmacology, Professor of  

Psychiatry and Pharmacology, Chair and Head, Division of Psychopharmacology, Queen's  

University, Director & Chief of Psychiatry, Academic Unit, Quinte Health Care, Belleville General 

Hospital   

  

Dr. E. Tsai Associate Professor, Department of Paediatrics and Office of Bioethics, Queen's 

University   

Dr. E. VanDenKerkhof, Professor, School of Nursing and Department of Anesthesiology and 

Perioperative Medicine 
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Appendix C 

Training Ethics Approval 

QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING  

HOSPITALS RESEARCH ETHICS BOARD  

 

March 22, 2010  

  

 

 

 

Dr. B. Gurd  

School of Kinesiology and Health Studies  

Queen’s University  

  

Dear Dr. Gurd,   

  

Study Title: Effect of exercise at a variety of intensities on mitochondrial  

function in young lean and obese adults  
 

The members of the Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board have 

examined the protocol, questionnaires and the revised consent form for your project (as stated above) and consider it to 

be ethically acceptable. This approval is valid for one year from the date of the Chair's signature below. Please attend 

carefully to the following list of ethics requirements you must fulfill over the course of your study: 

  

 Reporting of Amendments: If there are any changes to your study (e.g. consent, protocol, study procedures, etc.), 

you must submit an amendment to the Research Ethics Board for approval. (see 

http://www.queensu.ca/ors/researchethics/REB.html). 

 

 Reporting of Serious Adverse Events: Any unexpected serious adverse event occurring locally must be reported 

within 2 working days or earlier if required by the study sponsor. All other serious adverse events must be reported 

within 15 days after becoming aware of the information. 

 

 Reporting of Complaints: Any complaints made by participants or persons acting on behalf of participants must 

be reported to the Research Ethics Board within 7 days of becoming aware of the complaint. Note: All documents 

supplied to participants must have the contact information for the Research Ethics Board. 

 

 Annual Renewal: Prior to the expiration of your approval (which is one year from the date of the Chair's signature 

below), you will be reminded to submit your renewal form along with any new changes or amendments you wish to 

make to your study. If there have been no major changes to your protocol, your approval may be renewed for 

another year. 

 

Yours sincerely, 

 

  
 

Study Code: PHE-100-10  

 

 Investigators please note that if your trial is registered by the sponsor, you must take responsibility to 

ensure that the registration information is accurate and complete   

 

  

This Ethics Application was subject to: 

 

☒ Full board Review 

 Meeting Date: Match, 8, 2010 

☐ Expedited Review 

http://www.queensu.ca/ors/researchethics/REB.html
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QUEEN'S UNIVERSITY HEALTH SCIENCES & AFFILIATED TEACHING  

HOSPITALS RESEARCH ETHICS BOARD  

 

 

The membership of this Research Ethics Board complies with the membership requirements for Research Ethics 

Boards as defined by the Tri-Council Policy Statement; Part C Division 5 of the Food and Drug Regulations, 

OHRP, and U.S DHHS Code of Federal Regulations Title 45, Part 46 and carries out its functions in a manner 

consistent with Good Clinical Practices.   

  

Federalwide Assurance Number:  #FWA00004184 

#IRB00001173  

 

 

Current 2009 membership of the Queen's University Health Sciences 

& Affiliated Teaching Hospitals Research Ethics Board 

  

Dr. A.F. Clark,  Emeritus Professor, Department of Biochemistry, Faculty of Health 

Sciences, Queen's University (Chair)   

  

Dr. H. Abdollah   Professor, Department of Medicine, Queen's University   

Rev. T. Deline   Community Member   

 

Dr. M. Evans   Community Member   

  

Dr. S. Irving   Psychologist, Providence Care, St. Mary's of the Lake Hospital Site 

 

Prof. L. Keeping-Burke  Assistant Professor, School of Nursing, Queen’s University 

 

Dr. J. Low  Emeritus Professor, Department of Obstetrics and Gynaecology, Queen's 

University and Kingston General Hospital 

Dr. W. Racz Emeritus Professor, Department of Pharmacology & Toxicology, Queen's 

Dr. B. Simchison Assistant Professor, Department of Anesthesiology, Queen's University   

  

Dr. A.N. Singh WHO Professor in Psychosomatic Medicine and Psychopharmacology, 

Professor of Psychiatry and Pharmacology 

Chair and Head, Division of Psychopharmacology, Queen's University 

Director & Chief of Psychiatry, Academic Unit, Quinte Health Care, 

Belleville General Hospital 

  

Dr. E. Tsai Associate Professor, Department of Paediatrics and Office of Bioethics, 

Queen's University 

Rev. J. Warren Community Member 

Ms. K. Weisbaum  L.L.B and Adjunct Instructor, Department of Family Medicine (Bioethics) 

Dr. S. Wood Director, Office of Research Services (Ex-Officio) 


