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Propositions related to the dissertation entitled 

Dietary protein to support active aging 

1. A minimum of 30 g protein should be ingested by older individuals to increase
post-exercise skeletal muscle protein synthesis rates. (This thesis)

2. Dietary protein ingestion prior to sleep represents a practical and efficient strategy
to increase protein intake in the older population. (This thesis)

3. Consuming food in an upright body position is preferred to optimize the post-
prandial rise in muscle protein synthesis rate. (This thesis)

4. Incorporating regular anabolic factors, such as habitual physical activity and diet,
into the assessment of muscle protein synthesis rates will provide more insight into
the impact of intervention strategies designed to preserve muscle mass. (This
thesis)

5. Encouraging strategies to maximize the impact of smaller protein doses should be 
preferred over simply encouraging ingestion of greater protein doses. 

6. The main determinant of sarcopenia appears to be the decline in resistance-type
physical activities. (Millward, Am J Clin Nutr 1997)

7. We do not stop exercising because we grow old – we grow old because we stop
exercising. (Dr. Kenneth Cooper)

8. We have surely attained enough knowledge in rodents to make them the healthiest
species on the planet.

9. An expert is one who has made all the mistakes which can be made, in a narrow
field. (Niels Bohr)

Andrew M. Holwerda 
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Aging Demographics 
 
One of our generation’s forthcoming challenges is the rapid expansion of the population 
aged 60 years and older (3). Current World Health Organization estimations predict that the 
worldwide population over 60 years old will triple within the upcoming 40 years, reaching 
approximately 2 billion by 2050 (129). In economically developed countries such as Canada 
and the Netherlands, the representation of individuals older than 65 years of age will 
increase from 15 % to approximately 27 % within the next 40 years (29, 103, 104). 
Remarkably, developed countries are also on pace to triple the population of their oldest 

old, defined as those over 85 years of age, by 2050 (29, 103). Whereas the dramatic 
expansion of the older population represents meaningful progress of technological 
advancement and healthcare policies, unique socioeconomic challenges will emerge in the 
near future.  
 
Sarcopenia 
 
One challenge presented by the rapid growth of our aging population will be an increased 
dependence upon clinical support systems. Older individuals in good health are more likely 
to remain independent and sustain a physically and socially active lifestyle. In particular, 
maintaining good health throughout the lifespan prevents or delays the onset of chronic 
metabolic diseases, such as obesity, heart disease, and diabetes. One important factor that 
enables a healthy and active lifestyle is an individual’s functional capacity, which is strongly 
associated with skeletal muscle mass and strength. 
In healthy adults, skeletal muscle tissue comprises approximately 40 % of total body mass 
(54). However, starting from the 4th decade of life, skeletal muscle mass declines at a rate of 
0.5-1.0 % per year (38, 44, 95). This age-related decline in skeletal muscle mass has been 
termed sarcopenia (30, 60, 125) and occurs in 30 % of individuals over 60 years of age and 
in more than 50 % of individuals over 80 years of age (73). The seemingly low rate of muscle 
loss accumulates to a staggering amount over an entire lifespan. For example, a 75 kg 
individual would be expected to lose as much as 15 kg of skeletal muscle mass between the 
ages of 30 and 80 years of age (112, 113). The age-related loss of skeletal muscle mass is 
also characterized by unfavorable changes in muscle fiber morphology. In particular, aging 
is associated with a decrease in type II muscle fiber cross sectional area (58, 68, 76) and fiber-
type grouping (58, 67, 68).   
The age-related loss of skeletal muscle mass and disturbances at the muscle fiber level are 
accompanied by a concomitant and persistent loss in muscle strength (38, 39). The rate of 
strength loss is several fold greater when compared with the rate of skeletal muscle mass 
loss, with reports demonstrating that strength declines by approximately 5 % each year (73). 
The more rapid decline in strength when compared to skeletal muscle mass indicates that 
other factors, such as a decline in neuromuscular function, contribute to the age-related loss 
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of muscle strength (28, 64). Importantly, muscle strength is a central determinant of 
functional capacity (32). When functional capacity is dramatically reduced, individuals often 
struggle to maintain an independent lifestyle. Altogether, the loss of independence in older 
individuals combined with the rapid expansion of the older population will place a greater 
dependence on existing healthcare systems. As such, effective intervention strategies are 
required to prevent or slow the progression of skeletal muscle mass and strength loss in   
order to reduce the prevalence of sarcopenia. 
 

  
Skeletal muscle mass regulation  
 
Aside from providing an obvious locomotive role, skeletal muscle tissue is a principal 
contributor to whole-body metabolism. In particular, skeletal muscle accounts for 
approximately 30 % of resting energy expenditure and is the largest site of post-prandial 
glucose disposal and its storage as glycogen (83, 105, 134). Skeletal muscle tissue also 
represents the largest reservoir for amino acid storage in the human body. In fasted 
conditions, amino acids are released from skeletal muscle protein to preserve whole-body 
glucose homeostasis (85) and also serve as precursors to support remodeling of other 
tissues. Within skeletal muscle tissue, free amino acids are continuously synthesized into 
protein and broken down again. This process, termed skeletal muscle protein turnover, 
occurs at an average rate of 1-2 % per day. As such, skeletal muscle proteins are completely 
broken-down and re-synthesized every 3 months on average. The balance between muscle 
protein synthesis and breakdown rates facilitates tissue remodeling, including changes in 
skeletal muscle mass over time. For example, a sustained positive net muscle protein 

76 y male 26 y male 

Figure 1.1 Computed tomography (CT) scan of the upper leg (mid-thigh level) in young and old male subjects. 
The old subject displays reduced muscle area, increased subcutaneous fat, and increased fat and connective 
tissue infiltration into the muscle. 
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balance, whereby muscle protein synthesis rates exceed muscle protein breakdown rates, 
results in skeletal muscle hypertrophy. On the other hand, a sustained negative protein 
balance will result in skeletal muscle atrophy. Muscle protein synthesis and breakdown rates 
are impacted by many factors, including diet, physical activity, and aging. 
 
Methodological approaches to assess muscle protein turnover 
 
Muscle protein synthesis rates can be assessed in vivo in humans by the application of stable 
isotope methodology (89, 121). Labeled amino acids contain one or more heavy stable 
isotopes (i.e., 13C, 2H) in place of their lighter counterparts (i.e., 12C, 1H). Following 
administration of labeled amino acids (i.e., L-[1-13C]-leucine or L-[ring-13C6]-phenylalanine) to 
human subjects, the relative abundance of labeled versus unlabeled amino acids in plasma 
and/or tissue samples can be assessed using mass spectrometry techniques. By combining 
a continuous intravenous infusion of labeled amino acids with repeated sampling of blood 
and muscle tissue, the incorporation rate of labeled amino acids into skeletal muscle protein 
can be determined. This approach has been commonly applied to assess the impact of 
various factors, such as dietary protein ingestion, exercise, muscle disuse and disease, on 
fractional muscle protein synthesis rates (Table 1.1).  
The application of labeled amino acid methodologies over the last few decades has greatly 
expanded our understanding of the regulation of muscle protein metabolism and the impact 
of food ingestion on muscle protein synthesis rates. Much of the earlier work aiming to 
understand the regulation of the post-prandial rise in muscle protein synthesis rates have 
applied study designs in which test participants ingested free (essential) amino acids (8, 87, 

110, 117-119). This work has established the basis of our understanding of the anabolic 
properties of (essential) amino acids (110, 118), and leucine in particular (100), on skeletal 
muscle tissue. However, the ingestion of free (essential) amino acids as opposed to intact 
protein results in a greater and more rapid release of dietary-derived amino acids into the 
circulation (12). The more rapid release of amino acids following free (essential) amino acid 
ingestion may provide a more potent anabolic stimulus for skeletal muscle tissue when 
compared to the ingestion of intact dietary protein (77). Furthermore, free (essential) amino 
acid ingestion is not part of a normal dietary pattern. As such, considerable work is presently 
being conducted to investigate the muscle protein synthetic response to the ingestion of 
intact dietary proteins in isolation or together with other meal components that are typically 
contained in whole foods (15, 80, 81, 114). For instance, recent work has demonstrated that 
the ingestion of mixed meals, where protein is co-ingested with carbohydrates, fats, and/or 
other nutrients, may also impact the post-prandial skeletal muscle protein synthetic response 
(46, 47, 99). To extend our understanding of post-prandial protein handling, it is therefore 
necessary to apply methodologies that are able to assess protein digestion and dietary 
protein-derived amino acid absorption into the circulation and the subsequent impact on 
muscle protein synthesis rates.  
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Early work by Boirie et al. described the production of so-called intrinsically-labeled protein, 
which was applied to directly assess the post-prandial appearance rate of dietary protein-
derived amino acids from the gut into the circulation (10). The production of intrinsically-
labeled milk protein involves continuous intravenous infusion of labeled amino acids into 
lactating dairy cows. Subsequent collection of milk and purification of the labeled milk 
protein fractions (i.e., milk protein concentrate, or whey and casein) provides dietary protein 
for subsequent use in clinical experiments in vivo in humans. One of the first applications of 
intrinsically-labeled proteins in vivo in humans investigated post-prandial protein digestion 
and amino acid absorption rates to establish the concept of slow and fast proteins (9). Since 
then, the production of intrinsically-labeled protein has been modified by substantially 
increasing labeled amino acid enrichments. A greater labeled amino acid enrichment in 
labeled protein allows for the direct assessment of protein-derived amino acid utilization for 
de novo skeletal muscle protein synthesis (80, 82, 88). Current applications of intrinsically-
labeled protein provide the capability to perform in vivo assessment of post-prandial protein 
handling, which consists of dietary protein digestion and amino acid absorption into the 
circulation, splanchnic extraction of dietary-protein derived amino acids and/or the 
utilization of dietary protein-derived amino acids for de novo muscle protein synthesis (12, 

15, 24, 26, 45, 46, 69, 80, 82, 88, 114). Together, these data provide better insight into the 
metabolic fate of dietary protein-derived amino acids (Table 1.1). 
Labeled amino acid infusion methodologies provide sufficient sensitivity to detect subtle 
changes in muscle protein synthesis rates, such as during the post-prandial period after 
dietary protein ingestion. However, labeled amino acid infusion studies are restricted to an 
assessment period of approximately 12 hours due to labeled amino acid “recycling” 
between free amino acid and protein pools (97, 111). This methodological limitation has 
restricted our understanding of how muscle protein synthesis is regulated over longer 
periods, such as several days-to-weeks. Recently, a stable-isotope methodology based upon 
deuterated water (2H2O) ingestion has re-emerged in the field, which can be applied to 
assess muscle protein synthesis rates for several days or even weeks (42, 96). Ingestion of 
deuterated water enriches the body water pool with deuterium, allowing for endogenous 
deuterium labeling of the non-essential amino acid, alanine. The deuterium-labeled alanine 
is synthesized into muscle proteins, which can be detected in muscle tissue protein that has 
been isolated from muscle biopsy samples and used to calculate muscle protein synthesis 
rates (93, 96, 127). The endogenous labeling of alanine and slow elimination rate of 
deuterium oxide from the body water pool allows amino acid labeling to remain in near 
steady-state conditions over experimental protocols that last for days to weeks (93, 96, 127). 
As such, application of the deuterated water method allows for the assessment of muscle 
protein synthesis rates without the need for primed, continuous intravenous infusion 
protocols (Table 1.1).  
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Table 1.1 A comparison of the different tracer methodologies applied in the present thesis to assess muscle 
protein synthesis rates under a variety of conditions in vivo in human participants. 

 Primed, continuous infusion1 
Intrinsically-labeled milk 

ingestion + primed, continuous 
infusion3 

Deuterated water 
ingestion4 

Preparation 

   

Ingested tracers  
None2 
 

L-[1-13C]-leucine 
L-[1-13C]-phenylalanine 
 

2H2O 

Infused tracers 
L-[ring-2H5]-phenylalanine 
L-[1-13C]-leucine 

L-[ring-2H5]-phenylalanine 
L-[1-13C]-leucine 
 

[2H]-alanine  
(endogenously synthesized) 

Administration 

 

  
Experiment 
duration 

4-12 h 4-12 h Days to weeks 

Samples 
required 

Plasma  
Muscle  

Plasma  
Muscle  

Saliva 
Muscle  

Possible 
measurements 

Muscle protein synthesis rates  Exogenous rate of amino acid 
appearance (Ra) 
Splanchnic extraction 
Dietary protein-derived amino 
acid incorporation into muscle 
protein  
Muscle protein synthesis rates 

Muscle protein synthesis 
rates  

Unit 

Fractional synthetic rate  
(FSR, %·h-1) 

Rate of amino acid appearance 
(µmol Phe·kg-1·h-1) 
Splanchnic extraction  
(% ingested Phe) 
Mole percent excess in muscle 
protein 
(MPE) 
Fractional synthetic rate  
(FSR, %·h-1) 

Fractional synthetic rate  
(FSR, %·d-1) 

Advantages 

Well-controlled 
Sensitive 
Assess impact of single factors 

Well-controlled 
Sensitive 
Assess impact of single factors  
Insight on post-prandial protein 
handling 

Longer measurement period 
Incorporate regular anabolic 
stimuli (physical activity, diet) 

Disadvantages 

Limited study duration (< 12 h) 
Restrictive for subject 

Limited study duration (< 12 h) 
Restrictive for subject  
Difficult to measure exogenous 
label in muscle protein 
Cost 

Less controlled 
[2H]-alanine measurement 
accuracy 

 

1Infusate for primed, continuous infusion is prepared by dissolving powdered labeled amino acid tracers in saline 
solution. Intravenous infusion in human participants combined with plasma and muscle biopsy sampling allows 
for the measurement of tracer incorporation in skeletal muscle protein and subsequent calculation of a fractional 
synthetic rate over a 4-12 h period (FSR, %·h-1). 2Free crystalline amino acid tracer matching the infused tracer can 
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be co-ingested with dietary amino acids and/or protein to maintain tracer steady-state during the experimental 
period.  

3Intrinsically labeled proteins are prepared by infusing large amounts of an amino acid tracer (i.e., L-[1-13C]-
phenylalanine) into lactating dairy cows and collecting the milk. Milk is processed into a protein isolate and 
prepared for human consumption. Intrinsically labeled milk is ingested during an intravenous infusion of amino 
acid tracers. Plasma and muscle biopsy samples are collected and analyzed for the orally and intravenously 
administered tracers to determine rate of dietary protein-derived amino acid appearance into the circulation (µmol 
Phe·kg-1·h-1), splanchnic extraction (percent of ingested phenylalanine), dietary protein-derived amino acid 
incorporation into muscle protein (Mole percent excess, MPE) and calculation of muscle protein fractional 
synthetic rate (FSR, %·h-1). 
 
4Deuterated water (2H2O) is concentrated from regular water by repeated distillation. Deuterated water is ingested 
by test participants, which increases circulating [2H]-alanine enrichment. Subjects are not restricted to a laboratory 
setting and can perform regular daily activities during the experiment. Saliva and muscle samples are collected 
and used to calculate a fractional synthetic rate (FSR, %·d-1) over multiple days or weeks. 

 
Impact of dietary protein intake and exercise on muscle protein turnover 
 
Dietary protein ingestion represents one of the main anabolic stimuli for skeletal muscle 
tissue. Following food ingestion, dietary protein is digested and absorbed resulting in a rapid 
rise in circulating amino acid concentrations. The rise in circulating amino acid concentrations 
is accompanied by the release of insulin, which increases blood flow to peripheral tissues 
and ultimately enhances nutrient delivery to skeletal muscle tissue (41, 108, 116). Once 
delivered to the periphery, amino acids are actively transported across the sarcolemma into 
the intramyocellular space. In the post-prandial phase, intramyocellular essential amino 
acids, and leucine in particular, nearly double in concentration (6). The increase in 
intracellular leucine concentration stimulates intracellular anabolic signaling activity (i.e., 
mTORC1, p70S6K), which triggers a cascade of molecular events that eventually lead to an 
increase in the rate of muscle protein synthesis (1, 56, 61). The abundance of intracellular 
dietary protein-derived amino acids also serves as a pool of precursors that can be utilized 
to support the increase in post-prandial muscle protein synthesis rates. Overall, it is evident 
that the muscle protein synthetic response to food ingestion is regulated by several factors, 
which include: the rate of protein digestion and amino acid absorption (59, 81), post-prandial 
insulin release (41, 48, 49), skeletal muscle tissue perfusion (86, 133), amino acid delivery to 
skeletal muscle tissue (108, 109), amino acid transport into the muscle fiber (27), the 
intracellular anabolic signaling response (25, 40), ribosomal biogenesis (36, 37), and 
myofibrillar protein synthesis (117). 
Exercise is the most potent anabolic stimulus for skeletal muscle tissue. A single bout of 
resistance-type exercise increases mixed and myofibrillar protein synthesis rates by 40-150 
% (7, 21, 84). The robust increase in muscle protein synthesis rates during post-exercise 
recovery is accompanied by an increase in muscle protein breakdown rates (7, 21, 84). 
Whereas the simultaneous increase in muscle protein synthesis and muscle protein 
breakdown rates following exercise improve net muscle protein balance, net balance will 
remain negative in the absence of food ingestion (7, 8, 84). 
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Protein ingestion during post-exercise recovery induces a greater (82, 128) and more 
prolonged increase in muscle protein synthesis rates (74) when compared to protein 
ingestion in rested conditions (Figure 1.2). Furthermore, protein ingestion attenuates post-
exercise muscle protein breakdown rates (7, 8). Together, the increase in muscle protein 
synthesis rates and attenuation in muscle protein breakdown rates result in a positive net 
muscle protein balance during post-exercise recovery (87).  
Resistance-type exercise sensitizes skeletal muscle tissue towards the anabolic properties of 
dietary protein ingestion (74, 82). The post-exercise increase in sensitivity towards the 
ingestion of dietary protein persists for at least 24 hours following a bout of resistance-type 
exercise (16). It is therefore evident that meal ingestion during the 24 hour post-exercise 
recovery period is utilized to allow a positive net muscle protein balance and promote 
skeletal muscle reconditioning over time.  
 

Several long-term intervention studies have demonstrated that protein supplementation 
further increases skeletal muscle mass and strength gains following resistance-type exercise 
training (51, 57, 107, 122). In contrast, a number of other studies have not demonstrated any 
significant surplus benefits of protein supplementation on the training-induced increases in  
skeletal muscle mass and strength (5, 17, 18, 43, 52, 53, 63, 66, 71, 115). Despite these 
discrepancies, recent meta-analyses have confirmed that protein supplementation augments 
the skeletal muscle adaptive response to prolonged resistance-type exercise training (19, 

75). As such, the combination of resistance-type exercise training and protein 

 

Figure 1.2 Fluctuations in net muscle protein balance (NPB = muscle protein synthesis – muscle protein 
breakdown) after ingestion of a protein-containing meal in the rested state and during post-exercise recovery 
in young and old individuals. The solid line represents the response in young individuals and the dotted line 
represents the response in older individuals. Meal ingestion increases net muscle protein balance. In 
comparison, meal ingestion during post exercise recovery further increases net muscle protein balance. 
Anabolic resistance to dietary protein ingestion in older individuals has been observed in the rested state and 
during post-exercise recovery. 



General Introduction 

 
15 

supplementation represents one of the most effective strategies to promote increases in 
skeletal muscle mass and strength. 
 
Anabolic resistance with aging 
 
The loss of skeletal muscle mass over the lifespan is, at least partly, caused by a disruption 
in skeletal muscle protein turnover, resulting in a negative net muscle protein balance. Over 
the last few decades, researchers have attempted to better understand age-related skeletal 
muscle mass loss by assessing potential differences in muscle protein turnover rates between 
younger and older individuals. It was initially reported that older individuals display lower 
basal muscle protein synthesis rates when compared with younger individuals (2, 98, 132). 
More recently, however, no detectable age-related differences in basal muscle protein 
synthesis rates have been observed (56, 78, 120). This has led research groups to investigate 
possible disturbances in the sensitivity of skeletal muscle tissue to the main anabolic stimuli 
(i.e., food intake and physical activity). It has now been well established that the muscle 
protein synthetic response to dietary protein ingestion is generally blunted in older 
individuals when compared with younger individuals (25, 55, 123). This blunted muscle 
protein synthetic response to food ingestion, termed anabolic resistance, is currently 
thought to represent one of the key factors responsible for the age-related decline in skeletal 
muscle mass. Presently, many research groups are investigating physiological and/or 
molecular disturbances responsible for the development of anabolic resistance. It has been 
demonstrated that older individuals may display changes in dietary protein digestion and 
amino acid absorption rate (11), circulating hormone concentrations (33), muscle 
capillarization (79, 101), muscle amino acid transporter content and activity (27), muscle 
anabolic signaling protein content and activity (25, 40), and ribosomal biogenesis (13). These 
contributing factors are depicted in Figure 1.3. 
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Strategies to combat sarcopenia 
 
Sarcopenia can be counteracted by compensating for the presence of anabolic resistance. 
Protein ingestion is one of the main anabolic stimuli for skeletal muscle tissue and therefore 
represents a suitable strategy that can be applied to further increase muscle protein 
synthesis rates. In fact, various factors related to protein ingestion have been shown to 
impact the post-prandial rise in muscle protein synthesis rates following protein ingestion.   
In particular, it is currently known that the amount (80, 92, 130), the amino acid composition 
(22, 56, 124) and the rate of digestion and amino acid absorption (9, 72, 126) of the ingested 
protein modulate post-prandial muscle protein synthesis rates (Figure 1.4). However, while 
these modulating factors have been well-established to impact post-prandial muscle protein 
synthesis rates in young individuals, the application of these concepts in older individuals 
remain to be thoroughly defined. In addition, there are several factors external to the 
nutrient properties of dietary protein that have been shown to impact the rise in muscle 
protein synthesis rates following protein ingestion. For example, different food preparation 
methods (minced beef vs beef steak and cooked vs raw foods) (31, 81) and an individual’s 
efficiency at chewing food (91) have been shown to modulate the rate of protein digestion 
and amino acid absorption as well as the subsequent stimulation of muscle protein synthesis 
rates. Based on these early findings, further exploration into the impact of various non-
dietary factors that can modulate dietary protein digestion and amino acid absorption is 
warranted. Besides modulating the muscle protein synthetic response to ingestion of the 

Figure 1.3 Protein intake increases muscle protein synthesis rates. Post-prandial protein synthesis is regulated 
on various levels. These supportive processes may become impaired with aging and can contribute to a blunted 
anabolic response to protein ingestion. Adapted from Burd et al. (14). 
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main meals (i.e., breakfast, lunch and dinner), nutritional strategies should aim to increase 
muscle protein synthesis rates during prolonged post-absorptive periods throughout the 
day. It has been demonstrated that amino acid availability and muscle protein synthesis rates 
are lowest during overnight sleep (4). Recently, the concept of protein ingestion prior to 
sleep has been introduced as a strategy to increase circulating dietary protein-derived amino 
acids and stimulate an increase in muscle protein synthesis rates during overnight sleep (50, 

90). While pre-sleep protein ingestion is regarded as a promising strategy to compensate 
for anabolic resistance, the efficacy for pre-sleep protein ingestion to stimulate skeletal 
muscle mass accretion in the older population remains to be established.  

 
Physical activity represents the most potent anabolic stimulus for skeletal muscle tissue (7, 

21, 84). It is well known that prolonged resistance-type exercise training increases muscle 
mass and strength. While the skeletal muscle adaptive response to resistance-type exercise 
training was initially described in healthy, young individuals (94, 106), more recent work has 
described the impact of resistance-type exercise training to increase skeletal muscle mass 
and strength in a variety of more compromised populations (20, 70, 102). More specifically, 
various studies have demonstrated that an 12-24 week structured resistance-type exercise 
program can lead to a 1-2 kg gain in whole body lean mass and a substantial increase in 
muscle strength in the older population (65, 107, 115). Remarkably, heavy resistance-type 
exercise training has also been demonstrated to effectively increase muscle mass and 
strength in women over the age of 90 years (34, 35). These findings indicate that the anabolic 
properties of resistance-type exercise training on skeletal muscle mass and strength are not 
restricted by an individual’s age. It is therefore evident that the application of resistance-

Figure 1.4 Protein intake during post exercise recovery stimulates a greater net muscle protein balance 
through a robust stimulation in muscle protein synthesis rates. However, many factors of the ingested protein 
can modulate the muscle protein synthetic response during post exercise recovery. 
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type exercise represents one of the most effective strategies to combat age related muscle 
loss in a variety of older populations. 
The synergistic impact of resistance-type exercise and dietary protein ingestion to increase 
muscle protein accretion has been well established (19, 75). Therefore, it is obvious that 
some combination of resistance-type exercise and protein ingestion should be applied in 
older individuals to preserve skeletal muscle mass and strength. At this point, however, 
nutritional strategies specifically targeted to overcome the presence of anabolic resistance 
in the older population have not been completely defined. It is becoming clearer that the 
amount and amino acid composition of ingested protein are important factors that can 
modulate post-prandial muscle protein synthesis rates in older individuals (92, 124, 130, 131). 
However, the amount and amino acid composition of ingested protein that is required to 
maximize acute post-exercise muscle protein synthesis rates specifically in the older 
population remains to be determined (23). Furthermore, while pre-sleep protein ingestion 
appears to increase overnight muscle protein synthesis rates (50, 62, 90), more work is 
needed to determine the efficacy for pre-sleep protein ingestion to increase daily muscle 
protein synthesis rates and augment muscle mass gains in the older population. Lastly, 
incorporation of many of these factors into dietary intervention studies is required to 
evaluate their impact the skeletal muscle adaptive response to resistance-type exercise 
training in the older population.   
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Outline of the dissertation 
 
This dissertation outlines a number of studies that investigate nutritional and physical activity 
intervention strategies to augment skeletal muscle mass and strength in healthy older 
individuals. In Chapter 2, we combine intrinsically-labeled milk and contemporary labeled 
amino acid tracer infusion methodology to assess the amount of protein required to 
maximize post-prandial muscle protein synthesis rates during post-exercise recovery in older 
individuals. Using this approach, we assess the availability of dietary protein-derived amino 
acids in the circulation, the muscle protein synthetic response during recovery from a single 
bout of exercise, and the incorporation of dietary protein-derived amino acids in skeletal 
muscle protein. As leucine has strong anabolic signaling properties, we assess in Chapter 3 
whether co-ingestion of a small amount of free crystalline leucine with a small dose of dietary 
protein further increases the muscle protein synthetic response during post exercise 
recovery and directs more dietary protein-derived amino acids towards de novo muscle 
protein synthesis in older men. We have recently observed that protein ingestion prior to 
sleep increases overnight muscle protein synthesis rates, which may serve as a nutritional 
strategy to prevent muscle mass decline in older individuals. In Chapter 4, we assessed 
whether physical activity performed in the evening further increases the overnight muscle 
protein synthetic response to pre-sleep protein ingestion in older men. We also question 
whether post-prandial body position would impact gastric emptying, protein digestion, and 
subsequent post-prandial plasma amino acid availability (Chapter 5). We follow up on this 
work in Chapter 6, where we assess how a supine body position, simulating a sleeping 
position, impacts gastric emptying and dietary protein-derived amino acid availability 
following protein ingestion. A large gap exists in our understanding of the day-to-day 
regulation of muscle protein synthesis rates in response to physical activity and food intake. 
Therefore, in Chapter 7, we apply a novel deuterated water method to assess the impact of 
a short, daily bout of resistance-type exercise on daily muscle protein synthesis rates 
assessed over 3 days in vivo in healthy, young men. We combine concepts and 
methodologies from the preceding studies in Chapter 8 to assess the impact of leucine-
enriched protein supplementation immediately after exercise and prior to sleep on skeletal 
muscle mass and strength gains during 12 weeks of whole-body resistance-type exercise 
training in healthy older men. In this study, we also apply the deuterated water method to 
assess myofibrillar protein synthesis rates in response to protein supplementation during the 
latter stages of the training intervention. Finally, in Chapter 9, we discuss whether post-
exercise muscle protein synthetic responses can be used to predict gains in skeletal muscle 
mass during more prolonged resistance-type exercise training. Furthermore, we evaluate 
the relevance of the deuterated water method in future research as a means to assess the 
impact of various nutrition, exercise and/or pharmaceutical interventions to modulate muscle 
protein synthesis rates over a more prolonged timeline of several days to up to a couple of 
weeks.   
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Abstract 
 
Background  The age-related decline in skeletal muscle mass is, at least partly, attributed 

to anabolic resistance to food intake. Resistance exercise sensitizes skeletal 
muscle tissue to the anabolic properties of amino acids. 

Objective The present study assessed protein digestion and amino acid absorption 
kinetics, whole-body protein balance, and the myofibrillar protein synthetic 
response to the ingestion of different amounts of protein during recovery 
from resistance exercise in older men. 

Methods Forty-eight healthy older men (age: 66 ± 1 y BMI: 25.4 ± 0.3 kg·m-2) were 
randomly assigned to ingest 0, 15, 30 or 45 g milk protein concentrate 
following a single bout of resistance exercise consisting of 4 sets of 10 
repetitions of leg press and leg extension and 2 sets of 10 repetitions of lateral 
pull down and chest press performed at 75-80 % 1RM. Post-prandial protein 
digestion and amino acid absorption kinetics, whole-body protein 
metabolism, and myofibrillar protein synthesis rates were assessed using 
primed, continuous infusions of L-[ring-2H5]-phenylalanine, L-[ring-2H2]-
tyrosine and L-[1-13C]-leucine combined with the ingestion of intrinsically L-[1-
13C]-phenylalanine and L-[1-13C]-leucine labeled protein. 

Results Whole-body net protein balance increased in a dose-dependent manner after 
ingesting 0, 15, 30 and 45 g protein (0.015 ± 0.002, 0.108 ± 0.004, 0.162 ± 
0.008, 0.215 ± 0.009 μmol Phe·kg-1·min-1, respectively; P < 0.001). Myofibrillar 
protein synthesis rates were higher after ingesting 30 (0.0951 ± 0.0062 %·h-1, 
P = 0.07) and 45 g (0.0970 ± 0.0062 %·h-1, P < 0.05) when compared to 0 g 
(0.0746 ± 0.0051 %·h-1). The incorporation of dietary protein-derived amino 
acids (L-[1-13C]-phenylalanine) into de novo myofibrillar protein increased in a 
dose-dependent manner after ingesting 15, 30 and 45 g protein (0.0171 ± 
0.0017, 0.0296 ± 0.0030, 0.0397 ± 0.0026 MPE, respectively; P < 0.05). 

Conclusions Dietary protein ingested during recovery from resistance exercise is rapidly 
digested and absorbed. Whole-body net protein balance and dietary protein-
derived amino acid incorporation into myofibrillar protein increase in a dose-
dependent manner. Ingestion of at least 30 g protein increases post-exercise 
myofibrillar protein synthesis rates in older men. 
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Introduction 
 
The age-related decline in skeletal muscle mass and strength, termed sarcopenia, is 
accompanied by impairments in functional capacity and an increased risk of developing 
chronic metabolic diseases (1, 20). Whereas basal muscle protein synthesis and breakdown 
rates appear to be unaffected by age (16, 26), the muscle protein synthetic response to the 
main anabolic stimuli, food intake and physical activity, seem to be blunted in older 
individuals (7, 15, 35). This anabolic resistance is now considered to be a key factor 
contributing to the progressive loss of skeletal muscle mass throughout our lifespan.  
A single bout of resistance exercise strongly increases muscle protein synthesis rates (2, 22, 

28, 29) and, as such, represents an effective strategy to counteract anabolic resistance. The 
post-exercise increase in muscle protein synthesis rates can be further augmented by 
ingesting protein during the recovery phase (22, 28, 38). The degree to which protein 
ingestion stimulates muscle protein synthesis rates depends upon the availability of dietary 
protein-derived amino acids (27). Therefore, the amount of protein ingested after exercise 
may largely determine the magnitude of the post-exercise muscle protein synthetic response 
(6). So far, no study has assessed the impact of the amount of protein ingested on the post-
prandial availability of dietary protein-derived amino acids in the circulation following 
resistance exercise. 
Previous work has provided evidence of a dose-response relationship between the amount 
of protein ingested and post-exercise muscle protein synthesis rates in younger athletes (21, 

38). In these studies, ingestion of 20 g (~0.25 g·kg-1) egg (21) or whey (38) protein was shown 
to induce maximal post-exercise muscle protein synthesis rates in younger men. In contrast, 
ingestion of protein doses larger than 20 g appear to induce further increases in muscle 
protein synthesis rates in older individuals (27, 32, 40). Therefore, in the present study we 
assessed post-prandial protein digestion and amino acid absorption kinetics, whole-body 
protein metabolism, and the muscle protein synthetic response to the ingestion of three 
different amounts of protein during recovery from a single bout of resistance exercise in 
older individuals. We hypothesized that a dose-response relationship exists between the 
amount of protein ingested and the magnitude of the post-prandial increase in muscle 
protein synthesis rates during recovery from a single bout of resistance-type exercise in 
healthy, older men.  
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Materials and methods 
 
Subjects 
 

A total of 48 healthy, normoglycemic, older men (age range: 55-80 y, mean ± SEM: 66 ± 1 y) 
were selected to participate in the present study. Subjects’ characteristics are presented in 
Table 2.1. All subjects were living independently and were not participating in any structured 
resistance exercise training program. In a parallel design, subjects were randomly assigned to 
ingest either: 0 g (PLA: n = 12), 15 g (15G: n = 12), 30 g (30G: n = 12) or 45 g (45G: n = 12) 
intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled milk protein after completing 
a single bout of resistance exercise. All subjects were informed of the nature and possible 
risks of the experimental procedures before their written informed consent was obtained. The 
trial was conducted between July 2014 and March 2015 at the Maastricht University Medical 
Centre in Maastricht, the Netherlands. The experiments were performed in a randomized and 
double-blind manner. The study was approved by the Medical Ethical Committee of the 
Maastricht University Medical Centre, The Netherlands, and conformed to standards for the 
use of human subjects in research as outlined in the most recent version of the Helsinki 
Declaration. The study was registered at Nederlands Trial Registry as NTR4492.  
 

 
 
 

Assessed for eligibility (n=52)

• Excluded  (n=4)
• Not meeting inclusion 

criteria (n=2)
• Declined to participate (n=1)
• Scheduling conflict (n=1)

Randomized (n=48)

Enrollment

Analysed  (n=48)
• Excluded from analysis (n=0)

Analysis

Allocated to 30G (n=12)
• Received allocated 

intervention (n=12)
• Did not receive allocated 

intervention (n=0)

Allocated to 15G (n=12)
• Received allocated 

intervention (n=12)
• Did not receive allocated 

intervention (n=0)

Allocation
Allocated to PLA (n=12)
• Received allocated 

intervention (n=12)
• Did not receive allocated 

intervention (n=0)

Allocated to 45G (n=12)
• Received allocated 

intervention (n=12)
• Did not receive allocated 

intervention (n=0)

Figure 2.1 CONSORT flowchart for the human tracer infusion trial. CONSORT, Consolidated Standards of 
Reporting Trials.  
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Table 2.1 Subjects’ characteristics1 

 
1Values are mean ± SEM. n = 12 per treatment group. PLA: placebo, 15G: 15 g dietary protein, 30G: 30 g dietary 
protein, 45G: 40 g dietary protein. 1RM: one repetition maximum, HbA1C: glycosylated hemoglobin, MVPA: 
Moderate-vigorous physical activity, Resting: resting and fasted values. Data were analyzed with a one-way 
ANOVA. No differences were detected between groups. 

 
Pretesting 
 
Participants arrived at the laboratory at 0830 h by car or public transport in an overnight 
fasted state. Upon arrival, body weight, body composition, and bone mineral content were 
measured with DEXA (Dual-energy X-ray absorptiometry; Discovery A; Hologic, Bedford, 
MA). Thereafter, all participants performed an oral glucose tolerance test (OGTT). Plasma 
glucose and insulin concentrations were measured to determine oral glucose intolerance 
and the presence of type 2 Diabetes Mellitus according to 2006 American Diabetes 
Association guidelines (10). All subjects were screened on medical issues and excluded if any 
gastrointestinal, neurological or renal diseases were present. 
Subjects were cleared to perform resistance exercise by a cardiologist who examined 
electrocardiograms (ECG) measured at rest and during submaximal cycling (performed at 70 
% of age-predicted heart rate max). The subjects were then familiarized with the exercise 
equipment and physical activity protocol and one repetition maximum (1RM) was estimated 
on the leg press, leg extension, lateral pulldown and chest press exercise machines using 
the multiple repetitions testing procedure (19).  
 

Diet and physical activity  
 

All volunteers were instructed to refrain from any exhaustive physical activity and to keep 
their diet as consistent as possible for 72 h prior to the trial. Subjects filled in dietary records 

        
  PLA (n = 12) 15G (n = 12) 30G (n = 12) 45G (n = 12) Total (n = 48) P 

Age, y 66 ± 2 69 ± 2 66 ± 1  64 ± 2 66 ± 1 0.41 
Total Body Mass, kg 79.0 ± 3.2 78.8 ± 3.2 80.6 ± 1.5 82.7 ± 2.6 80.3 ± 1.3 0.73 
Total Lean Mass, kg 58.1 ± 1.9 57.6 ± 2.3 61.3 ± 1.3 61.0 ± 1.8 59.5 ± 0.9 0.36 
Appendicular Lean Mass, kg 25.9 ± 0.9 24.9 ± 1.1 27.5 ± 0.7 27.3 ± 1.0 26.4 ± 0.5 0.19 
Percentage Body Fat, % 23.2 ± 1.1 23.9 ± 0.9 21.7 ± 0.9 23.3 ± 1.1 23.0 ± 0.5 0.48 
Height, m 1.78 ± 0.02 1.75 ± 0.02 1.80 ± 0.02 1.79 ± 0.02 1.78 ± 0.01 0.26 
BMI, kg·m-2 24.9 ± 0.6 25.8 ± 0.8 25.0 ± 0.5 25.9 ± 0.6 25.4 ± 0.3  0.62 
HbA1C, % 5.5 ± 0.1 5.3 ± 0.1 5.4 ± 0.1 5.4 ± 0.1 5.4 ± 0.0 0.49 
Resting Plasma Glucose, mmol·L-1 6.0 ± 0.2 5.8 ± 0.2 6.0 ± 0.2 6.1 ± 0.1 6.0 ± 0.1 0.71 
Resting Plasma Insulin, mU·L-1 7.1 ± 1.3 9.3 ± 0.9 7.8 ± 2.4 7.8 ± 1.0 8.0 ± 0.7 0.77 
HOMA-IR 1.9 ± 0.4 2.4 ± 0.2 2.2 ± 0.7 2.1 ± 0.2 2.1 ± 0.2 0.90 
MVPA, min 139 ± 38 145 ± 31 174 ± 42 85 ± 16 136 ± 17 0.29 
1RM - Leg Press, kg 163 ± 8 179 ± 8 172 ± 8 193 ± 9 177 ± 4 0.09 
1RM - Leg Extension, kg 85 ± 4 86 ± 6 93 ± 4 96± 5 90 ± 2 0.35 
1RM - Lat Pulldown, kg 63 ± 2 60 ± 4 64 ± 2 68 ± 2 64 ± 1 0.28 
1RM - Chest Press, kg 55 ± 3 60 ± 6 66 ± 4 68 ± 4 62 ± 2 0.13 
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for 48 h immediately before the experimental trial. Subjects consumed 8.7 ± 0.3 MJ·day-1 on 
average, consisting of 49 ± 1 energy % (En%) as carbohydrate, 32 ± 1 En% as fat, and 17 ± 
1 En% as protein. Habitual dietary protein intake averaged 1.11 ± 0.04 g·kg-1·day-1. On the 
evening prior to the experiment, all subjects consumed a standardized meal (21.6 ± 0.4 
kJ·kg-1, providing 55 En% as carbohydrate, 25 En% as fat, and 20 En% as protein). 
 

 

Experimental protocol 
 

A graphical representation of the study protocol is presented in Figure 2.1. At 0800 h, 
participants reported to the laboratory in an overnight fasted and rested state and had 
Teflon catheters inserted into a vein in the antecubital space of one arm and a vein on the 
dorsal side of the opposite hand for intravenous infusion and arterialized blood sampling, 
respectively. At 0830 h (t = -150 min), a background blood sample was taken prior to the 
initiation of the tracer infusion protocol. The plasma and intracellular phenylalanine and 
leucine pools were primed with a single intravenous dose (priming dose) of L-[ring-2H5]-
phenylalanine (3.6 µmol·kg-1), L-[ring-2H2]-tyrosine (1.10 µmol·kg-1), L-[1-13C]-leucine (7.19 
µmol·kg-1). Once primed, the continuous stable isotope infusion was initiated (infusion rate: 
0.06 µmol·kg-1·min-1 L-[ring-2H5]-phenylalanine, 0.018 µmol·kg-1·min-1 L-[ring-2H2]-tyrosine, 
0.12 µmol·kg-1·min-1 L-[1-13C]-leucine; Cambridge Isotopes Laboratories, Andover, MA). 
Participants rested for 1.5 h until 1000 h (t = -60 min), at which time the participants 
completed the resistance exercise bout. After completing the resistance exercise bout, at 
1100 h (t = 0 min), a blood sample was taken and a muscle biopsy was collected from a 
randomized leg. Subsequently, subjects ingested a 500 mL beverage containing either: 0, 
15, 30 or 45 g intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled milk protein 
with an added 1.5 mL of vanilla extract to improve palatability (Dr. Oetker, Amersfoort, the 
Netherlands). Protein intakes represent the actual amount of protein provided in the MPC80. 
Blood samples (10 mL) were subsequently taken at t = 30, 60, 90, 120, 180, 240, 300, 360 
min after protein ingestion. A second muscle biopsy was obtained from the contralateral leg 
at 1700 h (t = 360 min), signifying the end of the experimental trial. Blood and muscle 
samples were collected and stored as previously described (14). 

Supplementary data 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Supplemental Figure 1. Graphical representation of the experimental protocol.  

 
 
 
 
 
 
 
 

Figure 2.1 Graphical representation of the experimental protocol.  
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Resistance exercise protocol 
 

The exercise protocol consisted of 60 min of moderate-to-high intensity resistance exercise. 
After 10 min of cycling at 100 W with a cadence of 60–80 RPM, subjects performed 5 sets of 
10 repetitions on the horizontal leg press machine (Technogym BV, Rotterdam, 
Netherlands), 2 sets of 10 repetitions on the lateral pull down machine (Technogym BV), 2 
sets of 10 repetitions on the chest press machine (Technogym BV) and 5 sets of 10 repetitions 
on the leg extension machine (Technogym BV). The first set of each lower body exercise was 
performed at 50 % 1RM and sets 2–5 were performed at 75-80 % 1RM. All sets of the upper 
body exercises were performed at 75-80 % 1RM. Subjects were allowed to rest for 2 min 
between sets.  
 
Preparation of tracer and production of intrinsically-labeled protein 
 
The stable isotope tracers L-[ring-2H5]-phenylalanine, L-[1-13C]-leucine and L-[ring-2H2]-
tyrosine were prepared as previously described (14). Intrinsically L-[1-13C]-phenylalanine and 
L-[1-13C]-leucine labeled milk protein (MPC80) was extracted from whole milk obtained 
during the constant infusion of L-[1-13C]-phenylalanine (455 µmol·min-1) and L-[1-13C]-leucine 
(200 µmol·min-1) for 96 h in a lactating dairy cow. The milk was collected, processed, and 
fractionated into the MPC80 similarly to what has been previously described (11, 31, 33). 
The L-[1-13C]-phenylalanine and L-[1-13C]-leucine enrichments in MPC80 averaged 38.3 mole 
percent excess (MPE) and 10.8 MPE, respectively. The protein met all chemical and 
bacteriological specifications for human consumption. 
 
Plasma analysis 
 

Plasma glucose and insulin concentrations were analyzed using commercially available kits 
(GLUC3, Roche, Ref: 05168791 190, and Immunologic, Roche, Ref: 12017547 122, 
respectively). Plasma amino acid concentrations and enrichments were determined by gas 
chromatography-mass spectrometry analysis (GC-MS; Agilent 7890A GC/5975C; MSD, 
Wilmington, Delaware, USA). Specifically, internal standards of [U-13C6]-leucine, [U-13C9

15N]-
phenylalanine, and [U-13C9

15N]-tyrosine were added to the plasma samples. Plasma samples 
were deproteinized with dry 5-sulfosalicylic acid. Free amino acids were purified using cation 
exchange chromatography (AG 50W-X8 resin, mesh size: 100–200 µm, ionic form: hydrogen; 
Bio-Rad Laboratories, Hercules, CA). The purified amino acids were converted into tert-
butyldimethylsilyl (tert-BDMS) derivatives with MTBSTFA before analysis by GC-MS. The 
amino acid concentrations were determined using electron impact ionization by monitoring 
ions at mass/charge (m/z) 302 and 308 for unlabeled and [U-13C6] labeled-leucine, 336 and 
346 for unlabeled and [U-13C9

15N] labeled phenylalanine respectively, and 466 and 476 for 
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unlabeled and [U-13C9
15N] labeled tyrosine, respectively. The plasma leucine, phenylalanine, 

and tyrosine 13C and 2H enrichments were determined using selective ion monitoring at m/z 
302 and 303 for unlabeled and labeled [1-13C] leucine, respectively; m/z 336, 337, and 341 
for unlabeled and labeled ([1-13C] and [ring-2H5]) phenylalanine, respectively; m/z 466, 467, 
468, and 470 for unlabeled and labeled ([1-13C], [ring-3,5-2H2], and [ring-2H4]) tyrosine, 
respectively. Standard regression curves were applied from a series of known standard 
enrichment values against the measured values to assess the linearity of the mass 
spectrometer and to account for any isotope fractionation. 
 
Muscle analysis 
 
Myofibrillar protein enriched fractions were extracted from ~60 mg of wet muscle tissue by 
hand-homogenizing on ice using a pestle in a standard extraction buffer (7 µL·mg-1) (13). The 
samples were spun at 2500 g and 4 ºC for 5 min. The pellet was washed with 500 µL ddH2O 
and centrifuged at 250 g and 4 ºC for 10 min. The myofibrillar protein was solubilized by 
adding 1 mL of 0.3 M NaOH and heating at 50 ºC for 30 min with vortex mixing every 10 
min. Samples were centrifuged at 9500 g and 4 ºC for 5 min, the supernatant containing the 
myofibrillar proteins was collected and the collagen pellet was discarded. Myofibrillar 
proteins were precipitated by the addition of 1 mL of 1 M PCA and spinning at 700 g and 4 
ºC for 10 min. The myofibrillar protein was washed twice with 70 % ethanol and hydrolyzed 
overnight in 2 mL of 6 M HCL at 110 ºC. The free amino acids from the hydrolyzed 
myofibrillar protein pellet were dried under a nitrogen stream while being heated to 120 ºC. 
The free amino acids were then dissolved in 25 % acetic acid solution, passed over cation 
exchange AG 50W-X8 resin columns (mesh size: 100-200, ionic form: hydrogen; Bio-Rad 
Laboratories, Hercules, CA), and eluted with 2 M NH4OH. The purified amino acids were 
divided into 2 aliquots to determine the L-[ring-2H5]-phenylalanine enrichments by GC-MS 
analysis and the L-[1-13C]-phenylalanine and L-[1-13C]-leucine enrichments by gas 
chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) analysis. To 
reduce the signal-to-noise ratio during GC-MS analysis at low tracer enrichments, the 
phenylalanine from the myofibrillar protein hydrolysates was enzymatically decarboxylated 
to β-phenylethylamine prior to derivatization with MTBSTFA. To determine myofibrillar 
protein L-[1-13C]-phenylalanine and L-[1-13C]-leucine enrichments by GC-C-IRMS analysis, the 
purified amino acids were converted into N-ethoxycarbonyl ethyl ester derivatives with ethyl 
chloroformate (ECF). The derivatives were then measured by GC-C-IRMS (Finnigan MAT 
253, Bremen, Germany) using a DB5-MS-column (no. 122-5532; Agilent J+W scientific GC 
Column, GC Isolink) and monitoring of ion masses 44, 45 and 46. Standard regression curves 
were applied to assess the linearity of the mass spectrometer and to account for isotopic 
fractionation. 
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Calculations 
 
Ingestion of L-[1-13C]-phenylalanine labeled protein, intravenous infusion of L-[ring-2H5]-
phenylalanine, and blood sample enrichment values were used to assess whole body amino 
acid kinetics in non-steady state conditions. Total, exogenous, and endogenous 
phenylalanine rates of appearance (Ra) and plasma availability of dietary protein-derived 
phenylalanine that appeared in the systemic circulation as a fraction of total amount of 
phenylalanine that was ingested, (Pheplasma) were calculated using modified Steele’s 
equations (3, 8, 39). These parameters were calculated as follows: 
 

Total&' 	= 		
	*+,-./0∙2(4)∙

67+,
68

9

:+,(4)
      (1) 

 

  Exo&' =
=>?@A	BC	⋅	:EF(4)	GH/0	⋅2(4)	∙	

67EF
68

I

:EJF8
                       (2)     

 
	  Endo&' = 	Total&'	– 	Exo&'	–	 	NOP     (3) 
   

  Pheplasma = WXYZ[\]^_
`abcd]e

f ∙ 100    (4) 
 
where Fiv is the intravenous tracer infusion rate (µmol∙kg-1∙min-1), pV (0.125 L∙kg-1) is the 
distribution volume for phenylalanine (3). C(t) is the mean plasma phenylalanine 
concentration between 2 consecutive time points. dEiv/dt represents the time-dependent 
variations of plasma phenylalanine enrichment derived from the intravenous tracer and Eiv (t) 
is the mean plasma phenylalanine enrichment from the intravenous tracer between 2 
consecutive time points. ExoRa represents the plasma entry rate of dietary phenylalanine, Epo 
(t) is the mean plasma phenylalanine enrichment for the ingested tracer, dEpo/dt represents 
the time-dependent variations of plasma phenylalanine enrichment derived from the oral 
tracer and Eprot is the L-[1-13C]-phenylalanine enrichment in the dietary protein. Pheplasma is the 
percentage of ingested dietary phenylalanine that becomes available in the plasma and is 
calculated using PheProt and AUCExoRa. PheProt is the amount of dietary phenylalanine ingested 
and AUCExoRa represents the area under the curve (AUC) of ExoRa, which corresponds to the 
amount of dietary phenylalanine that appeared in the blood over a 7.5 h period following 
ingestion. 
Total rate of disappearance of phenylalanine (TotalRd) equals the rate of phenylalanine 
hydroxylation (first step in phenylalanine oxidation) and utilization for protein synthesis. This 
parameter is calculated as follows: 
 

  Rj = TotalR@-pV ∙
jZ

j?
      (5) 
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Whole-body phenylalanine oxidation can be determined from the conversion (hydroxylation) 
of L-[ring-2H5]-phenylalanine to L-[ring-2H4]-tyrosine. The rate of phenylalanine hydroxylation 
was calculated by using the following formula: 
 

  Phemnopqrns'4Oqt = Tyr&' ∙
we(?)

wc(?)
∙ `abx6
(yz{	G	`abx6)

            (6) 

 
Because whole body Rd comprises the rate of phenylalanine disappearance from the free 
amino acid pool in the blood due to protein synthesis (S) and oxidation, whole body protein 
synthesis can be calculated as Rd minus Phehydroxylation (oxidation). TyrRa represents the rate of 
appearance of L-[ring-2H4]-tyrosine; Et(t) and Ep(t) are the L-[ring-2H4]-tyrosine and L-[ring-2H5]-
phenylalanine enrichments in plasma between 2 consecutive time points, respectively and 
Fiv is the infusion rate of phenylalanine. Whole body protein synthesis was calculated using: 
 

| = &o − Phemnopqrns'4Oqt            (7)  
 
Whole body protein net balance was calculated as AUC over the 7.5 h post-prandial phase 
using whole body protein synthesis minus endogenous Ra.   
 
  ~ℎÄtÅ4	Ç's'tÉÅ = 	| − ÑÖÜáB'     (8) 
 
The fractional synthesis rate (FSR) of myofibrillar protein was calculated by dividing the 
increment in enrichment in the product (i.e., protein-bound L-[1-13C]-leucine or L-[ring-2H5]-
phenylalanine) by the enrichment of the respective precursor amino acid enrichments (i.e., 
plasma free amino acids). Weighted mean plasma L-[ring-2H5]-phenylalanine and L-[1-13C]-
leucine enrichments were used as the preferred precursor pools to estimate myofibrillar 
protein fractional synthesis rates from the continuously infused L-[ring-2H5]-phenylalanine, 
and L-[1-13C]-leucine tracers. Consequently, myofibrillar FSR was calculated as follows (39): 
 

  N|&	à%∙h-1ä = 	 W
:ãå-	:ãç

:EJéèêJëFJ	r	4
f í	100                              (9)                     

  
Em2 – Em1 represents the change in muscle protein bound L-[1-13C]-leucine enrichment. Eprecursor 

represents the average plasma L-[1-13C]-leucine, a-[1-13C]-KIC or muscle free L-[1-13C]-leucine 
enrichment during the tracer incorporation period. t indicates the time interval (h) between 
biopsies. 
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Statistics 
 

A sample size of 48 (12 subjects per group) was calculated a priori based upon an effect size 
of 0.5 for FSR between groups (27, 28), a significance level of 0.05, and a power of 0.8. All 
data are expressed as means ± SEMs. Baseline characteristics between groups were 
compared using a one-way ANOVA. A two-factor repeated measures ANOVA (time x 
treatment) with time as within-subjects factor and treatment group as between-subjects 
factor was performed for the analysis of plasma glucose and insulin concentrations, plasma 
amino acid concentrations, plasma tracer enrichments and whole-body protein kinetics. The 
analysis was carried out for the period starting at the time of protein administration, between 
t = 0 and 360 min. Only upon identification of a significant time x treatment interaction, 
separate analyses were performed using a one-way ANOVA with Tukey post hoc testing to 
identify time points in which the treatments differed, and one-way repeated measures 
ANOVA to identify changes over time within the separate groups. Non time-dependent 
variables (i.e., whole-body protein metabolism, FSR values, L-[1-13C]-phenylalanine 
myofibrillar enrichments, area under the curve, peak values) were compared between 
treatment groups using a one-way ANOVA. If a significant group effect was detected using 
the one-way ANOVA, Tukey post hoc testing was used to identify how the groups 
significantly differed from one another. Statistical significance was set at P < 0.05. All 
calculations were performed using SPSS 21.0 (IBM, Chicago, Illinois, USA). 
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Results 
 

Plasma concentrations 
 

Plasma glucose (Figure 2.3A) concentrations decreased after beverage ingestion (P < 
0.001), but did not differ between groups (P = 0.325). Plasma insulin concentrations (Figure 
2.3B) increased rapidly following protein ingestion (P < 0.001) and were significantly greater 
at t = 30 in the 45G group when compared to PLA (P = 0.002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Plasma leucine concentrations (Figure 2.4A) increased rapidly following protein ingestion (P 

< 0.001), but were greater in 45G when compared to 30G and 15G (P < 0.001). Area under 
the curve (AUC) analyses (Figure 2.4B) revealed that plasma leucine availability over the 6 h 
post-prandial period increased in a dose-dependent manner based upon the amount of 
protein ingested (P < 0.001). Plasma phenylalanine concentrations (Figure 2.4C) increased 
rapidly following protein ingestion (P < 0.001), but were greater in the 45G group when 
compared to 30G and 15G at t = 30, 60, 90 min (all P < 0.05). Plasma tyrosine concentrations 
(Figure 2.4D) increased following protein ingestion (P < 0.001) and were higher in 45G when 
compared to PLA at t = 30, 60, 90, 120, 180, 240 min (all P < 0.01).   
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Figure 2.3 Plasma glucose (A) and insulin (B) concentrations following ingestion of 0 (PLA; n = 12), 15 (15G; n 
= 12), 30 (30G; n = 12) 45 (45G; n = 12) g of milk protein concentrate after resistance exercise in older men. 
The dotted line represents the ingestion of the beverage. Values represent means + SEM. Data were analyzed 
with a repeated measure (time x treatment group) ANOVA and separate analyses when a significant interaction 
was detected (see Materials and methods section). a Significant difference from PLA within same time point (P 
< 0.05).  
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Plasma amino acid enrichments 
 

Plasma enrichments from ingested (L-[1-13C]-phenylalanine; Figure 2.5A), infused (L-[ring-
2H5]-phenylalanine; Figure 2.5B) and ingested and infused (L-[1-13C]-leucine; Figure 2.5C) 
amino acid tracers did not differ between treatments prior to protein ingestion (t = 0 min; P 

> 0.05 for all tracers). After protein ingestion, plasma L-[1-13C]-phenylalanine enrichments, 
originating from the ingested protein, increased in all protein groups reaching peak values 
at t = 60 min in 15G, t = 120 min in 30G and t = 90 min in 45G. The plasma L-[1-13C]-
phenylalanine enrichments in 15G were greater than enrichments in PLA until t = 360 min (P 

= 0.122). The increases in plasma L-[1-13C]-phenylalanine enrichments in 30G and 45G were 
sustained above PLA for the duration of the 6 h post-prandial period (P < 0.001 for all time 
points). Plasma L-[ring-2H5]-phenylalanine enrichments were higher in PLA when compared 
to the protein groups (P < 0.001) until t= 240 min when compared to 15G and t = 300 min 
when compared to 30G and 45G. Plasma L-[1-13C]-leucine enrichments were lower in the 
PLA group when compared to 30G (P = 0.040) and 45G (P < 0.001) and were also lower in 
15G when compared to 45G (P = 0.010).  

Figure 2.4 Plasma leucine (A), phenylalanine (C) and tyrosine (D) concentrations following ingestion of 0 (PLA), 
15 (15G), 30 (30G), or 45 (45G) g of milk protein concentrate after resistance exercise in older men. The dotted 
line represents the ingestion of the beverage. Values represent means + SEMs, n = 12. Data were analyzed with 
repeated measures (time x treatment group) ANOVA and separate analyses when a significant interaction was 
detected (see Materials and methods section). a Different from PLA at that time (P < 0.05). b Different from 15G 
at that time (P < 0.05). c Different from 30G at that time (P < 0.05). Plasma leucine area under the curve (B) over 
360 min (μmol·360 min·L-1) were analyzed using a one-way ANOVA. Tukey post-hoc testing was used to detect 
differences between groups. Labeled means without a common letter differ (P < 0.05). 
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Whole-body amino acid kinetics 
 

Endogenous phenylalanine rates of appearance (Figure 2.6A) were significantly lower after 
protein intake in 45G when compared with PLA (P = 0.018). Exogenous phenylalanine rates 
of appearance (Figure 2.6B) increased following protein intake in all protein groups (P < 
0.001), and were higher in 45G when compared to 15G and 30G (P < 0.001).  
Dietary protein-derived phenylalanine availability, calculated as a fraction of the total amount 
of ingested phenylalanine (Figure 2.7A), was higher in 15G when compared to 30G and 45G 
(P < 0.001 for both). The absolute amount of dietary protein-derived phenylalanine that 
appeared in the circulation during the 6 h post-prandial period (Figure 2.7B) responded in 
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Figure 2.5 Plasma L-[1-13C]-phenylalanine (A), L-[ring-2H5]-phenylalanine (B), L-[1-13C]-leucine (C) enrichments 
following ingestion of 0 (PLA), 15 (15G), 30 (30G), or 45 (45G) g of milk protein concentrate after resistance 
exercise in older men. The dotted line represents the ingestion of the beverage. Values represent means + 
SEMs, n = 12. Data were analyzed with repeated measures (time x treatment group) ANOVA and separate 
analyses when a significant interaction was detected (see Materials and methods section). a Different from PLA 
at that time (P < 0.05). b Different from 15G at that time (P < 0.05). c Different from 30G at that time (P < 0.05).  
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a dose-dependent manner, with significant differences detected between each group (P < 
0.001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Whole-body protein synthesis rates increased after protein ingestion (P < 0.01 for all groups), 
with greater rates in 45G when compared with 15G (15G: 0.60 ± 0.01, 30G: 0.64 ± 0.01 45G: 
0.66 ± 0.02 μmol Phe·kg-1·min-1, P = 0.038). Whole-body protein breakdown rates were lower 
in 45G (0.45 ± 0.01 μmol Phe·kg-1·min-1) when compared to PLA (0.51 ± 0.02 μmol Phe·kg-

1·min-1, P = 0.004). Whole-body protein oxidation rates were greater in 45G (0.060 ± 0.003 
μmol Phe·kg-1·min-1) when compared with PLA (0.046 ± 0.002 μmol Phe·kg-1·min-1, P = 0.002) 
and 15G (0.049 ± 0.013 μmol Phe·kg-1·min-1, P = 0.034). In all protein groups, whole-body 
net protein balance (Figure 2.8) was positive during the 6 h post prandial period and greater 
when compared to PLA (P < 0.001 for all protein groups), with a higher net balance observed 
in 45G when compared to 30G and 15G (P < 0.001). Whole-body net protein balance was 
also higher in 30G compared with 15G (P < 0.001). 
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Figure 2.6 Endogenous phenylalanine rate of appearance (Ra) (A) and exogenous phenylalanine Ra (B) 
following ingestion of 0 (PLA), 15 (15G), 30 (30G), or 45 (45G) g of milk protein concentrate after resistance 
exercise in older men. The dotted line represents the ingestion of the beverage. Values represent means + 
SEMs, n = 12. Data were analyzed with repeated measures (time x treatment group) ANOVA and separate 
analyses when a significant interaction was detected (see Materials and methods section). Tukey post-hoc 
testing was used to detect differences between groups. a Different from PLA at that time (P < 0.05). b Different 
from 15G at that time (P < 0.05). c Different from 30G at that time (P < 0.05).  
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Figure 2.7 Calculated relative plasma phenylalanine availability (Pheplasma, A) of total ingested phenylalanine, 
and estimated absolute dietary protein-derived amino acid availability (B) following ingestion of 15 (15G), 30 
(30G), or 45 (45G) g of milk protein concentrate after resistance exercise in older men. Values represent means 
+ SEMs, n = 12. Data were analyzed with one-way ANOVA. Tukey post-hoc testing was used to detect 
differences between groups. Labeled means without a common letter differ (P < 0.05). 
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Figure 2.8 Calculated rates of whole-body net protein balance following ingestion of 0 (PLA), 15 (15G), 30 
(30G), or 45 (45G) g of milk protein concentrate after resistance exercise in older men. Values represent means 
+ SEMs, n = 12. Data were analyzed with one-way ANOVA. Tukey post-hoc testing was used to detect 
differences between groups. Labeled means without a common letter differ (P < 0.05). 
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Myofibrillar fractional synthesis rates and protein-bound enrichments 
 

Myofibrillar L-[1-13C]-leucine enrichments were measured in muscle samples collected 
immediately before protein ingestion and after the 6 h post-prandial period. The post-
prandial increase in myofibrillar protein bound L-[1-13C]-leucine enrichments averaged: 
0.0286 ± 0.0016, 0.0314 ± 0.0016, 0.0381 ± 0.0027, 0.0414 ± 0.0025 MPE for PLA, 15G, 
30G and 45G, respectively (P < 0.001), with higher enrichments in 45G when compared to 
PLA (P = 0.001) and 15G (P = 0.012) and higher enrichments in 30G when compared to PLA 
(P = 0.018). Myofibrillar protein FSR (in %·h-1) was calculated using the increase in myofibrillar 
protein bound L-[1-13C]-leucine enrichment and the weighted average of plasma L-[1-13C]-
leucine, a-[1-13C]-KIC or tissue free L-[1-13C]-leucine enrichment during the tracer 
incorporation period. Myofibrillar protein FSR calculated using muscle free L-[1-13C]-leucine 
was trending to be 28 % greater in 30G compared with PLA (P = 0.069) and 30 % greater in 
45G compared with PLA (Figure 2.9; P = 0.040). Myofibrillar protein FSR calculated using 
plasma L-[1-13C]-Leucine averaged 0.0574 ± 0.0037, 0.0598 ± 0.0030, 0.0700 ± 0.0048, and 
0.0725 ± 0.0048 %·h-1, for PLA, 15G, 30G and 45G, respectively (P = 0.021), with a 
statistically significant difference detected between PLA and 45G (P = 0.044). Myofibrillar 
protein FSR calculated using plasma a-[1-13C]-KIC averaged 0.0655 ± 0.0039, 0.0649 ± 
0.0033, 0.0743 ± 0.0052, and 0.0747 ± 0.0052 %·h-1, for PLA, 15G, 30G and 45G, 
respectively (P = 0.19). L-[1-13C]-phenylalanine myofibrillar protein-bound enrichments 
(Figure 2.10) responded in a dose-dependent manner, with a statistically significant 
difference detected between groups (P < 0.05 for each comparison). 
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Figure 2.9 Post-exercise myofibrillar protein fractional synthetic rates assessed using L-[1-13C]-leucine 
following ingestion of 0 (PLA), 15 (15G), 30 (30G), or 45 (45G) g of milk protein concentrate in older men. Values 
represent means + SEMs, n = 12. Data were analyzed with one-way ANOVA. Tukey post-hoc testing was used 
to detect differences between groups. Labeled means without a common letter differ (P < 0.05). *Trend for a 
significant difference (P < 0.10) from PLA. 
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Figure 2.10 L-[1-13C]-phenylalanine incorporation into myofibrillar protein following ingestion of 15 (15G), 30 
(30G), or 45 (45G) g of milk protein concentrate after resistance exercise in older men. Values represent means 
+ SEMs, n = 12. Data were analyzed with a one-way ANOVA. Tukey post-hoc testing was used to detect 
differences between groups. Labeled means without a common letter differ (P < 0.05). 
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Discussion 
 
In the present study, we assessed post-prandial protein digestion and amino acid absorption 
kinetics, whole body protein metabolism, and the muscle protein synthetic response to the 
ingestion of different amounts of protein following a single bout of resistance exercise in 
older men. We observed that protein ingested after resistance exercise was normally 
digested and absorbed, with 60-75 % of the ingested protein-derived phenylalanine 
appearing in the circulation throughout a 6 h post-exercise recovery period. Ingestion of 30 
and 45 g protein resulted in greater post-exercise myofibrillar protein synthesis rates when 
compared to the ingestion of a placebo. Ingesting greater amounts of protein resulted in 
more dietary protein-derived phenylalanine being directed towards de novo muscle protein 
synthesis. 
The ingestion of intrinsically L-[1-13C]-phenylalanine labeled protein combined with 
intravenous administration of L-[ring-2H5]-phenylalanine allowed us to assess dietary protein 
digestion and amino acid absorption in response to the ingestion of different amounts of 
protein ingested during recovery from exercise in older men (4, 11). Upon protein ingestion, 
we observed a rapid rise in circulating plasma amino acids concentrations (Figure 2.4) and 
L-[1-13C]-phenylalanine enrichments (Figure 2.5A), demonstrating rapid protein digestion 
and subsequent absorption of dietary protein derived phenylalanine during post-exercise 
recovery. Over the entire 6 h post-exercise recovery period, a total of 75 ± 2, 62 ± 3, and 59 
± 3 % of the dietary protein-derived phenylalanine was released in the circulation following 
ingestion of 15, 30, and 45 g protein, respectively. Previous work has suggested that more 
dietary-derived amino acids are retained by splanchnic tissues during first-pass when greater 
amounts of protein are consumed (3, 25, 27). This is the first study to quantitate the dose-
response to different amounts of phenylalanine ingested as milk protein and the subsequent 
post-prandial release of dietary protein-derived phenylalanine released in the circulation 
during recovery from exercise. Based upon labeled phenylalanine, an estimated total of 3.8 
± 0.3, 11.3 ± 1.0 and 18.4 ± 1.2 g protein-derived amino acids were not released in the 
circulation during the 6 h postprandial period following ingestion of 15, 30 and 45 g protein, 
respectively. However, despite greater relative and absolute dietary protein-derived 
phenylalanine retention, more dietary protein-derived phenylalanine was released following 
ingestion of the greater amounts of protein (representing an estimated 11.2 ± 0.3, 18.7 ± 
1.0 and 26.6 ± 1.2 g amino acids following ingestion of 15, 30 and 45 g protein). 
Consequently, a greater post-prandial rise in plasma amino acid concentrations occurred 
following ingestion of the greater amounts of protein, with the greatest peak exogenous 
phenylalanine appearance rates being observed at t = 90 min after ingestion of 45 g protein 
(Figure 2.6B). In line, peak plasma leucine concentrations were greater after ingestion of 45 
g protein (317 ± 16 μmol·L-1) compared to ingestion of the other protein doses. Ingestion of 
greater protein amounts also resulted in greater peak plasma insulin concentrations, with 
ingestion of 45 g resulting in the greater peak insulin concentrations compared with placebo 
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ingestion (Figure 2.3B). Altogether, these data demonstrate that ingestion of larger 
amounts of protein allow greater exogenous amino acid availability, resulting in a greater 
post-prandial rise in plasma leucine and insulin concentrations, which are both important 
factors driving the post-prandial rise in muscle protein synthesis rates.  
Primed continuous infusions of L-[ring-2H5]-phenylalanine (and [6,6-2H2]-tyrosine) allows for 
the calculation of protein synthesis, breakdown, and oxidation rates on a whole-body level, 
providing a measure of whole-body protein balance. Protein ingestion increases whole-body 
net protein balance (11, 12). In the present study, protein ingestion resulted in a (more) 
positive whole-body net protein balance during post-exercise recovery, which further 
increased when greater amounts of protein were ingested (Figure 2.8). This observation 
aligns with previous work assessing protein and/or nitrogen balance under resting conditions 
by our research group (27) as well as others (17, 18, 30, 36), and demonstrates that whole-
body net protein balance does not appear to reach an upper limit within the range of protein 
amounts studied (9). Ingestion of 45 g protein increased whole-body amino acid oxidation 
rates when compared with PLA and 15 g protein. These findings are in line with previous 
studies conducted in both younger and older individuals (21, 32, 38, 40) and demonstrate 
that more amino acids are directed towards oxidation following ingestion of larger amounts 
of protein. It should be noted, however, that the post-prandial rise in whole-body protein 
synthesis rate, greater whole-body protein balance and whole-body amino acid oxidation do 
not necessarily reflect the anabolic response in skeletal muscle tissue.   
By combining the ingestion of L-[1-13C]-leucine labeled milk protein with continuous 
intravenous L-[1-13C]-leucine infusions, we were able to maintain isotopic steady state 
regardless of the amount of protein ingested (Figure 2.5C). This approach allows for proper 
comparison of fractional myofibrillar protein synthetic responses between treatment groups 
(Figure 2.9). Ingestion of 15 g (~0.19 g·kg-1) milk protein did not significantly increase post-
exercise myofibrillar protein synthesis rates when compared to the ingestion of a non-protein 
placebo. Recent work has shown that healthy older individuals may not be anabolically 
resistant to the ingestion of a small amount (6.7 g) of free essential amino acids (representing 
the amount of essential amino acids in ~20 g milk protein) under resting conditions (23). 
Ingestion of free essential amino acids as opposed to intact protein results in a greater and 
more rapid release of exogenous amino acids into the circulation. Therefore, ingestion of 
free essential amino acids may provide a more potent anabolic stimulus for skeletal muscle 
tissue. However, free essential amino acid ingestion is not part of a normal dietary pattern. 
As such, it is more relevant to compare the present study with others that have provided 
complete protein sources. For example, the present findings appear to be in contrast with 
previous work, which has demonstrated that ingestion of 20 g (~0.25 g·kg-1) whey protein 
increases post-exercise muscle protein synthesis rates in healthy older men (40). The 
apparent discrepancy may be attributed to the smaller amount of protein ingested (15 vs 20 
g) and/or the use of a milk protein concentrate, which contains only 20 % whey protein. In 
the present study, ingestion of 30 (~0.37 g·kg-1) and 45 g (~0.55 g·kg-1) protein increased 
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myofibrillar protein synthesis rates when compared to placebo ingestion. Our findings seem 
to be in contrast to recent studies conducted in younger men, demonstrating that post-
exercise muscle protein synthesis rates reach maximal values after ingestion of 20 g (~0.25 
g·kg-1) egg (21) or whey (38) protein, with no further increase following ingestion of 40 g 
protein. The apparent discrepancy between responses in young and older adults agrees with 
the concept of anabolic resistance, with older individuals demonstrating a more blunted 
muscle protein synthetic response to the ingestion of up to 20 g (~0.25 g·kg-1) protein in 
comparison to younger controls (7, 27, 35). However, as demonstrated here and in two 
recent studies (32, 40), older individuals retain the capacity to increase myofibrillar protein 
synthesis rates following exercise but seem to require more dietary protein to allow a 
substantial increase in post-exercise muscle protein synthesis rates when compared to 
younger individuals. 
In the present study, participants ingested specifically produced intrinsically L-[1-13C]-
phenylalanine labeled protein at a very high enrichment (38 MPE), allowing us to directly 
assess the metabolic fate of the dietary protein-derived phenylalanine. We demonstrate that 
amino acids originating from the ingested protein are utilized for de novo skeletal muscle 
protein synthesis during post-exercise recovery, as evidenced by the increase in myofibrillar 
protein bound L-[1-13C]-phenylalanine (Figure 2.10). Ingestion of greater amounts of protein 
resulted in a dose-dependent increase in dietary protein-derived L-[1-13C]-phenylalanine 
incorporation into skeletal muscle protein during post-exercise recovery.  
It has been well-established that the anabolic response to protein ingestion is blunted in 
both healthy (5, 7, 35) and more clinically compromised older populations, such as those 
living with sarcopenia (24, 34, 35, 37). This anabolic resistance can be compensated for by 
combining resistance exercise with protein ingestion (21). Therefore, resistance exercise 
training and consumption of adequate protein during post-exercise recovery likely represent 
one of the most effective strategies for counteracting the progression of sarcopenia. The 
amount of protein ingested after exercise is arguably the key nutritional factor dictating the 
magnitude of the post-exercise muscle protein synthetic response (38). The present study 
shows that ingestion of at least 30 g (~0.37 g·kg-1) protein results in a measurable rise in 
post-exercise muscle protein synthesis rates when compared to the placebo, with ingestion 
of 45 g (~0.55 g·kg-1) protein providing a greater amount of dietary protein-derived 
phenylalanine for de novo muscle protein synthesis. Our findings indicate that older men 
may need to consume well above the much advised 20 g (~0.25 g·kg-1) of a high quality 
protein source (e.g., whey) to substantially increase post-exercise muscle protein synthesis 
rates (7, 27, 35). However, ingesting 30-45 g (~0.37-0.55 g·kg-1) protein in a single mixed 
meal may be practically challenging for the older population (32, 40). Furthermore, the 
anabolic response to ingestion of a mixed meal may be modulated by co-ingestion of non-
dairy protein sources (5, 7, 35) and interaction of protein with other nutrients (24, 34, 35, 37). 
Therefore, active older individuals may consider consuming more protein-dense foods 
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and/or fortifying the post-exercise meal with an isolated protein source to ensure protein 
intake beyond 30 g (~0.37 g·kg-1).  
In conclusion, dietary protein ingested after resistance exercise is rapidly digested and 
absorbed, with an estimated 60-75 % of the protein-derived amino acids being released in 
the circulation following ingestion of 15, 30 or 45 g protein. Whole-body net protein balance 
and dietary protein-derived amino acid incorporation into myofibrillar protein increase in a 
dose-dependent manner. Ingestion of at least 30 g (~0.37 g·kg-1) protein increases post-
exercise myofibrillar protein synthesis rates in older men. 
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Abstract 
 
Background  Older adults have shown an attenuated post-exercise increase in muscle 

protein synthesis rates following ingestion of smaller amounts of protein when 
compared to younger adults. Consequently, it has been suggested that older 
adults are required to ingest more protein to increase post-exercise muscle 
protein synthesis rates when compared to younger adults. 

Objective We investigated whether co-ingestion of 1.5 g free leucine with a single, 15 g 
bolus of protein further augments the post-prandial muscle protein synthetic 
response during recovery from resistance-type exercise in older men.  

Methods Twenty-four healthy older men (67 ± 1 y) were randomly assigned to ingest 
15 g milk protein concentrate (MPC80) with (15G+LEU; n = 12) or without 
(15G; n = 12) 1.5 g free leucine after performing a single bout of resistance-
type exercise. Post-prandial protein digestion and amino acid absorption 
kinetics, whole-body protein metabolism, and post-prandial myofibrillar 
protein synthesis rates were assessed using primed, continuous infusions with 
L-[ring-2H5]-phenylalanine, L-[ring-2H2]-tyrosine and L-[1-13C]-leucine combined 
with the ingestion of intrinsically L-[1-13C]-phenylalanine labeled milk protein.  

Results A total of 70 ± 1 % (10.5 ± 0.2 g) and 75 ± 2 % (11.2 ± 0.3 g) of the protein-
derived amino acids were released in the circulation during the 6 h post-
exercise recovery phase in 15G+LEU and 15G, respectively (P < 0.05). Post-
exercise myofibrillar protein synthesis rates were 16 % (0.058 ± 0.003 vs 0.049 
± 0.002 %·h-1; P < 0.05; based upon L-[ring-2H5]-phenylalanine) and 19 % 
(0.071 ± 0.003 vs 0.060 ± 0.003 %·h-1, P < 0.05; based upon L-[1-13C]-leucine) 
greater in 15G+LEU when compared with 15G. 

Conclusions Leucine co-ingestion further augments the post-exercise muscle protein 
synthetic response to the ingestion of a single 15 g bolus of protein in older 
men.  
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Introduction 
 
The age-related decline in skeletal muscle mass and strength, termed sarcopenia, is 
accompanied by impairments in functional capacity and an increased risk of developing 
chronic metabolic diseases (4). Whereas basal muscle protein synthesis and breakdown rates 
appear to be unaffected by age (27), the muscle protein synthetic response to the main 
anabolic stimuli, namely food intake and physical activity, seem to be blunted in older 
individuals (41). This anabolic resistance is now considered as a central factor contributing to 
the progression of sarcopenia.  
A single session of resistance-type exercise strongly increases muscle protein synthesis rates 
(30) and therefore represents an effective strategy to compensate for anabolic resistance. 
For older individuals, ingestion of more than 20 g protein is required to augment post-
exercise muscle protein synthesis rates (10, 30, 47). Older individuals possess the capacity 
to further increase the post-exercise muscle protein synthetic response by ingesting larger 
protein doses, with ingestion of 40 g protein further enhancing the muscle protein synthetic 
response (47, 48). However, older individuals seldom consume 40 g protein in a single meal 
(34, 35). Therefore, data are warranted to determine nutritional strategies that can augment 
the muscle protein synthetic response to ingestion of small(er) amounts of protein during 
recovery from resistance-type exercise in older adults. 
Leucine has been established as one of the most anabolic amino acids due to its ability to 
phosphorylate key anabolic signaling proteins (i.e., mTORC1 and S6K) in skeletal muscle 
tissue (3, 13). Previous work has demonstrated that co-ingestion of free leucine augments 
the muscle protein synthetic response to protein or amino acid ingestion in older individuals 
at rest (7, 9, 42) and after a bout of resistance-type exercise (2, 7, 9). More recently, it was 
demonstrated that leucine co-ingested with the main meals augments the integrated 
anabolic response to resistance-type exercise over multiple days (24). What remains unclear, 
however, is the effect of free leucine co-ingestion on post-prandial protein handling of the 
ingestion of a small amount of protein during post-exercise recovery in older individuals. 
Therefore, in the present study we assessed post-prandial protein handling and the muscle 
protein synthetic response to the ingestion of a single 15 g bolus of protein with or without 
additional free leucine (1.5 g) during recovery from a single bout of resistance-type exercise 
in older individuals.  
We hypothesized that co-ingestion of 1.5 g free leucine with a single bolus of 15 g protein 
further increases post-exercise muscle protein synthesis rates when compared to the 
ingestion of 15 g protein. To test our hypothesis, we selected 24 healthy older (67 ± 1 y) 
men who ingested 15 g protein with or without 1.5 g free leucine during recovery from a 
single bout of resistance-type exercise. By combining the ingestion of specifically produced 
intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled milk protein concentrate 
with the administration of primed continuous infusions of L-[ring-2H5]-phenylalanine, L-[1-
13C]-leucine and L-[ring-2H2]-tyrosine, we were able to assess protein digestion and amino 
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acid absorption kinetics, the stimulation of post-exercise muscle protein synthesis rates and 
the post-prandial incorporation of dietary protein-derived amino acids during recovery from 
exercise in older individuals.   
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Materials and methods 
 
Subjects 
 
A total of 24 healthy, normoglycemic, older men (67 ± 1 y) were selected to participate in the 
present study. Subjects’ characteristics of the study participants are presented in Table 3.1. 
Subjects were randomly assigned to ingest either 15 g protein (15G: n = 12) or 15 g protein 
with 1.5 g crystalline free leucine (15G+LEU: n = 12) after completing a single bout of whole-
body resistance-type exercise. All subjects were informed of the nature and possible risks of 
the experimental procedures before their written informed consent was obtained. The study 
was approved by the Medical Ethical Committee of the Maastricht University Medical Centre, 
The Netherlands, and conformed to standards for the use of human subjects in research as 
outlined in the most recent version of the Helsinki Declaration. This study is part of a greater 
project, which was registered at the Netherlands Trial Registry as NTR4492. Data from the 
15G group have been previously published as part of a protein dose-response study 
conducted in older men (Chapter 2). 
  
Table 3.1 Subjects’ characteristics1 

    

  15G (n = 12) 15G+LEU (n = 12) P 

Age, y 69 ± 2 66 ± 2 0.45 
Total body mass, kg 78.8 ± 3.2 79.0 ± 2.4 0.96 
Total lean mass, kg 57.6 ± 2.3 58.1 ± 1.5 0.86 
Appendicular lean mass, kg 24.9 ± 1.1 25.6 ± 0.7 0.64 
Percentage body fat, % 23.9 ± 0.9 23.2 ± 1.2 0.62 
Height, m 1.75 ± 0.02 1.78 ± 0.01 0.23 
BMI, kg·m-2 25.8 ± 0.8 24.9 ± 0.8 0.43 
HbA1c, % 5.3 ± 0.1 5.3 ± 0.1 0.80 
Resting glucose, mmol·L-1 5.8 ± 0.2 6.2 ± 0.2 0.13 
Resting insulin, mU·L-1 9.3 ± 0.9 8.4 ± 1.2 0.59 
HOMA-IR 2.4 ± 0.2 2.4 ± 0.4 1.00 
MVPA, min 145 ± 31 160 ± 33 0.95 
1RM - Leg press, kg 179 ± 8 166 ± 6 0.23 
1RM - Leg extension, kg 86 ± 6 88 ± 2 0.79 
1RM - Lat pulldown, kg 60 ± 4 62 ± 4 0.78 
1RM - Chest press, kg 60 ± 6 58 ± 5 0.77 

 

1Values are mean ± SEM. n = 12 per treatment group. 15G: 15 g dietary protein, 15G+LEU: 15 g dietary protein 

+ 1.5 g crystalline leucine. 1RM: one repetition maximum, HbA1c: glycosylated hemoglobin, MVPA: moderate-

to-vigorous physical activity, Resting: resting and fasted values. Data were analyzed with a student’s unpaired t-

test. No differences were detected between groups. 
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Pretesting 
 
Participants arrived at the laboratory at 0830 h by car or public transport in an overnight 
fasted state. Upon arrival, body weight, body composition, and bone mineral content were 
measured with DEXA (Dual-energy X-ray absorptiometry, DEXA; Discovery A; Hologic, 
Bedford, MA). Thereafter, all participants performed an oral glucose tolerance test (OGTT). 
Plasma glucose and insulin concentrations were measured to determine oral glucose 
intolerance and/or the presence of type 2 diabetes according to 2006 American Diabetes 
Association guidelines (1). All subjects were screened on medical issues and excluded if any 
gastrointestinal, neurological or renal diseases were present. 
Subjects were cleared to perform resistance-type exercise by a cardiologist who examined 
electrocardiograms (ECG) measured at rest and during submaximal cycling (performed at 70 
% of age-predicted heartrate max). The subjects were then familiarized with the exercise 
equipment and physical activity protocol. Subjects first performed a 10-min cycling warm-up 
at 70 % of their age-predicted heart rate max before completing an estimation of their 1RM 
(one repetition maximum) on the leg press and leg extension exercises using the multiple 
repetitions testing procedure (22). For each exercise, subjects performed 10 submaximal 
repetitions to warm-up and become familiarized with the equipment and to have lifting 
technique critiqued and corrected. Subjects then performed sets at progressively increasing 
loads until failing to complete a valid repetition, judged by their inability to complete the full 
range of motion for an exercise. Ideally, subjects failed within 3–6 repetitions during the last 
and heaviest set. A 2-min resting period between subsequent attempts was allowed. The 
pretesting and experimental trials were separated by a period of at least 7 days. 
 

Diet and physical activity  
 
All volunteers were instructed to refrain from any exhaustive physical activity and to keep 
their diet as consistent as possible 72 h prior to the trial. Subjects filled in dietary records for 
48 h immediately before the experimental trial. Subjects consumed 8.6 ± 0.5 MJ·day-1 on 
average, with 47 ± 1 energy% (En%) as carbohydrate, 33 ± 1 En% as fat, and 18 ± 1 En% as 
protein. Dietary protein intake averaged 1.1 ± 0.1 g·kg-1 bodyweight. On the evening before 
the experiment, all subjects consumed a standardized meal (22.0 ± 0.6 kJ·kg-1 bodyweight, 
consisting of 55 En% as carbohydrate, 20 En% as protein, and 25 En% as fat). 
 
Experimental Protocol 
 
At 0800 h, participants reported to the lab in a fasted and rested state and had Teflon 
catheters inserted into the antecubital veins of one arm and the top of the opposite hand. 
At 0830 h (t = -150 min), a background blood sample was taken prior to the initiation of the 
tracer infusion protocol. The plasma and intracellular phenylalanine and leucine pools were 
primed with a single, intravenous dose (priming dose) of L-[ring-2H5]-phenylalanine (3.6 
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µmol·kg-1), L-[ring-2H2]-tyrosine (1.10 µmol·kg-1), L-[1-13C]-leucine (7.19 µmol·kg-1). Once 
primed, the continuous stable isotope infusion was initiated (infusion rate: 0.06 µmol·kg-

1·min-1 L-[ring-2H5]-phenylalanine, 0.018 µmol·kg-1·min-1 L-[ring-2H2]-tyrosine, 0.12 µmol·kg-

1·min-1 L-[1-13C]-leucine; Cambridge Isotopes Laboratories, Andover, MA). Participants rested 
for 1.5 h until 1000 h (t = -60 min), when the participants completed the resistance-type 
exercise session. At 1100 h (t = 0 min), immediately after the resistance-type exercise session, 
subjects had a blood sample and muscle biopsy collected from a randomized leg. 
Subsequently, subjects ingested a 500 mL beverage containing 15 g intrinsically L-[1-13C]-
phenylalanine and L-[1-13C]-leucine labeled milk protein (MPC80) alone (15G) or with 
(15G+LEU) an added 1.5 g of crystalline free leucine. The beverages contained 1.5 mL vanilla 
extract to improve palatability (Dr. Oetker, Amersfoort, the Netherlands). Blood samples (10 
mL) were subsequently taken at t = 30, 60, 90, 120, 180, 240, 300, 360 min after protein 
ingestion. A second muscle biopsy was obtained from the contralateral leg at 1700 h (t = 

360 min), signifying the end of the experimental trial. 
Blood samples were collected in EDTA containing tubes and centrifuged at 1000 g for 10 
min at 4 °C. Aliquots of plasma were frozen in liquid nitrogen and stored at –80 °C. Muscle 
biopsies were obtained from the middle region of the M. vastus lateralis, 15 cm above the 
patella and approximately 4 cm below entry through the fascia, using the percutaneous 
needle biopsy technique (5). Muscle samples were dissected carefully and freed from any 
visible non-muscle material. The muscle samples were immediately frozen in liquid nitrogen 
and stored at –80 °C until further analysis. 
 
Resistance-type exercise protocol 
 
The exercise protocol consisted of 60 min of moderate-to-high intensity whole-body 
resistance-type exercise. After 10 min of self-paced cycling at 100 W with a cadence of 60–
80 RPM, subjects performed 5 sets of 10 repetitions on the horizontal leg press machine 
(Technogym BV, Rotterdam, Netherlands), 2 sets of 10 repetitions on the lat pull down 
machine (Technogym BV), 2 sets of 10 repetitions on the chest press machine and 5 sets of 
10 repetitions on the leg extension machine (Technogym BV). The first set of the lower body 
exercises were performed at 50 % 1RM and sets 2–5 were performed at 75-80 % 1RM. All 
sets on the upper body exercises were performed at 75-80 % 1RM. Subjects were allowed 
to rest for 2 min between all sets.  
 
Preparation of tracer and production of intrinsically-labeled protein 
 
The stable isotope tracers L-[ring-2H5]-phenylalanine, L-[1-13C]-leucine and L-[ring-2H2]-
tyrosine were purchased from Cambridge Isotopes (Andover, MA) and dissolved in 0.9 % 
saline before infusion (Basic Pharma, Geleen, the Netherlands). Continuous intravenous 
infusions were performed using a calibrated IVAC 598 pump (San Diego, CA, USA). 
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Intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled milk protein (MPC80) was 
extracted from whole milk obtained during the constant infusion of L-[1-13C]-phenylalanine 
(455 µmol·min-1) and L-[1-13C]-leucine (200 µmol·min-1) for 96 h in a lactating dairy cow (8, 

38). The milk was collected, processed, and fractionated into the MPC80 similarly to what 
has been previously described (15, 31, 38). The L-[1-13C]-phenylalanine and L-[1-13C]-leucine 
enrichments in MPC80 were measured by gas chromatography-combustion-isotope ratio 
mass spectrometry (GC-C-IRMS; MAT 252, Finnigan, Breman, Germany) and averaged 38.3 
mole percent excess (MPE) and 10.8 MPE, respectively. The proteins met all chemical and 
bacteriological specifications for human consumption. 
 
Plasma and muscle analysis 
 
Plasma glucose and insulin concentrations were analyzed using commercially available kits 
(GLUC3, Roche, Ref: 05168791 190, and Immunologic, Roche, Ref: 12017547 122, 
respectively). Plasma amino acid concentrations and enrichments were determined by gas 
chromatography-mass spectrometry analysis (GC-MS; Agilent 7890A GC/5975C; MSD, 
Wilmington, Delaware, USA). Myofibrillar protein-bound L-[ring-2H5]-phenylalanine 
enrichments were determined by GC-MS analysis, whereas the L-[1-13C]-phenylalanine and 
L-[1-13C]-leucine enrichments were determined by GC-C-isotope ratio mass spectrometer 
analysis (GC-C-IRMS; Trace GC Ultra, IRMS model MAT 253; Thermo Scientific). For 
complete details, see the Materials and methods section in Chapter 2.  
 
Western blotting 
 
Muscle was homogenized as previously described (40), 10 μL of protein was loaded and 
standard SDS-PAGE procedures were followed. Antibodies included total and 

phosphorylated mTOR (Ser2448), S6 protein kinase 1 (S6K1; Thr389), RS6 (Ser235/Ser236), 
anti-phospho-eukaryotic translation initiation factor 4E-binding protein-1 (4E-BP1; 

Thr37/46), anti-mTOR, anti-S6K1, anti-ribosomal protein S6 (RS6), and anti-4E-BP1, which 
were purchased from Cell Signaling Technology (Danvers, MA). a-tubulin (Abcam) was used 
as a loading control. All samples for a given protein were detected on the same membrane 
using chemiluminescence and the FluorChem HD imaging system (Alpha Innotech, Santa 
Clara, CA, USA).  

Calculations 
 
Ingestion of L-[1-13C]-phenylalanine labeled protein, intravenous infusion of L-[ring-2H5]-
phenylalanine, and blood sample enrichment values were used to assess whole-body amino 
acid kinetics in non-steady state conditions. Total, exogenous, and endogenous 
phenylalanine rates of appearance (Ra) and plasma availability of dietary protein-derived 
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phenylalanine that appeared in the systemic circulation as a fraction of total amount of 
phenylalanine that was ingested, (Pheplasma) were calculated using modified Steele’s 
equations (6, 11, 46). Myofibrillar protein fractional synthetic rate (FSR) was calculated using 
the standard precursor-product method. For complete details, see the Materials and 

methods section in Chapter 2. 

 

Statistics 
 
All data are expressed as mean+SEM. Baseline characteristics between groups were 
compared using a student’s unpaired t-test. A two-factor repeated measures ANOVA (time 
x treatment) with time as within-subjects factor and treatment group as between-subjects 
factor was performed for the analysis of plasma amino acid concentrations, plasma tracer 
enrichments, whole-body kinetics and glucose and insulin concentrations. The analysis was 
carried out for the period starting at the time of protein administration, between t = 0 and 
360 min. Upon identification of a significant time x treatment interaction, Tukey post hoc 
testing was used to identify time points in which the treatments differed. Non time-
dependent variables (i.e., Whole-body metabolism, FSR values, L-[1-13C]-phenylalanine 
myofibrillar enrichments) were compared between treatment groups using Student’s 
unpaired t-tests. Statistical significance was set at P < 0.05. All calculations were performed 
using SPSS 21.0 (IBM, Chicago, Illinois, USA). 
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Results 
 
Plasma concentrations 
 
Plasma glucose (Figure 3.2A) and insulin (Figure 3.2B) concentrations after protein ingestion 
did not differ between the PRO and PRO+EX groups (P > 0.05). Plasma insulin 
concentrations increased after protein ingestion in both treatments, reaching peak levels 30 
min after protein ingestion. 
 

 

Plasma leucine concentrations (Figure 3.3A) increased rapidly following protein ingestion (P 
< 0.01), but were greater in 15G+LEU (peak values: 407 ± 23 µmol·L-1) when compared to 
15G (peak values: 234 ± 16 µmol·L-1, respectively, P < 0.01). Area under the curve (AUC) 
analysis revealed that plasma leucine availability over the 6 h post-prandial was 
approximately 1.8-fold greater in the 15G+LEU group when compared to the 15G group (P 
< 0.001). Plasma phenylalanine concentrations (Figure 3.3C) increased rapidly following 
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Figure 3.2 Plasma glucose (A, mmol·L-1) and insulin concentrations (B, mU·L-1) following ingestion of 15 g milk 
protein (15G; n = 12) or 15 g milk protein with 1.5 g free leucine (15G+LEU; n = 12) after resistance-type exercise 
in older men. The dotted line represents the ingestion of the beverage. Values represent means + SEM. Data 
were analyzed with repeated measures (time x treatment group) ANOVA. A; time effect: P < 0.01, treatment 
effect: P > 0.05, time x treatment group: P > 0.05. B; time effect: P < 0.01, treatment effect: P > 0.05, time x 
treatment group: P > 0.05. 
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protein ingestion (P < 0.01), but did not differ between groups (P > 0.05). Plasma tyrosine 
concentrations (Figure 3.3D) increased following protein ingestion (P < 0.01) but did not 
differ between groups (P > 0.05).   
 

 

Plasma amino acid enrichments 
 
Plasma enrichments from ingested (L-[1-13C]-phenylalanine), infused (L-[ring-2H5]-
phenylalanine) and ingested and infused (L-[1-13C]-leucine) amino acid tracers did not differ 
between treatments before protein ingestion (t = 0 min; P > 0.05). After protein ingestion, 
plasma L-[1-13C]-phenylalanine enrichments, originating from the ingested protein, increased 
in both groups reaching peak values at t = 60 min in 15G (9.6 ± 0.5 MPE) and t = 120 min in 
15G+LEU (8.7 ± 0.5 MPE) in 15G+LEU. Plasma L-[ring-2H5]-phenylalanine enrichments 
decreased after protein ingestion in both groups (P < 0.001), but no significant group effect 
was detected (P > 0.05). Plasma L-[1-13C]-leucine enrichments increased after protein 
ingestion (P < 0.001), but no significant group effect was detected (P > 0.05).  

Figure 3.3 Plasma leucine (A), phenylalanine (B) and tyrosine (C) concentrations (μmol·L-1) following ingestion 
of 15 g milk protein (15G; n = 12) or 15 g milk protein with 1.5 g free leucine (15G+LEU; n = 12) after resistance-
type exercise in older men. The dotted line represents the ingestion of the beverage. Values represent means 
+ SEM. Data were analyzed with repeated measures (time x treatment group) ANOVA. A; time x treatment 
group: P < 0.01. B; time x treatment group: P > 0.05. C; time x treatment group: P > 0.05. Plasma leucine area 
under the curve over 360 min (B, μmol·360 min·L-1) and analyzed with a student’s unpaired t-test. *Significant 
difference (P < 0.05) from 15G. 
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Whole-body amino acid kinetics 
 
Exogenous phenylalanine appearance rates (Figure 3.4A) increased following protein 
ingestion with peak levels being reached at t = 60 min in both treatment groups (15G: 0.19 
± 0.01, 15G+LEU: 0.16 ± 0.02 μmol Phe·kg-1·min-1; P > 0.05). Dietary protein-derived amino 
acid availability, calculated as a fraction of the total amount of ingested protein (Figure 
3.4B), was higher in 15G (75 ± 2 %) when compared to 15G+LEU (70 ± 1 %; P < 0.05).  
 

 

Whole-body protein synthesis rates did not differ between the treatment groups (15G: 0.60 
± 0.01, 15G+LEU: 0.59 ± 0.01 μmol Phe·kg-1·min-1; P > 0.05). Whole-body protein breakdown 
rates did not differ between the treatment groups (15G: 0.49 ± 0.01, 15G+LEU: 0.49 ± 0.01 
μmol Phe·kg-1·min-1; P > 0.05). Protein ingestion resulted in a positive whole-body protein 
net balance, with no differences observed between the treatment groups (15G: 0.108 ± 
0.004, 15G+LEU: 0.105 ± 0.003 μmol Phe·kg-1·min-1; P > 0.05). Furthermore, leucine co-
ingestion did not appear to influence whole-body phenylalanine oxidation rates (15G: 0.049 
± 0.003, 15G+LEU: 0.046 ± 0.002 μmol Phe·kg-1·min-1; P > 0.05).  
 

  

Figure 3.4 Exogenous phenylalanine rate of appearance (A, Ra) expressed in µmol·phenylalanine·kg-1·min-1 
following ingestion of 15 g milk protein (15G; n = 12) or 15 g milk protein with 1.5 g free leucine (15G+LEU; n 
= 12) after resistance-type exercise in older men. The dotted line represents the ingestion of the beverage. 
Values represent means + SEM. Data were analyzed with repeated measures (time x treatment group) ANOVA. 
Time x treatment group: P < 0.01. C; time x treatment group: P < 0.01. Dietary protein-derived amino acid 
plasma availability (B), calculated as a fraction of the total amount of ingested protein (% ingested protein). 
*Significantly different (P < 0.05) from 15G+LEU. 
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Myofibrillar fractional synthesis rates and protein-bound enrichments 
 
Myofibrillar L-[1-13C]-leucine and L-[ring-2H5]-phenylalanine enrichments were measured in 
muscle samples collected immediately before protein ingestion and after the 6 h post-
prandial period. The post-prandial increase in myofibrillar protein bound L-[1-13C]-leucine 
enrichments tended to be greater in 15G+LEU when compared to 15G (0.0360 ± 0.0016 vs 
0.0314 ± 0.0016 MPE, respectively; P = 0.055). The post-prandial increase in myofibrillar 
protein bound L-[ring-2H5]-phenylalanine enrichment was greater in 15G+LEU when 
compared to 15G (0.0330 ± 0.0015 vs 0.0278 ± 0.0011 MPE, respectively; P < 0.05).  
Myofibrillar protein FSR (in %·h-1) was calculated using L-[ring-2H5]-phenylalanine (Figure 
3.5A) plasma and muscle protein-bound enrichments and using L-[1-13C]-leucine (Figure 
3.5B) plasma and muscle protein-bound enrichments. When FSR was calculated using L-
[ring-2H5]-phenylalanine, myofibrillar protein FSR was approximately 16 % greater in 
15G+LEU (0.0575 ± 0.0032 %·h-1) when compared with 15G (0.0495 ± 0.0021 %·h-1; P < 
0.05). When FSR was calculated using L-[1-13C]-leucine, myofibrillar protein FSR was 
approximately 19 % greater in 15G+LEU (0.0710 ± 0.0048 %·h-1) when compared with 15G 
(0.0598 ± 0.0030 %·h-1; P < 0.05). L-[1-13C]-phenylalanine myofibrillar protein-bound 
enrichments (Figure 3.6) were not different in 15G+LEU (0.0205 ± 0.0022 MPE) when 
compared with 15G (0.0171 ± 0.0017 MPE; P = 0.24). 
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Figure 3.5 Myofibrillar protein fractional synthetic rates (FSR in %·h-1) assessed using L-[ring-2H5]-phenylalanine 
(A) and L-[1-13C]-leucine (B) and following ingestion of 15 g milk protein (15G; n = 12) or 15 g milk protein with 
1.5 g free leucine (15G+LEU; n = 12) after resistance-type exercise in older men. Values represent means + 
SEM. Data were analyzed with a student’s unpaired t-test. *Significantly different (P < 0.05) from 15G. 
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Cellular signaling analyses 
 
The phosphorylation status (ratio of phosphorylated to total protein) of key proteins involved 
in the initiation of muscle protein synthesis are presented in Figure 3.7. Phosphorylation of 
S6K (Figure 3.7B) decreased in both groups over time (time effect, P < 0.01). 
Phosphorylation of 4E-BP1 (Figure 3.7D) increased over time and to a greater extent in 15G 
compared with 15G+LEU (P < 0.01). 

 

Figure 3.6 L-[1-13C]-phenylalanine incorporation into myofibrillar protein following ingestion of 15 g milk 
protein (15G; n = 12) or 15 g milk protein with 1.5 g free leucine (15G+LEU; n = 12) after resistance-type exercise 
in older men. No significant differences between groups (P = 0.24). Values represent means + SEM. Data were 
analyzed with student’s unpaired t-test. 
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Figure 3.7 Muscle phosphorylation status (ratio of phosphorylated to total protein) of mammalian target of 
rapamycin (mTOR; A) S6 protein kinase 1 (S6K; B), ribosomal protein S6 (RS6; C), and eukaryotic translation 
initiation factor 4E-binding protein-1 (4E-BP1; D) in older men after resistance-type exercise (0 min) and 360 
min after the ingestion of 15 g milk protein (15G; n = 12) or 15 g milk protein with 1.5 g free leucine (15G+LEU; 
n = 12). Values represent means + SEM.  Data were analyzed with repeated measures (time x treatment group) 
ANOVA. A; time effect: P > 0.05, treatment effect: P > 0.05, time x treatment group: P > 0.05. B; time effect: P 
> 0.01, treatment effect: P > 0.05, time x treatment group: P > 0.05. C; time effect: P > 0.05, treatment effect: 
P > 0.05, time x treatment group: P > 0.05. D; time effect: P < 0.01, treatment effect: P > 0.01, time x treatment 
group: P < 0.01 *Significantly different (P < 0.05) compared to t = 0 min. †Significant difference (P < 0.05) from 
15G+LEU at the same time point. 
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Discussion 
 

In the present study, we examined the impact of free leucine co-ingestion on post-prandial 
protein handling and the subsequent muscle protein synthetic response following the 
ingestion of 15 g protein during recovery from resistance-type exercise in older men. We 
observed that 70-75 % of the dietary-derived amino acids were absorbed into the circulation 
after ingestion of 15 g protein. Co-ingesting 1.5 g free leucine with 15 g protein further 
increased post-exercise myofibrillar protein synthesis rates, but did not detectably increase 
the incorporation of dietary protein-derived amino acids in myofibrillar protein. 
We administered a primed, continuous intravenous infusion of L-[ring-2H5]-phenylalanine, L-
[ring-2H2]-tyrosine and L-[1-13C]-leucine throughout a 6 h post-exercise recovery period in 
older individuals. Following exercise, participants ingested either 15 g intrinsically L-[1-13C]-
phenylalanine labeled milk protein with or without 1.5 g free leucine. With this experimental 
protocol, we were able to assess in vivo protein digestion and amino acid absorption kinetics, 
whole-body protein metabolism, myofibrillar protein synthesis, and the incorporation of 
dietary protein-derived amino acids in muscle protein (8). After protein ingestion, we 
observed a rapid rise in circulating plasma amino acid concentrations (Figure 3.3) and an 
increase in the rate of exogenous phenylalanine appearance (Figure 3.4A), demonstrating 
rapid protein digestion and subsequent absorption of dietary protein-derived amino acids 
during post-exercise recovery. As expected, fortification with 1.5 g free leucine resulted in a 
greater peak plasma leucine concentration (407 ± 23 vs 234 ± 16 μmol·L-1, P < 0.01) at t = 
30 min, and 1.8-fold greater plasma leucine availability over the entire 6 h post-prandial 
period, when compared to the ingestion of 15 g protein (P < 0.01). We observed 70-75 % 
of dietary protein-derived amino absorption into the circulation over the 6 h post-prandial 
period in both groups. This represents a high degree of protein absorption in comparison 
to recent work from our lab using the same methodology (16, 28, 29). The discrepancy is 
likely attributed to the relatively small amount of dietary protein that was provided in the 
present study along with the extended 6 h post-prandial assessment period, implying that 
more protein derived amino acids can be absorbed during a 6 h post-prandial period when 
the ingested protein bolus is smaller (Holwerda et al., accepted). Free leucine fortification 
seemed to compromise protein digestion and/or amino acid absorption as dietary protein-
derived phenylalanine availability was lower following leucine co-ingestion when assessed 
over the entire 6 h post-prandial period (10.5 ± 0.2 vs 11.2 ± 0.3 g; P < 0.05). This was 
attributed to a mild attenuation of exogenous amino acid appearance rates observed 
between t = 30-120 min (Figure 3.4A). It could be speculated that the added free leucine 
may have stimulated splanchnic amino acid retention of dietary-protein derived amino acids 
during first pass. In agreement, prior work in neonatal pigs has demonstrated that free 
leucine co-ingested with a low protein dose stimulates an increase in jejunum, but not liver 
protein synthesis (23, 33). Altogether, our data demonstrate that free leucine co-ingestion 
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further increases the post-prandial rise in leucine concentrations but attenuates the rate of 
appearance of dietary protein-derived amino acids into the circulation. 
By administering a primed, continuous intravenous infusion of L-[ring-2H5]-phenylalanine and 
L-[ring-2H2]-tyrosine and providing intrinsically L-[1-13C]-phenylalanine labeled protein, we 
were able to assess post-prandial whole-body protein synthesis, breakdown, net balance 
and oxidation. In both groups, protein ingestion resulted in a positive whole-body net 
protein balance during post-exercise recovery. However, fortification with free leucine did 
not further impact whole-body post-prandial protein synthesis, breakdown or net balance. 
These findings are in agreement with prior work in older men at rest (32) and in younger men 
during post-exercise recovery (19). Despite previous reports that leucine administration 
lowers whole-body amino acid oxidation rates (18, 26), we did not observe this effect. These 
studies achieved far greater plasma leucine availability in comparison to the present study, 
which may lead to a reduction in protein breakdown rates (26, 36) and thereby lower the 
availability of amino acids for oxidation (19, 36). Our present data align with recent work 
administering similar, meal-like amounts of leucine (~4.5 g total) (32), and demonstrate that 
leucine co-ingestion does not impact whole-body phenylalanine oxidation rates. 
Changes in whole-body protein metabolism do not necessarily reflect changes on a muscle 
level. Therefore, we also collected skeletal muscle biopsies to directly assess the impact of 
leucine fortification of a low protein dose on intramuscular signaling and the muscle protein 
synthetic response to feeding. Resistance-type exercise and protein ingestion activate 
intramuscular signaling proteins that regulate protein translation with mTOR and its 
downstream targets, S6 kinase, RS6 and 4E-BP1 being of particular relevance. We observed 
no differences in mTOR or RS6 phosphorylation, but detected a decrease in S6 kinase 
phosphorylation over time. These findings align with previous work showing a rapid increase 
in S6 kinase activity following exercise, which subsides over 3-6 h (20, 45). Considering that 
biopsy timing was intended to assess the muscle protein synthetic response during the entire 
post-prandial period, it is most likely that transient increases in signaling activity had 
subsided by 6 h. However, 4E-BP1 phosphorylation increased over time in both groups, and 
to a greater extent after the ingestion of 15 g protein when compared with the ingestion of 
15 g with leucine. We speculate that the higher leucine availability in 15G+LEU may have 
transiently activated 4E-BP1 at an earlier time in comparison to 15G (12, 14, 17), which 
steadily activated 4E-BP1 over the 6 h post-prandial period (20, 43).  
Combining stable isotope labeled amino acid infusions with ingestion of intrinsically-labeled 
protein, we were able to assess muscle protein synthesis rates under both steady-state (L-
[1-13C]-leucine) as well as non-steady state (L-[ring-2H5]-phenylalanine) precursor conditions 
(8). Previous work has demonstrated that the ingestion of a low protein dose (< 20 g) 
following resistance-type exercise does not further stimulate an increase in muscle protein 
synthesis rates in older individuals (47, 48). In the present study, free leucine co-ingested 
with a low protein dose (15 g) increased myofibrillar protein synthesis rates by 16 % (L-[ring-
2H5]-phenylalanine, Figure 3.5A) and 19 % (L-[1-13C]-leucine, Figure 3.5B) when compared 
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with the ingestion of 15 g protein. These findings are in line with multiple studies 
demonstrating that free leucine co-ingestion can further increase the muscle protein 
synthetic response to protein ingestion in older individuals at rest (2, 9, 24, 42) and during 
recovery from resistance-type exercise (2, 7, 9, 24). In the present study, participants 
ingested intrinsically L-[1-13C]-phenylalanine labeled protein, allowing us to directly assess 
the metabolic fate of the dietary protein-derived amino acids (16, 38, 42). Despite the 
greater post-prandial muscle protein synthetic response following the co-ingestion of free 
leucine, we did not observe a significantly greater L-[1-13C]-phenylalanine enrichment in 
myofibrillar protein in 15G+LEU compared with 15G (Figure 3.6). The absence of a 
difference in the incorporation of dietary protein-derived amino acids in myofibrillar protein 
may be related to the mild attenuation in dietary-protein derived phenylalanine availability 
in the circulation when free leucine was co-ingested (Figure 3.4).  
The muscle protein synthetic response to protein ingestion has been shown to be impaired 
in older (41) and/or more clinically compromised populations (25, 44). Resistance-type 
exercise is an effective strategy to improve the sensitivity of skeletal muscle to the anabolic 
properties of dietary protein. However, recent work from our group has demonstrated that 
ingestion of less than 30 g protein does not further increase the muscle protein synthetic 
response during post-exercise recovery in older men (Holwerda et al., accepted). We (28) 
and others (47, 48) have shown that increasing protein intake can compensate for this 
anabolic resistance, with as much as 45 g of protein being required to achieve a robust 
anabolic response during exercise recovery in older individuals. However, ingesting such 
large protein amounts may not be feasible in older and/or more clinically compromised 
populations. The current data extend upon previous findings and show that free leucine co-
ingestion can augment the post-exercise muscle anabolic response to protein ingestion (2, 

7, 9, 24). Therefore, leucine co-ingestion may increase the efficiency by which ingestion of 
low protein doses enhance the muscle protein synthetic response during recovery from 
exercise. Simply adding leucine to a post-exercise snack may represent an effective strategy 
to maintain muscle mass in the older population without the need to ingest large doses of 
protein. However, few long-term intervention studies have assessed the anabolic effect of 
leucine co-ingestion on skeletal muscle adaptation. Whereas leucine supplementation does 
not seem to increase muscle mass in older individuals in resting conditions (21, 39), it has 
been suggested that leucine supplementation might augment resistance training-induced 
skeletal muscle adaptation (37). Nonetheless, more work is needed to assess the long-term 
anabolic effects of leucine co-ingestion in combination with exercise training in the older 
population.  
In conclusion, leucine co-ingestion augments the post-exercise muscle protein synthetic 
response to ingestion of a small amount of protein in older men. 
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Abstract 
 
Background  The age-related decline in skeletal muscle mass is, at least partly, attributed 

to anabolic resistance to food intake. We recently introduced the ingestion of 
dietary protein prior to sleep as a nutritional strategy to augment overnight 
muscle protein synthesis rates in older men.  

Objective The present study aimed to assess whether physical activity performed in the 
evening can augment the overnight muscle protein synthetic response to pre-
sleep protein ingestion in older men. 

Methods In a parallel group design, twenty-three healthy older men (71 ± 1 y) were 
randomly assigned to ingest 40 g intrinsically L-[1-13C]-phenylalanine and L-[1-
13C]-leucine labeled casein protein before going to sleep with (PRO+EX: n = 
11) or without (PRO: n = 12) a bout of physical activity being performed earlier 
in the evening. Overnight protein digestion and absorption kinetics and 
myofibrillar protein synthesis rates were assessed by combining primed, 
continuous infusions of L-[ring-2H5]-phenylalanine, L-[1-13C]-leucine and L-
[ring-2H2]-tyrosine with the ingestion of intrinsically L-[1-13C]-phenylalanine and 
L-[1-13C]-leucine labeled casein protein. Muscle and blood samples were 
collected throughout overnight sleep. 

Results We observed that protein ingested prior to sleep was normally digested and 
absorbed, with 54 ± 2 % of the ingested protein-derived amino acids 
appearing in the circulation throughout overnight sleep. Overnight 
myofibrillar protein synthesis rates were 31 % (0.058 ± 0.002 vs 0.044 ± 0.003 
%·h-1, P < 0.01; based upon L-[ring-2H5]-phenylalanine) and 27 % (0.074 ± 
0.004 vs 0.058 ± 0.003 %·h-1, P < 0.01; based upon L-[1-13C]-leucine) higher in 
PRO+EX compared to PRO. Substantially more of the dietary protein-derived 
amino acids were incorporated into de novo myofibrillar protein during 
overnight sleep in PRO+EX compared to PRO (0.042 ± 0.002 vs 0.033 ± 0.002 
MPE, P < 0.05).  

Conclusions Physical activity performed in the evening augments the overnight muscle 
protein synthetic response to pre-sleep protein ingestion and allows more of 
the ingested protein-derived amino acids to be used for de novo muscle 
protein synthesis during overnight sleep in older men. 
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Introduction 
 
The age-related decline in muscle mass and strength, termed sarcopenia, is accompanied 
by impairments in functional capacity and an increased risk of developing chronic metabolic 
diseases (1, 18). With no apparent differences in basal, post-absorptive muscle protein 
synthesis rates between young and older individuals (14, 23), many research groups have 
started to investigate the muscle protein synthetic response to the main anabolic stimuli, 
such as food intake and physical activity. This has led to the observation of an attenuated 
muscle protein synthetic response to food intake in older individuals (8, 13), a condition that 
has been coined anabolic resistance (6).  
Effective strategies are needed to augment the muscle protein synthetic response to feeding 
as a means to compensate for the presence of anabolic resistance. Therefore, our laboratory 
and many others are investigating nutritional strategies to increase the muscle protein 
synthetic response to meal ingestion. Such interventions may include modulating the amount 
(25, 38, 39), type (15, 22, 24), and timing (16, 20) of protein ingestion, as well as combining 
protein ingestion with various food compounds (11, 31). Besides enhancing the muscle 
protein synthetic response to the main meals (i.e., breakfast, lunch and dinner), we have 
proposed the ingestion of dietary protein prior to sleep with the aim of providing dietary-
derived amino acids to support an increase in overnight muscle protein synthesis (12, 29). In 
a proof-of-principle study, Groen et al. (12) demonstrated that enteral administration of 40 
g protein during sleep via a nasogastric tube was followed by proper protein digestion and 
absorption, thereby increasing overnight amino acid availability and stimulating overnight 
muscle protein synthesis rates in older individuals. Therefore, we proposed dietary protein 
ingestion prior to sleep as a practical and effective strategy to improve overnight protein 
balance and stimulate overnight muscle protein synthesis. 
Physical activity is an important factor responsible for the level of anabolic resistance (6, 33). 
Previous work has established that physical activity or exercise can robustly increase muscle 
protein synthesis rates (3, 19, 27, 28). Moreover, physical activity augments the post-prandial 
muscle protein synthetic response to protein feeding, thereby compensating for the level of 
anabolic resistance (27, 38, 39). Here, we hypothesized that physical activity performed 
during the evening would augment the overnight muscle protein synthetic response to pre-
sleep protein ingestion, allowing more of the ingested protein to be used for de novo 
myofibrillar protein accretion during sleep.  
To test our hypothesis that physical activity can augment the impact of pre-sleep protein 
ingestion on overnight muscle protein synthesis, we selected 23 older men (71 ± 1 y) who 
ingested 40 g intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled casein protein 
before going to sleep with (PRO+EX: n = 11) or without (PRO: n = 12) a bout of physical 
activity being performed earlier in the evening. By combining the ingestion of specifically 
produced intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled casein with 
administration of primed continuous infusions of L-[ring-2H5]-phenylalanine, L-[1-13C]-leucine 
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and L-[ring-2H2]-tyrosine we were able to assess overnight protein digestion and amino acid 
absorption kinetics, whole-body protein metabolism, muscle protein synthesis rates, as well 
as the metabolic fate of the dietary protein-derived amino acids towards de novo myofibrillar 
protein accretion during overnight sleep.  
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Materials and methods 
 
Subjects 
 
A total of 24 healthy, normoglycemic, older men (71 ± 1 y) were selected to participate in 
the present study. Subject characteristics of the study participants are presented in Table 
4.1. Subjects were randomly assigned to ingest 40 g intrinsically L-[1-13C]-phenylalanine and 
L-[1-13C]-leucine labeled casein protein before going to sleep with (PRO+EX: n = 11) or 
without (PRO: n = 12) a bout of physical activity being performed earlier in the evening. One 
subject randomized to the PRO+EX group did not complete the physical activity session and 
was therefore excluded from all analyses. All subjects were informed of the nature and 
possible risks of the experimental procedures before their written informed consent was 
obtained. The study was approved by the Medical Ethical Committee of the Maastricht 
University Medical Centre, The Netherlands, and conformed to standards for the use of 
human subjects in research as outlined in the most recent version of the Helsinki Declaration. 
The study was registered at Nederlands Trial Register as NTR3885.  
 
Table 4.1 Subjects characteristics of healthy older men who ingested 40 g protein prior to sleep after either 

completing a session of resistance exercise or remaining at rest1 
 

    
 PRO (n = 12) PRO+EX (n = 11) P 

Age, y 70 ± 1 71 ± 1 0.48 
Body weight, kg 79.4 ± 2.2 79.0 ± 2.2 0.88 
Body mass index, kg·m-2 25.7 ± 0.6 26.0 ± 0.7 0.71 
Body fat, % 20.8 ± 0.9 20.9 ± 1.3 0.92 
Lean body mass, kg 60.6 ± 1.4 60.1 ± 1.8 0.84 
Appendicular lean mass, kg 26.2 ± 0.7 25.9 ± 0.9 0.78 
Leg volume, L 8.4 ± 0.5 8.1 ± 0.5 0.70 
HbA1c, % 5.3 ± 0.1 5.5 ± 0.1 0.43 
Basal plasma glucose, mmol·L-1 6.4 ± 0.3 5.8 ± 0.2 0.08 
Basal plasma insulin, mU·L-1 10.6 ± 1.3 8.5 ± 1.1 0.24 
HOMA-IR 2.2 ± 0.3 3.1 ± 0.4 0.09 
1RM Leg Press, kg - 170 ± 8 - 
1RM Leg Extension, kg - 77 ± 5 - 
PSQI Score 2.3 ± 0.3 2.8 ± 0.5 0.48 

 
1Values are expressed as means ± SEM. PRO treatment, n = 12; PRO+EX treatment, n = 11; HbA1c, glycated 

hemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance, 1RM, one repetition maximum. 

PSQI, Pittsburg Sleep Quality Index. No differences were observed between treatment groups.  

 
Pretesting 
 
Participants arrived at the laboratory at 0830 h by car or public transport in an overnight 
fasted state. Upon arrival, body weight, body composition, and bone mineral content were 
measured with DEXA (Dual-energy X-ray absorptiometry, DEXA; Discovery A; Hologic, 
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Bedford, MA). Thereafter, all participants performed an oral glucose tolerance test (OGTT). 
Plasma glucose and insulin concentrations were measured to determine oral glucose 
intolerance and/or the presence of type 2 diabetes according to 2006 American Diabetes 
Association guidelines (10). All subjects were screened on medical issues and excluded if any 
gastrointestinal, neurological or renal diseases were present. 
Subjects randomized into the PRO+EX group were cleared to perform physical activity by a 
cardiologist who examined electrocardiograms (ECG) measured at rest and during 
submaximal cycling (performed at 70 % of age-predicted heart rate max). The subjects were 
then familiarized with the exercise equipment and physical activity protocol. Subjects first 
performed a 10-min cycling warm-up at 70 % of their age-predicted heart rate max before 
completing an estimation of their 1RM (one repetition maximum) on the leg press and leg 
extension exercises using the multiple repetitions testing procedure (17). For each exercise, 
subjects performed 10 submaximal, or warm-up repetitions to become familiarized with the 
equipment and to have lifting technique critiqued and corrected. Subjects then performed 
sets at progressively increasing loads until failing to complete a valid repetition, judged by 
their inability to complete the full range of motion for an exercise. Ideally, subjects failed 
within 3–6 repetitions during the last and heaviest set. A 2-min resting period between 
subsequent attempts was allowed. The pretesting and experimental trials were separated 
by a period of at least 7 days. 
 
Diet and physical activity  
 
All volunteers were instructed to refrain from any exhaustive physical activity and to keep 
their diet as consistent as possible 48 h prior to the trial. On the day of the experiment, a 
standardized diet (3 meals and 2 snacks) was consumed which provided 9.3 ± 0.6 MJ, with 
55 ± 2 energy% (En%) as carbohydrate, 27 ± 2 En% as fat, and 16 ± 0.2 En% as protein. The 
energy content of the standardized diet was based upon individual energy requirements 
calculated using the Harris-Benedict equation and adjusted using a physical activity factor of 
1.4 to ensure ample energy intake. Dietary protein intake averaged 1.1 ± 0.01 g·kg-1 
bodyweight, with 35 ± 1 % of the protein consumed at dinner.  
 
Experimental Protocol 
 
An overview of the experimental protocol is depicted in Figure 4.1. At 1730 h, participants 
reported to the lab and had Teflon catheters inserted into the antecubital veins of each arm. 
At 1830 h (t = -300 min), all subjects consumed the same standardized dinner meal under 
supervision (2.5 ± 0.1 MJ, providing 62 ± 0.2 En% carbohydrate, 19 ± 0.1 En% fat, and 19 ± 
0.1 En% protein). Subjects in the PRO+EX group performed a single physical activity session 
between 1945 h and 2045 h. After the physical activity session, and at 2100 h (t = -150 min), 
a background blood sample was taken prior to the initiation of the tracer infusion protocol. 
The plasma and intracellular phenylalanine and leucine pools were primed with a single 
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intravenous dose (priming dose) of L-[ring-2H5]-phenylalanine (2.0 µmol·kg-1), L-[ring-2H2]-
tyrosine (0.615 µmol·kg-1), L-[1-13C]-leucine (4.0 µmol·kg-1). Once primed, the continuous 
stable isotope infusion was initiated (infusion rate: 0.05 µmol·kg-1·min-1 L-[ring-2H5]-
phenylalanine, 0.015 µmol·kg-1·min-1 L-[ring-2H2]-tyrosine, 0.1 µmol·kg-1·min-1 L-[1-13C]-
leucine: Cambridge Isotopes Laboratories, Andover, MA). Participants rested for 2.5 h until 
2330 h (t = 0 min), when the first muscle biopsy sample was taken. Subsequently, subjects 
ingested a 450 mL beverage containing 40 g intrinsically L-[1-13C]-phenylalanine and L-[1-
13C]-leucine labeled casein, and 1.5 mL of vanilla extract added to improve palatability (Dr. 
Oetker, Amersfoort, the Netherlands) within 5 min. Subjects went to sleep at 0000 h. During 
the night, blood samples (10 mL) were taken without waking up the subjects at t = 30, 60, 
90, 150, 210, 270, 330, 390, 450 min relative to the intake of the protein drink. A second 
muscle biopsy was obtained from the contralateral leg 7.5 h later at 0700 h (t = 450 min). 

 

 

 
Blood samples were collected in EDTA containing tubes and centrifuged at 1000 g for 10 
min at 4 °C. Aliquots of plasma were frozen in liquid nitrogen and stored at –80 °C. Muscle 
biopsies were obtained from the middle region of the M. vastus lateralis, 15 cm above the 
patella and approximately 4 cm below entry through the fascia, using the percutaneous 
needle biopsy technique (2). Muscle samples were dissected carefully and freed from any 
visible non-muscle material. The muscle samples were immediately frozen in liquid nitrogen 
and stored at –80 °C until further analysis. 
 
Physical activity protocol 
 

The physical activity protocol consisted of 60 min of moderate intensity lower-body 
resistance-type exercise. After 15 min of self-paced cycling at 100 W with a cadence of 60–
80 RPM, subjects performed 6 sets of 10 repetitions on the horizontal leg press machine 
(Technogym BV, Rotterdam, Netherlands) and 6 sets of 10 repetitions on the leg extension 
machine (Technogym BV). The first two sets of both exercises were performed at 55 and 65 

Figure 4.1 Graphical representation of the experimental protocol. 
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% 1RM, respectively and sets 3–6 were performed at 75 % 1RM. Subjects were allowed to 
rest for 2 min between all sets.  
 
Sleep quality assessment 
 
The Pittsburg Sleep Quality Index (PSQI, Sleep Medicine Institute, University of Pittsburgh) 
was used to assess habitual sleep quality during pretesting (7). PSQI scoring (global scores 
0-21 points) was used to classify all subjects to very good, good, poor or very poor sleepers. 
Subjects that scored >5 (poor sleepers) were not included in the trial. Sleep behavior during 
the test night was monitored using wrist activity monitors and analyzed using 
Actiware software (Philips Respironics, Bend, Oregon). Time was scored as awake unless the 
following conditions were met simultaneously: (a) participant was lying down attempting to 
sleep; (b) the activity counts from the monitor were sufficiently low to indicate that the 
participant was immobile. Additionally, the start and end time of sleep were recorded 
throughout the trial. The following parameters were derived from sleep records and activity 
monitors: bed time (clock time), get up time (clock time), sleep onset latency (the period of 
time between bedtime and sleep start), sleep duration (h), time awake/light sleep (h), sleep 
efficiency (sleep duration expressed as a percentage of time in bed), and wake bouts. 
 

Preparation of tracer and production of intrinsically labeled protein 
 
The stable isotope tracers L-[ring-2H5]-phenylalanine, L-[1-13C]-leucine and L-[ring-2H2]-
tyrosine were purchased from Cambridge Isotopes (Andover, MA) and dissolved in 0.9 % 
saline before infusion (Basic Pharma, Geleen, the Netherlands). Continuous intravenous 
infusions were performed using a calibrated IVAC 598 pump (San Diego, CA, USA). 
Intrinsically L-[1-13C]-phenylalanine and L-[1-13C]-leucine labeled casein protein was extracted 
from whole milk obtained during the constant infusion of L-[1-13C]-phenylalanine (455 
µmol·min-1) and L-[1-13C]-leucine (200 µmol·min-1) for 96 h in a lactating dairy cow. The milk 
was collected, processed, and fractionated into the casein protein concentrate as previously 
described (11, 29, 32). The L-[1-13C]-phenylalanine and L-[1-13C]-leucine enrichments in casein 
protein were measured by gas chromatography-combustion-isotope ratio mass 
spectrometry (GC-C-IRMS; MAT 252, Finnigan, Breman, Germany) and averaged 38.7 mole 
percent excess (MPE) and 9.3 MPE, respectively. The proteins met all chemical and 
bacteriological specifications for human consumption. 
 
Plasma and muscle analysis 
 
Plasma glucose and insulin concentrations were analyzed using commercially available kits 
(GLUC3, Roche, Ref: 05168791 190, and Immunologic, Roche, Ref: 12017547 122, 
respectively). Plasma amino acid concentrations and enrichments were determined by gas 
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chromatography-mass spectrometry analysis (GC-MS; Agilent 7890A GC/5975C; MSD, 
Wilmington, Delaware, USA). Myofibrillar protein-bound L-[ring-2H5]-phenylalanine 
enrichments were determined by GC-MS analysis, whereas the L-[1-13C]-phenylalanine and 
L-[1-13C]-leucine enrichments were determined by GC-C-isotope ratio mass spectrometer 
analysis (GC-C-IRMS; Trace GC Ultra, IRMS model MAT 253; Thermo Scientific). For 
complete details, see the Materials and methods section in Chapter 2.  
 
Calculations 
 
Ingestion of L-[1-13C]-phenylalanine labeled protein, intravenous infusion of L-[ring-2H5]-
phenylalanine, and blood sample enrichment values were used to assess whole-body amino 
acid kinetics in non-steady state conditions. Total, exogenous, and endogenous 
phenylalanine rates of appearance (Ra) and plasma availability of dietary protein-derived 
phenylalanine that appeared in the systemic circulation as a fraction of total amount of 
phenylalanine that was ingested, (Pheplasma) were calculated using modified Steele’s 
equations (4, 9, 37). Myofibrillar protein fractional synthetic rate (FSR) was calculated using 
the standard precursor-product method. For complete details, see the Materials and 

methods section in Chapter 2. 

 

Statistics 
 
All data are expressed as mean ± SEM. Baseline characteristics between groups were 
compared using a student’s unpaired t-test. A two-factor repeated measures ANOVA (time 
x treatment) with time as within-subjects factor and treatment group as between-subjects 
factor was performed for the analysis of plasma amino acid concentrations, plasma tracer 
enrichments, whole-body kinetics and glucose and insulin concentrations. The analysis was 
carried out for the period starting at the time of protein administration, between t = 0 and 
450 min. Upon identification of a significant time x treatment interaction, Bonferroni post 

hoc testing was used to identify time points in which the treatments differed. Non time-
dependent variables (i.e., Whole-body metabolism, FSR values, L-[1-13C]-phenylalanine 
myofibrillar enrichments) were compared between treatment groups using a Student’s 
unpaired t-test. Statistical significance was set at P < 0.05. All calculations were performed 
using SPSS 21.0 (SPSS inc., Chicago, Illinois, USA). 
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Results 
 
Plasma analysis 
 
Overnight plasma glucose (Figure 4.2A) and insulin (Figure 4.2B) concentrations after pre-
sleep protein ingestion did not differ between the PRO and PRO+EX groups (P ≥ 0.05). 
Plasma insulin concentrations increased after protein ingestion in both treatments, reaching 
peak levels after t = 30 min.  

 
Plasma phenylalanine (Figure 4.3A), leucine (Figure 4.3B), tyrosine (Figure 4.3C) 
concentrations increased over time, with peak concentrations being reached t = 210 min 
after protein ingestion, which did not differ between treatments (P ≥ 0.05). 
 

Figure 4.2 Overnight plasma glucose (A, mmol·L-1) and insulin concentrations (B, mU·L-1) following pre-sleep 
protein ingestion with (PRO+EX; n = 11) and without (PRO; n = 12) prior exercise in older men. Values represent 
means + SEM.  The data were analyzed with a two-way repeated-measures (treatment x time) ANOVA. 
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Plasma enrichments from infused (L-[ring-2H5]-phenylalanine; Figure 4.4A), infused and 
ingested (L-[1-13C]-leucine; Figure 4.4B) and ingested (L-[1-13C]-phenylalanine; Figure 4.4C) 
did not differ between treatments before ingesting the protein (t = 0 min, P ≥ 0.05). Whereas 
plasma L-[ring-2H5]-phenylalanine enrichments declined following protein ingestion, plasma 
L-[1-13C]-leucine enrichment levels increased before reaching a steady-state for the duration 
of the trial. After protein ingestion, plasma L-[1-13C]-phenylalanine enrichments, originating 

Figure 4.3 Overnight plasma phenylalanine (A), leucine (B) and tyrosine (C) concentrations (μmol·L-1) following 
40 g of pre-sleep protein ingestion with (PRO+EX; n = 11) and without (PRO; n = 12) prior exercise in older 
men. The dotted line represents the ingestion of the beverage. Values represent means + SEM. The data were 
analyzed with a two-way repeated-measures (treatment x time) ANOVA. 
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from the ingested protein, increased in both groups reaching maximal values at t = 210 min 
in PRO and at t = 150 min in PRO+EX and remained elevated for the duration of the night. 
A main effect for time was detected across groups (P < 0.05), but there were no significant 
interaction effects for treatment x time.  
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Figure 4.4 Overnight plasma L-[ring-2H5]-phenylalanine (A), L-[1-13C]-phenylalanine (B), L-[1-13C]-leucine (C) 
enrichments in mole percent excess (MPE) following 40 g of pre-sleep protein ingestion with (PRO+EX; n = 11) 
and without (PRO; n = 12) prior exercise in older men. The dotted line represents the ingestion of the beverage. 
Values represent means + SEM. Data were analyzed with two-way repeated-measures (treatment x time) 
ANOVA.  
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Whole-body amino acid kinetics 
 
Exogenous phenylalanine appearance rates (Figure 4.5B) increased following protein 
ingestion with peak levels being reached at t = 150 min in the PRO and PRO+EX treatment 
groups, respectively (P ≥ 0.05). As a result of increased exogenous rates of appearance, 
endogenous phenylalanine appearance rates (Figure 4.5C) declined following protein 
ingestion in both groups, with no differences detected (P ≥ 0.05). The ingested dietary 
protein-bound phenylalanine that appeared in the circulation over the entire 7.5 h post 
prandial period did not differ between groups (P ≥ 0.05) and averaged 54 ± 2 % overall.  

 
Protein ingestion prior to sleep resulted in positive overnight whole-body protein net 
balance (Figure 4.6), with no differences observed between treatment groups (P ≥ 0.05). 
Furthermore, physical activity did not appear to further influence any other parameters of 
whole-body protein metabolism: synthesis rates (P ≥ 0.05), breakdown rates (P ≥ 0.05), 
oxidation rates (P ≥ 0.05).  

Figure 4.5 Total phenylalanine rate of appearance (Ra) (A), Exogenous phenylalanine Ra (B), Endogenous 
phenylalanine Ra (C), and total phenylalanine rate of disappearance (Rd) (D) following 40 g of pre-sleep protein 
ingestion with (PRO+EX; n = 11) and without (PRO; n = 12) prior exercise in older men. Values represent means 
+ SEM. Data were analyzed with two-way repeated-measures (treatment x time) ANOVA. 
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Myofibrillar fractional synthesis rates and protein-bound enrichments 
 
Myofibrillar L-[ring-2H5]-phenylalanine and L-[1-13C]-leucine enrichments were measured in 
muscle samples collected immediately before protein ingestion and immediately after 
waking. The post-prandial increase in myofibrillar protein bound L-[ring-2H5]-phenylalanine 
and L-[1-13C]-leucine enrichments averaged 0.0230 ± 0.0015 vs 0.0294 ± 0.0010 and 0.0334 
± 0.0020 vs 0.0417 ± 0.0018 MPE in PRO vs PRO+EX, respectively (P < 0.05). Myofibrillar 
protein FSR (in %·h-1) was calculated using L-[ring-2H5]-phenylalanine plasma (Figure 4.7A) 
and muscle protein-bound enrichments and using L-[1-13C]-leucine (Figure 4.7B) plasma and 
muscle protein-bound enrichments. PRO+EX resulted in greater stimulation of overnight 
myofibrillar FSR compared to PRO calculated based upon L-[ring-2H5]-phenylalanine (P < 
0.05) as well as L-[1-13C]-leucine (P < 0.05). Overnight FSR was 31 % and 27 % higher in the 
PRO+EX compared with the PRO treatment group, based upon L-[ring-2H5]-phenylalanine 
and L-[1-13C]-leucine infusion, respectively. Myofibrillar L-[1-13C]-phenylalanine (Figure 4.8) 
protein-bound enrichment (MPE) was 28 % higher following the ingestion of intrinsically L-
[1-13C]-phenylalanine labeled protein in PRO+EX vs PRO (P < 0.05).  
 

Figure 4.6 Calculated rates of whole-body protein synthesis, breakdown, oxidation and net protein balance 
(expressed in µmol·phenylalanine·kg-1·min-1) following 40 g of pre-sleep protein ingestion with (PRO+EX; n = 
11) and without (PRO; n = 12) prior exercise in older men. Values represent means + SEM. Data were analyzed 
with a Student’s unpaired t-test. No significant differences were detected. 

Synthesis Breakdown Oxidation Net Balance
0.0

0.2

0.4

0.6

0.8

1.0

µm
ol

 P
he
·k

g-1
·m

in
-1

PRO
PRO+EX

Synthesis: P = 0.29
Breakdown: P = 0.29
Oxidation: P = 0.70
Net Balance: P = 0.68



Physical activity stimulates overnight muscle protein synthesis  

 
89 

 

 
 

 

 

 

 

Figure 4.7 Overnight myofibrillar protein fractional synthetic rates (FSR in %·h-1) following 40 g of pre-sleep 
protein ingestion with (PRO+EX, n = 11) or without (PRO, n = 12) prior exercise as calculated using L-[ring-
2H5]-phenylalanine (A) or L-[1-13C]-leucine (B) as tracer. Values represent means + SEM. Data were analyzed 
with a Student’s unpaired t-test. *Significantly different from PRO, P < 0.01. 

Figure 4.8 Overnight L-[1-13C]-phenylalanine incorporation into myofibrillar protein following ingestion of 40 
g intrinsically L-[1-13C]-phenylalanine-labeled protein prior to sleep with (PRO+EX) or without (PRO) prior 
exercise. Values represent means+ SEM. Data were analyzed with a Student’s unpaired t-test. *Significantly 
different from PRO, P < 0.01. 

0.00

0.02

0.04

0.06

0.08

0.10

M
yo

fib
ril

la
r L

-[r
in
g-

2 H
5]

-p
he

ny
la

la
ni

ne
 F

SR
 

(%
·h

-1
)

*

0.00

0.02

0.04

0.06

0.08

0.10

M
yo

fib
ril

la
r L

-[1
-13

C
]-l

eu
ci

ne
 F

SR
 

(%
·h

-1
)

*
PRO
PRO+EX

A B

0.00

0.01

0.02

0.03

0.04

0.05

M
yo

fib
ril

la
r L

-[1
-13

C
]-p

he
ny

la
la

ni
ne

 
(M

P
E

)

*PRO
PRO+EX



Chapter 4 

 
90 

Sleep data 

 
Sleep onset latency and sleep efficiency data collected during the overnight sleep test are 
displayed in Table 4.2. Sleep onset latency, a measure of the time taken to fall asleep, was 
06:12 ± 02:04 vs 07:00 ± 02:09 (min:sec) in the PRO vs PRO+EX treatment groups, 
respectively  
(P ≥ 0.05). The amount of time that subjects spent awake or in light sleep throughout the 
sleeping period was 01:00:12 ± 00:11:28 vs 00:38:15 ± 00:06:45 (min:sec) in PRO and 
PRO+EX, respectively (P ≥ 0.05). Sleep efficiency, a measure of sleep quality throughout the 
night, also did not differ between treatment groups (81.4 ± 3.1 vs 82.3 ± 8.7 % in PRO and 
PRO+EX, respectively, P ≥ 0.05). 
 
Table 4.2 Sleep quality data collected with wrist activity monitors worn during sleep1 

 

    
 PRO (n = 10) PRO+EX (n = 8) P 

Bed Time, hh:mm 23:55 23:55 0.99 
Get up Time, hh:mm 7:01 7:04 0.64 
Sleep onset latency, mm:ss 06:12 ± 02:04 07:00 ± 02:09 0.81 
Sleep Duration, hh:mm 05:46 ± 00:14 05:53 ± 00:37 0.75 
Time Awake/Light Sleep, hh:mm 01:00 ± 00:11 00:38 ± 00:06 0.13 
Sleep Efficiency, % 81.4 ± 3.1   82.3 ± 8.7 0.83 
Wake Bouts 17 ± 2 12 ± 2 0.09 

 

1Values are expressed as means ± SEM. PRO treatment, n = 10; PRO+EX treatment, n = 8. No significant 

differences were observed between treatment groups. 
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Discussion 
 
In the present study, we assessed whether physical activity performed in the evening after a 
full day of standardized dietary intake and physical activity could augment the overnight 
muscle protein synthetic response to pre-sleep protein ingestion in older men. We observed 
that protein ingested prior to sleep was normally digested and absorbed, with 54 ± 2 % of 
the ingested protein-derived amino acids appearing in the circulation throughout overnight 
sleep. Myofibrillar protein synthesis rates during overnight sleep were substantially higher 
when physical activity was performed earlier that evening, with 28 % more of the pre-sleep 
dietary protein-derived amino acids being directed towards de novo overnight muscle 
protein synthesis. 
We administered a primed, continuous intravenous infusion of L-[ring-2H5]-phenylalanine and 
L-[1-13C]-leucine throughout the night and provided all participants with 40 g intrinsically L-
[1-13C]-phenylalanine-labeled casein protein prior to sleep. With this experimental protocol, 
we were able to assess overnight protein digestion and amino acid absorption kinetics, 
whole-body protein metabolism, myofibrillar protein synthesis, and the specific utilization of 
dietary protein-derived amino acids for de novo muscle protein synthesis (5, 11). Upon 
protein ingestion, we observed a rapid rise in circulating plasma amino acids (Figure 4.3) 
and L-[1-13C]-phenylalanine enrichments (Figure 4.4C), demonstrating proper protein 
digestion and subsequent amino acid absorption during sleep. Exogenous dietary protein-
derived phenylalanine appearance rates remained elevated throughout overnight sleep 
(Figure 4.5C). Over the entire 7.5 h overnight period, 53 ± 2 % of the ingested protein-
derived amino acids appeared in the circulation, with the other 47 ± 2 % of the protein-
derived amino acid being retained in the gut to support turnover of splanchnic tissues. These 
data are in line with previous work quantifying first pass amino acid extraction conducted 
during the day time (25-27), and extend upon these findings with the observation that 
physical activity performed earlier during the evening does not modulate overnight protein 
digestion and amino acid absorption following pre-sleep protein ingestion.  
Protein ingestion prior to sleep has previously been shown to improve whole-body protein 
synthesis and reduce whole-body protein breakdown allowing for a positive net protein 
balance during overnight sleep (12, 29). In the present study, we confirm our previous 
findings by showing that pre-sleep protein ingestion resulted in a (more) positive overnight 
whole-body protein balance (Figure 4.6). Physical activity performed earlier that day did not 
seem to have a substantial impact on overnight whole-body protein synthesis, breakdown, 
amino acid oxidation or net balance (Figure 4.6). However, it should be noted that whole-
body protein metabolism does not necessarily reflect skeletal muscle protein turnover. 
Because we aimed to assess the impact of physical activity on the overnight muscle protein 
synthetic response, we collected muscle biopsies immediately before and after overnight 
sleep. 
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With the present amino acid tracer methodology, we were able to assess rates of muscle 
protein synthesis under steady-state (L-[1-13C]-leucine) and non-steady state (L-[ring-2H5]-
phenylalanine) pre-cursor conditions (5). As hypothesized, myofibrillar protein synthesis rates 
were 31 % (L-[ring-2H5]-phenylalanine, Figure 4.7A) and 27 % (L-[1-13C]-leucine, Figure 4.7B) 
higher in the PRO+EX compared with the PRO treatment. These findings extend upon our 
previous work showing that administration of 40 g protein prior to sleep increases overnight 
muscle protein synthesis rates when compared to a placebo (12). Furthermore, these findings 
are in line with previous work investigating the impact of physical activity or exercise on the 
post-prandial muscle protein synthetic response to protein or meal feeding following an 
overnight fast, showing that physical activity further augments the post-prandial rise in 
muscle protein synthesis rate by approximately 25 % (27, 36). This supports the concept that 
physical activity increases the sensitivity of skeletal muscle tissue to the anabolic properties 
of protein ingestion and that this response may extend into overnight sleep.  In the present 
study, we combined continuous infusions of L-[ring-2H5]-phenylalanine and L-[1-13C]-leucine 
with the ingestion of intrinsically L-[1-13C]-phenylalanine labeled protein (5, 32). Because this 
specifically produced protein has a high enrichment (>35 %), we are able to directly assess 
the metabolic fate of the dietary protein-derived amino acids. Here, we demonstrate that 
the ingested protein was utilized for de novo skeletal muscle protein synthesis throughout 
overnight sleep (Figure 4.8). Substantially more (28 %) of the dietary protein-derived 
phenylalanine was incorporated into skeletal muscle protein when physical activity was 
performed earlier in the day. Therefore, physical activity throughout the day increases the 
efficiency by which dietary protein-derived amino acids provided prior to sleep are directed 
towards overnight de novo muscle protein synthesis. Consequently, the combination of 
physical activity or exercise with pre-sleep protein ingestion can augment the overnight 
muscle protein synthetic response and increase the efficacy by which pre-sleep protein 
supplementation may help to preserve muscle mass and strength in the older population. In 
support, we recently reported greater gains in skeletal muscle mass and strength following 
3 months of evening resistance-type exercise training in young males when subjects were 
provided with additional protein prior to sleep (30). 
It has been well-established that the anabolic response to protein ingestion is impaired in 
older (6, 8, 34) and/or more clinically compromised populations (21, 33-35). Previous work 
from our group (25) as well as others (38, 39) has shown that increasing protein intake can 
compensate for anabolic resistance. However, ingesting larger protein doses may not be 
feasible or practical in all older and/or clinically compromised populations. Protein ingestion 
prior to sleep may represent an effective nutritional strategy to preserve muscle mass by 
stimulating and supporting muscle protein accretion during overnight sleep. The current 
data extend upon previous observations and are the first to show that physical activity 
performed throughout the day increases the efficiency by which dietary protein ingested 
prior to sleep is directed towards de novo muscle protein synthesis in older individuals. 
Therefore, older individuals who are unable to ingest large amounts of protein can still 
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benefit from ingesting smaller amounts of protein (< 40 g) before sleep by performing 
physical activity beforehand. As such, a physical activity program should be implemented in 
combination with pre-sleep protein ingestion to benefit from the synergy between physical 
activity and protein to increase overnight muscle protein accretion in order to support 
healthy aging. 
In conclusion, physical activity performed in the evening augments the overnight muscle 
protein synthetic response to pre-sleep protein ingestion and allows more of the ingested 
protein-derived amino acids to be used for de novo muscle protein synthesis during 
overnight sleep in older men. Combining pre-sleep protein ingestion with physical activity 
may aid in preserving skeletal muscle mass and, as such, support healthy aging.  
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Abstract 
 
Background  Dietary protein digestion and amino acid absorption kinetics determine the 

post-prandial muscle protein synthetic response. Body position may affect 
gastrointestinal function and modulate the post-prandial rise in plasma amino 
acid availability. 

Objective We aimed to assess the impact of body position on gastric emptying rate and 
the post-prandial rise in plasma amino acid concentrations following ingestion 
of a single, meal-like amount of protein. 

Methods In a randomized, cross-over design, eight healthy males (25 ± 2 y, 23.9 ± 0.8 
kg·m-2) ingested 22 g protein and 1.5 g paracetamol (acetaminophen) in an 
upright seated position (control) and in a -20° head-down tilted position 
(inversion). Blood samples were collected during a 240 min post-prandial 
period and analyzed for paracetamol and plasma amino acid concentrations 
to assess gastric emptying rate and post-prandial amino acid availability, 
respectively. 

Results Peak plasma leucine concentrations were lower in the inversion compared 
with the control treatment (177 ± 15 vs 236 ± 15 mmol·L-1, P < 0.05), which 
was accompanied by a lower plasma essential amino acid (EAA) response over 
240 min (31,956 ± 6441 vs 50,351 ± 4015 AU; P < 0.05). Peak plasma 
paracetamol concentrations were lower in the inversion vs control treatment 
(5.8 ± 1.1 vs 10.0 ± 0.6 mg·L-1, P < 0.05). 

Conclusions Gastric emptying rate and post-prandial plasma amino acid availability are 
significantly decreased after protein ingestion in a head-down tilted position. 
Therefore, upright body positioning should be considered when aiming to 
augment post-prandial muscle protein accretion in both health and disease. 
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Introduction 
 
Ingestion of dietary protein increases muscle protein synthesis rates (5, 35, 45, 53, 54). This 
increase in muscle protein synthesis has been attributed to the post-prandial rise in 
circulating (essential) amino acid concentrations, with leucine being of particular relevance 
(9, 15, 18, 50). The post-prandial muscle protein synthetic response is regulated on multiple 
levels, ranging from protein digestion and amino acid absorption (3, 29), post-prandial insulin 
release and the subsequent increase in muscle perfusion (40), amino acid uptake in muscle 
(12), activation of anabolic signaling pathways (9, 20, 31), and subsequent myofibrillar protein 
synthesis (5, 35, 45, 53, 54). 
The post-prandial muscle protein synthetic response can be modulated by changing the type 
(29, 37), amount (38, 42, 53, 54) and timing (33, 34) of protein ingestion. Differences in the 
anabolic properties of various proteins have been attributed to their specific protein 
digestion and amino acid absorption kinetics (6) as well as their amino acid composition (7). 
Previous work from our group (37) as well as others (4, 10, 11, 14, 26, 41, 46, 54) has shown 
that the ingestion of more rapidly digestible protein, such as whey, results in a greater post-
prandial rise in circulating amino acid concentrations, thereby further increasing whole-body 
and/or muscle protein synthesis rates when compared with the ingestion of a more slowly 
digestible protein, such as intact casein. However, whey and casein do not only differ in their 
protein digestion and absorption kinetics, but also in their amino acid composition, with 
whey containing more leucine (3, 10, 46).  
To define the impact of dietary protein digestion and absorption kinetics per se on post-
prandial protein handling we assessed protein digestion and amino acid absorption and 
post-prandial muscle protein synthesis rates following the ingestion of intact micellar casein 
in comparison with its hydrolyzed form (29, 37). Ingestion of the more rapidly digestible 
casein hydrolysate resulted in a more rapid post-prandial rise in circulating amino acids, 
greater post-prandial dietary protein-derived amino acid availability and ~30 % higher post-
prandial muscle protein synthesis rates when compared to ingestion of intact casein (29). 
These findings confirmed the importance of the rate of digestion and amino acid absorption 
in stimulating post-prandial muscle protein synthesis rates. These findings sparked research 
investigating various factors that may modulate post-prandial protein handling, which 
include the type of protein (10, 11, 37), the matrix in which the protein is consumed (8, 32, 

43), the macronutrient composition of a protein-rich meal (23, 44) as well as food preparation 
(2, 19, 39) and mastication (16). We speculated that protein digestion and absorption might 
also be modulated by a factor as simple as body position (i.e., sitting upright or lying down). 
Digestive modulation through changes in body position may be of particular interest since a 
blunted muscle protein synthesis response to feeding is typically observed in settings where 
patients are subjected to prolonged supine rest or in the absence of gravity (17).   
In the present study, we tested our hypothesis that changes in body position strongly 
modulate gastric emptying rate and affect the post-prandial rise in amino acid 
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concentrations in vivo in humans. To test this hypothesis, 8 young males were selected to 
participate in this randomized, cross-over study with two treatments. We assessed gastric 
emptying rate and the post-prandial rise in circulating amino acids following ingestion of a 
single, meal-like amount of protein while maintaining a conventional, upright seated body 
position and while laying supine at a -20° head-down tilted position. This study is the first 
proof-of-principle study to show that gastric emptying rate is reduced and post-prandial 
plasma amino acid responses are attenuated when food is ingested in a partly inverted 
versus upright body position. 
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Materials and methods 
 
Subjects 
 
A total of 8 healthy young males (25 ± 2 y, 23.9 ± 0.8 kg·m−2) were recruited to participate 
in the study. All subjects were instructed to refrain from any exhaustive physical activity and 
alcohol consumption for two days prior to each trial. Subjects remained fasted from 2200 h 
in the evening before each test. This study is part of a larger project (Netherlands Trial 
Register, NTR5027) that was approved by the Medical Ethical Committee of the Maastricht 
University Medical Centre, The Netherlands (METC 14-3-052) and conformed to standards 
for the use of human subjects in research as outlined in the seventh revision of the 
Declaration of Helsinki (Brazil, 2013). 
 
Experimental Protocol 
 
This randomized, cross-over study compared the effect of body position on gastric emptying 
rate and plasma amino acid availability after protein ingestion. In a proof-of-principle 
approach, we chose to assess potential differences in body position by comparing an upright 
seated body position with a moderately inverted body position. Therefore, subjects 
consumed the protein bolus in an upright seated position (control) and in an -20° head-down 
tilted position (inversion). On the test days, participants reported to the lab in a fasted state 
and had one Teflon catheter inserted into the antecubital vein of the right arm. A 
background blood sample was collected and blood pressure and heart rate were measured 
before subjects were positioned in either the control or inversion position, completed in a 
randomized order. For the control treatment, subjects sat in a standardized, stationary chair 
and were instructed to hold their lower back against the back support of the chair. Subjects 
were supervised throughout the test day and were constantly reminded to maintain the 
upright posture. For the inversion treatment, subjects were secured with shoulder and waist 
straps onto a rotatable bed (Confidence Inversion Table, Confidence Fitness, UK) for the 
duration of the test. Once secured, the table was rotated to an angle of -20° head-down tilt 
from horizontal, confirmed using an electronic level. Subjects acclimatized to each body 
position for 30 min after which a baseline blood sample was drawn and blood pressure and 
heart rate were measured. Following the baseline blood draw, subjects ingested 60 g skim 
milk powder (Campina, The Netherlands – Energy (En): 890 kJ, Protein: 22 g, Carbohydrate: 
29 g; Fat: 0.4 g) plus 1.5 g paracetamol (acetaminophen, Kruidvat, Leiden, The Netherlands) 
dissolved in water up to a volume of 500 mL. Paracetamol was added to the beverage to 
assess gastric emptying rate. The protein bolus was ingested within a 5 min time period for 
both treatments. Following ingestion of the drink (t = 0 min), blood samples were collected 
at t = 15, 30, 45, 60, 90, 120, 180, 240 min. After the last blood sample was collected, 
subjects were slowly returned to an upright body position and re-acclimatized throughout a 
10 min time period. 
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Gastric Emptying 
 
Gastric emptying rate was assessed by measuring the post-prandial rise in plasma 
paracetamol (acetaminophen) concentrations after ingestion of protein with 1.5 g 
paracetamol added (21, 52). With paracetamol being rapidly absorbed in the small intestine, 
gastric emptying forms the rate-limiting step determining the appearance rate of 
paracetamol in the circulation. Peak plasma paracetamol concentrations are typically 
reached after 30-60 min following ingestion with a t½ of ~2 h (48). We used plasma 
paracetamol appearance in the circulation as a marker of gastric emptying rate as applied 
previously in our laboratory (48) as well as others (24, 27, 36). 
 
Plasma analysis 
 
Blood samples were collected in tubes containing EDTA and centrifuged at 1000 g for 10 
min at 4 °C. Aliquots of plasma were frozen in liquid nitrogen and stored at –80 °C until 
further analyses. Plasma glucose and insulin concentrations were analyzed using 
commercially available kits (Glucose HK CP, Horiba ABX Diagnostics, France, Ref: 
AA11A01667, and Human Insulin-specific (RIA), Merck Millipore, Germany, Cat #: HI-14K, 
respectively). Plasma (100 µL) for amino acid analyses was deproteinized on ice with 5-
sulphosalicylic acid, mixed and the clear supernatant was collected after centrifugation. 
Amino acid profiles were determined using ultra-performance liquid chromatography 
tandem mass spectrometry (UPLC-MS/MS) as described previously (51). Plasma paracetamol 
concentrations were analyzed with an acetaminophen assay kit (K991598, Roche, Basel, 
Switzerland) with the COBAS-Integra 800 immuno-assay analyzer. Briefly, acetaminophen is 
hydrolyzed to p-aminophenol and acetate. The p-aminophenol is then converted to an 
indophenol by enzymatic reaction. The production of indophenol is colorimetrically analyzed 
and is directly proportional to acetaminophen concentration in plasma. 
 
Statistics 
 
All data are displayed as means + SEM. Time-dependent variables such as plasma glucose, 
insulin, amino acid and paracetamol concentrations were analyzed using a two-way repeated 
measure ANOVA (time × treatment). Upon identification of a significant time × treatment 
interaction, Bonferroni post hoc testing was used to identify time points at which the 
treatments differed. Differences in treatment-dependent variables, such as area under the 
curve (AUC), were analyzed using a Student’s paired t-test. Pearson’s r product moment 
correlation was used to examine the linear relationship between plasma essential amino 
acids and paracetamol AUC for each test. Statistical significance was set at P < 0.05. All 
calculations were performed using SPSS 21.0 (SPSS Inc., Chicago, Illinois, USA).   
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Results 
 
Plasma glucose and insulin concentrations 
 
 Plasma glucose (Figure 5.1A) and insulin (Figure 5.1B) concentrations increased following 
protein ingestion in both treatments (P < 0.05). After reaching peak concentrations, plasma 
glucose concentrations decreased in both treatments and were significantly lower in the 
control vs inversion treatment between t = 60-240 min (time × treatment interaction, P < 
0.05). The increase in insulin was significantly different between the inversion and control 
treatments (time × treatment interaction, P < 0.05). Peak post-prandial insulin concentrations 
were reached at t = 15 min and were significantly lower in the inversion vs control treatment 
(27 ± 8 vs 52 ± 13 mU.L-1, P < 0.05).  

 
  

Figure 5.1 Mean (+SEM) plasma glucose (mmol·L-1; A) and insulin (mU·L-1; B) concentrations after protein 
ingestion while seated (Control; n = 8) and in a -20° head-down tilted position (Inversion; n = 8). The data were 
analyzed with a two-way repeated-measures (treatment × time) ANOVA. Glucose: time effect: P < 0.05; time × 
treatment interaction: P < 0.05. Insulin: time effect: P < 0.05; time × treatment interaction: P < 0.05. *Significant 
differences (P < 0.05) between treatments within each time point. 
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Plasma amino acid responses 
 
Plasma leucine (Figure 5.2A) and essential amino acid (Figure 5.2C) concentrations 
increased following protein ingestion in both treatments (P < 0.01). Plasma leucine and total 
essential amino acid concentrations showed an attenuated rise in the inversion compared 
with the control treatment, with concentrations being significantly lower in inversion 
treatment between t = 15-120 min (P < 0.05). Overall leucine (Figure 5.2B) and essential 
amino acid availability (Figure 5.2D), expressed as AUC calculated over 240 min, were lower 
in the inversion compared with control treatment (P < 0.05). No significant differences were 
observed in post-prandial non-essential amino acid availability (Figure 5.2F) between 
treatments (main effect for time, P < 0.05; time × treatment interaction, P > 0.05). 
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Figure 5.2 Mean (+SEM) plasma leucine (A), essential (EAAs; C) and non-essential (NEAAs; E) amino acid 
concentrations (umol·L-1) after protein ingestion in a seated (Control; n = 8) and in a -20° head-down tilted 
position (Inversion; n = 8). The data were analyzed with a two-way repeated-measures (treatment × time) 
ANOVA. Leucine: time effect: P < 0.01; time × treatment interaction: P < 0.05. EAAs: time effect: P < 0.01; time 
× treatment interaction: P < 0.05. NEAAs: time effect: P < 0.01; time × treatment interaction: P > 0.05. Area 
under the curve over 240 min for plasma leucine (B), EAA (D), and NEAA (F, µmol×240 min×L-1) were analyzed 
with a Student’s paired t-test. *Significant differences (P < 0.05) between treatments within each time point.  
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Gastric Emptying 

Plasma paracetamol (Figure 5.3) concentrations increased following protein ingestion in 
both treatments (P < 0.05). An attenuated post-prandial rise in paracetamol concentrations 
was observed in the inversion compared with control treatment (time × treatment, P < 0.05). 
Peak paracetamol concentrations reached 10.0 ± 0.6 mg·L-1 at t = 90 min in the control 
treatment and 5.8 ± 1.1 mg·L-1 at t = 120 min (P < 0.05) in the inversion treatment. Gastric 
emptying rate during the early post-prandial phase, assessed by paracetamol AUC from t = 
0-60 min was 54 ± 13 % lower in the inversion compared with control treatment (132 ± 37 
vs 344 ± 47 mg×240 min×L-1; P < 0.05). When assessed over the entire 240 min post-prandial 
period, paracetamol AUC was 38 ± 13 % lower in the inversion compared with control 
treatment 1054 ± 196 vs 1693 ± 101 AU; P < 0.05). 

 
Pearson’s r product moment correlation was performed between plasma essential amino 
acids and paracetamol AUCs over the 240 min post-prandial period (Figure 5.4). A 
significant positive (r = 0.68; P < 0.01) correlation was detected between plasma essential 
amino acids and paracetamol AUCs. 
 
 
 
 
 
 
 
 
 

Figure 5.3 Mean (+SEM) plasma paracetamol concentrations (mg·L-1) after protein ingestion in a seated 
(Control; n = 7) and a -20 ° head-down tilted position (Inversion; n = 7). The data were analyzed with a two-way 
repeated-measures (treatment × time) ANOVA. Time effect: P < 0.05; time × treatment interaction: P < 0.05. 
Area under the curve over 240 min (B, mg×240 min×L-1) were analyzed with a Student’s paired t-test. *Significant 
differences (P < 0.05) between treatments within each time point. 
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Figure 5.4 Correlation between post-prandial plasma essential amino acid (EAA) and paracetamol availability. 
Values represent area under the curve (AUC, mg×240 min×L-1) calculations based on plasma essential amino acid 
and paracetamol concentrations measured over 240 min in each trial (n = 14, one subject on both trials did not 
ingest paracetamol). The solid line indicates the linear regression line of best fit and the dashed lines represent 
the 95 % confidence interval. A significant positive correlation was observed (r = 0.68; P < 0.01). 
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Discussion 
 
In the present study, we observed that gastric emptying rates were reduced when protein 
was ingested in an inverted versus upright seated position. The post-prandial rise in 
circulating amino acid concentrations was attenuated following protein ingestion in the 
head-down tilted position along with substantially lower post-prandial amino acid availability 
when compared to feeding in the upright seated position. 
It has been well established that the post-prandial rise in plasma essential amino acid 
concentrations following food ingestion increases muscle protein synthesis rates (13, 15, 18, 

50). In the present study, we observed a rapid rise in plasma glucose and insulin (Figure 5.1) 
and essential amino acid (Figure 5.2C) concentrations following ingestion of a single, meal-
like amount of protein when sitting in a normal, upright position. Total essential amino acid 
concentrations increased rapidly, reaching peak levels of 1408 ± 80 µmol.L-1 within 30 min 
after ingesting 22 g of milk protein. In line, plasma leucine concentrations rapidly reached 
peak levels of 236 ± 15 µmol.L-1 within the same post-prandial time frame (Figure 5.2A). The 
level of increase in plasma essential amino acid concentrations, and leucine in particular, 
observed in the control treatment have been previously shown to result in post-prandial 
muscle protein synthesis rates that were 30-100 % higher when compared to basal, post-
absorptive muscle protein synthesis rates (5, 8, 23, 30, 53, 54).  
When the same bolus of protein was ingested in an inverted body position, the post-prandial 
rises in plasma insulin (Figure 5.1B), essential amino acid (Figure 5.2C), and leucine (Figure 
5.2A) concentrations were substantially reduced. Peak plasma essential amino acids, and 
leucine in particular, reached levels of 1112 ± 70 and 177 ± 15 µmol.L-1, respectively, which 
were substantially lower when compared to concentrations observed after ingesting protein 
in an upright seated position (P < 0.05). The extent of the difference in the post-prandial rise 
in amino acid concentrations following ingestion of a meal-like amount of protein in an 
inverted versus a normal, upright seated position was beyond our expectations. The blunted 
post-prandial rise in plasma essential amino acid concentrations, and leucine concentrations 
in particular, observed in the inversion treatment would unlikely suffice to induce a 
measurable increase in post-prandial muscle protein synthesis rates as shown in previous 
work (42, 53).  
Besides the blunted post-prandial rise in amino acid concentrations following feeding in the 
inverted versus upright seated position, we also observed lower plasma essential amino acid 
(Figure 5.2D) and leucine (Figure 5.2B) availability over the 4 h post-prandial period (Figure 
5.2). These findings are in line with Koopman et al. who showed that ingestion of a single 35 
g bolus of intact, micellar casein resulted in less protein-derived amino acids being released 
into the circulation when compared with the ingestion of the same amount of hydrolyzed 
casein (29). The reduction in protein-derived amino acid release could be attributed to 
reduced gastric emptying rates and/or greater splanchnic amino acid retention following 
ingestion of a more slowly digested protein. In the present study, we assessed gastric 
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emptying rates by measuring the increase in plasma paracetamol concentrations following 
the co-ingestion of 1.5 g paracetamol (21, 25, 48, 52). Peak plasma paracetamol 
concentration was substantially lower (5.8 vs 10.0 mg·L-1) and was reached 30 min later when 
protein was ingested in the inverted compared with the upright seated position (Figure 5.3). 
The attenuated rise in plasma paracetamol concentrations following protein ingestion 
implies that gastric emptying rates were substantially reduced in the inverted versus upright 
seated position. Furthermore, we found that the overall appearance of plasma paracetamol 
was positively correlated with the overall plasma essential amino acid availability (Figure 
5.4). The reduction in gastric emptying rate demonstrated in the inverted position may be 
partly explained by recently published work using computer modelling techniques to 
demonstrate that the movement of stomach content is slowed in a supine position due to a 
lower amount of stomach content gathering near the pylorus (28). Therefore, we conclude 
that the attenuated post-prandial rise in plasma amino acid concentrations following 
ingestion of protein in an inverted compared with an upright seated position can, at least 
partly, be attributed to a reduction in gastric emptying rates. 
The present findings may be of relevance in various settings of disuse atrophy. Disuse 
atrophy has been partly attributed to a reduced sensitivity of the muscle protein synthetic 
response to the post-prandial rise in plasma amino acid concentrations, and leucine 
concentrations in particular (22, 49). Feeding hospitalized patients in a supine as opposed to 
a normal upright sitting position may attenuate the post-prandial rise in plasma amino acid 
concentrations, contributing to anabolic resistance in these patients. Proper upright body 
positioning may be an important pre-requisite to increase the post-prandial rise in plasma 
amino acid availability, thereby increasing the post-prandial muscle protein synthetic 
response to meal ingestion. In other words, our mothers may have been right in more than 
one way by telling us to sit up straight at the dinner table. Lastly, the present findings imply 
that part of the muscle lost by astronauts due to microgravity (1, 47) may also be explained 
by reduced protein digestion and amino acid absorption, thereby attenuating the post-
prandial rise in plasma amino acid concentrations and lowering the post-prandial muscle 
protein synthetic response to food intake.  
Changes in body position substantially modulate gastric emptying rate and the subsequent 
post-prandial rise in plasma amino acid availability. Therefore, an upright body position 
during and after feeding is important for adequate nutrient absorption and should be 
considered when aiming to optimize post-prandial muscle protein accretion in both health 
and disease. 
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Abstract 
 
Background  Dietary protein digestion and absorption kinetics determine the post-prandial 

increase in muscle protein synthesis. We recently demonstrated that body 
position during feeding can modulate the post-prandial rise in plasma amino 
acid availability. 

Objective We investigated whether protein ingestion in an upright sitting body position 
accelerates gastric emptying and improves dietary protein digestion and 
subsequent amino acid absorption compared with feeding in a supine lying 
body position. 

Methods In a crossover design, eight young males (26 ± 1 y, 24.0 ± 0.9 kg.m-2) ingested 
20 g intrinsically L-[1-13C]-phenylalanine labeled milk protein plus 1.5 g 
paracetamol while sitting in an upright position or lying down in a supine 
position. Blood samples were collected frequently during a 5 h post-prandial 
period. Gastric emptying rates and dietary protein digestion and absorption 
were assessed using plasma paracetamol and amino acid concentrations as 
well as plasma L-[1-13C]-phenylalanine enrichments.  

Results Peak plasma leucine concentrations were higher when protein was ingested 
in an upright sitting vs lying position (213 ± 15 vs 193 ± 12 µmol.L-1, P < 0.05), 
which was accompanied by a trend for a greater overall leucine response 
(13989 ± 720 vs 11875 ± 1073 µmol·300 min·L-1, respectively; P = 0.05). Peak 
plasma paracetamol concentrations were higher in the sitting vs lying 
treatment (11.6 ± 0.5 vs 9.3 ± 0.6 mg·L-1, P < 0.05). 

Conclusions Protein ingestion in an upright sitting position accelerates gastric emptying 
and increases the post-prandial rise in plasma amino acid availability by 
increasing protein digestion and amino acid absorption rates. Therefore, 
feeding in an upright body position as opposed to a lying position is an 
important prerequisite to allow proper post-prandial muscle protein 
accretion.  
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Introduction 
 
Protein ingestion increases muscle protein synthesis rates (2, 28, 29). The post-prandial 
increase in muscle protein synthesis rate has been attributed to the rise in circulating 
(essential) amino acid concentrations, with the post-prandial rise in circulating plasma leucine 
concentrations being of particular relevance (8, 26). Regulation of the post-prandial muscle 
protein synthetic response occurs on multiple levels, ranging from protein digestion and 
amino acid absorption (16), post-prandial insulin release and subsequent muscle perfusion 
(21), amino acid uptake in muscle (7), activation of anabolic signaling pathways (10), and 
subsequent myofibrillar protein synthesis (2, 28, 29). Differences in the anabolic properties 
of various proteins have been attributed to their amino acid composition (4) as well as their 
specific protein digestion and amino acid absorption kinetics (3). 
The post-prandial muscle protein synthetic response to feeding is influenced by various 
factors that may modulate post-prandial protein digestion and amino acid absorption (6, 16, 

18). For example, the post-prandial stimulation of muscle protein synthesis can be influenced 
by the type of protein (6, 18), the matrix in which the protein is consumed (5, 22), the 
macronutrient composition of a protein rich meal (13) as well as actual food preparation 
procedures (1, 20) and mastication (9). We recently identified body position during and/or 
after feeding as an important factor influencing the post-prandial muscle protein synthetic 
response. We demonstrated that ingesting 22 g protein in a head-down tilted body position 
slows down gastric emptying rate and substantially lowers post-prandial plasma amino acid 
availability when compared to the ingestion of the same amount of protein in a proper 
upright sitting body position (14).  
Based upon these proof-of-principle findings, we hypothesized that food intake in an upright 
sitting position results in more rapid gastric emptying, thereby accelerating protein digestion 
and subsequent amino acid absorption when compared to feeding in a lying position. 
Understanding the impact of body position on protein digestion and absorption is of 
important clinical relevance as many patients in the hospital remain in a lying position during 
and/or after feeding. Based upon our hypothesis, feeding in a lying body position could 
impair post-prandial protein handling and, as such, contribute to the development of 
anabolic resistance during bed rest following injury or disease. 
To test our hypothesis that post-prandial protein handling differs when protein is ingested 
in an upright sitting versus lying down position, we selected a group of males who were 
subjected to two experiments where gastric emptying rate and protein digestion were 
assessed after consuming 20 g protein in an upright sitting versus lying down position.  To 
simultaneously assess gastric emptying rates and protein digestion and amino acid 
absorption, subjects were administered 20 g intrinsically L-[1-13C]-phenylalanine-labeled milk 
protein (24) mixed with 1.5 g paracetamol (acetaminophen) (14, 17, 23). This study extends 
upon our previous work (14) and shows that protein ingestion in an upright, sitting body 
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position accelerates gastric emptying rate when compared to protein ingestion in a lying 
down body position, resulting in more rapid protein digestion and amino acid absorption. 
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Materials and methods 
 
Subjects 
 
Eight healthy young subjects (26 ± 1 y, 24.0 ± 0.9 kg·m-2) participated in this randomized, 
cross-over trial. Subjects were included if they were between the ages of 18 and 35 y with a 
BMI between 18 and 30 kg·m-2. Potential subjects were excluded if they reported 
gastrointestinal dysfunction/disease (lactose intolerance, celiac disease) or if they were 
taking any form of medication that could impair gastrointestinal function. All participants 
were informed about the purpose of the study, experimental procedures, and possible risks 
prior to providing written consent to participate. This study was approved by the Medical 
Ethical Committee of the Maastricht University Medical Centre, The Netherlands and 
conformed to standards for the use of human subjects in research as outlined in the seventh 
revision of the Declaration of Helsinki (Brazil, 2013). This study was registered at the 
Netherlands Trial Register (http://www.trialregister.nl) as NTR5027. 

 
Diet and physical activity before testing 
 
All subjects were instructed to keep their diet consistent, to refrain from alcohol 
consumption and to refrain from performing any exhaustive physical activity for two days 
before each test day. Subjects reported to the lab for each test day under resting and fasted 
conditions, having not eaten anything from 2200 h the night before testing. 
 
Experimental Procedure 
 
According to the randomized, cross-over study design, each subject ingested 20 g L-[1-13C]-
phenylalanine-labeled milk protein (MPC80) mixed with 1.5 g paracetamol powder 
(acetaminophen, Kruidvat, Leiden, The Netherlands) once while sitting in an upright body 
position and once while lying in a supine horizontal body position. Subjects remained in the 
respective body position for the duration of each trial (330 min total). Each trial was 
separated by a minimum of 6 days. Subjects ingested the test drink through a spout of a 
sports drink bottle to prevent any spillage. Drink ingestion time in both treatment positions 
was standardized to 5 min. The provision of paracetamol in combination with repeated blood 
sampling over a 5 h post-prandial period allowed for assessment of gastric emptying rate 
(see below for methodological description). The provision of intrinsically L-[1-13C]-
phenylalanine labeled protein combined with repeated blood sampling over a 5 h post-
prandial period allows assessment of dietary protein digestion and amino acid absorption. 
Upon ingestion and subsequent digestion of the intrinsically L-[1-13C]-phenylalanine labeled 
protein, increases in L-[1-13C]-phenylalanine enrichment in the circulation provide a reference 
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measurement for protein digestion and subsequent absorption of dietary protein-derived 
amino acids. 
 
Testing Protocol 
 
After an overnight fast, a polyurethane catheter was placed in the antecubetal vein of the 
elbow for frequent blood sampling. At t = -30 min, a basal blood sample was collected from 
the catheter and blood pressure and heart rate was measured once at the upper arm and 
once at the ankle. After baseline measurements, subjects positioned themselves in either 
the sitting or supine position based on randomization. While in the seated position, subjects 
sat in a standardized, stationary chair with arm rests and were instructed to hold their lower 
back against the back support of the chair. Subjects were supervised throughout the test 
day and were constantly reminded to maintain the upright posture. For the lying treatment, 
subjects were laid in a standard hospital bed and were instructed to lay supine for the 
duration of the trial. Subjects were given a pillow to rest their heads, which was positioned 
so that the upper back would remain in contact with the bed. After subjects were positioned 
in the respective body positions of each treatment, they acclimatized for 30 min, after which 
another blood sample was collected and blood pressure and heart rate were measured (t = 
0 min). Following these measurements, the test drink was ingested, signifying the start of 
the 300 min post-prandial period. Venous blood samples were collected at t = 15, 30, 45, 
60, 90, 120, 180, 240 and 300 min.  Blood samples were collected in EDTA containing tubes 
and centrifuged at 1000 g for 10 min at 4 °C. Aliquots of plasma were frozen in liquid 
nitrogen and stored at –80 °C.  Blood pressure and heart rate was measured at the upper 
arm and ankle at t = 60, 120, 180, 240, 300 min. 
 
Preparation of study beverage 
 
Subjects ingested 20 g intrinsically L-[1-13C]-phenylalanine labeled milk protein (MPC80) with 
an added 1.5 g paracetamol powder dissolved in water up to 500 mL. We chose to use 
intrinsically labeled milk as opposed to either rapid or more slowly digestible whey or 
micellar casein fractions (6, 16), as milk and milk protein based products are generally part 
of our diets. The intrinsically L-[1-13C]-phenylalanine–labeled milk protein was obtained by 
infusing a Holstein cow with large quantities of L-[1-13C]-phenylalanine, collecting the milk 
and purifying the milk protein fraction as described previously (24). The L-[1-13C]-
phenylalanine enrichment of the intact MPC80 was 7.7 mole percent excess (MPE). The 
MPC80 met all chemical and bacteriologic specifications for human consumption. 

 
Gastric Emptying 
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Gastric emptying was assessed by measuring the post-prandial rise in plasma paracetamol 
(acetaminophen) concentrations after ingestion of protein with 1.5 g paracetamol added 
(11). With paracetamol being rapidly absorbed in the small intestine, gastric emptying forms 
the rate-limiting step determining the appearance rate of paracetamol in the circulation. 
Peak plasma paracetamol concentrations are typically reached after 30-60 min following 
ingestion with a t½ of ~2 h (23). We used plasma paracetamol appearance in the circulation 
as a marker of gastric emptying as applied previously in our laboratory (14, 23) as well as 
others (15, 17). 
 
Plasma analysis 
 
Plasma glucose and insulin concentrations were analyzed using commercially available kits 
(Glucose HK CP, Horiba ABX Diagnostics, France, Ref: AA11A01667, and Human Insulin-
specific (RIA), Merck Millipore, Germany, Cat #: HI-14K, respectively). Plasma (100 µL) for 
amino acid analyses was deproteinized on ice with 5-sulphosalicylic acid, mixed and the clear 
supernatant was collected after centrifugation. Amino acid profiles were determined using 
ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) as 
described previously (27). Plasma paracetamol concentrations were analyzed with an 
acetaminophen assay kit (K991598, Roche, Basel, Switzerland) with the COBAS-Integra 800 
immuno-assay analyzer. Briefly, acetaminophen is hydrolyzed to p-aminophenol and acetate. 
The p-aminophenol is then converted to an indophenol by enzymatic reaction. The 
production of indophenol is colorimetrically analyzed and is directly proportional to 
acetaminophen concentration in plasma. 
 
Statistics 
 
The study was powered according to an anticipated difference in plasma leucine peak 
concentrations. Based on previously published data (14, 18), we expected the mean effect 
difference in peak plasma leucine concentrations to be approximately 30 µmol·L-1 and the 
standard deviation to be approximately 25 µmol·L-1. A sample size of 8 subjects was 
calculated using a power of 80 % (1-β = 0.8) and a two-sided significance level of 5 % (α = 
0.05). All data are expressed as mean + SEM. Time-dependent variables (i.e., plasma glucose 
and insulin concentrations, plasma amino acid concentrations, plasma L-[1-13C]-
phenylalanine enrichments and plasma paracetamol concentrations) were analyzed by two-
factor repeated measures ANOVA. The analysis was carried out for the period starting at the 
time of protein ingestion, between t = 0 and 300 min. Upon identification of a significant 
interaction, Bonferroni post hoc testing was used to identify time points in which the 
treatments were different. Differences in treatment-dependent variables, such as area under 
the curve (AUC), were analyzed using Student’s paired t-test. Pearson’s r product moment 
correlation was used to examine the linear relationship between plasma leucine amino acid 
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and paracetamol AUC for each test. Statistical significance was set at P < 0.05. All 
calculations were performed using SPSS 21.0 (IBM, Chicago, Illinois, USA). 
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Results 
 
Plasma glucose and insulin concentrations 
 
Plasma glucose concentrations (Figure 6.1A) decreased slightly following protein intake in 
both treatments (time effect, P < 0.01). Plasma insulin concentrations (Figure 6.1B) increased 
following protein ingestion in both treatments (time effect, P < 0.01). The changes in plasma 
glucose and insulin concentrations were different between the sitting and lying treatments 
(time × treatment interaction, P < 0.05). Peak post-prandial insulin concentrations were 
reached at t = 15 min and tended to be lower in the lying vs sitting treatment (20 ± 5 vs 25 
± 3 mU·L-1, P = 0.09 
 

 

 
Plasma amino acid responses 
 
Plasma leucine (Figure 6.2A), total essential (Figure 6.2C) and total non-essential (Figure 
6.2E) amino acid concentrations increased following protein ingestion in both treatments 
compared with baseline (P < 0.01). Plasma leucine and total essential amino acid 
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Figure 6.1 Mean (+SEM) plasma glucose (mmol·L-1; A) and insulin (mU·L-1; B) concentrations after protein 
ingestion while seated (Upright; n = 8) and while lying in a supine body position (Lying down; n = 8). The data 
were analyzed with a two-way repeated-measures (treatment × time) ANOVA. Glucose: time effect: P < 0.05; 
time × treatment interaction: P < 0.01. Insulin: time effect: P < 0.01; time × treatment interaction: P < 0.05. 
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concentrations showed an attenuated rise in the lying compared with the sitting treatment 
(time × treatment, P < 0.05), with concentrations being significantly lower between t = 30-
45 min in the lying compared with sitting position (P < 0.05). Overall plasma leucine 
availability, assessed using AUC analysis over 300 min, tended to be lower in the lying 
compared with sitting treatment (P = 0.05). No significant differences in overall plasma 
essential and non-essential availability over 300 min were observed after protein ingestion 
between treatments (P > 0.05). After protein ingestion, plasma L-[1-13C]-phenylalanine 
enrichments (Figure 6.3), originating from the ingested protein, increased rapidly in both 
treatments reaching maximal values of 2.0 ± 0.2 MPE at t = 30 min in the sitting treatment 
and 1.9 ± 0.1 MPE at t = 60 min in the supine lying treatment (main effect for time, P < 0.01, 
time × treatment interaction, P < 0.01). 
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Gastric Emptying 
 
Plasma paracetamol concentrations (Figure 6.4) increased following protein ingestion in 
both treatments (P < 0.05). Peak paracetamol concentrations reached 11.2 ± 0.8 mg·L-1 at t 
= 45 min in the sitting treatment and 9.3 ± 0.6 mg·L-1 at t = 90 min (P < 0.05) in the supine 
lying treatment. Gastric emptying during the early post-prandial phase, assessed by 
paracetamol AUC between t = 0-60 min was 23 ± 7 % lower in the lying compared with 
sitting treatment (521 ± 45 vs 395 ± 42 mg·300 min·L-1; P < 0.01). When assessed over the 
entire 300 min post-prandial period, paracetamol AUC no longer differed between 
treatments (P > 0.05). 
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Figure 6.2 Mean (+SEM) plasma leucine (A), essential (EAAs; B) and non-essential (NEAAs; C) amino acid 
concentrations (μmol·L-1) after protein ingestion in a seated (Upright; n = 8) and while lying in a supine boy 
position (Lying down; n = 8). The data were analyzed with a two-way repeated-measures (treatment × time) 
ANOVA. Leucine: time effect: P < 0.01; time × treatment interaction: P < 0.05. EAAs: time effect: P < 0.01; time 
× treatment interaction: P < 0.05. NEAAs: time effect: P < 0.01; time × treatment interaction: P > 0.05. Area 
under the curve over 300 min for plasma leucine (B), EAA (D), and NEAA (F, µmol×300 min×L-1) analyzed with a 
Student’s paired t-test. *Significant differences (P < 0.05) between treatments within each time point. +Trend 
for a difference between treatments (P < 0.10).  
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Figure 6.3 Mean (+SEM) plasma L-[1-13C]-phenylalanine enrichment (MPE) after protein ingestion in a seated 
(Upright; n = 8) and while lying in a supine body position (Lying down; n = 8). The data were analyzed with a 
two-way repeated-measures (treatment × time) ANOVA: Time effect: P < 0.01; time × treatment interaction: P 
< 0.01. Area under the curve over 300 min (B, MPE·300 min) analyzed with a Student’s paired t-test. 
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Figure 6.4 Mean (+SEM) plasma paracetamol concentrations (mg·L-1) after protein ingestion in a seated 
(Upright; n = 8) and while lying in a supine body position (Lying down; n = 8). The data were analyzed with a 
two-way repeated-measures (treatment × time) ANOVA: Time effect: P < 0.01; time × treatment interaction: P 
< 0.01. Area under the curve over 300 min (B, mg·300 min·L-1) inset and analyzed with a Student’s paired t-test. 
*Significant differences (P < 0.05) between treatments within each time point. 
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Discussion  
 
In the present study, we observed that gastric emptying rate was accelerated when protein 
was ingested in an upright sitting versus supine lying body position. The post-prandial rise 
in circulating leucine concentrations was greater when protein was ingested in the upright 
sitting position, which was accompanied by a trend for greater overall plasma leucine 
availability when compared to the lying position. 
The postprandial rise in plasma essential amino acids, and leucine in particular, is a key factor 
for driving the stimulation of postprandial muscle protein synthesis (8, 26). In the present 
study, ingestion of a meal-like amount of protein rapidly increased plasma insulin (Figure 
6.1B), essential amino acids (Figure 6.2C), and leucine (Figure 6.2A) concentrations. The 
post-prandial rise in plasma amino acid availability was attributed to the appearance of 
dietary protein-derived amino acids in the circulation, as evidenced by the post-prandial rise 
in both plasma phenylalanine concentration and L-[1-13C]-phenylalanine enrichments (Figure 
6.3A). When protein was ingested in the sitting position, plasma essential amino acid 
concentrations reached peak levels of 1277 ± 69 µmol·L-1, with plasma leucine 
concentrations reaching 223 ± 14 µmol·L-1. Such post-prandial increases in plasma essential 
amino acid concentrations, and plasma leucine in particular, have previously been shown to 
increase muscle protein synthesis rates by 30-100 % when compared to basal, post-
absorptive muscle protein synthesis rates (2, 5, 13, 28, 29). 
The same, meal-like amount of protein ingested in the lying down position resulted in a 
blunted post-prandial rise in plasma insulin (Figure 6.1B), total essential amino acids (Figure 
6.2C) and leucine (Figure 6.2A) concentrations when compared to protein intake in an 
upright sitting position. After protein ingestion in the lying down position, peak plasma 
leucine concentration reached 193 ± 12 µmol·L-1, which was significantly lower when 
compared with post-prandial peak plasma leucine concentrations observed following 
protein ingestion in a seated position. In accordance, plasma leucine availability over the 
entire 5 h post-prandial period was 15 ± 6 % less following protein ingestion in the lying 
versus upright, seated position (P = 0.05). The attenuated rise in post-prandial plasma 
leucine availability observed between the upright sitting and lying down positions is in line 
with previous proof-of-principle data from our lab comparing plasma amino acid availability 
after protein ingestion in an upright sitting versus head-tilted down body position (14). The 
blunted post-prandial rise in plasma leucine and total essential amino acid concentrations 
after protein ingestion in a lying down position would unlikely suffice to induce a measurable 
post-prandial increase in muscle protein synthesis rates as demonstrated in previous work 
(28, 29).  
The modulation of post-prandial plasma leucine availability has also been demonstrated in 
various studies assessing protein digestion and absorption kinetics and muscle protein 
synthesis rates after ingestion of different protein amounts (19, 28, 29), types (16, 18) and 
meals with different macronutrient compositions (13). By combining the ingestion of 
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intrinsically L-[1-13C]-phenylalanine labeled protein with the continuous intravenous L-[ring-
2H5]-phenylalanine infusion, some of these studies were able to demonstrate that a greater 
first pass splanchnic extraction of dietary protein-derived amino acids was likely responsible 
for the attenuated postprandial rise in plasma amino acid availability (13, 16, 18). In the 
present study, we provided our subjects with intrinsically L-[1-13C]-phenylalanine labeled 
protein. By collecting blood samples over a 5 h post-prandial period and measuring both 
plasma phenylalanine concentrations as well as L-[1-13C]-phenylalanine enrichments, we were 
able to compare the post-prandial rise in dietary protein-derived amino acid availability in 
the circulation, providing insight into dietary protein digestion and amino acid absorption 
kinetics (24). We observed a modulation in the temporal pattern of dietary protein-derived 
amino acid availability with protein ingestion in the sitting as opposed to lying position, 
resulting in a more rapid release of dietary protein-derived amino acids without changing 
overall plasma availability assessed over the entire 5 h post-prandial period (Figure 6.3). 
These findings indicate that dietary protein-derived amino acid absorption is accelerated 
when protein is ingested in a seated compared with lying position, resulting in a greater 
post-prandial rise in plasma essential amino acid and leucine concentrations. 
The more rapid release of dietary protein-derived amino acids into the circulation following 
protein ingested in a seated vs lying down position may be attributed to a delay in gastric 
emptying rate in the lying position. Therefore, we also assessed gastric emptying rates by 
measuring the increase in plasma paracetamol concentrations following the combined 
ingestion of protein with 1.5 g paracetamol (11, 14, 23). Peak plasma paracetamol 
concentrations were substantially higher in the seated vs lying down position (11.6 ± 0.5 vs 
9.3 ± 0.6 mg·L-1, respectively) and were reached 45 min earlier when protein was ingested 
in the sitting position compared to the lying position (Figure 6.4A). In accordance, AUC 
analysis of plasma paracetamol concentrations over the first 60 min after protein ingestion 
revealed a substantially higher gastric emptying rate in the sitting compared with lying 
position (Figure 6.4B). Furthermore, we observed a significant positive correlation between 
plasma paracetamol and leucine AUC during the early post-prandial period (t = 0-60 min; r 
= 0.53; P < 0.05). Altogether, these data show that gastric emptying rates are 23 % slower 
when protein is ingested in a lying body position, resulting in an attenuated post-prandial 
rise in circulating plasma amino acid concentrations. Of course, we cannot exclude that other 
factors, such as changes in splanchnic blood flow, may contribute to the observed 
differences in post-prandial protein handling following food intake in an upright sitting or 
supine position. These differences in post-prandial amino acid availability are similar to 
differences observed between slowly vs more rapidly digestible proteins (16, 18), implying 
that body position can strongly modulate post-prandial protein handling in vivo in humans.  
The present findings may be of relevance to various settings of disuse atrophy. Disuse 
atrophy has been partly attributed to a reduced sensitivity of the muscle protein synthetic 
response to the post-prandial rise in plasma amino acid concentrations, and leucine in 
particular (12, 25). In the present study, we observed that protein ingestion in a lying body 
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position results in an attenuated rise and overall availability of plasma leucine. Therefore, 
feeding bedridden patients in a lying down as opposed to a normal upright sitting position 
may attenuate the post-prandial rise in plasma amino acid concentrations, contributing to a 
diminished anabolic response to feeding in these patients. Proper upright body position 
during and after feeding may be a pre-requisite to maximize post-prandial muscle protein 
accretion and, as such, compensate for anabolic resistance.  
In conclusion, protein ingestion in an upright sitting as opposed to a lying down position 
accelerates gastric emptying rate, accelerates dietary protein-derived amino acid 
absorption, and increases the post-prandial rise in plasma amino acid concentrations. 
Therefore, an upright body position during and after feeding is recommended when aiming 
to optimize post-prandial muscle protein accretion.  
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Abstract 
 
Background  Resistance-type exercise increases muscle protein synthesis rates during 

acute post-exercise recovery. The impact of resistance-type exercise training 
on (local) muscle protein synthesis rates under free-living conditions on a day-
to-day basis remains unclear. 

Objective We determined the impact of daily unilateral resistance-type exercise on local 
myofibrillar protein synthesis rates during a 3-day period. 

Methods Twelve healthy young men (22 ± 1 y) were recruited to participate in this study 
where they performed daily, unilateral resistance-type exercise during a 3-day 
intervention period. Two days before the exercise training subjects ingested 
400 mL deuterated water (2H2O). Additional 50 mL doses of deuterated water 
were ingested daily during the training period. Saliva and blood samples were 
collected daily to assess body water and amino acid precursor deuterium 
enrichments, respectively. Muscle tissue biopsies were collected before and 
after the 3 days of unilateral resistance-type exercise training from both the 
exercised and the nonexercised, control leg for the assessment of muscle 
protein synthesis rates. 

Results Deuterated water dosing resulted in a steady-state body water enrichment of 
0.70 ± 0.03 %. Intramuscular free [2H]-alanine enrichment increased up to 1.84 
± 0.06 mole percent excess (MPE) before the exercise training and did not 
change in both the exercised and control leg during the 3 subsequent 
exercise training days (2.11 ± 0.11 and 2.19 ± 0.12 MPE, respectively; P > 
0.05). Muscle protein synthesis rates averaged 1.984 ± 0.118 and 1.642 ± 
0.089 %·d-1 in the exercised vs. nonexercised, control leg when assessed over 
the entire 3-day period (P < 0.05). 

Conclusions Daily resistance-type exercise stimulates (local) muscle protein synthesis in 

vivo in humans.  
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Introduction 
 
Skeletal muscle mass is regulated by the net balance between muscle protein synthesis and 
breakdown rates, which typically show a turnover rate of 1-2 % per day (27). Physical activity 
and food ingestion represent two major anabolic stimuli that increase muscle protein 
synthesis rates. A single session of resistance-type exercise increases muscle protein 
turnover (6, 14, 39) and sensitizes skeletal muscle tissue to the anabolic properties of protein 
ingestion (13, 35, 38). Protein ingestion increases plasma amino acid availability, which 
further augments the acute post-exercise increase in muscle protein synthesis rates (17, 18, 

37, 49, 53). Whereas the synergistic effects of resistance-type exercise and protein ingestion 
have been well established in acute post-exercise settings, it remains to be established how 
such acute findings align with more long-term anabolic responses to exercise.  
Contemporary stable amino acid infusion techniques combined with muscle biopsy sampling 
allows for acute in vivo assessment of muscle protein synthesis rates in humans (9, 43, 51). 
However, subjects are restricted to the laboratory environment during amino acid tracer 
infusions and are typically tested under rested and fasted conditions to ensure a high level 
of control during the laboratory assessment. Furthermore, acute infusion protocols may lose 
reliability after more than 12 h due to recycling of the infused amino acid tracer between 
protein and precursor pools (46, 50). Consequently, it has been debated to what extent the 
acute post-exercise muscle protein synthetic response to a single bout of exercise can be 
predictive of the absolute changes in skeletal muscle mass that can be observed during more 
long-term exercise training interventions (3, 32, 34).  
Recently, oral deuterated water (2H2O) dosing has re-emerged in the field as a method to 
assess muscle protein synthesis rates over a period of days or even weeks (21, 45). Ingestion 
of deuterated water enriches the body water pool with deuterium, allowing for endogenous 
deuterium labeling of the non-essential amino acid, alanine. The deuterium-labeled alanine 
is synthesized into muscle proteins, which can be detected in muscle biopsy samples and 
used to calculate muscle protein synthesis rates (44, 45, 57). Test participants are able to 
remain in their free-living environment, providing the opportunity to incorporate important 
anabolic factors such as dietary protein intake, habitual physical activity, exercise, hormonal 
responses and diurnal variations into the assessment of daily muscle protein synthesis rates. 
For example, Wilkinson et al. and Brooks et al. have recently applied the deuterated water 
method in humans to assess temporal patterns of the muscle anabolic response to 
resistance-type exercise training over 8 days (57) and 6 weeks (8), respectively. As such, the 
deuterated water method appears to represent a valuable tool to better understand the how 
muscle protein synthesis rates are impacted under more natural settings, which may serve 
to better predict changes in skeletal muscle mass observed under a variety of conditions.  
Here, we applied oral deuterated water dosing methods to determine the impact of 
resistance-type exercise training on local muscle protein synthesis rates over a three-day 
period. In order to test our hypothesis that resistance-type exercise training increases muscle 
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protein synthesis rates over multiple days, we recruited 12 young men (21 ± 1 y) for testing. 
All subjects performed unilateral resistance-type exercise every day during a three-day 
intervention period. Subjects ingested small amounts of deuterated water each day 
throughout the experiment to enrich the body water pool. Saliva and blood samples were 
collected to assess body water deuterium and plasma free [2H]-alanine enrichments, 
respectively. Muscle tissue biopsies were collected before and after the three days of 
unilateral resistance-type exercise training from the exercised as well as the non-exercised, 
control leg for the assessment of local muscle protein synthesis rates. 
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Materials and methods 
 
Subjects 
 
A total of 12 healthy young men (22 ± 1 y, 23.9 ± 0.5 kg·m-2) were recruited to participate in 
the present study. Subject characteristics are presented in Table 7.1. All subjects were 
screened for inclusion by filling in a medical questionnaire. Upon inclusion, all subjects were 
performing activities of daily living, but were not participating in any structured exercise 
program totaling more than 4 h of exercise per week. All subjects were informed of the 
nature and possible risks of the experimental procedures before their written informed 
consent was obtained. The study was approved by the Medical Ethical Committee of the 
Maastricht University Medical Centre, The Netherlands, and conformed to standards for the 
use of human subjects in research as outlined in the most recent version of the Helsinki 
Declaration. The study was registered at Netherlands Trial Register as NTR5099.  
 
Table 7.1 Subjects’ baseline characteristics of healthy young men who completed unilateral resistance-type 
exercise on 3 consecutive experimental test day 1 
 

   

  n = 12 

Age, y 22 ± 1 
Weight, kg 77.7 ± 2.7 
Height, cm 180 ± 2 
BMI, kg·m-2 23.9 ± 0.5 
LBM, kg 63.2 ± 1.9 
Body fat, % 16 ± 1 
Unilateral Leg Extension 1RM, kg 72 ± 4 
Unilateral Leg Press 1RM, kg 133 ± 7 
Protein intake, g·kg-1·d-1 1.7 ± 0.2 
Step count, steps·d-1 7266 ± 686 

 
1Values are expressed as means ± SEM. n = 12; BMI, body mass index. LBM, lean body mass. 1RM, one repetition 
maximum.  
 
Pretesting 
 
During the initial screening visit, subjects were familiarized with the study exercise program 
and had their maximal strength (1RM) estimated on the exercise machines. Subjects first 
performed a 5 min cycling exercise warm-up at 150 W before completing an estimation of 
their 1RM (one repetition maximum) on the leg press and leg extension exercises using the 
multiple repetitions testing procedure (31). Subjects completed the strength testing with the 
leg (dominant or non-dominant) that was randomly chosen to complete the exercise 
program during the study protocol. For each exercise machine, subjects performed 10 
submaximal, or warm-up repetitions to become familiarized with the equipment and to have 
lifting technique critiqued and corrected. Subjects then performed sets at progressively 
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increasing loads until failing to complete a valid repetition, judged by their inability to 
complete the full range of motion for an exercise. Ideally, subjects failed within 3–6 
repetitions during the last and heaviest set. A 2 min resting period between subsequent 
attempts was allowed. The pretesting and experimental trials were separated by a period of 
at least 7 days. 

 
Diet and physical activity  
 
All subjects were instructed to refrain from any exhaustive physical activity and to keep their 
diet as consistent as possible 72 h prior to the trial. Starting on the first test day, subjects 
began recording their diet and physical activity in diaries and continued to do so for the 
remaining test days. Step count was assessed during the experiment using an accelerometer 
(Actical, Philips Respironics, The Netherlands). Upon arrival to the laboratory for the 
deuterated water dosing day (Day 2), subjects started wearing the accelerometer on their 
right hip at the mid clavicular line for the duration of the experiment. 
 

 
Experimental Protocol 
 
The study protocol (Figure 7.1) was designed to assess how daily resistance-type exercise 
training impacts muscle protein synthesis rates over multiple days while participating in 
normal daily physical activities and consuming a normal diet. The study protocol consisted 
of 7 consecutive test days. In order to measure mixed muscle protein synthesis rates over 
multiple days, subjects underwent a deuterium oxide dosing protocol. The deuterated water 
dosing protocol (described below) was initiated on day 2 and was continued over the last 6 
d of the experimental protocol. The dosing protocol was designed to achieve and maintain 
0.8-1.0 % body water deuterium enrichment between days 3 and 7. Subjects reported to the 
lab at 1000 h on test day 4 to have one muscle biopsy collected from each leg. Following 
the muscle biopsies, subjects completed the first of three unilateral resistance-type exercise 
sessions (described below). After completing each exercise session, test subjects ingested 
30 g whey protein dissolved in water with an added 1.5 mL vanilla flavour. Subjects then left 

D2O dosing

Unilateral Exercise

Bilateral Muscle Biopsies

Blood Samples

Saliva Samples

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Loading 8 x Maintenance – 1 x per day

R
L

Day 7

Dietary and physical activity recording

Figure 7.1 Graphical representation of the experimental protocol. 



 Daily exercise stimulates muscle protein synthesis  

 
137 

the lab and were instructed to maintain their normal routine, but refrain from any exhaustive 
physical activity. Subjects returned to the lab between 0900–1100 h on days 5 and 6 to 
complete the final two exercise sessions. Subjects returned to the lab at 1000 h on day 7 
when the final muscle biopsies were collected from each leg signifying the end of the 
research protocol. 
Blood samples were collected in EDTA containing tubes and centrifuged at 1000 g for 10 
min at 4 °C. Aliquots of plasma were frozen in liquid nitrogen and stored at –80 °C. Saliva 
samples were collected at least 30 min after meal ingestion. To collect saliva, subjects lightly 
chewed on a cotton swab (Celluron, Hartmann, Germany) for enough time to saturate the 
cotton swab with saliva. The swab was then removed and depressed using a syringe to 
extract the saliva into a sample tube. After collection, saliva was frozen in liquid nitrogen and 
stored at –80 °C. Muscle biopsies were obtained from the middle region of the M. vastus 
lateralis, 15 cm above the patella and approximately 4 cm below entry through the fascia, 
using the percutaneous needle biopsy technique (5). Muscle biopsy samples were dissected 
carefully and freed from any visible non-muscle material. The muscle samples were 
immediately frozen in liquid nitrogen and stored at –80 °C until further analysis. 
 
Resistance-type exercise sessions 
 
The resistance-type exercise sessions consisted of 45 min of moderate intensity lower-body 
resistance-type exercise. Subjects exercised with a single leg, which was randomized based 
on dominance (i.e., dominant vs non-dominant). Subjects first completed 10 min of unilateral 
cycling at 75 W with a cadence of 60–80 RPM. Afterwards, subjects performed 1 warm-up 
set at 50 % 1RM followed by 4 sets of 8-10 repetitions at 75 % 1RM on the horizontal leg 
press machine (Technogym BV, Rotterdam, The Netherlands). After completing the leg press 
exercise, subjects performed 1 warm-up set at 50 % 1RM followed by 4 sets of 8-10 
repetitions at 75 % 1RM on the leg extension machine (Technogym BV, Rotterdam, The 
Netherlands). Subjects were allowed to rest for 2 min between all sets. 
 
Body water deuterium enrichment 
 
Body water enrichment was analyzed using the saliva samples collected throughout the 
experimental protocol. All samples were centrifuged at 10,000 g to remove any debris. 
Following centrifugation, all samples were diluted 70-fold with ddH2O in order to achieve 
deuterium enrichments within the detection limits of the GC-C-IRMS. After dilution, samples 
were prepared for analysis on a GC-C-IRMS using the protocol outlined by Scrimgeour et al. 
(47). Briefly, small plastic cups holding 4 mg of catalyst (5 % platinum on alumina, 325 mesh, 
Sigma-Aldrich, St. Louis, USA) were placed inside 3 mL glass vials (Labco Exetainer, Labco 
limited, Lampeter, UK). 300 µL of diluted saliva sample was then transferred into the vials. 
The glass vials were sealed using rubber septums and a screw cap. Air in each vial was 
simultaneously evacuated and replaced by hydrogen gas. The prepared vials were left at 21 
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°C for 24 h for deuterium equilibration to occur between the hydrogen gas and the saliva 
samples. The deuterium enrichment of the hydrogen gas was then measured in duplicate on 
a GC-C-IRMS (Micromass Optima IRMS fitted with a Multiprep and Gilson autoinjector, 
Micromass UK Limited, Manchester, UK). Standard regression curves were applied from a 
series of known standard enrichment values against the measured values to assess the 
linearity of the mass spectrometer and to account for deuterium loss during equilibration. 
 
Plasma free [2H]-alanine enrichment 
 
Plasma amino acid enrichments were determined by gas chromatography-mass 
spectrometry analysis (GC-MS; Agilent 5975C MSD & 7890A GC, Wilmington, Delaware, 
USA). Plasma samples were deproteinized with dry 5-sulfosalicylic acid. Free amino acids 
were purified using cation exchange chromatography (AG 50W-X8 resin, mesh size: 100–
200 µm, ionic form: hydrogen; Bio-Rad Laboratories, Hercules, CA). The purified amino acids 
were converted into tert-butyldimethylsilyl (tert-BDMS) derivatives with MTBSTFA before 
analysis by GC-MS. The plasma free alanine mass isotopomers (M, M+1) were determined 
using selective ion monitoring at m/z 232 and 233. Standard regression curves were applied 
from a series of known standard enrichment values against the measured values to assess 
the linearity of the mass spectrometer and to account for any isotope fractionation. 
 
Intramuscular free and bound [2H]-alanine enrichment 
 
For measurement of [2H]-alanine enrichment in the intramuscular free and mixed muscle 
protein pools, 55 mg wet muscle was freeze dried. Collagen, blood, and other non-muscle 
fiber material were removed from the muscle fibers under a light microscope. The isolated 
muscle fiber mass (2–3 mg) was weighed and 7 volumes (7 times dry weight of isolated 
muscle fibers wet:dry ratio) of ice-cold 2 % perchloric acid were added. The tissue was then 
sonicated and centrifuged. The supernatant was collected and processed in the same 
manner as the plasma samples, such that intracellular free [2H]-alanine enrichments could be 
measured by using their t-butyldimethylsilyl derivatives on a gas chromatography-mass 
spectrometer. The protein pellet was washed with 3 additional 1.5 mL washes of 2 % 
perchloric acid, dried, and hydrolyzed in 6 M HCl at 120 °C for 15–18 h. The hydrolyzed 
protein fraction was dried under a nitrogen stream while being heated at 120 °C. After 
dissolving with a 50 % acetic acid solution, samples were passed over Dowex exchange resin 
(AG 50W-X8, 100–200 mesh hydrogen form; Biorad, Hercules, CA, USA) by using 2 M 
NH4OH. Thereafter, the eluate was dried, and the purified amino acids were derivatized to 
their N(O,S)-ethoxycarbonyl ethyl esters (26). The derivatized samples were measured using 
a gas chromatography-isotope ratio mass spectrometer (Thermo Fisher Scientific, MAT 253; 
Bremen, Germany) equipped with a pyrolysis oven using a 60 m DB-17MS column and 5 m 
precolumn (no. 122-4762; Agilent, Wilmington, DE, USA) and GC-Isolink. Ion masses 2 and 
3 were monitored to determine the 2H/1H ratios of muscle protein bound alanine. A series 
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of known standards were applied to assess linearity of the mass spectrometer and to control 
for the loss of tracer.  
 
Western blotting  
 
Muscle was homogenized as previously described (52). After protein quantification, equal 
amounts (50 μg protein per lane) of protein were loaded and standard SDS-PAGE 
procedures were followed. Antibodies included total and phosphorylated mTOR (Ser2448), S6 
protein kinase 1 (S6K1; Thr389), RS6 (Ser235/Ser236), anti-phospho-eukaryotic translation 
initiation factor 4E-binding protein-1 (4E-BP1; Thr37/46), anti-mTOR, anti-S6K1, anti-ribosomal 
protein S6 (RS6), and anti-4E-BP1], which were purchased from Cell Signaling Technology 
(Danvers, MA, USA). α-tubulin (Abcam) was used as a loading control. All samples for a given 
protein were detected on the same membrane using chemiluminescence and the FluorChem 
HD imaging system (Alpha Innotech, Santa Clara, CA, USA).  
 
Calculations 
 
Mixed muscle protein fractional synthetic rate (FSR) was determined using the incorporation 
of [2H]-alanine into muscle proteins and either mean intracellular free [2H]-alanine enrichment 
in each leg, mean free [2H]-alanine enrichment in plasma or mean body water deuterium 
enrichment corrected by a factor of 3.7 based upon the deuterium labelling during de novo 
alanine synthesis. FSR was calculated using the standard precursor-product method: 
 

N|&	(%∙day-1) = 	W
:ãå-	:ãç

:EJéèêJëFJ	r	4
f í	100    (1) 

 
Em1 and Em2 are the mixed muscle protein-bound enrichments on days 4 and day 7, 
respectively. Eprecursor represents either mean intracellular free [2H]-alanine enrichment in each 
leg, mean free [2H]-alanine enrichment in plasma or body water deuterium enrichment 
corrected by a factor of 3.7 based upon the deuterium labelling of alanine during de novo 
synthesis. t represents the time between biopsies on day 4 and day 7.  
 
Statistics 
 
All data are expressed as mean + SEM. A one-factor repeated measures ANOVA with time 
as within-subjects factor was performed for the analysis of body water and plasma 
enrichments over time. A two-factor repeated measures ANOVA (time x treatment) with time 
and treatment group (exercise vs control leg) as within-subjects factor was performed for 
the analysis of intramuscular free [2H]-alanine and mixed muscle protein bound [2H]-alanine 
enrichments. Upon identification of a significant time x treatment interaction, Tukey post hoc 
testing was used to identify differences. FSR values were compared between treatments 
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using Student’s paired t-tests. Pearson’s r product moment correlations were performed to 
examine the linear relationship between precursor pool enrichments, intramuscular free [2H]-
alanine enrichment between treatments and FSR values calculated with different precursor 
pools. Statistical significance was set at P < 0.05. All calculations were performed using SPSS 
21.0 (Chicago, IL, USA).  
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Results 
 
Physical activity and diet 
 
Subjects’ baseline characteristics are presented in Table 7.1. During the 3-day resistance-
type exercise training protocol, subjects consumed on average 11.2 ± 0.4 MJ, with 43 ± 3 
energy% (En%) as carbohydrate, 30 ± 2 En% as fat, and 24 ± 3 En% as protein. Dietary 
protein intake averaged 1.7 ± 0.2 g·kg-1 bodyweight per day. In addition, subjects ingested 
30 g whey protein immediately after each exercise bout. During the 3-day resistance-type 
exercise protocol, subjects averaged 7266 ± 686 steps per day. 
 
Precursor pools 
 
Body water deuterium enrichment (Figure 7.2A) reached 0.62 ± 0.02 % on day 3, which 
represented the start of the maintenance dosing period. Body water enrichments remained 
in steady state over the duration of the experiment (P > 0.05), and averaged 0.70 ± 0.03 % 
during the 3-day resistance-type exercise training protocol (days 4-7), when muscle protein 
synthesis rates were assessed. Plasma free [2H]-alanine enrichment (Figure 7.2C) reached 
2.35 ± 0.08 MPE on day 3 of the experiment. Plasma free [2H]-alanine remained in steady 
state over the duration of the experiment (P > 0.05), and averaged 2.57 ± 0.11 MPE during 
the assessment of muscle protein synthesis rates. Intracellular free [2H]-alanine enrichments 
(Figure 7.3A) averaged 1.84 ± 0.06 MPE on day 4 and increased to 2.15 ± 0.08 MPE on day 
7 (time effect: P < 0.05), with no differences detected between legs at each time point (time 
x treatment: P > 0.05).  
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Endogenous deuterium labeling dynamics 
 
Plasma free [2H]-alanine enrichment was 3.74-fold greater when compared to body water 
deuterium enrichment (Figure 7.2B). Pearson’s r product moment correlations were 
performed between body water deuterium enrichments, plasma free [2H]-alanine 
enrichments and intramuscular free [2H]-alanine enrichments collected at the same time 
point. A significant positive (r = 0.778; P < 0.0001) correlation was detected between body 
water deuterium and plasma free [2H]-alanine enrichments (Figure 7.2D). A significant 
positive (r = 0.919; P < 0.001) correlation was detected between body water deuterium and 
intramuscular free [2H]-alanine enrichments (day 4 and day 7) in the control leg (Figure 7.3B). 
A significant positive (r = 0.845; P < 0.001) correlation was detected between body water 
deuterium and intramuscular free [2H]-alanine enrichments (day 7) in the exercised leg 
(Figure 7.3C). A significant positive (r = 0.808; P < 0.0001) correlation was detected between 
plasma free [2H]-alanine and intramuscular free [2H]-alanine enrichments (day 4 and day 7) in 

Figure 7.2 Body water deuterium enrichment (A, %) and plasma free [2H]-alanine enrichment (B, MPE) 
displayed over time during oral deuterated water dosing in young males (n = 12). Dosing began on day 2, 
subjects were in steady state between days 3 and 7. Values represent means + SEM. Data were analyzed using 
a one-way repeated measures ANOVA. Body water deuterium and plasma free [2H]-alanine enrichment in 
corresponding samples expressed in relation to one another (C, % for body water deuterium, MPE for plasma 
free [2H]-alanine). Correlation between body water deuterium enrichment and plasma free [2H]-alanine 
enrichment of corresponding samples (D, % for body water deuterium, MPE for plasma free [2H]-alanine). The 
solid line indicates the linear regression line of best fit, the dashed lines represent the 95 % confidence interval. 
A significant positive correlation was observed (P < 0.0001). 
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the non-exercised, control leg (Figure 7.3D). A significant positive (r = 0.820; P < 0.001) 
correlation was detected between plasma free [2H]-alanine and intramuscular free [2H]-
alanine enrichments (day 7) in the exercised leg (Figure 7.3E). A significant positive (r = 
0.905; P < 0.0001) correlation was detected between intramuscular free [2H]-alanine 
enrichments in the exercised and non-exercised control leg (day 7) (Figure 7.3F).  
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Figure 7.3 Intramuscular free [2H]-alanine enrichment (A, MPE) from the vastus lateralis muscle of each leg at 
day 4 (Basal) and day 7 (Control and Exercise). Data were analyzed using a two-way repeated measures ANOVA 
with time and treatment leg as within subject factors. *Significantly different compared with basal (P < 0.01). 
Multiple correlation analyses were conducted between precursor pools. Panel B: Intramuscular free [2H]-alanine 
enrichment in control leg (MPE) was positively correlated with body water deuterium enrichment (%; P < 0.001). 
Panel C: Intramuscular free [2H]-alanine enrichment in exercise leg (MPE) was positively correlated with body 
water deuterium enrichment (%; P < 0.001). Panel D: Intramuscular free [2H]-alanine enrichment in control leg 
(MPE) was positively correlated with plasma free [2H]-alanine enrichment (MPE; P < 0.001). Panel E: 
Intramuscular free [2H]-alanine enrichment in exercise leg (MPE) was positively correlated with plasma free [2H]-
alanine enrichment (MPE; P < 0.001). Panel F: Intramuscular free [2H]-alanine enrichment in control leg (MPE) 
was positively correlated with intramuscular free [2H]-alanine enrichment in exercise leg (MPE; P < 0.001). The 
solid line indicates the linear regression line of best fit, the dashed lines represent the 95 % confidence interval. 
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Muscle protein synthesis rates   
 
Muscle protein-bound [2H]-alanine enrichments were measured in muscle samples collected 
on day 4 and day 7 of the experimental protocol in the exercised and non-exercised control 
leg. Muscle protein bound [2H]-alanine enrichments (Figure 7.4) averaged 0.0577 ± 0.0051 
MPE in the non-exercised control leg and 0.0585 ± 0.0053 MPE in the exercised leg on day 
4 with no differences between legs (P > 0.05). Muscle protein bound [2H]-alanine enrichments 
increased over time in both groups and averaged 0.185 ± 0.013 MPE in the non-exercised 
control leg and 0.214 ± 0.016 MPE in the exercised leg on day 7 (P < 0.05 for differences 
between legs). Muscle protein FSR (in %·d-1) was calculated using mean body water 
deuterium enrichment corrected by a factor of 3.7 as precursor (Figures 7.5A and 7.5D), 
mean plasma free [2H]-alanine enrichments as precursor (Figure 7.5B and 7.5E) and mean 
intramuscular free [2H]-alanine enrichments as precursor (Figures 7.5C and 7.5F). When 
calculated based upon body water deuterium enrichments as a precursor, muscle protein 
synthesis rates were 24 ± 8 % higher in the leg that performed resistance-type exercise 
(1.984 ± 0.118 %·d-1) when compared to the non-exercised control leg condition (1.642 ± 
0.089 %·d-1; P < 0.05). When calculated based upon plasma free [2H]-alanine enrichments as 
a precursor, muscle protein synthesis rates were higher (24 ± 8 %) in the exercised leg (1.975 
± 0.108 %·d-1) when compared to the control leg (1.637 ± 0.085 %·d-1; P < 0.05). When 
calculated based upon intramuscular free [2H]-alanine enrichments as a precursor, mixed 
muscle protein synthesis rates were 29 ± 8 % higher in the exercise leg (2.609 ± 0.150 %·d-

1) when compared to the control leg (2.071 ± 0.108 %·d-1; P < 0.01). A Pearson’s r product 
moment correlation was performed between FSR calculated with body water deuterium 
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Figure 7.4 Muscle protein bound [2H]-alanine enrichment (MPE) from the vastus lateralis muscle of each leg at 
day 4 (Basal) and day 7 (Control and Exercise). The control leg completed normal activities of daily living and 
the exercise leg completed unilateral resistance-type exercise (leg press and leg extension) once per day for 3 
days. Data were analyzed using a two-way repeated measures ANOVA with time and treatment leg as within 
subject factors. *Significantly different compared with basal (P < 0.05). **Significantly different compared with 
control (P < 0.05). 
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enrichment as precursor and FSR calculated with intramuscular free [2H]-alanine enrichment 
as precursor for both legs (Figure 7.6). A significant positive (r = 0.967; P < 0.0001) 
correlation was detected. 
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Figure 7.5 Mixed muscle protein fractional synthetic rates (FSR in %·h-1) assessed in young males while 
performing bouts of unilateral resistance-type exercise on 3 consecutive days using deuterated water dosing. 
Fractional synthetic rates were calculated using body water deuterium (panels A and D), plasma free [2H]-alanine 
(panels B and E), intramuscular free [2H]-alanine enrichment (panels C and F) as precursor. Individual values 
represented in panels A, B and C. Values in panels D, E and F are represented as means + SEM. Data were 
analyzed with student’s unpaired t-test. *Significantly different compared to control leg (P < 0.05). 
 

Figure 7.6 Pearson’s r product moment correlation performed between mixed muscle protein fractional 
synthetic rates (FSR in %·h-1) calculated with body water deuterium enrichment as precursor and intramuscular 
free [2H]-alanine enrichment as precursor. The solid line indicates the linear regression line of best fit, and the 
dashed lines represent the 95 % confidence interval. A significant positive correlation was detected (P < 
0.0001). 
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Cell signaling analyses 
 
The phosphorylation status (ratio of phosphorylated to total protein) of key proteins involved 
in the initiation of muscle protein synthesis are presented in Figure 7.7. No significant 
differences were detected in muscle tissue samples collected 24 h after the last exercise 
session from the exercised and non-exercised control leg. 
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Figure 7.7 Muscle phosphorylation status (ratio of phosphorylated to total protein) of mammalian target of 
rapamycin (mTOR; A), S6 protein kinase 1 (S6K; B), ribosomal protein S6 (RS6; C), and eukaryotic translation 
initiation factor 4E-binding protein-1 (4E-BP1; D) in young males (n = 12) immediately before (day 4) and 24 h 
after completing the last unilateral exercise bout from the exercised and non-exercise control leg (day 7). Values 
represent means + SEM. Data were analyzed with a two-way repeated measures (time x treatment leg) ANOVA. 
A; time effect: P > 0.05, treatment leg effect: P < 0.05, time x treatment group: P > 0.05. B; time effect: P > 
0.05, treatment effect: P > 0.05, time x treatment group: P > 0.05. C; time effect: P > 0.05, treatment effect: P 
> 0.05, time x treatment group: P > 0.05. D; time effect: P > 0.01, treatment effect: P > 0.01, time x treatment 
group: P > 0.05 *Significantly different compared to control leg (P < 0.05). 
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Discussion 
 
In the present study, we applied deuterated water to assess the impact of resistance-type 
exercise on muscle protein synthesis rates over multiple days in free-living conditions. 
Unilateral resistance-type exercise completed on 3 consecutive days resulted in ~25 % 
higher muscle protein synthesis rates in the exercised leg when compared to the 
contralateral, non-exercised control leg.  
Previous studies have applied intravenous stable isotope labelled amino acid infusions to 
assess skeletal muscle protein synthesis rates during the acute post-exercise recovery phase 
(2, 10, 11, 14, 38, 39, 58, 59). However, the post-exercise recovery phase extends past the 
traditional 6-12 h tracer infusion assessment period, and may be influenced by diurnal factors 
such as diet (1), hormonal responses (56) and sleep (24, 25). Currently, few studies have 
assessed the overall skeletal muscle protein synthetic response to resistance-type exercise 
performed under free-living conditions over multiple days (4, 8, 16, 57). Here, we applied 
deuterated water to assess the muscle protein synthetic response to resistance-type exercise 
performed daily over a 3-day assessment period. Our deuterated water dosing protocol 
increased body water deuterium enrichment to 0.62 ± 0.02 % and [2H]-alanine enrichment 
to 2.35 ± 0.08 MPE after the first dosing day (day 3). The body water and plasma enrichments 
remained in steady state for the remainder of the 3-day assessment period (Figures 7.2A 
and 7.2C). The labelling coefficient between body water deuterium and plasma free [2H]-
alanine enrichment was 3.74 ± 0.05 (Figure 7.2B). This labelling coefficient is directly in line 
with previous work (19, 40, 57), and reflects the rapid and tightly controlled equilibrium 
between body water deuterium and the free alanine precursor pool(s). As such, our dosing 
protocol resulted in deuterium precursor conditions that allowed us to quantify fractional 
muscle protein synthesis rates by measuring the increase in [2H]-alanine incorporation over 
the 3-day period in the exercised and non-exercised leg muscle tissue. 
In the present study, we applied a unilateral leg exercise design and took muscle biopsies 
to allow direct assessment of the surplus effect of (local) resistance-type exercise on muscle 
protein synthesis rates under free-living conditions. We found that muscle protein synthesis 
rates averaged 1.642 ± 0.089 %·d-1 (or 0.068 ± 0.004 %·h-1; Figure 7.5D) in the non-
exercised, control leg and 1.984 ± 0.118 %·d-1 (0.083 ± 0.005 %·h-1; Figure 7.5D) in the 
resistance-type exercised leg. These daily muscle protein synthesis rates agree well with the 
more acute stable isotope infusion studies, as basal, post-absorptive muscle protein 
synthesis rates typically range between 0.02-0.04 %·h-1 (11, 12, 22, 35) and acute post-
exercise muscle protein synthesis rates have been shown to range between 0.06-0.10 %·h-1 
(11, 15, 28, 38, 41, 42, 58, 59). Despite the relatively high habitual physical activity level and 
high protein intake of our young male subjects, our data demonstrate 24 ± 8 % higher muscle 
protein synthesis rates in the leg that performed 45 min of resistance-type exercise daily 
when compared to the non-exercised, control leg (P < 0.05). These findings align well with 
recent work from Wilkinson et al., who applied a deuterated water approach and showed 
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that unilateral resistance-type exercise results in 33 % higher muscle protein synthesis rates 
over a 4-day period when compared to the contralateral, non-exercised control leg (57). We 
extend on their findings by showing 24 % higher muscle protein synthesis rates in the 
exercised compared with the control leg despite the application of a different deuterated 
water dosing strategy, a different exercise protocol, and measuring mixed muscle as 
opposed to myofibrillar protein synthesis rates.   
Recent work by Mitchell et al. has demonstrated that muscle protein synthesis rates assessed 
during acute post-exercise recovery are not predictive of absolute changes in muscle mass 
observed during more prolonged resistance-type exercise training (34). This finding has 
garnered attention in the field as the interpretation of acute measures of post-exercise 
muscle protein synthesis rates may be difficult to align with long-term changes in skeletal 
muscle mass (3, 32, 33). However, it is not surprising that assessment of muscle protein 
synthesis in the acute post-exercise recovery phase under controlled laboratory settings are 
not predictive of long-term changes in muscle mass. For instance, it has been well described 
that resistance-type exercise increases post-prandial muscle protein synthesis rates by as 
much as 50-100 % during the early stages of post-exercise recovery (11, 38, 39, 59). In 
comparison, the present data also demonstrate a stimulation in muscle protein synthesis in 
the exercised versus non-exercised leg when assessed over a 3-day period, albeit to a far 
lower extent (24 % higher). Our observation of a lower relative stimulation in muscle protein 
synthesis rates when assessed over an extended period of time likely reflects the 
incorporation of other anabolic factors into the assessment, such as dietary protein intake, 
habitual physical activity, sleep, hormonal fluctuations and transient anabolic signalling 
responses. Considering that the interaction of these anabolic factors contributes to long-
term changes in skeletal muscle mass, our findings likely demonstrate that the application of 
the deuterated water method provides a more accurate tool when attempting to align 
shorter-term muscle protein synthetic responses with changes in skeletal muscle mass 
observed over a long-term intervention (16). However, future work is still warranted to 
confirm whether muscle protein synthesis rates assessed over multiple days is more 
predictive of subsequent net changes in muscle mass during various long-term interventions.  
Resistance-type exercise has been well-reported to phosphorylate intramuscular signaling 
proteins that regulate protein translation-initiation, with mTOR and its downstream targets, 
S6 kinase, RS6 and 4E-BP1 being of particular relevance. Here, we observed no differences 
in the phosphorylation status of these proteins between the exercised and non-exercised 
control leg 24 h following the last exercise session. Though our biopsy timing does not allow 
us to assess transient changes in the phosphorylation status of these proteins during 
recovery from exercise, our findings support an increasing number of studies that 
demonstrate the inability to align translation initiation factors with the physiological outcome 
of muscle protein synthesis rates (13, 23, 55, 59).  
The choice of precursor pool is an important consideration when assessing muscle protein 
synthesis rates (9, 48). Although it would be ideal to use the true precursor (aminoacyl-tRNA 
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enrichment) for assessing muscle protein synthesis rates, accurate analysis is technically 
difficult to perform and would require tissue sample sizes too large to collect (>1000 mg) 
(54, 60). As such, researchers applying stable isotope amino acid infusion protocols generally 
use the plasma or intramuscular free amino acid pools as a surrogate for aminoacyl-tRNA 
enrichment (48). Prior work applying the deuterated water approach has suggested that 
body water deuterium enrichment, assessed in saliva or urine samples, can be used as a 
reliable surrogate precursor for calculating muscle protein synthesis rates (30, 40, 57). 
However, few data exist on the reliability of using body water deuterium enrichment as a 
precursor as opposed to using intramuscular free [2H]-alanine enrichment. In the present 
study, we calculated fractional synthetic rates based upon three different precursor pools 
(i.e., body water deuterium (Figure 7.5D), plasma free [2H]-alanine (Figure 7.5E) and 
intramuscular free [2H]-alanine (Figure 7.5F) enrichments). Across all calculations we found 
that resistance-type exercise resulted in 24-29 % higher muscle protein synthesis rates when 
compared to the non-exercised control leg, with no differences detected between the 
choice of precursor (P > 0.05). Furthermore, we found a strong positive correlation (r = 0.967; 
P < 0.0001) between muscle protein synthesis rates calculated using body water deuterium 
as a precursor and muscle protein synthesis rates calculated using intramuscular free [2H]-
alanine as a precursor (Figure 7.6). These findings reinforce the prior suggestions that body 
water deuterium enrichment represents an appropriate precursor for calculating muscle 
protein fractional synthetic rates (30, 40, 57). Saliva sampling provides a substantial 
advantage over repeated blood and/or muscle tissue sampling and reduces the burden on 
test subjects, adding to the benefits of using the deuterated water approach to study muscle 
protein synthesis rates in more prolonged, practical and real-life (exercise) settings.  
The findings presented in this study further support the use of deuterated water dosing as a 
practical approach to assess changes in muscle protein synthesis rates during interventions 
performed over a period of several days to even weeks (7, 8, 20, 29, 36, 44, 45, 57). We 
consider the single dosing day and maintenance dosing period as an effective means to 
rapidly increase deuterium enrichment and maintain precursor steady-state for days-to-
weeks of an assessment period. Furthermore, the observation that body water deuterium 
rapidly equilibrates with free [2H]-alanine precursor pools permits the reliable assessment of 
muscle protein synthesis rates by collecting muscle biopsies and saliva samples. As such, the 
deuterated water method provides a practical approach to study test participants in a non-
laboratory, free-living setting. This approach will serve to provide novel insight into current 
gaps in our understanding into the dynamic nature of skeletal muscle reconditioning under 
different conditions.  
In conclusion, daily resistance-type exercise increases local muscle protein synthesis rates by 
~25 % when assessed over multiple days in vivo in humans. The application of deuterated 
water provides a practical approach to assess the muscle protein synthetic response to 
various interventional strategies performed over multiple days to weeks.   
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Abstract 
 
Background  The proposed benefits of protein supplementation on the skeletal muscle 

adaptive response to resistance exercise training in older adults remain 
unclear. 

Objective The present study assessed whether protein supplementation after exercise 
and before sleep augments muscle mass and strength gains during resistance 
exercise training in older individuals.  

Methods Forty-one older men (mean ± SEM, age: 70 ± 1 y; body mass index: 25.3 ± 
0.4 kg·m-2) completed 12 wk of whole-body resistance exercise training (3 
sessions·wk-1) and were randomly assigned to ingest either protein (21 g 
protein, 3 g total leucine, 9 g carbohydrate, 3 g fat; n = 21) or an energy-
matched placebo (0 g protein, 25 g carbohydrate, 6 g fat; n = 20) after 
exercise and each night before sleep. Maximal strength was assessed by 1-
repetition-maximum (1RM) strength testing, and muscle hypertrophy was 
assessed at the whole-body (dual-energy X-ray absorptiometry), upper leg 
(computed tomography scan), and muscle fiber (biopsy) levels. Muscle protein 
synthesis rates were assessed during week 12 of training with the use of 
deuterated water (2H2O) administration. 

Results Leg-extension 1RM increased in both groups (placebo: 88 ± 3 to 104 ± 4 kg; 
protein: 85 ± 3 to 102 ± 4 kg; P < 0.001), with no differences between groups. 
Quadriceps cross-sectional area (placebo: 67.8 ± 1.7 to 73.5 ± 2.0 cm2; 
protein: 68.4 ± 1.4 to 72.3 ± 1.4 cm2; P < 0.001) increased in both groups, 
with no differences between groups. Muscle fiber hypertrophy occurred in 
type II (placebo: 5486 ± 418 to 6492 ± 429 μm2; protein: 5367 ± 301 to 6259 
± 391 μm2; P < 0.001), with no differences between groups. Muscle protein 
synthesis rates were 1.62 ± 0.06 and 1.57 ± 0.05 %·d-1 in the placebo and 
protein groups, respectively, with no differences between groups. 

Conclusions Protein supplementation after exercise and before sleep does not further 
augment skeletal muscle mass or strength gains during resistance exercise 
training in active older men.  
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Introduction 
 
The age-related decline in skeletal muscle mass and strength, termed sarcopenia, is 
accompanied by impairments in functional capacity and an increased risk of developing 
chronic metabolic diseases (5, 35). Physical activity, and resistance exercise in particular, may 
be the only effective strategy to increase muscle mass and strength. Meta-analyses have 
shown that protein supplementation may further augment the skeletal muscle adaptive 
response to resistance exercise training (12, 37). However, although some studies have 
shown greater increases in muscle mass, strength, or both after protein supplementation 
during resistance exercise training (18, 24, 47, 55), most individual studies have been unable 
to show such benefits of protein supplementation (7, 10, 11, 14, 19, 22, 29, 30, 34, 52). The 
apparent discrepancy between studies may be attributed to the differences in study design, 
including the population studied, the exercise training program, and characteristics of the 
protein supplementation regimen.  
Over the past decade, the application of stable isotope tracer methodology has taught us 
that the postprandial stimulation of muscle protein synthesis is modulated by the type (15, 

25, 39, 40, 46, 61), amount (36, 41, 59-61), and timing (1, 31, 57) of dietary protein ingestion. 
The ingestion of a rapidly digestible protein source (e.g., whey) has been shown to augment 
the muscle protein synthetic response when compared with more slowly digestible protein 
sources (40, 46, 61). Furthermore, co-ingestion of free leucine has been shown to further 
augment the muscle protein synthetic response to protein ingestion in older individuals (2, 

9, 23, 56). In addition to enhancing the muscle protein synthetic response to ingestion of the 
main meals, our laboratory has shown efficacy for dietary protein ingestion before sleep to 
increase overnight muscle protein synthesis rates (16, 27) and support recovery from 
resistance exercise (20, 43, 51). We followed up on this work by showing that dietary protein 
ingestion before sleep augments muscle mass and strength gains during 12 wk of resistance 
exercise training in healthy, younger men (45). Therefore, we hypothesized that leucine-
enriched whey protein supplementation, provided immediately after training and before 
sleep, would maximize the muscle protein synthetic response to exercise and, as such, 
further augment muscle mass and strength gains after more prolonged resistance exercise 
training in older individuals.  
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Materials and methods 
 
Subjects 
 
A total of 44 healthy, normoglycemic older men volunteered to complete 12 wk of whole-
body resistance exercise training (3 sessions·wk-1) and ingested either protein or an energy-
matched placebo after exercise and each night before sleep. Subjects’ characteristics are 
presented in Table 8.1. All of the subjects were screened for medical issues and excluded if 
any gastrointestinal, cardiovascular, neurological, or renal diseases were present. Fasting 
and rested blood glucose and glycated hemoglobin were also assessed to screen for the 
presence of type 2 diabetes. Subjects were cleared to perform resistance exercise by a 
cardiologist who examined electrocardiograms measured at rest and during submaximal 
cycling (performed at 70 % of age-predicted heart rate maximum). All of the subjects were 
living independently and had not been participating in any structured, progressive resistance 
exercise training program within the past 3 y. All of the subjects were informed of the nature 
and possible risks of the experimental procedures before their written informed consent was 
obtained. The study was approved by the Medical Ethical Committee of the Maastricht 
University Medical Center, Netherlands (METC 15-3-003) and conformed to standards for 
the use of human subjects in research as outlined in the most recent version of the Helsinki 
Declaration. This study was registered at the Netherlands Trial Registry (www.trialregister.nl) 
as NTR5082.  
 
Table 8.1 Subjects’ characteristics1 

 

  Placebo group Protein-supplemented group  

 (n = 20) (n = 21) P 

Age, y 71 ± 1 69 ± 1 0.10 
Body mass, kg 78.7 ± 1.8 77.4 ± 1.9 0.60 
Height, m 1.77 ± 0.02 1.74 ± 0.01 0.11 
BMI, kg·m-2 25.1 ± 0.5 25.5 ± 0.6 0.56 
SMI, kg·m-2 8.5 ± 0.2 8.6 ± 0.1 0.67 
Leg volume, L 8.6 ± 0.2 8.3 ± 0.1 0.42 
Fasted plasma glucose, mmol·L-1 5.7 ± 0.1 5.7 ± 0.1 0.89 
Fasted plasma insulin, mU·L-1 7.7 ± 0.8 9.8 ± 1.3 0.21 
HbA1C, % 5.6 ± 0.1 5.4 ± 0.1 0.13 
HOMA-IR 2.0 ± 0.2 2.5 ± 0.4 0.27 
Systolic Blood Pressure, mmHg 142 ± 4 142 ± 3 0.97 
Diastolic Blood Pressure, mmHg 75 ± 2 80 ± 2 0.07 
Resting heart rate, BPM 64 ± 3 61 ± 1 0.32 

 
1Values are means ± SEMs. n = 20 for placebo and n = 21 for protein. 1RM: one repetition maximum, BMI: Body 

mass index, BPM: Beats per minute, HbA1C: glycated hemoglobin, HOMA-IR: homeostatic model assessment of 

insulin resistance, SMI: Skeletal muscle mass index. Data were analyzed using a Student’s unpaired t-test. No 

significant differences were detected between treatment groups. 
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Study design 
 
After inclusion in the study, subjects were randomly allocated in a double-blinded fashion to 
either a protein or a placebo group. Before and after the exercise training intervention, 2 
separate experimental test days were performed within the same week. On the first 
experimental test day, anthropometric measurements (height, body mass, and leg volume), 
DXA, and computed tomography scans were performed and a muscle biopsy sample was 
collected. The second experimental test day was performed 4 d later and included an oral-
glucose-tolerance test (OGTT), short physical performance battery (SPPB) testing, and 
maximal strength assessments (1-repetition maximum (1RM) on leg press and leg extension). 
During week 12 of the training, deuterated water (2H2O) was provided to assess myofibrillar 
protein synthesis rates. 
 

Diet and physical activity  
 
All of the subjects were instructed to refrain from any exhaustive physical activity and to keep 
their diet as consistent as possible 72 h before the experimental test days. On all test days, 
the subjects arrived at the laboratory by car or public transportation in a fasting and rested 
state. Before the onset of training and during week 12 of training, subjects recorded 3-d 

Analyzed  (n= 21)
• Excluded from analysis (n= 0)

Assessed for eligibility (n=57)

Excluded  (n=13)
• Not meeting inclusion 

criteria (n=10)
• Declined to participate (n=2)
• Scheduling conflict (n=1)

Randomized (n=44)

Enrollment

Analyzed  (n= 20)
• Excluded from analysis (n= 0)

Analysis

Allocated to PROTEIN (n= 22)
• Received allocated 

intervention (n=22)
• Did not receive allocated 

intervention (n=0)

Allocated to PLACEBO (n=22)
• Received allocated 

intervention (n=22)
• Did not receive allocated 

intervention (n=0)

Allocation

Lost to follow-up (n=0)

Discontinued intervention (n=1)
• Insufficient compliance (n=1)

Lost to follow-up (n=0)

Discontinued intervention (n=2)
• Adverse event (n=2)

Follow-up

Figure 8.1 CONSORT (Consolidated Standards of Reporting Trials) flow diagram. 
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dietary intake records to assess potential changes in daily food intake that might have 
occurred during the intervention period. Food intake records were evaluated by a dietitian 
and analyzed online with the use of a publicly available nutrition database (NEVO 2016). 
 
Exercise intervention 
 
Supervised whole-body resistance exercise training was performed 3 times·wk-1 (Monday, 
Wednesday, and Friday) during the 12-wk exercise training intervention. All sessions were 
performed between 0800 and 1100 h. Training consisted of a 5-min warm-up on a cycle 
ergometer, followed by a warm-up and 4 sets on both the leg press and leg extension 
machines. Upper body exercises were paired (chest press with lateral pulldown and shoulder 
press with horizontal row) and were performed in an alternating manner between training 
sessions, with 2 sets of each exercise performed. After training, subjects performed 5 min of 
cool-down on the cycle ergometer. During the first 4 wk of training, the workload was 
increased from 70 % 1RM (8 repetitions in each set) to 80 % 1RM (10 repetitions). Resting 
periods of 2 and 3 min were allowed between sets and exercises, respectively. The workload 
was adjusted under the guidance of the investigators, which was primarily based on the 1RM 
estimations (weeks 0, 4, and 8). In addition, the workload was increased when >10 repetitions 
could be performed. Compliance with the resistance exercise training program was 95 ± 1 
%. 

 
Protein supplementation 
 
Subjects were randomly assigned to ingest either 21 g leucine-enriched whey protein (3 g 
total leucine) or an energy-matched placebo after exercise and each night before sleep, 
including rest days. The nutritional composition of the test beverages is shown in Table 8.2. 
The intervention was performed in a double-blinded fashion whereby treatment 
randomization and beverage preparation and labeling were performed independent of the 
study team. Subjects received labeled packages containing dried contents of their randomly 
assigned beverages, which were dissolved in 250 mL water and ingested by the subjects. All 
of the beverages were flavored (vanilla or strawberry) to mask their contents. On training 
days, no food or drinks were allowed between breakfast and lunch other than the 
experimental beverages. The subjects were allowed to drink water before, during, and after 
each exercise session. Compliance to the supplementation was assessed by 
supplementation logs and was confirmed by counting returned supplement packages. 
Compliance for protein and placebo supplementation was 99.6 ± 0.1 %. 
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Table 8.2 Nutritional composition of the test beverages ingested in a double-blinded, randomized fashion after 
each resistance exercise training session and each night prior to sleep during 12 weeks of resistance exercise 
training in active older males1 
 

   
Component Protein2 Placebo3 
Energy, kJ 628 628 
Energy, kcal 150 150 
Protein, g 20.7 - 
EAA, g 10.6 - 
Leucine, g 2.8 - 
Carbohydrate, g 9.4 24.5 
Fat, g 3 5.8 
Fibers, g 1.3 - 
Cholecalciferol, μg 20 - 

 

1Dissolved in 250 mL water. EAA: essential amino acids (Leu, Ile, Val, Phe, Met, His, Trp, Thr and Lys).  
 
2The protein drink also contained other micronutrients: sodium (150 mg), potassium (279 mg), chloride (70 mg), 
calcium (500 mg), phosphorus (250 mg), magnesium (37 mg), iron (2.4 mg), zinc (2.2 mg), copper (270 µg), 
manganese (0.5 mg), fluoride (0.15 mg), molybdenum (15 µg), selenium (15 µg), chromium (7.5 µm), iodine (20 
µg), vitamin A (152 µg), vitamin E (7.5 mg), phylloquinone (12 µg), thiamin (0.23 mg), riboflavin (0.25 mg), nicotinic 
acid (8.8 mg), pantothenic acid (0.81 mg), pyridoxine (0.76 mg), folic acid (203 µg), cyanocobalamin (3 µg), biotin 
(6.1 µg), ascorbic acid (32 mg), provitamin A carotenoids (0.3 mg), and choline (56 mg). 
 
3The placebo drink also contained other micronutrients: sodium (123 mg), potassium (154 mg), chloride (329 mg), 
calcium (0.71 mg), phosphorus (0.3 mg), iodine (0.3 µg). 

 
Body composition 
 
Body composition was measured at the whole- body and regional level using DXA (Discovery 
A; Hologic). Anthropometric measurements were assessed using standardized procedures, 
body mass by a digital scale to within 100 g, and height by a stadiometer to within 0.5 cm. 
Anatomic cross-sectional area (CSA) of the quadriceps muscle was assessed by computed 
tomography scanning (Philips Brilliance 64; Philips Medical Systems) before and after the 12-
wk exercise training intervention, as described previously (3).  
 
Muscle biopsy sampling 
 
Muscle biopsy samples were obtained from the middle region of the M. vastus lateralis, 15 
cm above the patella and 4 cm below entry through the fascia, using the percutaneous 
needle biopsy technique (8). Muscle samples were prepared for analyses as previously 
described (45). 
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Immunohistochemistry 
 
Muscle biopsy specimens were sliced into 5-mm-thick cryo-sections and stained for muscle 
fiber type, and type I and II muscle fiber CSA and composition were determined as described 
in detail previously (30, 52). No differences in fiber circularity were observed in response to 
training or between groups. The mean fiber numbers included in analyses were 206 ± 16 
and 161 ± 11 from the muscle biopsy samples collected before and after the 12-wk training 
intervention, respectively. 
 
Myofibrillar fractional synthesis rates 
 
Deuterated water (2H2O) was provided throughout week 12 of exercise training to assess 
average daily myofibrillar protein synthesis rates as described previously (21). In short, 
subjects ingested 400 mL of 70 % deuterated water spread evenly over a 12-h period on the 
Friday of week 11 of the training intervention. Subjects ingested 50 mL of 70 % deuterated 
water in the morning of each of the 10 remaining days of the intervention period to maintain 
the body water deuterium enrichment. A muscle biopsy sample was collected in the morning 
before the Monday training of week 12. Myofibrillar proteins were isolated from this muscle 
biopsy sample and from the post-training muscle biopsy sample collected the following 
Monday, and the increase in 2H-alanine enrichment was assessed by using GC-pyrolysis-IRMS 
(21). Samples were measured in quadruplicate along with a series of known standards every 
12 injections. Myofibrillar protein synthesis rates were calculated as previously described 
(21).  
 
Muscle strength and physical performance  
 
Maximal strength was assessed by 1RM strength tests on leg press and leg extension 
machines (Technogym) before and after the training intervention. During the subject intake 
visit, proper lifting technique was demonstrated and practiced and maximal strength was 
estimated by using the multiple repetitions testing procedure (33). On the second 
experimental test day, each subject’s 1RM was determined as described previously (53). To 
ensure progressive loading during training, 1RM was estimated at the end of weeks 4 and 
8. Post-training maximal strength was assessed 7 d after the last training session. Physical 
performance was assessed by the SPPB, which consists of 3 components: balance, gait 
speed, and chair-rise ability (17).  
 

Glucose tolerance and plasma hormone concentrations 
 
A standard OGTT was performed before and after the training intervention, as described 
previously (30). Testosterone, free testosterone, growth hormone, insulin-like growth factor 
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I (IGF-I), and sex hormone-binding globulin (SHBG) were assessed in serum samples 
collected in a resting and fasting state before and after the training intervention. Serum 
testosterone was measured by using an electrochemiluminescent immunoassay (Cobas 8000 
instrument; Roche Diagnostics). Growth hormone and IGF-I were measured by using a 
chemiluminescent immunometric assay (IDS iSYS instrument; Immunodiagnostic Systems). 
SHBG was determined in serum by using a chemiluminescent immunometric assay (XPi 
instrument; Siemens Medical Solutions Diagnostics). Free testosterone was calculated 
according to Vermeulen et al. (54).  
 
Statistics 
 
All of the data are expressed as means ± SEMs. Baseline characteristics between groups 
were compared by using a Student’s unpaired t-test. A 2-factor repeated-measures ANOVA 
(time × treatment) with time (pre-post) as a within-subjects factor and treatment group 
(placebo-protein) as a between-subjects factor was performed for the analysis of dietary 
intake, appendicular lean body mass, quadriceps CSA, muscle fiber CSA, muscle strength 
and performance measures, serum hormone concentrations, and the AUC of glucose and 
insulin concentrations during the OGTT. In case of a significant interaction, Student’s paired 
t-tests were performed to determine time effects within groups. Myofibrillar protein 
synthesis rates were compared between groups by using a Student’s unpaired t-test. 
Significance was set at P < 0.05. All calculations were performed with the use of SPSS (version 
21.0; IBM Corporation).  
 
  



Chapter 8 

 
164 

Results 
 
Subjects 
 
Subjects’ characteristics are presented in Table 8.1. In total, 44 subjects were included in 
the experimental protocol. Three subjects were excluded from analyses; one was excluded 
due to insufficient exercise compliance (>6 missed sessions), one dropped out due to knee 
aggravation, and one dropped out due to an adverse event that occurred during a training 
session. Therefore, analysis was performed in 41 subjects, 20 in the placebo group and 21 
in the protein group. Training volume load throughout the entire training intervention did 
not differ between the placebo and protein groups for any of the exercises performed. At 
baseline, no differences in age, body mass, height, BMI, skeletal muscle mass index, or leg 
volume were observed between the placebo and protein groups (Table 8.1). We observed 
a significant increase in body mass in response to 12 wk of resistance exercise training (P < 
0.001), with a greater increase observed in the placebo group (P = 0.007). We observed a 
significant increase in BMI in response to 12 wk of resistance exercise training (P < 0.001), 
with a greater increase observed in the placebo group (P = 0.008).  
 
Table 8.3 Energy intake and macronutrient composition of the diet before and after 12 weeks of resistance 
exercise training in active older men who did or did not receive protein supplementation1 

 
 

Placebo group 
(n = 20) 

Protein-supplemented group 
(n = 21) P 

  0 wk 12 wk 0 wk 12 wk Treatment x Time 
Interaction 

Treatment 
Effect 

Time       
Effect 

Energy intake, MJ·d-1        

Diet 9.7 ± 0.5 10.3 ± 0.5 9.4 ± 0.4 9.1 ± 0.3 0.062 0.151 0.525 

Total 9.7 ± 0.5 11.2 ± 0.5* 9.4 ± 0.4 10.0 ± 0.3* 0.062 0.151 <0.001 

Protein intake, g·d-1        

Diet 93 ± 4 94 ± 4 87 ± 3 81 ± 3 0.153 0.052 0.299 

Total 93 ± 4 94 ± 4 87 ± 3 111 ± 3* <0.001 0.204 <0.001 

Protein intake, g·kg BM·d-1        

Diet 1.19 ± 0.06 1.17 ± 0.06 1.14 ± 0.05 1.04 ± 0.04 0.164 0.191 0.061 

Total 1.19 ± 0.06 1.17 ± 0.06 1.14 ± 0.05 1.43 ± 0.04* <0.001 0.138 <0.001 

Protein intake, En%        

Diet 16 ± 1 14 ± 1 16 ± 1 15 ± 1 0.664 0.771 0.044 

Total 16 ± 1 14 ± 1 16 ± 1 19 ± 1 <0.001 0.005 0.308 

Fat intake, total, g·d-1 89 ± 6 98 ± 7 86 ± 4 80 ± 5 0.045 0.168 0.701 

Fat intake, total, En% 34 ± 1 32 ± 1 34 ± 1 30 ± 1 0.336 0.331 0.005 

Carbohydrate intake, total, g·d-1 242 ± 16 303 ± 16* 235 ± 13 253 ± 11* 0.022 0.11 <0.001 

Carbohydrate intake, total, En% 42 ± 1 45 ± 2 42 ± 1 43 ± 1 0.137 0.531 0.093 

Vitamin D intake, µg·d-1        

Diet 3.7 ± 0.5 3.8 ± 0.7 3.5 ± 0.4 3.0 ± 0.03 0.531 0.314 0.624 

Total 3.7 ± 0.5 3.8 ± 0.7 3.5 ± 0.4 31.6 ± 0.3* <0.001 <0.001 <0.001 

 
1Values are means ± SEMs. Diet: only dietary intake data, Total: dietary intake plus protein or placebo 

supplementation, BM: Body mass, En%: Energy Percentage. *Significantly different from 0 wk (P < 0.05). 
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Dietary intake 
 
Dietary intake data are shown in Table 8.3. Analysis of the 3-d dietary intake records 
collected before and during week 12 of the experimental protocol showed no baseline 
differences in total daily energy intake between groups but an increase during the 
intervention (P < 0.001). Dietary macronutrient composition did not differ at baseline 
between groups and did not change during the experimental protocol (Table 8.3). In 
particular, daily protein intake from the diet averaged 1.2 ± 0.1 and 1.1 ± 0.1 g·kg-1·d-1 at 
baseline in the placebo and protein groups, respectively, and did not change during the 
training intervention. Supplementation caused daily protein intake relative to body mass to 
significantly increase in the protein group when compared with the placebo group 
(treatment × time interaction, P < 0.001). Supplementation also resulted in greater daily 
vitamin D intake in the protein group than in the placebo group (treatment × time 
interaction, P < 0.001).  
 
Table 8.4 Body composition before and after 12 weeks of resistance exercise training in active older men who 
did or did not receive protein supplementation1 

 
 

Placebo group 
(n = 20) 

Protein-supplemented group 
(n = 21) P 

  
0 wk 12 wk Difference 0 wk 12 wk Difference 

Treatment 
x Time 

Interaction 

Treatment 
Effect 

Time       
Effect 

Body mass, kg 78.7 ± 1.8 80.5 ± 1.8* +1.8 ± 0.3 77.4 ± 1.9 78.1 ± 1.8* +0.8 ± 0.2 0.007 0.463 <0.001 

Height, m 1.77 ± 0.02 1.77 ± 0.02 0 ± 0 1.74 ± 0.01 1.74 ± 0.01 0 ± 0 ---- 0.11 ---- 

BMI, kg·m-2 25.1 ± 0.5 25.6 ± 0.5* 0.6 ± 0.1 25.5 ± 0.6 25.8 ± 0.6* 0.3 ± 0.1 0.008 0.695 <0.001 

LBM, kg 60.8 ± 1.3 62.4 ± 1.3 +1.6 ± 0.3 59.2 ± 1.1 60.2 ± 1.2 +1.1 ± 0.2 0.183 0.278 <0.001 

Appendicular LBM, kg 26.7 ± 0.7 27.7 ± 0.7 +1.0 ± 0.2 26.0 ± 0.5 26.6 ± 0.5 +0.6 ± 0.1 0.126 0.303 <0.001 

Leg lean mass, kg 13.4 ± 0.4 13.9 ± 0.4 +0.7 ± 0.1 13.0 ± 0.2 13.4 ± 0.2 +0.4 ± 0.1 0.146 0.316 <0.001 

Fat mass, kg 16.7 ± 1.0 16.3 ± 0.9 -0.5 ± 0.2 16.8 ± 0.9 16.2 ± 0.8 -0.6 ± 0.2 0.690 0.999 <0.001 

Body fat percentage, % 20.7 ± 0.9 19.8 ± 0.9 -0.9 ± 0.3 21.1 ± 0.7 20.3 ± 0.7 -0.8 ± 0.2 0.880 0.679 <0.001 

Bone mineral content, g 2925 ± 69 2918 ± 69 -8 ± 14 2727 ± 72 2698 ± 69 -30 ± 14 0.279 0.040 0.069 

Bone mineral density, g·cm-2 1.24 ± 0.03 1.23 ± 0.03 -0.01 ± 0.01 1.18 ± 0.02 1.18 ± 0.02 -0.01 ±0.01 0.921 0.100 0.527 

 

1Values are means ± SEMs. BMI: Body mass index, LBM: Lean body mass. *Significantly different from 0 wk (P < 

0.05). 

 
Body composition 
 
At baseline, no significant differences in body-composition measurements were observed 
between the placebo and protein groups (Table 8.4). Whole-body lean mass significantly 
increased in response to 12 wk of resistance exercise training in the placebo and the protein 
groups (P < 0.001), with no differences between groups. In accordance, appendicular lean 
mass and leg lean mass significantly increased in response to 12 wk of resistance exercise 
training in the placebo and protein groups (P < 0.001), with no differences between groups. 
Whole-body fat mass and body fat percentage declined in response to 12 wk of resistance 
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exercise training in the placebo and protein groups (P < 0.001), with no differences between 
groups. 
 
Skeletal muscle hypertrophy 
 
At baseline, no significant differences in quadriceps muscle CSA were observed between 
the placebo and protein groups (Figure 8.2). Quadriceps muscle CSA increased in response 
to 12 wk of resistance exercise training (Figure 8.2; P < 0.001), with no differences between 
groups. Before training, no significant differences were observed in type I and type II muscle 
fiber size between placebo and protein groups. Type I muscle fiber CSA (Figure 8.3A) did 
not change in response to 12 wk of resistance exercise training in both the placebo and 
protein groups. Type II muscle fiber CSA (Figure 8.3B) increased in response to 12 wk of 
resistance exercise training in both groups (P < 0.001), with no differences between groups.  
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Figure 8.2 Quadriceps muscle cross-sectional area (CSA) before and after 12 weeks of resistance exercise 
training in active older men who did or did not receive protein supplementation. Values are means ± SEMs, n 
= 20 (placebo) or 21 (protein). Data were analyzed using a two-way ANOVA. CSA: cross-sectional area. 
*Significantly different from values prior to exercise training (P < 0.05). 
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Figure 8.3 Type I (A) and Type II (B) muscle fiber cross-sectional area (CSA) before and after 12 weeks of 
resistance exercise training in active older men who did or did not receive protein supplementation. Values are 
means ± SEMs, n = 20 (placebo) or  20 (protein). Data were analyzed using a two-way ANOVA. *Significantly 
different from values prior to exercise training (P < 0.05). 
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Muscle fiber-type composition 
 
At baseline, no significant differences in the percentage of type I and type II muscle fibers 
and percentage of CSA occupied by type I and II muscle fibers were observed between the 
placebo and protein groups (Table 8.5). The percentage of type I and type II muscle fibers 
and the percentage of CSA occupied by type I and II muscle fibers did not change in 
response to 12 wk of resistance exercise training in either group. 
 
Table 8.5 Muscle fiber type composition before and after 12 weeks of resistance exercise training in active older 

men who did or did not receive protein supplementation1 

 
 

Placebo group 
(n = 20) 

Protein-supplemented group 
(n = 20) P 

  
0 wk 12 wk 0 wk 12 wk 

Treatment 
x Time 

Interaction 

Treatment 
Effect Time Effect 

Type I Fibers, % 50 ± 4 48 ± 3 55 ± 4 53 ± 3 0.737 0.252 0.432 

Type II Fibers, % 50 ± 4 52 ± 3 45 ± 4 47 ± 3 0.737 0.252 0.432 

Type I CSA, % 52 ± 4 49 ± 4 58 ± 4 52 ± 3 0.662 0.326 0.161 

Type II CSA, % 48 ± 4 51 ± 4 42 ± 4 48 ± 3 0.662 0.326 0.161 
 

1Values are means ± SEMs. CSA: cross-sectional area.   

 

Myofibrillar protein synthesis rates  
 
Myofibrillar protein synthesis rates during week 12 of the training protocol were assessed by 
administration of deuterated water and by measuring myofibrillar protein–bound [2H]-alanine 
enrichments in muscle biopsy samples collected on Monday of week 12 and the following 
Monday (post-training muscle biopsy sample). Body water deuterium enrichment over the 
7-d assessment period averaged 0.75 ± 0.01 % in both groups, with no differences between 
groups. The increase in myofibrillar protein–bound [2H]-alanine enrichments averaged 0.315 
± 0.015 and 0.308 ± 0.016 mole percent excess (MPE) in the placebo group and protein 
group, respectively. Myofibrillar protein synthesis rates (Figure 8.4) were not different 
between groups. 
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Muscle strength and physical performance 
 
At baseline, no significant differences in leg extension or leg press 1RM (Table 8.6) were 
observed between the placebo and protein groups. Leg press and leg extension 1RM 
significantly increased in both groups (P < 0.001) in response to 12 wk of resistance exercise 
training, with no differences detected between groups. Likewise, physical performance 
(SPPB) scores (Table 8.6; P < 0.01) and sit-to-stand time decreased in response to 12 wk of 
resistance exercise training (Table 8.6; P < 0.001), with no differences between groups. 
 
Table 8.6 Muscle strength and physical performance before and after 12 weeks of resistance exercise training in 
active older men who did or did not receive protein supplementation1 

 

1Values are means ± SEMs. 1RM: one-repetition maximum, SPPB: Short physical performance battery. 

 
Glucose tolerance 
 
Glucose and insulin concentrations during the OGTT are shown in Figure 8.5A. Glucose 
tolerance improved in response to 12 wk of resistance exercise training, as shown by a 
significant reduction in plasma glucose AUC during the OGTT (Figure 8.5B; P = 0.027), with 
no differences for plasma insulin AUC and no differences observed between groups. 
 

 
Placebo group 

(n = 19) 
Protein-supplemented group 

(n = 21) P 

  
0 wk 12 wk Difference 0 wk 12 wk Difference 

Treatment 
x Time 

Interaction 

Treatment 
Effect 

Time       
Effect 

Leg press 1RM, kg 162 ± 6 188 ± 7 +25 ± 3 157 ± 5 180 ± 6 +24 ± 3 0.765 0.397 <0.001 

Leg extension 1RM, kg 88 ± 3 105 ± 4 +16 ± 3 85 ± 3 102 ± 4 +17 ± 3 0.798 0.481 <0.001 

Total 1RM, kg 250 ± 7 292 ± 9 +41 ± 5 241 ± 7 282 ± 8 +41 ± 5 0.979 0.359 <0.001 

SPPB score, points 11.2 ± 0.2 11.6 ± 0.1 +0.4 ± 0.2 11.3 ± 0.1 11.5 ± 0.2 +0.2 ± 0.2 0.340 0.719 0.006 

4 m walking test, s 3.57 ± 0.12 3.60 ± 0.09 +0.03 ± 0.11 3.70 ± 0.08 3.72 ± 0.11 +0.03 ± 0.09 0.877 0.273 0.604 

Sit-stand test time, s 12.03 ± 0.31 11.20 ± 0.32 -0.83 ± 0.37 11.57 ± 0.27 10.80 ± 0.27 -0.77 ± 0.25 0.739 0.233 <0.001 
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Figure 8.4 Fractional myofibrillar protein synthesis rates (FSR) assessed throughout week 12 of the resistance 
exercise training intervention in active older men who did or did not receive protein supplementation. Values 
are means ± SEMs, n = 20 (placebo) or 21 (protein). Data were analyzed using a Student’s unpaired t-test.  
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Plasma hormone concentrations 
 
Serum testosterone, free testosterone, growth hormone, IGF-I, and SHBG concentrations 
are shown in Table 8.7. Plasma hormone concentrations did not differ between groups and 
did not change in response to 12 wk of resistance exercise training. 
 
Table 8.7 Fasting serum hormone concentrations before and after 12 weeks of resistance exercise training in 
active older men who did or did not receive protein supplementation1 

 
1Values are means ± SEMs. IGF-1: Insulin-like growth factor 1, SHBG: Sex hormone binding globulin. 

  

 
Placebo group 

(n = 20) 
Protein-supplemented group 

(n = 21) P 
 

0 wk 12 wk Difference 0 wk 12 wk Difference 
Treatment 

x Time 
Interaction 

Treatment 
Effect 

Time 
Effect 

Testosterone, nmol·L-1 17.7 ± 1.8 18.5 ± 1.8 +0.8 ± 1.0 16.0 ± 1.2 16.8 ± 1.4 +0.7 ± 0.9 0.972 0.534 0.258 

Free testosterone, pmol·L-1 247 ± 18 251 ± 15 +5 ± 13 242 ± 15 262 ± 19 +17 ± 14 0.509 0.867 0.258 

Growth Hormone, µg·L-1 3.6 ± 1.0 4.3 ± 1.0 +0.7 ± 1.0 4.3 ± 1.3 2.6 ± 0.8 -1.6 ± 1.1 0.171 0.974 0.583 

IGF-1, nmol·L-1 16.6 ± 1.4 17.6 ± 1.3 +0.9 ± 0.6 18.2 ± 0.8 17.9 ± 0.9 -0.1 ± 0.5 0.163 0.733 0.399 

SHBG,nmol·L-1 50.3 ± 3.9 51.9 ± 3.9 +1.5 ± 1.2 44.3 ± 3.6 43.1 ± 3.5 -1.2 ± 1.0 0.062 0.284 0.629 
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Figure 8.5 Plasma glucose (A) and insulin (C) concentrations and areas under the curve (AUC; B and D) in 
response to an oral glucose tolerance test (OGTT) before and after 12 weeks of resistance exercise training in 
active older men who did or did not receive protein supplementation. Values are means ± SEMs, n = 20 
(placebo) or 21 (protein). Data for AUCs were analyzed using a two-way ANOVA. *Significantly different from 
values prior to exercise training (P < 0.05). 
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Discussion 
 
The present study shows that 12 wk of resistance exercise training increased muscle mass 
and strength in active older men. Protein supplementation after each exercise session (3 
times·wk-1) and every night before sleep did not further enhance the training-induced gains 
in skeletal muscle mass or strength in older men.  
Twelve weeks of progressive whole-body resistance exercise training resulted in a combined 
average gain of 1.3±0.2 kg lean body mass and a concomitant decrease in whole-body fat 
mass. These results are in line with previous studies that showed that 12 wk of resistance 
exercise training results in a gain of approximately 1.0 kg lean body mass (10, 30, 37, 52). 
The increase in lean body mass primarily occurred in the lower extremities, with quadriceps 
CSA being increased by 7 ± 1 %. This increase in muscle mass was accompanied by 15 ± 1 
% and 21 ± 3 % increases in leg press and leg extension strength, respectively. As expected, 
our findings are in line with previous studies that showed strength increases of ≥25 % after 
a 12-wk resistance exercise training program (26, 30, 32, 52). The observed increase in 
muscle strength and shift in body composition also contributed to improvements in 
functional capacity (Table 8.6) and oral glucose tolerance (Figure 8.5).  
In the present study, we tested the hypothesis that supple- mentation with leucine-enriched 
whey protein ingested after each exercise session and every night before sleep would further 
augment gains in muscle mass and strength during resistance exercise training in active older 
men. Despite the significant gains in lean body mass observed over the course of the training 
period, we observed no differences between the protein- supplemented and placebo 
groups (1.1 ± 0.2 and 1.6 ± 0.3 kg, respectively; P = 0.18). These findings correspond with 
more direct assessments of skeletal muscle hypertrophy, because we observed no 
differences between groups in quadriceps CSA (Figure 8.2; P = 0.09) or type I (Figure 8.3A; 
P = 0.53) and type II (Figure 8.3B; P = 0.84) muscle fiber CSA. We also observed no 
differences in leg press 1RM (Table 8.6; P = 0.77), leg extension 1RM (Table 8.6; P = 0.80), 
or sit-to-stand time (Table 8.6; P = 0.74) between groups.  
In addition to our assessments of skeletal muscle mass and strength, we also provided 
subjects with deuterated water (2H2O) to assess the muscle protein synthetic response to 
protein supplementation throughout the last week of the training intervention. With the use 
of this approach, we and others have shown that resistance exercise stimulates a robust 
increase in muscle protein synthesis rates over days or weeks (21, 44, 58). In line with the 
present findings on muscle mass, we observed no differences in myofibrillar protein synthesis 
rates between the placebo and protein groups. Daily fractional muscle protein synthesis 
rates averaged 1.57 ± 0.05 and 1.62 ± 0.06 %·d-1 in the protein and placebo groups, 
respectively (Figure 8.4; P = 0.54). Our findings seem to be in contrast with observations of 
higher muscle protein synthesis rates during recovery from a single bout of exercise when 
whey protein (40, 46, 61), leucine (13, 23, 38, 56), or leucine-enriched protein (28) are 
ingested. The deuterated water approach applied in this study allowed the assessment of 
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muscle protein synthesis rates during 7 d of the exercise training intervention. During this 
week, other factors such as regular food intake, habitual physical activity, stress, and sleep 
may have modulated muscle protein synthesis rates. The present findings indicate that 
protein supplementation does not further augment muscle protein accretion during the 
latter stages (week 12) of a 12-wk exercise training program in active older men.  
Dietary protein intake during the intervention period was 1.2 ± 0.1 g·kg-1·d-1 in the placebo 
group and 1.4 ± 0.1 g·kg-1·d-1 in the protein-supplemented group. Instead of merely 
increasing dietary protein intake, the present study focused on timed protein 
supplementation, with supplements being provided immediately after exercise and before 
sleep. The ingestion of dietary protein in close temporal proximity to exercise has been 
shown to further improve post-exercise net muscle protein balance (6, 42, 48, 49). In 
addition, we have previously shown that the ingestion of 40 g casein before sleep increases 
overnight muscle protein synthesis rates (16, 27, 43) and could therefore serve to promote 
skeletal muscle mass gains when combined with resistance exercise training (20, 50). In 
support, we have previously shown that pre-sleep protein supplementation (∼30 g×d-1) 
augments gains in muscle mass and strength after 12 wk of resistance exercise training in 
healthy young men (45). In the present study, however, we failed to observe greater 
increases in skeletal muscle mass or strength after post-exercise and pre-sleep protein 
supplementation during 12 wk of resistance exercise training in active older men. The 
absence of any surplus benefits of protein supplementation on muscle mass and strength 
gains during prolonged resistance exercise training in older compared with younger adults 
may be explained by age-related factors, which include a lower absolute workload, lower 
habitual physical activity, and the prevalence of anabolic resistance. In support, exercise 
workload and absolute gains in muscle mass and strength tend to be greater in younger 
individuals than in older individuals (18, 24, 45). Consequently, protein supplementation 
appears to provide a greater benefit to the skeletal muscle adaptive response to resistance 
exercise training in younger individuals (12, 18, 24, 37, 55).  
It has been suggested that the prevalence of anabolic resistance may be compensated for 
by ingesting even larger amounts (i.e., 40 g) of protein than what was provided in the present 
study (20 g whey + 1 g leucine). However, previous work has shown that the ingestion of 20 
g whey should be effective at increasing post-exercise muscle protein synthesis rates in the 
healthy older population (60). Furthermore, numerous studies have shown leucine co-
ingestion to further augment the muscle protein synthetic response to protein ingestion (2, 
9, 23, 56). Therefore, we can only speculate on whether supplementation with a larger 
protein dose could have further increased muscle mass and strength gains after resistance 
training in these healthy, active older men.  
The present findings add to the growing number of studies from our group (30, 52) as well 
as others (10, 11, 14, 19, 22, 29, 34) that show that protein supplementation does not further 
augment skeletal muscle mass or strength gains during resistance exercise training in active 
older men who habitually consume ample amounts of dietary protein (1.0–1.2 g·kg-1·d-1). In 
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contrast, protein supplementation has been reported to increase muscle mass and strength 
gains during resistance exercise training in prefrail older men and women who consume less 
than optimal amounts of dietary protein (47). Therefore, protein supplementation may be of 
greater benefit in more clinically compromised older populations when gains in muscle mass, 
strength, or both are restricted by habitual protein consumption (4). In conclusion, protein 
supplementation after exercise and before sleep does not augment skeletal muscle mass or 
strength gains after resistance exercise training in active older men who consume ample 
dietary protein.  
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This thesis describes a series of studies investigating the impact of physical activity and 
nutritional intervention strategies to promote skeletal muscle anabolism in older individuals. 
In this chapter, we discuss the interpretation of acute muscle protein synthetic responses 
and why such responses should not be considered as a reliable indicator of subsequent 
increases in skeletal muscle mass following more prolonged resistance-type exercise 
training. We follow-up by describing the potential significance of novel deuterated water 
methods to assess muscle protein synthesis rates over multiple days or even weeks. Next, 
we discuss how novel methods used to simultaneously assess fractional synthesis rates of 
hundreds of individual proteins may further improve our understanding of skeletal muscle 
reconditioning in a variety of settings. Lastly, we define future research aims to better 
understand the regulation of skeletal muscle mass in response to aging, nutrition, and/or 
exercise. 
 

Acute muscle protein synthetic responses to exercise  
 
In rested and fasted healthy individuals, muscle protein synthesis rates are slightly lower in 
comparison with muscle protein breakdown rates, which results in a negative net protein 
balance. A single bout of exercise robustly increases muscle protein synthesis rates (3, 10, 

35). Exercise also increases muscle protein breakdown rates, albeit to a lesser extent, which 
results in a more positive net muscle protein balance (3, 10, 35). However, post-exercise net 
muscle protein balance will remain negative in the absence of food ingestion (3). Food 
ingestion, and protein ingestion in particular, further increases muscle protein synthesis rates 
and lowers muscle protein breakdown rates during post-exercise recovery (39). 
Consequently, food ingestion after exercise allows net muscle protein balance to become 
positive. This positive net muscle protein balance allows muscle protein accretion over the 
course of a prolonged exercise training period. As such, both exercise and nutrition are 
required to promote skeletal muscle hypertrophy over time. 
The relationship between the acute post-exercise increase in muscle protein synthesis rates 
and subsequent skeletal muscle hypertrophy has led some to believe that post-exercise 
muscle protein synthesis rates can serve as an indicator to predict long-term gains in skeletal 
muscle mass. Recent studies have directly assessed the relationship between acute post-
exercise muscle protein synthetic responses and gains in skeletal muscle mass following 
more prolonged resistance-type exercise training within the same individuals. These studies 
have demonstrated no significant correlations between the magnitude of the muscle protein 
synthetic response to the first bout of resistance-type exercise and the subsequent gains in 
skeletal muscle mass following more prolonged resistance-type exercise training (21, 24). 
Obviously, the acute post-exercise muscle protein synthetic response to a single bout of 
exercise does not provide a proper indication of skeletal muscle mass that may be gained 
following more prolonged resistance-type exercise training.   
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There are obvious reasons why the acute post-exercise increase in muscle protein synthesis 
rates should not be considered as a reliable indicator of subsequent increases in skeletal 
muscle mass following more prolonged resistance-type exercise training. First of all, the 
post-exercise increase in muscle protein synthesis rates is not exclusively dedicated to 
support myofibrillar protein accretion. Instead, a large fraction of the post-exercise increase 
in muscle protein synthesis rates is likely directed towards restoring energy homeostasis, 
repairing contraction-induced damage, and supporting tissue (re)conditioning in response 
to the type of exercise performed. The latter is evident when comparing the muscle adaptive 
response to resistance-type exercise training with that of endurance-type exercise training 
(Table 9.1). A single bout of endurance- or resistance-type exercise both result in a 60-70 % 
increase in mixed muscle protein synthesis rates during acute post-exercise recovery (10, 21, 

36). Although both types of exercise increase muscle protein synthesis rates, the 
characteristic physiological adaptations are caused, in part, by differences in the post-
exercise stimulation of sub-cellular muscle protein fractions (i.e., myofibrillar, mitochondrial, 
and/or collagen). In particular, a bout of resistance-type exercise mainly increases 
myofibrillar protein synthesis rates (57), which contributes to skeletal muscle hypertrophy 
over a more prolonged period of resistance-type exercise training (43). On the other hand, 
a bout of endurance-type exercise primarily increases mitochondrial protein synthesis rates 
(57), which contributes to the increase in skeletal muscle mitochondrial content and the 
corresponding increase in whole-body oxidative capacity following a more prolonged period 
of endurance-type exercise training (43).  It is therefore evident that while the post-exercise 
increase in mixed muscle protein synthesis rates may indeed support skeletal muscle 
hypertrophy, it also contributes to the broader (re)conditioning of skeletal muscle tissue in 
response to the specific type of exercise performed.  
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Table 9.1 The acute and long-term adaptive responses to endurance- and resistance-type exercise1 

Another reason why a single, acute muscle protein synthetic response cannot be predictive 
of long-term skeletal muscle mass gains is that the post-exercise increase in muscle protein 
synthesis rates can be modulated by several factors. For example, successive exercise bouts 
over the course of a resistance-type exercise training program will result in a more 
immediate, yet overall diminished increase in post-exercise muscle protein synthesis rates 
(10, 35, 51). Furthermore, several other parameters related to training, such as contraction 
type (27), intensity (8, 25), volume load (7, 18), time under tension (5), and inter-set rest (23), 
have been shown to modulate the post-exercise increase in muscle protein synthesis rates. 
Aside from training parameters, the properties of food ingestion during post-exercise 
recovery also seem to impact the overall increase in (daily) muscle protein synthesis rates. In 
particular, the amount (28, 33, 59, 61, 62), type (32, 50) and source (50, 58, 62) of dietary 
protein ingested in a single meal modulates post-exercise muscle protein synthesis rates. In 
the present thesis, we also describe the impact of the amount (Chapter 2) and amino acid 
composition (Chapter 3) of ingested protein on post-exercise muscle protein synthesis rates 
in older men. Other than single meal responses, post-exercise muscle protein synthesis rates 
are also impacted by timing (1, 19, 42, 53) and distribution (1, 20) of meals ingested 
throughout the day. Lastly, there are several secondary factors present in real-life settings, 
such as sleep-wake patterns, diurnal fluctuations in circulating hormones, stress, and illness, 
which may also impact the post-exercise increase in muscle protein synthesis rates.  

 Endurance-type exercise 

 

Resistance-type exercise 

 
Acute post-exercise responses (hours) 

Myofibrillar protein synthesis ⬄ ⇧⇧⇧ 
Mitochondrial protein synthesis ⇧⇧ ⬄⇧	

Long-term adaptive responses (weeks-months) 

Muscle hypertrophy ⬄ ⇧⇧⇧	
Muscle fiber size ⬄⇧ ⇧⇧⇧	
Muscle strength and power ⬄⇩ ⇧⇧⇧	
Oxidative capacity ⇧⇧⇧ ⬄⇧ 
Mitochondrial and oxidative function ⇧⇧⇧ ⬄⇧ 
Lactate tolerance ⇧⇧ ⬄⇧ 

1Endurance-type exercise generally encompasses longer exercise durations ranging from several minutes to 
several hours at various exercise intensities involving repetitive, low-resistance muscle contractions. Some key 
examples of endurance-type exercise include running, cycling, and swimming. Resistance-type exercise 
generally encompasses exercise bouts of shorter duration involving relatively few high-to-maximal resistance 
muscle contractions. Some key examples of resistance-type exercise include weight lifting and body building. 
⇧, values increase; ⇩, values decrease; ⬄, values remain unchanged; ⇧ or ⇩, small effect; ⇧⇧ or ⇩⇩, medium 
effect; ⇧⇧⇧ or ⇩⇩⇩, large effect; ⬄⇧ or ⬄⇩, no change or slight change. Adapted from Egan and Zierath (14). 
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The application of acute labeled amino acid infusion methods has been critical in 
determining the impact of these various individual factors on muscle protein synthesis rates. 
Considering that the presence of any combination of these factors may change over a 
prolonged resistance-type training program, it is evident why acute post-exercise muscle 
protein synthesis rates should not be considered as a reliable indicator of long-term gains in 
skeletal muscle mass following prolonged exercise training. Clearly, we can improve our 
understanding of skeletal muscle mass regulation by capturing the interaction of the various 
factors known to impact muscle protein synthesis rates. With such an approach, we can 
better define the anabolic impact of intervention strategies (e.g., exercise and nutrition) 
against the presence of more habitual factors (e.g., habitual physical activity and regular 
dietary intake) that are known to modulate muscle protein synthesis rates. 
To capture the presence of habitual factors, the duration of a tracer infusion protocol would 
need to be extended from hours to several days or even weeks. However, infusing amino 
acid tracers for a period longer than 12 h likely introduces considerable error into the 
assessment due to labeled amino acid tracer recycling (48, 54). Furthermore, the application 
of amino acid tracer infusion methodologies requires stationary infusion pumps and 
intravenous infusion lines. The use of such equipment restricts the assessment of muscle 
protein synthesis rates to volunteers who must remain in a well-controlled laboratory setting. 
Therefore, there is a need for novel methods to assess muscle protein synthesis rates in free-
living conditions over more prolonged periods.  
 
Assessment of muscle protein synthesis rates over a more prolonged period  
 
Deuterated water (2H2O) ingestion has been applied as early as 1935 for the study of in vivo 
substrate metabolism (47). Deuterated water ingestion increases body water deuterium (2H) 
enrichment, which is subsequently incorporated into numerous de novo synthesized 
metabolites. Deuterium is also incorporated into most non-essential amino acids, which can 
be isolated and analyzed to assess protein metabolism. Notably, the non-essential amino 
acid alanine becomes rapidly (i.e., < 2 h) and highly (i.e., 3.7-fold that of body water 
enrichment) labeled with deuterium (Chapter 7). As such, alanine serves as one of the most 
convenient individual amino acids to use as a tracer for assessing muscle protein synthesis 
rates when applying the deuterated water method. The de novo labeling properties of 
alanine coupled with the long half-life of the body water pool (i.e., 10-14 days) permits long 
assessment periods (i.e., days-to-weeks) without the need for stationary infusion equipment. 
In other words, test subjects in these metabolic studies serve as their own renewable source 
of labeled amino acid tracer. Subjects can resume normal daily activity during the 
experimental protocol and the impact of all anabolic stimuli, including a study intervention, 
is captured within the longer assessment of muscle protein synthesis rates. 
 
Impact of physical activity on daily muscle protein synthesis rates 
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The application of the deuterated water method to detect changes in muscle protein 
synthesis rates in vivo in humans was first demonstrated by Robinson et al in 2011. In this 
study, it was demonstrated that muscle protein synthesis rates were higher in older adults 
performing 6 weeks of endurance-type exercise training when compared to younger adults 
who did not perform any regular exercise (44). Since then, deuterated water methods have 
been applied to demonstrate the impact of an increased level of physical activity, including 
a variety of resistance- and endurance-type exercise interventions on daily muscle protein 
synthesis rates (2, 4, 12, 46, 56).  
In Chapter 7, we applied the deuterated water method to demonstrate that daily resistance-
type exercise in one leg increases local muscle protein synthesis rates when compared to 
the contra-lateral, non-exercised leg. We found that the absolute muscle protein synthetic 
response to 3 days of resistance-type exercise (0.08 %·h-1) aligns very well with findings from 
acute tracer infusion studies (0.08-0.10 %·h-1) (6, 11, 17, 34, 40, 41, 59, 60). Interestingly, our 
observation of ~25 % greater muscle protein synthesis rates in the exercise versus control 
leg is lower than similar comparisons assessed using acute labeled amino acid infusion 
protocols, which typically show 30-100 % greater muscle protein synthesis rates following a 
bout of resistance-type exercise. The difference can be explained by a greater absolute 
muscle protein synthesis rate observed in our deuterated water assessment of the non-
exercised, control leg (0.06 %·h-1) when compared to basal conditions assessed using acute 
tracer infusion methods (0.02-0.04 %·h-1) (6, 7, 15, 29). The greater absolute muscle protein 
synthesis rates measured using the deuterated water method reflect the surplus anabolic 
impact of habitual physical activity, diet, sleep-wake patterns, and/or hormonal patterns 
captured throughout the 3-day assessment in both the exercised and non-exercised, control 
leg.  
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The application of deuterated water to measure muscle protein synthesis rates over days-
to-weeks more completely reflects the impact of factors that may contribute to muscle mass 
gains during more prolonged resistance-type exercise training. Therefore, the application of 
the deuterated water method within a long-term intervention study should provide better 
insight into muscle protein synthetic responses underlying the skeletal muscle adaptive 
responses to a long-term exercise intervention. In Chapter 8 of this dissertation, we 
measured the change in skeletal muscle mass in response to placebo or protein 
supplementation during 12 weeks of resistance-type exercise training in healthy older men. 
We also administered deuterated water to all volunteers during the last week of the exercise 
training program to measure daily myofibrillar protein synthesis rates. We observed good 
agreement between our assessments of myofibrillar protein synthesis rates over the 7-day 
period and the various measures of training-induced skeletal muscle mass gain between the 
protein and placebo groups. However, on an individual basis, we did not detect a significant 
correlation between muscle protein synthesis rates and the increase in skeletal muscle mass 
assessed using computed tomography (CT) scans of the upper thigh (Figure 9.1). These data 
likely reflect the fact that the muscle adaptive response (i.e., hypertrophic response) to 
resistance-type exercise training is highly dynamic throughout a period of training and that 
the muscle anabolic response may predominantly occur during an earlier phase of training. 
It may therefore be speculated that daily myofibrillar protein synthesis rates during the initial 
phase of a resistance-type exercise training program would correlate stronger with changes 
in skeletal muscle mass during the same period. A recent study showed that muscle protein 
synthesis rates assessed using the deuterated water method over the first 3 weeks of 

 

Figure 9.1 Correlation between the change in quadriceps cross-sectional area (cm2) following 12 weeks of 
resistance-type exercise training and myofibrillar protein fractional synthetic rate (FSR, %×d-1) during week 12 of 
the resistance-type exercise training program (n = 41). The solid line indicates the linear regression line of best 
fit and the dashed lines represent the 95 % confidence interval. No correlation was observed (r = 0.04; P = 
0.794). 
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resistance-type exercise training correlate well with thigh muscle thickness measured 
following the same period of training (4). While these data do not necessarily demonstrate 
that muscle protein synthesis rates align with the training-induced change in muscle 
thickness, the investigators also show in younger adults that the initial rise in muscle protein 
synthesis rates return to near baseline levels in the latter stages (weeks 3-6) of the training 
program (4). This dynamic nature of the muscle adaptive response throughout prolonged 
exercise training was also demonstrated in recent work that applied the deuterated water 
method to measure muscle protein synthesis rates during separate 3-day intervals at 
different phases of a 10-week resistance-type exercise training program. This study 
demonstrated that muscle protein synthesis rates correlated well with training-induced 
changes in skeletal muscle mass only after the initial contraction-induced muscle damage 
responses had subsided (12). Altogether, the application of deuterated water within long-
term intervention studies is beginning to improve our understanding of the dynamic 
regulation of muscle protein synthesis rates that underlie skeletal muscle mass gain over the 
course of an exercise training program. 

 

Along with studies investigating the underlying regulation of skeletal muscle hypertrophy, 
recent work has demonstrated that the deuterated water method can also be effectively 
applied to investigate the underlying regulation of skeletal muscle atrophy. In particular, 
recent studies have applied the deuterated water method to demonstrate decreases in 
muscle protein synthesis rates during short periods of reduced physical activity, such as step 
reduction (22) and limb immobilization (26). However, it remains to be determined how 
disruptions in daily muscle protein synthesis rates underlie skeletal muscle atrophy during 
decreased physical activity, aging, and disease. Studies on these topics are currently 

Figure 9.2 Correlation between thigh muscle thickness (cm) following 3 weeks of resistance-type exercise  and 
myofibrillar protein fractional synthetic rate (FSR, %×d-1) during weeks 0-3 of the resistance-type exercise training 
program (n = 10). The lines indicate the linear regression line of best fit and the 95 % confidence interval. A 
significant positive correlation was observed (r = 0.72; P = 0.01). Figure adapted from Brook et al. (4). 
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underway within our own research group as well as in collaboration with the University of 
Exeter and the University of Birmingham. 
 

Assessment of fractional protein synthesis rates of individual proteins 
 

Over the last few decades, investigators have gained insight into muscle protein 
reconditioning responses by applying amino acid tracers and performing separation 
techniques on muscle tissue samples to attain concentrated sub-cellular protein fractions 
(i.e., myofibrillar and mitochondrial). Isotope analysis on the separate fractions has revealed 
that mitochondrial proteins generally synthesize at a faster rate (i.e., 0.06-0.20 %×d-1) when 
compared to myofibrillar proteins (i.e., 0.02-0.08 %×d-1) (5, 13, 45). While this approach has 
revealed clear differences in average protein synthesis rates between the sub-cellular muscle 
protein fractions, each sub-cellular fraction consists of numerous individual proteins. 
Therefore, isolated anabolic responses of individual proteins, subsets of proteins, or protein 
networks, may be masked by the responses of other, more abundant proteins residing within 
the same protein fraction. One solution has been to apply western blotting techniques to 
semi-quantitatively assess changes in the abundance of key individual muscle proteins. 
However, while this approach provides some evidence of mechanisms underlying skeletal 
muscle tissue adaptation, the coordinated reconditioning of hundreds or thousands of 
different proteins, not only within the same sub-cellular protein fraction, but also across the 
entire muscle proteome, are required to promote physiological adaptation. Therefore, our 
understanding of the overall coordination of muscle proteomic responses to a variety of 
situations and interventions remains unclear. 
Deuterated water ingestion combined with recent developments in high-throughput 
analytical techniques (e.g., LC-MS/MS instrumentation) allows for simultaneous in vivo 
assessment of the fractional synthesis rates of hundreds of individual proteins. The 
endogenous deuterium labeling of nearly all amino acids dramatically increases overall 
deuterium incorporation into newly synthesized peptides, which are assembled into distinct 
skeletal muscle proteins. Rapid detection and identification of peptides using LC-MS/MS 
analysis allows quantitation of the increase in peptide deuterium enrichment over time and 
subsequent estimation of fractional synthesis rates of the corresponding individual proteins. 
This approach was first applied to study proteome dynamics in rat brain tissue (37) and later 
modified to determine plasma proteome dynamics in vivo in humans (38). Within the last 
couple of years, dynamic proteomic approaches have been applied in human skeletal muscle 
tissue to assess in vivo proteome synthetic responses to exercise interventions and energy 
intake restriction (9, 30, 49). 
In a recent pilot study, we compared one group of rats that were provided with a running 
wheel in their cage (PA, n = 3) with a separate group of rats that remained sedentary (Rest, 
n = 3) over 21 days. By providing deuterated water and collecting muscle tissue, we were 
able to measure and compare the synthesis rates of 106 different proteins in the soleus 
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muscle. Physical activity impacted the synthesis rates of 83 proteins overall, with a 
percentage change of myofibrillar and mitochondrial proteins ranging from -26 % to +95 % 
when expressed relative to the control group. In particular, we found that key mitochondrial 
proteins, such as cytochrome-C oxidase (1.83 %·d-1) and citrate synthase (2.36 %·d-1), 
demonstrated greater synthesis rates when compared to key myofibrillar proteins, such as 
a-actin (0.27 %·d-1) and myosin light chain-3 (0.65 %·d-1, Figure 9.3). The relative difference 
between proteins is directly in line with previous literature, demonstrating that citrate 
synthase and cytochrome-C-oxidase synthesis rates are approximately 5-fold greater when 
compared to actin and myosin (16). Wheel running stimulated greater synthesis rates of 
citrate synthase, but not cytochrome-C oxidase, a-actin or myosin light chain-3 synthesis 
rates (Figure 9.3). Citrate synthase abundance and activity are important determinants of 
peak oxidative capacity and have been shown to increase in response to prolonged 
endurance-type exercise training. Our preliminary work indicates the that proteome dynamic 
approaches can be applied to attain a more detailed characterization of the muscle 
proteomic synthetic response to physical activity interventions. 
 

 

Figure 9.3 Fractional synthesis rates (FSR; %×d-1) of four individual proteins measured in rodent soleus muscle.  
Values represent means + SEM. Data were taken from a larger data set including 123 individual proteins. 
Rodents from the physical activity group (PA) had access to a running wheel and rodents from the rest group 
(Rest) did not (n = 3/group). Analyzed with a Student’s unpaired t-test .*Significantly different from Rest (P < 
0.01). 

Actin, alpha skeletal m
uscle

Myosin lig
ht chain 3

Cytochrome c oxidase subunit 5
A, m

itochondrial

Citra
te synthase, m

itochondrial
0

1

2

3

4

5

6

FS
R

 (%
·d

-1
)

Rest
PA

*



General discussion 

 
187 

Aging is associated with specific type II muscle fiber atrophy (31, 55). In Chapter 8, we 
observed that resistance-type exercise training increases type II, but not type I, muscle fiber 
cross-sectional area in older men. These findings are one indication that the different fiber-
types can exhibit distinct adaptive responses to an exercise intervention.  Therefore, better 
characterization of protein synthetic responses specific to each muscle fiber-type would 
provide better insight into the impact of aging or different intervention strategies, such as 
resistance-type exercise training, on fiber-type specific reconditioning. Current isotope-
based measurements provide us with the combined protein synthetic response in all fiber-
types contained in a muscle tissue sample. To perform fiber-type specific measurements, 
sampled muscle fibers would need to be sorted prior to protein extraction and subsequent 
determination of isotopic enrichment. However, whereas manual or semi-automatic muscle 
fiber sorting is technically possible, it is seldom performed due to technical challenges and 
laborious nature of the technique. One solution would be to apply a proteome dynamic 
approach in a sample of mixed fiber-types to target and compare the synthetic responses of 
key fiber-type specific proteins. For example, targeted analysis of the major protein isoforms, 
such as myosin heavy chain I (MHCI) for the type I muscle fibers and myosin heavy chain II 
(MHCII) for the type II muscle fibers, may provide us with a better understanding of the 
myofibrillar protein synthetic responses of the different fiber-types. In fact, recent work has 
applied the proteome dynamics approach in obese individuals who performed unilateral 
exercise and reported that the synthesis rate of the MHCIIa isoform was greater in the leg 
preforming resistance-type exercise when compared to the contralateral control leg (9).  
Along with the measurement of peptide deuterium enrichment, recent developments have 
been made to simultaneously assess individual peptide abundances. Attaining data on 
protein synthesis rate and changes in peptide abundance over time allows for an estimation 
of the breakdown rates of individual muscle proteins (9). Combined assessments of muscle 
protein synthesis and muscle protein breakdown rates provide the most complete evaluation 
of muscle protein metabolic responses to a study intervention. However, the assessment of 
muscle protein breakdown rates has been challenging to perform, especially under 
conditions involving dietary protein ingestion (52). Therefore, the proteome dynamics 
approach represents an important methodological development in the field of human 
muscle protein metabolism as future application will provide more complete insight into the 
dynamic regulation of muscle protein reconditioning. Overall, knowledge attained from 
proteome dynamics applications will be essential for developing our understanding of 
muscle mass regulation in response to aging, disuse and disease and will be applied to 
develop more effective intervention strategies in the near future. 
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Future directions 
 
The studies described in this thesis extend on our understanding of the regulation of skeletal 
muscle tissue maintenance in older individuals. Though we have made progress by 
identifying interactions between physical activity and food intake, many gaps in our 
knowledge remain. As described above, novel applications of the deuterated water 
methodology will be applied in future research to improve our understanding of long-term 
muscle protein synthetic responses in a variety of settings. This approach allows us to 
address some interesting questions that need to be answered in future research and include 
the following: 
 

1. How do different levels of habitual physical activity impact day-to-day muscle protein 
synthesis rates in healthy individuals? How are daily muscle protein synthesis rates 
impacted by sedentary behavior? Are changes in daily protein synthesis rates due to 
lifestyle modification different between healthy young and older individuals? 
 

2. What is the minimum amount of physical activity needed during short periods of 
muscle disuse (i.e., injury, illness or hospitalization) to compensate for disturbances 
in muscle protein synthesis rates?  

 
3. Can changes in dietary protein intake patterns (i.e., daily amount, source, meal 

distribution) impact daily muscle protein synthesis rates in healthy individuals and 
more clinically compromised sub-populations?  

 
4. How are individual muscle protein synthesis rates impacted by nutrition or different 

types of exercise? In which individual proteins (or protein networks) are synthesis 
rates increased or decreased? Are increases in protein synthesis rates accompanied 
by greater protein abundances and/or activity? By applying a proteomic approach, 
can major proteins that drive phenotypic or functional adaptation be identified as 
“rate-limiting” and targeted to develop more effective intervention strategies to 
combat age-related muscle mass and strength loss?    
 

5. Can the assessment of daily protein synthesis rates of fiber-type specific proteins or 
isoforms of proteins be used to study fiber-type specific adaptive responses to aging, 
disuse and various intervention strategies?   
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Age-related muscle loss, physical activity and dietary protein 
 
Older individuals display a blunted muscle protein synthetic response to dietary protein 
ingestion. This anabolic resistance at least partly explains the age-related decline in skeletal 
muscle mass. Physical activity, and resistance-type exercise in particular, is the most potent 
strategy to increase muscle protein synthesis rates. Dietary protein ingestion is required to 
further stimulate muscle protein synthesis rates and achieve a positive net muscle protein 
balance during post-exercise recovery.  
 

Amount of protein 
 
In Chapter 2, we defined the amount of protein required to stimulate near-maximal muscle 
protein synthesis rates in healthy older men. Ingestion of at least 30 g protein results in a 
measurable rise in post-exercise muscle protein synthesis rates when compared to placebo 
ingestion. By applying intrinsically L-[1-13C]-phenylalanine-labeled protein, we were able to 
demonstrate a protein dose-dependent increase in the incorporation of L-[1-13C]-
phenylalanine into myofibrillar protein, with ingestion of 45 g protein providing a greater 
amount of dietary protein-derived phenylalanine for de novo muscle protein synthesis. This 
finding demonstrates that whereas muscle protein synthesis rates were stimulated after 
ingestion of 30-45 g protein, ingestion of greater protein doses provide greater amounts of 
amino acid precursors that are utilized to support the increase in de novo muscle protein 
synthesis rates.  
 

Leucine co-ingestion 
 
Ingesting 30-45 g protein in a single mixed meal may be practically challenging for certain 
older populations. The amino acid leucine has been established as one of the most anabolic 
amino acids due to its ability to phosphorylate key anabolic signaling proteins (i.e., mTORC1 
and S6K) in skeletal muscle tissue. Therefore, in Chapter 3, we assessed post-prandial 
protein handling and the muscle protein synthetic response to the ingestion of a smaller, 15 
g protein dose with or without additional free leucine (1.5 g) during recovery from resistance-
type exercise in older individuals. Interestingly, free leucine co-ingestion seemed to 
compromise protein digestion and/or amino acid absorption as dietary protein-derived 
phenylalanine availability was lower over the entire 6 h post-prandial period compared with 
ingestion of only 15 g protein. Nevertheless, we demonstrate that free leucine co-ingestion 
with 15 g protein stimulates greater muscle protein synthesis rates compared with ingestion 
of only 15 g protein.  
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Pre-sleep dietary protein ingestion 
 
Besides augmenting the muscle protein synthetic response to a post-exercise meal, optimal 
timing of meal ingestion may also aid in compensating for anabolic resistance in older 
individuals. In Chapter 4, we assessed whether a bout of resistance-type exercise could 
augment the overnight muscle protein synthetic response dietary protein ingested prior to 
sleep in older men. We observed that approximately 55 % of the ingested dietary protein 
became available in the circulation during sleep. Furthermore, the prior bout of exercise 
substantially increased overnight muscle protein rates, with 28 % more dietary protein-
derived amino acids being directed toward de novo overnight muscle protein synthesis.  
The ingestion of more rapidly digestible protein sources results in a greater post-prandial 
rise in circulating amino acid concentrations, which thereby further increases muscle protein 
synthesis rates. We speculated that protein digestion and absorption might also be 
modulated by an external factor as simple as body position (i.e., sitting upright or lying 
down). In Chapter 5, we tested the impact of protein ingestion in an upright position 
compared with a head-down tilted (-20 °) supine body position. As expected, peak leucine 
concentration and plasma amino acid availability were lower after protein ingestion in the 
inverted position when compared with the upright seated position. These proof-of-principle 
findings may not necessarily carry over to real-life situations. Therefore, in Chapter 6, we 
tested the impact of protein ingestion in a horizontal, supine body position compared with 
an upright seated position. We found that gastric emptying was accelerated and the rise in 
circulating leucine concentration was greater in the upright seated position compared with 
the horizontal supine position. These findings indicate that body position modulates rate of 
dietary protein digestion and absorption and impacts amino acid availability in the 
circulation, which may impact post-prandial muscle protein synthesis rates.  
 

Long-term assessment of muscle protein synthesis rates 
 
Recently, the application of deuterated water (2H2O) has re-emerged in the field as an 
approach to assess muscle protein synthesis rates over multiple days or weeks in vivo in 
humans. We applied oral deuterated water dosing in Chapter 7 to assess the impact of 
resistance-type exercise training on local muscle protein synthesis rates over a three-day 
period in healthy, younger males. We found that that daily resistance-type exercise 
stimulated muscle protein synthesis rates over multiple days. Whereas acute labeled amino 
acid infusion studies have shown that resistance-type exercise increases muscle protein 
synthesis rates by 50–100 %, we observed a lower impact of resistance-type exercise on the 
muscle protein synthetic response (~25 %) under free-living conditions. This discrepancy 
between tracer methodologies likely reflects the impact of other anabolic factors, such as 
dietary protein intake, habitual physical activity, sleep and hormonal fluctuations, which are 
incorporated into the more prolonged assessment of muscle protein synthesis rates.  
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Prolonged resistance-type exercise training 
 
In Chapter 8, we hypothesized that supplementation with leucine-enriched whey protein 
provided immediately after training and every night prior to sleep would further augment 
the muscle protein synthetic response during post-exercise recovery and therefore lead to 
greater gains in muscle mass and strength following more prolonged training in active older 
men. While twelve weeks of resistance-type exercise training increased whole body lean 
mass and maximal leg extension strength, protein supplementation did not further increase 
muscle mass or strength gains over the 12-week training intervention. These findings 
demonstrate that protein supplementation may not provide added benefit to muscle mass 
and strength gains following resistance-type exercise training in healthy, active older 
individuals who already consume ample amounts of protein.  
In order to assess the muscle anabolic response to protein supplementation during training, 
we provided subjects with deuterated water (2H2O) throughout week 12 of the training 
intervention and collected additional muscle biopsy samples. In line with our findings on 
differences in muscle mass and strength, we observed no difference in myofibrillar protein 
synthesis rates between the placebo- and protein-supplemented groups.  
 
Future application of deuterated water methods to study muscle protein 

metabolism 
 

In the final chapter of this dissertation, we discuss novel methodology based around 
deuterated water administration to study human muscle protein metabolism. In particular, 
application of deuterated water methods within long-term intervention studies may provide 
us with a better understanding of the dynamic regulation of muscle protein synthesis 
underlying skeletal muscle hypertrophy and atrophy. Deuterated water ingestion combined 
with recent developments in high-throughput analytical techniques allows for simultaneous 
in vivo assessment of the fractional synthesis rates of hundreds of individual proteins. This 
proteome dynamics approach represents an important methodological development in the 
field of human muscle protein metabolism and future application will provide more complete 
insight into the dynamic regulation of skeletal muscle protein reconditioning. 
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The age-related loss of skeletal muscle mass and strength, termed sarcopenia, increases the 
risk of disease development, hospitalization, and loss of independence in our older 
population. It is expected that the population over 65 years of age will triple in the upcoming 
40 years. Together, the prevalence of sarcopenia and expansion in our older population will 
overburden existing health care systems. In order to maintain good health in our older 
population and offset the associated increase in health care costs, we must develop and 
apply strategies targeted at counteracting the progression of sarcopenia. 
Older individuals display a blunted muscle protein synthetic response to protein ingestion, 
termed anabolic resistance, which is a major factor contributing to the loss of skeletal muscle 
mass. It is therefore evident that effective strategies should be targeted at compensating for 
the presence of anabolic resistance in our older population. In the present dissertation, we 
provide further evidence in older men that a bout of resistance-type exercise potently 
increases muscle protein synthesis rates (Chapters 4 and 7) and that prolonged resistance-
type exercise training substantially increases skeletal muscle mass and strength (Chapter 8). 
As such, it is clear that participation in a resistance-type exercise training program should 
form the basis for nearly all strategies aimed at preserving skeletal muscle mass and strength 
in the older population.  
Protein ingestion following exercise further increases muscle protein synthesis rates during 
post-exercise recovery. The amount of protein ingested following exercise is arguably the 
key nutritional factor dictating the magnitude of the increase in post-exercise muscle protein 
synthesis rates. However, the amount of ingested protein required to stimulate near-maximal 
post-exercise muscle protein synthesis rates has not yet been fully defined for the older 
population. Within the present dissertation (Chapter 2), it was demonstrated that older 
individuals require the ingestion of meals containing 30-45 g of protein is required to 
stimulate a near-maximal muscle protein synthetic response during post-exercise recovery.  
Considering that most people ingest 3 meals per day, the ingestion of meals containing 30-
45 g protein would result in a daily protein intake of 90-135 g×d-1, or 1.2-1.8 g×kg-1×d-1 in a 75 
kg older person. Recent dietary intake data has revealed that habitual protein intake is 1.0-
1.2 g×kg-1×d-1 in healthy, older individuals and 0-8-0.9 g×kg-1×d-1 in frail, older individuals (4). It 
is therefore apparent that increasing protein intake in older individuals may be practically 
challenging. However, there are a number of possible solutions that have been described to 
increase protein intake in various older populations. Aside from simply ingesting more food, 
older individuals could increase protein intake by co-ingesting isolated protein sources (e.g., 
protein shakes) with the main meals. Alternatively, protein-enriched food products appear 
to be an effective strategy to increase protein intake in various older populations (1, 2). 
Ingestion of isolated protein shakes and/or protein-enriched food products would be most 
effective if ingested with meals that do not typically contain more than 30 g protein, such as 
breakfast and lunch (4). Dietary intake data has also revealed that older individuals do not 
ingest protein in the evening (4). It has therefore been proposed that protein ingestion prior 
to sleep may represent an opportunity to increase dietary protein intake in the older 
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population. We report in the present thesis (Chapter 4) that pre-sleep protein ingestion is 
properly digested and absorbed and, when combined with physical activity, robustly 
increases overnight muscle protein synthesis rates. These data provide further support that 
pre-sleep protein ingestion may represent an effective nutritional strategy to compensate 
for anabolic resistance.  
Aside from strategies aimed at increasing dietary protein intake, co-ingestion of certain 
single nutrients appears to augment muscle protein synthesis rates when smaller protein 
doses are ingested (5). In Chapter 3 of the present thesis, we demonstrate that free leucine 
co-ingestion with 15 g protein stimulates greater muscle protein synthesis rates compared 
with ingestion of only 15 g protein during post-exercise recovery in the older population. As 
such, older individuals may also compensate for insufficient dietary protein intake by co-
ingesting each meal with a small amount of free leucine. This may be of particular relevance 
in certain older populations that struggle to consume adequate amounts of protein intake. 
Development of products containing free leucine (e.g., dissolvable powders, beverages, 
desserts, pills, gum, gels) represents a practical approach for implementation of free leucine 
co-ingestion in the general population. Alternatively, future product development should 
explore the efficacy of fortifying food products with free leucine to augment the anabolic 
response to meal ingestion.  
Older individuals are far more likely to be admitted to the hospital when compared to the 
younger population. Short-term hospital stays necessitate bed rest, which can dramatically 
accelerate the progression of age-related skeletal muscle mass and strength loss (3). While 
in bed, hospitalized patients spend most of the time lying in a supine body position. It is 
known that the digestibility of protein sources can modulate the post-prandial rise in 
circulating amino acid concentrations, which thereby impacts post-prandial muscle protein 
synthesis rates (6). We demonstrated in the present thesis (Chapters 5 and 6) that protein 
digestion and absorption is impacted by body position. In particular, we found that peak 
leucine concentration and plasma amino acid availability was greater when protein was 
ingested in an upright, seated position when compared with a supine, lying position. It is 
proposed that consuming food in an upright body position may promote a greater increase 
in post-prandial muscle protein synthesis rates. Current clinical nutrition protocols do not 
typically incorporate guidelines regarding the body position of patients during feeding. 
Based on early findings, however, future research should investigate the impact of body 
position on post prandial muscle protein synthesis rates in more clinically compromised 
populations. Knowledge on this topic could be used to innovate currently existing clinical 
nutrition guidelines to accelerate recovery and attenuate the age-related loss in skeletal 
muscle mass and strength in a variety of populations. Such innovation may be as simple as 
providing hospital patients with a communal dining space to encourage patients to sit 
(upright) while eating meals. 
Even though the benefits of resistance-type exercise training and dietary protein intake on 
skeletal muscle mass and strength may be widely known, they are not yet considered by the 
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general public to be relevant for older individuals. With this in mind, we must first implement 
strategies to educate older people to recognize the importance of maintaining skeletal 
muscle mass and strength. Along with improving awareness, we also need to provide our 
older population with an environment to better facilitate participation in exercise training. 
This knowledge translation to the general public and facilitation of exercise participation will 
likely be most effective if carried out through large-scale collaboration. For example, 
scientists are required to generate data to demonstrate the health implications of skeletal 
muscle loss and better understand the efficacy of novel exercise and dietary interventions to 
counteract skeletal muscle loss. Medical and scientific societies are required to incorporate 
relevant scientific findings into current public guidelines for healthy lifestyle. Considering the 
proposed financial burden of age-related muscle loss on existing healthcare systems, 
implementation of national-level exercise programs would offset the projected increase in 
age-related health care costs. Therefore, governmental intervention is required to develop 
and introduce new policies and fund programs aimed at educating and implementing 
strategies to increase muscle mass and strength in the older population. Additional financial 
support may be attained by insurance companies as older individuals in good health would 
presumably continue contributing to insurance policies as opposed to drawing insurance 
claims. Funding should be targeted to support construction of new facilities that are readily 
available to the general public and possess the capacity to support the coming expansion in 
the older population. Current nutritional information, some of which has been described in 
the present thesis, and advice should be provided at fitness facilities to maximize the health 
benefits of exercise training. Provision of this information should occur though professional 
health practitioners, which include: kinesiologists and registered dietitians, as well as 
physicians, nurses, and personal care-givers.  
 
Personal perspective  
 

It is clear that we must develop a deeper understanding of skeletal muscle tissue 
deconditioning that occurs over the lifespan. With this knowledge, we can better design 
intervention strategies to counteract skeletal muscle mass loss and the associated negative 
health consequences. While we have developed an understanding of age-related skeletal 
muscle mass loss on a whole-body level, the impact of aging on the regulation of skeletal 
muscle protein reconditioning still remains unclear. As discussed in Chapter 9, the 
application of deuterated water (Chapters 7 and 8) improves isotopic label detection in 
peptides, allowing simultaneous assessment of in vivo synthesis rates of several individual 
skeletal muscle proteins. This technique has been termed dynamic proteomics. Individual 
skeletal muscle protein regulation determines whole-body metabolic and functional 
consequences. Therefore, application of the dynamic proteomics method in older individuals 
will allow for the determination of dysregulated individual protein translation that is 
associated with aging. Subsequent investigation into the impact of various exercise and 
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nutritional intervention strategies will provide us with a better understanding of how such 
strategies counteract the dysregulation and contribute to improvements in metabolic health 
and physical function. Further exploration will allow us to optimize intervention strategies so 
that we can more effectively counteract the progression of sarcopenia.  Investigation into 
the impact of aging and short-term muscular disuse on individual protein synthesis rates will 
be the focus of my post-doctoral work.  
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