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ABSTRACT

Carnitine plays a key role in the regulation of skeletal muscle metabolism during
intense exercise and increasing muscle carnitine content enhances PDC flux during
30 minutes ofcontinuous intense exercisg¢ 80%Wax reducing reliance on nen
mitochondrial ATP production and improving work output. The studies in this thesis
evaluated a carnitine feeding strategy that did not rely on the high carbohydrate load
previously used to increase muscle carnitine; then furthasstigated the role of
carnitine during intense exercise in healthy volunteers and whether increasing
skeletal muscle carnitine content could augment the adaptations to a chronic period

of submaximal highntensity intermittent training (HIT).

Following acute®Hs-L-carnitine feeding, the rate of carnitine uptake into skeletal
muscle was directly quantified for the first timrevivo in humansand shown to be
increased up to-fld by the ingestion of an 80 g carbohydrate formulation. This
promoted a pasve forearm carnitine balance, an effect that was entirely blunted
when the carbohydrate load was supplemented with 40 g of whey protein, suggesting
a novel antagonisation of insulgtimulated muscle carnitine transport by amino

acids.

Skeletal musclebiopsy sampling found acetylcarnitine accumulation and- non
mitochondrial ATP production during singleg knee extensioat 85% Wax to be
minimal, suggesting that PDC flux is probably not limiting to oxidative ATP
production under these exercise condisio Conversely, PDC flux appeared to
decline over repeated bouts of intense cycling exeatid®0% W.ax as evidenced

by greater nomitochondrial ATP production in the face of similar acetylcarnitine



accumulation. This identified submaximal HIT as arereise paradigm during
which muscle carnitine availability would be expected to influence oxidative ATP

delivery and exercise performance.

Manipulation of muscle carnitineontentby daily carnitine and carbohydrate feeding
resulted in the elevation ofde carnitine availability and maintenance of PDC flux
during repeated bositof intenseexercise.However, profound improvements in
oxidative ATP delivery in response to submaximal HIT during the second bout
eclipsed any effect of this carnitimeediated iorease in PDC flux on nen
mitochondrial ATP production and indeed, carnitine supplementation did not
potentiate any of the increases in maximal workload, oxygen consumption or

exercise capacity above submaximal HIT alone.

Collectively, these novel datarfber advance our understanding of skeletal muscle
carnitine transport and the interplay between carnitine metabolism, PDC flux and
non-mitochondrial ATP production during intense exercise. These findings have
important implications for the development mitritional and exercise prescription
strategies to enhance human performance and health in both athletic and clinical

populations.
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1.1 Regulation of fuel metabolism during exercise
1.1.1 Overview
History

Skeletal muscle contractile activity is a prerequisite for all locomotive tasks and
relies exclusively on the chemical energy derivable from the hydrolysis of adenosine
triphosphate (ATP). At the start of the"™28entury and priora the discovery of
ATP, it was widely believed that muscle contraction was supported solely by the
direct combustion of oxygen. Following the identification of ATP in 1958in and
Davies (19@) were able to demonstrate that the energy required to perform a single
muscle contraction was identical to that lost through the decrease in ATéhtcon
when resynthesis was inhibited using fludlinitrobenzengthus provingthat ATP

was explicitly esponsible for the energy necessary to fuel muscle contraction.
Experiments in amphibian muscle Bietcher and Hopkins (190&stablished that
lactate accumulated during contraction in the absence of oxggen it was
acknowledged at this time that this could be associated with contrautioced
fatigue. Work from the pioneering exercise physiaodiV Hill led to the view that
SODFWLFDFLGRJHQ  QRE6-timdsghate)) &h intekrfetiaie\irHthe
conversion of glycogen to lactate, was responsible for the energy derivable from
anaerobic glycolysis. The discovery of phosphocreatine iresiehuscle (Eggleton

and Eggleton, 1927)ogether with a series of experiments frétartree and Hill
(1928 and Lundsgaard (1938reconciled the existence of two distinct oxygen
independent pathways of energy production. In 1933, Margardh colleagues
investigated the relationship between oxygeonsumption and blood lactate
concentrations during exercise and recovery in human volunteers. They proposed

that the difference between the oxygen consumption and the total energy demand of

2



the work done (the soalled oxygen deficit) must indeed be degent on both a
ODFWLF DQG DQ :DODFWLF" FRPSRQHQW EXW ZHUH >
intramuscular phosphocreatine breakdown at this time. The advent of muscle biopsy
sampling in human volunteers, largely facilitated by the introduction of BErgsR P 1V
percutaneous needle techniq&ergstrom & Hultman, 1966 pllowed for the direct
measurement of skethl muscle metabolism during exercise. Muscle glycogen
availability was identified as a crucial and manipulable determinant of exercise
capacity and fatigue development during submaximal exe(Bieegstromet al,

1967; Bergstrom & Hultman, 1967pPuring more intense exercise, studies from
Karlson and SaltirfKarlssonet al, 1970; Karlsson & Saltin, 197@ssessed the role

of intramuscular ATP, PCr and lactate concentrations in the development of fatigue.
They also related the magnitude of change @s¢hmetabolites to the oxygen deficit,

I.e. the shortfall between total ATP demand and mitochondrial ATP production.

Routes of ATP Resynthesis

The primary ATP dependent processes in contracting skeletal muscle involve the
myosin, C&" and N&/K* ATPase enzymes, which are responsible for approximately
70, 25 and <5%, respectively, of total ATP consumption. During -imggmsity
exercise, ATP demand can increase overfbliDabove resting turnover rates and as
such, requires a dynamic and highlyguated matching from ATP resynthesis
pathways to defend the limited intramuscular ATP store2&0mmol-kg dvi?).
lllustrated inFigure 1.1, the principle routes for the resynthesis of ATP within
skeletal muscle are the hydrolysis of phosphocreatineglyle®lytic conversion of
glucose6-phosphate to pyruvate and the mitochondrial oxidation of aCstjl.

Glucose6-phopshate is derivable from the phosphorylation of either bbmode



glucose or intramuscular glycogen, whilst mitochondrial agébA is generated

PDLQO\ IURP WKH GHFDUER[\O D W-bRdatidR bof $atty XcM@ WH D Q (
The generation of acet@@oA from both carbohydrate and lipid precursors relies on

the availability of skeletal muscle carnitine which, through the carnitine
acyltransferase class of enzymes is able to reversibly bind coenxyesters of

various chain lengths. This reversible binding facilitatesttaeslocation of long

FKDLQ IDWW\ DF\O JURXSYVY LQWR WKH hRxifdtRir&BR QG ULDC(
independetly promotes the conversion of pyruvate to ac&giA by buffering intra
mitochondrial acetybroup production. The importance of these roles during

exercise will be discussed furtherdgaction 1.2

The main substratethat fuel skeletal muscle contrach are listed inTable 1.1.
Mitochondrial ATP resynthesis is by far the most efficient pathway for the
maintenance of intramuscular ATP concentrations, yielding 38 or 39 mmols of ATP
for every one mmol of glucose or glycogen phosphorylated, respectivigiyl L
substrates provide an even greater energy yield, with 106 mmols ATP obtained from
the mitochondrial oxidation of one mmol palmitate. Adipose tissue triacylglycerides
also represent the most abundant substrate for ATP resynthesis in the body, with the
average lean male having approximately 10 kg adipose tissue, compared to whole
body carbohydrate stores (mainly muscle and liver glycogen) of only 0.5 kg
(Maughan, 1997. Given the greater ATP mole yield associated with fatty acid
oxidation, this equates to an almost-f6@ larger energy store of lipids than
carbohydrates. In contrast to mitochondrial oxidation, glycolysis provides only three
mmol ATP per mrol glucose, whilst the degradation of PCr resynthesizes ATP with

a 1:1 ratio.



Figure 1.1Schematic showing pathways of ATP resynthesis in skeletal muscle.



Reciprocally, the maximal rate of mitochondrial ATP production is about half that
which can be achieved from glycolysis and approximately one sixth that which can
be obtained from the combined nomtochondrial reactions (glycolysis plus PCr;
seeTable 1.1). These differences in the total energy yield and rate of ATP delivery
from a given substrate mean that fuel selection within skeletal muscle is largely
dictated by the intensity and duration of muscle activation. It is also important to
consider that dferent subpopulations of muscle fibres exist within skeletal muscle,
which can broadly be classified as type | (slow) or type Il (fast). These two fibre
types possess distindblshemical characteristics (s&able 1.2 and their pattern of
recruitment, gain largely determined by the exercise intensity, will influence the
metabolic responses to an exercise challenge. Under most exercise scenarios,
mitochondrial oxidation predominates as the major route of ATP resynthesis.
However, when the rate of ATP tiplysis exceeds the capacity of mitochondrial
ATP delivery, as can occur during higitensity exercise, reliance on non
mitochondrial ATP production must increase. In the next sections, the governance of
fuel selection by exercise intensity is describbednore detail, with reference given

to how this determines the likely limitations to exercise performance. Although
theoretically represented as a continuum, exercise intensities will be categorised into
prolonged submaximal exercise, higitensity submgimal exercise and maximal

(i.e. requiring maximal effort) exercise, including repeated bouts



Table 1.1Maximal rates and capacity for ATP resynthesis from different substrates

Pathway

Maximal Rate
(mmol-kg dw™-s™)

Capacity for ATP delivery
(mmol-kg dw™)

PCr hydrolysis

Glycolysis
Glycogen oxidation

Lipid oxidation

5.3

2.5

80

300

10000

>500,000

Values are expressed in mmol of ATP per kg dry muscle mass and are bdaagshoet al. (1990) Hultmanet al. (1991) and Maughan

(1997)



Table 1.2Biochemical characteristics of type | and type Il muscle fibres

Fibre type characteristic Type | Type Il
Glycogen contefit 400 480
PCr conterit 80 90
PFK activity’ 7.5 15.6
Glycogen phosphorylase activity 2.8 7.3
Citrate synthase activity 10.8 7.6

a [mmol-kg dw'] from Soderluncet al. (1992); b [mmol-mift-kg ww™] from (Maughan and Gleeson, 2004), values of type Il fibres represent

the average of values for type lla and type lIx.



1.1.2Prolonged submaximal exercise

Submaximal exercise intensities refer to workloads where the rate of ATP
resynthesis required to sustain muscle contraction is lower than the maximal rate that
can be supported by mitochondrial ATP delivery alone. Strictiyaking, this
equates to any workload that requires stestdye oxygen consumption rates below
the maximalobtainable rat¢100% VQmay. However, as will be discussed, beyond
exercise intensities of ~85% M« (or even lower for untrained persona)stady

state oxygen consumption rate is rarely attaifhéitl et al, 2002)and exercise time

is often restricted by factors different to those which limit exercise performance at
lower intensities. Therefore, prolonged submaximal exercise generally refers to
steadystate exercise intensities below 85% M& As mentioned above,
mitochondrial ATP resynthesis is sustained utilising ae8tA derived primarily

from lipid or carbohydrate substrates. The relative proportions of these substrates
contributing to total ATP delivery is principally an acute function of exercise
intensity but is also altered by other factors including exercise durédwardset

al., 1934) diet (Roepstorffet al, 2005) gender(Venableset al, 2005)and training

statug(Bergman & Brooks, 1999)

Lipid availability to skeletal muscle is dependent upon the appropriate lipolysis of
adipose tissue TAG stores, release of these liberated fatty acids into the circulation
and effective uptake of the fattycids across the sarcolemma. In addition,
intramyocellular lipid droplets (IMCL) provide a viable pool of fatty acids to the
mitochondria and represent an important substrate during exéraisé.oonet al,

2003) As will be discussed, under most exercise conditions the rate of ATP

resynthesis attributable to lipid oxidation is regulated at the level of the



mitochondrion and limited by the entry of loebain fatty acids into the organelle
matrix. In line wth the lower maximal rate of ATP resynthesis that can be supported
by lipids compared to carbohydrate, it has long been known from respiratory
exchange measurements made on expired gases that muscle contraction relies more
heavily on lipid oxidation durindow-intensity exercise than during higitensity
exercise(Krogh & Lindhard, 192Q) More recent studies invegéting wholebody

fat oxidation rates over a number of exercise increments suggest that the absolute
rate of lipid oxidation during low to moderate intensity exercise increases linearly
with ATP demand, with maximal rates of lipid oxidation occurring aegercise
intensity between 50t65% VOymax (Achtenet al, 2002; Achten & Jeukendrup,
2003; Achteret al, 2003; Achten & Jeukendru@P04) When the exercise intensity

is increased beyond that which elicits maximal fatty acid oxidation rates, reliance on
lipid substrates drops sharply and, when measured at the-tayelevel, can be

almost negligible beyondpproximately 8% VO.maxin untained volunteers

The development of stable isotope tracer methodology has enabled a more detailed
evaluation of the effects of exercise intensity on skeletal muscle substrate selection.
For example, based on the plasma disappearance of’"Hgducose and
[H,]palmitate, combined with indirect calorimetry measurements, Romijn and
colleagueg1993 determined total fat and carbohydrate oxidation rates in volunteers
exercising for 30 minutes each at 25, 65 and 85%WOWHhilst estimated rates of
carbohydrate oxidation increased linearly with exercise intensity, lipid oxidation
only increasedetween the initial twavorkloads from 27 to 43 pmol-kg-min™,

before declining at 85% V£ to 30 pmol-kgh-min™®. A subsequent study from

van Loonet al. (2001)further illustrated that at rest and during low (40%M5) to
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moderate (57% V&hay intensity exercise, the relative contribution of lipid
oxidation to total energy expenditure was reasonably consistaappabximately
50%. However, when the exercise intensity was increased to 72%ayQU-
3C]palmitate oxidtion declined, reflecting a reduction in both the absolute and
relative rate of total fat oxidation. The additional employment of muscle biopsy
sampling in this latter study confirmed that the reduction in wholty lipid
oxidation coincided with an ineased reliance on muscle glycogen stores, such that
the glycogenolytic rate increased from 0.9 mmol-kg'dwin™ at 57% VQmaxto 6.2
mmol-kg dw'min™ at 72% VQmax Moreover, lactate accumulation at the highest
workload (29.5 mmol-kg di¥) was also ddble that of the moderate intensity
workload (15.6 mmol-kg dii). This accelerated glycolytic rate is likely responsible
for the restriction of lipid oxidation at higher exercise intensities, although the
mechanisms behind this are not fully understood. dtitkors of the aforementioned
study proposed that, under these conditions, free carnitine availability could become
limiting to mitochondrial fatty acid oxidatiofvan Loonet al, 2001) a discussion

point that will be developed isection 1.2

The greater rate of muscle gylcogenolysen with increasing exercise intensities is
likely related, at least in part, to the progressive recruitment of type Il muscle fibres
during more intense exercise. Indeed, single fibre staining for glycogen revealed
significantly more glycogen remainirig type Il fibores compared to type |, which
were mostly glycogen depleted, following three hours of cycling exercise at 31%
VO2max (Gollnick et al, 1974) In the same study, the proportion of both fibre types
staining negativdéor glycogen increased progressively during exercise at 64% (two

hours) and 83% V&hax (one hour), which was consistent with the greater rates of
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whole-muscle glycogenolysisas intensity increased (0.2.2 and 5.0 mmol-kg
dw'min?, respectively). Bchemical measurement of fibre typpecific
glycogenolysis confirms these findings, with over twice the glycogen utilisation seen
in type | (195 mmol-kg dw) compared to type Il fibres (90 mmol-kg dvover the

first 15 minutes of onéegged exercisat 61% VQnax (Ball-Burnettet al, 1991) In

both fibre types, the rate of muscle glycogen utilisation was greater over the first 15
minutes of exercise compared to the remainder of the bout (~two hours in total).
Similarly, muscle lactate increased fromeating value of 9.3 mmol-kg diy to 50.4
mmol-kg dw" after 15 minutes of exercise before declining to 25.5 mmol-kg dw
after one hour. This increased reliance on anaerobic glycolysis during the initial
severalminutes of exercise likely reflects the delay in mitochondrial carbohydrate
oxidation in reaching the required rate of ATP resynthesis. This point will be
considered further in thegection 1.1.3 Above exercise intensities of ~65% W

where muscle glymgen becomes the predominant substrate, it is intuitive that muscle
glycogen reserves might become the limiting factor in exercise capacity. This was
classically demonstrated by a series of studies from Bergstrom and Hultman in the
1960s. By manipulatinghe preexercise muscle glycogen levels they were able to
demonstrate a close relationship between resting glycogen availability and the time
to exhaustion during exercise at 75% M&, which coincided with the near
complete depletion of muscle glycogenrss(Bergstrom & Hultman, 1967)They
further observed that consuming a carbohydrate diet following glycogen
depleting ondegged cycling exercise increased resting muscle glycogen of the
exercised leg (normally about 3@M0 mmol-kg dW') to approximately 900

mmol-kg dw', with no change in the neexercised legBergstrom & Hultman,
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1966) This illustrates one of the most robust adaptations to exercise training in

skeletal muscle, that is, an increase in substrate availability.

1.1.3 Highintensity submaximal exercise

High-intensity submaximal exercise refers to exercise workloads above
approximately 85% Vé&hax Which generally represent nsteady state conditions
whereby oxygen consumption will trend towards the maximal attainabl¢Ratde

et al, 1988; Hillet al, 2002) but can be sustained at a fixed workload for more than
a few secondsTheoretically, exercise at 100% Y« could be sustained by the
maximal capacity of mitochondrial respiration using muscle glycogen as the sole
fuel. However, glycogen oxidation takes several minutes to reach its maximal rate
DQG WKXV GXUL @atl, woknitcHodddial “so8riges of ATP resynthesis
must cover the energy deficit. Hightensity exercise is thus characterised not only
by the eventual requirement for a neaaximal mitochondrial respiration, but also
the immediate mismatch in mitochoradrATP delivery and total ATP demand. The
intramuscular ATP store (25 mmol-kg &y in isolation, could sustain intense
muscle contraction for less than one second and thus alternative pathways for ATP

resynthesis must be rapidly activated.

One of theearliest studies to investigate the twomurse of normitochondrial ATP
delivery during highintensity exercise was that by Karlsson and Saltin in 1970
They demonstrated that during exhaustive constant load exercise bouts1&590
VOo,max Skeletal muscle PCr was degraded to ~20 mmol-kd, dgpproximately
25% of resting values, within the first two minutes of exercise for each workload.

Lactate also accumulated most rapidly over this initial period, reaching values of ~80
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mmol-kg dw' within two minutes and continuing to increase until exhansti
Furthermore, the ATP resynthesis from these two pathways was closely related to
the oxygen deficit during exercise, particularly at the highest workloads. The
products of ATP hydrolysis (ADP and AMP) are powerful allosteric activators of
creatine kinas and phosphofructokinase, the fbt@iting enzymes in PCr
degradation and glycolysis, respectively, and signal to accelerate the rate of ATP
delivery to match ATP demand. During a ten minute bout of cycling at 90%O

AMP and ADP concentrations in ealetal muscle were found to increase
approximately 16old and 3fold, respectively, over the first minute of exercise
(Howlett et al, 1998) Together with the rapid degradation of phosphocreatine (PCr
was less than 50% of resting values within one minute of exercise) and the reciprocal
elevation of inorganic phosphate, accumulation of these metabolites was associated
with the activation of glycolytic and mitochondrial ATP production. Despite the
latter, substantial lactate accumulation occurred throughout the exercise bout,
reaching values in excess of 100 mmol-kg™'dly 10 minutes. This reflects an
imbalance between pyruvate production from glycolysis and pyruvate oxidation,
particularly during the imial minute of exercise, when the rate of lactate
accumulation was greatest (31 mmol-kg tmin™). As will be discussed below, the
metabolic events occurring during the early seconds/minutes otirtegisity

exercise may be crucial in the developmédrfatgue later in the bout.

Unlike prolonged, submaximal exercise, fatigue during fmgénsity exercise is less
easily explained by substrate availability. Indeed, in the study by Karlson and Saltin
(1970, muscle glycogen content at exhaustion was above 100 mmol-Rgadd

thus, presumbly not limiting, for all workloads. Furthermore, the constancy of PCr
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concentrations (~20 mmol-kg d) from two minutes until exhaustion at 90% and
100% VO max(approximatelyl6 minutes and 6 minutes, respectively) would suggest
that the continued ratd PCr hydrolysis equalled its resynthesis from mitochondrial
ADP phosphorylatior(Perryet al, 2012)for the remainder of the exercise. Thus,
neither muscle glycogen nor PCr depletion could be considered as limiting to
exercise performance at these workloads. Instéjue is commonly cited as
resulting from substantial lactate production, the accompanying accumulation of
hydrogen ions and the reciprocal decline in muscle pH that occur during high
intensity exercise. Allosteric inhibition of the key glycolytic enagnglycogen
phosphorylaséChasiotiset al, 1983)and phosphofructokinag@rivedi & Danforth,
1966) by muscle acidosis has been proposed to limit ATP turnover during high
intensity exercise. HoweveBangsboet al. (1996) have reported that following the
elevation of systemic lactate concentrations by prior intense arm exercise,
glycogenolysis (~35 mmol-kg dwmin™) was unchanged during a subsequent bout
of exhaustive legextension exercise, despite a lower muscle pH &&¥areduction
in exercise time. Thus it would appear that the acidosigced inhibition of
glycolytic enzymes can be overcome in contracting human muscle. This of course
does not rule out any negative effects on hydrogen ion accumulation or acidosis on
other aspects of the contractile cascé@&adden, 2004 some of which will be
discussed in the subsequent section (seetion 1.14. In support of this,
interventions to increase the hydrogen ion buffering capacity of skeletal muscle by
-alanine supplementatiqiiill et al, 2007) sodium bicarbonatéBird et al, 1995)
or sodium citrat§McNaughton & Cedaro, 1992hgestion have all been shown to
increase highntensity exercise performance. Consistent with the likely role of

accelerated lactate production in the development of fatigue, the oxidation of
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pyruvate, or its reciprocal conmgon to lactate, represents a key brapomt in
skeletal muscle metabolism. Moreover, the rapid activation ofnmézchondrial
pathways of ATP delivery at the onset of higkensity and maximal exercise is vital

to compensate for the comparatively vglaactivation of mitochondrial ATP
resynthesis. The reason that carbohydrate oxidation is more slowly activated than
nonmitochondrial ATP resynthesis may be related to the proximity of the
phosphocreatine stores to the site of ATP utilisation or the greatmber of
enzymatic reactions involved. In particular, substrate flux through the pyruvate
dehydrogenase complex (PDC), the 4atgting enzyme in the conversion of
pyruvate to acetyCoA, has been studied with regard to its regulatory role in

mitochondial ATP production.

The pyruvate dehydrogenase complex

Carbohydrate oxidation initiates with the glycolysis of skeletal muscle glycogen or
glucose to pyruvate in the cytosol. Depending on the redox state of the cell, pyruvate
can either be reduced toctate via the lactate dehydrogenase reaction or converted
to acetylCoA by the PDC. Pyruvate can also enter a number of other pathways,
including the anaplerotic/gluconeogenic reactions catalysed by alanine
aminotransferase and pyruvate carboxykinase, these are quantitatively less
important in energy metabolism. The PDC is a mitochondrial memirauned
multi-enzyme complex that catalyses the irreversible decarboxylation of pyruvate to
acetylCoA and is considered one of the ratmtrolling reactionsn carbohydrate
oxidation. The catalytic activity of the PDC is regulated by covalent transformation
between its active and inactive forifisnn et al, 1969) as well as by engroduct

inhibition. Transformation of the PDC to its active form (PDCa) is determined by the
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competing activities of the PDC phosphatases (activatorsjinages (deactivators),
whilst in-vitro observations suggest epdbduct inhibition to be principally
regulated by the ratios of acetgbA to CoASH and NADH to NAD(Pettitet al,

1975) However, measurements of PDCa in human skeletal muscle biopsies would
suggest that exercise is able to override thebitibn by acetylCoA accumulation

on PDC transformation to its active form, possibly via calestimulated
phosphatase activatiofConstantinTeodosiuet al, 2004) Flux through the PDC
ultimately determines the fate of pyruvate and is thus considered a {painth

between mitochondrial and nonitochondrial ATP resynthesis.

The Acetylgroup Deficit

As previously discussed, the deficit between total ATP demand and mitochondrial
ATP delivery is most expansive under reteady state conditions. These occur at
the onset of exercise or during thartsition to a higher exercise increment and were
classically thought to result from a delay in the oxygen transport pattMargaria

et al, 1933) However, a aries of studies from Timmons and colleagues indicated
that the delay in mitochondrial ATP delivery could be due to a lag in the rate of PDC
activation at the onset of contractiimmonset al, 1996; Timmonst al, 1997;
Timmons et al, 1998a; Timmonset al, 1998b) Using a perfused hinlimb
contraction model in canine gracilis muscle, with which bllod and oxygen
delivery can be kept constant, it was demonstrated that maximal activation of the
PDC (using the pharmacological PDK antagodishloroacetate; [DCA]) reduced
reliance on nomitochondrial ATP production during 20 minutes of subsequent
contraction(Timmonset al, 1996) Consistent with the suspected role of inorganic
phosphate and hydrogen ion accumulatiothe impairment of contractile function,

DCA administration also attenuated the decline in force production by 40%. A
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parallel study using the same model demonstrated that this reduction in PCr
hydrolysis and lactate accumulation was most prominent thee first minute of
contraction(Timmonset al, 1997) findings that were later reproduced in humans
performing eight minutes of single leg extension exer€lsemmors et al, 1998a;

Timmonset al,, 1998b)

One apparent paradox of the studies from Timmons and colleagues is the observation
that acetylcarnitine accumulation, an indication of excessive PDC fluxveelatithe

TCA cycle, is greatest during the initial minutes of exerdisgure 1.5, when PDC

flux is proposed to be limiting mitochondrial ATP production. However, using the
same canine contraction model as previously empldyetertset al. (2002, 2005)
sampled multiple muscle biopsies over the first minute of contraction, affording a
much greater tengal resolution than previous studies. This approach demonstrated
that during the first 20 seconds of contraction, acetylcarnitine and -&edyl
concentrations tended to decrease from baseline values, providing unequivocal
evidence of the existence of aitochondrial inertia at the level of the PDC.
Moreover, DCA administration prior to the start of muscle contraction reduced PCr
hydrolysis and lactate accumulation, with the majority of this effect attributable to
the first 20 seconds of contractiqRRobertset al, 2002) Similar results were
obtained when acetgroup availability was increased independently of changes in
PDC activation, byhe infusion of sodium acetatRobertset al, 2005) The authors
concluded that the pieontraction accumulation of acetylcarnitine and ae€yh
facilitated a greater acetgroup flux into the TCA cycle, thus increasing the
contribution from mitochondrial respiration to total ATP resynthesis. In tjsec,

any intervention that can accelerate the delivery of a€&d to the TCA cycle has

potential to reduce reliance on nRomtochondrial ATP production. It is of note that
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manipulation of the muscle carnitine pool has been demonstrated to influeice PD
flux and acetylgroup availability to the TCA cycl@Vall et al, 2011) a facet that

will be explored further irsection 1.2

Not all studies have demonstrated an effect of DCA administration on mitochondrial
ATP delivery. For example(Savasiet al, 2002) reported that whilst maximal
activation of the PDC with DCA prior to a 90 second exercise bout at 900

was sufficient to elevate acetgtoup availability (increasing acet@oA 4-fold and
acetylcarnitine Hold compared to a control condition), no differences were
observed in PCr degradation or lactate accumulation at either 30 seconds or 90
seconds of excise. It has been argued that increasing agetylp availability is
unlikely to enhance mitochondrial ATP delivery when the initial rate of PCr
degradation is greater than ~1 mmollg® (Timmonset al, 2004) as was the rate

in the study by Savasi and colleagues. It is also important to consider that under
certain conditions PDC activation may be ungled from PDC fluxPutmanet al,
1993)and, theoretically, the pharmacologicailyuced stocgiling of acetytgroups

at rest may actually serve to dampen further increases in PDC flux during subsequent

exercise.

1.1.4 Maximal exercise

Maximal exercise efforts, i.e. not constant load, place the greatest demand possible
on ATP resynthesis pathwayand ATP delivery declines in parallel with work
output. By means of example, the average rate of skeletal muscle PCr degradation
during the first six seconds of a 30 second maximal cycle sprint was found to
approximately 4.9 mmol-kg divs® (Boobis, 1983 Over the subsequent 24 s the

average rate of PCr degradation had fallen to approximatelgnthadl-kg dw*-s™.
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During the same exercise bout, ATP production derived from muscle lactate
accumulation averaged 4.8 mmol-kg 4@ over the initial six seconds and was 3.8
mmol-kg dw'-s™ over the subsequent 24 seconds. The progressively lowemnfates
PCr hydrolysis and lactate accumulation over the 30 seconds was associated with a
corresponding decline in work output, such that the average power during the first
six seconds was 847 watts, compared to 649 watts when averaged over the entire 30
secondoout. Similar rates of PCr degradation and glycolytic ATP delivery have been
observed over comparable time periods of electrical stimulation, which can be
refined to elicit neamaximal intensity involuntary contractior(&lultman et al,

1991) Using this model in combination with single muscle fibre analgisierlund

et al. (192) demonstrated that the rate of total ATP turnover was substantially
greater in type Il fibres (13.4 mmol-kg dvs™) compared to type | fibres (4.9
mmol-kg dw's?), over 20 seconds of intermittent (1.6:1.6 seconds; 50Hz)
stimulation. This was atbutable to a greater rate of PCr degradation in type Il
fibres, particularly during the first 10 seconds of contraction (5.3 vs 3.3 mmol-kg
dw™.s?), as well as a high glycogenolytic rate in these fibres (6.3 mmol-kstfyv
compared to a negligible tein type | fibres (0.6 mmol-kg divs™?). Using similar
electrical stimulation protocols, epinephrine infusi@reenhaffet al, 1991)and

blood flow occlusion(Greenhaffet al, 1993) have independently been shown to
accelerate the glycogenolytic rate in type | fibres (6 andoldl respectively) but

not type Il fibres over 64 seconds of contraction. These data subgeglycolytic

ATP delivery from type Il fibres is neamaximal under these conditions and are
consistent with the maximal reported activity of glycogemgphorylase in each

fibre type Table 1.2
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During maximal exercise, glycolytic rates begin teloee within 18320 seconds of
contraction, whilst the rate of PCr hydrolysis declines almost immediately following
the onset of contractiofHultman et al, 1991) Fatigue dung maximal effort
exercise ultimately results from this inability to maintain the extremely high rates of
ATP delivery required at these workloads. Furthermore, the reduction in the overall
rate of noamitochondrial ATP delivery would appear to be priityarelated to the
capacity of the type Il muscle fibres. For example, the rate of PCr degradation in
type Il fibres declined by more than half between 10 and 20 seconds of maximal
contraction, whilst it remained relatively constant in type | fil@sderlundet al,

1992) Similarly, the fall in the glycolytic rate in mixemuscle from 2680 seconds
could be almost entirely accounted for by a 45% reduction in type Il fibre
glycogenolysis. The authors proposed that the high oxidative capacity of the type |
muscle fibres enables continued resynthesis of ATP at a rate sufficient to match PCr
hydrolysis in these fibres. Conversely, the low oxidative capacity of the type Il
muscle fibre prohibits the matching of mitochondrial ATP resynthesis to the high
rate of PCr hydrolysis, resulting in a rapid decline in type Il fibore PCr availability.
Coupled with the concomitant decline in type Il fibre glycolysis, this precludes the
further prodiction of nonmitochondrial ATP delivery at the rate necessary to sustain
maximal muscle contraction. Aside from the possible direct effects of myofibrillar
PCr depletion, the impairment of contractile function during figénsity or
maximal exercise maglso be related to the disruption of sarcoplasmic reticulum
calcium cycling, secondary to local reductions in phosphocreatine availdbilike

& Steele, 2001) Furthermore, the reciprocal accumulation of inorganic phosphate
that accompanies PCr hydrolysis has also been implicated in the development of

fatigue under thesconditions. For example, it was shown that force production in
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intact skeletal muscle was enhanced in the presence of pyruvate compared to glucose
or lactate, an effect apparently mediated by a concurrent lowering of myocellular
inorganic phosphate conueations (Phillips et al, 1993) A number of specific
detrimental effects of inorganic pshate accumulation on contractile function have
been proposed, including the direct or indirect (reduced calcium sensitivity)
interference with crosbridge formation and the possible impairment of
sarcoplasmic reticulum calcium release or upt@Xesterblacet al, 2002) Finally,

it has been speculated that muscle potassium efflux duringirtigisity exercise

may result in the accumulation of extracellular potassium and subsequently
contribute to the development of fatig(Bangsbcet al, 1996) This is supported by

the finding that the enhancement of fatigesistance gaineébllowing exercise
training was associated with lower interstitial potassium accumulation during high

intensity onelegged exerciséNielsenet al, 2004)

Repeated bouts of exercise

Exercise paradigms that involve repeated bouts of-inigimsity exercise are a
useful tool for the study of metabolic regulation during skeletal muscle contraction,
demanding sutiantial ATP delivery from both mitochondrial and rortochondrial
pathways. For exampl&aitanoset al. (1993)demonstrated that across a series of
six-second maximal bicycle sprints separated by 10 seconds of recovery, the rate of
glycolytic ATP productiorfell markedly from 6.6 mmokg dw'-s* during the first

sprint, to 0.9 mmakg dw*'s* during the tenth bdy whilst PCr degradatioralso
declingl, from 7.4 to 4.2 mmokg dw's™. Similarly, the reported contributions

from anaerobic glycolysis, PCr degradation and mitochondrial oxidation to total

ATP productionduring an initial 30 second bout of maximal sprexercise300-
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400% VOmax) range between 585, 2328 and 1628%, respectivelyBogdaniset

al., 1996; Trumpet al, 1996; Paroliret al, 1999) However, duringa third bout,
following four minutes recovery between bouts, the absolate rof non
mitochondrial ATP production declines such that anaerobic glycolysis and PCr
degradation each provide at most 15% of the total ATP resynthesis, with the relative
contribution from mitochonaal ATP delivery increasing to approximateR0%.
Given the lower rates of ATP production that can be sustained by mitochondrial
oxidation compared to anaerobic glycolysis and PCr degradation, this shift in
substrate metabolism is associated with a reduction in the overall rate of ATP
production. Moreover, whe repeated bouts of maximal effort exercise are
performed, work output declines in parallel with total ATP production over
successive bout@icCartneyet al, 1986; Sprietet al, 1989; Trumpet al, 1996;

Parolinet al,, 1999)

Given the neaequilibrium rate constant of the creatine kinase reaction during
recovery from higkintensity exercisgSahlin et al, 1979) the reduction in PCr
degradation over repeated bouts of exercise is likely related to an incomplete
resynthesis of PCr between boufsump et al. (1996)investigated the influence of

PCr recovery on skeletal muscle metabolism during three 30 second maximal bicycle
sprints by occluding blood flow to one leg between bouts two and three.s@@cclu
prevented PCr resynthesis such that prior to the start of bout three, the PCr
concentration in the occluded leg (21 mmol-kgwas one third that of the non
occluded leg (63 mmol-kg dW. The blunted ability to resynthesize ATP from PCr
hydrolysisin the following bout was associated with a 15% reduction in work output

compared to the neoccluded leg (5.8 vs 6.8 kJ, respectiveBdsitive correlations
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have been reporteldetween the extent of PCr resynthesis during recovery and the
work output atiined in a subsequent bputhilst the recovery of muscle pitbesnot
seem to influence subsequent power ou{paigdaniset al, 1995; Bogdanigt al,
1996) This supports the notion that PCr availabilpgr se rather thanmuscle
acidosis is responsible for the progressive declinéAilrP production over repeated
bouts of maximal exercisén particular, and ensistent with the lower oxidative
camcity of type Il muscle fibresT@ble 1.2, it has been suggested that lower rates
of PCr resynthesis in these muscle fibres during recoveay be a primary
determinant of the decline in work output during repeated bouts ofirttighsity

exercisgCaseyet al, 1996)

The mechanisms that govern the reduction in glycolytic rate with successive high
intensity exercise bouts are less clear though have been proposed to be related to the
inhibitory effect of hydrogen ion accumulation on glycogen phosphorylase activity
(Spriet et al, 1989) However, given the accumulation of other key glycolytic
activators during higintensity exercise (ADP, AMP, Pi, IMP), it would seem
unlikely that allosteric modulation of phosphorylase can wholly explain the
reduction in lacte accumulation during repeated bouRsiiman et al. (1995)
calculated that the ATP delivered from PDC flux increased@ssively over three
maximal 30 second cycle sprints, such that it equalled 220 mmol in bout 1, 255
mmol in bout 2 and 357 mmol in bout 3. This was attributed to the maintenance of a
sequentially greater (2.2 and Z@d) prebout PDC activation abovesting levels

(0.45 mmol-kg ww"min™), as PDCa was maximal (~3.0 mmol-kg #amin™) by

the completion of each bout. As the overall work output decreased with each sprint

(19.3, 16.3 and 14.2 kJ, respectively), PDC flux accounted for a progressively
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greder proportion of total ATP production (29, 33 and 63%, respectively) and thus
may partially explain the lower lactate accumulation during latter bouts. Relatively
little is known about the metabolic responses to repeated bouts ehteglity non

maximd exercise, where the workload can be fixed and thus total ATP demand
maintained constant over successive bouts. Manipulation of PDC flux by carnitine
under these conditions, where PDC is likely to be activated more slowly than during
maximal exercise, magepresent a possible strategy to enhance mitochondrial ATP

delivery and improve exercise performance.

1.2 Carnitine metabolism during exercise

The increase in ATP turnover during exercise requires the integration of greatly
accelerated rates of fat and carbohydrate oxidation. As mentioned previously, both
these pathways depend upon adequate carnitine availability and changes in the free
carnitinepool during exercise are closely linked with changes in substrate utilisation
in skeletal muscle.Carnitine (3hydroxy-4-N-trimethylaminobutyric acid) is a
naturally occurring quaternary amine compound, synthesised from the amino acids
lysine and methiomie. Being a zwitterionic molecule, carnitine contains a positively
charged amine and a negatively charged carboxyl group, as well as a centrally
positioned hydroxyl groupFigure 1.2). This hydroxyl group functions as a binding

site for acyl residues and fundamental to the two primary biochemical roles of
carnitine in skeletal muscle, where around 95% of whole body carnitine stores are

sequestere(Brass, 1995)
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Figure 1.2 Structure of carnitine and the acyltransferase reaction
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1.2.1 Carnitine regulates fat oxidation during exercise
Translocation of long chain fatty acids

Mitochondrial combustion of lipids is one of the most vital pathways for energy
production in humans. In skeletal muscle, the primary substrates for mitochondrial
lipid oxidation are cytosolic lorghain fatty acids, derived either from plasbw@ne

free fatty acids, or the lipolysis of plasma lipoprotear intramusculatriglyceride
depots. Once activated to their respective CoA esters vigCadylsynthetase, lonrg
chain fatty acyiCoAs must be converted to acylcarnitine esters before they are able
topetUPHDWH WKH PLWRFKRQGULDO PHPEUDQHV- DQG DF
oxidation pathway(Fritz & Yue, 1963) This reversible transsterification is
facilitated by carnitine palmitoyltransferase 1 (CPT1) and is illustrated schematically
in Figure 1.3 Owing to the close associatidoetween ACS and CPT1 within the
contact sites of the outer mitochondrial membréneppel et al, 1998; Hoppekt

al., 2002) activated longhain acyfCoAs would appear to be preferentially
trafficked towards the mitochondrial matrix for subsequent oxidation. Once formed,
acylcanitines are translocated from CPT1, on its cytosfaaing site of the outer
mitochondrial membran@Murthy & Pande, 1987; Fraset al, 1997) to CPT2 on

the inner mitochondrial membrafié@/oeltjeet al, 1987) This process necessitates a
stoichiometric 1:1 exchange of the cytosolic acylcarnitine with 4mitachondrial

free carnitine by the enzyencarnitine acylcarnitine translocase (CACT). Upon
exposure to CPT2 acylcarnitine is traederified back to free carnitine and LGFA
CoA, which can then be sequentially cleaved of-badbon acetylCoA units by the
HQ]J\PHV RIl-oxifafidh cycle. The #&e carnitine product of CPT2 is

subsequently available to participate in the CACT reaction and as such, under
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normal resting conditions mitochondrial fatty acid flux can be sustained with

minimal disturbance to the free carnitine pool.

Carnitine deficienes impair fat metabolism

The paramount involvement of carnitine and its associated enzymes in fat oxidation
is highlighted by multiple pathophysiological scenarios in humans. For example,
systemic carnitine deficienc{fEngel & Angelini, 1973) chronic haemodialysis,
which results in secondary carnitine deficier{@alvaniet al, 2004; Evanst al,

2004) or genetic mutations in CPT@rngreenet al, 2005)all result in marked
suppression of wholbody lipid oxidation, increaskintramuscular lipid storage and
impairments in exercise performance. Furthermore, pharmacological partial
blockade of CPT1 via Etomoxir administration acutely recapitulates these
perturbations of lipid metabolism in healthy volunte@tgderlinget al, 2002) The
absence of reports concerning human genetic defects in CPT1 would suggest that
these are incompatible with life and indeeahtozygous knockout of the skeletal
muscle isoform of CPT1 is embryonically lethal in mi¢@ et al, 2008)
Interestingly, genetic variants in the skeletal muscle CTP1 gene, particularly the
E531K variant, have recently been linked withwer rates of postxercise fat
oxidation (GomezGomezet al, 2014)and an increased prevalendeobesity and

the metabolic syndrome in humafbitailleet al, 2007; Auingeet al, 2013)
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Figure 1.3 Schematic illustrating the role carnitine in fatty acid oxidati&M
plasma membrane, OMM outer mitochondrial membrance, IMM inner mitochondrial

membrane.
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Carnitine acetylation limits CPT1 flux

As previously discussed, above exercise intensities of approximately 65%.VO
there is a sharp decline in the absolute rate of whole body fat oxidation. Concurrent
with an acceleration of glycolytic rate, PDC flisxalso increased at higher exercise
intensities and is associated with the formation of acetylcarnitine (see Acetyl Group
Buffering). Studies in human volunteers confirm that the increase in acetylcarnitine
concentrations within skeletal muscle during reie of increasing intensity is
paralleled by a reciprocal decline in free carnitine cont€onstantinTeodosiuet

al., 1991) The first evidence that this acetylation of the free carnitine pool was
mechanistically responsible for the decline in lipid oxidation was providedahy
Loon et al. (2001) who observed a 35% reduction i(]-palmitate oxidation
during cycling exercise at 72% M compaed to 57% VGQnax This coincided

with a lowering of intramuscular free carnitine concentrations to 5.6 mmol-kKg dw

or approximately 30% of the total carnitine pool (excluding 4ohgin
acylcarnitine), which was argued could possibly limit CPT1 flux &edlto the
hypothesis that increasing skeletal muscle free carnitine availability could alleviate
this inhibition of fat oxidation. It has since been demonstrated that increasing the
skeletal muscle carnitine pool via a chronic nutritional strategy, saththe free
carnitine concentration during a 30 minute bout of cycling exercise at 809, O
was 8.8 mmol-kg dw, was unable to prevent the decline in whobely lipid
oxidation (Wall et al, 2011) Although free carnitine availability in this study was
likely increased abovéhe intracellular concentration expected to limit CPT1 flux
(0.5 mM; McGarryet al, 1989)it still only represented ~30% of the total carnitine
pool. Thus, the marked decline in lipid oxidation during exercise at intensities above

~65% VQOmaxis paralleled by a ragiacetylation of the free carnitine pool, whereas
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acetylcarnitine accumulation is far more moderate at lower exercise intensities, when
lipid oxidation is still increasing (seféigure 1.5). As a consequence of these (and
other) findings, it has recently &e proposed that the absolute rate of lipid oxidation
will decline when carnitine acetylation reaches 50% of the total carnitine pool
(Stephens & Galloway, 2013)This hypotheis predicts that at such exercise
intensities, the intranitochondrial free carnitine concentration will become limiting
to the CACT reaction flux, which will in turn restrict the delivery of free carnitine to
the cytosolic site of CPT1 and inhibit fathgid entry into the mitochondria. This
acknowledges that an elevation of the total muscle carnitine pool will not only
increase free carnitine availability to CPT1, but also to the CAT reaction. As such,
this intervention might only be expected to increthgerate of lipid oxidation under

conditions of low glycolytic flux.

An additional implication of this working model is that free carnitine availability
will be limiting to CPT1 flux at any exercise intensity, even when lipid oxidation is
increasingThis is consistent with the observation that acetylcarnitine concentrations
generally decline with progressive exercise durations at these intenBigese(

1.5. For exampleWatt et al. (2002) found that the increase in plasma fatty acid
oxidation with prolonged (four hours), moderate intensity (57%\ exercise
coincided with a rduction in PDC activation and a return in acetylcarnitine
concentrations to resting values. This also aligns with the finding that increasing
muscle total carnitine content by 21%, such that free carnitine availability was
increased from 14.5 to 19.6 mmidad- dw, resulted in a 31% suppression of PDCa
during 30 minutes of exercise at 50% M (Wall et al, 2011) This was

associated with a ne&alving of glycogen utilisation (from 49.9 6.9 mmol-kg
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dw?) and has subsequently been shown to concomitantly increase whole body fat
oxidation rates by about 10%, from 0.61 to 0.67 mgnkigi* lean masg§Stephens

et al, 2013) Interestingly, the latter study found that this carniimediated increase

in fat oxidaton was able to prevent the 1.8 kg gain in fat mass observed in the
control group (attributed to chronic carbohydrate overfeeding), and was reflected in
the modulation of related metabolic gene networks. These findings were consistent
with earlier work fran this group, demonstrating that acute elevation of the muscle
carnitine compartmermnwas associated with a blunting of resting PDCa and glycogen
utilisation (Stephenset al, 2006a) The authors concluded that the increase in free
carntine availability had promoted a greater CRf&diated oxidation of lipids, as
supported by increased loihain acyHCoA content, leading to an elevation of
mitochondrial acetylCoA availability and thus driving the suppression of PDC and

glycogenolytic fuxes(Garland & Randle, 1964)

1.2.2 Carnitine maintains PDC flux during exercise
Acetyl group buffering

As previously discussed, at rest and during stesalte low intensity exercise (<50%
VO2may the contribution from fat oxidation to total energy expenditure 8@,

with the remaining portion fulfiled almost entirely by carbohydrate oxidation
(Romijn et al, 1993; van Looret al, 2001) Reciprocally, normitochondrial ATP
generation (and thus glycolytic flux) proceeds at a relatively low rate. Specifically,
pyruvatederived acetyl group production through the PDC is well matched to
acetylCoA flux through the tricarboxcylic acid cycle. However, during times of
accelerated glycolytic flux, as occurs at higher exercise intensities (>70%:¥.0

acetytCoA production from the decarboxylation of pyruvate would appear to exceed
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its rate of condensation with oxaloacetate. The resting muscle CoASH pool is
approximateO \ — P R O'AwKigh,ZrPisolation, would be sufficient to support
maximal PDC flux of 20 — P R @Awi* (ConstantirTeodosiuet al, 1991)for

less than one second of intense muscular contraction. If apetyb delivery was
supported solely by the formation of aceBoA, this rapid acetylation of the
mitochondral CoASH pool would prevent succingR$ IRUPDWLRQ YLD
ketogluturate dehydrogenase reaction, resulting in the complete inhibition of TCA
cycle flux. By reversibly binding to mitochondrial acetybups, carnitine prevents
this depletion of the CoAgml, facilitating an increase in the catalytic activity of the
PDC Figure 1.4). Experiments on blowfly flight muscle b@hildress and Sacktor
(1966 demonstrated that the tissue had a carnitine content comparable to human
skeletal muscle (~4 mmol-kg ww), despite lacking the capacity to oxidise fatty acids.
The findings that carnitine enhanced the conversion of pyruvate to-&mwiyand

that acetylcaritine accumulated during flight {#ld increase) led to the hypothesis
that free carnitine buffers excess ac€lglA. The formation of acetylcarnitine from
carnitine and acetyCoA is catalysed by the mitochondrial matrix enzyme carnitine
acetyltransferse (CAT). Compared to relatively small pool of CoASH in skeletal
muscle (~90 pmol-kg di), free carnitine (~20 mmol-kg dvy provides a far greater
capacity for acetygroup transfer during conditions of accelerated mitochondrial
acetytgroup delivery. Ideed, the extent of acetylcarnitine accumulation in muscle
during exercise can be an order of magnitude higher than any increase irCadetyl
concentratior(ConstantinTeodosiuet al, 1992) The observations of Childress and
colleagues were subsequently confirmed in contracting (dkpnyi et al, 1975)

rat (Carteret al, 1981) and humar{ConstantirTeodosiuet al, 1991; Constantin

Teodosiuet al, 1992, 1993%keletal muscle and it was proposed that this acetyl
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Figure 1.4 Schematic showing role of carnitine in acegybup buffering PM

plasma membrane, IMM inner mitochondrial membrane.
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buffering role of carnitine and the CAT reaction was tightiypled to the activity of

the PDC.

Acetylcarnitine formation during exercise

The formation of acetylcarnitine by CAT is crucial to the maintenance of the high
rates of carbohydrate oxidation evoked by higiensity exercise. A comparison of

25 publishedstudies that have measured acetylcarnitine formation during exercise of
various intensities and durations demonstrates that acetylcarnitine accumulates most
rapidly during the initial minutes of exercise, suggesting that the CAT reaction is
particularly mportant over this periodF{gure 1.5. Consistent with the greater
dependence on nemitochondrial ATP delivery during the first few minutes of
exercise, acetylcarnitine accumulation would also appear to suggest that PDC flux is
accelerated more rapidijpan TCA cycle flux over this period. During exercise at
75% VOmax and above, most studies report that acetylcarnitine remains elevated or
continues to accumulate, albeit at a lesser rate, for the remainder of e(eatike,

1990; ConstantiTeodosiuet al, 1992; Leblanet al, 2004) Thus, once the initial
mitochondrial inertia has been overcome (see Aapiylip Deficit) and oxidative

ATP delivery begingo approach the total ATP demand, PDC flux and hence acetyl
group availability would appear to become better matched to the demands of the
TCA cycle. However, estimates of in vivo TCA cycle flux have challenged this

concept.
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Figure 1.5Acetylcarnitineformation at different exercise intensities.

Open circles <50% V&hax closed circles 65% V£, closed triangles 75%
VO2max Open triangles 90% VL.« Values are averaged from studies that have
determined acetylcarnitine content in skeletal muscle eefod after voluntary
exercise of various intensities and duratigHarris et al, 1987; Hiattet al, 1989;
Sahlin, 1990; Constantifieodosiuet al, 1991; Constam-Teodosiuet al, 1992;
Spenceeet al, 1992; Putmart al, 1993; Putmart al, 1995; Howlettet al, 1998;
Howlett et al, 1999a; Paroliret al, 2000; St Amancet al, 2000; Tsintza%t al,
2000; van Looret al, 2001; CampbelD'Sullivanet al, 2002; Gibalaet al, 2002a,;
Gibalaet al, 2002b; Savast al, 2002; Leblanet al, 2004; Roepstorfét al, 2005;
Sahlinet al, 2005; Vollaarcet al, 2009; Marwoocet al, 2010; Wallet al, 2011)
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Gibalaet al. (1998)found that during five minutes of leg extension exereisé0%
maximal exercise capacity,-intro determination of PDCa accounted for only 77%

of the estimated TCA cycle flux (calculated from leg Wptake). In this exercise
model it is quite likely that lipid oxidation provides a substantial portion of the
acetytgroups entering the TCA cyc(élelgeet al, 2007) even during more intense
workloads. Moreover, the relatively low muscle mass recruited during segle
knee extensionlessens the restrictions imposed by circulating catecholamine
concentrations and local vasoconstriction on the active muscle oxygen uptake,
compared to twdegged cycling exercis¢Helge et al, 2007; Boushel & Saltin,
2013) With these considerations, it might be expected that total dyeke flux be
greater than flux through the PDC under the exercise conditions employed by Gibala
and colleagues. Indeed, the maximal activity of citrate synthase, the enzyme
regulating acetygroup entry into the TCA cycle, is approximately-fbl greater

than that of the PDQRasmusseet al, 2001) It is also interesting to note that the
reported kK, of the CAT reaction for acetyfCoA (40 uM;Childress & Sacktor, 1966)

is substantially lower than that of the condensation of a€&yl with oxaloacetate

(500 pM; Newsholme & Leech, 1983jaising the possibility that under certain
conditions acetylCoA could be preferentially converted to acetylcarnitine over entry
to the TCA cyck. Consistent with the finding that acetylcarnitine concentrations tend
to decline during 20 seconds of electrical stimulat{@obertset al, 2002)
acetylcarnitine accumulation is negligible during a single bout of maximal cycling
exercise, lasting either tefHowlett et al, 1999b)or 30 secondg¢Parolin et al,

1999) Under these conditions, mitochondrial (oxidative) ATP delivery cannot
approach the required rate of ATP hydrolysis and the duration of exercise is

probably insufficient for an acetgroup excess to develop. Indeed, whole body
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oxygen uptake reaches at sh®0% and 85% of V& axwithin 15 and 30 seconds of
maximal cycle sprinting (Putman et al, 1995) reflecting a submaximal

mitochondridrespiration.

Carnitine matches glycolytic and TCA cycle fluxes

As discussed, acetylation of the free carnitine pool indicates that -gcetyd
delivery from the PDC exceeds aceGoA entry into the TCA cycle. Similarly,
lactate accumulation during exercise largely reflects an imbalance between pyruvate
formation (ie. glycolytic rate) and disposal through the PDC. Thus during- high
intensity exercise, the simultaneous accumulation of both lactate and acetylcarnitine
can be considered to reflect an overall imbalance between glycolytic and TCA cycle
fluxes. It has beeproposed that the availability of free carnitine, if limiting to PDC
flux, could in part regulate the matching of substrate fluxes in skeletal muscle during
high-intensity exercis€Siliprandiet al, 1990) However, the study by Siliprandi and
colleagues made no attempt to measure skeletal muscle metabolism and ve&g unlik
to have successfully manipulated muscle carnitine availakitgphenset al,
20060. To date, only one study has addressed the impact of manipulating skeletal
muscle carnitine content on fuel metabolisminiyhighintensity exercis¢Wall et

al.,, 2011) Elevating muscle total carnitine content by 21% was associatedawit
50% increase in PDCa following a 30 minute exercise bout at 80%,\O
Acetylcarnitine accumulation also appeared to be greater, suggesting that flux
through the PDC had indeed been augmented during the exercise bout. Moreover,
the postexercise PCATP ratio was higher following carnitine loading, implying
reduced reliance on PCr degradation during exercise. Glycolytic flux was accelerated

following the intervention period, probably as a result of the daily carbohydrate load
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needed to increase musclearnitine uptake, but lactate accumulation was
significantly lower in the carnitine fed group than in the control group (carbohydrate
only). Altogether, the findings from Wall and colleagues demonstrated that
increasing free carnitine availability durimggh-intensity exercise enabled a greater
flux through the PDC, facilitating a better matching of glycolytic and TCA cycle
fluxes and thus reducing reliance on soiochondrial ATP resynthesis.
Importantly, the metabolic impact of muscle carnitine loadiagslated into an 11%

improvement in work output during a subsequent 30 minute performance trial.

Disease states under which skeletal muscle mitochondrial ATP production is
impaired are often reflected in perturbed carnitine metabolism. For examj@ipa
suffering from unilateral peripheral arterial disease have reduced resting muscle free
carnitine content compared to their reymptomatic legHiatt et al., 1992) These
patients commonly experience exereisgéuced claudication which severely limits
exercise tolerance and thus any physical task can represent an intense exercise
challenge. Hiatt and colleagues also reported that those patients wh@blerto
exercise for longer accumulated greater amounts of acetylcarnitine, whilst resting
acetylcarnitine content was a negative predictor of exercise tolerance. Although
derangements in carnitine metabolism are perhaps secondary to other featuses of th
disease (e.g. tissue perfusion, mitochondrial volume), these findings demonstrate the
importance of acetygroup buffering in reflecting the metabolic state of skeletal
muscle. Indeed, evidence suggests that mitochondrial oxidative capacity is impaired
in peripheral arterial disease patierftdands et al, 1986; Baueret al, 1999)
Furthermore, targeting of the PDC to reduce reliance onnmtothondrial ATP

production may represent a means to increase the efficacy of exercise prescription in
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this population(Calvertet al, 2008) or indeed in any clinical population in which
mitochondrial ATP production appears impaired (etgonic obstructive pulmonary

diseasemitochondrial myopathy).

1.2.3 Novel areas of carnitine metabolism during exercise

The data from the study bWall et al. (2011) described above, suggest that
increasing skeletal muscle carnitine content could facilitate the enhancement of
oxidative ATP provision during continuous hightensity exercise, as reflected by
the lower rate of PCr degradation and diversion of glycogenolysis away from lactate
production. These findings could potentially have a wide applicability, not only as an
ergogenic @ol to improve athletic performance, but also with respect to the efficacy
of exercise prescription in pathologies where mitochondrial ATP production and
hence, exercise capacity, may be impaired. However, whether the metabolic
alterations observed durir@® minutes of exercise at 80% YQx(Wall et al, 2011)

are transferable to other exercise paradigms is unclear and requires further
investigation. In order to fully exploit the utility of skeletal muscle carnitine loading,
further clarification is needed as to the roles of carnitine metabolism and PD@ flux i

the facilitation of oxidative ATP production under various exercise conditions.

Carnitine metabolism during single leg exercise

As already discussed, during the initial few minutes of tngénsity exercise, nen
mitochondrial ATRPproducing pathwayare rapidly activated to compensate for the
deficit in ATP turnover associated with the more gradual rise in oxidative ATP
delivery towards the required ATP demand. Similarly, the formation of

acetylcarnitine in skeletal muscle during the first® minutes of highintensity
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exercise is generally considered to reflect a rate of PDC flux that is in excess of
acetytgroup entry to the TCA cycléigure 1.5. Wall et al. (2011) reported that
acetylcarnitine accumulation during 30 minutes-teggedcycling exercise at 80%
VO2max Was more than double that observed during an equivalent bout at 50%
VO2omax This demonstrates how the proposed imbalance between PDC and TCA
cycle fluxes becomes more exaggerated as the exercise intensity, and thus the
demam for nonmitochondrial ATP production, is increased. However, a study from
Gibala and cawvorkers (1998 has chaknged this concept, estimating TCA cycle
flux to be 1630% greater than PDC flux over five minute periods of sihefged

knee extension exercise. Should acetylcarnitine formation indeed reflect the balance
between PDC and TCA cycle fluxes, under thesaditmns acetylcarnitine
accumulation might be considered somewhat paradoxical. As acetylcarnitine
metabolism was not determined in the study by Gibala and colleagues, definitive
conclusions cannot be drawn on the relevance of acetylcarnitine accumdiatiom

the singleleg knee extension model, when oxidative ATP delivery may not be
impeded by the same limitations as during 4egged cycling(Boushel & Saltin,

2013)

Repeated bouts digh-intensityexercise

The progressive increase in the relative contribution from mitochondrial ATP
resynthesis to total ATP production is well characteridadng repeated sprint
(maximal effort) exercise, with a concurrent decline in -notochondrial ATP
delivery. A confounding factor concerning the investigation of skeletal muscle
metabolism during repeated sprints is the inherent reduction in work amtput

successive bouts. The implementation of a slightly lower exercise intensity (e.g.
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100% VQOnmay, Where the workload can be fixed and sustained over repeated bouts
provides an exercise paradigm that relies on a rapid anemseamal activation of
mitochondrial ATP production and yet still demands a substantiahmtoschondrial
component. Using this type of paradigBangsboet al. (2001) reported that
oxidative ATP delivery increased in a second three minute bout of degglnee
extension exercise at 100% M whilst reliance on nomitochondral ATP
production declined, relative to the first bout. In line with the aforementioned
relationship between PDC flux, oxidative ATP production and acetylcarnitine
accumulation, it might be expected that under these conditions, where TCA cycle
flux is apmrently accelerated during a second exercise bout at a fixed workload,
acetylcarnitine accumulation would decline. Acetylcarnitine was not determined in
the study by Bangsbo and colleagues and indeed, relatively little is known about
skeletal muscle carmite metabolism during repeatbdut exercise, or during the
recovery between exercise bouts and how this might influence subsequent bout

performance.

Effects of training on carnitine metabolism during exercise

A limited number of studies have reportedtal on skeletal muscle carnitine
metabolism during exercise in response to training. For exarbpldancet al.
(2004) observed a trainingnduced reduction in PDC activation and acetylcarnitine
accumulation during 15 minutes of constlr@d cycing exercise at 80% V&ax
Taken together with the calculation that absolute rates of pyruvate oxidation were
lower following training, this would indicate that flux through the PDC was
suppressed postaining. Whilst this might initially appear countetuitive to a

training adaptation, the relative proportion of pyruvate production that was diverted
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towards oxidation actually increased and was accompanied by lesser reliance on
nonmitochondrial ATP delivery, as evidenced by lower PCr degradation, dactat
accumulation and glycogenolytic flux. The latter were probably related to a better
preservation of resting ADP and AMP concentrations, a finding consistent with the
reported increase in maximal citrate synthase activity (an enzymatic marker of
mitochondral content). Finally, a reduction in pyruvate oxidation with a concomitant
decrease in nemitochondrial ATP production would imply that the contribution
from lipid oxidation to energy provision was increased. This is certainly plausible
given the increasd availability of free carnitine, in the face of a lower glycolytic
flux. In agreement with this, a second study that observed comparable training
adaptations with respect to acetylcarnitine accumulation ananitochondrial ATP
production, also reported lower postraining respiratory exchange ratio during
exercise (70% preraining VOmay, Suggesting that fat oxidation was indeed
enhanced by training at this worklogtfollaard et al, 2009) If alterations in
carnitine metabolism during exercise am important aspect of the metabolic
responses to training in skeletal muscle, it would be pertinent to investigate whether
increasing muscle carnitine during training could influence these adaptations. As will
be discussed below, the current strategyntwease muscle carnitine availability is

not without limitations and could benefit from further empirical optimisation.

1.3 Increasing skeletal muscle carnitine content
1.3.1 Carnitine homeostasis

Although the regulation of muscle carnitine stores isrlyoanderstood, muscle
carnitine uptake would appear to be primarily driven by the sodiependent

organic cation transporter OCTNJamai et al, 1998) and relies on a tightly
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controlled plasma carnitine availability. Plasma carnitine is in turn regulated by
intestinal dietary absorption, renal reabsorption and endogenous biosynthesis (see
Chapter 3). The difficulties inincreasing muscle carnitine content are multifaceted
and are addressed in greater detaCapter 3. Briefly, the bioavailability of orally
ingested boluses of-tarnitine is less than 20% and declines further as dose size
increasegHarperet al, 1988) Secondly, the renal reabsorption of carnitine is-near
saturated at normal plasma carnitine concentrations, meaning that any elevation of
plasma carnitine concentration is matched by rapid urinary carnitine elimination
(Brasset al, 1994) Consequently, a sustainable increase in systemic carnitine
availability would require constant oral dosing. Finally, the active transport of
carnitine into muscle by OCTN2 must occur against a considerable {fid)0
concentration gradient and would appear to be saturated by normal plasma carnitine
concentrations under basal conditiqf®ephenset al, 2006b) These features of
carnitine homeostasis are reflected in the results from multiple studies demonstrating
the failure of L-carnitine administration to measurably impact the muscle carnitine
stores. For example, Vukovich and colleag(i&94) found no difference in muscle
carnitine following two weeks of oral-tarnitine supplementation (6 ger day)
despite maintaining elevated serum carnitine concentrations throughout the
intervention period. Similar results were found following three months of
supplementation(2 x 2g per day; Wachtest al, 2002) Moreover,Brasset al.
(1994)found no impact of acute intravenous administration of carnitine upon muscle
carnitine content. A further common finding from the three studies described above
is the absence of any effect of carnitine sepgntation on muscle metabolism or

performance during exercise. Indeed, these findings cast doubt on a number of
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studies that report the ergogenic effects of acute oral dosingcafritine, as it is

difficult to understand how such a strategy couldrakeletal muscle metabolism.

Insulin stimulates muscle carnitine accretion

The coupling of OCTN2 carnitine transport with theNgadient makes it an
electrogenic process, and reduction of the membrane potential via vanilemycin
induced potassium diffimn has been shown to transiently increase OCTN2 activity
(Tamaiet al, 1998) This feature was the basis for ttmgpothesis that manipulating

the sarcolemma membrane potential via -apecific targeting of the N&K*-
ATPase pumps with insulin could enhance OCIh&diated skeletal muscle
carnitine transport. A series of novel studies from Stephens and coll¢2§06éa, b,
2007a; 2007b)were able to demonstrate that insulin can indeed augment muscle
carnitine transport and have led to the development of a dietary regime to
successfully and sustainablycrease muscle carnitine content by a physiologically
relevant amountWall et al, 2011) The mechanism by which ingu stimulates
Na'/K* ATPase activity is not entirely clear, but is likely tissue specific and
multifaceted(Sweeney & Klip, 1998)Insulin VLIJQDOOHG WUDQVORFDWLR
subunits from an intracellular storage depot, to the plasma membrane, has been
demonstrated in skeletal rat musc{elundal et al, 1992) Other potential
mechanisms include an insuiinduced increase in intracellular’ KKoncentrations,

or in ATPase sensitiwtto Na' (Ewart & Klip, 1995)

Initially it was shown that maintaining serum insulin at a supraphysiological level
(~150 mU-LY) during a fivehour carnitine infusion resulted in a significant 13%

increase in skeletal muscle carnitine contédtephenset al, 2006b) This was
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associated with the induction of a Zdd increase in skeletal muscle OCTN2
MRNA expression. Importantly, no change in muscle carnitine content or OCTN2
expression was observed when carnitine was infused with circulating insulin
clamped at fasting levels. This is likely due to the considerable concentration
gradient that carnitinenust be transported against, from plasma into muscle (~40
MM and 4 mM in plasma and muscle, respectively). The reported muscle spgcific K

of OCTN2 for carnitine is around 3.6 pMamaiet al, 1998) suggesting that basal
muscle carnitine uptake is saturated at normal plasma concentrations. Subsequent
studies clarified that this imfn-mediated increase in muscle carnitine content
required a threshold serum insulin concentration of somewhere between 50 and 75
mU-L™? (Stephenset al, 2007a)and necessitates an elevation of plasma carnitine
(Stephenst al, 2006a)most likely because the basal plasma carnitine compartment
was insufficient to measurably increase muscle stores. In an attempt to make the
manipulation of muscle carnitine more practically appealingulzsequent study
investigated whether carbohydrate feeding (to stimulate insulin secretion) with an
oral bolus of Lcarnitine could acutely increase muscle carnitine uptakephenst

al., 2007b) The anticipated effect of shadrm L-carnitine feeding on muscle
carnitine content is so low as to be undetectable in muscle biopsy samples, so urinary
carnitine excretion was used as a surrogate marker of whole body carnitine retention.
Over a two wek period of daily lcarnitine feeding, the average 24 hour urinary
carnitine excretion was reduced by 29% with carbohydrat@gmstion, compared

to L-carnitine alone (188 vs 252 mg per day, respectively). Furthermore, plasma
carnitine concentrations folwing a single oral bolus of-carnitine were lower with
carbohydrate ingestion and were negatively related to the seven hour area under the

serum insulin x time curvéStephent al, 2007b) supporting the notion of insukn
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stimulated plasma carnitine clearance into skeletal muscle. Utilising a similar
feeding strategyWall et al. (2011) subsequently demonstrated that chronic (24
weeks) twicedaily L-carnitine feeding (3 g per day) in a carbohydrate beverage
resulted in a 21% increase in total mascarnitine stores. This was the first study to
confirm the efficacy of carbohydratecarnitine feeding to measurably increase
muscle carnitine and provided a critical tool for investigating the impact of

manipulation of the muscle carnitine pool on ei® metabolism.

1.3.2 Current limitations
Chronic carbohydrate intake

The feeding strategy used to increase muscle carnitine content by Wall and
colleagues (160g daily carbohydrate load; ~650 kcal) is perhaps not appropriate for
long-term, mass implementation. The control group, who consumed the same
amount of carbohydrateniabsence of {carnitine, gained an average of 3% body
weight (P<0.01) over the first 12 weeks of the study. It is interesting to note-that L
carnitine appeared to protect against this weight gain, through a coordinated up
regulation of fat oxidation at o a physiological and genomic le8ltephenet al,

2013) Nevertheless, there is concern that high carbohydrate diets adversely affect
triacylglycerol and higkdensity lipoprotein (HDL) concentratior(Peterseret al,

2007) Indeed, increased dietary carbohydrate intake is associated with reduced
clearance ofrery low density lipoproteingParkset al, 1999) particles which have

been implicated in the pgression of atherogenegigilversmit, 1995. It is also
possible that some of the negative effects of carbelgdieeding observed in the
control group could have supressed the adaptations to skeletal muscle carnitine

loading, thus masking the true magnitude of the response. A supplemental protocol
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that could have dyslipidemic properties would be unsuitable foonah use,
particularly in populations who might already be at risk of metabolic syndrome. It is
therefore necessary to devise oral nutritional formulations which produce a
physiologically high insulinaemic response, but with a relatively low caloric and
carbohydrate load. It is well known that other macronutrients, namely proteins and
amino acids, can stimulate insulin secretionvivo, and are therefore potential

candidates to achieve this.

Urinary carnitine as a measure of muscle carnitine retention

The most decisive way to determine the effectiveness of a feeding strategy in
elevating muscle carnitine stores is to obtain a muscle biopsy sample following a
chronic period (at least 12 weeks) of the feeding intervention. Clearly, this is a very
time-corsuming and invasive approach and is the reason less direct, more acute
measures have been performed previoySiephenset al, 2007b) The main
limitation with previous investigations into the manipulation of whole body carnitine
stores is the reliance on urinary measures of carnitine retention. The lower plasma
and urinary carnitine concentrations following carbohydrate ingestion during the
acute caritine feeding study by Stephens and colleagues could equally have been
attributed to a lower intestinal absorption. Given that a negative correlation was
found between the area under the time curves for plasma carnitine and serum insulin
concentrations, iseems highly likely that the suppression of plasma carnitine was
indeed due to increased muscle uptake. Nevertheless, a more direct acute measure of
muscle carnitine accretion would be a valuable tool in the investigation of novel

ways to improve the effacy of muscle carnitine loading.
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1.4 Aims and hypotheses

The general aim of these studies was to investigate whether skeletal muscle carnitine
loading could alter the metabolic adaptations to {génsity exercise training.
Initially this involved tle generation of experimental data to ascertain the most
appropriate feeding strategy to elevate muscle carnitine. Secondly, an exercise
paradigm was identified under which the manipulation of muscle carnitine stores
could be most beneficial to the expectatktabolic adaptations. Finally, the
identified feeding strategy and exercise paradigm were implemented into a chronic

exercise training study.

Study one

Given the disadvantages of a high carbohydrate intake, the principle aim ofLstudy
(Chapter 3) wasto investigate whether the carbohydrate load used to increase whole
body L-carnitine retention in previous studies could be reduced using a carbohydrate
and whey protein combination. Initially, the impact of this oral formulation upon
whole-body carnitineretention was assessed using urinary and plasma carnitine
measurements (part A). A second aim of study one was to obtain a more direct
estimate of muscle carnitine uptake and accretion rates, and to determine the efficacy
of the chosen oral formulations a&tutely enhancing these rates (part B). The latter
approach utilised the forearm artexienous balance model of net substrate uptake
and circumvented any confounding influence of the possible inconsistencies in
intestinal absorption. It was hypothesighdt following acute tcarnitine feeding,

an orally administered carbohydrate and protein (PRO) solution would reduce
urinary carnitine retention, relative to a flavoured water control (CON) and to the

same extent as a carbohydrate only beverage (CH@gseTWwere secondary to the
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hypothesis that PRO and CHO would stimulate similar physiologicaily imsulin
responses. In part B was subsequently hypothesised that PRO and CHO would
promote similar rates of insukstimulated net muscle carnitine balanabove that

observed with CON.

Study two

In Chapter 4, two studies were conducted itovestigate the concept that skeletal
muscle acetylcarnitine accumulation can reflect the balance between PDC flux and
TCA cycle flux, thus further informing on the balance between oxidative and non
mitochondrial ATP production, during different exercisagaigms. In studgA,
carnitine acetylation and nenitochondrial ATP production were determined in a
singleleg knee extension exercise model, using comparable workloads to those
previously characterised for twegged cycling (Wall et al, 2011) It was
hypothesised that, consistent with the apparent excess of TCA cycle flux relative to
PDC flux during this modalityof exercise(Gibala et al, 1998) acetylcarnitine
accumulation and nemitochondrial ATP production would be negligible during
work at both 55% and 85% MW In study 2B, we investigated acetylcarnitine
accumulation, PDC activation and nomtochondrial ATP delivery during two
successivéouts of highintensity bicycle exercise, where the ATP demand could be
fixed and sustained across both bouts, but oxidative ATP provision is apparently
increased in the second bo(Bangsboet al, 2001) This also provided the
opportunity to study the recovery of these parameters during a five minute passive
red period between the two exercise bouts. It was rationalised that a five minute

recovery period would allow PCr to return to basal values between bouts and thus
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hypothesised that acetylcarnitine accumulation and-mibochondrial ATP

production would deatie during the second bout relative to the first.

Study three

Study three(Chapter 5) investigated the impact of increasing skeletal muscle
carnitine content on the metabolic adaptations to -mtgnsity bicycle exercise
training. Based on previous daia the responses at 80% W to muscle carnitine
loading, and on data from the previous studies of this thesis, it was proposed that
increasing muscle carnitine would maintain PDC flux during a second bout of
exercise and thus alter the training adaptetito this type of exercise. Specifically,

it was hypothesised that carnitine loading would reduce PCr degradation and
glycolytic flux during repeated bouts of exercise, secondary to increasing activation
and flux through the PDC and compared to a congmup. It was further
hypothesised that this could alter the functional adaptations to the training

intervention, including divergent gains in Y&xandwork output
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2.1 HumanVolunteers
Volunteer recruitment

For all of the studies described in this thesis, with the excepti@hapter 4 Study

A, young (1835 years), healthy, male volunteers were recruited from the University
of Nottingham and surrounding area through respotsessters, social media and
local newspaper advertisements. All recruitment strategies were approved by the
University of Nottingham Ethics Committee. FGhapter 4 Study Ayoung healthy
volunteers were recruited in accordance with Eieics Committeegfor Medical

Research in Copenhagéstallknechtet al, 2007)

Volunteer Screening

Prior to study participation, all volunteers attended a preliminary visit to give
informed consent and complete a general health screening. Volunteers received a
study information sheet in advance of the screening and were asked to read it
thoroughly. Dumg the preliminary visit the study timeline, protocol and procedures
were explained explicitly before written consent was obtained. Volunteers were
informed that they were free to withdraw from the study at any point. The
subsequent general health scregniconsisted of a heath questionnaire (see
Appendix 1.2, measurements of height, weight and blood pressuteaati2zlead
electrocardiogramJchiller, Altgasse, Switzerland) and small (<10 ml) blood sample
from an antecubital vein. The blood sample waseswd for blood cell count and
serum indices of hepatic and renal function by the Departments of Haematology and
&OLQLFDO &KHPLVWU\ 4XHHQYY OHGLFDO &HQWUH

were overseen by the study medic before volunteers were reanitethe study.
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Determination of maximal oxygen consumption

For Chapters 4 and, ¥olunteers completed a continuous incremental exercise test to
exhaustion to determine their individual maximal oxygen consumption.(4Cand

the workload that would elitithis under these exercise conditions§)) on an
electronicallybraked cycle ergometer (Lode Excalibur; Lode, Groningen, The
Netherlands). Following a five minute waiump period cycling against a workload of
50-100 watts (~1W/kg), the first stage conmuoed at the same workload and was
increased by a 30W increment every three minutes in awssepfashion until
volitional exhaustion. Heart rate -(8ad electrocardiograimGE Medical Systems
Technology Inc. Buckinghamshire, UK), oxygen consumption anbocadioxide
production (mixing chamber mode, Vmax; SensorMedics corporation, California,
USA) were measured continuously throughout the test. In addition, thg odt
perceived exertion (RPE) was determined on the Borg $B8alg, 1970 in the last

30 seconds of each incremental stage. Upon cessation of exercise and following a
short rest, volunteers cycled again at a workloaeB@Qvatts greater than the
maximal increment achieved in the previous test. This confirmation procedure was
also repeated on a separate occasion, within one week of the initial test. Oxygen
consumption values were averaged over 20 second intervals andV@s taken

as the highest value olmad across all three occasioMé,axWas calculated as:

a6esl ¢EUV®S_;,P

where Wt is the workload of the finatompletestage and dis the time attained in

the final stage.
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Calculation of mechanical efficiency

Mechanical cycling gross efficiency, herein referred to as mechanical efficiency, is a
whole-body measure of the fraction of total energy expenditure that can be ascribed

to theactual work done relevant to the exercise task. It is calculated by theaquat

9
L H
8l H7Hrax '

where GE is the gross mechanical efficiency, W is the power output in wat{ss VO

the oxygen consumption at that power output inmim> and c is the energy
equivalent of one litre of oxygen in kJ. When the wHmdely respatory exchange

ratio exceeds 1.0, as was always the case for the calculation of mechanical efficiency

at Wiay the value used for ¢ is 21.13-k3.

Determination of body composition

For Chapter 5, volunteers received a dual energyay absorptiometry (DEXA)

scan (Lunar Prodigy DEXA; GE Medical Systems, Bedford, UK) at three-time
points throughout the study to determine fat mass and fat free mass. A questionnaire
was completed prior to each scanconfirm volunteer suitability for the scan (see
Appendix 1.3 and any metallic accessories that could interfere with the image were
removed. Volunteers lay supine on the scanning platform, remaining motionless for
the duration of the scan (approximatslgven minutes), which involves two lew

dose Xray beams (4Gt70 keV) passing through the body incurring a total radiation
dose of less than 1 pSv. Estimations of fat andfrés tissue masses are

subsequently automated from the attenuation ratio oftvlee X-ray beams and
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separated into leg, trunk and arm specific masses using the standardised regions
specified in the software packanCORE 2005 version 9.GE Medical Systems,

U.K). All scans were analysetliring a single session by an experiencedaipe

Blood Sampling

For Chapter 3, volunteers were cannulated to enable regular (up to every ten
minutes) arterialisegtenous blood sampling. A sterile 12G cannula was placed
retrograde into a dorsal vein on the back of the hand. Lidocaine (1%) wetednje
(approximately 1 ml) subcutaneously prior to cannula insertion to minimise
discomfort. The cannula was kept patent by a slow ruri@¥ saline infusion. To
arterialise the blood, this hand was then placed in awaiming unit set to heat the
handto 55°C and kept there for the remainder of the visit. This method has been
demonstrated to produce venous concentrations of the molecules of interest that are
close to the arterial concentrations, without altering core body tempefGalten &
Macdonald, 1990)For Chapter 3it was necessary to sample venous blood draining
directly (or as close as possible) from the forearm tissue. An ultrasound probe was
used to locate the dedpng branch of an antebital vein of the contralateral
forearm and a sterile cannula was inserted as above. Accurate placement of the

cannula was verified using ultrasound.

Muscle biopsy sampling

Muscle biopsies were obtained from the vastus lateralis muscle using the
percutaeous needle method as describedbygstrom (1975)Briefly, a small area

of the thigh was shaved and cleaned using iodine solution. Following local
anaesthetic of the skin and proximal tissue (Lidocaine; 2 %) a small incision (<1cm)
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was made through the fascia using a sterile scdisde. A five millimetre
Bergstrom needle (Bignell Surgical Instruments Ltd, West Sussex, UK) was used
(with suction) to obtain 10@&200 mg (wet weight) muscle tissue which was rapidly
frozen in liquid nitrogercooled isopentane. Peskercise muscle bigges were
obtained and frozen within 15 seconds of the cessation of exercis&tuety 2A
(Chapter 4), two muscle biopsies were obtained from a single incision, in opposite

directions (distaproximal) toone awther, from each leg.

2.2 Plasma and serunanalysis
Serum Insulin

For the studies in Chapter, 8vo millilitres of freshly drawn blood was allowed to
clot and following centrifugation (3,000 G for ten minutes), the serum was removed
and stored at80°C for analysis using a radioenzymatic kit (GCAaCount RIA;
Seimens Healthcare, Erlangen, Germany). This assay involves a 24 hour incubation
period during which endogenous insulin from the sample competes #ith [
insulin for binding sites on an insulin antibody lining the test tube. The tubes were
then decanted, blotted thoroughly and counted in a gamma radiation scintillation
counter (COBRA Il Auto Gamma; Canbeiffackard, Melbourne, Australia). Counts
per minute were used to interpolate serum insulin values from g.Jostandard
curve of knowninsulin concentrations, normalised to the blank which represented
100% [*9]-insulin binding (Figure 2.1). The insulin assay kit had an in@masay

coefficient of variation (CV) of 2.8% and an int@ssay CV of 7.1%.
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Figure 2.1 Serum insulin assay astdard curve. Representative example of the

response of the serum insulin assay to increasing concentrati6g® (@U-L") of

exogenous insulin standard.
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Plasma and urine total, free and acylcarnitine

Plasma was separated from two millilitres of freshly drawn blood (lithium
heparinized vaccutainer), centrifuged (3,000G for 10 min) and immediately frozen at
-80°C for the subsequent analysis of carnitine based on the original method of
Cederblad and Lindstedt (1972)hirty microlitres of plasma or urine (1:9 dilution)
was deproteinized in one millilitre chloroform:methanol (3:2) and vigorously
vortexed for wo minutes. After centrifugation (7,000G for 10 min) the supernatant
was decanted into glass test tubes and dried to residue under -bvege@itrogen.

The residue was resuspended in 120 pl of distilled water and assayed directly for
free carnitine. Oneundred microliters of potassium phosphate buffer (pH 6.2; 250
mM) containing both Yf'C]-acetytCoA (1.6 pM) and unlabelled acet@oA (75

MM) was added to each sample. The acetylation reaction was initiated by the
addition of 20 yul CAT (0.4 U) and allowetb proceed for 20 minutes at room
temperature (final reaction volume was 240 pl). NEM was included in the reaction
mixture (4 mM) to remove any liberated coenzyme A and quench the reaction as

follows:

”’iqt.f"-<£<e‘3$gpé...iaesZJ((?LE()L‘((. Clp. . t—>Z.. [ ec—eet E

The positively charged *{C]-acetylcarnitine product was separated from the
unreacted {'C]-acetytCoA (negatively charged) by passing the sample through a
positive ion exchange column (DOWEcKloride counter ion resin, 1fD0 mek)

and then washing the columns with,GH The flowthrough was collected in
scintillation vials to which 10 ml scintillation fluid was added, vortexed vigorously
and subsequently counted fot & @radiation using a scintillation counter (TriCarb,

2100TR,CanberraPackard, Melbourne, Australia). Counts per minute were used to
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interpolate carnitine values from a linear standard curve of known carnitine
concentrations (3600 pmol) with a typical R>0.999(Figure 2.2) The intraassay
coefficient ofvariation (CV) was less than 2%, whilst the irdssay CV was less
than 5%.For the determination of total carnitine, the dried residue was incubated (2
hours @ 50°C) in 100 pl potassium hydroxide (KOH; 0.1 M) to ensure complete
hydrolysis of the acylcairtine ester bonds. Total carnitine was then assayed as above
in the neutralised (20 pl 0.5 M HCI) samples. The difference between total
(hydrolysed) carnitine and free carnitine was assumed to equal plasma (or urine)

acylcarnitine concentration.
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Figure 2.2 Free carnitine assay standard curve. Representative example of the linear
response of the carnitine assay to increaamgunts(0-3600 pmols) of exogenous

L-carnitine standard.

61



Plasma [methyfH3] -L-carnitine enrichment

Solid phase extraah

The molar percent excess (MPE) tracer enrichment, used to calculate the rate of
plasma carnitine disappearance @hapter 3, was determined by the parallel
quantification of L-carnitine (m/z 162) antHs-L-carnitine (m/z 165) in each sample
using high performancdiquid chromatography mass spectrometry. Plasma samples
were prepared for LCMS with prior solid phase extraction using strong cation
exchange. Two hundred microliters of plasma was mixed with an dgsiye
internal standard (20 uM) and aciei in 800 pul formic acid (2%), vortexed briefly

and centrifuged at 13,000G for two minutes. Strong cation exchange columns (30
mg Oasis MCX 33 um, 80A; Waters) were prepared with 1 ml methanol (70%) and
equilibrated with 1 ml formic acid (2%). Samples w¢hen loaded and a flow rate

of approximately 1 ml/min was set. Columns were subsequently washed,
sequentially, with 1 ml formic acid (2%) and 1 ml methanol (70%), allowed to
vacuum dry for 122 minutes and the flosthrough discarded. Columns were eluted
with 1 mlammoniumhydroxide (35%) in methanol (50%) and the eluate retained in
low-bind microtubes. Sample eluates were dried to residue overnight in a vacuum
centrifuge, resuspended in formic acid (0.1%) and centrifuged at 13,000G for two
minutes. Two hudred microliters of the supernatant was decanted into an auto

sampler vial for subsequent LCMS quantification.

Liquid chromatography mass spectrometry
All chromatograpit experiments were performed on a Waters 2700-samapler
module using a C18 Brownlee column (2.1 x 300 mm, 5 pum) with a 50 pl injection

volume and a single mobile phase of 5% acetonitrile / 0.1% formic acid in HPLC
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grade water (isocratic mode). Flow réteoughout separation was 0.3 ml/min. Mass
spectrometry experiments were performed on a Micromass Quattro Ultima triple
quadrupole mass spectrometer (Waters, MA, USA) in positive ion mode with
nitrogen as the collision gas. The collision voltage (30 &pijltary voltage (3.6 kV),

cone voltage (100 V), source temperature (96 °C) and desolvation temperature (250
°C) were kept constant for experiments. Molecules of interest were quantified in
0606 LRQ PRQLWRULQJ PRGH ZLWK WU Da@itindadQV R

P ] ; AHR-U-carnitine.

2.3 Muscle metabolite, substrate and enzyme analysis
Muscle metabolite extraction

Muscle biopsy samples were cut {80 mg ww) and freezdried for 24 hours.
Visible blood, fat and connective tissue wegmoved before powdering using sterile
forceps and separate portions were weighed out for metabolite extractionn{g

dw) and the determination of glycogen3Img dw). Eighty volumes of ieeold
perchloric acid (0.5 M with 1 mM EDTA) was added to thascle powder before
gentle vortexing (5 RPM) for ten minutes at 6°C to precipitate -saloble
metabolites(Harris et al, 1974) After centrifugation (2,000G for 3 mins) the
decanted supeatant was neutralised with 0.25 volumes of potassium bicarbonate
(2.2 M), recentrifuged and the neutralised supernatant stored8@IC for
subsequent metabolite analysis. The -acsbluble muscle pellet from the initial
centrifugation was blotted andgdisted in 500 pl KOH ( 0.2 M) for two hours at
50°C, neutralised with 20 pl PCA (5M) and the supernatant (12,000G for 3 min)
decanted and stored €80°C for the analysis of loaghain acylcarnitine and the

acidinsoluble glycogen fraction.
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Muscle free, lag-chain acyl and total carnitine

Muscle free carnitine and loaghain acylcarnitine was determined in 10 pl PCA
extract (made up to 120 pl with distilled water) or 120 pl lagin extract,
respectively, as described above for plasma and urine fre#irearitotal carnitine

was calculated as the sum of free carnitine, long chain acylcarnitine and

acetylcarnitine (see below).

Muscle acetylcarnitine

Muscle acetylcarnitine content was determined as describedPdnde and
Caramancion (1981and modified byCooperet al. (1988) Fifty microliters of
diluted PCA extract (1:49+1:99) or standard (@25 pmol) was incubated in 200 pl
HEPES buffer (pH 7.4; 125 mM) containing EDTA (1 mM) and freshly reduced (1
mM DTT) coenzyme A (25 pM). The acetyltransferase reaction was initiated by the

addition of 20 pl CAT (& U):

f o d—Z.. B XMW f.. fe>ZE""tF .. f7ec—ceotf

Following a 30 minute incubation at room temperature the reaction was terminated
by heating the samples at°@for three minutes to denature the CAT and 30 ul
NEM (40 mM) was subspiently added to remove any exc€ssA. The acetylCoA
formed, proportional to the initial acetylcarnitine concentration, was condensed with
20 pl [**Cl-oxaloacetate (freshly prepared froffid]-aspartate; seAppendix 2.1)

by the addition of 20 pl citrateynthase (0.4 U):

fote>7ECE @S2 f .. JUYHEC go.«—" f—faE °
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Following a 20 minute incubation at room temperature, the ext&jsdxaloacetate
(negatively charged) waemovedby transamination back td’C]-aspartate via the
addition of glutamat®xaloacetate transaminase in the presence of excess potassium
glutamate (133 mM). Following a final 20 minute incubation at room temperature
the [“C]-citrate (negatively charged)proportional to the initial acetylcarnitine
concentréion, was separated from th&'C]-aspartate(positively chargedpy the
addition of one millilitre of negative ion exchange resin (DOWEX, hydrogen
counterion resin, 56100 mesh). Samples were vortexed vigorously and allowed to
sediment, before 500 ul wakecanted and mixed with 5 ml scintillation fluid. After
vigorous vortexing, samples were counted f8i&] @radiation using a scintillation
counter (TriCarb, 2100TR, Canbeffackard, Melbourne, Australia). Counts per
minute were used to interpolate adearnitine values from a linear standard curve of
known acetylcarnitine concentrations{25 pmol) with a typical R>0.999 Figure

2.3).
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Figure 2.3 Acetylcarnitine assay standard cunRepresentative example of the
linear response of the acetylcarnitine assay to increasing concentrati@@% (0

pmols) of exogenous-kcetylcarnitine standard.
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Muscle adenosine triphosphate and phosphocreatine

Adenosine triphosphate (ATP) apdosphocreatine (PCr) were assayed sequentially
using the method dflarriset al. (1974)in which NADPH production is coupled to

three reactions and can be followed spectrophetacally. Twenty microlitres of

PCA extract was aliquoted in duplicate into av@él plate and mixed with 225 pl
triethanolamine buffer (pH 7.5) containing NADP (1 mM), ADP (0.04 mM), glucose

(5 mM) and EDTA (1 mM). Baseline light absorbance was readveavelength of

340 nm before the sequential addition of four microlitres (1.5 U) of glu@ose
phosphate dehydrogenase, hexokinase and creatine phosphokinase. After the
addition of each enzyme, the plate was mixed and incubated for 20 minutes at 25°C

andthe absorbance was again recorded. The sequential reactions were as follows:

THL . o
X E > TN, xeed#oZ — ... o 2 f ...—'oF E E
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Muscle creatine

Free creatinewas assayed spectrophoptometricglarris et al, 1974) as the
disappearance of NADH. Twenty microlitres of PCA extract was added in duplicate
to each well and mixed with 300 pl glycine Barf (pH 9.0) containing ATP (1.5
mM), phophoenolpyruvate (1 mM), NADH (0.15 mM) and the coupling enzymes
lactate dehydrogenase (LDH) and pyruvate kinase (BH3eline light absorbance

was read at a wavelength of 340 nm before the addition of four mieso{tt.5 U) of
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creatine phosphokinase. After the enzyme was added, the plate was mixed and
incubated for 35 minutes at 25°C before again reading absorbance. The coupled

reactions were as follows:

PHL
l
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Muscle lactate

Lactate was assayed spectrophotometrically based on the methaadbiblmet al.

(1963) Twenty microlitres 6 PCA extract was aliquoted in duplicate and mixed
with 200 pl of glycine buffer (pH 9.2; 100 mM) containing NAD3 mM) and
hydrazine (260 mM) to quench the reaction in favour of pyruvate production. After

a baseline absorbance reading at 340 nm, foarafitres of lactate dehydrogenase

(5.5 U) was added. The plate was mixed, incubated for 30 minutes at 25° and read a

second time.

PHL o
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Muscle Glycogen

Muscle glycogen was determined by a modified version of the method employed by
Harris et al. (1974) Glycogen was extracted from3l mg freezedried muscle

powder by hot alkaline digest (10 minutes at 80°C in 100 mM sodium hydroxide).
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Following neutralisation with HCI (100 mM), the glycogen was enzymatically
hydrolysed in a sodium phosphate/citrate &uf200 mM) using amyloglucosidase.
Samples were incubated with the enzyme for one hour at room temperature and then
centrifuged for three minutes at 20,000 G. The liberated glucose was measured
spectrophotometrically; twentijve microlitres of extract waaliquoted to each well

and mixed with 250 pl TEA buffer (pH 8.2) containing NAQL mM), ATP (0.75

mM), EDTA (1 mM), DTT (1 mM) and glucosé-phosphate dehydrogenase. After
baseline absorbance measurement at 366 nm, 1.5 U hexokinase was added to each
well and the plate was incubated at 25°C for 15 minutes. The change in absorbance
after 15 minutes was corrected for a distilegdter blank and used to calculate

glycosytunits.
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Calculation of metabolite concentrations

For all spectrophotometric assays, absorbance values were automatically normalised
to a one centimetre patbngth using prgprogrammed patkength correction values

for the software (Sp&@ Max 190, Molecular Devices Ltd; Wokingham, UK) and
changes in absorbance were corrected for the background change in absorbance of a
distiled-water blank. Metabolite concentrations were then calculated from the

following equation:

. L[C‘Z3 H: .6 F 4;0Fc‘'Z H: ,s F Z;q|
“kcr ‘Z1HB
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Where Conge: IS the concentration of the metabolite given in millimoles per
kilogram of dry muscle mass; Vol is the por postenzyme well volume or sample

volume given by the suffices 1,2 or S, respectively; Abs isahegpke absorbance, Bl

LV WKH EODQN DEVRUEDQFH () LV WKH 3&% H[WUDF
extinction coefficient for NADPH at 340 nm (6.22 ¢immol™) or NADH at 366

nm (3.4 crifmmol™). A one or two point standard was always included with each

assay to confirm reactions had run to completion.

Pyruvate dehydrogenase activation status

The activation status of the pyruvate dehydrogenase complex (PDCa) is a
measurement of the phosphorylation state of the enzyme, and in most situations
where blood Ibw is not restricted, will be an indication of the actual activity or flux

of the enzyme(ConstantirTeodosiuet al, 1991) 320 mg wet muscle was
homogenised (50 seconds at 400 RPM) in 30 volumesoiceTris buffer (pH 7.8;

50 mM; seéAppendix 2.2), which contained sucrose (200 mM); sodium fluoride (50
mM) anddichloroacetate (5 mM), to inhibit PDC phosphatase and kinase activity,
respectively; and the membrane detergent TritelOR (0.1%). Thirty microliters of
homogenate was then added to 720 phywaemed (37°C) TridHCl buffer (100 mM)

which contained Coeyme A (0.5 mM) and cofactors NAY1 mM) and thiamine
pyrophosphate (1 mM). The decarboxylation reaction was initiated by the addition of

30 pl pyruvate (1 mM) as follows:

. CTHG. . .
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The reaction wastminated in sequential aliquots after 1, 2 and 3 minutes by adding
210 pl of the reaction mix to 40 pl perchloric acid (0.5 M). Aliquots were
subsequently neutralised with 10 pl potassium bicarbonate (2.2 M) and centrifuged
for three minutes at 20,000G pellet muscle cell debris. Supernatants were removed
and stored at80°C for the determination of the reaction product, agébA, using

a similar radioenzymatic assay as described above for acetylcarnitine. Ten to twenty
microliters of neutralised sup®atant was made up to a volume of 120 pl in distilled
water and the assay commenced with the addition of NEM (see Acetylcarnitine
Assay), with acetyCoA concentrations interpolated from linear standard curve of
known acetylCoA concentrations (@50 pmos) with a typical B>0.999 (Figure

2.4). PDCa was then calculated as the lineat>(FR99) increase in acet{@oA
concentrations over time (rate of aceBdA production) and corrected for the
protein content of the muscle homogenate (see Protein cordggptgssed as nmol

acetytCoA per mg protein per minute.
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Figure 2.4 Acetyl-CoA assay standard curve. Representative example of the linear
response of the acet@loA assay to increasing concentrations1$0 pmols) of

exogenous acetyCoA standard.

12



Protein assay of muscle homogenates

PDCa values measured in skeletal muscle were normalised to the protein content of
the homogenate as determined by the Bradford protein é8sagford, 197% Four
microliters of muscle homogenate, diluted in 996 pl distilled water was added to 250
pl BioRad reagent (Coomassie Brilliant Blue dye520; BioRad laboratories) and
vortexed well. After a five minute incubation samples were aliquoted (250 pl) in
triplicate into a 96 well plate and the absorbance was read at 595 nm. Protein content
was determined froma bovine serum albumin standard curve{80 mg/ml) also

aliquoted in triplicateKigure 2.5).

Calculation of normitochondrial ATP production

In Chapter 4 and Chapter 5, nonmitochondrial ATP production during a given
exercise bout was estimated based on the theoretical ATP resynthesis from skeletal
muscle ATP breakdown, PCr degradation and lactate accumulation, given by the

equation:

~

e@c—"' .S et "fZ T @4, > <0 ?LE> "?ESAWR®E>Zf ... —f -

It should be noted that this will always represent an underestimate of the ATP
delivery from nommitochondrial sources in nesccluded muscle, as it does not
consider the glycolytic ATP delivery accounted for by lactatenefflt also ignores

ATP turnover associated with the accumulation of intermediary metabolites, for
example, glycereB-phopshate or pyruvatéSpriet et al, 1987) However, this
calculation provides a relative index that is reflective of the overall reliance en non
mitochondrial ATP delivery and thus, the matching of oxidative ATP production to

total ATP demand.
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Figure 2.5 Protén assay standard curve. Representative example of the linear
increase in absorbance in response to increasing protein concentrations over a range

of 0 30 mg/ml BSA.
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2.4 Statistical analyses

For the studies in this thesis, all tirdependent varidés were compared using two

way analysis of variance (ANOVA) to identify main effects of time or treatment.
Significant main effects were isolated pdstRF XVLQJ D -t¥stVvitG HQ W TV
Bonferoni stepwise correction for multiple comparisons. Fintepemlent variables

in Chapter 3including urinary carnitine excretion and area under the curve values,
were compared using omweay ANOVA with Tukey posthoc testing. Single
comparisons, such as delta metabolite values between bo@bkajster 4 were
performeG XVLQJ D SDLUtdsh AGéd Xizler Qe anvalywWw x time curve
analysis, performed fo€Chapter 3 employed curve integration using the trapezium
rule. Correlation analysign Chapter 3was performed using the Pearson product
moment correlation cokfient. All statistical tests were performed using GraphPad
Prism V6 (GraphPad Software Inc; La Jolla, CA, USA) and an alpha lefAd0005

was deemed accepted as statistically significant. All data in text, tables and figures

are presented as mean #nskard error of the mean (SE).
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3.1 Introduction

Whole body carnitine stores in healthy, n@ygetarian humans equate to
approximately 20g, with the vast majority (~95%) of this located in skeletal muscle
(Brass, 1995)As outlined n theGeneral Introduction, manipulation of the skeletal
muscle carnitine stores may represent an appealing intervention for both athletic and
clinical populations, but strategies to sustainably increase muscle carnitine content
still require optimisation.Compartmental analysis ofH]-carnitine kinetics in
humans suggests that the skeletal muscle carnitine reserve is a relatively stable pool,
with a predicted turnover time of approximately 190 hours (Rebouche and Engel,
1984). As skeletal muscle lacks théH T X L-MtyWwldtaine hydroxylase enzyme

for the terminal step of endogenous carnitine synth@ebouche & Seim, 1998)
muscle carnitine stores are restricted to the extraction of carnitine from the
extracellular fluid, an active transport process thought to be facilitated by the
sodiumdependent novel organic cation transporter OCTN@mai et al, 1998)
Moreover, muscle carnitine uptake occurs against a considerable -fGtdP0O
concentration gradient and thus any meaningful ineraasthe rate of muscle
carnitine accretion requires a targetedregulation of muscle carnitine transport.
Simultaneous elevation of plasma carnitine and serum insulin concentrations has
proven to be an effective strategy to increase muscle carnitiageupt healthy
subjects and would appear to be driven by the insuidiated upegulationof
OCTN2 (Stephenet al.,2005; seéseneral Introduction). However, the limitations

of the current carnitine loading regime, in particular the requirement forge la
carbohydrate load, warrant the investigation into alternative oral formulations that

can stimulate similarly high insulin responses, but utilise lower carbohydrate loads.
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The potential for nomglucose substances to stimulate insulin release wasllynitia
recognised by Cochrane and colleag#856 following studies on cases of
pathobgical hypoglycaemia.Floyd et al. (1966) later demonstrated that the
intravenous infusion of essential amino aciddhezitindividually or in combination

with one another, resulted in a marked stimulation of insulin release. It was
subsequently observed that the addition of protein to a carbohydrate meal could have
a synergistic effect on insulin secretigRabinowitz et al, 1966; Pallotta &
Kennedy, 1968)In-vitro studies in pancreatic beta cells have partially elucidated the
mechanisms behind the insulinotropic properties of amino acids. For example
leucine and phenylalanine, which would appear to be particularly potent insulin
secretagogueg/an Loonet al, 2000) are thought to simulate beta cell respiration
both through allosteric activation of glutamate dehydrogenase and by acting as a fuel
for the enzymdSener & Malaisse, 1981%iven the large rise in plasma availability

of leucine, phenylalanine and other amino acids following protein feddliigson

et al, 2007) it would seem likely that the insulin response to protein ingestion is
secondary to such effects of individual amino acids. A number of studies have
focusedon manipulating the insulinotropic properties of amino acids and protein to
optimise posexercise glycogen synthedilry et al, 2002) or protein anabolism
(Rasmussemrt al, 2000) Of particular interest is a study froteengeet al. (2000)

which demonstrated that the combination of 50 g whey protein and 47 g
carbohydrate was as effective as 96 g carbohydrate in stimulating dm-insu
mediated ~25% increase in whdiledy creatine retention. Similarly to carnitine,
creatine is cdransported into muscle in a sodidapendent manner and it is
thought that the insulimediated increase in muscle uptake of both compounds is

related to he stimulation of NK*-ATPase driven sodium efflux. Based on the
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findings of Steenge and colleagug@000, whey protein would appear tceban
attractive candidate to reduce the amount of carbohydrate needed to stimulate muscle

carnitine uptake.

Strategies to optimise insulstimulated muscle carnitine uptake are dependent upon
adequate Icarnitine absorption in order to maximise muscéndine delivery.
However, the effects of whey protein ingestion on the intestinal absorption of L
carnitine have not before been tested and it has been speculated that amino acids
could actually impair Ecarnitine absorption (Taylor, 200). Whilst the
bioavailability of carnitine from a newegetariandiet, providing 212 pmol-kg
L.day* (Rebouche & Engel, 1984; Rebouche, 19@®)ges from 485% (Rebouche

& Chenard, 1991)oral bolus doses of-tarnitine are absorbed with a much lower
efficiency. For exampleHarperet al. (1988) demonstrated that 16% of a 2 g oral
bolus dose and only 5% of a 6 g dose were absorbed in healthyegetarian
volunteers. The finding that-tarnitine bioavailability may be inversely related to
dose size probably reflects the intestinal transport kinetics-cérnitine. Studies in
human intestine mucosa have characterised the intestinal absorptimawiitine as

a predominantly active, sodiudependent, saturable transport process with, oK
carnitine of approximately 560 pNHamilton et al, 1986) This would imply that
postprandial carnitine absorption from the jejunal émnof healthy humans, where
fasting carnitine concentrations (~26 uM) can increase by up-foldGollowing a
standard meal containing approximately 50 mg carni(ibie et al, 1992) is
predominantly facilitated by active transport. In gast, a large component of the
absorption of a 50 mg-kgoral bolus of Lcarnitine (approximately 4000 mg), which

has been shown to elevate intrajejunal total carnitine concentrations to almost 25,000
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pUM, can likely be attributed to passive diffusighi et al, 1992) The active
component of intestinal carnitine transport was initially ascribed to the novel sodium
dependant cation transporter OCTNRuranet al, 2002) However, the discovery
that the OCTNZeficient juvenile visceral steatotic mouse still retains
approximately 50% of gut carnitine transport capacity would suggest the existence of
additional transport mechanisrigokogawaet d., 1999) For example, the amino
acid transporter ATB, which is strongly expressed in the intestinal t(atzttanaka

et al, 2004) has been shown to transport carnitine in a-Nad G -dependent
manner(Nakanishiet al, 2001) Because ATB" is energised by the transmembrane
gradients of both Naand CI, it exhibits a much higher transport capacity for
carnitine than OCTN2. As such, intestinal cana transport by OCTN2, which has

a reported K for carnitine of 4.3 pMTamaiet al, 1998) will become saturated at
much lower carnitine concentration than transport by ATE=10002000 pM;
Nakanishi et al.,, 2010)Given thesecharacterisitics, it seems likely that the
contribution from ATB'" to intestinal carnitine transport would be of greater
importance following oral bolus -tarnitine ingestion, when intestinal carnitine
concentrations are rapidly elevated above normalppasdial levels. However, the
study fromNakanishiet al. (2001)also demonstrated that transport ecarnitine by
ATB®* was strongly inhibited by several amino acids, including leucine and
phenylalanineboth of which are highly enriched in whey prote@iven the already

low bioavailability of bolus doses of-tarnitine, any feeding strategy that has the
potential to further compromise carnitine absorption may not represent an
appropriate means of incsag skeletal muscle carnitine content and requires

careful investigation.
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A further consideration when designing strategies to optimise muscle carnitine
uptake is the renal handling of bolus doses @fatnitine. In healthy persons, the
renal reabsorpdn of carnitine is a very efficient process and around 95% of
carnitine is conserved during glomerular filtration when plasma carnitine
concentrations are in their normal rarf{febouche & Engel, 1984The reported K
values for the renal tubular reabsorption of carnitine, which would also appear to be
facilitated by OCTN2 in the brush border membrgmamaiet al, 1998) range
between 20 uM and 55 pMRebouche & Mack, 1984)This is equivalent to the
normal physiological range of plasma carnitine concentrations and implies that any
marked elevation of the plasma carnitine pool, as occuts wial dosing or
intravenous administration, results in a rapid saturation of renal reabsorption with
renal clearance rates increased to match the filtered 8iaghent al, 2006b) By
means of example, 780% of an intravenous bolus dose etéarnitine is recovered

in the urine within 24 hourg¢Harperet al, 1988) No detectable degradation of
intravenouslydelivered carnitine occurs prior to its egtton (Rebouche & Engel,
1984) and, as such, the urinary excretion of carnitine has previously been used as an
indirect means to estimate whdjedy carnitine retentiofStephenst al, 2007b)
However, any potential impact of -@egested macronutrients on-darnitine
absorption could invalidate the use of urinary carnitine excretion, in isolation, as a
marker of muscle carnitine uptake. With this in mind, a more direct estimate of acute
musclecarnitine accretion may be necessary to evaluate the efficacy of prospective

chronic L-carnitine feeding regimens.

To investigate whether, following acuteclrnitine ingestion, an orally administered

carbohydrate and protein solution (PRO) could ireeemuscle carnitine accretion
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two separate acute studies were performed. Initially, the impact of PRO on whole
body carnitine retention was investigated by measuring plasma total carnitine and
urinary carnitine responses (study A). Based on the resultudy A, a protocol

was subsequently developed to more directly estimate the rate of muscle carnitine
accretion stimulated by PRO, using an arteriovenous forearm balance model with an
isotopically labelled Ecarnitine tracer (study B). In both studies, tesponses to

PRO were compared to those of flavoured water and carbohydrate alone. This
combination of net muscle carnitine balance and urinary carnitine excretion thus
provided an indirect index of carnitine absorption for comparison across trials. In
study A it was hypothesised that 40 g whey protein plus 40 g carbohydrate (PRO)
would reduce urinary carnitine excretion, relative to a flavoured water control (CON)
and to the same extent as an isocaloric carbohydrate solution (CHO). This was
secondary tohe hypothesis that PRO and CHO would stimulate similar serum
insulin responses compared to CON. In study B, it was further hypothesised that
PRO would increase muscle carnitine uptake and promote a positive net carnitine

balance, comparable to CHO, whi®3DN would promote a net zero balance.

3.2 Methods
Volunteers

Fifteen healthy, nowegetarian male volunteers were recruited to participate in these
VWXGLHV (LJKW SDUWLFLSDWHG LQ VWXG\ $'2)DJH
and seven in study B (24.2 + 5.0 yrs, 23.3 + 3.1 Ky-nBoth protocols were
approved by the University of Nottingham Medical School Ethics Committee. Prior
to the study, each participant attended a routine medical screening (see General

Methods) and witen consent was obtained.
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Experimental Protocol

Study AVolunteers completed three randomised laboratory visits having fasted from
10.00 pm the previous evening. The experimental protocol for study visits is
illustrated schematically irFigure 3.1 Upon arrival (approximately 9.00 am)
volunteers laid sensupine on a bed with one hand placed inside amwaiming

unit heated to ~55°C. A cannula was inserted into a dorsal vein of the heated hand,
allowing arterializeevenous blood sampling(Gallen & Macdonald, 1990)
Volunteers ingested a 200 ml beverage of flavoured water containing 455 g L
carnitine tartrate (3g4Carnitine; Lonza Ltd, Basel, Switzerland) at t=0 hours, then
were given a 700 ml treatmedtink (see beverage composition) at t=1, 2.5 and 4
hours to consume over 5 minutes. After a six hour sample collection period (see
sample collection and analysis), the cannula was removed and volunteers were fed a

standardised meal.

Study B Shown inFigure 3.2, the protocol for study B was consistent with that for
the initial three hours of study A. In addition to the procedures described above, a
second cannula was placed into a di@py antecubital vein of the contralateral
arm, for the sampling ofenous blood draining from the forearm tisgA@dreset

al., 1954) The 200 ml beverage at t=0 hours additionally contaitféd[methy}
?Hs)-L-carnitine hydrochloride (Cambridge Isotope Laboratories Inc., Andover, MA)
and volunteers were given a single 500 ml treatment drink at t=1 hour, with the
sampling period lastinghree hours. Brachial artery blood flow of the reeated

arm was also determined using Doppler ultrasound (Aplio -3BM, Toshiba
Medical Systems) with a 12MHz transducer. The brachial artery (10 cm proximal to

the antecubital fossa) was imaged in {mensions and the arterial luminal
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diameter was determined using online video callipers with images synchronised to
the cardiac cycle using a thread ECG. Blood velocity was determined at the same
anatomical location using pulseave Doppler (variablérequency) and the signal

was integrated using the online software to give #aweraged velocity values.

Beverage Composition

The composition of the beverages was as follows: flavoured water (<1 g
carbohydrate; CON), 80 g carbohydrate polymer (Vitargmge flavour, Swecarb
AB, Stockholm, Sweden; CHO) and 40 g of the carbohydrate polymer plus 40 g
whey protein (PRE&0.com, Birmingham, UK; PRO). All drinks were orange
flavoured and were mixed thoroughly in water one hour prior to consumption. The
selected carbohydrate was a higholecular weight glucose polymer and was
identical to that which had been used to successfully increase muscle carnitine
content in previous studigVall et al, 2011; Stephenst al, 2013) but therefore
differed to the type of carbohydrate used ®tephenset al. (2007b)to acutely
increase wholbdody carnitine retention, which contained only simple sugars (low
molecular weight). The calorie content thie PRO drink was matched to this and

halved the amount of carbohydrate ingested.
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Figure 3.1 Schematic showing the protocol for study 1A.
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Figure 3.2Schematic showing the protocol for study 1B.
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Sample collection and analysis

Blood samples were drawn every 20 minutes in study A and every 10 minutes in
study B for the determination of serum insulin and plasma free and total carnitine
concentrationsA total blood volume of 288l (95 ml per visit)and 420ml (140 ml

per visit)was sampledor study A and B, respectivelyJrine was collected during

all study visits and also for the 18 hour pesit period in study A and analysed for
total carnitine content. Following plasmangae purification with strong cation
exchange solid phase extraction (SPHy-L-carnitine enrichment in study B was

measured using liquid chromatography mass spectrometry (see General Methods).

Calculations

Six hour or 24 hour urinary total carnitirexcretion Urc) in milligrams was

calculated as:

% & @

Tiy, L
' srrr

where G is the average total carnitine concentration in the urine (in pipl\y is
the total volume of urine passed over the collection period (in L)Munsd the
molecular weight of carnitine (161.2 g-midl Mean brachial artery luminal diameter

(Dwm) was calculated as:

&z L kWY @ 0E KV @0

87



where Dsand Oxp are the average values from triplicate measures made at peak
vascular systole and end diastotespectively. Mean brachial artery blood flow

(BAF) is subsequently given by the equation:

6
$#(L R@& m&‘EVYq

where v is the time averaged blood velocity. For the calculation of net carnitine
balance and carnitine rate of disappearance, brachial biteny flow was converted
to forearm plasma flowH) by the equation:

(L$#(®sF*;
whereH is the haematocrit fraction in whole blood for each volunteer. Net carnitine
balance (NCB) was calculated from the arteriakgedous Ac) +venous Yc)
difference in plasma carnitine concentration determined biochemicailyg the
Fick principle and is given as:

0% 4 ( ®@#,F 8,

Plasma carnitine fractional extraction ¢fEvas also calculated, to provide a flow

independent marker of muscle carnitupgake, by the following equation:

(I1/4|_ :#1/4F 8/4;Q#1/4H5rr
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The rate of carnitine disappearancg)(&d, therefore, forearm carnitine uptake was
determined from standard equations based on the ss¢aigy tracer enrichment
values TTR converted to malr percent excess values for arterialisedous

(MPE) and venousNIPE,) plasma carnitine concentrations:

/12" L664:SE664

Ae L 3/2" 0 Hity F /27 Ha/4;?@32(—,

Statistics

Time dependent variables (serum insulin, plasma carnitine, pldEwma net
carnitine balance, rate of disappearance and carnitine extraction) were analysed with
a two way {rink Htime) repeated measures analysis of variance (ANOVA) with
significant main effects isolated pdsbc using a paired-test with Bonferoni
stgpwise correction for multiple comparisons. Areas under the curve above baseline
(AUC) were calculated for the same variables using the trapezium rule and were
compared, along with urinary carnitine excretion, using a one way ANOVA with
Tukey posthoc for multiple comparisons. Pearson moment correlations were also
performed between urinary carnitine excretion, plasma carnitine AUC and serum
insulin AUC. In study B, time dependent variables (measured every 10 minutes) are

averaged over 20 minute periods.

89



3.3 Results
Serum Insulin

In study A, serum insulin concentrations were similar between trials at baseline (5 =
“ DQG “! folP@ON/ CHO and PRO, respectively) and did not change
throughout the CON trial (displayed Figure 3.3A). Seruminsulin concentration
rose rapidly following the ingestion of each beverage during CHO and PRO, peaking
at t=80, 180 and 260 minutes. Peak insulin concentration following the first drink
ZDV QR GLIIHUHQW EHWZHHQD& 352 P 8)Alt8 A /
remained elevated during CHO at t=120 min compared to PRO (P<0.0001). Peak
responses during CHO were also greater than PRO following the second (95 * 16 vs
“ PgAB DQG WKLUG “ ¥ R<0.01) drink® &iéch
that the are under the insulin x time curve AUC above baseline during CHO (12.6 £
8APLQ ZDV 3 JUHDWHU W K'Dk@).Fbrstudy  “
B, serum insulin rose from similar baseline concentrations (7 £ 2,5+t 1and 6 + 1
P 8 Al/for CON, CHOand PRO, respectively) following CHO and PRO ingestion,
SHDNLQJ DW W PLQXWHYV ™ ‘tespe@i@l$) and‘remaiRetiA /
elevated above CON for the rest of the vistiglre 3.3B). Serum insulin was
greater in CHO compared to PRO at t=140@ XWH V “ DQG, “
respectively; P<0.05) but AUC above baseline was no different between trials (4.5 £

DQG « 1 Ring regpectively; P=0.7).
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Figure 3.3 Serum insulin responses following ingestion of 3-gdnitine (t=0) ad

3 x 700 ml (A) or 1 x 500 ml drink (B; arrows) containing flavoured water (CON;

squares), 80 g carbohydrate (CHO; circles) or 40 g carbohydrate + 40 g whey protein
352 WULDQJOHV 9DOXHV DUH PMDQ “BX Q ABSARU

P<0.001for CHO vs PRO.
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Plasma carnitine

Plasma total carnitine concentrations during both studies are displayepaiia 3.4

Basal plasma total carnitine (TC) concentrations were similar across visits in study A
(41+ 4,42 +4and 44 + 4) and study B (46 + 3, DQG “ B 4P ROA/
CON, CHO and PRO, respectively and were no different over the first hour of either
study ,Q VWXG\ $ 30DVPD 7& IROORZLQJ &21 LQIHVWLRQ
DW W PLQXWHV DQG SHD &t H=G80Dnilutes, before—sRIY A /
declining throughout the rest of the trial but still remaining elevated above baseline
at t=360 minutes. The rise in plasma TC in CHO was initially slower, such that CON
was greater (P<0.05) than CHO from t=80 to 120 minutes, but pnolenged, such
WKDW SODVPD 7& SHDNHG 1) & a&latér time 6f t=260PnRrDtAY

and was elevated above CON (P<0.05) from t=240 to 360 minutes. Plasma TC in
PRO increased more rapidly than CON or CHO and was elevated above CON
(P<0.05) fromt=100 to 260 minutes and above CHO (P<0.05) from t=80 to 200
PLOQXWHV $IWHU SHDNY) @Xx=140 rhinutes; PIRSMA TC in PRO

declined towards CON values and was lower than CHO (P<0.01) from t=320 to 360

minutes. The six hour plasma TC AUGXULQJ 352 “ LminpwaR O A/
3 DQG 3 JUHDWHU WKDQ*&t)and * P
&+2 “ P PRig), Adspectively, which were no different with respect to

each other. Study B plasma TC responses during weralbwmilar to those

described for study A, with PRO producing greater increases than CHO or CON
(P<0.001). Plasma TC during CHO was also supressed relative to CON at t=160
(P<0.05). Plasma TC AUC during PRO (3.5 £ 0.5) was 67% and 84% greater than

CON (21 +0.2;P DQG &+2 “ “LmmFPR@OAY, respectively.
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Figure 3.4 Plasma total carnitine responses following ingestion of 3agrhitine

(t=0) and 3 x 700 ml (A) or 1 x 500 ml drink (B; arrows) of either CON (squares),
CHO (circles)or PRO (triangles). Values are mean = SE for n=8 (A) or 7 (B). *
P IRU &+2 YVP&21 P IRU 352 YV &=2000AAA

for CHO vs PRO.

93



Urinary carnitine

As shown byFigure 3.5A, six hour urinary TC excretion during study A was 71%
and 8% greater following PRO (183 £ 14; P<0.001) and CHO (149 £ 15; P<0.05)
than CON (107 £ 10 mg) and tended to be greater in PRO than CHO (P=0.06). After
24 hours, PRO (322 + 33) remained 34% gred®e01) than CON (240 + 25)
whilst CHO (333 £ 32 mg) wa39% greater, though not significantl?<0.12 vs
CON), and was no different to PRO. In study B, three hour urinary TC excretion in
study B tended to be greater in PRO (92 = 28) than CHO (45 = 13; P=0.14) and

CON (46 £ 5 mgP=0.05), which were no differeifEigure 3.5B)

Plasma flow

Plasma flow during study Brigure 3.6) was similar at baseline for CON, CHO and
PRO (40 + 7, 47 + 10 and 44 + 9 ml-mjmespectively) and did not change over the
first hour. A main trial effect (P<0.05) was observed such pitesma flow was
greater in CHO and PRO than CON from t=120 and t=140 minutes, respectively, for
the remainder of the visiPlasma flow AUC above the averaged-grank baseline

was greater in CHO (0.5 + 0.6; P<0.05) and tended to be greater in PRO0(6;4

P=0.05) than CON-0.5 + 0.2 L-min).
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Figure 3.5 (A) Six (solid bars) and 24 (dotted bars) hour urinary total carnitine
excretion following ingestion of 3 g-tarnitine and 3 x 700 ml drink of either CON,
CHO or PRO. (B) Three hour urinary total carnitine excretion following ingestion of
3 g L-carnitineand 1 x 500 ml of either CON, CHO or PRO. Values are mean + SE
for n=8 (A) or 7 (B). *P IRU &+2 YVP&21 ,,P<0.001for PRO vs
CON. Main effect P<0.05) of trial in study B, PRO vs CO{®=0.05) and vs CHO
(P=0.14).

95



Figure 3.6 Plasma flav responses following ingestion of 3 gcarnitine (t=0) and 1
x 500 ml drink (arrow) of either CON (squares), CHO (circles) or PRO (triangles).

Values are mean = SE for n=7P%0.05 , *P<0.01 IRU &+2 YV RBPD5 ,

for CHO vs PRO.
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Net forearmcarnitine balance and extraction

Net carnitine balance (NCB) across the forearm in study B is showigume 3.7A

and was unchanged over the one hour followingatnitine ingestion. However,

there was a main effect of time (P<0.05) such that NCB at trii@0tes was greater
(P<0.05) in CHO (170 + 74) than CONL8 + 37) and PRO-91 + 104 nmol-mif).

NCB in PRO was also lower than CHO at t=100 (P<0.05) and t=180 (P<0.01)
minutes. Net carnitine extraction was increased (P<0.05) in CHO compared to PRO
at =100, 120 and 180 minutes and tended to be increased (P=0.09) above CON at

t=120 minutes.

Carnitine MPE and disappearance rate

Arterialisedvenous plasma [methyHs]-L-carnitine enrichment (MPE) reached a
steady state after t=80 minutes in all trialgth a similar enrichment attained in
CON and CHO (~0.14%), but a slightly higher enrichment in PRO of ~CFi§are
3.8). There was no difference between the arterialisstus and venous MPE
values during the CON or PRO trials, but there was a maiotéPE, vs MPE,,
P<0.05) during CHO, with MP&tending to be greater (P=0.06) than MR t=100
mins in CHO. R for plasma carnitine was no difference to zero in either CON or
PRO, but was significantly greater than zero during CHO at t=100 mir&QB)<
and tended to be greater than CON (main effect P=0.12)atR=100, which
coincided with peak serum insulin concentration in CHO, wasdbgreater during
CHO (520 + 148) compared to CON (102 + 189 pmol:Wjrthough this did not

reach statisticadignificance Figure 3.7B).
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Figure 3.7 Net carnitine balance (A) and rate of carnitine disappearance (B)
following ingestion of 3 g kcarnitine (% ?Hs-L-carnitine) at t=0 and 1 x 500 ml
drink (arrow) of either CON (squares), CHO (circles) or PR{ar(tles). Values are
mean = SE for n=7 except PRO in B (n=6P * IRU &+2 YVP&RW, A
AR AP<AQ.001 for CHO vs PRO.
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CON CHO PRO

Figure 3.8 [methyt’H]-L-carnitine enrichment in arterialisegnous (solidine) and venous (dashed line) blood samples (MPE) following
ingestion of 3 g kcarnitine (% “Hs-L-carnitine) and 1 x 500 ml drink of either CON, CHO or PRO. * P<0.05 for main effect of AV difference

in CHO.
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Correlation analyses

For study A here was a strong, positive correlatiof¥&81; P<0.01) between six
hour urinary carnitine excretion and plasma TC AUC during CON and a moderate,
positive correlation (R0.56; P<0.05) during PRO. No correlation was found
between these vabées during CHO. Additionally, there were strong negative
correlations between six hour urinary excretion and serum insulin AUC during CHO

(R?=0.72; P<0.05) and PRO {80.74; P<0.05).

3.4 Discussion

It was previously shown that, following acute orakamitine feeding, repeated
ingestion of a carbohydrate drink (CHO) resulted in a lower urinary carnitine
excretion compared to ingestion of a flavoured water control (Stepéiemas.,
2006¢). Based on the assumption thataknitine absorption would be sim@ail and
maximal during both visits, these findings were taken to indicate that the
carbohydrate facilitated an insuimediated increase in muscle carnitine uptake,
leading to greater wholeody carnitine retention. In study A of the current
investigation,it was thus hypothesised that a proteambohydrate (PRO) blend
could promote a similar increase in whbledy carnitine retention, secondary to the
hypothesis that PRO would stimulate a comparable serum insulin response to CHO.
Contrary to this hypothesi urinary carnitine excretion was increased following
CHO and PRO compared to CON, suggesting differentiahrnitine absorption
across trials and thus invalidating the use of urinary and plasma carnitine
concentrations in the relative determination dfole-body carnitine retention. Study

B was subsequently conducted to circumvent the effect of potential alterations in L

carnitine absorption on the inference of muscle carnitine accretion, using parallel
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measures of net forearm carnitine balance withnpdasarnitine concentrations and
urinary carnitine excretion over a tightly controlled three hour period. This
demonstrated a clear stimulation of net muscle carnitine uptake following CHO, but
not PRO, despite similar serum insulin responses. Thus iseceonicluded that 80 g
carbohydrate is able to promote a positive net muscle carnitine balance. Furthermore,
it would appear that the addition of 40 g protein to 40g carbohydrate antagonises this
insulinrmediated muscle carnitine accretion. Collectivelgsthstudies also indicate

that CHO and PRO treatment drinks, both containing a-imglecular weight
glucose polymer, were able to increase the systemic availability-azrritine,

presumably due to altered intestinal absorption.

Carbohydrate promotes hiuscle carnitine uptake

Studies from this lab have previously shown that acutely elevating plasma carnitine
via intravenous infusion has no impact on muscle carnitine content (Stegihens
2005). Furthermore, acu{&oopet al, 1988)or chronic(Wachteret al, 2002)oral
dosing of L-carnitine does not appear to effect net leg carnitine balance or muscle
carnitine accretion, respectively. In agreement with these data and consistent with
the high concentration gradient between the plasma and tissuesc&rgitine had

no detectable impact on NCB in the CON trial of study B. In support of this, there
was a strong positive correlation between plasma carnitine AUC and urinary
carnitine excretion during CON in study A, which most likely reflects the near
saturation of renatarnitine reabsorption above basal plasma carnitine concentrations
(Harperet al, 1988) In contrast, CHO feeding facilitated a positive NCB across the
forearm compared to CON and no correlatiorthwirrinary carnitine excretion,

providing further support for the ingestion ofchrnitine in a carbohydrate beverage
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as a means to promote an insutediated increase in muscle carnitine content

(Wall et al, 2011)

In a prior study fromStephenset al. (2007b) carbohydrate feeding (4 x 90 Q)
following L-carnitine ingestion supressed 24 hour urinary carnitine excretion, both
acutely and sustainably over a two week period. Moreover, plasma carnitine was also
numerically lower(though not significantly throughout the CHO triand was
negatively related to the serum insulin respan§®onsistent with this, plasma
carnitine in study A was supressed following the first CHO drink relative to CON
and this coincided with the first peak in CHO serum inswoncentrations.
However, despite repeated elevation of serum insulin following the second and third
drinks in CHO, plasma carnitine concentrations continued to rise such that they were
actually greater than CON during the final two hours of the visit. ph&sed the
question as to whether the suppression of plasma total carnitine following CHO
ingestion in the previous trigbtephenset al, 2007b)andfollowing the first CHO

drink of the current study (A) was indeed due to insatimulated muscle carnitine
transport or rather, due to a slowecarnitine absorption from the gut. Indeed, the
delayed peak in plasma TC concentration during CHO in thesrgutrial could
reflect an impairment of {carnitine absorption. However, six hour urinary carnitine
excretion during CHO exceeded that of CON and appeared to be greater over the
entire 24 hour period following -carnitine ingestion. This would imply th#otal
systemic Lcarnitine availability during CHO was at least as high as during CON and
argues against a role for CHO in impairing&rnitine absorption. Moreover, should

carbohydratger sehave slowed tcarnitine absorption, plasma TC responsesnhgduri
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PRO (40 g CHO) would also be expected to reflect this, which was not the case

(discussed later).

If it assumed that the majority of the measured carnitine extraction from the plasma
occurred into the forearm musculature (>90% of whole body carnitnessexist in
skeletal muscle) it is possible to estimate whole body rates of irgutinlated
muscle carnitine accretion in study B. Insulin was elevated from 80 minutes to 180
minutes, over which period the mean area under the NCB x time curve was 7.9
pmols greater in CHO than CON. Assuming a forearm muscle mass of
approximately 0.6 kgAndreset al, 1954; Allwoodet al, 1959)and a whole body
muscle mass of 30 kg, this equates to a whole body muscle carnitine uptake of 63 mg
greater han CON. This is in excellent agreement with the estimate of 60 mg
carnitine retention calculated from differences in urinary carnitine excretion in a
previous study{Stephenst al, 2007b) Extended to a chronic feeding scenario, this
would equate to a daily increase in muscle carnitine content of 57 pmol-Kg dw
which would be expected to increase muscle total carnitine content (~22 mmol-kg
dw?) stares by 22% over 12 weeks. Again, this extrapolation is almost identical to
the 21% increase in muscle carnitine content reportg&taphenst al, 2013)and
provides indirect validatio for the values of net carnitine balance determined here.
In further agreementith our baseline NCB data, one previous study measuring leg
carnitine balance found no evidence of net carnitine uptake or efflux #5oegiet

al., 1988)

Net balance models normally preclude definitive conclusions on whether a positive

net balace is due to increased substrate uptake, reduced substrate efflux, or a
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combination of the two. The use of a [methiyls]-L-carnitine tracer in the current
study enabled a more direct estimation of muscle carnitine uptake. The average rate
of forearm caritine disappearance throughout the CON trial was ~63 nmof:min
which equates to 6.3 pmol-kgfir In good agreement with this, compartmental
modelling of intravenously administered[imethyl-*H]carnitine kinetics estimated
basal rates of muscle carnitinptake to be 11.6 pmol-kg-Hr(Reboucheet al.,

1984). In general, Rdata was highly variable between individuals and despite a 5
fold greater R observed in CHO over CON, differences did not reach statistical
significance when compared across tridlgterestingly however, peakqyRluring

CHO coincided with peak serum insulin concentrations (t=100 minutes).
Furthermore, venous tracer dilution (MR was only observed during CHO,
consistent with the proposed mechanism of action that skeletal muscle carnitine
uptake can be augmented via an insutiediated increase in OCTN2 activity. It
could also be argued that the increase in NCB during CHO aboievz® due to a
nutrientmediated increase in tissue perfusion, as forearm plasma flow was greater
following CHO compared to CON ingestion. However, carnitine fractional
extraction, which does not depend on plasma flow, was also elevated following
CHO. Furhermore, whilst plasma flow was similarly elevated above CON following
PRO, no change in NCB or fractional extraction was observed with PRO. Taken
together, the increase in NCB observed with CHO cannot be explained, at least not

exclusively, by an increadecarnitine delivery to the muscle.

Protein antagonises insukimediated net muscle carnitine uptake

A principle aim of the current study was to determine whether the insulin response to

40 g carbohydrate plus 40 g protein (PRO) would be sufficientaimqte the same
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increase in wholdody carnitine retention as that observed with CHO alone. The
relationship between serum insulin concentration and muscle carnitine uptake is not
unambiguous, but based on previous studies from our group it seems léely th
serum insulin threshold for stimulating muscle carnitine uptake exists somewhere
EHWZHHQ D O (StepteRsétfal, 2007a; Stepheret al, 2007b) Over the

six hour study visit, the serum insulin response during PRO was lower than CHO,
largely as a resduof diminished serum insulin concentrations following the second
and third drinks. The blunted insulin response observed after repeated PRO ingestion
could perhaps be related to the fact that subjects had been fasting for ~10 hours prior
to ingesting thdirst drink. Although the overall insulin response to PRO was lower
than to CHO, peak serum insulin concentrations following the first drink were
comparable and hence it seems reasonable to expect that the insulin response to PRO

would be sufficient to iorease muscle carnitine uptake above CON.

As discussed for CHO, it was impossible to discern from study A whether whole
body carnitine retention following PRO was enhanced over CON. However, study B
demonstrated that whilst CHO was able to promote dipesiet carnitine balance,

PRO appeared to have no effect on muscle NCB. This was surprising as the serum
insulin AUC in study B was no different between CHO and PRO. Indeed, the initial
insulin response between -820 minutes, the time period over whicdbHO
promoted a positive NCB, was almost identical between CHO and PRO. This would
suggest that the insulimediated increase in NCB promoted by CHO was somehow
inhibited by PRO. This is supported by the finding that the rate of carnitine
disappearance faling PRO was not significantly different to zero. This would

appear to be the first study has to report evidence of an inhibitory effect of whey
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protein or amino acids on muscle carnitine accumulation and the prospective
mechanism is unclear. Howeverwbuld seem likely that the absence of a positive
NCB following PRO be due to an inhibition of OCTM2ediated carnitine uptake,

as no alternative mechanisms appear operative to facilitate skeletal muscle carnitine
accumulation. This is supported by the finglthat defects within the OCTN2 gene

in patients suffering from primary carnitine deficiency can reduce skeletal muscle
carnitine concentrations to less than 1% of normal va(liesemet al, 1988)
Transport of carnitine by OCTN2 is known to be inhibited by several xenobiotics
including steroidal, zwitterionic and organic catmebompounds, as well as carnitine
derivatives such as-Barnitine and acylcarnitines of various chain leng@isashiet

al., 1999; Wuet al, 1999; Tamaet al, 2000) In contrast, endogenous compounds,
including the amino acids leucine, lysine and m@irgg, do not appear to influence
basal OCTN2mediated carnitine transpof©hashiet al, 1999; Kobayashet al,

2005) at least at the concentrations tested (500 puM). However, this does not
necessarily rule out a role for amino acids in antagonising the irsirlated up
regulation of OCTN2 carnitine transport. Similarly to canafi the sodium
dependent ctransport of amino acids in skeletal muscle occurs against a steep
transport gradient and is augmented by hyperinsulinéBimtwell et al, 1983)
Moreover,Bonadonneet al. (1993)demonstrated that the insulmediated increase

in forearm amino acid uptake is associated with a reversal in net forearm potassium
balance, implicating the stimation of N&/K'-ATPase activity as a putative
mechanism. Based on values reported for OCTN&naiet al, 2000)and the N&
dependent amino acid transport systgdmcquez, 1B3; Chen & Russell, 1989)
transport of both carnitine and amino acids would appear to share an affinity for

sodium in the same order of magnitudes(inM). Whether the extracellular amino
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acid concentrationdollowing PRO were sufficient to effectively cubmpete
OCTN2 for sodium is unknown, but seems plausible given that plasma amino acid

availability was likely severdiold higher than that of carnitine.

It cannot be discounted that our measurement btamitine balance in PRO was
violated by the very rapid rise in plasma carnitine concentrations, providing-a non
steady state condition during the period of greatest serum insulin concentrations.
However, correcting the venous carnitine concentrationth&expected transit time
through the forearnCobelli et al, 1989; Tessaret al, 1991)did not influence the
relative differences in net carnitine balance gbBtween trials. Indeed, when using

an arteriovenous difference model, rapid increases in plasma substrate concentrations
between two time points are more likely to lead to an otierason of substrate

uptake over that period.

Effects of macronutrient emgestion on Lcarnitine absorption

The plasma total carnitine pool followingdarnitine ingestion can be considered as
a function of intestinal absorption and carnitine cleagamgth the latter influenced

by urinary carnitine excretion and tissue carnitine uptake (likely primarily into
muscle). The reported (Kfor intestinal carnitine transport is approximately 560
— P R'O(Admilton et al, 1986)and it has been demonstrated that the absolute
bioavailability of a 6 g oral bolus (~300 mg) ofdarnitine is no greater than that of

a 2 g bolus (~320 mg; Harperadt, 1988). Thus it was expected that a 3 g dose-of L
carnitine, which would likely increase jejunal carnitine concentrations to
DSSUR[LPDWHO\ *(Li et akPIBI)Awould saturate intestinal active

carnitine transport and thus éwo maximal and equivalent carnitine absorption
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during all trials. However, the divergent responses in plasma carnitine and urinary
carnitine excretion, when considered together with the calculated differences in net
forearm carnitine balance indicate thedrnitine absorption was not comparable

across CON, CHO and PRO.

Plasma carnitine responses in CON were very similar between study A and B,
LQFUHDVLQJ IURP DQ DYHUDJH toEaDtME Mot Peak 6f 6R | —F
— P R'OUkihary carnitine excteon after three (study B), six and 24 hours in CON
represented 1.5, 3.6 and 8.0% of the oral dose, respectively. This is in very good
agreement with other studies that have reported 24 hour urinary carnitine excretions
of 7-8% from a similar oral bolugHarperet al, 1988; Stephenst al, 2007b)
Consistent with the dos#ependent renal elimination rates of intravenously
administered boluses oftarnitine(Harperet al, 1988) we also observed a strong
positive correlation between plasmarnitine AUC and six hour urinary carnitine
excretion. This also likely reflects the rapid saturation of tubular reabsorption
following elevation of plasma carnitine concentration. Based on an approximate
bioavailability of 16% for oral tcarnitine of ths dose siz€Harperet al, 1988)it

can be predicted that around 480 mg afdrnitine would have been absorbed in the
CON trial, with half of this excreted in the urine within 24 hours. Carbohgdrat
feeding in study A increased 24 hour urinary carnitine excretion to 11% of the
ingested Ecarnitine dose, such that it was 93 mg greater than in CON. Based on the
greater NCB found with CHO in study B, it can be assumed that muscle carnitine
uptake wouldalso have been greater in CHO over the six hour study A. Thus,
increased urinary carnitine excretion following CHO, in the face of greater muscle

carnitine uptake, relative to CON, would imply that intestinal carnitine absorption
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was greater with CHO. Oualculation of insulirstimulated wholébody muscle
carnitine retention (63 mg) would suggest that at least 150 mg more carnitine was
absorbed during CHO than CON trials. This figure likely represents a conservative
estimate, given that CHO was fed moreduently in study A and thus insuin

stimulated muscle carnitine uptake may have been even greater.

Why contrasting results on urinary carnitine excretion were evident in the previous
acute carbohydrate-carnitine feeding stud{Stephen®t al, 2007b)may be due to
modifications of the treatment drinks consumed. The main difference between this
study and the aforementioned study is that the custendy utilised Vitargo, a very
high-molecular weight carbohydrate (500,0000,000 g-mof) compared to the
lower molecular weight glucossyrup (~500 g mal) used previously. Vitargo has
previously been shown to increase gastric emptying by 12@$peret al, 2000)in

the 10 minute poshgestion period, as well as both increasd accelerate the pest
ingestion rises in blood glucose and serum ingi8tephen®t al, 2008) compared

to a low molecular weight solution. Secondly, the Vitargo solution has a very low
osmolality (<50 mOsmol-t), which could also beexpected to increase fluid
absorption in the duodenum segment relative to a glesyss formulationGisolfi

et al, 1998) A greater gastric emptying following both CHO and PRO would be
expected to increase-darnitine delivery to the small intestine which, along with a
potentially greater €lid absorption, could be expected to increaseainitine
absorption by facilitating greater passive diffusiin et al, 1992) Thus, the
sustained elevation of plasma carnitine concentrations in CHO relative to CON in
study A could reflecta progressive increase indarnitine absorption following

repeated CHO ingestion. It should also be noted that macronutrient availpéility
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se could modulate intestinal transport activity forchrnitine, by increasing total

solute flux over that obseed with CON(Gisolfi et al,, 1998)

The addition of whey protein appeared to further influence the pharmacokinetics of
L-carnitine. Across both studies, the average rate of increase in plasma carnitine
concentration over the first hour following PRO ingestion was approximately 0.5
pmol-L ™ -min™, which was around -®ld faster than following CON or CHO
ingestion (~0.17 pmol-min™ for both). Peak plasma carnitine concentration
during PRO was also 2B0% greater than CON or CHO trials, and occurred
consistently earlier. As discussed aboas possible that the inclusion of a high
molecular weight carbohydrate in PRO promoted an increased rate of gastric
emptying, which could potentially explain differences between CON and PRO
plasma TC concentrations. The question remains as to whetheliftbrences in
plasma and urinary TC concentrations between PRO and CHO can be explained
purely by the additional differences in tissue uptake. Based on an average plasma
volume of 3.25 L, the plasma carnitine compartment at three hours was increased by
79 and 32 umols (13 and 5 mg) above baseline in CHO and PRO trials, respectively.
Urinary carnitine excretion was 45 mg and 92 mg, respectively. Thus it follows that
the estimated difference in whole body muscle carnitine uptake (~ 92 mg) more than
compenates for the difference in plasma and urinary carnitine values. It should be
noted that measurements of net carnitine balance were particularly variable during
the PRO trial and, as such, these extrapolations should be viewed with caution.
Indeed, if the dferences in plasma carnitine concentrations between CHO and PRO
were purely due to a greater muscle carnitine uptake in CHO, one might expect the

arteriovenous difference in CHO to be far greater than what was observed here.
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Independent effects of wheyaqtein ingestion without carbohydrate oncérnitine
absorption cannot therefore be ruled out, and would be plausible given the primary
sources of dietary carnitine (red meat, fish, dairy products) are foodstuffs rich in
amino acids. Why then, the uptakiecarnitine by skeletal muscle would be inhibited

by compounds it is habitually aagested with is somewhat perplexing. Perhaps this
may serve to preserve plasma carnitine concentrations during postprandial periods,
when serum insulin concentrations woudé elevated, which would in fact be

entirely consistent with the stability and slow turnover of the muscle carnitine pool.

Conclusions

The novel application of an arteriovenous forearm balance model witiHyrhl-
carnitine tracer methodology is thisidy confirmed the efficacy of a carbohydrate
beverage in promoting muscle carnitine accretion wheimgested with an L
carnitine bolus. A relatively large bolus of whey protein (40 g), with 40 g
carbohydrate, appeared to blunt this stimulation of netclausarnitine uptake,
despite stimulating comparable insulin secretion and intestinal carnitine absorption
to 80 g carbohydrate alone. These studies also suggest, for the first time, that
macronutrients cingested with Ecarnitine may alter its pharmacakitic properties
which should facilitate further developments of strategies used to increase skeletal

muscle carnitine content
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4.1 Introduction

Skeletal muscle acetylcarnitine concentrations reflect the balance between pyruvate
derived acetyfroup production from the PDC and condensation with oxaloacetate
by citrate synthase. Therefore, the accumulation of acetylcarnitine during exercise
can be onsidered as being indicative of an imbalance between PDC flux and TCA
cycle flux. As discussed in ti@eneral Introduction, acetylcarnitine accumulation

is readily observable during the first 30 minutes of submaximal exercise above a
relative intensig of approximately 50% Vé)ax With acetylcarnitine concentrations
reportedly stabilising as the exercise conting®ahlin et al, 1990; Constantin
Teodosiuet al, 1992) This plateau in acetylcarnitine concentrations would suggest
that a steadgtate is reached, at which point PDC and TCA cycle fluxes can be
assumed to be well matched. In a previous study fromadwiit was demonstrated

that increasing skeletal muscle total carnitine content over a 24 week period was
associated with a suppression of PDC flux during 30 minutes of cycling exercise at
50% VOmax as evidenced by a lower rate of glycogen utilisatiB®Ca and
acetylcarnitine accumulatigivall et al, 2011) These findings were consistent with

the role of carnitinan CPTEtmediated fat oxidation under conditions when PDC
flux is relatively moderate and not limiting to TCA cycle flux. Intriguingly, when the
exercise was continued for 30 minutes at 80%,M the increase imuscle
carnitine availability facilitateda greater PDC flux, as reflected by an increase in
PDCa and acetylcarnitine accumulation. Moreover, this carntieéiated increase

in PDC flux was associated with a reduced reliance onmmtochondrial ATP
production, resulting from a lower rate of P@egradation and a diversion of
glycogenolysis away from lactate accumulation. These findings would suggest that

carnitine availability is somehow limiting to PDC flux during continudugh
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intensity exercise. Moreover, a sparing of PCr and lower muscleata
accumulation at the same absolute workload implies that the increase in PDC flux
was able to facilitate a greater contribution from oxidative ATP production, which
also suggests that PDC flux could be limiting to TCA cycle flux under these exercise

conditions.

In contrast to the proposition that PDC flux may limit TCA cycle flux during
exercise, Gibala and colleagud®98 have reported that estimations of TCA cycle
flux actually exceed PDC flux. Based on values of leg oxygen uptake, it was
determined that TCA cycle flux was approximately 30% greater than PDCa at a
workload of 60% Wax and remained 10% greatet 100% Whax Thus, if
acetylcarnitine does reflect the imbalance between PDC and TCA flux dufifig 5
min of exercise, then under these conditions one might expect its accumulation to be
negligible. However, neither acetylcarnitine nor glycolytic flugres determined in

this study and hence inferences about intermediary skeletal muscle metabolism
upstream of the TCA cycle cannot be made. Moreover, this study utilised & single
leg knee extension model where, unlike #&#gged cycling, mitochondrial ATP
production would not appear to be limited by muscle oxygen deli{Amgersen &
Saltin, 1985; Boushedt al, 2011) Previously, Jorn Helge and colleagues from the
University of Copenhagen have performed a study to interrogate leg substrate
metabolism during singlkeg knee extension at 55% and 85%MMStallknechtet

al., 2007) They kindly allowed us to perform further analysis on the muscle samples
obtained which provided an opportunity to further iriigege skeletal muscle
acetylcarnitine metabolism as an indication of the integration between PDC and

TCA cycle fluxes, in a singleeg model using comparable relative workloads to
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those previously employed Biyvall et al. (2011) for two-legged cycling (i.e. 50%

and 80% Way).

Another scenario that can provide valuable insight into the matching of PDC and
TCA cycle fluxes is during two repeated bouts legh-intensity submaximal
exercise, where the workload can be maintained constant across both bouts. Under
these conditions, it is proposed that oxidative ATP delivery and thus, TCA cycle
flux, will be greater in the second bout of exerc{8angsbcet al, 2001) possibly as

a result of a greater PDC flux during this second KfButmanet al, 1995) Indeed,

a study from Bangsbo and colleag260]) found that leg V@ an indication of

TCA cycle flux, during two 3 minute bouts of sindég knee extension exercise at
100% Whax (~66 wattswas greater during the second bout, whilst reciprocally, the
average rate of nemitochondrial ATP production was approximately 385er.

During a singlehigh-intensity, three minute exercise bout, it is unlikely that
acetylcarnitine concentrations would reach a stesdate and thus the imbalance
between PDC flux and TCA cycle flux would be exemplifi@dmmons et al,

1998b) Furthermore, if reliance on neanitochondrial ATP production is indeed
lessened during a subsequent exercise bout, one would expect acetylcarnitine
accumulation to also be lower comparedhi® initial exercise bout. Indeed, although
acetylcarnitine accumulation or PDCa were not determined in the stuBgrigsbo

et al. (2001) PDCa has been demonstrated to be maximal after 3 min of contraction
in this model(Bangsbcet al, 2002) However, as discussed above, it is posshme t

the restrictions to oxidative ATP production differ between the silegieknee

extension and twdegged cycling exercise models and no study has previously
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determined acetylcarnitine metabolism and-natochondrial ATP delivery during

repeated boutsf two-legged cycling exercise at this fixed workload (100%a\W

The overall aim of the current studies was to assess acetylcarnitine accumulation and
non-mitochondrial ATP delivery during exercise paradigms where TCA cycle flux is
reportedly higher tha PDC flux, thus further characterising the balance between
PDC flux and oxidative ATP production. This is important ifcarnitine
supplementation is to be used to enhance athletic performance or improve the
efficacy of exercise prescription in populasonhere oxidative ATP production may

be impaired (se&eneral Introduction). In study A it was hypothesised that, in

line with the reported excess of TCA flux relative to PDC flGbalaet al, 1998)

and in contrast to twtegged cycling (Wall et al, 2011) acetylcarnitine
accumulation and nemitochondrial ATP production during singlegged knee
extension would be negligible at both 55% and 85%WIn study B, it was
proposed that acetylcarnitine accumulation and-mdochondrial ATP production
would both decline during a second bout lmgh-intensity two-legged cycling
exercise, when TCA cycle flux is purportedly accelergi@dngsboet al, 2001)

relative to a first bout at the same fixed workload (100%.)V
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4.2 Methods
4.2.1 Study A
Volunteers

Following a routine screening and written consesge(General Methodg, ten
healthy male volunteers (age 26 + 2 years, BMI 24.5 + 0.8 kgW@smax 50 * 2
ml-kg-min™) completed the exercise protocol approved by the Ethics Committee for
Medical Research in Copenhaggtallknechtet al, 2007) A complete data set of

muscle biopies was available for a subset of eight of these volunteers.

Experimental protocol

Volunteers completed the single experimental visit following a 12 hour (overnight)
fast and having abstained from vigorous physical activity, caffeine or alcohol for 2
days prior to the visit. Following a 30 minute rest period, volunteers completed two
30 minute singldeg knee extension exercise bouts at 55 and 85% of their previously
determined maximal kicking power (M Anderson and Saltin, 1985), separated by

a 30 mnute rest intervalKigure 4.1). The second exercise bout was performed on
the contralateral leg to the first bout, with the order of the legs determined by
randomisation. In accordance with the objectives of the larger trial that this study
formed a pariof, a third exercise bout was completed at 25%aVYrior to the
exercise at 55% W using the same leg as was recruited for the exercise at 85%
Whax Furthermore, the exercise at 55%.Mtvas continued for an extra 90 minutes
following the initial 30 mnute bout. This meant that following the initial exercise

bout at 25% Wax there was a three hour recovery period before the commencement
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Fidure 4.1 Schematic outlining the protocol for Study 2A. Volunteers completed two deglknee extension exercise bouts at 55 and 85%
Whax respectively, separated by a 30 minute recovery period. Muscle biopsies (arrows) were obtained after 30 minute% ol satiowx

Dotted lines indicate extension of the 55%,Méxercise bout (see tefor details).
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of the final exercise bout at 85% M with the ipsilateral leg and thus it was
assumed that anpnfluence of the initial lowintensity exercisebout on skeletal

muscle metabolism during this latter bonbuld be minmal.

Sample collection and analysis

Muscle biopsies were obtained immediately before and after each exercise bout and
frozen rapidly (1615 seconds) in liquid nitrogen for the determination of ATP,
phosphocreatine, lactate, glycogen, carnitine and acetylcarnitine concentrations (see
General Methods). Data collection for study A was completed at the University of
CopenhagelfStallknechtet al, 2007)and metabolite analysis was carried out at the

University of Nottingham.

4.2.2 Study B
Volunteers

Seven healthy, nemegetarian male volunteers (mean + SD age 23 * 4 \BHif;

23.6 + 2.0 kg-rif; VOomax48.0 + 6.0 ml-kg-min™) were recruited to participate in
study B, which was approved by the University of Nottingham Medical School
Ethics Committee. Prior to the study, each participant attended a routine medical

screeningseeGeneral Methods.

Experimental protocol

Volunteers attended the lab32times prior to the main experimental visit to
determine the exercise workload (M) corresponding to the attainment of maximal

oxygen uptake (sedseneral Method9 and to ensurethat they were fully
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familiarised with the exercise protocol. On the day of the main experimental visit,
volunteers arrived at the laboratory at approximately 8.30 am following an overnight
fast and having abstained from alcohol, caffeine or strenuousigxéor 48 hours.
Following a 30 minute period of supine rest, a muscle biopsy was obtained from one
leg and volunteers completed a brief waumperiod (3 minutes at 25% ) on

the cycle ergometer. It has previously been shown that neither -&mekyhor
acetylcarnitine concentrations are altered by either one minute of cycling at 35%
VOomax (Howlett et al, 1998)or three minutes at 30% e« (ConstantiATeodosiu

et al, 1991) Volunteers subsequently cycled for three minutes at thew pre
determined 100% Wx workload and, upon cessation of exeec a second biopsy

was immediately obtained from the same leg as the first. Volunteers then rested for
five minutes before completing a second three minute bout of exercise at the same
absolute workload, with further biopsies obtained from the contralateg
immediately before and after the second b&igyre 4.2). The order of the biopsies

was randomised between legs, but the biopsied leg was kept consistent within bouts.

Sampling and analysis

Muscle biopsies were rapidly (~10 seconds) frozen in liquid nitrecgeied
isopentane and a portion (approximately 50 mg ww) was frdeed for the
determination of metabolites. A second portion-2D0mg ww) was used for the

determination of PDC actitian status.

Statistics

Muscle metabolite concentrations for both studies were compared usingveaywo
ANOVA (intensityor bout x tim¢ and any significant main effects were isolated
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Figure 4.2 Schematic outlining the protocol fotusly 2B. Volunteers completed two 3 minute bouts of cycle ergometer exercise at 100%

VO.,max Separated by a five minute passive recovery period. Muscle biopsies (arrows) were obtained before and after eacduexercise b
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posthoc usng paired tests with Bonferoni stepwise correction for multiple
comparisons. Delta values for metabolites (PCr degradation, lactate accumulation,
glycogen utilisation, acetylcarnitine accumulation or -m@itochondrial ATP
production) were compared betweexercise intensities using pairegsts. Data are

presented as mean + standard error.

4.3 Results
4.3.1 Study A
Skeletal muscle ATP, PCr, lactate and glycogen

The concentrations of muscle metabolites before and after each exercise bout are
shown inTable 4.1 Resting levels of ATP and PCr were no different between legs
and remained unchanged throughout exercise. Lactate was also unchanged during
exercise at 55% W.xand although it increased slightly during exercise at 85%W
(P<0.05), lactate ammulation was no different between the two exercise workloads
(2.6 + 0.9 and 6.2 + 2.2 mmol-kg dwior 55 and 85%, respectively). Muscle
glycogen utilisation was not significant during exercise at 55%@hnd as such, the
pre-exercise glycogen contemr each leg was similar. As shown kgure 4.3
however, muscle glycogenolysis at 85%,Mivas 3fold greater than at 55% My

(116.7 + 41.2 vs 39.3 + 13.9 mmol-kg dwespectively;P<0.01). The total non
mitochondrial ATP production during each exsecbout is shown iRigure 4.4and

was similar between exercise at 55% and 85%., 0.9 + 5.9 and 15.0 + 5.0

mmol-kg dw?, respectivelyP=0.13).
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Table 4.1 Skeletal muscle metabolite concentrations before and after two 30 mintgeob@ingleleg knee extension exercise at 55 or 85%

Wiae Data are presented as mean + SE for 8 subjects in mmol:kdg Main effect of time? main effect of intensity® interaction effect for 2

Way ANOVA. * P<0.05, ** P<0.01, ***P<

YV 35( RI VDP<9.05 ROPWST,55% W

55% W nax 85% W max
PRE POST PRE POST

ATP 26.3+0.8 26.6 + 1.0 26.1+ 0.6 26.3+0.7
PCr 83.7+2.3 86.1+ 2.1 85.7 + 2.4 79.5 + 3.9
Lactaté 41+0.4 6.7+15 42+0.6 10.4 + 1.8*
Glycogeri® 403 + 34 363 + 37 423 + 39 308 + 29%**
Carnitiné"® 18.9+ 1.0 14.6 + 1.2* 17.3+1.0 “ ,
Acetylcarnitiné 0.8+0.2 6.1+1.9* 2.3+0.8 8.1+ 1.8
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Figure 4.3 Skeletal muscle glycogelX WL O LV D W L R Qurirnig 30OMikUuRes 191Q
singleleg knee extension exercise at 55% (black bar) or 85% (white has) Data

are presented as mean + SE for 8 subjects in mmol-Kg t#<0.01 vs 55% Wax

for paired ttest analysis.
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Figure 4.4 Net skeletal muscle ATP production from mmitochondrial sources
(black bars), comprising ATP (striped bars), PCr (white bars) and lactate (dotted
bars) during 30 minutes of singleg knee extension exereisit 55% or 85% Vax

Data are presented as mean + SE for 8 subjects in mmol-Kg Tetal non
mitochondrial ATP production was no different between worklo&4€ (13; paired
t-test). Negative values imply net ATP or PCr resynthesis from oxidative

metabdism.
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Skeletal muscle carnitine metabolism

Free carnitine concentrations declined from similar resting values by approximately
23% P<0.05) and 39% R<0.01) during exercise at 55% and 85%;, MW/
respectively. Although posixercise free arnitine availability was lowerR<0.05)
following exercise at 85% Wi comparé to 55% Whax (Table 4.1), the absolute
decline in free carnitine availability during exercise was no different between
workloads (4.3 + 1.5 and 6.8 + 2.4 mmol-kg that 55 and85%, respectively;
P=0.23). Reciprocally, acetylcarnitine concentrations increased during both exercise
workloads, with acetylcarnitine accumulation equivocal between exercise at 55%

and 85% Wax (5.3 + 1.9 and 5.8 + 2.0 mmol-kg dwrespectively=0.8Q Figure

4.5).
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Figure 4.5 Skeletal muscle acetylcarnitine accumulat{dnacetylcarnitine)during
30 minutes of singkeg knee extension exercise at 55% (black bar) or 85% (white
bar) Whae Data are presented as mean *+ SE for 8 subjects in mmol-Kg dw

Acetylcarnitine accumulation was no different between workloBd®.80; paired-t

test).
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4.3.2 Study B
Skeletal muscle ATP and PCr

Skeletal muscle metabolite concentrations before and after each exercise bout are
shown inTable 4.2 ATP concentrations tended to decrease 1P40(09) during

the first bout of exercise and declined (P<0.05) by a similar amount (16%) in the
second bout of exercise. During bout one, PCr decreased to 64% of its resting value
and was completely resynthesized othe recovery period such that the-preercise

values were identical for each bout. During bout two, PCr declined (P<0.001) to
26% of the prébout value with PCr degradation beindgald greater P<0.05)during

bout two (60.9 + 7.7 mmol-kg d¥y comparedto bout one (29.3 + 9.0 mmol-kg

dw; Figure 4.6).

Lactate accumulation and glycogenolysis

There were main effects of exercige<(.01) and boutR<0.001) on muscle lactate
concentration, with lactate increasing significantB<Q.05) during bout on@and
tending P=0.05) to remain elevated at the start of bout 2. Lactate incre@sedb)

by a similar amount during bout two such that there was no difference in lactate
accumulation between bouts (50.3 + 19.8 and 59.3 + 4.9 mmol-Kgawbouts 1

and 2, respectively;Figure 4.7). Glycogen content declined during both exercise
bouts (main effect of exerci$&<0.001), although glycogenolysis tend&#¥Q.11) to

be 2.1fold greater during bout two (99.4 + 17.9 mmol-kg Yvcompared to bout

one (54.4 + 13. mmol-kg dw"; Figure 4.8).
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Table 4.2 Skeletal muscle metabolite concentrations before and after two 3 minute bouts of cycling exercise At }08éparated by 5

minutes of passive recoverata are presented as mean + SE for 7 subjects in mmol&kg?dain effect of time” main effect of bout®

interaction effect for 2Vay ANOVA. * P<0.05, ** P<0.01, ***P YV 35( Rl VDP+0D.G5R XPA0.01vs POST bout one.
Bout 1 Bout 2
PRE POST PRE POST
ATP? 27.9+1.2 248+ 1.4 26.3+1.5 222+ 1.7*
PCPbe 82.4+3.6 53.1 + 9.5* “ , “ .
Lactaté”® 6.5+15 56.8 + 18.9* 443 +12.3 “ ,
Glycoger?® 403.8 + 43.3 351.9 +48.2 373.2+55.8 “
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Figure 4.6 Skeletal muscle phosphocreatine degradatian 3 &during two 3
minute bouts of cycling exercise at 1008max Separated by 5 minutes of passive

recovery. Data are presented as mean + SE for 7 subjects in mmol*k¢j Bw0.05

versus bout one (paireddst).
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Figure 4.7 Skeletal muscle lactate accumulatioi O D FAWibgMio 3 minute
bouts of cycling exercise at 1008%¢,.x Separated by 5 minutes of passive recovery.
Data are presented as mean = SE for 7 subjects in mmol-ky Hactate
accumulation degradation was not significantly different between the two exercise

bouts P=0.68 for paired-test).
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Figure 4.8 Skeletal muscle glycogen utilisationd J O \ F Ridrih@two 3 minute
bouts of cycling exercise at 1008%¢,.x Separated by 5 minutes of passive recovery.
Data are presented as mean * SE Tosubjects in mmol-kg dik Glycogen

degradation was not significantly different between the two exercise bHt@sl(

for paired ttest).
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Skeletal muscle carnitine metabolism

Resting acetylcarnitine concentration was 4.0 + 1.4 mmalvg, increasing to 9.3

+ 2.0 and 12.5 + 1.0 mmol-kg dwollowing bout one and bout two, respectively
(main effect of exerciseP<0.001; Figure 4.9. Acetylcarnitine was unchanged
during the recovery period such that concentrations before the startitofm (8.3

+ 2.1 mmol-kg dW) tended to be 2-fiold greater than at resP£0.10) whilst the
absolute accumulation was similar between bout one and bout two (5.3 £ 2.1vs 4.2 +
1.5 mmol-kg dw"). Free carnitine concentration was 15.9 + 1.1 mmol-kg awest

and mirrored the changes in acetylcarnitine, with free carnitine tending to decline
during bout one (33%P=0.12) and bout two (41%P=0.13). Free carnitine

remained unchanged during the recovery peraguie 4.9).

Pyruvate dehydrogenase compéstivation status

Shown inFigure 4.1Q PDCa tended to increase -3a2d (P=0.06) during bout one,
from a resting value of 3.6 + 0.9 to 11.5 + 2.6 nmol-prgtein’-min™, before
returning to basal values prior to the start of bout two (4.4 + 1.0 nmglrotgin
L.min™%). During bout two, PDCa increaseddd (P<0.05) to a value of 15.5 + 3.1

nmol-mgprotein’-min™.

Nonmitochondrial ATP production

The calculated nemitochondrial ATP production was not significantly different
(P=0.29) between boutsgedpite a 42% increase in the second bout (110.9 *+ 40.3 vs

158.0 + 14.4 mmol ATP-kg dWfor bouts one and two, respectiveRjgure 4.11).
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Figure 4.9 Skeletal muscle free carnitine (white circles) and acetylcarnitine (black
circles) cacentrations before and after two 3 minute bouts of cycling exercise at
100%Wnax Separated by 5 minutes of passive recovBgta are presented as mean

+ SE for 7 subjects in mmol-kg dv Main effects of exercise?€0.001) and bout
(P<0.01) for tweway ANOVA were observed for both free carnitine and

acetylcarnitine concentrations.

134



Figure 4.10 Activation status of the pyruvate dehydrogenase complex in skeletal
muscle before and after two 3 minute bouts of cycling exercise at WR%
separated by 5 minutes of passive recovBlgck bars show bout 1 respongdjite
bars show bout 2 respond@ata are presented as mean + SE for 7 subjects in nmol
acetytCoA-mg proteit-min™. Main effects of exerciseP&0.001) for tweway

ANOVA. * P<0.05 vs prebout value.
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Figure 4.11 Skeletal muscle ATP production from namtochondrial sources,
comprising ATP (striped bars), PCr (white bars) and lactate (dotted bars) during two
3 minute bouts of cycling exercise at 100%,,,, Searated by 5 minutes of passive
recovery. Data are mean + SE for 7 subjed®0*05 vs bout 1 for PCr. Total nen
mitochondrial ATP production was not significantly different between the two

exercise boutsR=0.29 for paired-test).
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4 4 Discussion

The current studies were performed to provide further insight into the interplay
between PDC and TCA cycle fluxes by determining acetylcarnitine accumulation
and nommitochondrial ATP production under different exercise conditions, where
the cemand and capacity for oxidative ATP production may vary. The results
demonstrate that acetylcarnitine accumulation and -mibochondrial ATP
production during singieg knee extension exercise are considerably lower than the
equivalent values reportedrfewo-legged cycling exercise at comparable relative
workloads. Secondly, nemitochondrial ATP production is increased during a
second bout ohigh-intensity cycling exercise in the face of similar acetylcarnitine
accumulation which, in contrast to repshtbouts of singléeg knee extension
exercise, would suggest that both PDC and TCA cycle flux decline during a second
bout when the workload is fixed. The rates of acetylcarnitine accumulation and non
mitochondrial ATP production across these various @ser paradigms are
illustrative of the relative matching between glycolytic, PDC and TCA cycle fluxes
and, as will be discussed, are consistent with the proposal that free carnitine
availability can dictate PDC flux and hence influence oxidative ATP poovis

duringhigh-intensityexercise.

Singleleg knee extension at 55 and 85%\\V

During twolegged cycling, Wall et al. (2011) reported a near doubling of
acetylcarnitine accumulation when the exercise intensity was increased from 50% to
80% VOmax As a consequence of this elevation in skeletal muscle acetylcarnitine
content (~17 mmol-kg dWat 80% VQnay), free carnitine availability was reduced

to an extent that it likely became limiting to further increases in PDC flux, as
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evidenced by the near doubling of mmmochondrial ATP production at 80%
compared to 50% VE&ax In accordance with this, increag skeletal muscle
carnitine availability enhances PDC flux and reduces reliance omitonhondrial

ATP production during exercise at 80% M (Wall et al, 2011) In contrast, in
study A, acetylcarnitine accumulation was similar at 55% and 85%; #d thus
acetylcarnitine content following thiatter bout was only 8.1 mmol-kg diw less

than half that measured by Wall and colleag2611). Although glycogen
utilisation was 3fold greater at 85% Wax compared to 55% Wi lactate
accumulation remained relatively low (only 6.2 mmol-kg gvand PCr degradation
was similarly negligible. As a result, reliance on smnochondrial ATP production

at 85% Whax was substantially lower than thvalues reported bwall et al. (2011)

at 80% VOnmax Suggesting a better matching of glycolytic, PDC and TCA cycle
fluxes during singldeg knee extension exercise compared to-legged cycling.
These findings are consistent with the greater oxygen uptake per unit of muscle mass
recruited during singkeeg knee extension exercigBoushel & Saltin, 2013as well
perhaps, as the lower catecholaminespomse and hence lower adrenergic
stimulation of vasoconstriction and glycoly¢Greenhaffet al, 1991) compared to
two-legged cycling. Indeed, it has previously been argued that TCA cycle flux
exceeds PDC flux during moderate to intense knee extension eX&ibséaet al,

1998 and thus, acetylcarnitine accumulation under these conditions would be

somewhat paradoxical.

Although the calculation of TCA cycle flux by Gibala and colleagues assumed that
mitochondral ATP production was supported entirely by carbohydrate oxidation, the

discrepancy between PDC and TCA cycle fluxes would actually suggest additional
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acetytgroup provision independent from the PDC, likely from +oanbohydrate
substrates. Indeed, thesalute rates of leg fat oxidation observed during study A
were substantial and actually increased from 55% to 85% WeeAppendix 3.2).

In this respect, another consequence of extensive acetylation of the total carnitine
pool duringhigh-intensity exercise (70% in the study by Wall et al., 201% the
expected restriction on CPTediated fatty acid oxidatio(Gtephenset al, 2013)

Thus, the lower acetylcarnitine accumulation in study A is a likely mechanism to
explain why fat oxidation is preseeat higher relative exercise intensities during
singleleg knee extensiorfHelge et al, 2007) compared to twdegged cycling.
Nevertheless, it is difficult to relate acetylcarnitine accumulation to an increase in
3'& I0OX[ ZKHQ Wdkidatldbis\ndreading in parallel. Howeverisitknown

that carbohydrate oxidation is more rapidistivatedthan fat oxidation at the onset

of exercise and thus PDC flux likely delivers the majority of mitochondrial acetyl
groups during the initial minutes of exercise. As such, tHe rmol-kg dw"
acetylcarnitine accumulation that occurred in both bouts of study B could still reflect
an imbalance between PDC flux and TCA cycle flux during this initial period, while
leg oxygen uptake and TCA cycle flux were still rising. If it is assumed that
measurments made after 30 minutes of exercise represent the siddy
acetylcarnitine concentration, under these conditions it would seem equally
appropriate to view acetylcarnitine accumulation as simply the expansion of the
mitochondrial acetygroup pool asociated with the moderate increase in PDC flux.
Moreover, when a significant proportion of acegybups entering the TCA cycle are
SURYLGH G -okldafonwiKatty acids, TCA cycle flux is unlikely to be limited

by PDC flux. On the contrary, thefmement of PDC flux to acetgroup demand

when glycolytic flux is relatively low is illustrated by the finding that the
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augmentation of fat oxidation in response to skeletal muscle carnitine loading
(Stephenset al, 2013) was previously associated with an approximately 30%

reduction in both PDCa and acetylcarnitine accumulgiidall et al, 2011)

Repeated bouts digh-intensitycycling exercise

The rate of acetylcarnitine accumulation of 1.8 mmol-kg*amin™ during bout one

of study B was similar to that generally reported over the initial minutes of cycling
exercise at intensities betweenJ®% VOmax (~2.2 mmol-kg dw-min™; seefigure

1.5 in General Introduction) and coincided with a 3:®ld increase inthe
activation of the PDC. During the five minute passive recovery period,
acetylcarnitine concentrations remained relatively stable whilst PDCa returned to
resting values. Based on the findings of Bangsbo and collegg089), it was
hypothesised that acetylcarnitine accumulation would be lower during a second bout
of exercise. However, atydcarnitine concentrations in the subsequent bout actually
increased by a comparable amount (from an elevatetquevalue), such that the
postexercise free carnitine concentration was approximately 34% lower compared
to the first bout. Therefore, gimethe apparently lower rate of mitochondrial ATP
provision in the face of similar acetylcarnitine accumulation, PDC flux was
presumably lower during the second bout of exercise. Thus it can be proposed that,
despite a similar PDC activation, the continaettline of free carnitine availability
during the second bout of exercise restricted PDC flux and consequently limited the

contribution from the TCA cycle to total ATP production.

Previous studies have suggested that during repeated boultsgleintensty

exercise, nomitochondrial ATP delivery is reducé@utmanet al, 1995; Bangsbo
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et al, 2001)and VG kinetics are accelerated in the second bout relative to the first
(Putmanet al, 1995; Bangsbet al, 2001; CampbelD'Sullivanet al, 2002) For
example, during two 3 minute bouts of sintgg knee extension exercise at 100%
thigh VO,peax Bangsbo and colleagug¢2001) reported that the combined ATP
production from PCr degradation and lactate accumulation decreased from 175
mmol ATP-kg dw' during the first bout, to 135 mmol ATP-kg dvin the second

bout. In contrast, in studg non-mitochondrial ATP production was no lower during

the second bout of exercise and, if anything, averaged 42% higher values. The latter
was primarily accounted for by an approximatelyoRl greater PCr degradation
during the second bout of exerciséat®e to the first. PCr resynthesis relies heavily

on oxidative ATP provision via the mitochondrial creatine kinase shiitey et

al., 2012)and thus the extent of PCr degradation, which has been shown to reach a
steadystate within two minutes dfigh-intensityexercisgKarlsson & Saltin, 1970)

can be considered wery sensitive marker of mitochondrial ATP delivery. In
addition to the increase in PCr degradation, muscle glycogen utilisation tended to be
2.1-fold greater during the second exercise bout. If it is assumed firstly, that the total
ATP demand of contrach was similar for each bout (the external workload was
fixed) and secondly, that the intensity and duration of the exercise precluded any
significant contribution from fat oxidation (s&eneral Introduction), this increase

in glycogen utilisation would ugygest a greater reliance on anaerobic glycolysis.
Whilst muscle lactate accumulation was no greater during the second bout, the rate
of muscle lactate efflux was not determined and so it is plausible that total lactate
production increased in parallel Wwitglycogen utilisation. Thus although the
difference in normitochondrial ATP production between bouts was not significant

in study B, the increased PCr degradation and glycogen utilisation strongly suggest
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that mitochondrial ATP provision was compromisedring the second exercise

bout.

The opposing results obtained from study B and the study from Bangsbo and
colleagueg2001), which both used a protocol involving two 3 minute exercise bouts
at 100% Wax Separated by a similar recovery period, are probably attributable to the
previously discussed differences between siegeknee extension and twegged
cycling exercise. In particular, the restricted blood flow per unit muscle mass during
exercise invlving a large muscle mass, such as cycling, is likely to limit oxidative
ATP delivery to a greater extent than during exercise involving a smaller mass
(Boushelet al, 2011) Therefore pulmonary oxygen kinetics, which are known to be
accelerated during a second exercise [f@aimpbellO'Sullivanet al, 2002) may

be a more primary determinant of mitochondrial ATP production during siegle
knee extension exercise. Nevertheless, previous studies usiFggmen cycling
protocols haveeported a reduced reliance on maitochondrial ATP production
during a second exercise bout. For examplgmanet al. (1995)provided evidence

to suggest that PDC flux and mitochondrial ATP production increased progressively
over three 30 second maximal effort cycle sprints. However, the total work
performed (and thus contraction intensity) declined by 17% and 24% setoad

and third bout, respectively, relative to the first. Moreover, the protocol employed by
Putman and colleagugd995 did not enable complete PCr resynibeletween
exercise bouts resulting in a 12% and 19% reduction irbpué PCr availability
before the second and third bout, respectively. Thus the demand and capacity for

nonrmitochondrial ATP production would have been reduced progressively over
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each spnt, whilst it was maintained constant by the fixed workload and complete

PCr resynthesis in the current study B.

It should be noted that most previous protocols investigating skeletal muscle
metabolism during repeated bout exercise do not include m-warperiod. In the
current study we chose to include a warmperiod to better reflect the nature of a
practical exercise session. It has previously been demonstrated that a 10 minute
exercise bout at 55% VQ.x accelerates oxygen uptake kinetics anduced non
mitochondrial ATP production by 89% over the first minute of a subsequent bout at
75% VOmax compared to when no prior lewwtensity exercise is performed
(CampbeHlO'Sullivan et al, 2002) Thus it is possible that previous reports of
increased oxidative ATP delivery during repeated exercise bouts are attributable to
WKHm25" HIIHFW RI WKH ILUVW H[HUFLVH ERXW &RC
removed this effect by ensuring that subjects were already waymedior to the

start of the first bout and thus enabled us to investigate the true differences between
first and ®cond bouts. Interestingly, in the study 6ampbeHO'Sullivan et al.

(2002) non-mitochondrial ATP production for theemaining nine minutes of the

bout at 75% VGQnhax Was actually 96% greater in the prexercise condition such

that, if anything, it was 11% greater over the entire 10 minute bout. Thus, whilst
prior exercise appeared to accelerate PDC and TCA cycle flulxeastart of a
second bout, it did not ultimately favourably impact upon the total oxidative ATP

production over the entire bout.
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Conclusions

In conclusion, these studies principally emphasise the differences between the
metabolic responses to sindég knee extension exercise and tl®gged cycling
exercise, but also demonstrate the consistency in the relationship between
acetylcarnitine metabolism and oxidative ATP provision across both exercise
modalities. During singkeg knee extension, the ATPrdand of contraction can be

met almost entirely by mitochondrial ATP delivery up to a workload of at least 85%
Wnmax and thus muscle PCr degradation and lactate accumulation are much lower
than during tweegged cycling at comparable relative intensitiesnitarly, the
relatively low levels of acetylcarnitine accumulation likely reflect the moderate
increase in PDC flux during the initial minutes of exercise and the subsequently mild
expansion of the mitochondrial acegyloup pool. In comparison, during agle

three minute bout ohigh-intensity cycling exercise, which elicits a substantially
higher ATP demand, nemitochondrial ATP production provides a much greater
proportion of total ATP production. In this situation, acetylcarnitine accumulation
refleds an immediate imbalance of PDC and TCA cycle flux, as it would appear no
other pathways can significantly contribute to the mitochondrial agebyip pool.

This situation is exacerbated further in a second bout of exercise, where
acetylcarnitine accumation continues to the extent that free carnitine availability
would appear to become limiting to PDC flux and reliance onmiachondrial

ATP production must increase. In this respect, increasing free carnitine availability
to enhance PDC flux may regent a targetable approach to improve exercise

performance during repeated boutdigfi+intensitysubmaximal cycling.
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5.1 Introduction

The transfer of pyruvatderived acetyfroups to free carnitine prevents excessive
acetylCoA accumulation and thus maintains a viable mitochondrial pool of CoASH
in the face of accelerated flux through PDC, for example dunigh-intensity
cycling exerese. The utility of this acetylation of the free carnitine pool during
exercise is exemplified by the study Wall et al. (2011) in which an increase in
muscle total carnitine content was associated with increased PDCa and
acetylcarnitine accumulation during continuous exercise at 80%,¥@nd a
subsequent decrease in PCr degradation and lactate aatomuAs highlighted by

the findings inChapter 4, this carnitinemediated enhancement of PDC flux and
subsequent reduction in naomtochondrial ATP production could become
particularly pertinent during a second bout of exercise, where PDC flux would
appear to decline in concert with free carnitine amlity. Assuming that, under
these conditions, a similar alteration of metabolic flux is obtainable following
skeletal muscle carnitine loading, it is plausible that this could influence the
adaptations to a chronic period of exercise training. For exaWalll et al. (2011)

found that in addition to the metabolic alterations noted above, subjects Wete ab
complete more work in an ablut work performance test in the carnitioaded

state. If reproduced over multiple training sessions, this enhanced work output could
reasonably be expected to provide a greater stimulus for metabolic and/or functional

adaptations to the exercise.

Exercise training is known to elicit improvements in exercise performance and
capacity, which at the whole body level is reflected by increases in maximal power

output, VQmax and exercise endurandélolloszy et al, 1977) The metabolic
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adaptations that underpin these functional improvenaetslso well characterised,
such as an increased reliance on oxidative ATP delivery and reciprocal reductions in
phosphocreatine degradation, lactate accumulation and glycogen utilisation
(Vollaardet al, 2009) A lower requirement for nemitochondrialATP production

would suggest a better matching of mitochondrial, PDC and glycolytic fluxes during
exercise. In agreement with thiéopllaard et al. (2009)found that the accumulation

of both lactate and acetylcarnitine within skeletal mudaleng a 10 minute exercise
bout at 70% VGQnax Was reduced following their six week endurance training
protocol. In another study, PDC activation and acetylcarnitine accumulation during
15 minutes of exercise at ~80% Y« were reduced following seven weeks of
exercise traininglLeblancet al, 2004) It seems intuitive to expect that similar
adaptations to training are manifest during more intense exercise, where there is a
greater mismatch between glycolytic and mitochondrial satestluxes. Indeed, the
recently popularised HIT (higimtensity interval training) type exercise paradigm
has been shown to elicit many adaptations classically thought to be primarily
associated with endurantgpe training (ET) paradigms. For exampBargomaste

et al. (2008)demonstrated that both HANd ET facilitated comparable reductions in
PCr degradation and glycogen utilisation during exercise following training, despite
marked differences in the overall training volume completed. Although studies
utilising HIT have typically employed maximal spirefforts, it has also been shown
that training sessions consisting ofl8 one minute bouts of cycling exercise at
100% Whax (submaximal) are sufficient to induce robust increases in markers of
skeletal muscle oxidative capacity over a two week perasdwell as enhance
exercise performance (50 and 750 kJ time trial) and resting muscle glycogen content

(Little et al, 2010) Hence this typeof submaximal HIT paradigm has been
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proposed as a viable tingdficient strategy to improve health and fitng¢&sllen &
Gibala, 2013)LQ DQ LQFUHDVLQJO\ VHGHQWDU\ SRSXODWL
frequently cited as one of the major perceived barriers to physical a¢livagt et

al., 2002)

The overall premise of the current study is that the previously reported effects of
skeletal muscle carnitine loading will alter the metabolic and functional adaptations
to a 24 week period of submaximal HIT. At present, daikcaknitine and
carbohydratdeeding is the only known efficacious dietary strategy to increase the
muscle carnitine stores ovefld-24 weekperiod(Wall et al, 2011) As discussed in

the General Introduction, the carbohydrate load associated with the current L
carnitine supplementation protocol may have a negative impact upon body
composition (Wall et al, 2011) hence the efforts to reduce the carbohydrate
requirement of kcarnitine supplementation @hapter 3 of this thesis. However, it
would appear thateplacement of some of this carbohydrate with whey protein may
interfere with the insulimediated stimulation of muscle carnitine accretion (see
Chapter 3) and thus, the previously validated use of a tvdagy L-carnitine and
carbohydrate formulation lédy still represents the most appropriate approach to
increase muscle carnitine content in healthy volunteers. It is therefore also important
to assess whether the differential treatment effects on body fat mass observed by
Wall et al. (2011) are abated in the current intervention, as periods of structured
exercise training are known to impact positivepon body compositioNordby et

al.,, 2012) It was hypothesised that manipulation of muszenitine content with

daily L-carnitine and carbohydrate feeding would alter metabolic flux during

repeated bouts of exercise at 100%\M(reduced PCr degradation and lactate
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accumulation), particularly during a second bout, when PDC flux would appear
decline. Secondly, it was proposed that any carnitiediated reduction in nen
mitochondrial ATP production during exercise would enable a greater amount of
work to be completed over progressive training sessions and thus augment the
traininginduced @ins inexercise capacitiVO.max Watthax and cycling efficiency),

performance (work output) and body composition.

5.2 Methods
Volunteers

Fourteen healthy, newegetarian male volunteers (mean + SE age 23.2 + 1.1 years;
BMI 24.4 + 0.9 kg-nf; VOomax 416 + 2.1 ml-kg-min™) were recruited to
participate in this study, which was approved by the University of Nottingham
Medical School Ethics Committee. Prior to the study, each participant gave informed
consent to take part and attended a routine medimaesing (seeGeneral

Methods).

Experimental protocol

The overall study protocol is depictedFigure 5.1 Prior to the baseline study visit,
volunteers completed a i< assessment, confirmatiamsit and were familiarised

with the exercise protocol €e General Methodg. On the study dayHgure 5.2),
volunteers arrived at approximately 8.30 am following an overnight fast and
underwent a full body DEXA scan to determine total body, fat and lean mass and a
blood sample was taken for the determinatioplaéma total carnitine concentration.

A resting muscle biopsy was obtained and the proceeding acute exercise protocol

was identical to that described in study 2B (&#@pter 4). This study day was
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repeated following 24 weeks of exercise training and lsapgntation (see below),

with VOomax and Whax re-assessed after 4, 8, 12, 18 and 24 weeks to monitor
improvements in fitness. Mechanical cycling efficiency at.yWas also determined

at 0, 12 and 24 weeks (s&eneral Methodg. Plasma carnitine was measured every
six weeks to assess systemic carnitine availability and confirm compliance to the
supplementation protocol. In addition, a resting biopsy and DEXA scan were
obtained at 12 weeks to monitor any progressive impacteointervention on total

muscle carnitine and body composition, respectively.

Training protocol

Volunteers trained three times per week (normally Monday, Wednesday and Friday)
over a 24 week period and were required to complete >85% of all trainingnsessio
for inclusion in the final data set. All training sessions were supervised and involved
a three minute warmp at 25% Wax followed by 3 x 3 minute exercise bouts at
100% Whax and a fourth bout to exhaustion, each separated by five minute passive
recovey periods. During the final bout of each training session, volunteers received
standardised verbal encouragement to exercise as long as theytgpigally less

than six minutes). The absolute training workload was adjusted, in line with the
reassessmerof Wnax at regular intervals (seeigure 5.1), to maintain a constant
relative intensity of 100% Wi Additionally, when volunteers were able to exercise
for six minutes in the final bout during more than two consecutive training sessions,
the workloadwas increased by a further 1% for the subsequent training session. Thus
the training paradigm was designed to maximise work output, in every progressive

training session.
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Figure 5.1 Schematic showing the experimensalidy protocol Fourteen healthy, male volunteers were randomised into either CON (n=7) or
CARN (n=7). *The first three exercise bouts lasted three minutes, the fourth bout wasndeento allow exercise until exhaustion but

generally lasted0 PLQXWHYV |, 7 KWHinddateés Wiad enhl\DalDERA scan and resting biopsy was obtained at 12 weeks.
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Figure 5.2 Schematic showing the protocol for study visits, completed at 0 and 24 weeks.
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Supplementation protocol

Volunteers were assigned to receive twaedly beverages of either carbohydrate
alone (80 g maltodextrin; Maldex 180, SYRAL Belgium) or 80 g carbohydrate plus

3 g L-carnitine tartrate (1.5 g-tarnitine; Nutramet, UK) in a randomised, double
blinded fashon. The exact formulation utilised byall et al. (2011) was not
available for use in the current study, but the quantities -@farhitine and
carbohydrate provided by Nutramet were identical to those used previously. Drinks
were made up in 500 ml cold water from sachets of powder and were matched for
flavour, appearance and carbohydrate type. Volunteers were instructed to consume
one beverage first thing in the morning, and the second beverage four hours later to
maximise the time period over which plasma carnitine and serum insulin

concentrations were simuitaously elevated (Wall et al., 2011 a@idapter 3).

Sampling and analysis

Plasma from samples taken at 0, 6, 12, 18 and 24 weeks were analysed for total
carnitine. Skeletal muscle free, acetyl, acyl and total carnitine, as well as ATP, PCr,
lactate, glyogen and PDCa were determined in biopsy samples at O and 24 weeks.
Skeletal muscle total carnitine was additionally determined at 12 weeks (see

General Methods.

Statistics

Datawere compared using twway ANOVA for the effect of training (exercise x
time) for each group and treatment (group x time) for each biopsy condiiibn
Bonferontcorrected test posthoc analysis(see General Methody. Data are
presented as meanSE.
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5.3 Results
5.3.1 Plasma and muscle total carnitine

Plasma total carnitineoncentrations at baseline were similar between CON and
CHO (42.8 + 2.4 and 40.8 + 1.4 pmofYLand remained stable in CON throughout
the 24 week intervention period. However, following six weeks, plasma carnitine
concentrations in CARN were elevated abdath CON and baseline, remaining
approximately 24% greater than CON for the duration of the interverfiguaré

5.3). Skeletal muscle total carnitine content, showtrigure 54, was no different
between groups at baseline but an interaction effectijgxdime;P<0.05) occurred,
such that total carnitine was decreased after 12 we&eiEd5 vs 0 weeks) in CON,
but not CARN. After 24 weeks, total carnitine content in CON was no different from
12 weeks or O weeks, whilst the change from baseline in euschitine was
significantly greater in CARN compared to CON (1.5 + 0.7«8 + 0.6 mmol-kg

dw?; P<0.05).

5.3.2 Skeletal muscle metabolites
Carnitine metabolism and PDCa

The effect of training on skeletal muscle free carnitine concentrations during
exercise is shown irFigure 55 for both CON and CARN. In the CON group,

training appeared to attenuate the exerirideced decline in free carnitine, but only
GXULQJ ERXW WZR 0)& “ DA & 0 and“24 wekBLRO NJ
respectively;P=0.09). As such, CON free carnitine at the end of bout two tended to

be 40% higher at 24 weeks compared to baseline (P=0.07).
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Figure 53 Plasma total carnitine concentrations at 0, 6, 12, 18 and 24 weeks of
exercise training, receiving twice daily drink$ either 80 g carbohydrate (CON;
black circles) or 80 g carbohydrate plus 1.5 gdrnitine tartrate (CARN; white
circles). Values are mean + SE for 7 subjectsva® ANOVA (group x time):

P P YV ZHPNV APA0.01 vs CON.
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Figure 54 Skeletal muscle total carnitine content at 0, 12 and 24 weeks of exercise
training, receiving twice daily drinks of either 80 g carbohydrate (CON; black bars)
or 80 g carbohydrate plus 1.5 gchrnitine tartrate (CARN; white bars). Values are

mean + SE for 7 subjects-®ay ANOVA (groupx time P<0.05 vs 0 weeks.

156



In the CARN group, resting free carnitine availability was 31% greater than CON

(P<0.05) after 24 weeks and, in contrast to CON, the decline in free carnitine during

ERXW RQH ZDV UHGXFHG ZLWK WUDLQLQJ )&t
0 and 24 weeks, respectively for CARRk0.05). This resulted in a 39% greater free
carnitine content at the end of bout one in CARN compared to G&N.05), which

also represented a 35% increase from baseftr®.05). Free carnitine availability

prior to the onset of the second bout remained 45% greater in CARN than CON

(P<0.05) at 24 weekdyut was no different at the end of the second bout. Although
not significant, the bout two decline in free carnitine at 24 weeks wa®I|d.9
greater in CARN than CONPEOQ.12). The changes in acetylcarnitine accumulation
with training in CON mirrored therpservation of free carnitine observed in bout
two, with acetylcarnitine concentrations tending to be 36% loRR=0.06) at the end

of bout two compared to baseline (s@able 5.1). Although no significant
differences were observed between CON and CARNylaeenitine concentrations
during exercise at either tirpoint, bout one acetylcarnitine accumulation was
quantitatively 291ROG ORZHU DIWHU WUDLQLQJ LQ &$51
4.0 + 1.8 and 1.2 + 0.6 mmol-kg dvat 0 and 24 weeks, respectiyeP=0.18).
Converselyjn bout two the percentage of the carnitine pool that was acetylabed
increased in CARNR<0.05) and not CONR=0.9) at 24 weeks. There was no
difference in PDCa between CON and CARN at either-pmi@t and PDCa was not

influenced by training in either grougigure 5.6).
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Figure 55 Skeletal muscle concentrations of free carnitine before and after two 3
minute bouts of exercise at 100Mmax at baseline (left) and following 24 weeks of
exercise training (right) receivintyice daily drinks of either 80 g carbohydrate
(CON; black circles) or 80 g carbohydrate plus 1.5-gatnitine tartrate (CARN;
white circles). Values are mean = SE for 7 subjectwa® ANOVA (exercisex

time P<0.05 vs 0 weekstifnex group  Pk0.05vs CON.
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Figure 5.6 Activation status of the pyruvate dehydrogenase complex before and after
two 3 minute bouts of exercise at 100/max at baseline (left) and following 24
weeks of exercise training (right) receiving twice daily drinks of eitherg80
carbohydrate (CON; black circles) or 80 g carbohydrate plus 1.5cgrritine
tartrate (CARN; white circles). Values are mean + SE for 7 subjects expressed as a

rate of acetylCoA production in nmol-mg protethmin™.
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Skeletal mude ATP and PCr

ATP concentrations during bout one were not influenced by training or
supplementation, although the decline in ATP tended to be less after training across
both groups (main effect of tinf&=0.08). ATP content at the end of bout two was no
different after training in CONR=0.16) but was 20% greater in CARIN<0.05)
compared to baseline. Resting skeletal muscle PCr concentrations were similar
before and after training in both CON and CARRable 5.1). PCr degradation
during bout one tendedP£0.07) to be reducethy training across both groups
(Figure 5.7) but the posbout PCr concentration was only increased in CARN
(P<0.05), not CONR=0.37), at 24 weeks compared to baseline. In bout two, PCr
degradation tended to be lower at 24 weeks ith ®@ON @=0.07) and CARN
(P=0.09) compared to baseline such that the-post PCr concentrations were
similarly increased above baseline in both groups0(05). Once corrected for
workload, bout one PCdegradation tended to be reduced at 24 weeks in CARN
(P=0.08) but not CONK=0.60), whilst bout two PCr degradation was lower in both

groups P<0.05), compared to 0 weeks (Fggpendix 3.3).
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Table 5.1 Skeletal muscle metabolites befaned following 2 x 3 min bouts of exercise at 100%,.,, before and after 24 weeks of exercise
training receiving twice daily drinks of either 80 g carbohydrate (CON) or 80 g carbohydrate plus-dabngtibe tartrate (CARN). Values are
mean + SE for 7ubjects. 2vay ANOVA (exercisex time): *P<0.05, #<0.01, **P YV 35( YDOXH RP<0.06R/810 BvEeksW

BOUT ONE BOUT TWO
PRE POST PRE POST
CON CARN CON CARN CON CARN CON CARN

ATP 256+13 249+09 235+x11 221+1.7 242 +2.0 21.7+14 20.0+1.8 19.7+1.2

PCr 72.3+40 74734 554+72* 501x7.7* 74.1 + 3.9 73.4+51 25.8+ 7.3*** 23.4 + 3.6***

Lactate 45+ 0.6 7.2+17 39.0+109 51.2+20.7** 158+21 196 +7.3 91.3%154** 83.9 + 8.2***

Glycogen 378 + 28 413 + 20 318 + 21 347 + 15 399 + 23 375+ 31 243 + 13** 264 + 24**

Acetylcarnitine 2.8 £ 0.7 2.3+0.9 57+1.2 6.4+1.6 50+1.0 53+20 9.0 +0.6* 9.8+1.1*

ATP 23.6 £1.5 240+10 250+x11 242+16 236+11 23.8+1.1 228+1.1 23.6+1.6

PCr 73.9+38 781+32 655+57 708%53 77.6+1.9 785+4.1 491+ 7.2%*% A48.9+ 9.2%*
24 Lactate 8.0+x24 6.7+15 23.0x7.3 16.7+x6.1 23.0+£ 3.1 20.0+ 45 50.2+9.7* 53.6+11.7*

Glycogen 567+ 33" 570x46" 501+32" 53640 516 + 48 532 + 44~ 462 + 55~ 479 £ 55~

Acetylcarnitine 2.9 + 0.7 2.8+0.7 49+1.2 4.0+ 0.7 4.2 +0.6 3.9+0.9 5.7+0.9 7.7+19
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Figure 5.7 Muscle phosphocreatine degradation during two 3 minute bouts of
exercise at 100%Vnnay before and after 24 weeks of exercise training receiving
twice daily drinks of either 80 garbohydrate (CON; black bars) or 80 g

carbohydrate plus 1.5 g-¢arnitine tartrate (CARN; white bars). Values are mean +

SE for 7 subjects.-@ray ANOVA (timex group  R<0.01 vs O weeks.
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Muscle lactate accumulation and glycogen utilisation

Muscle lactate concentrations were no different between CON and CARN at any
time-point (Table 5.1). However, muscle lactate accumulatidtiglre 5.8) during

bout one tended to be 77% lower at 24 weeks in CAR&D(08) compared to 0
weeks, but showed no tendentty change in CONR=0.39). These differences
remained after correcting for workload, with bout one lactate accumulation tending
to be lower in CARN P=0.05) but not CONK=0.35) after training. As such, the
postbout lactate tended to be lower in CARR=0.06) but not CON F=0.57),
compared to baseline. Conversely, lactate accumulation during bout two was 64%
lower after training in CONR<0.05), but not significantly different in CARN,
despite a 48% reductioP£0.14), although the latter tended towardgndicance

after correcting for workload?=0.08 for CARN, 24 vs 0 weeks; sdppendix 3.4).

The resting muscle glycogen content was increased at 24 weeks byP50%1(

and 38% P<0.05) in CON and CARN, respectively, compared to 0 weeks.
Glycogen utilsation during bout one was not influenced by training in either group
(Figure 5.9) and accordingly, the pebbut muscle glycogen content was greater at

24 weeks in both group$<€0.01) compared to baseline. During bout two, muscle
glycogen utilisation a4 weeks was 65 and 53% lower in CON and CARN,
respectively, though this difference was only significant for CQOP&0(05).
Nevertheless, the muscle glycogen remaining after bout two was 90 and 81% greater
in CON and CARN, respectively, at 24 weeks compaedaseline P<0.01).

Workload correction had no impact on the pattern of glycogen utilisation in either

group.
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Figure 5.8 Muscle lactate accumulation during two 3 minute bouts of exercise at
100% Wnayx before and after 24 weeks of exercise trainirgeireng twice daily
drinks of either 80 g carbohydrate (CON; black bars) or 80 g carbohydrate plus 1.5 g
L-carnitine tartrate (CARN; white bars). Values are mean + SE for 7 subjeuts; 2

ANOVA (timex group P<0.05 vs 0 weeks.
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Figure 59 Muscle dycogen degradation during two 3 minute bouts of exercise at
100% Wnayx before and after 24 weeks of exercise training receiving twice daily
drinks of either 80 g carbohydrate (CON; black bars) or 80 g carbohydrate plus 1.5 g
L-carnitine tartrate (CARN; wte bars). Values are mean + SE for 7 subjectgay

ANOVA (timex group): *P<0.05 vs 0 weeks.
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Nonmitochondrial ATP production

The calculated ATP production from namtochondrial sources was similar at
baseline between CON and CARN in bout one (72.9 + 23.1 and 96.2 + 38.8
mmol-kg dw", respectively) and bout two (169.9 + 30.9 and 150.3 + 15.2 mmol-kg
dw?’, respectively). Followig 24 weeks of exercise training, Rmitochondrial

ATP production during bout one had fallen by 61 and 77% in CON and CARN,
respectively Figure 5.10A), though this reduction only tended to be significant in
CARN (P=0.07) and not CONR=0.32). In bout twg training reduced non
mitochondrial ATP production in both CONP<0.01) and CARN R<0.05) by a
similar amount [igure 5.10B). All differences in nofmitochondrial ATP

production persisted after correction for workload.
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Figure 5.10 Non-mitochondrial ATP production determined from the change in
muscle ATP (black bars), PCr (white bars) and lactate (spotted bars) during a first
(A) and second (B) 3 minute bout of exercise at 100, before and after 24
weeks of exercise training r@wing twice daily drinks of either 80 g carbohydrate
(CON; black bars) or 80 g carbohydrate plus 1.5a@atnitine tartrate (CARN; white
EDUV 9DOXHVY DUH PHD®@ “ 6( IRRQOL vE R wddiks Fordtal |

nonmitochondrial ATP production.
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5.3.3 Whole body adaptations
VOzmaxand Wathax

Baseline VOmax Was 3.12 + 0.29 and 3.16 + 0.24 L-miin CON and CARN,
respectively and was increased in both grois®(01) after 8 weeks of training, to

3.36 + 0.34 and 3.39 + 0.20 L-minrespectivelyNo further increases in Vi
occurred after 8 weeks, although values remained elevated above baseline in both
CON (3.34 £ 0.31, 3.41 + 0.32 and 3.47 £ 0.30 L'-h1|?|<0.01) and CARN (3.40

0.20, 3.34 + 0.18 and 3.40 £ 0.F%0.001) at 12, 18 and 24 weeks, respectively.
When normalised to body weight, the improvement in,¥£ did not reach
significance untiR4 weeks, increasing from 41433.1 to 4% + 3.2ml-kg*min™in

CON and from 42.0 + .9 to 44.5 + 2.1mlkg min? in CON (P<0.05). The
percentage change from baselin@bsoluteVO,naxWas no different between CON

and CARN at any time point over the 24 week training pertogufe 5.11). Wmax

was similar at baseline in CON and CARN (206 + 24 and 208 + 24 watts,
resgectively) and was increased by a similar amount in both groups at 8 weeks (233
+ 25 and 235 £ 20 watts, respectively), with no further increases occurring at 12 (232
+ 24 and 239 + 20), 18 (239 = 26 and 238 + 18) or 24 weeks (232 + 23 and 243 £ 18
watts, espectively)Normalising Waxto body weight or lean massd not influence

statistical differences with respectdithertraining or group.

Mechanicalefficiency

Mechanicalefficiency at Whaxwas no different between groups at baseltr@Z +
0.7 and 19.3 £ 0% in CON and CARN, respectively) and was unchanged over 24
weeks in CON KFigure 5.12). However,mechanicakfficiency in CARN increased

to 20.8+ 08% after 12 weeksR<0.05) and remained elevated after 24 week(2
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Figure 5.11 Percentag change in maximal oxygen uptake (%) at baseline and

at 4, 8, 12, 18 and 24 weeks exercise training, receiving twice daily drinks of either
80 g carbohydrate (CON; black circles) or 80 g carbohydrate plus 1-8agnltine
tartrate (CARN; white cir@s). Values are mean = SE for 7 subjectsag ANOVA

(timex group P P , P£<0.001 vs 0 weeks.
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*+ 0.6%;P<0.01), such that the change from baseline at 24 weeks was greater in

CARN than CON (1.9 £ 0.8 ar@.2 + 0.7%, respectivel$<0.(b).

Work output

The work completed during the training sessions increased from baseline values of
153 + 24 and 166 + 18 kJ to 8 week values of 189 = 24 and 196 = 20 kJ in CON
(P<0.01) and CARN RK<0.05), respectively. Work output remained elevated in
CON (187 + 27, 191 + 24 and 195 + 25 kJ) and CARN (202 + 19, 192 + 18 and 196
+ 19 kJ) at 12, 18 and 24 weeks, respectively but no further increases occurred after
8 weeks in either group. The percentage improvement from baseline is shown in

Figure 5.13and was no different between CON and CARN at any time point.

Body composition

Total body mass was no different between CON and CARN at baseline (75.2 + 3.6

and 76.3 + 5.9 kg, respectively), 12 weeks (75.9 £ 3.3 and 77.8 = 6.1 kg,
respectively) or 24 week(76.7 = 3.4 and 77.6 £ 5.9 kg, respectively). Lean body

mass was similar in CON and CARN at baseline (55.3 + 3.6 and 55.8 + 3.4 kg,
respectively) and increased by a small amount in CON at 12 (56.0 + 328&@9)

and 24 (56.5 + 3.4 kdg?<0.01) weeks. fie 1.2 kg increase in lean body mass over

24 weeks in CON was primarily due to a 0.9 kg incre@s®.05) in lean trunk

mass. Lean body mass in CARN did not change significantly after either 12 (56.0

3.4 kg;P=0.34) or 24 (56.5 + 3.4 kd=0.12) weeks, lthough the overall change in

OHDQ PDVV DW ZHHNV ZDV QR GLIIHUHQW EHWZHHQ

0.7 £ 0.2 kg in CON and CARN, respectivdBz0.15). Fat mass was similar
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Figure 5.12 Mechanicalefficiency at W,ax determined as the perd¢age of VQ
accounted for by mechanical work (séeneral Methodg, at baseline and at 12,
and 24 weeks exercise training, receiving twice daily drinks of either 80 g
carbohydrate (CON; black bars) or 80 g carbohydrate plus 1:Bagriitine tartrate
(CARN; white bars). Values are mean + SE for 7 subjeetgay2z ANOVA (time x

group P P<0.01, vs 0 weeks.

171



Figure 5.13 Work completed during training sessions at baseline and at 4, 8, 12, 18
and 24 weeks exercise training, receiving twice dalhinks of either 80 ¢
carbohydrate (CON; black circles) or 80 g carbohydrate plus 1.5cgrritine
tartrate (CARN; white circles). Values are mean + SE for 7 subjectay ANOVA

(timex group P P , P£<0.001 vs 0 weeks.
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Figure 5.14 Total lean (black bars) and fat (white bars) mass at 0, 12 and 24 weeks
of exercise training, receiving twice daily drinks of either 80 g carbohydrate (CON)
or 80 g carbohydrate plus 1.5 gchrnitine tartrate (CARN). Values are mean + SE

for 7 subjects. 2vay ANOVA (timex group  R<0.01 vs 0 weeks.
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between groups and did not change over 12 or 24 weeks in either CON or CARN

(Figure 5.14.

5.4 Discussion

The present study investigated the influence of a proven carnitine loading strategy on
skeletalmuscle carnitine stores during a chronic period of intense exercise training
and evaluated its impact upon the metabolic and functional adaptations to this type
of training paradigm. These data clearly demonstrate that dadgrritine and
carbohydrate feding completely prevented the 12% decline in skeletal muscle
carnitine content associated with a 12 week periosubmaximal HITin healthy,
untrained volunteerd his preservation of total muscle carnitine contamabled the
better maintenance of freearnitine availabilityduring repeated bouts dfigh
intensity exercise following 24 weeks of submaximal HlTnterestingly, atrend
towards atraininginduced reduction in nemitochondrial ATP production during

an initial three minute bout of exercisel®0% W,axwas evident in CARN but not
CON, which is consistent with carnitines role in the matching of glycolytic and
mitochondrial fluxes. However, neither PCr degradaton lactate accumulation

was different betweengroups in the first or second exercise bout following
submaximal HIT. Moreover, in line with thisapparentinability of carnitine
supplementation to influenibstratenetabolism during repeated bouts of exercise
beyond submaximal HIT alopgéhe gains in V@nax Wmax and work performace

were similar between group$aken together this would suggest thagh-intensity
repeateebout exercise traininger se results in a better matching of PDC and TCA
cycle flux during multiple bouts of exercise such that ceamaitavailability is not

limiting to oxidative ATP production. Nevertheless, mechanical efficiency during
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exercise at 100% Wixwas enhanced in the CARN group over 12 and 24 weeks of

training, but not in CON.

Muscle total carnitine content

Limited data eist on the plasticity of the muscle carnitine stores during chronic
periods of exercise training. Enduraric@ned individuals purportedly have
augmented levels of muscle total carnit{deenaset al, 1991) although the same
study reported a somewhatradoxical 6% reduction in muscle total carnitine in the
same group of athletes following 120 days of structured endurance training. Two
other studies have previously determined skeletal muscle carnitine concentrations
following shorter controlled periodsf structured exercise training. Following six
weeks endurance training (45 minutes cycling at 70%,M(4 times per week), the

sum of the free and acetylcarnitine values reported/dliaard et al. (P09 was

11% lower than at baseline. The equivelent values reportéetigncet al. (2004)
declined by approximately 19% over a seven week training period (60 minutes
cycling at 75% VGQnax 5 times per week). Although direct statisticaimparisons

were not made in either study, these data would suggest that several weeks of
exercise training could facilitate a decline in muscle carnitine content. In agreement
with this, the current data demonstrate that in previously untrained volynteers
intense repeateldout exercise training is associated with a 12% reduction in muscle
total carnitine content over a 12 week period. However, this decline appeared to be
transient, as muscle carnitine content was somewhat restored following 24 weeks of
continued training. One possible explanation for this measured decline could relate
to changes in wholbody lean mass, which increased linearly in the CON group

over the duration of the 24 week intervention. An increase in lean mass, comprising
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presumably b mainly skeletal muscle, would require an increase in whoby
carnitine retention (or endogenous synthesis) and muscle carnitine uptake to
maintain skeletal muscle carnitine concentrations at the same level. Thus the
reduction in muscle carnitine comteations at 12 weeks may simply reflect the
relatively slow transport of carnitine into skeletal mug&ebouche & Engel, 1984)

in the face of a greater wheb®dy skeletal muscle mass. However, the gains in lean
mass in the CON group werelatvely modest (~1.3%) and are therefore perhaps
insufficient to entirely explain the 12% reduction in muscle carnitine content. The
decline in muscle carnitine content could also be related to alterations Hiyflere
composition, as the stimulus proeu from our exercise training intervention could
conceivably result in a shift towards a more oxidative muscle phenotype in these
previously untrained volunteer@uller et al, 1960; Yanet al, 2011) Indeed,
studies in rats have suggested that the total muscle carnitine content of the oxidative
soleus muscle is somewhat lower that than of gastrocnemius muscle (mixed fibre
type) or the primarily glycolytic muscles, extensor digito longus and tibialis
anterior (Porter, 2012 Although human data would not appear to support the
existence of fibraype differences in total carnitine conté@onstantinTeodosiuet

al., 1996) the influence of training on this relationship has not previously been
tested. Finally, given the improved maitohi of PDC and TCA cycle fluxes
following training, evidenced by lower acetylcarnitine accumulation at the same
absolute workloagVollaardet al, 2009) it could be argued that this type of training
reduces the dependence on free carnitine availability dbigigintensity exercise.

Thus the decline in skeletal muscle carnitine content froti2Oveeks in the CON
group could reflect an adaptation tocaver carnitine requirement over the period

when gains in exercise performance (and thus presumably metabolic adaptations)
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were greatest. Importantly, and consistent with the increase in muscle total carnitine
content observed following 1&tephenset al., 2013)and 24(Wall et al, 2011)
weeks of Lcarnitine and carbohydrate feeding, this same feeding strategy was able
to prevent the declinen muscle carnitine content in the current study. As a result,
the change in muscle carnitine from baseline to 24 weeks was greater in the CARN
group than in the CON group, thus providing the opportunity to assess whether the
manipulation of muscle carme availability could have influenced the adaptations

to the repeated bout exercise training paradigm.

Metabolic adaptations to training and carnitine

Consistent with the previously reported impact fogh-intensity repeated bout
exercise upon mitochondtioxidative capacityLittle et al, 2010) reliance on non
mitochondrial ATP delivery was reduced at 24 weeks in the current study, regardless
of group. This training effect is particularly notable when it is considered that both
groups were exercising at an approximately 15% greater absolute workload during
the postiraining biopsy visit. Moreover, the reductions in bout one -non
mitochondrial A'P delivery at 24 weeksere only significantn the CARN treated
group.Although not statistically different to CON valuémut one posexercise PCr

and lactate concentrations were only significantly elevated and supressed,
respectively, at 24 weeks the CARN group. That carnitine may have been able to
accentuate the sparing of nomtochondrial ATP delivery following 24 weeks is
consistent with the 35% reduction in Romtochondrial ATP production following

24 weeks of skeletal muscle carnitine logdilemonstrated byvall et al.(2011)and
implies that oxidative ATP provision during the first siee bout was increased to a

greater extent following training in CARN versus CON. Interestingly, the carnitine
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mediated reduction in nemitochondrial ATP delivery in the study Bi/all et al.

(2011) was paralleled by increases in PDCa and acetylcarnitine accumulation,
whereas we observed no difference, or even lower PDCa and carnitine acetylation
following training in the CARN group. Thus it could be speculated that during a
single bout ofhighrintensity exercise, the combination of training and increased
muscle carnitine availability facilitated an appropriately greater delivery of
mitochondrial acetygroups, thus better matching glycolytic and TCA cycle fluxes
whilst at the same time improving the matching between the PDC and TCA cycle

fluxes.

It was originally hypothesised that the impact of increasing skeletal muscle carnitine
might be greater durgha second bout of exercise, when PDC flux would appear to
decline. The reliance on nanitochondrial ATP production during bout two was
robustly reduced with training in both groups, although it remained substantially
greater than during bout one. In tBON group, acetylcarnitine accumulation at 24
weeks was similar across both bouts which, as discussé&hapter 4, would
suggest PDC flux still declined during the second bout. In contrast, bout two
carnitine acetylation was significantly greater thantlmme in the CARN group after

24 weeks, which would be indicative of a better maintenance of PDC flux and was
consistent with our hypothesis that increasing free carnitine availability at the onset
of a second bout could avert the decline in PDC flux durgpeated bouts. Unlike in
bout one however, this apparent acceleration of agetylp delivery did not seem

to translate into any further enhancement of oxidative ATP provision beyond
training alone, as the decrement in soitochondrial ATP productioat 24 weeks

was equal between groups. The potency of the training response in both groups is
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underlined by the observation that bout two-matochondrial ATP production at 24
weeks was very similar to that measured during bout one at baseline. Nevgrtheles
the finding that oxidative ATP production still declines in a second bout of exercise
in the face of an enhanced PDC flux would perhaps suggest that-goeigl
delivery is limiting to oxidative ATP production during a first, but not a second bout

of high-intensityexercise.

Impact on wholéody adaptations

The mean increase in M@ at 24 weeks was 0.36 and 0.24 L-thiior the CON

and CARN groups, respectively, whilst the change iR.¥Was 26 and 30 watts,
respectively, which represented a 15 &@® increase from baseline. However,
neither the relative nor absolute improvements in¥Qor Wnax appeared to be
influenced by CARN treatment. It was originally hypothesised that, consistent with
the findings fromwWall et al. (2011) CARN would enable a greater amount of work

to be completed during training sessions and thus potentially augmeinaithieg
stimulus to increase Vaxand Whax In this respect, given that no effect of CARN
treatment was apparent on metabolism during the second bout of exercise, or work
output during training sessions, it is perhaps unsurprising that no differences
between groups were observed in the gains inpMOor Whax particularly as
skeletal muscle carnitine loadipgr sewould not appear to influence \dRux (Wall

et al, 2011) Interestingly however, a significant interaction effect was observed for
mechanical efficiency, suggesting that the relative oxygen cost of worlg,atvwals
reduced over time in CARN, but not CORata from another study recently
completed in our lab demonstrate that this sarrearitine and carbohydrate

feeding protocol, in the absence of exercise training, does not appear to impact upon
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mechanical efficiency during exercise at,\W (see Appendix 3.5. This would
suggest that the increase in mechanical efficiency afx\dbserved in the current
study is a result of manipulating free carnitine availability during training, rather
than an acute effect of skeletal muscle carnitine loagange Moreover, given that

the exercise training was performed at the same workload as that for which
mechanical efficiency was determined, albeit under different exercise conditions
(repeated bout vs continuous incremental protocol), it is quite possible theffelots
would have been similarly manifest during training sessions. Taken together with the
findings reported above, it therefore seems highly likely that daitgrbitine and
carbohydrate feeding would have altered metabolic flux during the trainisigpises
which raises the question as to why no apparent impact was observed upon work

output and the associated markers of exercise performance.

As we did not investigate skeletal muscle metabolism during exercise after 12 weeks
of the intervention, it is impossible to ascertain over what time period the differential
effects discussed above were occurring. However, given that skeletal muscle
carniine content was reduced after 12 weeks in CON, and differences in mechanical
efficiency were already manifest at this point, it seems likely that at least some
effects of L-carnitine feeding would have been present for the latter 12 weeks of the
interventon. Given that no impact of CARN on nomidative ATP delivery was
observed during the second exercise bout, it would also seem unlikely that any
further impact would be manifest during subsequent exercise bouts, particularly as
free carnitine concentratis were no different between groups following the second
bout at 24 weeks. In this regard, it seems likely that the metabolic effect of

manipulating free carnitine availability would not have been of sufficient magnitude
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to influence work output during tHfeurth exercise bout in training sessions. Lastly,

it should also be acknowledged that as work output remained equivalent between
groups, the apparent enhancement of oxidative ATP production with CARN could
possibly be expected to dampen the training wtis) as reductions in both the
myocellular oxygen tension and PCr/Cr ratio have been identified as metabolic
events that may regulate various signalling processes leading to skeletal muscle

adaptation in response to exerdiEgan & Zierath, 2013)

Conclusions

In conclusion, this study demonstrates that ydditcarnitine and carbohydrate
feeding can be used to manipulate the skeletal muscle carnitine stores during a
chronic period of intense exercise training, when total muscle carnitine content
would otherwise seem to declintdowever, he consequent elevati of muscle free
carnitine availability during repeatdzbut exercise trainingloes not ultimately
appear to influencéhe traininginduced increase in oxidative ATP provisiaoross
repeated bouts dfigh-intensity cycling exercisedespitethe potentialpreservation

of PDC flux during a second bout of exercise. Finally, and likely as a result of this
latter finding, neither work output, ViQax or body fat were differentially altered by
carnitine treatment. Nevertheless, these data provide further evidence for the acetyl
group buffering role of carnitine in the facilitation of PDC flux in human skeletal
muscle and suggest that oxidative ATP pttbn during singlehigh-intensity
exercise efforts can be enhanced witgdrnitine and carbohydrate feeding over a

chronic period of submaximal HIT.
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6.1 Overview of findings

The overall aim of this thesis was to further investigate the role of carnitine during
high-intensity submaximal exercise and to test the hypothesis that increasing skeletal
muscle carnitine content in healthy human volunteers could augment the adaptations
to a chronic period of submaximal higttensity intermittent training (HIT). Initially

this attempted to identify an-tarnitine feeding strategy thdid notrely on the high
carbohydrate load previously used by our group to increase carnitine content.
Thereafter, it identified an exercise paradigm during which muscle carnitine
availability might influence PDC flux and neanitochondrial ATP production and

that when implemented in a training program would potentially induce greater gains
than classical eturance exercise training at an intensity where we also know

carnitine availability to be limiting (e.g. 30 min at 80% )@ Wall et al., 2011).

Through the novel application of %ls-carnitine tracer with a forearm carnitine
balance model and parallestimations of wholdody carnitine retention, a
carbohydrate formulation was demonstrated to have greater potential for increasing
muscle carnitine accretion compared to a whey pratarbohydrate formulation,
which appeared to antagonise the insutiedated stimulation of muscle carnitine
uptake Chapter 3). The potential inhibitory action of amino acids on muscle
carnitine transport is a novel finding and may have important implications with
respect to our understanding of the chronic regulation désemuscle carnitine

content.

The acute exercise studies @hapter 4 demonstrated that acetylcarnitine

accumulation and the reliance on mortochondrial ATP production during
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moderate and highmtensity singldeg knee extension is minimal comparea t
previously reported values during tdegged cycling, suggesting that PDC flux is
probably not limiting to oxidative ATP production under these exercise conditions.
Conversely, nomitochondrial ATP production during repeated bouts of -high
intensity, fixedworkload cycling was found to increase in a second bout in the face
of similar acetylcarnitine accumulation, suggesting that PDC flux declines during
this second bout. This was in contrast to previous studies of maximal sprint efforts,
or singleleg knes extension, where PDC flux is thought to increase with progressive

bouts.

Drawing on these initial findings, the final study of this the€kapter 5) assessed
whether increasing skeletal muscle carnitine content by daibarhitine and
carbohydratededing could prevent this decline in PDC flux during repeated bouts of
exercise and thus increase work output and concomitantly enhance the adaptations to
a 24 week period of submaximal higftensity interval training (HIT). tcarnitine
supplementation w& successful in  manipulating skeletal muscle carnitine
availability and appeared mweserve PDC flux across repeated bouts of exeluige

did not ultimately influence nonmitochondrial ATP productionfollowing
submaximal HIT In line with this latter obervation,L-carnitine did not potentiate
any of the functional adaptations induced by submaximal HIT alone. Collectively,
these data further underline the importance of the agebylp buffering role of
carnitine in skeletal muscld’DC flux during exercse and should aid the
development of nutritional strategies to improve exercise performance in both

athletic and clinical populations.
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6.2 Implications for skeletal muscle carnitine accumulation
Whey protein inhibits insulistimulated muscle carnitirteansport

As mentioned in th&eneral Introduction andChapter 3, the factors that regulate
skeletal muscle carnitine content are poorly understood, but would appear to be
highly dependent on the functionality of OCTNRreemet al, 1988) Insulin is
known to increase muscle carnitine transport by OC{¥ephengt al, 2006b)and

the finding inChapter 3 that carbohydrate ingestion is able to promote a positive
forearm carnitine balance is consistent with this. Moreover, these data provide the
most direct estimate to date of insufitimulaed muscle carnitine uptalke vivoand
confirm the expected rates of muscle carnitine accumulation based on previous acute
(Stephengt al, 2007b)and chroniqStephenst al, 2013)feeding studies from this

lab. A key question to arise fro@hapter 3 is why a large oral bolus of whey
protein might inhibit insulirstimulated muscle carnitine transport, given that dietary
L-carnitine is typically sourced from amino acidh foods(Mitchell, 1978). In view

of the fact that plasma carnitine availability is unaltered by a standard mixed meal
(containing approximately 350 umotgrnitine; Liet al, 1992) it is questionable as

to whether carnitine transport into muscle would be appreciably different between
basal and postprandial periods and indeed, plasma carnitine concentrations would
appear to be far more tightly reguldt¢han the reportedly slow turnover of the
muscle carnitine storekebouche & Engel, 1984Nevertheless, following whey
protein and carbohydrate -togestion, plasma carnitine availability and serum
insulin concentrations were sufficientlyeghted to levels that were able to promote
muscle carnitine uptake following carbohydrate ingestion alone. Whether these
findings infer a direct influence of amino acid availability on OCTN2 activity or an

indirect effect mediated, for example, by sodiamino acid cetransport requires
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further investigation. One further possible mechanism could involve the inhibition of
OCTN2 by acylcarnitinegdOhashi et al, 1999) as total plasma acylcarnitine
concentrations during the PRO trial were raised throughout the pehed serum
insulin was elevated (se@ppendix 3.1). The reason for the greater plasma
acylcarnitines during PRO is unclear, although acylcarnitines are known to
accumulate in response to excessive amino acid oxidation, either as direct by
products of amin@cid catabolism (e.g. propionylcarnitine, isovalerylcarnitine) or as
D UHVXOW RI -&x@&ierAS€phewsdd al, 2014) Cellbased studies to
investigate the rate of intracellular carnitine @woeilation in the presence of variable
insulin, amino acid and acylcarnitine concentrations would be a useful approach to

address this mechanism.

Regulation ofmuscle carnitine contenbDiet and exercise

Another novel finding from this thesis relatingrtauscle carnitine transport was the
observation that total muscle carnitine content declined over 12 weeks of
submaximal HIT and daily carbohydrate feeding in the control gralthough it

has previously been speculated thagh-intensity exercise trainig could lead to a
reduction in the muscle carnitine stores (Arenas et al., 1991Chagter 5), it
cannot be excluded that the increase in daily carbohydrate load, rather than the
submaximal HIT, was responsible for the decline in muscle total carnitimento
Interestingly, in two previous prolonged studies from our lab, total muscle carnitine
content was @4.0% lower (though not statistically significant) following 12 weeks of
daily carbohydrate feeding in control subje¢igall et al, 2011; Stephenst al,

2013) As well, vegetarians, who will typically obtain a relatively large proportion of

their energy intake from carbohydrates, have lower levels of muscle and plasma
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carnitine compared to their neregetarian counterpartStephenset al, 2011)
Whilst the latter is undoubtedly related to a habitually lower carnitine intake
(Rebouche, 1992 L-carnitine infusion studies from our lab have also suggested that
the stimulatory effect of insulin on muscle carnitine accumulation and OCTN2
expression is diminished or absent in vegetarian sub{&t¢phenset al, 2011)
Reciprocally a notvegetarian diet, which is typically associated with an increased
fat intake, could conceivably promote muscle carnitine accumulation given the
emerging role of the PPAR nuclear receptors (of which fatty acids are ligands) in th
regulation of OCTNZ2 expression and carnitine transport acti®ipgseiset al,
2007; Maedeet al, 2008; Zhouet al, 2014a; Zhowet al, 2014b) Thus aside from

the influence of habitual diet on plasma carnitine availability, macronutrient
availability may also be involved in the chronic (i.e. transcriptional) regulation of

muscle canitine transport and accretion.

With respect to the role of submaximal HIT in muscle carnitine content, studies in
rats have indicated that OCTN2 may be translocated to the sarcolemma membrane in
response to muscle contracti@furuichiet al, 2012)and thus it has been speculated

that regular muscle contraction could actually promote muscle carnitine accretion.
However, human data does not soipa role for exercise in acutebtimulating
muscle carnitine uptake, with or without oratarnitine supplementation to increase
plasma carnitine availabilit{Soop et al, 1988) On the contraryjt has been
suggested thdtigh-intensityexercise could acutely increase muscle carnitine efflux,
potentially via acetylcarnitinexport(Brass, 2004)However, thanajority of studies

that have determined muscle adne moieties before and after exercise have been

unable to detect differences in total carnitine content, suggesting minimal net
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loss/gain from the skeletal muscle compartment during exdiCesdin et al,, 1986;
Harriset al, 1987; ConstantiTeodosiuet al, 1992; van Looret al, 2001; Wallet

al., 2011) Thus it would perhaps seem more likely that the decline in muscle total
carnitine content in the control group Ghapter 5 is perhaps related ®omething
other than the accumulative effect of repeated acutésbafuintense exercisen
muscle carnitine effluyer se Finally, this decline in muscle carnitine content with
training and/or carbohydrate feeding could also explaintibybserved increase in
muscle carnitine content in thedarnitine supplemented@up was somewhat less
than projections based on the results frGmapter 3 and on previous research

(Stephengt al, 2007b; Wallet al, 2011)

Skeletal muscle carnitine loading in clinical populations

In Chapter 5, the previously reported increase in fat mass in response to 12 weeks
carbohydrate feedin@Control group; Stepheret al, 2013)appeared to be offsby
submaximal HIT, consistent with the observed effects of an increashysical
activity levels on body compositior(Nordby et al, 2012) However, the
development of an {carnitine feeding approach that does redy on such a large
carbohydrate load (160 g per day) is still desirable if the emerging metabolic benefits
of skeletal muscle carnitine loading in young, healthy volunteers are to be translated
to other populations, such as overweight or obese, dialetelderly individuals.
Despite the finding that 40 g whey protein plus 40 g carbohydrate was unable to
promote a positive forearm carnitine balanceCimapter 3, the potential for other
reducedcarbohydrate formulations to increase muscle carnitine tEmereannot be
disregarded. Indeed, our lab has recently demonstrated that ezyitine feeding

in a formulation containing 44 g carbohydrate, 14 g protein and 11 g fat was able to
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increase muscle carnitine content over 24 weeks in olderg6gearsold) adults
(Cheeet al, 2014) Thus the use of amaller protein load could be efficacious in
lowering the carbohydrate requirement of carnitine supplementation without
inhibiting insulinmediated muscle carnitine transport. Further chronic studies are
currently in progress in our lab which will addreke tefficacy of similar feeding

strategies in overweight and diabetic subjects.

6.3 Oxidative ATP provision declines during highintensity repeatedbout

cycling exercise

An interesting and novel observation @hapter 4 was the increase in PCr
degradatiorduring a second bout of cycling exercise at 100%xY\tata that were
reproduced and thus validated using the same exercise paradi@mapter 5.
Combining the datasets fro@hapter 4 with the baseline (pr&raining) data from
Chapter 5 emphasises thiBnding and clearly demonstrates that reliance on-non
mitochondrial ATP production is significantly greater, by approximately 70% across
these 21 subjects, during the second bout of exeffeigare 6.1). This was related

to both a 121% increase in PCr dmgption and a 54% greater lactate accumulation.
Given that the mechanical work performed during each bout would have been
identical, an increased reliance on mitochondrial routes of ATP production must
indicate either a reduction in oxidative ATP puction or a lower metabolic
efficiency of muscle contraction, i.e. a greater ATP demand per unit work. The latter
could feasibly result from a lowering of muscle pH at the onset of contraction
through altered G&ATPase kinetic§Woloskeret al, 1997) as muscle lactate was
greater prioito the start of the second bqiable 6.1). Alternatively, it is possible

that muscle temperature, which has been shown to influence -wbd{e oxygen
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uptake during cycling exercigéergusoret al, 2001) was greater during the second
exercise bout. However, the impad either muscle pH or temperature on metabolic
efficiency would appear to be relatively small during dynamic human skeletal
muscle contractiorfBangsboet al, 2001)and probably insufficient to explain the
70% greater nomitochondrial ATP production during bout two. Thus it seems
likely that the increased ralnce on PCr degradation and anaerobic glycolysis was a
direct compensation for the inability to sustain oxidative ATP production in the
second bout. This is in contrast to sinlglg knee extension exercise, as it was
shown inChapter 4 that oxidative ATPprovision is well matched to the total ATP
demand during continuous exercise at 55% or 85%aWwhilst it has previously
been shown that oxidative ATP provision is better matched to total ATP demand
during a second exercise bout at 100%.¥\(Bangsboet al, 2001) Our findings

also differ from maximitwo-legged cycling conditions, where a progressive decline
in work output parallels the decline in ramtochondrial ATP production during

each bou{Putmanet al, 1995)

The progressively greater reliance on +moochondrial ATP production is
consistent with exercise performance during this type of repeated bout paradigm,
which we found elicited exhaustion in our untrained subjedtsm3-4 bouts (912
minutes). If, as previous studies have argued, oxidative ATP provision was indeed
able to provide an increasingly higher proportion of total ATP production during
each bout, then reliance on anaerobic glycolysis would reciprocalhgatesc with

each bout and exercise performance would be expected to continue until muscle

glycogen stores were depleted.
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Figure 6.1 Skeletal muscle ATP production from nanitochondrial sources,
comprising ATP (black bars), PQwrhite bars) and lactate (dotted bars) during two 3
minute bouts of cycling exercise at 10086nax Separated by 5 minutes of passive
recovery. Data are mean + SE for 21 subjects. P€0.0001 for PCr; $=0.07 for

O D F W P40.61 far,total normitochondrial ATP, vs bout one.
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Table 6.1 Skeletal muscle metabolite concentrations before and after two 3 minute bouts of cycling exercise At,}08éparated by 5

minutes of passive recoverata are pres¢ed as mean + SE for 21 subjects in mmol-kg éwcept PDCa (nmol-mg protétrmin™). Values

with different letters are significantly differe(®<0.05)from each othefollowing oneway ANOVA with bonferoni postioc comparison

Bout 1 Bout 2
PRE POST PRE POST
ATP 25.8 + 0.8 23.6+0.8 240+ 1.0 20.8+0.9
PCr 76.4+223 53.1+ 4.8 75.4+286 23.9+3.2
Lactate 6.1+0.8 48.9+9.68 26.9+5.9 929+7.3
Glycogen 399.3+17.5 337.8+17.2 382.4+21.2 258.1 +19.2
FreeCarnitine 15.4+ 0.8 11.1+0.8 12.5+0.8 7.9+0.8
Acetylcarnitine 3.1+0.6 72+1.0 6.1+1.F 10.4+ 0.8
PDCa 3.7+0.58 6.5+ 1.5° 3.9+0.8 10.6 + 1.4
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Indeed, it is generally accepted that muscle glycogen availability is unlikely to
become limiting to exercise performance during continuous exercise at such
intensities (sedéseneral Introduction and Karlsson and Saltin, 1970). However,
with our exercise padigm muscle glycogen utilisation increased bfpld in the
second exercise bouTgble 6.1) to a rate of over 40 mmol-kg dfamin™, which

could quite conceivably elicit fatigue within a further two bouts. Such a marked
increase in glycogenolysis woubeérhaps suggest an increased recruitment of type Il
muscle fibres in this second exercise bfsiteenhaffet al, 1991; Soderlunet al,
1992)and would appear to be in contrast with the progressive reduction in muscle
glycogen utilisation during continuous exercise performafiarisson & Saltin,

1970)or maximal sprint performand&prietet al, 1989)

Based on the arguments discussed above and the combined data $&dpier 4

and Chapter 5, which clearly demonstrate that romtochondrial ATP production

and glycolytic flux are greater during a second bout of exercise in the face of similar
acetylcarnitine accumulation, it seems reasonable to conclude that despite a greater
activation of PDC, oxidative ATP production and thus PR Wwere lower during a
second exercise bout. In other words, the ratio of acetylcarnitine accumulation to
glycolytic flux may be considered an informative index of PDC flux in human
skeletal muscle during hightensity exercise. Reasons for the discrepan these
findings with those of different exercise models were discusseGhapter 4,
though it remains unclear as to what mechanisms are restricting oxidative ATP
provision during a second bout digh-intensity cycling exercise. Whole body
oxygen cosumption during this type of exercise paradigm would not appear to

decline during a second bout (s&gpendix 3.6) and thus would seem unlikely to be
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limiting to TCA cycle flux, although this may not necessarily reflect the oxygen
uptake of the working mete mass. InChapter 4 it was postulated that this
suppression of oxidative ATP production could be related to an inhibition of PDC
flux, secondary to a reduction in free carnitine availabif@ijapter 5 subsequently
tested the hypothesis that increasingscle carnitine availability could abate this
decline in oxidative ATP production, the implications of which will be discussed

below.

6.4 Adaptations to chronic submaximal HIT and carnitine supplementation
Submaximal HIT improves matching betwgbscolytic, PDC and TCA cycle fluxes

Given the current popularity of the HIT exercise paradigm to increase fitness and
health in various sedentary populatigi@illen & Gibala, 2013) our submaximal

HIT intervention was a pertinent and timely approach to investigate carnitine
metabolism during exercise training. A particularly novel aspect of our stutdy is

24 week duration, as most previous HIT studies have only investigated relatively
shortterm responseiSlothet al, 2013) Prior studies have demonstrated the ability

of 2-6 weeks HIT to reduce glycogen utilisation and lactate accumulation with a
concomitant increase in lipid oxidation during constant load exercise at intensities of
60 - 90% VOmax (Burgomasteet al, 2006; Burgomastest al, 2008) Markers of
oxidative capacity in resting skeletal muscle also reportedly increase in response to
shortterm submaximal HITGibalaet al, 2006; Littleet al, 2010; Cochraret al,

2014) However, this is the first study to demonstrate the profound impact of long
term submaximal HIT upon oxidative ATP production during this type of exercise
protocol, where the demand for mitochondrial ATP production issséd near

maximally. Data from a combined group of 18 subjects to have completed our

194



training intervention demonstrate the marked effect of submaximal HIT on skeletal
muscle metabolism during two bouts of exercise at 100%u,Wresulting in
reductions imornrmitochondrial ATP production of 61 and 52% during the first and
second boutrespectively Figure 6.2). Moreover, and consistent with prior reports
on shoriterm HIT (Burgomasteet al, 2006) resting muscle glycogen content was
increased approximately 50% after 24 weeks of submaximal HITheset 18
volunteers, whilst net muscle glycogen utilisation throughout both exercise bouts
was reduced by approximately 40%. In line with the discussion above (see section
6.3), these trainingnduced alterations in skeletal muscle substrate availabilily an
utilisation are reflective of a better matching between glycolytic and mitochondrial
fluxes and more than likely facilitated the ~30% increase in work output at 100%
Whax We also noted an ~10% improvement in )& which is in agreement with

the range(4-13.5%) reported in a recent metaalysis on the adaptations to HIT
intervention(Slothet al, 2013) All together it seemsrpbable that these adaptations
are indicative of an increased capacity for oxidative ATP production in skeletal
muscle, particularly given the strong correlation between traimicigced
improvements in wholdody VOmax and skeletal muscle citrate syntbaactivity
(Vigelso et al, 2014) a reliable marker of mitochondrial contgiifarsenet al,

2012) Interestingly, most of the measured improvements VW O2max and
exercise performance occurred during the firdi28weeks of our intervention and
therefore it would be ab salient to address whether this apparent plateau in
IXQFWLRQDO DGDSWDWLRQ LV UHODWHG WR D B*FHLOL

after 24 weeks of training. Indeed, given that most prior HIT studies have been of a
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Figure 6.2 Skeletal muscleATP production from nomitochondrial sources,
comprising ATP (black bars), PCr (white bars) and lactate (dotted bars) during two 3
minute bouts of cycling exercise at 10086nax Separated by 5 minutes of passive
recovery before and after 24 weeks of sakmal HIT. Data are mean + SE for 18
subjects. P IRU $73P ,, ,, P<0.001 IRU 3&R A AAAA
P<0.0001 for lactate; $8<0.01, $$$%<0.0001 for total nomitochondrial ATP vs

0 weeks.
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shorter duration, these findings now question whether continued meaningful
improvements in exercise capacity are possible with a HIT model, beyond2an 8
week period. Ongoing work will investigate the genomic adaptations that occurred

in resting muscle biopsyamples over 12 and 24 weeks of intervention.

Manipulating muscle carnitine availability during submaximal HIT

Despite a robust trainirgduced reduction in nemitochondrial ATP production
across both bouts of our exercise protocol (discussed abovapparent decline in
PDC flux during the second exercise bout still persisted following 24 weeks of
submaximal HIT (se€&igure 6.2). Drawing on the findings fror@hapter 4 it was
rationalised that increasing free carnitine availability could maintain PD& fl
during this second bout of exercise and thus improve work capacity during
submaximal HIT, leading to greater functional adaptatiddsnsistent with this
hypothesis, manipulation @he skeletal muscle carnitine pool withchrnitine and
carbohydrate fedingresulted in an increased free carnitine availability during both
bouts of cycling exercise at 100%.\W andappeared t@reservePDC flux during

the second bouiThus a novel finding to arise from this study was that, despite the
aforementioned caitme-mediated preservation of PDC fluthe traininginduced
reduction in PCr utilisation and lactate accumulatiand thus nommitochondrial

ATP production was no different between groups across either exercise bout.

Given the impressive improventern oxidative ATP delivery in response to
submaximal HIT discussed above, it is possible that the trainchged
improvement in the balance of glycolytic, PDC and mitochondrial fluxes during the

second bout was greater than that which could be exp&omdmanipulating free
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carnitine availability. Indeed, this tighter matching of metabolic fluxes could lessen
the dependence on free carnitine availability as demonstrated trgitheginduced
blunting of bout two acetylcarnitine accumulation in the @angroup (seeTable

5.1). In this respect, muscle carnitine loading should not be discounted as a potential
strategy to enhance the efficacy of exercise prescription in patients suffering from
impairments in oxidative ATP delivery (e.g. peripheral vascdisease), as reliance

on nonmitochondrial ATP production in these individuals is likely to be even more

exaggerate@Handset al, 1986; Baueet al, 1999)

The reciprocal relationship between carnitimediated PDC flux and nen
mitochondrial ATP production demonstrated\Mall et al. (2011)implied that PDC

flux was limiting TCA cycle flux and oxidative ATP delivery during continuous
exercise at 80% V&ax In contrast, here we demonstrate that increasing PDC flux
in a second bout dfigh-intensityexercise is not able to reduce the reliance or non
mitochondrial ATP production. If it is assumed that acetylcarnitine accumulation is
in equilibrium with acetylCoA production(ConstantinTeodosiuet al., 1993) this

could imply that under these conditions, oxidative ATP production is restricted by
factors other than acetgroup delivery, possibly by sites distal to the TCA cycle.
For example a limitation at the level of the electron transpoihaokauld restrict
NAD" production, an important cofactor for several enzymes of the TCA cycle,
which is consistent with the high redox potential that would have been needed to
drive the greater rate of lactate production during the second exercise bout.
Moreover, oxygen uptakey the working muscle mass is known to be compromised
during highrintensitytwo-legged cyclingBoushel & Saltin, 2013)secondary to the

high demand on cardiac output and blood flow distribu{©albetet al, 2007) in
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additionperhapsto a sympathetic vasoconstrictionediated decline in muscle peak
perfusion (Savardet al, 1989) Whether these limitations are more marked and
could restrict oxygen supply to the electron transport chain during a second bout of
exercise is a fascinating supposition but requires further examination. Alternatively,
if submaximal HIT is considered as a chronic stimulus to improve the matching of
glycolytic and mitochondrial fluxes and thus lower the requirement for carnitine
availability, it might be speculated that increasing free carnitine availability under
these conditions could alter the equilibrium of the CAT reaction. Thus further studies
attempting to manipulate the skeletal muscle carnitine pool should also determine
skeletl muscle acetyCoA and CoASH content. Finally, as previously discussed it

is difficult to delineate the independent effects of skeletal muscle carnitine
availability and submaximal HIT from the chronic interaction of the two. Therefore,
the impact of sketal muscle carnitine loading on the acute responses to repeated

bout exercise in untrained volunteers warrants future investigation.

6.5 Concluding remarks

Over the past two decades, the skeletal muscle carnitine pool has received attention
as a dynana, manipulable component of human skeletal muscle metabolism, being
one of the most important buffers of the integration of fat and carbohydrate
metabolism, and glycolytic and oxidative ATP production. Recent advances have
demonstrated the efficacy of imasing muscle carnitine availability and its utility in
elucidating the determinants of exercise performance and metabolism, the
implications of which are under current investigation in our lab with respect to
ageing, weight loss and type Il diabetes. Nalega from the studies in this thesis

provide valuable information relating to skeletal muscle carnitine transport that can
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assist in the development of more efficacious strategies to accelerate muscle
carnitine accumulation and in these investigation®rddver, these data further
advance our knowledge of the interplay between carnitine metabolism, PDC flux and
nonmitochondrial ATP production duringigh-intensityexercise and challenge the
current understanding of oxidative ATP delivery durimgh-intensity repeated bout

exercise.
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Appendix 1.1 Example of a healthy volunteers consent form

Metabolic Physiology Group,

School of Life Sciences,

University of Nottingham Medical School,
4XHHQTV 0H ekt ®lottingham

Title of Project:  Effects of six months of L - carnitine and carbohydrate

feeding on the adaptations to high -intensity exercise training

Name of Investigators: Chris Shannon, Dr Francis Stephens, Professor Paul
Greenhaff

Healthy 9ROXQWHHUYV &RQVHQW )RUP

Please read this form and sign it once the above named or their designated
representative, has explained fully the aims and procedures of the study to you

| voluntarily agree to take part in this study.

| confirm that | have been given a full explanation by the above named and that
| have read and understand the information sheet given to me which is
attached.

| have been given the opportunity to ask questions and discuss the study with
one of the above investigators or their deput ies on all aspects of the study and
have understood the advice and information given as a result.

| agree to the above investigators contacting my general practitioner [and
teaching or university authority if appropriate] to make known my participation
in the study where relevant.

| agree to comply with the reasonable instructions of the supervising
investigator and will notify him immediately of any unexpected unusual
symptoms or deterioration of health.

| authorise the investigators to disclose the result s of my participation in the
study but not my name.

| understand that information about me recorded during the study will be kept in
a secure database. If data is transferred to others it will be made anonymous.
Data will be kept for 7 years after the re sults of this study have been published.

| authorise the investigators to disclose to me any abnormal test results. (delete
this if not applicable)

| understand that | can ask for further instructions or explanations at any time.

| understand that | am fre e to withdraw from the study at any time, without
having to give a reason for withdrawing.

I confirm that | have disclosed relevant medical information before the study.

216



X

| shall receive an inconvenience allowance of £X per study visit (involving
biopsies), plus an additional £X upon completion of the study. If | withdraw from

the study for medical reasons not associated with the study a payment will be
made to me proportional to the length of the period of participation. If |
withdraw for any other reason o r fail to complete any part of the study, the
payment to be made, if any, shall be at the discretion of the supervising
investigator.

I have not been a subject in any other research study in the last three months

which involved: taking a drug; being paid a disturbance allowance ; having an
invasive procedure (eg venepuncture >50ml, endoscopy) or exposure to ionising

radiation.

| understand that | should not take part in any other research study during my
participation in this study, or within three months of completing this study.

Name ALK KKK LKL

Address UKL KKK KL

Telephone number KL LLLLLLLLLLLLLLLLL KL K LKL

Slgnature UL KK KL Date LKL K KK KK KL

I confirm that | have fully explained the purpose of the study and what is

involved to:

UL K KKK KL

| have given the above named a copy of this form together with the information

sheet.
Investigators Signature: N R R R R RN Name R R R R R R R RS
Study Volunteer Number ULLLLLLLELUELELLELLLL LKL KK
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$SSHQGL] ([DPSOH RI D KHDOWK\ YROXQWHHUYV KHL

Metabolic Physiology Group,

School of Life Sciences,

University of Nottingham Medical School,

4XHHQYY OHGLFDO &HQWUH 1RWWLQJKDP

Title of Project:  Effects of six months of L - carnitine and carbohydrate

feeding on the adaptations to high - intensity exercise training

Name of Investigators: Chris Shannon, Dr Francis Stephens, Professor Paul
Greenhaff

+HDOWK\ 9ROXQWHHUTV 4XHVWLRQQDLUH

Please remember, all information will be treated in the strictest of confidence.

NAME

HEIGHT
DATE OF
BIRTH

WEIGHT
ADDRESS

BMI

HR LYING
PHONE NO

HR STANDING
EMAIL

BP LYING

BP STANDING
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Are you a smoker? YES / NO

Are you taking ANY medication? YES / NO

If yes, please give details:

Do you or have you ever suffered from any of the following?

Cardiovascular Disease YES / NO
Metabolic Diseases e.g. Diabetes YES / NO
Epilepsy YES / NO
Nervous Disorder YES / NO
Any other CHORNIC medical condition YES / NO

If yes to any of the above, please give details:

Have you ever fainted? E.g. on standing, in warm room, following fasting YES / NO
Roughly, how many units of alcohol do you consume per week? _____units

Roughly, how many cups of coffee, tea, or cola do you drink a day? units
Are you, or have you ever been a Vegetarian or Vegan? YES / NO

If yes, please give details:

If you are not a Vegetarian or Vegan, how often do you eat meat or fish?__  times/week
Do you eat red meat?  E.g. beef, lamb etc. YES / NO
If yes, how often? times/week

Have you ever taken any sports nutritional supplements? YES / NO

E.g. creatine, amino acids
If yes, please give details:

How would you assess your present fithess level? POOR / AVERAGE / HIGH

How regularly do you take part in physical activity? Please state the type of activity and
how often.

Have you taken part, or intend to take part in any other trial within three months

prior to and following this particular study? E.g. other studies, blood donor YES / NO

If yes, please give details e.g. dates:
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$SSHQGL] +HDOWK\ Y RiaKi@Muestiohfiaire (;$ V

DEXA Questionnaire

Please complete the following questions to the best of your ability. If you

have any questions, please ask the DEXA operator for assistance.

X Have you had any investigations involving x-rays within the last week? YES/NO

0 ,|I Hu<(6T SOHDVH JLYH GHWDLOV ««&«&& KKK KK LK LKL KK LK KK

L R CER (O CER (O CEE CER GO (R (AR (R (O GO (OGO (R GO (R (O GO (R GO (R GO (R GO (O (OGO (O GO (O GO (R (¢

X Have you had any investigations involving x-rays within the last month? YES/NO

0 ,lI pu<(6Y SOHDVH JLYH GHWDLOV ««&&&«KKLLK KK LK KK L KKK

UL LKL K KKK KL

X Have you had any investigations involving x-rays within the last year? = YES/NO

0 ,l pu<(6Y SOHDVH JLYH GHWDLOV ««&&&&K KKK K KKK K KL KKK
R R R LR XX R R E XKD
x Do you have any of the following medical devices in your body? Please tick any

which apply & describe the device in the adjacent space provided.

0 2VWRP\ GHYLFHV H J FRORVWRP| EDJ «««««««KKKKKKK K<
o 3URVWKHWLF GHYLFHVY HJ KLS RU NQHH UHSODFHPHQV
0 Surgical devices (e.g. metal clips, pins, plates) « « « « « « « « « « «
0 3DFHPDNHU RU SDFHPDNHU OHDGYV « « « &« « &« « KKK KK KKK L
o 5DGLRDFWLYH LPSODQWY L H IRUWUHDWPHQW RI FDQF
0 EDWKHWHUY RU WXEHYV ««««&«&«& &K KKK KKK KKK KKK KL KKK

X Are you exposed to ionising radiation as part of your job? YES/NO
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x Do your clothes contain any metal such as buttons, zips or clips? YES/NO

Any clothes containing metal will need to be removed before you have the

DEXA scan. Tops and trousers are available to change into, and lockers

are provided.

x Are you wearing any jewellery?

YES/NO

Any jewellery, including watches and piercings will need to be removed

before you have the DEXA scan. If you are unable to remove any items,

please inform the DEXA operator.

x Do you have any foreign objects in your body? e.g. shrapnel, buckshot YES/NO

| certify that the information given above is, to the best of my

knowledge, true and correct.

Name LA LLELELK KK KKL

BLIQHG « &« KKK KKK LKL KKK

« K « KL K K K

Witnessed:

Name: LSO SR CER GO CERCER COR GO GO (O COR COR GO (O GO (O GO COR COR (R (¢

BLIQHG ««&«&«&KLKL KKK KKK KKK K

Date:

Date: « « «« « «
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Appendix 2.1 Preparation of [‘C]-oxaloacetate

Assays of acetylcarnitine and aceGbA (for PDCa) required the fresh synthesis of
[1“C]-oxaloacetate by the transamination &fCJ-aspartic acid (4QuM) with .-

ketogluturate (30 mM) in a 0.5 M HEPES buffer (pH 7.4) containing 11 mM EDTA

(Cooperet al, 1986)

8 . AE| -
Clgpe f - f-NEWRIOXWSCWRWA f ... $IOXIWDPDWH

The reaction was initiated by the addition gifitamateoxaloacetate transaminase

and allowed to proceed for 10 minutes at room temperature. The transamination was
terminated with 1M PCA, neutralised with 0.6 M KOH and diluted 2.5 times in
EDTA (11 mM). This solution was prepared immediately befbeeditrate synthase

condensation reaction step of the ac€glA assay (a&eneral Methods.
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Appendix 2.2 Homogenisation buffer for PDCa extraction

Reagent Concentration (mM)
Sucrose 200
Potassium chloride 50
Magnesium chloride hexohydrate 5

EGTA 5

Tris 50

Sodium fluoride 50
Dichloroacetate 5

Triton X-100 0.1%
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Appendix 3.1 Plasma acylcarnitine concentrations following ingestion of 3-g L
carnitine (t=0) and 1 x 500 ml drink (arrow) @ther CON (squares), CHO (circles)
or PRO (triangles). Values are mean + SE for n=F. * IRU &+2 YV &21

P P IRU 352 YV RxR.01 fédr £HO vs PRO. Supplementary

data fromChapter 3; Study 1B.
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Appendix 3.2Leg thigh fat oxidation during 30 minutes of singgg knee extension

exercise at 55 and 85%\\. Supplementary data fro@hapter 4; Study 2A.
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Appendix 3.3 Muscle PCr degradation, corrected for work output, during two 3
minute bouts of exercise aDQ% Wha before and after 24 weeks of exercise
training receiving twice daily drinks of either 80 g carbohydrate (CON; black bars)
or 80 g carbohydrate plus 1.5 gchrnitine tartrate (CARN; white bars). Values are
mean = SE for 7 subjects:vizay ANOVA (time x group): *P<0.05 vs 0 weeks.

Supplementary data fro@hapter 5; Study 3.
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Appendix 3.4 Muscle lactate accumulation, corrected for work output, during two 3
minute bouts of exercise at 100%,.,\¥ before and after 24 weeks of exercise
training receiung twice daily drinks of either 80 g carbohydrate (CON; black bars)
or 80 g carbohydrate plus 1.5 gchrnitine tartrate (CARN; white bars). Values are
mean = SE for 7 subjects:vizay ANOVA (time x group): *P<0.05 vs 0 weeks.

Supplementary data fro@hapter 5; Study 3.
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Appendix 3.5 Cycling efficiency at Way determined as the percentage of VO
accounted for by mechanical work (¥8eneral Methods, at baseline and 24 weeks

of twice-daily 80 g carbohydrate (CON; black bars) or 80 g carbohydrate plgs 1.5
L-carnitine tartrate (CARN; white bars) supplementation. Values are mean + SE for

7 subjects. Supplementary data frQimapter 5; Study 3.
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Appendix 3.6 Whole body oxygen uptake during two 3 minute exercise bouts at
100% Whax Separated by 5 minutes of passive recovery and preceded by a 3 minute
warmup period at 25% Wax Boxes indicate timings of exercise periods. Data are
minuteaveraged values from a single trial. Supplementary data @bapter 5;

Study 3.
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