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Abstract

While seemingly simple, the underlying exercise prescription to bring about the desired
adaptations to exercise training is as complicated as that of any drug. Prescribing the frequency,
duration, or volume of training is relatively simple as these factors can be altered by
manipulating the number of exercise sessions per week, the duration of each session, or the
total work performed in a given time frame (e.g., per week). However, prescribing exercise
intensity is more complex and there is controversy regarding the reliability and validity of the
many methods used to determine and prescribe intensity. Despite their common use, it is
apparent VO, and HR based exercise prescription has no merit to elicit a homogeneous and
explicit homeostatic response. Alternatively, the use of submaximal anchors has been
employed and perceived to represent shifts in the metabolic state of the working muscle and
represent a demarcating point to define training zones. Whereas, the domains of exercise are
independent of these anchors and defined by their distinct homeostatic responses, and offer a
valid concept for normalising exercise intensity (Chapter 1; Review 1). Furthermore, the
relationship between graded exercise test (GXT) derived anchors and constant work load
derived anchors is at this point non sequitur and we discourage using submaximal anchors

interchangeably (Chapter 2; Study 1).

Mitochondria are organelles found inside skeletal muscle cells and their main role is
the production of adenosine triphosphate (ATP) which is necessary for skeletal muscle
contractions. The bioenergetics demands associated with aerobic exercise lead to a homeostatic
perturbation, activating sensor proteins that initiates gene expression through transcriptional
and translational processes leading to the development of mitochondrial proteins. The source
of ATP production modulates the homeostatic perturbations that activate the sensor proteins

which include: an increase in the redox state of the cell (NAD*/NADH), an increase in ATP



turnover (measured via AMP/ATP), increased calcium flux and mechanical stress and these
are largely influenced by the source of ATP production. These perturbations act as signals to
activate sensor proteins that ultimately modulate transcriptional coactivators associated with
mitochondrial biogenesis (Chapter 3; Review 2). Despite the relationship between exercise
intensity and mitochondrial biogenesis, submaximal exercise intensity is almost exclusively
prescribed relative to maximal oxygen uptake or maximal work rate. The well-established
limitation of these methods is the inability to normalise exercise intensity; specifically, to elicit
a homogenous homeostatic perturbations. Thus, employing methodology that normalises
exercise intensity based on homeostatic perturbations may modulate the activation of signalling

kinases and the extent of gene expression (Chapter 4; Study 2).
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List of Figures
Chapter 1

Figure 1.1. The five aerobic training zones (L1-L5) based on the first and second lactate
threshold (LT, and LT,) derived from a GXT. The LT, (i.e., lactate transition 1) represents the

rise in blood lactate above baseline. The LT, (i.e., lactate transition 2) represents an acceleration

of blood lactate accumulation.

Figure 1.2. The training intensity distribution model divides intensity into 3 zones, where
zones 1 and zone 2 are demarcated by LT, and GET/VT and zones 2 and 3 by LT,, RCP, and
%VO

MLSS. Each zone is characterised by %HR absolute blood lactate value, and

max’ 2max’

relationship with a submaximal anchor.

Figure 1.3. Prescribing exercise intensity based on physiological domains’. Each domain can

be characterised by a specific oxygen uptake (VO,) kinetic and blood lactate response. The
moderate domain can be characterised by a plateau of VO, and blood lactate concentrations
near baseline levels, the heavy domain by an observed ‘slow component’ of\'/O2 with a delayed

steady state, and a rise in blood lactate above baseline with subsequent plateau, and the severe

by a ‘slow component’ without a steady state of \702 and a continual increase in blood lactate.
Figure 1.4 (A & B). A) VO,, and B) blood lactate responses during moderate, heavy and severe
exercise. Moderate (green line), heavy (yellow line), and severe exercise (red line). A) VO,

kinetics during moderate exercise is depicted by mono-exponential uptake response with an
attained steady state. During heavy and severe exercise there is a delayed steady state (i.e., a

slow component) due to the curvilinear increase in the VO,-work rate relationship (grey shaded

area). During heavy exercise there is a delayed steady state following the slow component.
During severe exercise there is an observed VO, slow component absent of a steady state and

continuous exercise results in the attainment of VO B) The blood lactate response during

2max”
moderate exercise remains at baseline due to the predominant source of energy being derived
via oxidative phosphorylation. The blood lactate response during heavy exercise is an increase
above baseline with a steady state. The blood lactate during severe exercise is a rise above
baseline with an absence of a steady state.

Figure 1.5. Schematic illustrating the domain-specific muscle recruitment pattern contributing
to the slow component of oxygen uptake, absence of an oxygen uptake plateau, and the blood

lactate response. During continuous, moderate exercise, type | muscle fibres are predominantly
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recruited, ATP is produced solely via mitochondrial ATP turnover (i.e., Krebs Cycle), O,
demand is equal to O, availability, and muscle and blood lactate levels remain at baseline.

During continuous, heavy exercise, type | and Ila muscle fibres are recruited, ATP is produced
via mitochondrial and cytosolic ATP turnover, the recruitment of less efficient type lla muscle

fibres and the increase in ventilation due to increased non-metabolic CO, production results in

the delayed steady state of oxygen uptake (i.e., a slow component), and the reliance on non-
mitochondrial ATP turnover results in an increase in blood lactate above baseline with an
achieved steady state mirroring the oxygen uptake pattern. During continuous, severe exercise,
type I, lla and lIx muscle fibres are recruited, ATP is produced via mitochondrial, cytosolic
ATP turnover and via a continual depletion of the phosphocreatine stores (PCr), which results

in the continual increase in O, uptake until the cessation of exercise. The recruitment of less

efficient type Ila and 11x muscle fibres increase the amplitude of the slow component, further

increase ventilation (i.e., hyperventilation) due to increased non-metabolic CO, production.

Lastly, intramuscular lactate production exceeds lactate oxidation, which results in lactate

appearance exceeding disappearance. MCT = monocarboxy transporter

Figure 1.6. Expected and observed VO, response relative to power. During low exercise
intensities there is a linear VO,-work rate relationship. As exercise intensity increases the
relationship between VO, and work rate becomes curvilinear and the observed work rate

associated with 70% of VO is lower than that expected for a linear relationship (282 vs.

2max

332 W). Figure redrawn from Zoldaz et. al. [2] .

Figure 1.7. (A-C). (A) Plasma lactate, (B) ammonia, and (C) hypoxanthine values comparing

trained (solid line) and untrained (dashed line) when exercising at 70% of VOzpeak (dark circles)

and 95% of the work rate associated with a 1 mmoI'L_1 increase in blood lactate above bhaseline

(B+1) (dark triangles). When exercising at 70% of VO the plasma lactate (i.e., at 20 and

2peak
40 minutes) and ammonia values (i.e., after 40 and 60 minutes were significantly different for
the untrained participants compared to all other groups; furthermore, there were no significant

differences for hypoxanthine. Figure redrawn from Baldwin et. al. [3].

Figure 1.8. Data demonstrating the relationship between maximum work rate (W, ) and

graded exercise test (GXT) duration. W__ derived from a GXT is a function of the slope

(increase in work rate relative to time) (W's_l). Dark circles represent mean and the whiskers
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the standard deviation. Call outs are the average slope of the graded exercise test. Redrawn
from Adami et al. [4].

Figure 1.9. (A - C). A.) Representative blood lactate response to exercise performed at 97, 100
and 103% of the MLSS (Traditional Criteria). Blood lactate increased 0.7, 0.8 and 1.3 mmol'L

1from 10 to 30 minutes at 97, 100 and 103% of the MLSS, respectively. B.) Representative
blood lactate response using criteria developed by Hering et al. [5]. Threshold criteria 2 was
achieved were blood lactate increased > 0.5 mmol.L* and was > 4 mmol-L* without a change
in speed. Therefore, speed was decreased by 0.1 m's™ to confirm the MLSS. C.) Representative
lactate threshold (LT) curve with 14 different LTs. Log-log = power at the intersection of two
linear lines with the lowest residual sum of squares; log = using the log-log method as the point
of the initial data point when calculating the Dmax or Modified Dmax; poly = Modified Dmax
method calculated using a third order polynomial regression equation; exp = Modified Dmax
method calculated using a constant plus exponential regression equation; OBLA = onset of
blood lactate accumulation; B + absolute values the intensity where blood lactate increases
above baseline.

Figure 1.10. (A-E). Representative gas exchange and blood lactate data from an
incremental/graded exercise test illustrating the method(s) to determine the: ventilatory
threshold (VT), gas exchange threshold (GET) and first lactate threshold (LT,). (A) VT: the

first break point in ventilation (Vy), (B) GET: disproportionate increase in nonmetabolic CO,
production relative to O, consumption (VO,) (i.e., excess CO,), (C) VT: systemic increase in
V/VO,, (D) VT: systemic increase in pressure of end tidal oxygen consumption (P.;O,), and
(E) VT: plateau in pressure of end tidal carbon dioxide expiration (P, CO,) following in
increase.

Figure 1.11. (A-C). Representative gas exchange and blood lactate data from an

incremental/graded exercise test illustrating the method(s) to determine the: respiratory
compensation point (RCP) and second lactate threshold (LT,). (A) RCP: the second break point

in ventilation (V¢), (B) RCP: a breakpoint in V_ relative to CO, expiration (V/VCO,)
following a plateau), and (C) RCP: second breakpoint in pressure of end tidal carbon dioxide
expiration (P_;CO,) following plateau.

Figure 1.12. (A & B). A) Linear distance-time model from race performances (800 M, 1500

M, mile, 3000 M and 5000 M) calculating critical speed (slope; 5.51 m's'l) and curvature
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constant (intercept; D’ = 177 M). Times retrieved from iaaf.com; athlete code: 14564446. B)
Work rate profile from 3 min-all-out-test (3MT). The dashed line represents CP and CS, the
average work rate from the last 30 seconds of the 3MT. W’/D’ represents the work performed
above CP and CS, W’/D’ = 150 seconds * (Average Work rate of 150 seconds — CP and CS)

Figure 1.13. (A-E). Blood lactate and muscle metabolic responses 5% above and below CP.
Mean SD blood lactate concentrations (A), intramuscular lactate concentrations (B),
phosphocreatine concentration (C), intramuscular pH (D), and intramuscular glycogen
concentrations (E). Data redrawn from Vanhatalo et al. [6].

Chapter 2

Figure 2.1. Representative blood lactate curve with 14 LTs calculated from GXT4 (participant
#9). The power of the MLSS was 302 W and the blood lactate concentration was 2.85 mmol-L
!, Log-log = power at the intersection of two linear lines with the lowest residual sum of
squares; log = using the log-log method as the point of the initial data point when calculating
the Dmax or Modified Dmax; poly = Modified Dmax method calculated using a third order
polynomial regression equation; exp = Modified Dmax method calculated using a constant plus
exponential regression equation; OBLA = onset of blood lactate accumulation; B + absolute

value = the intensity where blood lactate increases above baseline.

Figure 2.2 (A-D). Forrest Plots of the difference (ES £ 95% CI) between the MLSS and the
power calculated from the 13 lactate thresholds derived from (A) GXTs3, (B) GXT4, (C) GXT7
and (D) GXT1o (52 in total and excluding log-log). The solid vertical bar represents no
difference from the MLSS and the dashed vertical bars represents the threshold between a
trivial and small difference (ES = 0.2) established by Cohen [7] and Hopkins [8]. log = using
the log-log method as the initial data point when calculating the Dmax or Modified Dmax; poly
= Modified Dmax method calculated using a third order polynomial regression equation; exp =
Modified Dmax method calculated using a constant plus exponential regression equation; OBLA

= onset of blood lactate accumulation

Figure 2.3. Bland-Altman plots displaying agreement between measures of the power
associated with the RCP regression equation (RCPMLSS) calculated from GXT1 and the
MLSS. The differences between measures (y-axis) are plotted as a function of the mean of the
two measures (x-axis) in power (Watts). The horizontal solid line represents the mean
difference between the two measures (i.e., bias). The two horizontal dashed lines represent the
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limits of agreement (1.96 x standard deviation of the mean difference between the estimated
lactate threshold via the RCPMLSS and the maximal lactate steady state). The dotted diagonal
lines represent the boundaries of the 95% CI for MLSS reliability (CV = 3.0%; 95%; CI =
3.8%) calculated from Hauser et al., [9] (RCP = respiratory compensation point).

Figure 2.4. Bland-Altman plots displaying agreement between measures of the power
associated with the baseline plus 1.5 mmol'L™? calculated from GXT3 and the MLSS. The
differences between measures (y-axis) are plotted as a function of the mean of the two measures
(x-axis) in power (Watts). The horizontal solid line represents the mean difference between the
two measures (i.e., bias). The two horizontal dashed lines represent the limits of agreement
(1.96 x standard deviation of the mean difference between the lactate threshold and the
maximal lactate steady state). The dotted diagonal lines represent the boundaries of the 95%
ClI for MLSS reliability (CV = 3.0%; 95%; CI = 3.8%) calculated from Hauser et al. [9].

Figure 2.5 (A-D). Bland-Altman plots displaying agreement between measures of the power
associated with the (A) OBLA 2.5 mmol'L?, (B) Modified Dmax, (C) Log-Poly-Modified Dmax,
(D) Log-Exp-Modified Dmax calculated from GXT4 and the MLSS. The differences between
measures (y-axis) are plotted as a function of the mean of the two measures (xaxis) in power
(Watts). The horizontal solid line represents the mean difference between the two measures
(i.e., bias). The two horizontal dashed lines represent the limits of agreement (1.96 x standard
deviation of the mean difference between the lactate threshold and the maximal lactate steady
state). The dotted diagonal lines represent the boundaries of the 95% CI for MLSS reliability
(CV = 3.0%; 95%; CI = 3.8%) calculated from Hauser et al., [9]) (log = Modified Dmax method
using the log-log method as the point of the initial lactate point; poly = Modified Dmax method
calculated using a third order polynomial regression equation; exp = Modified Dmax method
calculated using a constant plus exponential regression equation; OBLA = onset of blood

lactate accumulation.).

Figure 2.6. Bland-Altman plots displaying agreement between measures of the power
associated with the (A) OBLA 2.5 mmol-L? (GXT7), (B) OBLA 3.0 mmol-L? (GXT7), (C)
Log-Exp-Modified Dmax calculated from GXT7 and the MLSS. The differences between
measures (y-axis) are plotted as a function of the mean of the two measures (x-axis) in power
(Watts). The horizontal solid line represents the mean difference between the two measures
(i.e., bias). The two horizontal dashed lines represent the limits of agreement (1.96 x standard
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deviation of the mean difference between the lactate threshold and the maximal lactate steady
state). The dotted diagonal lines represent the boundaries of the 95% CI for MLSS reliability
(CV =3.0%; 95%; CI = 3.8%) calculated from Hauser et al., [9] (log = Modified Dmax method
using the log-log method as the point of the initial lactate point; exp = Modified Dmax method
calculated using a constant plus exponential regression equation; OBLA = onset of blood

lactate accumulation.).

Figure 2.7 (A & B). Bland-Altman plots displaying agreement between measures of the power
associated with the (A) OBLA 3.0 mmol-L?, (B) OBLA 3.5 mmol-L* calculated from GXT1o
and the MLSS. The differences between measures (y-axis) are plotted as a function of the mean
of the two measures (x-axis) in power (Watts). The horizontal solid line represents the mean

difference between the two measures (i.e., bias).

Chapter 3
Figure 3.1. Energy Schematic for Skeletal Muscle During Exercise. ATP hydrolysis, catalyzed
by myosin ATPase, powers skeletal muscle contraction. From Egan et al. [10].

Figure 3.2. Schematic illustrating the influence of the biogenetics and homeostatic
perturbations associated with exercise intensity influencing the signalling kinases activating

exercise induced mitochondrial biogenesis.

Figure 3.3 (A & B). Transmission electron microscopy (TEM) of (A) oxidative (type 1) and
(B) glycolytic (type Il) muscle fibres. Black arrows pointing at intramuscular triglycerides

(IMTG). Dashed arrows pointing at mitochondria (M). TEM figures from unpublished data.

Figure 3.4. (A-C) (A) Epinephrine and norepinephrine concentrations at different intensities
prescribed relative to percentages of VO2max following 30 min of exercise. Data redrawn from
Romijn et al. [11]. (B) Mean (SD) of fat (FAT) and carbohydrate (CHO) oxidation rates (g'min-

1) as a function of percentage of maximal oxygen uptake (VO.,,__). (C) Mean (SD) of fat (FAT)

2max

oxidation rates (gmint) and blood lactate concentrations as a function of percentage of

maximal oxygen uptake (VO,__ ). Data retrieved from 17 trained participants Jamnick et al.

2max

[1]. from a graded exercise test that used 4-minute stages from 17 trained cyclists.

Figure 3.5. Contributions of energy expenditure during sustained exercise derived from plasma
glucose, plasma free fatty acids (FFA), intramuscular triglycerides (IMTG), other fat sources

and muscle glycogen stores. Data redrawn from Romijn et al. [11] (i.e., 25%, 65%, and 85%
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of VO, ), and from van Loon et. al. [12] (i.e., rest, 44%, 57%, and 72% of VO, __ ) where

2max 2max

exercise was prescribed as a percentage of maximal oxygen uptake (VO,__ ). Romijnetal. [11]

2max

recruited 5 endurance trained cyclists (VO, = ~67 mL'kg min ") van Loon et. al. [12]

2max

= ~735 mLkg min")

recruited 8 trained male cyclists (VO,, .. =

Figure 3.6 (A-C). Figures illustrating the relationship between exercise intensity and

intramuscular lactate production (A), (B) reduction-oxidation state of muscle measured ratio

between reduced and oxidised form of Nicotinamide adenine dinucleotide (NAD+/NADH)
(solid line) and intramuscular lactate concentrations (dashed line) Sahlin et al. [13] (C), NADH
production concentrations in whole muscle, type 1 and type Il (D). Exercise intensity was

prescribed relative to percentage of maximal oxygen uptake (VOZmaX).

Figure 3.7. (A & B). (A) Schematic illustrating the three-step process by which adenosine
monophosphate (AMP) is produced via adenosine diphosphate (ADP) production via
adenosine triphosphate (ATP) hydrolysis and the Adenylate kinase reaction. AMP is
deaminated into inosine monophosphate (IMP), and during high ATP production IMP is
converted back into AMP via adenylo succinate and produces an adenosine. (B) Figure

illustrating the relationship between exercise intensity prescribed as a percentage of VO,

and ATP turnover measured via the ratio between AMP and ATP (AMP:ATP).

Figure 3.8 (A & B). Figures illustrating the relationship between exercise intensity prescribed

as a percentage maximal oxygen uptake (VO, . ) and (A) muscle fibre recruitment, (B) indirect

2max
measure of Ca’ " flux via glycogen phosphorylase V__ . Redrawn from Howlett et al. [14] and

Egan et al [15].

Figure 3.9. Figure illustrating the relationship between exercise intensity and reactive oxygen
species production. There was a significant increase above baseline following exercise

quantified at 90-100% of maximal oxygen uptake. Redrawn from Sureda et. al. [16].

Figure 3.10. Figures illustrating the relationship between in vivo (rat plantaris) muscle tension
(Mean = SD) and concentric, isometric and eccentric muscle contractions. Redrawn from
Martineau et al. [17].

Figure 3.11. Figure illustrating the relationship between exercise intensity prescribed as a
percentage of VOzmax and the redox state of the cell, blood and intramuscular lactate,

carbohydrate and fat oxidation, the AMP/ATP ratio, and adrenaline (i.e., epinephrine and
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norepinephrine). Mathematical models (e.g., exponential plus constant or quadratic regression)
were derived from in vivo studies using data from Figures 3.3 - 3.5. Data was scaled to yield

homogenous y-axis values.

Figure 3.12 (A & B). Figures illustrating the relationship between exercise intensity prescribed

as a percentage of maximal oxygen uptake (VO,, . ) and (A) a2 AMP-activated protein kinase

2max

(AMPK) activity, and (B) the phosphorylation of AMPK.

Figure 3.13 (A & B). Figures illustrating the relationship between exercise intensity prescribed

as a percentage of maximal oxygen uptake (VO, ) and (A) phosphorylation of

2max
phospholamban, and (B) calcium-calmodulin-dependent kinase Il (CaMKII). Data redrawn
from Rose et al. [18] and Egan et al. [15].

Figure 3.14 (A-D). Figures illustrating the relationship between exercise intensity and PGC-

1o mMRNA. Panel A depicts the relationship between maximal power (W__ ) and mean fold

max:
change in PGC-1o mRNA (3.2-6 hours from the onset of exercise). Panel B depicts the
relationship between W ___and fold change in PGC-1o. mRNA relative to the exercise session

length. Dashed curved lines represent 95% confidence intervals. Panel C is a rolling average
(5 data points) of % of W___ and the fold change in PGC-1o. mMRNA. Panel D is a rolling average

(5 data points) of % of W___and the fold change in PGC-1o mRNA relative to exercise session
length. The W___ were organised low to high, this and the (C) fold changes in PGC-1a mRNA

and (D) fold changes in PGC-1a mRNA relative to exercise session length were averaged via
rolling average (5 data points). (D) There was a disproportionate change in PGC-1a mRNA
relative to exercise session length above 65% W,

X

Chapter 4

Figure 4.1. The exercise intensity and biopsy order of the research project. The pre biopsy was
taken prior to each exercise bout (8:00), the post biopsy was taken immediately after each
exercise bout (~08:45), the +4 h biopsy was taken four hours from the onset of exercise (12:15),
and the +24 h biopsy was taken 24 hours from the onset of exercise (+1 Day; 8:15). The
exercise bouts were performed in a randomised order and the mean (SD) times for the exercise
bouts were 43.8 (12.1), 38.1 (10.5) and 33.8 (9.2) minutes for MLSS-18%, MLSS-6%, and
MLSS+6%, respectively.
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Figure 4.2. Figure 4.2. Schematic of the fractionation protocol. The protocol yields three

subcellular fractions from frozen human skeletal muscle (i.e., nuclear, cytosol and

mitochondria). Adapted from Dimauro et al. [19] (#Excess NaCl was removed via acetone
precipitation). The homogenate was suspended in ice-cold acetone (1:6), stored at -80°C for 1
hour, and centrifuged at 13,000g for 20 minutes. Pellet was washed with ice-cold acetone, spun
at 13,000g for 1 minute, and pellet was resuspended in 50 mM Tris (pH = 6.8), 100 mM
dithiothreitol and 2% sodium dodecyl sulfate), and sonicated (2 x 3 s). Bottom figure illustrates
the subcellular fractionation purity using histone 3 (H3), lactate dehydrogenase (LDH), and
cytochrome c oxidase subunit 4 isoform 1 (COX-I1V-1). PMSF: phenylmethylsulfonyl fluoride

Figure 4.3. Schematic of mRNA library construction flow chart.

Figure 4.4 (A-C). The influence of exercise intensity on metabolic responses during the
exercise biopsy trials. (A) Mean * SD of blood lactate concentrations (mmol-L™?) during the
first 30 minutes of the exercise biopsy trials. -18% of the MSS (black boxes), -6% of the MLSS
(grey shaded boxes), and +6% of the MLSS (open boxes). (B) Mean + SD of fat and
carbohydrate (carb) oxidation (kcal'min™) rates measured via stoichiometric equations as
described by Frayn , during the last minute of the exercise biopsy trials. (C) Mean + SD of
intramuscular lactate concentrations at rest and immediate post exercise. $ = significantly
different from previous time point. * = significantly different from Pre; # = significantly

different from -18%; 1 = significantly different from -6%.

Figure 4.5 (A-D). The influence of exercise intensity on signalling kinases measured in the
cytosolic fraction immediately post, +4, and +24 hours from the onset of exercise performed
at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary units

(AU) for the protein content of phosphorylated (A) rapamycin (mTOR), (B) Ca”"calmodulin
dependent protein kinase Il (CaMKI1), (C) acetyl-CoA carboxylase (ACC), (D) AMP-activated
protein kinase alpha (AMPK), (E) p38 mitogen-activated protein kinase (p38 MAPK).
Expression of each signalling kinase was normalised to their total protein content. * =
significantly different from Pre

Figure 4.6. Primary component analysis of samples.

Figure 4.7 (A & B). Venn diagram illustrating the influence of exercise intensity on the large
scale transcriptional response (i.e., number of differentially expressed genes) in whole skeletal
muscle biopsy samples +4 (A) and +24 hours (C) from the onset of exercise. (log,FC =1; Q-
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value = 0.001). KEGG classification of genes unique to each intensity in whole skeletal muscle
biopsy samples +4 (B) and +24 hours (D) from the onset of exercise. -18% of the maximal
lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and +6% of the
MLSS (open bars).

Figure 4.8 (A-C). Bar graphs illustrating the influenced of exercise intensity on total number
of differentially expressed genes (A), and the number of upregulated (B) and down-regulated
(C) genes immediately post, +4, and +24 hours from the onset of exercise performed at -18%
of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars),
and +6% of the MLSS (open bars).

Figure 4.9 (A-D). Bar graphs illustrating the influenced of exercise intensity on the number of
upregulated genes +4 h (A), and +24 h (B), and downregulated genes +4 h (C), and +24 h (D),
from the onset of exercise specific to endocrine/metabolic diseases, immune system function,
endocrine system function, signalling molecules and interactions, signal transduction and
energy metabolism. -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the
MLSS (grey shaded bars), and +6% of the MLSS (open bars).

Figure 4.10 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA
immediately post, +4, and +24 hours from the onset of exercise performed at -18% of the
maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and
+6% of the MLSS (open bars). Mean fold changes £ SD in arbitrary units (AU) for (A)
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha isoform 1 (PGC-1a-1),
(B) Peroxisome proliferator-activated receptor gamma coactivator 1-alpha isoform 4 (PGC-1la-
4), (C) peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) total,
(D) tumour suppressor protein 53 (p53), (E) Superoxide dismutase 2 (SOD2) and (F) cyclin-
dependent kinase inhibitor 1 (p21). Expression of each target gene was normalised to the
geometric mean of expression of the three most stable genes (i.e., TBP, B2M and GAPDH). *

= significantly different from Pre; # = significantly different from -18%.

Figure 4.11 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA
immediately post, +4, and +24 hours from the onset of exercise performed at -18% of the
maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and
+6% of the MLSS (open bars). Mean fold changes £ SD in arbitrary units (AU) for (A)
Succinate dehydrogenase complex iron sulfur subunit B (SDHB), (B) peroxisome proliferator-
activated receptor delta (PPARS), (C) peroxisome proliferator-activated receptor gamma
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(PPARY), (D) Pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4), (E) Fatty acid
translocase/CD36 (FAT/CD36), (F) Cytochrome b-c1 complex subunit 2 (UQRC2). Expression
of each target gene was normalised to the geometric mean of expression of the three most stable
genes (i.e., TBP, B2M and GAPDH). * = significantly different from Pre.

Figure 4.12 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA
immediately post, +4, and +24 hours from the onset of exercise performed at -18% of the
maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and
+6% of the MLSS (open bars). Mean fold changes £ SD in arbitrary units (AU) for (A)
Monocarboxylate transporter 1 (MCT1), (B) Monocarboxylate transporter 4 (MCT4), (C)
Sodium-hydrogen antiporter 1 (NHE1), (D) Vascular endothelial growth factor (VEGF), (E)
Mitochondrial Fission Factor (MFF) and (F) Mitofusin 2 (MFN2). Expression of each target
gene was normalised to the geometric mean of expression of the three most stable genes (i.e.,
TBP, B2M and GAPDH).

Figure 4.13 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA
immediately post, +4, and +24 hours from the onset of exercise performed at -18% of the
maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and
+6% of the MLSS (open bars). Mean fold changes £ SD in arbitrary units (AU) for (A)
Superoxide dismutase 1 (SOD1), (B) Activating transcription factor 2 (ATF2), (C) Nuclear
respiratory factor 1 (NRF1), (D) Transcription factor EB (TFEB), (E) NAD-dependent
deacetylase sirtuin-1 (SIRT1) and (F) CAMP responsive element binding protein 1 (CREBL1).
Expression of each target gene was normalised to the geometric mean of expression of the three
most stable genes (i.e., TBP, B2M and GAPDH).

Figure 4.14 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA
immediately post, +4, and +24 hours from the onset of exercise performed at -18% of the
maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and
+6% of the MLSS (open bars). Mean fold changes £ SD in arbitrary units (AU) for (A)
Mitochondrial intermembrane space import and assembly protein 40 (CHCDH4), (B)
cytochrome ¢ oxidase subunit 4 isoform 1 (COX4-1), (C) Citrate Synthase (CS), (D)
Cytochrome (Cyt C), (E) Cytochrome b-c1 complex subunit 2 (DRP1), and (F) Mitochondrial
transcription factor A (TFAM). Expression of each target gene was normalised to the geometric

mean of expression of the three most stable genes (i.e., TBP, B2M and GAPDH).
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Figure 4.15 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA
measured via RNA-Sequencing immediately post, +4, and +24 hours from the onset of exercise
performed at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS
(grey shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary
units (AU) for (A) Peroxisome proliferator-activated receptor gamma coactivator 1-alpha total
(PGC-1la-total), (B) tumour suppressor protein 53 (p53), (C) Superoxide dismutase 2 (SOD?2),
(D) cyclin-dependent kinase inhibitor 1 (p21), (E) peroxisome proliferator-activated receptor
delta (PPARS), and (F) Pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4).

Figure 4.16. Representative western blots for the phosphorylation and total of mammalian

target of rapamycin (MTOR), Ca2+/calmodulindependent protein kinase 1l (CaMKII), acetyl-
CoA carboxylase (ACC), AMP-activated protein kinase alpha (AMPK) protein, acetyl-CoA
carboxylase (ACC) protein, p38 mitogen-activated protein kinase (p38 MAPK) protein.
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List of Tables

Chapter 1

Table 1.1 (Moderate). Evidence of the oxygen uptake kinetic response (VO2), blood and
intramuscular lactate response, muscle fibre recruitment (based on glycogen utilisation),
phosphocreatine (PCr) utilisation, intramuscular nicotinamide adenine dinucleotide (NADH)
concentration and substrate utilisation determined via indirect calorimetry and infusion tracer
during moderate exercise. VO plateau = a plateau in oxygen uptake kinetics without a slow
component; baseline lactate = lactate values were not different from baseline values during
continuous exercise; PCr plateau = a plateau in PCr utilisation during continuous exercise
following the non-steady state primary component of moderate exercise; NADH below
baseline = low/no cytosolic ATP turnover and free fatty acid (FFA), intramuscular
triglycerides (IMTG), and plasma glucose as a source of ATP production. VOzmax = maximal
oxygen uptake; GET = gas exchange threshold; VT = ventilatory threshold; - = not measured.
Studies included prescribed exercise below the gas exchange/ventilatory threshold or below
~45% VO2max.

Table 1.2. (Heavy). Evidence of the oxygen uptake Kkinetic response (VO2), blood and
intramuscular lactate response, muscle fibre recruitment (based on glycogen utilisation),
phosphocreatine (PCr) utilisation, intramuscular nicotinamide adenine dinucleotide (NADH)
concentration, and substrate utilisation determined via indirect calorimetry and infusion tracer
during heavy exercise. VO slow component & plateau = a plateau in oxygen uptake kinetics
with an observed slow component, characterised by statistical analysis or via on-transient
modelling techniques; plateau above baseline lactate = lactate values were higher compared to
baseline values and stabilised during continuous exercise; PCr plateau = a plateau in PCr
utilisation during continuous exercise following the non-steady state primary and slow
component associated with heavy exercise; NADH above baseline = NADH values above
baseline, which is indicative of cytosolic ATP turnover, and free fatty acid (FFA),
intramuscular triglycerides (IMTG), plasma glucose and muscle glycogen stores as a source of
ATP production. VO2max = maximal oxygen uptake; GET = gas exchange threshold; A =
average work rate of GET and VO2zmax; CP = critical power; - = not measured. Studies included

prescribed exercise below the critical power or between 46 and 84% of VOzmax.

Table 1.3. Evidence of the oxygen uptake kinetic response (VO2), blood and intramuscular
lactate response, muscle fibres recruitment (based on glycogen utilisation), phosphocreatine

(PCr) utilisation for ATP turnover, intramuscular nicotinamide adenine dinucleotide (NADH),
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and substrate utilisation determined via indirect calorimetry and infusion tracer during severe
exercise. VO, slow component & no plateau = absence of a plateau in oxygen uptake kinetics
with an observed slow component, characterised by statistical analysis or via on-transient
modelling techniques; no plateau above baseline lactate = lactate values were higher compared
to baseline values and continued to rise until the cessation of exercise; PCr no plateau = no
plateau in PCr utilisation during continuous exercise following the non-steady state primary
and slow component associated with severe exercise; NADH above baseline = NADH values
above baseline, which is indicative of cytosolic ATP turnover and free fatty acid (FFA),
intramuscular triglycerides (IMTG), plasma glucose, and muscle glycogen stores as a source
of ATP production. VOzmax = maximal oxygen uptake; CP = critical power; - = not measured.
Studies included prescribed exercise above the critical power or above 85% of VOzmax and
below 100% of VOzmax.

Table 1.4. The five aerobic training zone system based on the first and second lactate threshold
(LT1 and LT?) derived from a GXT. Each zone is characterised by a % of HRmax, an absolute
blood lactate value, a rating of perceived exertion, and the relationship with a submaximal
anchor [20, 21].

Table 1.5. The training intensity distribution model divides intensity into 3 zones, where zones
1 and zone 2 are demarcated by LTy, GET/VT and zones 2 and 3 are demarcated by LT,, RCP
andMLSS. Each zone is characterised by a % of HRmax, %V O2max, absolute blood lactate value,
and the relationship with submaximal anchor [22-25].

Table 1.6. Prescribing exercise intensity based on physiological domains?. Each domain can
be characterised by their specific oxygen uptake (VO2) kinetic and blood lactate response. The

components of VO; kinetics refers to the VO, on-transient exponential modelling [26].

Chapter 2

Table 2.1. The mean + standard deviation (SD) of the 14 lactate thresholds calculated from the
4 prolonged graded exercise tests (i.e., GXT3, GXT4, GXT7 and GXT1o), and the respiratory
compensation point (RCP) and the maximal lactate steady state (MLSS) estimated from the
RCP (RCPwmLss) calculated from GXTj.

Table 2.2. Mean, standard deviation, and range of the VO2 and power associated with the
maximal lactate steady state (MLSS) expressed as a percentage of the maximal power (Wmax)
and VOzpeak Measured during each GXT.
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Table 2.3. Mean + standard deviation, mean difference (MD), intraclass correlation coefficient
(ICC), Lin’s concordance correlation coefficient (pc), standard error of the measurement
(SEM), effect size (ES) with 95% confidence limits, and coefficient of the variation (%CV)
between the maximal lactate steady state (MLSS) and the eleven thresholds included in our

analysis.

Table 2.4. Mean difference (MD), effect size (ES), and p-value comparing the influence of
graded exercise test stage length on all 14 lactate threshold methods.

Table 2.5. Mean and standard deviation of VOzmax - highest measured VO, during any graded
exercise test (GXT); GXT VO; -highest measured VO, during each GXT; VEB VO highest
measured VO during each verification exhaustive bout (VEB); VOzpeak, highest measured VO

during either the GXT or corresponding VEB.

Table 2.6. Mean difference (MD) and standard deviation, effect size (ES), coefficient of the
variation (CV) and p-value (p) for the measured VOzpeax Values from GXT1 compared with the
VOgzpeak Values from GXTs, GXTa, GXT7, and GXT1o and for the VOzpeax Values from GXT:
compared with the VOzpeak Values from the VEB following GXT3s, GXT4, GXT7, and GXTho.

Chapter 4
Table 4.1. Details of primer sequences used for RT-qPCR.

Table 4.2 Mean + SD values from the constant power exercise biopsy trials [-18%, -6, and
+6% of the maximal lactate steady state (MLSS], and at the MLSS for power (Watts),
percentage of maximal work rate from 8-12 minute GXT (% of Wmax), end exercise absolute
blood lactate, change (A)” in blood lactate from to 10 to 30 minutes during the constant power
exercise bout, end exercise oxygen uptake (VO,), end exercise oxygen uptake expressed as a
percentage of maximal oxygen uptake from 8-12 minute GXT (%VO2max), and end exercise
oxygen uptake expressed as a percentage of oxygen uptake associated with the MLSS (%VO;
of MLSS).

Table 4.3 Effect Sizes [Low and High, 90% confidence intervals] for changes in whole skeletal
muscle mRNA, immediately post, 4 and 24 hours from the onset of exercise at -18%, -6% and
+6% of the maximal lactate steady state (MLSS). Trivial < 0.3; Sifighl < 0.6; Nioderate < 1.2;

- < 2.0, Very Large <4.0.
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Chapter 1. An Examination and Critique of Current Methods to Prescribe

Exercise Intensity
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1.1 Introduction

Exercise training is commonly employed to improve both athletic performance and health
[27]. However, while seemingly simple, the underlying exercise prescription to bring about the
desired adaptations is as complicated as that of any drug [28]. Many studies report that training-
induced changes in factors such as maximal aerobic power (VOzmax) [29-31], cardiac function
[32], respiratory function [33], cognitive function [34], insulin sensitivity [35], mitochondrial
function and content [36], and bone mineral density [37], are influenced by the frequency,
duration, volume, and intensity of the exercise stimulus. Prescribing the frequency, duration,
or volume of training is relatively simple as these factors can be altered by manipulating the
number of exercise sessions per week, the duration of each session, or the total work performed
in a given time frame (e.g., per week). However, exercise intensity is more complex and there
is controversy regarding the reliability and validity of the many methods used to determine and

prescribe exercise intensity.

Methods for prescribing exercise intensity include a percentage of various anchor
measurements, such as VOzmax andVOzpeak!, maximum heart rate (% HRmax), and maximum
work rate (i.e., power or velocity) (i.e., Wmax OF Vimax, respectively), derived from a graded
exercise test (GXT). Submaximal anchors are purported to represent shifts in the metabolic
state of the working muscle and are derived from a GXT can also be used to prescribe exercise
intensity, including the ventilatory threshold (VT), the gas exchange threshold (GET), the
respiratory compensation point (RCP), and the *first and second lactate threshold (LT1 and
LT>) [38, 39]. Other anchor measurements, such as the maximal lactate steady state (MLSS)

and critical power/speed (CP and CS) [38, 40, 41], can also be derived from a series of constant

1V Ozmax: refers to the maximal oxygen uptake value from an 8- to 12-minute GXT confirmed via a verification exhaustive
bout (VEB); VOapeak: refers to the peak oxygen uptake value from a <8- or >12-minute GXT or a VO value not confirmed
via a VEB [1]. 5LT:1 and LTz refers to the purported methods that demarcate the moderate-heavy and heavy-severe domains
of exercise, respectively.
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work rate bouts. CP and CS are metrics can also be derived using a 3-min all-out exercise test
(3MT) [42, 43]. There are methods that prescribe intensity based on the differences between
resting and maximal values (i.e., reserve), these methods are called the HR reserve (%HRR)
and VO reserve (%V0Oy). Lastly, the delta (i.e., A) method uses the percent difference between
a maximal anchor and submaximal anchors (e.g., Wmax and GET) [44]. Although these
common methods to prescribe exercise intensity, are often and used interchangeably, there is

research challenging this practice [45-49].

An alternative approach for prescribing exercise intensity is based on training distributions
or zones [21, 23, 50]. For example, one model creates five exercise intensity zones or levels
based upon LT: and LT> derived from a GXT (Figure 1.1) [21]. Another model, which uses
anchors paired with the retrospective analyses of athlete training distributions, has been used
to yield three different training zones (Figure 1.2) [22, 23, 25, 28, 51, 52]. These models rely
on maximal and submaximal anchors to demarcate the different training zones; however, there
is little evidence to confirm the validity of the applied anchors to identify the various training
zones. There is also a training model based on the domains of exercise, which are independent
of submaximal anchors and defined by homeostatic perturbations (i.e., oxygen uptake kinetics
and the blood lactate response) [6, 26, 40, 41, 53-63] (Figure 1.3)2. Nonetheless, submaximal
anchors are often used to define the domains of exercise and are used interchangeably, despite

little evidence to support the validity of this approach.

2The extreme domain is a supramaximal domain and defined as an intensity above VOzmax. Methods to appropriately
demarcate the extreme domain are beyond the scope of this review and will not be discussed.



Blood Lactate Concentrations (mmol-L-1)

Exercise Intensity

Figure 1.1. The five aerobic training zones (L1-L5) based on the first and second lactate
threshold (LT, and LT,) derived from a GXT. The LT, (i.e., lactate transition 1) represents the

rise in blood lactate above baseline. The LT, (i.e., lactate transition 2) represents an acceleration
of blood lactate accumulation.

MLSS
GET/VT RCP 100%
LT] LTZ V02max

Zone 1
%HR,,.: <80 %
%V Oy 65-75 %
BLa-: < 2.0 mmolL!

Exercise Intensity

Figure 1.2. The training intensity distribution model divides intensity into 3
zones, where zones 1 and zone 2 are demarcated by LT,/GET/VT and zones 2 and

3 by LT,/RCP/MLSS. Each zone is characterised by %HR __, %Vozmax, absolute
blood lactate value, and relationship with a submaximal anchor.
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Figure 1.3. Prescribing exercise intensity based

on physiological domains’. Each domain can be
characterised by a specific oxygen uptake (VO,)

kinetic and blood lactate response. The moderate
domain can be characterised by a plateau of VO,

and blood lactate concentrations near baseline
levels, the heavy domain by an observed ‘slow
component’ of VO, with a delayed steady state,

and a rise in blood lactate above baseline with
subsequent plateau, and the severe by a ‘slow
component” without a steady state of VO, and a

continual increase in blood lactate.

Rest

An implicit assumption is that different methods of prescribing an apparently equivalent
exercise intensity will result in similar homeostatic disturbances in all participants and provide
a similar training stimulus [64]. Although there has been limited research directly assessing
this assumption, it is clear that ostensibly similar exercise intensities can result in very different
homeostatic perturbations [44, 65-68]. For example, exercise prescribed between 60 and 80%
of VOzmax is Often referred to as moderate intensity [69, 70]; however, large differences in
homeostatic perturbations (e.g.,VO2 kinetics) have been reported across multiple studies for
exercise performed within those percentages of VOamax [44, 65-68] — discussed in sections
1.2.1-1.2.3. Some investigators have proposed that exercise prescribed relative to submaximal
anchor points (e.g., GET/VT and CP) will result in a more homogenous homeostatic
perturbations [38, 68]. However, the proposed validity of these anchors has also been called

into question [26, 41-43, 71-86] discussed in section 1.3.

There is a clear relationship between increasing exercise intensity and the magnitude of
homeostatic perturbations in response to exercise [6, 14, 53, 57, 62, 63, 87-94] and these
include systemic responses (e.g., increased VO, and blood lactate concentration), changes in

intramuscular substrates and metabolites (e.g., intramuscular PCr, lactate, and ATP), and
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mechanical stress [10, 87, 88]. Although all of these perturbations are influenced by exercise
intensity [95, 96], many are of limited value to routinely quantify exercise intensity given the
lack of research, or the invasive nature of the techniques required to obtain some measures
(e.g., muscle biopsies). For this reason, less-invasive, systemic responses, such as VO and
blood lactate concentration, which are associated with intramuscular changes [6, 87, 88, 97-
99], are typically used as indicators of homeostatic perturbations in response to different

exercise intensities (Figure 1.4).
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Figure 1.4 (A & B) A) VO,, and B) blood lactate responses during moderate, heavy and severe exercise.
Moderate (green line), heavy (yellow line), and severe exercise (red line). A) VO, kinetics during moderate
exercise is depicted by mono-exponential uptake response with an attained steady state. During heavy and
severe exercise there is a delayed steady state (i.e., a slow component) due to the curvilinear increase in the
VO,-work rate relationship (grey shaded area). During heavy exercise there is a delayed steady state following
the slow component. During severe exercise there is an observed VO, slow component absent of a steady state
and continuous exercise results in the attainment of VO, . B) The blood lactate response during moderate
exercise remains at baseline due to the predominant source of energy being derived via oxidative
phosphorylation. The blood lactate response during heavy exercise is an increase above baseline with a steady
state. The blood lactate during severe exercise is a rise above baseline with an absence of a steady state.
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Oxygen uptake kinetics and blood lactate responses are reflective of intramuscular
perturbations and can be monitored with relative ease [38, 90]. A plateau of V0, and blood
lactate concentrations near baseline level indicates that ATP production is being met
predominantly via oxidative phosphorylation [57, 59, 100, 101], type | muscle fibre recruitment
[102], a low rate of muscle glycogen depletion [103], low calcium flux [14], and that muscle
lactate and H* concentrations will be similar to baseline values [87, 88] (Table 1.1; Figure 1.4
and 1.5). An observed ‘slow component’ of V0,, with a delayed steady state, and a rise in
blood lactate above baseline with a subsequent plateau, represents a plateau of intramuscular
lactate concentration [57], and a decrease in contractile efficiency attributable to increased
cytosolic ATP turnover [104]. This effect is a consequence of the recruitment of type 1l muscle
fibres [55, 59, 105-107], a moderate rate of glycogen depletion [103] and calcium flux [14],
and a decrease and subsequent plateau in muscle pH [6] (Table 1.2; Figure 1.4 and 1.5). A
‘slow component’ without a steady state of V0, and a continual increase in blood lactate [62]
is indicative of increased cytosolic ATP turnover (with a continual increase in intramuscular
lactate concentrations) [13, 57, 59, 106, 107], contribution of phosphocreatine stores to ATP
turnover [6, 63], added recruitment of highly fatigable type Il muscle fibres [55, 105], rapid
rates of muscle glycogen depletion [92, 103], high calcium flux [14], and a continual decrease
in muscle pH [6] (Table 1.3; Figure 1.4 and 1.5). Although training status influences exercise
tolerance at a given intensity [108], overall muscle glycogen content [109], discrete VO,
patterns (e.g., the phase Il time constant) [110, 111], and intramuscular lactate oxidation (i.e.,
lactate shuttle) [93, 112], these factors have little influence on the V0, and blood lactate kinetic
responses during exercise in healthy individuals [3, 113-115]. Therefore, prescribing exercise
intensity based on homeostatic perturbations (i.e., systemic responses) could be an effective
method to normalise exercise intensity (i.e, to elicit an explicit and/or homogenous homeostatic

perturbation) between individuals.
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Figure 1.5. Schematic illustrating the domain-specific muscle recruitment pattern contributing to the slow component
of oxygen uptake, absence of an oxygen uptake plateau, and the blood lactate response. During continuous, moderate
exercise, type | muscle fibres are predominantly recruited, ATP is produced solely via mitochondrial ATP turnover
(i.e., Krebs Cycle), O, demand is equal to O, availability, and muscle and blood lactate levels remain at baseline.

During continuous, heavy exercise, type | and Ila muscle fibres are recruited, ATP is produced via mitochondrial and
cytosolic ATP turnover, the recruitment of less efficient type 1la muscle fibres and the increase in ventilation due to
increased non-metabolic CO, production results in the delayed steady state of oxygen uptake (i.e., a slow component),

and the reliance on non-mitochondrial ATP turnover results in an increase in blood lactate above baseline with an
achieved steady state mirroring the oxygen uptake pattern. During continuous, severe exercise, type I, Ila and I1x
muscle fibres are recruited, ATP is produced via mitochondrial, cytosolic ATP turnover and via a continual depletion
of the phosphocreatine stores (PCr), which results in the continual increase in O, uptake until the cessation of

exercise. The recruitment of less efficient type Ila and IIx muscle fibres increase the amplitude of the slow
component, further increase ventilation (i.e., hyperventilation) due to increased non-metabolic CO, production.

Lastly, intramuscular lactate production exceeds lactate oxidation, which results in lactate appearance exceeding
disappearance. MCT = monocarboxy transporter
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Table 1.1 (Moderate). Evidence of the oxygen uptake kinetic response (VO,), blood and intramuscular lactate
response, muscle fibre recruitment (based on glycogen utilisation), phosphocreatine (PCr) utilisation, intramuscular
nicotinamide adenine dinucleotide (NADH) concentration and substrate utilisation determined via indirect
calorimetry and infusion tracer during moderate exercise. VO, plateau = a plateau in oxygen uptake kinetics without
a slow component; baseline lactate = lactate values were not different from baseline values during continuous
exercise; PCr plateau = a plateau in PCr utilisation during continuous exercise following the non-steady state primary
component of moderate exercise; NADH below baseline = low/no cytosolic ATP turnover and free fatty acid (FFA),
intramuscular triglycerides (IMTG), and plasma glucose as a source of ATP production. VOazmax = maximal oxygen
uptake; GET = gas exchange threshold; VT = ventilatory threshold; - = not measured. Studies included prescribed

exercise below the gas exchange/ventilatory threshold or below ~45% VO2zpmax.

Reference Exercise Oxygen  Blood Intramuscular  Muscle PCr NADH  Substrate
Intensity Uptake Lactate Lactate Fibres Utilisation Utilisation
%VOamax  Kinetics Recruited
Gollnick 31% of - Baseline - Type | - - -
et. al., VOomax
[103]
Jorfeldt et 29% of - Baseline Baseline - - - -
al., [57] VO2max
Vgllestad 43% of - Baseline - Type | - - -
& Blom, VOZmax
[116]
Sahlin et 40% of - - Baseline - - Below -
al., [13] VOomax Baseline
Spriet et. 40% - - Baseline - - Type | -
al., [117] and Il
Below
Baseline
Barstow 35% of VO, - - - - - -
& Moe, VOmax  Plateau
[118]
Romijn et 25% of - - - - - - FFA,
al., [11] VO2max IMTG,
Glucose
Barstow 80% of VO, - - - Plateau - -
etal., GET Plateau
[101]
Rossiter et~ 80% of VO, - - - Plateau - -

al., [100] VT Plateau

Belletal.,  80% of VO, - - - _ -

[119] VT Plateau

Simmonds ~ 80% of VO, Baseline - - - - -
etal., GET Plateau

2013

Black et 90% of VO, Baseline Baseline - Plateau

al., [94] GET Plateau
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Table 1.2 (Heavy). Evidence of the oxygen uptake kinetic response (VO3), blood and intramuscular lactate response,
muscle fibre recruitment (based on glycogen utilisation), phosphocreatine (PCr) utilisation, intramuscular nicotinamide
adenine dinucleotide (NADH) concentration, and substrate utilisation determined via indirect calorimetry and infusion
tracer during heavy exercise. VO, slow component & plateau = a plateau in oxygen uptake kinetics with an observed
slow component, characterised by statistical analysis or via on-transient modelling techniques; plateau above baseline
lactate = lactate values were higher compared to baseline values and stabilised during continuous exercise; PCr plateau
= a plateau in PCr utilisation during continuous exercise following the non-steady state primary and slow component
associated with heavy exercise; NADH above baseline = NADH values above baseline, which is indicative of cytosolic
ATP turnover, and free fatty acid (FFA), intramuscular triglycerides (IMTG), plasma glucose and muscle glycogen
stores as a source of ATP production. VO,max = maximal oxygen uptake; GET = gas exchange threshold; A = average
work rate of GET and VOamax; CP = critical power; - = not measured. Studies included prescribed exercise below the

critical power or between 46 and 84% of VO2max.

Reference Exercise Oxygen Blood Intramuscular  Muscle PCr NADH  Substrate
Intensity Uptake Lactate Lactate Fibres Utilisation Utilisation
Kinetics Recruited
Gollnick 64% of - Plateau - Type | - - -
et. al., VO2max Above and 1l
[103] Baseline
Jorfeldtet  51% & - Plateau  Plateau Above - - - -
al., [57] 71% of Above Baseline
VO2max Baseline
Vgllestad 61% of - Plateau - Type | & - - -
& Blom, VO2max Above lla
[116] Baseline
Sahlin et 75% of - - Above - - Above -
al., [13] VO2max Baseline Baseline
Spriet et. 75% of - - Above - - Type | -
al., [117] VO2max Baseline and Il
Above
Baseline
Romijn et 65% of - - - - - - FFA,
al., [11] VO2max IMTG,
Glucose,
Glycogen
Jones et 90% of - - - - Plateau - -
al., [120] CP
Simmonds A 40% of VO, Slow Plateau - - - - -
etal., GET & Component  Above
2013 VOgpeak & Plateau  Baseline
Vanhatalo  95% of VO, Slow Plateau  Plateau Above - Plateau - -
etal., [6] CP Component  Above Baseline
& Plateau  Baseline
Black et ~92% of VO, Slow Plateau Above Below
al., [94] CP Component  Above Baseline Baseline
& Plateau  Baseline
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Table 1.3 (Severe). Evidence of the oxygen uptake kinetic response (VO,), blood and intramuscular lactate response, muscle fibres recruitment
(based on glycogen utilisation), phosphocreatine (PCr) utilisation for ATP turnover, intramuscular nicotinamide adenine dinucleotide (NADH),
and substrate utilisation determined via indirect calorimetry and infusion tracer during severe exercise. VO, slow component & no plateau =
absence of a plateau in oxygen uptake Kinetics with an observed slow component, characterised by statistical analysis or via on-transient
modelling techniques; no plateau above baseline lactate = lactate values were higher compared to baseline values and continued to rise until the
cessation of exercise; PCr no plateau = no plateau in PCr utilisation during continuous exercise following the non-steady state primary and slow
component associated with severe exercise; NADH above baseline = NADH values above baseline, which is indicative of cytosolic ATP
turnover and free fatty acid (FFA), intramuscular triglycerides (IMTG), plasma glucose, and muscle glycogen stores as a source of ATP
production. VO, = maximal oxygen uptake; CP = critical power; - = not measured. Studies included prescribed exercise above the critical

power or above 85% of VO and below 85% of VOumax.

Reference  Exercise Oxygen Blood Intramuscular Muscle PCr NADH Substrate VOzmax
Intensity Uptake Lactate Lactate Fibres Utilisation Utilisation  Attained
Kinetics Recruited
Jorfeldt et 87% of NA Above No Plateau NA NA NA NA NA
al., [57] VOomax Baseline Above
& No Baseline
Plateau
Vollestad 91% of NA Above No Plateau Type |, NA NA NA NA
& Blom, VOimax Baseline Above Ila, llax
[116] & No Baseline & lIx
Plateau
Sahlin et 100% of NA NA Above NA NA Above NA NA
al., [13] VOomax Baseline Baseline
Spriet et. 100% of NA NA Above NA NA Type | NA NA
al., [117] VOomax Baseline and 11
Above
Baseline
Poole et 105% of VO, Slow Above NA NA NA NA NA Yes
al., [62] CP Component  Baseline
& No & No
Plateau Plateau
Romijn et 85% of NA NA NA NA NA NA FFA, NA
al., [11] VOimax IMTG,
Glucose,
Glycogen
Jones et 110% of NA NA NA NA Continual NA NA NA
al., [120] CP Depletion
& No
Plateau
Vanhatalo ~ 105% of VO, Slow Above NA NA No Plateau NA NA Yes
etal., [6] CP Component  Baseline
& No & No
Plateau Plateau
Black et 105% of VO, Slow Above Above NA NA NA NA Yes
al., [94] CP Component  Baseline Baseline
& No & No
Plateau Plateau

The aim of this review is to evaluate the most common methods used to prescribe

exercise intensity, and discuss their reliability and validity based on the ability to yield distinct

and/or homogeneous homeostatic perturbations. We address protocol designs, criteria for

establishing anchors, and the limitations of each method. Discrepancies in the assumed validity

and concurrent validity (i.e., agreement between anchors) of the methods used to normalise

and prescribe exercise intensity are also discussed. Lastly, recommendations for prescribing

exercise intensity and future research directions are provided [38].
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1.2 Prescribing Exercise Intensity Relative to Maximal Anchors

In both applied and laboratory settings, exercise intensity is often prescribed based on
a percentage of an individual’s VO2max, HRmax, Wimax, OF Vimax [27, 95, 121]. Percent maximum
prescriptions presume that all participants within a cohort will experience similar homeostatic
perturbations to the same relative intensity. While research has shown this assumption has
shortcomings in normalising exercise intensity [3, 65-67, 122, 123], these methods continue to

be used to prescribe exercise intensity.

1.2.1 Maximal Oxygen Uptake
The optimal protocol for establishing VOzmax is an 8- to 12-minute GXT followed by a

subsequent verification exhaustive bout (VEB) [124-126]. The VO2max value is deemed valid
when the difference between the observed VO, values from the GXT and VEB are within the
variability of the measurement (i.e., CV =3%) [1, 42, 125, 127-132]. There is a high test-retest
reliability for establishing VO2zmax (CV < 3%) [38, 131]; however, decreasing the GXT slope
(i.e., W-s) (which increases GXT duration) reduces the reliability [133-136]. Furthermore,
decreasing the GXT slope lowers the VOomax [1, 137-140] and can cause the agreement
between observed VO, values from the GXT and VEB to exceed the variability of the
measurement [1, 128]. Thus, the validity of the VOazmax is protocol-dependent, and the

calculated VO2zmax Value is lower and less reliable if the GXT duration exceeds 12 minutes.

Prescribing intensity as a fixed percentage of VOamax requires constant monitoring to
verify the desired VO, response is maintained during prolonged exercise [15, 141, 142].
Furthermore, to maintain a constant percentage of VOamax When exercise is performed at
intensities above moderate requires frequent/regular adjustments to the work rate to
compensate for the continual increase in VO (i.e., the slow component) [55, 67]. In lieu of

constant monitoring of VO, some researchers extrapolate a work rate from the VO,-work rate
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relationship derived from a GXT. However, this relies on the assumption of a linear
relationship between VO, and work rate [44, 70, 143], whereas this relationship shifts from
linear to curvilinear during the latter stages portion of a GXT [2, 144, 145] (Figure 1.6). The
mean response time (MRT) or time for the pulmonary VO to reflect the metabolic demand of
the working muscle increases curvilinearly and becomes more variable [146], increasing the
departure of the observed VO, response from the assumed linearity. For example, when
researchers extrapolated a work rate evoking 70% of VOamax based on the results of a GXT,
four of the nine participants achieved their VOzmax in under 20 min of exercise [44]. Assuming
a linear relationship or using a standardised extrapolation technique does not accommodate for
the observed curvilinear relationship in the VO2-work rate relationship, and it is difficult to

achieve a fixed percentage of VO2max Without constant monitoring/verification.
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Figure 1.6. Expected and observed VO, response relative to power. During low exercise intensities there is a
linear VO,-work rate relationship. As exercise intensity increases the relationship between VO, and work rate
becomes curvilinear and the observed work rate associated with 70% of VO, __ is lower than that expected for a
linear relationship (282 vs. 332 W). Figure redrawn from Zoldaz et. al. [2].
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It is not surprising that studies have demonstrated that prescribing exercise intensity as
a percentage of VOzmax (i.6., 60 t0 75% VOzmax) is not a valid method to elicit similar
physiological responses in different individuals. For example, exercise prescribed at 70% of
VOamax (i.€., a work rate corresponding to ~70% of VO2zmax) resulted in significantly higher
concentrations of plasma markers (i.e., plasma ammonia and hypoxanthine) associated with
metabolic stress in untrained compared with trained individuals (Figure 1.7) [3]. Another study
examined the blood lactate response at fixed percentages of VOamax (i.€., 60 and 75% of
VO2max) determined via VO2-work rate extrapolation, and a large variability (CV = 52 and
41%, respectively) was observed for the blood lactate responses [67]. Furthermore, modest
decreases in work rate were required to maintain VO, at 75% of VOzmax, Which was attributed
to the VO2 slow component. Moreover, higher inter-subject physiological responses and
perceptual effort variability were evident when prescribing exercise relative to VOzmax Was
compared with prescribing exercise relative to the average work rate of the work rate associated
with the GET and Wmax [44]. A high variability was also observed among highly trained
cyclists for muscle glycogen utilisation (17 to 83 mmol'kg™) and respiratory exchange ratios
(0.81t0 0.97) when cycling at ~79% of VO2max [141]. Therefore, the evidence does not support
the validity of using a fixed percentage of VO2max to prescribe exercise intensity in order to
obtain similar homeostatic perturbations in all participants. There is an apparent difference
between trained and untrained individuals when exercising at the same parentage of VOzmax;
moreover it is interesting to note that the same phenomena can be observed in homogenous

population.
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Figure 1.7 (A-C). (A) Plasma lactate, (B) ammonia, and (C) hypoxanthine values comparing trained (solid
line) and untrained (dashed line) when exercising at 70% of VOzpeak (dark circles) and 95% of the work rate

associated with a 1 mmol'L ™ increase in blood lactate above baseline (B+1) (dark triangles). When exercising
at 70% of VOzpeak the plasma lactate (i.e., at 20 and 40 minutes) and ammonia values (i.e., after 40 and 60

minutes were significantly different for the untrained participants compared to all other groups; furthermore,
there were no significant differences for hypoxanthine. Figure redrawn from Baldwin et. al. [3].
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1.2.2 Maximal Work Rate and Peak Treadmill Speed
There is a high test-retest reliability for establishing both Wmax and Vimax (CV <3.0%)
[147]; however, this is constrained to identical GXT protocols. Unfortunately, there is no
recommended protocol design for determining Wmax andVmax and these values are often
reported and compared as though they are independent of protocol design; Wmax and Vmax are
in fact a function of GXT slope [148, 149], and decreasing GXT slope results in lower Wmax
and Vmax values [1, 4, 138, 150, 151]. For example, increasing mean GXT duration from 7 to
30 minutes (i.e., a slope of 0.83 and 0.14 W's™, respectively) resulted in an ~108 W decrease
in mean Wax (Figure 1.6) [4]. As Wiax andVmax are functions of slope, to reasonably compare
Wmax and Vmax between studies and within a study cohort or population the GXT slope must be

considered [152].
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Figure 1.8. Data demonstrating the relationship between maximum work rate (W__ ) and graded exercise test
(GXT) duration. W __ derived from a GXT is a function of the slope (increase in work rate relative to time)

(W's'l). Dark circles represent mean and the whiskers the standard deviation. Call outs are the average slope
of the graded exercise test. Redrawn from Adami et al. [4].

Prescribing exercise as a percentage of Wmax and Vimax requires only a simple percentage
calculation and is often used to assign the same relative exercise intensity to participants in

research studies [3]. However, to my knowledge, no study has compared the individual
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physiological responses to exercise prescribed as a fixed percentage of Wmax OF Vmax,
determined from the same or different GXT protocol. It is worth noting that the physiological
significance of Wmax and Vmax has been called into question [4, 40, 148]. By simply
manipulating slope a positive or negative training effect can be concluded in the absence of an
intervention, and controlling for slope in lieu of GXT duration may underestimate the post-
intervention value as the GXT duration would likely be extended. There is currently no
evidence supporting the prescription of exercise relative to Wmax and Vmax as a valid method to

normalise exercise intensity between individuals.

1.2.3 Maximum Heart Rate
The HRmax is typically determined during a laboratory GXT, which occurs in

conjunction with the measurement of VO2max, and has a high test-retest reliability (CV = 0.9 to
3.2%) [38, 133-136, 153-155]. The HRmax does not appear to be influenced by the GXT
protocol [156, 157]; however, higher values are observed during field testing (e.g., 20 m
shuttle-run) ( >4 beatsmin) [158-160]. As with VO2max, prescribing exercise as a percentage
of HRmax requires constant monitoring of HR or extrapolation of the HR-work rate relationship.
Similar to VO, during heavy and severe exercise, there is an observed HR slow component
[161]; thus, the extrapolation of a HR is subject to similar limitations as the extrapolation of
VO,. Notwithstanding the known limitations of prescribing exercise as a percentage of HRmax,

given its simplicity it remains a staple for prescribing exercise intensity.

Despite its common usage, only one study has investigated the validity of using a
percentage of HRmax to normalise exercise intensity [68]. When participants exercised at 60,
70 and 80% of HRmax, one of the thirty-one participants was above their VT (as defined by

Wasserman et. al. [162]) when exercising at 70% of HRmax, whereas 17 of the 31 participants
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were above the VT while exercising at 80% of HRmax. Thus, exercise performed at fixed
percentages of HRmax can yield large differences in homeostatic perturbations between

individuals, and does not appear to be a valid method to normalise exercise intensity.

1.2.4 Conclusion: Prescribing Exercise Intensity Relative to Maximal Anchors
Although there is high test-retest reliability for VOzmax, Wmax, Vimax, and HRmax, based

on the laboratory and field evidence, prescribing exercise intensity as a fixed percentage of
these maximal anchors has substantial shortcomings as a means for normalising exercise
intensity between individuals. There is a large variability for the physiological responses at a
fixed percentage of VOzmax and this response becomes even more variable as the percentage of
VOzmax increases [67, 141]. Wmax and Vmax are not constant parameters and are dependent on
GXT slope and the duration of the GXT; there is no evidence supporting exercise prescribed
relative to Wmax and Vmaxas a valid method to normalise exercise intensity. The GXT protocol
influences the determination of VOzmax, Wmax, and Vmax; furthermore, the GXT slope modulates
the VO and HR-work rate relationship. Thus, extrapolating a work rate from a GXT fails to
account for the curvilinear relationship between VO2/HR and work rate (Figure 1.6). Exercise
intensity prescribed relative to the maximal anchors results in a heterogeneous homeostatic
perturbation, and (a) fixed percentage(s) cannot be used as a valid proxy for submaximal
anchors. Given these limitations, it is not recommended to prescribe exercise intensity relative

to the maximal anchors as a means to normalise exercise intensity.

1.3 Prescribing Exercise Relative to Submaximal Anchors

An alternative approach to prescribing exercise based on maximal anchors is to use sub-
maximal anchors, which include LTy, LT2, GET, VT, RCP, MLSS, CP andCS. These methods
rely on gas exchange, blood lactate responses, and the depletion of anaerobic capacity to be

established. These anchors can also be used to establish training zones, whereby each method
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is used as a reference point for demarcating different training zones. For example, LT1and LT>
and Wmax derived from a GXT have been used to establish five aerobic training zones (i.e., L1-
L5), which can also be characterised based on %HRmax, absolute blood lactate concentrations,
and ratings of perceived exertion (Figure 1.1 and Table 1.4) [20, 21]. The GET, VT, LTy,
LT2, RCP, and MLSS have been used in the training intensity distribution models to quantify
exercise intensity into 3 zones, and each zone can also be the characterised by %HRmax,
%VO2max, and absolute blood lactate values (Figure 1.2 and Table 1.5) [22-25, 28]. Thus, the
validity of using these submaximal anchors to prescribe exercise intensity can be established

by determining if exercise relative to these anchors procedures similar in different individuals.

Table 1.4. The five aerobic training zone system based on the first and second lactate threshold (LT; and LT2)
derived from a GXT. Each zone is characterised by a % of HRmax, an absolute blood lactate value, a rating of
perceived exertion, and the relationship with a submaximal anchor [20, 21].

Aerobic Training Zone Heart Rate  Blood Lactate Rating of Perceived Relative to Sub-
(% of HRmax) (mmol-LY) Exertion (RPE) (6-20) Maximal Anchor
L1 (Recovery) 65-75% <20 <11 (Easy) <LTy
L2 (Extensive Endurance) 75-80 % 20-25 11 -12 (Light) LT:<LT:
L3 (Intensive Endurance) 80-85% 25-35 13 — 14 (Somewhat Hard) LT:<LT:
L4 (Threshold Training) 85-92 % 35-50 15 - 16 (Hard) <LTx<
L5 (Interval Training) >92% >5.0 17 —-19 (Very Hard) >LT,

Table 1.5. The training intensity distribution model divides intensity into 3 zones, where zones 1 and zone 2 are
demarcated by LT: and GET/VT and zones 2 and 3 are demarcated by LT,, RCP, and MLSS. Each zone is
characterised by a % of HRmax, %VO2max, absolute blood lactate value, and the relationship with submaximal
anchor [22-25].

Training Zone Heart Rate % VOzmax Blood Lactate Relative to Sub-Maximal
(% of HRmax) (mmol-L?) Anchor
Zone 1 (Low Intensity) < 80% 65— 75% <20 >GET/VTILT:
Zone 2 (Moderate Intensity) 80 — 90% 75 - 85% 20 -4.0 GET/VT/LT: < RCP/MLSS/LT,
Zone 3 (High Intensity) > 90% >85% >5.0 >RCP/MLSS/LT,

Another approach is to prescribe exercise intensity relative to the domains of exercise,
where each domain is not defined by %HRmax 0r VO2max, absolute blood lactate concentrations,
nor submaximal anchors, but rather their distinct homeostatic perturbation (i.e., VO2 Kinetic
and blood lactate response) (Tables 1.1-1.3 and 1.6; Figures 1.3-1.5). The moderate domain

can be characterised by a plateau of VO, and blood lactate concentrations near baseline levels,
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the heavy domain by an observed ‘slow component’ of VO, with a delayed steady state and a
rise in blood lactate above baseline with a subsequent plateau, and the severe domain by a ‘slow
component” without a steady state of VO and a continual increase in blood lactate [26, 55, 62,
89, 90, 119, 163]. Nonetheless, even if the domains are not defined sub-maximal anchors, these
have also been used to demarcate or estimate the boundaries between the different domains of
exercise. Thus, the validity of using the submaximal anchors to prescribe exercise intensity can
be established by determining if exercise relative to these anchors produces distinct and
homogeneous homeostatic perturbations (i.e., domain-specific) regardless of an individual’s
fitness level. Therefore, we assess the validity of the submaximal anchors based on their ability

to yield domain specific homeostatic perturbations.

Table 1.6. Prescribing exercise intensity based on physiological domains?. Each domain can be characterised by
their specific oxygen uptake (VO2) kinetic and blood lactate response. The components of VO kinetics refers
to the VO, on-transient exponential modelling [26].

Domains of Exercise VO Kinetic Response Blood Lactate Response
Moderate Two component Transient increase at the
(i.e., Fast and Primary Phase) onset with return to

VO, plateau achieved within 3 minutes baseline

Heavy Three component Increase above baseline

(i.e., Fast, Primary and Slow Component Phase) with plateau

Delayed VO, plateau by 10-20 minutes

Severe Two/Three Component No blood plateau

(i.e., Fast and/or Primary and Slow Component Phase) achieved

No VO, plateau and VOomax achieved if sustained

1.3.1 Blood Lactate

Exercise intensity is often prescribed based on serial blood lactate measurements [81].
Prescribing exercise based on blood lactate appears to be a favoured method to normalise
exercise intensity compared with fixed percentages of VOamax [3]. The blood lactate values
measured during a GXT are used to calculate LTy and LT2 [164] (Figure 1.1). The LTz, derived
from a GXT represents the rise in blood lactate above baseline, and is assumed to demarcate
the moderate and heavy domains of exercise. Whereas, LT represents an acceleration of blood
lactate purportedly to demarcate the heavy and severe domains of exercise [164]. Alternatively,

blood lactate values measured during a series of constant work rate bouts [41] or single exercise
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bouts with real-time work rate adjustments [5] are used to establish the MLSS. The MLSS
represents the highest intensity where blood lactate appearance and disappearance is in
equilibrium and is assumed to demarcate the heavy and severe domains of exercise [165]

(Figure 1.9 A and B).
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Figure 1.9 (A - C). A.) Representative blood lactate response to exercise performed at 97, 100 and 103% of the

MLSS (Traditional Criteria). Blood lactate increased 0.7, 0.8 and 1.3 mmol'L ‘from 10 to 30 minutes at 97, 100
and 103% of the MLSS, respectively. B.) Representative blood lactate response using criteria developed by
Hering et al. [5] .Threshold criteria 2 was achieved were blood lactate increased > 0.5 mmol.L* and was > 4
mmol-L? without a change in speed. Therefore, speed was decreased by 0.1 ms™ to confirm the MLSS. C.)
Representative lactate threshold (LT) curve with 14 different LTs. Log-log = power at the intersection of two
linear lines with the lowest residual sum of squares; log = using the log-log method as the point of the initial data
point when calculating the Dmax or Modified Dmax; poly = Modified Dmax method calculated using a third order
polynomial regression equation; exp = Modified Dmax method calculated using a constant plus exponential
regression equation; OBLA = onset of blood lactate accumulation; B + absolute values the intensity where blood
lactate increases above baseline.
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1.3.1.1 Lactate Thresholds

There is no overall consensus regarding the GXT protocol design to establish the LT —
the LT refers to any LT method derived from a GXT.A stage length of at least 3 minutes has
been recommended [140] but stage lengths from 1 to 10 minutes have been used [1, 166]. A
customised approach for individualised GXT design has been proposed to ensure a
homogenous GXT duration [1, 39]. There are at least 30 different methods to calculate the LT,
and the calculated work rate at each LT can vary ~30% depending on the method [164] (Figure
1.9C). Furthermore, the work rate associated with a specific LT method is influenced by GXT
protocol [1, 150]. Given the variability of LT testing between studies it is difficult to compare

and reproduce results.

The test-retest reliability for select LT methods has been investigated including a visual
inspection point (CV = 51.6%), the Dmax (CV = 3.8 — 10.3%), the onset of blood lactate
accumulation (OBLA) of 4.0 mmol'L? (CV = 3.1-8.2%), and baseline plus 0.5, 1.0 and 1.5
mmol-L? (CV = 1.2-3.7; 3.4-12.6 and 3.1- 3.4%, respectively) [166-168]. The reliability of
many accepted LT methods has yet to be confirmed, even though these methods are often

accepted as valid for delineating the domains of exercise and for prescribing exercise intensity.

13111LT1
There is no research directly investigating the validity of LT to delineate different
domains of exercise in different individuals. To achieve a moderate or heavy domain response
exercise is typically prescribed relative to the GET/VT under certain circumstances, LTy is
similar to GET/VT as their mechanistic basis is closely tied [72, 166, 169-174]. Exercise
prescribed relative to an LT method appears to yield a more homogeneous homeostatic

perturbation relative to exercise prescribed relative to a percentage of VOzmax [3]. Exercise
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prescribed at 95% of the work rate associated with an increase of 1 mmol-L?! above baseline
(baseline + 1.0 mmol-L™) yielded more homogenous homeostatic perturbations than exercise
at 70% of VOzmax [3] (Figure 1.7). This study demonstrates that normalising exercising
intensity via blood lactate is superior compared to fixed percentages of VOzmax; however, there
is no evidence supporting the efficacy of baseline + 1 mmolL? as a valid LT method to

delineate any of the domains exercise [1].

The LT methods associated with LT, are the visual inspection point, log-log LT, and
an increase in blood lactate of 0.5 mmol'L™ above baseline, these methods are all highly
correlated (ICC ~0.98) [175]. Although highly correlated, the visual inspection point is
unreliable, whereas the baseline + 0.5 mmol-L™ has favourable reliability, and the reliability of
the log-log LT is uncertain. The log-log LT and baseline + 0.5 mmol'L™* method are least
influenced by GXT protocol design and should be assessed for their validity delineate the

moderate and heavy domains of exercise.

13.11.2LT2
The LT is often accepted as a valid threshold to demarcate training zones and the heavy

and severe exercise domains. Although, there is no research directly investigating the validity
of LT> to delineate the heavy and severe domains of exercise, its legitimacy has been tested via
concurrent validity with the MLSS (discussed in more detail in section 1.3.1.2). There are at
least 30 methods to calculate the LT, and only select methods can be used to estimate the MLSS
[1, 48, 76, 166, 168, 176-179]. However, these outcomes either: were specific to the testing
procedures, have not been reproduced, lacked comprehensive statistical analysis, or concluded
the LT> could not validly estimate the MLSS. Of the more than 30+ LT> methods, one (i.e.,
baseline + 1.5 mmol'L?) elicits a valid estimation of the MLSS, as reported in two studies that

recruited trained cyclists and employed a GXT with 3-min stages [1, 178]. However, the
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validity is dependent on GXT stage length as the validity of the method could not be confirmed

with any other stage length [1, 166, 180].

The Dmax [74] and Modified Dmax [75] methods are curve-fitting LT models that, despite
no evidence to support their validity to identify the MLSS, or to delineate the heavy and severe
domains, remains a staple LT method. These methods are influenced by stage length [1],
starting intensity [78], regression model employed [77], and the final lactate value [181]. Fixed
blood lactate concentrations are also commonly-accepted methods that have been proposed to
delineate the domains of exercise (e.g., 2.0 and 4.0 mmol-LY), for the moderate/neavy and
heavy/severe domains, respectively) [81, 182]. It is worth noting, however, the original authors
cautioned the use of fixed blood lactate concentrations [76] and there is often a broad range of
blood lactate concentrations when exercise is performed at the domain boundaries [62]. The
validity of LT is often accepted via a single statistical value (e.g., r or p value) or in comparison
to other select methods. Where a high correlation (r > 0.90) is often deemed valid it is not
sufficient to establish validity [183] and agreements compared to other select LTs should be
avoided. Instead concurrent validity should be based on a priori criteria (i.e., bias  precision
vs. standard error) [184]. The validity of the LT> relies on agreement with, and the validity, of
the MLSS (i.e., concurrent validity) - the validity of one method has been reproduced (baseline
+ 0.5 mmol-'L?) although the results were specific to testing population (i.e., trained) and GXT

protocol design (i.e., 3-min stages).

1.3.1.2 Maximal Lactate Steady State

The original protocol to establish the MLSS requires a series of 30-minute constant
work rate bouts, where the rise in blood lactate is <1.0 mmol-L? from the 10" to the 30" minute

(Figure 1.9A) or a single visit exercise bout requiring a rise in blood lactate above steady state
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with modest work rate adjustments (ref. [5] Figure 1) (Figure 1.9B). The 30-minute exercise
bouts and single visit protocol have a reliability of CV of 3.0 and 1.9%, respectively [5, 9]. The
criterion of the MLSS during the 30-minute exercise bouts relies on blood lactate kinetics and
a time limit [1, 41, 49]. In contrast, the single visit protocol relies on a rapid accumulation of
lactate resulting from modest changes in workload. The MLSS is reliable and can be
established with two criterions; however, it is uncertain if these criterions are equivalent and

are valid anchors to delineate the heavy and severe domains of exercise.

The MLSS derived from the series of 30-minute bouts purportedly corresponds to the
maximal metabolic steady state [46], and it is assumed exercise performed above the MLSS
yields a homeostatic perturbation consistent with the severe exercise domain (i.e., no VO or
blood lactate plateau). Although exercise performed above the MLSS yields blood lactate
values above the steady-state criterion, there can be an observed VO, steady state [79, 185]
that occasionally precludes attainment of VOzmax [46, 47]. These responses are consistent with
the heavy domain of exercise which has led to criticism of this criterion [186]; specifically, the
arbitrary nature of a defining a blood lactate steady state and a 30-minute time limit [49]. An
arbitrary time limit to determine any submaximal anchor or index should be avoided as the
time to fatigue at the maximal metabolic steady state varies considerably (i.e., 15 to 60 minutes)
[49, 185, 187-189]. Furthermore, a steady state for blood lactate can be achieved beyond 30
minutes, which otherwise would be concluded to be above the MLSS [190]. Although an
accepted submaximal anchor for determining a physiological steady state, the 30-minute MLSS
typically underestimates the boundary between heavy and severe exercise (see ref [49], for

further critique).
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The recent publication of a single visit MLSS protocol [5], which requires real-time
work rate adjustments based upon blood lactate responses, appears to be a promising alternative
to the accepted MLSS test. Establishing the single visit MLSS requires a stage above the
MLSS; the purpose of this stage is to verify the MLSS by eliciting a rapid accumulation of
lactate relative to a modest increase in work rate [5]. This response is indicative of enhanced
motor unit activity and the inability to solely meet ATP demands via oxidative phosphorylation
[5, 191, 192]. Although the verification stage provides evidence of non-steady state exercise,
the validity of the single visit MLSS to delineate the heavy and severe domains of exercise

needs to be confirmed.

1.3.2 Gas Exchange
Gas exchange submaximal anchors (i.e., GET/VT and RCP) detect disproportionate

changes in ventilation and non-metabolic CO2 production relative to VO2 or work rate [72, 73,
162]. These anchors are assumed to be indicative of the shift in metabolic rate and substrate
utilisation within the working muscle, and demarcate the domains of exercise [193, 194].
Prescribing exercise relative to the VT and RCP is more favourable compared to HR-based
exercise prescription [195, 196], two studies compared the VT and RCP and HR-based
exercise prescription on aerobic adaptations over a 12-week period. Exercise prescribed
relative to the VT and RCP attenuated individual variation in training responses compared to
HR-based exercise prescription [195, 196]. The likely explanation is the ability of the VT to
normalise exercise intensity compared to HR [68]. However, there is no conclusive evidence

that these anchors are valid methods to delineate the domains of exercise.

1.3.2.1 Ventilatory/Gas Exchange Threshold
A high test-retest reliability of the GET/VT has been established (CV = 2.0 -3.5%) [166,

168]. The GET/VT is a non-invasive method that indirectly measures a disproportionate
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increase in non-metabolic CO> production, a consequence of H* accumulation and cytosolic
ATP turnover [59, 71-73, 197, 198]. The GET is determined as the inflection point of VCO, —
V0, (Figure 1.10A) and an intensity that elicits an increase from steady state to an excess
production of CO. (Figure 1.10B) [39, 72]. The VT is determined as a systematic increase in
VE/V O, (Figure 1.10C) [198] and partial pressure of end total Oz (PetO2)(Figure 1.10D), and
the point where partial pressure of end total CO (PerCO2)begins to plateau (Figure 1.10E)
[199]. As these anchors are influenced by slope [151, 173, 200], the optimum GXT duration to
determine the GET/VT is 8-12 minutes [39, 201]. Furthermore, identifying these anchors is
dependent on the method chosen and whether it is determined via computer or manual
technique [170, 202]. There is evidence to support the validity of the GET/VT to normalise

exercise intensity and delineate the moderate and heavy domains of exercise.
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Figure 1.10 (A-E). Representative gas exchange and blood lactate data from an incremental/graded exercise
test illustrating the method(s) to determine the: ventilatory threshold (VT), gas exchange threshold (GET) and
first lactate threshold (LT,). (A) VT: the first break point in ventilation (V), (B) GET: disproportionate

increase in nonmetabolic CO, production relative to O, consumption (VO,) (i.e., excess CO,), (C) VT:
systemic increase in V_/VO,, (D) VT: systemic increase in pressure of end tidal oxygen consumption (P_,0,),
and (E) VT: plateau in pressure of end tidal carbon dioxide expiration (P_,CO,) following in increase.
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Exercise performed below the GET/VT vyields a VO plateau, and blood and
intramuscular lactate accumulation that remains at baseline. In contrast, exercise above the
GET/VT results in a VO, ‘slow component’, a plateau of blood lactate above baseline, and an
increase in intramuscular lactate above resting levels/values [90, 94, 119]. However, these
homeostatic responses were measured distant from the GET/VT (i.e., 80, 90 and 120% of
GET/VT) and the resulting anchors are influenced by GXT and are dependent on a standardised
technique to extrapolate the corresponding VO, or work rate. Specifically, longer duration
GXTs vyield a lower VO (discussed in section 1.2.1 and data Table 2.6) and a work rate
associated with the GET/VT and a homogeneous MRT of 60 seconds is typically employed
[145, 151, 173]. Although a reliable and established criteria, the ability of the GET/VT to
delineate the moderate and heavy domains of exercise [90, 119] has not been shown
conclusively. It is likely the GET/VT will establish the boundary between the moderate and
heavy domains of exercise. To achieve this future research should employ a customised GXT
protocol, incorporate multiple GET/VT criteria (Figure 1.10), and measured the on-transient
oxygen uptake kinetics of constant work load tests performed at the limits of agreement of the

established GET/VT.

1.3.3.2 Respiratory Compensation Point
A high test-retest reliability of the RCP has been established (CV = 1.9-2.1%) [166,

168]. The RCP, also referred to as the second ventilatory threshold (VT>), is a non-invasive
marker caused by hyperventilation consequent to an increase in H* accumulation that indicates
a concomitant increase in blood lactate and H™ that is greater than the rate of disposal [73, 197,
203]. The optimum GXT duration to establish the RCP is 8- 12 minutes [39], and it can be
characterised by a second breakpoint in Ve (Figure 1.11A), a clear break point in Ve/VCO:

(Figure 1.11B), and where PerCO2 begins to fall after an apparent steady state (Figure 1.11C)
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[71-73]. As with GET/VT, this anchor is also influenced by GXT slope [173, 204, 205] and is

dependent on the extrapolation technique [145, 146], resulting in a discrepancy between the

work rate and VO, associated with the RCP.

250

200

<150

g (L'min

- 100

50

PgCCO, (mmHg.)

(]
(=]

10

1000 2000 3000

VE/VCO, (a.1.)
— (=]
n (=]

—_
o

wn

1000 2000 3000 4000 5000 6000 1000

2000 3000 4000

VO, ml'min! VO, ml'min-!

4000 5000 6000
VO, ml'min?

5000 6000

Figure 1.11 (A-C). Representative gas exchange and blood lactate data from an incremental/graded exercise
test illustrating the method(s) to determine the: respiratory compensation point (RCP) and second lactate
threshold (LT,). (A) RCP: the second break point in ventilation (V_), (B) RCP: a breakpoint in V_ relative to

CO, expiration (V_/VCO,) following a plateau), and (C) RCP: second breakpoint in pressure of end tidal
carbon dioxide expiration (P_,CO,) following plateau.

As the GXT slope decreases, so does the RCP work rate. This relationship is attributed

to the slow component during heavy/severe exercise, conflating the gain in VO relative to

work rate [89, 193, 200, 205] even after adjusting for the MRT of VO, [145, 200]. Despite the
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associated VO being independent of GXT slope, assigning a work rate from a GXT should be
avoided due to these limitations. To my knowledge, no research has directly confirmed the
validity of the RCP to delineate the heavy and severe domains of exercise. However, the
validity has been implied based on the concurrent validity with CP [193, 194], where the
agreement between VO associated with each exercise intensity was based on null hypothesis
testing, despite evidence to the contrary [200, 206, 207]. It is recommended that the statistical
rigour of confirming equivalence should go beyond null hypothesis testing (e.g., a priori
criteria) [184, 206]. Thus, the RCP does not appear to be a valid method to delineate the heavy
and severe domains of exercise this is based on the influence of the curvilinear VO2-work rate
relationship, and the evidence indicates it should be avoided as a surrogate for the MLSS and

CP.

1.3.3 Critical Power/Speed

The CP and CS represents the highest intensity without a progressive loss of
homeostasis [40] and is widely regarded as a valid determinant of the boundary between heavy
and severe exercise [6, 26, 40, 49, 62, 208]. Establishing CP and CS requires either a series of
exercise bouts (traditional method) above the expected CP and CS, or a single-effort, all-out,
three-minute test (i.e., 3MT) to calculate CP and CS and the curvature constant (W’/D’) [42,

43, 62, 82-86] (Figure 12).

Establishing CP/CS using the traditional method is subject to restrictions, where CP
and CS is influenced by the duration of the bouts [209-212], mathematical model employed
[213], and type of bout (i.e., time trial vs. exhaustive constant work rate bout) [214, 215] (see
[216] for further review). At least two bouts are required to establish CP and CS via the

traditional method, and three are recommended to establish the standard error of estimate and
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goodness of fit (r?) of the CP and CS and W’/D’ (Figure 1.12A). The recommended duration
of the exhaustive exercise bouts is 2-15 minutes [40, 62, 209, 217], with at least a five minute
difference between the shortest and longest trials [218-220]. The number of trials chosen does
not appear to influence CP [221, 222]. By manipulating the duration of running time trials (i.e.,
2, 5, and 10 min. vs. 3, 7, and 12 min) there were marked differences in CS and D’ (i.e., ~0.12
mstand ~20.3 M, respectively) [223]. The mathematical model chosen may also influence CP
and CS, where the linear and nonlinear models yield higher and lower estimations of CP and
CS, respectively [130, 213, 216, 219, 224-229]. Despite recommendations for multiple
mathematical models [213], there is not a consensus on best practice to establish the CP and
CS. Time-trials may yield higher CP and CS values compared to exhaustive constant work rate
bouts [220, 230, 231], as well as lower test-retest variability [215]. There is a high reliability
(CV = 2.4 - 6.5%) [223, 232, 233], but it is recommended that familiarisation trials be
implemented to increase reliability [216]. The traditional method is subject to many restrictions
that influence the establishment of the CP and CS and the W’/D’; furthermore, there is no

current established protocol to confirm the identified parameters.

The 3MT requires a single-visit, all-out effort test, where the average work rate
computed from the last 30 seconds is the CP and CS [42, 43] (Figure 1.12B). There is a high
test-retest reliability of the 3MT (CV = 1.2- 6.7%) [82, 234, 235]. The overarching
methodological variable of concern pertaining to the cycling 3MT is the prescribed resistance.
While the original 3MT protocol required a GXT to determine the prescribed resistance [43,
82], researchers have since optimised the procedure by prescribing the resistance without a
GXT (i.e., asingle-visit test) [236], individualised resistance based on fitness level, body mass
index, sex, and age [132], and added an exhaustive bout at 10% above CP to verify the observed

CP by eliciting VOamax [130]. Recently, the 3MT has been criticised [216, 237] for
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overestimating CP derived via the traditional method - particularly in elite athletes. The validity
of the CP and CS derived from a 3MT s typically confirmed by its agreement with the
traditional method. In lieu of agreement, validity should be established if exercise performed
above and below the derived CP and CS vyields systemic responses (e.g., VO2 kinetics and

blood lactate responses) consistent with the heavy and severe domains of exercise.

There is evidence to support the validity of either method to delineate the heavy and
severe domains of exercise. In the late 1980’s, the first study assessed the homeostatic
responses at and above CP (+ 5% of CP) derived via the traditional method [62] and confirmed
the validity of CP to establish the boundary between heavy and severe exercise. These results
have since been confirmed or reproduced several times [6, 47, 63, 94, 188, 218, 238, 239]. A
recent study has strengthened the case for CP as the delineator between heavy and severe
exercise. Exercise was performed at an intensity <CP [-7.6% of CP (26 W)], which resulted in
the stabilisation of intramuscular lactate, PCr, glycogen, and pH, blood lactate concentrations
above baseline, and a VO2 slow ‘component’ with a plateau (Figure 1.13) [6]. In contrast,
exercise performed at an intensity >CP [+7.6% of CP (26 W)] disturbed homeostatic control,
and evoked a VO2 slow ‘component.” Although these data support the validity of the CP to
delineate the heavy and severe domains of exercise, the on-transient VO, responses were not
modelled. Moreover, a similar pattern would likely be observed when prescribing exercise
intensity ~26 W above and below other submaximal anchors. Future research should address
the inconsistencies in the methodology required to determine CP and CS, and validate the

derived CP and CS with exercise bouts above and below while monitoring systemic responses.
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Figure 1.12 (A & B). A) Linear distance-time model from race performances (800 M, 1500 M, mile, 3000 M

and 5000 M) calculating critical speed (slope; 5.51 m's_l) and curvature constant (intercept; D’ = 177 M). Times
retrieved from iaaf.com; athlete code: 14564446. B) Work rate profile from 3 min-all-out-test (3MT). The
dashed line represents CP/CS, the average work rate from the last 30 seconds of the 3MT. W’/D’ represents the
work performed above CP/CS, W’/D’ = 150 seconds * (Average Work rate of 150 seconds — CP/CS)
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1.3.4 Conclusion: Prescribing Exercise Relative to Submaximal Anchors

Submaximal anchors are commonly used by scientists and researchers to prescribe
exercise intensity, and differentiate training zones or domains of exercise. The homeostatic
response to exercise performed in proximity to a submaximal anchor should be used to
establish the validity of the various submaximal anchors to normalise exercise intensity.
However, it appears there is little evidence to support the validity of most commonly used
methods. More research is needed to validate LTy or GET/VT for delineating the moderate and
heavy domains of exercise. The LT is based on the agreement with the MLSS, influenced by
GXT protocol design [93], and should be used with caution as a method to prescribe exercise
intensity. In some instances exercise above the 30-minute MLSS results in an apparent steady
state; therefore, it appears to underestimate the boundary between heavy and severe domains.
Future research should address the validity of the single visit MLSS to yield domain-specific
homeostatic perturbations. The CP and CS yields the strongest evidence to demarcate the heavy
and severe domains of exercise (i.e., to normalise exercise intensity); however, these resulted
need to be confirmed via on-transient VO kinetics. Lastly, we recommend that the systemic
responses of any submaximal anchor be assessed against domain-specific homeostatic

perturbations.

1.4 Prescribing Exercise Intensity Relative to a Maximal and Submaximal/Resting
Values

Alternative methods have been recommended to elicit a homogeneous response based
on the average work rates between a maximal and submaximal anchor, or the reserve or
difference between the maximal anchor and its corresponding resting value [69, 90, 240-242].
Although these methods have been proposed based on the notion they normalise exercise

intensity, there has been little research assessing this hypothesis.
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1.4.1. Average Work Rate of Maximal and Submaximal Anchor “Delta”

There is no established protocol for establishing a delta (A) or percent difference
between a maximal (e.g., Wmax Or Vmax) and a submaximal anchor (i.e., GET, VT or LT) from
a GXT. To my knowledge, there is also no research directly investigating the reliability of the
physiological responses when exercising at intensities established using the A method. Despite
this shortcoming, the A method has been used [69, 90, 240] and recommended for normalising

[44] exercise intensity.

The ability of the “A” method to normalise exercise intensity has been compared to
fixed percentages of VOamax [44]. Exercise sessions were performed at 50, 70, and 90% of
VOzmax, at 60% of the GET, and A40% and A80% between the GET and VOzmax. The “A”
method resulted in less inter-subject variability for VO,, VCO>, Ve, end exercise heart rate,
and changes in blood lactate from baseline, when compared to exercise at fixed percentages of
VOzmax. A limitation of this study was basing validity on variables with little physiological
relevance. For example, the end-exercise heart rate (CV 16-18%) or the difference between
rest and end exercise blood lactate are unreliable measures (CV 11- 52%) [9, 243, 244], and
there is no evidence supporting these variables as a suitable means to characterise exercise
intensity. Although the VO_ response expressed as a percentage of VOamax Was less variable
across the “A” intensities when compared with fixed percentages of VOzmax, %VOzmax has
limited utility in normalising exercise intensity and is not able to differentiate between the
domains of exercise at intensities above the GET (i.e., heavy and severe) - a concern raised by
the authors [44]. The “A”method has emerged as a commonly used method to prescribe
exercise intensity [44, 69, 89, 119, 245-249], despite the validity being confirmed using
unreliable parameters and variables with little physiological merit. Lastly, A does not normalise

exercise intensity to obtain systemic responses consistent with the domains of exercise.
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1.4.2 Oxygen Uptake and Heart Rate Reserve

VOg2r and HRR are methods used to prescribe exercise intensity based on the difference
between maximum (i.e., HRmax, VO2max) and resting values (i.e., VOarest and HRrest) [241, 242].
To date, however, no research has directly investigated the reliability of prescribing exercise
via HRRr or VOzg; nonetheless, the reliability of these parameters is likely to be related to the
reliability of VOamax [1, 42, 125, 127-132], VOorest [250], HRmax [38, 133-136, 153-155] and
HRrest [38, 251]. Furthermore, it appears that GXT protocol design compromises the efficacy
of using either VO2r or HRg to prescribe exercise intensity [156, 252]. This shortcoming is
likely a consequence of the assumed linearity of the VO2/HRg-work rate relationship. The gain
in VO relative to work rate increases in a curvilinear manner resulting in greater observed VO,

and HR values than predicted [253].

To test the validity of the HRr method to normalise exercise intensity, one study
investigated the relationship between the LT (i.e., initial rise in blood lactate above baseline >
0.2 mmol'L™Y) and percent of HRg [254]. Extrapolation of the HR-work rate relationship from
the GXT indicated that at 85% of HRR, 20 of the 31 participants would be exercising above the
LT1. Similar to %VO2max and %HRmax, this suggests that HRR cannot be used to identify the
submaximal anchor or to delineate the domains of exercise. These results further highlight the
inability of VO, and HR values derived from percentages of VOzmax, HRmax, VO2r and HRg to

normalise exercise intensity.

1.4.3 Conclusion: Prescribing Exercise Intensity Relative to a Maximal and
Submaximal/Resting Value

The “A” method yields a more homogenous physiological responses than fixed
percentages of VO2zmax [44]. However, the use of unreliable physiological variables raises

concern on the efficacy of this method to normalise exercise intensity. Exercise prescribed as
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a fixed percentage of HRR yields a heterogeneous homeostatic perturbation relative to LT1. The

reserve methods cannot be recommended as a viable option to normalise exercise intensity.

1.5 Conclusions
Exercise intensity is a critical principle of exercise prescription, where the methods

described have been employed with the perceived and at times successful ability to normalise
exercise intensity. Despite common use, it is apparent VO2- and HR-based exercise
prescription have little merit in eliciting a homogeneous homeostatic disturbance. The use of
submaximal anchors has been used to represent shifts in the metabolic state of the working
muscle and for demarcation of discrete training zones. In contrast, the domains of exercise are
independent of these anchors and defined by their distinct homeostatic responses, and have
potential as a more valid means for normalising exercise intensity. Future research should
address the validity of submaximal methods to delineate the moderate and heavy domains of
exercise. The MLSS is often deemed the gold standard method for identifying the maximal
metabolic steady state; however, there is empirical evidence to the contrary [49]. There is
however, strong evidence to support the validity of CP and CS to demarcate the heavy and
severe domains of exercise. Caution is needed when prescribing exercise intensity solely based
on blood lactate concentrations, given there is no conclusive evidence of their ability to act as
a proxy for the metabolic state of the working muscle. The relationship between GXT- and
constant work load-derived anchors is unclear and the use of submaximal anchors
interchangeably is discouraged. Finally, the validity of submaximal anchor-based exercise
prescription should be contingent on the systemic responses above and below each discrete

anchor specific to the domains of exercise.
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Chapter 2: Manipulating graded exercise test variables affects the validity
of the lactate threshold and VOazpeax

This chapter has been published:

Jamnick, N. A., Botella, J., Pyne, D. B., & Bishop, D. J. (2018). Manipulating graded exercise
test variables affects the validity of the lactate threshold and VOgpeak. PloS ONE, 13(7),

e0199794.
Published version available from: https://doi.org/10.1371/journal.pone.0199794

Note: Since publication the 30 minute MLSS has been called into question as an
appropriate delineator of the heavy and severe domains of exercise. Although chapter 4
employs this method as the study design occurred in early 2017, the conclusions in chapter

1 do not follow these results as the latest draft of chapter 1 occurred in 2019.

Made available under a Creative Commons Attribution 4 License https://creativecommons.org/licenses/by/4.0/
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2.1 Introduction

Sampling of expired gas and blood data during a graded exercise test (GXT) to
exhaustion permits identification of the gas exchange threshold (GET), the ventilatory
threshold, the lactate threshold (LT), and maximal oxygen uptake (VO2zmax). These indices can
distinguish cardiorespiratory fitness, and demarcate the domains of exercise [81, 255] that can
be used to prescribe exercise and to optimize training stimuli [31, 38, 121, 256]. However,
despite the popularity of these indices, the methods used to determine them can differ

substantially and there has been little systematic investigation of their validity [150, 257, 258].

The recommended duration of a GXT to assess VO2zmax is 8 to 12 minutes [126, 137,
140, 259]. However, there is little consensus on an appropriate GXT protocol design, including
duration, stage length, or number of stages, needed to establish the LT. A stage length of at
least 3 minutes has been recommended [140], although an 8-minute stage length has also been
suggested for blood lactate concentrations to stabilize [190]. The number of stages and GXT
duration will depend on the starting intensity and power increments. Power is typically
increased identically [260], regardless of sex or fitness, leading to a heterogenous GXT
duration and number of stages completed [167]. A customized approach to LT testing has been

recommended to ensure a more homogenous GXT duration [39].

More than 25 methods have been proposed to calculate the LT [164]; these include the
power preceding a rise in blood lactate concentration of more than 0.5, 1.0 or 1.5 mmol-L*
from baseline [261], the onset of a fixed blood lactate accumulation (OBLA) ranging from 2.0
to 4.0 mmol'L™ [262, 263], or the use of curve fitting procedures such as the Dmax or modified
Dmax methods (ModDmax) [74, 75]. However, many of these ‘accepted’ methods are influenced

by GXT protocol design [76, 258] and their underlying validity has not been reported.
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Assessing the validity of a measurement requires comparison with a criterion measure.
The maximal lactate steady state (MLSS) represents the highest intensity where blood lactate
appearance and disappearance is in equilibrium and where energy demand is adequately met
by oxidative phosphorylation [165]. Exercise performed above the MLSS results in accelerated
blood lactate appearance and it has therefore been suggested as an appropriate criterion
measure for the LT [41, 165]. The primary advantages of the MLSS test include its
independence of participant effort, it’s submaximal and is reliable [9]. However, the
disadvantage is the necessity of multiple laboratory visits and that it yields only one index of

performance®.

VO2zmax is considered the “gold standard” for assessing cardiorespiratory fitness [264]
and the highest recorded VO, from a GXT is often accepted as the VOamax [126]. Establishing
the LT requires a GXT that typically exceeds 20 minutes [140]; however, in these instances the
highest VO, may underestimate the VO2zmax [137] and is termed VOazpeax. Recently, the use of
a verification exhaustive bout (VEB) has been recommended to confirm the VOzmax. However,
it is unknown if a VEB performed after a longer duration GXT provides a valid estimate of

VOZmax-

The aim of this study was to determine the validity of the LT and VO2max derived from
asingle visit GXT. We hypothesized that our results would yield one or more GXT stage length
and LT calculation method combination that provides a valid estimation of the criterion
measure of the LT (i.e., MLSS). We also hypothesized the highest VO measured during longer
duration GXTs would underestimate VO2zmax and that the highest VO, value measured during

each VEB would be similar to the VOzpeak measured during the 8- to 12-minute GXT.
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2.2 Materials and Methods

2.2.1 Participants/Experimental Design

Seventeen trained male cyclists (VO2zmax 62.1 + 5.8 mL'kgmint, age 36.2 + 7.4 years,
body mass index (BMI): 24.1 + 2.0 kgm™) volunteered for this study which required 7 to 10
visits to the laboratory. Informed consent was obtained from all individual participants included

in the study.

Visit one included risk stratification using the American College of Sports Medicine
Risk Stratification guidelines [265], written informed consent, self-reported physical activity
rating (PA-R) [127], measurement of height and body mass, and completion of a cycling GXT
with 1-minute stages (GXTi) followed by a VEB. The remaining visits consisted of four
cycling GXTs with varying stage length (3-, 4-, 7- and 10-min stages) and a series of 30-min
constant power bouts to establish the MLSS. The GXTs and constant power bouts were
performed in an alternating order and the order of the GXTs was randomised. Prior to each
GXT and the constant power bouts a 5-min warm up was administered at a self-selected power
followed by 5 min of passive rest. Participants performed each test at their preferred cadence
determined during the initial visit. Antecubital venous blood (1.0 mL) was sampled during all
visits (excluding GXTy) at rest, and at the end of every stage during the GXTs or every 5 min
during the constant power exercise bouts. All participants self-reported abstaining from the
consumption of alcohol and caffeine or engaging in heavy exercise 24 h prior to each visit.
Participants were given at least 48 h between visits and all tests were completed within 6 weeks.
The Victoria University Human Research Ethics Committee approved all procedures (HRE

017-035).
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2.2.2 Equipment/Instruments

All exercise testing was conducted using an electronically-braked cycle ergometer
(Lode Excalibur v2.0, The Netherlands). A metabolic analyser (Quark Cardiopulmonary
Exercise Testing, Cosmed, Italy) was used to assess oxygen uptake (VO2) on a breath-by-breath
basis, and heart rate was measured throughout all tests. Antecubital venous blood was analysed

using a blood lactate analyser (YSI 2300 STAT Plus, YSI, USA).

2.2.3 GXTs with Verification Exhaustive Bout
Demographic data, PA-R, and measurements of height and body mass were used to

estimate VOzmax [266] and maximum power output Wmax [127, 267].

Est. VOamax = 56.363 + (1.921 X PA-R) — (0.381 x AGE) — (0.754 x BMI) + (10.987 X

SEX; 1 = MALE, 0 =FEMALE)

Est. Winax = {[(Est. VO2max — 7) x BM]/1.8}6.12

Where VOomax is expressed in millilitres per kilogram per minute, BMI is in kilograms, and

Wmax IS in Watts.

A custom GXT protocol with a desired time limit of 10 min was then designed for each
particpant using: Wmax/10 min = 1-min intensities (W-mint). Additional customized protocols
were designed for each of the remaining GXTs based on a percentage of the measured Wmax
from GXT1. The predicted Wmax Was 80%, 77%, 72% and 70% for GXTs, GXT4, GXT7, and
GXT 1o, respectively. The target number of stages for each participant was nine; the initial stage

and subsequent stages of the remaining GXTs were determined using the following equations:
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Stage 1 Power + Predicted Wmax *25%

Subsequent power increments = (Predicted Wmax — Stage1/8)

where stage 1 power and predicted Wmax Subsequent power increments are expressed in Watts.

A 5-min recovery was administered after each GXT, followed by a VEB performed at
90% of Wmax measured from GXT1 to measure the highest measured VO, measure (VOzpeak)

[39].

2.2.4 Constant Power Exercise Bouts to Establish the Maximal Lactate Steady State

The power associated with the respiratory compensation point (RCP) from GXT1 was
used in a regression equation (Eqgn. 5) to estimate the MLSS (RCPwmiss) and the first constant
power exercise [268]. The RCP was determined as the average of the power output associated
with: 1) the break point in ventilation relative to expired carbon dioxide (Ve/VCOy), 2) second
break point in Ve and 3) the fall in end-tidal carbon dioxide (PerCO,) after an apparent steady

state [71-73].

Estimated MLSS (RCPMLSS) = 23.329 + (0.79127*RCP)

where the RCPmLss and RCP are expressed in Watts

Participants performed 3 min of baseline cycling at 20 W prior to each constant power

bout. The MLSS was established as the highest intensity where blood lactate increased <1.0
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mmol-L* from the 10" to the 30™" minute [41]. If the blood lactate concentration increased >1.0

mmol-L* the power was decreased by 3%, otherwise the power was increased by 3% [9]. This

process continued until the MLSS was obtained.

2.2.5 LT and Respiratory Compensation Point Calculations

The LTs were calculated from GXT3.4,7 and 10 Using 14 methods (4 GXTs * 14 LTs =56 LTs in

total), and the RCP and the RCPwmLss were also calculated from GXTy (56 LTs + RCP and

RCPwmLss = 58 total estimates):

1.

Log-log: The lactate curve was divided into two segments and the intersection point
of the two lines with the lowest residuals sum of squares was taken as the LT [269].
OBLA value of 2.0, 2.5, 3.0, 3.5, or 4.0 mmol-L [76, 81, 182].

Baseline + absolute value(s) (B + mmol'L™?) : The intensity at which blood lactate
concentration increased 0.5, 1.0 or 1.5 mmol-L™ above baseline value(s) [144, 270].
Dmax: The point on the third order polynomial regression curve that yielded the
maximum perpendicular distance to the straight line formed by the two end points
of the curve [74].

Modified Dmax (M0dDmax): The intensity at the point on the third order polynomial
regression curve that yielded the maximal perpendicular distance to the straight line
formed by the point preceding the first rise in blood lactate concentration of >0.4
mmol-L? lactate and the final lactate point [75].

Exponential Dmax (EXp-Dmax): The point on the exponential plus-constant regression
curve that yielded the maximum perpendicular distance to the straight line formed
by the two end points of the curve [77, 271].

Log-log Modified Dmax (Log-Poly-ModDmax): The intensity at the point on the third

order polynomial regression curve that yielded the maximal perpendicular distance
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to the straight line formed by the intensity associated with the log-log LT and the
final lactate point.

Log-log Exponential Modified Dmax method (Log-Exp-ModDmax): The intensity at
the point on the exponential plus-constant regression curve that yielded the maximal
perpendicular distance to the straight line formed by the intensity associated with
the log-log LT and the final lactate point.

RCP: refer to Constant Power Exercise Bouts to Establish the Maximal Lactate
Steady State method section.

The estimated MLSS was based on a regression equation based on the RCP from

GXT1 (RCPwmLss) (Egn. 5).
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Figure 2.1 Representative blood lactate curve with 14 LTs calculated from GXT4 (participant #9). The
power of the MLSS was 302 W and the blood lactate concentration was 2.85 mmol-L. Log-log = power at the
intersection of two linear lines with the lowest residual sum of squares; log = using the log-log method as the
point of the initial data point when calculating the Dmax or Modified Dmax; poly = Modified Dmax method calculated
using a third order polynomial regression equation; exp = Modified Dmax method calculated using a constant plus
exponential regression equation; OBLA = onset of blood lactate accumulation; B + absolute value = the intensity

where blood lactate increases above baseline.
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2.2.6 Data Analysis

Breath-by-breath data were edited individually with values greater than three standard
deviations from the mean excluded [272]. The data was interpolated on a second-by-second
basis and averaged into 5- and 30-s bins [193, 273]. The highest measured VO, value from
every GXT and VEB was determined as the highest 20-s rolling average. The VOzmax Was
computed as the highest VO, measured from any GXT or VEB. The VOzpeax for each GXT was
defined as the highest measured VO, from either the GXT or the subsequent VEB. The Wmax
for every GXT was determined as the power from the last completed stage plus the time
completed in the subsequent stage multiplied by the slope (Eqn. 6). The VO, response at the
MLSS was determined by the average VO value during the last two minutes of the 30-minute

constant power bout.

Wmax = Power of Last Stage (W) + [slope (W.s — 1) * time (sec.)](Eqn. 6)

Calculated LTs were excluded if the mean difference between the MLSS and calculated
LT was greater than the error of the measurement of the MLSS [coefficient of the variation
(CV%) = 3%, 7.9 W] [9], the effect size (ES) was greater than 0.2, or the Pearson Product
moment correlation coefficient (r) was less than 0.90. Using these criteria, 10 of the 56 LTs

and the RCPwmLss (Eqgn. 5) were included in the analysis (Table 2.1).



78

Table 2.1. The mean + standard deviation (SD) of the 14 lactate thresholds calculated from the 4 prolonged graded exercise tests (i.e., GXT3, GXTj,
GXT7and GXTy), and the respiratory compensation point (RCP) and the maximal lactate steady state (MLSS) estimated from the RCP (RCPwm_ss)
calculated from GXT;. Also shown is the mean difference (MD), the Pearson product moment correlation (r) and effect size (ES) of the difference when
compared with the MLSS. (log = using the log-log method as the point of the initial data point when calculating the Dimax or Modified Dpax; poly = Modified
Dmax method calculated using a third order polynomial regression equation; exp = Modified Dy method calculated using a constant plus exponential
regression equation; OBLA = onset of blood lactate accumulation, B + = baseline lactate value plus an absolute lactate value). Bold represents the LT that
met the three criteria for inclusion in our final analysis: mean difference less than 7.9 Watts, Pearson moment product correlation >0.90, and a less than
trivial ES difference from the MLSS (ES <0.2)

GXTs GXTa GXT7 GXT1o

Log-log LT Mean SD (W) 211+43 202 + 38 200 * 40 196 + 41
MD (W) 53.1 62.8 64.8 68.3
r 0.84 0.89 0.87 0.78
ES 1.28 1.63 1.62 1.70

OBLA 2.0 Mean SD (W) 262 + 40 249 + 39 247 + 39 245 + 37
MD (W) 2.1 15.1 17.3 19.6
r 0.86 0.94 0.94 0.93
ES -0.05 -0.38 -0.44 -0.50

OBLA 25 Mean SD (W) 276 + 42 262 + 40 258 + 40 255+ 38
MD (W) -11.9 2.0 6.7 9.2
r 0.89 0.95 0.94 0.93
ES 0.30 -0.05 -0.17 -0.23

OBLA 3.0 Mean SD (W) 288 +43 273 +£41 267 =41 264 + 39
MD (W) =232 -8.8 2.2 0.4
r 0.90 0.96 0.95 0.93
ES 0.59 0.22 0.06 -0.01

OBLA 35 Mean SD (W) 297 +45 28241 274+ 41 272 £40
MD (W) -32.8 -18.1 -10.0 -7.3
r 0.91 0.96 0.95 0.93
ES 0.83 0.46 0.25 0.19

OBLA 4.0 Mean SD (W) 306 + 46 291+42 281+42 279+£41
MD (W) -41.3 -26.3 -16.8 -14.2
r 0.91 0.97 0.95 0.93
ES 1.05 0.67 0.43 0.36

Baseline + 0.5 Mean SD (W) 235+38 229 +40 228 +41 225+ 37
MD (W) 29.4 35.6 36.6 39,5
r 0.74 0.81 0.83 0.82
ES -0.75 -0.90 -0.93 -1.00

Baseline + 1.0 Mean SD (W) 255 + 39 239 +40 236 + 39 235+ 39
MD (W) 95 25.3 27.9 29.1
r 0.88 0.92 0.93 0.91
ES -0.24 -0.64 -0.71 -0.74

Baseline + 1.5 Mean SD (W) 270+ 41 254 £ 41 250+ 39 248 + 39
MD (W) -6.0 10.1 14.7 16.8
r 0.90 0.94 0.94 0.92
ES 0.15 -0.26 -0.37 -0.43

Dmax Mean SD (W) 246 + 34 232 + 36 223 +31 216 +33
MD (W) 18.6 31.9 416 48.8
r 0.94 0.97 0.96 0.95
ES -0.47 -0.81 -1.06 -1.24

Modified Dmax Mean SD (W) 278 + 37 267 £39 255+ 40 248 + 37
MD (W) -13.2 -2.9 9.7 15.9
r 0.90 0.91 0.93 0.92
ES 0.33 0.07 -0.25 -0.40

Log-Poly-MDmax Mean SD (W) 280 + 42 265+ 42 255 + 39 248 £ 40
MD (W) -15.5 1.1 9.5 16.5
r 0.94 0.96 0.96 0.92
ES 0.39 0.03 -0.24 -0.42

Exp-Dmax Mean SD (W) 256 + 35 243+ 36 234+34 228+ 35
MD (W) 8.0 21.8 30.8 36.8
r 0.92 0.97 0.96 0.94

ES -0.20 -0.55 -0.78 -0.93




79

Log-Exp-MDmax Mean SD (W) 286 + 42 271+42 260 + 39 253 +40
MD (W) =217 -7.0 4.3 111
r 0.94 0.97 0.96 0.93
ES 0.55 0.18 -0.11 -0.28
GXT1
RCPwmLss Mean SD (W) 271+39
MD (W) -6.71
r 0.92
ES -0.17
RCP Mean SD (W) 315+ 40
MD (W) -50.4
r 0.91
ES 1.27
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2.2.7 Statistical Analysis

A one-way analysis of variance with repeated measures was used to assess significant
differences between the MLSS and the calculated LTs. Agreement between the MLSS and the
calculated LTs was evaluated using a two-way mixed intraclass calculation coefficient (ICC),
standard error of the measurement (SEM), Lin’s concordance correlation coefficient (pc) [274],
Bland-Altman plots [275], (1), CV% [233, 276] and a magnitude-based inference approach
involving standardised differences (ED) [7, 8]. Differences between VOzpeak Values measured
during each GXT were assessed using ES, p-values, and the CV%. Agreement between VO
measured during each GXT and subsequent VEB was evaluated using intraclass calculation
coefficient (ICC), SEM, and CV% [233]. Descriptive statistics are reported as the mean £ SD.

Alpha was set to P <0.05.

2.3 Results

2.3.1 MLSS

The power associated with the MLSS was 264 + 39 W, and the blood lactate
concentrations at the 10" and 30" min were 2.8 + 0.8 and 3.3 + 0.8 mmol'L ™%, respectively. The
blood lactate values at 3% above the MLSS (272 + 41 W) at the 10" and 30" min were 3.6 +
0.8 and 5.0 + 0.9 mmol-L%, respectively. The VO; at the MLSS was 3892 + 441 mL'min™ (50.5
+ 4.0 mL'kgtmint). For each GXT the VO, at the MLSS and the power at the MLSS are

shown in Table 2.1.



Table 2.2 Mean, standard deviation, and range of the VO, and power associated with the maximal lactate

steady state (MLSS) expressed as a percentage of the maximal power (Wmax) and VOzpeak measured during
each GXT. Note: The VO, at the MLSS was 81.4 + 4.7 % of the VOamax. (Defined as the highest measured

VO, during any GXT)

GXT: GXTs GXTs GXT- GXTwo
VO, at MLSS 83.0£45 847+47 86.1£59 88.4£6.0 902£53
(% of VOzpeak) [755-90.7]  [76.6-91.9] [73.9-942] [77.4-103.2]  [78.7-99.9]
Power at MLSS 62.9+3.9 78.4+43 82.4+36 87.3+44 89.6+4.7
(% Of Wina) [56.8-71.7] [69.8-84.4] [73.7-88.8]  [79.8-96.0]  [81.6-98.1]
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2.3.2 Validity of LT Estimates

Comparisons of the 58 estimations of the MLSS and the calculated MLSS are detailed
in Table 2.1. Figure 2.2 displays the standardized difference of the 13 LTs calculated for each
GXT (52 in total) and the MLSS (all log-log methods were excluded given an ES > 1.0). Ten
of the calculated LTs and the RCPmLss met our inclusion criteria for final analysis - detailed
comparisons with the MLSS are provided in Table 2.3 and Figure 2.3. Figure 2.3 shows Bland-
Altman plots of the 11 estimations included in our analysis; the newly developed ModDmax LT
calculations (Figure 2.3; Panels E, F and I) had the lowest limits of agreement with the MLSS.
The log-log polynomial modified Dmax (Log-Poly-ModDmax) method derived from GXT4
provided the best estimation of the MLSS (Figure 2.3, Panel E). There was an inverse
relationship between the power calculated for each of the 14 LTs and stage length (Tables 2.1

and 2.4).



ES (95% CI)
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Log-Exp-ModD,,, 24P , —— (0.53) [0.36, 0.74]
Exp-Dyay —+— \ (-0.21) [0.40, 0.00]
Log-Poly-ModD,.. 1 — (0.38) [0.2, 0.58]
ModD,,,, f 1 (0.35)[0.11,0.55]
Dy —_— | | (-0.50) [-0.65, -0.29
Baseline + 1.5 mmol L I 4 (0.15) [-0.08, 0.38]
Baseline + 1.0 mmol L-! —e | (0.24) [-0.49, 0.01]
Bascling + 0.5 mmoll? ~ —————p————— : : (0.76) [-1.12, -0.38]
OBLA 2.0 mmol L+ — (40.05) [-0.33, 0.23]
OBLA 2.5 mmol L | — (0.29) [0.05, 0.55]
OBLA 3.0 mmol L 1 | —— (0.56) [0.35, 0.83]
OBLA 3.5 mmol L1 | | —_—— (0.78) [0.59, 1.07]
OBLA 4.0 mmol L | 1 —@—  (0.Y7)[0.81,1.29]
i i i i i i 1 1 i i i i ‘ ‘
S8 -l6 <14 -12 -10 08 06 -04 -02 00 02 04 06 08 10 12 14 16
B GXT, ES (95% CI)
Log-Exp-ModD,,,, —— (0.17) [0.04, 0.32]
Exp-Dyy —— : : (-0.57) [-0.69. -0.41]
Log-Paly-ModD . I | (0.03) [0.11,0.17)
ModD, | —— (0.07) [0.15, 0.29]
Doy —— 1 1 (-0.85) [-0.94, -0.68]
Baseline + 1.5 mmol 1! —— 1 (-0.25) [-0.44, -0.08)
Baseline + 1.0 mmolL-! —— | | (10.64) [0.84, 0.44]
Baseline + 0.5 mmoll?! ~ ————————— ! ! (-0.90) [1.22, 0.58]
OBLA 2.0 mmol-L+ —.—: : (-0.39 [-0.56. -0.20]
OBLA 2.5 mmaol L —*— (005 -0.21,0.11]
OBLA 3.0 mmol L 1 —h— (0.22) [0.07,0.37]
OBLA 3.5 mmolL? 1 1 —e— (0.45)[0.32, 0.60]
OBLA 4.0 mmol1! I I —8—  (0.64)[0.53,081]
| 1
18 -l6  -14  -12 -l0 08 06 04 D2 00 02 04 06 08 10 12
C GXT, ES (95% CI)
Log-Exp-ModD,,, = (-0.11) [-0.25, 0.03]
EXp-Dya — : : (-0.84) [-0.93, -0.63]
Log-Poly-ModD,,, —— f (-0.24) [-0.39, -0.09]
MaodD,,, —— | (-0.24) [0.44, -0.06]
D —— | | (-1.17) [-1.23, -0.89]
Baseline + 1.5 mmol- L' 1 | (-0.37) [-0.55, -0.19]
Bascline + 1.0 mmol-L! — | ! (-0.71) [0.90, 10.52]
Bascline + 0.5 mmol L - e : : (0.91) [-1.23, -0.63]
OBLA 2.0 mmol L-! — " (-0.44) [-0.62, -0.26]
OBLA 2.5 mmol L —— | (-0.17) [-0.34, 0.00]
OBLA 3.0 mmol L1 | —1e—— (0.06) [-0.11, 0.23]
OBLA 3.5 mmol L1 1 —— (0.25) [0.08, 0.42]
OBLA 4.0 mmolL-! 1 | ———  (0.41)[0.26,0.60]
. I I . . .
18 16 -l4  -12 10 08 06 -04 02 00 02 04 06 08 10
D GXT, ES (95% CI)
Log-Exp-ModD,, ] 1 (-0.28) [-0.47, -0.09]
Exp-Dys — I 1 (0.93) [-L.11, -0.75]
Log-Poly-ModDys —, 1 (041) [-0.62,-0.22]
ModD, . — 1 (-0.41) [-0.60, -0.20]
Dy —@— 1 1 (-1.28) [-1.41, -1.07]
Baseline + 1.5 mmol L' —_— | (-0.42) [-0.63, -0.23]
Baseline + 1.0 mmol-L" B . sm— | | (0.73) [-0.96, -0.52]
Baseline + 0.5 mmol L ——— ! ! (-1.01) [-1.30, -0.70]
OBLA 2.0 mmol L-! —— : : (-0.50) [0.69. -0.31]
OBLA 2.5 mmol-L” —— | (40.23) [-0.42, -0.04]
OBLA 3.0 mmolL" —— (-0.01) [0.20. 0.18]
OBLA 3.5 mmol L+ 1 O— (0.18) [0.00, 0.38}
OBLA 4.0 mmol L*! [} 4—@—— (0.35)[0.17, 0.55]
‘ ‘ . ‘ | ! .
20 18 416 -14 12 10 08 D6 04 02 00 02 04 06 OR

Figure 2.2 (A-D) Forrest Plots of the difference (ES £ 95% CI) between the MLSS and the power calculated
from the 13 lactate thresholds derived from (A) GXTs, (B) GXT4, (C) GXT7 and (D) GXT1o (52 in total and
excluding log-log). The solid vertical bar represents no difference from the MLSS and the dashed vertical bars
represents the threshold between a trivial and small difference (ES = 0.2) established by Cohen [7] and Hopkins
[8]. log = using the log-log method as the initial data point when calculating the Dmax or Modified Dmax; poly =
Modified Dmax method calculated using a third order polynomial regression equation; exp = Modified Dmax method
calculated using a constant plus exponential regression equation; OBLA = onset of blood lactate accumulation
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Table 2.3. Mean + standard deviation, mean difference (MD), intraclass correlation coefficient (ICC), Lin’s concordance correlation coefficient
(pc), standard error of the measurement (SEM), effect size (ES) with 95% confidence limits, and coefficient of the variation (%CV) between
the maximal lactate steady state (MLSS) and the eleven thresholds included in our analysis. (RCPwmLss = MLSS estimate based on the respiratory
compensation point; log = Modified Dmax method using the log-log method as the point of the initial lactate point; poly = Modified Dmax method
calculated using a third order polynomial regression equation; exp = Modified Dmax method calculated using a constant plus exponential
regression equation; OBLA = onset of blood lactate accumulation)

Mean+SD (W) MD  ICC[95% Cl] pe SEM [95% CI] ES [95% CI] CV [95% CI]
W) W) (%)

MLSS 264 % 39
RCPuss 271+ 39 67 092[078-097] 090 112[8.3-17.0]  0.17[-0.04-0.38]  6.0[4.4-9.4]
Baseline + 1.5 mmol-L. 270+ 41 60 090[075-097] 090 125[9.3-19.0]  0.15[-0.08-0.38]  6.6[4.9-10.4]
OBLA 2.5 mmol-L* 262 %40 20 095[087-098] 095 87[65-132]  -005[-021-011] 53[3.9-84]
Modified Dyax 267 39 29 091[076-098] 090 11.7[8.7-17.9]  007[-0.15-0.29] 7.0[5.1-11.0]
L.0g-Poly-MDnax 265 + 42 11 096[0.90-099] 096  7.9[5.8-12.0] 003[011-017]  44[3.2-6.9]
LOg-EXp-MDypa 271+ 42 70 097[091-099] 095  7.5[5.6-114] 0.18[0.04-032]  4.1[3.0-6.3]
OBLA 2.5 mmol-L* 258 + 41 6.7 094[085-098] 093  94[7.0-14.3]  -0.17[0.34-000] 49[3.6-7.7]
OBLA 3.0 mmol-L* 267 + 41 22 095[086-098[ 095  9.2[6.9-14.1] 0.06[-0.11-023] 5.1[3.7-8.0]
Log-EXp-MDrax 260 + 39 -43 096[089-099] 095  78[58-119]  -0.11[-025-003] 4.1[3.0-6.4]
OBLA 3.0 mmol-L* 264 + 39 04 093[082-098] 093 102[7.6-155] -001[-020-018] 55[4.0-8.6]

OBLA 3.5 mmolL™ (n = 16) 275 + 39 69 093[0.82-098] 091 103[7.7-157]  0.19[000-038]  55[4.0-8.7]
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Figure 2.3. Bland-Altman plots displaying agreement between measures of the power associated with the
RCP regression equation (RCPMLSS) calculated from GXT1 and the MLSS. The differences between
measures (y-axis) are plotted as a function of the mean of the two measures (x-axis) in power (Watts). The
horizontal solid line represents the mean difference between the two measures (i.e., bias). The two horizontal
dashed lines represent the limits of agreement (1.96 x standard deviation of the mean difference between the
estimated lactate threshold via the RCPMLSS and the maximal lactate steady state). The dotted diagonal lines
represent the boundaries of the 95% CI for MLSS reliability (CV = 3.0%; 95%; CI = 3.8%) calculated from Hauser
et al., [9] (RCP = respiratory compensation point).
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Figure 2.4. Bland-Altman plots displaying agreement between measures of the power associated with the
baseline plus 1.5 mmol-L"* calculated from GXT3 and the MLSS. The differences between measures (y-axis)
are plotted as a function of the mean of the two measures (x-axis) in power (Watts). The horizontal solid line
represents the mean difference between the two measures (i.e., bias). The two horizontal dashed lines represent
the limits of agreement (1.96 x standard deviation of the mean difference between the lactate threshold and the
maximal lactate steady state). The dotted diagonal lines represent the boundaries of the 95% CI for MLSS
reliability (CV = 3.0%; 95%; CI = 3.8%) calculated from Hauser et al. [9].
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Figure 2.5. (A-D) Bland-Altman plots displaying agreement between measures of the power associated with the
(A) OBLA 2.5 mmol-L?, (B) Modified Dmax, (C) Log-Poly-Modified Dmax, (D) Log-Exp-Modified Dmax calculated
from GXT4 and the MLSS. The differences between measures (y-axis) are plotted as a function of the mean of
the two measures (xaxis) in power (Watts). The horizontal solid line represents the mean difference between the
two measures (i.e., bias). The two horizontal dashed lines represent the limits of agreement (1.96 x standard
deviation of the mean difference between the lactate threshold and the maximal lactate steady state). The dotted
diagonal lines represent the boundaries of the 95% CI for MLSS reliability (CV = 3.0%; 95%; Cl = 3.8%)
calculated from Hauser et al. [9] (log = Modified Dmax method using the log-log method as the point of the initial
lactate point; poly = Modified Dmax method calculated using a third order polynomial regression equation; exp =
Modified Dmax method calculated using a constant plus exponential regression equation; OBLA = onset of blood
lactate accumulation.).
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Figure 2.6. (A-C) Bland-Altman plots displaying agreement between measures of the power associated with the
(A) OBLA 2.5 mmol-'L? (GXT5), (B) OBLA 3.0 mmol-L! (GXT-), (C) Log-Exp-Modified Dmax calculated from
GXT7 and the MLSS. The differences between measures (y-axis) are plotted as a function of the mean of the two
measures (x-axis) in power (Watts). The horizontal solid line represents the mean difference between the two
measures (i.e., bias). The two horizontal dashed lines represent the limits of agreement (1.96 x standard deviation
of the mean difference between the lactate threshold and the maximal lactate steady state). The dotted diagonal
lines represent the boundaries of the 95% CI for MLSS reliability (CV = 3.0%; 95%; CI = 3.8%) calculated from
Hauser et al. [9] (log = Modified Dmax method using the log-log method as the point of the initial lactate point;
exp = Modified Dmax method calculated using a constant plus exponential regression equation; OBLA = onset of
blood lactate accumulation.).
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Figure 2.7. (A-B) Bland-Altman plots displaying agreement between measures of the power associated with the
(A) OBLA 3.0 mmolL?, (B) OBLA 3.5 mmolL? calculated from GXT10 and the MLSS. The differences
between measures (yaxis) are plotted as a function of the mean of the two measures (x-axis) in power (\Watts).
The horizontal solid line represents the mean difference between the two measures (i.e., bias). The two horizontal
dashed lines represent the limits of agreement (1.96 x standard deviation of the mean difference between the
lactate threshold and the maximal lactate steady state). The dotted diagonal lines represent the boundaries of the
95% CI for MLSS reliability (CV = 3.0%; 95%; CI = 3.8%) calculated from Hauser et al., 2014) (OBLA = onset
of blood lactate accumulation.).
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Table 2.4. Mean difference (MD), effect size (ES), and p-value comparing the influence of graded exercise test stage length on all 14 lactate
threshold methods.

3vs. 4 3vs. 7 3vs. 10 4vs. 7 4vs.10 7vs. 10
Log-log LT MD (W) 10 12 15 2 6 3
ES 0.24 0.28 0.36 0.05 0.14 0.08
p-value 0.09 0.02 0.02 0.63 0.15 0.47
OBLA 4.0 mmol-L*! MD (W) 15 24 27 9 12 3
ES 0.34 0.56 0.63 0.22 0.29 0.06
p-value 0.00 0.00 0.00 0.05 0.01 0.35
OBLA 3.5 mmol-L? MD (W) 15 23 25 8 11 3
ES 0.34 0.53 0.60 0.20 0.26 0.06
p-value 0.00 0.00 0.00 0.09 0.02 0.35
OBLA 3.0 mmol-L*! MD (W) 14 21 24 7 9 3
ES 0.34 0.50 0.57 0.16 0.23 0.06
p-value 0.00 0.00 0.00 0.16 0.05 0.36
OBLA 2.5 mmol-L*! MD (W) 14 19 21 5 7 2
ES 0.34 0.46 0.53 0.12 0.18 0.06
p-value 0.00 0.00 0.00 0.30 0.13 0.39
OBLA 2.0 mmol-L? MD (W) 13 15 18 2 4 2
ES 0.33 0.38 0.45 0.06 0.12 0.06
p-value 0.01 0.01 0.00 0.63 0.36 0.45
Baseline + 0.5 mmol L MD (W) 6 7 10 1 4 3
ES 0.16 0.18 0.27 0.03 0.10 0.07
p-value 0.25 0.27 0.10 0.85 0.46 0.50
Baseline + 1.0 mmol L MD (W) 16 18 20 3 4 1
ES 0.40 0.47 0.51 0.07 0.10 0.03
p-value 0.01 0.00 0.00 0.53 041 0.71
Baseline + 1.5 mmol'L*! MD (W) 16 21 23 5 7 2
ES 0.39 0.52 0.57 0.12 0.17 0.05
p-value 0.00 0.00 0.00 0.27 0.14 0.49
Dmax MD (W) 13 23 30 10 17 7
ES 0.38 0.71 0.90 0.29 0.49 0.22
p-value 0.00 0.00 0.00 0.00 0.00 0.00
Modified Dmax MD (W) 10 23 29 13 19 6
ES 0.27 0.59 0.79 0.32 0.50 0.16
p-value 0.01 0.00 0.00 0.01 0.00 0.06
Log-Poly-ModDmax MD (W) 14 25 32 11 18 7
ES 0.35 0.62 0.78 0.26 0.43 0.18
p-value 0.00 0.00 0.00 0.00 0.00 0.02
EXP-Dimax MD (W) 14 23 29 9 15 6
ES 0.38 0.66 0.82 0.26 0.42 0.17
p-value 0.00 0.00 0.00 0.00 0.00 0.02
Log-Exp-ModDmax MD (W) 15 26 33 11 18 7
ES 0.35 0.64 0.80 0.28 0.44 0.17

p-value 0.00 0.00 0.00 0.00 0.00 0.01
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2.3.3 Wiax and VOamax

There was an inverse relationship between GXT duration and both Wmax and VOzpeak
(Table 2.5). The VOzpeak Values derived from GXTz and GXT4 were similar to the VOzpeak
measured during GXTy (Table 2.6); however, the values were outside the variability of the
measurement (CV > 3%) [9]. VOzpeak Values from GXT; and the corresponding VEB had the
highest agreement (MD = 0.5 mL'kg*min™, ICC = 0.96, SEM = 1.1 mLkg'mintand CV =
2.0%) compared with any GXT and corresponding VEB. The remaining GXTs and
corresponding VEB had a CV of 3.3, 2.0, 3.5 and 5.2%, for GXT3, GXT4, GXT7 and GXT1,,
respectively. The VEB performed following the longer duration GXTs (GXTz-10)

underestimated the VOzpeak from GXT1 (Table 2.6).
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Table 2.5. Mean and standard deviation of VO2max - highest measured VO, during any graded exercise test (GXT);
GXT VO, -highest measured VO, during each GXT; VEB VO, highest measured VO, during each verification
exhaustive bout (VEB); VOzpeak, highest measured VO, during either the GXT or corresponding VEB. Mean and
standard deviation of GXT duration, max power (Watts) from each GXT, percentage of maximum power from
the prolonged GXT expressed as a percentage of W maximum power from GXT; and power of each VEB (Watts)
from the GXTs. Relative power of the verification exhaustive bout expressed as a percentage (%) of the maximal
power measured during the GXT. The subscript (i.e., 1, 3, 4, 7 or 10) refers to the stage duration (minutes) for
each test

GXT: GXTs GXTa4 GXT7 GXTuo

VO2max (ML kg min™) 62.1+5.8

GXT VO2 (mLkg*min?) 60.6+54 58.2+53 57.3x5.7 56.4+5.2 54949
VEB VO (mL kg min?) 60.1+5.8 58.9+5.9 58.8+6.1 56.4+5.9 54.7+6.6
VO2peak (ML-kgmin?) 61.0+53 597+54 58.9 + 6.0 57.3+54 56.2+5.5
GXT Duration (min) 11.3+0.9 268+14 349+1.9 59.2+33 81.6+4.6
Maximum Power (Watts) 420 £55 337 £ 46 321 £ 47 303+£43 295+43
Percent Wimax of GXT1 (%) 100 80.3+29 76.4+3.1 72.1+3.6 70.3+4.0
VEB (Watts) 378 +50

VEB (% of GXT Winax) 90 109.7+£3.8 118.4 + 18.7 125.4+19.3 128.8 + 20.4
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Table 2.6. Mean difference (MD) and standard deviation, effect size (ES), coefficient of the variation (CV) and p-value (p) for the measured
VOzpeak values from GXT1 compared with the VOzpeak values from GXTs, GXTa, GXT7, and GXTio and for the VOzpeak values from GXT1
compared with the VOzpeak Values from the VEB following GXT3, GXT4, GXT7, and GXT1o

GXT1vs. GXT3

GXT1vs. GXT4

GXT1vs. GXT?

GXT1vs. GXTuo

MD (mLkg*min?)
ES
CV (%)

p

-1.2+33
0.23
3.8
0.13

-21+42
0.36
4.9
0.06

3747
0.69
56
<0.01

-48+3.7
0.88
4.6

<0.01

GXTivs. VEB GXT3

GXT1vs. VEB GXT4

GXTivs. VEB GXTr

GXT1vs. VEB GXTio

MD (mLkg*min?)
ES
CV (%)

p

-21+59
0.37
4.2
0.02

-21+6.1
0.37
4.9
0.98

-46+59
0.81
6.1
0.03

-6.2+6.6
1.04
59
0.03

The subscript (i.e., 1, 3, 4, 7 or 10) refers to the stage duration (minutes) for each test
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2.4 Discussion

The main findings of the present study are as follows. Only 11 of the 58 threshold values
met our inclusion criteria as valid estimates of the MLSS. Of the 11 methods included in our
analysis, three of the ModDmax methods yielded the most favourable estimations of the MLSS,
and the Log-Poly-ModDmax derived from GXT4 provided the best estimation of the MLSS.
There was an inverse relationship between stage length and LT, and this effect was larger in
all Dmax methods compared with the OBLA and baseline plus absolute lactate value methods.
The VOzpeak Values measured during the longer duration GXTs (GXT3-10) underestimated the
VOzmax and the VOzpeak Values obtained from GXT1 (MD = 1.2 to 4.8 mLkgmin). Finally,
contrary to our hypothesis, the VEB after the longer duration GXTs did not yield VOzpea Values

comparable to the VOzpeax derived from GXTi.

The use of five GXT protocols, 14 common LT methods, the RCP and RCPwmiss
resulted in 58 unique thresholds. However, despite their common use, we observed that only
11 of these values met our criteria for inclusion (MD < 7.9 W; ES < 0.2; r > 0.90). Of the four
Dmax methods included in our analysis, one consisted of the traditional ModDmax method [75].
This had the poorest agreement relative to the other ModDmax methods included in our analysis.
The remaining three Dmax methods are new variations of the ModDmax method, and the Log-
Poly-ModDmax derived from GXT4 had the highest correlation and lowest mean difference with
the MLSS. These variations of the ModDmax method use the power at the log-log LT as the
initial intensity to calculate the ModDmax and then either the traditional third-order polynomial
or exponential plus-constant regression curve to fit the lactate curve [74, 77]. Although the
validity of these three methods has not previously been assessed, the favourable estimations of
the MLSS may be related to the greater objectivity with which they determine the intensity that

corresponds with the initial rise in blood lactate concentration [269].
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Although the original Dmax method is a commonly cited method for determining the LT
[74], we observed large mean differences (19 to 49 W) between the Dmax and MLSS. Three
previous studies have purported to investigate the validity of this method to estimate the MLSS
in trained male cyclists [166, 176, 260]. One concluded that the Dmax method derived from
GXT3s was a valid estimation of the MLSS (r = 0.97) [177]. We also observed a high correlation
between Dmax and the MLSS (r = 0.94 to 0.97) (Table 2.1), but, as indicated by the MD and
other measures, a high correlation is not sufficient to establish validity [183]. Another study
examined Dmax derived from two GXTs with similar durations (36 vs. 39 min), but with
different stage lengths (30-s vs. 6-min) [260]. The Dmax derived from GXT30s was not correlated
(r = 0.51) with the MLSS, even though the MD was 5 W, whilst the Dmax derived from GXTg
was correlated (r = 0.85); however, it underestimated the MLSS (MD =22 W). The third study
concluded the Dmax derived from GXT: yielded poor estimates of the MLSS (r = 0.56; bias = -
1.8 £38.1 W) [166]. Thus, although some studies [177, 260] have used correlation analysis to
suggest the Dmax provides a valid estimate of the MLSS, this is not supported by the more

comprehensive assessment of validity performed in the present and other studies [166].

There were five fixed blood LT methods and one baseline plus an absolute value that
met our inclusion criteria, and, as previously reported [76, 260], these varied with the GXT
protocol used. The baseline + 1.5 mmol'L™* was the only LT derived from GXTs included in
our analysis (bias = -6 + 35 W). This is consistent with the results of one previous study (bias
=0.5+ 24 W), which also recruited trained male cyclists and had a similar GXT protocol design
[178]. Consistent with our findings, this study also reported that an OBLA of 3.5 mmol-L*
derived from GXT3z did not provide a valid estimation of the MLSS. In contrast, another study

confirmed the validity of the OBLA of 3.5 mmol-L™* [176], despite recruiting trained cyclists
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and using an identical GXT protocol. These conflicting results are likely attributable to the low

reproducibility of the OBLA methods [167].

While none of the OBLAs from GXT3z met our inclusion criteria, the OBLA methods
of 2.5 mmol-L* derived from GXT4 and GXT7 provided valid estimations of the MLSS, as did
the OBLA of 3.0 mmol-L™ derived from GXT7 and GXT1o. The OBLA of 3.5 mmol-L™* from
GXT1o was the highest fixed blood LT that identified the MLSS. There is no previous data
investigating the validity of these OBLA methods. However, it is worth noting that these five
methods provided superior estimations of the MLSS compared with the original ModDmax, but

were less favourable than the newly-developed ModDmax methods.

An OBLA of 4.0 mmol-Ltis the most commonly-accepted fixed blood lactate value for
estimating the LT or MLSS. Three previous studies have attempted to validate use of an OBLA
of 4.0 mmol'L* with cycle ergometry [166, 180, 260]. One study found that it overestimated
the MLSS (MD = 49 W) when derived from GXT: [166]. The other study reported poor
agreement (bias 7 + 49 W) when OBLA of 4.0 mmol'L™* was derived from GXT4[180]. The
final study observed a poor correlation between an OBLA of 4.0 mmol-L* and the MLSS (r =
0.71) [260]. Our results indicated the OBLA of 4.0 mmol-L ! overestimated the MLSS across
all GXTs. Thus, in agreement with previous research, our results indicate; the OBLA of 4.0
mmol-L does not accurately estimate the MLSS. It is also worth noting that the original authors
cautioned the use of this OBLA method, given the lack of a significant correlation when

comparing OBLA methods from a GXT and the MLSS [76].

The RCP derived from an 8- to 12-minute GXT consistently overestimates the MLSS

[166, 193], and this was confirmed in our study (Table 2.1). Therefore, we used a regression
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equation based on the RCP (RCPwmLss) (Eqn. 5) to estimate the starting intensity for establishing
the MLSS [268]. Our results indicate there was good agreement between the MLSS and
RCPwmuss (Table 2.3). Nonetheless, for many participants the difference between MLSS and
RCPwmiss exceeded the CV% for the MLSS (Figure 2.3A). Therefore, although the RCPmiss
can be used as a convenient ‘starting point” when establishing the MLSS, we recommend
methods based on blood sampling from the current study and assessing blood lactate kinetics

in real time as recommended by Hering et al. [5] for a more accurate estimation of the MLSS.

Although a single GXT can be used to estimate both VOzmax and LT, the optimal test
duration for each measure is different [140, 259]. To address this challenge, we added a
supramaximal VEB after each GXT, equivalent to that performed following GXT1, expecting
all VEBs would yield similar VO, values. However, the VOzpeak values from the VEB after the
longer duration GXTs underestimated the VOzpeak from GXTa1. Although the VOzpea values
from GXTs and GXT4 were similar to GXTy, the differences were larger than the typical
coefficient of variability for VOzpeak (CV < 3%) [128]. Our results are consistent with previous
recommendations that longer duration GXTs are not optimal for establishing VOzpeak [126,
138]. Furthermore, while a VEB can be used to verify that VOzpeak Was achieved, it appears

that a VEB following a prolonged GXT cannot be used to establish VOzmax.

Extending the duration of the GXT stages results in a lower Wmax [4]. This has
implications for exercise prescription, as it is common in sport and exercise science research
to prescribe exercise intensity as a percentage of Wmax. For example, in the present study the
MLSS ranged from 63 + 4% (range = 52 to 72%) of Wmax from GXT1 to 82 + 4% (range = 74
to 88%) of Wmax from GXTa. Prescribing exercise in the current study cohort at a fixed

percentage of Wmax (e.9., 73% of Wmax), would result in all participants exercising above or
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below the MLSS, GXT;: and GXTj, respectively. This is important as it has previously been
reported that prescribing exercise relative to LT results in a more homogenous physiological
response than when exercise performed relative to Wmax [3]. This also highlights why it is
important to consider the GXT protocol and the method used to determine relative exercise

intensity when comparing results between studies.

The wide range of Wmax for each GXT is also note-worthy, the Wmax range for GXT1
was 320 to 517 W and the duration ranged from 9 to 12 minutes. Had we employed a
standardized GXT (e.g., 35 W increments), and assuming Wmax stayed constant, the range
would have been 9- to 15 min. Applying this to our longer duration GXTs resulted in a
homogenous duration (GXT4: 32- to 39 min), whereas a standardised approach (e.g., 35 W
increments) would have resulted in a range of 27- to 46 min [180]. Thus, individualizing GXT

protocol design is a useful approach to ensure homogenous test duration [39].

2.5 Conclusion

In conclusion, the traditional Dmax and OBLA of 4.0 mmol-L did not provide valid
estimates of the MLSS. The best estimation of the MLSS was the Log-Poly-ModDmax derived
from GXTa. The superior validity of our newly-developed ModDmax model may relate to the
objectivity for determining the initial rise in blood lactate concentration. It is apparent that both
VOzmax and LT cannot be determined in a single GXT, even if the GXT is followed by a VEB.
Therefore, to appropriately determine VOzmax the optimum duration of a GXT is 8-12 minutes
and the VO, values measured during the GXT and VEB be within 3% = CV [125]. Our data
also highlight how differences in GXT protocol design and methods used to calculate the

relative exercise intensity may contribute to the conflicting findings reported in the literature.



Chapter 3: Review of literature: influence of exercise intensity on
bioenergetics, homeostatic perturbations, signaling kinases, and genes

associated with exercise induced mitochondrial biogenesis.
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3.1 Introduction

Mitochondria are organelles found inside almost every cell in the body and their main
role is the generation of adenosine triphosphate (ATP), which is necessary for skeletal muscle
contractions [36]. Mitochondria are also involved in cell signalling, apoptosis, cellular
metabolism, and hormonal signalling [277-280]. Mitochondria play a pivotal role in many
diseases associated with ageing, such as degenerative diseases (e.g., vascular disease,
mitochondrial dysfunction), as well as insulin resistance and type 2 diabetes mellitus [35].
Associations between mitochondrial characteristics and endurance performance have also been
reported [96]. It is therefore important to better understand factors that influence mitochondrial

characteristics.

Mitochondrial biogenesis has been defined by our research group as “the making of
new components of the mitochondrial reticulum” [36, 121]. Aerobic exercise is a potent
stimulator for promoting mitochondrial biogenesis (i.e., exercise-induced mitochondrial
biogenesis), and this can lead to increases in mitochondrial respiration and mitochondria
content [95]. The bioenergetic and mechanical demands associated with exercise lead to
homeostatic perturbations and the activation of sensor proteins that initiate gene transcription,
the translation of genes into proteins, and subsequent modifications of the mitochondrial

network [96].

The bioenergetics of exercise refers to the pathway of adenosine triphosphate (ATP)
resynthesis during skeletal muscle contractions, which is dependent, at least in part, on exercise
intensity [59] (Figure 1.5; Chapter 1). Fatty acids and glucose are eventually oxidised within
the mitochondria via the tricarboxylic cycle (TCA cycle) and are the predominant sources of
energy during rest and sustained low- to moderate-intensity exercise [10, 281]. Non-

mitochondrial sources of ATP, which include lactate metabolism and the breakdown of
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phosphocreatine stores, have a greater contribution during higher intensity exercise [63]. The
exercise bioenergetics also influence subsequent homeostatic perturbations (“primary
messengers”), which include an increase in free fatty acid entry into the cell, an increase in
lactate production, an increase in the redox state of the cell (NAD*/NADH), an increase in
reactive oxygen species (ROS), an increase in ATP turnover (measured via AMP/ATP),
increased calcium flux, and mechanical stress; many of these are influenced by the biochemical
pathways of ATP resynthesis [10, 121] (Figure 3.1). These perturbations act as signals to the
activate sensor proteins (“secondary messengers”), such as calcium/calmodulin-dependent
kinases Il (CAMKII), 5° AMP-activated protein kinase (AMPK), p38 mitogen-activated
protein kinases (p38 MAPK), and sirtuin 1 (SIRT1) [15, 96]. These “secondary” messengers
activate nuclear and mitochondrial proteins, which initiate gene transcription via
transcriptional coactivators (e.g., PGC-1a), transcriptional activators (e.g., p53, NRF-1/2, and
mitochondrial transcription factors [e.g., TFAM]) (Figure 3.2). The increases in mRNA
content following a single session of exercise leads to translation processes that generate

proteins that are subsequently incorporated into mitochondria [121].

If exercise-induced homeostatic perturbations are an important determinant of exercise-
induced mitochondrial biogenesis, this suggests that higher exercise intensities (provoking
greater homeostatic perturbations) will more strongly activate mitochondrial biogenesis. In
support of this, an apparent relationship between exercise intensity and the signalling pathways
associated with exercise-induced mitochondrial biogenesis has been reported [10, 15, 18, 69,
121, 152, 282-286]. However, this may be attributed to much of the published research is that
submaximal exercise intensity is almost exclusively prescribed relative to maximal oxygen

uptake (VOzmax) or maximal work rate (Wmax) (Chapter 1; Section 1.2). A
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CAPILLARY

Figure 3.1. Energy Schematic for Skeletal Muscle During Exercise. ATP hydrolysis, catalyzed by myosin ATPase, powers skeletal
muscle contraction. Metabolic pathways of ATP generation in skeletal muscle include (1) the ATP phosphagensystem wherein the
degradation of PCr by creatine kinase (CK) produces free Cr and Pi, which is transferred to ADP to re-form ATP; the adenylate
kinase (AK) (myokinase) reaction catalyzes the formation of ATP and AMP from two ADP molecules; (2) anaerobic glycolysis,
where glucose-6-phosphate derived from muscle glycogen (GLY) (catalyzed by glycogen phosphorylase, PHOS) or circulating
blood glucose (GLU) (catalyzed by hexokinase, HK), is catabolized to pyruvate (PYR), which is reduced to lactate (LAC) by
lactate dehydrogenase (LDH), and produces ATP by substrate level phosphorylation; (3) processes of carbohydrate (glycolysis)
and lipid (b-oxidation) metabolism producing acetyl-CoA (Ac-CoA), which enters the tricarboxylic acid (TCA) cycle in the
mitochondria, coupled to oxidative phosphorylation in the electron transport chain (ETC). The two main metabolic pathways, i.e.,
glycolysis and oxidative phosphorylation, are linked by the enzyme complex pyruvate dehydrogenase (PDH). GLUT4 facilitates
glucose uptake to the sarcoplasm, which may undergo glycolysis or during rest/ inactivity, be stored as glycogen via glycogen
synthase (GS). Fatty acyl translocase (FAT/CD36) facilitates long-chain fatty acid transport at the sarcolemma, and, in concert
with fatty acid binding protein (FABPpm) and carnitine palmitoyltransferase 1 (CPT1), across the mitochondrial membrane. FFAs
entering the cell may be oxidized via b-oxidation or be diverted for storage as IMTG via esterification by monoacylglycerol
acyltransferase (MGAT) and diacylglycerol acyltransferase (DGAT). Liberation of FFAs from IMTG stores via lipolysis in skeletal
muscle during exercise occurs via the activities of HSL and ATGL. All pathways of ATP generation are active during exercise,
but the relative contribution of each is determined by the intensity and duration of contraction, as a function of the relative power
(rate of ATP production) and capacity (potential amount of ATP produced). CS, citrate synthase; Cyt ¢, cytochrome c; PFK,
phosphofructokinase. From Egan et al. [10]
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Figure 3.2. Schematic illustrating the influence of the biogenetics and homeostatic perturbations associated with
exercise intensity influencing the signalling kinases activating exercise induced mitochondrial biogenesis. Plasma
free fatty acids (FFA) enter the muscle cell via fatty acid translocase CD36 (FAT/CD36), which is converted into
fatty acid CoA (Fa-CoA), as well as intramuscular triglycerides (IMTGs). Fa-CoA enters into the mitochondria
via carnitine palmitoyltransferase 1 and 2 (CPT-1 and CPT-2) where it enters into B-oxidation and the tricarboxylic
acid cycle (TCA cycle). FFA activates fatty acid binding protein (FABP) which upregulates peroxisome
proliferator-activated receptors (PPARs) and retinoid X receptor (RXR). Plasma glucose enters into the muscle
cell via glucose transporter type 4 (GLUT4), where it either is converted into lactate or in acetyl-CoA for oxidative
phosphorylation (i.e., TCA cycle). Lactate increases cytosolic reactive oxygen species (ROS), that increases the
phosphorylation of calcium (Ca?*) calmodulin-dependent protein kinase 11 (p-CaMKIl). Ca?* released from the
sarcoplasmic reticulum necessary for the cross bridge cycle upregulates calmodulin and calcineurin, which
activate transcription factor EB (TFEB), and nuclear factor of activated T-cells (NFAT). Ca2+ phosphorylates
CaMKII which targets myocyte enhancer factor-2 (MEF2), the phosphorylation of Histone deacetylases (HDAC),
and cAMP response element-binding protein (CREB). Increased free adenosine monophosphate (AMP) produced
with increased ATP synthesis results in the increase in 5' AMP-activated protein kinase (AMPK) a 1 and 2 activity
(AMPK a 1/2), which phosphorylates AMPK (p-AMPK), targeting the phosphorylation of HDAC, and NAD-
dependent deacetylase sirtuin-1 (SIRT1), and mitochondrial-derived peptide (MOTS-c) translocation from the
mitochondria to the nucleus. ROS produced within the mitochondria and mechanical stress of muscular
contractions up regulates the phosphorylation of mitogen-activated protein kinases (MAPKS) [i.e., p38, c-Jun
NH2-terminal kinases (JNKSs), and extracellular signal regulated protein kinases (ERKSs)]. These phosphorylate
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-/a). The activation of nuclear
proteins results in gene transcription and translation targeting transcription factor A (TFAM), activating the
production of mitochondrial DNA (mtDNA).

limitation of this approach can be the inability to adequately normalise exercise intensity so as
to elicit homogeneous homeostatic perturbations in individuals of different fitness levels [3,
44, 65-68]. For example, exercise prescribed at 70% of VO2zmax resulted in significantly higher
concentrations of plasma markers (i.e., ammonia and hypoxanthine) associated with metabolic
stress in untrained compared with trained individuals [3]. Despite the evidence, these methods
remain staples for investigating the effects of different exercise interventions on exercise-
induced mitochondrial biogenesis. Prescribing exercise intensity relative to submaximal
anchors has been proposed to better differentiate between distinct exercise bioenergetics in
individuals of different fitness levels, and is also commonly used in applied exercise
physiology (Chapter 1; Section 1.3). However, despite their popularity, there is a lack of
research on how the prescription of exercise relative to these submaximal parameters affects

initiation of pathway regulating exercise-induced mitochondrial biogenesis.

The aim of this review is to highlight the influence of submaximal exercise intensity on

substrate utilisation, homeostatic perturbations, the activation of signalling kinases and
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transcriptional activators/coactivators, and gene transcription associated with exercise-induced
mitochondrial biogenesis. The process by which exercise bioenergetics and homeostatic
perturbations activate the signalling kinases that eventually modulate markers of exercise-
induced mitochondrial biogenesis will also be described. Lastly, recommendations will be
made regarding the methods for prescribing exercise intensity that are more valid methods to
normalise exercise intensity and which produce distinct changes in cell signalling pathways

associated with exercise induced mitochondrial biogenesis.

3.2 Exercise Intensity Influencing the “Primary Messengers” Associated with Exercise-
Induced Mitochondrial Biogenesis: Bioenergetics and Homeostatic Perturbations

3.2.1 Fatty Acids

Triacylglycerol (TAG) is stored in adipose tissue and consists of a glycerol molecule
bound by three fatty acid chains linked together [287]. Removing the fatty acids from the
glycerol molecule is defined as lipolysis [12, 288, 289]. Lipolysis is modulated by the
endocrine system, specifically by the release of adrenaline [290]. The binding of epinephrine
to the B-adrenergic receptor in adipose tissue phosphorylates adipose triglyceride lipase
(ATGL) [288, 289], which breaks the first fatty acid from the glycerol molecule forming
diacylglycerol (DAG) and releases one fatty acid molecule. Hormone sensitive lipase (HSL)
removes the second fatty acid and the third fatty acid is disassociated via monoglycerol lipase

[288].

Once released from adipose tissue, fatty acids bind to albumin in the plasma; this
facilitates the transport of fatty acids across the cell membrane via transport proteins-
predominately fatty acid translocase (FAT/CD36) [291-293]. Fatty acids are also stored within
skeletal muscle as intramuscular triglycerides (IMTG) and are converted to Fa-CoA, which is

highly present in oxidative muscle fibres (type 1), in proximity to the mitochondria (Figure
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3.3) [294, 295]. Fatty acids with IMTGs are disassociated from the glycerol molecule via
lipoprotein (LPL) and HSL and along with fatty acids transported into the muscle they are
transported into the mitochondria. Long-chain fatty acids are transported into the mitochondria

via the

Figure 3.3 (A & B). Transmission electron microscopy (TEM) of (A) oxidative (type 1) and (B) glycolytic
(type I1) muscle fibres. Black arrows pointing at intramuscular triglycerides (IMTG). Dashed arrows pointing
at mitochondria (M). TEM figures from unpublished data.

carnitine palmitoyltransferase-1 (CPT-1) through the outer mitochondrial membrane [296-
298]; short and medium chain fatty acids pass through this membrane without a transport
protein [297, 299, 300]. CPT-1 in the intermembrane space catalyses the transfer of a fatty acid
acyl group from acyl-CoA and free carnitine forming acyl-carnitine. CPT-1I facilitates the
transportation of acyl-carnitine across the inner mitochondrial membrane for oxidation. Fatty
acid oxidation (beta-oxidation) involves removing hydrogen ion (H*) from fatty acids, which
results in the production of acetyl-CoA via the B-Hydoxyl acyl-CoA enzyme [301] and this is
further metabolised in the tricarboxylic acid (TCA) cycle. In the TCA, cycle acetyl-CoA
combines with oxaloacetate to form citrate resulting in the combustion of acetyl-CoA to CO>
and H20 [302]. The energy released produces 11 ATP molecules per acetyl-CoA molecule

oxidised [287, 302].
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3.2.2 Fatty Acid Metabolism and Exercise Intensity

Lipids are an efficient and rich energy source during submaximal exercise; the body
stores >20,000 kcal of potential energy in adipose tissue and IMTGs [287, 303-305]. As
previously stated, lipolysis is modulated by the endocrine system and during exercise
circulating epinephrine concentrations can increase by >20 times above baseline values
(Figure 3.4A) [290, 306]; this results in an increase in free fatty acids in the blood of 2- to 3-
folds above resting values [307]. During exercise at low intensities (~25% of VOzmax), the
oxidation of plasma free fatty acids is the predominant contributor to the overall ATP demand,
with a small contribution from IMTG breakdown [11] (Figure 3.5). Total fatty acid oxidation
increases with increasing exercise intensity to the peak fat oxidation rate - referred to as the
maximal fat oxidation rate, which occurs between ~40 and 75% of VO2zmax. The wide range
does not appear to be strongly associated with training status and even amongst a
homogeneously trained group there is large variability. [287, 303, 308-311] (Figure 3.4B).
When exercise intensity exceeds the maximal fat oxidation rate, there is a reduction in fat
oxidation, which has been attributed to the large quantities of acetyl-CoA being produced via
glycolysis that enter the mitochondria and takes precedent over fatty acid oxidation in the TCA
cycle [291, 297]. The acetyl-CoA produced via glycolysis/glycogenolysis for acetyl-carnitine
binds with the available carnitine, which would otherwise be used to transport Fa-acyl CoA
through CPT-1; thus, decreasing FA-acyl will be available for B-oxidation [291]. The free
carnitine buffers excess glycolysis-derived acetyl-CoA by forming acetyl-carnitine; however,
by limiting concentrations of free carnitine this results in the inhibition of fatty acid transport
across the outer mitochondrial membrane and an eventual reduction in oxidation [12, 287, 309].
Another factor contributing to the reduction in fatty acid oxidation is reduced fatty acid release
from adipose tissue, which can be attributed to the decrease in adipotic blood flow [312, 313].

The influence of exercise intensity on fat oxidation is unique compared to other metabolic
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pathways and homeostatic perturbations, where there is a rise in fat oxidation until a decrease

that is concomitant with the increase in blood lactate above baseline (Figure 3.4C) [314].
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Figure 3.4 (A - C). (A) Epinephrine and norepinephrine concentrations at different intensities prescribed relative
to percentages of VO2max following 30 min of exercise. Data redrawn from Romijn et al. [11] (B) Mean (SD)
of fat (FAT) and carbohydrate (CHO) oxidation rates (gmin™) as a function of percentage of maximal oxygen
uptake (VO,, ). (C) Mean (SD) of fat (FAT) oxidation rates (gmin?) and blood lactate concentrations as a

function of percentage of maximal oxygen uptake (VO, ). Data retrieved from 17 trained participants Jamnick

et al. [1] from a graded exercise test that used 4-minute stages from 17 trained cyclists. 0% 0f VOzmax = resting
values
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Figure 3.5. Contributions of energy expenditure during sustained exercise derived from plasma glucose, plasma
free fatty acids (FFA), intramuscular triglycerides (IMTG), other fat sources and muscle glycogen stores. Data
redrawn from Romijn et al. [11] (i.e., 25%, 65%, and 85% of VO, ), and from van Loon et. al. [12] (i.e., rest,

44%, 57%, and 72% of VO, _ ) where exercise was prescribed as a percentage of maximal oxygen uptake
(VO,,.)- Romijnetal. [11] recruited 5 endurance trained cyclists (VO, = ~67 mL'kg_lmin'l) van Loon et al.
max 2max

. . R R S §
[12] recruited 8 trained male cyclists (VO,,  =~73.5mLkg min ")

There is a quadratic relationship between fatty acid oxidation and exercise intensity,
where there is a low rate of fatty acid oxidation and overall substrate oxidation during low
intensities that increases towards to the maximal fat oxidation rate as exercise intensity is
increased. This is followed by a continual decrease in fatty acid oxidation due to the decreased
carnitine availability caused by accelerated glycolysis (i.e., lactate production) [291, 309].
There appears to be no definitive relationship between VO or percentage of VOzmax and fat
oxidation; however, there appears to be a relationship between rates of fat oxidation and some
submaximal anchors. For example, the maximal fat oxidation rate appears to be associated with
the ventilatory threshold (VT) (r = 0.85) [315] and the lactate threshold (i.e., Dmax) (r = 0.75)
[316] and these indices are associated with accelerated glycolysis and increased lactate

production [92, 103, 109]. Thus, it appears there is a relationship between lactate production
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and fatty acid oxidation during progressive exercise intensity, where there is an exponential

increase in blood lactate the occurs in conjunction with a rapid decrease in fat oxidation.

3.2.3 Glycolysis/Lactate
Carbohydrates are present in the form of plasma glucose and stored muscle glycogen.

The uptake of circulating blood glucose into skeletal muscle occurs by facilitated diffusion via
the glucose transporter type 4 (GLUT4) (Figure 3.1) [317]. Once glucose has been transported
into the cell it is phosphorylated to glucose-6-phosphate (G-6-P) and catalysed by hexokinase-
Il (HKII) [318]. The breakdown of stored muscle glycogen is regulated by glycogen
phosphorylase (GP), which produces glucose-1-phosphate (G-1-P) [319]. Similar to plasma
glucose, muscle glycogen is converted to G-6-P from G-1-P via phosphoglucomutase.
Phosphofructokinase (PFK) not only catalyses the reaction of G-6-P to the eventual production
of pyruvate, it is also the rate limiting enzyme of glycolysis [320]. Pyruvate is formed within
the cytosol and during aerobic metabolism it is transported across the outer mitochondria
membrane through porins and across the inner membrane through the mitochondrial pyruvate
carrier 2 (MPC2) [321]. The oxidation of pyruvate to acetyl-CoA releases CO. along with
electrons that bind to NAD" to form NADH [322]. The energy released from a

glucose/glycogen molecule is 30-32 ATP molecules per acetyl-CoA molecule oxidised [318].

Pyruvate can also yield ATP via the lactate dehydrogenase reaction in the cytosol (i.e.,
pyruvate + NADH + H" « lactate + NAD") (Figure 3.1) [323]. Through the Law of Mass
Action, when cytosolic pyruvate, NADH, or H" rises so does the increase in lactate formation
[324]. The increase in cytosolic ATP turnover (lactate formation) is a consequence of
mitochondrial ATP turnover reaching capacity, which drives increased cytosolic

concentrations of pyruvate, NADH, and H* [13]. This is attributed to both accelerated
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glycolysis and the mitochondria’s ability to recycle H* reaching capacity, respectively [59,
325]. The primary driver of increased lactate formation is the cytosolic redox state; specifically,
cytosolic NADH [13]. NADH produced within the mitochondria via pyruvate dehydrogenase,
B-oxidation, and the TCA cycle is consumed during oxidative phosphorylation unless the rate
of production exceeds the rate of consumption, which leads to the excess being transported into

the cytosol [326, 327]. The ATP yield from lactate is 2 ATP per lactate molecule.

3.2.4 Lactate and Exercise Intensity
The use of glucose/glycogen for ATP generation yields less potential energy relative to

the oxidation of lipids, where ~2,400 kcal of glycogen is stored within the skeletal muscle and
liver and ~100 kcal is circulating as blood glucose. As previously stated, acetyl-CoA produced
via glycolysis/glcogenolysis inhibits fatty acid oxidation. During low-intensity exercise (~25%
of VOzmax) plasma glucose and IMTGs contribute a small portion of the overall energy
expenditure, while plasma free fatty acids are the predominant contributor to overall ATP
demand (Figure 3.5) [11]. As exercise intensity increases, the overall contribution to ATP
synthesis from glucose/glycogen breakdown exceeds that from fatty acids (i.e., the cross-over
concept) (Figure 3.4A) [328]. Maintaining ATP demand with the reduction of fatty acid
oxidation results in accelerated glycogenolysis, which is facilitated via catecholamine
regulation [117, 329-331]. Epinephrine increases the glycogenlytic rate by interacting with the
[-receptor on the cell membrane, which increases adenylate cyclase activity and results in an
increase in CAMP and the activation of phosphorylase kinase [332]. Phosphorylase kinase
facilitates the transformation from the inactive form of phosphorylase b to its active form
phosphorylase a [117, 333] via calcium release from the sarcoplasmic reticulum [334, 335];
this leads to an increase in glycogen utilisation [330]. Once mitochondrial ATP production is

at capacity this drives the formation of lactate in the cytosol, which primarily occurs in the fast-
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twitch muscle fibres due to their lower oxidative capacity and propensity for lactate formation
[59]. Fast-twitch fibres have a greater expression of lactate dehydrogenase (LDH), which
facilitates greater lactate formation [336, 337]; furthermore, these fibres are recruited in a
hierarchal fashion (i.e., the size principle), which drives the formation of lactate with increased
exercise intensity [102, 338]. Intramuscular lactate formation typically increases exponentially
at exercise intensities exceeding ~45% of VOamax [12, 57, 80, 87, 88, 97, 98, 323] (Figure
3.6A). The increase in intramuscular lactate coincides with the increased rate of carbohydrate
oxidation and a decrease in fat oxidation due to the acceleration of acetyl-CoA produced via

glycolysis and the recruitment of more glycolytic muscle fibres (Figure 3.5A).
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Figure 3.6 (A-C). Figures illustrating the relationship between exercise intensity and intramuscular lactate production
(A), (B) reduction-oxidation state of muscle measured ratio between reduced and oxidised form of Nicotinamide

adenine dinucleotide (NAD+/NADH) (solid line) and intramuscular lactate concentrations (dashed line) Sahlin et al.
[13] (C), NADH production concentrations in whole muscle, type 1 and type 11 (D). Exercise intensity was prescribed
relative to percentage of maximal oxygen uptake (VO,, ). 0% of VOamax = resting values
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3.2.5 Reduction-Oxidation Reaction (Redox State)

The redox state of the cell is characterised as the balance between the oxidation (loss
of an electron) and reduction (gain of an electron) of molecules, atoms, and ions. NAD™ is an
important co-enzyme essential for glycolysis, pyruvate formation, the TCA cycle, and
oxidative phosphorylation [339]. Enzymes involved in ATP production use NAD™ as a hybrid
transfer, which catalyses the reduction of NAD" to NADH (e.g., pyruvate + NAD* < Acetyl-
CoA + NADH) (Figure 3.2) [327]. The NAD*/NADH ratio regulates cellular redox state,
specifically in the mitochondria and nucleus. Mitochondrial NAD* appears to be more
abundant and stable compared to cytosolic NAD", and this maintains oxidative phosphorylation
[340]. During increased rates of glycolysis, there in an increased formation of cytosolic NADH
due to the increased transport of reducing equivalents from the mitochondria to the cytosol
[106]. The concomitant increase of cytosolic NADH and H* results in increased lactate

production and raising NAD", thus increasing the cytosolic redox state.

3.2.6 Redox State & Exercise Intensity
The redox state of muscle increases with exercise intensity; specifically, there is an

increase in the NAD*/NADH ratio above baseline when exercise intensity exceeds ~40%
VO2max [13] (Figure 3.6B and 3.6C). This is attributed to the Law of Mass Action, where H*
is raised in the cytosol, which drives the conversion of pyruvate to lactate [59, 106] and the
resultant increase in NAD™ raises the redox state (Figure 3.6B). It is worth noting the redox
state in this study was examined in whole muscle and research investigating the redox state of
subcellular compartments has only been quantified via in silico analysis [326]. Future research
should investigate the relationship between cytosolic and mitochondria redox states relative to

exercise intensity.
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3.2.7 ATP Turnover

Changes in cellular energy requirements during muscle contraction are a major
contributor to disrupting cellular homeostasis [341]. During contractile activity, energy
demand is increased and so is ATP turnover. ATP is synthesised via oxidative phosphorylation
(i.e., mitochondrial ATP turnover) and via cytosolic ATP turnover (i.e. lactate oxidation and
phosphocreatine breakdown) [59]. ADP is produced via ATP hydrolysis (ATP + H O — ADP
+ Pi + HY), which facilitates the production of AMP via the Adenylate kinase reaction (2 ADP
— ATP + AMP + H") (Figure 3.7A) [342]. When ATP utilisation exceeds ATP production,
deamination of adenosine nucleotides, followed by reamination, causing a rapid increase in

AMP resulting in a rise in the AMP:ATP ratio.

3.2.8 AMP:ATP Ratio & Exercise Intensity
Similar to intramuscular lactate, the AMP/ATP ratio increases exponentially when

exercise intensity exceeds ~45% of VOzmax [13, 14, 87, 88, 286, 343] (Figure 3.7B). This
increase iIs a result of increased cytosolic ATP turnover, and the rate of cytosolic AMP
appearance increases when the rate of ATP produced via oxidative phosphorylation exceeds
capacity and excess AMP is deaminated into inosine monophosphate (IMP) (AMP + H* —

IMP + NHa) [344].
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3.2.9 Calcium Flux

The neural activation of a motor unit via the generation of action potential results in the
release of Ca®* from the sarcoplasmic reticulum. Ca?* binds to troponin C and exposes the actin
binding site, thus allowing the cross-bridging of striated muscle [345]. It has been postulated
that increased Ca?* concentration is related to the number of motor units recruited and
subsequent greater force [10, 18, 346]. Although difficult to measure in vivo, pyruvate
dehydrogenase (PDH) activation and glycogen phosphorylase transformation are activated by

Ca?" and can be used as indirect measure of Ca?* flux [14, 347].

3.2.10 Calcium Flux & Exercise Intensity
As exercise intensity increases there is greater PDH activation and glycogen

phosphorylase transformation [14, 319]. During low-intensity exercise, the muscle fibres with
a lower threshold (i.e. slow-twitch fibres) are recruited first, and as exercise intensity increases
muscle fibres with larger thresholds (i.e. fast-twitch fibres or type Il fibres) are recruited in a
hierarchal pattern (Figure 3.8A) [102, 338]. This hierarchal recruitment of muscle fibres is the
result of the neural activation of more motor units and leads to increased Ca®* release from the
sarcoplasmic reticulum. An increase in exercise intensity leads to greater Ca®* released from
the sarcoplasmic reticulum, which increases glycogen phosphorylase activity (Figure 3.8 B)
[14]. There appears to be a disproportionate transformation/activation of PDH and glycogen
phosphorylase as exercise intensity increases. Although free Ca®* concentrations were not
measured, it is plausible that free Ca?* is released disproportionately in response to increases
in exercise intensity as muscle fibre recruitment during progressive exercise follows such a
pattern [103, 116]. Thus, the decrease in contractile efficiency due to the recruitment of

glycolytic muscle fibres likely causes a disproportionate free Ca?* release [14].
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Figure 3.8 (A & B). Figures illustrating the relationship between exercise intensity prescribed as a percentage
maximal oxygen uptake (VO, ) and (A) muscle fibre recruitment, (B) indirect measure of ca’ flux via
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3.2.11 Reactive Oxygen Species (ROS)
Reactive Oxygen Species (ROS) are produced within the mitochondria, when ATP are

produced via oxidative phosphorylation, which involves the transportation of H" out of the
mitochondria via the electron transport chain [348, 349]. As electrons pass through the inner
mitochondrial membrane, a series of oxidation-reduction reaction ultimately results in the
production of H20 or if the oxygen molecule is not reduced, a superoxide radical (O2). The
Oz’ is then converted into hydrogen peroxide (H202) via superoxide dismutase (SOD), whilst
simultaneously being transported into the cytosol [350]. The other source of ROS produced
within the mitochondria, the sarcoplasmic reticulum, the transverse tubules and the plasma
membranes are via NADPH oxidase and xanthine oxidase [351]. Moreover, lactate produced
via glycolysis also produces ROS [352]. For further review about ROS sources, the reader is

referred to Powers and Jackson [353].
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3.2.12 Reactive Oxygen Species & Exercise Intensity

Low-intensity exercise produces ROS, where a 1- to 3-fold increase in Oz is observed
during exercise and during high-intensity exercise the rate of ATP synthesis facilitates
increased ROS production [353-356]. Only one study has examined the influence of exercise
intensity on markers associated with ROS, where increased exercise intensity resulted in higher

lymphocyte ROS production (Figure 3.9) [16].
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Figure 3.9. Figures illustrating the relationship between exercise intensity and reactive oxygen
species production. There was a significant increase above baseline following exercise quantified
at 90-100% of maximal oxygen uptake. Redrawn from Sureda et. al. [16].

3.2.13 Mechanical Stress

Mechanical stress refers to the tension produced via skeletal muscle contractions, which
alters both the physical contractile filaments (e.g., myosin and actin) [357, 358] and passive
structures of the sarcomere (e.g., titin) [359]. Muscle contractions produce tension at the
myosin and actin binding sites and on titin, which connects the thick filament to the z-line.
Quantifying muscular tension in vivo is difficult; thus, it is often quantified by external
force/work produced (e.g., power, total work, etc.). Muscular tension has been measured in
vitro using rat plantaris and appears to be related to the type of muscular contraction, where

eccentric exercise produced the largest amount of tension (Figure 3.10) [17].
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Figure 3.10. Figures illustrating the relationship between in vivo (rat plantaris) muscle tension
(Mean + SD) and concentric, isometric and eccentric muscle contractions. Redrawn from Martineau
etal. [17].

3.2.14 Mechanical Stress & Exercise Intensity

As in vivo measures of mechanic stress are too challenging to quantify, the level of
mechanical stress produced during aerobic exercise is only associated with the amount of
external work performed. Thus, increased work rates have been proposed to result in increased

mechanical stress [10].

3.2.15 Summary of the Influence of Exercise Intensity on the Primary Messengers
The aim of this section was to discuss and synthesise the current literature of the

“primary messengers” that initiate the sequence of exercise-induced mitochondrial biogenesis.
While some of these “primary messengers” are well described in the literature and the
relationship between exercise intensity is well established, some these messengers remain
poorly described and future research should address the relationship with intensity. There is a
unique relationship between exercise intensity and the aforementioned primary messengers;

specifically, there appears to be disproportionate increase in epinephrine/norepinephrine,
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intramuscular and blood lactate, the redox state of the cell, AMP/ATP ratio, ROS, and Ca?*
flux starting at intensities above ~45% VOzmax (Figure 3.11). Moreover, with this
disproportionate increase there is a concomitant decrease in free fatty acid oxidation. The
disproportionate increases can be better characterised as a threshold-response relationship,
while the relationships between exercise intensity and the fat oxidation rate can be described
as a quadratic relationship. The overarching limitation of the discussed research is that exercise
intensity is almost exclusively prescribed relative to a maximal anchor and there is little/no
research quantifying these primary messengers in relation to exercise-induce mitochondrial
biogenesis. Moreover, although it is clear these primary messengers activate the secondary
messengers associated with exercise-induced mitochondrial biogenesis, there is little/no
research examining the entire exercise-induced mitochondrial biogenesis pathway described in
the review. Lastly, it can be expected there will likely be a disproportionate activation of

secondary messengers - discussed in the next section.
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Figure 3.11. Figure illustrating the relationship between exercise intensity prescribed as a percentage of VOzmax
and the redox state of the cell, blood and intramuscular lactate, carbohydrate and fat oxidation, the AMP/ATP
ratio, and adrenaline (i.e., epinephrine and norepinephrine). Mathematical models (e.g., exponential plus
constant or quadratic regression) were derived from in vivo studies using data from Figures 3.3 - 3.5. Data was
scaled to yield homogenous y-axis values. 0% of VOzmax = resting values
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3.3 Exercise Intensity Influencing the “Secondary Messengers” Associated with
Exercise-Induced Mitochondrial Biogenesis

The “primary messengers” act as signals that activate the sensor proteins or “secondary
messengers,” these messengers such as AMPK, CAMKII, p38 MAPK, and SIRT1 have been
well established. The aim of this section to synthesise the known literature of these “secondary
messengers” and their relationship with exercise intensity. As with the disproportionate
relationship observed with the primary messengers and exercise intensity it is anticipated that
a similar relationship will be observed with the secondary messengers.

3.3.1 Exercise Intensity Modulating AMPK

Changes in cellular energy balance activate the signalling protein AMPK, which has
been implicated in the regulation of metabolic processes, energy levels, and mitochondrial
biogenesis [10]. Activation of AMPK plays an important role in the regulation of metabolism
and mitochondrial biogenesis [360]. An increase in the AMP:ATP ratio activates AMPK by
the allosteric binding of the AMP molecule to cystathionine B-synthase (CBS) [361]; AMPK
can also be activated via phosphorylation at the 172 tyrosine site (Thr!’?) [362], by the tumour
suppressor liver kinase B1 (LKB1) [363], and by Ca?*/CaM-dependent protein kinase kinase
(CAMKKS) [364, 365]. Moreover, ROS also activates AMPK subunit a1/2 [366] and AMPK
location and translocation between cellular compartments plays a key role in its activity [367].
These mechanisms illustrate the complex nature of signals subsequent to contractile activity

that ultimately activate AMPK.

Similar to the AMP/ATP ratio, AMPK activity (i.e., of subunits a1/2) increases when
exercise intensity increases [286, 343, 368] (Figure 3.12 A). Moreover, increased ROS also
modulates AMPK activity and p-AMPK content by modulating the increase in the AMP:ATP
ratio [350]. The phosphorylation of AMPK (p-AMPK) is influenced by exercise intensity,

where exercise at 40% of VOzmax does not increase p-AMPK [15], and exercise performed at
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51 and 55% of VOomax results in a minimal increase in p-AMPK (1.3, and 1.1 fold-change,
respectively) [286, 369]. Exercise performed at higher intensities (70, 73 and 80% of VO2max)
results in a larger increase in p-AMPK (1.7, 2.2 and 2.8 fold-change, respectively) [15, 286,
369]. This, research suggests that there is greater activation of AMPK at higher exercise
intensities, with a possible threshold-response for activation of an intensity 40 to 50% VOzmax

(Figure 3.12 B).

During muscular contractions greater AMPK activity mediates increases in fatty acid
transport to the mitochondria via phosphorylation of acetyl-CoA carboxylase (ACC) [370] and
modulates increases in glucose uptake and fatty acid oxidation [371]. Following exercise,
AMPK controls mitochondrial biogenesis by modulating gene expression and transcriptional
regulation, which leads to a more oxidative phenotype [10]. AMPK activates PGC-1la via
phosphorylation, and the level of activation is modulated by exercise intensity [15, 343]. There

are other mechanisms where AMPK indirectly controls PGC-1a. AMPK enhances
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Figure 3.12 (A & B). Figures illustrating the relationship between exercise intensity prescribed as a
percentage of maximal oxygen uptake (VO, . ) and (A) o2 AMP-activated protein kinase (AMPK)

activity, and (B) the phosphorylation of AMPK. 0% of VO2max = resting values

SIRT1 activity by increasing cellular NAD* levels by promoting NAD" via B-oxidation, which
then modulates PGC-1 activity and other downstream targets via deacetylation [372] (Figure
3.2). Furthermore, AMPK can indirectly control PGC-la expression via HDAC

phosphorylation at Ser?® and Ser*®8, which results in the export of HDAC from the nucleus
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[373]. AMPK also phosphorylates the tumor suppressor p53 at Ser'® [374], where a single bout

of exercise results increased AMPK and phosphorylation of p53 [285, 375].

A mitochondrial-encoded peptide (MOTS-c) is a novel protein involved with protecting
against metabolic stress [376]. Metabolic stress induces an AMPK dependent translocation of
MOTs-c to the nucleus. MOTS-c regulates genes associated with glucose deprivation;
specifically, nuclear factor erythroid 2-related factors (NFE2L2) and NRF-2 [377, 378] (Figure
3.2). To date, there is no research investigating the influence of exercise intensity on MOTS-c

translocation in human skeletal muscle.

3.3.2 Exercise Intensity Modulating CaMKI|I

As well as playing a pivotal role in the cross-bridge cycle and accelerated
glyocgenolysis, Ca®* is an important activator of different signalling pathways linked to
mitochondrial biogenesis. Once released, Ca®* binds to calmodulin (CaM), which binds and
regulates calmodulin-dependent protein kinases (CaMKs); specifically, CaMKII, the dominant
isoform in human skeletal muscle. CaMKII plays a prominent role in transcriptional activity
and the regulation of muscle plasticity [10, 121, 379] (Figure 3.2). Furthrmore, the increase in
p-CaMKII is driven by the increase in ROS due to increased lactate production [352, 380, 381].
Exercise intensity appears to be a modulator of the phosphorylation of CaMKII (p-CaMKII)
[15, 18, 70]. The phosphorylation of phospholamban (PLN) at Thr!’ (p-PLN'") has been
identified as a CaMKII substrate in skeletal muscle and is influenced by exercise intensity
(Figure 3.13A) [18]. p-PLN*" was increased above baseline at 35%, 60%, and 85% of VO2max
and the increase at 85% of VOzmax Was significantly greater than that at 35% and 60% VO2zmax.
Similarly, when work matched aerobic exercise at 40% and 80% of VO2zmaxWas compared there

was an increase in the p-CaMKIIl immediately post exercise at 80% of VOzmax cOmpared to
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baseline, with no changes immediately following exercise at 40% of VOzmax (Figure 3.13B)
[15]. This research suggests there is greater activation of CaMKII at higher exercise intensities,
with a possible threshold-response for activation of an intensity 40 to 60% VO2max.
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Figure 3.13 (A & B). Figures illustrating the relationship between exercise intensity prescribed as a
percentage of maximal oxygen uptake (VO,, ) and (A) phosphorylation of phospholamban, and (B)

calcium-calmodulin-dependent kinase Il (CaMKII). Data redrawn from Rose et al. [18] and Egan et
al. [15]. 0% of VOzmax = resting values
Previous research has demonstrated that raising intracellular Ca?* in cell culture stimulated
signal transduction [382, 383]. Specifically, serum response factor (SRF) myocyte enhancer
factor-2 (MEF2), histone deacetylase 4/5 (HDAC), PGC-1a and nuclear respiratory factor 1
and 2 (NRF-1/2) and cAMP response element binding protein (CREB) [10, 18, 379, 382, 384];

together these transcription factors ultimately induce transcriptional activity.

3.3.3 Exercise Intensity Modulating p38

The physical structures of the sarcomere consist of the contractile units (i.e., myosin
and actin), responsible for the shortening of the sarcomere and the mechanical stress on the
muscle cells. The physical manipulation of the cells leads to transcriptional activity. During

muscle contractions, mechanical stress increases mitogen-activated protein kinases (MAPKS)
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[10]; specifically, c-Jun NH2-terminal kinases (JNKs) [385], p38 [386], and ERK [387]

(Figure 3.2).

Mechanical stress and ROS increase the expression of the MAPK family; specifically,
increased ROS upregulates p-38 MAPK [388, 389]. The phosphorylation of p38 (p-p38) does
not appear to be influenced by submaximal exercise intensity, where there was no observed
difference between the p-p38 when comparing exercise performed at 40 and 80% of VOamax
[15]. It is worth noting that a single bout of sprint interval exercise (~168% of Wmax) yields a
larger increase in p-p38 compared to continuous submaximal exercise (~55% of Wmax) [69,
70]. This suggests that submaximal exercise intensities do not provide substantial difference in
metabolic stress, unlike sprint interval training, compared to submaximal exercise. Although
the activation of p38 appears to be influenced by exercise intensity, there doesn’t appear to be

a threshold response during submaximal exercise similar with AMPK and CaMKI|I.

3.3.4 Exercise Intensity Modulating SIRT1 Activity
The redox state regulates the sirtuin family of enzymes (SIRT1 - 7) [390, 391];

specifically, NAD" levels enhance SIRT1 activity. SIRT1 is a NAD"-dependent deacetylate
that has been described as a “master metabolic sensor” [392, 393]. SIRT1 depends on NAD"
fluctuations, thus tying its activity to the metabolic state of the cell (Figure 3.2). SIRT1 is a
downstream regulator of PGC-1a and p53; SIRT1 activity appears important as an increase in
PGC-1a can be observed, despite a reduction in SIRT1 protein [394, 395]. Although no
research has directly investigated the influence of exercise intensity on SIRT1 activity, six
weeks of high-intensity interval training resulted in an increase in SIRT1 activity with a
decrease in SIRTL protein SIRT1 activity may be a better indicator of downstream regulation

of coactivators [395, 396]. Furthermore, SIRT1 gene [397, 398] and protein expression [399]
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can be elevated after a single bout of exercise. Although no study has directly investigated
SIRT1 activity, in vivo experiments have demonstrated that SIRT1 activity is increased with
cellular stress and modulates PGC-1a [400, 401]. Therefore, exercise intensity would likely
have an effect on SIRTL1 activity as cellular stress increases with intensity. The main
downstream targets of SIRT1 are PGC-la and p53. Activation of PGC-la occurs via
deacetylation by SIRT1 [327, 402] and requires the activation by AMPK [372]. The
deacetlyation allows alterations in the cellular redox state for adaptive changes in gene

expression and cellular metabolism [372, 400].

3.4 Influence of Exercise Intensity on Transcription Factors

3.4.1 Fatty Acid Binding Protein

Fatty acids released from adipose tissue act as natural ligands that bind to fatty acid
binding protein (FABP), which transports FFAs into the nucleus where they modulate
peroxisome proliferator activated receptors (PPARs) PPARa, PPARS and PPARY protein [403-
406]. This modulation is further influenced by the phosphorylation of AMPK, p38, and
extracellular signal regulated protein kinases (ERK) [407]. As previously mentioned exercise
intensity influences the modulation of AMPK and p38; however, there is no research
investigating the influence of exercise intensity on FABP following an exercise session.
Moreover, future research should investigate the localised protein expression of FABP

following exercise.

3.4.2 PGC-1a Protein, The “Master Regulator” of Mitochondrial Biogenesis
PGC-1a is an important regulator of exercise-induced mitochondrial biogenesis [96];

specifically, it modulates metabolic control, transcriptional activity, as well as mitochondrial
respiratory function and turnover [408, 409]. Increased PGC-la protein induces gene

expression of PGC-1a, NRF-1/2, p53, and TFAM [96]; thus, coordinating the gene expression
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of mitochondrial-encoded proteins (Figure 3.2). An increase in nuclear PGC-1a protein
content has been observed following a single exercise session [410], due to either potential
translocation into the nucleus from the cytosol [411, 412] or increased PGC-1a stability [413].
The increase nuclear PGC-1a protein is influenced by exercise intensity, as sprint interval
training (~176 Wmax) results in larger increases (~1.7 to 2.3 fold-change) compared to
submaximal (~55% of Wmax) exercise intensity (~ 1 to 1.5 fold-change) [69, 410]. Another
study observed a significant increase in nuclear PGC-1a protein following a high intensity
interval training session (i.e., 10 X 2 min @ 79% of Wmax) [414]. Although not explicitly

examined, exercise intensity may play a role the increase in nuclear PGC-1a protein.

3.4.3 p53 Protein - “Guardian of the Genome” and Metabolic Regulator
Increased p-p38 MAPK and p-AMPK are upstream targets [415] of the tumour

suppressor protein - p53, which is regarded as the “guardian of the genome” as it regulates
processes such as cell cycle arrest, senescence, apoptosis, autophagy, DNA-damage and repair,
and tumour suppression [415-417]. p53 also modulates glycolytic and oxidative pathways
[418], mitochondrial remodelling, and the transcription of PGC-1a [419] and TFAM [420];
thus, p53 is an important regulator of mitochondrial biogenesis (Figure 3.2). Following a single
session of exercise, there is an increase in p53 nuclear protein content [69, 421]; however, the
change in nuclear protein does not appear to be influenced by exercise intensity as there was
no difference between fold changes when comparing sprint (=176 Wmax) Vs submaximal
intensity (~55% of Wmax) [69]. However, p-p53 in the nucleus does appear to be influenced by
exercise intensity, where there was an observed increase following sprint interval training but
no increase after 24 minutes of exercise at 55% of Wmax [69]. Another study observed a
significant increase in nuclear p53 (~1.3 fold-change) and p-p53 (~1.4 fold-change) following

a high-intensity interval training session (i.e., 10 X 2 min @ 79% of Wmax) [414]. Similar to
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PGC-1a, although not explicitly measured, it appears that exercise intensity may influence the
p-p53 following a single exercise session; furthermore, future research should investigate the

influence of exercise intensity on the content of p53 in different subcellular fractions.

3.4.5 Histone Deacetylase (HDAC)
Histone deacetylase (HDAC) is a downstream target of p-AMPK and p-CaMKII and

increased levels of HDAC protein are associated with transcriptional activity [422-424].
Furthermore, HDAC subunits 4,5, and 7 are the predominant isoforms in the nucleus of the
skeletal muscle [10]. During rest HDAC4/5/7 supresses myocyte enhancer factor-2 (MEF2),
which is responsible for transcriptional activity [425, 426]. However, when activated HDAC
leaves the nucleus, HDAC no longer suppresses MEF2 [373], thus allowing MEF2 to act on
the binding site of the target gene [424, 426]. p-HDAC4/5/7 is influenced by exercise intensity,
as there is a 2.0-fold change immediately following exercise at 80% of VOzmax and no observed
change following exercise at 40% of VOamax [15]. Thus, it appears that relieved suppression of
MEF2 via the HDAC pathway is subject to the magnitude of activation via p-AMPK and p-

CaMKIl.

3.4.6 cCAMP Response Element-Binding Protein (CREB)

CAMP Response Element-Binding Protein (CREB) is a nuclear transcription factor
[427] that modulates the transcription of genes and is a downstream target of p-AMPK and p-
CaMKII [428]. Interestingly, there was an exercise intensity-dependent decrease in p-CREB
immediately following exercise; specifically, there was a significant decrease following
exercise at 80% of VOzmax, followed by with significant increases +4.2 h (~1.7 fold-change)
and +3.6 h (~1.8 fold change) from the onset of exercise following exercise at 80 and 40% of
VO2zmax, respectively [15]. Furthermore, p-CREB remained elevated (~1.7 fold-change) +19.6

h from the onset of exercise following exercise at 80% of VOzmax [15].
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3.4.7 Conclusion
It appears the aforementioned transcription factors may be influenced by

exercise intensity; however, there is little research directly investigating this hypothesis.
Moreover, the majority of research has measured mRNA expression or protein content within
the whole muscle. The translocation or activation of transcription factors to the nucleus is
required to modulate transcriptional activity; therefore, future research should examine the
changes in protein content in subcellular fractions. Lastly, future research should employ
multiple intensities within the same population to characterise the relationship between

exercise intensity and the protein content of transcription factors within subcellular fractions.

3.5 Influence of Exercise Intensity on Genes Associated with Mitochondrial Biogenesis

3.5.1 PPAR mRNA
The PPARs form heterodimers and bind to cognate DNA response elements along with

members of the retinoid X receptor (RXR) family [429], which modulates the expression of
PGC-1a, FAT/CD36, cytochrome ¢, and enzymes involved in fatty acid and p—oxidation [430,
431] (Figure 3.2). The subunits of PPARs each have distinct functions. PPARa is a
transcription factor and a major regulator of lipid metabolism in the liver, PPARY is mainly
present in adipose tissue and regulates fatty acid storage and glucose metabolism, and PPARS
is associated with an increased oxidative capacity [431]. There is one study that has examined
the influence of exercise intensity on PPARS mRNA expression, a significant increase in
PPARS mRNA expression following 36 minutes at 80% of VOamax; and no increase was
observed following exercise at 40% VOzmax [404, 405, 432]. . Another study demonstrated
that high-intensity exercise (90% of VOgpeax) increased PPARy mRNA [64]; however, there

were no increases in PPARa or PPARS mMRNA. Therefore, exercise intensity may influence
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PPAR signalling; however, further research needs to elucidate the relationship between mRNA

and transcriptional activity.

3.5.2 PGC-1a mRNA
A single session of exercise activates the aforementioned signalling kinases ultimately

modulating PGC-1a, where PGC-1a. mRNA can increase ~2 to 15-fold, 3.2 to 6 hours from the
onset of exercise [15, 64, 69, 70, 121, 282-285, 410, 434-454] (Figure 3.14 A). The fold change
in PGC-1oo mRNA appears to be influenced by exercise intensity, where a significant
correlation exists with intensity expressed as a percentage of maximal work rate (Wmax).
Furthermore, controlling for the length of the training session results in a stronger correlation
between PGC-1a mRNA and maximal work rate (Figure 3.14B). By calculating the rolling
average of five data points of changes in PGC-1a mRNA relative to Wmax, there appears to be
a disproportionate increase in PGC-1a mRNA at ~65% of Wmax (Figure 3.14A and 3.14B).
This may be attributed to the work rates associated with the MLSS and CP occurring at a similar

percentage [1, 132].

3.5.3 p53 mRNA

The tumour suppressor protein p53, is regarded as the “guardian of the genome” as it
regulates processes, such as cell cycle arrest, senescence, apoptosis, autophagy, DNA-damage
and repair, and tumour suppression [415-417]. p53 also modulates glycolytic and oxidative
pathways [418], mitochondrial remodelling, and the transcription of PGC-1a. [419] and TFAM
[420]; thus, p53 is an important regulator of mitochondrial biogenesis (Figure 3.2). Two
studies compared the influence of exercise intensity on p53 mRNA and there was no observed
effect [69, 434]. It is worth noting the biopsies were taken within 5 hours from the cessation of

exercise, where the transient increases in p53 mRNA have been reported 24 to 48 hours from
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exercise [121]. Therefore, the influence of exercise intensity on p53 mRNA +24 hours remains

to be investigated.
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Figure 3.14 (A-D). Figures illustrating the relationship between exercise intensity and PGC-1a mRNA. Panel A
depicts the relationship between maximal power (W __) and mean fold change in PGC-1o. mRNA (3.2-6 hours from

the onset of exercise). Panel B depicts the relationship between W __ and fold change in PGC-1a mRNA relative to

the exercise session length. Dashed curved lines represent 95% confidence intervals. Panel C is a rolling average (5
data points) of % of W___and the fold change in PGC-1a. mRNA. Panel D is a rolling average (5 data points) of %
of W__ and the fold change in PGC-1a mRNA relative to exercise session length. The W ___were organised low to
high, this and the (C) fold changes in PGC-1a mRNA and (D) fold changes in PGC-1a mRNA relative to exercise

session length were averaged via rolling average (5 data points). (D) There was a disproportionate change in PGC-
1a mRNA relative to exercise session length above 65% W __ .
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3.5.4 Nuclear Respiratory Factors (NRF-1/2)

NRF-1/2 are DNA-binding nuclear transcription factors that modulate mitochondrial
biogenesis [455]. NRF-1 is a positive transcriptional regulator activating the expression of
metabolic genes associated with the electron transport system and TFAM [456]. NRF-2 is a
transcriptional coactivator involved in the expression of cytochrome oxidase and mitochondrial
protein import complexes [456]. PGC-1la coactivates NRF-1/2 increasing transcriptional
activity and inducing mitochondrial biogenesis [457]. There is a large body of evidence that
supports no change in NRF-1/2 mRNA within 4 hours from a single bout of exercise, the only
observed changes were at 4 and 5 hours from exercise [458-460]. This suggests the transient
increases in NRF-1/2 could be >4 hours and future research should consider extended biopsy

timing to investigate the changes in NRF-1/2 mRNA.
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3.5.5 TFAM, Mitochondrial Transcription Factor

TFAM is a nuclear encoded transcription factor regulating mitochondrial DNA and
the transcription of 13 mitochondria DNA-encoded subunits of the electron transport
system [96]. TFAM is regulated by PGC-/«a [457]. Although increases in whole-
muscle TFAM have been observed following exercise training, TFAM protein content
does not appear to be influenced by exercise intensity [121, 461]. To date, no
research has examined the influence of exercise intensity following a single exercise
session of exercise on the subcellular protein content of TFAM. Future research
should characterise the influence of exercise intensity on the modulation of TFAM
protein. Exercise promotes TFAM binding to mitochondrial DNA [462], and induces
the formation of TFAM-PGC-1a [412] and TFAM-p53 [375] driving mitochondrial
transcription activity (Figure 3.2). Exercise intensity does appear to influence TFAM
mRNA, with sprint interval training yielding a greater increase compared to
submaximal exercise [439, 445]; however, the influence of different submaximal
intensities remains to be investigated. 3.5.6 Conclusion

Compared to the primary and secondary messengers, the influence of exercise intensity
on the transcriptional coactivators is less clear. Most research has examined protein content in
whole muscle; thus, making the influence of primary and secondary messengers on the
localisation of the protein is unclear. Moreover, |1 would like to note a concern raised
previously, there is large emphasis on mRNA expression. This is potentially problematic due
to the ambiguous link between mMRNA expression and transcriptional regulation or enzymatic
activity; therefore, caution is advised when associating mechanisms with outcomes. Despite
this concern, it is still worthwhile to measure the aforementioned targets as these appear to be

strongly associated with exercise intensity.

Although the influence of exercise intensity on PGC-1a mRNA following a single
exercise session has been examined, all of the research has employed methods to prescribe
intensity that do not normalise exercise intensity. There is a significant correlation between

exercise intensity prescribed as a percentage of Wmax and fold-change in PGC-1a mRNA,;
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however, a linear relationship does not exist between exercise intensity and the “primary” and
“secondary” messengers. Therefore, if the messengers are drivers of gene transcription the
relationship between intensity and PGC-1oo mRNA a purely linear relationship should not be
expected. Similar to protein content, the relationship between p53, NRF-1/2 and TFAM mRNA
is less clear, thus future research should address the influence of exercise intensity on less
commonly measured transcriptional coactivators associated with exercise-induced

mitochondrial biogenesis.

3.6 Prescribing Exercise to Modulate the “Primary Messengers”
The results from the previous sections indicate that exercise-induced mitochondrial

biogenesis can be characterised as a downstream process in which the bioenergetics of exercise
modulate primary messengers, which modulate the secondary messengers and eventually
activate transcriptional coactivators. There appears to be a relationship between the primary
messengers and exercise intensity; however, this becomes less evident with the secondary
messengers, and transcriptional coactivators. Specifically, it is unclear what type of
relationship exists between the secondary messengers, and transcriptional coactivators and
exercise intensity (e.g., linear or non-linear, etc.). The uncertainty exists due to limited
research, the lack of experiments employing a repeated-measures design, and studies typically

prescribing exercise relative to VOzmax of Wmax.

Of the studies employing a repeated-measures design during submaximal exercise, all
have employed only two intensities [15, 282, 284, 439]. In one study that investigated the
influence of exercise intensity on secondary messengers and PGC-1a mRNA, exercise was
prescribed at 40 and 80% of VOzmax and work matched [15]. The sustainable difference in

intensity yielded a discernible activation of the secondary messengers (e.g., p-AMPK™72 p-
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ACCS™ p-CaMKII™?28 etc.), and PGC-1o. mRNA subsequent 80% of VOzmax, Whereas a
trivial or small upregulation was observed subsequent 40% of VOzmax. Due to the considerable
difference in intensity it appears that intensity does matter to promote exercise-induced
mitochondrial biogenesis. However, by selecting two intensities the relationship cannot be
characterised. Therefore, future research should employ 3 or more submaximal intensities

separated by an identical power output.

In the aforementioned research, either VOamax or Wmax was used to normalise exercise
intensity. Prescribing intensity relative to either VOzmax OF Wmax is a not a valid means to
normalise exercise intensity [44, 65-68] as these methods result in heterogeneous responses
(e.g., changes in primary messengers, Chapter 1; Section 1.2). Submaximal anchors are also
commonly employed methods to prescribe exercise intensity in applied exercise physiology,
among sport scientists, and athletes [463] (Chapter 1; Section 1.3). The premise of
submaximal anchors is they represent transitions between different discernible metabolic states
of the muscle [81], and thus yield explicit and homogenous physiological responses [3].
Furthermore, for methods such as the maximal metabolic steady state, exercise performed
slightly above these anchors results in the absence of steady state exercise [49, 185]. Thus,
exercise performed below and above the metabolic steady state results in a steady state and
non-steady state response, respectively, in the primary messengers. Therefore, the
disproportionate changes in primary messengers could yield a similar response in the secondary
messengers and transcriptional coactivators associated with exercise-induced mitochondrial
biogenesis. Future research should characterise the relationship between intensity and markers

associated with exercise-induced mitochondrial biogenesis.
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3.7 Conclusion

Exercise plays a pivotal role in modulating the pathways and markers associated with
exercise-induced mitochondrial biogenesis. Although the relationship between intensity and
some of primary/secondary messengers, and transcriptional coactivators, has been researched
(e.g., intramuscular lactate, PGC-1o. mRNA), others have limited or no research (e.g., Ca?*
flux, influence of intensity on MOTS-c translocation, and transcription factor nuclear protein
content). Although exercise intensity influences these pathways and markers, the relationship
has not been well characterised. Lastly, future research should employ methods that can

differentiate between the different metabolic states of the working muscle.
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Chapter 4: The influence of exercise intensity prescribed relative to the
maximal lactate steady state on signaling pathways associated with

mitochondrial biogenesis in human skeletal muscle.
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4.1 Introduction

Mitochondrial biogenesis has been defined by our research group as the making of new
components of the mitochondrial reticulum [36, 121]. Aerobic exercise is a potent stimulator
of mitochondrial biogenesis (i.e., exercise-induced mitochondrial biogenesis), and this can lead
to increases in mitochondrial respiration and mitochondria content [95]. Exercise-induced
mitochondrial biogenesis is regulated by homeostatic perturbations that include changes in
adenosine triphosphate (ATP) turnover (i.e., AMP:ATP ratio), calcium flux, redox state
(NAD*/NADH), reactive oxygen species (ROS) production, and lactate concentration [10, 13,
352, 379, 380]. These homeostatic perturbations or “primary messengers” regulate “secondary
messengers”, such as Ca?*/calmodulin-dependent protein kinase Il (CaMKII), mitogen-
activated protein kinases (MAPKSs), and 5 AMP-activated protein kinase (AMPK). These
secondary messengers then regulate the activity and subcellular localisation of transcriptional
cofactors and co-regulators (e.g., peroxisome proliferator-activated receptor y coactivator la
[PGC-1a]) [10, 15, 62] that coordinate the regulation of genes associated with mitochondrial

biogenesis.

There continues to be debate regarding the role of exercise intensity in the regulation of
exercise-induced mitochondrial biogenesis [36, 38, 152, 464]. However, few studies have
directly compared the effects of different exercise intensities on markers associated with
exercise-induced mitochondrial biogenesis [15, 282, 439]. Furthermore, a limitation of most of
these studies is that exercise was prescribed as a percentage of maximal oxygen uptake
(VOzmax), maximal work rate (Wmax), or maximal heart rate (HRmax). For example, a Google
scholar search (04/09/2019) revealed at least 37 studies in humans that examined the effects of
a single exercise session on markers of exercise-induced mitochondrial biogenesis (i.e., PGC-

la mRNA) [15, 64, 69, 70, 121, 282-285, 410, 434-454] and all but one [465] prescribed
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exercise as a percentage of VOzmax, Wmax OF HRmax. Research has shown that prescribing
exercise relative to the maximal values is not a valid method to normalise exercise intensity
and does not elicit homogenous homeostatic perturbations in different individuals (Chapter 1,
Section 1.2) [3]. Prescribing exercise relative to sub-maximal anchors is a more valid method
to normalise exercise intensity [3] and more research is required to investigate the influence of
exercise prescribed relative to submaximal anchors on markers of exercise-induced

mitochondrial biogenesis.

It is well known that homeostatic perturbations (e.g., intramuscular lactate accumulation,
ROS production, etc.) increase with exercise intensity, with a disproportionate increase when
exercise intensity exceeds the maximal steady state (i.e., highest intensity with an observed
metabolic steady state) [49]. While this suggests “secondary messengers”, and the subsequent
regulation of transcription factors and the transcription of genes, may also change
disproportionally when exercise intensity exceeds the maximal steady state there has been little
research investigating this hypothesis. Furthermore, despite an apparent relationship between
exercise intensity and cell signalling, no studies have investigated more than two intensities
within the same population [15, 70, 282]. The use of only two different intensities does not
allow researchers to establish if the relationship between exercise intensity and cell signalling
is linear or nonlinear. Prescribing exercise relative to the maximal lactate steady state (MLSS)
appears to yield more homogenous homeostatic perturbations compared to the use of maximal
anchors, and exercise above the MLSS leads to a disproportionate change in homeostatic
perturbations [185]. However, it is not known if exercise above the MLSS also results in

disproportionate changes in cell signalling.
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It has been suggested that prescribing exercise training relative to submaximal anchors is a
more effective means to prescribe exercise and will produce greater skeletal muscle adaptations
[165]. However, to my knowledge this hypothesis has not been directly assessed. The aim of
this study was to investigate the effects of exercise performed relative to the MLSS on exercise-
induced cell-signalling, with a focus on commonly measured primary and secondary
messengers as well as the differential expression of genes. Three exercise intensities were used,
two intensities below (i.e., -18 and -6% MLSS) and one above (+6% MLSS) the MLSS in order
to test the hypothesis that there would be a disproportionate change in primary and secondary
messengers, and the differential expression of genes, when exercise intensity is increased above
the MLSS. The findings of the proposed research will provide researchers, health practitioners,
coaches, and sport scientists with a strong rationale for prescribing exercise to induce
mitochondrial adaptations to improve endurance performance (and health in non-athlete

populations).

4.2 Materials and Methods

4.2.1 Ethical approval
All procedures were performed in accordance with the ethical standards of the

institutional research committee, and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. The Victoria University Human Research Ethics
Committee approved all procedures (HRE 017-035) and informed consent was obtained from

all participants prior to study participation.

4.2.2 Participants
Ten untrained, moderately trained and highly trained males [VOzmax: 55.8 + 10.0 mL'kg"

min?; (VO2zmax range: 40.7 — 70.3 mL'kg*min™); age: 27.5 + 7.7 years; height: 178.6 + 4.3

cm; body mass: 71 + 4.7 kg] volunteered for this study.
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4.2.3 Experimental Design

Participants were required to attend the laboratory 8 to 11 times. There was at least 48
h between the initial visits, with 7 days between the three exercise biopsy trials, and all testing
was completed within 8 weeks. Visit one included written informed consent, risk stratification
using the American College of Sports Medicine Risk Stratification guidelines [265], a self-
reported physical activity rating (PA-R) [127], measurement of height and body mass, and
completion of a cycling graded exercise test (GXT) followed by a verification exhaustive bout
(VEB). Following visit one, the MLSS was established by a series of 30-min constant-power
exercise bouts. Following the establishment of the MLSS, participants completed two constant-
power exercise bouts to exhaustion at +6% of the MLSS (+6% of the MLSS was chosen as it
is double the coefficient of variation of the MLSS [CV = 3%]) (Figure 4.1) [9]. The remaining
three visits were performed in a randomised order at -18%, -6% or +6% of the MLSS. Skeletal
muscle biopsies were taken from the vastus lateralis prior to, immediately post, +4 hours and
+24 hours from the onset of exercise [biopsy timing was based on the findings of Granata et.
al. [121] to detect the highest changes in PGC-1a (i.c., +4 h), and pilot data suggesting that +24
h is required to detect significant differences in p53 mRNA)]. Participants performed each test
at their preferred cadence, which was established during the initial visit. All participants self-
reported abstaining from the consumption of alcohol and caffeine, or engaging in heavy

exercise, in the 48 h prior to each visit.

+6%

-6%

08:00; Pre ~08:45; Post 12:15; +4 h 08:15; +24 h

Figure 4.1. The exercise intensity and biopsy order of the research project. The pre biopsy was taken prior to
each exercise bout (8:00), the post biopsy was taken immediately after each exercise bout (~08:45), the +4 h
biopsy was taken four hours from the onset of exercise (12:15), and the +24 h biopsy was taken 24 hours from
the onset of exercise (+1 Day; 8:15). The exercise bouts were performed in a randomised order and the mean
(SD) times for the exercise bouts were 43.8 (12.1), 38.1 (10.5) and 33.8 (9.2) minutes for MLSS-18%, MLSS-
6%, and MLSS+6%, respectively.
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4.2.4 Equipment/Instruments

All exercise testing was conducted on an electronically-braked cycle ergometer (Lode
Excalibur v2.0, The Netherlands). A metabolic analyser (Quark Cardiopulmonary Exercise
Testing, Cosmed, Italy) was used to assess oxygen uptake (VO2) on a breath-by-breath basis.
Antecubital venous blood was analysed using a blood lactate analyser (YSI 2300 STAT Plus,

YSI, USA).

4.2.5 Exercise Protocols

GXT with Verification Exhaustive Bout. Demographic data, PA-R, and measurements
of height and body mass (BM), were used to estimate VOamax (ESt. VO2zmax) [266] and maximum

GXT power (Est. Wmax) [127, 267].

Est. VOzmax = 56.363 + (1.921 x PA-R) — (0.381 x AGE) — (0.754 x BMI) + (10.987 X

SEX; 1 = MALE, 0 =FEMALE)

Est. Wimax = {[(Est. VOzmax — 7) X BM]/1.8}6.12

Where Est. VOamax is expressed in millilitres per kilogram per minute, BM is in kilograms, and

Est. Wmax is in Watts.

A custom GXT protocol with a desired time limit of 10 min was then designed for each
participant using: Est. Wmax/10 min = 1-min work rate increments (W'min1). A 5-min recovery
was administered after the GXT, followed by a VEB performed at 90% of Wmax obtained from

the preceding GXT to confirm VOamax [39].
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Constant-Power Exercise Bouts to Establish the Maximal Lactate Steady State. The
power associated with the respiratory compensation point (RCP) from the GXT was used in a
regression equation (Eqgn. 5) to estimate the MLSS (Estwmiss) [268]. The RCP was determined
as the average of the power associated with: 1) the break point in ventilation relative to expired
carbon dioxide (Ve/VCO), 2) the second break point in Vg, and 3) the fall in patient end-tidal

carbon dioxide (PerCO>) after an apparent steady state [71-73].

Estmiss = 23.329 + (0.79127 X RCP)

where the Estmiss and RCP are expressed in Watts.

Participants then completed a series of 30-min constant-power exercise bouts to
establish the MLSS. Participants performed 3 min of baseline cycling at 20 W prior to each 30-
min constant-power exercise bout and the first exercise bout was performed at the Estmiss. If
the blood lactate concentration increased >1.0 mmol-L™* from the 10" to the 30" minute the
power was decreased by 3%, otherwise the power was increased by 3% [9]. This process
continued until the MLSS was obtained. The MLSS was established as the highest intensity
where blood lactate increased <1.0 mmol-L™* from the 10" to the 30" minute [41]. Antecubital
venous blood (1.0 mL) was sampled every 5 min during the 30-min constant-power exercise

bouts.

Constant-Power Exercise Bouts to Exhaustion. Once the MLSS had been established,
participants completed two exhaustive bouts at +6% of the MLSS. The longer time to
exhaustion of the two trials was used as the time limit for the subsequent exercise biopsy trial

at +6% of the MLSS and was also used to work match the other two exercise biopsy trials. The
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total work performed (i.e., Joules) was used to work match the lower-intensity exercise biopsy
trials (i.e., -18% and -6% of the MLSS). All participants were able to replicate their time limit
performance during the exercise biopsy trial. Antecubital venous blood (1.0 mL) was sampled

every 5 min during the three exercise biopsy trials.

VO, and Power Analysis. Breath-by-breath data were edited individually, with values
greater than three standard deviations from the mean excluded [272]. The data was interpolated
on a second-by-second basis and averaged into 5-s bins for the GXT, and 30-s bins for all
constant-power exercise bouts and the three exercise biopsy trials [193, 273]. The highest
measured VO value from the GXT and VEB was determined as the highest 20-s rolling
average. The VO2zmax Was computed as the highest VO, measured from the GXT or VEB. The
end-exercise VO response during the exercise at the MLSS and exercise at -18%, -6% and
+6% of the MLSS was determined by the average VO value during the last two minutes of the
constant-power exercise bouts. The Wmax for every GXT was determined as the power from
the last completed stage plus the time completed in the subsequent stage multiplied by the

power increment.

Wmax = Power of Last Stage + [increment (Ws™) x time (s)]

Fat and Carbohydrate Oxidation Rates

Measurement of fat and carbohydrate oxidation rates was assessed via stoichiometric

equations derived by Frayn [466]:

Carbohydrate Utilisation (g-min™) = 4.585 (VCO2) — 3.226 (VO2)

Fat Utilisation (g-min™t) = 1.695 (VCO2) — 1.701 (VOy)
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Carbohydrate Oxidation (kcal-min) = carbohydrate utilisation (g-min™) * 3.683
(kcal-g?)

Fat Oxidation (kcal-min) = fat utilisation (g-min) * 9.746 (kcal-g)

Skeletal Muscle Exercise Biopsy Trials

The exercise biopsy trials were performed in a randomised order at a constant power of
-18, -6 and +6% of the MLSS. All exercise biopsy trials were performed in the morning
following an overnight fast. The average duration of the three exercise biopsy trials was 43.8
+12.1,38.1 £ 10.5 and 33.9 £ 9.2 minutes for -18%, -6% and +6% of the MLSS, respectively.
Participants were permitted to drink water during exercise and prior to the +4 h biopsy.
Participants refrained from any exercise, alcohol, or caffeine between the +4 h and +24 h
biopsy. Antecubital venous blood (1.0 mL) was sampled every 5 min during the exercise biopsy

trials.

Skeletal Muscle Biopsies

Skeletal muscle biopsies (100 to 175 mg) were taken from the vastus lateralis between
the knee and hip joint. A 1-cm incision was made under local anaesthesia (1% Xylocaine), and
muscle was extracted using a Bergstrom [467] needle with a modified suction technique [468].
Samples were blotted onto filter paper to remove excess blood prior to being frozen in liquid
nitrogen within 15 s of removal. Muscle samples were stored at -80°C until analysis. Muscle
samples were taken from the same leg (i.e., randomised left or right leg) prior to exercise (pre),
immediately after (post), 4 hours after the onset of exercise (+4 h) and 24 hours after the onset

of exercise (+24 h).

Muscle Metabolite Assays (Lactate)
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Sample Preparation. Frozen muscle samples (~15 mg) were removed from -80°C
storage and transferred on dry ice to a freeze drier for 24 hours (Heto PowerDry LL1500 Freeze
Dryer, Thermo Electron Corporation). Freeze-dried muscle samples (2 to 5 mg) collected pre
and post the exercise biopsy trials (i.e., -18%, -6% and +6% of the MLSS) were assayed
enzymatically for lactate by spectrophotometric analysis using a modification of a previously
described protocol [469]. Samples were first homogenised in 0.6 M of perchloric acid (800 uL)
using TissueLyser IlI. Samples were then left on ice for 30 minutes and subsequently
centrifuged at 10,000 g for 10 min at 4°C. The supernatant was placed into microcentrifuge
tubes, and 150 uL of a KOH (1.2 M)/HEPES (0.125 M) solution was added to the tube for
[La™] assessment. The pH of the samples was then adjusted using KOH (1.2 M) to increase
alkalinity until the pH measured ~9.0. For every 100 uL in each tube, 2 uL of 3.0 M potassium
chloride (KCI) was added; the solutions were left on ice for 10 min and then centrifuged at
10,000 g for 10 min at 4°C. The supernatant was extracted and the potassium perchlorate

precipitate discarded. Samples were then stored at -80°C until subsequent analysis.

Muscle Lactate Assay. Lactate concentrations was measured in triplicate against nine
dilutions of a sodium lactate standard (L7022; Sigma Aldrich, St Louis, USA). Each well was
filled with 75 pL of standard, sample, and blank into 96-well microtitre plate and 50 uL of
assay was added and mixed; the absorbency at 340 nm was measured at 25°C using a
microplate spectrophotometer (Spectramax 340, Molecular Devices Corporation, Union City,
CA). Once the absorbance was stable (< 0.008 um-L*-h't), after 5 to 10 min, 10 uL of lactate
dehydrogenase (LDH) was added to each well. Following further mixing, the change in
absorbency at 340 nm was determined at 15-min intervals. The change in absorbance was
calculated once the samples had stabilised (< 0.008 um-L*-ht). This was approximately 180

min after the addition of LDH. The change in absorbance at 340 nm for the blanks and the
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standards increased linearly (r > 0.998) across this range to which a standard curve was
calculated. The change in absorbance following the addition of LDH reflects intramuscular
lactate. The concentration was adjusted to account for the muscle weight of each sample and

the dilution of the samples during the above procedure and recorded as mmol-kg dw.

Subcellular Fractionation

Nuclear, cytosolic, and mitochondrial proteins were extracted from 40 to 90 mg of
frozen muscle using modifications of a previously described protocol (Figure 4.2) [19]. In
brief, muscle samples was thawed on ice in 1.5 mL of SEMH buffer (20 mM Hepes-KOH, pH
7.6; 220 mM Mannitol; 70 mM Scurose; 1 mM EDTA) containing a protease/phosphatase
inhibitor cocktail (1:100) (Cell Signalling Technology, Danvers, USA). The sample was then
homogenised using a corded drill with an attached Teflon pestle on ice at 1,000 rpm (2 sets x
20 strokes; 5 min between each set). The homogenate was transferred to a 2-mL
microcentrifuge tube, placed on ice for 30 min, vortexed for 15 s, and was then centrifuged at
500 g for 10 min at 4°C. The supernatant (S1) was removed and placed into a 1.5-mL
microcentrifuge tube and used to obtain the cytosolic and mitochondrial fractions. Pellet (P1)
was re-suspended in 500 uL of SEMH buffer (with a protease/phosphatase inhibitor cocktail;
1:100) and centrifuged at 1,000 g for 15 min at 4°C. The supernatant (Ss) was discarded and
the pellet (Ps) was resuspended in 500 uL of SEMH buffer (w/ protease/phosphatase inhibitor
cocktail; 1:100) and centrifuged at 1,000 g for 15 min at 4°C. The supernatant (Se) was
discarded and the pellet (Ps) was resuspended in 400 uL of NET buffer (20 mM Hepes, pH 7.9;
1.5 mM MgCly; 1.5 M NaCl; 0.2 EDTA; 20% Glycerol; 1% Triton-X-100) containing a
protease/phosphatase inhibitor cocktail (1:100), kept on ice for 30 min (vortexed every 10 min

for 15 s), then passed 10 times through a 3-mL syringe and a 25-gauge needle, followed by 2
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freeze thaws and a final centrifugation at 9,000 g for 30 min at 4°C. The supernatant (S7) was

the resultant nuclear fraction and pellet (P7) was discarded.

The supernatant (S1) was centrifuged at 2,000 g for 15 min at 4°C, transferred to a 1.5-
mL microcentrifuge tube, and the pellet (P2) was discarded. The supernatant (Sz2) was
centrifuged at 10,000 g for 30 min at 4°C and the supernatant (S3) was transferred to a 1.5-mL
microcentrifuge tube and was the resultant cytosolic fraction. The pellet (P3) was resuspended
in 100 uL of SEMH buffer containing protease/phosphatase inhibitor cocktail (1:100) and
centrifuged at 12,000 g for 30 min at 4°C. The supernatant (Ss) was discarded and the pellet
(P4) was resuspended in 100 uL of Sucrose buffer (10 mM Hepes, pH 7.6; 0.5 M Sucrose)
containing protease/phosphatase inhibitor cocktail (1:100) and PMSF (1:200), this was the

resultant mitochondrial fraction.

Protein Assay. The protein content of muscle-fraction homogenates was measured in
duplicate using a commercially available BCA Protein Assay Kit (#23225; Pierce
ThermoFisher, USA) against nine serial dilutions. Homogenate (5 pL) and standard (20 ulL)
was added to a 96-well plate and 5 and 20 uL of 1% of Triton X-100 was added to homogenate
and standard, respectively. A 200-uL mixture of BCA (50:1) mixture was added to each well
and was incubated for 20 min at 37°C. The plate was shaken for 10 s and protein concentrations
were measured via a spectrophotometer (SpectraMax i3 Multi-Mode Platform, San Jose, CA,

USA) at an absorbance of 570 nm.

Immunoblotting. Equal amounts of protein 12 to 25 ug were loaded into wells on a

Criterion 4-12% TGX Stain Free SDS Page gels (Bio-Rad). Gel electrophoresis ran for 80 to
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NET Buffer SEMH Buffer Sucrose Buffer:

20 mM HEPES (ph=7.9) 20 mM Hepes-KOH pH 7.6; 220 mM Mannitol 10 mM Hepes pH 7.6
1.5 mM MgCl, 70 mM Sucrose; | mM EDTA; 0.5 M Sucrose

1.5 M NaCF 1:100 inhibitors {proteases & phosphatases) 1:100 inhibitors

0.2 mM EDTA 1:200 PMSF

20% Glycerol
1% Triton-X-100
1:100 inhibitors

Resuspend ~50-90 mg skeletal
muscle in 1.5 mI. SEMH Buffer

}

Homogenise with 40 strokes (1/3 speed) using a drill
fitted Teflon pestle on ice (@ 1,000 rpm
— 2x 20 strokes with —5 min wait in between
30 min on ice, 15-s max vortex

|

Spin at 500 g for 10" at 4°C

~

P1 - Re-suspend in 500 uL
SEMH Buffer (+ inhibitors) & vortex
Spin at 1000 g for 15°

S5 - DISCARD ‘/l

PS5 - Re-suspend in 500 uL
SEMH Buffer (+ inhibitors) & vortex
Spin at 1000 g for 15°

S6 - DISCARD ‘/J

P6 - Re suspend in NET Buffer and vortex @ max
for 157; keep at 4°C for 30 min and vortex (@ max
15 every 10°; Pass 20x through an 25G (x5/8)
needle; 2x Freeze/thaw; Spin at 9000 g for 30” at 4°C

N

S1 - Spin at 2000 g for 15" at4°C

/

P2 - DISCARD

 J
S2 - Spin at 10,000 g for 30° at 4°C

/

53 - CYTOSOL

A J

P3 - Re suspend in 100 uL
SEMH Buffer (w/ inhibitors)
Spin at 12,000 g for 30” at 4°C

54 - DISCARD

P4 _Re suspend in 125 uL Sucrose
buffer (w/ inhibitors and PMSF)
MITOCHONDRIA
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LDH e '
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Figure 4.2. Schematic of the fractionation protocol. The protocol yields three subcellular fractions from frozen human

skeletal muscle (i.e., nuclear, cytosol and mitochondria). Adapted from Dimauro et al. [19] (#Excess NaCl was removed
via acetone precipitation). The homogenate was suspended in ice-cold acetone (1:6), stored at -80°C for 1 hour, and
centrifuged at 13,0009 for 20 minutes. Pellet was washed with ice-cold acetone, spun at 13,0009 for 1 minute, and pellet
was resuspended in 50 mM Tris (pH = 6.8), 100 mM dithiothreitol and 2% sodium dodecyl sulfate), and sonicated (2 x 3
s). Bottom figure illustrates the subcellular fractionation purity using histone 3 (H3), lactate dehydrogenase (LDH), and

cytochrome c oxidase subunit 4 isoform 1 (COX-1V-1). PMSF: phenylmethylsulfonyl fluoride
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120 min at 80 to 120 V, and proteins were then transferred onto polyvinylidene fluoride
(PVDF) membranes (Bio-Rad, Hercules, CA, USA, #1620264) in a commercially available
transfer buffer (Bio-Rad, Hercules, CA, USA) using a semi-dry transfer system (Trans-Blot®
Turbo™ Transfer System, Bio-Rad, Hercules, CA, USA) for 10 min at 25 V. Stain-free images
of the membranes were then taken using a ChemiDoc™ MP imaging system (Bio-Rad,
Hercules, CA, USA). The analysis of the nuclear and mitochondrial fractions was not complete
in time for thesis submission, and only the results for the cytosolic fraction are included in this

thesis.

Membranes were blocked for 60 min in 5% non-fat milk diluted in Tris-buffered saline
with 0.1% Tween 20 (TBST) on a rocker at room temperature. Primary antibodies were diluted
in 5% BSA and 0.02% NaN3 in TBST. Primary antibodies for p-ACCS"® (#3661), p-
CaMKII™?28 (#12716), p-p38 MAPK™M8UMY82 (#9211), p-AMPK™™172 (#2535), p-
mTORS2448 (#5536) were from Cell Signaling Technology (Danvers, MA, USA). The
membranes were incubated in primary antibody on a rocker at 4°C overnight, then washed
three times in TBST before incubation in a species-specific horseradish peroxidise-conjugated
secondary antibody (Donkey Anti-Rabbit 1gG, Ab6802, Abcam; or Goat Anti-Rabbit IgG,
NEF812001EA, Perkin Elmer, Waltham, MA, USA) for 90 min at room temperature.
Membranes were then washed using TBST before being treated with a chemiluminescent
solution (Clarity™ Western ECL Substrate, Bio-Rad, Hercules, CA, or SuperSignal™ West
Femto Maximum Sensitivity Substrate, ThermoFischer Scientific, Wilmington, DE, depending
on the target protein). Images were taken using a ChemiDoc™ MP imaging system (Bio-Rad,
Hercules, CA, USA), and proteins were quantified via densitometry (Image Lab 5.0 software,

Bio-Rad, Hercules, CA, USA).
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Quantitative Real-Time Polymerase Chain Reaction

RNA Extraction. Muscle samples (15 to 20 mg) were homogenised in 800 uL of
QIAzol lysis reagent using TissueLyser Il (Qiagen, Valencia, USA). Total RNA was then
isolated using a RNeasy Plus Universal Mini Kit, with the kit instructions modified by
replacing ethanol with 2-propanol [470]. The quality of each sample was assessed using
Nanodrop spectrophotometer (ThermoFischer Scientific, Wilmington, DE). RNA integrity was
measured using the Experion automated electrophoresis system (Bio-Rad)). Samples with an
RQI score > 8 were deemed to be of sufficient integrity for analysis [470]. Any samples that
failed the integrity test required a new sample of muscle tissue to be chipped, homogenised,

and RNA extracted. RNA samples were stored at -80°C until further analysis.

Reverse Transcription. RNA was reverse transcribed to cDNA using a Thermocycler
(s1000; Bio-Rad) and the Bio-Rad iscript RT Supermix (170-8840) in accordance with the
manufacturer’s instructions. RT system was primed with oligo-dT (15) as per manufactures
instruction. Priming was performed at 25°C for 5 min and reverse transcription for 30 min at

42°C. cDNA was stored at -20°C until analysis.

Quantitative Real-Time PCR. Realtive mRNA expression was measured via gPCR
(QuantStudio 7 Flex; Applied Biosystems, Foster City, USA) using Sso Advanced Universal
SYBR Green Supermix (Bio-Rad). Primers were either adapted from existing literature or

designed using PRIMER-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) [471] to

include all splice variants, and were purchased from Sigma-Aldrich (Table 4.1). The products
of each primer was verified. All reactions were performed in duplicate on 384-well plate and

prepared using the epMotion 5073 automated pipetting system (Eppendorf AG). The gPCR

reaction (5 pL) contained 300 nM of each forward and reverse primer and 2X SsoAdvanced


https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Assays ran for 10 min at 95°C,
followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Of the six housekeeping genes, TBP,
B2M and GAPDH were the most stable. Expression of each target gene was normalised to the

geometric mean of the expression of the three most stable genes [470].

Table 4.1 Details of primer sequences used for RT-qPCR.

Primer Name

Primer Sequence

Forward Primer

Backward Primer

PPARY AAGCGATTCCTTCACTGATA GTGGAGTAGAAATGCTGGAG
PPARS CATCATTCTGTGTGGAGACCG AGAGGTACTGGGCATCAGGG
CD36 TTGATTGAAAAATCCTTCTTAGCCA TGGTTTCTACAAGCTCTGGTTCTT
PGC-1a total CAGCCTCTTTGCCCAGATCTT TCACTGCACCACTTGAGTCCAC
p53 GTTCCGAGAGCTGAATGAGG TTATGGCGGGAGGTAGACTG
COX4-1 GAGCAATTTCCACCTCTGC CAGGAGGCCTTCTCCTTCTC
MFF CCAAACGCTGACCTGGAAC TTTCCTGCTACAACAATCCTCTCC
SOD1 GGTCCTCACTTTAATCCTCTAT CATCTTTGTCAGCAGTCACATT
SOD2 CTGGACAAACCTCAGCCCTA TGATGGCTTCCAGCAACTC
PDK4 GCAGCTACTGGACTTTGGTT GCGAGTCTCACAGGCAATTC
PGC-lo-4 TCA CAC CAA ACC CAC AGAGA CTG GAA GAT ATG GCA CAT
ATF2 CACTACAGAAACTCCGGCTT GAAGCTGCTGCTCTATTTCGC
SIRT1 ACGCTGGAACAGGTTGCGGGA AAGCGGTTCATCAGCTGGGCAC
TFEB CAGATGCCCAACACGCTACC GCATCTGTGAGCTCTCGCTT
Drpl CACCCGGAGACCTCTCATTC CCCCATTCTTCTGCTTCCAC
MFN2 CCCCCTTGTCTTTATGCTGATGTT TTTTGGGAGAGGTGTTGCTTATTTC
Cytochrome C GGGCCAAATCTCCATGGTCT TCTCCCCAGATGATGCCTTT
Tfam CCGAGGTGGTTTTCATCTGT GCATCTGGGTTCTGAGCTTT
CREB1 CAGCACTTCCTACACAGCCT TCTCGAGCTGCTTCCCTGTT
PGC-lo-1 ATGGAGTGACATCGAGTGTGC T GAGTCCACCCAGAAAGCTGT
NRF1 CTACTCGTGTGGGACAGCAA AGCAGACTCCAGGTCTTCCA
MCT1 TGACCATTGTGGAATGCTGT GAGCCGACCTAAAAGTGGTG
NHE1 TGTGACCTGTTCCTCACTGC CGCTTCGTCTCTTGCTTTTT
PPARa GGCAGAAGAGCCGTCTCTACTTA TTTGCATGGTTCTGGGTACTGA
CS TCAGGAAGTGCTTGTCTGGC ATAGCCTGGAACAACCCGTC
SDHB AAATGTGGCCCCATGGTATTG AGAGCCACAGATGCCTTCTCTG
UQCRC2 GCAGTGACCGTGTGTCAGAA AGGGAATAAAATCTCGAGAAAGAGC
CHCDH4 GCTTGGCTGTTCCTTGTTATTC GTTTCCTCTCTTGCTGCTACTC
Housekeeping
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA
B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT
ACTB GAGCACAGAGCCTCGCCTTT TCATCATCCATGGTGAGCTGGC
TBP CAGTGACCCAGCAGCATCACT AGGCCAAGCCCTGAGCGTAA
Cyclophilin GTCAACCCCACCGTGTTCTTC TTTCTGCTGTCTTTGGGACCTTG
18S CTTAGAGGGACAAGTGGCG GGACATCTAAGGGCATCACA
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Figure 4.3. Schematic of mRNA library construction flow chart.

cDNA Library Preparation for RNA Sequencing. A total of 96 total RNA samples from
8 participants were used for RNA sequencing. The total RNA samples were extracted and sent
to BGI China for performing library construction and RNA sequencing (Figure 4.3). RNA
quality was checked using Agilent 2100 (Agilent Technologies, Santa Clara, USA). The RNA
integrated number (RIN) values of the sample were above 8. Approximately 1pug RNA samples
were treated as per standard procedure for cDNA library contruction by BGI. Briefly, mMRNA
was selected using Oligo (dT) magnetic beads from total RNA, and fragmented and reverse-
transcribed to double-stranded cDNA by N6 random primer. The double-stranded cDNA
fragments were first end repaired, then ligated with adapters at 3’ end. PCR was then performed

to amplify the cDNA fragment with adapters, and the PCR product was heated to denature to
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single strand DNA. Finally, single strand DNA was cyclized by the splint oligo sequence to be

sequenced by BGISEQ-500 sequencing platform.

RNA Sequencing. The average alignment rate of the sample comparison genome was
93.81%, the average alignment rate of the comparison gene set was 86.91%, and the predicted
number of new genes was 4,184; the total number of genes detected was 23,239, of which the
known gene was 19,186, a total of 33,676 transcripts were detected, of which 27,089 were new
alternative splicing isoforms of known protein-coding genes, and 4,184 were transcripts of new
protein-coding genes. Treatment of total RNA by mRNA enrichment or rRNA removal, nRNA
enrichment: enrichment of mMRNA with polyA tail using magnetic beads with OligodT; rRNA
removal: hybridization of rRNA with DNA probe, selective digestion of DNA with RNaseH
/RNA hybridization strand, and then DNA probe is digested with DNasel, and purified to
obtain the desired RNA. The obtained RNA is fragmented by interrupting the buffer, and the
random N6 primer is used for reverse transcription, and then the cDNA double strand is
synthesized to form double-stranded DNA. The synthetic double-stranded DNA ends are
flattened and phosphorylated at the 5-min end, and the 3-min end forms a sticky end protruding
"A", and then a bubbling joint having a convex "T" at the 3-min end is attached. The ligation
product is PCR amplified by specific primers. The PCR product is heat-denatured into a single
strand, and a single-stranded DNA is cyclised with a bridge primer to obtain a single-stranded

circular DNA library (Figure 4.3).

4.3 Statistical Analysis
Experimental data is presented as means + standard deviations. Signalling and RNA

data were evaluated using a two-way (trial x time) ANOVA with repeated measures, with a

Bonferroni post-hoc analysis. Comparisons were assessed to identify differences between the
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three exercise intensities. The alpha for rejecting the null hypothesis was set at p < 0.05. Effect
sizes (ES) were assessed using Cohen’s d, with ES thresholds defined as trivial < 0.3, small <
0.6, moderate < 1.2, large < 2.0, very large < 4.0, and > 4.0 very very large [8]. Uncertainty of
effects is expressed as 90% confidence limits (90% CL). The effect sizes were calculated by
assessing the mean difference between values relative to the pooled standard deviations from
all three resting samples and the post-exercise time point. Agreement between VO, observed
during the GXTs and VEB was assessed via intraclass correlation (ICC), standard error of the

measurement (SEM), and coefficient of the variation (CV%).
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4.4 Results

4.4.1 Metabolic and Power Data
GXT. VO values from the GXT and VEB were 55.2 + 10.2 and 55.3 + 9.6 mL'kg*min"

! respectively (ICC = 0.99; SEM = 1.1 mL'kg*min; CV = 2.0 %), with the highest value from
either used as the VOazmax (55.8 = 10.0 mLkg*min™). The Wmax was 350 + 64 W (range: 271

to 453 W) and the mean GXT duration was 10.4 £+ 1.1 minutes (range: 8.7 to 12.1 minutes).

MLSS and Exercise Biopsy Trials. The power and metabolic data from the MLSS and
the exercise biopsy trials is detailed in Table 4.2. The mean power associated with the MLSS
was 220 + 48 W; the mean VO, of the MLSS expressed as a percentage of VOamax ranged from
71.4 10 91.1%, and the mean power ranged from 57.5 to 69.6% of Wmax. Figure 4.4, Panel A
illustrates the blood lactate response during the first 30 min of the exercise biopsy trials.
Considering the 30-min MLSS criterion, during the -6% MLSS trial participant #5 was above
the MLSS (A Blood Lactate 10 to 30 minutes = 1.9 mmol'L ™) and during the +6% MLSS trial

participant #8 was below the MLSS (A Blood Lactate 10 to 30 minutes = 0.6 mmol'L?). Figure
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4.4 Panel B illustrates the total rate of substrate oxidation at each intensity; -18% yielded the
greatest amount of fat oxidation (kcal'min™). The resting intramuscular lactate values were all
similar (14.9 £ 1.9, 15.8 + 2.2, and 13.4 + 2.8 mmol'kg™* dw, for -18%, -6%, and +6% MLSS,
respectively (Figure 4.4, Panel C). While there was a significant increase in intramuscular
lactate post exercise for all trials, intramuscular lactate was significantly higher following -6%
MLSS compared with -18% MLSS (39.3 + 11.9 vs. 20.8 + 4.4 mmolkg™ dw). Moreover,
intramuscular lactate was significantly higher following +6% MLSS compared with -6%
MLSS (65.1 + 12.1 + vs. 39.3 + 11.9 mmol'kg™* dw) (Figure 4.4, Panel C). There was a larger
gain in post exercise intramuscular lactate relative to power when exercise was performed
above the MLSS; intramuscular lactate increased 0.7 mmolkg™ dwW-! from -18% to -6%
MLSS and 1.0 mmol'kg? dwW-! from -6% to +6% MLSS. The mean + SD duration of the
three exercise biopsy trials was 43.8 + 12.1, 38.1 + 10.5 and 33.9 + 9.2 minutes for -18%, -6%

and +6% of the MLSS, respectively. The mean + SD rate of energy expenditure was 10.8

2.4,12.4+27,and 14.0 + 3.1 kI min for -18%, -6% and +6% of the MLSS, respectively.

Table 4.2. Mean + SD and [ranges] of values from the exercise biopsy trials [-18%, -6, and +6% of the maximal lactate steady state (MLSS)], and
at the MLSS, for power (Watts), percentage of maximal power derived from the 8-12 minute GXT (% of Wy, end-exercise blood lactate
concentrations, change (A) in blood lactate from to 10 to 30 minutes during the constant-power exercise bout, end-exercise oxygen uptake (VO,),
end-exercise oxygen uptake expressed as a percentage of maximal oxygen uptake derived from 8-12 minute GXT (%VOzma), and end-exercise
oxygen uptake expressed as a percentage of the oxygen uptake at the MLSS (% of the MLSS VO,).

Power (W) % 0f Winax Blood Lactate A Blood Lactate VO, %V Ozmax % of the
(mmol'L?) (mmol'L™) (10 to 30 min) (mL.kg*min™) MLSS VO,
-18% 181+ 39 51.4+38 14+04 00+01 39.78+7.71 71457 86.4+5.5
[132-257]  [47.2-57.1] [0.7-21] [-0.2-0.2] [29.4 - 53.4] [58.9-78.4] [79.2-96.8]
-6% 207+ 45 59.0+4.3 34+15 0.6+0.6 4354 +7.79 78.3+6.2 94.6+3.7
[151-295]  [54.1-65.4] [0.6-5.7] [-0.4-1.9] [33.4 - 54.9] [66.3-86.0] [87.2-100.5]
MLSS 220+ 48 62.7+4.6 3.6+0.8 0.7£04 46.10 + 8.53 82.7+5.7 100
[161-314]  [57.5-69.6] [2.2-5.8] [0.3-0.9] [34.4 - 59.0] [71.4-91.1] -
+6% 234 £51 66.6 +4.8 6.7+19 19+038 48.90 + 8.83 879+6.8 106.4+6.8
[171 - 333] [61.0 - 73.8] [3.4-9.9] [0.6 - 3.6] [35.4-62.7] [76.3-99.2] [97.3-121.3]
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Figure 4.4 (A-C). The influence of exercise intensity on metabolic responses during the exercise biopsy trials.
(A) Mean + SD of blood lactate concentrations (mmol-L?) during the first 30 minutes of the exercise biopsy
trials. -18% of the MSS (black boxes), -6% of the MLSS (grey shaded boxes), and +6% of the MLSS (open
boxes). (B) Mean + SD of fat and carbohydrate (carb) oxidation (kcal'min) rates measured via stoichiometric
equations as described by Frayn , during the last minute of the exercise biopsy trials. (C) Mean + SD of
intramuscular lactate concentrations at rest and immediate post exercise. $ = significantly different from
previous time point. * = significantly different from Pre; # = significantly different from -18%; | = significantly
different from -6%.
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4.4.2 Cytosolic Signalling Kinases.

Figure 4.5, Panels A-E, illustrate the cytosolic signalling kinase response immediately
post, as well as +4 and +24 hours from the onset of exercise. There were no significant
differences compared to rest, or between conditions, for p-mTORS?448 p-CaMKI1™"28 p-p38
MAPKTNr180Tyr182 o ACCSe® and p-AMPK™ 172 relative protein abundance. Although not
significantly different (p = 0.49), immediately post exercise there was a small (ES: 0.39 [CI:
0.22 — 0.56]) and moderate (ES: 0.81 [CI: 0.45 — 1.17]) effect size for the modulation of p-
CaMKI1™28 following exercise at -6 and +6% of the MLSS, respectively (Figure 4.5, Panel

B).
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Figure 4.5. The influence of exercise intensity on
signalling kinases measured in the cytosolic fraction
immediately post, +4, and +24 hours from the onset
of exercise performed at -18% of the maximal lactate
steady state (MLSS) (black bars), -6% of the MLSS
(grey shaded bars), and +6% of the MLSS (open
bars). Mean fold changes + SD in arbitrary units
(AU) for the protein content of phosphorylated (A)

rapamycin (mTOR), (B) ca’"calmodulin dependent
protein kinase Il (CaMKII), (C) acetyl-CoA
carboxylase (ACC), (D) AMP-activated protein
kinase alpha (AMPK), (E) p38 mitogen-activated
protein kinase (p38 MAPK). Expression of each
signalling kinase was normalised to their total
protein content. * = significantly different from Pre
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4.4.3 Transcriptome Response.

Figure 4.6 illustrates the principal component analysis. When combining all biopsy
times there were 3784, 4977, and 6687 total genes that were differentially expressed following
exercise performed at -18%, -6%, and +6% of MLSS, respectively (Figure 4.7, A & B).
Immediately after exercise, 1047 (up: 432; down: 615), 621 (up: 328; down: 293), and 1635
(up: 509; down: 1126) genes were differently expressed for exercise performed at -18%, -6%,
and +6% MLSS, respectively (Figure 4.8). Four hours from the onset of exercise, 1502 (up:
852; down: 650), 1530 (up: 1034; down: 496), and 2195 (up: 578; down: 1617) genes were
differently expressed for exercise performed at -18%, -6%, and +6% MLSS, respectively
(Figure 4.8). Twenty-four hours from the onset of exercise, 1235 (up: 688; down: 547), 2826
(up: 2171; down: 655), and 2857 (up: 1058; down: 1799) genes were differently expressed
following exercise performed at -18%, -6%, and +6% MLSS, respectively (Figure 4.8). A
KEGG classification of genes revealed the largest number of upregulated genes was associated
with endocrine/metabolic diseases, immune system function, endocrine system function,
signalling molecules and interactions, signal transduction, and energy metabolism; whereas the
largest number of downregulated genes associated with these functions was subsequent to
exercise at +6% MLSS (Figure 4.9). Figure 4.15- 4.15 illustrates the fold-change relative to
pre exercise values of the six genes of interest as determined via gPCR analysis (i.e., PGC-1a-

total, p53, SOD2, p21, PPARS and PDK4 mRNA).
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Figure 4.7. Venn diagram illustrating the influence of exercise intensity on the large scale
transcriptional response (i.e., number of differentially expressed genes) in whole skeletal muscle
biopsy samples +4 (A) and +24 hours (C) from the onset of exercise. (log,FC =1; Q-value = 0.001).
KEGG classification of genes unique to each intensity in whole skeletal muscle biopsy samples +4
(B) and +24 hours (D) from the onset of exercise. -18% of the maximal lactate steady state (MLSS)
(black bars), -6% of the MLSS (grey shaded bars), and +6% of the MLSS (open bars).
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Figure 4.8. Bar graphs illustrating the
influenced of exercise intensity on
total number of differentially
expressed genes (A), and the number
of upregulated (B) and down-
regulated (C) genes immediately post,
+4, and +24 hours from the onset of
exercise performed at -18% of the
maximal lactate steady state (MLSS)
(black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS
(open bars).
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Figure 4.9. Bar graphs illustrating the influenced of exercise intensity on the number of upregulated
genes +4 h (A), and +24 h (B), and downregulated genes +4 h (C), and +24 h (D), from the onset of
exercise specific to endocrine/metabolic diseases, immune system function, endocrine system
function, signalling molecules and interactions, signal transduction and energy metabolism. -18% of
the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey shaded bars), and

+6% of the MLSS (open bars).

4.4.4 Whole Muscle mRNA.
Figures 4.10 — 4.14 illustrate the mean + SD fold changes compared to the pre-exercise

values for the gene targets assesed in the current study. Table 4.3 details the effect size (90%;

confidence intervals) and includes a descriptive interpretation of the magnitude of changes in
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MRNA content. Significant exercise-induced changes were observed for PGC-1a-total, p53,
SOD2, p21, PPARS and PDK4 mRNA (Figure 4.10 B - F; Figure 4.11, Panels A, B and D).
Significant increases from pre-exercise values for PGC-1a-4 was observed +4 h from the onset
of exercise at -18% of the MLSS (Figure 4.10, Panel B; Figure 4.11, Panel A). Significant
increases from pre-exercise values in p21 and p53 mMRNA were observed +4 h, and +24 h,
respectively, from the onset of exercise at -6%, and +6% MLSS (Figure 4.10, Panel F; Figure
4.10, Panel D). PPARGS was significantly increased +4 h from pre exercise following exercise
at -18 and -6% MLSS (Figure 4.11, Panel B). A significant increase was observed in SOD2
MRNA +24 h from rest following exercise at +6% MLSS (Figure 4.10, Panel E). A significant
increase in PDK4 and PGC-1a-total mMRNA was observed +4 h from the onset of exercise
compared to pre following all three exercise intensities (Figure 4.10, Panel C; Figure 4.11,

Panel D).
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Figure 4.10 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA immediately post, +4, and +24 hours
from the onset of exercise performed at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary units (AU) for (A) Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha isoform 1 (PGC-1a-1), (B) Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha isoform 4 (PGC-1a-4), (C) peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a)
total, (D) tumour suppressor protein 53 (p53), (E) Superoxide dismutase 2 (SOD2) and (F) cyclin-dependent kinase inhibitor 1
(p21). Expression of each target gene was normalised to the geometric mean of expression of the three most stable genes (i.e.,
TBP, B2M and GAPDH). * = significantly different from Pre; # = significantly different from -18%.
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Figure 4.11 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA immediately post, +4, and +24 hours
from the onset of exercise performed at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS (open bars). Mean fold changes £ SD in arbitrary units (AU) for (A) Succinate
dehydrogenase complex iron sulfur subunit B (SDHB), (B) peroxisome proliferator-activated receptor delta (PPARS), (C)
peroxisome proliferator-activated receptor gamma (PPARY), (D) Pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4),
(E) Fatty acid translocase/CD36 (FAT/CD36), (F) Cytochrome b-c1 complex subunit 2 (UQRC2). Expression of each target
gene was normalised to the geometric mean of expression of the three most stable genes (i.e., TBP, B2M and GAPDH). * =
significantly different from Pre.
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Figure 4.12 (A-F). The influence of exercise intensity on whole skeletal muscle mRNA immediately post, +4, and +24 hours
from the onset of exercise performed at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary units (AU) for (A) Monocarboxylate
transporter 1 (MCT1), (B) Monocarboxylate transporter 4 (MCT4), (C) Sodium-hydrogen antiporter 1 (NHE1), (D) Vascular
endothelial growth factor (VEGF), (E) Mitochondrial Fission Factor (MFF) and (F) Mitofusin 2 (MFNZ2). Expression of each
target gene was normalised to the geometric mean of expression of the three most stable genes (i.e., TBP, B2M and GAPDH).
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Figure 4.13 (A-F). The influence of exercise intensity on whole skeletal muscle mMRNA immediately post, +4, and +24 hours
from the onset of exercise performed at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary units (AU) for (A) Superoxide dismutase
1 (SOD1), (B) Activating transcription factor 2 (ATF2), (C) Nuclear respiratory factor 1 (NRF1), (D) Transcription factor EB
(TFEB), (E) NAD-dependent deacetylase sirtuin-1 (SIRT1) and (F) CAMP responsive element binding protein 1 (CREB1).
Expression of each target gene was normalised to the geometric mean of expression of the three most stable genes (i.e., TBP,
B2M and GAPDH).
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Figure 4.14 (A-F). The influence of exercise intensity on whole skeletal muscle mMRNA immediately post, +4, and +24 hours
from the onset of exercise performed at -18% of the maximal lactate steady state (MLSS) (black bars), -6% of the MLSS (grey
shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary units (AU) for (A) Mitochondrial
intermembrane space import and assembly protein 40 (CHCDH4), (B) cytochrome ¢ oxidase subunit 4 isoform 1 (COX4-1), (C)
Citrate Synthase (CS), (D) Cytochrome (Cyt C), (E) Cytochrome b-c1 complex subunit 2 (DRP1), and (F) Mitochondrial
transcription factor A (TFAM). Expression of each target gene was normalised to the geometric mean of expression of the three
most stable genes (i.e., TBP, B2M and GAPDH).
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Figure 4.15 (A-F). The influence of exercise intensity on whole skeletal muscle mMRNA measured via RNA-Sequencing
immediately post, +4, and +24 hours from the onset of exercise performed at -18% of the maximal lactate steady state (MLSS)
(black bars), -6% of the MLSS (grey shaded bars), and +6% of the MLSS (open bars). Mean fold changes + SD in arbitrary
units (AU) for (A) Peroxisome proliferator-activated receptor gamma coactivator 1-alpha total (PGC-1a-total), (B) tumour
suppressor protein 53 (p53), (C) Superoxide dismutase 2 (SOD2), (D) cyclin-dependent kinase inhibitor 1 (p21), (E)
peroxisome proliferator-activated receptor delta (PPARS), and (F) Pyruvate dehydrogenase lipoamide kinase isozyme 4
(PDK4).n=18
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Table 4.3 Effect Sizes [Low and High, 90% confidence intervals] for changes in whole skeletal muscle mRNA, immediately post, 4 and 24 hours from the onset of

exercise at -18%, -6% and +6% of the maximal lactate steady state (MLSS). Trivial < 0.3; il < 0.6; NiGHrate < 1.2; < 2.0, Very Large < 4.0.
(Effect Size) [Low, High; 90% Confidence Interval] Effect Size: Trivial, Small, Nigterate, BERGE, \Very Large and Very Very Large.
Post Exercise +4 Hours +24 Hours Post Exercise +4 Hours +24 Hours
Activating transcription factor 2 (ATF2) Fatty acid translocase (FAT/CD36)

-18%  (0.1)[0,0.2] (-0.4) [-0.5,-0.3] (0.2)[02,0.3] (0.3)[0.2,0.4] (0.1)[0.1,0.2] (0.4) [0.3,0.5]
Trivial Trivial Trivial Trivial

-6% (0.2) [0.1,0.3] (0.2) [0.1,0.3] (-0.1) [-0.2,-0.1]

Trivial Trivial Trivial

+6%  (0.1)[0,02] (0.1) [0,02] (0.3)[0204] (0.2) [:0.3-0.1] (:0.) [-0.L,0] -12) [-12,-1.1
Trivial Trivial Trivial Trivial Trivial &

Mitochondrial intermembrane space import and assembly protein 40 CAMP responsive element binding protein 1 (CREB1)

(CHCDH4)

-18%  (-0.2) [-0.5,0.1] (-0.2) [-0.6,0.1] (-0.3) [-0.6,0.1] (0) [-3.3,3.3] (0.2) [-3.8,4.3] (0) [-3.4,3.5]
Trivial Trivial Trivial Trivial Trivial Trivial

-6% (0.2) [-0.2,0.5] (-0.1) [-0.4,0.2] 0) [-3.2,3.3] (0.2) [-3.1,34] (0.1) [-3.2,34]
Trivial Trivial Trivial Trivial Trivial

+6% (0.2) [-0.1,0.6] (0.1) [-0.3,0.4] (0.2) [-0.1,0.5]
Trivial Trivial Trivial
Cytochrome ¢ oxidase subunit 4 isoform 1 (COX4-1) Citrate Synthase (CS)

-18%  (0)[-0.7,0.7] (0) [-0.6,0.7] (0.1) [-0.6,0.8] (0.2) [0.1,0.3] (0) [0.1,0.1]
Trivial Trivial Trivial Trivial Trivial

-6% (0) [-0.8,0.7] (0.1) [-0.7,1] (-0.5) [-1.2,0.3] (0.8) [0.6,1.1] (0.2) [0.2,0.3] (0.2) [0.1,0.3]
Trivial Trivial Trivial Trivial

+6% (0.2) [-0.5,0.9] (0) [0.7,0.6] (-0.2) [-0.8,0.5] (0.2) [0.1,0.3] (0.4) [0.3,0.5] (0.8) [0.7,0.9]
Trivial Trivial Trivial Trivial
Cytochrome (Cyt C) Cytochrome b-c1 complex subunit 2 (DRP1)

-18%  (0.1) [-3,3.1] (0.2) [-3.5,3.9] (0.2) [-3,3.4] (0.3) [0.3,0.3] (0.1) [0.1,0.1] (0.2) [0.2,0.3]
Trivial Trivial Trivial Trivial Trivial Trivial

-6% (0) [-3.4,3.3] (-0.1) [-3.2,3] (-0.4) [-3.5,2.7] (0.1) [0.1,0.1] (0.3) [0.3,0.4] (0.3) [0.2,0.3]

Trivial
(-0.1) [-0.1,-0.1]
Trivial

Trivial Trivial Trivial

Monocarboxylate transporter 1 (MCT1)

-18% 0.3)[-0.6,1.2 (0) [0.9,0.8] (0.1) [-0.8,1]
Trivial Trivial

(0.2) [0.1,0.3]
Trivial

-6% (0.2) [-0.7,1.2] (0) [-0.8,0.8] (0.1) [0,0.2]
Trivial Trivial Trivial
+6% (-0.4) [-1.2,0.4] (-0.2) [-1,0.7] (-0.3) [-1.2,0.5] (0.5) [0.5,0.6] (0.5) [0.4,0.6] (-0.1) [-0.1,0]
Trivial Trivial
Mitochondrial Fission Factor (MFF) Mitofusin 2 (MFN2)
-18%  (0.2)[0.2,0.2] (-0.3) [-0.3,-0.2] (0.2) [0.2,0.3] (0.1)[0,0.1] (0.2) [0.1,0.2] -0.4) [-0.5,-0.4
Trivial Trivial Trivial Trivial Trivial &
-6% (-0.3) [-0.3,-0.3] (0) [0,0.1] (-0.9) [-0.9,-0.9] (0.7) [0.7,0.8] (0.2) [0.1,0.2] (0) [-0.1,0]
Trivial Trivial Trivial Trivial
+6% (-0.1) [-0.2,-0.1] (-0.2) [-0.2,-0.1] (0) [-0.1,0] 0.5) [0.4,0.5 0.5) [0.5,0.6
" o i R~ T
Sodium-hydrogen antiporter 1 (NHE1) Nuclear Respiratory Factor 1 (NRF1)
-18%  (0) [0,0] (-0.7) [-0.7,-0.6] (-0.2) [-0.2,-0.1] (-0.2) [-0.2,-0.2] (-0.4) [-0.4,-0.4] (0.2) [0.2,0.2]

Trivial Trivial Trivial Trivial
-6% (0) [-0.1,0] (-0.3) [-0.3,-0.3] (-0.1) [-0.2,-0.1] (-0.2) [-0.2,-0.2] -0.7) [-0.7,-0.6
Trivial Trivial Trivial Trivial

+6% (0.1) [0,0.1] -0.4) [-0.5,-0.4 (-0.2) [-0.2,-0.2]
Trivial Trivial
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Cyclin-dependent kinase inhibitor 1 (p21) Tumor protein 53 (p53)
-18% (1.1)[1.1,1.2] (0.8) [0.7,0.8] (1.2) [1.2,1.2] (0.4) [0.4,0.4] (0.5) [0.5,0.5] (0.5) [0.5,0.5]

(-0.1) [-0.1,-0.1] 0.5) [0.5,0.5 1.3)[1.3,1.4
Trivial

(-0.3) [-0.3,-0.2] (0.2) [0.2,0.2] (1.5) [1.5,1.6]

Trivia Trivia S

Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha isoform 1 (PGC-1a-1)

-6%

(1.2) [1.2,1.2] (1.5) [1.5,1.6] (1.5) [1.4,1.5]

Pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4)

-18%
-6%

+6%  (0.7)[0.6,0.8] (1.1) [0.6,1.7]

(0.1) [0,0.1] (0.6) [0.6,0.7] (-0.6) [-0.6,-0.5]

Trivia smal ______ sman

Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGCla-Total)

(1.4) [1.3,1.5]

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
isoform 4 (PGC-1a-4)

-18%  (0.2)[0.1,0.3]
Trivial

-6%

(3.1)[2.8,3.4] i-l.li -1.4,-0.9
Very Large

(1.8) [1.3,2.3] (-1.1) [-1.3,-0.9]

+6% (0.1) [0,0.2]
Trivial
Peroxisome proliferator-activated receptor alpha (PPARa)

-18%  (0.1) [-0.4,0.6] (1.2) [0.5,1.8] (0.4) [-0.2,0.9] (0.4) [0.4,0.4] (1) [1,1]
Trivial

(0.4) [-0.8,1.5] (0.7) [-0.1,1.5] (-0.6) [-1,-0.1]

(1.5) [1.3,1.7] (-0.6) [-0.7,-0.5] (0.4) [0,0.7]

Peroxisome proliferator-activated receptor delta (PPARS)
(0.2) [0.1,0.2]

Trivial

(0.1) [0.1,0.1] (1.5) [1.4,1.5] (-0.8) [-0.9,-0.8]

Trivial Dlarge W Moderate
(0) [-0.1,0] 0.5) [0.5,0.6 -1.3) [-1.4,-1.3
Trivial

-6%

Peroxisome proliferator-activated receptor gamma (PPARY)

-18%  (0.7)[0.7,0.7] (-0.2) [-0.2,-0.2] (0.2) [0.1,0.2]
Trivial Trivial

Succinate dehydrogenase complex iron sulfur subunit B (SDHB)
(0.4) [-0.1,1] (0.1) [-0.4,0.6] (0) [-0.5,0.6]
Trivial Trivial

(0.1) [-0.4,0.6] (0.2) [-0.5,0.9]

6%  (-0.2)[-0.2,-0.2]

Trivial Trivial Trivial
6%  (-0.1)[0.1-0.1] (0.1) [0.1,0.1] (:0.3) [-04,-0.3] (0) [-05,0.4] (0.2) [-03,0.7] (0.5) [0,L.1]
Trivial Trivial Trivial Trivial CSmal

NAD-dependent deacetylase sirtuin-1 (SIRT1)

-18% 0.5) [0.5,0.6 (0.2) [0.2,0.3]
Trivial

6%  (-0.1)[-0.1,0] (0.4) [0.4,0.4]

Superoxide dismutase 1 (SOD1)

(-0.2) [-0.5,0.1] -0.3) [-0.6,0 (0.2) [-0.2,0.5]
Trivial & Trivial

(-0.5) [-0.9,-0.2] (-0.6) [-0.9,-0.2] (-0.9) [-1.2,-0.6]

(0.2) [0.2,0.2]

Trivial Trivial
+6% (0.2) [0.2,0.3] (0.3) [0.2,0.3] (0.3) [0.3,0.3] (0) [-0.3,0.3] (-0.1) [-0.4,0.2] (-0.2) [-0.5,0.1]
Trivial Trivial Trivial Trivial Trivial

Superoxide dismutase 2 (SOD2) Mitochondrial transcription factor A (TFAM)

-18%  (0.3)[0.3,0.4] (0.1) [0.1,0.2] (0.6) [0.6,0.7] (0.2) [0.1,0.3] (0.1) [0,0.2]
Trivial Trivial Trivial

6%  (-0.5)[-0.5,-0.5 (-0.2) [-0.2,-0.2] (-0.1) [-0.2,0] (0.2) [0.1,0.3] (-0.1) [-0.1,0]

Trivial Trivial Trivial

(0.4) [0.3,0.5]

+6% (0.2) [0.2,0.2] (0.2) [0.2,0.2] (-0.1) [-0.1,0] (-0.2) [-0.3,-0.1] (0.1) [0,0.2]
Trivial Trivial Trivial Trivial Trivial
Transcription factor EB (TFEB) Cytochrome b-c1 complex subunit 2 (UQRC?2)

-18%  (0.6) [0.6,0.6] (0.6) [0.6,0.6] (0.1) [0.1,0.1] (0.1) [-0.3,0.5] (-0.1) [-0.5,0.3] (-0.1) [-0.5,0.3]
Small Small Trivial Trivial Trivial Trivial

-6% (-0.3) [-0.3,-0.3] (-0.3) [-0.3,-0.3] (-0.5) [-0.5,-0.5] (-0.4) [-0.9,0.2] (-1.2) [-1.6,-0.8] (-1) [-1.5,-0.6]

Trivial Trivial

(-0.2) [-0.5,0.2] (-0.1) [-0.5,0.3] (0) [-0.4,0.4]
Trivial Trivial Trivial
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Vascular Endothelial Growth Factor (VEGF)

-18%  (0.3) [0.2,0.3] (0.1)[0.1,0.2]

Trivial Trivial
(-0.3) [-0.3,-0.3]

6%  (0.5)[0.505 (0.4) [0.4,0.4
+6%  (0.3)[0.2,0.3] (0.4) [0.4,0.4 (0.3)[0.2,0.3]
o R

(-0.6) [-0.6,-0.5]
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Figure 4.16. Representative western blots for the phosphorylation and total of mammalian target of

rapamycin (mTOR), Ca2+/calmodulindependent protein kinase Il (CaMKIlI), acetyl-CoA carboxylase (ACC),
AMP-activated protein kinase alpha (AMPK) protein, acetyl-CoA carboxylase (ACC) protein, p38 mitogen-
activated protein kinase (p38 MAPK) protein.

4.5 Discussion

The main findings of the present study include a disproportionate increase in blood and
intramuscular lactate concentration when exercise intensity was increased from below to above
the MLSS. The greater homeostatic perturbations produced by the highest exercise intensity

were associated with a larger number of differentially expressed genes at +4 h when compared
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with exercise performed at intensities below the MLSS. However, when comparing -6% and
+6% MLSS there was no difference in the number of differentially expressed genes at +24 h.
Increasing the intensity above the MLSS led to a decrease in the number of upregulated genes
and an increase in the number of downregulated genes. The results of the gPCR indicated that
PGC-1a and p53 mRNA were influenced by exercise intensity, with the largest fold changes
observed following exercise performed at +6% MLSS at +4 h and +24 h, respectively. The
lowest intensity yielded the greatest fat oxidation rate as well as the greatest changes in the
expression of genes associated with fatty acid metabolism (e.g., PPARS); however, with the

scope of our analysis it is impossible to confirm this association as a mechanism.

The blood and muscle lactate data are consistent with previous research [13, 57, 87, 88,
90, 185, 446]. Exercise at -18% MLSS resulted in a blood lactate concentration close to resting
values (~1.6 mmol'L™?), and a large increase in muscle lactate (+6 mmolkg™ dw; ES: 1.7 [0.5,
3.0]) (Figure 4.4, B and C). There was a steady state above baseline for blood lactate following
exercise at -6% MLSS and a very large increase in muscle lactate (+24 mmolkg™ dw; ES: 2.7
[-0.4, 5.9]) (Figure 4.4, B and C). The highest intensity (+6% MLSS) resulted in a continual
increase in blood lactate without a steady state and a very very large increase in muscle lactate
(+52 mmol'kg?* dw; ES: 6.1 [2.9, 9.2]) (Figure 4.4, B and C). There was a larger gain in post-
exercise intramuscular lactate concentration when exercise exceeded the MLSS (ES: 0.7).
Thus, consistent with previous literature, increasing exercise intensity increased both blood and
muscle lactate, with a disproportionate increase when exercise went from below (-6% MLSS)

to above (+6%) the MLSS.

Of the signalling kinases measured in the cytosolic subcellular muscle fraction, there

was no main effect for any of the targets measured (Figure 4.5). These findings contrast with
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some previous research; for example, increases in p-AMPK have been reported in whole-
muscle samples following exercise above 70% VOamax [15, 18, 286, 443, 472, 473]. However,
this was not observed in the cytosolic fraction in the present study following exercise any of
the 3 exercise biopsy trials (i.e., 70-90% of VOazmax 0r 50 to 65% of Wmax). To my knowledge,
no study has investigated the influence of exercise intensity on cytosolic signalling kinases
using the present subcellular fractionation protocol. One study used a commercially-available
subcellular fraction kit [69]; however, the purity of subcellular fractions using the
commercially-available Kit has been questioned [19]. Nonetheless, consistent with the present
results they observed no significant changes in the measured signalling kinases (i.e., p-p38
MAPK and p-ACC) in the cytosolic fraction following submaximal exercise (i.e., 55% Wmax).
They did observe significant increases in these kinases following sprint interval training. This,
while more research is required, it appears the cytosolic content of the measured signalling
kinases is not influenced by submaximal exercise. Lastly, the lack of observed changed in
signalling kinases in the cytosol could possibly be attributed to the translocation of these

kinases to the nucleus in response to exercise [10, 15, 96].

Despite observing no main effect for the effect of exercise on the measured cytosolic
signalling kinases, intensity appeared to influence the modulation of p-CaMKII™"% with a
2.0- and a 3.4-fold change observed immediately post exercise performed at -6% and +6% of
the MLSS, respectively. The lack of statistical significance could be attributed to the high
variability associated with western blotting [474]. Previous research has shown that higher
exercise intensities result in significantly greater increases in p-CaMKII in whole-muscle
samples compared with lower exercise intensities [15, 18]. Indirect measures of Ca?* flux (e.g.,
glycogen phosphorylase or pyruvate dehydrogenase activity) [14] or reactive oxygen species

(ROS) production [352], which both modulate p-CaMKI1™28  \were not quantified due to



178

insufficient muscle sample sizes. Nonetheless, previous research examining the influence of
exercise intensity on glycogen phosphorylase and pyruvate dehydrogenase activity across three
intensities has reported a disproportionate increase in the activity of these enzymes at the
highest exercise intensity [14]. Furthermore, higher exercise intensities are associated with
greater increases in ROS production [16, 352], which may be attributed, at least in part, to the
greater lactate produced via glycolysis [352]. Thus, multiple lines of evidence suggest there is
an intensity-dependent effect on p-CaMKII, with a disproportionate increase when intensity

exceeds the maximal steady state.

The number of differentially expressed genes is similar to previous research, which has
reported 1,024 and 853 differentially expressed genes +4.5 h and +7 h, respectively, from the
onset of an aerobic exercise session (i.e., 2 hours at 60% of VOzpeak) - measured via DNA
microarray [475]. Another study examined the differential expression of genes via microarray
+5 h from the onset of an hour of cycling (i.e., ~73% VO2max) immediately followed by an hour
of running (i.e., ~87% VOzmax) and reported 102 differentially expressed genes [476]. A similar
result was observed via cDNA microarrays +4.25 h from the onset of exercise (i.e., 60 to 85%
of VO2zmax; described in [477]), where 118 genes were differentially expressed [441]. Neither
study examined the response +24 h from the onset of exercise. To my knowledge, there is no
research investigating the influence of multiple exercise intensities within the same population

on the number of differentially expressed genes assessed via RNA-sequencing.

The gPCR results indicate that exercise intensity also influenced the expression of some
of the measured genes. For example, PGC-1a total MRNA increased 3.1 = 1.9, 3.6 = 1.6, and
4.9 £ 5.5 fold +4 hours following the onset of exercise at -18, -6, and +6% of the MLSS,

respectively — these findings are consistent with the RNA-sequencing analysis (Figure 4.10,
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Panel C; Figure 4.15, Panel A). These fold changes are consistent with previous research
following exercise at similar intensities [15, 282, 284, 439, 442]. A larger increase in PGC-1a
mRNA was observed following exercise at 80% compared with 40% of VOzmax (10.0 vs. 3.8
fold-change, respectively) [15], and PGC-1a mRNA was higher following exercise at 81%
compared to 65% of VO2zmax (5.5 vs. 2.7 fold-change, respectively) [282]. However, these
studies only compared responses between two different exercise intensities. The present study
employed three intensities, which allowed the investigation of if there was a linear or non-
linear relationship between exercise intensity and markers associated with exercise-induced
mitochondrial biogenesis. There was a larger fold change in PGC-1a total mMRNA when
exercise intensity was increased to above the MLSS; mRNA increased 0.5 fold-change from -
18% to -6% MLSS and 1.3 fold-change from -6% to +6% MLSS - a similar change was
observed via RNA-seq (Figure 4.15; Panel A). The present results show a greater fold-change
in PGC-1a total mRNA for the same absolute increases in power above the MLSS compared
to below the MLSS. These results suggest that increasing exercise intensity above the MLSS

yields a disproportionate increase in PGC-1a total mRNA.

There also appears to be an intensity-dependent increase in p53 — another gene
associated with mitochondrial biogenesis (Figure 4.10, Panel D) [121, 415]. There was no
significant change in p53 mRNA following exercise at -18% MLSS, but there was a significant
increase in p53 MRNA +24 h from the onset of exercise at -6 and +6% of the MLSS (2.7 £ 1.5
and 4.2 + 3.0 fold-change, respectively) — this result is consistent with the RNA-seq analysis
(Figure 4.10, Panel C; Figure 4.15, Panel B). Another study also observed significant
increase in p53 MRNA (2.0 to 2.7-fold-change) +22 hours from the onset of the first of two
high-intensity exercise sessions (i.e., 8 x 5 min @ 85% of VOzpeax) performed in a single day

[478]. There was a larger fold change in p53 mRNA when exercise intensity was increased to
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above the MLSS; mRNA increased 0.9 fold from -18% to -6% MLSS and 1.5 fold from -6%
to +6% MLSS. These results suggest that exercise intensity influences the expression of p53
MRNA and that the MLSS yields a disproportionate increase +24 h from the onset of exercise.
The absence of significant increase in p53 at the earlier time points is consistent with previous

research that has observed < 1.5 fold changes 3 to 4 hours post exercise [69, 475, 478-483]

Previous research has demonstrated there is a reciprocal regulation of p53 and SOD2
MRNA [484]. Accordingly, SOD2 mRNA was also significantly increased +24 h from the
onset of exercise following exercise at +6% MLSS - this result is consistent with the RNA-seq
analysis (Figure 4.10 Panel E; Figure 4.15, Panel C). To my knowledge, there is no research
that has measured SDO2 mRNA +24 h from the onset of exercise. However, previous research
has reported non-significant changes in SOD2 mRNA +4 h from the onset of exercise, which
is consistent with the small changes observed in the present study (i.e., 1.2, 1.4 and 1.2 fold
change, for -18, -6, and +6% MLSS, respectively) [69, 70, 475, 478-483]. Furthermore, the
phosphorylation of nuclear p53 (p-p53) modulates both p53 and p21 mMRNA [485]. Similar to
p53, there was an increase in p21 mRNA +4 and +24 h from the onset of exercise. These
results are consistent with previous research, which has observed an increase in p21 mRNA +4
to 6 hours from the onset of exercise [480, 481, 486]. There was a sustained increase in p21
MRNA following exercise at the two highest intensities +24 h from the onset of exercise and,
to my knowledge, no study has measured p21 mRNA +24 h from the onset of exercise. These
results demonstrate that while SOD2 mMRNA may not be upregulated until +24 h from the onset
of exercise, p21 mRNA upregulation is sustained from +4 h to +24 h from the onset of exercise,
These results further support the reciprocal regulation of p53 and SOD2 mRNA as well as the

concomitant modulation of p53 and p21 mRNA.
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There was an inverse relationship between exercise intensity and PPARS mRNA +4h
after the onset of exercise — this result was consistent with the RNA-seq. analysis. There was a
significant increase +4 h from the onset of exercise following exercise at both -18% and -6%
MLSS, with the largest fold-change occurring after exercise performed at -18% MLSS (i.e.,
2.3 fold-change) (Figure 4.11 Panel B). There is no research directly investigating the
influence of exercise intensity on PPARS mRNA; however, a significant increase in PPARS
MRNA has been reported +5 h from the onset of high-intensity exercise (i.e., 10 x 4-min
intervals at ~90% VOgzpeak) [64]. Furthermore, 75 min of exercise at 60 to 85% 0f VOamax
(described in [477]), yielded a significant increase in PPARS (1.7 + 0.1 fold-change) +4.25 h
from the onset of exercise [441]. The fold changes observed in these studies and the present
study are consistent with previous research [475, 479-483, 486, 487]. The inverse relationship
between intensity and increases in PPARS mRNA in the present study could be explained by
the higher rate of fat oxidation during the lower exercise intensities, as fatty acid transport into
the nucleus via fatty acid binding protein (FABP) has been reported to modulate peroxisome
proliferator activated receptor (PPARS) gene expression [403-405]. As previously mentioned,
future research should elucidate the mechanism of fat acid oxidation and the pathways

associated with exercise-induced mitochondrial biogenesis.

There was a significant increase in PDK4 mRNA +4 h from the onset of exercise
compared to pre following all three intensities (Figure 4.11, Panel D). This is consistent with
previous research [282], where PDK4 mRNA expression was independent of exercise intensity.
[488]. It is possible that any exercise intensity that activates the oxidative pathways will

upregulate PDK4 mRNA expression.
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A limitation of the present study is the absence of measures related to primary
messengers; specifically, indirect measures of Ca?* flux (e.g., glycogen phosphorylase a and
PDH a), the redox state (e.g., NAD*/NADH), and the AMP/ATP ratio were not measured.
Therefore, | could not adequately characterise these responses relative to the MLSS which may
have helped explain some of the present findings. Another limitation of the present study was
that the VO_ observed during the +6% MLSS underestimated the VOamax observed from the
GXT, suggesting that the MLSS in the present may have underestimated the maximal steady
state. This has also been observed in previous research, where exercise performed above the
MLSS resulted in an underestimation of VOzmax despite an observed continual rise in blood
lactate [489]. It is possible that VOzmax could have been achieved if the constant power-exercise
bouts were not stopped at the pre-determined time derived from the familiarisation exhaustive
trials. A recent review highlighted the shortcomings of the 30-min MLSS as a delineator of the
maximal metabolic steady state [49]. Therefore, other anchors should also be considered when
investigating exercise-induced mitochondrial biogenesis. Furthermore, it is not possible to
conclude that this intensity corresponded to the maximal fat oxidation rate, even though the
absolute rate of fat oxidation is similar to previously reported values (>6 kcal'min) [303, 310,
490], and future research should examine the influence of exercise performed at the maximal

fat oxidation rate on cell signalling.

4.6 Conclusions

As discussed in Chapter 1, and as highlighted in the present study, prescribing exercise
relative to a submaximal anchor is an advantageous approach to prescribing exercise. Despite
a heterogeneous group of participants we observed a consistent homeostatic perturbations in

all participants. Moreover, there appeared to be a larger fold-change following the exercise



183

performed above the MLSS in most measured targets associated with exercise-induced
mitochondrial biogenesis. Although a similar relationship has been observed when prescribing
exercise as a percentage of VOomax, these results demonstrate that the MLSS allows for a more
‘fine-tuning’ approach to prescribing intensity. Specifically, exercise prescribed in close
proximity to an anchor that represents a metabolic shift in the working state of muscle yields
notable changes in homeostatic perturbations as well as changes in signalling pathways
associated with exercise-induced mitochondrial biogenesis. Therefore, we recommend
methods to prescribe exercise intensity based on their efficacy to yield an explicit and/or

homogenous homeostatic perturbation.

Chapter 5: Findings. Limitations, and Practical Applications
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5.1 Key Findings
Review 1 (Chapter 1) highlighted the complexity of prescribing exercise intensity.
There are a number of methods currently employed to prescribe exercise intensity, which
include using maximal anchors (i.e., VOzmax, Wmax, and/or HRmax), submaximal anchors (LTx,
LTz, GET/VT, RCP, MLSS, CP/CS), or a combination of anchors (i.e., “A”, VOzr, HRR).
Maximal anchors or a combination of anchors, although commonly used in sport and exercise
physiology research, fail to normalise exercise intensity so as to elicit distinct and/or
homogeneous homeostatic perturbations in different individuals. In contrast, the premise of
submaximal anchors is to differentiate between exercise intensities based on substrate
utilisation, oxygen uptake kinetics, and or blood lactate responses. Nonetheless, the validity of
many submaximal anchors commonly used to establish training zones/intensities has not been
robustly examined. The main conclusion from this review was that the validity of different
methods to prescribe intensity should be based on whether they can accurately and reliably
identify the boundaries between the different domains of exercise. There is promising evidence
suggesting the GET/VT or LT derived from a GXT can identify the boundary between
moderate and heavy exercise; however, more research is needed to confirm the validity of these
methods. There is no research supporting the validity of GXT-derived submaximal anchors to
identify the boundary between the heavy and severe domains of exercise; this can be attributed
to the influence of GXT protocol design, the curvilinear increase in metabolic responses to
exercise performed within the heavy or severe domains of exercise, and validity based on
concurrent validity with another submaximal anchor. The MLSS derived via the traditional 30-
min criteria appears to underestimate the heavy and severe boundary due to its conservative
criterion. The single-visit MLSS has emerged as a technique that relies on abrupt changes in
blood lactate to determine the MLSS; however, this has not been confirmed via VO, Kinetics
as a valid method to establish the boundary between heavy and severe domains of exercise.

Therefore, future research should investigate the validity of the single-visit MLSS. There is
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strong evidence to support the validity of CP/CS to identify the boundary between the heavy
and severe domains of exercise but again, more research is required to optimise the testing
procedures associated with CP/CS. In summary, | recommended that the systemic responses
during constant work load exercise be used to confirm the domain of exercise relative to any

submaximal anchor derived.

The writing of Chapter 1 (Review 1) has been ongoing since the start of 2017, and has
been updated/supported by recent publications and discussions of controversies pertaining to
prescribing submaximal aerobic exercise intensity. In this regard, the design of Study 1
(Chapter 2) occurred early in 2016 and was completed in May 2017. In particular, Study 1 was
based on publications questioning the use of GXT-derived submaximal anchors and the use of
the MLSS as the “gold standard” for delineating the heavy and severe domains of exercise [5,
6, 49, 166, 168, 185, 194, 206, 211, 216, 237, 381, 491, 492]. The aim of Study 1 was therefore
to assess the validity of various lactate parameters derived from a GXT to identify the 30-min
MLSS, the rationale being the LT had been long accepted as a viable method to prescribe
exercise intensity. However, as described above, since completing this study some researchers
have questioned the validity of the 30-min MLSS; specifically, the ability to delineate the

boundary between the heavy and severe domains of exercise [49].

Study 1 (Chapter 2) investigated the relationship between various lactate parameters
derived from different GXT protocols and the 30-min MLSS, and the agreement between
VOgzpeak Values obtained from different GXT protocols [1]. Participants completed five GXTs
with varying stage lengths (1, 3, 4, 7 and 10 minute stages) and total durations (~11, 27, 35, 59
and 82 minutes, respectively). Fourteen LTs were calculated from the four longer GXTs, the

RCP was calculated from the 1-min GXT, and VOzpeax Was assessed from each GXT and each
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subsequent verification exhaustive bout (VEB). Of the 56 total calculated LTs, 10 met our
stringent inclusion criteria (mean difference < 7.9 W; effect size < 0.2; intraclass correlation >
0.90). Select OBLA methods had high agreement with the MLSS from the longest three GXTs,
and the original modified Dmax methods had high agreement with the MLSS from the GXT
with 4-min stages (GXT4). Newly developed variations of the modified Dmax method, using the
log-log as the initial data point, also had high agreement with the MLSS; moreover, these newly
developed methods employed both polynomial regression and exponential regressions for
determination of the LT. The values for VO2peax assessed from the longer duration GXTs and
their subsequent VEBs underestimated the VOgpea determined from the shortest duration
GXTs. The results from this study highlight the substantial influence of GXT protocol design
on both the LT and the agreement with the MLSS. Until future research establishes the
reliability and reproducibility of the LT methods derived in this study, caution is advised when
using the LT derived from a GXT as a surrogate for other submaximal anchors. Lastly,
considering the concerns raised pertaining to the 30-min MLSS it is unlikely the LT derived
from a GXT can appropriately identify the boundary between the heavy and severe domains of

exercise.

These results were consistent with previous findings discussed in Review 1 (Chapter
1). In particular, GXT-derived submaximal anchors should be avoided as proxies for other
submaximal anchors due to the poor statistical confirmation of validity and the poor efficacy
of GXT-derived LTs. An additional purpose of this study was to validate a LT method that
could be used in Study 2 (Chapter 4) to prescribe exercise intensity. However, due to these
findings | abandoned the LT as a method to prescribe exercise and opted for the 30-min MLSS

in Study 2 (Chapter 4).
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Review 2 (Chapter 3) highlights the influence of exercise intensity on the primary and
secondary messengers, transcription factors, and coactivators and genes associated with
exercise-induced mitochondrial biogenesis. Exercise intensity dictates changes in the primary
messengers via alteration in the bioenergetics or source of ATP production for the working
muscle, as well as the magnitude of homeostatic perturbations. In particular, this review
focused on key homeostatic perturbations such as Ca?* flux, redox state, ATP turnover, lactate
production, and mechanical stress. During low-intensity exercise the predominant source of
ATP is derived from fatty acid oxidation in type I fibres, with little to no recruitment of more
glycolytic muscle fibres (i.e., type I1); this results in a low rate of calcium flux, redox state, and
ATP turnover rate as measured by the AMP/ATP ratio, which is comparable to rest. The high
uptake of fatty acids act as natural ligands that modulate the expression of transcription factors
and coactivators of genes associated with fatty acid oxidation (e.g., PPARa, PPARS, and
PPARY). As exercise intensity increases, substrate utilisation shifts from predominately fatty
acids to a greater contribution from glucose and stored glycogen and there is the added
recruitment of type Il muscle fibres that drives the production of ATP from cytosolic sources
(i.e., lactate). This results in an increase in Ca?* flux, the redox state, and the AMP/ATP ratio.
The increased magnitude of homeostatic perturbations drives the greater activation of
secondary messengers (i.e., signalling kinases) (e.g., p-CaMKIlI, p-AMPK, p-p38 MAPK, etc.)
that ultimately modulate transcription factors and coactivators associated with exercise-
induced mitochondrial biogenesis (e.g., PGC-1a, p53, etc.). There is an apparent relationship
between exercise intensity and exercise-induced mitochondrial biogenesis and there is strong
research to support the use of submaximal anchors to modulate the primary messengers, which
would likely have a stronger influence of mitigating the variability of homeostatic perturbations
and the subsequent effect on markers of exercise-induced mitochondrial biogenesis. Despite

this, the identification of exercise intensities that stimulate a disproportional increase in
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markers of mitochondrial biogenesis has been limited by research that has almost exclusively
prescribed exercise relative to VOzmax 0f Wmax. As highlighted in Chapters 1 and 2, there are
well-established limitations of these methods to normalise exercise intensity. To date, there is
no research employing more valid methods to normalise exercise intensity (e.g., MLSS or
CP/CS) to investigate the influence of exercise intensity on markers of exercise-induced
mitochondrial biogenesis. Furthermore, research that has investigated the influence of exercise
intensity on cell signalling associated with exercise-induced mitochondrial biogenesis have
only employed two intensities. Without employing three or more intensities a potential non-
linear relationship between exercise intensity and these markers cannot be quantified (e.g., a

dose-response or a threshold response).

The findings from Study 1 (Chapter 2) and the research summarised in Reviews 1 and
2 (Chapters 1 and 3) were used to design Study 2 (Chapter 4). The MLSS was identified as a
potential critical exercise intensity that represented the boundary between steady and non-
steady-state exercise, with exercise above the MLSS intensity resulting in a disproportionate
increase in a range of homeostatic perturbations. Based on this, it was hypothesised exercise
above the MLSS would yield a disproportionate increase in primary and secondary messengers

and the differential expression of genes associated with mitochondrial biogenesis.

Study 2 (Chapter 4) examined the influence of exercise intensity prescribed relative to
the MLSS on cell-signalling responses associated with exercise-induced mitochondrial
biogenesis. Participants performed three exercise bouts, at -18%, -6%, and +6% of the MLSS,
respectively, and muscle biopsies were taken at rest, immediately post exercise and +4 and +24
hours from the onset of exercise. The lowest intensity yielded the greatest fat oxidation rate,

which could be a driver of the greater upregulation of genes associated with fat oxidation. Total
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PGC-1a and p53 mRNA was highest following exercise performed at +6% of the MLSS at +4
h and +24 h from the onset of exercise, respectively. Exercise performed at -6% of the MLSS
resulted in the highest number of upregulated genes, whereas exercise at +6% of the MLSS
resulted in the highest number of down regulated genes, at +4 h and +24 h from the onset of
exercise. These findings demonstrate that the MLSS represents a critical exercise intensity and
that when exercise is performed above the MLSS this leads to a disproportionate increase in

blood and muscle lactate and the transcriptional activity of some targets.

Together, the work contained in this thesis highlights some of the complexities of
prescribing exercise intensity. The premise of submaximal anchors is they represent transitions
in the metabolic state of the muscle, but many of these methods lack evidence to support this
premise. This work also highlights the challenge of assessing the concurrent validity of GXT-
derived anchors with other methods, due to the influence of GXT protocol design as well as
the statistical assessment of validity. Exercise intensities associated with the transition between
steady and non-steady state exercise, such as the MLSS, appear to represent a critical intensity
above which there is a disproportionate change in homeostatic perturbation and where there is
some differential expression of genes associated with exercise induced mitochondrial

biogenesis.

5.2 Limitations of the Present Work
According to a power analysis | should have recruited 20 participants. Therefore, a

potential limitation of Chapter 2 (Study 1), is the moderate sample size (n=17) for assessing
validity. Unfortunately, due to time constraints and difficulties recruiting a homogeneous
population of well-trained athletes, a slightly smaller number of participants was recruited.

Employing stage lengths of 3, 4, 7, and 10 min in Study 1 (Chapter 2) clearly demonstrated the
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influence GXT protocol design on LT calculations; even manipulating stage length by 1 min
had a significant effect on the LT calculations (Table 2.1 & 2.6). Thus, it is possible lactate
parameters derived from GXTs with 5- and 6-min stages may also have had high agreement
with the MLSS but these were not assessed. The Log-Exp-MDmax overestimated (+7 W) and
underestimated (-4 W) the MLSS when calculated from GXTs and GXT7, respectively. It is
therefore possible the Log-Exp-MDmax derived from a GXT with 5- or 6-min stages would
have had a higher agreement with the MLSS and possibly fit an a prior agreement (i.e., bias £
precision vs. standard error) [184]. Lastly, after publication in PloS ONE (Study 2), a review
was published discrediting the efficacy of the 30-min MLSS as means to identify the maximal
metabolic steady state [49]. An original research article also presented a newly derived single
visit MLSS test [5] that remains to be confirmed as a valid delineator of the boundary between

the heavy and severe domains of exercise.

Based on the results described in Study 1 (Chapter 2), the MLSS was chosen in lieu of
the LT as the criterion measure of the boundary between heavy and severe exercise. However,
after conception of the study research was published that provided empirical evidence of the
limitations of the 30-min MLSS as a valid method to identify the maximal metabolic steady
state [6, 46, 49, 94, 185, 211, 381, 493]. Despite this, it was highly likely that exercise
performed at +6% of the MLSS in Study 2 was above the maximal steady state - as indicated
by blood and intramuscular lactate data (Figure 4.4). Based on the above discussion, one of
the unavoidable potential limitations of Study 2 (Chapter 4) was the use of the traditional,
commonly-used, 30-min MLSS. Again, another potential limitation was the sample size
(n=10); ideally 16-24 participants should have participated based on recommendations for an
optimum repeated measure design [8]. Unfortunately, due to time constraints, difficulties

recruiting a homogeneous population of well-trained athletes, and the overall cost of analysing



191

tissue samples, a slightly smaller study population was recruited. Nonetheless, this sample size
is equal to or greater than most similar research. Lastly, it would have been better suited to
prescribe the lowest intensity at the maximal fat oxidation rate this could have strengthened the

possibility of fatty acid oxidation as a perturbation to drive molecular responses.

The results from Study 1 (Chapter 2) are specific to the study demographics as well as
the testing equipment; this is consistent with most research in applied sport and exercise
science. Validity is often used as a broad term and the differentiation between subtypes remains
absent. For example, although certain LT methods were deemed “valid”, only the internal
validity of the LT was tested and until the reliability and reproducibility is confirmed it is not
possible to generalise these results to other populations (i.e., external validity). The results from
Study 2 (Chapter 4) are also specific to the study demographics and until tested may not be

applicable to other populations.

5.3 Recommendations for Future Research
Future research pertaining to the validity of various submaximal anchors discussed in

Review 1 (Chapter 1) should assess validity based on the ability to identify the boundaries
between the domains of exercise. Testing the validity of these methods should rely on transient
oxygen uptake kinetics during exercise [119], performed in proximity to the anchors (e.g.,
within the limits of agreement), as well as blood lactate responses. For example, the breath-by-
breath transient oxygen uptake kinetics during at the limits of agreement for CP should be
consistent with its respective domains (e.g., below = heavy and above = severe). The same
testing procedures should be applied to the other submaximal anchors discussed. Moreover,
larger cohorts should be recruited in sport and exercise science research when assessing the

validity of different methods to prescribe exercise (n > 30) [8]. If LT testing remains a staple
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technique, future research should expand on the findings described in Study 1 (Chapter 2) and
investigate the reliability and reproducibility of the various LT methods. Furthermore, the
validity and reliability should be explored in other populations (e.g., females) and other modes

of exercise (e.g., treadmill).

Future research pertaining to the discussion in Reviews 1 and 2 (Chapters 1 and 3)
should avoid VO2, Wmax, and HR-based methods to prescribe exercise intensity. Researchers
should instead opt for methods that yield a distinct and homogeneous homeostatic perturbation
in a range of individuals. For example, future research should investigate the influence of
prescribing exercise relative to the maximal fat oxidation rate on markers associated with
exercise-induced mitochondrial biogenesis. Future research pertaining to the discussion in
Chapter 2 (Study 2) should employ techniques such as ‘omics’ analysis of mMRNA and protein,
as well as subcellular fraction and single-fibre analysis to further quantify the markers
associated with exercise-induced mitochondrial biogenesis. This will provide an opportunity
to obtain an in-depth map of all genes and proteins associated with cell signalling and the
abundance of different proteins in different subcellular compartments as well as fibre type.
Lastly, the translation of exercise-induced mitochondrial biogenesis to athletic performance
remains inconclusive, and future research should elucidate this relationship to affirm the

findings of this research.

5.4 Practical Applications
Graded Exercise Tests are often employed as a time-effective and convenient means to

obtain indices associated with athletic performance and health. The results from the present
work demonstrate the shortcomings of GXT protocol design to establish these indices.

Moreover, this work challenges many assumptions associated with prescribing exercise



193

intensity. Due to these assumptions, submaximal anchors are often used to define training
intensities. Instead, the findings contained in this thesis provide an argument for domain-based
exercise prescription, where the domains are independent of the submaximal anchors, and the
validity of said anchor should be contingent on the homeostatic responses above and below
said anchor. These results also demonstrate that prescribing exercise relative to submaximal
anchors modulates markers associated with exercise-induced mitochondrial biogenesis.
Specifically, the MLSS represents a critical intensity that promotes a disproportionate
differential expression of genes, supporting its use as a method to prescribe exercise intensity.
Sport scientists, researchers, clinicians, and coaches can employ appreciate submaximal
anchors to not only characterise the metabolic state of the working muscle but to also promote

skeletal muscle adaptations that may impact athletic performance.
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