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ABSTRACT 

 

In an attempt to improve the current understanding of the adaptive response to exercise in humans, 

this dissertation performed a series of studies designed to examine the impact of training intensity and 

mode on aerobic capacity and performance, fibre-type specific adaptations to training, and individual 

patterns of response across molecular, morphological and genetic factors. 

Project #1 determined that training intensity, session dose, baseline VO2max and total training 

volume do not influence the magnitude of change in VO2max by performing a meta-regression, and meta-

analysis of 28 different studies. The intensity of training had no effect on the magnitude of increase in 

maximal oxygen uptake in young healthy participants, but similar adaptations were achieved with lower 

training doses following high intensity training.  

Project # 2 determined the acute molecular response, and training-induced adaptations in aerobic 

performance, aerobic capacity and muscle phenotype following high-intensity interval training (HIT) or 

endurance exercise (END). The acute molecular response (fibre recruitment and signal activation) and 

training-induced adaptations in aerobic capacity, aerobic performance, and muscle phenotype were 

similar following HIT and END. 

Project # 3 examined the impact of baseline muscle morphology and molecular characteristics on the 

training response, and if muscle adaptations are coordinated.  The muscle phenotype of individuals who 

experience the largest improvements (high responders) were lower before training for some muscle 

characteristics and molecular adaptations were coordinated within individual participants.  

Project # 4 examined the impact of 2 different intensities of HIT on the expression of nuclear and 

mitochondrial encoded genes targeted by PGC-1α. A systematic upregulation of nuclear and 

mitochondrial encoded genes was not present in the early recovery period following acute HIT, but the 

expression of mitochondrial genes were coordinated at an individual level.  
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Collectively, results from the current dissertation contribute to our understanding of the molecular 

mechanisms influencing skeletal muscle and whole-body adaptive responses to acute exercise and 

training in humans. 
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Chapter 1 

 GENERAL INTRODUCTION 

1.1 The impact of exercise training intensity on the magnitude of change in VO2max 

following training 

 Traditionally, preventative exercise prescription employs the use of extended duration, continuous, 

steady-state exercise at a moderate intensity several times per week in order to elicit improvements in 

maximal aerobic capacity (VO2max); however, repeated bouts of short duration high-intensity intervals 

have also been shown to be an effective means of improving VO2max, despite a significantly reduced 

total training time 1–3. This has led to speculation that high-intensity exercise may even be more effective 

at eliciting improvements in VO2max than lower intensity exercise 4–6; however, despite the obvious 

importance of the identification of the optimal intensity of exercise training for improving VO2max, there 

is surprisingly little evidence available describing what this intensity, or range of intensities might be. 

Unfortunately, studies attempting to examine the impact of exercise intensity on training-induced 

increases in VO2max frequently employ only two exercise intensities, are not work-matched (i.e. 

equivalent energy expenditure), compare different training modes, or are performed on small samples 

sizes and therefore do not adequately describe the exercise intensity dose-response on the magnitude of 

training-induced increases in VO2max.  

1.2 Mechanisms underlying the potency of high-intensity interval training (HIT) 

Despite the drastic differences in training volume (i.e. total training energy expenditure), endurance 

training and HIT induce comparable changes in whole-body and skeletal muscle metabolic adaptations 

including improvements in VO2peak, aerobic exercise performance, mitochondrial content, oxidative 

capacity, intramuscular glycogen and triglyceride stores, and capillary density 1–3,7. At present, however, 

the mechanisms by which substantially lower doses (i.e. lower energy expenditure from training) of high 
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intensity exercise are capable of inducing adaptations typical of endurance exercise are not completely 

understood. One potential mechanism underlying the apparent potency of HIT may be the result of 

differences in fibre recruitment patterns as a result of increasing exercise intensity activating a greater 

numbers of fibres 8. Currently, however, fibre recruitment patterns and signalling pathway activation 

resulting from HIT, and whether variations in acute fibre-recruitment result in distinctive fibre-type 

specific adaptations following chronic exercise training, are unknown.  

1.3 Is there a coordinated change in skeletal muscle molecular and morphological 

characteristics following training, and is this response influenced by baseline phenotype? 

While exercise training consistently improves skeletal muscle capillarization 3,9,10, oxidative capacity 

2,9,11, intramuscular triglyceride and glycogen stores 2,7,9, and fibre-type distribution 12,13 on a group level, a 

large degree of variability is present in the magnitude of adaptations amongst individuals 2,14–19. Baseline 

phenotype has been proposed to account for some of the variability in individual adaptations to training; 

however, results supporting the role of baseline phenotype tend to be equivocal15,20–25 and/or dependent on 

the variable examined 26. While preliminary evidence has demonstrated that a relationship between 

baseline muscle phenotype (glycogen content, citrate synthase (CS) activity and Complex IV activity) and 

the magnitude of adaptation following 6 weeks of training may exist 15, methodological concerns have 

been raised with the type of analytics utilized to derive these results 27. However, these results are 

consistent with the possibility that individuals who experience the largest magnitude of change in a given 

skeletal muscle characteristic following training (i.e. high responders), would have exhibited lower 

baseline scores for that variable than low responders, and vice versa 26. Interestingly, unlike the 

coordinated change in skeletal muscle proteins involved in oxidative metabolism observed by McPhee et 

al. 16, individuals’ training-induced changes in aerobic capacity, exercise performance, and metabolic 

responses (HR, lactate threshold, etc.) can dissociate following training 15,20,21,28 resulting in distinct 

individual patterns of response. Thus, while the integrated regulation of oxidative protein observed by 

McPhee et al. 16 suggests that coordinated regulation of morphological and molecular changes in skeletal 
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muscle may occur, it is also possible that individual patterns of response may exist across exercise 

training-induced adaptations in skeletal muscle.  

1.4 Is there a coordinated expression of nuclear and mitochondrial-encoded genes in 

response to exercise, and does this response vary with exercise intensity?  

As the ‘master regulator of mitochondrial biogenesis’ peroxisome proliferator-activated receptor 

gamma co-activator 1 alpha (PGC-1α) is believed to coordinate the regulation of nuclear and 

mitochondrial-encoded gene expression necessary for mitochondrial biogenesis 29. The transcriptional 

activity of PGC-1α is increased as a result of its translocation to the nucleus where it increases the 

expression of nuclear encoded mitochondrial genes following acute contractile activity in mice 30,31 and 

high-intensity interval training in humans 32. In addition, acute endurance exercise induces the 

translocation of PGC-1α to the mitochondrial matrix in mice 31 and humans 33 where it complexes with 

mitochondrial transcription factor A (TFAM) to increase mitochondrial-encoded gene expression 31. 

Surprisingly, while both nuclear- and mitochondrial-encoded genes are acutely upregulated following 

exercise in humans 32 and this upregulation is coordinated in mice 31,34, whether a coordinated 

upregulation of nuclear- and mitochondrial-encoded genes occurs in response to exercise in human 

skeletal muscle is unknown. Given that PGC-1α activity, as indicated by changes in PGC-1α mRNA, is 

exercise-intensity dependent in response to submaximal exercise intensities 13,35,36, coordinated expression 

of nuclear and mitochondrial-DNA encoded genes regulated by PGC-1α should occur in an intensity-

dependent manner.  

1.5 Purposes 

 

The current dissertation sought to examine the adaptive response of humans to exercise.  Specifically, 

a series of studies were conducted that examined changes in aerobic capacity and performance following 

different intensities and modes of exercise training.  Changes in molecular, morphological and genetic 
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factors within skeletal muscle were also examined.  This was accomplished by the completion of 4 

distinct projects. 

The purposes of the first study (Chapter 3) of the current dissertation were to: 

1. conduct a meta-regression and meta-analysis of existing literature in an attempt to determine the 

effect of exercise intensity on training-induced increases in VO2max, and  

2. examine the impact of training session dose, baseline VO2max and total training volume on 

training-induced increases in VO2max.  

The purposes of the second study (Chapter 4) of the current dissertation were to examine:  

1. fibre recruitment patterns, as reflected by reductions in glycogen content of each fibre-type 

population, and  

2. whole-muscle and fibre-type specific signalling pathway activation following an acute bout of LV 

(low volume) -HIT (i.e. SIT) and endurance (END) exercise, and 

3. changes in VO2peak, aerobic and anaerobic exercise performance, and  

4. fibre-type specific adaptations in oxidative and glycolytic capacities, substrate storage and 

capillary density resulting from chronic LV-HIT and END exercise. 

The purposes of the third study (Chapter 5) of this dissertation were to determine if:  

1. baseline muscle characteristics of high and low responders differ, and 

2. a coordinated change of skeletal muscle characteristics occurs across enzymes of different 

metabolic pathways, capillary density, substrate storage and fibre-type distribution, in response to 

6 weeks of training, and  

3. variations in skeletal muscle adaptation explain variability in exercise performance and capacity 

post-training.  

The purposes of fourth and final study (Chapter 6) of the current dissertation were to determine:  

1. if the exercise-mediated upregulation of nuclear- (PGC-1α, TFAM, PDK4, COXIV) and 
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mitochondrial- (ND1, ND4, COXI) encoded genes targeted by PGC-1α occurs in a coordinated 

manner in human skeletal skeletal muscle, and  

2. if the magnitude of change in expression of these genes is intensity-dependent.  
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Chapter 2 

LITERATURE REVIEW 

2.1 The impact of exercise intensity, mode and dose on aerobic capacity  

2.1.1 VO2max and VO2peak 

 Maximal oxygen uptake (VO2max) is the maximum rate that oxygen (O2) can be taken up and 

utilized by exercising skeletal muscle. VO2max is determined using treadmill exercise protocols where 

oxygen consumption is measured during intermittent progressive workloads on separate days. This 

protocol was designed to achieve a work rate at which O2 consumption could not be increased from what 

was achieved at a lower intensity work rate (i.e. oxygen consumption remains at a steady state [i.e. a 

plateau] or does not increase, despite an increase in exercise intensity) 1. Throughout the tests, ventilation 

(rate and volume) and the concentration of O2 and carbon dioxide of inhaled and exhaled air is measured 

using a metabolic cart, with VO2max being expressed as liters (L) of O2  per minute (L/min) or milliliters 

(mL) of O2 per kilogram (kg) of body weight per minute (mL/kg/min). A similar measure that is often 

used synonymously with VO2max is peak oxygen uptake (VO2peak), which represents the highest rate of 

oxygen uptake attained on a given test. VO2peak is typically determined using a treadmill or cycle 

ergometer where the intensity is progressively increased until the individual reaches volitional exhaustion. 

Importantly, determination of VO2peak does not require an additional test day for confirmation that 

oxygen uptake is not able to increase further, despite an increase in work rate. This has led to wide spread 

adoption of VO2peak testing in physiology and the development of characteristics that are used as further 

confirmation that an individual has achieved maximal oxygen consumption during a graded exercise test. 

These criteria include the presence of the following: achievement of maximal heart rate, respiratory 

exchange ratio of ≥ 1.15, and volitional exhaustion. 
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In addition to being one of the most commonly measured physiological variables in exercise 

physiology, VO2max and VO2peak are also important clinical measures of cardiovascular fitness. Several 

decades of research have demonstrated the importance of VO2max in predicting the risk for adverse 

health outcomes including: cardiovascular disease, metabolic syndromes, cancer and other chronic 

diseases 2–6. Indeed, low aerobic capacity is a predictor of cardiovascular and all-cause mortality 2,3 and a 

rise of ~3.5 mL O2/kg/min is associated with a ~12-25% improvement in survival 3,5. Traditionally, 

aerobic exercise-training programs are utilized as an effective means of improving an individuals’ 

VO2peak 7–43, and therefore act as an important preventative approach to reducing the risk of future 

disease development and improving longevity.  

2.1.2 Factors determining aerobic capacity 

An individual’s maximal aerobic capacity is determined by several physiological variables that are 

divided into two categories that affect either the delivery of O2 to exercising muscle (i.e. central factors), 

or the ability of skeletal muscle to extract O2 (peripheral factors). Specifically, pulmonary diffusive 

capacity, maximal cardiac output, and O2 carrying capacity of the blood are central factors capable of 

limiting the delivery of O2, while skeletal muscle characteristics (capillary density, mitochondrial enzyme 

content, muscle diffusive capacity, etc.) are peripheral factors capable of limiting O2 extraction 44. 

Exercise training improves maximal aerobic capacity as a result of adaptations to one, or both of the 

cardiovascular and musculoskeletal systems 28,29,45,46 in response to the physiological stress imposed on 

these systems during individual exercise bouts. Importantly, skeletal muscle possesses an impressive 

capacity to increase blood flow in response to contractile activity, even beyond maximal cardiac output 47. 

Further, skeletal muscle has a metabolic capacity in excess of what can be achieved when exercising in 

normoxia 48. Thus, cardiovascular factors limiting oxygen delivery to contracting muscles are considered 

to be the primary factor limiting maximal aerobic capacity 44 and training-induced improvements in 

aerobic exercise capacity 49,50. Importantly, while central players are believed to be the primary 

determinants of exercise-induced increases in aerobic capacity, increases in capillarity, mitochondrial 
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content, substrate storage and oxidative enzyme capacity within skeletal muscle also facilitate 

improvements in VO2peak in response to aerobic exercise training 51. 

2.1.3 Exercise dose and VO2max  

Studies employing a variety of different training intensities (ranging from ~50-250% of maximal 

aerobic power/capacity) and doses of exercise (i.e. energy expenditure from an acute bout of exercise or 

training program resulting from differences in duration, frequency and intensity) have demonstrated the 

ability of exercise training to improve VO2max 7–43,45,52–78. Exercise dose typically refers to the amount of 

physical activity performed by an individual and is frequently expressed in calories (kilocalories; kcal) or 

kilojoules (kJ). Specifically, exercise dose is determined by the frequency (sessions or bouts per 

day/week), duration (length of time of the activity; for intervals only the work periods contribute to this 

value) and intensity (metabolic stress of the activity) of the training. The following section will present a 

comprehensive review of literature examining the impact of exercise dose on training-induced 

improvements in maximal aerobic capacity; however, it is important to note that investigations on the 

impact of exercise dose on training-induced outcomes often manipulate more than one characteristic of 

the intervention(s) employed (e.g. when examining the impact of high- and low-intensity exercise, 

interval exercise must be used for the high intensity protocol). Therefore, isolating the impact of any one 

variable (i.e. exercise dose, intensity or mode) is challenging, and, while changes in training mode 

employed (continuous, interval, running, cycling, snowshoeing, swimming, dancing, sports [football, 

soccer, table tennis, etc.], and rowing) may also be an important consideration, they are beyond the focus 

of the current review.  

2.1.4 Exercise intensity 

Exercise intensity describes the rate of energy expenditure during physical activity that is usually 

expressed in relative terms in order to make the physiological stress approximately equal among 

individuals of differing absolute exercise capacity. It is typically prescribed using rate of perceived 
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exertion, or a percentage of maximum heart rate (%HRmax), VO2max/peak (%VO2peak/max) or peak 

aerobic work rate (% of VO2peak/max WR). Exercise intensity is an important training characteristic to 

consider as the extent of physiological stress imposed on the cardiovascular and musculoskeletal systems 

in response to acute exercise bouts may impact the magnitude of change in training-induced adaptations 

observed.  

2.1.4.1 Moderate-intensity training (~50-80% of VO2peak/max) and VO2peak 

Exercise-training programs prescribed to improve aerobic capacity traditionally employ the use of 

extended duration, continuous, steady state exercise at a moderate intensity several times per week (i.e. 

endurance training). These bouts of continuous exercise typically employ exercise intensities ranging 

from ~50-80% of VO2peak for 30-90 minutes with many investigations supporting their ability to 

improve aerobic capacity 7–43. As little as 9, 45-minute endurance sessions at ~70% of VO2peak over 3 

weeks improves maximal aerobic capacity by ~9 and 12% in older and younger men, respectively 29. 

Importantly, several investigations have demonstrated the importance of relative exercise intensity in 

determining the magnitude of training-induced improvements in aerobic exercise capacity in response to 

submaximal exercise training 10,12,16,40,71. Ross and colleagues 16 demonstrated that when caloric 

expenditure is held constant and the intensity of training is increased from 50 to 75% of VO2peak, 

training-induced improvements in aerobic exercise capacity are significantly greater. Several other 

investigators, however, provide evidence that the relative intensity of training does not influence the 

training response as no significant differences are present in the magnitude of change in aerobic exercise 

capacity when training interventions are work-matched (i.e. same external work, caloric expenditure, etc.) 

and the intensity of training is increased 23,36. For example, when two different groups trained 3x per week 

for 8 weeks at either ~50 to 70% of VO2peak for 55 and 35 minutes, respectively, no differences were 

observed in the magnitude of change in VO2peak following training (~15 and 20%, respectively) or 

energy expenditure between groups 36. 
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2.1.4.2 High- and supra-maximal intensity training 

Exercising at a moderate intensity is generally performed for an extended duration at a continuous 

pace; however, when exercise intensity approaches near maximum and extends to supramaximal 

intensities (i.e. at or above maximal aerobic power), periods of rest must be interspersed with periods of 

work in order to allow participants to maintain the prescribed power output. These types of training 

protocols, which require alternating periods of rest and work, are typically referred to as interval training. 

High-intensity interval training (HIT) employs interval work periods of near maximal aerobic power, 

while sprint-interval training (SIT) employs interval work periods above maximal aerobic power. HIT is 

generally described as any exercise requiring repeated burst of high-intensity exercise (> ~90% of 

VO2peak) for short periods of time (~60 seconds or less) interspersed with varying lengths of active 

recovery. Similarly, SIT also requires short periods of work interspersed with periods of rest, but the 

intensity of the work period is generally “all out” and the rest periods tend to be longer (e.g. repeated 

Wingate protocol: 4-6, 30-second “all out” sprints separated by 4 min of recovery).  

Interestingly, these high-intensity interval protocols are as effective 79, and perhaps even more 

effective at improving VO2peak than extended duration, moderate intensity training despite requiring 

significantly lower training doses 12,42,66. Indeed, as little as 2 weeks of HIT 70 or SIT 67,74 improves 

VO2peak ~8-11%, while several investigations have demonstrated significant improvements in VO2peak 

following longer duration interventions 7,10–12,19,21,26–28,33,36,38,42,45,52–67. Others, however, report no change in 

VO2peak following 2 67,80–82 and 7-8 weeks of SIT or HIT 34,83. The precise reasons for these disparate 

findings are unknown, but are likely attributable to differences in baseline fitness 34, and/or total training 

dose as many of these studies employed training durations of 2 weeks coupled with short duration 

intervals (i.e. 5-10 secs) 67,80–82. Please see the section below discussing the impact of training dose on 

VO2peak. 

Interestingly, and similar to moderate-intensity training, some investigators have reported evidence 

that the intensity of interval training may impact the magnitude of change in aerobic exercise capacity 
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10,56. For example, Boyd et al. 56 found significantly greater improvements in VO2peak in participants who 

performed 3 weeks of intervals at ~100% VO2peak aerobic power than those who trained using intervals 

at ~70% VO2peak aerobic power, despite a lower training volume in the ~100% group. Conversely, 

Overend et al. 38 reported no significant difference in the magnitude of change in maximal aerobic 

capacity (+12% and 16%, respectively) following 8 weeks of low- (3 min at ~100% VO2peak with 2 min 

active recovery at ~50% VO2peak) and high-intensity interval training (30 sec at ~120% VO2peak with 30 

sec active recovery at ~40% VO2peak) requiring participants to complete 45 minutes of intervals 4 times 

per week.  

Collectively, results from investigations attempting to identify the importance of relative training 

intensity on the magnitude of change in aerobic capacity following exercise training are equivocal 

10,12,16,23,36,38,40,56,71,84, and highlight the need for future studies attempting to isolate the impact of exercise 

intensity on training-induced changes in VO2peak. 

2.1.5 Frequency and duration of training 

In addition to the intensity of exercise influencing exercise dose, the frequency (sessions or bouts per 

day/week) and duration (length of time of the activity) are factors to consider. Importantly, the duration of 

training can refer to the number of weeks of a training intervention and the length of each acute exercise 

bout (minutes); however, this section will only discuss the impact of the duration of the training 

intervention and exercise bout length. While the previous section sought to explore and summarize the 

impact of exercise intensity on maximal aerobic capacity, the following section will examine the effect of 

both the frequency and duration of training on the magnitude of change in VO2peak.  

2.1.5.1 Duration of training intervention 

As previously discussed, as little as 3 weeks of endurance exercise 29 and 2 weeks of HIT 70 or SIT 

67,74 improves VO2peak. Longer duration training interventions, however, typically result in greater 

improvements in maximal aerobic capacity if adjustments in training intensity are made in order to reflect 
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changes in absolute exercise capacity (i.e. maximum/peak aerobic power) 29,59,62. For example, older 

participants (~68 years) who trained 45 min at ~ 70% of VO2peak 3x a week for 12 weeks experienced 

significant improvements in VO2peak of +9, 16, 22, and 29% at weeks 3, 6, 9 and 12 of the intervention, 

respectively 29. Interestingly, the younger participants in the same investigation only experienced 

improvements in VO2peak of +12% at 3 weeks, with further improvements only observed following 12 

weeks of training (+15%) 29. The lack of change in VO2peak at weeks 6 and 9 in the young participants 

may be partly due to their greater absolute aerobic capacity prior to training (~54 mL/kg/min) compared 

to the older participants (~31 mL/kg/min), as baseline fitness has been shown to impact the magnitude of 

change in VO2peak following training 8,84–87. Similarly, longer duration HIT interventions result in greater 

increases in maximal aerobic capacity with increases in VO2peak of +7 and 14% following 2 and 4 weeks 

of training 59. Talanian et al. 62 observed a similar response following 2 and 6 weeks of HIT (10, 4 min 

intervals at ~90% of VO2peak) with an +11 and 18% improvement in maximal aerobic capacity, 

respectively. Conversely, Burgomaster et al. 26 reported a ~7% increase in VO2peak following 3 weeks of 

SIT (4-6, 30sec “all out” intervals with 4.5 min recovery), with no additional improvements following 3 

additional weeks of training. 

2.1.5.2 Frequency of training  

Studies investigating the effect of training frequency suggest that the number of training bouts per 

week does not affect the magnitude of change in maximal aerobic capacity following training 40,88. For 

example, Fox et al. 88 had participants train 2 or 4 times per week for 7 or 13 weeks and found no 

difference in the magnitude of change in VO2peak following training (2 and 4x/wk for 7wks: +10%; 2 

and 4x/wk for 13 wks: +14%).  

2.1.6 Training volume/dose 

While the previous sections have attempted to isolate the effect of the frequency, duration and 

intensity of training, the following section will examine the impact of total training volume on the 
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magnitude of change in maximal aerobic capacity following training. Investigations where more than one 

training intervention of differing intensity, frequency and/or session duration that are matched in energy 

expenditure offer particularly useful insight into the impact of training dose on the magnitude of change 

in VO2peak following training and will be focused on in the following section 16,33,34,36,38,45,53,55,66,72,78. 

Many of these investigations observed comparable increases in maximal aerobic capacity following 

training, despite differences in the intensity of training and the duration of the exercise bouts 33,36,38,45,55,72, 

which suggests that when training volume is equivalent, similar gains in aerobic capacity are observed. 

Others, however, observe significant differences in the magnitude of change in VO2peak following 

training protocols of similar volume 16,34,53,66,78, which could be due to differences in the relatively fitness 

of the groups compared 34, unequal changes in body weight of the participants between groups following 

training 66 or differences in training intensity 16,78. 

Many investigations employing training interventions that are not equivalent in energy expenditure 

and observed similar improvements in maximal aerobic capacity suggest that training dose may not 

impact the magnitude of change in VO2peak following training 7,14,21,26–28,54,64. For example, Hautala et al. 

14 observed no difference in the training-induced increase in VO2peak following 8 weeks of training at 

~75% HRmax between two groups despite doubling the volume of training (60 min vs. 30 min 6x/wk). 

More strikingly, extremely low doses of SIT improve VO2peak similarly to endurance exercise despite 

requiring ~10 times less energy expenditure (~225 versus ~2250 kJ/week) 26.  

2.1.6.1 Is there a minimal training dose for improving VO2peak? 

Interestingly, several investigations report no change in maximal aerobic capacity following 

endurance 42,52,53,66,68,73,82 and HIT or SIT 67,80–82, which contrasts findings from an impressive number of 

investigations supporting the efficacy of exercise training at improving maximal aerobic capacity 6–42,44,51–

77. While the exact reasons for these disparate findings are unknown, they may be the result of differences 

in participant population 52,82, duration, frequency, or intensity of the training interventions employed 

42,53,66–68,73,80–82. Skleryk et al. 82 observed no change in maximal aerobic capacity in response to two weeks 
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of endurance training (30 min of cycling at ~65% of VO2peak) or SIT in sedentary obese men 3 times per 

week. Several other investigations employing 3 sessions per week also report a lack of increase in 

maximal aerobic capacity following training 42,53,66,80,81. This suggests that training frequency may be an 

important factor determining the magnitude of change in VO2peak; however, this is not strongly 

supported by the previous investigations discussed above 40,88.  

Many of the investigations that reported a lack of increase in VO2peak were also short in intervention 

duration, with several ranging between 1-3 weeks 67,73,80–82, which suggests that these interventions may 

have been of insufficient length to elicit improvements in VO2peak. However, a lack of increase in 

maximal aerobic capacity has also been reported in response to longer duration training interventions 

40,42,66,68. For example, Henritze et al. 68 reported a lack of increase in maximal oxygen uptake following a 

12-week training intervention requiring female participants to train at, or just above lactate threshold 5 

times per week. Importantly, training at, or above lactate threshold corresponded to only ~44 and 58% of 

VO2peak, respectively. This suggests that the training intensity may not have been adequate to elicit 

improvements in maximal aerobic capacity as training at an intensity ~50% VO2max, even at a high 

frequency (5x/week) for 8 weeks has been shown to be insufficient of a training stimulus to elicit 

improvements in maximal aerobic capacity 40. Collectively, these findings suggest that a training duration 

less than 3 weeks, and a frequency of less than 3x per week at an intensity below ~50% VO2peak may not 

improve maximal aerobic capacity. Overall, the evidence regarding the impact of training dose on 

training-induced changes in VO2peak are equivocal 16,33,34,36,38,45,53,55,66,72,78, and highlight the need for a 

thorough analysis of the impact of training dose on the magnitude of change in VO2peak following 

training. 

2.1.7 Is there an optimal exercise-training intensity for improving maximal aerobic capacity?  

 Despite the importance of optimizing exercise prescription, there is surprisingly little evidence 

available describing what the optimal intensity, or range of intensities, might be for improving VO2max. 

Further, many of the studies that have examined the impact of intensity on VO2max have only compared 



 

 

19 

2 intensities, did not match total training volume, compared different training modes, or had limited 

sample sizes. Therefore, the purposes of study # 1 (Chapter 3) of the current dissertation were to: 

1. conduct a meta-regression and meta-analysis of existing literature in an attempt to determine the 

effect of exercise intensity on training-induced increases in VO2max, and  

2. examine the impact of training session dose, baseline VO2max and total training volume on 

increases in VO2max.  

2.2 Peripheral adaptations to aerobic training  

2.2.1 Peripheral adaptations to training and their importance for aerobic exercise performance 

and capacity  

 As discussed previously, an individual’s maximal aerobic capacity is determined by the amount of O2 

delivered to exercising muscles (i.e. central factors) and the ability of skeletal muscle to extract the O2 

(peripheral factors); however, O2 delivery is considered to be the primary factor limiting aerobic capacity 

44. However, improvements in VO2peak despite a lack of change in cardiac output (Q), stroke volume 

(SV) or haematological (blood) variables 25,70 suggest that improvements in maximal aerobic capacity are 

at least partly the result of adaptations within skeletal muscle. Many investigations report improvements 

in maximal aerobic capacity result from adaptations of both central and peripheral origin 29,45,53. 

Specifically, ~31-44% of training-induced increases in VO2peak is attributed to widening of the arterial-

venous oxygen difference (a-vO2diff) with the remaining ~56-69% explained by improvements in Qmax 

(maximal Q) 29. Peripheral adaptations to skeletal muscle improve metabolic responses to exercise (e.g. 

lower blood lactate response) and are necessary for training-induced improvements in cardiovascular 

function 89. Peripheral adaptations to training are also believed to be the main determinate of the 

percentage of maximal aerobic capacity that can be maintained for extended periods of time (i.e. 

endurance performance) 51. Specifically, improved time trial performance following training results from 

increases in skeletal muscle respiratory capacity 45,70, mitochondrial content 70, and the glycogen 90 and 

intramuscular triglyceride (IMTG) content of skeletal muscle 91. The following section will provide 
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foundational information regarding skeletal muscle morphology and metabolic function, as well as 

detailing peripheral skeletal muscle adaptations to training due to their role in influencing training-

induced changes in aerobic exercise capacity and performance. 

2.2.2 Skeletal muscle adaptations to aerobic exercise  

2.2.2.1 Skeletal muscle 

The muscular system is an organ system comprised of 3 types of muscle tissue: cardiac, smooth and 

skeletal. Skeletal muscle makes up a large portion of this system, and approximately 30-40% of the mass 

and over 60% of the protein content of the human body 92. Skeletal muscle is made of several bundles of 

muscle fibres, or fascicles, surrounded by layers of connective tissue, which connect to bones or 

ligaments and allow for movement of the skeletal system during muscular contraction. Muscle fibres (or 

muscle cells/myocytes) are multinucleated cells that contain several rod-like protein structures called 

myofibrils that are arranged into sarcomeres and composed of smaller myofilaments. The organization of 

the myofilaments within a sarcomere gives skeletal muscle its characteristic striated appearance as a result 

of differences in the thickness of the filaments myosin (thick) and actin (thin). These filaments are the site 

of excitation–contraction coupling whereby alpha (α) motor neurons stimulate skeletal muscle cells and 

create an action potential that begins a series of intracellular events, including the binding of myosin to 

actin, that result in sarcomere shortening (skeletal muscle contraction). This ability to contract gives 

skeletal muscle is ability to perform a variety of vital tasks including voluntary movement, the 

maintenance of posture and stability, and heat production 92 .  

2.2.2.2 Fibre-types  

 Skeletal muscle is a heterogeneous tissue with a variety of different pure and hybrid fibre-types with 

corresponding structural characteristics and subsequent metabolic capacities (Table 2-1). Specifically, a 

recent analysis of muscle biopsy samples from the vastus lateralis muscle of 7 recreationally active males 

(age: 21 years) revealed that it consists of approximately: ~49% type I, ~42% type IIA, ~3% type IIAX, 
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~6% type IIX, and 0.1%~ type I/IIA fibres 93. Type I fibres, commonly referred to as slow-twitch fibres, 

are typically red in colour due to the presence of large amounts of myoglobin, a protein that acts as an 

intracellular storage site for oxygen. They also possess high levels of mitochondria (oxidative capacity) 

making them highly fatigue resistant and capable of sustaining low-force contractions for extended 

periods of time. As a result, they produce large quantities of adenosine-5'-triphosphate (ATP), the 

nucleotide triphosphate responsible for the transmission of chemical energy within cells fueling all 

metabolic processes, via aerobic metabolism. The other major fibre-type, type II, has 2 distinct subtypes 

in humans: type IIX and IIA. Type IIX fibres, which are often referred to as fast-twitch glycolytic fibers, 

possess morphological and metabolic characteristics that are opposite of type I fibres. Specifically, they 

possess fewer mitochondria, are typically white in appearance due to their low myoglobin content, and 

are highly fatigable. As a result of their low oxidative capacity (low mitochondria content), much of their 

ATP producing capacity is produced through substrate level phosphorylation (i.e. phosphocreatine [PCr] 

metabolism and glycolysis). Type IIA fibres, commonly referred to as fast-twitch oxidative fibres, have 

morphological and metabolic characteristics somewhere in between those of type I and type IIX fibres 

with many mitochondria, pink/red in colour, and relatively high fatigue resistance 92.  

Table 2-1 Morphological and metabolic characteristics of skeletal muscle fibre-types. 

  Type I  Type IIA  Type IIX 
Alternative name  Slow-twitch 

oxidative 
 Fast-twitch 

oxidative 
 Fast-twitch 

glycolytic 
Morphology 

Colour  Red  Pink/Red  White 
Capillary density  High  Intermediate  Low 

Mitochondria content  High  Intermediate  Low 
Fibre diameter  Small  Intermediate  Large 

Metabolic characteristics 
Oxidative capacity  High  Intermediate  Low 

Glycolytic capacity  Low  Intermediate  High 
Glycogen content  Low  High  Intermediate 

IMTG content  High  Intermediate  Low 
Contraction speed  Slow  Fast  Fast 

Primary ATP producing 
pathway 

 Oxidative 
phosphorylation 

 Oxidative 
phosphorylation 

 Glycolysis 

Fatigue resistance  High  Intermediate  Low 
Adapted from Hall 92. Note: ATP, adenosine triphosphate; IMTG, intramuscular triglyceride. 
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2.2.2.3 Motor units 

Each skeletal muscle fibre is innervated by a single α motor neuron that branches out to synapse with 

many fibres, typically distributed over a wide area within a muscle. Together, the muscle cells and fibres 

that are innervated by a single α motor neuron are called a motor unit. The motor units and the α motor 

neurons vary in size, with small α motor neurons innervating relatively few muscle fibers that form motor 

units capable of generating small forces required for more precise, rapid movements (e.g. extraocular 

muscles of the eye contain as few as 3 fibres per α motor neuron). Smaller α motor neurons innervate 

fatigue resistant red fibres that contract slowly (~ 60 to 120 milliseconds, or ms) and are important for 

sustained muscle contractions (e.g. postural muscles) called slow motor units (Table 2-2). Large α motor 

neurons innervate larger motor units capable of generating larger forces (e.g. soleus muscle has as many 

as ~2000 fibres per α motor neuron) 94.  

Table 2-2 Morphological and metabolic characteristics of different motor units. 

  Slow  Fast Fatigue 
Resistant 

 Fast 
Fatigue  

Alternative Names  Type I, slow-
twitch oxidative 

 Type IIA, 
fast-twitch  

 Type IIX, 
fast-twitch  

Morphology 
Fibre types  Type I  Type IIA  Type IIX 

Number of fibres  High  Intermediate  Low 
Metabolic characteristics 

Fatigue resistance  High  Intermediate  Low 
Contraction speed  Slow  Fast  Fast 
Recruitment order  First  Second  Third 

Peak force production  Low  Intermediate  High 
 

 Larger α motor neurons innervate larger pink/pale muscle fibers that are important for tasks involving 

brief periods of exertion requiring larger forces (running or jumping), but are not very fatigue resistant. 

These units contract more quickly (~10-50 ms) and are commonly called fast fatigable motor units. Fast 

fatigue-resistant motor units are another type of motor unit with characteristics in between those of slow 

and fast fatigue resistant. When stimulated by an action potential transmitted along the α motor neuron, 

all of the fibers within a motor unit contract at the same time creating force. The order in which the 
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different types of motor units are recruited is determined by the size of the motor units. This process is 

known as the Henneman size principle, and was originally described by Elwood Henneman and 

Collegaues in the 1960’s 95. This principle describes the progressive recruitment of small, slower motor 

units that generate smaller forces, and then larger, fast motor units with greater force producing capacities 

in response to voluntary muscle contraction (i.e. slow motor units (type I) are recruited first, with type IIA 

recruited next and type IIX last) (Figure 2-1). Importantly, the orderly recruitment of motor units has 

significant implications for training-induced skeletal muscle adaptations following training as the 

biochemical training response within fibre types is dependent on the level of their recruitment during 

repeated exercise bouts 96,97.  

 

Figure 2-1 Graphic representation of the order of fibre recruitment during voluntary contraction 
originally described by Henneman et al. 95. Adapted from Gregory and Bickel 98. MVC, maximal 

voluntary contraction. 

 

2.2.2.4 Skeletal muscle adaptations to training 

Skeletal muscle is highly adaptive and is capable of undergoing a variety of structural and functional 

changes in response to repeated perturbations to intracellular homeostasis (i.e. training) resulting in an 

improved capacity to tolerate a given homeostatic deviation. This plasticity gives skeletal muscle the 

ability to adapt to a variety of acute and chronic stimuli resulting in morphological and biochemical 

adaptations. For example, improvements in skeletal muscle mitochondrial content and oxidative capacity 
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13,17,22,26,32,37,43,45,57,63,66,70,75,77,80,89,99–102, intramuscular glycogen 24,35,43,61,74,81,102 and triglyceride stores 32,103, 

capillary density 27,45,104, and changes in fibre distribution are observed in response to exercise training 

24,26,42–51. The mechanisms responsible for the plasticity of skeletal muscle result largely from activation of 

signaling cascades, in response to contraction and altered nutrient availability capable of eliciting the 

activation or repression of specific genes, with repeated perturbations producing an increase in protein 

content and changes in phenotype (Figure 2-2). 

 
Figure 2-2 Overview of how contraction or altered nutrient availability results in changes in skeletal 

muscle phenotype. Adapted from 114. 

 

2.2.2.4.1 Mitochondrial content  

In 1967 John Holloszy demonstrated that exercise training increases mitochondrial protein content, 

enzyme activity, and aerobic exercise capacity 115. Findings from this seminal paper have since been 

supported by numerous investigations that have demonstrated a robust increase in mitochondrial protein 

content and enzyme activities following a variety of different training interventions 

13,17,22,26,32,34,37,43,45,57,63,66,70,73,75,77,80,89,99–102,116–118. Importantly, maximal enzyme activities and protein 

content are commonly used as markers of mitochondrial content and oxidative capacity with the activity 

of citrate synthase (CS) and cytochrome c oxidase (COX) being the most common 119. Despite markedly 

different training doses (~6500 versus ~630 kJ), two weeks of endurance (90-120 min at ~65% VO2peak) 
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or SIT (4-7, 30 sec “all out” sprints with 4 min recovery, i.e. repeated Wingate bouts) results in 

comparable increases in muscle oxidative capacity, as reflected by the maximal activity of COX and the 

content of COX subunits II and IV protein 43. These results are consistent with observations of significant 

increases in the maximal activity of CS following 6-7 sessions of SIT (4-7, 30 sec “all out” sprints with 4 

min recovery) 80 or HIT (8-12, 60 sec intervals at ~100% VO2peak with 75 sec rest and 10, 4 min 

intervals at ~90% VO2peak), over a 2-week training period 102,117. Training at a moderate submaximal 

intensity for extended periods (~65% VO2peak for 120 min 3x/wk) for 2 weeks increases CS activity 

~20% 73, with longer duration training (7 weeks of 60 min at ~60% VO2peak 5x/wk) resulting in greater 

increases in CS activity (~42%) 13. Interestingly, a ~35% increase in COX IV protein content has been 

reported following only one week of SIT and did not increase further following an additional 5 weeks of 

training 99, while only 2 weeks of training at ~90% VO2peak increases COXIV protein similarly to 6 

weeks of training (~35 and 36% increase, respectively) 117,116. This suggests that training at higher-

intensities may be particularly effective at inducing a rapid adaptive response within skeletal muscle, 

while lower intensity training results in a more progressive change.  

2.2.2.4.2 Substrate storage (glycogen and IMTG) 

In addition to an improved capacity to oxidize fuel resulting from greater mitochondrial volume, 

exercise training also increases intra-muscular glycogen 24,35,43,61,74,81,102 and triglyceride stores 32,103. This 

training-induced adaptation appears quite early in the training response, with significant increases in 

skeletal muscle glycogen 43,61,74,81,102 and IMTG 103 content observed following only 2-3 weeks of training. 

Two weeks of endurance (90-120 min at ~ 65% VO2peak), HIT (8-12, 60 sec intervals at ~100% 

VO2peak with 75 sec rest and 10, 4 min intervals at ~90% VO2peak) and SIT (repeated Wingates) cause 

an increase in intramuscular glycogen content by ~17 43, 17-59 61,102, and 28-50% 43,81, respectively. 

Longer duration endurance training appears to result in a similar magnitude of change in glycogen content 

as shorter duration HIT and SIT with ~35 and 58% increases in glycogen observed following 6 and 7 

weeks of moderate-intensity training (~70% VO2peak), respectively, and ~28-59% increases reported 
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following only 2 weeks of HIT 61 or SIT 43,74,81. Endurance training, however, maybe be more effective at 

increasing IMTG’s as 6 weeks of endurance (50 min at ~65% VO2peak 5x/week) or SIT (repeated 

Wingates 3x/week) increases IMTG content by ~70 and 34%, respectively 32.  

2.2.2.4.3 Capillary density 

Exercise training also increase skeletal muscle capillary density 27,45,46,120,121, with six weeks of 

endurance (50 min at ~65% VO2peak 5x/week) or SIT (repeated wingates 3x/week) increasing capillary 

density ~32 and 27%, respectively 27. These results suggest that endurance and SIT induce comparable 

increases in capillary density despite drastic differences in exercise dose; however, results from an 8-

week cross-over study investigating the impact of work-matched interval and continuous training suggest 

that endurance exercise is more effective as a ~40% increase in capillary density was observed compared 

to a ~21% increase following higher intensity interval training 45.  

2.2.2.4.4 Fibre-type distribution 

Improvements in endurance performance, aerobic and oxidative capacity following chronic exercise 

training result from an enhanced oxidative capacity of all muscle fibre-types 22 and an increase in the 

relative distribution and area of type I fibres 89,105,122. Several studies have demonstrated myofibre 

transitions resulting in a more oxidative phenotype following chronic endurance training 22,77,105,106; 

however, the ability of HIT and SIT to induce fibre-type changes towards an oxidative phenotype are 

equivocal 83,107–113. Characterization of fibre-type transitions following endurance training has 

demonstrated significant reductions in type IIX fibres, with a corresponding increase in type I or type IIA 

fibres following 6 22 and 8 weeks of training 123. Russell et al. 106 observed significant increases in type I 

fibres following 6 weeks of moderate intensity interval training that was accompanied by a significant 

decrease in both type IIA and IIX fibres. SIT significantly increases type II fibres, with a corresponding 

decrease in type I fibres following 6-7 weeks of training107,110,111, however, others report no significant 

changes in fibre-type distribution following 6 109 and 9 113 weeks of SIT. The reasons for these divergent 
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findings are unknown, but may be due to differences in the distribution of fibres present prior to training 

as changes in fibre-type distribution have been demonstrated to be more prominent in populations who 

possess fewer of a given fibre type prior to training 109. 

2.2.3 Are there differences in fibre-type specific and whole-body adaptations to different 

training protocols? 

While both endurance training and HIT induce comparable whole-body and skeletal muscle 

metabolic adaptations, the mechanisms by which substantially lower doses of high intensity exercise 

induce these adaptations are unclear. It is possible that the potency of HIT may result from differences in 

fibre recruitment patterns, however, fibre recruitment patterns, signalling pathway activation, and fibre 

specific adaptations to endurance training and HIT have not been directly compared.  Therefore, the 

purposes of study #2 (Chapter 4) of this dissertation were to examine:  

1. fibre recruitment patterns, as reflected by reductions in glycogen content of each fibre-type 

population, and 

2. whole-muscle and fibre-type specific signalling pathway activation following an acute bout of LV 

(low volume) -HIT (i.e. SIT) and endurance (END) exercise, and 

3. changes in VO2peak, aerobic exercise performance and anaerobic exercise capacity, and  

4. fibre-type specific adaptations in oxidative and glycolytic capacities, substrate storage and 

capillary density resulting from chronic LV-HIT and END exercise. 

2.3 Individual responses and patterns of response to training  

Performance and skeletal muscle phenotype adaptations in response to exercise training are typically 

characterized as a statistically significant change in the mean group response of a variable (e.g. maximal 

aerobic capacity). More recently, however, investigators have described a sizable variance in the training-

induced adaptations observed in individual participant responses of training cohorts 16,84,85,124–127, while a 

relatively large degree of deviation in commonly reported measurements of training adaptation (i.e. SD, 
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standard error of measurement in VO2peak, enzyme activities, etc.) is also commonly reported. Indeed, 

some individual participants have an adverse (negative change score; adverse-responder) or no response 

(zero change score; non-responder), while others experience significant improvements in a given post-

training (positive change score; responder).  Unique individual patterns of response are also observed 

following training where an individual’s training response for more than one measured variable are not 

consistent (i.e. being a non-responder for one variable does not mean an individual will be a non-

responder for another variable, and vice versa) 24,85,86,127. While genetics, age, gender and baseline 

phenotype are believe to account for some of the observed variability in individual adaptations to training 

24,84,87,125–128, significant gaps in our understanding of the mechanisms responsible for individual 

variability and patterns of response still exist. The following section will summarize available evidence 

regarding the incidence of response/non-response and individual patterns of response in exercise capacity 

and performance (VO2peak and endurance exercise performance, respectively) and skeletal muscle 

adaptations (enzyme activites, protein content, etc.) following training in humans.  

2.3.1 Variability and individual patterns of response in exercise capacity and performance 

following training 

Of all the measurable outcomes examined following training, variability in individual responses in 

VO2max/peak has received the most attention 8,16,24,84,87,125,127–130, likely due to its ability to predict adverse 

health outcomes such as cardiovascular disease and all-cause mortality 2–5. In 1984, Lortie et al. 87 were 

one of the first groups to report individual variability in the response to a 20-week endurance training 

protocol with the percentage change in maximal aerobic capacity ranging from ~16-96% following 

training. Similarly, Bouchard and colleagues 125 reported that the magnitude of response in VO2max 

varied greatly with some individuals experiencing a negative change score in VO2max, while others 

experienced significant gains (~1L/min) following a 20-week endurance training program. These 
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observations have been supported by many other investigations demonstrating significant variability in 

VO2peak following moderate intensity endurance training 8,16,24,84,87,125,127–130.  

Particularly interesting are those investigations that have examined variability in responses and the 

incidence of non-response to more than one exercise dose 16,84. Sisson et al. 84 examined the impact of 

training volume (kcal/week) on the incidence of non-response in VO2max by having participants train 3-4 

days per week at ~50% VO2max at 3 different energy expenditures for 6 months (4, 8, or 12 kcal/kg per 

week). While non-responders were present in all 3 groups, the percentage was reduced with larger 

exercise doses (45, 24 and 19% in the 4, 8, or 12 kcal/kg per week groups, respectively), suggesting that 

increasing exercise volume reduces the incidence of individuals who experience no change in VO2peak 

following moderate intensity training 84. Similarly, Ross and colleagues 16 reported that the percentage of 

non-response in VO2max was reduced by more than half when exercise volume was doubled from 180-

300 kcal/week to 360-600 kcal/week at ~50% VO2peak heart rate (~39% to ~18% non-response). Further, 

non-response was completely abolished when the exercise intensity of the higher volume group was 

increased to ~70% VO2peak heart rate 16. 

Variability in individual responses in VO2max following HIT and SIT has also been reported 78,85,86. 

Changes in VO2peak following 2 weeks of SIT (4-6, 30 sec Wingate sprints) ranged from +0-20% with 

~20% of individuals experiencing no change in VO2peak 86. Upon re-analysis of 5 previously published 

investigations 21,56,57,131,132, Gurd et al. 85 reported non-response rates ranging from +0-50% following 3-6 

weeks of HIT. Raleigh et al. 78 examined the impact of the intensity of HIT on variability in VO2peak 

following 3 weeks of work-matched (kJ expended per training session) intervals targeting either ~80 , 115 

or 150% of peak aerobic power. Variability in the magnitude of change in VO2peak was present in all 

groups, however, increasing the interval intensity above maximum, from ~80 to 115 or 150%, reduced the 

incidence of non-response from 33% to 8 and 18%, respectively 78. 

Heterogeneity in endurance capacity following training is also commonly observed following 

training 24,28,80,81,85,133,134; however, few investigations report individual participant data and even fewer 
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have specifically examined this phenomenon 24,85. In response to 6 weeks of endurance training, Vollaard 

et al. 24 observed variability in training-induced improvements in time trial performance ranging from a 

~2 to 37% improvement. Gurd et al. 85 examined the incidence of non-response in time to completion 

(TTC) following 3 56 and 6 weeks of HIT 131 and found that ~44% of participants in both investigations 

were non-responders for TTC following training. Further, individual patterns of response in exercise 

performance and capacity have been reported as non-responders for TTC were responders for VO2peak 85. 

Vollaard et al. 24 reported similar findings as only ~38% of high responders for VO2max were also high 

responders for time trial performance. 

2.3.2 Variability and individual patterns of responses in skeletal muscle morphology  

Similar to the observed variances in exercise capacity 8,16,24,78,84–87,125,127–130 and performance 

24,28,80,81,85,133,134, heterogeneity in the magnitude of skeletal muscle adaptations following training have 

also been reported 24,30,43,80,81,133. Vollaard and colleagues 24 reported significant variability in muscle 

glycogen content and mitochondrial enzyme activities (CS, Complex I and IV) following 6 weeks of 

endurance training. Similarly, in response to 4 weeks of endurance, HIT, or SIT, variability in the fold 

change of protein content of subunits from the 5 complexes of the ETC (Complex I–V), and other 

markers of mitochondrial biogenesis were observed in all 3 training groups 133. McPhee et al. 30 also 

observed considerable inter-individual variability in the magnitude of response in mitochondrial enzyme 

content and the transcription coactivator peroxisome proliferator-activated receptor γ (gamma) coactivator 

1α (PGC- 1α) following 6 weeks of endurance training. Interestingly, the enzyme response observed 

within individual participants was coordinated as high responders were systematically high responders for 

all enzymes and low responders were low responders for all enzymes 30. While numerous investigations 

report coordinated skeletal muscle adaptations at a group level 26,43,56,61,100,102,122, little work has been done 

to examine these responses in individual participants following training 30. 
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2.3.3 Impact of baseline phenotype on the magnitude of change in VO2peak, exercise 

performance and skeletal muscle adaptations 

Baseline aerobic capacity is believed to account for some of the variability in VO2peak responses to 

training, however, results from many investigations on this topic are equivocal 8,14,24,84–87,124–128. Gurd et al. 

85 reported a significant negative correlation between baseline VO2peak and the change in VO2peak 

observed following a variety of different HIT and SIT training protocols. Sisson and colleagues 84 also 

reported that baseline absolute VO2max was a significant predictor of the VO2max response to training 

with the incidence of non-response doubling with a rise in baseline VO2max of 0.24 L/min. Conversely, 

in the HERITAGE Family Study, Bouchard et al. 124 found that only ~1% of the variance in VO2max 

following training was explained by baseline VO2max. These latter findings have been supported by 

many other investigations 14,24,125–128 including those of Vollaard and colleagues 24 who reported no 

correlation between baseline VO2max and submaximal time trial performance and the magnitude of 

change observed for each following training. 

Evidence regarding the impact of baseline skeletal muscle phenotype on training adaptations is 

relatively less abundant with only a few investigation specifically reporting on this relationship 24,30. 

Vollaard and colleagues 24 demonstrated a positive correlation between several muscle characteristics at 

baseline and the magnitude of adaptation following 6 weeks of training including glycogen content, CS 

activity and Complex IV activity. Conversely, McPhee at al. 30 reported no significant differences in 

baseline succinate dehydrogenase (SDH) content of high and low responders for SDH following training. 

While these findings suggest that baseline phenotype may not have an impact on the magnitude of change 

in muscle adaptations following training, methodological concerns have been raised regarding correlating 

baseline and change scores 135 and the analysis performed by McPhee and colleagues 30 used group 

responses and not individual participants (high versus low responders).  

Collectively, these investigations suggest that baseline phenotype may have a significant impact on 

the magnitude of change in VO2peak, exercise performance and skeletal muscle adaptations following 
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training, however, their equivocality and methodological concerns regarding the common practice of 

correlating baseline scores with change scores suggests that more research is needed before final 

conclusions should be made. 

2.3.4 Is there a coordinated change in skeletal muscle molecular and morphological 

characteristics following training, and is this response influenced by baseline phenotype? 

While limited evidence supports a relationship between baseline muscle phenotype (glycogen 

content, CS activity and Complex IV activity) and the magnitude of adaptation induced by training 24, 

methodological concerns have been raised with the type of analytics utilized to derive currently available 

results 135. Further, there is some evidence that adaptations within muscle occur in a coordinated fashion  

30, however, whether the morphological and molecular changes within skeletal muscle are regulated in a 

coordinated fashion has yet to be determined. Therefore, the purposes of study # 3 (Chapter 5) of this 

dissertation were to determine if:  

1. baseline muscle characteristics of high and low responders differ,  

2. a coordinated change of skeletal muscle characteristics occurs across enzymes of different 

metabolic pathways, capillary density, substrate storage and fibre-type distribution, in response to 

6 weeks of training, and  

3. variations in skeletal muscle adaptation explain variability in exercise performance and capacity 

post-training.  

2.4 PGC-1α: Central regulator of skeletal muscle phenotype?  

In response to repeated disruptions in cellular homeostasis, a variety of morphological and 

biochemical skeletal muscle adaptations occur that results in an improved capacity for skeletal muscle to 

tolerate a given homeostatic deviation. In response to exercise training, improvements in skeletal muscle 

mitochondrial content and oxidative capacity 13,17,22,26,32,37,43,45,57,63,66,70,75,77,80,89,99–102, intramuscular 

glycogen 24,35,43,61,74,81,102 and triglyceride stores 32,103, capillary density 27,45,104, and changes in fibre 
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distribution are observed 24,26,42–51. The mechanisms responsible for the plasticity of skeletal muscle result 

largely from activation of signaling cascades in response to acute exercise that elicit the activation or 

repression of specific genes, with repeated exercise bouts producing an increase in protein content and 

morphological and biochemical adaptations (Figure 2-2). The co-transcriptional regulation factor PGC-1α 

has been implicated in regulating many skeletal muscle adaptations including angiogenesis 136,137, 

increases in glycogen 138–140 and mitochondrial content 141, and the conversion of fibres to a more 

oxidative type I fibre 142,143. PGC-1α is also frequently designated as the ‘master regulator of 

mitochondrial biogenesis’ due to its ability to coordinated the transcription of nuclear- and mitochondrial-

encoded genes necessary for mitochondrial biogenesis 144,145. Collectively, these findings suggest that 

PGC-1α may be a central factor capable of coordinating the integrative regulation of skeletal muscle 

phenotype and contraction-induced adaptations.  

2.4.1 PGC-1α and skeletal muscle adaptations  

2.4.1.1 PGC-1α, angiogenesis, substrate storage, and fibre-type distribution 

Muscle-specific and whole-body PGC-1α knockout (KO) and overexpression (OE) models have 

provided considerable evidence regarding the integral role of PGC-1α in skeletal muscle morphology and 

biochemical phenotype. Forced expression of PGC-1α results in an increase in intramuscular storage of 

glycogen 139, while whole body PGC-1α KO mice have ~40% less muscle glycogen content than wild-

type (WT) mice 138. Unlike intramuscular glycogen stores, however, PGC-1α does not appear to regulate 

IMTG content as no difference are observed in IMTG content of control and PGC-1α transfected mice 146. 

PGC-1α does, however, appear to be essential for training-induced angiogenesis as this response is 

abolished in skeletal muscle PGC-1α deficient mice 137,141. The role of PGC-1α in determining basal fibre-

type and fibre-type transitions in response to training is still contested 136,141–143,147. Muscle-specific PGC-

1α transgenic mice possess a greater number of type IIA and type I oxidative muscle fibers than WT mice 

142, while skeletal muscle-specific PGC-1α KO mice exhibit less oxidative type I and IIA fibres and more 

type IIA and IIB fibres 143. Conversely, there is no difference in the distribution of oxidative fibre-types (I 



 

 

34 

and IIA) in PGC-1α KO mice compared to controls suggesting that PGC-1α is dispensable for fibre-type 

determination 136,147. Further, Geng et al. 141 reported that that type IIB-to-IIA fibre transformation in 

response to endurance exercise was comparable between WT and muscle-specific PGC-1α knockout mice 

which suggest that training-induced fibre-type switching is not dependent on PGC-1α. 

2.4.1.2 PGC-1α: The master regulator of mitochondrial biogenesis 

The growth and division of pre-existing mitochondria (i.e. mitochondrial biogenesis) in response to a 

variety of environmental stressors (e.g. exercise, cold-exposure, oxidative stress, etc.) occurs through a 

highly coordinated process resulting from the transcription and translation of nuclear and mitochondrial 

encoded genes 144,145. PGC-1α is proposed to be the central mediator of this process through its interaction 

with several nuclear transcription factors including, peroxisome proliferator-activated receptors (PPARs) 

148, myocyte enhancer factor 2 (MEF2) 149, estrogen-related receptor alpha (ERRα) 150,151, activating 

transcription factor 2 (ATF2), nuclear respiratory factor 1 (NRF-1), and 2 (NRF-2) 152. NRF-1 and NRF-2 

activate the mitochondrial transcription factor A (TFAM) promoter, a nuclear-encoded factor that 

translocates to the mitochondria and initiates the transcription and replication of mitochondrial DNA 

(mtDNA), encodes for several components of the electron transport chain (ETC) 150,152–154, and 

mitochondrial transcription specificity factors (TFB1M and TFB2M), which enhance mtDNA 

transcription in the presence of TFAM and mitochondrial RNA polymerase 155. Therefore, PGC-1α is 

proposed to coordinate mitochondrial biogenesis by controlling the expression of nuclear and 

mitochondrial genes 145,149–152,154 following translocation to the nucleus and mitochondrial matrix 145. 

2.4.1.2.1 Evidence from KO and OE models for PGC-1α’s central role in mitochondrial biogenesis 

Numerous investigations support the contention that PGC-1α is an important regulator of 

mitochondrial biogenesis 136,139–142,152; however, some KO models report that PGC-1α is dispensable for 

exercise-induced mitochondrial biogenesis 138,156. PGC-1α OE in skeletal muscle-specific transgenic mice 

results in significant increases in mitochondrial protein 142,146,152, mitochondrial content 139,140,152, 
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mitochondrial enzyme activity 139,140,146, the expression of nuclear and mitochondrial genes 139,140,142 and 

improved exercise capacity and performance 140. Short-term induction of PGC-1α expression results in a 

transition toward a more oxidative skeletal muscle phenotype with elevated levels of SDH and CS activity 

and greater mitochondrial volume 139 and the expression of mitochondrial genes such as COXII, COXIV 

and ATP synthase 139,142.  

Conversely, skeletal muscle PGC-1α deficient mice exhibit reduced exercise performance 136,143, 

muscle oxidative capacity 136 and mitochondrial protein 138,141. Leick et al. 138 reported significantly lower 

mitochondrial protein content in PGC-1α KO mice; however, comparable increases in mitochondrial 

content were observed in KO mice compared to WT following 5 weeks of training. Similarly, Rowe and 

colleagues 156 observed no difference in the acute expression of mitochondrial genes in skeletal-muscle 

specific PGC-1α KO mice compared to WT in response to voluntary wheel running (overnight). 

Collectively, while some KO models suggest that PGC-1α is dispensable for exercise-induced 

mitochondrial biogenesis 138,156, there are numerous investigations that support the contention that PGC-

1α is an important regulator of mitochondrial biogenesis 136,139–142,152 and evidence from several human 

investigations demonstrating its responsiveness to exercise support its importance in exercise-induced 

skeletal muscle adaptations 118,145,157–177. 

2.4.2 Regulation of PGC-1α in response to acute contractile activity  

In response to exercise, PGC-1α activity and expression are regulated by contraction-induced 

modification of the activity of numerous different kinases, phosphatases, transcription factors and co-

regulators which converge to control PGC-1α expression 178,179.  Indeed, several studies indicate that the 

acute regulation of PGC-1α in response to contraction/exercise is the result of several factors including 

transcriptional regulation, post-translational regulation and sub-cellular localization. 
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2.4.2.1 Transcriptional regulation of PGC-1α 

The PPARGC1A gene, which encodes PGC-1α, contains cyclic-AMP (cAMP) response element 

(CRE) 180 and MEF2 149 sequences on its promoter region, which regulate PGC-1α transcription in 

response to physiological stimuli. In response to muscle contraction, protein kinase D (PKD), AMP-

activated protein kinase (AMPK) 181 and calcium–calmodulin-dependent protein kinase (CaMK) II 

phosphorylate histone deacetylases (HDAC’s) 182,183, allowing MEF2 to bind to the PGC-1α promoter 

region 184,185. Rhythmic skeletal muscle contraction increases intracellular calcium (Ca2+), resulting in the 

activation of calcineurin (CnA) and CaMK which stimulates MEF2 activity via repression of HDACs 149 

and increased CRE promoter region binding via phosphorylation of CRE binding protein (CREB) and 

increased MEF2 activity 186. In response to muscle contraction, elevated reactive oxygen species (ROS) 

187, cytosolic Ca2+ 188, and reduced glycogen availability 189 activate the stress kinase p38 MAPK, which 

activates MEF2 190 and ATF2, which then bind to CRE 186. PGC-1α also participates in an auto regulatory 

mechanism whereby calcium-signaling pathways (CnA and CaMK) increase the transcription of PGC-1α 

via CRE and MEF2 promoter binding with the newly synthesized PGC-1α protein co-activating MEF2 

and resulting in greater binding to the MEF2 promoter region 149. Thus it is apparent that the transcription 

regulation of PGC-1α is complex, with several redundant pathways that respond to a variety of different 

changes in the cellular environment in response to contraction.  

2.4.2.2 Post-translational regulation of PGC-1α 

Post-translational modifications such as phosphorylation, acetylation and methylation have a 

significant regulatory impact on PGC-1α activity and content 191. AMPK 192 and p38 MAPK 193 directly 

phosphorylate PGC-1α, while the acetylation and deacetylation status of PGC-1α is controlled by general 

control non-repressed protein (GCN) 5 194,195, and silent mating type information regulation 2 homolog 1 

(SIRT1)196, respectively. PGC-1α is methylated by protein arginine methyltransferase 1 (PRMT1) 197. 

Skeletal muscle contractions increase cytosolic Ca2+, ROS, and reduce glycogen availability resulting 

in AMPK 198–200 and p38 MPAK 187–189 phosphorylation. The phosphorylation of AMPK in response to 
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muscle contraction has important implications for the acute regulation of PGC-1α as AMPK directly 

phosphorylates PGC-1α at residues Thr177 and Ser538 resulting in increased activity 192. p38 MAPK 

directly phosphorylates PGC-1α at Thr262, Ser265, and Thr298 within its inhibitory domain resulting in a 

more stable protein 193.  

SIRT1 is believed to activate PGC-1α in the cytoplasm and then translocate to the nucleus where it 

impacts the transcriptional control of mitochondrial genes 201. Multiple studies have demonstrated 

increases in SIRT1 protein content accompanied by increases in nuclear 102 and whole-muscle PGC-1α 

content 202; however, several recent studies report increases in PGC-1α and mitochondrial content 117 

despite reductions in whole-muscle SIRT1 content. Additionally, increases in whole-muscle 116 and 

nuclear 117 SIRT1 activity, despite reductions in total SIRT1 content have been reported. While SIRT1 is 

the only presently identified PGC-1α deacetylase, the precise regulatory role(s) of SIRT1 in PGC-1α-

mediated increases in mitochondrial content remain controversial. Collectively, these proteins add an 

additional level of regulatory control to PGC-1α activity via post-translation modifications such as 

phosphorylation and deacetylation. 

2.4.2.3 Subcellular location of PGC-1α 

In response to acute exercise, one mechanism by which the transcriptional activity of PGC-1α is 

increased is changes in its sub-cellular localization 145,176,203,204. At rest PGC-1α is found predominately in 

the cytosol and translocates to the nucleus 145,176,203,204 and mitochondrial matrix in response to exercise 

145,205. Contraction-induced increases in nuclear PGC-1α content and activity result in concomitant 

increases in NRF-1/2 activation, and nuclear DNA-encoded mitochondrial gene transcription in mice 

145,204. In humans, acute exercises increases nuclear 176,203 and mitochondrial PGC-1α content 205 with 

subsequent increases in nuclear and mitochondrial DNA-encoded gene expression 176. Collectively, these 

findings suggest that PGC-1α coordinates the integrated regulation of mitochondrial biogenesis directly 

via its redistribution to the nucleus and mitochondrial matrix where it activates promoters for nuclear 

gene expression (NRF-1/2) and interacts with TFAM to promote mitochondrial gene expression 145, and 
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indirectly as a result of activation of NRF-1/2, which further promote mitochondrial gene expression via 

TFAM 152–154 and TFB1/2M 155. 

As whole-muscle PGC-1α content remains unchanged and nuclear PGC-1α increases in response to 

acute exercise 176,203, redistribution of PGC-1α is believed to be the initial regulatory mechanism initiating 

exercised-induced mitochondrial biogenesis 204. Importantly, while the translocation of PGC-1α to the 

nucleus 145,204 and mitochondria 145 coordinates the up-regulation of nuclear- and mtDNA-encoded gene 

expression in mice, it is not currently know if a coordinated induction of mitochondrial biogenesis is 

present in human skeletal muscle following acute exercise.  

2.4.3 Impact of exercise intensity on PGC-1α mRNA and the expression of nuclear and 

mitochondrial genes  

2.4.3.1 PGC-1α mRNA in response to acute exercise  

PGC-1α mRNA increases in response to both submaximal 145,157–172, maximal and supramaximal 

exercise intensities 118,159,161,164,173–177. Interestingly, a significantly greater increase in PGC-1α mRNA is 

observed following a single bout of work-matched high-intensity exercise (~80% VO2peak) compared 

with lower intensity exercise (~40% VO2peak) 163. These findings have been corroborated by other 

studies and imply the existence of an exercise intensity-dependent regulation of PGC-1α mRNA 

expression in response to intensities up to maximum 158,163,171,206. Several other studies, however, reporte 

similar increases in PGC-1α mRNA following a variety of different exercise intensities 159–161,164,168. 

Bartlett et al. 164 demonstrated similar increases in PGC-1α mRNA following an acute bout of time- and 

work-matched high-intensity interval (6 x 3 min at 90% VO2peak; 3 min recovery at ~50% VO2peak) and 

continuous (~70% VO2peak) running. Similarly, Wang et al. 161 reported comparable increases in PGC-1α  

mRNA following 90 minutes of continuous submaximal endurance exercise (~67% VO2peak) and 

interval exercise (12 secs at ~120% and 18 secs at ~20% VO2peak). While Niklas et al. 159 reported 

similar increases in PGC-1α mRNA following two interval exercise protocols: 7 x 30-s “all-out” bouts 

and 3 x 20-min bouts at ~87% of VO2peak. Interestingly, a recent study demonstrated that PGC-1α 
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expression was significantly higher following higher intensity exercise (~100% versus ~73% VO2peak 

WR), but no additional increase was observed when exercise intensity was increase to ~133% VO2peak 

WR 171. Collectively, these studies suggest that there is an exercise-intensity effect on PGC-1α expression 

in response to exercise intensities ranging from submaximal to near-maximum, but that this relationship 

does not persist during supramaximal exercise intensities. 

2.4.3.2 Downstream gene response following acute exercise  

In addition to an increase in the expression of PGC-1α in response to acute exercise, a coordinated 

up-regulation of nuclear and mtDNA encoded genes is also observed following acute exercise in mice and 

humans 145,157,176. Safdar et al. 145 reported a significant increase in PGC-1α, TFAM, pyruvate 

dehydrogenase kinase (PDK) 4, CS, NADH dehydrogenase subunit (ND) 1, ND4, COXI and COXIV 3 

hours post-exercise in mice. While Little and colleagues 176 observed a significant upregulating of PGC-

1α, CS, COXII and COXIV expression 3 hours following an acute bout of HIT in humans. Several other 

investigations report upregulation of nuclear (PGC-1α 118,158,159,161,162,165–168,170–174,176,206–211, PDK4 

158,159,161,165,167,168,171,206,207, TFAM 118,158,159,161,165,167,174, COXIV 170,174,176,209, CS 176,211) and mtDNA-encoded 

(COXII 176) gene expression in response to acute exercise in humans. Interestingly, similar to 

observations of a submaximal exercise-intensity effect on of PGC-1α expression 158,163,171,206, PDK4 168 

and TFAM 158,159,206,208 expression have been reported to increases with exercise intensity in humans. 

Others, however, observed no difference in PDK4 expression in response to different exercise intensities 

158,159,171, and TFAM has been reported to increase in response to submaximal exercise, but not HIT 161. 

Thus, while an increase in the transcriptional activity of PGC-1α is observed in response to exercise in 

humans 118,158,159,161,162,165–168,170–174,176,206–211, it is not currently known if the coordinated upregulation of 

nuclear and mitochondrial encoded genes present in mice is also present in humans following acute 

exercise.  
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2.4.4 Impacting of exercise intensity on factors regulating PGC-1α  

While results demonstrating an exercise intensity-dependent regulation of PGC-1α mRNA expression 

following acute exercise are equivocal 158–161,163,164,168,171,206, determining if an exercise-intensity effect is 

present on factors that regulate PGC-1α activity including transcriptional regulation, post-translational 

regulation, and sub-cellular localization may provide additional insight. 

2.4.4.1 Transcriptional regulation of PGC-1α in response to different exercise intensities 

Several protein kinases impact the transcription of PGC-1α in response to exercise by modifying 

activity of the CRE and MEF2 promoter regions 149. Phosphorylation of p38 MAPK activates both MEF2 

190 and ATF2 186, which bind to the CRE promoter region. The phosphorylation of p38 MAPK; however, 

does not appear to respond in an exercise intensity-dependent manner 163,164 and has been shown to be 

similarly phosphorylated following a variety of different exercise intensities 163,164,173,175,203,204. 

Interestingly, while phosphorylation of p38 MAPK was comparable following low (~40% VO2peak) and 

high-intensity (~80% VO2peak) endurance exercise, the phosphorylation of ATF2, a known downstream 

target of p38 MAPK, was significantly greater following high-intensity exercise 163. Phosphorylation of 

p38 MAPK also activates MEF2 190, with acute exercise increasing total and nuclear p38 MAPK 

phosphorylation and MEF2 association 184. Despite a lack of change in nuclear PGC-1α, an increase in 

MEF2-PGC-1α interaction has been observed in addition to reduced interaction of MEF2 and HDAC5 184, 

a MEF2 repressor 212.  

Interestingly, HDAC phosphorylation has been demonstrated to be greater immediately following 

higher-intensity exercise, in combination with greater PGC-1α expression 3 hours post-exercise and 

phosphorylation of AMPK and CaMKII 163, two kinases known to phosphorylate HDAC’s and induce 

their nuclear export 184,185. AMPK 163,164,213–216 and CaMKII phosphorylation 163,175,215,217; however, do not 

appear to respond in an exercise intensity-dependent fashion. In response to submaximal exercise, 

phosphorylation of AMPK has been reported to respond in an exercise intensity-dependent manner 

163,213,214. Conversely, comparable levels of phosphorylation in response to different exercises intensities 
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(~70 and 90% VO2max) 164 have been observed, and a lack of AMPK phosphorylation has also been 

reported in response to supramaximal intensity exercise 215,216. Egan et al. 163 observed a significant 

increase in CaMKII phosphorylation in response to submaximal high-intensity, but not low-intensity 

exercise. Conversely, acute supramaximal exercise does not result in a significant increases in phos-

CaMKII 175,215. Collectively, these data suggest that AMPK and CaMKII phosphorylation may occur in an 

exercise-intensity dependent fashion during submaximal exercise, but this effect does not extend to 

supramaximal exercise intensities, and may partly explain why PGC-1α activity appears to respond in an 

intensity-dependant manner in response to submaximal 163,171 but not supramaximal exercise intensities 

171. 

2.4.4.2 Subcellular distribution of PGC-1α  

While PGC-1α has been demonstrated to translocate from the cytosol to the nucleus and 

mitochondrial matrix in response to acute exercise in humans 176,203,205, it is not currently known if this 

response is impacted by exercise intensity. A ~56% increase in nuclear PGC-1α has been reported 

immediately following endurance exercise 203, while a ~66% increase in nuclear PGC-1α is observed 3 

hours following HIT 176. Acute exercise also results in the translocation of PGC-1α to the mitochondrial 

matrix in response to endurance exercise in humans 205. The activation of cytosolic p38 MAPK and ACC, 

a downstream target of AMPK, precedes increases in nuclear PGC-1α 176, which has led to speculation 

that activation of one, or both of these signaling proteins may be required for the nuclear or mitochondrial 

redistribution of PGC-1α in response to acute exercise 176,203. As previously stated, phosphorylation of p38 

MAPK does not appear to respond in an exercise intensity-dependent manner 163,164,173,175. However, as 

AMPK phosphorylation does appears to respond in an exercise intensity-dependent manner to 

submaximal exercise 163,213,214, it is possible that this may contribute to the apparent submaximal exercise-

intensity effect on PGC-1α by differentially impacting its translocation to the nucleus and/or 

mitochondria. As no investigation has directly measured differences in PGC-1α distribution in response to 
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acute exercise of differing intensities it is not currently know if greater PGC-1α translocation occurs with 

increasing exercise intensities.  

2.4.4.3 Post-translation regulation of PGC-1α in response to different exercise intensities 

Given that both AMPK 192 and p38 MAPK 193 directly phosphorylate PGC-1α, an exercise intensity-

dependent regulation of either may partly explain the apparent existence of an exercise intensity effect on 

PGC-1α and mitochondrial biogenesis 163. However, as previously discussed, p38MAPK does not appear 

to respond in an intensity dependent fashion, while AMPK phosphorylation appears to be intensity 

dependent in response to submaximal exercise intensities only 163,164,213–216. In response to muscle 

contraction, SIRT1 activity is believed to be increased by AMPK 218, via increases in intracellular NAD+ 

levels 196 and β-adrenergic signaling via protein kinase A (PKA) phosphorylation 151,219. There is, 

however, conflicting evidence regarding the effect of exercise, and exercise intensity on cellular NAD+, 

NADH, and the NAD+/NADH ratio 220. β-adrenergic signaling, however, has been consistently 

demonstrated to respond in an intensity-dependent fashion with increasing catecholamine levels present 

with greater exercise intensities and durations 221,222. While, PKA rapidly activates SIRT1 in mice 219, no 

study has established the effects of catecholamine levels on SIRT1 phosphorylation and PGC-1α 

transcriptional activity in response to a variety of exercise intensities in human skeletal muscle. 

Collectively, whether exercise intensity impacts the regulation PGC-1α transcriptional activity as a result 

of changes in AMPK, p38 MAPK, and SIRT1 in human skeletal muscle remains unknown.  

2.4.5 Is there a coordinated upregulation of nuclear and mitochondrial-encoded genes in 

response to exercise, and does this response vary with exercise intensity?  

Surprisingly, while nuclear and mitochondrial encoded gene expression can increase following  

exercise in humans 176 and this upregulation is coordinated in mice 145,157, the existence of a systematic 

upregulation of nuclear and mitochondrial encoded genes has not been demonstrated in humans. Based on 

the observation that increases in PGC-1α mRNA are greatest following near-maximal exercise 171,206,223, it 
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seems logical to hypothesize that if coordinated expression of nuclear and mitochondrial encoded genes 

occurs, it should be observable following near maximal exercise. Therefore, the purposes of study # 4 

(Chapter 6) of the current dissertation were to determine if:  

1) the exercise-mediated upregulation of nuclear (PGC-1α, TFAM, PDK4, COXIV) and 

mitochondrial (ND1, ND4, COXI) encoded genes targeted by PGC-1α occurs in a 

coordinated manner, and  

2) the magnitude of change in expression of these genes is intensity-dependent.  
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Chapter 3 

THE EFFECT OF TRAINING INTENSITY ON VO2MAX IN YOUNG 

HEALTHY ADULTS: A META-REGRESSION AND META-ANALYSIS 

3.1 Abstract 

Exercise training at a variety of intensities increases maximal oxygen uptake (VO2max), the strongest 

predictor of cardiovascular and all-cause mortality.  The purpose of the present study was to perform a 

review, meta-regression and meta-analysis of available literature to determine if a dose-response 

relationship exists between exercise intensity and training-induced increases in VO2max in young healthy 

adults. Twenty-eight studies involving human participants (Mean age: 23 ± 1 yr; Mean VO2max: 3.4 ± 

0.8 L·min−1) were included in the meta-regression with exercise training intensity, session dose, baseline 

VO2max, and total training volume used as covariates. These studies were also divided into 3 tertiles 

based on intensity (tertile 1: ~60-70%; 2: ~80-92.5%; 3: ~100-250%VO2max), for comparison using 

separate meta-analyses. The fixed and random effects meta-regression models examining training 

intensity, session dose, baseline VO2max and total training volume was non-significant (Q4=1.36; 

p=0.85; R2=0.05). There was no significant difference between tertiles in mean change in VO2max (tertile 

1:+0.29±0.15 L/min, ES (effect size) =0.77; 2:+0.26±0.10 L/min, ES=0.68; 3:+0.35±0.17 L/min, ES 

=0.80), despite significant (p<0.05) reductions in session dose and total training volume as training 

intensity increased. These data suggest that exercise training intensity has no effect on the magnitude of 

training-induced increases in maximal oxygen uptake in young healthy human participants, but similar 

adaptations can be achieved in low training doses at higher exercise intensities than higher training doses 

of lower intensity (endurance training). 

Key words: maximal oxygen uptake, exercise training, exercise intensity, training volume, training dose, 

intensity dose-response, young adults. 



 

 

69 

3.2 Introduction 

Over the past 30 years maximal aerobic capacity (VO2max) has emerged as a strong predictor of 

adverse health outcomes such as cardiovascular disease and all-cause mortality 1,2.  Exercise training is an 

effective means of achieving improvements in VO2max, with a rise of one metabolic equivalent (3.5 mL 

O2·kg−1·min−1) in VO2max associated with a 10-25% improvement in survival 1,3. Thus, exercise training 

represents a potentially important preventative approach to reduce the risk of disease development in 

currently healthy adults. Similar to any form of preventative medicine, there is a need for exercise 

prescription to be optimized with the goal of prescribing the most effective exercise intensity for 

improving VO2max.  

Despite the obvious importance of identifying the optimal intensity of exercise training for improving 

VO2max, there is surprisingly little evidence available describing what this intensity, or range of 

intensities might be.  Exercise-training programs consisting of extended duration, continuous exercise at a 

moderate intensity (endurance training; END) have long been known to improve VO2max 4,5.  More 

recently repeated intervals of short duration high-intensity exercise (interval training) have been 

demonstrated to be an effective alternative to END for improving VO2max 4,6–11. Interestingly, while 

several researchers report the potency of high-intensity training at improving VO2max, these studies 

frequently use small samples sizes (N:10-27) and employ one or two training intensities 4,8,9,12–29, or do not 

extend to supramaximal exercise intensities 15,18,20,21,23,25–27,30–40. Unfortunately, as a result of these 

limitations, none of these reports adequately describe the intensity dose-response relationship with 

training-induced increases in VO2max. While many investigators have reported the ability of a wide range 

of both high and low intensity exercise-training intensities to improve VO2max, whether an optimal 

intensity exists for increasing VO2max remains unclear. This represents a critical gap in our 

understanding of the response to exercise training. 

While individual studies have failed to characterize the optimal training intensity, the combination of 

accumulated results through meta-regression and meta-analysis may provide additional information on 
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the impact of training intensity on VO2max. This approach will allow for both an examination of the 

magnitude of training-induced increases in VO2max across a large range of training intensities (i.e. 

submaximal continuous to supra-maximal “all-out” interval exercise) and the larger sample size will 

improve the external validity (i.e. generalizability) of results obtained from numerous smaller training 

studies. Thus, the purpose of the present study was to conduct a review, meta-regression and meta-

analysis of existing literature in an attempt to determine the effect of exercise intensity on training-

induced increases in VO2max.  In addition, we examined the impact of training session dose, baseline 

VO2max and total training volume on increases in VO2max.  It is hoped that this work will help generate 

hypotheses for future studies aimed at determining the optimal exercise dose (both intensity and duration) 

for improving VO2max in healthy adults.  

3.3 Materials and methods 

3.3.1 Review of literature 

An extensive review of the available literature was performed to identify articles that evaluated the 

effect of exercise training on changes in aerobic capacity. For the purposes of this study, aerobic capacity 

was defined as the VO2max (or peak) value obtained from an incremental exercise test to volitional 

fatigue, while exercise training intensity was defined as a percentage of aerobic capacity.  The review was 

conducted between August and December, 2013 and consisted of searches of the PubMed database using 

the search terms: “VO2max” and “exercise training” or “high intensity interval training” or “endurance 

training” or “sprint interval training”. Studies of interest were limited to those involving humans.  

3.3.2 Inclusion and exclusion criteria  

Articles following our inclusion criteria were considered for the systematic review: 1) the effects of 

training were examined in healthy human participants, 2) mean and standard deviation (SD)/standard 

error of the mean (SEM) were reported for VO2max both before and after training, 3) VO2max was either 

reported as absolute values (L/min) or were reported as relative values (mL/kg/min) and were 
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accompanied by body mass such that absolute values could be calculated, 4) details regarding the sample 

size (n) intervention length (weeks), training frequency (number of sessions per week), exercise intensity 

(percentage of VO2max), and training protocol (duration, rest periods, interval length) were either 

expressly reported or could be calculated from the data presented, and 5) training protocol utilized was 

consistent throughout the intervention (i.e. either continuous steady state, or interval training was 

performed but not both).  Studies were omitted for the following reasons: 1) any of the above criteria 

were not met, 2) participant population was not free of chronic illness, and 3) the training intervention 

examined was less than four weeks, or greater than eight weeks in duration in order to establish the 

impact of short to moderate term training (4-8 weeks) on VO2max. Shorter duration interventions (i.e. < 4 

weeks) were excluded in order to eliminate the presence of little, or no change in VO2max due to 

insufficient training duration impacting the analyses.  

3.3.3 Selection of studies  

Following a preliminary review of titles and abstracts of the initial articles identified using the search 

terms outlined above, 98 articles were further evaluated utilizing our full inclusion/exclusion criteria.  

Based on this criteria, a further 70 articles were excluded resulting in a total of 40 study groups from 28 

articles being included in the meta-regression/analyses (Figure 3-1). These 28 articles were evaluated for 

methodological quality (Table 3–1) using the modified Physiotherapy Evidence Base Database (PEDro) 

scale 41. Characteristics of each study are outlined in Table 3–2.  
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Figure 3-1 Study Selection Flow Diagram. Flow chart demonstrating the process of study selection. 
Studies included in quantitative analysis refer to the number of participant groups included from the 28 
included publications. 
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Table 3–1 Methodological quality of training programs included in the present study as evaluated 
using a modified Physiotherapy Evidence Base Database (PEDro) scale. 

Study 1 2 3 4 5 6 7 8 9 10 Total 

Allemeier et al. 13 0 0 0 0 0 1 1 1 1 0 4 

Ben Abderrahman et al. 24 0 1 0 1 0 1 1 1 1 1 7 

Burgomaster et al. 29 1 0 0 1 0 1 1 1 1 0 6 

Burke et al. 33 0 0 0 1 0 1 1 1 1 0 5 

Clark et al. 42 1 1 0 1 0 1 1 1 1 0 7 

Connolly et al. 37 0 1 0 0 0 1 1 1 1 0 5 

Duffield et al. 16 0 N/A N/A N/A 0 1 1 N/A 1 0 3 

Dunham et al. 21 1 1 0 1 0 1 1 1 1 0 7 

Emonson et al. 36 1 1 0 1 0 1 1 1 1 0 7 

Hautala et al. 23 1 N/A N/A N/A 0 1 1 N/A 1 1 5 

Helgerud et al. 43 0 1 0 1 0 1 1 1 1 1 7 

Helgerud et al. 30 0 1 0 1 0 1 1 1 1 0 6 

Kargotich et al. 35 0 1 0 1 0 1 1 1 1 0 6 

Kim et al. 39 0 1 0 1 0 1 1 1 1 0 6 

MacPherson et al. 44 0 0 0 1 0 1 1 1 1 0 5 

Marles et al. 17 0.5 N/A N/A N/A 0 1 1 N/A 1 0 3.5 

McMillan et al. 15 0 N/A N/A N/A 0 1 0 N/A 1 0 2 

Mendes et al. 40 0 1 0 1 0 1 1 1 1 0 6 

Metcalfe et al. 22 1 1 0 1 0 1 1 1 1 0 7 

Perry et al. 18 1 N/A N/A N/A 0 1 1 N/A 1 0 4 

Poole et al. 12 0 N/A N/A N/A 0 1 1 N/A 1 0 3 

Prieur et al. 34 0 1 0 N/A 0 1 1 1 1 0 5 
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Sugawara et al. 14 0 N/A N/A N/A 0 1 1 N/A 1 0 3 

Swart et al. 38 0 1 0 1 0 1 1 1 1 1 7 

Tabata et al. 28 0 N/A N/A N/A 0 1 1 N/A 1 0 3 

Trilk et al. 19 1 1 0 1 0 1 1 1 1 1 8 

Williams et al. 45 1 0 0 0 0 1 1 1 1 0 5 

Ziemann et al. 20 0 1 0 1 0 1 1 1 1 1 7 

Note: Items not described in the methodology of the study being evaluated were assumed to have not 
been done and awarded a value of zero. Items not applicable to studies as a result of a lack of a control or 
comparison group were denoted by N/A and were awarded a value of zero. Evaluation was performed 
independently by 2 reviewers and reported as the average of the 2 scores. PEDro evaluation criteria, as 
previously described 41: 1. Eligibility criteria were specified.�2. Participants were randomly allocated to 
groups. 3. Allocation was concealed.�4. The groups were similar at baseline regarding the most important 
prognostic indicators.�5. There was blinding of all assessors who measured the primary outcome.�6. 
Measures of at least one key outcome were obtained from more than 70% of the participants initially 
allocated to groups.�7. All participants for whom outcome measures were available received the 
treatment or control condition as allocated or, where this was not the case, data for at least one key 
outcome were analyzed by ‘intention to treat’.�8. The results of between-group statistical comparisons are 
reported for the primary outcome.�9. The study provides the point measures and measures of variability 
for at least one key outcome.�10. Sample size calculations were explained. 
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Table 3–2 Participant and training program characteristics of included studies organized by training 
intensity (lowest to highest).  
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10 

(2/8) 
 

22 41.7 
 

SS 3 70 30.0 6 N/A N/A 

Connolly et al. 
37 

7 
(4/3) 

 
22 47.5 

 
R 3 70 30.0 6 N/A N/A 

Tabata et al. 28 
7 

(7/0) 
 

23 52.9 
 

C 5 70 60.0 6 N/A N/A 

Mendes et al. 40 
13 

(13/0) 
 

25 44.9 
 

C 3 70 31.5 6 N/A N/A 

Kargotich et al. 
35 

10 
(10/0) 

 
22 44.2 

 
C 5 70 90.0 6 N/A N/A 

Emonson et al. 
36 

9 
(9/0) 

 
30 42.4 

 
C 3 70 45.0 5.0 N/A N/A 

Emonson et al. 
36 

9 
(9/0) 

 
28 40.8 

 
C 3 70 45.0 5.0 N/A N/A 
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Prieur et al. 34 
8 

(6/2) 
 

21 44.1 
 

C 6 70 2.0 4.0 2 60:15 

Ziemann et al. 20 
10 

(10/0) 
 

21 50.2 
 

C 3 80 9.0 6 6 90:180 

Swart et al. 38 
6 

(6/0) 
 

30 60.3 
 

C 2 80 32.0 4.0 8 240:90 

Helgerud et al. 
43 

9 
(9/0) 

 
18 58.9 

 
R 2 82.5 16.0 8 4 240:180 

Helgerud et al. 
30 

10 
(10/0) 

 
25 59.6 

 
R 3 85 24.5 8 N/A N/A 

Kim et al. 39 
11 

(11/0) 
 

20 49.8 
 

R 4 85 6.0 8 12 30:240 

Hautala et al. 23 
20 

(20/0) 
 

30 53.7 
 

R 5 85 60.0 8 N/A N/A 

Burke et al. 33 
10 

(0/10) 
 

20 40 
 

C 4 90 0.5 7.0 N.R. 30:30 

Burke et al. 33 
11 

(0/11) 
 

21 39.9 
 

C 4 90 2.0 7.0 N.R. 120:120 

Perry et al. 18 
8 

(5/3) 
 

24 45.3 
 

C 3 90 40.0 6 10 240:120 

Dunham et al. 21 
8 

(5/3) 
 

20 33.3 
 

C 3 90 5.0 4 5 60:180 

McMillan et al. 
15 

11 
(11/0) 

 
17 63.4 

 BD

D 
2 93 4.0 8 4 60:180 

Helgerud et al. 
30 

10 
(10/0) 

 
25 60.5 

 
R 3 93 11.8 8 47 15:15 

Helgerud et al. 
30 

10 
(10/0) 

 
25 55.5 

 
R 3 93 16.0 8 4 240:180 

Duffield et al. 16 
10 

(0/10) 
 

20 37.4 
 

C 3 100 16.0 8 8 120:60 

MacPherson et 
al. 44 

10 
(5/5) 

 
24 46.8 

 
R 3 100 2.5 6 5 30:180 

Ben 
Abderrahman et 
al. 24 

9 
(9/0) 

 
20 58.7 

 
R 3 105 2.5 8 5 30:30 

Poole et al. 12 
8 

(8/0) 
 

22 50.8 
 

C 3 105 20.0 7.0 10 120:120 
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Ben 
Abderrahman et 
al. 24 

9 
(9/0) 

 
21 59.4 

 
R 3 105 2.5 7.0 5 30:30 

Williams et al. 45 
8 

(8/0) 
 

27 43 
 

C 3 110 12.0 4.0 12 60:60 

Marles et al. 17 
9 

(9/0) 
 

19 43.5 
 

C 3 120 9.0 6 3 180:360 

Tabata et al. 28 
7 

(7/0) 
 

23 48.2 
 

C 5 170 2.7 6 8 20:10 

Allemeier et al. 
13 

11 
(11/0) 

 
23 48.7 

 
C 3 ~250 1.5 6 3 30:1200 

Burgomaster et 
al. 29 

10 
(5/5) 

 
24 41 

 
C 3 ~250 2.5 6 5 30:270 

Metcalfe et al. 22 
7 

(7/0) 
 

26 36.3 
 

C 3 ~250 0.5 6 2 15:300 

Metcalfe et al. 22 
8 

(8/0) 
 

24 32.5 
 

C 3 ~250 0.5 6 2 15:300 

Trilk et al. 19 
14 

(14/0) 
 

30 21.6 
 

C 3 ~250 2.8 4.0 6 30:240 

Note: BDD, ball dribbling drills; C, Cycle; F, female; M, male; N/A, not applicable; N.R., not reported; R, 
running; s, seconds; SS, snow-shoeing; yr, years. Average # of intervals in training intervention characteristics 
reflects the average of intervals performed per training session. 

3.3.4  Data extraction and synthesis  

Subject characteristics (age and weight), sample size, intervention length, training frequency, training 

intensity and training protocol were extracted.  For studies where progression was built into the training 

intervention the mean value was calculated where appropriate.  Before and after training VO2max data 

was extracted in the forms of means ± SD/SEM.  Where values were reported in relative terms 

(mL/kg/min), absolute VO2max was calculated using the mean body weights for the appropriate time 

points.  When SEM was reported SD was calculated using the reported SEM and sample size.  For each 

study, or each training intervention employed in a study if more than one, the absolute change in VO2max 

(L/min) was calculated, while the pooled standard deviation (SDP) was calculated using the sample size 

(n) and standard deviations (SD) from before (1) and after (2) training in each study or study group: 
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Equation 1:  46 

95% confidence intervals were calculated for the change in VO2max using the resulting SDP 
46.  Cohen’s d 

effect sizes (ES) for the change in VO2max for each study, or each training intervention employed in a 

study if more than one, were also calculated using the difference in means (M) from before (1) and after 

(2) training and the SDP: 

Equation 2: 47 

Where c(d) is the small sample size bias correction given by: 

Equation 3: 47 

ES and weighted mean effect sizes (T) were assessed for normal distribution, both kurtosis and skewness, 

by converting to z by dividing the score by the standard error. Normalcy was considered present if all z 

values for both kurtosis and skewness were less than +/- 1.96 48. 

Training session dose was calculated by multiplying total exercise session time (seconds) by the 

relative exercise intensity (% of VO2max), and dividing by 10 000. Total training volume was determined 

by multiplying the training session dose by the total number of training sessions completed as part of each 

training intervention. Both session dose and total training volume are presented as arbitrary units (AU), 

and intervention characteristics for all studies evaluated and each tertile are presented in Table 3–3. 

 

 

 

 

 

 

!!
!!!SDP =

(n1 −1)SD1 +(n2 −1)SD2
n1 +n2 −2

!!
ES = c(d)M2 −M1

SDP

!!
c(d)=1− 3

4(n1 +n2)−9
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Table 3–3 Training intervention characteristics for all studies and each tertile, mean (SEM) unless 
otherwise indicated. 

Tertile n 
Study 

Sample 
Size 

Study 
Length 
(wks) 

Training 
Frequency 
(days/wk) 

Intensity 
(% of 

VO2max) 
CONT INT 

Session 
Dose 
(AU)‡ 

Total 
Training 
Volume 
(AU)‡ 

All 40 9.8(0.4) 6.4(0.2) 3.3(0.1) 
105 

(60-250) 
15 25 12.0(1.6) 256(41) 

1 14 9.7(0.6) 6.0(0.3) 3.7(0.3) 
68 

(60-70) 
13 1 18.4(2.2) 387(59) 

2 13 10.3(0.9) 6.9(0.4) 3.2(0.2) 
87 

(80-92.5) 
2 11 10.7(2.4) 230(85)§ 

3 13 9.2(0.5) 6.2(0.3) 3.1(0.2) 
167 

(100-250) 
0 13 8.5(2.8)§ 142(54)§ 

Note: AU, arbitrary units; CONT, continuous; INT, interval; n, number of studies; VO2max; maximal 
oxygen uptake; wk(s), week(s). Intensity is presented as a mean (range of exercise intensities). Session 
dose represents total exercise time from an individual training session (seconds) multiplied by the 
exercise intensity (% of VO2max) divided by 10 000. Total training volume represents the dose per 
session multiplied by the total number of training sessions for the intervention.  
‡Significant difference between tertiles (p<0.05); one-way ANOVA’s on both session dose and total 
training volume.  
§Significantly (p<0.05) different from tertile 1 (post-hoc comparisons). 

3.3.5 Meta-regression 

In order to determine whether exercise training intensity, session dose, total training volume, or 

baseline VO2max explain heterogeneity of training effects between the 28 studies examined (40 training 

groups), we performed a meta-regression using these training characteristics as covariates as described by 

Pigott 47 (Supplemental File 3.1; Appendix A). A random-effects model was chosen as we believed that 

the variation among effect sizes could not be explained by sampling error alone; additionally, a random-

effects model analysis is more appropriate 46, particularly for the analysis of continuous variables (e.g. 

exercise intensity, training volume, etc.) 49. Both fixed and random effects meta-regression analysis was 

performed using weighted mean effect sizes (T) and fixed-effects inverse variance weights (w) in SPSS 

20.0 (SPSS, Chicago, IL, USA) using macros created by Wilson 50. Statistical significance for all 

regression analysis was accepted at p<0.05.  A funnel plot was also constructed in GraphPad Prism v 5.01 
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(GraphPad Software Inc., La Jolla, CA) using the upper and lower 95% confidence intervals and effect 

size in order to evaluate the possibility of publication bias (Figure 3-2). 

 
Figure 3-2 Funnel plot of Cohen’s d effect sizes and standard error for the 40 study groups included. 
Mean effect size represented by the solid bar with upper and lower 95% CI’s represented by the dashed 
lines. 

3.3.6 Meta-analysis 

In order to further examine the effect of exercise training intensity on the magnitude of changes in 

VO2max the 40 included study groups were divided into 3 tertiles by intensity resulting in moderate-, 

high-, and supramaximal-intensity groups. Studies using repeated Wingate bouts (i.e. sprint interval 

training; SIT) were assumed to have employed a training intensity of ~250% of VO2max. Each individual 

tertile was then subject to a fixed-effects model meta-analysis as described by Field and Gillett 46, which 

uses weighted means for comparison (Supplemental File 3.1; Appendix A). Participant characteristics for 

all included studies and for each training intensity tertile are presented in Table 3–4.  One-way ANOVA’s 

were used to compare baseline VO2max, weighted change scores of VO2max, session dose and total 
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training volume between different intensity tertiles. A two-way, repeated measures ANOVA was used to 

compare the effect of training (tertile 1, 2 or 3) and time (Pre/Post-training) on maximal oxygen uptake. A 

Bonferonni correction was used for post hoc pairwise comparison of means for main effects and 

significant interactions. All statistical analysis was performed in SPSS 20.0. Statistical significance was 

accepted at p<0.05 and all meta-analysis population data are presented as means ± standard error of 

measurement (SEM).  

Table 3–4 Participant characteristics for all studies and each tertile, data presented as mean (SEM). 

Note: *Main effect of training (p<0.05); two-way ANOVA on pre and post training VO2max of each 
tertile. F, female; kg, kilogram; L, litres; M, male; min, minute; n, number of participants; Pre, pre-
training; Post, post-training; VO2max; maximal oxygen uptake; yr, years. 

3.4 Results 

Training intervention and participant characteristics for all studies included are presented in Table 3–

3 and Table 3–4, respectively. All studies involved either continuous training (n=15) or interval training 

(n=25) with modes of exercise including running (n=13), cycling (n=25), snowshoeing (n=1), and/or 

soccer ball dribbling drills (n=1).  

Two reviewers independently determined the quality assessment of the studies included in the 

analysis using a modified PEDro scale. The average of the reviewers scores were used with a mean score 

of 5.4/10 for all included studies. There was no difference in mean PEDro scores between the 3 intensity 

tertiles (tertile 1: 5.6; 2:5.7; 3: 5.3). Specific eligibility criteria, blinded group allocation, blinding of 

assessors, and an explanation of sample size calculations were rarely performed in the studies included 

(mean percentage of studies: 32, 0, 0, and 21%, respectively), while random group allocation, utilization 

 
n 

Sex 
Age (yr) 

Weight 

(kg) 

VO2max (L/min) 

 M F Pre Post 

All 390 281 109 23 (1) 73 (2) 3.4 (0.1) 3.7 (0.1)* 

1 136 95 41 23 (1) 72 (3) 3.2 (0.2) 3.5 (0.2) 

2 134 107 27 23 (1) 74 (2) 3.8 (0.2) 4.1 (0.2) 

3 120 79 41 22 (2) 74 (3) 3.2 (0.2) 3.5 (0.2) 
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of comparable groups (at baseline), between-group statistical comparisons, and measures of variability for 

VO2max were reported for most studies (mean percentage of studies: 75, 84, 100, and 100%, 

respectively). 

No outliers were found in the data; skewness (ES: -0.05; T: -0.05) and kurtosis (ES: -0.86; T: -0.26) 

were within normal limits. Visual inspection on the funnel plot (Figure 3-2) suggests the potential for 

publication bias with smaller studies with larger effect sizes (lower right hand side of the plot), which 

suggests that results from the meta-regression and meta-analysis should be interpreted with caution.  This 

analysis revealed two studies that fell outside the 95% confidence limits, studies by Helgerud et al. 30 (ES 

= -0.053) and Duffield et al. 16 (ES = 1.365). 

3.4.1 Meta-regression  

Following training, VO2max increased (p<0.05) in all of studies except for one 30 with Cohen’s d 

effects sizes ranging between -0.53 and 1.37. The weighted mean change in VO2max (L/min), 95% 

credibility intervals, small sample size corrected Cohen’s d effect sizes, pooled SD, and training intensity 

(% of VO2max) for each study are presented in Figure 3-3. The weighted mean Cohen’s d ES was 0.73 

(95% CI’s 1.34-0.11) and homogeneous (Q39 = 11.47; p > 0.01). The homogeneity of ES (Q ≤ N - 1) 

resulted in the random effects variance component (vθ) being calculated as zero, resulting in equivalent 

inverse variance weights for both the fixed and random effects models (i.e. results from both regression 

models were equivalent). The random effects meta-regression model ( 
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Table 3–5) examining training intensity, session dose, baseline VO2max, and total training volume 

was non-significant (Q3 = 1.36; p=0.85; R2 = 0.05; ES=0.76).  

 

Figure 3-3 Forest plot of mean difference in absolute oxygen consumption (VO2max) with 95% 
credibility intervals (CI’s) for each study (filled circles) and the total for all studies (open circle) included 
in the meta-regression and -analysis. Training intensity (% of VO2max), pooled standard deviation (SDP), 
and Cohen’s effect sizes (Cohen’s d) are also shown for each individual, and all studies included. 
Interventions are organized by ascending order of training intensity with studies assigned to tertile one, 
two and three, represented by light, medium, and dark grey, respectively. Note: L, liters; min, minutes. 
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Table 3–5 Random effects meta-regression model summary and coefficients. 

Note: CI, confidence interval; SE, standard error. 

3.4.2 Meta-analysis  

Tertile one consisted of predominantly continuous training modes, while tertile two and three were 

predominately interval style training modes (Table 3–3). Ten tertile 1 (total n=14) studies employed cycle 

ergometers, while treadmill/track running was used in three, and snowshoeing in one. Six tertile 2 (total 

n=13) studies used cycle ergometers, while six ran on treadmills/track, and one dribbled soccer balls. 

Nine tertile 3 (total n=14) employed cycle ergometer (n=9), while four utilized treadmill/track running.  

One-way ANOVA’s on baseline (Table 3–4) and weighted change scores for absolute VO2max 

(Figure 3-4) demonstrated no significant difference between tertiles. The weighted mean change of 

VO2max was 0.30 L/min (95% CI: -0.52 to 1.12 L/min) with population effects for each tertile (Figure 

3-4) corresponding to a moderate-large effect of training 51. A two-way ANOVA demonstrated a main 

effect of training (p<0.05) for absolute VO2max (Table 3–4). Session dose was significantly (p<0.05) 

lower in tertile 3 than tertile 1, while total training volume was significantly (p<0.05) lower in tertile 2 

and 3 compared to tertile 1 (Table 3–3).  

 β SE -95% CI +95% CI p 

Constant .740 .374 .006 1.47 .048 

Training Intensity .001 .001 -.002 .003 .600 

Training Volume .000 .000 .000 .000 .532 

Session Dose .000 .000 .000 .000 .916 

Baseline VO2max -.031 .083 -.196 .130 .692 
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Figure 3-4 Weighted change in VO2max and population effects for each tertile. (A) Weighted mean 
change and pooled SEM in absolute oxygen consumption (VO2max) for each tertile (Tertile 1: 60-70% of 
VO2max; 2: 80-92.5% of VO2max; 3: 100-250% of VO2max). (B) Forest plot of population effects for 
each tertile with 95% CI’s. Note: CI, credibility interval; L, liters; min, minutes; SEM, standard error of 
measurement.   

3.5 Discussion 

Not surprisingly, exercise training across a wide range of intensities is an effective (T= 0.73; 95% CI 

1.35, 0.11) means of increasing VO2max in young, healthy adults (39 of 40 study groups reported a 

positive effect of training; Figure 3-3). Interestingly, meta-regression analysis revealed that Cohen’s d 

effect sizes for the change in VO2max following training were homogeneous, indicating that the 

magnitude of the increase in VO2max was similar across the range of studies examined.  Consistent with 

this homogeneity, exercise training intensity, session dose, total training volume, and baseline VO2max 

were unable to explain variances in effect sizes. Separate meta-analyses performed on the different 

training intensity tertiles confirmed that the magnitude of training-induced increases in VO2max were 

unaffected by exercise training intensity. Session dose was lowest in the highest intensity tertile (tertile 3; 

≥100% VO2max), while total training volume was significantly (p<0.05) reduced in both tertiles 2 and 3 

compared to the lowest intensity tertile (~60-70% of VO2max).  
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3.5.1 Impact of exercise intensity on VO2max 

Results from the meta-regression and meta-analyses performed in the current study suggest that 

increasing exercise training intensity above ~60% of VO2max does not provide additional increases in 

VO2max in healthy adults. These results are consistent with several recent reports of comparable increases 

in VO2max following high-intensity interval training and moderate-intensity endurance training 8–10,29. 

Importantly, the current analyses extend the results of previous studies that failed to provide a 

comprehensive examination of the effect of training intensity on training-induced increases in VO2max 

due to the examination of only 2 different exercise intensities 4,8,9,12–29, and/or a failure to examine the 

impact of supra-maximal training 15,18,20,21,23,25–27,30–40. Our results provide a more complete description of 

the impact of training intensity on improvements in VO2max and suggest that there is not a positive 

relationship between exercise training intensity and the resulting change in VO2max. The findings of the 

present study should be interpreted with caution, as evidence for a potential publication bias was observed 

(Figure 3-2).  However, this evidence comes primarily from exercise-training studies with similarly sized 

participant populations (~n=8-10), thus the apparent aggregation of plotted values suggesting the presence 

of publication bias is likely, at least partly, explained by similar sample sizes.  It should also be noted that 

the training interventions analyzed in the current study were not work-matched (kilocalories expended per 

session and over the total training period).  The lack of work-matched comparisons remains a major 

shortcoming in the exercise intensity literature and represents an important area for future research. 

3.5.2 Impact of session dose and training volume on VO2max 

While meta-regression failed to identify a relationship between either session dose or total training 

volume and the effect of training on VO2max (due to the homogeneity of the effect sizes for the studies 

evaluated), a significant reduction in session dose (tertile 3 vs. tertile 1) and total training volume (tertiles 

2 and 3 vs. tertile 1) was observed for studies utilizing higher intensities of training (Table 3–3). These 

results demonstrate the potency of high-intensity exercise as a stimulus for increasing VO2max and are in 

agreement with numerous reports demonstrating elevations in VO2max following high-intensity, and 
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sprint interval training 52–54. While the precise mechanisms by which low dose high-intensity exercise 

elicits increases in VO2max remain controversial, a recent report suggests that improvements in aerobic 

exercise capacity following high-intensity training are primarily the result of peripheral adaptations 44. 

Though data supporting this assertion are equivocal 55,56, these results suggest that the mechanisms 

responsible for improvements in VO2max following long duration moderate intensity exercise (i.e. END) 

and high-intensity exercise may be different. 

The findings that high-intensity sub-maximal and near-maximal training produces equivalent gains in 

VO2max following comparable session doses and training volumes as supra-maximal training suggest that 

high-intensity, sub- and near-maximal exercise (~80-92.5% VO2max) may represented the optimal 

exercise intensity range; providing comparable improvements in maximal oxygen uptake in a lower per 

session training dose than tertile 1 (p=0.075; see Table 3–3 for values) and at a lower training intensity 

than tertile 3 (Table 3–3). What remains unknown, is the effect of increasing the work associated with 

protocols requiring maximal and supramaximal intensities (i.e. would work-matched high intensity 

protocols yield superior results). While a recent report from our lab suggests that supramaximal exercise 

(~133% of VO2max) reduces the activation of mitochondrial biogenesis compared to work-matched 

maximal exercise 57 it is not currently known if these acute exercise responses will translate to differences 

in VO2max following training.  While the results of the present study question the hypothesis that higher 

intensities of training would impair the adaptive response to training, the evaluation of training intensity 

across worked-matched interventions remain an important area of future study.  

3.5.3 Limitations 

While our results provide important new insight into the training response following short duration (4-

8 weeks) exercise training in humans, this study possess several potential limitations that must be 

acknowledged. We sought to examine the impact of short-term (4-8 weeks) exercise training on 

improvements in VO2max; therefore, it remains unknown if the lack of exercise intensity effect observed 

in the short-term studies included in our analysis would persist following moderate and long duration 
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training interventions. Additionally, the included studies utilized participant populations consisting of 

young recreationally/highly active adults of relatively similar age, weight, baseline VO2max, and disease 

status (i.e. non-diseased). Thus, it is not currently known if other populations (overweight/obese, children, 

elderly, diseased populations, etc.) would respond similarly to different intensities of short-term exercise 

training.  It would also be of interest for future studies to examine the impact of other variables that might 

influence training adaptation (age, baseline VO2max, body composition, etc.) that we were unable to 

examined in the current study. Finally, evaluation of included studies using a modified PEDro scale 

revealed that several methodological criteria were consistently absent. None of the included studies 

concealed the allocation of participants to groups (i.e. the person assigning participants to groups was 

aware of what group they were being assigned) or blinded assessors. Further, very few outlined specific 

eligibility criteria (~32%) or explained sample size calculations (~21%).  This suggests that 

methodological oversights may be routine in this area of research and highlight specific areas for 

improvement of future study design to increase the internal and external validity of study findings. Given 

these systematic limitations, the validity of the results from the analyses performed in the present study 

must also be interpreted with caution.  

3.5.4 Perspectives for exercise prescription  

While training-induced increases in VO2max reduce the risk of cardiovascular disease development 

and all-cause mortality 3, a very small percentage of individuals accumulate the necessary amount of 

physical activity believed to be required to maintain and/or increase maximal oxygen uptake 58,59. This is 

partly due to a lack of knowledge regarding what exercise intensity, or range of intensities, might be the 

most efficient at improving an individuals’ VO2max. From this perspective, our results suggest that 

training at, or greater than ~60% of VO2max improves maximal oxygen uptake, with no additional benefit 

with increasing exercise intensity. Additionally, our results also highlight the ability of higher intensity 

training to elicit comparable increases in VO2max in significantly shorter training bouts and lower 

training volumes than moderate intensity training. These findings support several previous investigations 
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demonstrating the time-efficiency of high-intensity training at improving VO2max 9,29 and suggest that 

physical activity guidelines should be expanded to incorporate recommendations for high-intensity 

exercise (at or above ~100% of VO2max). Importantly, evaluation of the studies included in the present 

investigation questions the external validity of results from studies in this area of research and stresses the 

need for future investigations of high methodological quality for accurate exercise prescription 

development generalizable to the population.  

3.5.5 Conclusions 

Collectively, the results of the analyses carried out in the current work suggest that training at any 

intensity above ~60% of VO2max is likely to improve maximal oxygen uptake in healthy adults.  While 

the lack of a positive effect of increasing training intensity on the increase in VO2max suggests minimal 

additional benefit to higher intensity training, it is important to highlight the fact that higher intensities of 

training induced adaptations following significantly lower training session doses and total training 

volumes. Our observations also suggest that high-intensity, sub- and near-maximal exercise (~80-92.5% 

VO2max) may be the ideal exercise intensity range for eliciting improvements in VO2max as both training 

volume, and exercise intensity are low compared to moderate and supramaximal intensity training, 

respectively. While our data supports claims regarding the efficiency and potency of high-intensity 

training, they also highlight future directions for research examining the impact of exercise intensity on 

improvements in VO2max and the mechanisms by which high-intensity exercise achieves its potency. 
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Chapter 4 

FIBRE-SPECIFIC RESPONSES TO ENDURANCE AND LOW VOLUME 

HIGH INTENSITY INTERVAL TRAINING: STRIKING SIMILARITIES 

IN ACUTE AND CHRONIC ADAPTATION  

  

4.1 Abstract 

The current study involved the completion of two distinct experiments. Experiment 1 compared fibre 

specific and whole muscle responses to acute bouts of either low-volume high-intensity interval training 

(LV-HIT) or moderate-intensity continuous endurance exercise (END) in a randomized crossover design.  

Experiment 2 examined the impact of a six-week training intervention (END or LV-HIT; 4 days/week), 

on whole body and skeletal muscle fibre specific markers of aerobic and anaerobic capacity.  Six 

recreationally active men (Age: 20.7±3.8yrs; VO2peak: 51.9±5.1mL/kg/min) reported to the lab on two 

separate occasions for experiment 1. Following a muscle biopsy taken in a fasted state, participants 

completed an acute bout of each exercise protocol (LV-HIT: 8, 20-second intervals at ~170% of VO2peak 

separated by 10 seconds of rest; END: 30 minutes at ~65% of VO2peak), immediately followed by a 

muscle biopsy. Glycogen content of type I and IIA fibres was significantly (p<0.05) reduced, while p-

ACC was significantly increased (p<0.05) following both protocols. Nineteen recreationally active males 

(n=16) and females (n=3) were VO2peak-matched and assigned to either the LV-HIT (n=10; 21±2yrs) or 

END (n=9; 20.7±3.8yrs) group for experiment 2. After 6 weeks, both training protocols induced 

comparable increases in aerobic capacity (END: Pre:48.3±6.0, Mid:51.8±6.0, Post:55.0±6.3 mL/kg/min 

LV-HIT: Pre:47.9±8.1, Mid:50.4±7.4, Post:54.7±7.6 mL/kg/min), fibre-type specific oxidative and 

glycolytic capacity, glycogen and IMTG stores, and whole-muscle capillary density. Interestingly, only 

LV-HIT induced greater improvements in anaerobic performance and estimated whole-muscle glycolytic 
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capacity. These results suggest that 30 minutes of END exercise at ~65% VO2peak or 4 minutes of LV-

HIT at ~170% VO2peak induce comparable changes in the intra-myocellular environment (glycogen 

content and signaling activation); correspondingly, training-induced adaptations resulting for these 

protocols, and other HIT and END protocols are strikingly similar. 

4.2 Introduction 

 Endurance (END) training and interval training, consisting of either sprint interval training (SIT; 

repeated bouts of ‘all out’ exercise [e.g. repeated Wingates]) or high-intensity interval training (HIT; 

repeated bouts of exercise below an all-out intensity) result in comparable adaptations in both 

performance and skeletal muscle metabolism. These include: improvements in maximal oxygen uptake 

(VO2peak) 1–7 and aerobic exercise performance 7–9, increases in markers of mitochondrial content, 

oxidative capacity 1–3,8,10, intramuscular glycogen 8 and triglyceride stores 3, capillary density 4,6,11, lipid 

oxidation 1,3,10, and reductions in substrate level (phosphocreatine and glycogen) phosphorylation 1. Given 

the markedly reduced training dose (exercise energy expenditure and training time) associated with many 

high-intensity protocols, these data demonstrate the ability of high intensity exercise to induce 

physiological adaptations without the requirement for large training volumes.  

The potency of HIT high-intensity exercise has recently been demonstrated by several studies 

employing a low volume- (LV) high-intensity interval training (HIT) protocol requiring a fraction of the 

training dose (total training time of ~4 min/day) necessary for END and many other HIT protocols. 

Similar to other larger dose HIT protocols, studies utilizing LV-HIT have demonstrated improvements in 

VO2peak 9,12,13, anaerobic exercise capacity 12,13, and increased mitochondrial protein content (cytochrome 

c oxidase (COX) subunit I and COX IV) 13 that are equivalent to those induced by END 9,12.  While there 

is an abundance of literature demonstrating the efficacy of HIT at inducing adaptations, the mechanisms 

by which substantially lower doses of high intensity exercise induce adaptations typically associated with 

high dose END are not completely understood, specifically, similarities/differences in fibre-type specific 

adaptations induced by HIT and END have not been completely described. 
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 For example, several recent reports suggest that improvements in aerobic exercise capacity and 

performance following HIT result primarily from peripheral adaptations 14,15. These adaptations, 

specifically the induction of mitochondrial biogenesis, result from the activation of signaling cascades 

which increase transcription of mitochondrial genes via the activation 16,17 and/or increased expression of 

peroxisome proliferator-activated receptor gamma co-activator 1 alpha (PGC-1α) 18. Given that END and 

HIT result in similar increases in whole-muscle markers of mitochondrial content and oxidative capacity  

1–3,8,10, it is not surprising that acute activation of signaling pathways, measured in whole-muscle 

homogenates, following a single bout of END and HIT are also comparable 19–21. However, it is not clear 

if these whole-muscle measures reflect similar adaptations across distinct fibre populations within a 

trained muscle, or whether HIT induces adaptations in different populations of fibres. More specifically, 

whether the well characterized recruitment of type II fibres associated with higher intensities of exercise, 

including continuous supramaximal 22–24 and intermittent maximal 25 exercise result in different fibre 

recruitment patterns between LV-HIT and END is unknown.  Further, whether variations in acute fibre 

recruitment result in distinctive fibre adaptations following chronic LV-HIT and END is also not known; 

however, it is possible that different recruitment patterns and fibre-type specific adaptations may partially 

explain the potency of high intensity exercise and more specifically, LV-HIT. 

 To examine these issues we performed 2 distinct experiments. The purpose of experiment 1 was to 

examine: 1) fibre recruitment patterns, as reflected by reductions in glycogen content of each fibre-type 

population, and 2) whole-muscle and fibre-type specific signaling pathway activation following an acute 

bout of LV-HIT and END exercise. The purpose of experiment 2 was to examine: 1) changes in aerobic 

and anaerobic exercise performance, and 2) fibre-type specific adaptations in oxidative and glycolytic 

capacities, substrate storage and whole-muscle capillary density resulting from 6 weeks of LV-HIT and 

END training. We hypothesized that an acute bout of LV-HIT would result in the activation of a greater 

number of type II muscle fibres than END exercise, and that resulting fibre-specific metabolic adaptations 

following training would reflect these differences in acute fibre recruitment. 
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4.3 Materials and methods 

4.3.1 Ethics statement  

All experimental procedures performed on human participants were approved by the Health Sciences 

Human Research Ethics Board at Queen’s University (Appendix B and C) and conformed to the 

Declaration of Helsinki.  Verbal and written explanation of the experimental protocol and associated risks 

was provided to all participants prior to obtaining written informed consent. 

4.3.2 Experimental design 

The current study involved the completion of two distinct experiments. Experiment 1 compared fibre 

specific and whole muscle responses to acute bouts of either low-volume high-intensity interval training 

(LV-HIT) or moderate-intensity continuous cycle exercise (END) in a randomized crossover design.  

Experiment 2 examined the impact of a six-week training intervention (END or LV-HIT 4 days/week), on 

whole body and skeletal muscle fibre specific markers of aerobic and anaerobic capacity.  All 

physiological testing and training for both experiments was performed on a Monark Ergomedic 874 E 

stationary ergometer (Vansbro, Sweden). Participants were asked to refrain from alcohol and exercise 24 

hours before, and caffeine 12 hours before all experimental days in experiment 1 and pre- and post-

training testing days in experiment 2.  

4.3.3 Experiment 1 

4.3.3.1 Participants 

Six recreationally active males volunteered to participate in the study (participant characteristics are 

presented in Table 4–1).  No participants were involved in more than 3 hours of aerobic exercise 

(running, jogging, etc.) per week. 
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Table 4–1 Experiment 1 participant and exercise bout characteristics (N=6), mean (SD) unless 
otherwise indicated. 

Age (yrs)  20.7(3.8) 

Height (cm) 183.7(9.3) 

Body mass (kg) 77.8(2.8) 

Absolute VO2 (mL/min) 4025(306) 

Relative VO2 (mL/kg/min) 51.9(5.1) 

HRpeak (BPM) 196(7) 

WRpeak (W) 264.1(41.6) 

Mean power (W) LV-HIT (actual) 481.4(60.1) 

Mean power (W) LV-HIT (prescribed) 448.0(70.5) 

Mean power (W) endurance (actual) 173.7(29.8) 

Mean power (W) endurance (prescribed) 172.0(27.1) 

Note: LV-HIT mean power represents the average power output during the 8 intervals not 
including rest periods. BPM, beats per minute; cm, centimeters; kg, kilograms; min, minute; 
RER, respiratory exchange ratio; s, seconds; W, watts; WRpeak, peak aerobic power; yrs, years. 

4.3.3.2 Physiological testing 

On their first visit to the lab participants completed a VO2peak incremental ramp test to exhaustion as 

described previously 26, and height and weight were recorded. Gas exchange was measured throughout 

the test with a metabolic cart (Moxus AEI Technologies, Pittsburgh, PA), with VO2peak and heart rate 

(HR) peak calculated as the highest value of continuous 30 second averages for each measure during the 

protocol. Peak O2 pulse was calculated by dividing absolute VO2peak by HRpeak from the incremental 

ramp protocol. Work rate (WR) was collected continuously throughout the test and peak aerobic power 

(WRpeak) was calculated using the average WR from the last 30 seconds of the test. 

4.3.3.3 Exercise interventions  

Participants reported to the lab in the morning following an overnight fast (≥ 12 h) after consuming a 

standardized dinner the night before [Stouffer’s Sauté Sensations Country Beef Pot Roast (540 kcal; 56 g 

carbohydrate (CHO), 20 g fat, 14 g protein) and 500 mL of 2% milk (260 kcal; 12 g CHO, 5 g fat, 9 g 
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protein)]. A fasted, resting muscle biopsy (Rest) was taken from the vastus lateralis under superficial local 

anaesthesia (2% lidocaine, with epinephrine) using the Bergstrom needle biopsy technique 27 adapted with 

suction. An additional incision was made, and covered with sterile gauze, approximately 1 cm from the 

resting biopsy site to allow for immediate removal of the post-exercise muscle sample. Participants then 

rested in the lab for 30 minutes or 55 minutes before completing a bout of END or LV-HIT, respectively. 

Immediately following each exercise bout a second muscle biopsy was taken (Ex).  The LV-HIT exercise 

protocol was performed as described previously 12,13. Briefly, participants completed eight 20-second 

intervals at 170% of VO2peak separated by 10 seconds of rest eight times, for a total of four-minutes.  

During rest periods participants cycled against no load at a cadence of their choice. The END exercise 

protocol consisted of 30 minutes of continuous cycling at 65% of VO2peak. Each exercise bout was 

performed at the same time of day for all subjects and were performed one week apart (7 days). 

4.3.4 Experiment 2 

4.3.4.1 Participants 

Nineteen recreationally active males (n=16) and females (n=3) volunteered to participate in this 

study.  No participants were involved in more than 3 hours of aerobic exercise (running, jogging, etc.) per 

week or involved in any structured training program within the past six months.  Participants were 

VO2peak-matched and assigned to either the LV-HIT (n=10) or endurance (n=9) group. Participant 

characteristics are presented in Table 4–2. 
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Table 4–2. Experiment 2 participant characteristics (N=19) for low volume high-intensity interval 
(LV-HIT) training (n=10) and endurance (END) training (n=9) at baseline (pre), mid-training (mid) 
and following 6 weeks of training (post); mean (SD) unless otherwise indicated. 

 END LV- HIT 

 Pre Mid Post Pre Mid Post 

Age (yrs) 21(4) - - 21(2) - - 

Height (cm) 180(7) - - 175(10) - - 

Body mass (kg) 74(9) 74(8) 74(9) 71(17) 71(17) 71(17) 

Absolute VO2 

(mL/min)* 

3534(768) 3743(715) 4050(760) 3440(913) 3703(1007) 3910(1094) 

Relative VO2 

(mL/kg/min)* 

47.6(8.3) 50.6(7.4) 54.6(7.6) 48.3(6.1) 51.8(6.0) 54.9(6.2) 

HRpeak (bpm)* 194(11) 190(9) 191(9) 195(7) 192(6) 193(3) 

WRpeak (W) 255(62) 285(56) 281(58) 250(58) 262(53) 258(63) 

Wingate peak power 

(W)*� 

718(142) - 704(147) 654(146) - 718(184) 

Wingate mean power 

(W)*� 

570(119) - 594(122) 498(141) - 580(131) 

Note: * Main effect of training, p<0.05; � significant interaction, p<0.05. BPM, beats per minute; cm, 
centimeters; kg, kilograms; min, minute; mL, milliliter; RER, respiratory exchange ratio; s, seconds; W, 
watts; WRpeak, peak aerobic power; yrs, years. 

4.3.4.2 Training interventions  

All participants completed training four days a week for six weeks (week 4 only had 3 training 

sessions due to the mid-training VO2peak test for a total of 23 sessions). Both the LV-HIT and END 

training protocols were the same as those utilized in experiment 1 (see above for descriptions). 

Participants descended and ascended 4 flights of stairs as a warm-up prior to all training sessions. 

Revolutions per minute (RPM) data was collected for each training session in order to confirm training 

intensity. 
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4.3.4.3 Physiological testing 

During baseline testing (Pre) participants reported to the lab in the morning following an overnight 

fast (≥ 8 h). Participants were fed a standardized breakfast [plain bagel (190 kcal; 1 g fat, 36 g CHO, 7 g 

protein) with 15 g of peanut butter (90 kcal; 8 g fat, 4 g CHO, 3 g protein) and 200 mL of apple juice (90 

kcal; 0 g fat, 22 g CHO, 0 g protein)] and rested for 1 hour before a muscle biopsy was taken from their 

vastus lateralis under superficial local anaesthesia (2% lidocaine, with epinephrine) using the Bergstrom 

needle biopsy technique 27 adapted with suction.  

 Forty-eight hours following the muscle biopsy participants returned to the lab to complete a VO2peak 

incremental ramp test to exhaustion as described previously 26. Following completion of the VO2peak test, 

participants rested for 30 minutes before completing a repeated Wingate protocol consisting of 2 minutes 

of load-less cycling followed by four 30 second Wingates (7.5% body weight), separated by 4.5 minutes 

of load-less cycling.  RPM was collected continuously and peak (first 5 second average) and mean power 

(average for total 30 seconds) were determined for the first Wingate. Total work performed during all 4 

Wingate bouts was also calculated.  Twenty-four hours after the VO2peak and Wingate tests, participants 

reported to the lab and completed a 500 kcal time to completion (TTC) trial at a self-selected cadence as 

quickly as possible as described previously 28,29.   

 A VO2peak incremental ramp test to exhaustion was performed half way through training (Mid) on 

the first day of week 4 in order to adjust training loads. As a result participants only completed 3 training 

sessions in week 4. Post-training (Post) testing began 72 hours following the last training session of week 

6 and was conducted in an identical manner as the baseline testing. (See above for details). 

4.3.5 Immunofluorescent and histochemical analysis   

Immunofluorescent analysis of myosin heavy chain isoforms was performed as previously described 

30 using primary antibodies against myosin heavy chain (MHC) I (BA-F8), MHCIIa (SC-71), and 

MHCIIx (6H1) (Developmental Studies Hybridoma Bank, Iowa City, IA, USA), followed by isotype-

specific fluorescent secondary antibodies. This allowed for the identification of type I (blue), type IIA 
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(green), type IIX (red), as well as hybrid fibre types (IIAX). For all analyses type IIX and type IIAX 

fibres were analyzed together (type IIAX/IIX) given their relatively low percentage. Fibre type 

composition was determined by counting all fibres within a muscle cross-section.  

 Quantification of capillary density 31 and fibre-type specific phosphorylated-AMP-activated protein 

kinase alpha (p-AMPKα) 32 was adapted from previous work. Briefly, sections were fixed in 4% 

paraformaldehyde for 10 minutes, followed by permeabilization with 0.5% TritonX-100 for 30 minutes, 

and then blocked in 10% goat serum for 30 minutes. Sections were incubated overnight in 5% goat serum 

with the appropriate primary antibodies specific for the endothelium (PECAM) and sarcolemma 

(dystrophin) (Developmental Studies Hybridoma Bank, Iowa City, IA, USA) or p-AMPKα (Thr172) (Cell 

Signaling Technology, Danvers, MA, USA). After 3 x 5 minute washes in PBS, sections were incubated 

for 1 hour in 5% goat serum with the appropriate fluorescent secondary antibodies (Life Technologies, 

Burlington, ON, CA).  

 For all immunofluorescent procedures, sections were mounted with Prolong Gold Antifade Reagent 

(Life Technologies, Burlington, ON, CA) and imaged the following day. All sections were visualized 

with an Axio Observer Z1 microscope (Carl Zeiss, Jena, TH, DE). Individual images were taken across 

the entire muscle cross-section and assembled into a composite panoramic image using AxioVision 

software (Carl Zeiss). Compiled images were matched to fibre-type images and ~30 of each fibre type 

were randomly selected and analyzed. Data were expressed relative to the values obtained in type I fibers, 

which were assigned a reference value of 1.0, and reported as mean optical density in arbitrary units 

(AU). This method was utilized for all immunofluorescent and histochemical analyses except for the 

determination of capillary density where 3 separate areas per sample were analyzed for number of 

capillaries. Fibre-specific p-AMPKα fluorescence was performed in ImageJ (National Institutes of Health, 

Bethesda, MD, USA) and was determined by subtracting the average fluorescence of the slide 

background (>5 per slide) from each individual fibre’s fluorescence.  
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 As a general indicator of oxidative and glycolytic potential, histochemical staining for succinate 

dehydrogenase (SDH) 33 and α-glycerophosphate dehydrogenase (GPD) 34 activity was performed 30. 

Intramusclar triglyceride (IMTG) content was determined with Oil Red O (ORO) staining 35, whereas 

glycogen content was determined using the Periodic Acid Schiff (PAS) 36. Images were acquired with a 

bright field Nikon microscope linked to a PixelLink digital camera. Individual images were taken across 

the entire muscle cross-section and assembled into a composite panoramic image using Microsoft Image 

Composite Editor (ICE) (Microsoft, Redmond, WA, USA). Image analysis was performed in ImageJ by 

converting color images to 8-bit, and calculated by subtracting background staining from the mean grey 

value of individual fibres. Estimated oxidative and glycolytic capacities were calculated by summing the 

calculated capacities of each fibre type together.  Capacities for each fibre type were calculated by 

multiplying the mean SDH (oxidative) or GPD (glycolytic) activity for each fibre-type by the percent of 

that fibre present within each participant’s sample.  

4.3.6 Western blotting 

Samples were homogenized, total protein was determined, and sample loading, separation and 

transfer were performed as described previously 29. All phosphorylated protein contents are expressed 

relative to total protein content at rest. Samples were run in duplicate and equal protein loading was 

confirmed with GAPDH analysis. For protein detection, commercially available antibodies were used for 

GAPDH (Millipore, Billerica, MA, USA), p-p38 MAPK (Thr180/Tyr182), p-38 MAPK, p-AMPKα (Thr172), 

AMPKα, p-ACC (Ser79), and ACC (Cell Signaling Technologies, Danvers, MA, USA). Membranes were 

blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline with Tween-20 (TBS-T) (0.1%) 

and were immunoblotted with primary antibodies (1:1000). Proteins were visualized by 

chemiluminescence detection, according to the manufacturer's instructions (Millipore, Billerica, MA, 

USA). Blots were quantified using the Fluorochem HD2 System (Cell Biosciences, Santa Clara, CA, 

USA). 



 

 

106 

4.3.7 RNA extraction 

RNA was extracted using the TRIzol/RNeasy method (Qiagen Sciences, Valencia, CA, USA). 

Briefly, approximately 20 mg of frozen muscle was added to Lysing Matrix D tubes (MP Biomedicals, 

Solon, OH, USA), containing 1 mL of TRIzol Reagent (Life Technologies, Burlington, ON, Canada). 

Muscle samples were homogenized using the FastPrep-24 Tissue and Cell Homogenizer (MP 

Biomedicals, Solon, OH, USA) for 40 sec at a setting of 6 m/sec. 200 µl of chloroform reagent was added 

to homogenized samples (Sigma-Aldrich, Oakville, ON, CA), mixed for 15 sec, incubated at room 

temperature for 5 minutes and centrifuged for 10 minutes at 12000 g at 4˚C. The aqueous phase was 

transferred to a new tube and equal amounts of 70% ethanol was added and mixed. The mixture was 

transferred into an RNeasy mini-spin column and RNA was purified following the commercially 

available E.Z.N.A. Total RNA Kit 1 (Omega Bio-Tek, Norcross, GA, USA) as per manufacturer’s 

instructions. The RNA concentration and purity was quantified using the Nano-Drop 1000 

spectrophotometer (Thermo Fisher Scientific, Rockville, MD, USA). RNA integrity was assessed using a 

bioanalyzer (Agilent 2100 Bioanalyzer; Agilent Technologies). Average RNA Integrity Number (RIN) 

values were 6.4. 

4.3.8 Quantitative real-time PCR  

Individual samples were reverse transcribed using the commercially available high capacity cDNA 

reverse transcription kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s 

instructions, using an Eppendorf Mastercycler epgradient thermal cycler (Eppendorf, Mississauga, ON, 

CA). Reactions were run using RT2 real-time SYBR Green qPCR master mix (SABioscience; Qiagen 

Sciences, Germantown, MD, USA), prepared using the epMotion 5075 Eppendorf automated pipetting 

system (Eppendorf, Mississauga, ON, CA) and carried out in duplicate with an Eppendorf realplex2 

Master Cycler epgradientS (Eppendorf, Mississauga, ON, CA).  Primer sequences are shown in Table 4–

3. Relative mRNA expression was calculated using the ΔCt method and fold changes from PRE was 
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calculated using the ΔΔCt method 37. Gene expression was normalized to the housekeeping gene 

GAPDH. 

Table 4–3 Quantitative PT-PCR primer sequences. 

 Forward Primer  Reverse Primer 

PGC-1α  cacttacaagccaaaccaacaact  caatagtcttgttctcaaatgggga 

SIRT1 agaacatagacacgctggaaca  caagatgctgttgcaaaggaacc 

GCN5 aaggaccccgaccagctcta  gggaagcggatgacctcgta 

RIP140 gttccactcagcccagcagt  agaccctgcacagcccaagt 

GAPDH cctcctgcaccaccaactgctt  gaggggccatccacagtcttct 

Note: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GCN5, general control non-
derepressible 5; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1 alpha; 
RIP140, receptor-interacting protein 140; SIRT1, silent mating type information regulation 2 
homolog 1. 

4.3.9 Statistical analysis  

For both experiments, a two-way, repeated measures ANOVA was used to compare the effect of 

condition (END and LV-HIT) and time (Rest/Ex and Pre/Post) for all muscle derived data and pre- to 

post-training physiological testing data from experiment 2. All fibre-type specific analyses were 

performed within a particular fibre-type. Differences in fibre-type specific expression of p-AMPKα were 

determined using paired students t-tests comparing mean fluorescence between fibre-types at that time 

point (Rest and Ex). For estimated glycolytic capacity, where no interaction effect or main effects of 

training were observed, paired student t-tests were utilized to examine within group changes.  All 

statistical analysis was performed using GraphPad Prism v 5.01 (GraphPad Software Inc., La Jolla, CA, 

USA). Statistical significance was accepted at p < 0.05 and all data are presented as means ± SD. 
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4.4 Results  

4.4.1 Experiment 1 

4.4.1.1 Exercise bout characteristics  

All participants completed each exercise protocol at a work rate corresponding to 65.7±3.8% and 

183.2±9.5% VO2peak for the END and LV-HIT exercise bouts, respectively. Mean prescribed and actual 

WR for both protocols are presented in Table 4–1. 

4.4.1.2 Immunofluorescent and histochemical analysis  

Representative images are presented in Figure 4-1A.  While no interaction effect was observed for 

either type I or type IIA fibres, a significant (p<0.05) main effect of exercise for muscle glycogen content 

was present for type I (END -42%, LV-HIT -55%; Figure 4-1B) and IIA (END -72%, LV-HIT -49%; 

Figure 4-1C) fibres. As a result of type IIAX/IIX (END, n=3; LV-HIT, n=4) fibres not being present in all 

samples, they were excluded from analysis.  

 There was no interaction effect, or effect of exercise for p-AMPKα content in type I (Figure 4-1D) or 

type IIA (Figure 4-1E) fibres (see representative slides Figure 4-1A). A similar lack of effect of exercise 

on p-AMPKα content was observed with whole muscle Western Blot analysis (see below). Type I fibres 

expressed significantly (p<0.05) greater levels of p-AMPKα than both type IIA and IIAX/IIX fibres at 

rest and post-exercise.  
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Figure 4-1 Effects of acute exercise on fibre-type specific glycogen depletion and phosphorylation of 
AMPKα. A: Representative slides of immunofluorescent fibre-type analysis (blue fibres are type I, green 
are type IIA, red/green are type IIAX/IIX) with serial sections of glycogen (Periodic Acid Schiff staining) 
and p-AMPKα Thr172 content before (Rest) and immediately after (Ex) an acute bout of END or LV-HIT. 
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B-C: Fold change in glycogen content from Rest and Ex in type I and IIA fibres. D-E: Fold change in p-
AMPKα content from Rest and Ex in type I and IIA fibres. Bars represent 100 µm. AU, arbitrary units; 
µm, micrometre. 
* Significant (p<0.05) main effect of exercise 

4.4.1.3 Western blotting  

There was no effect (Figure 4-2A and C) of exercise on p-AMPKα Thr172 or p-p38MAPK 

Thr180/Tyr182 (see representative blots, Figure 4-2D). However a main effect (p<0.05) of exercise was 

observed for p-ACC Ser79 (Figure 4-2B). 
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Figure 4-2 Effects of an acute bout of endurance (END) and low-volume high-intensity interval training 
(LV-HIT) on whole-muscle signaling. A-D: Fold change in p-AMPKα Thr172 (A), p-ACC Ser79 (B) and 
p38 MAPK Thr180/Tyr182 (C) content from Rest and Ex. D: Representative western blots, including 
loading control are also shown. AU, arbitrary units.  
* Significant (p<0.05) main effect of exercise. 
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4.4.2 Experiment 2  

4.4.2.1 Aerobic exercise performance and oxidative capacity  

A main effect of training (p<0.05) on relative VO2peak (Figure 4-3A) was observed at both Mid and 

Post testing (Percent change from pre: END: +15.5%, LV-HIT: +13.9%). A significant (p<0.05) main 

effect of training on absolute VO2peak and peak HR was also demonstrated, while no effect of training 

was observed for WRpeak (Table 4–2). A significant (p<0.05) main effect of training was also observed 

for the time to complete the 500 kcal test (Percent change from pre: END: +20.4%, LV-HIT: +15.3%; 

Figure 4-3B).  

A main effect of training (p<0.05) was demonstrated for fibre distribution of type I and type IIAX/IIX 

fibres, with the percentage of type I fibres increasing and type IIAX/IIX fibres decreasing following 

training (Figure 4-3D). No effect of training was demonstrated for the percentage fibre distribution for 

type IIA (Figure 4-3D) fibres (see representative slides Figure 4-3C). A main effect of training (p<0.05) 

was observed for fold change in SDH activity in type I (n=9), type IIA (n=9) and type IIAX/IIX 

(n=6)(Figure 4-3E, see representative slides Figure 4-3C). A main effect of training (p<0.05) was also 

observed for estimated oxidative capacity (Figure 4-3F). 
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Figure 4-3 Effects of training (LV-HIT) on aerobic exercise performance, fibre-type distribution and 
fibre specific oxidative capacity. Relative VO2peak (A) and time to 500 kcal (B) at Pre, Mid, and Post for 
both END and LV-HIT groups are shown. C: Representative slides of immunofluorescent fibre-type 
analysis (blue fibres are type I, green are type IIA, red/green are type IIAX/IIX) with serial sections of 
succinate dehydrogenase (SDH) activity Pre and Post END or LV-HIT. D: Percentage of total fibre 
distribution of type I, IIA and IIAX/IIX fibres Pre and Post END or LV-HIT. E: Fibre-type specific fold 
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change in SDH activity post-training compared to pre-training in type I, IIA and IIAX/IIX fibres. F: 
Absolute change in estimated oxidative capacity. Bars represent 100 µm. AU, arbitrary units; µm, 
micrometre. 
* Significant (p<0.05) main effect of exercise. 

4.4.2.2 Cardiovascular capacity and capillary density  

A main effect of training (p<0.05) was observed for capillary density (Figure 4-4B) (see 

representative slides Figure 4-4A) and O2 pulse (Figure 4-4C). 

 

Figure 4-4 Effects of 6 weeks of endurance (END) and low-volume high-intensity interval training (LV-
HIT) on cardiovascular capacity and capillary density. A: Representative slides of capillarization Pre and 
Post training. B: Absolute change in capillary density (capillaries/mm2). C: Change in O2 pulse (mL 
O2/beat). Bars represent 100 µm. mL, milliliter; mm, millimeter; O2, oxygen; µm, micrometre. 
* Significant (p<0.05) main effect of exercise. 

4.4.2.3 Anaerobic exercise performance and glycolytic capacity  

A significant interaction effect (p<0.05) and a main effect of training (p<0.05) were demonstrated for 

both peak and mean power in the first Wingate completed (Table 4–2), and for total work completed 

across all 4 Wingates (Figure 4-5B). A main effect of training (p<0.05) was observed for fold change in 
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GPD activity in type I fibres (see representative slides Figure 4-5A). There was no effect of training 

observed for GPD activity in type IIA and IIAX/IIX fibres, while a significant (p<0.05) interaction was 

demonstrated for type IIA fibres (Figure 4-5C). There was no main effect of training for estimated 

glycolytic capacity (Figure 4-5D); however, paired students t-tests demonstrated a significant (p<0.05) 

increase in estimated glycolytic capacity post-training (Post) in the LV-HIT group only. 

 

 

 



 

 

116 

 

Figure 4-5 Effects of endurance (END) and low-volume high-intensity interval training (LV-HIT) on 
anaerobic exercise performance and glycolytic capacity. A: Representative slides of α-glycerophosphate 
dehydrogenase (GPD) activity Pre and Post training (see Figure 4-3C for corresponding fibre-type 
slides). B: Total work performed during all 4 Wingate bouts. C: Fibre-type specific fold change in GPD 
activity post-training compared to pre-training in type I, IIA and IIAX/IIX fibres. D: Absolute change in 
estimated glycolytic capacity. Bars represent 100 µm. AU, arbitrary units; µm, micrometre. 
† Significant (p<0.05) group by time interaction, 
* Significant (p<0.05) main effect of exercise,  
ŧ Significant (p<0.05) within group difference (derived from paired t-test). 

4.4.2.4 Intramuscular glycogen and triglyceride content  

A main effect of training (p<0.05) was observed for glycogen content in type I fibres. There was no 

main effect of training for percent change of glycogen content in type IIA and IIAX/IIX fibres (Figure 
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4-6B, see representative slides Figure 4-6A).  A main effect of training (p<0.05) was observed for IMTG 

content in type I, IIA and IIAX/IIX fibres (Figure 4-6C, see representative slides Figure 4-6A). 

 

Figure 4-6 Effects of endurance (END) and low-volume high-intensity interval training (LV-HIT) on 
intramuscular glycogen and triglyceride storage. A: Representative slides of glycogen (Periodic Acid 
Schiff) and intramuscular triglyceride (IMTG) content (Oil red O staining) Pre and Post training (see 
Figure 4-3C for corresponding fibre-type slides for IMTG stain only). B. Fibre-type specific fold changes 
in glycogen content in type I, IIA and IIAX/IIX fibres. C. Fibre-type specific fold changes in IMTG 
content in type I, IIA and IIAX/IIX fibres. Bars represent 100 µm. AU, arbitrary units; µm, micrometre. 
* Significant (p<0.05) main effect of exercise. 
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4.4.2.5 mRNA expression 

Unpaired students t-tests demonstrated no difference in fold change of PGC-1α (END 

[n=9]:1.46±1.10AU; HIT:0.87±0.40AU), general control non-repressible (GCN) 5 (END 

[n=9]:1.04±0.74AU; HIT:0.81±0.45AU) and receptor-interacting protein (RIP) 140 mRNA (END 

[n=9]:0.98±0.42AU; HIT:0.81±0.37AU) expression between groups, and a significantly (p<0.05) higher 

fold change of silent mating type information regulation 2 homolog 1 (SIRT1) mRNA expression in the 

END group only (END [n=9]:1.19±0.57AU; HIT:0.74±0.23AU) following training. 

4.5 Discussion 

The present study examined both fibre recruitment patterns in response to acute bouts of LV-HIT and 

END, and fibre-type specific adaptations following 6 weeks of either LV-HIT or END training. In 

experiment 1, we observed comparable changes in whole-muscle cellular signaling and glycogen 

depletion derived estimates of fibre recruitment following LV-HIT and END. Consistent with similar 

responses following the acute exercise bouts, results from experiment 2 demonstrate that 6 weeks of LV-

HIT and END training induced comparable increases in aerobic capacity (VO2peak) and exercise 

performance (TTC trial), changes in fibre-type distribution, fibre-type specific oxidative and glycolytic 

capacity, glycogen and IMTG storage, and whole-muscle capillary density. Interestingly, LV-HIT 

induced greater improvements in anaerobic exercise performance and estimated whole-muscle glycolytic 

capacity than END.  

4.5.1 Experiment 1: Fibre recruitment patterns during LV-HIT and END  

 Whole-muscle measures of signaling pathway activation following acute exercise 19–21, and chronic 

increases in mitochondrial protein/oxidative capacity  1–3,8,10 are typically comparable following interval 

training and END. The current study was designed to investigate whether these similarities in whole-

muscle measures are masking differences in fibre-type specific adaptations that may help explain the 

potency of high-intensity exercise and, more specifically, LV-HIT. Fibre recruitment, as indicated by 
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fibre-type specific glycogen depletion, following steady state submaximal exercise is dependent on 

exercise intensity with type I fibres being preferentially recruited during low intensity exercise and type II 

fibres being progressively recruited with increasing exercise intensity 24,38,39. Based on this relationship, 

we hypothesized that LV-HIT (~170%VO2peak WR) would result in a greater number of recruited fibres 

(both type I and II) than END (~65%VO2peak WR) which would recruit primarily type I fibres.  

 Contrary to our hypothesis, we observed equivalent reductions (p<0.05) in glycogen content in type I 

and IIA fibres following both protocols (Figure 4-1B and C), suggesting that fibre recruitment during LV-

HIT and END is comparable. While these data are consistent with both type I and IIA fibres being 

recruited during supramaximal exercise 22–25, the observed glycogen depletion in both fibre types 

following END is somewhat surprising 24,25,38. Regardless, in combination with previous demonstrations 

of type IIA fibre glycogen depletion during submaximal exercise 38,39 our results suggest that there is a 

threshold intensity associated with the recruitment of a significant percentage of type IIA fibres and that 

this threshold is below ~65% of VO2peak. Thus, it would appear that similarities in whole-muscle 

measures of signaling pathway activation between interval training and END observed previously 19–21, 

and between LV-HIT and END observed in the current study (Figure 4-2), likely result from similar fibre 

recruitment patterns. 

 Given the equivalent fibre recruitment between LV-HIT and END, and the substantially greater 

power generation during LV-HIT, it seems reasonable to assume that a greater relative intensity of signal 

activation would be experienced within individual fibres during LV-HIT. It is therefore somewhat 

surprising that fibre-type specific phosphorylation of AMPK (Figure 4-1D and E), whole-muscle 

phosphorylation of ACC (a downstream target of AMPK; Figure 4-2) and p38 MAPK were not different 

between conditions.  This finding is consistent with a previous report demonstrating similar activation of 

intramuscular signaling between END (~70% VO2max) and submaximal (~90% VO2max) HIT 19, but not 

with the recent observation that signaling events are intensity dependent when continuous submaximal 

exercise (~40 vs. ~80% VO2peak) was compared 40.  Further, the finding that AMPK and p38 
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phosphorylation were not increased following LV-HIT is in contrast to observation made following SIT 

18. The reasons for this discrepancy in intramuscular signalling are unclear, however the brevity of the 

LV-HIT protocol utilized in the current study, compared to the longer duration of SIT protocols utilized 

previously, suggests that the duration of exercise may be an important factor underlying the activation of 

these pathways.   Collectively, these results suggest that END exercise at an intensity >65% VO2peak 

results in both similar fibre recruitment and activation of intramuscular signaling pathways as more 

intense, lower dose HIT. Additionally, it appears that the intensity/duration threshold required to activate 

intracellular signaling events associated with the induction of mitochondrial biogenesis within an 

individual muscle fibre is achieved by both LV-HIT and END exercise at intensities equal to, or greater 

than 65% VO2peak and a duration of at least 30 minutes 19,40. This assertion is supported by the presence 

of similar levels of PGC-1α mRNA and other genes related to mitochondrial biogenesis following 90 

minutes of continuous submaximal (~65% VO2peak) and supramaximal (~120% VO2peak) interval 

exercise 20,21 in both type I and IIA fibres 21.  

 In summary, experiment 1 of the current study demonstrated that recruitment of muscle fibres (type I 

and IIA) during a single bout of LV-HIT or END are similar, as is activation of intracellular signaling 

pathways. Given that type I and IIA fibres represent ~90% of the total fibre population of the vastus 

lateralis (Figure 4-3D) 30, the assumption that changes in both type I and type IIA fibres are accurately 

reflected in whole-muscle measures of intracellular signaling appears to be appropriate.  

4.5.2 Experiment 2: Fibre specific adaptations to LV-HIT and END training 

 Exercise training increases the maximal activity and content of mitochondrial enzymes involved in 

oxidative metabolism, capillary density, and intramuscular triglyceride and glycogen stores 1–4,6,10,11. 

Collectively, these adaptations contribute to improved skeletal muscle oxidative potential, fatty acid 

oxidative capacity, and improve aerobic capacity and exercise performance (VO2peak, time to fatigue 

trials, etc.). Based on the recent argument that improvements in aerobic capacity and performance 

following interval training are driven primarily by peripheral adaptations 14,15, and the previously 
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discussed hypothesis that LV-HIT would recruit additional different muscle fibres than END, we 

examined fibre-type specific adaptations to both LV-HIT and END training.   

4.5.2.1 Aerobic exercise performance and oxidative capacity 

As has been previously observed 9,12, we demonstrated similar improvements in VO2peak and 

aerobic exercise performance (Figure 4-3A and B) following 6 weeks of LV-HIT and END. Consistent 

with these whole body adaptations, comparable increases in SDH activity, a mitochondrial protein 

correlated with mitochondrial content 41, were observed across all fibre-types following both LV-HIT and 

END (Figure 4-3E). Additionally, changes in whole muscle gene expression of proteins associated with 

mitochondrial biogenesis were similar following both training protocols. While others have reported 

comparable increases in fibre specific cytochorome c oxidase (COX) protein content following SIT and 

END 3, COX is not highly correlated with mitochondrial content (r = 0.55) 41. Our results supports these 

assumptions but are derived from SDH activity, a protein which correlates much more highly with 

mitochondrial content (r = 0.73) 41.  These adaptations are also consistent with the muscle fibre activation 

patterns observed during a single bout of LV-HIT and END in experiment 1 suggesting that recruitment 

of fibres during repeated acute bouts of LV-HIT and END (i.e. training) results in increases in oxidative 

capacity within those fibres. The results also further strengthen the assertion made above that the 

intensity/duration threshold required to induce increases in oxidative capacity within a given fibre are 

reached by both the LV-HIT and END protocols utilized in the present study.  

Further, both groups demonstrated an increased proportion of type I fibres concomitant with a 

reduction in type IIAX/IIX fibres (Figure 4-3D). While several studies have demonstrated myofiber 

transitions resulting in a greater percentage of oxidative fibres (type I) following HIT and END training 

42,43, our results are not consistent with several reports demonstrating increases in type IIA fibres with 

concurrent reductions in type I fibres following several weeks of SIT 44–47.  While the exact mechanism(s) 

responsible for contraction-induced changes in myofiber composition remain to be completely described, 

contraction frequency has been demonstrated to influence fibre-type synthesis 48 with high-frequency 
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activation inducing the synthesis of fast twitch myosin. Importantly, our END and LV-HIT protocols 

required participants to cycle at the same speed (80 RPM), while the load was changed in order to 

manipulate training intensity. This may explain why we observed increases in type I fibres and reductions 

in type IIAX/IIX fibres following 6 weeks of both LV-HIT and END, as opposed to those studies 

employing SIT, a training protocol typically demanding maximal pedaling frequency and contraction 

rates 44–47. 

Combined, the increases in fibre-type specific SDH activity and the increases proportion of type I 

fibres resulted in an increase in estimated whole-muscle oxidative capacity (Figure 4-3F) following both 

training protocols. These results support prior observations of comparable increases in whole-muscle 

markers of oxidative capacity and enzymes associated with oxidative metabolism 1,3,8,49,50 following HIT 

or SIT and END training. We also observed similar increases in capillary density (Figure 4-4B), data 

which are consistent with previous studies reporting comparable increases in capillary density following 

SIT and END 4,6,11. While these results are in agreement with improvements in aerobic capacity and 

performance following interval training being mediated by peripheral adaptations, the similar changes in 

estimated oxidative capacity, capillary density and O2 pulse in both groups (Figure 4-3C) are not 

consistent with suggestions that increases in VO2peak are supported by different mechanisms following 

LV-HIT and END 14.  

4.5.2.2 Anaerobic exercise performance and glycolytic capacity 

 Six weeks of LV-HIT and END resulted in improved anaerobic exercise performance (total work; 

Figure 4-5B) and anaerobic capacity (peak and mean power; Figure 4-3). Importantly, improvements for 

all indices of anaerobic performance/capacity were greater for LV-HIT than END. Consistent with these 

results, changes in GPD activity were similar in type I fibres (Figure 4-5C) while a significant interaction 

effect was observed in type IIA fibres such that an increased GPD activity was only observed in this fibre 

population following LV-HIT. Additionally, our estimate of whole-muscle glycolytic capacity 

demonstrated a trend towards an increase following LV-HIT only (no main effect of training; paired t-test 
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significant within LV-HIT only; Figure 4-5D). These results are consistent with previous demonstrations 

that HIT and SIT improve anaerobic exercise performance 1,49, while changes in glycolytic enzyme 

activity have been observed following SIT but not END 5,50–52. While the exact mechanisms responsible 

for our observed differences in anaerobic exercise capacity and performance between groups are 

unknown, it appears that they may be attributable to factors beyond the peripheral skeletal muscle 

adaptations examined in the present study. One such peripheral factor could be an improved skeletal 

muscle lactic acid buffering capacity, which has been observed following SIT 8, but not HIT 53. Another 

potential mechanism may be differences in adaptations of central origin, such as rate of fibre recruitment, 

firing rate and motor unit synchronization. SIT in conjunction with END training results in increased 

motor unit recruitment and total work performed during a repeated Wingate test compared to END 

training alone 54, which suggests that improvements in neuromuscular characteristics may partially 

explain the greater improvements in Wingate performance and anaerobic capacity following LV-HIT. 

4.5.3 Limitations and future directions 

The sample size of experiment 1 (n=6) was relatively small and it is therefore possible that a larger 

sample size may have yielded different results.  However, while an increased sample size might have 

allowed for subtle differences between LV-HIT and END to be detected (for both glycogen depletion and 

intramuscular signalling), we do not believe that the limited statistical power associated with the small 

sample studies impaired our ability to conclude that both type I and IIA fibres are recruited during both of 

exercise protocols examined in the current study. Additionally, we have observed a dissociation between 

phosphorylation of AMPK and phosphorylation of ACC, an interesting result that reflects previously 

published results 18,40,55. While we are unable to comment with certainty regarding why this dissociation 

exists, it is possible that differential phosphorylation of α1 and α2 AMPK sub-units 56,57 may impair the 

ability to estimate changes in AMPK activity based on changes in global AMPK phosphorytion. Thus, 

while we were unable to conduct this analysis on samples from the present study, the potential that 

phosphorylation of ACC is a more sensitive measure of AMPK activity than phosphorylation of AMPK 
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itself raises the possibility the fibre specific differences in ACC phosphorylation may be present 

following exercise.  This represents an important area for future research. It would also be of interest to 

investigate whether similar acute activation of intramuscular signalling pathways following LV-HIT and 

END result similar activation and expression of PGC-1α and other genes associated with the induction of 

mitochondrial biogenesis in the hours following exercise.   

4.5.4 Perspectives/Conclusions 

 Numerous recent investigations have attempted to elucidate the mechanisms by which interval 

training and END training induce similar improvements in aerobic capacity and exercise performance 

(VO2peak, time to fatigue trails, etc.) 18,19,40,55,58. Collectively, these studies suggest that the intramuscular 

signaling required to elicit these adaptations are equivalently stimulated by both low intensity exercise of 

long duration and high-intensity exercise of short duration. While the minimum duration of low intensity 

exercise required to elicit adaptation remains unknown, very brief bouts of high-intensity exercise appear 

to be sufficient 9,12,13. From an exercise prescription perspective, exercise resulting in the largest degree of 

intramuscular signaling activation in the greatest amount of muscle fibres would presumably result in the 

greatest degree of adaptation. What remains largely unknown, however, is whether differences in fibre 

recruitment and the magnitude of signal activation within individual fibre-types between interval training 

and END exercise are obscured by whole muscle analyses. Our results demonstrate that LV-HIT and 

END produce similar: a) glycogen depletion across fibre types (indicative of similar fibre recruitment), b) 

changes in intramuscular signaling, and c) fibre-type specific increases in oxidative capacity, 

intramuscular glycogen and triglyceride content, whole-muscle capillary density and O2pulse. 

Remarkably, these results suggest that 30 minutes of END exercise at ~65% VO2peak or 4 minutes of 

LV-HIT at ~170% VO2peak induce comparable deviations of the intra-myocellular environment 

(glycogen content and signaling activation); correspondingly, training-induced adaptations resulting for 

these protocols, and other interval training and END protocols 1,8, appear comparable. The one exception 

to this equivocality is the capacity of LV-HIT to induce greater improvements in anaerobic adaptations 
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than END. Thus, our results suggest that the mechanisms responsible for adaptation following chronic 

LV-HIT and END are the same, with the supramaximal exercise intensity inherent with LV-HIT 

permitting their manifestation in significantly less exercise time.   

 Collectively, results from this study suggest that the potency of high-intensity exercise resides is its 

ability to activate the mechanisms that trigger the induction of exercise-induced adaptation in a drastically 

reduced exercise time compared to traditional END training. However, while END exercise at intensities 

greater than ~65% VO2peak are of adequate intensity to elicit “maximal” fibre recruitment (i.e. type I and 

IIA fibres) and the manifestation of chronic adaptations, at present the minimal duration of exercise at 

these relatively low intensities required for comparable adaptations is not known. Our results, and others 

9, suggest that 30 minutes is adequate; however, given that our assumptions regarding the minimal dose of 

exercise required for adaptations having been recently challenged 59,60, the minimal duration of moderate 

intensity END required to induce adaptation is an interesting area for future research.    
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Chapter 5 

SKELETAL MUSCLE ADAPTATIONS TO TRAINING: COORDINATED 

RESPONSES AND THE IMPACT OF BASELINE PHENOTYPE 

 

5.1 Abstract 

The current study sought to determine if baseline muscle characteristics of high and low responders 

differ, and if a coordinated change of skeletal muscle molecular and morphological characteristics occurs 

in recreationally active males (n=15) and females (n=3) following 6 weeks of training. Baseline succinate 

dehydrogenase (SDH) activity, glycogen content, cross-sectional area (CSA), time to completion (TTC) 

and the distribution of type I and IIAX/X fibres were lower (p<0.05) in high responders than low 

responders, while baseline type IIA fibre distribution was higher in high responders. No differences were 

observed in baseline capillary density, α-glycerophosphate dehydrogenase (GPD) activity, intramuscular 

triglyceride (IMTG) content, VO2peak, or Wingate performance between groups. A coordinated muscle 

molecular response was present with significant correlations between change scores of SDH, GPD, IMTG 

and glycogen content. No significant relationships were observed between change scores for VO2peak, 

TTC, or Wingate performance and change scores in skeletal muscle characteristics. Collectively, our 

findings suggest that a coordinated change in skeletal muscle molecular characteristics is present 

following training, and baseline skeletal muscle phenotype and exercise performance influence the 

magnitude of change in training-induced adaptations. Additionally, variability in skeletal muscle 

adaptations do not relate to differences in exercise performance and capacity following training.   
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5.2 Introduction 

While exercise training consistently improves skeletal muscle capillarization 1–3, oxidative capacity 

1,4,5, intramuscular triglyceride and glycogen stores 1,5,6, and fibre-type distribution 7,8 on a group level, a 

large degree of variability is present in the magnitude of adaptations amongst individuals 5,9–14. 

Importantly, the mechanisms underlying why some individuals experience large changes, and others 

experience small changes in the morphological and molecular characteristics of muscle in response to 

training remains largely unexplored 10.  

While baseline phenotype has been proposed to account for some of the variability in individual 

adaptations to training; results supporting the role of baseline phenotype tend to be equivocal10,15–20 and/or 

dependent on the variable examined 21. For example, baseline aerobic capacity and the magnitude of 

change in VO2peak following training has been shown to be related in some 15–19,22, but not all training 

studies 10,20,23–25. While preliminary evidence has demonstrated that a relationship between baseline 

muscle phenotype (glycogen content, citrate synthase (CS) activity and Complex IV activity) and the 

magnitude of adaptation following 6 weeks of training may exist 10, methodological concerns have been 

raised with the type of analytics utilized to derive these results 26. However, these preliminary results are 

consistent with the possibility that individuals who experience the largest magnitude of change in a given 

skeletal muscle characteristic following training (i.e. high responders), would have exhibited lower 

baseline scores for that variable than low responders, and vice versa.  

Recently, McPhee and colleagues 11 demonstrated a coordinated increase in the content of oxidative 

metabolism proteins in response to 6 weeks of training, a finding that supports the integrated regulation of 

training-induced adaptation in skeletal muscle.  Interestingly, unlike the coordinated change in skeletal 

muscle proteins involved in oxidative metabolism observed by McPhee et al. 11, individuals’ training-

induced changes in aerobic capacity, exercise performance, and metabolic responses (HR, lactate 

threshold, etc.) can dissociate following training 10,15,16,27 resulting in distinct individual patterns of 

response. Thus, while the integrated regulation of oxidative protein observed by McPhee et al. 11 suggests 
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that coordinated regulation of morphological and molecular changes in skeletal muscle may occur, it is 

also possible that individual patterns of response may exist across exercise training-induced adaptations in 

skeletal muscle. 

Therefore, the primary purposes of the current study were to determine, in response to 6 weeks of 

training: 1) if baseline muscle characteristics of high and low responders differ, and 2) if a coordinated 

change of skeletal muscle characteristics occurs across enzymes of different metabolic pathways, 

capillary density, substrate storage and fibre-type distribution. Additionally, a secondary purpose was to 

identify if variations in skeletal muscle adaptation explain variability in exercise performance and 

capacity post-training.  

5.3 Materials and methods 

5.3.1 Participants and ethics statement 

Eighteen recreationally active males (n=15) and females (n=3) volunteered to participate in this study 

(participant characteristics are presented in Table 5-1).  No participants were involved in more than 3 

hours of aerobic exercise (running, jogging, etc.) per week or involved in any structured training program 

within the six months prior to enrolment.  Individual participant characteristics and performance results 

are presented in Supplemental Table 1 (Appendix D), while individual results from all histochemical 

analyses are presented in Supplemental Table 2 (Appendix E).   

All experimental procedures performed on human participants were approved by the Health Sciences 

Human Research Ethics Board at Queen’s University (Appendix C) and conformed to the Declaration of 

Helsinki.  Verbal and written explanation of the experimental protocol and associated risks was provided 

to all participants prior to obtaining written informed consent. 
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Table 5-1 Participant characteristics before (pre) and after (post) 6-weeks of training 4x per week, 
mean (SEM). 

 
Pre 

 
Post 

Age (yrs) 21 (1) 
 

- 

Waist Circumference (cm) 80 (2) 
 

- 

Body Mass (kg) 74 (3) 
 

73 (3) 

Absolute VO2 (mL/min) 3526 (195) 
 

4007 (223) ** 

Wingate Peak Power (W) 689 (35) 
 

715 (39)p=0.08 

TTC (sec) 2169 (53) 
 

1784 (46) ** 

% of Type I 41 (3) 
 

51 (3) * 

% of Type IIA 40 (3) 
 

41 (3) 

% of Type IIAX/X 18 (3) 
 

9 (2) * 

Total SDH Activity (AU) 361 (27) 
 

412 (29)  

Total GPD Activity (AU) 293 (25) 
 

330 (33) 

Total IMTG Content (AU) 378 (44) 
 

591 (64) * 

Total Glycogen Content (AU) 235 (25) 
 

276 (22)  

Capillary Density (cap/mm2) 319 (12) 
 

405 (21) * 

CSA Type I (µm2) 6293 (366)  6474 (426) 

CSA Type IIA (µm2) 7315 (470)  6820 (419) 

CSA Type IIAX/X (µm2) 6144 (475)  5464 (395) 

Note: AU, arbitrary units; cap, capillaries; cm, centimetres; CSA, cross-sectional area; kg, kilograms; min, 
minutes; mL, millilitres; mm, millimetre; Post, post-training; Pre, pre-training; SEM, standard error of 
measurement; sec, seconds; TTC, time to completion of 500 kcal; µm2, squared micrometers; W, watts; yrs, 
years. Significantly different from pre-training (paired t-tests) * p<0.01, ** p<0.001. 

5.3.2 Experimental design 

The group mean responses of the data utilized in the current study have been published previously 1, 

in addition to individual responses for VO2peak and time to completion for the SIT group (TTC) 16.  

While a brief summary of the study design, physiological, and histochemical analyses are presented here, 

detailed descriptions have been previously published 1.  Participants completed six-weeks of either 

endurance (END; 30 minutes of continuous cycling at ~65% of VO2peak work rate (WR); n=9) or sprint 

interval training (SIT; eight 20-second intervals at ~170% of VO2peak WR separated by 10 seconds of 
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rest; n=10) 4 days per week. As the current analysis was investigating the relationship between skeletal 

muscle characteristics and training responsiveness in general, rather than following END or SIT per se, 

data from both groups were combined and analysis comparing END and SIT (beyond what we have 

already presented 1) was not performed. All physiological testing and training was performed on a 

Monark Ergomedic 874 E stationary ergometer (Vansbro, Sweden). Participants were asked to refrain 

from alcohol and exercise 24 hours before, and caffeine 12 hours before, pre- and post-training testing 

days.  

5.3.3 Physiological testing 

Detailed information regarding the pre- and post-training physiological testing has been published 

previously 1. Briefly, participants reported to the lab in the morning following an overnight fast (≥ 8 h), 

were fed a standardized breakfast, and rested for 1 hour before a muscle biopsy was taken from their 

vastus lateralis under superficial local anaesthesia (2% lidocaine, with epinephrine) using the Bergstrom 

needle biopsy technique 28 adapted with suction. Forty-eight hours later participants completed a VO2peak 

incremental ramp test to exhaustion, and after 30 minutes of rest completed a repeated Wingate protocol. 

Twenty-four hours afterwards, participants reported to the lab and completed a 500 kcal time to 

completion (TTC) trial at a self-selected cadence as quickly as possible, as described previously 29.  A 

VO2peak incremental ramp test to exhaustion was also performed half way through training on the first 

day of week 4 in order to adjust training intensity.  

5.3.4 Immunofluorescent and histochemical analysis 

  Detailed information regarding the immunofluorescent and histochemical analysis have been 

published previously 1. The authors also direct the reader to specific publications for technical 

information regarding the immunofluorescent analysis of myosin heavy chain isoforms 30, quantification 

of capillary density 31, histochemical staining for succinate dehydrogenase (SDH) activity 30,32, α-

glycerophosphate dehydrogenase (GPD) activity 30,33, intramuscular triglyceride (IMTG) content using 
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Oil Red O (ORO) 34, and glycogen content using the Periodic Acid Schiff (PAS) 35.  Fibre-type 

composition was determined by counting the number of each fibre-type present within a muscle cross-

section and expressing it as a percentage of the total number of fibres. Cross-sectional area (CSA) was 

determined by outlining approximately 40 of each fibre type within a cross-section and is expressed in 

squared micrometers (µm2). Total CSA was calculated as the sum of each fibre-type’s CSA multiplied by 

the percentage of those fibres present in the cross-section divided by 100. Fibre-type specific content 

(type I, IIA, and IIAX/X fibres) of SDH, GPD, IMTG and glycogen were determined by multiplying the 

mean optical density (arbitrary units; AU) obtained for each fibre-type by the percentage of those fibres 

present in the cross-section and their CSA. Total muscle content of SDH, GPD, IMTG and glycogen 

represent the sum of the fibre-type specific scores for each variable for an individual participant and time 

point divided by a hundred thousand (e.g. total SDH is the sum of SDH scores for type I, IIA and IIAX/X 

fibres within a cross-section divided by 100 000) and are expressed in AU.  

5.3.5 Determination of high and low responders 

The entire data set was sorted in ascending order 11 separate times using the change scores (Δ) for 

each exercise (VO2peak, TTC, and Wingate) and muscle characteristic (SDH activity, GPD activity, 

capillary density, IMTG content, glycogen content, % of type I, IIA, and IIAX/X fibres) from 18 

participants. This resulted in the participants with the 6 highest change scores for each sorting variable 

being classified as “High Responders”, the lowest 6 classified as “Low Responders”, and the remaining 

individuals classified as “Moderate Responders”.  

5.3.6 Examination of a coordinated muscle response  

Ranking of individual participant (N=18) change scores of skeletal muscle characteristics following 

6-weeks of training was used to determine if skeletal muscle adapts in a coordinated fashion. Individual 

participants were awarded a score between 1 and 18, which corresponded to their ranking in descending 

order for the magnitude of change of each muscle variable (i.e. the participant with the highest magnitude 



 

 

139 

of change was awarded a score of 1, while the participant with the lowest magnitude of change was 

awarded a score of 18). Rank scores for 4 muscle molecular characteristics (SDH activity, GPD activity, 

glycogen content, IMTG content) and 3 muscle morphological characteristics (type I distribution, CSA, 

and capillary density) were added together to create a sum (Σ) of rank scores (Molecular: maximum score 

possible = 72, minimum score possible= 4; Morphological: maximum score possible = 54, minimum 

score possible= 3).  

5.3.7 Statistical analysis 

All raw data was assessed for normal distribution by converting skewness and kurtosis values to z-

scores (x/SE of x); normality was accepted at z <1.96 (p >.05).  Levene’s test was used to assess 

homogeneity of variance with significance at p<.05.  

Correlations were performed between change scores (change from pre- to post-training) of VO2peak, 

TTC, Wingate peak power (PP) and skeletal muscle variables. Paired t-tests were performed on pre- and 

post-training scores for all participants to detect significant training-induced improvements in VO2peak, 

TTC, Wingate PP and skeletal muscle characteristics at a group level. Unpaired t-tests were performed on 

change scores of the high and low responders for each sorting variable (VO2peak, TTC, Wingate PP, 

SDH activity, GPD activity, capillary density, etc.) to confirm the stratification resulted in significantly 

different change scores between groups. Differences in the baseline muscle characteristics of the high and 

low responders for each exercise variable (VO2peak, TTC, Wingate PP), and between the baseline scores 

of each sorting variable for the high and low responders of the same variable were determined using 

unpaired t-tests.  

All statistical analysis was performed in SPSS 20.0 (SPSS, Chicago, IL, USA). All figures were 

made using GraphPad Prism v 5.01 (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance 

was accepted at p < 0.05, while the strength of correlational relationships was defined as small, medium 

and large (r= ±0.10 to ±0.29 r= ±0.30 to ±0.49 r= ±0.50 to ±1.0, respectively) 36. All data are presented as 

means ± SEM, unless otherwise indicated.   
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5.4 Results  

All raw data was normally distributed (z-scores <1.96; data not shown) with equal variance observed 

(p>0.05; data not shown).   

5.4.1 Group training responses 

Absolute VO2peak, IMTG content, capillary density, and the distribution of type I and IIAX/X fibres 

were significantly (p<0.01) improved following 6 weeks of training, while TTC was significantly lower 

(p<0.01). Mean participant characteristics before (pre) and after training (post) are presented in Table 5-1.  

5.4.2 Influence of pre-training characteristics on the training response 

Comparisons between the High and Low Responders’ change and baseline scores for all muscle 

characteristics except CSA are presented in Figure 5-1. High Responders’ change scores were 

significantly greater (p<0.05) than Low Responders’ change scores for SDH, GPD, glycogen content, 

IMTG content, capillary density, CSA, and all fibre types. Baseline SDH activity, glycogen content, and 

the distribution of type I and IIAX/X fibres were significantly lower (p<0.05) in High Responders than 

Low Responders (Figure 5-1 A, C, F, and H, respectively). Baseline CSA was also significantly lower in 

High Responder than Low Responders (data not shown). Baseline distribution of type IIA fibres was 

significantly (p<0.05) higher in High Responders than Low Responders (Figure 5-1 G). There were no 

differences in the baseline GPD activity, IMTG content, and capillary density between the High and Low 

Responders (Figure 5-1 B, D and E, respectively).  
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Figure 5-1 Baseline muscle characteristics of participants with the highest and lowest muscle change 
scores following 6 weeks of training. Baseline and change (∆) scores for High and Low Responders for 
SDH (succinate dehydrogenase, A), GPD (α-glycerophosphate dehydrogenase, B), Glycogen content (C), 
IMTG (Intramuscular triglyceride, D), Capillary density (E), type I fibre distribution (% of total fibres, F), 
type IIA fibre distribution (% of total fibres, G) and type IIAX/X fibre distribution (% of total fibres, H). 
Note: AU, arbitrary units; cap, capillaries; mm, millimetre. * Significantly (p<0.05) different from the 
Low Responder group within a given variable (unpaired t-tests). 
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Comparisons of High and Low Responders’ change and baseline scores for VO2peak, TTC and 

Wingate PP are presented in Figure 5-2 A-C. The High Responders’ change scores were significantly 

greater (p<0.05) than the Low Responders’ change scores for VO2peak, TTC and Wingate PP. Baseline 

TTC was significantly longer (p<0.05) in the High TTC Responders than the Low TTC Responders 

(Figure 5-2 B). VO2peak and Wingate PP were not different at baseline between the High and Low 

VO2peak and Wingate PP Responder groups. 

 
Figure 5-2 Baseline exercise characteristics of participants with the highest and lowest exercise change 
scores (A-C) and Pearson’s correlations between change scores of skeletal muscle and exercise 
characteristics following 6-weeks of training. Baseline and change (∆) scores for High and Low VO2peak 
(A), TTC (time to completion of 500 kcal; B), and Wingate peak power (PP; C) Responders. Pearson’s 
correlations between change scores for muscle characteristics (fibre distribution [% of type I, IIA and 
IIAX/X fibres], enzyme capacity [SDH, succinate dehydrogenase; GPD, α-glycerophosphate 
dehydrogenase], capillary density, and substrate storage [IMTG, intramuscular triglyceride; glycogen]) 
and exercise (Absolute VO2peak, D; TTC [time to completion of 500kcal], E; Wingate PP [peak power], 
E). The strength of the relationships are defined as small, medium and large (r= ±0.10 to ±0.29 r= ±0.30 
to ±0.49 r= ±0.50 to ±1.0, respectively) 36. Note: min, minutes; mL, millilitres. * Significantly (p<0.05) 
different from the Low VO2peak/TTC/Wingate PP Responder group (unpaired t-tests). 
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5.4.3 Do adaptations within the muscle occur in a coordinated fashion? 

Individual participant (N=18) ranking of change scores for skeletal muscle molecular and 

morphological adaptations following 6-weeks of training are presented in Table 5-2. The mean rank 

scores for molecular adaptations of individual participants ranged from 2-17, with SEM’s ranging from 

0.3-2.7, while the mean rank scores for morphological adaptations ranged from 3-17 (SEM: 0.3-4.4). The 

sum (Σ) of rank scores for all 4 molecular adaptations ranged from 6 to 68, while the Σ of rank scores for 

all 3 morphological adaptations ranged from 9 to 50. The clustering of similar colours (i.e. tertile ranking) 

only in the molecular adaptations of Table 5-2 suggests a coordinated change in muscle molecular 

characteristics was present following training, but not muscle morphology.  

Correlations between change scores of muscle characteristics (Table 5-3) demonstrated positive 

correlations between change scores in GPD activity, SDH activity, IMTG content, and glycogen content. 

Changes in muscle morphology did not correlate with each other, or molecular adaptations except for a 

negative correlation between the change in SDH activity and type IIAX/X fibre distribution (r= -.49). 

Negative correlations were also observed between the changes in distribution of type I and type IIA (r= -

.64), and type IIAX/X and type IIA fibres (r= -.51), but these observations are not surprising given that 

the distribution of each fibre type was calculated as a percentage of all fibres present in the cross-section. 

Collectively, these findings suggest that a coordinated change in skeletal muscle enzymes and substrate 

storage occurs following training. Further, changes in muscle morphology are not coordinated with 

changes in molecular adaptations or themselves.  
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Table 5-2 Ranking of individual participants (N=18) change scores of skeletal muscle adaptations following 6-weeks of training 4x per 
week. 

 Overall Rank of Individual Participants 
Molecular Adaptations 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Σ Rank Scores 6 7 18 19 25 28 28 33 39 40 45 48 48 48 58 62 64 68 

  Mean Rank 2 2 5 5 6 7 7 8 10 10 11 12 12 12 15 16 16 17 
    SEM  0.5 0.3 1.8 0.6 1.0 1.8 1.6 0.9 2.7 0.6 1.3 2.2 1.8 1.7 0.9 0.9 1.4 0.7 

SDH                   
GPD                   
Glycogen                   
IMTG                   
Morphological Adaptations  
Σ Rank Scores 25 41 29 13 35 41 44 25 43 9 27 18 29 28 11 50 23 22 
    Mean Rank 8 14 10 4 12 14 15 8 14 3 9 6 10 9 4 17 8 7 

             SEM 3.3 2.4 4.1 1.5 3.2 0.7 1.9 1.5 1.2 1.5 2.6 2.1 1.5 2.2 0.3 1.3 4.4 3.8 
Type I                   
CSA                   
Cap. Density                   
Note: Black, high responders; dark grey, moderate responders; Light grey, low responders; Rank scores, individual participants were awarded a 
score between 1 and 18, which corresponded to their ranking in descending order for each muscle variable (i.e. the participant with the highest 
magnitude of change was awarded a score of 1, while the participant with the lowest magnitude of change was awarded a score of 18). The sum 
(Σ) of rank scores represents the sum of the rank scores for all 4 muscle molecular adaptations (maximum score possible = 72, minimum score 
possible= 4) or all 3 muscle morphological adaptations (maximum score possible = 54, minimum score possible= 3). Overall Rank is determined by 
the Σ Rank Scores for molecular adaptations. Cap Density, capillary density; CSA, cross-sectional area; GPD, α-glycerophosphate dehydrogenase 
activity; IMTG, intramuscular triglyceride; SDH, succinate dehydrogenase activity; SEM, standard error of measurement; Type I, % of fibre 
distribution of type I fibres.  
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Table 5-3  Pearson correlations between change scores (Δ; pre- to post-training) of exercise performance and skeletal muscle 
characteristics following 6-weeks of training. 

 1 2 3 4 5 6 7 8 9 10 11 

1. Δ Absolute VO2  
1 -.305 .355 -.062 .073 -.020 -.175 -.205 -.022 -.014 .002 
  .250 .149 .807 .774 .937 .487 .414 .931 .958 .993 

18 16 18 18 18 18 18 18 18 18 18 

2. Δ TTC 
r -.305 1 .260 -.197 .111 .067 -.298 .104 .305 -.038 -.487 
p .250 

16 
  

16 
.331 
16 

.464 
16 

.682 
16 

.804 
16 

.262 
16 

.700 
16 

.250 
16 

.889 
16 

.056 
16 N 

3. Δ Wingate PP 
r .355 .260 1 .346 -.265 -.061 .245 .197 .290 .297 .168 
p .149 .331   .160 .288 .809 .328 .434 .243 .231 .504 
N 18 16 18 18 18 18 18 18 18 18 18 

4. Δ Type I 
r -.062 -.197 .346 1 -.640** -.332 .264 -.198 .393 .060 .293 
p .807 .464 .160   .004 .178 .291 .431 .107 .813 .237 
N 18 16 18 18 18 18 18 18 18 18 18 

5. Δ Type IIA 
r .073 .111 -.265 -.640** 1 -.512* .157 .400 -.347 .232 .036 
p .774 .682 .288 .004   .030 .533 .100 .158 .353 .888 
N 18 16 18 18 18 18 18 18 18 18 18 

6. Δ Type IIAX/X 
r -.020 .067 -.061 -.332 -.512* 1 -.488* -.270 -.012 -.353 -.372 
p .937 .804 .809 .178 .030   .040 .278 .962 .151 .129 
N 18 16 18 18 18 18 18 18 18 18 18 

7. Δ SDH 
r -.175 -.298 .245 .264 .157 -.488* 1 .667** -.240 .769** .780** 
p .487 .262 .328 .291 .533 .040   .002 .337 .000 .000 
N 18 16 18 18 18 18 18 18 18 18 18 

8. Δ GPD 
r -.205 .104 .197 -.198 .400 -.270 .667** 1 -.165 .878** .618** 
p .414 .700 .434 .431 .100 .278 .002   .512 .000 .006 
N 18 16 18 18 18 18 18 18 18 18 18 

9. Δ Capillary Density 
r -.022 .305 .290 .393 -.347 -.012 -.240 -.165 1 -.214 -.301 
p .931 .250 .243 .107 .158 .962 .337 .512   .393 .226 
N 18 16 18 18 18 18 18 18 18 18 18 

10. Δ IMTG 
r -.014 -.038 .297 .060 .232 -.353 .769** .878** -.214 1 .817** 
p .958 .889 .231 .813 .353 .151 .000 .000 .393   .000 
N 18 16 18 18 18 18 18 18 18 18 18 
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11. Δ Glycogen 
r .002 -.487 .168 .293 .036 -.372 .780** .618** -.301 .817** 1 
p .993 .056 .504 .237 .888 .129 .000 .006 .226 .000   
N 18 16 18 18 18 18 18 18 18 18 18 

Note: GPD, α-glycerophosphate dehydrogenase; IMTG, intramuscular triglyceride; N, sample size; p, p-value; PP, peak power; r, Pearson’s 
correlation coefficient; SDH, succinate dehydrogenase activity; TTC, time to completion of 500 kcal. ** Correlation is significant at the 0.01 
level (2-tailed) * Correlation is significant at the 0.05 level (2-tailed). The strength of the relationships are defined as small, medium and large (r= 
±0.10 to ±0.29 r= ±0.30 to ±0.49 r= ±0.50 to ±1.0, respectively) 36. 
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5.4.4 Relationships between muscle and exercise adaptations 

No significant relationships were observed between changes scores (Δ) for VO2peak, TTC, or 

Wingate PP and change scores in IMTG, enzyme capacity (SDH, GPD), fibre-type distribution (type I, 

IIA and IIAX/X) or capillary density (Figure 5-2 D-F). A correlation matrix presenting all results is 

presented in Table 5-3. 

5.5 Discussion 

The present study sought to determine if baseline muscle characteristics of high and low responders 

differ, and if the adaptive responses of molecular and morphological changes within skeletal muscle occur 

in a coordinated fashion. The main findings are that: 1) individuals exhibiting a large change (i.e. high 

responders) in several muscle characteristics (SDH, glycogen content, and the distribution of type I and 

IIAX/X fibres) and aerobic exercise performance (TTC) exhibited significantly lower baseline values than 

individuals who experienced a small change (i.e. low responders), 2) a coordinated change in skeletal 

muscle molecular characteristics (enzymes and substrate storage) is present following training, and 3) 

differences in the magnitude of change in skeletal muscle characteristics were not related to changes in 

maximal aerobic capacity, TTC or peak anaerobic power. 

5.5.1 Differences in baseline muscle characteristics of high and low responders 

Interestingly, individuals who experienced the largest change in some muscle characteristic 

following training tended to exhibit a lower level of that muscle characteristic at baseline.  Specifically, 

the baseline muscle characteristic of participants with the largest change scores for SDH, glycogen 

content, and the distribution of type I and IIAX/X fibres were significantly lower than individuals who 

experienced the smallest magnitude of change following training.  While these findings appear to be 

consistent with observations that the magnitude of change in glycogen content, citrate synthase and 

complex IV activity correlated with baseline levels, the direction of these previously reported 
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relationships was not disclosed 10.  Further, the practice of correlating baseline scores with change scores 

of the same variable creates statistical bias due to methodological issues such as regression to the mean 

and mathematical coupling 26, which further complicates the interpretation of these previous findings 10. 

Our findings, however, contrast observations that baseline SDH activity of high and low SDH responders 

do not differ 11 and may be partly due to differences in the types of analyses used (western blotting for 

protein content vs. histochemical analyses of enzyme activity). 

Unlike the relationships observed between low and high responders baseline values for muscle 

characteristics, we observed no differences in baseline VO2peak or Wingate peak power of high and low 

responders, which suggests that baseline scores may not influence the magnitude of training-induced 

changes in exercise capacity, and are in agreement with many previous reports 10,17,19,20,37, but not all 

15,16,22.  Conversely, and in contrast to Vollaard et al.10, we observed evidence that baseline exercise 

performance may influence the training response, as baseline exercise performance (500 kcal TTC) of 

high responders for TTC was significantly longer than baseline TTC for low responders.   

Baseline phenotype has been previously demonstrated to account for some of the variability in 

training responses; however, to date most investigations have focused on examining the impact of 

baseline measures of whole-body metabolic responses (heart rate, blood pressure, VO2max, aerobic 

exercise performance, etc.) on the magnitude of training response 10,15,24,27, while few have examined the 

role of baseline phenotype on training-induced changes in skeletal muscle characteristics 10,11.  

Interestingly, support for the ability of baseline phenotype to impact the training response appears to be 

dependent on the variable being examined 21, as baseline fitness explained only ~1% of the variance in 

VO2max, while baseline heart rate and blood pressure at 50W explained 40 and 32% of the variability in 

the training response, respectively 24.  Our observations that exercise capacity (VO2peak and Wingate 

peak power) and some skeletal muscle responses to training are not influenced by baseline phenotype 

further support this contention, and highlight the need for future investigations aimed at determining the 

influence of baseline phenotype on each physiological variable that responds to training. This will 
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hopefully allow for the identification of which baseline variable, or combination of variables, might be 

able to predict the training response.  Collectively, our findings suggest that baseline skeletal muscle 

characteristics and exercise performance (TTC) can influence the magnitude of change in training-

induced adaptations. 

5.5.2 Coordinated skeletal muscle adaptations 

Skeletal muscle mitochondrial enzyme content appears to respond in a coordinated manner following 

training 11, while chronic electrical stimulation results in the up-regulation of fatty acid oxidation and 

respiratory chain enzyme activities 38, and 5 weeks of inactivity results in the down regulation of substrate 

delivery and mitochondrial genes 39 at a group level.  While the mechanisms underlying coordinated 

skeletal muscle responses are unknown, the transcriptional co-activator PGC-1α is a likely candidate for 

orchestrating such a response given its purported role in regulating several training-induced skeletal 

muscle adaptations 40–44.  Based on the purported integrative influence of PGC-1α 40–44, we expected to 

observe a coordinated change in muscle molecular characteristics following 6 weeks of training. 

Consistent with McPhee and colleagues 11, who reported coordinated change in mitochondrial enzyme 

content following training, we observed a coordinated change in oxidative and glycolytic enzymes (SDH 

and GPD activity) and intramuscular substrate storage (glycogen and IMTG). However, the coordinated 

skeletal muscle response to training did not extend to changes in skeletal muscle morphology (fibre-type 

distribution and capillary density).   Indeed, similar to the individual patterns of response that have been 

reported in whole-body adaptations (exercise heart rate, maximal aerobic capacity, etc.) to exercise 

training 10,16,27, there was a large degree of variability in individual patterns of response of skeletal muscle 

morphological characteristics following training.  

Our findings suggest that previous observations of a coordinated expression of mitochondrial 

enzymes in response to exercise training 11, extends to other skeletal muscle molecular characteristics but 

not muscle morphology.  Importantly, while divergent training-induced changes in skeletal muscle 

morphological and metabolic characteristics have been previously reported at a group level 3,14,45–50, to our 
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knowledge this is the first evidence of individual patterns of response in muscle morphological 

characteristics following training.  Collectively, these findings suggest that the adaptive response of 

morphological and molecular characteristics in skeletal muscle are determined by distinct regulatory 

mechanisms. 

5.5.3 Skeletal muscle adaptations do not explain variability in VO2peak, TTC and Wingate peak 

power  

In line with previous findings 51, we observed a moderate negative correlation between the change in 

TTC and glycogen content that approached significance (r= -.49, p=0.56), consistent with the importance 

of muscle glycogen content in determining aerobic exercise performance 52,53. We did not however, 

observe any other significant relationships between the magnitude of change in VO2peak, time to 

completion, and Wingate peak power and any other skeletal muscle characteristics. These results are 

consistent with many previous investigations 10,11,14,54,55, including those of McPhee et al. 11 who reported 

no relationship between changes in maximal oxygen uptake and oxidative enzymes, and Jacobs et al. 54 

who found that citrate synthase activity did not correlate with time trial performance.  Given that the 

cardiorespiratory system sets the upper limit of oxygen uptake 3,56–60, our findings that variations in the 

magnitude of skeletal muscle adaptations do not explain heterogeneity in VO2peak following training are 

not surprising. 

5.5.4 Conclusions   

Collectively, findings from the present study suggest that individual patterns of response in skeletal 

muscle characteristics are present following 6 weeks of training. Further, given that some baseline muscle 

characteristics and aerobic exercise performance of high responders were significantly lower than those of 

low responders, our observations suggest that baseline skeletal muscle phenotype and exercise 

performance influence the magnitude of change in training-induced adaptations. Future studies should 

examine the contribution of both central and peripheral factors to variability in individual responses to 
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training with a large diverse group of participants, allowing for more robust statistical analyses and 

improved external validity. 
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Chapter 6 

A SYSTEMATIC UPREGULATION OF NUCLEAR AND 

MITOCHONDRIAL GENES IS NOT PRESENT IN THE INITIAL HOURS 

FOLLOWING ACUTE EXERCISE IN HUMAN SKELETAL MUSCLE 

 

6.1 Abstract 

The purpose of the current investigation was to determine if an exercise-mediated upregulation of 

nuclear and mitochondrial encoded genes targeted by the transcriptional co-activator peroxisome-

proliferator-activated receptor gamma co-activator-1 alpha (PGC-1α) occurs in a systematic manner 

following different exercise intensities in humans. Ten recreationally active males (Age: 23 ± 1 yr; 

VO2peak: 41.8 ± 2.1 mL/kg/min) completed two acute bouts of work-matched interval exercise at ~73% 

(LO) and ~100% (HI) of work rate at VO2peak in a randomized cross-over design. Muscle biopsies were 

taken before (Pre), immediately after (Post), and 3 hours into recovery (3hr) following each exercise bout. 

External work performed (kcals) was not different between groups and participants completed 

significantly (p < 0.05) more intervals during the LO than HI condition. HR at the end of intervals 2-8 

was significantly higher during HI than LO. A main effect of time (p < 0.05) was observed for glycogen 

depletion, with no difference between conditions. PGC-1α and PDK4 mRNA increased following both 

conditions, while only PGC-1α mRNA was significantly (p < 0.05) higher following HI (PGC-1α, LO: 

+442%; HI: +845%; PDK4, LO: +130%; HI: +132%). A systematic upregulation of nuclear and 

mitochondrial encoded genes was not present as TFAM, CS, COXIV, COXI, ND1 and ND4 mRNA were 

unchanged following both LO and HI. A coordinated expression of mitochondrial encoded genes was 

observed (changes in COXI, ND1and ND4 mRNA were positively correlated). PGC-1α and ND4 mRNA, 

and PGC-1α mRNA and the change in muscle glycogen content were positively correlated in response to 
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LO. The lack of observed systematic upregulation of nuclear and mitochondrial encoded genes suggests 

that exercise induced upregulation of PGC-1α and the expression of its targets are differentially regulated 

during the initial hours following acute exercise in humans.  

6.2 Introduction  

Peroxisome-proliferator-activated receptor gamma co-activator-1 alpha (PGC-1α) is a co-activator 

that is frequently designated as the ‘master regulator of mitochondrial biogenesis’ 1–3. As a transcriptional 

co-activator, PGC-1α interacts with and co-activates numerous transcription factors and nuclear receptors 

that subsequently bind to the promoters of nuclear-encoded mitochondrial genes and increase their 

expression 3. Specifically, PGC-1α co-activates nuclear respiratory factor-1 (NRF-1), NRF-2 4, myocyte 

enhancer factor 2 (MEF2) 5, estrogen-related receptors (ERR’s) and thyroid receptor 2. Importantly, NRF-

1 and NRF-2 activate the mitochondrial transcription factor A (TFAM) promoter, a nuclear-encoded 

factor that translocates to the mitochondria and initiates the transcription and replication of mitochondrial 

DNA (mtDNA) 4,6,7. Therefore, PGC-1α is believed to play a central role in co-ordinating the regulation 

of nuclear and mitochondrial-encoded gene expression necessary for mitochondrial biogenesis. 

In response to acute exercise, the transcriptional activity of PGC-1α is believed to be increased in 

part as a result of changes in its sub-cellular localization 1,8–10. Specifically, PGC-1α translocates to the 

nucleus where it increases the expression of nuclear encoded mitochondrial genes following acute 

contractile activity in mice 1,10 and following endurance and high-intensity interval training in humans 8,9.  

In addition, acute endurance exercise induces the translocation of PGC-1α to the mitochondrial matrix in 

mice 1 and humans 11 where it complexes with TFAM to increase mitochondrial-encoded gene expression 

1. Collectively, these findings suggest that PGC-1α coordinates the integrated induction of mitochondrial 

biogenesis in response to acute exercise via its redistribution to the nucleus and mitochondrial, a 

hypothesis that is supported by the systematic upregulation of mitochondrial and nuclear encoded genes 

following acute exercise in mice 1. Surprisingly, while the expression of both nuclear and mitochondrial 
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encoded genes are acutely up-regulated following supramaximal interval exercise in humans 8,12, genes 

targeted by PGC-α are not systematically increased following lower intensities of exercise 13–15. These 

results raise the possibility that the coordinated induction of nuclear and mitochondrial gene expression 

may only occur in human skeletal muscle following intensities of exercise where activation of PGC-1α is 

high. Given that PGC-1α activity, as indicated by changes in PGC-1α mRNA, is greatest following 

exercise performed around VO2max 16–18, it is reasonable to hypothesize that if a coordinated expression 

of nuclear and mitochondrial encoded genes occurs in human skeletal muscle it would occur following 

near maximal intensity exercise. 

Therefore, the purposes of the current investigation were to determine: 1) if the exercise-mediated 

upregulation of nuclear- (PGC-1α, TFAM, PDK4, CS, COXIV) and mitochondrial- (ND1, ND4, COXI) 

encoded genes targeted by PGC-1α occurs in a systematic manner, and 2) if higher intensities of exercise 

are required to induce a systematic upregulation of nuclear and mitochondrial genes. 

6.3 Materials and methods 

6.3.1 Experimental design  

 In order to investigate the effect of submaximal and maximal intensity exercise on the expression of 

nuclear and mitochondrial encoded genes, participants completed two acute bouts of work-matched 

interval exercise at ~73% (low; LO) and ~100% (high; HI) of work rate (WR) at VO2peak in a 

randomized cross-over design. All experimental procedures were approved by the Health Sciences 

Human Research Ethics Board at Queen’s University (Appendix B) and conformed to the Declaration of 

Helsinki. Verbal and written explanation of the experimental protocol and associated risks were provided 

to all participants prior to obtaining written informed consent. 

 

 



 

 

 

163 

6.3.2 Participants 

 Ten healthy males volunteered to participate in the study (participant characteristics are presented in 

Table 6-1). At the time of enrolment, all participants were recreationally active, but not involved in more 

than 3 hours of aerobic exercise (running, jogging, etc.) per week.  

Table 6-1 Participant Characteristics (N = 10), mean (SEM). 

Age (yrs) 23(1) 

Weight (lbs) 160(5) 

VO2peak (mL/kg/min) 41.8(2.1) 

WR peak (W) 259(1) 

HR peak (bpm) 197(1) 

   Note: bpm, beats per minute; HR, heart rate; lbs, pounds; min, minute; mL, 
millilitre; W, watts; yrs, years. 

6.3.3 Physiological testing 

 During their first visit to the lab, participants completed a VO2peak incremental ramp test to 

exhaustion on a cycle ergometer (Monark, Ergomedic 874E, Varberg, Sweden) and anthropometric 

measurements (height and weight) were obtained. Briefly, the ramp protocol consisted of five minutes of 

load-less cycling followed by a step increase to 80 watts (W) for one minute and subsequent increases in 

WR of 25W·min-1 until volitional fatigue (determined by the inability of the participant to maintain a 

cadence of 60 RPM). Gas exchange was measured throughout the test with a metabolic cart (Moxus AEI 

Technologies, Pittsburgh, PA). RPM was collected continuously throughout the test. Absolute and 

relative VO2peak, hear rate (HR) peak and WR peak were selected as the highest value of the same 

continuous 30 second average at the end of the test. 

6.3.4 Experimental visits 

 A minimum of 72-hours following the VO2peak test, participants reported to the lab 30 minutes after 

consuming a standardized breakfast [plain bagel (190 kcal; 1 g fat, 36 g carbohydrate, 7 g protein) with 15 
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g of peanut butter (90 kcal; 8 g fat, 4 g carbohydrate, 3 g protein) and 200 mL of apple juice (90kcal; 0 g 

fat, 22 g carbohydrate, 0 g protein)] at home. Confirmation of completion of breakfast was sent to the 

investigators via text message. Participants were also given a standardized dinner to consume the night 

before [Stouffer’s Sauté Sensations Country Beef Pot Roast (540kcal; 56 g carbohydrate (CHO), 20 g fat, 

14 g protein) and 500 mL of 2% milk (260 kcal; 12 g CHO, 5 g fat, 9 g protein)], which was followed by 

an overnight fast (≥ 12h) before consuming breakfast. After arrival at the lab a resting muscle biopsy 

(Pre) was taken from the vastus lateralis under superficial local anaesthesia (2% lidocaine, with 

epinephrine) using the Bergstrom needle biopsy technique 19 adapted with suction. An additional incision 

was made in the same leg, and covered with sterile gauze, approximately 2 cm from the resting biopsy 

site to allow for immediate removal of the post-exercise muscle sample. Participants then rested in the lab 

for 44 or 38 minutes before completing a bout of HIT at either ~100 or 73% of peak aerobic power, 

respectively. Immediately following exercise, a second muscle biopsy was taken (Post) and a final biopsy 

was taken 3-hours post-exercise (3hr) from the same leg. Experimental visits were separated by a 

minimum of 7 days and were performed on the same cycle ergometer. One portion of each muscle biopsy 

was embedded in O.C.T (Tissue-Tek, Sakura Finetek, CA, USA) and frozen in liquid nitrogen-cooled 

isopentane. The remaining muscle sample was frozen immediately in liquid nitrogen and stored at -80°C 

until analysis.  

6.3.5 Exercise protocols 

Both HIT protocols consisted of one minute intervals separated by one minute of load-less cycling at 

a cadence of the participant’s choosing on a cycle ergometer. The low intensity interval protocol (LO) 

consisted of 11 intervals at 80 RPM against a load corresponding to ~73% of peak aerobic WR. The high 

intensity interval protocol (HI) consisted of 8 intervals at 80 RPM against a load corresponding to ~100% 

of peak aerobic WR. External work (kcal) and heart rate (HR) were recorded at the beginning and end of 

each interval (Polar Team
2 Pro, Lachine, Quebec, Canada). Participants were asked to maintain a cadence 

of 80 RPM during each interval; however, if RPM fell below or above 80, intervals were added or 
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removed such that the target amount of work achieved in both HIT sessions were the same. Actual and 

prescribed kilocalories and the number of intervals performed is presented in Figure 6-1A and B, 

respectively. HR data is presented in Figure 6-1C.  

6.3.6 Determination of glycogen content 

Glycogen content was determined using Periodic Acid Schiff (PAS) 20. Images were acquired with a 

bright field Nikon microscope linked to a PixelLink digital camera. Individual images were taken across 

the entire muscle cross-section and assembled into a composite panoramic image using Microsoft Image 

Composite Editor (ICE) (Microsoft, Redmond, WA, USA). Image analysis was performed in ImageJ 

(National Institute of Health, Bethesda, Maryland, USA) by converting color images to 8-bit, and 

calculated by subtracting background staining from the mean grey value of individual fibres. 

Approximately 100 fibres were randomly selected from each compiled image and the mean optical 

density (OD) of the fibers was used as an indication of muscle glycogen content. 

6.3.7 Determination of gene expression 

 RNA extraction and real-time PCR were performed on Pre and 3hr samples for both LO and HI 

conditions. RNA was extracted using a modified version of the single-step method by guanidinium 

thiocyanate-phenol-chloroform extraction 21. The purified RNA pellet was dissolved in RNase and 

DNase-free ultrapure water then quantified spectrophotometrically at 260 nm using a Take3 Plate 

(Biotek). Protein contamination was assessed by measuring absorbance at 280 nm. Samples had an 

average 260:280 ratio of 1.97±0.02 (mean ± SD). One microgram of resulting RNA was reverse 

transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Mississauga, Canada). Transcript 

levels were determined on an ABI 7500 Real Time PCR System (Foster City, CA, USA) using the 

following protocol: 1 cycle at 95 ºC for 15 minutes, 40 cycles of 95 ºC for 15 seconds, 30 seconds at 59 

ºC , and 72 ºC for 36 seconds, followed by a dissociation curve to assess specificity of the reaction. 

Primer set efficiencies were determined using real-time PCR with an appropriate cDNA dilution series 
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prior to sample analysis. Average primer set-specific efficiencies 22 were E = 2.01±0.06 (mean ± SD). All 

samples were run in duplicate 25 µl reactions containing: 50 ng cDNA, 0.58 µM primers, and GoTaq 

PCR Master Mix (Promega, Madison, WI). No-template controls were run with water in place of cDNA 

to ensure the absence of contamination. Primer sequences are provided in Table 6-2. All RNA data are 

expressed relative to TATA-binding protein (TBP), which was stable across all states with no difference 

in the raw CT values observed between conditions or Pre and 3 hours post-exercise (LO, Pre: 27.59±0.36, 

3hr: 27.36±0.12; HI, Pre: 27.36±0.24, 3hr: 27.43±0.25). 

Table 6-2 List of Primer Sequences used for Real-Time PCR 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 

CS ACTGTGGACATGATGTATGGTG GTAGCAGTTTCTGGCATTCAG 

COX4I1 GCAGTGGCGGCAGAATG AGTCTTCGCTCTTCACAACA 

ND1 AAGTCACCCTAGCCATCATTCTAC GCAGGAGTAATCAGAGGTGTTCTT 

ND4 ACTGGGAGAACTCTCTGTGCTAGT ATGTAGAGGGAGTATAGGGCTGTG 

MT-CO1 TCATAATCGGAGGCTTTGGC GGTTATGGCAGGGGGTTTTA 

PDK4 CGGCTGGTGGGAAGACTTGA TGCCGCGGAGTGAAGAGTCT 

PGC-1α CACTTACAAGCCAAACCAACAAC CAATAGTCTTGTTCTCAAATGGGGA 

TBP AGACGAGTTCCAGCGCAAGG GCGTAAGGTGGCAGGCTGTT 

TFAM GCAAGTTGTCCAAAGAAACCT GAAGTTCCCTCCAACGCT 

Note: MT-CO1 from Garnier et al 23; ND1 primer set from Crane et al 24, ND4 primer set from Ogborn et al 25; 
PGC-1alpha primer set from Silvennoien et al 26.  

6.3.8 Statistical analysis 

A two-way, repeated measures analysis of variance (ANOVA) was used to compare the effect of 

condition (LO vs. HI) and time (Pre vs. Post) on glycogen depletion, and the effect of condition (LO vs. 

HI) and kcals (actual vs. prescribed). Differences in HR between the HI and LO exercise bouts were 

determined using paired t-tests for intervals 1-8. Paired t-tests were performed on linear data using the 

ΔCt and ΔΔCt methods 22 to compare the effect of exercise on mRNA expression in both LO and HI 

conditions, and also to compare differences in mRNA expression between both exercise intensities, 

respectively. Bivariate correlations were performed to determine if changes in PGC-1α, pyruvate 
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dehydrogenase kinase isozyme 4 (PDK4), citrate synthase (CS), cytochrome c oxidase (COX) subunit I, 

IV and NADH dehydrogenase subunit 1 (ND1) and 4 (ND4) gene expression and the change in glycogen 

content from pre- to post-exercise were related in response to LO or HI. Pearson correlation coefficient 

(r) effect sizes were classified as small (r = ±0.1), medium (r = ±0.3), or large (r = ±0.5) 27. All statistical 

analyses were performed using the statistical program SPSS 20.0 (SPSS Inc., Chicago, IL, USA). All 

figures were made using GraphPad Prism v 5.01 (GraphPad Software Inc., La Jolla, CA). Statistical 

significance was accepted at p < 0.05.  

6.4 Results 

6.4.1 Exercise bout characteristics and glycogen depletion  

 External work performed (kcals) was not different between groups (Figure 6-1A) and, as designed, 

participants completed significantly (p < 0.05) more intervals during the LO than HI condition (Figure 

6-1B). HR at the end of intervals 2-8 was significantly higher during HI than LO (Figure 6-1C). A main 

effect of time (p < 0.05) was observed for glycogen depletion, with no difference between conditions 

(Figure 6-2A). Representative glycogen images are presented in Figure 6-2B. 

6.4.2 Nuclear and mitochondrial encoded gene expression 

 PGC-1α mRNA increased following both acute exercise bouts and was significantly (p < 0.05) higher 

following HI (LO: +442%; HI: +845%; Figure 6-3A). PDK4 mRNA increased significantly (p < 0.05) 

following both acute exercise bouts, with no difference between them (LO: +130%; HI: +132%; Figure 

6-3A). TFAM, CS, and COXIV mRNA were unchanged following both acute exercise bouts (Figure 

6-3A). COXI, ND1 and ND4 mRNA were unchanged following both LO and HI interval exercise (Figure 

6-3A). 
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6.4.3 Coordinated expression of nuclear and mitochondrial-encoded genes 

Positive correlations were observed between COXIV, COXI, ND1and ND4 expression in response to 

LO and HI intensity exercise (Table 6-3). Mitochondrial encoded gene expression for individual 

participants in response to LO and HI are presented in Figure 6-3B and C, respectively. A positive 

correlation was also present between PGC-1α and ND4 expression in response to LO intensity exercise (r 

= 0.64, p = 0.05), while PGC-1α expression was positively correlated with the change in muscle glycogen 

content observed in response to LO (r= 0.73, p= 0.02), but not HI intensity exercise. No other significant 

relationships were observed. All significant correlations had large effect sizes.  

 
Figure 6-1 Actual and prescribed kilocalories (A) and the number of intervals performed (B) during the 
acute bouts of low- (LO) and high-intensity interval exercise (HI). Mean heart rate (C) at the end of each 
high- (HI; filled circlers) and low- (LO; open circles) intensity interval (N = 10 except interval 11 (n = 7) 
and 12 (n = 1)). Values presented as mean ± SEM, except for HR which is presented as mean ± SD. BPM, 
beats per minute. † Significantly (p < 0.05) higher than LO, * Significantly (p < 0.05) different than LO at 
the same interval. 
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Figure 6-2 Whole-muscle glycogen content (A) and representative slides of glycogen content (B) before 
(Pre) and after (Post) an acute bout of low- (LO) and high-intensity interval exercise (HI). Values 
presented as mean ± SEM. Scale bars represent 100 microns (µm). AU, arbitrary units. * Significant (p < 
0.05) main effect of time. N =10. 
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Figure 6-3 Effect of an acute bout of low (LO) and high-intensity interval exercise (HI) on the expression 
of nuclear (PGC-1α, TFAM, CS, COXIV) and mitochondrial-DNA encoded genes (COXI, ND1, ND4) at 
3-hours post exercise (3hr)(A). The expression of mitochondrial encoded genes (COXI, ND1, ND4) is 
coordinated among individual participants in response to LO (B) and HI (C). Values presented as mean ± 
SEM. AU, arbitrary units. * Significantly (p < 0.05) greater vs. Pre, † Significantly (p < 0.05) greater vs. 
LO (paired t-tests). N = 10. 
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Table 6-3 Correlations among changes in mRNA expression of COXIV, COXI, ND1 and ND4. 

  COXI ND1 ND4 

LO     

COXIV  r = 0.89, p = 0.001 r = 0.72, p = 0.018 r = 0.73, p = 0.017 

COXI  - r = 0.84, p = 0.003 r = 0.82, p = 0.004 

ND1  - - r = 0.98, p = 0.000 

HI     

COXIV  r = 0.97, p = 0.000 r = 0.90, p = 0.000 r = 0.96, p = 0.000 

COXI  - r = 0.88, p = 0.001 r = 0.95, p = 0.000 

ND1  - - r = 0.95, p = 0.000 

Note: : COXI, cytochrome c oxidase subunit I; COXIV, cytochrome c oxidase subunit IV; ND1, NADH 
dehydrogenase subunit 1; ND4, NADH dehydrogenase subunit 4. The strength of the relationships are 
defined as small, medium and large (r= ±0.10 to ±0.29 r= ±0.30 to ±0.49 r= ±0.50 to ±1.0, respectively) 27. 

6.5 Discussion 

 In the initial hours following acute exercise a systematic upregulation of nuclear and mitochondrial 

encoded genes is observed in mouse skeletal muscle 1,28. The present study examined whether a similar 

systematic induction of nuclear and mitochondrial encoded genes is present in the early post-exercise 

response period in human skeletal muscle. Additionally, we examined whether the magnitude of change 

in nuclear and mitochondrial gene expression was exercise intensity dependent. Unlike the response 

present in mice following exercise 1,28, we failed to observe a systematic upregulation of nuclear and 

mitochondrial encoded genes following either LO or HI intensity interval training.  Interestingly, while 

we did not observe an increase in the expression of many of the genes examined 3 hours following 

exercise (TFAM, CS, COXIV, COXI, ND1, and ND4), analysis of individual participant responses 

suggests that coordinated regulation may be present at the individual level, amongst the mitochondrial 

encoded genes examined (COXI, ND1 and ND4). 

 



 

 

 

172 

6.5.1 Nuclear and mitochondrial encoded gene expression are not systematically upregulated in 

human skeletal muscle in the early post-exercise period 

 In response to acute exercise, PGC-1α translocates to the nucleus and mitochondrial matrix in mice 

1,28 and human skeletal muscle 8,9,11 where it is proposed to coordinate mitochondrial biogenesis by 

controlling the expression of nuclear and mitochondrial encoded genes 1,2,4,5,7,29. Acute exercising mice 

results in a concomitant increase in nuclear and mitochondrial PGC-1α content and an upregulation of 

nuclear (PGC-1α, PDK4, TFAM, CS, COXIV, cytochrome c) and mitochondrial encoded gene expression 

(COXI, ND1, ND4) immediately after exercise, and 3 hours into recovery 1,28. Given that PGC-1α activity 

appears to be greatest at near-maximum intensities 18 , and PGC-1α target genes are upregulated in the 

initial hours following supramaximal 8,12, but not moderate exercise intensities 13–15, we anticipated that an 

upregulation of nuclear and mitochondrial encoded genes would be present in response to an acute bout of 

near maximal intensity exercise (HI; ~100% VO2peak WR). Contrary to our hypothesis, and despite the 

greater increase in PGC-1α expression (i.e. HI > LO), we did not observe a systematic upregulation of 

nuclear and mitochondrial genes targeted by PGC-1α following either intensity of exercise. Increases in 

the expression of nuclear and mitochondrial genes have been reported following repeated 30 sec ‘all out’ 

bursts (sprint interval training; SIT) 8,12, while moderate intensity exercise does not appear to 

systematically upregulate nuclear and mitochondrial genes in humans 12–15,17,30–32.  Interestingly, 

investigations in mice reporting a systematic upregulation of nuclear and mitochondrial genes 

immediately following, and 3 hours after exercise employ extremely large doses of endurance exercise 

(90 minutes of treadmill running at 15m/min) 1,28. These findings, together with the observations of the 

current investigation, suggest that the early response of individual genes targeted by PGC-1α may be 

regulated differently during, and following supramaximal exercise intensities or larger exercise doses 

such that a coordinated response may exist following higher exercise intensities and/or larger exercise 

doses.  
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 Alternatively, it is possible that our measurement of changes in gene expression in the initial hours 

following exercise failed to capture a systematic upregulation of nuclear and mitochondrial encoded 

genes that occurred later in the post-exercise period. Supporting this contention, the expression of nuclear 

encoded genes demonstrates divergent temporal patterns of upregulation following exercise in humans 

with several genes (including PGC-1α) being rapidly upregulated, and others failing to increase until 24 

hours post-exercise 33,31. While the potential for differential temporal patterns of upregulation suggests 

that coordinated increases of PGC-1α target genes may occur over time following exercise, our results, 

and those of others 33,13–15,34 suggest that regulation of mitochondrial gene expression is considerably more 

complicated than currently understood. Specifically, it would appear that PGC-1α is controlled by 

mechanisms that result in its rapid induction following exercise 9,8,33,35,18,32, while other PGC-1α targets 

(both nuclear and mitochondrial encoded) may be upregulated by different mechanisms that follow a 

longer time course. While these results suggest that the rapid upregulation of PGC-1α and other 

transcription factors 33 is involved in subsequent increases of other nuclear and mitochondrial encoded 

genes, this 2 phase response appears not to be present in mice 1,28 or in humans following supramaximal 

exercise 8. Thus, while the systematic upregulation of nuclear and mitochondrial encoded genes that 

occurs in mouse skeletal muscle following exercise 1,28 appears not to be conserved in humans, these 

findings highlight the need for reappraisal of the current understanding of the coordination of 

mitochondrial biogenesis via PGC-1α, and the need for more research examining mechanisms controlling 

both PGC-1α gene expression and the expression of other PGC-1α target genes. 

6.5.2 The impact of exercise intensity and intramuscular glycogen content on PGC-1α 

expression 

 Comparable reductions in muscle glycogen content were present in response to an acute bout of HI 

and LO intensity interval exercise, which suggests that the overall metabolic stress imposed on the 

skeletal muscle by the two different exercise bouts was similar. Despite this observation, PGC-1α 
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expression was greater following the HI intensity exercise, and is consistent with previous reports 16,18.  

This suggests that factors regulating PGC-1α expression/activity outside of those resulting from 

differences in the magnitude of metabolic stress imposed on the exercising muscle by different exercise 

intensities influences PGC-1α expression (e.g. hormonal response, sub-cellular distribution, etc.).  

Interestingly, in response to LO, PGC-1α expression was correlated with reductions in glycogen content, 

which suggests that individual changes in glycogen content may influence PGC-1α activity at this 

intensity. This is supported by reports that the amount of, or localization of glycogen particles can directly 

or indirectly impact intracellular signaling and gene expression 36,37. Collectively, these findings suggest 

that PGC-1α expression increases with exercise intensity, and that this response may be mediated in part 

by individual changes in glycogen content in response to sub maximal exercise intensities. 

6.5.3 Individual coordinated response in the expression of select mitochondrial genes 

 Interestingly, while a coordinated upregulation of nuclear and mitochondrial PGC-1α target genes 

was not observed in the current study, correlational analysis revealed a coordinated expression of 

mitochondrial encoded genes (COXI, ND1 and ND4) following both LO and HI. These findings, coupled 

with the lack of association of PGC-1α expression with these genes suggests that the expression of 

mitochondrial encoded genes are under the control of a common mechanism that is different from the 

mechanism controlling PGC-1α expression. Translocation of PGC-1α to the mitochondrial matrix is a 

likely candidate given observations that PGC-1α redistributes to the mitochondrial matrix in response to 

exercise in humans 11. The tumour suppressor protein p53 is another potential candidate as it has been 

demonstrated to translocate to the mitochondrial matrix with a concomitant increase in mitochondrial 

encoded gene expression in response to acute exercise in mice 28; however, a recent investigation in 

humans reported no change in mitochondrial p53 content following 60 minutes of cycling at ~70% 

VO2peak 38. While the mechanism(s) responsible for the apparent co-ordination of mitochondrial encoded 
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gene expression following exercise in humans is unknown, identification of these mechanisms and their 

interaction with PGC-1α and/or other transcription factors are an important area for future investigation.  

6.5.4 Conclusions and future directions 

 Dissimilar to mice, a systematic upregulation of nuclear and mitochondrial encoded genes is not 

present in human skeletal muscle in the initial hours following an acute bout of either LO or HI HIT. The 

disassociation between PGC-1α expression and the expression of other PGC-1a targeted mitochondrial 

genes suggests that exercise induced upregulation of gene expression is differentially regulated during the 

initial hours following acute exercise in humans. However, the coordinated expression of mitochondrial 

encoded genes suggests that an unknown regulatory mechanism coordinates their induction, and may link 

the expression of nuclear and mitochondrial encoded genes in response to acute exercise in humans. 

Future investigations should attempt to describe the unique mechanism(s) regulating the expression of 

mitochondrial genes and the time-course of their expression in human skeletal muscle in response to 

exercise.  
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Chapter 7 

GENERAL DISCUSSION 

 
 

7.1 Integrative summary  

In order to examine the adaptive response of humans to exercise and the molecular adaptations within 

skeletal muscle, the current dissertation completed 4 distinct investigations. Given that VO2max is the 

strongest predictor of cardiovascular and all-cause mortality 1,2 and exercise training at a variety of 

intensities increases maximal oxygen uptake (VO2max), the first investigation performed a review, meta-

regression and meta-analysis of available literature to determine if a dose-response relationship exists 

between exercise intensity and training-induced increases in VO2max in young healthy adults. 

Interestingly, the results from this investigation suggest that exercise training intensity has no effect on 

the magnitude of training-induced increases in maximal oxygen uptake in young healthy human 

participants, but similar adaptations can be achieved in low training doses at higher exercise intensities 

than higher training doses of lower intensity (endurance training; END).  

The second investigation sought to explore potential mechanisms by which low dose high-intensity 

interval training (HIT) achieves comparable adaptations as extended duration moderate intensity training 

(END). An acute bout of HIT and END resulted in comparable fibre-recruitment and signal activation, 

with correspondingly similar changes in muscle molecular characteristics (enzyme activity, substrate 

storage and fibre-type distribution) and whole body aerobic exercise capacity and endurance performance 

following 6 weeks of either HIT or END training.  

While results from the second investigation, and many other reports suggest that exercise training 

improves exercise capacity, exercise performance and skeletal muscle phenotype adaptations at a group 

level 3–17, many recent investigators have described a sizable variance in the training-induced adaptations 
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observed in individual participant responses of training cohorts 4–7,18–20. Therefore, the third investigation 

performed a retrospective analysis of the training-induced adaptations observed in response to 6 weeks of 

training in the second investigation to determine if baseline muscle characteristics of high and low 

responders differ.  Whether a coordinated change of skeletal muscle characteristics occurs and if 

variations in skeletal muscle adaptation explain variability in exercise performance and capacity post-

training were also examined. Results from this investigation suggest that individual patterns of response 

in skeletal muscle morphological, but not molecular characteristics are present following 6 weeks of 

training. Further, the finding that some baseline muscle characteristics and aerobic exercise performance 

of high responders were significantly lower than low responders suggests that baseline skeletal muscle 

phenotype and exercise performance influence the magnitude of change in training-induced adaptations.  

Given that variability exists in training-induced skeletal muscle adaptations such as mitochondrial 

content 13,14 , and results from experiment 2 suggest that chronic adaptations result from the cumulative 

effects of repeated acute exercise bouts, the final investigation of the current dissertation sought to 

explore variability in the molecular regulation of mitochondrial biogenesis in response to acute bouts of 

HIT of differing intensity. The ‘master regulator of mitochondrial biogenesis’ PGC-1α is believed to 

coordinate the regulation of nuclear and mitochondrial-encoded gene expression necessary for 

mitochondrial biogenesis 21. In the initial hours following acute exercise a systematic upregulation of 

nuclear and mitochondrial encoded genes is observed in mouse skeletal muscle 22,23. This study examined 

whether a similar systematic induction of nuclear and mitochondrial encoded genes is present in the early 

post-exercise response period in human skeletal muscle, and if this response is exercise intensity 

dependent. Unlike the response present in mice following exercise 22,23, a systematic upregulation of 

nuclear and mitochondrial encoded genes was not present following either LO or HI intensity interval 

training.  Interestingly, while significant groups increases in the expression of many of the genes were not 

observed 3 hours following exercise, analysis of individual participant responses suggests that 

coordinated regulation may be present at the individual level, amongst the mitochondrial encoded genes 
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examined (COXI, ND1 and ND4). Collectively, results from the investigations of the current dissertation 

contribute to our understanding of the molecular mechanisms influencing skeletal muscle and whole-body 

adaptive responses to acute exercise and training in humans. 

7.2 Key findings and implications  

Analysis from the first investigation revealed that the magnitude of the increase in VO2max was 

similar across the range of studies examined and therefore, exercise training intensity, session dose, total 

training volume, and baseline VO2max were unable to explain variances in effect sizes. This was 

confirmed by the lack of difference in values obtained from separate meta-analyses of different training 

intensity tertiles. Session dose was lowest in the highest intensity tertile (tertile 3; ≥100% VO2max), while 

total training volume was significantly reduced in both tertiles 2 and 3 compared to the lowest intensity 

tertile (~60-70% of VO2max). While training-induced increases in VO2max reduce the risk of 

cardiovascular disease development and all-cause mortality 24, a very small percentage of individuals 

accumulate the necessary amount of physical activity believed to be required to maintain and/or increase 

maximal oxygen uptake 25,26. This is partly due to a lack of knowledge regarding what exercise intensity, 

or range of intensities, might be the most efficient at improving an individuals’ VO2max. From this 

perspective, our results suggest that training at, or greater than ~60% of VO2max improves maximal 

oxygen uptake, with no additional benefit with increasing exercise intensity. Additionally, our results also 

highlight the ability of higher intensity training to elicit comparable increases in VO2max in significantly 

shorter training bouts and lower training volumes than moderate intensity training. These findings support 

several previous investigations demonstrating the time-efficiency of high-intensity training at improving 

VO2max 27,28 and suggest that physical activity guidelines should be expanded to incorporate 

recommendations for high-intensity exercise (at or above ~100% of VO2max). Importantly, evaluation of 

the studies included in the present investigation questions the external validity of results from studies in 

this area of research and stresses the need for future investigations of high methodological quality for 

accurate exercise prescription development generalizable to the population.  
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 The second investigation sought to explore the potential mechanisms by which low dose HIT 

achieves comparable adaptations as extended END. Despite drastic differences in exercise intensity and 

external work, an acute bout of HIT and END induced comparable fibre-recruitment, as indicated by 

glycogen depletion, and signal pathways activation (experiment 1). Consistent with similar responses 

following the acute exercise bouts, 6 weeks of HIT or END training induced comparable increases in 

aerobic capacity (VO2peak) and exercise performance (TTC trial), changes in fibre-type distribution, 

fibre-type specific oxidative capacity (SDH activity), glycogen and IMTG storage, and whole-muscle 

capillary density. Interestingly, only HIT induced greater improvements in anaerobic exercise 

performance and estimated whole-muscle glycolytic capacity (GPD activity) than END (experiment 2). 

Collectively, results from this study suggest that the potency of high-intensity exercise resides is its 

ability to activate the mechanisms that trigger the induction of exercise-induced adaptation in a drastically 

reduced exercise time compared to traditional END training.  

 The third investigation sought to determine if baseline phenotype may partly explain recent 

observations that a sizable variance is present in the training-induced adaptations in individual participant 

responses of training cohorts 4–7,18–20, and if muscle adaptations occur in a coordinated manner. 

Collectively, findings from this study suggest that individual patterns of response in skeletal muscle 

morphological, but not molecular characteristics are present following 6 weeks of training. Further, given 

that some baseline muscle characteristics and aerobic exercise performance of high responders were 

significantly lower than low responders, results from this investigation suggests that baseline skeletal 

muscle phenotype and exercise performance influence the magnitude of change in training-induced 

adaptations.  

 The final investigation of the current dissertation demonstrated that in the initial hours following 

acute exercise the systematic upregulation of nuclear and mitochondrial encoded genes that is observed in 

mouse skeletal muscle 22,23 is not present in human skeletal muscle following either LO or HI intensity 

interval training.  Interestingly, while we did not observe an increase in the expression of many of the 
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genes examined 3 hours following exercise (TFAM, CS, COXIV, COXI, ND1, and ND4), analysis of 

individual participant responses suggests that coordinated regulation may be present at the individual 

level, amongst the mitochondrial encoded genes examined (COXI, ND1 and ND4).  

7.3 Strengths and limitations 

 Results from the first investigation extend results of previous studies that failed to provide a 

comprehensive examination of the effect of training intensity on training-induced increases in VO2max 

due to the examination of only 2 different exercise intensities 15,27–46, and/or a failure to examine the 

impact of supra-maximal training 32,35,37,38,40,42–44,47–57. They provide a more complete description of the 

impact of training intensity on improvements in VO2max and suggest that there is not a positive 

relationship between exercise training intensity and the resulting change in VO2max. These findings, 

however, should be interpreted with caution, as evidence for a potential publication bias was observed.  

Further, this investigation examined the impact of short-term (4-8 weeks) exercise training on 

improvements in VO2max; therefore, it remains unknown if the lack of exercise intensity effect observed 

in the short-term studies included in our analysis would persist following moderate and long duration 

training interventions. Additionally, the included studies utilized participant populations consisting of 

young recreationally/highly active adults of relatively similar age, weight, baseline VO2max, and disease 

status (i.e. non-diseased). Thus, it is not currently known if other populations (overweight/obese, children, 

elderly, diseased populations, etc.) would respond similarly to different intensities of short-term exercise 

training.  It would also be of interest for future studies to examine the impact of other variable that might 

influence training adaptation (age, baseline VO2max, body composition, etc.) that we were not able to be 

examined in the first investigation of the current dissertation.  

For the second study of this dissertation, the sample size (n = 6) used in experiment 1 was relatively 

small and it is therefore possible that a larger sample size may have yielded different results.  However, 

while an increased sample size might have allowed for subtle differences between LV-HIT and END to 
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be detected (for both glycogen depletion and intramuscular signalling), we do not believe that the limited 

statistical power associated with the small sample studies impaired our ability to conclude that both type I 

and IIA fibres are recruited during both of exercise protocols examined in the current study.  

Numerous recent investigations have attempted to elucidate the mechanisms by which interval 

training and END training induce similar improvements in aerobic capacity and exercise performance 

(VO2peak, time to fatigue trails, etc.) 58–62. Collectively, these studies suggest that the intramuscular 

signaling required to elicit these adaptations are equivalently stimulated by both low intensity exercise of 

long duration and high-intensity exercise of short duration. However, what remains largely unknown, is 

whether differences in fibre recruitment and the magnitude of signal activation within individual fibre-

types between interval training and END exercise are obscured by whole muscle analyses. Results from 

the second investigation demonstrate that LV-HIT and END produce similar: a) glycogen depletion 

across fibre types (indicative of similar fibre recruitment), b) changes in intramuscular signaling, and c) 

fibre-type specific increases in oxidative capacity, intramuscular glycogen and triglyceride content, 

whole-muscle capillary density and O2pulse. Remarkably, these results suggest that 30 minutes of END 

exercise at ~65% VO2peak or 4 minutes of LV-HIT at ~170% VO2peak induce comparable deviations of 

the intra-myocellular environment (glycogen content and signaling activation); correspondingly, training-

induced adaptations resulting for these protocols, and other interval training and END protocols 15,27, 

appear comparable. The one exception to this equivocality is the capacity of LV-HIT to induce greater 

improvements in anaerobic adaptations than END. 

While several investigations have explored the mechanisms responsible for variability in individual 

responses in VO2max 3–12, few have examined those contributing to the heterogeneity in skeletal muscle 

adaptations following training 11,13. The third investigation contributes important findings to an emerging 

are of research and suggests that baseline skeletal muscle phenotype influences the training response.  

 Results from the fourth investigation, suggest that the early response of individual genes targeted by 

PGC-1α may be regulated differently during, and following supramaximal exercise intensities or larger 
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exercise doses such that a coordinated response may exist following higher exercise intensities and/or 

larger exercise doses. Alternatively, it is possible that our measurement of changes in gene expression in 

the initial hours following exercise failed to capture a systematic upregulation of nuclear and 

mitochondrial encoded genes that occurred later in the post-exercise period. Supporting this contention, 

the expression of nuclear encoded genes demonstrates divergent temporal patterns of upregulation 

following exercise in humans with several genes (including PGC-1α) being rapidly upregulated, and 

others failing to increase until 24 hours post-exercise 63,64.  

7.4 Future directions 

 The training interventions analyzed in the first investigation were not work-matched, and the lack of 

work-matched comparisons remains a major shortcoming in the exercise intensity literature. While 

higher-intensity training has been suggested to be more effective at inducing improvements in maximal 

aerobic capacity following training 47,48,65, it remains unknown if increasing the work associated with 

protocols requiring maximal and supramaximal intensities would be more effective at improving aerobic 

capacity (i.e. would work-matched high intensity protocols yield superior results). Evaluation of studies 

included in this investigation using a modified PEDro scale revealed that several methodological criteria 

were consistently absent. None of the included studies concealed the allocation of participants to groups 

(i.e. the person assigning participants to groups was aware of what group they were being assigned) or 

blinded assessors. Further, very few outlined specific eligibility criteria (~32%) or explained sample size 

calculations (~21%).  This suggests that methodological oversights may be routine in this area of research 

and highlight specific areas for improvement of future study design to increase the internal and external 

validity of study findings.  

In experiment 1 of the second project of this dissertation, we observed a dissociation between 

phosphorylation of AMPK and phosphorylation of ACC, an interesting result that reflects previously 

published results 58,60,61. While we are unable to comment with certainty regarding why this dissociation 



 

 

 

188 

exists, it is possible that differential phosphorylation of α1 and α2 AMPK sub-units 66,67 may impair the 

ability to estimate changes in AMPK activity based on changes in global AMPK phosphorylation. Thus, 

while we were unable to conduct this analysis on samples from the present study, the potential that 

phosphorylation of ACC is a more sensitive measure of AMPK activity than phosphorylation of AMPK 

itself raises the possibility the fibre specific differences in ACC phosphorylation may be present 

following exercise.  This represents an important area for future research. It would also be of interest to 

investigate whether similar acute activation of intramuscular signalling pathways following LV-HIT and 

END result similar activation and expression of PGC-1α and other genes associated with the induction of 

mitochondrial biogenesis in the hours following exercise.   

Results from experiment 2 from the second investigation suggest that the potency of high-intensity 

exercise resides is its ability to activate the mechanisms that trigger the induction of exercise-induced 

adaptation in a drastically reduced exercise time compared to traditional END training. However, while 

END exercise at intensities greater than ~65% VO2peak are of adequate intensity to elicit “maximal” fibre 

recruitment (i.e. type I and IIA fibres) and the manifestation of chronic adaptations, at present the 

minimal duration of exercise at these relatively low intensities required for comparable adaptations is not 

known. Our results, and others 28, suggest that 30 minutes is adequate; however, given that our 

assumptions regarding the minimal dose of exercise required for adaptations having been recently 

challenged 49,68, the minimal duration of moderate intensity END required to induce adaptation is an 

interesting area for future research.    

Results from the third investigation suggest that individual patterns of response in skeletal muscle 

morphological, but not molecular characteristics are present following 6 weeks of training. Further, 

results from this investigation suggests that baseline skeletal muscle phenotype and exercise performance 

influence the magnitude of change in training-induced adaptations. Future studies should examine the 

contribution of both central and peripheral factors in variability in individual responses to training with a 
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larger more diverse group of participants, allowing for more robust statistical analyses and improved 

external validity. 

 Dissimilar to mice, a systematic upregulation of nuclear and mitochondrial encoded genes was not 

observed in human skeletal muscle in the initial hours following an acute bout of either LO or HI interval 

training in the fourth investigation. The disassociation between PGC-1α expression and the expression of 

other PGC-1a targeted mitochondrial genes suggests that exercise induced upregulation of gene 

expression is differentially regulated during the initial hours following acute exercise in humans. 

However, the coordinated expression of mitochondrial encoded genes suggests that an unknown 

regulatory mechanism coordinates their induction, and may link the expression of nuclear and 

mitochondrial encoded genes in response to acute exercise in humans. Future investigations should 

attempt to describe the unique mechanism(s) regulating the expression of mitochondrial genes and the 

time-course of their expression in human skeletal muscle in response to exercise.  

 While the potential for differential temporal patterns of upregulation discussed in this investigation 

suggest that coordinated increases of PGC-1α target genes may occur over time following exercise, our 

results, and those of others 63,69–72 suggest that regulation of mitochondrial gene expression is considerably 

more complicated than currently understood. Specifically, it would appear that PGC-1α is controlled by 

mechanisms that result in its rapid induction following exercise 61–63,73–75, while other PGC-1α targets 

(both nuclear and mitochondrial encoded ) may be upregulated by different mechanisms that follow a 

longer time course. Thus, while the systematic upregulation of nuclear and mitochondrial encoded genes 

that occurs in mouse skeletal muscle following exercise 22,23 appears not to be conserved in humans, these 

findings highlight the need for reappraisal of the current understanding of the coordination of 

mitochondrial biogenesis via PGC-1α, and the need for more research examining mechanisms controlling 

both PGC-1α gene expression and the expression of other PGC-1α target genes. 
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7.5 Summary and conclusions 

Collectively, the results of the analyses carried out in the first investigation suggests that training at 

any intensity above ~60% of VO2max is likely to improve maximal oxygen uptake in healthy adults.  

While the lack of a positive effect of increasing training intensity on the increase in VO2max suggests 

minimal additional benefit to higher intensity training, it is important to highlight the fact that higher 

intensities of training induced adaptations following significantly lower training session doses and total 

training volumes. Our observations also suggest that high-intensity, sub- and near-maximal exercise (~80-

92.5% VO2max) may be the ideal exercise intensity range for eliciting improvements in VO2max as both 

training volume, and exercise intensity are low compared to moderate and supramaximal intensity 

training, respectively. While data from the first investigation supports claims regarding the efficiency and 

potency of high-intensity training, findings from the second investigation suggest that the mechanisms 

responsible for adaptation following chronic LV-HIT and END are the same, with supramaximal exercise 

intensities permitting their manifestation in significantly less exercise time.  

The third investigation sought to explain mechanisms responsible for the heterogeneity in training-

responses observed among the individual participants from the second investigation. The findings from 

this investigation suggest that baseline phenotype is an important variable to consider when examining 

responsiveness to training as individuals with lower baseline scores for many muscle variables and 

exercise performance, experienced significantly higher training-responses than individuals with higher 

baseline scores.  Lastly, the final investigation found that unlike observations in mice 22,23, a systematic 

upregulation of nuclear and mitochondrial encoded genes is not present in human skeletal muscle in the 

initial hours following an acute bout of either LO or HI interval training and highlights the need for a 

reappraisal of the current understanding of the molecular regulation of mitochondrial biogenesis and the 

importance of individual variability inherent with performing human investigations.  
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Appendix A 

Supplemental File 3.1  

Fixed-effect meta-regression 

 The weighted mean effect size (T) for the 40 study groups was determined: 

Eq. (A.1)!!
T = i−1

k (w)(ES)∑
i=1
k (w)∑

  

where w is the fixed-effects inverse variance weight (1/vi) or the random-effects inverse variance 

weight (1/vr). The fixed-effects variance (vi) of the weighted mean effect size (T) is: 

Eq. (A.2)!!
vi =

1
i=1
k (w)∑

  

The standard error of the weighted mean effect size (SET) was calculated as: 

Eq. (A.3)!!
SET =

1
i=1
k (w)∑

  

95% confidence interval for the fixed effects weighted mean effect size (T) were also calculated: 

Eq. (A.4)
!!T ±1.96( vi )   

Heterogeneous distribution of ES was determined using the Q statistic and considered significant 

at p< 0.05 and determined by: 

Eq. (A.5)!!
Q = i=1

k (w)(ES)2 −
[ k

i =1(w)(ES)]
2∑

i−1
k (w)∑∑   
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Random-effect meta-regression 

If Q ≥ N - 1, a random effects variance component (vθ) was calculated with the total number of 

studies included in the analysis (N) as: 

Eq. (A.6)!!
vθ =

Q−(N −1)
C

  

Where C is calculated using the fixed-effects inverse variance weight (w): 

Eq. (A.7)!!
C = i=1

k (w) i=1
k (w)2∑
i=1
k (w)∑∑   

If Q ≤ N - 1, a random effects variance component (vθ) was calculated as: 

Eq. (A.8)!!
vθ =

Q−(N −1)
0 =0   

The random effects variance (vr) of the weighted mean effect size (T) is: 

Eq. (A.9)
!vr = vi + vθ   

Random-effect meta-analysis 

 The meta-analysis of each individual intensity tertile was performed using the Hunter-

Schmidt random-effects model method as described in detail by Field and Gellett (Field, A. P. & 

Gillett, R. How to do a meta-analysis. Br. J. Math. Stat. Psychol. 63, 665–694 (2010).   The 

population effect (R) for each intensity tertile was estimated using individual study sample sizes 

(ni) and effect sizes (ESi):  

Eq. (A.10)!!
R = i=1

k (ni )(ESi )∑
i=1
k (ni )∑

  

The frequency-weighted variance in sample effect sizes (average squared error; σ2
R) was then 

calculated: 
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Eq. (A.11)!!
σ R

2 = i=1
k ni(ESi −R)2∑

i=1
k (ni )∑

  

The sampling error variance (σ2
e) was also estimated from R and the average sample size (N1) of 

each tertile: 

Eq. (A.12)!!
σ e

2 = (1−R
2)2

N1 −1
  

 

Finally, the variance for each intensity tertiles population effect (σ2
P) was determined by 

subtracting the sampling error variance (σ2
e) from the variance in sample effect sizes (σ2

R).  The 

variance of the population effect was then used to calculate the 95% credibility interval.  
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Appendix B 

Ethics Approval Document 1 
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Appendix D 

Supplemental Table 5.1 

 

Supplemental Table 5.1 Individual participant characteristics before (pre) and after (post) 6 weeks of training 
      Pre      

 
        Post       

 
Training 
Group Sex Age 

(yrs) 
Body Mass 

(kg) 
Height 
(cm) 

Waist 
Circumference 

(cm) 

Absolute 
VO2 

(mL/min) 

Wingate Peak 
Power (W) 

500 kcal 
TTC (sec)   

Body Mass 
(kg) 

Absolute 
VO2 

(mL/min) 

Wingate Peak 
Power (W) 

500 kcal 
TTC (sec) 

1 E M 19.00 77.3 183.0 76.5 3683.7 853.8 2407  80.5 4698.3 871.2 1710 
2 E M 19.00 77.1 172.5 92.0 3350.3 786.5 2166  78.4 4234.7 778.4 1803 
3 E M 20.00 85.3 188.0 80.5 4265.0 871.7 2048  85.0 4514.3 865.3 1703 
4 E M 19.00 64.4 178.0 76.5 4070.3 675.8 2036  64.7 4369.0 624.0 1431 
5 E M 18.00 74.8 180.0 82.0 3864.3 715.7 2351  74.8 4193.7 644.0 1920 
6 E M 20.00 72.7 185.0 82.0 3178.3 624.8 2107  72.6 3550.3 657.8 1710 
7 E M 30.00 83.4 187.5 81.5 4491.7 865.6 1750  79.5 5007.3 826.6 1595 
8 E F 18.00 57.2 174.0 70.0 2036.7 449.8 2385  57.4 2619.3 416.2 1796 
9 E M 23.00 72.6 170.0 83.5 2865.0 614.9 -  72.4 3265.7 655.6 

 10 HIT M 21.00 68.2 175.0 73.0 4108.7 667.1 2025  68.4 4481.0 731.3 1665 
11 HIT M 25.00 62.1 177.8 72.5 3026.0 575.3 2696  63.0 3579.0 630.7 2266 
12 HIT M 24.00 68.7 174.5 80.0 3580.0 624.2 2071  67.4 3935.7 638.5 1845 
13 HIT M 21.00 69.7 177.0 77.0 3171.7 620.4 2122  70.1 3551.3 675.0 1845 
14 HIT M 22.00 78.8 188.0 79.0 4283.3 710.4 2054  78.9 4915.7 809.5 1670 
15 HIT F 18.00 47.2 154.0 70.0 2033.3 371.0 2166  47.4 2162.7 400.4 1847 
16 HIT M 20.00 75.7 182.0 87.5 3714.7 779.8 2224  72.4 3774.7 821.9 1953 
17 HIT F 18.00 64.1 167.0 76.0 2617.3 645.1 -  65.7 3086.0 690.2  
18 HIT M 22.00 113.9 184.0 105.5 5128.7 941.6 2096   113.4 6191.6 1124.6 1793 
  Mean  20.9 73.0 177.6 80.3 3526.1 688.5 2169  72.9 4007.2 714.5 1784 
  SEM 0.7 3.3 2.0 2.0 195.3 34.6 53  3.2 222.6 39.4 45 

Note: cm, centimetre; E, endurance; F, female; HIT, high-intensity interval training; kcal, kilocalories; kg, kilograms; M, male; min, minutes; mL, millilitre; 
Post, post-training; Pre, pre-training; SEM, standard error of measurement; sec, seconds; TTC, time to completion; W, watts; yrs, years. 
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Appendix E 

Supplemental Table 5.2  

 

Supplemental Table 5.2 Individual participant muscle characteristics before (pre) and after (post) 6 weeks of training. 

 
Pre        Post 

    
  

 

% 
Type I 

% 
Type 
IIA 

% Type 
IIAX/X 

SDH 
(AU) 

GPD 
(AU) 

IMTG 
(AU) 

Glycogen 
(AU) 

Capillary 
Density 
(mm2) 

 % 
Type I 

% 
Type 
IIA 

% Type 
IIAX/X 

SDH 
(AU) 

GPD 
(AU) 

IMTG 
(AU) 

Glycogen 
(AU) 

Capillary 
Density 
(mm2) 

1 30.5 36.1 33.5 235.6 209.50 149.8 99.0 385.7  31.9 55.2 12.9 344.1 210.84 358.0 207.0 421.1 
2 38.7 45.6 15.7 467.1 343.94 278.2 286.3 313.2  29.6 49.5 20.9 313.4 249.97 301.0 236.3 249.3 
3 55.9 39.4 4.8 426.3 420.15 455.7 195.2 288.4  58.2 34.9 6.8 428.2 379.09 492.0 276.9 344.3 
4 22.2 73.0 4.9 503.2 417.81 988.9 300.2 255.2  53.3 46.7 0.0 439.2 215.98 748.1 304.9 388.2 
5 51.3 19.7 29.0 307.4 203.60 454.6 95.1 398.1  49.3 29.9 20.9 400.3 356.60 826.5 134.7 409.9 
6 24.7 40.4 35.0 185.5 225.51 484.6 135.7 328.4  43.7 56.3 0.0 332.8 337.58 758.3 237.7 442.5 
7 68.8 12.8 18.3 656.0 350.91 444.3 427.4 352.5  68.5 25.9 5.6 407.6 299.23 379.4 236.7 589.7 
8 33.6 37.3 29.2 241.0 118.59 359.3 168.1 312.4  37.2 34.4 28.4 341.0 145.76 511.9 208.9 378.9 
9 35.3 35.3 29.4 392.1 464.39 383.6 176.8 323.1  64.4 31.0 4.6 748.0 638.63 1217.6 532.3 379.5 
10 43.3 30.5 26.1 414.9 315.89 236.4 194.0 350.7  43.0 41.9 15.1 599.6 621.83 880.7 452.4 324.6 
11 25.5 58.0 16.5 290.4 192.62 247.3 134.4 285.1  43.8 51.1 5.1 304.3 145.00 339.7 195.4 308.6 
12 40.4 37.0 22.6 313.1 175.88 380.0 310.9 289.6  38.6 56.4 5.1 422.1 228.05 456.2 216.0 307.7 
13 31.1 43.6 25.2 305.9 236.92 177.5 279.9 252.4  47.0 38.3 14.8 345.6 238.86 326.2 325.0 469.3 
14 71.9 28.1 0.0 368.4 158.93 260.2 138.8 372.4  79.7 20.3 0.0 449.3 424.33 829.1 274.7 573.6 
15 30.8 50.3 18.9 326.4 299.22 333.5 335.7 304.2  41.2 41.5 17.3 298.0 333.93 469.7 258.0 350.1 
16 51.6 48.4 0.0 493.7 380.84 248.2 388.5 265.6  55.9 44.1 0.0 588.0 403.91 287.4 286.3 424.4 
17 47.2 36.2 16.6 291.5 336.06 487.5 183.5 405.9  57.7 37.8 4.6 377.4 394.73 940.4 271.5 471.9 
18 41.7 52.4 5.8 286.0 414.91 438.8 384.5 259.5  65.8 34.2 0.0 282.4 315.00 506.9 313.3 452.5 
Mean  41.4 40.2 18.4 361.4 292.5 378.3 235.2 319.0  50.5 40.5 9.0 412.3 330.0 590.5 276.0 404.8 
SEM 3.4 3.3 2.7 27.4 24.7 43.9 24.8 11.6  3.2 2.5 2.1 28.8 32.5 63.4 21.8 20.9 

Note: AU, arbitrary units; mm, millimetre; Post, post-training; Pre, pre-training; SEM, standard error of measurement.  
 


