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This thesis consists of a variety of studies using physiological, molecular, and chemical
approaches to identify novel regulation of skeletal muscle mitochondrial lipid and ADP
sensitivity in response to exercise and a high fat (HF) diet. This thesis also examined
the biological importance of substrate sensitivity and mitochondrial reactive oxygen
species (ROS) within the context of exercise adaptations and insulin-resistance.
In study 1, wild-type and muscle-specific AMPK wild-type and knockout mice were used
to determine whether the intermediate filaments regulate CPT-I sensitivity for malonylCoA (M-CoA) inhibition. Chemical disruption or exercise resulted in less M-CoA
inhibition independent of changes in the sensitivity of other substrates (pyruvate, ADP,
palmitoyl-carnitine) in an AMPK-independent manner, suggesting a similar mechanism
to support increased fatty acid oxidation during exercise.
In study 2, mitochondrial creatine kinase (Mi-CK) wild-type and knockout mice were
used to examine the importance of this enzyme in augmenting ADP transport and
maintaining energy homeostasis during exercise. In contrast to wild-type mice that had
reduced ADP sensitivity during exercise, ablation of Mi-CK improved ADP sensitivity
independent of changes in exercise tolerance or metabolic profiles. These data suggest
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that Mi-CK is not required for ADP transport during exercise due to external regulation
of VDAC/ANT.
In study 3, the Mi-CK mouse strain was used to determine the biological importance of
reductions in ADP sensitivity during exercise. Exercise resulted in lower mitochondrial
ADP sensitivity, an impaired ability for ADP to suppress ROS, and increased
mitochondrial biogenesis acutely (PGC-1α, PGC-1, PDK4) and chronically (complexes
I-IV of the electron transport chains) in wild-type mice. In contrast, these responses
were completely attenuated in Mi-CK knockout mice after acute exercise and chronic
training.
In study 4, consumption of a HF diet was used to determine the role of mitochondrial
ADP sensitivity and ROS emission as a cause of mitochondrial dysfunction. HF
consumption impaired ADP-stimulated respiration and sensitivity, impaired ADP
suppression of ROS, and lowered carboxyatractyloside-mediated inhibition on ANT that
was amplified by P-CoA concentrations that reflect skeletal muscle.
Overall, this thesis provides novel insight into the regulation of mitochondrial lipid and
ADP sensitivity through CPT-I and the VDAC/ANT axis.
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Chapter 1 – Review of the literature
1.1 Introduction
Adenosine triphosphate (ATP) is used as the energy currency of the cell. In this regard,
ATP can be hydrolysed by various enzymes and the free energy released from within
the phosphate bonds can be used to support mechanical, chemical, and translocation
processes. In skeletal muscle, energy requirements are mostly driven by ATPases
involved in muscle contraction, including Na+/K+ ATPase (Blum et al., 1991), Ca2+
ATPase (Rossi et al., 1990; Korge et al., 1993), and myosin ATPase (Krause &
Jacobus, 1992). Skeletal muscle ATP stores are very low (~8mmol/kg wet weight)
(Dudley et al., 1987), and therefore the breakdown of ATP needs to be matched by ATP
synthesis to sustain muscle contraction and energy homeostasis. This can be achieved
at different rates and capacities through a combination of anaerobic and aerobic means
within the cytosol and mitochondria, respectively. Although this includes a variety of
high energy phosphate transfer reactions in the cytosol, the majority of ATP synthesis is
derived through carbohydrate and fat oxidation (Cermak & van Loon, 2013).
Carbohydrate and fat metabolism converge at the mitochondria to provide aerobic ATP
provision, and products of mitochondrial metabolism exert feedback inhibition on
anaerobic pathways as well as mediate cell signaling (Houston, 2006). Therefore,
substrate availability to the mitochondria plays a key role in determining energy
homeostasis and fuel reliance.
While considerable research has been dedicated to the processes that deliver
carbohydrate and fat to the mitochondria, recent evidence suggests that mitochondrial
1

substrate transport across the mitochondrial membranes is a regulated process, and
thus, could contribute to mitochondrial-bioenergetics and skeletal muscle biology. Two
major control points of mitochondrial function and skeletal muscle metabolism involve
lipid and adenosine diphosphate (ADP) transport through carnitine palmitoyl
transferase-I (CPT-I) and voltage-dependent anion channel (VDAC)/adenine nucleotide
translocase (ANT), respectively. Unfortunately, the regulation of these transporters is
poorly understood. This review will highlight the existing literature involving fuel
metabolism and substrate delivery to the mitochondria, examine our current
understanding of substrate transport regulation, and discuss the potential
consequences of altered mitochondrial substrate sensitivity. In particular, exercise and
high fat (HF) feeding will be emphasized as models to reveal the complexities involved
in the regulation of mitochondrial bioenergetics. Intriguingly, both situations involve
increased lipid delivery to skeletal muscle and reliance on fatty acid oxidation, yet have
divergent metabolic outcomes with respect to skeletal muscle metabolism.

1.2 Overview of skeletal muscle metabolism during exercise
At the start of exercise, energy demands are increased up to 100-fold in skeletal muscle
(Hochachka & McClelland, 1997). In turn, all metabolic pathways are simultaneously
activated to support ATP demands (Houston, 2006; Mul et al., 2015). Due to differences
in substrate storage levels, enzyme activation, and substrate delivery, ATP can be
produced at different rates and capacities depending on the energy demand during
exercise. In this regard, the drastic increase in ATP demand at the onset of exercise
results in a greater reliance on anaerobic metabolism to support rapid ATP provision
2

using limited glycogen stores (Hultman, 1967; Cermak & van Loon, 2013), while lipid
oxidation within the mitochondria is slower to initiate but can provide sustained ATP
provision during prolonged exercise (Houston, 2006). As ATP is broken down, the
corresponding rise in ADP, adenosine monophosphate (AMP), and inorganic phosphate
(Pi) activates ATP synthesis to match energy demands in a tightly controlled feedback
manner. This includes three main sources: phosphocreatine (PCr) breakdown to
support high energy phosphate transfer, carbohydrate metabolism, and lipid metabolism
(Figure 1.1).

Figure 1.1. Overview of skeletal muscle metabolism during exercise. At the start of
exercise, ATP is hydrolysed and the free energy released is used to support muscle
contraction. In turn, the rise in free ADP activates phosphocreatine (PCr) and glycogen
breakdown to support energy demands anaerobically through phosphate transfer and
glycolysis. Fat and pyruvate converge at the mitochondria in support of aerobic
respiration, and ADP transport is needed to drive ATP provision.
3

1.3 Phosphocreatine: Cytosolic creatine kinase
At the start of exercise, PCr hydrolysis through the cytosolic creatine kinase (MM-CK)
reaction is an important contributor to energy homeostasis. This is due to high
concentrations of PCr and creatine kinase within skeletal muscle (Walker, 1979). MMCK is a near-equilibrium reaction, and therefore, the increase in cytosolic ADP as a
result of ATP hydrolysis during muscle contraction drives the re-synthesis of ATP as
summarized in the equation below:
ADP + PCr + H+ → ATP + Cr
Previous work has demonstrated that PCr use is positively related to exercise intensity
and highlights a key role for PCr in matching rapid energy demands (Greenhaff et al.,
1993; Balsom et al., 1995). Further, mice that lack the MM-CK have impaired ‘burst’
running activity (van Deursen et al., 1993; van Deursen et al., 1994; Roman et al., 2002;
Kaasik et al., 2003; Momken et al., 2005), compromised muscle force production
(Momken et al., 2005), and slowed muscle relaxation (Steeghs et al., 1998). These mice
also have compensatory adaptations in mitochondrial content (van Deursen et al., 1993;
Kaasik et al., 2003) at rest, highlighting the necessity of this enzyme for energy
homeostasis. However, this is a limited source of fuel and skeletal muscle also requires
contributions from carbohydrate and lipid metabolism to support energy demand.

1.4 Carbohydrate metabolism in skeletal muscle
Carbohydrates in the form of muscle glycogen or circulating glucose are used to support
ATP synthesis during exercise. In this regard, muscle glycogen is rapidly broken down
4

to glucose-6-phosphate (G6P) and used to provide energy through glycolysis. G6P can
also be produced following glucose uptake via increased glucose transporter type 4
(GLUT4) translocation to the sarcolemma (as reviewed (Jaldin-Fincati et al., 2017)) and
subsequent phosphorylation by hexokinase. The end-product of glycolysis is pyruvate,
and this can contribute to aerobic ATP provision at the level of the mitochondria. While
the majority of reactions involved in glycolysis are near-equilibrium, 3 main enzymes
that have different maximal activities have received attention as rate-limiting steps in
energy homeostasis and fuel interactions. These include glycogen phosphorylase
(PHOS), phosphofructokinase (PFK), and pyruvate dehydrogenase (PDH).
PHOS: PHOS catalyzes the breakdown of glycogen into G6P. Two isoforms of PHOS
exist, a more active PHOSa and a less active PHOSb, that activate depending on the
level of energetic stress present in skeletal muscle (Chasiotis, 1983). A variety of
exercise ‘signals’ result in gross activation of PHOS as well as fine-tuning of its activity.
For instance, epinephrine and calcium promote the transition towards PHOSa through
phosphorylation by PHOS kinase (Richter et al., 1982; Chasiotis, 1988; Chesley et al.,
1995), while ATP hydrolysis products (ADP, AMP) allosterically increase PHOS affinity
for glycogen and Pi (substrate) (Chasiotis et al., 1982; Ren & Hultman, 1990; Howlett et
al., 1998) to promote greater production of G6P that can enter glycolysis and provide
reducing equivalents (NADH + H), ATP, and pyruvate (Johnson & Barford, 1990).
Similar to PCr stores during exercise, glycogen levels decrease in an intensitydependent fashion (Romijn et al., 1993), as greater energetic stress signals a need for
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rapid ATP provision and results in greater allosteric activation of PHOS to match energy
demands anaerobically.
PFK: Although there are several enzymes involved in the production of pyruvate
through glycolysis, PFK is considered the rate-limiting step in this process since it is a
non-equilibrium reaction that is externally regulated in a feedback manner. As such,
PFK is regulated allosterically by ATP, ATP hydrolysis products (e.g. ADP, AMP, IMP)
(Banaszak et al., 2011), ammonia, citrate, and H+ strengthens ATP binding (Garland et
al., 1963). When energy levels are high, ATP binds to the adenine nucleotide binding
site and suppresses PFK affinity for the substrate fructose-6-phosphate. In contrast,
ADP, AMP, NH4+, and Pi that accumulate to various degrees of energetic stress during
exercise, competitively bind on the adenine nucleotide binding site and drive F-1-6bisphophate production by PFK (Houston, 2006). The downstream enzymes of
glycolysis are near-equilibrium reactions, and therefore activation of PFK can lead to the
production of pyruvate. In situations where pyruvate overwhelms PDH flux, pyruvate
can be converted to lactate by lactate dehydrogenase to regenerate NAD+ and allow
glycolysis to continue at higher power outputs (Adeva-Andany et al., 2014).
PDH: PDH is located on the inner leaflet of the inner mitochondrial membrane and
catalyzes the production of acetyl-CoA through pyruvate carboxylation. Pyruvate
produced by glycolysis can be transported into the mitochondria by a pyruvate carrier
(Halestrap, 1975), and serve as a substrate for PDH using the following non-equilibrium
reaction:

6

Pyruvate + NAD+ → acetyl-CoA + NADH + CO2
Unlike PFK or PHOS, PDH itself is regulated solely through covalent mechanisms and
does not have a graded activity scale (i.e., PDH is active or inactive) (Linn et al., 1969).
Within the complex, there are 3 subunits (E1, E2, E3) that can be phosphorylated and
inhibit PDH. However, phosphorylation of the E1 subunit alone is sufficient to render the
complex inactive (Korotchkina & Patel, 2001). PDH activation is regulated by the
activities of various pyruvate dehydrogenase kinase (PDK) and pyruvate
dehydrogenase phosphatase 1 (PDP) isoforms. PDK and PDP are each allosterically
regulated, and phosphorylate (inactivate) and dephosphorylate (activate) PDH,
respectively (Halestrap, 1975). When energy demands are low, the accumulation of
acetyl-CoA, NADH, and ATP activate PDK to phosphorylate and inhibit PDH (Sugden &
Holness, 2003). This is intuitive given that the energetic stress at rest is low and energy
needs can be met aerobically. In contrast, a reduction in acetyl-CoA, NADH, and ATP
result in less activation of PDK and less suppression of PDH. Simultaneously, an
increase in free calcium during muscle contraction results in PDP activation that
dephosphorylates PDH to promote its activation (Huang et al., 1998). The resulting
acetyl-CoA enters the tricarboxylic acid (TCA) cycle within the mitochondrial matrix that
consists of 8 near-equilibrium reactions with 3 main regulators (citrate synthase,
isocitrate dehydrogenase, and α-ketoglutarate dehydrogenase; calcium and ADP
activated) and yield reducing equivalents (i.e., 3 nicotinamide adenine dinucleotide
(NADH) and 1 flavin adenine dinucleotide (FADH2)) to support mitochondrial respiration
(as summarized in Figure 1.2).
7

Overall, carbohydrates can provide rapid ATP provision through anaerobic and aerobic
means. Given that PDH has a lower maximal capacity (4-5mmol/kg wet weight) than
PHOS or PDK, a high energy demand that results in greater flux through glycolysis
results in more lactate accumulation through lactate dehydrogenase in order to
regenerate NAD+ and allow glycolysis to continue. In contrast, lower energy demands
result in balanced/matched pyruvate production with oxidation through PDH in support
of aerobic respiration. Although carbohydrates produce a greater amount of ATP per
oxygen consumed than lipids (Cermak & van Loon, 2013), glycogen storage is limited
(Hermansen et al., 1967). In contrast, lipids produce a larger amount of acetyl-CoA per
unit mass (Jeppesen & Kiens, 2012) that enter the TCA cycle and exhibit feedback
inhibition on carbohydrate metabolism through PHOS, PFK, and PDH.
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Figure 1.2. Summary of the tricarboxylic acid (TCA) cycle. Fat and carbohydrate are
metabolized by various processes to acetyl-CoA in the mitochondrial matrix. Through a
series of enzymatic reactions, including the potentially rate limiting enzymes citrate
synthase (CS), isocitrate dehydrogenase (IDH), and α-ketoglutarate dehydrogenase (αKGDH), reducing equivalents are generated that transfer electrons to the electron
transport chain.

1.5 Lipid metabolism in skeletal muscle
Lipids are also an important source of fuel during prolonged moderate-intensity exercise
(Romijn et al., 1993). These are primarily oxidized within the mitochondria, and are
derived from intramuscular (IMTG) lipid stores as well as the circulation. IMTG are
stored within lipid droplets surrounded by perilipin proteins, and hormonal and stress
signals during exercise activate lipolysis through a coordinated response involving
adipose tissue triglyceride lipase and hormone sensitive lipase (as reviewed (Zechner et
al., 2009)). Simultaneously, exercise signals including calcium/calmodulin-dependent
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protein kinase II (CaMKII) (Abbott et al., 2009) and AMP-activated protein kinase
(AMPK) (Chabowski et al., 2005) promote the translocation of lipid transport proteins to
the sarcolemma (fatty acid transporter cluster of differentiation 36, fatty acid transport
protein-4) in response to muscle contraction (Bonen et al., 2000; Jain et al., 2009) and
augment the uptake of long-chain fatty acids (LCFAs) into skeletal muscle. LCFAs are
then bound to fatty acid binding proteins and chaperoned to the mitochondria.
Regardless of their source, LCFAs need to be transported into the mitochondria for
subsequent oxidation involving β-oxidation (produce acetyl-CoA), the TCA cycle, and
ATP provision. Collectively this is a slower process to initiate than strictly anaerobic
metabolism or aerobic ATP production from carbohydrate, however, lipids are less
limited in storage and can sustain prolonged energy demands at moderate intensities of
exercise (Horowitz & Klein, 2000).
1.5.1 Classical regulation of lipid transport
LCFAs are processed through the addition of a CoA moiety by fatty acyl CoA
synthetase (FAS) on the outer mitochondrial membrane. In turn, the lipid is primed for
entry into the mitochondria for oxidation and ATP synthesis. Mitochondrial LCFA
transport is considered rate-limiting by the enzyme CPT-I on the outer mitochondrial
membrane (McGarry et al., 1983). This notion is supported by molecular approaches,
as the overexpression (Koves et al., 2008) and under-expression (Dobbins et al., 2001;
Wicks et al., 2015) of CPT-I in skeletal muscle results in increased and decreased fatty
acid oxidation rates, respectively. Since the acyl-CoA derivatives are highly polar and
cannot cross the inner mitochondrial membrane, a transport system is used to convert
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acyl-CoA into acyl-carnitine to permit entry across the inner mitochondrial membrane.
This process consists of 3 main steps: 1) the conversion of acyl-CoA into acyl-carnitine
by CPT-I; 2) the translocation of acyl-carnitine across the inner mitochondrial membrane
by carnitine acylcarnitine translocase (CACT); and 3) acyl-carnitine transesterification
into acyl-CoA by CPT-II (McGarry & Brown, 1997), as summarized in the equation
below and depicted in Figure 1.3:
LCFA-CoA + L-Carnitine → LCFA-carnitine + CoA

Figure 1.3. Classical regulation of long chain fatty acid transport into the
mitochondria. Mitochondrial long-chain fatty acid (LCFA) transport involves the
activation of LCFA to LCFA-CoA by fatty acyl-CoA synthetase (FAS), conversion of
LCFA-CoA into LCFA-carnitine by carnitine palmitoyl transferase-I (CPT-I), translocation
of LCFA-carnitine into the mitochondrial matrix by carnitine acyl transferase (CACT),
and re-esterification of LCFA-CoA in the mitochondrial matrix by carnitine palmitoyl
transferase-II (CPT-II). Matrix LCFA-CoA is then oxidized via β-oxidation.
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LCFA can provide large amounts of acetyl-CoA per unit weight that enter the TCA cycle
and produce reducing equivalents (i.e., NADH; FADH2) to support aerobic respiration
(Jeppesen & Kiens, 2012) (Figure 1.2 and 1.3). Acyl CoA’s such as palmitoyl-CoA (PCoA) are substrates for CPT-I, and malonyl-CoA (M-CoA) is a well-established allosteric
inhibitor (McGarry et al., 1978). While the exact structure of CPT-I remains unclear, the
most recent proposal suggests that CPT-I consists of a hairpin structure where the N
and C termini are both located within the cytosol (Zammit et al., 2001). Although the C
terminus contains the catalytic and M-CoA binding sites, the N terminus alters CPT-I
sensitivity for M-CoA (Fraser et al., 1997; Shi et al., 2000), and lipids and M-CoA can
regulate CPT-I activity on the cytosolic surface of CPT-I (Fraser et al., 1996).
The concentration of M-CoA has classically been viewed as a key regulator of CPT-I
activity (McGarry et al., 1978). The most well-known regulation of M-CoA contents
involves the AMPK/acetyl-CoA carboxylase (ACC)/M-CoA axis (Thomson & Winder,
2009), whereby AMPK is activated in response to energetic stress (i.e., detected ATP
hydrolysis products such as AMP/ADP and therefore a need for energy provision) and
phosphorylates ACC, resulting in lower M-CoA concentrations (Winder et al., 1997)
(Figure 1.4). A reduction in M-CoA results in less inhibition of CPT-I, allowing for greater
lipid transport and subsequent oxidation. This effect can be further promoted by M-CoA
degradation through malonyl-CoA decarboxylase activation (Park et al., 2002).
Similar to the regulation of carbohydrate metabolism, much of our knowledge regarding
CPT-I regulation stems from exercise interventions. While the evidence is clear that MCoA inhibits CPT-I activity (McGarry et al., 1978; Smith et al., 2012), this does not
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appear to be solely responsible for changes in lipid transport, subsequent oxidation, and
mitochondrial ATP provision during exercise. For instance, exercise increases AMPK
and ACC phosphorylation (Chen et al., 2003) in favor of lowering M-CoA contents.
However, M-CoA contents decrease during exhaustive exercise in rodents (Winder et
al., 1989; Winder et al., 1990) but not in humans (Odland et al., 1996; Odland et al.,
1998), and M-CoA contents are not elevated during high intensity exercise to suppress
fatty acid oxidation in support of an increased reliance on rapid ATP synthesizing
pathways (PCr, glycolysis). Regardless, the reduction in M-CoA is not proportionate to
the robust increase in lipid oxidation that occurs to match energy demand (Odland et al.,
1998). Altogether, these data highlight the complexities surrounding CPT-I regulation in
response to exercise and suggest alternative contributors.
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Figure 1.4. Inhibition of CPT-I by M-CoA. During muscle contraction, ATP hydrolysis
products activate AMP-activated protein kinase (AMPK). AMPK phosphorylates and
inhibits acetyl CoA carboxylase (ACC) and prevents malonyl-CoA (M-CoA) production,
resulting in less M-CoA concentrations and less inhibition of carnitine palmitoyl
transferase-I (CPT-I). Further, activation of malonyl-CoA decarboxylase (MCD)
decreases M-CoA concentrations through increased degradation.
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1.5.2 Potential regulators of CPT-I in skeletal muscle
Given that exercise signals such as calcium, ADP, AMP, and Pi play important roles in
activating cytosolic ATP synthesis while driving mitochondrial ATP provision, it is
possible that these could also regulate CPT-I activity. However, previous work has
demonstrated that these signals presented at concentrations that reflect exercise
conditions did not influence CPT-I activity in the presence or absence of M-CoA,
suggesting alternative regulation (Starritt et al., 2000; Bezaire et al., 2004). In contrast,
a reduction in pH that would reflect high-intensity exercise resulted in lower CPT-I
activity, suggesting this could be a contributor to down regulating lipid oxidation during
high energetic stress (Starritt et al., 2000; Bezaire et al., 2004). Previous work has also
demonstrated that exercise reduced CPT-I activity in the presence but not absence of
M-CoA in isolated mitochondria (Holloway et al., 2006). However, the underlying
mechanisms involved in this response are unknown. Interestingly, at least in
hepatocytes that contain a different isoform of CPT-I (i.e., CPT-IA), it has been shown
that the cytoskeleton reduces CPT-I sensitivity for M-CoA (Velasco et al., 1997a;
Velasco et al., 1997b; Velasco et al., 1998). Although it is unknown whether this
mechanism plays any role in skeletal muscle, this could contribute to the increased
reliance on lipid oxidation during exercise.

1.6 Regulation of mitochondrial bioenergetics
Carbohydrate and fat metabolism both produce acetyl-CoA that converge at the TCA
cycle within the mitochondria. In regard to ATP synthesis, mitochondria consist of
protein complexes that form the electron transport chain (complexes I-IV) and ATP
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synthase (Hatefi, 1985). Three main components are required to drive mitochondrial
metabolism and ATP provision. This includes 1) reducing equivalents from fuel
oxidation (primarily lipids or carbohydrate), 2) oxygen, and 3) ADP + Pi resulting from
ATP hydrolysis, as summarized in the equation below:
5ADP + 5Pi + 2NADH + O2 = 2H+ 5ATP + 5NAD+ + 7H2O
At the level of the mitochondria, electrons transferred from reducing equivalents are
passed through a series of reactions within the electron transport chain, ultimately
reducing oxygen into water (Green et al., 1956). As this occurs, free energy is released
and used to pump protons against their concentration gradient from the mitochondrial
matrix to the inner membrane space by complexes I, III, and IV of the electron transport
chain. This process maintains the proton motive force, and as protons flow back down
their concentration gradient through ATP synthase, free energy is harnessed and used
to drive the phosphorylation of ADP to produce ATP (Mitchell, 1961) (Figure 1.5). A byproduct of this process is superoxide, a form of reactive oxygen species (ROS) that
occurs when single electrons interact with oxygen. Although this likely occurs at many
sites within the electron transport chain, it is thought that complex I and III contribute
greatly to superoxide production due to the transfer of single electrons between
complexes (Houston, 2006). The rate of superoxide production depends on membrane
potential, and therefore proton transfer into the mitochondrial matrix in response to
either ADP binding to F1F0 ATPase or uncoupling of oxygen consumption and ATP
production through uncoupling proteins or ANT decreases membrane potential and
lowers ROS emission (Mailloux & Harper, 2011). Thus, the availability of matrix ADP is
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important for supporting respiration and redox balance. Given that ROS is a key cellular
signal during exercise, any change in mitochondrial ADP transport could influence
skeletal muscle adaptations.

Figure 1.5. Overview of mitochondrial bioenergetics. Electrons transferred from
reducing equivalents (FADH2, NADH) are passed through a series of reactions within
the electron transport chain, ultimately reducing oxygen into water. As this occurs, free
energy is released and used to pump protons against their concentration gradient from
the mitochondrial matrix to the inner membrane space by complexes I, III, and IV of the
electron transport chain. This process maintains the proton motive force, and as protons
flow back down their concentration gradient through ATP synthase, free energy is
harnessed and used to drive the phosphorylation of ADP to produce ATP.
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1.7 Regulation of mitochondrial ADP transport in skeletal muscle
As mentioned previously, free ADP is a key regulator of glycogen breakdown, PCr use,
and a necessity for oxidative phosphorylation (Chance & Williams, 1955; Wu & Davis,
1981). Therefore, the transport of ADP into the mitochondria represents an important
control point in skeletal muscle metabolism. Cytosolic ADP is classically believed to
diffuse into the mitochondria through VDAC on the outer mitochondrial membrane and
ANT on the inner mitochondrial membrane. The mitochondrial creatine kinase (Mi-CK),
located within the intermembrane space, can improve the efficiency of ADP transport
through phosphate shuttling between the MM-CK and Mi-CK isoforms (Aliev et al.,
2011; Wallimann et al., 2011). While the MM-CK plays an important role in facilitating
rapid ATP provision, the resulting creatine from this reaction and newly produced ATP
from the mitochondria are necessary to drive the Mi-CK reaction (Figure 1.6). Based on
calculated algorithms, it has generally been accepted that Mi-CK accounts for ~80% of
ADP transport into the mitochondria, as this reaction helps concentrate ADP in the inner
membrane space near ANT (Guzun et al., 2012). The newly regenerated ADP can then
diffuse into the mitochondria and support aerobic ATP synthesis while regenerating PCr
to support the MM-CK reaction. The benefit of this process is that PCr/Cr exist in larger
concentrations than ADP/ATP, are smaller molecules, and can diffuse ~2000-fold faster
than ADP and ATP (Wallimann et al., 2011). Therefore, the combined MM-CK and MiCK reactions promote energy efficiency by allowing ATP to be rapidly available in the
cytosol near structures that require energy, while concentrating ADP in the inner
membrane space to support mitochondrial respiration (Figure 1.6).
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Figure 1.6. Phosphate shutting through cytosolic and mitochondrial creatine
kinase enzymes and creatine-independent ADP transport. Hydrolysis of
phosphocreatine (PCr) supports rapid ATP synthesis through the cytosolic isoform of
creatine kinase (MM-CK). The resultant creatine (Cr) is shuttled across the outer
mitochondrial membrane (OMM) into the inner membrane space. Newly synthesized
ATP and Cr drive the re-synthesis of PCr while concentrating ADP near adenine
nucleotide translocase (ANT) for transport into the mitochondria. In contrast, creatineindependent ADP transport involves the direct transfer of ADP and ATP between the
cytosol and mitochondrial matrix through voltage-dependent anion channel (VDAC) and
ANT.
Despite the strong theoretical argument for the importance of creatine in promoting ADP
transport, the necessity for the Mi-CK has been questioned given that ablation of this
isoform does not result in any obvious metabolic compensation involving resting
metabolites, fibre type composition, or mRNA expression (Steeghs et al., 1998).
Moreover, assessment of mitochondrial respiratory function in permeabilized muscle
fibres, that retain regulatory changes to in vivo perturbations, have highlighted reduced
ADP sensitivity in response to exercise in a creatine-independent manner. Specifically,
acute exercise (Perry et al., 2012) or exercise training (Walsh et al., 2001a; Zoll et al.,
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2002; Guerrero et al., 2005; Ludzki et al., 2015) resulted in lower mitochondrial ADP
sensitivity, suggesting impairments in ADP transport. It is plausible that the VDAC/ANT
axis alone can facilitate optimal ADP transport given that both proteins have potential
regulatory sites that could respond to exercise. For instance, VDAC and ANT have
various sites that are sensitive to phosphorylation (Baines et al., 2007; Feng et al.,
2008), acetylation (Mielke et al., 2014), and gluthathionylation/carbonylation (Queiroga
et al., 2010) that could modulate substrate exchange across mitochondrial membranes.
Moreover, at least in liver, the -tubulin microtubules of the cytoskeleton have been
shown to regulate ADP-stimulated respiration through VDAC (Rostovtseva et al., 2008).
Altogether, these data suggest that ADP transport is likely an externally regulated
process and question the importance of Mi-CK in these observations. This may be an
important consideration given that global ROS can contribute to exercise responses,
and reduced ADP sensitivity may contribute to mitochondrial-derived ROS.

1.8 The importance of ROS production during exercise
Although excessive ROS is associated with maladaptations and chronic diseases
(Tiganis, 2011; Manoharan et al., 2016), moderate levels are important during exercise.
For instance, cytosolic ROS emission through xanthine and NADPH oxidases are
required for maintaining muscle force production through augmenting calcium release
from the sarcoplasmic reticulum (Espinosa et al., 2006; Hidalgo et al., 2006; Smith &
Reid, 2006). Further, the attenuation of global ROS production through exogenous
antioxidant supplementation prevents training adaptations including mitochondrial
biogenesis (Ristow et al., 2009; Strobel et al., 2011; Goncalves et al., 2014). Although
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previous work has shown an increased propensity for ROS emission in isolated
mitochondria following exercise (Sahlin et al., 2010), it has been suggested that
mitochondrial-derived ROS has a limited role during exercise (Powers & Jackson, 2008;
Sakellariou et al., 2014; Zuo et al., 2015). This is due to the increase in ADP
concentrations during exercise that should drive mitochondrial respiration and suppress
ROS emissions (Kavazis et al., 2009). However, previous assessments have not
traditionally considered the reduction in ADP sensitivity that occurs during exercise as a
potential contributor to mitochondrial ADP availability, or the increase in substrate
provision including lipids. It is therefore intriguing whether the reduction in ADP
sensitivity serves a biological role for modulating mitochondrial ROS production and
mitochondrial biogenesis in response to exercise.

1.9 Regulation of mitochondrial biogenesis
Mitochondrial biogenesis is characterized by an increase in mitochondrial proteins and
mitochondrial deoxyribonucleic acid (DNA) copy number (Hood, 2009). An increase in
mitochondrial content is an adaptive response that can result in a greater capacity to
oxidize pyruvate and lipids while realizing a given O2 consumption at a lower free ADP
concentration (Dudley et al., 1987). In turn, this would result in less cytosolic lactate and
free ADP accumulation, and therefore, less activation of PHOS and PFK to preserve
glycogen stores at the same power output. Mitochondrial biogenesis occurs in response
to prolonged metabolic stimuli including repeated exercise bouts (Holloszy, 1967) and
nutritional interventions (Hancock et al., 2008). Various transcription factors become
activated in this process and bind to promoter regions of genes responsible for
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mitochondrial proteins. This primarily includes peroxisome proliferator-activated
receptor gamma coactivator-1 α (PGC-1α), PGC-1, PPARs (α and ), and nuclear
respiratory factors (NRFs) (as reviewed (Hood, 2009)). Most of the genes encoding for
mitochondrial proteins are nuclear encoded, while select genes are found within the
mitochondria (Goffart & Wiesner, 2003). PGC-1α and PGC-1 are considered to be
master regulators of mitochondrial biogenesis given that these activate a number of
nuclear and mitochondrial encoded genes, and overexpression (Tadaishi et al., 2011) or
ablation (Leick et al., 2010) of these proteins coincide with increased and decreased
mitochondrial content, respectively. Following the translation and assembly of
mitochondrial proteins, nuclear encoded proteins are imported into the mitochondria
through translocases on the outer and inner mitochondrial membranes and incorporated
into complexes. In contrast, mitochondrial encoded DNA is regulated by transcription
factor A (TFAM) and is replicated and assembled as required (as previously reviewed
(Hood, 2009)).
Although exercise training is well known to increase mitochondrial content in both
rodents (Holloszy, 1967; Rockl et al., 2007) and humans (Perry et al., 2010; Ludzki et
al., 2015), the exact mechanisms involved in this process are incompletely understood.
Previous work has shown that a single bout of high intensity exercise resulted in
transient bursts in mRNA of key regulatory transcription factors that can control
mitochondrial biogenesis. For instance, PGC-1α and PGC-1 mRNA were increased
after exercise and their expression returned to baseline levels within 48 hours (Perry et
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al., 2010). In contrast, repeated exercise bouts promoted the accumulation of
transcription factor mRNA and mitochondrial protein expression (Perry et al., 2010).
Three main signaling events have been recognized for their role in regulating mRNA
markers of mitochondrial biogenesis during exercise. This includes AMP/ADP activation
of AMPK, calcium activation of calcium/calmodulin-dependent kinase II (CaMKII), and
global ROS production (Hood, 2009). These are the same signals involved in activating
ATP synthesis during energetic stress, and therefore, simultaneously stimulate
metabolic adaptations in an attempt to lower the severity of that stimulus during
subsequent exposures. In this regard, cytosolic free ADP/AMP allosterically activate
AMPK and promote covalent activation of existing PGC-1α to support co-activation of
NRFs and PPARy in support of gene transcription of markers of the electron transport
chain, TFAM (for mtDNA transcription), and fat metabolism. In addition, calcium
released from the sarcoplasmic reticulum promotes muscle contraction and can initiate
mitochondrial mRNA transcription in part through CaMKII activation (Wu & Davis, 1981).
CaMKII and AMPK (Thomson et al., 2008) have been shown to activate cyclic AMP
response element-binding protein and activating transcription factor in support of
promoting PGC-1α mRNA expression, and P38 mitogen-activated protein kinase (P38
MAPK) is implicated downstream in this response (Wright et al., 2007). While the roles
of mitochondrial ROS and exercise-induced mitochondrial biogenesis are poorly
understood, both CaMKII (Erickson et al., 2008) and P38 MAPK (Dodd et al., 2010;
Derbre et al., 2012) are redox sensitive and could contribute to this adaptation. This is a
possibility given that a non-exercise stimulus, consumption of a high fat HF diet, has
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been shown to require mitochondrial ROS emission to induce mitochondrial biogenesis
(Jain et al., 2014).

1.10 HF feeding, mitochondria, and insulin resistance
Collectively, exercise studies have targeted mitochondrial lipid and ADP transport as
control points in skeletal muscle metabolism. Although it is poorly understood, altered
regulation of mitochondrial substrate entry may be implicated in HF diet induced insulin
resistance. For instance, HF diets and obesity are associated with increased reactive
lipid accumulation and greater oxidative stress (Koves et al., 2008; Anderson et al.,
2009; Lee et al., 2017). Reactive lipids (Itani et al., 2002; Yu et al., 2002) and ROS
(Yuan et al., 2001; Sinha et al., 2004) are individually proposed to contribute to insulin
resistance through inhibiting various steps within the insulin signaling cascade including
serine phosphorylation of insulin receptor substrate-1 and inhibition of AKT. Given that a
combination of altered lipid and ADP transport could modulate lipid accumulation and
ROS production, understanding substrate sensitivity through CPT-I and the VDAC/ANT
axis in response to a HF diet is key for delineating the mechanisms influencing insulin
resistance.
1.10.1 CPT-I and insulin resistance
Genetic mouse models have revealed conflicting results regarding CPT-I content and
insulin resistance. For instance, overexpression of CPT-I (Bruce et al., 2007) and
genetic modifications that render CPT-I insensitive to M-CoA (Vavrova et al., 2016)
increased fat oxidation and prevented HF diet-induced reactive lipid accumulation and
insulin resistance. Paradoxically, CPT-I knockdown mice (Kim et al., 2014),
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obese/insulin-resistant rodents treated with chemical inhibition of CPT-I (i.e., etomoxir,
oxfenicine) (Keung et al., 2013), or molecular approaches that prevent M-CoA
degradation (Koves et al., 2008), also have improved insulin sensitivity despite higher
neutral lipid accumulation. Collectively these studies highlight CPT-I as an important
player in modulating reactive lipid accumulation and mitochondrial metabolism.
However, these studies do not consider basic CPT-I regulation and sensitivity for lipid
and M-CoA in response to a HF diet. This information could provide insight into
mitochondrial derangements and insulin resistance.
1.10.2 Mitochondrial ROS and insulin resistance
HF exposure is known to increase mitochondrial ROS in parallel with insulin resistance
in cell culture (Maddux et al., 2001), rodents (Jain et al., 2014), or humans (HeyMogensen et al., 2010). This relationship is further supported given the attenuation of
mitochondrial-specific ROS emission through exogenous (SS31) (Anderson et al., 2009)
and endogenous (MCAT) (Anderson et al., 2009; Paglialunga et al., 2015; Lee et al.,
2017) antioxidant overexpression prevents HF diet induced insulin resistance. It is
proposed that HF consumption promotes excess mitochondrial ROS emission
secondary to an imbalance between substrate delivery to the ETC relative to matrix
ADP contents (Koves et al., 2008; Anderson et al., 2009). Thus, changes in CPT-I and
VDAC/ANT regulation could play a role in modulating ROS emission. Although the
reasons for an increase in mitochondrial ROS during HF consumption are unknown, it is
possible that reductions in ADP sensitivity are implicated in this response. Interestingly,
P-CoA accumulates in skeletal muscle during HF consumption (Ellis et al., 2000).
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Although this could be mediated secondary to reductions in CPT-I lipid transport, in
vitro, P-CoA inhibits ANT (Ho & Pande, 1974) and reduces ADP sensitivity in
permeabilized muscle fibres (Ludzki et al., 2015). Therefore, disruptions in lipid and
ADP transport could interact and contribute to elevated ROS emission rates and insulin
resistance.

1.11 Summary
Skeletal muscle primarily metabolizes carbohydrates and lipids to support energy
demands. Although this occurs at different rates and capacities, both converge at the
mitochondria to support aerobic respiration. While the regulation of carbohydrate
metabolism through PHOS, PDK, and PDH is well-studied, the regulation of lipid
transport through CPT-I and ADP through the VDAC/ANT axis are poorly understood.
This is partly due to emerging evidence that challenges the classical regulation of lipid
and ADP transport. Therefore, future research is necessary to delineate how different
metabolic perturbations regulate substrate sensitivity given that changes in CPT-I and
VDAC/ANT could influence biological processes such as ROS, mitochondrial
adaptations, and insulin resistance.
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Chapter 2 – Aims of thesis
The purpose of this thesis was to examine alternative regulation of mitochondrial lipid
and ADP sensitivity through CPT-I and the VDAC/ANT axis, respectively. This thesis
highlights the use of exercise and HF feeding as two approaches to evaluate the
regulation of lipid and ADP sensitivity, and to examine the biological importance of
changes in mitochondrial bioenergetics in terms of mitochondrial biogenesis and insulin
resistance.
Specific objectives
Study 1: Classical regulation of CPT-I during exercise involves a reduction in M-CoA
concentration, resulting in less inhibition of CPT-I and greater lipid oxidation to support
energy demands. However, M-CoA concentrations do not always change in parallel with
fatty acid oxidation as originally believed. Therefore, the aim of this study was to
determine whether CPT-I sensitivity for M-CoA could be regulated by the intermediate
filaments of the cytoskeleton during acute exercise. It was hypothesized that disruption
of the intermediate filaments would attenuate M-CoA sensitivity in support of greater fat
oxidation that occurs during exercise.
Study 2: Mi-CK has been estimated to account for ~80% of mitochondrial ADP
transport. However, ablation of Mi-CK does not alter resting metabolism, suggesting
either it is not required for ADP transport altogether or only recruited when energy
demands are high. The purpose of this study was to determine the importance of Mi-CK
in augmenting mitochondrial ADP sensitivity during exercise, and the ability for the
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creatine-independent pathway to support energy demands through regulation of
VDAC/ANT. It was hypothesized that ablation of Mi-CK would result in compensation at
the level of the VDAC/ANT axis to support energy homeostasis.
Study 3: The biological importance of reductions in mitochondrial ADP sensitivity that
occur in rodents and humans during exercise is currently unknown. The purpose of this
study was to identify whether reductions in ADP sensitivity contribute to mitochondrialderived ROS and mitochondrial biogenesis during acute exercise and training. It was
hypothesized that reductions in mitochondrial ADP sensitivity would align with increased
ROS emission and the induction of mitochondrial biogenesis. This would be supported
using a genetic model that exhibits increased ADP sensitivity and would not have
increased ROS or mitochondrial biogenesis.
Study 4: Mitochondrial-derived ROS is an important contributor of insulin resistance
during high fat consumption. However, the explanation for an increase in mitochondrialderived ROS is unknown. The purpose of this study was to examine whether a HF diet
results in mitochondrial dysfunction despite an increase in mitochondrial content, and
whether impairments on ADP sensitivity through ANT are implicated in this response. It
was hypothesized that HF consumption would increase mitochondrial content and
impair ADP sensitivity, resulting in increased ROS emission in parallel with insulin
resistance.
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Chapter 3 – Controlling skeletal muscle CPT-I malonylCoA sensitivity: the importance of AMPK-independent
regulation of intermediate filaments during exercise

Presented as published:
Miotto, PM., Steinberg, GR., and Holloway, GP. (2017). Controlling skeletal muscle
CPT-I malonyl-CoA sensitivity: the importance of AMPK-independent regulation of
intermediate filaments during exercise. Biochemical Journal, 474, 557-569.

3.1 Abstract
The obligatory role of carnitine palmitoyltransferase-I (CPT-I) in mediating mitochondrial
lipid transport is well-established, a process attenuated by malonyl-CoA (M-CoA).
However, the necessity of reducing M-CoA concentrations to promote lipid oxidation
has recently been challenged, suggesting external-regulation on CPT-I. Since previous
work in hepatocytes suggest the involvement of the intermediate-filament fraction of the
cytoskeleton in regulating CPT-I, we investigated in skeletal muscle if CPT-I sensitivity
for M-CoA inhibition could be regulated by the intermediate -filaments, and whether
AMP-activated protein kinase (AMPK) could be involved in this process. Chemical
disruption (3,3’-iminodipropionitrile; IDPN) of the intermediate-filaments did not alter
mitochondrial respiration or sensitivity for numerous substrates (palmitoyl-CoA, ADP,
palmitoyl-carnitine, pyruvate). In contrast, IDPN reduced CPT-I sensitivity for M-CoA
inhibition in permeabilized muscle fibres, identifying M-CoA kinetics as a specific target
for intermediate-filament regulation. Importantly, exercise mimicked the effect of IDPN
on M-CoA sensitivity, suggesting intermediate-filament disruption in-vivo is
physiologically important for CPT-I regulation. To ascertain a potential mechanism,
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since AMPK is activated during exercise, AMPK β1β2 KO mice were utilized in an
attempt to ablate the observed exercise response. Unexpectedly, these mice displayed
drastic attenuation in resting M-CoA sensitivity, such that exercise and IDPN could not
further alter M-CoA sensitivity. These data suggest AMPK is not required for the
regulation of the intermediate-filament interaction with CPT-I. Altogether, these data
highlight that M-CoA sensitivity is important for regulating mitochondrial lipid transport.
Moreover, M-CoA sensitivity appears to be regulated by intermediate-filament
interaction with CPT-I, a process that is important when metabolic homeostasis is
challenged.

3.2 Introduction
The basic reciprocal interaction of carbohydrate and fatty acid oxidation during exercise
was first characterized in the 1960s (Garland et al., 1963; Randle et al., 1963; Randle et
al., 1964), however, the mechanisms responsible for increased fat oxidation in
contracting muscle remain largely undefined. Nevertheless, a major control point in fatty
acid oxidation is thought to involve the transport of lipids into mitochondria, a process
that requires carnitine palmitoyltransferase I (CPT-I) mediated transesterification of a
fatty acid, yielding an acyl-CoA moiety that is able to traverse the mitochondrial
membranes (as reviewed in (McGarry & Brown, 1997)).
In addition to the well-characterized obligatory role of CPT-I in skeletal muscle fatty acid
oxidation, CPT-I is considered to be a major regulator of fuel utilization under various
conditions, including exercise. Specifically, malonyl-CoA (M-CoA), a metabolic
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intermediate generated by acetyl-CoA carboxylase (ACC), allosterically inhibits CPT-I
activity (McGarry et al., 1978). The regulation of malonyl-CoA production in skeletal
muscle in resting conditions is mediated through AMP activated protein kinase (AMPK)
phosphorylation of ACC (O'Neill et al., 2013). However, the importance of M-CoA and
CPT-I in mediating exercise-induced increases in fatty acid oxidation remains
debatable, as M-CoA content does not sufficiently decrease in contracting human
skeletal muscle to account for the substantial increase in fat oxidation (Odland et al.,
1996; Odland et al., 1998). In addition, genetic models in rodents have further
challenged the necessity of the AMPK/ACC/M-CoA axis, as ablation of AMPK does not
alter fat oxidation if single subunits involving α2 (Maarbjerg et al., 2009), β2 (Beck
Jorgensen et al., 2009), or γ3 (Steinberg et al., 2010) are removed, while AMPK α1α2
(Fentz et al., 2015) and β1β2 (O'Neill et al., 2011) KO mice actually have increased fat
oxidation despite an anticipated reduction in ACC phosphorylation and M-CoA content.
Moreover, genetic models that render ACC constitutively active prevent M-CoA from
decreasing during exercise without impairing fatty acid oxidation (O'Neill et al., 2014).
Altogether, these data highlight that additional mechanisms exist to influence fatty acid
oxidation beyond M-CoA content.
One potential additional mechanism that has been proposed in the liver involves
cytoskeletal regulation of CPT-I. The cytoskeleton consists of 3 main fractions,
microtubules, microfilaments, and intermediate filaments, which can directly interact
with the mitochondria to support their morphology (Heggeness et al., 1978; Drubin et
al., 1993; Milner et al., 2000). Interestingly, microtubules have been shown to interact
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with voltage-dependent anion channel (VDAC) within the liver, a protein that directly
interacts with CPT-I (Lee et al., 2011) and is involved in transporting acyl-carnitine
derivatives across the outer mitochondrial membrane (Rostovtseva et al., 2008). In
addition, in hepatocytes, chemical disruption of the intermediate filaments attenuates
CPT-I sensitivity to M-CoA inhibition (Velasco et al., 1997a; Velasco et al., 1997b;
Velasco et al., 1998). It is therefore tempting to speculate that intermediate filaments
regulate CPT-I flux in resting and contracting muscle, although this possibility remains
to be determined.
Consequently, we examined the ability of intermediate filaments to regulate CPT-I
activity and M-CoA sensitivity in skeletal muscle. We provide evidence that intermediate
filament disruption and acute exercise dramatically decrease CPT-I M-CoA sensitivity in
an AMPK-independent manner, implicating the intermediate filaments as a key regulator
of skeletal muscle fatty acid oxidation.

3.3 Methods
3.3.1 Animals
C57Bl6 mice (N=12) were bred on site at the University of Guelph, while AMPK β1β2wildtype (WT; N=12) and AMPK β1β-knockout (KO; N=12) mice on a C57Bl6
background were bred at McMaster University as previously described (O'Neill et al.,
2011). Characterization of the AMPK mice have previously been reported (O'Neill et al.,
2011; Bujak et al., 2014). All animals were group-housed with a 12:12 hour light-dark
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cycle, and fed chow ad libitum. All experimental procedures were approved by the
Animal Care Committees at the University of Guelph and McMaster University, and
aligned with the guide for the care and use of laboratory animals as published by the
National Institutes of Health.
3.3.2 Acute exercise protocol
Mice were subjected to an acute exercise bout at a moderate intensity of 15m/min and a
5% grade for 1 hour. Sedentary (SED; n=6) and exercised (EX; n=6) mice were
anesthetized using sodium pentobarbital (60mg/kg; MTC Pharmaceuticals, Cambridge,
ON) and red gastrocnemius muscle was removed and placed in BIOPS buffer for
respiration analyses. Provided AMPK β1β2-KO mice have difficulty running beyond
10m/min (O'Neill et al., 2011), and therefore require a lower absolute intensity (e.g.,
8m/min), we repeated a subset of our exercise experiments at 8m/min in C57Bl6 mice
at the University of Guelph. We successfully repeated our exercise data and therefore
proceeded to utilize the AMPK β1β2-WT and KO mice to examine whether AMPK is
required for our M-CoA sensitivity responses.
3.3.3 Preparation of permeabilized muscle fibres
The red gastrocnemius was placed immediately in ice-cold BIOPS (50 mM MES, 7.23
mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 0.5 mM dithiothreitol, 20 mM
taurine, 5.77 mM ATP, 15 mM PCr and 6.56 mM MgCl2.H2O; pH 7.1). Fibre bundles
were separated under a microscope using fine-tipped forceps. To permeabilize the
plasma membrane, fibres were treated with saponin (40μg ml-1) for 30 minutes at 4 ºC.
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Permeabilized muscle fibres (PMFs) were washed in MIRO5 respiration buffer (0.5 mM
EGTA, 10 mM HH2PO4, 110 mM sucrose and 1 mg ml−1 fatty acid-free BSA; pH 7.1) for
30 minutes.
3.3.4 Permeabilized muscle fibre respiration
Mitochondrial respiration was measured using high-resolution respirometry (Oroborus
Oxygraph-2K), at 37 ºC and room-air saturated oxygen tension, in the presence of
25μM blebbistatin to ensure PMF relaxation (Perry et al., 2011). Each experiment was
performed in the presence and absence of 3,3’-iminodipropionitrile (IDPN), a disruptor
of the intermediate filament fraction of the cytoskeleton.
ADP stimulated titration (25, 100, 175, 250, 500, 1000, 2000, 4000, 6000; μM)
experiments were carried out in the presence of pyruvate (10mM) and malate (2mM).
Glutamate (10mM) and succinate (10mM) were added subsequently to obtain maximal
respiration values. Malate (2mM) and ADP (5mM) were added to fibres and pyruvate
was titrated at various concentrations (15, 30, 50, 75, 150, 250, 500, 1000, 1500; μM).
Palmitoyl carnitine (PC) was titrated (25, 50, 75, 100, 150, 200; μM) into chambers in
the presence of malate (2mM) and ADP (5mM).
To measure palmitoyl-CoA (P-CoA) stimulated respiration, malate (2mM) and ADP
(5mM) were added to the respiration medium. Once stabilized, L-carnitine (2mM) was
added and P-CoA was titrated at various concentrations (25, 50, 75, 100, 150, 200µM).
To measure M-CoA sensitivity, 4 experiments were performed. Malate (2mM), ADP
(5mM), L-carnitine (2mM), and 150µM P-CoA was added to the medium to stimulate
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respiration followed by M-CoA titrations (0.25, 0.5, 1, 2, 10, and 25µM) to induce
inhibition on respiration and calculate the IC50 value. In separate experiments, either 25
or 50µM P-CoA was added to the respiration medium, followed by 7µM M-CoA to
determine % inhibition. To determine whether the presence of IDPN alters the sensitivity
for P-CoA stimulated respiration in the presence of M-CoA, fibres were incubated with
7µM M-CoA for 10 minutes and P-CoA was titrated in at the same concentrations
mentioned above.
3.3.5 Isolated mitochondrial preparation and respiration
Mitochondria were isolated from the red gastrocnemius using differential centrifugation
as previously described (Herbst et al., 2014). Briefly, red gastrocnemius was removed,
minced in isolation buffer (100mM sucrose, 100 mM KCl, 50 mM Tris-HCl, 1 mM
KH2PO4, 0.1 mM EGTA, 0.2% bovine serum albumin (BSA), 1 mM ATP; pH 7.4),
weighed, and homogenized using a motorized teflon pestle (750 rpm). Mitochondria
were centrifuged (800g; 10 minutes), re-suspended (4ml of isolation buffer), and
protease (0.025μg/mg tissue) was added for 5 minutes. The sample was diluted in
isolation buffer (14ml) and centrifuged for 5 minutes at 5000g. Thereafter the pellet was
repeatedly re-suspended in isolation buffer and pelleted at 10,000g for 10 minutes.
Isolated mitochondrial respiration was measured in the presence and absence of IDPN.
P-CoA was added at 25µM or 50µM followed by 7µM M-CoA. Phosphorus/oxygen (PO)
ratios were determined by the change in oxygen following the addition of 50μM ADP in
the presence of 10mM pyruvate and 2mM malate, while respiratory control ratio (RCR)
were calculated by dividing state 3 / state 4 respiration.
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3.3.6 Western blotting
Fibre bundles were recovered following respiration experiments, weighed, digested
(Herbst et al., 2014), and prepared for western blotting. Equal amounts of sample were
loaded for determination of α-tubulin (1:1000, Abcam, Cambridge, MA, USA; ab7291),
VDAC (1:1000, Abcam; ab14734), ANT1 (1:1000, Abcam; ab110322), CPT-I (1:1000,
Alpha Diagnostics Intl., Inc, TX, USA; CPT1M11-A), COXIV (1:3000, Invitrogen;
A21347), AMPK total (1:1000, Cell Signaling), Phospho Thr 178 AMPK (1:1000, Cell
Signaling), CaMKII total (1:1000, Cell signalling), Phospho Thr286 CaMKII (Cell
Signaling), ACC total (1:1000, Cell Signaling), Phospho Ser 79 ACC (1:1000, Cell
Signalling), and OXPHOS (Mitosciences, Eugene, OR, USA; ab110413) to ensure
homogeneity in the presence and absence of IDPN.
3.3.7 Statistics
Michaelis–Menten kinetics, one-phase dissociation decay, and IC50 values for M-CoA
were determined by plotting data points in GraphPad Prism 5 software. The IC50 is
defined as the concentration of M-CoA where P-CoA supported respiration was reduced
by half. Unpaired two-tailed Student’s t tests were used to compare data from isolated
mitochondria and baseline PMF characteristics. Two-way ANOVAs were used to
compare sedentary and exercise effects on respiration kinetics. Three-way ANOVA
were used to compare data obtained from AMPK β1β2-WT and KO mice. The 3 factors
included: genotype (WT or KO), activity (SED or EX), and media (with or without IDPN).
Statistical significance was determined as P< 0.05.
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3.4 Results
3.4.1 Intermediate filament disruption does not alter mitochondrial integrity, maximal
respiration, protein integrity, or sensitivity to pyruvate, ADP, palmitoyl-carnitine,
or palmitoyl-CoA
IDPN is widely known to cause chemical disruption of the intermediate filaments
(Feuilloley et al., 1988a; Feuilloley et al., 1988b; Velasco et al., 1997b; Velasco et al.,
1998). To ensure that the presence of IDPN did not disrupt mitochondrial integrity, we
first determined the effect of drug exposure in isolated mitochondria. PO and RCR were
maintained (Figure 3.1A), as well as maximal complex I/II (Figure 3.1B) and P-CoA
stimulated respiration (Figure 3.1C), indicating that IDPN did not interfere with
mitochondrial integrity or CPT-I capacity. Given that isolated mitochondria are devoid of
the cytoskeleton, we next studied the influence of IDPN on permeabilized muscle fibres
(PMFs), a model that maintains the cytoskeletal network. In this regard, we aimed to
ensure that IDPN did not degrade key proteins involved in facilitating mitochondrial
substrate transport. Intermediate filament disruption did not reduce protein expression
of VDAC, adenine nucleotide translocase (ANT), CPT-I, or complexes I-IV of the
electron transport chain and ATP synthase (Figure 3.1D). This was mirrored by
unaltered maximal complex I, complex II and P-CoA stimulated respiration rates (Figure
3.1E and F). Altogether, these data demonstrate that IDPN does not interfere with
maximal respiration capacity in isolated mitochondria or PMFs, and therefore, we next
examined whether sensitivity for substrates transported through the mitochondrial
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membrane could be externally regulated by the intermediate filaments. Specifically, we
determined the kinetic properties for pyruvate and ADP-stimulated respiration in PMFs.
These results show that the apparent Km for pyruvate (Figure 3.2A) and ADP (Figure
3.2B) did not differ in the presence or absence of IDPN. Combined, this shows that
disruption of the intermediate filaments did not alter the regulation of the VDAC/ANT
axis at rest, as this pathway can be externally regulated by other cytoskeletal fractions.
Moreover, there was no difference in PC (Figure 3.2C) or P-CoA (Figure 3.2D)
sensitivity, indicating that disruption of the intermediate filaments does not directly alter
resting CPT-I independent or dependent lipid transport, respectively.
3.4.2 The intermediate filaments are required for reduced inhibition of M-CoA on CPT-I
in the presence of IDPN
Given the apparent regulation of M-CoA sensitivity by the intermediate filaments, we
next evaluated the specificity of IDPN for CPT-I mediated responses by removing the
cytoskeletal network. Specifically, we aimed to ensure that addition of IDPN did not a)
directly bind to CPT-I and prevent its interaction with M-CoA; and/or b) IDPN did not
scavenge M-CoA and intercept its interaction with CPT-I. To do this, we repeated a
subset of M-CoA inhibition experiments using isolated mitochondria, which are devoid of
cytoskeleton and should therefore negate any effect of IDPN on M-CoA sensitivity. The
presence of IDPN did not alter M-CoA sensitivity, given that 7µM M-CoA inhibited
respiration ~10% at 50µM P-CoA (Figure 4A), and ~20% at 25µM P-CoA in the
presence or absence of IDPN (Figure 3.4B). Together, this demonstrated that the
cytoskeleton is required for IDPN to exert its effect on M-CoA sensitivity.
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Figure 3.1. Intermediate filament disruption does not alter mitochondrial integrity
or maximal respiration in isolated mitochondria and permeabilized muscle fibres.
Administration of IDPN in isolated mitochondria did not alter the P/O ratio or RCR (A),
maximal complex I/II respiration (B), or P-CoA stimulated respiration (C), indicating
maintained mitochondrial integrity. IDPN also did not affect complexes I-V of the
electron transport chain, ADP/ANT transporters, or CPT-I protein contents (D), or
complex I/II (E) and P-CoA stimulated respiration (F) in permeabilized muscle fibres,
indicating that IDPN did not degrade protein contents. VDAC, voltage-dependent ion
channel; ANT, adenine nucleotide transporter; CPT-I, carnitine palmitoyl-transferase;
PM, pyruvate + malate; PMD, PM + ADP; PMDG, PMD + glutamate; PMDGS, PMDG +
succinate; P-CoA, palmitoyl-CoA. Data expressed as mean ± SEM. n=4/experiment.
3.4.3 Exercise and sedentary IDPN administration reveal similar effects on M-CoA
sensitivity
Given that exercise induces rapid elevations in energy demand, and activates fatty acid
oxidation, we next determined the physiological relevance of intermediate filament
interactions with CPT-I following acute exercise. Specifically, ADP and P-CoA
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respiratory kinetics were examined in sedentary mice or following a 1 hour treadmill run
at moderate intensity. Independent of IDPN, exercise did not alter maximal respiration
(Figure 3.5A), and increased the apparent ADP Km (Figure 3.5B). These data support
previous observations suggesting steady-state exercise decreases mitochondrial ADP
sensitivity (Perry et al., 2012; Miotto & Holloway, 2016), and further supports the notion
that intermediate filaments do not regulate ADP sensitivity during exercise (Figure
3.5B). While maximal P-CoA stimulated respiration was also unchanged by exercise or
IDPN (Figure 3.5C), in stark contrast, exercise decreased the apparent P-CoA Km
~50% in the presence of M-CoA (Figure 3.5D). The provision of IDPN in sedentary
muscles similarly reduced the P-CoA Km, but did not further reduce the apparent Km
value in exercised muscles (Figure 3.5D). These basic responses were consistent
across a range of P-CoA concentrations (Figure 3.5D and E), responses consistent with
the anticipated increased reliance on fatty acid oxidation during exercise. Altogether
these data provide evidence that exercise or intermediate filament disruption result in
similar responses on reducing M-CoA inhibition, suggesting a role for intermediate
filaments in externally regulating CPT-I in vivo. The consistent absence of a stimulatory
effect of IDPN after exercise suggests that exercise attenuated M-CoA sensitivity
through in vivo disruption of the intermediate filaments, and therefore, the addition of
IDPN did not exert any further response.
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Figure 3.2. Intermediate filament disruption does not regulate CPT-I independent
maximal respiration or sensitivity in permeabilized muscle fibres. IDPN did not alter
maximal respiration or apparent Km for pyruvate (A), ADP (B), PC (C), or P-CoA (D). PCoA, palmitoyl-CoA; PC, palmitoyl-carnitine. Data expressed as mean ± SEM. n=57/experiment.

3.4.4 Muscle specific ablation of AMPK attenuates M-CoA sensitivity at rest, a
response maintained post-exercise.
AMPK β1β2 KO mice have increased fatty acid oxidation during exercise despite
reductions in ACC phosphorylation, but the mechanisms mediating these effects are not
clear (O'Neill et al., 2014). We therefore determined whether muscle AMPK is required
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for CPT-I sensitivity to M-CoA at rest and during exercise. In this regard, we re-ran a
subset of our baseline experiments utilizing AMPK β1β2-WT and AMPK β1β2-KO mice.
We verified the absence of AMPK and ACC phosphorylation in AMPK β1β2-KO mice
(Figure 3.6A), and also show reductions (~20-40%) in mitochondrial complexes of the
electron transport chain in recovered PMFs (Figure 3.6B and C), which is consistent to
previous reports in these mice (O'Neill et al., 2011; Bujak et al., 2014). However, ATP
synthase was similar between genotypes, and this was reflected by similar ADP VMAX
(Figure 3.6D) and ADP sensitivity (Figure 3.6E) at rest and immediately post-exercise.
Together, these data suggest that ablation of AMPK β1β2 does not impair maximal
respiration, and also indicates that AMPK/intermediate filament disruption is not
required for maximal mitochondrial capacity.
We next determined the role of AMPK in regulating lipid metabolism through
intermediate filament disruption and CPT-I sensitivity for M-CoA. Ablation of AMPK
β1β2 did not alter maximal P-CoA stimulated respiration (Figure 3.7A). Importantly, we
repeated our original observations in this strain of WT mice, whereby sedentary IDPN
and exercise induced similar responses to M-CoA sensitivity, but there was no additive
effect (Figure 3.7B and C). In contrast, ablation of AMPK β1β2 in sedentary mice
revealed a dramatic decrease in the sensitivity of M-CoA, as the apparent P-CoA Km
was decreased ~50% in the presence of 7M M-CoA (Figure 3.7B). Neither exercise
nor the provision of IDPN altered this response (Figure 3.7B), suggesting a
compensatory effect in AMPK β1β2 KO mice had already removed the normal
intermediate filament inhibition of CPT-I/M-CoA sensitivity in resting muscle. We
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therefore determined calcium calmodulin-dependent kinase-II (CaMKII)
phosphorylation, as CaMKII has been suggested to regulate intermediate filaments in
the liver (Velasco et al., 1997b; Velasco et al., 1998). However, CaMKII phosphorylation
was not different between genotypes (Figure 3.6A), suggesting an alternative
mechanism. Altogether, these data highlight that the intermediate filament regulation of
CPT-I M-CoA sensitivity is independent of AMPK, although the mechanism remains
unknown.

Figure 3.3. Intermediate filament disruption reduces M-CoA sensitivity in resting
permeabilized muscle fibres. In the presence of M-CoA, IDPN reduced the apparent
Km for P-CoA (A and B), increased the IC50 value for M-CoA (C and D), and reduced %
inhibition on P-CoA stimulated respiration (E and F), suggesting the intermediate
filaments regulate M-CoA sensitivity. M-CoA, malonyl-CoA; P-CoA, palmitoyl-CoA. *,
significantly different from no IDPN. Data expressed as mean ± SEM. n=4-7/experiment.
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Figure 3.4. Removal of the cytoskeleton ablates the effect of IDPN on M-CoA
sensitivity in isolated mitochondria. The presence of IDPN did not alter M-CoA
inhibition in isolated mitochondria (A and B), demonstrating the necessity of the
intermediate filaments for IDPN mediated disruption, and the absence of IDPN
interference with CPT-I. M-CoA, malonyl-CoA; P-CoA, palmitoyl-CoA. Data expressed
as mean ± SEM. n = 3-4/experiment.

3.5 Discussion.
Overall, we provide evidence that CPT-I sensitivity for M-CoA is an important regulator
of CPT-I flux, and this response appears to be regulated by the intermediate filaments in
skeletal muscle. We also demonstrate that this interaction may be specific to CPT-I
sensitivity for M-CoA, given that P-CoA and all CPT-I independent substrates did not
have altered maximal respiration or sensitivity during intermediate filament disruption.
Moreover, we establish that the interaction between intermediate filaments and CPT-I
sensitivity for M-CoA occurs independent of AMPK.
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3.5.1 Intermediate filament disruption reveals regulation of CPT-I through modulating
M-CoA sensitivity in skeletal muscle
Classical CPT-I regulation emphasizes the reduction of M-CoA during exercise to allow
for increased fatty acid oxidation, however, these concentrations do not always change
in skeletal muscle (Odland et al., 1996; Odland et al., 1998). Possible mechanisms to
explain alternative regulation of CPT-I include improved sensitivity for lipids, competitive
substrate binding, and/or reduced inhibition of CPT-I. Our data demonstrating that PCoA sensitivity is unaltered during exercise suggests that modulation of CPT-I binding
sites for lipid substrates may not be a critical regulator of fatty acid oxidation. This is
supported by previous work in isolated mitochondria (Holloway et al., 2006), suggesting
that any conformational changes to CPT-I do not affect P-CoA respiration, despite
known elevations in lipid provision during exercise. However, the current data and
others (Smith et al., 2012) demonstrate in PMFs that for a given concentration of MCoA, greater P-CoA concentrations can partially override inhibition, suggesting
competitive binding in vivo may fine tune CPT-I flux during exercise. Moreover, the
overriding effect of P-CoA on respiration in isolated mitochondria in the presence or
absence of IDPN suggests that this response is substrate-driven and not regulated by
the intermediate filaments.
Interestingly, our data revealed that the intermediate filaments can regulate M-CoA
sensitivity depending on energy requirements. Specifically, our finding that chemical
disruption of the intermediate filaments and exercise exert similar reductions in M-CoA
sensitivity suggest that the cytoskeleton induces greater M-CoA sensitivity and CPT-I
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inhibition at rest, but exercise ablates this interaction to promote fatty acid oxidation.
Combined with the previous finding that M-CoA sensitivity remained lower in isolated
mitochondria post-exercise (Holloway et al., 2006), intermediate filament disruption may
result in rigid conformational changes that are sustained once the cytoskeleton is
removed. These data are also supported by previous findings involving permeabilized
hepatocytes, whereby M-CoA inhibition on CPT-I activity was reduced in the presence
of intermediate disruption by IDPN (Velasco et al., 1998). While the influence of other
cytoskeletal components on CPT-I kinetics has not been studied in skeletal muscle,
including microfilaments and microtubules, these data demonstrate that the
intermediate filaments can regulate CPT-I sensitivity to M-CoA, independent of P-CoA
sensitivity. Altogether, these data highlight the complexity of CPT-I regulation beyond
M-CoA concentrations alone, as competitive substrate binding and intermediate filament
regulation of M-CoA sensitivity may also play important roles in controlling CPT-I flux.
3.5.2 Intermediate filament disruption is specific to M-CoA sensitivity and does not
influence CPT-I independent substrate transport sensitivity
Our data demonstrates that intermediate filament disruption does not alter CPT-I
independent substrate transport, suggesting M-CoA sensitivity is a specific target
controlled by this fraction of the cytoskeleton. This is important given that other outer
mitochondrial membrane (OMM) proteins, such as VDAC, play a critical role in shuttling
ADP/ATP (Rostovtseva et al., 2008) and acyl-CoA between the cytosol and
mitochondrial inter membrane space. Hence, upregulation of multiple transport systems
by the intermediate filaments could collectively enable the provision of lipid and ADP to
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support energy production during exercise. However, since exercise mediated the
expected reduction in ADP sensitivity (Perry et al., 2012; Miotto & Holloway, 2016) at
multiple intensities, independent of intermediate disruption, VDAC ADP sensitivity is not
likely regulated by this fraction of the cytoskeleton. Interestingly, previous work has
shown that VDAC can shift between an open and closed state to control ADP/ATP flux
(Rostovtseva et al., 2008), a response mediated by the microtubules. Although the
effect of exercise on the microtubule-VDAC axis is unknown, it is possible that the
microtubules disconnect from VDAC to improve ADP sensitivity and promote
mitochondrial respiration. Combined with the M-CoA sensitivity data in the current
study, it is plausible that different fractions of the cytoskeleton produce a concerted
response on OMM transporters to modulate substrate flux into the mitochondria
depending on energy requirements. This notion is supported in resting hepatocytes,
given that the intermediate filaments more potently attenuated M-CoA sensitivity than a
fraction containing both intermediate filaments and microtubules (Velasco et al., 1998).
Collectively, these data support a role for the intermediate filaments to specifically target
M-CoA sensitivity and regulate lipid metabolism at rest and during exercise.
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Figure 3.5. Exercise mirrors the effect of IDPN by disrupting the intermediate
filaments in vivo and attenuating M-CoA sensitivity in permeabilized muscle
fibres. Exercise resulted in reduced ADP sensitivity (A and B), without changes in
maximal P-CoA respiration (C). Importantly, exercise resulted in a reduced apparent Km
for P-CoA in the presence of M-CoA (D), and reduced inhibition by M-CoA (E) that was
not further affected by IDPN. CPT-I, carnitine palmitoyl transferase; WT, wild-type; KO,
knockout. *, significantly different from Sed-no IDPN. Data expressed as mean ± SEM.
n=3-6/experiment.

3.5.3 Intermediate filament regulation of CPT-I sensitivity to M-CoA is AMPKindependent
AMPK is a well-established regulator of energy metabolism (reviewed in (O'Neill et al.,
2013)), whereby activation of this protein during exercise could potentially modulate MCoA sensitivity. Therefore, we determined whether ablation of this protein would render
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skeletal muscle insensitive to IDPN and exercise-mediated reductions in M-CoA
sensitivity. However, in contrast to our hypothesis, our data suggests AMPK is not
required for intermediate filament regulation of M-CoA sensitivity, as AMPK β1β2 KO
mice had an unexpected reduction in M-CoA sensitivity at rest that was unaltered by
IDPN or exercise. While it is possible that removal of AMPK activity directly caused this
response, this would be at odds with the exercise data which displayed the same
response in the presence of AMPK phosphorylation. Therefore, this data likely indicates
that the intermediate filaments have already been disrupted at rest, and suggests this
occurred as a compensatory mechanism secondary to impaired energy metabolism as
a result of AMPK β1β2 ablation. This observation may contribute to the shift towards fat
utilization in these mice (O'Neill et al., 2011) in an attempt to maintain homeostasis in
the presence of impaired glucose uptake and GLUT4/TBC1D1 protein contents. In
addition, the impaired exercise tolerance previously reported in AMPK β1β2 KO mice
(O'Neill et al., 2011) may also partially reflect their inability to further disrupt intermediate
filament interactions with CPT-I to stimulate fatty acid oxidation, although several
mechanisms likely contribute, including impaired cardiac performance (Sung et al.,
2015). Regardless, the conserved observation of a disruption in the intermediate
filaments during exercise in WT mice, and in sedentary AMPK β1β2 KO mice, suggests
that attenuating M-CoA sensitivity is important for regulating CPT-I flux when metabolic
homeostasis is challenged.
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Figure 3.6. Ablation of AMPK does not alter maximal respiration or sensitivity for
ADP. AMPK β1β2 KO mice did not exhibit AMPK or ACC phosphorylation, or altered
CaMKII phosphorylation (A), and had lower mitochondrial proteins (B and C) without
altered ADP maximal respiration (D) or sensitivity (E), verifying the genotype and
demonstrating intact mitochondrial integrity. SED, sedentary; EX, exercise; WT, wildtype; KO, knockout. *, significantly different from WT-Sed-no IDPN. Data expressed as
mean ± SEM. n=6/group per experiment.
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Figure 3.7. Ablation of AMPK results in attenuated M-CoA sensitivity at rest that is
unaltered by IDPN or exercise. AMPK β1β2 KO mice had maintained maximal P-CoA
stimulated respiration (A) and attenuated M-CoA sensitivity (B) than wild-type,
suggesting a compensatory response in these mice to sustain energy metabolism. PCoA, palmitoyl-CoA; M-CoA, malonyl-CoA; SED, sedentary; EX, exercise; WT, wildtype; KO, knockout. *, significantly different from WT-Sed-no IDPN. Data expressed as
mean ± SEM. n=6/group per experiment.

3.6 Conclusions and perspectives
Overall, the current data provides a framework for the study and regulation of
cytoskeletal-substrate transport in skeletal muscle. We reveal regulation of CPT-I
sensitivity for M-CoA by the intermediate filaments, which is one possible mechanism to
explain increased fatty acid oxidation during exercise. While the intermediate filaments
can consist of various proportions of cytokeratins, vimentin, and desmin depending on
the tissue (as reviewed in (Capetanaki, 2002)), the exact level of contribution by
individual components are beyond the scope of the current study. Regardless, IDPN is
known to collectively disrupt the intermediate filaments in various tissues (Feuilloley et
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al., 1988a; Feuilloley et al., 1988b; Velasco et al., 1997a; Velasco et al., 1997b; Velasco
et al., 1998), and although we were unable to directly demonstrate this response in
PMFs, clearly the disruption induced in situ has physiological relevance since exercise
mimicked the effect of IDPN on M-CoA sensitivity, and IDPN following exercise did not
perpetuate this response. Although speculative, given previous findings regarding
microtubules directly binding to, and regulating VDAC open/closed states (Rostovtseva
et al., 2008), perhaps the intermediate filaments similarly alter CPT-I positioning to
increase exposure of M-CoA binding sites at rest, a response attenuated upon a
conformation change during exercise. Moreover, while the upstream mechanisms that
modulate intermediate filament disruption remain unknown, our data suggests this is
independent of either AMPK or CaMKII. CaMKII is a kinase implicated in liver regulation
of CPT-I (Velasco et al., 1997b; Velasco et al., 1998), is activated during exercise (Rose
& Hargreaves, 2003; Raney & Turcotte, 2008; Morales-Alamo et al., 2013), and can
phosphorylate other cytoskeletal proteins (Schroder et al., 1997). Given the
compensatory response in AMPK β1β2 KO mice regarding M-CoA sensitivity, the
unaltered resting CaMKII suggests this kinase was not activated following AMPK
ablation, and therefore, cannot explain the disrupted intermediate filaments in resting
AMPK β1β2 KO mice. However, there are additional kinases implicated in
phosphorylating various fractions of the cytoskeleton, including protein kinase C (Frank
et al., 1998) and LKB1 (Mian et al., 2012), an upstream regulator of AMPK
phosphorylation, that remain to be investigated. Overall, the conserved findings in the
present study across a range of metabolic homeostatic challenges (exercise in WT mice
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and ablation of AMPK β1β2) suggest these findings could have implications in several
situations, particularly since obesity and insulin resistance are associated with abnormal
lipid uptake into mitochondria (Kelley et al., 1999; Kim et al., 2000; Kelley et al., 2002;
Ritov et al., 2005; Mogensen et al., 2007; Holloway et al., 2009).
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Chapter 4 In the absence of phosphate shuttling, exercise
reveals the in vivo importance of creatine-independent
mitochondrial ADP transport
Presented as published:
Miotto, PM., and Holloway, GP. (2016). In the absence of phosphate shuttling, exercise
reveals the in vivo importance of creatine-independent ADP transport. Biochemical
Journal, 473, 2831-2843.

4.1 Abstract
The transport of cytosolic ADP into the mitochondria is a major control point in
metabolic homeostasis, as ADP concentrations directly affect glycolytic flux and
oxidative phosphorylation rates within mitochondria. A large contributor to the efficiency
of this process is thought to involve phosphocreatine (PCr)/Creatine (Cr) shuttling
through mitochondrial creatine kinase (Mi-CK), while the biological importance of
alterations in Cr-independent ADP transport during exercise remains unknown.
Therefore, we utilized a Mi-CK knockout (KO) model to determine whether in vivo Crindependent mechanisms are biologically important for sustaining energy homeostasis
during exercise. Ablating Mi-CK did not alter exercise tolerance, as the time to volitional
fatigue was similar between WT and KO mice at various exercise intensities. In addition,
skeletal muscle metabolic profiles after exercise, including glycogen, PCr/Cr ratios, free
ADP/AMP and lactate were similar between genotypes. While these data suggest the
absence of PCr/Cr shuttling is not detrimental to maintaining energy homeostasis during
exercise, KO mice displayed a dramatic increase in Cr-independent mitochondrial ADP
sensitivity after exercise. Specifically, while mitochondrial ADP sensitivity decreased
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with exercise in wildtype mice, in stark contrast, exercise increased mitochondrial Crindependent ADP sensitivity in KO mice. As a result, the apparent ADP Km was 50%
lower in KO mice after exercise, suggesting in vivo activation of VDAC/ANT can
support mitochondrial ADP transport. Altogether, we provide insight that Cr-independent
ADP transport mechanisms are biologically important for regulating ADP sensitivity
during exercise, while highlighting complex regulation and the plasticity of the
VDAC/ANT axis to support ATP demand.

4.2 Introduction
The transport of ADP from the cytosol into the mitochondria represents a major control
point in metabolic homeostasis, as cytosolic ADP is a potent allosteric activator of
glycolytic flux (Wu & Davis, 1981), while the movement of ADP into mitochondria
influences oxidative phosphorylation rates (Chance & Williams, 1955). As a result, the
improvement in exercise performance, muscle glycogen sparing, attenuated production
in lactate, and the increased reliance on aerobic metabolism following training has been
attributed to an improvement in mitochondrial ADP sensitivity (Holloszy, 1967; Holloszy
& Coyle, 1984; Dudley et al., 1987; Green et al., 1992; Phillips et al., 1996; Perry et al.,
2008). Historically, this response has entirely been accredited to the induction of
mitochondrial biogenesis (Holloszy & Coyle, 1984; Dudley et al., 1987), however,
external regulation on the proteins involved in mitochondrial ADP transport likely exists.
ADP transport between the cytosolic and mitochondrial compartments involves three
major protein complexes: voltage-dependent anion channel (VDAC) on the outer
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mitochondrial membrane, mitochondrial creatine kinase (Mi-CK) in the intermembrane
space (IMS), and adenine nucleotide translocase (ANT) on the inner mitochondrial
membrane (Aliev et al., 2011; Guzun et al., 2012). While ANT is required for ADP/ATP
exchange, Mi-CK is thought to concentrate ADP within the intermembrane space to
optimize diffusion of ADP into the mitochondria (Saks et al., 1985). Moreover,
phosphocreatine (PCr) and Creatine (Cr) are estimated to diffuse ~2000 times faster
across the outer mitochondrial membrane/through the cytosol than ADP/ATP
(Wallimann et al., 2011), and therefore, phosphate transfer via creatine kinase reactions
is believed to contribute substantially to metabolic homeostasis. In particular, during
muscle contraction where ATP requirements increase ~100-fold (Hochachka &
McClelland, 1997), the Cr-dependent pathway (via Mi-CK) is considered a major
contributor to match energy demands (Aliev et al., 2011), as it regenerates PCr, while
enhancing ADP availability for mitochondrial respiration (Aliev et al., 2011; Wallimann et
al., 2011). This is supported in vitro, as the presence of Cr in permeabilized muscle
fibres improves mitochondrial ADP sensitivity, while PCr has the opposite effect (Walsh
et al., 2001b). However, Mi-CK ablation does not alter resting skeletal muscle cytosolic
ADP, PCr, or Cr concentrations (Steeghs et al., 1998). This could suggest that in vivo
phosphate shuttling is not required, or alternatively, that Cr-independent transport
compensates to sustain energy homeostasis.
ANT has several potential regulatory mechanisms including acetylation of lysine 23
(Mielke et al., 2014), tyrosine 194 phosphorylation (Feng et al., 2008) and
glutathionylation/carbonylation (Yan & Sohal, 1998; Queiroga et al., 2010). While the
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functional roles for these regulatory points remain unknown, previous work has
demonstrated that Cr-independent ADP sensitivity, which highlights the VDAC/ANT
axis, can be externally regulated. For instance, ADP sensitivity in permeabilized muscle
fibres is increased following high intensity exercise (Ydfors et al., 2016), yet reduced
following acute moderate-intensity exercise (Perry et al., 2012) and chronic exercise
training (Walsh et al., 2001a; Zoll et al., 2002; Zoll et al., 2003; Guerrero et al., 2005;
Ludzki et al., 2015). Moreover, exercise training attenuates the inhibitory effect of
palmitoyl-CoA (P-CoA) on Cr-independent ADP sensitivity (Ludzki et al., 2015), while
omega-3 (Herbst et al., 2014) and resveratrol (Smith et al., 2013) supplementation
improve Cr-independent ADP sensitivity. However, the biological importance of Crindependent ADP transport remains unknown, as counter-intuitively type I muscle fibres
display decreased Cr-independent ADP sensitivity post-exercise despite a higher
reliance on oxidative metabolism (Zoll et al., 2003). Since PCr/Cr shuttling is believed to
contribute substantially to metabolic homeostasis (Aliev et al., 2011; Wallimann et al.,
2011), the previously observed changes in Cr-independent ADP sensitivity remain
biologically questionable.
Therefore, we utilized mice devoid of Mi-CK to determine if Cr-independent
mechanisms could sustain metabolic control, particularly during acute exercise. While
cytosolic (MM-CK) or double knockout (MM-CK and Mi-CK) mice have known
compensatory upregulation of mitochondrial proteins (Van Deursen, 1993; Kaasik et al.,
2003), fibre type shifts (Momken et al., 2005), and severe impairments in ‘burst’ activity
(Van Deursen, 1993; van Deursen et al., 1994; Kaasik et al., 2003; Momken et al.,
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2005), force production (Roman et al., 2002), and muscular relaxation (Steeghs et al.,
1998), single Mi-CK knockout mice do not have alterations in these parameters
(Steeghs et al., 1998). Moreover, while previous work has indicated that ablating Mi-CK
does not alter ADP sensitivity at rest (Boehm et al., 1998), whether this pathway can be
regulated to sustain energetic requirements during exercise is unknown. Therefore,
altogether, utilization of Mi-CK knockout mice provides a means to directly study the in
vivo importance of Cr-independent regulation, and determine whether this alone can
support ADP sensitivity during exercise. It was hypothesized that in the absence of
phosphate shuttling Cr-independent ADP sensitivity would be improved to sustain
energy homeostasis during exercise.

4.3 Methods
4.3.1 Ethical approval
All experimental procedures were approved by the Animal Care Committee at the
University of Guelph, and conformed to the guide for the care and use of laboratory
animals (US National Institutes of Health). Cryopreserved embryos from wild-type (WT)
and mitochondrial creatine kinase (Mi-CK; Ckmt1tm2Bew) null mice were generously
provided by Dr. Be Wieringa from Dr. Craig Lygate’s repository. Breeding pairs were
generated on a C57BL/6 background at the Toronto Centre for Phenogenomics and
bred on site at the University of Guelph. Age matched (12wks of age) male and female
Mi-CK WT and knockout (KO) mice were group-housed with a 12:12 hour light-dark
cycle, and were provided standard chow and water ad libitum. Animals were randomly
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selected to characterize the resting phenotype or to examine exercise responses (n=6
sedentary and n=6 acute exercise per genotype). Equal numbers of male and female
animals were used in each group, and all data was pooled provided no sex differences
were evident. All animals were anaesthetized with an intraperitoneal injection of sodium
pentobarbital (60 mg/kg; MTC Pharmaceuticals, Cambridge, ON) before skeletal muscle
tissue collection.
4.3.2 Resting whole body metabolic measurements
At 12 weeks of age, Mi-CK WT and KO mice were placed in metabolic caging
(Columbus Instruments, Columbus, OH). Resting oxygen consumption (VO 2) and
carbon dioxide production (VCO2) were recorded. VO2 and VCO2 values were used to
calculate total carbohydrate and fat oxidation, and energy expenditure as follows
(Peronnet & Massicotte, 1991):
CHO oxidation= 4.585V˙CO2 production (l min−1) − 3.226 V˙O2 production (l min−1);
fat oxidation= 1.695 V˙O2 production (l min−1) − 1.701 V˙CO2 production (l min−1).
Values were divided by 60 and multiplied by 16.19 (CHO) and 40.80 (fat) to convert to
kilojoules per hour.
4.3.3 Acute exercise protocol
Mice were acclimated to motorized treadmills for 10 minutes, at 15m/min and a 5%
grade. Four days later mice were subjected to a run test to exhaustion, beginning at
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15m/min at a 5% grade for 1 hour, then increased by 2m/min every 5 minutes until
volitional cessation. Run times to exhaustion were also determined at higher intensities,
specifically 20m/min (20% grade) and 22m/min (20% grade). We utilized a moderate
intensity for our metabolic analyses to optimize aerobic fuel utilization and ensured all
mice could complete the running protocol to limit variability. Specifically, one week after
an exercise tolerance test, mice ran for one hour at a moderate intensity (15m/min at a
5% grade) or remained sedentary as a comparison. Mice were anesthetized using
sodium pentobarbital, cervical dislocation was performed, and the red quadriceps and
red gastrocnemius were removed immediately and frozen in liquid nitrogen for
subsequent analyses. The red quadriceps and gastrocnemius are predominately
oxidative muscles and contain similar fibre types (Hamalainen & Pette, 1993). These
muscles yielded similar responses for all measurements, and therefore values were
treated as duplicates and averaged for each animal.
4.3.4 Determination of skeletal muscle metabolites
Muscles were snap frozen from sedentary and exercised mice, dried, powdered, and
metabolites were extracted using perchloric acid (0.5M) and neutralized with potassium
bicarbonate (2.2M). The concentrations of ATP, PCr, Cr, and lactate were determined
using enzymatic spectrophotometric assays by assuming equilibrium of the creatine
kinase and adenylate kinase reactions (Harris et al., 1974). Free ADP and AMP
concentrations were calculated using ATP, PCr, Cr, and lactate concentrations, as
previously described (Howlett et al., 1998). For glycogen analysis, glucose
monophosphates were degraded using sodium hydroxide (0.1M) at 80ºC (10 minutes).
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Samples were neutralized in a buffer containing HCL (0.1M), citric acid (0.2M), and
Na2HPO4.7H2O (0.2M). Total glycogen was analysed using spectrophotometric
methods (Harris et al., 1974).
4.3.5 Preparation of permeabilized muscle fibres
Muscles were separated in BIOPS buffer containing CaK2-EGTA (2.77mM), K2-EGTA
(7.23mM), Na2-ATP (5.77mM), MgCL2-6H20 (6.56mM), Na2-phosphocreatine (15mM),
imidazole (20mM), dithiothreitol (0.5mM) and MES (50mM). Fibre bundles were treated
with 40µg/ml saponin for 30 minutes, a cholesterol specific detergent that permeabilizes
the sarcolemma (Veksler et al. 1987). Fibres were then washed in mitochondrial
respiration medium (MIRO5) containing EGTA (0.5mM), MgCL2-6H20 (3mM), potassium
lactobionate (60mM), KH2PO4 (10mM), Hepes (20mM), sucrose (110mM), and fatty acid
free BSA (1g/L). Fibres remained in MIRO5 until respiration analysis.
4.3.6 Permeabilized muscle fibre respiration
Mitochondrial respiration experiments using permeabilized muscle fibres (PMFs) were
performed using high resolution respirometry (Oroborus Oxygraph-2 K, Innsbruck,
Austria) at 37ºC. Previous work has demonstrated physiologically unrealistic ADP
sensitivity in the absence of the myosin II inhibitor blebbistatin, as these experiments
suggest greater than 50% of maximal mitochondrial respiration occurs in resting muscle
(Perry et al., 2012; Ydfors et al., 2016). Therefore, the majority of our experiments
occurred in the presence of blebbistatin (Perry et al., 2011) to better reflect the in vivo
environment, while a small number of experiments in WT animals were also conducted
61

in the absence of blebbistatin to model the ability of Cr/PCr and P-CoA to modulate
ADP sensitivity in a contracted situation. Exercise-based experiments were conducted
in the presence or absence of Cr (20mM) or PCr (20mM), and ADP (0, 10, 25, 100, 175,
250, 500, 1000, 2000, 4000, 6000 μM) stimulated respiration was determined in the
presence of 10mM pyruvate and 5mM malate. Glutamate (10mM) and succinate
(10mM) were added following the ADP titration to determine maximum mitochondrial
respiration. Experiments were also conducted in contracted PMFs (no blebbistatin) in
the presence and absence of P-CoA (60µM) with and without Cr (20mM) or PCr
(20mM). Cytochrome C (10µM) did not significantly elevate the respiration rate of
experiments. Respiratory control ratios (RCR) were determined for all experiments
(state 3 / state 4 respiration). All PMFs were recovered, freeze-dried, and data
normalized to bundle weight.
4.3.7 Preparation of isolated muscle mitochondria and respiration
Skeletal muscle mitochondria were isolated using differential centrifugation (Lally et al.,
2013). Muscle was removed, minced in isolation buffer (100mM sucrose, 100 mM KCl,
50 mM Tris-HCl, 1 mM KH2PO4, 0.1 mM EGTA, 0.2% bovine serum albumin (BSA), 1
mM ATP; pH 7.4), weighed, and homogenized using a motorized Teflon pestle
(750rpm). Mitochondria underwent centrifugation at 800g for 10 minutes, were resuspended in 4ml of isolation buffer and supplemented with 0.025µg/mg tissue protease
for 5 minutes. Thereafter, 10ml of isolation buffer was added and the sample
immediately spun at 5000g for 5 minutes (Herbst et al., 2014). The pellet was
repeatedly re-suspended in isolation buffer and pelleted at 10,000g for 10 minutes.
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Mitochondria were prepared immediately for western blot analyses or mitochondrial
respiration using an ADP clamp (i.e., 5units/ml hexokinase; 5mmol/L 2-deoxyglucose),
as previously described (da-Silva et al., 2004). Experiments were conducted using
10mM pyruvate, 2mM malate, and an ADP titration (2.5, 5, 10, 20, 40, and 100µM) in
the presence and absence of Cr (20mM) at 25ºC. To calculate P/O ratios, the change in
oxygen following addition of 50µM ADP was used in the presence of 10mM pyruvate
and 2mM malate, followed by addition of 2mM ADP, 10mM glutamate, and 10mM
succinate to determine maximal respiration rates.
4.3.8 Western blotting
Whole muscle red gastrocnemius was homogenized, diluted to 1µg/µl, and protein was
loaded equally for α-tubulin (5μg protein; 1:5000, Abcam, Cambridge, MA, USA;
ab7291), OXPHOS (5μg protein; 1:500, MitoSciences, Eugene, OR, USA; ab110413),
complex IV (subunit 4) (5μg protein; 1:3000, Invitrogen; A21347), VDAC (5μg protein;
1:5000, Abcam; ab14734), ANT1 (20 μg protein; 1:2000, Abcam; ab110322), ANT2 (25
μg protein; 1:2000, Abcam; ab118076), Mi-CK (5μg protein; 1:5000, Abcam;
ab131188), cytosolic creatine kinase (5 μg protein; 1:5000, MM-CK; Abcam; ab193292),
PDH (5 μg protein; Molecular Probes), CPT1 (20 μg protein; Alpha Diagnostic Intl., Inc.
TX, USA; CPT1M11-A) and SERCA (25 μg protein; Affinity Bioreagents, CO, USA).
Isolated mitochondria were diluted to 0.5µg/µl and protein was loaded equally (7.5μg
protein) for complex IV (subunit 4), VDAC, PDH, ANT1, Mi-CK, MM-CK, and SERCA.
Proteins were separated using SDS-PAGE, blocked, and incubated with appropriate
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primary and secondary antibodies. All membranes were detected using enhanced
chemiluminescence (ChemiGenius2 Bioimaging system, SynGene, Cambridge, UK).
4.3.9 Statistical analyses
The apparent Km for ADP was determined by Michaelis-Menten kinetics using Prism
software (GraphPad Software, Inc., La Jolla, CA, USA), as previously described (Perry
et al., 2011). Maximal respiration (Vmax) was determined as the highest respiratory value
obtained (Perry et al., 2012). Statistical analyses were performed using SigmaPlot
(version 12.0, Systat Software, Inc.). Exercise tolerance measurements were
determined using independent samples t-tests (2-tailed). Whole body measurements
and all sedentary/exercise parameters were analysed using two-way ANOVAs followed
by Student-Newman Keuls (SNK) post-hoc analyses. Contracted PMF experiments
were analysed using one-way ANOVAs and SNK post-hoc analyses. All data are
expressed as mean ± SEM. Significance was determined as P ≤ 0.05.

4.4 Results
4.4.1 Verification of non-compensatory changes in the Cr-independent pathway and
metabolism in Mi-CK KO mice
Although previous work has indicated that the MM-CK does not compensate in terms of
elevated gene expression in Mi-CK KO mice (Steeghs et al., 1998), we determined
whether Mi-CK KO mice had compensatory changes in proteins involved in Crindependent ADP/ATP transport, cytosolic CK (MM-CK), and mitochondrial content.
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First, we confirmed the absence of Mi-CK in the KO mice (Figure 4.1A). Despite the loss
of Mi-CK, MM-CK and proteins involved in mitochondrial ADP transport (ANT1, ANT2,
VDAC) and metabolism (complexes I-V, CPT-1, PDH) remained unaltered (Figure 4.1B
and C). This was accompanied by similar mitochondrial respiration in the presence and
absence of ADP, maximal complex I respiration, maximal complex I and II respiration,
and the respiratory control ratio of PMFs between WT and KO mice (Figure 4.1D). To
verify that the unaltered protein contents did not alter resting metabolism, through
impaired ADP flux into the mitochondria, we also confirmed that carbohydrate, fat
oxidation, and energy expenditure at the whole body level were similar between groups
(Figure 4.1E-G). Altogether, these data confirm the absence of compensatory changes
in Mi-CK KO mice, and therefore allowed us to study whether the Cr-independent
pathway (i.e., VDAC; ANT) can regulate energy homeostasis to sustain exercise
capacity, fuel selection, and ADP sensitivity during exercise.
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Figure 4.1. Mi-CK KO mice do not have compensation of protein markers of
mitochondrial content, ADP/ATP transport, MM-CK, maximal respiration rates, or
resting fuel selection. Western blot analyses demonstrating: (A) absence of Mi-CK in
KO mice and α-tubulin as a loading control (B) representative images of Western blots,
(C) relative protein contents of mitochondria (CI-CV; PDH; CPT1), ADP/ATP transport
(ANT1; ANT2; VDAC), and cytosol (MM-CK; SERCA), (D) Non-ADP stimulated
respiration (P, pyruvate; M, malate), ADP-stimulated respiration (PMD; D, ADP),
maximal complex I stimulated respiration (PMDG; G, glutamate), maximal coupled
respiration (PMDGS; S, succinate), (E) carbohydrate oxidation, (F) Fat oxidation, (G)
energy expenditure. RCR, respiratory control ratio. Data expressed as mean ± SEM. n =
10/group (western blots), n = 4-6/group (respiration analyses).

4.4.2 Mi-CK KO mice do not have impaired exercise tolerance or altered muscle
metabolic profiles
Given the loss of PCr/Cr energy transfer associated with ablating Mi-CK, we next
examined whether the reliance on the Cr-independent pathway could sustain exercise
tolerance in KO mice. The exercise capacity of Mi-CK WT and KO mice was not
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different, as the time to voluntary exhaustion was similar between genotypes at both
moderate and high intensities of exercise (Figure 4.2A-C). Regardless of genotype,
some mice had difficulty maintaining higher intensities of exercise (i.e., ran less than 10
minutes), and therefore, we choose a moderate intensity that all mice could sustain for
the remainder of our analyses to decrease variability. In this regard, we re-ran mice at
15m/min (5% grade) for 1 hour to examine steady-state metabolic profiles. While
exercise resulted in lower muscle glycogen (~50% decrease) and PCr (~20%
decrease), and increased muscle lactate and Cr (~20% increase), these responses
were not altered in the absence of the Mi-CK (Figure 4.3A-D). Moreover, while exercise
did not alter muscle total Cr or ATP concentrations, free ADP and AMP concentrations
were increased similarly with exercise in WT and KO mice (Figure 4.3E-H). Altogether,
these data suggest either Mi-CK PCr/Cr energy transfer is not essential to maintain
ADP delivery to mitochondria during exercise, or alternatively, that Cr-independent
processes are activated in vivo to maintain ADP transport and metabolic homeostasis.
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Figure 4.2. Mi-CK KO mice do not have impaired exercise tolerance at moderate
or high intensity exercise. Mi-CK WT and KO mice had similar run times to
exhaustion during both moderate (A) and high intensity (B and C) exercise. Data
expressed as mean ± SEM. n = 11-12/group.

Figure 4.3. Mi-CK KO mice do not have altered fuel selection during exercise. (A)
glycogen, (B) lactate, (C) PCr, (D) Cr, (E) total Cr, (F) ATP, (G) free ADP, and (H) free
AMP in sedentary and exercised WT and KO mice. Mi-CK WT and KO mice had similar
reductions in glycogen and PCr during exercise, and higher lactate, Cr, free ADP and
AMP. PCr, phosphocreatine; Cr, creatine; ATP, adenosine triphosphate; ADP,
adenosine diphosphate; AMP, adenosine monophosphate. Data expressed as mean ±
SEM. n = 4-7/group.
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4.4.3 Improved ADP sensitivity in Mi-CK KO mice immediately post-exercise
We next aimed to determine if Cr-independent ADP transport was activated in Mi-CK
KO mice. At rest, the apparent ADP Km was unaltered in sedentary mice in the absence
of the Mi-CK enzyme (i.e., no Cr or PCr in the media) (Figure 4.4A and B), supporting
the consistent VDAC and ANT proteins reported (Figure 4.1B and C). However, acute
exercise increased the apparent Km to ADP ~25% in WT mice, while in stark contrast,
the apparent Km was decreased ~33% in KO mice (Figure 4.4A and B). As a result,
relative to WT mice, the apparent Km was ~45% lower in KO mice after acute exercise,
suggesting a dramatic increase in Cr-independent ADP transport (Figure 4.4A and B).
Combined, these data indicate that in the absence of in vivo Cr-dependent energy
transfer (i.e., via Mi-CK), mitochondrial ADP sensitivity is improved to maintain oxidative
metabolism during exercise. This highlights a complex regulatory system involving a Crindependent pathway that has largely remained understudied.
We next examined the influence of acute exercise on ADP sensitivity in the presence of
phosphate shuttling. In contrast to the responses observed with Cr-independent ADP
sensitivity, acute exercise did not alter the apparent ADP Km in either genotype in the
presence of Cr or PCr (Figure 4.4C-F). While the apparent ADP Km was higher in KO
mice in the presence of Cr (Figure 4.4D), Cr still decreased the apparent Km ~33% in
Mi-CK KO mice (Figure 4.4C and D relative to sedentary Km values in Figure 4.4A and
B). Moreover, PCr similarly impaired mitochondrial ADP respiratory sensitivity in WT
and KO mice, as the apparent Km for ADP in the presence of PCr increased almost 2fold in both genotypes (Figure 4.4E and F relative to sedentary Km values in Figure
69

4.4A and B). Combined, these data further validate the Mi-CK genotype while also
suggesting that in situ assessments of Cr/PCr sensitivity in PMFs is partially
confounded by a MM-CK contribution. Alternatively, MM-CK relocation to the
mitochondrial intermembrane space in KO mice could occur to maintain Cr and PCr
sensitivity, explaining the responses observed in KO mice. However, mitochondria
isolated from KO mice did not contain either CK enzyme, while mitochondrial proteins
were comparably concentrated compared to WT mice (Figure 4.5A). This is similar to a
previous finding reported using MM-CK gene expression in diaphragm muscle (Watchko
et al., 2000). Moreover, isolated mitochondrial respiration experiments in the presence
and absence of Cr demonstrated similar mitochondrial integrity (Figure 4.5B) and
maximal respiration rates (Figure 4.5C), without significant improvements in ADP
sensitivity in WT or KO mice (Figure 4.5D). However, when assessed within each
genotype (i.e. t-test instead of a 2-way ANOVA), Cr decreased the apparent ADP Km
~10% (p=0.01) in WT mice, while Cr did not stimulate ADP sensitivity in KO mice.
Combined, these data suggest an absence of MM-CK redistribution to mitochondria,
supporting the importance of the observed Cr-independent improvement in ADP
sensitivity following acute exercise. In addition, these data indicate the retained
response to Cr/PCr in PMFs from Mi-CK KO mice reflects an MM-CK contribution, and
therefore the in vivo contribution of Cr-dependent energy transfer may be overestimated using this model.
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Figure 4.4. Mi-CK KO mice exhibit improved ADP sensitivity in the absence of Cr
or PCr immediately post-exercise. ADP respiratory kinetics were determined in a
standard reaction media (A), as well as in the presence of Cr (C) and PCr (E). The xaxis from the full Michaelis-Menten curve is rescaled to highlight the kinetic shifts in
each situation (A, C, E). The calculated apparent Km values are depicted below each
kinetic curve as generated in the standard media (B) and in the presence of Cr (D) and
PCr (F). *, different from Sed within same genotype; #, different from WT-Ex. Data
expressed as mean ± SEM. n = 6-7/group.
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Figure 4.5. MM-CK does not relocate to the intermembrane space of Mi-CK KO
mice. Western blot analysis using an isolated mitochondrial preparation verified the lack
of compensatory relocation of MM-CK. Purity of mitochondria are confirmed due to the
presence of mitochondrial membrane proteins: (A) Mi-CK (WT only), CIV, ANT1, and
VDAC, along with the absence of cytosolic proteins MM-CK and SERCA. P/O ratios,
maximal mitochondrial respiration, and ADP sensitivity in the presence and absence of
Cr were similar between WT and KO mice (Fig. B-D). WH, whole homogenate; mito.,
isolated mitochondria; Cr, creatine; D, ADP; G, glutamate; S, succinate. n = 8/group.

4.4.4 Muscle contraction reveals a lack of Cr-stimulated respiration despite maintained
P-CoA inhibition of ANT
To further study the importance of Cr-dependent and independent ADP delivery to the
mitochondria during exercise, we next modeled muscle contraction in an in situ
situation. In this regard, previous research has demonstrated that PMFs remain in a
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relaxed state when experiments are conducted either at 25 ºC or in the presence of
blebbistatin (myosin ATPase inhibitor) at 37ºC (Perry et al., 2011), as performed in the
current study. In contrast, we allowed PMFs from WT mice to contract by withholding
blebbistatin. As previously reported (Perry et al., 2012), contraction of PMFs increased
Cr-independent ADP sensitivity ~4-fold (relative to sedentary KM values in Figure 4.4B).
However, while Cr decreased the apparent ADP Km around 50% in relaxed PMFs
(Figure 4.4D), once PMFs were contracted, Cr did not improve ADP sensitivity (Figure
4.6A). One potential explanation in this model could be a diffusion limitation preventing
Cr from accumulating in the mitochondrial intermembrane space. We therefore also
used P-CoA in an attempt to modulate ADP sensitivity in contracted PMFs, as P-CoA is
known to inhibit ANT and reduce ADP sensitivity (Ho & Pande, 1974; Morel et al., 1974;
Shrago et al., 1974; Ludzki et al., 2015). Importantly, in the presence and absence of
Cr, P-CoA dramatically attenuated ADP sensitivity (Figure 4.6A), verifying the absence
of a diffusion limitation as an explanation for the lack of Cr-mediated drive on respiration
in contracted PMFs. In addition, the provision of PCr still attenuated ADP sensitivity, a
response that was additive with P-CoA (Figure 4.6B) – indicating the creatine kinase
reaction was still functional in contracted fibres but Cr simply did not affect ADP
sensitivity. One possible explanation could be that muscle contraction alters the
compartmentalization of the IMS (i.e. decreased IMS volume), and therefore, Cr is not
required to concentrate ADP, as transport under these circumstances may already be
optimal. Given the inability of Cr to alter respiration in contracted fibres from WT mice,
and therefore the absence of a Mi-CK mediated stimulation on respiration in this
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situation, we did not repeat these measurements in KO mice. Together, these data
suggest that Cr-dependent phosphate shuttling is not required for contracting muscle,
while further emphasising the potential importance of Cr-independent ADP provision
during exercise.

Figure 4.6. ADP sensitivity in contracted PMFs in the presence and absence of Cr,
PCr, and P-CoA. (A) presence and absence of Cr and P-CoA in contracted PMFs, (B)
presence and absence of PCr and P-CoA in contracted PMFs. Cr does not have an
effect on ADP sensitivity in contracted PMFs, while P-CoA inhibition of ANT occurs
similarly in the presence or absence of Cr. PCr exhibits the expected reduction in ADP
sensitivity compared to standard conditions, while combined PCr and P-CoA results in
additive inhibition on respiration. *, different from standard; #, different from +Cr or
+PCr; †, different from +P-CoA. Data expressed as mean ± SEM. n = 4-6/group.
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4.5 Discussion
The transport of ADP into mitochondria represents a key control point for skeletal
muscle metabolism, however, the regulation of this process is poorly defined and the in
vivo importance of Cr-independent processes remain largely understudied. We
hypothesized that Cr-independent ADP transport would be activated during exercise to
sustain metabolic profiles and exercise tolerance. Our data supports this hypothesis, as
we provide evidence that Cr-independent ADP sensitivity is improved during exercise in
KO mice, suggesting activation of VDAC or ANT maintains exercise tolerance and
metabolic outcomes in KO mice. Altogether, these data highlight that activation of Crindependent ADP sensitivity is important to sustain relative energetic requirements
during exercise, emphasizing the biological importance of this process.
4.5.1 Regulation of ADP sensitivity by the Cr-independent pathway during acute
exercise
Our current data suggests that external regulation of Cr-independent mechanisms is not
required to sustain energy homeostasis at rest, given the unaltered protein contents and
ADP sensitivity in the absence of Cr/PCr. Since elevated ADP transport is required
during exercise to match energy demands, we challenged these mice with an acute
bout of exercise in an attempt to establish whether the Cr-independent pathway can be
regulated in the absence of Cr/PCr shuttling in vivo. During muscle contraction, ATP
requirements increase ~100-fold (Hochachka & McClelland, 1997), particularly to
support myosin ATPase (Krause & Jacobus, 1992), SERCA (Rossi et al., 1990; Korge
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et al., 1993), and Na+/K+ -ATPase (Blum et al., 1991). Therefore, ADP provision to the
mitochondria must increase to enable oxidative phosphorylation to support these
increased ATP demands. However, ablation of the Cr-dependent pathway, via Mi-CK
loss, did not alter run time to exhaustion at several intensities of exercise. In addition,
muscle glycogen breakdown and metabolic profiles in skeletal muscle, including free
ADP and AMP concentrations, were not different in KO mice after running at a
moderate intensity of exercise, which should maximize the contribution of aerobic
metabolism to ATP provision (Romijn et al., 1993). These data indicate that ADP
transport for oxidative phosphorylation was not impaired in the absence of IMS
phosphate shuttling and ADP transport, and energy utilization was not compromised
based on similar reductions in PCr and glycogen content. However, we provide
evidence that ADP transport was maintained during exercise through activation of Crindependent processes in Mi-CK KO mice, as the apparent ADP Km was ~50% lower
than WT mice post-exercise. While the exact mechanism to account for the
improvement in ADP sensitivity is currently unknown, VDAC and ANT are required for
ADP/ATP movement across mitochondrial membranes (Guzun et al., 2012; Perry et al.,
2012), and therefore should be examined for possible regulation. Since sedentary ADP
sensitivity, maximal respiration rates, and VDAC/ANT protein contents were similar
between WT and KO mice, this strongly suggests external regulation of these proteins
independent of Cr/PCr energy transfer and diffusion of ADP into the mitochondria.
Previous work supports our current findings in WT mice, as reduced ADP sensitivity has
been observed in humans following acute moderate intensity exercise (Perry et al.,
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2012) and endurance training (Graham et al., 1997; Walsh et al., 2001a; Zoll et al.,
2003; Guerrero et al., 2005; Ludzki et al., 2015). In contrast, acute and chronic high
intensity exercise increased ADP sensitivity (Ydfors et al., 2016). Together with the
current findings in Mi-CK KO mice, this demonstrates that when sufficiently
metabolically challenged (i.e. high intensity exercise or ablation of phosphate shuttling),
Cr-independent ADP transport sensitivity can drastically be improved. Although we
cannot fully differentiate in the current study whether the regulation in WT and KO mice
occurs strictly on VDAC, ANT, or both, since ANT provides substrate to drive the Mi-CK
reaction (i.e., ATP), oxidative phosphorylation (i.e., ADP), and is a convergent point in
both Cr-dependent and Cr-independent mechanisms, it is plausible that external
regulation occurs at this step. Moreover, ANT contains possible sites for posttranslational modification, including lysine 23 acetylation (Mielke et al., 2014),
phosphorylation of tyrosine 194 (Feng et al., 2008), and glutathionylation/carbonylation
(Yan & Sohal, 1998; Queiroga et al., 2010). Although the influence of exercise on these
sites is not well-established, it is conceivable that ATP demand at various relative
exercise intensities can activate or suppress ADP transport through ANT, allowing for
tighter control of energy homeostasis. As such, high intensity exercise has been shown
to decrease ANT acetylation of lysine 23, which is predicted to increase ADP affinity
(Mielke et al., 2014). Interestingly, this aligns with previous evidence of increased ADP
sensitivity after high intensity exercise in situ in humans (Ydfors et al., 2016). This may
also explain the similar response in Mi-CK KO mice from the current study, provided
exercise induced a greater relative ‘stress’ on Cr-independent ADP transport mediated
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through the VDAC/ANT complexes. Although it is unclear whether moderate intensity
exercise increases ANT acetylation, given that high intensity exercise has been shown
to reduce ANT acetylation (Mielke et al., 2014), as well as improve ADP sensitivity
(Ydfors et al., 2016), an increase in ANT acetylation is a plausible explanation for the
reduction in ADP sensitivity following moderate intensity exercise (WT mice from the
current study and others (Perry et al., 2012)). Additionally, previous work has
highlighted the ability of the cytoskeleton to regulate outer mitochondrial membrane
proteins, including VDAC (Rostovtseva et al., 2008). Therefore, another possible
mechanism to improve ADP sensitivity during exercise could involve post-translational
modifications of upstream proteins, such as tubulin or desmin, resulting in altered
VDAC/ANT regulation of adenine nucleotide transport across mitochondrial membranes
(Rostovtseva et al., 2008; Guzun et al., 2012). Regardless of the absence of a
mechanism to explain the observed alterations in ADP sensitivity, the present data
provides support that Cr-independent mechanisms can regulate ADP transport during
exercise to sustain energetic requirements, emphasizing the plasticity of Crindependent ADP transport in vivo.
4.5.2 In situ Cr-dependent experiments contain a MM-CK contribution
In the presence of Cr, in situ ADP sensitivity is increased through mechanisms
attributed solely to Mi-CK (Boehm et al., 1998; Guerrero et al., 2005; Perry et al., 2012).
However, the current study and others (Boehm et al., 1998) have shown that although
the Cr-stimulated response is attenuated in Mi-CK KO mice, these mice still exhibit Crmediated improvements in ADP sensitivity despite the loss of Mi-CK. Moreover, we
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demonstrate that PCr inhibition is similar between WT and KO mice. The absence of
MM-CK relocation to the IMS suggests the observed Cr-dependent improvements in
ADP sensitivity appear to be confounded by cytosolic MM-CK in situ, and therefore,
research examining Cr/PCr influences on mitochondrial ADP sensitivity may not be
mitochondrial specific (Perry et al., 2012; Smith et al., 2013; Ludzki et al., 2015). While
the extent of interference by MM-CK is unclear, this data demonstrates Cr/PCrdependent ADP sensitivity is influenced by MM-CK in the absence of Mi-CK, a response
unaltered following exercise. Although our data in isolated mitochondria indicate the
absence of MM-CK in the IMS, previous work has suggested that MM-CK could relocate
closer to the outer mitochondrial membrane (OMM) following Mi-CK ablation (Boehm et
al., 1998), as MM-CK is capable of binding near sites of energy utilization including the
myofilbrils (Wallimann et al., 1984) and SERCA (Rossi et al., 1990). Thus, although we
cannot identify the exact location of MM-CK in the current study, the partially retained
response to Cr and PCr may reflect an MM-CK contribution that has become proximal
to the OMM. In addition, the present data suggests that external regulation of either
MM-CK or Mi-CK may not be required to maintain metabolic control in vivo, as the
apparent Km’s within each genotype remain unchanged after exercise despite elevated
energy demands. In contrast, compared to WT mice, Mi-CK KO mice had similar resting
and improved post-exercise Cr-independent ADP sensitivity, respectively. Altogether,
these data suggest Cr-independent ADP transport is biologically important and can be
regulated in vivo.
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4.6 Conclusions and perspectives
The current data highlights the plasticity of Cr-independent mechanisms to sustain
exercise tolerance and fuel selection during a metabolic challenge, suggesting both Crdependent and independent mechanisms are important for optimizing ADP transport to
meet energy demand in vivo. While Cr-dependent energy transfer is estimated to
contribute to ~80% of transport (Guzun et al., 2012), ANT and VDAC are thought to be
required for ADP/ATP movement across mitochondrial membranes. In the present
study, the conserved exercise tolerance following Mi-CK ablation suggests this enzyme
is dispensable for energy production, as it appears activation of VDAC/ANT is sufficient
to overcome the absence of Mi-CK. Furthermore, we have previously shown that Crindependent ADP sensitivity is altered with acute exercise (Perry et al., 2012), chronic
exercise training (Ludzki et al., 2015), omega-3 supplementation (Herbst et al., 2014),
diabetes (Smith et al., 2013), resveratrol (Smith et al., 2013), and in the presence of
reactive lipids (Ludzki et al., 2015). However, the biological importance of these
observations remained questionable, as phosphate shuttling via Cr-dependent
mechanisms were only modestly changed. However, the present data strongly suggests
that alterations in Cr-independent ADP sensitivity is biologically relevant, and can
influence oxidative phosphorylation (Chance & Williams, 1955). These data may also
help explain fibre type differences in resting muscle, as type I fibres, which are more
oxidative than type II fibres, display a 3-fold higher apparent ADP Km in the absence of
Cr (Zoll et al., 2003). Combined with the present findings, these data may suggest that
exercise is required to stimulate Cr-independent ADP transport in type I fibres. In
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contrast, given the greater potential to hydrolyze ATP in type II fibres, and the lower
apparent ADP Km in the absence of Cr (Zoll et al., 2003), it is possible in vivo Crindependent ADP transport is activated in resting type II fibers to maintain metabolic
homeostasis at the onset of exercise. While these arguments remain plausible, clearly
they are currently speculative and await further investigation. Moreover, elucidating the
regulatory ‘control points’ underlying this process may have implications for muscle
performance, especially as the apparent ADP Km increases ~3-fold with training (Zoll et
al., 2002; Zoll et al., 2003), suggesting a massive reserve potential for ADP sensitivity
that could be utilized in non-steady conditions to better control metabolic homeostasis.
Ultimately, our results demonstrate Cr-independent ADP sensitivity is drastically
improved with exercise in the absence of phosphate shuttling, as the apparent ADP Km
was ~50% lower in KO mice following treadmill running. These data highlight that Crindependent ADP sensitivity can be activated in vivo, and therefore, may be a future
target to improve mitochondrial bioenergetics in diverse metabolic situations. Moreover,
our data in KO mice demonstrating partially retained Cr-stimulated improvements in
ADP sensitivity highlight the importance of considering cellular location of creatine
kinases when utilizing PMF experiments, as these analyses can be confounded by the
MM-CK. Therefore, caution should be taken to avoid over-interpretation of Mi-CK’s
contribution to these experiments, as the possibility that MM-CK influences ADP
sensitivity in permeabilized fibres remains possible.
Overall, while the current study establishes that Cr-independent ADP transport can
sustain energy homeostasis during exercise, the exact mechanisms involved remain
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unknown. Future work should aim to address this knowledge gap, including direct
regulation on VDAC/ANT and indirect regulation through interactions with the
cytoskeletal network. This knowledge could have implications beyond understanding
exercise responses, as diabetic rodents display impairments in Cr-independent ADP
sensitivity (Smith et al., 2013), and therefore, activation of the VDAC/ANT axis in vivo
could modulate disease progression as well.
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Chapter 5 Exercise-induced reductions in mitochondrial
ADP sensitivity contribute to the induction of gene
expression and mitochondrial biogenesis through
enhanced mitochondrial H2O2 emission
Presented as published:
Miotto, PM., and Holloway, GP. (2018). Exercise-induced reductions in mitochondrial
ADP sensitivity contribute to the induction of gene expression and mitochondrial
biogenesis through enhanced mitochondrial H2O2 emission. Mitochondrion, S15677249(17)30277-5.

5.1 Abstract
Acute exercise rapidly induces mitochondrial gene expression, however, the
intracellular events regulating this process remain incompletely understood. The
purpose of this study was to determine whether reductions in mitochondrial ADP
sensitivity during exercise have a biological role in regulating mitochondrial-derived
reactive oxygen species (ROS) production and the induction of mitochondrial
biogenesis. Mitochondrial creatine kinase wildtype (WT) and knockout (KO) mice have
divergent responses in ADP sensitivity during exercise, and we therefore used these
mice to determine the relationship between mitochondrial ADP sensitivity, ROS
production, and mitochondrial adaptations to exercise. In WT mice, acute exercise
reduced mitochondrial ADP respiratory sensitivity and the ability of ADP to suppress
ROS production, while increasing mitochondrial gene transcription (PGC-1α, PGC-1
and PDK4). In stark contrast, in KO mice, exercise increased ADP sensitivity, reduced
mitochondrial ROS emission, and did not induce gene transcription. Despite the
divergence in mRNA responses, exercise similarly induced calcium/calmodulin83

dependent protein kinase II (CaMKII) and AMP-activated protein kinase (AMPK)
phosphorylation in WT and KO mice, however only WT mice were associated with
redox stress (4HNE). These data implicate acute changes in ADP sensitivity in
mitochondrial adaptations to exercise. To further examine this we chronically exercise
trained mice. While training increased mitochondrial content and reduced ADP
sensitivity in WT mice, KO mice did not exhibit adaptations to exercise. Combined,
these data suggest that exercise-induced attenuations in mitochondrial ADP sensitivity
mediate redox signals that contribute to the induction of acute and chronic mitochondrial
adaptations.

5.2 Introduction
Skeletal muscle mitochondria play an important role in supporting energy demands
during exercise, a situation that increases ATP requirements by ~100 fold in contracting
muscle (Hochachka & McClelland, 1997). In response to this metabolic challenge, acute
exercise is known to cause transient increases in peroxisome proliferator-activated
receptor gamma coactivator 1-α (PGC-1α) mRNA expression (Perry et al., 2010), an
important regulator of mitochondrial biogenesis (Wu et al., 1999), that can be
upregulated in contracting muscle through calcium activation of calcium/calmodulindependent protein kinase II (CaMKII) (Wu et al., 2002; Wright et al., 2007) and
ADP/AMP activation of AMP-activated protein kinase (AMPK) (Terada et al., 2002).
However, overexpression of CaMKII (Eilers et al., 2014) and the absence of active
AMPK during acute exercise (Jorgensen et al., 2005) do not alter mitochondrial
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biogenesis, suggesting contributions from alternative signalling events. Interestingly,
global reactive oxygen species (ROS) production have been linked to ryanodine
modifications (Place et al., 2015), subsequent elevations in cytosolic calcium (Espinosa
et al., 2006; Hidalgo et al., 2006), and exercise-mediated gene transcription (Silveira et
al., 2006), while mitochondrial-specific ROS production is required for mitochondrial
biogenesis during non-exercise metabolic stimuli (Jain et al., 2014). While the degree to
which mitochondrial-specific ROS contribute to redox signaling during exercise remains
debated (Powers & Jackson, 2008; Sakellariou et al., 2014; Zuo et al., 2015), the
underlying cause for an increase in mitochondrial-specific ROS during muscle
contraction (Sahlin et al., 2010) remains unknown. However, acute exercise has
recently been shown to reduce ADP sensitivity in rodents (Miotto & Holloway, 2016;
Miotto et al., 2017b) and humans (Perry et al., 2012), a situation that could promote
mitochondrial ROS production despite the presence of ADP (Anderson et al., 2009;
Smith et al., 2013; Ludzki et al., 2015), while simultaneously increasing cytosolic
ADP/AMP accumulation. Although the biological relevance of a reduction in ADP
sensitivity during exercise currently remains theoretical, attenuated ADP sensitivity may
contribute to exercise-induced gene transcription through either/both redox signalling
and activation of AMPK.
We therefore examined the importance of reduced mitochondrial ADP sensitivity in
contributing to the induction of exercise-induced mitochondrial biogenesis. To achieve
this aim, we utilized a mouse model that we have previously shown to exhibit opposing
effects on ADP sensitivity during acute exercise (Miotto & Holloway, 2016). Specifically,
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ablation of the mitochondrial creatine kinase, an enzyme that assists in ADP transport
into the mitochondria through phosphocreatine/creatine shuttling (Aliev et al., 2011;
Wallimann et al., 2011), results in drastically increased ADP sensitivity during exercise,
in contrast to the reduction shown in WT mice (Miotto & Holloway, 2016). Our present
data provides evidence that exercise-induced reductions in mitochondrial ADP
sensitivity results in redox stress and appears to be important for the induction of
mitochondrial gene expression acutely and ultimately chronic mitochondrial adaptations.

5.3 Materials and methods
5.3.1 Animals
All experimental procedures complied with the US National Institutes of Health and were
approved by the Animal Care Committee at the University of Guelph. Male
mitochondrial creatine kinase (Mi-CK) wildtype (WT) and knockout (KO) mice were fed
chow ad libitum. For acute studies, animals were randomized to either a sedentary
(Sed) or acute exercise (Ex) condition, creating 4 groups (WT Sed, KO Sed, WT Ex, KO
Ex; ~26g body weight, n=8/group). For chronic training studies, animals were
randomized to either a sedentary or trained condition, creating an additional 4 groups
(WT Sed, KO Sed, WT trained, KO trained; ~27g body weight; n=8/group).
5.3.2 Exercise protocols
For acute exercise, Mi-CK WT and KO mice ran at a moderate-intensity on a motorized
treadmill (15m/min, 5% incline, for 90 minutes) to be studied immediately post-exercise
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or remained sedentary as a comparison. For chronic exercise training, animals were
acclimated to the treadmill for 3 days (10 minutes each day) at 15 m/min and a 5%
grade. After 72 hours, a run test to exhaustion was performed on all mice (15m/min; 5%
grade; increased speed by 2m/min every 5 minutes until exhaustion after 1.5 hours).
The progressive exercise training consisted of treadmill running 5 days per week at the
following specifications: week 1 (20m/min, 10% grade), week 2 (22m/min, 15% grade),
week 3 (23m/min, 20% grade), and week 4 (24m/min, 20% grade). Animals were
anesthetized with sodium-pentobarbitol (60mg/kg) and one red vastus was removed for
permeabilized muscle fibre preparation while the contralateral red vastus was snap
frozen for quantitative PCR or western blotting.
5.3.3 Permeabilization of muscle fibres
Permeabilized muscle fibres (PMFs) were prepared as previously described (Miotto &
Holloway, 2016). Briefly, PMFs were separated in BIOPS buffer (CaK2 EGTA (2.77mM),
K2-EGTA (7.23mM), Na-ATP (5.77mM), MgCL2-6H20 (6.56mM), Na2-phosphocreatine
(15mM), imidazole (20mM), dithiothreitol (0.5mM), and MES (50mM)) and treated with
40µg/ml saponin for 30 minutes to permeabilize the sarcolemma. PMFs were either
washed in MIRO5 (EGTA (0.5mM), MgCL2-6H20 (3mM), potassium lactobionate
(60mM), KH2P04 (10mM), Hepes (20mM), sucrose (110mM), and fatty acid free BSA
(1g/L)) (Miotto & Holloway, 2016) or buffer Z (K-MES (105mM), KCL (30mM), EGTA
(1mM), KH2P04 (10mM), MgCL2-6H20 (5mM), pyruvate (0.005mM), malate (0.002mM),
BSA (5mg/ml)) (Ludzki et al., 2015) for respiration or ROS production experiments,
respectively.
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5.3.4 Mitochondrial respiration in permeabilization muscle fibres
All experiments were conducted in the presence of blebbistatin (5µM) to promote
muscle relaxation through inhibition of myosin ATPase. ADP titrations (0, 100, 250, 500,
1000, 2000, 4000, 6000, 8000,10000; µM) were performed in the presence of 2mM
pyruvate and 2mM malate. Cytochrome C (10µM) did not elevate mitochondrial
respiration, supporting mitochondrial integrity, and respiratory control ratios were
determined for all experiments (state 3 / state 4) and did not change between groups.
All PMFs were recovered, freeze dried, and data normalized to bundle weight.
5.3.5 ROS emission measurements
Mitochondrial H2O2 emissions in PMFs were measured fluorometrically at 37°C in the
presence of buffer Z, blebbistatin (5µM), superoxide dismutase (40 U/ml), amplex red
(Invitrogen), and horseradish peroxidase (0.5 U/ml). H2O2 production was stimulated by
succinate (20mM) in the absence and presence of a physiological concentration of
resting free ADP (100µM) to calculate the % suppression of H2O2 emission (i.e., the
ability for ADP to suppress H2O2 emission; surrogate of ADP sensitivity). Experiments
were performed in duplicate and averaged per animal. All PMFs were recovered, freeze
dried, and data normalized to bundle weight.
5.3.6 RNA extraction and quantitative PCR
Messenger RNA was isolated by homogenizing (FastPrep-24, MP Biomedicals, Santa
Ana, CA) samples in TRIzol reagent followed by purification using a RNeasy mini kit
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(Qiagen), as previously described (Matravadia et al., 2013). The following primer sets
were used for quantitative PCR: 18S Forward 5-GTTGGTTTTCGGAACTGAGGC-3,
18S Reverse 5-GTCGGCATCGTTTATGGTCG-3; PGC-1α Forward 5CAATGAGCCCGCGAACATAT-3, PGC-1α Reverse 5-CAATCCGTCTTCATCCACCG3; PDK4 Forward: 5-AAGATGCTCTGCGACCAGTAT-3; PDK4 Reverse: 5GAAGGTGTGAAGGAACGTACA-3; PGC-1 Forward: 5CGCTCCAGGAGACTGAATCCAG-3; PGC-1 Reverse: 5CTTGACTACTGTCTGTGAGGC-3; COX-I Forward: 5-CTAGCCGCAGGCATTACTAT3; COX-I Reverse: 5-TGCCCAAAGAATCAGAACAG-3; and citrate synthase Forward:
5-GCATGAAGGGACTTGTGTA-3; citrate synthase Reverse: 5TCTGGCACTCAGGGATACT-3.
5.3.7 Western blotting
Red vastus from WT and KO mice was homogenized (FastPrep-24, MP Biomedicals,
Santa Ana, CA) in cell lysis buffer as previously described (Miotto et al., 2016). Samples
were prepped at 1µg/µl and loaded equally for α-tubulin (1:5000, ab7291; Abcam),
mitochondrial creatine kinase (Mi-CK; 1:5000, ab131188; Abcam), complexes of the
electron transport chain (OXPHOS; 1:500, ab110413; Abcam), voltage-dependent anion
channel (VDAC; 1:5000, ab14734; Abcam), adenine nucleotide translocase-1 (ANT1;
1:1000, ab110322; Abcam), cytosolic creatine kinase (MM-CK; 1:5000, ab193292;
Abcam), pyruvate dehydrogenase subunit E1α (PDHE1α; 1:5000, #459400; Invitrogen),
pyruvate dehydrogenase kinase-4 (PDK4; 1:1000, ab38242; Abcam), superoxide
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dismutase-2 (SOD2; 1:5000, ab13533; Abcam), Catalase (1:2000, ab16731; Abcam),
PGC-1α (1:1000, #516557; Calbiochem), 4-hydroxynonenal (4HNE; 1:1000, HNE11-s;
Alpha Diagnostics) sarco/endoplasmic reticulum calcium ATPase (SERCA; 1:1000,
MA3-919; Affinity Bioreagents, CO, USA), calsequestrin (CSQ; 1:1000, ab191564;
Abcam), AU rich binding factor 1 (AuF, 1:500, #07-260; Millipore), human antigen R
(HuR, 1:2000, sc5261; Santa Cruz), CuG binding protein 1 (CuGBP1, 1:1000, sc56649;
Santa Cruz), total AMPK (1:1000, #2532; Cell Signaling), Phospho-AMPK (1:1000,
#2535; Cell Signaling), total CaMKII (1:1000, #3362; Cell Signaling), and PhosphoCaMKII (1:1000, #3361; Cell Signaling). Proteins were separated using SDS-PAGE,
transferred onto PVDF membranes, blocked, and incubated with appropriate primary
and secondary antibodies. Membranes were detected using enhanced
chemiluminescence (ChemiGenius2 Bioimaging system, SynGene, Cambridge, UK).
5.3.8 Statistical analyses
The apparent Km for ADP was determined by Michaelis-Menten kinetics using Prism
Software (GraphPad Software, Inc., La Jolla, CA, USA) (Perry et al., 2011). Statistical
analyses were performed using SigmaPlot (version 12.0, Systat Software, Inc). Basic
characterization data between Mi-CK WT and KO mice were analysed using
independent samples t-tests (two-tailed). For exercise or trained comparisons, two-way
ANOVAs were used followed by Student Newman Keuls post-hoc analyses where
appropriate. The two factors included genotype (WT or KO) and activity (Sed or Ex; Sed
or Trained). Statistical significance was determined as P <0.05. Data are expressed as
mean ± standard error of the mean (SEM).
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5.4 Results
5.4.1 Basic characterization of Mi-CK WT and KO mice
We first verified the ablation of Mi-CK in the red vastus of KO mice (Figure 5.1A), and
determined whether KO mice had compensatory changes in cytosolic and mitochondrial
proteins involved in acute exercise responses and mitochondrial biogenesis.
Importantly, there were no differences in cytosolic creatine kinase (MM-CK), calcium
handling proteins (SERCA, CSQ), exercise signals (CaMKII, AMPK), antioxidants
(SOD2, catalase), markers of mitochondrial content (CV, CIII, CII, PDHE1α, PDK4),
substrate transporters (VDAC, ANT), or mRNA regulatory proteins (PGC-1α, AuF1,
HuR, CuG-BP1) (Figure 5.1A and B) between WT and KO mice. Altogether, these data
verify the absence of baseline compensatory adaptations due to the absence of Mi-CK.
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Figure 5.1. Basic characterization of Mi-CK WT and KO mice. Representative
Western blot images (a) and quantification (b) of proteins involved in calcium handling,
exercise signaling, antioxidants, mitochondria, substrate transporters, and mRNA
regulators between Mi-CK WT and KO mice. WT, wildtype; KO, knockout; Sed,
sedentary; Ex, exercise. Data expressed as mean ± SEM. n=6-8/group.
5.4.2 A reduction in ADP sensitivity is important for increased markers of mitochondrial
biogenesis during acute exercise
We first challenged these mice to an exercise tolerance test to ensure similar baseline
capacity, and found there were no differences in run time (WT: 144.33 ± 4.75, KO:
144.8 ± 3.99; minutes). We next challenged these mice to an acute bout of exercise to
examine the relationship between changes in ADP sensitivity and markers of
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mitochondrial biogenesis. While neither genotype or acute exercise altered the RCR
(WT Sed: 5.72 ± 0.46; KO Sed: 6.00 ± 0.49; WT Ex: 5.35 ± 0.24; KO Ex: 5.78 ± 0.68),
acute exercise resulted in an increased apparent ADP Km (i.e., decreased ADP
sensitivity) in WT mice (Figure 5.2A and B). In contrast, KO mice had a reduction in the
apparent ADP Km (i.e., increased ADP sensitivity), such that KO mice were almost 50%
more sensitive to ADP after acute exercise (Figure 5.2A and B). The reduction in ADP
sensitivity in WT mice coincided with an increase in PGC-1α (Figure 5.2C), PGC-1
(Figure 5.2D), and the mitochondrial marker PDK4 (Figure 5.2E) mRNA expression
without altering citrate synthase or COX-I (data not shown). In contrast, exercise did not
induce the accumulation of PGC-1α, PGC-1, or PDK4 mRNA in KO mice (Figure
5.2C-E). Combined, these data suggest a relationship between mitochondrial ADP
sensitivity and exercise-induced gene transcription. We therefore examined signalling
pathways implicated in regulating mitochondrial biogenesis that could be potentially
augmented by mitochondrial ADP sensitivity.
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Figure 5.2. Reductions in ADP sensitivity and reduced ADP suppression of H2O2
emissions is important for exercise-mediated PGC-1α mRNA expression. Apparent
Km for ADP (a), Michaelis-Menten kinetic curves (b), PGC-1α mRNA expression (c),
and PDK4 mRNA expression (d) in Mi-CK WT and KO mice that are Sed or Ex. *,
significantly different from Sed within same genotype; #, significantly different from WT
Ex. WT, wildtype; KO, knockout; Sed, sedentary; Ex, exercise; PGC-1α, peroxisome
proliferator-activated receptor gamma coactivator 1-α; PDK4, pyruvate dehydrogenase
kinase-4. Data expressed as mean ± SEM. n=6-8/group.

5.4.3 A reduction in mitochondrial ADP sensitivity is coupled to a reduced ability to
suppress H2O2 production independent of CaMKII or AMPK phosphorylation
Mitochondrial function could influence calcium handling and cellular energy fluctuations,
and we therefore examined the influence of exercise on CaMKII and AMPK signalling
within our genotypes. Despite the divergent responses in mitochondrial ADP sensitivity
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and induction of mitochondrial genes, WT and KO mice had similar CaMKII (Figure
5.3A) and AMPK (Figure 5.3B) phosphorylation levels at rest and immediately postexercise. These data suggest reductions in ADP sensitivity do not influence these
signalling processes to explain the apparent induction in mitochondrial biogenesis. We
therefore examined mitochondrial H2O2 emissions in the presence of ADP, as changes
in mitochondrial ADP sensitivity could potentially enhance mitochondrial ROS emission
to influence redox regulation of mitochondrial biogenesis. While there were no changes
in maximal succinate supported ROS rates at rest or immediately post-exercise (data
not shown), the ability of ADP to suppress ROS was reduced only in WT mice (Figure
5.4A), supporting the reduction in ADP respiratory sensitivity in these animals (Figure
5.2A and B). Furthermore, while exercise was associated with greater lipid peroxidation
(main effect regardless of genotype: Figure 5.4B), exercise only increased 4HNE within
WT animals (Figure 5.4C). Combined, these data implicate reduced ADP sensitivity in
the regulation of redox mediated gene transcription.
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Figure 5.3. Exercise increases CaMKII and AMPK phosphorylation similarly
between Mi-CK WT and KO mice. Representative Western blot images and
quantification for the expression of phospho-CaMKII / Total-CaMKII (a) and phosphoAMPK / Total-AMPK (b). WT, wildtype; KO, knockout, Sed, sedentary; Ex, exercise;
CaMKII, calcium/calmodulin-dependent protein kinase II; AMPK, AMP-activated protein
kinase. Data expressed as mean ± SEM. n=6-8/group.
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Figure 5.4. Exercise results in impaired ADP suppression of mitochondrial H2O2
emissions and greater 4HNE in Mi-CK WT but not KO mice. % suppression of H2O2
emissions by ADP (a), representative image (b) and quantification (c) of 4HNE, and %
change of 4HNE from Sed within same genotype (d). *, significantly different from WT
Sed; #, significantly different from WT Ex. WT, wildtype; KO, knockout; Sed, sedentary;
Ex, exercise; 4HNE, 4-hydroxynonenal. Data expressed as mean ± SEM. n=6-8/group.
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5.4.4 Acute attenuation in mitochondrial ADP sensitivity aligns with blunted training
mitochondrial adaptations
Given the acute nature of our exercise protocol, and the importance of repeated
transient bursts in mRNA expression for mitochondrial protein expression (Perry et al.,
2010), we next exercise trained WT and KO mice to determine chronic mitochondrial
adaptations. In line with our acute measurements, WT mice exhibited increased
mitochondrial protein expression (Figure 5.5A-F) and reduced ADP sensitivity (Figure
5.5G) following training. In contrast, KO mice did not exhibit changes in mitochondrial
protein expression (Figure 5.5A-F) or ADP sensitivity (Figure 5.5G). Altogether, these
data suggest that attenuations in mitochondrial ADP sensitivity and the acute
suppression of mitochondrial-related gene expression are important for chronic
mitochondrial adaptations to exercise.
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Figure 5.5. Exercise training results in increased mitochondrial proteins and
reduced ADP sensitivity in Mi-CK WT but not KO mice. Representative images (a)
and quantification (b-f) of mitochondrial proteins complex I-V of the electron transport
chain, and apparent ADP Km in permeabilized muscle fibres (g). *, significantly different
from WT Sed; #, significantly different from WT Trained. WT, wildtype; KO, knockout;
Sed, sedentary. Data expressed as mean ± SEM. n=8/group.

5.5 Discussion
In the present study, we utilized animals with divergent exercise-mediated mitochondrial
responses to examine the importance of attenuated mitochondrial ADP sensitivity in
influencing H2O2 emission rates and the induction of mitochondrial biogenesis. Our data
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demonstrates that animals with increased ADP sensitivity: 1) do not display contraction
mediated gene transcription; 2) display lower mitochondrial ROS rates and attenuated
exercise-induced 4HNE accumulation; 3) have similarly activated CaMKII and AMPK
phosphorylation; and 4) have blunted mitochondrial adaptations following exercise
training compared to WT mice. Combined, the present data demonstrates that a
reduction in mitochondrial ADP sensitivity is important for exercise-induced
mitochondrial gene and protein expression, and implicates redox signalling in this
response.
In the present study we provide evidence that the reduction in ADP sensitivity in skeletal
muscle during acute exercise may have important implications for early mitochondrial
adaptations, given that PGC-1α, PGC-1, and PDK4 mRNA expression were blunted in
KO mice in the presence of increased ADP sensitivity. The reduction in ADP sensitivity
during acute exercise, combined with an inability for ADP to suppress mitochondrial
ROS emission rates in WT mice, suggests that ADP sensitivity influences redox
regulation of mitochondrial biogenesis. These data are further supported by the
observation that exercise only increased 4HNE content in WT mice in the absence of
changes in antioxidant content between genotypes. While it is unclear how ROS
induces gene transcription, CaMKII can be activated directly through oxidation (Erickson
et al., 2008). Moreover, P38 MAPK, an enzyme located downstream of CaMKII, is also
redox sensitive (Dodd et al., 2010; Derbre et al., 2012) and contributes to PGC-1α
expression (Wright et al., 2007). While future research is required to fully understand
how redox signalling induces gene transcription during acute exercise, the present data
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provides compelling evidence to suggest that a reduction in mitochondrial ADP
sensitivity is instrumental in activating exercise-induced mitochondrial biogenesis,
particularly since the KO mice do not have acute or chronic mitochondrial adaptations to
exercise.
In theory, a reduction in ADP sensitivity could also promote cytosolic accumulation of
free ADP/AMP, resulting in a larger energetic stress, AMPK activation, and increased
mitochondrial biogenesis (Terada et al., 2002). However, the similar AMPK
phosphorylation levels during exercise between WT and KO mice, as well as similarities
in cytosolic free ADP/AMP during exercise in this mouse strain (Miotto & Holloway,
2016), suggest that the reduction in mitochondrial ADP sensitivity occurred independent
of AMPK activation. In addition, it does not appear that the divergent responses in
mitochondrial biogenesis occurred secondary to changes in calcium homeostasis during
muscle contraction and CaMKII (Wu et al., 2002; Wright et al., 2007). In this regard, the
unaltered protein contents for calcium handling along with similar AMPK activation in
the current study, previously reported exercise tolerance (Miotto & Holloway, 2016), and
sustained muscle force-production (Steeghs et al., 1998) in this mouse strain suggest
that energy requirements for muscle contraction were not altered. Therefore, the
attenuation in exercise-induced gene transcription following exercise appears to occur
independent of energy turnover, potentially contributing to the previous observation that
exercise-mediated gene transcription is maintained in the absence of AMPK signaling
(Jorgensen et al., 2005).
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While the present data implicates mitochondrial ROS and ADP sensitivity in the
regulation of gene transcription during acute exercise and protein expression following
training, the exact involvement of cytosolic and mitochondrial ROS production in
contributing to mitochondrial adaptations with exercise require future investigation.
Nevertheless, our data provides a novel framework for the study of biological
implications to acute exercise, as collectively, our data highlight that a reduction in ADP
sensitivity appears necessary for redox stress and mitochondrial adaptations to
exercise.
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Chapter 6 High fat diet causes mitochondrial dysfunction
as a result of impaired ADP sensitivity
Presented as published:
Miotto, PM., LeBlanc, PJ., and Holloway, GP. (2018). High fat diet causes
mitochondrial dysfunction as a result of impaired ADP sensitivity. In Press. Diabetes, db
180417.

6.1 Abstract
While molecular approaches altering mitochondrial content have implied a direct
relationship between mitochondrial bioenergetics and insulin sensitivity, paradoxically,
consumption of a high fat (HF) diet increases mitochondrial content while inducing
insulin-resistance. We hypothesized that despite the induction of mitochondrial
biogenesis, consumption of a HF diet would impair mitochondrial ADP sensitivity in
skeletal muscle of mice, and therefore manifest in mitochondrial dysfunction in the
presence of ADP concentrations indicative of skeletal muscle biology. We found that HF
consumption increased mitochondrial protein expression, however absolute
mitochondrial respiration and ADP sensitivity were impaired across a range of
biologically relevant ADP concentrations. In addition, HF consumption attenuated the
ability of ADP to suppress mitochondrial H2O2 emission, further suggesting impairments
in ADP sensitivity. The abundance of ADP transport proteins was not altered, while the
sensitivity to carboxyatractyloside-mediated inhibition was attenuated following HF
consumption, implicating alterations in adenine nucleotide translocase (ANT) ADP
sensitivity in these observations. Moreover, palmitoyl-CoA is known to inhibit ANT, and
modelling intramuscular palmitoyl-CoA concentrations that occur following HF
103

consumption exacerbated the deficiency in ADP sensitivity. Altogether, these data
suggest that a HF diet induces mitochondrial dysfunction secondary to an intrinsic
impairment in mitochondrial ADP sensitivity that is magnified by palmitoyl-CoA.

6.2 Introduction
While the etiology of type 2 diabetes is poorly defined, chronic consumption of a high-fat
(HF) diet is a major contributor to whole body glucose-intolerance (Miotto et al., 2016)
and insulin-resistance (Storlien et al., 1991; Lagouge et al., 2006). Although the
molecular explanations for these responses are not fully understood, mitochondrial
dysfunction within skeletal muscle has received attention as a potential contributor, as
mitochondrial content is reduced in most reports of insulin resistant/obese human
skeletal muscle (Kim et al., 2000; Ritov et al., 2005). Moreover, in various models, the
induction of mitochondrial biogenesis protects against the development of insulinresistance (Christian et al., 2006; Lagouge et al., 2006), and genetic approaches that
decrease mitochondrial content predispose animals to HF diet-induced insulinresistance (Handschin et al., 2007). While these data suggest changes in mitochondrial
content are related to insulin-sensitivity, reductions in mitochondrial oxidative capacity
are not uniformly reported in the literature with insulin-resistance (Holloway et al., 2007;
Smith et al., 2013), and HF feeding has been shown to induce glucose-intolerance and
insulin-resistance despite increasing mitochondrial content (Turner et al., 2007;
Hancock et al., 2008; Holloway et al., 2009). Together, these data suggest reductions in
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mitochondrial respiratory capacity are not required for the development of insulinresistance.
Although short-term HF experiments challenge the notion that mitochondrial
dysfunction contributes to insulin-resistance development, these data are difficult to
rectify with molecular approaches that alter mitochondrial content and highlight a strong
association with insulin-sensitivity. An important consideration in this respect is that
previous examinations of mitochondrial function have been performed in the presence
of saturating ADP concentrations, which may not reflect the biological environment. It
has been postulated that an increase in mitochondrial content improves the sensitivity of
oxidative metabolism to ADP (Dudley et al., 1987; Ludzki et al., 2015), and therefore
ADP responsiveness may represent a key process in cellular homeostasis that is not
recapitulated in experiments conducted in the presence or absence of saturating ADP.
Importantly, the movement of ADP into the mitochondrial matrix, and the subsequent
binding of ADP to F1F0 ATP synthase, decreases membrane potential and H2O2
production while simultaneously increasing substrate oxidation (Anderson et al., 2009).
In this manner, ADP sensitivity may represent a key biological process influenced by
changing mitochondrial content, as it can influence both redox balance and reactivelipid accumulation. Intriguingly, mitochondrial ADP sensitivity is externally regulated and
inhibited by reactive-lipid accumulation (i.e. palmitoyl-CoA), however surprisingly, it is
not currently known how mitochondrial ADP sensitivity is affected by HF consumption.
We hypothesized that mitochondrial ADP sensitivity would be impaired following a HF
diet, independent of reductions in mitochondrial content. If accurate, this hypothesis
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would rectify a prominent discrepancy in the literature regarding the notion that
mitochondrial dysfunction occurs in parallel with the development of insulin-resistance.

6.3 Research design and methods
6.3.1 Animals and ethics
All experimental procedures were approved by the Animal Care Committee at the
University of Guelph, and conformed to the guide for the care and use of laboratory
animals as indicated by the US National Institutes of Health. Male (10-12 weeks of age)
mice on a C57Bl6J background were fed either a control (CON; 10% lard) or high fat
(HF; 60% lard) diet ad libitum for 4 weeks. All animals were anesthetized with an
intraperitoneal injection of sodium pentobarbital (60mg/kg; MTC Pharmaceuticals,
Cambridge, ON) prior to red-gastrocnemius extraction for subsequent analyses.
6.3.2 Verification of high fat diet induced glucose and insulin-tolerance
Intraperitoneal glucose and insulin-tolerance tests were performed on separate days as
previously reported (Whitfield et al., 2017). On a separate day, animals were
anesthetised, and the red-gastrocnemius muscles removed before or 15 minutes after
an intravenous injection of 1U/kg body weight of insulin (Novorapid). The area under the
curve (AUC) calculations were adjusted to account for baseline blood glucose values.
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6.3.3 Resting whole-body metabolic measurements
Resting oxygen consumption (VO2) and carbon dioxide production (VCO2) were
monitored in metabolic caging (Columbus Instruments, Columbus, OH) and used to
calculate total carbohydrate and fat oxidation, and energy expenditure as previously
reported (Miotto & Holloway, 2016).
6.3.4 Mitochondrial bioenergetics
Respiration in red-gastrocnemius permeabilized muscle fibres was measured using
high-resolution respirometry (Oroboros Oxygraph-2 K, Innsbruck, Austria) at 37ºC as
previously reported (Ludzki et al., 2015). Briefly, ADP (0-12000; μM) was titrated in the
presence of pyruvate (10mM) and malate (5mM), followed by glutamate (10mM) and
succinate (10mM), in the presence or absence of P-CoA (20 or 60μM). In separate
experiments, P-CoA was titrated in the presence of L-carnitine (2mM), malate (5mM),
and ADP (5mM), and in the absence or presence of malonyl-CoA (M-CoA; 7μM).
Carboxyatractyloside (0.2-1.6μM) was used to inhibit ADP-supported respiration to
investigate changes in adenine nucleotide translocase (ANT) substrate sensitivity.
Cytochrome c (10μM) did not stimulate respiration during experiments (data not shown).
Succinate-supported (20mM) H2O2 emission was determined fluorometrically in the
absence and presence of ADP (100μM) as previously reported (Ludzki et al., 2015).
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Citrate synthase activity
Frozen red-gastrocnemius (6-10mg) was homogenized in Tris buffer (100mM, pH 8.3),
freeze-thawed to lyse mitochondria, and citrate synthase activity was measured
spectrophotometrically as previously reported (Srere, 1969; Miotto et al., 2017a).
6.3.5 Western blot analysis
The red-gastrocnemius was homogenized and Western blotting was performed as
previously reported (Miotto & Holloway, 2016). See supplemental Figure 1 for a
complete list of antibodies.
6.3.6 Statistical analyses
Michaelis-Menton kinetics were determined by plotting data points in GraphPad Prism 5
software to estimate the apparent Km as previously described (Perry et al., 2012).
Unpaired two-tailed student’s t-tests were used to analyze data between CON and HF
fed mice, and one-way ANOVA’s were used for P-CoA-ADP sensitivity comparisons
followed by Student Newman Keuls post-hoc analyses where appropriate. Statistical
significance was determined at P < 0.05. Data are expressed as mean ± standard error
of the mean (SEM).
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6.4 Results
6.4.1 Verification of HF diet-induced glucose-intolerance and insulin-resistance
We first verified the expected HF diet responses on body mass and insulin-resistance.
HF consumption resulted in greater body weight (CON: 31 ± 1.78; HF: 38.6 ± 0.95; g,
P<0.05), greater epididymal fat mass (CON: 1.2g ± 0.24; HF: 2.9 ± 0.15; g, P <0.05),
greater AUC in response to a GTT and ITT (Figure 6.1A), and lower skeletal muscle
insulin-stimulated AKT phosphorylation (Figure 6.1B). Moreover, although mice
exhibited the expected diurnal changes in fuel metabolism (Figures 6.1C-F),
consumption of a HF diet resulted in lower carbohydrate oxidation (Figure 6.1C), higher
fat oxidation (Figure 6.1D), lower RER (Figure 6.1E), and greater energy expenditure
(Figure 6.1F), further confirming the HF diet model.
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Figure 6.1: Verification of HF diet-induced glucose-intolerance, insulin-resistance,
and reliance on fat oxidation. Area under the curve (AUC) during glucose-tolerance
and insulin-tolerance testing (GTT, ITT; A), ratio of phosphorylated / total AKT (B),
carbohydrate oxidation (C), fat oxidation (D), respiratory exchange ratio (RER; E), and
energy expenditure (F) in mice fed control (CON) or high fat (HF) diet. * indicates a
significant difference from CON (P < 0.05). Data are expressed as mean ± SEM. n = 810/ group.
6.4.2 Maximal coupled respiration rates
With regards to potential mitochondrial changes influenced by HF consumption, we first
examined markers of mitochondrial content. HF consumption increased PGC-1α and
several markers of the electron transport chain, total electron transport chain
abundance, and PDHE1α, without altering CPT-I, ATP synthase, and a subunit of
cytochrome c oxidase (Figure 6.2A). Moreover, HF consumption increased citrate
synthase activity in support of a greater oxidative capacity (Figure 6.2B). Despite the
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apparent HF diet-induced mitochondrial biogenesis, HF consumption did not alter state
2 respiration, maximal ADP-stimulated respiration, or RCR values (Figure 6.2C).
Similarly, HF consumption did not affect maximal CPT-I dependent P-CoA-supported
respiration (Figure 6.2D) or P-CoA sensitivity (Figure 6.2E). Moreover, while the CPT-I
inhibitor M-CoA attenuated P-CoA sensitivity, this was not affected by HF consumption
(Figure 6.2F). While these data strongly suggest the absence of mitochondrial
respiratory dysfunction following HF consumption, given that skeletal muscle contains
submaximal ADP concentrations, we next examined mitochondrial respiration at
physiological concentrations and ADP sensitivity.
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Figure 6.2: HF consumption increases markers of mitochondrial content in the
absence of altered maximal respiratory capacity or CPT-I regulation.
Representative images and quantification of mitochondrial and electron transport chain
proteins (A), citrate synthase activity (B), maximal ADP-stimulated respiration in the
presence of complex I and II-linked substrates and respiratory control ratio’s (RCR) (C),
maximal palmitoyl-CoA (P-CoA)-supported respiration (D), , P-CoA sensitivity in the
absence of malonyl-CoA (M-CoA) (E), and P-CoA sensitivity in the presence of M-CoA
(F) in mice fed control (CON) or high fat (HF) diet. * indicates a significant difference
from CON (P < 0.05). Data are expressed as mean ± SEM. n=12-14/ group for
mitochondrial protein content; n = 8-11/ group for respiration.

6.4.3 Submaximal ADP-stimulated respiration rates and ADP sensitivity
Given the absence of changes in maximal ADP-stimulated respiration, we next
examined mitochondrial respiration across a range of ADP concentrations. While a HF
diet did not impair respiration in the presence of >2000 M ADP, strikingly, respiration
was attenuated ~30% at all biologically relevant ADP concentrations (i.e., 100-1000 M
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ADP; Figure 6.3A). In addition, mitochondrial ADP sensitivity was decreased ~25%
following HF consumption (i.e., greater apparent Km value) (Figure 6.3B). Combined,
despite the induction of mitochondrial biogenesis, these data strongly suggest the
development of mitochondrial dysfunction with a HF diet secondary to impaired ADP
sensitivity.
Given that ADP binding to F1F0 ATP synthase is known to suppress H2O2
emission rates (Anderson et al., 2009), we also examined mitochondrial H2O2 emissions
in the absence and presence of ADP to further solidify this relationship. While the
maximal capacity for H2O2 emission did not change following a HF diet (Figure 6.3C),
mice fed a HF diet had an impaired ability to suppress H2O2 emission rates via ADP
transport into the mitochondria; as indicated by H2O2 production in the presence of ADP
that was approaching significance (Figure 6.3D) and a lower % suppression of H2O2
emission rates by ADP (Figure 6.3E). Further, mice fed a HF diet had greater
antioxidant expression (catalase and SOD2) and 4HNE adducts than mice fed a CON
diet (Figure 6.3F), supporting an increase in oxidative stress/damage and stimulation of
antioxidant adaptation during HF consumption. The impairment in ADP sensitivity
occurred independent of changes in protein expression of ADP transporters (i.e., VDAC
and ANT), Mi-CK, MM-CK, and UCP3 (Figure 6.3F). We therefore examined the ability
of carboxyatractyloside to inhibit ADP-stimulated respiration to gain insight into the
possibility that post-translational modifications on ANT contribute to the attenuated ADP
responsiveness following a HF diet. While 1.6μM carboxyatractyloside inhibited
respiration ~90% regardless of diet (data not shown), respiration was higher following a
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HF diet in the presence of 0.2μM carboxyatractyloside (Figure 6.3G), suggesting a
decreased ability for carboxyatractyloside to interact with the ADP binding motif on ANT.
Altogether, these data suggest a HF diet attenuates ANT sensitivity to ADP, likely
contributing to the apparent induction in mitochondrial dysfunction.

Figure 6.3: HF consumption impairs submaximal ADP-stimulated respiration, ADP
sensitivity, and ADP suppression of H2O2 emission independent of substrate
transporter protein expression. ADP-stimulated respiration (A), apparent Km for ADP
and Michaelis-Menton kinetic curve (B), maximal H2O2 emission (C), H2O2 emission in
the presence of 100µM ADP (D), % suppression of H2O2 emission for ADP (E), western
blots for proteins implicated in ADP handling/transport (F), and ADP-stimulated
respiration in the presence of carboxyatractyloside (CTA; G) in mice fed control (CON)
or high fat (HF) diet. * indicates a significant difference from CON (P < 0.05). Data are
expressed as mean ± SEM. n = 12-14/group for H2O2 emission; n=8-14/group for
western blots; n=8-10/group for CTA experiments.
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6.4.4 P-CoA-mediated inhibition on ADP sensitivity
While these data strongly suggest impaired ADP responsiveness following a HF diet,
these experiments are conducted in optimal conditions. However, long-chain fatty acid
CoAs (e.g. P-CoA) are known to increase following HF consumption (Ellis et al., 2000),
and this lipid derivative has been shown to inhibit ANT and reduce ADP sensitivity in
permeabilized muscle fibres (Ludzki et al., 2015; Miotto & Holloway, 2016). Therefore,
given the insensitivity to carboxyatractyloside, we next examined P-CoA-mediated
inhibition of ADP sensitivity in CON and HF fed mice. To do this, we repeated
experiments on mitochondrial ADP sensitivity in the absence and presence of P-CoA
concentrations that better reflect control (20µM) (Watt et al., 2003) and HF diet
intramuscular situations (60µM) (Ellis et al., 2000). While P-CoA concentrations that
reflected CON conditions did not alter respiration rates at any ADP concentration (data
not shown), the presence of 60µM P-CoA attenuated respiration at most ADP
concentrations (Figure 6.4A), and further attenuated ADP sensitivity following a HF diet
(i.e., increased the apparent ADP Km: Figure 6.4B). Combined, these data indicate the
presence of mitochondrial respiratory dysfunction following a HF diet that is
exacerbated in the presence of increased intramuscular P-CoA concentrations.
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Figure 6.4: HF consumption in the presence of reflective P-CoA concentrations
exacerbated impairments on mitochondrial respiration and sensitivity for ADP.
ADP-stimulated respiration (A) and apparent ADP sensitivity (B) in control (CON) or
high fat (HF) fed mice in the absence or presence of 60µM palmitoyl-CoA (P-CoA). *
indicates a significant difference from CON, # indicates a significant difference from HF
(P < 0.05). Data are expressed as mean ± SEM. n = 8-12/group.

6.5 Discussion
We provide compelling evidence that consumption of a HF diet induced mitochondrial
dysfunction as a result of impaired ADP sensitivity. Specifically, we show that despite
the induction of mitochondrial biogenesis and unaltered maximal ADP-stimulated
respiration, respiration at physiological ADP concentrations were impaired following a
HF diet. In addition, the ability of ADP to stimulate respiration (apparent Km) and
attenuate mitochondrial H2O2 emission were decreased following a HF diet, while
modelling reactive-lipid levels that occur with HF consumption exacerbated the apparent
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mitochondrial dysfunction. Combined, these data strongly indicate impaired
mitochondrial bioenergetics following a HF diet due to impaired ADP sensitivity.
While genetic models/interventions that increase mitochondrial content typically
have improved insulin-sensitivity and glucose-tolerance (Christian et al., 2006; Lagouge
et al., 2006; Miotto et al., 2016), paradoxically, consumption of a HF diet in the current
study, and others (Hancock et al., 2008), results in increased mitochondrial content
despite the induction of glucose-intolerance and insulin-resistance. Therefore, the
notion that mitochondrial dysfunction contributes to the development of insulinresistance has waned in recent years, however our data implicates HF consumption in
impairing respiration and increasing mitochondrial H2O2 emission as a result of impaired
ADP sensitivity. These derangements appear to be amplified in the presence of higher
P-CoA concentrations indicative of insulin-resistant muscle, strongly suggesting the
presence of mitochondrial ADP insensitivity in skeletal muscle following HF
consumption and insulin-resistance. The constant VDAC/ANT and ATP synthase
protein abundance suggest altered regulation of these proteins may lead to
mitochondrial dysfunction. While an impairment on ATP synthase may also exist
following a HF diet, the insensitivity to carboxyatractyloside suggests that ANT is less
sensitive to ADP binding, a response likely amplified by increases in intramuscular PCoA concentrations (Ho & Pande, 1974; Morel et al., 1974).
Altogether, our data shows that impaired mitochondrial ADP sensitivity plays an
important role in HF diet-induced mitochondrial dysfunction. Although speculative, the
induction of mitochondrial biogenesis likely represents a compensatory mechanism to
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improve ADP sensitivity, and potentially mitigate HF diet-induced redox stress (Jain et
al., 2014), although this appears inadequate to maintain cellular homeostasis. It is
currently unknown if the reduction in ADP sensitivity directly contributes to the metabolic
inflexibility observed in HF mice. However, it is also possible that this response, similar
to the induction of mitochondrial biogenesis, represents a compensatory adaptation to
preserve some carbohydrate utilization in the presence of increased intramuscular lipid
availability, as a rise in cytosolic ADP could in theory promote carbohydrate metabolism.
In addition to the potential influence on fuel selection, since the movement of ADP into
the mitochondrial matrix can bind to ATP synthase to stimulate respiration and
attenuate mitochondrial derived H2O2 emission (Anderson et al., 2009), an impairment
in ADP transport may represent a nexus point influencing several models implicated in
the development of insulin-resistance.

118

Chapter 7 – Integrative discussion

7.1 Discussion
The focus of this thesis was to examine non-classical regulation of mitochondrial lipid
and ADP sensitivity in response to exercise and HF consumption. Examining these two
interventions provides additional insight into the complexities surrounding the regulation
of mitochondrial metabolism, given that exercise and HF diets exhibit different energetic
demands that could contribute to biological outcomes. This is especially important since
exercise and HF feeding are associated with beneficial and detrimental adaptations,
respectively, despite striking similarities including increased circulating lipids and
mitochondrial biogenesis within skeletal muscle.
In chapter 3 of this thesis, I examined potential alternative regulators of CPT-I sensitivity
to M-CoA inhibition in attempt to explain the discrepancy between M-CoA contents and
lipid oxidation during exercise. This project revealed that M-CoA sensitivity is greater at
rest when energy demands are low, and that disruption of the intermediate filaments
chemically, or through exercise, reduced M-CoA sensitivity independent of AMPK
activation. In chapter 4, I examined the importance of Mi-CK in vivo for modulating ADP
sensitivity and fuel reliance during exercise. These data highlight that Mi-CK is not
required to maintain exercise tolerance or fuel selection due to the ability of the
VDAC/ANT axis to regulate ADP sensitivity depending on energy demand. In chapter 5,
I followed up on my findings in chapter 4 and used the Mi-CK mouse model to
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determine the biological importance of a reduction in ADP sensitivity that consistently
occurs following exercise in WT rodents and humans. Given that acute exercise is
known to promote PGC-1α expression and stimulate mitochondrial biogenesis
chronically, and ROS is implicated in this response, my data indicates that a reduction
in ADP sensitivity is important for modulating mitochondrial-derived ROS emission and
mitochondrial biogenesis independent of AMPK and CaMKII phosphorylation. In chapter
6, I used a HF diet to examine the role of mitochondrial substrate sensitivity in parallel
with insulin resistance. Here, I found that despite an increase in mitochondrial
biogenesis that is often associated with improved insulin sensitivity, a HF diet resulted in
mitochondrial dysfunction mediated by reductions in ADP sensitivity independent of
CPT-I. Overall, these data provide novel insight regarding the regulation of lipid and
ADP sensitivity in response to exercise or HF feeding, and highlight the potential
importance of this for ROS emission and biological outcomes including mitochondrial
biogenesis and insulin resistance.
7.1.1 Insight into CPT-I regulation in skeletal muscle
Classically, CPT-I is considered the rate limiting enzyme involved in lipid metabolism,
primarily due to its low maximal capacity and M-CoA-mediated external regulation
(McGarry & Brown, 1997). However, previous work has highlighted that the rate of lipid
transport through CPT-I does not align entirely with M-CoA content. Specifically,
exercise does not always result in reduced M-CoA content (Odland et al., 1996; Odland
et al., 1998), and obese skeletal muscle has greater M-CoA content (Bandyopadhyay et
al., 2006) despite an increase in lipid oxidation in both situations. These data implicate
120

the existence of additional regulation on CPT-I exists, and the current thesis highlights
that CPT-I sensitivity for M-CoA can be regulated by the intermediate filaments of the
cytoskeleton given that chemical disruption lowered M-CoA sensitivity and exercise did
not exacerbate this response. However, a major knowledge gap involves understanding
the signals that regulate the intermediate filaments and M-CoA sensitivity.
In skeletal muscle, the intermediate filaments primarily consist of the protein desmin and
vimentin that are similar in molecular weight (58KDa, 54KDa) and isoelectric point (5.3;
5.4) (Steinert et al., 1981). Although vimentin levels typically decline during muscle
development, desmin interconnects adjacent myofibrils, is required for contractile
function, and interacts with mitochondrial proteins including CPT-I (Capetanaki et al.,
2007). While the cytoskeleton is traditionally known for a role in cell morphology and
integrity, the intermediate filaments contain a number of properties that could mediate
regulation on CPT-I. These include sites for redox modification (Na et al., 2010),
phosphorylation (O'Connor et al., 1981), and ubiquitylation (Lowe, 1998) that could
collectively co-ordinate a stimulus to modulate CPT-I sensitivity for M-CoA during
exercise. While CaMKII is implicated in phosphorylating the intermediate filaments, my
research indicated that CaMKII phosphorylation is activated similarly across genetic
models including AMPK KO despite an ablated response to chemical disruption of the
intermediate filaments (i.e., IDPN), suggesting alternative regulation. Since calcium
released during exercise also plays an important feedforward role in activating other
mitochondrial proteins including PDH and isocitrate-dehydrogenase (Houston, 2006),
calcium could allosterically interact and disrupt the intermediate filaments directly or
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through a calcium-sensitive proteinase that cleaves a peptide from the N-terminus of
both vimentin and desmin (Nelson & Traub, 1983). Alternatively, an increase in cytosolic
ROS through NADPH oxidases and xanthine oxidase could interact with the cysteine
sites on the intermediate filament to activate lipid transport and oxidation, and
simultaneously activate metabolism by mediating calcium release from the sarcoplasmic
reticulum during muscle contraction (Espinosa et al., 2006; Hidalgo et al., 2006).
The notion that exercise signals may be mediating intermediate filament disruption is
appropriate given that acute exercise (high energy demand), but not HF feeding (low
energy demand), altered M-CoA sensitivity within this thesis. Therefore, increased lipid
concentrations that can override M-CoA inhibition (Mills et al., 1983; Kolodziej &
Zammit, 1990; Smith et al., 2012) and occurs during exercise (Watt et al., 2003) and HF
feeding (Ellis et al., 2000) does not seem required for intermediate filament disruption.
Moreover, given that a lack of desmin results in impaired muscle contraction, and the
physical movement of cross-bridge shortening during muscle contraction can collapse
the intermediate filaments (Hollenbeck et al., 1989), this could theoretically be
necessary to disrupt the interaction between the intermediate filaments and CPT-I
during exercise in combination with various post-translational modifications; once again
highlighting a discrepancy between exercise and HF feeding that could contribute to this
response.
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7.1.2 Potential role of M-CoA in metabolic inflexibility during HF feeding
In addition to HF consumption, two scenarios that also express a greater capacity to
oxidize lipids are exercise training and sex differences. In contrast to HF feeding that did
not alter M-CoA sensitivity, exercise trained individuals (Starritt et al., 2000; Bezaire et
al., 2004) and women compared to men (Miotto et al., 2018) have higher M-CoA
sensitivity without differences in resting fuel utilization (Tarnopolsky et al., 1990; Horton
et al., 1998). Therefore, the greater M-CoA sensitivity may suggest a greater level of
metabolic control to prevent lipid over-flux into the mitochondria when energy demands
are low. Thus, the absence of compensatory regulation on CPT-I in response to a HF
diet may suggest a loss of metabolic control, and this is supported by less metabolic
flexibility in terms of diurnal fuel reliance in the current thesis. In turn, the greater P-CoA
that accumulates during HF consumption in the absence of an increase in energy
demand could override M-CoA inhibition and perpetuate mitochondrial dysfunction
through ROS emission.
7.1.3 Regulation of ADP sensitivity by P-CoA
The exact regulation of ADP sensitivity through the VDAC/ANT axis during exercise or
HF feeding is unknown. Given that P-CoA accumulates during acute exercise (Watt et
al., 2003) and a HF diet (Ellis et al., 2000), and P-CoA inhibits ANT (Ho & Pande, 1974;
Ludzki et al., 2015), it is possible that lipids act as a conserved stimulus for reductions in
ADP sensitivity in both scenarios. Although the underlying reasons for an increase in PCoA accumulation may differ between exercise and HF consumption, whereby an
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increase in energetic stress during exercise promotes the mobilization of lipids to the
mitochondria, and HF feeding promotes lipid delivery in the absence of high energy
demand, the resultant ability for P-CoA to reduce ADP sensitivity may be an important
regulator of mitochondrial function. Given that the presence of 60µM P-CoA
exaggerated impairments in ADP sensitivity in mice fed a HF diet, it is possible that PCoA enhanced inhibition under acute exercise situations that could perpetuate
impairments in ADP sensitivity and ROS emission. Indeed, recent unpublished data
from our lab indicates a further reduction in ADP sensitivity within exercised skeletal
muscle in the presence of P-CoA (Barbeau et al. unpublished). While this provides
insight into the potential in vivo mechanism influencing ADP sensitivity due to sustained
access to mitochondrial proteins, the removal of cytosolic P-CoA through
permeabilization preparation reveals a retained reduction in ADP sensitivity regardless
of exercise or HF intervention. This combined with unaltered VDAC or ANT protein
expression in response to any perturbation including exercise, HF diet, or genetic model
(i.e., mi-CK and AMPK KO), suggests additional regulation of ADP sensitivity.
Although external regulation of VDAC, ANT, or ATP synthase could independently
explain the reductions in ADP sensitivity following acute exercise or HF diet, previous
work involving ANT inhibitors (bongkrekic and carboxyatractaloside) have indicated that
ADP transport is a stronger determinant of mitochondrial respiration than ATP synthase
(Klingenberg, 2008). Thus, it is likely that modifications on VDAC and/or ANT contribute
to reductions in ADP sensitivity following exercise or high fat feeding. Unfortunately,
very little is known regarding VDAC and ANT regulation and their physiological
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outcomes. However, there could theoretically be countless interactive responses
between post-translational modifications of the cytoskeleton, VDAC, and ANT during
exercise or HF consumption that influence ADP sensitivity through this axis.
7.1.4 Regulation of ADP sensitivity through cytoskeletal interaction with VDAC
As discussed in chapter 3, the cytoskeleton consists of 3 main components that each
interact with various structures including mitochondria. These include intermediate
filaments (vimentin, desmin), microtubules (-tubulin), and microfilaments (actin,
myosin) (Heggeness et al., 1978; Drubin et al., 1993; Milner et al., 2000). Although the
context surrounding the regulation of the cytoskeleton and its influence on ADP
transport proteins are currently unknown, the notion that -tubulin is responsible for
regulating VDAC open and closed states and ADP-stimulated respiration (Rostovtseva
et al., 2008) suggests this could play a role in the reduction in ADP sensitivity observed
following acute exercise and/or HF feeding. This does not appear to involve the
intermediate filaments given that my work involving CPT-I regulation highlights
unaltered ADP sensitivity among a variety of substrates that enter through VDAC, and
desmin knockout mice do not have impaired ADP sensitivity (Kay et al., 1997; Milner et
al., 2000). Therefore, it is likely that the cytoskeletal fractions are responsible for
different regulatory processes. Although -tubulin can be phosphorylated (Ser172) and
acetylated (Lys40) among a variety of regulatory sites (As reviewed in (Song & Brady,
2015), an interesting potential explanation for the reduction in ADP sensitivity in
response to exercise and/or HF feeding is palmitoylation of -tubulin. Palmitoylation
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occurs when lipids are covalently bonded to cysteine residues (Drisdel & Green, 2004),
and -tubulin (residue Cys376) is a target for this process (Song & Brady, 2015). Given
that acute exercise and HF feeding result in an increase in lipid delivery, including
palmitate, it is possible that the covalent interaction in vivo alters the conformation of tubulin in a way that promotes a closed state of VDAC. In support of this, pamitoylation
has been shown to promote polymerization/assembly of -tubulin (Caron, 1997), and
the polymerized state can interact with the mitochondria (Varikmaa et al., 2014).
Altogether, it is possible that regulation of -tubulin through palmitoylation promotes its
interaction and inhibition of VDAC, resulting in suppressed ADP sensitivity.
7.1.5 Regulation of ADP sensitivity through VDAC and ANT
In addition to microtubule interactions with the mitochondria, the VDAC and ANT
isoforms themselves contain a variety of potential regulatory sites. Although it is
acknowledged that both VDAC and ANT have numerous sites for post-translational
modification including but not limited to phosphorylation, acetylation, and redox
modification (Messina et al., 2012; Raghavan et al., 2012), very little is understood
regarding the upstream regulators involved and functional outcomes. Therefore, only
select regulatory sites that seem promising within the context of exercise or HF feeding
will be discussed in detail within this section. This includes phosphorylation of VDAC by
glycogen synthase kinase 3 (GSK3) and lysine acetylation and mitochondrial ROS
emission for ANT.
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VDAC isoforms contain a variety of phosphorylation sites (e.g., Ser-12, Ser-136, Tyr237, Thr-33, Ser-241 (Distler et al., 2007). Of these sites, GSK3 is a kinase implicated
in a variety of metabolic pathways including suppression of glycogen synthesis, and
recent work suggest this could be implicated in ADP sensitivity in response to exercise
and HF feeding. For instance, VDAC phosphorylation by GSK3 disrupts the interaction
between VDAC and hexokinase (Pastorino et al., 2005). Given that hexokinase
interaction with VDAC is thought to reduce mitochondrial ROS production by enhancing
ADP transport (da-Silva et al., 2004), it is possible that this interaction alters VDACs
affinity for ADP, or alternatively, the proximity of hexokinase promotes rapid ADP
recycling. This interaction is retained in resting permeabilized muscle fibres since this
allows a respiratory plateau during experiments as opposed to isolated mitochondria.
However, if some of the VDAC-hexokinase associations are lost during exercise and
hexokinase has relocated to other parts of the cytosol, this could contribute to lower
ADP sensitivity. If so, the improved ADP sensitivity in Mi-CK KO mice during exercise
would suggest additional contributions to modulate ADP sensitivity. Similarly, GSK3
has been shown to be overactive during HF consumption (Eldar-Finkelman et al., 1999),
and inhibition (Rao et al., 2007) or muscle-specific ablation (Patel et al., 2008) of this
enzyme improved glucose homeostasis. Thus, these data support a potential role for
the GSK3/VDAC/hexokinase axis as an upstream contributor to reductions in ADP
sensitivity during exercise and HF feeding.
ANT (isoforms 1-4, predominately ANT1 in mouse skeletal muscle) is the most
abundant mitochondrial protein and is required to support ADP/ATP exchange between
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the mitochondrial matrix and the intermembrane space (Palmieri, 2004). Ablation of
ANT2 is embryonically lethal (Cho et al., 2015) due to its abundance in proliferating
tissues while the loss of ANT1 results in dramatic cellular compensation. This includes
increased mitochondrial proteins with abnormal morphology, exercise intolerance, and
mitochondrial uncoupling (Graham et al., 1997; Morrow et al., 2017), highlighting the
importance of this protein in mediating ADP transport and mitochondrial function.
Although little is known regarding the importance of ANT post-translational
modifications, high-intensity exercise has been shown to decrease acetylation of ANT, a
response predicted to result in increased ADP affinity (Mielke et al., 2014). Therefore, it
is possible that the reduction in ADP sensitivity during moderate-intensity steady state
exercise within this thesis and other reports (Tonkonogi & Sahlin, 2002; Zoll et al., 2003;
Perry et al., 2012; Ludzki et al., 2015) could be related to greater acetylation status.
Given that the absence of the mitochondrial-related deacetylase sirtuin 3 (SIRT3) that
normally removes acetyl groups from various metabolic proteins (Lantier et al., 2015)
results in hyperacetylation status, it is possible that impairments in this enzyme
contribute to mitochondrial protein hyperacetylation observed during HF consumption
(Davies et al., 2016), and potentially translate to lower ADP sensitivity found within the
current thesis. This is further supported in SIRT3 knockout mice that exhibit reduced
mitochondrial oxygen consumption and increased oxidative stress in skeletal muscle
(Jing et al., 2011), and my work could suggest that a reduction in ADP sensitivity may
contribute to these mitochondrial derangements. Although future work is required, it is
possible that dysregulation of SIRT3 that is already associated with HF consumption
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contributed to reductions in ADP stimulated respiration through the demonstrated
reduction in ADP sensitivity through ANT. Interestingly, SIRT3 knockout mice also have
a reduction in hexokinase interaction with the mitochondria (Lantier et al., 2015).
Therefore, this could serve a link to VDAC affinity for ADP and sensitivity regulation and
concertedly reduce ADP sensitivity during metabolic challenges.
In addition to acetylation sites (Klingenberg, 2008), ANT has redox sensitive cysteine
sites located on the matrix side (Costantini et al., 2000; McStay et al., 2002) that are
suggested to inhibit ANT (Costantini et al., 2000; McStay et al., 2002; Queiroga et al.,
2010). Given that both exercise and HF feeding had a greater propensity for ROS
emission in the presence of ADP, it is possible that this signal could amplify
impairments in ADP sensitivity on the matrix side in addition to processes such as
acetylation by SIRT3. Indeed, unpublished data from our lab indicates that exerciseinduced reductions in ADP sensitivity do not occur in MCAT mice that have attenuated
mitochondrial-ROS suggesting complex regulation, suggesting this possibility needs to
be investigated further.
7.1.6 Implications of substrate sensitivity for ROS, mitochondrial biogenesis, and
insulin resistance
While previous work has shown that mitochondrial-derived ROS is required for HF dietinduced mitochondrial biogenesis (Jain et al., 2014), the current thesis suggests that
mitochondrial-ROS is also important during exercise adaptations. This is supported by
the absence of mitochondrial-derived ROS in the presence of ADP and blunted
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mitochondrial biogenesis in Mi-CK KO mice during acute exercise and ultimately
training. Together, the current thesis highlights that exercise or HF diet resulted in
impaired ADP sensitivity, greater ROS emission in the presence of ADP, and
mitochondrial biogenesis. While both metabolic stresses (exercise and HF diet) display
an increase in mitochondrial biogenesis, only exercise training is associated with
beneficial ‘healthy’ skeletal muscle adaptations including increased insulin sensitivity
(Ludzki et al., 2015), whereas in contrast HF consumption is associated with insulin
resistance (Hancock et al., 2008; Anderson et al., 2009). These divergent responses
could be related to the different stimuli inducing mitochondrial biogenesis between
exercise and HF diets. For instance, although acute exercise and HF diets both
increase lipid supply to the mitochondria, and exhibit similar P-CoA accumulation (Ellis
et al., 2000; Watt et al., 2003), energy demand is only increased dramatically during
exercise. Therefore, the more potent activators of mitochondrial biogenesis including
AMPK, CaMKII, and ROS may serve as a pro-active adaptation to increase
mitochondrial content and better match energy demands. Indeed, exercise training
increased mitochondrial respiratory capacity and attained a greater oxygen
consumption at a lower ADP concentration in this thesis and previous reports (Walsh et
al., 2001a; Ludzki et al., 2015). In contrast, HF feeding poses a unique challenge in
which lipid delivery to skeletal muscle is sustained and energy demand and free ADP is
lower in type II diabetic muscle (Ripley et al., 2018). Given that mitochondrial ROS is
thought to be produced due to a mismatch between fuel supply and energy demand
(Koves et al., 2008; Anderson et al., 2009), the combined effect of increased lipid flux
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into the mitochondria and low ADP availability/sensitivity can result in increased
membrane potential due to an increased supply of electrons to the ETC without a drive
for ATP synthesis. This notion is supported by acute interventions that increase lipid
supply in resting muscle (i.e., lipid infusions) and result in increased ROS and insulin
resistance without altering mitochondrial content (Lee et al., 2013; Lee et al., 2017).
Together, the increase in ROS produced as a result of fatty acid oxidation in the
absence of energy demand, combined with prolonged accumulation of reactive lipids
such as P-CoA that do not subside in a similar manner to acutely bouts of exercise, may
collectively contribute to insulin resistance. In turn, the increase in mitochondrial
biogenesis during HF consumption seems to be retroactive in attempt to lower ROS as
opposed to increasing the oxidative potential of the cell. This notion is supported during
short-term HF feeding given that mice with attenuated mitochondrial ROS also have
blunted HF diet-induced mitochondrial biogenesis (Jain et al., 2014) and are protected
from insulin resistance (Lee et al., 2017). However, clearly this response is not entirely
effective since mice in the current thesis had impairments in substrate sensitivity,
increased propensity for ROS, and insulin resistance despite an increase in antioxidant
expression. Moreover, mice treated with exogenous Skulachev ion are not protected
during longer durations of HF feeding (i.e., 16 weeks vs. 4-8) (Paglialunga et al., 2012),
suggesting a point in time when the detrimental effects of prolonged HF feeding
override compensatory efforts to maintain redox balance and energy homeostasis.
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7.2 Conclusions
Collectively, the current thesis provides novel insight into the regulation of CPT-I and
the VDAC/ANT axis during exercise and HF feeding. Specifically, my data demonstrates
that the intermediate filaments of the cytoskeleton interact with CPT-I to enhance MCoA sensitivity when energy demands are low, and in contrast, exercise disrupts this
interaction and attenuates M-CoA sensitivity in support of increased lipid oxidation.
Moreover, my data utilizing a unique Mi-CK KO model highlights that exercise in vivo
can alter VDAC/ANT sensitivity to sustain energy homeostasis, fuel selection, and
exercise tolerance in the absence of phosphate shuttling, and that the reduction in ADP
sensitivity that normally occurs across models is important for mitochondrial-derived
ROS and the induction of mitochondrial biogenesis. This principle also applies to HF
feeding, and despite an increase in mitochondrial content that is often associated with
improvements in insulin sensitivity, HF consumption impaired ADP sensitivity and the
ability to suppress ROS emissions during the induction of insulin resistance. As
mentioned throughout the integrative discussion, there are some limitations to these
studies that require future research.

7.3 Limitations and future directions
A major limitation of the present thesis is the absence of a mechanism explaining
intermediate filament regulation of M-CoA sensitivity. I examined AMPK as a possibility,
but this was ruled out along with CaMKII phosphorylation as a major contributor.
Although there are a variety of potential mediators of the intermediate filaments (Na et
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al., 2010), calcium, muscle contraction, and ROS appear to be implicated due to their
role in exercise responses. To evaluate the influence of calcium on the intermediate
filaments, single muscle fibre preparations can be used. In this regard, skinned muscle
fibres can be studied in the presence of calcium to induce muscle contraction in an
isometric state (Lamboley et al., 2015). The inability to shorten the sarcomere in this
preparation could provide insight into calcium-direct regulation of the filaments
independent of muscle shortening or kinase activation. Following the experiment, the
fibres could be treated for proximal ligation assay (Jorquera et al., 2013) to determine
the degree of protein interaction between the intermediate filaments and CPT-I. In
separate experiments, CPT-I sensitivity for M-CoA can be evaluated using
permeabilized muscle fibres in the presence of calcium in a relaxed (blebbistatin) and
contracted (no blebbistatin) state in the presence or absence of IDPN (i.e., chemical
disruption of the intermediate filaments). Collectively these experiments could provide
insight into potential interactive roles of calcium and the physical movement of muscle
shortening on intermediate filament-mediated M-CoA sensitivity.
Another consideration for intermediate filament regulation is redox modification during
exercise (Na et al., 2010). In an attempt to address this, an experiment could be
conducted to examine the influence of ROS on intermediate filament regulation of CPT-I
sensitivity for M-CoA. For instance, low levels of H2O2 could be titrated into the
respirometer containing resting permeabilized muscle fibres while examining CPT-I
sensitivity for M-CoA in the presence and absence of IDPN. Together, this could help
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determine whether ROS modulates CPT-I sensitivity for M-CoA, and if this occurs in an
intermediate filament-dependent manner.
An additional limitation of this thesis is understanding the signals that regulate VDAC
and ANT following exercise or HF feeding. As mentioned earlier, 3 possible contributors
to the reduction in ADP sensitivity during these metabolic perturbations involve GSK3β,
SIRT3, and ROS. To address the role of GSK3β on mitochondrial ADP sensitivity,
muscle-specific transgenic and knockout mice (Patel et al., 2008) could be used to
determine the importance of this kinase for reductions in ADP sensitivity following
exercise or a HF diet. Given that overexpression of GSK3 is implicated chronically with
insulin resistance (Eldar-Finkelman et al., 1999), it is possible that this plays a role as
an upstream regulator of ADP sensitivity, mitochondria ROS production, and insulin
resistance. As proof of principle, constitutively active recombinant GSK3β (MacAulay et
al., 2005) could be added to the respiration chamber containing permeabilized muscle
fibres and determine if this stimulates a reduction in ADP sensitivity, mimicking exercise
or HF feeding. To negate a possible interaction between VDAC and β-tubulin, a
microtubule stabilizer (taxol) could be included in an experiment to isolate the effects of
GSK3β on VDAC. Further, since GSK3β is proposed to dissociate hexokinase from
VDAC (Pastorino et al., 2005), co-immunoprecipitation or immunohistochemistry could
be used following the acute in vitro perturbations as well as in vivo modulation of
GSK3 to assess whether hexokinase interacts less with VDAC in parallel with
reductions in ADP sensitivity.
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A similar experimental approach could be used for SIRT3, whereby genetic models can
determine the necessity for this enzyme in modulating ADP sensitivity following exercise
or HF consumption. However, the overexpression or ablation of SIRT3 be could studied
in the presence or absence of carboxyatractyloside (inhibitor of ANT) injections in vivo,
or within permeabilized muscle fibre experiments. It is possible that changes in
acetylation status of ANT result in conformational changes in ANT that could be
revealed by altered carboxyatractyloside sensitivity. Therefore, the combination of these
perturbations could uncover the role of SIRT3 in regulating ADP sensitivity through
ANT.
Overall, additional research is required to elucidate the role for post-translational
modifications of the cytoskeleton, VDAC, and ANT in regulating lipid and ADP sensitivity
during exercise and HF feeding. While the regulation involved is likely complex, the
proposed experiments above could provide insight regarding select contributors. In
order to gain a greater understanding of the types of modifications occurring during
exercise and HF diet, individual proteins such as desmin, VDAC, and ANT can be
isolated, separated using 2 dimensional electrophoresis, and examined for specific
post-translational modifications using mass spectrometry. Ultimately, this information
could identify new targets to investigate.
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