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Abstract

INTRODUCTION. The findings of exercise trials have shown that women are better able to
initiate aerobic metabolism and are less reliant on anaerobic energy stores. The effect that
LL-HR resistance exercise and sex has on substrate oxidation and metabolic species remains
unknown. PURPOSE. The purpose of this study was to characterize anaerobic fuel
utilization patterns during a bout of LL-HR resistance exercise and to assess whether sex
influences fuel utilization during LL-HR. METHODS. Twenty young, healthy participants
(n=10 men and women) were recruited and matched for VOzpeak relative to fat-free mass and
habitual resistance training. The LL-HR bout consisted of a circuit of chest press, leg
extension, lat pulldown, hamstring curl, shoulder press, and leg press for 25-35 repetitions at
30% of 1RM with 30s rest between each exercise and 2 minutes rest between circuits.
Western blot analysis was completed for relevant metabolic enzymes; GP, PFK, LDH (H and
M), PDHE1a, PDHK4, CK, AMPD2, MCT (1 and 4), and phosphorylated CK and PDHE1a.
Content of metabolic species was analyzed before and after the exercise bout and included
measures of creatine, ATP, lactate, Pi, pyruvate, and glycogen. MHC staining was used to
determine the distribution of fibre type between men and women. Blood lactate was
measured and area under the curve (AUC) calculated. RESULTS. Women had a greater type
I muscle fibre content than men (p=0.007). Baseline content of all enzymes of interest were
similar between men and women (p>0.05). Men had higher concentrations of muscle
glycogen, lactate, ATP, and Pi than women (p=0.001, p=0.019, p=0.01, and p=0.007,
respectively). Phosphorylation of CK and PDHEIa, and content of glycogen and ATP all
decreased in men and women with exercise (p<0.001). Phosphorylation of CK decreased
more in women than men (p=0.023); whereas creatine concentration increased during
exercise to a greater extent in men than women (p=0.026). Blood lactate increased during
exercise (p=0.023), with no differences between the sexes (p = 0.235). CONCLUSION.
Men rely to a greater extent on the HEPT system to produce ATP during a bout of LL-HR
resistance exercise than women. Interestingly, this occurred despite a greater decrease in
phosphorylated CK in women. Overall these findings are supportive of the hypothesis that
men rely to a greater extent on anaerobic fuel sources during exercise, which may be in part
due to their greater content of type II muscle fibres.
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“I honestly believe that sometimes, my genius, it generates gravity.”
— Jeremy Clarkson (Grand Tour, Season 3 Episode 8)



Chapter One: Literature Review
1.0 Introduction

The population of Canada, as well as most industrialized nations, is agingi. Aging is
associated with the development of numerous diseasese2-4, such as cardiovascular disease,
type 2 diabetes and sarcopenia. The higher proportion of older adults highlights the need for
more streamlined interventions to prevent and combat the development of these diseases.
Exercise has been prescribed to this population as an intervention meant for either the
prevention or the rehabilitation of age-associated diseases.

Of the possible exercise modes prescribed, moderate intensity continuous training
(MICT) is the most studied and can improve cardiorespiratory fitnesss, blood pressures, lipid
profile7, and insulin sensitivitys, reducing the risk/severity of cardiovascular disease7 and
type 2 diabeteso, but as it has little effect on muscle mass and strengthio,i1, not influencing the
risk of sarcopenia. Alternatively, heavy resistance training induces gains in muscle mass,
strength, function and quality12,13, decreasing the risk/severity of sarcopeniaiz-is. A novel and
less studied mode of exercise is low-load, high-repetition (LL-HR) resistance training, which
has been shown to increase muscle mass, strength, and function to a comparable extent as
heavy resistance trainingis-18, thereby possessing the ability to decrease the risk of sarcopenia
and type 2 diabetes12. However, since the intensity is lower and the sets take longer to
complete, it is more aerobic in nature and may also induce benefits to the cardiovascular
system, as well as insulin sensitivity similarly to MICT. Hypothetically, LL-HR may be able
to slow/reverse sarcopenia to a comparable extent as heavy RE while also providing the
cardiovascular and insulin sensitizing benefits that are typically associated with aerobic

exercise. Indeed, this time-efficient exercise modality could hypothetically provide



synergistic adaptations and therefore benefits to a number of populations that would
otherwise be at risk for sarcopenia or metabolic disorders. The first step to understanding the
potential adaptations induced by LL-HR is to characterize the fuel utilization pattern during
an acute bout of whole-body LL-HR.

There are well known sex differences in the prevalence of aging-associated diseases
such as type II diabetes and sarcopeniai9,20. Indeed, prior to menopause women have a lower
risk of cardiovascular disease and type 2 diabetes than men, due to the protective effects of
estrogenz1,22. Similarly, women have a lower risk of sarcopenia than men2o; however,
whether estrogen plays a role in the etiology of sarcopenia is less understood. Previous work
has shown that women and men respond to exercise interventions differently23-25, which
again may be mediated by estrogen and the effects estrogen has on fuel metabolism. Since
the fuel utilization pattern during acute bouts of moderate intensity continuous exercise
(MICE) differs between men and women as a result of estrogen2e6-28, it is important to
characterize fuel utilization during LL-HR in both men and women in order to completely
understand muscle metabolism during this mode of exercise and to generate hypotheses
related to long-term benefits of LL-HR in relation to health. Thus, the research conducted in
this thesis will characterize the anaerobic fuel utilization pattern during an acute bout of LL-

HR resistance exercise and examine whether it differs between men and women.



1.1 Overview of fuel utilization during exercise

At the onset of exercise energy is supplied first by using stored ATP (enough to
support ~2s) and then through anaerobic energy pathways — high energy phosphate transfer
system and glycolysis. However, as exercise progresses the muscle demands energy that is
provided from macronutrient substrates: carbohydrates, fats, and proteins. Carbohydrates and
fats, stored as glycogen and triglycerides (TG) respectively, are the principle substrates used
for energy in human muscle tissue with ~95-98% of energy coming from these two
sources29,30. Protein plays an integral role in recovery and tissue synthesis following
exercises1, but only contributes ~2 and 5% of total energy production during exercise in men
and women respectively30,32. An overall summary of the energy yielding pathways in skeletal
muscle is found in Figure 1. The relative contribution of carbohydrate and fat to energy
metabolism during exercise is dependent on the intensity and duration of the exercise
bout29,33. Contribution from carbohydrates is highest for exercise bouts that are of high
intensity and short duration, whereas the relative contribution of fat is highest for exercise
bouts that are of low intensity and longer duration29,33. Biological sex has also been shown to
influence fuel utilization during aerobic exercise, with women relying on fat stores to a
greater extent to produce ATP during exercise at a given intensity as compared with
men3s4,35,26,32. Additionally, sex has been demonstrated to influence the utilization of
anaerobic energy systems, with men relying more heavily on anaerobic energy productionss.
However, while sex differences in metabolism have been well established during aerobic
exercise, whether sex influences fuel utilization during different modes of exercise where the

fuel utilization pattern is different than during aerobic exercise remains unexamined.
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Figure 1: General overview of aerobic and anaerobic glycogen utilization during exercise.
Additionally, an overview of phosphocreatine breakdown and HEPT system synthesis of
ATP.



1.1 Effects of Exercise Mode on Substrate Utilization During Exercise
Different modes of exercise induce different patterns of fuel utilization due to

differences in intensity and duration and whether or not they are continuous or intermittent.

1.1.1 Substrate Utilization During Moderate Intensity Continuous Exercise (MICE)

Much of what we know about the effects of exercise duration and intensity on
substrate oxidation come from studies employing moderate intensity continuous exercise
(MICE) protocols of increasing intensity and duration. Substrate utilization during exercise is
heavily dependent on the intensity at which the exercise is performedss. At low exercise
intensities fat oxidation predominates, but as exercise intensity increases carbohydrate
oxidation also increases and becomes the predominant fuel source at higher exercise
intensities29,33. While the relative contribution of fat stores to energy production decreases
with increasing exercise intensity, the absolute rate of fat oxidation increases with increasing
exercise intensity up until ~60-65% vozpeak, at which point fat oxidation is limited2933. The
reason for this is that during bouts of high intensity exercise, cardiac output is unable to meet
the oxygen demands of contracting muscle thereby resulting in an increase in anaerobic
glycolysis as a means of generating ATP within the muscles7. As a consequence of anaerobic
glycolysis, lactate and H+ are generatedss. The increase in H+ and lactate inhibit the action of
hormone sensitive lipase (HSL), thereby reducing the breakdown of TG to FFA and therefore
reducing the availability of FFA as a fuel source as exercise intensity increases3s.

Furthermore, while the oxidation of plasma fuel sources (glucose and FFA)
predominate at lower exercise intensities29,33, the diversion of cardiac output towards
contracting skeletal muscle as exercise intensity increases reduces adipose and hepatic blood

flow, which in turn reduces FFA and glucose release, resulting in a lower contribution from



plasma fuel sources as exercise intensity increases37. Indeed, as exercise intensity increases to
levels >65% VO2 max, fuel utilization begins to shift towards relying predominately on muscle
sources of energy (glycogen and IMCL) stores29. To summarize, as exercise intensity increases
there is an increased reliance on CHO, as opposed to FFA, to produce ATP. Furthermore, there
is an increased reliance on muscle, instead of plasma, fuel stores.

Substrate utilization during exercise is also largely dependent on the duration of the
exercise bout2o. At the onset of exercise, muscle sources of fuel are oxidized primarily as the
system requires sources of energy that are immediately available2o. Muscle glycogen and
IMCL are present at the site of contraction and are therefore able to be utilized immediately29.
As exercise duration increases and muscle fuel stores are depleted, there is an increased
reliance on the plasma sources of fuel that are derived from hepatic glucose release (due to
increased glycogenolysis and gluconeogenesis) and adipocyte TG breakdown into FFAs29.

Additionally as exercise duration increases, there is a shift from a reliance on glucose
to a dependence on fat oxidation to support energy needs29. This shift occurs as glycogen
stores in the muscle and liver begin to diminish, and an alternate fuel source must be utilized
to generate ATP3739. TG storage in adipocytes offer a much larger energy source that can be
utilized during exercise bouts of increasing duration29. The increase in fat oxidation as
exercise duration increases is mediated by decreases in insulin37. Insulin inhibits lipolysis by
activating PKB/Akt, which in turn phosphorylates phosphodiesterase 3B37,39.
Phosphodiesterase 3B converts cAMP to AMP, reducing cAMP concentration, which in turn
reduces HSL activity37,39. As exercise duration increases and glycogen stores diminish,
plasma glucose levels are lower, and thus insulin levels decrease, reducing the inhibition on

lipolysis37,39. The shift from carbohydrate to fat oxidation is able to spare glycogen in the



muscle and liver, and is thought to prolong an individual’s time to exhaustion4o. In summary,
as exercise duration increases there is a shift from muscle fuel sources to plasma-derived
substrates as well as a shift away from carbohydrate oxidation to fat oxidation to support
muscle energy needs.

As such, we see that with increasing intensity of MICE there is an increased reliance
on glycogen stores and with increasing duration there is a greater reliance on fat stores29,33.
Since MICE is performed below VOz2peak, the majority of ATP being produced is done so via

aerobic metabolism.

1.1.2 Substrate Utilization During Resistance Exercise

Substrate utilization differs between resistance exercise (RE) and moderate intensity
continuous exercise (MICE) due to the higher exercise intensity, shorter duration and
intermittent nature of the RE bout29,33. For heavy RE, defined as lifting a heavy load (~80%
IRM) for ~ 8 — 12 repetitions, individual sets last approximately 20s with ~ 2-3 minutes of
rest between sets41. The high energy phosphate transfer (HEPT) system can provide the body
with ATP for ~20s39, suggesting that for heavy RE, other methods of ATP synthesis are not
as crucialso compared to exercises with longer durations. Additionally, the replenishment of
the PCr pool typically takes ~2-3 minutes which is typically the duration of the rest periods37.
During heavy RE, glycogen stored in skeletal muscle also serves as a substrate for ATP
synthesis, albeit to a lesser extent37. The breakdown of glycogen through glycogenolysis will
allow for anaerobic glycolysis to meet the ATP demand of the muscles7. During heavy RE,
glycolysis will be second to HEPT for ATP provision, with a lesser dependence on oxidative
metabolisma42. The lesser reliance on oxidative metabolism during heavy RE is due to a

slower/blunted rise in skeletal muscle blood flow, as well as the higher intensity of the



exercise bout, thus the majority of the pyruvate formed during glycolysis will be fluxed
towards lactate production as a means of synthesizing ATP3739, thus highlighting the
anaerobic nature of the exercise bout.

Interestingly, there is evidence suggesting that lipolysis of IMCL and FFA oxidation
may also contribute to substrate utilization during heavy RE43. A single study noted the
increase in muscle FFA and glycerol following heavy resistance exercise, highlighting that
lipolysis may provide energy during heavy-resistance exercise despite the relatively short
duration and high intensity43.

1.1.3 Low Load High Repetition Resistance Exercise (LL-HR)

A comparatively unique and less studied exercise mode, low-load, high-repetition
(LL-HR) RE, is becoming increasingly of interest since it induces lower mechanical strain on
joints44. LL-HR is described as lifting a load corresponding to ~30% one repetition max
(1RM) to volitional failure 43. Recent literature has shown that acute LL-HR resistance
exercise is able to evoke a greater increase in skeletal muscle hypertrophic factors such as
myofibrillar protein synthesis (MPS) and phosphorylation of hypertrophic signalling
molecules as traditional RE18. Furthermore, training trials have shown that LL-HR induces
comparable increases in muscle mass and strength as traditional RT4s,13,17. Given the lower
mechanical joint strain associated with LL-HR and the fact that it can induce favourable
effects on muscle mass and strength, this mode of exercise may be particularly beneficial for
older adults or those who have or are recovering from joint injuries, who are at an increased
risk of joint instability and injury.

With the exception of how LL-HR RE influences muscle protein synthesis, the acute

effects of this exercise modality on muscle metabolic pathways is largely unknown. As a



consequence of the duration of the exercise, the circuit style manner in which it is utilized,
and the lower intensity compared to heavy RE, substrate utilization during this mode of
exercise is hypothesized to follow a pattern more similar to MICE, but that anerobic
metabolism (HEPT, glycolysis) would still be significant contributors. Indeed, three studies
that utilized a LL-HR RE protocol consisting of 3 sets of plantarflexion at 20% of 1RM for
30 repetitions separated by 1 minute of rest in 12 young, healthy males4s and females47,48
found that there were no changes in PCr or muscle pH during the LL-HR bouts47. This could
be due to the very low intensity of the exercise, coupled with the fact that they did not
exercise to volitional failure. These studies suggest that at a very low resistance exercise
intensity (20% one repetition max) HEPT may not contribute to ATP production. However,
since exercise was not performed to failure, it is not clear if all muscle fibres were recruited.
Previous work has shown that LL-HR resistance exercise performed at 30% 1RM to failure
recruits type II muscle fibres as evidenced by LL-HR training increasing type II muscle fibre
sizess. Since, type Il muscle fibres are more anaerobic, it could be that HEPT did not
contribute to ATP production during LL-HR at 20% 1RM because type II muscle fibres were
not recruited, due to the lower intensity and/or that the set did not go to failure. As
recruitment of type II fibres is important to maximizing muscle hypertrophy during training,
further work is needed to characterize the fuel utilization pattern during a bout of LL-HR
where type Il fibres are recruited to determine the role that the HEPT system plays in
producing ATP during LL-HR RE.

Given the lower resistance exercise intensity of LL-HR, it is also speculated that there
will be a shift towards more oxidative metabolism during LL-HR as the circuit continues

with glycolysis producing pyruvate that is converted to acetyl CoA, and increased fat



oxidation from adipose and muscle TG breakdown. Oxidative metabolism would also be
greater during LL-HR compared to traditional RE due to the decreased intensity and
prolonged activation of type I skeletal muscle fibres that contain a higher concentration of
mitochondria compared to their type II counterpartsi3. To the best of our knowledge, no
study has examined the contribution of muscle glycogen, muscle lipids or aerobic
metabolism to ATP production during LL-HR and this should be an area of future
investigation.
1.2 Sex Differences in Muscle Metabolism

Numerous studies have shown that fuel utilization during MICE differs between men
and women4o. Specifically, women have a lower respiratory exchange ratio (RER) than men
during MICE 5o, indicating that women have a lesser reliance on carbohydrates and an
increased reliance on fat to support muscle energy needs49. These initial findings have
prompted much research examining the sites of glycogen sparing (hepatic vs. skeletal
muscle) and increased reliance on lipids (adipose vs intramuscular TG) as well as whether

there are sex differences in the dependence on anaerobic metabolism for energy production.

1.2.1 Sex Differences in CHO Metabolism

The lower reliance on CHO sources during MICE is supported by findings that
women have a lower glucose rate of appearance, rate of disappearance and metabolic
clearance rate during MICE, as compared with men, indicating a decreased reliance on
hepatic glucose storess4,26,51,27. Whether this decreased reliance on hepatic CHO is due to
decreased hepatic muscle glycogenolysis and/or gluconeogenesis in humans is unexamined
due to ethical concerns regarding liver biopsies in humans. However, studies conducted in

animals have shown that males have an increased dependence on hepatic glycogen to meet
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exercise demandss2. Additionally, a study in oophorectomized female rats found a dose
dependant effect of estradiol to decrease liver and muscle glycogen utilization during
exercises3. Together, these findings suggest that the decreased reliance on CHO during
exercise in women is, at least in part, due to a decreased reliance on liver CHO stores, with
animal studies suggesting that this is due to decreased hepatic glycogenolysis.

In skeletal muscle whether sex influences muscle glycogen utilization during MICE is
contentious. Numerous studies have reported no effect of sex on skeletal muscle glycogen
utilizationze,23,27,54,55 while other studies have reported a glycogen sparing effect in
womens4,49,56. There is a multitude of possibilities for the discrepancies between these studies
including exercise intensity, exercise mode, training status of the participants, and failing to
control for menstrual cycle phase. For instance, it has been reported that no difference in
muscle glycogen utilization exists between men and women during cycling at 75%
VO2peak26,23. This may be explained by the intensity being too high during this exercise bout
that thus prevented lipid breakdown and glycogen sparing in womensi, since maximal fat
oxidation has been show to occur at ~60-65% VO2peaks1. However, amongst the trials
conducted at 65% VOzpeak26,54,55 Where fat oxidation should be at or near its maximal rate,
only one study49 involving a 15.5km (90-101minutes) running protocol found that women
used less muscle glycogen (25%) than men49. All of the other trials conducted at 65%
VO2peak22,32,52,55 involved cycling and thus these findings could provide insight into the role
exercise mode could have on muscle glycogen utilization, as a running protocol forces the
recruitment of more muscle mass as the participant has to carry their body weight.

Furthermore, running protocols are shown to recruit the vastus lateralis muscle to a greater
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extent than cycling as well as using both concentric and eccentric contractions to perform the
activityss.

Alternatively, differences in the training status of the participants in the cycling trials
as compared with the running trial could also contribute to the differential findings. The trial
that utilized the running protocol involved highly trained individuals as participants [V O2peak
(ml*kg FFM-1* min-1): men = 75.5+5.1, women = 65.2+4.9]49, whereas the cycling
protocols involved recreationally active participants [VOzpeak (ml*kg FFM-1* min-1): men =
52.4+1.7, women = 49.8+2.1]26,55,57,59. A higher training status would mean that the runners
would rely to a lesser extent on carbohydrate stores during exercise at a given intensityso and
would spare glycogen, thus despite being of similar duration to the cycling protocols sex-
based differences were still evident because muscle glycogen stores were less depletedeo.

The duration of the exercise bout could be one of the main reasons that sex
differences in muscle glycogen (and IMCL) utilization are hard to detect. While both muscle
and hepatic/adipose fuel stores support ATP production throughout a bout of MICE, muscle
fuel store breakdown predominates at the onset of exercise29,59, with plasma sources taking
over once muscle stores have significantly diminished29,59. Therefore, the effects of sex on
muscle substrate utilization may be masked by the long duration of the exercise bout since
reliance on muscle sources to produce ATP decreases as exercise duration increases29,59.
Thus, to examine whether there are inherent differences in the reliance on muscle fuel stores
during exercise, shorter bouts of exercise should be employed.

Additionally, inconsistencies in the effects of sex on muscle glycogen utilization
during exercise are likely due to failing to control for sex hormone fluctuations throughout

the menstrual cycle, as studies comparing fuel utilization in women during the follicular
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phase (FP) to that in the luteal phase (LP) have shown that in the LP there is a lesser reliance
on muscle glycogen during exercisenze. Furthermore, while not significant, there was a trend
(p =0.1) for LP women to use less muscle glycogen during exercise as compared with men2s.
However, there was no difference in muscle glycogen utilization during exercise between FP
women and men2e. These findings suggest that muscle glycogen utilization can vary across
the menstrual cycle and highlights the importance of controlling for menstrual phase when
conducting sex comparative trials. However, controlling for phase of the menstrual cycle has
inherent problems as well since the concentration of estradiol and progesterone can
significantly vary between women during the same period of the menstrual cyclesi.62. Of the
studies that did control for menstrual cycle2s.s3, only one27 reported estrogen concentrations.
Sex differences in CHO metabolism are underpinned by sex differences in mRNA,
protein content and enzyme activities of enzymes involved in CHO metabolism. Muscle
glycogen breakdown is facilitated by the enzyme glycogen phosphorylaseze. It has been
shown that glycogen phosphorylase has a lower maximal activity in women compared to
men suggesting that the process of glycogenolysis is reduced in womenss. Additionally,
phosphofructokinase (PFK) activity, the rate-limiting enzyme of glycolysis that converts
fructose-6-phosphate to fructose-1,6-bisphosphate, is lower in women compared to men3s.
Together these findings demonstrate that women have a dampened capacity to breakdown
and oxidize CHO within the muscle. However, women do produce ATP through glycolysis
during high intensity exercise without compromise, suggesting that the decreased glycolytic
enzyme activity in women is not a performance detriment, but that women are simply less
dependent on carbohydrate sources to meet energy demands during moderate intensity

exercise.
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1.2.2 Sex Differences in High Energy Phosphate Transfer

To the best of my knowledge, only three trials have examined sex differences in
HEPT metabolism. In one study, young, healthy, untrained participants’ forearm flexor
muscles underwent a rest-exercise-recovery protocol until exhaustion, which was meant to
mimic a bout of resistance exercise to failure. It was reported that men utilized more of their
phosphocreatine (PCr) stores during exercise, however when this usage was normalized to
power output it was shown that women had a greater PCr breakdown per unit of poweres.
This study also found that at the end of exercise, women preferentially produced ATP using
aerobic pathways as evidenced by a higher amount of ATP produced by aerobic
phosphorylation, whereas men relied more heavily on anaerobic energy production as
evidenced by greater depletion of PCr stores and a lesser increase of ATP produced by
aerobic phosphorylationss. It is unclear, however, whether men and women were equally
trained, and the exercise protocol employed is not reflective of a typical exercise bout, and
thus the results are difficult to interpret and require verification. However, these findings
suggest that women are better able to switch from anaerobic to aerobic energy production
and are better able to use aerobic cellular respiration to meet energy demands. Consequently,
women exhibit an inefficient anaerobic fuel utilization through the depletion of PCr stores,
which could explain the lower maximal power output produced by women compared to
mens3. These findings suggest that women have a lesser ability to perform single bouts of
movements requiring high power outputs such as a one repetition max. However, it also
implies that for exercise bouts requiring a lesser load for a longer time (i.e. LL-HR resistance
exercise) women may be able to perform more repetitions than males before reaching

muscular fatigue, a hypothesis supported by several trialse4-69.
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To the best of our knowledge, no other studies have examined sex-based differences
in HEPT metabolism during resistance exercise. However, two studies have investigated
these differences during sprint interval training (SIT). While SIT differs from RE due to its
mode of exercise and relative intensity, it is similar to RE in terms of duration. Therefore,
understanding how sex influences HEPT metabolism during SIT can help in our
understanding of how exercise mode and duration influence sex differences in metabolism.
The two SIT studies were conducted to examine anaerobic metabolism during either a single
30s Wingatess or repeated 30s Wingates (3 sprints separated by 20 minutes rest)s7. Both
studies found that glycogen utilization in type I, but not type II, muscle fibres was less in
women than men during the exercise boutses,s7. Additionally, while there was no effect of sex
on changes in ATP or ATP by-products during exercisese,s7, the study involving repeated
Wingates found that ATP was higher and IMP was lower in women, as compared with men
at the onset of the 34, but not the 1st sprints7. These differences were the result of sex-based
differences in the recovery response as during the 20-minute recovery period there was a
greater decrease in IMP in women, suggesting that women were better able to resynthesize
ATP from the reanimation of IMP during recovery. Collectively, the findings of these two
studies suggest that women rely to a lesser extent on glycolysis, further supporting the
hypothesis that women are better able to initiate aerobic metabolism during exercise.
Additionally, these findings highlight that the sex-based differences in glycolysis during
HIIT are not solely due to differences in muscle fibre type distribution as absolute differences
in metabolism were seen within type I fibres. Furthermore, while men and women rely to a

similar extent on HEPT during sprint exercise, women have a greater capacity to remove
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ATP by-products during rest, allowing them to maintain peak power output during
subsequent sprints, whereas peak power declines in mens?.
1.2.3 Estrogen-Mediated Differences in Metabolism

Sex differences in substrate utilization during exercise are at least partly due to
differences in estrogen (E2) between men and women. Animal studies have reported that
male rats have higher storage and utilization of liver glycogen as compared with female
ratss2. Furthermore, in oophorectomized female rats there is a dose-dependent response of E2
on the extent of glycogen sparing in both muscle and liver, peaking at 10ug E270. Moreover a
10ug dose of E2 in male rats induced glycogen sparing in muscle, liver, and heart, while
consequently they were able to run longer while completing more workss. The decrease in
glucose oxidation for total energy demands must be compensated from another oxidative
source in order to meet metabolic demands. To accompany the sparing in glycogen, the
supplemented rats demonstrated a greater affinity for fat oxidation to meet energy demands.
Male rats supplemented with 10ug of E2 demonstrated an increase in circulating plasma FA
as well as a decrease in blood lactatess. These findings, coupled with the evidence
surrounding glycogen utilization, indicate that E2 treatment shifts the dependence of fuel
utilization from glycolysis to FFA oxidation to meet exercise energy demands.

Estrogen supplementation trials have also been conducted in humans with conflicting
findings27,32,71-73. Differences in findings may be related to differences in dosing strategies
(low dose to mimic the follicular phase vs high dose to mimic the luteal phase of the
menstrual cycle) or participants (men vs amenorrhoeic women). In a study where men were
supplemented with luteal phase equivalents (2 mg/d) of E2 for 8 days 71, CHO oxidation

decreased by 5-16%, leucine oxidation decreased by 16% and lipid oxidation increased by 22
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—44% at rest and during exercise at 65%V O2peak72. Correspondingly, there was a decrease in
glucose Ra and Rd during exercise compared to placebo27. The trial also noted that E2
lowered proglycogen and total glycogen concentration compared to placebo, without an
associated effect on net muscle glycogen use during exercise27. A similar trial administered
3mg/day of E2 to men for 8 days and found a reduction of glucose Ra and MCR, as well as
an increase in circulating plasma glucose following 90-minutes of cycling at 65%V O2peak,
suggestive of a lesser dependence on glucose for oxidation27; however, there was no
difference in whole-body carbohydrate or fat oxidation during exercise. Furthermore, lower
dose estrogen supplementation, meant to mimic levels seen in the follicular phase, to men for
11 days did not influence whole body substrate utilization or muscle glycogen utilization
during exercise73. However, when low-dose E2 was given to amenorrhoeic females it was
determined that, although the contribution of plasma glucose and muscle glycogen to total
energy expenditure was similar across all groups, there was a decrease in glucose rate of
appearance and rate of disappearance7i. The study noted that a decrease of gluconeogenesis,
epinephrine secretion, and glucose transport were some of the variables that would account
for the effect of E2 on glucose metabolism7i. Together, these findings indicate that E2 can
modulate fuel utilization during exercise, but that consideration must be given to the dose
administered as well as the sex of the participants.

Importantly, the findings of the E2 supplementation trials are unable to determine
whether it is the increase in E2 or the corresponding decrease in testosterone induced by E2
that is causing changes in muscle metabolism. Braun et al2s was able to determine that it is
indeed estrogen that is mediating these effects by conducting a trial where they tested

exercise substrate metabolism in young men at physiological, low (pharmacological
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testosterone ablation), and high (testosterone treatment) concentrationss2. The study found
that testosterone had very little effect on substrate utilization during exercise in young menz2s.
Therefore, these findings confirm that it is indeed estrogen that is mediating the observed sex
differences in metabolism during exercise.

Estrogen has also been found to influence the mRNA and protein content of key
metabolic enzymes involved in lipid and glucose metabolism2s. E2 supplementation to men
has been shown to increase both PPARa and PPARS compared to baseliness. An increase in
both these nuclear hormone transcription factors will upregulate enzymatic species related to
metabolic function and will therefore enhance fatty acid oxidationss. E2 has also been shown
to increase -oxidation through increasing the expression of TFP-a3s. Mitochondrial FA
transport has also been increased in men with administration of E2, through an increase in the
expression of CPTI3s. IMCL synthesis is also affected by E2, through an increase in the
expression of SREBP-1c¢ and mtGPAT3s. Finally, cellular glucose uptake is thought to
increase with E2 through the increased expression of GLUT43s. Additional studies are
needed to elucidate the full extent that E2 is responsible for sex-based differences in
metabolism, as well as uncover potential sex based-differences that are mediated by E2.

In summary, the findings of sex comparative trials have shown that women are more
reliant on fat oxidation during exercise, as compared with men, which results in a sparing of
endogenous CHO stores. Additionally, women are better able to metabolize fuels through
aerobic metabolism at the onset of exercise as compared with men and are thus less reliant on
anaerobic energy production. Whether sex differences in fuel utilization persist during

resistance exercise, particularly LL-HR exercise, has yet to be examined.
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Chapter Two: Rationale, Purpose and Hypotheses

2.0 Study Rationale

The population of Canada, as well as most industrialized nations, is agingi. Aging is
associated with the development of numerous diseasese2-4, such as cardiovascular disease,
type 2 diabetes and sarcopenia. The higher proportion of older adults highlights the need for
more streamlined interventions to prevent and combat the development of these diseases.
Exercise has been prescribed to this population as an intervention meant for either the
prevention or the rehabilitation of age-associated diseases; however, different modes of
exercise are needed to induce specific adaptations. For example, MICT is known to improve
cardiorespiratory fitnesss and insulin sensitivitys, decreasing the risk for cardiovascular
disease and type 2 diabetes74; however, MICT has little effect on muscle mass, strength and
function. Alternatively, heavy resistance training can increase muscle mass, strength and
function17,18,31, but is less effective at improving insulin sensitivity and cardiorespiratory
fitness. Thus, in order for older adults to prevent/ameliorate aging-associated diseases they
have to perform multiple modes of exercise, which is time consuming and may decrease
participation.

A relatively novel resistance exercise mode, LL-HR resistance exercise, has been an
area of active interest and it has been shown to induce greater increases in skeletal muscle
hypertrophic factors2o, comparable increases in muscle mass and strength21-23, and impart less
mechanical strain on jointsio compared to heavy RE. Therefore, this mode of exercise may be
especially beneficial for older adults as it may prevent/attenuate the development of
sarcopeniai3. Additionally, given that LL-HR requires sets that are longer in duration along

with less rest and lower intensity, it is likely more aerobic in nature. Aerobic adaptations may
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be able to manifest during LL-HR to a comparable extent as MICT. Since aging is associated
with the development of sarcopeniazs, T2D76, and CVDs77, LL-HR may represent an optimal
mode of exercise to prevent “aging-associated” diseases. Physical activity recommendations
for older adults include doing both aerobic and resistance exercise74, and LL-HR may allow
for both modes of exercise to be completed in one, time-efficient session. Since time is one
of the biggest barriers to physical activity, LL-HR could have a profound effect on meeting
physical activity guidelines.

There are well-established sex-based differences in fuel utilization during exercise,
which are thought to underpin some of the sex-based differences in training-induced
adaptations (i.e. insulin sensitivity)23,27,49,59. In general, women rely to a lesser extent on
carbohydrate sources to fuel endurance exercise compared to men, as indicated by the finding
that women have a lower respiratory exchange ratio (RER)49. The lower RER is at least in
part due to the finding that women have a lower glucose Ra, Rd, and MCR, suggestive of a
lesser reliance on hepatic glucose stores26,27,49,51,52. The lower RER may also be due to sex-
based differences in muscle glycogen utilization; however, sex differences in muscle
glycogen utilization is contentious as some 8,30,33-35, but not alls9, studies have found no
difference in muscle glycogen utilization between men and women during exercise
Differential findings with respect to muscle glycogen utilization may be due to differences in
the menstrual phase women were testeds,c0-62, the mode of exercise employeds,29,30,33-35, and
the training status of the participants.

Anaerobic sources also contribute substantially at the onset of exercise and during
exercise bouts that are of higher intensity and/or are intermittent in natureo,io. During forearm

flexor exercise performed to failure, meant to mimic resistance exercise, men used a greater
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amount of PCr than womenses. Although when expressed relative to the unit of power
produced, women used a greater amount of PCr than mens3s. These findings suggest that
during resistance-type exercise women require more PCr to perform identical feats of power,
thereby suggesting an inefficient utilization of the stored energy source compared to menses.
Alternatively, studies examining sex differences in anaerobic metabolism during sprint
interval exercise found that while men had a greater decrease in muscle glycogen and a
greater increase in muscle lactate in type I muscle fibres than women, there were no
differences in HEPT metabolism during spring interval exercisess,s7. While collectively these
findings suggest that men are more reliant on anaerobic systems during exercise irrespective
of exercise mode, while women are better able to initiate aerobic metabolism, the differential
findings between studies suggest that sex differences in fuel utilization during exercise may
be related to exercise mode.

Men and women do not always respond similarly to exercise training. Indeed, sprint
interval exercise robustly improves insulin sensitivity in mens, this response is blunted or
absent in women79. As sex differences in metabolism may underpin differences in training
adaptations between the sexes, and exercise mode may influence the extent of sex differences
in metabolism during the exercise bout, it is important that we characterize the fuel
utilization pattern during LL-HR RE in both men and women to get an understanding of
potential adaptations this mode of exercise may induce. Therefore, the research conducted in
this thesis will serve to 1) identify the anaerobic fuel utilization pattern during an acute bout
of LL-HR resistance exercise and 2) examine the differences in substrate utilization during

LL-HR resistance exercise between men and women.
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2.1 Purpose

The purpose of the research conducted in this thesis was to characterize the anaerobic

fuel utilization pattern during an acute bout of LL-HR resistance exercise and determine

whether sex influenced the fuel utilization pattern.

2.2 Objectives

1.

To determine the contribution of the HEPT and glycolytic systems to energy
production during LL-HR RE.

To identify how LL-HR RE influences the phosphorylation status of enzymes
involved in aerobic and anaerobic metabolism.

To examine whether sex influences the contribution of the HEPT and glycolytic
systems during LL-HR RE.

To determine if sex differences in HEPT and glycolysis are underpinned by

differences in protein content of relevant enzymes.

2.3 Hypotheses

1.

The concentration of creatine, inorganic phosphate, and lactate will increase, and
muscle glycogen will decrease during LL-HR resistance exercise.

Phosphorylated CK and phosphorylated PDHela will decrease during LL-HR RE.
Glycogen will decrease and creatine, inorganic phosphate, and lactate will increase to
a greater extent in men than women during LL-HR RE. ATP will decrease to a lesser
extent in men than women during LL-HR RE.

Men will have a higher content of anaerobic glycolytic enzymes (GP, PFK, LDH-M,
PDHela, and PDHK4) as well as HEPT enzymes (CK, and AMPD2) compared to

women. Men will also have a greater content of transporters responsible for lactate
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expulsion (MCT4) while women will have a higher content of transporters
responsible for lactate uptake (MCTT1) as well as the ability to convert that lactate to

pyruvate (LDH-H).
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Chapter Three: Methods

3.0 Participants

Young, healthy men and women (n = 10/sex) participants were recruited. Men and
women were appropriately matched for habitual training status and maximum aerobic
capacity relative to fat-free mass [VO2 peak (mL kgFFM-1 min-1)]. Men were excluded if they
have a VO2peak of S1mLkg-1min-1 or higher. Women were excluded if they have a VO2peak of
44mLkg-1min-1 or were pregnant or suspected they may be pregnant. The VO2peak limits
excluded people with excellent VO2peak scores. Exclusion criteria pertaining to both sexes
included the presence of chronic health conditions, the inability to complete the single
exercise session, regular participation in cardiovascular (>3 session week-1) or resistance (>2
sessions week-1) exercise, having an allergy to local anesthetic, having undergone a barium
swallow or an infusion of contrast agent in the past 3 weeks, taking prescription anti-
coagulant or anti-platelet medications, the inability to exercise as dictated by the Get Active
Questionnaire, or having a body mass index of >27kgm-2. Prior to commencing the trial all
participants had the study explained to them, including advisement of the risks and benefits
of participation. This study received ethics approval by the University of Waterloo Research
Ethics Board (REB# 2277) and conformed to all standards for ethical engagement of human
subjects in research set out in the Canadian tricouncil research policy

(http://www.pre.ethics.gc.ca/pdf/eng/tcps2/TCPS_2_ FINAL_Web.pdf).
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3.1 Study Design

Recruitment Preliminary Testing Acute Exercise Bout
o O Visit 1 Pre Post
* Anthropometrics + Logs Low Load High Repetition
* VOzpea » Exercise bout
* One Repetition Max
Visit 2 |
* DXA . * Blood Sample * Blood Sample
n=12 n=12 * One Repetition Max

* Muscle Biopsy * Muscle Biopsy

Figure 2: General chronological overview of study design

3.1.1 General Study Outline

Upon enrollment into the study, participants underwent a VO2peak test on a cycle
ergometer. This test served as a normative value to appropriately match men and women
with respect to aerobic power and thus enable the ability to elucidate sex-based differences.
In order to appropriately match men and women based on training status the VO2peak data was
normalized relative to fat-free massso. In order to determine fat-free mass participants
underwent a measure of body composition using a full-body dual energy x-ray
absorptiometry (DXA) scan using a Hologic Discovery W (Hologic, Mississauga, ON, CA).
Once the scan was completed, the image was analyzed using QDR APEX software (Version
4.5.3, Hologic, Mississauga, ON, CA) by a trained technician. Upon completion of the
VO2peak test, participants were given 3-day food logs, as well as in depth physical activity log
for seven days along with a pedometer to track steps within the day. The physical activity
logs allowed for assessment of habitual physical activity. The food logs allowed for
comparison of habitual dietary intake between the sexes, by comparing macro and
micronutrient profiles.

On two separate occasions participants underwent assessment of their one repetition

maximum (1-RM) with each session separated by at least 72 hours. 1-RM was assessed for
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bench press, leg extension, lat pulldown, hamstring curl, shoulder press, and leg press.
Official 1RMs were the maximal lift between the 2 attempts. These values served to
determine the appropriate load for the low-load, high-repetition exercise bout.

On the morning of testing, at least 72 hours after performing any moderate-vigourous
physical activity, participants arrived at the lab following an overnight fast (12 h). A muscle
biopsy was taken from the vastus lateralis and a blood sample collected from the antecubital
vein. After a general aerobic warmup of five minutes, the low-load high repetition exercise
began. Once the exercise culminated, the participant immediately had another muscle and

blood sample collected.
3.1.2 Detailed study procedures

3.1.2.1 VO2peak

Maximal oxygen uptake was measured using a Vmax system (Vyaire Medical,
Mettawa, IL, USA) on a cycle ergometer (Ergoline, Bitz, Germany). Participants began by
warming up at SOW for 2 minutes. A finger prick was administered using a lancet and lactate
was analyzed every minute throughout the test using a Lactate Scout Plus (EKF, Penarth,
England). Heart Rate was collected every 30 seconds using a Polar Heart Rate monitor
(Polar, Lachine, QC, CA). A rating of perceived exertion (RPE), using a Borg scale (6-20)
was also collected every minute of the test. Programmed into the ergometer was our ramp
protocol consisting of a 1W increase every 2 seconds, beginning at SO0W and ongoing until
the participant reached volitional failure. Breathe-by-breathe analysis was collected by the

Vmax system and averaged for every 30 seconds in order to determine VOzpeak.
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3.1.2.2 One Repetition Max Testing

Each participant completed the 1-RM testing on 2 separate occasions separated by at
least 72 hours, and the highest weight achieved between the attempts was used to calculate
the exercise weight. Participants underwent 1-RM testing for the following resistance
exercises; bench press, leg extension, lat pulldown, hamstring curl, shoulder press, and leg
press (Life Fitness, Rosemont, IL, USA). The session began with a five-minute general
aerobic warmup before transitioning into the resistance exercises. Heart rate was gathered
after every set of resistance exercise, using a polar heart rate monitor. RPE was determined at
the same time intervals. Each exercise began with a conservatively chosen warmup weight,
based on the participant’s training familiarity, for a 10-repetition warmup. Based on the RPE
following the first warm up set, 10-20% of weight was added for the subsequent set, which
served as a second warmup and consisted of 3-5 repetitions. Following this final warmup set,
additional weight was added as the participant worked towards their 1-repetition max. There
was 2 minutes of rest between each of the sets to ensure PCr pool replenishment. A qualified
spotter was present to ensure the safety of the participant as well as the quality of the
repetitions being performed. 1-RM was determined within 5 attempts and was used to
determine the load for each exercise that was performed during the low-load high-repetition
exercise bout.
3.1.2.3 LL-HR Protocol

The low-load high repetition resistance exercise bout consisted of lifting a load
corresponding to 30% 1-RM for 20-25 repetitions for each exercise in a circuit format.
Participants completed 3 sets of every given exercise in a circuit format (Chest Press, Leg

Extension, Lat Pulldown, Hamstring Curl, Shoulder Press, Leg Press), with each exercise
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being separated by 30 seconds of rest and each round of the circuit separated by 2 minutes of
rest. The final set of each exercise continued to volitional failure. At rest and throughout the
exercise session a finger prick blood sample was taken every 3 minutes for determination of

blood lactate concentration using a Lactate Scout Plus (EKF, Penarth, England).

3.1.2.4 Muscle Sample Collection

Before and after the LL-HR protocol participants underwent a muscle biopsy of the
vastus lateralis using a custom suction-modified Bergstrom needle. The first sample obtained
was immediately placed in liquid nitrogen prior to removing the sample from the needle to
allow for determination of muscle glycogen and metabolite concentrations. The second
sample collected was dissected free of fat and connective tissue and one piece was snap
frozen in liquid nitrogen and stored at -800 C for analysis of protein content of enzymes
related to anaerobic and aerobic energy metabolism. The other piece was mounted for
determination of muscle fibre type.
3.2 Analysis
3.2.1 Western Blot Analysis

Muscle samples for Western Blot analyses were homogenized in ice cold 25mM Tris
buffer (25mM Tris, 0.5% (v/v) Triton X-100, and protease/phosphatase inhibitor tablets
(Roche Diagnostics, Laval, QC, Canada)). Muscle samples were transferred into a prechilled
homogenization Biopur Eppendorf (Eppendorf, Mississauga, ON, Canada) and
homogenization buffer was added at a ratio of 10uL buffer to Img of muscle. A
homogenization bead (Qiagen, Toronto, ON, Canada) was added to the Eppendorf, and
samples were homogenized using TissueLyser II (Qiagen, Toronto, ON, Canada) run at 20

cycles seconds-1 for 40 seconds. Once the sample were sufficiently homogenized, samples
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were spun at 10,000G for 10 minutes at 40C. Supernatant was separated and allocated into a
prechilled Eppendorf, while the pellet was frozen for potential use in analyses. A
bicinchoninic acid (BCA) assay was used to determine the total protein content of each
sample. Subsequently, samples were prepared in Laemmli buffer (0.5M Tris-HCI, glycerol,
10% SDS, 1% bromophenol blue, B-mercaptoethanol, and ddH20) and stored at -800C until
western blotting analysis began.

Using SDS-PAGE and western blotting, principle metabolic proteins were analyzed.
An equal amount of protein (10 pg) of each sample was run on 4-15 % Criterion TGX Stain-
Free protein gels (BioRad, Hercules, CA, USA) for 45 minutes at 200 volts. Protein ladders
(Precision Plus Protein Standard, BioRad, Hercules, CA, USA) and a standard curve (pooled
from all samples) were run on every gel to induce comparative power. Proteins were
transferred to a PVDF membrane using the Trans-Blot Turbo Transfer System (BioRad,
Hercules, CA, USA). Total protein and visual confirmation of protein transfer was done pre
and post membrane transfer, respectively, using a Chemidoc MP (BioRad, Hercules, CA,
USA). Blocking of the membranes was done for 2 hours in either 5% bovine serum albumin
(BSA) in 1X Tris-buffered saline and Tween 20 (TBST) or 5% skim milk in 1X TBST to
ensure the optimization of the blocking, detailed in Table 1. Membranes were kept at 4°C for
12 hours in primary antibody at 1:1 000 — 10 000 dilutions as optimal for each antibody in
I1X TBST (Table 1). After the 12-hour period, the membranes were washed 5 times for 3 min
with 1X TBST to remove excess primary antibody before the appropriate secondary antibody
(1: 20,000) was added. Secondary antibody was incubated with the membrane at room
temperature for 1 hour. Afterwards, the membrane was imaged one more time using

chemiluminescence Super-Signal West Dura Extended Duration Substrate (Thermo Fisher,

29



Scientific, Waltham, MA, USA) on the Chemidoc imaging system (BioRad, Hercules, CA,
USA). Bands were quantified using ImageJ (Version 1.51a, National Institute of Health,
USA) and protein content was normalized using the standard curve obtained from the gel.
The list of antibodies and their specific information can be found in Table 1.

Table 1. Antibodies for western blot analysis with the specifics for blocking, primary
antibody, and secondary antibody incubations.

. . Blocking Pril.nary Seco.ndary

Antibody Provider Agent AI}tlbf)dy Al-ltlb.Ody
Dilution Dilution
GP Invitrogen 1:2 000 1:5 000
PFK Abcam 1:10 000 1:10 000
LDH-H Abcam 1:1 000 1:5 000
LDH-M Abcam 1:4 000 1:5 000
PDH-Ela Invitrogen 5% Skim Milk 1:1 000 1:5 000
PDHK4 Abcam in IXTBST  1:1 000 1:5 000
CK Abcam 1:1 000 1:5 000
AMPD2 Santa Cruz 1:2 000 1:10 000
MCT1 Abcam 1:1 000 1:5 000
MCT4 Abcam 1:2 000 1:5 000
Phospho-CK Abcam 1:4 000 1:10 000
5% BSA in 1X

phospho Abcam ST 3000 1:10 000

3.2.2 Muscle Glycogen and Metabolite Assays

Muscle glycogen and metabolite concentrations were determined using commercially
available kits (Table 2). In order to determine muscle metabolite and glycogen
concentrations, muscle samples were homogenized in 25mM Tris buffer with 0.05% Triton
X using TissueLyser II (Qiagen, Toronto, ON, Canada). Immediately after homogenization,
samples were centrifuged for 10 minutes at 15,000g at 40C, and the supernatant was
separated. A deproteinization procedure was then completed. 4M PCA was added to each

sample until a concentration of 1M PCA was achieved, samples were centrifuged for 5
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minutes at 15,000g at 4oc, and the supernatant removed. 2M KOH was added to each sample
until the KOH was 34% of the final volume of the supernatant, samples were centrifuged for
3 minutes at 15,000g at 4oc and the supernatant successfully deproteinized.

Each metabolite assay was done in an identical manner with the differences being the
enzyme reagent mix and the enzyme reaction mix that was used. The composition of each of
these mixes remains unknown, as the proprietary blends are the creation of the manufacturer.
Each sample well was loaded with 10pul of processed muscle sample and brought to volume
with 40ul of enzyme reagent mix. 50pl of enzyme reaction mix was added to each of the
wells to begin their respective reactions. After a 30-minute incubation period, each plate was
read at their respective wavelength and metabolite concentration analyzed. Each metabolite
kit, and their respective wavelength is summarized in table 2.

Table 2. Metabolite of interest, assay kit utilized, and wavelength used for reading

Metabolite of Interest Colourimetric Assay Kit Used Wavelength
Glycogen Glycogen Assay Kit I (ab169558) 450nm
Pyruvate Pyruvate Assay Kit (ab65342) 570nm
Lactate L-Lactate Assay Kit (ab65331) 450nm
Creatine Creatine Assay Kit (ab65339) 570nm
ATP ATP Assay Kit (ab83355) 570nm
Phosphate Phosphate Assay Kit (ab65622) 650nm
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3.2.3 — Immunohistochemical Staining

Using muscle samples preserved in OCT, serial sections of 10um thick samples were
cut using a cryostat (Thermo Electronic, MA, USA) and mounted on slides to be analyzed.
Blocking solution (10% goat serum, 90% 1X PBS) was aliquoted over the sections (100pul)
and allowed to incubate at room temperature for 1 hour. After the incubation, 100ul of each
lo antibody (table 3) was aliquoted to cover the cross sections. Muscle samples with 1o
antibody were allowed to incubate overnight in the dark (~18hours). Samples underwent 3 x
5-minute washes using 1X PBS in the dark. Samples were allowed to dry and subsequently
incubated with the appropriate 2o antibodies diluted 1:500 in 10% goat serum and 1x PBS for
1 hour in the dark. At the end of the incubation, slides were once again washed using 3 x 5-
minute washes using 1X PBS in the dark. Slides were allowed to dry, and 15ul of Prolong
was applied over all of the sections and mounted with a #1 coverslip. In order to reach peak
fluorescence, slides were allowed to sit in the dark for 18 hours. The slides were imaged in
the dark under the microscope (Zeiss, Oberkochen, Germany) on the highest intensity setting
and were captured using the Zen System (Zeiss, Oberkochen, Germany) computer program
using the ‘Image Processing’ tab for analysis. Muscle fibre type and cross-sectional area
were determined using Image J with an average of 500 fibres/sample analyzed.

Table 3. Antibodies, dilution factors, volumes to be added and the immunofluorescent colour
of each antibody for the fibre typing protocol

1 2°
1° 2°
MHC . Dilution . Dilution Colour
Antibody Factor Antibody Factor
I BA-F8 1:50 IgG2b 1:500 Blue
IIa SC-71 1:600 IgG1 1:500 Absence of Colour
IIx 6H1 1:100 IgM 1:500 Red
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3.3 Statistical Analyses

Baseline differences between groups was assessed using a non-paired t-test in SPSS
(version 25, IBM, Armonk, NY, USA). 2-way mixed model ANOVA with sex as the
between variable (2 levels, male/female) and time (2 levels, pre/post exercise) as the within
variables were used to determine the effects of sex and exercise on all other experimental
variables using SPSS. Post-hoc analyses were conducted using a Tukey’s HAD test where
appropriate. Linear regression analysis was used to determine the influence that muscle fibre
type distribution had on the metabolic changes found in the study using GraphPad Prism

(version 8.3.0, San Diego, CA, USA). Significance was set at P < 0.05.
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Chapter Four: Results

4.1 Participant Characteristics

Baseline characteristics were different between the two groups with men having a
greater height (p=0.0014, table 4), weight (p=0.0169, table 4), and VO2 peak relative to total
body mass (p=0.0017, table 4) compared to women. Women had a body fat percentage
compared to men (p=0.0002, table 4). Importantly, when expressed relative to fat-free mass,
men and women had comparable VO2 peak values (p=0.2839, table 4).

Table 4. Participant characteristics

Men Women p Value
Age (y) 22+1 21 +1 0.68
Height (cm) 1784 +2.4 1643 +29 0.001
Weight (kg) 74.7+3.2 62.6+3.2 0.017
BMI (kg/cm2) 23.8+1.0 23.7+1 0.926
% BF 222+1.6 33.5+1.7 0.001
VOzpeak (ml O2/min/kg) 437+ 1.8 356 +1.2 0.002
VOzpeak (ml O2/min/kg FFM) 59.7+1.7 56.8+2.0 0.284

Data are means = SEM. BMI - body mass index, % BF - percent body fat, FFM — fat free
mass.

Baseline one repetition max measurements revealed that men had significantly higher
1RMs than women for chest press (p = 0.002, table 5), shoulder press (p = 0.002, table 5), lat
pulldown (p < 0.001, table 5), knee extension (p = 0.007, table 5), and hamstring curl (p <
0.001). Additionally, men had a strong trend to have a higher leg press 1RM (p = 0.062).
These differences continued to exist when 1RM was normalized to fat free mass for chest
press (p = 0.008), shoulder press (p = 0.029), and lat pulldown (p = 0.046). However, there
was no significant difference for IRM/FFM for leg press (p = 0.621), knee extension (p =

0.643), and hamstring curl (p = 0.103).
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Table 5. Average 1 RM values for 10 men and 10 women participants

Men Women p Value
Absolute (Ibs) 147+ 17 76 + 8 0.002
Chest Press Relative to (FFM)  1.20 + 0.1 0.89 +0.1 0.008
Shoulder Press ADSOIute (DS) 149 + 18 79 +7 0.002
Relative to (FFM)  1.23 + 0.1 0.94+0.1 0.029
Absolute (Ibs) 167+ 12 102+ 10 0.001
LatPulldown — p lative to (FFM) 139+ 0.1 120+0.1 0.046
Leg Press Absolute (Ibs) 377 + 37 278 + 33 0.062
Relative to (FFM)  3.11+0.2 3.26+0.3 0.621
Knce Extensioq  ADsolute (bs) 209 + 15 143 + 16 0.007
Relative to (FFM)  1.74 + 0.1 1.67+0.1 0.643
Hamstring Curl Absolute (Ibs) 160 + 12 103 +7 0.001
Relative to (FFM)  1.33 + 0.1 122+ 0.1 0.103

Data are means =+ SEM.

Nutritional information from the 3-day food logs revealed no statistical differences between
men and women for absolute energy and macronutrient intake (table 6). There was a strong
trend however, for men to consume more energy (p = 0.07) than women. Additionally, there
was a strong trend for men to consume more protein than women (p = 0.06). However, when
normalized to % of daily energy intake and to body weight, protein intake was similar
between men and women (p = 0.41 and p = 0.68, respectively) There was no difference in %
carbohydrate or fat intake relative to energy intake.

Table 6. Dietary intake for 10 men and 10 women participants

Men Women p Value
Energy (kcal) 1791+ 104 1550 + 67 0.07
Protein Absolute (g) 85+9 65+3 0.06
% of Daily Kcal 17+1 19+2 0.41
g/kgBW/d 1.61+0.1 1.75+0.1 0.68
Fat Absolute (g) 72+7 61+5 0.18
% of Daily Kcal 35+2 36+2 0.71
Carbs Absolute (g) 207 £ 16 194+ 11 0.51
% of Daily Kcal 50+2.0 47 +3 0.3

Data are means + SEM. BW: body weight, d: day
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4.2 LL-HR Acute Exercise Bout

During LL-HR there was a trend for women to complete more repetitions during the
final set of each exercise compared to men (p = 0.094, figure 3). However, when the total
work of exercise was standardized to fat-free mass, both men and women completed an
identical volume of work (p = 0.774, figure 3). Lactate at the point of failure did not differ

between men and women (p=0.183).
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Figure 3: Representation of A) number of reps to failure during the last set B) exercise
volume per kg of fat-free mass, and C) lactate concentration at failure during an acute bout of
low load, high repetition resistance exercise. Data are reported as the mean + SEM. Analysis
done by independent T-Test.
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4.3 Changes during LL-HR Exercise Bout

As expected, there was an increase in heart rate (p <0.001, figure 4 A), RPE (p <
0.001, figure 4 B), and lactate (p < 0.001, figure 4 C) over the course of the exercise bout
with no differences between men and women. Additionally, there was no difference in the
AUC for heart rate (p = 0.928), RPE (p = 0.445), or lactate (p = 0.235) between men and
women. The percentage of heart rate max was calculated for each set of the circuit and was
found that men worked at 65%HRmax, 67%HRmax, and 70%Hrmax during sets 1, 2, and 3,
respectively. With respect to women, they worked at 69%Hrmax, 80%HRmax, and 85%HRmax
during sets 1, 2, and 3, respectively. Therefore, women worked at a significantly higher
percentage of their heart rate max for set 2 (p = 0.002) and set 3 (p = 0.003), but not set 1 (p

= 0.26) than men.
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done by AUC calculation
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4.4 Contribution of HEPT to energy production
4.4.1 Sex differences in the change in HEPT metabolites
Creatine

At baseline creatine concentration did not differ between men and women (p = 0.747,
figure 5 A). Creatine increased during LL-HR in men, but not women (p = 0.026, figure 5 A).
When expressed relative to baseline creatine content, creatine increased by 22% in men and
decreased by 3% in women (p = 0.05).
ATP

Overall men had a higher ATP concentration than women (p = 0.01, figure 5 B).
During LL-HR ATP concentration decreased in both men and women (p < 0.001, figure 5 B),
with no difference in the extent of the decrease between the sexes (p = 0.352, figure 5 B).
However, when expressed relative to baseline ATP content there was a tendency for the
percent change in ATP to be greater in women (-39%) than men [-18%, (p = 0.09)].
Inorganic phosphate

Inorganic phosphate levels were higher in men than women (p = 0.007, figure 5 C).
Phosphate levels did not change significantly with exercise in either sex (p=0.492, figure 5

Q).
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Figure 5: A) Creatine, B) ATP, and C) inorganic phosphate content of skeletal muscle in
male and female participants prior to and following LL-HR exercise. Data are reported as the

mean = SEM for 20 participants. Data analysis by mixed model ANOVA* p =0.026, ** p <
0.001,+p=0.01, and £ p=0.007.
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4.4.2 Sex differences in protein content of HEPT enzymes

We also examined whether there were differences in the protein content of enzymes
involved in HEPT metabolism. At rest there were no differences between men and women in
the protein content of creatine kinase (p = 0.370, figure 6 A) or AMP deaminase 2 (p =
0.159, figure 6 B). At baseline phosphorylated CK was similar between men and women (p =
0.422, figure 6 C). The content of phosphorylated CK decreased following LL-HR in both
men and women (p<0.001, figure 6 C)., but to a greater extent in women as compared with

men (p=0.023, figure 6 C).
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Figure 6: A) CK, B) AMPD2, and C) Phosphorylated CK protein expression of skeletal
muscle from male and female participants. Data are reported as the mean = SEM for 20
participants. Analysis by independent T-test for CK and AMPD2. Analysis by mixed model
ANOVA for phosphorylated CK. * p <0.001 and ** p = 0.023.
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4.5 Contribution of glycolysis to energy production during LL-HR
4.5.1. Sex differences in glycolytic metabolites
Muscle glycogen

Muscle glycogen content was higher in men than woman (p = 0.001, Figure 7 A).
With respect to glycogen breakdown, exercise decreased muscle glycogen content in both
men and women (p < 0.001, figure 7 A), with men tending to utilize more glycogen than
women (p=0.08, figure 7 A). However, when expressed as a percent change from baseline
muscle glycogen content there was no difference in glycogen utilization during exercise.
Muscle pyruvate

Pyruvate was not different between men and women (p=0.234, figure 7 B), nor was
there a significant change during LL-HR (p=0.672, figure 7 B). Additionally, there was no
difference in the change in pyruvate during exercise between men (593%) and women [420%
(p=0.766)].
Muscle lactate

Muscle lactate was greater in men as compared with women (p = 0.019, figure 7 C).
There was no overall effect of LL-HR on muscle lactate concentration (p=0.339, figure 7 C);
however, there was a trend for muscle lactate to increase in men, but not women during LL-
HR (p = 0.09, figure 7 C). Furthermore, when expressed relative to baseline muscle lactate

content there was a tendency for the percent change in lactate to be greater in men (35%)

than women [-9%, (p = 0.07)].
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Figure 7: Glycogen, pyruvate, and lactate content of skeletal muscle from male and female
participants from both pre and post LL-HR exercise bout. Data are reported as the mean +
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4.5.2 Sex differences in the protein content of glycolytic enzymes

As with the HEPT system we also probed for differences in protein content of
enzymes related to glycogen/glucose metabolism (Figure 8). There were no differences in the
protein content of glycogen phosphorylase (p = 0.517, figure 8 A) or phosphofructokinase (p
=0.372, figure 8 B). We also determined the protein content of enzymes related to the
metabolic fate of pyruvate. There were no differences in the protein content of PDHK4 (p =
0.180 figure 8, C), PDHEla (p = 0.741, figure 8 D), LDH-M (p = 0.415, figure 8 E), or
LDH-H (p =0.525, figure 8 F), MCT-1 (p = 0.241, figure 8 G) or MCT-4 (p = 0.940, figure 8
H). Furthermore, there was no difference between men and women in the phosphorylation
status of PDHE1la (p = 0.72, Figure 8 I), but phosphorylated PDHE1a did decrease during
LL-HR in both men and women (p < 0.001, figure 8 I) with no difference between the sexes

(p = 0.45, figure 8 I).
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Figure 8: A) GP, B) PFK, C) PDHK4, D) PDHE1a, E) LDH-M, F) LDH-H, G) MCT1, H)
MCT4, and I) Phosphorylated P-PDHE1a protein expression in skeletal muscle from male
and female participants. Data are reported as the mean + SEM for 20 participants. Analysis
by independent T-tests except for P-PDHE1a which was analyzed by mixed model ANOVA.
* denotes a significance of p < 0.001.
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4.6 Sex differences in muscle fibre type

Women had a significantly greater percentage of type I muscle fibres as compared
with men p = 0.07, figure 9 A). Men had a significantly greater percentage of type Il muscle
fibres as compared with women (p = 0.09, figure 9 A); however, this was not due to a
specifically greater amount of type Ila (p = 0.10, figure 9 B) or type IIx fibres (p = 0.19,
figure 9 B). A representative image is seen in figure 9, C.

Correlational analyses was conducted to examine the influence of fibre type
distribution on muscle metabolism during LL-HR The absolute (r =-0.50, p =0.02, figure
10 A) and relative (r=-0.53, p=0.02, figure 10 B) changes in lactate were negatively
correlated with type I fibre content. Additionally, the absolute (r =-0.52, p = 0.02, figure 10
C) relative (r = -0.48, p = 0.03, figure 10 D) decreases in P-CK were also negatively
correlated with type I fibre content. Finally, the absolute change (r =-0.53, p = 0.02, Figure
10 E), but not the relative change in pyruvate was negatively correlated with type I fibre
content. Additionally, there was a negative relationship between type I fibre content and the
content of PDHK4 (r = -0.49, p = 0.02, figure 10 F) and the content of MCT1 (r =-0.47,p =
0.04, figure 10 G). There was no relationship between type I fibre content and any of the

other metabolites (Figure 11 A-D) or proteins measured in the current trial (Figure 11 E-N).
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Figure 10: Linear regression analysis showing the relationship between type | muscle fibre
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Figure 11: Depiction of linear regression analysis. Relative changes in A) creatine (r = -0.27,
p=0.25), B) ATP (r=-0.28, p = 0.24), C) phosphate (r =-0.37, p=0.11), D) glycogen (r = -
0.23,p=0.13), E) AMPD2 (r=-0.32, p=0.17), F) PFK (r = 0.20, p = 0.40), G) CK (r =
0.08, p=0.73), H) GP (r = 0.04, p = 0.85), I) PDHE1a (r = 0.02, p = 0.95), J) LDH-M (r = -
0.18, p=0.45), K) LDH-H (r = 0.02, p = 0.94), L) MCT4 (r = -0.09, p = 0.69), M) P-CK (r =
0.30,p=0.21), and N) P-PDHEla (r = 0.34, p = 0.15).
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Chapter Five: Discussion

5.1 Overall Summary

We found that after an acute bout of LL-HR resistance exercise creatine increased in
men, but not women, and muscle glycogen decreased in both men and women with a
tendency for this decrease to be greater in men. Furthermore, muscle lactate was higher in
men than women. Additionally, the phosphorylation status of both CK and PDHela
decreased during LL-HR, with women having a greater decrease in the phosphorylation of
CK. Together these findings suggest that men had a greater reliance on anaerobic energy
systems while women were able to initiate aecrobic metabolism to meet the demands of this
exercise.
5.2 Reliance on HEPT and glycolysis during LL-HR resistance exercise
5.2.1. Reliance on the HEPT system during LL-HR resistance exercise

Creatine concentration increased in men during LL-HR, suggestive of the utilization
of phosphocreatine stores to meet energy demands. This is in disagreement with previous
work done in the field that found no changes in creatine or phosphocreatine concentration
during LL-HR resistance exercise performed at 20% 1RM*6*8, suggesting minimal
contribution from the HEPT system. Importantly, these three studies all involved protocols
at a lower exercise intensity (20% 1RM) and did not go to volitional failure, thus the exercise
stimulus may have been too low to induce meaningful changes in HEPT metabolite
concentrations. We also found that LL-HR RE a reduction of the phosphorylation status of
creatine kinase, which further indicates that the HEPT system was upregulated during LL-HR

resistance exercise at 30% 1RM. Thus, while the HEPT system does not seem to contribute
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to energy production during LL-HR resistance exercise performed at 20% 1RM, it does
contribute significantly, at least in men, at 30% 1RM. Thus 30% 1RM may represent an
intensity threshold whereby HEPT contributes to exercise energy production during
resistance exercise.

Alternatively, it may be that RE needs to be performed to volitional failure in order
for the HEPT system to contribute to energy production during LL-HR resistance exercise.
The Henneman size principle highlights the sequential recruitment of skeletal muscle fibers
to complete a given task, with smaller motor units being recruited first and larger motor
units being recruited as the force requirement to complete a task increases®:84. At the
onset of LL-HR resistance exercise type | muscle fibers are recruited first as they are the
smallest®. Type | fibres are fatigue resistant but will fatigue over time. Thus, as the set
progresses and type | fibres begin to fatigue, type Il fibres will be recruited. While the HEPT
system produces ATP in both type | and type Il fibres, the contribution of HEPT may be more
readily observed when type Il muscle fibers are recruited. In the current study since the
bout went to volitional failure it can be assumed that type Il muscle fibres were recruited®.
Indeed, findings from a training study using the same training regime (30% 1RM to failure)
that was used in the current trial found that there was hypertrophy of both type | and type
I muscle fibers thereby suggesting that both types of muscle fiber were recruited for the
completion of the exercise bout!”#>, Since type Il muscle fibers are more anaerobic, it
follows logic that their recruitment may be necessary to observe the contribution of the

HEPT system. Using an exercise protocol that had a slightly higher intensity coupled with
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exercising to volitional failure are likely the factors that lead to us observing an effect of LL-
HR RE on HEPT metabolites; whereas this was not found in the previous trials4¢48,
5.2.2. Reliance on muscle glycogen during LL-HR resistance exercise

Muscle glycogen also contributed substantially during the LL-HR resistance exercise
bout. Studies investigating muscle glycogen utilization during MICE?3:26:/49,5455,57.85 and heavy
RE*243.86 have found that glycogen is significantly diminished after the exercise bout.
Interestingly, MICE studies have found that the extent of glycogen depletion appears to
reach a plateau at approximately 30-50% of its initial concentration?3:26:49.54.5557.85 Thjs is
likely a function of substrate utilization changing from myocellular stores of substrate
(skeletal muscle glycogen) to peripheral sources of substrate (liver glycogen) as the muscle
sources are significantly lowered?®°. In fact, our study found that during our ~30-minute
resistance exercise bout, skeletal muscle glycogen stores were decreased by an average of
54%. Therefore, although studies using MICE protocols were longer (~90 minutes) than the
exercise bout employed in the current study, muscle glycogen stores were similarly
depleted. The similar utilization of muscle glycogen in our 30-minute protocol as compared
to 90 minutes of MICE suggests that this mode of exercise is more glycolytic than MICE.

With respect to glycogen utilization during heavy RE, studies have found that
glycogen utilization ranges from 26-33% of initial glycogen stores*?43%%_ Interestingly heavy
RE appears to have a lesser reliance on muscle glycogen than LL-HR as in our study we
found that participants used ~54% of initial muscle glycogen content. It is likely that the
reason for the lesser reliance on muscle glycogen during heavy RE pertains to differences in

the amount of rest between sets employed in our study as compared with the
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aforementioned heavy RE studies. The heavy RE protocols employed in these trials had
participants lift ~75% of their 1RM for 8-12 repetitions with 60-90 seconds of rest between
bouts for 30 minutes*?438¢_ |t is likely that participants reached volitional failure during
these exercises, but rest times were significantly longer than what was employed in our
trial, thus it is likely that more PCr replenishment occurred between sets and that HEPT was
relied on to a greater extent to produce ATP. Moreover, total body exercise volume was
greater during the LL-HR bout performed in the current trial compared with the heavy RE
trials. Therefore, due to the continuous nature and greater exercise volume, LL-HR appears
to induce greater muscle glycogen utilization than heavy RE. Although, it would be
interesting for further studies to compare glycogen utilization per set between LL-HR and
heavy RE.

The LL-HR resistance exercise bout is aerobic in nature as evidenced by the finding
that the content of phosphorylated PDHela was significantly lower after the exercise bout.
To the best of my knowledge, the phosphorylation status of PDHela has not been
investigated during heavy RT therefore we are unable to draw comparisons between LL-HR
and heavy RE in this regard. When dephosphorylated, PDHeloa removes its inhibition on the
PDH thereby allowing for more pyruvate to flux to acetyl-CoA where it can undergo
complete oxidation. Therefore, since there was an increase in the content of
dephosphorylated PDHela, more pyruvate could flux towards aerobic metabolism. These
findings further support the aerobic nature of LL-HR. However, since lactate concentration
tended to increase in both muscle and blood, it is apparent that this mode of exercise was

not completely aerobic. Interestingly, heavy RE results in an on average 7-fold increase in
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muscle lactate concentrations*>438¢ while MICE results in an on average 1.5-fold increase in
muscle lactate?326:4954555785 Qur findings using LL-HR RE resulted in an average 1.2-fold
increase in muscle lactate, therefore LL-HR may be as aerobic an exercise mode as MICE.
Given these findings it is apparent that future trials need to examine aerobic metabolism

during LL-HR to test this hypothesis.

5.3 Sex Based Differences in Metabolism

5.3.1 High Energy Phosphate Transfer System

With respect to the reliance on the HEPT system, we found that men had a greater
increase in Cr during exercise than women, suggesting that they utilized more PCr than
women. This is in agreement with two other studies that investigated sex-based differences in
anaerobic energy systemsss,s6 and found that men are more reliant on PCr to meet the
demands of the exercise than women. However, our findings are in contrast with two studies
involving sprint exercise that found no sex differences in the extent of PCr utilization during
exercisese,s7. Taken together the findings of these studies suggest that exercise mode may
influence whether sex affects HEPT metabolism as both studies that involved resistance
exercise protocols found a sex difference; whereas the two studies that involved sprint
cycling did not.

Interestingly, while phosphorylated CK decreased in both men and women during
exercise, it decreased to a greater extent in women. When dephosphorylated, CK prefers to
use PCr to produce Cr and ATPs7, thus the finding that phosphorylated CK decreased to a
greater extent in women suggests that women have a greater capacity to utilize PCr to
produce ATP during exercise than men. This finding is in direct contrast with the finding that

Cr increased to a greater extent in men than women. However, the attenuated decline in
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phosphorylated CK in men may be related to their greater reliance on the HEPT system
during LL-HR, as the increase in dephosphorylated CK would permit increased ATP
production, while the preservation of phosphorylated CK would allow for more rapid
synthesis of PCr during rest periods. A single study found no difference in the rate of PCr
synthesis between bouts of sprint cyclingse, however, in this study there were no differences
in fibre type distribution between men and women. This is important to consider since in our
study women had a greater % of type I muscle fibres than men and P-CK was negatively
associated with type I muscle fibre content. Thus, while no difference in PCr synthesis was
observed in the previously conducted trial, this may be due to the fact that muscle fibre type
did not differ between the sexes. Overall, the greater increase in Cr concentration following
LL-HR suggests that men are more reliant on the HEPT system to produce ATP than women.
Further work examining sex differences in the kinetics of these reactions and the rate of
replenishment of PCr is needed.
5.3.2 Glycogen Utilization

Men had greater muscle glycogen content than women, a finding that is in agreement
with previous literature27,71,72. Accompanying this finding, there was a strong tendency for
men to utilize more glycogen than women during the exercise bout. This is in agreement with
findings from sprint intervalse and running34 trials which found that men utilize more
glycogen than womens7. The tendency for men to rely to a greater extent on muscle glycogen
during exercise in the current trial is not surprising given that men had a greater muscle
glycogen content at rest. During exercise at a given intensity, the extent of muscle glycogen
depletion is a function of initial glycogen storage. The literature is clear that men store more

glycogen than women27,71,72. Therefore, sex differences in glycogen utilization could be
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explained by men simply having higher muscle glycogen stores than women and thus using
more of it during exercise.

Another potential reason that men may rely to a greater extent on muscle glycogen
during exercise is due to them having a greater proportion of type II muscle fibres, which are
more glycolytic in nature. However, correlational analyses in the current study did not find a
relationship between muscle glycogen utilization and muscle fibre type. Furthermore,
previous work has shown that muscle glycogen utilization in type I fibres is greater in men
than women during sprint exercisess, suggesting that it is inherent differences in the aerobic
capacity of skeletal muscle that is contributing to sex differences in muscle glycogen
utilization.

While not directly measured, of the muscle glycogen that was utilized, it is likely that
more of it was directed towards aerobic metabolism in women as compared with men. While
phosphorylation of PDHela decreased similarly in men and women, indicating removal of
the inhibition on PDH and thus a greater capacity to synthesize acetyl-CoA from pyruvate,
the finding that muscle lactate was lower in women as compared with men suggests that
women were better able to flux the pyruvate produced during glycolysis towards aerobic
metabolism. The mechanism for women being able to flux more substrate towards aerobic
metabolism is likely 2-fold. Pre-menopausal women possess a greater endothelial cell
function than menss, meaning that oxygenated blood flow can reach the working muscle
fasterss. Indeed, occluding tension is higher in women than men and thus blood flow to
muscle is maintained to a greater extent in women than men, which is at least in part
responsible for the increased fatigue-resistance in womenoo-93. Maintenance of blood flow

during resistance exercise it thought to be, at least in part, responsible for the greater reliance
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on aerobic metabolism by womeno4. Additionally, women have a greater amount of type I
muscle fibres for a given level of fitness and therefore have a greater inherent aerobic
capacity of skeletal muscle. Thus, at a given exercise intensity women have greater blood
flow to the muscle, thus greater oxygen delivery, as well as, a greater capacity to utilize the
delivered oxygen due to the greater proportion of type I muscle fibres.

5.3.3 ATP Preservation

Interestingly, women had a tendency to lower their ATP stores to a greater extent
than men. This could suggest that since men were able to utilize anaerobic energy stores
more efficiently than women that they were able to prevent a disturbance in the metabolic
concentrations of ATP since the HEPT and glycolytic systems have a greater power to
produce ATP than aerobic metabolisme3. The energy disturbance caused by the decrease of
ATP in women would then serve to upregulate aerobic metabolism by removing inhibition
on PFK, pyruvate dehydrogenase, isocitrate dehydrogenase, and a ketoglutarate
dehydrogenasesz39. Thus, the greater decline in ATP during exercise in women may be one
of the mechanisms by which women are better able to initiate aerobic metabolism at the
onset of exercise.

According to the data, men were able to produce more ATP by means of HEPT
system as well as from glycogen than women. This finding uncovers the possibility that
women were able to produce their ATP from a different substrate, and the potential for an
increased reliance on fat oxidation could be the missing link in explaining where women
receive additional ATP compared to men. As women rely to a greater extent on lipid during
aerobic exercise27,51,72 it would not be surprising to find that they also rely to a greater extent

on lipid during resistance exercise. Importantly, during heavy resistance exercise IMCL
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breakdown occurs43 and fatty acid oxidation is upregulatedss. Furthermore, comparable 24 h
nutrient oxidation has been reported following acute bouts of heavy RE and aerobic
exercisess. Future investigations should determine how fat metabolism differs between men
and women during LL-HR RE in order to determine whether there is a greater reliance on
IMCL and/or plasma fatty acids by women during this mode of exercise.
5.3.4 Differences in Fiber Type Distribution

Our findings in relation to muscle fibre distribution are consistent with the findings in
the literatures7,98. Women had a higher proportion of type I fibres while men had a higher
proportion of type II fibres. These differences in fibre type distribution could explain the sex
differences in substrate oxidation that were observed in this study. However, correlational
analyses suggest that sex differences in muscle fibre type are only partially responsible for
the observed sex differences in metabolism. For example, the negative relationship between
type I muscle fibre content and lactate can explain the finding that lactate was higher in men
than women and is supportive of men having a greater reliance on the anaerobic metabolism
by fluxing pyruvate to lactate. Furthermore, P-CK was also negatively related with type I
fibre content, suggesting that the observed differences in HEPT metabolism are related to
differences in muscle fibre type distribution. Interestingly, muscle glycogen utilization was
not related to fibre type composition. While the implications of this finding are discussed
more fulsomely above, it is important to note that since muscle lactate accumulation was
associated with muscle fibre type distribution, but muscle glycogen was not, it appears as
though sex differences in muscle glycogenolysis and glycolysis are independent of muscle
fibre type distribution, but that the metabolic fate of pyruvate is dependent on muscle fibre

type distribution.
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Since men have a higher amount of type II fibres, it would carry that men also have a
higher power for anaerobic systems to meet the demands of working muscle. Indeed, men
had a greater increase in Cr content following the exercise bout, suggestive of a greater
decrease in PCr stores. Furthermore, while glycogen utilization only tended to be higher in
men, muscle lactate was higher in men than women, suggesting that the glycogen that was
utilized by men tended to flux towards the production of lactate while women tended to flux
towards the synthesis of acetyl-CoA. This is in line with women having more type I fibres,
which are more oxidative, and previous studies showing that women have shown a greater
capacity for oxidative metabolism than men23,26,30.

5.3.5 Sex Differences in the Physiological Response to LL-HR Resistance Exercise

Men and women had a similar response in both heart rate and rating of perceived
exertion during the LL-HR resistance exercise bout, suggesting that the bout was both
physiologically and perceptually of similar intensity. Interestingly, despite a similar heart rate
response to the exercise bout, women were working at a higher percentage of their heart rate
max and heart rate reserve compared to men during the second and third round of the circuit.
A linear relationship between VO2 and heart rate has been establishedss, meaning that
working at a higher percentage of one’s heart rate max would correspond to working at a
higher percentage of one’s VO2max. Indeed, this would suggest that women were working at a
higher relative VO2 than men in the current study, which may be another reason that we did
not observe a sex difference in muscle glycogen utilization as glycogen utilization increases
with increasing exercise intensity. However this assumption has only been shown to be true

during steady-state aerobic exercises, and the assumptions may not be able to be carried over
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to resistance exercise77. For this reason, it is difficult to offer a meaningful interpretation of
these findings as they relate to the relative oxygen consumption of the participants.

Men and women have been shown to deliver blood differently to skeletal muscle
during resistance exercise. Men have a greater amount of hemoglobin than womenioo,
therefore they are able to deliver the same amount of oxygen to the muscle with a lesser
increase in blood flow. Conversely, since women have less hemoglobinioo they must increase
blood flow to a greater extent than men as a means of providing the muscle with sufficient
oxygen during exercise. A mechanism that allows for this to occur is women’s ability to
dilate their smooth muscleior,102, thus allowing more blood to be supplied. However, the
decrease in the peripheral resistance of the arterioles would cause a hypotensive state in
women77 therefore causing a cascade of negative performance outcomes. As a compensatory
mechanism to prevent this hypotension, women increase their heart rate to a greater extent77.
Therefore, although women were working at a higher percentage of heart rate max/reserve,
there is not necessarily a difference in the %V O2max that they were working at during this
mode of exercise. Future work should measure oxygen consumption during the LL-HR
resistance exercise bout in order to compare the aerobic intensity of LL-HR resistance
exercise between men and women. Furthermore, examining how blood flow is altered during
LL-HR resistance exercise in both men and women should also be examined. Given the
information available, the physiological response to LL-HR seems to be similar between men
and women although direct measure of oxygen uptake would be needed to solidify the
aerobic intensity at which men and women were working.

During the exercise bout, we observed that women were able to complete a higher

number of repetitions during the last set of each exercise, which went to volitional failure.
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This is likely due to the fact that women had a higher amount of type I muscle fibres as
compared with men, that would therefore enable them to initiate and rely on aerobic energy
systems to a greater extent and thus fatigue less rapidly, particularly during resistance
exercise that involves lifting a lighter load. Indeed, correlational analysis demonstrated that
repetitions to failure tended to be related to the abundance of type I muscle fibers.
Furthermore, while not significant, muscle lactate concentration tended to increase in men,
but not women, during the LL-HR bout, suggesting that men were relying to a greater extent
on anaerobic glycolysis than women. The literature has consistently shown that women are
more fatigue resistant during dynamic exercises4-69, which is true for both upper and lower
body muscle groups. Collectively, the studies suggest that it is the larger accumulation of
metabolic products in men that interferes with contractile processes and induces clear sex-
based differences in the fatigue. Our findings are in agreement with the literature as the men
in our study had a greater concentration of creatine, ATP, inorganic phosphate, and a trend
for a greater concentration of lactate than women, which lead to a greater fatigability of the
muscle in men. This was manifested as men completing fewer repetitions than women during
the final exercise set to failure. However, even though women completed more repetitions
during the final set, the total volume of work throughout the exercise bout per unit of fat free
mass was the same between men and women. This is likely a consequence of men having
significantly higher IRM/FFM than women for upper body exercises, therefore the total
volume of the exercise balances out with men lifting more weight for less reps and women
lifting lower weight for more reps. Although, this is only true for the upper body exercises.
Therefore, the exercise volume is the same between men and women but the means of

achieving that volume is marginally different.
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5.3.6 Participant Matching

Importantly the sex differences in metabolism observed in this study were found
when men and women were appropriately matched for training statusso. The training status of
an individual greatly influences their pattern of substrate utilization during exercises4,60,103,
with greater rates of fat oxidation occurring in the trained state. Since women have a greater
amount of fat mass than men it is not appropriate to match men and women based on VO2peak
relative to total body weight. Instead men and women should be matched for training status
based on VO2peak relative to fat-free mass, the metabolically active tissue. Previous work has
shown that when men and women are matched in this manner that training histories align and
the lactate threshold occurs at the same % of VO2peakgo. Furthermore, matching men and
women for VOz2peak/FFM has been utilized and verified in numerous trials26,34,51,103-105. As
men and women were matched in this manner in the current trial, we are confident that any
differences seen between men and women are the result of sex-based differences and not
differences in training status.

Baseline strength measurements showed that men had a higher 1RM for all exercises
utilized in the LL-HR bout, which is to be expected. However, when normalized to FFM, the
strength differences were eliminated for the lower body exercises but maintained for the
upper body exercises. Again this is to be expected as population-based data has shown that
for a given level of resistance training strength relative to mass is similar between the sexes
for lower body exercises, but greater in men for upper body exercisesios. From a resistance
training perspective, the pattern of upper and lower body strength between the men and

women in this study suggests that our participants were equally resistance trained, which is
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an important consideration as the influence of resistance training on muscle metabolism has
not been extensively investigated.

In addition to accounting for training status of the participants, women were tested
during the mid-follicular phase (FP) of their menstrual cycle when circulating estrogen levels
are at their lowest and therefore the sex differences we observed likely represent a minimum
difference in fuel utilization between the sexes27. Estrogen fluctuations across the menstrual
cycle are known to influence fuel utilization during exercise26,32,107. Therefore, differences in
metabolism between men and women may be greater in the luteal phase (LP) of the
menstrual cycle when women have higher levels of estrogens,27. Indeed previous research
has shown that women in the LP have a decreased reliance on carbohydrate stores than both
women in the FP and men26,27. However, irrespective of phase, women have a lower reliance
on carbohydrate stores during exercise than menzs.

Nutritional analyses revealed no differences in energy or macronutrient intake
between men and women, which is important since macronutrient intake can influence the
fuel utilization pattern during exerciseios,109. While, there was a strong trend for men to have
ingested more protein and energy as compared with women, this would be expected given
their higher body weight. However, when protein intake was normalized to body weight the
trend was eliminated. In addition, macronutrient intake normalized to total energy intake was
identical between men and women. Therefore, we can confidentially conclude that since
macronutrient profiles were the same between men and women, there was negligible

influence of habitual dietary intake on the findings of the study.

65



5.4 Limitations

The main limitation of this study was the inability to determine the activity of
relevant enzymes in both the HEPT and glycolytic systems. The literature has demonstrated
that men have increased activity and content of glycogen phosphorylaseso as well as
phosphofructokinasess. These findings, as they relate to the protein content of the enzymes
were not found in our study. While enzyme activity has been found to be greater in men than
woment 1o, other studies have found no difference in the expression or content of these
speciesioz,111. Unfortunately, due to tissue constraints we were unable to determine whether
sex differences in the activity of these enzymes existed during LL-HR resistance exercise.
Further work should be conducted to examine this potential difference as it could be that,
despite there not being a difference in protein content, there is a difference in the metabolic
activity of these enzymes between the sexes. Lower activities of glycolytic enzymes suggest
that women have a lower capacity to breakdown carbohydrate within the muscle. However,
women do produce ATP through glycolysis during high intensity exercise without
compromise suggesting that the decreased glycolytic enzyme activity in women is not a
performance detriment, but that women are simply less dependent on carbohydrate sources to
meet energy demands during moderate intensity exercise.

We were also unable to measure oxygen consumption during the exercise bout and
thus were unable to determine whether men and women were working at the same percentage
of VO2peak. By design our trial wanted to examine fuel utilization during a bout of LL-HR
resistance exercise at 30% of 1RM, thus it was not necessarily expected that this load would
correspond to the same %V O2peak. However, it would have been interesting to utilize

metabolic measures in order to determine oxygen consumption and whether 30% 1RM
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equates to a similar %V Oz2peak in men and women. Furthermore, using metabolic
measurements would have also allowed us to determine whole body fuel utilization to
determine the contribution of carbohydrates and fats during the LL-HR bout, as well as
determine whether the fuel utilization pattern differed between men and women. While
systems that allow for portable measurements of VOz2 do exist, there are discrepancies in
their reportingsi12,113 and therefore could cause erroneous findings within our study. New,
more valid, technology114 is becoming available and could serve as a beneficial addition to
future studies within this area.

Finally, our study would have benefitted from recruiting a larger sample size. Power
calculations revealed that we had 50% power to detect a difference in muscle glycogen
utilization between men and women and indicated that we would have needed n=17
participants per group to detect a significant difference. Importantly, while our findings
related to sex differences in muscle glycogen utilization were not statistically significant,
they may be physiologically significant as we found men to utilized 41% more muscle

glycogen than women. A larger sample would have served to better validate these findings.

5.5 Future Directions

Additional areas of investigation are needed to completely uncover the mechanisms
that underpin sex-based differences in metabolism during LL-HR resistance exercise. Future
studies would benefit from employing a training model, so that changes over a longer period
of time can be tracked and adaptations that may be induced during this type of training would
have sufficient time to manifest themselves. Furthermore, investigating aerobic sources of
fuel utilization as well as anaerobic would serve to achieve a more complete idea of the fuel

utilization patterns during LL-HR exercise, as fat seems to play an important roless.
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Moreover, given the more aerobic nature of LL-HR, as compared with heavy resistance
exercise, studying the cardiorespiratory effects of LL-HR training in comparison to aerobic
training could provide additional evidence of LL-HR’s ability to elicit synergistic effects to
both resistance and aerobic training. Additionally, comparing men to women in both the
luteal phase and follicular phase could serve to identify the influence of estrogen on
metabolism during LL-HR. Finally, investigation into the activity of the enzymes involved
would identify the metabolic processes that underpin these differences. Although there is still
a paucity of data in the literature surrounding LL-HR, specifically surrounding substrate
utilization, we believe that our findings have helped open up the area for additional research.
5.6 Conclusion

Much of the previous work in the area has shown that sex-based differences do exist,
but this work has predominately occurred during MICE?23,26,29,33,80. Additionally, they have
predominantly focused on carbohydrate and fat metabolism during bouts of exercise that are
longer in duration23,26,29,33,80. Here, we have focused on anaerobic metabolism during a more
aerobic form of resistance exercise to characterize whether LL-HR relied heavily on HEPT
and anaerobic glycolysis and whether these patterns differentiated between the sexes. Our
findings appear to be in agreement with the findings of sex-based differences during MICE in
that men relied more heavily on glycogen stores and the HEPT system to meet the energy
demands of working muscle. It is difficult to comment on the aerobic utilization of substrates
as that was outside the scope of our study, however accounting for the lesser synthesis of
ATP from anaerobic sources in women we are able to speculate that women were more
readily able to initiate aerobic metabolism. The extent of aerobic carbohydrate and fat

utilization remains to be investigated.
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In conclusion, both the HEPT and glycolytic pathways contributed to energy
production during LL-HR resistance exercise. Interestingly, the extent of muscle glycogen
breakdown and lactate accumulation during LL-HR resistance exercise suggest that it is more
similar metabolically to MICE than heavy RE. There were clear sex-based differences in
metabolism during LL-HR resistance exercise with men relying to a greater extent on PCr, as
evidenced by a greater increase in Cr, and tending to utilize more muscle glycogen than
women. While these differences may be in part due to the greater type I fibre content in
women, correlational analyses suggest that inherent differences in metabolism must exist as
there was no correlation between muscle fibre type content and the extent of glycogen
depletion. Overall, these findings suggest that men rely to a greater extent on anaerobic

metabolism during LL-HR RE than women.
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Chapter Six: Significance of the research

The main allure of LL-HR is its potential to induce similar adaptations as both
aerobic and resistance exercise, without the practicality issues of adding more time to each
exercise session. Previous research has shown that despite its lower load, LL-HR RE can
acutely induce similar or greater increases in muscle protein synthesis as ‘traditional’ heavy-
load resistance exerciseis, which overtime leads to similar gains in muscle mass and
strength17. In the current study we wanted to characterize the anaerobic fuel utilization
pattern and determine whether it was similar between men and women. Understanding the
utilization patterns of this mode of exercise would allow us to characterize the normal
physiological response, which can then be compared to the influence that LL-HR resistance
exercise/training has when it is employed in other populations. Additionally, since men and
women do not respond to interventions identically23,26,80, a finding which may be due to
differences in the metabolic response to exercise; it is important to characterize metabolism
during this exercise mode in both sexes. Furthermore, with an enhanced understanding of
LL-HR RE, we can begin to employ training trials to examine long term effects and
determine whether LL-HR RE can act as an optimal mode of exercise that can induce both
RT and aerobic adaptations.

It is important to understand the basic anaerobic fuel utilization patterns during LL-
HR resistance exercise because it can allude to the potential adaptations that would occur
during LL-HR RE training in a healthy population. Furthermore, by characterizing the fuel
utilization pattern in young, healthy individuals we now understand the normal physiological
response to this mode of exercise, which can then be compared to that of other populations

(i.e. aging, metabolic disorders) to understand how these disturbances influence metabolism
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during LL-HR RE. These findings can then be used to improve our understanding of how
LL-HR training can improve various health outcomes in different populations. Moreover,
this study served to characterize the anaerobic utilization patterns as well as investigate the
influence that sex has on these findings. It has been consistently shown that men and women
do not respond to exercise interventions in the same way24,25,51, which may be due to
differences in metabolism. Thus, should future trials examine the effects of LL-HR resistance
training in men and women and find a differential response, differences in metabolism during
LL-HR may be able to explain these differences.

One population in which LL-HR may be especially beneficial is aging adults. Due to
its lesser strain on joints44, LL-HR resistance exercise may be a preferential mode of
resistance exercise that older adults can use to slow or potentially reverse sarcopeniaié-is.
Aging is also associated with the development of insulin resistance, type II diabetes and
cardiovascular disease2-4. Given the more aerobic nature of LL-HR, this mode of exercise
may also induce favourable adaptations in insulin sensitivity and cardiorespiratory fitness,
thus combating three of the most common aging-associated conditions with one concise
mode of exercise. Given that insulin resistance speeds the loss of muscle massiis, improving
insulin sensitivity would also slow/prevent the loss of muscle mass7s,i16, therefore LL-HR RE
may be particularly beneficial because it can improve muscle mass and insulin sensitivity
together. Therefore, this exercise mode could be ideal for populations afflicted with
sarcopenia, T2D/CVD, and aging. Essentially, LL-HR resistance training could provide a
more streamlined intervention to populations afflicted by multiple health disorders by

attempting to correct for multiple underlying issues simultaneously.
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In order to fully understand the potential applications of LL-HR resistance exercise,
further investigations must be done. Particularly, employing a training study over a much
longer course of time would allow for determination of the effects of LL-HR on insulin
sensitivity, cardiorespiratory fitness and other metabolic markers of disease and disease risk
(i.e. CRP, cholesterol, etc.). Investigating the aerobic substrate oxidation pattern, as well as
the influence of LL-HR on the cardiovascular system would help substantiate the claims of
LL-HR truly being able to elicit the adaptations that are typically seen with aerobic exercise.
Ultimately, LL-HR may be able to induce the greatest health benefit for numerous

populations in a time-efficient manner.

72



N —

10.

1.

12.

13.

14.

15.

References

Trends in aging - United States and worldwide. Morb Mortal Wkly Rep. 2003.

Sue Kirkman M, Briscoe VJ, Clark N, et al. Diabetes in older adults: A consensus
report. J Am Geriatr Soc. 2012. doi:10.1111/jgs.12035

Cruz-Jentoft AJ, Baeyens JP, Bauer JM, et al. Sarcopenia: European consensus on
definition and diagnosis: Report of the European Working Group on Sarcopenia in
Older People. Age Ageing. 2010. doi:10.1093/ageing/afq034

Kalyani RR, Saudek CD, Brancati FL, Selvin E. Association of diabetes,
comorbidities, and A1C with functional disability in older adults: Results from the
National Health and Nutrition Examination Survey (NHANES), 1999-2006. Diabetes
Care. 2010. doi:10.2337/dc09-1597

Bell PL, Kelley ET, McCoy SM, Credeur DP. Influence of aerobic fitness on
vasoreactivity in young men. Eur J Appl Physiol. 2017;117(10):2075-2083.
doi:10.1007/s00421-017-3698-6

Wen H, Wang L. Reducing effect of aerobic exercise on blood pressure of essential
hypertensive patients. Med (United States). 2017.
doi:10.1097/MD.0000000000006150

Lehmann R, Vokac A, Niedermann K, Agosti K, Spinas GA. Loss of abdominal fat
and improvement of the cardiovascular risk profile by regular moderate exercise
training in patients with NIDDM. Diabetologia. 1995. doi:10.1007/BF00401764
Nassis GP, Papantakou K, Skenderi K, et al. Aerobic exercise training improves
insulin sensitivity without changes in body weight, body fat, adiponectin, and
inflammatory markers in overweight and obese girls. Metabolism. 2005.
doi:10.1016/j.metabol.2005.05.013

Stewart KJ. Role of exercise training on cardiovascular disease in persons who have
type 2 diabetes and hypertension. Cardiol Clin. 2004. doi:10.1016/j.cc1.2004.06.007
Hékkinen K, Alen M, Kraemer W], et al. Neuromuscular adaptations during
concurrent strength and endurance training versus strength training. Eur J Appl
Physiol. 2003. doi:10.1007/s00421-002-0751-9

Hickson RC. Interference of strength development by simultaneously training for
strength and endurance. Eur J Appl Physiol Occup Physiol. 1980.
doi:10.1007/BF00421333

Van Der Heijden G-J, Wang ZJ, Chu Z, et al. Strength exercise improves muscle mass
and hepatic insulin sensitivity in obese youth. Med Sci Sports Exerc.
2010;42(11):1973-1980. doi:10.1249/MSS.0b013e3181df16d9

Watanabe Y, Madarame H, Ogasawara R, Nakazato K, Ishii N. Effect of very low-
intensity resistance training with slow movement on muscle size and strength in
healthy older adults. Clin Physiol Funct Imaging. 2014;34(6):463-470.
doi:10.1111/cpf. 12117

Welch C, K. Hassan-Smith Z, A. Greig C, M. Lord J, A. Jackson T. Acute Sarcopenia
Secondary to Hospitalisation - An Emerging Condition Affecting Older Adults. Aging
Dis. 2018;9(1):151. doi:10.14336/AD.2017.0315

Yasuda T, Fukumura K, Uchida Y, et al. Effects of low-load, elastic band resistance
training combined with blood flow restriction on muscle size and arterial stiffness in
older adults. Journals Gerontol - Ser A Biol Sci Med Sci. 2015.

73



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

doi:10.1093/gerona/glu084

Burd NA, Mitchell CJ, Churchward-Venne TA, Phillips SM. Bigger weights may not
beget bigger muscles: evidence from acute muscle protein synthetic responses after
resistance exercise. Appl Physiol Nutr Metab. 2012. doi:10.1139/h2012-022

Mitchell CJ, Churchward-Venne TA, West DWD, et al. Resistance exercise load does
not determine training-mediated hypertrophic gains in young men. J Appl Physiol.
2012. doi:10.1152/japplphysiol.00307.2012

Burd NA, West DWD, Staples AW, et al. Low-load high volume resistance exercise
stimulates muscle protein synthesis more than high-load low volume resistance
exercise in young men. PLoS One. 2010. doi:10.1371/journal.pone.0012033
Kautzky-Willer A, Harreiter J, Pacini G. Sex and gender differences in risk,
pathophysiology and complications of type 2 diabetes mellitus. Endocr Rev. 2016.
doi:10.1210/er.2015-1137

Tay L, Ding YY, Leung BP, et al. Sex-specific differences in risk factors for
sarcopenia amongst community-dwelling older adults. Age (Omaha). 2015.
doi:10.1007/s11357-015-9860-3

Hsieh RW, Rajan SS, Sharma SK, Greene GL. Molecular characterization of a B-ring
unsaturated estrogen: Implications for conjugated equine estrogen components of
Premarin. Steroids. 2008. doi:10.1016/j.steroids.2007.08.014

Booth EA, Obeid NR, Lucchesi BR. Activation of estrogen receptor-a protects the in
vivo rabbit heart from ischemia-reperfusion injury. Am J Physiol - Hear Circ Physiol.
2005. doi:10.1152/ajpheart.00479.2005

Tarnopolsky MA, Atkinson SA, Phillips SM, MacDougall JD. Carbohydrate loading
and metabolism during exercise in men and women. J Appl Physiol. 1995.
doi:10.1152/jappl.1995.78.4.1360

Sewright KA, Hubal MJ, Kearns A, Holbrook MT, Clarkson PM. Sex differences in
response to maximal eccentric exercise. Med Sci Sports Exerc. 2008.
doi:10.1249/mss.0b013e31815aedda

Bunt JC, Boileau RA, Bahr JM, Nelson RA. Sex and training differences in human
growth hormone levels during prolonged exercise. J Appl Physiol. 1986.
doi:10.1152/jappl.1986.61.5.1796

Devries MC, Hamadeh MJ, Phillips SM, Tarnopolsky MA. Menstrual cycle phase and
sex influence muscle glycogen utilization and glucose turnover during moderate-
intensity endurance exercise. Am J Physiol - Regul Integr Comp Physiol.
2006;291(4):R1120 LP-R1128.
http://ajpregu.physiology.org/content/291/4/R1120.abstract.

Devries MC, Hamadeh MJ, Graham TE, Tarnopolsky MA. 17B-estradiol
supplementation decreases glucose rate of appearance and disappearance with no
effect on glycogen utilization during moderate intensity exercise in men. J Clin
Endocrinol Metab. 2005. doi:10.1210/5¢.2005-0926

Braun B, Gerson L, Hagobian T, Grow D, Chipkin SR. No effect of short-term
testosterone manipulation on exercise substrate metabolism in men. Appl Physiol Nutr
Metab. 2005;99:1930-1937.

Romijn J, Gastaldelli A, Horowitz J, Endert E, Wolfe R. Regulation of endogenous fat
and carbohydrate metabolism in relation to exercise intensity and duration. Am J
Physiol. 1993. doi:10.1152/jappl.1986.61.1.165

74



30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.

41.

42.

43.

44,

45.

46.

Wagenmakers AJ. Muscle amino acid metabolism at rest and during exercise: role in
human physiology and metabolism. Exerc Sport Sci Rev. 1998.

Burd NA, Tang JE, Moore DR, Phillips SM. Exercise training and protein metabolism:
influences of contraction, protein intake, and sex-based differences. J App! Physiol.
2009. doi:10.1152/japplphysiol.91351.2008

Hamadeh MJ, Devries MC, Tarnopolsky MA. Estrogen supplementation reduces
whole body leucine and carbohydrate oxidation and increases lipid oxidation in men
during endurance exercise. J Clin Endocrinol Metab. 2004;90(6):3592-2599.

Van Loon LJC, Greenhaff PL, Constantin-Teodosiu D, Saris WHM, Wagenmakers
AJM. The effects of increasing exercise intensity on muscle fuel utilisation in humans.
J Physiol. 2001. doi:10.1111/j.1469-7793.2001.00295.x

Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky MA, Sutton JR. Gender
differences in substrate for endurance exercise. J Appl Physiol. 1990.
doi:10.1152/jappl.1990.68.1.302

Fu MH, Maher AC, Hamadeh MJ, Ye C, Tarnopolsky M a. Exercise, sex, menstrual
cycle phase, and 17beta-estradiol influence metabolism-related genes in human
skeletal muscle. Physiol Genomics. 2009. doi:10.1152/physiolgenomics.00115.2009
Mattei JP, Bendahan D, Roussel M, Lefur Y, Cozzone PJ. Gender modulates the
energy cost of muscle contraction in untrained healthy subjects. A 31P magnetic
resonance spectroscopy analysis. FEBS Lett. 1999. doi:10.1002/mrm.20556

Powers SK, Howley ET. Exercise Physiology: Theory and Application to Fitness and
Performance. 9th ed. McGraw Hill Education; 2015.

Shaw CS, Clark JA, Shepherd SO. HSL and ATGL: The movers and shakers of
muscle lipolysis. J Physiol. 2013. doi:10.1113/jphysiol.2013.265199

Stryer L. Biochemistry. 4th ed.; 1995.

Venables MC. Determinants of fat oxidation during exercise in healthy men and
women: a cross-sectional study. J Appl Physiol. 2004.
doi:10.1152/japplphysiol.00662.2003

Garber CE, Blissmer B, Deschenes MR, et al. American College of Sports Medicine
position stand. Quantity and quality of exercise for developing and maintaining
cardiorespiratory, musculoskeletal, and. Med Sci Sports Exerc. 2011.
doi:10.1249/MSS.0b013e318213fefb

Tesch PA, Colliander EB, Kaiser P. Muscle metabolism during intense, heavy-
resistance exercise. Eur J Appl Physiol Occup Physiol. 1986.
doi:10.1007/BF00422734

Essén-Gustavsson B, Tesch PA. Glycogen and triglyceride utilization in relation to
muscle metabolic characteristics in men performing heavy-resistance exercise. Eur J
Appl Physiol Occup Physiol. 1990. doi:10.1007/BF00236686

Kubo K, Komuro T, Ishiguro N, et al. Effects of low-load resistance training with
vascular occlusion on the mechanical properties of muscle and tendon. J Appl
Biomech. 2006.

Morton RW, Oikawa SY, Wavell CG, et al. Neither load nor systemic hormones
determine resistance training-mediated hypertrophy or strength gains in resistance-
trained young men. J Appl Physiol. 2016. doi:10.1152/japplphysiol.00154.2016

Suga T, Okita K, Morita N, et al. Intramuscular metabolism during low-intensity
resistance exercise with blood flow restriction. J Appl Physiol. 2009.

75



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

doi:10.1152/japplphysiol.90368.2008

Suga T, Okita K, Takada S, et al. Effect of multiple set on intramuscular metabolic
stress during low-intensity resistance exercise with blood flow restriction. Eur J Appl
Physiol. 2012. doi:10.1007/s00421-012-2377-x

Suga T, Okita K, Morita N, et al. Dose effect on intramuscular metabolic stress during
low-intensity resistance exercise with blood flow restriction. J Appl Physiol. 2010.
doi:10.1152/japplphysiol.00504.2009

Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky MA, Sutton JR. Gender
differences in substrate for endurance exercise. J Appl Physiol. 1990.
doi:10.1152/jappl.1990.68.1.302

Hunt JEA, Galea D, Tufft G, Bunce D, Ferguson RA. Time course of regional
vascular adaptations to low load resistance training with blood flow restriction. J Appl
Physiol. 2013;115(3):403-411. doi:10.1152/japplphysiol.00040.2013

Tarnopolsky MA, Atkinson SA, Phillips SM, MacDougall JD. Carbohydrate loading
and metabolism during exercise in men and women. J Appl Physiol. 1995.
doi:10.1152/jappl.1995.78.4.1360

Gustavsson C, Yassin K, Wahlstrom E, et al. Sex-different hepaticglycogen content
and glucose output in rats. BMC Biochem. 2010. doi:10.1186/1471-2091-11-38
Kendrick Z V., Ellis GS. Effect of estradiol on tissue glycogen metabolism and lipid
availability in exercised male rats. J Appl Physiol. 1991.
doi:10.1152/jappl.1991.71.5.1694

Roepstorff C, Steffensen CH, Madsen M, et al. Gender differences in substrate
utilization during submaximal exercise in endurance-trained subjects. Am J Physiol
Metab. 2015. doi:10.1152/ajpendo.00266.2001

Zehnder M, Ith M, Kreis R, Saris W, Boutellier U, Boesch C. Gender-specific usage of
intramyocellular lipids and glycogen during exercise. Med Sci Sports Exerc. 2005.
doi:10.1249/01.mss.0000177478.14500.7¢

Esbjornsson-Liljedahl M, Sundberg CJ, Norman B, Jansson E. Metabolic response in
type I and type II muscle fibers during a 30-s cycle sprint in men and women. J App!
Physiol. 1999. doi:10.1038/0by.2007.118

Esbjornsson-Liljedahl M, Bodin K, Jansson E. Smaller muscle ATP reduction in
women than in men by repeated bouts of sprint exercise. J Appl Physiol. 2002.
doi:10.1152/japplphysiol.00732.1999

Bijker KE, de Groot G, Hollander AP. Differences in leg muscle activity during
running and cycling in humans. Eur J Appl Physiol. 2002. doi:10.1007/s00421-002-
0663-8

Carter SL, Rennie C, Tarnopolsky MA. Substrate utilization during endurance
exercise in men and women after endurance training. Am J Physiol Endocrinol Metab.
2001. doi:10.1152/ajpendo.2001.280.6.E898

Horowitz JF, Klein S. Lipid metabolism during endurance exercise. Am J Clin Nutr.
2000. doi:10.2165/00007256-199826010-00003

De Souza MJ. Menstrual disturbances in athletes: A focus on luteal phase defects. In:
Medicine and Science in Sports and Exercise. ; 2003.
doi:10.1249/01.MSS.0000084530.31478.DF

MacNutt MJ, De Souza MJ, Tomczak SE, Homer JL, Sheel AW. Resting and exercise
ventilatory chemosensitivity across the menstrual cycle. J Appl Physiol. 2012.

76



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

doi:10.1152/japplphysiol.00727.2011

Mattei JP, Bendahan D, Roussel M, Lefur Y, Cozzone PJ. Gender modulates the
energy cost of muscle contraction in untrained healthy subjects. A 31P magnetic
resonance spectroscopy analysis. FEBS Lett. 1999. doi:10.1002/mrm.20556

Fulco CS, Rock PB, Muza SR, et al. Slower fatigue and faster recovery of the
adductor pollicis muscle in women matched for strength with men. Acta Physiol
Scand. 1999. do0i:10.1046/j.1365-201X.1999.00613.x

Hicks AL, McCartney N. Gender Differences in Isometric Contractile Properties and
Fatigability in Elderly Human Muscle. Can J App! Physiol. 1996. doi:10.1139/h96-
039

Lindstrom B, Lexell J, Gerdle B, Downham D. Skeletal muscle fatigue and endurance
in young and old men and women. Journals Gerontol - Ser A Biol Sci Med Sci. 1997.
doi:10.1093/gerona/52A.1.B59

Maughan RJ, Harmon M, Leiper JB, Sale D, Delman A. Endurance capacity of
untrained males and females in isometric and dynamic muscular contractions. Eur J
Appl Physiol Occup Physiol. 1986. doi:10.1007/BF00422739

Clark BC, Collier SR, Manini TM, Ploutz-Snyder LL. Sex differences in muscle
fatigability and activation patterns of the human quadriceps femoris. Eur J Appl
Physiol. 2005. doi:10.1007/s00421-004-1293-0

Hunter SK, Butler JE, Todd G, Gandevia SC, Taylor JL. Supraspinal fatigue does not
explain the sex difference in muscle fatigue of maximal contractions. J Appl Physiol.
2006. doi:10.1152/japplphysiol.00103.2006

Kendrick Z V., Steffen CA, Rumsey WL, Goldberg DI. Effect of estradiol on tissue
glycogen metabolism in exercised oophorectomized rats. J Appl Physiol.
1987;63(2):492.

Ruby BC, Robergs RA, Waters DL, Burge M, Mermier C, Stolarczyk L. Effects of
estradiol on substrate turnover during exercise in amenorrheic females. Med Sci Sports
Exerc. 1997;29(9).

Carter S, McKenzie S, Mourtzakis M, Mahoney DJ, Tarnopolsky MA. Short-term 17 -
estradiol decreases glucose Ra but not whole body metabolism during endurance
exercise. Appl Physiol Nutr Metab. 2001;90(1):139-146.

Tarnopolsky MA, Roy BD, Macdonald JR, McKenzie S, Martin J, Ettinger S. Short-
term 17-B-estradiol administration does not affect metabolism in young males. Int J
Sports Med. 2001. doi:10.1055/5-2001-16380

Colberg SR, Sigal RJ, Fernhall B, et al. Exercise and type 2 diabetes: The American
College of Sports Medicine and the American Diabetes Association: Joint position
statement. Diabetes Care. 2010. doi:10.2337/dc10-9990

Kalinkovich A, Livshits G. Sarcopenic obesity or obese sarcopenia: A cross talk
between age-associated adipose tissue and skeletal muscle inflammation as a main
mechanism of the pathogenesis. Ageing Res Rev. 2017. doi:10.1016/j.arr.2016.09.008
World Health Organization. Global Report on Diabetes. Isbn. 2016. doi:ISBN 978 92
41565257

Joyner MJ, Barnes JN, Hart EC, Wallin BG, Charkoudian N. Neural control of the
circulation: How sex and age differences interact in humans. Compr Physiol. 2015.
doi:10.1002/cphy.c140005

Hemmatinafar M, Kordi MR, Choopani S, Choobineh S, Gharari Arefi R. The effect

77



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

of high intensity interval training (HIIT) on plasma adiponectin levels, insulin
sensitivity and resistance in sedentary young men. J Zanjan Univ Med Sci Heal Serv.
2013.

Kong Z, Sun S, Liu M, Shi Q. Short-Term High-Intensity Interval Training on Body
Composition and Blood Glucose in Overweight and Obese Young Women. J Diabetes
Res. 2016. doi:10.1155/2016/4073618

Tarnopolsky MA. Sex differences in exercise metabolism and the role of 17-beta
estradiol. Med Sci Sports Exerc. 2008;40(4):648-654.
doi:10.1249/MSS.0b013e31816212ff

MCPHEDRAN AM, WUERKER RB, HENNEMAN E. PROPERTIES OF MOTOR
UNITS IN A HOMOGENEOUS RED MUSCLE (SOLEUS) OF THE CAT. J
Neurophysiol. 1965. doi:10.1152/1n.1965.28.1.71

HENNEMAN E, SOMJEN G, CARPENTER DO. FUNCTIONAL SIGNIFICANCE
OF CELL SIZE IN SPINAL MOTONEURONS. J Neurophysiol. 1965.
doi:10.1152/jn.1965.28.3.560

HENNEMAN E, OLSON CB. RELATIONS BETWEEN STRUCTURE AND
FUNCTION IN THE DESIGN OF SKELETAL MUSCLES. J Neurophysiol. 1965.
doi:10.1152/jn.1965.28.3.581

Henneman E, Somjen G, Carpenter DO. Excitability and inhibitability of motoneurons
of different sizes. J Neurophysiol. 1965. doi:10.1152/jn.1965.28.3.599
Esbjornsson-Liljedahl M, Sundberg CJ, Norman B, Jansson E. Metabolic response in
type I and type II muscle fibers during a 30-s cycle sprint in men and women. J App!
Physiol. 1999. doi:10.1152/jappl.1999.87.4.1326

Koopman R, Manders RJF, Jonkers RAM, Hul GBJ, Kuipers H, van Loon LJC.
Intramyocellular lipid and glycogen content are reduced following resistance exercise
in untrained healthy males. Eur J App!l Physiol. 2006. doi:10.1007/s00421-005-0118-0
Lin G, Liu Y, MacLeod KM. Regulation of muscle creatine kinase by phosphorylation
in normal and diabetic hearts. Cell Mol Life Sci. 2009. doi:10.1007/s00018-008-8575-
3

Hashimoto M, Akishita M, Eto M, et al. Modulation of endothelium-dependent flow-
mediated dilatation of the brachial artery by sex and menstrual cycle. Circulation.
1995. doi:10.1161/01.CIR.92.12.3431

Guenette JA, Romer LM, Querido JS, et al. Sex differences in exercise-induced
diaphragmatic fatigue in endurance-trained athletes. J Appl Physiol. 2010.
doi:10.1152/japplphysiol.01341.2009

Heyward V, McCreary L. Comparison of the relative endurance and critical occluding
tension levels of men and women. Res Q Am Alliance Heal Phys Educ Recreat. 1978.
doi:10.1080/10671315.1978.10615538

Saito Y, Iemitsu M, Otsuki T, Maeda S, Ajisaka R. Gender differences in brachial
blood flow during fatiguing intermittent handgrip. Med Sci Sports Exerc. 2008.
doi:10.1249/MSS.0b013e3181614327

Parker BA, Smithmyer SL, Pelberg JA, Mishkin AD, Herr MD, Proctor DN. Sex
differences in leg vasodilation during graded knee extensor exercise in young adults. J
Appl Physiol. 2007. doi:10.1152/japplphysiol.00662.2007

Russ DW, Kent-Braun JA. Sex differences in human skeletal muscle fatigue are
eliminated under ischemic conditions. J App! Physiol. 2003.

78



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

doi:10.1152/japplphysiol.01145.2002

Kent-Braun JA, Ng A V., Doyle JW, Towse TF. Human skeletal muscle responses
vary with age and gender during fatigue due to incremental isometric exercise. J App!
Physiol. 2002. doi:10.1152/japplphysiol.00091.2002

Chatzinikolaou A, Fatouros I, Petridou A, et al. Adipose tissue lipolysis is upregulated
in lean and obese men during acute resistance exercise. Diabetes Care. 2008.
doi:10.2337/dc08-0072

Melanson EL, Sharp TA, Seagle HM, et al. Resistance and aerobic exercise have
similar effects on 24-h nutrient oxidation. Med Sci Sports Exerc. 2002.
doi:10.1097/00005768-200211000-00016

Miller AEJ, MacDougall JD, Tarnopolsky MA, Sale DG. Gender differences in
strength and muscle fiber characteristics. Eur J Appl Physiol Occup Physiol. 1993.
doi:10.1007/BF00235103

Staron RS, Hagerman FC, Hikida RS, et al. Fiber type composition of the vastus
lateralis muscle of young men and women. J Histochem Cytochem. 2000.
doi:10.1177/002215540004800506

Garber C, Blissmer B. American College of Sports Medicine position stand. Quantity
and quality of exercise for developing and maintaining cardiorespiratory,
musculoskeletal, and. Med Sci .... 2011. doi:10.1249/MSS.0b013e¢318213fefb
Murphy WG. The sex difference in haemoglobin levels in adults - Mechanisms,
causes, and consequences. Blood Rev. 2014. doi:10.1016/j.blre.2013.12.003
Routledge FSX, Hinderliter AL, Blumenthal JA, Sherwood A. Sex Differences in the
Endothelial Function of Untreated Hypertension. J Clin Hypertens. 2012;14(4):228-
235.doi:10.1111/5.1751-7176.2012.00593.x

Hodgin JB, Knowles JW, Kim HS, Smithies O, Maeda N. Interactions between
endothelial nitric oxide synthase and sex hormones in vascular protection in mice. J
Clin Invest. 2002;109(4):541-548.

Carter SL, Rennie C, Tarnopolsky M a. Substrate utilization during endurance exercise
in men and women after endurance training. Am J Physiol Endocrinol Metab. 2001.
doi:10.1152/ajpendo.2001.280.6.E898

Devries MC, Lowther SA, Glover AW, Hamadeh MJ, Tarnopolsky MA. IMCL area
density, but not IMCL utilization, is higher in women during moderate-intensity
endurance exercise, compared with men. Am J Physiol - Regul Integr Comp Physiol.
2007;293(6):R2336 LP-R2342.
http://ajpregu.physiology.org/content/293/6/R2336.abstract.

Phillips SM, Atkinson SA, Tarnopolsky MA, MacDougall JD. Gender differences in
leucine kinetics and nitrogen balance in endurance athletes. J Appl Physiol. 1993.
doi:10.1152/jappl.1993.75.5.2134

Institute C. Physical Fitness Assessments and Norms for Adults and Law Enforcement.
Dallas, Texas: Dallas, Tex. : The Cooper Institute; 2007.

Fu MH, Maher AC, Hamadeh MJ, Ye C, Tarnopolsky MA. Exercise, sex, menstrual
cycle phase, and 17B-estradiol influence metabolism-related genes in human skeletal
muscle. Physiol Genomics. 2009. doi:10.1152/physiolgenomics.00115.2009

Burke LM, Hawley JA. Effects of short-term fat adaptation on metabolism and
performance of prolonged exercise. In: Medicine and Science in Sports and Exercise. ;
2002. doi:10.1097/00005768-200209000-00015

79



109. Burke LM, Claassen A, Hawley JA, Noakes TD. Carbohydrate intake during
prolonged cycling minimizes effect of glycemic index of preexercise meal. J Appl
Physiol. 1998. doi:10.1152/jappl.1998.85.6.2220

110. Green HJ, Fraser IG, Ranney DA. Male and female differences in enzyme activities of
energy metabolism in vastus lateralis muscle. J Neurol Sci. 1984;65(3):323-331.
doi:10.1016/0022-510X(84)90095-9

111. Maher AC, Fu MH, Isfort RJ, Varbanov AR, Qu XA, Tarnopolsky MA. Sex
differences in global mRNA content of human skeletal muscle. PLoS One. 2009.
doi:10.1371/journal.pone.0006335

112. Clure C, Watts PB, Gallagher P, Hill R, Humphreys S, Wilkins B. ACCURACY OF
THE TEEM 100 METABOLIC ANALYZER DURING MAXIMUM OXYGEN
UPTAKE TESTING OF NORDIC SKIERS. Med Sci Sport Exerc. 1995.
doi:10.1249/00005768-199505001-00485

113. Lucia A, Fleck SJ, Gotshall RW, Kearney JT. Validity and reliability of the Cosmed
K2 instrument. Int J Sports Med. 1993. doi:10.1055/s-2007-1021196

114. Montes J, Young JC, Tandy R, Navalta JW. Reliability and Validation of the
Hexoskin Wearable Bio-Collection Device During Walking Conditions. Int J Exerc
Sci. 2018.

115. Guillet C, Boirie Y. Insulin resistance: A contributing factor to age-related muscle
mass loss? Diabetes Metab. 2005. doi:10.1016/s1262-3636(05)73648-x

116.  ROUBENOFF R. Sarcopenic Obesity: Does Muscle Loss Cause Fat Gain?: Lessons
from Rheumatoid Arthritis and Osteoarthritisa. Ann N Y Acad Sci. 2006.
doi:10.1111/5.1749-6632.2000.tb06515.x

80



	Author’s Declaration
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	Graphic
	Chapter One: Literature Review
	1.1 Overview of fuel utilization during exercise
	1.1 Effects of Exercise Mode on Substrate Utilization During Exercise
	1.1.1 Substrate Utilization During Moderate Intensity Continuous Exercise (MICE)
	1.1.2 Substrate Utilization During Resistance Exercise
	1.1.3 Low Load High Repetition Resistance Exercise (LL-HR)

	1.2  Sex Differences in Muscle Metabolism
	1.2.1 Sex Differences in CHO Metabolism
	1.2.2 Sex Differences in High Energy Phosphate Transfer
	1.2.3 Estrogen-Mediated Differences in Metabolism


	Chapter Two: Rationale, Purpose and Hypotheses
	2.0 Study Rationale
	2.1 Purpose
	2.2 Objectives
	2.3 Hypotheses

	Chapter Three: Methods
	3.0 Participants
	3.1 Study Design
	3.1.1 General Study Outline
	3.1.2 Detailed study procedures
	3.1.2.1 VO2peak
	3.1.2.2 One Repetition Max Testing
	3.1.2.3 LL-HR Protocol
	3.1.2.4 Muscle Sample Collection


	3.2  Analysis
	3.2.1 Western Blot Analysis
	3.2.2 Muscle Glycogen and Metabolite Assays
	3.2.3 – Immunohistochemical Staining

	3.3 Statistical Analyses

	Chapter Four: Results
	4.1 Participant Characteristics
	4.2 LL-HR Acute Exercise Bout
	4.3 Changes during LL-HR Exercise Bout
	4.4 Contribution of HEPT to energy production
	4.5 Contribution of glycolysis to energy production during LL-HR
	4.6 Sex differences in muscle fibre type

	Chapter Five: Discussion
	5.1 Overall Summary
	5.2 Reliance on HEPT and glycolysis during LL-HR resistance exercise
	5.2.1. Reliance on the HEPT system during LL-HR resistance exercise
	5.2.2. Reliance on muscle glycogen during LL-HR resistance exercise

	5.3 Sex Based Differences in Metabolism
	5.3.1 High Energy Phosphate Transfer System
	5.3.2 Glycogen Utilization
	5.3.3 ATP Preservation
	5.3.4 Differences in Fiber Type Distribution
	5.3.5 Sex Differences in the Physiological Response to LL-HR Resistance Exercise
	5.3.6 Participant Matching

	5.4 Limitations
	5.5 Future Directions
	5.6 Conclusion

	Chapter Six: Significance of the research
	References

