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LAY ABSTRACT 

Dietary energy restriction is commonly used to promote weight/fat loss; however, 

a potential negative consequence of dietary energy restriction is the loss of 

skeletal muscle mass. This thesis examines the impact of dietary energy 

restriction on the two processes that regulate skeletal muscle mass: muscle protein 

synthesis and muscle protein breakdown. Additionally, this thesis investigates the 

role of protein intake and resistance exercise as strategies to prevent diet-induced 

changes in muscle protein synthesis and breakdown. The studies within this thesis 

demonstrate that during energy restriction rates of muscle protein synthesis are 

reduced whilst muscle protein breakdown is unchanged. Importantly, consuming 

high quality protein such as whey protein and performing resistance exercise 

prevent the diet-induced decline in rates of muscle protein synthesis. These 

findings provide new and insightful information for the design of weight loss 

programs that aim to preserve skeletal muscle whilst also promoting the loss of 

body fat. 
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ABSTRACT 
 

Weight loss through dietary energy restriction (ER) is an effective method to 

promote fat mass loss. However, a negative consequence of ER is the loss of lean 

body mass (LBM), particularly skeletal muscle, which is induced by an imbalance 

between rates of muscle protein synthesis (MPS) and muscle protein breakdown 

(MPB). Increased protein intake and resistance exercise (RE) during ER promote 

the retention of LBM. Currently, the relative contribution of MPS and MPB to 

diet-induced LBM loss, and the effect of protein intake and RE on these variables 

is not well characterized. In Study 1 we compared the acute (hour-to-hour) MPS 

response to the ingestion of whey and soy protein, before and after 14 days of ER 

(-750kcal/d). The results of Study 1 indicated that whey protein was superior to 

soy protein in stimulating MPS before and after ER. In Studies 2 and 3 we 

examined the effect of 10 days of a marked 40% energy restriction on acute 

postabsorptive MPS and MPB and integrated (day-to-day) MPS. Using unilateral 

RE, we examined the effects of protein (1.2g protein/kg/g or 2.4g protein/kg/d) at 

rest and in combination with resistance exercise. The results of Study 2 showed 

that there were no changes in acute MPB or markers of proteolysis with ER. The 

results of  Study 3 indicated that acute and integrated MPS were reduced 

following ER at both protein levels (1.2g protein/kg/g or 2.4g protein/kg/d), but 

RE was able to prevent this decline. Taken together, these studies demonstrate 

that reductions in MPS are the likely reason for LBM loss during short-term 

dietary energy restriction, and strategies such as RE and high quality protein 
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intake can help to prevent the decline in MPS. These findings provide information 

for the design of weight loss programs that wish to preserve skeletal muscle. 
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Chapter 1: 

INTRODUCTION 
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1.1 Introduction 

Obesity, characterized by the accumulation of excess adipose tissue, is a growing 

world-wide public health epidemic. Canadian data show that in 2014, 21.8% of 

adult men and 18.7% of adult women were classified as obese (body mass index 

(BMI) 30 kg/m2 or higher), while 40% of adult men and 27.5% of adult women 

were classified as overweight (BMI 25 to <30 kg/m2) (1). Overweight and obese 

individuals are at significantly greater risk of developing comorbidities versus 

normal weight individuals, including type II diabetes mellitus (T2D), coronary 

heart disease, cancers, and sleep disorders, all of which pose a significant health 

risk to the individual and lead to an incumbent socioeconomic burden (2). 

Therefore, effective strategies to promote the reduction of excess adiposity and 

reduce the prevalence of overweight and obese adults are desperately needed. 

Weight loss to reduce excess body adiposity is achieved through an energy 

deficit, which can be accomplished by energy restriction, increased energy 

expenditure, or a combination of both energy restriction and expenditure. An 

energy deficit can result in a reduction in fat mass through an increased release of 

free fatty acids (lipolysis) from adipose tissue, which can be used as a source of 

fuel by other organs (3). Compared to weight loss surgeries (4, 5) or 

pharmacotherapy (6), lifestyle modification (i.e. dietary energy restriction and 

exercise) remains the most cost effective, scalable, and widely available method 

to most individuals attempting to lose weight (7, 8). Additionally, lifestyle 

modifications have a low side effect profile and offer other health benefits, such 
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as improved cardiovascular function and muscular strength with exercise (9, 10). 

A wealth of weight loss information comes from the National Weight Control 

Registry, which was established in 1993 to examine the characteristics of 

individuals maintaining at least a 13.6-kg weight loss for longer than one year. 

Analyses from these data demonstrate that 89% of participants changed diet and 

physical activity habits to lose weight (7).  Therefore, developing effective dietary 

modification and exercise programs to promote successful weight loss will 

provide valuable information to continue to address the obesity epidemic.  

 

1.1.1 Importance of skeletal muscle: Implications for weight loss  

Although weight loss through dietary energy restriction is effective at reducing fat 

mass and improving metabolic and physical health (7), a potential negative 

consequence of dietary energy restriction is the loss of lean body mass (LBM), 

particularly skeletal muscle mass (11). Skeletal muscle accounts for 

approximately 40% of body mass and is the largest organ in the body, providing a 

store of amino acids for other tissues in the body (i.e. heart, liver, brain) (12, 13). 

Skeletal muscle is important for maintaining glycemic control (14, 15), as a site of 

fat oxidation (16), and is obviously critical for mobility (17). Skeletal muscle is 

also a significant contributor to resting energy expenditure, a portion of which 

comes from the energy consuming processes of muscle protein synthesis (MPS) 

and breakdown (MPB) (18). Thus, maintaining skeletal muscle mass can promote 

favourable health adaptations to weight loss.  
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Loss of skeletal muscle mass comprises approximately 25% of total weight 

lost during energy restriction (19). Therefore, the focus of weight loss should not 

only be on the total weight lost, but also on body composition changes with a goal 

of a high fat-to-lean mass loss ratio. A study by Heymsfield et al. (20) used two 

large randomized controlled weight loss trials (CALERIE (21) and Kiel (20)) to 

characterize different phases of weight loss, with phase I lasting 4-6 weeks and is 

associated with rapid weight loss, a higher proportion of weight loss as LBM and 

a decline in resting energy expenditure (20). Thus, strategies that target the early 

phase of weight loss when LBM loss is most prominent is critical in order to 

enhance the physical and metabolic adaptations to weight loss.    

 

1.2 Muscle Protein Turnover 

Skeletal muscle protein turnover is an energy consuming process (22, 23) that 

consists of a constant flux between the incorporation of free amino acids into 

muscle protein (muscle protein synthesis, MPS) and the release of protein-bound 

amino acids into the intracellular pool (muscle protein breakdown, MPB) (24). In 

the postabsorptive state, rates of MPB exceed those of MPS resulting in a net 

negative protein balance (i.e., MPS – MPB is negative). In the postprandial state, 

MPS is temporarily stimulated by a hyperaminoacidemia (predominantly due to 

the essential aminoacidemia), while MPB is suppressed mainly due to a protein-

induced hyperinsulinemia (25) and the result is a net positive protein balance. In 

healthy younger individuals, the periods of positive and negative protein balance 
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are roughly equal, resulting in a maintenance of muscle mass over time (26, 27). 

Loaded muscle contraction (i.e. resistance exercise, RE) also results in a 

stimulation of muscle protein turnover. Indeed, in the postabsorptive state, RE 

stimulates both MPS and MPB, but MPS to a much greater degree resulting in a 

slightly less negative protein turnover compared to rates at rest (28, 29) that can 

last up to 24hr post-exercise (30). Importantly, RE sensitizes skeletal muscle to 

the anabolic effect of dietary protein. For example, the consumption of dietary 

protein in close temporal proximity to RE results in a synergistic increase in rates 

of MPS, leading to a protracted state of net positive protein turnover (26, 29, 31). 

It is for these reasons that repeated bouts of RE coupled with adequate protein 

consumption lead to muscle hypertrophy (32, 33). 

 

1.2.1 Mechanisms of MPS in human skeletal muscle: Influence of amino acid 

ingestion and resistance exercise 

The process of MPS is regulated mainly through the mechanistic target of 

rapamycin protein complex 1 (mTORC1) signalling pathway (34), a pathway 

involved in ribosomal biogenesis as well as the control of translation initiation 

and elongation (35), which is illustrated in Figure 1. The mTOR protein is a 

289kDa protein with many regulatory proteins that control its activation (35, 36). 

One important regulatory protein is the guanosine triphosphatase (GTPase) Ras 

homolog enriched in brain (Rheb). When in a guanosine triphosphate (GTP)-

bound state, Rheb promotes mTORC1 activation; however, when in the guanosine 
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diphosphate (GDP)-bound state, mTORC1 is not activated by Rheb. Activation of 

Rheb is controlled by the upstream GTPase activating protein (GAP) tuberous 

sclerosis 2 (TSC2) (37). When TSC2 is activated, such as during time of low 

cellular energy by adenosine monophosphate-activated protein kinase (AMPK) 

phosphorylation on residues Ser1387 and Thr1271 (38), TSC2 activates Rheb (i.e. 

activates its GTPase activity), thereby promoting the GDP-bound state of Rheb 

and inhibiting the activity of mTORC1 (39).  In contrast, in response to growth 

factors, Akt (protein kinase B [PKB]) activation on Thr308 and Ser473 

phosphorylates TSC2 on residues Ser939 and Thr1462 which inhibits the ability of 

TSC2 to activate Rheb (40), thus Rheb remains in the GTP-bound state and can 

activate mTORC1.  

Once active, mTORC1 interacts with many downstream substrates 

including the ribosomal protein of 70 kDa S6 kinase 1 (p70S6K1) and 4E-binding 

protein-1 (4E-BP1) (41-43). Both p70S6K1 and 4E-BP1 are important for the 

stimulation of MPS (44, 45). Active mTORC1 phosphorylates p70S6K1 on Thr389 

which then acts on ribosomal protein S6 (rps6) to upregulate translation initiation 

of ribosomal proteins (46, 47). The 4E-BP1 protein is targeted by mTORC1 via 

phosphorylation on Thr37/46. Phosphorylation of 4E-BP1 reduces its affinity for 

eukaryotic initiation factor 4E (eIF4E), enabling eIF4E to interact with eukaryotic 

initiation factor 4G (eIF4G) to form the 43S preinitiation complex. These steps 

are crucial to begin protein synthesis (41). Activation of mTORC1 also results in 

the phosphorylation and inactivation of eukaryotic elongation factor-2 kinase 
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(eEF2K), resulting in dephosphorylation (activation) of eEF2 which promotes 

translation elongation (48).  

While there are 20 amino acids, it is the provision of only the essential 

amino acids that stimulates rates of MPS (49, 50) through mTORC1 (43, 51, 52). 

However, although non-essential amino acids are not required for the stimulation 

of MPS (53-55), they may have an important role in sustaining rates of MPS 

beyond the acute maximal stimulation (50). In young men, consumption of 10g of 

essential amino acids resulted in a 60% increase in MPS, that is accompanied by 

increased phosphorylation of mTOR (Ser2448), ribosomal S6 kinase 1 (Thr389), and 

eukaryotic initiation factor 4E binding protein 1 (Thr37/46) (43). The importance of 

mTORC1 activation for the stimulation of MPS was demonstrated by Dickenson 

et al., who administered rapamycin (an mTORC1 inhibitor) to male and female 

participants and found that following ingestion of 10g of essential amino acids, 

there was a complete block of the usual stimulation of MPS, and the activation of 

mTORC1 signaling proteins was attenuated (43). It is important to note that in 

this experiment rapamycin did not affect basal rates of MPS, which may be 

regulated through other mechanisms or only require low/minimal activation of 

mTORC1 (43). 

RE results in a stimulation of MPS (28), but also the stimulation of MPB 

(28). The consumption of dietary protein in close proximity to RE is required to 

promote a synergistic increase in MPS, resulting in net positive protein balance 

(56). The increased rates of MPS in response to RE also result in elevations in the 
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phosphorylation status of mTORC1 Ser2448 and the downstream target of 

mTORC1,  p70S6K1 Thr389 (44, 56-59). Thus, mTORC1 is well established as a 

central nexus for MPS in response to RE (60-62). In a repeat of their experiment 

with amino acids (43), the same researchers also examined whether rapamycin  

prevented RE-induced increases in mTORC1-mediated rates of MPS (63). Indeed, 

Drummond et al. (63) reported that the administration of rapamycin 2 h prior to 

RE significantly reduced MPS during the initial 1-2 h recovery period. The 

reduction in MPS was accompanied by blunted mTOR Ser2448 and p70S6K1 

Thr389 phosphorylation 1h post exercise. Such findings (64) when taken together 

with previous work (43), provide compelling evidence that amino acid ingestion 

and RE stimulate rates of MPS in an mTORC1 dependent manner. 

 

1.2.2 Mechanisms of skeletal muscle protein breakdown in human skeletal 

muscle  

The degradation of skeletal muscle proteins is necessary to replace damaged 

proteins and to provide a source of glucose and amino acids for other organs 

during times of stress, such as fasting (65, 66).  Two main systems coordinate the 

removal of amino acids from muscle: the ubiquitin-proteasomal system (UPS); 

and the autophagic-lysosomal system (ALS), both of which will be discussed in 

greater detail in the following sections.  

An important regulator of both the UPS and ALS is the transcription factor 

Forkhead box O3 protein (FoxO3a protein) that undergoes specific 
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phosphorylation in response to cellular signals including amino acids and insulin, 

or low energy status (67-70). For example, in response to growth factors, 

phosphorylation of FoxO3a by Akt on residues Thr32 and Ser253 leads to the 

cytosolic retention of FoxO3a, inhibiting the transcription of genes involved in the 

UPS and ALS (69). However, in response to low energy in the cell, 5' adenosine 

monophosphate-activated protein kinase (AMPK) phosphorylates FoxO3a on 

Ser413/588, leading to its translocation to the nucleus where the transcription of 

genes involved in the UPS and ALS are promoted. Indeed, skeletal muscle 

knockout of AMPK in fasting mice results in impaired skeletal muscle autophagy 

and hypoglycemia (66). Additionally, the deletion of skeletal muscle FoxO3a in 

mice prevents autophagy, ubiquitination of proteins, and muscle loss due to 

fasting (71).  Another potential regulator of both the UPS and ALS is the E3 

ubiquitin ligase tumor necrosis factor receptor (TNFR)-associated factor 6 

(TRAF6) (72, 73).  Knockout of TRAF6 in mouse muscle showed reduced 

atrophy (74) and expression of the UPS and ALS pathways (72), while the 

increased expression of TRAF6 in skeletal muscle has been demonstrated during 

starvation in mice (73).  

The UPS has been considered the main pathway leading to both soluble 

and myofibrillar protein breakdown (75). When genes involved in the UPS are 

silenced or knocked out in mice, there is a significant reduction in muscle atrophy 

(76). An increase in components of the UPS (genes, proteins) has been 

consistently demonstrated during increased metabolic demand such as acutely 
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following RE (77, 78), fasting (79) and conditions of inflammation and muscle 

wasting (e.g., sepsis, renal failure, cancer cachexia) (80-82).  The mechanism of 

action of the UPS involves three key enzymatic reactions with ubiquitin first 

being bound to the E1-ubiquitin activating enzyme in an ATP-dependent process. 

Ubiquitin is then transferred to the E2-ubiquitin conjugating enzyme and E3-

ubiquitin ligases conjugate the ubiquitin monomer to the specific protein (usually 

on a lysine residue) targeted for degradation. A minimum of four Ub monomers 

are required to be attached to the target protein for the 26S proteasome to 

recognize the signal and degrade the ubiquitinated protein, also in an ATP-

dependent manner (83). The FoxO3a transcription factor controls the transcription 

of two major muscle specific E3 ubiquitin ligases: atrogin-1/MAFbx (Muscle 

Atrophy F-box) and MuRF1 (Muscle RING Finger 1) (67). The Atrogin1/MAFbx 

ligase conjugates ubiquitin to the translation initiation factor eIF3f (84), and 

MyoD (85) while MuRF-1 conjugates ubiquitin to cleaved myofibrillar proteins 

(86).   

The intact myofibrillar proteins are somewhat protected from ubiquitin-

proteasomal degradation (87). Caspase-3, an aspartic acid-specific protease has 

been shown to be crucial for muscle proteolysis (88). Procaspase-3 is a stable 

dimer with low enzymatic activity (89) that requires cleavage of an intersubunit 

linker by initiator caspases (such as Caspase-9) to become the activated caspase-3 

(90). Inhibition of caspase-3 in rats with acute diabetes suppressed the accelerated 

muscle proteolysis (88).  
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Figure 1. Integration of the skeletal muscle protein synthesis and the ubiquitin 
proteasome pathways. PKB: protein kinase B, AMPK: 5’ AMP-activated protein 
kinase, TSC: tuberous sclerosis, Rheb: Ras homolog enriched in brain, GTP: 
guanosine triphosphate, mTORC1: mechanistic target of rapamycin complex 1, 
4EBP1: EIF4E binding protein 1, p70S6K: ribosomal protein S6 kinase, eIF: 
eukaryotic translation initiation factor, MuRF1: muscle ring finger protein 1, 
MAFBx: muscle atrophy F box, Ub: ubiquitin, FOXO: forkhead box. Figure used, 
with permission, from Hector et al. (91). 
 

The autophagic-lysosomal system (ALS) is constitutively active within 

skeletal muscle and is responsible for the degradation of damaged proteins and 

organelles to maintain cellular homeostasis (92) (93), and respond to cellular 

stress, such as cytokines and nutrient deprivation (70). During starvation-induced 

muscle atrophy in mice, FoxO3a regulates the transcription of several autophagy 

related genes, including Microtubule-associated protein 1A/1B-light chain 
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3 (LC3B), GABA Type A Receptor Associated Protein Like 1 (Gabarapl1), and 

Beclin1 (69, 71) as well as the accumulation of autophagosomes (94).   

Autophagy is controlled by both AMPK and mTORC1. The 

phosphorylation of mTORC1 (Ser2448) in response to amino acids suppresses 

autophagy by phosphorylation of Unc-51-like kinase 1 (ULK1) at Ser757, 

preventing ULK1 activation and autophagy initiation (95).  FoxO3a activation by 

AMPK leads to an increase in autophagy related gene expression (69). AMPK 

phosphorylates ULK1 on Ser555 which triggers the initiation of autophagosome 

formation (95). 

During autophagy, intracellular components such as proteins and 

organelles are first sequestered into double membrane intracellular vacuoles 

called autophagosomes, which then fuse with lysosomes for the digestion of cell 

components by lysosomal protein hydrolases. Cellular components are then 

recycled to yield energy to maintain cellular metabolism (96). Autophagosome 

formation, elongation and lysosomal fusion are coordinated by groups of 

autophagy related proteins. For example, activated ULK1 Ser555 directly 

phosphorylates Beclin1 Ser14 that is involved in the induction of autophagy (97). 

Another protein involved in autophagy induction is BNIP3 (69). The formation 

(lipidation) of the autophagosomal membrane proceeds with LC3 (98) and closure 

of the autophagosomal membrane is associated with Gabarapl1 (98). There are 

many other proteins involved in each stage of autophagy, however, the proteins 

listed here represent the more well-studied markers in skeletal muscle (69). 
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1.2.3 Measurement of skeletal muscle protein turnover using stable isotopic 

tracers 

Stable isotope tracers are non-radioactive elements that contain extra neutrons, 

rendering them greater in mass from the most naturally occurring form of an 

element (i.e. 13C and 12C, 2H and 1H, 15N and 14N). This difference in mass allows 

the stable isotope tracer to be distinguished from the more abundant form of the 

element while still behaving identically within the body (99). One method of 

administering stable isotope tracers is through a primed constant intravenous 

infusion over a period of several hours to achieve a steady tracer:tracee ratio in the 

plasma (5-10%) and intracellular precursor pool (3-5%) (99). During the steady-

state intravenous infusion, timed blood samples and muscle biopsies are taken (for 

example, during fasted and fed states) and the incorporation of the tracer into 

specific skeletal muscle fractions (i.e. myofibrillar, mixed muscle) is measured by 

isotope-ratio mass spectrometry over a period of hours. MPS can then be 

calculated using the precursor-product equation (28): 

𝐹𝑆𝑅 % ∙ ℎ𝑟 − 1 = 	
𝐸(𝑡2) − 𝐸(𝑡1)
𝐸𝑝 ∙ (𝑡2 − 𝑡1) 	𝑥	100 

Where, E(t1) is the protein-bound enrichment of the first biopsy and E(t2) is the 

protein-bound enrichment of the second biopsy. Ep is the average enrichment of 

the intracellular fraction (precursor pool) between the two biopsies, and t2 and t1 

are the times the biopsies were taken. The equation is multiplied by 100 to convert 

the value to a percentage. An important assumption of the precursor-product 
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model is that none of the tracer incorporated into the muscle protein pools is 

released via proteolysis during the experiment, which is reasonable given the 

short duration of the measurement (hours) (100). Ideally, the precursor pool 

enrichment for incorporation into the protein-bound fraction would be aminoacyl-

tRNA, however, this aminoacyl-tRNA pool is small and a large muscle sample 

would be needed to measure this pool. Thus, the intracellular free amino acid 

pool, the immediate precursor to the aminoacyl-tRNA pool, is often used as a 

surrogate instead (99). The primed constant intravenous infusion method provides 

an acute assessment (hours) of MPS in response to certain stimuli (for example, in 

fasted and fed states), in controlled laboratory conditions. However, this confines 

participants to a laboratory setting and does not represent the day-to-day activities 

of participants. 

An alternative to the acute intravenous infusion measure of MPS is the use 

of orally ingested deuterated water (D2O). This method eliminates the need for an 

intravenous infusion, allowing participants to be free-living, and can capture an 

integrated MPS response over a period of days to weeks, which would include all 

periods of fasting, feeding, activity or inactivity. Following consumption of D2O, 

which rapidly accumulates into the total body water, all amino acids become 

labelled with 2H via exchange reactions and transamination (101). However, the 

non-essential amino acid alanine undergoes the most rapid turnover with, on 

average, 3.7 out of the 4 potential H atoms being exchanged with the 2H (D) label, 

permitting better detection. The 2H labelled alanine can then charge the 
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aminoacyl-tRNA and be incorporated into muscle proteins. Saliva samples can be 

used to monitor the change in total body water enrichment over days following 

D2O consumption (102), and this can be used as the surrogate precursor for 

labelled alanine and measurement of MPS by gas chromatography-pyrolysis-

isotope ratio mass spectrometry and a modified version of the precursor-product 

equation described above (103). 

Using the rate of integrated MPS (%/d) obtained from the D2O tracer, a 

calculation of absolute synthesis rate (ASR) and absolute breakdown rate (ABR) 

(in grams per day) can be obtained when paired with measures of muscle mass. 

The equations (104) are: 

𝐴𝑆𝑅	 𝑔 ∙ 𝑑 = 	
𝐹𝑆𝑅
100 	𝑥	𝐿𝐹𝐹𝑀	𝑥	

𝐴𝑆𝑃
100 

Where FSR is the integrated myofibrillar rate in %/d, LFFM (leg FFM) is the 

amount of FFM in the leg obtained by dual-energy x-ray absorptiometry (DXA) 

corrected for the amount of water in the muscle (wet weight-dry weight), and ASP 

is the average alkali soluble protein concentration present in a muscle (calculated 

from a biopsy). Similarly, absolute breakdown rate (ABR) can be calculated as: 

𝐴𝐵𝑅	 𝑔 ∙ 𝑑 = 	
𝐹𝐵𝑅
100 	𝑥	𝐿𝐹𝐹𝑀	𝑥	

𝐴𝑆𝑃
100 

Where FBR = FSR-FGR and FGR (fractional growth rate) is the % change in leg 

lean mass per day. 
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 The tracee-release method is commonly used to measure mixed MPB (28, 

105, 106), and this method has been shown to correspond with values obtained by 

the arterio-venous balance method, which is the other technique employed to 

estimate muscle protein balance (105). The tracee-release method measures the 

dilution in enrichment of the amino acid tracer in the intracellular free amino acid 

tracer pool by the unlabelled amino acid (tracee) from the muscle to calculate a 

rate of protein breakdown. Once steady state is achieved, the primed constant 

infusion of stable isotope tracer is discontinued, and two muscle biopsies are 

obtained at 40min and 60min following discontinuation of the tracer. This allows 

for the measurement of the difference in intracellular enrichment between the two 

biopsies which can be used to model a rate of decay as protein breakdown (105). 

The equation for MPB is as follows (105): 

𝐹𝐵𝑅	(% ∙ ℎ𝑟) =
𝐸𝑀 𝑡2 − 𝐸𝑀(𝑡1)

𝑃 𝐸𝐴 𝑡 𝑑𝑡 − 1 + 𝑃 𝐸𝑀 𝑡 𝑑𝑡<=
<>

<=
<>

	𝑥	(
𝑄𝑀
𝑇 ) 

Where EM(t2)-EM(t1) is the change in enrichment in the muscle intracellular 

fraction from t1 to t2 when the isotope infusion is discontinued, 𝐸𝐴(𝑡)𝑑𝑡<=
<>  is 

the area under the arterialized blood enrichment decay curve, 𝐸𝑀(𝑡)𝑑𝑡<=
<>  is the 

area under the intracellular muscle enrichment decay curve, QM/T is the ratio of 

intracellular free tracee concentration and protein-bound tracee concentration , 

𝑃 = AB
(ACDAB)

 at isotope plateau (accounts for the two precursor pools (arterial 

blood and protein bound pools). 
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The assumption in this model is that the arterial blood is the only source of 

tracer entering the intracellular pool, that is there is no tracer recycling from 

proteolysis, which is assumed to be negligible given the very short time period 

(20-60mins) over which the measurements are made (100).  

 

1.2.4 Influence of energy restriction on skeletal muscle protein turnover 

In order to develop effective weight loss strategies to promote LBM retention, it is 

important to understand the effects of energy restriction on muscle protein 

turnover. There are, however, relatively few studies investigating the effects of 

energy restriction on muscle protein turnover. Shorter term studies (lasting 5 days 

to a few weeks) have consistently shown a decrease in postabsorptive (14-27% 

(107-109)), and postprandial (14-20%) (109, 110)) MPS following moderate 

energy deficits (300-1000kcal/d). In contrast, longer term studies (lasting a month 

or longer) have not found impairments in MPS. For example, Villareal et al. 

examined the effect of weight loss on MPS following 3 months of weight loss in 

obese older adults and found that postabsorptive MPS was not impaired (111). 

The effect of longer term weight loss on postprandial MPS is less clear, and could 

be due to differences in the timing of the measurement (i.e. during weight loss or 

after returning to energy balance), but one study reported no change in 

postprandial MPS from pre weight loss values after 3 months of weight loss (112) 

and Villareal et al. reported an increase compared to pre weight loss values (111). 

Taken together, data from shorter and longer term studies suggest that 
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postabsorptive and postprandial MPS is significantly reduced at the early phase 

during energy restriction, which is further supported by more rapid LBM changes 

during early caloric restriction (20). The mechanisms underlying the decrease in 

MPS during weight loss have been shown to be mechanistically linked to the 

mTORC1 pathway. For example, Pasiakos et al., (107) demonstrated a 19% 

reduction in MPS as well as a reduction in the phosphorylation of 4EBP-1 Thr37/46 

in the post-absorptive state during a 10-day 20% energy deficit in healthy 

individuals. In another study, Pasiakos et al., (110) demonstrated a reduction in 

postprandial phosphorylation of p70S6K1 (Ser424/Thr421), along with increased 

expression of mTORC1 inhibitors regulated in development and DNA damage 

responses 1 and 2 (REDD1 and REDD2). Thus, strategies that promote the 

activation of the mTORC1 pathway, such as amino acid ingestion and RE, will 

help to prevent the diet-induced decline in MPS. 

Whereas much is known about the effects of energy restriction on rates of 

MPS, relatively little is known about the effect of energy restriction on rates of 

MPB. In humans, MPB is often described through changes in static markers of 

gene expression and proteins that are part of the UPS and ALS. This approach has 

yielded inconclusive results as to whether MPB changes following short term 

energy restriction (106, 113, 114). For example, Carbone et al., reported a 

significant increase in the gene expression of Atrogin-1 and MuRF-1 following a 

21d energy deficit (-40% versus requirements), but no change in 26S proteasome 

activity or caspase-3 activity (113). Smiles et al., (114) did not detect changes in 
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gene or protein expression in the autophagy pathway following a 5 day weight 

loss diet. Carbone et al. reported that following a 10-day, 20% energy deficit in 

normal-weight adults, there was a significant increase (11%) in caspase-3 activity, 

but no change in genes related to the ubiquitin-proteasome pathway or 26S 

proteasome activity. Interestingly, despite the small or absent changes in 

proteolytic pathway markers, there was a 60% increase in rates of postabsorptive 

MPB (106). To date, no other study has attempted to characterize MPB during 

energy restriction in humans. Figure 2 summarizes the current understanding of 

muscle protein turnover in energy balance and energy restriction. 

 

 

 

 

 

 

 

 

 

Figure 2. Theoretical representation of muscle protein synthesis (white bars), 
muscle protein breakdown (black bars) and net protein balance (grey bars).  (A)  
During energy balance, rates of MPS are equal to rates of MPB and net balance is 
zero. (B) During energy restriction, MPS is reduced, which would lead to negative 
net protein balance. An increase in MPB would contribute to a much greater 
reduction in net protein balance. Thus, understanding how MPB changes with 
weight loss, and studying interventions to improve net protein balance will 
promote lean mass retention during energy restriction. 
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Table 1. Summary of randomized controlled trials measuring muscle protein 
synthesis during energy restriction 

 Reference Participants Intervention 
Outcomes 
(versus pre  
weight loss) 

Longer-
term 

studies 

Campbell 
et al., 
2009 

Postmenopausal, 
overweight 

women 
 

11 weeks 
500kcal/d ER 

1g/kg/d 
protein 

RE 3x/week 

↑ postabsorptive mixed 
muscle FSR 

↔ postprandial mixed 
muscle FSR 

No influence of RE 
 

 

Villareal 
et al., 
2012 

 

Obese older 
adults 

 

3 months 
500-

750kcal/d ER 
1g/kg/d 
protein 

↔ postabsorptive 
mixed muscle FSR 
↑ postprandial mixed 

muscle FSR 
 

 

Pasiakos 
et al., 
2013 

 

Young, 
physically active 
men and women 

 

21 days 
40% ER 

1x, 2x, 3x 
RDA 

↔ postabsorptive 
mixed muscle FSR 
↓ postprandial mixed 
muscle FSR in RDA 

group only 

Shorter-
term 

studies 

Pasiakos 
et al., 
2010 

 

Young 
physically active 
men and women 

 

10 days 
20% ER 
1.5g/kg/d 
protein 

↓ 19% postabsorptive 
mixed muscle FSR 
↓ Akt and 4EBP-1  
phosphorylation 

 
Areta et 
al., 2014 

 

Young resistance 
trained men and 

women 
 

5 days ER 
30kcal/kg 

FFM per day 
1.4-1.6g/kg/d 

protein 

↓ postabsorptive MPS 
by 27% 

In ER, RE stimulated 
FSR equal to EB 

Protein ingestion + RE 
↑ FSR above resting 

EB 

 
Murphy et 
al., 2015 

 

Overweight/obes
e older men 

 

4 weeks 
300kcal/d ER 

1.3g/kg/d 
protein 

2 weeks of 
RE 3x/wk 

↓ postprandial 
myofibrillar FSR 

With RE, fed-state 
myofibrillar FSR ↑ 

above energy 
restriction 
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Table 2. Summary of randomized controlled trials studying muscle protein 
breakdown during energy restriction 

 

 

 

  

 Reference Participants Intervention Outcomes (versus 
pre weight loss) 

Longer-
term 
study 

Carbone et 
al., 2013 

 

Young 
physically 
active men 
and women 

 

21 days 
40% ER 

1x, 2x, 3x 
RDA 

↑ MuRF-1 (1.2 
fold) and atrogin-1  

(1.3 fold) 
↔ 26S proteolytic 
activity or caspase-

3 activity 

Shorter-
term 

studies 

Carbone et 
al., 2014 

Young 
physically 
active men 
and women 

 

10 days 
20% ER 
1.5g/kg/d 
protein 

60% ↑ FBR 
11% ↑  Caspase-3 
↔ Atrogin-1 

expression or 26S 
proteasome activity 

 Smiles et 
al., 2015 

Young 
resistance 

trained men 
and women 

 

5 days ER 
30kcal/kgFFM 

per day 
1.5g/kg/d 
protein 

↔ gene expression 
of autophagy 

markers 
↔ protein content 
or phosphorylation 

of autophagy 
markers 
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1.3 Strategies to maintain skeletal muscle protein balance during energy 

restriction 

The recommended dietary allowance (RDA) for protein intake for adult men and 

women is 0.8g protein/kg/d (115); however, consumption of more dietary protein 

than the RDA appears to be necessary to attenuate muscle loss during energy 

restriction (11). Protein containing a high proportion of essential amino acids 

(EAA) can stimulate MPS to a greater extent than other protein sources (116), and 

RE combined with protein intake can have a synergistic effect on rates of MPS 

(117). Therefore, protein quantity, quality and RE are three variables that could be 

manipulated to promote LBM retention during energy restriction. 

 

1.3.1 Influence of protein quality and RE on body composition during energy 

restriction 

Dietary protein quality can be measured by the protein digestibility corrected 

amino acid score (PDCAAS) and the digestible indispensable amino acid score 

(DIAAS). In general, the method to calculate these scores involves measurement 

of the amino acid composition, digestibility and availability of the proteins (118). 

The PDCAAS is measured as fecal digestibility and is truncated at a score of 1 

even if there are values beyond 1 for high quality proteins (e.g., whey and soy are 

both set at 1 despite having PDCAAS scores of 1.21 and 1.04, respectively). In 

contrast, DIAAS values use ileal digestibility and are not truncated, giving 

different values for high quality proteins (e.g. whey 1.1 and soy 0.97) (118). 
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These different scores are important when we consider that whey protein is 

superior to soy protein at rest and following exercise in stimulating MPS (119). 

One important difference between whey and soy protein is that whey protein has a 

higher composition of essential amino acids and importantly leucine, a key amino 

acid known to stimulate MPS (49, 120).  Additionally, leucine has the potential to 

inhibit adipocyte lipogenesis and stimulate lipolysis (121, 122) and thus may play 

a synergistic role in promoting both adipose tissue loss and LBM retention. 

Another important difference between whey and soy proteins is the contribution 

of amino acids to peripheral tissues, which is lower in soy than whey due to a 

greater splanchnic extraction following soy protein ingestion, meaning fewer 

amino acids are available to the peripheral tissues (such as skeletal muscle) to 

support MPS (123).   

In the context of weight loss, there are a handful of studies examining the 

impact of protein quality on body composition. Josse et al., demonstrated that 

during energy restriction while subjects performed both resistance and aerobic 

exercise, the consumption of a higher protein, dairy rich diet (representing 30% of 

energy intake) promoted greater fat mass loss and lean mass retention than a 

lower dairy-containing diet (124). In addition, two meta-analyses showed that 

higher dairy consumption resulted in greater lean mass retention and fat mass loss 

during short term energy restriction (125, 126). What remains to be answered 

from these studies is what constituent components of the dairy foods are 

responsible for these effects. Currently, there is a need to further elucidate the 
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mechanisms and role of whey protein compared to other protein sources on 

muscle and fat metabolism during energy restriction. 

 

1.3.2 Influence of protein quantity and RE on skeletal muscle during energy 

restriction 

Increased protein intake is another strategy for the stimulation of MPS. In a meta-

regression, Krieger et al. demonstrated a protective effect of protein intakes 

greater than 1.05g/kg/d on lean mass during energy restriction in studies lasting 

more than 4 weeks (19). Similarly, in a meta-analysis conducted by Wycherley et 

al., it was shown that protein consumption above the RDA (0.8g/kg/d) resulted in 

a protective effect on lean mass and resting energy expenditure while promoting 

fat mass loss in studies lasting ~12 weeks (11). Longland et al. conducted a 4 

week weight loss study in young overweight men, placing participants in a 40% 

dietary energy deficit, while also having participants perform high-intensity 

exercise 6 times weekly. The results demonstrated a sparing of lean mass in 

young men consuming 1.2g/kg/d protein, and a gain in lean mass for those 

individuals consuming 2.4g/kg/d protein (117). Currently, whether there are 

changes in MPS and/or MPB underlying this effect are not well characterized, 

which is important information in order to develop effective weight loss 

programs. 

There are few studies that have investigated the impact of higher protein 

intakes on MPS during weight loss. In a study by Pasiakos et al., it was 
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demonstrated that consuming the RDA of protein during a 21-day, 40% energy 

deficit resulted in a blunting of postprandial MPS in response to 20g milk protein. 

However, consuming twice (2x) or three times (3x) the RDA of protein preserved 

the MPS responses to the 20g serving of milk protein. The authors discussed that 

the higher amino acid levels are adequate for basal energy and whole body protein 

intakes, resulting in more amino acids being used for MPS. Participants in the 

RDA group lost significantly more LBM (2.3±0.3kg) compared to the 2x 

(0.8±0.2kg) and 3x (1.2±0.3kg) RDA groups. This data demonstrates that protein 

consumption has an effect on the maintenance of postprandial MPS and LBM 

(110). Shorter term studies have also attempted to characterize the effect of 

energy restriction on MPS. After only 5 days of energy restriction (reduction from 

45kcal/kg FFM to 30kcal/kg FFM) and consuming 1.4-1.6g/kg/d protein, Areta et 

al., reported a 27% reduction in postbsorptive MPS rates. Performing RE 

stimulated rates of MPS to levels similar to energy balance, and ingestion of 15 

and 30 g of protein after the exercise bout increased MPS ∼16 and ∼34% above 

resting energy balance (108). Although these data provide an understanding of the 

acute effects of protein intake and RE on MPS during energy restriction, there is 

still a need to understand the chronic effects of protein quantity alone and in 

combination with RE on muscle protein turnover during energy restriction.  
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1.4 Objectives 

The primary objective of the studies conducted as part of this thesis was to 

examine the effect of dietary energy restriction on muscle protein turnover 

(synthesis and breakdown) and the effect of protein quality, quantity, and RE on 

attenuating weight loss-induced changes in muscle protein turnover. It is well 

characterized that acute MPS is reduced following short-term dietary energy 

restriction (107-109). Additionally, we know that protein and RE are anabolic 

stimuli to muscle (26), but their effect on MPS and MPB during energy restriction 

are not fully elucidated. Furthermore, very few studies have characterized MPB 

during energy restriction (106). Thus, there is a need to further understand the 

mechanisms underlying muscle loss during dietary energy restriction, and the 

effect of protein and RE on muscle protein turnover. A better understanding of 

these mechanisms will provide valuable information to develop effective lifestyle-

oriented strategies to preserve muscle during energy restriction. 

 

1.4.1 Studies and hypotheses 

In Study 1, we examined how protein quality affected rates of myofibrillar protein 

synthesis and lipolysis during 2 weeks of dietary energy restriction. Before energy 

restriction, we measured postabsorptive and postprandial (following consumption 

of a whey, soy or carbohydrate (CHO) supplement) MPS using L-ring-

[13C6]phenylalanine and lipolysis using 2H5-glycerol. Participants then completed 

a 2 week controlled diet providing a -750kcal/d deficit based on estimated energy 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

27 
	

requirements, that included two supplements per day containing either whey or 

soy protein (1.2g/kg/d protein total) or CHO (0.74g/kg/d protein total). Following 

the 2 weeks of energy restriction, we measured postabsorptive and postprandial 

(following consumption of a whey, soy or CHO supplement) MPS and lipolysis. 

We hypothesized that whey protein consumption would stimulate MPS to a 

greater extent than soy or CHO before and after weight loss, and lipolysis would 

be reduced after feeding, but to a greater extent following ingestion of CHO.  

In Study 2 we examined the effect of dietary energy restriction with 

differing protein quantities (1.2g/kg/d and 2.4g/kg/d) at rest and following RE 

training on mixed MPB and markers of the ubiquitin-proteasome and autophagic-

lysosomal pathways. We measured postabsorptive MPB with 15N-Phenylalanine 

using the tracee-release method with muscle biopsies to measure gene and protein 

expression at rest following a controlled 5 day energy balance diet. Participants 

then began a controlled 10 day 40% reduction in energy intake based on rested 

energy expenditure measurements with a sedentary activity factor, and performed 

5 unilateral RE sessions (the last bout completed on day 9 of the diet). Following 

10 days of energy restriction, we measured postabsorptive MPB and gene/protein 

expression in both the rested and RE legs. We hypothesized that MPB would not 

be elevated, and may be adaptively reduced following weight loss, which would 

correspond to the gene and protein expression. 

In Study 3 we examined the effect of dietary energy restriction with 

differing protein quantities (1.2g/kg/d protein and 2.4g/kg/d protein) and RE on 
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acute mixed MPS and integrated MPS. We measured postabsorptive mixed MPS 

in both protein groups following a 5 day energy balance diet and following the 10 

day energy restricted diet in both the rested and exercised legs using ring-

[13C6]phenylalanine. We used the MPB rates from Study 2 to calculate 

postabsorptive net protein balance (%/hour). We measured integrated MPS with 

D2O during a 5 day energy balance phase at rest, and during a 10 day dietary 

energy deficit phase in the rested leg and contralateral RE leg (5 unilateral 

sessions). We measured body composition before and after weight loss and used 

the integrated MPS data to calculate absolute (g/d) rates of MPS and MPB. We 

calculated net protein balance (g/d) by subtracting absolute MPS and MPB. We 

hypothesized that MPS and net protein balance would be reduced following ER in 

the rested leg, but exercise and higher protein intake would help to preserve rates 

of MPS and net protein balance.  

  



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

29 
	

1.5 References 

1. StatisticsCanada (2015) Overweight and obese adults (self-reported), 
2014. http://www.statcan.gc.ca/pub/82-625-x/2015001/article/14185-
eng.htm 

2. Wang, Y. C., McPherson, K., Marsh, T., Gortmaker, S. L., and Brown, M. 
(2011) Health and economic burden of the projected obesity trends in the 
USA and the UK. Lancet 378, 815-825 

3. Ahmadian, M., Duncan, R. E., and Sul, H. S. (2009) Skinny on Fat 
Metabolism: Lipolysis and Fatty Acid Utilization. Trends in 
endocrinology and metabolism: TEM 20, 424-428 

4. Nguyen, N. T., and Varela, J. E. (2016) Bariatric surgery for obesity and 
metabolic disorders: state of the art. Nat Rev Gastroenterol Hepatol  

5. Bond, D. S., Phelan, S., Leahey, T. M., Hill, J. O., and Wing, R. R. (2009) 
Weight-loss maintenance in successful weight losers: surgical vs non-
surgical methods. Int J Obes (Lond) 33, 173-180 

6. Fidler, M. C., Sanchez, M., Raether, B., Weissman, N. J., Smith, S. R., 
Shanahan, W. R., and Anderson, C. M. (2011) A one-year randomized 
trial of lorcaserin for weight loss in obese and overweight adults: the 
BLOSSOM trial. J Clin Endocrinol Metab 96, 3067-3077 

7. Klem, M. L., Wing, R. R., McGuire, M. T., Seagle, H. M., and Hill, J. O. 
(1997) A descriptive study of individuals successful at long-term 
maintenance of substantial weight loss. Am J Clin Nutr 66, 239-246 

8. Leblanc, E. S., O'Connor, E., Whitlock, E. P., Patnode, C. D., and Kapka, 
T. (2011) Effectiveness of primary care-relevant treatments for obesity in 
adults: a systematic evidence review for the U.S. Preventive Services Task 
Force. Ann Intern Med 155, 434-447 

9. Stoner, L., Rowlands, D., Morrison, A., Credeur, D., Hamlin, M., Gaffney, 
K., Lambrick, D., and Matheson, A. (2016) Efficacy of Exercise 
Intervention for Weight Loss in Overweight and Obese Adolescents: 
Meta-Analysis and Implications. Sports Med 46, 1737-1751 

10. Desgorces, F. D., Breuillard, C., Police, C., Neveux, N., Cottart, C. H., 
Blanc, M. C., Toussaint, J. F., and Noirez, P. (2016) Short-term Effects of 
Diet and Activity Changes on Inflammation and Insulin Resistance. Int J 
Sports Med 37, 1032-1037 

11. Wycherley, T. P., Moran, L. J., Clifton, P. M., Noakes, M., and 
Brinkworth, G. D. (2012) Effects of energy-restricted high-protein, low-fat 
compared with standard-protein, low-fat diets: a meta-analysis of 
randomized controlled trials. Am J Clin Nutr 96, 1281-1298 

12. Biolo, G., Fleming, R. Y., Maggi, S. P., Nguyen, T. T., Herndon, D. N., 
and Wolfe, R. R. (2002) Inverse regulation of protein turnover and amino 
acid transport in skeletal muscle of hypercatabolic patients. J Clin 
Endocrinol Metab 87, 3378-3384 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

30 
	

13. Preston, R. R., and Wilson, T. E. (2013) Physiology, Lippincott Williams 
& Wilkins, Philadelphia, PA 

14. Meyer, C., Dostou, J. M., Welle, S. L., and Gerich, J. E. (2002) Role of 
human liver, kidney, and skeletal muscle in postprandial glucose 
homeostasis. Am J Physiol Endocrinol Metab 282, E419-427 

15. Richter, E. A., and Hargreaves, M. (2013) Exercise, GLUT4, and skeletal 
muscle glucose uptake. Physiol Rev 93, 993-1017 

16. Frayn, K. N. (2010) Fat as a fuel: emerging understanding of the adipose 
tissue-skeletal muscle axis. Acta Physiol (Oxf) 199, 509-518 

17. Wolfe, R. R. (2006) The underappreciated role of muscle in health and 
disease. Am J Clin Nutr 84, 475-482 

18. Giordano, M., and Castellino, P. (1997) Correlation between amino acid 
induced changes in energy expenditure and protein metabolism in humans. 
Nutrition 13, 309-312 

19. Krieger, J. W., Sitren, H. S., Daniels, M. J., and Langkamp-Henken, B. 
(2006) Effects of variation in protein and carbohydrate intake on body 
mass and composition during energy restriction: a meta-regression 1. Am J 
Clin Nutr 83, 260-274 

20. Heymsfield, S. B., Thomas, D., Nguyen, A. M., Peng, J. Z., Martin, C., 
Shen, W., Strauss, B., Bosy-Westphal, A., and Muller, M. J. (2011) 
Voluntary weight loss: systematic review of early phase body composition 
changes. Obes Rev 12, e348-361 

21. Redman, L. M., Heilbronn, L. K., Martin, C. K., Alfonso, A., Smith, S. R., 
and Ravussin, E. (2007) Effect of calorie restriction with or without 
exercise on body composition and fat distribution. J Clin Endocrinol 
Metab 92, 865-872 

22. Browne, G. J., and Proud, C. G. (2002) Regulation of peptide-chain 
elongation in mammalian cells. Eur J Biochem 269, 5360-5368 

23. Ganoth, D., Leshinsky, E., Eytan, E., and Hershko, A. (1988) A 
multicomponent system that degrades proteins conjugated to ubiquitin. 
Resolution of factors and evidence for ATP-dependent complex formation. 
J Biol Chem 263, 12412-12419 

24. Biolo, G., Maggi, S. P., Williams, B. D., Tipton, K. D., and Wolfe, R. R. 
(1995) Increased rates of muscle protein turnover and amino acid transport 
after resistance exercise in humans. Am J Physiol 268, E514-520 

25. Greenhaff, P. L., Karagounis, L. G., Peirce, N., Simpson, E. J., Hazell, M., 
Layfield, R., Wackerhage, H., Smith, K., Atherton, P., Selby, A., and 
Rennie, M. J. (2008) Disassociation between the effects of amino acids 
and insulin on signaling, ubiquitin ligases, and protein turnover in human 
muscle. Am J Physiol Endocrinol Metab 295, E595-604 

26. Burd, N. A., Tang, J. E., Moore, D. R., and Phillips, S. M. (2009) Exercise 
training and protein metabolism: influences of contraction, protein intake, 
and sex-based differences. J Appl Physiol (1985) 106, 1692-1701 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

31 
	

27. Rasmussen, B. B., and Phillips, S. M. (2003) Contractile and nutritional 
regulation of human muscle growth. Exerc Sport Sci Rev 31, 127-131 

28. Phillips, S. M., Tipton, K. D., Aarsland, A., Wolf, S. E., and Wolfe, R. R. 
(1997) Mixed muscle protein synthesis and breakdown after resistance 
exercise in humans. Am J Physiol 273, E99-107 

29. Kumar, V., Atherton, P., Smith, K., and Rennie, M. J. (2009) Human 
muscle protein synthesis and breakdown during and after exercise. J Appl 
Physiol (1985) 106, 2026-2039 

30. Burd, N. A., West, D. W., Moore, D. R., Atherton, P. J., Staples, A. W., 
Prior, T., Tang, J. E., Rennie, M. J., Baker, S. K., and Phillips, S. M. 
(2011) Enhanced amino acid sensitivity of myofibrillar protein synthesis 
persists for up to 24 h after resistance exercise in young men. J Nutr 141, 
568-573 

31. Biolo, G., Tipton, K. D., Klein, S., and Wolfe, R. R. (1997) An abundant 
supply of amino acids enhances the metabolic effect of exercise on muscle 
protein. Am J Physiol 273, E122-129 

32. Reidy, P. T., and Rasmussen, B. B. (2016) Role of Ingested Amino Acids 
and Protein in the Promotion of Resistance Exercise-Induced Muscle 
Protein Anabolism. J Nutr 146, 155-183 

33. Morton, R. W., Oikawa, S. Y., Wavell, C. G., Mazara, N., McGlory, C., 
Quadrilatero, J., Baechler, B. L., Baker, S. K., and Phillips, S. M. (2016) 
Neither load nor systemic hormones determine resistance training-
mediated hypertrophy or strength gains in resistance-trained young men. J 
Appl Physiol (1985) 121, 129-138 

34. Foster, K. G., and Fingar, D. C. (2010) Mammalian target of rapamycin 
(mTOR): conducting the cellular signaling symphony. J Biol Chem 285, 
14071-14077 

35. Drummond, M. J., Dreyer, H. C., Fry, C. S., Glynn, E. L., and Rasmussen, 
B. B. (2009) Nutritional and contractile regulation of human skeletal 
muscle protein synthesis and mTORC1 signaling. J Appl Physiol (1985) 
106, 1374-1384 

36. Kimball, S. R., and Jefferson, L. S. (2010) Control of translation initiation 
through integration of signals generated by hormones, nutrients, and 
exercise. J Biol Chem 285, 29027-29032 

37. Aspuria, P. J., and Tamanoi, F. (2004) The Rheb family of GTP-binding 
proteins. Cell Signal 16, 1105-1112 

38. Inoki, K., Zhu, T., and Guan, K. L. (2003) TSC2 mediates cellular energy 
response to control cell growth and survival. Cell 115, 577-590 

39. Inoki, K., Li, Y., Xu, T., and Guan, K. L. (2003) Rheb GTPase is a direct 
target of TSC2 GAP activity and regulates mTOR signaling. Genes Dev 
17, 1829-1834 

40. Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002) TSC2 is 
phosphorylated and inhibited by Akt and suppresses mTOR signalling. 
Nat Cell Biol 4, 648-657 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

32 
	

41. Gingras, A. C., Gygi, S. P., Raught, B., Polakiewicz, R. D., Abraham, R. 
T., Hoekstra, M. F., Aebersold, R., and Sonenberg, N. (1999) Regulation 
of 4E-BP1 phosphorylation: a novel two-step mechanism. Genes Dev 13, 
1422-1437 

42. Pearson, R. B., Dennis, P. B., Han, J. W., Williamson, N. A., Kozma, S. 
C., Wettenhall, R. E., and Thomas, G. (1995) The principal target of 
rapamycin-induced p70s6k inactivation is a novel phosphorylation site 
within a conserved hydrophobic domain. EMBO J 14, 5279-5287 

43. Dickinson, J. M., Fry, C. S., Drummond, M. J., Gundermann, D. M., 
Walker, D. K., Glynn, E. L., Timmerman, K. L., Dhanani, S., Volpi, E., 
and Rasmussen, B. B. (2011) Mammalian target of rapamycin complex 1 
activation is required for the stimulation of human skeletal muscle protein 
synthesis by essential amino acids. J Nutr 141, 856-862 

44. Baar, K., and Esser, K. (1999) Phosphorylation of p70(S6k) correlates 
with increased skeletal muscle mass following resistance exercise. Am J 
Physiol 276, C120-127 

45. Terzis, G., Georgiadis, G., Stratakos, G., Vogiatzis, I., Kavouras, S., 
Manta, P., Mascher, H., and Blomstrand, E. (2008) Resistance exercise-
induced increase in muscle mass correlates with p70S6 kinase 
phosphorylation in human subjects. Eur J Appl Physiol 102, 145-152 

46. Richardson, C. J., Broenstrup, M., Fingar, D. C., Julich, K., Ballif, B. A., 
Gygi, S., and Blenis, J. (2004) SKAR is a specific target of S6 kinase 1 in 
cell growth control. Curr Biol 14, 1540-1549 

47. Ma, X. M., Yoon, S. O., Richardson, C. J., Julich, K., and Blenis, J. (2008) 
SKAR links pre-mRNA splicing to mTOR/S6K1-mediated enhanced 
translation efficiency of spliced mRNAs. Cell 133, 303-313 

48. Wang, X., Li, W., Williams, M., Terada, N., Alessi, D. R., and Proud, C. 
G. (2001) Regulation of elongation factor 2 kinase by p90(RSK1) and p70 
S6 kinase. Embo j 20, 4370-4379 

49. Volpi, E., Kobayashi, H., Sheffield-Moore, M., Mittendorfer, B., and 
Wolfe, R. R. (2003) Essential amino acids are primarily responsible for 
the amino acid stimulation of muscle protein anabolism in healthy elderly 
adults. Am J Clin Nutr 78, 250-258 

50. Churchward-Venne, T. A., Burd, N. A., Mitchell, C. J., West, D. W., 
Philp, A., Marcotte, G. R., Baker, S. K., Baar, K., and Phillips, S. M. 
(2012) Supplementation of a suboptimal protein dose with leucine or 
essential amino acids: effects on myofibrillar protein synthesis at rest and 
following resistance exercise in men. J Physiol 590, 2751-2765 

51. Atherton, P. J., Smith, K., Etheridge, T., Rankin, D., and Rennie, M. J. 
(2010) Distinct anabolic signalling responses to amino acids in C2C12 
skeletal muscle cells. Amino Acids 38, 1533-1539 

52. Fujita, S., Dreyer, H. C., Drummond, M. J., Glynn, E. L., Cadenas, J. G., 
Yoshizawa, F., Volpi, E., and Rasmussen, B. B. (2007) Nutrient signalling 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

33 
	

in the regulation of human muscle protein synthesis. J Physiol 582, 813-
823 

53. Tipton, K. D., Gurkin, B. E., Matin, S., and Wolfe, R. R. (1999) 
Nonessential amino acids are not necessary to stimulate net muscle protein 
synthesis in healthy volunteers. J Nutr Biochem 10, 89-95 

54. Smith, K., Reynolds, N., Downie, S., Patel, A., and Rennie, M. J. (1998) 
Effects of flooding amino acids on incorporation of labeled amino acids 
into human muscle protein. Am J Physiol 275, E73-78 

55. Borsheim, E., Tipton, K. D., Wolf, S. E., and Wolfe, R. R. (2002) 
Essential amino acids and muscle protein recovery from resistance 
exercise. Am J Physiol Endocrinol Metab 283, E648-657 

56. Moore, D. R., Robinson, M. J., Fry, J. L., Tang, J. E., Glover, E. I., 
Wilkinson, S. B., Prior, T., Tarnopolsky, M. A., and Phillips, S. M. (2009) 
Ingested protein dose response of muscle and albumin protein synthesis 
after resistance exercise in young men. Am J Clin Nutr 89, 161-168 

57. Areta, J. L., Burke, L. M., Ross, M. L., Camera, D. M., West, D. W., 
Broad, E. M., Jeacocke, N. A., Moore, D. R., Stellingwerff, T., Phillips, S. 
M., Hawley, J. A., and Coffey, V. G. (2013) Timing and distribution of 
protein ingestion during prolonged recovery from resistance exercise alters 
myofibrillar protein synthesis. J Physiol 591, 2319-2331 

58. Churchward-Venne, T. A., Burd, N. A., Mitchell, C. J., West, D. W., 
Philp, A., Marcotte, G. R., Baker, S. K., Baar, K., and Phillips, S. M. 
(2012) Supplementation of a suboptimal protein dose with leucine or 
essential amino acids: effects on myofibrillar protein synthesis at rest and 
following resistance exercise in men. J Physiol 590, 2751-2765 

59. Mitchell, C. J., Churchward-Venne, T. A., West, D. W., Burd, N. A., 
Breen, L., Baker, S. K., and Phillips, S. M. (2012) Resistance exercise 
load does not determine training-mediated hypertrophic gains in young 
men. J Appl Physiol (1985) 113, 71-77 

60. Dreyer, H. C., Fujita, S., Cadenas, J. G., Chinkes, D. L., Volpi, E., and 
Rasmussen, B. B. (2006) Resistance exercise increases AMPK activity 
and reduces 4E-BP1 phosphorylation and protein synthesis in human 
skeletal muscle. J Physiol 576, 613-624 

61. Hornberger, T. A., Sukhija, K. B., Wang, X. R., and Chien, S. (2007) 
mTOR is the rapamycin-sensitive kinase that confers mechanically-
induced phosphorylation of the hydrophobic motif site Thr(389) in 
p70(S6k). FEBS Lett 581, 4562-4566 

62. Kubica, N., Bolster, D. R., Farrell, P. A., Kimball, S. R., and Jefferson, L. 
S. (2005) Resistance exercise increases muscle protein synthesis and 
translation of eukaryotic initiation factor 2Bepsilon mRNA in a 
mammalian target of rapamycin-dependent manner. J Biol Chem 280, 
7570-7580 

63. Drummond, M. J., Fry, C. S., Glynn, E. L., Dreyer, H. C., Dhanani, S., 
Timmerman, K. L., Volpi, E., and Rasmussen, B. B. (2009) Rapamycin 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

34 
	

administration in humans blocks the contraction-induced increase in 
skeletal muscle protein synthesis. J Physiol 587, 1535-1546 

64. Drummond, M. J., Fry, C. S., Glynn, E. L., Dreyer, H. C., Dhanani, S., 
Timmerman, K. L., Volpi, E., and Rasmussen, B. B. (2009) Rapamycin 
administration in humans blocks the contraction-induced increase in 
skeletal muscle protein synthesis. Journal of Physiology-London 587, 
1535-1546 

65. Bell, R. A., Al-Khalaf, M., and Megeney, L. A. (2016) The beneficial role 
of proteolysis in skeletal muscle growth and stress adaptation. Skelet 
Muscle 6, 16 

66. Bujak, A. L., Crane, J. D., Lally, J. S., Ford, R. J., Kang, S. J., Rebalka, I. 
A., Green, A. E., Kemp, B. E., Hawke, T. J., Schertzer, J. D., and 
Steinberg, G. R. (2015) AMPK activation of muscle autophagy prevents 
fasting-induced hypoglycemia and myopathy during aging. Cell Metab 21, 
883-890 

67. Sandri, M., Sandri, C., Gilbert, A., Skurk, C., Calabria, E., Picard, A., 
Walsh, K., Schiaffino, S., Lecker, S. H., and Goldberg, A. L. (2004) Foxo 
transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 
and cause skeletal muscle atrophy. Cell 117, 399-412 

68. Stitt, T. N., Drujan, D., Clarke, B. A., Panaro, F., Timofeyva, Y., Kline, 
W. O., Gonzalez, M., Yancopoulos, G. D., and Glass, D. J. (2004) The 
IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-induced 
ubiquitin ligases by inhibiting FOXO transcription factors. Mol Cell 14, 
395-403 

69. Mammucari, C., Milan, G., Romanello, V., Masiero, E., Rudolf, R., Del 
Piccolo, P., Burden, S. J., Di Lisi, R., Sandri, C., Zhao, J., Goldberg, A. L., 
Schiaffino, S., and Sandri, M. (2007) FoxO3 controls autophagy in 
skeletal muscle in vivo. Cell Metab 6, 458-471 

70. Sanchez, A. M., Candau, R. B., and Bernardi, H. (2014) FoxO 
transcription factors: their roles in the maintenance of skeletal muscle 
homeostasis. Cell Mol Life Sci 71, 1657-1671 

71. Milan, G., Romanello, V., Pescatore, F., Armani, A., Paik, J. H., Frasson, 
L., Seydel, A., Zhao, J., Abraham, R., Goldberg, A. L., Blaauw, B., 
DePinho, R. A., and Sandri, M. (2015) Regulation of autophagy and the 
ubiquitin-proteasome system by the FoxO transcriptional network during 
muscle atrophy. Nat Commun 6, 6670 

72. Paul, P. K., and Kumar, A. (2011) TRAF6 coordinates the activation of 
autophagy and ubiquitin-proteasome systems in atrophying skeletal 
muscle. Autophagy 7, 555-556 

73. Paul, P. K., Bhatnagar, S., Mishra, V., Srivastava, S., Darnay, B. G., Choi, 
Y., and Kumar, A. (2012) The E3 ubiquitin ligase TRAF6 intercedes in 
starvation-induced skeletal muscle atrophy through multiple mechanisms. 
Mol Cell Biol 32, 1248-1259 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

35 
	

74. Paul, P. K., Gupta, S. K., Bhatnagar, S., Panguluri, S. K., Darnay, B. G., 
Choi, Y., and Kumar, A. (2010) Targeted ablation of TRAF6 inhibits 
skeletal muscle wasting in mice. J Cell Biol 191, 1395-1411 

75. Lecker, S. H., Solomon, V., Mitch, W. E., and Goldberg, A. L. (1999) 
Muscle protein breakdown and the critical role of the ubiquitin-
proteasome pathway in normal and disease states. J Nutr 129, 227s-237s 

76. Bodine, S. C., Latres, E., Baumhueter, S., Lai, V. K., Nunez, L., Clarke, B. 
A., Poueymirou, W. T., Panaro, F. J., Na, E., Dharmarajan, K., Pan, Z. Q., 
Valenzuela, D. M., DeChiara, T. M., Stitt, T. N., Yancopoulos, G. D., and 
Glass, D. J. (2001) Identification of ubiquitin ligases required for skeletal 
muscle atrophy. Science 294, 1704-1708 

77. Louis, E., Raue, U., Yang, Y., Jemiolo, B., and Trappe, S. (2007) Time 
course of proteolytic, cytokine, and myostatin gene expression after acute 
exercise in human skeletal muscle. J Appl Physiol (1985) 103, 1744-1751 

78. Raue, U., Slivka, D., Jemiolo, B., Hollon, C., and Trappe, S. (2007) 
Proteolytic gene expression differs at rest and after resistance exercise 
between young and old women. J Gerontol A Biol Sci Med Sci 62, 1407-
1412 

79. Gomes, M. D., Lecker, S. H., Jagoe, R. T., Navon, A., and Goldberg, A. L. 
(2001) Atrogin-1, a muscle-specific F-box protein highly expressed during 
muscle atrophy. Proc Natl Acad Sci U S A 98, 14440-14445 

80. Hobler, S. C., Williams, A., Fischer, D., Wang, J. J., Sun, X., Fischer, J. 
E., Monaco, J. J., and Hasselgren, P. O. (1999) Activity and expression of 
the 20S proteasome are increased in skeletal muscle during sepsis. Am J 
Physiol 277, R434-440 

81. Fukasawa, H., Kaneko, M., Niwa, H., Matsuyama, T., Yasuda, H., 
Kumagai, H., and Furuya, R. (2015) Circulating 20S proteasome is 
independently associated with abdominal muscle mass in hemodialysis 
patients. PLoS One 10, e0121352 

82. Bossola, M., Muscaritoli, M., Costelli, P., Bellantone, R., Pacelli, F., 
Busquets, S., Argiles, J., Lopez-Soriano, F. J., Civello, I. M., Baccino, F. 
M., Rossi Fanelli, F., and Doglietto, G. B. (2001) Increased muscle 
ubiquitin mRNA levels in gastric cancer patients. Am J Physiol Regul 
Integr Comp Physiol 280, R1518-1523 

83. Murton, A. J., Constantin, D., and Greenhaff, P. L. (2008) The 
involvement of the ubiquitin proteasome system in human skeletal muscle 
remodelling and atrophy. Biochim Biophys Acta 1782, 730-743 

84. Lagirand-Cantaloube, J., Offner, N., Csibi, A., Leibovitch, M. P., 
Batonnet-Pichon, S., Tintignac, L. A., Segura, C. T., and Leibovitch, S. A. 
(2008) The initiation factor eIF3-f is a major target for atrogin1/MAFbx 
function in skeletal muscle atrophy. Embo j 27, 1266-1276 

85. Tintignac, L. A., Lagirand, J., Batonnet, S., Sirri, V., Leibovitch, M. P., 
and Leibovitch, S. A. (2005) Degradation of MyoD mediated by the SCF 
(MAFbx) ubiquitin ligase. J Biol Chem 280, 2847-2856 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

36 
	

86. Witt, S. H., Granzier, H., Witt, C. C., and Labeit, S. (2005) MURF-1 and 
MURF-2 target a specific subset of myofibrillar proteins redundantly: 
towards understanding MURF-dependent muscle ubiquitination. J Mol 
Biol 350, 713-722 

87. Solomon, V., and Goldberg, A. L. (1996) Importance of the ATP-
ubiquitin-proteasome pathway in the degradation of soluble and 
myofibrillar proteins in rabbit muscle extracts. J Biol Chem 271, 26690-
26697 

88. Du, J., Wang, X., Miereles, C., Bailey, J. L., Debigare, R., Zheng, B., 
Price, S. R., and Mitch, W. E. (2004) Activation of caspase-3 is an initial 
step triggering accelerated muscle proteolysis in catabolic conditions. J 
Clin Invest 113, 115-123 

89. Walters, J., Pop, C., Scott, F. L., Drag, M., Swartz, P., Mattos, C., 
Salvesen, G. S., and Clark, A. C. (2009) A constitutively active and 
uninhibitable caspase-3 zymogen efficiently induces apoptosis. Biochem J 
424, 335-345 

90. Stennicke, H. R., Jurgensmeier, J. M., Shin, H., Deveraux, Q., Wolf, B. B., 
Yang, X., Zhou, Q., Ellerby, H. M., Ellerby, L. M., Bredesen, D., Green, 
D. R., Reed, J. C., Froelich, C. J., and Salvesen, G. S. (1998) Pro-caspase-
3 is a major physiologic target of caspase-8. J Biol Chem 273, 27084-
27090 

91. Hector, A. J., McGlory, C., and Phillips, S. M. (2015) The influence of 
mechanical loading on skeletal muscle protein turnover. Cell Mol Exerc 
Physiol 4, e8 

92. Bonaldo, P., and Sandri, M. (2013) Cellular and molecular mechanisms of 
muscle atrophy. Dis Model Mech 6, 25-39 

93. Jokl, E. J., and Blanco, G. (2016) Disrupted autophagy undermines 
skeletal muscle adaptation and integrity. Mamm Genome 27, 525-537 

94. Mizushima, N., Yamamoto, A., Matsui, M., Yoshimori, T., and Ohsumi, 
Y. (2004) In vivo analysis of autophagy in response to nutrient starvation 
using transgenic mice expressing a fluorescent autophagosome marker. 
Mol Biol Cell 15, 1101-1111 

95. Egan, D., Kim, J., Shaw, R. J., and Guan, K. L. (2011) The autophagy 
initiating kinase ULK1 is regulated via opposing phosphorylation by 
AMPK and mTOR. Autophagy 7, 643-644 

96. Shintani, T., and Klionsky, D. J. (2004) Autophagy in health and disease: 
a double-edged sword. Science 306, 990-995 

97. Russell, R. C., Tian, Y., Yuan, H., Park, H. W., Chang, Y. Y., Kim, J., 
Kim, H., Neufeld, T. P., Dillin, A., and Guan, K. L. (2013) ULK1 induces 
autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. 
Nat Cell Biol 15, 741-750 

98. Weidberg, H., Shvets, E., Shpilka, T., Shimron, F., Shinder, V., and 
Elazar, Z. (2010) LC3 and GATE-16/GABARAP subfamilies are both 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

37 
	

essential yet act differently in autophagosome biogenesis. Embo j 29, 
1792-1802 

99. Rennie, M. J., Smith, K., and Watt, P. W. (1994) Measurement of human 
tissue protein synthesis: an optimal approach. Am J Physiol 266, E298-307 

100. Wolfe, R. R. (1992) Radioactive and Stable Isotope Tracers in 
Biomedicine Principles and Practice of Kinetic Analysis, Wiley-Liss, Inc, 
New York, NY 

101. Busch, R., Kim, Y. K., Neese, R. A., Schade-Serin, V., Collins, M., 
Awada, M., Gardner, J. L., Beysen, C., Marino, M. E., Misell, L. M., and 
Hellerstein, M. K. (2006) Measurement of protein turnover rates by heavy 
water labeling of nonessential amino acids. Biochim Biophys Acta 1760, 
730-744 

102. Gasier, H. G., Fluckey, J. D., and Previs, S. F. (2010) The application of 
2H2O to measure skeletal muscle protein synthesis. Nutr Metab (Lond) 7, 
31 

103. Wilkinson, D. J., Franchi, M. V., Brook, M. S., Narici, M. V., Williams, J. 
P., Mitchell, W. K., Szewczyk, N. J., Greenhaff, P. L., Atherton, P. J., and 
Smith, K. (2014) A validation of the application of D(2)O stable isotope 
tracer techniques for monitoring day-to-day changes in muscle protein 
subfraction synthesis in humans. Am J Physiol Endocrinol Metab 306, 
E571-579 

104. Brook, M. S., Wilkinson, D. J., Mitchell, W. K., Lund, J. N., Phillips, B. 
E., Szewczyk, N. J., Greenhaff, P. L., Smith, K., and Atherton, P. J. (2016) 
Synchronous deficits in cumulative muscle protein synthesis and 
ribosomal biogenesis underlie age-related anabolic resistance to exercise 
in humans. J Physiol 594, 7399-7417 

105. Zhang, X. J., Chinkes, D. L., Sakurai, Y., and Wolfe, R. R. (1996) An 
isotopic method for measurement of muscle protein fractional breakdown 
rate in vivo. Am J Physiol 270, E759-767 

106. Carbone, J. W., Pasiakos, S. M., Vislocky, L. M., Anderson, J. M., and 
Rodriguez, N. R. (2014) Effects of short-term energy deficit on muscle 
protein breakdown and intramuscular proteolysis in normal-weight young 
adults. Appl Physiol Nutr Metab 39, 960-968 

107. Pasiakos, S. M., Vislocky, L. M., Carbone, J. W., Altieri, N., Konopelski, 
K., Freake, H. C., Anderson, J. M., Ferrando, A. A., Wolfe, R. R., and 
Rodriguez, N. R. (2010) Acute energy deprivation affects skeletal muscle 
protein synthesis and associated intracellular signaling proteins in 
physically active adults. J Nutr 140, 745-751 

108. Areta, J. L., Burke, L. M., Camera, D. M., West, D. W., Crawshay, S., 
Moore, D. R., Stellingwerff, T., Phillips, S. M., Hawley, J. A., and Coffey, 
V. G. (2014) Reduced resting skeletal muscle protein synthesis is rescued 
by resistance exercise and protein ingestion following short-term energy 
deficit. Am J Physiol Endocrinol Metab 306, E989-997 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

38 
	

109. Murphy, C. H., Churchward-Venne, T. A., Mitchell, C. J., Kolar, N. M., 
Kassis, A., Karagounis, L. G., Burke, L. M., Hawley, J. A., and Phillips, S. 
M. (2015) Hypoenergetic diet-induced reductions in myofibrillar protein 
synthesis are restored with resistance training and balanced daily protein 
ingestion in older men. Am J Physiol Endocrinol Metab 308, E734-743 

110. Pasiakos, S. M., Cao, J. J., Margolis, L. M., Sauter, E. R., Whigham, L. 
D., McClung, J. P., Rood, J. C., Carbone, J. W., Combs, G. F., Jr., and 
Young, A. J. (2013) Effects of high-protein diets on fat-free mass and 
muscle protein synthesis following weight loss: a randomized controlled 
trial. FASEB J 27, 3837-3847 

111. Villareal, D. T., Smith, G. I., Shah, K., and Mittendorfer, B. (2012) Effect 
of weight loss on the rate of muscle protein synthesis during fasted and fed 
conditions in obese older adults. Obesity (Silver Spring) 20, 1780-1786 

112. Campbell, W. W., Haub, M. D., Wolfe, R. R., Ferrando, A. A., Sullivan, 
D. H., Apolzan, J. W., and Iglay, H. B. (2009) Resistance training 
preserves fat-free mass without impacting changes in protein metabolism 
after weight loss in older women. Obesity (Silver Spring) 17, 1332-1339 

113. Carbone, J. W., Margolis, L. M., McClung, J. P., Cao, J. J., Murphy, N. E., 
Sauter, E. R., Combs, G. F., Jr., Young, A. J., and Pasiakos, S. M. (2013) 
Effects of energy deficit, dietary protein, and feeding on intracellular 
regulators of skeletal muscle proteolysis. FASEB J 27, 5104-5111 

114. Smiles, W. J., Areta, J. L., Coffey, V. G., Phillips, S. M., Moore, D. R., 
Stellingwerff, T., Burke, L. M., Hawley, J. A., and Camera, D. M. (2015) 
Modulation of autophagy signaling with resistance exercise and protein 
ingestion following short-term energy deficit. Am J Physiol Regul Integr 
Comp Physiol 309, R603-612 

115. Medicine, I. o. (2005) Dietary Reference Intakes for Energy, 
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein and Amino 
Acids (Macronutrients). National Academy Press, Washington DC 

116. Phillips, S. M., Tang, J. E., and Moore, D. R. (2009) The role of milk- and 
soy-based protein in support of muscle protein synthesis and muscle 
protein accretion in young and elderly persons. J Am Coll Nutr 28, 343-
354 

117. Longland, T. M., Oikawa, S. Y., Mitchell, C. J., Devries, M. C., and 
Phillips, S. M. (2016) Higher compared with lower dietary protein during 
an energy deficit combined with intense exercise promotes greater lean 
mass gain and fat mass loss: a randomized trial. Am J Clin Nutr 103, 738-
746 

118. Murphy, C. H., Hector, A. J., and Phillips, S. M. (2015) Considerations for 
protein intake in managing weight loss in athletes. Eur J Sport Sci 15, 21-
28 

119. Tang, J. E., Moore, D. R., Kujbida, G. W., Tarnopolsky, M. A., and 
Phillips, S. M. (2009) Ingestion of whey hydrolysate, casein, or soy 
protein isolate: effects on mixed muscle protein synthesis at rest and 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

39 
	

following resistance exercise in young men. J Appl Physiol (1985) 107, 
987-992 

120. Anthony, J. C., Anthony, T. G., Kimball, S. R., and Jefferson, L. S. (2001) 
Signaling pathways involved in translational control of protein synthesis in 
skeletal muscle by leucine. J Nutr 131, 856s-860s 

121. Sun, X., and Zemel, M. B. (2009) Leucine modulation of mitochondrial 
mass and oxygen consumption in skeletal muscle cells and adipocytes. 
Nutr Metab (Lond) 6, 26 

122. Sun, X., and Zemel, M. B. (2007) Leucine and calcium regulate fat 
metabolism and energy partitioning in murine adipocytes and muscle cells. 
Lipids 42, 297-305 

123. Fouillet, H., Mariotti, F., Gaudichon, C., Bos, C., and Tome, D. (2002) 
Peripheral and splanchnic metabolism of dietary nitrogen are differently 
affected by the protein source in humans as assessed by compartmental 
modeling. J Nutr 132, 125-133 

124. Josse, A. R., Atkinson, S. A., Tarnopolsky, M. A., and Phillips, S. M. 
(2011) Increased consumption of dairy foods and protein during diet- and 
exercise-induced weight loss promotes fat mass loss and lean mass gain in 
overweight and obese premenopausal women. J Nutr 141, 1626-1634 

125. Abargouei, A. S., Janghorbani, M., Salehi-Marzijarani, M., and 
Esmaillzadeh, A. (2012) Effect of dairy consumption on weight and body 
composition in adults: a systematic review and meta-analysis of 
randomized controlled clinical trials. Int J Obes (Lond) 36, 1485-1493 

126. Chen, M., Pan, A., Malik, V. S., and Hu, F. B. (2012) Effects of dairy 
intake on body weight and fat: a meta-analysis of randomized controlled 
trials. Am J Clin Nutr 96, 735-747 

 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

40 
	

CHAPTER 2: 

Whey protein supplementation preserves postprandial myofibrillar protein 
synthesis during short-term energy restriction in overweight and obese 

adults. Published in J Nutr 2015; 145: 246-52 
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CHAPTER 3: 

Impact of resistance exercise and dietary protein intake on skeletal muscle 

protein breakdown during pronounced short-term energy restriction in 

overweight young men. Data submitted to FASEB J 
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ABSTRACT  

The preservation of lean body mass requires a balance between rates of muscle 

protein synthesis (MPS) and muscle protein breakdown (MPB). Currently, the 

contribution of MPB to lean body mass (LBM) loss during energy restriction in 

overweight young men is unknown. We aimed to determine the impacts of dietary 

protein intake and resistance exercise on MPB during a controlled short-term 

energy restricted (ER) diet. Adult men (BMI=28.6±0.6kg/m2, age=22±1y) 

underwent 10 days of a 40% reduction in energy intake, while performing 

unilateral resistance exercise and consuming lower protein (LP) (1.2g/kg/d, n=12) 

or higher protein (HP) (2.4g/kg/d, n=12). Pre- and post-intervention testing 

included primed constant infusion of 15N-phenylalanine to measure acute (hourly) 

MPB in the fasted state, and skeletal muscle biopsies to measure gene and protein 

expression of the ubiquitin-proteasome and autophagic-lysosomal pathways. 

There was no change in MPB (energy balance=0.080±0.01%/hr, ER rested 

legs=0.078±0.008%/hr, ER exercised legs= 0.079±0.006%/hr). Similarly, neither 

gene nor protein expression of the ubiquitin-proteasome and autophagic-

lysosomal pathways were altered following ER. We conclude that changes in 

MPB are not a significant contributor to LBM loss early in ER in young 

overweight men. 
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INTRODUCTION 

The maintenance of muscle mass is dependent on a balance between fasted and 

fed state changes in rates of muscle protein synthesis (MPS) and muscle protein 

breakdown (MPB). In energy balance, postprandial periods of positive protein 

balance are equal to postabsorptive periods of negative protein balance, resulting 

in a net neutral protein balance, and maintenance of muscle mass (1). During 

energy restriction (ER), rates of MPS are reduced in the fasted and fed states (2-5) 

resulting in an overall decline in net protein balance that could partly underpin a 

reduction in LBM. Whereas relatively more is known about MPS during ER, little 

is known about the effect of ER on rates of MPB. It is important, in order to gain 

a full understanding of the mechanisms of LBM loss during ER, that MPB be 

studied more thoroughly. 

Molecular markers of MPB during ER in humans, such as changes in gene 

and protein expression of components and targets involved in the ubiquitin-

proteasome and autophagic-lysosomal pathways, have yielded discordant results 

(6-8). For example, following 21 days of a 40% energy deficit, increases of 20% 

and 30% in the genes encoding MuRF-1 and Atrogin-1 were reported but there 

was no increase in the activities of subunits of the 26S proteasome, or caspase-3, 

and dietary protein intake (studied across a 3-fold range of protein intake: 0.8-2.4 

g/kg/d) did not affect the expression of these atrogenes (6). Few direct 

measurements of MPB during ER have been made, however, one report showed 

that following a 10 day energy deficit in healthy adults (consuming 1.5g/kg/d 
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protein) there was a 60% increase in rates of postabsorptive MPB (7). Such a 

large increase in MPB (7) is difficult to reconcile when considered with data 

showing ER-induced decline in MPS (2, 5). If MPS were to decline and MPB 

increase then the loss of LBM during an energy deficit would be much greater 

than what has been reported. The primary aim of this study was to examine the 

effect of short term (10 day) ER (40% reduction in energy from that required for 

weight maintenance) on acute (hourly) rates of MPB. We used unilateral (single 

leg) resistance exercise to examine the impact of loading exercise on MPB. We 

also wished to examine the impact of differing dietary protein intakes on 

responses of MPB, thus, subjects were randomly assigned to consume a higher 

(2.4g protein/kg/d) versus lower (1.2g protein/kg/d) protein intake. To provide 

mechanistic insight, a secondary aim was to examine the effects of these 

interventions on the expression of genes and proteins involved in the ubiquitin-

proteasome and autophagic-lysosomal proteolytic pathways. We hypothesized, 

given the known rates of loss of skeletal muscle during ER, that following ER 

MPB would not be significantly elevated or would be adaptively reduced in 

accordance with the known decline in MPS (2-4, 9).  

 

MATERIALS AND METHODS 

Participants: A total of 25 non-smoking, non-diabetic men (BMI=28.6±0.6kg/m2, 

age=22±1y) were recruited through posters and gave their written, informed 

consent after being screened for eligibility. Participants were not undertaking ER 
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or any form regular exercise program at the time of enrollment and were asked to 

maintain their habitual physical activity level throughout the study. Participants 

were informed of the purpose of the study, all experimental procedures and risks 

before providing written consent. The study was approved by the Hamilton Health 

Sciences Research Ethics Board and was in accordance with standards set by the 

Canadian Tri-council Policy on the use of human participants in research (10). 

This trial was registered at clinicaltrials.gov as NCT02406040. Before the dietary 

intervention, participants’ height and body mass were measured (Rice Lake 

Weighing Systems, Rice Lake, WI, USA). Participants were instructed not to 

consume any vitamin or mineral supplements or alcohol for the duration of the 

study. A CONSORT diagram of the participant flow-through this parallel group 

trial is shown in Figure 1. 
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Figure 1.  CONSORT diagram of participant recruitment and testing through the 
parallel group trial. 
 

Study Design: In a single-blind investigation, 24 men completed a 10 day energy 

restricted diet containing either 1.2g/kg/d protein or 2.4g/kg/d protein. Groups 

were matched based on age, BMI, body fat, LBM, 10-repetition maximum 

(10RM) unilateral leg press (Maxam Fitness, Hamilton, ON, CAN) and 10RM 

unilateral leg extension (Atlantis C-105, Laval, QC, CAN; Table 1), with matched 

pairs for BMI, 10RM Leg Press and 10RM leg extension. Participants’ energy 

requirements were determined using indirect calorimetry to establish resting 

metabolic rate (Moxus metabolic system, AEI Technologies, Pittsburgh, PA, 

USA) with an appropriate activity factor assigned using each individual 

participants’ activity logs (11). The legs to be exercised were randomly selected 
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and counter-balanced for dominance based on strength so that equal numbers of 

dominant and non-dominant limbs were tested in each group.  

Participants began the study by consuming an energy balanced diet 

designed to provide 100% of their energy requirements and a protein intake of 

1.2g/kg/d. Participants were provided with all the food for the study, consisting of 

frozen meals (Heart to Home Meals, Brampton, ON, CAN) and prepackaged 

snacks. Following the energy balance diet, participants underwent a stable isotope 

infusion trial, shown in Figure 2 to measure acute mixed MPB. Briefly, following 

an overnight fast, participants arrived at the laboratory and a 20 gauge catheter 

was inserted into a vein in the hand/forearm for blood sampling and infusion. A 

primed continuous filtered (0.2µm) infusion of 15N-Phenylalanine (2µmol/kg, 

0.05µmol/kg/min; Cambridge Isotope Laboratories, Tewksbury, MA, USA) was 

initiated. Following 150mins of infusion, the 15N-Phenylalanine tracer was 

discontinued for calculation of muscle protein breakdown using the tracee-release 

method (12). At 40mins and 60mins following cessation of the 15N-Phenylalanine 

tracer, muscle biopsies from the vastus lateralis were obtained. Muscle biopsy 

samples were cleared of visible blood and connective tissue and rapidly frozen in 

liquid nitrogen.  
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Figure 2. Infusion protocol. Following an overnight fast, participants arrived to 
the laboratory and a 20-gauge catheter was inserted into the vein of one arm and a 
baseline blood sample was taken before a 0.9% saline drip was started to keep the 
catheter patent for repeated blood sampling. A second catheter was placed in the 
contralateral arm for a primed continuous infusion of 15N-Phenylalanine 
(2µmol/kg, 0.05µmol/kg/min). Following 150mins of infusion, the 15N-
Phenylalanine tracer was discontinued for calculation of MPB. During the first 
infusion (energy balance) only one leg (rested) was analyzed. However, following 
energy restriction, both the rested and exercised legs were assessed.  

 

The day following the first infusion protocol, participants began the 10 

day energy restricted diet, placing each participant in a 40% energy deficit from 

their individual calculated energy requirements. In addition to the meals, 

participants also consumed two chocolate flavoured protein supplements per day, 

which were included in their caloric requirements. The higher protein group 

consumed macronutrients in a ratio of 35:50:15 as energy from 

protein:carbohydrate:fat (PRO:CHO:FAT) that included, in a blinded manner, two 

high protein supplements per day containing 35g whey protein isolate in 250mL 

skimmed (<1% fat) milk. The lower protein group consumed macronutrients in a 

ratio of 15:50:35% (PRO:CHO:FAT) which included one high protein 

supplement (35g whey protein isolate, in 250mL 2% milk) and one chocolate 

flavoured placebo (250mL 2% milk).  
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During the energy restricted diet, participants arrived to the laboratory on 

five separate occasions for the performance of unilateral resistance exercise 

sessions spread evenly over the 10 day ER diet, with no more than two resistance 

exercise days in a row. Exercise sessions 1-4 were performed at any time of day 

but not before eating breakfast.  The fifth exercise set was performed 48h prior to 

the last infusion trial, and hydration/water consumption was ad libitum for every 

exercise session. The unilateral exercise sessions consisted of 3 sets of 10 

repetitions at 85% of predetermined 10 repetition maximum (RM), with the last 

set performed to volitional failure on both the leg press and leg extension. The 

repetition load for each participant was adjusted to maintain an 8-12 repetition 

range on the last set. Immediately following the exercise sessions, participants 

consumed one high protein supplement.  

Following 10 days of the energy restricted diet, participants arrived to the 

laboratory following an overnight fast for a second infusion protocol. This 

protocol was identical to the infusion outlined that took place prior to ER to 

measure acute mixed MPB, and gene/protein expression with the exception that 

biopsies were obtained from both the rested and exercised legs.  

 

Body Composition and Body Mass: Body composition and body mass were 

determined at the same time of day under the same nutritional conditions after 

each infusion day (pre-and post-ER). A DXA scan (GE Lunar iDXA; 
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Mississauga, ON, CAN) was performed with a standardized protocol with 

participants lying similarly on the bed.  

 

Plasma enrichments. Plasma (50 µL) was deproteinized in 500 µL of acetonitrile. 

The HFB derivative was prepared and the enrichment of 15N-Phenylalanine was 

determined by GC-MS (Hewlett Packard 6890; MSD model 5973 Network, 

Agilent Technologies, Santa Clara, CA, USA). 

 

Intracellular enrichments. Approximately 25 mg of frozen muscle was first 

washed in 1X phosphate buffered saline to remove blood. The muscle was 

homogenized with a Teflon pestle in 500 uL of perchloric acid (PCA) to 

precipitate the muscle proteins. The sample was then centrifuged at 10000 g at 

4°C for 5 minutes. The supernatant was collected and the procedure was repeated 

twice more for a total volume of 1.5mL of supernatant. The PCA supernatant was 

purified with the use of Dowex ion exchange chromatography and the 

heptafluorobutyl (HFB) derivative was prepared. The enrichment of 15N-

Phenylalanine was determined by GC-MS (Hewlett Packard 6890; MSD model 

5973 Network, Agilent Technologies Santa Clara, CA, USA).  

To determine intracellular phenylalanine concentration, one sample from 

each participant had 0.225uL/mg wet muscle of 0.001uM D8-Phenylalanine 

(Cambridge Isotope Laboratories, Tewksbury, MA, USA) added as an internal 

standard. The concentration of Phenylalanine was calculated as previously 
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described (13). Mixed MPB was calculated using the tracee-release method (14), 

where the dilution in the enrichment of 15N-phenylalanine in the intracellular free 

amino acid pool is a function of unlabelled phenylalanine arising from release 

from the protein-bound fraction of the muscle (muscle protein breakdown), the 

decay of 15N-phenylalanine in the blood following cessation of the intravenous 

infusion, and the concentration of unlabelled intracellular free and protein-bound 

phenylalanine. Thus, the equation to calculate MPB is: 

𝐹𝐵𝑅	(% ∙ ℎ𝑟) =
𝐸𝑀 𝑡2 − 𝐸𝑀(𝑡1)

𝑃 𝐸𝐴 𝑡 𝑑𝑡 − 1 + 𝑃 𝐸𝑀 𝑡 𝑑𝑡<=
<>

<=
<>

	𝑥	(
𝑄𝑀
𝑇 ) 

Where EM(t2)-EM(t1) is the change in enrichment in the muscle intracellular 

fraction from t1 (40mins) to t2 (60mins) when the isotope infusion is 

discontinued, 𝐸𝐴(𝑡)𝑑𝑡<=
<>  is the area under the arterialized blood enrichment 

decay curve, 𝐸𝑀(𝑡)𝑑𝑡<=
<>  is the area under the intracellular muscle enrichment 

decay curve, QM/T is the ratio of intracellular free tracee concentration and 

protein-bound tracee concentration , 𝑃 = AB
(ACDAB)

 at isotope plateau. 

 

Western Blotting. The expression of intracellular signaling proteins was assessed 

using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and Western Blotting. Approximately 50 mg of wet muscle was homogenized on 

ice in buffer (500µL of 25 mmol/L Tris 0.5% v:v Triton X-100 and 

protease/phosphatase inhibitor cocktail tablets (Complete Protease Inhibitor Mini-

Tabs, and PhosSTOP; Roche Diagnostics Laval, QC, CAN)) and centrifuged at 
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1500 g for 10 min at 4°C to separate the supernatant (sarcoplasmic) and pellet 

(myofibrillar) fractions. Total protein concentrations of the sarcoplasmic fraction 

were determined using the bicinchoninic acid assay (BCA Assay) (Thermo 

Scientific, Rockford, IL, USA). Working samples of equal concentration were 

prepared in Laemmli buffer. Equal amounts of protein (20 µg) from each sample 

were subjected to SDS-PAGE. Proteins were then transferred to polyvinylidene 

fluoride (PVDF) membranes, and exposed overnight at 4°C to primary antibodies 

following block for 2h in 5% BSA. Membranes were washed in Tris-Buffered 

saline and Tween 20 (TBST), and incubated in Anti-rabbit IgG conjugates with 

horseradish peroxidase secondary antibody (GE Healthcare Life Sciences, 

Mississauga, ON, CAN) for 1h at room temperature. Signals were detected using 

chemiluminescence SuperSignalWest Dura Extended Duration Substrate (Thermo 

Fisher Scientific, Burlington, ON, CAN) on a FluorChem SP Imaging system 

(Alpha Innotech, Santa Clara, CA, USA), bands were quantified on ImageJ 

scanning densitometry (National Institute of Health, USA), and data normalized 

relative to α-tubulin loading control. Antibodies used were purchased from Cell 

Signaling Technology (Danvers, MA, USA) as follows: LC3 (1:500, #2775), 

Caspase-3 (1:500, #9662), Ubiquitin (1:1000, #3933), p-Foxo3a (Ser253) 

(1:1000, #9466), TRAF6 (1:1000, #8028), p-TSC2 (Thr1462) (1:1000, #3617).  

 

RNA extraction, reverse transcription and polymerase chain reaction: 

Approximately 20 mg of skeletal muscle was used to isolate RNA using the trizol 
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phenol-chloroform procedure, as previously described (15). Reverse transcription 

was performed using Applied Biosystems High Capacity cDNA reverse 

transcription kit (Foster City, CA, USA). GAPDH was used as the housekeeping 

gene. The relative amounts of mRNA were calculated using the 2-ΔΔCt method 

(16). Primer sequences for atrogin-1, MuRF-1, Foxo3a, LC3, Gabarapl1, Ulk2, 

Beclin1, BNIP3 and TRAF6 have been previously published (17, 18). 

 

Statistical analyses: Statistical analyses were performed using SPSS version 19 

(IBM, Armonk, NY, USA). A mixed model analysis of variance (ANOVA) was 

conducted on body composition, mixed protein breakdown, plasma enrichment, 

protein expression and gene expression (group x time). Linear regression was 

performed on plasma and intracellular free phenylalanine enrichment. Diet 

analysis, baseline characteristics, and unilateral resistance exercise were analysed 

by independent sample t-test. Significance was set at p<0.05. Data are presented 

as box and whisker plots, where the box represents the interquartile range, the line 

in the box represents the median, the cross represents the mean, and the whiskers 

are the maximum and minimum. Data in tables are all presented as means ±SD. 

 

RESULTS 

Participant Characteristics. Baseline anthropometric characteristics of the 

participants are given in Table 1. There were no significant differences between 

groups for any of the variables at study entry (all p>0.05). 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

62 
	

Table 1. Participants’ baseline characteristics 

 Lower Protein 
Group 

Higher 
Protein 
Group 

p value 

Age. Y 22±4 22±3 0.78 
BMI, kg/m2 28±3 29±3 0.83 

Body Mass, kg 89.5±10 90.1±16 0.92 
Body Fat, % 28±6 30±6 0.47 

Lean Body Mass, kg 62±7 60±8 0.64 
    

Leg Press Strength  
(10 Repetition 
Maximum), kg 

111±44 110±19 0.93 

Leg Extension Strength 
 (10 Repetition 
Maximum), kg 

41±14 38±9 0.62 

 

Dietary Manipulation. The composition of the 5-day energy balance diets is 

provided in Table 2. There were no significant differences between groups for any 

of the variables. The composition of the 10-day ER diet is shown in Table 2. The 

high protein group consumed significantly more protein and significantly less fat 

than the lower protein group (p<0.05). There were no significant differences in 

energy intake per day or average energy deficit between groups (all p>0.05). Post-

hoc surveys revealed that 7/12 participants in the higher protein group and 7/11 

participants in the lower protein group guessed their weight loss diet (higher or 

lower protein group) correctly. 
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Table 2. Diet composition  

 Lower Protein 
Group 

Higher Protein 
Group p 

5d Energy Balance 
Diet    

Protein, g/kg/d 1.29±0.09 1.27±0.09 0.56 
Protein, g 117±4 114±5 0.70 

Fat, g 142±18 136±17 0.39 
CHO, g 454±64 429±58 0.34 

Energy, kcal/d 3565±448 3521±486 0.30 
% energy, 

PRO:CHO:FAT 13:51:36 13:51:36 0.48:0.81:0.29 

10d Energy 
Restriction Diet    

Protein, g/kg/d 1.20±0.05 2.35±0.06* <0.001 
Protein, g 108±11 212±10 <0.001 

Fat, g 82±12 33±5* <0.001 
CHO, g 267±40 249±34 0.26 

Energy, kcal/d 2215±280 2148±256 0.56 
PRO, % energy 20±3 42±5* <0.001 
FAT, % energy 33±2 14±1* <0.001 
CHO, % energy 48±2 44±4* 0.02 

*Significantly different from lower protein group 
 

Unilateral Resistance Exercise. Total volume (kg) for unilateral leg press was not 

different in the lower (18675±6121) and higher (19188±5155) protein groups, 

p=0.83. Total volume (kg) for unilateral leg extension was not different between 

the lower (6051±1999) and higher (5744±1250) protein groups, p=0.66.  

 

Body Composition. Body composition changes are shown in Table 3. There was a 

main effect of energy restriction on body mass (p<0.001), fat mass (p<0.001) and 

total lean body mass (p<0.001) with no interaction (p>0.05) for each 
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measurement. The change in appendicular lean mass showed a main effect of 

exercise (p=0.003), but no interaction (p=0.29).  

 

 Table 3. Body mass and composition 

 *Significantly different from pre-weight loss mean within that group. Values 
without a common letter differ within that group. TBM: total body mass, LBM: 
lean body mass, LM: lean mass, FM: fat mass, EX: exercised leg, REST: rested 
leg 

 

Mixed muscle protein breakdown. Postabsorptive mixed muscle protein 

breakdown (%/hr) rates are shown in Figure 3. Mixed MPB was not different 

between EB and ER time points in either group (time: p=0.17, interaction: 

p=0.57). Plasma and intracellular enrichments of 15N-Phenylalanine are shown in 

Figure 4. The slope of the decay line of 15N-Phenylalanine was the same between 

all infusion trials. 

 Lower Protein Group Higher Protein Group 

 Pre Post Change Pre Post Change 

TBM, kg 89.5±
10.0 

87.7±
9.8* -1.8±1.0 90.1±

15.9 
88.8±
16.3* -1.3±0.8 

LBM, kg 61.8±
6.6 

60.8±
6.8* -1.0±0.8 60.4±

8.5 
59.8±
8.9* -0.6±1.0 

FM, kg 24.2±
6.7 

23.5±
9.2* -0.7±0.6 26.3±

9.1 
25.5±
9.2* -0.8±0.8 

% FM 27.9±
6.0 

27.7±
6.1 -0.3±0.5 29.7±

6.0 
29.2±
6.2* -0.6±1.0 

LM EX, kg 11.3±
1.4 

11.1±
1.4 -0.2±0.4a 10.8±

1.5 
10.8±

1.8 -0.1±0.4a 

LM REST, kg 11.2±
1.4 

10.8±
1.4 -0.4±0.3b 10.8±

1.6 
10.5±

1.8 -0.3±0.4b 
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Figure 3.  Mixed muscle protein breakdown, (FBR, %/hr). EB: energy balance, 
REST: energy restriction rested leg, EX: energy restriction exercised leg. 
   
 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. (A) Plasma enrichments of 15N-Phenylalanine. (B) Intracellular 
enrichments of 15N-Phenylalanine. HP: higher protein group, LP: lower protein  
group, Pre: pre energy restriction, Post: post energy restriction, REST: energy 
restriction exercised leg, EX: energy restriction exercised leg. 
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Western Blots. Total protein ubiquitination, caspase-3 expression, the LC3II/LC3I 

ratio, p-Foxo3a (Ser253), TRAF6 and p-TSC2 (Thr1462) did not change with ER 

in either group (p>0.05, Figure 5). 

 

 

 

 

 

 

 
 
Figure 5. Western blot quantification with representative images. Data are 
normalized to the average weight maintenance value. EB: energy balance, REST: 
ER rested leg, EX: ER exercised leg, LC3: Microtubule-associated protein 
1A/1B-light chain 3, Foxo3a: Forkhead box O3, TRAF6: TNF receptor-associated 
factor 6, TSC2: Tuberous Sclerosis Complex 2. 
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Gene Expression: Expression of all genes (Figure 6) except TRAF6 was not 

different between groups or across time. Atrogin-1 (time p=0.91, group × time 

p=0.97), MuRF1 (time p=0.09, group × time p=0.64), FoxO3a (time p=0.44, 

group × time p=0.80), LC3 (time p=0.26 group × time p=0.67), Gabarapl1 (time 

p=0.07, group × time p=0.26), Ulk2 (time p=0.84, group × time p=0.80), Beclin1 

(time p=0.49, group × time p=0.36), BNIP3  (time p=0.06, time × group p=0.25), 

TRAF6 (time p=0.01, group × time p=0.94), in the rested leg of the lower protein 

group, expression of TRAF6 was significantly greater than the exercised leg 

(p=0.04). 

 

 

 

 

 
 

 

Figure 6. Gene expression of targets in the ubiquitin proteasome and autophagic-
lysosomal pathways. * Significantly different than EX within that group. EB: 
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energy balance, REST: energy restriction rested leg, EX: energy restriction 
exercised leg, MuRF-1: Muscle RING-finger protein-1, Foxo3a: Forkhead box 
O3, LC3: Microtubule-associated protein 1A/1B-light chain 3, Gabarapl1: GABA 
Type A Receptor Associated Protein Like 1, Ulk2: Unc-51 Like Autophagy 
Activating Kinase 2, BNIP3: BCL2 Interacting Protein 3, TRAF6: TNF receptor-
associated factor 6. 
 

DISCUSSION 

We found that muscle proteolysis, measured as acute hourly rates of MPB and 

gene and protein expression of markers in the ubiquitin-proteasome and 

autophagic-lysosomal pathways were unchanged throughout the ER and exercise 

intervention. These results are in contrast to data showing that postabsorptive 

MPB was increased by 60% following 10 d of a 20% energy deficit (with 

participants consuming 1.5g protein/kg/d) (7), despite our subjects being in a 40% 

energy deficit. The disparate findings between these studies could be due to 

differences in participant characteristics who were, according to BMI, of normal 

weight (7) compared to overweight in the current study. For example, Heymsfield 

et al. (19), plotted the fraction of weight lost as LBM during semi-starvation in 

young men against baseline adiposity and reported that the men in the lowest 

quintile of baseline % fat lost more LBM than the men in the higher quintiles of 

% fat (19). Therefore, individuals who are leaner would be more susceptible to 

LBM loss. However, whether the LBM loss in lean individuals who are in ER is 

due to such a large increase in MPB as observed by Carbone et al. (7) requires 

further investigation, especially when we consider previously reported declines in 
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MPS in the same energy restricted participants (3) which would contribute to 

losses in LBM. 

Congruent with the lack of change in acute rates of MPB in the current 

study, we did not observe any changes in the gene or protein expression of targets 

in the ubiquitin-proteasome and autophagic-lysosomal pathways, findings that are 

consistent with some short-term studies in humans (4, 7, 8). Other ER studies 

have observed only small increases in these proteolytic genes and proteins. For 

example, Carbone et al. (7) observed no change in 26S proteasome proteolytic 

activity, and an 11% increase in caspase-3 protein expression despite reporting a 

60% increase in MPB. Thus, it appears equivocal that these proteolytic pathways 

are upregulated with ER in young men. In the current study, we observed a 

slightly elevated (1.4 fold) level of TRAF6 mRNA [a regulator of both the 

ubiquitin-proteasome and autophagic-lysosomal pathways, (20)] in the rested leg 

of the lower protein group; however, this was not significantly elevated above 

expression seen in EB and the protein content of TRAF6 was unchanged.  

Despite the novelty of our data, we acknowledge some limitations of the 

current study. Firstly, the short-term nature of the study resulted in small changes 

in body composition; however, we were still able to detect a significantly smaller 

reduction in LBM in the exercised leg compared to the rested leg in both groups 

and hypothesize that an effect of dietary protein would take more time and 

potentially a larger sample size to detect when the outcomes were being measured 

using DXA to estimate LBM (21). Despite our best efforts to reduce the inherent 
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variability in human data, which included providing all food to participants, 

supervising all resistance exercise sessions, performing all measures of MPS and 

MPB at the same time of day, and matching the groups as closely as possible, we 

acknowledge the variability of the data due to inherent inter-subject differences.    

In summary, we demonstrate that MPB and markers of the ubiquitin 

proteasome and autophagic-lysosomal pathways do not change despite a marked 

ER in overweight young men. We propose that our findings indicate that at least 

in the short-term, ER-mediated losses of LBM are not mediated through increased 

proteolysis. 
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CHAPTER 4: 

Impact of resistance exercise and dietary protein intake on skeletal muscle 

protein synthesis and turnover during pronounced short-term energy 

restriction in overweight young men. Data submitted to FASEB J. 
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ABSTRACT 

The preservation of lean body mass (LBM) may be important during dietary 

energy restriction (ER) and requires balanced and equal rates of muscle protein 

synthesis (MPS) and muscle protein breakdown (MPB). Currently, no study has 

measured MPS and MPB simultaneously to obtain a measure of muscle protein 

turnover during ER. We aimed to determine the impacts of dietary protein intake 

and resistance exercise on muscle protein turnover during a controlled short-term 

energy deficit. Adult men (BMI=28.6±0.6kg/m2, age=22±1y) underwent 10 days 

of a 40% reduction in energy intake, while performing unilateral resistance 

exercise and consuming lower protein (LP) (1.2g/kg/d, n=12) or higher protein 

(HP) (2.4g/kg/d, n=12). Pre- and post-intervention testing included primed 

constant infusion of ring-[13C6]-phenylalanine to measure acute postabsorptive 

MPS, and deuterated water to measure integrated (day-to-day) MPS. Using the 

DXA results from Chapter 3 we calculated absolute (g/d) breakdown, synthesis 

and turnover. Similarly, using the rates of MPB from Chapter 3, we calculated net 

protein balance in the postabsorptive state. There was a decrease in acute MPS 

following ER (HP=0.059±0.01%/hr to 0.051±0.01%/hr, LP=0.061±0.01%/hr to 

0.045±0.01%/hr, p<0.05) that was attenuated with resistance exercise (HP= 

0.067±0.01%/hr and LP= 0.061±0.016%/hr), and integrated MPS followed a 

similar pattern. There was no change in the absolute breakdown rate, which is 

congruent with the findings of MPB from Chapter 3. We conclude that reductions 
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in MPS are the main mechanism underpinning reductions in muscle protein 

turnover that lead to LBM loss early in ER in adult men.  

 

INTRODUCTION 

Dietary energy restriction (ER) is commonly employed to reduce total body mass, 

however, a potentially unfavourable consequence of ER is a loss of lean body 

mass (LBM) (1). Loss of LBM can comprise up to 25% of body mass lost (2) and 

can have deleterious consequences. Given that that largest component in LBM is 

skeletal muscle, and that skeletal muscle is a highly metabolically active tissue, 

LBM loss during ER could have important impacts on mobility and aspects of 

metabolic health (2). Thus, strategies that promote the retention of LBM during 

ER are of clinical importance especially, for example, in the elderly.  

The maintenance of skeletal muscle mass is dependent on the balance 

between fasted and fed state changes in the rates of skeletal muscle protein 

synthesis (MPS) and skeletal muscle protein breakdown (MPB). In energy 

balance, periods of positive and negative protein balance are equal, resulting in a 

net neutral protein balance and stable muscle mass (3). During ER, rates of MPS 

are reduced in both the postabsorptive and postprandial states (4-7), which would 

lead to an overall decline in net protein balance that could partly underpin a 

reduction in LBM. However, higher protein intakes and resistance exercise 

attenuate LBM losses and can even result in gains in LBM during ER (8). Indeed, 

we showed that even during a marked (40% below energy requirements) energy 
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deficit, young men consuming 2.4g/kg/d protein and performing resistance 

exercise demonstrated significant increases in LBM (8). Resistance exercise and 

protein ingestion are known to attenuate the energy deficit-induced declines in 

resting MPS (6), which may explain why LBM does not decline. In addition, 

consuming 2-3 times the recommended dietary allowance (RDA) (1.6 and 

2.4g/kg/d, respectively) for protein during ER preserved the MPS responses to a 

20g serving of milk protein compared to protein consumed at the RDA (0.8 

g/kg/d) (4). The practical implications for studying the 40% reduction in energy 

intake are relevant when we consider athletic populations who may be trying to 

cut weight quickly (9), or situations when energy deficit might be unavoidable, 

such as military training or operations (10). 

The primary aim of this study was to examine the impact of short term 

(10d) ER (40% reduction in energy intake from that required for weight 

maintenance) on acute (hourly) rates of mixed MPS and integrated myofibrillar 

protein synthesis (myo-PS; daily). We used unilateral resistance exercise to 

examine the impact of loading exercise on the same variables. Subjects were 

randomly assigned to consume a higher (2.4g protein/kg/d) or a lower (1.2g 

protein/kg/d) protein intake. Thus, we also examined how differing levels of 

dietary protein intake affected the MPS responses, and used the MPB and body 

composition data from Chapter 3 to calculate postabsorptive and absolute (g/d) 

muscle protein turnover. We hypothesized, given the known rates of loss of 

skeletal muscle during ER, that mixed MPS and integrated myo-PS would be 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

78 
	

reduced following ER but to a lesser extent in the resistance exercised leg. We 

also hypothesized, given the body composition differences reported by Longland 

et al. (8) that the higher (2.4g protein/kg/d) protein intake would act 

synergistically with exercise to stimulate mixed and myofibrillar MPS greater 

than that seen in subjects with the lower (1.2 g protein/kg/d) protein intake.  

 

MATERIALS AND METHODS 

Experimental Design.  Details regarding the participants, controlled diet and 

physical activity interventions have been described in Chapter 3. Briefly, In a 

single-blind investigation, 24 non-diabetic, non-smoking men, body mass index 

(BMI) 28.6±0.6kg/m2, age 22±1y, underwent 10 days of a 40% reduction in 

energy intake, while performing unilateral resistance exercise and consuming 

lower protein (LP) (1.2g/kg/d, n=12) or higher protein (HP) (2.4g/kg/d, n=12).  A 

schematic of the overall study is shown in Figure 1a. Prior to beginning any 

dietary control (no longer than one week), a muscle biopsy was obtained to assess 

baseline deuterium enrichment levels. Five days prior to the first infusion 

protocol, all participants consumed 100mL of 70% deuterated water (D2O) 

(Cambridge Isotope Laboratories, Tewksbury, MA, USA), began collecting daily 

saliva samples in the morning before any food/water or brushing teeth, and began 

an energy balance diet designed to provide 100% of their energy requirements and 

a protein intake of 1.2g/kg/d. Participants were provided with all the food for the 

study, consisting of frozen meals (Heart to Home Meals, Brampton, ON, CAN) 
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and prepackaged snacks. Following the energy balance diet, participants 

underwent a stable isotope infusion trial, shown in Figure 1b to measure acute 

mixed MPS. Briefly, following an overnight fast, participants arrived to the 

laboratory and a 20 gauge catheter was inserted into a vein in the hand/arm for 

blood sampling and infusion. A primed continuous filtered (0.2µm) infusion of 

ring-[13C6]-phenylalanine (2.0µmol/kg; 0.05 µmol/kg/min; Cambridge Isotope 

Laboratories, Tewksbury, MA, USA) was initiated. Approximately 50mg of 

muscle was collected at the 190min biopsy for measurement of acute mixed MPS, 

and integrated myoPS using the ingested D2O. Muscle biopsy samples were 

cleared of visible blood and connective tissue and rapidly frozen in liquid 

nitrogen.  

 

Figure 1. (A) Timeline of study. Prior to any dietary control a baseline muscle 
biopsy was obtained. Five days prior to the first infusion protocol, participants 
ingested a bolus of deuterated water to measure basal integrated myofibrillar 
protein synthesis (myo-PS), and consumed an energy balance diet. Participants 
then completed an acute infusion protocol to measure postabsorptive rates of 
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mixed muscle protein synthesis (MPS) as well as a dual-energy x-ray 
absorptiometry (DXA) scan to measure body composition. Participants then 
consumed a second bolus of deuterated water and completed the energy restriction 
diet (40% energy deficit, 2.4 or 1.2 g/kg/d protein) with five unilateral resistance 
exercise sessions. Following 10 days of this intervention, a second infusion was 
conducted to assess changes in acute MPS and body composition was measured 
by DXA. (B) Infusion protocol. Following an overnight fast, participants arrived 
to the laboratory and a 20-gauge catheter was inserted into the vein of one arm 
and a baseline blood sample was taken before a 0.9% saline drip was started to 
keep the catheter patent for repeated blood sampling. A second catheter was 
placed in the contralateral arm for a primed continuous infusion of ring-
[13C6]phenylalanine (2.0µmol/kg; 0.05 µmol/kg/min). During the first infusion 
(energy balance) only one leg (rested) was analyzed. However, following weight 
loss, both the rested and exercised legs were assessed.  
 

The day following this first infusion protocol, participants consumed 

another 100mL bolus of D2O with daily saliva samples (obtained in the morning 

before any food/water or brushing teeth) and began the 10 day energy restricted 

diet with unilateral resistance exercise sessions described in Chapter 3.  Exercise 

sessions 1-4 were performed at any time of day but not before eating breakfast.  

The fifth exercise set was performed 48h prior to the last infusion trial, and 

hydration/water consumption was ad libitum for every exercise session. 

Following 10 days of the energy restricted diet, participants arrived to the 

laboratory following an overnight fast for a second infusion protocol. This 

protocol was identical to the pre-ER infusion protocol to measure acute mixed 

MPS and myo-PS with the exception that a biopsy at 90 mins was also obtained to 

account for new baseline isotope enrichment levels of ring-[13C6]-phenylalanine 

from the previous infusion protocol, and biopsies were obtained from both the 

rested and exercised legs.  
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Integrated Myofibrillar Protein Synthesis. Approximately 50 mg of wet muscle 

was homogenized on ice in buffer (500µL of 25 mmol/L Tris 0.5% v:v Triton X-

100 and protease/phosphatase inhibitor cocktail tablets (Complete Protease 

Inhibitor Mini-Tabs, and PhosSTOP; Roche Diagnostics Laval, QC, CAN)) and 

centrifuged at 1500 g for 10 min at 4°C to separate the supernatant (sarcoplasmic) 

and pellet (myofibrillar) fractions. To determine myofibrillar protein-bound 

enrichments, the myofibrillar fraction (pellet) was washed with distilled deionized 

water and then purified from collagen in sodium hydroxide (NaOH) (11). The 

myofibrillar fraction was then hydrolyzed for 72 h in 1M HCl and Dowex 

(50WX8–200 resin; Sigma-Aldrich, Oakville, ON, CAN) at 110°C and mixed on 

a vortex every 24 hours. The free amino acids were purified with the use of 

Dowex ion exchange chromatography. The N-acetyl-n-propyl ester of alanine was 

analyzed by gas chromatography pyrolysis isotope ratio mass spectrometry 

(Metabolic Solutions, Nashua, NH, USA). The fractional synthetic rate (FSR) of 

myofibrillar protein in %/day was calculated with the use of the standard 

precursor-product equation as described previously (12). Saliva samples were 

analyzed for 2H enrichment by cavity ring-down spectroscopy by Metabolic 

Solutions using a Liquid Water Isotope Analyzer with automated injection system 

(Los Gatos Research, Mountain View, CA, USA) as described previously (13) 

Leg absolute synthetic (ASR) and breakdown (ABR) rates were calculated 

as previously described (14). Briefly, approximately 15mg of frozen muscle tissue 

was freeze dried and weighed, then homogenized in 0.2M PCA and spun to form 
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a pellet. The supernatant was discarded and this process was repeated twice more. 

800uL of 0.3M NaOH was then added to the pellet which was dissolved for 

30min at 37°C.  The supernatant was then used to quantify the alkali soluble 

protein at A280 on a Nanodrop. Using the rates of integrated myofibrillar protein 

synthesis, leg lean tissue mass derived from DXA and average alkali soluble 

protein over the 10 day period, ASR and ABR were calculated using the 

following equations:  	

𝐴𝑆𝑅	 𝑔 ∙ 𝑑 = 	
𝐹𝑆𝑅
100 	𝑥	𝐿𝐹𝐹𝑀	𝑥	

𝐴𝑆𝑃
100 

Where FSR is the integrated myofibrillar protein synthesis rate in %/d, LFFM (leg 

FFM) is the amount of FFM in the leg obtained by DXA corrected for the amount 

of water in the muscle (wet weight-dry weight), and ASP is the average alkali 

soluble protein concentration. 

𝐴𝐵𝑅	 𝑔 ∙ 𝑑 = 	
𝐹𝐵𝑅
100 	𝑥	𝐿𝐹𝐹𝑀	𝑥	

𝐴𝑆𝑃
100 

Where FBR=FSR-FGR and FGR is the % change in leg lean mass per day.  

 

Plasma enrichments. Plasma (50 µL) was deproteinized in 500 µL of acetonitrile. 

The HFB derivative was prepared and the enrichment of ring-[13C6]phenylalanine 

was determined by GC-MS (Hewlett Packard 6890; MSD model 5973 Network, 

Agilent Technologies, Santa Clara, CA, USA). 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

83 
	

Intracellular enrichments. Approximately 25 mg of frozen muscle was prepared 

as described in Chapter 3. Briefly, the muscle was rinsed in phosphate buffered 

saline and then homogenized with a Teflon pestle in 500 uL of perchloric acid 

(PCA) to precipitate the muscle proteins. The sample was then centrifuged at 

10,000 g at 4°C for 5 minutes, the supernatant was collected and the procedure 

was repeated twice more. The PCA supernatant was purified with the use of 

Dowex ion exchange chromatography and the heptafluorobutyl (HFB) derivative 

was prepared. The enrichment of ring-[13C6]phenylalanine was determined by 

GC-MS (Hewlett Packard 6890; MSD model 5973 Network, Agilent 

Technologies Santa Clara, CA, USA). 

Mixed muscle protein synthesis: The precipitated mixed protein pellet obtained 

from homogenization in PCA (from intracellular enrichments) was washed in 

distilled deionized water, washed three times in absolute ethanol, then placed at 

50°C to dry. The dried pellet was weighed and then hydrolyzed for 72 hours in 0.1 

M HCl and Dowex (50WX8–200 resin; Sigma-Aldrich, Oakville, ON, CAN) at 

110°C and mixed on a vortex every 24 hours. The free amino acids were purified 

with the use of Dowex ion exchange chromatography and the N-acetyl-n-propyl 

derivative was prepared and analyzed by isotope ratio mass spectrometry to 

measure bound enrichment of ring-[13C6]-phenylalanine as described previously 

(16). Mixed muscle protein synthesis in %/hour was calculated using the standard 

precursor-product equation as previously described (15).  
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Statistical analyses: Statistical analyses were performed using SPSS version 19 

(IBM, Armonk, NY, USA). A mixed model analysis of variance (ANOVA) was 

conducted on integrated myo-PS, mixed protein turnover, absolute protein 

turnover, plasma enrichment (group x time). Linear regression was performed on 

plasma and intracellular free phenylalanine enrichment. Diet analysis, baseline 

characteristics, and unilateral resistance exercise were analysed by independent 

sample t-test. Significance was set at p<0.05. Data are presented as box and 

whisker plots, where the box represents the interquartile range, the line in the box 

represents the median, the cross represents the mean, and the whiskers are the 

maximum and minimum. 

 

RESULTS 

Integrated Myofibrillar Protein Synthesis. Integrated myo-PS (%/d) values are 

shown in Figure 2. Integrated myo-PS is in Figure 2A and showed a  time-by-

group interaction (p=0.03). Integrated myo-PS in the exercised leg was preserved 

compared to energy balance (EB) in the HP group (p=0.21) but only partially 

preserved in the LP group following ER (p=0.03 vs EB and p<0.001 vs REST). 

The change in integrated myo-PS (Figure 2B) was significantly greater in the 

rested leg than the exercised leg in both the higher protein (p<0.001) and lower 

protein (p<0.001) groups with no difference between protein groups (p=0.44). 

Body water enrichment (Figure 3) showed a linear decline following dosing (a 
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linear regression equation explained a significant proportion of the variance; 

r2=0.99). 
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Figure 2. (A) Integrated myofibrillar protein synthesis (myo-PS). Letters 
represent within-group statistics, and means without a common letter differ. (B) 
Change in myo-PS from energy balance. * Significantly different from REST leg. 
EB: energy balance, REST: ER rested leg, EX: ER exercised leg 
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Figure 3. Body water (saliva) atom percent excess (APE). HP EB: higher protein, 
energy balance, LP EB: lower protein, energy balance, HP ER: higher protein 
energy restriction, LP ER: lower protein energy restriction. 

	

Absolute Synthesis and Breakdown. Calculation of absolute synthesis and 

breakdown (g/d) is shown in Figure 4. The fractional growth rate (FGR) of leg 

lean tissue (%/d) showed a main effect of time (p<0.01) but no interaction 

(p=0.34; Figure 4A). The FGR was higher in the higher protein exercised leg 

compared to the corresponding rested leg (p=0.01; Figure 4A). The absolute 

synthesis rate (g/d, ASR) showed a main effect of time (p<0.001; Figure 4B), but 

no interaction (p=0.87). The ASR was significantly lower in the rested legs 

compared to the exercised legs of both groups (p=0.001; Figure 4B). The 

absolute breakdown rate (ABR; Figure 4C) was not different between groups or 

legs (legs p=0.39, group × legs p=0.53). Net protein Balance (g/d, ASR-ABR; 

Figure 4D) had main effect for exercise (p=0.01), but no interaction (p=0.38). Net 

protein balance was significantly higher in the exercised leg of the higher protein 

group compared to the corresponding rested leg (p=0.01). 
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Figure 4. (A) Fractional growth rate (FGR), (B) absolute synthesis rate (ASR), 
(C) absolute breakdown rate (ABR) and (D) absolute net protein balance. Letters 
represent within-group statistics and means without a common letter differ 
significantly (P<0.05). *significantly different from REST.  REST: ER rested leg, 
EX: ER exercised leg (P<0.05). 	

 

Mixed muscle protein turnover. Postabsorptive mixed muscle protein synthesis 

(%/hr), and net protein balance change from EB (%/hr) are shown in Figure 5 

(panels A and B, respectively). There was a main effect of time (p<0.001) but no 

interaction (p=0.07; Figure 5A). Mixed MPS was significantly reduced from EB 

in the rested leg in both groups following ER (HP p=0.01, LP p<0.001; Figure 

5A). In the lower protein group, mixed MPS in the exercised leg was no different 

from EB (p=0.97). In the higher protein group, mixed MPS was elevated above 
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EB in the exercised leg 48 h following the last exercise bout (p=0.01). The 

exercised leg had a significantly smaller change in net protein balance from EB 

than the rested leg in both groups (p<0.001; Figure 5B), and there was a strong 

trend for a between-group difference in the exercised legs (p=0.054). Plasma and 

intracellular enrichments are shown in Figure 6. There were no differences 

between treatments or across time for the ring-[13C6]phenylalanine plasma 

enrichment. The slope of plasma free ring-[13C6]phenylalanine enrichment by 

time was not different from zero for either group. 
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Figure 5. (A) Mixed muscle protein synthesis, (FSR, %/hr), (B) net protein 
balance change from energy balance, (EB, %/hr). Letters represent within-group 
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statistics and means without a common letter differ within each group. EB: energy 
balance, REST: energy restriction rested leg, EX: energy restriction exercised leg	

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. (A) Plasma enrichments of ring-[13C6]phenylalanine. (B) Intracellular 
enrichments of ring-[13C6]phenylalanine. HP: higher protein group, LP: lower 
protein group, Pre: pre energy restriction, Post: post energy restriction, REST: 
energy restriction exercised leg, EX: energy restriction exercised leg. 
 

DISCUSSION 

We observed that ER resulted in a significant reduction in integrated (daily) myo-

PS, which was alleviated by resistance exercise. Additionally, ER resulted in a 

significant reduction in acute (hourly) postabsorptive mixed MPS, which was also 

mitigated by resistance exercise that was performed 48h prior. Consistent with the 
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changes in MPS, in Chapter 3 we reported a significantly greater reduction in 

LBM in the rested compared to the exercised legs, regardless of protein intake, 

following ER in both groups. Importantly, ABR was unchanged throughout the 

diet and exercise intervention, confirming the results of MPB obtained in Chapter 

3. These results demonstrate that the main early-stage driver of LBM loss during a 

marked energy deficit in young overweight men was a significant decline in MPS 

with little-to-no change in MPB.  

The MPS data in the current study are consistent with several other studies 

that have investigated the impact of ER, protein intake, and exercise on the rates 

of acute (hourly) MPS (4-6). For example, Pasiakos et al. (5) reported a 19% 

reduction in postabsorptive mixed MPS in response to 10 d of a 20% energy 

deficit while participants consumed 1.5g/kg/d protein. Murphy et al. (16), 

reported a significant reduction in integrated myo-PS in overweight older men 

following 2 weeks of ER, which was increased following a second two week 

period of ER with resistance exercise. The current study provides novel data on 

the effect of ER, protein and resistance exercise on integrated day-to-day myo-PS 

in young men, which is in general agreement with data in older men (16). 

Additionally, we demonstrate that even in ER, resistance exercise has the capacity 

to stimulate postabsorptive mixed MPS even up to 48h following an exercise 

bout, consistent with work from situations of energy balance (17) and further 

demonstrating the potency of resistance exercise to stimulate MPS (6) and provide 

a fundamentally anabolic signal to skeletal muscle. An important consideration is 
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that individuals spend most of their waking hours in the postprandial state, 

assuming they do not skip meals. The use of ingested D2O allowed an integrated 

measure encompassing postprandial, postabsorptive, and fasted (sleeping) 

periods. In the current study, the average decline of integrated myo-PS in the 

rested legs was -0.36 ±0.08%/d, which was close to the average change in leg 

LBM per day of -0.34±0.06%/d. Thus, even if we assume only 10 hours per day 

were spent in the fasted state, given that the changes in integrated MPS align with 

the loss of LBM, it is difficult to reconcile that increases in postabsorptive MPB 

could in any way be a significant mechanism underpinning loss of lean mass 

during ER in overweight young men. 

By simultaneously assessing rates of MPS and MPB, we were able to 

calculate net protein balance, which to our knowledge has not been done during 

ER in humans. Consistent with our other data, changes in net protein balance were 

mainly driven by changes in mixed MPS (Figure 5A). The reduction in the net 

protein balance, versus energy balance, calculated using the rates of acute mixed 

MPB from Chapter 3 and the rates of acute mixed muscle MPS in the current 

study, was significantly greater in the rested leg than the exercised leg in both 

groups, and it is interesting to note the strong trend for a differential effect 

between the exercised legs, tending to be elevated from EB in the higher protein 

group (p=0.054). To further support our acute protein turnover data, we calculated 

absolute (g/d) myofibrillar protein synthesis, breakdown, and net protein balance. 

Similar to our acute data, ABR remained essentially unchanged across time and 
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ASR was reduced in the rested leg compared to the exercised leg. Absolute net 

protein balance was elevated in the exercised leg compared to the rested leg of the 

higher protein group, which is again in agreement with the fundamentally 

anabolic nature of resistance exercise. In order to parallel the study design from 

Longland et al., we opted to keep carbohydrate intake constant between the higher 

and lower protein groups due to the known effects carbohydrate has on exercise 

performance and to ensure similar insulinemia (18). Thus, we cannot attribute the 

effects on muscle protein turnover we report solely to protein intake because there 

were also differences in fat intakes between these two groups. However, there is 

not, to our knowledge, any data to suggest that differences in daily dietary fat 

intakes that are not exceeding the acceptable macronutrient distribution range 

would affect changes in muscle protein turnover. Hammond et al. (19), reported 

that high fat feeding (3.5g/kg) post-exercise suppressed p70S6K1 activity; 

however, the protein supplement provided to all participants post-exercise in the 

current study contained a maximum of 5g of fat (from 2% milk), thus we would 

not expect the same effect to occur (19). 

A limitation of the current study is due to the timing of biopsies used to 

examine gene and protein expression, which were taken only in the basal, fasted 

state pre-and post-ER. The timing of these biopsies was strategic in that the most 

likely time to detect changes in MPB and associated markers would be in the 

fasted state (see Chapter 3) (20). Nonetheless, the one target related to MPS that 

we did analyze [p-TSC2 (Thr1462)] did not change pre-to post-ER. Due to the 
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numerous muscle biopsies already being performed on the participants, we did not 

attempt to characterize a time course or effect of feeding on changes in gene and 

protein expression, which may have allowed us to detect differences in signalling 

related to MPS if an effect were present. However, the measurement of integrated 

MPS would include 14-16hrs per day in the postprandial state, and in this study 

we did detect a reduction in integrated MPS. Thus, it is likely that signalling 

pathways related to MPS would also be reduced. We acknowledge that there is 

data showing a reduction in phosphorylation of Akt and 4EBP-1 following 10 

days of ER (5), as well as a reduction in the MPS response to protein ingestion 

during ER (4, 7). Data from rodents suggests that ER results in a downregulation 

of the phosphorylation of protein synthesis related proteins (Akt, mTOR, rps6 and 

p70S6K) (21) and the reduction in active ribosomes (22). Thus, strategies that 

target the mTORC1 pathway such as resistance exercise and increased protein 

intake (3) are important for the preservation of MPS and LBM during ER. 

In summary, we show that in young overweight men, ER results in a 

decrease in MPS, but resistance exercise with protein intakes three times higher 

than the RDA can mitigate this decline. Furthermore, we demonstrate that MPB 

does not change despite a marked ER in overweight young men. Finally, we 

provide a comprehensive assessment of the processes governing changes in 

skeletal muscle mass during ER in overweight young men. Our findings may be 

of importance for the design of weight loss programs that wish to preserve 

skeletal muscle and promote loss of fat mass. 
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CHAPTER 5:  

GENERAL DISCUSSION 
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5.1 Introduction 
 
In overweight or obese persons, weight loss is associated with improved risk for a 

number of chronic conditions. Nonetheless, weight loss, ignoring the contribution 

of body water losses, consists of varying proportions of fat mass and lean body 

mass (LBM) loss, with a meta-analysis putting the ratio of lean to fat mass loss at 

~3:1 (1). High quality weight loss, defined here, as weight loss with the highest 

possible ratio of fat to LBM loss is, for a variety of reasons, a goal for many 

individuals. Consumption of higher protein-containing diets rich in dairy protein 

sources during dietary energy restriction, particularly when combined with 

resistance exercise, are effective in promoting high quality weight loss (2-4). To 

date, the mechanisms underlying the beneficial effects of protein intake and 

resistance exercise on LBM retention and fat mass loss during dietary energy 

restriction were not well understood.   

The aim of the present thesis was to further elucidate the impact of dietary 

protein intake and resistance exercise during dietary energy restriction on skeletal 

muscle protein synthesis (MPS) and skeletal muscle protein breakdown (MPB) as 

mechanisms underpinning muscle mass. We also examined, in one study, lipolysis 

as a mechanism of fat mass control. To the best of our knowledge, this is the first 

time that both MPS and MPB have been simultaneously reported as a measure of 

muscle protein turnover during dietary energy restriction. Additionally, the use of 

deuterated water as an oral isotope tracer for protein metabolism provides an 

integrated assessment of MPS throughout all activities of daily living. We used 
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this method in experiments reported in this thesis to calculate the loss of LBM 

during energy restriction in grams per day, providing a clinically relevant 

quantification of LBM changes and mechanistic insight. 

In Study 1 (Chapter 2) we demonstrated that whey protein ingestion 

stimulated myofibrillar protein synthesis to a greater extent than soy protein 

ingestion both before, and after 14 days of dietary energy restriction. Importantly, 

the decline in postprandial myofibrillar protein synthesis following energy 

restriction was less pronounced with whey protein supplementation than soy 

protein. Additionally, we demonstrated a reduction in lipolysis with feeding, that 

was significantly greater following ingestion of a carbohydrate supplement 

compared to protein, but there were no significant differences between the whey 

and soy protein groups or pre-and post-weight loss. In Study 2 (Chapter 3) we 

demonstrated that MPB was not changed following a marked (40%) dietary 

energy deficit, which gained support given the absence of changes in gene and 

protein expression of the ubiquitin proteasome and autophagic-lysosomal 

pathways. In Study 3 (Chapter 4) we demonstrated that higher protein intakes 

combined with resistance exercise preserved postabsorptive mixed MPS, 

integrated myofibrillar protein synthesis, and muscle protein turnover during 

energy restriction.  Taken together, these findings demonstrate that higher protein 

intake when combined with resistance exercise were important strategies for the 

preservation of MPS during diet-induced weight loss. This chapter discusses the 
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findings of this thesis in more detail, specifically in relation to previous work 

completed in this field, and highlights some areas of future directions. 

 
 
5.2 Influence of protein quality on acute measures of myofibrillar protein 

synthesis and lipolysis 

Consumption of an energy-restricted diet higher in dairy protein has been shown 

to promote the retention of muscle and loss of fat mass (3, 5, 6). One constituent 

of dairy known to be a potent stimulator of MPS is whey protein. Whey has a 

higher content of the amino acid leucine than almost all commercially available 

isolated sources of protein (7). Additionally, leucine has the potential to inhibit 

adipocyte lipogenesis and stimulate lipolysis (8, 9) and thus may play a 

synergistic role in promoting both fat mass loss and LBM retention. However, 

whether whey protein is superior to other protein sources such as soy protein, 

which has the same PDCAAS protein quality score as whey, for LBM retention 

and fat mass loss during energy restriction has not been examined. In Study 1, we 

compared the effect of whey and soy protein supplementation and a carbohydrate 

control on MPS and lipolysis as two potential mechanisms to preserve skeletal 

muscle and promote fat mass loss, respectively. We observed that whey protein 

supplementation was superior to soy in stimulating postprandial MPS, and whey 

protein also alleviated the diet-induced decline in postprandial MPS that was 

observed with soy and carbohydrate supplementation. Additionally, we observed 

a decline in lipolysis with consumption of each supplement, with the greatest 
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decline following consumption of carbohydrate, but there were no differences pre-

and post-weight loss, or between the whey and soy protein groups. 

 The superior stimulation of MPS following consumption of whey 

compared to soy protein is consistent with studies in energy balance (7) and the 

leucine content of whey compared to soy protein (10). Indeed, we observed that 

consumption of whey protein resulted in a greater leucinemia both pre-and post-

weight loss compared to soy protein. Additionally, the blood aminoacidemia for 

the same amount of total protein ingestion was higher in whey compared to soy, 

providing more amino acids as building blocks for supporting MPS (11). The 

amino acid profiles observed in Study 1 are consistent with previous research 

investigating the delivery of amino acids to peripheral tissues by differing protein 

sources. Such studies have demonstrated that the essential amino acids (higher in 

whey than soy) are less readily taken up by the splanchnic region than the non-

essential amino acids (12). Finally, the preservation of postprandial MPS 

following energy restriction with whey protein ingestion compared to soy protein 

may be of importance in the preservation of LBM (13).  

 Greater preservation of LBM during energy restriction is commonly 

associated with greater loss of fat mass (2, 14, 15). For example, Josse et al. 

reported a significantly greater LBM retention and fat mass loss in a higher 

protein (as dairy) group (28% protein, 41% carbohydrate and 31% fat) compared 

to an adequate protein group (18% protein, 58% carbohydrate and 24% fat) 

between 8-16 weeks of a weight loss (-500kcal/d) and exercise diet (3). Another 
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study reported that when whey protein is provided as a supplement during a 

weight loss diet, there was a greater loss of fat mass and retention of lean mass in 

the whey protein supplemented group (consuming 0.8g protein/kg/d total) 

compared to the control group (consuming 0.6g protein/kg/d total) (16). Although 

we observed better stimulation of MPS with whey protein in Study 1, which could 

explain the superior retention of LBM observed in the aforementioned studies, we 

did not find an effect of whey protein supplementation compared to soy protein on 

whole-body lipolysis, despite the potential for superior decreases in fat mass (3, 

16). Since insulin is known to inhibit lipolysis (17) the lack of a difference in 

lipolysis between whey and soy protein is in line with the similar insulin 

responses that were observed between whey and soy protein ingestion. However, 

it is possible that we were not able to detect potential differences between whey 

and soy protein supplementation with the whole-body measurement of lipolysis. 

Differences between whey and soy protein supplementation may have been more 

evident in gene and/or protein expression relating to adipogenesis and/or lipolysis 

in the adipose tissue (9); this could be an area of future research. It should be 

noted that LBM accounts for a significant proportion of daily energy expenditure 

(18), thus it is also possible that the maintenance of LBM could promote greater 

fat mass loss or resist fat mass gain over time (19). However, whether the acute 

changes in MPS in Study 1 would translate into better preservation of LBM (and 

fat mass loss) over time with whey protein compared to soy protein 
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supplementation during energy restriction requires further research with longer-

term weight loss interventions (13).  

 

5.3 Influence of energy restriction on muscle protein breakdown 

In comparison to MPS, MPB is relatively understudied in humans. One 

explanation for the limited data on MPB is that fluctuations in MPS in response to 

feeding and exercise are 3-4 times larger than fluctuations in MPB in healthy 

humans. Thus, changes in MPB are arguably less important than changes in MPS 

for the control of muscle mass in healthy humans (20). Nonetheless, acute rates of 

MPB have been measured during a 10 day 20% energy restricted diet in healthy 

normal weight (BMI 23.9±0.7) young men, with reported increases in MPB of 

60% (21). These authors reported a surprising  increase of 60% in the rates of 

MPB during dietary energy restriction (21), which is similar to a 65% increase in 

leg protein breakdown observed following the acute infusion of catabolic 

hormones (epinephrine, cortisol and glucagon) (22). Thus, given this is a single 

study (21) and the increase in protein breakdown is larger than one would expect, 

there is a need to further examine MPB during dietary energy restriction. In Study 

2, we investigated the effect of 10 days of an energy deficit of 40% on rates of 

MPB and markers of proteolysis in overweight young men. We also utilized 

unilateral resistance exercise in two parallel groups consuming 1.2g protein/kg/d 

or 2.4g protein/kg/d to simultaneously investigate the impact of exercise and 

protein dose. The main finding from this study was that there were no changes in 



Ph.D. Thesis – A.J. Hector; McMaster University – Medical Sciences 
	

104 
	

MPB or markers of proteolysis with energy restriction in either group in the rested 

limb or the limb that had undertaken resistance exercise. An important question is 

why the findings in Study 2 are so different than the 60% increase in MPB 

reported by Carbone et al. (21). One important difference in study design relates 

to the participant characteristics. Specifically, in Study 2 we recruited young 

overweight men with an average BMI of 29±1 kg/m2, fat mass of 26±3 kg, and % 

fat of 29±1 % and Carbone et al. recruited young healthy highly physically active 

men with a BMI of 24±1 kg/m2, fat mass of 14±2 kg, and approximately 20% fat. 

These body composition differences may be important when we consider findings 

from Heymsfield et al. (23), who reported that the men in the lowest quintile of 

baseline % fat lost more LBM than the men in the other quintiles of % fat (23). 

However, whether the LBM loss in leaner individuals is due to such a large 

increase in MPB as observed by Carbone et al. (21) requires further investigation. 

Such a conclusion is emphasized when one considers previously reported declines 

in MPS in the same participants (24) which would contribute to substantial losses 

of LBM.  

Previous studies attempting to characterize muscle proteolysis during diet-

induced weight loss have relied only on single point-in-time measures of gene and 

protein expression of proteolytic markers, and this has resulted in ambiguous 

results regarding the potential changes in proteolysis following weight loss (21, 

25, 26). Interestingly, despite a 60% increase in rates of MPB, there was only a 

modest 11% increase in caspase-3 activation measured by western blot, and no 
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change in genes related to the ubiquitin-proteasome pathway or changes in 26S 

proteasome activity (21). We also observed no change protein and gene markers 

for the ubiquitin proteasome pathway or the autophagic-lysosome pathway, 

findings that are consistent with findings from Smiles et al. (26).  In known states 

of overt catabolic muscle loss, such as sepsis or cachexia, protein degradation 

pathways have been shown to be  upregulated (27). When plasma from patients 

with sepsis was added to skeletal muscle myotubes, there was a significant 

increase in MuRF-1, atrogin-1, nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFĸB) activity and ubiquitinated myosin in the myotubes. 

Importantly, the plasma from the septic shock patients had increased levels, 10-50 

fold, of the cytokine IL-6 versus controls (28). Thus, circulating catabolic 

trigger(s) were present that would trigger the upregulation of proteolytic 

pathways. In addition to IL-6, other known triggers of muscle atrophy include 

cortisol and cytokines such as TNFα (29) and importantly, cytokine levels often 

decrease after weight loss (30). 

 In starvation-induced muscle atrophy in mice, a potential intramuscular 

trigger for proteolysis is the tumor necrosis factor receptor-associated 6 (TRAF6), 

an E3 ubiquitin ligase that functions as a central regulator of multiple pathways 

including PI3K/Akt, NFĸB, and the Endoplasmic Reticulum stress response (31). 

For example, targeted ablation of TRAF6 during 48hrs of starvation in mice 

suppressed the expression of many atrophy related genes and proteins including 

MuRF-1, atrogin-1, Beclin-1, LC3B, and improved the phosphorylation of Akt 
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and Foxo3a (31). In the studies undertaken in this thesis we did not detect changes 

in the expression of TRAF6 during a marked energy restriction, which casts some 

doubt as to whether this pathway is important for muscle atrophy during energy 

restriction in humans. Importantly, energy restriction is arguably a less extreme 

scenario than fasting, since calories and nutrients to support metabolic functions 

are still being provided during energy restriction. For example, although the 

participants in Study 2 were placed in a marked 40% energy restricted diet (from 

measured resting metabolic rate and activity factor), the reduced dietary energy 

intake was still roughly equivalent to the subjects’ measured resting energy 

expenditure (REE) requirements by indirect calorimetry: average REE was 

2136±47kcal/d and average caloric intake during 40% energy restriction was 

2179±58kcal/d. Therefore, the participants were still consuming enough calories 

to maintain basic body functions. Thus, although a 40% reduction in energy 

intake is still a severe reduction in energy, it would be less of a stress than a 

starvation situation, resulting in no observed change in protein breakdown 

pathways (such as changes in TRAF6 (31)).  Finally, in contrast to starvation in 

which no food is provided, caloric restriction would still result in moderate 

feeding-induced rises in insulin, which is known to inhibit proteolysis (32). In this 

regard, the fed and fasted-state fluctuations in insulin signalling during energy 

restriction could arguably have been similar to those seen in energy balance, 

contributing to the lack of observed differences in the mechanisms for proteolysis. 
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5.4 Influence of protein quantity and resistance exercise on integrated 

myofibrillar protein synthesis and skeletal muscle protein turnover 

The recommended dietary allowance (RDA) for protein intake is currently set at 

0.8g/kg/d for adult men and women (33). However, there is evidence that during 

energy restriction, individuals require protein intakes higher than the RDA to 

reduce LBM loss (14, 15). Additionally, a higher protein intake (1.2g/kg/d) in 

combination with resistance exercise during a marked 40% energy deficit has 

been shown to result in a preservation of LBM while consumption of 2.4g 

protein/kg/d resulted in a gain in LBM (2). Currently, the mechanisms driving the 

effects of protein and resistance exercise on LBM preservation during energy 

restriction are unknown.  

 In Study 3 we examined the effect of protein quantity (1.2g/kg/d and 

2.4g/kg/d) alone and in combination with resistance exercise on integrated 

myofibrillar protein synthesis (myo-PS) and acute rates of postabsorptive mixed 

MPS. We observed that following energy restriction, myo-PS and postabsorptive 

mixed MPS were reduced in both groups regardless of protein intake (1.2 and 

2.4g protein/kg/d), but resistance exercise mitigated these declines in MPS at both 

protein levels. Interestingly, the average percentage decline in integrated myo-PS 

(-0.36 ±0.08%/d) aligns with the percentage decline in leg LBM (-0.34±0.06%/d), 

supporting the results from Study 2 in which no change in MPB was detected. 

Although we did not observe a significant difference between groups (i.e. effect 

of protein quantity on MPS), we did observe a difference in the within-group 
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trends, suggestive of an effect of protein quantity. For example, the rate of 

integrated myo-PS in the resistance exercised leg of the higher protein group (2.4g 

protein/kg/d) was not different from energy balance (EB), but the rate of 

integrated myo-PS in the resistance exercised leg of the lower protein group (1.2g 

protein/kg/d) was below EB. Moreover, the rate of mixed MPS in the resistance-

exercised leg of the higher protein group was elevated above EB levels but the 

rate of mixed MPS in lower protein group was the same as EB. Taken together, 

these results demonstrate the anabolic potency of resistance exercise during 

energy restriction. 

Given the previously reported differences in body composition changes 

between consumption of 1.2g protein/kg/d and 2.4g protein/kg/d during 40% 

energy restriction in young men (2), it is important to address the lack of a 

statistically significant difference between the groups in Study 3. Firstly, the 

measurements of acute mixed MPS were taken in the basal fasted state. Gorissen 

et al. (34) investigated the impact of 2 weeks of habituation to low protein intake 

(0.7g/kg/d) and higher protein intake (1.5g/kg/d) on basal MPS, and found no 

differences between groups following the habituation period. Similarly, after 12 

weeks of habituation to a very low protein intake (0.4g/kg/d) or high protein 

intake (2.4g/kg/d) in young men and women, there was no difference between the 

basal postabsorptive MPS rates (35). Thus, our data confirm these findings that 

habitual dietary protein intake does not affect basal postabsorptive MPS at rest. 

Likewise, we did not observe a group interaction from our measurements of 
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integrated myo-PS, which would have included the basal rates of MPS with all 

postprandial periods throughout the day. Murphy et al. (36) examined the effect of 

feeding patterns (balanced protein distribution throughout the day compared to 

skewed) on integrated myo-PS and did not find a between-group difference, 

despite observing between-group differences in MPS during an acute stable 

isotope infusion (37). They hypothesized that the overnight fasted period may 

have diluted the postprandial effects on integrated myo-PS (37). Thus, 

considering we did not find changes in postabsorptive acute mixed MPS, it could 

be hypothesized that these postabsorptive periods diluted any protein quantity 

effects on integrated myo-PS. 

Due to ethical limitations on the number of muscle biopsies being performed 

in the participants of studies 2 and 3 (9 per participant), we did not assess 

postprandial MPS. However, Pasiakos et al. (38), compared the MPS responses to 

a protein drink following 21 days of energy restriction with participants 

consuming either protein at the RDA, twice (2x) the RDA or three-times (3x) the 

RDA of protein during energy restriction, and reported that compared to energy 

balance only the 2x and 3x RDA groups preserved the anabolic response to the 

protein meal. The authors also reported that reductions in LBM were lower and 

loss of fat mass was higher in the 2x RDA and 3x RDA groups compared to the 

RDA group (38). This study by Pasiakos et al. provides mechanistic support for 

the effect of protein quantity on LBM observed by Longland et al.(2), whereby a 

greater preservation of postprandial MPS with higher protein intakes (38) (or 
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higher quality protein as we observed in Chapter 1) supports LBM retention (2). 

Therefore, the between-group differences in Study 3 may have been more 

apparent had we measured postprandial MPS. An additional consideration is that 

the changes observed in Study 3 for integrated myo-PS and basal mixed MPS 

were small such that a between-group difference would be difficult to detect with 

the parallel group design and the relatively small participant numbers in each 

group.  

To the best of our knowledge, the calculation of net muscle protein balance 

has not yet been undertaken during energy restriction. In Study 3, muscle protein 

turnover was calculated two ways: from changes in integrated MPS and leg lean 

mass (grams/d); and, in the postabsorptive state (%/d). Both methods for 

calculating muscle net protein balance yielded similar findings and were mainly 

driven by changes in MPS. Specifically, there was a significant decrease in 

muscle protein turnover in the rested leg of both protein groups following energy 

restriction and there was a preservation of muscle protein turnover (net balance 

close to zero) with resistance exercise. In the postabsorptive state, there was a 

trend (p=0.054) for a between-group effect whereby the change in net balance  

from energy balance tended to be higher in the exercised leg of the higher protein 

group than the exercised leg of the lower protein group. In energy balance, 

Phillips et al. measured net balance in the postabsorptive state 48hrs following the 

last exercise bout and reported elevated levels of net balance (compared to the 

rested state). Thus, our data suggest a potential role of the higher protein diet in 
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preserving responses to resistance exercise seen in energy balance (39), and this 

could partly explain the gains in LBM observed by Longland et al. in a group 

consuming 2.4g protein/kg/d during a 40% energy restricted diet with resistance 

exercise training (2). We also calculated integrated rates of net balance in absolute 

(g/d) terms using the estimated changes in leg lean mass from DXA and the 

changes in integrated myo-PS. This data is in line with the postabsorptive muscle 

protein turnover trends, and provides more clinically-relevant information to 

quantify the amount of muscle mass change per day. 

A common concern is related to the safety of elevated protein intakes. The 

acceptable macronutrient distribution range (AMDR) for protein is 10-35% (33), 

however in Study 3 the higher protein group consumed 42±2% of calories of 

protein, outside the AMDR. Nonetheless, due to the extensive energy deficit the 

participants were in, the percentage of total calories becomes much greater for the 

same amount of protein. Additionally, Antonio et al. (40) reported that after 1 

year on a diet containing 2.5-3.3 g/kg/d protein, young resistance trained men 

displayed no adverse effects on blood lipids, or liver and kidney function.    

 

5.5 Conclusions and Future Directions 

Obesity is a prevalent disease and the comorbidities associated with the 

disease place a large burden on our healthcare system. Thus, the development of 

lifestyle interventions that promote fat mass loss and lean mass retention are 

important in order to promote the best physical and metabolic health outcomes. 
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This thesis examined the impact of protein quality, quantity and resistance 

exercise during dietary energy restriction on the mechanisms that control skeletal 

muscle mass: muscle protein synthesis and muscle protein breakdown. The 

studies within this thesis highlight the importance of performing resistance 

exercise to preserve muscle protein synthesis and suggest an advantage to the 

consumption of higher protein-containing diets including higher quality dietary 

protein such as whey in the preservation of MPS. We demonstrate that reductions 

in MPS are the main driver of muscle mass loss during energy restriction. Figure 

1 schematically summarizes the potential molecular mechanisms controlling 

skeletal muscle mass during energy restriction that have been highlighted in this 

thesis. Additionally, we attempted to examine the effect of protein quality on 

whole-body lipolysis as a mechanism of fat mass loss. Although we detected a 

significantly greater reduction of lipolysis following consumption of carbohydrate 

compared to protein, we did not observe a difference between whey and soy 

protein or pre and post weight loss. Therefore, more work is required to further 

elucidate the effect of protein quality on fat mass loss during an energy deficit.   
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Figure 1.  (A) Pathways involved in skeletal muscle protein synthesis and 
breakdown in energy balance. In energy balance, rates of muscle protein synthesis 
and breakdown are roughly equal, resulting in a maintenance of skeletal muscle 
mass. Growth signals such as amino acids, resistance exercise and energy from 
food promote muscle protein synthesis while insulin reduces protein breakdown 
(32), resulting in positive net protein balance. For example, the inhibition of 
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AMPK during high levels of ATP relative to AMP results in reduced activation of 
TSC2, therefore the GTPase activating activity of TSC2 on Rheb is reduced, 
promoting the GTP-bound active state of Rheb (41). GTP-bound Rheb promotes 
the activation of mTORC1, which phosphorylates multiple substrates related to 
protein synthesis. mTORC1 phosphorylates p70S6K1 on Thr389 which then acts 
on ribosomal protein S6 (rps6) to upregulate translation initiation of ribosomal 
proteins. Phosphorylation of 4E-BP1 on Thr37/46 by mTORC1 reduces its affinity 
for eukaryotic initiation factor 4E (eIF4E), enabling eIF4E to interact with 
eukaryotic initiation factor 4G (eIF4G) to form the 43S preinitiation complex 
(42). In the absence of growth signals (such as in the fasted state at rest), the 
stimulation of protein synthesis pathways is reduced. Additionally, the inhibition 
on the protein breakdown pathways is reduced and this results in negative protein 
balance. For example, reduction in insulin levels in the fasted state results in a 
reduced activation of Akt (PKB), thus translocation of Foxo3a to the nucleus is 
permitted, where there is an increased expression of genes involved in the 
ubiquitin-proteasome and autophagic-lysosome pathways to promote protein 
breakdown (32, 43, 44).  
(B) Pathways of skeletal muscle protein synthesis and breakdown that are affected 
during energy restriction. During energy restriction, the reductions in energy 
intake result in a decrease in the activation of the mTORC1 pathway (24, 38). 
This results in reduced rates of protein synthesis, which are demonstrated in this 
thesis, and is consistent with previous work in both the fasted and fed states (24, 
38). In this thesis, we showed that resistance exercise is a potent stimulator of 
MPS that can preserve MPS during energy restriction. We also show that protein 
quality, likely due to higher leucine content of whey protein, is important for the 
preservation of postprandial MPS during energy restriction. Thus, two 
interventions that stimulate the mTORC1 pathway (45, 46) are effective at 
mitigating the diet-induced decline in MPS. Importantly, this thesis highlights the 
lack of a change in rates of protein degradation during energy restriction. For 
example, there was no increase in the expression TRAF6, an E3 ubiquitin ligase 
that has been implicated in the control of the autophagic lysosome and ubiquitin 
proteasome pathways during starvation-induced atrophy (31). Additionally, there 
was no change in the phosphorylation of Foxo3aSer253. In summary, this thesis 
demonstrates that protein breakdown pathways are under similar control as they 
are in energy balance. Thus, the decrease in protein synthesis due to reduced 
activation of the mTORC1 pathway during energy restriction causes a negative 
protein balance that can explain the loss of skeletal muscle. Figures adapted from 
(47). 

 

In the current thesis we used a variety of stable isotope tracers to assess acute 

MPS, MPB, lipolysis, and integrated MPS. We also used western blotting and 
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polymerase chain reaction (PCR) to measure protein and gene expression of 

targets related to MPB, respectively. A limitation of all studies in this thesis was 

the ability to detect changes in body composition, which was difficult due to the 

short-term nature of the studies and the relative insensitivity of DXA in detecting 

small changes in body composition with a repeated measures design (48). 

Nonetheless, we were able to use DXA to confirm that all participants did lose 

LBM and fat mass and we were able to detect an effect of exercise on LBM 

during weight loss.  

In the future, it will be necessary to conduct longer-term interventions to 

establish the role of whey protein compared to other protein sources on LBM 

retention and fat mass loss during energy restriction alone or in combination with 

resistance exercise. Additionally, there is more work required to examine the 

effect of energy restriction on body composition in different populations 

attempting to lose weight, such as obese individuals or other persons with clinical 

conditions. 
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