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For my Grandparents



Don’t Quit

When things go wrong as they sometime will
When the road you're trudging seems all uphill,
When funds are low and debts are high
You want to smile but have to sigh,
When care is pressing you down a bit
Rest if you must but don’t you quit.

Life is queer with its twists and turns
As every one of us sometimes learns,

And many a failure turns about
When he might have won had he stuck it out.
Don't give up though the pace seems slow
You may succeed with another blow,
Often the goal is nearer than
It seems to a faltering man.

Often the struggler has given up
When he might have captured the winner’s cup
And he learned too late when the night slipped down
How close he was to the golden crown.
Success is failure inside out.

The silver lining of the clouds of doubt
You can never tell how close you are
[t may be near when it seems so far,

So stick to the fight when you're hardest hit

{t's when things seem worse that you mustn’t quit.

Unknown Author
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Abstract
Objective
Pyruvate dehydrogenase (PDH) is a muitienzyme complex situated on the inner mitociiondrial
menibrane. Its principal function is to catalyze the irreversible oxidation of pyruvate to acetyl
CoA. PDH is activated by a compound known as dichloroacetate (DCA). The principal
metabolic effect of DCA administration is an increased availability of acetyl-CoA and
acetylcarnitine for substrate phosphorylation, and a lowering of blood [lactate]. Studies using

DCA during exercise have identified the availabilily of these acetyl groups as a major
determinant of 1"’02 increase at the start of exercise, suggesting a functional stenosis to VOZ
may teside at the level of PDIH. It was the aim of these studies to further investigate whether
DCA has an effect on the rate and magnitude of the VO.)_ response for sub-maximal and

maximal work intensities.

Procedures

A ramped incremental exercise protocol and 2 sib-maximal constant exercise protocols were
undertaken on a cycle ergometer. The constant work protocols were undertaken at work
intensities above and below that corresponding to the individual blood factate threshold.
Measures of breath-by-breath I/"O2 and hearl rale were made in conjunction with measures of
muscle oxygen saturation (NIRS) and blood borne indices (Lactate, pH, Glucose,
Bicarbonatc). VOZ kinctics were estimated using non-linear least squares regression

strategies.

Results
Dichloroacctate had no significant cffcet on submaximal oxygen uptake, This was evidenced
as no change in the amplitude or time course of the kinetic response during exercise above or

below the lactate threshald, and no change in the slow component response above the lactate

threshold. PCA administration did promote a small but significant increase inVO.H,nm‘

Blood [Lactate] was reduced at submaximal exercise intensities. However, no significant
diffcrence was evident during maximal exercise.  DCA was shown to have chronotropic
properties evident by an ohserved increase in heart rate at rest and during the initial stages of

exercise.

Conclusions
The present studies clearly ilfustrate a haemodynamic response to DCA that has not been
described previously. Control of oxygen uptake Kkinetics at the level of pyruvate

dehydrogenase is not supported by this work.
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List of Figurcs

Introduction

Diagram illustrating the gas (ransport systcm for coupling celtular to pulmonary
respiration. The gemrs represent [unctionally independent, interlocked compotents ol the

system, An increasc in O, utilisation by the muscles is mel by un incrcased cxtraction
of O, from each of the links in the oxygzen tarsport system (from Wasscrman et al,
1987 ).

A schematic representation of the temporal response of V@, to constant-load ‘square
wave’ exercise at different work intensities (from Whipp, 1996),

Left panel:  Power-duration relationship for high intensity exercise {i.e., > critical
power, CP). Centre panci: Basic features of \]()2 kinetics tor constani-load exercise.
For work rates below the lactate threshold {OL), v'()1 increases exponentially to a new
steady state. For work rates between 0L and CP, 1,;'02 slabilises at a valuc higher than
that predicted from the underlying exponential {dashed line). For higher work rutes,
v@, does not stabilise but attains Vs, . Right panel: BEquivalent profiles of blood

[laciate| responses; note the sustained elevation for work rates between OL and CP, but
the progressive increasc for supra-CP work rates {taken (rom Whipp, 1994).

Upper diagram: The power-duration relationship for high intensity exercise. Lower
diagram: Determination of paramelers W’ oand > Py from the livear P - 14
formulation. 8y, is the estimated lactate threshold using the *V-slope’ (Ventilatory
threshald) method described by Beaver ef af (1986). (Poole er al., 1988).

Temporal response of oxygen uptake (VOE) response o moderate square-wave
exercise performed {rom a background of unlvaded pedalling for a patient with cardiac
discase (top right: taken by Whipp and Ward, 1990; [row Stictsema et al., [986) and a
patient with chronic obstructive pulmonary diease {COPD) (bottom right; taken by
Whipp and Ward, 1990: from Nery et al., 1987}

(A) Pattern of oxygen uptake fl}():) response 0 a square wave change in work rate of
modcrate intensity. (B) Traditional view where V(;l3 rises mono-cxponentially without
delay; the venous Oz-stores (AVst Q) and a tranaical lactale Os-cquivalent (VeLa Oy)
is also accounted for. (C) V()zrt:sponse divided into three phases (refer to text for
further explanation). (D} estimation of “mean tissue O, consurnption’ (Barstow ¢l al.,
1990).

Early work by Henry, (1950) showing the V(J: kinetics for both the on and off

transient using 155 Douglas bag sampling.  The meno-exponetial characteristic of the
responses is clearly shown,

Temporal VOZ response for & normal subject during a 125w square wave exercise
farcing (exercise undertaken at a work intensity below the lactate threshold). The

solid line indicates the work rate change. Avcas ol O, deficit and Oy debt are labelted
(Whipp and Wasscrman, 1972).

Schemalic system input/output relationship. Assuming that inuscle oxygen uptake in
the moderate domain is dependent on work rate and time, the transfer tunction is well
described by . Therefore the (3; response is calculable for any given work raw
stimulus (Lamarra, 1990).
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16.

17,

20.

Graph illustrating the relationship hetween oxygen uptake and walking speed for two
subjects from the early work of Hill and Lupton (1923). Nole the linear relationship
at lower walking speeds and the non-linear relationship at higher walkiug specds.
This non-linearity is a manifestation of the ‘excess’ 1,;’02 associated with exercise
above the lactate threshold.

Best fits ol single-exponential modcls, 1 (top), 2 (middic), and 3 (bottam) to
averaged hreath-by-breath response of VQ, to 100 W exercise from an unloaded
baseline (lell) and [Fom cost (right). Note that model 3 clearly yields the best fit of
the phasc 2 response (Whipp et al., 1982).

Temporal profiles of Vo, and arterial blood lactate in response to six constant foad
exercise tests on a cycle ergometer, Test duration was either [Smin or to the limit of
tolerance, Note thal at work vates at which blood luctate increases yel stabilises,
steady-stale Vo, is delayed. AL work rates where blood lactate continues o
increases, 1.»"0_2 rises to, or toward, a maximum value (Whipp, 1994, modified from
Roston ef af., 1987).

Schematic representation of the O, uptake (VQ,) response to constant-load exercise
at different work intensities. (Whipp and Ward, 1993).

Graph showing an averaged V¢, response to *heavy’ exercise. The model indicates 2

double exponential function with separate time delays, to characterise both the early
Vo, response and he slow component independently (Bearden and  Moitat, 2000).

A schematic diagram of 1he VO: response 0 “heavy' exercise. The fundamental and
slow component responses are represonted as separate compartments (2-compartment
modcel). {Adapied from Bearden and Mottat, 2000).

Schemalic representation of the VO, response (o incremental work raws during the
steady- or quasisteady- state procedure vs the ramp response. ‘Lhe sofid lines reflect
the actualty determined whole-body response. ‘The stippled arca below the ramp
response represents a possible relative shortage of the Oy ultlisation in the contracting
muscles that, when offset by the increased requirements evident on the steady-stale
test, resulls ina relatively lincar VG: wesponse in the supra- “anacrobic’ threshold
(Ban) region. W represents V@,  (Whipp, 1987).

Simultancously determined measures of pulmonary Qs uptake and intramuscular
phosphacreatine concentration in response ta, and during recovery from, & minutes of
constant load exercise in a single representative subject (Rossiter et al., 1999),

Simplified schematic diagram of the reactions by which oxygen consumption is
coupled to extramitochondrial ATP hydrolysis in muscle. Dashed lines indicate
dilfusion (Mahier, 1985).

Schematic diagram illustrating a serics ol moicty conserved cycles associated with
energy metabolism. Browa (1992) suggcests that the rate of cnergy metabolism can
be cantrolled at either end of the pathway or {n the middle. 'L'he role of calcium in
stimulating mwscle contraction, matrix dehydrogenases and possible indiectly the
synthase and respiratory chains is alse shown (from Brown, 1992).

Site of action of DCA. The PDiI component of the pyruvate dehydrogenase complex
is reversibly phosphorylated, aod ivactivated, by PDII kinase. DCA inhibits (he
kinase, thereby maintaining PDH in its unphosphorylated, active lorm (from
Stacpoole, 1989).
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22.

24,

26.

27.

270

28.

General Methods

Biases and limits of agreement for method of measurement plotied against the mean of
the reference plus the method (Bland/Altman, 1986). The plot shows a mean bias ol 4
W 2.6 W (mean + 8D) over 4 20 - 500 W range.

Diagram illustrating the ahsorption spectra for Hb & HbO, in the NIR region. 650-
1000nm. (Elwell, 1995)

The elfect of DCA administration (50mg/kg BW) on resting blood lactate
concenlration: A represcntative subject. Blood laclate cancentration declines to a
minimum at ~ 60nuin post DCA ingestion. Thereafter it remains at his reduced level
lor the further 60min of data collection, indicating that the DCA preparation is shown
to be elfective at maintaining a reduced blood lactate concentration during the time
periad 60-120min post ingestion. Therefore all exercise protocols were co-ordinated
1o take place during this period.

A comparison of the maximal volunlary contraction (MVC) manoeuvre for NIRS
culibration, and measurements taken upon inflation of a high-pressure (nllatable cutf,
The MVC manoeuvie 1s show to be repeatable in accordance with previously
published results (Chance et al, 1992; Belardinelli et al, 1995). An alternative {0 the
MVC manoeuvre is inflation of a high pressure cutf around the proximal length of the
quadriceps (Mancini ct al, 1994). This methodology lessens the metabolic impact in
comparison (o the MYC manoeuvre. However, the maximal level of Hb desaturation
achieved through this method was not as greal as that achieved through the MVC
manoeuvre. Therefore, an MVC calibration of the NIRS sctup was performed posi
exereise o avoid impacting on the level of PDH activation prior (o exercise.

The effect of the superposition process on a data set. The red and blue open triangles
represent the acwal collected data. The open circles represent the data after the
superposition process, Superpuosition allows data from & nomber of repeal colfections
w be ‘grouped” for sualysis.  This prevess reduces the breath-to-breath ‘noise’
associated with beeath-by-breath data. ‘I'hereby improving the accuracy with which a
model can be fit (o the data (Lamarra el al, 1987).

Methods Incremental Exercise

Schematic representation of the incremental exercise protocol, LL = Low load
pedalling,

Results Incremental Exercise

Effect of DCA on blood [Lactaie} during incremental exercise to exhaustion.  Dala are
mean values + SEM,

The effect of DCA on blood [Lactate] during incremental exercise to exhaustion,
Figure 27 re-scaled to show more clearly the data poeints where the difference between
trials were significant. Data are mean values + SEM.

Gas exchange plots used for the cstimation of the lactale threshold. A single
representative subjeet (Subjeet 8, DCA Lrial),  Top pancl:  Solid intersecting lines
iflustrate estimation of lactale threshold using the V — slope method (see section 3.1.3,
for « description of this method). The dashed line on all panels represents B at 2,25
(V/mnin).
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29.

30.

RYA

34.

35.

37.

Heurt rule response w incremental exercise. Data are group mean + SEM. Open
circles = DCA. Closed circles = placebo. Dashed line indicates the start of the rump
increase in work rate [rom a 20W baseline,

Heart rate response to incremental cxercise normalised to baseline values, Dala wie
group mean + SEM. Open circles = DCA. Closed circles = placeho, Dashed line
indicates the start of the ramp increase in work rale [rom a 20W bascline,

Oxygen pulse response Lo incremental exercise, Data are group mean + SEM. Open
circles = DCA. Closcd circles = placebo. Dashed line indicales the start of Lhe ramp
increase in work rate from a 20W baseline.

Delia deoxyhaemoglobin responses to incremental exercise. Data are group mean +
SEM. Open circles = DCA, Closed circles = placebo. Dashed line indicales the start
ol thie ramp increase in work rate from a 20 W baseline,

Ratings ol peiceived exertion during incremental exercise. Duta are group mean +
SEM.  Open circles = DCA. Closed circles = placeho, LL = low load pedalling
(20W). m3, m6, m9 = minutes 3, 6, & 9 respectively. Ex = exhaustion. 3p, 6p, 9p =
minutes 3, 6, & 9 post, respectively.

Ratings of dyspnoca during incremental exercise. Data are group mean + SEM.  Open
circles = DCA. Closed circles = placeho. L1, = low load pedalling (20W). m3, m§,
m¢% = minutes 3, 6, & 9 vespectively, Ex = exhaustion, 3p, 6p, Op = minutes 3, 6, & 9
post, respectively.

Schenatic illustrating the Sub threshold exercise protocol . LLI and LL2, represent
the lirst and sccond periods of low load pedalling vespectively Ex 1 and Ex2, represent
the First and second periods ol loaded pedulling respeetively. The exercise workload
was set at 0% of cach individuals estimated lactate threshold (G.7). The selid line
illustrates the square wave naturce of the work rate increase,

The cileet of DCA on bload lactale during moderale inlensity exercise, Data are group
means = SEM. Closed circles = placcho. Open circles = DCA. Data shaws that the
administration of DCA successtully reduced blood {Lactate] during the sub-threshold
exercise protocol, compared Lo the placebo trial. Furthermore, there was no significant
vise in blood [Lactate] during cither trial. Indicating that exercise was indeed taking
place in the ‘moderate’ domain. Pre dose = Samples taken prior o DCA
administration. T.L = low load pedalling (20W). Ex = exercise sample. ™ Statistically
significant between placcbo and DCA trials. Sratistical analysis was cavricd out using
iwa-{fuctor ANOVA {or repeated measures, followed by a patred r-test if a main
treatment effeet was observed. Statistical significance was declared at P<0.035.

Data are group mean + SEM. The on-tansicnt VO, respense to moderate square
wave exercise. Open circles = DCA. Closed circles = placebo. Dashed line indicates
the start of the step increase in work rate from a 20 W haseline,

On- transient VO, response to moderate square wave exercisc. Individual plols.
Subjects 1-3. Open Circles = DCA (top panels). Closed circles = placebo (boitom
panels). The solid linc through the data points represents the mono- exponential fit to
the data. The [it began at least 20 s into exercise to exclude the cardiodynamically
mediated *phase 1 response and continued through at least | min of the stsacy-state
response (‘phase 3°). The gooadness of {il is illusirated by the fluctuations of the
residuals around zero. ‘Lhe dashed line indicaies the start of the stepped increase in
work rate.
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39.

40a.

40b.

41.

42,

43.

45.

46.

47.

On- wansient V), response 10 moderate square wave exercise. Individual plots.
Subjects 4-6. Open Circles = DCA (top panels). Clased circles = placebo (bottom
panels). The solid line through the data points represents the mono- exponential fit to
the data. The fit began at least 20 s inlo exercise 10 exclude the cardiodynamically
mediated *phasc I’ response and continued shrough at least 1 min of the steady-state
responss {‘phase 3’). The goodness of fit is illustrated by the fluctuations of the
residuals around zero. The dashed line indicates the stact of the slepped increase in
work rate.

Data are group mean + SEM. The on-transicnt VO, response 10 moderale square
wave exercise. Open circles = DCA. Closed circles = placebo. Dashed line indicates
the start of the step increase in work rate from a 20 W baseline.,

OFf- wansiemt V2, response (0 moderate square wave exercise, Individual plots.
Subjeets 1-3, Open Circles = DCA (top panels). Closed circles = placebo {boitom
panels). The solid line through the data points represents the mono- exponential fit to
the data, The fit bogan at least 20 s into excrcise (o exclude the cardiodynamically
mediated ‘phase ' response and continued throughout  the ‘phase 3" steady-stale
response. The goodness of fit is illustrated by the fluctuations of the residuals around
zero. The dashed line indicates the stact of the stepped increase in work rate.

Off- transient VO, response to moderate square wave exercise. Individual plots,
Subjects 4-6. Open Circles = DCA (top panels). Closed circles = placebo (bottom
pancls). The solid linc through the data poinls represents the mono- exponential fit to
the data. The lit began at least 20 s into exercise to exclude the cardiodynamically
mediated ‘phase 1" response and continued throughout the ‘phase 3°  stcady-state
response. The goadness of fit is illustrated by the {luctuations of the residuals around
zero. The dashed line indicates the start of the stepped increase in work rute.

Heart rate responsc to moderate ‘square wave’ exercise. Data are group mean + SEM.
Open cireles = DCA. Closed circles = placebo. Dashed line indicates the start ol the
step increase in work rate from a 20 W baseline.

Heart rate response 1o moderate *square wave’ exercise, normalised to baseline values.
Data are group miean + SEM. Open circles = DCA. Closed circles = placebo. Dashed
line indicates the start of the step increase in work rate lrom a 20 W baseline.

Oxygen pulse response to moderate “square wave” exercise. Data are group nican +

SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start
ol (he step increase in work rate from o 20 W baseline.

Oxygen pulse response to moderate ‘square wave’ exercise, normalised to bascling
values. Data are group mean + SEM. Open circles = DCA. Closed cireles = placebo.
Dashed line indicates the start of the step increase tn work rate from a 20 W obaselinge.

Delta deoxyhaemaoglobin responses lo moderale ‘square wave’ cxercise.  Dala are
group mean + SEM. Open citcles = DCA. Closed circles = placebo. Dashed line
indicates the start of the siep increase in work rate fram a 20 W baselinc,

Delta deoxyhaemoglobin responses (o moderate square wave excreise.  Individual
plots overlaid. Open circles = DCA. Closed circles = placebo, Subjects 1-6. The
dashed line indicales the start of the stepped increase in work rate [tom a 20 W
haseline.

Ratings of perceived exertion during moderate intensity exercise. Data are group
mean + SEM. Open circles = DCA. Closed circles = placebo. LL = low load
pedalling (20 W). Ex = cxereise sample.
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Ratings of dyspnoea during moderale intensity exercise. Data are group mean + SEM.
Open circles = DCA. Closed circles = placcbo. LL = low load pedalling (20 W). Ex =
exercise sample.

Mecthods Supra-Threshold Exercise

Schematic illustrating the Supra-threshold exercise protocol . LL = Loaw Load
pedalling. Ex = exercise. The exercise workload was sct at approximately 60% of

delta VOE avVo,= Vo,

the square wave nalure of the wark rate increasc.

v — YOy,p) tor each individual. The solid line illustrates

Results Supra- Threshold Excreisc

The cffect of DCA on blood lactate during heavy intensity exercise, Data are group
means + SEM. Closed circles = placcho. Open circles = DCA.  Data shows that (he
administration of DCA successfully reduced blood [.actale] throughout the supra-
threshold exercise protocol, compared to the placebo trial. Pre dose = Samples taken
prior to DCA administration, LL = low load pedalling (20W). m3 = minulc 3. m6 =
nminute 6, ex = exhaustion. 3p = 3 mioutes post ¢cxhaustion. 6p = 6 minutes post
exhaustion. 9p = 9 minutes post exhaustion. * Statistically significant between DCA
and placebo (rial. Statistical apalysis was carried out using two-facior ANOVA for
repeated measuores, followed by a paired /-test i a jmain (reatment elleet was vbserved.
Statistical signilicunce was declared at P < (.03,

The effect of DCA on blood pIl during heavy intensity exercisc. Data are group nigans
+ SEM. Closed eircles = placcbo. Open circles = DCA. Pre dose = Samples taken
prior o DCA administration. LL = low load pedalling (20W). m3 = miuute 3. m6 =
minute 6. ex = exhaustion. 3p = 3 minutes post exhaustion. 6p = 6 minutes post
exhaustion. 9p = 9 minutes post exhauslion. * Statistically significanl, Statistical
analysis was cactied out using two-lactor ANOVA for repeated measures, [ollowed by
a paired f-test if a main treatment effoct was observed.  Statistical significance was
declared al P < 0,05,

The effect of DCA on blood bicarbonate during heavy intensity cxercise. Data arc
group means + SEM. Closed circles = placebo, Open cireles = DCA. Pre dosc =
Samples taken prior to DCA administration. LL = low load pedalling (20W). m3 =
minufe 3. mG = minute 6, ex = cxhaustion. 3p = 3 minutes post exhaustion. 6p = 6
minutes post exhaustion. 9p = 9 minutes post exhaustion. * Stalistically significant.
Statistical analysis was carricd oul using two-factor ANOVA flor repcated measurcs,
lollowed by a paired f-test if a main treatment eflfect was observed,  Statistical
sigunificance was declared at P < 0.05.

The cffecl of DCA on blood glucose during heavy intensity exercise, Data are group
means ~ SEM. Closed circles = placebo. Qpen circles = DCA, Pre dose = Samples
taken prior to DCA administration. LL = low load pedalling (20W). m3 = minute 3.
m6 = minute . ex = sxhaustion. 3p = 3 miautes post exhaustion. 6p = § minutes post
exhausfion. Yp = 9 minutes post exhaustion. * Statistically significant. Siatistical
analysis was carried out using two-factor ANOVA for repeated measures, followed by
a paired f-test if a main treatment effect was observed.  Statistical significance was
declared a1 P < 0.05.

Data are group mean # SEM. The on-transicnt VO, response to heavy intensity

exercise. Open circles = DCA. Closed circles = placebo. Dashed line indicates the
start of the step increase in work rate from a 20 W baseline.
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Exponential {it 1o the fundamental component of the V(2, response to supra-threshold

square wave exercise. Individual plots. Subjects 1-3. Open circles = DCA. Closed
circles = placebo. The solid line through the data points indicates the mono-
exponeniial [it. The fit began al least 20 s inlo cxercise (o exclude the
cardiodynainically medinted ‘phase 17 response and continued through to 3 min, The
dashed continuation of this line shaws the fit extrapolated to 6 min, The ‘goodness’ of
fit is illustrated by the fluctuation of the residuals around zero. The smaller these
fluctuations are the better the fit is. The vertcal dashed line indicales the start of the
stepped increasc in work rate.

Exponential [it to the fundamental component of the VO, response to supra-threshold

square wave exercise. Individual plots. Subjects 4-6. Open circles = DCA. Closed
circles = placebo, The solid line through the data points indicates the mono-
exponential fit. The fit began at least 20 = into exercise to exclude the
cardiodynamically mediated ‘phase |’ response and continued through to 3 min. The
dashed continuation of this line shows the fit extrapolated to 6 min, The ‘goodness’ of
fit is iflustrated by the [lucteation of the residuals around zero. The smaller these
(Tuctuations are the belter the [it is, The vertical dashed line indicates the start of the
stepped increase in work rate.

Cxponential it o te fundatuental component of the VO, response w supra-theshold

square wave exercise, Individuoal plot. Subject 7. Open circles = DCA, Closed circles
= placebo. The solid line through the data points indicates the mono-exponential fit.
The fic began at least 20 s into exercise to exclude the cardiodynamically mediated
‘phase |7 response and continued through to 3 min, The dashed continuation ol this
line shows the [ extrapolated 0 6 min. The ‘goodncss’ of (it is illustratcd by the
fluctuation of the residuals around zero. The smaller these fluctuations are the betier
the fit is. T'he vertical dashed line indicates the start of the stepped increase in work
rate.

The bheart ratc response to heavy intcnsity excrcise. Data are group mean = SEM.
Open circles = DCA. Closed circles = placebu. Dashed line indicates the start of the
slep increase in work rate [rom a 20 W bascline.

The heart rawe response to heavy intensity exercise, normalised to baseline values.
Data are group nwean - SEM. Open circles = DCA, Closed cireles = placebo, Dashed
line indicates the start of the step increase in wark rate from a 20 W haseline.

The oxygen pulse response o heavy inlensily excreise. Data are group mean + SEM.
Open circles = DCAL Closed circles = placebo. Dashed line indieates the start ol the
step increase in work rate from a 20 W bascline.

The oxygen pulse respunse to heavy inlensity exercise, novmalised (o baseline vatues,
Data are group mean + SEM, Open circles = DCA. Closed circles = placebu. Dashed
line indicates the start of the step increase in work rate from a 20 W baseline.

Delta deoxyhaemoglobin responses to heavy intensity exercise. Data are group mean
+ SEM. Open circles = DCA. Closced circles = placcbo. Dashed linc indicates the
start of the step increase in work rate from a 20 W baseline.

Ratings of perceived exertion during heavy intensity exercise. Dala are group mean +
SEM. QOpen cireles = DCAL Closed circles = placebo. LL = low load pedalling
(20W), m3, mO, m9 = minules 3.6, & 9 respectively. Ex = exhaustion, 3p, 6p, 9p =
minutes 3, 6, & 9 post respectively.

Ratings of dyspnoea during heavy intensity exercise. Data are group mean + SEM.
Open circles = DCA, Closed circles = placebo, 11, = low load pedalling (20W), m3,
m6, mO = minutes 3,6, & 9 respectively. Ex = exhaustion. 3p, ép, 9p = minutes 3, 6,

& 9 post respectively,
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Chapter 1

Introduction



Chapter 1

1.0 Introduction

Since the end of the 19 century, measurement of inspired and expired gases and
calculation of the gas exchange for oxygen has been used as a measurement of
pulmonary oxygen uptake. With advances in technology, these calculations can now be

reliably performed over a single breath.

Breath-by-breath measurement in response to dynamic work rate forcing functions has
led to the characterisation ol consistent temporal patterns of response in pulmonary
oxygen uptake. Furthermore, the fundamental VO.2 kinetic response has shown 1o be a
close approximation to that of muscle oxygen consumption (Q‘fmrsO;. ), and it presents
an opportunity to infer readily and reliably the metabolic adaptation to changes in

energetic demand (Barstow et al., 1990; Grassi et «l., 1996, Whipp et al., 1982).

Muscle oxygen uptake increases in response to an augmented energetic requirement, to

sustain  muscle contraction and cell homeostasis.  Appropriate modelling and
interpretation of the pulmonary VO, response profile to a work ratc forcing can express
the characteristics of this underlying system response and ensure the inferences made

are not unfounded.

Armed with an understanding of the “normal” or “typical” VO, response to exercise, it

is possible o investigate modulators of this response. Inferences can then be made as to
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the putative mechanism or mechanisms that may be controlling the adaptation lo a

change in energy demand.

MUSCLE 0, 4 COz  VENTILATION
ACTIVITY  TRANSPORT (Va+ Vb =VE)

ceaat~Po,

- Muscle
doa ) 'ngw']-ﬂyoa

Physiological {0, Ditats SV Recruit 1
Rasponses: 2

tao, Recrit 1HR Dite fe

Figure. 1 ~ Diagrain illustrating the gas transport system for coupling cellular to pulmonary respiration.
The gears represent [unclionally independent, interfocked componenis of the system, An increase in O,
ulilisation by the muscles is met by an increased extraction of O from each of the links in the oxygen

transport system (from Wasserman er al, 1987),

The respiratory system, the cardiovascular system and the exercising muscle cells are
functionally interlocked and jnteracting systems that transport oxygen from the lungs to
the muscle to support acrobic ATP resynthesis. This allows oxidative phosphorylation
and muscular work (o continue (fig.1). Disruption of any component of these systems
can fead to an alteration in the gas exchange response and affect the clficiency and
relative intensity of the muscular work performed. For cxample the muscular work
performed as a lurge part of everyday life can in the diseased state, where the capacity
to perform exercise can be severely limited, prove o be a major bartier to improving
guality of life and long term health prospects. Conversely, in an athletic population, un
improved performance may lie in understanding how the key components govern the

exercise response and how these components respond to training.



Therefore further understanding of the mechanism(s) governing the VO, response to

exercisc may have significant impact in health and discasc.

1.2 Exercise Intensity Domains

The importance of appropriately describing the intensity of exercise when discussing
oxygen uptake kinetics will become clear in the following chapter. Four recognised but
not undisputed intensity domains, Moderate, Heavy, Very Heavy and Severe (Whipp,
1996) are the preferred method of description for the study of VO, kinctics, The gas
exchange and metabolic (blood lactate and pH changes) responses to constant ‘square
wave’ exescise are distinct for each. Therefore these measures provide a basis [or

defining the intensity of the excrcise.

The range of work rates that do not result in a sustained increasc in arterial blood lactate
concentration and subscquently decrease arterial pH is termed the ‘moderate’ domain
L.e. the work s being undertaken below the lactate threshold. 1n this region, VOZ will
increase to a steady state value in approximately 3 min. in response to a step change in
exercise workload. An individual, in good health, exercising in this domain should feel

no great discomfor{ in his/her breathing or any great tiredness in his/her legs (fig. 2).
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Figure 2 - A schematic representation of the temporal response of VOE to constant-load  ‘square wave’
exercise at different work intensities. A |L'] = change in blood lactate. A LL ’] = change of rate of change
in blood lactale. A [H*] = change in hydrogen jon concentration. A [f;f "1 = change ol rate of change in
hydrogen ion concentration. Moderate: below 8y; there are no sustained increases in [L] or [H']. VOQ
reaches a steady state. Heavy: above 6 VOZ reaches a steady-state but with a delayed time course.
Increases in [L7] and [H*] are sustained. Very Heavy: above 8 VOZ eventually reaches a maximum
duc to the contribution of the ‘excess VOz’. Scvere:  stpra-maximal (i.e. WR above an incremental
WR,,,.) work rate where fatigue occurs so rapidly that the ‘excess 1}02’ has not had time to develop

discernibly. ¥ indicates 1}()2 max . The term OzDef is described in section 1.5 {(from Whipp, 1996).




During ‘heavy’ intensity exercise there is a sustained increase in arleriai blood lactate
and a sustained decrease (n arterial pH. The respouses in both stabilise or even decline.
Exereise in this domain has therefore exceeded the lactate threshold. VO, in this domain
can reach a sicady state, the attainment of this steady state is howcever delayed by as

much as 10-15 minutes (Poole ef al,, 1991, Ozycner ¢f al., 2001).

Artetial blood lactate and artcrial pH changes do not stabilisc in the ‘very heavy’
exercise domain. 'They both increase throughout the duration of the exercise (o a
maximum. The end point to a continucus exercise protocol in this domain is fatigue,
with high levels of dyspnoea and tivedness in the legs evident. VO, follows a similar
response to lactate in that it fails to stabilise i.e. a steady state is not reached. From the
start of exercise VO, continues to rise throughout until the maximum (VQ,_ ) is

reached (fig. 2).

The ‘severe’ domain 18 the range of work rates above the maximum achieved by an

individual during an incremental cxcreisc protocol to oxhaustion {(WR ). These are

termed supra-maximal work rates as the maximum associated with an incremental test
can be superseded during shorter duration ‘square wave' or intermittent work. Peak

arterial lactate values and decreased artetial pH are associated with severe leg fatigue

and very heavy breathing in the severe domain. ‘Ff"()2 increases rapidly to Vo and

Zmax

predictably does not reach a steady state. Fatigue cnsucs and work rates can only be

maintained for short periods {fig. 2).

The advantage of assigning exercise intensity in this way is that cach domain rcflects

distinct physiological responses. These responses are [unctionally similar across
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individuals, in that they are bound by parameters that adapt to proportional changes in
aercbic and anaerobic responscs to stimuli such as training or diseasc.

Assigning exercise intensity in this way is more appropriate than using the more
commonly used percentage of maximum as cach domain describes better the expected
physiological demands and responses. For example a work rate assigned as a
percentage of maximum oxygen uptake ( %V0O

) will be impossible 1o maintain as a

2max

constant %VQ,_ if the wark rate lics within the very heavy or severe domain. The

2 mnx

inubility of the V), response to reach a steady state in these domains means that a
percentage of V,  is not sustainable.

max

1.3 Critical Power

Critical power is functionally significant hecause it corresponds to the highest WR at
which a VO2 stcady state can be attained (Poole et af, 1990., Hill er af, 2002) and
coincides with the highest WR at which arterial [I.] and [H*] do not continue to rise

throughout the work (Poole ef al., [988) i.e. it represents the border between the ‘heavy’

and ‘very heavy’ exercise domains (fig. 3).
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In their early work Hill and Lupton (1923) described a level ol exercise where lactic
acid and VO, continued (o rise throughout cxercise until fatigue set in. Margaria ef al

(1965) stated that this rise to VO, _ is achieved progressively faster with increasing
work rate, a finding later supported by Wasserman ef af (1967) and Whipp (1994). I
has been clearly shown that there is a range of work rates where VO, cannot stabilise

and continues to rise until VO, is reached and fatigue ensues, lig. 3 (Poole ef al.,

1988). This demarcation point for VO2 from a sustainable steady-state has been termed
criticat power (Moritani et al,, 1981) for cycle ergometry or the ‘fatigue threshold’
{(Hughson et «l., 1984) for treadmill running and ‘critical velocity” for swimming

(Wakayoshi et af,, 1992},

This relationship between power (P) and time to fatigue (t) has been well described by a
number of authors as a hyperbolic function (Monod and Scherer, 1965; Moritani ef ¢l.,
[981; Hughson et af., 1984; Poole et al., 1988; Poole ef al., 1990; Miura et al., 2002),

similar to equation I.

(P=Cp)-t =W’
Lgn .

Where Cp (or Py, in (ig. 4) is the power asymptote termed ‘critical power” and W’ is the
curvature constant (fig. 4). This relationship is often transferred into its lincar

formulation (Whipp et ai., 1982; Poole et al., 1988; Hill, 1993):

P=(W'/t)+Cp
Egn 2.

where W' and Cp are the slope and intercept respectively (fig. 4).
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Figure 4 - Upper diagram: The power-duration relationship for high intensity exercise, Lower diagram:
Determination of parameters W* and > P [rom the lincar P — 17 formulation. 8. is the estimated

lactate threshold using the *V-slope® (Ventilatory threshold) method described by Beaver ef el (1986),
(Poole e1 wl., 1988),
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Poole ef al (1988) and Whipp and Ward (1990} have described the curvature constant
paramcter W’ as an equivalent to a constant amount of work that can be perforined
above Cp regardless of the rate at which it is performed. Therefore in this region V02
becomes a function of both time and power and the relationship between work rate and

VO, (refer to section 1.8.2.) is discontinued.

At work rates below critical power-‘moderate’ and ‘heavy’ domains- VO2 is able to
sustain a steady state. Therefore Cp represents, in theoretical terms, the upper limit for
continuous constant load exercise of almost indefinite duration (Moritani ¢t a., 1981)
i.e. ATP resynthesis can be met hy the transport and utilisation of oxygen. In practice
this is not quile realised as the simple hyperbolic relationship between power and time

breaks down for very long or very short exercise (for review see Hill, 1993).

Poole ef al (1988) found Cp to lie on average at approximately 70% of maximal work
rate (from a standard incrementat work test) or 46% ol the difference beiween the work
rate corresponding to an estimated lactale threshold and work rate max. However Poole
et al (1990) demonstrated that Cp is a trainable paramelter, showing a 10% improvement
in Cp after 7 weeks of endurance (raining. This linding was supported by Jfenkins and

Quigley (1992) who showed a 30 % increase in Cp alter 8 weeks of endurance training.

Therefore Cp is an important ‘threshold’ when regarding exercise intensity, one that is
not immovable and appears 1o be closely linked to [actors that respond (o endurance

training i.e. blood [Lactate] and acidosis (Poole et al., 1988).




1.4 Sub-threshold VO, kinetics

When regarding the temporal response of VO, to a change in exercise intensity it is

beneficial to contemplaie first the factors influencing oxygen uptake at the lung.

Fundamentally, pulmonary VO, is well described by the rate at which partially reduced
haemoglobin enters the pulmonary capillary bed. The affinity of hacmoglobin to bind
oxygen is governed by a number of factors (i.e. pH, temp., PO,). Its delivery in to the
lung is a function of the pulmonary blood flow Q{) (Q;) = Cardiac output in healthy
individuals) and the mixed venous oxygen content (Cv0,). Thesc variables can be
related by the Fick equation for measuring cardiac output, rearranged here in terms of

pulmonary V’O2 :

VO, = Qp(Ca0, ~ CV0,)
Egn 3.

Here CaQ5 denotes arterial oxygen content,

With this relationship in mind let us consider three recognised ‘phases’ (Whipp et al.,
1982) of the temporal YO, response to a step change in work rate within the moderate

domain.
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1.4.1 ‘Phase 1’

At the onsel of constant-load cxercise there is an initial rapid increase in V), that has
been termed “Phase 17 (¢1) (Whipp et al., 1982). This initial increase is thought to be
dominated by changes in cardiac output since the effect of any change in muscle
metabolistn on Cv(Q,, will not be expressed as a change in VO, until the muscle venous

effluent has passed to the lung vasculature. An increase in cardiac output at the onset of

exercise, predominantly due to an increased stroke volume, resnlts in an increase in
pulmonary blood flow (Qp) and hence an increase in V02 (Egn. 3). The nature of the
increase in VO, during this initial phase has led to it being described as

cardiodynamically mediated {(Whipp et /., 1982).

This phase of the response was theoretically proposed by Krogh and Linahard in 1912,
however direct measurement was only cstablished in 1966 by Achincloss et «l who
directly tecorded an increase in VO, from the onset of exercise. The rapid increase in
VO, can account for up to 50% of the VO, response in this domain and is cssentially
invariant with respect to the magnitude of the step in work rate (Weissman et af., 1982),
Support for the cardiodynamic pature of this early response has come from a
demonstration of proportionality between the carly VO, and Op responses (Cummin ez
al., 1986 and Miyamoto ef al., 1982). Turthermore, factors affecting pulmonary blood
flow at the onsct of cxercise have been shown to modulale the rate and magpitude of the
V), response. Attenuation of the size of the change in stroke volume at exercise onset
by performing the exercise [rom a background of unloaded pedalling (Whipp er «l.,

1982) or in a supine position (Weiber-Ravell et af., 1983; Karlsson et af, 1975) have

13



both been shown to evoke a similar attenuation of ¢I VO, respouse. Stictscma et al

(1986) demonstrated a diminished ¢I VO, response in patients with cyanotic congenital

heart disease, a disease that results in little or no increase in pulmonary blood flow at
the onset of exercise (fig. 5. Upper graphs). A similar finding has been found in
paticnts with chronic obstructive puimonary disease (COPD) (Nery et al., [982) (fig. 5.

Lower graphs).
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Figuwre 5 - Temporal response of oxygen uptake (VOE) response to moderate square-wave exercise

performed from a background of unloaded pedalling for a patient with cardiac disease (lop right; taken by
Whipp and Ward, 1990; from Stielscma ef ¢f., 1986) and a patient with chronic obsiructive pulmonary

diease (COPD) (bottom right; takea by Whipp and Ward, 1990; from Nery et al., 1982).



1.4.2 ‘Phase I’

After the initial rapid increase during phase one, VOZ continues to rise in & mono-
exponential fashion until it reaches a plateau (Henry, 1951; Davies, 1972; Di-Prampero,
1970; Linnarsson, 1974; Whipp, 197{; Wasserman and Whipp, 1974; Hughson and
Morrissey, 1982; Ozeyner et al., 2000). A widening of the arterial-venous oxygen
difference is the dominant factor modulating puimonary VO2 during this phase; i.e.
Ca0, remains constant at the onset of exercise while muscle venous and subsequently
mixed venous oxygen content decrcasc. This additional component to gas exchange
only exerts an influence once the vascular transit delay from munscle to lung has passed.
The temporal domain within which these changes take place has been termed “phase 27

(o) (Whipp et al., 1982; fig. 6, panel C).

A C
2 2 t Phase
BREATH-BY-BAEATH VO,

V0, [imin

4] 0
0 4 -0 4

TIME [min]

Figure 6 - (A) Pattern of oxygen uptake (V(),) response to a square wave change in work ralc of
moderate intensity. (B) I'raditional view where VO, rises mono-exponentially without delay; the venous

Os-stores (AVy O;) and a transient lactale Oj-oquivalent (Ver, Oi) is also accounted for. (C) VO2
response divided inte (hree phiases (refer to text for further explanation). (D) estimation of ‘mean tissue

Q, consuinption’, Note that B and D lead to obligatory conclusion that VOQ kinetics are slower than
muscle oxygen uptake kinetics (Barstow ¢t af., 1990).
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In their pioneering work Krogh and Lindhard (1912) proposed that there would be a
delay of at least 6-10 s before venous blood leaving the muscle reached the lung and
that any changes in ventilation or gas exchange prior to this would be as a result of
changes inQp. This transit delay of mixed venous blood from the muscle to the lung

has subseguently been demonstrated to be in the order of 10-15 s (Cemetelli ef al.,

19606).

The muscle oxygen consumption (QQ,) response to moderate exercise in isolated

muscle preparations has been shown to follow a mono-exponeutiul rise from the onset
of exercise with little, or no, delay (Mahier,[985). Similarly the phase Il rise in

pulmonary VO,can be characterised by an exponential of the form:

AVO,, =AVO,  (l—e™)
Eqgn 4.

Where AVO.M represents the pulmonary oxygen uptake above bascline any time (t)
after the onset of exercise, AVOZ(N is the steady-increment, and & is the rate constant of

the reaction (Whipp, 1971). The slope of the VO, responsc is given by the rate constant

k. The faster the response is, the greater the value of £,

When describing the ¢I1 VO'2 response the rate of increase in VO2 is often used,

Commonly however the parameter referred to is the time constant of the response (7).
The time constant is the reciprocal of the rate constant i.e. I/&. For a first-order system,
one time constant represents the time taken to reach 63% of the steady state response.

A long time constant represents a slow response, a short time constant represents a



faster response. Similarly the half time for the response is often quoted and the three

parameters are related thus (7= 1/k =t1/2 7 0.693).

The exponential nature of the pulmonary VO, response was described in the early work
of Henry (1951) and Henry and D¢ Moor (1950) (fig. 7). Margaria et af {1965) first
described this time course as a monoexponential function with a half time of about 30s,
Their work has subsequently found support for moderate intensity exercise (Cerreteil et
al., 1966; Davics ¢f ul., 1972; Whipp, 1971; Whipp and Wasserman, 1972; Linnarsson,
1974; Hagberg, 1978; Whipp et al., 1982; Ozeyner ef «f,, 2001). The tiine constant for
the VO, response (7V(),) in a young healthy adult is typically approximately 20-40 s
(Whipp, 1971; Whipp and Wasscrinan, 1972; Davies et «l., 1972; Bakker et af., 1980;
Whipp and Ward, [980; Whipp et «l., 1982; Hughson and Morrissey, 1982). Whipp
and Mahler (1980) reported invariance in 7VQ, for different work rate changes in the
moderate domain. However it does tend to be shorter in trained subjects (Hagberg ef
al., 1980), and longer in elderly sendentary subjects (Babcock ef af., 1994) and patients

with cardiorespiratory disease (Puente-Maestu et al., 2001).
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Figure 7 — Early work by Henry, (1950) showing the V02 kinctics For both the vu und aff transient

using 15 s Douglas bag sampling., The mono-exponetial characteristic of the respouses is clearly shown.
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The mono-cxpouentiality of the Qmus()2 response as demonstrated by Mahler, M.
(1985) and Meyer (1988) is similar to, yet not exactly, that that is expressed as VOz
during ‘phase II'. This is due to the value of Cv(, established at the muscle being

associated with a higher blood flow by the time it is expressed at the lung i.e. blood

flow will have increased during the muscle to lung transit time. However, Barstow ef af

(1990) modelled the relationship between an increase in QmusQ, and the subsequent
increase in pulmonary V’OZ, They found that the time constant for muscle oxygen
uptake was likely to be less than 10% different {rom ’IVOZ. Grassi et al (1996), by
taking VO, across the leg as a close approximation to Qmus(, , found the rate of change
for pulmonary VO, and OmusQ, to be similar (Ti 25.5 + 2.6 s and 27.9 + 5.7 s for
alveolar and leg VO, respectively). Therefore, while separated by a necessury phase in
time, the time course and amplitude of the phase II pulmonary VO, response is a close
approximation to Q'musOE. Inferences made on the temporal response of muscie

oxygen consumption from mcasurementis of VO, are therefore not unfounded. To

consider these inferences however a suitable modelling strategy must be adopted and a

number of assumptions made (refer to section 1.7).

1.4.3 ‘Phase III’

After approximalely 3 min, or essentially 4 time constants, VO2 reaches a plateau phase
of the responsc (in a young heaithy adult). There is no turther signiflicant increase or
decrease in the mean VO, and the rcsponsc is said to have reached a ‘steady state’

(Phase 3, (¢3)). In this phase the change in steady state VO, (AVO,,, ) is equal to the
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mean rate of oxygen utilisation at the muscle ( AQimusG,, ) i.c. the energy requirement

of ATP resynthesis in the exercising muscle is being met acrobically (Whipp et ai.,

1982). The AVOQW /AWR , or steady-state gain, for moderate cycle ergometry exercise

is remarkably consistent at approximately 10 - min-W ™" across individuals regardless
of age or training status (Wasscrman and Whipp. [975; Hansen ¢t al, 1984). It only
appears to increase in the obese individual due to the increased work of moving the legs

(Wasserman and Whipp, [975).

1.3 The Oy deficit and O, debt for moderate intensity exercise

During the steady state the transport and utilisation of oxygen meets the metabolic
demands of the muscle. THowever it is clear that a step change in work ratc and

therefore a step change in demand for ATP resynthesis is not met by a step change in
VO,. This ‘short-fall’ or ‘lag’ in thc VO, response is hus been termed the oxygen
deficit (Christensen and Hogberg, 1950). Figurc 8 illustrates this concept. The area
bound by the VO, on-transient response and the solid lines, represents the portion of the

energy requirement not met by O, delivery and utilization.

2‘0 — - .- L .su_q.d' B’w.
0p DEFICIT A 02 DEBT
| * L[ p— i
A .
et Py
REST EXERCISE ' RECOVERY

\?OZ{me)

Figure 8 - Temporal VOZ response for & normal subject during a 125 W squarc wave exercise forcing
{exercise underluken at & work intensity below the lactate threshold). 'Fhe solid line indicates the wark

ratc change. Arcas of Oy deficit and Oy debt are labelled (Whipp and Wasserman, 1972).
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This shortfall in aerobic energy yield is mel or ‘buffered’ by the breakdown of
phosphocreatine (PCr), the utilisation of oxygen stored in the muscle bound to
myoglobin and oxygen contained in the vascular system (Whipp ef «/., 1982; Rossiter ef
al.,1999). The predominant energy buffer is PCr hydrolysis. The temporal response
profile of PCr breakdown is essentiatly dynamically symmetrical to that of VOz and has
led to suggestions for a linked mechanism of control of VO'Z through the PCr ¢ Cr

(creatine) reaction (refer ta section 1.11.7, fig. 17) (Meyer, 1988; Rossiter e al.,1999).

The oxygen deficit is functionatly significant as it represents the systems ability to ‘go
into debt’ (I1ill and Lupton, 1923) in order to undertakc cxercise that even in this
moderate dotain would not be possibie il the lag in VO, was not compensated for. The
size of the oxygen deficit is a product of the effective time constant (z°, the result of a
mean response exponential fit through phase I and II, see section 1.7) and the gain in

steady-state VO, (AVO,,,) (Equation 5. Whipp and Ward, 1993).

Oldef = T’ ! AV()?.(.';;!
Lgn 5.

Therefore circumnstances that lengthen 1, such as chronic heart failure, COPT), inactivity
and old age (Babcock et al, 1994), increase the size of the O3 deficit. Therefore there is
a greater reliance in these patients on finite energy sources. Converscly these energy
stores are {0 an extent spared in the more athletic population where the time constant of
the response has been reported to be reduced (Hagberg et al., 1978, Hagberg et al.,

1980).
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At the cessation of exercise the V{2, above that of the new steady stale requircment has
been termed the ‘oxygen debt’ as it represents the additional oxygen cost of
replenishing the energy ‘borrowed’ during the on-transient of the response. Figure 8
tliustrates this region as the area beneath the off-transicnt responsc. In the moderate
domain where off- and on-transicnt responses are symmeirical (Patterson and Whipp,
1991; Ozyner ¢t af., 2001), the size ol the Oy deficit and O debt are approximately

equal (Whipp ef af., 1970; Whipp and Wasserman, [972).

1.6 System Linearity

It has been proposed that the phase T VO, kinetic response 1o moderate exescise is [irst
order and dynamically lincar (Whipp and Wasserman, 1972). That is, in adjusting to a
change in work rate, the system will follow a predictable and consisient responsc. For
cxample one would expect the time constant response to & step change in exercise to be
invariant over the range of time or work rate i.e. the response to a ‘step-up’ or on-

transient must mirror that aof a *step-down’ or off-transient.

This is described in engineering terms as, the output of the response must be predictahle
when the input into the system and the transfer function arc known (fig. 9). The input in
this case being work rate and the transfer function being the Lime constant of the
response. The transfer function is the mathematical relationship hetween the input and
output of the response (Wigertz, 1971). In the case of the modelled kinetic response,
essentially the only dynamic parameter is the time constant and therefore it can be

considered the transfer function. If the relationship AVOHM AWk in this domain is

tlincar and the time constant invariable then the system can be considered dynamically

lincar (Fujihara et «l., 1973h). The ability to predict the output from an input is the
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Boltzmann’s principle ol superposition (Fujihara et al., 1973a) and the relationship must

hold true over an infinite range of time and amplitude variations.

. ' Physiological
Stimulus =~ Response
Process
- Transfer
Input «  Output
Function
u(t) ——el H(t;0} |—e y(t,u:8)

Figure 9 - Schemaltic system input/outpul relationship. Assuming that muscle oxygen uptake in the

moderate domain is dependent on work rate and time, lhe transfer function is well described by .

Therefore the VOZ response is calculable for any given work rate stimulus (Lamarra, 1990).

There is littic dispute that the stcady-state relationship between workrate and VO, ., is
proportional and therefore lincar below the lactate threshoid. Hill and Lupton (1924)
showed in very early work that at low speeds of walking there was a clear linear
rclationship between walking speed and oxygen uptake (fig. 10). Ienry {(1951) noted
wortk rate increased linearly at low work rates and that physical conditioning had no
effect, a finding confirmed by Whipp and Wasserman (1972). Thesc carly findings
have been substantiated and as previously meuntioned the siope of the

AVOZ{_“_‘_] / AWk relationship has been shown to be approximately 10ml-min-W~' for

cycle ergometry (Wasserman and Whipp, 1975; Hansen et al., 1984).
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Figure {0 - Graph illustrating 1he relationship between oxygen uplake and walking speed for two
subjects from the early work of Hilf and Lupton (1923). Note the linear relationship at lower walking
speeds and the non-linear relationship a1 higher walking speeds. 'This non-linearity is a manifestation of

the ‘excess’ VO2 associated with exercise above the lactate threshold (see text for further details).

The dynamic linearity of 7V, is however disputed. On-off symmoctry of the VO,
response has been demonstrated within the moderate intensity domain (Linnarsson,
1974; Patersen and Whipp, 1991; Ozyner et af., 2001) and is independent of the
duration of exercise (Knuttgen, 1970). This is consistent with a dynamic linear
response. Furthermore, Cerretelli ef «f (1960), Whipp (1971) and Whipp et al (1982)
reported the temporal response to a step change in work to be no different from a
baseline of rest or light pedalling in this domain. In addition, the kinetic responses to
impulse and sinusoidal protocols have reflected dyvamic linearity (Casaburi ef al.,
1977, 1978, Fukuoka and ITkegami, 1990). However these findings are not supported
by the work of Hughson et al (1988) who reporled that temporal VO, responses from
step increases in work failed to predict the time course of the response to an impulse

protocol i.e. the test of superposition failed (refer to page 22; Fujihara ez @f., 1973a).
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Dynamic lineatity has also been questioned with respect to the etfect ol initial baseline
on the subsequent kinetic responsc. Di Prampero ef al (1970) and Davies er af (1972)
reported a laster response when moderate exercise was undertaken from prior exercise
compared (o thal undertaken from rest. In contrast, Diamond ef «f (1977) found no
difference in (he response from a background of unloaded pedalling. Hughson and
Morrisey (1982) and Inman et af (1987) reported a slowing of the response when the
step change in work rate was initiated from moderate exercise as opposed to rest. These

findings were confirmed by Brittain e al (2001) who described a slowing of the VO,

kinetic response for a moderate work-to-work transition.

The attraction of a dynamically lincar first order rcsponse is the suggestion of a
relatively simplistic mechanism of control. That is control by onc fundamental process
that remains invariant to challenges in everything but its rate of adaptation, This
suggestion of dynamic lincarity, while now under challenge, has led many to attempt to

elucidate this primary mechanism of contro! (refer to section 1.11).

1.7 Modelling the VO, response

As described above, the VOZ response to moderate square-wave exercise exhibits a
three phase response, the second being of a mono-exponential form. The strategy [or
modelling the VO, response in these three phases depends on what aspect of the
underlying physiology is of interesl, [or example, is il the fundamental phase 11 kinetics
that are of interest or an estimate of the O,df? There are 3 recognised “models” for
fitting an expenential to the temporal I}Og respense in the moderate domain, figure 11

(Whipp et al., 1982).
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It the fundamental kinetics of VO, is the primary interest then “phase” | is excluded
from the calculation, with the exponential fit starting after a delay of approximately 15-
20 s into exercise. This method of fitting the exponential is termed “model” 3.
Discerning the exact point where “phase” 1 becomes “phase” 2 can be difficult and can
bc a source of potential crror, therefore this should be given careful consideration.
Using breath by breath data, suitably averaged from a number of repeat tests
(Linnagsson, 1974, Lamarra ef al., 1987), the start of “phase™ 2 can be estimated as the
point after which V0, starts to increase mono-exponentially, In addition, at the
“phase”-“phase™?2 transition, the respiratory exchange ratio (RER) begins to decrease
due Lo slower on-transient kinetics of VCO, (T~ 40-50 s, Whipp et al., 1982) compared
to VO, (primarily due to the filling of CO, stores in tissues during the early phases of
exercise). Turthermore, this abrupt decrease in RER is accompanied by a decrease of

PETqo, and increase in PETeq; (Cerretelli ef al., 1966).

The exponential nature of the phase II kinetic response in theory permits the ‘fitting
range’ to begin at any point along the exponential. Therelore allowing a suitable time
delay should prevent any contamination of the phasc Il response by the phase |
response. However in practice it is preferable to use the maximum number of data
points for analysis to optimise the confidence of the fit (Lamarra ef al., 1987). The
distinction between phase I and phase IT will therefore be important in protocols
designed to assess the magnitude and time course of phase I, or optimise the confidence

of u phase Il fitting strategy.
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Figure 11 - Best fits of single-exponential models, | (top). 2 (middle), and 3 (bottom) to averaged
breath-by-breath response of VOz lo 100 W exercise [rom an unioaded baseline {left) and from rest
{right). Note that model 3 clearly vields the best fit of (he phase 2 response (Whipp e uf.. 1982).

For calculation of the oxygen deficit both “phase” 1 and “phase™ 2 should be included
in the exponential [it, as the curve then represents all the non steady-state data. This can
be done by either forcing the exponential to start at time zero (start of exercise, “*model
17, fig. 11}, or by vsing a best fit exponential through the two phases (“model” 2, fig.
[1). “Model” 2 results in a delay period trom the start of exercise to the start of the fit.
Therefore an adjustment must be made to align the start of the fit with the beginning of
the transition. It must be emphasised that (he delay term, and T ohtained from the hest
fit exponential (“model” 2) arc purcly descriptive and hold no physiological

significance. However the same parameters gencraicd from model | do have some
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credence as they represeat a valid index of the total O, actually utilised (Whipp er al.,

19382).

1.8 Supra-threshold VO, kinetics

Consideration of the V0O, response to moderate, square wave eXercise is an appropriate
frame of reference for further consideration of the response to higher intensity exercise.
Al work rales above the lactale threshold the VO, kinetic response becomes more
compticated (Linnarson, 1974; Whipp and Mahler, 1980; Paterson and Whipp, 1991;
Barstow and Mole, 1991; Hughson ¢f «l., 1996; Ozyener et al., 2001). Rather than

being dominated by a single exponential component, a second slower and delayed

component is evident in the response.

1.8.1 ‘Heavy’ exercise

After un initial rapid response (phase 1), similur to that for moderate exercise, the early
kinetics of the response remain exponential and project towards a steady state gain
(AVO,,,.,/ AWR ) that is similar to that expected for sub-threshold work rates (Paterson
and Whipp, 1992; Barstow and Mote, 1991; Ozyener et al., 2001). Turthermore the
time constant for this response is similar to that of sub-threshold exercise (Margaria ef
al., 1965; Paterson and Whipp, 1992; Ozyener et af.. 2001} or slightly slower (Barstow
and Mole, 1991). Some 2-3 minutes into the transient a second, slower compoenent is
evident in the response (Linnarsson, 1974; Whipp and Wasserman, 1972; Paterson and
Whipp, 1992). There are two main consequences of this slow rise in V02 within this
domain 1)a necessary delay in attaining a steady-state due to the slow rise of this second

component (fig. 12), 2) an increase in the steady-state VQ,-WR relationship.
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Figure 12 - Temporal profiles of V(J, and arterial blood lactate in response to six constant load exercise
tests on a cycle ergometer. Test duration was either [Smin or to the limit of tnferance, Note that at work

rates at which blood lactate increascs yet stabilises, steady-siate VO, is delayed. At work rates where

blood lactale continues Lo increases, V), rises to, or toward, 2 maximum value (Whipp, 1994, modified

from Roston ef «f., 1987).

A time to reach stcady-state of 10-15 min is not uncornmon in this domain, considerably
delayed when compared to a Lypicatl time of 3 min for moderate exercise (Wasserman et
al., 1967; Poole et al., 1988; Poole et ai., 1991; Ozyener e al., 2001). This delay is
proportional to work rate within this domain, that is the higher the work rate the longer
the time it takes to reach steady state (Heury and DeMoor, 1956; Wasserman et al.,
1967, Whipp and Wasscrman, 1972; Hagberg, 1978). Roston ef af (1987) and Whipp

(1987} have both reported an increased steady-state gain of ~13 ml-min” "W (for cycle
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ergometry) in this region compared o that of ~ ml-min™-W for moderate cxercise. This
‘excess’ VO, over and above the steady state requirement for Q; projecled from the
sub-threshold VO,-WR relationship has been termed VOZ{ s, (Whipp and Ward, 1993).

Some of the proposed theories behind the origin of this excess oxygen requirement are

reviewed in section 1,12,

1.8.2 ‘Very heavy’ exercisc

As discussed previously (refer to section !.3.) critical power marks the transition from
the heavy domain to the very heavy domain (fig. 3). The early kinetics in this domain

once again remain true to the fundamental respense described for moderate exercise
(Ozyener ¢t al., 2001), with no evidence of the fundamental 7 lengthening. The slow

component in this domain fails to allow a steady-state to develop and drives VO2
rapidly towards attainment of V0O,,, ; upon which fatigue soon follows (Ozyener et al.,
2001). The greater the work rate the more quickly VO,,, . is attained (Margaria et al.,
1965). Thereby maximal VO, is associated with a range of work rales rather than a
unique or ‘maximal’ work rate (Poole et af., 1988). VO, kinelics in this domain are

theretore dominated by the slow component and dictated to in large, by the power time

relationship.

1.8.3 ‘Severe’ exercise

The slow and delayed onsct of the VO, q., response has the consequence of little or

none of its influence being manifest in the *severe’ excrcise domain (fig. 3). The work

rates in this domain are those above that associated with maximum WR determined
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from a standard incremental cycic ergometty protocol. The result is exercise that may
tast less than 2 minutes giving the V()Z(SL.} no time for expression (Hill and Stcvens,
2001). Therefore the temporal VO, kinctic response in this domain remains a first order
mono-exponential rise that, depending on the ‘severity’ of the work rate, may or may
not reach VO, . .

1.9 The O, Deficit in supra-threshold exercise domains

The mono-exponential VO, response observed in the severe domain allows definition of

the O; deficit in a similar fashion to sub-threshold exercise. Assuming that the mono-
exponential time course still represents a fundamental response, the oxygen deficit can

be defined as:

O,df =V0,, Xt Lgn 6.
Where ¢’ is (he mean tirme constant for the response. However the deficit under these
conditions is not dependent on the &VOZL‘,_\.} _as in the moderate domain, but on VO,

43714

(fig. 13, panel D).
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Figure 13 - Schematic representation of the O, uptake {VOE) response to constant-load cxercise at
different work inlensities. {A) Below the luclale threshold; (B) above the lactate threshold, with VOE
reaching a slcady-state but with a delaved time course; (C) above (he lactate threshold, but with a
component of “cxcess” V@, that leads VO, to atain the maximum VO, (VO, .0 and (D) a
supramaximal work raie where tatigue occurs so rapidly that the excess VOZ component has not had
time to develap discernibly. O,D represents the calculable O, deficit. Nole that O,1) is not caleulable for
situations (C) and (R) due 1o the influence of the slow component, see text {or further details (Whipp and
Ward, 1993).

As already discussed (refer to scction 1.8), the functional significance of the slow
component in the ‘heavy’ and ‘very heavy’ domains i$ an incrcasc in steady-state
AVO, / AWk gain or a prevention of a steady-state altogether. Therefore the asymptote
of the VO, response in these domains is not a truc reflection of the fundamental
response and the O deficit cannot be accuratety determined (fig. 13, pancls C and B).
Therefore the conventional strategy for calculation of the oxygen deficit is not
applicable for these work rates. An attempt is often made to estimate the Odf in this
region by extrapolating the sub-threshold VO2 -WR gain, this is often referred to as the

‘accumulated oxygen deficit’ (Medbo et al., 1988). This is inaccurate for the reasons

described above and the method has recently been shown by Ozyner et al (2003) to
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result in a negative accumulated oxygen deficit in heavy and very heavy exercise

domains.

Bearden and Moffatt (2000) have suggested an alternative strategy (or calculation of
the O deficit in these domains. They describe a donhle monoexponential function with
separale time delays that characterises both the early VO, response and the slow

component independentty (fig. [4).
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Figure 14 - Graph showing an averaged VOZ response to ‘heavy’ excreise.  The model indicales a
double exponential function with separate time delays, Lo characterise both the carly VO, response and
the slow component independently ( Bearden and Molfat, 2000).

They found that arcas 1 and 2 (fig. {3) represent a plausible estimation of the O, deficit
in this domain when compared wilth post exercise oxygen consumption. This strategy
assumes that the relationship between O, deficit and O debt above the threshold is the

same as that for below the threshold i.e. that the debt represents the oxygen cost of

replenishing cnergy stores ‘borrowed’ while the system catches up with the demand.
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Figure 15 - A schematic diagram of the VOZ response 10 ‘heavy’ exercise. "the fundamental and slow
component respomses are represented as separate compariments {2-compartment model), Bearden und
Moftat, 2000; suggest that arcas | and 2 represent a plausible estimation of the O, deficit in (his domain
when compared witl post sxercise oxygen consumption. However the assumption is made that the slow
component response is exponential in nature due o it being well fit by an exponential function. This
assumption does not always hold true as the projected steady-state for this exponential term is often
(Adapted from Bearden and Moftat, 2000).

projected above VO,

This same conclusion cannot be made for supra-threshold kinetics until the mechanisms

behind the VOZ(_,_‘_] arc more fully understood. In addition, the asymptotic value for the

sjow component in the ‘very heavy’ domain (fig. 14) will be greater than VO, ie. Ay

does not represent the projected asymptote of T2 (unlike A in panel D fig. 13). A

consideration not accounted for in this model.
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1.10 The VO, response to incremental exercise

Gas exchange responses to ramp exercise protocols are used extensively hecause they
provide values for the parameters of VO, , estimared lactate threshold (Brr) and work
efficiency (Wasserman et af., 1994), During a ramped incremental exercise protocol,
after a slight delay, VO, increases linearly until a maximum VO, is reached. At all
points along this linear increase VO,,, lags behind the VO, steady state response (fig.

16).
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Figure 16 - Schemalic representation ol the V()z response to incremental work rates during the steady-
or quasistcady- state procedure vs (he ramp response. The solid lines reflect the actually determined
whole-body response. The slippled area below the ramp respanse represents a possible relative shortage
of the O, atilisation in the contracting muscles that, when offsel by the increased requirements evident on
the steady-staic Lest, results in a relatively lincar V02 responsc in the supra- ‘anaerabic’ threshold (6,,)
(Whipp, 1987).

region, W represents VO,



This delay is due to the delay in the system response and is equal to the system time
constant (7°) (Whipp ez al., 1981). Thereforc AVO,,,is cqual o AVO,,, at (t-7"). It
is important that this correction is made when calculating steady stalc work rates bascd
on parameters estimated during an incremental test. The VOZ and work rate (WR)
cstablished at the upper limit of performance during an incremental test are termed
VO, max and WRpay respectively. The influence of the slow component of VO, response
is minimal during rapid incremental tests. Only when the increments are of longer

duration i.c. 3-4 minutes is the slow component manifest as an upward curvature of the

VOz -WR relationship (tig. 16, Whipp and Mahler, 1980 and Hansen ef al., 1988).

1.11 Control of sub—threshold VO,

The alforementioned first order response in oxygen uptake kinetics to ‘moderate’
Increases in energy demand suggests a single rate-limiting locus of control governing
Q.;;Oz- This apparcent simplicity in system design has cncouraged many to attempt to
clucidate this mechanism of control. There are two main theorctical approaches to this
subject. The first is that V'O?’ is set by the rate at which oxygen can be transported from
atmospheric air to the mitochondria (Hughson, 1990, Hughson ef al., 1996; Hughson et
al., 1993; MacDonald ef af., 1997), the second is that the locus of control lies within the

metabolic machinery itself (Cerretelli et al., 1990; Whipp and Mahler, 1980).

Mitochondrial  oxidative phosphorylation  generates the ATP necessary for the
maintenance of muscle cell function over a wide range of metabolic demand, 1t is the
focal poiat of a close interaction between several metabolic pathways and has the ability

to rapidly achicve the necessary rates of ATP production solely through the interaction
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of reactants and products (Wilson, 1994). ATP production is so tightly controlled that
even at the most extreme demands for ATP, cellular {[ATP] is maintained relatively

constant (Brown, 1992) and celiular Tunction remains intact (Chance and Williams,

1955).

Mitochondrial respiration utilises the energy from the transter of reducing equivalents
down the electron transport chain to synthesise ATP [rom ADP and inorganic
phosphates (Pi). These reducing equivalents, predominantly NADH but atso FADI{;,
meet oxygen at the terminal electron transport chain complex (cytochrome oxidase)
where they are further reduced generating HO. 'The overall reaction is as follows for

NADH:

NADH + %2 Oy + IT" + 3ADP + 3Pi <> NAD" + H,0 + 3ATP

Fgn 7.

The value of 3 is proposcd by Lc Masters ef af {1984) 10 best represent the ATP/O

stoichiomelries of mitochondrial exidative phosphorylation.

It is probable that conirel of V02 lies somewhere in the delivery or utilisation of these
reactants and products and it seems likely (tom the uniform concentrations of ATP,
during sometimes lurge swings in demand, that the controliing mechanism 1s tightly

linked to ATP breakdown.
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1.11.1 Feedback control through [ADP]

Harly theories on the mechanism of control advocated ADP concentration as the
primary signal affecting the rate of mitochondrial respiration (Lardy and Wellman,
1952; Chance and Williams, {955; Chance and Conelly, 1957). Observations using
isolated itochondria showed that respiratory rate increased markedly when ADP
concentration was increased (Chance and Williams, [935), suggesting a simple
substrate limitation effect may be regulating ATP synthesis.  Furthermore it was
calculated that at rest ADP existed ut a concentration well below that for its Km, a
system requirement for kinetic control (Chance et «!f., 1986). These observations were
consistent with Michaelis-Menton kinetics control of respivation, and the ADP
hypothesis assumes that the rate of oxidative phosphorylation 18 determined by the
degree of saturation with ADP following first order (Lardy and Wellman, 1952, Chance
and Williams, 1955; Chance and Conelly, 1957; Chance ¢t «l., 1985) or second order

(Jeneson ef al., 1996) conlrol characteristics.

1.11.2 The Adenine Translocase Hypothesis

The adenine translocase hypothesis centres around the iransportt of adenine nucleotides
from site of production to site of utifisation. ATP is synthesised in the mitochondrial
matrix, yet is ulilised at active sites in the cytoplasm. The reverse is true for ADP. The
adenine translocase hypothesis suggests the rate limiting factor in cell respiration is this
transport of ADP into the mitochondrial matrix and the transport of ATP into the
cytoplasm. Transport is directed by the adenine nucleotide translocase with ATP and
ADP exchanged in a L:] ratio (Klingenberg, 1980). Pfaff and Klingenberg (1968) first

suggested that the rate of cxtramitochondrial ADP uptake is dependent on
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extramitochondrial [ATP] due to competitive inhibition by ATP on ADP (ransport.
Theretore the rate of nencleotide translocation, and mitochondrial respiration, is thought
to be dependent on the extramitochondrial [ATPY[ADP] ratio rather than [ADP] alone

(Jacobus ef al., 1982).

1.11.3 Feedback conirol through [Pi]

A principal peint of criticism levelled at both the ADP hypothesis and adenine
translocase hypothesis is they both exclude a significanl role for [Pi]. [Pi] in isolation is
thought to be less likely than [ADP] to exert a high degree of control because 31P-NMR
spectroscopy measurements 7 vivo have [Pi] at values greater than 1mM, very close to
the estimated value for the Km of respiratory control in isolated mitochondria (Chance
et al., 1955). It bas been shown however that in preparations where [ADP] and [ATP]
are kepl constant, [Pi] can exert a small but significant effect on respiratory rate in

isolated mitochondria and intact cells (Holian et al., 1977, Erecinska et al., 1977).

1.11.4 The ‘near equilibrium hypothesis’

The early “near equilibrium hypothesis™ advocated a role for [ATP], [ADP] and [Pi] in
the mechanisim for control (Klingenberg, 1961; Owen and Wilson, 1974; Holian ef al.,
1977). The apparent K for ADP has been observed to bc dependent on the
concentrations of both ATP and Pi {Owen and Wilson, 1974; Holian, 1977). The
suggestion is that respiratory rate is more dependent on [ATPJ/[ADP] [Pi] ratio,
therefore any combination of the 3 components can alter the respiratory rate in response

to a change in demand i.e. no single component exerts primary control.
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This theory has subsequently been expanded to include a roic for mitochondrial
reducing power, or the [NADH]/[NAD™] ratio, through cytochrome ¢ oxidase. The

oxygen reduction reaction of cytochrome c oxidasc is irreversible (equation 8).

207 + 15 0y + ADP, + Pi. + 2H = 2¢™ + H,O + ATP,

Lyn &

In the steady state the rate of oxygen reduction by cylochrome oxidase is equal to the
overall respiratory rate. Therefore respiratory rate cannot exceed cytochrome oxidasc
flux, advocating a high probability of cytochrome ¢ oxidase acting as a “rate limiting

step”.  However the supply of the reduced Form ol cylochrome ¢ is determined by:

[c*] / {c™] = ((INADII] / [NAD™D'? * [ADP]. [Pi] / [ATP] * Keq'"?

Egn 9.

Where [¢**] and [¢™*] are the reduced and oxidised form of mitochondrial cytochrome c.
Therefore the rate of the cytochrome oxiduse reaction is linked o the “phosphorylation
potential” and provision of reducing equivalents. The balance of equation 9 is near
equilibrium-hence the name-and a role for (INADH]/[NAD'] in driving this reaction has

found support (Wilson et ¢d., 1979).

Therefore there are two aspects to control through these interlinked moietics. A demand
based hypothesis through [ADP].[Pi)/[ATP] and a supply based hypothesis with the
intramitochondrial reducing power as the functioning variabie ((NADII] / [NAD]). It

tollows that modulation of either of these (actors may influence the rate of respiration.
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1.1L.5 Gibbs Free Energy

In contrast to, yet also somewhat similar to, the “near equilibrium hypothesis” is the
non-equilibrium models based on changes in Gibbs free encrgy of cytosolic ATP
hydrolysis (AGarp) (Kushmerick, 1983; Meyer, 1989; Mcyer and Foley, 1994). The
two theories are similar in that they are dependeot on [ATP], [ADP], [Pi] and
[NADH/NAD"]. Where the non-equilibrium hypothesis differs is that it is independent
of kinetic properties of mitochondrial enzymes i.e. it is dependent on the cytoplasmic
free energy of ATP hydrolysis or phosphorylation putential (InfATP]/[ADP] [Pi]) which
is ultimately dependent on the intra mitochondrial INADH]/[NAD™} ratio (as described
above). Meyer (1988) has advocated a linear model of respiration that describes well
thermodynamic control of respiration based on phosphocreatine utilisation. Barstow et
af (1994u&b) Tound the non-equilibrium hypothesis to hold during incremental call
exercise (Burstow et al., 1994a), and moderate exercise transitions (Barstow ef al.,

1994b).

1.11.7 Phosphocreatine breakdown

In response to an increasc in work rate there is a mono-cxponential decrcase in
phosphocreatine that has time and amplitude similarities to the oxygen uptake response
(Meyer, 1988; Barstow er al., 1994a&b: Rossiter et al., 1999), This has been well
described in humans by Rossiter ¢f of (1999) who used 31P-NMR spectroscopy and
breath-by-breath gas exchange simuitaneously to make inferences on intramuscular and

oxygen uptake parameters respectively (fig. 16).

40




103
100 o'-"'.'at.:‘.; e ¢

9s . P 1 s

PCr
{percentage of baseline)
2

75 v or%s

1.25 -
luo_ o o ®

0.75 . a e

V(."2 {l.mimr!)
&

0.50 'E hd 0o ‘\,ﬂ.ﬁ ° o

0254,

0.00 4 REST [ EXERCISE ! REST ]
X Yo ey A Bay Lo R A |
¢ 2 4 6 1 {1 12 i+ 6
Time {minutes)

Figure 17 - Simultaneously determinad measures of pulmonary O, uptake and intramuscular
phosphocreatine concentration in response 1o, and during recovery fram, 6 minuies of constant load

exercise in a single representative subject (Rossiter et af., 1999),

This apparent co-relationship between [PCr| and VO, has led to speculation that some
aspect of PCr degradation exerts a controlling influence on mitochondrial respiration
(Mahler, 1985). The basis of this is that the principal controller of the VO, response
should exhibit the same time course and magnitude of change as VO, if first order
control is to hold (Lamatra, 1990). The “creatine shuttle” hypothesis (Bessman, [985)
suggests that creatine kinase plays a pivotal role in delivering ADP io the ATPases in
the mitochondrion. In many ways this is synonymous to the much eatlier theories of
[ADP] as the rate limiting function. Experimental data (Chance and Witliams, 19355)
has suggested that, in isolated preparations, the amount of ADP formed is only a few
percent of the amount expected. This suggested that the [ADP] arriving at the

mitochondria during a twitch may not be sufficient enough for direct control by this
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mechanism alone. The proposal from those advocating the “creatine shuttle” theory
{Bessman and Fonyo, 1966; Bessman and Geiger, 1981; Mahler, 1985) is that creatine
acts as an energy buffer between the sites of ATP synthesis and utilisation dampening
the changes in ADP and ATP (fig. 17. Matisonc ef a/.. 1996; Kushmerick, 1998). With

degradation of PCr into ADP and Cr supplying the required substrate, and subsequent

metabolic stimulus to the mitochondria (Jacobus, [985).
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Figure 18 ~ Simplified schematic diagram of the reactions by which oxygen consumption is coupled to

extramitochondrial ATP hydrolysis in muscle. Dashed lines indicate diffusion (Mahler, 1983).
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The close proximity of creatine kinase to both the ATP/ADP translocase and
crossbridge binding site, lends support to this hypothesis (Bessman and Geiger, 1981);
as does the increase in respiratory rale that occurs after ingestion of exogenous creatine
{Katz, 1934, Belitzer and Tsybakara, 1939), albeit not proven in intact human muscle
(Stroud et al., 1994; Sanz and Marco, 2000; Jones ef al., 2002). The results (romn
Rossiter et af (1999, 2001, 2002} showing time and amplitude simtlarities between PCr
breakdown and V(), increases below and above the lactate (hreshold clearly
demonstrate a functional link between the two processes. Kushmerick (1998) suggests
that locus of control between Lhese (wo processes (s creatine kinase, with feed forward
and feedback control not refutable. However feedback cantrol is described better by the

models employed and therelore suggested as the more likely.

1.11.8 Oxygen delivery

The role of oxygen as the terminal eleciron iransport chain oxidant puts it in a position
as a strong candidate for primary control. The electron generating reactions can only
proceed if oxygen is available at the end of the chain to accept protons in the form of
hydrogen. It is a requirement then that, to facilitate acrobic resynthesis of ATP, oxygen
must be delivered in adequate quantities from atmosphere to mitochondrion.  This
delivery and utilisation of oxygen has found favour in some quarters as the principal
mechanism of respiratory control (Hughson, 1990; Tschakovsky and Hughson, 1999).

This thinking has developed largely from observed changes in the time constant for

VO2 kinetics with increasing or decreuasing delivery of oxygen.

Linnarsson (1974) has shown slowing of VO, kinetics with a reduction in the inspired

fraction of oxygen, as have Hughson and Kowalchuck (1995). Hughson ¢f ¢ (1993) and
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MacDonald et el (1998) have shown a slowing of V), kinetics in the supine position
compared to upright cyeling, findings confirming those by previous authors (Cerretelli
et al., 1977, Convertino et al., 1984). This slowing was speeded by the addition of a
lower body negative pressure (Hughson ef af,, 1993) and has been directly related to

femoral artery blood flow (MacDonald et al., 1998). Koike et af (1990} showed a
slowing of the VO2 response during moderale exercise when artertal oxygen content
was reduced using carboxyhuaemogiobin. Similarly Hayashi ef af (1999) showed that
impeding O, unloading, through a leftward shift of the O, dissociation curve, also
caused a slowing of the V(», response. The implication from these studies is that
convective or diffusive O, delivery affects muscle VO, on-kinetics. However results

from MacDonald et af {1997), Gerbino ef ¢f (1996) and the work by Grassi er al (1996)

suggest this is not the case when ‘normal’ conditions for O delivery reside.

MacDonald et af (1997) demonstrated no change in the time constant for VO,, in
response to a wotk load above but not below the lactate thresheld while inspiring a
hyperoxic gas mixture. This finding was supported by Hughson and Kowalchuck
(1995). Gerbino ¢t al (1996) demonstrated an apparent speeding of the VO, kinetics
above but not below the lactate threshold when exercise was preceded by a ‘priming’
bout of heavy intensity exercise. The reactive hyperaemia associated with the priming
bout did not therefore influence the first order mono-exponential response in the
moderate domain. Grassi ef af (1996) showed, by simultansous measurernent of leg
VO,, blood flow and arterial-venous oxygen difference (C(a —7)Oy,,) during sub-
threshold cycic crgometery, that blood flow rosc immediately on exercise while there

was a 10-15 s delay before a vise in C(a~V)O,,,,,. This provides evidence that at the

44




start of exercise the supply of O, was in excess of the demand i.e. muscle oxygen

Kinetics lag behind the kinctics of bulk O, delivery to the muscle.

1.11.9 Mitochondrial Inertia

The lag in muscle oxygen kinetics described by Grassi ef al (1996) has been proposed to
be due to an inherent inertia in the mitochondrial response to an increase in ATP
demand. ‘Teed forward’ control of VO, through ‘stock piling’ of respiratory substrate

has been proposed as the primary mechanism of control (Timmons ef al., 1998).

Using the extent of PCr degradation as a direct marker of the oxygen deficit, Timmons
et al (1998} found it to be reduced by ingestion of dichloroacetate (DCA, a potent
stimulator of pyruvate dehydrogenase, PDH). During submaximal (~ 45 % WRmax)
single leg extension they found that PCr breakdown and by inference O,df. was reduced
by 50%. DCA increased resting PIIT activity threefold, and elevated acetylcarnitine
fivefold at rest. The increase in the tricarhboxylic acid (TCA) cycle pool size, due to the
increased pyruvate flux into the mitochondria, was proposed as rate limiting to TCA

flux and to the rate of oxidative phosphorylation (Sahlin ¢f al., 1990).

Howlett ¢f al (1999) reported similar resuits to that of Timmons ef «f (1998). They
found that during constant work cxercise (~65% VO, ), DCA resulted in reduced
phosphocreatine utilization during the first two minutes of exercise. This was
accompanied by lower levels of muscle lactate accumulation. Like Timmons ¢f al
(1998), they found DCA increased both acctyl-CoA and acetylcarnitine at rest; these
increased levels were maintained during the first 2 minntes of cxcreisc.

45




The results from these studies suggested that the provision of substrate is limiting the
increase in oxidative phosphorylation at the onset of exetcise. Timmons et al (1996)
termed this the ‘acetyl group deficit’ and have demonstrated this inherent lag in VO, (o
be insensitive (o oxygen delivery in canine muscle (Timmeouns ef af., 1997). Therefore
acctyl-CoA and acetylcarnitine are proposed by Timmons et al as the “major
determinants” of the oxygen deficit. They hypothesized that on the commencement of
exercise, any iag in substrate supply was overcome by the increased acetyl group
“store” in the mitochondria. More recently the same group (Roberts et af., 2002)
demonstrated this lag in acetyl group provision and PDH activation in the same isolated

muscle preparation used by Timmons ez al (1996).

The results of Parolin et af (2000) lend support to this hypothesis. During 15 min of
constant load cycle ergometry (35% WR) in hypoxic conditions, they found that
DCA increased PDIT activity, acetyl-CoA concentration and acetylcarnitine at rest and
at 1 min of exercise. This wus accompanied by a reduction in PCr breakdown and

blood lactatc ¢congentration throughout excreise.

Therefore, for moderate intensity exercise, the data support the notion of an ‘acetyl
group deficit’ with pyruvate dehydrogenase acting as a ‘“functional stenosis’ for
oxidative phosphorylation. This is likely to be responsible, at least in part, for the

observed lag in VO, at the onsct of cxcreise.

46




Similarty, Cytochrome oxidase has also been suggested as a site for regulation of
mitochondrial inertia at the onset of exercise. Jones er af (2003) demonstrated a 19%
speeding of the phuse II VO, response 1o moderate exercise when nitric oxide synthase
was inhibited. Nitric oxide has been shown to reversibiy inhihit mitochondrial
respiration, by binding to the O: binding site at cytocrome ¢ oxidase in the electron
transport chain (Brown, 2000). Using nitro-L-arginine methyl ester (L-NAML), an

inhibitor of nitric oxide synthase, Jones ¢f al (2003) may have reversed this inhibition
and augmented the VO, response. The speeding of the phasc II response was
accompanied by no change in the steady-state gain of the response, a finding supported
by the results of Frandsen ef al (200%1) and Radegran and  Saltin (1999) who
demonstrated no effect of L-NAME on steady-state VO,. Kindig er a/ (2002) found the
same result in horses during moderate domain running. L-NAME caused a 32%
veduction in the time constant of the fundamental V@, response with no change in
baseline or steady-state VO,. Interestingly this apparent speeding of the VO2 kinetics
with nitric oxide synthase inhibition occurs rom a background of reduced O, delivery.
Nitric oxide is a potent vasodilator and its inhibition has been shown to reduce cardiac
output in the bhorse (Kindig ef al., 2000) and reduce muscle blood flow in rats (Hirai e/
al., 1994). The results of Jones et al (2003) and Kindig ef af (2002) add evidence to
argument against control of VO,_ kinetics - in the moderate domain - through a
limitation in O, delivery. ‘The evidence suggests nitiric oxide is an important
componeit in the partial regulation of the temporal VO,_ response fo moderate exercise.
Certainly the results of Kindig er af (2002) and Jones et af (2003) are the first 1o show a
reproducible altcration of the VO, kinctics during whole bady dynamic exercise within
‘normal’ exercising conditions. However, from a lunctional viewpoint, the eflicacy of

whole body vasodilator inhibition during exercise remains to be seen.
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1.11.10 Sumumary of putative controllers of VO2 in moderate exercise

Fuctors regulating the control of VO, is a complex conundrum particularly when
considering control at the level of the mitochondria. Many factors have been identified
that can play a role in the overall V@, response yet their influence and intcraction is yet
to be fully understood. Brown (1992} has offered an in depth review of the subject from
a mitochondria and cell perspective. He suggests the concept is best viewed as a chain
of inter linked moieties (fig. 19), that is, the rate of energy metabolism can be controlied
at either end of the pathway (or in the middle). Many of the links in the chain illustrated

N e . . . . 2
in figure 19 have been summarized here. Also included is the regulation by Ca™
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Figure 19 - Schematic diagram illustrating a series of moiety conserved cycles associated with energy

concentration proposed by Hansford (1994).
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metabolism. Brown (1992) suggests that the rate of energy metabolisn can be controlied at either end of
the pathway or in the middle. The role of calcium in slimulating muscle contraction, matrix
dehydrogenases and possible indirectly the synthase and respiratory ¢hains is also showan {from Brown,

1992).

While the studies of isolated mitochondtia have given us insight into putative
mechanisms of control, they provide limited informaticn as to what governs oxygen
uptake in intact human muscle. Many have looked at preparations in a steady-state
and/or under conirolled conditions that precluded one or more possible co-controliers,

‘I'he result is often plausible theories that often complement or contradict (Funk, 1990),
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Indeed it has been commented (Whipp and Mahler, [980) that many of the studies
advocaling ADP availability as the principal ‘controller’, made no attempl Lo
substantiate their modeis of control by comparing their predicted responses with that
observed for intact muscie. Therefore, the ‘acetyl group deficit’ propousals of Timmons
et ¢l (1996), the L-NAME work by Jones ¢t al (2003) and the in vive V()2 !/ PCr work
of Russiter ef af (1999, 2001,2002), present the clearest picture of putative controllers of
VO, kinetics during whole muscle dynamic exercise. However Brown’s concept

illustrated in Figure 19 is an important frame of reference when considering this subject.

1.12 Control of Supra-threshold VO, : Origin of the VO, slow component.

The principal question surrounding the slow component of the supra-threshold VO,
response is whether the ‘excess” V@, is representative of an additional oxygen cost of

ATP resyuthesis in the exereising muscle or an additional oxygen cost of the system

response to exercise?

Poole ef af (1991) revealed (through simultaneous measurement of pulmonary VOz and
leg VO,), that leg VO, could account for 86% of the rise in pulmonary V@, during
cycle ergometry. Rossiter ez «f (2002) confirmed that the exercising muscle (s the
primary source of the slow component by demonstrating that ~90% of the magnitude of
the VOE(_‘__‘}is reflected within the muscle by its [PCr] response. Both studies suggoest

there is a link between this ‘excess’ oxygen cosk of exercise and the ATP generating

processes in the muscle.
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The arterial blood lactate profiles in the supra-lthreshold exercise domains follow a
similar profiic to the VO2 response. That is; in the heavy domain blood lactate stabitises,
in the very heavy domain it continues to rise and in the severe domain it rapidly reaches
a maximom (fig. 12). Furthermore the work rate corresponding to critical power aiso
appears Lo correspond to maximum work rate for blood lactate stabilisation (Poole et al.,
1988). Moreover the magnitude of the slow component has been shown to be highly
cotrelated with (he rise in blood lactate during execcise {Roston et af., 1987, Poole et
al., 1988., Whipp and Wasscrman, 1986). Correspondingly, Casaburi et af (1987)
reported that a reduction tn the blood lactate response to exercise, after a period of

endurance training, coincided with a reduction in the slow component.

Although this close correlation between lactate and 'l;’().3 suggests a cause and effect

mechanism, this relationship can be dissociated. Roth ef ¢ (1988) have also shown that
circulatory occlusion during exercise, elevating blood [lactate] to a peak of
approximately 5 mmol/l has no effect on the post-exercise VO, responsc. Accordingly
Paterson and Whipp (1991) and Ozyener er al (2001) demonstrated the on- off-
syminetry of the V(')2 response at work rates where a high post exercise blood lactate
concentration would be expected. Additionally, Poole et al (1994) elicited lactate
concentrations of muscle lactate greater than 9 mmol/l by infusion into dog
gastrocnemius muscle without any appreciable effect on \/"()3. Accordingly, the oxygen
cost of lactate catabolism during exercise has been shown, in absolute terms, to be small
{Bertram et al., 1967; Ryan et «l., 1979). Therefore although there is a high correlation

between blood [lactate] and VOZ[_M, in absolute terms the contribution is likely to be

small (Whipp, 1987).




One of the Tavoured proposals regarding the origin of the slow component surrounds the
recruitment of Type II muscle fibres. Studies using isolated muscle preparations have
shown that Type II fibres require a larger energy cost of force production than type I
fibres (Crow and Kushmerick, {982; Kushmerick et a/., 1992). The same [indings have
been demonstrated with humans (Coyle et «f., 1991, 1992; Horowtiz et al., 1994,
Barstow et al., 1996, 2000). Therefore recruitment of additional type IT fibres during
heavy exercise would be manifest by an increase in the oxygen cost of the exercise.
Support for this theory comes from Barstow et af (1996) who reported that the

percentage of type II fibres was positively correlated with the magnitude of VO,,_,, and

Shinohara and Moritani (1992) who demonstrated that the integrated clectromyogram
(IEMG) of the muscle was positively correlaled with the rise in pulmonary VOZ.
Schevermann et af (2001) on critiquing Shinohara and Moritani (1992) suggested that
the positive correlation found in their study, which came between the 4" and 7" min of
cxereise, was after the cxpected onsct of the slow component of 2-3 min (Linnarsson,
1974; Paterson and Whipp, 1992). Furthermore the IEMG did not allow for distinction
between which muscle fibre type was being recruited. Scheuermann er af (2001, 2002),
using an MG strategy that allowed an estimate of proportional fibre type recruitment,
found no evidence of significant recruitment of additional motor units. Therefore they
concluded that there is no association beiween fbre type recruitment and the

VO, . response during ‘heavy’ constant ioad and ramp incremental exercise.

Gerbino et af (1996), MacDonald ¢t af (1997) and Bohnert e af (1998) have shown an
apparent speeding of the V02 response for supra-threshold exercise when preceded by a
prior “heavy” cxercise bout. It was suggested that a reactive hyperacmia from the prior

cxcrcise baut may augment the delivery of oxygen to the active muscle fibres increasing




the rate of VOZ. This provides support for the notion of an oxygen availabilily
limitation {0 oxidative phosphorylation at these work intensities (Gerbino er al., 1990).
These studies cmployed a mean response analysis for supra-threshold kinetics. Burnley
et al (2000) using a more descriptive multi-component model to describe the
fundamental and slow component responses separately, found that the fundamental
response remained unchanged in response to a prior hout of heavy exercise. This
suggests that it was the significant reduction in the slow component that better described
the results of Gerbino et af (1996), MacDonald ef af (1997) and Bonhert ¢f al (1998).
Studies by Barstow ef af (Abstract %), Koppo and Bouckacrt (2000) and Scheuermann
et al (2001) have confirmed the findings of Burnley er al (2000). All studics
demonstrated a reduction in the slow component with a prior bout of heavy exercise.
The vriginal suggestion of a reactive hyperaemia speeding V@, kinetics does not appear
therefore 1o hold (rue for the fundamental VO, responsc. This non rcliance on O,
delivery during supra-threshold exercise is supported by the data of Grassi ez al., (1998},
Using an isolated in situ dog gastrocnemius preparation they demonstrated no speeding

of VO, kinetics when blood flow was artificially increased, prior to and during an
isometric tetanic conlraction at 70% VOZmux . Burthermore, Engelen ef ol (1996) showed
a slowing of the fundamental response while breathing a hypoxic inspirate but no effect
on the slow component response. Bangsbo ef af (2000) on measuring limb blood (low
and oxygen uptake responses during intense knee-cxtensor exercise, suggested that

insufficient oxygen availability is not a limiting factor at the onset of exercise.

Campbell O’Sullivan ef «f {2002} suggest that the lag in the oxidative ATP delivery at
the onsel of exercise can be over come by a prior bout of exercise. They showed a

speeding of the mean VO, response and a decrease in blood tactate and phosphocreatine
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utilisation during exercise when exercise was preceded by a prior warm up bout. They
suggested that this is evidence of an acetyl group delicit at the onset of exercise, and
confirmation of previous work by the same group who reported similar results using
dichloroacetate (Timmons ef al., 1996, 1998, refer 1o section [.11.9). However Savasi
et al (2002) found no difference in PCr degradation and muscle lactate concentration
during 90 s of cycle ergometry at 90% VO, upon DCA administration. Grassi ef al
(2002) measured the oxygen uptake response to DCA infusion in isolated canine
gastrocnemius muscles to 4 min bouts of electrical stimulation at ~60-70 % VO, . .

They also found acctylcarnitine to be increased after DCA infusion, however they found

no differences in PCr degradation, muscle lactate accumulation or VOZ on-transient
kinetics. Furthermore Bangsbo et al (2002) directly measured leg V), during high

intensity (~110% thigh V@, ) one legged knee-extensor exercise after DCA infusion.

Zwmax

No differences in thigh VO, muscle PCr and muscle lactate production were found

(however arterial [lactate] was reduced),

More recenlly Rossiter ¢f af (2003) found DCA. had no effect on the time constant of the
fundamenta! VO, and PCr responses during 8 min of high-intensity constant-load
quadriceps exercise. However a reduction in the amplitude of the fundamental, and
slow component responscs was obscrved.  "This was accompanied by a reduction in
end-cxcrcise lactate, intramuscular acidification and Pi.  Therefore neither O,
availability or mitochondrial inertia at the level of PDH appear to be primaty

components in the control of the fundamental component or slow component of the

supra-threshold VO, response.
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Further proposed mechanisms behind the slow component include an increase in
circulatory levels of epinephrine (Gaesser et al., [994), a reduction in unloading of O,
via the Bohr effect (Wasserman ¢f al., 1991), the O, cost of ventilation (Aaron et al.,
1992; Carra et al., 2003), the O, cost of cxtrancous muscular work, an increase in
temperature (Q10 effect), and a decreased cfficiency of P-O coupling subsequent to a
tecmperature rise (Wiilis and Jackman, 1994). While these mechanisms are plausible

their influence on V0, is likely to be limited. Their role in the VO, ., is likely to be

only minor as demonstrated by the on-off-asymmetry in the VO, kinetic response for

work rates above the lactate threshold (Patterson and Whipp 1991, Ozyner et af 2001).
Increases in muscle temperature and the Q10 effect would be expected to be exhibited

in the off transient as well as the on transient response.

While the mechanism/s controlling VO, in these exercise domains are unknown it is
apparent that the slow component of the response is only evident at work rates which
coincide with a sustained increase in blood [lactate] (Roston et al., 1987; Poole et al.,
1988; Whipp and Wasserman, 1986), and it is dependent on a relative work rate rather
than an absolute work rate (Casaburi er af., 1987)., While blood lactale is unlikely to be
a primary cause of the VO, cxcess, these two components of the exercise response
appear linked. Studies that have shown a reduction of the slow component with a prior
exercise bout have often shown a concomitant decrease in blood lactate (Bonhert, 1998;
Gerbino ef al., 1996; Barstow er al.,, 2000). A similar effect has been demonstrated in
response to endurance training (Poole et al., 1990; Casaburi er al., 1987, Carter et al.,
2000). Therefore some aspect of muscular adaptation (o endurance training is an
important factor in determining the VO, response to supra threshold exercise. While

Sheuerman et af (2001, 2002) have suggested that muscle fibre type recruitment during
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exercise 18 not a principal component in the development of the slow component, the
predominance ol a particular fibre type does appear to have a role. Barstow ef af (1996,
2000) suggesied that the V()2 gain (AVO2 { AWk ) during ramp and incremental exercise
is greater for a high proportion of type I fibres and that the relative contribution of the
VO2 slow component to the total VOZ responsc to heavy exercise is negatively related
to aerobic fitness {as V0, ) and/or the proportion of type [ fibres in the working
muscles.  Furthermore Pringle et af (2003) suggest that the time constant for heavy
exercise, the slow component of the response, and the fundamental gain are all
correlated with Type I muscle fibres. Therefore high aerobic development appears to
have an attenuating effect on the slow component but a surprising increase in the
AVO, I AWk gain and a possible influence on the speed of the kinetic response. The
suggested increase AVO, /AWk is surprising because fast twitch (type IT) muscle fibres
have been shown to be less efficient than slow-twitch (type I) fibres (Crow and
Kushmerick, 1982; Kushmerick et al., 1992). The findings of Barstow et al (1996,
2000) and Pringle et al (2003) are similar in some ways to the findings of Koga et a/
(1999) who demonstrated a reduction in the fundamental gain with no change in the
V()E time constant and an increase in the VO2 slow component when heavy exercise
was performed in the supine position. ‘Yhe resulis of Koga er af (1999) are thought to be
as a result of a reduced perfusion pressure due to attenuated O, delivery, however the
similarity of the resulls may suggest that the fundumental gain in type I muscle {ibres is

somehow related.

Whipp et al {2002) suggest that slow componcnt should not be viewed as a single
metabolic compartment with a single T and a single gain. As described in section 1.9,

this does not hold true for models like that of Bearden and Moffat (2000) because of the
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inappropriate steady-state value projected from the time course of the response ie. a
steady-stule is projected beyond VO, . Whipp et al (2002) suggest that the slow
component is unlikely to represent a single additional metabolic compartment reeruited
as a square wave at its onset. They proposc that it is more likely the VO, response is

projecting towards a continually moving asymptote that reflects an additional energy

cost of force production within the muscle. This model fits with the on-off-symmetry of
the VO, response ubove threshold and lends itself more to progressive fibre type
recruitment throughout exercise rather than fibre type per se as the likely ‘primary’

factor controlling the time course and extent of VO, expression.

The factors influencing the lundumental VO, response lo supra-threshold exercise
appear to bc associated to those governing the sub-threshold VO?_ response. However

the origin of the ‘[f"O2 slow component remains a mystery. What is clear is that its
expression is slow and of delayed onset, and that it is only apparent above the lactale

threshold when given time to develap.

1.13 Bichloroacetate

The potential metabolic and clinical properties of Dichloroacetate (DCA) have been a
subject of keen interest since the 1960s (Stacpoole et al., 1998); yet due largely to early
fears over its toxicity, the vast majority of studies have been confined to the animal

world and only a little is known about the extent of its application in health and disease,

DCA is a generic compound formed from, amongst others, the chloridation of drinking

water. Previous incarnations include D-gluconodimethylamino acetate or Pangamic
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acid (vitamin Bys, its earliest form); and di-isopropyl ammonium Dichloroacetate the
subsequently discovered, active component, of the early Pangamic acid preparations
(Stacpoote, 1989). Stacpoole and Feltz (1970) first discerned the active moiety in the
complex was Dichloroacetate itself, It is now more commonly used in a simpler form:

Sodium Dichloroacetate.

DCA acts on g nurmber of enzyme processes throughout the body, impacting on the
heart, skeletal musculature, liver, kidneys, nerve and brain function. Its main metabolic
action is to activate the pyruvate dehydregenase compicx (PDH), lowering levels of
blood lactate and increasing pH (Stacpoole, 1989). It is also known fo stimulate

glycogenesis, inhibit fatty acid oxidation and suppress gluconeogenesis.

The therapeutic value of these metabolic actions has been tested in conditions such as
lactic acidosis, diabetes and heart failure, often with positive results (Stacpoole, 1989),
Lactatc lowering propertics have carmarked it as a possible ergogenic aid and its role in

activating PDH make it a viable tool for studying metabolic control and response.

1.14 Metabolic actions of DCA.

1.14.1 Activation of Pyruvate Dehydrogenase,

Pyruvate dehydrogenase is a multienzyme compiex situated on the inner mitochondrial
membrane. Its principal function is to catulyze the irreversible oxidation of pyruvate to
acetyl CoA (fig. 20). PDH exists in two forms one inactive, and one active. Regulation
ol its activity is determined by reversible phosphorolation, with the phosphorylated

complex being the inactive form.
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Figure 20 - Site of action of DCA. The PDH component of the pyruvate dehydrogenase complex is
reversibly phosphorylated, and inactivated, by PDH kinase. DCA inhibits the kinase, thereby maintaining

PDH in its unphosphorylated, active form (from Stacpoole, 1989).

PDI kinase and PDII phosphatase mediate the phosphorylation and dephosphorylation
respectively of the PDH complex, Fig. 20 (Stacpoole ef af., 1998). DCA inhibits the
kinase, preventing rephosphorolation of PDII by ATP und therefore maintains the
‘complex’ in its active form.  Dichloroacetate acts directly on the kinase combining
competilive and non-competitive inhibition with ATP. Prait and Roche (1979) showed
thut in the presence of ADP the inhibition was competitive, and in the absence of ADP
the inhibition was non-competitive, Furthermore, in the absence of ATP and/or
calcium, dichloroacctate has no cffcct (Crabb er af., 1981), and in the presence of

acetate the effects can be partially reversed (Putman et af., 1995).
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The result of PDH activation is an acceleration of pyruvate flux into the mitochondria,
accumulation of available acetyl groups for the tri-carboxylic acid (TCA) cycle, and a
decrease in circulating levels of lactate and alanine. As lactate is associated with a
hydrogen ion, its reduction resulls in a rise in pH and production of HCO3™ (Crabb er al.,

1981).

This activation of PDH by DCA is rapid and marked in nearly all mammalian Gssues,
except the testes and the gut (Stacpoole, 1989). The speed with which DCA cxerts its
effects (hypolactatemic effects can be detected within 15 min of a single oral dose
(Curry et wl, 1985; Curry et al., 1991)) is due largely to its rapid uptake by the
mitochondria., DCA has been shown to be an excellent substrate for the
monocarboxylate transporter of plasma membranes (Stacpoole, 1989). This is the same
transporter used by pyruvate, and the two directly compete. In high doses it is therefore

possible that DCA may inhibit pyruvate uptake and oxidation by the cell.

Oral doses of DCA (50 mg/kg), lead to plasma concentrations of approximately 1
mmol/l. This is the concentration required [or maximal stimulation of enzyme activity
in intact celis or tissues (Stacpoole, 1989). The extent (o which DCA uactivates PDH in
intact human muscle appears to be approximately 2-4 fold at rest (Timmons et al., 1998;

Flowlett ez af., 1999a&Db; Gibala and Saltin, 1999; Parolin et «!., 2000).

As already mentioned, hypolactatacmic cffeets can be detected within 15 min of a single
oral dose. This effect reaches a maximum after approximately 60 min, and is sustained
for a maximum of 2 h (Curry et al., 1991; Wells ¢t al., 1980). The half-life of DCA in
plasma is 30 min- 2 h (Henderson ¢f al., 1997). DCA has an unusual and thought to be

unique ability to inhibit its own metabolism (Stacpoole., 1989). An initial dose will
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increase the haif-life of any subsequent dose. Chu (1987} has found that individuals
required from | to 8 wceks between identical doses, before the original plasma

clearance rate was restored.

The notion of responders and non-responders to dichloroacetaie is not one that has been
discussed significantly in the literature. 1l is however an important consideration when
interpreting findings. Stacpoole ef af (1983) noted that when administering DCA to (3
patients with lactic acidosis that only 7 ol the patients responded (o treatment with
DCA. A response was classed as a 20% decrease in arterial lactatc concentration.
Carraro e «f (1989) also noted that out of six healthy subjects, PDH activity was not
effectively increased in one individual. It is difficult to draw conclusions from the
results from Stacpoole ef gl (1983), because the aetiology of the lactic acidaemia in the
subject group was diverse, however the results of Carraro er af (1989) suggesl this is a

consideration.

1.14.2 The effect of BCA on lactate metabolism.

DCA has been shown (o be elfective in significantly reducing lactic acidacmia resulting
from genetic predisposition (Stacpoolc et «l., 1983), acquired clinical conditions
(Stacpoole et al., 1983), cxcrcise (Merrill ef al., 1980) and hypoxia (Parolin et al.,

2000).

Lactic acidosis is a clinical condition caused by the hydrogen ions associated with lactic
acid. The actiology of this disease is diverse. Commion causes are diabetes and a
genetic deficiency in one or more of the enzymes involved in oxidative metabolism.

Typically, blood lactate levels are >5 mmol/l, bicarbonate levels <15 mmol/l, and
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arterial pH <7.25 (Park and Arieff, 1982). The mortalily in patients with lactic acidosis
cail be greater than 85% (Park and Arie(( 1982). Purk and ArielT (1982) have shown
in dogs, and Stacpoole et af (1983) in humans, that the actions of DCA are cnough to

significantly reduce lactic acidosis and increase pI.

The successful reduction of blood lactate levels in lactic acidosis has led to the
investigation of the elfects of DCA in reducing the levels of lactate during exercise,
During exercise where there is high anaerobic energy vield, there is a signilicant
production of lactate, and an associated decrease in pH. The production of H' ions
conftributes significantly to the mechanisins ol muscle fatigue and muscie soreness
during exercise. Therefore reducing lactate concentrations during exercise would be
beneficial, especiaily when couasidering populations where everyday activity can place

significant demands on anacrobic metabolism i.e. heart faiture and COPD.

Merril!l et af (1980) used exercising dogs to study the cffect of DCA on circulating
lactate in vivo. At three workloads of light, moderate and strenuous intensity the rise in
lactate was significantly attenuated. A reduction in lactate levels of 60% was reported.
Durkot et al (1995) using an exercising rat model found laclate levels o be lower after a
treadmill run at approximately 60% VO

until exhaustion.  Schneider et af (1981)

2max
again using a rat population, found lactate levels to be reduced during exercise until
exhaustion where peak blood lactate was the same in both the DCA and placebo group.
A similar finding by Carraro et @l (1989) in humans, showed that during an incremental
increase in work rate DCA decreased lactate concentrations up to approximatly 80%

VO, .. - However there was no reduction in the peak lactate concentration wut

exhaustion. Hatta er al (1991) demonstrated a reduction in blood lactate during
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submaximal prolonged exercise but no reduction after supra maximal short duration (2-

3 min} exercise.

There are two main theories as to why blood lactate concentration increases during
exercise. Classically it was thought that a deficiency in the supply of oxygen led to an
impairment of respiratory chain function, increasing cytosolic NADH, thereby
increasing the reduction of pyruvate to lactate (Wasserman et al., 1973). Allematively,
it has been suggested thal increases in exercise intensity result in stimulation of
glycolysis, increasing the formation of pyruvate. When the amount of pyruvate exceeds
its rate of uptake in to the mitochondria, the rate of lactate production is increased

(Staniey et al., 1985).

It may be the case that the reduction of lactate observed at submaximal but not maximal
work rates with DCA, ts due to a combination of mechanisms resulling in laclale
increase. Carraro et al (1989), suggested that a limitation in pyruvate dehydrogenase
activity contributes to the increase in plasma lactate during submaximal exercise bul at
maximal intensities their data are consistent with oxygen availability being rate limiting,
The dose of DCA they employed was adequate to reduce lactate concentration early
post exercise when blood lactate levels were equal to if not greater than that at end
exercise, Presuming pyruvate levels remained equally high this would suggest that the
DCA dosage was sufficient to lower lactate levels at exhaustion, providing that there
was adequate oxygen avdilability for the maintenunce of the respiratory chain function
(Carraro et al., 1989). This would suggest that if DCA were to have any eflect on
exercise performance it would be better employed in longer duration submaximal

EXErcise.
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However, in contrast to Carraro et af (1989), Ludvik et el (1993) using a similar
exercise protocol found lactate to be reduced throughout exercise, and Roberts er al
(1997) found lactate levels to be significantly reduced only between 80 and 100%

VO,,. . More recently Howlell ef al (1999), Savasi et al (2002), Grassi et al (2002)

and Bangsbo er af (2002) found no lactate lowering affect of DCA administration in
high intensity, short duration exercise (<4 min). Rossiter ¢f «f (2003) however found
end exercise and muscular acidification o be reduced alter 8 min of high-intensity knee

exlensor exercise,

Therefore the effect of DCA on lactale metabolism appears dependent on the intensity
and duration of exercise, with an cffect more likely to be scen during longer sub-
maximal exercise bouts. This may reflect an increase in blood lactate removal by the
liver and non-cxcreising muscles rather than maintecnance of heightened pyruvate flux
through PDH of the recruited muscalature. DCA administration would activate PDH in
nearly all mammalian tissues (see section |.14.1) therefore the balance between lactate
production and clearance may favour clearance al lower exercise intensities where

production is less rapid.

1.14.3 The effect of DCA on metabolism: general.
In conditions where glycelylic metabolism is not limited DCA appcars to have no cffect
on circulating glucose levels. However DCA is eflective in long term reduction of

hyperglycaemia in diabetes, and short term reduction of bivod glucose levels in the

nondiabetic fasted state (Stacpoole and Feits 1970).
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The principal mechanistm  behind  (his decrease in glucose is  stimulation of
phosphoflructokinase and pyravate dehydrogenase, increasing glycolysis. The
mechanism behind pyruvate dehydrogenase activation has already been discussed (refer

to section 1.14),

it is thought that DCA induced inhibition of fatty acid utilisation by muscle may play a
part in the reguiation of phosphotructokinase activity, It has been proposed that cells
cxposed to high levels of free fatty acid, such as occuring in diabetes or starvation,
oxidise these in preference to glucose (Stacpoole and Felts, 1970), The result would be
an increase in the levels of citrate, a known inhibitor of phospholructokinase. A
decrease in fatty acid oxidation has been reported upon administration of DCA (Crabb
et al., 1981). Citrate levels should therefore be reduced and glycolysis subsequently

stimulated; lowering glucose levels,

The decrease in circulating level of alanine and lactate due o increased pyruvale
dehydrogenase activity denies the liver important gluconeogenic precursors. This
disruption ot the alanine and Cori cycles by which lactate and alanine released from the
periphery are ulilized for hepatic glucose synthesis, further contributes (0 a reduced
circulating glucosc levels upon DCA administration. Diamond et af (1982) showed that
the eftect on hepatic glucose production was due to not only a decrease in the refease of

alanine and lactate, but also a direct inhibitory effect on hepatic glucose synthesis.

Furthermore DCA has also been shown to inhibit gluconeogenesis from lactate in renal

cortical slices from both fed and fasted diabetic and nondiabetic rats (Pratt and Roche,

1979).
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At very high concentrations (>10 mmol/l), DCA has an inhibitory eflect on fatly acid
synthesis. Al lower levels (Immol/l) it has a significant stimulatory effect. The
apparcnt difference between the cffect of high and low concentrations is thought to be
due to a diffcrence in concentrations in the products of DCA metabolism (glyoxylate or
oxalate). Both of which have been linked with an inhibitory effect on the liver,

particularly at the level of pyruvate curboxylase (Crabb et al., 1981).

Blackshear ef af (1974) have reported evidence that suggests DCA inhibits fatty acid
oxidation. They proposed that the lowered B-hydroxybutyrate/ acetoacetate ratio and
lowered citrate levels in their isolated liver preparations, indicate decreased fatty acid
oxidation, Crabb et al (1981) suggest that the results indicate more a decreased release

of fatty acids rather than an increased extraction.

1.15 The effect of DCA on Haemodynamics.

Stacpoole et af (1983) reported that DCA increased systolic pressute and cardiac output
in critically tll paticnts with hypotension and lactic acidosis. This apparent positive
inotropic effect occurred before any changes in systolic acid-base status, and was

unaccompanied by any changes in heart rate or diastolic blood pressure.

Wargovich et al (1988) have shown a positive effect from DCA on cardiac function in
Coronary Artery Discasc. Left veatricular (LV) stroke volume was increased on
administration of 35 mg/kg DCA; as was myocardial efficiency (LV/myocardial oxygen
consumption). Ileart rate, mean aortic pressure and myocardial oxygen consumption

were unchanged. A decrease in systemic vascular resistance was also noted.




Ludvick er al (1991), found similar results in healthy volunieers. On administration of a
single dose of DCA (50 mg/kg, DCA), cardiac index and oxygen delivery were
increased, and peripheral vascular resistunce was decreased. No elfect was seen in heart

rate, oxygen consumption or carbon dioxide output.

The increase in myocardial efficicncy reported by Wargovich ef «f (1988) is thought to
be due to the inhibition of fatty acid oxidation and stimulation ot glucose metabolism.
This change in substrate utilisation increases the amount of adenosine triphosphate
synthesised per molecule of oxygen. This alternative substrate selection has also been

reported in isolated heart preparations (Whitehouse et al., 1974).

This positive effect of DCA on haemodynamic parameters may prove to be of benefit in
heart discasc where cardiac function is limited, in hypotension, and with exercise
intensitics where improved perfusion and oxygenation of peripheral tissues may

augment the system response to a change in energy demand.

1.16 DCA and exercise performance.

The main factors thought to contribute to muscle fatigue during exercise include [Pi],
pH, alterations in Co** release and sensitivity, and muscle glycogen content. Of these
DCA has been shown to decrease [Pi] and increase pfl and elicit a muscle glycogen
sparing cffeet (Fimmons e ¢l., 1996, Grassi et al., 2002; Schneider er al., 1981; Durkot
et al., 1995; Rossiter ef al., 2003). Coupled with a potential speeding of V(),_ kinetics,
these properties have identifiecd DCA as a possible ergogenic aid for exercise

performance.  This could prove valuable for understanding/improving athletic
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performance. More importantly it may prove significant in improving activity levels

and quality of life in some patient groups.

An improvemenl in muscle function upon DCA administration has been reported for
isolated muscle preparations. Timmons ef af (1996) demonstrated that DCA reduced
muscle fatigue by ~35% during 20 min of ischaemic contraction in a canine model.
Simitarly Grassi er af (2002) found that the fatigue index in clectrically stimulated dog
gracilis muscle was improved by ~8% alier DCA infusion during a 4 min clectrically

stimulated isometric tetanic contraction corresponding to ~060-70% of peak ‘i/"()2 .

The exercising rat studies by Schneider ef «f (1981) and Durkot et al (1995) further
support a role for DCA in improving exercise perlormance. Schneider et af (1981)
found DCA enabled rats to swim for an additional 99 s before exhaustion. Durkot ef af
(1995) found improved run times in DCA treated rats when compared to controls ([69
min vs.10l min). In both studies improved performance was associated with
attenuation 1n the fevels of blood and muscle lactate, and an increased efficiency of

glucose utilisation.

Hatta er «f (1991) found that DCA significantly dccreased blood lactate concentrations
and increased the oxidative remaval of lactate during prolonged exercise in mice. They
found no effect however, on lactate concentration or removal in supramaximal exercise
where the duration of exercise was 2-3 min. ‘Fhe absence of a lactale lowering eftect
was rcflected by cquivalence n the cxercise duration between both groups. The effcet

on prolonged exercise duration was not reported.
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Ludvik et al (1993), Carraro ef al (1989) and Roberts et al (1997) studied Lhe effect of
DCA on maximal exercise performance in healthy humans. A positive effect was found
by Ludvik e al (1993). They reported a decrease in blood lactate concentration

throughout exercise, an increase in VO, ., an increase in maximal work capacity, and

an increase in V02 at the lactate threshold (I.T). However no effect was found by

Carraro et al (1989) and Roberts et af (1997). Carraro ef al {1989) found no differences

between peak lactate or time to exhaustion during an incremental work protocol, even

though blood lactate concentrations were lowered until approximately 80% VO

2k~

Roberts et al (1997) reported lower lactate concentrations between 80-100% VO,

This was not associated with a prolonged time to fatigue or an increase in VO;z.;m :
Although there i1s evidence to suggests that DCA has a positive effect on muscle
function {Timmons et af., 1996; Grassi et af., 2002; Schneider et al., 1981; Durkot et
al., 1995; Rossiter ¢f af., 2003), an improvement in exercisc pecformance has nol yet
been well described for exercising humans. The research to date suggests that the
effects of DCA may be more effective during submaximal rather than maximal exercise.
This may be due in part to the relative activity of PDH. In high intensity exercise
resulting in exhaustion after ~3 min, PDIT activity is only higher during the first minute
of exercise as a result of DCA ingestion (Gibala and Krustrup Abstract™*). Increased
activity during this time period appears to be unable L0 compensate for the underlying
mechanisms of fatigue. During more prolonged exercise DCA can activate PDH above

normal levels for a longer period of time (Gibala et al., 1997).
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1.17 Toxicology of DCA

There has previously been some concern over administration of DCA to humans, due to
potential toxic effects. 'There have been suggestions that unpurified preparations of
DCA were mutagenic. However, studies using DCA of established purity und
homogenity failed to show mutagenicity, and early chronic studies using DCA in

rodents and dogs revealed no evidence of serious toxicity.

When administered orally [or scveral wecks to Ratsor dogs at doses > 50 mg/kg, DCA
is potentially neurotoxic. Peripheral neuropathy has been reported in one young adult
man with homozygous familial hypercholesterolaemia who received single daily doses
of 50 mg/kg DCA for up to four months. Several weeks after cessation of therapy these
changes were resolved. In short term studies with other human subjects no drug rclated

adverse effects huve been reported (Stacpoole, 1998).

Therefore, short term studies using “therapeutic™ doses 35-100 mg/kg present minimal
risk to hwman subjects. The only potential noticable side effect is a mild sedative, or
tranqguilizing effect, that in some cases may cause drowsiness tor several hours

(Stacpoole, 1998).

1.18 The effect of DCA on mitochondrial respiration.

Increased pyruvate flux through PDH as a result of DCA administration has the
potential to influence the rate of mitochondrial respiration by increasing substrate
availability for the electron fransport chain and decreasing the production of lactate

associated hydrogen ions.
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At the beginning of exercise, energy demand cannot be met solely by aerobic means. In
the steady state, the rate of muscular oxidative phosphorylation is able (0 meet the
demands for ATP hvdrolysis. During the transition to this steady state however,
oxidative phosphorylation is unable to meet the new demand and a fall in ATP is
buffered by phosphocreatine (PCr) temporally, until the rate of oxidative

phosphorylation can “catch up”.

Using the extent of PCr degradation as a direct marker of the oxygen deficit, Timmons
et al (1998) found it to be reduced by DCA ingestion. During submaximal (~ 45 %
WRmax} single leg extension they found that PCr breakdown and by inference Ojdef.
was reduced by 50%. DICA increased resting PDH activity threefold, and elevated
acelylcarnitine fivefold. It was suggested that the increased PDH activity with DCA
ingestion, results in an increase in the Tricarboxylic acid (TCA) cycle pool size due to
the increased pyruvate flux into the mitochondria. Sahlin er «f (1988) have proposed
that an increase in TCA pool size is rate limiting to TCA flux and to the rate of
oxidative phophorylation. The TCA pool (or TCA intermediates {TCALI)), does increase
on exercise. However, not all the evidence suggests that this is the principal mechanism
behind the results described by Timmons ¢f af (1998). Indeed, Gibala and Saltin (1999)
noted that TCAI intermediate poot size actually decreased on DCA infusion. ‘They
hypothesiscd that the incrcased PDH activity at rest, actually diverts pyruvate away
from the TCAI pool toward acctyl-CoA formation. Constantin-Teodosiu et al (1999)
suggested that the TCA pool acted more as a buffer for increased pyruvate availability;
and had little significance to TCA flux. This is a notion supported by Gibala et «af
(1998) who obscrved large changes in TCA cycle flux with relatively small changes in
‘TCAl pool size. [n an earlier paper they recommend that TCAI pool size should not be

used as an indicator of TCA flux (Gibala et al., 1997).
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Howlett et af {1999) reported similar results to that of Timmons ef al (1998). They

found that during constant work exercise (~65% VO, ), DCA resulted in reduced

2 mnx
phosphocreatine utilisation; measured during the first two mioutes of exercise. This
was accompanied by lower levels of lactate. Like Timmons ef «f (1998), they found

DCA increascd both acetyl-CoA and acctylcarnitine at rest; these increased levels were

maintained during the first 2 min of exercise.

The results from these studics suggest that the provision of substrate is limiting the
increase in oxidative phosphorylation at the onset of exercise. Acetyl-CoA and
acetylcarnitine are proposed by Timmons er al (1998) as the “major determinants” of
the oxygen deficit. They hypothesise that on the commencement of exercise, any lag in

substrate supply is overcome by the increased acctyl group “store” in the mitochondria.

1.19 The cffect of Dichloroacetate on oxygen uptake.

Evidence from the studies of Timmons ef al (1998) and Howlett ¢ af (1999) indicating

a reduction in the O, deficit with DCA administration, suggests that there may be a rate
limiting step for VO, kinetics at the level of PDH (sce section 1.11.9 for further
discussion). The apparent reduction in the size of the O, deficit wounld suggest that
activation of PDH increases the rate of VO,during the exercise transition. However,
evidence from the study of Rossiter ef a! (2003) which directly measured VO, kinetics

in response o DCA administration does not support this. Rossiter ef al (2003)
simultaneously measured muscle PCr breakdown and pulmonary oxygen uptake using

3'P~magnetic resonance spectrometry and breath-by-breath gas exchange respectively.
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A reduction in PCr breakdown was not accompanied by 4 speeding ol the Kinelics for
V0,. The extent to which the kinetics may be speeded through the mechanism
suggested by Timmons ef ¢f (1998) and Howlctt ef af (1999) is not reported. Therefore
it is possible that the sensitivity of the V(,measurement in the Rossiter et al (2003)
study was not great enough to detect a change. This is possible as the metabolic
demand of the exercise employed (supine, knee extensor) was low and therefore the
AV, in oxygen uptake small (see section 4.1.2). The results from Howlett & Hogan
(2003) support this possibility. They demonstrated an accelerated decrease in PO; in
isolated single frog muscle fibres with DCA administration, a finding that agrees with
the studics of Timmons ef af {1998) and Howlett et «f (1999). However, the magnitude

of the change (~2 s) is possibly too small to be appreciable in vivo.

DCA may also influence the VO, response at work rates above the lactate threshold. As

discussed earlier (section 1.12) the temporal response of VO2 above the lactate threshold
does not follow first order kinctics.  An added slow component to the response is
observed that delays, or prevents the attainment of a steady-state (Patterson and Whipp,
1991). The slow component is only observed at exercise intensities where there is
lactate accumulation in the blood. This association has led to the two responses being
linked (see section 1.12). The effect of DCA on lactate production has aiready been
discussed (sce sccrion 1.14.2). Its lactawe lowering propertics during cxercise would
suggest that any link between the blood lactate response and V02 during supra-

threshold exercise could be borne out through DCA supplementation.

A further speeding of the VO, Kinetic response may be realized through its reported

haemodynamic properties (Ludvik et «l., 1991). Gerbino e «f, (1996) reported that




VOZ kinetics above the lactate threshold were speeded by a prior bout of heavy intensity
exercise (above LT). The suggested mechanism behind this speeding was an improved
muscle perfusion during exercise, as a consequence of a residual metabolic acidaemia.

A similar effect may be seen upon DCA administration. Peripheral vasodilatation and
increases in capdiac contractility ave both reported elfects of DCA. These may be
significant enough to promote the same form of Kinetic speeding observed in the
Gerbino ef af (1996) study. Evidence against this comes from the isolated dog muscle
preparations of Timmons er al (1996). These investigators reported no changes in
muscle perfusion during the DCA frial. However these findings have yet (o be

demonstrated in vivo.

DCA therefore has the polential o affect the VO;,_ response to dynamic exercise. A
better description of these responses may identify it as a useful tool for the investigation
of possible controllers of the V(), response to exercise. The exact underlying
mechanisms behind this response remain o be determined and the actions of DCA may
well provide valuable insight. In disease the VO, response to cxercisc can be
dramatically impaired as a result of severe functional limitation. A positive effect on
oxygen kinetics through DCA adiministration inay improve such limitations. Identifying

it as a possible ergogenic aid for patient groups.

1.20 Objectives and hypothesis

The studies of Timmons et al {(1998), Howlett ¢t al (1999) and Parolin ¢t af (2000) all
demonstrated a reduced PCr breakdown on DCA administration. By inlerence, this was

suggested as a clear demonstration of a reduccd oxygen deficit by cither a reduced
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steady state gain or a speeding of the kinelic response (Timmons ¢ «l., 1988). However
none of these studies directly measured V0, and the biopsy frequency for PCr

measurement did not allow temporal resolution in any of the studies.

A reduced oxygen deficit may be apparent in a speeding of the VO, on response or a
reduction in the fundamental gain component during moderate exercise. Il this is the
case, a reduced substrate oxidation may also be borne out in an increased ‘aerobic
range’. This may be evident in a rightward shift of the lactate (heshold during
incremental exercise, as shown by Ludvik et a¢f (1993) but not by Carraro er af (1989)

and Roberts et ¢l (1997).

Therefore the first two studies were designed o look at the effects of DCA on ramped

incremental exercise and moderate sub-threshold exercise, using breath-by-breath
measurement of VO, lor high temporal resolution, blood analysis (lactaie, bicarbonaic,

pH and glucosc) and ncar-infrared spectroscopy as an index of muscle oxygen

saturation.

Study 3 was designed to ook at the effecls of DCA on supra-thireshold ‘P}OZ kinetics
using the same measures as above.  Rossiter et af (2003) most recently showed a
reduction in end-exercise lactate, intramuscular acidification and a reduction in the VO?_

slow compoient, with no change in the time course of the fundamental response. These
effects of DCA may be borne out in an improved exercise performance during

prolonged sub-maximal exercise, as found by Schneider ¢t al (1981) using rats.
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Therefore the aim of this series of experiments is to further investigate the effects ol
dichloroacctate on oxygen uptake and exercise performance; with a view Lo
understanding more fully the role of pyruvate dehydrogenase as a functional “stenosis’
in the VOz response, and explore the ergogenic effects of DCA on maximal exercise

and exercise duration.

The null-hypotheses for these studies is thal melabolic actions of DCA do not change
the rate or magnitude of increase in  V(, during exercise at sub-maximal and maximal

work rates.

The alternate hypothesis 1s that DCA increases the rate and magnitude of the VO2

response to sub-maximal and maximal exercise.
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Chapter 2

General Methods
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2.1 Subjects

Subjects were healthy male volunteers between 18-35 years of age. All procedures
were reviewed and approved by the University of Glasgow Research Ethics Committee.
The proposals are shown in Appendix |. After obtaining informed consent ail subjects
were familiarised with the laboratory set-up and all procedures to a point where they felt
entircly comfortable with the protocols and equipment used. A health questionnaire
was administered to asceriain health status Appendix 2. Subjects were excluded if they
had any history of dizziness, faints, heart or lung disorders, asthma or if they were on
any medication or supplement that may have affected heart rate, breathing or exercise
performance. All subjects were physically active but not involved in a structured

training program or competitive sport.

2.2 Instrumentation

2.2.1 Metabolic Cart

The QP9000 (Morgan Mecdical, Kent, U.K.) was used for all gas exchange
imncasurements and calculation of metabolic variables. The system comprises of a
quadrupole mass spectrometer intcgrated with a computer and a turbine flow meter.
The system aliows continuous output of 4 dry gas concentrations and 4 analogue inputs
every 20 ms. Results are displayed on-line during the test, saved to disk and were

displayed on a chait recorder (or continucus hard copy.
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2.2.1.2 Mass Spectrometer: Principle of Operation

At the heart of the mass spectrometer operation is the quadrapole. The quadrapole
compriscs of four precision ground, electrically charged, cylindrical rods arranged
concentrically and housed within a vacoum. The quadrupole theory works on the basis
that ions of differing mass will behuve uniquely when subjected o electrical fields of

differing strength.

Measurements are made by drawing gas through a narrow bore sample line at a rate of
approximately 50 ml/min. A small portion of this gas is directed into an ion source
through the “motecular fcak”. This is a tiny aperiure that lets only a fraction of the gas
sample pass through.  An ion source bombards the gas molecules with electrons

creating ions. These ions are extracted and fed to the quadrupole.

With the appropriate potentials applied to the rods, only the ions of a pre-selected
molecular weight range will pass the filter to create a small electrical charge on
detecting plates. Therefore, the quadrupole acts as a “tuneable filter” allowing only one
species of gas to pass at a time. The rapidity of the analyser allows eight channels,
therelore il required eight gases, to be sampled every 20 ms. The electrical signals

detected are amplilied, digitised and fed to the computer.

2.2.1.3 Flow Sensor: Principles of Operation

A light weight turbine volume measurement module (Interface Associates, Luguna,
Nigel, CA.) was used for measurement of expired volume. As the subject breathes, the

rotation of a low resistance helical impeller is detected by 4 infra-red light beams
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aligned across the flow meter bore. The light beams are broken in sequence as the
impeller spins and the breaks in the light beams are detected by phototransistors which
generate a voltage output. The number of revolutions per unit time provides a measure
of gas flow. Integrated over lime this gives volume. The output is lincar from 0.003 to

12 I/s with an accuracy of 1.5% (Manufacturer’s literature).

2.2.2 Cycle Ergometer

All exercise was performed on an electromagnetically-bruked cycle ergometer
{Excalibur Sport, Lode, NL). The ergometer is cadence independent and linear between
40 rpm and 120 rpm (Manufacturer’s handbook). Figure 21 shows a Bland/Altman
comparison of the ountput from the ergometer against the input from a Vacumed
ergometer calibrator (Vacumed, Model 17800, Ventura, California, USA). The mean

difference between the two devices was 4 W over a 20 W - 500 W range.

79




T  +196SD
i 6.6
6 -
P ] o w]
2 |
©
O 4 " Mean
o | 4.0
©
(@)
- 3} o o
B8 o
21
e -1.96 SD
1.4
1 ml 2 1 . 1 " 1 L 1 " 1 " 1
0 100 200 300 400 500 600

AVERAGE of Lode and Cal (W)

Figure 21 — Biases and limits of agreement for method of measurement plotted against the mean of the
reference plus the method (Bland/Altman, 1986). The plot shows a mean bias of 4 W + 2.6 W (mean +

SD) over a 20 — 500 W range.

The work rate for each test was pre-programmed into a controlling computer interface
prior to each test starting. Every attempt was made to ensure that the ergometer was
set-up to be as comfortable as possible for each individual. Once a position was
established it was measured to ensure the same position was held on each subsequent
visit. The addition of triathlon bars allowed the subjects to support their upper body
reducing any extraneous work performed by the musculature of the arms, shoulders and
torso. When subjects were advised to adhere to a particular range of cadence (RPM),
they had the aid of visual feedback in the form of a dial indicating RPM mounted on the

front of the ergometer.
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2.2.3 Near Infrared Spectroscopy (NIRS)

2.2.3.1 Principles of Operation

NIRS provides a convenient, non-invasive method for investigating the oxygenation
status of skeletal muscle. Developed by Millikan (1937) NIRS works on the principle
of selective absorbance of near-infrared light (wavelengths between 760 and 1000 nm)
by the region of study. When near-infrared light (NIR) is shone at tissue, some is
scattered, some is absorbed and some travels through unaffected, The amount of light
absorbed is dependent on the oxygenation status of haemoglobin (deoxygenated (Ilb),
oxygenated (HbO;), myogiobin (deoxymyoglobin (Mb), oxymyoglobin (MbO;) and
cytochrome oxidase (CtOx). These compounds all contain a strong chromophore group

which selectively absorbs NIR light.

Specific extinction cosfficient (Rmolar’.cm’}

0.0000 : ' 4 L A A ;
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Fignre 22 - Diagram illustrating the absorption spectra for Hb & HbO); in the NIR region. 650-1000 nm.

(Elwell, 1995)
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Figurc 22 shows the absorbance spectra for Hb and HbO, and illusirates the selective
absorbance of NIR at different wavelengths. Consequentty changes in [IIb] and [FbO,]
in skeletal muscie can be spectroscopically separated (Elwell, 1995), This is described

by a modified version of the Beer-Lambert law:

AA = Ac.ond.B

Lgn 10,

AA = change in absorption, Ac = change in concentration, o = specific extinction
coefficient (known for each chromophore), d = geometrical distance between light
emitter and detector, and B = differential path length factor (constant for a given tissue).
A detector picks up the unabsorbed light that passes through the tissue and allows an
absolute concentration difference in Hb, HbO,; and HLT (the sum of Hb and HbO;),

from an arbitrary zero, fo be obtained.

I is impossibie to distinguish between the contributions of haemogiobin and myoglobin
to tissue oxygeuation. However the relative contribution of myoglobin compared to
haemoglobin has been shown to be small (Mancini et «/, 1994} and can essentially be
assumed to be insignificant with regard to [Hb] and {HbO,]. Absorbance of NIR by
water and lipids in the field of study remains constant and contributes to abhsorbtion

continuously and uniformly (Elwell, 1995).

Differences in the [Hb] signal were assumed to represent oxygen extraction within the
muscle since this has been shown (o be essentially blood-volume insensitive, in
comparison to the [HbO,] signal which depends significantly on O;-delivery into the

field of interrogation (Fervari ef al., 1997, McCully & Hamaoka, 2000). [t mighl be
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expected thal the [Hb] and [HbO4] signals are the reciprocal of one anotber during
exercise and this holds true for exercise in which blood flow is kept constant. However,
during dynamic exercise when arterial O; delivery and muscle perfusion are not
constrained, the anticipated decrease in [HbO;] as O is exiracled is offset by an
increase in the measured {HbO,] as a result of greater HbO; delivery into the field of
interrogation. Greater HbO, delivery, in this case, is primarily due to increased muscle

blood flow and perfusion (Kowalchuk ef al, 2002).

2.2.3.2 NIRS: experimental setup

Intramuscular oxygenation status was measured using a Niro 500 (Hamamatsu) which
works on the principles described above. The NIR cmitting and receiving optodes weie
fixed in a light plastic holder that maintainer the distance between them at exactly 4 cm.
The holder was positioned above the vastus lateralis muscle of the right leg and taped to
the skin. A wrap of optically dense material was taped around the thigh to prevent
contamination of the signal by additional extraneous light. Tape and bandages were
used to add further support. The position of the optodes was checked post- test to

ensure the optode position remained constant.

2.2.4 Blood sampling, handling and analysis

Arterialised venous blood (Forster ef af, 1972, McLoughlin ef af, 1992) was samplec!
through a 21G venous catheter {Becton Dickinson, Utah, USA), from a dorsal vein on
the back of the hand. The venous line was kept clear by a continuous flush of non-
heparinised saiine {Baxter Healthcare, Norfolk, U.K.) applied through a standard drip.

Venous blood was arterialised at rest by incubation for 10 min in a bath of water heated
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to 42°C (Forster ef al, 1972). Throughout exercise the catheterised hand was heated

using a variable-intensity heat lamp.

The procedure for taking blood was standardised. The procedure began 13 s before the
timepoint the blood sample was to be taken, Waste saline was removed first using a
separate syringe. The blood was drawn over 20 s either side of that minute. A 2.5 ml
blond sample was taken each time for analysis. The blood was transferred into a
conlainer containing EDTA as an anti-coagulant.  Once mixed with the EDTA, two
400 ul aliquots were pipetted into two Epindorf tubes containing 800 wl of perchloric
acid. Perchloric acid de-natures proteins preventing any further metabolisint in the
sample of blood. Repeated depressions of the pipette were used to mix the solution.
The samples were held on ice, then centrifuged (Hermle Instrumentation Laboratory,
Warrington, U.K.) at the earliest opportunity. A small sample of supernatant was
analysed immediately for glucose, the rest was transferred to sealable containers and
stored at minus 70°C until subsequent anulysis for lactate was performed. The lactate
samplcs were run as enc batch at the end of each study, This benefited the analysis by
ensuring that the same batch of standards and reagents werc used for each complete

study.

A further 1 mli sample of blood was taken in a heparinised syringe (Radiometer,
Copenhagen, Denmark) for analysis of blood gases and pH. The syringes were sealed

and stored upright during the protocol for immcdiate analysis post icst.

Blood gases and pH were measored using a blood gas analyser (Synthesis 10,
Instrumentation Laboratory, Warrington, U.K.). All samples were analysed within 90

min of sampling. Pilot work from this laboratory has found no variation in blood gas
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results comparing samples analysed straight after sumpling with those stored on ice for

up to 90 min.

Analysis of glucose, lactate and pyruvate were carried out on an automated
spectrophotometer  (Cobas  Mira, ABX, Montpellier, Urance), using standard

methodology (Maughan ef af, 1982).

The volume of blood taken during all experiments never exceeded 60 mil.

2.2.5 Dichloroacetate: Preparation and dosing

DCA was prepared by pharmacy at The Western Infirmary, Glasgow. The DCA was
purchased in a pure form and made up into a 3% solution (5g / 100 ml). This was
dispensed as a series of 100 m! bottles. The composition of the solution is listed in table
1. The placebo solution was similar in taste, appearance and consistency (Table ). All

solutions were stored refrigerated (5°C).




Table 1 - Composition of DCA (5%) and Placebo solutions (supplied by Pharmacy at

the Western Infirmary Glasgow).

Dichloroacetate Solution

Dichioroacetate Sg
Glycerin 20 ml

Sodium Benzoate 100 mg
Aspartame 100 mg
Sodium Acid Phosphate 0.7-53 g
Phosphoric acid to pK 3.5

Lemon Spirit 0.1 ml
Distilled Water to 100 mi

Placebo Solution

Sodiuvm Benzoate 100 mg
Glycerin 20 mi
Aspartame 12.5 mg
"~ Lemon Spirit 0.05 mi
Sodium Chloride S50 mg
Distilled wauter w 100wl

DCA reduces the blood lactate concentration through two mechanisms [) an increased
flux through pyruvate dehydrogenase reducing the amount of pyruvate converted to
lactate, 2} a reduction in the ratc of glycolysis. For these studies a 50 mg/kg dose was
given orally on the morning of the test after an overnight fast. Typically DCA given
orally begins to exert a lactate lowering effect after ~15 min (Curry et al, 1985; Cusry ef
al, 1991), reaching a maximum after approximately 60 min (Curry et al, 1991; Wells ef
al, 1980). Thereafter DCA rcportedly has a half-life of between 30 and 120 min
(Henderson et af, 1997). Pilot work showed that our preparation and protocol resulted
in a lactate lowering profile similar to that described above (Curry et al, 1991; Wells et
al, 1980). Figure 23 shows the lactate profile over a 2 hour period after a single dose of
50 mg/kg DCA for a representative subject. Based on these results and those in the
literature all exercise protocols were started exactly { hour alter a given dose of DCA or
Placcbo.
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Figure 23 - The effect of DCA administration (50 mg/kg) on resting dlood lactale conceniration: A
representative subject. Blood laclate concentration declines (o a minimum at ~ 60 min post DCA
ingestion. Thereafter it remains at this reduced fevel for the further 60 min of data collection, indicating
that the DCA preparation is shown to be effective at maintaining a reduced blood lactate concentration
during the time period 60-120 min post ingestion. Therefore all exercise protocals were co-ordinated to

take place during this period.

Previous studies have employed an intravenous route for the administration of DCA
(Wilson et al, 1988; Carraro er «l, 1989; Ludvick et af, 1991, Ludvick ef al, 1993;
Timmons ef af, 1998; Howlett ef al, 1999). While this was an option as an intravenous
line was in place to sample blond, the oral route was chosen so that any problems with
the catheter would not preclude the timing and administration of the DCA. Stacpoole
(1998) has reported that, although the peak plasma drug concentrations occur
immediately after intravenous administration, the bicavailability of DCA after

administration by both methods is similar.

None of the subjects reported any discomfort or side affects afler DCA administration,
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2.2.6 Calihration

2.2.6.1 Mass spectrometer and flow sensor

Calibration of both the mass spectrometer and the [lowhead were carried oul prior to
each test. The mass spectrometer is calibratcd using a precision analysed gas of known
concentration (BOC Gases, Guildford, Surrey, U.K.). The calibration gas is passed
through the systern producing a series of peaks at peints on the mass spectrum
corresponding to the relevant masses of nitrogen (28), oxygen (32) and carbon dioxide
(44). The system tunes each channel to the apex of the peak and applies the gas
concentrations entered to calculale a gain that passes through the origin, The calibration
is checked by passing (two high-precision analysed gas mixtures through the system to
provide representative sets of values.  This was tepeated before and after each
experiment. If drift of more than 1% was encountered in the measured gas values then

the results from the experiment were disregarded.

The volume measurement module or flow head was calibrated using a precision 3 litre
syringe (Hans Rudolph, Kansas City, MO, USA). This volume was passed 10 times
through the system to produce repeated measures for inspiratory and expiratory
volumes. The mean volumes were compared with the known volume and the

calibration was accepted if they differed by no more than 0.2%.
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2.2.6.2 Transit delay

The raw signals for br x br volume and gas composition are separated by the time it
takes the gas sample 10 reach the analyser (the volume signal is electrical and therefore
almost instantaneous). ‘U'his time difference is termed the transit delay. Calculation of
the transit delay ensures that both signals are appropriately time aligned. This is

achieved by incorporation the result into the br X br algorithm (refer to section 2.2.7).

The delay time was established betfore each test. Te do so a bolus of gas was introduced
into the breathing valve apparatus manually using a syringe filled with expired air
(Beaver et al, 1973). The compuler detects the rise of the flow and CO; signals. These
signals arc then time aligned and the calculated time difference is offered for acceptance
to the operator. The procedure is repeated 3 times to check the resull is repeatuble
before the value is accepted, and automatically incorporated into the gas exchange

computations, Normal transit delay time was approximately 500 ms.

2.2.6.4 Near infrared spectroscopy

The NIRO 500 was calibrated using a standardised maximal voluntary contraction
(MVC) of the right quadriceps (Chance ef al, 1992 Belardinelli ef al, 1995). To do this
the subjects assumed a seated position with the right leg at an angle of 90°. The
subjects achieved a contraction by pushing down through their foot. The contraction
was maintained until the [AHb] signal reached a maximum. The duration of the

manocuvre was typically 30 s.
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The MVC manoeuvre allowed maximal values for [AHb], [AHbO;] and [AHbT] to be
delermincd. These values were used to express the data as a percentage of maximur,
normalised to a zero baseline (Chance er al, 1992; Belardinelli ¢t af, 1995). Therefore
the MVC manoeuvre and the subsequent data correction act as a physiological
calibration of the system. The alternative to a maximal contraction was inflation of a
pressurised cuff around the proximal gicth of the quadriceps (Mancini ef al, 1994).
However pilot work showed this method to be less effective. Figure 24 shows clearly
two repeated MVC measurements followed by a less saturated cull measurcment during
cuff inftation to 180 mm Hg. The use of maximal exercise to induce complete O,
extraction is supported by Chance ef «f (1992), who demonstrated no further
intramuscular desaturation when ischaemia was induced by an inflatable cuff at the
point of exhaustion. On this basis the MVC manoeuvre was preferred as the method of
calibration. However it was decided that the MVC should be performed post lesl as
performing the manoeuvre pre test may effect DCA metabolism. On the familiarisation
visits the MVC was performed pre and post test to asscss the affect of the exercise
protocol on the maximal contraction. No diffcrences were found between pre and post

MVC values.
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Figure 24, - A comparison of the maximal voluntary contraction (MVC) manoeuvre for NIRS calibration,
and measurernents taken upon inflation of a high-pressure inflatable cuff. The MVC manocuvre is shown
to be repeatable in accordance with previously publisbed results (Chance ef al, 1992; Belardinelli ef wf,
1995). An allernative to the MVC manocuvre is inflation of a high pressure cuff around the proximal
length of the quadriceps (Mancini er @, 1994). This methodology lessens the metabolic impact in
comparison to the MVC manoceuvre, However, the maximal level of Hb desaturation achieved through
this method was not as great as that achieved through the MVC manocuvre. Yherefore, an MVC
calibration of the NIRS setup was performed post exercise to avoid impacting on the level of PDH

activation prior to exercise.
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2.2.7 Gas exchange algorithm

Gas exchange in the lung s calculated using algorithms based on those of Beaver ef af
(1973) from the measurerments of fractional gas concentrations and expired volume.
Beaver et al developed the algorithm to calculate gas exchange over a breaih (defined:
beginning of inspiration to the end of expiration), correcting for the dead space of the
breathing apparatus, watcr vapour condensation, changes in fung gas storcs and a phasc
difference between the generated flow and gas signals (delay time). What follows is a
simplified summary of their rationale to illustrate the principle behind calculation of

V), over a single breath.

The total volume of oxygen is equal to the volume of inspired oxygen minus the volume

of expired oxygen i.e.

Vo, =V,0, -V, .0,
Egn l].

Where V,0, is inspired volume of Oy, and V.0, is expired volume of Oz [t follows

that:

VO, = |VIdt-F,0,- [VEd:t F,0,

insp exp

Egn 12,

VI is inspired volume, VE is expired volume and F;O; and FgOs are fractional inspired

and expired oxygen content respectively.
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The computation of VO, is based orn the measurement of expired volume. The
assumption is made that there is no nct transport of nitrogen across the lung; and that
any changes in nitrogen concentration measured occurs from changes in lung gas stores

i.e. changes in end expiratory lung volume and/or the composition of the lung gas

stores.

Thercfore the term for inspired volume in cquation 13 is compensated [or by (he
assumption that there is no net exchange of inert gases, principally nitrogen, in the lung.

Thus:

VIXF,N,=VEXF_N,

Eqn 13.

Therefore

VI =(FEN,/ FIN,)xVE
Egn 14.

Where FIN; is the fraction of inspired nitrogen and FEN; is the Iraction of expired
nitrogen.  Argon is compensated (or in the calculations by normalising the sum of the
composite gases to 99.07% i.e. assuming argon has a constant atmospheric value of

0.93% and FIN3 + FIO; + FICO, = (.9907.




Tt follows that

yy - (L= TFBO , — FECO ,) ;.
(1 — FIO , — FICO ,)
Egn 15,
Therefore equation 13 becomes:
_ FIO, x(1— FEQ, — FECO,) ,
VO, = - ~FEQ, |XVE
(1-FIO, - FICO,)
Egn 16,

The same principle is applied to calculation of CO; output, except that expiration and

inspiration are reversed in the calculation as the net direction of CO; flow is out of the

lung. The algorithms of Beaver ¢ al (1973) go turther than this simplitied derivation to
take into account the cffect of breathing valve dead space (i.c. compensating for a small,
initial volume of the inspired gas having an cxpired gas composition), water vapour
dilution and temperature (expired gas is normally assumed to be fully saturated at body
iemperature at the site of sampling). Prior to the start of every Lest, values lor barometric
pressure, ambient temperature, ambient humidity and the mass spectrometer delay time

were entered into the computer,
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2.2.8 Breath-to-breath “noise”, editing, and analysis of breath-by-breath data

Breathing has inherent irregularities that produce breath-to-breath fluctnations in gas
cxchange or “noise”. The confidence with which onc can cstimate a parameter depends
largely on how noisy the data set is; i.e. the more noisy arc the data, the lower will be
the confidence in the value estimated for the parameter (Lamarra et al, 1987). Lamarra
et al (1987) demonstrated that this breath-to-breath “noise” follows an uncorrelated
Gaussian stochastic process, the standard deviation of which s largely independent of

metabolic rute.

These authors calculated that the expected confidence limits (X)) for the estimation of

the time constant of ‘V"O2 was characterised by the equation:

Y L-So
An-AVO.

25y

Eqn 17.

L 1s a constant, the magnitude of which is dependent on the underlying time constant ol
the VO, response. It represents the amount of data relevant to the estimation i.e. the
longer a time constant the more data points/time points there are available for analysis.
Seo s, the standard deviation of the breath-to-breath fluctuation in V()2 and n the number
of transitions that have been time-aligned and superimposed. Therefore, for any time

constant calculated, the estimated value wili be at best within the value X,.
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Based on the work of Lamarra er al (1987), removal of breaths outwith four standard
deviations of the mean was carried cut as standard on all raw breath-by-breath darta.
This procedure is statistically justified because small-sample physiological data appear
to contain such values more frequently than expected from a Gaussian distribution, and
retaining such values may degrade the results from responses containing limited
amounts of data (Lamarra er al, 1987). Further editing of breaths was strictly kept to
removal of breaths that were physiologically atypical i.e. resulting from coughing,

sneezing or swallowing.

Where applicable the breath-by-breath data was then interpolated to | s intervals
allowing repeated tests to be averaged by superpasition (Whipp ef al., 1982); i.e. taking
account of variations in breath duration {{ig. 25). Following superposition, the resulting
ensemble-averaged response was then further averaged over 8-12 s to provide an
average VOZ response suitable for Kinetic analysis (i.e. with more favourable signal-to-

noise characteristics).
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Figure 25 - The effect of the suporposition process on a data set, The open triangles represeat the actual
collected data. The open vireles represent the data after the superposition process, Superpositian allows
data from a number of repeat collections to he ‘grouped” for analysis, This process reduces the breath-to-
breath *noise’” associated with breath-by-breath data.  Thereby improving the accuracy with which a

mode! can be [t 1o the data (Lamarra ef e, 1987).

2.2.9 Ratings of perceived exertion and dyspnoea

A 0 - 100 % visual scale was used to determine ratings of perceived exertion and
ratings of dyspnoea. The scale consisted of a row of 100 LED lights that could be lit in
sequence using a dial mounted on the handle bars of the ergometer. Subjects were asked
to refer to the scale and illuminate the light strip to the appropriate score for ratings of
perecived exertion and ratings of dyspnoea in turn. The score was noted and the scale

reset to zero between each rating.
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2.2.10 General Constraints

The major constraint in these studics was the use of dichloroacetate. While there have
heen no significant side effects reported with acute doses of the drug, it is still
recommended thai doses be kept (0 a minimum (personal correspondence, Dr P.W,
Stacpoole and Dr Y. Pitsiladis). The maximal single dose in previous human studies has
not exceeded 100 mg/kg body weight. The sum of the doses employed in studies with
repeated dosing regimes has not exceeded this maximum when the population under
study has been healthy (Roberts ef al., 1997; Ludvik et al., 1991; Ludvik et al., 1993;
Timmons et al., 1998; Carraro et al., 1989; Howlett et al., 1999; Wilson et af., 1988;
Rossiter ef al., 2003). A lactate-lowering effect has been shown with doses runging
from 20-100 mg/kg. the effect being more pronounced with higher doses. An oral dose
of 50 mg/kg was chosen for these studies. This dose had been used previcusly in
human studies {Roberts ef al., 1997; Ludvik ef al., 1991; Ludvik et al., 1993; Timmons
et al., 1998; Rossiter ef al., 2003) allowing a relevant comparison of results. A lower
dose than the theoretical maximum of {00 mg/kg would also allow a repeated dose if a
subject volunteered to take part in more than one experiment.  Pilot work (refer to fig

23), showed that the dosing strategy reduced resting blood lactate by >50 %.

It is preferable to repeat the experimental protocol and add the data to the previous data
set (Egr. 17) to further enhance the accuracy of a fitting strategy. As indicated above,
this is often applied to breath-by-breath gas exchange data, especially when kinetics is
the focus of interest. In practical terms many repeats of the same exercise protocol are
performed within the same day or over a number of days. However, the constraints of
DCA usage limited us greatly in the number of repeats that could be performed and

therefore resulted in a reduced confidence of parameter estimation.
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2.2.10 Siatiskics

Statistical analysis was performed using Minitab (version 13.1, Minitab Inc,, State
College, Pennsylvania) and Microsoft Excel (Microsoft Corporation). The statistical

approach was taken after consultation with an independent statistician.

Data sets were tested for normality using Anderson-Darling normality tests, and, where
necessary, data were logarithmically transformed before statistical analysis. Statistical
analysis was carried out using two-factor ANOVA with repeated measures, followed by
Student’s paired #-test if a main treatment effect (i.e. placebo vs. supplementation) was
obscrved. Statistical signilicance was declared at P<0.05, Data are presented as mean

values = SEM unless otherwise stated.

The VO, modelling functions were fit to a non-linear leas{-squares regression using
commercially available software (Microcal Origin)., The ‘goodness’ of fit was
determined by ohserving the flatness of the associated residuals and minimising the sum

5q uarcd crrors.
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Chapter 3

The effect of dichloroacetate on oxygen uptake
during incremental exercise
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Chapter 3

3.0 Introduction

The studies of Timmons et al (1998), Howlett et al (1999) and Parolin et al (2000)
reported a reduced PCr breakdown during exercise after DCA administration, This led
to the inference of a reduction of the oxygen deficit due to an acceleration of oxidative
phosphorylation from the start of exercise and/or a reduction in the fundamental gain.
The associated reductions in blood lactate concentration further suggested that DCA
augmented the aerobic capability of the exercising muscle (Merill ¢f af., 1980; Durkot ef
al., 1995; Schneider et al., 1981; Carraro er af., 1989; Hatla et al., 1991, Rossiter et al.,
2003). It was the aim of this study to determine whether an increased acrobic capability
was borne out at sub-maximal work rates by an extended aerobic range as determined
using the v-siope method, (Beaver ef al., 1986) and al maximal levels by an increase in

aerobic capacity (VO, ).
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3.1 Methods

31.1 Subjects

8 men between the ages of 21 and 35 took part in the protocol. All subjects met the

standard inclusion criteria (section 2.1 general methods), Table 2 shows he subject

characlertstics lor each individual.

Table 2 - Subject characteristics

Subject Height Body Mass Age
{cm) (kg) (yrs)
I 179 61 22
2 182 95 33
3 (84 87 35
4 167 71 28
5 170 83 25
6 181 67 2]
7 179 81 22
S8 186 86 22
Mean 179 79 26
SD 7 11 5

3.1.2 Protocol

All subjects completed a standard incremental protocol until exhaustion on two
occasions. The protocol is illustrated in fig. 26. Prior to this, subjects were familiarised
with all equipment and procedures on multiple visits to the laboratory, At least one of
these visits included an incremental test to exhaustion. DCA or a placebo was
administered in a randomised fashion on one of the two visits, Alf exercise slarted 1
hour after DCA or placebe administration (see section 2.2.5). The test began with 3

minutes of resting breathing and then 5 min of low load pedalling at 20 W. The work




rate was increased by 15w - min™' (at a rate of 3w - 12s'") until voluntary exhaustion or
until a cadence of 50 rpm could no longer be maintained. Where possible a 10 min

period of recovery data was collected post exhaustion with subjects sat stationary on the

ergometer.
Exhaustion
1 5SW-min ramp //
Wk (W)
20W
ow

Stage time
(min)

Figure 26 - Schematic representation of the incremental exercise protocol. LL = Low load pedalling.

Blood samples were taken prior to DCA/placebo administration, 4 min into low load
pedalling, every 3 min during the ramp, at exhaustion and 3 min, 6 min and 9 min post
exhaustion. Ratings of perceived exertion and dyspnoea were taken 45 s before each

blood sample and as close to the point of exhaustion as possible.

The techniques for heart rate, gas exchange, and NIRS measurement are described in

the general methods (chapter 2).




3.1.3 Analysis

Peak VO2 was taken from a moving average of the last 20 s of the ramp data. Peak

values were recorded for maximum work rate and maximum heart rate. The lactate
threshold was determined by a standard visual identification technique based on the v-
stope method (Beaver ef al., 1980). Independent checking of the results was undertaken
by 2 experienced personnel. Where the resulis were different an average of the

estimates was taken. The threshold is defined as the slope change in a graph of
pulmonary VCO, against VOz. It is verified by a slope change in plots of EtQ, and
VE;’VO2 against VOE (Caiozzo er al., 1982; Whipp et al.,, 19806). The slope of
AVO, ! AWK was determined by fitting a lincar regression to the lincar portion of the
relationship. Generally, this excluded the first 3 min of data and any evident plateanx in

V0O, in the last few minutes of the ramp.

3.1.4 Statistics

Statistical analysis followed that described in general methods chapter 2 (section 2.2.10)
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Results

1.2 Incremental exercise

3.2.1 Blood borne metabolic responses to incremental exercise

The subject’s pre test activity and diet were controlled as described in the general
methods. This ensured that they entered each trial in a similar metabolic state.
Therefore, as expected, no dilference was found in pre dose values for blood [La], pH,

standard bicarbonate (SBC) or glucase (Table 3).

Figure 27 illustrates that blood [Lactatel was signilicantly reduced during unloaded
pedalling, and at 3 min, 6 minr and 9 min in the DCA trial when compared to the placcbo
(lable 3). This data is shown more clearly in figure 27(b), which has becen re-scaled to
shows these time points only. The reduction in biood [lactate] is 39%, 33%, 21% and
15% for each of these rime poiuts respectively. As can be seen in figure 27 a reduction
in blood [Lactate] was not evident at cxhaustion and at time points 3 min, 6 min and 9

min post exercise (Table 3).

There are no significunt differences in pIl, SBC or glucose at any time (Table 3).

105




—e— Placebo
—o— DCA

Blood [Lactate] (mmol/l)
o

6
4
2
0
Hest m3  mé m9 ox 3p 6p %
(pre dose)

Figure 27 — The effect of DCA on blood [Lactate] during incremental exercise to exhaustion. Data are
mean values + SEM. Closed circles = placebo. Open circles = DCA. Pre dose = Samples taken prior to
DCA administration. LL = low load pedalling (20W). m3 = minute 3. m6 = minute 6. m9 = minute 9.
ex = exhaustion. 3p = 3 minutes post exhaustion. 6p = 6 minutes post exhaustion. 9p = 9minutes post
exhaustion. * Statistically significant between placebo and DCA trials. Statistical analysis was carried
out using two-factor ANOVA for repeated measures, followed by a paired t-test if a main treatment effect

was observed. Statistical significance was declared at P<0.05.
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Blood [Lactate] (mmol/l)

5 —e— Placebo *
—o— DCA
4
3
*
2
* *

|
0

Rest LL m3 mé m9

(pre dose)

Figure 27b — The effect of DCA on blood [Lactate| during incremental exercise to exhaustion. Figure
27 re-scaled to show more clearly the data points where the difference between trials were

significant. Data are mean values + SEM. Closed circles = placebo. Open circles = DCA. Pre dose

= Samples taken prior to DCA administration. LL = low load pedalling (20W). m3 = minute 3. m6

minute 6. m9 = minute 9. * Statistically significant for placebo vs DCA. Statistical analysis was
carried out using two-factor ANOVA for repeated measures, followed by a paired t-test if a main

treatment effect was observed. Statistical significance was declared at P<0.05.
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3.2.2 VO, response to incremental exercise

Figure 28 shows the gas exchange plots used to estimate the gas exchange threshold
(Our) for one representative subject (subject 8). Corresponding points on the VCO2 Vs
VO,, BTO, vs VO, and VE/VO, vs VO, plots consistently estimate the lactate
threshold (O7) at a ‘i/"O2 of 2.25 I/min. 5 of the 8 subjects exhibited an increase in 81

with DCA administration; however there was no significant difference between groups

{(Mean + SEM. 1.85 +0.14 I/inin DCA. .78 + 0.15 /min placebo. P = 0.54. Table 4).

No significant difference was observed in VOZ durtng low load pedalling (Mean +
SEM. 0.76 + 0.04 I/min DCA. 0.76 + 0.03 I/min placebo. P = 1.0. Table 4). 6 ol the 8
subjects had a higher VO, peak post DCA administration; taken as a group mean this
equated to a 0.09 L increase (Mean + SEM. 3.65 + 0.14 I/min DCA. 3.56 + 0.14 |/min
placebo. Table 4) and this difference proved statistically significant (P= 0.018). There
was no significant difference in peak work rate and time to exhaustion between DCA
and placebo trials (P = 0.085 and P = 0.26 respectively. Table 4). The AVO,/AWR
was 10.1 + 0.3 ml-min W™ for the DCA trail and 10.0 + 0.5 ml-min-W" for the
placcbo trial (P = 0.49. Table 4). These values compare lavourably with the commonly

reported value of [0 ml-min-W~' for this measure (see Whipp et af, 1982).
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Figure 28 — Gas exchange plots used for the estimation of the laclate threshold. A single representative

subject (Subject 8, DCA trial).

Top

panel: Solid intersecting fines iHustrate estimation of lactate

threshold using the V — slope method (see section 3.1.3, for a description of this method). The dashed

line on ali panels represents 6, yat 2.25 (I/min).
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3.2.2 Cardiovascular responses to incremental exercise.

After administration of DCA the resting heart rate was elevated by as little us 1
beat-min’' {subjects 3 & 5) and by as much as 15 beat-min"" {subject 1), compared to
placebo administration. These differences proved statistically significant. (Mean +
SEM, 69 + 5 beatmin' DCA. 63 + 3 beat-min™' placebo, P = 0.033. Table 5). The
heart rate continued to be significantly elevated during low load pedatling by an average
of 4 beat-min” (Mean + SEM. 84 + 6 heat-min”' DCA. 80 + 5 beat-min’! placebo. P =
0.0002. Table 5. No significant differcnce was found in peak heart rate (Mcan + SEM.

85+ 11 beat-min”' DCA. 184 + 5 beat-min’! placebo. P =0.14. Table 5).

The results clearly show an increase in heart rate at rest and during unloaded pedalling
during the DCA (riat when compared to the placebo. These chunges are previously un-
described and indicate a possible chronotropic response associaled with dichloroacetate
administration. This has pessible implications regarding the general assumption that
DCA has no effect on bulk oxygen delivery during exercise. See section 3.3 for further

discussion.

No signilicant diffcrence was found in Oy pulse during low loud pedalling (Mean +
SEM. 9.0 + 1.2 ml/lbeat DCA. 9.5 + 1.4 ml/beat placebo. Table 5) or between peak

exercise values (Mean 4+ SEM. 19.8 + 2.9 mi/becat DCA. 194 + 2.9 ml/beat placebo).
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As described, heart rate was elevated al rest and during unloaded pedalling for all
subjects during the DCA (rial. The same consistency of response is not replicated

during the ramp exercise.

The group mean + SEM heart rate responses are shown in figure 29. The clear
elevation in baseline heart rate during the DCA (rial is not evident early into the
incremental protocel. There is a tendency for the heart rate to be higher on the DCA
trial but not significantly, When the heart rate values are normalised to baseline values

(figure 30), the heart rate responses can be seen to overlay almost exactly.

The group mean + SEM oxygen pulse responses are shown in figure 30. No significant

differences arc evident at any time during cxercisc.
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Figure 29 — Heart rate response to incremental exercise. Data are group mean + SEM. Open circles =
DCA. Closed circles = placebo. Dashed line indicates the start of the ramp increase in work rate from a

20W baseline.
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Figure 30 — Heart rate response to incremental exercise normalised to baseline values. Data are group
mean + SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the ramp

increase in work rate from a 20W baseline.
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Figure 31 — Oxygen pulse response to incremental exercise. Data are group mean + SEM. Open circles

= DCA. Closed circles = placebo. Dashed line indicates the start of the ramp increase in work rate from

a 20W baseline.
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3.2.4 Muscle oxygen saturation responses to incremental exercise

Figure 32 shows the group mean + SEM delta deoxyhaemoglobin plots. The data is
corrected to % maximal MVC and normaliscd to unloaded baseline. Values for the
placebo trial are fower during the first minute of exercise. Therealter, values differ little

between the two trials.
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Figure 32 - Delta deoxyhaemoglobin responses to incremental exercise. Data are group mean + SEM.
Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the ramp increase in

work rate from a 20 W baseline.
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3.2.5 RPE and Dyspnoea ratings during incremental exercise.

Figure 33 shows the group means + SEM values for rating of perceived exertion.
Values are given for rest, the incremental protocol and recovery. Graphically it appears
on average the subjects rate exercise easier at 6 out of the 7 sub-maximat time points,
However, these differences are not statistically significant. Ratings of dyspnoea (figure

34) followed a similar pattern, however again no signilicant differences were found.
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Rest LL m3 m6 m9 ex 3p 6p 9p
Figure 33 - Ratings of perceived exertion during incremental exercise. Data are group mean + SEM.

Open circles = DCA. Closed circles = placebo. LL = low load pedalling (20W). m3, m6. m9 = minutes
3, 6. & 9 respectively. Ex = exhaustion. 3p, 6p, 9p = minutes 3, 6, & 9 post, respectively.

90

80
—e— Placebo

70 —-o0— DCA
60
50

40

Dyspnoea (%)

Rest LL m3 mé6 m9 ex 3p 6p 9p

Figure 34 - Ratings of dyspnoea during incremental exercise. Data are group mean + SEM. Open circles
= DCA. Closed circles = placebo. LL = low load pedalling (20W). m3, m6, m9 = minutes 3. 6, & 9
respectively. Ex = exhaustion. 3p, 6p, 9p = minutes 3, 6, & 9 post. respectively.
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Chapter 3

3.3 Discussion

3.3.1 The effect of DCA on VO, max

‘Maximal’ or ‘peak’ VO), its description, and the factors determining it have been a
subject of debate for the best part of a century (Honig ¢f «f., 1992; Wagner, 1992; Green
and Palta, 1992; Bassett and [Towley, 2000; Noakes, 1997; Bergh et al., 2000; Wagner,
1996; Di Prampero, 1985; Sutton ef al., 1988; Saltin et «f., {976; Dempsey et «l., 1984).
From this debate two principal paradigms have developed: the first advocating oxygen
delivery from atmospheric air to the mitochondria of the working muscle as the process
setting the upper limit for oxygen uptake, the second suggesting that the demand set by
the metabolic machinery within the working muscle is responsible te. VO, is

metabolicaily limited. The principal metabolic effect of DCA, up regulation of pyruvate

dchydrogenase, does not easily fit into either of these theories. Therefore the small but

significant improvement in VO, max shown in this study is perhaps unexpected.

An initial hypothesis for this study was that the lactate lowering properties of DCA may

delay the onset of fatigue and improve exercise performance; and that this may result in
an increase in VO, pa There was little evidence to support this in this study. Time to

exhaustion and maximum work rate were not significantly different between DCA and
Placebo trials. Similarly the lactate concentration associared with exhaustion was not

significantly different between the two trials, Thercfore, the small but significant

122




incrcase in VO, obscrved in this study is unltkely to reflect an increased tolerance to

maximal exercise through DCA administration.

These findings are supported by the results reported by Putman ef «/ (1993). These
investigators suggested that a partial reduction in any ‘metabolic limitution’ as a resul
of DCA administration would be unlikely during maxinwal exercise, They demounstrated
that activation of PDH above placebo levels was only evident for 3 min during heavy
intensity exercise.  Therefore a disparity between PDIH activation during the {inal
stages of an incremental protocol to exhaustion is unlikely. The equivalence between

peak blood lactate values in this study supports this.

Therefore, if the observed increase in VO, is not a result of a metabolic limitation is it
a result of enhanced oxygen delivery? Factors governing the delivery of oxygen from
environmental air to the mitochondria of the working muscle include [) arterial O»
saturation (reflecting, ventilation, VA/Q inequality in the lung, pulmonary diffusion
limitation, and Hb-O; affinity); 2) arterial O, concentration — that is, O, saturation and
[Hb}; 3) cardiac output or muscle blood flow; and 4) muscle O extraction (Wagner,
2000). Of these, the only ‘evidence’ we have of DCA affecting any of these processes
is a suggestion that maximal hearl rale may be increased. While there was no
significant differcnce between DCA and placebo trials when the groups were taken as a
whole, 6 out of the 8 subjects showed an clevated peak hearl rate on DCA wilh one
unchanged and one 3 beats higher on the placebo trial (subject 6). With subject 6
removed from the analysis the difference between DCA and Placebo (rials becomes
highly significant (P = 0.0107), While there is no reasonable justification (or doing this,
it is worth discussing the VO, max changes with a view that an increase in maximum

heart rate may have become sighificant with greater subject numbers. The obvious
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inference to make is that an increase in maximum heart rate will augment oxygen
delivery by increasing cardiac outpuf, assuming that stroke volume is maintained. The
demonstration that elite level athletes may have maximal cardiac outputs of up to twice
that of “ordinary” individuals has long identified it as a key factor influencing maximal
oxygen uptake (Blomqvist ez al., 1983}. Indeed Cerretelli and Di Prampero (1987)
estimated that 70 - 85 % of the limitation in V0, max is linked to cardiac output. The

influence of cardiac output on oxygen delivery can be illustrated by:

totalOytransport =1 39X [ HEIx Sa (), X oT

Egn 18

Where, 11b is hacmoglobin concentration, SaQ; is arterial oxygen saturation and Q7 is

pulmonary blood flow/cardiac output (Wagner, 1996).

Cardiac output is clearly a possible determinant of VO [i is chunges in stroke

2max *

volume rather than changes in maximal heart rate that usually determine its influence,

For example abserved increases in VO as a result of training have been attributed to

21nax
increasing stoke volume rather than changes in maximum heart rate (Saltin ef al., 1968;

Ekblom et al., 1968).

There is no means in this study to support any increase in maximum cardiac output duc
to an increase in stroke volume. The effects of DCA on haemodynamics are not well
documented (see section 6.8 for further discussion). Tn relation to this study however it
is worth noting that Stacpoole er af (1983) reported an increased cardiac output in
critically ill patients with hypotension and lactic acidosis. These findings are supported

by Ludvik ef af (1991) who reported an increased cardiac putput and enhanced oxygen
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delivery as result of DCA administration in healthy volunteers. This increase in cardiac
output was independent of any change in heart rate and therefore related to an
augmented stroke volume. In this study we have demonstrated an incrcase in heart rate
at rest, unloaded pedalling and suggested that with a greater number of subjects that this
may have also been evident at maximai levels. The possible reasons for this increase in
heart rale and its disparity willh previous studies will be discussed further in the general
discussion (Section 6.8). However, on the basis of the studies of Ludvik et af (1991)
and Stacpoole er wf (1983), a positive inotropic effect of DCA on stroke volume at

maximal work rates in this study cannot be ruled out. Therefore a haesmodynamically
mediated improvement in VO,, as a result of DCA administration is not beyond
reason and warrants further investigation.

{t is worth noting that increases in VO,

EA1HES

did not always go hand in hand with changes
in maximum heart rate. For instance subject 6 whose heart rate was 3 beats lower on

DCA showed a 0.13 I/min increase in V0, . and subject 1 who showed a 4 beat

increasc in heart rate for the DCA trial showed essentially no difference in VO

2mas *

VO, max in athlctic populations is thought to be more limited by pulmonary Oz-supply,
while non-athletic populations are thought not to be pulmonary O.-supply limited
{Karas et al., 1987). This was demonstrated by Karas et al (1987) who showed an
increase and decrease in VOZ max in athletic subjects with increasing and decreasing
F(O,. In untrained subjects they reported no increase in VO2 max with increasing F(O,,

nor a significant loss in VO, max as a result of moderate reductions in FiO;. While the

125




subjects in this study trained regularly and were well familiarised with cycling, the

highest VO,

for a well trained endurance athlete (>65 ml-min-kg'i). Therefore mechanisms other
than an augmented O, delivery are perhaps more likely to show improvements in
V0, . in this subject group.

DCA activates pyruvate dehydrogenase in nearly all mammalian tissues, the testes and
gut seemingly the only exceptions (Stacpoole, 1989). Therefore an increase in pyruvate
flux into the mitochondria and subsequent greater metabolisn of lactate in tissues such
as liver cells may increase oxygen consumpfion above that required for force
production. Whipp (1994) calculated the additional O, cost of lactate oxidation in the
liver during exercise to be approximately 17 ml/min. This was based on a blood lactate
of 7 mmol/l, a liver blood flow of .05 I/min and a 50% extraction. Making an

assumption that the ~40% reduction in blood lactate seen during unloaded pedaliing

reflects a proportionate increase in liver lactate oxidation only, this would increase the

17 ml/min estimate of Whipp's. Therefore, some of the increase in VO, seen in this

2max
study may be apportioned to an up regulation of lactate oxidation in liver and/or other
tissucs not dircctly involved in force production. A further contribution from skeletal
muscle to laclate metabolism rmay also be significant in the augmented VO

Whipp

2max *
(1994) estimated the value for lactate oxidation through this mechanism could
theoretically be as high as 660 ml/min. However, he argues that contracting muscle
units are unlikely to be undergoing glycogenesis from lactatc on thermodynamic
grounds, whereas the non lactate generating units are unlikely to be sufficiently
glycogen depleted to constitute an available terminus for the resynthesis. However, it
may be possible that DCA up regulates this process in non-contracting units
subsequently increasing O, consumption. The results from this study show that lactate
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was significantly reduced throughout exercise. Therefore, a significant increase in VO,
duc to increased lactate oxidation should also have been cvident at rest and during the

early stages of exercise. It is obvious from the VO, results that this is not the casc.

VO, was statistically different between the 2 trials at the end ol exercise when blood
lactate concentrations are not significantly different. An increased peak VO, due to
increased lactale oxidation by non-contracting muscle units is plausible and this
mechanism may make a small contribution to the cvident increase in VO,,, . However,

the results from submaximal exercise would suggest this is not the case.

Impaired pulmonary function may also prove a limitation to VOZW. High rates of
bload and gas flow could result in their non-uniform distribution within the lungs. This
would cause ventilation/perfusion (V4/Q) mismatch and reduce arterial PO, as a result.
Furthermore because \x"O2 rises relatively more than cardiac output, mixed venous PO,

falls. This could be to the extent that if there are any intra-pulmonary or post-
pulmonary shunts, arterial PO, will be reduced more during exercise than at rest due to
the lower PQ; of the blood (venous) that is carried. The net effect is an increase in the
alveolar-arlevial PO, difference to ~30 mmHg at maximal exercise comparcd to 5-10
mmHg at rest (Wagner, 1996). A major contribution to this increase is VA/Q inequality
(Gledhill ef al., 1982). Ludvik ef al (1991), Stacpoole ¢f al (1983} and Wargovich ef al
(1988) reported decreuses in  peripheral vascular resistance resulting  from
dichloroacetate administration. Therefore a similar effect on the lung vasculature,
perhaps coupled with an increased cardiac output/ pulmonary blood tlow may result in a

reduction of this VA/Q itvequality.  While this cannot be ruled out as a mechanism for

increasing VO, in this subject group, a pulmonary limitation (o VO2 18 aguin

max



thought to be reserved for more athletic subjects (in healthy subject groups). This

relates again to studies showing the invariability of Vo in untrained subjects with

2tax
altering F1Oz and no evident desaturation of arterial PO, during maximal cxcreisc

(Lawler et al, 1988; Roca et al, 1992).

While the increase in VO, in this study was small (0.09 I/min) it remains statistically

significant. However, a small but improved oxygen uptake at maximal exercise
intensities was not reflected in an increase in maximal work rate, time to exhaustion or a
reduction in peak luctaie. Therelore in terms of un irmproved ubility to perform exercise
it is not proven to be important. Making an assumption that the delta VO,/ delta work
raie relationship of 10,1 ml-rnin-W'l, calculated from the incremental responses in this
study, holds for an increase in either variable at these work intensities. The 0.09 l/min
increase in V()2 max Woltld equate to an additional ~ 9 watts. While a significant increasc
in work rate is not demonstrated in this study, an increase of this magnitude in an
athletic population would be significant in events where ‘VO2 max 18 considered to be

limiting to performance,

Roberts ef af (1997) is the only other study o look at the elfects of dichloroacetate on
incremental exercise performance. Using the sume dosing procedure as this study they
showed no diflerence in VO3 max O time {0 exhaustion {a= 7). However lactale was
lowered at rest, beiween 80-100% of VO2 max @nd throughout 8 min of recovery. While

their findings contradict those found in this study it is difficult to make detailed
comparisons because the Roberts et «f (1997) study was only published in abstract

form.
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On the basis of these findings further investigation of the effect of DCA on maximat
exercise performance is warranted, with an emphasis on a beller description of the

athletic ability of the population group and closer lock at haemodynamic changes.

3.3.2 The effect of DCA administration on the lactate threshold.

The proposed reduction in oxygen deficit (Timmons et al., 1996) and reduction in blood
factate cancentration (Mercill ef af., 1980; Durkot er al., 1995; Schneider ¢ af., 1981;
Carraro ef af., 1989, Hatta et af., 1991; Rossiter ef af., 2003} upon DCA administration
suggest that the contracting muscle units are functioning more aerobically during

exercise. It was hypothesised for this study that this may be manifest in an increased
VO2 associated with an increased blood lactate concentration above an initial baseline
i.c. a rightward shift in V02 © as estimated by the v-slope method described by Beaver ef
al {1986). However, the results reported in this thesis show there was no significant
difference in VO, 0 between the DCA and placeho groups. This is somewhat surprising
as lactate concentration was significantly reduced throughout sub-maximal exercise for
the DCA condition compared to the placebo. This was not accompanied by a
significant change in either pH or standard bicarbonate measures. At first glance this
seems to be contrary to what may be expected and initially hypothesised at the
beginning of this study. However it is clear from Figure 27 that while blood lactate
concentration remains lower during sub-maximal exercise, it differs only in absolute
term. ‘Lhe increase above an initial baseline occurs at the same time poiat for both trials
i.e. the exercisc blood lactate curve in the DCA condition has been displaced
downwards rather than rightwards. Therefore while the magnitude of the blood [lactate]
response is different between the two conditions Opr is uniikely to be dilferent. This
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would explain why no difference was seen in Oy for the DCA trial compared to the
placebo (rial, despite & significant reduction in blood lactate concentration being

observed throughout the submaximal exercise range.

Several mechanisms have the potential to increase lactate production as VO, increases
during exercisc. These tnclude, an increase in glycolytic rate producing pyruvale in
quantities greater than that that can be driven through PDH, a reduction in cytosolic
redox state (NADII/NAD™) due (o the rate of oxidative phoshorylation being unable to
sustain the re-oxidation of cytosolic NADH, increased recruitment of Type IIb muscle
fibres and a reduction in capillary PO, to a level that impairs oxygen diffusion into the
mitochondria. The effect of DCA on lactate production and the mechanism/mechanisms

behind this will be discussed in further detail in the general discussion (section 6.9).
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3.3.3 Summary of findings

DCA did not improve performance of the incremental exercise protocol for the subject
group in this study. This was relfiected by no difference in maximum work rale, time (©
exhaustion or lactate threshold between the DCA and placebo trials. There was

however an unexpected, small, but significant increase in V()2 for the DCA trial

max

compared to the ptacebo trial. 1t is suggested here thal this small jncrease in VO_q_ma,( may
reflect hacmodynamic changes associated with DCA. However no direct evidence is
available from these studies to support this theory. These findings suggest that further
investigation of the effect of DCA on maximal exercise performance and associated

haemodynamic changes is warranted,



Chapter 4

The effect of Dichloroacetate on oxygen uptake during
‘moderate’ intensity exercise
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Chapter 4

4.0 Introduction

Dichloroacetate has been shown o increase the activity of the Pyruvaie dehydrogenase
complex (PDII) at rest and during exercise (Stacpoole, 1989; Timmons et al., 1998;
Howlell et al., 1999a&b; Gibula and Saltin, 1999; Parolin et al., 2000). A reduction in
phosphocreatine degradation subsequent to this has led to the suggestion that a
refatively slow activation of PDH could contribute to the lag in oxidative ATP
regeneration at the start of exercise. Indeed Timmons et af (1998) interpreted these
results as evidence that PDH activation played a major role in determining the O, deficit
at the onset of exercise. However, this relationship was inferred from PCr
measurements. There was no direct measurement of V(,, neither were there enough
data points to allow kinetic discrimination. The aim of this study was to examine the
cffect of DCA on the fundamental VO, kinetics during moderate intensity exercise.
Working within the moderate exercise intensity domain eliminates the complicating

influence of the VO, slow component. This enables a more accurate modelling of the

fundamental VO, response thereby ensuring a more accurate reflection of QOmusO,

(Barstow et al., 1990; Grassi ef af., 1996).
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Chapter 4

4.1 Methods

4.1.1 Subjects

6 male subjects between the ages of 21 and 35 ook part in the protocol. All subjects
met the standard inclusion criteria (section 2.1 general methods). Table 6 shows the

subject characteristics for cach individual.

Table 6 - Subject characteristics

Subject Height Body mass Agc
(cm) (kg) (yrs)

[ 179 61 22

2 182 95 33

3 184 87 35

4 167 71 28

5 170 83 25

6 186 86 22

Mean 178 80 28

4.1.2 Protocol

Prior to undertaking this study subjects were familiarised with all equipment and
procedures on multiple visits to the laboratory. Prior to completing the DCA/Placebo

trials subjects underwent an incremental exercise test (o0 exhaustion for the

determination of 8 , WR .y and VO,

e - QM1 WO subsequent visits subjects completed
a double, sub-threshold, square wave protocol (fig. 36) consisting of: rest (4 min), low
load pedalling (20 W, 5 min), exercise hout 1 (7 min), fow load pedalling (20 W, 7

min)}, exercise bout 2 (7 min), low load pedalling (20 W, 7 min).
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Figure 35 - Schematic illustrating Lhe Sub threshold exercise protocol . LE1 and LL2, represent the first
amdd second periods of low load pedalling respectively Ex1 and Lix2, represent the first and second periods
of loaded pedalling respectively. The exercise workload was set at 90% of each individuals cstimated

lactate threshold (8¢+). The solid line illustrates the square wave nalure of the work rate increase.

The work rate change for each individual was set at 90% of the workload corresponding
to the estimated lactate threshold (O17), determined from a standard ramp-incremental
exercise protocol. The caefficient of variance of the VO, response and the delta work
rate (AWR) have been shown to be iaversely related (Egn. 19). Therefore, this workload
provided the maximurn change (delta) in work rate, allowing a margin for error, so as
not to exceed 9 1.
AWR =1/ CV

Fagn 19.
DCA administration and hlood handling followed the procedures described in section
2.2.5. Blood samples were taken at rest prior Lo DCA administration, 1 min before the
start of each square wave exercise bout and at the end of the 6™ min of cach square
wave, Ratings of perceived exertion and dyspnoea were luken 45 s before each blood
sample. Heart rate, gas exchange, and NIRS measurements were made as described in

chapter 2.




4. 1.3 Analysis

Each VO, data set was edited, as described in the general methods (Chapter 2).
Gaussian distribution characteristics were assumed as described by famarra et al ‘
(1987) and Rossiter er al (2000). The VOZ response for each test was then interpolated

on a second-by-second basis. This allowed subsequent superimposition and averaging

of the responses from the 2 repeated transitions.

A commercial software package (Microcal Grigin) was used o model the phase I VO2
response to each square-wave on-transient. A mono-exponential function was fit to the
data (Fgn. 20). The fit excluded the ‘cardiodynamic’ or phase [ region (i.c.
approximaltely 20 s afler exercise onset), and continued through at least one minute of

steady state data (Whipp ef al., 1982).

V0, ~V0y + AV, 1"

Eqgn 20,

VO,, is the value of VO, at t = 0, AVQ, ., is the asymplotic value to which VO, is

assuimed to project, T is the time constant of the response and d is a delay term similar to
(but not equal to) the phase I-phase II transition time (Whipp et el., 1882; Whipp and
Ozeyener, 1998).  Best-[it values for T and & were found for each variable by an
iterative least-squares process, The ‘goodness’ of fit was determined by observing the

. . . « . P . 2
flatness of the associated residuals and minimising the sum squared errors {i.e. x7).
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The ofl-transicat response was modelled in the same fashion with the polarity of the

equation switched from positive to negative.
The fit for the calcuiation of the oxygen deficit (O, det) was constrained to start at the
beginning of cxercise (Whipp ef al., 1982). The generated time constant (') represents

a mean response and allows the calculation of the oxygen deficit using the following

relationship (Whipp et al., 1982):

Lgn 21,

4.1.4 Stutistics

Statistical analysis followed that described in general methods chapter 2 (section 2.2.10)
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Chapter 4

4,2 Results

4.2.1 Blood borne metabolic responses {o moderate intensity exercise

Figure 36 shows the results of analysis of blood samples taken during these
experiments. Blood [lactate] was not significantly different in the control period for
both experiments (Mean + SEM. 0.83 + 0.14 mmol/l DCA. 0.74 + 0.16 mmol/l
placebo. P = 0.67. Table 7). However, it was significantly reduced throughout the
exercise protocol in the DCA trial. A reduction of 50% in the group mean lactate
concentration was observed across all four time points. These data arc shown in table 7.
Importantly, no significant increase in hlood lactate concentration was fonnd during
exercise. Indicating that exercise was undertaken at work rates below that associated
with the lactate threshold. No signiticant change in pH was observed, there was a
tendency for the standacd bicarbonate concentration to increase and for the blood

glucose concentration to decrease . However, these did not reach statistical significance.
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—e— Placebo

*
10 —o— DCA .
*
*
1.0
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[@) 0.8
=
E o5
©
= 04 0
0.2
0.0
Rest LL1 ex1 LL2 ex2
(pre dose)
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Figure 36 - The effect of DCA on blood lactate during moderate intensity exercise. Data are group means
+ SEM. Closed circles = placebo. Open circles = DCA. Data shows that the administration of DCA
successfully reduced blood [Lactate] during the sub-threshold exercise protocol, compared to the placebo
trial. Furthermore, there was no significant rise in blood [Lactate] during either trial. Indicating that
exercise was indeed taking place in the *moderate’ domain. Pre dose = Samples taken prior to DCA
administration. LL = low load pedalling (20W). Ex = exercise sample. * Statistically significant between
placebo and DCA trials. Statistical analysis was carried out using two-factor ANOVA for repeated
measures, followed by a paired r-test if a main treatment effect was observed. Statistical significance was
declared at P<0.05.
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4.2.2 VO, responses to moderate intensity exercise

The group mean + SEM on-transient V()2 responses are shown in figure 37. There arc
no differences hetween DCA and placebo trials. The time constant for the conditions
{mean + SEM) was 18.3 + 1.22 and 16.1 + 2.02 respectively (Table 8). The time
constant for both conditions lic within the normal range previously reported for
moderate cycle ergometry exercise (Whipp ef al., 1982; Lamarra er al., 1987). The 2 s
difference between the mean values is not statistically signiticant (P = 0.089). Figurcs
39 a&b show mono-cxponential fits for the VO, responses for all subjects. The initial
‘cardiodynamic’ phase (~25 s) was excluded and the fit continued through at least |
minute of the steady state. The responses are generally well described by equation 20;
thai is the associaied residuals fluctuate closely aud randomly about zero, The residuals
for subject 5 (fig. 38h) however show signilicant portions below zero for the placebo
irtal. This represented the best estimate of the time course of the response. Therefore,

this data has been left in the analysis.
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Figure 37 — Data are group mean + SEM. The on-transient VO, response to moderate square wave

exercise. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step
increase in work rate from a 20 W baseline.
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The data in table & show that the values for the unloaded pedalling baseline, and
exeicise steady-state, 1;’02 were very stmilar for all subjects in the group. No significant
difference was found between the two conditions. Thus there {s no difference in the
steady-state VO, gains (Mean 4+ SEM. 10.3 + .08 ml-min’-W” DCA. 104 + 0.95
mi-min W' placcbo, P = 0,71). The values for both conditions are comparable w the
value of 10 ml-min” W reported by Wasserman & Whipp (1975) and Hansen ef al
(1984} and rthe values reported for the incremental work protocol in chapicr 3. As
expected [rom the above results, the calculated Os deficit (Mean + SEM) of 0.59 + 0.1 |
I/min DCA. and 0.55 + 0.09 I/min pilacebo was not significantly different between the

two conditlons,

The group mean + SEM off-transient V(,responses are shown in figure 39. The

responses for both trials are well matched. (his is evident in values for the off transient
time constants which are not significantly different (Mean + SEM. 28.2 + 2.34 s DCA.,
28.7 + 2.14 s placebo. P = 0.089. Table 8). The time constant for the off transient
responses of both groups were significantly longer than the corresponding on transicnt
responses (Meun + SEM. 28.2 4 2,34 s DCA oftf-1. 18.3 + 1.22 s DCA on-t. 28.7 +

2.14 s ptacebo off-1. 16.1 + 2.02 s on-1. P<0.05).

Figures 40 a&b show mono-exponential fits for the off transient VO, responses for all
subjects. Once again the initial ‘cardiodynamic™ phase {~25 s) of the response was

cxcluded and the fit was continued through at least one minute of the steady-state

146




response. Generally, the off-transient steady-state response was inherently more ‘noisy’
than the on-transient response. This is likely due to the weight of the subject on the
saddle of the ergometer becoming more apparent to the subjects during the transition
from a high load o a lighter load. Furthermore, during unloaded pedalling their
breathing tended to become less ‘thythmical’ as they attempted to relax in aaticipation
of the next step up in work rate. Therefore the [itting range was continued throughout
the steady-state in order to maximise the number of data points used to determine the
steady-state asymplote. The responses were generally well described by equation 20;

that is the associated residuals fluctuated closely and randomly around zero.
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Figure 39 — Data are group mean + SEM. The on-transient VO, response to moderate square wave
exercise. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step

increase in work rate from a 20 W baseline.
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4,2.3 Cardiovascular responses to moderate intensity exercise

Resting heart rate was significantly elevated on average by 10 beat-min” in the DCA
trial (Mean + SEM. 68 + 3.2 beat-min™ DCA. 58 + 2.3 beat-min”' placebo. P = 0.017.
Table 9). This response was consistent for all subjects (Table 9). Heart rate continued
to be significantly elevated during baseline low load pedalling (Mean + STIM. 87 + 3.4
beat-min' DCA. 80 + 3.4 beat-min™ placeho. P = 0.002. Table 9) and sleady-state
exercise (Mean + SEM. (11 + 3.2 beat-min? DCA. 107 + 2.7 beat-min placebo. P =

0.043. Table 9).

The magnitude ol the diffcrence between the two conditions proved to be smaller at the
end of the exercisec when compared to unloaded pedalling values; 4 beat-min™ versus 7
beat-min™' respectively. Likewise the difference was smaller for unloaded pedalfing
compared to rest; 7 beat-min' versus 10 beat-min”. This indicates that the elevation in
heart rate due to DCA adminisiration became progressively less us the work rate
increased. This is illustrated in ligure 41. The heart rate can be seen to be clearly
elevated at more at baseline than at end excrcise. Figure 42 shaws the delta heart rate
responses for all subjects. A lower delta heart rate requirement on commencement of

exercise is clearly evident.
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Figure 41 — Heart rate response to moderate ‘square wave' exercise. Data are group mean + SEM. Open
circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step increase in work rate

from a 20 W baseline.
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Figure 42 — Heart rate response to moderate “square wave' exercise, normalised to baseline values. Data
are group mean + SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start

of the step increase in work rate from a 20 W baseline.
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Oxygen pulse is significantly lower at rest in the DCA condition when compared to the
placebo condition (Mean 4+ SEM. 6.77 + 0.36 ml/beat DCA. 8.00 + 0.48 ml/beat
placebo. P = 0.043. Table 9). The summary data for each individual are shown in table
9. Oxygen pulse continued to be significantly reduced during low load pedalling (Mean
£ SEM. 8.73 + 0.51 ml/beat DCA. 9.62 + 0.2 ml/beat placebo. P = 0.004. Table 9) and
at end exercise (Mean + SEM. 14.06 + 1.13 ml/beat DCA. 1499 + .21 ml/beat

placcbo. P = 0.012. Table 9), in the DCA trial.

Group mean + SEM oxygen pulse responses for both conditions arc shown in figure 43.

A reduction is evident thronghout the DCA trial. This reflects the observed increase in
heart rate with no change in VOE. Figure 44 shows the oxygen pulse responses

normalised to baseline vajues. The time course and magnitude of the chunge in oxygen

pulsc is shown to be similar for bath conditions.
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Figure 43 — Oxygen pulse response to moderate ‘square wave’ exercise. Data are group mean + SEM.
Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step increase in

work rate from a 20 W baseline.
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Figure 44 — Oxygen pulse response to moderate ‘square wave' exercise, normalised to baseline values.

Data are group mean + SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the

start of the step increase in work rate from a 20 W baseline.,



4.2.4 Muscle oxygen saturation responses to moderate intensity exercise

Group mean + SEM deoxyhaemoglobin responses for hoth conditions are shown in
figure 45. All data are corrected to a % of a maximal voluntary contraction and
normalised to the last minute of the low load baseline. The magnitude of the delta is
reduced during the DCA wial. Figure 46 shows individual responses for all subjects. Tt
is clear from this figure that a lower delta is not consistent for all subjects. The
magnitude of the drop in subjects | and 2 during the DCA trial clearly offsets the mean

for this group.

Across all subjects there was a rapid drop in Hb during the first ~25 s of exercise. 1'aken
as a group mean this drop appears greater during the DCA trial. This may indicate a
greater ratc of oxygen utilisation during this initial phase of exercise. A response that
would be masked in the ‘cardiodynamic’ phasc of the VO, response. Alternatively, and
perhaps more likely, this may indicate a greater increase in the size of the blood volume
under the field of study. This would cause a greater drop in the HFb signal during this
tirne. This response is not consistent across all subjects (figure 46). The resolution of
the responses in this phase is not high and therefore this finding may warrant Futther

investigation.
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Figure 45 - Delta deoxyhaemoglobin responses to moderate ‘square wave' exercise. Data are group
mean + SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step

increase in work rate from a 20 W baseline.
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4.2.5 Ratings of perceived exertion and dyspnoea during moderate intensity

exercise

Figures 47 and 48 illustrate the comparative group means + SEM for ratings of
perceived exertion and ratings of dyspnoea for the two conditions. No significant
difference was found between visits for either measure. Intercstingly, there was a
tendency to rate both dyspnoea and RPE higher on the second exercise boul than the
first. This may reflect general discomlort with the setup and prolonged use of the

mouthpiece. However, these differences did not reach statistical significance.




20
—e— Placebo
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Figure 47 - Ratings of perceived exertion during moderate intensity exercise. Data are group mean +
SEM. Open circles = DCA. Closed circles = placebo. LL = low load pedalling (20 W). Ex = exercise
sample.

—e— Placebo
15 —o— DCA

12

Dyspnoea (%)
©

i iy exi LL2 ex?

Figure 48 - Ratings of dyspnoea during moderate intensity exercise. Data are group mean + SEM. Open
circles = DCA. Closed circles = placebo. LL = low load pedalling (20 W). Ex = exercise sample.



Chapter 4

4.3 Discussion

4.3.1 The effect of DCA on oxygen upiake during moderate intensity exercise

The ~50% reducuon in biood lactate concentration seen (hroughout exercise in this
study is consistent with that reported in the literature (Roberts er al., 1997; Ludvik et al.,
1993; Timmons ¢f al., 1998; Ludvik ef al., 1991, Cuarraro ef al., 1989: Howletl e¢f al.,
1999a&b; Wilson ef al., 1988; Rossiter e al., 2003). This response provides evidence
that the DCA preparation was successful in activating PDH (Stacpocle, 1989, Timmons

et al., 1998; Howlelt et al., 1999a&b; Gibata and Saltin, 1999; Parolin et ¢f., 2000).

This apparent increase in PDH activity was not associated with any significant speeding
of the VO, on kinctics. Indeed the VO, steady state or kinetic responses show little
varialion between trials. As expected this 1y borne out in the calculated values for the
Oqdef (0.59 + 0.26 DCA vs 0.55 + 0.21 placebo V/min). Thercfore, this study docs not
support the suggestion by Timmons et al (1998), and Greenhaff et al (2003), that an

acetyl-group deficit limits mitochondrial ATP production at the onset of exercise.

Timmons et al (1998), Howlett et al (1999), Parolin ef al (2000} and more recently
Rossiter ez al (2003} have all demonstrated a significant reduction in PCr breakdown
and blood lactate accumulation in response to DCA administration during constant load
exercise (supra-threshold exercise intensity). In the study by Rossiter er af (2003) these

responses were accompanied by a reduction in the fundamental VO, amplitude by ~8%

with no associated change in the fundamental 1. The suggestion from these
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investigators is that the reduction in PCr degradation on DCA. administration reflects an
improved energy state of the muscle that is not associated with an altered time constant
for VO, . 'The evidence from the above studies is derived from supra-threshold exercise.
However, the fundamental response has been argued by Margaria ef al {1965), Paterson
& Whipp (1992) and Ozyencr ef al (2001) to be similar in nature to that for sub-
threshold exercise. Therefore comparison of the fundamental response from this study
and the resulls of Timmons ef al {1998), Howlett er al {1999}, Parolin et «f (2000) and

Rossiter et al (2003) is not unfounded.

The data from this study does not agiec with that of Rossiter e af {2003) in that the
steady state gain in VO, was unaffected by DCA administration (0.81 + 0.33 /min
DCA vs 0.83 + (.33 Placeho I/min). A reason for this difference could be that while the
fundamental response below and above the lactate ‘threshold’ are similar in lheir
description they are not wholly governed by the same mechanism/s of control.  For
instance, factors such as proportional recruitment of muscie fibre type and changes in
pH could pluy more of a role in setting the fundamental VOE gain above the threshold
than below. Indeed, Burnley et o/ (2001) reported that prior heavy exercise increases the
amplitude of the primary VO, component during supra-threshold exercise. However,
the same group had previously shown no ellect of prior heavy exercise on the

fundamental VO, response to moderate exercise (Burnley et al, 2000).
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4.3.2 Parameter discrimination

The small number of subjects in this study reduces the statisticai power of the results,
Howlett & Hogan (2003) found a ~ 2 s increase in the rate of fail in PO, using DCA in
an isolated animal muscle preparation.  Using the standard deviation in T from this
study; a retrospective power analysis indicates that the number of subjects required to
realise a significant change of 2 s in Tis 17. Therefore this study is underpowered. This
result becomes less critical as the tendency was for 7 to be lengthened in the DCA trial.
Therefore a significunt speeding of the kinetic response was unlikely to he seen even

with greater numbers.

4.3.3 The ctfect of DCA on muscle oxygen saturation during moderate intensity

exercise
Delorey er al (2003) and Shibuya ef af (2003) have attempted to refate the change in
NIRS-Hb and YO, in response to moderate intensity excrcise. Both studies modelled
the deoxy-haemoglobin response to moderate constant work exercise with a mono-
exponential function, They lound the on-kinetics for AHb to be faster than VO,
kinetics (6.5 + 2.2 s v§ 23.8 + 4.4 s, Delorey #¢ al., 2003; 10.0 + 3 s vs 30 + 8 s Shibya
et al., 2003). The AHb plots (rom this study were not expressed well by a
monoexponential function, largely due to an inconsistent steady-state phase. However,
visual inspection of the AHb time plots clearly show that the results from this study
agree with Lthose of Delorey ef ¢f (2003) and Shibya et af (2003) with the AIIb response
increasing more rapidly than the VOz response. The AHb signal is an estimate of

changes in muscle microvascular decoxygenation within the field of interrogation and
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reflects a batance between local muscular O delivery and muscle oxygen utilisation.
The hypothesis from this and the above studies was that the phase II VO2 response

would reflect the NIRS-Hb response. That is, after an initial delay, the NIRS-TIb signal
would increase following a mono-exponential time course to a steady-state. As with the
results of Delorey er al (2003), a clear delay of ~15 s between the start of transition and
the increasc in AHb is cvident. However in contrast to the studies of Shibya et ol
(2003) and Delorey et al (2003), where AHb remained constant during this period, the
results of this study show a clear decrease in the Hb signal during the initial phase of the
response. It is likely that this initial drop in the AHb signal is evidence of either an
increased perfusion of the measurement field or an initial movement of Hb out of thig
tield. The latter suggestion could possibly be due to the actions of the muscle pump at

the onset of the excreise transition.

The rate of change of the AHb signal reflects the balance between muscie O delivery
and muscle O, utilisation. This initial drop in the AHb signal could reflect a more rapid
increase in muscle blood flow relative 1o muscle Oy extraction. This would suggest that
delivery of O, is not limiting during this initial phase of exercise. The time delay before
muscle O extraction becomes cvident agrees with the work of Grassi ef of (1996) and
Bangsbo ef al (2000) in intact human muscle and the work of Hogan (2001) in Xenopus
single skeletal muscle fibres. These authors report a ~6-20 s delay alter the start of
muscle contraction before O extraction was evident. This ‘apparent” delay in
microvascular O, extraction may he due to a ‘metabolic inertia’ within the oxidative
machinery of the mitechondria or it may rellect a matching of Oy extraction by local
mascular O; stores and muscle O delivery. However, the evidence from studics

utilising magnetic resonance spectroscopy (Whipp ef al., 1999; Rossiter ef al., 1999)
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show PCr decreasing immediately at exercise onset. Furthermore, the work by Behnke
et al (2002) shows that measures of microvascular PO, also decrease without delay.
These studies do not support the existence of an inherent ‘metabolic inertia” withis: the
machinery of oxidative phosphorylation. Declorey ¢f ol (2003) suggest that the constant
AHD signal during the [irst ~13 s of exercise in their study rellects a close matching of
perfusion and metabolism and that any delay in O; consumption should be reflected by
a4 decrease in AHb during this initial phase. Therefore, the results from this study
appecar to support the notion of a delay in O, consumption at the start of exercise.
Whether the early decrease in AHb evident in this study reflects a ‘metabolic inertia’ or

an increase in muscle perfusion/oxygen extraction ratio cannot be determined.

DCA has been shown lo decrease peripheral vascular resistance {Wargovich et al.,
1988; Ludvik et af., 1991). This may augment muscle blood flow during the initial
stages of the exercise response. Thercfore a reduction in the AHb signal at the start of
cxercisc may be expected. There is a clearly exaggerated decrease in the Allb signal [or
3 of the 6 subjects during the DCA trial in this study. However, no difference is seen
for the remaining 3 subjects. Therefore, DCA has had no consistent/if any elfect on
AHb during this phase of the response. A DCA induced increase in muscle perfusion
may be expected to reduce the AHb response throughout the exercise bout. Again this
is evident in only 3 of the 6 subjects. Generally there is no systematic difference
between the AHD responses for the DCA and Placebo trials. The responses for all
subjects reach a peak value within | min, evidently quicker than the VO, response. By
definition a steady state response is not met in the majority of subjects. This clearly
does not reflect the VO, responsc and differs from the results of Delory ef af (2003) and

Shybia er al (2003). Both studies reported a mono-exponential response to steady-state.
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Closer inspections of the data from the Delory ef af (2003) study suggest their
description of the response is not accurate. The individual plots clearly show a
‘drifting’ in the ‘steady state’ portion of the response. Shybia ef «f/ {2003} do not
display the AHb response in their study. The deifting is cleary evident in the fesults
from this study and likely reflects factors influencing the volume of Hb in the region of

interrogation.

The resuits from this study suggest that DCA has no systematic effect on microvascular
0, extraction during sub-threshold exercise. There may be a suggestion that DCA
increases muscle perfusion during the initial phase of the response, but there is clearly
no effect on the point of increase in AHb and no evident speeding of the response in 4

out of the 6 subjects.

4.3.4 The effect of DCA on heart rate during moderate intensity exercise

As with the incremental cxercise study described in chapter 3 ol this thesis, the heart
rate was clevated at rest and unloaded pedalling during the DCA trial. Unlike the
incremental exercise, heart rate was elevated throughout the moderate exercise
transitions. The effect of DCA on heart rate will be discussed further in the gencral
discussion (section 6.8). The delta heart rate plots from this study clearly show that the
effect of DCA on heart rate during exercise is not simply additive. The difference in

heart rate between the two trials is evidently reduced on exercise.

The result of an elevated heart rate is a reduction in the oxygen pulse. Oxygen pulse is
a product of stroke volume and arterto-venous O; difference. Therelore a reduction in

oxygen pulse can reflect either a reduced stroke volume, an increased oxygen delivery
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or a decreased oxygen extraction. The tncreased heart rate during the DCA trial reduces
the O, pulse, presumably through changes in stroke volume. This contradicts previous
discussion {(see section 3.3) suggesting that DCA may play a role in increasing O,
delivery by increasing cardiac output. However when the O; pulse plots have been
normalised to a zero baseline il is evident that there is little change in the rate or
magnitude of the O pulse response. This suggests that there is little change in either
stroke volume or arterio-venous O, difference as a result of DCA administration during

cxercise at moderate work intensity.
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Chapter 5

The effect of Dichloroacetate on oxygen uptake during
‘heavy’ intensity exercise
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Chapter §

5.0 Introduction

The hypotheses for this study were that DCA could alter the VO, response to ‘heavy’/
‘very heavy’ exercise in three ways: 1) by speeding the initial ‘fundamental’ component
of the response 2) changing the gain of the initial ‘fundamental’ component of the

response 3) by reducing the amplitude of the slow component response.

The reasoning for the first hypothesis is similar to that described for sub-threshoid
exercise (section 3.0). Timmons et ol (1998) described a “functional stenosis’ at the
level of pyruvate dehydrogenase that was considered 10 be ‘major determinant’ of the
lag in oxygen uptake during the initial stages of exercisc. This was supported by the
results from subsequent studies by Howlett et «f (1999) and Parolin ef al (2000). On the
evidence from these studics, DCA administration should result in a speeding of the

initial ‘fundamental’ VO, response.

In addition, studies have shown an apparent speeding of VO, kinetics for exercise

transitions completed from a background of prior exercise (Gerbino er al.,1996;
MacDonald et al., 1997; Bohnert ef al., 1998). It has been proposcd that this speeding
of the V(, response is due to a residual acidosis augmenting the oxygen delivery during
the subsequent exercise bout (Gerbino et ¢f., 1996), However, PDH is quickly activated
during exercise (Putman ef al., 1998). Therefore it is conceivable that a prior boul of
cxercisc cffects a priming of PDH, augmenting the I/.’O2 response to the subsequent boul
ol exercise. This 1s an eftect similar to that described by Timmons et al (1998). Indeed

Campbell-O’Sullivan er af (2002) reported a prior bout of low intensity exercise (55%
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V0, .. ) accelerated the VQ, on-kinetic response over the first minute of a subsequent

higher intensity (75% VO, ) cxereise bout, This increase in specd of the VO, on-
kinctic response was attributed to an increase in the acetyl group availability at the level
of the TCA cycle, thereby uccelerating mitochondrial ATP production at the onset of the
second cxercise bout.  Therefore il is conceivable thul DCA administration should

exhibit similar effect on the VOR on-kinetic response to supra threshold exercise in the

‘heavy’ and ‘very heavy’ exercise intensity domains,

As described in the introduction (refer to section 1.11), the mechanism/s behind the
manifestation of the slow component are not yet fully understood. However what is
clear is that the slow component is only evident at work rates that induce lactic
acidaemia and it is dependent on a relative work rate rather than un absolute work rate.
While blood lactate is unlikely to be a primary cause of the VO, excess, these two
components of the exercise response appear inextricably linked. This 1s particularly
apparent as a result of prior exercise (Gerbino ef a@l., 1996) and endurance fraining
(Cusaburi et al., 1987). It was of interest therefore to investigate whether DCA, and
subsequently PDH activation, exhibited similar characteristics. That is, would a
reduction ol the anaerobic contribution to the tundamental phase of the exercise
response alter the relative intensity of the cxercisc bout, and subscquently reduce the
VO, cxcess? In addition, is a greater lactate clearance, and a subsequent reduction in

acid stress, responsible for a reduction in the slow component?
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Chapter 5§

5.1 Methods

5.1.1 Subjects

7 men between the ages of 21 and 35 took part in the protocol. All subjects met the

standard inclusion criteria (section 2.1 general methods). Table 10 shows the subject

characteristics for each individual.

‘T'able 10 - Subject characteristics

Subject Height Body mass Age
(cm) kg (yrs)
1 179 6l 22
2 182 95 33
3 184 87 35
4 167 71 28
3 170 83 25
6 186 86 22
7 181 67 21
Mean 178 78 27
SD 7 i2 6

5.1.2 Protocol

Prior to undertaking this study subjects were familiarised with all equipment and
procedures during multiple visits to the laboratory. On two subsequent visits the
subjects compleled a single square wave exercise protocol until exhaustion or until they
were no longer able to maintain a cadence of 50 rpm. After 3 min of resting breathing
and 5 min of low load pedalling at 20 W, the work rate was increased (fig. 49). Up to [0

min of data was collected during the recovery period post exhaustion.
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Work rates above the lactate threshold were calculated as a percentage of delta VO,.

Delta VO, is a term used to define the VO, difference between VO,,  and VO, at the

max

lactate threshold i.e. VO,

o — VO, (Rausch et al, 1991). The percentage of delta V),
used was determined from the familiarisation bouts. Typicalty 60% of delta VO, was
used for exercise lasting approximately 20 min. DCA and placebo doses were

administered following a standard protocol (see section 2.2.5) to each visit in a double-

blind, randomised Cashion.

Ex Exhaustion

% A !'//

Wk (W)
LL

20 W
oW

3 5 )

Stage tune
(min)
Figure 49 - Schematic illustrating the Supra-threshold exercise protocol . LL = Low Load pedalling,

Iix = exercise, The exercise workload was set at approximately 60% of della l’l’Oz (A VO; = V02 max "

VO, , ;) lor cach individual. The solid line illustrates the square wave nature of the work rate increase.

Blood handling and analysis followed ihe standard procedures described in section
2.24. Blood samples were taken prior to DCA administration, 4 min into low load
pedalling, every 5 min during exercise, al exhaustion and 3 min, 6 min and 9 min post
exhaustion. Ratings of perceived exertion and dyspnoca were taken 45 s before each
blood sample and as close to exhaustion as possible, Ileart rate, gas exchange, and

NIRS measurements were made as described in chapter 2,
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5.1.3 Analysis

Each VO2 data set was edited as described by Rossiter ef af (2000). Gaussian
distribution characteristics were assumed (Lamarra ef al., 1987; Rossiter et al., 2000).
The VO, response for each test was interpolated on a second-by-second basis. This
allowed subsequent averaging (8-12 s) and comparison of the responses from repeated
tests. The first 3 min of the VO, response was modelled using the same mono-

exponential function as that used for the sub threshold data (Fgn 20).

The initial ‘cardiodynamic’ portion of the data was excluded from the fit. The 3 min
time point was chosen to standardise the [itting window for compuarison between the
two trials. 3 min was chosen to maximise the data sct available for analysis while
minimising the confribution of the slow component response associated with exercise
above the lactate threshold. The initial portion of the slow rise in VO, was described
by subtracting an average of minute 3 from the average of minute 6 to give the index

VO, ¢ Peak VO, was taken as an average of the last 20 s of exercise.

This analysis was adopted us the standard approach. Mulliple exponential functions, as
described in the general introduction, were unsuccessful in consistently deseribing the
V0, response for each individual.

5.1.4 Statistics

Statistical analysis followed that described in general methods chapter 2 {section 2.2.11)



Chapter 5

5.2 Results

3.2.1 Blood borne metabolic responses to supra-threshold exercise

The group tmean + SEM blood lactate responses for both trials are shown in figure 50.
1t is clear that blood lactate was reduced throughout exercise on the DCA trial. This
reduction was significant at baseline (Mean + SEM. 0.35 + 0.05 mmol/l DCA. 0.7{ +
0.0.08 munol/l placebo. P = 0.0005. Table 11), minute 3 (Mean + SEM. 4.04 + 0.57
mmol/l DCA. 4.85 + 0.59 mmol/l placebo. P = 0.0009. Table 11}, minute 6 (Mean +
SEM. 8.44 + 1.15 mmol/l DCA, 7.55 + .22 mmol/l placebo. P = 0.046. Table 1 1) and
exhaustion (Mean + SEM. 11.82 + 1.29 mmol/l DCA. 13.49 + 1.55 mmo¥/| placebo. P
= 0.008. Table 11). Blood lactate values continued to be lower during recovery. A
significant difference was observed at 3 min (Mean + SEM. 11.07 4 1.46 mmol/l DCA.
[2.65 + 1.46 mmol/] placebo, P = 0.013. Table 11) and 6 min (Mean + SEM. 9.77 +
1.87 mmol/l DCA. [1.53 + .83 mmol/l placebo. P = (0.036. Table [1) post exhaustion.
DCA lowered blood lactate values across all time points by 51%, 11%, 9%, 2%, 12%
and 15% respectively. Therefore the magnitude of the reduction became less the closer

the subject was to exhaustion.

There was a small but significant fall in pH trom baseline to exhaustion (fig. S1) in both
the placebo trial (Mean + SEM. 7.40 + 0.003 baseline, 7.24 + 0.03 exhaustion. P =
0.012. Table 11) and DCA trial (Mean + SEM. 7.41 + 0.002 baseline, 7.25 + 0.03
cxhaustion. P = 0.011. Table 11). However there was no difference in the magnitude of

the drop between trials.
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Similarly there was a fall in standard bicarbonate progressively throughout exercise
until cxhaustion (fig. 52). There appears to be a trend for the values to be higher on the
DCA trial, the mean differences do not reach statistical significance (Summary data are

shown in Table 11).

Figure 53 shows that blood glucose increased at exhaustion and peaked post exercise tor
both trials, There appears to be a tendency for the mean values to be lower for the DCA
trial however the differences do not reach statistical significance (Summary data are

shown in Table 11).
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12
10

[La] (mmol/)

—&— Placebo
—O0— DCA

rest LL m3 m6 ex 3p 6p 9p
(pre dose)

Sample

Figure 50 - The effect of DCA on blood lactate during heavy intensity exercise. Data are group means +
SEM. Closed circles = placebo. Open circles = DCA. Data shows that the administration of DCA
successfully reduced blood [Lactate] throughout the supra-threshold exercise protocol, compared to the
placebo trial. Pre dose = Samples taken prior to DCA administration. LL = low load pedalling (20W).
m3 = minute 3. m6 = minute 6. ex = exhaustion. 3p = 3 minutes post exhaustion. 6p = 6 minutes post
exhaustion. 9p = 9 minutes post exhaustion. * Statistically significant between DCA and placebo trial.
Statistical analysis was carried out using two-factor ANOVA for repeated measures, followed by a paired
t-test if a main treatment effect was observed. Statistical significance was declared at P < 0.05.
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725 —8— Placebo
=0 DCA

rest L m3 m6 ex 3p 6p 9p

(pre dose)

Sample

Figure 51 - The effect of DCA on blood pH during heavy intensity exercise. Data are group means +
SEM. Closed circles = placebo. Open circles = DCA. Pre dose = Samples taken prior to DCA
administration. LL = low load pedalling (20W). m3 = minute 3. m6 = minute 6. ex = exhaustion. 3p = 3
minutes post exhaustion. 6p = 6 minutes post exhaustion. 9p = 9 minutes post exhaustion. * Statistically
significant. Statistical analysis was carried out using two-factor ANOVA for repeated measures, followed
by a paired r-test if a main treatment effect was observed. Statistical significance was declared at P <
0.05.
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—&— Placebo
—0— DCA

SBC (mmol/l)

rest LL m3 mé  ex 3p 6p 9p

(pre dose)

Sample

Figure 52 - The effect of DCA on blood bicarbonate during heavy intensity exercise. Data are group
means + SEM. Closed circles = placebo. Open circles = DCA. Pre dose = Samples taken prior to DCA
administration. LL = low load pedalling (20W). m3 = minute 3. m6 = minute 6. ex = exhaustion. 3p =3
minutes post exhaustion. 6p = 6 minutes post exhaustion. 9p = 9 minutes post exhaustion. * Statistically
significant. Statistical analysis was carried out using two-factor ANOVA for repeated measures. followed
by a paired r-test if a main treatment effect was observed. Statistical significance was declared at P <
0.05.
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Figure 53 - The effect of DCA on blood glucose during heavy intensity exercise. Data are group means +
SEM. Closed circles = placebo. Open circles = DCA. Pre dose = Samples taken prior to DCA
administration. LL = low load pedalling (20W). m3 = minute 3. m6 = minute 6. ex = exhaustion. 3p = 3
minutes post exhaustion. 6p = 6 minutes post exhaustion. 9p = 9 minutes post exhaustion. * Statistically
significant. Statistical analysis was carried out using two-factor ANOVA for repeated measures, followed
by a paired r-test if a main treatment effect was observed. Statistical significance was declared at P <
0.05.
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5.2.2 The effect of DCA on exercise performance

A reduction in blood lactate throughout cxcrcise was not reflected in an increase in time
to exhaustion (Tyriy) in the DCA trial. Ty, for DCA and placebo frials was 12.60 + {.13

min and 14.20 -+ 1.53 min respectively (Mean + SEM. P = (3. 10).

5.2.3 VO, responses to ‘heavy’ intensity exercise

The group mean + SEM on-transient VOE responses are shown in figure 54. There is no
difference between the DCA and placebo trials. This is reflected in the VO, values at
baseline (Mean + SEM. 0.80 -+ 0.039 /min DCA. 0.79 + 0.032 I/min placcbo. P =
0.65. Table 12), minute 3 (Meun + SEM. 3.08 + 0.17 I/min DCA. 3.09 + 0,16 /min
placebo. P = 0.82. Table 12), minute 6 (Mean + SEM. 3.30 + 0.16 I/min DCA. 3.30 +

0.16 Vmin placebo. P = 0.79. Table 12) and exhaustion (Mean + SEM. 3.35 + 0.15

I/min BCA. 3.34 +0.18 ¥Ymin placebo. P = 0.62. Table 12),

The fundamental VO, time constant was not significant different between DCA and
placebo trials (Mean + SEM. 31 + 2.9 s DCA. 31 + 2.6 s placebo. P =0.91, Table [2).

A mono-exponential [unction (Egn 20) was fitted to the first 3 minutes of the VO,
response excluding the initial ‘cardiodynamic’ (~25 s) phase. Figures 55 a,b&c show
the individual plots for each subject. The residuals associated with each of the plots
fluctnate closely and randomly around zero. This indicates that this phase of the
response was well described by the mono-exponential function.  The fit remained good
for the first 3 minutes with a small divergence in the residuals only evident in subjects

3,4 and 7.
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An additional slow component of the VO, response is clearty evident after 3 min in all
subjects (fig. 55 a,b&c). The initial rise in this excess component can be estimated by
expressing it as the mean of the 6" min minus the mean of the 3* min. This difference
was positive for all subjects. There was no difference between DCA und placebo lrials
(Mean + SEM. 0.22 + 0.047 I/min DCA. 0.22 + 0.034 I/min placebo. P = 0.96. Table
12). The asymptotic steady-state 1}02 , predicted from the mono-exponential fit through
the ficst 3 min was not significantly different from the average of minute 3 for both
groups. This was true for all subjects indicating that the influence of a slow component
on the modelled fundamental VOQ responses was at most minimal. Therefore, the
choice of 3 min wus an appropriale time [rame lor modelling using the mono-

exponential fit.
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Figure 54 — Data are group mean + SEM. The on-transient V()3 response to heavy intensity exercise.
Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step increase in

work rate from a 20 W baseline.
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5.2.4 Cardiovascular responses to ‘heavy’ intensity exercisc

Heart rate was significantly elevated at rest by a mean of 9 beats-min™ during the DCA
trial (Mean + SEM. 70 % 2.3 beatsmin” DCA, 61 + 1.0 beats-min™ placebo, P =
0.013). This elevation in heart rate was maintained during low load baseline pedalling
(Mcan + SEM. 100 + 3.7 beats-min™ DCA, 90 + 2.5 beats:min™" placebo. P = 0.012.
Table 13). By 3 min into exercise this effect is no longer seen. No differences in heart
rvate are discernable at 3min, 6émin or exhaustion (summary data are shown in table [3).
This elevation in baseline heart rate can be clearly seen in figure 56 which shows the
group mean + SEM responses [or both trials. Figures 57 shows that when normalised 1o

a zero baseline the delta heart ratc requircment is significantly lower in the DCA trial.

From the VO2 and heart rate rcsponses it follows that the oxygen pulse was found to be
significantly lower at rest during the DCA trial (Mean + SEM. 6.77 + 0.44 ml/beat
DCA. R8.00 £ 0.58 ml/becat placebo. P = 0.02. Table 13). This reduction was still
evident during baseline low load pedalling (Mcan + SEM. 8.09 + .54 wl/beat DCA.
8.84 + 0.58 ml/heat placebo. P =0.02. Table 13). No significant difference was found
at any other time point {(summary data are shown in table 13). The reduction in baseline
oxygen pulse can be clearly seen in figure 58 which shows the group mean + SEM
responses for both trials. Figure 59 shows the samc data corrected for differences in

baseline values. It is evident from this graph that the time course and magnitude of the

responses are similar for both trials.
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Figure 56 — The heart rate response to heavy intensity exercise. Data are group mean + SEM. Open

circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step increase in work rate

from a 20 W baseline.
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Figure 57 — The heart rate response (o heavy intensity exercise, normalised to baseline values. Data are

group mean + SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start of

the step increase in work rate from a 20 W baseline.
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Figure 58 — The oxygen pulse response to heavy intensity exercise. Data are group mean + SEM. Open
circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step increase in work rate

from a 20 W baseline.
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Figure 59 — The oxygen pulse response to heavy intensity exercise, normalised to baseline values. Data
are group mean + SEM. Open circles = DCA. Closed circles = placebo. Dashed line indicates the start

of the step increase in work rate from a 20 W baseline.
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5.2.5 Muscle oxygen saturation during ‘heavy’ intensity exercise

Figure 60 shows the group mean + SEM deoxyhaemoglobin plots for both trials. The
plots ure well matched at baseline and throughout exercise. The initial drop in Hb seen
at the beginning of the step change in work rale in chapler 4 is evident again in these
results (refer to section 4.2.4). After an initial rapid response the plots show a slower
rise in the Hb response developing approximately {-2 min into exercise. This is much
carly than the slow componcat of the V()2 response which only became evident at

approximately 3 min inlo exercise.
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Figure 60 - Delta deoxyhaemoglobin responses to heavy intensity exercise. Data are group mean + SEM. Open
circles = DCA. Closed circles = placebo. Dashed line indicates the start of the step increase in work rate from a

20 W baseline.
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5.2.6 Ratings of perceived exertion and dyspnoea during ‘heavy’ intensity exercise

No significant differcnce was found in rating of perceived cxertion or rating of
dyspnoea between the two trials at any time point. Figure 61 shows the group meun 4

SEM values for ratings of perceived exertion. Figure 62 shows the group mean + SEM

values for ratings of dyspnoea.
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Figure 61- Ratings of perceived exertion during heavy intensity exercise. Data are group mean + SEM.
Open circles = DCA. Closed circles = placebo. LL = low load pedalling (20W). m3, m6, m9 = minutes
3.6, & 9 respectively. Ex = exhaustion. 3p, 6p, 9p = minutes 3, 6, & 9 post respectively.
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Figure 62 - Ratings of dyspnoea during heavy intensity exercise. Data are group mean + SEM. Open
circles = DCA. Closed circles = placebo. LL = low load pedalling (20W). m3, m6, m9 = minutes 3,6, &
9 respectively. Ex = exhaustion. 3p, 6p, 9p = minutes 3, 6, & 9 post respectively.
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Chapter 5

5.3 Discussion

5.3.1 The effect of DCA on the fundamental V0, time constant and gain

The initial phase of the VO, response was well fitted by a mono-exponential response
as previously described (Paterson and Whipp, 1992; Ozyener et «f., 2001) and the tau
for this response (~30s) was similar to that expected for sub-threshold exercise {Whipp,
1971; Whipp and Wasserman, 1972, Davies et al., 1972; Bakker et al., 1980; Whipp
and Ward, 1990; Whipp ef al., 1982; Hughson and Morrisscy 1982), No difference was
found however between the time constant of the response for DCA and placebo trials.
Indeed with the exception of subject 1 the values for tau were within 4s of each other
for all subjects. This finding is similar to that of Rossiter ef af (2003) who reported no
difference in VO, on-kinetics during single leg knee extensor cxercise before and after
DCA admintstration.  Similar results have been reported by Bangsbo er af (2002) and
Savasi er al (2002) for higher intensity cxercise in humans and Grassi ¢t ol (2002) for
electrically induced exercise in dog gracilis muscle. However, where the resulis of
these studies differ from that of Rossilter ¢t «f (2003) is in the amplitude of the
fundamental ‘[r"G‘2 and PCr responses, and level of reduction in biood [lactate]. Rossiter

et ¢l (2003} found that while the tau for the fundamental VOE and PCr responses was

unaltered the steady-state gain of the responses was reduced, coupled with this was a
reduced blood |lactate] and an increase in pH throughout exercise. In contrast the
studies by Bangsbo ef al (2002), Savasi et «f (2002) and Grassi et al (2002) reported no

difference between the PCr, VO, and lactate responses belween the DCA and placebo

trials.




The data from Rossiter ¢t ¢f (2003) agrees with previous studies showing a reduced PCr
breakdown after DCA administration (Timmons et al., 1998; Towlelt er af., 1999;
Parolin er al,, 2000). The reasons for the discrepuncy belween these studics aund those
of Bangsbo ef al (2002), Savasi ¢r «f (2002) and Grassi ef o/ (2002), may be related (o
the intensity of the exercise undertaken. The studies showing no difference in PCr
breakdown were undertaken at a much higher intensity than those (hat do. Why this is
the case is uncertain. The exercise intensity for this study was chosen to aliow time for
the slow component to develop, and to elicit fatigue in under ~20 min. Therefore
comparison with the studies of Rossiter ef al (2003), Timmons ef al (1998), Howlett et
al (1999) and Parolin ef «f (2000) are more apt for the initial phase of the response.
However none of the aforementioned studics have continued the work rate protocol
until exhauastion and only the study ol Rossiter ef af (2003) described the VO, kinetic

response.

The reduction in the fundamental VOZ gain demonstrated in the study by Rossiter et af
(2003) and inferred by Timmans et af (1998), Howletl et al {1999) and Parolin et al
(2000) is not evident in the VO, responses from this study. The results of Rossiter ef af
(2003) agree with those of Greenhaft et af (2002) who showed that the anaerobic
component of ATP production was reduced after DCA administration. The mechanism
behind this apparent reduction in ATP requirement are proposed by Rossiter er af
(2003} to include 1) a shift to a greater contribution from muscle fibres with a lower
“Fx"()2 gain’; 2) a reduction in intramuscular pH (in either strongly acid-producing
muscle fibres or in the muscle as a whele); 3) a greater reliance on oxidative

carbohydrate metabolism; and 4) a greater mechanical efficiency of performing the task.
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The reason for the difference between the results from this study and thosc mentioned
are not clear. However Rossiter ef af (2003), when discussing greater mechanical
etticiency, mentioned that all of their subjccts spontaneously reported that exercise felt
“gasier” after DCA administration. In contrast no significant difference was found in
this study between ratings of either RPE or dyspnoea. I[ndeed many of the subjcets
reported that the exercise felt “harder” after DCA administration, despite their
remaining blinded to the experimental condition. This may suggest that the resuits
could be specific to the mode of exercise. Differences between knee extensor exercise
and upright cycling have been noted previously (Rossiter e ¢f., 2001 vs. Burnley et al.,
2000), however no reason for these differences were given. In the Rossiter et al (2003)
study, the exercise was carried out in a face down supine position. Koga ef af (1999)
demonstrated a reduced fundamental gain with no change in the VO, time constant
when heavy exercise was performed in the supine position. These results were thought
to be as a consequence of a reduced perfusion pressure due to attenuated O, delivery.
While it is not expected that DCA causes a reduction in O» delivery, the incrcase in
heart rate upon DCA administration described in this study suggests that the
haemodynamic propeities of DCA are yet to be fully understood. The results of Koga
et al (1999) demonstrate that the time constant and gain of the [lundamental
VOZ response can be dissociated.  Furthermore they show that these parameters are

sensitive to the mode of exercise employed.
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5.3.2 The effect of DCA on the slow component VO, response

Similar to the initial phase of the exercise response, DCA had no effect on the
subsequent slow component response.  Indeed the 1»"(')2 response for alt subjects was
evidently similar in all subjects for both trials. The only comparable study for this work
iniensity is that of Rossiter ef af (2003). Once more the results of the two studies dilTer.
Rossiter et «l (2003) observed, on average, a ~28% reduction in the VOZ slow
component beiween the DCA and placcho (rial and this was accompanied by a 32%
reduction in end-exercise blood [Lacrate]. A {2% reduction in blood lactate was
observed in end-exercise bhlood [Lactate] in this study with no reduction in the slow
component. Therefore an acid stress mediated reduction in the magnitude of the slow
component is not supported by these results. The rcason for this disparity between the
studics is once again vnclcar.  However Rossiter er af (2003) make the interesting
ohservation that, when expressed us a percentage of the fundamental VO, gain, there is
no difference between magnitude of the slow component between DCA and placcbo
trials. Following this hypothesis, as there is no differcnce in the fundamental response
between the two (rial conditions in this study, a difference in the slow component
response is not expected. Therefore the data set from this study would fit a theory that
the Fundamentat response plays a role in detcrmining the magnitude of the slow
compenent response. However this experimental design presents a poor interrogation
of this hypothesis and, as stated by Rossiter ef al (2003), there is currently little
evidence available to support this thecory. Indeed, Jones ef af (2002) demonstrated a
reduction of the fundamental component of the V), response to heavy cxercise with
creatine supplementation and this reduction was not accompanied by a concomitant

reduction of the slow component response.
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While the reasons for the disparity between the Rossiter ef ol (2003) study and this one
are unclear it is worth noting that the metabolic demand associated with the two forms
ol exercise 1s markedly different. For example, the peak cxercise blood [lactate] in the
Rossiter ef af (2003} study was 2.7 + 1.8 (mmol/l) compared with 13.49 + 3.80 (mmol/l)
in this study. The A V@, was 0.84 + 0.21 (Vmin) in the Rossiter et af (2003)
compared with 2.27 + 0.4 (/min) in this study. Therefore while the acid stress was
reduced in Rossiter et al (2003) study it was reduced from an alrcady low background.
The subsequent reduction in the slow component, assuming cause and effect, was of the
magnitude 0.07 (I/min). Therefore, 1t may bhe that the greater metabolic demand of the
exercise in this study precludes/masks uny appreciable effect of DCA on the O; kinetic
response. This could possibly be due to differences in proportional activation of PDH.
PDIT has been shown to be activated fully shortly into higher intensity exercise
(Putman, 1995).  Or perhaps the greater variance in the oxygen uptake measures with
this protocel did not allow for discrimination of small changes in V()E. Interestingly, if
the magnitude of the reduction in the slow component from the Rossiter ef ol (2003)
study is factored by the observed difference in the A VO, values between that study
and this (i.e. ~x3), the resulting change of 0.21 ({/min) lies within 1SD of the mean VOE
valucs reported for both conditions in this study. This further suggests that any
appreciable change in VO, may be to small to detect with this experimental design.
Howlett and Hogan (2003}, upon demonstrating a speeding of the fall in Po; with DCA
atl the onset ol conlraction in isolated Xenopus single muscle fibres, questioned whether
the dilferences in oxidative metabolism shown in their preparation were large enough to

be discernable in whole muscle preparations.
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The resulis from this study therefore do not support a role for PDH in either a
significant speeding of the fundamental component of the VOZ response or an

attenvation of the slow component response to dynamic exercise in the ‘heavy’ excreise

domain.

5.3.3 The effect of DCA on muscle oxygen saturation

The deoxyhaemoglobin responses show some marked yet inconsistent differences
between DCA and placebo trials. As discussed previously (see section 5.2.5) the acid
shift evoked by the H+ ion associated with lactate facilitate the unloading of O
illustrated by a right shift of the oxyhaemoglobin dissociatien curve. Therefore a
marked reduction in blood [lactate] through PDH activation in the working muscle may

attenuate the rise in muscle deoxygenation. This effect is not apparent in this study.

The profile of the deoxyhaemoglobin plot is very similar to that of VO, in that after an
initial rapid response a seccond slower respouse is evident 1-2 min into exeicise. Poole
et al (1991) and Rossiter et al (2002) have shown that ~70% of the VO2 slow
component originates from within the exercising muscle mass and this is reflected by
the increase in the deoxyhaemoglein plots here. Interestingly, figures 55a&b show the
first 3 min of the VO, response are fit well by an exponential response, with divergence
in the residuals only evident in subject | (after ~2 min}; however it is clear from the
deoxyhaemogiobin plots that the ‘slow component’ of the respouse is manilest within 3
min of exercise onset. A previous study by Belardinelli ef af (1995) showed an increase
in both 1/"02 and muscle deoxygenation after 3 min of constant work exercise, however
the data from thetr study did not allow discrimination of an exact point of change of the

two resporses. While an attempt has not been made in this study to discern an ¢xact
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point of increase in the ‘slow compaonent” of the deoxyhaemoglobin plot, a clear
divergence can be scen visually to occur within the first 2 min of exercise, The greater
data density in this study compared to the Belardinelli ¢f af (1995) study allowed for
better discrimination of the initial signs of divergence in the deoxyhaemoglobin plot.
Therefore it appears that the slow component of the response may be evident in the
muscle significantly earlier than it is evident in pulmonary VO,. A possible reason for
this is that the relatively small region under interrogation may not reflect the energetics
of the combined exercising musculature. Therefore the slow compoenent may develop
more quickly in one region of the muscle in relation to the other and this may be borne
out in pulmonary VO, as a mcan response.  This heterogenic QmuisQ, response within
a muscle group has been reported by Quaresima ef af (2001). Indeed Van Beekvelt ef af
(2001) reported that the Fick method of determining whole muscle O, vptake did not
correlate with the regional assessment from NIRS. This disparity between local
muscular oxygen uplake and whole muscle/whole body oxygen uptake could be a
consequence of local perfusion-metabolism mismatching (Grassi, 2001} or, as discussed
by Whipp er af (2002), individual oxygen uptake responses for each muscle fibre.
Either of these two would lead (o a mean response that ditfered from a local muscular
response. The extent and significance of this difference requires further investigation.
However these results present interesting questions on madelling the phase [I-phase III

VO, transition and its relevance to the onsct of the slow componcnt response.
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5.3.4 The effect of DCA on heart rate

In agreement with the first two studics, heart rate was significantly increascd at rest and
during unloaded pedailing during the DCA trial. However this marked increase was not
continued throughout exercise. Group averages across minute 3, minutc 6 and at
exhaustion showed no variance betwceen trials. Dclta heart rate responscs were once
again consistently lower on the DCA trial, illustrating a lower heart rate recruitment.
This suggests the effects of DCA on heart rate are not additive throughout the period ol
exercise and/or the mechanism/s by which heart rate is increased by DCA are
functionally no different to those increasing heart rate during the placebo trial. As with
previous chapters this subject will he covered in more detail during the general
discussion. Oxygen pulse ts reduced as a result of the elevated heart rate responsc at

rest and during low load pedalling.

5.3.5 Exercise performance and fatigue

Of the main factors thought to contribute to muscle fatigue during exercise such as {Pi],
pH, alterations in Ca™ release and sensitivity and muscle glycogen content; DCA has
been shown to improve the [Pi] and pH responses and elicil a muscle glycogen sparring
cffect (Timmons ef al., 1996; Grassi et al., 2002; Schoeider et al., 1981: Durkot et al.,
1995; Rossiter ef al., 2003). Therefore there appears to be a role for DCA in improving

muscle function and reducing fatigue.

Timmons et al (1996) demonstrated that DCA reduced muscle fatigue by ~35% during
20 min of ischasmic contraction in 4 canine model. Similarly Grassi et af (2002) found

that the fatigue index in electrically stimulated dog gracilis muscle was improved by
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~8% after DCA infusion during a 4 min electrically stimulated isometric tetanic
contraction, corresponding 1o ~60-70% of peak ‘v}()._)’. Schneider ef af (1981) found rats
dosed with DCA 1o swim an additional 99 s before exhaustion. Durkot er af (1995)
found improved run times in DCA treated rats when compared to controls (169 min vs.
101 min). In both the Durkot et af (1995) and Schocider ef al (1981) studies there was a

glycogen sparing effect in the DCA trial.

Of the studies that include humans exercising until exhaustion (Ludvik et al., 1993;
Carraro ef al., 1989; Roberts ef al., 1997), only Ludvik ef ¢! (1993) report an improved
performance. Each of these studies employed an incremental exercise protocol to
exhaustion. No previous studies have looked at an exercise trial in humans to determine

whether DCA has a ergogenic effect on performance.

No significant difference was seen between trials in this study. This suggests that any
improvement in muscle function at the onset of exercise was not sufficient to delay the
onsel of fatigue in this study. Therefore DCA does not appear to improve muscular

function during prolonged ‘heavy’ intensity exercise, This will be discussed further in

the general discussion.




Chapter 6

General Discussion
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Chapter 6

6.0 General Discussion

The results from these studies do not support those [rom previous studies (Howlett es
al., 1999; Timmons et af., 1996, Timmons ef af., 1998) whose findings have advocated
a role for the Pyruvate Dehydrogense complex in the determination of the rate of
oxygen uptake at the onset of dynamic exercise. However, they are in agreement with
the more recent investigations (Bangsho et al., 2002; Grassi et al., 2002; Rossiter et al.,
2003; Jones et al., 2003; Koppo ¢? al., 2004} which have demoupstrated that activation of
the pyruvate dehydrogenase complex through dichloroacetate administration has no

¢ellect on oxygen uptake Kinetics.

These latter findings, coupled with the results from chapters 2 and 3 would suggest that
there is no apparent ‘functional stenosis’ at the level of the PDH complex controlling
the VO, response to excreise. However, evidence has been presented by Howlett and
Hogan (2003) that suggests that a degree of rate limitation may lie, at least in parl, al the
level of the PDH complex. Howlett and Hogan {2003) demonstratcd an accelerated
decrease in PO; in isolated single frog muscle fibres with DCA administration, This
finding agrees with the studies which have advocated the PDH complex as a ‘major
determinant’ of the oxygen deficit through evidence of a reduced level of substrate
phosphorylation upon DCA administration (Howlett et «f., 1999; Timmons et «l., 1996;
Timmons et al., 1998). Why therefore has no discernable etfect on the O, deficit been
evident in those studies which have directly measured pulmonary gas exchange? As
discussed previously (section 4.2.2), it is likely that the magnitude of the response in the
Howlett & Togan siudy (~2 s) is too small o be appreciable in vivo. This observation

was made by the authors themselves. Likewise, Rossiter et al (2003) made the
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suggestion that, because aerobic ATP production is more efficient than anaerobic ATP
production, only a small increase in VO, would be required to compensate for a
relatively large reduction in energy provision through nonoxidative pathways, and that
this increasc in 1;'02 might therefore be too small to detect.  Furthermore, Jones e af
(2003) suggest that the principal effects of DCA on muscle metabolism occur early
following the onset of contraction (i.e. in the first 10-20 5) when muscle VO, is low
(Behnke ef «l., 2002; Hogan, 2001) and therefore little influence on Vt’}‘2 kinetics would
be expected re. much of the information would be incorporated in the
‘cardiodynamically” mediated phase I of the pulmonary VO2 response. This is in
agreement with the findings of Roberts e a/ (2002) who reported that the ‘acetyl group
deficit’, described by Greenhaff et af (2002), exists only during the first 10-20 s of
exercise and that after this periad acetyl groups accumulate in the muscle (Howletl et
al., 1999; Savasi er gl.,, 2002). This suggests that aftcr this initiaf phasc, PDH
activation, and the availability of acetyl groups is unlikely to be limiting oxidative
phospharlyation. Therefore, activation of PDH hy DCA administration may increase
the rate of oxygen consumption at the onset of exercise, however it is likely that this
cffect is appreciably small that it cannot be determined through the measurcment of

whole body V(,. The functional significance of this increase is therefore minimal.
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6.1 The accuracy of the pulmonary VO, responses in reflecting a DCA induced

muscle metabolic response

As described in section 2.2.8, the breath-by-breath noise associated with gas exchange
analysis determines the sensitivity of the kinetic modelling (Lamarra er al., 1987,
Rossiter ¢ al., 2002). Every attermnpt was made in this study to minimise the signal-to-
noise ratio by, averaging repeat transitions (where possible), maximising the sub-
threshold  delta VOZ, recruiting large muscle groups, excluding breaths outwith 4
standard deviations of the mean response (Lamarra et af., 1987), and familiarising the
subjects thoroughly with all protocols and procedures.  As a resull the 95% confidence
intervals for the fundamental kinetic response in thesc studies averaged 0.15 s and 0.13
s for the sub and supra threshold kinetic analysis respectively. This is consistent with
the values reported by Rossiter ef al (2003), Jones et al (2003) and Koppo et al (2004).
Therefore an appreciable change in the phase I I:"Oz kinetics i.e. greater than 2 s, would
be realised by the analysis in this study. Rossiter ef af (2003) calculated a predicted
change in T of ~3 s for the ~2 mmol/l difference in [PCr] measured in their study (on the
basis of no change in the fundamental VO, gain as originally hypothesised). This lay
outside the average 95% confidence intervals of < + 2 s in their study and simitarly lics
outside the limus reported for the studies in chapters 3 and 4. Therefore it can be said

that the study designs afforded adequate discriminability for a significant difference in

VO, kinetics to be realised.




6.2 Exercise intensity dependent responses to Dichloroacetate administration.

Much of the discrepancy between the results of DCA studies is likely duc to the
intensity of the exercise employed. PDH aclivation has been shown to be highly
dependent on work rate (Constantin Teodosiu et al., 1991; Howlett ¢ al., 1998). This is
likely to be a primary confribiting factor to the differences in muscle metabolic
responses observed between studies (Howlett ¢f al., 1999; Timmons et al., 1996,
Timmons et al., 1998; Savai et al., 2002; Bangsbo et al., 2002; Howlett ef al., 1999).
Studies undertaken in ‘very hard’ or ‘severe’ exetrcise domains (Savai et al., 2002;
Bangsbo ef «l., 2002; Howlett er al., 1999} have not reported the eftects of DCA on
muscle metabolism described for exercise at a lower intensity (Timmons ef af., 1998).
The ‘acetyl group deficit’ as described by (Greenhaff et al., 2002) is suggested by
Timmons er al (1998) to be the major determinant of oxidative phosphorylation during
the transition from a lower to higher level of muscular work. However, Roberts er af
(2002) have suggested that acetyl group availability is likely to limit oxidative
metabolism at low to moderate exercise intensities (<05% VOzmax) and that PDC
activation is likely to be sufficiently rapid at high exercise intensities (>90% VO, max).
Therefore, the intensity of cxercisc under study is likely to be a major determinant of

any expected change in metabolic response post DCA administration,



6.3 The effect of DCA on muscle fatigue and exercise performance

Alterations in the ‘fatigue status’ or ‘fatigue index’ may be an important mechanism by
which DCA would improve the overall energy status of the exercising muscle (Rossiter
et al., 2003). Factors that are thought to contribute to muscle fatigue include alterations
in [Ca™] release and sensitivity, [Pi] and intraccllular pH (Allen, 2001; Weslerblad,
2002). Rossiter ¢f ¢/ (2003) have shown improvements in both th'.? [Pi] and intracellular
pII responses in response to DCA administration i.e. a decrease in pH clevation on
exercise and a decrcase in the magnitude of the [Pi] response. Furthermore, an
improved muscle performance has been reported in the studies of Grassi et al (2002),
Roberts ef al (2002) and Timmons ef al (1996). Grassi ef al (2002), using an tsolated
dog muscle preparation, found that in response (o electrical stimulation the fatigue index
was improved by ~8% in the DCA condition. This was manifest as a better maintenance
of force production at the same QQ, rather than a reduced QOa. Jones et al (2003)
suggested that any positive effect of DCA on muscle cnergy state in the imimediale
transition to exercise would be hypothesised to reduce muscle fatigne and enhance
performance later tn exercise. The supra-threshold exercise in this study is the first
reporting the effects of DCA on performance of dynamic exercise o exhaustion at
work intensity that required the subjects to tolerate elevated levels of blood lactate for a
sustained period. That no significant difference was seen between trials suggests that
any improvement in muscle energy state during the early response of this exercise
protocol did not influence performance during the latter stages. Therefore these results
do not agree with the argument of Joncs ef af (2003). Furthermore they indicate that
none of the reported benefits to muscle function described by previous studies were

significant enough to be realised by an improvement in excreisc performance for the
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type of exercise employed here. The discrepancy between this study and those studies
that have shown improvements is muscle performance may relate to the exercise
conditions. Many of the studics demonstrating an improved muscle performance
employed exercise under ischaemic (Roberts et al., 2002; Timmons et al, 1996;
Timmons ef «l., 1998), or hypoxic (Parolin et «al., 2000) conditions. Whereas those
studies that maintsined an intact circulation (Howlctt ¢f «l., 1999; Bangsbo ¢t al., 2002;
Grassi et al., 2002, Savasi et al., 2002; Jones ef af., 2003) report no effect on muscle
metabolism and/or VO, kinetics. That DCA had no appreciable effect on exercise
performance for the subject group in this study does not mean that larther investigation
in this area is not warranted. In discascs such as heart failure, exercise capacity is
reduced. Reduced cardiac function and in some cascs a thickening of the alveolar-
capillary membrane, cause under-perfusion and poor oxygen delivery to the working
muscle. The subsequent increase in glvcolysis causes production of lactate and
associated muscle fatigue (Spurway, 1992). Therefore the hasmodynamic cffeets and
the lactate lowering propertics of DCA may make a diffcrence to exercise performance

in patient groups where it may have a significant impact on patient quality of life,

6.4 The effect of DCA on the Oxygen Deficit

Greenhaff et al (2002), Timmons et af (1998) and Howlett et af (1999) have all shown
that the anaerobic component of AT production is reduced during the first few minutes
of exercise alter DCA administration, indicated by a reduced PCr breakdown and a
decreuse blood [Lactate]. However, in these studies neither muscle nor pulmonary VO,
was measured and therefore assumptions were made that the reduction in substrate
phosphorylaiion reflected an mcreased mitochondrial ATP production. The results from

chapter 4 are in agreement with that from other authors (Koppo et al., 2004, Jones et al.,
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2004, Rossiter ef «l., 2003), clearly demonstrating that this is nolt the case when
pulmonary Vr()2 is measured directly. Jones er af (2003) suggest that near maximal
acetylation of the carnitine pool promotes a shift towards a relatively greater oxidation
ol carbohydrale over lat. Increasing the amount of ATP resynthesised for a given VOZ.
The enhancement of metabolic efficiency though this mechanism might partly explain
the reduction in substrate level phosphorylation observed following DCA infusion
(Roberts er al., 2002). However, it should be considered that the effects of PDRC
aclivation on muscle VOz might be so small, or might occur so early in the transition to
exercise, that they cannot be accurately measured (Howlett and Hogan, 2002; Jones et
al., 2004). For exumple, Rossiter ef al (2003) make the observation that because
aerobic ATP production is more efficient than anaerobic ATP production, only a small
increase in VO, would be required to compensate for a relatively large reduction in
energy provision through nonoxidative pathways. Furthermore, it has been proposed
that the efficiency of exercise might be improved with DCA because the greater flux of
acelyl groups promotes increased carbohydrate oxidation over fat oxidation with a
corresponding reduction in the O, cost of exercise (i.e. increased P-10-O ratio); that
might partizlly mask any increase in VO, resulting from DCA infusion (Grassi et al.,
2002; Roberts er al., 2002). However, the *'P magnetic resonance spectroscopy study
of Rossiter et al (2003) indicates that DCA might improve muscle efficiency by
reducing the rate of A'LP turnover (as estimated by d[PCr]/dt) for the same work rate.
The reduction in substrate —level phosphorylation with DCA reported previously
(Howlett ef al., [999; Timmons er al., 1998, Timmons et af., 1996) might therefore
reflect the requirement for a lower ATP turnover and need not be explained by any
effect on the VO, kinetic response. Therefore, the reduction in the O.def originally

described by Timmons e af (1998) could be considered to reflect a reduced amplitude




of the fundamental responsc and not a decrease in the VOZ time constant. Suggesting
that the availability of TCA. intermediates plays no appreciable role in the determining

V3, kinetics (and by inference Qmu.s*()2 ).

The mechanism behind the reduction in the ATP requirement for the same level of
muscular work described by Rossiter ef af (2003) is unclear. The authors suggest that a
reduction in acid stress in the DCA trial due to a reduction in build up of fatigue
metabolites Pi, H* or H,PO; may affect a shift towards more efficient muscle fibres.

This in turn would necessitatc a lessened requirement for continued (and additionat)
tibre recruitment throughout the exercise period, leading to an improved AVO, / AWK
with DCA infusion. No effect of DCA was observed on the fundamental deita VO, or

time constant for sub-threshold or supra-threshold exercise in chapters 3 and 4.
Therefore, no effect of DCA on the oxygen deficit is supported by these results, As
discussed previously, the discrepancy between these results may relate to the mode of

exercise i.e. supine knee extensor versus upright cycling (refer to section 5.3).

6.5 The cffeet of DCA on the VO, slow component

Casaburi e al (1987) and Poole er al (1990) showed that the reduction in the V()_3 slow

component with training was associated with the reduction in blood [lactate].
Therefore, it was hypothesised that the demonstration of a reduclion in acid stress in the

exercising muscle with DCA administration (Flowlett ef al., 1999; Timmons et af.,
1996; Timmons er al., 1998; Rossiter ef al., 2003) may lead to a decrease in the VO2
slow component. This was evident in the study of Rossiter et ¢l (2003} who reported a

~28% reduction in the VO, slow component, accompanied by a 32% decrease in end
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exercise blood {La]. The proposed mechanism behind this reduction was thought to
relate to a reduced requirement for recruitment of low oxidatively efficient muscle
{ibers (presumably type II), due 10 decrease in concentration of metabolites predisposing
the cxercising muscle to fatiguc (Rossitet ef ¢l., 2003), Dircet mcasurcs of QO (Poole
et ul., 1991) & P-NMRS (Rossiter et al., 2001; Rossiter er al., 2002) have demonstrated
that ~85-90% of the V(), slow component originates in the exercising muscle. The
recruitment ol fast twitch type I muscle fibers during high-intensity exercise has long
been proposed to be a potential major factor in the emergence of the VO, slow
component (Whipp, 1994). However, when Rossiter ¢f al (2003) expressed the ‘i/"(_)2
slow component as a % of the fundamental amplitude the magnitude between CON and
DCA not significantly differ. This is in agreement with the results from chapter 4
which clearly showed no diffcrence in the VO, responses during ~20min of supra-
threshold exercise. These results and those from Rossiter ef af (2003) and Jones et al
(2000, 2004) may support a theory that the fundamental gain may play a role in
modulating the magnitude of the VO, slow component response. However, more

research is needed in this area before any link can be reulistically hypothesised.

6.6 Putative controllers of the oxygen uptake kinetic response

The question of what mechanism or, more likely, what mechanisms control the rate of
oxidative phosphorylation remains, Kindig e af (2002} and Tones ef al (2003) have
demonstrated that a degree of control can be exerted through inhibition of nitric oxide
synthase through L-NAME administration.  Studies manipulating O» delivery (o
working muscles, commonly through the increase or decrease of FIO,, have also shown

this to be limiting when PO, falls below normoxic levels (Linparson, 1974; Lawler,
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1988; Roca, 1992). Similarly, the reported specding of the supra-threshold V02 kinetic
response (although debated see Burnley er al., 2000} after both hard (Gerbino et al,
1996) and modcrate (Koppo and Bouckaert, 2000) prior exercise may also suggest that
07 availability plays a role in determining the rate of the VO, response at higher work
ratcs {Grassi ef «f., 2000)., Furthermore, the findings of Howlett and Hogan (2003)
demonstrating an increased rate of fall in PO, following DCA administration in isolated
Xenopus frog muscle, do not discount a partial limitation to O, uptake due to a lag in

PDH uctivation during the early stages of exercise.

The resulis of Kindig ef af (2002) aond Jones et al (2003) have demonstrated that
controllers of the VO, kinetic response can be borne out through the modelling of
breath-by breath data. However, even the most significant of these effects ~ ~19%
(Jones et al., 2003)- docs nol identily this mechanism us a principal loci for control.
Therefore, it is still likely that a greater degree of control may lie in feedback from
products associated with the turnover of the high energy phosphate poaol (Chance and
Williams, 1955; Mahler M, [985; Whipp and Mahler, {990; Chance, 1979; Veach,
1979; Rossiter ef al., 2002; Rossiter ¢t al., 2003), and/or in the activation of enzymes in

the TCA cycle or electron transport chain (Blomstrand ef «l., 1997; Kindig ef «l., 2002;

Jones et al., 2003; Brown, 1999).
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6.7 The effect of Dichloroacetate on heart rate during exercise

Throughout this series of studies Dichloroacetate had a clear and consistent effect on
heart rate. This cffeet was marked at rest and during sub masimalt cxercisc. However al
higher exercise intensities the effect was lost until perhaps at maximum exertion where

all but one subject demonstrated a 1-3 beat increase in heart rate max.

An increasc in heart rate in response to DCA administration was unexpected with many
studics reporting no change in this measure (Stacpoole et al., 1983; Wilson et al., 1988;
Wargovich ef al., 1988; Ludvik ef al., 1991; Ludvik et ¢f., 1993; Timmons «f al., 1998).
Parolin et af (2000) however noted a 17 beal increase in heart rate at rest with DCA
administration.  Furthermore, Koppo er af {2004) reported a 7 bpm elevation in IIR in
the DCA condition compared with the control condition immediately prior to exercise,
The magnitude of the heart rate increases in both studies is comparable with the results

reported for the studies in this thesis.

Previous studies have indicated that DCA bas a hacmodynamic cffcct in humans at rest
(Stacpoole er al., 1983; Wargovich ef al., 1988; Ludvik et al,, 1991). Stacpoole et al
(1983) reported an increase in systolic pressure and cardiac output in patients with
hypotension and lactic acidosis. Wargovich et @l (1988) demonstrated an increased left
ventricular stroke volume, an improved myocardial elliciency and a decrease in
systemic vascular resistance in patients with coronary artery disease. Ludvik et af
(1991), in healthy individuals, found that cardiac index was increased by almost 20% at
rest and that this was accompanied by a similar reduction in peripheral vascular
resistance. Stacpoole (1989) has also reported evidence indicating DCA as a potent

vasodilator.
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Two mechanisms may be responsible for an increase in heart rate with DCA
administration 1) a direct stimulatory effect of DCA upon the heart 2) peripheral

vascular changes.

A direct stimulatory effect on the heart seems unlikely as an increase in heart rate would
he expected to have been reported more frequently in previous studies and Stacpoole
(1989) has reported evidence from isolated animal heart preparations that showed

increases in cardiac function with no change in heart rate.

A reduction in stroke volume as a result of a drop in peripheral vascular resistance
would ulso necessitate a rise in heart ratc to maintain cardiac output. As the carly

cardiovascular response to exercise is mainly due to an increase in stroke volume, a
respanse that is fost after about 40% of VO, peak, this compensatory increase in heart

rate would be expected (o be more evident at lower exercise intensities. As described,

the heart rate responses in these studies would fit this hypothesis,

The reported increases in stroke volume upon DCA administration are contradictory to
this theory. However a possibility for the disparity hetween the resuits of this series of
studies and those showing no augmented hearl rale response is the body position
associated with the measurements in these studies. Stacpoole (1983) and Wargovich e/
al (1988} used patient populations. While the position of these patients during
rmeasurenment was not reported, considering their health it is likely that they were bed
bound and therefore supine. Similarly, Timmons ¢f al (1998) and Rossiter ef af (2003)
utilised a protoco! requiring the subjects to assume a pronc position. Ludvik ef al

{(1991) did not report the subject position for measurement, however it was reported that
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blood pressure measurements were performed in the supine position. With the body in
this orientation stroke volume is atveady high al rest and this may be enough to negale
the cffect DCA may have on heart rate in the upright posture (these studies and Parolin
et al., 2000). In addition, the increases in stroke volume demonstrated in the study by
Wargovich ¢t al (1988) and inferred in the study of Ludvick ef gl (1991) may nol be
enough to compensate for the need to increase heart rate during rest and early stages of

exercise in an upright orientation.

The reason for the heart rate increasc in these studies rematns unclear however il may
have a functional significance by improving bulk oxygen delivery. While this is not
thought to influence the oxygen uptake response in healthy populations under ‘normal’
conditions (Grassi, 2000), it may have implications in patient populations or hypoxia
conditions where an O limitation may be significant. Timmons er af (1996, 1997)
present evidence which suggests that an improved oxygen delivery upon DCA
administration is unlikely. Using a canine gracilis model they found no difference in
blood flow and perfusion pressure after DCA administration. Similarly, Grassi et af
(2002) using isolated canine gastrocnemius found no difference in the variables
pertinent to O2 transport between DCA and placebo (rials. Furthermore, Bangsbo et «f
(2002) found no difference in thigh blood flow for the two conditions during knee
cxlensor exercisc. On the basis of the responses described in these studies, inferences
made from isolated muscle preparations may not be applicable to the irn vivo
haemodynamic response.  Furthermore the knee extensor exercise in the study of

Bangsbo et al (2002) was perlormed on subjects in the supine position.




While as yet unsubstantiated, it has been suggested here that the haemodynamic effects
of DCA may be highly dependant on posture.  Therefore while the evidence [tom
Timmons ef af (1996, [997), Grassi ef af (2002) and Bangsbo et al (2002} support the
notion that DCA has no effect on O, delivery further studics may be nceessary before
this can be substantiated. Theretore, at present, DCA shouid perhaps not be assumed to
target an improvement in VO, kinetics simply through an increasc in substrate

availability.

6.8 The Effect of Dichloroacetate on blood [lactate] during exercise

Dichloroacetate has previously been shown to be cffective in veducing blood lactate at
rest and during exercise (Metrill ef «l., 1980; Parolin er af., 2000; Stacpoole e ai., 1983;
Durkot et al., 1995; Schneider et al., 1981; Carraro ct al., 1989, Halta et al., 1991;

Robetts et al., 1997; Rossiter ef al., 2003).

The results from these studies support the findings of Carraro ef «f (1989) and Hatta ef
al (1991) who demonstrated a reduced blood [lactate] during submaximal bul not
maximal exercise. This suggests that DCA s less effective at reducing blood lactate
closer to peak exercise levels. The reduction in blood |lactate] through increased PDH
activation is the resuit of 2 mechanisms ) an increased rale of pyruvale catabolism
increasing pyruvate flux into the mitochondria and subsequently reduction of blood
[lactate] 2) a decrease in the rate of giycolysis. While a greater proportion of this lactale
oxidation takes place in the skeletal muscle (Atomi ef al., 1987; Ivy et af., 1980). DCA
is effective in activating PDH in most mammalian tissues (Stacpoole, 1989). Therefore

lactate oxidation in tissues such as heart and liver may also be increased.




Bangsho et al (2002) reported PDH activation remained ~ 130% and 100% higher after
Ssand 15 s of severe (~110% VO, peak) exercise but showed no difference 3 min into
the exercise boul. Similarly, Savasi e af (2002) found PDH aclivation (o be increased
by DCA 30s into very heavy exercise (90% VOE aax) but found no difference 90s into
exercise. Indeed, Howlett ¢f ¢l (1998) demonstrated that PDH transformation into its
active form is directly related to increasing power output and Constatin-Teodosiu et af

(1991) observed complete PDH activation occwrs at a workload of ~75% VO? max-

The results of these 3 studies support the original concept of Brooks {1985) who
advocated that blood {lactate] reflected the balance between tacltate production and
removal. "The reduction of blood [lactate} at rest, and during sub-maximal exercise,
with DCA admintstration demonstrate a capacity for increased lactate removal through
activation of PDII. How much the decreased blood [lactate] reflects an increased
oxidative capacity of exercising or non exercising contractile muscle units, or represents
a greater contribution from non muscular lactate oxidation cannot be determined.
Timmons et af (1998) noted that during submaximal knee extensor exercise blood
lactate was reduced after DCA administration, however, muscle [lactate] in this study
remained unchanged. Similarly Bangsha et @l {2002) reported decreases in venous
[lactate] with no change in muscle lactate production. Therefore it is likely that PDII
activation in inactive and partly active muscle fibres, in conjunction with other body
tissues, lcads to a greater conversion of lactate o pyruvate and not (o a decreased lactate

production.

The results from the incremental study agree with this, with the point of lactuie increase
(and subsequently 8.1) being similar between DCA and placebo corditions, despite a

~50% reduction in resting blood {lactate] in the DCA study. This was coupled with no
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observable difference between the rise in muscle deoxyhaemoglobin between the two
trials. This is further supported by the submaximal blood [lactate] values being fower in
both the constant work rate studies and during the submaximal portion of the ramp, with
no obscrvable diffcrence at maximal work intensitics.  This is consistent with the data
of Carraro et al {1989) who found no difference in maximal blood [lactate] and the data
from Rossiter et al (2003) and Hatta et af (1991) who showed blood [lactate] to be

reduced throughout submaximal exercise.

Therefore Lhere is evidence for a lactate clearance reserve that can be reduced through
activation of PDH during submaximal exercise intensities. This decrease persists untit
perhaps such levels that clearance has reached a maximal level and PDH activation no
longer effects lactate removal. These results partly support the ‘lactate shuttle’
hypothesis of Brooks (1986) advocating that lactate removal plays an important tole in
blood [lactate] both at rest and during exercise. However the results also support the
theories that suggesl while lactate production / removal does play a role in determining
the absolute blood [lactate] it is not a primary cause of increased lactate production

(Wasserman and Mcllroy, 1964; Katz and Sahlin, 1988; Bonen el «f, 1997; Gladden,

2004).




0.9 Conclusions

This series of studies have demonstrated dichloroacetate to have no significant effect on
submaximal oxygen uptake kinetics during dynamic exercise in humans. This was
evidenced as no change in the amplitude or time course of the (undamental phase I
response during exercise above or below the lactate threshold (B;1), and no change in
the slow component response above the lactate threshold. DCA administration did

promote a small but significant increase inVQ, ., possibly due to an augmented

cardiac output.  Control of oxygen uptake kinetics at the level of pyruvate
debydrogenase is therefore not supported by these studies. However, a degree of
influence from PDH activation during the intiial phase (10-20s) could not be ruled out
(Howlett and Hogan, 2003), The dilferences between these studies and those that have
report an improvement in muscle efficiency during whole body exercise (Grassi., 2002;
Rossiter et af.,2003; Jones er al., 2003) may be explained by the mode and intensity of
the exercise employed. This has implication for further studies looking al kinetic

control and the conclusions that can be made from this area of study.

Blood [Lactate] wus reduced at submaximal exercise intensitics. ITowever, no
significant differcnce was evident during maximal exercise. This suggests a greater
clearance of blood lactate due to up regulation of PDH by dichloroacctate and not a
reduction in factate production. This would appear to highlight a possible ‘lactate

clearance reserve’ during exercise.

Excreise time to exhaustion was not significantly different between the two trials during
supra threshold exercise, indicating that DCA is not associated with a performance

effect for this subject group and the exercise mode employed. However the small




improvement in VO, suggests that further investigation into the ergogenic effects of
IDCA may be warranted. The reported improvements in muscular performance reported
during conditions of hypoxia or ischaemia, and the possibility of improvements in bulk
0, delivery indicated by this study, suggest that the while DCA appears to have little
effect under ‘normal’ cnergetic conditions, a significant improvement in muscular
performance may be realised when ‘normal’ function is constrained. This may improve

exercise performance in patient groups with limited aerobic capability or athletic/patient

populations working under hypoxic or anaerobic conditions.

DCA was shown to have haemodynamic properties evident by an observed increase in
heart rate at rest and during the early stages of exercise above and helow the lactate
threshold.  'This may indicale changes in cardiac output during this period. These
effects of DCA have not previously been described and these resuits suggest that further

investigation in this area is needed.

The notion that a limitation to the rate of oxidative phosphorylation at the onset of
exercise exists at the level of pyruvate dehydrogenasc is not supported by the results

from these studies. Thercfare the principle rate limiting step for this mechanism muust

lic at a level beyond this point.
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1. Describe the basic purposes of the research proposed.

Background of tnvestigation

Dichloroacelale (DCA) is a potent stimulator of pyruvate dehydrogenase, a mitochondrial enzyme which
catalyses metabolism of pyruvate and lactale and inhibits glycolysis (for review, see ref 1). Adminstration
of DCA has been shown to significantly rcduce blood lactate lovels in healthy volunteers (2) and in
patients with factic acidosis (3, 4). Additionally, DCA siimulates myocardial contractility and decreases
peripheral vascular resistance (4) thereby incicasing musciiar oxygen delivery. Systemic limilations w
intense exercise may resull from either insufficicnl oxygen availability or from the metabolic
consequences of those reactions which provide the altemative energy for the oxygen which is required but
not utilised. Given these metabelic and hacmodynamic effeets, DCA would be expected o influence
exercise tolerance by tncreasing muscle oxygen availability and reducing muscle lactate, and therefore,
hydrogen ion production. This hypothesis will be tested in normal healthy subjects by examining the
effects of DCA on the laclate threshold, maximal oxygen aptake andd the metabolic and acid-base
response profiles to constant-load exercise below and above (e "lactate threshold” (1.T - Lhe highest work
rate at which there is no sustained increase in blood luciate) (6).




2. Outline the design and methodology of the project. Please inciude in (his scclion details of the
proposed sample sizc.

Methods/Design of investigation

We propose to study eight normal healthy male subjects aged between 18 and 35 years (this sample size is
in line with the statistical procedures to be vscd). All subjects will be in goad health at the time of (esting
and take part in at least lwo acrobic exercise sessions per week. Subject elligibility will be assessed by
subjcels completing 2 medical and a physical activity questionnaire. Subjects will also be required (0 read
and sign the encloscd information sheet.,

‘l'esting will take place in the Exercise Physiology laboratory in the West Medical Building. All subjects
will perform three incremental and three constani-load cycle ergometer lests, which will be carried out in
the Jate afternoon on six separate occasions. The first maximal incremental and constant-load cycle
ergometer (ests are aimed at familiarising subjects with the exercise protocol and experimental
procedures. One hour prior to the second and (hird maximal incromental and constant-lead exercise tests

(see protocals below), subjects will consume either a S0mgkg® body weight acute dose of DCA or an
equivalent amount of placebo. Test solutions will be adininistered to the subjects in the laboratory in a
double blind tashion. The IDCA oral formulation to be uscd will be prepared by pbarmacy al the Western
Infirmary. Subjects will consume their normal diet throughoul the study period and will be required to
refrain from all strenuous exercise in the 24 h period prior Lo each tesl.

Protocols
Maximal incrementa exesrcise test: On Lhree occasions, subjects will perform a maximal incremental

exercise test, as follows. A direct measurement of maximal oxygen uptake (Vo2 max) and the lactatc
threshold will be determined on a computer controlled cycle crgometer (T.ode). This test will involve a
step-wisc increasc in workrate (e.g. 15-20 waitsmin) until volitional exhaustion. The results from this

test will allow the lactale threshold o he estimated using gas exchange criteria. Subjects will be given a
familiarisation trial and a warm-up before the test and a warm-down after the (cst,

Submaximal tests - consiant load: On three separatc occasion, subjecls will perfonu two consecutive
bouts of constanl-load exercise at a moderate cxercise intensity {(below the lactate threshold) for 10
minutes, followed by one bout of constant-load exercise at a high exercise iniensily (above the lactale
threshold) designed to induce fatigue within about 10 minutes. Ten minute periods of unloading cycling
will be carried out between the three exercise bouts. ‘The results from (his test will allow the gas exchange
kinctics, metabolic and perceptual responses of the two exercise domains to be determined (see
measurements below), Subjects will be given a familiarisation trial and a warm-up before the lest and a
warm-down aftcr the test.

Measurements
Cardiovascular Measurements: Hearl rate will be monitored by electrocardiography.

Respired Air Measuremnts: Respired air will be measured continuously for volumme (turbine) and oxygen
{0,) and carbon dioxide (CQ,) and pitrogen (N,) concenfration using a mass specuromeler (or on-ling

breath-by bieath determination of O, uptake (Vr);) CO, output {(V CO,} and ventialtion (V) and
alveolar PO, and CO, pardat pressure (PO,, CO,) (QPI0060, Morgan Medical).

Breaihlessness and Rating of Perceived Exertion: Breathlessness and Rating of Perceived Excertion will
be monitored at regular intervals thronghout the tests, using either a standard Borg or visual analogue
scalc,

Arterial oxygenation measurements: Arterial blood oxygen saturation will be monitiored continuously,
noninvasively from a finger or an ear lobe by pulse oximetry.

Muscle Oxygenation: Intravascular oxygen saturation will be monitored continvously and noninvasively
from the surface of the right or Jeft quadriceps muscle using ncar infra-red spectroscopy (Hamamatsu).

Blood Analysis: Arlerialised-venous bload samples will be drawn at rest and at § min intervals during
exercise from a 20 G indwelling catheter placed by percutaneous punciure into a vein on the dorsum of
the healed hand (this yields blood with a composition indistinguishable from arterial, but wiihoul the
associated degree of invasion and therefore subject discomifort) (7, 8). Blood samples (5 ml or [ teaspoon
each) will be analysed for blood gas and acid-base variables, blood lactate and pyruvate (9),
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3. Describe the research procedures as they affect the research subject and any other partics involved.

All tesls will take place in the Lxercisc Physiology Taboratory, West Medical Buiiding. v Yannis
Pitsilaids and/or Professor Sue Ward will be present at all tesis. Both are certified phlcbotomists and
trained in CPR. Before all exercise tests, a medically qualified person will be inlormed of the time of the
test and asked if hefshe is available. Excrcise (esls specific to this study will only be conducted if
medically qualified person caun be contacted and is able 0 be present within a short time period. A
defibrillator and emergency drugs are on site in the laboratory,

Some subjects may experience mild discomfort during the placement of and/or sampling of blood from a
catheter placed in a vein on the dorsum of the heated hand. Tn vur cxperience, this is minimal because:
the catheter size is smatl (20 G); it is only placed when the hand has been heated (0 44° C for at least 10
min, allowing a substantial kocal vasodilatation of the superficial blood vessels, which facilitates their
cannulation; the catheter is indwelling, allowing for multiple sampling; while it is safely secured in place
with adlesive tupe, tiere is sutficient ‘play’ to allow sampling without ‘pulling” on the vessel {i.e. the
catheter can slide easity within (he vessel); upon withdrawal of (he catheter at the end of the experiment,
firm pressure is maintained over the site for at least 15 min to provent any leakage from the vessel into
the surrounding interstitivm which could lead to local oedema and bruising. Importanily, if a vessel
canuot be readily cannnlated or if the subject is novetbeless nol comfortable with proceeding, the
experiment is halicd. No more than 100 ml or 20 teaspoons of blood will be sampled {or cach test,

Some subjects may experience a mild tranquilizing or sedative effect following the adminiseration of
DCA. In most cases, the effect is short lived and is too slight to be measured by objective 1csts that are
sufficiently sensitive 1o detect early stages in cognitive dysfunction induced by sedative hypnotics or
tricyclic antidepressanis (1), Tu occasional subjects who metabolise the drug slowly, drowsiness may
persist for several hours (1). Subjects will not be permitled 1o leave Ihe laboratory until fully recovered,

Paotential participants will be identified cither by personal contact or by advertisement. They will be asked
to meet with the investigalors to discuss the project and whether they would be suitable as a subject. All
*| subjects will be healthy individuals without a history of any significant medical problem(s). All subjects
will he moderately-trained and Lherelore accustomed 10 strenuous exercise. The good health of cach
subject will be established prior 1o Lthe study by taking the subject's medical history, which is supported
by a written assurance from the subject. Subjects with a bistory of cardiorespiratory or neurological
disease will be excluded from participation, as will those having an acute upper respiralory tract
infection. Suhjects who take drugs (recreational or performance enhancing drugs) or who have consumed
aleohol within 48 h of an experiment will be excluded.

Close supervision of the subject is ensured at all times by the supervising investigator. The well-being of
the subject is established at frequent intervals thronghout all tests by asking the subject "Is everything
atright?", Subjects are instrucied, prior to the test, to respond io this question with a thwnbs-up sign if
everythiny is fine, and a thumbs-down sign if there is problem. If a problem is indicated, the investigator
will ask further questions to establish whether there is a technical problem that could Iead to potential
hazard or whether the subject is feeling unwell. In either case, the test is immediately balred,

All subjects are roulinely instructed o cease exercising it they experience any discomfort or have any
concern for their well-being,

The risks associated with performing maximal exercise are minimal as fong as the subject is approprialely
instrucied and familiarised with the device prior to pasticipalion and also is appropriately supervised
during the experiment. All exercise bouts are both preceded by a § min "warm-up" and by a 5 min
"warm-down". The latter is of particular importance during high-intensity exercise, when the local
accumulation of exercise metaboliles can cause an "expansion” (or vasodilatation) of the blood vessels in
the lower limbs, which can impair the adequate return of blood to the heart - predisposing to fainting on
dismounting from the ergometer. This risk is minimised by having the subject exercise at a mild levet
during recovery to "wash away" these metabolites and therefore to resiore the capacity of the involved
blood vessels to their resting levels.

Some subjects experience difficulty swallowing while breathing through a mouthpiece and wearing a
noseclip, duc (o some transient build-up of pressure jn the cars.

Some subjects experience increased salivation when breathing through a mouthipicee.

Some subjects experience mild discomfort from prolonged sitting on the seat of the cycle ergometer.
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4. What in your opinion are the ethical considerations involved in this proposal? (You may wish for
example Lo comunent on issues Lo do with consent, contidentialily, risk to subjects, tc.)

Administratior of DCA in human subjects has been limited to short term studies in healthy volunteers,
adults with type I1 diabetes, and children and adults wilh various forms of laclic acidosis (for review, see
ref 1). Aside from typically mild drowsiness in aboul one half the adult recipients, no other drug related
adverse effects arc reported. There bave been claims that uvopurified preparations of DCA may be
mutagenic () 1-14). However, studies using DCA of established purity failed to show any mulagenicity
(15). There was one case of peripheral neuropathy in a young adult man with homozygous familial

hypercholestcrolemia who received single daily doses of 50 mg'kg' body weight DCA for up to four
months (16). Toxicity was manifested by iloss of deep tendon reflexcs, mild weakness of facial and
interosseous muscles, and diminished tibial nerve conduction velocity. This neuropathy was resolved
several weeks after cessation of therapy, suggesting that functional rather than morphologic changes were
responsible for the toxicity. Furtheremore, two infants with severe neuropathy and congenital forms of
lactic acidosis were teeated [or approximately 1 vear with siimilar doscs of DCA with no adverse effects

(17, 18). In suminary, acute doscs of 50 mgkg" bady weight DCA administered orally or intravenously is
safe and represents a valuabie toal for exploring (the metabolic pathways both in health and disease,

Exercise has negligible risk in healithy adults, although maximal cxcrcise has a simall risk of indncing
myocardial ischacmia.

The insertion of a catheter into a vein may rarcly cause irritation at the site of insertion, venospasm (or
conslriction of the cannulated vein which may lead to inlerference with blood ftow through it} and
phlebitis. These risks are minimized in this invesiigation by the short durmion of the test and by the
procedures described above.

Blood will be bandled, stored and disposed of according to standard health and safety procedures.




5. Qutline the reasons which lead you 10 be satisfied that the possible benefits 1o be gained from the project justily
any risks or discom{orls involived.

The research underltaken will allow gas exchange kinetics, metabelic and pereeptual responses to maximal
incremental and constant-load exercise following D('A administration (o be determined and compard (0 nogmal
respouses. It is envisaged that this research will benefit Lhe identitication of the physiological mechanisms which
limit exercise tolerance (i.e. the ability of individuals to perform exercise) in health and disease. The minimal risk
and discomlort associated wilh the above procedures are considered to be worthwhile 10 gain Lbe information
required.

6. Who are the investigators (including assistants) who will conduct the research and what ave their qualifications
and experience?

Professor Susan Ward BSc BA D Phil, Dr Yaonis Pitsiladis PhD MMedSci BA, Mr John Wilson and Mrs Heather
Collin (Senior Technicians). 'The principal investigators have wide 1anging cxpericnee of cxcrcise testing over
periods of up to 25 years without incident.

7. Are amangements for the provision of clinical facilitics to handle emergencies necessary? If so, briefly
describe the arrangements made.

A clinician will be alerted before all experiments and can be in attendance within a shogt space of tine. The
Exercise Physiology laboratory has a set of instructions fixed to the wall sext to the telephone, so that the caller
can identify him/herself and the location of the laboratory.

In the cvent of an unloward incident that is not an cinergency, the supervising Principal Investigator will
administer appropriate first aid, if necessary. The subject will not be permitted o leave the laboratory unlil be has
fully recovered. The subject will be encouraged to contact his local GP. The subject will be told that one of the
Principal Investigators will conduct a follow-up by teiephone at the end of the same day, The subject will also be
provided with 24-hour contact numbers for both Principal Investigatars.

8. In cases where subjects are identified from information held by another party {lor cxample, a docior or
hospital) describe the arrangements whereby you gain access to this information,

N/A

9. Specity whether subjects will include students or others in a dependent relationship.

Some students may be recruited but will be under no pressure fromn staff to pacticipate in the sindy,
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10. Specify whether the research will include children or those with mental jHuess, disability or handicap. If so,
please explain the necessity of using these subjects.

N/A

1%, Will payment be made 1o any reseacch subject? If so, please state the level of payment 10 be made, and the!
source of the funds o be used 1o make the payment,

NO

12. Describe the procedures to be used in obtaining a valid consent fiom the subject. Please supply a copy of the
information sheet provided to the individual subject.

Bacl subject will recieve an information sheet outlining the tests 10 be performed (see encloscd copy). A verbal
explanation wilj also be given and any queries answered.

13. Comsnent on any cuftural, social or gender-based characteristics of the subject which have affected the design
of the project or which may affect its conducl.

None

14, Give details of (he measures which will be adopted to mainiain the confidentiality of the research subject.

The information obtained will be anonymised and individuat information wifl not be passed on to anyone outside
the study group. The resuolts of the tests will not be used for selection purposes.




15. Will the information gained be anonymized? If not, please justily.

Yes

16. Will the intended group of research subjects, W your knowledge, be involved in other research? If so, pleasc
justify.

No

17. Date on which the project will begin (1 Angust, 1999) and end (20" December, 1999)

18. Please state location(s) where the project will be carried out.

Exercise Physiology laboratory, West Medical Building
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University of Glasgow
Institute of Biomedical and Life Sciences
University of Glasgow

INFORMA'TTON SHEET

TITLE OF INVESTIGATION: Effects of dichloroacetate on metabolic parameters during
incremental and constant-load excrcise in healthy human subjects.

We invite you to participate in an investigation which we believe to be of potential importance. In
order to help you to understand what the investigation is about, we arc providing you with the
following information. Be sure you understand it before you formally agree to participate. Ask
any questions you have about the information which follows. We will do our best (o explain and
to provide any further information you require. You have been selected as a possible participant
in this investigation because you arc in good health.

The mechanisms that dclermine the ability to suslain moderate to severe exercise are poorly
understood. Such information, however, is crucial if we are to improve exercise tolerance (ie. the
ability of individuals to perform exercise) in both health (e.g. the performance of the elite athlete)
and disease (e.g. patients with compromised energy metabolism). This study aims te compare a
range of responscs to different intensities and duration of exercise following the administration of
a drug known to influence the chemical reactions involved in energy production.

Testing will takc place in the Exercise Physiology laboratory, Wesl Medical Building at
Glasgow University. You will be asked to visit the laboralory on six occasions and to take part
in the following tests:

Progressive Exercise Test: You will be asked to perform a maximal progressive exercise test on
a stationary computer controlled cycle so that we can assess your level of fitness (i.e. maximal
oxygen uptake and the lactate threshold). During this test, the pedaling load increases over the
course of 15-25 minutes until you have to stop cycling either because of fatigue or
breathlessness. You will repeat this test on two further occasions. One hour prior to
commencement of these two subscquent tests you will be required to consume 100 ml of a drink
containing either 50mg/kg of your body weight of a drug callcd Dichloroacetale (IDCA) or an
equivalent amount of an inert placebo.

Submaximal tesr - constant load test: On three separate days, you will cycle at moderaie and
high exercise intensitics (below and above the lactate threshold) for periods ranging between 5 -
10 minutes, with 10 minutes of unloaded cycling between the execise bouts. The (otal test
duration will be no more than cne hour. The [irst constant-load test aims to familiarise you with
the exercise protocol and experimental procedures. One hour prior to the next two constant-load
exercise tests you will again be required to consume 100 ml of the drink containing the drug or
an equivalent amount of the placebo.

DCA is a drug which cifects the energy production pathways and reduces the amounl of lactic
acid produced (Jactic acid is a breakdown product of anacrobic metabolism). This drug is used in
the treatment of lactic acidosis. DCA may cause you to become a little drowsy, however these
effects are normally mild and do not persist for very long.
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During each exercise test and at regular intervals, we would Hke to take a small amount of blood
from an intravenous line m the back of your hand. Intravenous lincs may causc some bruising and
subsequent soreness over the site of puncture and, rarely, a small wound which takes a few days
1o heal.

Arterial blood oxygen saturation will be monitored continuously noninvasively from a finger or an
ear lobe by pulsc oxunclry. Intravascular oxygen saturation will be monitored continuously and
noninvasively from the surface of the right or lelt quadriceps muscle using near infra-red
spectroscopy (FHlamamatsu).

Breathlessness and Rating of Perceived Exertion will be monitored at intervals throughout tests,
using either a standard Borg (Le. numbers with word anchors to help you rate a variable) or a
visual analogne scale (VAS) (the VAS scale consists of a horizontal line. The word "none" is
placed at one end of the scale and the word "very severe” at the other). You will be asked provide
a response which relates to your level of Breathlessness and Rating of Perceived Exertion using
these scales.

During the exercise tests, you may breathe through a rubber mouthpiece which is similar 10 that
used for snorkeling, and wear a noseclip. You may experience difficulty swallowing while
breathing through a mouthpiece and wearing a noscelip, due to some pressure in the ears. Some
subjects expericiiee increased salivation when breathing through a mouthpicce. Some subjects
experience mild discom(lort from prolonged sitting on the seat of the cycle ergometer.

FExercise has a negligible risk in healthy adults, although maximal cxercise has a small risk of
inducing myocardial ischaemia. The primary symptom of myocardial ischaemia is chest pain on
exertion. If you experience any unusual sensations in your chest during the experiment, you
should cease exercising immediately. Your heart rate will be monitored via adhesive surface
electrodes for the monitoring of the heart's electrical activity (the "elecirocardiogram™).

Before you hecome a subjeci, vou will complete a medical questionnaire. Pcople who have
asthma, heart related and/or circulatory problems, hypertension or any other contraindicated
condition will not be allowed to take part in the study.

All information obtained both trom the preliminary medical questionnaire and frore the study itself
will be treated confidentially. Tt is our intention to publish the results of this study, but not in a
way which will not enable individuals or their performance to be identified.

You ure free to leave the study at any time. The outcome of the study may not benefit you
directly. Some parts of the study constitute a possible transient risk to your health, There is a
small cardiac risk to your health, You may feel uncomfortable during certain stages of the tests.

If you are worricd about any unwanted side effects from any of the above procedures, you should
conlact:




Dr Yannis Pitsiladis Professor Susan A Ward, Director

Lecturer, Institutc of Biomedical and Life Director, Institute of Biomedical and Iife
Sciences Sciences

West Medical Building West Medical Building

University ol Glasgow University of Glasgow,

Glasgow, G12 8QQ Glasgow G12 8QQ

Phone: 0141 330 3858 Phone: 0141 330 6287

Fax: 0141 330 6542 Fax: 0141 330 6345

e-muail: Y. Pitsiladis@bio.gla.ac.uk e-mail: S.A. Ward@bio.gla.ac uk

Consent Korm

give my consent to the rescarch procedures which are outlined above, the aim, procedures
and possible consequences of which have been outlined to me

Signature  .............. R

at
DELE ittt icetaeeireioarrrnrarraarararan
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CENTRE FOR EXERCISE SCIENCE AND MEDICINE,

MEDICAL HISTORY

(CONFIDENTIAL)

Please read,

It is important to take a record of your medical history. You may
huave, or may have once had a condition that would make this type of
testing unsuitable for you. For this reason we ask you to be as
truthful and detailed as possible. At no point will this information be
made available to any one other than the principal invesligators for
this study. If you have any doubts or questions, please ask.




SUBJECT DETAILS:

NAME:

AGT: D.OB:
SEX (M/FY:

GP NAME & ADDRESS:

SMOKING:
Never Smoked ...,
Not for =6 months ......
Smoke <10 per day ......
Smoke >10 per day ......

HLLNESSES:

ALLERGIES:

HOSPITALISATIONS:

MUSCULO-SKELETAL DISORDER:
(Arthritis, Joint Pain, Fractures, Sports injury, Others)

CARDIOVASCULAR DISORDER: (Fever, lleart Murmurs, Chest Pain, Palpitations, High Blood
Pressure, Others)

RESPIRATORY DISORDER: (Asthma, Shortness of Breath (SOB), Cough, Upper Respiratory Tract
Infection (URTT), Others)

GASTROINTESTINAL DISORDER: (Jaundice. Rleeding, Others)

DIABETES:

CNS DISORDER: (Fits, Blackouts, Tremor, Paralysis, Epilepsy, Other)

PSYCHIATRIC TREATMENT:

FAMILY HISTORY: (Sudden death in a first degree relative under the age of 35 years)




ARE YOU CURRENTLY TAKING ANY MEDICATION? No ¢/ Yes*

(*Please specily)_ e - - ————

ARE YOU CURRENTLY TAKING ANY SUBSTANCES TO HELP IMPROVE YOUR TRAINING
OR CONTROL YOUR WEIGHT i.c. CREATINE. PROTEIN SUPPLEMENT? No / Yes*®

(>Z=Plea5(j SpCCi.[‘y) O

ARE YOU CURRENTLY TAKING ANY OTHER SUPPLEMENTS ie. FOOD SUPPLEMENTS,
VITAMINS? No / Yes*

(*Please specity)

CAN YOU THINK OF ANY OTIIER REASON WITY YOU SHOULD NOT TAKE PART IN ANY OF
OUR TESTS?

SYMPTOMS:

Do you experience any of the following, particularly on exercise?

Breathlessness No/ Yes
Chest Pain No/ Yes
Dizzy Fits/Fainting No/ Yes
Palpitations No / Yes

Picasc note that if you feel unwell on the day of the proposed test, or have been feeling poorly over
(he preceding day or two, please inform the investigators and DO NOT TAKE PART in the
exercise test,

DECLARATION:
I have completed this questionnaire fully and truthfully. I have not kept any information from the
investigators that may put myself at risk during high-intensily cxcrcise, or affect the resulls that they

obtain. [ understand that I may withdraw from any one test or the study as a whole if [ feel unwell, or feel
uncomfortable with any part of the testing procedure,

(SIENATUIE). . ot
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PHYSICAL LXAM:

WEIGHT: N HEIGHT:

PULSE (Resting}): BP (Resting):

‘ Screened by: oo

(SIZNAture) ..oovvvviei i (DALC) vt



