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ABSTRACT 

 

Skeletal Muscle Mitochondrial and Cytosolic Metabolic Responses to Dietary and Genetic 

Manipulations  

Jamie Whitfield Advisors: Dr. Graham Holloway 
University of Guelph, 2017 Dr. Lawrence Spriet 
 

 Skeletal muscle relies upon the catabolism of substrates via different metabolic 

pathways to produce ATP to support cellular function. Consequently, the regulation of these 

pathways during exercise is of great scientific interest. This thesis utilized nutritional and genetic 

models to manipulate skeletal muscle metabolism to gain a deeper understanding of the 

downstream implications on ATP production. 

The first study demonstrated that pyruvate dehydrogenase (PDH) contributed to 

metabolic inertia following consumption of a low-carbohydrate, high-fat (LCHF) diet during the 

transition from baseline to moderate-intensity cycling. These data are the first PDH 

measurements within the first 15 s of the work transition, and demonstrated that despite increases 

in intramuscular activators of PDH, the impairment seen at rest following a LCHF diet was 

maintained throughout exercise.  

In the second study, inorganic nitrate in the form of beetroot juice (BRJ) did not improve 

indices of mitochondrial bioenergetics despite decreasing whole-body O2 consumption during 

exercise. Mitochondrial efficiency and coupling were unaltered, and the expression of protein 

targets that could alter membrane potential or mitochondrial ADP supply was unchanged. In 

contrast, BRJ supplementation caused an increase in the propensity for mitochondria to produce 

H2O2.  



	

The third study examined changes in skeletal muscle contractile function to test whether 

the mechanism-of-action of BRJ is increased contractile efficiency. BRJ improved intrinsic 

muscle contractile properties, including rates of force development and relaxation, and increased 

force production at low stimulation frequencies. However, the causes of this improvement 

remain unclear, as cellular redox balance and the expression of proteins associated with calcium 

handling were unaltered.  

The final study utilized a novel genetic knockout model to explore the consequences of 

ablating the Rab GTPase-activating protein TBC1D1 on cellular homeostasis. It was 

demonstrated that TBC1D1 is required for contraction-, but not insulin-mediated GLUT4 

translocation, and deletion of this protein decreases exercise tolerance. Consequently, these 

animals rely more on fatty acid oxidation, which may be supported by an increase in 

mitochondrial function.  

Altogether, this thesis provides novel insights into the control of skeletal muscle metabolism 

following nutritional and genetic interventions, and develops our understanding of the regulation 

of substrate provision and cellular energy production. 
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1.1 Introduction 

 Skeletal muscle has an impressive capacity to adapt and respond to different 

metabolic challenges. Key to this adaptation is the ability to harness the catabolism of 

fuel, including lipids and carbohydrates, to the production of reducing equivalents and 

adenosine triphosphate (ATP) through a variety of metabolic pathways. These pathways 

are highly regulated, and alterations in diet and exercise can result in modifications in the 

delivery, uptake, and utilization of substrate for energy production within muscle. The 

understanding of these pathways, both in isolation and the interactions between them, is 

therefore critical for targeting interventions that can improve outcomes along the 

spectrum of health – from pathology to performance.  

 Consequently, this thesis has broadly focused on different nutritional and genetic 

models that affect either the delivery, production, or utilization of substrate and ATP. The 

following review will provide background on the key steps of the energy production 

pathways involved in the metabolism of both carbohydrate and lipids - from skeletal 

muscle uptake to ATP production within the mitochondria. It will also highlight how the 

aforementioned models utilized in this thesis can influence these pathways at key 

regulatory steps, and the resultant changes in exercise capacity and/or performance.  

 

1.2 ATP Turnover 

  Skeletal muscle contraction is initiated through what is known as excitation-

contraction coupling. Briefly, an action potential is transmitted from the central nervous 

system to the muscle via motor neurons, and is transmitted across the neuromuscular 

junction causing a localized depolarization due to opening of sodium (Na+) and 

potassium (K+) channels. This depolarization is propagated across the sarcolemma, and 
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into the interior of the myofibril via the transverse tubules (t-tubules); ultimately resulting 

in the activation of the dihydropyridine receptor (DHPR) and the ryanodine receptor 

(RyR) (1), and calcium (Ca2+) efflux from the sarcoplasmic reticulum (2). It is this Ca2+ 

release that regulates muscle contraction, as its binding to the regulatory subunit troponin 

C initiates a signal that induces a conformational change within the tropomyosin 

complex, removing the inhibitory subunit (tropomyosin I) (3) and allowing myosin head 

regions to bind to actin binding sites (4). Hydrolysis of ATP by the actomyosin ATPase 

and the subsequent swinging action of the myosin head can then generate the relative 

movement of the actin and myosin filaments (known as the sliding filament theory), thus 

shortening the sarcomere and generating force.  

During exercise, the largest sources of energy consumption are these actomyosin 

ATPases, the sarcoplasmic reticulum ATPases (SERCA) (5), which pump Ca2+ back into 

the sarcoplasmic reticulum to facilitate relaxation of the sarcomeres and prepares the 

muscle for subsequent contractions (6), as well as the Na+/K+-ATPases, which help 

restore sarcolemmal and t-tubule membrane potential (5). Critically, the action of these 

proteins gives rise to an increased in free adenosine diphosphate (ADPf), a molecule that 

is responsible for coordinating the activation and upregulation of numerous metabolic 

pathways involved in ATP production, and is the primary driver of mitochondrial 

respiration (7, 8). ATP is often viewed as the “currency” required to fuel skeletal muscle 

contraction, and therefore a great deal of research has been generated examining the 

various regulatory points in its production, and how this is altered by various 

interventions or pathologies.  
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1.3 Pathways of Energy Production 

Skeletal muscle is unique amongst tissues in the body in its range of metabolic 

activity, with ATP turnover increasing up to 100-fold over rest during maximal exercise 

(9, 10). To meet this increased demand, several energy pathways contribute to both 

substrate-level and oxidative phosphorylation to replenish the ATP store from ADP and 

inorganic phosphate (Pi). The relative contribution of each phosphorylation system is 

dictated by changes in the relative intensity and duration of exercise (highlighted in 

Figure 1.1, taken from (11)). During the onset of exercise, as well as short, maximal 

efforts (<60 s), substrate phosphorylation dominates. The majority of the energy 

produced is via the breakdown of phosphocreatine (PCr), and via “anaerobic” glycolysis 

– the breakdown of glucose units from endogenous intramuscular glycogen to lactate – as 

well as utilization of the small amount of ATP stored intramuscularly (9).  

 

Figure 1.1. Change in the reliance of skeletal muscle on different substrates relative to changes in 
exercise intensity and energy expenditure. Taken from (11) 
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During more prolonged exercise, the muscle shifts reliance to oxidative 

metabolism within the mitochondria, with substrate coming from both carbohydrate and 

lipid stores (Figure 1.2). The relative contribution of these substrates to oxidative 

metabolism is primarily determined by exercise intensity and duration (11, 12), with 

shifts to a higher intensity promoting increased reliance on carbohydrate with a 

concomitant decrease in fat utilization. While both carbohydrate and lipid metabolism 

utilize distinct metabolic pathways, they both culminate in the formation of Acetyl-

Coenzyme A (Acetyl-CoA) and the subsequent entry into the tricarboxylic acid (TCA) 

cycle for the production of reducing equivalents (nicotinamide adenine dinucleotide 

(NADH) and flavin adenine dinucleotide (FADH2)) and ultimately ATP in the electron 

transport chain (ETC). Furthermore, both pathways rely on the provision of endogenous 

and exogenous substrate, resulting in regulation on intramuscular delivery, uptake and 

breakdown. This regulation will be discussed in the following sections in isolation, 

followed by the interaction and reciprocal relationship displayed during exercise.           
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Figure 1.2. Overview of skeletal muscle metabolism.	During exercise, skeletal muscle relies on both 
exogenous and endogenous sources of lipid (plasma FFA and IMTG, respectively) and carbohydrate 
(plasma glucose and glycogen, respectively) for energy production via mitochondrial oxidative 
phosphorylation. Both pathways rely on protein-mediated transport for exogenous substrate into the 
cytoplasm, utilizing glucose transporter 4 (GLUT4) as well as a family of fatty acid transporters (example 
used above, fatty acid translocase/CD36 (FAT/CD36)). Highlighted are key regulatory enzymes in the 
carbohydrate metabolic pathway resulting in ATP and reducing equivalent production/consumption 
including glycogen phosphorylase (PHOS), hexokinase (HK), phosphofructokinase (PFK), lactate 
dehydrogenase (LDH), and pyruvate dehydrogenase (PDH). Lipid metabolism is more heavily regulated by 
transport into the mitochondria. Free fatty acids (FFA) taken up from plasma or liberated from IMTG by 
adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL), are converted to fatty Acyl-CoA 
by Acyl-CoA synthase (ACS), and subsequently moved across the mitochondrial membranes by the 
carnitine palmitoyltransferase complex, consisting of carnitine palmitoyltransferase (CPT-I), carnitine 
acylcarnitine transferase (CACT), and CPT-II.  

	

1.3.1 Regulation of Skeletal Muscle Glucose Uptake  

 During exercise, skeletal muscle relies on both glucose produced via the 

breakdown of endogenous glycogen stores, as well as the uptake of blood glucose (Figure 

1.2). As intramuscular stores of glycogen become depleted during prolonged exercise, the 

contribution of blood glucose produced via liver glycogen breakdown to overall 

carbohydrate oxidation increases, and may reach 100% (12, 13). Skeletal muscle glucose 

in vivo uptake occurs by facilitated diffusion, which has three potential sites of 

regulation: glucose delivery, transport across the sarcolemma, and the ensuing flux 
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through metabolic pathways (13). From a skeletal muscle perspective, it is believed that 

transport is the limiting step in glucose uptake at rest, as the muscle relies on facilitated 

diffusion through glucose transporter (GLUT) type 1, which has relatively low 

expression, while GLUT4 is predominantly sequestered in intracellular storage vesicles 

(reviewed in (14)). However, during exercise the translocation of GLUT4 to the 

sarcolemma and the increase in blood flow to skeletal muscle (15) effectively removes 

the barrier of delivery and transport, suggesting that during intense exercise 

phosphorylation of glucose by hexokinase (HK) may become a limiting factor (16, 17).  

 The molecular events underlying intracellular GLUT4 trafficking are complex 

and not fully understood, however several studies have shown that GLUT4 vesicle 

translocation to the sarcolemma can be induced by both insulin and contraction utilizing 

two separate, but additive mechanisms (18–21) that converge at a downstream nexus. The 

role of insulin signalling and GLUT4 trafficking have been reviewed extensively 

elsewhere (22, 23), and therefore will not be discussed in great detail here. Briefly, the 

canonical insulin-signalling pathway is initiated by the binding of insulin to the insulin 

receptor tyrosine kinase, which leads to the tyrosine phosphorylation of insulin receptor 

substrate proteins (IRS), recruitment of phosphatidylinositol 3-kinase (PI3K), and the 

sequential generation of the second messenger PI-3,4,5-triphosphate. This ultimately 

results in the phosphorylation and subsequent activation of protein kinase B (also known 

as Akt), which has been shown to be necessary for directing GLUT4 to the plasma 

membrane in response to insulin stimulation (Figure 1.3) (24–26).  

 Contraction-mediated GLUT4 translocation acts through an Akt-independent 

mechanism, as the proximal insulin-signalling cascade is not ordinarily activated and 
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only displays a minor and transient activation during very intense skeletal muscle 

contractions (27). Early studies in frog sartorius muscle incubated with caffeine 

suggested that membrane depolarization was not required for glucose uptake, only Ca2+ 

release (28). However, subsequent work has shown that even in the absence of apparent 

contraction, incubation of muscle with caffeine induces nucleotide turnover and increased 

activation of 5' AMP-activated protein kinase (AMPK), a cellular energy sensor (29). It is 

therefore likely that the increase in cytosolic Ca2+ caused an increased cellular demand 

for ATP due to increased SERCA activity. Recent work utilizing a muscle specific 

knockout (KO) of both b-subunits of AMPK in mice has highlighted the importance of 

this kinase signalling cascade for glucose uptake (30).When AMPK activity in these mice 

is decreased to negligible levels, glucose uptake during contraction in vitro as well as 

during running is decreased by ~50% in oxidative muscle, and by ~70% in glycolytic 

muscle (30). 

 While the downstream targets of the insulin and contraction signalling cascades 

have not been fully elucidated, it is currently believed that they converge on members of 

the Tre-2, BUB2, CDC16, 1 domain family (TBC1) (Figure 1.3). These proteins are 

functional Rab GTPase activating proteins (GAP) and belong to the Ras superfamily of 

monomeric G-proteins (31). These proteins are responsible for the regulation of 

numerous membrane trafficking events, including vesicle formation and movement (32). 

In the context of glucose uptake, two members of this protein family, TBC1D1 and 

TBC1D4 (also known as Akt substrate of 160kDa or AS160) are believed to prevent 

GLUT4-containing vesicle translocation to the cell membrane by maintaining target Rabs 

in their inactive GDP-bound state (33). Phosphorylation of specific residues on these 
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proteins in response to insulin (34, 35) or contraction (36–38) leads to sequestration by a 

molecular adaptor protein, 14-3-3, and prevents their interaction with target Rabs, and 

thus the inhibition of Rab-GTPase GDP-to-GTP cycling (39–42). 

While TBC1D1 and TBC1D4 are 61% identical over their entire protein 

sequence, their Rab GAP domains are 91% similar and have the same Rab substrate 

specificity (43) suggesting they are involved in similar vesicle trafficking. However, the 

exact role of TBC1D1 in intracellular GLUT4 in this regard remains unclear. Early work 

utilizing 3T3-L1 adipocyte and L6 muscle cell line models demonstrated that ablation of 

TBC1D1 led to increased insulin-stimulated GLUT4 translocation (44), while 

overexpression inhibited it (43, 45), lending support to its proposed role as a negative 

regulator of GLUT4 trafficking. However, these findings have not translated well to 

rodent models, where results are conflicting.  In both congenic mice lacking TBC1D1 

and traditional KO models, there is no difference in whole body glucose or insulin 

tolerance, yet the in vivo insulin-stimulated muscle glucose uptake is impaired (46, 47).  

Interestingly, TBC1D1 ablation in vitro and in vivo increases fatty acid oxidation 

(47, 48) and conversely, overexpression of TBC1D1 reduces skeletal muscle palmitate 

oxidation (48, 49). However, these studies are confounded by the fact that the mouse 

models utilized display an ~50% reduction in total GLUT4 protein, which by itself has 

been shown to impair in vitro glucose uptake without altering whole body glucose 

tolerance, and increase reliance on alternative substrates (50). Therefore, the 

demonstrated decrease in glucose transport in TBC1D1 deficient mice is likely the result 

of the reduction in GLUT4 protein content, making it difficult to interpret the functional 

role of TBC1D1 with respect to intracellular trafficking. 
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Figure 1.3. Intramuscular signalling leading to vesicle-bound GLUT4 translocation.	Glucose 
transporter 4 (GLUT4) is sequestered in intracellular storage vesicles that translocate to the sarcolemma in 
response to insulin and contraction-mediated stimulation. Members of the Tre-2, BUB2, CDC16, 1 domain 
family (TBC1), TBC1D1 and TBC1D4 (aka AS160) are functional Rab (Ras homologous from brain) 
GTPase activating proteins (GAPs), and prevent target Rabs from converting from their inactive GDP-
bound state, to an active GTP-bound state. These GAPs are proposed to be the downstream nexus 
connecting the insulin and contraction signalling cascades, and can be phosphorylated by either Akt2 (aka 
protein kinase B) or 5' AMP-activated protein kinase (AMPK). This results in their binding to a 14-3-3 
adaptor protein, which prevents their interaction with target Rabs, facilitating their conversion to an active 
GTP-bound state, and subsequently promoting intracellular vesicle trafficking.  

 
In order to circumvent this issue, An et al. (51) utilized in vivo gene injection and 

electroporation in mice to overexpress both wild-type and mutant constructs of TBC1D1 

that were incapable of being phosphorylated. They demonstrated that, in the absence of 

changes of GLUT4 content, mutation to four conserved TBC1D1 phosphorylation sites 

decreased only contraction-, not insulin-mediated glucose uptake. These findings are 

supported by recent evidence in humans that TBC1D4 is more responsive to insulin than 

TBC1D1 (52), and only contraction, but not insulin, induces 14-3-3 binding to TBC1D1 

(42). Taken together, this suggests that while there may be some redundancies between 
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TBC1D1 and TBC1D4, they represent the terminus of the two separate upstream 

signalling cascades. However further work is required to confirm these findings. 

 

1.3.2 Regulation of Skeletal Muscle Carbohydrate Metabolism 

Carbohydrate oxidation utilizes glucose as substrate for the production of ATP 

(Equation 1), which is stored in the body as glycogen, a glucose polymer, in both liver 

and skeletal muscle. 

𝐶$𝐻&'𝑂$ + 6	𝑂' + 32	 𝐴𝐷𝑃 + 𝑃𝑖 → 6	𝐶𝑂' + 32	𝐴𝑇𝑃 + 38	𝐻'𝑂   

Equation 1. Complete oxidation of plasma-derived glucose for ATP production, assuming 

an ATP yield of 2.5 per molecule of NADH, and 1.5 per molecule of FADH2.  

 At the onset of exercise and at higher intensities skeletal muscle glycogen is the 

dominant source of substrate, while during more prolonged exercise of low to moderate 

intensities, muscle relies more heavily on plasma-derived glucose produced via liver 

glycogen breakdown which is taken up by the muscle as outlined in the previous section 

(12).  

Flux through the carbohydrate oxidation pathway is regulated by the enzymes 

glycogen phosphorylase (PHOS), phosphofructokinase (PFK), and pyruvate 

dehydrogenase (PDH). PHOS is considered the rate-limiting step for the breakdown of 

glycogen, or glycogenolysis, during which one glucose molecule is cleaved and liberated 

from glycogen in the form of glucose-1-phosphate (G-1-P) (53). This enzyme exists in 

both a phosphorylated and constitutively active form (PHOS a), and a non-

phosphorylated, less active form (PHOS b) and is subject to both covalent and allosteric 

regulation (54). At the onset of exercise, increased intracellular Ca2+ concentrations 
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facilitate the conversion of PHOS to its more active a form by increasing the activity of 

phosphorylase kinase (55), therefore setting the upper limit for glycogenoyltic flux, with 

elevated epinephrine and cAMP concentrations also promoting PHOS activation (56). 

Thereafter, the concentrations of allosteric activators (AMP, ADPf, IMP), inhibitors (H+, 

the end-product glucose-6-phosphate (G-6-P)), and substrate (glycogen, Pi) “fine-tune” 

the enzymatic flux based on the energy state of the cell (9, 57, 58). Specifically, AMP is 

required for the activation of PHOS b and to a lesser extent PHOS a (59, 60), and 

decreases the Km of both isoforms for the substrate Pi (58, 61). PHOS b is inhibited by 

both ATP and G-6-P, with the later potentially overriding the positive allosteric effects of 

AMP during intense exercise (9), but they have little or no effect on the activation of 

PHOS a (61). Furthermore, the accumulation of H+ and subsequent decrease in 

intracellular pH may also prevent the conversion to the more active PHOS a (55), 

potentially due to inhibition of PHOS kinase (62). Critically however, it appears that the 

activation of PHOS is far in excess of calculated flux during exercise at sub-maximal 

workloads (57), indicating it is likely not rate-limiting for overall oxidative ATP 

production.  

 Following the conversion of glucose to G-1-P by PHOS, it is converted to G-6-P 

by phosphoglucomutase, and subsequently to fructose-6-phosphate (F-6-P) by 

phosphoglucose isomerase – which is the substrate for the non-equilibrium regulatory 

enzyme PFK. The major regulator of this enzyme is ATP, which serves a dual role as 

both substrate by binding to the active site, and an allosteric inhibitor by binding to a 

regulatory site (reviewed in (15)). Citrate and H+ also play a role in inhibiting PFK by 

potentiating the binding of ATP to the regulatory site. During exercise however, the 
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accumulation of positive modulators ADPf, AMP, and Pi decrease this binding, therefore 

increasing enzymatic flux (64). Furthermore in vitro studies have shown that 

concentrations of citrate similar to those produced during both moderate (40-65% 

VO2peak) and intense (75-85% VO2peak) exercise had little effect on enzymatic activity, 

indicating the inhibitory role of citrate on PFK is most potent at rest (65).  

Following the production of fructose-1-6 biphosphate by PFK, carbohydrate 

derived substrates can be further metabolized through glycolysis for the production of 

ATP, reducing equivalents (NADH) and pyruvate. There are several potential fates for 

pyruvate, including conversion to lactate in a near-equilibrium reaction catalyzed by 

lactate dehydrogenase, and transport across the mitochondrial membrane for the 

oxidative decarboxylation to Acetyl-CoA via PDH. Additionally, during the onset of 

exercise pyruvate may combine with glutamate to form 2-oxoglutarate and alanine via the 

alanine aminotransferase reaction, however this accounts for a relatively small proportion 

of pyruvate disposal (66, 67). The equilibrium constant of the LDH reaction strongly 

favours the formation of lactate (68), so during the onset of exercise where the activation 

of aerobic ATP-producing pathways is slower than the rate of pyruvate production (57), 

or during intense exercise when glycolytic flux and pyruvate production is far in excess 

of what can be handled aerobically (57, 69, 70), lactate is formed to regenerate NAD+ and 

to remove back-inhibition of glycolysis, allowing for continued ATP production.  

During aerobic exercise, PDH represents the rate-limiting step for entry of 

carbohydrate-derived substrate into the mitochondria and the subsequent production of 

reducing equivalents by the TCA cycle and ATP by the ETC (71). PDH is a multienzyme 

complex located within the matrix of the mitochondria, and is composed three catalytic 
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enzymes: pyruvate dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2), and 

dihydrolipoamide dehydrogenase (E3) (72). The activity of PDH is covalently regulated 

by reversible phosphorylation of the E1a subunit and is catalyzed by a family of intrinsic 

PDH kinases (PDK), which phosphorylate and inactivate the complex, and PDH 

phosphatases (PDP), which dephosphorylate and thus activate the complex (73) (Figure 

1.4).  

 
Figure 1.4. Regulation of the pyruvate dehydrogenase (PDH) complex. PDH exists in two forms, an 
active a form, and an inactive b form. Conversion between the two forms is covalently regulated via the 
reversible phosphorylation of its E1a subunit catalyzed by a family of kinases (pyruvate dehydrogenase 
kinase, PDK) that phosphorylate and inactive the complex, and phosphatases (pyruvate dehydrogenase 
phosphatase, PDP), which dephosphorylate and active the complex. Highlighted are the positive and 
negative allosteric regulators of the various PDK and PDP isoforms. 

 
There are four known isoforms of PDK in humans (PDK 1-4), which display different 

sensitivity to regulation through allosteric inhibition by the substrate pyruvate, and 

activation by changes in energy state (ATP/ADP), redox potential (NADH/NAD+) and 

the ratio of Acetyl-CoA to CoASH (74). In contrast, there are only two isoforms of PDP; 

PDP1 which contains both a catalytic and regulatory subunit and is principally activated 

by an increase in intracellular Ca2+, and PDP2 which contains only a catalytic subunit and 

is activated by an increase in insulin levels (75).  
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The E1a subunit contains three phosphorylation sites which are phosphorylated at 

different rates and with different specificity to each of the four PDK isoforms (76, 77). 

Critically, the phosphorylation sites appear to be targeted sequentially, with site 1 

preferentially phosphorylated, thereby inactivating the complex, followed by sites 2 and 

3, which serves to hinder subsequent activation by PDP (78). PDK1 is capable of 

phosphorylating all three phosphorylation sites, but PDK2 and PDK4, the other two 

dominant isoforms in skeletal muscle, are only capable of phosphorylating sites 2 and 3 

(reviewed (72)). In contrast, both PDP isoforms are capable of dephosphorylating all 

sites. 

At rest, where pyruvate levels are assumed to be low, high levels of ATP, Acetyl-

CoA and NADH stimulate PDK, ensuring PDH is predominantly in the inactive b form. 

However, with exercise, rapidly increasing intracellular Ca2+ levels activate PDP1 (75), 

resulting in the transformation of the PDH complex into the active a form. Importantly, 

estimates of PDH flux, and therefore carbohydrate oxidation, correspond closely with 

PDH activity, with increases in power output or intensity matched proportionally by PDH 

activation in a well fed individual (57, 79). Seminal work by Howlett et al. (57) 

demonstrated this relationship by examining PDH activation and calculated flux at three 

representative power outputs: 30, 65, and 90% VO2peak. In this study, PDH activity 

increased above rest following 1 min of exercise at all power outputs, with a proportional 

increase in activity at 65 and 90% VO2peak relative to 35%. Furthermore, maximal activity 

was achieved within the first minute of exercise in the two lower intensities, with 90% 

VO2peak only displaying a further significant increase in activity by 10 min due to a drift 

in VO2. (57). Enzymatic flux mirrored this increase in catalytic activity, with the authors 
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postulating that the feed-forward effect of intracellular Ca2+, as well as the feed-back 

effect of  increased pyruvate concentrations, were the two most potent regulators of PDH 

activation, thus dictating the rate of provision of carbohydrate-derived substrate for the 

TCA cycle (57).  

Further evidence for the role of PDH as a rate-limiting enzyme in carbohydrate 

metabolism comes from work utilizing the pharmacological agent dichloroacetate (DCA), 

which maximally activates PDH by inhibiting PDK (80). Infusion of 100 mg/kg DCA 

produced resting PDH activity levels equal to those seen during maximal exercise. 

During exercise, the increase in PDH activity led to a concomitant decrease in PCr 

breakdown, glycogenolytic flux, and lactate and Pi production during 10 min of leg 

cycling at 65% VO2peak (81). This is indicative of increased substrate availability for 

oxidative phosphorylation (Acetyl-CoA), and therefore better matching of energy 

production to utilization during the onset of exercise. When DCA is administered before 

exercise in hypoxic conditions, lactate production and substrate-level phosphorylation 

were also decreased (82). A similar effect can be seen by utilizing a priming bout of prior 

heavy exercise. Gurd et al. demonstrated that in both young and old adults, PDHa was 

elevated during the transition to moderate intensity exercise when preceded by a prior 

bout exercise (83, 84). The authors attributed this to increased substrate delivery to 

support oxidative phosphorylation, ultimately resulting in a decreased reliance on 

substrate-level phosphorylation and a faster adjustment of phase II pulmonary O2 uptake 

(VO2p). Altogether, these studies provide further evidence that metabolic inertia, and the 

provision of substrate through PDH is a key limiting factor for the rate of oxidative ATP 

production, even in situations where O2 is limiting. 
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1.3.3 Regulation of Skeletal Muscle Lipid Metabolism  

 In contrast to carbohydrate metabolism which has been extensively researched 

and well-characterized, much less is known about lipid metabolism. However, in the last 

~20 years, there has been an increased focus on elucidating the regulatory points in the 

oxidation of this important fuel source. Much like carbohydrate metabolism, the 

oxidation of lipids in skeletal muscle relies on both endogenous (intramyocellular 

triacylglyercol (IMTG)) and exogenous (adipose-derived free fatty acid (FFA)) stores as 

sources of substrate. Therefore, both the carbohydrate and fat metabolic pathways share 

similar potential sites of regulation, namely mobilization and delivery of exogenous 

substrate, transport across the sarcolemmal membrane and into the myocyte, regulation of 

enzymes involved in the breakdown of endogenous substrate, and finally transport into 

the mitochondria. 

 In humans, there a vast amount of energy stored as fatty acids (~100 000 kcal) 

compared to carbohydrate (~600 kcal), with the majority of it being in adipose tissue 

(85). It is also an incredibly energy dense tissue, yielding greater energy production per 

unit mass (~9 kcal·g-1 for fatty acids vs. ~4 kcal·g-1 for glucose), albeit at a greater 

oxygen cost (Equation 2). 

𝐶&$𝐻5'𝑂' + 23	𝑂' + 106	 𝐴𝐷𝑃 + 𝑃𝑖 → 16	𝐶𝑂' + 106	𝐴𝑇𝑃 + 122	𝐻'𝑂 

Equation 2. Complete oxidation of representative LCFA (palmitic acid) for ATP 

production, assuming an ATP yield of 2.5 per molecule of NADH, and 1.5 per molecule 

of FADH2. 
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  In sedentary to recreationally active individuals, lipids are therefore heavily relied 

upon during low- to moderate-intensity exercise, with its contribution to overall energy 

production peaking at ~65% VO2peak (86). At these exercise intensities, provision of FFA 

to the muscle occurs primarily by lipolysis in adipose tissue, which may increase 3-fold 

above rest during prolonged exercise (87). Breakdown of triacylglycerol in adipose and 

its regulation has been reviewed previously, and therefore will not be discussed in great 

detail here (88, 89). Briefly, the increase in the catecholamines norepinephrine and 

epinephrine during exercise, as well as the decrease in circulating insulin levels triggers 

an increase in intracellular cAMP concentration which activates protein kinase A (PKA), 

and subsequently results in the activation of ATGL by unknown mechanisms (90), and 

phosphorylation and activation of hormone-sensitive lipase (HSL) (88). The net result of 

this cascade is the liberation of FFA and glycerol from a triacylglycerol backbone, which 

can then be released by the adipose tissue into circulation for delivery to the muscle.  

 During low- to moderate-intensity exercise, the blood flow to adipose increases, 

while the rate of triacylglycerol reesterification decreases (12, 87) resulting in a net 

increase in plasma FFA concentration. When coupled with the drastic increase in muscle 

blood flow during exercise (15), this results in a substantial increase in the delivery of 

substrate to working muscle. Classically, it was believed that FFA could enter the cell by 

simple diffusion as a result of the lipid soluble nature of fatty acids (91). However, in 

1991, experiments performed by Turcotte et al. utilizing perfused rat hindquarter showed 

that the rate of fatty acid transport into muscle obeyed saturation kinetics similar to those 

in other protein-mediated transport systems (92). However, a limitation of these early 

studies was that measurement of FFA uptake occurred concurrently with FFA 
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metabolism. Thus, the saturation kinetics may have reflected limitations in intracellular 

metabolism rather than transport across the membrane.  Researchers have been able to 

circumvent this limitation through the development of the giant sarcolemmal vesicle 

(GSV) preparation, which facilitates the examination of transport across isolated 

membranes that are orientated right side out, and in the absence of metabolism, as they 

are devoid of mitochondria (93).  Through the utilization of this preparation, it has been 

demonstrated that integral membrane proteins are responsible for skeletal muscle uptake 

of FFA (94, 95). This has subsequently led to the identification of several different fatty 

acid transport proteins, including fatty acid translocase/CD36 (FAT/CD36), plasma 

membrane associated fatty acid binding protein (FABPpm), as well as selected members 

of the family of fatty acid transport proteins (FATP1 and -4) (96, 97).  

Recent work has highlighted that of these proteins, FATP4 and FAT/CD36 

possess the highest capacity for fatty acid transport, and therefore represent novel 

candidates for regulatory points in lipid metabolism (97). Currently, much more is known 

about FAT/CD36, largely owing to work utilizing the inhibitor sulfo-N-succinimidyl 

oleate (SSO) and genetic FAT/CD36 KO models showing decreased fatty acid oxidation 

when this protein is inhibited or ablated (98, 99). Interestingly, fatty acid transporters 

including FAT/CD36 have been shown to translocate from intracellular vesicles to the 

sarcolemma (99–101). Moreover, they also respond to similar metabolic stimuli as 

GLUT4, as both insulin (100, 102, 103) and contraction (99, 103) have been shown to 

induce translocation of fatty acid transporters to the sarcolemma, in a process mediated 

by Akt2 (104) and AMPK (101). In work done by Jain et al. (104), knocking out Akt2 

prevented insulin-stimulated TBC1D4 phosphorylation, and subsequent translocation of 
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GLUT4 as well as FAT/CD36 and FATP1. These findings suggest inhibition of Rab 

GAPs may also be required for translocation of vesicles containing fatty acid 

transporters, although further work in this area is required. However, unlike traditional 

carbohydrate transporters, the mechanism of action for fatty acid transporters after 

translocation is unclear, as they do not create a pore for the passage of substrate 

(reviewed in (105)). It has been proposed that instead, FAT/CD36 has a hairpin loop that 

projects into the interstitial space, and therefore interacts with albumin-bound long-chain 

fatty acids (LCFA) in plasma. This promotes delivery of LCFA by facilitating their 

insertion into the plasma membrane, which ultimately increases the rate of flip-flop and 

delivery of LCFA into the sarcoplasm for subsequent transport to the mitochondria (106). 

In addition to translocating to the plasma membrane, FAT/CD36 has also been 

found on the outer mitochondrial membrane of skeletal muscle (107, 108), where it had 

been hypothesized to influence entry of LCFA into the mitochondria and subsequent 

oxidation (109–111). This hypothesis was proven in a series of experiments by Smith et 

al. who demonstrated that FAT/CD36 was located on the outer mitochondrial membrane 

upstream of long-chain acyl-CoA synthase (ACS), and in FAT/CD36 KO animals, 

mitochondrial palmitate oxidation was decreased by 34% (108). These authors proposed 

that FAT/CD36 plays a similar role on the mitochondrial membrane as on the 

sarcolemma, in that it accepts LCFA from cytosolic FABP, facilitating the delivery of 

substrate for ACS and thereby increasing enzymatic flux. This would therefore increase 

delivery of fatty Acyl-CoA to carnitine palmitoyltransferase (CPT-I), part of the carnitine 

palmitoyltransferase complex which also consists of carnitine acylcarnitine transferase 

(CACT), and CPT-II (Figure 1.2).  
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 CPT-I is an integral membrane protein that spans the outer mitochondrial 

membrane and catalyzes the conversion of long-chain fatty Acyl-CoA to long-chain fatty 

acylcarnitine, regenerating CoASH in the process, and is often considered the rate-

limiting step in the transfer of LCFA into the mitochondria. It is subject to inhibition by 

malonyl-CoA (M-CoA), the product of the Acetyl-CoA Carboxylase reaction, however 

maximal inhibition by M-CoA is only ~50% (112, 113), and this is further decreased in 

the presence of increasing substrate concentrations (113), and following prolonged 

exercise (114), possibly due to phosphorylation via upstream signalling cascades (115). 

Fatty Acyl-CoA is converted to fatty acylcarnitine, transported across the outer and inner 

mitochondrial membrane by CACT before finally being converted back to a fatty Acyl-

CoA by CPT-II within the mitochondrial matrix (116, 117) at which point is can be 

broken down to Acetyl-CoA subunits via b-oxidation for entry into the TCA cycle.  

 

1.3.4 Carbohydrate and Fat Interactions During Exercise 

 Both carbohydrate and fat are important substrates for energy production via 

oxidative phosphorylation. However, neither fuel source is used in isolation, rather they 

display a reciprocal relationship in which an increase in utilization of one fuel source 

results in a concomitant decrease in the other provided the demand for energy is constant. 

The first evidence of the reciprocal nature of carbohydrate and lipid fuel interactions 

came from seminal work by Krogh and Lindhard, who demonstrated that fuel utilization 

could be calculated by the respiratory quotient (VCO2/VO2) during exercise, and shifted 

to increased carbohydrate utilization at higher workloads (118). In support of this, early 

in vitro work by Randle and colleagues in contracting rodent heart and diaphragm muscle 
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(119–121) culminated in the creation of the concept of the so-called glucose-fatty acid 

cycle (also known as the Randle Cycle). Under this theory, an increase in FFA content 

would increase fat oxidation, increasing the muscle citrate and Acetyl-CoA content, 

resulting in the subsequent inhibition of PFK and PDH, respectively. Thus, the relative 

utilization of fat and carbohydrate would be determined primarily by the availability of 

FFA as substrate. However, subsequent studies have failed to prove this cycle exists in 

contracting human skeletal muscle (11, 12, 122, 123). During exercise, shifts in fuel 

utilization are driven primarily by changes in the intracellular and extracellular 

environments as a result of changes in exercise intensity and duration. This ultimately 

results in allosteric and covalent modifications of the rate-limiting steps in both the lipid 

and carbohydrate metabolic pathways as outlined in the above sections.  

Furthermore, while blood flow to adipose tissue, and thus delivery of FFA to 

muscle, would be expected to decrease during high-intensity exercise, the decrease in fat 

oxidation seen during exercise has been partially reproduced even in the face of 

artificially maintained circulating FFA levels (122, 123). Similarly, pharmacological 

suppression of lipolysis via the administration of nicotinic acid has been demonstrated to 

have no effect on whole-body carbohydrate oxidation during high-intensity exercise 

(~78% VO2 peak) in humans (124). Taken together, this would therefore indicate that 

something other than substrate availability alone is responsible for regulating shifts in 

fuel metabolism.  One such possibility is impaired uptake of FFA into the muscle. Work 

by Sidossis et al. (125) has shown that during high-intensity exercise (80% VO2 peak), 

uptake and oxidation of LCFA but not medium chain fatty acids (MCFA) is impaired. As 

MCFA enter the mitochondria independently of the carnitine transport system (126), the 
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authors hypothesized that regulation of the delivery and subsequent oxidation of LCFA 

may lie at the level of CPT-I. In support of this, a decrease in pH from 7.0 to 6.8 has been 

reported to decrease ex vivo CPT-I activity by ~40% in both trained and untrained human 

subjects (127), which is in agreement with the decrease in fat metabolism seen during 

moderate and intense aerobic exercise. Furthermore, during periods of increased 

metabolic flux, such as during exercise, production of Acetyl-CoA via both the PDH 

reaction and b-oxidation may outstrip its rate of utilization by the TCA cycle. In order to 

maintain a viable pool of free CoASH, carnitine buffers this excess production of acetyl 

groups, producing acetylcarnitine in a reaction catalyzed by carnitine acetyltransferase 

(CAT). During the first few minutes of high-intensity exercise, the percent of free 

skeletal muscle carnitine drops ~55%, almost entirely due to formation of acetylcarnitine 

(128). This may impair the CPT-I reaction as a result of the decrease in carnitine as 

substrate for the CPT-I reaction, and may be another mechanism to explain the decreased 

transport into the mitochondria and subsequent oxidation of LCFA during exercise (11, 

129, 130).  

 

1.4 Overview of Mitochondrial Bioenergetics  

 Mitochondria are often referred to as the “powerhouse of the cell” due to their 

ability to generate large amounts of ATP through oxidative phosphorylation. This 

represents the terminal fate for the metabolism of both carbohydrate and lipids, as acetyl 

groups produced via either PDH or b-oxidation enter the TCA cycle (reviewed in (131)) 

for the production of reducing equivalents (NADH and FADH2). Mitochondria exist in 

two regionally distinct, heterogeneous subfractions with contrasting cellular function. 
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Subsarcolemmal (SS) mitochondria are located near the sarcolemmal membrane and due 

to this subcellular location, are believed to primarily provide ATP for membrane function 

(e.g. ion transport). In contrast, intermyofibrillar (IMF) mitochondria are located between 

myofibrils, and thus provide ATP to facilitate contraction (132). In order to support these 

divergent functional roles, there is a greater expression of proteins associated with 

oxidative phosphorylation in IMF mitochondria (133), resulting in greater mitochondrial 

respiration and ATP production (134).   

During mitochondrial respiration, reducing equivalents donate pairs of electrons 

that can be transferred through the protein complexes (I-IV) of the ETC in a series of 

reduction-oxidation (redox) reactions, culminating in the reduction of molecular oxygen 

(O2) to 2 H2O at complex IV (Figure 1.5). In addition, the transfer of electrons also 

results in the release of free energy which is captured and utilized by complexes I, III and 

IV to “pump” protons across the inner mitochondrial membrane, creating an 

electrochemical gradient or membrane potential. This gradient is composed of both a 

difference in electrical potential (∆𝜓), as well as in pH, and can be calculated using the 

proton-motive force equation developed by Dr. Peter Mitchell (135): 

∆𝑝 = ∆𝜓 − 𝑍Δ𝑝𝐻 

Equation 3. Proton-motive force (∆𝑝) is measured in millivolts (mV) and is equal to the 
difference between membrane potential (∆𝜓) and pH (Δ𝑝𝐻) across the inner 
mitochondrial membrane multiplied by Faraday’s constant (Z, =59 at 25°C). 
 
The final component of the ETC is complex V, or ATP synthase, which dissipates the 

proton-motive force by allowing protons to flow through its central pore and coupling the 

free energy released into rotational energy of the central stalk, which acts as a rotor to 

drive ADP phosphorylation (136). In humans, 8 eight protons are translocated across the 
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inner mitochondria membrane with each rotation of the central stalk, which dissipates the 

proton motive force, with the resultant release of energy coupled into the production of 3 

molecules of ATP. Therefore, the energetic cost for this enzyme to produce ATP is 

estimated to be 2.7 protons (8 H+/3 ATP) (136).  

 

Figure 1.1. Overview of mitochondrial bioenergetics and energy metabolism. Reducing equivalents 
(NADH, FADH2) generated via the catabolism of both carbohydrate and lipid fuel sources donate pairs of 
electrons (e-) to complexes I (NADH-coenzyme Q oxioreductase) and II (succinate- coenzyme Q 
oxioreductase) of the ETC. These are then transferred (black dashed lines) through a series of protein 
complexes with increasing oxidation potential forming the respiratory chain (Q, coenzyme Q; complex III, 
coenzyme Q-cytochrome c oxioreductase; Cyto C, cytochrome c; complex IV, cytochrome c oxidase) 
before ultimately reducing molecular oxygen to water (H2O). The free energy released by these redox 
reactions is sufficient to result in the pumping of protons (H+) through complex I, III and IV from the 
matrix to the intermembrane space (IMS), establishing an electrochemical gradient across the inner 
mitochondrial membrane. Complex V (ATP synthase) completes this proton circuit and couples the energy 
released by the flow of protons down this gradient back into matrix into rotational energy, which drives the 
phosphorylation of ADP into ATP. The ATP produced within the matrix can be translocated into the IMS 
in exchange for ADP via ANT. Once in the IMS, this ATP can be used as part of a mitochondrial CK 
shuttle to resynthesize phosphocreatine (PCr) for transport and recycling in the cytosol via VDAC, thus 
regenerating ADP. Alternatively, in the absence of creatine, ATP can be transported out of the 
mitochondrial directly via VDAC, where it is utilized by ATPases, regenerating ADP. Single electrons can 
also slip out of the respiratory chain (red dashed lines) and reduce oxygen to form superoxide (O2

·-). This 
can be buffered by a series of antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), 
and glutathione peroxidase (GPx). VDAC, voltage dependent anion carrier; ANT, adenosine nucleotide 
translocase; PiC, phosphate carrier; mCK, mitochondrial creatine kinase; CK, creatine kinase, NADH, 
nicotinamide adenine dinucleotide; FADH2, flavin adenine dinucleotide; TCA; tricarboxylic acid cycle; 
GSH, glutathione; GSSG, glutathione disulfide. 
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When looking at the ETC as a whole, for each two electrons transferred from 

NADH and FADH2, a total of 10 and 6 protons respectively are pumped out of the matrix 

and into the intermembrane space. When coupled with the cost of phosphorylating ADP 

by ATP synthase, as well as other membrane potential dissipating processes linked to 

energy production, such as the phosphate carrier protein (137–139), the total bioenergetic 

cost for the mitochondria to produce ATP becomes 3.7 protons. Therefore, NADH-linked 

substrates can result in the production of 2.7 ATP (10 protons pumped/3.7 consumed) per 

pair of electrons transferred to oxygen (commonly referred to as the P/O ratio), while 

FADH2-linked substrates can produce 1.6 (6/3.7).  

 

1.5 Mitochondrial Reactive Oxygen Species Production 

 Under normal electron transport, electrons move through the ETC to complex IV 

before reducing the terminal electron acceptor oxygen into H2O. However, electrons can 

“leak” or “slip” at several points along the respiratory chain prior to complex IV, reacting 

with oxygen to form superoxide (O2
·-), a reactive oxygen species (ROS). A major 

contributing factor towards an increase in electron slip is an increase in membrane 

potential (140). When ATP turnover or ADP provision is low, reducing equivalents may 

still donate electrons to the ETC resulting in an overall increase in the redox state of the 

respiratory chain, and creating back pressure on the entry points for NADH and FADH2 

(141). This exponentially increases the likelihood of a single electron slipping, and the 

creation of a free radical or ROS species (140, 142, 143). There are several other sources 

of ROS production, however this is beyond the scope of this review (please see (144)). 

There are two primary ROS sources within the mitochondria; i) the iron-sulfur clusters of 

complex I, which occurs primarily via reverse electron flow from FADH2-linked 
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substrates (e.g. succinate) into the matrix, and ii) the outer quinone binding site of the Q-

cycle in complex III (III QO), which can result in superoxide formation to both the 

intermembrane space and the matrix (145–148) (Figure 1.5).  

It is believed that 1-2% of basal mitochondrial oxygen consumption may result in 

the generation of superoxide (149). At low levels, the generation of ROS can be 

beneficial, and is critical for intracellular signalling (150). However, chronically elevated 

levels can result in oxidative damage (151) which has been linked to several pathologies 

including insulin resistance (152). In order to mediate this delicate redox balance, skeletal 

muscle contains several endogenous antioxidant defence enzymes including superoxide 

dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH) (Figure 1.5). These 

enzymes function by buffering the produced free radicals, and serve to protect both the 

skeletal muscle and the mitochondria during periods of increased oxidative stress. 

Additionally, mitochondria contain an intrinsic feedback loop, where ROS can induce 

mitochondrial uncoupling through activation of uncoupling proteins (UCP) present in the 

inner mitochondrial membrane in order to catalyze net proton conductance (153, 154). 

Furthermore, mitochondrial provision of ADP, as one would expect during exercise and 

periods of increased energy demand, has also been shown to decrease ROS production 

(140, 155). 

 

1.6 Mechanisms to Alter Mitochondrial Function and Exercise Performance 

 One of the hallmark adaptations to prolonged exercise training is an increase in 

mitochondrial content, which allows for greater production of ATP through oxidative 

phosphorylation. Some of the earliest pioneering work on mitochondria established that 

ADPf is a key regulator for mitochondrial respiration (156, 157), and seminal work by 
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Jacubus et al. (158) demonstrated that concentrations of titrated ADP closely 

corresponded with respiratory rate irrespective of [ATP]/[ADP] ratios. While this 

improvement in sensitivity is typically associated with an increase in mitochondrial 

content  (159), it has also been demonstrated that even short (>5 days) periods of training 

can increase metabolic control in the absence of changes in mitochondrial content– 

resulting in decreased reliance on substrate level phosphorylation and better matching 

between energy demand and oxidative supple for a given workload (160, 161). Given this 

importance of ADPf for driving mitochondrial respiration and function, and its role as a 

key allosteric regulator of both the carbohydrate and lipid metabolic pathways, 

interventions that are capable of manipulating either ADPf provision, or ATP production 

and subsequent utilization are attractive for their potential to improve exercise capacity 

and/or adaptation, and ultimately performance. Both supplementing with dietary 

inorganic nitrate, and consuming a low-carbohydrate, high-fat (LCHF) diet are examples 

of these interventions. However, questions remain as to their efficacy for eliciting a 

positive effect on exercise capacity, and the mechanisms of action by which they alter 

cellular metabolism, and thus were further explored in this thesis. A brief background of 

each intervention will be provided in the subsequent sections. 

 

1.6.1 Dietary Inorganic Nitrate Supplementation 

 Nitric oxide (NO) is a potent signalling molecule that has been implicated in the 

regulation of a variety of biological processes, including blow flow (reviewed in (162)), 

skeletal muscle excitation-contraction coupling (163) and mitochondrial bioenergetics 

(164, 165). Until recently, it was assumed that NO was only formed via the canonical 

oxygen-dependent L-arginine/NO synthase pathway (166). However, it is now known 
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that NO can also be formed via the sequential reduction of inorganic nitrate (NO3
-) and 

nitrite (NO2
-) taken in through the diet (167) in a process dependent on commensal 

anaerobic bacteria in the oral cavity (168, 169).  

 Despite the wide variety of reported biological effects of NO, supplementing to 

increase plasma nitrate and nitrite in order to alter metabolism has only gained popularity 

recently. In a seminal study in 2007, Larsen et al. demonstrated that supplementing for 3-

days with 0.1 mmol·kg-1·day-1 sodium NO3 lowered pulmonary O2 uptake (VO2) by 3-5% 

in recreationally active males (170). These findings were reproduced in a study by Bailey 

et. al, who demonstrated that consuming 5.6 mmol NO3
-·day-1 for 3 days in the form of 

500 mL of beetroot juice (BRJ), an alternative vehicle for dietary inorganic nitrate, 

resulted in an 5% reduction in pulmonary VO2 during low-intensity cycling (171). 

Furthermore, they also showed that exercise tolerance to high-intensity exercise was 

improved (16%) following BRJ supplementation (171).  

Taken together, these results challenged the classical physiological principle that 

the oxygen cost for an individual at a given sub-maximal power output is fixed, 

regardless of age or training status (172).  This has led to wide-spread interest in dietary 

nitrate research (for a recent meta-analysis see (173)) for both health and exercise 

performance, however, to date the mechanism by which inorganic nitrate decreases 

whole body oxygen uptake remains unresolved. One prominent working model is an 

improvement in mitochondrial coupling efficiency. In a study by Larsen et al. (174), a 3-

day administration of 0.1 mg·kg-1 body mass·day-1 sodium nitrate increased 

mitochondrial oxidative phosphorylation efficiency (P/O ratio) by 19% compared to a 

sodium chloride control in recreationally active males. Furthermore, this was 
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accompanied by an ~23% increase in maximal ATP production indicating an overall 

improvement in efficiency of energy production in isolated mitochondria. These authors 

hypothesized that the improvements in mitochondrial function were due to a decrease in 

adenosine nucleotide translocase (ANT) protein expression, and a trend towards a 

decrease in uncoupling protein-3 (UCP-3). These findings are supported by earlier in 

vitro observations that NO itself can directly improve oxidative phosphorylation (164), 

possibly by reducing cytochrome c oxidase (175–178). While these findings have not yet 

been reproduced following BRJ supplementation as opposed to sodium nitrate, the active 

ingredient in both supplements is NO3
- (179) suggesting they should act through similar 

mechanisms. However, the decrease in steady state VO2 during submaximal exercise has 

been demonstrated in as little as 2.5 hours following BRJ ingestion (180), coinciding with 

the peak in plasma nitrate and nitrite (181). It is therefore extremely unlikely that this 

represents is a sufficient period of time to change the protein content of integral 

mitochondrial membrane proteins, suggesting another mechanism is likely responsible 

for the improvements in exercise efficiency, but this remains speculative.  

An alternative hypothesis to explain the decrease in VO2 during exercise is an 

improvement in the excitation-contraction efficiency (i.e. increased work/ATP 

consumption). This is supported by work by Bailey et al. (182) showing a significant 

decrease in 31P-MRS measured PCr degradation and calculated ATP turnover during both 

low- and high-intensity knee extension exercise following 6-days of BRJ 

supplementation (5.1 mmol/day). During exercise, the biggest sources of energy 

consumption are actomyosin ATPases and the SERCA, with only a small contribution 

from the Na+/K+-ATPase (5) – suggesting these proteins are likely candidates to explain 
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the decreases in ATP turnover seen in the aforementioned study (182). Previous research 

has shown that NO can increase SERCA efficiency (Ca2+ uptake/ATPase activity) (183), 

reduce Ca2+ cycling (184, 185), and slow cross-bridge cycling kinetics (186, 187), 

lending further support to this hypothesis.  

 A seminal paper by Hernández et al. (188) was the first to explore the possibility 

of nitrate supplementation directly modifying SERCA function and efficiency. They 

demonstrated an improvement in contractile force in fast- but not slow-twitch skeletal 

muscle at low stimulation frequencies in isolated muscle from C57bl/6 mice following 7-

days of sodium nitrate feeding.  This was explained by a fibre-type specific increase in 

protein expression of key targets involved in skeletal muscle Ca2+ handling, calsequestrin 

1 (CASQ1) and DHPR, which led to enhanced sarcoplasmic reticulum (SR) Ca2+ release 

and therefore greater Ca2+ transients in the cytoplasm. However, results in humans 

assessing skeletal muscle force production following supplementation with either nitrate 

or NO donors have been equivocal (189–192), and to date no one has sought to replicate 

the ex vivo results of Hernández et al. (188) in human muscle. It therefore remains to be 

determined if the fibre-type specific effects seen in rodent muscle in regards to Ca2+ 

handling can be translated to humans, and more work is required to confirm what, if any, 

effect nitrate has on skeletal muscle contraction and force production.  

 

1.6.2 Low-Carbohydrate, High-Fat Diet and Exercise Performance 

 One consistent adaptation to exercise training is increased reliance on fat 

oxidation, with a concomitant decrease in carbohydrate utilization at a fixed absolute 

power output which results in a sparing of intramuscular glycogen (reviewed (193)). 

While this is generally attributed to an increase in mitochondrial content and a closer 
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matching of energy demand to energy provision, the reduction in the ADPf and AMPf – 

two potent allosteric activators of regulatory steps in the carbohydrate metabolic pathway 

– drives the reduction in carbohydrate use. Given the limited nature of glycogen stores 

within the body relative to the abundance of lipids, interventions that can increase fat 

oxidation and reduce glycogen utilization until later on in exercise are of particular 

interest for improving performance. The short-term consumption of a LCHF diet can 

result in a similar metabolic adaptation to training in terms of increased rates of fat 

oxidation and glycogen sparing (194–196), and as a result, this has become a prominent 

strategy explored both in the literature and in the practical setting by athletes (reviewed 

(197)). 

Unfortunately, a growing body of evidence has shown negative effects of a short-

term (5-7 days) LCHF diet on exercise performance. It has been demonstrated that the 

VO2p kinetics during the transition to higher exercise power outputs are slower following 

a LCHF diet (198), which would likely result in increased reliance on substrate level 

phosphorylation. While no biopsies were performed in this study, the authors speculated 

that this delay in attaining steady state was due to an attenuation of blood flow or O2 

delivery, decreased pyruvate production, or inhibition or slowed activation of PDH. 

Furthermore, several studies have demonstrated a decrease in metabolic flexibility across 

a range of sub-maximal intensities as shown by impaired ability to utilize glycogen (195, 

196, 199, 200), which has been attributed to decreased glycogenolysis (201).  

Furthermore, a consistent side-effect of a LCHF diet is a decrease in total resting muscle 

glycogen levels (202), which in and of itself can result in a decrease in glycogen 

utilization (203). However, work by Stellingwerff et al. demonstrated that even when a 
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carbohydrate restoration period to maintain resting glycogen at levels comparable to a 

group consuming a high-carbohydrate diet was employed, PDH activation was lower 

during cycling at 70% VO2 peak despite similar ADPf, AMP, pyruvate, and Acetyl-CoA 

contents (201). Furthermore, these authors also showed a decrease in muscle 

glycogenolysis in the LCHF condition, along with impaired capacity to exercise in a 

simulated sprint at 150% of peak power output. However, given there was no difference 

between key allosteric regulators of PDH, it is unclear what signal was accountable for 

the impaired activation of the carbohydrate pathway. Previous work has demonstrated 

that following a LCHF diet, PDK-4 activity and expression are increased (204–206), 

which may result in the chronic phosphorylation and inactivation of the PDH complex. 

Given the sequential nature of the PDH phosphorylation sites, this represents a likely 

explanation for the impairment in PDH activation seen following a LCHF diet. 

Additionally, it is possible that due to increased reliance on LCFA as substrate for energy 

production, intramuscular concentrations of palmitoyl-CoA (P-CoA), a lipid metabolism 

intermediate, may be increased. Previous research has demonstrated that P-CoA can 

inhibit ADP transport via ANT, and is thus a key regulator of oxidative phosphorylation 

(207, 208).  

 

1.7 Summary 

In skeletal muscle, the ability to produce and utilize energy relies upon the 

coordinated and reciprocal activation of the multiple metabolic pathways. Interventions 

that can manipulate or improve this ability, via either a greater capacity and/or efficiency, 

are a source of great interest within the research community for its wide variety of 

applications, ranging from performance to pathology. This literature review has therefore 



	 50	

provided an overview of skeletal muscle metabolism, while highlighting the key 

regulatory steps of the aforementioned pathways both within the cytosol and the 

mitochondria. In the following chapters, we have utilized a series of nutritional and 

genetic interventions in order to manipulate metabolic function in order to alter cellular 

energy production and utilization.  
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CHAPTER 2: 

AIMS OF THESIS 
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2.1 Specific Aims and Objectives 

 The purpose of this thesis was to explore the skeletal muscle metabolic response 

to nutritional and genetic interventions, with a specific focus on regulatory points within 

the cytosol and mitochondria. This included three projects utilizing dietary interventions, 

and one genetic rodent model. Specifically, this thesis investigated the shift in cellular 

metabolism by altering substrate provision and fuel utilization through the use of a short-

term low-carbohydrate diet in recreationally active humans, as well as by ablating the 

protein TBC1D1 in a novel rodent model. Furthermore, this thesis explored possible 

changes in mitochondrial bioenergetics following supplementation with inorganic NO3
- 

in the form of beetroot juice. This work was further extended to examine cytosolic ATP 

utilization by exploring changes in intrinsic skeletal muscle contractile properties 

following beetroot juice supplementation.  

 

Study 1: 

Previous research has indicated a delay in pulmonary oxygen uptake kinetics 

following the consumption of a low-carbohydrate, high-fat (LCHF) diet, however the 

underlying metabolic causes of this within skeletal muscle were not directly explored. 

Therefore, the aim of this first study was to assess regulation of the PDH complex and 

changes in intramuscular metabolite contents early in the transition (~15 s) from baseline 

to high-intensity exercise following a 4-day low-carbohydrate, high-fat diet. It was 

hypothesized that despite a greater accumulation of allosteric inhibitors of PDK (ADPf, 

AMP), PDHa would be decreased following the LCHF diet at rest, and that this 

impairment would be maintained throughout exercise. Furthermore, it was hypothesized 

that this impairment in PDH activation would contribute to metabolic inertia causing a 
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delay in pulmonary oxygen uptake kinetics. 

 

Study 2: 

The improvements seen in exercise efficiency following consumption of inorganic nitrate 

(NO3
-) in the form of sodium NO3

- have been attributed to improvements in 

mitochondrial function. Both acute and chronic consumption of beetroot juice elicits 

similar effects on the oxygen cost of exercise, however the potential effects on the 

mitochondria remain unknown. Therefore, the purpose of this study was to examine the 

effects of 7-days supplementation with NO3
- -rich beetroot juice on mitochondrial 

bioenergetics. Due to previous work demonstrating that acute (~2.5 hour) 

supplementation with beetroot juice results in a decrease in whole-body oxygen 

consumption, it was hypothesized that contrary to sodium NO3
-, supplementation with 

beetroot juice would not alter measurements of mitochondrial coupling or efficiency. 

 

Study 3: 

We were able to demonstrate in Study 2 that despite similar effects on whole body 

oxygen consumption during exercise, beetroot juice did not alter indices of mitochondrial 

bioenergetics. Therefore, the mechanism of action for this supplement remains unclear. 

However, previous research has demonstrated an improvement in Ca2+ handling 

following sodium nitrate supplementation in rodent fast-twitch muscle. Therefore, the 

purpose of this study was to evaluate the effects of 7-days supplementation with nitrate-

rich beetroot juice on the contractile properties of human skeletal muscle, and whether 

supplementation would alter the content of key Ca2+ handling proteins. It was 
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hypothesized that beetroot juice supplementation would increase skeletal muscle force 

production, and that this would be attributed to changes in redox status, not changes in 

the expression of calcium handling proteins.  

 

Study 4: 

TBC1D1 has been proposed as a downstream nexus connecting the independent 

contraction- and insulin-mediated signalling cascades, resulting in GLUT4 translocation. 

However, the role of TBC1D1 in skeletal muscle remains unclear, as previous research is 

conflicting, and the animal knockout (KO) model most commonly used is confounded by 

a decrease in total GLUT4 content. Therefore, the purpose of this final study was to 

explore the metabolic consequences of ablating TBC1D1 on resting and contracting 

skeletal muscle within a novel rat KO model that does not display changes in total 

GLUT4 content. It was hypothesized that TBC1D1 would be important for contraction-, 

but not insulin-mediated GLUT4 trafficking, and as a result TBC1D1 KO animals would 

have impaired exercise tolerance.  
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CHAPTER 3: 

THE EFFECT OF HIGH- AND LOW-CARBOHYDRATE DIETS ON THE ACTIVATION OF 

SKELETAL MUSCLE PYRUVATE DEHYDROGENASE AT THE ONSET OF HIGH-INTENSITY 

AEROBIC EXERCISE 

 
Manuscript in Preparation: 

Leckie JR, Nederveen JP, Whitfield J, Doherty TJ, Paterson DH, Spriet LL, and 

Kowalchuk JM. The effect of low and high carbohydrate diets on pulmonary oxygen 

uptake, muscle deoxygenation kinetics, and pyruvate dehydrogenase activation during 

exercise transitions in the heavy-intensity domain. 
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3.1 Abstract  

A low-carbohydrate, high fat diet (LCHF) decreases whole body carbohydrate (CHO) 
oxidation and the proportion of pyruvate dehydrogenase (PDH) in the active form in 
human skeletal muscle during steady state cycling at ~70% V̇O2peak, as compared to a 
high CHO (HCHO) diet. PURPOSE: To examine the regulation of PDH activation in 
human skeletal muscle early in the transition (15 s) from low to high intensity aerobic 
cycling. METHODS: Healthy, young recreationally active males (n=8) underwent a 
glycogen depletion (GD) protocol prior to beginning a 4-d LCHF diet (10% CHO, 294.1 
± 24.8 kcal·day-1; 65% fat, 1798.3 ± 36 kcal·day-1; 25% protein, 781.3 ± 45.0 kcal·day-1). 
On day 4 of the diet, subjects cycled at a 20 W baseline (BSL) for 8 min and then 
transitioned to ~70% V̇O2peak (198±10 W) for 8 min. Muscle biopsies were sampled 
(vastus lateralis) after BSL cycling, and 15 s and 360 s at ~200 W. Subjects then 
underwent another GD before commencing a 4-d high-carbohydrate (HCHO) diet (75% 
CHO, 2100.2 ± 28.5 kcal·day-1; 10% fat, 296.6 ± 31.8 kcal·day-1; 15% protein, 453.5 ± 
20.8 kcal·day-1), and repeating all measures. Both diets were eucaloric as determined by 
dietary records and all food was provided. The activity of PDH in the active form (PDHa) 
and muscle metabolites were measured in skeletal muscle samples. All measures were 
normalized to the highest creatine content from all biopsies from a given subject. 
RESULTS: Muscle glycogen was lower (p<0.001) in the LCHF vs. HCHO trial (193.6 ± 
23.3 vs. 496.6 ± 31.6 mmol·kg-1 dry weight (dw)). Fat oxidation was higher (p<0.05) at 
BSL during the LCHF trial (RER 0.80 ± 0.07 vs. 0.97 ± 0.18) and throughout exercise vs. 
the HCHO trial. PDHa was lower following LCHF at BSL (0.59 ± 0.09 vs. 1.06 ± 0.12 
mmol·min-1·kg-1 wet weight (ww)), and at 15 s into the transition (1.07 ± 0.15 vs. 1.88 ± 
0.21 mmol·min-1·kg-1, p<0.01), however the change between BSL and 15 s (∆PDHa) was 
not different between the two diets. PCr utilization was greater in the first 15 s following 
LCHF, as the content of PCr was significantly decreased (53.95 ± 3.80 vs. 69.24 ± 1.24 
mmol·kg-1 dw, p<0.05). In support of this, the change in free ADP (∆ADPf) from BSL to 
15 s was also higher in the LCHF trial (p<0.05) vs. HCHO (79.7± 28.5 vs. 12.9 ± 9.1 
µmol/kg dw). CONCLUSION: In spite of a greater perturbation to the cellular energy 
state at the onset of exercise in the LCHF trial (PCr utilization, ∆ADPf), PDHa did not 
increase to the same extent as the HCHO trial. This suggests that the LCHF diet induced 
chronic increases in PDH kinase activity and phosphorylation of the PDH E1a subunit 
that may have rendered the complex less sensitive to exercise induced changes. 
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3.2 Introduction 

The pyruvate dehydrogenase (PDH) complex catalyzes the irreversible decarboxylation of 

pyruvate to Acetyl-CoA; and represents the rate-limiting step for entry of carbohydrate (CHO) 

derived substrate into the mitochondria during aerobic exercise (71). This complex therefore 

regulates the provision of Acetyl-CoA to the tricarboxylic acid (TCA) cycle, and thus the 

production of reducing equivalents, and subsequently, ATP by the electron transport chain (ETC) 

(71). The activity of PDH is covalently regulated by reversible phosphorylation of the E1a 

subunit and is regulated by a family of intrinsic PDH kinases (PDK), which phosphorylate and 

inactivate the complex, and PDH phosphatases (PDP), which dephosphorylate and thus activate 

the complex (73) (Figure 1.4 in Chapter 1). At rest, high levels of ATP, Acetyl-CoA and NADH 

and low levels of pyruvate stimulate PDK, ensuring PDH is predominantly in the inactive b 

form. However, with exercise, rapidly increasing intracellular Ca2+ and pyruvate levels activate 

PDP and inhibit PDK, respectively, resulting in the transformation of the PDH complex into the 

active a form (75). Importantly, in a well fed person consuming a balanced diet, estimates of 

PDH flux and therefore CHO oxidation correspond closely with PDH activity (PDHa), and are 

proportionally matched to exercise intensity (57, 79). PDH activation at rest and during exercise 

can also be modified by pharmacological and nutritional interventions. Infusion of the 

pharmacological agent dichloroacetate (DCA) maximally activates PDH by inhibiting PDK (80, 

81), while consumption of at least a 3-day low-carbohydrate, high-fat (LCHF) diet has been 

shown to decrease activation of the PDH complex (79, 201, 205, 209).  

The activation of PDH is also important in the context of examining the adjustment of 

phase II pulmonary O2 uptake (VO2p), which is believed to reflect muscle oxygen utilization 

kinetics (210). It has been demonstrated that following a priming bout of prior heavy exercise, 
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the VO2p kinetics during the transition to moderate-intensity exercise are faster in both young 

(83) and older (84) adults. These authors attributed this difference to elevated PDH activity 

following prior heavy exercise, and therefore increased substrate delivery to support oxidative 

phosphorylation resulting in a decreased reliance on substrate-level phosphorylation. 

Furthermore, the slowed kinetics when comparing older to young adults during the transition to 

moderate intensity exercise has also been attributed to impaired activation of PDH during the 

first 30 s of exercise (211). It has been recently demonstrated that a LCHF diet results in a 

similar impairment in the adjustment of VO2p kinetics (198); however as no muscle biopsies 

were taken in this study, the authors were unable to determine if this was due to decreased 

delivery of O2 to skeletal muscle, or a delay in the activation of rate-limiting pathways and 

enzymes such as PDH or the TCA cycle. To date, the majority of studies that have employing a 

LCHF diet while investigating PDHa have focused on activity levels either late in the transition 

from rest to exercise or during steady state, and thus cannot elucidate whether a delayed 

activation of PDH contributes to the impaired VO2 adjustment seen by Raper et al. (198).  

Therefore, the primary purpose of this paper was to determine the effects of a LCHF diet 

on the activation of PDH in human skeletal muscle early during the transition (15 s) from 

baseline exercise to a higher power output, as well as at steady state. It was hypothesized that 

despite a greater accumulation of allosteric inhibitors of PDK (ADPf, AMP), PDHa would be 

decreased following the LCHF diet compared to a high carbohydrate (HCHO) control at rest, and 

that this impairment would be maintained throughout exercise.  

 

3.3 Methods 

3.3.1 Ethical Approval 

Eight healthy, recreationally active males (24 ± 1 yr, 79 ± 5 kg, V̇O2peak 50 ± 4 ml·min-1·kg-1, 
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Table 3.1) were recruited for this study. Prior to participation, written informed consent was 

obtained from all subjects. All procedures were approved by the Research Ethics Board of the 

University of Western Ontario (London, Ontario), and conform to the Declaration of Helsinki.  

Table 3.1. Subject characteristics 

 
Data are means ± SEM.  
 

3.3.2 Preliminary Testing 

Subjects reported to the laboratory for a ramp incremental (25 W·min-1) test to volitional 

fatigue on an electronically braked cycle ergometer (Lode, Groningen, The Netherlands) for 

determination of VO2peak. Additionally, lactate threshold was estimated by visual inspection of 

standard ventilatory and gas exchange indices – i.e. the point at which CO2 output (VCO2p) 

began to increase out of proportion in relation to VO2p, with a systematic rise in the ventilatory 

equivalent for VO2p (VE-to-VO2p) and end-tidal PO2 whereas the ventilatory equivalent for 

VCO2p (VE/ VCO2p) and end-tidal PCO2 were stable (212).  The values obtained from this test 

were used to determine a workload that corresponded to ~35% of the difference between lactate 

threshold and VO2peak (∆35, 198 W, ~70% VO2peak). Ventilation was measured using a low dead 

space bidirectional turbine (Alpha Technologies VMM 110, Laguna Hills, CA, USA) and 

expired oxygen and carbon dioxide concentrations were measured throughout all tests by mass 

spectrometry (Innovision, Amis 2000, Lindvedvej, Denmark). 

3.3.3 Diet 

Subjects submitted a two-day diet record (one weekday, one weekend day), which was 

used to analyze their “normal” mixed diet composition and to estimate their daily caloric intake. 
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Food records were analyzed using Diet Analysis 9.0 software (Diet Analysis Plus 9.0.1; 

Thomson-Nelson; Scarborough, Ontario, Canada). This program was also used to design 

individualized LCHF and HCHO diets that were used as the interventions for this study. These 

diets were eucaloric relative to their “normal” mixed diet submitted in the food records. The 

LCHF diet was designed to contain; ~75% Fat, ~20% Protein, ~5% CHO, while the HCHO diet 

was designed to contain; ~10% Fat, ~10% Protein, ~80% CHO. All food was purchased and 

provided to the subjects along with strict meal plans. If any portion of the prescribed diet was not 

consumed, this portion was weighed to establish the exact caloric intake for each subject during 

each of the dietary phases. 

3.3.4 Study Design 

Upon completion of pre-experimental tests (≤48 h) and an overnight fast, subjects 

reported to the laboratory to complete a glycogen depletion protocol (Figure 3.1). The protocol 

consisted of 60 min of cycle ergometer exercise at ~70% VO2peak followed by 5 x 1 min intervals 

at 110% VO2peak separated by 4 min of unloaded cycling. Variations of this protocol have been 

used previously in order to elicit skeletal muscle glycogen depletion by 55-90% (79, 213, 214). 

Following the glycogen depletion protocol, subjects began a 4-day LCHF diet intervention. On 

day 4, subjects performed an exercise trial consisting of 8 min of baseline cycling at 20 W 

(BSL), followed by a transition to ∆35. Prior to commencing exercise, three biopsy sites were 

prepared under local anaesthesia (2% lidocaine without epinephrine) by making small incisions 

through the skin of the vastus lateralis to the deep fascia. Subjects then moved to the cycle 

ergometer and began cycling at 20 W. A muscle biopsy was taken as previously described (215) 

after 6 min at BSL and at 15 s and 6 min following the transition to ∆35. Following the first 

biopsy (BSL 6 min), subjects recommenced cycling at 20 W for an additional 2 min to re-

establish steady state before the transition to ∆35. No additional time was added following the 15 
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s and ∆35 6 min biopsy. The total time for each biopsy was < 30 s. Following the completion of 

the LCHF biopsy trial, subjects repeated the glycogen depletion protocol, and commenced a 4-

day HCHO diet intervention. On day 4 of the HCHO diet, subjects repeated the exercise and 

biopsy trial (Figure 3.1). Both the glycogen depletion and ordering of interventions in this study 

were purposely used to amplify the shifts in fuel selection during the trials. This enhanced the 

reliance on fat oxidation during the LCHF by decreasing skeletal muscle CHO availability, and 

enhanced CHO availability and oxidation in the HCHO through glycogen supercompensation.  

 

Figure 3.1. Schematic overview of the experimental protocol. Subjects had biopsies taken following 4 days on 
a LCHF diet, and after 4 days on a HCHO diet. At each exercise trial, subjects were required to exercise for 8 
min at 20W (Baseline, BSL) followed by a transition to 35% of the difference between lactate threshold and VO2peak 
(∆35, ~200W). Biopsies were taken at 6 min during BSL, 15 s following the transition to ∆35, and after 6 min at 
∆35. 

3.3.5 Muscle Sampling 

Muscle biopsies were immediately frozen in liquid N2 (< 10 s from insertion of the 

needle), removed from the needle while frozen, and stored in liquid N2 until analyzed. One small 

piece of frozen wet muscle was removed from each biopsy under liquid nitrogen for the 

determination of PDHa activity, as described elsewhere (79). Briefly, a 5-10 mg piece of muscle 

was weighed and added to a 120 µL of cold homogenizing buffer (200 mM sucrose, 50 mM KCl, 
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5 mM MgCl2, 5 mM EGTA, 50mM Tris base, 50 mM NaF, 5 mM DCA, and 0.1% Triton-X-100 

(pH 7.8)). Homogenizing buffer was then added to a final volume (µL) corresponding to 30x the 

muscle weight (mg) and the sample homogenized on ice using a glass pestle, and subsequently 

snap frozen in liquid N2. PDHa was determined by adding 30 µL of homogenate into 720 µL of 

prewarmed assay buffer (144.4 mM Tris, 0.72 mM EDTA, 1.44 mM MgCl2 (pH 7.8) and mixed 

with 39 mM NAD+, 13 mM CoASH, 13 mM thiamine pyrophosphate (TPP)) in triplicate, with 

two samples initiated by the addition of 30 µL pyruvate (26 mM), and the third run as a blank. 

Reaction rate and thus enzymatic activity was determined by measuring Acetyl-CoA production 

taken at 1-min intervals. The remainder of the muscle was freeze dried, dissected free of visible 

blood and connective tissue and powdered for metabolite and glycogen analysis. An aliquot of 

freeze-dried muscle (10-12 mg) was extracted with 0.5 M perchloric acid (HClO4), containing 1 

mM EDTA, and neutralized with 2.2 M KHCO3. The supernatant was used to determine creatine, 

PCr, ATP, and lactate with enzymatic spectrophotometric assays (216, 217). Acetyl-CoA was 

measured with radiometric techniques (218). 

Muscle glycogen content was determined from 2 aliquots of freeze-dried muscle (each 2-

3 mg) from all biopsies, as described elsewhere (216). Muscle glucose and hexose 

monophosphates were destroyed by incubating in 0.1 M NaOH at 80°C for 10 min. The extract 

was then neutralized by the addition of 0.1 M HCl, glycogen was degraded to glucose via the 

addition of amyloglucosidase in a citrate buffer (0.2 M citric acid, 0.2 M Na2·HPO4, (pH 5.0)), 

and the free glucose was analyzed enzymatically. All muscle measurements were normalized for 

the highest total creatine content measured from all biopsies from each subject.  

3.3.6 Muscle Calculations 

 Muscle free ADP (ADPf) and AMP (AMPf) contents were calculated by assuming 

equilibrium of the creatine kinase and adenylate kinase reaction (159), using the measured ATP, 
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creatine and PCr values, an estimated H+ concentration, and the creatine kinase constant of 1.66 

x 109 (219). AMPf was calculated from the estimated ADPf and measured ATP content, using the 

adenylate kinase equilibrium constant of 1.05. Free inorganic phosphate (Pif) was calculated by 

adding the estimated resting free phosphate of 10.8 mmol·kg-1 dry weight (159) to the difference 

in PCr content (∆[PCr]) minus the accumulation of glucose 6-phosphate between rest and 

selected exercise time points.  

3.3.7 Statistics  

Results are expressed as mean ± SEM and data were analyzed by a two-way repeated measures 

ANOVA followed by a Fisher’s post-hoc test where appropriate. The difference between time-

points (∆) for metabolite and enzymatic assays was analyzed by a Student’s t-test. Significance 

was set at p<0.05. All graphing and statistical analysis was performed using GraphPad Prism 5.0 

(GraphPad Software). 

 

3.4 Results 

3.4.1 Diet 

The average daily caloric intake on a normal mixed diet was 2810 ± 102 kcal·day-1. The 

LCHF and HCHO eaten during the study were determined to be 2834 ± 100 kcal·day-1 (10% 

CHO, 294.1 ± 24.8; 65% fat, 1798.3 ± 36.2; 25% protein, 781.3 ± 45.0 kcal·day-1) and 2791 ± 65 

kcal·day-1 (75% CHO, 2100.2 ± 28.5; 10% fat, 296.6 ± 31.8; 15% protein, 453.5 ± 20.8 

kcal·day-1), respectively.  

3.4.2 Skeletal Muscle Glycogen Content  

Following glycogen depletion and 4-days on the LCHF diet, glycogen levels were 

significantly lower (193.6 ± 23.3 vs. 496.6 ± 31.6 mmol·kg-1 dw) compared to after 4-days on the 

HCHO diet (Figure 3.2, p<0.001).  
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Figure 3.1. Baseline skeletal muscle glycogen content following both a 4-day LCHO or HCHO diet. Values are 
means ± SEM, (n=8). *p<0.05 vs LCHF. 

3.4.3 Respiratory Exchange Ratio  

The respiratory exchange ratio (RER) was already significantly decreased at BSL 

following the LCHF vs. HCHO condition (0.80 ± 0.07 vs. 0.97 ± 0.18, p<0.05), and remained 

lower for the duration of exercise (Figure 3.3), indicating a greater reliance on fat oxidation in 

the LCHF condition. 

 
Figure 3.2. Respiratory exchange ratio during leg cycling exercise. Dotted line represents the transition from 
BSL cycling (20W) to the ∆35 power output (~200 W). Values are means ± SEM. *p<0.05 vs. LCHF, (n=8). 

3.4.4 PDH Activity  

There was a significant overall effect of both time (p<0.0001) and diet (p<0.01) on 

PDHa, with activity measured during BSL and 15 s into the transition to ∆35 (~70% of VO2peak) 
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significantly higher in the HCHO diet (Figure 3.4A). However, the change in activity between 

these time points (∆PDHa) was not significantly different between the two diets (Figure 3.4B).  

 
Figure 3.3. Muscle PDH and ADPf during baseline cycling and during the transition to a higher power output 
following either a HCHO or LCHF diet. ∆ Values (panels B and D) represent the difference in PDH activity and 
ADPf content, respectively, between biopsies taken at BSL and 15 s. Values are means ± SEM, (n=8). *p<0.05, 
✝p<0.01 vs. LCHF.  

3.4.5 Changes in Metabolite Content 

ADPf was not different at BSL between conditions, however by 15 s it was significantly 

greater in the LCHF condition (161.3 ± 33.0 vs. 92.0 ± 8.1 µmol·kg-1 dw, p<0.05, Figure 3.4B). 

Furthermore, the increase in ADPf (∆ADPf) from BSL to 15 s was significantly greater in the 

LCHF condition (79.7 ± 28.5 vs. 12.9 ± 9.1 µmol·kg-1 dw, p<0.05, Figure 3.4C). Acetyl-CoA 

increase with time in the HCHO condition, but did not change between BSL and 15 s in the 

LCHO diet (Table 3.2). Skeletal muscle ATP content was not different within or between 

conditions, whereas lactate, free creatine, and inorganic phosphate (Pi) all increased with time 
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(p<0.0001), but were not different between conditions (Table 3.2). In contrast, while PCr content 

was not different at BSL, it decreased significantly with time in both conditions, and at 15 s it 

was significantly lower following the LCHF condition when compared to HCHO (54.0 ± 3.8 vs. 

69.2 ± 1.2 mmol·kg-1 dw, p<0.05).  

Table 3.1. Muscle metabolite content in vastus lateralis during baseline cycling and during the transition to steady 
state during leg cycling 

	
Values are means ± SEM, (n=8). *p<0.05 vs. same time point in LCHF condition.  
 
3.5 Discussion 

These data are the first reported measures of PDHa at 15 s of aerobic exercise in the 

heavy-intensity (above lactate threshold) domain. Consistent with previous reports, we have 

demonstrated that PDHa was reduced at rest following a LCHF diet (79, 201), and remained 

suppressed during the transition to higher exercise intensities (~70% V̇O2peak) and at steady-state. 

We have also demonstrated that this resulted in a significantly greater phase II VO2p
 time 

constant (data published separately in (220)), supporting previous work done in the moderate 

domain (198). This occurred despite a greater cellular perturbation, including larger increases in 

ADPf, (a key inhibitor of PDK), and thus a greater reliance on PCr breakdown, which should 

have ultimately resulted in a greater increase in activation of the PDH complex. These findings 

therefore suggest that activation of PDH is attenuated following a LCHF diet, and contributes to 

the metabolic inertia responsible for the delay in muscle oxygen utilization kinetics. 

3.5.1 Intramuscular Regulators of PDH 

The PDH complex is subject to finely-tuned regulation via reversible phosphorylation by 
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intrinsic PDKs and PDPs. There are three known phosphorylation sites on the E1 subunit of the 

PDH complex, with phosphorylation of the first site necessary for inactivation, and the 

subsequent sites acting as barriers for dephosphorylation and therefore activation of the complex 

(73). During exercise, the combined effects of pyruvate, ADPf and Ca2+
 serve to activate PDH 

and promote enzymatic flux. In the current study, the decrease in PDH activation occurred 

despite increases in these intramuscular mediators and is presumed to be due to either decreased 

sensitivity of the PDH complex to pyruvate, which acts both as reaction substrate and an 

allosteric inhibitor of PDK, or due to sequential multi-site phosphorylation of the E1a subunit.  

In support of these hypotheses, previous research has shown that PDK activity is increased 

as soon as 24 hr following similar LCHF diets (~65-75% fat, 5% CHO) diet, with a continued 

linear increase for the remainder of the 3-day (206) or 6-day (205) LCHF intervention. This 

increase in activity was associated with an increase in both mRNA and protein content of PDK4 

in humans (206), and in rodents (204). Critically, PDK4 has a greater phosphorylation affinity 

for the second phosphorylation site of the E1a subunit of the PDH complex compared to the 

other predominant kinase isoform, PDK2 (76, 221, 222). This suggests that it is likely that the 

LCHF diet used in the current study induced multi-site phosphorylation of the E1 subunit, 

resulting in the PDH complex being resistant to subsequent activation via PDP. Furthermore, 

PDK4 is less sensitive to allosteric inhibition by pyruvate compared to PDK2 (204, 223), 

resulting in a decreased ability for pyruvate to activate the complex during the onset of exercise 

and the transition to higher power outputs. However, previous research has also shown that 

intramuscular pyruvate content is decreased following a 3-day LCHF diet during exercise at 75% 

VO2max (79), which is consistent with lower muscle glycogen, and previous reports of reduced 

glycogenolysis following both a LCHF diet (201) and a intralipid infusion (224) compared to the 
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HCHO condition. This suggests that the decrease in PDHa is not due to a decrease in sensitivity 

to pyruvate, but rather a decrease in provision of substrate concomitant with increases in PDK 

activity as outlined above.  

3.5.2 Time Course of PDH Activation 

This study is the first to evaluate PDHa during the first 15 s of a transition to a higher 

output. Our findings support previous work that has shown that a LCHF diet slows VO2 kinetics 

in the moderate-intensity (~55% VO2 peak) domain (198), and suppresses both the increase in 

PDHa following 15 min of exercise at 75% VO2max and the fraction of PDH in the active form 

relative to the total (79). Work utilizing an intralipid and heparin infusion as a means of elevating 

plasma free fatty acid (FFA) availability as opposed to a dietary intervention has also shown that 

PDHa was supressed 1 min into the transition from rest to leg cycling at 40% V̇O2max (225). This 

impairment was associated with decreased resting pyruvate contents in the elevated FFA 

condition, as well as a decrease in the NADH/NAD+ ratio 1 min into the rest to work transition. 

Similar protocols have also shown decreased PDHa after 60 min of leg cycling at 65% VO2peak, 

which was associated with decreased AMPf accumulation and glycogen utilization, as well as an 

increase in cytoplasmic citrate content (224). The current study therefore contributes to a 

growing body of evidence that acutely elevated FFA levels and dietary LCHF can modify PDH 

activity at submaximal exercise intensities, ultimately decreasing flux through the complex and 

limiting CHO provision to the mitochondria.  

3.5.3 Limitations and Future Directions 

 A major limitation of this study was the low tissue yield from muscle biopsies. As a 

result, we were unable to measure G6P or pyruvate for estimates of glycogenolytic flux. In the 

present study, the dietary intervention was ordered, and a glycogen depletion protocol was 

utilized in order to amply the shift in fuel preference. It is therefore likely that the upregulation in 
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fat oxidation at rest and during exercise seen following the LCHF is a necessary adaptation in an 

attempt to minimize CHO usage. Indeed, previous studies have shown that lower pre-exercise 

glycogen levels result in decreased glycogen utilization and glycogenolysis (226). Interestingly 

however, when glycogen levels are maintained post LCHF through the use of an acute CHO-

restoration period, PDH activation and estimated glycogenolysis were still decreased (201). This 

suggests that consistent with the current findings, LCHF diets result in decreased metabolic 

flexibility and results in a prolonged inability to utilize CHO as substrate. Future studies should 

explore how long these effects are maintained, or utilize a washout period in order to examine 

the effects of each diet in isolation.  

Tissue availability also prevented us from being able to measure PDK expression or 

activity. Previous work has shown that PDK activity is increased following a LCHF (205, 206, 

227), however these studies did not involve an exercise component. Subsequent studies should 

therefore address how quickly PDK isoforms respond to changes in the intracellular milieu 

during exercise and what effect this would have on phosphorylation of the PDH-E1a subunit, 

and subsequently, PDH activity; as it has been demonstrated that PDK can be inhibited by 

increases in pyruvate and a decrease in cellular energy state (74, 228).  

3.5.4 Conclusion 

This study has shown that PDHa is decreased during the transition to higher intensity 

exercise following a LCHF diet, despite the increase in positive allosteric regulators. This 

impairment can therefore explain the decrease in phase II VO2 kinetics demonstrated previously 

(198, 220), and coincided with an increase in whole-body fat oxidation at rest and throughout 

exercise. This may have occurred as a result of multisite phosphorylation of the PDH-E1a 

subunit as a result of an upregulation of PDK activity or content.
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CHAPTER 4: 

BEETROOT JUICE SUPPLEMENTATION REDUCES WHOLE BODY OXYGEN 

CONSUMPTION BUT DOES NOT IMPROVE INDICES OF MITOCHONDRIAL EFFICIENCY IN 

HUMAN SKELETAL MUSCLE 

 

Presented as Published: 

Whitfield J, Ludzki A, Heigenhauser GJF, Senden JMG, Verdijk LB, van Loon 

LJC, Spriet LL, Holloway GP. Beetroot juice supplementation reduces whole body 

oxygen consumption but does not improve indices of mitochondrial efficiency in human 

skeletal muscle. J Physiol 2: 421–435, 2015. 
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4.1 Abstract 

Ingestion of sodium nitrate (NO3
-) simultaneously reduces whole-body oxygen 

consumption (VO2) during sub-maximal exercise while improving mitochondrial 
efficiency, suggesting a causal link. Consumption of beetroot juice (BRJ) elicits similar 
decreases in VO2 but potential effects on the mitochondria remain unknown. Therefore, 
we examined the effects of 7-day supplementation with BRJ (280 ml/d, ~26 mmol NO3

-) 
in young active males (n=10) who had muscle biopsies taken before and after 
supplementation for assessments of mitochondrial bioenergetics. Subjects performed 20 
min of cycling (10 min at 50% and 70% VO2peak) 48 h before pre (baseline) and post (day 
5 of supplementation) biopsies. Whole-body VO2 decreased (P<0.05) by ~3% at 70% 
VO2peak following supplementation. Mitochondrial respiration in permeabilized muscle 
fibres showed no change in leak respiration, the content of proteins associated with 
uncoupling (UCP3, ANT1, ANT2), maximal substrate-supported respiration, or ADP 
sensitivity (apparent Km). In addition, isolated subsarcolemmal and intermyofibrillar 
mitochondria showed unaltered assessments of mitochondrial efficiency, including ADP 
consumed/oxygen consumed (P/O Ratio), respiratory control ratios (RCR) and membrane 
potential determined fluorometrically using Safranine-O. In contrast, rates of 
mitochondrial hydrogen peroxide (H2O2) emission were increased following BRJ. 
Therefore, in contrast to sodium nitrate, BRJ supplementation does not alter key 
parameters of mitochondrial efficiency. This occurred despite a decrease in exercise VO2, 
suggesting that the ergogenic effects of BRJ ingestion are not due to a change in 
mitochondrial coupling or efficiency. It remains to be determined if increased 
mitochondrial H2O2 contributes to this response. 
 
Abbreviations: ANT, adenine nucleotide translocase; BRJ, beetroot juice; IMF, 
intermyofibrillar mitochondria; PmFB, permeabilized muscle fibre bundles; RCR, 
respiratory control ratio; ROS, reactive oxygen species; SS, subsarcolemmal 
mitochondria; UCP3, uncoupling protein 3.  
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4.2 Introduction 

Nitric oxide (NO) is an important signalling molecule; as it has been implicated in 

the regulation of many biological processes, including blood flow (as reviewed (162)), 

skeletal muscle excitation-contraction coupling (163) and mitochondrial bioenergetics 

(164, 165). While NO was originally thought to be exclusively generated from nitric 

oxide synthase (NOS) mediated oxidation of L-arginine (166), it is now acknowledged 

that NO can also be generated from the sequential reduction of nitrate (NO3
-) and nitrite 

(NO2
-), in a process dependent on bacterial nitrate reductases produced by facultative 

anaerobes in the oral cavity (168, 169). 

Given the diverse biological effects of NO, the oral consumption of NO3
- has been 

investigated as a modality to alter metabolic responses to exercise. Indeed, amongst 

dietary supplements, nitrate is unique in that it decreases the oxygen cost of submaximal 

exercise in humans (170, 171, 180, 182, 229–231). While the mechanism(s) of action 

remain unresolved, one prominent working model is an improvement in mitochondrial 

coupling efficiency (174). This possibility is supported by the in vitro observations that 

NO directly increases oxidative phosphorylation efficiency (164), particularly when 

cytochrome oxidase is reduced  (175–178).  In addition, dietary supplementation with 

sodium nitrate for 3 days in humans improves various parameters within isolated 

mitochondria, including assessments of efficiency (P/O ratios and thermodynamic 

coupling) (174). Altogether, sodium nitrate consumption and NO appear to have the 

capacity to improve mitochondrial bioenergetics through alterations in coupling 

efficiency. 

Several vegetables have high NO3
- concentrations, creating the potential for a 

natural food product to exert similar beneficial effects to sodium nitrate. To date, beetroot 
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juice (BRJ) has been shown to reduce blood pressure (171, 179, 180, 182, 232), oxygen 

consumption during exercise (171, 180–182), and improve exercise performance (179, 

229, 231, 233–235), vascular control (236), and muscle contractile function in humans 

(189, 191). Indirect assessments of muscle metabolism via 31P-magnetic resonance 

spectroscopy suggest that BRJ consumption reduces ATP turnover during muscle 

contraction, which likely contributes to the observed attenuation in oxygen consumption 

during exercise (182). It remains to be determined if BRJ, similar to sodium NO3
-, 

improves mitochondrial oxidative phosphorylation efficiency to further explain the 

observed reduction in whole body oxygen consumption. 

In addition to exercise performance, NO3
- supplements are being investigated as 

potential therapeutic interventions for several clinical populations, including chronic 

obstructive pulmonary disease (237), hypertension (238), heart failure (239, 240) and 

insulin resistance (241).  Understanding the mechanism(s) by which BRJ alters 

excitation-contraction coupling/metabolism is therefore essential to ensure that 

undesirable ‘off-target’ effects do not occur. For instance, the reported reduction in ANT 

and UCP3 proteins, and the increase in coupling efficiency following sodium nitrate 

consumption (174), may increase proton motive force and mitochondrial reactive oxygen 

species (ROS) emission. ANT has previously been shown to contribute between half and 

two-thirds of basal mitochondrial leak respiration (242) and a reduction in ANT protein 

has been associated with impairments in submaximal ADP sensitivity and oxidative 

stress (243).  

Therefore, the primary aim of the current study was to determine if BRJ altered 

various indices of mitochondrial bioenergetics. The current data suggest an improvement 
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in mitochondrial oxidative efficiency is not required for BRJ-mediated reductions in 

whole body VO2. However, an increase in mitochondrial H2O2 emission was observed in 

both permeabilized muscle fibres (PmFB) and in isolated mitochondria following 

supplementation, suggesting BRJ can modify mitochondrial bioenergetics. 

 

4.3 Methods 

4.3.1 Ethics Approval 

Thirteen healthy, recreationally active males (23.6 ± 0.6 years, 79.4 ± 1.5 kg, 

VO2peak 49.6 ± 1.4 ml·min-1·kg-1) were initially recruited for this study, of which 10 

underwent biopsy trials both prior to, and following supplementation.  Prior to 

participation, written informed consent was obtained from all subjects. All procedures 

were approved by the Research Ethics Boards of the University of Guelph (Guelph, 

Ontario) and McMaster University (Hamilton, Ontario), and conform to the Declaration 

of Helsinki. 

4.3.2 Pre-experimental Tests 

Prior to supplementation, subjects underwent a continuous incremental cycling 

test to exhaustion on an electronically braked cycle ergometer (Lode Instrument, 

Groningen, the Netherlands) for determination of pulmonary VO2peak, as well as a 20 min 

cycle test with 10 min at a workload corresponding to 50% VO2peak followed by an 

immediate step increase to a workload corresponding to 70% VO2peak for an additional 10 

min. For familiarization, subjects performed a practice trial of the 20 min test, which also 

served to confirm subjects were at the correct workloads. Trials were separated by 48 h.  

Ventilation and expired oxygen and carbon dioxide concentrations were measured 
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throughout all tests using a metabolic measurement system (MOXUS Modular VO2 

System, AEI Technologies, Pittsburgh, PA), and the last 5 minutes at each power output 

was used for analysis.  

4.3.3 Study Design 

 Following the completion of pre-experimental tests (≤48 h) and an overnight fast, 

10 subjects had 4 biopsies taken from the vastus lateralis as previously described (215). 

A small portion of the first biopsy was taken and immediately used for the preparation of 

permeabilized muscle fibres (PmFB; described below).  The remaining portion was 

combined with the second and third biopsies for the isolation of mitochondrial 

subfractions. The fourth biopsy was flash-frozen for Western blotting. Due to limited 

tissue yield, mitochondrial isolations and Western blotting could only be performed on a 

subset of 5 participants. Following the biopsies, subjects began supplementing with 

concentrated BRJ (2 x 6.5-mmol NO3
-/70 ml Beet It Sport; James White Drinks, Ipswich, 

United Kingdom, taken twice daily for a total daily intake of ~26 mmol NO3
-) for 7 days 

in an effort to maintain elevated blood plasma NO3
- and NO2

- levels. On day 5 of the 

supplementation period, subjects repeated the submaximal cycling exercise at 50 and 

70% of VO2peak. On the morning of day 7 after an overnight fast, subjects consumed 2 x 

Beet It Sport shots 90 minutes prior to having 4 biopsies taken from the vastus lateralis 

of the contralateral leg for post supplementation measurements. Subjects were asked to 

refrain from consuming foods rich in nitrates for the duration of the study, and to abstain 

from the use of anti-bacterial mouthwash, as this has been shown to attenuate the 

conversion of nitrate to nitrite by commensal bacteria (169). 
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Figure 4.1. Schematic overview of the experimental protocol. Subjects had biopsies taken at rest and on 
the morning of day 7 following the completion of 7 days of beetroot juice supplementation. On day 5 of the 
supplementation period, subjects performed submax cycling exercise at 50 and 70% of VO2max.  

4.3.4 Preparation of Permeabilized Fibres 

A small portion of each biopsy was placed in ice-cold BIOPS (50 mM MES, 7.23 

mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 0.5 mM DTT, 20 mM taurine, 

5.77 mM ATP, 15 mM PCr, and 6.56 mM MgCl2
.H2O; pH 7.1) and separated under a 

microscope into bundles using fine-tipped forceps as described previously (244). Fibre 

bundles were then treated with 30 µg/ml saponin for 30 min at 4oC, then either washed 

for 15 min in MiR05 respiration buffer (0.5 mM EGTA, 10 mM KH2PO4, 110 mM 

sucrose, and 1 mg/ml fatty acid free BSA; pH 7.1) for respiration analysis, or buffer Z 

(105 mM K-MES, 30 mM KCl, 1 mM EGTA, 10 mM K2HPO4, 5 mM MgCl2
.H2O, 0.005 

mM pyruvate, 0.002 mM malate with 5 mg/ml fatty acid free BSA; pH 7.4) for 

measurements of H2O2 emission as described below. 

4.3.5 Mitochondrial Isolation 

Mitochondrial subsarcolemmal (SS) and intermyofibrillar (IMF) populations were 

isolated by differential centrifugation as described previously (107) with minor 

modifications (245). Muscle was quickly minced and diluted in 1 ml/100 mg isolation 

buffer (100 mM sucrose, 100 mM KCl, 50 mM Tris HCl, 1 mM KH2PO4, 0.1 mM 

EGTA, 2 mg/ml fatty acid free BSA, 1 mM ATP; pH 7.4) and homogenized using a 
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polytron with a teflon head. SS mitochondria underwent centrifugation at 800 g for 10 

min and the supernatant was pelleted at 10,000 g for 10 min before being washed in 

Mg2+-absent MiR05 buffer (0.5 mM EGTA, 60 mM K-lactobionate, 10 mM KH2PO4, 20 

mM HEPES, 110 mM sucrose, 1 mg/ml BSA; pH 7.1), and spun again at 10,000 g for 10 

min. After the initial 800 g spin, the IMF mitochondrial pellet was resuspended 10-fold in 

isolation buffer and treated with 0.025 ml/g protease for 5 min before being diluted 10-

fold in isolation buffer and spun again at 5,000 g for 5 min. The IMF pellet was 

resuspended in isolation buffer and pelleted at 800 g for 10 min after which the 

supernatant was pelleted at 10,000 g for 10 min before being washed in Mg2+-absent 

MiR05 buffer, and spun again at 10,000 g for 10 min. The final pellets for both SS and 

IMF isolations were resuspended in Mg2+-absent MiR05 buffer prior to respiration, H2O2 

emission and membrane potential measurements. Protein content was quantified 

spectrophotometrically using bicinchroninic acid.  

4.3.6 Mitochondrial Respiration 

 Measurements of O2 consumption were performed in MiR05 respiration medium 

on prepared permeabilized fibres using an Oxygraph-2K (Oroboros Instruments, 

Innsbruck, Austria) at 37oC in the presence of 25 µM blebbistatin as previously described 

(246). Mitochondrial kinetics in PmFB were analyzed using three separate titration 

protocols. ADP kinetics were analyzed in the presence and absence of 20 mM creatine. 

Both ADP titrations were initiated with 2 mM malate and 10 mM pyruvate, and ADP was 

titrated at various concentrations. Pyruvate kinetics were determined in the presence of 5 

mM ADP, 5 mM malate, and 20 mM creatine while pyruvate was titrated in at various 

concentrations. Glutamate (10 mM) and 10 mM succinate were added following the 
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pyruvate and ADP titrations to determine maximum mitochondrial respiration. Finally, 

10 µM cytochrome c was added, with <10% increase in respiration in all measurements 

indicating outer mitochondrial membrane integrity. All fibres were recovered from the 

respirometer, freeze-dried, and weighed for normalization to muscle bundle weight. The 

apparent Km for pyruvate and ADP were determined as previously (244).  

 In isolated mitochondria, respiration experiments were performed at 25°C as 

described previously (247). State IV respiration was determined in the presence of 5 mM 

pyruvate and 2 mM malate. To determine P/O ratios, 50 µM ADP was added followed by 

two boluses of 100 µM. The change in oxygen concentration in the chamber following 

each of the two 100 µM ADP boluses was averaged and used for the calculation of P/O 

ratios.  Maximal state III respiration was determined by the addition of 5 mM ADP, with 

10 mM glutamate and 10 mM succinate added to determine maximal complex I and 

maximal complex I+II respiration, respectively.  

4.3.7 H2O2 Emission 

Mitochondrial H2O2 emission in PmFB was measured in buffer Z (105 mM K-

MES, 30 mM KCl, 1 mM EGTA, 10 mM K2HPO4, 5 mM MgCl2
.H2O, 0.005 mM 

pyruvate, 0.002 mM malate with 5 mg/mL fatty acid free BSA; pH 7.4) fluorometrically 

(Lumina, Thermo Scientific) at 37oC in the presence of 25 µM blebbistatin. Cuvettes 

contained 10 µg/ml oligomycin, 10 µM Amplex Red (Invitrogen), 0.5 U/ml horseradish 

peroxidase, and in both the presence and absence of 40 U/ml superoxide dismutase. In 

isolated mitochondria, H2O2 emission was measured in MiR05 at 25°C in cuvettes 

containing 10 µg/ml oligomycin, 10 µM Amplex Red (Invitrogen), 0.5 U/ml horseradish 

peroxidase, and 40 U/ml superoxide dismutase (SOD). The reaction for both PmFB and 
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isolated mitochondria was initiated by the addition of 10 mM succinate.  The rate of H2O2 

emission was calculated from the slope (absorbance/min) after subtracting the 

background, from a standard curve established with the same reaction conditions. In 

PmFB, H2O2 rates were normalized to fibre dry weight as performed previously (155), 

and isolated mitochondria were normalized to protein content. 

4.3.8 Membrane Potential  

 Mitochondrial membrane potential was measured fluorometrically at 25°C in 

cuvettes filled with MiR05 and 2µM safranine-O as described previously (248), with 

some modifications. Briefly, mitochondria were added to cuvettes followed by the 

addition of 10 mM pyruvate and 5 mM malate (state IV), 2.5 mM ADP (state III), 10 mM 

glutamate (maximal complex I), and 10 mM succinate (maximal complex I+II). 

Mitochondria were uncoupled by the addition of 2 µL 2,4-dinitrophenol (DNP), followed 

by the addition of Safranine-O (2 x 1 µM) for calibration of the fluorescence signal. 

Membrane potential was then estimated using the Nernst Equation: 

 

where R is the universal gas constant, F is Faraday’s constant, T is absolute temperature, 

and z is the valence (+1) of safranine.  

4.3.9 Western Blotting 

Western blotting was performed on whole muscle homogenate using methods 

described previously (249). Samples were loaded equally for a-tubulin (Abcam), UCP3 

(Millipore), ANT1 (Mitosciences), ANT2 (Abcam), SOD2 (Abcam), Catalase (Abcam), 

4HNE (Alpha Diagnostics), PDH subunit E1α (Molecular Probes), OXPHOS 

(Mitosciences), and for the Oxyblot protein oxidation detection kit (Millipore) and N3-

€ 

Δψ =
RT
zF
ln([Safranine]out /[Safranine]in )
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nitroyslation (Cayman). Proteins were separated by SDS-polyacrylamide gel 

electrophoresis, transferred to polyvinylidene difluoride membrane, and were incubated 

in blocking solution, primary antibody, and the corresponding secondary antibody as 

specified by the supplier. All samples were detected from the same Western blot by 

cutting gels and transferring onto a single membrane to limit variability, and all gels were 

loaded with 10 µg protein. Linearity of signal was confirmed from 5-15µg of protein. 

Membrane proteins were detected by enhanced chemiluminesence (Perkin Elmer, 

Woodbridge, ON) and quantified by densitometry (Alpha Innotech Fluorchem HD2, 

Fisher Scientific, Ottawa, ON).  

4.3.10 Plasma Analyses 

Five separate subjects repeated the supplementation protocol for the collection of 

blood plasma. Subjects reported to the lab following an overnight fast, and had blood 

samples taken immediately prior to consuming their first bolus of BRJ. Samples were 

then taken again 1.5 and 3 hours after ingestion. This process was repeated again in the 

evening, and on day 6 of the supplementation period. Blood samples (8 ml) were 

collected in EDTA-containing tubes and centrifuged at 1,000 g for 10 min at 4°C. Plasma 

aliquots were frozen and stored at -80°C for subsequent analysis of plasma nitrate (NO3-) 

and nitrite (NO2-) by chemiluminescence using a using a Sievers gas-phase 

chemiluminescence NO analyzer (NOA; Sievers NOA 280i; Analytix, Durham, UK) 

(250).  

4.3.11 Statistics 

A two-way analysis of variance was used to detect differences between day 1, day 

6, and sampling time-points for blood plasma NO3
- and NO2

- measurements. If 

significance was detected, a Fischer LSD post-hoc test was applied. A Student’s paired t-
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test (two-tailed) was used to detect differences between pre- and post-supplementation 

data in submaximal exercise trials, and in isolated mitochondria and permeabilized 

muscle fibre experiments. Significance was determined at p<0.05 with confidence 

intervals ≥95%. 

 

4.4 Results 

4.4.1 Whole Body Oxygen Consumption and Energy Expenditure 

We first characterized the pulmonary VO2 responses during exercise to ensure 

that the supplementation with BRJ coincided with the expected metabolic effect. Oxygen 

consumption was unaltered while exercising at 50% VO2peak (Figure 4.2A). In contrast, 

oxygen consumption while exercising at 70% VO2peak decreased ~100 ml following BRJ 

consumption, representing ~3% of oxygen consumption (Figure 4.2B). It is worth noting 

that of the 13 participants tested in the exercise trials, 8 showed a decrease in pulmonary 

VO2 at 50% (Figure 4.2A), and 12 of 13 subjects decreased at 70% (Figure 4.2B). 

Despite the change in oxygen consumption at 70% VO2peak, there was no change in RER 

(Pre, 0.99 ± 0.01; Post, 0.99 ± 0.01), indicating that there was no change in fuel 

preference following BRJ consumption.  
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Figure 4.1. Oxygen uptake for subjects cycling at 50%; A) and 70%; B) of VO2 max prior to 
supplementation (Pre) and on day 5 of supplementing (Post) with beetroot juice. Inset represents the 
individual responses. Values are means ± SE, (n=13). *p<0.05 vs. Pre. 

4.4.2 Respiration in Permeabilized Fibres 

Given the change in oxygen consumption, we next aimed to determine if BRJ 

supplementation altered various indices of mitochondrial bioenergetics. Supplementation 

did not alter leak respiration (non-ADP stimulated respiration; Figure 4.3A) or maximal 

substrate-supported respiration (Figure 4.3A). In support of a lack of change in maximal 

respiration, the content of various electron transport chain proteins and PDH were not 

altered (Figure 4.3B and C).  A previous paper found that sodium nitrate supplementation 

decreased ANT protein content (174), and therefore we next examined if BRJ altered 

mitochondrial ADP sensitivity.  
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Figure 4.2. Mitochondrial capacity in permeabilized fibres (A) and the expression of oxidative 
phosphorylation (OXPHOS) proteins (B, C). PM: 10mM pyruvate + 2mM malate either without (leak, -
ADP) or with (State III, +ADP) 5mM ADP. PMG: State III max complex 1 linked, 10mM pyruvate + 2 
mM malate + 5mM ADP + 10mM glutamate. PMGS: max complex 1 and 2 linked, 10mM pyruvate + 2 
mM malate + 5mM ADP + 10mM glutamate, + 10mM succinate. Values are means ± SE. n=10 for PmFB, 
n=5 for Western blot data. 

 
Titrating ADP in the presence of substrates revealed an expected Michaelis-

Menten curve (insets in Figure 4.4A and D) that was utilized to estimate the ADP 

sensitivity (apparent Km). BRJ supplementation did not alter maximal respiration (Figure 

4.4B and E) or the apparent Km (Figure 4.4C and E) in the presence or absence of 

creatine, respectively.  In support of this, ANT1, ANT2, and UCP3 protein contents were 

unaltered following supplementation (Figure 4.4G and H). To further examine the 

potential effect of BRJ supplementation on electron transport function we determined the 

kinetic properties of pyruvate to stimulate respiration in the presence of saturating ADP 
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concentrations. Unfortunately, some of the permeabilized fibre bundles could not be 

recovered for dry weight assessments following respiration experiments, and therefore 

only kinetic properties were examined, and not maximal respiration. Pyruvate displayed a 

typical Michaelis-Menten curve (Figure 4.5A), however BRJ did not alter the apparent 

sensitivity of mitochondria to pyruvate (Figure 4.5B). Altogether these data suggest that 

BRJ, while decreasing oxygen consumption during exercise, does not improve 

mitochondrial respiratory measures in permeabilized muscle fibres. 

4.4.3 Respiration and Membrane Potential in Isolated Mitochondria 

Given the lack of change in mitochondrial respiration, in a subset of participants 

(n=5) both subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial 

subpopulations were isolated to directly examine mitochondrial coupling efficiencies. 

BRJ supplementation did not alter the P/O Ratio (Figure 4.6A and B), or the respiratory 

control ratio (RCR) (Figure 4.6C and D) in SS or IMF mitochondria. Furthermore, there 

was no correlation between the measured coupling ratios in either subpopulation and the 

change in whole body VO2 at either power output (50%; R2= 0.04 SS, 0.003 IMF, 70%; 

R2= 0.008 SS, 0.119 IMF). In addition, changes in membrane potential (DY) were 

estimated fluorometrically using Safranine-O. In both SS and IMF mitochondria, DY 

decreased following the addition of substrates and ADP (Figure 4.7A and B), however 

there were no differences in either fraction following supplementation. These data further 

support the interpretation that a reduction in whole body oxygen consumption during 

exercise is independent of improvements in mitochondrial respiration/coupling. 
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Figure 4.3. ADP titrations either in the presence (A-C) or absence (D-F) of creatine with pyruvate 
and malate present in the respiration media, and the expression of protein targets contributing to 
mitochondrial membrane potential (G, H). The corresponding Vmax (B, E) indicated there was no change 
in mitochondrial capacity, and no change in the apparent Km indicating no change in sensitivity to ADP (C, 
F). Values are means ± SE. n=10 for PmFB, n=5 for Western blot data. 
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Figure 4.4. Pyruvate titrations with malate and ADP present in the respiration media. There was no 
change in the apparent Km indicating no change in sensitivity to pyruvate. Values are means ± SE, (n=10).  

 

 
Figure 4.5. Measures of mitochondrial efficiency (P/O ratio, A-B) and coupling (RCR, C-D) in SS and 
IMF mitochondria. Values are means ± SE, (n=5). 
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Figure 4.6. Membrane potential measured using Safranine-O in SS (A) and IMF (B) mitochondrial 
subpopulations. Pyruvate/Malate: 10mM pyruvate + 5mM malate. ADP: 10mM pyruvate + 5mM malate 
+2.5mM ADP. Glutamate: 10mM pyruvate + 5mM malate + 2.5mM ADP + 10mM glutamate. Succinate: 
10mM pyruvate + 5mM malate + 2.5mM ADP + 10mM glutamate + 10mM succinate.  Values are means ± 
SE, (n=5). 

 

4.4.4 H2O2 Emission and Oxidative Stress 

Given that NO can inhibit cytochrome oxidase (175–178), we also examined the 

possibility that BRJ could increase the propensity of mitochondria to produce ROS. In 

permeabilized fibres, maximal succinate-induced mitochondrial H2O2 emission increased 

~50% following supplementation in the absence (Figure 4.8A) and presence (Figure 

4.8B) of exogenous superoxide dismutase (SOD). The presence of exogenous SOD did 

not increase H2O2 emission (Figure 4.8A and B), suggesting that the QH2 site in the 

intermembrane space of complex III does not contribute to succinate-induced ROS in 

humans. This supports the notion that reverse electron flow to complex I represents the 

majority of superoxide production in the presence of succinate. However, there was no 

correlation between the propensity to produce H2O2 and the change in whole-body VO2 

either with (R2= 0.03 at 50%, 0.115 at 70%) or without (R2=0.08 at 50%, 0.209 at 70%) 

exogenous SOD. Within IMF mitochondria, which represent ~80% of the mitochondria 

within muscle (133, 251), there was also a strong trend for an increase in H2O2 emission 
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(P=0.07). However, there was no increase within SS mitochondria (Figure 4.8C and D). 

The increased propensity to produce ROS within permeabilized fibres did not result from 

a reduction in either CAT or SOD2 (Figure 4.8E and F) and did not manifest with overt 

oxidative stress, as indicated by a lack of change in lipid peroxidation (4HNE), protein 

carbonylation or nitrotyrosine residues in muscle homogenates (Figure 4.8G and H).  

4.4.5 Temporal effects of beetroot juice consumption on blood nitrate and nitrite 

concentrations 

Despite the observed decrease in whole body VO2 and increase in muscle 

mitochondrial ROS emission, given the lack of response with respect to mitochondrial 

coupling we wanted to confirm the dosing protocol resulted in increases in plasma NO3
- 

and NO2
-. Therefore, in separate participants we re-ran the study to only measure plasma 

responses. In these individuals, we characterized the blood NO3
- and NO2

- responses 

during the first and last full day of the supplementation period.  In general, both NO3
- 

(Figure 4.9A) and O2
- (Figure 4.9B) concentrations increased (P<0.05) within 90 min, 

and remained elevated 2 h following ingestion in the morning and in the evening. The 

basic response to BRJ consumption was not dramatically altered when measured 

following 6 days of supplementation.  However, NO3
- levels were higher in the morning 

on day 6 (Figure 4.9A), such that NO3
- was higher in the morning at all time points 

examined, in association with a strong trend (P=0.07) for an increase in NO2
- (Figure 

4.9B) 90 min following ingestion. In the evening, NO3
- was not dramatically different on 

day 6, while NO2
- was lower 120 min after the consumption of BRJ (Figure 4.9A and B). 

Therefore, the plasma responses indicate the dosing protocol used in the current study 

was sufficient to maintain elevated plasma NO3
- and NO2

- concentrations throughout the 

experiment. 
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Figure 4.7. Propensity for succinate-
supported mitochondrial ROS emission 
before (Pre) and after (Post) beetroot juice 
supplementation. Permeabilized fibres traces 
were performed in the presence (A) and absence 
(B) of 2.5µL of exogenous SOD with 20mM 
succinate and 25µM BLEB present in the media. 
Isolated mitochondria traces for SS (C) and IMF 
(D) were performed in the presence of 2.5µL of 
exogenous SOD and 8mM succinate. Skeletal 
muscle homogenate was used to blot for protein 
content of the antioxidant enzymes (E-F), as well 
as markers of oxidative stress (G-H). Values are 
means ± SE. *p<0.05. n=10 for PmFB, n=5 for 
isolated mitochondria, n=5 for Western blot data. 
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Figure 4.8. Plasma nitrate concentration ([NO3

-]); A) and nitrite concentration ([NO2
-]); B) following 

consumption of beetroot juice (13mmol NO3
-) in the morning and in the evening. Baseline samples 

were taken prior to the morning and evening supplementation (8:00am and 6:00pm, respectively), and at 90 
and 3h post consumption. Values are means ± SE, (n=5). *p<0.05 vs same time point on Day 1.  
 

4.5 Discussion 

In the current study we show that BRJ consumption, while decreasing the oxygen 

utilization of submaximal exercise, did not alter various indices of mitochondrial 

coupling/respiratory responses. Specifically, state IV and III respirations were not altered 

in either isolated SS and IMF mitochondria or permeabilized muscle fibres, and coupling 

(P/O) ratios and proton motive force were also unaffected by BRJ consumption. There 

was also no correlation between the measured coupling ratios in either subpopulation and 

the change in whole body VO2 at either power output. These data are in stark contrast to a 

previous publication utilizing sodium nitrate consumption, which reported improved 

coupling efficiency within pooled isolated mitochondria (174). This previous paper 

argued that a reduction in UCP3 and ANT protein content accounted for the improvement 

in the observed P/O ratios. However, in the current study, UCP3 and ANT proteins were 

not reduced and the apparent mitochondrial ADP respiratory sensitivity remained 

unaltered. Therefore, it appears that although sodium nitrate and BRJ both reduce whole 
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body oxygen consumption during exercise, they may work through divergent 

mechanisms of action.  

Previous work utilizing 31P-magnetic resonance spectroscopy (182) suggested that 

BRJ reduces ATP turnover rate during exercise. Combined with the current observation 

that BRJ does not alter mitochondrial coupling, these results strongly suggest an 

improvement in excitation-contraction efficiency (i.e. increased work/ATP consumption) 

is responsible for the reduction in VO2 following BRJ. Considering NO has been shown 

to increase calcium ATPase (SERCA) efficiency (Ca2+ uptake/ATPase activity; (183)) 

and oral NO3
- consumption increases intracellular Ca2+  handling and force production in 

rodents (188) as well as low-frequency force generation and rates of relaxation in humans 

(191), future work should focus on the potential for BRJ to alter SERCA properties. 

While we have not provided a mechanism of action in the current study to account for the 

reduction in VO2 during exercise, the present data strongly suggests that alterations in 

mitochondrial efficiency are not required for the observed whole body responses.  

While indices of mitochondrial oxygen consumption were not altered following 

BRJ consumption, we have provided evidence that BRJ supplementation increases the 

capacity for mitochondrial ROS emission.  The functional consequence of an increased 

propensity for mitochondrial H2O2 emission following BRJ consumption is not currently 

known. Furthermore, in resting muscle neither BRJ (current study) nor sodium nitrate 

(252) increased measures of overt oxidative stress within skeletal muscle, and therefore it 

remains unclear if the observed increase in the in vitro capacity for ROS emission 

translates to a functional effect in vivo. This is further emphasized by the fact that the 

change in whole-body VO2 and the increase in H2O2 emission did not significantly 
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correlate. However, the study of redox biology is complex and ROS-induced signalling 

can occur in the absence of overt oxidative damage. As a result, it remains possible that 

an increase in mitochondrial ROS could contribute to the observed reduction in whole 

body VO2 following BRJ consumption. In support of this, H2O2 has been shown to 

directly interact with the contractile apparatus to increase force production in the absence 

of changes in cytosolic Ca2+ concentrations (163), and H2O2 can directly increase the 

mechanical efficiency of skeletal muscle (253). However, H2O2 has also been shown to 

decrease myofibrillar Ca2+ sensitivity and muscle force production (254), a process that 

appears to require thiol alterations (255). Therefore, while the potential mechanistic role 

of increased mitochondrial H2O2 in the observed reduction in whole body VO2 during 

exercise remains speculative, it is possible that the redox signalling initiated in resting 

muscle following BRJ supplementation may augment the response to exercise. Clearly, 

future work is required to elucidate how BRJ alters whole body VO2 during exercise, 

however if ROS contributes as a signalling molecule in these responses this may explain 

the relative insensitivity to BRJ in elite athletes (256–258), as these individuals have 

increased skeletal muscle antioxidant enzyme content (144). 

Previous literature has shown that acute BRJ consumption containing ~16 mmol 

NO3
- is ideal with respect to peak blood NO3

- and NO2
-, responses that are normalized 

over a 12 hour period (181). Therefore, in the current study we utilized this dosing 

intervention every 12 hours to maintain chronically elevated NO3
- and NO2

- plasma 

profiles over the entire 7-day study.  The plasma profiles on the final day of the 

intervention show that while NO3
- was higher in the morning, the concentration of NO2

- 

was ~50% lower in the evening. This is in contrast to previous work showing similar 
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responses over 15 days with a lower dose of NO3
- (180). However, intriguingly, on day 8 

plasma NO2
- was not significantly different from the pre-supplementation baseline, 

suggesting the response observed in the current study on day 6 may be transient. 

Carlström and colleagues (259, 260) have shown that 8-10 week supplementation with 

sodium nitrate is followed by a return to baseline in plasma [NO3
-] /[NO2

-] in rodents 

suggesting that it may theoretically be possible to become resistant to prolonged high 

plasma [NO3
-]/[NO2

-]. This may contribute to the relative insensitivity in elite athletes 

(257, 258, 261) to the otherwise consistent finding with recreationally active subjects that 

BRJ lowers VO2 during exercise, as elite athletes exhibit higher baseline plasma [NO3
-] 

when compared with untrained individuals (262, 263). In the current study whole body 

VO2 measurements were made 48 hours prior to biopsies, and therefore it remains 

possible that mitochondrial efficiency was altered 2 days earlier, especially since Larsen 

and colleagues (174) examined mitochondrial efficiency after 3 days of sodium nitrate. 

However, this remains an unlikely explanation, since reductions in steady-state 

pulmonary VO2 are seen 2.5 h after an acute dose of BRJ (180). 

4.5.1 Limitations 

A limitation of this study was the time delay between measurements, as whole-

body oxygen consumption, muscle biopsies and the collection of blood were taken on 

different days. While we could have performed the exercise trials on the same 

experimental day as the biopsies, out of necessity this would dictate that the exercise and 

biopsies occurred at different times following the consumption of the BRJ (i.e. biopsies at 

90 min and exercise 120-150 min post consumption). Instead, we opted to standardize the 

time that all measurements were taken following the final mornings dose of BRJ, which 
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dictated that measurements were taken on different days. This decision was made as we 

are unaware of data to indicate the response to BRJ would be different between days 5-7, 

however the acute response to beetroot juice is known to vary considerably across time. 

Nevertheless, the reader should be aware of the time delay between measures. 

Unfortunately, the subjects recruited for blood measurements represent a different 

cohort, and therefore should only be interpreted as proof-of-principle that the current 

dosing protocol resulted in the expected increase in plasma NO2
- and NO3. Given the 

results of our blood measures, we are confident our dosing protocol was sufficient to 

result in a prolonged elevation in plasma NO2
- and NO3

- in the first cohort of subjects, 

and therefore the lack of an effect is not the result of our supplementation regime. This is 

further corroborated by our results at 70% VO2max exhibiting the well-documented 

decrease in whole-body VO2  following NO3
- supplementation (170, 171, 174, 179, 180, 

182, 231). This shows that our dosing protocol is still eliciting an ergogenic effect, but 

the underlying mechanism is not an alteration in mitochondrial coupling, and thus lies 

elsewhere.  

Another possible perceived limitation was the small sample size, particularly for 

the isolated mitochondria experiments. However, in order to detect a 5% change in 

mitochondrial coupling ratios with 80% power, for SS mitochondria alone we would 

need to recruit an additional 50 subjects.  Furthermore, the results of our mitochondrial 

measurements support what was seen within the larger group in PmFB experiments. We 

therefore felt we could not ethically justify recruiting more subjects and performing 

biopsies just to increase the sample size when we did not anticipate seeing an effect, as 

the tissue requirement for isolated mitochondria is significant.  
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4.5.2 Conclusions 

Altogether, in the current study we provide evidence that improvements in 

mitochondrial coupling efficiency are not required for the reduction in whole body 

oxygen utilization during exercise following BRJ supplementation in recreationally 

active subjects. Instead, we provide evidence that mitochondrial H2O2 is increased, 

however it remains to be determined if this contributes to the observed reduction in VO2. 

This is in contrast to the results found following 3 days of sodium nitrate supplementation 

(174). This is surprising given that nitrate appears to be the active ingredient in both 

supplements, as a nitrate-depleted beetroot juice placebo has been shown to have no 

effect on pulmonary responses to exercise in both moderate- and severe-intensity 

exercise, as well as blood pressure (179). It is therefore possible that these two 

supplements act through different mechanisms, or elicit effects beyond simply increasing 

dietary nitrate intake. Future work should compare both BRJ and sodium nitrate directly 

with respect to mitochondrial adaptations and H2O2 emission to further our understanding 

of how these supplements may alter metabolism.
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CHAPTER 5: 

BEETROOT JUICE SUPPLEMENTATION INCREASES SKELETAL MUSCLE FORCE 

PRODUCTION IN RECREATIONALLY ACTIVE SUBJECTS 

 

Manuscript in Preparation: 

Whitfield J, Gamu D, Heigenhauser GJF, van Loon LJC, Tupling AR, Spriet LL, 

Holloway GP. Beetroot juice increases human muscle force without changing Ca2+-

handling proteins. For Medicine & Science in Sports & Exercise.  
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5. 1 Abstract 

Supplementation with dietary inorganic nitrate (NO3
-) in the form of beetroot juice (BRJ) 

reduces whole-body oxygen consumption during submaximal exercise. There are 
currently two proposed mechanisms to explain this decrease; 1) improved mitochondrial 
function and 2) improved mechanical efficiency. Previous research has shown that 
mitochondrial bioenergetics are not improved following 7-d of BRJ supplementation, 
however there was an increase in H2O2 emission. As reactive oxygen species (ROS) have 
been shown to increase skeletal muscle contractile force, this presents a possible 
mechanism for the ergogenic effects of BRJ. PURPOSE: To examine the effects of 7-d 
of BRJ supplementation on skeletal muscle contractile characteristics and function. 
METHODS: Young recreationally active males (n=8) underwent transcutaneous 
electrical muscle stimulation of the vastus lateralis for evaluation of skeletal muscle 
contractile characteristics and various indices of excitation contraction coupling pre and 
post 7-d of BRJ supplementation (280 ml/day, ~26 mmol NO3

-). An additional group of 
subjects (n=8) underwent skeletal muscle biopsies from the vastus lateralis for 
determination of key regulatory proteins associated with calcium handling via Western 
blotting, and for determination of GSH:GSSG ratio, an indicator of cellular oxidative 
state, via HPLC. RESULTS: Following supplementation, there was no change in force 
produced during MVC (602.1 ± 50.4 vs. 596.6 ± 56.4 N), however peak twitch tension 
was increased (132.6 ± 3.3 vs. 153.5 ± 6.0 N, p<0.01). While there was no change in 
twitch half-relaxation time, the maximal rates of force development and relaxation were 
increased (3529 ± 251 vs. 2455 ± 135 and -2676 ± 283 vs. -2010 ± 168 N/s, respectively, 
p<0.05). Force was also increased during the FF curve at 10 Hz (41.1 ± 2.3 vs. 37.6 ± 2.4 
% of peak force, p<0.05), but was not different at other frequencies. Despite the increase 
in low-frequency force, there was no change in the expression of proteins associated with 
calcium handling (SERCA1a, SERCA2, CSQ, RyR, DHPR), or in the GSH:GSSG ratio. 
CONCLUSION: Following 7-d of BRJ supplementation, force production at low 
stimulation frequencies was increased in human skeletal muscle. The increased rates of 
force development and relaxation occurred despite no change in the expression of 
proteins associated with calcium handling and SERCA regulation, or indices of the 
cellular oxidative state. While these results suggest that a possible mechanism of action 
for BRJ is via modification of calcium handling or calcium sensitivity of the contractile 
apparatus, it remains to be determined what the mechanism of action is.  
 
Abbreviations: BRJ, beetroot juice; ROS, reactive oxygen species; MVC, maximum 
voluntary contraction; FF, force frequency; sarcoplasmic reticulum Ca2+-ATPase, 
SERCA; RyR, ryanodine receptor; DHPR, dihydropyradine receptor; CSQ, calsequestrin. 
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5.2 Introduction 

 Nitric oxide (NO) is a potent signalling molecule formed via the canonical oxygen-

dependent L-arginine/NO synthase pathway (166). However, it is now known that NO can also 

be formed via the sequential reduction of inorganic nitrate (NO3
-) and nitrite (NO2

-) taken in 

through the diet (167) in a process dependent on commensal anaerobic bacteria in the oral cavity 

(168, 169). Therefore, supplementation with inorganic NO3
- has become a practical method for 

increasing circulating plasma NO2
- and therefore NO, and has been shown to reduce blood 

pressure (171, 232, 264), improve vascular control (236), decrease oxygen consumption (VO2) 

during exercise (170, 171, 180, 182, 229–231, 265), increase muscle contractile function (189, 

191), and improve exercise performance (179, 229, 231, 233–235). 

Despite the growing body of work researching the diverse biological effects of 

supplementing with dietary NO3
-, the underlying mechanism of action of how it alters 

metabolism to improve performance remains to be elucidated. Of particular interest is the finding 

that supplementation decreases VO2 during exercise, as this challenges the classic physiological 

principle that the oxygen cost for an individual at a given sub-maximal power output is fixed, 

regardless of age or training status (172). In order to reduce the cost of exercise, NO3
- would 

therefore need to either 1) improve mitochondrial coupling and therefore reduce the O2 cost of 

ATP production, 2) reduce the ATP cost of force production, and/or 3) inhibit oxidative ATP 

production and therefore increase energy production via substrate-level phosphorylation (i.e. 

phosphocreatine (PCr)). However thus far, results from studies addressing the effects of NO3
- on 

mitochondrial bioenergetics have been equivocal (174, 265, 266). In contrast, there is now a 

growing body of evidence that NO3
- may improve the coupling of ATP hydrolysis to force 

production. Bailey et al. have demonstrated decreased ATP turnover following beetroot juice 

(BRJ) supplementation during both low- and high-intensity exercise (182), as well as decreased 



	 99	

PCr cost per unit force during maximum voluntary contractions (MVC) (189). Taken together, 

these findings suggest that NO3
- decreases the ATP cost of skeletal muscle force production, and 

does not increase reliance on anaerobic metabolism.  

 During exercise, one of the biggest sources of energy consumption is the sarcoplasmic 

reticulum Ca2+-ATPase (SERCA) (5), suggesting that modifications of this ATPase could be a 

potential candidate to explain the decrease in ATP cost of contraction. Work utilizing murine 

muscle has shown improvements in contractile function, with fast-twitch muscle displaying 

greater peak force production in response to low (≤50 Hz) frequency stimulation (188, 266). This 

was due to an increase in cytosolic free calcium concentrations during tetanic stimulation (188), 

and increased expression of calsequestrin 1 (CSQ) and the dihydropyridine receptor (DHPR), 

two key proteins involved in calcium uptake and release during skeletal muscle contraction (188, 

266). While similar improvements in excitation-contraction coupling to low-frequency 

stimulation have been demonstrated in humans (191), the possibility that NO3
- results in similar 

adaptations in calcium handling proteins in human skeletal muscle has not been investigated.  

Paradoxically, incubation of resting skeletal muscle fibres with the NO-donor S-nitro-N-

acetylcysteine has been shown to inhibit SERCA activity with no change in force production 

(163), raising further questions as to how NO3
- supplementation is altering skeletal muscle 

metabolism. However, we have previously demonstrated that 7-days of BRJ supplementation 

results in increased mitochondrial emission of H2O2, a reactive oxygen species (ROS) (265). In 

contrast to NO-donors, small increases in H2O2 have been shown to increase force production by 

directly interacting with the contractile apparatus (163), and can also directly increase the 

mechanical efficiency of skeletal muscle (253). Furthermore, the effects of acute increases in 

ROS on force production are more pronounced at submaximal frequencies due to their location 
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on the steep portion of the force-[Ca2+] curve (267). Thus, a change in calcium sensitivity 

mediated by intracellular redox signalling could result in a large effect on force generation, and 

may represent a possible mechanism for the ergogenic effects of BRJ. 

Therefore, the primary aim of this study was to examine the effects of 7-d of BRJ 

supplementation on skeletal muscle contractile characteristics and function, and to evaluate 

whether changes in force production could be explained by structural and/or redox-mediated 

changes. The current data demonstrate that in human skeletal muscle, BRJ improves rates of 

force development and relaxation, as well as force production at low stimulation frequencies. 

However, contrary to the effects of NO3
-
 in rodent muscle, this improvement occurred despite no 

change in the expression of proteins associated with calcium handling. Furthermore, there was 

no alteration in the ratio of reduced to oxidized glutathione (GSH:GSSG ratio), suggesting the 

oxidative status of the cell is unchanged by BRJ supplementation. While these results suggest a 

possible mechanism of action for BRJ is via modification of calcium handling or calcium 

sensitivity of the contractile apparatus, it remains to be determined how this occurs. 

 

5.3 Methods 

5.3.1 Ethics Approval 

Eight healthy, recreationally active males (26.6 ± 1.2 years, 77.1 ± 1.2 kg) were initially 

recruited for this study, and underwent transcutaneous electrical muscle stimulation (TEMS) for 

the assessment of skeletal muscle contractile characteristics prior to, and following 

supplementation. An additional eight male subjects (22.3 ± 1.2 years, 77.9 ± 2.1 kg) then 

underwent skeletal muscle biopsies from the vastus lateralis for determination of mechanistic 

features related to calcium handling.  Prior to participation, written informed consent was 

obtained from all subjects. All procedures were approved by the Research Ethics Boards of the 



	 101	

University of Guelph (Guelph, Ontario), the University of Waterloo (Waterloo, Canada) and 

McMaster University (Hamilton, Ontario), and conform to the Declaration of Helsinki. 

5.3.2 Study Design 

 Following the completion of a familiarization trial and an overnight fast, 8 subjects 

performed TEMS, and 8 subjects had 2 biopsies taken from the vastus lateralis as previously 

described (Figure 5.1) (215). The biopsies were flash-frozen for determination of protein content 

via Western blotting and determination of cellular redox status (GSH:GSSG ratio) utilizing high 

performance liquid chromatography. Following the baseline TEMS or biopsy trial, subjects 

began supplementing with concentrated BRJ (2 x 6.5-mmol NO3
-/70 ml Beet It Sport; James 

White Drinks, Ipswich, United Kingdom, taken twice daily for a total daily intake of ~26 mmol 

NO3
-) for 7 days in an effort to maintain elevated blood plasma NO3

- and NO2
- levels. This 

protocol has been used by us previously, and resulted in elevated plasma [NO3
-] and [NO2

-] 

concentrations throughout the supplementation period (265). On the morning of day 7 after an 

overnight fast, subjects consumed 2 x Beet It Sport shots 90 min prior to repeating either the 

TEMS protocol or having 2 biopsies taken from the vastus lateralis for post supplementation 

measurements. Subjects were asked to refrain from consuming foods rich in nitrates for the 

duration of the study, and to abstain from the use of anti-bacterial mouthwash, as this has been 

shown to attenuate the conversion of nitrate to nitrite by commensal bacteria (169). 
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Figure 5.1. Schematic overview of the experimental protocol. Two groups of subjects (n=8) were recruited, and 
split into two equal groups to undergo either transcutaneous electrical muscle stimulation (TEMS) or skeletal muscle 
biopsies. TEMS and biopsies were performed at rest and on the morning of day 7 following the completion of 7 days 
of beetroot juice supplementation.  

5.3.3 Transcutaneous Electrical Muscle Stimulation  

Muscle contractile characteristics were assessed using TEMS as described previously 

(268). Briefly, for all force measurements, the participant sat upright in a straight-backed chair 

with the lower leg at 90° to the thigh and with the arms folded across the chest. A strap was used 

to secure the hips and thigh to minimize any extraneous movement that could affect force 

production. Twitches and tetani were delivered to the quadriceps from a Grass model S48 

stimulator. A 5-cm-wide plastic cuff placed around the right leg just proximal to the malleoli was 

tightly attached to a linear variable differential transducer (LVDT). The LVDT output was 

amplified by a Daytronic carrier preamplifier and recorded on a two-channel Hewlett Packard 

7402A recorder. Positioning of the LVDT was such that an angle of pull at 180° was achieved 

for each participant. Calibration was performed before each test session with weights of known 

amounts. Two brass electrodes coated with warm electrode gel were used to deliver the electrical 

impulse to the quadriceps muscle. The ground electrode was placed centrally on the anterior 
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aspect of the thigh just above the patella, whereas the active electrode was placed toward the hip 

on the belly of the vastus lateralis. Each electrode was secured firmly with rubber straps 

wrapped around the leg and over the top of the electrode to ensure good contact between the skin 

and electrode, and the position of the electrodes was recorded for each participant to ensure 

consistent placement for subsequent trials. Twitches were evoked using a single supramaximal 

(150 V) impulse of 50-µs duration. Tetani at low (10, 20, and 30 Hz) and high (50 and 100 Hz) 

frequencies were induced using a voltage that elicited 40% MVC separated by 30 s with a pulse 

duration of 50 µs and a train rate and duration of 1/s and 1 s. Tetanic force, regardless of 

frequency of stimulation, was taken as the peak force recorded. At each measurement point, a 

standardized protocol was employed (Figure 5.2) that consisted of measuring the MVC, two 

twitches, the tetani (in order of increasing frequency), and two further twitches. To assess MVC, 

5-s contractions were performed. The average of two trials was used to represent MVC. One 

week before starting the experiment, participants were familiarized with all the electrical 

stimulation procedures. This session was also used to determine the voltage that elicited 40% of 

the participant’s MVC at 100 Hz.  

 

Figure 5.2. Transcutaneous electrical muscle stimulation protocol. 

 
5.3.4 Western Blotting 

Western blotting was performed on whole muscle homogenate using methods described 

previously (249). Samples were loaded equally for a-tubulin, SERCA2a, SERCA1, ryanodine 
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receptor (RyR), dihydropyridine receptor (DHPR), and calsequestrin (CSQ). All primary 

antibodies were purchased from Pierce Antibodies, Thermo Fisher Scientific, with the exception 

of SERCA1, which was a gift from Dr. David MacLennan (University of Toronto). Proteins 

were separated by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene 

difluoride membrane, and were incubated in blocking solution, primary antibody, and the 

corresponding secondary antibody as specified by the supplier. All samples were detected from 

the same Western blot by cutting gels and transferring onto a single membrane to limit 

variability. Linearity of signal was confirmed from 1-15 µg of protein. For SERCA1, SERCA2a, 

CSQ and DHPR, all gels were loaded with 3 µg of protein, and for RyR all gels were loaded with 

7 µg of protein. Membrane proteins were detected by enhanced chemiluminesence (Perkin 

Elmer, Woodbridge, ON) and quantified by densitometry (Alpha Innotech Fluorchem HD2, 

Fisher Scientific, Ottawa, ON).   

5.3.5 GSH:GSSG Ratio 

Approximately 30 mg of wet muscle was removed from each biopsy for the 

determination of muscle GSH and GSSG contents. Tissue was homogenized in 7% perchloric 

acid (PCA)/phenanthroline homogenization medium in a 1:10 wt/vol ratio and incubated for 10 

min prior to centrifugation at 1,000 g at 4°C. 250 µL of the supernatant was then added to 10 µL 

of 0.4 M iodoacetic acid (Sigma Aldrich, Zwijndrecht, the Netherlands), and neutralized by the 

addition of excess NaHCO3. A 25 µL internal standard (G3640-25mg, Sigma Aldrich) was 

added, and samples were incubated at room temperature for 1 h in a darkened room. Samples 

were then vortexed following the addition of 2 µL of dinitrofluorobenzene, and incubated at 

room temperature in the dark for a further 8 h. Finally, samples (25 µL) were injected in a high-

performance liquid chromatograph (HPLC; LC-20AD; Shimadzu, Kyoto, Japan) coupled with a 

Microsorb 100-5 NH2 S250x4.6 mm HPLC column (Agilent Technologies, Santa Clara, CA, 
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USA) and measured with a flow of 0.5 ml·min-1 at 350 nM. Retention times were 18.5, 21, and 

23 min for the internal standard, GSH, and GSSG, respectively. 

5.3.6 Statistics 

A Student’s paired t-test (two-tailed) was used to detect differences between pre and post 

supplementation data in muscle contractile characteristics, protein content following Western 

blotting, and GSH:GSSG ratio. The force-frequency relationship was assessed by a two-way 

(supplementation-frequency) repeated measures ANOVA. If significance was detected, a 

Bonferonni post hoc was applied. Significance was determined at p<0.05 with confidence 

intervals ≥95%. 

 

5.4 Results  

5.4.1 Muscle Contractile Properties 

Consistent with previous reports in humans (189–191), we have shown no improvement 

in MVC following 7-days of BRJ supplementation (Figure 5.3A). In contrast, the peak force 

measured during evoked twitches was increased when performed both prior to and following the 

FF curve (Figure 5.3B-C). Specifically, peak force was increased by ~20% (p<0.01) in the first 

set of twitches (Figure 5.3B), and was increased ~11% (p<0.05) in the second set (Figure 5.3C). 

The rates of force development (+dp/dtmax) and relaxation (-dp/dtmax) were also increased for 

both sets of twitches following supplementation (p<0.05), however there was no difference in 

half-relaxation time (RT1/2) (Table 5.1).  
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Figure 5.1. Skeletal muscle contractile measurements. (A) MVC during isometric knee extensions, and peak 
evoked isometric twitch force (B) prior to (Pre FF) and (C) following (Post FF) completion of force-frequency curve 
measurements at baseline (Pre) and following 7-day supplementation with 26 mmol·day-1 BRJ (Post). Red inlay in 
(B) and (C) represent individual responses, with 7 of 8 participants increasing peak twitch force Pre FF and 6 of 8 
increasing Post FF. Data are mean ± SEM (n=8). *Significantly different than pre-supplementation (p<0.05). 

Table 5.1. Contractile characteristics from evoked isometric twitch 

 
Values are means ± SEM, (n=8). dp/dt averaged over 0.02s. *p<0.05 vs. pre-supplementation.  
 

5.4.2 Force-Frequency Relationship 

  Given previous reports of improved excitation-contraction coupling following NO3
- 

supplementation in both rodent (188, 266) and human (191) muscle, we next sought to replicate 

this finding utilizing our dosing protocol. Similar to our findings with MVC, peak force was not 

different between conditions during the 100 Hz contractions (Pre BRJ, 228 ± 15 N, vs. Post BRJ, 

234 ± 18 N). We therefore normalized the force produced at the different stimulation frequencies 

to peak force at 100 Hz (Table 5.2.). Consistent with previous work, we have demonstrated that 
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there was a main effect of frequency on force production, with a significant interaction between 

frequency and BRJ supplementation (p<0.05). A Bonferonni post hoc was therefore used to 

elucidate differences between Pre and Post BRJ measures at different stimulation frequencies. 

While there was no difference in force production from 20-50 Hz, the peak force at 10 Hz was 

significantly greater following BRJ supplementation (Pre BRJ, 37.55 ± 2.44% vs. Post BRJ, 

41.12 ± 2.31% of peak force, p<0.05).  Traces of force production of a representative subject are 

presented in Figure 5.4. 

Table 5.2. Isometric force vs. electrical stimulation frequency 

 
Values are means ± SEM, (n=8). Force is normalized to peak force at 100 Hz. *p<0.05 vs. pre-supplementation. 
 

5.4.3 Expression of Calcium Handling Proteins 

To elucidate whether changes seen in contractile properties of skeletal muscle were due 

to changes in calcium handling, we used immunoblotting to measure the expression of key target 

proteins related to skeletal muscle calcium regulation. There was no difference in expression of 

SERCA1 and SERCA2a following 7-days of BRJ supplementation (Figure 5.5A), and in contrast 

to results seen in rodent muscle (188), there was no difference in the expression of CSQ, RyR or 

DHPR (Figure 5.5B).  

 
Figure 5.2. Isometric force produced during TEM stimulation from a representative subject. Traces were 
produced during A) evoked twitch and during tetanic stimulation at B) 10 Hz and C) 100 Hz. *p<0.05 vs. pre-
supplementation.   

0

50

100

150

Time (sec)

Fo
rc

e 
(N

)

0.2 sec

Pre
Post

0

50

100

150

200

Time (sec)

Fo
rc

e 
(N

)

Pre
Post

0.1 sec

0

100

200

300

Time (sec)

Fo
rc

e 
(N

)

0.4 sec

Pre
Post

Twitch 10	Hz 100	HzA B C

* *

Figure	4



	 108	

 

 
Figure 5.3. Expression of protein targets contributing to skeletal muscle calcium handling. SERCA, 
sarcoplasmic reticulum Ca2+-ATPase; DHPR, dihydropyridine receptor; RyR, ryanodine receptor; CSQ, 
calsequestrin, α-tubulin (loading control). Data are mean ± SEM (n=8). 

 
5.4.4 Cellular Redox Status 

 Given that we have previously shown that BRJ supplementation increases the capacity 

for mitochondrial ROS emission (265), and previous research showing that H2O2 can directly 

interact with the contractile apparatus to increase force production in the absence of changes in 

cytosolic calcium concentrations (163), we next measured the cellular content of reduced (GSH, 

Figure 5.6A), oxidized (GSSG, Figure 5.6B) and total glutathione (Figure 5.8C), in order to 

determine the ratio of GSH:GSSG (Figure 5.6D), an indicator of cellular oxidative state. 

However, there was no change in any of these indices, suggesting the cellular redox state is 

unaltered following BRJ supplementation.  
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Figure 5.4. Cellular redox state. Measurement of (A) reduced (GSH), (B) oxidized (GSSG), (C) total and the ratio 
between oxidized and reduced (GSH:GSSG) glutathione, in skeletal muscle as determined by HPLC following 7-
days BRJ supplementation. Data are mean ± SEM (n=8).  

 

5.5 Discussion 

In this study, we utilized the combined techniques of TEMS and skeletal muscle biopsies 

to address modifications in contractile properties of human skeletal muscle following prolonged 

BRJ supplementation. We have shown that consistent with previous reports in both humans 

(191) and rodents (188, 266), peak force production is increased at low frequencies of 

stimulation following NO3
- supplementation. However, in contrast to rodent data, this 

improvement cannot be explained by changes in key proteins associated with intracellular 

handling in human skeletal muscle. These data therefore contribute to a growing body of 

literature suggesting that the improvements in exercise efficiency seen following NO3
- 

supplementation with either BRJ or sodium NO3
- are likely due to modifications in force 

production.  
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5.5.1 Supplementation with NO3
- Improves Muscle Contractile Function 

 In the current study, we have shown that the intrinsic contractile properties of skeletal 

muscle are increased following 7-days supplementation with BRJ. Specifically, we have 

demonstrated greater peak force during evoked isometric twitches following supplementation, 

and this corresponded to an increase in both the rate of force production and relaxation. The 

magnitude of the changes in peak twitch force seen in the current study (~11-20%) is higher than 

previously reported in humans (~7% in (191)), and may reflect the significantly higher NO3
- 

dose (~26 vs. 9.7 mmol·day-1) utilized in the current study. However, both studies show similar 

effects of BRJ on the force-frequency relationship of contraction, with increased contractile force 

production at low frequencies (10 Hz in the current study, 1-20 Hz in (191)). This leftward shift 

of the force-frequency curve is also in agreement with the original findings in rodent muscle 

(188), and reflects enhanced excitation-contraction coupling at these frequencies.  

5.5.2 Calcium Handling Protein Expression is Unaltered in Humans 

 In contrast to our contractile characteristics, our finding that key calcium handling 

proteins were not altered following 7-days of BRJ supplementation does not support what has 

been previously reported in rodents (188, 266). Hernandez et al. demonstrated increased protein 

expression of CSQ and DHPR in fast-, but not slow-twitch muscles taken from C57bl/6 male 

mice given 1 mM sodium NO3
- for 7-days (188) and this finding has subsequently been 

replicated (266). Interestingly, work done in rats has also shown that BRJ results in elevated 

blood flow (236) and microvascular PO2 (269) in type II, but not type I muscles. Thus, it has 

been suggested that NO3
- may preferentially target type II fibres (reviewed in (270)). In the 

current study muscle was taken from human vastus lateralis, which contains ~50% type I and 

~50% type II fibres (271, 272). It is therefore possible that due to the heterogenous nature of the 
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muscle used for assessement of protein content, any effects on type II fibres within the sample 

may be diluted by the presence of type I fibers. Future studies should therefore consider the use 

of mechanically skinned single muscle fibers for determination of contractile properties in both 

type I and II fibres to help elucidate whether a fibre-type specific efffect exists in humans.  

Unfortunately, in this study the subjects recruited for our contractile properties 

experiments declined to participate in biopsy experiments, and thus measurements on skeletal 

muscle protein expression and cellular redox state represent a different cohort. While we did not 

see a change in proteins associated with calcium handling in these subjects as outlined above, we 

cannot definitively say that this is the case for subjects involved in TEMS experiments. Thus, it 

is possible that subjects with increased muscle contractile characteristics may have improved 

skeletal muscle calcium handling. 

5.5.3 BRJ Supplementation and Redox Signalling  

 The redox state of skeletal muscle is a highly regulated variable and relies on the balance 

of matching the rate of ROS production to intracellular antioxidant buffering. In terms of force 

production, ROS elicits a hormetic response, as low levels of H2O2 can directly interact with the 

contractile apparatus to increase force production in the absence of changes in cytosolic calcium 

concentrations, while higher levels have also been shown to decrease myofibrillar calcium 

sensitivity and muscle force production (254). We have previously demonstrated that there is an 

increase in mitochondrial H2O2 emission in resting muscle following BRJ supplementation 

(265), and thus this represented a possible mechanism to connect the improvements in excitation-

contraction coupling seen both previously (188, 191, 266) and in the current study. However, we 

have not been able to detect any changes in cellular redox state via protein carbonylation, lipid 

peroxidation, global nitrosylation (265), or changes in the GSH:GSSG ratio (current study), 
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which is consistent with findings in human skeletal muscle following supplementation with 

sodium NO3
- (252). This suggests that either the observed increase in the in vitro capacity for 

ROS emission does not translate to a functional effect in vivo, or we currently lack the sensitivity 

to accurately measure it. 

5.5.4 Future Directions 

The next step is to determine whether 7-days of BRJ supplementations alters 

measurements of SERCA calcium release and uptake. While this was initially a key aim for this 

study, tissue and technical limitations prevented us from completing this measurement. Our 

findings of improvements in submaximal force production is suggestive of changes in either 

calcium handling, or sensitivity. Subsequent studies should therefore attempt to elucidate the 

mechanism of action for this improvement, and determine if there is indeed a specific fibre-type 

effect similar to what is seen in the rodent.  

5.5.5 Conclusions 

 Taken altogether, we have demonstrated that following 7-days supplementation with 

NO3
- in the form of BRJ, human skeletal muscle force production is increased at low-frequency 

stimulation, as are the rates of force development and relaxation during evoked twitches. This 

alteration in the force-frequency relationship is consistent with previously reports in both rodents  

(188, 266) and humans (191), and suggests that human muscle can be activated at a lower 

frequency to achieve a given force output. This may reduce the number of motor units required 

in order to complete a given task, and may explain the decrease in ATP turnover during exercise  

previously seen following BRJ supplementation (182). However, in contrast to results in rodent 

muscle, these improvements cannot be explained by increased expression of proteins associated 

with intracellular calcium handling. This may be due to the mixed fiber composition of human 
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skeletal muscle; however further research is required to confirm this. Furthermore, it remains to 

be determined whether NO3
- supplementation results in alterations in sarcoplasmic reticulum 

calcium uptake or release, or improvements in calcium sensitivity of the contractile machinery. 
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CHAPTER 6: 

ABLATION OF THE RAB GTPASE-ACTIVATING PROTEIN TBC1D1 IN RATS IMPAIRS EXERCISE-

INDUCED PLASMA MEMBRANE GLUT4 REDISTRIBUTION AND EXERCISE TOLERANCE, BUT NOT 

INSULIN-MEDIATED RESPONSES 

 

Presented as Submitted: 

Whitfield J, Paglialunga S, Simnett G, Robson HL, Jain SS, Herbst EAF, Dyck DJ, Spriet 

LL, and Holloway GP. Ablation of the Rab GTPase-activating protein TBC1D1 in rats impairs 

exercise-induced plasma membrane GLUT4 redistribution and exercise tolerance, but not 

insulin-mediated responses. In Review: Journal of Biological Chemistry November 2016.
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6.1 Abstract 

TBC1D1, a Rab-GTPase activating protein and paralogue of AS160, has been implicated in both 
insulin and AICAR-mediated GLUT4 translocation. However, the role of TBC1D1 in 
contracting muscle remains ambiguous. We therefore explored the metabolic consequence of 
ablating TBC1D1 in resting and contracting skeletal muscles utilizing a rat TBC1D1 knock-out 
(KO) model. While insulin administration rapidly increased (p<0.05) plasma membrane GLUT4 
content ~50% in both red (RG) and white gastrocnemius (WG) muscles, ablation of TBC1D1 did 
not alter this response, suggesting TBC1D1 is not required for insulin-induced GLUT4 
trafficking events. Consistent with other models of altered TBC1D1 protein content, whole 
animal and ex vivo skeletal muscle fat oxidation was higher in KO rats. While there was no 
change in mitochondrial content in KO rats, maximal ADP-stimulated respiration was higher in 
permeabilized muscle fibres, which may contribute to the increased reliance on fatty acids in 
resting animals. Despite this increase in mitochondrial oxidative capacity, run time to exhaustion 
at various intensities was impaired ~18% in KO rats. Muscle contraction increased the plasma 
membrane content of GLUT4 in RG, however there was no difference between genotypes. In 
contrast, the contraction-induced increase in sarcolemmal GLUT4 content was 30% lower in the 
WG of KO animals. Altogether, the present data highlights a critical role for TBC1D1 in 
exercise tolerance and contraction-mediated translocation of GLUT4 to the plasma membrane in 
skeletal muscle.
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6.2 Introduction 

 
Skeletal muscle glucose uptake in response to either insulin or contraction is a highly 

regulated process that results in facilitated diffusion through glucose transporter 4 (GLUT4). The 

effects of these metabolic stimuli are additive (18, 21), ultimately resulting in the translocation of 

GLUT4 from intracellular depots to the sarcolemmal membrane. Akt2 (also known as Protein 

Kinase B; PKB) is a proximal member of the insulin signalling cascade and its phosphorylation 

is an essential step in insulin-stimulated glucose transport (273), whereas contraction-mediated 

translocation of GLUT4 is believed to occur via a  distinct molecular mechanism (18–20, 274, 

275). While the terminal downstream factors of both of these cascades are currently not fully 

understood, the binding of Rab-GTPases to GLUT4 containing vesicles is thought to be critical 

for translocation in both processes (33).  

Rab-GTPase activating proteins (GAPs) are members of the Ras superfamily of 

monomeric G-proteins that regulate numerous membrane trafficking events including vesicle 

formation and movement along actin and tubulin networks, as well as membrane fusion. Two 

protein members of the Tre-2, BUB2, CDC16, 1 domain family, member 1 (TBC1D1) and 

TBC1D4 (aka AS160) are functional GAPs that are believed to prevent GLUT4 translocation by 

maintaining Rabs in their inactive GDP-bound state (33). While AS160 and TBC1D1 are only 

61% similar in sequence over their entire length, their Rab GAP domains are 91% similar and 

have the same Rab substrate specificity (43). Upstream intracellular signalling events (e.g. 

insulin stimulation or contraction) result in the phosphorylation of AS160 and TBC1D1, and 

binding of these proteins to the molecular adaptor protein 14-3-3. Ultimately, these events enable 

GAPs to return to an active GTP-bound state and initiate vesicle exocytosis and trafficking of 

GLUT4 transporters (33).  
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Work in cell lines has shown that deletion of TBC1D1 increased GLUT4 translocation to 

the plasma membrane (44), while overexpression has inhibited it (43, 45), further supporting the 

notion that TBC1D1 plays a role in the control of GLUT4 translocation. Paradoxically, results in 

animals lacking TBC1D1 show no difference in whole body glucose or insulin tolerance, while 

in vivo maximal insulin-stimulated skeletal muscle glucose uptake is impaired (46, 47), which is 

contradictory to the proposed mechanism-of-action for this protein in glucose handling and 

GLUT4 trafficking. However, both congenic mice lacking TBC1D1 (46) and conventional 

TBC1D1 knockout (KO) mice (47, 276) display an ~50% reduction in total GLUT4 protein, 

which by itself  has been shown to impair in vitro glucose uptake without altering whole body 

glucose tolerance (50). Therefore, one possible explanation for the decrease in glucose transport 

in TBC1D1 deficient mice is the decrease in GLUT4 protein content, making interpretations on 

the functional role of TBC1D1 with respect to intracellular trafficking difficult. Nevertheless, the 

decreased GLUT4 content suggests TBC1D1 influences glucose homeostasis, and may represent 

a compensatory attempt by the cell to maintain glucose homeostasis and limit glucose flux into 

the muscle. 

More recently, work in both rodents (41, 42, 277) and humans (42, 52) has shown that 

TBC1D1 may play a critical role in the signalling cascade in response to skeletal muscle 

contraction, with TBC1D1 a downstream target of 5' AMP-activated protein kinase (AMPK). 

Contraction, but not insulin stimulation, has been shown to increase binding of 14-3-3 to 

TBC1D1 in an AMPK dependent manner in both rodents (41) and humans (42), a process that 

has been shown to be critical in the regulation of GLUT4 trafficking by AS160 (39, 278). 

Furthermore, phosphorylation of TBC1D1 via AMPK leads to a greater decrease in 
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electrophoretic mobility compared to Akt, suggesting AMPK is a more robust regulator of this 

protein than insulin (277).  

While the precise role of TBC1D1 in glucose transport appears uncertain, one consistent 

finding among cell and animal studies is its effect on lipid oxidation. Several models have shown 

alterations in lipid oxidation as a result of TBC1D1 deficiency. Specifically, TBC1D1 ablation in 

vitro and in vivo increases fatty acid oxidation (47, 48) and conversely, overexpression of 

TBC1D1 reduces skeletal muscle palmitate oxidation (48, 49) and β-hydroxyacyl-CoA 

dehydrogenase (β-HAD) activity (49). However, the mechanism-of-action resulting in 

upregulated fatty acid oxidation remains unknown. The fatty acid transporter FAT/CD36 has 

been shown to translocate in response to both insulin and contraction (103), and is critical in the 

regulation of skeletal muscle fuel selection (279); but whether this occurs via a vesicle-

dependent mechanism involving TBC1D1 remains to be determined.  

Altogether, state-of-the art studies have provided compelling evidence that TBC1D1 

ablation impairs glucose uptake and increases fatty acid oxidation. However, the current KO 

mouse models display a marked reduction in GLUT4 content, which by itself may also convey a 

similar phenotype (i.e. impaired glucose uptake, a greater reliance on fatty acids and an 

impairment in exercise capacity), making interpretations difficult. Therefore, we aimed to 

characterize the role of TBC1D1 in a previously unexamined KO rat model that lacks a 

compensatory reduction in GLUT4 content. Using this model, we provide evidence that 

TBC1D1 regulates contraction, but not insulin- mediated GLUT4 translocation in glycolytic 

muscles, and subsequently, decreases exercise capacity. These results appear specific to GLUT4, 

as FAT/CD36 trafficking was not altered. Taken together, these results provide support for a role 
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of TBC1D1 in intracellular GLUT4 trafficking in response to contraction, but not insulin-

stimulation. 

 

6.3 Results 

6.3.1 Tissue Screen  

TBC1D1 deficiency was confirmed by screening for TBC1D1 protein in skeletal muscle 

homogenate. KO animals did not express TBC1D1 protein in red or white muscle, however they 

had similar levels of AS160 (aka TBC1D4), Akt2, and FAT/CD36 (Figure 6.1A). We also 

assessed GLUT4 protein content, which was not different compared to WT rats (Figure 6.1B).  

 
Figure 6.1. Tissue screen for various protein targets (A), and quantified GLUT4 protein content in skeletal 
muscle homogenate. Tissue screen for various protein targets (A), and quantified GLUT4 protein content in skeletal 
muscle homogenate (n=6). The data are expressed as means±SEM, (n=6).  

 
6.3.2 Skeletal Muscle Response to Insulin  

 Given the unaltered GLUT4 content in this KO model, we first examined the impact of 

ablating TBC1D1 on insulin-mediated GLUT4 trafficking. In response to in vivo insulin-
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stimulation, phosphorylation of Akt2 increased ~3-fold in both red and white muscles, however 

there was no difference between genotypes (Figure 6.2A). Furthermore, there was no difference 

between TBC1D1 wildtype (WT) and KO animals in either basal plasma membrane GLUT4 

protein content, or in response to insulin in either muscle group (Figure 6.2B-C), indicating the 

insulin signalling cascade is intact in these animals.  

 

Figure 6.2. Skeletal muscle response to insulin stimulation. A) Basal and insulin stimulated phosphorylated Akt 
(pAkt) protein content in red and white gastrocnemius muscle. Basal and insulin stimulated plasma membrane 
GLUT4 in B) red and C) white gastrocnemius muscle. The data are expressed as means±SEM (n=6), *p<0.05, main 
effect vs. Basal.  

 
6.3.3 Substrate Utilization  

Given the unaltered insulin-stimulated GLUT4 plasma membrane accumulation, we next 

examined fuel utilization, as alterations in TBC1D1 protein have been associated with changes in 
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fat metabolism. In the present study, and consistent with previous reports in murine models (47, 

48),  TBC1D1 KO rats displayed decreased respiratory exchange ratio (RER), and therefore 

calculated fat oxidation was increased while CHO oxidation was concomitantly decreased in 

both the light and dark cycle (Figure 6.3A-C, p<0.05). These responses represent a shift in fuel 

preference, as there was no change in total energy expenditure (Figure 6.3D). The increase in 

fatty acid oxidation was also observed in ex vivo experiments in isolated EDL muscle strips. 

Specifically, palmitate oxidation was increased by 36% (Figure 6.3E, p<0.05). In contrast, there 

was no change in glucose oxidation (Figure 6.3F) in KO animals. 

 

Figure 6.3. Indirect calorimetry measurements. A) RER, B) fat oxidation, C) carbohydrate oxidation were 
determined in light and dark cycles for WT (white bars) or KO (black bars) rats (n=8). E) Palmitate oxidation and F) 
glucose oxidation in EDL strips (n=5). The data are expressed as means±SEM, *p<0.05 vs WT. 

 

6.3.4 Mitochondrial Respiration  

Given this alteration in substrate utilization, we next examined whether the KO animals 

displayed a change in mitochondrial content or respiratory function. TBC1D1 KO animals 
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displayed increased ADP-stimulated oxygen consumption in permeabilized muscle fibres (Figure 

6.4A, p<0.05), however there was no change in lipid-supported respiration (palmitoyl-CoA (P-

CoA), Figure 6.4A right y-axis). To determine if this functional increase was due to a change in 

mitochondrial protein content, we digested the fibres used for oxygen consumption measures for 

assessment via Western blotting.  

 

Figure 6.4. Mitochondrial capacity in permeabilized fibres. A) Mitochondrial oxygen consumption in 
permeabilized fibres prepared from EDL muscle was determined in the absence (state 4) and presence of ADP (5 
mM; state 3) supported by complex I (pyruvate+malate+glutamate, 5 mM each), complex II (succinate, 10 mM), 
and lipid supported (P-CoA, 60µM) substrates. Uncoupled respiration was measured in the presence of 2,4-
dinitrophenol (50 µM). Respiratory control ratios (state 3/state 4) were calculated at ~ 5.9 for WT and ~7.3 for 
TBC1D1 KO rat fibres bundles, (n=8). B) Representative digested fibres blot for mitochondrial subunits of the 
electron transport chain. C) Mitochondrial content in red and white gastrocnemius muscle determined by an 
OXPHOS antibody which recognizes subunits of the electron transport chain complexes and D) representative blot. 
The data are expressed as means±SEM, *p<0.05 vs WT. P=pyruvate, M=malate, D=ADP, G=glutamate, 
S=succinate.  
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 Similar to previous work in TBC1D1 KO mice (276), mitochondrial content in both 

digested fibres (Figure 6.4B) and muscle homogenate (Figure 6.4C-D) was similar between WT 

and KO. Furthermore, there was also no difference in basal β-HAD enzyme activity in white 

(WT 5.10 ± 1.04, KO 4.33 ± 0.63 µmol·min-1·g-1 ww, n=6, p=0.30), or red muscle (WT – 14.56 

± 1.77, KO – 13.95 ± 1.37 µmol·min-1·g-1 ww, n=6, p=0.77) between genotypes. To further 

examine the effects of ablating TBC1D1 on oxidative phosphorylation, we determined the 

kinetic properties of ADP to stimulate respiration in the presence of saturating substrates (Figure 

6.5A, 6.5C). Maximal respiration was higher in KO animals when ADP was titrated both with 

and without creatine (~37%, p<0.05 vs. WT, Figure 6.5A and 6.5C respectively), however this 

did not alter estimated ADP sensitivity as assessed by the apparent Km (Figure 6.5B and 6.5D, 

respectively). Similarly, maximal respiration in KO animals was also increased (~30%, p<0.05) 

when pyruvate was titrated in the presence of saturating ADP concentrations, with no effect on 

the apparent Km (Figure 6.5E-F). 

Figure 6.5. Kinetic properties of mitochondria. ADP 
titrations in permeabilized fibres prepared from EDL 
muscle in the presence (A-B) and absence (C-D) of 
creatine with pyruvate and malate present in the 
respiration media. Pyruvate titrations (E-F) performed 
with ADP and malate present in the media. The data are 
expressed as means±SEM (n=8), *p<0.05 vs WT. 
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6.3.5 Skeletal Muscle Contraction  

We next sought to determine if the upregulation of fatty acid oxidation seen at both the 

whole-body and skeletal muscle levels in KO animals could be explained by altered substrate 

delivery and/or metabolic inflexibility in response to contraction. Following electrical 

stimulation-induced contraction, giant sarcolemmal vesicles were isolated for the determination 

of plasma membrane transporters.  While FAT/CD36 increased in red muscle following 

contraction (Figure 6.6A), there was no difference between genotypes, and no effect of 

contraction in either group in white muscle (Figure 6.6B). This therefore suggests that the 

increase in whole-body fatty acid oxidation in KO animals is not due to increased transport into 

skeletal muscle. As a result, we next sought to determine if there was an impairment in GLUT4 

trafficking.   

Figure 6.6. FAT/CD36 translocation in response to contraction. Plasma membrane FAT/CD36 in A) red and B) 
white gastrocnemius muscle in response to electrical stimulation of the sciatic nerve. The data are expressed as 
means±SEM (n=6), *p<0.05 vs. basal. 
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Similar to FAT/CD36, there was a main effect for contraction to increase sarcolemmal 

GLUT4 in RG in both genotypes. While the magnitude of response was lower in KO animals, 

this did not reach statistical significance (Figure 6.7A). In contrast, the increase in plasma 

membrane GLUT4 content in WG (Figure 6.7B) was significantly lower following contraction in 

the KO animals (88% increase in WT vs. 43% increase in KO, p<0.05). Given this impairment, 

we also determined glycogen utilization during contraction to determine if there was a 

compensatory increase in endogenous substrate utilization. However, there was no change in 

glycogen content (Figure 6.8), or in skeletal muscle metabolite production (Table 6.1) between 

genotypes following contraction. 

 

 

Figure 6.8. GLUT4 translocation in 
response to contraction. Plasma 
membrane GLUT4 in A) red and B) 
white gastrocnemius muscle in response 
to electrical stimulation of the sciatic 
nerve. The data are expressed as 
means±SEM (n=6), *p<0.05 main 
effect, vs. basal, †p<0.05 vs. WT.  

	

Figure 6.7. Skeletal muscle glycogen 
concentration following contraction. 
Glycogen concentration in A) red and B) 
white gastrocnemius muscle following 
electrical stimulation of the sciatic nerve. 
The data are expressed as means±SEM 
(n=6), *p<0.05, main effect vs. basal.   
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Table 6.1. Skeletal muscle metabolite content in red and white gastrocnemius muscle following electrical 
stimulation of the sciatic nerve. 

The data are expressed as means±SEM (n=6), *p<0.05, main effect vs. control.  

6.3.6 Time to Exhaustion  

Given our finding of reduced GLUT4 trafficking in KO animals in response to 

contraction, and the prominent role of exogenous substrates during contraction in rats, we next 

examined whether this maladaptation would result in impaired running performance. Consistent 

with decreased sarcolemmal GLUT4 content in response to contraction, there was a main effect 

for genotype (p=0.0005) with running time decreased in TBC1D1 KO animals by ~18% at low 

intensity and ~25% at the higher intensity (Figure 6.9).  

 

6.4 Discussion 

In this study, we utilized a novel TBC1D1 KO rat model to elucidate the role of this 

protein in intracellular GLUT4 trafficking. We have shown that in contrast to the TBC1D1-

deficient murine model, there is no decrease in total GLUT4 protein content, and as a result 

Figure 6.9. Impaired exercise capacity in KO 
animals. Time to exhaustion (min) in WT (white 
bars) and TBC1D1 (black bars) during treadmill 
running at low (LO, 20m·min-1, 5% grade), and high 
(HI, 20m·min-1, 15% grade) intensities. The data are 
expressed as means±SEM (n=6), *p<0.05 main 
effect for intensity and genotype.   
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TBC1D1 KO rats do not display an impairment in GLUT4 accumulation on the plasma 

membrane in response to insulin. These data therefore suggest TBC1D1 is not required for 

insulin-mediated GLUT4 trafficking. In contrast, we provide evidence that contraction mediated 

GLUT4 translocation in KO animals is impaired, compromising exercise capacity. These 

findings demonstrate that TBC1D1 plays an important role in contraction-mediated but not 

insulin-stimulated GLUT4 translocation in skeletal muscle.  

6.4.1 TBC1D1 KO Animals Display Intact Insulin Signalling  

 In the current study we have shown that TBC1D1 is not required for intracellular 

GLUT4 trafficking in response to insulin; as there were no differences in either total or 

phosphorylated (Ser473) Akt2 or plasma membrane GLUT4 content. Our findings are supported 

by previous work that has shown mutation of the canonical Akt phosphorylation motif on 

TBC1D1 (Thr596) to Ala had no effect on insulin-stimulated glucose transport (51). We have 

also shown that total GLUT4 protein is unaltered between WT and KO rats, which is critical to 

the interpretations of the functional role of TBC1D1. This is in contrast to previous work 

utilizing TBC1D1-deficient mice that showed impaired insulin-stimulated glucose transport (46, 

47). However, these studies were confounded by a ~50% reduction in GLUT4 content, thus 

making it difficult to ascertain the exact role of TBC1D1 in glucose transport. It is therefore 

possible that the reduced glucose uptake in TBC1D1-deficient mouse models are a consequence 

of lowered GLUT4 content, as opposed to a direct role of TBC1D1 in mediating GLUT4 

trafficking.  

6.4.2 Increased Fatty Acid Oxidation in TBC1D1 KO Animals  

  We have shown that ablation of TBC1D1 resulted in an increase in whole-body fat 

oxidation, which occurred in the absence of any change in energy expenditure. This is consistent 

with previous studies utilizing TBC1D1-deficient mice (47, 48), as well as knock-down cell-line 
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models (48). We have also shown an increase in palmitate oxidation in KO animals in isolated 

EDL strips, however there was no change in glucose oxidation between genotypes. This suggests 

that in the absence of other substrates, the ability to utilize fatty acids is increased in TBC1D1 

KO animals, while the basal capacity to oxidize carbohydrate is not impaired.  In order to 

elucidate the mechanisms underlying the change in substrate utilization we evaluated a proximal 

step in lipid oxidation, FAT/CD36 trafficking to the plasma membrane. FAT/CD36 has 

previously been shown to respond to similar metabolic stimuli as GLUT4, including insulin and 

skeletal muscle contraction (103), and is a key component for the regulation of skeletal muscle 

fuel selection (279). It was therefore possible that TBC1D1 plays an important role in 

intracellular trafficking of this transporter, and ablation of the TBC1D1 gene would result in a 

compensatory increase in localization of FAT/CD36 to the plasma membrane. However, there 

was no difference between KO and WT animals in FAT/CD36 protein content measured in 

sarcolemmal vesicles at rest (p=0.45) or following contraction in either red or white muscle, 

indicating increased transport cannot explain the shift in fuel selection in these animals. Previous 

work utilizing TBC1D1 overexpression in mice showed reduced activity of β-HAD concomitant 

with a decrease in fatty-acid oxidation (49). However, neither β-HAD activity nor rates of P-CoA 

supported mitochondrial respiration were altered in KO rats, and therefore cannot explain the 

observed increase in fatty acid oxidation seen at the whole-body or muscle level. In contrast, 

TBC1D1 KO animals display increased mitochondrial respiration in the absence of any change 

in mitochondrial protein content, suggesting improved respiratory function.  This cannot be 

explained by increased sensitivity to substrates, as there was no change in the apparent Km for 

pyruvate, or for ADP, either in the presence or absence of creatine. It is therefore possible that 

the increase in mitochondrial function is a compensatory adaptation in response to TBC1D1 
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ablation, however further work is required to elucidate the exact mechanism behind this. An 

increase in maximal mitochondrial respiration supports our finding of increased reliance on fatty 

acid oxidation, and may indicate tighter metabolic control, as increased respiration, and therefore 

ATP production, should result in decreased mitochondrial ADPf accumulation, although this 

remains speculative and requires further examination. 

6.4.3 Impaired Contraction Mediated GLUT4 Translocation  

 Given the finding of increased mitochondrial respiration and increased reliance on fatty 

acids as fuel, we utilized two models of skeletal muscle contraction to evaluate the role of 

TBC1D1 in contraction-mediated GLUT4 translocation. Consistent with previous reports, we 

have shown that run time to exhaustion is impaired in TBC1D1 KO animals (276). However, in 

the previous study, total GLUT4 protein was decreased, again making it difficult to determine if 

the impairment in exercise capacity was due to a decrease in transporter protein content, or 

because of the ablation of TBC1D1. In the current study we have shown that total GLUT4 

protein content was not reduced in the KO animals, and therefore the exercise impairment is 

likely a result of decreased contraction-mediated GLUT4 trafficking. This clearly highlights 

TBC1D1 as having a critical role in glucose homeostasis during exercise, especially given the 

increased reliance on exogenous glucose as a fuel source in rodents. While the disruption of 

GLUT4 translocation appears to be primarily in white muscle in KO animals, differences in 

protein abundance among muscles of different fibre types have not been observed for rats (280). 

Interestingly, the decrease in GLUT4 content found in WG did not result in increased 

intramuscular glycogen breakdown, or an increase in cellular energy perturbation as measured by 

metabolite accumulation. This suggests that despite the apparent improvement in mitochondrial 

respiratory function, TBC1D1 KO animals are not able to adequately compensate for the 

decrease in glucose uptake during exercise.  
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6.4.4 Conclusion  

Altogether, we have shown that TBC1D1 KO rats displayed increased mitochondrial 

respiratory function, which may explain the increase in fatty acid oxidation seen both ex vivo and 

at the whole-body level. Despite these alterations, KO animals displayed decreased exercise 

capacity, likely due to the decrease in GLUT4 translocation seen following contraction in white 

muscle. Combined with the findings that TBC1D1 expression is highly specific to skeletal 

muscle (45, 277), and appears to be more robustly regulated by AMPK than Akt-mediated 

phosphorylation (277); these results suggest that TBC1D1 plays an important role in contraction-

mediated GLUT4 intracellular trafficking. This effect appears to be primarily in glycolytic 

muscles, and is subsequently important for glucose uptake as shown by the decreased exercise 

capacity in KO rats in this study. Previous work has shown that TBC1D1 is a key target for 

AMPK-mediated phosphorylation in muscle (34, 41, 42). Work utilizing the AMPK agonist 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR) has shown that AMPK activation can 

stimulate glucose transport in a manner similar to the effects of contraction in the absence of 

insulin (281, 282), and deletion of both β1 and β2 AMPK subunits impairs contraction-mediated 

glucose uptake and decreases exercise capacity (30), similar to what we have shown in the 

current study. This therefore supports the theory that TBC1D1 is downstream of AMPK, and 

represents a likely terminus for the contraction-mediated signalling cascade responsible for 

GLUT4 translocation. 

 

6.5 Experimental procedures 

6.5.1 Chemicals  

All chemicals were purchased from Sigma-Aldrich unless stated otherwise. 
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6.5.2 Rodents  

TBC1D1 KO rats on a Sprague-Dawley background were provided by Dr. Hamra (283). 

Animals were housed in a temperature and humidity regulated room on a 12/12-hour light-dark 

cycle. Rats were maintained on a chow diet (Harlan Laboratories Inc.) with ad libitum access to 

food and water. All protocols were approved by and performed in accordance with the 

Committee on Animal Care guidelines at the University of Guelph. 

6.5.3 Indirect Calorimetry  

Oxygen consumption (VO2), carbon dioxide (VCO2), and RER were measured over a 24-

hour period in a CLAMS (Comprehensive Laboratory Animal Monitoring System) open circuit 

system (Columbus Instruments). Fat and carbohydrate oxidation and total energy expenditure 

were calculated as previously described (284). 

6.5.4 Substrate Oxidation Assays  

Palmitate (0.5 mM, 0.5 µCi/µl [1- 14C]palmitate) (Perkin Elmer) or glucose (5.5 mM, 0.2 

µCi/µl D-[U-14C]glucose) (American Radiolabeled Chemicals) oxidation assays were performed 

in EDL muscle strips as previously described (35, 285).  

6.5.5 Skeletal Muscle Response to Insulin  

To determine skeletal muscle specific insulin-signalling, rats were anesthetized (sodium 

pentobarbital, 60mg/kg body weight), then muscle samples were excised before (basal) and 30 

minutes after an intravenous insulin injection (1 U/kg body weight). Harvested tissues were 

collected for plasma membrane preparations or rapidly frozen in liquid nitrogen for Western 

blotting as described below. 

6.5.6 Electrical Stimulation-Induced Muscle Contraction  

For muscle contraction experiments, the sciatic nerve of the experimental limb was 

exposed, and stimulating electrodes were placed around the nerve. Electrical stimulation was 
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applied for 15 min (train delivery, 100 Hz/3 s at 6-8 V; train duration, 200 ms; pulse duration 10 

ms). Following stimulation, both experimental and control hindlimb muscles (red and white 

gastrocnemius and red and white tibialis anterior) were excised and either immediately frozen in 

liquid nitrogen for further analysis or used for the preparation of giant sarcolemmal vesicles. 

6.5.7 Muscle Enzymatic Activity  

Red and white tibialis anterior muscles were excised from both experimental and control 

limbs following stimulation experiments and immediately frozen in liquid nitrogen. A small 

piece of frozen muscle (6-10 mg) was taken for the spectrophotometric determination of β-HAD 

at 37°C, as described  

previously (216).  

6.5.8 Glycogen and Metabolite Analysis  

Red and white gastrocnemius muscle from both the control and experimental limb in 

stimulation experiments was freeze dried, dissected free of visible blood and connective tissue 

and powdered for metabolite and glycogen analysis. An aliquot of freeze-dried muscle (10-12 

mg) was extracted with 0.5 mol·L-1 perchloric acid (HClO4), containing 1 mmol· L-1
 EDTA, and 

neutralized with 2.2 mol·L-1 KHCO3. The supernatant was used to determine creatine, PCr, ATP, 

and lactate with enzymatic spectrophotometric assays (216, 217). Muscle glycogen content was 

determined from an aliquots of freeze-dried muscle (2-3 mg), as described elsewhere (216). 

6.5.9 Isolation of Plasma Membranes 

Giant sarcolemmal vesicles were prepared as previously described (103). Briefly, red and 

white gastrocnemius muscle excised following contraction and insulin stimulation experiments 

were cut into thin strips and incubated (1 hour, 34 °C, 100 rpm) in 140 mM KCl/10mM MOPS 

(pH 7.4) containing collagenase VII (150 units/ml) and aprotinin (10 mg/ml).  The muscle was 

washed with KCl/MOPS containing 10 mM Na2EDTA (pH 7.4) and the supernatants combined.  
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Percoll (3.5%), KCl (28 mM) and aprotinin (10 µg/mL) were added to the supernatant.  This 

solution was layered under 3 mL of 4% Nycodenz and 1 mL KCl/MOPS, and centrifuged (60 ´g, 

45 min, 25 °C).  The vesicles were harvested from the interface of Nycodenz and KCl/MOPS 

and pelleted by centrifugation (9000 ´g, 10 min, 25 °C) and the resulting pellet was resuspended 

in KCl/MOPS and stored at -80°C for Western blotting. 

6.5.10 Preparation of Permeabilized Fibres  

 A small portion of muscle was placed in ice-cold BIOPS (50mM MES, 7.23mM 

K2EGTA, 2.77mM CaK2EGTA, 20mM imidazole, 0.5mM DTT, 20mM taurine, 5.77mM ATP, 

15mM PCr, and 6.56 mM MgCL2
.H2O; pH 7.1) and separated under a microscope into bundles 

using fine-tipped forceps as described previously (244). Fibre bundles were then treated with 

30µg/mL saponin for 30min at 4oC, then washed for 15min in MiR05 respiration buffer (0.5mM 

EGTA, 10mM KH2PO4, 110mM sucrose, and 1mg/ml fatty acid free BSA; pH 7.1) for 

respiration analysis as described below.  

6.5.11 Mitochondrial Respiration  

Measurements of O2 consumption were performed in MiR05 respiration medium on 

prepared permeabilized fibres using an Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria) 

at 37oC in the presence of 25µM blebbistatin as previously described (246). ADP-stimulated 

respiration was determined in the presence of 5mM pyruvate and 2mM malate, as well as 60µM 

P-CoA. Maximal state III respiration was determined by the addition of 5mM ADP, with 10mM 

glutamate and 10mM succinate added to determine maximal complex I and maximal complex 

I+II respiration respectively. Uncoupled respiration was measured in the presence of 50µM 2,4-

dinitrophenol. Mitochondrial kinetics in permeabilized fibres were analyzed using three separate 

titration protocols. ADP kinetics were analyzed both in the presence and absence of 20mM 
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creatine. Both ADP titrations were initiated with 2mM malate and 10mM pyruvate, and ADP 

was titrated at various concentrations. Pyruvate kinetics were determined in the presence of 5mM 

ADP, 5mM malate, and 20mM creatine while pyruvate was titrated in at various concentrations. 

Then, 10mM glutamate and 10mM succinate were added following the pyruvate and ADP 

titrations to determine maximum mitochondrial respiration. Finally, 10µM cytochrome c was 

added, with <10% increase in respiration in all measurements indicating outer mitochondrial 

membrane integrity. The apparent Km for pyruvate and ADP was determined as previously 

described (244).  All fibres were recovered from the respirometer, freeze-dried, and weighed for 

normalization to muscle bundle weight. Freeze-dried fibres were then digested in 5µg·µL lysis 

buffer as previously described (249) for determination of mitochondrial proteins via Western 

blotting.  

6.5.12 Western Blotting  

Whole muscle was homogenized in lysis buffer, diluted to 1µg·µL-1, and loaded equally 

for TBC1D1 (Abcam), total and phosphorylated (Thr642) AS160 (Cell Signalling Technology 

Inc.), total and phosphorylated (Ser473) Akt2 (Cell Signalling Technology Inc.), GLUT4 

(Chemicon), FAT/CD36 (Santa Cruz Biotechnologies) MitoProfile Total OXPHOS antibody 

cocktail (Mitosciences), cytochrome c oxidase complex IV (Life Technologies), and a-tubulin 

(Abcam). Proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred to 

polyvinylidene difluoride membrane, and were incubated in blocking solution, primary antibody, 

and the corresponding secondary antibody as specified by the supplier. Membrane proteins were 

detected by enhanced chemiluminesence (ChemiGenius2 Bioimaging system, SynGene, 

Cambridge, UK). 
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6.5.13 Time to Exhaustion  

Animals were familiarized to the treadmill at slow speeds (10 m·min-1) for 3 consecutive 

days followed by a 48-hour rest before the start of the exercise bout. Animals completed a time 

to exhaustion (TTE) trial at two different intensities (LO; 20m·min-1, 5% grade, and HI; 

20m·min-1, 15% grade), separated by ≥48 hours. 

6.5.14 Statistics  

Results are expressed as mean±SEM and were analyzed by Student’s t-test, or two-way 

ANOVA with a Fisher’s least significant difference post-hoc where appropriate. Significance 

was set at p<0.05. All graphs and statistical analyses were performed using GraphPad Prism 5.0 

(GraphPad Software).
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CHAPTER 7: 

INTEGRATIVE DISCUSSION 
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7.1 Introduction 

 The purpose of this thesis was to broadly explore different cytosolic and mitochondrial 

regulatory points for skeletal muscle metabolism, and to employ dietary and genetic 

interventions that would alter cellular energy production or utilization. In order to coordinate this 

discussion, I will present the key findings of each model in the context of the existing literature, 

and identify additional cytosolic and mitochondrial regulatory points that require further 

examination in order to help further our understanding of how these interventions alter skeletal 

muscle metabolism.  

 

7.2 The Effect of Altered Substrate Utilization on Mitochondrial Function 

7.2.1 Low-Carbohydrate, High-Fat Diet 

 Following a LCHF diet, there is a general metabolic adjustment to greater reliance on fat 

as substrate for oxidative phosphorylation at rest and during exercise. This is also present at the 

onset of exercise, which has been associated with greater metabolic inertia. Specifically, this 

inertia has been associated with delayed activation of rate-limiting pathways responsible for 

providing substrate to the mitochondria, resulting in increased reliance on substrate-level 

phosphorylation, and a delay in attaining a new steady-state pulmonary O2 uptake (VO2p). This is 

supported by the first study of this thesis, which demonstrated that despite a greater cellular 

energy perturbation during the transition (15 s) from baseline cycling to high-intensity exercise, 

PDHa was decreased both at rest and throughout exercise, and corresponded with slowed VO2p 

kinetics.  

 Our findings are consistent with what has been demonstrated previously following a 

LCHF diet, (79, 201), and supports the role of PDH as a limiting step in the activation of the 

carbohydrate derived oxidative phosphorylation pathway and therefore the delayed adjustment of 
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VO2p (83, 84, 211). Despite these findings, and the increasing popularity of LCHF as a proposed 

tool to improve performance and/or induce weight loss (see section 1.6.2), surprisingly little 

work has been done investigating its effects on regulatory points beyond PDH in skeletal muscle 

mitochondria from healthy humans. This would seem the next logical step in terms of examining 

metabolic flux through the different pathways and closing the loop between ATP production and 

utilization. 

Skovbro et al. sought to address this question utilizing a 16-day LCHF diet similar in 

macronutrient breakdown (~55-60% fat, 25-30% CHO, 10-15% protein) to what was utilized in 

Chapter 3 (286). Critically, they assessed mitochondrial function utilizing permeabilized muscle 

fibre bundles, which maintain the inherent cytoskeletal architecture and mitochondrial 

morphology, while the sarcolemma is permeabilized to eliminate diffusion limitations (287). 

This ultimately enables the examination of mitochondria within a more physiologically relevant 

state in comparison to isolated mitochondria. Intriguingly, in this study mitochondrial respiration 

was not impaired at rest. However in permeabilized fibres prepared from biopsies taken 

following exercise, ADP-driven mitochondrial respiration (State III) was impaired in the LCHF 

condition compared to baseline when providing glutamate, succinate and malate in the 

respiration medium (286). While it is unclear if a similar impairment would be displayed during 

the onset of exercise, this suggests that the changes in attaining a new steady-state VO2, and the 

associated delay in VO2 kinetics, may not be solely explained by impaired PDHa, as the 

substrates utilized in the aforementioned study circumvent this step and enter the TCA cycle. 

Furthermore, the experiments were performed with saturating ADP, which should promote flux 

through other rate-limiting enzymes (i.e. NADH and FADH2 producing steps within the TCA 

cycle). Therefore, it appears that in addition to impairing flux through PDH, LCHF diet may also 
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induce an intrinsic change in mitochondrial function either within the TCA cycle, or within the 

ETC itself. 

7.2.2 Ablation of TBC1D1 

In Chapter 6, in lieu of utilizing a dietary intervention to examine shifts in substrate 

utilization and fuel preferences, I utilized a genetic TBC1D1 KO model. Similar to what was 

seen in humans following a LCHF diet in Chapter 3, deletion of TBC1D1 also resulted in 

increased reliance on fatty acid oxidation relative to WT control animals. However, in contrast to 

a LCHF diet, where there is a nutritional overload, it is unclear why TBC1D1 ablation would 

result in this effect. I have attempted to elucidate the underlying mechanism to explain this fuel 

shift, as all rodent TBC1D1 KO models display this phenotype. However, I was unable to 

demonstrate a change in putative regulators of lipid metabolism, including sarcolemmal 

FAT/CD36 protein content; or indices of cellular capacity for lipid oxidation, including b-HAD 

activity, and therefore more work is required. Interestingly, despite displaying a similar fuel use 

pattern to that following a LCHF diet, TBC1D1 KO animals display an improvement in intrinsic 

mitochondrial function. However, whether this is simply a compensatory effect as a result of 

neonatal development with TBC1D1 gene deletion is currently unclear. Nevertheless, it is 

possible that the increase in mitochondrial respiration exhibited by TBC1D1 KO animals would 

improve metabolic control, resulting in attenuated intramuscular ADPf contents. While this 

remains to be examined, this could theoretically result in decreased activation of key regulatory 

steps in the carbohydrate metabolic pathways, including PDH and PHOS, and thus greater 

reliance on lipids. Additionally, an impairment in the ability to activate the carbohydrate 

metabolic pathway would explain the decreased exercise capacity demonstrated by TBC1D1 KO 

animals. Future studies should therefore determine not only if the decrease in sarcolemmal 
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GLUT4 results in attenuated glucose uptake during exercise; but also take an integrative 

approach and examine flux through PDH and PHOS to determine if the entire carbohydrate 

pathway is down regulated. Furthermore, it remains possible that in contrast to the sarcolemmal 

membrane, LCFA transporter content could be increased on the mitochondrial membrane, and 

therefore facilitate increased provision of LCFA to the mitochondria. Determination of 

mitochondrial LCFA transport by examining both FAT/CD36 and CPT-I on the outer 

mitochondrial membrane in TBC1D1 KO animals would therefore provide insight on how this 

protein may affect the regulation of lipid metabolism within the mitochondria. 

7.2.3 Possible Explanations – a Role for Redox Signalling? 

The mechanism(s) underlying the alterations in ETC function outlined above are not 

clear, however, one possibility is a change in redox signalling. For example, it has been 

previously demonstrated that IMTG stores are increased following a LCHF diet (288, 289), 

which may result in the accumulation of lipid metabolism intermediates during exercise such as 

P-CoA, which can subsequently inhibit ADP transport via ANT (207, 208). In the absence of 

ADP to dissipate membrane potential during exercise, mitochondrial ROS would be expected to 

increase. Consistent with this hypothesis, Anderson et al. demonstrated that ingestion of a single 

LCHF meal consisting of ~60-65% fat can induce a 2-fold increase in ROS production (4 hours 

post ingestion) in lean, metabolically healthy humans, with this effect maintained throughout the 

remainder of the 5-day LCHF diet (155). This was associated with an ~50% reduction in the 

GSH/GSSG ratio, indicating greater cellular oxidative stress. In this regard, complex I of the 

ETC has been demonstrated to be sensitive to redox modification, and GSH depletion has been 

linked to inhibition of this complex (290). On its own, mitochondrial ROS production has been 

shown to increase by 200% in isolated rodent muscle when stimulated to mimic short bursts of 

all-out cycling (291). It is therefore possible that the addition of intense exercise on top of a 
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LCHF diet may exceed the capacity of the cell to buffer ROS, resulting in a redox signalling 

cascade which could negatively alter the function of a number of mitochondrial targets. In 

contrast, if excess ROS production can result in oxidative stress and ETC inhibition, a shift to a 

more optimal redox state could potentially result in an improvement in mitochondrial function, 

as displayed by the TBC1D1 KO animals. In support of this, TBC1D1 KO animals displayed a 

trend towards decreased ROS production compared to WT controls (Figure 7.1, unpublished 

findings), however, the mechanism driving this change is currently unknown.  

 
Figure 7.1. Propensity for succinate-supported mitochondrial ROS emission in Sprague-Dawley WT and 
TBC1D1 KO rats. Unpublished data, values are means ± SEM, (n=8).  

 
While the study of redox biology is complex, it is clear ROS-induced signalling may 

have contrasting effects on mitochondrial function and bioenergetics depending on the cellular 

redox balance. These responses appear to be hormetic in nature, and therefore an optimal level of 

ROS production may be required to ensure proper cellular function. Further studies should 

therefore examine not only the effect of interventions such as LCHF and TBC1D1 deletion on 

substrate utilization and flux through the metabolic pathways, including a focus on rate limiting 

steps such as PDH, but also on the effects on mitochondrial respiration and ADP sensitivity. 

Furthermore, examination of changes in ROS production, and potential sites of redox 
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modification is imperative, as this is an emerging, and likely underestimated area that can control 

cellular metabolism.  

 

7.3 Effect of Inorganic NO3
- on Skeletal Muscle Metabolism  

7.3.1 Changes in Mitochondrial Bioenergetics 

 Chapters 4 and 5 of this thesis examined the effects of inorganic NO3
- in the form of BRJ 

on skeletal muscle metabolism. Specifically, I attempted to elucidate a mechanism of action to 

explain the well-documented decrease in whole-body VO2 during exercise seen following BRJ 

supplementation. In Chapter 4, I addressed the prominent theory that supplementation with 

inorganic NO3
- induces an improvement in mitochondrial efficiency. This hypothesis was 

supported by work by Larsen et al. (174), who demonstrated not only an improvement in 

oxidative phosphorylation efficiency following 3-days of supplementation with sodium NO3
-, but 

also an increase in maximal ATP production indicating an overall improvement in efficiency of 

energy production in isolated mitochondria. These authors hypothesized that the improvements 

in mitochondrial function were due to a decrease in ANT, and a trend towards a decrease in 

uncoupling protein-3 (UCP-3). In contrast, I have demonstrated that following 7-days of 

supplementation with NO3
- in the form of BRJ, there was no alteration in measures of 

mitochondrial bioenergetics despite a decrease in the oxygen cost of exercise at 70% VO2peak. 

Specifically, I have been unable to show a change in mitochondrial efficiency as addressed by 

P/O ratios, or a change in coupling as there was no change in membrane potential (∆Y), or 

protein content of ANT1, ANT2 or UCP3. While it is possible the two supplements act through 

different mechanisms, this seems highly unlikely as both rely on NO3
- as the active ingredient. 

Additionally, as the change in whole-body VO2 elicited by NO3
- is relatively small (~3-5%), it is 
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possible we lack the sensitivity to detect similar changes in intrinsic mitochondrial function. 

However, a recent study from the same research group was unable to replicate their initial 

findings utilizing a rodent model, as they demonstrated a slight decrease in mitochondrial 

efficiency with no change in coupling (266). This therefore strongly suggests that the mechanism 

by which dietary inorganic NO3
- decreases the oxygen cost of exercise is not due to changes in 

mitochondrial efficiency, as results are equivocal at best.  

7.3.2. Skeletal Muscle Contractile Properties and the Role of Redox Signalling 

In the absence of changes in mitochondrial bioenergetics, the most likely candidate to 

explain the decreased VO2 seen following NO3
- consumption is an improvement in excitation-

contraction efficiency, i.e. an increase in the work/ATP consumption ratio. This has been 

supported by work in humans demonstrating a significant decrease in 31P-MRS measured PCr 

degradation and calculated ATP turnover following 6-days of supplementation with BRJ (182). 

As outlined in section 1.2 of Chapter 1, during skeletal muscle contraction the largest sources of 

energy consumption are actomyosin ATPase and the sarcoplasmic reticulum ATPases (SERCA) 

(5), making them the most likely candidates to explain the aforementioned decrease in ATP 

turnover during exercise. It has subsequently been demonstrated that in mice supplemented with 

sodium NO3
-, there is an increase in force production at low-frequency stimulation (188). This 

was explained by a fibre-type specific increase in protein expression of key targets involved in 

skeletal muscle calcium handling, calsequestrin 1 (CASQ1) and DHPR, which led to enhanced 

sarcoplasmic reticulum (SR) Ca2+ release and therefore greater Ca2+ transients in the cytoplasm.  

The authors of that study hypothesized that changes in contractile properties may have 

been limited to fast-twitch muscles due to the higher glutathione and antioxidant content present 

in slow-twitch muscles (188). Given that small increases in H2O2 have been shown to similarly 



	 144	

increase force production by directly interacting with the contractile apparatus (163), and the 

finding that supplementation with BRJ can increase mitochondrial H2O2 emission (Chapter 4, 

section 4.4.4), I was interested to see whether this was potentially the missing link connecting the 

existing mechanistic work on NO3
-.  Therefore, in Chapter 5, I sought to translate earlier findings 

in rodent muscle of increased force production following NO3
- supplementation to a human 

model, and to determine if this could potentially be explained by redox modifications. I was able 

to demonstrate that 7-days of supplementation with BRJ increases intrinsic contractile properties 

of human skeletal muscle, as well as increasing contractile force during low-frequency (≤10 Hz) 

stimulation. Interestingly however, in contrast to murine muscle, these alterations could not be 

explained by differences in expression of calcium-handling proteins. Furthermore, I was also 

unable to show a change in redox balance following BRJ supplementation, as there was no 

difference in cellular contents of reduced (GSH), oxidized (GSSG) or total glutathione. In 

Chapter 4, I demonstrated similar findings, as despite the increase in propensity to produce H2O2, 

there was no change in lipid peroxidation (4HNE), protein carbonylation (Oxyblot), or global 

nitrosylation (N3), nor was there a change in the expression of antioxidant enzymes SOD2 or 

catalase. However, these are markers of oxidative stress, providing a snapshot of intramuscular 

redox status, and therefore cannot conclusively rule out a change in redox signalling as they lack 

the required specificity for this purpose (292). In this regard, a more sophisticated approach may 

be required to determine if indeed there is a NO3
- mediated redox signalling cascade, and what 

the downstream targets are. Furthermore, thus far all muscle analysis has been performed at rest, 

while the functional changes have been measured during exercise. Future studies should 

therefore consider utilizing more advanced techniques (i.e. proteomics and lipidomics, as 

reviewed in (292)) to examine alterations in the cellular redox balance following NO3
- 
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supplementation during exercise in addition to the methods employed in Chapters 4 and 5, as this 

would help further elucidate whether this signal plays a mechanistic role in improving exercise 

efficiency.  

7.3.3 Fibre-type Specific Effects of NO3
- 

As outlined in the discussion of Chapter 5, there is a growing body of evidence to suggest 

that at least in rodents, the effects of NO3
- on skeletal muscle appears to be limited to type II 

fibres. In regards to force production, Hernández et al. (188) reported an increase in tetanic 

interstitial [Ca2+] coupled with the improvements in force production at low-frequency 

stimulation during contraction in type II, but not type I fibres prepared from murine skeletal 

muscle, which was attributed to increased CSQ1 and DHPR protein expression. In order to 

explain the reduction in ATP turnover seen in humans (182), this would necessitate that fast-

twitch muscle could be activated at a lower frequency to achieve the same force output, as an 

increase in interstitial [Ca2+] in the absence of changes in force development would require 

greater ATP usage by SERCA in order to facilitate relaxation.  

This fibre-type hypothesis however is confounded by recent work demonstrating that 

contractility in murine cardiac tissue is also improved following NO3
- supplementation (293), 

despite being completely devoid of type II fibres. This study demonstrated an improvement in 

rates of pressure development and relaxation, and larger Ca2+ transients as a result of increased 

DHPR, but not CSQ expression. These results are similar to what was found in the previous 

study in rodent skeletal muscle (188), and the changes in contractile properties demonstrated in 

Chapter 5, despite the differences in fibre-type composition. Furthermore, the studies illustrating 

positive effects of NO3
- on rodent skeletal muscle have thus far been limited to type IIB fibres 

(188, 269, 294), which are not expressed in humans. There are also differences in NO3
- 

metabolism (295), calcium handling and SERCA function between species (296), suggesting that 
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regulation of this ATPase, and the role it plays in different fibre types following NO3
- 

supplementation may differ appreciably in humans compared to current work in rodents.  

With this in mind, future studies should examine the role of NO3
- supplementation on 

Ca2+ handling SERCA function in humans. In contrast to the work done in murine skeletal (188) 

and cardiac (293) muscle, I have not been able to show a change in protein expression in CASQ, 

RyR, or DHPR, despite demonstrating an increased rate of relaxation during evoked isometric 

twitches following BRJ consumption. This may suggest altered Ca2+ handling by SERCA, 

however whether this is due to a change in ATPase activity, an alteration in the stoichiometry of 

Ca2+ pumped/ATP hydrolysed, or some other modification is unclear. Alternatively, myofibrillar 

Ca2+ sensitivity may also be increased, but whether this is redox mediated as outlined above 

warrants further investigation. In order to address these possibilities, as well as to assess 

differences in fibre-type responses in humans, the mechanically skinned fibres preparation 

should be employed. In this technique, individual fibre segments can be prepared from human 

skeletal muscle biopsies, and mechanically skinned for assessment of force production, as well 

as in situ SERCA Ca2+ uptake and release. Critically, this is done with the association of 

auxillary regulatory proteins such as phospholamban and sarcolipin intact. The fibres can then be 

digested and assessed for myosin heavy chain expression via Western Blotting, as well as 

determination of changes in targeted  Ca2+ handling proteins, and compared to skeletal muscle 

homogenate data. I also believe that future studies should include an assessment of changes in 

function following acute ingestion (i.e. <3 hours) of BRJ. Mechanistic studies performed thus far 

have focused on the effects of chronic supplementation, with explanations relying on changes in 

structural protein expression in skeletal muscle. However, similar reductions in whole-body VO2
 

have been demonstrated 2.5 hours post BRJ ingestion (180), which seems to be largely ignored 
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by mechanistic studies in this area. This timeline would therefore likely rule out changes in 

protein expression, and thus post-translational modifications, whether by redox signals or other 

mechanisms, remain a likely candidate to explain these changes.  

7.3.4 Target Population for NO3- Supplementation 

Given the now well-documented effects of NO3
- supplementation on O2 consumption, 

much of the early work in this area addressed the possibility of NO3
- as a possible ergogenic aid 

for endurance performance. Specifically, experiments in recreationally active (170, 171, 180) to 

well trained subjects (229, 231, 233, 297) provided promising results in terms of exercise 

capacity (time to exhaustion) and performance (time trial). However, these results have not 

translated well to the handful of studies performed in elite athletes across a variety of sports, as 

only one has demonstrated an improvement in performance (235) (decreased VO2, improved 

time trial performance), while 3 others have shown no effect (257, 258, 261). It has been 

suggested that the apparent resistance of elite athletes to the effect of NO3
- supplementation may 

be due to elevated higher endogenous NO2
- levels (298) exhibited prior to supplementation. In 

support of this, a study performed by Porcelli et al. (299) utilizing groups of subjects with low, 

moderate and high levels of aerobic fitness (VO2peak range 28.2-81.7 ml•min-1•kg-1) demonstrated 

that [NO3
-] in the placebo condition was elevated in the high-fitness group compared to both the 

low- and moderate groups, and the increase in [NO3
-] in the group following supplementation 

was suppressed. Furthermore, only the low- and moderate-fitness groups exhibited a decrease in 

whole-body VO2 during steady-state exercise and an improvement in 3km running time trial 

performance, suggesting that there is a correlation between fitness levels and the likelihood of 

improved performance following NO3
- supplementation.  

Based upon these findings, it seems unlikely that NO3
- will improve performance in elite 



	 148	

endurance athletes. However, as there do not appear to be any adverse effects to 

supplementation, athletes may continue to use it for perceived benefit and possible placebo 

effects. Recreationally active athletes seeking to improve performance should also consider 

utilizing BRJ, as the benefits in this cohort are now fairly well established within the literature. 

Additionally, as outlined above (section 7.3.3), studies demonstrating that NO3
- improves low-

frequency force production (188, 191), and the proposed “fibre-type hypothesis” has led to an 

increasing focus on the effects of NO3
- supplementation on sprint and intermittent exercise 

performance (300–304). In this regard, more research is required, as the translation from 

electrical stimulated force production to in vivo muscle contraction and performance is unclear, 

and human studies have thus far shown no improvement in maximum voluntary contraction 

(189, 191). Finally, there has been an increasing number of studies that have evaluated the 

prospect of the beneficial effects of NO3
- supplementation on various pathologies, including 

chronic obstructive pulmonary disorder (237, 305–307), diabetes mellitus (308–310), heart 

failure (239, 311), and mitochondrial myopathy (312). Further elucidation of the mechanism of 

action of NO3
- supplementation may present further avenues of research in this regard, and allow 

clinicians and researchers to more effectively target populations that will benefit from it.  

 

7.4 The Role of TBC1D1 in Intracellular GLUT4 Vesicle Trafficking 

 In Chapter 6, I utilized a novel TBC1D1 rat KO model to eludicate the role of this protein 

in intracellular GLUT4 trafficking. Critically, in contrast to previously used murine KO models 

(46, 47, 276), this rat model does not exhibit a decrease in GLUT4 protein expression. 

Furthermore, in TBC1D1 KO animals both insulin signalling and insulin-mediated GLUT4 

translocation were intact, suggesting this protein is not required for GLUT trafficking in response 
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to insulin. In contrast, they displayed impaired contraction-mediated GLUT4 translocation to the 

sarcolemmal membrane, which was associated with decreased exercise capacity. This is 

consistent with the finding that exercise and insulin induce distinct phosphorylation responses on 

TBC1D1 and AS160 in humans (52, 313), and that contraction, but not insulin-stimulation leads 

to 14-3-3 binding in both rodents (41) and humans (42). Furthermore, work by An et al. 

demonstrated that when phosphorylation-resitant TBC1D1 constructs were overexpressed by in 

vivo gene injection and electroportation, only contraction-mediated glucose uptake was impaired 

(51). Taken together, there is now a growing body of evidence across several different models 

that suggests that TBC1D1 plays an important role in the regulation of contraction-mediated, but 

not insulin-stimulated, GLUT4 trafficking and glucose uptake in skeletal muscle. 

Despite these findings, a great deal remains unknown about the specific role of TBC1D1 

within skeletal muscle. While early work performed in cell lines supported its role as a negative 

regulator of intracellular GLUT4 vesicle trafficking (43–45), work in rodents, including the data 

contributing to this thesis, have been conflicting. While I have been able to demonstrate GLUT4 

protein content in our rat KO model is unaltered, translocation to the sarcolemmal membrane 

following exercise is decreased. This is contradictory to the currently held view that TBC1D1 

plays an inhibitory role in GLUT4 trafficking as outlined in Figure 1.3. While it is possible that 

AS160 is able to compensate for the ablation of TBC1D1, this has not been experimentally 

proven, and in the current study, AS160 protein content in skeletal muscle homogenate was 

unchanged. Therefore, further work is required to determine if there is a change in the ratio of 

phosphorylated/total AS160, in order to compensate for the ablation of TBC1D1, and whether 

this is a modification in the signal from the upstream kinases (AMPK, Akt, etc.).  
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It has previously been suggested that insulin and contraction recruit GLUT4 to the 

plasma membrane and t-tubules from different intracellular vesicle pools (314). In line with this 

hypothesis, it has been demonstrated that a combination of maximal insulin and contraction 

stimulation has an additive effect on GLUT4 translocation (315), and that insulin (316) and 

contraction (317) display differences in GLUT4 translocation kinetics. It is therefore possible 

that the differences in regulation of AS160 and TBC1D1 are due to their role as the respective 

end points of these signalling cascades. Taken together, this suggests the intracellular trafficking 

of GLUT4 vesicles is differentially regulated in response to these metabolic stimuli. However, 

whether this exists solely at the level of TBC1D1 and AS160 is unclear. It is therefore imperative 

to determine the subcellular localization of TBC1D1 and AS160 in response to both insulin and 

contraction, as this may help elucidate the differences in GLUT4 recruitment to the t-tubules and 

plasma membrane. In this regard, the use of immuno-blotting, as well as confocal microscopy 

and labelling of proteins with fluorescent probes may also help elucidate the interactions 

between these proteins and GLUT4 vesicles. Specifically, a variation of this technique, intravital 

imaging (reviewed in (318)), allows for the in situ visualization of spatial-temporal kinetics of 

enhanced green fluorescent probe (EGFP) labelled GLUT4 translocation within intact mature 

murine muscles fibres.  

 

7.5 Conclusions  

This thesis has improved our understanding of how dietary and genetic interventions can 

alter skeletal muscle metabolism by targeting different regulatory points within the cytosol and 

mitochondria. Specifically, this thesis employed both a genetic and dietary intervention in order 

to further elucidate the regulation of skeletal muscle substrate utilization and shifts in fuel 
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preferences. In this regard, this thesis demonstrates that 1) a LCHF diet attenuates the activation 

of the carbohydrate pathway, and slow the overall adjustment of whole-body oxygen uptake 

during exercise, and 2) that ablation of TBC1D1 increases reliance on fatty-acid oxidation, and 

that this protein is required for contraction-, but not insulin-mediated GLUT4 translocation to the 

sarcolemmal membrane. Furthermore, I have also utilized the nutritional supplement beetroot 

juice in order to manipulate energy production. This thesis demonstrates 1) that despite 

decreasing the oxygen cost of exercise, supplementation with inorganic NO3
- in the form of 

beetroot juice does not improve mitochondrial bioenergetics, but 2) it does appear to improve 

skeletal muscle contractile properties. Altogether, these findings have implications for our 

understanding of the limitations of exercise capacity in the context of high performance, as well 

as for overall health and well-being. 
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APPENDIX I 

DETERMINATION OF MITOCHONDRIAL MEMBRANE POTENTIAL USING SAFRANINE-O 

	

	

	
Representative	membrane	potential	trace	following	the	addition	of	substrate	and	ADP.	This	protocol	
measures	the	unstacked	cationic	safranine	fluorescence	in	the	media,	which	is	quenched	upon	uptake	
and	stacking	within	the	mitochondrial	matrix.	The	Nernst	equation	can	then	be	utilized	to	estimate	
mitochondrial	membrane	potential	(∆Y)	by	calibrating	the	safranine	fluorescence	signal	to	a	known	dye	
concentration.	This	is	achieved	by	titrating	1µM	safranine	at	the	end	of	each	trace,	and	determining	the	
change	in	fluorescence	(RFIU).	The	amount	of	dye	imported	into	the	matrix	(assumed	volume	of	2µL/mg	
protein)	is	then	quantified	by	the	change	in	fluorescence	relative	to	the	uncoupled	state	following	the	
addition	of	DNP,	which	serves	as	a	baseline	assuming	equivalent	concentrations	in	the	matrix	and	
intermembrane	space.		
	
Nernst	Equation:	

	

	
where	R	is	the	universal	gas	constant	(8.314),	F	is	Faraday’s	constant	(96485.3365),	T	is	absolute	
temperature	(experiments	were	performed	at	25°C	or	298.15	K),	and	z	is	the	valence	(+1)	of	safranine.		

€ 

Δψ =
RT
zF
ln([Safranine]out /[Safranine]in )

MiROX	
280µL	

9.4µL	
64µM	
Safranine		

Mito	
(35µg	
protein	
in	20µL)	

3µL	1M	
Pyrvuate	
(10mM)	
1.9µM	
0.8M	
Malate		

1.5µL	
500mM	
ADP		
	

1.6	µL	2M	
Glutamate		
	

3µL	1M	
Succinate		

2.5µL	
DNP	

5µL	
64µM	
Safranine	
x2	


