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The transport of long chain fatty acids (LCFA) and ADP into the mitochondria are two 

major control points of oxidative phosphorylation that can be upregulated during exercise in order 

to maintain cellular ATP demand. The rate-limiting steps of LCFA and ADP transport are thought 

to be sensitive to redox modification, suggesting the importance of exercise-mediated 

mitochondrial ROS production. Therefore, we used MCAT mice, which have human catalase 

targeted to the mitochondria, to determine if decreasing mitochondrial ROS emission affects 

oxidative phosphorylation. Attenuating mitochondrial ROS significantly reduced exercise 

capacity in the absence of alterations in mitochondrial content. While an acute bout of exercise 

decreased ADP sensitivity by ~30% in WT mice, MCAT mice retained ADP sensitivity. In 

contrast, while exercise decreased MCoA-mediated inhibition of lipid-supported respiration, the 

responses within WT and MCAT mice were similar. Altogether, these findings demonstrate that 

exercise-mediated mitochondrial ROS emission regulates ADP sensitivity, but not lipid-supported 

respiration. 
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CHAPTER 1 – REVIEW OF THE LITERATURE 
 

1.1 INTRODUCTION AND OVERVIEW
 

The mitochondria are important organelles responsible for the maintenance of cellular 

energy homeostasis. The sustained production of adenosine triphosphate (ATP) in the 

mitochondria during oxidative phosphorylation is dependent on the partial pressure of oxygen 

within the cell, the provision of adenosine diphosphate (ADP), and the delivery of reducing 

equivalents from the metabolism of carbohydrates and fats (Wilson, 1994). While the cellular 

demand for ATP is relatively low at rest, oxygen consumption (VO2) can increase 10-20 fold, and 

ATP turnover is increased as much as ~100 fold during an acute bout of exercise, independent of 

alterations in mitochondrial content (Spriet & Howlett, 1999; Egan & Zierath, 2013). 

An increasing body of evidence has indicated the transport of ADP and fatty acids into the 

mitochondria to be major components that regulate oxidative phosphorylation during exercise 

(Reviewed in Holloway, 2017). While alterations in substrate transport to mitochondria during 

exercise have been largely attributed to changes in external regulatory control, the mechanisms 

through which this occurs remain poorly understood (Bird & Saggerson, 1985; Ludzki et al., 

2015). However, many transport enzymes have been linked to redox control (McStay et al., 2002; 

Nadtochiy et al., 2012; Setoyama et al., 2013; Go et al., 2014), suggesting that the production of 

reactive oxygen species (ROS) may be an important regulator of oxidative phosphorylation. 

Although controversial (Sakellariou et al., 2013; Pearson et al., 2014), the mitochondria may be a 

major source of ROS production during exercise, and could be involved in the regulation of 

oxidative phosphorylation.   
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Therefore, this literature review will provide background information on the regulation of 

carbohydrate, fatty acid and ADP provision to the mitochondria, as well as the process through 

which ATP is produced. In addition, this review will outline the current literature related to 

mitochondrial ROS production during exercise, and implicate its potential role in the regulation of 

oxidative phosphorylation. 

 

1.2 SKELETAL MUSCLE METABOLISM 
 

The main goal of this literature review is to examine the role of mitochondrial ROS 

emission following exercise in the regulation of oxidative phosphorylation. Prior to discussion of 

this topic, it is important to first provide a summary of the metabolism of carbohydrates and fats. 

Therefore, this section will focus on the provision of carbohydrate and fat substrates to the 

mitochondria, as well as the enzymatic regulation of these processes at rest, and during exercise.  

An impressive characteristic of skeletal muscle resides in its ability to dramatically 

modulate energy production in response to changes in cellular energy demand, such as during 

exercise (Egan & Zierath, 2013). Skeletal muscle utilizes three main processes in order to meet 

energy demands: anaerobic metabolism (glycogenolysis), substrate level phosphorylation 

(phosphocreatine – PCr), and oxidative metabolism (Spriet & Howlett, 1999). While anaerobic 

metabolism and substrate level phosphorylation do not require oxygen, and are activated to a large 

extent at the onset of exercise, and during high intensity exercise, the oxidative system is oxygen 

dependent, and is responsible for the majority of cellular energy production during prolonged 

steady-state exercise (Baker et al., 2010). Carbohydrates and fats are the two primary substrates 

used by the oxidative system for the production of ATP, and their oxidation is regulated through 

enzymatic control (Baker et al., 2010).  
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1.2.1 Carbohydrate Metabolism  

 

 Although the regulation of carbohydrate metabolism is not directly related to the goal of 

this literature review, it is necessary to discuss it as a foundation that leads to the larger sections.  

Carbohydrate metabolism begins with the breakdown of glycogen, which is stored in both 

the liver and skeletal muscle, and conversion into glucose 6-phosphate (G6P) through a process 

called glycogenolysis (Katz & Westerblad, 2014). While G6P from muscle glycogen is able to 

immediately enter glycolysis, G6P from liver glycogen must first be converted into glucose, and 

transported through the circulatory system to skeletal muscle cells (Kjaer, 1998). The facilitated 

diffusion of blood glucose into skeletal muscle cells is controlled by a family of glucose transport 

proteins (GLUT). Specifically, the uptake of glucose is regulated primarily by GLUT1 at rest, and 

by GLUT4 during exercise (Hayashi et al., 1997; Richter & Hargreaves, 2013). After entry into 

skeletal muscle, glucose is converted to G6P by hexokinase (Baker et al, 2010), and is broken 

down into pyruvate through a process called glycolysis. The final step of carbohydrate metabolism 

is the conversion of pyruvate into acetyl coenzyme A (ACoA) by pyruvate dehydrogenase for 

entry into the citric acid cycle (Baker et al., 2010). Overall, the metabolism of carbohydrates from 

muscle glycogen yields 3ATP, while metabolism from blood glucose yields 2ATP, as the 

conversion of glucose to G6P via hexokinase is energy dependent, and requires 1 unit of ATP. The 

rate of carbohydrate metabolism is tightly controlled by covalent and allosteric regulation, as well 

as the cellular content of substrates and products for enzymatic reactions. 

 

1.2.2 Regulation of Carbohydrate Metabolism 

Carbohydrate metabolism is subject to extensive regulatory control, mainly via 

feedforward and feedback action on glycogen phosphorylase (PHOS), phosphofructokinase 

(PFK), and pyruvate dehydrogenase (PDH). Specifically, PHOS is the rate-limiting step in 
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glycogenolysis, and catalyzes the release of glucose monomers from the glycogen backbone in an 

ATP-dependent process (Howlett et al., 1998), PFK is the rate-limiting step in glycolysis, and 

phosphorylates fructose 6-phosphate into fructose 1,6-bisphosphate (Peters & Spriet, 1995) and 

PDH catalyzes the conversion of pyruvate to acetyl CoA for transport into the mitochondria 

(Howlett et al., 1998). At the onset of exercise, the feedforward action of circulating epinephrine 

and cytosolic Ca2+ cause a dramatic increase in flux through PHOS and PDH (Howlett et al., 1998).  

In contrast, PFK is primarily modulated by the feedforward action of fructose 2,6-bisphosphate, 

which is produced following exercise-mediated increases in skeletal muscle glucose uptake 

(Tornheim, 1985). As exercise continues, flux through PHOS, PFK and PDH is elevated further 

via product feedback action of Pi, AMP and ADP. Upon cessation of exercise, the demand for 

ATP is dramatically reduced, and increased cytosolic contents of citrate and ATP mediate 

feedback inhibition of these rate-limiting enzymes to reduce carbohydrate metabolism (Peters & 

Spriet, 1995; Baker et al., 2010). Altogether, PHOS, PFK and PDH are major regulatory sites of 

carbohydrate metabolism, and are modulated via complex feedforward and feedback interactions 

(Wieland, 1983). 

 

1.2.3 Fatty Acid Metabolism  

 

 Similar to carbohydrate metabolism, several sites of regulation exist to control fatty acid 

metabolism. In particular, this section will focus on the regulation of lipolysis, and long chain fatty 

acid (LCFA) uptake into skeletal muscle.  

 The release of triglycerides (TAG) from adipose tissue and intramuscular triglycerides 

(IMTG) is primarily regulated by adipose triglyceride lipase (ATGL) and hormone sensitive lipase 

(HSL) (Zimmermann et al., 2004; Jocken et al., 2008). At rest, a large proportion of HSL is 

inactive, and lipid droplets are surrounded by a protective coating of perilipin proteins, which 
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prevent interaction with lipases (Richieri et al., 1993). During exercise, ATGL and HSL are 

activated via epinephrine and adenosine monophosphate-activated protein kinase (AMPK)-

dependent signalling (Kim et al., 2016), and perilipin proteins are disassociated from lipid droplets 

via protein kinase A-dependent signalling (Shepherd et al., 2011). In addition, the proportion of 

fatty acids released from IMTG has been shown to increase during acute moderate-intensity 

exercise (~65% VO2 max), while adipose tissue lipolysis does not proportionately alter with 

exercise intensity (Romijn et al., 1993). Altogether, the rate of lipolysis in adipose tissue and 

IMTG is primarily dependent on the activation of ATGL and HSL, as well as the extent of perilipin 

protein interaction with the storage depot.   

The uptake of plasma fatty acids into skeletal muscle is an additional site of regulatory 

control during the metabolism of fatty acids. After being released from glycerol, non-esterified 

fatty acids (NEFA) are bound to albumin proteins prior to entry into circulation, as their 

hydrophobic carbon chains render them insoluble in an aqueous solution. As a result, only a small 

quantity of LCFAs are available for transport into skeletal muscle cells (Richieri et al., 1993). 

Historically, it was thought that LCFAs enter skeletal muscle through passive diffusion (Kamp & 

Hamilton, 1992). However, this process is now understood to occur via facilitated diffusion by 

three types of fatty acid transport proteins, including: fatty acid translocase/cluster of 

differentiation 36 (FAT/CD36), plasma membrane-associated fatty acid binding protein 

(FABPpm), and fatty acid transport proteins (FATP1-6) (Schwenk et al., 2010; Glatz & Luiken, 

2017). During exercise, intracellular pools of FAT/CD36, FATP1, FATP4 and FABPpm can be 

translocated to the sarcolemmal membrane in order to increase LCFA uptake (Bonen et al., 2000; 

Jain et al., 2009) following activation of Ca2+ (Rose et al., 2006), extra cellular signalling kinase 

(ERK1/2) (Turcotte et al., 2005) and AMPK (Raney & Turcotte, 2006) dependent signalling 
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processes. In particular, work by Nickerson et al. (2009) has indicated that individual 

overexpression of FAT/CD36 and FATP4 most effectively increased LCFA transport across the 

sarcolemmal membrane. These findings highlight the importance of fatty acid transport proteins 

in the regulation of skeletal muscle LCFA uptake. 

 

1.2.4 Long Chain Fatty Acid Transport into the Mitochondria 

 

Following uptake into skeletal muscle, LCFAs can be converted into IMTGs for storage, 

used as substrates for the production of cellular membranes, converted into second messenger 

lipids such as eicosanoids, or oxidized within the mitochondria for the production of ATP (for a 

review, see McArthur et al., 1999). Specifically, CPT1-dependent transport of LCFAs into the 

mitochondria is thought to be a rate-limiting step in the oxidation of fatty acids (Holloway et al., 

2006), and this process is of particular importance to this literature review. Therefore, the 

following sections will provide a detailed description of CPT1-mediated LCFA transport into the 

mitochondria, as well as cellular mechanisms that are involved in its regulation. 

 Prior to transport into the mitochondria for oxidation, LCFAs must be activated through 

the formation of a thioester bond between a fatty acid and an acyl CoA moiety in a reaction 

catalysed by acyl CoA synthetase (ACS). Following activation, CPT1 mediates the 

transesterification of LCFA-CoA molecules, yielding LCFA-carnitine moieties that are capable of 

being transported into the mitochondrial matrix. The transport of LCFA-carnitine molecules across 

the outer (OMM) and inner (IMM) mitochondrial membranes is facilitated by voltage activated 

anion channels (VDAC), and carnitine acylcarnitine translocase (CACT), respectively 

(Rostovtseva et al., 2008). Once inside the mitochondrial matrix, LCFA-carnitine molecules are 

converted back to LCFA-CoA via CPT2 (Kerner & Hoppel, 2000; Ramsay et al., 2001) (Figure 

1). LCFA-CoA molecules can then enter β-oxidation, where they are converted into acetyl CoA 
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during a series of reactions that also produce nicotinamide adenine dinucleotide (NADH) and 

flavin adenine nucleotide (FADH2) reducing equivalents for transfer through the electron transport 

chain (ETC) (reviewed by Houten & Wanders, 2010). 

 While CPT1 activity regulates the transport of LCFAs into the mitochondria, an increasing 

amount of evidence has indicated that other fatty acid transport proteins may play an important 

role in this process. In particular, work by Campbell et al. (2004) demonstrated that FAT/CD36 is 

present in the mitochondria, and that 30 minutes of electrical stimulation increased fatty acid 

oxidation concomitant with mitochondrial FAT/CD36. More recent publications have also 

demonstrated that FAT/CD36 is stimulated to translocate to the mitochondria following exercise 

in rodents (Holloway et al., 2009) and humans (Holloway et al., 2006). Specifically, work by 

Smith et al. (2011) has postulated that FAT/CD36 functions upstream of CPT1, and catalyzes the 

delivery of LCFA moieties from ACS to CPT1. However, the importance of mitochondrial 

FAT/CD36 remains controversial, as work in FAT/CD36 KO mice by King et al. (2007) did not 

show any change in palmitoylcarnitine, or PCoA-supported respiration, and work by Jeppesen et 

al, did not find FAT/CD36 on the OMM (Jeppesen et al., 2010). On the other hand, FATP1 has 

also been suggested to be localized in the mitochondria. Specifically, work by Sebastián et al. 

(2009) demonstrated that co-overexpression of FATP1 and CPT1 increased mitochondrial LCFA 

oxidation, and these effects were ablated following inhibition of CPT1. It is thought that 

mitochondrial FATP1 also functions upstream of CPT1, and may enhance LCFA oxidation in a 

mechanism that is similar to FAT/CD36 (Sebastián et al., 2009). Therefore, while CPT1 is required 

for the transport of LCFAs into the mitochondria, the presence of fatty acid transport proteins such 

as FAT/CD36 and FATP1 on the OMM are thought to enhance this process.  



 

 

8 

 

 

Figure 1: CPT1-dependent transport of LCFAs into the mitochondria. LCFAs destined for 

oxidation within the mitochondria are transported, as follows: 1) LCFAs are activated by ACS and 

form LCFA-CoA molecules. 2) LCFA-CoA molecules are converted into LCFA-carnitine through 

a CPT1 mediated exchange of CoA for carnitine. 3) LCFA-carnitine is transported to the IMS via 

VDAC, and then to the mitochondrial matrix via CACT. 4) LCFA-carnitine molecules are then 

converted back to LCFA-CoA molecules via CPT2. 5) LCFA-CoA molecules then enter β-

oxidation. CPT1 is the rate limiting step for this process, and is inhibited by MCoA. LCFA – long 

chain fatty acid, ACS – acetyl CoA synthetase, CPT1 – carnitine palmitoyltransferase 1, IMS – 

intermembrane space, VDAC – voltage gated anion channel, CACT – carnitine acylcarnitine 

transferase, CPT2 – carnitine palmitoyltransferase 2, MCoA – malonyl CoA, CL – citrate lipase, 

ACC – acetyl CoA carboxylase, AMPK – 5’ adenosine monophosphate-activated protein kinase 

 

1.2.5 Structure and Classical Regulation of Carnitine Palmitoyltransferase 1 

 

Since early work in the 1960s, CPT1-dependent transport of LCFAs into the mitochondria 

has been considered a major site of regulation during fatty acid metabolism (Shepherd et al., 1966). 

Therefore, this section will provide a detailed description of the molecular structure of CPT1, its 

classical regulation via malonyl CoA (MCoA), and other mechanisms of regulation that are 

thought to occur independent of MCoA availability. 
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 Current modelling of CPT1 describes it as having a hairpin-like structure, with the C and 

N termini located on the cytosol-facing side of the OMM (Fraser et al., 1996), and the linking 

region extending to the intermembrane space (IMS) (Fraser et al., 1997) (Figure 6B). Interestingly, 

the active site of CPT1 is located near the C terminus, while the MCoA binding site is located near 

the N terminus (Shi et al., 2000). In addition, the regulatory site, where high affinity binding of 

MCoA occurs, is thought to “switch” between inhibitory and non-inhibitory amphipathic structural 

states through a cellular process that is sensitive to certain cellular environments (Rao et al., 2011). 

The principal role of MCoA is to reduce LCFA flux via allosteric inhibition of CPT1 during 

conditions of low cellular energy demand. Specifically, research has suggested this to occur due 

to a change in the structural conformation of CPT1 mediated by MCoA binding that, subsequently, 

reduces PCoA binding affinity at the active site (Bird & Saggerson, 1983; McGarry et al., 1983).  

Classically, the sensitivity of CPT1 to its substrates is thought to be controlled primarily 

via MCoA content. The production of MCoA is catalyzed by acetyl CoA carboxylase (ACC), and 

this process is thought to be regulated via allosteric activation (citrate) and inhibition (AMPK) 

(Wiegand & Remington, 1983; Thampy & Wakil, 1987; Thomson & Winder, 2009). In particular, 

the transport of excess citrate from the mitochondria during resting conditions is thought to switch 

ACC to its active state, thereby increasing MCoA production (Martin & Vagelos, 1962; Kim et 

al., 1989). On the other hand, AMPK phosphorylation is thought to reduce MCoA content during 

exercise by shifting ACC to its inactive state (Winder et al., 1989; O’Neill et al., 2014) (Figure 1). 

However, recent publications have shown that neither AMPK KO mice (O’Neill et al., 2011), nor 

mice overexpressing ACC have alterations in fatty acid oxidation following exercise (O’Neill et 

al., 2014). Moreover, human work by Odland et al. (1996, 1998; Roepstorff et al., 2005) has 

demonstrated that MCoA content does not sufficiently change during submaximal cycling, and 
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cannot account for the increased fatty acid oxidation during exercise. Altogether, these 

discrepancies challenge the importance of MCoA content in the regulation of CPT1 sensitivity, 

and suggest the existences of additional regulatory mechanisms. 

 

1.2.6 Modulating CPT1 Sensitivity for MCoA 

 

An increasing body of research has been geared toward understanding the complex 

mechanisms that regulate CPT1 sensitivity independent of AMPK signalling. In particular, it has 

been demonstrated that MCoA sensitivity is attenuated with exercise in both humans (Holloway 

et al., 2006) and rodents (Miotto et al., 2016), independent of significant changes in MCoA 

content, or elevations in maximal CPT1 activity. Although the mechanism through which MCoA 

sensitivity is attenuated during exercise is unknown, external regulation of the cytoskeleton and 

competitive substrate inhibition are thought to contribute to this process. 

CPT1 activity is suggested to be externally regulated by an apparent interaction with 

components of the cytoskeleton. Specifically, work by Velasco et al. (1998) has shown that 

disruption of the keratin intermediate filament component of the cytoskeleton significantly reduces 

MCoA binding affinity to CPT1 in permeabilized hepatocytes. In addition, they also demonstrated 

that CPT1 activity is inhibited to a lesser extent when isolated hepatocytes are exposed to a fraction 

containing both intermediate filaments and microtubules, suggesting that components of the 

cytoskeleton have separate effects on MCoA binding. Comparatively, recent work from our lab 

using permeabilized muscle fibers has demonstrated that disruption of the intermediate filaments 

and acute moderate-intensity exercise attenuate MCoA inhibition of CPT1 to similar extents, in 

the absence of alterations in PCoA sensitivity, or maximal CPT1 activity (Miotto et al., 2016). 

Altogether, these data demonstrate that the cytoskeleton may play an important role in the 

regulation of CPT1 activity by altering MCoA binding at the regulatory site. 
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While the sensitivity of CPT1 for PCoA is unaltered following exercise (Miotto et al., 

2016), the typical rise in intramuscular PCoA during exercise (Watt et al., 2003) has been shown 

to attenuate the ability of MCoA to inhibit CPT1 in diverse models (Mills et al., 1983; Bremer et 

al.,1985; Smith et al., 2012; Miotto et al., 2016). Therefore, evidence is mounting to show that 

PCoA competitively inhibits MCoA by reducing its binding affinity for CPT1. In addition, the 

mobilization of lipids during exercise promotes CPT1 flux by increasing substrate provision, and 

decreasing MCoA inhibition. Therefore, increased PCoA content during exercise may 

competitively inhibit MCoA binding, which partially accounts for increases in lipid transport in 

the absence of changes in MCoA content. 

 

1.3 MITOCHONDRIAL STRUCTURE AND FUNCTION 
 

The metabolism of carbohydrates and fatty acids within skeletal muscle are tightly 

regulated processes that are important for the maintenance of cellular energy homeostasis. Within 

the mitochondria, the production of ATP during oxidative phosphorylation is dependent on the 

provision of oxygen, reducing equivalents (NADH and FADH2) as well as ADP and Pi to the ETC.  

This section will discuss the basic structure of the mitochondria, the provision of reducing 

equivalents to the ETC and the production of ATP during oxidative phosphorylation. It will also 

discuss the process through which ADP is transported into the mitochondria matrix, and how ADP 

provision is regulated in order to maximize the production of ATP.  
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1.3.1 Basic Structure of the Mitochondria 

 

 The mitochondria are paramount for the conversion of energy to maintain cellular ATP 

homeostasis, and also play a prominent role in the regulation of cellular signalling processes, 

including Ca2+ and apoptosis (Hajnóczky et al., 2006). The mitochondria have high morphological 

plasticity and functional movement within the cell, which is thought to be regulated by components 

of the cytoskeleton (Anesti & Scorrano, 2006). The mitochondria consist of the matrix, IMM, IMS 

and OMM (Palade, 1953) (Figure 2A, B). The matrix is the site of mitochondrial respiration, and 

also contains mitochondrial DNA, tRNA and ribosomes. The IMM contains cristae, which 

maximize surface area for proteins of the ETC (Mannella, 2000). The IMS separates the IMM and 

OMM, and also contains proteins and enzymes that are important for the regulation of oxidative 

phosphorylation. The OMM is permeable to small molecules, and contains integral membrane 

proteins that allow for the non-specific transport of molecules to the IMS, while the IMM is 

impermeable to molecules that do not have a specific transporter (Hermann & Neupert., 2000).  

 
Figure 2: Structure of the mitochondria. Transmission electron microscopy images of mouse 

soleus mitochondria in the longitudinal axis, showing (A) its morphological plasticity and (B) the 

structural orientation of the inner and outer mitochondrial membranes, and the cristae. Imm – inner 

mitochondrial membrane, OMM – outer mitochondrial membrane. Image from Picard el al. 

(2013). 
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1.3.2 The Citric Acid Cycle 

 

The citric acid cycle is a series of oxidation reactions that release energy from acetyl CoA 

in order to provide electrons to the ETC (Figure 3). The first step of the citric acid cycle is the 

condensation of acetyl CoA with oxaloacetate via citrate synthase (CS) to form citrate. The rate-

limiting steps of the citric acid cycle are isocitrate dehydrogenase (IDH) and α-ketoglutarate 

dehydrogenase (KDH), and they are allosterically inhibited by ATP, NADH and citrate (Stueland 

et al., 1988; Berg et al., 2002). Each completed citric acid cycle results in the production of three 

NADH molecules, one FADH2 molecule, and H2O and CO2 as by-products (Akram, 2014).  

 

Figure 3: The main intermediates and products of the citric acid cycle. Acetyl CoA is produced 

from carbohydrate and fat metabolism, and enters the citric acid cycle in a reaction catalyzed by 

CS. Each complete cycle produces 3 NADH (from IDH, KDH and MDH), 1 FADH2 (from SDH), 

1 GTP (from SS) and 2 CO2 (from IDH and KDH). The rate-limiting enzymes of the citric acid 

cycle are IDH, KDH and MDH. CS – citrate synthase, IDH – isocitrate dehydrogenase, KDH – α-

ketoglutarate dehydrogenase, SS – succinate synthase, SDH – succinate dehydrogenase, - MDH – 

malate dehydrogenase, GTP – guanosine triphosphate, NAD – nicotinamide dinucleotide, FAD – 

Flavin adenine dinucleotide. 
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1.3.3 Oxidative Phosphorylation 

 

 The chemiosmotic theory of oxidative phosphorylation was established by Dr. Peter 

Mitchell in 1961 to explain the coupling of electron transfer to ATP production (Mitchell, 1961). 

The four respiratory complexes (complexes I-IV) that form the ETC are located along the IMM, 

in addition to ATP synthase (complex V), ubiquinone (Q), and cytochrome c (Figure 4). Pairs of 

electrons are delivered to complex I via oxidation of NADH reducing equivalents, and to complex 

II which is covalently bonded to FADH2. Electrons are transported against their electrical gradient 

through a series of reactions of increasing reducing potential along the ETC to complex IV, where 

they are transferred to O2 in a reaction that produces H2O (Shultz et al., 2001). Redox reactions 

cause a release of Gibbs free energy, and during electron transfer, the difference in reducing 

potential becomes enough to facilitate the movement of H+ ions against their concentration 

gradient in complexes I, III and IV, to the IMS. The Gibbs free energy that is gained during this 

process is known as the proton motive force, and can be expressed by the following equation: Δp 

= Δψ + ΔpH, where Δp is the proton motive force, Δψ is the electrical potential of the H+ ions, and 

ΔpH is the difference in H+ concentration between the IMS and the matrix (Mitchell, 1961). 

Generation of the Δp drives the movement of H+ ions back to the matrix via ATP synthase, which 

results in the production of ATP. Specifically, ATP synthase contains an F0 region located in the 

IMS that facilitates the movement of H+ ions, and an F1 region located in the matrix that is 

responsible for the production of ATP. The release of Gibbs free energy caused by the movement 

of H+ ions is harnessed by ATP synthase, causing rotation of the F0 region, and each 360 degree 

turn facilitates the production of 3ATP, at a cost of 8H+ ions. (Watt et al., 2010). Therefore, the 

production of a single ATP requires ~2.7 H+. 
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Figure 4: Oxidative phosphorylation. NADH and FADH2 reducing equivalents produced from 

glycolysis, β-oxidation and the citric acid cycle are delivered to complexes I and II of the ETC 

where they donate electrons. The electrons are transported along the ETC until they react with O2 

at complex IV to produce H2O. The Gibbs free energy released during this process causes 

movement of H+ ions to the IMS from complexes I, II and IV and increases Δp. ATP synthase 

harnesses Δp by pairing the flow of H+ to the matrix with the synthesis of ATP from ADP + Pi. 

Δp can also be dissipated independent of ATP production, as H+ ions can diffuse across the IMM, 

or be transported via UCPs, or ANT. ROS in the form of superoxide radicals are generated from 

complex I where Q binds, and from complex III where Q is oxidized and reduced. CI-CIV – 

complex I-IV, Q – ubiquinone, C – cytochrome c, R – reactive oxygen species, Δp – proton motive 

force, IMS – intermembrane space, IMM – inner mitochondrial membrane, NADH – nicotinamide 

adenine dinucleotide, FADH2 – falvin adenine dinucleotide, ADP – adenosine diphosphate, ATP 

– adenosine triphosohate, Pi – inorganic phosphate, UCP – uncoupling protein, ANT – adenine 

nucleotide translocase. 

  

1.3.4 ADP Transport into the Mitochondria  

 

 The transport of ADP into the mitochondria is considered to be a major determinant of 

oxidative phosphorylation that is subject to extensive regulatory control. Specifically, the transport 

of ADP involves VDAC (across the OMM), mitochondrial creatine kinase (MiCK – within the 

IMS), and adenine nucleotide translocase (ANT – across the IMM) protein complexes 
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(Klingenberg, 2008). Specifically, ANT exchanges ADP/ATP in a 1:1 ratio in order to maintain 

the proportionality between ADP provision and ATP production, and MiCK utilizes creatine (Cr) 

to trans-phosphorylate ATP from the matrix into PCr for export to the cytosol (Figure 5) (Saks et 

al., 1976; Bessman & Carpenter, 1985). It has often been thought that Cr-dependent ADP transport 

contributes greatly during exercise in order to match the increased cellular demand for ATP, as it 

concentrates ADP in the IMS and increases its availability for oxidative phosphorylation, while 

also regenerating PCr in the cytosol (Saks et al., 1994; Wallimann et al., 2011). Indeed, the 

presence of Cr in the respiratory medium significantly improves ADP sensitivity in relaxed 

permeabilized muscle fibers (Perry et al., 2012). However, work by Boehm et al. (1998) has 

demonstrated that MiCK deficient mice have improved ADP sensitivity in the presence of Cr at 

rest, despite a lack of functional CK in the IMS. In addition, work from our lab has also 

demonstrated that MiCK deficient mice have improved Cr-independent ADP sensitivity of ~50% 

following exercise compared to WT mice in the absence of changes in exercise capacity, and 

contents of ADP and AMP (Miotto et al., 2016). Altogether, these data demonstrate the plasticity 

of ADP transport, and suggest that ADP sensitivity can be regulated in the absence of Cr in order 

to retain adequate ADP provision to the mitochondria during exercise. 
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Figure 5: Cr-dependent and independent transport of ADP into the mitochondria. (A) Cr-

independent transport of ADP occurs via passive diffusion through VDAC and ANT. (B) Cr-

dependent transport of ADP increases ADP content within the IMS via MiCK, which converts 

ATP into ADP through the transfer of a phosphate to Cr. ADP can then be transported back into 

the matrix, and the PCr can be transported to the cytosol via VDAC, where CK converts it back to 

Cr, resulting in the generation of ATP in the cytosol. Cytosolic ATPase enzymes utilize ATP in 

energy dependent processes, and the ADP that is generated can be transported back to the IMS via 

VDAC. ATP – adenosine triphosphate, ADP – adenosine diphosphate, MiCK – mitochondrial 

creatine kinase, VDAC – voltage activated anion channel, ANT – adenine nucleotide translocase, 

CK – creatine kinase. 

 

1.3.5 Regulation of ADP Transport 

 

 The transport of ADP into the mitochondria is tightly regulated in order to maintain cellular 

ATP homeostasis across a wide range of cellular energy demands. This section will examine the 

effect that exercise has on ADP sensitivity, and will discuss the external regulation of ANT via the 

LCFA-CoA moiety PCoA. 
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The Effect of Exercise on ADP Sensitivity – Exercise has been shown to improve Cr-independent 

mitochondrial ADP sensitivity in the absence of changes in mitochondrial content (Tonkonogi et 

al., 1998; Perry et al., 2012). This suggests that Cr-independent ADP transport, which is reflective 

of the VDAC/ANT axis, is sensitive to external mechanisms of regulatory control. Specifically, 

acute high-intensity exercise has been shown to increase ADP sensitivity (Ydfors et al., 2016), 

while it is reduced immediately following acute moderate-intensity exercise (Perry et al., 2012; 

Miotto & Holloway, 2016) and during recovery  (Perry et al., 2012). In Particular, ANT is 

extensively regulated, and many of its amino acid residues are thought to be sensitive to post-

translational redox modification. For instance, work by Feng et al. (2008) has demonstrated that 

ANT affinity for ADP is increased following phosphorylation of tyrosine 194, while work by 

Mielke et al. (2014) has shown it to decrease following acetylation of lysine 23. Additional 

research has also indicated that ANT is sensitive to glutathionylation (Queiroga et al., 2010), and 

redox-modification (McStay et al., 2002). Altogether, these data indicate that the alterations in Cr-

independent ADP sensitivity following exercise may be regulated by ANT activity. 

PCoA-Mediated Regulation of ADP Sensitivity – The production of PCoA during exercise was 

first shown to inhibit the activity of ANT and reduce the rate of ADP-stimulated respiration in 

1971 (Pande & Blanchaer, 1971). Since this early pioneering research, it has been discovered that 

PCoA reduces ADP sensitivity via reversible inhibition of ANT (Ho & Pande, 1974). Recently, 

the influence of PCoA on ADP-stimulated respiration has been examined in permeabilized muscle 

fibers. In particular, the presence of 60µM of PCoA, which is the concentration of PCoA in skeletal 

muscle during exercise (Watt et al., 2003), has been shown to reduce ADP sensitivity by ~30% in 

sedentary rodents (Ludzki et al., 2015; Miotto & Holloway, 2016). In addition, the response of 

PCoA was further elevated in permeabilized muscle fibers of rodents following acute moderate-
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intensity exercise (Miotto & Holloway, 2016). These results indicate that while exercise and PCoA 

exert a similar decrease in ADP sensitivity, they may function through divergent mechanisms of 

action. More research is therefore warranted in order to determine the mechanisms through which 

ADP sensitivity is reduced following exercise. 

 

1.4 REDOX CONTROL OF ROS EMISSION 
 

1.4.1 Redox Regulation of Cellular Metabolism 

 

The production of ROS as by-products of cellular metabolism has long been viewed as 

harmful to the body. However, research over the last 30 years has recognized the importance of 

basal ROS emission on the regulation of many cellular signalling events. The emission of ROS 

from various cellular sources can exert post-translational control on proteins that are sensitive to 

changes in redox state (Powers et al., 2016). The most common target for redox modification are 

proteins that contain cysteine residues within their active or regulatory sites (the modification of 

proteins containing serine and tyrosine residues is also common) (Rhee et al., 2000). These 

cysteine residues most commonly contain thiol (C–SH) or disulfide (C–S–S–C) functional groups, 

which act as redox ‘switches’ that reversibly alter the functional state of the protein (Jones, 2008). 

Since most phosphatase enzymes contain cysteine residues, redox modification is considered to be 

a major regulator of phosphorylation events. Specifically, when the cellular redox environment 

becomes more oxidized, phosphatase activity is decreased concomitant with an increase in kinase 

activity (Fisher-Wellman & Neufer., 2012) 

A limitation of cellular redox control is that most ROS species have very short half-lives, 

which greatly reduce their radius of effect (Forkink et al., 2010). However, H2O2, which is 

produced following dismutation of superoxide by SOD, acts as a secondary messenger due to its 
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longer half-life compared to other ROS. In addition, H2O2 is much more stable than superoxide 

radicals, and can diffuse through cellular membranes (Rhee et al., 2000; Forkink et al., 2010).  

 

1.4.2 Major Redox-Sensitive Cellular Processes 

 

 Many cellular processes are sensitive to redox modification. For instance, alterations in 

redox state have been related to an increase in cytosolic Ca2+ release (Gomez et al., 2004), leading 

to the hypothesis that ROS emission could facilitate GLUT4 translocation to the sarcolemmal 

membrane via mechanisms separate from insulin and contraction  (Sandström et al., 2006). In 

addition, ROS have been shown to oxidize and fragment the ryanodine receptor (RyR), inhibit 

sarco/endoplasmic reticulum Ca2+ -ATPase (SERCA) and activate Ca2+/calmodulin-dependent 

protein kinase II (CAMKII) in humans following an acute bout of HIIT (Place et al., 2015), and  

high fat feeding in rodents (Jain et al., 2014). Notably, during exercise, Ca2+ release paired with 

the activation of CAMKII has been suggested to increase glycogenolysis, glycolysis (Singh et al., 

2004; Ozcan et al., 2012) and the activity of dehydrogenase enzymes within the citric acid cycle 

(Duchen, 2000; Maciel et al., 2001). Although it has also been suggested that ROS-mediated 

activation of CAMKII could be related to increases in peroxisome proliferator-activated receptor 

γ coactivator 1α (PGC1α) and mitochondrial biogenesis (Wright et al., 2007; Jain et al., 2014; 

Place et al., 2015), other work has not shown a relationship between these processes (Eilers et al., 

2014). Altogether, these data highlight the importance of redox modification in the regulation of 

many cellular processes. 
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1.4.3 Sources of ROS Emission 

 

 ROS are known to be produced from many locations within the cell, and major sources of 

ROS emission are thought to be nicotine adenine dinucleotide oxidase phosphate (NAPDH 

oxidase), phospholipase A2-dependent processes, and xanthine oxidase: 

NADPH Oxidase – NADPH oxidase is a membrane-bound protein that can be found in the 

sarcolemmal membrane, t-tubules, sarcoplasmic reticulum (SR) and the mitochondria (Powers et 

al., 2011). In particular, ROS produced by NADPH oxidase are thought to oxidize the RyR, 

indicating their regulatory role in Ca2+ release (Cherednichenko et al., 2004). 

Phospholipase A2-Dependent Processes – Phosoholipase A2 (PLA2) is an enzyme that catalyzes 

the release of arachidonic acid from plasma membranes, and PLA2-dependent processes are 

indirectly associated with the production of ROS at rest and during exercise. Specifically, the 

metabolism of arachidonic acid has been implicated in the generation of ROS from many locations 

in the cell, including the extracellular space (Zuo et al., 2004), (Zhao et al., 2002), cytosol (Gong 

et al., 2006), and mitochondria (Nethery et al., 2000). In addition, PLA2-dependent processes can 

also be modulated by elevations in cytosolic Ca2+, and this response has been suggested to further 

increase ROS emission (Gong et al., 2006) 

Xanthine Oxidase – Xanthine oxidase is an enzyme primarily located within the endothelium that 

produces xanthine and ROS from the oxidation of hypoxanthine (Powers et al., 2011). Rodent 

work has indicated xanthine oxidase to be a major source of ROS generation during exercise. 

However, work in humans has indicated that the content of xanthine oxidase in skeletal muscle is 

very low, and their importance in the production of ROS is debatable (Hellsten et al., 1996). 
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1.4.4 Mitochondrial ROS Emission 

 

 The mitochondria have often been considered to be a major source of ROS production 

within skeletal muscle. Specifically, this occurs when delivery of reducing equivalents to the ETC 

is maintained in the absence of cellular ATP demand (reduced ADP provision). Δp builds, which 

increases the energy required to pump H+ to the IMS, and slows the rate of electron transfer in the 

ETC. This increases the likelihood of superoxide radicals being produced during redox reactions 

(Korshunov et al., 1997). While all redox reactions within the ETC can theoretically produce 

superoxide radicals, the likelihood of this occurring increases 1) during redox reactions located in 

closer proximity to surface oxygen, and 2) during redox reactions that transfer single electrons 

(Schönfeld & Wojtczak, 2007). Moreover, studies in isolated mitochondria, using inhibitors of 

complexes I-V, have suggested that two major sources of ROS production in the mitochondria are 

complexes I and III (Lenaz, 2001; Chen et al., 2003). Complex III is thought to produce superoxide 

at 2 specific redox sites; the Qo center (oxidizes QH2 (ubiquinol) near the OMM) which faces the 

IMS, and the Qi center (reduces Q near the IMM) which faces the matrix (Chen et al., 2003). 

Complex I is thought to produce superoxide at the iron-sulphur clusters facing the matrix, or at the 

binding site for Q (Hirst et al., 2008) (Figure 4). 

 As a protective mechanism against the generation of superoxide radicals, the mitochondria 

contain ANT, and a family of uncoupling proteins (UCP) that function to uncouple dissipation of 

the Δp from ATP synthesis (Figure 4). In addition, the IMM is not completely impermeable to H+ 

ions, and when Δp is increased, H+ ions ‘leak’ back into the matrix at an increased rate (Brand et 

al., 1994). The mitochondria also contain a number of antioxidants that neutralize ROS as they are 

produced. Specifically, superoxide dismutase (SOD) isoforms exist in the matrix (SOD2) and IMS 

(copper-zinc SOD, CuZnSOD) of the mitochondria (Okado-Matsumoto & Fridovich, 2001), and 
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function to dismutate superoxide radicals into H2O2, which is less reactive (McCord & Fridovich, 

1969). In addition, glutathione (GSH) isoforms also exist in the matrix and IMS, and are 

responsible for the reduction of H2O2 into H2O (Mari et al., 2009). 

The physiological role of mitochondrial ROS emission has been a topic of considerable 

debate in the scientific community. Early reports have suggested that as much as 2-5% of the 

oxygen that is consumed within the mitochondria is used to generate superoxide radicals (Loschen 

et al., 1974). However, more recent findings have suggested this value to be 0.15% or lower (St-

Pierre et al., 2002), which argues that the mitochondria may not be a prominent source of ROS 

emission. In addition, recent findings in isolated mitochondria have suggested that greater levels 

of ROS are generated at rest compared to during exercise (Di Meo & Venditti, 2001). In contrast, 

other work has indicated that PGC-1α couples ROS production to mitochondrial respiration by 

increasing the capacity of complexes I and III to produce superoxide radicals (Austin et al., 2011). 

These discrepancies highlight that more research needs to be completed in order to elucidate the 

ROS emitting capacity of mitochondria during exercise. 

 

1.4.5 Mitochondrial ROS Emission and ADP Transport 

 

 It has been suggested that ANT contains sites that are sensitive to post-translational redox 

modification (Figure 6A). Specifically, it has been shown that exposure of rodent astrocyte cell 

cultures to ROS caused a slight increase in oxidized glutathione (Queiroga et al., 2010), which has 

also been associated with the formation of a disulfide bridge between cysteine 160 and 257 

(McStay et al., 2002). Additionally, it has been revealed that the formation of this particular 

disulfide bridge stabilizes the c state of ANT, which decreases the reactivity of cysteine 57 

(Costantini et al., 2000), and ADP binding in the IMS (McStay et al., 2002). The results of these 

studies provide insight into the potential role for mitochondrial ROS in the regulation of ANT. 
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Principally, this is because cysteine 57, 160 and 257 are all located on the matrix facing surface of 

ANT (McStay et al., 2002) (Figure 6). In addition, mitochondrial ROS is thought to greatly 

increase upon the conclusion of exercise, and during early stages of recovery (Schulte et al., 1992), 

as ADP provision is diminished concomitant with an elevation in fatty acid oxidation (Horton et 

al., 1998), and sustained delivery of reducing equivalents to the ETC (Anderson et al., 2007). 

Therefore, it is possible that mitochondrial ROS production following exercise may reduce ADP 

transport via inhibition of ANT. This may explain the recurrent finding (Perry et al., 2012; Miotto 

et al., 2016) that ADP sensitivity is reduced following exercise and recovery.  

 

1.4.6 Mitochondrial ROS Emission and CPT1-Dependent LCFA Transport 

 

  It has also been suggested that CPT1 is sensitive to oxidation (Figure 6B). Specifically, 

recent work using metabolomics-screening and biochemical analysis has indicated that H2O2 can 

directly cause reversible inactivation of CPT1 in human cell cultures. The mechanism of CPT1 

inactivation is not thought to involve cysteine oxidation, but instead metal-catalyzed histidine, 

similar to what occurs in CuZnSOD (Setoyama et al., 2013). In addition, another study has 

indicated that CPT1 exposure to cadmium causes redox inhibition by specifically targeting the 

thiol group of cysteine 287. However, the location of this residue in human CPT1 is unknown, as 

a 3D structure has not yet been confirmed (Go et al., 2014). On the other hand, exposure to ROS 

has also been implicated in the degradation of components of the cytoskeleton, such as the 

intermediate filaments, in astrocytes (Pablo et al., 2013) and epithelial cells (Ridge et al., 2009). 

Since disruption of the intermediate filaments has been shown to reduce MCoA inhibition of 

CPT1, and increase LCFA flux (Miotto et al., 2016), it is plausible that mitochondrial ROS-

mediated degradation of the intermediate filaments may indirectly regulate CPT1 activity 

following exercise. 
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Figure 6: Redox regulation of ANT1 and CPT1. (A) The matrix-facing redox-sensitive sites of 

ANT are Cys 57, Cys 160, and Cyst 257. Oxidation of Cys 160 and Cys 257 result in the formation 

of a disulfide bridge that decreases ADP binding affinity, and reactivity of Cys 57. (B) Location 

of the redox sensitive sites of CPT1 remain to be elucidated, however, it is suggested that Cys 287 

located near the R site contains an exposed thiol group that could be oxidized, resulting in a 

conformational change of the protein and alteration of A site binding. Ant – adenine nucleotide 

translocase, CPT1 – carnitine palmitoyltransferase 1, IMS – intermembrane space, R – reactive 

oxygen species, G-S-S-G – disulfide bridge, R site – regulatory site, A site – active site. 
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1.6 SUMMARY 
 

The provision of ADP and substrates from carbohydrate and fat metabolism to the 

mitochondria are two key control mechanisms responsible for the maintenance of energy 

homeostasis within skeletal muscle. The use of permeabilized muscle fibers has led to examination 

of the processes that regulate oxidative phosphorylation, including ADP and PCoA transport into 

the mitochondria. While it has been demonstrated that ADP and MCoA sensitivity are reduced 

following acute moderate-intensity exercise, resulting in a decrease in ADP delivery, and an 

increase in FA delivery to the mitochondria, our understanding of the mechanisms that regulate 

these processes is limited. Given the finding that the ADP transport protein ANT, and the PCoA 

transport protein CPT1 are both sensitive to post-translational redox modification, exercise-

mediated production of ROS may play an important role in the regulation of oxidative 

phosphorylation. Specifically, increases in ROS emission may modulate ADP and FA provision 

to the mitochondria, thus influencing the rate of ATP production. Importantly, research has shown 

that the mitochondria are a major source of ROS at rest, however, their contribution during exercise 

has yet to be fully elucidated. Therefore, this thesis examined the relationship between 

mitochondria ROS and the transport of ADP and PCoA into the mitochondria following acute 

moderate-intensity exercise in order to examine its role in the regulation of oxidative 

phosphorylation.  
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CHAPTER 2 – AIMS OF THESIS 
 

The effects of acute moderate-intensity exercise on the regulation of ADP and lipid 

supported respiration have previously been characterized in permeabilized muscle fibers. 

However, the influence of mitochondrial ROS emission on these processes has yet to be 

investigated. The Rabinovitch lab developed a transgenic mouse that overexpresses human 

catalase targeted to the mitochondria (MCAT) by a factor of 30-fold in skeletal muscle compared 

to endogenous mouse catalase (Schriner et al, 2005). As a result, MCAT mice have a greater 

capacity to neutralize ROS that is produced from the mitochondria. Therefore, the use of MCAT 

mice allows for the specific effects of exercise-mediated mitochondrial ROS to be investigated.  

  

The purposes of this thesis were to: 

1) To determine if MCAT mice have acute exercise induced alterations in ADP supported 

mitochondrial respiration. 

2) To determine if MCAT mice have acute exercise induced alterations in lipid supported 

mitochondrial respiration. 

It was hypothesized that mitochondrial ROS attenuates ADP and MCoA sensitivity following 

exercise. Therefore, my specific hypotheses are: 

1) While WT mice will display a reduction in ADP sensitivity following exercise, decreased 

mitochondrial ROS (MCAT mice) will prevent this response. 

2) While WT mice will display a reduction in MCoA mediated inhibition of CPT1 following 

exercise, this response will be diminished in MCAT mice. 
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CHAPTER 3 – THE ROLE OF EXERCISE-MEDIATED 

MITOCHONDRIAL ROS PRODUCTION IN THE REGULATION OF 

OXIDATIVE PHOSPHORYLATION 

 

3.1 METHODS 
 

3.1.1 Mice 

 

C57BL/6NJ (n=24) and MCAT (n=23) mice on the same C57BL/6NJ background were 

purchased from The Jackson Laboratory (Bar Harbor, US) at 8 weeks of age. Animals were single 

housed on a 12:12-h light-dark cycle within a temperature-regulated environment with unrestricted 

access to a standard chow diet, and water available ad libitum, until they reached 15 weeks of age.  

 

3.1.2 Acclimation and Exhaustive Bout of Exercise 

 

15 week old mice were familiarized with a motorized rodent treadmill (Exer-3R treadmill, 

Columbus Instruments, Columbus, US) equipped with brushes at the stop pad for encouragement 

for a 4-day period. Mice were run at a speed of 15m/min, and a grade of 5% for 10 minutes each 

day. Following familiarization, all mice underwent a run test to exhaustion, beginning at a 

moderate speed of 15 m/min (5% grade) for 90 minutes. Speed was then increased by 2 m/min 

every 5 minutes until volitional cessation. The run test to exhaustion was used to assess exercise 

tolerance of the mice, and to ensure that they could all complete the running protocol to limit 

variability. 

 

3.1.3 Acute Exercise 

 

Mice were given a 48 hour recovery period prior to acute exercise. Tissue was harvested 

from mice randomly selected into one of the following groups: sedentary (Sed), immediately post-

exercise (0 hrs), 3 hours post-exercise (3 hrs). The treadmill exercise consisted of running mice 
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for a period of 90 min on a motorized rodent treadmill at a speed of 15m/min, and a grade of 5%. 

One portion of the red gastrocnemius muscle was immediately placed in BIOPS preservation 

buffer for assessment of mitochondrial bioenergetics (details below), and mitochondrial H2O2 

emission. The remainder was snap frozen in liquid nitrogen, and stored at -80ºC. 

 

3.1.4 Preparation of Permeabilized Muscle Fibers 

 

Saponin permeabilized muscle fibers were generated as previously reported (Anderson et 

al., 2009; Perry et al., 2011; Ludzki et al., 2015; Miotto & Holloway, 2016). Briefly, small portions 

(~20mg) of the red gastrocnemius were dissected and placed in ice-cold BIOPS, containing CaK2-

EGTA (2.77mM), K2-EGTA (7.23mM), Na2-ATP (5.77mM), MgCL2-6H20 (6.56mM), Na2-PCr 

(15mM), imidazole (20mM), dithiothreitol (0.5mM) and MES (50mM). The muscle was then 

trimmed of fat and connective tissue, and 18 small muscle fiber bundles (0.1-0.25 mg dry weight) 

were prepared from each animal by gently separating the muscle along the longitudinal axis with 

a pair of anti-magnetic needle-tipped forceps under magnification (MX6 Stereoscope, Leica 

Microsystems, Inc., Wetzlar, DE). Fiber bundles were treated with 40µg/mL saponin, and 

incubated on a rotor for 30 min at 4°C. Saponin is a cholesterol-specific detergent that 

permeabilizes the plasma membrane, while keeping intact the mitochondrial membrane, which 

contain very small amounts of cholesterol (Veksler et al., 1987; Kuznetsov et al., 2008). Following 

permeabilization, fiber bundles being used for analysis of mitochondrial respiration were washed 

in mitochondrial respiration buffer (MIR05), containing EGTA (0.5mM), MgCL2-6H20 (3mM), 

potassium lactobionate (60mM), KH2PO4 (10mM), HEPES (20mM), sucrose (110mM), and fatty 

acid free BSA (1g/L), while fiber bundles being used for measurements of mitochondrial H2O2 

emission were washed in buffer Z, containing K-MES (105mM), KCl (30mM), EGTA (1mM), 
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K2HPO4 (10mM), MgCl2-6 H2O (5mM), glutamate (5µM),  malate (5µM), and BSA (5mg/mL). 

Experiments were started within 30 minutes following permeabilization. 

 

3.1.5 High Resolution Respirometry 

 

Measurements of mitochondrial respiration using saponin permeabilized muscle fibers 

were conducted in 2mL of mitochondrial respiration buffer (MIR05) using high resolution 

respirometry (Oroboros Oxygraph-2K: Oroboros Instruments, Innsbruck, Austria) at 37ºC with a 

constant stirring at 750rpm. All of our experiments were conducted between 200-180 M of 

oxygen, and therefore the buffer was equilibrated to room air after the addition of each substrate. 

In addition, experiments were performed in the presence of 5µM blebbistatin, a myosin II inhibitor, 

in order to ensure relaxation of the muscle fibers, and to better reflect an in vivo environment (Perry 

et al., 2011; Miotto & Holloway, 2016). 10µM cytochrome c was added as a measurement of 

mitochondrial membrane integrity, and all experiments demonstrated an increase in respiration of 

less than 10%. Respiratory control ratios (RCR), which are reflective of the coupling state of the 

mitochondria, were determined for all experiments, and fiber bundles were recovered, freeze-

dried, and respiration data was normalized to fiber bundle weight.  

ADP stimulated respiration experiments were completed in the presence or absence of 

5mM pyruvate and 1mM malate. ADP was titrated at various concentrations (25, 100, 175, 250, 

500, 1000, 2000, 4000, 6000, 8000, 10000 µM). Experiments of ADP stimulated respiration were 

also completed in the presence of 60µM PCoA to determine inhibitory effects on ADP transport. 

10mM glutamate and 10mM succinate were added following ADP titration in order to determine 

maximal respiration from complex I and complex II.  PCoA stimulated respiration experiments 

were completed in the presence or absence of 1mM malate and 5mM ADP. Once stabilized, 2mM 
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L-carnitine was added, and PCoA was titrated at various concentrations (25, 50, 75, 100, 125, 150, 

175, 200 µM). Experiments of PCoA stimulated respiration were also completed following a 10 

minute incubation with 7µM MCoA in order to determine the inhibitory effects on PCoA transport. 

To determine the effect of the cytoskeleton on PCoA stimulated respiration, experiments of PCoA 

stimulated respiration were also completed in the presence of 30µM 3,3’iminodipropionitrile 

(IDPN), which disrupts the intermediate filament component of the cytoskeleton (Feuilloley et al., 

1988; Velasco et al., 1988; Miotto et al., 2016). 10mM glutamate and 10mM succinate were 

following PCoA titration in order to determine maximal respiration from complex I and complex 

II. 

 

3.1.6 Mitochondrial H2O2 Emission 

 

To measure mitochondrial ROS production, we determined H2O2 release from saponin 

permeabilized muscle fibers using Amplex Red fluorescence quantification (Invitrogen) at 37ºC. 

Briefly, fiber bundles were added into a constantly stirring cuvette containing 10µM Amplex Red 

reagent, 5µM blebbistatin, 40U/mL SOD, and 0.5U/mL horseradish peroxidase (HRP). SOD was 

added to the cuvette to ensure the conversion of superoxide radicals to H2O2. FA-stimulated 

mitochondrial H2O2 emission was initiated by the addition of 2mM L-carnitine to a cuvette 

containing 60µM PCoA. In separate experiments, mitochondrial H2O2 emission was initiated by 

the addition of 10mM succinate to a cuvette containing either 100µM ADP, 60µM PCoA, or 

100µM ADP and 60µM PCoA. Raw fluorescence was calibrated to a standard curve that was made 

for each experiment using known concentrations of H2O2, and the rate of mitochondrial H2O2 

emission was calculated from the slope after subtracting the background fluorescence prior to 

addition of L-carnitine or succinate. Following each experiment, fiber bundles were recovered, 
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freeze-dried, and mitochondrial H2O2 emission data was then normalized to fiber bundle mass. All 

experiments were performed in duplicates. 

 

3.1.7 Digestion of Permeabilized Muscle Fibers for Western Blotting 

 

Freeze-dried permeabilized muscle fiber bundles were digested in a fiber lysis buffer, as 

adapted from methods previously published (Lally et al., 2013; Herbst et al., 2014). Briefly, 

permeabilized muscle fibers were digested in a 5µL/µg digestion buffer solution containing 10% 

glycerol, 5% β-mercaptoethanol, 2.3% SDS in 62.5mM Tris-HCL, and 0.01% bromophenol blue, 

for 1hr at 65ºC with gentle shaking. To improve digestion, protein samples were vortexed for 3-5s 

every 15min. 5-10uL of sample was then loaded for analysis by SDS-PAGE, as described below. 

 

3.1.8 Western Blotting 

 

Digested fiber bundles were separated by electrophoresis at 150V for 1hr on SDS-

polyacrylamide gels, then transferred at 100V for 1hr to polyvinylidene difluoride (PVDF) 

membranes, as described previously (Herbst et al., 2014). Commercially available antibodies were 

used in order to detect ANT1 (10µg protein; Abcam, Cambridge, US; product number – 

ab110322), ANT2 (10µg protein; Abcam – ab118076), VDAC (5µg protein; Abcam – ab14734), 

MiCK (5µg protein; Abcam – ab131188), COXIV (5µg protein; Invitrogen – A21347), OXPHOS 

(5µg protein; Mitosciences, Eugene, US – ab110413) and α-tubulin (5µg protein, Abcam – 

ab7291). All samples for each protein were loaded on the same membrane to limit variation. 

Western blots were quantified via chemiluminescence and the FluorChem HD imaging system 

(Alpha Innotech, Santa Clara, US).  
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3.1.9 Statistics 

 

Statistical analyses were completed using SigmaPlot software (SigmaPlot Software version 

12.0, Systat Software, Inc). Exercise tolerance and anthropometric measurements were statistically 

analyzed using 2-tailed independent student t-tests. All parameters for sedentary and acute exercise 

states were analyzed using a 2-way ANOVA in combination with a Newman Keuls Student (NK) 

post-hoc analysis. The apparent Michaelis-Menton Constants (Km) for ADP and PCoA were 

determined using Michaelis-Menton kinetics in the GraphPad Prism software (GraphPad 

Software, Ins, LA Jolla, US) as described previously (Miotto and Holloway., 2016). Values for 

maximal respiration (Vmax) were represented by the largest respiratory value that was obtained. 

Data expressed as mean ± SEM. n = 7-8 per group. Values were statistically significant if p ≤ 0.05. 
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3.2 RESULTS 
 

3.2.1 MCAT Animals Have an Impaired Exercise Tolerance 

 

Since it has yet to be determined if MCAT animals have a sustained tolerance to exercise 

in comparison to WT animals, we first examined whether production of mitochondrial ROS during 

exercise has an impact on exercise capacity. While all animals of both genotypes were able to 

maintain a moderate intensity of exercise (15m/min, 5% grade) for over 100 minutes, MCAT 

animals had a significantly lower time to exhaustion (Table 1) compared to WT animals. This 

finding was not related to any significant difference in normalized heart weight, or body weight. 

Moreover, MCAT animals had significantly lower maximal succinate supported mitochondrial 

H2O2 emission, similar to data reported previously (Anderson et al., 2009), thus validating our 

experimental model. Altogether, these data suggest a relationship between mitochondrial ROS 

emission and the preservation of exercise capacity in mice. 

Table 1: Time to exhaustion, anthropometric data, and maximal succinate supported 

mitochondrial H2O2 emission in WT and MCAT animals. * denotes significant difference 

from WT animals. Data expressed as means ± SEM (p < 0.05). 

 

Parameter WT MCAT 

Time to exhaustion (min) 122 ± 1.9 117 ± 1.5* 

Tibia length (cm) 1.8 ± 0.007 1.8 ± 0.01 

Body weight (g) 30 ± 0.5 32 ± 0.6 

Heart weight (mg) 122 ± 2.1 120 ± 2.1 

Body weight normalized to tibia length (g/cm) 17.1 ± 0.3 18.1 ± 0.3 

Heart weight normalized to tibia length (mg/cm) 68.8 ± 1.2 67.8 ± 1.2 

Maximal mitochondrial H2O2 emission (pmol  

H2O2/min/mg dry weight) 

199.4 ± 7.2 37.8 ± 4.2* 
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3.2.2 MCAT Animals Have an Unaltered Content of Various Mitochondrial Proteins 

 

Given the lower exercise capacity of MCAT animals, we next used Western blotting to 

assess if MCAT animals had a reduced content of various mitochondrial proteins, as mitochondrial 

protein content within skeletal muscle is a principal determinant of exercise capacity (Wang et al., 

1999). There were no significant changes in any oxidative phosphorylation proteins (Figure 7A, 

B), nor were there changes in proteins involved in ADP/ATP transport (ANT1, ANT2, VDAC, or 

MiCK, (Figure 7C, D). These data indicate that the lower exercise capacity of MCAT animals was 

not due to a change in mitochondrial content. 

Figure 7: MCAT mice do not have alterations in protein markers of mitochondrial content, 

or ADP/ATP transport. Western blot analysis showing: representative images for OXPHOS 

proteins (CI-NDUFB8, CII-Core 2, CIII-30kDa, CIV-1, and CIV4) and PDH (A), relative contents 

of OXPHOS proteins and PDH (B), representative images for proteins involved in ADP/ATP 

transport (C), and relative contents of proteins involved in ADP/ATP transport (ANT1, ANT2, 

VDAC, and MiCK) (D). α-tubulin was used as a loading control. Data expressed as mean ± SEM. 

n = 7-8 per group. 
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3.2.3 MCAT Animals Retain Mitochondrial ADP Sensitivity Immediately and 3hrs Post-

Exercise in the Presence and Absence of PCoA 

 

Since proteins involved in ADP transport, such as ANT1, are sensitive to post-translational 

redox modification (McStay et al., 2002; Ludzki et al., 2015), and exercise dramatically decreases 

ADP sensitivity, we next examined the influence of local ROS production during acute exercise 

on ADP stimulated respiration. In support of the null change in mitochondrial protein contents, 

there were also no changes in maximal complex I respiration, maximal complex I and II 

respiration, RCRs from relaxed permeabilized muscle fibers (Figure 8A), or mitochondrial 

respiration in the presence of ADP (Figure 8B). The apparent ADP Km was increased by ~30% in 

WT animals immediately post-exercise, and following a 3hr recovery period (Figure 8C, D). In 

contrast, exercise did not alter the apparent ADP Km of MCAT animals. When expressed relative 

to WT animals, MCAT animals had a significant reduction in apparent ADP Km immediately 

post-exercise, however, there was no change following a 3hr recovery period. Altogether, these 

data provide further evidence that mitochondrial ROS produced during exercise activate a redox-

dependent modulatory pathway that decreases sensitivity to, and subsequent transport of ADP into 

the mitochondria.    
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Figure 8: MCAT mice do not have alterations in maximal respiration rate, but exhibit 

improved ADP sensitivity following acute exercise. Maximal non-ADP stimulated respiration 

(PM: P = pyruvate, M = malate), ADP stimulated respiration (PMD: D = ADP), maximal complex 

I stimulated respiration (PMDG: G = glutamate), and maximal complex II stimulated respiration 

(PMDGS: S = succinate) (A), ADP stimulated respiration with the full Michaelis-Menton curve 

(B), the x-axis from the full Michaelis-Menton curve rescaled to show the shifts in respiration of 

each group (C), and the calculated apparent ADP Km (D). * denotes significant difference from 

control sedentary control group of each genotype, ع denotes difference from WT animals within 

the same condition. Data expressed as mean ± SEM. n = 7-8 per group. 

 

Since lipid availability increases during exercise, we also repeated these experiments in the 

presence of 60µM PCoA, which is known to decrease ADP sensitivity through inhibition of ANT 

(Ho & Pande, 1974; Ludzki et al., 2015; Miotto & Holloway, 2016). The addition of PCoA 

increased maximal complex I respiration, maximal complex I and II respiration, respiration in the 

presence of ADP, and RCRs from relaxed permeabilized muscle fibers in both sedentary and 

exercising WT and MCAT animals by ~50% (Figure 8A, B and Figure 9A and B). In contrast, all 

groups showed a ~50% increase in the apparent ADP Km following the addition of PCoA (Figures 

8C, D). We next assessed the propensity for PCoA to alter ADP sensitivity in WT and MCAT 
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mice. Similar to experiments completed in the absence of PCoA, while the apparent ADP Km was 

significantly increased by ~30% immediately post exercise, and following a 3 hour recovery period 

in WT animals, exercise did not alter the apparent ADP Km of MCAT animals (Figure 9C, D). 

Since the presence of PCoA decreased ADP sensitivity of both WT and MCAT animals, but did 

not impact the effect of exercise, these data suggest that the inhibitory effect of mitochondrial ROS 

on ADP transport occurs via a separate mechanism in comparison to PCoA-mediated inhibition. 

 

 
 

Figure 9: MCAT mice exhibit reduced ADP-stimulated respiration, and retain ADP 

sensitivity in the presence of 60 µM PCoA. Maximal non-ADP stimulated respiration (PM: P = 

pyruvate, M = malate), ADP stimulated respiration (PMD: D = ADP), maximal complex I 

stimulated respiration (PMDG: G = glutamate), and maximal complex II stimulated respiration 

(PMDGS: S = succinate) in the presence of 60 µM PCoA (A), ADP stimulated respiration in the 

presence of 60 µM PCoA with the full Michaelis-Menton curve (B), the x-axis from the full 

Michaelis-Menton curve rescaled to show the shifts in respiration of each group (C), and the 

calculated apparent ADP Km (D). *denotes significant difference from control sedentary control 

group of each genotype. Data expressed as mean ± SEM. n = 7-8 per group. 
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3.2.4 MCAT Animals Have Decreased Mitochondrial H2O2 Emission at Rest and Following 

Acute Exercise 

 

To further investigate the interaction between PCoA and ADP in the context of 

mitochondrial bioenergetics we next examined the impact of these substrates on the production of 

mitochondrial ROS. In comparison to maximal succinate supported mitochondrial H2O2 emission 

(Figure 10A), the addition of 100µM ADP significantly reduced the propensity for ROS generation 

in both WT and MCAT animals (Figure 10B). Similar to the observed increase in the apparent 

ADP Km, exercise increased mitochondrial ROS production in the presence of ADP, suggesting a 

decreased sensitivity to ADP. However, in contrast to respiratory function, this effect was 

normalized following a 3-hour recovery period. In MCAT mice exercise did not alter the 

propensity for mitochondrial ROS production in the presence or absence of ADP (Figure 10A, B). 

 Since PCoA inhibits ADP transport into the mitochondria, we next assessed the effect of 

60µM PCoA on ADP supported ROS production before and after exercise in WT animals. 

Interestingly, mitochondrial ROS production was not altered with exercise in the presence of 

100µM ADP when PCoA was present (Figure 10C). However, similar to respiratory kinetics, 

PCoA appeared to attenuate ADP sensitivity, as ROS rates were higher in the presence of ADP 

before and 3hrs after exercise (Figure 10D).        

 We also assessed the direct influence of PCoA on mitochondrial ROS production by 

completing experiments with 60µM PCoA in the presence of L-carnitine, allowing for CPT1-

mediated transport of PCoA into the mitochondria. Lipid supported mitochondrial ROS production 

was minimal in both sedentary and exercised WT mice (Figure 10E), an effect also seen in MCAT 

mice (data not shown), suggesting that CPT1 mediated delivery of lipids into the mitochondrial is 

responsible for a very minimal ROS production. 
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Figure 10: MCAT animals have reduced ADP and PCoA supported mitochondrial H2O2 

emission. Maximal succinate supported mitochondrial H2O2 emission (A), maximal ADP 

stimulated mitochondrial H2O2 emission in the absence (B) and presence of 60 µM PCoA (C), and 

absolute PCoA stimulated mitochondrial H2O2 emission of WT mice, measured by subtracting 

ADP supported mitochondrial H2O2 emission (C). Main effect of genotype on succinate supported 

mitochondrial H2O2 emission.*denotes significant difference from control sedentary control group 

of each genotype. عdenotes significant difference of MCAT animals compared to WT animals in 

the same condition. †denotes significant difference of WT animals in the 3hrs group compared to 

WT animals in the 0hr group. Data expressed as mean ± SEM. n = 7-8 per group. 

 

3.2.5 MCAT Animals Have a Reduced CPT1 Sensitivity for MCoA Inhibition, and This is 

Ablated Following Disruption of the Intermediate Filaments 

 

Since it has recently been suggested that CPT1 can be inhibited in vitro by post translational 

redox modification (Setoyama et al., 2013; Go et al., 2014), similar to ANT1, we next examined 

the direct effect of attenuating mitochondrial ROS production during exercise on PCoA stimulated 

respiration. Similar to our previous experiments, exercise and MCAT did not alter maximal 

complex I/II respiration or RCRs (Figure 11A). In addition, mitochondrial respiration in the 

presence of L-carnitine and PCoA was not altered in either genotype at any time point (Figure 
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11B). Moreover, there was no change in the apparent PCoA Km (Figure 11C and D), suggesting 

that mitochondrial ROS does not regulate CPT1 dependent lipid transport.  

 

Figure 11: MCAT animals show no change in PCoA stimulated respiration, or PCoA 

sensitivity following acute exercise. Maximal non-PCoA stimulated respiration (M: M = malate, 

D = ADP), PCoA stimulated respiration (MDLP: L = L-carnitine, P = PCoA), maximal complex I 

stimulated respiration (MDLPG: G = glutamate), maximal complex II stimulated respiration 

(MDLPGS: S = succinate) (A), PCoA stimulated respiration with the full Michaelis-Menton curve 

(B), the x-axis from the full Michaelis-Menton curve rescaled to show the shifts in respiration of 

each group (C), the calculated apparent PCoA Km (D). Data expressed as mean ± SEM. n = 7-8 

per group. 

 

 

To further examine the regulatory role of mitochondrial ROS on CPT1, we repeated the 

above experiments in the presence of 7 µM MCoA, which is a biological inhibitor of CPT1. There 

was a main effect of MCoA on MCAT mice, with the apparent PCoA Km being elevated in 

comparison to WT mice (Figure 12A). In addition, there was also a main effect of exercise, with 

the apparent PCoA Km being lower in both WT and MCAT mice immediately post-exercise, 



 

 

42 

 

compared to the sedentary state. However, this effect was absent during recovery. Altogether, this 

data suggests that mitochondrial ROS is not a primary regulator of CPT1 dependent lipid transport. 

 We have previously shown that disruption of the intermediate filament component of the 

cytoskeleton attenuates MCoA mediated inhibition of CPT1 (Miotto et al., 2016). Therefore, we 

performed the above experiment in the presence of IDPN, a disruptor of the intermediate filaments, 

in order to determine if the effect of mitochondrial ROS is regulated by the cytoskeleton. In the 

presence of IDPN, there was no main effect of MCoA on genotype, or exercise (Figure 12B). In 

addition, the presence of MCoA and IDPN did not have an effect on PCoA supported 

mitochondrial respiration (Figure 13A), or the RCRs (Figure 13C). In contrast, there was a main 

effect of MCoA on the apparent PCoA Km (Figure 13B). Altogether, these data show that exercise 

reduces MCoA mediated inhibition of CPT1 independent of mitochondrial ROS emission, and that 

the CPT1 sensitising effect of mitochondrial ROS is absent in the presence of IDPN. 

Figure 12: MCAT animals have increased MCoA inhibition of PCoA, but not in the presence 

of IDPN. Absolute MCoA mediated inhibition of PCoA Km, measured by subtracting the PCoA 

Km of each respective group and genotype (A), and absolute MCoA mediated inhibition of PCoA 

Km in the presence of IDPN (B). Data expressed as mean ± SEM. n = 7-8 per group. 

 



 

 

43 

 

 

Figure 13: No effect of MCoA or IDPN on PCoA stimulated respiration, apparent ADP Km, 

and RCR in sedentary and exercising MCAT animals independent of genotype. PCoA-

stimulated respiration (A), apparent PCoA Km (B), and RCRs (C) of WT and MCAT animals. 

From left to right: PCoA stimulated respiration, + 7µM MCoA, + 7 µM MCoA and 7 µM IDPN. 

Main effects of MCoA and genotype on apparent PCoA Km. Data expressed as mean ± SEM. n = 

7-8 per group. 
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CHAPTER 4 – DISCUSSION 
 

 The main goal of this thesis was to establish if mitochondrial ROS that are produced during 

exercise regulate oxidative phosphorylation. Specifically, the present experiments have 

established that genetically modified mice displaying lower mitochondrial ROS production during 

exercise (i.e. MCAT mice) 1) have a reduced tolerance to exercise in the absence of alterations in 

mitochondrial protein content, 2) retain ADP sensitivity following an acute bout of moderate-

intensity exercise and following a 3 hour recovery period and 3) have a reduced sensitivity for 

MCoA compared to WT animals in both rested and exercising states. The current study is the first 

to demonstrate that exercise-mediated mitochondrial ROS production may modulate cellular 

energy homeostasis during exercise, primarily via interaction with ADP transport. 

 

4.1 MITOCHONDRIAL ROS AND EXERCISE TOLERANCE  
 

 The ability of working skeletal muscle to produce ROS was first discovered in 1982 

(Davies et al., 1982). While ROS emission during exercise was first thought to solely cause 

pathological remodelling, the reversible oxidation of redox-sensitive proteins is now understood 

to play an important role in the regulation of cellular signalling events (Powers & Jackson, 2008). 

However, despite the findings that many proteins involved in the regulation of oxidative 

phosphorylation are redox-sensitive (McStay et al., 2002; Setoyama et al., 2013), the role of 

exercise-mediated ROS production in the regulation of cellular ATP demand has yet to be 

established within the literature. Therefore, a major finding of the current study is that MCAT mice 

have a significant reduction in exercise capacity. This provides evidence that mitochondrial ROS 

emission is required to maximize ATP production or utilization during periods of increased cellular 

energy demand in working skeletal muscle. The finding that MCAT mice were not shown to have 



 

 

45 

 

alterations in various oxidative phosphorylation and ADP transport proteins further challenges the 

belief that increases in mitochondrial content are required for improvements in exercise capacity.  

 

4.2 MITOCHONDRIAL ROS AND MODULATION OF ADP SENSITIVITY 
 

 Previous work in permeabilized muscle fibers has shown that ADP sensitivity is 

significantly decreased following acute moderate-intensity exercise (Miotto & Holloway, 2016), 

and that this effect is sustained after a 3 hour recovery period (Perry et al., 2012). A significant 

finding of the current study is that MCAT mice retain ADP sensitivity following acute exercise, 

and recovery. This would suggest that mitochondrial ROS produced following exercise acts to 

modulate ADP provision to the mitochondria by inhibiting its transport. The interaction between 

mitochondrial ROS and ADP transport is in support of previous work by McStay et al. (2002), 

who highlighted that ANT may be sensitive to inhibition via reversible oxidation of redox-sensitive 

sites. Specifically, their research indicated that the matrix-facing surface of ANT contains redox-

sensitive cysteine residues, and that the formation of a disulfide bridge between Cys 160 and 257 

causes a conformational change that decreases ADP binding affinity. In addition, other research 

has indicated that the majority of ROS produced by the mitochondria is released in the form of 

highly reactive superoxide radicals into the matrix (Di Meo & Venditti, 2001; Brand, 2010). 

Therefore, it is plausible that mitochondrial ROS produced during exercise can inhibit ANT, and 

reduce ADP transport. Theoretically, this could result in 1) an increase in the energy state of the 

mitochondria during state 3 respiration, and an accelerated shift to state 4 respiration (Shug et al., 

1971), which elevates the propensity for mitochondrial ROS generation further (St-Pierre et al., 

2002), and 2) reduced ATP production from the mitochondria, and decreased phosphorylation 

potential in the cytoplasm (Wojtczak, 1976). 
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 Given that the presence of 60µM PCoA increased the apparent ADP Km of both WT and 

MCAT mice by the same order of magnitude, it is likely that mitochondrial ROS and PCoA inhibit 

the transport of ADP via separate mechanisms. It has been well established that increased PCoA 

content during exercise inhibits ADP transport via direct inhibition of ANT (Shug et al., 1975; 

Woldegiorgis & Shrago, 1979). Specifically, in vitro work by Woldegiorgis & Shrago (1979) 

established that PCoA interacts with ANT via high affinity binding on both its IMS and matrix 

facing sides, and competitively inhibits ADP binding (Ho & Pande, 1974). In order to prevent 

PCoA from binding to the matrix side of ANT, the current experiments were completed in the 

absence of L-carnitine, which prevents the facilitated transport of PCoA across the IMM (Ludzki 

et al., 2015). Therefore, the inhibitory effects of PCoA were isolated to interactions with the IMS-

facing side of ANT. In addition, we also performed a subset of experiments in the presence of 

20µM PCoA, which is the concentration in resting skeletal muscle (Watt et al., 2003). Our finding 

that this concentration did not alter the apparent ADP Km in WT or MCAT animals suggests that 

PCoA inhibition of ANT is concentration dependent, and the content at rest is not sufficient to 

reduce ADP sensitivity (see Supplementary Figure 1). These data are also in support of work by 

Shrago et al. (1974) who demonstrated that PCoA inhibition of ANT is content dependent, and is 

inversely related to the supply of ADP. Altogether, these data indicate that the observed decrease 

in ADP sensitivity following exercise is mediated via interaction of both PCoA and mitochondrial 

ROS with ANT. While PCoA interacts with both the matrix and IMS-facing side of ANT to inhibit 

ADP transport, it is suggested that mitochondrial ROS reversibly oxidizes redox-sensitive sites on 

the matrix-facing side (Figure 14). However, a more direct measurement of ANT sensitivity to 

redox modification is required to substantiate these conclusions. 
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Figure 14: A provisional model explaining the interaction between PCoA, mitochondrial 

ROS and ADP transport in MCAT and WT mice in the absence of L-carnitine. In MCAT 

mice, increased PCoA transport across the OMM during exercise interacts with the IMS-facing 

surface of ANT, and competitively inhibits ADP transport across the IMM into the mitochondrial 

matrix. In WT mice, mitochondrial ROS emission is elevated, causing further inhibition of ADP 

transport via reversible oxidation redox-sensitive cysteine residues on the matrix-facing surface of 

ANT. OMM – outer mitochondrial membrane, IMM – inner mitochondrial membrane, ROS – 

reactive oxygen species, C-S-S-C – disuldife bridge, ADP – adenosine diphosphate, PCoA – 

palmitoyl CoA, VDAC – voltage-gated anion channel, ANT – adenine nucleotide translocase.   

 

4.3 ADP AND PCOA-SUPPORTED MITOCHONDRIAL H2O2 EMISSION  
  

As discussed previously, the propensity to generate mitochondrial ROS is thought to 

significantly increase upon the cessation of exercise (Schulte et al., 1992). This is due to the 

sustained delivery of reducing equivalents to the ETC in combination with a reduction in ADP 

provision to the mitochondria (Di Meo & Venditti, 2001). Therefore, reductions in ADP sensitivity 

could lead to a significant increase in the generation of mitochondrial ROS. 
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In the current study, we used permeabilized muscle fibers to assess the propensity for 

maximal succinate-supported H2O2 generation, which allows for the assessment of ROS emission 

from complexes I and III. While the presence of submaximal ADP significantly reduced maximal 

succinate-supported H2O2 emission in WT mice at rest, the addition of submaximal PCoA to the 

cuvette partially attenuated this response, and increased H2O2 emission by ~25%. These data 

further substantiate the hypothesis that mitochondrial ROS and PCoA both reduce ADP transport, 

potentially via inhibition of ANT. However, the ability of submaximal ADP to attenuate H2O2 

emission is diminished following exercise, while the response to submaximal PCoA is not altered. 

These data suggest that the exercise-mediated production of mitochondrial ROS inhibit ADP 

transport to a greater extent, which may explain why apparent ADP Km is increased following 

exercise in WT mice, and MCAT mice display no alteration. 

In contrast to these findings, while the apparent ADP Km of WT animals remains elevated 

during recovery, mitochondrial H2O2 emission in the presence of ADP and PCoA was 

unexpectedly reduced to resting levels. A possible explanation for this finding is that mitochondrial 

ROS emission is increased during recovery from locations within the mitochondria other than 

complexes I and III. For instance, Brand (2010) recently completed a detailed review highlighting 

the topology of mitochondrial ROS production, and concluded that several other sites, in addition 

to complexes I and III, produce a significant amount of ROS under varying cellular conditions 

(Figure 15). In addition, to spare further glucose oxidation during the recovery period, fatty acid 

oxidation is elevated, and can reach up to 60% of the total oxidative metabolism (Horton et al., 

1998). Increased LCFA content in the IMS and matrix during the early stages of recovery could 

reduce ADP provision via inhibition of ANT, and subsequently increase mitochondrial ROS 

production (Schulte et al., 1992). Alternatively, it is also possible that extra-mitochondrial sources 
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of ROS are responsible for reduction in ADP sensitivity during recovery. In particular, it has been 

shown that ROS can inhibit VDAC directly (Madesh & Hajnoczky, 2001), or indirectly via 

interaction with components of the cytoskeleton (Rostovtseva et al., 2008), which could act to 

regulate ADP provision. Therefore, it is plausible that the production of ROS from mitochondrial 

sources other than complexes I or III, or extra-mitochondrial sources could be responsible for the 

reduction in ADP sensitivity displayed in WT mice following a 3 hour recovery period.  

 
Figure 15: The topology of superoxide production from specific sites within the mitochondria 

(derived from Brand, 2010). Superoxide radicals can be produced from a number of sites along 

the ETC, and are also a by-product from specific dehydrogenase reactions. The above figure shows 

the maximal rate superoxide radical production from specific sites along the ETC (IF, IQ, 

ETFQOR and IIIQO), as well as during specific dehydrogenase reactions (PDH, OGDH and 

GPDH). ETC – electron transport chain, IF – NADH binding site of complex I, IQ – ubiquinone 

reduction site of complex I, ETFQOR – electron transferring flavoprotein ubiquinone 

oxidoreductase/the entry point for electrons from complex II to ubiquinone, IIIQO – the quinone 

binding site at complex III, PDH – pyruvate dehydrogenase, OGDH – 2-oxoglutarate 

dehydrogenase, GPDH – glycerol 3-phosphate dehydrogenase.   
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Altogether, these data highlight an intricate link between the inhibition of ADP transport 

and the propensity for mitochondrial ROS generation. We provide evidence that the accumulation 

of mitochondrial ROS and cytosolic PCoA can significantly inhibit ATP transport, and the 

production of mitochondrial ROS. However, since MCAT animals retain ADP sensitivity 

following exercise, it is unlikely that ADP provision to the mitochondria via the VDAC-ANT axis 

is reduced. Therefore, these data cannot explain why MCAT animals have a reduction in exercise 

tolerance.  

  

4.4 MITOCHONDRIAL ROS AND MODULATION OF PCOA SENSITIVITY 

  
In the current study, we also assessed the role of mitochondrial ROS in the regulation of 

CPT1-dependent PCoA transport into the mitochondria. Our findings that mitochondrial ROS do 

not alter PCoA sensitivity suggest that either 1) mitochondrial ROS does not directly regulate 

PCoA transport, or 2) ROS produced by the mitochondria during exercise is not sufficient to 

significantly alter PCoA transport. In regard to the first hypothesis, we have demonstrated that 

mitochondrial ROS reduces the apparent PCoA Km in the presence of 7µM MCoA by the same 

magnitude at rest, following exercise, and during recovery. This would suggest that mitochondrial 

ROS may cause a conformational change in the regulatory site that reduces CPT1 affinity for 

MCoA binding (Figure 16). Indeed, recent work by Setoyama et al. (2013) has indicated that Cys 

287, which is located near the regulatory site, is sensitive to redox modification. However, the 

applicability of this hypothesis in humans is currently limited, as a 3D structure of human CPT1 

has not yet been confirmed (Go et al. 2014). In regard to the second hypothesis, mitochondrial 

ROS only marginally reduced the apparent PCoA Km in the presence of MCoA, and the magnitude 

of change was identical in rested and exercising animals. In addition, if mitochondrial ROS was a 
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key regulator of MCoA sensitivity, then it would be expected that MCAT animals, whose 

propensity to generate mitochondrial ROS is not altered following exercise, would have no 

alteration in MCoA-mediated inhibition of CPT1. However, MCoA sensitivity is altered by the 

same magnitude in both WT and MCAT mice following exercise, and during recovery. Altogether, 

these data suggest that exercise-mediated mitochondrial ROS production is not a major regulator 

of CPT1-dependent PCoA transport. 

Interestingly, our results demonstrate that the intermediate filaments regulate MCoA 

inhibition of CPT1 to a much greater extent in comparison to mitochondrial ROS, which is in 

contrary to our hypothesis. Specifically, while mitochondrial ROS slightly decreases MCoA 

sensitivity, the current study and previous work (Miotto et al., 2016) demonstrate that IDPN-

mediated disruption of the intermediate filaments and exercise both greatly diminished MCoA 

inhibition of CPT1 in the absence of changes in PCoA sensitivity or maximal CPT1 activity. These 

findings are also supported by previous work in permeabilized hepatocytes, where disruption of 

the intermediate filaments in the presence of IDPN significantly reduced MCoA inhibition of 

CPT1. Therefore, it is plausible that the alteration in MCoA sensitivity caused by mitochondrial 

ROS may be mediated via partial disruption of the intermediate filaments (Figure 16). Altogether, 

these data highlight that the intermediate filaments are a major regulator of MCoA sensitivity, and 

that exercise-mediated ROS production may play a role in this response. 
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Figure 16: A provisional model describing the possible mechanisms through which ROS may 

regulate CPT1-mediated LCFA transport. It is proposed that ROS improves PCoA sensitivity 

via partial disruption of the intermediate filaments that regulate MCoA binding (A), interaction 

with redox sensitive cysteine sites, and subsequent change in conformation of the MCoA binding 

site (B), or both (C). IMF – intermediate filaments, CPT1 – carnitine palmitoyltransferase 1, 

VDAC – voltage gated anion channel, OMM – outer mitochondrial membrane, R – reactive 

oxygen species.  

 

An additional novel finding of the current study is that MCoA inhibition of CPT1 was 

restored to resting levels in exercising mice following a 3 hour recovery period. While it has 

previously been established that the apparent ADP Km remains elevated during recovery (Perry et 

al., 2012), the response of the apparent PCoA Km in the presence of MCoA remained unknown. 

The apparent increase in CPT1 inhibition during recovery demonstrated in the current study is 

indicative of reduced PCoA provision to the mitochondria. However, fatty acid oxidation is 

thought to significantly increase during recovery to allow for glycogen synthesis (Horton et al., 

1998). Considering that the presence of PCoA is thought to competitively inhibit MCoA binding 

to CPT1 (Mills et al., 1983; Bremer et al.,1985; Smith et al., 2012), it is possible that elevations 

in PCoA content during recovery competitively inhibits MCoA binding to CPT1, and subsequently 

improves FA flux. In addition, PCoA delivery to CPT1 may be augmented due to increased 

mitochondrial FAT/CD36 content following exercise. Specifically, 2 hours of acute moderate-
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intensity exercise has been shown to mediate the translocation of FAT/CD36 to the OMM 

(Holloway et al., 2006), where it is thought to deliver LCFA-CoA moieties from ACS to CPT1 

(Smith et al., 2011). Therefore, if FAT/CD36 content on the OMM remains elevated during 

recovery, it may also modulate MCoA inhibition of CPT1 via competitive inhibition of PCoA.  

Altogether, these data indicate that mitochondrial ROS do not play a major role in the 

regulation of PCoA transport into the mitochondria, at least following acute moderate-intensity 

exercise. Therefore, it is unlikely that an alteration in FA delivery to the mitochondria is 

responsible for the reduced exercise tolerance of MCAT mice.  

 

4.5 LIMITATIONS  
 

A limitation of the current study is that during a given experiment day, 2 mice were run at 

the same time. While 1 animal was randomly selected for experimentation immediately post-

exercise, the other was given a 3 hour rest period, which inevitably resulted in surgeries being 

performed at different times of day between experimental groups. Since the metabolic rate of mice 

alters throughout the day, and animals were provided food ad libitum, it is possible that these 

factors may influence the data. However, time variability is common in many human studies where 

subjects undergo multiple biopsies, and is unlikely to confound the obtained results. 

The use of the MCAT mouse may be another limiting factor in the current study, as human 

catalase in these mice is targeted to the mitochondria of cardiac, hepatic, kidney (Schriner et al., 

2005) and white adipose tissues (WAT) (Paglialunga et al., 2015), in addition to skeletal muscle. 

Specifically, work in permeabilized WAT by Paglialunga et al. (2015) demonstrated that MCAT 

mice have a ~40% reduction in mitochondrial ROS, and preserved insulin signaling in WAT 

following 1 week of high fat feeding. Interestingly, recent work by Lee et al. (2017) found that 
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MCAT mice have an increase in skeletal muscle FA oxidation at rest, and suggest that these 

animals utilize more FA substrates to produce ATP. Therefore, it is possible that these mice may 

have alterations in lipid release from adipose tissue, and subsequent uptake and oxidation in 

skeletal muscle. On the other hand, while catalase expression in hepatic and WAT (Paglialunga et 

al., 2015) is roughly equivalent to endogenous expression, its expression is ~30-fold greater in 

skeletal muscle (Schriner et al., 2005). Therefore, while it is acknowledged that the altered exercise 

tolerance observed in MCAT mice may be partially due to changes in WAT and hepatic tissues, it 

is much more likely that skeletal muscle is responsible for these changes. 

 

4.6 FUTURE DIRECTIONS 

4.6.1 Does the Mitochondrial ROS Produced During Exercise Inhibit ANT? 

 

 The ability of mitochondrial ROS to reduce ADP sensitivity following exercise and 

recovery is a major finding of this study. Previous research has established that ANT is sensitive 

to post-translational redox modification, and that the formation of a disulfide bridge between 

cysteine 160 and 257 in the matrix antagonizes ADP binding to ANT in the IMS (McStay et al., 

2002). Therefore, it is possible that exercise-mediated mitochondrial ROS production modulates 

ANT via this process. In order to test this hypothesis, future studies should first characterize 

alterations in redox state of ANT using tissue samples from the current study. In particular, liquid 

chromatography can be used to purify ANT, and mass spectrometry can be performed to assess 

the extent of post-translational redox modification in ANT in MCAT mice compared to WT mice.  
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4.6.2 Why is Exercise Tolerance Reduced in MCAT Animals? 

 

 The finding that MCAT animals have a reduced exercise capacity when challenged to a 

run test to exhaustion cannot be explained in the current study. Recent work by Lee et al. (2017) 

has suggested that the overexpression of catalase in MCAT mice is causative of mitochondrial 

inefficiency, as they demonstrated that these animals oxidize more fatty acids at rest, while ATP 

synthesis remained unchanged. However, this study did not examine the effect of exercise on these 

parameters. Therefore, future work should establish if MCAT mice have alterations in substrate 

utilization, ADP provision or ATP production immediately following exhaustive exercise. In 

particular, since Lee et al. (2017) demonstrated that MCAT animals have increased fatty acid 

utilization at rest, it is possible that this also occurs during exhaustive exercise, and may therefore 

cause a concomitant decrease in glucose utilization (Randle et al. 1963). Measurements of glucose 

and palmitate uptake and usage in these animals could be used to determine if such changes occur. 

Furthermore, ADP is known to regulate the rate-limiting steps of glucose metabolism (PHOS, PFK 

and PDH) through feedback activation (Peters & Spriet, 1995; Howlett et al., 1998). Since the 

current study has indicated that MCAT mice have an increase in ADP sensitivity, it is possible that 

cytosolic ADP content is decreased as a result. Therefore, anaerobic metabolism may not be fully 

activated, and since mice rely on peripheral glucose to a larger extent in comparison to humans, 

this may explain the marginal effect on exercise capacity in MCAT mice. In order to compensate 

for decreased glucose utilization, MCAT animals may display a concomitant increase in fatty acid 

oxidation, which would support the findings by Lee et al. (2017). In addition, it is plausible that 

MCAT animals reduced ATP production, and that the increased ADP sensitivity displayed in these 

animals may be a compensatory mechanism to increase ATP production. Altogether, 
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measurements of fuel uptake and oxidation, as well as ADP content and ATP production would 

be useful tools to determine why MCAT animals have a reduction in exercise capacity.  

 

4.6.3 Does the Mitochondrial ROS Produced During Exercise Regulate Mitochondrial 

Biogenesis? 

 

 Future studies should also seek to understand the biological relevance of alterations in ADP 

sensitivity. This is important as a reduction in ADP transport may increase the propensity to 

generate mitochondrial ROS, and this has been linked to the regulation of mitochondrial 

biogenesis. Specifically, CAMKII is thought to regulate mitochondrial biogenesis upstream of 

PGC1α (Wright et al., 2007), and mitochondrial ROS is temporally associated with its activation 

following a single bout of HIIT (Place et al., 2015). In addition, work by Jain et al. (2014) has 

demonstrated that mitochondrial biogenesis and CAMKII activation induced by high fat feeding 

are prevented in rodents who were treated with a mitochondrial-targeted antioxidant. In order to 

examine the relationship between exercise-mediated mitochondrial ROS production and the 

induction of mitochondrial biogenesis, MCAT and WT mice can be challenged to an acute bout of 

steady state exercise, and markers of mitochondrial biogenesis, including PGC1α, PGC1β and 

PPARβ/γ mRNA, can be measured during recovery. In particular, these markers of mitochondrial 

biogenesis have previously been demonstrated to increase following a single bout of exercise in 

humans (Perry et al., 2010). If these markers are not elevated in MCAT mice following an acute 

bout of exercise, it is plausible that these mice may have impairments in their ability to adapt to 

exercise. In order to determine if the induction of mitochondrial biogenesis is attenuated in MCAT 

mice, markers of mitochondrial content should be examined following a chronic exercise 

intervention. Previous work by Pilegaard et al. (2003) has demonstrated that 4 weeks of chronic 

exercise is sufficient for the induction of mitochondrial biogenesis. Therefore, chronic exercise 
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interventions of increasing length should be completed in subsets of WT and MCAT mice in order 

to determine the extent to which the induction of mitochondrial biogenesis is ablated.  

 

4.7 CONCLUSION AND APPLICATIONS 
 

 In conclusion, this thesis provides evidence that attenuating mitochondrial ROS 1) impairs 

exercise tolerance, 2) prevents the normal attenuation in ADP sensitivity associated with exercise, 

but 3) does not affect lipid-mediated responses to exercise. Taken together, this thesis provides 

evidence that mitochondrial ROS emission is an important regulator of oxidative phosphorylation.  

  The current thesis provides information that can be used to better elucidate the mechanism 

through which prominent diseases such as heart failure and diabetes can develop. In particular, our 

results suggest that mitochondrial ROS production is related to a decrease in ADP sensitivity, and, 

therefore, alterations in cellular energy homeostasis. Interestingly, research has demonstrated that 

decreased ADP sensitivity is also related to a 14% decrease in cardiac efficiency (Ventura-Clappier 

et al., 2011). Therefore, a chronic production of mitochondrial ROS may play a role in the 

development of heart failure. In addition, since elevations in PCoA content competitively inhibit 

ADP transport, changes in ADP sensitivity due to a chronic increase in mitochondrial ROS 

production may also play a role in the development of diabetes. Altogether, targeting the 

production of mitochondrial ROS in conditions of heart failure and diabetes may be an effective 

treatment modality for reducing the severity of these diseases.  
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APPENDICES 

Appendix A: Experiment Protocol 
I) General outline of acute exercise intervention 

 

II) Detailed outline of events during acute exercise experimentation days 

 

3 animals per day of the same genotype: 1 animal from each group (Sed, 0hr, 3hrs)  
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Appendix B: Mitochondrial Respiration Experiments 
Oroboros 1, chambers A + B 

 ADP titration 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oroboros 2, chamber C 

 ADP titration + 60 µM PCoA 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrate [Stock] Volume (µL) [Final] 

Blebbistatin 

5 min incubation 
2 mM 5 5 µM 

Pyruvate 2 M 5 5 mM 

Malate 0.8 M 2.5 1 mM 

 

 

ADP 

50 mM 1 25 µM 

50 mM 3 100 µM 

50 mM 3 175 µM 

50 mM 3 250 µM 

50 mM 10 500 µM 

 

 

ADP 

500mM 2 1000 µM 

500 mM 4 2000 µM 

500 mM 8 4000 µM 

500 mM 8 6000 µM 

500 mM 8 8000 µM 

500 mM 8 10000 µM 

Glutamate 2 M 10 10 mM 

Succinate 1 M 20 10 mM 

Cytochrome C 4 mM 5 10 µM 

Substrate [Stock] Volume (µL) [Final] 

Blebbistatin 

5 min incubation 

2 mM 5 5 µM 

PCoA 10 mM 12 60 µM 

Pyruvate 2 M 5 5 mM 

Malate 0.8 M 2.5 1 mM 

 

 

ADP 

50 mM 1 25 µM 

50 mM 3 100 µM 

50 mM 3 175 µM 

50 mM 3 250 µM 

50 mM 10 500 µM 

 

 

 

ADP 

500mM 2 1000 µM 

500 mM 4 2000 µM 

500 mM 8 4000 µM 

500 mM 8 6000 µM 

500 mM 8 8000 µM 

500 mM 8 10000 µM 

Glutamate 2 M 10 10 mM 

Succinate 1 M 20 10 mM 

Cytochrome C 4 mM 5 10 µM 
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Oroboros 2, chamber D 

 ADP titration + 20 µM PCoA 

 

 

 

 

 

 

 

 

 

 

 

Oroboros 3, chamber E 

 PCoA titration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrate [Stock] Volume (µL) [Final] 

Blebbistatin 

5 min incubation 

2 mM 5 5 µM 

PCoA 10 mM 4 20 µM 

Pyruvate 2 M 5 5 mM 

Malate 0.8 M 2.5 1 mM 

 

 

ADP 

50 mM 1 25 µM 

50 mM 3 100 µM 

50 mM 3 175 µM 

50 mM 3 250 µM 

50 mM 10 500 µM 

 

 

 

ADP 

500mM 2 1000 µM 

500 mM 4 2000 µM 

500 mM 8 4000 µM 

500 mM 8 6000 µM 

500 mM 8 8000 µM 

500 mM 8 10000 µM 

Glutamate 2 M 10 10 mM 

Succinate 1 M 20 10 mM 

Cytochrome C 4 mM 5 10 µM 

Substrate [Stock] Volume (µL) [Final] 

Blebbistatin 

5 min incubation 
2 mM 5 5 µM 

Malate 0.8 M 2.5 1 mM 

ADP 500 mM 20 5 mM 

L-Carnitine 400 mM 10 2 mM 

 

 

 

PCoA 

10 mM 5 25 µM 

10 mM 5 50 µM 

10 mM 5 75 µM 

10 mM 5 100 µM 

10 mM 5 125 µM 

10 mM 5 150 µM 

10 mM 5 175 µM 

10 mM 5 200 µM 

Glutamate 2 M 10 10 mM 

Succinate 1 M 20 10 mM 

Cytochrome C 4 mM 5 10 µM 
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Oroboros 3, chamber F 

 PCoA titration + 7 µM MCoA 

 

 

 

 

 

 

 

 

 

 

Oroboros 4, chamber G 

 PCoA titration + 7 µM MCoA in the presence of IDPN 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrate [Stock] Volume (µL) [Final] 

Blebbistatin 

5 min incubation 
2 mM 5 5 µM 

MCoA 

10 min incubation 

10 mM 1.4 7 µM 

Malate 0.8 M 2.5 1 mM 

ADP 500 mM 20 5 mM 

L-Carnitine 400 mM 10 2 mM 

 

 

 

PCoA 

10 mM 5 25 µM 

10 mM 5 50 µM 

10 mM 5 75 µM 

10 mM 5 100 µM 

10 mM 5 125 µM 

10 mM 5 150 µM 

10 mM 5 175 µM 

10 mM 5 200 µM 

Glutamate 2 M 10 10 mM 

Succinate 1 M 20 10 mM 

Cytochrome C 4 mM 5 10 µM 

Substrate [Stock] Volume (µL) [Final] 

Blebbistatin 

5 min incubation 
2 mM 5 5 µM 

MCoA 

10 min incubation 

10 mM 1.4 7 µM 

Malate 0.8 M 2.5 1 mM 

ADP 500 mM 20 5 mM 

L-Carnitine 400 mM 10 2 mM 

 

 

 

PCoA 

10 mM 5 25 µM 

10 mM 5 50 µM 

10 mM 5 75 µM 

10 mM 5 100 µM 

10 mM 5 125 µM 

10 mM 5 150 µM 

10 mM 5 175 µM 

10 mM 5 200 µM 

Glutamate 2 M 10 10 mM 

Succinate 1 M 20 10 mM 

Cytochrome C 4 mM 5 10 µM 
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Appendix C: Mitochondrial H2O2 Experiments 
Fluorometer 1: PCoA + Succinate 

 

 

 

 

 

 

 

 

Fluorometer 1: ADP + PCoA + Succinate 

 

 

 

 

 

 

 

 

 

Fluorometer 2: L-carn + PCoA 

 

 

 

 

 

 

 

 

 

 

Fluorometer 2: ADP + Succinate 

 

 

 

 

 

 

 

 

 

 

Substrate [Stock]  Volume (uL) [Final]  

Amplex Red  300  

Blebbistatin 2 mM 0.75 5 µM 

SOD 5000 U/mL 2.5 40 U/mL 

HRP 300 U/mL 1 1 U/mL 

L-Carn 400 mM 1.5 2 mM 

Fiber    

PCoA 10 mM 1.8 60 µM 

Substrate [Stock]  Volume (uL) [Final]  

Amplex Red  300  

Blebbistatin 2 mM 0.75 5 µM 

SOD 5000 U/mL 2.5 40 U/mL 

HRP 300 U/mL 1 1 U/mL 

P-CoA 10 mM 1.8 60 µM 

Fiber    

Succinate 1 M 6 20 mM 

Substrate [Stock]  Volume (uL) [Final]  

Amplex Red  300  

Blebbistatin 2 mM 0.75 5 µM 

SOD 5000 U/mL 2.5 40 U/mL 

HRP 300 U/mL 1 1 U/mL 

ADP 50 mM 0.6 100 µM 

P-CoA 10 mM 1.8 60 µM 

Fiber    

Succinate 1 M 6 20 mM 

Substrate [Stock]  Volume (uL) [Final]  

Amplex Red  300  

Blebbistatin 2 mM 0.75 5 µM 

SOD 5000 U/mL 2.5 40 U/mL 

HRP 300 U/mL 1 1 U/mL 

ADP 50 mM 0.6 100 µM 

Fiber    

Succinate 1 M 6 20 mM 
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Appendix D: Supplementary Figure 

 

Supplementary Figure 1: MCAT mice exhibit reduced ADP-stimulated respiration, and 

retain ADP sensitivity in the presence of 20 µM PCoA. Maximal non-ADP stimulated 

respiration (PM: P = pyruvate, M = malate), ADP stimulated respiration (PMD: D = ADP), 

maximal complex I stimulated respiration (PMDG: G = glutamate), and maximal complex II 

stimulated respiration (PMDGS: S = succinate) in the presence of 20 µM PCoA (A), ADP 

stimulated respiration in the presence of 20 µM PCoA with the full Michaelis-Menton curve (B), 

the x-axis from the full Michaelis-Menton curve rescaled to show the shifts in respiration of each 

group (C), and the calculated apparent ADP Km (D). *denotes significant difference from control 

sedentary control group of each genotype. Data expressed as mean ± SEM. n = 7-8 per group. 

 


