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Valorization 

In addition to the scientific value of this dissertation described in chapters 1-7, the 
results of the research presented also have societal and economic value. In this 
addendum we put the results of this thesis in a broader perspective and highlight its 
potential for clinicians and policymakers in a public health setting. 
 
Perhaps one of the most remarkable demographic developments in modern times is 
the progressive ageing of the population.1 Most recent predictions show that 25% of 
the Dutch population will be older than 65 in 2060, with nearly 40% aged 80 years and 
over.2,3 
Aging is accompanied by the loss of muscle mass and strength, called sarcopenia. 
Sarcopenia becomes evident around the age of 50, has a progressive character and is 
most relevant during periods of (severe) illness and immobilization.4 A clear 
relationship exists between the loss of muscle strength and an increase of falls, 
fractures, and nursing home admissions.5 Developing effective interventions to prevent 
or delay the onset of sarcopenia may reduce healthcare costs and improve the quality 
of life of older individuals. Ageing per se is not necessarily a burden, and it does not 
automatically decrease a person's ability to contribute to society. Older people can 
make valuable and important contributions to society, and may enjoy a high quality of 
life up to a very advanced age. The fact that people live longer is a positive sign in many 
ways, as life expectancy in itself is clearly associated with the general health of the 
population as well as the quality of the health care system.6 However, it also poses 
many challenges to maintain health and functional capacity in older people. 
Maintenance of health and functional capacity prevents social isolation, the loss of 
independency, and ensures that quality of life is not lowered throughout the longer 
lifespan.7 In this dissertation, we elucidate some of the mechanisms that may lead to 
sarcopenia and introduce some interventions to prevent or treat the loss of muscle 
mass with aging. Our focus lies on the concept of anabolic resistance of feeding and 
how dietary protein supplementation and physical activity may be applied to 
counteract the negative consequences of age-related sarcopenia. We shortly address 
how our findings may be relevant to define future research goals as well as how they 
should be implemented into intervention strategies aiming to support healthy aging. 
 
Dietary protein intake directly stimulates muscle protein synthesis.8 However, in older 
individuals, the muscle protein synthetic response to protein intake is reduced, which 
may, at least partly, explain the age-related loss of skeletal muscle mass.9 The work 
presented here uses a novel stable isotope tracer methodology (Figure 10.1) to assess 
certain aspects of postprandial protein handling in young and older individuals 
following various dietary interventions.  
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Figure 10.1 Schematic representation of the production of intrinsically labeled protein. 
 
 
Using intrinsically labeled protein enables us to provide a comprehensive overview of 
postprandial protein handling. In chapter 2 we show that ingestion of a single meal-like 
amount of protein allows ~55% of the protein derived amino acids to become available 
in the circulation, thereby improving whole-body and leg protein balance. About 20% of 
the dietary protein derived amino acids released in the circulation are taken up in 
skeletal muscle tissue following protein ingestion, thereby stimulating muscle protein 
synthesis rates and providing precursors for de novo muscle protein synthesis. In other 
words, we provide scientific evidence to show that we are what we just ate. This is both 
of scientific, as well industrial relevance. From a scientific point of view, reference 
values are created to further analyze the metabolic fate of ingested protein in healthy 
young men, and compare these results with other cohorts (i.e. older men, women, 
various patient groups, etc.). In addition, we can design and assess the efficacy of 
nutritional, pharmacological and exercise based interventions to optimize protein 
digestion, amino acid absorption and/or postprandial muscle protein synthesis.  
 
Most of our daily protein is consumed during the three main meals, breakfast, lunch 
and dinner. Together, those three meals provide 50-75 gram of protein (0.8-1.0 g/kg 
bodyweight). For a long time, it was believed that protein requirements in older people 
were met by these meals. However, more recent work indicates that more protein is 
required to allow muscle mass maintenance in the older population.10,11 The advised 
daily protein intake varies from 1.2 to 1.4 g/kg bodyweight. This would mean that an 
average older male (85 kg) should consume up to 100-120 g protein per day. In a proof-
of-principle study described in chapter 5 we administrated 40 g casein during sleep in 
healthy older male subjects. We show that overnight sleep represents and interesting 
window of opportunity to stimulate muscle protein synthesis. This will likely translate in 
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the opportunity to feed dietary protein prior to sleep as a strategy to inhibit muscle 
protein breakdown, stimulate muscle protein synthesis and, as such, support muscle 
mass maintenance. Consequently, the presented data provide many new leads and 
targets for product development and innovations in the nutrition industry. Nutrition 
companies aim to improve current product formulations and develop new products or 
concepts to support healthy aging. Results from chapter 5 provide clear insights on the 
relevance of the timing of protein ingestion and the relevance of designing novel 
product formulations that can maximally stimulate muscle protein synthesis and, as 
such, assist in the various strategies to combat the loss of skeletal muscle mass with 
aging.  
 
Ingestion of protein is followed by digestion and absorption of amino acids in the 
stomach and gut. The amino acids are transported in blood plasma, taken up in the 
muscle compartments, and finally incorporated into muscle tissue. Besides in vivo 
measurements of digestion and absorption (Chapter 2), we also assessed the role of 
hormonal regulation and muscle tissue perfusion on muscle mass and postprandial 
muscle protein synthesis. Many of the parameters that define postprandial protein 
handling are modulated by the postprandial rise in circulating insulin concentrations. 
However, the proposed stimulating role of insulin on postprandial muscle protein 
synthesis has been subject of intense debate.12,13 In chapter 3 we show that increased 
postprandial plasma insulin availability stimulates amino acid uptake over the leg, but 
does not further augment postprandial muscle protein synthesis rates or stimulate the 
postprandial deposition of protein derived amino acids into de novo muscle protein in 
healthy young and older men. These results are relevant from a scientific, as well as 
from a more clinical point of view. Scientifically, this is the first study to define the role 
of insulin in relation to muscle protein synthesis under physiological, postprandial 
conditions. The applied multi-level approach clarifies the metabolic fate of ingested 
protein, with or without local infusion of insulin in young and older men. We conclude 
that insulin is permissive rather than stimulatory in the postprandial muscle protein 
synthetic response. These results are also relevant from a clinical point of view since it 
is well known that insulin resistance commonly coexists with obesity and a sedentary 
lifestyle.14 To maintain muscle mass and preserve mobility with ageing and diabetes 
mellitus patients, home care programs should target healthy diet, stimulate physical 
activity and evaluate tight regulation of glucose and insulin metabolism, preferably 
before onset of sarcopenia becomes evident in the older population. 
 
Plasma insulin concentrations also modulate postprandial precursor availability by 
stimulating blood flow in skeletal muscle tissue, thereby enhancing amino acid 
uptake.15,16 Adequate muscle perfusion is essential for preservation of muscle mass, as 
it determines the rapid postprandial delivery of nutrients (i.e. amino acids) and growth 
factors to the muscle, thereby stimulating muscle protein synthesis.17 An impaired 
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responsiveness of the skeletal muscle microvasculature to postprandial insulin release 
may be attributed to impairments in muscle microvascular structure and endothelial 
function, which may include a decline in capillary density 18 and structural changes of 
the endothelial wall.19,20 In chapter 4, we conclude that aging and type 2 diabetes are 
accompanied with a reduced muscle mass, lower insulin sensitivity, reduced skeletal 
muscle capillary density, and compromised endothelial wall function. These 
observations indicate that both quantitative and qualitative changes in the 
microvasculature may contribute to the loss of skeletal muscle mass and the 
development of insulin resistance at a more advanced age. In particular, the endothelial 
glycocalyx layer appears to play an important role in the regulation of insulin sensitivity 
by controlling its delivery to the skeletal muscle fibers. It has recently been suggested 21 
that impaired tissue perfusion due to abnormality of the microvascular system (i.e. 
endothelial glycocalyx) is present along with other more conventional cardiovascular 
risk factors, including hypertension and diabetes.22-24 However, the pathology involved 
in vascular dysfunction in diabetes is complex and far from being understood. In 
Chapter 4 we extend on these observations by showing that diabetes and 
hyperglycemia are associated with an increased endothelial glycocalyx permeability. 
Loss of glycocalyx function may be a common factor in the established relationship 
between insulin resistance and endothelial dysfunction in patient populations. 
Furthermore, the results from Chapter 4 imply that such microvascular complications 
also play a key role in the etiology of anabolic resistance and the associated loss of 
skeletal muscle mass. Therefore, improving microvascular perfusion and glycocalyx 
integrity could represent new potential targets to prevent or decrease muscle loss and 
support healthy aging. 
 
Finally, the loss of skeletal muscle mass observed during a period of bed rest or lower 
limb immobilization has been attributed primarily to a reduction in basal and post-
prandial muscle protein synthesis rates. Maintaining some level of physical activity 
during a period of disuse is required to attenuate the decline in muscle protein 
synthesis rates and prevent excessive muscle tissue loss. However, under many clinical 
conditions (e.g., hospitalization due to illness or injury), maintenance of physical activity 
is often not practical or even feasible. Therefore, surrogate interventional strategies 
that stimulate muscle contraction should be applied to effectively stimulate muscle 
protein synthesis rates and, as such, attenuate skeletal muscle loss. Neuromuscular 
electrical stimulation (NMES) has been proposed as an effective means to maintain 
some level of muscle function when habitual physical activity cannot be performed. 
Prolonged application of NMES has been reported to attenuate the loss of muscle mass 
and/or strength in patients recovering from surgery, patients suffering from severe 
cardiovascular complications, or patients treated in the intensive care unit.25-27 In 
chapter 6, we show that protein ingestion prior to sleep represents an effective 
interventional strategy to stimulate overnight skeletal muscle protein accretion in vivo 
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in healthy, older men. The application of NMES in the evening can further augment 
postprandial muscle protein accretion following protein ingestion prior to sleep. The 
application of NMES combined with protein ingestion prior to sleep represents a 
feasible strategy to optimize overnight muscle protein accretion as presented in 
Chapter 5, and may be of great clinical benefit to attenuate muscle loss in clinically 
compromised individuals. Despite the necessity of studying the acute effects of NMES 
and dietary factors on overnight and postprandial protein handling in controlled 
laboratory conditions, these findings need to be confirmed in more practical and 
applied settings. A suitable next step to apply NMES and late-night protein ingestion in 
clinical conditions would be during elective, post-surgery recovery. 
 
The research described in this dissertation determines the impact of timing of protein 
ingestion, muscle tissue perfusion and the role of insulin on the muscle protein 
synthetic response after meal ingestion. These findings can directly be applied to 
improve food intake and the subsequent use of amino acids for de novo muscle protein 
synthesis. Finally, our findings contribute to the development of new guidelines for 
preservation of muscle mass and prevent sarcopenia in both health and disease. It can 
be challenging to successfully implement such dietary intervention strategies into 
practice. To achieve such knowledge translation, a more interdisciplinary approach 
between scientists in the field of human nutrition and physiology, behavioral scientists, 
clinicians, and health care professionals should be pursued. The findings from ‘small’ 
experimental studies as presented in this dissertation need to be translated into larger 
cohort studies to evaluate the feasibility, applicability, and efficacy of changing food 
intake strategies to support muscle mass preservation in daily life. Besides the aging 
population, the results from this dissertation may be translated to other clinical 
conditions where progressive skeletal muscle mass loss is observed. Cancer cachexia, 
chronic obstructive pulmonary disease (COPD), renal insufficiency, cardiovascular 
disease, and diabetes commonly lead to a condition that resembles a state of 
accelerated ageing. As strength and muscle loss seem to be accelerated in these more 
clinically compromised populations, it is evident that nutritional strategies should focus 
both on the prevention as well as treatment of muscle loss. As individual scientists, we 
all work on just one piece of the puzzle. However, combining the knowledge gained 
from multiple studies conducted by different laboratories over the world within various 
fields of research will allow us to define (more) effective and sustainable dietary and 
physical activity intervention strategies to combat the age-related loss of skeletal 
muscle mass and strength and, as such, support healthy aging. 
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