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General Introduction 
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Skeletal muscle tissue plays an indispensable role in several physiological functions of the 
human body. Skeletal muscle is primarily responsible for producing the forces that are 
needed to generate movement of the body. In accordance, muscle mass is a strong pre-
dictor for muscle strength and functional performance. Furthermore, skeletal muscle 
tissue represents a major metabolic organ, accounting for ~70% of body cell mass. As 
such, skeletal muscle tissue plays a major role in glucose, fat, and protein metabolism. 
 Aging is associated with a substantial decrease in skeletal muscle mass and muscle 
strength. The decrease in muscle mass with aging eventually leads to muscle weakness 
and major disabilities in day-to-day life. This is accompanied by a decrease in function-
al capacity and physical performance, and an increased likelihood of developing chron-
ic metabolic diseases like type 2 diabetes, obesity, and osteoporosis. The loss of mus-
cle mass and strength is also referred to as sarcopenia. Sarcopenia is recognized as an 
important factor in determining the ability of elderly people to live an independent 
life, and it is associated with a decrease in quality of life (1). Due to greater longevity, 
the subpopulation of elderly people is presently the fastest growing subpopulation in 
the developed world. This global aging will have a major impact on our healthcare 
system and will increasingly become a socio-economic problem. The detrimental con-
sequences of sarcopenia make it essential to improve health in elderly people; revers-
ing and/or attenuating sarcopenia will help elderly people to remain independent and 
to continue to actively take part in family and community life. Intervention strategies 
are necessary to improve muscle mass and muscle function in the elderly and, as such, 
support healthy aging. 
 In this thesis, the effects of different prolonged intervention strategies are studied 
on a whole body, limb, and myocellular level in various elderly populations. Specific 
attention is given to exercise and nutritional interventions to counteract the age-
related loss of skeletal muscle mass and strength. In these intervention programs the 
focus lies on skeletal muscle mass, strength and functional capacity, and the associated 
changes in the metabolic profile. 

Aging 

In almost every country in the world, the proportion of people aged over 60 years is 
growing faster than any other age group (2). This is no different from the European 
region, where the median age is already the highest in the world, and the proportion 
of people aged 65 and older is estimated to increase to 25% by 2050 (2). Likewise, in 
the Netherlands the proportion of elderly (>65 y) in the population is estimated to 
increase from ~15% to ~25% within the next 40 years (3). This global aging will have a 
major impact on our healthcare system due to increased morbidity and greater need 
for hospitalization and/or institutionalization (4). The increased morbidity in the elder-
ly is associated with a progressive decline in skeletal muscle mass and strength. The 
age-related loss of muscle mass has been termed sarcopenia. Sarcopenia has substan-
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tial negative health consequences. It is associated with a decreased metabolic rate, 
increased body fatness, loss of bone mass and reduced muscle strength and function. 

Age related muscle loss 

Between the age of 20 and 30 y, skeletal muscle mass peaks in humans, averaging 
~42% of body mass for men and ~34% for women (5). After the age of 30, muscle mass 
gradually decreases by approximately 3-8% per decade, and this rate of decline is even 
higher after the age of 60. Over the lifespan, this accounts for a total decline in whole-
body muscle mass of 30-40% (5, 6). For both men and women, the decrease in muscle 
mass is greatest in the extremities, and mainly in the lower limbs. For example, Lexell 
et al (6) observed a difference of up to 50% in the cross-sectional area of the quadri-
ceps muscle between 90-y and 20-y old subjects. Besides the decrease in whole-body 
and regional lean mass and muscle cross-sectional area, qualitative changes include an 
increase in connective tissue and fat infiltration into the muscle (7, 8).  
 On the muscle fiber level, Lexell et al (8) showed a decrease in both type I and type 
II muscle fiber numbers with aging. Additionally, some studies have shown an in-
creased proportion of type I muscle fibers in elderly people, potentially implying the 
predominant loss of type II muscle fibers (9, 10). Interestingly, type I muscle fiber size 
does not seem to be different between young and elderly individuals. In contrast, type 
II muscle fiber size is 25-50% lower in the elderly when compared with the young (6, 8, 
10, 11). Verdijk et al (11) also showed that type II muscle fiber atrophy in the elderly is 
accompanied by a type II muscle fiber specific decline in satellite cell content. Fur-
thermore, fiber type grouping (6) and decreased capillarization (12) have been ob-
served in elderly muscle tissue. In a recent study from our research group (13), we 
report that quadriceps muscle cross-sectional area is ~14% smaller in healthy elderly 
men (71 y) when compared with healthy young men (23 y). In addition, type II muscle 
fiber size was ~30% smaller in the elderly versus the young. As the calculated number 
of fibers in the quadriceps muscle did not differ between these younger and older 
men, these results suggest that at least up to a certain age, specific type II muscle fiber 
atrophy is likely responsible for the majority of the differences in muscle mass be-
tween age groups (13). 
 Muscle mass represents a major determinant of muscle strength (14). In line with 
the decrease in skeletal muscle mass, Lindle et al (15) showed an age related decline in 
knee extensor strength starting in the fourth decade of life, and progressing at a rate 
of ~8-10% per decade in both men and women. It should be noted that the loss of 
muscle strength in older men and women is much more rapid than the concomitant 
decrease in muscle mass. Goodpaster et al (16) even reported an annualized rate of 
strength decline of 3.6% in men and 2.8% in women between the age of 70 and 79 y. 
 Importantly, muscle strength is closely associated with functional performance. The 
strong correlation between muscle strength and functional performance in elderly is 
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depicted in Figure 1, showing that lower leg extension muscle strength is associated 
with a reduced ability to stand up from a chair. In agreement, Bassey et al (17) report-
ed a significant correlation between leg extensor power and the capacity to rise from a 
chair, climb the stairs and walking speed. Consequently, the involuntary loss of muscle 
mass and strength is a fundamental cause of and contributor to functional disability in 
elderly people. As such, sarcopenia generally increases the risk of falls and vulnerability 
to injury, culminating in a state of increased functional dependence (18, 19), and even-
tually leading to increased morbidity, institutionalization, and an overall reduction in 
quality of life (20). 
 

Figure 1: Correlation between sit-to-stand time and one repetition maximum (1RM)  
leg extension strength (age 65-93y). Leenders et al, (unpublished observations). 

 
Apart from the functional consequences of sarcopenia, it should be taken into account 
that skeletal muscle tissue is a major metabolic organ. Contributing as much as 70% of 
body cell mass, skeletal muscle is responsible for ~30% of resting energy expenditure 
and protein turnover, and accounts for ~70-80% of glucose disposal after a meal. A 
reduction in muscle mass and physical activity decrease total energy expenditure in 
the elderly, resulting in enhanced fat accumulation. As a result sarcopenia is associated 
with an increased risk of developing chronic metabolic diseases, like type 2 diabetes, 
obesity, osteoporosis, and cardiovascular disease (21). Life-long health promotion is 
warranted to prevent or delay the onset of these chronic metabolic diseases. 

Defining sarcopenia 

The term sarcopenia was first introduced by Rosenberg in 1989 (22) to draw more 
attention towards the problem of progressive loss of skeletal muscle mass and 
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strength with aging. This has undoubtedly helped to direct more research efforts into 
understanding the epidemiology, as well as the causes and consequences of sarcope-
nia. Sarcopenia is highly prevalent in older people, has a multifactorial etiology, and is 
frequently overlapping and associated with decreased physical performance, reduced 
strength, mobility impairments, disability and poor quality of life (23). It should be 
noted that sarcopenia is not associated with a specific disease state and is, therefore, 
distinct from cachexia and/or muscle wasting which is related to an underlying illness 
such as cancer, kidney disease, chronic obstructive pulmonary disease (COPD), or heart 
failure (24, 25). 
 Despite the increased attention for the age-related loss of muscle mass and func-
tion over the past 25 years, a suitable definition of sarcopenia that can be used in re-
search and clinical practice is still lacking. The most commonly used definition of sar-
copenia has been proposed by Baumgartner et al (26) and is based on a skeletal mus-
cle mass index obtained by dividing appendicular skeletal muscle mass (ASM) evaluat-
ed by DXA, by body height squared (ASM/ht2). According to this definition, individuals 
presenting an ASM/ht2 ratio between 1 and 2 standard deviations (SD) below the gen-
der-specific average of young controls are categorized as having class I sarcopenia. 
Individuals with ASM/ht2 >2 SD below young controls are categorized as having class II 
sarcopenia (5, 27, 28). Using this definition, the prevalence of sarcopenia in a popula-
tion-based sample of people above the age of 60 years was shown to be ~25%, and up 
to ~50% in the individuals aged 80 years and over. 
 In 2010, the European Working Group on Sarcopenia in Older People (EWGSOP) 
presented a renewed definition of sarcopenia, and introduced several treatment 
guidelines to counteract sarcopenia. The EWGSOP proposed using both the presence 
of both low muscle mass, and low muscle strength and/or muscle performance for the 
diagnosis of sarcopenia. As described by the EWGSOP, a wide range of techniques can 
be used to measure muscle mass, muscle strength, and physical performance (Table 
1). Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) are gold 
standards for the assessment of muscle mass in research. Dual Energy X-ray Absorp-
tiometry (DXA) is the preferred alternative method for research and clinical use. Com-
pared to muscle mass, there are only a limited amount of well-validated techniques to 
measure muscle strength. Handgrip strength represents a reliable and simple repre-
sentation of muscle strength, and has been shown to be strongly related to lower ex-
tremity muscle power, and knee extension torque (29). Knee flexion/extension tech-
niques are very suitable in scientific research, however their use in clinical practice is 
limited due to the need for special equipment and training. To assess physical and/or 
functional performance, a wide set of tests are available such as the Short Physical 
Performance Battery (SPPB), the usual gait speed, 6-min walking test, and the stair 
climb power test. The SPPB, which consists of gait speed, balance, and sit to stand 
time, is the standard measure for both research and clinical practice. However, it 
should also be noted that parts of the SPPB can give a good indication of physical per-
formance in the elderly (30). 
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 Implementation of the measurement of muscle mass, strength and physical per-
formance for the definition and/or diagnosis of sarcopenia is now gradually being in-
corporated in research settings (31-33). However, epidemiological data on the preva-
lence of sarcopenia in the general population using the definition of both reduced 
muscle mass and reduced muscle strength/function are only in an early stage (34). 
 
Table 1: Measurements of muscle mass, strength, and function in research and practice. 
(Adapted from Cruz-Jentoft et al, Age and Aging, 2010 (35)) 

Variable Research Clinical Practice 

Muscle Mass Computed tomography (CT) Dual Energy X-ray Absorptiometry (DXA) 

 Magnetic Resonance Imaging (MRI)  Bioimpedance Analysis (BIA) 

 Dual Energy X-ray Absorptiometry (DXA)  

 Bioimpedance Analysis (BIA) Anthropometry 

 Total or partial body potassium   

 per fat free soft tissue  

Muscle Strength Handgrip Strength Handgrip Strength 

 Knee flexion/extension  

 Peak expiratory flow  

Physical Performance Short Physical Performance Battery(SPPB) Short Physical Performance Battery (SPPB) 

 Usual gait speed Usual gait speed 

 Timed get-up-and-go test Get-up-and-go test 

  Stair climb power test  

Causes of sarcopenia 

The etiology of sarcopenia is a complex, multifactorial process. The decline in skeletal 
muscle mass with aging must be attributed to a disruption in the regulation of skeletal 
muscle protein turnover, leading to a structural imbalance between muscle protein 
synthesis and protein breakdown. Initial studies have suggested an age-related reduc-
tion in basal muscle protein synthesis rates (36-40). However, more recent data indi-
cate that basal muscle protein synthesis rates do not differ between young and elderly 
adults (19, 41-44). Similarly, whole-body protein breakdown rates do not seem to 
differ between healthy young and elderly subjects. As such, it is currently believed that 
the muscle protein synthetic response to anabolic stimuli may be attenuated in the 
elderly, thereby explaining the loss of muscle mass over time. 
 Several factors have been suggested to be involved in the etiology of sarcopenia 
including immunological, hormonal, neurological, nutritional, and physical activity 
changes. Several studies have suggested a subtle increase in circulating concentrations 
of inflammatory cytokines in elderly people. A higher inflammatory state could be the 
cause of increased muscle protein catabolism in the elderly (45). Roubenoff et al (46) 
reported an increase of IL-6 and IL-1Ra (IL-1 receptor antagonist) production in the 
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elderly compared to healthy young subjects. This increase in IL-6 was also correlated 
with an increased production of C-reactive protein (CRP), a marker for inflammation. 
Several more recent studies (47, 48) indicate that high levels of IL-6 and/or CRP may 
contribute to the loss of muscle strength in elderly people. In a recent study by Schaap 
et al (49), higher levels of IL-6, CRP and TNF-α were shown to be associated with a 
larger reduction in thigh muscle area in an elderly population as measured over a peri-
od of 5 years. An increase in TNF-α was also shown to be associated with a decline in 
muscle strength. 
 Hormonal changes have also been implicated as contributing factors to the devel-
opment of sarcopenia. During aging decreased concentrations of testosterone, estro-
gen, growth hormone (GH) and/or insulin like growth factor-1 (IGF-1) have been ob-
served (50, 51). There are epidemiological data supporting the relationship between 
the fall in testosterone and the decline in muscle mass, strength and functional status 
(52, 53). In a part of the elderly male population, hypogonadism, also known as testos-
terone deficiency, could also play a role in the development of sarcopenia, because 
one of the clinical implications of hypogonadism is a decrease in muscle mass and 
muscle strength (54). The decline in estrogen, associated with menopause in women, 
may also have net catabolic effects on the muscle (55). In women, hormone replace-
ment therapy can significantly increase serum steroid hormone binding globulin, which 
leads to a significant decrease in serum free testosterone levels in women (56). Low 
serum free testosterone is associated with a lower muscle mass in women. Therefore, 
hormone replacement therapy may play a role in a further reduction of muscle mass in 
older women (19). 
 Neurological changes also play an important role in the onset of sarcopenia, with 
motor unit loss and/or remodeling clearly attributing to some of the effects observed 
at the muscle fiber level including fiber loss and fiber atrophy (6, 10, 23). Furthermore, 
we observed that the decrease in type II muscle fiber size is accompanied by a specific 
decline in type II muscle fiber satellite cell content (11). The age-related reduction in 
muscle fiber satellite cell number and/or function may also play a key role in the loss of 
muscle mass with aging (57-59). Although the loss of type II fibers contributes to the 
loss of muscle mass, it may also directly contribute to the accelerated loss of muscle 
strength, given the larger specific force in type II vs type I muscle fibers (60). Similarly, 
neurological impairments in the recruitment/activation of muscle tissue likely contrib-
utes to the finding that muscle strength is lost at an even faster rate than muscle mass. 
Therefore, intervention studies need to target muscle strength and muscle perfor-
mance as well as muscle mass. 
 Two important factors in the etiology of sarcopenia are related to changes in life-
style. A less than optimal nutrition and physical inactivity are considered two key fac-
tors that contribute to the age-related loss of muscle mass and function. It is well 
known that aging is associated with a decrease in food intake, due to decreased energy 
expenditure, early satiety and/or social isolation (61). The recommended daily allow-
ance (RDA) for protein intake is set at 0.8 g/kg/d. However, the adequacy of the RDA 
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has been under discussion for many years. It has been shown by Houston et al (62), 
that lower dietary protein intake is associated with a greater decrease in lean mass in 
older community dwelling men and women. Although specific guidelines still need to 
be established for the elderly population, it seems evident that habitual protein under-
nutrition contributes to the loss of muscle mass with aging. Furthermore, recent stud-
ies suggest that the muscle protein synthetic response to the ingestion of a small 
amount of essential amino acids (EAA) is attenuated in the elderly (41, 43). Katsanos et 
al (43) reported an attenuated postprandial muscle protein synthetic response follow-
ing the ingestion of a small meal like amount of EAA (6.9 g) in the elderly versus the 
young. Cuthbertson et al (41) assessed the muscle protein synthetic response to the 
ingestion of different amounts of EAA in both young and elderly men. They showed 
that even a very large (40 g) dose of EAA is not sufficient to restore the rate of muscle 
protein synthesis in older adults. The mechanisms responsible for this “anabolic re-
sistance” to protein/AA intake still need to be further elucidated. Data from Cuthbert-
son et al (41) and Guillet et al (63) suggest that anabolic signaling is impaired in skele-
tal muscle of older compared to younger subjects. Another mechanism that could 
contribute to the anabolic resistance is the impairment in dietary protein digestion 
and/or absorption (64). However, evidence to support such impairments in elderly 
humans is still lacking. 
 Physical inactivity is another significant factor in the development of sarcopenia. 
Physical activity is an important anabolic stimulus which increases protein synthesis to 
a large extent. Aging is generally associated with the adoption of a more sedentary 
lifestyle. This will lead to a reduced muscle mass, resulting in an even further decline in 
habitual physical activity levels. Epidemiological data have shown that low levels of 
physical activity are related to an accelerated decline in muscle mass, strength and 
physical performance (65-67). The effect of physical inactivity can be illustrated by the 
loss of muscle mass due to prolonged bed rest, which results in a substantial decline in 
muscle mass in a very short period (68). Physical inactivity and as such muscle inactivi-
ty due to prolonged immobility or bed rest will induce muscle atrophy and loss of 
strength and power as shown in several studies (69-71). This clearly shows that an 
inactive lifestyle can reduce muscle mass, muscle strength and functional capacity. In 
addition, special attention needs to be given to periods of “catabolic crisis”. Bed rest or 
acute inactivity associated with disease or hospitalization will lead in to accelerated 
muscle loss, accompanied with a decrease in muscle strength and functional capacity 
(72). All of these factors can have detrimental consequences when protein intake, 
muscle mass, strength and functional capacity are already decreased in the elderly. 
 To better understand skeletal muscle wasting in healthy elderly, researchers have 
started to focus on the muscle protein synthetic response to anabolic stimuli such as 
physical activity and food intake. Recent studies suggest that the muscle protein syn-
thetic response to amino acids/protein (63, 73) and physical activity (74) are dimin-
ished in the elderly when compared with young controls. This appears to be one of the 
key factors accountable for the decrease in muscle mass with aging. The importance of 
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each factor may show a large inter-individual variability and it remains to be deter-
mined whether anabolic resistance is merely a consequence of a more sedentary life-
style or a consequence of aging per se. 

Interventions to counteract sarcopenia 

Several interventions have been performed in an attempt to slow down or reverse the 
process of sarcopenia. Most of the intervention studies focus on some of the proposed 
etiological factors of sarcopenia to increase muscle mass, strength and functional ca-
pacity: e.g. hormonal interventions, nutritional supplements and exercise. Although 
hormonal interventions, (i.e. mainly testosterone administration) have been shown 
effective to increase muscle mass and strength in the elderly (75-77), the long-term 
safety and efficacy of such interventions remain to be established. On the other hand, 
both nutritional and exercise interventions may represent much more applicable strat-
egies, inducing less side effects. Promising results have been reported showing im-
provements in muscle mass and strength in response to prolonged exercise and/or 
nutritional interventions. 

Nutritional interventions 

Protein turnover in skeletal muscle is highly responsive to food intake (78). It has been 
shown in several studies that the ingestion of amino acids (AA) and/or protein strongly 
stimulates muscle protein synthesis rates (78-83). It has been shown by Volpi et al (84) 
that the essential amino acids (EAA) are primarily responsible for the increase in mus-
cle protein synthesis following protein administration. Leucine in particular seems to 
represent the main anabolic signal responsible for the post-prandial increase in muscle 
protein synthesis (85, 86). 
 In view of the above, nutritional intervention studies have mainly focused on in-
creasing dietary protein intake and/or on the ingestion of specific protein or (essential) 
amino acid mixtures thought to augment muscle anabolism. However, evidence from 
long-term intervention studies still shows many inconsistencies in the apparent bene-
fits of prolonged dietary protein supplementation on skeletal muscle mass in the elder-
ly population. Bonnefoy et al (87) observed a significant increase in muscle mass and 
power after 3 months of protein supplementation (protein rich supplement, twice 
daily) in frail elderly people (aged 83 y on average). Borsheim et al (88) studied the 
effects of 16 wks of essential amino acid supplementation (11 g) twice daily on muscle 
mass and strength in elderly subjects (approximately 67 y of age). They reported a 22.2 
± 6.1% increase in muscle strength but no changes in muscle mass. A recent study by 
Tieland et al (89) showed that 24 wks of dietary supplementation (15 g provided twice 
daily) did not augment muscle mass in frail elderly people. However, they did observe 
an improvement in physical performance following protein supplementation. In con-
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trast, others have failed to report any measureable impact of long-term dietary protein 
supplementation on muscle mass, strength and function in healthy elderly subjects 
(90-93). Several parameters can influence the effect of protein supplementation on 
muscle strength and physical performance. The effect of dietary supplementation can 
be dependent on the amount of proteins used, timing of the protein supplementation, 
the type of amino acid(s), the duration of the supplementation and the composition of 
the proteins. As such, it still remains to be determined which approach for dietary 
supplementation will be most successful to support increases in muscle strength and 
improve physical performance. 
 Some researchers believe that the attenuated response to food intake in the elder-
ly can be, at least partly, compensated for by increasing the leucine content of a meal 
(42, 94). Wall et al (95) showed that leucine co-ingestion with a bolus of dietary pro-
tein further augments post-prandial muscle protein synthesis in elderly men. We pre-
viously investigated the effects of 3 months of leucine supplementation with each 
main meal (7.5 g/d) on skeletal muscle mass and strength in healthy elderly men (96). 
We did not observe any effect of leucine supplementation on skeletal muscle mass and 
strength. We concluded that long term leucine supplementation in healthy elderly 
men does not augment skeletal muscle mass or strength (96). It could be speculated 
that long-term leucine supplementation is of greater clinical relevance in frail and/or 
malnourished elderly or in specific clinical subpopulations. In elderly patients with type 
2 diabetes, a more rapid decline in muscle mass has been observed with aging. Be-
cause of its insulinotropic properties, leucine might be even more relevant as a phar-
maconutrient in elderly patients with type 2 diabetes. 

Resistance type exercise training 

There is substantial evidence that older adults who are less active are more likely to 
have lower skeletal muscle mass and strength and are at increased risk of developing 
sarcopenia (65, 66, 68, 97). As such, it seems reasonable to argue that a physically 
active lifestyle should be protective for sarcopenia. In line, specific physical activity 
and/or exercise interventions likely represent valuable strategies in the treatment of 
muscle loss with aging. In general, resistance type exercise training has been shown to 
be the most potent stimulus to increase muscle mass and strength. Frontera et al (98) 
were amongst the first to show that elderly are still capable of increasing skeletal mus-
cle mass and strength in response to resistance type exercise training. They showed in 
12 healthy untrained male volunteers, between the age 60 and 72, that a progressive 
resistance type exercise training program increased leg extension strength by 107% 
and quadriceps area by 9%. Since that study, several subsequent studies have con-
firmed these findings (99-104). Fiatarone et al (101) reported strength gains of up to 
174% and an increase of midthigh muscle area of ~9% after 8 wks of high-intensity 
resistance type exercise training in ten frail elderly aged 90±1 years. At almost the 
same time, Charette et al performed a 12 week resistance type exercise training pro-
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gram in elderly women (69±1 y) which resulted in a ~92% increase in leg extension 
strength. Lexell et al (102) studied both the short and long term effects of heavy re-
sistance type exercise training in elderly men and women aged 70-77 years. They also 
showed a significant increase in muscle strength after 11 wks as well as a further 
strength increase when training was continued after that time. 
 More recently, Kosek et al (100) performed a resistance type exercise training 
study, where elderly men and women (60-75 y) trained 3 times a week for 16 wks. 
They observed a 41% increase in leg extension strength after 16 wks, and they ob-
served no differences between genders (100). Verdijk et al (99) reported comparable 
results after 12 wks of resistance type exercise training in 13 healthy elderly men (72±2 
y) with a 26% increase in leg extension strength and 9% increase in quadriceps cross-
sectional area. Resistance type exercise training has several benefits which include an 
increase in whole-body lean mass, greater cross-sectional area of the trained muscle, 
muscle fiber hypertrophy, and substantial gains in muscle strength. Some studies also 
assessed functional outcomes, showing improvements in walking speed, chair rising 
and stair climbing (91, 101, 105). For example, Fiatarone et al (101) reported a 48% 
improvement in mean tandem gait speed after 8 wks of high intensity resistance type 
exercise training in frail elderly (90±1 y). More recently, Capodaglio et al (105) showed 
a significant improvement in chair rise, bed rise, 6-min walking test, stair climbing, get 
up and go and one-legged standing balance after 1 year of resistance type exercise 
training. Importantly, the increase in muscle mass, strength and function are accom-
panied by improvements in other (metabolic) health parameters, such as blood pres-
sure, insulin sensitivity and body weight (106, 107). As a result, resistance type exercise 
training is currently the only effective intervention strategy to counteract and/or pre-
vent muscle loss with aging. 
 The above studies indicate that skeletal muscle tissue in the elderly is still able to 
respond to resistance type exercise training. However, despite the overwhelming evi-
dence showing the efficacy of resistance type exercise training to increase muscle 
mass and strength in the elderly, there is still a lot of disparity on the proposed bene-
fits of resistance type exercise training in elderly women vs elderly men. Some studies 
showed similar (108, 109) or smaller (110-112) muscle mass and strength gains in older 
women compared with older men. On the other hand, Hakkinen et al (113) showed a 
larger increase in muscle mass and strength in elderly women compared to men after 
6 months of resistance type exercise training. It remains unclear whether women ben-
efit to the same extent from prolonged resistance type exercise training as men, and 
there is still no consensus whether resistance type exercise training programs should 
be specifically tailored for either gender. 

Resistance type exercise training and protein supplementation 

It has been well-established that protein ingestion before, during and/or after a single 
session of resistance type exercise further stimulates muscle protein synthesis and 
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reduces muscle protein degradation in both younger and older individuals (114-116). 
Surprisingly though, there is little evidence that dietary interventions can further aug-
ment the adaptive response to prolonged resistance type exercise training in the elder-
ly. The requirement of sufficient dietary protein consumption in affecting the long-
term adaptive response to exercise training has been a topic of recurrent debate (117-
120). Some researchers recommend that the current RDA for habitual protein intake of 
0.8 g/kg per day is enough to allow lean mass accretion following resistance type exer-
cise training. Iglay et al (121) reported that when protein intake is standardized at 0.9 
g/kg per day during a period of resistance type exercise training, no additional benefits 
are observed when the amount of protein intake per day is further increased (121). 
Verdijk et al (33) compared increases in skeletal muscle mass and strength following 3 
months of resistance type exercise training with or without protein supplementation 
prior to and immediately after each training session in elderly males. In agreement 
with previous suggestions (33), protein supplementation did not further augment skel-
etal muscle hypertrophy in healthy elderly males who habitually consumed 1.0 g pro-
tein/kg bodyweight per day. Taken together, these data suggest that resistance type 
exercise training will result in substantial gains in muscle mass and strength even when 
habitual protein intake is maintained and no additional protein is supplemented How-
ever, a meta-analysis from our group by Cermak et al (122) has recently shown that 
protein supplementation can further increase muscle mass and strength gains during 
prolonged resistance type exercise training in older subjects. This systematic analysis 
showed that when studies were examined individually, only very few studies reported 
significant benefits of protein supplementation. However, once the data were pooled 
it became clear that protein supplementation during resistance type exercise training 
increases lean mass gains by an additional 38% when compared to a placebo. In line, a 
33% greater increase in 1RM leg press strength was also reported following protein 
supplementation during prolonged resistance type exercise training. 
 There is an ongoing debate on the optimal intervention to increase muscle mass 
and strength and to improve functional capacity. It has been shown that resistance 
type exercise training plays a significant role in increasing muscle mass, strength and 
physical performance. However, a combination of both resistance type exercise train-
ing and nutritional intervention seems most promising. However, a specific program to 
optimize the synergy between the effects of nutrition and exercise remains to be fur-
ther explored. The amount and type of protein, the intensity/type of training and the 
timing of the protein ingestion all seem to play a key role. Therefore, in the present 
thesis we aim to gain further insight in the potential of different nutritional and/or 
exercise interventions to augment muscle mass and function in the elderly population. 
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Outline of thesis 

This thesis describes a series of studies in which we investigate the effects of protein 
supplementation and resistance type exercise training on muscle mass, strength and 
functional capacity in the elderly population. In chapter 2, an overview is given of cur-
rent literature on the potential anabolic properties of leucine. It has been proposed in 
several studies that leucine is the key amino acid stimulating muscle protein synthesis. 
As such, long-term leucine supplementation may have the potential to increase muscle 
mass. More specifically, it has been suggested that increasing the leucine content of a 
meal represents an effective strategy to augment the muscle protein synthetic re-
sponse to food intake in the elderly. Therefore, the effects of long term leucine sup-
plementation on muscle mass and function is presented in chapter 3. In this project, 
60 elderly type 2 diabetes patients were randomized to receive 24 wks of leucine or 
placebo supplementation. In chapter 4, we present a comparison between elderly type 
2 diabetes patients and age matched normoglycemic controls. The aim of this compar-
ison is to evaluate the impact of type 2 diabetes on body composition, muscle 
strength, functional capacity, and reaction time performance in the elderly. 
 Chapters 5 and 6 further focus on healthy elderly. Although it has been suggested 
that dietary protein supplementation can further augment the increase in muscle mass 
and strength during prolonged resistance type exercise training, most intervention 
studies have applied relative short intervention periods between 6-12 wks. Chapter 5 
presents the outcome of a study in which we performed a 24 week intervention pro-
gram in which we determined whether protein supplementation can augment the 
increase in muscle mass and strength in response to prolonged resistance type exer-
cise training in healthy elderly. Subsequently, Chapter 6 extends on the study de-
scribed in chapter 5 and compares structural, functional as well as metabolic adapta-
tions to prolonged resistance type exercise training between elderly men and women 
on a whole body, muscle and muscle fiber level. Finally, in chapter 7 we discuss the 
results from the studies above and provide an overview of the main conclusions. Based 
on these conclusions the practical considerations are discussed and subsequent aims 
for future research are provided in the light of the studies described in this thesis as 
well as current knowledge in the field. 
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Abstract 

Amino acids function as precursors for de novo protein synthesis. In addition, however, 
they play a key role as nutritional signals regulating multiple cellular processes. There 
is ample in vitro and in vivo evidence showing that muscle tissue responds to increases 
in amino acid availability via signal transduction pathways that are also regulated by 
insulin, glucagon, growth hormone, and insulin growth factor 1. The increased amino 
acid availability results in the upregulation of mRNA translation, thereby increasing 
muscle protein synthesis, which, in turn, leads to greater net muscle protein accretion. 
These findings have been particularly pronounced for the amino acid leucine. Further-
more, leucine has the ability to act as a strong insulin secretagogue. Consequently, it 
has been suggested that leucine represents an effective pharmaconutrient for the 
prevention and treatment of sarcopenia and type 2 diabetes. In accordance, recent in 
vivo studies in humans show that free leucine ingestion can reverse the blunted re-
sponse of muscle protein synthesis to amino acid/protein intake in the elderly.  
 Although short-term studies suggest that leucine supplementation can stimulate 
muscle mass accretion in the elderly, there are no long-term nutritional intervention 
studies to confirm this or the other proposed benefits of leucine as a pharmaconutrient. 
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Introduction 

Besides their function as precursors for de novo protein synthesis, amino acids are also 
involved in regulating numerous cellular processes. The essential amino acids seem to 
play a key role in regulating the synthesis and breakdown of skeletal muscle protein. In 
vitro studies show that the branched-chain amino acids (BCAAs), i.e., leucine, isoleu-
cine, and valine, act as potent nutritional signaling molecules that regulate the rate of 
protein synthesis and degradation. Leucine seems to represent a unique amino acid in 
this regard (1-4) as it can stimulate mRNA translation initiation via insulin dependent 
and independent pathways, thereby stimulating muscle protein synthesis (5). As a 
consequence, leucine has been identified as a pharmaconutrient with the potential to 
promote muscle hypertrophy. More detailed information on the impact of leucine on 
the activation of the mammalian target of rapamycin (mTOR) signaling pathway and 
the subsequent mRNA translation is provided later in this review. 
 Aging is accompanied by a progressive decline in muscle mass and strength, or 
sarcopenia. This loss of muscle mass and strength results in a decline in functional 
capacity and predisposes to the development of chronic metabolic diseases such as 
obesity and type 2 diabetes (6). Recent work suggests that the elderly show a blunted 
response of muscle protein synthesis to food ingestion (7-9). It has been suggested 
that the blunted response of muscle protein synthesis to food intake can be compen-
sated for by increasing the leucine content of a meal (8, 10). Consequently, leucine 
supplementation might represent an interesting approach to prevent or reverse the 
progressive loss of muscle mass that occurs with aging. Furthermore, leucine has also 
been identified as a potent insulin secretagogue when administered in combination 
with carbohydrate and protein. Co-ingestion of additional leucine increases postpran-
dial insulin release and stimulates blood glucose disposal. Several studies support the 
hypothesis that administration of protein and additional leucine represents an effec-
tive dietary strategy to improve glycemic control in type 2 diabetes patients (11-16). 
This review evaluates whether leucine represents an effective pharmaconutrient in the 
prevention and treatment of sarcopenia and type 2 diabetes. The impact of the BCAAs, 
and of leucine in particular, on muscle protein metabolism and endogenous insulin 
release are addressed with regard to the existing literature. 

In vitro evidence for the anabolic properties of leucine 

Amino acids function not only as building blocks for de novo protein synthesis; they 
also play a key role as nutritional signals that regulate multiple cellular processes (17). 
In the 1970s, several laboratories performed in vitro studies to investigate the poten-
tial of amino acids to regulate muscle protein metabolism. Since then, numerous stud-
ies have reported that amino acids can stimulate muscle protein synthesis (18-21) and 
inhibit proteolysis (20, 22). Other studies further investigated the proposed anabolic 
properties of amino acids, and observed that the BCAAs are mainly responsible for 
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stimulating muscle protein synthesis and inhibiting protein degradation (1, 23). Classic 
studies by Buse and Reid (4) describe the incorporation of lysine into muscle protein in 
isolated rat diaphragms following administration of BCAAs. Rates of muscle protein 
synthesis were 20% greater in muscle tissue incubated with the BCAAs. After testing 
each of the BCAAs separately, it became evident that leucine was solely responsible for 
stimulating protein synthesis and reducing proteolysis. This has since been confirmed 
by several other groups (1, 4, 23). 
 Much of the work in this area has focused on the molecular mechanisms that might 
be responsible for the leucine-induced stimulation of muscle protein synthesis. Acute 
changes in muscle protein synthesis generally occur well before increases in mRNA 
content become evident (24). As such, activation of muscle protein synthesis must be 
controlled by a post-transcriptional mechanism (25). The post-transcriptional regula-
tion of protein synthesis involves mRNA translation, elongation, termination and post-
translational modification. The initiation of mRNA translation is thought to represent 
one of the more important levels of control of muscle protein synthesis (26, 27). The 
mTOR signal transduction pathway plays a major role in regulating the initiation of 
mRNA translation (27, 28). Leucine stimulates the initiation of mRNA translation via 
activation of mTOR (27, 29), and the subsequent phosphorylation and activation of 
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), ribosomal protein S6 kinase 
1 (S6K1), and ribosomal protein S6, thereby increasing the rates of muscle protein 
synthesis (Figure 1). mTOR is thought to serve as a convergence point for leucine-
mediated effects on the initiation of mRNA translation (27, 30).  
 Recent studies reveal that a small subfamily of GTPases, i.e. Rags play an important 
role in the regulation of mTOR activation (31, 32). Rag GTP levels are upregulated by 
leucine stimulation, suggesting that the Rag complex may function as a sensor for 
nutrients to modulate mTOR activity (31, 32). In addition to Rags, it is postulated that 
Vps34 (a PI3 kinase) and MAP4K3 (a germinal center kinase-related kinase) are in-
volved in the regulation of mTOR activation in response to amino acids (33-35). Mac-
Kenzie et al (36) recently reported that mVps34 (a PI3 kinase) becomes phosphory-
lated when intramuscular leucine levels increase, which is followed by the phosphory-
lation and activation of mTOR (36). Furthermore, in vitro work has identified MAP4K3 
as a regulator of S6K and 4E-BP1 activity in response to leucine (34). In addition to 
increased signaling through mTOR, an increase in essential amino acid availability re-
sults in a decreased phosphorylation state of the eukaryotic initiation factor 2 (37). 
This cascade also results in increased activation of translation initiation. An overview of 
the signaling pathways and the (un)known signaling properties of leucine are illustrat-
ed in Figure 1. Recently published reviews provide a more detailed description of the 
molecular pathways regulating muscle protein synthesis (37-39). However, it should be 
acknowledged that a close association between the activation status of signaling pro-
teins regulating mRNA translation initiation and the rates of muscle protein synthesis is 
not always evident in vivo (40). Consequently, based on the proposed properties of 
leucine to stimulate protein synthesis in vitro, many research groups have since started 
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to assess the impact of leucine administration on in vivo muscle protein synthesis and 
breakdown. 
 

Figure 1: An overview on the proposed mechanisms by which insulin and leucine can regulate protein me-
tabolism by modulating the signal transduction pathways that regulate mRNA translation. Besides the insulin
mediated signaling cascade that leads to the activation of the mammalian target of rapamycin (mTOR) signal
transduction pathway, leucine activates mTOR in an insulin-independent manner through Ras-related 
GTPase (Rag), Vps34 and MAP4K3. Activation of mTOR leads to an increase in phosphorylation of ribosomal
protein S6 kinase (S6K1) and the eukaryotic initiation factor 4E-binding protein (eIF4E-BP). Phosphorylation 
of eIF4E-BP1 prevents binding with eIF4E, thereby enhancing the assembly of the eIF4F complex. Both these
processes initiate translation and stimulate protein synthesis. Leucine also has the potential to regulate
mRNA translation through the phosphorylation of the eukaryotic initiation factor 2 (eIF2). PI3K, Phospho-
inositide 3-kinase; AMPK, AMP-activated protein kinase; eEF2k, eukaryotic elongation factor 2 kinase. 

In vivo effects of leucine administration in rodents 

Administration of BCAAs or leucine has the ability to stimulate protein synthesis and 
inhibit myocellular protein degradation in vitro (1, 3, 23). So far, most in vivo animal 
models seem to confirm these findings (18, 41-45). Garlick and Grant (18) studied the 
effects of intravenous infusions with various combinations of insulin and amino acids 
on rates of muscle protein synthesis in rodents. They showed that infusing food de-
prived rats with an amino acid mixture for 1 hour increased rates of muscle protein 
synthesis by 15%. A similar increase in rates of protein synthesis was observed when 
these food deprived rats were infused with merely the amount of BCAAs present in the 
same amino acid mixture (9 mg leucine, 7.5 mg isoleucine and 7.3 mg valine over 1 
hour) (18). The specific relevance of the stimulating properties of leucine became evi-
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dent when Anthony et al. reported that oral free leucine administration directly stimu-
lates skeletal muscle protein synthesis during post-exercise recovery in rats (41). Exer-
cised rats were fed leucine (270 mg) immediately after exercise, which resulted in a 
steep approximately 18% rise in the rates of muscle protein synthesis. In a subsequent 
study (46), they tried to determine whether leucine is unique among the BCAAs to 
stimulate skeletal muscle protein synthesis. In this follow-up experiment, food-
deprived rats received 1.35 g/kg body weight valine, isoleucine or leucine (providing 
approximately 270 mg of amino acid). Leucine was the only BCAA that stimulated in 
vivo skeletal muscle protein synthesis. Consequently, it was concluded that leucine is 
of key importance in regulating skeletal muscle protein synthesis (46). 
 To establish the minimal dose of leucine required to stimulate muscle protein syn-
thesis, Crozier et al (42) measured the incorporation rate of [3H] labeled phenylalanine 
into muscle protein 30 minutes after oral administration of saline or leucine with doses 
ranging from 0.068 to 1.35 g of leucine/kg body weight (providing 14 to up to 270 mg). 
Even relative small amounts of leucine (i.e. 0.135 g/kg body weight or 27 mg) were 
shown to increase muscle protein synthesis rates by as much as 30% (42). Whereas 
some investigated the impact of the administration of free leucine, others tried to 
assess the anabolic properties of leucine when provided in combination with mixed 
meals. Dardevet et al (43) reported that the addition of 445 mg leucine with a mixed 
meal further increased in vivo post-prandial muscle protein synthesis rates by as much 
as 19% in older rats. In an effort to examine whether the acute benefits of leucine 
supplementation on post-prandial muscle protein anabolism persist when leucine is 
supplemented for more prolonged periods, Rieu et al (44) provided these older rats 
with similar leucine-enriched meals over a 10-day period. Again, rates of muscle pro-
tein synthesis were considerably higher (+24%) in the rats fed the leucine supplement-
ed meals (providing 445 mg leucine per day). Moreover, the higher rates of postpran-
dial muscle protein synthesis following ingestion of the leucine-enriched meals persist-
ed over the subsequent 10 days. Thereafter, the same research group continued their 
work by assessing the anabolic properties of various dietary protein sources that dif-
fered in leucine content (providing 250 up to 300 mg per day) supplemented over a 
prolonged intervention period, i.e. a 30-day period (45). In accordance with the results 
of free leucine feeding (44), rates of postprandial muscle protein synthesis were ap-
proximately 25% greater following ingestion of the protein sources with the greater 
leucine content (i.e. 300 mg/day vs 250 mg/day). Furthermore, the greater response of 
protein synthesis persisted even after 30 days of intervention (45). These studies by 
Rieu et al (44, 45) strongly suggest that the stimulatory properties of leucine ingestion, 
provided either as free leucine or via dietary protein with a higher leucine content, on 
postprandial muscle protein synthesis persist over time. As a consequence, it was 
speculated that leucine supplementation with each main meal over a prolonged period 
of time represents an effective nutritional intervention strategy to stimulate net mus-
cle protein accretion and to counteract muscle loss with aging. However, despite the 
observed increase in the rates of postprandial muscle protein synthesis, none of the 
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studies detected increases in muscle mass or muscle strength (44, 45). This apparent 
discrepancy might be attributed to the relative short timeline of these nutritional in-
tervention studies, but it might also be due to the fact that the acute response of 
postprandial muscle protein synthesis does not necessarily translate into net muscle 
protein accretion. Other factors, such as changes in hormonal milieu (47), satellite cells 
(48), and neuromuscular alternations (49), may all play an important role in regulating 
the more long-term increases in muscle mass accretion. 
 In short, there is ample evidence to support the claim that leucine administration 
represents an effective strategy to stimulate postprandial muscle protein synthesis in 
vivo in rodents. However, it is still unknown whether prolonged leucine supplementa-
tion can be applied effectively to augment skeletal muscle mass and strength. Evidence 
of this augmentation would further strengthen the proposal of leucine as an effective 
pharmaconutrient and could set the stage for leucine intervention studies in vivo in 
humans. 

Anabolic properties of leucine in vivo in humans 

Although leucine administration has been shown to stimulate muscle protein synthesis 
and inhibit protein breakdown in in vitro (1, 3, 23) and in vivo rodent studies (18, 41-
46), in vivo studies in humans generally report inhibition of muscle protein breakdown 
following intravenous leucine administration, with no apparent effect on the rates of 
muscle protein synthesis (50, 51). Louard et al (50) studied the impact of continuous 
intravenous BCAA administration on whole-body and skeletal muscle amino acid kinet-
ics in healthy, young subjects (23±1 y). Combining the use of the arteriovenous (AV) 
balance model across the forearm with the application of stable isotope tracers, i.e. 
labeled phenylalanine and leucine, they assessed the acute effects of BCAA infusion 
(providing 0.035 g valine, 0.040 g leucine, and 0.040 g isoleucine per kg body weight, 
within a 3 h period) on rates of muscle protein synthesis and breakdown. Whole-body 
phenylalanine flux, used as an index of proteolysis, was suppressed by approximately 
40% following intravenous administration of BCAAs. However, administration of BCAA 
did not increase rates of muscle protein synthesis (50, 52). Furthermore, Nair et al (51) 
studied the impact of intravenous leucine infusion (0.14 g/kg body weight over a 7 h 
period) on rates of muscle protein synthesis and breakdown in postabsorptive, healthy 
subjects (25±2 y). Arteriovenous differences across the leg showed that valine release 
and phenylalanine release were reduced, suggesting an approximately 35% decline in 
protein degradation following leucine administration. However, in accordance with 
Louard et al (50) intravenous administration of leucine did not seem to elevate the 
rates of muscle protein synthesis (51). Collectively, these studies (50, 51) do not report 
any effect of BCAA or leucine administration on rates of muscle protein synthesis in 
vivo in humans.  
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 In contrast, other groups reported substantial increases (between 35 and 50%) in 
rates of muscle protein synthesis following intravenous administration of amino acid in 
vivo in humans (53-55). An overview of some of these studies is provided in Figure 2. 
 

Figure 2: Muscle protein synthesis rates in healthy subjects assessed under various conditions by 
Rennie and co-workers (53-55). Fasted: muscle protein synthesis rates in the overnight fasted 
state (54). AA: muscle protein synthesis rates following continuous infusion of 0.33 g/kg mixed
amino acids (53). Leucine: muscle protein synthesis rates following intravenous infusion of a
flooding dose of 0.05 g/kg leucine (55). Data expressed as means ± SD. 

 
Bennet et al (53) measured rates of muscle protein synthesis following continuous 
infusion of 0.33 g mixed amino acids/kg body weight, providing 0.032 g leucine/kg 
body weight. Rates of mixed muscle protein synthesis averaged 0.055 ± 0.008 %/h in 
the fasted state and increased by more than 35% during administration of amino acid 
(up to 0.074±0.021 %/h). During administration of amino acid, the rates of whole-body 
protein synthesis increased by approximately 13%, and rates of whole-body protein 
breakdown declined by approximately 12%. These findings show that an increase in 
plasma amino acid availability can reverse whole-body protein balance from negative 
to positive (53). In line with the in vivo rodent data (41-45), leucine seems to represent 
the essential amino acid with the greatest anabolic properties. Smith et al (55) ob-
served an approximate 50% increase in rates of muscle protein synthesis following 
administration of a large flooding dose of leucine (0.05 g/kg body weight). In fact, this 
response was not much different from the approximately 35% greater response of 
muscle protein synthetic after administration of 0.33 g mixed amino acids per kilogram 
body weight (providing 0.032 g leucine/kg body weight) (53). However, it should be 
noted that similar increases in rates of muscle protein synthesis were also reported 
following flooding doses (0.05 g/kg body weight) of other essential amino acids (54). A 
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more complete and detailed assessment of the stimulating properties of various other 
amino acids on muscle protein synthesis is still lacking. The apparent discrepancy be-
tween the studies that did and did not observe the proposed stimulatory effects of 
intravenous leucine administration on the rates of muscle protein synthesis in vivo in 
humans might be attributable to the relatively large bolus of leucine that was adminis-
tered over a short period time (55) as opposed to the other studies that applied a 
more continuous infusion protocol over time (50, 51). More work is warranted to es-
tablish the specific relevance of a (more) rapid increase in free leucine concentration in 
plasma or tissue as an anabolic stimulus. 
 Besides studies that investigated the effects of intravenous administration of amino 
acid, numerous other studies have reported the stimulatory properties of ingestion of 
amino acid and protein on postprandial muscle protein synthesis (8, 10, 15, 19, 20, 50, 
51, 56-59). Volpi et al (60) reported an approximate 80% increase in the rates of mus-
cle protein synthesis in vivo following ingestion of 40 g mixed amino acids (60). They 
continued their work by studying the impact of ingesting a single bolus essential amino 
acids (18 g) with or without an additional 22 g nonessential amino acids on postpran-
dial muscle protein synthesis (56). As there were no differences in the anabolic re-
sponse between treatments, the authors concluded that the essential amino acids are 
responsible for the observed increase in postprandial muscle protein synthesis (56). 
These earlier findings show that the essential amino acids play a key role in the regula-
tion and, more specifically, in the stimulation of postprandial muscle protein synthesis 
(Table 1). 
 Besides amino acid administration, muscle contraction, i.e. physical activity, strong-
ly stimulates muscle protein synthesis (61-65). Many studies addressed the impact of 
amino acid/protein administration as a nutritional strategy to further increase muscle 
protein accretion during and after exercise (66-70). Physical activity and exercise not 
only increase rates of muscle protein synthesis but also increase rates of muscle pro-
tein breakdown, although the latter occurs to a lesser extent (61, 71). As a conse-
quence, net muscle protein balance improves, but in the absence of nutrient intake 
muscle protein balance will remain negative (61). Protein and amino acid administra-
tion with and without carbohydrate strongly increases rates of mixed muscle protein 
synthesis (ranging between 35 and 65%) and improves net muscle protein balance 
both at rest (19, 57, 58) and during postexercise recovery (72). The improved protein 
balance has been associated with an increase in intra- and extracellular leucine con-
centrations, now believed to form the main stimulus driving the postprandial response 
of muscle protein synthesis (27). It has been speculated that ingestion of additional 
leucine during postexercise recovery could further accelerate postexercise rates of 
muscle protein synthesis rates. In accordance, Dreyer et al (67) recently reported that 
ingestion of a leucine-enriched essential amino acid and carbohydrate mixture (provid-
ing 7 g leucine, 20 g essential amino acids, and 35 g carbohydrate) enhances mTOR 
signaling and increases muscle protein synthesis during postexercise recovery in vivo in 
humans. However, previous observations showed no additional value of additional 
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leucine supplementation (0.18 g of leucine/kg body weight or approximately 12.6 g 
over a 6 h period) on the acute postexercise response of muscle protein synthesis in 
both young (20±1 y) (57) and elderly (74±1 y) (57, 58) subjects when ample amounts of 
dietary protein were already ingested (72 g protein, providing 13.5 g protein-bound 
leucine: see Table 1). It may be speculated that additional leucine does not further 
increase post-exercise muscle protein synthesis when ample amounts of leucine (>10 
g) are already ingested. Furthermore, it is not unlikely that the stimulating properties 
of physical activity, including muscle contraction and increased muscle perfusion, sen-
sitize the muscle to such an extent that the anabolic stimulus of leucine is no longer of 
any additional value. 
 In summary, intravenous as well as oral administration of essential amino acids, 
and leucine in particular, strongly stimulates postprandial rates of muscle protein syn-
thesis in vivo in humans. Although the essential amino acids, and leucine in particular, 
seem essential in maximizing the postprandial response of muscle protein synthesis, 
there seems to be a limit to the surplus benefits of leucine when supplemented above 
a certain level or when additional leucine is provided during the initial stages of 
postexercise recovery. 

Leucine as a pharmaconutrient in the elderly 

One of the factors playing an important role in the loss of functional performance and, 
therefore, the capacity to maintain a healthy, active lifestyle is the progressive loss of 
skeletal muscle mass with aging. Lean muscle mass generally contributes up to approx-
imately 50% of total bodyweight in young adults but declines to approximately 25% 
when the age of 75-80 y is reached (73, 74). The loss of muscle mass is typically offset 
by gains in fat mass. The loss of muscle mass is most notable in the lower limb muscle 
groups, with the cross-sectional area of the vastus lateralis being reduced by as much 
as 40% between the age of 20 and 80 years (75). The age-related loss of skeletal mus-
cle mass is facilitated by a combination of factors that include a less-than-optimal diet 
(76-78) and a sedentary lifestyle (79). The decline in muscle tissue with aging must be 
attributed to a disruption in the regulation of skeletal muscle protein turnover, leading 
to a structural imbalance between muscle protein synthesis and protein degradation. 
Though some studies suggest that this is at least partly attributable to lower basal 
rates of muscle protein synthesis in senescent muscle (64, 74, 80-82), other studies do 
not show any differences in basal rates of muscle protein synthesis between the young 
and elderly (7-9, 19, 60, 83, 84). As a consequence, many research groups have started 
to focus on potential age-related differences in the response of muscle protein synthe-
sis to the main anabolic stimuli, i.e. dietary protein intake and physical activity. It has 
been hypothesized that skeletal muscle tissue is less responsive to the anabolic prop-
erties of dietary protein intake (9, 85) and physical activity (86) in the elderly. 
 Cuthbertson et al (9) assessed the response of muscle protein synthesis to the 
ingestion of different amounts of essential amino acids in both young (28±6 y) and 
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elderly (70±6 y) men under conditions in which insulin was clamped at approximately 
10 mIU/L following intravenous infusion of both (the somatostatin analog) octreotide 
and exogenous insulin. The elderly showed a blunted response of muscle protein syn-
thesis to the ingestion of 10-20 g essential amino acids when compared with their 
younger controls. Rates of postprandial muscle protein synthesis increased threefold 
when compared with basal fasting levels in the young, whereas the increase was only 
twofold in the elderly. The latter finding implies the presence of some level of anabolic 
resistance to amino acid/protein intake in senescent muscle. However, these findings 
seem to be at odds with previous work in which similar amounts of amino acids were 
provided in a more physiological setting without modulating the postprandial endo-
crine response (56). Volpi et al (56) reported similar increments (circa 100% increase) 
in young (28±2 y) and elderly (69±2 y) subjects in rates of mixed muscle protein syn-
thesis following ingestion of 40 g mixed amino acids or 18 g essential amino acids. In 
agreement, Paddon-Jones et al (19) observed no significant differences between young 
(34±4 y) and elderly (67±2 y) subjects in rates of postprandial muscle protein synthesis 
following ingestion of 15 g essential amino acids (providing approximately 2.8 g leu-
cine) (0.103±0.011% per hour in young vs 0.088±0.011% per hour in elderly subjects). 
More recently, no differences were observed in the postprandial response of muscle 
protein synthesis following the ingestion of 20 g or 35 g intrinsically labeled casein 
(providing approximately 1.7 or 2.8 g leucine) between healthy young (<24 y) and el-
derly (>65 y) males (0.062 ± 0.007% per hour vs 0.056 ± 0.004% per hour and 
0.063±0.006% per hour vs 0.054±0.004%/h, respectively) (87, 88).  
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So far, there is only one study that reports an impaired postprandial response of mus-
cle protein synthesis in the elderly versus the young, without modulating the associat-
ed endocrine response (84). Katsanos et al (84) reported an attenuated postprandial 
response of muscle protein synthesis following the ingestion of a small, meal like 
amount of essential amino acids (6.7 g with a 26% leucine content, providing 1.7 g 
leucine) in the elderly (68±2 y) versus the young (31±2 y). As a consequence, it is now 
speculated that anabolic resistance in the elderly becomes relevant when small, meal 
like amounts of protein are ingested. Interestingly, with leucine being of particular 
relevance to the stimulation of muscle protein synthesis, Katsanos and co-workers (8) 
demonstrated that the blunted response to amino acid ingestion in the elderly could 
be compensated for by increasing the leucine content of the amino acid mixture from 
26 to 41% (from 1.7 to 2.8 g leucine). The higher content stimulated postprandial mus-
cle protein synthesis by approximately 20% in the elderly (66±2 y) when compared 
with the postprandial response to the ingestion of the 26% leucine mixture, resulting 
in a response that no longer differed from that observed in the young (30±2 y). The 
authors proposed that increasing the leucine content of a meal might represent an 
effective dietary strategy to normalize the response of muscle protein synthesis in the 
elderly. These observations are supported by Rieu et al (10), who evaluated the impact 
of meals enriched with leucine on muscle protein synthesis in the elderly (70±1 y). 
Subjects received semi-liquid meals administered over a 5 hour period, with 50 mL 
provided every 20 min. The leucine diet was supplemented with 0.052 g leucine per kg 
body weight (providing an additional ~3.6 g leucine compared with 2.2 g protein bound 
leucine). Leucine supplementation increased the muscle protein fractional synthetic 
rate, measured at the end of the feeding period from 0.053±0.009 % per hour in the 
control group to 0.083±0.008 % per hour in the leucine-supplemented group. The 
proposed anabolic properties of the leucine supplemented diet were attributed to the 
approximately 130% increase in the leucine concentration in plasma, as only plasma-
free leucine concentrations differed between groups (10). These recent studies in 
humans strongly suggest that leucine supplementation with each main meal might 
represent an effective nutritional strategy to improve skeletal muscle mass and func-
tion in the elderly (91). However, such an effect will depend on the amount of leucine 
that is provided by the meal and the extent of additional supplementation. So far, 
there are no dose-effect studies that have particularly addressed the postprandial re-
sponse of synthesis to the ingestion of various amounts of leucine. However, the above-
reported data suggest that approximately 3 g leucine is sufficient to maximize the post-
prandial response of muscle protein synthesis in the elderly. For an overview of the 
amounts of leucine that were provided in the key studies mentioned, see Table 1. 
 Long-term studies of leucine supplementation are warranted to address whether 
the proposed anabolic properties of leucine co-ingestion will translate into clinically 
relevant gains in muscle mass and strength in the elderly. So far, only a few studies 
have addressed the potential impact of prolonged leucine supplementation in the 
elderly (89-92). Borsheim et al (89) studied the effects of 16 weeks of essential amino 
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acid supplementation (11 g essential amino acids containing 2.8 g leucine, twice daily) 
on muscle mass and strength in elderly subjects (approximately 67 years of age). They 
reported a 22.2±6.1% increase in muscle strength. Dillon et al (90) performed a similar 
study over 12 weeks, during which they supplemented healthy elderly women (approx-
imately 68 years of age) with 15 g essential amino acids per day (providing 4.0 g leu-
cine per day). After 12 weeks lean mass had increased by approximately 4% (repre-
senting 1.7 kg lean tissue). As neither studies reported data on total energy intake 
and/or habitual diet, it can only be speculated whether the benefits of essential amino 
acid supplementation were attributed to an increase in total amino acid/protein intake 
or to the anabolic properties of leucine or other specific essential amino acids. 
 A recent study investigated the impact of 3 months leucine supplementation with 
each main meal on muscle mass and strength in healthy, elderly males (71±4 y) (91). 
Thirty healthy men were randomly assigned to either placebo or leucine supplementa-
tion for a 12-week intervention period. Subjects were administered 2.5 g leucine (or 
placebo) with each main meal (3 times 2.5 g [7.5 g] leucine or placebo per day). No 
changes in skeletal muscle mass or strength were observed over time in either the 
leucine-supplemented or the placebo group. Extrapolation of the acute stimulating 
properties of leucine ingestion (2.8 g) on postprandial muscle protein synthesis report-
ed by Katsanos et al (8) towards the impact of prolonged leucine supplementation with 
each main meal should translate into a gain of at least 1.7 kg lean muscle mass over a 3 
month intervention period. However, no such changes in body composition and lean 
tissue mass were detected (91). There is no clear explanation for the apparent discrep-
ancy between the acute and more prolonged effects of leucine supplementation on 
muscle protein metabolism. It might be speculated that 3 months leucine supplemen-
tation is insufficient to maximize the proposed benefits of prolonged leucine supple-
mentation on muscle mass accretion. Furthermore, healthy elderly men who habitually 
consumed ample amounts of protein in their diet (approximately 1.0 g/kg/day, result-
ing in a leucine intake of 8-15g per day) were selected. This might explain why a fur-
ther increase in leucine intake did not result in net muscle mass accretion. However, in 
line with the in vivo studies in rodents, it should also be considered that a greater 
postprandial response of muscle protein synthesis does not necessarily translate into 
structural skeletal muscle hypertrophy during more prolonged intervention, as many 
other factors contribute to regulate muscle mass maintenance (47-49). It could be 
speculated that long-term leucine supplementation is of greater clinical relevance in 
frail and malnourished elderly or in specific clinical subpopulations. In elderly patients 
with type 2 diabetes, a more rapid decline in muscle mass has been observed with 
aging. Because of its insulinotropic properties, leucine might be of even more relevant 
as a pharmaconutrient in elderly patients with type 2 diabetes. 
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Leucine as a pharmaconutrient in type 2 diabetes 

Epidemiological studies and preliminary intervention studies showed that postprandial 
hyperglycaemia represents a direct and independent risk factor for the development 
of cardiovascular disease (93). Importantly, the rapid postprandial increase in blood 
glucose concentrations or ‘hyperglycemic spikes’ seem to be even more relevant to the 
onset of cardiovascular complications than merely elevated fasting plasma glucose 
levels (94). The glycemic instability is a severely underestimated problem in patients 
with type 2 diabetes. Even in patients whose type 2 diabetes is well controlled with 
oral blood-glucose-lowering medication, hyperglycemia is still prevalent throughout 
the greater part of the day (95, 96). The capacity to maintain good glycemic control is 
generally evaluated based on the basis of the glycemic and insulinemic response to the 
ingestion of a single bolus of carbohydrate (97). However, it should be noted that car-
bohydrate is not the only macronutrient that strongly increases endogenous insulin 
release following food intake. Dietary protein and free amino acids can have strong 
insulinotropic effects, especially when co-ingested with carbohydrate (98-100). In ac-
cordance, co-ingestion of protein plus leucine represents an effective nutritional strat-
egy to strongly stimulate postprandial insulin release, augment blood glucose disposal, 
and attenuate the post-prandial rise in blood glucose concentration in patients with 
type 2 diabetes (11, 13, 15). These findings imply that the insulin secretory capacity of 
the compromised β-cell remains highly functional when responding to stimuli other 
than glucose, like amino acids.  
 From both in vitro and in vivo studies in humans, it has become evident that leucine 
functions as a strong insulin secretagogue. Recent in vivo observations show a two- to 
four-fold increase in endogenous insulin release following ingestion of relatively small 
amounts of free leucine (3.75 g) with carbohydrate and protein (72, 101). Leucine 
stimulates insulin release in the pancreas via its mitochondrial oxidative decarboxyla-
tion as well as by allosterically activating glutamate dehydrogenase in the β-cell (102-
104) (Figure 3). Besides the acute effects of leucine co-ingestion on β-cell function, Xu 
et al (102) suggested that a more prolonged exposure to leucine might also contribute 
to enhanced β-cell function through improved maintenance of β-cell mass. In accord-
ance, Zhang et al (105) reported improvements in glycemic control by increases in 
insulin sensitivity (homeostasis model of insulin resistance [HOMA-IR] index was 50% 
lower) and  approximately 50% lower glucagon levels following 14 weeks of leucine 
supplementation (via drinking water containing 1.5% leucine) in mice fed a high-fat 
diet. These findings supports the hypothesis that leucine co-ingestion with each main 
meal, containing both carbohydrate and protein, might represent an effective nutri-
tional strategy to increase postprandial insulin release and, as such, improve glycemic 
control.  
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Figure 3: Simplified overview on the mechanisms by which leucine stimulates insulin secretion in the
pancreatic β-cell. Leucine-induced insulin secretion is mediated by leucine’s oxidative decarboxylation as 
well as by allosteric activation of glutamate dehydrogenase. Both the generation of acetyl-coenzyme A 
(Acetyl-CoA) and α-ketoglutarate (α-KG) are needed for leucine to fully stimulate mitochondrial activity in
the pancreatic β-cell. The metabolically linked secondary signals that subsequently lead to insulin exocytosis 
have yet to be established and seem responsible for the leucine-induced activation of the mammalian target 
of rapamycin (mTOR) signaling pathway. Abbreviations: α-KG: α-ketoglutarate; AT: aminotransferase; 
BCKDH: branched-chain α-keto-acid dehydryogenase; GDH: glutamate dehydrogenase; KIC: α-
ketoisocaproate; P70S6k: P70S6 kinase; TCA: tricarboxylic acid cycle (adapted from van Loon et al (106)) 

 
Generally, improvements in postprandial blood glucose homeostasis are accompanied 
by improvements in blood lipid profile (105). Besides the improvements in glycemic 
control, Zhang et al (105) reported a 27% decrease in plasma total cholesterol concen-
tration and a 53% lower level of low-density lipoprotein cholesterol following 14 weeks 
of leucine supplementation in mice fed a high-fat diet (105). Their data imply that 
leucine supplementation protects against the harmful effects of a high-fat diet, provid-
ing further support for leucine as a promising pharmaconutrient in the prevention and 
treatment of chronic metabolic disease. The proposed clinical benefits of leucine sup-
plementation in reducing both hyperglycemia and hypercholesterolemia remain to be 
investigated in an in vivo setting in humans. 
 Besides disturbances in glucose homeostasis, there is a two- to three-fold greater 
risk of injurious falls (107) and physical disability (108-111) in elderly adults with type 2 
diabetes. In accordance, elderly patients with type 2 diabetes generally show a more 
pronounced decline in skeletal muscle mass and strength when compared with age-
matched, normoglycemic controls (6). In accordance, Park et al (6) showed that muscle 
quality, defined as muscle strength per unit of regional muscle mass, is consistently 
lower in elderly adults with type 2 diabetes. In fact, leg muscle quality was reported to 
be approximately 8% lower in the elderly with diabetes compared with the normogly-
cemic elderly (14±3 versus 15±3 Nm/kg, respectively). In another study by Park et al, a 
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more rapid decline in skeletal muscle mass was reported in patients with previously 
undiagnosed type 2 diabetes (112). The mechanisms responsible for the accelerated 
loss of skeletal muscle mass in elderly patients with type 2 diabetes remain to be elu-
cidated. It is likely that the metabolic abnormalities associated with the type 2 diabetic 
state impair muscle protein metabolism (113). It could be speculated that the anabolic 
resistance of muscle protein synthesis to response to food intake (114, 115), is even 
more pronounced in elderly patients with type 2 diabetes. Although it has been pro-
posed that circulating insulin levels (above 15 uU/ml) are rather permissive instead of 
modulatory to allow muscle protein synthesis to be increased (9, 116), it seems evi-
dent that this might not be the case in an insulin-resistant state. Postprandial insulin 
release is severely blunted in patients with longstanding type 2 diabetes (117) and, 
combined with peripheral insulin resistance, might impair the postprandial response of 
muscle protein synthesis. This possible impairment of the postprandial response of 
muscle protein synthesis can be attributed to a reduced capacity of insulin to stimulate 
post-prandial muscle perfusion (118, 119), thereby lowering amino acid delivery to the 
muscle (120-122) and attenuating myocellular anabolic signaling (9, 85, 123). Conse-
quently, increasing postprandial insulin release, e.g., by ingesting leucine (2-4 g) with a 
mixed meal, might represent an effective nutritional strategy to improve postprandial 
muscle protein synthesis and counteract the anabolic resistance to feeding in insulin 
resistant muscle. Furthermore, the impact of greater postprandial insulin release might 
also inhibit muscle protein breakdown in the type 2 diabetic state. Though more re-
search is warranted, it seems evident that nutritional strategies could be defined that 
will improve postprandial muscle protein synthesis in elderly patients with longstand-
ing type 2 diabetes. Such an improvement might attenuate or reverse the accelerated 
loss of muscle mass and function in aging type 2 diabetes patients. 

Concerns of using leucine 

Despite the proposed benefits of leucine supplementation on muscle hypertrophy and 
glycemic control, the potential concerns about the use of leucine as a nutritional sup-
plement must be considered. Leucine supplementation generally induces a decline in 
the plasma concentration of the other BCAAs, i.e., valine and isoleucine (52). It has 
been suggested that such a decline might negate the anabolic properties of leucine 
administration (124). However, it should be noted that lower plasma concentrations of 
valine and isoleucine are observed only in a postabsorptive resting condition and not in 
a postprandial situation, when large increases in the plasma concentrations of virtually 
all amino acids become apparent. Therefore, the stimulatory properties of the inges-
tion of leucine (2-3 g) with a mixed meal are unlikely to be attenuated by a relative 
lowering of the basal plasma concentration of valine or isoleucine. Furthermore, de-
spite the observed decreases in basal fasting plasma valine (approximately 10-20%) 
and isoleucine concentrations (approximately 0-10%), plasma levels still fall well within 
the normal physiological range. Consequently, there do not seem to be any major 
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concerns associated with the lowering of the basal plasma concentration of valine or 
isoleucine following leucine supplementation with the main meals. 
 As leucine stimulates muscle hypertrophy, it has been questioned whether leucine 
could also have an unwanted impact on tumor growth. This is supported by the find-
ings of Vogt (125), who showed that signaling through the PI3-kinase and mTOR path-
way is increased in some forms of cancer. In accordance, McNurlan et al (126), report-
ed a similar increase in the rates of fractional protein synthesis in both muscle and 
tumor tissue following amino acid infusion prior to colorectal tumor surgery. However, 
further increasing the fraction of BCAAs in the amino acid mixture did not result in a 
further increase in rates of protein synthesis. This suggests that further increasing the 
leucine content in the diet does not necessarily affect tumor growth. 
 The potential safety limits for (free) amino acid supplementation are subject to 
speculation. De Lorenzo et al (127) provided 10 healthy males with 14.4 g/d BCAAs for 
30 days, without reporting any side effects or adverse reactions. In agreement, Mar-
chesini et al (128) treated 20 chronic hepatic encephalopathy patients for 6 months 
with an enteral supplement that provided 240 mg/kg/d BCAAs, without reporting any 
side effects or adverse reactions. Furthermore, patients with sepsis, stress, or injury 
have been treated with parenteral solutions containing up to 50% of the AA nitrogen 
as BCAA, without apparent side effects (129). It seems that large dietary excess intake 
of an individual BCAA (> 8 g/day) is well tolerated when consumed in a diet containing 
surfeit levels of protein and, therefore, the other BCAAs (130). In agreement, based on 
the work to date, Matthews (52) concludes that leucine and the other BCAAs can be 
safely consumed in large amounts relative to the other amino acids in protein. Finally, 
it should be noted that the addition of free leucine in consumer food products can 
severely affect taste. Though this generally does not preclude the use of leucine-
containing sports nutrition supplements in athletes seeking ergogenic benefits, it 
might affect satiety and impair food intake in more compromised clinical subpopula-
tions, where sufficient food intake generally forms a major problem. 

Future research 

Over the past decade, there has been an enormous gain in insight into the role of es-
sential amino acids in regulating skeletal muscle protein synthesis and breakdown. 
However, there are still discrepancies between the results obtained in vivo in rodents 
and humans. In the in vivo rodent studies, an increase in the rates of postprandial 
muscle protein synthesis was observed, but not one of the studies referenced was able 
to detect increases in muscle mass or muscle strength (44, 45). So far, one human 
intervention study (90) has reported an increase in muscle mass (from 43.5±2.8 to 
45.2±3.0 kg lean body mass), whereas another study (89) reported an increase in leg 
strength (from 127±21 to 146±19 kg sum of individual knee extensors en flexors) fol-
lowing prolonged essential amino acid supplementation. It seems imperative to use 
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the human model to explore the true functional role of leucine in the regulation of 
muscle metabolism in the elderly. There is ample evidence to support the ability of 
leucine to stimulate protein synthesis in rodents (18, 41-45). In accordance, there are 
also strong indications that leucine plays a key role in regulating muscle protein syn-
thesis in vivo in humans (8, 10, 55). However, apart from the observed increase in 
muscle protein synthesis following the use of the flooding dose technique with labeled 
amino acids (55), there is limited evidence on the differential anabolic properties of 
the various amino acids in vivo in humans. Comparisons of leucine versus other (essen-
tial) amino acids using established methods for measuring muscle protein synthesis 
and breakdown are required to elucidate the acute anabolic effects of amino acid 
administration on muscle protein turnover. Furthermore, the use of leucine co-
ingestion as a means to improve net muscle protein balance should be assessed in a 
more practical, postprandial condition. 
 Besides studying the acute effects of leucine administration on muscle protein 
metabolism, it is imperative to assess whether these proposed acute effects are main-
tained during more prolonged leucine supplementation protocols in vivo in humans. 
Furthermore, more long-term intervention studies are warranted to investigate 
whether the acute effects of leucine administration on muscle protein synthesis can be 
translated into measurable and clinically relevant increases in muscle mass, strength, 
and functional capacity. So far, there is little evidence to support the proposed clinical 
benefits of prolonged leucine supplementation in healthy elderly subjects (91). It could 
be speculated that clinical benefits of leucine supplementation are more relevant in 
more compromised elderly subpopulations. Research is warranted to assess whether 
leucine co-ingestion can promote postprandial muscle protein accretion under condi-
tions in which food intake is suboptimal, i.e., in malnourished and/or frail elderly. As-
sessing the clinical benefits of prolonged leucine supplementation on preventing or 
attenuating the greater loss of muscle mass and strength in these clinical subpopula-
tions could be of greater clinical relevance. 
 Due to its insulinotropic properties, leucine might represent an even more interest-
ing pharmaconutrient for elderly patients with type 2 diabetes (11, 13, 15). The greater 
post-prandial insulin release would likely augment the protein synthesis response in 
insulin-resistant muscle (119, 131) and also improve postprandial glucose and lipid 
handling. So far, there is little evidence to support the proposed beneficial effects of 
prolonged leucine supplementation on blood glucose and lipid profile in rodents (105). 
Both short- and long-term intervention studies are warranted to assess the efficacy of 
leucine as an effective pharmaconutrient in the prevention and treatment of type 2 
diabetes in vivo in humans. Other clinical subpopulations that might benefit from leu-
cine administration include patients with accelerated muscle wasting and cachexia, as 
occurs in cancer, chronic obstructive pulmonary disease, and intensive care unit (ICU) 
patients (132). Whether acute leucine administration can effectively modulate muscle 
protein synthesis and proteolysis in these conditions remains to be established in vivo 
in humans. Subsequently, prolonged leucine supplementation studies should be per-
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formed to confirm the proposed anabolic properties of leucine in muscle wasting dis-
ease and cachexia. 

Conclusions 

Leucine administration stimulates muscle protein synthesis and inhibits protein degra-
dation via insulin-dependent and insulin-independent pathways. Recent studies report 
that increasing the leucine content of a meal to a level exceeding 3 g increases rates of 
postprandial muscle protein synthesis in vivo in elderly men, thereby normalizing the 
blunted response of muscle protein synthesis to food ingestion. Furthermore, due to 
its insulinotropic properties, free leucine (2-5 g) ingested with a mixed meal stimulates 
endogenous insulin release and attenuates the rise in postprandial blood glucose con-
centrations in patients with type 2 diabetes. Consequently, leucine supplementation 
has been suggested to represent an effective nutritional strategy to prevent and treat 
the loss of muscle mass with aging as well as to improve postprandial glycemic control 
in patients with type 2 diabetes. Though promising, there is no evidence that dietary 
supplementation with leucine can augment muscle mass or strength or improve gly-
cemic control. More prolonged nutritional intervention studies in vivo are warranted 
to assess these proposed clinical benefits of leucine supplementation in elderly indi-
viduals or in patients with chronic metabolic disease or muscle wasting conditions. 
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Abstract 

The loss of muscle mass with aging has been, at least partly, attributed to a blunted 
muscle protein synthetic response to food intake. Leucine co-ingestion has been re-
ported to stimulate postprandial insulin release and augment postprandial muscle 
protein accretion. We assessed the clinical benefits of 6 mo of leucine supplementa-
tion in elderly, type 2 diabetes patients. Sixty elderly males with type 2 diabetes (age, 
71 ± 1 y; BMI, 27.3 ± 0.4 kg/m2) were administered 2.5 g L-leucine (n = 30) or a placebo 
(n = 30) with each main meal during 6 mo of nutritional intervention (7.5 g/d leucine or 
placebo). Body composition, muscle fiber characteristics, muscle strength, glucose 
homeostasis, and basal plasma amino acid and lipid concentrations were assessed 
prior to, during, and after intervention. Lean tissue mass did not change or differ be-
tween groups at 0,3, and 6 mo and were 61.9 ± 1.1, 62.2 ± 1.1, and 62.0 ± 1.0 kg, re-
spectively, in the leucine group and 62.2 ± 1.3, 62.2 ± 1.3, and 62.2 ± 1.3 kg in the pla-
cebo  group. There also were no changes in body fat percentage, muscle strength, and 
muscle fiber type characteristics. Blood glycosylated hemoglobin did not change or 
differ between groups and was 7.1 ± 0.1% in the leucine group and 7.2% in the placebo 
group. Consistent with this, oral glucose insulin sensitivity and plasma lipid concentra-
tions did not change or differ between groups. We conclude that prolonged leucine 
supplementation (7.5 g/d) does not modulate body composition, muscle mass, 
strength, glycemic control, and/or lipidemia in elderly, type 2 diabetes patients who 
habitually consume adequate dietary protein. 
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Introduction 

Aging is accompanied by a progressive decline in skeletal muscle mass and strength, 
termed sarcopenia (1). The progressive loss of skeletal muscle mass and strength re-
sults in a decline in functional capacity and predisposes to the development of chronic 
metabolic diseases, like obesity and type 2 diabetes (2). One of the major causes of 
sarcopenia seems to be the disruption in the regulation of muscle protein turnover. 
Recent work indicates that the elderly are less sensitive to the main anabolic stimuli, 
such as physical activity and/or food intake (3, 4). It has been suggested that increasing 
the leucine content of a meal can effectively compensate for the blunted muscle pro-
tein synthetic response to food intake in the elderly (5, 6). Recently, Katsanos et al (5) 
reported that increasing the leucine content of an amino acid mixture (from 26 to 41%) 
normalizes the muscle protein synthetic response in the elderly when compared with 
the young. These findings were supported by Rieu et al (6) who observed considerably 
higher postprandial muscle protein synthetic rates in elderly men after they consumed 
leucine-enriched meals. As a consequence, it has been suggested that increasing the 
leucine content of a meal represents an effective dietary strategy to augment the mus-
cle protein synthetic response to food intake in the elderly. 
 So far only a single placebo-controlled study has been performed to evaluate the 
proposed clinical relevance of prolonged leucine supplementation in the elderly. We 
recently reported the impact of 3 mo of leucine supplementation with each main meal 
on muscle mass and strength in healthy, elderly males (7). No changes in skeletal mus-
cle mass or strength were observed over the 3 mo intervention period. In response, 
some suggested that the absence of any impact of leucine supplementation on muscle 
mass and strength could be attributed to the relative short intervention period and/or 
to the specific inclusion of healthy, elderly males. As such, we concluded that the im-
pact of prolonged leucine supplementation should be assessed in more compromised 
elderly subpopulations over a more extensive intervention period (7). 
 It has been well-established that elderly, type 2 diabetic patients generally have a 
more pronounced decline in skeletal muscle mass and/or strength compared with age-
matched, normoglycemic controls (2). Because of this accelerated loss of muscle mass 
(8), it would be of particular interest to study the impact of leucine supplementation 
on muscle mass in this specific elderly subpopulation. Furthermore, amino acids (and 
leucine in particular) act as strong stimuli for endogenous insulin release by the pan-
creatic β-cell (9, 10). Leucine co-ingestion has been reported to effectively increase 
postprandial insulin release, stimulate glucose disposal, and subsequently improve 
glycemic control in type 2 diabetes patients (11-13). In addition, recent work in rodents 
reported substantial improvements in blood lipid profiles following prolonged leucine 
supplementation (14). Consequently, prolonged leucine supplementation may repre-
sent an even more effective nutritional strategy to increase muscle mass and improve 
glycemia and lipidemia in type 2 diabetes patients. 
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 Prolonged intervention studies investigating the clinical benefits of leucine supple-
mentation in elderly and/or type 2 diabetes patients are thus far lacking. Therefore, we 
assessed the impact of 6 mo of leucine supplementation with each main meal (7.5 g/d) 
on muscle mass and strength, body composition, insulin sensitivity, glycemia, and 
lipidemia in a large group of elderly, type 2 diabetes patients (71 ± 1 y). This is the first 
study to assess the clinical relevance of such prolonged leucine supplementation in 
vivo in humans. 

Materials and methods 

Participants 

A total of 60 elderly men with type 2 diabetes were selected to participate in a 6 mo 
(24 wk) nutritional intervention program. For all participants medical history was eval-
uated and an oral glucose tolerance test (OGTT) was performed prior to inclusion. An 
electrocardiogram was performed at rest and during submaximal exercise. Exclusion 
criteria included (silent) cardiac or peripheral vascular disease, orthopedic limitations, 
and/or impaired renal function. Participants were treated with either dietary recom-
mendation only (n = 6) or oral blood glucose lowering medication: metformin com-
bined with sulfonylurea derivatives and/or thiazolidinediones (n = 21), metformin only 
(n = 28) or sulfonylurea derivates only (n = 5). All participants were receiving stable 
medication and/or dietary prescriptions for at least 3 mo before the intervention. All 
eligible men were randomly assigned to either the leucine- or placebo-supplemented 
group. Three participants dropped out for medical reasons not related to the study. 
Participants’ characteristics are provided in Table 1. All participants were informed 
about the nature and possible risks of the experimental procedures before their writ-
ten informed consent were obtained. The study was performed according to the prin-
ciples of the Declaration of Helsinki and was approved by the local Medical Ethical 
Committee. 

Study design 

Participants ingested either 2.5 g leucine or a placebo after each main meal (breakfast, 
lunch, and dinner) during the entire 24-wk intervention period. Anthropometrics 
(height, body weight, waist:hip ratio), muscle strength [one repetition maximum; 
1RM)], and body composition (DXA), were assessed and muscle biopsies, blood sam-
ples, and dietary intake and physical activity records were collected before, after 12 
wk, and after cessation of the nutrition intervention program. 
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Table 1: Baseline characteristics of diabetic men in the placebo group and leucine group1  

 Placebo, n=28 Leucine, n=29 

Age, y 71 ± 1 71 ± 1 

Body weight, kg 84.4 ± 2.0 83.4 ± 1.8 

Height, m 1.76 ± 0.01 1.75 ± 0.01 

Waist-Hip Ratio 1.01 ± 0.01 1.02 ± 0.01 

BMI, kg/m2 27.2 ± 0.6 27.4 ± 0.6 

Basal plasma glucose, mmol/L 7.60 ± 0.26 7.99 ± 0.23 

HbA1c, % 7.2 ± 0.2 7.1 ± 0.1 

Lean Mass, kg 62.2 ± 1.3 61.9 ± 1.1 

Fat, % 22.9 ± 0.8 22.5 ± 0.6 
1 Values are mean ± SEM.  

Diet and physical activity 

Standardized meals were provided to all participants the evening prior to each test 
day. The participants were instructed to refrain from strenuous physical activity for at 
least 3 d prior to testing. On all test days, participants arrived at the laboratory by car 
or public transportation following an overnight fast. To assess potential changes in 
habitual daily food intake and physical activity during the 6 mo intervention period, the 
participants recorded 3-d weighted dietary intake records and 2-d physical activity 
records. Dietary intake was recorded before, after 3, 7, 11, 15, 19, and 23 wk of inter-
vention (Komeet, 4.059 BaS Nutrition Software). Habitual physical activity was record-
ed before and after 11 and 23 wk of intervention. For every type of activity, a mean 
equivalent task (MET)-score was assigned as previously defined (15). Energy expendi-
ture was calculated as mean MET-h/d (16). 

Supplementation 

All participants were studied over a 24-wk intervention period during which they were 
supplemented with either 7.5 g/d L-leucine (Frutarom NV) or a placebo (wheat flour; 
Verstegen). The participants ingested 5 capsules (500 mg each) after each main meal 
(breakfast, lunch, and dinner). The supplements were provided in a double-blind man-
ner and the different capsules could not be distinguished by scent, color, or taste. 

Muscle strength 

Maximal strength was assessed by 1RM strength tests on leg-press and leg-extension 
machines (Technogym). During a familiarization trial, the proper lifting technique was 
demonstrated and practiced, after which maximal strength was estimated by using the 
multiple repetitions testing procedure (17). In an additional session, at least 1 wk prior 
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to muscle biopsy collection, each participant’s 1 RM was determined as previously 
described (18). The 1RM test was repeated after 12 wk and after the cessation of the 
intervention program. 

Body composition 

Body composition and bone mineral content were measured with DXA (Hologic, Dis-
covery A, QDR Series). Anthropometrics were measured by trained observers using 
standard techniques (19). 

Blood samples 

Before, and after 4, 8, 12, 16, 20, and 24 wk of intervention, blood samples were col-
lected from fasting subjects to determine basal plasma glucose and insulin concentra-
tions, plasma amino acid and lipid profiles, serum creatinine, and blood glycolysated 
hemoglobin (HbA1c) content. Blood (10 mL) was collected into EDTA-containing and 
serum tubes. EDTA tubes were immediately centrifuged at 1000 X g for 10 min at 4°C 
(plasma) and the serum tubes were centrifuged at 1000 X g for 15 min at 21°C (serum) 
after allowing the blood to clot for 90 min at 21°C. Aliquots of plasma and serum were 
immediately frozen in liquid nitrogen and stored at -80°C until further analysis. Plasma 
glucose concentrations were analyzed with a COBAS FARA analyzer (Uni Kit III; Roche). 
Plasma insulin concentrations were determined by using an Insulin RIA Kit (LINCO Re-
search Inc). Plasma free amino acid concentrations were analyzed with a dedicated 
amino acid analyzer (LCA10; Shimadzu Benelux) as previously described (7). Reagents 
to determine plasma TG, total cholesterol and HDL-cholesterol were from ABX Diag-
nostics. Plasma FFA concentrations were analyzed with the NEFA C test kit from Wako 
Chemicals. Because plasma TG concentrations were < 4.5 mmol/L, LDL-cholesterol 
could be calculated by LDL cholesterol = total cholesterol -HDL cholesterol – TG/2.2 (in 
mmol/L). Serum creatinine concentrations were determined using the Jaffe rate meth-
od on a Synchron LX Systems analyzer with Synchron creatinine reagent kit (Beckmann 
Coulter Inc). Blood HbA1c content was analyzed by HPLC (Bio-Rad Variant II 4). 

Whole-body insulin sensitivity 

Whole-body insulin sensitivity and/or oral glucose tolerance were assessed by fasting 
blood glucose and insulin concentrations using the homeostasis model assessment of 
insulin resistance (HOMA-IR) (20). Furthermore, the oral glucose insulin sensitivity 
(OGIS) index (21) and the insulin sensitivity index (ISI) (22) were calculated from the 
data derived from the OGTT. 
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Muscle biopsies 

Three days prior to the onset of nutritional intervention, after 12 wk of intervention 
and immediately after cessation of the nutritional intervention, skeletal muscle biop-
sies were taken from the right leg of each participant. After local anesthesia was in-
duced, percutaneous needle biopsy samples (50–80 mg) were collected from the 
vastus lateralis muscle, ~15 cm above the patella (23). Any visible non-muscle tissue 
was removed immediately, and biopsy samples were embedded in Tissue-Tek (Sakura 
Finetek), frozen in liquid nitrogen-cooled isopentane, and stored at -80°C until anal-
yses. 

Muscle tissue analysis 

From all biopsies, 5 µm thick cryosections were cut at -20°C. All samples from each 
participant were mounted together on uncoated glass slides. Cross-sections were 
stained for muscle fiber typing using the analytical procedures previously described 
(24). In short, muscle fiber typing (type I vs IIa vs IIx) was determined based on staining 
with antibodies against MHC-I and MHC-IIa, and anti-laminin was used to visualize the 
basement membrane. After staining, all images were digitally captured by using fluo-
rescence microscopy (Nikon Instruments Europe). Image processing and quantitative 
analyses were performed as described previously (25). Within each image, the number 
of fibers and the muscle fiber cross-sectional area (CSA) were measured for the type I, 
IIa, and IIx fibers separately. 

24-h Urine collection 

To determine urinary nitrogen and creatinine excretion, 24 h urine was collected over 
the last day of the 3-d dietary intake assessment, as previously described (25). Nitrogen 
content was analyzed with an elemental analyzer (model CHN-ORAPID, Heraeus). Total 
nitrogen excretion was calculated from total urinary nitrogen excretion and an estimat-
ed 0.031 g/kg body mass for miscellaneous nitrogen loss (26). Nitrogen balance was 
calculated as the difference between nitrogen intake [protein intake (g)/6.25] and total 
nitrogen excretion before and after 4, 12, and 24 wk of intervention. As a measure of 
renal function, creatinine clearance was calculated from urinary excretion and its serum 
concentration and corrected for body surface area, yielding the amount of blood (in mL) 
cleared from creatinine per min per 1.73 m2 of total body surface area (27). 

Statistical Analysis 

Data are expressed as means ± SEM. Baseline characteristics between groups were 
compared by means of an independent samples t-test. Pre- vs. 3 mo vs. post-interven-
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tion data were analyzed using repeated-measures ANOVA with time as within-subjects 
factor and treatment as between-subjects factor. For muscle fiber type analyses, a 
second within-subjects factor (type I vs. type II fibers) was included. In case of signifi-
cant main effects or interactions, post hoc testing with Bonferroni correction and/or 
separate analyses within groups were performed when appropriate. Statistical signifi-
cance was set at P < 0.05. All calculations were performed using SPSS 15.0. 

Results 

Participants 

A total of 57 men completed the intervention study, 28 in the placebo group and 29 in 
the leucine group. Baseline variables did not differ between groups (Table 1). Partici-
pants had been diagnosed with type 2 diabetes for 3 ± 1 y. Except for one patient in 
the leucine group, no changes in medication dose occurred during the 6-mo interven-
tion period. 

Diet and physical activity 

Analysis of the 3-d dietary intake records collected before, during, and after 24 wk of 
intervention did not differ in total daily energy intake between groups or change over 
time (Supplemental Table 1). In addition, the macronutrient composition of the diet 
did not change over time and did not differ between groups (Supplemental Table 1). 
Daily protein intake prior to the supplementation period did not differ between the 
placebo (0.94 ± 0.04 g/kg body weight) and leucine (1.04 ± 0.05 g/kg body weight) 
groups and did not change throughout the supplementation period (Supplemental 
Table 1). Habitual physical activity levels and mean energy expenditure at baseline 
were similar between the placebo (1.55 ± 0.03 MET-h/d) and leucine (1.55 ± 0.04 MET-
h/d) groups and did not change over time. 

Muscle strength 

At baseline, 1RM for leg press and leg extension did not differ between groups (Table 
2). After 24 wk of intervention, muscle strength had increased significantly in both the 
placebo and leucine group for leg press (P < 0.001) and leg extension (P < 0.001), with 
no differences between groups. 
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Table 2: Body composition and muscle strength during 24 wk of leucine or placebo intervention in diabetic 
men 1 

 Placebo, n=28 Leucine, n=29 

 wk 0 wk 12      wk 24 wk 0 wk 12 wk 24 

Body composition       

 Body weight, kg 84.6 ± 2.0 85.0 ± 2.0 85.1 ± 2.1 83.6 ± 1.8 84.0 ± 1.8 83.9 ± 1.7 

 Lean mass, kg 62.2 ± 1.3 62.2 ± 1.3 62.2 ± 1.3 61.9 ± 1.1 62.2 ± 1.1 62.0 ± 1.0 

 Fat mass, kg 19.6 ± 1.0 20.0 ± 1.1 20.2 ± 1.1 19.0 ± 0.8 19.1 ± 0.9 19.2 ± 0.9 

 Fat, % 22.9 ± 0.8 23.3 ± 0.9 23.4 ± 0.9 22.5 ± 0.6 22.4 ± 0.6 22.6 ± 0.6 

 BMC, kg 2.7 ± 0.1 2.7 ± 0.1 2.7 ± 0.1 2.7 ± 0.1 2.7 ± 0.1 2.7 ± 0.1 

 Leg lean mass, kg 19.3 ± 0.5 19.4 ± 0.5 19.4 ± 0.4 19.0 ± 0.4 19.1 ± 0.4 19.0 ± 0.4 

 Leg fat mass, kg 5.0 ± 0.3 5.1 ± 0.3 5.2 ± 0.3 4.8 ± 0.2 4.9 ± 0.2 4.9 ± 0.2 

Muscle strength       

 Leg press, kg 205 ± 7 210 ± 8* 218 ± 8*,# 202 ± 7 208 ± 8* 217 ± 8*,# 

 Leg extension, kg 88 ± 3 91 ± 3* 94 ± 4*,# 80 ± 2 84 ± 3* 84 ± 3* 
1 Values are mean ± SEM. * Different from wk 0, P < 0.05. # Different from wk 12, P < 0.05. 

Body composition 

Whole-body and leg fat mass and fat-free mass did not differ between the groups prior 
to the intervention (Table 2). Throughout the intervention, body composition, fat mass 
and lean mass did not change over time or differ between groups. 

Glycemic control 

Measures of glycemic control did not differ between the placebo and the leucine 
groups prior to intervention (Table 3). After 24 wk of intervention, the basal fasting 
insulin concentration increased in both groups. In accordance, insulin resistance signif-
icantly increased over time as assessed by HOMA-IR and ISI. However, blood HbA1c 
values remained stable throughout the intervention period. Fasting blood glucose 
concentrations and the OGIS index did not change over time or differ between groups 
(Table 3). 
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Table 3: Glycemic control during 24 wk of leucine or placebo intervention in diabetic men 1 

 Placebo, n=28 Leucine, n=29 

 wk 0 wk 12    wk 24 wk 0 wk 12 wk 24 

Plasma glucose, mmol/L 7.5 ± 0.2 7.3 ± 0.2 7.6 ± 0.3 8.0 ± 0.2 7.8 ± 0.2 7.5 ± 0.2 

Glucose 120 min OGTT , mmol/L 13.9 ± 0.8 14.1 ± 0.9 14.5 ± 0.8 13.7 ± 0.8 13.8 ± 0.7 13.4 ± 0.7 

HbA1c, % 7.2 ± 0.2 7.2 ± 0.2 7.2 ± 0.1 7.1 ± 0.1 7.1 ± 0.1 7.1 ± 0.1 

Plasma insulin, pmol/L 103 ± 7 113 ± 15 144 ± 18*,# 95 ± 6 100 ± 8 121 ± 12*,# 

Insulin 120 min OGTT, pmol/L 465 ± 60 495 ± 76 596 ± 82*,# 383 ± 72 382 ± 49 425 ± 53*,# 

Insulin peak, pmol/L 641 ± 99 634 ± 102 775 ± 101*,# 486 ± 72 524 ± 56 665 ± 77*,# 

HOMA-IR 4.8 ± 0.4 5.1 ± 0.7 6.8 ± 0.9*,# 4.7 ± 0.3 4.9 ± 0.4 5.6 ± 0.6*,# 

ISI 2.5 ± 0.2 2.7 ± 0.3 2.0 ± 0.2*,# 2.8 ± 0.3 2.8 ± 0.3 2.6 ± 0.4*,# 

OGIS 350 ± 9 352 ± 8 345 ± 8 336 ± 8 338 ± 8 351 ± 8 
1 Values are mean ± SEM. * Different from wk 0, P < 0.05. # Different from wk 12, P < 0.05. 

Plasma lipids and urine analyses 

Plasma lipid concentrations did not differ between groups prior to the intervention 
and did not change over time in either group (Supplemental Table 2). 
 Serum creatinine concentrations were within the normal range prior to interven-
tion and did not change over time in either the placebo (from 99.0 ± 5.3 to 84.0 ± 5.3 
µmol/L) or leucine (from 99.0 ± 3.5 to 94.6 ± 4.4 µmol/L) group, and the groups did not 
differ. Creatinine clearance at baseline did not differ between the placebo (75.8 ± 3.2 
[mL/min per 1.73 m2]) and leucine (82.2 ± 3.7 [mL/min per 1.73 m2]) groups and did 
not change in either group. Prior to intervention, 24-h nitrogen balance was -1.20 ± 
0.62 g/d in the placebo group and -0.52 ± 0.54 g/d in the leucine group and did not 
change in either group. 

Amino acid profiles 

Plasma total amino acid (TAA), non-essential amino acid (NEAA), and essential amino 
acid (EAA) concentrations in fasting men did not differ between groups at baseline and 
did not change in either group (Table 4). For the plasma BCAA, there were significant 
time X treatment interactions. Basal plasma leucine concentrations increased in the 
leucine group by 13 ± 3% within 12 wk of supplementation (P < 0.05), after which con-
centrations remained elevated. The 2 other BCAA, valine and isoleucine, decrease over 
time in the leucine group. Basal plasma valine concentrations declined by 23 ± 2% 
within 4 wk of supplementation (P < 0.05), after which concentrations remained sta-
ble. Basal plasma isoleucine concentrations declined by 16 ± 2% within 4 wk of sup-
plementation (P < 0.05), after which concentrations remained stable. Plasma BCAA 
concentrations did not change in the placebo group (Table 4). 
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Table 4: Basal plasma amino acid concentrations 24 wk of leucine or placebo intervention in diabetic men 1 

 Placebo, n=28 Leucine, n=29 

 wk 0 wk 4 wk 12    wk 24 wk 0 wk 4 wk 12 wk 24 

Leucine, μmol/L 149 ± 4 155 ± 7 153 ± 4 147 ± 4 143 ± 4 154 ± 5 161 ± 5*,# 155 ± 5*,# 

Valine, μmol/L 254 ± 7 265± 10 262 ± 7 253 ± 8 239 ± 6 185 ± 5*,# 195 ± 7*,# 196 ± 7*,# 

Isoleucine, μmol/L 85 ± 3 89 ± 4 88 ± 3 86 ± 3 79 ± 3 66 ± 2*,# 69 ± 2*,# 69 ± 2*,# 

EAA, μmol/L 970 ± 18 996 ± 32 999 ± 18 956 ± 22 939 ± 20 913 ± 28 910 ± 22 902 ± 20 

NEAA, μmol/L 1673 ± 32 1694 ± 36 1722 ± 27 1694 ± 30 1719 ± 34 1707 ± 35 1738 ± 38 1751 ± 39 

TAA, μmol/L 2645 ± 46 2691 ± 59 2721 ± 41 2651 ± 45 2658 ± 50 2619 ± 47 2648 ± 53 2653 ± 56 
1 Values are mean ± SEM. * Different from wk 0, P < 0.05. # Different from the placebo at that time, P < 0.05. 

Muscle tissue analysis 

Type I and II muscle fiber percentage did not differ between both groups prior to the 
intervention (Supplemental Table 3). Type I muscle fiber percentage was 43 ± 2, 43 ± 
2, and 48 ± 2 % at 0, 3, and 6 mo for the entire group, with no changes over time. Mus-
cle fiber CSA at baseline did not differ between the placebo and leucine groups for the 
type I, type IIa, and type IIx fibers and the values did not change during the interven-
tion in the entire group. Notably, type II muscle fiber CSA was significantly smaller 
compared with type I muscle fiber CSA at all time points and in both groups (Supple-
mental Table 3). 

Discussion 

The present study shows that 6 mo of leucine supplementation (a total of 7.5 g/d) with 
each main meal does not augment skeletal muscle mass and strength, modulate body 
composition, or improve glycemic control and blood lipid profile in elderly men with 
type 2 diabetes, who habitually consume sufficient protein. 
 Aging is associated with the gradual but progressive loss of skeletal muscle mass 
and function, resulting from an imbalance between muscle protein synthesis and 
breakdown. Recent work from Katsanos et al (5) and Rieu et al (6) shows that increas-
ing the leucine content of a meal increases the postprandial muscle protein synthetic 
response in healthy elderly men. Consequently, it has been suggested that long-term 
leucine supplementation with each main meal represents an effective nutritional in-
tervention strategy to stimulate postprandial net muscle protein accretion and, as 
such, increase muscle mass and strength in the elderly (28). Katsanos et al (5) reported 
a substantial 0.008 %/h increase in postprandial muscle protein synthesis rate for up to 
2.5 h after increasing the leucine content of an oral amino acid mixture. Extrapolation 
of these data towards the impact of prolonged leucine supplementation with each 
main meal should theoretically result in an enormous 3.4 kg (range 2.8–4.2 kg) gain in 
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muscle mass over a 6 mo intervention period. Consequently, such a ~4-6 % increase in 
whole-body lean tissue mass could be expected in the leucine supplemented group. 
The latter would easily be detected by DXA scanning as applied in the present study 
(with a CV for lean tissue mass < 0.5 %). However, even after 6 mo of leucine supple-
mentation, we did not observe any effect on muscle mass (Table 2) and/or muscle 
fiber size (Supplemental Table 3). It seems evident that the suggested increase in mus-
cle protein synthesis in the postprandial phase following leucine supplementation 
cannot be translated into muscle mass accrual during a more prolonged dietary inter-
vention. This appears to be in line with previous findings from our group in which leu-
cine supplementation did not affect body composition in healthy elderly males over a 3 
mo intervention period (7). It was suggested that the duration of the latter study might 
have been insufficient to detect any clinically relevant improvements. In addition, it 
was suggested that leucine co-ingestion with each main meal would be of more bene-
fit to more compromised elderly subpopulations, as opposed to healthy elderly men 
(7). Therefore, in the present study, we implemented 6 mo of dietary supplementation 
in elderly, type 2 diabetes patients. The peripheral insulin resistance observed in type 2 
diabetes patients is likely to further attenuate the postprandial muscle protein syn-
thetic response to food intake (29), and could be largely responsible for the accelerat-
ed loss of muscle mass with aging in these patients (8). Nonetheless, we did not ob-
serve any increase in muscle mass and/or function after 3 and 6 mo of nutritional in-
tervention in these elderly type 2 diabetes patients (Table 2). As such, we must con-
clude that even such long-term leucine supplementation does not represent an effec-
tive nutritional strategy to increase muscle mass and function. 
 Apart from its proposed role in regulating postprandial muscle protein synthesis, 
leucine also acts as a strong insulin secretagogue (30-32). The latter has since been 
applied as an effective nutritional strategy to augment postprandial insulin release, 
increase blood glucose disposal and, as such, improve glycemic control in type 2 diabe-
tes patients (11-13, 33). Furthermore, Zhang et al (14) also reported a reduction in 
diet-induced obesity, hyperglycemia, and hypercholesterolemia following prolonged 
leucine supplementation in mice fed a high-fat diet. In the present study, we assessed 
the impact of prolonged leucine co-ingestion with each main meal on oral glucose 
tolerance and various derived parameters of whole-body insulin sensitivity (Table 3). 
However, no changes were observed in fasting blood glucose concentrations, HbA1c 
levels, and OGIS in either group. However, we did observe significant increases in fast-
ing plasma insulin concentrations and the HOMA-IR index, and a decline in the ISI after 
24 wk of intervention in both groups. The changes in these indices over time did not 
differ between groups and merely represent the gradual increase in insulin resistance 
that is associated with the progression of the disease. Generally, changes in glycemic 
control are often accompanied by changes in lipid profile. In the study by Zhang et al 
(14), an attenuated rise in plasma total cholesterol and LDL-concentrations was ob-
served after leucine supplementation in mice fed a high-fat diet. However, in line with 
the data on glycemic control we did not detect any significant changes in the plasma 
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FFA. TG, or LDL- and HDL-cholesterol levels in either group (Supplemental Table 2). 
Clearly, 6 months of leucine co-ingestion with each main meal did not improve glyce-
mia and/or lipidemia in elderly type 2 diabetes patients. 
 Both leucine and the placebo were provided in identical capsules and 5 capsules 
were taken at every main meal. Compliance was verified by counting the number of 
surplus capsules that were left after each 4 wk period. In the leucine supplemented 
group, we observed a 13 ± 3 % increase in basal plasma leucine concentrations within 
12 wk of intervention (Table 4). This increase in basal plasma leucine concentration 
resulted in a rapid decline in fasting plasma valine (-23 ± 2 %) and isoleucine (-16 ± 2 %) 
concentrations within the first 4 wk of intervention. Thereafter, plasma valine and 
isoleucine concentrations remained stable. These data tend to be consistent with pre-
vious observations (34) and confirm that leucine supplementation reduces basal levels 
of the other BCAA. However, basal valine (196 ± 7 μmol/L) and isoleucine (69 ± 2 
μmol/L) concentrations remained well within their normal physiological range and, as 
such, are unlikely to negatively affect muscle protein metabolism. Moreover, with the 
ingestion of ample meal derived dietary protein, postprandial plasma valine and iso-
leucine availability could not have prevented the postprandial rise in muscle protein 
synthesis rates. Basal TAA, EAA and the NEAA concentrations did not change over time 
in either group. 
 To evaluate any potential impact of leucine co-ingestion after each main meal on 
daily food intake, we obtained dietary intake records throughout the intervention 
period (Supplemental Table 1). The latter showed no changes in daily energy intake 
and/or macronutrient composition of the diet during the intervention period in either 
the placebo and leucine supplemented group. Mean habitual dietary protein intake 
was 0.94 ± 0.04 g·kg-1·d-1 and 1.04 ± 0.05 g·kg-1·d-1 in the placebo and leucine supple-
mented groups and remained stable throughout the intervention. Daily protein intake 
values are in line with dietary guidelines (35-38) and indicate that the diabetes patients 
ingested sufficient dietary protein. It could be speculated that habitual dietary protein 
consumption may have provided sufficient leucine to optimize postprandial muscle 
protein synthesis, making the impact of additional leucine supplementation with each 
main meal of no surplus benefit. The habitual physical activity level did not change 
over time or between groups. With a mean energy expenditure of ~1.5 MET-h/d these 
elderly patients seem to be more active compared with diabetes patients in the US 
(16), but less active compared with patients in Canada (16). Whether different leucine 
supplementation intervention strategies, e.g. different timing of leucine ingestion 
around the main meals and/or in combination with an exercise/physical activity regi-
men, result in greater clinical benefits remains to be established. Prolonged supple-
mentation with relative large amounts of leucine did not seem to be accompanied by 
any negative side effects. Supplements were well tolerated and there were no com-
plaints of gastro-intestinal discomfort reported. Because excess dietary protein intake 
has been associated with an increased risk of developing renal failure, we also meas-
ured serum creatinine and urinary creatinine excretion to assess potential changes in 
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kidney function. Because no changes were observed in serum creatinine levels and 24 
h creatinine clearance in either group, prolonged leucine supplementation (7.5 g/d) 
does not seem to have any negative impact on renal function. 
 In this study, we show that the proposed stimulating properties of co-ingesting 
leucine on postprandial muscle protein synthesis rates do not translate into muscle 
mass accrual during more prolonged nutritional intervention. Six months of leucine 
supplementation (7.5 g/d) does not augment muscle mass and strength, improve 
blood glucose homeostasis, and/or lipid profile in elderly type 2 diabetes patients. In 
conclusion, leucine supplementation after each main meal does not represent an ef-
fective nutritional strategy to increase muscle mass or strength or to improve glycemic 
control or circulating lipids in elderly, type 2 diabetic men who habitually consume 
adequate dietary protein. 
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Supplemental Tables 

Supplemental Table 1: Habitual energy intake and macronutrient composition of the diet during 24 wk of 
leucine or placebo intervention in diabetic men 1  

 Placebo group, n=28 Leucine group, n=29 

 wk 0 wk 12    wk 24 wk 0 wk 12 wk 24 

Energy intake, MJ/d 8.5 ± 0.2 8.8 ± 0.3 8.5 ± 0.3 8.9 ± 0.2 9.0 ± 0.2 8.9 ± 0.2 

Carbohydrate, En% 46 ± 1 45 ± 1 45 ± 1 45 ± 1 46 ± 1 46 ± 1 

Fat, En% 35 ± 1 34 ± 1 35 ± 1 35 ± 1 34 ± 1 34 ± 1 

Protein, En% 15 ± 1 15 ± 1 16 ± 1 16 ± 1 16 ± 1 16 ± 1 

Alcohol, En% 4 ± 1 6 ± 1 4 ± 1 4 ± 0 4 ± 0 4 ± 0 

Carbohydrate, g·kg-1·d-1 2.79 ± 0.14 2.81 ± 0.14 2.71 ± 0.15 2.91 ± 0.14 2.93 ± 0.13 2.99 ± 0.12 

Fat, g·kg-1·d-1 0.95 ± 0.04 0.99 ± 0.05 0.94 ± 0.05 1.01 ± 0.04 1.00 ± 0.05 1.00 ± 0.04 

Protein, g·kg-1·d-1 0.94 ± 0.04 0.98 ± 0.05 0.96 ± 0.04 1.04 ± 0.05 1.00 ± 0.05 0.99 ± 0.04 
1 Values are mean ± SEM. No differences between groups prior to the intervention. No differences over time. 
 
Supplemental Table 2: Plasma metabolite concentrations 24 wk of leucine or placebo intervention in diabet-
ic men 1 

 Placebo, n=28 Leucine, n=29 

 wk 0 wk 12   wk 24 wk 0 wk 12 wk 24 

FFA, μmol/L 393 ± 26 362 ± 31 332 ± 20 397± 34 314 ± 25 373 ± 30 

Triglycerides, mmol/L 1.8 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 1.4 ± 0.2 1.4 ± 0.1 1.5 ± 0.1 

Total Cholesterol, mmol/L 4.82 ± 0.21 4.67 ± 0.22 4.57 ± 0.20 4.54 ± 0.17 4.42 ± 0.17 4.38 ± 0.17 

HDL, mmol/L 1.32 ± 0.08 1.27 ± 0.07 1.29 ± 0.07 1.36 ± 0.07 1.22 ± 0.06 1.24 ± 0.06 

LDL, mmol/L 2.73 ± 0.17 2.68 ± 0.17 2.56 ± 0.15 2.58 ± 0.14 2.60 ± 0.15 2.50 ± 0.15 

Glycerol, μmol/L 91 ± 6 102 ± 8 88 ± 8 102 ± 9 83 ± 5 90 ± 7 

Lactate, mmol/L 1.50 ± 0.14 1.64 ± 0.14 1.72 ± 0.14 1.43 ± 0.12 1.43 ± 0.13 1.50 ± 0.11 
1 Values are mean ± SEM. No significant differences were observed between groups prior to intervention. No 
time x group interaction was observed for any of the variables. No significant main effects of group and/or 
time were observed for any of the variables 
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Supplemental Table 3: Muscle fiber type characteristics during 24 wk of leucine or placebo intervention in 
diabetic men 1 

 Placebo, n=28 Leucine, n=29 

 wk 0 wk 12     wk 24 wk 0 wk 12 wk 24 

Fiber , %       

 Type I 41 ± 4 46 ± 3 46 ± 3 42 ± 2 40 ± 3 50 ± 3 

 Type IIa 48 ± 4 43 ± 3 43 ± 3 47 ± 2 45 ± 2 42 ± 2 

 Type IIx 10 ± 8 11 ± 2 11 ± 2 11 ± 3 14 ± 3 8 ± 2 

CSA, μm2       

 Type I 5745 ± 316 5983 ± 363 6334 ± 358 6043 ± 399 5190 ± 270 5879 ± 393 

 Type IIa* 5557 ± 273 5564 ± 352 5710 ± 360 5197 ± 275 4979 ± 279 5339 ± 408 

 Type IIx* 4272 ± 357 4037 ± 279 4450 ± 381 4525 ± 365 4028 ± 255 4054 ± 270 
1 Data represent mean±SEM. * significantly different from type I fibers at all time points (P < 0.05). 
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Abstract 

 Background: The loss of muscle mass with aging reduces muscle strength, impairs 
functional capacity, and increases the risk of developing chronic metabolic disease. It 
has been suggested that the development of type 2 diabetes results in a more rapid 
decline in muscle mass, strength, and functional capacity.  
 Objective: To investigate the impact of type 2 diabetes on muscle mass, strength 
and functional capacity in an older population.  
 Methods: Muscle mass (DXA and muscle biopsies), strength (1-repetition maxi-
mum), functional capacity (sit-to-stand test and handgrip strength), and reaction time 
performance (computer task) were compared between 60 older men with type 2 dia-
betes (71 ± 1 y) and 32 age-matched normoglycemic controls (70 ± 1 y). Data were 
analyzed using ANCOVA to adjust for several potential confounders.  
 Results: Leg lean mass and appendicular skeletal muscle mass were significantly 
lower in older men with type 2 diabetes (19.1 ± 0.3 and 25.9 ± 0.4 kg, respectively) 
compared with normoglycemic controls (19.7 ± 0.3 and 26.7 ± 0.5 kg, respectively). 
Additionally, leg extension strength was significantly lower in the group with type 2 
diabetes (84 ± 2 vs 91 ± 2 kg, respectively). In agreement, functional performance was 
impaired in the men with type 2 diabetes, with longer sit-to-stand time (9.1 ± 0.4 vs 7.8 
± 0.3 s) and lower handgrip strength (39.5 ± 5.8 vs 44.6 ± 6.1 kg) when compared with 
normoglycemic controls. However, muscle fiber size and reaction time performance 
did not differ between groups. 
 Conclusion: Older patients with type 2 diabetes show an accelerated decline in leg 
lean mass, muscle strength, and functional capacity when compared with normogly-
cemic controls. Exercise intervention programs should be individualized to specifically 
target muscle mass, strength and functional capacity in the older population with type 
2 diabetes.  
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Introduction 

Aging is associated with a progressive loss of skeletal muscle mass and strength, com-
monly termed sarcopenia. This age-related decline in skeletal muscle mass and 
strength impairs functional performance, leading to a decreased level of independence 
and greater morbidity (1). The loss of independence imposes a major burden on our 
healthcare system because of the greater need for hospitalization and/or institutional-
ization. Furthermore, the loss of skeletal muscle mass also predisposes to the devel-
opment of chronic metabolic disease. The latter is not surprising considering the fact 
that skeletal muscle tissue is responsible for up to 80% of glucose uptake following 
food intake. Thus, the preservation of muscle mass is fundamental to allow glucose 
homeostasis and to negate the development of chronic metabolic disease (2). 
 Recent data indicate that the loss of muscle mass is not only a cause but can also 
be a consequence of type 2 diabetes. The Health ABC study has previously reported a 
more pronounced decline in skeletal muscle mass in elderly type 2 diabetes patients 
when compared with age-matched normoglycemic controls (3). It has been suggested 
that the postprandial muscle protein synthetic response may be blunted in an insulin-
resistant state (4, 5), thereby contributing to a more rapid loss of muscle mass in the 
older patient with type 2 diabetes. We hypothesize that muscle mass is reduced to a 
greater extent in older patient with type 2 diabetes when compared with age-
matched, normoglycemic controls. 
 The loss of muscle mass, and specific type II muscle fiber atrophy, leads to the loss 
of muscle strength (6, 7). In accordance, Park et al (2, 8) have reported a greater de-
cline in muscle strength in elderly patients with type 2 diabetes when compared with 
normoglycemic controls. These findings imply that age-related loss of muscle mass and 
strength is accelerated in a type 2 diabetes state. It could be speculated that greater 
type II muscle fiber atrophy in the diabetic elderly could predispose to a greater loss of 
strength. Therefore, we hypothesize that a greater decline in skeletal muscle mass and 
strength in a type 2 diabetic state is associated with greater type II muscle fiber specif-
ic atrophy. 
 So far, it remains unclear whether these proposed differences in muscle mass and 
strength predispose to a reduced level of functional performance in the elderly type 2 
diabetes patient. With aging, the rate of decline in muscle strength generally exceeds 
the loss of muscle mass (9). The latter clearly shows that impairments in neuromuscu-
lar function contribute to the rapid loss of strength and functional capacity with aging 
(9-11). There are ample indications that neuromuscular function and even cognitive 
function are compromised in the type 2 diabetic state (12-14). It has been well estab-
lished that hyperglycemic events culminate into nerve damage, eventually resulting in 
neuropathic alterations (15). These neuropathic alterations likely contribute to the loss 
of muscle strength and function in the older patient with type 2 diabetes. We hypothe-
size that muscle function and reaction time performance are reduced to a greater 
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extent in older patients with type 2 diabetes when compared with age-matched, 
normoglycemic controls. 
 As recently pointed out by Sinclair et al (16), diabetes is a highly prevalent metabol-
ic condition in ageing societies and most international clinical guidelines have ignored 
the unique issues of frailty, functional limitations, changes in mental health, and in-
creasing dependency in this population. The aim of present study was to assess the 
impact of type 2 diabetes on body composition, muscle strength, functional capacity, 
and reaction time performance. Consequently, we selected a large group of older pa-
tients with type 2 diabetes (n = 60, age: 71 ± 1 y) and a group of age-matched normo-
glycemic controls (n = 32, age: 70 ± 1 y) to compare skeletal muscle mass, muscle 
strength, functional capacity, and reaction time performance between groups. Fur-
thermore, we collected muscle biopsy samples in all subjects to define whether differ-
ences in muscle mass, strength and/or function could be attributed to differences in 
fiber type specific muscle atrophy. The present study shows that leg muscle mass, 
muscle strength, and functional capacity are more compromised in older patients with 
type 2 diabetes when compared with age-matched normoglycemic controls. 

Methods 

Subjects 

Ninety-two older men were included in the present study, 60 with type 2 diabetes (71 
± 1 y) and 32 age-matched normoglycemic controls (70 ± 1 y). All subjects were com-
munity dwelling and still living independently. All subjects were recruited through 
advertisements in local newspapers. Medical history of all subjects was evaluated and 
an oral glucose tolerance test and resting and exercise electrocardiogram were per-
formed before inclusion. Exclusion criteria included a recent history or current state of 
cardiovascular disease, chronic obstructive pulmonary disease, Parkinson, rheumatoid 
arthritis, musculoskeletal/orthopedic disorders, and cognitive impairment. None of the 
men reported any problems with normal activities of daily living (e.g., walking, climb-
ing stairs, rising from a chair) and did not need any assistive equipment (e.g., using a 
cane) while walking. In addition, none of the men reported cognitive and/or psychoso-
cial problems. In the normoglycemic control group, individuals were treated with cho-
lesterol- or lipid-lowering medication (n = 6), anticoagulant medication (n = 6), antihy-
pertensive medication (n = 6), medication for prostate problems (n = 3) and anti-
dysrhythmia medication (n = 1). Individuals with type 2 diabetes were treated with 
dietary recommendations only (n = 6) or oral blood-glucose lowering medication: met-
formin combined with sulfonylurea derivates and/or thiazolidinediones (n = 21), met-
formin only (n = 28), or sulfonylurea derivates only (n = 5). Additionally, subjects in the 
type 2 diabetes group were treated with cholesterol- or lipid-lowering medication (n = 
31), anticoagulant medication (n = 22), antihypertensive medication (n = 30) and anti-
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dysrhythmia medication (n = 5). All participants had been receiving the same medica-
tion and/ or dietary prescriptions for at least 3 months before the measurements. 
Individuals with more severe medical problems (treatment by a medical specialist 
more than twice a year) were excluded. All subjects were informed of the nature and 
possible risks of the experimental procedures before their written informed consent 
was obtained. This study was part of a greater project investigating the impact of com-
bined dietary and exercise interventions to increase muscle mass and strength in dif-
ferent elderly populations and has been approved by the Medical Ethics Committee of 
the Maastricht University Medical Centre+. 

Dietary intake and physical activity 

Dietary intake was recorded with 4-d weighted dietary intake records. Dietary records 
were analyzed with Komeet (Komeet, 4.059 BaS Nutrition Software, Arnhem, Nether-
lands) to determine habitual daily energy intake, and absolute and relative intakes of 
carbohydrates, protein, fat, and alcohol. Habitual physical activity was recorded with a 
2-d physical activity record. For every type of activity, a mean equivalent task (MET) 
score was assigned to express the intensity of a specific activity as previously defined 
(17). One MET unit equals resting energy expenditure (i.e. ~ 1 kcal per kg body weight 
per hour (17)). Energy expenditure was calculated as mean MET-h/d (18). 

Body composition 

Body composition and bone mineral content were measured with dual-energy x-ray 
absorptiometry (DXA) (Hologic, Discovery A, QDR Series, Bradford, MA, USA). Whole-
body and regional lean mass, fat mass, and bone mineral content were determined by 
using the software package Apex version 2.3 (Hologic, Bradford, MA). DXA scans were 
performed in a fasting state after participants had voided. Appendicular skeletal mus-
cle mass (ASM) was calculated as the sum of lean mass of the arms and legs (19). Body 
mass was measured to the nearest 0.1 kg using an electronic balance scale, height was 
measured to the nearest 0.5 cm using a wall-mounted stadiometer, circumferences to 
within 1 mm using a measuring tape, with waist midway between the lowest rib and 
the iliac crest with the subject standing at the end of gentle expiration and hips at the 
greater trochanters (16). Leg volume was assessed according to the method described 
by Jones and Pearson as an estimate of leg muscle mass (20). 

Strength assessment 

Maximum strength was assessed by 1-repetition maximum (1RM) strength tests on leg 
press and leg extension machines (Technogym, Rotterdam, The Netherlands). During a 
familiarization trial, proper lifting technique was demonstrated and practiced and 
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maximum strength was estimated using the multiple repetitions testing procedure 
(21). In an additional session, at least one week prior to muscle biopsy collection, each 
subject’s 1RM was determined as described previously (22). The 1RM strength assess-
ment has previously been validated against dynamometry-based measurements (23). 

Physical performance measures 

To assess lower and upper extremity physical performance, a sit-to-stand test and a 
handgrip test were performed. For the sit-to-stand test (24), the participants were 
instructed to fold their arms across their chest and to stand up/sit down 5 times, as 
fast as possible, from a seat at 0.42 m from the floor. Patients were timed from the 
initial sitting to the final standing position. The fastest out of 2 rises was recorded (24). 
Data on maximal grip strength were obtained using a JAMAR handheld dynamometer 
(model BK-7498, Fred Sammons, Inc., Burr Ridge, IL). Grip strength was measured 3 
times with each hand. The best measure in the stronger hand is reported (25). Tests 
were conducted seated in a chair, hips and knees flexed at 90° and a 90° angle be-
tween upper and lower arm.  

Reaction time performance 

Reaction time performance was measured by means of the finger-precuing task, which 
represents a 4-choice reaction time task (26). In short, the index and middle fingers of 
both hands are placed on 4 response keys: (Z), (X), (.), and (/) of a computer keyboard. 
Responses are made by pressing one of these keys as quickly as possible when a visual 
target signal appears (a single “+” sign presented on a computer monitor). Two sec-
onds before the presentation of the target signal, a precue signal appears, which speci-
fies a subset of 2 possible responses (for instance, the 2 fingers on the left hand, or the 
2 index fingers). The function of the precue is to reduce the number of possible re-
sponses from 4 to 2, thereby facilitating reaction time. Participants performed 160 
trials, with a 1-min break halfway. Dependent measures were mean reaction time (in 
ms) and mean percentage of errors (i.e., pressing the wrong key). 

Muscle biopsy sampling 

Skeletal muscle biopsies were taken from the vastus lateralis muscle in the right leg of 
each subject, in the morning following an overnight fast. After local anesthesia was 
induced, percutaneous needle biopsy samples (50–80 mg) were collected from the 
vastus lateralis muscle, approximately 15 cm above the patella (27). Any visible non-
muscle tissue was removed immediately, and biopsy samples were embedded in Tis-
sue-Tek (Sakura Finetek, Zoeterwoude, The Netherlands), frozen in liquid nitrogen-
cooled isopentane, and stored at -80°C until further analyses. 



A G I N G  W I T H  T Y P E  2  D I A B E T E S |  7 9  

Immunohistochemistry 

From all biopsies, 5 µm thick cryosections were cut at -20°C. Care was taken to proper-
ly align the samples for cross-sectional fiber analyses. Muscle biopsies were stained for 
muscle fiber typing as described in detail previously (28). In short, the slides were in-
cubated with primary antibodies against MHC-I (A4.840, Developmental Studies Hy-
bridoma Bank, Iowa City, IA) and laminin (polyclonal laminin, Sigma, Zwijndrecht, the 
Netherlands). After washing, appropriate secondary antibodies were applied (goat 
anti-mouse (Ig)M AlexaFluor555 and goat anti-rabbit IgG AlexaFluor647, respectively; 
Molecular Probes, Invitrogen, Breda, the Netherlands). Images were visualized and 
automatically captured at x 10 magnification with a fluorescent microscope equipped 
with an automatic stage (IX81 motorized inverted microscope, Olympus, Hamburg, 
Germany). Muscle fiber type (fiber %), fiber cross-sectional area (CSA), and the number 
of myonuclei, were measured for each separate muscle fiber. As such, mean muscle 
fiber size was calculated for the type I and type II muscle fibers separately. As a meas-
ure of fiber circularity, form factors were calculated by using the following formula: 
(4π·CSA)/(perimeter)2. All image recordings and analyses were performed by an inves-
tigator blinded to subject coding. No differences in fiber circularity were observed 
between groups. 

Blood samples 

Fasting blood samples were collected to determine basal plasma glucose and insulin 
concentrations, plasma amino acid, and blood glycated hemoglobin (HbA1c) content. 
Blood (10 mL) was collected into EDTA-containing tubes. EDTA tubes were immediately 
centrifuged at 1000g for 10 min at 4°C. Aliquots of plasma were immediately frozen in 
liquid nitrogen and stored at -80°C until further analysis. Plasma glucose concentra-
tions were analyzed with a COBAS FARA analyzer (Uni Kit III; Roche, Basel, Switzer-
land). Plasma insulin concentrations were determined by using an Insulin RIA Kit (LIN-
CO Research Inc, St Charles, MO). For the amino acid analyses, plasma was deprotein-
ized on ice with 100 μL 24% (wt:vol) 5-sulfosalicylic acid and mixed, and the clear su-
pernatant fluid was collected after centrifugation. Plasma amino acid concentrations 
were analyzed with a dedicated amino acid analyzer (LCA10; Shimadzu Benelux, Den 
Bosch, The Netherlands) by using an automated precolumn derivatization procedure 
and a ternary solvent system. To determine blood HbA1c content, 3 mL blood was 
collected in EDTA containing tubes and analyzed by high-performance liquid chroma-
tography (Bio-Rad Variant II 4, Munich, Germany). 
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Statistics 

Data are expressed as means ± SEM. Descriptive characteristics for healthy individuals 
and those with type 2 diabetes were compared by independent samples t-tests. In 
addition, differences in muscle mass, muscle strength, functional capacity, and reac-
tion time performance between healthy individuals and those with type 2 diabetes 
were analyzed by using analysis of covariance (ANCOVA) to adjust for potential con-
founders. A set of 7 potential confounders was selected: age, body mass index (BMI), 
fasting glucose, high-density lipoprotein-cholesterol, branched-chain amino acid 
(BCAA) concentration, habitual protein intake (in grams per kilogram body weight per 
day), and physical activity level. Selection of these variables was based on a) an estab-
lished or expected relation with the outcome variables; b) a significant difference (or 
tendency) between healthy individuals and those with type 2 diabetes; c) collinearity 
diagnostics: in case of multicollinearity between related variables, only 1 covariate was 
selected. For example, multicollinearity was observed between fasting blood glucose, 
glycated hemoglobin (HbA1c), homeostasis model assessment of insulin resistance 
(HOMA), and insulin sensitivity (ISI); as such only fasting blood glucose was included as 
covariate to adjust for “glucose homeostasis”. Apart from the ANCOVA, mixed model 
analysis of variance (ANOVA) with fiber type (type I vs II) as within subjects factor and 
group (healthy vs diabetes) as between-subjects factor was performed to determine 
differences between type I and II muscle fiber size in both groups. Pearson correlation 
coefficients were calculated to determine the relation between different variables. 
Significance was set at P < 0.05. All calculations were performed using SPSS 19.0 (SPSS 
Inc, Chicago, IL). 

Results 

Subjects 

Subjects’ characteristics are provided in Table 1. In total, 60 elderly men with type 2 
diabetes and 32 normoglycemic age-matched controls were included in the study. 
Both groups showed no differences for age, body weight, height, BMI, HOMA and ISI. 
The group with type 2 diabetes presented significantly higher basal plasma glucose, 
and HbA1c values and lower basal plasma insulin concentrations when compared with 
the normoglycemic group. 

Dietary intake and physical activity 

A significant difference was observed in total energy intake between the healthy and 
the type 2 diabetes group (9.8 ± 0.4 vs 8.9 ± 0.2 MJ/d, respectively; P = 0.018). No 
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significant differences were observed in the macronutrient composition of the diet 
between the normoglycemic and the type 2 diabetes group. Daily protein intake aver-
aged 1.0 ± 0.1 g/kg/d in the normoglycemic group and 1.0 ± 0.1 g/kg/d in the type 2 
diabetes group. Energy percentage from alcohol intake was 6 ± 1% in the normoglyce-
mic group and 4 ± 1% in the type 2 diabetes group, with no differences between 
groups. No significant differences were observed in habitual physical activity level of 
the healthy and the type 2 diabetes group (1.49 ± 0.04 vs 1.47 ± 0.05 MET-h/d, respec-
tively). 
 
Table 1: Subjects’ characteristics  

 Normoglycemic Type 2 diabetes P-value 

 (n=32) (n=60)  

Age (y)  70 ± 1 71 ± 1 0.646 

Body weight (kg)  83.8 ± 1.7 83.9 ± 1.3 0.991 

Height (m)  1.77 ± 0.01 1.75 ± 0.01 0.284 

BMI (kg/m2)  26.9 ± 0.5 27.3 ± 0.4 0.608 

Basal plasma glucose (mmol/L)  5.6 ± 0.1 7.8 ± 0.2* 0.000 

Basal plasma insulin (mU/L) 18.2 ± 1.5 13.6 ± 0.6* 0.008 

HbA1c (%) 5.5 ± 0.1 7.2 ± 0.1* 0.000 

HOMA 4.3 ± 0.3 4.7 ± 0.2 0.277 

ISI 3.1 ± 0.3 2.7 ± 0.2 0.197 

HbA1c: glycated hemoglobin; HOMA: homeostasis model assessment of insulin resistance; ISI: Insulin sensi-
tivity index. 
Data represent mean ± SEM. Data were analyzed by using independent samples t-test.  
*Different from normoglycemic group. 

Body composition 

At a whole body level, no significant differences were observed between the normo-
glycemic and the type 2 diabetes group for body mass (83.8 ± 1.7 vs 83.9 ± 1.3 kg) and 
fat mass (19.2 ± 0.9 vs 19.2 ± 0.6 kg, respectively). Although absolute values for whole-
body lean mass were similar between groups (61.8 ± 1.1 vs 62.0 ± 0.8 kg in normogly-
cemic vs those with type 2 diabetes), the ANCOVA analyses showed borderline signifi-
cant lower lean mass in the individuals with type 2 diabetes (P = 0.051). In accordance, 
lean mass was shown to be significantly lower in individuals with type 2 diabetes com-
pared with healthy controls when expressed both as ASM (25.9 ± 0.4 vs 26.7 ± 0.5 kg , 
respectively; P = 0.005; Table 2) and expressed as leg lean mass (19.1 ± 0.3 vs 19.7 ± 
0.3 kg, respectively; P = 0.013). 
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Table 2: Body composition and muscle strength 

 Normoglycemic Type 2 diabetes P-value 

 (n=32) (n=60)  

Body composition    

 Body mass (kg) 83.8 ± 1.7 83.9 ± 1.3 0.097 

 Lean mass (kg) 61.8 ± 1.1 62.0 ± 0.8 0.051 

 Leg lean mass (kg) 19.7 ± 0.3 19.1 ± 0.3* 0.013 

 Fat mass (kg) 19.2 ± 0.9 19.2 ± 0.6 0.949 

 Fat % 22.7 ± 0.8 22.6 ± 0.5 0.534 

 ASM (kg) 26.7 ± 0.5 25.9 ± 0.4* 0.005 

Strength    

 Leg press (kg) 204 ± 2 202 ± 2 0.201 

 Leg extension (kg) 91 ± 2 84 ± 2* 0.024 

ASM: appendicular skeletal muscle mass. 
Data represent mean ± SEM. Data were analyzed using ANCOVA. 
*Significantly different from normoglycemic group. 

Muscle strength 

In line with the findings for lean mass, leg extension strength was significantly lower in 
the group with type 2 diabetes compared with the normoglycemic control group (84 ± 
2 vs 91 ± 2 kg, respectively; P = 0.013)(Figure 1A). In contrast, no differences were 
observed in leg press strength between groups (202 ± 2 vs 204 ± 2 kg, respectively; P = 
0.201)(Figure 1B). Leg extension strength was significantly correlated with lean mass, 
leg lean mass (Figure 2A), and ASM, with r values of 0.37, 0.49 and 0.53, respectively (P 
< 0.001). Leg press strength correlated significantly with lean mass, leg lean mass, and 
ASM with r values of 0.22, 0.27 and 0.31, respectively (P < 0.05). 

Functional capacity 

Sit-to-stand time and handgrip strength are presented in Figure 1. A significantly long-
er sit-to-stand time was observed in the group with type 2 diabetes versus the normo-
glycemic group (9.1 ± 0.4 vs 7.8 ± 0.3 s, respectively; P = 0.001). In addition, handgrip 
strength was significantly lower in the group with type 2 diabetes when compared with 
the normoglycemic controls (39.5 ± 5.8 vs 44.6 ± 6.1 kg, respectively; P < 0.001). Sit-to-
stand time was significantly correlated with handgrip strength, and leg extension (Fig-
ure 2B) and leg press strength with r values of -0.24, -0.34 and -0.40, respectively (P < 
0.05). Handgrip strength correlated significantly with leg extension (Figure 2C) and leg 
press strength, lean mass, lean mass in the legs and ASM with r values of: 0.61, 0.45, 
0.37, 0.46, and 0.51, respectively (P < 0.01). Furthermore, blood HbA1c content 
showed a significant negative correlation with functional performance as evidenced by 
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a slower sit-to-stand time (r = 0.24; P = 0.042) and a lower handgrip strength (r=-0.32; 
P = 0.005).  
 

 

Figure 1: Functional performance 
A) Mean (±SEM) 1RM leg extension in normoglycemic (white bar) and type 2 diabetic (black bar) elderly
subjects. B) Mean (±SEM) 1RM leg press in normoglycemic (white bar) and type 2 diabetic (black bar) older
subjects. C) Mean (±SEM) sit-to-stand time in normoglycemic older (white bar) and type 2 diabetic (black
bar) older subjects. D) Mean (±SEM) hand-grip strength in normoglycemic (white bar) and type 2 diabetic 
(black bar) older subjects. Data were analyzed using an ANCOVA. *Significantly different from normoglyce-
mic subjects, P < 0.001. 
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Figure 2: Scatter plots of relationships between muscle mass, strength, and functional capacity. 
A) Scatter plot for correlation of leg lean mass with 1RM leg extension strength in normoglycemic (filled
circles) and type 2 diabetic (open circles) older subjects. Line represents the fitted regression. Pearson 
correlation coefficient was 0.49 (P < 0.001). B) Scatter plot for correlation of 1RM leg extension with sit-to-
stand time in normoglycemic (filled circles) and type 2 diabetic older subjects (open circles). Line represents 
the fitted regression. Pearson correlation coefficient was -0.34 (P < 0.005), respectively. C) Scatter plot for 
correlation of 1RM leg extension with handgrip strength in normoglycemic (filled circles) and type 2 diabetic
older subjects (open circles). Line represents fitted regression. Pearson correlation coefficient was 0.61 (P <
0.0001). 

Muscle characteristics 

At the myocellular level, type I muscle fiber CSA averaged 5862 ± 234 and 5704 ± 202 
µm2 in the individuals with type 2 diabetes and normoglycemic individuals, respective-
ly. Type II muscle fiber CSA averaged 5159 ± 179 and 5005 ± 187 µm2, respectively, 
with no significant differences between groups. For both groups, type II muscle fiber 
CSA was significantly smaller than type I muscle fiber CSA (P < 0.001). However, no 
differences were observed between groups for either type I or type II muscle fiber CSA. 
In agreement, muscle fiber type composition was not significantly different between 
groups (43 ± 2 vs 53 ± 3% type I muscle fibers in type 2 diabetes and normoglycemic 
subjects, respectively). Similar findings were observed when muscle fiber type compo-
sition was expressed as a percentage of muscle area occupied by type I and II fibers (46 
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± 2 vs 56 ± 3% of muscle area occupied by type I muscle fibers in individuals with type 
2 diabetes and those who are normoglycemic, respectively). Type II muscle fiber CSA 
significantly correlated with lean mass, leg lean mass, ASM, leg extension and leg press 
strength with r values of 0.23, 0.26, 0.25, 0.35 and 0.38, respectively (P < 0.05). 

Plasma amino acid profile 

Fasting plasma amino acid profiles are presented in Table 3. Plasma BCAA concentra-
tions were significantly different between groups, with higher values observed in the 
group with type 2 diabetes versus normoglycemic control group for valine (9%), isoleu-
cine (13%), and leucine (18%). Furthermore, significantly higher concentrations for 
glutamic acid and alanine were observed in the group with diabetes compared with 
the normoglycemic control group (P < 0.05). Plasma arginine, tyrosine, tryptophan, 
phenylalanine and methionine concentrations were significantly lower in the diabetic 
versus the normoglycemic group (P < 0.05). Blood HbA1c contents were strongly corre-
lated with fasting plasma glutamic acid, leucine, isoleucine, valine and methionine 
concentrations with r values of 0.68, 0.57, 0.46, 0.44 and -0.59, respectively (P < 
0.001). Fasting plasma glucose concentrations correlated significantly with the same 
amino acids with r values of 0.51, 0.47, 0.36, 0.32 and -0.45, respectively (P < 0.001). 
Fasting insulin concentrations correlated significantly with citrulline, phenylalanine, 
arginine, and methionine with r values of 0.22, 0.22, 0.23, 0.29, respectively (P < 0.05). 
ISI correlated negatively with plasma isoleucine, phenylalanine, valine, leucine and 
glutamic acid concentrations with r ranging from -0.27 to -0.39 (P < 0.05). 

Reaction time performance 

Although absolute values differed substantially, the ANCOVA analysis showed no sig-
nificant differences for reaction time performance between the group with type 2 
diabetes and the normoglycemic control group (724 ± 24 vs 641 ± 25 ms, respectively; 
P = 0.195). In addition, error rates did not differ significantly between groups (1.6 ± 0.2 
vs 1.5 ± 0.3%, respectively, P = 0.62). Interestingly though, reaction time was negative-
ly correlated with handgrip strength and leg extension strength with r values of -0.36 
and -0.31, respectively (P < 0.005). 
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Table 3: Amino acid profiles  

 Normoglycemic Type 2 diabetes P-value 

Amino acids (µmol/L) (n=32) (n=60)  

Glutamic acid  56 ± 2 117 ± 27* 0.000 

Asparagine 51 ± 1 49 ± 1 0.183 

Serine  100 ± 3 106 ± 3 0.143 

Glutamine 627 ± 10 622 ± 10 0.770 

Histidine  89 ± 2 88 ± 1 0.636 

Glycine  240 ± 7 240 ± 5 0.972 

Threonine 135 ± 4 139 ± 3 0.410 

Citrulline 44 ± 2 40 ± 1 0.055 

Arginine 109 ± 4 91 ± 3* 0.000 

Alanine 409 ± 17 458 ± 12* 0.017 

Taurine 111 ± 5 106 ± 4 0.424 

Tyrosine 73 ± 2 67 ± 2* 0.037 

Tryptophan 52 ± 1 43 ± 1* 0.000 

Ornitine 61 ± 2 61 ±3 0.945 

Lysine 208 ± 7 212 ± 5 0.672 

Phenylalanine 62 ± 1 58 ± 1* 0.013 

Methionine  38 ± 1 27 ± 1* 0.000 

Leucine 123 ± 2 145 ±3* 0.000 

Isoleucine  72 ±2 81 ± 2* 0.000 

Valine 223 ± 5 245 ± 4* 0.002 

Data represent mean ± SEM. Data were analyzed using independent samples t-test. 
*Significantly different from normoglycemic group. 

Discussion 

The present study shows that both leg lean mass and ASM are lower in older patients 
with type 2 diabetes when compared with age-matched normoglycemic controls. Addi-
tionally, leg muscle strength and functional capacity are reduced in older individuals 
suffering from type 2 diabetes. Reduced muscle strength and impairments in function-
al capacity are strongly correlated with type II muscle fiber atrophy in both normogly-
cemic elderly and those with type 2 diabetes. 
 Aging is accompanied by a progressive decline in skeletal muscle mass, referred to 
as sarcopenia. It has been suggested that the loss of muscle mass with aging is, at least 
partly, attributed to a reduction in the muscle protein synthetic response to the main 
anabolic stimuli, i.e. food intake and physical activity (29, 30). It could be speculated 
that the blunting of the muscle protein synthetic response to food intake is even more 
pronounced in an insulin resistant state, resulting in a more rapid decline in skeletal 
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muscle mass in older patients with type 2 diabetes (4, 5). Previous findings from the 
Health ABC study were somewhat inconclusive, showing only lower muscle strength 
(2) or lower muscle mass and strength in older patients with diabetes (8). More recent-
ly however, Park et al (3) clearly confirmed the presence of accelerated sarcopenia in 
older patients with type 2 diabetes compared with age-matched normoglycemic con-
trols (3). In line with these findings, we observed an approximately 3% lower leg lean 
mass in the patients with type 2 diabetes compared with their age-matched controls, 
despite similar body mass between groups. Likewise, diabetes was associated with 
~3% lower ASM in our elderly population (Table 2). 
 In addition to significant differences in lean mass, we observed significant differ-
ences in muscle strength between the group with type 2 diabetes and the normogly-
cemic control group. Knee extensor strength was approximately 8% lower in the older 
diabetes patients when compared with their age-matched controls (Figure 1A). These 
findings are comparable to observations from Park et al (2) and Andersen et al (31) 
who observed a lower knee extension strength in the patients with type 2 diabetes 
ranging between 4% and 7% compared to subjects without diabetes. In contrast with 
leg extension strength, no differences were observed in leg press strength between 
diabetic and healthy elderly. This is likely explained by the open-chain nature of the leg 
extension exercise which may be more difficult to perform than the closed-chain 
movement in the leg press exercise and, as such, is affected to a larger extent by neu-
ropathic alterations associated with diabetes. Given the isolated nature of the leg ex-
tension exercise (purely quadriceps activation), compensation by more proximal mus-
cles is impossible. In contrast, lower quadriceps strength may be partly compensated 
for by increased hip extensor force production in the leg press exercise. A similar find-
ing has previously been observed in elderly versus young individuals during gait anal-
yses (32). 
 As muscle strength is an important factor determining the level of functional 
(dis)ability in the elderly population (33-35), we also assessed whether differences in 
muscle mass and/or strength would translate to differences in functional capacity 
between both groups. In accordance with the decline in leg extension, we also report 
substantial longer sit-to-stand times in the older patients with type 2 diabetes when 
compared with the normoglycemic controls (9.1 ± 0.4 vs 7.8 ± 0.3 s, respectively; P < 
0.005). In addition of previous work in this area (2), we show that handgrip strength 
was approximately 13% lower in the elderly individuals with diabetes when compared 
with the normoglycemic controls (P < 0.001). Clearly, our data confirm our hypothesis 
that leg lean mass, ASM, muscle strength and functional capacity are diminished in 
older patients with type 2 diabetes when compared with age-matched normoglycemic 
controls. In addition, we observed a substantial difference in absolute values for reac-
tion time, though this difference did not reach statistical significance (P = 0.20). It could 
be speculated that other neural changes take place in the diabetic group, but we were 
not able to pick up differences in reaction time task performance between groups. 
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Further research is necessary to determine to what extent cognitive deterioration is 
related to functional changes in elderly patients with type 2 diabetes.  
 As the loss of muscle mass and strength with aging is generally attributed to a type 
II muscle fiber type specific atrophy in senescent muscle (22), we also collected muscle 
biopsy samples to assess potential differences in type I and type II muscle fiber size in 
senescent muscle in patients with type 2 diabetes and healthy controls. In agreement 
with previous work, we observed a smaller type II versus type I muscle fiber size in 
these older populations (5721 ± 166 vs 4999 ± 131 µm2, for the type I vs II muscle fiber 
size, respectively: P < 0.001). No differences were observed in muscle fiber size and 
percentage of fiber type between groups. As such, we were unable to detect any dif-
ferences at the myocellular level that could be directly related to the observed differ-
ences in muscle mass and strength associated with diabetes. It appears that the level 
of type II muscle fiber atrophy is not further increased in the older type diabetic pa-
tient and, as such, does not seem to contribute to the greater loss of leg lean mass, 
muscle strength and functional capacity in the older type 2 diabetes patients. 
 Leg lean mass, appendicular skeletal muscle mass, muscle strength and functional 
capacity were lower in patients with type 2 diabetes when compared with normogly-
cemic controls. Interestingly, we observed significant correlations between the levels 
of glycemic control (HbA1c content) and functional capacity (handgrip strength r = -
0.32, P < 0.01; sit-to-stand time r = 0.24, P < 0.05). In other words, these data seem to 
suggest that patients with less well-controlled type 2 diabetes have more problems 
with maintaining functional capacity. Clearly, these data also imply that the lower 
muscle strength and reduced functional capacity in the older patients with type 2 dia-
betes are, at least partly, attributed to the status of the disease. In agreement, the loss 
of muscle strength and function (~10%) was relatively large when compared with the 
reduction in lean mass (~3%), which may indicate that some level of diabetic polyneu-
ropathy may already impair the capacity to generate strength and/or power. Of 
course, it has been well established that diabetic neuropathy results in impaired mobil-
ity and loss of muscle strength (36). Earlier studies have reported an increased muscle 
weakness in lower extremities in patients with diabetes with (31, 37) or without severe 
polyneuropathy (38, 39). Although the selected subjects had no clinical signs of neu-
ropathy, we speculate that some minor level of neuromuscular dysfunction due to 
glycosylation may already result in a greater loss of muscle strength and functional 
capacity in the older patients with type 2 diabetes. Disturbances in glucose metabolism 
induce the generation of advanced glycation end products (AGE), and increases expo-
sure to reactive oxygen species (ROS) in almost any organ system (40-42). The chronic 
exposure to AGE and ROS plays an important role in the development of neuropathy 
and neuromuscular dysfunction (43). The latter underlines the requirement to screen 
early for an age-related decline in muscle mass, strength, and function, as the older 
patient with diabetes will likely encounter major limitations in physical function at a 
much earlier stage in life when compared with normoglycemic counterparts. 
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 In the present study, we determined body composition, muscle strength, functional 
capacity, reaction time performance, and muscle fiber characteristics in 32 healthy 
elderly patients and 60 elderly patients with type 2 diabetes. Although only a limited 
number of subjects participated in the current study, we were still able to detect signif-
icant and clinically relevant differences between groups. This is likely explained by 
performing all testing in a highly standardized manner, using well-established, reliable, 
and valid techniques, which is of major importance when the number of subjects that 
can be included is limited. The rapid loss of muscle mass, strength, and functional ca-
pacity with aging impairs functional capacity and increases the risk of developing 
chronic metabolic diseases, and reduces quality of life. The present study clearly shows 
that the older patients with type 2 diabetes are even more at risk of skeletal muscle 
loss than their normoglycemic counterparts. Therefore, effective interventional strate-
gies to counteract the loss of muscle mass and strength are of even greater relevance 
in the older diabetic population and, as such, should be implemented at an earlier 
stage. As older patients type 2 diabetes experience greater impairments in leg lean 
mass, muscle strength, and functional capacity, it is evident that generic exercise, nu-
tritional and/or pharmacological intervention programs designed to prevent and/or 
treat sarcopenia should be tailored for the elderly patients with type 2 diabetes. 
 In conclusion, older patients with type 2 diabetes show an accelerated decline in 
leg lean mass, muscle strength, and functional capacity when compared with normo-
glycemic controls. It is evident that resistance type exercise intervention programs 
designed to prevent and/or treat sarcopenia should be tailored for elderly type 2 dia-
betes patients.  
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Abstract 

 Introduction: Resistance training has been well established as an effective treat-
ment strategy to increase skeletal muscle mass and strength in the elderly. 
We assessed whether dietary protein supplementation can further augment the adap-
tive response to prolonged resistance type exercise training in healthy elderly men and 
women. 
 Methods: Healthy, elderly men (n = 31: 70 ± 1y) and women (n = 29: 70 ± 1y) were 
randomly assigned to a progressive, 24-wk resistance type exercise training program 
with or without additional protein supplementation (15 g/d). Muscle hypertrophy was 
assessed on a whole-body (DXA), limb (computed tomography), and muscle fiber (bi-
opsy) level. Strength was assessed regularly by 1-repetition maximum (1RM) strength 
testing. Functional capacity was assessed with a sit-to-stand and handgrip test. 
 Results: 1RM strength increased by 45 ± 6 vs 40 ± 3% (women) and 41 ± 4 vs 44 ± 
3% (men) in the placebo vs protein group, respectively (P < 0.001), with no differences 
between groups. Leg muscle mass (women: 4 ± 1 vs 3 ± 1%, men: 3 ± 1 vs 3 ± 1%) and 
quadriceps cross-sectional area (women: 9 ± 1 vs 9 ± 1%, men: 9 ± 1 vs 10 ± 1%) in-
creased similarly in the placebo versus protein groups (P < 0.001). Type II muscle fiber 
size increased over time in both placebo and protein groups (25 ± 13 vs 30 ± 9 and 23 ± 
12 vs 22 ± 10% in the women and men, respectively). Sit-to-stand improved by 18 ± 2 
and 19 ± 2% in women and men, respectively (P < 0.001). 
 Conclusion: Prolonged resistance type exercise training increases skeletal muscle 
mass and strength, augments functional capacity, improves glycemia and lipidemia, 
and reduces blood pressure in healthy elderly men and women. Additional protein 
supplementation (15 g/d) does not further increase muscle mass, strength, and/or 
functional capacity. 
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Introduction 

Aging is associated with a progressive loss of skeletal muscle mass and strength. This 
process is referred to as sarcopenia and ultimately results in the loss of functional 
capacity and an increased risk of developing chronic metabolic diseases (1). The age 
related loss of muscle mass is facilitated by a combination of factors, including a less 
than optimal diet and a sedentary lifestyle. Resistance type exercise training has been 
well-established as an effective treatment strategy to counteract the loss of skeletal 
muscle mass and strength in the elderly (2-4). Because of the efficacy of resistance 
type exercise training to increase muscle mass and function up to a very old age (5, 6), 
many attempts have been undertaken to further augment the clinical benefits of exer-
cise training. 
 Dietary protein intake forms an important requirement for muscle mass mainte-
nance. A direct relationship between dietary protein intake and the loss of muscle 
mass with aging has been reported previously (7). Because dietary protein intake is a 
prerequisite to allow net muscle protein accretion after resistance type exercise (8), it 
has been suggested that dietary protein supplementation can further augment the 
increase in muscle mass and strength during prolonged resistance type exercise train-
ing. In agreement, dietary protein supplementation has been shown to increase mus-
cle mass gains during more prolonged resistance type exercise training in healthy 
young adults (9, 10). In contrast, studies in the elderly do not seem to confirm the 
proposed benefits of dietary protein supplementation (6, 11, 12). The apparent dis-
crepancy between studies in the young versus elderly populations might be attributed 
to the reduced sensitivity of the muscle protein synthetic machinery to protein inges-
tion in the elderly when compared with the young (13, 14). In this light, it has been 
suggested that approximately 25g of protein should be ingested with each main meal 
to maximally stimulate muscle protein synthesis in the elderly (15). Interestingly, we 
recently reported that habitual protein intake in elderly subjects is particularly low at 
breakfast, providing only approximately 10g of protein (16). Therefore, the present 
study was specifically designed to increase daily protein intake at breakfast with an 
additional 15g, allowing ingestion of approximately 25g of protein with each main 
meal. So far most intervention studies have applied relative short intervention periods 
lasting between 6 to 12 weeks. We speculate that a more prolonged resistance type 
exercise training duration is required to allow the additional benefits of protein sup-
plementation to become evident in an elderly population. 
 We hypothesize that dietary protein supplementation at breakfast during pro-
longed resistance type exercise training will further augment the increase in muscle 
mass and strength in healthy elderly men and women. Therefore, we subjected a large 
group (n = 60) of healthy elderly men and women (70 ± 1 y) to 6 months of resistance 
type exercise training (3 session per week) during which they were supplemented with 
dairy protein (15 g/d) or a placebo. Before and after 3 and 6 months we determined 
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muscle mass on a whole body, limb, and muscle fiber level and assessed muscle 
strength and functional capacity. 

Methods 

Subjects 

A total of 29 healthy elderly women (70 ± 1 y) and 31 healthy elderly men (70 ± 1 y) 
volunteered to participate in a 24 wk resistance type exercise intervention program, 
with or without additional protein supplementation. Seven subjects dropped out (2 
men and 5 women) during the study, one because of a heart attack that occurred at 
home, one because of a transient ischemic attack that occurred at home, and the oth-
er 5 subjects dropped out because they underestimated the time required to partici-
pate. Medical history of all subjects was evaluated, and an oral glucose tolerance test 
and resting and exercise ECG were performed before inclusion. Exclusion criteria that 
would preclude successful participation in the exercise program were defined, and 
these included (silent) cardiac or peripheral vascular disease and orthopedic limita-
tions. Furthermore, because insulin resistance and/or type 2 diabetes have been asso-
ciated with a more progressive loss of muscle mass and strength with aging (17), type 
2 diabetes patients were excluded from participation based on the oral glucose toler-
ance test data (18). All subjects were living independently and were recreationally 
active (i.e., walking/cycling). None of the participants had a history of participating in 
any structured exercise training program designed to improve performance over the 
past 5 years. All subjects were informed on the nature and possible risks of the exper-
imental procedures, before their written informed consent was obtained. This study 
was approved by the Medical Ethics Committee of the Maastricht University Medical 
Centre+. 

Study design 

After inclusion in this study, subjects were randomly allocated to either the protein 
(PRO) or the placebo (PLA) supplemented group. Before, during, and after exercise 
intervention, anthropometric measurements (height, body mass, waist-hip ratio, and 
leg volume (19)), strength assessment (1-repetition maximum), computed tomography 
(CT) and Dual-energy X-ray absorptiometry (DXA) scans were performed, and muscle 
biopsies, blood samples, 24-h urine, and dietary intake and physical activity records 
were collected. 
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Exercise intervention program 

Supervised resistance type exercise training was performed 3 times a week for a 24-wk 
period. Training consisted of a 5-min warm-up on a cycle ergometer, followed by 4 sets 
on both the leg press and leg extension machines (Technogym, Rotterdam, Nether-
lands) and 3 sets on the chest press and horizontal row; these four exercises were 
performed every training session. The vertical lat pull and abdominals were alternated 
with biceps curl and triceps extension between subsequent training sessions. Each 
session ended with a 5 min cooling-down period on the cycle ergometer. During the 
first 4 wk of training, the workload was increased from 60% of 1RM (10-15 repetitions 
in each set) to 75% of 1RM (8-10 repetitions). Starting at week 5, 4 sets of 8 repetitions 
were performed at 75-80% of 1RM on leg press and leg extension. For the upper body 
exercises, 2 sets were increased to 3 sets starting in week 5. Resting periods of 1.5 and 
3 min were allowed between sets and exercises, respectively. Workload intensity was 
adjusted based on the 1RM tests (performed at wk 4, 8, 12, 16 and 20). In addition, 
workload was increased when more than 8 repetitions could be performed in 3 out of 
4 sets. On average, subjects attended 90 ± 1% of the scheduled exercise sessions, with 
no differences between groups. 

Dietary protein supplementation 

Throughout the 24-wk intervention period, subjects consumed a 250 mL package con-
taining either a placebo (placebo group, PLA) or protein drink (protein group, PRO) 
daily after breakfast. The protein beverages contained 15 g protein (milk protein con-
centrate (MPC80) DMV international, Delhi, NY, USA), 0.5 g fat, 7.13 g lactose and 0.42 
g calcium, providing of a total of 389 kJ. The milk protein consisted of 80% of casein 
and 20% of whey protein. The placebo beverages contained no protein or fat, only 7.13 
g lactose and 0.42 g calcium, providing a total of 119 kJ. Placebo and protein drinks 
were provided in a randomized, double blind manner. 

Dietary intake and physical activity standardization 

Standardized meals were provided to all subjects the evening before each test day. 
The subjects were instructed to refrain from strenuous physical activity for at least 3 d 
before testing. On all test days, subjects arrived at the laboratory by car or public 
transportation after an overnight fast. Subjects were encouraged to maintain their 
habitual dietary intake and physical activity pattern throughout the intervention pro-
gram. To assess potential changes in habitual daily food intake and physical activity 
during the 6 month intervention period, the subjects recorded 4 d weighted dietary 
intake records and 2 d physical activity records. Dietary intake was recorded before 
and after 4, 8, 12, 16, 20, and 24 wk of intervention. Dietary records were analyzed 
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with Komeet (Komeet, 4.059 BaS Nutrition Software, Arnhem, the Netherlands). Sup-
plements were not included in the dietary intake analysis. Habitual physical activity 
was recorded before and after 12 and 24 wk of intervention. For every type of activity, 
a MET score was assigned as previously defined (20). Energy expenditure is reported as 
mean MET-h/d (21). 

Body composition 

Body composition and bone mineral content were measured using DXA (Hologic, Dis-
covery A, QDR Series, Bradford, MA, USA). Whole-body and regional lean mass, fat 
mass, and bone mineral content were determined by using the system’s software pack-
age Apex (version 2.3 Wind River, Alameda, CA). Anthropometrics data were assessed 
using standardized procedures; bodyweight by digital scale to within 100 g; height by 
stadiometer to within 0.5 cm; and circumferences to within 1 mm using a measuring 
tape, with waist mid-way between the lowest rib and the iliac crest with the subject 
standing at the end of gentle expiration, and hips at the greater trochanters (16). 
 Anatomical cross-sectional area (CSA) of the quadriceps muscle was assessed by CT 
scanning (Philips Brilliance 64, Philips Medical Systems, Best, The Netherlands) before 
and after 12 and 24 wk of intervention (3 d after strength assessment and before mus-
cle biopsy collection). The scanning characteristics were as follows: 120 kV, 300 mA, 
rotation time of 0.75 s, and a field of view of 500 mm. Although the subjects were lying 
supine, legs extended and their feet secured, a 3 mm thick axial image was taken 15 
cm proximal to the base of the patella. The exact scanning position was measured and 
marked for replication at subsequent visits. Muscle area of the right leg was selected 
between 0 and 100 Hounsfield units (22), after which the quadriceps muscle was se-
lected by manual tracing using ImageJ software (version 1.45d, National Institute of 
Health, Bethesda, MD) (23). Using the described approach, we determined the coeffi-
cient of variation for repeated scans (1 wk apart) to be 0.8%. All analyses were per-
formed by 2 investigators blinded to subject coding; intraclass correlation coefficients 
for inter- and intra- investigator reliability were 1.000 and 0.997, respectively. 

Muscle biopsy sampling 

Three days prior to the onset of the intervention and after 12 and 24 wk of interven-
tion (4 d after final strength testing), muscle biopsies were taken from the right leg of 
each subject, in the morning after an overnight fast. After local anesthesia was in-
duced, percutaneous needle biopsy samples (50–80 mg) were collected from the 
vastus lateralis muscle, approximately 15 cm above the patella (24). Any visible non-
muscle tissue was removed immediately, and biopsy samples were embedded in Tis-
sue-Tek (Sakura Finetek, Zoeterwoude, The Netherlands), frozen in liquid nitrogen-
cooled isopentane, and stored at -80°C until further analyses. 
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Immunohistochemistry 

From all biopsies, 5 µm thick cryosections were cut at -20°C. Samples collected before 
and after 12 and 24 wk of intervention from each subject were mounted together on 
uncoated glass slides. Muscle biopsies were stained for muscle fiber typing as de-
scribed in detail previously (12). In short, the slides were incubated with primary anti-
bodies against MHC-I (A4.840, Developmental Studies Hybridoma Bank, Iowa City, IA) 
and laminin (polyclonal laminin, Sigma, Zwijndrecht, the Netherlands). After washing, 
appropriate secondary antibodies were applied (goat anti-mouse IgM AlexaFluor555 
and goat anti-rabbit IgG AlexaFluor647, respectively; Molecular Probes, Invitrogen, 
Breda, the Netherlands). Images were visualized and automatically captured at 10x 
magnification with a fluorescent microscope equipped with an automatic stage (IX81 
motorized inverted microscope, Olympus, Hamburg, Germany). Muscle fiber type 
(fiber%), and fiber CSA were measured for each separate muscle fiber. As such, mean 
muscle fiber size was calculated for the type I and type II muscle fibers separately. As a 
measure of fiber circularity, form factors were calculated by using the following formu-
la: (4π·CSA)/(perimeter)2. All image recordings and analyses were performed by an 
investigator blinded to subject coding. No differences in fiber circularity were observed 
over time or between groups. Mean numbers of 442 ± 24, 403 ± 21, and 425 ± 20 mus-
cle fibers were analyzed in the biopsy samples collected prior to and after 12 and 24 
wk of intervention, respectively. 

Strength assessment 

Maximum strength was assessed by 1RM strength tests on leg press and leg extension 
machines (Technogym, Rotterdam, The Netherlands). During a familiarization trial, 
proper lifting technique was demonstrated and practiced and maximum strength was 
estimated using the multiple repetitions testing procedure (25). In an additional ses-
sion, at least one week before muscle biopsy collection, each subject’s 1RM was de-
termined as described previously (26). 1RM testing is preferred to evaluate changes in 
muscle strength during resistance type exercise training (27). Therefore, 1RM tests 
were repeated after 4, 8, 12, 16 and 20 wk of intervention and 2 days after the last 
training session of the intervention program. 

Physical performance measures 

To assess lower and upper extremity physical performance, a sit-to-stand test and a 
hand grip test were performed before and after 12 and 24 wk of intervention. For the 
sit-to-stand test, the participants were instructed to fold their arms across their chest 
and to stand up/sit down 5 times, as fast as possible, from a seat at 0.42 m from the 
floor. Time was recorded from the initial sitting to the final standing position. The fast-



1 0 0  |  C H A P T E R  5  

est out of 2 attempts was used for analysis (28). Data on maximal grip strength were 
obtained using a JAMAR handheld dynamometer (model BK-7498, Fred Sammons, Inc., 
Burr Ridge, IL, USA). Grip strength was measured 3 times with each hand. The highest 
value in the stronger hand was reported (29). 

Blood samples 

Before and after 12 and 24 wk of intervention, fasting blood samples were collected to 
determine basal plasma glucose and insulin concentrations, lipid profiles, serum creat-
inine, and blood glycated hemoglobin (HbA1c) content. Blood (10 mL) was collected 
into EDTA-containing tubes and serum tubes. EDTA tubes were immediately centri-
fuged at 1000g for 10 min at 4°C and the serum tubes were centrifuged at 1000g for 
15 min at 21°C after allowing the blood to clot for 90 min at 21°C. Aliquots of plasma 
and serum were immediately frozen in liquid nitrogen and stored at -80°C until further 
analysis. Plasma insulin concentrations were determined by using an Insulin RIA Kit 
(LINCO Research Inc, St Charles, MO). Plasma glucose, triglycerides, total cholesterol 
and HDL cholesterol were analyzed with a COBAS FARA analyzer (Uni Kit III; Roche, 
Basel, Switzerland) with test kits from ABX Diagnostics (Montpellier, France). Plasma 
free fatty acid concentrations were analyzed with the NEFA C test kit from Wako 
Chemicals (Neuss, Germany). As plasma triacylglycerol concentrations were below 4.5 
mmol/L, plasma LDL cholesterol could be calculated by LDL cholesterol=total choles-
terol - HDL cholesterol – triacylglycerol/2.2 (in mmol/L). Serum creatinine concentra-
tions were determined using the Jaffe rate method on a Synchron LX Systems analyzer 
(Beckmann Coulter Inc., Fullerton, CA). To determine blood HbA1c content, 3 mL blood 
was collected in EDTA containing tubes and analyzed by high-performance liquid 
chromatography (Bio-Rad Variant II 4, Munich, Germany). 

24 h urine collection 

To determine urinary nitrogen and creatinine excretion, 24 h urine was collected over 
the last day of the 4-d dietary intake assessment. Urine was collected from the second 
voiding on day 4 until the first voiding on the day after. Nitrogen content was analyzed 
with an elemental analyzer (model CHN-ORAPID, Heraeus Co, Hanau, Germany). Total 
nitrogen excretion was calculated from total urinary nitrogen excretion and an estimat-
ed 0.031 g/kg body mass for miscellaneous nitrogen loss (30). Nitrogen balance was 
calculated as the difference between nitrogen intake [protein intake (g)/6.25] and total 
nitrogen excretion before and after 4, 12, and 24 wk of intervention. Urinary creatinine 
excretion was measured as described previously. As a measure of renal function, creati-
nine clearance was calculated from urinary excretion and its serum concentration and 
corrected for body surface area, yielding the amount of blood (in mL) that was cleared 
from creatinine per min per 1.73 m2 of total body surface area (31). 
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Statistics 

Data are expressed as means ± SEM. Based on a Type I error probability of 0.05, a 
power of 80%, and a drop-out rate of 20%, a total of 60 subjects was included in the 
present study to detect relevant differences in the primary outcome parameters: lean 
mass determined by DXA and quadriceps CSA determined by CT scan. For various rea-
sons (not related to the study), seven subjects (12%) dropped out during the first 
month of the study. Because no follow-up measurements could be performed for 
these subjects, they were excluded from the analysis. Baseline characteristics between 
groups were compared using an independent samples t-test. Pre- vs 12 wk vs post-
intervention data were analyzed using repeated-measures ANOVA with time as within-
subjects factor and gender and treatment as between-subjects factor. In case of signif-
icant main effects or interactions, post hoc testing with Bonferroni correction and/or 
separate analyses within groups were performed where appropriate. Significance was 
set at P < 0.05. All calculations were performed using SPSS version 17.0 (Chicago, IL). 

Results 

Subjects 

Subjects’ characteristics are provided in Table 1. In total, 53 subjects completed the 
intervention program: 27 subjects in the protein group (12 women and 15 men) and 26 
subjects in the placebo group (12 women and 14 men). Within gender subgroups, no 
differences were observed in baseline variables between PLA and PRO. No significant 
changes over time were observed for weight, height, waist-hip ratio and body mass 
index. Systolic blood pressure significantly decreased between 12 and 24 wk of inter-
vention in both the PLA and PRO group (women: from 133 ± 3 to 131 ± 5 and 143 ± 5 
to 136 ± 7 mmHg, respectively; men: from 142 ± 3 to 133 ± 3 and 139 ± 4 to 134 ± 3 
mmHg, respectively; P < 0.001), with no differences between groups. Diastolic blood 
pressure decreased between 12 and 24 wk of intervention in both groups (P < 0.001). 
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Table 1: Subjects’ characteristics 

 Women Men 

 Placebo (n=12)     Protein (n=12) Placebo (n=14) Protein (n=15) 

Age (y)  69 ± 1 72 ± 2 70 ± 1 70 ± 1 

Body weight (kg)  67.9 ± 1.8 63.3 ± 2.5 84.3 ± 2.4 84.0 ± 2.3 

Height (m)  1.65 ± 0.02 1.62 ± 0.02 1.78 ± 0.02 1.76 ± 0.01 

Waist-Hip Ratio 0.88 ± 0.01 0.88 ± 0.02 0.98 ± 0.01 0.98 ± 0.01 

BMI (kg/m2)  25.0 ± 0.4 24.2 ± 0.7 26.7 ± 0.6 27.2 ± 0.7 

Basal plasma glucose (mmol/L)  5.4 ± 0.1 5.5 ± 0.1 5.6 ± 0.1 5.6 ± 0.1 

HbA1c (%) 5.8 ± 0.1 5.8 ± 0.1 5.5 ± 0.1 5.5 ± 0.1 

Lean Mass (kg) 43.3 ± 1.2 41.7 ± 1.5 62.4 ± 1.5 61.5± 1.3 

Fat (%) 33 ± 1 31 ± 1 22 ± 1 23 ± 1 

Systolic blood pressure (mmHg) 133 ± 4 141 ± 7 140 ± 4 146 ± 4 

Diastolic blood pressure (mmHg) 73 ± 3 76 ± 3 74 ± 3 77 ± 3 

No differences between the protein and placebo group. All values represent means ± SEM.  
BMI, Body mass index; HbA1c: blood glycosylated hemoglobin.  

Body composition 

At baseline, no significant differences were observed between the PLA and PRO group 
for any of the DXA measurements. Whole-body lean mass increased throughout the 
intervention period in the women, from 43.3 ± 1.2 to 44.4 ± 1.3 and 41.7 ± 1.5 to 43.0 
± 1.5 kg in the PLA and the PRO group, respectively (P < 0.001). A similar increase was 
observed for the men, from 62.4 ± 1.5 to 63.4 ± 1.6 and 61.5 ± 1.3 to 62.9 ± 1.5 kg, 
respectively (P < 0.001). Leg lean mass had increased by 3 ± 1% in both the women and 
men (Figure 1AB; P < 0.001). Total fat mass decreased significantly in all groups (P < 
0.001), resulting in a significant decline in body fat percentage (women: from 33.3 ± 
1.1 to 31.9 ± 1.1% and 30.9 ± 1.2 to 29.2 ± 1.2%; men: from 22.3 ± 1.2 to 21.1 ± 1.0% 
and 23.1 ± 1.2 to 21.6 ± 1.1% in the PLA and PRO group, respectively; (P < 0.001)). In 
accordance, leg fat mass decreased during the intervention (P < 0.01). No significant 
differences were observed for the intervention effects between treatments and/or 
genders for any of the DXA variables. No changes were observed in bone mineral con-
tent (data not shown). 

Skeletal muscle hypertrophy 

At baseline, no significant differences in quadriceps CSA were observed between the 
PLA and PRO group. CSA had increased by 8 ± 1 and 7 ± 1% after 12 wk of intervention 
in the women and men, respectively (Figure 1 C-D; P < 0.001), with no differences 
between groups. In the subsequent 12 wk of intervention no significant further in-
crease was observed in the women (Figure 1C). In the men, a significant 2 ± 1% in-
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crease in CSA was observed between 12 and 24 wk of intervention, with no differences 
between groups (P < 0.001). 
 

 

Figure 1: Mean ± SEM leg lean mass before, after 12 and 24 wk of resistance type exercise training in elderly
women (A) and men (B) with or without protein supplementation. Data were analyzed using repeated
measures ANOVA with time as within-subjects factor and gender and group as between-subjects factor. No 
time x gender x group (P = 0.69), time x gender (P = 0.50), time x group (P = 0.61) interactions were ob-
served. *Significantly different from baseline, P < 0.001. # Significantly different from baseline and status 
after 12 wk of intervention, P < 0.005. $Significant increase over time P < 0.001. 
Mean ± SEM quadriceps CSA before, after 12 wk and after 24 wk of resistance type exercise training in
elderly women (C) and men (D) with or without protein supplementation. Data were analyzed using repeat-
ed measures ANOVA with time as within-subjects factor and gender and group as between-subjects factor. 
No time x gender x group (P = 0.69), time x group (P = 0.60) interactions were observed. A time x gender 
interaction was observed (P < 0.05). *Significantly different from before the intervention, P < 0.001. #Signifi-
cantly different from baseline and status after 12 wk of intervention, P < 0.001. $Significant increase over 
time P < 0.001. 

 
Muscle fiber type composition in the PRO (women and men 42 ± 5 and 46 ± 5% type II 
fibers, respectively) and PLA group (women and men 42 ± 4 and 45 ± 4% type II fibers, 
respectively) did not differ between groups. Before the intervention, type II muscle 
fiber size was significantly smaller than type I muscle fibers size (Figure 2A-B). For 
muscle fiber CSA, a significant ‘time X fiber type’ interaction (P < 0.05), and a signifi-
cant ‘gender X fiber type’ interaction (P < 0.001) were observed. Separate analyses 
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showed that type I muscle fiber CSA did not significantly change in any of the groups. 
In contrast, type II muscle fiber size significantly increased in all groups (Figure 2A-B; P 
< 0.001), with no differences between the PRO and PLA supplemented group. Post-hoc 
analyses showed the majority of the increase to occur between week 0 and 12. As a 
consequence of the type II muscle fiber hypertrophy, the total area percentage occu-
pied by type II muscle fibers had increased from 38 ± 2% at baseline to 43 ± 2% after 
24 weeks of training, with no differences between groups. 
 

 

Figure 2: Mean ± SEM muscle fiber cross-sectional area (CSA) for type II muscle fibers before, after 12 and 24 
wk of resistance type exercise training in elderly women (A) and men (B) with or without protein supplemen-
tation. Data were analyzed using repeated measures ANOVA with time as within-subjects factor and gender 
and group as between-subjects factor. No time x gender x group (P = 0.57), time x group (P = 0.25), time x 
gender (P = 0.26) interactions were observed. *Significant increase over time P < 0.01. #Significantly different 
from type I fibers prior to intervention, P < 0.001 

Muscle strength 

At baseline, no significant differences in muscle strength (1RM) were observed be-
tween the PLA and PRO group (Figure 3A). After 12 wk of intervention, leg extension 
strength had increased by 22 ± 2% in the women and 23 ± 2 % in the men (P < 0.001), 
with no differences between groups. Between 12 and 24 wk of intervention, leg exten-
sion strength increased by another 17 ± 1% in the women and 16 ± 1 % in the men. No 
significant differences were observed between groups. For the leg press, similar gains 
in strength were observed; 1RM leg press strength had increased by 31 ± 3 and 26 ± 
2% after 24 wk of intervention in the women and men, respectively (P < 0.001), with 
no differences between groups. 
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Physical performance 

At baseline, no significant differences were observed in sit-to-stand time between the 
PLA and PRO groups (Figure 3B). After 12 wk of intervention, sit-to-stand time had 
decreased by 8 ± 2% in the women and 9 ± 2% in the men (P < 0.001). Between 12 and 
24 wk of intervention, sit-to-stand time decreased with another 10 ± 2 and 11 ± 2%, 
respectively (P < 0.001). No significant differences were observed between the PLA and 
PRO group. Before the exercise intervention, no differences were observed in handgrip 
strength between the PLA and PRO group (27 ± 1 and 25 ± 1 kg in the women and 41 ± 
2 and 45 ± 2 kg in the men, respectively). No significant changes over time were ob-
served in either the PLA or PRO group. 
 

Figure 3: A: Mean ± SEM leg extension 1RM after 12 and 24 wk of resistance type exercise training in elderly
women and men with or without protein supplementation. Data were analyzed by using repeated-measures 
ANOVA with time, as within-subjects factor and gender and group as between-subjects factor. No time x 
gender x group (P = 0.37), time x group (P = 0.86) interactions were observed. A time x gender interaction
was observed (P < 0.001). *Significantly different from baseline, P < 0.001. #Significantly different from 
baseline and status after 12 wk of intervention, P < 0.001. 
B: Mean ± SEM sit-to-stand time after 12 and 24 wk of resistance type exercise training in elderly women
and men with or without protein supplementation. Data were analyzed by using repeated-measures ANOVA
with time, as within-subjects factor and gender and group as between-subjects factor. No time x gender x 
group (P = 0.14), time x gender (P = 0.71), time x group (P = 0.73) interactions were observed. *Significantly 
different from baseline, P < 0.001. #Significant improvement different from baseline and status after 12 wk of
intervention, P < 0.001. 
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Dietary intake and physical activity 

Analysis of the 3 d dietary intake records collected prior to the exercise training regi-
men showed no significant differences between the PLA and the PRO group at baseline 
(Table 2). No changes in total energy intake or macronutrient composition of the diet 
were observed over time. Daily protein intake averaged 1.2 ± 0.1 g/kg/d in the women 
and 1.1 ± 0.0 g/kg/d in the men. Daily protein intake increased significantly by 0.24 
g/kg/day in the women and by 0.18 g/kg/d in the men following daily protein supple-
mentation in the PRO group. Habitual physical activity levels and mean energy ex-
penditure at baseline did not differ between groups (Table 2). Habitual physical activity 
levels did not change over time. 
 
Table 2: Food intake and habitual physical activity levels 

 Women (n=24) Men (n=29) 

 0    24                   0 24 

Energy Intake (MJ/d) 8.2 ± 0.2 8.7 ± 0.4 10.0 ± 0.4 10.1 ± 0.4 

Carbohydrate (%) 44 ± 1 44 ± 1 45 ± 1 45 ± 1 

Fat (%) 36 ± 1 36 ± 1 34 ± 1 35 ± 1 

Protein (%) 16 ± 1 15 ± 1 15 ± 1 14 ± 1 

Alcohol (%) 4 ± 1 5 ± 1 6 ± 1 6 ± 1 

Protein (g/kg/d) 1.2 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 

Mean energy expenditure 
(MET-h/d) 

1.44 ± 0.15 1.49 ± 0.11 1.48 ± 0.19 1.50 ± 0.18 

All values represent means ± SEMs. No significant differences were observed between the protein and the 
placebo group prior to intervention. 
No time x group interaction or main group effects were observed. 

Glycemia and lipidemia 

Measures of glycemic control did not differ between the PLA and PRO group prior to 
intervention (Table 3). After 24 wk of intervention, HbA1c had decreased in both the 
PLA and PRO group. In accordance, insulin sensitivity parameters (OGIS and ISI) in-
creased over time (Table 3). Fasting plasma glucose and insulin concentrations and 
HOMA index remained stable throughout the intervention period. No significant dif-
ferences were observed between groups. At baseline, no group differences were ob-
served in plasma lipid concentrations. Triglycerides and HDL were within the normal 
range (1.2 ± 0.1 and 1.7 ± 0.1 mmol/L (normal value: triglycerides <1.7 and HDL >1.5 
mmol/L)) before intervention and did not change over time. No differences were ob-
served between groups. Total cholesterol and LDL were above the normal range (6.3 ± 
0.2 mmol/L and 4.1 ± 0.2 mmol/L (normal value: total cholesterol <5.2 and LCL <2.6 
mmol/L)) prior to intervention. In both the PLA and the PRO group total cholesterol 
had decreased significantly after 12 wk of intervention (-4 ± 1% decrease in women 
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and -2 ± 1% decrease in men; P < 0.001). No further decrease was observed between 
12 and 24 wk. In both the PLA and the PRO group, LDL had decreased from 4.46 ± 0.18 
to 4.14 ± 0.18 mmol/L in the women and from 3.76 ± 0.18 to 3.60 ± 0.17 mmol/L in the 
men after 12 wk of intervention (P < 0.001). Between 12 and 24 wk, LDL further de-
creased from 4.14 ± 0.18 to 3.98 ± 0.18 mmol/L in the women and from 3.60 ± 0.17 to 
3.53 ± 0.17 mmol/L in the men (P < 0.05).  
 
Table 3: Glycemic control 

 Women (n=24) Men (n=29) 

Week 0           24                0 24 

Plasma glucose (mmol/L) 5.4 ± 0.1 5.2 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 

Plasma insulin (mU/L) 13.7 ± 1.2 13.2 ± 1.3 14.5 ± 0.9 14.5 ± 0.9 

HbA1c (%) 5.8 ± 0.0 5.7 ± 0.0* 5.5 ± 0.1 5.4 ± 0.1* 

ISI 3.8 ± 0.4 4.2 ± 0.3* 3.1 ± 0.3 3.4 ± 0.4* 

OGIS 385 ± 15 418 ± 14* 345 ± 15 361 ± 15* 

All values represent means ± SEMs. No significant differences were observed between the protein and the 
placebo group before the intervention. No time x group interaction or main group effects were observed.  
* Significantly different from wk 0. 
HbA1c: blood glycosylated hemoglobin; ISI: insulin sensitivity index; OGIS: oral glucose insulin sensitivity. 

Creatinine and urinary nitrogen 

Serum creatinine concentrations were within the normal range (>60 µmol/L) before 
the intervention. At baseline, no significant differences were observed between the 
PLA and PRO groups (women: 76.0 ± 4.2 and 77.9 ± 3.3 µmol/L; men: 88.9 ± 4.5 and 
93.9 ± 3.7 µmol/L, respectively). No changes were observed over time in either group. 
Creatinine clearance was within the normal range (>60 mL/ min per 1.73 m2) before 
the intervention. At baseline, no significant differences were observed between the 
PLA and PRO group (women: 83.2 ± 3.7 and 81.3 ± 4.9 mL/min per 1.73 m2; men: 85.5 
± 6.8 and 89.4 ± 6.8 mL/min per 1.73 m2, respectively). No changes were observed 
over time in either group. Before the intervention, 24-h nitrogen balance was 1.30 ± 
0.44 g/d in the women and -0.14 ± 0.53 g/d in the men. Nitrogen balance did not 
change over time in either group. 

Discussion 

The present study shows that prolonged resistance type exercise training increases 
muscle mass and strength, augments functional capacity, improves glycemia and li-
pidemia, and reduces blood pressure in healthy elderly men and women. Additional 
protein supplementation at breakfast (15 g/d) did not further augment the increase in 
muscle mass, strength, and/or functional capacity in these healthy elderly subjects. 
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 Resistance type exercise training has been well established as an effective treat-
ment strategy to counteract the loss of muscle mass and strength in the elderly (2-4). 
In the present study, we observed substantial gains in whole body lean mass of 1.2 ± 
0.2 and 1.3 ± 0.4 kg in the women and 1.0 ± 0.3 and 1.4 ± 0.4 kg in the men in the pla-
cebo and protein supplemented group, respectively. These findings tend to be in line 
with previous observations in shorter intervention studies (4, 12). The increase in 
whole-body lean mass was largely attributed to an increase in leg lean mass. The latter 
was also evident from the quadriceps CSA that had increased by approximately 10% 
after 6 months of training in both the women and men. The greater part of the in-
crease in muscle mass occurred during the first 12 weeks of the intervention. The lat-
ter is in line with findings by Frontera et al (2), who observed a 9% increase in quadri-
ceps CSA following 12 weeks of resistance type exercise training in elderly men. 
 Apart from the changes in whole-body and leg lean mass and quadriceps CSA with 
aging and exercise, specific alterations likely also occur at the myocellular level. The 
age related loss of muscle mass is largely attributed to the specific type II muscle fiber 
atrophy (26). In accordance, we observed a significantly smaller type II muscle fiber 
size when compared with type I muscle fibers in these older women and men at base-
line (Figure 2A-B). Resistance type exercise training strongly increased type II muscle 
fiber size with 28 ± 7% in the women and 23 ± 7% in the men. These findings are in line 
with earlier reports from Kosek et al (4), who observed an approximately 23% increase 
in type II muscle fiber size after 16 wk of resistance type exercise training (3x/wk). Also 
in accordance with the observations of Kosek et al (4), type I muscle fiber size did not 
change in response to training. In agreement with muscle mass data, type II muscle 
fiber size had increased most during the first 12 wk of intervention. 
 The increase in leg lean mass, quadriceps CSA, and muscle fiber size was accompa-
nied by a substantial increase in leg muscle strength. Interestingly, both the increase in 
leg lean mass (r = 0.307; P < 0.05), and quadriceps CSA (r = 0.44; P < 0.001) correlated 
significantly with the concomitant increase in 1RM strength. Furthermore, type II mus-
cle fiber size was strongly correlated with leg lean mass (r = 0.70; P < 0.001) and quad-
riceps CSA (R = 0.79; P < 0.001), and also with leg press and leg extension 1RM (r = 0.79 
and r = 0.74, respectively; P < 0.001). Whereas leg press strength had increased by 25-
30% in both the men and the women, leg extension strength had increased by as much 
as 40% after 6 months of training. Although similar improvements in muscle strength 
have been reported previously after 8 – 16 wk of resistance type knee extension exer-
cise training (4, 32), this is the first study to assess the impact of 6 months of whole-
body resistance type exercise training in elderly men and women. The observed in-
crease in leg muscle strength was shown to be of important clinical relevance as it 
translated to substantial improvements in functional capacity (Figure 3). The sit-to-
stand test showed an 18 ± 1% improvement in both the women and the men (P < 
0.001). This is in accordance with Capodaglio et al (33) who observed an approximately 
23% improvement in chair rise time after 1 year of strength training in the elderly. The 
latter clearly shows the clinical relevance of increasing leg muscle strength in the elder-
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ly, which generally translates to improvements in functional capacity. Despite the 
whole-body resistance type exercise training, we failed to detect any changes in hand-
grip strength over time. In fact, handgrip strength was shown to be highly reproducible 
(with a CV of 0.06%), between measurements taken at 0, 3 and 6 months and had 
clearly not been affected by the resistance type exercise training. Although handgrip 
strength has been shown to represent a useful tool to assess physical performance 
capacity in both healthy and compromised populations in cross-sectional studies (34, 
35), handgrip strength should not be used as a parameter to assess changed in muscle 
strength and/or function over time in the individual patient when the training program 
does not include a specific handgrip exercise. 
 Our data show that prolonged resistance type exercise training represents an effec-
tive strategy to augment muscle mass and strength and improve functional perfor-
mance in the elderly. It has been suggested that dietary protein supplementation can 
further augment the skeletal muscle adaptive response to resistance type exercise 
training. However, long-term nutritional intervention studies have generally failed to 
observe additional benefits of increasing protein intake during exercise intervention in 
elderly populations (6, 11, 12). It should be noted, however, that these combined exer-
cise and nutritional interventions in the elderly generally lasted between 6 and 12 wk 
(6, 11, 12). Considering the blunted muscle protein synthetic response to protein in-
take in the elderly, it could be speculated that more prolonged exercise intervention 
periods are required for any benefits of dietary protein supplementation to become 
apparent. Another aspect that may well influence the benefits of additional protein 
intake is the timing of the supplementation (36). We have previously shown that the 
ingestion of a protein supplement immediately before and after each exercise session 
(i.e., three times per week for 12 wk) does not further augment muscle hypertrophy 
after resistance type exercise training in elderly men (12). Therefore, in the present 
study we applied a different supplementation strategy. Because it has been proposed 
that a sufficient amount of protein (i.e. 25-30 g) should be ingested with each main 
meal to allow proper muscle maintenance, we assessed normal dietary habits in vari-
ous elderly subpopulations in the Netherlands (16). These data show that dietary pro-
tein intake in community-dwelling elderly is particularly low at breakfast (approximate-
ly 10 g) and, as such, insufficient to allow normal postprandial stimulation of myofibril-
lar muscle protein synthesis (37). We speculated that provision of additional protein 
with breakfast during a prolonged period of resistance type exercise training would 
represent a more effective strategy to support net muscle protein accretion. There-
fore, a drink containing 15 g of milk was supplemented at breakfast to ensure the in-
gestion of an optimal amount of protein (i.e., approximately 25 g) with all main meals.  
 Despite substantial increases in skeletal muscle mass in both women and men, we 
observed no differences between the protein and placebo supplemented groups. Im-
portantly, muscle mass, muscle strength, and muscle function continued to increase 
between 12 and 24 weeks of training. As such, prolonging exercise training in the el-
derly clearly has the capacity to induce further clinical benefits. However, daily protein 
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supplementation with breakfast did not further augment the increase in muscle mass 
and strength during prolonged resistance type exercise training in this large group of 
elderly men and women. To provide an in-depth insight in the hypertrophic response 
to training, muscle mass was measured on a whole body (DXA), limb (CT) and myocel-
lular level (biopsy). Furthermore, muscle strength and function were extensively as-
sessed with both leg extension and leg press 1RM testing and with handgrip strength 
and sit-to-stand time. On each of these outcome parameters, we did not observe any 
additional benefits of protein supplementation during 6 months of resistance type 
exercise training in elderly women and men. These results extend on several relative 
short-term intervention studies that failed to observe additional benefits of protein 
supplementation during resistance type exercise training in the elderly (6, 11, 12). 
Taken together, these data clearly indicate that there is no rationale for protein sup-
plementation during prolonged resistance type exercise training in healthy elderly men 
and women.  
 The apparent absence of any additional benefits of protein supplementation im-
plies that optimal dietary protein requirements to allow skeletal muscle hypertrophy 
to occur were already met within the habitual diet of the participants. In the present 
study, dietary intake remained stable throughout the intervention period. Even with-
out additional protein supplementation, habitual protein intake averaged 1.2 ± 0.1 
g/kg/d in the women and 1.1 ± 0.0 g/kg/d in the men in both groups. These values are 
well above the current Recommended Daily Allowance of 0.8 g/kg/d (38). Hence, we 
conclude that protein supplementation does not modify improvements in muscle 
mass, strength and function during prolonged resistance type exercise training when 
ample protein is already ingested in the normal diet (>1.0 g/kg/d). These findings are in 
line with observations from Campbell and Leidy (39), who concluded that improve-
ments in muscle mass and strength induced by resistance type exercise training are 
not enhanced when older people who consume adequate dietary protein (in excess of 
0.8 g/kg/d) further increase their protein intake. Apparently, a low-protein intake at 
breakfast does not preclude muscle hypertrophy to occur in healthy elderly men and 
women. However, It remains to be addressed whether dietary protein supplementa-
tion is of clinical relevance in more compromised (frail) elderly populations in which 
daily protein intake is likely insufficient (16). 
 Besides muscle mass, strength and functional capacity, we observed many other 
benefits of prolonged resistance type exercise training that are normally attributed to 
the effect of prolonged endurance type exercise. In the present study, we observed 
substantial improvements in glycemic control in our healthy elderly subjects. The latter 
was evident by both a decrease in HbA1c (0.1%) and an increase in insulin sensitivity, 
i.e., a 7 ± 2% increase in OGIS, and a 6 ± 4% increase in ISI, with no differences be-
tween the placebo and protein supplemented groups. These results extend on previ-
ous findings from several studies in middle-aged subjects (15, 40-42), showing that 
resistance type exercise training improves whole-body insulin sensitivity and improves 
glycemic control in elderly men and women. In addition to the improvement in glucose 
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tolerance, prolonged resistance type exercise also improves blood lipid profile. We 
observed a decrease in total cholesterol and LDL in the men and even to a larger ex-
tent in the women. Furthermore, systolic and diastolic blood pressure was significantly 
reduced over the course of the intervention. These findings are in line with previous 
observations (43) and underline the clinical relevance of prolonged resistance type 
exercise training to improve metabolic health in the elderly. Because the resistance 
type exercise program was highly appreciated by the subjects and accompanied by 
excellent adherence and compliance, we suggest that exercise intervention programs 
for the elderly should focus on the implementation of resistance type exercise. 
 One of the clear advantages of the present study is the prolonged timeline and the 
ability to compare the adaptive response during the first 3 months with the subse-
quent 3 months of intervention in both older men and women. The greater increase in 
muscle mass and muscle strength was observed during the initial 12 wk of training, 
representing 85 and 53% of the change in muscle mass and strength over the entire 6 
months period. The latter clearly shows that the first few months of resistance type 
exercise training should be highly supervised to allow proper and safe training re-
sponses, with concomitant increases in muscle mass and strength. The subsequent 
period should focus on muscle mass maintenance and likely requires less effort than 
implemented in the present study. Clearly, future studies should establish how re-
sistance type exercise training can be prescribed to elderly people and how we can set-
up an exercise regimen that will allow maintenance of the initial increase in muscle 
mass and strength that is obtained during the initial approximately 3 months of super-
vised resistance type exercise training. 
 We conclude that prolonged resistance type exercise training increases skeletal 
muscle mass and strength, augments functional capacity, improves glycemia and li-
pidemia, and reduces blood pressure in healthy elderly men and women. Additional 
protein supplementation (15 g/d) does not further augment the gains in skeletal mus-
cle mass, strength, and functional capacity in healthy elderly men and women. 
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Abstract 

This study compares the effects of 6 months resistance type exercise training (3x/wk) 
between healthy elderly women (n = 24; 71 ± 1y) and men (n = 29; 70 ± 1y). Muscle 
mass (dual-energy x-ray Absorptiometry - computed tomography), strength (1 repeti-
tion maximum), functional capacity (sit-to-stand time), muscle fiber characteristics 
(muscle biopsies), and metabolic profile (blood samples) were assessed. Leg lean mass 
(3 ± 1%) and quadriceps cross-sectional area (9 ± 1%) increased similarly in both 
groups. 1RM leg extension strength increased by 42 ± 3% (women) and 43 ± 3% (men). 
Following training, type II muscle fiber size had increased and a type II muscle fiber 
specific increase in myonuclear and satellite cell content was observed with no differ-
ences between genders. Sit-to-stand time decreased similarly in both groups. Glycemic 
control and blood lipid profiles improved to a similar extent in both women and men. 
A generic resistance type exercise training program can be applied for both women 
and men to effectively counteract the loss of muscle mass and strength with aging. 
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Introduction 

Aging is accompanied by the progressive loss of muscle mass and muscle strength, 
referred to as sarcopenia (1). The loss of muscle mass and strength leads to a substan-
tial decline in functional capacity, an increased risk of falls and fractures, and an in-
creased risk of developing chronic metabolic diseases (2, 3). The relative loss of muscle 
mass and strength with age has been reported to be similar for men and women (4). 
However, the loss of muscle mass and strength may represent a greater health con-
cern in women, as older women tend to suffer more from physical disabilities than 
older men (5). Effective interventions are required to prevent or treat the detrimental 
consequences of muscle mass and strength loss in both elderly women and men. 
 Resistance type exercise training has been well-established as an effective treat-
ment strategy to counteract the loss of muscle mass and strength in the elderly popu-
lation (6-9). Even in the very old population, substantial improvements in muscle mass, 
strength, and functional capacity have been observed following prolonged resistance 
type exercise training (10). Also at the muscle fiber level, it has been shown that both 
elderly men (11) and women (12) maintain the capacity to augment muscle fiber size 
and function. Despite the overwhelming evidence showing the efficacy of resistance 
type exercise training to increase muscle mass and strength in the elderly population, 
there is much discrepancy on the proposed benefits of resistance type exercise train-
ing in elderly women versus men. Previous work has suggested that muscle mass and 
strength gains following prolonged resistance type exercise training are either similar 
(13, 14), smaller (15-17), or even greater (18) in older women compared with older 
men. As it remains unclear whether women benefit to the same extent from pro-
longed resistance type exercise training as men, there is still no consensus on whether 
resistance type exercise training programs should be specifically tailored for gender. 
 Given the conflicting data on gender-based differences in the skeletal muscle adap-
tive response to prolonged resistance type exercise training, the purpose of the pre-
sent study was to assess whether elderly men and women adapt differently to a gener-
ic prolonged resistance type exercise training program. In this study, we compare 
structural, functional, and metabolic adaptations to prolonged resistance type exercise 
training on a whole body, muscle, and muscle fiber level. We hypothesized that elderly 
men experience greater absolute but not relative gains in skeletal muscle mass and 
strength compared with women following 3 and 6 months of generic resistance type 
exercise training. As such, we speculate that a single generic resistance type exercise 
training program can be applied successfully in both elderly men and women. The 
latter would greatly facilitate the implementation of exercise training programs in the 
older population. 
 In this study, we selected 60 healthy elderly men (n = 31) and women (n = 29) to 
participate in a generic 24 wk resistance type exercise training program (3 sessions per 
wk). Prior to and after 12 and 24 weeks of exercise training, we assessed skeletal mus-
cle mass, muscle strength, functional capacity, muscle fiber characteristics, and meta-
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bolic profile. This study compares the clinical benefits of resistance type exercise train-
ing between older women and men and addresses the question whether the same 
generic exercise program can be used for both genders. 

Methods 

Participants 

A total of 29 healthy, elderly women (70 ± 1 y) and 31 healthy, elderly men (71 ± 1 y) 
volunteered to participate in a 24 wk resistance type exercise training program. Seven 
participants dropped out (2 men and 5 women) during the study, one because of a 
heart attack that occurred at home, one because of a transient ischemic attack that 
occurred at home, and the other 5 participants dropped out because of time con-
straints. Medical history of all participants was evaluated and an oral glucose tolerance 
test (OGTT) and resting electrocardiogram and submaximal electrocardiogram were 
performed prior to selection. Exclusion criteria were defined that would preclude suc-
cessful participation in the exercise program, and included (silent) cardiac or peripheral 
vascular disease and orthopedic limitations. Furthermore, as insulin resistance and/or 
type 2 diabetes have been associated with a more progressive loss of muscle mass and 
strength with aging (19), type 2 diabetes patients were excluded from participation 
(20). All participants were living independently and had no history of participating in 
any structured exercise training program over the past 5 years. All participants were 
informed on the nature and possible risks of the experimental procedures, before their 
written informed consent was obtained. This study was approved by the Medical Eth-
ics Committee of the Maastricht University Medical Centre+ and is part of a greater 
project investigating the impact of combined dietary and exercise interventions to 
increase muscle mass and strength in different elderly populations (21-23). 

Study design 

Before, during, and after exercise intervention, anthropometric measurements (height, 
body mass, waist-hip ratio, leg volume)(24), strength assessment (one-repetition max-
imum; [1RM]), computed tomography, and dual-energy x-ray absorptiometry scans 
were performed, and muscle biopsies, blood samples, 24 h urine, and dietary intake 
and physical activity records were collected. 

Exercise intervention program 

Supervised resistance type exercise training was performed 3 times a week for a 24-wk 
period. Training consisted of a 5 min warm-up on a cycle ergometer, followed by 4 sets 
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on both the leg press and leg extension machines (Technogym, Rotterdam, Nether-
lands). In addition, 3 sets were performed on the chest press and horizontal row, and 
(alternating) vertical lat pulldown and abdominal crunches, or biceps curl and triceps 
extension, followed by a 5 min cooling-down period on a cycle ergometer. During the 
first 4 weeks of training, the workload was increased from 60% of 1RM (10-15 repeti-
tions in each set) to 75% of 1RM (8-10 repetitions). Starting at week 5, 4 sets of 8 repe-
titions were performed at 75-80% of 1RM on leg press and leg extension. For the up-
per body exercises, 2 sets were increased to 3 sets starting in week 5. Resting periods 
of ~90 s between sets and ~3 min between exercises were allowed. Workload intensity 
was adjusted based on the 1RM tests (performed at week 4, 8, 12, 16 and 20). In addi-
tion, workload was increased when more than 8 repetitions could be performed in 3 
out of 4 sets. On average, subjects attended 90±1% of the scheduled exercise sessions 
in both groups. 

Dietary intake and physical activity standardization 

Standardized meals were provided to all subjects the evening prior to each test day. 
The subjects were instructed to refrain from strenuous physical activity for at least 3 d 
prior to testing. On all test days, participants arrived at the laboratory by car or public 
transportation following an overnight fast. To assess potential changes in habitual daily 
food intake and physical activity during the 6 month intervention period, the subjects 
recorded 4 d weighted dietary intake records and 2 d physical activity records. Dietary 
intake was recorded before, after 4, 8, 12, 16, 20, and 24 weeks of intervention. Die-
tary records were analyzed with Komeet (Komeet, 4.059 BaS Nutrition Software, Arn-
hem, Netherlands). Habitual physical activity was recorded before, after 12 and 24 wk 
of intervention. For every type of activity, a mean equivalent task (MET) score was 
assigned to express the intensity of a specific activity as previously defined (25). One 
MET unit equals resting energy expenditure (i.e. ~ 1 kcal per kg body weight per h 
(25)). Energy expenditure was calculated as mean MET-h/d (26). 

Body composition 

Body composition and bone mineral content were measured with dual-energy x-ray 
absorptiometry (Hologic, Discovery A, QDR Series, Bradford, MA, USA). Whole-body 
and regional lean mass, fat mass, and bone mineral content were determined by using 
the system’s software package Apex version 2.3. Anthropometrics were measured by 
trained observers with standard technique; weight by digital scale to within 100 g; 
height by stadiometer to within 0.5 cm; circumferences to within 1 mm using a meas-
uring tape, with waist midway between the lowest rib and the iliac crest with the par-
ticipant standing at the end of gentle expiration, and hips at the greater trochanters 
(27). All body composition measurements were assessed before, after 12 and 24 wk of 
the exercise program. 
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 Anatomical cross-sectional area (CSA) of the quadriceps muscle was assessed by 
computed tomography scanning (Philips Brilliance 64, Philips Medical Systems, Best, 
Netherlands) before, after 12 and 24 wk of the exercise intervention program (3 d 
after strength assessment and prior to muscle biopsy collection). The scanning charac-
teristics were as follows: 120 kV, 300 mA, rotation time of 0.75 s, and a field of view of 
500 mm. While the participants were lying supine, legs extended and their feet se-
cured, a 3 mm thick axial image was taken 15 cm proximal to the base of the patella. 
The exact scanning position was measured and marked for replication at subsequent 
visits. Muscle area of the right leg was selected between 0 and 100 Hounsfield units 
(28), after which the quadriceps muscle was selected by manual tracing using ImageJ 
software (version 1.45d, National Institute of Health, Maryland, USA) (29). Using the 
described approach, we determined the CV for repeated scans (1 week apart) to be 
0.8%. All analyses were performed by 2 investigators blinded to participant coding; 
intra-class correlation coefficients for inter- and intra- investigator reliability were 1.0 
and 1.0, respectively. 

Muscle biopsy sampling 

Three days prior to the onset of the intervention, after 12 wk of intervention, and 
immediately after cessation of the intervention (4 d after final strength testing), skele-
tal muscle biopsies were taken from the right leg of each subject, in the morning fol-
lowing an overnight fast. After local anesthesia was induced, percutaneous needle 
biopsy samples (50–80 mg) were collected from the vastus lateralis muscle, ~15 cm 
above the patella (30). Any visible non-muscle tissue was removed immediately, and 
biopsy samples were embedded in Tissue-Tek (Sakura Finetek, Zoeterwoude, Nether-
lands), frozen in liquid nitrogen-cooled isopentane, and stored at -80°C until further 
histological analyses. 

Immunohistochemistry 

From all biopsies, 5-µm thick cryosections were cut at -20°C. Pre, 12 wk, and 24 wk 
samples from each participant were mounted together on uncoated glass slides. Care 
was taken to properly align the samples for cross-sectional fiber analyses. Muscle bi-
opsies were stained for muscle fiber typing and myocellular satellite cell content as 
described previously (31), with slight modifications. In short, the slides were incubated 
with primary antibodies against MHC-I (A4.840, Developmental Studies Hybridoma 
Bank, Iowa City, IA), CD56 (BD Biosciences, San Jose, CA), and laminin (polyclonal lam-
inin, Sigma, Zwijndrecht, Netherlands). After washing (PBS), slides were incubated with 
biotinylated goat-anti-mouse IgG (Vector Laboratories, Burlingame, CA) to optimize 
staining results for CD56. After another wash, appropriate secondary antibodies were 
applied: goat anti-mouse IgM AlexaFluor555 and goat anti-rabbit IgG AlexaFluor647 
(Molecular Probes, Invitrogen, Breda, Netherlands), for MHC-I and laminin, respective-
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ly; and Streptavidin AlexaFluor488 (Vector Laboratories) for CD56. Nuclei were stained 
with 4,6-diamidino-2-phenylindole (DAPI, 0.238 µM; Molecular Probes). After a final 
washing step, all slides were mounted with cover glasses using Mowiol (Calbiochem, 
Amsterdam, the Netherlands). 
 Images were visualized and automatically captured at x10 magnification with a 
fluorescent microscope equipped with an automatic stage (IX81 motorized inverted 
microscope, Olympus, Hamburg, Germany). The image was centered and focused on 
each section, after which the microscope was programmed to automatically capture a 
series of images to record the entire section. All images were then pasted together to 
reproduce a single image file of the entire biopsy section, including all four fluorescent 
channels (i.e. a DAPI UV excitation filter [360-370 nm] for the nuclei, a fluorescein 
isothiocyanate excitation filter [470-495] for CD56, a tetramethyl rhodamine isothiocy-
anate excitation filter [540-570 nm] for MHC-I, and a Cy5 excitation filter [590-650 nm] 
for laminin). Using ImageJ software individual fibers were localized using the laminin 
outline, and a Region of Interest (ROI) list was created listing all individual fibers. Mus-
cle fiber type (fiber%), and fiber CSA were measured for each separate muscle fiber. As 
such, mean muscle fiber size was calculated for the type I and type II muscle fibers 
separately. Subsequently, the number of myonuclei, and the number of satellite cells 
were measured for each separate muscle fiber. Satellite cells were identified at the 
periphery of muscle fibers and stained positive for both CD56 and DAPI (31). For each 
biopsy, myonuclear and satellite cell content were calculated for the type I and type II 
muscle fibers separately. As a measure of fiber circularity, form factors were calculated 
by using the following formula: (4π·CSA)/(perimeter)2. All image recordings and anal-
yses were performed by an investigator blinded to subject coding. No differences in 
fiber circularity were observed over time or between groups. Mean numbers of 442 ± 
24, 403 ± 21, and 425 ± 20 muscle fibers were analyzed in the biopsy samples collected 
at baseline and after 12 and 24 wk of intervention, respectively. 

Strength assessment 

Maximum strength was assessed by 1RM strength tests on leg press and leg extension 
machines and for the upper body exercises (Technogym, Rotterdam, Netherlands). 
During a familiarization trial, proper lifting technique was demonstrated and practiced, 
and maximum strength was estimated using the multiple repetitions testing procedure 
(32). In an additional session, at least one week prior to muscle biopsy collection, each 
participant’s 1RM was determined as described previously (33). 1RM testing is pre-
ferred to evaluate changes in muscle strength during resistance type exercise training 
(34). Therefore, 1RM tests were repeated for upper body and leg exercises after 4, 8, 
12, 16 and 20 wk of intervention and 2 d after the last training session of the interven-
tion program. 
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Physical performance measures 

To assess lower and upper extremity physical performance, a sit-to-stand test and a 
hand grip test were performed prior to the onset of the intervention, after 12 wk of 
intervention, and immediately after cessation of the intervention. For the sit-to-stand 
test, the participants were instructed to fold their arms across their chest and to stand 
up/sit down 5 times, as fast as possible, from a seat at 0.42 m from the floor. Time was 
recorded from the initial sitting to the final standing position. The fastest out of 2 rises 
was used for analysis (35). Data on maximal handgrip strength were obtained using a 
JAMAR handheld dynamometer (model BK-7498, Fred Sammons, Inc., Burr Ridge, IL, 
USA). Grip strength was measured 3 times with each hand. The highest value using the 
stronger hand is reported (36). 

Blood samples 

Before and after 24 wk of intervention, fasting blood samples were collected to de-
termine basal plasma glucose and insulin concentrations, plasma amino acid and lipid 
profiles, serum creatinine, and blood glycated hemoglobin (HbA1c) content. Blood (10 
mL) was collected into EDTA-containing tubes and serum tubes. EDTA tubes were im-
mediately centrifuged at 1,000g for 10 min at 4°C and the serum tubes were centri-
fuged at 1,000g for 15 min at 21°C after allowing the blood to clot for 90 min at 21°C. 
Aliquots of plasma and serum were immediately frozen in liquid nitrogen and stored at 
-80°C until further analysis. Plasma insulin concentrations were determined by using 
an Insulin RIA Kit (LINCO Research Inc, St Charles, MO). Reagents to determine plasma 
glucose, triglycerides, total cholesterol and high-density lipoprotein (HDL) cholesterol 
were from ABX Diagnostics (Montpellier, France). Plasma free fatty acid concentrations 
were analyzed with the NEFA C test kit from Wako Chemicals (Neuss, Germany). As 
plasma triacylglycerol concentrations were below 4.5 mmol/L, plasma low-density 
lipoprotein (LDL) cholesterol could be calculated by LDL cholesterol=total cholesterol - 
HDL cholesterol – triacylglycerol/2.2 (in mmol/L). Serum creatinine concentrations 
were determined using the Jaffe rate method on a Synchron LX Systems analyzer 
(Beckmann Coulter Inc., Fullerton, CA). To determine blood HbA1c content, 3 mL blood 
was collected in EDTA containing tubes and analyzed by high-performance liquid 
chromatography (Bio-Rad Variant II 4, Munich, Germany). Total serum testosterone 
and sex hormone-binding globulin (SHBG) concentrations were measured using rea-
gents from Roche Diagnostics (Mannheim, Germany), and assays were run on a Modu-
lar Analytics E170 analyzer (Hitachi Data Systems, Santa Clara, CA, USA). The intra-
assay CVs are 2.7% to 1.8% and 1.1% to 1.7% for low to high concentrations of testos-
terone and SHBG, respectively. Bioavailable testosterone was calculated as non-SHBG-
bound testosterone using a formula described and validated previously (37). 
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Statistics 

Data are expressed as means ± SEM. Baseline characteristics between groups were 
compared by means of an independent samples t test. Training-induced changes were 
analyzed using repeated-measures ANOVA with time (pre, 12 wk, 24 wk) as within-
subjects factor and gender as between-participants factor. In case of significant main 
effects or interactions, post hoc testing with Bonferroni correction and/or separate 
analyses within groups was performed where appropriate. In addition to the repeated-
measures analysis, relative changes over time were calculated and analyzed by inde-
pendent t test to detect potential differences between groups. Because the results for 
both analyses were identical, we report both absolute and relative changes but only 
present P values for the repeated-measures analyses, unless otherwise stated. Signifi-
cance was set at P < 0.05. All calculations were performed using SPSS version 17.0 
(Chicago, IL, USA). 

Results 

Participants 

Participants’ characteristics are provided in Table 1. In total, 53 subjects completed the 
resistance type exercise training program, 24 women (71 ± 1 y) and 29 men (70 ± 1 y). 
Men were taller and heavier with a lower body fat percentage (fat%) and a lower 
HbA1c level when compared with the women. No significant changes in bodyweight, 
height, and BMI were observed over time. Systolic blood pressure significantly de-
creased between 12 and 24 wk of intervention in both the women (from 138 ± 3 to 
133 ± 4 mmHg) and the men (140 ± 2 to 134 ± 2 mmHg), with no differences between 
genders (P < 0.0001). Diastolic blood pressure decreased significantly between 12 and 
24 wk of intervention, with no differences between genders (from 74 ± 2 to 69 ± 2 
mmHg in women and from 76 ± 2 to 70 ± 2 mmHg in men; P < 0.0001). 

Body composition 

Prior to the exercise intervention, women and men differed in whole-body lean mass, 
leg lean mass, and bone mineral content (Table 2). The resistance training program 
resulted in an absolute increase in whole-body lean mass of 1.2 ± 0.2 and 1.2 ± 0.3 kg 
in the women and men, respectively (P < 0.001), with no differences between groups 
(P = 0.94). Leg lean mass increased by 3 ± 1% (0.5 ± 0.1 kg) and 3 ± 1% (0.6 ± 0.1 kg) in 
the women and men respectively (P < 0.001), with no differences between groups (P = 
0.69). The increase in lean mass was accompanied by a 5 ± 2% and 6 ± 1% decrease in 
fat mass, respectively (P < 0.001). No significant differences were observed for the 
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intervention effects between women and men for any of the DXA variables (Table 2). 
At baseline, bone mineral content was significantly lower in the women compared 
with the men (1.9 ± 0.1 vs 2.8 ± 0.1 kg). No changes were observed in bone mineral 
content during the 6 month intervention (data not shown). 
 
Table 1: Subjects’ characteristics 

 Women (n=24) Men (n=29) 

Age (y)  71 ± 1 70 ± 1 

Body weight (kg)  65.6 ± 1.6 84.3 ± 1.7* 

Height (m)  1.63 ± 0.01 1.77 ± 0.01* 

BMI (kg/m2)  24.6 ± 0.4 27.0 ± 0.5* 

Fat (%) 32 ± 1 23 ± 1* 

Basal plasma glucose (mmol/L)  5.4 ± 0.1 5.6 ± 0.1 

HbA1c (%) 5.8 ± 0.1 5.5 ± 0.1* 

All values represent means ± SEM. HbA1c: blood glycosylated hemoglobin. Data were analyzed using inde-
pendent samples t-test.  
* Significantly different from women (P < 0.05). 
 
Table 2: Body composition 

 Women (n=24) Men (n=29) 

Week 0 12       24 0 12 24 

Total mass (kg) 65.6 ± 1.6 66.2 ± 1.6 65.9 ± 1.6 84.3 ± 1.7 84.7 ± 1.6 84.3 ± 1.7 

Lean mass (kg) 42.5 ± 0.9 43.5 ± 0.9* 43.7 ± 1.0* 62.2 ± 1.0 63.3 ± 1.1* 63.4 ± 1.0* 

Leg lean mass (kg) 13.6 ± 0.4 13.9 ± 0.4* 14.0 ± 0.4*# 19.8 ± 0.3 20.2 ± 0.4* 20.4 ± 0.4*# 

Fat mass (kg) 21.2 ± 0.9 20.7 ± 0.9* 20.3 ± 0.9*# 19.3 ± 1.0 18.6 ± 0.9* 18.1 ± 0.9*# 

Fat (%) 32.1 ± 0.8 31.0 ± 0.8* 30.5 ± 0.8*# 22.6 ± 0.8 21.8 ± 0.8* 21.2 ± 0.8*# 

All values represent means ± SEM. Data were analyzed using repeated-measures ANOVA with time as within-
subjects factor and gender as between-subjects factor. No time x gender interaction was observed.  
* Significantly different from wk 0.  
# Significantly different from wk 12. 

Skeletal muscle hypertrophy 

At baseline, quadriceps CSA was significantly smaller in women compared with the 
men (46.6 vs 68.8 cm2, respectively). Following the first 12 wk of intervention, quadri-
ceps CSA had increased by 8 ± 1% (3.5 ± 0.5 cm2) and 7 ± 1% (4.6 ± 0.5 cm2) in the 
women and men, respectively (P < 0.001), with no differences between genders (Fig-
ure 1). During the subsequent period from wk 12 to wk 24, we observed a significant 
gender x training interaction (P < 0.05). Whereas no significant increase in quadriceps 
CSA was observed in the women, CSA further increased by 1.7 ± 0.4 cm2 in the men 
during the last 12 wks of exercise training. Nonetheless, the percentage change in 
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quadriceps CSA between 12 and 24 wk of intervention did not differ significantly be-
tween the women (1 ± 1%) and men (2 ± 1%). 
 
 

Figure 1: Mean (± SEM) quadriceps CSA before, after 12 and 24 wk of
resistance type exercise training in elderly women and men. Data
were analyzed using repeated measures ANOVA with time as a within-
subjects factor and gender as a between-subjects factor. A significant 
time x gender interaction was observed between 12 and 24 wk of
intervention (P < 0.05). * Significantly different from before the inter-
vention, P < 0.001. # Significantly different from wk 0 and 12, P < 0.001.

 
At baseline muscle fiber CSA was significantly smaller in the type II vs the type I muscle 
fibers in both the women (3167 ± 216 vs 5103 ± 271 µm2) and the men (5126 ± 193 vs 
5802 ± 209 µm2), respectively. In addition, prior to intervention type II muscle fiber 
CSA was significantly smaller in the women compared with the men (Figure 2A). In 
contrast to the type I muscle fibers, type II muscle fiber CSA significantly increased in 
both the women (from 3167 ± 216 to 3891 ± 269 µm2) and the men (from 5126 ± 193 
to 6120 ± 325 µm2), with no differences between groups (Figure 3). Likewise, the rela-
tive increase in type II muscle fiber CSA was comparable between the women and the 
men (29 ± 7 vs 24 ± 7%, respectively; P = 0.68). Type I and type II muscle fiber percent-
age did not change over the 6 months of exercise intervention. However, the specific 
type II muscle fiber hypertrophy resulted in an increase in type II muscle fiber area 
percentage in the women and the men (from 38 ± 2 to 43 ± 2%; P < 0.05). No gender 
differences were observed. 
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Figure 2: A: Mean (± SEM) muscle fiber cross-sectional area (CSA) for 
type I and type II muscle fibers before, after 12 wk and 24 wk of re-
sistance type exercise training in elderly women and men. Data were
analyzed using repeated measures ANOVA with time as within-
subjects factor and gender as between-subjects factor. No time x 
gender interactions were observed. * Significant increase over time P
< 0.01. 

B: Mean (± SEM) number of satellite cells (SC) per type I and type II 
muscle fiber before, after 12 wk and 24 wk of resistance type exercise
training in elderly women and men. Data were analyzed using repeat-
ed measures ANOVA with time as within-subjects factor and gender as 
between-subjects factor. No time x gender interactions were ob-
served. * Significant increase over time P < 0.01. 

Myonuclear and satellite cell content 

In line with the smaller type II vs type I muscle fiber size, myonuclear content was 
lower in the type II vs type I muscle fibers at baseline in both the women (2.5 ± 0.2 vs 
3.4 ± 0.2 nuclei per fiber) and men (3.4 ± 0.2 vs 4.0 ± 0.2 nuclei per fiber) (P < 0.001). In 
addition, type II muscle fiber myonuclear content was significantly lower in the women 
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compared with the men (P < 0.01). In contrast to the type I muscle fibers, the number 
of myonuclei per type II muscle fiber significantly increased in both the women (from 
2.5 ± 0.2 to 2.7 ± 0.2) and men (from 3.4 ± 0.2 to 3.8 ± 0.2) (P < 0.05), with no differ-
ences between groups. At baseline, satellite cell content was significantly lower in the 
type II vs type I muscle fibers in both the women (0.039 ± 0.005 vs 0.075 ± 0.005 satel-
lite cells per muscle fiber) and men (0.047 ± 0.004 vs 0.067 ± 0.005 satellite cells per 
muscle fiber) (P < 0.001), with no differences between genders. Whereas there was 
only a tendency for satellite cell content to increase in the type I muscle fibers (P = 
0.065), the number of satellite cells per type II muscle fiber significantly increased 
following 24 wk of resistance type exercise training (Figure 2B; P < 0.01). The increase 
in satellite cell content was apparent for both the women (from 0.039 ± 0.005 to 0.064 
± 0.014) and the men (from 0.047 ± 0.004 to 0.070 ± 0.005), with no differences be-
tween groups. 

Muscle strength 

Prior to intervention, muscle strength was lower in the women when compared with 
the men (Figure 3). In response to training, leg press 1RM increased by 31 ± 3% in the 
women (from 138 ± 5 to 179 ± 5 kg; P < 0.001) and by 26 ± 2% in the men (from 207 ± 
4 to 260 ± 2 kg; P < 0.001). No significant gender x training interaction was observed 
for leg press 1RM. In contrast, for leg extension 1RM, a significant gender x training 
interaction was observed, indicating that strength gains were larger in the men com-
pared with the women (P < 0.002). However, relative strength gains for both the leg 
extension and leg press did not differ between the women and men (42 ± 3 vs 43 ± 3% 
and 31 ± 3 vs 26 ± 2%, respectively). For all upper body exercises, both absolute and 
relative strength gains were similar for men and women (on average 42 ± 3 and 47 ± 
3%, respectively). 

Physical performance 

Prior to the exercise intervention, no significant differences were observed in sit-to-
stand time between women and men (7.7 ± 0.3 vs 7.8 ± 0.3 s, respectively). After 24 
wk of intervention, sit-to-stand time had decreased significantly by 18 ± 2 and 19 ± 2%, 
respectively (P < 0.001). No significant differences were observed between women and 
men. At baseline, handgrip strength was significantly lower in the women compared 
with the men (26 ± 1 vs 43 ± 2 kg, respectively). No changes in handgrip strength were 
observed over time. 
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Figure 3: Mean (± SEM) leg extension 1RM before, after 12 and 24 wk of
resistance type exercise training in elderly women and men. Data were
analyzed using repeated measures ANOVA with time as a within-subjects 
factor and gender as a between-subjects factor. A significant time x
gender interaction was observed (P < 0.001). * Significantly different from
baseline, P < 0.001.  
# Significantly different from wk 0 and 12 , P < 0.001. 

Glycemia and lipidemia 

Prior to intervention blood HbA1c contents (5.8 ± 0.1 vs 5.5 ± 0.1%) and whole-body 
insulin sensitivity indices (OGIS: 454 ± 8 vs 427 ± 9) differed significantly between the 
women and men, respectively (P < 0.05; Table 3). All other baseline measures of gly-
cemic control did not differ between women and men. Over time, a significant decline 
in blood HbA1c content was observed in both the women and men (from 5.8 ± 0.1 and 
5.5 ± 0.1 to 5.7 ± 0.1% and 5.4 ± 0.1%, respectively; P < 0.02). Accordingly, we also 
observed an increase in ISI and OGIS over time. For all measures no interaction was 
observed with gender. At baseline, plasma LDL, HDL and total cholesterol concentra-
tions were higher in the women compared with the men (Table 3). Over time signifi-
cant improvements in total cholesterol and LDL were observed in both groups with no 
difference between genders. 

Hormonal profiles 

At baseline, average serum concentrations of total testosterone, bioavailable testos-
terone, and sex hormone-binding globulin (SHBG) concentrations averaged 0.79 ± 0.13 
nmol/L, 0.18 ± 0.02 nmol/L and 89.52 ± 8.32 nmol/L in the women and 17.08 ± 1.15 
nmol/L, 6.14 ± 0.32 nmol/L and 56.00 ± 3.99 nmol/L in the men. Whereas obvious 
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gender differences were observed for all hormones, no significant changes over time 
and no time x gender interactions were observed. 
 
Table 3: Glycemic control and plasma lipid concentrations 

 Women (n=24) Men (n=29) 

Week 0     24 0 24 

Glycemic control     

 Plasma glucose (mmol/L) 5.4 ± 0.1 5.2 ± 0.1 5.6 ± 0.1 5.7 ± 0.1 

 Plasma insulin (mU/L) 13.7 ± 1.2 13.2 ± 1.3 14.5 ± 0.9 14.5 ± 0.9 

 HbA1c (%) 5.8 ± 0.1 5.7 ± 0.1* 5.5 ± 0.1 5.4 ± 0.1* 

 Insulin sensitivity index 3.8 ± 0.4 4.2 ± 0.3* 3.1 ± 0.3 3.4 ± 0.4* 

 Oral glucose insulin sensitivity 454 ± 8 475 ± 10* 427 ± 9 440 ± 8* 

Plasma lipid concentrations     

 Free fatty acids (µmol/L) 456 ± 34 430 ± 41 450 ± 30 424 ± 34 

 Triglycerides (mmol/L) 1.11 ± 0.11 1.14 ± 0.10 1.25 ± 0.07 1.20 ± 0.09 

 Total Cholesterol (mmol/L) 6.84 ± 0.19 6.43 ± 0.18* 5.83 ± 0.21 5.62 ± 0.21* 

 High-density lipoprotein (mmol/L) 1.92 ± 0.08 1.97 ± 0.08 1.55 ± 0.08 1.59 ± 0.09 

 Low-density lipoprotein (mmol/L) 4.46 ± 0.18 3.98 ± 0.18* 3.76 ± 0.18 3.53 ± 0.17* 

All values represent means ± SEM. HbA1c = blood glycosylated hemoglobin. Data were analyzed by using 
repeated-measures ANOVA with time as within-subjects factor and gender as between-subjects factor. No 
time x gender interaction was observed.  
*Significantly different from wk 0 

Creatinine and urinary nitrogen 

Serum creatinine concentrations were within the normal range (>60 µmol/L) prior to 
the intervention. At baseline, women differed significantly from men (77.0 ± 2.6 vs 
91.5 ± 2.9 µmol/L, respectively). No changes were observed over time in either group. 
Creatinine clearance was within the normal range (>60 mL/min per 1.73 m2) prior to 
the intervention. At baseline, no significant differences were observed between the 
women and men (82.2 ± 3.1 vs 87.5 ± 4.7 mL/min per 1.73 m2, respectively). No 
changes were observed over time in either group. Prior to the intervention, 24-h nitro-
gen balance was 1.3 ± 0.4 g/d in the women and -0.1 ± 0.5 g/d in the men. Nitrogen 
balance did not change over time in either group. 

Discussion 

In the present study, we show that traditional, prolonged resistance type exercise 
training effectively increases muscle mass, strength and functional performance and 
improves metabolic profile in both elderly men and women. No gender differences 
were observed in the adaptive response to prolonged resistance type exercise training. 
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Elderly men and women benefited equally from the same generic resistance type exer-
cise training regimen. 
 Resistance type exercise training has been well established as an effective treat-
ment strategy to counteract the loss of muscle mass and strength in the elderly (6-10, 
31, 38-43). Yet, whether there are gender specific differences in the adaptive response 
to prolonged resistance type exercise training in the elderly remains equivocal. 
Whereas some report gender-specific differences in the adaptation to prolonged re-
sistance type exercise training (15, 16, 18) others fail to detect differences in the im-
pact of prolonged exercise training on structural, functional and/or metabolic adapta-
tions between men and women (14, 17). This study is the first to assess differences in 
gains in muscle mass and strength, increases in functional capacity as well as metabolic 
adaptation following prolonged, resistance type exercise training in a large cohort 
elderly men and women. On the whole-body level, we show that increases in lean 
mass are similar between the elderly women and men (Table 2). The increase in 
whole-body lean mass was mainly attributed to the increase in leg lean mass which 
was ~3% in both women and men. These data are in line with Bamman et al (15), who 
reported similar absolute gains in whole-body lean mass in women and men in re-
sponse to 26 wk of knee extensor training. Several studies also reported a significant 
increase in thigh muscle cross-sectional area ranging from 2 to 9% following resistance 
type exercise training in men (7, 8, 44) and women (45, 46). However, these studies did 
not make a comparison between genders to assess whether men and women respond 
to the same extent. By actually comparing the response to 9 wk of (unilateral) re-
sistance type exercise training between genders, Tracy et al (17) reported a greater 
absolute increase in quadriceps muscle volume in elderly men when compared with 
women. However, percent increases in muscle volume were similar between the 
women and men (17). Our study confirms these latter findings, indicating that whereas 
absolute increases in quadriceps CSA are greater in men compared with women (6.2 ± 
0.6 vs 4.0 ± 0.4 cm2, respectively), the relative increase in muscle mass remains similar 
between men and women (~9%). 
 The loss of skeletal muscle mass with aging is associated with specific type II muscle 
fiber atrophy (33, 47, 48). In agreement, we observed that type II muscle fiber CSA was 
significantly smaller than type I fiber CSA in both the women and men (Figure 3). Com-
parisons with type I and II muscle fiber size of muscle tissue collected in young adults 
from our laboratory (33) as well as others (47, 48), clearly shows that specific type II 
muscle fiber atrophy is a hallmark of senescent muscle. Furthermore, we confirm and 
extend on our previous findings in men (31) by showing that type II muscle fiber atro-
phy with aging is associated with a specific decline in type II muscle fiber satellite cell 
content in both elderly men and women. In line with previous observations (9, 49, 50), 
type II muscle fiber CSA increased following resistance type exercise training, with no 
significant changes in type I muscle fiber CSA. This study extends on these data by the 
comparison of changes in type I and II muscle fiber size between the men and women 
(Figure 3A). Type II muscle fiber CSA increased by 29 ± 7 and 24 ± 7% in the women 
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and men, respectively after training. We detected no gender differences in muscle 
fiber hypertrophy following 3 and 6 months of resistance type exercise training. In 
accordance, we observed a type II muscle fiber specific increase in myonuclear and 
satellite cell content, with no differences between groups (Figure 3B). This is the first 
study to show that the lower type II muscle fiber size and satellite cell content with 
aging can be enhanced to the same extent in both elderly men and women by pro-
longed resistance type exercise training. This seems to be at odds with previous data 
by Bamman et al (15) who reported that muscle fiber hypertrophy was greater in men 
when compared with women. However, the latter findings were observed in a relative 
small group (n = 14, with only 5 women included) when compared to the present find-
ings (n = 53, with 24 women included). Therefore, we conclude that type II muscle 
fiber hypertrophy is achieved in both men and women, with no apparent differences 
between genders. As a consequence of the training-induced gain in type II muscle fiber 
CSA, the relative type II muscle fiber atrophy observed prior to intervention was no 
longer apparent after 24 wk of intervention in the men. In contrast, despite the sub-
stantial 29 ± 7% type II muscle fiber hypertrophy, muscle fiber size was still significantly 
smaller in the type II vs type I muscle fibers after 24 wk of intervention in the women. 
The latter clearly shows the relevance of effective interventions to maintain or even 
increase type II muscle fiber size in women, as baseline type II muscle fiber size is even 
more compromised in the women compared with the men. Importantly though, mus-
cle tissue in both older women and men is still capable of inducing satellite cell prolif-
eration, differentiation, and fusion of new myonuclei into existing muscle fibers, result-
ing in type II muscle fiber hypertrophy. 
 The loss of strength with aging is generally greater than can be predicted based on 
the loss of muscle mass (51). This is likely attributed to changes in muscle quality (i.e. 
the maximal strength per unit of muscle mass) as well as impairments in neuromuscu-
lar function (52). Goodpaster et al (28) showed that fat infiltration of the muscle is 
associated with lower muscle strength per CSA. As such, intermuscular adipose tissue 
infiltration likely represents an important contributor to the loss of muscle quality and, 
therefore, the loss of muscle strength and function with aging. 
 In line with the more pronounced decline in muscle strength versus muscle mass 
with aging, we observed a massive increase in muscle strength following the onset of 
exercise training in our volunteers. Various resistance type exercise training studies in 
elderly population, using different training and testing methods, have observed in-
creases in 1RM leg extension muscle strength ranging from 27% to 113% (7, 9, 10, 15, 
17, 45, 53). In this study, absolute strength increases appeared to be lower in the 
women when compared with the men. The latter was apparent for both the leg press 
(41 ± 3 vs 53 ± 3 kg) and leg extension (26 ± 2 vs 38 ± 2 kg) exercises. The larger abso-
lute increase in leg press compared to the leg extension can be explained by the differ-
ent nature of the exercises; i.e., multi-joint versus isolating the quadriceps muscle (34). 
However, when expressed relative to pre-intervention values increases in strength 
were similar between women and men for the leg press (31 ± 3 vs 26 ± 2%) and leg 
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extension (42 ± 3 vs 43±3%) exercise. These findings confirmed the observations by 
Tracy et al (17) who studied whether gender affects the increase in muscle strength 
due to resistance type exercise training in the elderly over a period of 9 wk. Although 
they showed a greater absolute increase in muscle strength for the men compared to 
the women, the relative changes were comparable between genders (27 vs 29%, re-
spectively). Bamman et al (15) also observed substantial increases in muscle strength 
over 26 wk of training. They confirmed that men gained more absolute strength than 
women. We speculate that baseline differences in muscle strength may at least partly 
explain previously reported differences in the increase in muscle strength between 
genders. This is confirmed by the positive correlation between baseline leg extension 
strength and the absolute increase in leg extension (r = 0.31, P < 0.05) and the positive 
correlation between baseline leg press strength and the absolute increase in leg press 
(r = 0.33, P < 0.05) observed in the present study. Furthermore, when correcting for 
baseline strength values by calculating percentage changes, the gender differences in 
strength gains had completely disappeared. 
 It is clear that several daily tasks, such as rising from chair, climbing stairs, and 
walking are influenced by muscle strength, especially in older people (54). The clinical 
relevance of increasing muscle strength in the elderly was shown by Capodaglio et al 
(55) and Fiatarone et al (10), who observed improvements in functional capacity fol-
lowing resistance type exercise training. Nevertheless, gender comparisons of the 
increase in functional capacity following resistance type exercise training are lacking. In 
this study we also assessed functional parameters; sit-to-stand time and handgrip 
strength. Sit-to-stand time improved significantly in both the women and the men. 
Although there is a large difference in muscle strength between genders, the increase 
in strength due to resistance type exercise training improves sit-to-stand time to the 
same extent in both women and men. Notably, whereas there were large gender dif-
ferences in muscle mass and strength already at baseline (even when corrected for 
body mass), functional capacity measured as sit-to-stand time was similar for the men 
and women. This supports the idea that functional capacity is not merely explained by 
muscle strength, but other factors such as neurological function should also be taken 
into account. No changes were observed over time in handgrip strength in either 
women or men. Though a potentially relevant marker in large cross-sectional studies 
(56), this study clearly shows that handgrip strength does not represent a clinically 
relevant and/or valid measure to assess individual changes in muscle function in re-
sponse to prolonged resistance type exercise training programs. 
 Together with the increases in muscle mass, strength and function, we also ob-
served significant improvements in several risk factors for metabolic disease. These 
improvements are normally attributed to the impact of prolonged endurance type 
exercise training. Glycemic control improved similarly in both the women and the men 
as evidenced by a 0.1% decrease in HbA1c as well as a significant increase in ISI and 
OGIS. Our findings confirm previous studies in middle aged subjects and elderly wom-
en (57-59), and extend on those findings by showing that resistance type exercise 
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training improves whole body insulin sensitivity and glycemic control to the same ex-
tent in elderly women and men. The improvement in glycemic control was accompa-
nied by an improvement in the lipid profile. In addition, we observed significant im-
provements in both total cholesterol and LDL in the women as well as in the men, with 
no differences between genders. These findings confirmed the observations of Martins 
et al (60), supporting a role for resistance type exercise also in the prevention and/or 
treatment of chronic metabolic disease in the elderly population. It should be noted 
that elderly women are at a greater risk of developing insulin resistance due to a fur-
ther decline in muscle mass which will affect the fat mass/muscle mass ratio. This will 
make women even more susceptible for ectopic lipid deposition and insulin resistance. 
 It has been suggested that gender related differences in the hypertrophic response 
to resistance type exercise training may be attributed to differences in anabolic hor-
mones, especially gender related hormones such as testosterone. Among the hor-
mones measured in serum, we observed obvious gender differences for testosterone 
concentrations. However, serum concentrations did not change over time for any of 
the hormones, and no relations were found between serum hormone concentrations 
and the response to resistance type exercise training. These findings lend support to 
the assumption that hormonal profile may not be as important in the general response 
to resistance type exercise training as was previously assumed (61, 62). 
 Although previous studies have shown the efficacy of resistance type exercise train-
ing in both elderly men and women, this is the first study to compare the impact of 
prolonged resistance type exercise training on such an extensive range of measure-
ments between elderly men and women. We show that despite differences in the 
absolute increase in muscle mass and strength, there are no differences in the relative 
training response between women and men. The present work clearly shows that the 
same generic resistance type exercise training program is applicable in both elderly 
women and men to counteract the loss of muscle mass and function with aging. The 
latter greatly facilitates the implementation of training in a practical setting, enabling 
generic group sessions (for both men and women) on traditional training equipment. 
The increase in muscle mass and strength will attenuate the risk for functional impair-
ments, thereby improving quality of life at an advanced age. Combined with an im-
provement in metabolic risk profile, these findings indicate that resistance type exer-
cise training is the best approach to counteract the negative consequences related to 
the loss of muscle mass and function with aging in both elderly women and men. 
 We conclude that gender does not affect skeletal muscle mass and strength gains 
or improvements in functional capacity and metabolic profile in response to prolonged 
resistance type exercise training in the elderly. As such, elderly women and men bene-
fit equally from a resistance type exercise training program allowing them to prevent 
and treat the loss of muscle mass and function and reduce the risk of developing 
chronic metabolic disease. 
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Sarcopenia is defined as the decrease in muscle mass, strength and functional perfor-
mance with increasing age. Though sarcopenia is currently not considered to be a 
“disease” state, it does represent one of the major factors contributing to physical 
disability and frailty at an advanced age (1). Especially in the context of the global in-
crease in the number of elderly people in our society, sarcopenia is associated with 
ever increasing health care expenditures for complications that are associated with 
decreases in functional capacity and loss of independence. In this thesis, we have fo-
cused on both nutritional and physical activity interventions to increase muscle mass, 
strength and functional performance in the elderly. In this final chapter, we will elabo-
rate on some of the reported findings presented in this thesis and we will discuss them 
in a broader perspective. In addition, we will identify targets for health policies and 
define future research aims based on the findings presented in this thesis. 

Aging and physical activity  

Physical inactivity plays a key role in the development of sarcopenia. Evidence from 
immobilization and bed rest studies have shown that muscle mass and functional per-
formance are rapidly reduced when inactivity is experimentally induced (2, 3). Addi-
tionally, epidemiological studies have shown that low levels of physical activity are 
related to an accelerated decline in muscle mass, strength and functional performance 
with aging (4, 5). These findings underline the importance of physical activity as a main 
target to prevent or counteract muscle loss with aging. 
 In general, the most effective intervention to increase muscle mass is prolonged 
resistance type exercise training. In chapter 5 and 6 of this thesis we show that re-
sistance type exercise training represents a potent stimulus to increase muscle mass, 
muscle strength and physical performance in the elderly population, both for men and 
women. Peterson et al (6) have shown in a meta-analysis, that after an average of 20.5 
wks of resistance type exercise training, elderly subjects gain 1.1 kg lean body mass. In 
agreement, we observed a 1.2 kg increase in lean mass after 24 wks of resistance type 
exercise training, underlining the key role that resistance type exercise plays in the 
preservation and even the increase in muscle mass in the aging population. In a sepa-
rate meta-analysis by Peterson et al (7), an average 29±2% improvement in 1RM leg 
press strength and a 33±2% improvement in 1RM leg extension strength was calculated 
after an average of 18 wks of resistance type exercise training. Again, we observed quite 
similar increases in leg press (~30%) and leg extension strength (~40%). In our relatively 
healthy elderly subject group, the increase in muscle mass and strength translated into 
a decrease in sit-to-stand time by ~20%. This clearly shows that resistance type exercise 
training in the elderly leads to an improvement in physical functioning.  
 With the aging of our society, the incidence of physical disability will increase, and 
prevention and/or treatment of disability are becoming increasingly relevant to im-
prove public health. An effective training program for elderly will improve their (health 
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related) quality of life by enhancing several components, such as strength, balance, 
and flexibility (8). Furthermore, aging is not merely associated with a decrease in mus-
cle mass, strength, and functional capacity but also with a decrease in cardiorespirato-
ry fitness. Therefore, both resistance and endurance type exercise training could be of 
functional importance in the elderly population. Hence, in the actual prescription of a 
generalized training program for the elderly, both modes of exercise may be incorpo-
rated. Both modes of exercise may take into account the general principles of exercise 
training, such as gradual progression, variation, and due attention to recovery and 
stress. To augment the gains in health, strength, power and muscle mass in the elderly, 
the combination of resistance and endurance type exercise training is preferred. Re-
sistance type exercise training has the ability to increase muscle mass and strength and 
improve functional capacity. Endurance type exercise training induces increases in 
VO2max and submaximal endurance capacity (9). Based on the above considerations, 
the American College of Sports Medicine (ACSM) has developed guidelines for physical 
activity in healthy older adults (10, 11). In general, the ACSM advises older adults to 
perform moderate-intensity aerobic activity for a minimum of 30 min on five days each 
week or vigorous-intensity aerobic activity for a minimum of 20 min on three days 
each week. For muscle strengthening activity the ACSM recommends to perform 8 to 
10 exercises on two or more non-consecutive days per week (12). However, these 
guidelines need to be evaluated critically, because performing exercise on a daily basis 
will not be achievable for everybody. Cadore et al (9) have further looked into what is 
needed when resistance and endurance type exercise training are combined in the 
elderly to improve both neuromuscular and cardiorespiratory functions. Recent evi-
dence shows that resistance type exercise training should be performed at moderate 
to high intensity (i.e. 60-80% of 1RM) (7, 13) and with moderate volume (2 to 3 sets 
per exercise) (14), and endurance type exercise training needs to be performed at 
moderate to high intensity (i.e. 60-85% of VO2max), and moderate volume (i.e., 25 to 40 
min) (9). According to Cadore et al (9) two to three sessions a week seems to be the 
optimal frequency to increase muscle mass, strength and cardiorespiratory fitness. To 
prevent endurance type exercise training from interfering with neuromuscular adapta-
tion it may be preferred to perform the resistance type exercises first (15, 16). Aside 
from these general recommendations though, it is clear that for functional impair-
ments in daily life of the elderly population (e.g. getting out of a chair, climbing a flight 
of stairs), the loss of muscle mass and strength - rather than endurance capacity - is 
the main determinant (9). For improvements in strength and hypertrophy in older 
adults the ACSM  recommends to use both free-weights and machines; include multi-
ple- and single-joint exercises; with slow to moderate lifting velocity;  one to three sets 
per exercise with 60-80% of 1RM for 8-12 repetitions; with 1-3 min of rest between 
sets; for 2-3 days/week (8, 10, 17-20). Recent evidence has also shown that including 
power training in resistance type exercise training induces greater enhancements in 
functional outcomes (21).  
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 In summary, a physically active lifestyle represents a key factor in the maintenance 
of muscle mass and function, and resistance type exercise training modalities are es-
sential to augment muscle mass and increase strength in the elderly population. As 
such, resistance type exercise training should be placed at the forefront of any inter-
vention strategy aiming to prevent and/or reverse the age related loss of muscle mass 
and function. 

Practical considerations when training elderly 

Though the guidelines described above already give a good overview of a general train-
ing program, there are a number of practical considerations that need to be taken into 
account when designing an effective training program for an elderly population. Some 
of the most difficult aspects in training elderly people are to convince them to start an 
exercise program and to ensure they will adhere to training once they have reached 
the desirable level, to prevent subsequent detraining (22, 23).  
 First of all, elderly people need to be aware of all the benefits that training on a 
regular basis has to offer. There is ample scientific evidence to support the overall 
health benefits of regular exercise training, and both general practitioners and health 
insurance companies could play a role in communicating that message towards the 
elderly population. With an expected decrease in disability- and dependency-related 
healthcare costs (24), financial incentives may even represent a cost-effective means 
to increase participation in exercise programs. As a second point, it needs to be taken 
into account that many elderly have been physically inactive for quite some time. For 
those individuals, who have difficulty with taking the step towards gym based exercise, 
a lifestyle integrated approach might be a more useful approach for a training pro-
gram. Clemson et al (25) have shown that the incorporation of balance and resistance 
type exercise training into daily life activity effectively reduces the number of falls in 
older people, while simultaneously improving strength, balance, and physical function-
ing. Additional to these findings, Pahor et al (26) investigated the effect of a structured 
moderate intensity physical activity program done in a center and at home that includ-
ed endurance and resistance type exercise and flexibility training activities. This struc-
tured program decreased major mobility disability over 2.6 years in elderly adults at 
risk of disability (26). When elderly are triggered to perform functional exercises in 
their daily life, the exercises are more likely to become part of the normal daily rou-
tine, which likely improves adherence to the ‘program’.   
 A third point of attention is detraining. Based on unpublished observations we have 
learned that when healthy elderly returned 1 year after performing our standardized 6 
month resistance type exercise training program (chapter 5) detraining takes place 
even in the elderly who maintained some level of unsupervised resistance type exer-
cise training. All volunteers had lost muscle mass and muscle strength one year after 
the end of the intervention, with even some of the participants having muscle mass 
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and strength levels similar to pre-intervention values. These observations clearly indi-
cate the relevance of personalized supervision, ensuring progressiveness or at least 
maintenance of exercise intensity, and enabling regular assessment of the exercise 
effects in order to maintain or even further increase the positive effects of resistance 
type exercise training in the elderly (increase in muscle mass, strength and physical 
function). Furthermore, in trying to convince the elderly to start and to keep on train-
ing, we need to be aware that physical activity and psychological well-being are closely 
linked (27). In a recent review, Adams et al (28) suggested that a successful training 
program for elderly should include both the proper content and the social context of 
the activities. This means that performing exercise together, within an informal social 
setting likely represents the best stimulus to start performing exercise and to maintain 
a high level of motivation to keep on exercising (28). So incorporating the social aspect 
is of great importance when developing and setting up effective exercise routines for 
the elderly. In addition, it needs to be considered when a training program is devel-
oped, that any exercise program needs to be practically achievable within a reasonable 
time frame, both in terms of session time and number of sessions, with a suggested 
maximum of 3 sessions per week (29).  
 Apart from the ‘integrated lifestyle approach’, the aspects described above could 
all be facilitated by providing appropriate personal supervision during a training pro-
gram. In general, supervision from an experienced training expert is needed to ensure 
proper execution of the exercise program, and maintain safety for all participants. 
However, supervision should also include monitoring of any improvements in strength 
and function, ensuring awareness of the actual benefits of the exercise that is per-
formed, motivating all participants individually and as a group, and are important fac-
tors in maintaining compliance to the exercise program. Though supervision may be 
less needed throughout the later stages of a training program, we propose that some 
form of personal supervision is important to increase the adherence and compliance to 
an exercise regimen and, as such, to ensure overall success of any exercise training 
program. 
 
In conclusion, with resistance type exercise representing the most effective method to 
increase muscle mass and muscle strength and improve functional capacity in elderly 
people, this population needs to be advised to engage in regular supervised resistance 
type exercise training. On a global level, it is of utmost importance that elderly are ad-
vised to increase physical activity. And public health strategies should be focused to-
wards increasing and maintaining compliance to such exercise programs. Apart from 
increasing participation in specific resistance type exercise training programs, for specif-
ic groups of elderly, a solution may lie in incorporating resistance type exercise training 
in daily–life activities. Appropriate personal supervision and individualized exercise 
prescription need to be taken into account in order to increase both extrinsic and intrin-
sic motivation and, as such, increase successful participation in any exercise program. 
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Nutrition and exercise 

Physical activity and, more specifically, resistance type exercise, stimulates both mus-
cle protein synthesis and (to a lesser extent) protein breakdown. However, in the ab-
sence of protein intake, net muscle protein balance remains negative in the post-
exercise state (30-32). The ingestion of dietary protein after resistance-type exercise 
increases post-exercise muscle protein synthesis rates and inhibits muscle protein 
breakdown, thereby allowing net muscle protein accretion during the acute post-
exercise recovery period (30, 31, 33). Therefore, dietary protein supplementation may 
represent an effective strategy to augment the skeletal muscle adaptive response to 
prolonged resistance type exercise training. However, there has been significant disa-
greement in literature on the surplus value of protein supplementation during pro-
longed resistance type exercise training. In chapter 5 of this thesis we show that pro-
longed resistance type exercise training increases muscle mass, muscle strength and 
functional performance in healthy elderly. However, additional protein supplementa-
tion at breakfast (15 g/d) did not further augment the increase in muscle mass, 
strength, and/or functional capacity in these healthy elderly subjects. This finding is 
supported by several other studies in which an additive benefit of protein supplemen-
tation on top of any training effects was not observed (34-39). Only a few studies have 
reported a significantly greater increase in muscle mass and strength when dietary 
protein was supplemented during prolonged resistance type exercise training (40-42). 
Although the reasons for this discrepancy in literature remain unclear, it has been 
suggested that for instance the population that is being studied (e.g. frail vs healthy) 
may impact the efficacy of additional protein supplementation to improve training 
effects (42). In addition, differences in habitual dietary protein intake, training status, 
training program, amount, type, and timing of protein supplementation likely contrib-
ute to the discrepant findings observed previously. Nonetheless, it appears paradoxical 
that basically all “acute studies” suggest that the combination of exercise and nutrition 
(specifically protein) has a synergistic effect, whereas the majority of long-term studies 
are unable to detect any additional benefits of protein supplementation on top of the 
exercise training effects (30, 31, 33-37). In an attempt to resolve the question regard-
ing the proposed benefits of protein supplementation on the gain in muscle mass 
and/or strength during a prolonged resistance type exercise training intervention, a 
meta-analysis was recently performed by Cermak et al (43). Interestingly, the meta-
analysis showed that for both young and elderly individuals, protein supplementation 
during a prolonged resistance type exercise training intervention significantly aug-
ments the gains in lean body mass, muscle fiber size, and muscle strength when com-
pared with resistance type exercise training alone. Based on the studies including el-
derly individuals, the meta-analysis reported that dietary protein supplementation 
(50±32 g/d) increases lean mass by 38% more when compared with placebo. Likewise, 
an additional 33% increase in 1RM leg strength during ~12 wks of resistance type exer-
cise training in elderly subjects was calculated. Overall, this meta-analysis clearly 
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shows that dietary protein supplementation represents an effective strategy to further 
augment the gains in muscle mass and strength following a period of resistance type 
exercise training in both young and older healthy subjects (43). It could be speculated 
that the additional benefits may even be greater in more compromised elderly popula-
tions, who generally consume only a limited amount of protein in their habitual diet 
(44). Future work should focus on further optimizing the clinical benefits of combined 
exercise and nutritional interventions. This may involve tailoring the exercise regimen 
towards a specific (clinical) subpopulation, but also includes tailoring the nutritional 
strategy towards an optimal amount, type and timing of protein supplementation.    

Protein supplementation: what, when and how much? 

For resistance type exercise training to increase muscle mass, dietary protein intake is 
required to provide the building blocks for de novo muscle protein synthesis and allow 
net accretion of muscle mass. Moreover, as discussed above, additional protein sup-
plementation further augments the benefits of resistance type exercise training. How-
ever, how this should be translated into a practical approach still remains a topic of 
intense debate. Several aspects need to be considered in defining optimal protein 
intake strategies. These include amongst others, the source of dietary protein, the 
amount of protein, and the timing of protein consumption in the elderly population. 

Source of protein 

Essential amino acids (EAA) have been shown to play a key role in regulating synthesis 
of skeletal muscle protein (45). However, the effect of food sources high in EAA on 
postprandial muscle protein synthesis rates differ between food sources, likely de-
pending on the amino acid composition of the protein. Leucine seems to represent a 
unique amino acid in this regard. As was extensively discussed in chapter 2, leucine has 
the capacity to strongly stimulate postprandial rates of muscle protein synthesis in 
humans. A recent study from our lab (46) showed that addition of free leucine with 
protein improves post-prandial muscle protein accretion in elderly men, confirming 
previous work in this area (47). Therefore, it has been suggested that increasing the 
leucine content of meal may represent an effective strategy to increase muscle mass in 
the elderly population. However, we were unable to detect any effect of leucine sup-
plementation on muscle mass in healthy elderly (48), nor in elderly type 2 diabetes 
patients after 3-6 months of daily leucine supplementation with breakfast, lunch, and 
dinner (chapter 3). From these studies we conclude that supplementation of a single 
amino acid will unlikely provide functional or clinical benefits. It is possible that a com-
plete mixture of EAA is necessary to elicit improvements in muscle mass and/or func-
tion in the elderly. However, the long term effects of supplementation with an EAA 
mixture still need to be determined. Tieland et al (42) investigated the long term ef-
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fects of a combination of resistance type exercise training and milk protein supplemen-
tation, known for its high quality in terms of EAA content. They showed that combining 
resistance type exercise training with milk protein supplementation significantly in-
creased lean body mass after 24 wks of training in frail elderly (42). Furthermore, the 
same authors (49) showed that only milk protein supplementation (i.e. without exer-
cise training) for 24 wks can improve physical performance in frail elderly people. 
These findings clearly indicate the potential that dietary protein can have to increase 
muscle mass and/or function. Several studies have also looked into the practical die-
tary approach by focusing on protein-rich foods (e.g., beef, eggs) (50-53). These studies 
confirmed that a variety of high-quality dietary protein foods have the capacity to 
enhance muscle protein anabolism in both young and elderly (54). 
 Apart from the amino acid composition of different proteins, the rate of protein 
digestion and absorption can also vary substantially depending on the protein source 
(55). Current work in this area is aimed at further unraveling the optimal composition 
of dietary protein supplements, both in relation to the stimulation of protein synthesis 
and in maximizing the hypertrophic response to prolonged exercise and/or nutritional 
interventions.  

Amount of protein 

Another important issue to consider is that a proper amount of high-quality protein 
needs to be consumed on a daily basis. The current recommendations regarding pro-
tein intake for adults older than 18 y is 0.83 g/kg/d (56). Although this amount is suffi-
cient for healthy people, several studies have shown that meeting this recommenda-
tion does not prevent muscle loss with aging (57-61). Therefore, it has been suggested 
that the recommended daily allowance (RDA) for protein is not sufficient to maintain 
muscle mass in elderly people. Many experts now recommend that elderly people 
should increase their protein intake to 1.0 to 1.5 g/kg/d (58, 60-64). In our studies 
(chapters 2 to 6) we describe an average protein intake of around 1.1 g/kg/d, both in 
diabetic and in healthy elderly subjects aged 65 y and over. Although on average, pro-
tein intake was well above the current RDA, we therefore argue there is still ample 
reason to further increase protein intake in older subpopulations consuming (less 
than) 0.8 g protein kg per day. As discussed in a recent review by Volpi et al (65) the 
RDA for protein is probably sufficient for most sedentary or low-active elderly; howev-
er it may not be sufficient to maintain health and maximize muscle mass, strength and 
function in the elderly. Additionally it should also be considered that muscle mass is 
not only critical for adequate function but also for disease outcomes (65). Recent evi-
dence supports the clinical benefits of increasing protein intake in elderly. Houston et 
al (66) showed that protein intake is associated with the extent of lean mass loss. El-
derly subjects who had an average protein intake of around 1.2 g/kg/d lost ~40% less 
lean mass over a period of 3 years when compared with those with an average protein 
intake of around 0.8 g/kg/d. (66). In addition, by supplementing protein intake with 
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breakfast and lunch, Tieland et al (49) increased overall protein intake in frail elderly 
from 1.0 to 1.4 g/kg/d. Though muscle mass was not increased after 24 wks of dietary 
protein supplementation, a significant increase in muscle strength and improvements 
in functional performance were observed in the protein supplemented group vs the 
placebo supplemented frail elderly.  Likewise, as described earlier, Cermak et al (43) 
recently reported that protein supplementation (on average 50±32 g protein/d on top 
of their normal diet) during prolonged resistance type exercise training (on average 3 
months) induced a further 38% increase in fat free mass and a further 33% increase in 
1RM strength compared to placebo (i.e. exercise only). This increase in muscle mass 
and strength will translate into an improvement in functional capacity. Consequently, 
we recommend increasing daily protein intake to 1.2–1.5 g/kg/d, either by increasing 
habitual dietary protein or through protein supplementation, to ensure a sufficient 
supply of protein to the body to allow a maximal adaptive response to resistance type 
exercise training. In addition, this will also allow better maintenance of muscle mass 
and function throughout normal aging, and potentially even in specific disease states. 
We need to consider that during prolonged resistance type exercise training daily en-
ergy expenditure and daily energy intake will increase. Under conditions that the mac-
ronutrient composition of the diet is not changed, a greater energy intake will lead to a 
greater absolute protein intake without specific protein supplementation. Therefore, 
protein supplements are generally not required to attain such targets for daily protein 
intake. 

Timing of protein intake 

Apart from the amount of protein to be ingested daily, it is also important to consider 
when protein is ingested. It is generally acknowledged that a certain amount of protein 
is necessary to effectively stimulate post-prandial muscle protein synthesis rates (60, 
67). That means that at least with each main meal, a certain amount of protein needs 
to be consumed (i.e., spread throughout the day). It has been suggested that at least 
20-25 g of protein should be ingested with each meal to maximally stimulate muscle 
protein synthesis rates. Indeed, in the young, there appears to be a plateau in the 
muscle protein synthetic response after ingestion of 20-25 g high-quality (whey) pro-
tein (68, 69). However, various studies have shown that further increasing protein 
intake in the elderly actually leads to a further stimulation of postprandial muscle pro-
tein synthesis (55, 70-72). As such, it remains to be determined what the optimal 
amount of protein with each main meal would be in the elderly population. Nonethe-
less, in studying the habitual intake of various elderly subgroups, Tieland et al (44) 
showed that during breakfast, all elderly consume relatively little protein, and even the 
lower limit of 20 g is not reached. During lunch, protein intake is low for frail and insti-
tutionalized elderly. During these meals, protein intake needs to be increased by either 
consuming more food, consuming more protein dense foods, and/or by supplementing 
protein. This also supports the statement that the total RDA for protein should be 
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increased, especially for the elderly population. Furthermore, our group (73) per-
formed a proof-of-principle study to assess whether dietary protein administration 
during sleep could stimulate muscle protein synthesis and improve overnight whole 
body protein balance in elderly. We showed for the first time that dietary protein ad-
ministration (40 g) during sleep is followed by normal digestion and absorption kinet-
ics, thereby stimulating overnight muscle protein synthesis (73). This approach may 
represent an alternative way to increase overall protein intake in the elderly and could 
theoretically limit the suggested negative impact of an overnight negative protein 
balance. Practically, this could be translated into a pre-bedtime protein meal or drink. 
However, more research is needed in this area to look at the optimal composition of 
such a pre-sleep protein bolus. Interestingly, we recently reported that protein inges-
tion prior to sleep increases muscle mass and strength gains during prolonged re-
sistance type exercise training in healthy young men (74). Yet, it remains to be deter-
mined what the long-term effects of pre-sleep protein consumption are in elderly 
people, either with or without additional exercise interventions.  
 Taken together we can conclude that it is important that a sufficient amount of 
high quality protein is consumed and special attention needs to go out to the amount 
of leucine, since leucine seems to have the unique ability to strongly stimulate muscle 
protein synthesis rates. Also timing of intake needs to be guarded, with ample protein 
provision with each main meal. In general, we would advocate to increase the recom-
mended daily allowance of protein intake in the elderly toward 1.2-1.5 g/kg/d. When-
ever possible, increasing protein intake should be combined with the implementation 
of resistance type exercise activities to elicit the synergistic effects of resistance type 
exercise training and (more) protein consumption . Future work should define the 
impact of the protein source, amount and timing of protein intake on health and per-
formance in various elderly subpopulations. 

Future perspectives 

The actual health benefits of exercise in elderly people are well established, but exer-
cise still is an underused form of health promotion. To inform the elderly about the 
benefits of exercise and to motivate them to change their sedentary lifestyle, physi-
cians need to play a more active role. In combination with this a more tailored ap-
proach in getting elderly to start and to keep on exercising needs to be developed. 
Both General Practitioners and other physicians who come into contact with elderly 
and/or geriatric patients need to make their patients aware of the benefits of exercise 
and/or more habitual physical activity. Health insurance companies should be held 
responsible to facilitate this process. The work described in this thesis showcases the 
benefits of resistance type exercise training and evaluates the proposed surplus bene-
fits of nutritional co-intervention to augment gains in muscle mass, strength and func-
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tion in the elderly population. Nonetheless, there are many remaining questions that 
should be addressed in future research. Such questions include: 
 

- What is the optimal training program to counteract sarcopenia in various older 
subpopulations? 

- What is the preferred type, amount, and composition of protein to support 
muscle accretion during prolonged resistance type exercise training in various 
older subpopulations? 

- What is the impact of short term bed rest and immobilization on muscle mass, 
strength and functional capacity in both health and disease? 

- Can pre-bedtime protein ingestion improve net muscle protein balance and, as 
such, prevent muscle mass loss during hospitalization or support muscle mass 
gains during resistance type exercise or rehabilitative exercise training? 

- Are there specific nutritional compounds (eg. Vitamin D, creatine) that can be 
used as adjuvant interventions to attenuate muscle loss or gain muscle mass in 
both healthy and frail elderly (sub) populations? 

 
Prevention and treatment of sarcopenia will reduce the risk of disability, loss of inde-
pendence, institutionalization, hospitalization and mortality. As shown in this thesis, 
the most effective way to increase muscle mass, strength, and functional performance 
is by adherence to resistance type exercise training. With the right state of mind and 
proper guidance elderly people can prevent and even reverse the age related loss of 
muscle mass and strength. A more active older population will reduce health care 
costs, increase the number of elderly living independently up to a more advanced age, 
lower the incidence of falls and hip fractures, and improve overall well-being of our 
elders. We need to invest in developing a structure in which the older population can 
become more active, supporting healthy aging of our society. 
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Aging is associated with the progressive loss of skeletal muscle mass and strength, also 
known as sarcopenia. This loss of muscle mass and strength is associated with func-
tional impairment in daily life activities and causes both physical and functional limita-
tions, eventually resulting in the loss of independence in elderly. To counteract the 
decrease in muscle mass and strength and to improve functional capacity several in-
terventions have been proposed. This thesis focusses on the advantages of resistance 
type exercise training, and the role of nutrition (more specifically protein supplemen-
tation) to improve muscle mass, strength and functional capacity in the community 
dwelling elderly population. 
 In chapter 2, we reviewed the literature on the amino acid leucine, with a focus on 
its anabolic properties. It has previously been established that amino acids play a cru-
cial role to increase protein synthesis in the muscle. Leucine seems to represent a 
unique amino acid in this regard by not only acting as a building block, but also target-
ing anabolic pathways, thereby potentiating the anabolic effect of a given (protein) 
stimulus. Leucine has also been identified as a potent insulin secretagogue when ad-
ministered in combination with carbohydrate and protein. Due to the combination of 
these functionalities, we propose that leucine could be a relevant pharmaconutrient in 
the prevention and treatment of sarcopenia, especially in type 2 diabetes patients.  
 Chapter 3 describes the first intervention study of this thesis. Building on the sug-
gestions from chapter 2, we investigated the effect of 6 months of leucine supplemen-
tation on muscle mass, strength and glycemic control in 60 elderly men with type 2 
diabetes. During 6 months the participants were administered with leucine (2.5 g) or a 
placebo supplement with each main meal. After 6 months the amount of muscle mass 
in both groups remained the same. Also muscle strength and glycemic control (such as 
HbA1c and oral glucose tolerance) did not change in either group. We concluded that 
prolonged leucine supplementation (7.5 g/d) does not represent an effective strategy to 
improve body composition, muscle mass, strength, glycemic control, and/or lipidemia in 
elderly type 2 diabetes patients who habitually consume adequate dietary protein. 
 In chapter 4 we investigated the impact of type 2 diabetes on muscle mass, 
strength and functional capacity in an older population. Muscle mass (whole body level 
and muscle level), muscle strength (1-repetition maximum), functional capacity (sit-to-
stand test and handgrip strength), and reaction time performance (computer task) 
were compared between 60 older men with type 2 diabetes and 32 age-matched 
normoglycemic controls. Leg lean mass and appendicular skeletal muscle mass were 
significantly lower in older men with type 2 diabetes. Additionally, leg extension 
strength was significantly lower in the group with type 2 diabetes. In agreement, func-
tional performance was impaired in the men with type 2 diabetes, with longer sit-to-
stand time when compared with normoglycemic controls. However, muscle fiber size 
and reaction time performance did not differ between groups. Clearly, older patients 
with type 2 diabetes experienced greater impairments in leg lean mass, muscle 
strength, and functional capacity. Based on these findings, we argue that effective 
interventional strategies to counteract the loss of muscle mass and strength may be of 
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even greater relevance in the older diabetic population and, as such, should be imple-
mented at an earlier stage.  
 The second intervention study is described in chapter 5. In this study we investi-
gated whether dietary protein supplementation can further augment the adaptive 
response to prolonged resistance type exercise training in 31 healthy elderly men and 
29 healthy elderly women. During a 6 months resistance type exercise training pro-
gram (3 times/week) the participants were randomly assigned to receive additional 
protein supplementation (15 g/d at breakfast) or a placebo supplement. In both groups 
1RM strength increased significantly, with no differences between groups. Leg muscle 
mass and quadriceps cross-sectional area also increased similarly in the placebo and 
protein groups. Likewise, type II muscle fiber size increased over time, and sit-to stand 
time improved in response to the training program, with no differences between the 
placebo and protein groups. Based on these findings, we conclude that prolonged 
resistance type exercise training increases skeletal muscle mass and strength, and 
augments functional capacity in healthy elderly men and women. However, protein 
supplementation (15 g/d) does not seem to provide any benefit to further increase 
muscle mass, strength, and/or functional capacity. 
 In chapter 6 we focused on the question whether there is a difference between 
elderly men and women in the adaptive response to prolonged resistance type exer-
cise training. The findings are based on the data collected during the training study 
(chapter 5). We show that both women and men respond similarly to 3x per week of 
resistance type exercise training for a period of 6 months. In both groups we showed a 
comparable increase in muscle mass and strength and an improvement in functional 
capacity and metabolic health. As such, a generic resistance type exercise training 
program can be applied for both women and men to effectively counteract the loss of 
muscle mass and strength with aging. 
 The final chapter 7 provides a further discussion on the findings presented in this 
thesis. Our observations mainly point out the importance of resistance type exercise 
training to counteract sarcopenia in the elderly population. Within both intervention 
studies we did not find an effect of either leucine or protein supplementation, but we 
need to consider that both studies were performed in relatively healthy elderly with 
high habitual protein intake. This might explain the lack of additional effect in the 
group that received protein supplementation. With a tailored nutritional strategy to-
wards an optimal amount, type and timing of protein supplementation, additional 
benefits may be expected, especially in more compromised elderly populations. None-
theless, resistance type exercise training unarguably represents the most robust and 
effective intervention to increases muscle mass, strength and functional capacity in 
healthy elderly. We propose that with the right state of mind and proper guidance, 
elderly people can prevent and even reverse the age related loss of muscle mass and 
strength. A more active older population will reduce health care costs, increase the 
number of elderly living independently up to a more advanced age, and improve over-
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all well-being of our elders. We need to invest in developing a structure in which the 
older population can become more active, supporting healthy aging of our society. 
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Veroudering gaat samen met verlies van spiermassa en spierkracht, ook wel sarcope-
nie genaamd. Dit verlies in spiermassa en spierkracht zorgt in het dagelijkse leven voor 
fysieke beperkingen en een verlies van functionele capaciteit. Sarcopenie leidt daar-
door uiteindelijk tot een verminderde zelfredzaamheid. Om de afname van spiermassa 
en spierkracht tegen te gaan en functionele capaciteit te behouden of zelfs te verbete-
ren, zijn er verschillende interventies mogelijk. In dit proefschrift richten we ons voor-
namelijk op de positieve effecten van krachttraining en kijken we daarnaast naar de 
mogelijk ondersteunde rol van eiwit suppletie om spiermassa, spierkracht en functio-
nele capaciteit bij ouderen te verbeteren. 
 In hoofdstuk 2 beschrijven we uitgebreid de rol die is weg gelegd voor het amino-
zuur leucine. Uit eerder onderzoek blijkt dat aminozuren een cruciale rol spelen bij het 
verhogen van de eiwitsynthese in de spieren. Met name voor leucine, welke samen 
met isoleucine en valine de vertakte keten aminozuren vormen, is aangetoond dat het 
de spiereiwitsynthese (en daarmee dus de aanmaak/opbouw van spieren) extra kan 
stimuleren. Bovendien stimuleert leucine ook sterk de afgifte van insuline in het li-
chaam wanneer het gelijktijdig wordt ingenomen met (andere) eiwitten of koolhydra-
ten. Op basis van de gereviewde literatuur, concluderen we in dit hoofdstuk dat leuci-
ne mogelijk een pharmaceutische waarde heeft in de preventie en behandeling van 
sarcopenie en type 2 diabetes. 
 Gebaseerd op de bevindingen uit de leucine review (hoofdstuk 2), beschrijven we in 
hoofdstuk 3 de eerste interventiestudie uit dit proefschrift. In deze studie zijn de effec-
ten van 6 maanden leucine suppletie op spiermassa, spierkracht en glycemische contro-
le van 60 oudere mannen met type 2 diabetes onderzocht. De deelnemers namen gedu-
rende 6 maanden een supplement van 2,5 gram leucine of een placebo supplement bij 
elke maaltijd. Na 6 maanden bleek de hoeveelheid spiermassa in beide groepen gelijk te 
zijn gebleven. Ook spierkracht en glycemische controle (zoals HbA1c en orale glucose 
tolerantie) veranderden niet in beide groepen. Deze studie toont duidelijk aan dat sim-
pelweg het innemen van extra leucine voor een periode van 6 maanden (7,5 g/dag) 
geen effect heeft op spiermassa, spierkracht en glycemische controle in oudere mannen 
met type 2 diabetes die dagelijks al voldoende eiwit consumeren. 
 In hoofdstuk 4 onderzochten we de invloed van type 2 diabetes op spiermassa, 
spierkracht en fysiek functioneren in een oudere populatie. Hiervoor hebben we 60 
oudere mannen met type 2 diabetes vergeleken met 32 gezonde oudere mannen, met 
betrekking tot spiermassa (zowel op heel lichaamsniveau als op spierniveau), spier-
kracht, fysiek functioneren (snel opstaan uit een stoel en handknijp kracht) en reactie-
tijd (met behulp van een computertaak). We zagen dat de mannen met type 2 diabetes 
minder spiermassa in de benen hadden, en minder spierkracht en een verminderd 
fysiek functioneren in vergelijking met de gezonde mannen. Voor de grootte van de 
spiervezels en voor reactietijd werden geen verschillen gevonden tussen beide groe-
pen. Trainingsprogramma’s voor ouderen zijn erop gericht om verminderde spiermas-
sa en spierfunctie te vergroten. Gezien de slechtere fysieke conditie in oudere type 2 
diabetes patiënten, is het voor deze populatie nog belangrijker om effectieve interven-
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tieprogramma’s in een vroeg stadium te implementeren zodat de verminderde spier-
massa en spierkracht worden aangepakt en het fysiek functioneren verbetert.  
 In hoofdstuk 5 vervolgen we met een tweede interventiestudie. In deze studie 
onderzochten we de invloed van 6 maanden krachttraining met of zonder eiwitsupple-
tie op spiermassa, spierkracht en fysiek functioneren van 31 gezonde oudere mannen 
en 29 gezonde oudere vrouwen. Gedurende 6 maanden lang kregen de deelnemers 
dagelijks bij het ontbijt een eiwitsupplement (15 g eiwit) of een placebo supplement. 
Alle deelnemers namen deel aan de krachttraining die 3 keer per week onder begelei-
ding plaatsvond. In beide groepen zagen we een significante stijging in spiermassa (op 
zowel heel lichaams- als spierniveau), spierkracht en fysiek functioneren. Er was echter 
geen verschil tussen de groep die het eiwitsupplement kreeg en de groep die het pla-
cebo kreeg. Op basis van deze bevindingen concluderen we dat langdurige krachttrai-
ning spiermassa, spierkracht en fysiek functioneren verbetert in gezonde ouderen, 
maar dat additionele eiwitsuppletie geen verdere verbetering teweeg brengt in gezon-
de ouderen die al voldoende eiwit consumeren. 
 In hoofdstuk 6 hebben we de data uit de trainingsstudie (hoofdstuk 5) nader ge-
analyseerd om te onderzoeken of geslacht een effect heeft op de trainingsrespons in 
gezonde ouderen. Uit ons onderzoek blijkt dat  vrouwen en mannen hetzelfde reage-
ren op 3x per week krachttraining. In beide groepen zagen we dat spiermassa, spier-
kracht en fysiek functioneren in gelijke mate toenamen tijdens 6 maanden krachttrai-
ning. Ook de positieve effecten op (cardio)metabole gezondheid waren hetzelfde voor 
mannen en vrouwen. Op basis van deze data kunnen we concluderen dat een stan-
daard krachttrainingsprogramma zowel bij vrouwen als bij mannen vergelijkbare resul-
taten heeft op spierkracht, spiermassa en op fysieke functioneren. 
 In het laatste hoofdstuk worden de onderzoeksresultaten uit dit proefschrift nader 
bediscussieerd. De bevindingen van dit proefschrift tonen vooral het belang van 
krachttraining aan om spiermassa en spierfunctie te verbeteren in gezonde ouderen. 
Binnen onze interventiestudies hebben we geen (extra) effect gevonden van leucine of 
eiwitsuppletie, maar hierbij moet wel opgemerkt worden dat de gezonde ouderen in 
onze studies al (meer dan) voldoende eiwit innamen in hun dagelijkse voeding. Het is 
mogelijk dat we daarom geen additioneel effect konden oppikken in deze groep en 
verder onderzoek zou zich daarom moeten richten op de meer gecompromitteerde 
oudere (patiënt) populaties. Daarbij zou vooral aandacht besteed moeten worden aan 
de optimale hoeveelheid, het type, en de timing van (extra) eiwit inname om de adap-
tatie aan krachttraining verder te ondersteunen. Op basis van dit proefschrift blijkt 
echter dat krachttraining op zichzelf de meest effectieve strategie is om zowel spier-
massa, spierkracht, als het fysiek functioneren bij gezonde ouderen te verbeteren. 
Hieruit kunnen we concluderen dat met de juiste instelling en correcte begeleiding,  
krachttraining in gezonde ouderen een cruciale bijdrage kan leveren om sarcopenie 
tegen te gaan en misschien zelfs te voorkomen. Een actieve oudere populatie zal de 
gezondheidskosten verlagen, de mate van onafhankelijkheid vergroten en het algeme-
ne gevoel van welzijn verbeteren. Kortom, we moeten investeren in de ontwikkeling 
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van een structuur waarin ouderen gestimuleerd worden om actiever te zijn, om het 
gezond ouder worden van onze gemeenschap waar te kunnen maken. 
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In current times, ever increasing scientific, socio-economic and political attention is 
going out to the health implications of global aging. Considering the demographic de-
velopment over the past decades as well as the population projections for the upcom-
ing period, this is hardly surprising. Between 2015 and 2050, the proportion of the 
world's population over 60 years will nearly double from 12% to 22%. Even more strik-
ing, the number of people aged 80 y and older is expected to more than triple, from 
125 million in 2015 to 434 million by 2050 (1). Similar expectations have been reported 
for the Netherlands, where the growth of the total population will mainly be due to 
increased longevity. In line with the tripling on a global level, the number of Dutch 
people aged 80 y and over is expected to increase from 700,000 at present to 2 million 
in 2060 (2). The fact that people live longer is a positive sign in many ways, as life ex-
pectancy in itself is clearly associated with the general health of the population as well 
as the quality of the health care system. However, it also poses many challenges to 
maintain health and functional capacity in older people. This is essential to limit their 
social isolation, prevent the loss of independence, and ensure that quality of life is not 
exchanged with the extra years to live (1). Aging is generally accompanied by a decline 
in skeletal muscle mass, also known as sarcopenia. Loss of skeletal muscle mass may 
lead to a reduction in muscle strength and physical function, which increases the risk 
of falls and fractures. This could ultimately result in the loss of independence and an 
increase in nursing home admissions. Developing effective interventions to prevent or 
delay the onset of sarcopenia may improve the quality of life of older individuals, and 
simultaneously reduce the health care costs associated with impairments in physical 
functioning. This thesis focused on both exercise and nutritional interventions to coun-
teract the negative consequences of age-related sarcopenia. Here, 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 aimed at healthy aging of our 
society. 
 
This thesis provides further evidence that resistance type exercise training is one of the 
most potent stimuli to increase muscle mass, strength and functional capacity in the 
healthy elderly population. However, our findings as well as those from multiple other 
long term training studies need to be translated and implemented into daily practice. 
We need a structure in which physical activity is facilitated, supported, and encour-
aged. This includes both the trigger to become more physically active, and the contin-
ued stimulus to remain active. Such a process may entail the commitment of 1) scien-
tists to provide the evidence showing the (health) benefits of exercise; 2) policy makers 
to provide the financial and/or (infra)structural conditions needed for implementation; 
3) health professionals to convince the elderly of the need for being physically active; 
and 4) health insurance companies to (financially) stimulate physical activity both in 
terms of disease treatment and prevention. Obviously, a multidisciplinary approach is 
needed to create a different mindset at all these levels. Yet, there is already general 
awareness for the need to remain actively involved in society and to maintain inde-
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pendence throughout a lifetime. The next step is to really make this happen. There is 
ample evidence that lifestyle intervention programs, including both exercise and nutri-
tional aspects, can lead to great improvements in muscle mass and functional capacity, 
as well as (metabolic) health. More work is needed to support these findings through 
large-scale efficacy studies in which the benefits may become even more evident in 
terms of improved quality of life and reduced health care costs. The latter may also 
include cost-effectiveness studies, considering the enormous health-care costs associ-
ated with specific age-related morbidity. For example, reduced fall risk due to im-
proved muscle mass, strength and balance may lead to a reduction in the number of 
hip fractures, which represents a major health care cost for the elderly population, and 
is associated with both decreased quality of life and increased mortality. We have 
clearly shown that with proper guidance and supervision, resistance type exercise 
training represents a feasible means to improve overall physical functioning in healthy 
elderly men and women. In addition, recent work also suggests that even structured, 
moderate-intensity physical activity programs can already reduce major mobility disa-
bility among older adults at risk for disability (3). We propose that the time has come 
to start with the actual implementation of physical activity programs for the general 
older population.  
 
Apart from the healthy elderly men and women included in the training study de-
scribed in this thesis, we have also focused on elderly type 2 diabetes patients. In this 
population we observed a significant larger decrease in muscle mass and strength 
compared to healthy elderly. As such, this specific patient group likely needs specific 
tailored interventions. In fact, this may also be the case for other more compromised 
elderly subpopulations, such as more frail elderly, COPD patients, cancer patients, etc. 
Considering the multi-morbidity that is often evident in these subgroups, a more inter-
disciplinary approach between e.g., exercise physiologists, diabetes nurses, clinicians 
and other health care professionals should be pursued to create the leverage needed 
to change (clinical) practice. Previous work has already shown to some extent that 
(resistance type) exercise training in these populations can represent an efficient addi-
tion to their general care program. However, more work is needed to tailor interven-
tion programs to the needs of such specific patient groups, especially when focusing 
on improving muscle mass and function.  
 For all the studies discussed in this thesis, we failed to show the additional benefits 
of amino acid or protein supplementation. However, in a recent meta-analysis (4), we 
did observe an additional benefit of protein supplementation on top of the effects of 
prolonged resistance type exercise training. In line with this observation, more recent 
work focusing on specifically tailored nutritional interventions, either alone or in com-
bination with resistance type exercise, indeed shows improvements in muscle mass 
and function in the elderly following nutritional co-intervention (5-7). Current evidence 
indicates that optimizing dietary protein intake is of key importance for the elderly in 
general, and may be even of even greater relevance for those at higher risk of develop-
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ing sarcopenia and frailty. Recent position stands also refer to the need for separate 
protein recommendations for older people, even specifying different subcategories (8). 
Future work should focus on verifying these recommendations and evaluating the 
separate and combined effects of resistance type exercise and tailored protein sup-
plementation in various subgroups of (more clinically compromised) elderly. These 
studies should build on knowledge obtained from short-term ‘acute’ studies, selecting 
those strategies that will likely induce the strongest effects. This may include differen-
tiation in the amount, type, and composition of the protein, as well as the timing of 
protein intake (e.g., providing additional protein at breakfast and/or lunch, and even 
prior to sleep). Such knowledge is essential for adopting new recommendations on 
food intake in the elderly. Furthermore, it will provide ample leads for the develop-
ment of specific nutritional products and/or supplements tailored towards the needs 
of the ever growing number of older people in our society. Overall, increased attention 
and awareness for the main adjustable lifestyle factors, i.e., physical activity and nutri-
tion, should form the basis for improving muscle mass and function in the elderly, both 
from a healthy aging and from a clinical perspective.  
 
In summary, counteracting or preventing muscle loss with aging is of major importance 
for the quality of life of the older individual, but also from an economic perspective 
regarding the health care costs associated with sarcopenia. In addition to the healthy 
aging population and elderly with diabetes, the results from this thesis can be translat-
ed into other clinical conditions where progressive skeletal muscle mass loss plays an 
important role in reducing physical functioning, including conditions such as cancer 
cachexia, chronic obstructive pulmonary disease (COPD), renal insufficiency, and cardi-
ovascular disease. Scientific evidence showing the importance of both exercise inter-
ventions and nutritional strategies to increase protein intake in the elderly is slowly 
accumulating (9), and the time has now come to translate these findings into clinical 
practice. The (clinical) nutritional industry aims to develop new products/concepts to 
support healthy aging. The findings from this thesis will give direction for future re-
search aiming at the development of novel exercise, nutritional and/or pharmaceutical 
interventions to combat the loss of skeletal muscle mass, strength, and functional 
capacity in a variety of older subpopulations. 
 
In the next decade much of our knowledge on the impact of physical activity and nutri-
tion on muscle mass and strength preservation will be applied in interventional strate-
gies to support healthy aging. 
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