




CLINICAL NUTRITION  
AND AGING

Sarcopenia and Muscle Metabolism





CLINICAL NUTRITION  
AND AGING

Sarcopenia and Muscle Metabolism

Edited by
Chad Cox, PhD



CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

Apple Academic Press, Inc
3333 Mistwell Crescent
Oakville, ON L6L 0A2
Canada

© 2016 by Apple Academic Press, Inc.
Exclusive worldwide distribution by CRC Press an imprint of Taylor & Francis Group, an Informa 
business

No claim to original U.S. Government works
Version Date: 20160210

International Standard Book Number-13: 978-1-77188-371-9 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reason-
able efforts have been made to publish reliable data and information, but the author and publisher 
cannot assume responsibility for the validity of all materials or the consequences of their use. The 
authors and publishers have attempted to trace the copyright holders of all material reproduced in 
this publication and apologize to copyright holders if permission to publish in this form has not 
been obtained. If any copyright material has not been acknowledged please write and let us know so 
we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, 
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or 
hereafter invented, including photocopying, microfilming, and recording, or in any information 
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.
copyright.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. 
(CCC), 222 Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organiza-
tion that provides licenses and registration for a variety of users. For organizations that have been 
granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and 
are used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

For information about Apple Academic Press product
http://www.appleacademicpress.com



CHAD COX, PhD

Dr. Chad L. Cox is a Lecturer in the Department of Chemistry and the 
Department of Family and Consumer Sciences at California State Uni-
versity, Sacramento. He also teaches at Sacramento City College and the 
University of California, Davis. He holds a PhD in Nutritional Biology, 
a Bachelor of Science in Exercise Biology, and a Bachelor of Science 
in Nutrition Science, all from UC Davis. His research interests include 
the causes of obesity and obesity-related chronic diseases, how exercise 
training can induce changes in the regulation of gene expression that can 
lead to improvements in insulin sensitivity and promote energy balance, 
and the development of pharmacological agents that could help reduce the 
epidemic of obesity, Type 2 diabetes, and metabolic syndrome.

About the Editor





	 Acknowledgment and How to Cite............................................................... ix
	 List of Contributors...................................................................................... xi 

Introduction............................................................................................... xvii

Part I: How Nutrition and Other Factors Relate to Sarcopenia
1.	 Nutrition and Sarcopenia: A Review of the Evidence  

and Implications for Preventive Strategies.................................... 3
	 Siân Robinson, Cyrus Cooper, and Avan Aihie Sayer
2.	 Malnutrition-Sarcopenia Syndrome: Is This the Future  

of Nutrition Screening and Assessment for Older Adults?......... 19
	 Maurits F. J. Vandewoude, Carolyn J. Alish, Abby C. Sauer,  

and Refaat A. Hegazi
3.     Novel Insights on Nutrient Management of Sarcopenia  

in the Elderly........................................................................................... 35
	 Mariangela Rondanelli, Milena Faliva, Francesca Monteferrario,  

Gabriella Peroni, Erica Repaci, Francesca Allieri, and Simone Perna

Part II: Protein and Exercise
4.	 Whey Protein and Essential Amino Acids Promote  

the Reduction of Adipose Tissue and Increased Muscle  
Protein Synthesis During Caloric Restriction-Induced  
Weight Loss in Elderly, Obese Individuals.................................. 69

	 Robert H. Coker, Sharon Miller, Scott Schutzler, Nicolaas Deutz,  
and Robert R. Wolfe

5.	 Insulinotropic and Muscle Protein Synthetic Effects  
of Branched-Chain Amino Acids: Potential Therapy  
for Type 2 Diabetes and Sarcopenia............................................. 87

	 Ralph J. Manders, Jonathan P. Little, Scott C. Forbes,  
and Darren G. Candow 

Contents



viii	 Contents

6.	 Myofibrillar Protein Synthesis Following Ingestion  
of Soy Protein Isolate at Rest and After Resistance  
Exercise in Elderly Men............................................................... 105

	 Yifan Yang, Tyler A. Churchward-Venne, Nicholas A. Burd, Leigh Breen, 
Mark A. Tarnopolsky, and Stuart M. Phillips

7.	 The Link between Dietary Protein Intake, Skeletal Muscle  
Function and Health in Older Adults.............................................. 127

	 Jamie I. Baum and Robert R. Wolfe 
8.	 The Pleiotropic Effect of Physical Exercise on Mitochondrial 

Dynamics in Aging Skeletal Muscle................................................. 147
	 Elena Barbieri, Deborah Agostini, Emanuela Polidori, Lucia Potenza, 

Michele Guescini, Francesco Lucertini, Giosuè Annibalini, Laura Stocchi, 
Mauro De Santi, and Vilberto Stocchi

Part III: Other Therapeutic Strategies
9.	 Novel Intriguing Strategies Attenuating to Sarcopenia............ 185
	 Kunihiro Sakuma and Akihiko Yamaguchi
10.	 Muscle Wasting and Resistance of Muscle Anabolism:  

The “Anabolic Threshold Concept” for Adapted Nutritional 
Strategies during Sarcopenia...................................................... 209

	 Dominique Dardevet, Didier Rémond, Marie-Agnès Peyron, Isabelle Papet, 
Isabelle Savary-Auzeloux, and Laurent Mosoni

11.	 Rationale for Antioxidant Supplementation in Sarcopenia...... 221

	 Francesco Cerullo, Giovanni Gambassi, and Matteo Cesari

12.	  Sarcopenia and Androgens: A Link between Pathology  
and Treatment............................................................................... 239

	 Carla Basualto-Alarcón, Diego Varela, Javier Duran, Rodrigo Maass,  
and Manuel Estrada

Author Notes......................................................................................... 269



Acknowledgment and How to Cite

The editor and publisher thank each of the authors who contributed to this 
book. The chapters in this book were previously published elsewhere. To 
cite the work contained in this book and to view the individual permis-
sions, please refer to the citation at the beginning of each chapter. Each 
chapter was carefully selected by the editor; the result is a book that looks 
at nutrition and aging from a variety of perspectives. The chapters included  
are broken into three sections, which describe the following topics:

•	 Chapter 1: Early nutritional intervention is more effective at preventing or 
delaying sarcopenia than waiting until old age to improve composition of 
the diet.

•	 Chapter 2: When muscle mass and nutrition are assessed concurrently, in-
stead of as separate issues, this allows for a more comprehensive under-
standing of sarcopenia and makes it easier to select appropriate interven-
tions.

•	 Chapter 3: This article provides a comprehensive summary of the current 
research regarding the correct intake of proteins and other nutrients, such as 
antioxidants, vitamin D, and fatty acids in elderly populations.

•	 Chapter 4: Increased amino acid consumption contributes to muscle pro-
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Sarcopenia is the loss of muscle mass and strength that occurs as people 
age. It is difficult to know exactly how many older people experience sar-
copenia, since different clinicians define it differently. According to some 
estimates (Sakuma and Yamaguchi, 2012), the prevalence of sarcopenia 
ranges from 13 percent to 24 percent in adults over sixty years of age to 
more than 50 percent in people eighty and older; other research (Cruz-Jen-
toft, 2014) indicates the international prevalence of sarcopenia is between 
1 and 29 percent in community-dwelling populations, and between 14 and 
33 percent in long-term care populations. 

Regardless of the exact numbers, sarcopenia is a very real and common 
problem among older adults. It affects mobility, energy levels, and other 
aspects of health and well-being, and it contributes to decreased survival 
rates after a critical illness. In the article by Sakuma and Yamaguchi, they 
report that the estimated direct health-care costs attributable to sarcope-
nia in the United States in 2000 were $18.5 billion ($10.8 billion in men 
and $7.7 billion in women), which represented about 1.5 percent of total 
health-care expenditures for that year. For economic reasons alone, this is 
a serious problem.

As individuals and clinicians, it is an equally serious issue. We can 
expect that at seventy we will not be as strong as we were at thirty. We 
assume that at ninety, we will be even weaker than we were at seventy. 
This gradual loss of muscle is perceived by most of us as “normal.” To an 
extent this is true—and yet not everybody gets as weak and frail. Some 
people retain a certain hardiness even into their eighties and nineties. Why 
is this so?

The implication is that there must be factors that influence the varying 
degrees with which different individuals experience sarcopenia. Some of 
these factors may be beyond our control—“good genes,” for example—
but others may have to do with diet and lifestyle, factors that are in our 
control (at least more so than our genetic material). 

Introduction



xviii	 Introduction

Regrettably, poor diet is one of the most common problems practi-
tioners encounter when treating older adults. Many individuals in this 
population have low nutrient intakes, for a variety of reasons that range 
from physical deficits to economic hardship. Dental problems in the el-
derly may make them more likely to choose softer foods that often lack 
protein; delayed gastric emptying can reduce appetite; hormonal changes 
may cause longer-lasting feelings of satiety. On top of that, meat is more 
expensive than foods rich in starch, and for this reason individuals who 
are living on a fixed income may tend to fill up on cheap, processed car-
bohydrates. Lack of physical strength may also make packaged, processed 
foods more appealing.

But these issues related to consuming poor diet are not impossible to 
overcome. If we can understand the lifestyle factors that influence the 
rate of decline in muscle mass and strength in older age, we can develop 
practical strategies that will help to prevent or delay sarcopenia, allowing 
people to maintain a higher quality of life into old age. In the first paper 
in this compendium, Robinson et al. consider the evidence that links diet 
to muscle mass and strength in the elderly. They discuss the evidence that 
supports the potential importance of diets of adequate quantity and quality, 
which the authors break down into sufficient intakes of protein, vitamin D, 
and antioxidant nutrients. Although much of this evidence is observation-
al—and they are unable to describe the specific mechanisms that might 
help prevent or delay sarcopenia—the authors do offer us a valuable key 
point: sarcopenia prevention needs to begin before old age. Research con-
firms that the greater the peak strength attained during a person’s younger 
adult life, the more likely an individual will have greater strength in their 
older years. Early intervention can make a difference. We need to teach 
our students and patients that if they optimize their nutrition now, they will 
be investing in their future well-being. 

In the second article, Vandewoude et al. look at this issue by defining 
two categories of sarcopenia: Primary sarcopenia, when no specific cause 
can be identified, is progressive and associated with the impact of aging. 
Changes are seen at the cellular level, with changes in motor neurons and 
mitochondrial function, as well at the hormonal level (resulting in insu-
lin resistance, an increase in proinflammatory cytokines, etc.). Secondary 
sarcopenia is the result of both lifestyle (lack of physical activity, poor 
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diet) and secondary physical effects (chronic inflammation, for example). 
Sarcopenia, then, is both an outcome and a process. As an outcome, it is a 
diagnosis that causes frailty and mobility issues in older adults. As an ac-
tive process, it is going on inside the body of every adult. 

Instead of focusing on good nutrition, these authors focus on malnu-
trition, which they initially define as “an imbalance of energy, protein, 
and other nutrients that cause measurable negative effects on body com-
position, physical function, and clinical outcomes.” They then further 
develop this definition by using new guidelines from the International 
Guideline Consensus Committee, which link diet with physical results 
using three categories:

1.	 starvation-related without inflammation
2.	 chronic disease or conditions that impose sustained mild-to-mod-

erate inflammation
3.	 acute disease or injury states, when inflammatory response is 

marked 

Sarcopenia would fall under category number 2.
Looking at sarcopenia from this perspective allows us to create better 

assessment methods. Measuring lean body mass is a useful assessment of 
sarcopenia, since skeletal muscle mass, which provides strength, mobil-
ity, and balance, is the primary constituent of lean body mass. Looking at 
muscle mass also helps us better understand secondary sarcopenia, since 
muscle mass plays a critical role in whole-body protein metabolism. His-
torically, patients have been screened for either malnutrition or sarcopenia, 
but rarely for both conditions at the same time. Vandewoude and his col-
leagues call for more comprehensive screening methodology that will aid 
more targeted interventions.

In the third article, Rondanelli and her colleagues focus more deeply 
on secondary sarcopenia. They discuss how muscle weakness makes it dif-
ficult for elderly people to walk—which makes them less likely to walk, 
which in turn impacts their cardiovascular system. At the same time, if 
they do walk, they are more likely to fall, putting them at risk for bone 
fractures. The authors reinforce the biochemical effects of sarcopenia, and 
discuss this in more detail than was offered in the previous article. 



xx	 Introduction

Sarcopenia alters protein metabolism; protein synthesis is no longer ad-
equate. This in turn means that muscle cells progressively lose their sen-
sitivity to anabolic stimuli, which is what causes hormonal issues. Ulti-
mately, the authors of this article give us a good summary of the current 
research on elderly populations regarding the correct intake of proteins 
and other nutrients, such as antioxidants, vitamin D, and fatty acids. They 
discuss the role of dietary supplements in the prevention and treatment of 
sarcopenia.

In the next section of the compendium, we turn our attention to protein 
supplementation and exercise as sarcopenia interventions. In the book’s 
fourth article, Coker and his colleagues add another important element to 
our discussion: obesity in the elderly. Lack of activity brought on by mus-
cle weakness contributes to obesity—and obesity makes it more difficult 
for older individuals to move around. And it’s not easily stopped, since 
“going on a diet”—in the sense of restricting calories—may only acceler-
ate sarcopenia’s progress. Based on these observations, combined with 
the results of their research, the authors call for increased amino acid con-
sumption in elderly populations to contribute to and increase stimulation 
of muscle protein synthesis. They also recommend protein supplements 
that are high-potency formulations of whey protein and amino acids.

The dysfunction of skeletal muscle protein synthesis and hormonal dis-
turbances that have already been mentioned are sometimes referred to as 
anabolic resistance. In the fifth article, Manders et al. discuss data suggest-
ing that that high doses of leucine may help overcome anabolic resistance, 
and have a favorable effect on muscle protein synthesis and subsequent 
maintenance of muscle mass. Leucine contributes to amino acid availabil-
ity for muscle protein synthesis, inhibits muscle protein breakdown result-
ing in a gradually greater net muscle protein balance, and also enhances 
glucose disposal to help maintain blood glucose homeostasis. 

Both amino acid supplementation and resistance exercise are examples 
of proven effective sarcopenia interventions. In the sixth article, Yifan 
Yang et al. explain that the source of proteins is also an important fac-
tor. They report that whey protein (already mentioned by Coker et al.) 
and cow’s milk stimulate greater rates of muscle protein synthesis than do 
proteins from sources such as micellar casein or soy—and they base this 
finding on assessments of both resting muscles and following resistance 
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exercise. They conclude that the digestion kinetics and amino acid content 
of these proteins is markedly different. If supported by further research, 
this is an important piece of information for anyone who provides nutri-
tional counseling to the elderly.

In the next article, Baum and Wolfe point out that older adults may need 
greater amounts of protein than currently being recommended. As earlier 
papers indicated, higher protein intakes are associated with increased mus-
cle protein synthesis, which is correlated with increased muscle mass and 
function. This, in turn, is linked to improved physical function and would 
presumably also be associated with a delay in the onset and progression 
of sarcopenia. 

In the eighth article, Barbieri and her colleagues give us some more 
valuable information. They point out that recent research indicates that 
adults over sixty spend as many as eight to twelve hours per day in sed-
entary pursuits. This inactivity reduces aerobic capacity, while it acceler-
ates muscle catabolism, mitochondrial dysfunction, and oxidative stress. 
The authors state that these problems can lead to a “vicious circle” of 
muscle loss, injury, and inefficient repair mechanisms that contribute to 
elderly people becoming even more sedentary. Barbieri et al. call for reg-
ular exercise programs for elderly populations, which will likely reduce 
and/or prevent many of the factors that contribute to the vicious circle. 
They recommend a combination of endurance (aerobic) and strength 
training, pointing out that aerobic/endurance exercise helps to maintain 
and improve cardiovascular and respiratory function, while strength/re-
sistance training improves muscle strength and function. Exercise pro-
grams like this would likely also contribute to reducing the prevalence 
of other chronic diseases in the elderly, such as cardiovascular disease, 
diabetes, and osteoporosis, leading to significant improvements in the 
quality of life of many senior citizens. 

The authors conclude that exercise should be a “medical prescription” 
for most older adults.

In the third section of this compendium, we turn to other less tradi-
tional therapeutic strategies for the treatment of sarcopenia. The first ar-
ticle in this section by Sakuma and Yamaguchi further underlines the fact 
that since skeletal muscle has such an essential role in mobility and meta-
bolic function, any deterioration in the contractile, material, and metabolic 
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properties of skeletal muscle would presumably have extremely signifi-
cant effect on health and well-being. The authors point not only to resis-
tance training, amino acid supplements, in particular leucine as potential 
sarcopenia interventions but also to other more recently discovered pos-
sibilities including ursolic acid and EPA supplements. Due to advances in 
muscle biology research, they point out that pharmacological treatment is 
now a feasible and much-needed research direction.

In the next article, Dardavet and her colleagues delve more deeply into 
how to treat sarcopenia with nutrition. Eating changes protein metabolism 
during the day; whole-body proteins are stored after eating and then lost 
in later periods. In a healthy adult, the gains and losses balance out, but 
in older individuals, the loss is often not recovered. Therefore, the time of 
feeding could be important for this population. At a more technical level, 
they suggest two strategies to be used either alone or in combination: 

1.	 increase the anabolic signals, in particular amino acid availability
2.	 increase the efficiency of the after-meal period with strategies aim-

ing at decreasing the “anabolic threshold” of skeletal muscle.

In chapter 11, Cerullo and his colleagues discuss the “free radical 
theory of aging”—in other words, that oxidative damage is one of the 
major contributors to the decline in skeletal muscle mass that occurs as 
people age. They remind us that if free radicals contribute to the aging 
process, then inhibiting them might slow the aging process in terms of 
maintaining muscle strength. If substances with antioxidant capacities 
can counteract oxidative damage, they may play a key role in prevent-
ing the onset of age-related sarcopenia. Although there is some evidence 
that oral antioxidant supplementation may reduce muscle damage, the 
authors acknowledge that experimental results are largely preliminary 
and clinically relevant. In fact, a large body of evidence seems to in-
dicate that we should be very cautious about using antioxidant supple-
ments on a large scale in the hopes of slowing the aging process. The 
authors call for further studies to improve our understanding of oxidative 
mechanisms, and the pharmacokinetics of antioxidant supplementation, 
along with appropriate methodological approaches. Until this research 
has been done, they caution against the widespread use of antioxidant 
supplements.
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Finally, in the last article, Basualto-Alarcón and his colleagues dis-
cuss the fact that our still incomplete understanding of sarcopenia means 
that we do not understand the variable outcomes of different treatment 
approaches, including exercise, nutrition, and hormones. The authors are 
interested in androgen supplementation as a treatment option (combined 
with exercise and nutritional therapy), since skeletal muscle is a target 
tissue for anabolic steroids, but they acknowledge that at this point the 
evidence linking testosterone deficiency and sarcopenia are mostly only 
observational rather than clinical. They call for studies that target the ef-
fects of anabolic steroids at the cellular level with in vivo models, in order 
to broaden our understanding of the role androgens play in skeletal muscle 
function in older people populations.

These twelve articles suggest treatment directions for practitioners 
working with older populations—but even more, these articles lay the 
foundation for future research which will further our understanding of sar-
copenia and its treatment. This is a vital area of research because in most 
parts of the world, the aged population is growing rapidly. Basualto-Alar-
cón et al. point out that in the United States alone, longer life spans and the 
aging of baby boomers will double the over-sixty population over the next 
three decades. By 2030, twenty percent of the US population will be made 
up of adults. As this older population group loses muscle strength, they 
will also experience increased morbidity and mortality—either directly 
or indirectly via the development of secondary diseases such as diabetes, 
obesity, and cardiovascular disease.

Aging, however, does not have to equal poor health and weakness. The 
increased life expectancy in developed and developing countries should 
be interpreted as a call to identify interventions that can effectively slow 
or prevent sarcopenia and other age-related conditions. With ongoing re-
search, we can build a healthier future for the world’s aging population.

—Chad Cox
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FACTORS RELATE TO SARCOPENIA





CHAPTER 1

Nutrition and Sarcopenia: A Review  
of the Evidence and Implications  
for Preventive Strategies 
 
SIÂN ROBINSON, CYRUS COOPER, and AVAN AIHIE SAYER

1.1 INTRODUCTION

Sarcopenia is the loss of muscle mass and strength that occurs with ad-
vancing age [1]. Although definitions (and therefore estimates of preva-
lence) vary, it is widely recognised as a common condition among older 
adults, and one that is associated with huge personal and financial costs 
[1, 2]. Declining muscle mass and strength are expected components of 
ageing. However, the rate of decline differs across the population [1, 3], 
suggesting that modifiable behavioural factors such as diet and lifestyle 
may be important influences on muscle function in older age. This paper 
considers the evidence that links diet to muscle mass and strength, and 
implications for strategies to prevent or delay sarcopenia in older age.
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1.2 NUTRITION AND AGEING

Food intake falls by around 25% between 40 and 70 years of age [4]. 
In comparison with younger ages, older adults eat more slowly, they are 
less hungry and thirsty, consume smaller meals, and they snack less [4]. 
The mechanisms for the “anorexia of ageing” are not fully understood but 
there may be a range of physiological, psychological, and social factors 
that influence appetite and food consumption, including loss of taste and 
olfaction, increased sensitivity to the satiating effects of meals, chewing 
difficulties, and impaired gut function [4, 5]. The negative consequences 
of these changes are compounded by the effects of functional impairments 
that impact on the ability to access and prepare food, psychological prob-
lems such as depression and dementia, as well as the social effects of liv-
ing and eating alone. Low food intakes and monotonous diets put older 
people at risk of having inadequate nutrient intakes [6]. Thus in a vicious 
cycle, declining muscle strength and physical capability in older age may 
increase the risk of poor nutrition, whilst poor nutrition may contribute to 
further declines in physical capability.

The exact estimates of the prevalence of poor nutrition may differ ac-
cording to the definitions used, but studies of community-dwelling adults 
consistently suggest that it is common in older age. For example in the Na-
tional Diet and Nutrition Survey in the UK, 14% of older men and women 
living in the community, and 21% of those living in institutions, were at 
medium or high risk of undernutrition [7]. Estimates of the prevalence of 
undernutrition in older patients admitted to hospital are even greater, rang-
ing up to 72% [8, 9]. These figures are clearly substantial and indicate that 
there are significant numbers of older adults living in developed settings 
who currently have less than optimal nutrition.

1.3 IS DIET A MODIFIABLE INFLUENCE ON SARCOPENIA?

There are two consequences of declining food intakes in older age that 
could be important for muscle mass and strength. Firstly, lower energy in-
takes, if not matched by lower levels of energy expenditure, lead to weight 
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loss, including a loss of muscle mass [4]. Secondly, as older people con-
sume smaller amounts of food, it may become more challenging for them 
to meet their nutrient needs—particularly for micronutrients. For older 
people with low food intakes, this highlights the importance of having 
diets of adequate quality. Although the importance of adequate nutrition 
has been recognised for a long time, its contribution to muscle mass and 
strength has not been studied extensively and much of the research in this 
area is relatively new [10]. A number of interventions have been studied, 
ranging from provision of nutritional support [11], to supplementation with 
specific nutrients [12, 13]. The nutrients that have been most consistently 
linked to sarcopenia and frailty in older adults are vitamin D, protein, and 
a number of antioxidant nutrients, that include carotenoids, selenium, and 
vitamins E and C [10]. However, there is also some evidence that varia-
tions in long-chain polyunsaturated fatty acid status may have important 
effects on muscle strength in older people [13].

1.3.1 PROTEIN

Protein is considered a key nutrient in older age [14]. Dietary protein pro-
vides amino acids that are needed for the synthesis of muscle protein, and 
importantly, absorbed amino acids have a stimulatory effect on muscle 
protein synthesis after feeding [15]. There is some evidence that the syn-
thetic response to amino acid intake may be blunted in older people, par-
ticularly at low intakes [14], and when protein is consumed together with 
carbohydrate [16]. Recommended protein intakes may, therefore, need to 
be raised in older people in order to maintain nitrogen balance and to pro-
tect them from sarcopenic muscle loss [14].

Whilst there is currently no consensus on the degree to which dietary 
protein requirements change in older age, there is important observational 
evidence that an insufficient protein intake may be an important contribu-
tor to impaired physical function. For example, in the US Health, Aging 
and Body Composition Study, a greater loss of lean mass over 3 years, 
assessed using dual-energy X-ray absorptiometry, was found among older 
community-dwelling men and women who had low energy-adjusted pro-
tein intakes at baseline [17]. The differences were substantial, such that the 
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participants with protein intakes in the top fifth of the distribution lost 40% 
less lean mass over the follow-up period when compared with those in 
bottom fifth. Protein and/or amino acid supplementation should, therefore, 
have the potential to slow sarcopenic muscle loss. However, whilst amino 
acid supplementation has been shown to increase lean mass and improve 
physical function [18], other trials have not been successful [16, 19]. Fur-
ther work, including longer-term trials, is needed to define optimal protein 
intakes in older age [16].

1.3.2 VITAMIN D

An association between vitamin-D-deficient osteomalacia and myopathy 
has been recognised for many years [20], but the role of vitamin D, and 
the extent to which it has direct effects on normal muscle strength and 
physical function remains controversial [21]. The potential mechanisms 
that link vitamin D status to muscle function are complex and include both 
genomic and nongenomic roles [20, 22]. The vitamin D receptor (VDR) 
has been isolated from skeletal muscle, indicating that it is a target organ 
[20], and polymorphisms of the VDR have been shown to be related to 
differences in muscle strength [23]. At the genomic level, binding of the 
biologically active form of the vitamin (1,25-dihydroxyvitamin D) results 
in enhanced transcription of a range of proteins, including those involved 
in calcium metabolism [20]. The nongenomic actions of vitamin D are 
currently less well understood [22].

Much of the epidemiological literature is consistent with the possi-
bility that there are direct effects of vitamin D on muscle strength. For 
example, among men and women aged 60 years and older in NHANES 
III, low vitamin D status (serum 25-hydroxyvitamin D < 15 ng mL−1) was 
associated with a fourfold increase in risk of frailty [24], and in a meta-
analysis of supplementation studies of older adults, Bischoff-Ferrari et al. 
[12] showed that supplemental vitamin D (700–1000 IU per day) reduced 
the risk of falling by 19%. However, the evidence is not always consistent 
as some observational studies find no association between vitamin D sta-
tus and physical function, and supplementation studies have not always 
resulted in measurable improvements in function [21]. In a review of pub-
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lished studies, Annweiler and colleagues [21] discuss the reasons for the 
divergence in study findings, some of which may be due to methodologi-
cal differences, including a lack of consideration of confounding influ-
ences in some studies. Further evidence is needed, particularly as vitamin 
D insufficiency is common among older adults [24].

1.3.3 ANTIOXIDANT NUTRIENTS

There is increasing interest in the role of oxidative stress in aetiology of 
sarcopenia, and markers of oxidative damage have been shown to predict 
impairments in physical function in older adults [25]. Damage to biomol-
ecules such as DNA, lipid, and proteins may occur when reactive oxygen 
species (ROS) are present in cells in excess. The actions of ROS are nor-
mally counterbalanced by antioxidant defence mechanisms that include 
the enzymes superoxide dismutase and glutathione peroxidase, as well 
exogenous antioxidants derived from the diet, such as selenium, carot-
enoids, tocopherols, flavonoids, and other plant polyphenols [15, 25]. In 
older age, an accumulation of ROS may lead to oxidative damage and 
contribute to losses of muscle mass and strength [15].

A number of observational studies have shown positive associations 
between higher antioxidant status and measures of physical function 
[10]. Importantly these associations are seen both in cross-sectional 
analyses and in longitudinal studies, such that poor status is predictive 
of decline in function. The observed effects are striking. For example, 
among older men and women in the InCHIANTI study, higher plasma 
carotenoid concentrations were associated with a lower risk of develop-
ing a severe walking disability over a follow-up period of 6 years; after 
taking account of confounders that included level of physical activity 
and other morbidity, the odds ratio was 0.44 (95% CI 0.27–0.74) [26]. 
Inverse associations have also been described for vitamin E and sele-
nium status and risk of impaired physical function [10]. There have been 
few studies of older adults to determine how antioxidant supplementa-
tion affects muscle strength, and the benefits of supplementation remain 
uncertain [27]. Since ROS have both physiological and pathological 
roles, interventions based on simple suppression of their activities may 
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be unlikely to improve age-related declines in muscle mass and function 
[28]. However, low antioxidant intakes and status are common [6, 29], 
and this remains an important question to be addressed.

1.3.4 LONG-CHAIN POLYUNSATURATED  
FATTY ACIDS (LCPUFAS)

Sarcopenia is increasingly recognised as an inflammatory state driven 
by cytokines and oxidative stress [30]. Since eicosanoids derived from 
20-carbon polyunsaturated fatty acids are among the mediators and regu-
lators of inflammation [13], this raises the possibility that variations in 
intake of n-3 and n-6 LCPUFAs, and their balance in the diet, could be 
of importance. In particular, n-3 LPUFAs have the potential to be potent 
anti-inflammatory agents [13]. There is some observational evidence to 
support an effect of n-3 LCPUFA status on muscle function, as higher 
grip strength was found in older men and women who had greater con-
sumption of oily fish [31]—one of the richest sources of n-3 LCPUFAs in 
the UK diet. Consistent with this finding, a number of studies of patients 
with rheumatoid arthritis have shown that supplementation with fish oil 
resulted in improved grip strength [13]. In a recent randomised controlled 
trial, supplementation of older adults with n-3 LCPUFA (eicosapentaenoic 
and docosahexaenoic acids) resulted in an enhanced anabolic response to 
amino acid and insulin infusion. Whilst these novel data suggest that the 
stimulation of muscle protein synthesis by n-3 LCPUFA supplementation 
could be useful for the prevention and treatment of sarcopenia [32], further 
evidence is needed to establish the therapeutic potential of n-3 LCPUFAs 
in inflammatory conditions [13].

1.3.5 FOODS AND DIETARY PATTERNS

One problem with the existing evidence base is that dietary components 
are often highly correlated with each other. This may help to explain why 
the effects of supplementation with single nutrients may be less than that 
predicted by the observational evidence. It also means that from obser-



Nutrition and Sarcopenia: A Review of the Evidence	 9

vational data it may be difficult to understand the relative importance of 
the influences of different nutrients on sarcopenia. For example, whilst an 
antioxidant nutrient such as β-carotene may be causally related to variations 
in physical function, it may also be acting as a marker of other components 
of fruit and vegetables. In turn, since diets are patterned, high fruit and veg-
etable consumption may be indicators of other dietary differences which 
could be important for muscle function, such as greater consumption of oily 
fish and higher intakes of vitamin D and n-3 LCPUFAs [33]. The cumula-
tive effects of nutrient deficiencies have been described by Semba et al. [34], 
in which he estimated that each additional nutrient deficiency raised the risk 
of frailty in older women by almost 10%. This emphasises the importance of 
the quality of diets of older adults, as well as the quantity of food consumed, 
to ensure that intakes of a range of nutrients are sufficient.

Compared with the evidence that links variations in nutrient intake and 
status to physical function, much less is known about the influence of di-
etary patterns and dietary quality in older age. “Healthy” diets, character-
ised by greater fruit and vegetable consumption, wholemeal cereals, and 
oily fish, have been shown to be associated with greater muscle strength 
in older adults [31]. Data from studies of younger adults appear to be con-
sistent with this finding. For example, among women aged 42–52 years, 
“unhealthy” diets, characterised by higher saturated fat intakes and lower 
fruit and vegetable consumption, were associated with greater functional 
limitations over a 4-year follow-up period [35]. Benefits of healthier diets 
and greater fruit and vegetable consumption on physical function in mid-
life have also been described in women in the Whitehall study [36], and in 
men and women in the Atherosclerosis Risk in Communities Study [37]. 
Intervention studies that take a food-based or “whole diet” approach are 
likely to change intakes of a range of nutrients and, therefore, have the 
potential to be more effective than single nutrient supplementation studies 
in preventing age-related losses in muscle mass and strength.

1.3.6 DIET AND EXERCISE

Resistance exercise training interventions have been shown to be effective 
in increasing muscle strength and improving physical function in older 
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adults [38]. A further issue in understanding a possible protective role for 
diet in sarcopenia is, therefore, the potential for interactions between diet 
and exercise, and the extent to which interventions that combine supple-
mentation and exercise training may be more effective than changing nu-
trient intake alone. The interactive effects of diet and exercise on physical 
function have been studied most extensively in relation to protein/amino 
acid supplementation. For example, whilst consumption of a high pro-
tein meal has been shown to increase muscle protein synthesis in older 
adults by ~50%, combining a high protein meal with resistance exercise 
increases synthesis more than 100% [39]. However, a number of studies 
of older adults have failed to show additional benefits of protein/amino 
acid supplementation on the skeletal muscle response to prolonged resis-
tance exercise training [15, 40], and the implications for long-term effects 
of combined exercise training and high protein intakes are, therefore, not 
clear [16]. Current findings point to the need for further research—par-
ticularly to address the effects of differing quantity and timing of supple-
mentation [39, 40]. At present we have limited insights into the combined 
effects of vitamin D supplementation and resistance exercise on muscle 
strength and function [41].

1.4 LIFELONG NUTRITION AND SARCOPENIA

An important limitation to the current evidence base that links nutrition to 
sarcopenia is that much of the observational data are from cross-section-
al studies. Aside from methodological considerations of studying older 
adults who may have a number of comorbidities, this raises particular is-
sues that may limit our understanding of the potential importance of the 
role of nutrition in the loss of muscle mass and strength with age.

Firstly, the health of older people is influenced by events throughout 
their lives [10], and achievement of optimal function may, therefore, de-
pend on lifelong exposure to a healthy diet and lifestyle. Although there 
is evidence that healthier eating behaviours are reasonably stable in adult 
life [42], little is known of changes in dietary habits in older people, at 
a time when morbidity-related dietary advice is available, and lifestyle 
may be changing rapidly. The influence of lifelong nutrition on age-related 
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changes in muscle mass and strength has been little studied, but in terms of 
interventions to delay or prevent sarcopenia in older age, there may be key 
opportunities earlier in the lifecourse that need to be recognised.

A second consideration is that muscle mass and strength achieved in 
later life are not only determined by the rate of muscle loss, but also reflect 
the peak attained in early life (Figure 1, [43]). Thus, factors that influence 
growth, such as variations in early nutrition, may contribute to muscle 
mass and strength in older age.

A key finding, that highlights the importance of lifecourse influences, 
is that low weight at birth predicts lower muscle mass and strength in adult 
life. This is a consistent finding across a number of studies [44]. Although 
little is currently known about the influence of diet in early life on sarco-
penia, recent studies of adolescents have provided evidence of nutrient 
effects on muscle mass and function earlier in the lifecourse. Consistent 
with studies of older adults, low vitamin D status has been shown to be 
associated both with lower grip strength and with poorer muscle power 
and velocity [45, 46]. However, randomized controlled trials of vitamin D 
supplementation of adolescents have had mixed results. Among premen-
archeal girls who were supplemented with vitamin D over 1 year, there 
were graded increases in lean mass, although supplementation did not re-
sult in measurable differences in grip strength [47]. In contrast, vitamin D 
supplementation of adolescent boys and postmenarcheal girls has not been 
shown to be effective in increasing lean mass or muscle strength or power 
[47, 48]. Ward et al. [48] conclude that earlier interventions, before the 
period of peak muscle mass accretion, may be needed to improve muscle 
function and physical performance.

To date, few studies have examined the role of diet in early childhood 
in the acquisition of muscle mass and effects on later function, although 
there is some evidence that it could be important. For example, the risk of 
frailty has been shown to be greater in older adults who grew up in im-
poverished circumstances, and who experienced hunger in childhood [49]. 
However, animal models suggest that nutrition even earlier in life may be 
key, as muscle growth in the neonatal period is highly sensitive to varia-
tions in nutrient intake [50]. In two recent studies, the role of variations in 
infant diet has been addressed, but with differing results. Among children 
in the ALSPAC study, duration of breastfeeding was not associated with 
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physical work capacity assessed at the age 9 years [51], whilst in ado-
lescents studied in the HELENA cohort, longer duration of breastfeeding 
was associated with measurable differences in physical performance–par-
ticularly in lower body explosive strength [52]. Consistent with these lat-
ter findings, longer duration of breastfeeding and greater compliance with 
infant feeding guidance has been shown to be associated with greater lean 
mass in later childhood [53]. Dietary patterns “track” across childhood 
[54], and this may simply reflect continuing benefits of healthier diets. 
However, it does suggest that variations in early postnatal diet could have 
implications for muscle function in later life.

We currently know little about the contribution of nutrition across the 
lifecourse to muscle mass and strength in adult life, and further work is 
needed to understand how early nutrition influences the acquisition of 
peak muscle mass, and the role played by nutrition in the trajectory of age-
related losses in muscle function. Taking a lifecourse approach to under-
standing the links between nutrition and muscle mass and function in older 
age could change dietary strategies to prevent sarcopenia in the future.

1.5 CONCLUSION

To develop strategies to prevent or delay sarcopenia, a better understand-
ing is needed of the lifestyle factors that influence the rate of decline of 
muscle mass and strength in older age, and the mechanisms involved. 
Existing evidence indicates the potential importance of diets of adequate 
quantity and quality, to ensure sufficient intakes of protein, vitamin D, 
and antioxidant nutrients. Although much of this evidence is observational 
and the mechanisms are not fully understood, the high prevalence of low 
nutrient intakes and poor status among older adults make this a current 
concern. However, muscle mass and strength achieved in later life are not 
only determined by the rate of muscle loss, but also reflect the peak at-
tained earlier in life, and efforts to prevent sarcopenia also need to recog-
nise the potential effectiveness of interventions earlier in the lifecourse. 
Optimising diet and nutrition throughout life may be key to preventing 
sarcopenia and promoting physical capability in older age.
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CHAPTER 2

Malnutrition-Sarcopenia Syndrome:  
Is This the Future of Nutrition 
Screening and Assessment for Older 
Adults?
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2.1 INTRODUCTION

Historically, malnutrition has been defined as a condition of an imbalance of 
energy, protein, and other nutrients that cause measurable negative effects 
on body composition, physical function, and clinical outcomes [1]. Typical 
measures that clinicians use to screen and assess for malnutrition or the risk 
for malnutrition include dietary or nutrient intake, changes in body weight, 
and laboratory values [2]. A new definition of malnutrition has recently been 
proposed by an International Guideline Consensus Committee, integrating 
the acuity of the associated disease and inflammation [3]. The committee 
specified three subtypes of malnutrition using an etiology-based terminol-
ogy to assist clinicians to make a nutrition diagnosis in clinical practice set-
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tings: (1) starvation-related without inflammation, (2) chronic disease or 
conditions that impose sustained mild-to-moderate inflammation (e.g., sar-
copenic obesity, organ failure, and pancreatic cancer), and (3) acute disease 
or injury states, when inflammatory response is marked [3].

One critical clinical aspect often not assessed in nutrition screening or 
assessment is lean body mass or muscle mass loss. Lean body mass (LBM) 
is defined as that portion of the body mass that is everything but fat and 
includes water, mineral, muscle, and other protein-rich structures (e.g., en-
zymes, viscera, red cells, and connective tissues) [4]. Skeletal muscle mass 
constitutes the majority of LBM and provides strength, mobility, and bal-
ance [5]. Muscle mass also plays a critical role in whole-body protein me-
tabolism and impacts quality of life in patients with chronic diseases [6]. 
The balance between muscle protein anabolism and catabolism is vitally 
important to maintaining skeletal muscle mass, particularly in older adults 
who lose muscle mass as a consequence of aging and/or illness [6, 7]. It was 
not until 1989, when Irwin Rosenberg introduced the term sarcopenia [8]. 
The European Working Group on Sarcopenia in Older People (EWGSOP) 
defines sarcopenia as an age-related loss of muscle mass, combined with 
loss of strength, functionality, or both (Figure 1) [9]. The working group also 
proposed a diagnostic algorithm for sarcopenia that is based on the pres-
ence of low muscle mass plus either low muscle strength (e.g., low handgrip 
strength) or low physical performance (e.g., 4 meter walking speed).

Sarcopenia is further classified into either primary or secondary catego-
ries. Primary sarcopenia, when no specific etiologic cause can be identi-
fied, is progressive and associated with the impact of aging: a reduction in 
motor neurons, alterations in skeletal muscle tissue including mitochondrial 
dysfunction, changes in the hormonal milieu (e.g., insulin resistance and a 
reduction in insulin-like growth factor-1 and an increase in proinflammatory 
cytokines, such as tumor necrosis factor α and interleukin 6. Next to the in-
trinsic, age-related processes, a multitude of extrinsic and behavioral factors 
can aggravate the development and/or progression of sarcopenia, leading to 
secondary sarcopenia, such as disuse and lack of physical activity, malnu-
trition, chronic inflammation, and comorbidity. As such, sarcopenia can be 
thought of as both a process and an outcome. Sarcopenia as a condition is a 
major cause of frailty and disability in older adults; as an active process, it is 
present in every person reaching adult life [9].
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FIGURE 1: EUGMS working group-suggested algorithm for sarcopenia case finding in 
older individuals (used with permission) [9].
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TABLE 1: Prevalence of malnutrition and sarcopenia in older adults across clinical settings.

Patient Population/Setting Malnutrition Sarcopenia

Hospital/Acute Care 56% [11]  

  23% [15]  

Long Term Care 21% [15] 32.8% [21]

  2–9% [15] 25% [20]

Community 1–10% [15] 37–61% (class I sarcopenia) [22]

  (41–48% at risk) [14] 5–11% (class II sarcopenia) [22]

2.2 MALNUTRITION AND SARCOPENIA ARE PREVALENT 
AMONG OLDER ADULTS

There are no published data demonstrating the co-occurrence of malnu-
trition and sarcopenia in older adults. However, research has shown that 
reductions in handgrip strength are common in individuals who have sar-
copenia as well as in individuals who are malnourished [9, 10]. Many 
older adults are malnourished or at high risk for malnutrition due to many 
factors. Decreased appetite and food intake, poor dentition, an increased 
frequency and severity of acute and chronic medical conditions, multiple 
medications, social and economic challenges, and cognitive decline all 
play a role in the etiology of malnutrition among older adults. Advanced 
age is an independent risk factor for malnutrition and is associated with a 
lower body weight, body mass index (BMI), and serum albumin [11–13].

The prevalence of malnutrition is greater among older adults in health 
care settings than in the community (Table 1). In hospital settings, malnutri-
tion among older patients is approximately 56% [11]. For older adults living 
in the community, the prevalence of malnutrition ranges from 1 to 10%, 
while 41–48% are at risk for malnutrition [14]. Consistently, in a large inter-
national study, malnutrition was present in 2% of those living in the commu-
nity, 9% of outpatients and home care combined, 23% in the hospital, 21% 
in institutions, and 15% in those with cognitive impairment [15].

Age-associated loss of muscle mass is characterized by a 3–8% de-
cline per decade after the age of 30 years with further decline in adults 
60 years of age and older [7, 16]. With aging, the loss of muscle mass 
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is accompanied by an increase in body fat [17]. On average, adults can 
experience annual losses of 0.23 kg of muscle and gains of 0.45 kg of fat 
between 30 and 60 years of age [18]. Acute illness and injury can acceler-
ate age-related changes in body composition. Studies demonstrate that, 
following injury, patients can lose 5-6% of their total body weight—most 
of which is muscle mass —and gain between 4 and 11% in fat mass within 
12 months, with the majority of LBM loss occurring within the first two to 
four months after the injury [19].

Using the EWGSOP diagnostic criteria, Landi et al. evaluated the base-
line data of adults who were 80 years of age or older (n = 260) from the il-
SIRENTE study. The results of the study indicated that sarcopenia is prev-
alent among community-dwelling older adults with no differences based 
on gender (25%) [20]. Using the same diagnostic algorithm, Landi et al. 
demonstrated that the prevalence of sarcopenia is slightly higher (32.8%) 
among older adults in long-term care settings and was higher among male 
residents (68%) than among female residents (21%) [21].

Reductions in muscle mass among older adults are common and can 
contribute to functional impairment, disability, increased risk for falls 
[20], lowered quality of life, and increased risk for mortality. For in-
stance, using cross-sectional body composition data from the Third Na-
tional Health and Nutrition Examination Survey, Janssen and colleagues 
determined the prevalence of class I sarcopenia (skeletal muscle mass 
index within one to two standard deviations below sex-specific values 
for young adults) and class II sarcopenia (skeletal muscle mass index 
two standard deviations of young adult values) in adults age 50 years of 
older. Among adults 50 years of age and older, the prevalence of class I 
sarcopenia was estimated between 37 and 47% in men and 50–61% in 
women, and a prevalence of class II sarcopenia between 5–7% in men 
and 7–11% in women. The prevalence of sarcopenia increased from the 
third to sixth decades and remained constant among subjects 70 years 
of age and older, while the prevalence of class I (59% versus 45%) and 
class II (10% versus 7%) was greater in women ≥50 years of age than 
men (P < 0.001). Moreover, functional impairment was 2-3-fold higher 
in older subjects with class II sarcopenia than those with normal muscle 
mass, even after adjusting for age, race, BMI, health behaviors, and co-
morbidities [22].
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2.3 MALNUTRITION SARCOPENIA SYNDROME  
AND CLINICAL OUTCOMES

In many patient populations, malnutrition and sarcopenia are present in 
parallel and manifest clinically through a combination of decreased nutri-
ent intake, decreased body weight, along with a decrease in muscle mass, 
strength, and/or physical function. This leads us to coin the proposed clini-
cal syndrome of Malnutrition-Sarcopenia Syndrome (MSS). MSS is the 
clinical presentation of both malnutrition and accelerated age-associated 
loss of lean body mass, strength, and/or physical performance. Malnutri-
tion and sarcopenia are each independently associated with negative health 
consequences that impact older adults across health care settings. Patients 
with malnutrition and/or sarcopenia are at risk of increased morbidity and 
mortality, decreased quality of life and functioning and increased rehospi-
talization, length of hospital stay, and healthcare costs. Importantly, mal-
nutrition and sarcopenia are associated with increased mortality [23–27]. 
Cederholm et al. found significant differences in mortality rates between 
malnourished patients and well-nourished patients after hospitalization 
(44% versus 18%, respectively) [23]. In community-dwelling older adults, 
unintentional weight loss and low BMI are associated with elevated 3-year 
mortality rates, and older adults reporting unintentional weight loss were 
1.67 times more likely to experience mortality than those who reported no 
weight loss [28]. Newman and colleagues demonstrated that 5% weight 
loss over a three-year period is a significant and independent predictor 
of mortality in community-dwelling aging adults [17]. Similarly, Cereda 
et al. determined that low BMI predicted mortality in older institutional-
ized adults [29]. Interestingly, a prospective observational cohort of older 
adults demonstrated that higher lean mass and lean mass index predicted 
lower mortality with an 85% reduction in risk, suggesting that changes 
in lean mass and lean mass index, rather than BMI, are better predictors 
of mortality in older adults and highlighting the role of lean muscle mass 
loss in defining malnutrition [30]. Sarcopenia has also been linked with 
increased mortality in various patient populations. Recently, Landi et al. 
demonstrated that sarcopenia is highly prevalent in older nursing home 
residents and is associated with a significantly increased risk of all-cause 
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death [31]. Additionally, Bunout et al. evaluated the relationship between 
the loss of fat-free mass and mortality among aging adults (n = 1413, 74.3 
± 5.6 years of age) and showed that low fat-free mass was significantly 
associated with mortality among individuals over 74 years of age [32]. 
Furthermore, results from a recent meta-analysis show that objective mea-
sures of physical capability, such as handgrip strength, walking speed, and 
chair rise, are predictors of all-cause mortality in older community-dwell-
ing populations [33]. The loss of function associated with sarcopenia and 
malnutrition is a risk factor for negative outcomes.

Malnutrition and sarcopenia are associated with increased morbidity, 
in particular increased infection and complications rates, including falls 
[34] and disability [35]. In a study of hospitalized patients, malnutrition 
was shown to be a significant independent risk factor for nosocomial in-
fections, with infection rates of 4.4% in the well-nourished group, 7.6% 
in the moderate malnutrition group as compared to 14.6% in the severely 
malnourished group [36]. In addition, serum albumin levels, age, weight, 
immunodeficiency, and nutrition risk index score were associated with in-
creased risk of nosocomial infections [36]. Edington et al. determined that 
malnourished patients experience a two-fold increase in rates of infection 
as compared to well-nourished patients, indicating that malnutrition is as-
sociated with hospital-acquired infections [37]. Similarly, a study of hos-
pitalized older adults demonstrated that patients identified with sarcopenia 
(detected by dual energy X-ray absorptiometry (DXA)) upon admission 
were at a greater risk of contracting a nosocomial infection during the first 
3 weeks of hospitalization (relative risk of 2.1) [38].

Malnutrition and loss of muscle mass compromise the quality of life 
and functional capacity of aging adults. Malnutrition is associated with 
declines in functional capacity in hospitalized patients [39]. Moreover, re-
duced quality of life has been reported among malnourished patients with 
a total Mini-Nutritional Assessment (MNA) score <24 [40]. Malnutrition 
significantly impacts the clinical outcomes of community-dwelling older 
adults. Specifically, older patients who are malnourished are more likely to 
be discharged to a residential home and less likely to return home [41, 42] 
with an increased length of convalescence, greater disability and depen-
dence on walking devices, and loss of muscle strength after hospitalization 
[43–45]. Other consequences of sarcopenia are persistent sense of fatigue, 
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muscle weakness, increased predisposition to metabolic disorders, and in-
creased risk of falls and fractures [46]. Studies suggest that loss of muscle 
mass is a predictor of functional decline in independent older adults and 
those with disability [22, 47] and that age-related loss of muscle mass 
is directly correlated with loss in strength [48]. Interestingly, Reid et al. 
showed that lower extremity muscle mass is a strong independent predic-
tor of the level of functional impairment [49]. Loss of strength with aging 
tends to track with loss of muscle mass in physiological studies although 
the decline in muscle strength is steeper than the decline in muscle mass 
[50]. Also, interventions that increase muscle mass do not necessarily in-
crease strength, and changes in strength that occur with resistance train-
ing precede measurable changes in muscle mass. Correlations between 
change in muscle mass and change in strength in older adults are therefore 
not consistent. Recently, the term ‘‘sarcopenia with limited mobility’’ was 
proposed as a syndrome that occurs when sarcopenia leads to loss of func-
tion and individuals become candidates for therapeutic interventions [51].

In addition to increased risk of infections and functional impairment, 
malnutrition and loss of muscle mass are also associated with increased 
hospital length of stay (LOS) [11, 37, 52–55]. Moreover, studies have 
shown that weight loss and malnutrition are predictors of increased rehos-
pitalization rates in adults [56–59]. In one study, LOS is significantly short-
er among well-nourished patients (5.7 days) as compared to malnourished 
patients (8.9 days) [60]. Leandro-Merhi et al. reported that well-nourished 
patients are three times more likely to be discharged sooner than patients 
with varying degrees of malnutrition [55]. Additionally, severely malnour-
ished patients with a BMI < 20 kg/m2 or weight loss of greater than 10% 
stayed in the hospital even longer at 18.3 and 17.5 days, respectively [37]. 
Hospitalization is associated with significant reductions in muscle mass 
and strength and functional decline in older adults [44, 61–64]. Interest-
ingly, in a large sample of patients, Pichard et al. determined that fat-free 
mass (FFM) and fat-free mass index are significantly lower among elderly 
hospitalized patients than their nonhospitalized counterparts. Addition-
ally, 37% of patients hospitalized for just 1-2 days had low FFM, which 
increased to 55.6% after 12 days of hospitalization [65]. Another study 
concluded that short-term hospitalization was associated with significant 
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declines in functional capacity and muscle strength, regardless of age or 
baseline functional status [45]. The relationship between hospitalization—
related loss of muscle mass and strength and declining functional capacity 
and the risk for future hospital admission needs further exploration.

Collectively, malnutrition, loss of muscle mass, strength, and func-
tional capacity are accelerated in hospitalized older adults [55, 61, 62, 66]. 
Increased LOS worsens malnutrition and sarcopenia, creating a vicious 
cycle of disease severity, increased frequency and severity of complica-
tions, increasing LOS, and rehospitalization rates [62].

Due to their associated comorbid conditions, malnutrition and sarco-
penia impose a major economic burden on healthcare systems, contribut-
ing to escalating healthcare costs. A study of hospitalized patients showed 
significantly increased costs in malnourished patients. The mean daily 
expense was $228.00 per malnourished patients versus $138.00 per well-
nourished patients, a cost increase of 60.5%, after including costs for med-
ications and tests, the cost to treat malnourished patients rose by 308.9% 
[53]. According to a British Association of Parenteral and Enteral Nutri-
tion report, malnutrition in the UK costs in excess of £13 billion per year: 
£8 billion is for healthcare, including hospital inpatients and outpatients, 
and primary care (prescriptions and general medical services), and £5 bil-
lion is for nursing, residential, and home care services [67]. Additionally, 
sarcopenia significantly increases health care costs. A 2000 US study es-
timated that sarcopenia resulted in $18.5 billion dollars in direct health 
care expenditures, which reflected 1.5% of total healthcare expenditures. 
Moreover, a 10% reduction in sarcopenia prevalence would result in $1.1 
billion US dollars in health care savings [68].

TABLE 2: The clinical signs and symptoms of Malnutrition-Sarcopenia Syndrome.

Malnutrition-Sarcopenia Syndrome

Malnutrition Sarcopenia

↓ Food intake ↓ Muscle mass

↓ Appetite ↓ Muscle strength and/or functionality

↓ Body weight
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2.4 SCREENING AND ASSESSING FOR MALNUTRITION 
SARCOPENIA SYNDROME

Clinicians should integrate nutrition assessment with sarcopenia screen-
ing for optimal evaluation of these two inter-related nutritional issues to 
help improve patients’ clinical outcomes. A variety of malnutrition screen-
ing tools are available such as the Malnutrition Screening Tool (MST) 
[69], Malnutrition Universal Screening Tool (MUST) [70], the short form 
of the Mini-Nutritional Assessment (SF-MNA) [71] and Nutrition Risk 
Screening-2002 (NRS-2002) [72]. A standard for nutritional assessment, 
the Subjective Global Assessment (SGA), is a valid and reliable method to 
assess nutritional status in a variety of patient populations [73]. The MNA 
is another reliable assessment tool validated for use with older adults in 
multiple settings [71, 74]. Elements of history and physical examination 
are commonly shared among these tools and include unintentional weight 
loss (e.g., 3 kg within the last 3 months), decreased food intake, gastro-
intestinal symptoms, and functional impairment. For sarcopenia screen-
ing, a simple clinician tool has been suggested by the European Geriatric 
Medical Society (EUGMS) Consensus Committee of defining sarcopenia 
(Figure 1), in which older adults are screened and assessed for sarcopenia 
using both gait speed and handgrip strength measurements [9, 75–77]. If 
a patient is identified to have slow gait speed or low hand grip strength, 
muscle mass should then be measured and evaluated. Based on the evi-
dence presented, the combination of screening and assessing for malnutri-
tion and sarcopenia is recommended to screen for the presence of MSS in 
at-risk patient populations, particularly older adults in clinical settings and 
in the community. The proposed clinical signs and symptoms to identify 
MSS are highlighted in Table 2. Specifically, to facilitate screening and as-
sessment of MSS, we propose that patients would be at high risk for MSS 
if at least four of these criteria are present:

1.	 recent history of reduced appetite that resulted in poor food intake,
2.	 unintentional weight loss of 3 kg or more over the last 3 months,
3.	 low muscle mass (as measured by DXA, CT, MRI, or BIA),
4.	 decreased gait speed (less than 0.8 meter/second), and
5.	 reduced hand grip strength for age and gender.
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Future research is warranted to determine the reliability and validity of 
this assessment tool across patient populations and settings.

2.5 CONCLUSION

Malnutrition and sarcopenia are both commonly occurring conditions across 
patient populations, especially older adults. Both conditions result in numer-
ous and substantial negative outcomes to both the patient and the health care 
system, including increased morbidity and mortality, decreased patient qual-
ity of life and functionality, and increased health care costs and rehospitaliza-
tion rates. Historically, patients have been screened or assessed by health-
care practitioners for either malnutrition or sarcopenia, but rarely for both 
conditions concurrently. However, many patients present clinically with both 
conditions in parallel and this combination, or the malnutrition sarcopenia 
syndrome should be the focus of future nutrition screening and assessment in 
at-risk patient populations. Examining the entirety of the patient’s nutritional 
and functional status through screening and assessment for both malnutrition 
and sarcopenia will enable healthcare practitioners to better determine the 
presence of MSS in their patients and target interventions to fit the patients’ 
needs. Moreover, as the world is aging and older adults will utilize health 
care services at an increased rate, this could ultimately result in better patient 
care and outcomes in this unique and expanding patient population. Clini-
cians and researchers are called upon to work together to develop a practical, 
reliable, and valid tool for MSS that is appropriate for implementation into a 
variety of clinical practice settings, with the aim of identifying patients with 
MSS and providing the appropriately targeted interventions.
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3.1 INTRODUCTION

Sarcopenia is defined by the European Working Group on Sarcopenia in 
Older People (EWGSOP) [1] as a syndrome characterized by progres-
sive and generalized loss of muscle mass and strength. Sarcopenia is a 
physiological phenomenon that usually starts in the fifth decade. van Kan 
(2009) has investigated the prevalence of sarcopenia in the population 
aged 60–70 years: in this age group, the prevalence ranged from 5 to 13% 
but increased to 11–50% in subjects aged >80 years [2].

Sarcopenia becomes responsible not only for the reduction of mobil-
ity and the level of autonomy of the elderly, but also for their ability to 
maintain good health. The functional reduction of the quadriceps muscle 
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predisposes to a limitation in walking, with risk of falls and fractures of 
the femoral neck. A survey conducted in the USA has estimated the cost-
related health consequences of sarcopenia to be 20–30 billion dollars [3].

In most elderly patients, the onset of sarcopenia is multifactorial. Like 
in all body tissues, muscle proteins are subjected to a constant process 
of synthesis and degradation; in healthy adults (with an adequate protein 
intake) this turnover is in balance, allowing the maintenance of a positive 
nitrogen balance and a constant muscle mass [4, 5].

In elderly, one of the pathogenic mechanisms leading to sarcopenia 
is altered muscle protein metabolism: the proteolytic processes are not 
accompanied by an adequate protein synthesis within the physiological 
turnover, and muscle cells lose progressively the sensitivity to the ana-
bolic stimulus induced from the essential leucine and IGF-1 (insulin-like 
growth factor), thus manifesting the so-called “anabolic resistance” [6].

This phenomenon may be associated with other hormonal, functional, 
and nutritional factors, each of which may contribute to a greater or lesser 
extent—depending on gender, age, and clinical condition of the patient—
to the progression of disease, defined as secondary sarcopenia [7]. With 
respect to nutritional causes, about 40% of subjects >70 years do not as-
sume the current RDA (Recommended Dietary Allowances) of proteins 
(0.8 g/kg/day) [8]. The phenomenon depends upon several factors, each 
with a variable contribution: these include odontostomatological prob-
lems, capable of altering the masticatory function (therefore influencing 
the choice of foods with reduced content of proteins); a reduced capacity 
of digestion and assimilation of proteins in enteric tube; delayed gastric 
emptying, associated with a reduced gallbladder contractility and higher 
serum levels of the hormone cholecystokinin (CCK) and neuropeptide Y 
(PYY) (facilitating a long-lasting satiety [9]); a higher blood concentra-
tion of leptin in the elderly (showing that the anorexigenic signal prevails 
over the orexigenic one [10]); a propensity, increasing with age, to take 
sweet foods, easily chewable and already ready to eat, but not always ad-
equate in the amino acid content.

In addition, costs are an issue, since a greater adherence to the Medi-
terranean diet is inversely related to BMI but leads to higher cost, which 
in 2006 were estimated at 1.2 €/day [11], due to the higher cost of meat 
and fish, compared with carbohydrates. Lastly, it is necessary to add that, 
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according to available evidence, current RDA that define the protein in-
take in the elderly population should be revised, because for a number 
of reasons—many of which have already been discussed—they are often 
inadequate in terms of quantity and quality [12–15].

The FAO and the WHO indicate that an intake of 0.75 grams of high 
quality protein per kilogram of body weight is safe and adequate; however, 
for elderly subjects, it has been proposed to increase this value to 1.25 g/
kg/day in order to avoid sarcopenia [16]. It is also necessary to consider 
that elderly subjects frequently present subclinical nutritional deficits, in 
particular of vitamins and minerals useful for the muscular tropism, such 
as vitamin D [17].

TABLE 1: Nutrients and drugs that have been shown to present an activity of stimulation in 
increasing the mass and/or muscle strength in humans or in the animal model.

Nutrients Proteins and amino acids (BCAAs) and creatine.

Antioxidants (vitamin E, vitamin C, carotenoids, and resveratrol)

Vitamins: vitamin D

Long-chain omega-3 fatty acids

Drugs Antagonists of mineral corticoids (Spironolactone)

ACE inhibitors

Hormone replacement 
therapy

Testosterone (T)

Growth hormone (GH)

Combination therapy: T and GH

Estrogen

DHEA-S

The more rational approach to delay the progression of sarcopenia is 
based on the combination of proper nutrition, possibly associated with 
the use of supplements and/or foods for special medical purposes, and a 
regular exercise program. Alternative treatments which are based on ad-
ministration of hormone preparations such as testosterone, GH, and es-
trogens are still not universally accepted and require further investigation 
[18, 19]. Table 1 lists the nutrients and drugs which have been shown to 
increase the mass and/or muscle strength in humans or animal models. 
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Table 2 summarizes the studies (prospective cohort studies or randomized 
controlled trials) performed in elderly subjects to investigate the optimum 
dietary supplementation, other than proteins/aminoacids, for the treatment 
of sarcopenia.

Given this background, the aim of the present narrative review is to 
summarize the state of the art according to the extant literature about two 
topics: (1) the correct intake of protein and amino acids, in particular 
branched chain amino acids (BCAAs) need for prevention and treatment 
of sarcopenia; (2) the correct intake of other nutrients, such as antioxidant, 
vitamin D, and long-chain omega-3 polyunsaturated fatty acids, or dietary 
supplements, such as beta-hydroxy-methylbutyrate and creatine, in need 
for prevention and treatment of sarcopenia.

3.2 METHODS

The present narrative review was performed following the steps by Egger et 
al. [20]. Table 3 showed the summary of methodology used. The step were 
(1) configuration of a working group: three operators skilled in endocrinol-
ogy and clinical nutrition, of whom one acting as a methodological operator 
and two participating as clinical operators; (2) formulation of the revision 
question on the basis of considerations made in the abstract: “the state of 
the art on metabolic and nutritional correlates of sarcopenia and their nutri-
tional treatment”; (3) identification of relevant studies: a research strategy 
was planned, on PUBMED (Public MedLine run by the National Center of 
Biotechnology Information (NCBI) of the National Library of Medicine of 
Bethesda (USA)), as shown in Table 3; (4) analysis and presentation of the 
outcomes: the data extrapolated from the revised studies were carried out in 
the form of a narrative review of the reports and were collocated in tables. 
The flow diagram of narrative review of the literature has been reported in 
Figure 1. At the beginning of each section, the keywords considered and 
the kind of studies chosen have been reported. Suitable for the narrative 
review were prospective cohort studies, randomized controlled trials (RCT), 
reviews, meta-analyses, cross sectional studies, and position paper which 
considered elderly with diagnosis of sarcopenia defined by the European 
Working Group on Sarcopenia in Older People (EWGSOP) [1].
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FIGURE 1: Flow diagram of narrative review of literature.
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TABLE 3: Summary of methodology.

Step General activities Specific activities

Step  1 Configuration of a working group Three operators skilled in clinical nutrition:

(i) one operator acting as a methodological 
operator 

(ii) two operators participating as clinical 
operators

Step  2 Formulation of the revision question Evaluation of the state of the art on metabolic 
and nutritional correlates of sarcopenia and 
their nutritional treatment

Step  3 Identification of relevant studies on 
PUBMED

(a) Definition of the key words (sarcopenia, 
nutrients, and dietary supplement), allowing 
the definition of the interest field of the docu-
ments to be searched, grouped in inverted 
commas (“…”), and used separately or in 
combination;

(b) use of the Boolean (a data type with only 
two possible values: true or false) AND 
operator that allows the establishments of 
logical relations among concepts; 

(c) research modalities: advanced search; 

(d) limits: time limits: papers published in the 
last 20 years; humans; languages: English; 

(e) manual search performed by the senior 
researchers experienced in clinical nutrition 
through the revision of reviews and individu-
al articles on sarcopenia in elderly published 
in journals qualified in the Index Medicus

Step  4 Analysis and presentation of the 
outcomes

The data extrapolated from the revised stud-
ies were carried out in the form of a narrative 
review of the reports and were collocated in 
tables.

3.3 RESULTS

3.3.1 AMINOACIDS AND PROTEIN

This research has been carried out based on the keywords: “sarcopenia” 
AND “proteins” AND “aminoacids”; 113 articles were sourced. Among 
them, 1 observation study, 6 reviews, 2 cross sectional studies, 8 ran-
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domized controlled studies (RCT), and 1 position paper have been se-
lected and discussed.

It is known that the amino acids, including branched chain amino acids 
(BCAAs), are necessary for the maintenance of muscle health in the elder-
ly [21]. Approximately 300–600 grams of muscle proteins is degraded and 
resynthesized daily, with complete renewal of the pool of muscle protein 
in the human body occurring every 3-4 months. Food intake stimulates 
muscle protein synthesis, resulting in a positive protein balance. After tak-
ing a protein-rich meal, the degree of protein synthesis remains elevated 
for more than 5 hours, with a peak of 2-3 hours after the intake [22]. It has 
been shown that in adult subjects a dose of approximately 15–20 grams of 
protein (or 7.5 grams of essential amino acids) is sufficient to maximize 
the synthesis of muscle proteins [23].

Probably the elderly, compared with younger subjects, would require 
a larger amount of protein to obtain the same maximization of protein 
synthesis, probably 30 grams as shown by Pennings et al. [24]. The bio-
availability of amino acids plays a major role in the regulation of protein 
metabolism in elderly subjects and therefore a nutritional therapy must 
necessarily aim also at the recovery of muscle and sensitivity to the stim-
ulus induced by the protein-synthetic amino acids, in order to contrast 
anabolic resistance. Over the past few years, the analysis of the different 
nutritional strategies has allowed the definition of some key concepts, re-
cently discussed in a position paper by the PROT-AGE Study group [16], 
which include the recommended amount of protein intake for the healthy 
elderly; the recommended amount of protein intake for the elderly with 
acute or chronic conditions; the role of physical activity in association 
with dietary intake to maintain muscle strength and function in elderly; 
the practical administration of food proteins (source and quality of dietary 
protein, protein intake timing, and energy intake).

3.3.1.1 RECOMMENDED AMOUNT OF PROTEIN INTAKE  
FOR HEALTHY ELDERLY

To maintain and recover the muscle, elderly subjects need to have a greater 
protein intake compared with younger subjects; older people should have 
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an average intake of protein of 1.2/g/kg/day of body weight/day [16]. The 
threshold for anabolic meal intake of protein/amino acids must be greater 
in elderly subjects (i.e., 25 to 30 g of protein per meal, containing approxi-
mately 2.5–2.8 g of leucine), compared with young adults [24, 25]. The 
source of protein, timing of intake, and supplementation with amino acid 
supplements should be considered when making recommendations on the 
intake of dietary protein in the elderly.

3.3.1.2 RECOMMENDATIONS IN PROTEIN INTAKE IN THE 
COURSE OF ACUTE AND CHRONIC PATHOLOGY

In subjects with pathological conditions, the amount of additional proteins 
to be taken or the protein requirement depends on the specific disease, its 
severity, nutritional status of the subject before the onset of the disease, 
and the impact of the disease on the state of nutrition. The majority of 
elderly patients who present an acute or chronic disease have an increased 
need for protein intake (1.2 to 1.5 g/kg body weight/day), while patients 
with critical illnesses or severe malnutrition have a need of protein equal 
to 2 g/kg body weight/day. Elderly subjects with severe renal impairment 
(estimated glomerular filtration rate < 30 mL/min/1.73 m2) who are not on 
dialysis are an exception and, conversely, must limit their protein intake.

3.3.1.3 QUALITY OF PROTEIN AND SPECIFIC AMINO ACIDS

Not all dietary proteins have the same kinetic properties: the rate of ab-
sorption of dietary amino acids and their effect on the regulation of protein 
metabolism are dependent on the molecular characteristics of the protein. 
This characteristic gave rise to the distinction of dietary protein between 
fast and slow [26–28].

Previous work suggests that whey protein ingestion results in greater 
postprandial protein retention than does casein ingestion [29, 30].

The greater anabolic properties of whey than of casein are mainly 
attributed to the faster digestion and absorption kinetics of whey, which 
results in a greater increase in postprandial plasma amino acid avail-
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ability and thereby further stimulates muscle protein synthesis [23, 26, 
27, 31, 32].

Besides differences in protein digestion and absorption kinetics, whey 
and casein also markedly differ in their amino acid composition [26, 27, 32].

Whereas both proteins contain all the amino acids required to effec-
tively stimulate muscle protein synthesis [33], whey has a considerably 
higher leucine content.

As regards differences between animal and vegetal sources, even if 
previous studies demonstrated that consumption of a meat-containing diet 
contributed to greater gains in fat-free mass and skeletal muscle mass with 
resistance training in older men than did a lactoovovegetarian diet [34, 
35], more recent studies suggested that increases in muscle strength and 
size were not influenced by the predominant source of protein consumed 
by older men with adequate total protein intake [36].

3.3.1.4 BRANCHED CHAIN AMINO ACIDS AND LEUCINE

It has been suggested that leucine, which is an essential amino acid belong-
ing to the category of the branched chain amino acids (BCAAs; valine, 
and together with the isoleucine, whose average requirement is 40 mg/kg/
day), is critical to maintaining a healthy muscle tissue and liver. The main 
sources of leucine are chicken and fish, cottage cheese, lentils, sesame, and 
peanuts. Unlike many other amino acids, BCAAs are metabolized only in 
skeletal muscle, since the BCAA amino-transferase enzyme is not present 
in the liver, the site in which the enzymes metabolizing all other amino ac-
ids are present in maximum concentrations, and up to 58% of all the amino 
acids ingested (except BCAA) can be oxidized in the liver on the first pass. 
Skeletal muscle is able to oxidize only 6 amino acids during exercise: in 
addition to BCAAs, asparagine, aspartate, and glutamate. When combined 
with exercise training, BCAA supplementation increases testosterone and 
decreases cortisol to create an anabolic environment [37]. BCAAs repre-
sent 14%–18% of the total amino acid content of skeletal muscles [38]. At 
rest, BCAAs, in particular leucine, have an anabolic effect by increasing 
protein synthesis and/or a reducing the rate of protein degradation, result-
ing in a positive net muscle protein balance [39]. The infusion of BCAAs 
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in humans elevates the phosphorylation and the activation of p70S6 kinase 
and 4E-BP1 in skeletal muscle [40]. Both p70S6 kinase and 4E-BP1 are 
downstream components of the mTOR signaling pathway, which controls 
RNA translation and synthesis of proteins, and which is recognized as the 
central node to support muscle hypertrophy [41]. Leucine is involved in 
the direct phosphorylation and activation of mTOR in skeletal muscle, 
further enhancing the protein synthetic response [42]. According to the 
WHO, for healthy people the daily demand of BCAA to cope with the 
normal loss in protein metabolism and turnover are the following: valine: 
10 mg/kg body weight; isoleucine: 10 mg/kg body weight; leucine: 10 mg/
kg body weight [43].

It was recognized that the leucine content of the meal is an important 
regulator of the synthesis of muscle proteins and influences body compo-
sition in the long term [44]. Further research has compared the intake of 
10 grams of protein with 18% of leucine with a similar beverage contain-
ing 35% of leucine, concluding that the beverage with the highest con-
centration of leucine determines a greater signaling of protein synthesis, 
resulting in an inferior muscle catabolism by cortisol [45]. Other studies 
on leucine show that once the minimum requirement of leucine for pro-
tein synthesis is satisfied, leucine can be used to activate various signal-
ing pathways, including mTOR. mTOR is a major regulator of protein 
synthesis, energy sensors, and sensors of nutrients and the availability 
of amino acids, particularly leucine. The mTOR pathway is activated 
when ATP levels are high and is blocked when ATP levels are reduced. 
The activation of mTOR is vital for skeletal muscle hypertrophy. Leu-
cine presents significant activity to stimulate insulin synthesis, which 
may increase the availability of amino acids for the synthesis of muscle 
proteins; in addition, leucine inhibits the destruction of muscle proteins 
with consequent increased balance over time [46]. Although leucine is 
described as the most important of the three BCAAs, isoleucine and va-
line also play a role, although they have not shown the same potential 
as leucine. In fact, the hypertrophy induced by leucine decreases to zero 
as soon as the presence of the other two BCAAs is poor; regardless of 
the amount of leucine available to the muscles, muscle growth does not 
occur if the concentration of the other two BCAAs decreases below a 
given level [47].
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3.3.1.5 BETA-HYDROXY-BETA-METHYLBUTYRATE

Beta-hydroxy-beta-methylbutyrate (HMB) is a product of leucine metabo-
lism that has been shown to slow protein breakdown in muscle tissue [48]. 
HMB may be effective at limiting the demands placed on the elderly sub-
jects by acute stresses, such as sudden increases in physical activity, an 
immunologic challenge, or acute malnutrition [48, 49].

Daily supplementation of HMB (2 g/day), arginine, and lysine for 
12 wk positively altered measurements of functionality, strength, fat-free 
mass, and protein synthesis, suggesting that the strategy of targeted nutri-
tion has the ability to affect muscle health in elderly women [50].

In conclusion, an adequate intake of proteins (1.2/g/kg/day) is essen-
tial to prevent sarcopenia and aminoacids supplementation; in particular 
branched chain amino acids (leucine 2.5 g/day) as well as the intake of 
beta-hydroxy butyrate (2 g/day) is a well documented intervention for 
treating sarcopenia.

3.3.2 CREATINE

This research has been carried out based on the keywords: “sarcopenia” 
AND “creatine”; 27 articles were sourced. Among them, 3 reviews, 11 
RCT, 1 single blind study, 1 control case study, 2 observational studies, 
and 1 cross over study have been selected and discussed.

Creatine is chemically known as a nonprotein nitrogenous compounds; 
it is a tripeptide composed of three amino acids (glycine, arginine, and 
methionine). In the human body, creatine is synthesized in the liver and 
pancreas from the amino acids arginine, glycine, and methionine. More-
over, creatine is present in foods (meat and fish) and is taken with the diet 
in the amount of 1-2 grams per day. Approximately 95% of the creatine 
in the body is stored in skeletal muscles, as phosphocreatine (PCr) for 
about two-thirds of the total content, while the remaining part is stored as 
free creatine. The energy provided for the phosphorylation of adenosine 
diphosphate (ADP) to adenosine triphosphate (ATP) during and after in-
tense exercise largely depends on the amount of PCr stored in the muscle. 
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With the depletion of PCr during intense exercise, the availability of en-
ergy decreases due to the inability to resynthesize ATP in the amount re-
quired to keep the high-intensity exercise [51]. Age-associated reductions 
of creatine/phosphocreatine in skeletal muscle have been reported in some 
studies [52, 53], although not all studies agree [54, 55]. The reduction 
of muscle creatine is biologically plausible, due to aging and, possibly, 
to certain comorbidities, such as sarcopenia, and/or changes with age in 
behavior (reduced physical activity and/or changes in dietary behaviors, 
such as decreased intake of meat for edentulous). The type II muscle fibers 
have a higher content of phosphocreatine compared with type I fibers (86 
against and 74 mmol/kg dm) [56], and sarcopenia is characterized by a 
preferential atrophy of type II fibers [57]. The progressive atrophy of type 
II fibers may therefore partly explain the reduced muscle creatine in the 
elderly. Moreover, the reduction of creatine in the muscle of the elderly 
is in line with previous evidence that documents an increased oxidative 
process in aged skeletal muscles, for example, with decreased dependence 
on glycolysis [58] and a decrease of lactate dehydrogenase [59]. Smith et 
al. (1998) first reported an increase in muscle PCr (30%) in middle-aged 
adults (58 years) as a result of short-term intake of high doses of creatine 
(0.3 g/kg/day for 5 days) [52]. In a similar study, Rawson et al. (2002) 
reported a smaller increase in muscle phosphocreatine (7 versus 35%) in 
older (70 years) compared to younger subjects (24 years), in response to 
the ingestion of creatine (20 g/day for 5 days) [55]. However, the muscle 
PCr baseline was greater in the young compared with adult subjects de-
scribed by Smith et al. (1998) [52], while the elderly subjects described 
by Rawson et al. (2002) had greater initial muscle PCr compared with 
younger subjects [55]. Brose et al. (2003) reported an increase in total 
muscle creatine (30% men, 17% women) in elderly subjects (70 years) 
who underwent 14 weeks of resistance training associated with intake of 
creatine in a dose of 5 g/day [60], a result that is similar to the increases re-
ported in younger adults [61, 62]. Eijnde et al. (2003) reported an increase 
in total muscle creatine (5%) and free creatine (21%) following 6 months 
of exercise program for muscular endurance associated with the creatine 
supplementation (5 g/day) [63]. From these studies, although limited in 
number, it seems that the muscle creatine in the elderly can be increased 
with oral creatine supplementation in a dose of 5 g/day, but that the magni-
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tude of the response can be significantly affected by the initial muscle cre-
atine. Wyss et al. (1998) have suggested that the increase in extracellular 
creatine may decrease the absorption of creatine muscle by decreasing the 
activity of creatinine [64]. Although Rawson et al. (2002) have reported 
the presence of increased creatine in the blood of elderly subjects (elderly 
68.5 mol/l, young 34.9 mol/l) [55], Tarnopolsky et al. (2003) showed no 
decrease in the activity of creatine after creatine ingestion in older men 
and women [65]. The most peculiar discovery was an improvement in 
fatigue resistance, which has been shown in many different studies using 
different exercise test [52, 66–70]. Some investigators have reported an 
increase in strength [68, 69], but this has not always been demonstrated 
[66, 67]. Importantly, in subsequent publications, researchers have begun 
to evaluate the performance of activities of daily living (activity daily liv-
ing, ADL) and have shown that creatine supplementation may improve 
the performance of daily tasks identified in the ADL scale [69, 71, 72]. 
The improvement of the performance of activities of daily living is an 
important finding, because of the association between the performance of 
ADL, fall risk, and mortality. Among the studies that have evaluated the 
muscle mass, the majority showed a greater increase in lean mass accre-
tion after ingesting creatine in combination with resistance training [60, 
73, 74]. A further advantage given by combining creatine supplementation 
with resistance exercise is the increase in bone mineral content. Chilibeck 
et al. (2005) showed a greater increase (3.2 versus 1%) of bone mineral 
content in older men (71 years) after 12 weeks of creatine supplementation 
(0.3 g/kg for 5 days, 0.07 g/kg for 11 weeks), in combination with train-
ing against resistance compared to training alone [75]. Dalbo et al. (2009) 
have stated that creatine is an effective intervention to combat sarcopenia 
[76]. The timing of creatine ingestion (i.e., 0.03–0.5 g/kg before and after 
the sessions of resistance training) can be more relevant than the amount 
of creatine. These novel findings have immediate application for research 
and health professionals for the design of optimal creatine application 
strategies for older individuals [51].

In conclusion, an adequate creatine supplementation could represent 
an intriguing intervention to counteract sarcopenia, in particular fatigue 
related to sarcopenia, although double-blind, placebo-controlled studies 
have not been conducted.
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3.3.3 ANTIOXIDANTS

This research has been carried out based on the keywords: “sarcope-
nia” AND “antioxidant”; 91 articles were sourced. Among them, 1 cross 
sectional study, 2 reviews, and 1 case control study have been selected  
and discussed.

Oxidative stress has been implicated as a central mechanism in the 
pathogenesis of sarcopenia [77].

Oxidative damage in skeletal muscle has been associated with the atro-
phy and loss of muscle function and fibers in sarcopenia [78].

Moreover, the accumulation of mitochondrial and nuclear DNA dam-
age due to oxidative stress is thought to eventually compromise function, 
leading to the loss of myocytes [79].

Finally, reactive oxygen species can damage muscle tissue directly, but 
they also provide a trigger for the expression of inflammatory cytokines 
such as interleukin- (IL-) 1, tumor necrosis factor (TNF), and IL-6. In 
older age, a low-grade inflammatory state characterized by increased con-
centrations of inflammatory cytokines and acute phase proteins is com-
mon [80, 81].

Studies conducted among community-dwelling older adults suggest 
that the proinflammatory state does have a long-term consequence for sar-
copenia. In the Longitudinal Aging Study Amsterdam, elevated IL-6 and 
CRP were associated with a loss of muscle strength over three years of 
follow-up [82].

Given this background, antioxidants (carotenoids, vitamin E, and vita-
min C) should play an important role against sarcopenia.

Carotenoids inactivate free radicals and appear to modulate the tran-
scription factors, such as the NFkB, which are involved in the regulation 
of IL-6 and other proinflammatory cytokines and have the ability, like 
alpha-tocopherol, to increase muscle strength [83, 84].

In the Women’s Health and Aging Studies (WHAS) I and II, low 
serum carotenoid levels were associated with poor muscle strength [84]. 
Likewise in the InCHIANTI study, a low-carotene intake was associ-
ated with low physical performance [85]. These observations are con-
sistent with a growing number of studies showing that a diet with high 
intake of fruits and vegetables is associated with a reduced risk of in-



50	 Clinical Nutrition and Aging: Sarcopenia and Muscle Metabolism

flammation, hypertension, diabetes, cardiovascular disease, sarcopenia,  
and mortality [83].

Adherence to the Mediterranean diet, which is characterized by a 
high intake of fruits, vegetables, and whole grains, and lower consump-
tion of red meat and saturated fats are associated with lower circulating 
IL-6 [86], and a recent trial showed the Mediterranean diet reduced IL-6 
in adults [87].

In animal models, it was found that the ability of leucine to stimulate 
muscle protein synthesis is significantly decreased in aged rats compared 
to young adults. This defect was reversed when the animal was supple-
mented with antioxidants. The effects may be due to a reduction of the 
inflammatory state due to the antioxidants themselves [88]. In addition, 
the supplementation of vitamins E and C improves indices of oxidative 
stress associated with exercise in aged rats [89].

Concerning the specific vitamin E, in human studies, vitamin E has 
been shown to affect muscle strength of the elderly [90].

Several studies have shown the positive effects of vitamin E in re-
versing muscle damage during extensive muscle contraction (exercise) 
in healthy men. Vitamin E supplementation at a dose of 800 IU for 28 
days resulted in lowering the expression of oxidative stress markers after 
a downhill run in both young and older men [91].

In another study, a longer supplementation period (12 weeks of vita-
min E supplementation) lowered creatinine kinase level after exercise in 
young men, whereas older men showed decreased lipid peroxidation in 
both resting state and after exercise, indicating that vitamin E promotes 
adaptation against exercise induced-oxidative stress and reduced muscle 
damage [92].

In animal models, similar results were obtained [93, 94].
In conclusion, until today, despite the promising above-mentioned 

animal studies and studies on subjects without sarcopenia, no RCT stud-
ies have evaluated the efficacy of an integration with antioxidants in 
the elderly patient suffering from sarcopenia. These studies are needed, 
given that recent epidemiological studies in community-dwelling old-
er adults show that low serum/plasma carotenoids are independently 
associated with low skeletal muscle strength and the development of  
walking disability.
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3.3.4 VITAMIN D

This research has been carried out based on the keywords: “sarcopenia” 
AND “vitamin D”; 114 articles were sourced. Among them, 6 RCT, 5 re-
views, 5 observational studies, 4 longitudinal studies, 2 population stud-
ies, 2 prospective studies, and 2 cohort analytic studies have been selected 
and discussed.

Vitamin D deficiency is common among geriatric patients (2–60%) 
[95, 96]. Vitamin D is hydroxylated in the liver to 25 (OH) D. This step 
is still well presented in the elderly, but it can be affected by liver disease 
[97, 98]. Further hydroxylation occurs in the kidney with the formation of 
1,25-(OH2) D; however the activity of hydroxylation by the kidney may 
decrease with age, in parallel with the decline in renal function [99]. Con-
sequences are the following: a low level of vitamin D, renal failure, and a 
low intake of calcium may result in mild secondary hyperparathyroidism. 
Increased levels of parathyroid hormone (PTH) cause an increase in bone 
turnover that is associated with bone loss, predominantly cortical; sec-
ondary hyperparathyroidism has been proposed as the main mechanism 
through which vitamin D deficiency contributes to the pathogenesis of hip 
fracture [95]. The presence of receptors for vitamin D was demonstrated 
in many organs [100], and the active metabolite, 1,25-2(OH)D, has been 
shown to be implicated in numerous systems that reduce the cell growth 
and inducing differentiation [101, 102]. Epidemiological studies have sug-
gested that vitamin D deficiency is associated with cancer of the colon and 
breast [103, 104]. Furthermore, the status of vitamin D influences the im-
mune system and insulin secretion [105].

Many studies have shown that low levels of 1,25-(OH) D and 25-(OH) 
D are associated with lower muscle strength, increased body instability, 
falls, and disability in older subjects [106, 107]. A significant association 
between the genotypes of the receptor for vitamin D with the strength of 
the quadriceps was also observed [108]. In addition, studies on vitamin 
D supplementation in elderly subjects with vitamin D deficiency showed 
an improvement in physical function and isometric knee extension versus 
placebo [109, 110]. In parallel with the decline in muscle mass and func-
tion with aging, there is a reduction of the expression of the receptors VDR 
(vitamin D receptor) in skeletal muscle [111]. Previous research has linked 
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some VDR polymorphisms with the reduction of muscle mass and func-
tion in the elderly [112], suggesting that vitamin D plays a role in the 
development and progression of sarcopenia [113]. Prospective analysis 
of LASA (the Longitudinal Aging Study Amsterdam) has shown that 
low levels of 25OHD are predictive of an increased risk of recurrent 
falls at 1 year [114], reduction of muscle mass and strength in 3 years 
[115], and admission to nursing homes in six years [116]. Limited data 
suggest that physical activity or hypertrophy of skeletal muscle may be 
an important source of vitamin D [113]. It has been shown that skel-
etal muscle is the main deposit of vitamin D in infant rats [117]. The 
outdoor exercise improves the levels of 25OHD in the elderly [118]. 
This suggests that physical activity may influence muscle hypertrophy 
independently of 25OHD. Pfeifer et al. (2002) suggested that the muscle 
building exercises can increase the levels of 25OHD [119], but further 
studies are needed [113]. Studies conducted to evaluate the effects of 
vitamin D supplements on functional abilities are partially contradictory. 
Some studies have shown that vitamin D intake did not improve physical 
performance [120, 121]. These studies were conducted in subjects with 
normal vitamin D. Conversely, studies conducted in 122 elderly subjects 
with low levels of vitamin D have been shown to benefit significantly 
from supplementation of vitamin D. In particular, Dhesi et al. [122] dem-
onstrated in a group of subjects (mean age 77 years), history of falls 
and blood values of vitamin D less than or equal to 12 micrograms/liter 
of a daily supplementation with 600 UI ergo-calciferol induced a 3% 
improvement of physical performance, as assessed by the “Aggregated 
Functional Performance Time (AFPT)” [123], while in the control group 
a 9% deterioration was reported. With respect to the postural stability, 
which is related to the state of vitamin D [124, 125], the study showed 
13% improvement, while the control group had a worsening equal to 
3%. In terms of reaction time, the treated group had a 13% improvement 
compared with a deterioration of 3% of the placebo group. However, it 
was not demonstrated an improvement in muscle strength [126].

Recently, Muir and Montero-Odasso [127] performed a meta-analysis 
on a collection of studies that those aged over 60 years participate in ran-
domized control trials of the effect of vitamin D supplementation without 
an exercise intervention on muscle strength, gait, and balance. The meta-
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analysis suggests that vitamin D supplementation (800–1000 IU) daily 
was associated with improvements of muscle strength and balance.

In conclusion, in vitamin D deficient sarcopenic subjects, dietary vita-
min D supplementation (800–1000 IU daily) could be promising and inter-
esting for treatment of sarcopenia.

3.3.5 LONG-CHAIN OMEGA-3 FATTY ACIDS

This research has been carried out based on the keywords: “sarcopenia” 
AND “omega 3”; 10 articles were sourced. Among them, 2 RCT, 1 review, 
and 2 case control studies have been selected and discussed.

The ability of the skeletal musculature to use amino acids to build or 
renew constitutive proteins is gradually lost with age and this is partly due 
to a decline in skeletal muscle insulin sensitivity. Since long-chain ome-
ga-3 polyunsaturated fatty acids (LCn-3PUFA) from fish oil are known to 
improve insulin-mediated glucose metabolism in insulin-resistant states, 
some evidence in animal model suggests that polyunsaturated fatty ac-
ids might be a potentially useful therapeutic agent for the treatment and 
prevention of sarcopenia. It has been shown that providing feed enriched 
in fish oil to growing steers increases the activation (phosphorylation) of 
anabolic signaling proteins in muscle during administration of insulin and 
amino acids and increases the nonoxidative whole-body disposal of amino 
acids, an index of increased whole-body protein synthesis [128].

Furthermore, omega-3 fatty acid supplementation has been shown to 
prevent loss of muscle mass in burned guinea pigs [129].

In addition, omega-3 fatty acids present anti-inflammatory properties 
[130], which may also help alleviate the muscle anabolic resistance in 
older adults.

With respect to the effect of dietary omega-3 fatty acid supplementa-
tion on the rate of muscle protein synthesis and the anabolic signaling cas-
cade in older adults, recently it has been demonstrated that omega-3 fatty 
acid supplementation had no effect on the basal rate of muscle protein syn-
thesis but enhanced the hyperaminoacidemia-hyperinsulinemia-induced 
increase in the rate of muscle protein synthesis, which was accompanied 
by greater increases in muscle mTORSer2448 phosphorylation [131].



TABLE 4: Effect of nutrients or dietary supplementations on metabolic correlates of 
sarcopenia.

Nutrients 
or dietary 
supplementa-
tions

Recommendations Specific effect

Proteins: 
average daily 
intake

It is recommended that the total 
protein intake should be 1–1.2 g/kg/
day [16]

 

Proteins: tim-
ing of intake

It is recommended to have 30 grams 
of protein of high biological value for 
each meal [25]

The elderly, compared with younger 
subjects, would require a larger amount 
of protein to obtain the same maximiza-
tion of protein synthesis

Proteins: fast 
and slow

It is recommended to have whey pro-
tein ingestion because whey protein 
ingestion results in greater postpran-
dial protein retention than does casein 
ingestion [31]

The greater anabolic properties of whey 
than of casein are mainly attributed to 
the faster digestion and absorption kinet-
ics of whey, which results in a greater 
increase in postprandial plasma amino 
acid availability and thereby further 
stimulates muscle protein synthesis. 
Moreover, whey has a considerably 
higher leucine content

Proteins: 
animal and 
vegetal 
sources

When the total protein intake is ade-
quate, the source of protein consumed 
(vegetal or animal) does not influence 
muscle strength and size [36]

Increases in muscle strength and size 
were not influenced by the predominant 
source of protein consumed by older 
men with adequate total protein intake

Branched 
chain 
amino acids 
(BCAAs),

It is recommended to have an ad-
equate daily leucine supplementation 
(3 g/day)

A high proportion of leucine is required 
for optimal stimulation of the rate of 
muscle protein synthesis by essential 
amino acids in the elderly

Beta-hy-
droxy-meth-
ylbutyrate 
(HMB)

It is recommended to have a daily in-
take of beta-hydroxy butyrate (HMB-
b, 2 g/day) because it can attenuate 
the loss of muscle mass and increase 
muscle mass and strength [50]

Beta-hydroxy-beta-methylbutyrate is a 
product of leucine metabolism that has 
been shown to slow protein breakdown 
in muscle tissue

Creatine It is recommended to have an ad-
equate creatine supplementation be-
cause it could represent an intriguing 
intervention to counteract sarcopenia 
and in particular fatigue associ-
ated with sarcopenia; the timing of 
creatine ingestion (i.e., 0.03–0.5 g/kg 
before and after the sessions of resis-
tance training) can be more relevant 
than the amount of creatine [73, 76]

The ingestion of an adequate creatine 
supplementation determines the increase 
in muscle phosphocreatine (PCr) and the 
energy provided for the phosphoryla-
tion of adenosine diphosphate (ADP) to 
adenosine triphosphate (ATP) during and 
after intense exercise largely depends on 
the amount of PCr stored in the muscle
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Nutrients 
or dietary 
supplementa-
tions

Recommendations Specific effect

Vitamin D It is recommended to have a 
dietary vitamin D supplementation 
(800–1000 UI ergo-calciferol/day) 
in vitamin D deficient sarcopenic 
subjects [127]

Dietary vitamin D supplementation de-
termines an increase of the expression of 
the receptors VDR (vitamin D receptor) 
in skeletal muscle

Antioxidants. 
vitamin E, 
vitamin C, ca-
rotenoids, and 
resveratrol

It is recommended to have a diet 
with high intake of fruits, vegetables 
whole grains, which is rich in anti-
oxidant, and lower consumption of 
red meat and saturated fats, because 
it is associated with a reduced risk of 
inflammation correlated to oxidative 
damage [83]

Adherence to the diet rich in antioxidants 
is associated with lower circulating IL-6

Long-chain 
omega-3 
polyunsaturat-
ed fatty acids 
(LC-3PUFA)

It is recommended to have dietary 
long-chain omega-3 polyunsaturated 
fatty acids (1.86 g eicosapentaenoic 
acid and 1.50 g docosahexaenoic 
acid/day) supplementation [131]

Long-chain omega-3 polyunsaturated 
fatty acids (LC-3PUFA) supplementa-
tion improves insulin-mediated glucose 
metabolism in insulin-resistant states and 
increases the activation (phosphoryla-
tion) of anabolic signaling proteins in 
muscle during administration of insulin 
and amino acids and increases the non-
oxidative whole-body disposal of amino 
acids, an index of increased whole-body 
protein synthesis

In conclusion, dietary LCn-3PUFA supplementation could potentially 
provide a safe, simple, and low-cost intervention to counteract anabolic 
resistance and sarcopenia.

3.4 DISCUSSION

The more rational approach to delay the progression of sarcopenia is based 
on the combination of proper nutrition, possibly associated with the use 

TABLE 4: Cont.



of dietary supplements and a regular exercise program. An adequate in-
take of proteins (1.2/g/kg/day) is essential to prevent sarcopenia and ami-
noacids supplementation, in particular branched chain amino acids, is a 
well documented intervention for treating sarcopenia. Moreover, the cur-
rent literature suggests that dietary LCn-3PUFA, vitamin D, and creatine 
supplementation could potentially provide a safe, simple, and low-cost 
intervention to counteract anabolic resistance and sarcopenia.

The author’s nutritional recommendations have been showed in Table 4.
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CHAPTER 4

4.1 INTRODUCTION

The elderly population is particularly prone to the accelerated loss of mus-
cle mass or sarcopenia with advancing age. Sarcopenia is complicated by 
the combined influence of physical inactivity and poor nutrition that often 
accompanies the aging process [1]. The condition of sarcopenia is inextri-
cably linked to loss of functional capacity, and increased risk of morbidity 
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and mortality [2-5]. While the precise etiology of sarcopenia has yet to 
elucidated, recent evidence points to a overall reduction in the anabolic 
response of skeletal muscle to the consumption of mixed macronutrient 
intake [6,7], potentially contributing to chronic, progressive reduction of 
muscle mass with advancing age.

Combined with the challenge of sarcopenia, the prevalence of obesity 
among elderly adults has increased dramatically [8]. The concomitant 
development of sarcopenic obesity results in the formation of overlap-
ping health problems that combine the negative influences of inflamma-
tion, frailty and metabolic syndrome [9,10]. Moreover, caloric restric-
tion-induced weight loss that is often utilized to dampen the negative 
consequences of metabolic syndrome may be considered counterproduc-
tive when measured against weight loss-induced acceleration of sarco-
penia [11].

While moderate increases in dietary protein intake beyond the Recom-
mended Daily Allowance (RDA) have been suggested to enhance anabolic 
activity in skeletal muscle [12], amino acid consumption have also been 
shown to facilitate an increase in muscle protein synthesis [13,14]. In ad-
dition, supplementation of high quality protein twice a day promoted an 
increase in lean body mass, strength and functional capacity in elderly 
volunteers with concomitant changes in diet or activity [15]. The develop-
ment of the most potent formulation of whey protein and amino acid sup-
plementation would potentially protect against the negative consequences 
of sarcopenic obesity in the elderly.

To meet our aims, we chose a caloric restriction paradigm designed 
to elicit 7% weight loss and decrease metabolic risk [15]. Our overriding 
hypothesis was that the supplementation of our whey protein + essential 
amino acid meal replacement (EAAMR) formulation will be required to 
promote the optimal reduction of adipose tissue while preserving lean tis-
sue in obese, elderly adults. We also proposed that the changes in body 
composition would occur in conjunction with an increase in the skeletal 
muscle protein fractional synthetic rate (FSR) to EAAMR compared to 
competitive meal replacement (CMR).
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4.1 METHODS

4.1.1 RECRUITMENT AND SCREENING

We recruited and enrolled healthy males and females, ages = 65-80 years 
of age and of all races and ethnic backgrounds for a caloric restriction-
based weight loss intervention designed to promote 7% weight loss. All 
volunteers were weight stable and were not participating in a weight loss 
or exercise program at the time of enrollment. Volunteers refrained from 
alcohol consumption (24 h) and intense physical activities (72 h) prior 
to pre- and post-weight loss study visits. Volunteers also reported in the 
fasted state beginning at 20:00 h the day prior to pre- and post-weight loss 
study visits.

In conjunction with the consumption of solid food in both groups, sub-
jects were randomized to one of two groups that would consume either 
EAAMR or a CMR five times/day. Volunteers were recruited through the 
conspicuous placement of IRB-approved flyer throughout the community, 
and completed a telephone screening. Potential subjects were then asked 
to report for a visit to our clinic, where they were then consented.

We excluded any patient with a chronic inflammatory condition or ma-
lignancy. We also excluded any individual who could not discontinue the 
use of aspirin or other anti-coagulant medication. In addition, volunteers 
with a history of diabetes, cardiovascular disease or recent history of can-
cer (within 3 years) were also excluded. We also excluded any individual 
whose body weight had changed more than 10 pounds in the previous 3 
months. Due to the nature of the weight loss intervention, we excluded all 
volunteer with allergies to milk products.

It would have been impractical to exclude all patients taking medica-
tions, and we could not ethically discontinue all medications for the dura-
tion of the intervention. As a result, we permitted the concomitant use of 
HMG CoA-reductase inhibitors, thiazide diuretics, beta-1 selective block-
ers, clonidine, antidepressant selective serotonin reuptake inhibitors, and 
estrogen replacement/oral contraceptives.
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4.1.2 WEIGHT LOSS STUDY DESIGN

All medical screenings included a baseline blood sample collection for a 
lipid and metabolic panel. Based on eligibility, volunteers were randomly 
assigned to one of two groups: 1) 7% weight loss with EAAMR, or 7% 
weight loss using CMR. Both groups consumed 5 servings of a meal re-
placement (170 kcal x 5 servings/day) and ~400 kcal/day of solid food 
that yielded ~1250 kcal/day. Regardless of group assignment, the total 
kcal/week remained constant throughout the intervention to ensure a high 
level of compliance and allow for consistent, reliable reductions in the 
amount of weight lost. Obese, elderly volunteers in both groups (EAAMR 
or CMR) completed one visits that included a stable isotope experimental 
session described below. Following the completion of the experimental 
testing sessions, all volunteers were instructed to consume a low calorie 
diet for 8 weeks. During this weight loss intervention, volunteers con-
sumed ~1250 kcal/day consisting of solid food and liquid supplements. 
Although the time course of the caloric restriction phase may seem some-
what overbearing from a logistical standpoint, the difficulty entailed was 
dramatically reduced through the use of pre-packaged meal replacements 
either in the form of EAAMR or CMR that required no preparation. In ad-
dition, we suggested solid food products preferred by clients in the UAMS 
weight loss clinic that achieve optimal compliance and consistently pro-
vide predictable weight loss. Body weight and body composition was 
measured weekly by our clinical staff. Any volunteer that failed to lose 
weight on two subsequent visits was removed from the study for noncom-
pliance to the protocol.

Experimental Paradigm. Prior to initiation of the weight loss interven-
tion, volunteers in both groups completed a testing session designed to 
examine the influence of EAAMR and CMR on skeletal muscle protein 
FSR. Subjects were instructed to fast after 2200 hrs, with water permitted. 
On the day of the testing session, subjects reported to the study site, and 
two intravenous catheters were inserted by our registered nurse. One cath-
eter was utilized for the infusion of stable isotopes, while the other was 
utilized for blood sampling. A primed (2 μmol/kg), constant (0.07 μmol/
kg/min) infusion of ring- [13]C6-phenylalanine began after obtaining a 
background blood sample and the isotopic infusion was maintained for 6 
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hours. Blood was sampled at 20 min intervals to determine tracer enrich-
ment and blood amino acid levels. A tissue biopsy of the vastus lateralis 
muscle was taken under local anesthesia at t = 60, 180 and 240 min [16]. 
Biopsies were utilized for the determination of skeletal muscle protein 
FSR by tracer methodology [17]. After the initial biopsy at t = 60 min, sub-
jects were provided with a single dose of EAAMR or CMR. At t = 180 and 
t = 240 min, two biopsies were taken to evaluate the influence of EAAMR 
or CMR on the incorporation of the phenyalalnine tracer into the muscle.

We have previously demonstrated that characterization of this acute re-
sponse to EAA reflects the 24 h response, and that skeletal muscle protein 
FSR remains constant for the entire 8 hours if no drink is given [18]. While 
both products were presented in a tetrapak, and in a palatability format 
that precluded specific determination of either product by the volunteer, 
the knowledge of the product alone would not have influenced skeletal 
muscle protein FSR. Following the completion of the infusion protocol 
and biopsy, catheters were withdrawn, the biopsy site was dressed, and 
after consult with the study physician, the subject was released.

4.1.3 BODY WEIGHT AND COMPOSITION

We measured body mass, BMI, and body composition pre- and post-
weight loss, and during each weekly visit. Total body mass was to the 
nearest 0.1 kg using an electronic scale (Ohaus Corp, USA). A GAIA 359 
PLUS (Kyungsang Buk-do, KOREA) unit measured fat mass, lean tissue 
mass, soft lean mass and percent body fat using bioelectrical impedance 
analysis via the tetra-polar electrode method.

4.1.4 ANALYSIS OF SAMPLES

4.1.4.1 BLOOD

The isotopic enrichment of L-[ring- [13]C6phenylalanine in blood was de-
termined on an HP Model 5973 GCMS (Hewlett-Packard Co., Palo Alto, 
CA) by electron impact ionization and selected ion monitoring [17].
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4.1.4.2 MUSCLE

Tissue biopsies of the vastus lateralis were immediately rinsed with cold 
saline, blotted, and frozen in liquid nitrogen. These tissue samples were 
stored at -80°C until processed. The TBDMS derivative was prepared for 
the intracellular free water as previously described 56, and analyzed by gas 
chromatography/mass spectrometry (GCMS) (Model 5973) using electron 
impact ionization. The protein-bound enrichment of phenylalanine was 
analyzed as previously described by GCMS [17].

4.1.4.3 CALCULATION OF SKELETAL MUSCLE PROTEIN FSR

Skeletal muscle protein FSR was calculated from the determination of the 
rate of tracer incorporation into the protein and the enrichment of the in-
tracellular pool as the precursor:

FSR = [(Ep2 − Ep1)/(EMt)] · 60 · 100

where Ep1 and Ep2 are the enrichments of the protein-bound L-[ring- [13]
C6phenylalanine at t = 60, 180, and 240 min. EM represented the average 
intracellular L-[ring- [13]C6phenylalanine enrichments over the time of 
incorporation; and t is the time in minutes. The factors 60 and 100 were 
required to express skeletal muscle protein FSR in percent per hour. Skel-
etal muscle protein FSR was calculated from the biopsies at 60 and 180 
min to determine fasting protein synthetic rate, and also from t = 180 min 
and t = 240 min to determine the effect of drink administration. The drink 
was given immediately after the 180 min biopsy and thus incorporation of 
the tracer from 180-240 min reflects acute nutritional response. From the 
skeletal muscle protein FSR and lean body mass determination the total 
change in skeletal muscle protein synthesis was estimated [18].
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TABLE 1: Age and Anthropometrics (pre- and post- intervention

EAAMR CMR

Pre WL Post WL Pre WL Post WL

Age 70 ± 2 68 ± 2

Body weight (kg) 92.3 ± 3.9 84.5 ± 3.3* 91.4 ± 2.4 84.6 ± 2.4

Body mass index (kg/m2) 31.3 ± 0.5 29.1 ± 0.7 31.3 ± 0.5 30.0 ± 0.4

Percent Fat 41.8 ± 1.1 36.3 ± 1.1* 38.9 ± 1.5 37.5 ± 0.2

Values are means ± SEM. There were no significant differences in these variables at 
basekine. *Denotes a significant change from pre-to post-intervention (P < 0.05).

4.1.5 STATISTICAL ANALYSIS

Variables were summarized using means, standard deviations, medians 
and ranges. The groups were compared with respect to changes in adipose 
and lean tissue, and skeletal muscle protein synthesis as measured by skel-
etal muscle protein FSR, using Student two-sample t-tests. An alpha-level 
of 5% was used to determine statistical significance.

4.2 RESULTS

4.2.1 SUBJECTS

We enrolled 12 volunteers, and one subject dropped out due to their in-
ability to comply with the protocol. Therefore, 11 obese women and men 
lost 7% of total body weight, and completed all aspects of the study. There 
were no baseline differences in age, BMI or percent fat, or the distribution 
of gender equity between the EAAMR and CMR groups (p > 0.05) (Table 
1). Of these individuals, one of the individuals in the EAAMR group had 
undergone a hip replacement in 2003, and one of the individuals in the 
CMR group had been successfully treated for cancer in 1999. In addition, 
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four out of the 11 individuals were taking simvastatin or nexium, and two 
of the 11 individuals were taking estradiol.

Baseline Metabolic and Lipid Parameters. There were no significant 
differences in the fasting glucose values between EAAMR and CMR 
(p > 0.05) (Table 2). In addition, there were no differences in triglycerides, 
total cholesterol, high density lipoprotein or very low density lipoprotein 
(p > 0.05). While there was a trend towards reduced low density lipopro-
tein in EAAMR, it was not significant (p = 0.10).

TABLE 2: Plasma glucose and lipid variables

EAAMR CMR

Glucose (mg/dl) 97 ± 4 103 ± 7

Triglycerides (mg/dl) 154 ± 22 115 ± 13

Total cholesterol (mg/dl) 168 ± 7 191 ± 9

High density lipoprotein (mg/dl) 47 ± 4 47 ± 5

Very low density lipoprotein 31 ± 4 23 ± 3

Low density lipoprotein (mg/dl) 86 ± 9 121 ± 12

Values are means ± SEM. There were no significant differences in these baseline variables 
(P > 0.05).

4.2.2 ANTHROPOMETRICS

Relative to the caloric restriction-induced weight loss interventions, there 
was a significant and similar 7% reduction in body weight in EAAMR 
and CMR (Table 1). While there was no difference in absolute amount 
of weight loss, EAAMR promoted a greater reduction in adipose tissue 
compared to CMR (p < 0.05) (Table 1) (Figure 1). The consumption of the 
EAAMR also seemed to foster greater preservation of lean tissue com-
pared to CMR. However, the difference between EAAMR and CMR was 
not significant (p = 0.26) (Figure 2).
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FIGURE 1: Change in adipose tissue in EAAMR and CMR following weight loss. * 
Denotes significance difference between groups.
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FIGURE 2: Change in lean tissue in EAAMR and CMR following weight loss.
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following weight loss. * Denotes significance difference between groups.



80	 Clinical Nutrition and Aging: Sarcopenia and Muscle Metabolism

4.2.3 PLASMA AND MUSCLE PHENYALANINE ENRICHMENTS

Basal plasma phenyalanine enrichments were not different between 
EAAMR and CMR (p > 0.05). Upon ingestion of each product, muscle 
phenyalanine enrichments increased (p < 0.05) dramatically in EAAMR 
compared to no change with CMR (p > 0.05).

Skeletal Muscle Fractional Protein Synthesis. Skeletal muscle protein 
FSR increased by 0.0142 ± 0.0154% in CMR (Figure 3). In contrast, there 
was a greater increase (ie., 0.0534 ± 0.0069%) in skeletal muscle protein 
FSR in EAAMR (p < 0.05) (Figure 3).

4.3 DISCUSSION

Our experimental approach allowed us to determine whether consumption 
of EAAMR was more effective than CMR in promoting the concomitant 
reduction of adipose tissue and preservation of lean tissue during caloric 
restriction-induced weight loss in elderly, obese individuals. Due to the 
relative importance of in vivo energetics of muscle protein turnover to-
wards energy expenditure [19], we also evaluated the acute influence of 
EAAMR compared to CMR on skeletal muscle protein FSR. Using a 1200 
kcal/day, 8 week caloric restriction-weight loss paradigm, there was a 30% 
greater loss of adipose tissue with EAAMR compared to CMR. While 
the sample size may have affected the outcome, consumption of EAAMR 
seemed to favor the preservation of lean tissue but was not significant with 
the limited number of participants [20]. Nonetheless, skeletal muscle FSR 
was significantly higher with the acute consumption of EAAMR versus 
CMR, and may have been responsible for the preferential loss of adipose 
tissue with EAAMR.

The macronutrients contained in a single serving of EAAMR and 
CMR are described in Table 3. It is important to mention that the total ca-
loric value for a single serving of EAAMR and CMR was ~170 kcal. The 
amount/type of carbohydrate was identical in both formulations. Also, the 
total amount of fat was 4 grams in EAAMR and 3 grams in CMR with the 
proportion of saturated fat being 1 gram in both EAAMR and CMR. The 
primary differences between EAAMR and CMR were the total amount/
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type of intact protein and the total amount and formulation of essential 
amino acids. While EAAMR contained 7 grams of intact protein from 
whey protein, CMR contained 14 grams intact protein derived from so-
dium casenate and calcium casenate. Leucine comprises approximately 
40% of the EAAs, in accord with our research defining the optimal for-
mulation of EAAs for elderly [13,16,21]. We have also previously dem-
onstrated greater accrual of muscle protein with whey protein [22], and 
we proposed that the combination of whey protein plus 6 grams of our 
proprietary essential amino acid formulation would be the most effec-
tive approach against sarcopenic obesity. The total amount of essential 
amino acids derived from intact protein and the essential amino formu-
lation was 9.7 grams in EAAMR. The total amount of essential amino 
acids derived from intact protein was 3.5 grams in CMR. The description 
highlights the fundamental differences between EAAMR and CMR and 
the rationale for the source of intact protein and importance of the es-
sential amino acids formulation.

TABLE 3: Nutrition Facts for EAAMR and CMR

EAAMR CMR

Calories 170 170

Total Fat (grams) 4 3

  Saturated Fat (grams) 1 1

  Trans Fat (grams) 0 0

Cholesterol (mg) 5 5

Sodium (mg) 220 220

Potassium (mg) 460 460

Total Carbohydrate 22 22

  Fiber (grams) 1 1

  Sugars (grams) 17 17

Protein (grams) 7 14

Essential amino acid formulation 6 0

There are several factors that should be considered when comparing 
the effects of meal replacements on changes in body composition and the 
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energetics of skeletal muscle in the context of weight loss. Typically, total 
energy expenditure is represented by the sum of resting energy expendi-
ture, the thermic effect of food, and the energy related to activity [23]. 
Given that that the experimental protocol was identical in both groups 
except for the nutrient profile of the meal replacements, we can make the 
assumption that basal energy expenditure and activity related energy ex-
penditure were not responsible for the differences between EAAMR and 
CMR. Other factors such as the administration of the meal replacements, 
timing sequence of the protocol, the characterization of the subjects, and 
the length of the protocol could have also influenced the results related to 
body composition. These factors were either well controlled by the experi-
mental design or were not significantly different between groups. There-
fore, the impact of the nutrient profiles (ie., type of protein and formula-
tion of essential amino acids) was likely responsible for the greater loss of 
adipose tissue through differences in diet-induced energy expenditure or 
the impact of muscle loss sparing on overall energy expenditure.

While we were not able to achieve statistical significance in terms of 
EAAMR promoting enhanced preservation of lean tissue, the sparing in-
fluence of muscle loss might have been demonstrated with a larger sample 
size. This remains an important issue. Acute administration of EAAMR did 
promote a significant increase in skeletal muscle protein FSR compared to 
CMR. Assuming that the energy cost of protein synthesis is 3.6 kJ/g and 
the baseline GAIA-derived lean tissue mass was 56.4 kg for EAAMR and 
54.4 kg for the CMR, we can extrapolate that the overall energy discrep-
ancy between the two groups was roughly equivalent to 27,170 kcal or 3.5 
kg of weight loss across the entire caloric restriction-based weight loss 
paradigm. Based on the amount of total lean mass in each group, this val-
ue takes into account a consistent intervention structure of five servings/
day across an eight week period. In short, these calculations suggest that 
differences in the source of intact protein/formulation of EAA may have 
a significant influence on diet induced energy expenditure that coincides 
closely with the greater reduction of adipose tissue in EAAMR compared 
to CMR.

Despite the greater stimulation of skeletal muscle protein FSR in 
EAAMR, these individuals still lost 2.1 ± 0.5 kg of lean tissue. With an 
estimated protein intake of 90 grams/day, this might seem confusing since 
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the recommended dietary allowance (RDA) of 0.88 kg-1· d-1 would equate 
to 50 grams of protein in the EAAMR group [24]. On the other hand, the 
RDA for protein has been shown to be inadequate for the maintenance 
of lean body mass in the elderly population [25]. Therefore, the optimal 
amount of protein intake in the elderly population remains uncertain [26], 
especially in the context of caloric restriction. The underlying reason for 
the lack of precise information when it comes to protein intake during 
weight loss in this population may be largely due to the fact that the protein 
RDA levels were determined by studies using nitrogen balance in younger 
individuals [27]. In order to attenuate the acceleration of sarcopenia, the 
amount/type of protein and/or formulation of essential amino acids must 
be elucidated to promote efficacious caloric restriction-based weight loss 
in the elderly.

For the effective treatment of sarcopenic obesity, it might be argued 
that exercise training should be utilized instead of or in conjunction with 
caloric restriction [28]. In fact, we have also recently demonstrated greater 
reduction of adipose tissue through the use of exercise-induced weight 
loss compared to caloric restriction [29]. There was also a greater pres-
ervation of lean tissue with exercise-induced weight loss compared to 
caloric restriction-induced weight loss [30]. Unfortunately, individuals at 
risk for metabolic disease may be limited in their ability to even meet the 
guidelines for physical activity much less induce weight loss through exer-
cise training [30]. In fact, only 30% of young, healthy Americans currently 
utilize exercise as an efficacious strategy for weight loss [31]. These is-
sues are compounded by the difficulties entailed with maintaining exercise 
compliance [32]. Therefore, caloric restriction-based weight loss provides 
a potential avenue for an improvement in metabolic health status and may 
influence functional status as well due to the inverse relationship between 
obesity and physical activity [33].

Weight loss in the obese, elderly population is typically contraindi-
cated due to difficult, clinical conundrum of sarcopenic obesity. While the 
results of the present study do not suggest that EAAMR would be suf-
ficient to completely prevent the reduction of lean tissue during caloric 
restriction-induced weight loss, we were able to demonstrate the preferen-
tial reduction of adipose tissue with 7% weight loss. Moreover, the acute 
anabolic response to the ingestion of EAAMR was directly linked to in-
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creased diet-induced caloric expenditure that may have responsible for the 
increased loss of adipose tissue. Due to results of the current investigation, 
we anticipate that improvements in insulin sensitivity derived from the 
preferential loss of adipose tissue will maximize the anabolic efficiency to 
nutrition. Based on earlier studies where we have examined the influence 
of EAA on muscle protein synthesis [21], a two-sample t-test would have 
80% power to detect effect sizes as small as 0.566 in 35 volunteers. It is 
also important to mention that the individuals in the current study were 
still deficient in terms of the their total protein intake in the context of ca-
loric restriction, and we are currently revising our formulation to address 
this issue. In conclusion, we propose that high quality protein + essential 
amino acids represent a critical variable in the preservation of lean tissue 
and augmentation of adipose tissue reduction in the elderly population.
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CHAPTER 5

Insulinotropic and Muscle Protein 
Synthetic Effects of Branched-Chain 
Amino Acids: Potential Therapy for 
Type 2 Diabetes and Sarcopenia

RALPH J. MANDERS, JONATHAN P. LITTLE, SCOTT C. FORBES, 
and DARREN G. CANDOW

5.1 INTRODUCTION

The progressive loss of muscle mass and strength with aging, often re-
ferred to as sarcopenia [1] not only decreases overall health, but also in-
creases the dependency on others during activities of daily life and, as 
such, reduces overall quality of life. Sarcopenia is a multifactorial process 
characterized by changes in muscle fiber morphology, muscle contractile 
and protein kinetics, and insulin sensitivity (for reviews see [2,3,4,5]). 
One main contributing factor towards the age-related loss in muscle mass 
and strength is the reduced ability to increase skeletal muscle protein syn-
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thesis in response to feeding, referred to as “anabolic resistance” (for re-
views see [4,6]). Interestingly, ingestion of branched-chain amino acids 
(BCAA), primarily leucine, increases the activation of the mammalian 
target of rapamycin (mTOR) signaling pathways involved in muscle pro-
tein synthesis via insulin-dependent and independent pathways [7]. High 
doses of leucine may therefore help overcome “anabolic resistance” to 
feeding and have a favorable effect on muscle protein synthesis and sub-
sequent maintenance of muscle mass with aging. The rates of muscle pro-
tein synthesis are relatively maintained in aging adults [8,9,10]. Leucine 
exhibits strong insulinotropic characteristics [11,12], which can increase 
amino acid availability for muscle protein synthesis, inhibit muscle pro-
tein breakdown resulting in greater net muscle protein balance over time 
and also enhance glucose disposal to help maintain blood glucose homeo-
stasis. The purpose of this review is to highlight the potential beneficial 
health effects of BCAA, primarily leucine, on aging muscle metabolism. 
We will particularly highlight the role of BCAA in insulin resistance and 
type 2 diabetes, conditions of which sarcopenia may be a major contribut-
ing risk factor.

5.2 BRANCHED CHAIN AMINO ACIDS

The branched chain amino acids (leucine, isoleucine, and valine) account 
for 14%–18% of the total amino acids in skeletal muscle protein [13,14]. 
It is well known that amino acids, including the BCAA, are required for 
maintenance of muscle health in older adults [15]. At rest, BCAA, and par-
ticularly leucine, have an anabolic effect through enhanced protein synthe-
sis and/or a decreased rate of protein degradation [16,17,18,19], resulting 
in a positive net muscle protein balance. Infusion of BCAA in humans el-
evated the phosphorylation and activation of p70S6 kinase and 4E-BP1 in 
skeletal muscle [20,21]. Both p70S6 kinase and 4E-BP1 are downstream 
components of the mTOR signaling pathway, which controls RNA transla-
tion and protein synthesis, and is recognized as a central node in support 
of muscle hypertrophy [22,23,24]. Leucine ingestion is involved in the 
direct phosphorylation and activation of mTOR in skeletal muscle [25,26], 
further enhancing the protein synthetic response. However, changes in the 
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rates of muscle protein synthesis are relatively transient unless sufficient 
amounts of essential amino acids are provided [27], either through normal 
dietary patterns or supplementation. When BCAA were consumed during 
and following an acute bout of knee extensor resistance exercise, Karlsson 
and colleagues [28] found an enhanced (3.5-fold) elevation in p70S6K 
phosphorylation during recovery in young healthy men compared to resis-
tance exercise alone. The acute exercise-induced p70S6k activity has been 
shown to correlate with skeletal muscle hypertrophy following 6 weeks 
of resistance training [29]. In addition, it has been shown that BCAA can 
attenuate muscle wasting through interaction with the ubiquitin protea-
some pathway [30]. This response may partially involve the protein kinase 
Akt/PKB pathway, which is known to phosphorylate the transcription fac-
tor forkhead box class-O (FoxO), that signals downstream to two major 
ubiquitin ligases atrogin-1 and muscle RING-finger protein (MuRF-1) in-
volved in muscle atrophy [31,32,33].

Aging is known to suppress muscle protein synthesis, especially the 
synthetic response after feeding, which may alter net muscle protein bal-
ance leading to sarcopenia. Although sarcopenia is a multi-factorial af-
fliction [3], amino acids and especially leucine, could play a major role 
in attenuating the age-related loss in muscle mass and strength. Splanch-
nic sequestration of leucine following feeding is 50% higher in older vs. 
younger adults and the rates of muscle protein synthesis are decreased with 
aging [34], termed “anabolic resistance” [35,36]. Therefore, older adults 
may require additional dietary protein with greater leucine concentration 
to counteract muscle wasting over time. Supplemental leucine ingestion 
has been shown to overcome resistance to the anabolic effects of amino 
acid consumption [37], providing evidence that leucine supplementa-
tion may be beneficial for preserving muscle mass with aging [34,37,38]. 
For example, the combination of leucine (2.5 g) and casein protein (20 
g) elevated the rates of muscle protein synthesis for up to 6 h in older 
men compared to casein protein ingestion alone [39]. The co-ingestion 
of leucine (10 g/L) and whey protein (60 g/L) following an acute bout of 
lower body resistance exercise (6 sets of 10 repetition for leg press and 
leg extension) in eight older men (75 ± 1 years) significantly increased the 
rates of muscle protein synthesis and whole-body protein balance [40]. 
Furthermore, Casperson et al. [41] showed that 2 weeks of leucine sup-
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plementation (12 g/day) elevated the muscle protein synthetic response 
(i.e., augmented mTOR/p70S6K signaling) compared to a standardized 
meal in older adults without having any effect on lean tissue accretion. 
It is important to note that acute studies examining phosphorylation or 
insulin availability after resistance exercise and/or amino acid ingestion 
are primarily used to predict longer-term training outcomes (i.e., skeletal 
muscle hypertrophy) and as such, there may be a disconnect between these 
anabolic signals and end-point measures of protein synthesis [42]. Nev-
ertheless, insulinotropic effects of leucine and/or BCAA may help to im-
prove net muscle protein balance by increasing muscle protein synthesis 
[31,39,40], decreasing muscle protein breakdown [42], or both. This may 
be particularly important in long-standing T2D patients where insulin lev-
els are chronically low. Further work, particularly longer-term studies, are 
warranted to determine if BCAA or leucine have the potential to reverse or 
prevent sarcopenia, enhance muscle function, and raise the overall quality 
of life for aging adults.

5.3 INSULINOTROPIC PROPERTIES OF AMINO ACIDS

Next to the anabolic properties of BCAA on muscle health, amino ac-
ids can also have profound effects on insulin production/secretion, which 
could further augment the anabolic response and also be used as a modula-
tor of glucose homeostasis.

The insulinotropic properties of amino acids or protein were reported 
for the first time in the 1960s [43,44], and have since been confirmed in 
healthy subjects [45] and type 2 diabetes patients [46,47,48]. In a series 
of studies, Floyd and co-workers [49,50,51,52,53] reported strong insu-
linotropic responses following the intravenous administration of various 
free amino acids. A strong synergistic stimulating effect on insulin release 
was observed when leucine and arginine were infused in combination 
with glucose [11]. Furthermore, numerous in vitro studies using primary 
pancreatic islet cells or β-cell lines have reported strong insulinotropic 
effects for (among others) leucine, isoleucine, arginine, alanine and phe-
nylalanine [52,54,55,56,57,58,59,60,61]. The mechanisms by which these 
amino acids stimulate insulin secretion tend to be diverse and have not 
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yet been fully elucidated [62]. Figure 1 provides a simplified overview 
of amino acid induced insulin secretion. In the presence of glucose, ami-
no acids such as arginine have been shown to stimulate insulin secretion 
by directly depolarizing the plasma membrane of the β-cell [54], which 
opens up voltage activated Ca2+ channels, leading to the influx of Ca2+ and 
subsequent insulin exocytosis [57,62]. Other amino acids may modulate 
their insulinotropic properties through activating Ca2+ channels by their 
co-transport with Na+ [57,63]. Furthermore, intracellular catabolism of all 
metabolizable amino acids will increase the intracellular ATP/ADP ratio, 
thereby closing ATP-sensitive K+ channels, which can also lead to the de-
polarization of the plasma membrane [62,64,65]. Both in vivo and in vitro 
work has identified leucine as a particular interesting insulin secretagogue 
as it both induces and enhances pancreatic β-cell insulin secretion through 
its oxidative decarboxylation, as well as by its ability to allosterically ac-
tivate glutamate dehydrogenase [60,62,66,67] which increases ATP/ADP 
ratios by increasing TCA-cycle fluxes resulting in depolarization of the 
plasma membrane through closure of ATP-sensitive K+ channels. Further-
more, leucine can be transaminated to α-ketoisocaproate which in turn 
is converted into acetyl-CoA before entering the TCA-cycle [68]. These 
findings are in line with recent in vivo observations, showing co-ingestion 
of relatively small amounts of free leucine to further augment the insulin 
response following the combined ingestion of carbohydrate and protein in 
healthy men [69]. Xu et al. [60] reported that the same signals that stimu-
late insulin release are also likely to be responsible for the leucine-induced 
activation of the mammalian target of rapamycin (mTOR) signaling path-
way in the pancreatic β-cell. The potency of leucine to activate protein 
synthesis by interacting with the mTOR signaling pathway has been pro-
posed to enhance β-cell function through the maintenance of β-cell mass. 
As such, the insulinotropic properties of amino acids (and leucine in par-
ticular) can therefore be of great clinical relevance in the treatment of type 
2 diabetes or any state where there is a certain level of insulin resistance 
(e.g., aging) or hyperglycemia. Increasing endogenous insulin secretion 
with amino acids could therefore accelerate blood glucose disposal result-
ing in a better glycemic control. In longstanding type 2 diabetes patients, 
hyperglycemia is no longer accompanied by a compensatory hyperinsu-
linemia and as such, it is generally assumed that the capacity of the β-cell 
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to secrete insulin is severely impaired due to several defects [70]. These 
defects include a reduced early insulin secretory response to oral glucose, 
a reduced ability of the β-cell to compensate for the degree of insulin resis-
tance, a decline in the glucose-sensing ability of the β-cell, and a shift to 
the right in the dose-response curve relating glucose and insulin secretion, 
which are all indicative of a progressive insensitivity of the β-cell to glucose 
[71]. All these defects involve glucose-sensing and -signaling pathways in 
the β-cell. Although insulin secretion in response to carbohydrate intake is 
impaired in type 2 diabetes patients, it has been shown that the combined 
ingestion of a protein/amino acid mixture with carbohydrates can increase 
the plasma insulin response up to 4-fold [72,73]. This indicates that although 
the sensitivity of the pancreas to carbohydrate intake is significantly reduced 
in type 2 diabetes patients, the capacity to secrete insulin in response to 
stimuli like amino acids is still intact. Therefore, it can be concluded that 
the defects in the insulin response after a meal or glucose load in these pa-
tients can mainly be attributed to the reduced sensitivity of the β-cell to 
glucose, and not an overall defect in the capacity to produce and/or secrete 
insulin. For this reason it can also be assumed that the potential of amino 
acids is the greatest in longstanding type 2 diabetes patients as they are no 
longer in a state of hyperinsulinemia, in contrast to recently diagnosed pa-
tients where hyperglycemia is accompanied with hyperinsulinemia. Before 
amino acid supplementation or modulation can be considered an effective 
nutritional intervention in the treatment of type 2 diabetes, the mere increase 
in endogenous insulin production alone is not sufficient. In order to improve 
glycemic control (i.e., lower blood glucose concentrations), the increased 
endogenous insulin secretory response should be able to overcome the level 
of insulin resistance and effectively lower plasma glucose concentrations 
by increasing the glucose disposal rate from the circulation. Using stable 
isotope glucose tracers, it has been shown that even though plasma glucose 
disposal was severely impaired in the type 2 diabetes patients, the addition 
of an amino acid/protein mixture increased plasma glucose disposal signifi-
cantly and results in a lower glycemic responses [73]. As mentioned previ-
ously, leucine has been identified as a particular interesting insulin secreta-
gogue [60,62,66,67] and in an effort to determine the specific role of leucine 
supplementation an insulinotropic protein mixture was tested together with 
a single, meal-like, bolus of carbohydrate in longstanding type 2 diabetes 
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patients. Addition of free leucine to the mixture significantly increased cir-
culating insulin concentrations but failed to result in a further improvement 
in glycemic control [12]. In a series of real life studies, these results have 
also been confirmed. In these studies the effects of protein modulation (pro-
tein only, and protein combined with free leucine) were determined on the 
prevalence of hyperglycemia in well-controlled type 2 diabetes patients as 
measured with continuous glucose monitoring. Whereas a protein/leucine 
mixture was able to lower the prevalence of hyperglycemia by 26% [74], 
the same absolute amount of protein (without free leucine) did not results 
in a further improvement of glycemic control [75]. These results extend on 
previous findings [46,76,77], and imply that nutritional interventions with 
protein, and leucine in particular can represent an effective strategy to re-
duce postprandial blood glucose excursions.

However, no long-term studies have focused on the question of whether  
the insulinotropic potential of amino acids remains after being on a high 
protein diet or amino acids supplementation. It therefore remains to be 
seen whether such a nutritional intervention represents a feasible long-
term strategy to improve glycemic control. Next to the insulinotropic 
properties of amino acids and dietary protein there are several other ben-
eficial effects that could result in a better health status for both diabetics, 
elderly or obese subjects.

In long-term dietary interventions, protein and leucine supplementation 
would eventually lead to changes in the macronutrient composition of an ad 
libitum diet, while keeping the person in energy balance. The greater protein 
intake would be accompanied by a reduction in total dietary fat and carbo-
hydrate consumption. This kind of dietary modulation should result in an 
even further improvement in glycemic control as total carbohydrate intake 
is lower. In accordance, increasing the protein content of the diet, at the ex-
pense of carbohydrate and fat, drastically lowered blood glucose concentra-
tions in a group type 2 diabetes patients over a 5 week intervention period 
[78,79,80]. Furthermore, it should be noted that diets high in protein have 
been reported to be more effective when trying to maintain body weight af-
ter a period of weight loss when compared to high carbohydrate diets. This 
benefit has been attributed to the thermogenic and satiating properties of 
dietary protein [81,82,83,84,85], which in the long run can further optimize 
glycemic control.
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Though there are ample suggestions that amino acid or protein supple-
mentation could represent an effective dietary strategy to improve blood 
glucose homeostasis in type 2 diabetes, future research should determine 
if these insulinotropic properties are retained after prolonged increase of 
dietary protein or BCAA supplementation.

5.4 BCAA AND MUSCLE METABOLIC HEALTH

In addition to the potential for BCAA (and leucine in particular) to benefit 
metabolic health through hypertrophic or insulinotropic pathways (as de-
scribed in previous sections), there is emerging evidence that BCAA may 
also influence skeletal muscle metabolism. Because skeletal muscle is re-
sponsible for ~75%–80% of glucose disposal in response to carbohydrate 
ingestion [87] and is a main contributor to metabolic rate, alterations in 
skeletal muscle metabolism have profound effects on whole body meta-
bolic health. A loss of skeletal muscle mass, for example, reduces overall 
glucose disposal capacity, which can result in elevated circulating glucose 
concentrations, unrelated to the level of insulin sensitivity. Mitochondria 
are organelles responsible for generating cellular energy through oxidation 
of substrates and are therefore critical to metabolic regulation. Accord-

FIGURE 1: Simplified overview of amino acid induced insulin secretion in the β-cell. 
Glucose is metabolized in the cell via glycolysis into pyruvate, which is subsequently 
metabolized further by the tricaboxylic acid cycle (TCA cycle) to form ATP. Increased 
ratios of ATP/ADP result in depolarization of the plasma membrane through closure of 
ATP-sensitive K+ channels. This depolarization opens voltage activated Ca2+ channels, 
leading to increased concentrations of intracellular Ca2+ ([Ca2+]i) and subsequent insulin 
exocytosis. Intracellular catabolism of all metabolizable amino acids will increase the 
intracellular ATP/ADP ratio, thereby closing ATP-sensitive K+ channels, leading to the 
depolarization of the plasma membrane. Leucine both induces and enhances pancreatic 
β-cell insulin secretion through oxidative decarboxylation and allosteric activation of 
glutamate dehydrogenase (GDH) increasing ATP/ADP. Leucine can also be transaminated 
to α-ketoisocaproate (KIC) that is converted into acetyl-CoA before entering the TCA-
cycle. Amino acids such as arginine can directly depolarize the plasma membrane of the 
β-cell, opening up voltage activated Ca2+ channels leading to insulin secretion. Adapted 
from Newsholme et al. [86].
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ingly, reduced quantity and/or quality of skeletal muscle mitochondria is 
hypothesized to contribute to insulin resistance in older adults [88] and 
aging-related diseases, such as type 2 diabetes [89,90]. Mitochondria 
also play important roles in oxidative stress and apoptosis, which are 
clearly implicated in the aging process. As such, strategies that can in-
crease, or preserve, muscle mitochondrial function may have therapeutic 
benefit in aging.

Recently, D’Antona and colleagues [91] fed mice a diet enriched in 
BCAA and demonstrated that average lifespan was increased. These au-
thors linked the anti-aging effects of BCAA supplementation to increased 
mitochondrial biogenesis in skeletal muscle and heart, and demonstrated 
that markers of oxidative stress were reduced. Earlier findings had indicat-
ed that dietary leucine supplementation could improve glucose regulation 
in mice with diet-induced obesity [92]. These beneficial metabolic effects 
of BCAA supplementation in rodents are supported by some human data, 
where 60 weeks of AA supplementation (containing relatively high pro-
portion of BCAA) was shown to improve insulin sensitivity and glucose 
control in a small trial involving elderly patients with type 2 diabetes [93]. 
Thus, it is possible that BCAA supplementation could have benefits to 
metabolic health through mechanisms that improve skeletal muscle mito-
chondria mass and function [94].

These potential positive effects of BCAA supplementation for meta-
bolic health and aging must be balanced against any negative outcomes. 
In this regard, recent human studies have found potential links between 
elevated plasma BCAA and obesity/type 2 diabetes. Using metabolomics 
profiling, Newgard and colleagues [95] demonstrated that BCAA were 
elevated in obese humans, and suggested that BCAA overload may con-
tribute to insulin resistance. In a separate study, circulating BCAA (along 
with phenylalanine and tyrosine) demonstrated high associations with the 
development of type 2 diabetes in a group of 2422 individuals who had 
blood samples taken at baseline and were followed for 12 years [96]. It 
has been proposed that elevated BCAA concentrations result in an over-
activation of mTOR/p70S6 kinase which, in turn, results in an increased 
IRS-1 phosphorylation on serine residues thereby inhibiting PI3 kinase 
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[94]. This inhibition of PI3K in turn leads to impaired insulin signaling 
and contributes to insulin resistance [97,98,99]. Future studies are needed 
to decipher whether these findings are (i) indicative of BCAA contributing 
to impaired metabolic health, (ii) the result of impaired BCAA catabolism 
in obesity/diabetes, or (iii) are a possible compensatory mechanism in re-
sponse to obesity.

5.5 CONCLUSIONS

With increasing prevalence of both sarcopenia and type 2 diabetes, there 
is a great need for novel interventions that effectively combat the loss of 
skeletal muscle mass and increased insulin resistance that play a pivotal 
role in both afflictions. Amino acids in general, and the branched-chain 
amino acids in particular, are likely to represent a nutritional approach that 
is able to reduce or revert the age-related loss of muscle mass and func-
tion, overcome anabolic resistance and improve glycemic control. Leucine 
consumption increases the activation of the mTOR signaling pathways in-
volved in muscle protein synthesis through insulin-dependent and inde-
pendent pathways and may therefore overcome the anabolic resistance to 
nutrition and help to maintain muscle mass in an aging population. Apart 
from their anabolic properties, amino acids also exhibit strong insulinotro-
pic effects as they can either directly induce insulin secretion or function 
as a substrate to increase ATP/ADP ratio’s that stimulate insulin exocy-
tosis. The insulinotropic effects of BCAA may exert further influence on 
positive muscle protein balance by reducing muscle protein breakdown. 
Furthermore, the same signaling pathways that lead to skeletal muscle 
protein synthesis also play a role in enhancing β-cell mass and function. 
BCAA can also influence skeletal muscle metabolism by improving the 
quantity and quality skeletal muscle mitochondria, and as such, increase, 
or preserve, muscle mitochondrial function that may have therapeutic ben-
efits in aging. However, more long-term studies are warranted to fully 
elucidate the true potential of the anabolic and insulinotropic potential of 
amino acids.
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CHAPTER 6

6.1 INTRODUCTION

Ageing is associated with sarcopenia [1] that ultimately results from an 
imbalance between rates of muscle protein synthesis and breakdown. Both 
physical activity and nutrient availability represent potent anabolic stimuli 
for adult muscle, however, the ability of elderly muscle to mount a robust 
increase in myofibrillar protein synthesis (MPS) in response to amino ac-
ids [2,3] and resistance exercise [4] is attenuated compared to that seen 
in the young; a phenomenon termed ‘anabolic resistance’ [2]. Previous 
studies have shown that both protein dose [2,5,6] and source (i.e., plant 
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vs. animal) [7-11] are important in determining the postprandial response 
of MPS, which may be of particular relevance to the elderly. For example, 
we have recently demonstrated greater increases in post-exercise MPS in 
the elderly following bolus ingestion of 40 g vs. 20 g of whey protein [6]; 
a finding in contrast to our data from young adults who show a maxi-
mal MPS response with 20 g protein and no further increase with 40 g [5]. 
Thus, it appears that higher doses of protein [6,12], and/or leucine [13,14] 
to promote a greater aminoacidemia or leucinemia [7] are required by the 
elderly to maximize the response of MPS to protein ingestion.

The mechanisms underpinning the differential capacity of proteins 
from different sources to support increased rates of protein synthesis are 
not fully understood [15]. Whey protein [7,9,10] and bovine milk [8] 
(~20% whey protein) appear to stimulate greater rates of muscle protein 
synthesis than do proteins such as micellar casein or soy both at rest and 
following resistance exercise. This is somewhat counter-intuitive given 
that soy, whey, and casein are all defined as high quality proteins based 
on their protein digestibility corrected amino acid scores (PDCAAS; for 
review see [16]). However, the digestion kinetics of these proteins is 
markedly different, and protein digestibility has been established as an 
important factor regulating whole-body protein synthesis and breakdown 
[17,18]. Both whey [18] and soy [19] are acid soluble, a characteristic that 
facilitates rapid digestion and results in a large but transient increase in 
aminoacidemia. These so-called ‘fast’ proteins induce a rapid aminoaci-
demia and appear to support greater increases in MPS. On the other hand 
‘slow’ proteins, such as micellar casein (which clots in the acidic pH of the 
stomach) is slowly digested and induces a more moderate but sustained 
aminoacidemia than whey [7,10].

Knowledge of the capacity of proteins from different sources to stimu-
late MPS in the elderly is warranted in view of the importance of preserv-
ing skeletal muscle mass in ageing. Therefore, the aim of the current study 
was to examine the effects of different doses (20 g and 40 g) of soy protein 
isolate on MPS at rest and following the potent anabolic condition of resis-
tance exercise in elderly men, and compare these findings to our previous 
work examining the effects of graded intakes of whey protein isolate on 
MPS in the elderly [6].



TABLE 1: Participant characteristics

Parameter 0 g (n = 10) W20 (n = 10) W40 (n = 10) S20 (n = 10) S40 (n = 10)

Age (y) 71 ± 5 72 ± 5 70 ± 4 72 ± 6 70 ± 5

Total body mass (kg) 78 ± 13 81 ± 9 81 ± 12 78 ± 11 77 ± 9

Fat free mass (kg) 55 ± 9 57 ± 6 56 ± 9 55 ± 6 53 ± 6

% Body fat 26 ± 5 26 ± 4 27 ± 8 25 ± 5 26 ± 6

BMD (g·cm2) 1.19 ± 0.11 1.20 ± 0.11 1.23 ± 0.11 1.25 ± 0.08 1.28 ± 0.11

Height (m) 1.73 ± 0.06 1.76 ± 0.06 1.75 ± 0.09 1.71 ± 0.09 1.74 ± 0.06

BMI (kg·m2) 25.9 ± 3.4 26.2 ± 2.8 26.0 ± 2.2 26.6 ± 3.7 25.5 ± 2.7

Systolic BP (mmHg) 136 ± 15 134 ± 19 129 ± 14 124 ± 13 127 ± 12

Diastolic BP (mmHg) 80 ± 10 72 ± 8 78 ± 5 73 ± 9 72 ± 8

Total SPBB score 11.7 ± 0.5 11.3 ± 0.7 11.6 ± 0.7 11.8 ± 0.4 11.4 ± 1.0

Values are means ± SD. BP: Blood pressure, SPBB: Short Physical Performance Battery. 
Total SPBB score calculated as the sum of walk test, chair stand and balance test.

6.2 METHODS

6.2.1 PARTICIPANTS

Thirty elderly men (age 71 ± 5 y, BMI 26 ± 3 kg·m2) were recruited to par-
ticipate in the study and were randomly assigned to one of three treatment 
groups that were counterbalanced for body mass, age, and self-reported 
physical activity levels. Participants were light-to-moderately active, 
non-smokers, non-diabetic, and considered generally healthy based on re-
sponses to a routine health screening questionnaire. Participants taking 
medications controlling blood pressure were allowed into the study. The 
characteristics of the whey protein treatment groups (W20, W40) have 
been reported previously [6], but are shown again in Table 1 along with 
the control (0 g) and soy protein treatment groups (S20, S40) for reader 
comparison. Participants were informed of the purpose of the study, the 
associated experimental procedures, and any potential risks prior to pro-
viding written consent. The study was approved by the local Health Sci-
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ences Research Ethics Board at McMaster University and conformed to 
standards for the use of human participants in research as outlined in the 
5th Declaration of Helsinki and with current Canadian funding agency 
guidelines for use of human participants in research [20].

6.2.2 GENERAL DESIGN

The different groups of older men ingested 20 g or 40 g of soy protein 
isolate in beverage form after performing an acute bout of unilateral knee-
extensor resistance exercise. Employing a unilateral exercise model al-
lowed us to examine the effect of protein intake alone, and the interaction 
of exercise and protein intake within the same individual.

6.2.3 PRELIMINARY ASSESSMENTS

One week prior to the experimental infusion trial, body mass and compo-
sition were assessed via a dual energy X-ray absorptiometry (DXA) scan 
(Table 1). Physical performance was assessed using the Short Physical 
Performance Battery (SPPB) [21], consisting of a 3-4 m walk test, chair 
stand, and balance test (Total SPPB score presented in Table 1). Health 
parameters were also assessed and included systolic and diastolic blood 
pressure, resting heart rate, and the following blood parameters: fasting 
glucose, triglycerides, total cholesterol, high density lipoprotein (HDL), 
low density lipoprotein and ratio of total cholesterol to HDL. At least one 
week prior to the experimental infusion trial, participants underwent a 
strength test to determine their unilateral 10 repetition maximum (RM) on 
a standard knee extension machine as previously described [9].

6.2.4 DIETARY CONTROL

Participants were required to complete diet records prior to initiating the 
study to provide an estimate of habitual macronutrient intake as analyzed 
using a commercially available software program (Nutritionist V, First 
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Data Bank, San Bruno, CA). Reference lists for portion size estimates 
were provided to the study participants, who were instructed to record 
all food or drink consumed in a diet log during a 3-day period (i.e., 2 
weekdays and 1 weekend day; see Additional file 1: Table S1). Two days 
prior to the trial, participants were supplied with pre-packaged diets that 
provided a moderate protein intake (1.0 g·kg-1·d-1). Energy requirements 
for the controlled diets were estimated via the Harris-Benedict equation 
and were adjusted using an activity factor calculated for each individual 
subject based on their self reported physical activity. Body mass was mon-
itored over the course of the controlled diet period to ensure participants 
were in energy balance. Participants were instructed to abstain from any 
strenuous exercise until after completion of the trial.

6.2.5 INFUSION PROTOCOL

Participants reported to the laboratory at ~0700 in a 10 h post-absorptive 
state. Upon arriving at the laboratory, a baseline breath sample was col-
lected to measure 13CO2 enrichment via isotope ratio mass spectrometry 
(BreathMat Plus; Finnigan MAT GmbH, Bremen, Germany). A plastic 
catheter was then inserted into an antecubital vein and a baseline blood 
sample was collected before initiating a 0.9% saline drip to keep the cath-
eter patent for repeated blood sampling during the infusion trial. After 
baseline breath and blood samples were taken, a bout of unilateral knee-
extensor resistance exercise was performed on a guided-motion knee 
extension machine. The exercise bout involved 3 sets, using a pre-deter-
mined load based on each participant’s 10RM. Each set was completed 
within ~25 s with an interest rest interval of 2 min. Immediately following 
exercise, blood and breath samples were obtained and a second catheter 
was inserted into the contralateral antecubital vein to prime the bicarbon-
ate pool with NaH13CO2 (2.35 μmol·kg). Thereafter, priming doses of [1-
13 C] leucine (7.6 μmol·kg-1) and L-ring-13 C6 phenylalanine (2 μmol·kg-1; 
99 atom percent; Cambridge Isotopes, Andover, MA) were introduced, 
before a continuous infusion of L-[1-13 C] leucine (7.6 μmol·kg-1·h-1) and 
L-ring-13 C6 phenylalanine was initiated (0.05 μmol·kg-1·min-1). Arterial-
ized blood samples were obtained by wrapping the forearm in a heating 
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blanket (45°C) for the duration of the infusion; a procedure we have 
found completely arterializes venous blood sampled from a hand vein. 
Blood samples were processed as previously described [5]. Immediately 
after post-exercise blood and breath samples had been obtained, partici-
pants consumed water (0 g) or a drink containing 20 g or 40 g of either 
whey or soy protein isolate (W20, W40, S20, S40) dissolved in 400 mL 
water. The whey protein was generously donated by PGP International 
(IWPI 9500, California, USA), while the soy protein was generously 
donated by the Solae Company (SUPRO 660-IP, St Louis, MO). The 
amino acid composition of both the whey and soy protein drinks is pro-
vided in Additional file 2: Table S2. On the basis of a leucine content of 
10% in whey and 8% in soy, and a phenylalanine content of 3% in whey 
and 5% in soy protein, drinks were enriched to 8% with [1-13 C] leucine 
and 8% with 13 C6 phenylalanine to minimize disturbances in isotopic 
steady state; an approach that we have validated [22]. Complete drink 
consumption was considered t = 0 min and the isotopic infusion was con-
tinued until t = 240 min. During the remainder of the infusion, arterial-
ized blood and breath samples were obtained to confirm steady state 
and measure leucine oxidation and MPS as previously described [5,8]. 
At the end of the infusion (t = 240 min) muscle biopsies were obtained 
(described below).

6.2.6 MUSCLE BIOPSY SAMPLING

Muscle biopsy samples were obtained from the vastus lateralis muscle 
from both exercise and non-exercised legs using a 5-mm Bergstrm needle 
(modified for manual suction), under 2% local anaesthesia by xylocaine. 
Muscle biopsies were freed from any visible blood, fat, and connective 
tissue and rapidly frozen in liquid nitrogen until further analysis.

6.2.7 BLOOD ANALYSES

Plasma L-ring13 C6 phenylalanine enrichments were determined as previ-
ously described [23]. Blood amino acid concentrations were analyzed by 
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HPLC as previously described [24]. Plasma insulin was measured using 
a commercially available immunoassay kit (ALPCO Diagnostics, Salem, 
NH, USA) following the manufacturer instructions.

6.2.8 MUSCLE ANALYSES

Myofibrillar enriched protein fractions were isolated from ~30 mg of wet 
muscle as described previously [25]. Intracellular amino acids (IC) were 
isolated from a separate piece of wet muscle (~25 mg) as previously de-
scribed [26].

6.2.9 CALCULATIONS

The fractional synthetic rates (FSR) of myofibrillar proteins were calcu-
lated using the standard precursor-product method:

FSR (%h−1) = Ep2 − Ep1/Eic x 1/tx100                                                        (1)

where Ep2 and Ep1 are the protein bound enrichments from muscle biopsies 
at 240 min and baseline plasma proteins, respectively. The difference rep-
resents the change in bound protein enrichment between two time points; 
Eic is the mean intracellular phenylalanine enrichment from the biopsies; 
and t is the tracer incorporation time. The utilization of ‘tracer naive’ sub-
jects allowed us to use the pre-infusion blood sample (i.e., mixed plasma 
protein fraction) as a surrogate baseline enrichment of muscle protein; an 
approach we have previously validated [26] and that has been validated 
by others [27]. Previously, others have used a pre-infusion muscle biopsy 
and found equivalent rates of muscle protein synthesis and shown such an 
approach [28] to be valid. We have found baseline plasma enrichment to 
be equivalent to that of pre-infused muscle (unpublished results), indicat-
ing that there is little reason in using a pre-infusion biopsy over a blood 
sample for baseline enrichment.
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FIGURE 2: Blood leucine in the 0 g protein group, and in the whey (W20, W40) and 
soy (S20, S40) groups (no statistical analysis is shown except on the area under the 
concentration-time curve, see inset). Means with different letters are significantly different 
(P < 0.05). Data are means ± SD.
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Leucine oxidation was calculated as described in our previous publica-
tions [5,8] from the appearance of the 13 C-label in expired CO2 using the 
reciprocal pool model with fractional bicarbonate retention factors of 0.7 and 
0.83 for fasted (0 g protein) and fed (S20 and S40) states [29]. The area under 
the leucine oxidation by time curve was calculated using GraphPad Prism 5 
(San Diego, CA) as an estimate of total leucine oxidation [5,8].

6.2.10 STATISTICAL ANALYSES

A 3-way ANOVA with both between (protein dose and protein source), and 
within (condition) subject factors was used. When a 3-way interaction was 
found (i.e. between protein dose, protein source, and condition (rest vs. ex-
ercise)) analyses of variance was used to examine individual time and dose 
effects and isolate significant pairwise differences by calculating critical 
differences and by comparisons of means accounting for differences in the 
means by time. Following observation of a significant F ratio by ANOVA, 
a Tukey’s honestly significantly different test, with adjustment for multiple 
comparisons, was used for post hoc analyses. Significance was set at P ≤ 0.05. 
All statistical analyses were performed using SPSS 17 for Windows.

6.3 RESULTS

6.3.1 PARTICIPANT CHARACTERISTICS

There were no between-group differences in age, body weight, body com-
position, SPBB or other subject characteristics (Table 1). Dietary intake 
for the 2 day run-in prior to the study was similar for all groups (Additional 
file 1: Table S1).

6.3.2 PLASMA INSULIN

Plasma insulin concentration was similar for all groups at 0, 3 and 4 h 
post-drink. At 1 h post-drink, insulin concentration had increased by 
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~2.6- and 4-fold for W20 and W40, and ~2.2 fold for both S20 and S40 
(Figure 1).

6.3.3 PLASMA AMINO ACIDS

Peak blood leucine concentration occurred between 1.0-1.5 h post-drink 
for S20, W20, and W40, but occurred at ~1.5-2.0 h for S40 (Figure 2). 
Higher peak amplitudes in blood leucinemia were achieved following 
whey as compared to soy protein regardless of dose (P < 0.05). Area under 
the curve (AUC) for leucine increased in a stepwise manner from 20 g to 
40 g of protein with no difference between protein sources (Figure 2 Inset). 
Blood BCAA, EAA, and Total amino acids increased with protein inges-
tion (i.e., versus 0 g), however there were no differences between protein 
sources (Figure 3). While the AUC for leucine, BCAA, EAA, and Total 
amino acids was greater for W40 vs. W20, there were no significant differ-
ences in these amino acid concentrations between S40 vs. S20.

6.3.4 WHOLE-BODY LEUCINE OXIDATION

Whole-body leucine oxidation AUC increased with protein intake. When 
expressed relative to lean body mass, the increase in whole body leucine 
oxidation for S20 was significantly greater than W20 (P = 0.002). There 
were no differences in leucine oxidation between S40 and W40 (Figure 4).

6.3.5 MYOFIBRILLAR PROTEIN FRACTIONAL  
SYNTHETIC RATE (FSR)

Myofibrillar FSR in the non-exercise rested leg (fed only) was unchanged 
in response to ingestion of soy protein in both the S20 and S40 group, but 
increased in response to whey in both the W20 and W40 group (Figure 5). 
As such, MPS was significantly greater following whey vs. soy protein 
with ingestion of both 20 g and 40 g protein (both P < 0.005). In the exer-
cised condition, myofibrillar FSR was no different for S20, but increased 
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for S40 when compared to the 0 g group. However, the response of MPS 
to soy was less than that of whey at both protein doses in the exercised 
condition (both P < 0.001; Figure 5).

6.4 DISCUSSION

In the present study, we show that ingestion of 20 g (S20) and 40 g (S40) 
of soy protein isolate does not stimulate increased rates of MPS under 
resting conditions in the elderly. However, when combined with the potent 
anabolic stimulus of resistance exercise, 40 g but not 20 g, of soy protein 
isolate has a modest effect on increasing post-exercise rates of MPS when 
compared to a group who performed resistance exercise without subse-
quent protein intake (Figure 5). These data are in contrast to what was 
observed following equivalent doses of whey protein, as 20 g (W20) ef-
fectively stimulated MPS at rest, while both 20 g and 40 g (W40) increased 
post-exercise MPS in a stepwise manner (i.e. 40 g > 20 g) [6]. Thus, when 
comparing our current findings on soy protein with our previous work 
examining graded doses of whey protein [6], soy appears less effective 
than whey protein at promoting increases in MPS in the elderly (Figure 
5). Further, our results confirm that the elderly benefit from significantly 
greater doses of protein after exercise [6,12] than do the young, who we 
have shown mount a maximal MPS response with ingestion of ~20 g pro-
tein [5] or ~10 g EAA [2].

We have previously reported that soy protein is less effective than whey 
[9] and bovine milk protein [8] at increasing rates of post-exercise muscle 
protein synthesis in young subjects. Whey protein appears superior in its 
ability to stimulate muscle protein synthesis not only when compared to 
soy, but also when compared to other dairy protein sources such as intact 
[7,9,10] or hydrolyzed [10] casein. The mechanism(s) underpinning dif-
ferences in the capacity of these proteins to support increased rates of MPS 
has not been fully elucidated. Previous research in rats reported greater 
increases in the phosphorylation status of mTOR(Ser 2448) and p70S6k 
(Thr 389), critical proteins involved in regulating translation initiation of 
protein synthesis, following whey compared with soy protein intake after 
endurance exercise [30]. Other important factors may relate to important 
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differences in the leucine content of the respective proteins (~12% in whey 
and ~8% in soy) [16], and/or to differences in their digestion/absorption 
kinetics and the subsequent aminoacidemia [17,18,31]. For example, pro-
tein digestibility has been established as an important factor regulating 
whole-body protein synthesis and breakdown [17,18]; rapidly digested 
proteins have been shown to elicit a large increase in whole-body protein 
synthesis, whereas ‘slow’ proteins reduce rates of whole-body proteolysis 
[17,18,32]. More recent work has extended these findings at the whole-
body level by showing that a fast protein, such as whey, also stimulates 
greater rates of skeletal muscle protein synthesis than does a slow protein, 
such as casein, both in both young and elderly subjects [7,9,10]. Howev-
er, although whey and soy are relatively rapidly digested dietary proteins 
[19,33], previous studies have demonstrated that the amino acids from soy 
are partitioned for use within the body by more rapidly turning-over gut 
(i.e. splanchnic) proteins, and are converted to urea to a greater extent than 
amino acids from dairy based proteins which are partitioned to the periph-
ery for use by skeletal muscle tissue [19,34].

In the present study, we observed protein source-dependent differences 
in rates of leucine oxidation (Figure 4). When expressed relative to lean 
body mass, rates of leucine oxidation were significantly greater for S20 
than W20 (Figure 4). The higher rates of leucine oxidation in S20 vs. W20 
suggest that a greater proportion of the amino acids from soy protein were 
diverted towards oxidation, and were thus unavailable as substrate for pro-
tein synthesis. Overall, although they are considered to be equivalent high 
quality proteins from the perspective of the truncated PDCAAS scoring 
system [16], there are clearly important differences in the capacity of soy 
and whey protein to stimulate MPS and promote anabolism. This point is 
of particular importance to the elderly in whom preserving skeletal muscle 
mass is of importance. Previous work showing that nitrogen balance is 
attainable with long-term diets containing moderate amounts of soy [35] 
would appear to be incongruent with our data; however, these data [35] are 
confounded by weight loss in a number of the subjects and due to the age 
of subjects in this study not being entirely comparable. Our data would, 
in contrast to previous conclusions regarding the adequacy of soy protein 
[35-37], suggest that long-term consumption of soy protein may not at-
tenuate sarcopenic muscle loss.
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FIGURE 5: Myofibrillar protein fractional synthetic rate (%·h-1) for whey and soy 
(20 g and 40 g) groups and a group who consumed no protein (0 g) at rest and following 
resistance exercise (Ex) as described. There was a significant dose by condition by protein 
source interaction (P < 0.001). † Indicates a significant (P < 0.05) difference from the 0 g 
dose within the Rest condition; * indicates a significant (P < 0.05) difference from the 0 g 
dose within the Ex condition; and ‡ indicates a significant (P < 0.05) difference from the 
20 g Ex condition within the same protein source. Data are means ± SD.
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The mechanisms underpinning the ‘anabolic resistance’ of elderly 
muscle to nutrient provision are not entirely clear. Given the results of the 
current study, and previous studies demonstrating that MPS responds fa-
vorably to higher doses of protein in the elderly [6,12] as compared to the 
young [5], it appears that the muscle of older persons has a higher anabolic 
aminoacidemic ‘threshold’ [6,9,38] that can be surpassed by ingesting ei-
ther greater quantities of protein/amino acids or possibly greater leucine 
[13]. The greater rates of MPS observed with equivalent doses of whey as 
compared to soy protein suggest that protein source is an important factor 
in reaching and surpassing the anabolic threshold (Figure 5). The branched 
chain amino acid leucine has been shown to be a key activator of muscle 
protein synthesis through its ability to regulate mRNA translation initiation 
through the mTOR signaling pathway [39,40]. For example, Katsanos and 
colleagues [13] reported that while 6.7 g of EAA containing ~26% leucine 
failed to stimulate MPS in the elderly, increasing the leucine content to 
~41% increased MPS in the elderly such that measured rates were not dif-
ferent from that seen in the young. Based on results from the present study, 
there were no protein source dependent differences in leucine area under 
the curve (AUC) at either the 20 g or 40 g dose (Figure 3), however, the 
temporal response of blood leucine was different following whey and soy 
at both protein doses (Figure 2) with the response of whey being greater in 
amplitude than that observed following soy. To overcome the confounding 
influence of amino acid composition when comparing different proteins, 
we recently manipulated the pattern of postprandial aminoacidemia using 
a bolus versus a pulsed feeding pattern with whey protein [41]. Despite 
equivalent leucine and EAA AUC (i.e., net exposure) the bolus feeding 
pattern and the associated rapid aminoacidemia stimulated greater rates of 
post-exercise MPS than pulse feeding, which elicited a moderate but sus-
tained rise in aminoacidemia [41]. Further, supplementation of soy protein 
with the BCAA has been shown to increase the anabolic effect of this pro-
tein in both the elderly and clinical COPD patients [42]. Thus, the higher 
leucine content and more rapid leucinemia with whey as opposed to soy 
may in part explain the observed differences in resting and post-exercise 
MPS between the two proteins.

In summary, we report that soy protein isolate is relatively ineffective 
in its capacity to stimulate MPS in the elderly when compared to whey 



protein. The mechanisms underpinning the reduced anabolic effect of soy 
as compared to whey likely relate to its relatively lower leucine content 
(~12% in whey and ~8% in soy) [16] and reduced leucinemia as a result of 
subtle differences in digestion/absorption between soy and whey protein. 
It is unlikely these differences have a marked impact on protein nutrition 
in all but the elderly or clinical populations [42]. Differences in postpran-
dial amino acid oxidation rates may also be important as lower doses of 
soy (S20) resulted in greater increases in leucine oxidation than equivalent 
doses of whey protein. Our results have implications for nutrient formula-
tions designed to support increased muscle protein anabolism in the el-
derly and suggest that whey protein offers clear advantages to soy protein 
in its capacity to support both rested and post-exercise increases in MPS.
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The Link between Dietary Protein 
Intake, Skeletal Muscle Function,  
and Health in Older Adults

JAMIE I. BAUM and ROBERT R. WOLFE

CHAPTER 7

7.1 INTRODUCTION

The older adult population in the United States is a segment of unprec-
edented growth [1]. Longer life spans and aging of baby boomers will 
result in doubling of the population of Americans over the age of 65 over 
the next thirty years to reach almost 90 million people. By 2030, twenty 
percent of the US population will be comprised of older adults [1]. Chron-
ic diseases such as heart disease, cancer and diabetes pose a great risk as 
people age. A majority of health care costs for older Americans can be 
attributed to treatment of chronic diseases [1]. People living with chronic 
disease(s) often experience diminished quality of life, which can be attrib-
uted to a long period of decline and disability [1].
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Muscle mass, strength and function are progressively lost with aging 
[2]. A loss or reduction in skeletal muscle function often leads to increased 
morbidity and mortality either directly, or indirectly, via the development 
of secondary diseases such as diabetes, obesity and cardiovascular disease 
[2,3]. Sarcopenia is the age-associated loss of muscle mass and function. 
Sarcopenia can appear as early as age 40, increasing significantly over the 
age of 80, often resulting in 50% or greater loss of muscle strength [3]. The 
causes of sarcopenia appear to be multifactorial and include poor nutrition, 
diminished responsiveness to the normal anabolic effect from hormones 
and/or nutrients, and a sedentary lifestyle. The etiology of sarcopenia in-
cludes malnutrition, increased inflammatory cytokine production, oxida-
tive stress, hormone reduction (e.g., growth hormone and testosterone), 
and decreased physical activity [4,5]. Maintaining skeletal muscle func-
tion throughout the lifespan into old age is essential for independent living 
and good health. The efficient activation of the mechanistic processes that 
regulate muscle development, growth, regeneration and metabolism is re-
quired for skeletal muscle to function at optimal levels [6].

Additional physical changes with aging may occur as a result of chang-
es in skeletal muscle mass [2]. For example, body composition shifts as we 
age, resulting in a higher percentage of body fat and decreases in muscle 
mass with age [7]. This imbalance between muscle mass and fat mass 
occurs even in the absence of changes in body mass index (BMI) [7,8]. 
The prevalence of obesity among aging adults has also increased over the 
last several decades. For example, the prevalence of obesity among men 
aged 65–74 increased from 31.6% in 1999–2002 to 41.5% in 2007–2010. 
Between 2007 and 2010, approximately 35% of adults age 65 and over 
were obese [1].

Nutrition is an important modulator of health and function in older 
adults. Inadequate nutrition can contribute to the development of sarcope-
nia and obesity [2,5]. As life expectancy continues to rise, it is important 
to consider optimal nutritional recommendations that will improve health 
outcomes, quality of life and physical independence in older adults [1].

Several studies identify protein as a key nutrient for older adults (re-
viewed in [2,5]. Protein intake greater than the amount needed to avoid 
negative nitrogen balance may prevent sarcopenia [9], help maintain 
energy balance [10], improve bone health [11,12,13,14], cardiovascular 
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function [15,16,17] and wound healing [18]. Benefits of increased protein 
intake may improve function and quality of life in healthy older adults, 
as well as improve the ability older patients to recover from disease and 
trauma [2].

7.2 DIETARY GUIDELINES FOR PROTEIN INTAKE: CURRENT 
RECOMMENDATIONS MAY UNDERESTIMATE OPTIMAL INTAKE 
IN OLDER ADULTS

7.2.1 CURRENT GUIDELINES FOR PROTEIN INTAKE

The most recent Dietary Guidelines for Americans were issued in 2010 by 
the USDA and were derived from the dietary reference intakes (DRIs) rec-
ommended by the Food and Nutrition Board of the Institute of Medicine 
[19,20]. The DRIs for macronutrients (Table 1) include an estimated aver-
age requirement (EAR), a recommended dietary allowance (RDA) and an 
acceptable macronutrient distribution range (AMDR) [19]. A comparison 
of the current dietary recommendations for dietary protein intake can be 
found in Table 1. In the case of daily protein intake, the EAR for dietary 
protein is 0.66 g/kg/day and the Food and Nutrition Board recommends an 
RDA of 0.8 g/kg/day for all adults >18 years of age, including older adults 
>65 years. The RDA for protein was based on all available studies that 
estimate the minimum protein intake necessary to avoid a progressive loss 
of lean body mass as determined by nitrogen balance [2,5]. The problem 
with relying only on results from nitrogen balance studies to define protein 
intake is that this method does not measure any physiological endpoints 
relevant to health, a point that was recognized by the Food and Nutrition 
Board [2]. In addition, the existing data were almost entirely from college-
aged men [21]. Translating data from such a single age and gender group 
becomes an issue when trying to create universal recommendations for all 
adults over the age of 18, since older adults require greater nitrogen intake 
to maintain nitrogen balance compared to young adults [5]. Although the 
Food and Nutrition Board acknowledged this issue [20], they nonetheless 
relied on these data for the estimation of the RDA and did not differentiate 
the needs of young adults versus older adults [5].
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The Food and Nutrition Board recognizes a distinction between the 
RDA and the level of protein intake needed for optimal health. The recom-
mendation for the ADMRs (Table 1) includes a range of optimal protein 
intakes in the context of a complete diet (e.g., inclusive of additional mac-
ronutrient intake (e.g., carbohydrate and fat)), which makes the ADMR 
more relevant to normal dietary intake than the RDA [2]. The ADMR rec-
ommends that 10%–35% of daily energy intake come from protein [20].

Experts in the field of protein and aging recommend a protein intake 
between 1.2 and 2.0 g/kg/day or higher for older adults [2,5,22]. Clearly 
the RDA of 0.8 g/kg is well below these recommendations and reflects a 
value at the lowest end of the AMDR. Furthermore, current recommenda-
tions for protein intake for older adults fail to address needs of clinical 
conditions such as injury, hospitalization, surgery, etc., which are common 
in older adults and have been shown to require protein intake above rec-
ommended levels.

TABLE 1: Dietary protein intake recommendations.

Recommendation Gram protein/kg body weight/day

EAR 0.66

RDA 0.8

AMDR * ~1.05–3.67

EAR: Estimated Average Requirement; RDA: Recommended Dietary Allowance; AMDR: 
Acceptable Macronutrient Distribution Range; * Calculated assuming energy expenditure 
of 42 kcal/kg/day.

7.2.2 QUANTITY VERSUS QUALITY OF PROTEIN INTAKE

It is not only the quantity of protein intake that is important for optimal 
health in older adults, it is the quality of the protein [23]. There are three 
important aspects to take into consideration when discussing protein qual-
ity: The characteristics of the specific protein, the food matrix in which the 
protein is consumed, and the characteristics of the individuals consuming 
the food (e.g., age, health status, physiological status and energy balance) 
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[23]. Current accepted methods for measuring protein quality do not con-
sider the different metabolic roles the essential amino acids (EAA: leu-
cine, valine, isoleucine, lysine, methionine, phenylalanine, tryptophan and 
histidine) play in the body beyond being the first limiting amino acid for 
growth or nitrogen balance [23]. Additionally, there are gaps in our knowl-
edge regarding the influence of different protein sources on the metabolic 
health of older individuals.

Essential amino acids, especially the branched-chain amino acid leu-
cine, are potent stimulators of muscle protein synthesis via the protein 
kinase mTORC1 (mammalian target of rapamycin complex 1) [24,25,26]. 
Several studies demonstrate that maximal stimulation of muscle protein 
synthesis is possible with 15 g of EAA (reviewed in [27]). This translates 
to ~35 g of high quality protein delivering ~15 g of EAA. A larger amount 
of lower quality protein, which contains a lower content of EAA, would 
be required to achieve the same functional benefits. The addition of non-
essential amino acids to a supplement containing EAA does not result in 
additional stimulation of muscle protein synthesis [28], indicating that the 
quality of the protein, or its amino acid profile, is a key determinant of 
the functional potential of protein. This is supported by several studies 
demonstrating that ingestion of milk proteins stimulates muscle protein 
synthesis to a greater extent after resistance exercise compared to inges-
tion of soy protein [29,30,31,32]. The data from the Health, Aging and 
Body Composition study supports these findings [32]. These data show 
that intake of animal protein, not plant protein, was significantly associ-
ated with preservation of lean body mass over three years in older adults 
[32]. Individuals in the highest quintile of protein intake had 40% less loss 
in lean body mass than those in the lowest quintile of protein intake [32].

The majority of published results indicating a potential beneficial effect 
of increasing protein intake in older adults are either from epidemiologi-
cal or short-term studies. Two recent publications by Tieland et al. [33,34] 
indicate that a significant proportion of the caloric intake above the RDA 
for caloric intake should be in the form of protein for older individuals. 
These conclusions are based on the results of randomized, double-blind, 
placebo-controlled, longer-term (24 weeks) studies. Improved physical 
performance in frail older adults results was reported when dietary protein 
intake was increased by twice-daily consumption of 15 g of milk protein. 



132	 Clinical Nutrition and Aging: Sarcopenia and Muscle Metabolism

These studies emphasize the importance of choosing the right protein for 
supplementation. Milk protein was used in these studies [33,34]. The pro-
portion and profile of essential amino acids in milk protein make it a high-
quality protein [35]. One important item to note with regard to these stud-
ies is that the control group was consuming 1.0 g protein/kg/day, which is 
20% higher than the current RDA.

In addition, the difference in digestibility and bioavailability of a pro-
tein can impact the quantity of protein that needs to be ingested to meet 
metabolic needs. The speed of protein digestion and absorption of ami-
no acids from the gut can influence whole body protein anabolism [36]. 
Proteins with differing amino acid profiles exhibit different digestion and 
absorption rates [36,37,38,39,40,41,42]. Amino acid availability depends 
directly on both the quality and quantity of the dietary source of nitro-
gen [37]. For example, the digestion and absorption rates of fast (e.g., 
whey) versus slow (e.g., casein) proteins need to be taken into consider-
ation when developing protein recommendations. When young, healthy 
subjects were provided with either a whey protein meal (30 g) or a casein 
meal (43 g), both containing the same amount of leucine, and whole body 
protein anabolism was measured, the subjects consuming the whey (fast) 
protein meal had high, rapid increase in plasma amino acids, while sub-
jects consuming the casein (slow) protein meal had a prolonged plateau 
of essential amino acids [40]. In addition, consumption of whey protein 
stimulated postprandial protein synthesis by 68%, while consumption of 
casein only stimulated protein synthesis by 31%. However, ingestion of 
casein inhibited whole body protein breakdown by 34%, while whey pro-
tein had no effect [40]. These results indicate that slow proteins, when 
adjusted for leucine content, may promote postprandial protein deposition 
by an inhibition of protein breakdown. When the influence of protein di-
gestion rate on protein turnover was tested in older subjects, the opposite 
occurs [39]. When older men consumed 20 g of whey (2.5 g leucine), 
casein (1.7 g leucine) or casein hydrolysate (1.7 g leucine), the whey pro-
tein stimulated postprandial protein accretion more effectively than either 
casein or casein hydrolysate [39]. These results demonstrate that older and 
younger individuals respond differently to protein source and dose and 
highlight the need for separate protein recommendations for young and 
older adults.
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Whether or not the amino acid source is an intact protein or a mixture of 
free amino acids can also influence the rate muscle protein synthesis [41]. 
For example, when older subjects were given either an EAA mixture (15 
g) or a whey protein supplement (13.6 g) after an overnight fast, subjects 
consuming the EAA mixture had higher mixed muscle fractional synthetic 
rate [41]. The differing response could be due to differing leucine content 
between the supplements (EAA; 2.8 g leucine and Whey; 1.8 g leucine) 
or because the EAA supplement was composed of individual amino acids 
while the whey protein supplement was intact protein. This could influ-
ence rate of appearance of the amino acids into circulation and protein 
synthetic response. Another example is the form or texture of the protein 
itself, such as minced beef versus a beefsteak [42]. Older men consumed 
135 g as either intrinsically labeled minced beef or beefsteak, which al-
lowed direct assessment of the rate of appearance of dietary protein-de-
rived amino acids from the gut into the circulation. Meat protein-derived 
phenylalanine appeared more rapidly in the circulation after minced beef 
than after beefsteak consumption. Whole-body protein balance was higher 
after consumption of the minced beef versus the beefsteak. Muscle protein 
synthesis did not differ between the two meals over a six-hour period [42]. 
These data indicate that format of protein during ingestion impacts diges-
tion, absorption and rate of appearance of amino acids into circulation.

The interaction of protein with other substrates (e.g., fats, carbohy-
drates) may impact functionality of protein, especially at the molecular 
level. It is well established that the EAA, especially leucine, are essential 
for the functional benefits associated with increased protein intake in older 
adults, such as muscle protein synthesis [43,44,45,46]. However, most of 
these studies have tested either isolated EAA or protein independently of 
carbohydrates and fat. In the presence of the additional macronutrients, 
the pool of available EAA could be slower to appear when compared to 
studies examining EAA, alone, resulting in a decreased muscle protein 
synthesis response. Animal studies have shown that both fiber and fat can 
alter gastric emptying rate and delay the rate of appearance of EAA into 
the blood [47,48]. In healthy older adults, there has been no association 
with increased protein consumption and detrimental health effects. In con-
trast, detrimental effects have been associated with excess intake of both 
fat and carbohydrate. Therefore, not only should the beneficial effects of 
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protein be considered when making dietary recommendations, but also the 
associated impact of lowering the ratio of fat and carbohydrate in the diet. 
Several studies have shown that a diet containing 30% protein or greater 
is beneficial in reducing cholesterol [49], improving glycemic regulation 
[43,44,50] and improving body composition (e.g., the ratio of lean to fat 
mass) [51]. These beneficial effects could be due to increasing dietary pro-
tein, alone, or a combination of increasing dietary protein and decreasing 
the amount of carbohydrate, however further investigation is needed.

Older adults are less responsive to low doses of amino acid intake com-
pared to younger individuals [46]. However, this lack of responsiveness in 
older adults can be overcome with higher levels of amino acid consump-
tion [46]. This is also reflected in studies comparing varying levels of pro-
tein consumption [52]. This suggests that the lack of muscle responsive-
ness to lower doses of amino acids in older adults can be overcome with a 
higher level of protein intake. The requirement for a larger dose of protein 
to generate responses in older adults similar to the responses in younger 
adults provides the support for a beneficial effect of increased protein in 
older populations [5].

7.2.3 TIMING OF PROTEIN INTAKE

Another issue related to defining the optimal protein recommendations for 
older adults is defining the optimal timing of protein intake throughout the 
day. Adults typically consume the majority of their protein (and energy) 
intake at dinner [53], 38 g versus 13 g of protein at breakfast. However, 
ingestion of more than 30 g of protein in a test meal does not further stimu-
late muscle protein synthesis [54]. Mamerow et al. [55] examined the ef-
fect of daily protein distribution on skeletal muscle protein synthesis in 
healthy young men and women for seven days. Ninety grams of protein 
was either distributed equally or unequally (60% of daily protein intake 
at dinner) throughout the day. They found even distribution of protein in-
take throughout day was more effective at stimulating 24 h protein synthe-
sis compared to an uneven distribution [55]. This is further supported by 
Murphy et al. [56] who examined how dietary protein distribution affects 
muscle protein synthesis in overweight/obese older men under conditions 
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of energy balance, energy restriction and energy restriction with the addi-
tion of resistance exercise. Protein was provided as a balanced distribution 
(25% of daily protein per meal, four times per day) or as a skewed pattern 
(7%:17%:72%:4% of daily protein per meal) for four weeks. They found 
that fed-state muscle fractional synthesis rates were higher following the 
balance protein intake pattern compared to the skewed protein intake pat-
tern under energy balance and energy restricted conditions independent of 
resistance exercise [56].

A recent study published by Kim et al. [57] fails to confirm the impor-
tance of spreading protein intake out over the course of the day. Muscle 
protein synthesis was measured in healthy older adults after consumption 
of one of four differing daily patterns of protein intake: protein intake at 
the RDA level (0.8 g/kg/day), protein intake at two times the RDA level 
(1.5 g/kg/day), either evenly (33% protein at each meal) or unevenly (65% 
of protein at dinner) distributed throughout the day. In older adults, muscle 
protein synthesis was greater at two times the RDA than at RDA levels 
with no significant difference between meal patterns [57]. Likewise, Arnal 
et al. [58], conducted a study with older women fed protein at a dose of 
1.7 g/kg fat free mass/day either spread over four meals throughout out the 
day or in one pulse feeding in which 80% of the daily protein intake was 
provided at the lunch meal for 14 days. Protein turnover and protein syn-
thesis rates were higher in the pulse fed group compared to when protein 
was evenly distributed throughout the day [58]. However, in the study by 
Arnal et al. [58], the women only received a total of 65 g/d of protein with 
the distribution of protein spread throughout four meals with less than 20 g 
of protein per meal, while in the pulse treatment, the single large meal pro-
vided approximately 50 g of protein. This suggests that small meals spread 
throughout the day may fail to optimally stimulate muscle protein synthe-
sis which could have negative effects on muscle mass. Additional studies 
compared pulse feeding (72% of daily protein at lunch) versus protein be-
ing evenly distributed over four daily meals in hospitalized older patients 
for six weeks [59,60]. These studies found that pulse feeding of protein 
increased postprandial amino acid bioavailability [59] and increased lean 
mass [60] compared to spreading protein intake throughout the day. These 
data may differ from the study conducted by Mamerow et al. [55] due to 
differences in study population (e.g., young versus older adults). In addi-
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tion, the study by Mamerow et al. [55] only measured protein synthesis, 
which is only half of the equation of net protein gain.

7.3 FUNCTIONAL BENEFITS OF PROTEIN IN OLDER ADULTS

7.3.1 THE ROLE OF LEUCINE IN OLDER ADULTS

The current RDA for protein may not provide adequate EAA for opti-
mal metabolic roles in adults. It is estimated that 7 to 12 grams of the 
branched-chain amino acid leucine are necessary per day [44] to see func-
tional benefits beyond nitrogen balance, such as improved muscle func-
tion, glycemic regulation and mitochondrial function. Leucine may be 
more important in older adults than in young individuals. Availability of 
amino acids following a meal is lower in older adults when compared to 
young adults; therefore, it takes a greater protein content to elicit the same 
response postprandial. Several studies have demonstrated that older adults 
need a greater amount of leucine compared to young adults in order to 
achieve an increase in muscle protein synthesis [46,61,62].

7.3.2 INCREASED MUSCLE PROTEIN SYNTHESIS AND 
LEUCINE INTAKE IN OLDER ADULTS

The mechanism by which dietary protein affects muscle is through the 
stimulation of muscle protein synthesis by the absorbed amino acids con-
sumed in the diet [27,63]. However, there appears to be an EAA threshold 
when it comes to stimulating muscle protein synthesis. Ingestion of rela-
tively small amounts of essential amino acids (2.5, 5 or 10 g) appears to 
increase myofibrillar protein synthesis in a dose-dependent manner [64]. 
However, larger doses of EAA (20 to 40 g) fail to elicit an additional effect 
on protein synthesis in young and older subjects. Similar results were ob-
served after ingestion of either 113 or 340 g of lean beef containing 10 or 
30 g EAA, respectively [54]. Despite a three-fold increase in EAA content, 
there was no further increase in protein synthesis in either young or older 
subjects following consumption of 340 g versus 113 g of protein.
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It is widely accepted that signaling via mTORC1 (mammalian target 
of rapamycin complex 1) is involved in the regulation of several anabolic 
processes including protein synthesis [26,65,66]. In skeletal muscle, ami-
no acids signal through mTORC1 to regulate skeletal muscle protein syn-
thesis [25,67,68,69]. The eukaryotic initiation factor 4E binding protein 
1 (4E-BP1) and p70S6K, which play important roles in the initiation of 
mRNA translation, are downstream targets of mTORC1 [67,68,69]. Sig-
nals provided by EAA, especially leucine, are required for full activation 
of protein synthesis [25,67,70]. With increasing age, muscle may become 
resistant to the normal stimulatory effects postprandial leucine concen-
trations [46], which may result in reduced stimulation of the mTORC1 
pathway. This could be due to a reduced sensitivity to leucine with age 
or to the fact that the older adults often have low dietary protein intake 
[5]. It is estimated that 38% of adult men and 41% of adult women have 
dietary protein intakes below the RDA. In addition, the decline in the rate 
of amino acid absorption followed by a decrease in insulin secretion may 
contribute to the insensitivity of muscle protein synthesis to amino acid-
induced stimulation in older individuals [71,72].

Age-related muscle loss may involve a decreased response to EAA due 
to dysregulation of translation initiation factors. Older adults also have de-
creased levels of translational proteins related to muscle protein synthesis 
as compared to young adults [64,73]. Older adults have significantly less 
skeletal muscle mTORC1 and p70S6K protein levels compared to young 
adults [64]. In response to 10 g of EAA, mTORC1 phosphorylation, or 
activation, while significantly increased in skeletal muscle of older adults, 
is still significantly lower than younger adults. Guillet et al. [73] found that 
p70S6K phosphorylation is not stimulated in older adults after infusion 
with leucine. These findings are supported by Fry et al. [74] who found 
that older adults have significantly reduced phosphorylation of mTORC1 
and translation initiation factors compared to young adults after a bout of 
resistance exercise. Gene expression of proteins associated with muscle 
protein synthesis also differs between young and older adults [74]. While 
no difference was found between young and old in the fasted state, there 
was a significant decrease in protein (REDD1, TSC1, TSC2 and IGF1 
receptor) expression 3 and 6 h post exercise and leucine intervention in 
older adults versus young adults. In addition, after only seven days of bed 
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rest, older adults had a reduced response to EAA ingestion resulting in 
no increase in muscle protein synthesis, activation of translation initiation 
factors (4E-BP1 and p70S6K) and no increase in amino acid transporters 
[75,76]. These findings are striking since pre-bed rest older adults had 
a significant increase in muscle protein synthesis following ingestion of 
EAA. These data are important because they demonstrate how quickly a 
hospital stay could impact skeletal muscle function.

It is also possible that the beneficial effect of protein intake on body 
composition is due to the stimulation of IGF-1 (insulin-like growth factor 
1) secretion. Aging individuals have lower levels of IGF-1 [77], which 
could contribute to a decrease in protein synthesis rates and accentuate the 
loss of muscle mass leading to sarcopenia [78]. However, this may be able 
to be corrected by nutrition intervention since increased protein intake has 
been shown to increase circulating IGF-1 levels in older adults [79].

7.4 RISK FACTORS ASSOCIATED WITH LOW PROTEIN INTAKE

There are several risk factors associated with reduced protein intake in 
older adults [22]. These risk factors include reduced energy need and in-
take, reduced mobility, changes in food preference and food insecurity 
[22]. For example, as people age, their total daily energy needs decrease 
and their daily intake of dietary protein progressively declines, with ap-
proximately 8% of older women consuming protein below the estimated 
average requirement [53]. This could be due to underlying disease, chang-
es in appetite and food preference or dental issues [80]. In addition, about 
20% of homebound older adults have protein intakes less than the RDA 
[81], possibly attributed to difficulty acquiring and preparing food due to 
issues with mobility.

7.5 CLINICAL AND FINANCIAL IMPACT OF NUTRITION IN THE 
OLDER ADULTS

It is important to consider optimizing health care and those factors influ-
encing health outcomes when determining dietary recommendations for 
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dietary intake in older adults [2]. The cost of providing health care for 
one person over the age of 65 is three to five times more costly than for 
younger adults [1]. This could be because the average length of hospital 
stay for patients 65 and older is two days longer than younger age groups 
[1]. Ninety-five percent of health care costs for older Americans are for 
chronic diseases, which may be attributed, in part, to a loss of functional 
capacity related to reduced muscle mass [2]. Health care spending will 
increase by 25% by 2030, primarily due to an increasing older popula-
tion [1].

Inadequate nutritional intake (e.g., low protein intake) is common in 
older adults and may explain the depleted muscle mass. Once in the hospi-
tal, physical inactivity combined with inadequate protein intake can result 
in additional loss of muscle mass which can delay recovery and contribute 
to higher readmission rates [5]. The breakdown of muscle in hospitalized 
older patients generates the amino acid precursors necessary for synthesis 
of proteins required for several body processes that are essential for recov-
ery [82]. Many older patients do not have enough muscle mass to endog-
enously supply the amino acids they need, so the amino acids they need 
must be provided by dietary protein. However, protein needs are often not 
met in institutionalized and hospitalized settings [83,84]. There are several 
benefits associated with increased protein intake in the older individuals, 
including increased muscle protein synthesis [49,71,85,86] as well as aid 
in recovery from trauma [87,88] and surgery [79]. Taken together, higher 
protein intake improves the rate of recovery in older patients, which, in 
turn, may decrease the length of a hospital stay, indicating that dietary 
protein can play a central role in patient care [2].

7.6 CONCLUSIONS

There is sufficient evidence that protein intake higher than the current di-
etary recommendations (0.8 g/kg/day) is beneficial for most older adults. 
Higher protein intakes are associated with increased muscle protein syn-
thesis, which is correlated with increased muscle mass and function. This, 
in turn, is linked to improved physical function. The evidence presented 
in this review supports the need for a higher RDA for protein for older 
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adults in order for them to achieve optimal protein intake. Many older 
people suffering from chronic disease (e.g., diabetes, heart disease) have 
reduced appetite and do not consume adequate levels protein. Therefore, 
it is essential that they have adequate protein intake from high quality  
protein sources.
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8.1 INTRODUCTION

Aging is associated with a generalized decline in all physiological func-
tions, and between the ages of 30 and 70 we are likely to observe a 25–
30% reduction in most functional capacities [1]. Unfortunately, this physi-
ological condition become clinically relevant in more than 25% of people 
older than 85 years [2] and is referred to as “frailty.” This condition has 
been defined as a state of increased vulnerability to poor resolution of 
homoeostasis after a stressor event, which increases the risk of adverse 
outcomes [3–5]. In other words, an apparently small insult, such as a mi-
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nor infection or surgery, results in disproportionate changes in the health 
state. Although either the brain or the endocrine and immune system can 
be affected by frailty, the aging skeletal muscle has been regarded as the 
key component of frailty (see Clegg et al. [6]). The physiological decline 
of skeletal muscle function with aging, referred to as “sarcopenia,” is char-
acterized by a progressive loss of neuromuscular performance, skeletal 
muscle mass, and stem cell function associated with loss of strength. This 
intrinsic muscle weakness, also known as a deterioration in “muscle qual-
ity” has traditionally been attributed to impaired ATP production, decrease 
in fiber specific tension, reduced excitation-contraction coupling, and re-
duced neural drive [7].

Furthermore, it has been reported that adults over the age of 60 spend 
most of their waking hours, 8 to 12 hours per day, engaged in sedentary 
pursuits [8]. Inactivity accelerates muscle catabolism, mitochondrial dys-
function, and oxidative stress accumulation and reduces aerobic capacity 
[9]. These problems can lead to a “vicious circle” of muscle loss, inju-
ry, and inefficient repair, causing elderly people to become increasingly 
sedentary over time. Thus, it is imperative to implement preventive and 
therapeutic strategies to boost muscle mass and regeneration in the elderly 
and hence maintain and improve both their health and independence and 
prevent the occurrence of the frailty condition.

Current evidence certainly indicates that a regular exercise program re-
duces and/or prevents a number of functional declines associated with ag-
ing. Since, besides genetic, environmental, and nutritional factors, the lack 
of physical activity plays a major role in the pathophysiology of frailty [6], 
regular exercise has also the potential to reduce the incidence of this prob-
lematic expression of population aging. Older adults can adapt and respond 
to both endurance and strength training. Aerobic/endurance exercise helps 
to maintain and improve cardiovascular and respiratory function, whereas 
strength/resistance-exercise programs have been found to be helpful in im-
proving muscle strength, power development, and function [10]. In this age 
group, a regular exercise program also reduces the risk factors associated 
with chronic disease, such cardiovascular disease, diabetes, and osteoporo-
sis, improving overall health and helping to increase lifespan [11]. Together, 
these training adaptations greatly improve “muscle quality” and functional 
capacity on the elderly, thus improving their quality of life.
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The present review aims to assess the role of exercise in enhancing 
mitochondrial function, biogenesis, dynamics, turnover, and quality con-
trol in aging muscle, as an area of research on bioenergetics and homeo-
stasis, which has placed the mitochondria at the center of these processes. 
Exercise induces beneficial adaptations for metabolic homeostasis. This 
could lead to significant changes in lifestyle, which could slow down the 
progression of age-related muscle functional decline and could also allow 
us to identify molecular responses that may be useful as both therapeutic 
targets and for exercise prescription.

8.2 NEW EVIDENCE SUPPORTING THE MITOCHONDRIAL 
THEORY OF AGING AND THE ROLE OF MTDNA

Although several theories have been suggested to clarify the mechanisms 
mediating aging, the “Free Radical Theory,” proposed in 1956 by Har-
man, is by far the most popular. This theory proposes that aging depends 
on oxidative modifications caused by highly reactive compounds such as 
free radicals, the most important of which are reactive oxygen species 
(ROS) and reactive nitrogen species (RNS) [12]. Later this theory was 
revised, identifying the mitochondria both as the primary sources of ROS 
and the primary targets of ROS damage [13, 14]. This new hypothesis, 
also called the “Mitochondrial Free Radical Theory of Aging” (MFRTA), 
is mainly based on the accumulation of ROS-mediated mtDNA damage, 
which arises from a “vicious circle” of ROS production, mtDNA muta-
tions, and mitochondrial dysfunction. However, this idea still leaves many 
unanswered questions.

López-Otín et al. describe nine tentative hallmarks for aging in different 
organisms, suggesting that the rate of aging is controlled, at least to some de-
gree, by genetic pathways and biochemical processes conserved in evolution 
[15]. These hallmarks are genomic instability, telomere attrition, epigenetic 
alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial 
dysfunction, cellular senescence, stem cell exhaustion, and altered intercel-
lular communication. Nevertheless, mitochondrial dysfunction remains a 
common denominator of aging and it is considered to be part of the com-
pensatory or antagonistic responses to the damage caused by cellular aging.



More recently Shokolenko has carried out a critical analysis on the role 
of mtDNA in aging, providing evidence that goes against the existence of 
the “vicious circle” [16].

MtDNA mutations observed in aging are randomly distributed and 
vary in type according to whether they occur in mitotic and postmitotic tis-
sues. Point mutations are mostly observed in mitotic tissues, while large-
scale deletions occur in postmitotic tissues [17]. In aging cells the highest 
rate of point mutations is represented by transitions, with transversions 
and small deletions equally distributed. Nonsynonymous and frameshift/
premature termination codon point mutations have a significantly elevated 
frequency, as well as the predicted pathogenicity, when compared with the 
same variants in general populations. Since there is not a selective advan-
tage for deleterious point mutations more than 60% of cellular copies of a 
given mtDNA-encoded trait have to be affected by a pathogenic mutation 
in order to observe the phenotypic manifestation and the impairment of 
mitochondrial function. These levels indeed are not achieved in naturally 
aged tissues of animals or humans [18–21]; thus these relatively low muta-
tion loads, though in a heteroplasmic state, cannot be the driving force of 
age related decline in mitochondrial function. Hence increased ROS pro-
duction in aging leads to increased mtDNA mutagenesis, though at present 
we do not fully understand how oxidative mtDNA lesions are processed 
by mitochondria to produce mutations.

Moreover it has been suggested that oxidative stress stimulates the 
expression of endogenous mitochondrial DNA methyltransferases (DN-
MTs) responsible of epigenetic modifications able to regulate the mito-
chondrial transcription [22] and promotes the increase of 8-hydroxy-2′-
deoxyguanosine (8-oxodG) both in the nuclear and in mtDNA genome 
[23, 24]. Similarly in nuclear genome the increase of 8-oxodG in CpG 
nucleotide [25] seems to diminish the ability of DNA methyltransferas-
es (DNMTs) to methylate the adjacent cytosine [26]. In fact, it signifi-
cantly reduces the affinity of the methyl-CpG binding domain proteins 
(MBDs), necessary for the 5mC-mediated transcriptional repression, to 
their recognition sequence, thus compromising the transcription. Never-
theless whether this mechanism is also operative in mitochondria and, if 
so, whether it leads to the same consequences observed in the nuclear 
DNA requires further investigation.

150	 Clinical Nutrition and Aging: Sarcopenia and Muscle Metabolism



The Pleiotropic Effect of Physical Exercise on Mitochondrial Dynamics	 151

According to MFRTA ROS-induced mtDNA damage should increase 
ROS production and trigger the “vicious” circle. Instead most of mtDNA 
point mutations do not affect ROS levels, as observed in “mutator-mice” 
[27–30] and also in humans [31]. Mito-mice are a knock-in model of mice 
that age prematurely due to the accumulation of random mtDNA muta-
tions. Based on this evidence Barja has recently proposed a new version 
of MFRTA that does not include the “vicious circle” [32].

It is of note that the most recent reports on mtDNA damage, ROS, and 
aging explain the increased susceptibility of mtDNA strand breaks (but not 
the oxidative base damage) induced by ROS as a mitochondria-specific 
mechanism that helps to preserve mtDNA integrity. Thus increased ROS 
production has now come to be viewed as an adaptive response of mito-
chondria [16], often called mitohormesis, to mitigate dangerous changes 
rather than representing an inevitable byproduct of mitochondrial respi-
ration. Mitohormesis also increases stress resistance, maintains mtDNA 
levels, preserves mtDNA fidelity, enables cells to tolerate high levels of 
mtDNA mutations [33], and generally prolongs lifespan [34–36]. This rep-
resents a novel-upsetting paradigm, which explains the failure of antioxi-
dants to delay aging in clinical trials [37, 38].

Also of particular interest is the recently described circulating mtDNA 
that seems to increase with age. Indeed, when released extracellularly, it 
can act as “damage-associated molecular pattern” agent and it has been 
recognized as a cause of inflammation that can significantly contribute 
to the maintenance of the low-grade, chronic inflammation observed in 
elderly people [39].

At present we need to accurately determine the signature of oxidative 
stress in mitochondria; thus the development of reliable methods to detect 
the identity and the rate of ROS generated in vivo will allow us to gain 
further insights into the contribution of mtDNA in aging.

8.3 AGING SKELETAL MUSCLE

Human aging is associated with both loss of muscle mass and structural 
alteration of the neuromuscular components resulting in impaired contrac-
tile function. Sarcopenia refers to the loss of muscle mass and, conse-



quently, strength, with aging. The sarcopenic phenotype is characterized 
by a reduction of muscle mass, a shift in fiber-type distribution, associat-
ed with the loss of the ability to generate force, and hence an inability to 
effectively perform the activities of daily living (ADL). The phenotype 
does not necessarily include malaise. It has recently been confirmed that 
differences in the leg muscle cross sectional area (CSA) between young 
and elderly men can be attributed to differences in type II muscle fiber 
size [40]. In addition, it has been shown that aging is associated with 
the replacement of muscle fibers with intramuscular fat and connective 
tissue and with oxidative stress, degeneration of the neuromuscular junc-
tion, and changes in muscle metabolism, which lead to progressive loss 
of muscle function and frailty. Concomitant with shift in fibre-type dis-
tribution, a shift in energy metabolism seems to anticipate the onset of 
sarcopenia: indeed, activity of cytochrome c oxidase that it is involved in 
mitochondrial oxidative phosphorylation significantly decrease and the 
subcellular organization of mitochondria in oxidative fibre results com-
promised [41] (see paragraph “Aged-related changes in skeletal muscle 
mitochondria”).

Changes in the endocrine muscle microenvironment during aging 
might contribute to the progression and reduced reversibility of sarcope-
nia. Thus, for example, during aging production of insulin-like growth 
factor (IGF-I) and other anabolic molecules such as cytokines in muscle 
tissue declines, which could explain the reduced synthesis of myofibrillar 
and mitochondrial proteins with age [42]. It is known that muscle-specific 
IGF-I overexpression and its receptors attenuates the age-related loss of 
muscle mass [43] and has long been recognized as one of the critical fac-
tors for coordinating not only muscle growth, but also enhancing muscle 
repair and increasing muscle mass and strength [44].

IGF-I has also been found to contribute to oxidative balance and to 
mediate protective responses against oxidative stress in vivo [45]. IGF-I 
is a peptide hormone with a complex posttranscriptional regulation and 
generates distinct isoforms, namely, IGF-IEa, IGF-IEb, and IGF-IEc [46]. 
In murine models, the local muscle isoform of IGF-I (mIGF-I, the ortho-
logue of human Mechano Growth Factor) has been shown not only to ac-
tivate proliferation of myoblasts [46], but also to protect cardiomyocytes 
from oxidative stress via the Sirtuin 1 deacetylase activity [47]. However, 
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chronic IGF-I supplementation might not be a healthy treatment for sarco-
penia and cachexia since high level of insulin-IGF-I signaling, at least circu-
lating, has been shown to favor cancer growth and to shorten lifespan [48].

In general, aged muscles are less responsive to anabolic and catabolic 
stimuli than young muscles. Indeed, menopause typically induces the re-
duction of about 15% of muscle mass and a decrease in estrogens levels in 
women, thus playing a potential role in this decline. Sarcopenia is known 
to be the result of unfavourable and detrimental effects, which involve hor-
monal, biological, nutritional, and physical activity-related mechanisms. It 
is challenging to determine the relative contribution of sex hormones on 
the sarcopenia establishment because the effect of hormonal supplementa-
tion to treat or prevent sarcopenia seems to be contradictory. On the con-
trary, it remains evident that the decline in muscle mass is related to an in-
creased risk of functional impairment and physical disability [49]. Despite 
the rapid drop down of estrogens in women with menopause, serum tes-
tosterone levels in men decline lightly progressive starting from the third 
decade. Testosterone increases muscle protein synthesis and its effects on 
muscle are modulated by several factors, including genetic background, 
nutrition, and exercise. A recent review showed that testosterone supple-
mentation produced an inferior increase of muscle CSA than resistance 
training alone [50]. Glucocorticoids have a reduced catabolic effect in 
aged sarcopenic rats and do not succeed in enhancing protein breakdown 
[51]. The cellular mechanisms at the base of altered sensitivity to anabolic 
and catabolic stimuli in aging and the physiological consequences of such 
reduced sensitivity to extrinsic factors remain thus unclear.

Data from the Baltimore Longitudinal Study of Aging [52] and the 
Health ABC study [53] showed that during aging muscle strength declines 
faster than muscle mass, suggesting a decrease in muscle “quality.” A 
decrease in type II muscle fibers is specifically related to overall muscle 
“quality.” In fact, evidence indicates that, as we age, peak force signifi-
cantly decreases in these fibers and not in type I fibers [54]. Likewise, the 
increase in muscle mass that occurs following prolonged resistance-type 
exercise training (RT) can be entirely and unambiguously attributed to 
type II muscle fiber hypertrophy [55]. Therefore, any intervention counter-
acting sarcopenia should target type II muscle fiber hypertrophy by means 
of RT. Exercise programs, which include daily RT, should aim to prevent 



older, high-risk people from falling and to improve and maintain their 
functional capacity [56].

Both maximal rate of oxygen consumption (VO2) and resting VO2, 
when corrected for lean mass [57], decline with age in healthy individu-
als. Furthermore, since sedentary older people have a low arterial-venous 
difference, that is, their muscle oxygen extraction is reduced compared to 
younger adults at the maximal VO2 rate, it follows that both muscle mito-
chondrial content and function are reduced in the elderly [9]. A sedentary 
lifestyle, typical of the elderly, accelerates skeletal muscle dysfunction, 
which is not only due to simple reduction in muscle mass. Intrinsic muscle 
weakness, also known as deterioration in “muscle quality,” has tradition-
ally been attributed to a decrease in the specific tension of the fiber and 
reduced neural drive. Calcium (Ca2+) accumulation in energized skeletal 
muscle mitochondria has emerged as a biological process of great physi-
ological relevance [58]. The reduced amount of Ca2+ ions available to tol-
erate muscle contractions and impaired ATP production due to increased 
muscle utilization [59] are crucial to explaining the reduced strength and 
resistance to fatigue of skeletal muscle in response to exercise that oc-
curs during aging. The malfunction of excitation-contraction coupling, 
the mechanism linking the action potential to Ca2+ release from the sar-
coplasmic reticulum, is probably caused by the age-related decrease in 
the number of calcium release units (CRUs) as described by Zampieri et 
al. [60]. Moreover, low ATP generation could depend on mitochondrial 
impairment and misplacement in the microdomain of the CRUs crucial to 
mitochondrial membrane potential signal activation and for efficient ATP 
production [61] (see paragraph “Aged-related changes in skeletal muscle 
mitochondria”). Given that, the molecular identity of mitochondrial Ca2+ 

uniporter (MCU) has been discovered only recently [62]; the identity of 
the specific complex of anchoring that stabilizes the Mitochondrial-Sar-
coplasmic Reticulum is still unknown. Increased intramyocellular lipid 
(IMCL) content and interfiber fat infiltration is associated with aging 
and inactivity. Older adults have larger IMCL droplets, higher content in 
the subsarcolemmal area, fewer mitochondria, and a lower proportion of 
IMCL in contact with mitochondria compared with IMCL occurring in 
young skeletal muscle. These factors likely contribute to age-related re-
ductions in mitochondrial function and oxidative metabolism [63]. Mag-
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netic resonance spectroscopy studies have shown that IMCL levels vary 
with insulin sensitivity and obesity, which is a common clinical picture 
in the older adult, and that inactivity combined with overconsumption of 
fat can have detrimental effects on muscular insulin sensitivity [64]. En-
durance training (ET) increases mitochondrial content/activity and IMCL 
content in young, active men and women. ET induces positive changes in 
mitochondrial function and lipid oxidation and induces intracellular IMCL 
reorganization, which is reflective of a greater IMCL turnover capacity in 
both lean and obese women [65].

In accordance, the enzyme phosphoenolpyruvate carboxykinase 
(PEPCK), mainly linked to gluconeogenesis, has been recently associated 
with a prolonged lifespan. Eukaryotes have a gene for both a mitochon-
drial (PEPCK-M) and cytosolic (PEPCK-C) form of the enzyme. Skeletal 
muscle has a small but significant level of PEPCK-C activity [66]. There 
have been several proposals regarding the metabolic role of this enzyme in 
muscle, among these we have the production of pyruvate for the synthesis 
of alanine by alanine aminotransferase; another possible metabolic role 
of PEPCK-C in skeletal muscle is glyceroneogenesis. In order to deter-
mine the metabolic role of PEPCK-C in skeletal muscle, transgenic mice 
were generated (PEPCK-Cmus mice) [67]. During exercise, the PEPCK-
Cmus mice mainly use fatty acid as the primary fuel, the stimulation of the 
aerobic metabolism in the PEPCK-Cmus mice could be due to the increased 
number of mitochondria noted in their skeletal muscle [67]. Another inter-
esting feature of the PEPCK-Cmus mice is that they lived almost two years 
longer than the controls and had normal litters of pups at 30 to 35 months 
of age [67]. This evidence is very interesting because these mice violate 
the idea that limiting food intake increases longevity, as a matter of fact, 
the PEPCK-Cmus mice eat almost twice as much as controls. Altogether, 
these data suggest that sustained activity could be a key element to extend 
lifespan and counteract sarcopenia.

In this contest, is sarcopenia reversible? Several pharmacological treat-
ments, including selective androgen receptor molecules, anti-myostatin 
antibodies and activation of notch-mediated satellite cell proliferation, 
have been recently explored [7]. Individual physical activity history and 
aerobic and resistance training interventions, which are the major focus 
of this review, seem to be associated with the reversibility of sarcopenia. 



Indeed, recent findings suggest that regular skeletal muscle contraction, 
such as a resistance training program of at least 12 weeks [68] or a combi-
nation of ET and RT activities [69] counteract the detrimental effects of a 
sedentary lifestyle, as well as the regular use of neuromuscular electrical 
stimulator [70]. Indeed, they represent a good intervention to attenuate 
and slightly reverse the decline of skeletal myofiber size, strength, and 
power associated with the ultrastructural disorders observed during aging. 
In agreement with those evidences, Melov et al. [71] highlighted that six 
months of resistance exercise training markedly reversed the transcription-
al profile of elderly back to that of adulthood; this response was observed 
for most genes that are affected by both age and exercise, with a general 
improvement for transcripts related to mitochondrial function. Moreover 
a recent 4-year follow-up study on Chinese elderly people confirmed that 
the accomplishment of sarcopenia reversibility is associated with sever-
al lifestyle-related factors. In particular a high BMI resulted protective 
against sarcopenia occurrence; however, the increment of physical activity 
and the maintenance of a healthy weight was beneficial in the prevention 
of sarcopenia as well [72]. Further studies in different populations and 
with a longer follow-up are necessary to better investigate to what extent 
lifestyle behaviours might contribute to sarcopenia reversibility.

8.4 AGED-RELATED CHANGES  
IN SKELETAL MUSCLE MITOCHONDRIA

In the elderly, a significant proportion of the skeletal muscle mitochon-
dria alter their ultrastructure and subcellular localization. Indeed, in older 
people, mitochondria in skeletal muscle appear enlarged, more rounded in 
shape, with matrix vacuolization and shorter cristae [73] by comparison 
with mitochondria found in young people. Moreover, a greater proportion 
of mitochondria in the elderly are depolarized or nonfunctional, which 
may be indicative of defects in mitochondrial turnover [74]. The density of 
mitochondria in skeletal muscle also drops considerably with aging [75], 
as shown, for example, by means of electron microscopy in the vastus 
lateralis muscle of people over 60 years of age when compared to their 
younger counterparts [60, 76].
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Boncompagni et al., with an elegant study, observed a decrease in the 
frequency of CRUs at sarcomere’s I-A band transition and tethered mito-
chondria [61] with aging, as mitochondria are reduced in terms of content, 
function, and turnover in both subsarcolemmal and intermyofibrillar pools 
[77]. In addition, muscle aging is associated with the progress of a segre-
gated SR Ca2+ pool that uncouples from the E–C coupling machinery. The 
dynamic nature of Ca2+ sparks appears to be misplaced in aged skeletal 
muscle. This condition may lead to excessive mitochondrial ROS produc-
tion and alteration of the cellular redox state that contributes to change 
Ca2+ release/reuptake [78, 79]. Changes in the E–C coupling apparatus and 
[Ca2+]i homeostasis may act as causal factors of, or adaptive responses to, 
muscle aging. Since mitochondria-CRUs cross talk seems to be crucial for 
efficient ATP production, impairment in ATP production may depend on 
mitochondrial dysfunction and possibly reduced number and misplace-
ment. Ultrastructural data showed in the article by Zampieri et al. [70] 
indicate that CRU is better preserved in subjects who exercise regularly 
than in sedentary individuals. Mitochondrial occurrence appears higher 
in athletic than in sedentary seniors with parameters similar to those of 
healthy young subjects. Indeed a dual amelioration, that is, a mitochondri-
al higher frequency and an improved positioning of both organelles, is ob-
served. Thus lifelong physical activity may counteract age-related decline 
of muscle functional output and muscle fibre ultrastructure. The decrease 
in skeletal muscle mitochondria is associated with an overall decline in 
mitochondrial dynamics and impairment of AMP-activated protein kinase 
(AMPK), which stimulates biogenesis and functionality [80]. However, 
the causes of this impairment are poorly understood.

How mtDNA damage, previously described as generally linked to ROS 
accumulation (see paragraph “New evidence supporting the mitochondrial 
theory of aging and the role of mtDNA”), may affect mitochondrial func-
tion is still open to debate both in the context of general cellular homeo-
stasis and in sarcopenia [73]. Is mtDNA damage a consequence or a cause 
of the muscle deterioration process associated with aging? On one hand, 
mitochondrial energy reduction occurring before mtDNA mutations is of-
ten detectable. On the other hand, several studies in humans reveal strong 
correlations between mtDNA mutation rates and bioenergetic deficiency 
(typically complex IV) or muscle fiber atrophy [73].



Moreover, recent studies on aging skeletal muscle report that complex 
I and complex IV activities decrease substantially, probably because these 
two complexes have more of their subunits encoded by the more vulner-
able mtDNA than the other complexes [73]. Age-associated mitochondrial 
dysfunction leads an accumulation of ROS and oxidative modification to 
macromolecules including proteins and failure of protein maintenance 
and turnover. As previously described, complexes I and III are the mi-
tochondrial electron transport chain (ETC) sites of major ROS produc-
tion. It was hypothesized that proteins of the ETC complexes are primary 
targets of ROS-mediated modification damaging structure and function 
and decline in tissue function [81]. An increased oxidative damage at the 
total proteome level is supposed to have a causative role in cellular aging 
[82], even if oxidatively modified proteins (Oxi-Proteome) have not been 
completely identified. In this regard, Baraibar et al. [83] have recently 
generated a database of proteins, which have been identified as increas-
ingly carbonylated or modified by the lipid peroxidation product 4-hy-
droxy-2-nonenal (HNE) and by glycation (AGE) during aging, showing a 
conservation of several targeted molecules in different tissues and organ 
systems. Ahmed et al. [84] identified modified proteins using a proteomic 
approach coupled with immune-detection of HNE-, AGE-modified, and 
carbonylated proteins during replicative senescence of WI-38 fibroblasts. 
They identified by mass spectrometry thirty-seven proteins involved in 
quality control, energy metabolism, and cytoskeleton, showing that almost 
half of them were found to be mitochondria-related, underlining the sus-
ceptibility of mitochondria to senescence. A better knowledge of the Oxi-
Proteome will allow to fully understanding the biological significance of 
these modifications [85]. However, it has become increasingly clear that 
most of the declines in mitochondrial biogenesis, turnover, and function 
are a consequence of physical inactivity. Indeed, when physical activity 
levels are matched between young and elderly people, or physical activity 
is otherwise taken into account, most investigations do not find any age-
related changes in mitochondrial enzyme activities, mitochondrial respira-
tion, or ATP flux [75, 86, 87].

To date, the endocrine mediators involved in mitochondrial (dys)func-
tion in skeletal muscle have not been deeply investigated. Recently, Puche 
et al. [88] demonstrated that IGF-I replacement therapy, in aging, induced 
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mitochondrial protection, suggesting an IGF-I mediated cytoprotection 
effect (verified at least in neurons and hepatocytes). The authors demon-
strated that the administration of low doses of IGF-I in elderly people, 
in which circulating IGF-I serum levels result as low as 50% compared 
to healthy older adults, was able to exert many beneficial effects on age 
related-changes, such us increasing testosterone levels, improving insulin 
resistance and lipid metabolism, and reducing oxidative damage on brain 
and liver. These benefits seem to be associated to mitochondrial protection 
mechanisms induced by the restore of IGF-I circulating levels. In agree-
ment with this evidence, also Hernández-Aguilera and collaborators [89] 
showed that mitochondrial defects are linked to the IGF-I mTOR pathway, 
which is essential for the regulation of numerous processes, including cell 
cycle, energy metabolism, immune response, and autophagy.

Moreover, the study of steroid mediators of mitochondrial (dys)func-
tion in skeletal muscle is an emerging field and only few recent papers 
give some insight. For example, current studies demonstrate that mito-
chondria are important for the initial step of steroidogenesis, and sex ste-
roid hormones are able to modulate mitochondrial biogenesis and function 
[90]. Indeed, the detection in mitochondria of glucocorticoid, steroid, and 
thyroid hormone receptors suggests their potential direct role in mitochon-
drial functional regulation [91, 92]. Dysregulation of mitochondrial func-
tion and sex steroid hormone action may compromise the maintaining cel-
lular physiology and integrity and lead to a progressive decline in tissue 
function, accelerating the aging-associated phenotypes [90]. Reduction in 
specific endocrine regulation and accumulation of mitochondrial damage 
may create a feedback loop that favours the degeneration of tissue func-
tion during aging. Therefore, muscle cell changes associated with endo-
crine alterations and mitochondrial dysfunction require further attention.

8.5 DECREASED MITOCHONDRIAL DYNAMICS AND QUALITY 
CONTROL EVENTS

Mitochondria are highly dynamic organelles organized in a tubule reticu-
lum. They constantly exchange components during biogenesis, fusion-fis-
sion events [93] which can be drastically changed by aging. In particular, 



the mitochondrial biogenesis signaling activated by the peroxisome pro-
liferator-activated receptor gamma coactivator (PGC-1) family of cotrans-
cription factors is reduced with increasing age [73]. The overexpression of 
PGC-1α in the skeletal muscle of aged mice improves oxidative capacity, 
suppresses mitochondrial degradation, and prevents muscle atrophy [94].

Building on our group’s previous research in this area [95, 96], we have 
recently studied the role of PGC-1α in C2C12 myoblasts subjected to oxida-
tive stress during the early stages of differentiation, as well as the effect of 
H2O2 (0.3 mM) on PGC-1α expression and its relationship with AMPK ac-
tivation. We found that 1 h treatment with H2O2 causes mitochondrial frag-
mentation and a mild mitochondrial impairment with a consequent marked 
increase in PGC-1α mRNA expression, as described by Kang et al. [97] and 
Irrcher et al. [98]. In this condition, we also found an increased phosphory-
lation of AMPK compared to untreated cells. This suggests that oxidative 
stress may induce PGC-1α through the AMPK signaling pathway, probably 
in order to activate a defense-oriented signaling cascade (unpublished data).

However, although the defense signaling activation by AMPK phos-
phorylation was challenged, C2C12 myoblasts rapidly displayed a 30–
40% reduction in their viability as well as a survivors’ reduced differentia-
tive efficiency during the postchallenge incubation stage (up to 7 days of 
culture). This observation implies that, in addition to probably being an 
obligatory and physiological response to ROS, activation of AMPK and 
of PGC-1α may not be sufficient to afford complete protection to cells 
against overwhelming oxidative stress. Thus increased mitochondrial pro-
duction of ROS is involved at multiple levels in promoting apoptosis in 
skeletal muscle cells, an event which is part of the etiology and progres-
sion of numerous pathologies including sarcopenia and muscle disuse at-
rophy, as well as aging.

Romanello et al. [99] provided direct evidence of the importance of 
the existence of mitochondrial fragmentation as an amplifying circle in 
muscle atrophy. The mitochondrial network fragmentation induces energy, 
imbalance, which activates a FoxO3-dependent atrophy program through 
the AMPK pathway. Thus, mitochondria play a crucial role in catabolic 
muscle signaling: the mitochondrial fragmentation activates the AMPK-
FoxO3 axis, which induces the expression of atrophy-related genes, pro-
tein breakdown, and muscle loss. The dual role of AMPK has been re-
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viewed by Mihaylova and Shaw [100]. Authors described that activation 
of AMPK promotes the mitochondrial biogenesis via PGC-1α upregula-
tion and simultaneously triggers the destruction of existing defective mi-
tochondria through mitophagy. However, under energy stress conditions, 
the ROS-positive feedback loops on FoxO3 activity is acutely enhanced 
by AMPK sustaining autophagy and protein breakdown, both strongly re-
lated to muscle atrophy during myopathies and sarcopenia [99].

Mitochondrial fusion and fission contribute to mitochondrial function 
by exchanging components such as membrane, proteins, and DNA. Mi-
tochondrial fission and fusion are regulated by GTPases of the Dynamin 
family, with opposite functions. Fission is mediated by dynamin related 
protein 1 (Drp1) and plays a key role in maintaining mitochondrial qual-
ity and mtDNA integrity, as it allows dysfunctional mitochondria to be 
severed from the network and to be removed by autophagy. Fusion is con-
trolled by optic atrophy 1 (Opa1), mitofusin 1 (Mfn1), and mitofusin 2 
(Mfn2 [101, 102]). Opa1 is also involved in degradative processes; indeed 
it regulates apoptosis by keeping the inner mitochondrial cristae junctions 
tight to prevent cytochrome c release, which characterizes apoptosis [103]. 
Few recent studies have reported that Mfn2 gene expression is lower in the 
skeletal muscle of older humans [63].

Of particular interest are data from muscle-specific Mfn1- and Mfn2-
knockout mice. In these mice, researchers noted an enhanced mitochondri-
al proliferation and increased mutations in depletion of mtDNA and these 
changes occurred with accelerated muscle loss [33]. Age-associated changes 
in the dynamic remodeling processes of fission and fusion likely affect mtD-
NA integrity, respiratory function, ROS production, and cellular senescence.

Regarding other dynamic mitochondrial features, there is growing inter-
est in mitochondrial quality control events in the aging of skeletal muscle.

Mitochondrial quality control involves survey, protection, and rescue 
strategies to limit mitochondrial damage and ensure mitochondrial integ-
rity and function. Mitochondrial quality control involves three main steps 
[104]: (i) the first step that occurs at the molecular levels for the degrada-
tion of misfolded or damaged mitochondria is supported by the proteolytic 
system. Chaperones and ATP-dependent proteases in the matrix and inner 
membrane of mitochondria degrade or stabilize misfolded proteins and 
promote their proteolysis.
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FIGURE 1: Effect of physical exercise and major signalling pathways activated on 
mitochondrial “quality” in aging skeletal muscle. Mitochondria represent the privileged 
site of ROS production. ROS may either act as signalling molecules, inducing a 
prosurvival response with positive muscle adaptation, or cause damage to cell components 
and sarcopenia. Low levels of ROS generated by skeletal muscle contraction activate a 
mitochondrial response that ameliorate the “quality” of skeletal muscle mitochondria cells 
at different molecular levels: (i) biogenesis through the action of the key regulators PGC-1α, 
NRF-1/2, T-FAM, and mTFB-1/2; (ii) dynamics by the mitochondrial remodeling GTPase 
proteins such as mitofusin-1/2 and OPA-1 for fusion and DRP-1 and FIS-1 for fission; (iii) 
turnover of damaged mitochondria by mitophagy through PINK-1, PARKIN, ATROGINS, 
and BNIP-3; and (iv) quality control by degradation of misfolded proteins or again portion 
of damaged mitochondria by the proteolytic system with chaperones and proteases. Slight 
ROS accumulation also promotes the phosphorylation state of many proteins involved in 
the muscle signalling responses. Moreover, low levels of ROS induced by RT play an 
important role in inducing upregulation of growth factors such as IGF-I. The expression of 
this muscle hormone has beneficial effects in muscle protein balance, muscle adaptation, 
and increasing muscle mass; neural activation; and number of activated satellite cells and 
contributes to the development of an oxidant-resistant phenotype, therefore preventing 
oxidative damage and chronic diseases. Moreover, the incorporation of satellite cell-derived 
mitochondria explains the increase in wild-type mtDNA known as “gene-shifting.” Thus, 
low levels of ROS elicit positive effects on muscle physiological responses. Moreover, 
antioxidant enzymes will function as back regulators of intracellular low ROS levels. By 
contrast, high levels of ROS cause functional oxidative damages of proteins, lipids, nucleic 
acids, and cell components and promote signalling cascades for mitoptosis or apoptosis. For 
these reasons high levels of ROS act as worsening factors in muscle atrophy, sarcopenia, 
and aging-related muscle diseases. Uptake of calcium by mitochondria, together with ROS, 
control mitochondrial quality responses in skeletal muscle cells and it is tightly regulated 
by sarcomeric localization and muscle chronic contraction. It occurs at calcium release 
unit (CRU) mitochondrion contacts where microdomains of high calcium concentration 
are present. RT: resistance training; CRUs: calcium release units; mtDNA: mitochondrial 
DNA; ET: endurance training; ROS: reactive oxygen species.

Moreover, the ubiquitin-proteasome system contributes to the qual-
ity control of mitochondria; (ii) mitochondrial fusion and fission provide 
a second level of quality control against mitochondrial damage. Indeed, 
damaged mitochondria can be repaired by fusion with healthy mitochon-
dria, which allows the contents of healthy and dysfunctional mitochondria 
to be mixed. Fission, by contrast, isolates mitochondria that are irrevers-



ibly damaged or not compatible for fusion leading to their elimination 
by autophagy; (iii) damaged mitochondria can finally be eliminated by 
autophagy. In particular, mitophagy selectively removes damaged mito-
chondria. It requires a specific labeling of damaged mitochondria and their 
recruitment into isolation membranes. Thus, NIP3-like protein X (NIX; 
also known as BNIP3L) outer mitochondrial membrane protein binds to 
LC3 on the isolated membranes, which mediate the capture of damaged 
mitochondria in autophagosomes. Once mitochondria are damaged by 
losing their membrane potential, PTEN-induced putative kinase protein 
1 (PINK1) recruits the E3 ubiquitin ligase parkin from the cytosol to the 
damaged mitochondria and causes the mitochondria to become engulfed 
by isolation membranes that then fuse with lysosomes. If the level of dam-
age exceeds the capacity of all three quality control pathways, damaged 
mitochondria can rupture, leading to the release of proapoptotic factors 
and cell death.

Evidence suggests that mitophagy selectively removes malfunction-
ing mitochondria that are depolarized or that are producing an excessive 
amount of ROS. In addition, suppression of autophagy results in increased 
ROS production, reduced oxygen consumption, and a higher level of 
mtDNA mutation rates. With age, autophagy declines [105], and it has 
been negatively correlated with oxidative damage and apoptosis, suggest-
ing that inhibition of autophagy may contribute to muscular atrophy and 
dysfunction. This has been supported by studies on muscle-specific Atg7 
knockout mice, which accumulate abnormal mitochondria and have lower 
resting oxygen consumption and increased oxidative stress and apoptosis. 
These conditions positively correlated with an atrophic, weak, and degen-
erative phenotype [106]. Moreover, recent studies indicate that enhanced 
autophagy may increase lifespan [107]. Mitochondrial quality control and 
degradation are also controlled by the ubiquitin-proteasome system, which 
removes damaged proteins and short-lived proteins. Evidence from stud-
ies in mammals has suggested that ubiquitin-proteasome activity also de-
clines with age in skeletal muscle and may be one of the causes of muscular 
atrophy [108]. It has recently been shown that the AMPK agonist AICAR 
exhibits a strong and cancer-specific growth effect, which depends on the 
bioenergetic signature of the cells and involves upregulation of oxidative 
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phosphorylation. In fact, sensitivity to the pharmacological activation of 
AMPK is higher when cells display a high proliferation rate.

Another mechanism for eliminating damaged mitochondria is mitopto-
sis. It has been shown that in energetic stress conditions and mitochondrial 
network fragmentation, damaged mitochondria cluster in the perinuclear 
region and become incorporated into a single-membraned mitoptotic body 
and finally undergo extrusion via exocytosis or blebbing [109]. This obser-
vation is in agreement with the characterization of microvesicles carrying 
mtDNA released by C2C12 recently described by Guescini et al. [110].

Maintaining well-functioning skeletal muscle mitochondrial dynamics 
in terms of content, function, and turnover is important for maintaining 
good health throughout our lives. Exercise stimulates key stress signals 
that regulate the skeletal muscle quality of mitochondria during aging (see 
Figure 1 for a summary). Perturbations in mitochondrial content and func-
tion can directly or indirectly impact skeletal muscle function and, conse-
quently, the health of our whole body and overall well-being.

8.6 EXERCISE AND PHYSICAL ACTIVITY FOR OLDER ADULTS

It has become increasingly clear that most of the declines in skeletal mus-
cle function attributed to chronological age are instead a result of physical 
inactivity. Most physical activity guidelines for apparently healthy adults 
recommend performing about 30 minutes of moderate intensity aerobic 
exercise at least 5 times per week [10]. It has also emerged that, on a 
given day, these 30 minutes may be accumulated in several short bouts 
(of at least 10 min each) distributed throughout the day rather than in one 
continuous bout, without reducing training efficacy. This is a noteworthy 
consideration because exercising for short periods may be more pleasant 
and may better address common barriers to physical activity such as a lack 
of time or facilities, high costs, poor weather conditions, and embarrass-
ment; hence it may improve long-term adherence to this lifestyle change. 
Although the minimum dose necessary to improve health status remains 
unclear, recently a significant improvement in cardiorespiratory fitness 
was reported by Mair et al. after only 4 weeks [111]. In the study, pre-



viously sedentary middle-aged adults performed 30 min per week of the 
bench step exercise accumulated in short bouts throughout the day. This 
suggests that a much shorter time than is currently recommended may be 
sufficient to initiate improvements in fitness.

Although ET exercise is the more common method for improving car-
diovascular fitness, RT is currently recommended for the elderly, in whom 
loss of muscle mass and weakness are major problems. Even two train-
ing sessions a week of RT are sufficient to induce an increase in muscle 
strength and power [69] as a result of both an increase in muscle mass and/
or in the level of neural activation.

With a similar training stimulus, the hypertrophic response seems to be 
blunted in older adults compared to their younger counterparts, and this 
phenomenon appears to be more evident in female subjects. In this regard, 
the role of diet, especially in terms of protein intake, remains unclear in 
determining muscle adaptations. In fact, it is well known that RT in elderly 
populations increases both mixed-muscle and MHC-specific protein syn-
thesis to the same extent that it does in young subjects [112]. Furthermore, 
an increase in muscle fractional synthetic rate has been observed follow-
ing RT even in frail elderly persons (>70 years) [112, 113]. RT in older 
adults significantly increases type II fibers CSA [54, 114, 115] as well as 
the proportion of type IIa fiber distribution [116].

Increasing muscle protein synthesis and muscle fiber hypertrophy cor-
responds to an increase in force-generating capacity and an improvement in 
ADL performance, leading to a significant improvement in quality of life.

RT in the elderly has also been related to decreased morbidity and even 
mortality [69]. The improvement in muscular strength and power induced 
by RT and the central and peripheral adaptations that improve cardiovas-
cular fitness and increase energy production via oxidative metabolism in-
duced by endurance training may be combined (i.e., concurrent training) 
in an efficient exercise program for the elderly that enhances both neu-
romuscular and cardiorespiratory functions while preserving functional 
ability [117]. Several studies have examined concurrent training effects 
on young subjects, while only few authors have investigated concurrent 
training adaptations in the elderly [117]. Hence, for a correct exercise pre-
scription for the elderly it seems appropriate to identify in both exercise 
types the most effective combination of training variables (i.e., weekly 
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frequency, intensity, duration, volume, exercise-order, etc.), which stimu-
late neuromuscular and cardiovascular adaptations to the greatest extent.

8.7 EXERCISE TRAINING AND MITOCHONDRIA “QUALITY”  
IN THE ELDERLY

Mitochondria play a central role in cellular metabolism and form, by fu-
sion and fission, a dynamic reticular network within mammalian skeletal 
muscle [118–120]. This network allows them to share mtDNA and also 
to degrade and remove damaged components, through a process called 
mitophagy. Thus, mitochondrial biogenesis and mitophagy constantly 
control mitochondrial content in terms of quantity and quality [121]. Ag-
ing affects fission and fusion, mtDNA integrity, respiratory function, ROS 
production, cellular senescence, and also, to some extent, mitophagy. Ag-
ing also induces an increase in apoptotic cells, mostly in type II fibers 
[122], which contribute to sarcopenia [123].

It is well known that older adults may benefit from exercise-induced 
adaptations in mitochondrial biogenesis and cellular antioxidant defense 
[124] and that these adaptations are quickly reversed following a reduction 
or the cessation of physical activity.

Another important aspect to evaluate in order to understand the “train-
ability” of mitochondrial health and content is genetics, since there is great 
variability in training-induced changes in aerobic characteristics, due to 
nuclear genetic variants of genes [120] encoding for mt proteins and to 
mtDNA haplogroups [125]. The Health, Risk Factors, Training and Genet-
ics (HERITAGE) Family Study suggests that the heritability of changes in 
maximal VO2 with exercise training is ~47% in sedentary subjects [126] 
while older studies in twins reported a heritability of 93.4% [127], under-
lining the influence of the genome on exercise-induced results.

Furthermore, studies analyzing changes in mitochondrial content and 
quality should also take into account fiber type and the specific mitochon-
drial population (i.e., SS or IMM).

As mitochondria are highly sensitivity to contractile-initiated signals, 
physical activity, and exercise promote biogenesis and function in these 
organelles, helping to maintain cellular and whole body health. In any 



case, many factors should be taken into consideration in determining the 
best exercise strategy (in terms of intensity, volume, and dosage) to im-
prove mitochondrial function. Several studies have reported an increase in 
skeletal muscle mitochondrial biogenesis following ET and it appears that 
training volume, rather than training intensity, may be an important deter-
minant of exercise-induced improvements in mitochondrial content [128].

RT training has been shown to counteract the deleterious effect of sar-
copenia [71] and enhance mitochondrial function in aging muscle [129], 
but it is unclear whether the cellular adaptations to RT directly counteract 
the process of mitochondrial aging, interfering with key aspects of the 
free-radical induced aging process, or simply mask it. Since older adults 
rarely perform extremely high-intensity and low-repetition protocols, it is 
possible that mitochondrial biogenesis simply occurs in response to the 
volume of exercise. In any case, this issue warrants further exploration.

Wilkinson et al. [130] showed that, in young adults, a single bout of 
RT causes both myofibrillar and mitochondrial protein synthesis before 
training, while, after training, it causes only myofibrillar synthesis. Tang 
et al. [131] also reported an increase in mitochondrial enzyme activity fol-
lowing RT in young adults. In older adults, Parise et al. [114, 132] showed 
that RT results in high levels of antioxidant enzymes and lower oxidative 
stress, while Tarnopolsky [129] investigating the effects of 14 weeks of RT 
on oxidant status and ETC did not observe changes in the activity of com-
plexes I+III and II+III, but they observed an upregulation of complex IV. 
Complex IV is the terminal electron acceptor in the ETC, and an increase 
in its enzymatic capacity may reduce electron leakage, leading to lower 
ROS production [133]. It should also be noted that complex IV possesses 
more proteins encoded by mtDNA than other complexes and thus is more 
affected by mtDNA mutations. In the skeletal muscle of older adults, as 
well as of some patients with mitochondrial diseases, there is heteroplas-
my, which means the presence of mtDNA copies belonging to wild-type or 
mutant mtDNA populations. The degree of mutant mtDNA heteroplasmy 
found in mature skeletal muscle fibers is higher than that which is found in 
peripheral blood mononuclear cells, fibroblasts, and satellite cells.

Although systemic mitochondrial dysfunction plays important roles in 
age-related muscle wasting by preferentially affecting the quiescent myo-
satellite cell pool [134], satellite cells are well protected against oxida-
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tive stress. Their metabolic status is important in limiting the production 
of ROS [135] since they have fewer mitochondria and a glycolitic me-
tabolism, compared to oxidative activated cells. Furthermore, quiescent 
satellite cells overexpress genes specifically involved in controlling the 
cytotoxicity of ROS and they repair DNA mutation/s much more effi-
ciently than differentiated myoblasts. Although the repair efficiency var-
ies slightly in different experimental conditions, satellite cells system-
atically repair DNA damage more efficiently than their progeny under 
similar conditions [136].

A process referred to as “gene shifting” can contribute to explain the 
benefits of RT training in improving skeletal muscle mitochondrial health. 
Taivassalo and colleagues [137] examined the mitochondrial genotype in 
mature myofibers of patients with mitochondrial disease, following either 
an eccentric or concentric RT intervention. They found a significant in-
crease in the amount of wild-type mtDNA, together with a dramatic de-
crease in the proportion of COX-negative muscle fibers. RT causes muscle 
overload or injury, resulting in myofiber hypertrophy or repair processes 
depending on activated satellite cells that can fuse to form regenerating 
myofibers [138]. The incorporation of satellite cell-derived mitochondria 
explains the increase in wild-type mtDNA known as “gene-shifting.” More 
recently, Murphy and colleagues [139] showed that, in adults with large-
scale mtDNA deletions, 12 weeks of RT induced an increase in muscle 
strength, myofiber damage and regeneration, NCAM-positive and COX-
positive satellite cells, and oxidative capacity, supporting the RTe-induced 
mitochondrial gene-shifting hypothesis. Recently, Spendiff et al. [140], 
in a study on mitochondrial DNA deletion demonstrated that in patients 
with mitochondrial myopathies, satellite cells presented single, large-scale 
mtDNA deletion/s at levels comparable with those observed in muscle. 
According to them, whether mtDNA mutation/s occur in satellite cells, 
they are subsequently lost during satellite cell activation and myoblast 
proliferation. Thus, the gene shifting strategy induced by resistance exer-
cise, although with a different mechanism from that originally proposed, is 
likely to be a suitable intervention in patients with myopathies.

This evidence supports the hypothesis that also in older adults, follow-
ing RT, there is not only a mitophagic process able to remove dysfunction-
al mitochondria, but also a potential mtDNA-shifting. Further studies are 



needed to quantify the extent of this phenomenon in counteracting aging 
through RT and to identify the intensity of strength exercise required to 
activate satellite cells. This is particularly important to improve DNA-
shifting and oxidative capacity, since it is known that training intensity 
is an important determinant in mitochondrial function and has less of an 
effect on mitochondrial content, which is more strongly related to train-
ing volume.

Due to the peculiar properties of ET and RT in promoting mitochondrial 
quantity and functioning quality, and their differing effects on biogenesis 
and genotype, different physical activity modalities should be combined to 
maximize the antiaging effects of exercise.

Thus, a preliminary period of ST which induces satellite cell activation 
and transfer of normal mitochondrial genes to existing muscle (decreasing 
the amount of COX deficient fibers and increasing the levels of wild-type 
compared to mutant), followed by ET induced mitochondrial biogenesis, 
which expands newly incorporated wild-type genomes, could be the most 
effective approach as suggested by [139].

According to the current paradigm, concurrent training, that is, endur-
ance and resistance exercise combined in the same training session, results 
in a blunted response, due to interference between the different types of 
exercise. It is known that muscle growth is mediated by mTORC1, while 
mitochondrial biogenesis is driven by PGC-1α, and these two pathways 
are linked to one another. However, in addition to the studies support-
ing the interference theory, other recent studies have yielded conflicting 
results. Wang et al. [141] reported that endurance exercise followed by 
resistance exercise improves PGC-1α and activates mTORC1 also inde-
pendently form IGF-I upregulation, its receptors. Apró et al. [142], who 
examined whether endurance exercise following heavy resistance exercise 
would repress molecular signaling through the mTORC1 pathway when 
compared with resistance exercise alone, did not find any interference 
with the growth-related signaling through the mTORC1 pathway in hu-
man skeletal muscle. In addition, both modes of exercise induced similar 
responses at the transcriptional level with the exception of PGC-1α, whose 
gene expression was superior following concurrent exercise. Furthermore, 
MacNeil et al. [143] reported that the order of exercise modes within con-
current training (endurance following resistance exercise or vice versa) 
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does not affect training-induced changes in gene expression, protein con-
tent or measures of strength and aerobic capacity. Although it appears that 
concurrent training, regardless of the exercise mode order, is probably the 
most effective strategy for improving mitochondrial health and biogen-
esis, further studies are needed to identify the most useful exercise strategy 
in terms of intensity, volume, and timetable, also taking into account the 
overall physical condition of the subject. In this regard, the introduction 
of the minimally invasive technique called “fine-needle aspiration” has 
proved to be very useful in the study of mitochondrial quality and quantity 
modulation in response to exercise and may help in developing personal-
ized exercise training programs particularly in elderly [144–146].

In addition, in subjects with an altered mitochondrial condition, ex-
tended muscle wasting and dysfunction, or nutraceutical interventions, 
not taken into consideration in this review, should be evaluated, alone or 
together with exercise. Creatine, for example, which has been shown to 
enhance satellite cell activation during resistance exercise training [147], 
could promote gene shifting. Moreover, encouraging results described in a 
recent meta-analysis by [148] support a role for Creatine (Cr) supplemen-
tation during RT in healthy elderly subjects. The RT with Cr supplementa-
tion enhanced muscle mass gain, strength, and functional performance, 
more than RT alone.

8.8 CONCLUDING REMARKS

In this review we describe the pleiotropic effect of physical activity on 
multiple targets that have a role in preventing the decline of mitochon-
drial “quality,” which is implicated in the aging process of skeletal muscle. 
Recent evidences consistently show that the “quality” of skeletal muscle 
mitochondria declines during aging. Indeed, in this condition we can ob-
serve (i) mitochondrial DNA mutations; (ii) specific epigenetic drift; (iii) 
decreased expression of mitochondrial proteins; (iv) reduced enzyme ac-
tivity of cellular respiration; (v) reduced total mitochondrial content; (vi) 
increased morphological changes; (vii) a decrease in mitochondrial turn-
over. All of these factors probably contribute to age-associated sarcope-
nia, and a growing body of evidence suggests that most of these skeletal 



muscle age-related changes can be prevented and or attenuated by physi-
cal activity.

The current ACSM recommendations assume that older adults can 
safely participate in regular exercise programs (aerobic and strength). 
Any given exercise program for the elderly will depend on existing co-
morbidities and on the baseline level of physical activity. Elderly indi-
viduals can play an active role in designing their own exercise programs, 
which should aim to improve aerobic capacity, strength, and balance, all 
vital to healthy aging.

In short, physical activity should be prescribed for older adults. It not 
only improves physical function, helping the elderly to maintain indepen-
dence, but also enhances overall health and increases longevity.
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Novel Intriguing Strategies  
Attenuating to Sarcopenia

KUNIHIRO SAKUMA and AKIHIKO YAMAGUCHI

CHAPTER 9

9.1 INTRODUCTION

Skeletal muscle contractions power human body movements and are es-
sential for maintaining stability. Skeletal muscle tissue accounts for almost 
half of the human body mass and, in addition to its power-generating role, 
is a crucial factor in maintaining homeostasis. Given its central role in hu-
man mobility and metabolic function, any deterioration in the contractile, 
material, and metabolic properties of skeletal muscle has an extremely 
important effect on human health. Aging is associated with a progressive 
decline of muscle mass, quality, and strength, a condition known as sar-
copenia [1]. The term sarcopenia, coined by I. H. Rosenberg, originates 
from the Greek words sarx (flesh) and penia (loss). Although this term is 
applied clinically to denote loss of muscle mass, it is often used to describe 

Novel Intriguing Strategies Attenuating to Sarcopenia. © Sakuma K and Yamaguchi A. Journal of 
Aging Research 2012 (2012), http://dx.doi.org/10.1155/2012/251217. Licensed under Creative Com-
mons Attribution 3.0 Unported License, http://creativecommons.org/licenses/by/3.0/.



186	 Clinical Nutrition and Aging: Sarcopenia and Muscle Metabolism

both a set of cellular processes (denervation, mitochondrial dysfunction, 
inflammatory and hormonal changes) and a set of outcomes such as de-
creased muscle strength, decreased mobility and function [2], increased 
fatigue, a greater risk of falls [3], and reduced energy needs [4]. In addi-
tion, reduced muscle mass in aged individuals has been associated with 
decreased survival rates following critical illness [5]. Estimates of the 
prevalence of sarcopenia range from 13% to 24% in adults over 60 years 
of age to more than 50% in persons aged 80 and older [2]. The estimated 
direct healthcare costs attributable to sarcopenia in the United States 
in 2000 were $18.5 billion ($10.8 billion in men and $7.7 billion in 
women), which represented about 1.5% of total healthcare expenditures 
for that year [6]. Therefore, age-related losses in skeletal muscle mass 
and function present an extremely important current and future public  
health issue.

Lean muscle mass generally contributes up to ~50% of total body 
weight in young adults but declines with aging to be 25% at 75–80 yr old 
[7, 8]. 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 yr [9]. On a muscle fiber level, 
sarcopenia is characterized by specific type II muscle fiber atrophy, fiber 
necrosis, and fiber-type grouping [9–13]. In elderly men, Verdijk et al. [12] 
showed a reduction in type II muscle fiber satellite cell content with ag-
ing. Although various investigators support such an age-related decrease 
in the number of satellite cells [12–17], some reports [18–20] indicate no 
such change. In contrast, most studies point to an age-dependent reduction 
in muscle-regenerative capacity due to reduced satellite cell proliferation  
and differentiation.

Several possible mechanisms for age-related muscle atrophy have been 
described; however, the precise contribution of each is unknown. Age-re-
lated muscle loss is a result of reductions in the size and number of muscle 
fibers [21] possibly due to a multifactorial process that involves physical 
activity, nutritional intake, oxidative stress, and hormonal changes [3, 22]. 
The specific contribution of each of these factors is unknown, but there is 
emerging evidence that the disruption of several positive regulators (Akt 
and serum response factor) of muscle hypertrophy with age is an impor-
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tant feature in the progression of sarcopenia [23–25]. In contrast, many 
investigators have failed to demonstrate an age-related enhancement in 
levels of common negative regulators [atrophy gene-1 (Atrogin-1), myo-
statin, and calpain] in senescent mammalian muscles [24, 25].

Resistance training combined with amino acid-containing supplements 
is effective candidate to prevent age-related muscle wasting and weakness 
[24–26]. In particular, sarcopenia has been most attenuated by treatment 
with many essential amino acids plus high-amount leucine [24–26]. In ad-
dition, many researchers have focused on inhibiting myostatin for treating 
various muscle disorders such as muscular dystrophy, cachexia, and sarco-
penia [27, 28]. Furthermore, more recent studies have indicated a possible 
application of new supplements to prevent muscle atrophy [29, 30]. This 
review aims to address several novel strategies for inhibiting the muscle 
wasting in particular sarcopenia.

9.2 MYOSTATIN INHIBITION

Growth and differentiation factor 8, otherwise known as myostatin, was 
first discovered during screening for members of a novel transforming 
growth factor-β (TGF-β ) superfamily and shown to act as a potent nega-
tive regulator of muscle growth [31, 32]. Studies indicate that myostatin 
inhibits cell-cycle progression and levels of myogenic regulatory factors, 
thereby controlling myoblastic proliferation and differentiation during de-
velopmental myogenesis [32–35]. Mutations in myostatin can lead to mas-
sive hypertrophy and/or hyperplasia in developing animals, as evidenced 
by knockout experiments in mice and by the phenotype seen in myostatin-
null cattle [36] and humans [37]. Myostatin binds to and signals through 
a combination of Activin IIA/B receptors (ActRIIA/IIB) on the cell mem-
brane; however, it has higher affinity for ActRIIB. On binding ActRIIB, 
myostatin forms a complex with a second surface type I receptor, either 
activin receptor-like kinase (ALK4 or ActRIB) or ALK5, to stimulate the 
phosphorylation of receptor Smad (Rsmad), and Smad2/3 transcription 
factors in the cytoplasm. Then Smad2/3 translocate and modulate nuclear 
gene transcription such as MyoD [33] via a TGF-β-like mechanism. In 
contrast, forkhead box O (FOXO) 1 and Smad2 appear to control the dif-
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ferentiation of C2C12 myoblasts by regulating myostatin mRNA and its 
promoters [38].

Studies measuring myostatin levels during aging have yielded conflict-
ing results such as marked increases in humans at the mRNA and pro-
tein levels [39], no change in mice at the protein level [40], and a de-
crease in rats at the mRNA level [41]. The functional role of myostatin 
in aged mammalian muscle may be revealed by further descriptive analy-
sis using other methods (ex. immunofluorescence) and examining the 
adaptive changes in downstream modulators (ex. ActRIIB, Smad3) of  
myostatin signaling.

Many researchers have focused on inhibiting myostatin for treating 
various muscle disorders. The use of neutralizing antibodies to myo-
statin improved muscle disorders in rodent models of Duchenne muscu-
lar dystrophy (DMD), limb girdle muscular dystrophy 2F (Sgcg−/−), and 
amyotrophic lateral sclerosis (SOD1G93A transgenic mouse) [27, 28, 42, 
43]. Indeed, myostatin inhibition using MYO-029 was tested in a pro-
spective, randomized, and US phase I/II trial in 116 adults with muscular 
dystrophy such as Becker muscular dystrophy, facioscapulohumeral mus-
cular dystrophy, and limb-girdle muscular dystrophy [44]. On the other 
hand, inhibiting myostatin to counteract sarcopenia has also been investi-
gated only in animals. A lack of myostatin caused by gene manipulation 
increased the number of satellite cells and enlarged the cross-sectional 
area of predominant type IIB/X fibers in tibialis anterior muscles of mice 
[45]. In addition, these myostatin-null mice showed prominent regenera-
tive potential including accelerated fiber remodeling after an injection of 
notexin [45]. LeBrasseur et al. [46] reported several positive effects of 4 
weeks of treatment with PF-354 (24 mg/Kg), a drug for myostatin inhibi-
tion, in aged mice. They showed that PF-354-treated mice exhibited sig-
nificantly greater muscle mass (by 12%), and increased performance such 
as treadmill time, distance to exhaustion, and habitual activity. Further-
more, PF-354-treated mice exhibited decreased levels of phosphorylated 
Smad3 and muscle ring-finger protein 1 (MuRF1) in aged muscle. More 
recently, Murphy et al. [47] showed, by way of once weekly injections, 
that a lower dose of PF-354 (10 mg/Kg) significantly increased the fiber 
cross-sectional area (by 12%) and in situ force of tibialis anterior muscles 
(by 35%) of aged mice (21-mo-old). In addition, this form of treatment 
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reduced markers of apoptosis by 56% and reduced caspase3 mRNA levels 
by 65%. Blocking myostatin enhances muscle protein synthesis [48] by 
potentially relieving the inhibition normally imposed on the Akt/mamma-
lian target of rapamycin- (mTOR) signaling pathway by myostatin [49]. 
The blockade may also attenuate muscle protein degradation by inhibiting 
the ubiquitin-proteasome system, which is controlled, in part, by Akt [50, 
51] although the mechanism involved has not been demonstrated. In con-
trast, a microarray analysis of the skeletal muscle of myostatin knockout 
mice showed an increased expression of antiapoptotic genes compared 
with that in control mice [51]. These lines of evidence clearly highlight the 
therapeutic potential of antibody-directed inhibition of myostatin for treat-
ing sarcopenia by inhibiting protein degradation and/or apoptosis.

9.3 URSOLIC ACID

A water-insoluble pentacyclic triterpenoid, ursolic acid is the major waxy 
component in apple peels [52]. It is also found in many other edible plants. 
Interestingly, because it exerts beneficial effects in animal models of dia-
betes and hyperlipidemia [53, 54], ursolic acid is thought to be the active 
component in a variety of folkloric antidiabetic herbal medicines [53, 55]. 
As predicted by connectivity mapping, Kunkel et al. [29] found that ursolic 
acid reduced skeletal muscle atrophy in the setting of two-distinct atrophy-
inducing stresses (fasting and muscle denervation). A major strength of the 
connectivity map is that it takes into account positive and negative changes 
in mRNA expression that together constitute an authentic mRNA expression 
signature. Thus, by querying the connective map with signatures of muscle 
atrophy, Kunkel et al. [29] were, in effect, querying with the reciprocal sig-
nature of muscle atrophy but also induced muscle hypertrophy.

Ursolic acid might increase muscle mass by inhibiting atrophy-associ-
ated skeletal muscle gene expression. Indeed, Kunkel et al. [29] found that 
acute ursolic acid treatment of fasted mice reduced Atrogin-1 and MuRF1 
mRNA levels in association with reduced muscle atrophy. Similarly, 
chronic ursolic acid treatment of unstressed mice reduced Atrogin-1 and 
MuRF1 expression and induced muscle hypertrophy. Although ursolic acid 
increased skeletal muscle Akt phosphorylation in vivo, the experiments 
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could not determine if it acted directly on skeletal muscle, how quickly 
it acted, and if the effect required insulin-like growth factor-I (IGF-I) or 
insulin, which are always present in healthy animals, even during fasting. 
To address these issues, Kunkel et al. [29] studied serum-starved skeletal 
myotubes and found that ursolic acid rapidly stimulated IGF-I receptor 
and insulin receptor activity, but only if IGF-I or insulin was also pres-
ent. Taken together, their data suggest that ursolic acid first enhances the 
capacity of preexisting IGF-I and insulin to activate skeletal muscle IGF-
I receptors and insulin receptors, respectively. Importantly, ursolic acid 
alone was not sufficient to increase phosphorylation of the IGF-I receptor 
or insulin receptor. Rather, its effects also required IGF-I and insulin, re-
spectively. This suggests that ursolic acid either facilitates hormone-medi-
ated receptor autophosphorylation or inhibits receptor dephosphorylation. 
The latter possibility is supported by previous in vitro data showing that 
ursolic acid directly inhibits PTP1B [56], a tyrosine phosphatase that de-
phosphorylates (inactivates) the IGF-I and insulin receptors [57]. Further 
research is needed to elucidate the effect of supplementation with ursolic 
acid in skeletal muscle and to attenuate muscle wasting (ex. sarcopenia).

9.4 EICOSAPENTAENOIC ACID

Eicosapentaenoic acid (EPA) is a 20-carbon omega (n)-3 polyunsaturated 
fatty acid with anti-inflammatory properties, which is synthesized from in-
gested alpha-linolenic acid or is consumed in fish and fish oil such as cod 
liver, sardine, and salmon oil [58]. There is no established Dietary Reference 
Intake for n-3 fatty acids; yet, adequate intake (AI) is set at 1.6 and 1.1 g/d 
for men and women, respectively. While intake in the United States occurs 
at levels much lower than the proposed AI and no signs of deficiency are 
observed, the AI is proposed to provide optimal health benefits associated 
with consuming omega-3 polyunsaturated fatty acids [59]. Several clinical 
trials have reported potential health benefits of omega-3 polyunsaturated 
fatty acids in many diseases, including cardiovascular diseases [60], epilep-
sy, inflammatory bowel disease, exercise-trained subjects [61], and cancer-
associated cachexia [62]. In particular, the administration of omega-3 fatty 
acids and EPA capsules or supplements with EPA has been shown to be 
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associated with weight stabilization, gains in lean body mass, and improve-
ments in quality of life markers in weight-losing patients with advanced 
pancreatic cancer. In addition, EPA has also been shown to inhibit the pro-
inflammatory transcription factor nuclear factor kappaB (NF-κB) [62, 63], 
to reduce tumor necrosis factor-α (TNF-α) production by macrophages [64] 
and to prevent the damaging effects of TNF-α during skeletal muscle dif-
ferentiation in vitro [65]. Furthermore, short-term treatment with EPA (16 
day, 100 mg/Kg) attenuates the muscle degeneration of mdx mice, a model 
of DMD [66]. EPA treatment decreased creatine kinase levels and attenuated 
myonecrosis (decrease in Evans-blue dye-positive fibers and a concomitant 
increase in peripheral nucleated fibers), and reduced the levels of TNF-α.

Some evidence suggests omega-3 polyunsaturated fatty acids to be 
also a potentially useful therapeutic agent for the treatment and prevention 
of sarcopenia. In a more recent study [30], sixteen healthy, older adults 
have been randomly assigned to receive either omega-3 fatty acids or corn 
oil for 8 week. In their study, the rate of muscle protein synthesis and 
the phosphorylation of key elements of the anabolic-signaling pathway 
were evaluated in three different conditions. Smith et al. [30] found that 
omega-3 fatty acid supplementation had no effect on the basal rate of mus-
cle protein synthesis but augmented the hyperaminoacidemia- hyperinsu-
linemia-induced increase in the rate of muscle protein synthesis probably 
due to a greater increase in muscle p70S6KThr389 phosphorylation.

9.5 ANGIOTENSIN-CONVERTING ENZYME INHIBITORS

Angiotensin-converting enzyme (ACE) inhibitors have long been used as 
a treatment in primary and secondary prevention in cardiovascular dis-
ease as well as secondary stroke prevention. It has now been suggested 
that ACE inhibitors may have a beneficial effect on skeletal muscle. ACE 
inhibitors may exert their beneficial effects on skeletal muscles through 
a number of different mechanisms. ACE inhibitors may improve muscle 
function through improvements in endothelial function, metabolic func-
tion, anti-inflammatory effects, and angiogenesis thereby improving skel-
etal muscle blood flow. ACE inhibitors can increase mitochondrial num-
bers and IGF-I levels thereby helping to counter sarcopenia [67–69].
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Observational studies have shown that the long-term use of ACE inhib-
itors was associated with a lower decline in muscle strength and walking 
speed in older hypertensive people and a greater lower limb lean muscle 
mass when compared with users of other antihypertensive agents [70]. 
Several studies have shown that ACE inhibitors improved exercise capac-
ity in both younger and older people with heart failure [70, 71] but caused 
no improvement in grip strength [72]. Although this could be largely at-
tributed to improvements in cardiac function, skeletal muscle atrophy is 
also associated with chronic heart failure so the evidence of muscle gains 
should not be discounted. Few interventional studies using ACE inhibitors 
for physical function have been undertaken. One study looking at func-
tionally impaired older people without heart failure has shown that ACE 
inhibitors increase 6-minute walking distance to a degree comparable to 

FIGURE 1: Myostatin signals through the ActRIIB-ALK4/5 heterodimer activate Smad2/3 
with blocking of MyoD transactivation in an autoregulatory feedback loop. In addition, 
Smad3 sequesters MyoD in the cytoplasm to prevent it from entering the nucleus and 
activating the stem cell population. Recent findings [105, 106] have suggested that 
myostatin-Smad pathway inhibits protein synthesis probably due to blocking the functional 
role of Akt. Supplementation with ursolic acid upregulates the amount of IGF-I and 
insulin and then stimulates protein synthesis by activating Akt/mTOR/p70S6K pathway 
[29]. Treatment with ACE inhibitor also enhances IGF-I level in muscle. Amino acid 
supplementation enhances protein synthesis by stimulating mTOR [107]. Akt blocks the 
nuclear translocation of FOXO to inhibit the expression of Atrogin-1 and MuRF1 and the 
consequent protein degradation. Proteasome inhibitors combat the ubiquitin-proteasome 
signaling activated by these atrogenes. In cachexic muscle, supplementation with EPA 
downregulates the amount of TNF-α and NF-κB [63, 64]. Endurance exercise increases 
the amount of PGC-1α through calcineurin- or CaMK-dependent signaling [108]. Both 
activated PGC-1α, and cyclophilin inhibitor protects several mitochondrial disorders 
(apoptosis, oxidative damage, etc.) elicited by the increase in NF-κB and Bax and/or the 
decrease in Bcl-2 in senescent muscle. ACE; angiotensin-converting enzyme, ActRIIB; 
activin receptor IIB, ALK4/5; activin-like kinase 4/5, CaMK; calmodulin kinase, eIF4E; 
eukaryotic initiation factor 4E, EPA; eicosapentaenoic acid, FOXO; Forkhead box O, IGF-I; 
insulin-like growth factor-I, IKK; inhibitor of κB kinase, mTOR; mammalian target of 
rapamycin, MuRF1; muscle ring-finger protein 1, NF-κB; nuclear factor of kappa B, PGC-
1α; peroxisome proliferator-activated receptor γ coactivator α, PI3-K; phosphatidylinositol 
3-kinase, Rheb; Ras homolog enriched in brain, TNF-α; tumor nectosis factor-α, TORC1; 
a component of TOR-signaling complex 1.
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that achieved after 6 months of exercise training [73]. Another found that 
ACE inhibitors increased exercise time in older hypertensive men [74]. 
However, a study comparing the effects of nifedipine with ACE inhibi-
tors in older people found no difference between treatments in muscle 
strength, walking distance, or functional performance [75]. It is possible 
that frailer subjects with slower walking speeds, who have a tendency to 
more cardiovascular problems, benefit more. Further evidence is required 
before recommending ACE inhibitors to counter the effects of sarcopenia. 
However, ACE inhibitors are associated with cardiovascular benefits, and 
as older people frequently have underlying cardiovascular problems, these 
agents are already commonly prescribed.

9.6 PROTEASOME INHIBITORS

In a variety of conditions such as cancer, diabetes, denervation, uremia, 
sepsis, disuse, and fasting, skeletal muscles undergo atrophy through deg-
radation of myofibrillar proteins via the ubiquitin-proteasome pathway 
[76]. Recent advances have asserted that muscle atrophy in these condi-
tions shares a common mechanism in the induction of the muscle-specific 
E3 ubiquitin ligases Atrogin-1 and MuRF1 [77–79]. Only very indirect 
measurements (small increases in mRNA levels encoding some compo-
nents of the ubiquitin-proteasome pathway [80–82] or ubiquitin-conjugate 
accumulation [83]) in old muscles of rodents or humans suggested a mod-
est activation of this pathway. Atrogin-1 and/or MuRF1 mRNA levels in 
aged muscle are reportedly unchanged in humans [83, 84], increased in 
rats [80, 85], or decreased in rats [82, 86, 87]. When even the mRNA 
expression of these atrogenes increased in sarcopenic muscles, the induc-
tion was very limited (1.5–2.5-fold) as compared with other catabolic 
situations (10-fold). In addition, the major peptidase activities of the pro-
teasome (i.e., the chymotrypsin-like, trypsin-like, and caspase-like activi-
ties) were always reduced (as reported in other tissues [88]) or unchanged 
with aging [78, 81, 88, 89]. Altogether, these observations clearly suggest 
that activation of the ubiquitin-proteasome system contributed little to 
the establishment of sarcopenia in accordance with the very slow muscle  
mass erosion.
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There are several chemical classes of compounds that inhibit protea-
somal activity, including peptide analogs of substrates with different C-
terminal groups, such as aldehydes, epoxyketones, boronic acids, and vi-
nyl sulfones [90]. A selective boronic acid proteasome inhibitor, Velcade 
(also known as PS-341 and bortezomib), directly inhibits the proteasome 
complex without direct effects on ubiquitination. Velcade is well distrib-
uted in the body and does not cross the blood-brain barrier. In addition 
to being useful research tools for dissecting the roles of the proteasome, 
proteasome inhibitors have potential applications in biotechnology and 
medicine. For example, through their ability to block the activation of NF-
κB, proteasome inhibitors can dramatically reduce in vitro and in vivo 
the production of inflammatory mediators as well as of various leukocyte 
adhesion molecules, which play a crucial role in many diseases. Indeed, 
Velcade is orally active and is presently approved by the Food and Drug 
Administration and the European Medicines Agency and well tolerated for 
treating multiple myeloma [91, 92]. Bonuccelli et al. [93] had indicated 
that Velcade, once injected locally into the gastrocnemius muscles of mdx 
mice, could upregulate the expression and membrane localization of dys-
trophin and members of the dystrophin-glycoprotein complex. Gazzerro et 
al. [94] suggested that treatment with Velcade (0.8 mg/Kg) over a 2-week 
period reduced muscle degeneration and necrotic features in mdx mus-
cle fibers, as evaluated with Evans blue dye. In addition, they observed 
many myotubes and/or immature myofibers expressing embryonic myosin 
heavy chain in mdx muscle after Velcade administration probably due to 
the upregulation of several myogenic differentiating modulators (MyoD 
and Myf-5). These effects of Velcade on muscle degeneration would differ 
dependent on muscle-fiber type. Beehler et al. [95] demonstrated selec-
tive attenuation on treatment with Velcade (3 mg/Kg, 7 days) for atrophy 
of denervated slow-type muscle (soleus), but not fast-type muscle (EDL) 
of rats. In contrast, MG-132 exerts an inhibitory effect on both the pro-
teasome and the calpain system. More recently, Gazzerro et al. [94] have 
clearly demonstrated that MG-132 increased dystrophin, alpha-sarcogly-
can, and beta-dystroglycan protein levels in explants from Becker muscu-
lar dystrophy patients, whereas it increased the proteins of the dystrophin 
glycoprotein complex in DMD cases. Strangely, there is no rodent study 
examining the effect of these proteasome inhibitors to prevent muscle 
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atrophy with aging. As indicated previously [80, 82, 88, 89], almost no 
studies demonstrated an enhancement of proteasome-linked modulators 
for protein degradation in sarcopenic mammalian muscles. Proteasome 
inhibitors may not act to attenuate muscle wasting in cases of sarcopenia.

9.7 CYCLOPHILIN INHIBITOR (DEBIO-025)

Ca2+ overload is known to cause cellular necrosis by directly inducing 
the opening of the mitochondrial permeability transition (MPT) pore [96, 
97]. The MPT pore spans the inner and outer membranes of the mito-
chondria and, when opened for prolonged periods of time, leads to loss 
of ATP generation, swelling, rupture, and induction of cell death [96, 
97]. Cyclophilin D is a mitochondrial matrix prolyl cis-trans isomerase 
that directly regulates calcium—and reactive oxygen species-dependent 
MPT and cellular necrosis. Indeed, mice lacking Ppif (the gene-encoding 
cyclophilin D) show protection from necrotic cell death in the brain and 
heart after ischemic injury, and mitochondria isolated from these mice are 
resistant to calcium-induced swelling [98, 99]. Additionally, genetic dele-
tion of Ppif attenuated various dystrophic symptoms (fiber atrophy, fiber 
loss, invasion by inflammatory cells, and swollen mitochondria) of mice 
lacking δ-sarcoglycan and the α2-chain of laminin-2 [100]. Millay et al. 
[100] demonstrated that the subcutaneous injection of Debio-025, a potent 
inhibitor of the cyclophilin family, improved calcium overload-induced 
swelling of mitochondria and reduced manifestations of necrotic disease 
such as fibrosis and central nuclei, in mdx mice, a model of DMD. In addi-
tion, treatment with Debio-025 prevented mitochondrial dysfunction and 
normalized the apoptotic rates and ultrastructural lesions of myopathic Co-
l6a1−/− mice, a model of human Ullrich congenital muscular dystrophy and 
Bethlem myopathy [101]. More recently, orally administered Debio-025 
reduced creatine kinase blood levels and improved grip strength in mdx 
mice after 6 weeks of treatment [102]. This effect on muscular dystrophy 
was greater than that of prednisone, currently the standard for treatment of 
DMD [103, 104]. However, it had not been examined until now whether 
Debio-025 also has a therapeutic effect on the loss and/or atrophy of mus-
cle fiber with aging in rodents as well as humans. Since there are many 
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symptoms in common between muscular dystrophy and sarcopenia, treat-
ment with Debio-025 may counteract sarcopenic symptoms.

9.8 PGC-1a

Although the mechanisms by which calorie restriction (CR, 30–40%) de-
lays the aging process remain to be fully elucidated, CR is intricately in-
volved in regulating cellular and systemic redox status and in modulating 
the expression of genes related to macromolecule and organelle turnover, 
energy metabolism, and cell death and survival [109–111]. Several studies 
indicate the protection of age-related functional decline and loss of muscle 
fibers by CR [109, 110]. These protective effects are likely attributable to 
the ability of CR to reduce the incidence of mitochondrial abnormalities 
(mitochondrial proton leak), attenuate oxidative stress [reactive oxida-
tive species (ROS) generation], and counteract the age-related increases 
in proapoptotic signaling in skeletal muscle [109, 112]. Therefore, sev-
eral lines of evidence suggest mitochondrial involvement in sarcopenia. 
Therapeutic strategies for sarcopenia like endurance exercise [113] and 
CR [114] result in increased mitochondrial capacity in the muscle. A key 
player controlling mitochondrial function is the peroxisome proliferator-
activated receptor γ coactivator α (PGC-1α), a master regulator of mito-
chondrial biogenesis. In skeletal muscle, PGC-1α can also prevent muscle 
wasting by regulating autophagy [115] and stabilization of the neuromus-
cular junction program [116] in the context of muscle atrophy during dis-
ease. Thereby, PGC-1α links mitochondrial function to muscle integrity 
[115]. PGC-1α levels in skeletal muscle decrease during aging [116]. The 
health-promoting effects of increased PGC-1α expression in skeletal mus-
cle have been shown in different mouse models with affected muscle such 
as DMD [117], denervation-induced atrophy [115], and mitochondrial 
myopathy [118]. Indeed, Wenz et al. [118] showed that elevated PGC-1α 
expression in skeletal muscle enhanced oxidative phosphorylation func-
tion in a mouse model of mitochondrial myopathy, delaying the onset of 
the myopathy and markedly prolonging lifespan.

Adipose tissue infiltration of skeletal muscle also increases with age 
[119, 120]. Sarcopenia may be linked with increased obesity in the el-
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derly [121]. Indeed, persons who are obese and sarcopenic are reported, 
independent of age, ethnicity, smoking, and comorbidity, to have worse 
outcomes, including functional impairment, disabilities, and falls, than 
do those who are nonobese and sarcopenic [122]. Recent work has dem-
onstrated that mitochondrial damage occurs in obese individuals due to 
enhanced ROS and chronic inflammation caused by increased fatty acid 
load [123–125]. Specifically, in skeletal muscle, the expression of PGC-1α 
drives not only mitochondrial biogenesis and the establishment of oxida-
tive myofibers, but also vascularization [126, 127]. It was found that a 
high-fat diet or fatty acid treatment caused a reduction in the expression 
of PGC-1α and other mitochondrial genes in skeletal muscle [128], which 
may be a mechanism through which excess caloric intake impairs skel-
etal muscle function. A recent study has also demonstrated that transgenic 
overexpression of PGC-1α in skeletal muscle improved sarcopenia and 
obesity associated with aging in mice [129]. Endurance training has been 
shown to upregulate the amount of PGC-1α to elicit mitochondrial biogen-
esis [130]. The well-known sarcopenia-attenuating effects by endurance 
training may be attributable to the protection for mitochondrial disorders 
(apoptosis, oxidative damage, etc.) by the increase of PGC-1α amount. 
Figure 1 provides an overview of the molecular pathways of muscle hy-
pertrophy and novel strategies for counteracting sarcopenia.

9.9 CONCLUSIONS AND PERSPECTIVES

The advances in our understanding of muscle biology that have occurred 
over the past decade have led to new hopes for pharmacological treat-
ment of muscle wasting. These treatments will be tested in humans in the 
coming years and offer the possibility of treating sarcopenia/frailty. These 
treatments should be developed in the setting of appropriate dietary and 
exercise strategies. Currently, resistance training combined with amino 
acid-containing supplements would be the best way to prevent age-related 
muscle wasting and weakness. Supplementation with ursolic acid and EPA 
seems to be more intriguing candidates combating sarcopenia although 
systematic and fundamental research in these treatments has not been con-
ducted even in rodent. The well-known sarcopenia-attenuating effects by 
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endurance training may be attributable to the protection for mitochondrial 
disorders by the increase of PGC-1α amount.
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CHAPTER 10

The main function of skeletal muscle is to provide power and strength for 
locomotion and posture, but this tissue is also the major reservoir of body 
proteins and amino acids. Thus, although the loss of muscle proteins has 
positive effects in the short term by providing amino acids to other tissues, 
an uncontrolled and sustained muscle wasting impairs movement, leads to 
difficulties in performing daily activities, and has detrimental metabolic 
consequences with reduced ability in mobilizing enough amino acids in 
case of illness and diseases. The resulting weakness increases the inci-
dence of falls and the length of recovery and when advanced, muscle wast-
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ing is correlated to morbidity and increased mortality. Consequently, one 
of the challenges we have to face is to supply amino acids to the tissues 
with higher requirements in catabolic states [1] but also to prevent a too 
important loss in muscle proteins and ultimately improve muscle recovery.

During the day, protein metabolism is modified by food intake. 
Whole-body proteins are stored during postprandial periods and lost in 
postabsorptive periods. With a muscle protein mass that remains con-
stant, the loss of muscle proteins is compensated for the same protein 
gain in the postprandial state. In adult volunteers, oral feeding is associ-
ated with an increase in whole-body protein synthesis and a decrease in 
proteolysis [2–5]. These changes are mediated by feeding-induced in-
creases in plasma concentrations of both nutrients and hormones. Many 
studies suggest that amino acids and insulin play major roles in promot-
ing postprandial protein anabolism [6]. Thus, in case of muscle wasting, 
muscle protein loss results from an imbalance between protein accretion 
and break-down rates which, in part, comes from a defect in the post-
prandial anabolism.

Although each muscle wasting situation is characterized by its specific 
mechanism(s) and pathways leading to muscle loss, an increase of cata-
bolic factors such as glucocorticoids, cytokines, and oxidative stress, often 
occurs and it is now well established that these factors have potential del-
eterious effects on the amino acids or insulin signalling pathways involved 
in the stimulation of muscle anabolism after food intake [7–11].

These signalling alterations lead to an “anabolic resistance” of muscle 
even if the anabolic factor requirements (amino acids e.g.) are theoreti-
cally covered, that is, with a normal nutrient availability fitting the rec-
ommended dietary protein allowances in healthy subjects. This anabolic 
resistance may be in part explained by an increase of the muscle “anabolic 
threshold” required to promote maximal anabolism and protein retention 
(Figures 1(a) and 1(b)). Because the muscle “anabolic threshold” is higher, 
the anabolic stimuli (including aminoacidemia) cannot reach the anabolic 
threshold anymore and by consequence, muscle anabolism is reduced with 
the usual nutrient intake (Figure 1(b)). A possible nutritional strategy is 
then to increase the intake of anabolic factors (especially amino acids) to 
reach the new “anabolic threshold” (Figure 1(c)). There are several ways 
to increase amino acid availability to skeletal muscle: increase protein in-
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take, to supplement the diet with one or several free amino acids or to se-
lect the protein source on its amino acid composition and physicochemical 
properties when digested in the digestive tract. These nutritional strategies 
tested to increase postprandial amino acid levels above the increased ana-
bolic threshold and ultimately to restimulate muscle protein synthesis in 
situations of anabolic resistance led to conflicting results with no or more 
or less positive effects of the supplementation on nitrogen retention. This 
could be explained by variations in amino acid kinetics. The duration of 
the hyperaminoacidemia postprandially can also be of a variable magni-
tude and duration, depending of the form of the protein/amino acid supply 
in the diet. To illustrate this concept, we will take one example, that is, the 
loss of muscle mass during aging, while keeping in mind that this could be 
translated to any situation of muscle wasting.

Sarcopenia, as other catabolic states, has been found to result from a 
decreased response and/or sensitivity of protein synthesis and degradation 
to physiologic concentrations of amino acids [12–14]. This is related to 
a defect of the leucine signal to stimulate the mTOR signalling pathway 
activity [15]. These data suggest that increasing leucine availability may 
then represent a nutritional strategy to overcome the “anabolic threshold” 
increase observed during aging. Studies in both elderly humans and ro-
dents subjected to free leucine supplementation have shown that such sup-
plementations indeed acutely improved muscle protein balance after food 
intake by increasing muscle protein synthesis and decreasing muscle pro-
teolysis in the postprandial state (reviewed in Balage and Dardevet [16]). 
However, the few chronic studies conducted with such free leucine sup-
plementations did not succeed in promoting an increase in muscle mass 
[17–19]. Choosing free leucine as a supplement over a normal protein 
diet creates a desynchronization between leucine signal and the rise in all 
amino acids (Figure 2(a)). Indeed the free leucine is absorbed immediately 
whereas the other amino acids are released later after gastric emptying 
and proteolytic digestion in the gut. This nonsynchronization between the 
stimulation of muscle leucine-associated protein metabolism pathways 
and the delayed availability of amino acids as substrates can explain that 
protein anabolism was only stimulated for a very short period of time dur-
ing the postprandial period and then could not translate into a significant 
muscle protein accretion.
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FIGURE 1: The concept of increased anabolic threshold with associated altered muscle 
protein anabolism during the postprandial period.
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FIGURE 2: Free leucine, leucine rich proteins, and high protein diet in terms of amino 
acid kinetic and associated anabolic response in situation of increased muscle anabolic 
threshold.
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Studies with a synchronized leucine signal and amino acid availabil-
ity have been performed by using leucine rich proteins that are rapidly 
digested (whey proteins) [20]. With such proteins, leucine availability is 
increased simultaneously with the other amino acids to reach the increased 
muscle anabolic threshold (Figure 2(b)). However, as observed for free 
leucine supplementation, when such dietary proteins where given on the 
long term in elderly rodents [21], muscle anabolism was acutely improved 
but muscle mass remained unchanged. However, Magne et al. [22] have 
shown that in elderly rodents recovering from acute muscle atrophy, leu-
cine rich proteins were nevertheless efficient in improving recovery of 
muscle mass whereas free leucine supplementation remained ineffective. 
It may be postulated that, when given on the long term, protein muscle 
metabolism was adapted by increasing also protein catabolism in parallel 
with the increase of protein anabolism. However, after a catabolic state 
with an important muscle mass loss occurring within few days, this ad-
aptation may be delayed and leucine rich proteins remained efficient in 
improving muscle mass.

According to these data, it can be concluded that besides counteract-
ing the muscle anabolic resistance, the duration during which the anabolic 
resistance is muzzled also plays a critical role in leading to a significant 
muscle protein accretion. A prolonged stimulation could not be achieved 
with fast proteins at normal dietary level (even enriched with leucine) 
since the concentration of amino acids as substrates declines rapidly af-
ter their intake [23]. However, by strongly increasing protein intake, such 
ideal situations could be nevertheless achieved (Figure 2(c)). The “protein 
pulse feeding” initially developed by Arnal et al. [24–26] have shown that, 
by concentrating 80% of the total daily protein intake in one meal, protein 
retention was improved in elderly women subjected to a such nutritional 
strategy. Similarly, when very large amount of amino acids (wherein leu-
cine formed the highest percentage of the mixture), positive results have 
been observed [27–30].

The above nutritional strategies discussed raised the problem that 
the organism has to cope with large amount of nitrogen to eliminate. 
This point can be critical with already frail sarcopenic subjects or pa-
tients for who the renal function will be oversolicited whereas it may be  
already altered.
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FIGURE 3: Strategies aiming at partially decreasing the muscle “anabolic threshold” and 
increasing the efficiency of the postprandial period.
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In order to minimize this deleterious side effect of high protein intake, 
a strategy to reverse the increase in the “anabolic threshold” would restore 
the anabolic stimulation during the postprandial period with lower intake 
of dietary proteins or amino acid supplementations (Figures 3(a) and 3(b)). 
This requires the knowledge of the factors involved and responsible in the 
“anabolic threshold” elevation. The causes can be multiple and specific 
for each catabolic state. However, most of these muscle loss situations 
have in common an increase of the inflammatory status. Regarding aging, 
levels of inflammatory markers, such as interleukin-6 (IL6) and C reac-
tive protein (CRP), increase slightly, and these higher levels are correlated 
with disability and mortality in humans [31, 32]. Even if the increase is 
moderate, higher levels of cytokines and CRP increase the risk of muscle 
strength loss [33] and are correlated with lower muscle mass in healthy 
older persons [34]. We have recently shown that the development of a low 
grade inflammation challenged negatively the anabolic effects of food in-
take on muscle protein metabolism and that the pharmacologic prevention 
of this inflammatory state was able to preserve muscle mass in old rodents 
[7, 8]. A resensitization of muscle protein synthesis to amino acids could 
be also achieved with other nutrients such as antioxidants [11, 35] but it is 
not known yet if such supplementations could be effective in preserving 
muscle mass. Interestingly, Smith et al. [36] have tested n-3 polyunsaturat-
ed fatty acids supplementation to increase the sensitivity of muscle protein 
metabolism to anabolic factors (amino acids and insulin) by increasing the 
cellular membrane fluidity in elderly volunteers. Although they obtained 
a resensitization of the mTOR signalling pathway with the n-3 fatty acids, 
it is not known if the decrease of the “anabolic threshold” has been large 
enough to translate into sufficient postprandial protein accretion and then 
preserve muscle mass in the long term if not associated with a concomitant 
dietary increase in amino acids.

By choosing muscle mass loss during aging as an example of muscle 
wasting, it becomes obvious that skeletal muscle “anabolic threshold” is 
increased in such situations and that muscle protein metabolism becomes 
resistant to dietary anabolic factors even if these factors are supplied at the 
level they elicit maximal effects in normal physiological situations. It is 
important to note that this anabolic resistance during aging may be specific 
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to amino acids [37]. Because the muscle “anabolic threshold” is more el-
evated, the duration of the stimulation by anabolic signals (as leucine) and 
the overcome of amino acid supply above the threshold is reduced with 
usual nutrient intake. Two strategies can be used (alone or in combination) 
to deal with this decreased “efficient” postprandial period: (1) by increas-
ing the anabolic signals, and particular amino acid availability; however, it 
is necessary to synchronize the anabolic stimuli with the substrates in or-
der to optimize the incorporation of amino acids into muscle proteins; (2) 
by increasing the efficiency of the postprandial period with strategies aim-
ing at partially restoring (i.e., decreasing) the muscle “anabolic threshold”.
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CHAPTER 11

11.1 INTRODUCTION

There is a common and diffuse false myth that aging is synonym of 
deterioration, pathology, and death. The increased life expectancy in 
developed and developing countries is parallel to the need to identify 
interventions able to preserve health and function even at older age, de-
laying the physical and cognitive declines. Aging is an extremely com-
plex multifactorial process characterized by progressive physiological, 
genetic, and molecular changes, responsible for the increase risk of mor-
bidity and death [1]. Several hypotheses [2, 3] have been proposed to 
explain this inborn process common to all living beings, but one of the 
most plausible and better-accepted currently is the so-called “free radical 
theory of aging.”
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The age-associated loss of skeletal muscle mass and strength (i.e., sar-
copenia) seems an unavoidable part of the aging process. After about the 
age of 50 years, there is a progressive decrease of muscle mass at the 
rate of 1-2% per year. Similarly but with different decline rate and tim-
ing, muscle strength also decreases by about 3% yearly after 60 years of 
age [4]. Sarcopenia is a multidimensional phenomenon of aging (someone 
indicates it as a syndrome) and represents a powerful risk factor for the 
development of negative health-related events in the elderly. In fact, the 
relationships of sarcopenia with impaired physical performance, frailty, 
loss of functional independence, and increased risk of falls are all well 
established in the literature [5]. Moreover, decreased muscle strength is 
also highly predictive of incident disability and all-cause mortality in older 
persons [6].

Oxidative damage has been proposed as one of the major contributors 
of the skeletal muscle decline occurring with aging [7, 8]. The identifica-
tion of free radicals as promoters of the aging process may imply that 
their inhibition might limit the detrimental modifications they exert on 
our organism (and, in particular, on skeletal muscle). In other words, if 
molecules with antioxidant capacities can counteract the oxidative dam-
age, they may also play a key role in preventing the onset of age-related 
conditions, including the disabling process [9]. It will come to be true that 
oxidative damage is at the basis of the pathophysiological mechanisms re-
sponsible for sarcopenia (and other geriatric conditions), and interventions 
aimed at enhancing the endogenous antioxidant defenses (e.g., dietary an-
tioxidant supplementation) may gain special interest.

The purpose of the present paper is to discuss current available evi-
dence about the effects of antioxidant supplementation on sarcopenia. 
Special attention will be obviously given to studies focused on models of 
aging and involving older participants.

11.2 THE FREE RADICAL THEORY OF AGING

This theory was formulated for the first time by Harman in 1956 [10]. 
He proposed that aging and the associated degenerative diseases were 
consequences of free radical-induced damages to cells and the inability 
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of counterbalancing these changes by endogenous antioxidant defenses. 
Harman initially explained the production of free radicals through reac-
tions involving molecular oxygen catalyzed in cells by oxidative enzymes 
and subsequently postulated that genetic and environmental factors might 
modify this process. In 1972, he then revised his theory identifying the mi-
tochondria as primarily responsible for the physiological process of aging 
[11]. Since oxidative damage is higher in cells and structures with higher 
consumption of oxygen, he suggested that mitochondria (consuming most 
of the intracellular oxygen) were particularly exposed to oxidative damage 
and potentially affected lifespan. Miquel and colleagues [12] subsequently 
confirmed such theory by recognizing mitochondria as major actors of 
cellular aging. More recently and consistently with these concepts, the 
free radical theory of aging has been switched into a “mitochondrial free 
radical theory of aging” [13].

Free radicals are a highly reactive chemical species with a single un-
paired electron in its outer orbit seeking to pair with another free electron 
[14]. In particular, reactive oxygen species (ROS), deriving from oxidative 
metabolism, have higher reactivity than O2. ROS are constantly gener-
ated in cells of aerobic organisms by the addition of a single electron to 
the oxygen molecule with subsequently damage of biological macromole-
cules (like lipids, proteins, and nucleic acids). The interaction of ROS with 
normal cellular structures leads to potentially nonreversible modifications, 
with consequent cellular loss of function and death [3, 15, 16].

There are numerous sites of oxidant generation [17]. Mitochondrial 
electron transport, peroxisomal fatty acid, cytochrome P-450, and phago-
cytic cells (the “respiratory burst”) represent the most important ones. In 
particular, the main source of ROS (estimated at approximately 90% of 
the generated total) is located at the inner mitochondrial membrane where 
oxidative phosphorylation takes place [18]. Moreover, a variety of exog-
enous stimuli, such as exposure to infections [19], radiations [20], xenobi-
otics [21], environmental toxins [22], and ultraviolet light [23], may also 
increase the ROS production in vivo. Interestingly, mitochondria are both 
producers as well as targets of ROS.

In all organisms living in an aerobic environment, ROS play an im-
portant role in the maintenance of body homeostasis [24]. Recent studies 
[25, 26] have even shown that ROS may function as an additional class of 
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cellular messengers, being involved as physiological regulators of intra-
cellular signaling pathways (e.g., response to growth factor stimulation or 
generation of the inflammatory response to bacterial defense). Therefore, 
since free radicals are necessary for correct functioning of the human or-
ganism, efficient mechanisms of antioxidant defense had to be developed 
(especially in cells highly exposed to oxidation processes) with the aim 
of protecting cellular constituents. Endogenous antioxidants are present 
under diverse and numerous forms, like enzymes (e.g., superoxide dis-
mutase, catalase, glutathione peroxidase, glutathione reductase), vitamins 
(e.g., vitamin C, vitamin E), and elements (e.g., selenium, zinc). All these 
substances are able to neutralize ROS and protect cells from free radi-
cal damage. Nevertheless, in a normal scenario, about 1% of ROS is still 
able to avoid the control of the antioxidant system, causing oxidation of 
surrounding tissues [27]. Moreover, oxidative damage is obviously en-
hanced when the ROS production increases and/or the antioxidant status 
decreases. According to the cellular constituents attacked by the oxidative 
stress, lipid peroxidation [28], protein oxidation [29], and DNA damage 
[30] will all promote abnormalities of the cell structures incompatible with 
proper cell function, leading to its death. Such cellular loss has been finally 
indicated as being responsible for the age-related degenerative diseases 
and conditions [31].

In summary, according to the free radical theory of aging, oxidative 
damage is due to a redox imbalance between ROS and the counteracting 
antioxidant forces generating a vicious cycle responsible for the progres-
sive augmentation of damage [13]. The equilibrium between ROS produc-
tion, antioxidant defenses, and the cellular structures determines whether 
a cell exposed to ROS increase will be destined to survival or death [32].

11.3 THE ANTIOXIDANT DEFENSE SYSTEM

Antioxidants are substances able to inhibit the rate of oxidation [33, 34]. 
Mainly, antioxidant enzymes (e.g., catalase, superoxide dismutase (SOD), 
glutathione peroxidase, glutathione reductase) work to maintain a state of 
balance preventing the transformation of ROS and to convert them into 
more stable molecules (like water and molecular oxygen). SOD exists in 
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two forms: Cu/ZnSOD is present in the cytoplasm of the eukaryotic cells 
whilst MnSOD is located primarily in the mitochondria. Differently, en-
dogenous nonenzymatic elements with antioxidant properties contribute 
to the maintenance of homeostasis by primarily acting as cofactors for the 
antioxidant enzymes. A major source of antioxidants is diet [35]. Among 
dietary antioxidants, the most important (and also largely available as sup-
plements) are vitamin C, vitamin E, and carotenoids.

Vitamin C acts as an antioxidant by inhibiting oxidation. For example, 
ascorbic acid concentrations are inversely associated with isoprostanes, 
a marker of lipid peroxidation [36]. Vitamin C is involved in the regen-
eration of vitamin E in lipoproteins and membranes. In fact, vitamin C 
reduces the vitamin E radicals generated in cellular membranes and in-
hibits the propagation of α-tocopheroxyl radical. It is the most important 
hydrophilic antioxidant [27, 37, 38]. Conversely, vitamin E is the most 
important lipophilic antioxidant. It has been reported a significantly high 
correlation of α-tocopherol (the most diffuse form of circulating vitamin 
E) with physical performance and of γ-tocopherol with skeletal muscle 
strength [9]. Nunes and colleagues [39] demonstrated that a vitamin-E-de-
ficient diet may cause an increased caspase-like activation (a proapoptotic 
stimulus) in animal model. Consistently, vitamin E is inversely correlated 
with lipid peroxidation and positively correlated with in cytochrome oxi-
dase activity (causing a mitochondrial respiratory chain dysfunction) [40].

The supplementation of different antioxidants will provide different 
effects on oxidation according to the hydrophobicity of the administered 
molecule. In fact, fat-soluble antioxidants (e.g., vitamin E) are particularly 
effective at inhibiting lipoprotein peroxidation, whereas water-soluble an-
tioxidants (e.g., vitamin C) more efficiently protect the aqueous phase. 
However, these antioxidants do not only act individually, but also coop-
eratively and sometimes even synergistically. Moreover, their radical-
scavenging effects depend on various factors, the site of generation of the 
oxidant and the localization of the antioxidant [41, 42].

Another important source of antioxidants is assured by dietary carot-
enoids (including α-carotene, β-carotene, β-cryptoxanthin, lutein, zeaxan-
thin, and lycopene). Carotenoids are lipid soluble molecules that interact 
with the lipid membrane bilayer [43]. They scavenge free radicals, quench 
singlet oxygen, inhibit lipid peroxidation, and modulate redox-sensitive 
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transcription factors (e.g., the nuclear factor kappa-light-chain-enhancer 
of activated B cells or NF-κB) that are involved in the upregulation of pro-
inflammatory cytokines [44, 45]. Upritchard and colleagues [46] have re-
ported that the supplementation of carotenoids may significantly improve 
antioxidant status and reduce concentrations of isoprostanes.

Numerous foods like fruits, nuts, vegetables, and spices are rich in an-
tioxidants. Blueberries, cranberries, blackberries, plums, apples, cherries, 
and prunes are fruits particularly rich in antioxidants. Red and black beans, 
artichokes, and russet potatoes are the vegetables with highest content of 
antioxidants. Ground cloves, cinnamon, and oregano contain the greatest 
amount of antioxidants among spices [47].

Finally, it is worth to be mentioned that the antioxidant system func-
tion is highly influenced by age [32, 48]. In fact, with aging, there is a 
progressive decline in mitochondrial function and increase in oxidative 
damage. ROS overwhelms the endogenous antioxidant defense system 
during the aging process, causing harmful modifications of myofiber cel-
lular proteins, lipids, and DNA. Moreover, the antioxidant dietary intake 
may easily decrease for multiple reasons (e.g., mobility disability leading 
to inadequate food supply; lack of social support; oral problems leading 
to repetitive and inadequate diets, etc.). Thus, it is not surprising that poor 
antioxidant status is commonly found at the foundations of several condi-
tions of older age [49].

11.4 SARCOPENIA

In 1989, Rosenberg coined the term “sarcopenia” (from Greek: σαρξ or 
flesh and πενία or loss) to describe the progressive and involuntary loss of 
skeletal muscle mass and function occurring with aging [50]. Although it 
is difficult to provide an exact prevalence of sarcopenia due to the hetero-
geneity of older persons, the existing multiple operative definitions, and 
diverse (sometimes contradicting) assessment methodologies, common 
estimates indicate it as 5–13% in the 60–70-year-old age group and 11–
50% in the 80-year and older age group [51]. Such figures are expected to 
dramatically rise in the next future due to the progressive aging of Western 
populations with a profound and negative impact on public health. In fact, 
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sarcopenia (one of the most important geriatric syndromes) represents an 
important risk factor for functional impairment [52], physical disability 
[53, 54], falls [55], and frailty [56, 57].

Skeletal muscle is a tissue formed by multiple types of fibers. Briefly, 
type I fibers are slow contracting and use an oxidative metabolism. Dif-
ferently, type II fibers are fast contracting and mainly glycolytic. Sarco-
penic muscle mass reduction is primarily due to a loss of muscle fibers 
particularly characterized by a preferential atrophy of type II fibers. At 
the same time, a conversion of fast type II muscle fibers into slow type 
I fibers (with resulting loss in muscle power and decline in protein syn-
thesis, especially of myosin heavy chains) has been described [58–60]. 
Overall, these changes lead to a smaller, slower contracting muscle with 
resulting reduced capacity to adequately perform activities of daily living. 
These anatomical modifications have been (at least partly) attributed to 
the age-related increase of oxidative damage. In fact, the skeletal muscle 
is the largest consumer of oxygen in the body with muscle fibers continu-
ously generating ROS (especially during the contractile activity). Stud-
ies adopting muscle biopsies have confirmed that markers of oxidative 
damage are particularly and locally elevated in skeletal muscle of older 
adults [61–64], promoting the above-mentioned inadequacy of the anti-
oxidant system in preventing damages [32, 65]. Some components of the 
enzymatic scavenger system, such as catalase, glutathione transferase, and 
superoxide dismutase, are also significantly depressed in elderly muscle. 
The consequent prooxidant status results in the alteration of mitochon-
drial DNA and abnormalities in the electron transport system, leading to 
reduced calcium uptake by the sarcoplasmic reticulum [66], irreversible 
damage of the cell, and its consequent death [67–69].

In the healthy muscle, proteins and amino acids are ideally balanced 
between synthesis and breakdown. In the elderly, this equilibrium is dis-
rupted because of a lower synthesis and an increased breakdown rate of 
myofibrillar and mitochondrial proteins. Several endogenous and exog-
enous factors may affect the organism capacity to maintain the protein 
homeostasis. For example, it has been hypothesized that muscle decline 
might be caused by the direct detrimental effects of the chronic low-grade 
inflammatory status of advanced age. In this context, it cannot be ignored 
the close relationship between inflammation and oxidative damage. In-
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terestingly, both inflammation (in particular through the TNF-α pathway) 
and oxidative damage are major regulator of cellular apoptosis and protein 
metabolism. At the same time, the age-related muscle protein loss may 
also macroscopically be caused by the frequent reduction of food intake 
in elders. Older persons are particularly exposed to the risk of (micro- and 
macronutrient) malnutrition that might also be related to endogenous (e.g., 
malabsorption, edentulism) or exogenous (e.g., lack of social support, dis-
ability) causes. Consequently, antioxidant supplementation represents a 
promising intervention potentially able to correct the inadequate diet of 
older persons and prevent the skeletal muscle decline by inhibiting the vi-
cious cycle at the basis of protein catabolism.

Antioxidant supplementation may not replace the age-related decline 
of the more complex antioxidant enzymatic system. Nevertheless, in the-
ory, by reinforcing the antioxidant nonenzymatic defences, supplementa-
tion might still be helpful in preventing the onset of age-related condi-
tions (including sarcopenia) by acting on the same cause (i.e., oxidation). 
However, further studies are needed to better understand the relationship 
between nonenzymatic and enzymatic antioxidant defenses. In particular, 
it could be that the two components are not parallel and independent, but 
indeed synergistically constitute the antioxidant system. Interestingly, Sel-
man and colleagues [70] recently demonstrated that vitamin C supplemen-
tation in mice is associated with a downregulation of antioxidant protec-
tion genes (including MnSOD).

11.5 ANTIOXIDANT SUPPLEMENTATION AND SARCOPENIA

Despite the clinical relevance of sarcopenia and the large interest for anti-
oxidant supplementation (both from a research and commercial standpoint 
of view), evidence in this field is extremely limited and controversial. 
Most of the studies available in the literature are from epidemiological 
data with most even coming from cross-sectional observations.

The absence of a unique operative definition of sarcopenia represents a 
major issue limiting the conduction of research on the topic. In fact, most 
of the human studies analyze the relationship between dietary antioxidant 
supplementation and physical performance or muscle strength measures, 
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without specifically focusing on the broader condition of sarcopenia. 
In fact, the quantitative (i.e., muscle mass) and qualitative (i.e., muscle 
strength, muscle function) declines follow separate and different trajec-
tories with aging. The need of combining them into one single bidimen-
sional definition of sarcopenia is critical from a theoretical and method-
ological perspective and has to be taken into account when specifically 
facing the topic sarcopenia. In other words, the separate evaluation of 
muscle mass or muscle strength may significantly affect the study of sar-
copenia (limiting its exploration to only one of the two components) and 
likely result in biased findings. To our knowledge, there are currently no 
trials verifying the effects of antioxidant supplementation on sarcopenia 
(as identified by one of several the consensus definitions provided by 
international groups of experts). Interestingly, a recent statement from 
the Society on Sarcopenia, Cachexia, and Wasting Disease does not even 
mention antioxidant supplementation as a possible tool to manage sarco-
penia in older persons [71].

Several studies have been conducted to evaluate the effects of antioxi-
dant supplementation on antioxidant status [72, 73]. Overall, results con-
sistently report significant improvements of antioxidant biomarkers after a 
period of specific supplementation.

Differently, the effect of antioxidant supplementation on muscle per-
formance is still and largely controversial. Here are just a few examples 
of positive studies (from both animal and human models) among the large 
body of literature suggesting a beneficial effect of antioxidant supplemen-
tation and sarcopenia. Jakeman and Maxwell [74] showed a protective ef-
fect of vitamin C supplementation against exercise-induced muscle dam-
age. Similarly, Shafat and colleagues [75] reported a reduction of muscle 
damage by adopting a counteracting vitamin E and C supplementation. An 
antioxidant mixture containing vitamin E, vitamin A, rutin, zinc, selenium 
has shown to increase the anabolic response of old muscle to leucine and 
the leucine-induced inhibition of protein degradation in rats [76]. Resve-
ratrol, a natural polyphenol found in grapes, peanuts, and berries [77], 
has shown a protective effect against oxidative stress in skeletal muscle 
through the expression of antioxidant enzymes [78]. At the same time, 
a similar (possibly larger) number of studies have reported negative re-
sults on the topic. For example, some trials have reported that antioxidant 
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supplementation may even be unfavorable on physical performance and 
underlying biological mechanisms [79, 80]. A decrease of baseline levels 
of antioxidant mitochondrial enzymes was reported by Strobel and col-
leagues [81] after 14 weeks of vitamin E and α-lipoic acid administration 
in rats. Data by Ristow and colleagues [82] suggested that oral adminis-
tration of ascorbic acid and α-tocopherol prevents exercise training-in-
duced increases in insulin sensitivity and ROS defense capacity. Consis-
tently, the work by Higashida and colleagues [83] showed no inhibitory 
effect on the adaptive responses of muscle to exercise by antioxidant 
vitamin supplementation. Several studies [84–86] showed no effects of 
antioxidants supplementation on muscle function after exercise-induced 
muscle damage. In a recent work, Theodorou and colleagues [87] found 
that a supplementation with ascorbic acid and tocopherol does not affect 
muscle performance. Kondratov and colleagues [88] investigated pos-
sible improvements of signs of premature aging (e.g., cataracts, cornea 
inflammation, joint ossification, and muscle waste) in BMAL1 knock-
out mice by supplementation of N-acetyl-L-cysteine (NAC), a low-mo-
lecular-weight antioxidant. Result suggested an extended lifespan, but 
excluded significant effects on sarcopenia. Sacheck et al. [89] showed 
α-tocopherol supplementation in older fit men did not suppress postex-
ercise elevations in biomarkers of muscle damage and lipid peroxida-
tion such as in younger men. More recently, vitamin E and C supple-
mentation have shown to reduce muscular levels of oxidative stress in 
repetitively loaded muscles of old rats, but no increase in muscle mass 
and maximal force production (after more than 4 weeks of training) was 
found [90]. Consistent results were obtained by Barker and colleagues 
[91] after administration of vitamin E and C in men undergoing anterior 
cruciate ligament surgical repair. It might seem that the biological ef-
fects of antioxidant supplementations are easily captured as increased 
levels of antioxidant biomarkers. Differently, the clinically relevant and 
beneficial effects of antioxidant supplementation are more difficult to be 
obtained (always if obtainable!).

Possible reasons for these controversial results are various. First of all, 
it is possible that sarcopenia is not related to oxidative damage, so that the 
obtained negative results are indeed “true negative” findings. Second, it is 
not automatic that the modification of a biomarker concentrations is able 
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to parallely change clinical parameters. It is more likely that subclinical 
effects are more sensible to changes than clinically evident manifestations. 
And this is particularly true when testing interventions in an extremely 
complex field as geriatric syndromes, in which one sign/symptom is not 
necessarily indicative of a well-defined condition. Different types and dos-
es of antioxidants administered, timing of supplementation, the adopted 
animal species, and the measured biomarkers may represent other impor-
tant causes of the negative findings. As mentioned, the heterogeneity and 
methodological limitations affecting the study of sarcopenia may further 
explain the controversial findings.

Finally, it is noteworthy the extreme scarcity of available clinical trials 
in humans on this topic. In fact, most of the positive results are obtained 
in animal models and still wait to be confirmed in humans. Furthermore, 
recent studies [92] reporting possible negative effects (e.g., cardiovascu-
lar and all-cause mortality) of long-term, high-dosage antioxidant supple-
mentation (in particular, for vitamin E) cannot be ignored.

In the present paper, we chose not to go into many details about po-
sologies of antioxidant supplementations. Current literature on the topic 
is extremely heterogeneous for methodological approaches, study designs 
(i.e., in vivo, in vitro, epidemiological evaluations, clinical trials, animal 
or human models), interventions (single antioxidant molecules or in com-
bination, timing of administration, posologies), and outcome measures 
(i.e., biomarkers of muscle decline). Such heterogeneity is not surpris-
ing considering the relative novelty of the topic. After all, sarcopenia is a 
condition theoretically defined only about 20 years ago, but its operative 
definition is still debated.

11.6 CONCLUSION

In summary, there is some evidence that oral antioxidant supplementa-
tion may reduce muscle damage, but experimental results are largely pre-
liminary and far to be clinically relevant, at least, as suggestive of positive 
benefits. In fact, a large body of evidence may indicate extreme cautious-
ness in taking antioxidant supplementation as preventive measures against 
aging process and age-related conditions. Further studies are needed to 
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support the widespread practice of oral antioxidant supplementation and 
to determine appropriate recommendations in elderly.

Although antioxidant supplementation through diet is receiving grow-
ing attention, supporting evidence is still scarce and equivocal. Antioxi-
dant supplementation could benefit muscle protein metabolism during 
aging, but further trials in humans and with adequate sample sizes are 
required to clearly establish the hypothesized relationship between anti-
oxidants and sarcopenia. In this context, a better understanding of oxida-
tion mechanisms, timing and doses of antioxidant supplementation, and 
appropriate methodological approaches to study this theme is needed to 
provide convincing evidence and justify the current widespread use of an-
tioxidants supplementation.
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12.1 INTRODUCTION

In healthy young adults, the skeletal muscle mass comprises approximate-
ly 60% of total body mass. From age 40, the percentage begins to decline, 
reaching 40% at 70 years-old (1). This age-related decline in skeletal mus-
cle mass and strength generation, the primary function of skeletal muscle 
mass, is known as sarcopenia (2, 3). This newly identified syndrome im-
pacts both quality and quantity of life for both men and women, often 
leading to physical disabilities, gait abnormalities, and falls that cause loss 
of functional independence (4). Although sarcopenia is affecting more and 
more population worldwide, its pathophysiology remains unclear. Such 
lack of clarity can be attributed to difficulty in isolating the individual 
events responsible for alterations in skeletal muscle, most of which occur 
simultaneously, among the multiple age-associated changes and co-mor-
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bidities associated with advanced age. Indeed, most of the intrinsic as well 
as extrinsic (systemic) muscle changes that occur with age are believed to 
be involved in the development of sarcopenia (5, 6).

The difficulty in defining sarcopenia has created challenges in deter-
mining the best treatment for patients with this disease. Among the many 
different therapeutic approaches, including exercise, hormone, nutritional 
therapy, and/or a combination thereof, no one approach has emerged as su-
perior in animal or human studies, and the great variability in the clinical 
outcomes of patients treated with these approaches has prevented identi-
fication of the most effective therapy (7, 8). One approach that has drawn 
recent attention is supplementation with androgens, hormones with ana-
bolic properties whose levels naturally decline with age (9–12). Clinical 
studies of androgen supplementation in age-related diseases and muscle 
wasting are a focus of emerging interest (11). Skeletal muscle is a target 
tissue for anabolic steroids. Testosterone elicits significant muscular ef-
fects and abnormalities of plasma concentrations can cause muscle disease 
(13). High levels are associated with muscle hypertrophy, whereas low 
levels are epidemiologically associated with metabolic syndrome and dia-
betes, which negatively impact muscle functions. However, most evidence 
linked testosterone and skeletal muscle effects are observational. Studies 
targeted at establishing such effects at cellular level and their correlations 
with in vivo models, will broaden our understanding of the roles played by 
androgens on skeletal muscle function in elderly.

12.2 PREVALENCE OF SARCOPENIA

The term sarcopenia was first proposed in 1989 by Irwin Rosenberg to de-
scribe a multifactorial syndrome that occurs with age and results in loss of 
skeletal muscle mass and function (3, 4). Prior to publication of the Report 
of the European Working Group on Sarcopenia in Older People (EWG-
SOP) in 2010, a variety of definitions of sarcopenia and inclusion criteria 
for patients with sarcopenia were used in epidemiological studies. In this 
report, the EWGSOP defined sarcopenia as a syndrome characterized by 
progressive and generalized loss of skeletal muscle mass and strength as-
sociated with physical disability, poor quality of life, and risk of death, 
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and they also recommended criteria for diagnosis (14). Importantly, the 
recent development of these clear definitions and guidelines to diagnose 
and treat sarcopenia has significantly improved understanding of this rela-
tively newly identified condition.

Although epidemiological research into sarcopenia has identified fac-
tors potentially associated with its prevalence, such as testosterone levels 
(15), most research has been cross-sectional rather than longitudinal, the 
approach that is necessary to increase our understanding. The prevalence 
of sarcopenia is partially dependent on the population studied, the mea-
surement technique employed, and the operational definition used. Some 
authors report that sarcopenia affects both Hispanic and non-Hispanic 
white men and women, with prevalence ranging from 13.5 to 24% in in-
dividuals under 70 years, reaching 60% in individuals above 80 years. 
Also sarcopenia was significantly associated with several co-morbidities 
and lifestyle factors, including obesity, low income, current smoking, and 
lung disease (4). Regarding gender differences in muscle distribution, it 
has been observed that woman had up to 40% less muscle in the upper 
body but no more than 33% less mass in the lower body compared to man 
(16). At a transcriptional level, a marked sexual dimorphism was observed 
on the biceps brachii muscle. According to the authors, it appears that 
mainly age-induced changes at the transcriptional level in women, were 
responsible for increased expression levels of signaling pathways dealing 
with muscle dysfunction, inflammation, and mitochondrial dysfunction, 
thus leading to an alteration in “muscle quality” (17). On the contrary, 
regarding total muscle mass, age-related loss in total body muscle mass 
was greater in the male than female subjects, independent of change in 
stature, and can be clearly observed after approximately age 45. Also these 
results indicate that age-related loss of skeletal muscle mass is greater in 
the lower than upper body in both men and women (16). Clinical studies 
reveal that sarcopenia is a main cause of higher frailty, impairment, and 
loss of independence in elderly women than men (18). In addition, other 
cause contributing to sarcopenia is related to physical activity, which de-
clines with age. Other indirect factors such as inflammation and oxidative 
stress also have been suggested to contribute to sarcopenia development. 
One of these factors that represent differences in men and women is the 
etiology of adipose tissue, which is a potent source of pro-inflammatory 
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cytokines, suggesting that sex differences in total and regional adiposity 
can impact sarcopenia development.

Observation of a relationship between testosterone level and skeletal 
muscle anabolism has led to research evaluating age-related declines in 
testosterone levels. In a cross-sectional study, Feldman et al. (19) deter-
mined that total testosterone level declined approximately 0.8% per year 
and that both free and albumin-bound testosterone level declined approxi-
mately 2% per year after age 40, whereas sex hormone-binding globulin 
(SHBG) increased by 1.6% per year. In a subsequent longitudinal analy-
sis, they determined that total testosterone declined by 1.6% per year and 
bioavailable testosterone declined by 2–3% per year. In a third study, they 
found that both testosterone level and the free testosterone index decreased 
progressively from the third to the ninth decades of life, specifically that 
total testosterone level decreased an average 0.110 nmol/L per year and 
the free testosterone index an average of 0.0049 nmol testosterone per 
nanomole SHBG per year, regardless of whether these variables were ex-
amined cross-sectional or longitudinally (19).

12.3 CELLULAR AND MOLECULAR MECHANISMS  
UNDERLYING SARCOPENIA

Although the pathophysiology of sarcopenia remains under investigation, 
two main groups of factors have been identified as responsible for its de-
velopment: (1) intrinsic factors at the cellular level, such as mitochondrial 
malfunction and oxidative stress; (2) systemic factors, such as produc-
tion of inflammatory cytokines, changes in hormone levels, and overall 
decrease in physical activity level. Loss of muscle mass and functional-
ity related to sarcopenia cannot be completely explained by atrophy of 
muscle fibers. As such, the involvement of several atrophy-independent 
mechanisms in these conditions has been postulated, including decrease 
in myosin force and/or actin–myosin cross-bridge stability and defective 
excitation–contraction coupling (20, 21). From a descriptive/histological 
point of view, sarcopenia induces a change in the proportion of skeletal 
muscle fibers, inducing a shift from type II (fast) to type I (slow) fibers 
as well as preferential loss of type II fibers (22). This fiber-type change 
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impacts not only the strength but also the power of particular muscles, and 
may be upstream of the signs of mobility limitation observed in sarcopenic 
patients (23).

12.3.1 EXTRINSIC FACTORS: AGING  
AS A MULTISYSTEM PROCESS

The aging process affects the physiology of many systems that work to-
gether to achieve the main function of the musculoskeletal system; namely, 
motion. Thus, age-related changes in these systems, especially those that 
affect neurological, inflammatory, and hormonal behavior may be directly 
related to sarcopenia.

12.3.1.1 ANDROGEN LEVELS AS EXTRINSIC FACTOR  
FOR SARCOPENIA

In addition to a natural decrease in testosterone levels due to age, abnor-
mal levels of plasma testosterone are observed in men suffering from late-
onset hypogonadism, loss of testicular mass, and endocrine diseases in-
volving low androgen production, accelerated testosterone metabolism or 
malfunctioning androgen receptor (24, 25). Currently it is recognized that 
low plasma testosterone is associated with metabolic syndrome, diabetes, 
and cardiovascular diseases (26); however, the impact of low plasma tes-
tosterone levels on skeletal muscle in elderly is still controversial. Because 
testosterone is the main physiological anabolic hormone, a decline in its 
plasma concentrations by age must be considered one of the causes for 
loss of muscle mass and an extrinsic factor for sarcopenia.

Figure 1 shows the relationship between androgen levels and the de-
velopment of sarcopenia. Androgen supplementation has been observed to 
exert anabolic actions that enhance muscle strength and increase muscle 
size clinically (27–31). Although the biological mechanisms underlying 
androgen action in skeletal muscle remain poorly understood, muscle 
mass has been observed to be regulated by the normal balance between 
synthesis and degradation of muscle proteins, a mechanism that is regu-
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lated by various systemic hormones. Levels of circulating testosterone, 
estrogens, IGF-1, vitamin D, and thyroid hormones have been observed 
to decrease with age (5, 32). While the association between testosterone 
and increase in skeletal muscle mass has been recognized for many years, 
it was not formally described until 1996, when Bhasin et al. demonstrated 
the anabolic effects of testosterone in a study of testosterone-treated vs. 
placebo-treated young men (9). While this study and subsequent studies 
provided evidence for anabolic properties of testosterone at all ages, none 
directly identified the mechanism underlying the relationship between tes-
tosterone levels and muscle mass with aging. In a cross-sectional study of 
1,445 men, Krasnoff et al. (33) found no significant associations between 
either total testosterone or SHBG level and mobility, subjective health, 
or any physical performance measure, but did find an inverse association 
between free testosterone level and subjective health and a direct asso-
ciation between free testosterone level and usual walking speed and short 
physical performance battery score. In a subsequent longitudinal analysis, 
the authors found that free testosterone levels were also significantly as-
sociated with progression of mobility limitation (33). Specifically, they 
found that men with low free testosterone levels were 57% more likely to 
develop mobility limitation and 68% to experience increase in mobility 
limitation compared to men with normal testosterone levels. In support 
of this finding, Malmström et al. found that when the value is adjusted for 
height, bioavailable testosterone is responsible for 2.6% of the variance in 
appendicular skeletal muscle mass (ASM), which represents 75% of the 
total skeletal muscle mass (34).

Clinically, androgen supplementation has been observed to exert ana-
bolic actions that enhance muscle strength and increase muscle size. While 
elevated plasma androgen concentrations are known to induce skeletal 
muscle hypertrophy (35), the cellular mechanisms by which testoster-
one increases skeletal muscle mass remain under investigation. Research 
to date indicates that testosterone stimulates protein synthesis by both a 
short-term mechanism-rapid activation of pre-existing components of the 
translational apparatus- and a long-term mechanism-increase in cell or tis-
sue capacity at the protein synthesis level leading to increase in ribosome 
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quantity (36). At the cellular level, Sinha-Hikim et al. observed that tes-
tosterone induces an increase in cross-sectional area (CSA) in type I and 
II muscle fibers and in myonuclear quantity, indicating that testosterone 
exerts more of a hypertrophic than a hyperplasic effect on skeletal muscle 
(30). At mechanistic level, have been observed that testosterone exerts a 
rapid non-genomic effect on skeletal muscle cells similar to that exerted 
by other steroid hormones such as estrogen, progesterone, vitamin D3, 
and aldosterone in different cellular types (37). In rat myotubes, a type 
of “immature” muscle fiber, our group recently observed rapid phosphor-
ylation of Akt via phosphatidylinositol-3 kinase (PI3K) and subsequent 
phosphorylation of mammalian target of rapamycin (mTOR), which lies 
upstream of the critical translation regulator 40S ribosomal protein S6 
kinase 1 (S6K1), to increase protein synthesis (38). mTOR represents a 
key controller of anabolic processes, particularly translation initiation and 
elongation that produce muscular protein. By activating mTOR, testos-
terone may induce phosphorylation of eIF4E-binding protein 1 (4E-BP1) 
and its release from eIF4E, a cap-binding factor that can be sequestered in 
inactive complexes by 4E-BP1, allowing for generation of initiation factor 
complexes (39). Moreover, testosterone-induced activation of the PI3K/
Akt/mTOR/S6K1 axis combined with “classic” androgen-mediated action 
in rat myotubes has been observed to lead to hypertrophy, as evidenced 
by an increase in the CSA of testosterone-treated myotubes and levels of 
α-actin contractile protein (38). Other pathways have been hypothesized 
to underlie testosterone-induced hypertrophy. In a study of the cellular 
line L6, Wu et al. observed that testosterone treatment induced activation 
of mTOR, but more slowly (within 2 h) than had previous studies and in a 
manner not mediated by PI3K/Akt but rather MAPK (40). After confirm-
ing the anabolic potential of testosterone both in vivo and in vitro, White 
et al. described the activation of mTOR as dependent on the concentra-
tion of testosterone (41). For us, this point is critical to make comparisons 
between different studies and the effectiveness of therapy testosterone re-
placement, mainly because differences between the physiological effects 
of testosterone and changes in its plasma concentration, either low or high 
levels, may trigger different intracellular mechanisms for testosterone ac-
tions on skeletal muscle.
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FIGURE 1: (A) Relationship between levels of androgens and anabolism of skeletal 
muscle and their effects on muscle mass and strength. (B) Cellular effects of testosterone 
on skeletal muscle.
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In summary, recent studies have found that testosterone activates mul-
tiple signal transduction pathways to induce hypertrophy, including the 
MEK-ERK and PI3K/Akt pathways; that the energy sensors mTOR and 
AMP-activated protein kinase (AMPK) control cell growth and metabo-
lism in testosterone-induced skeletal and cardiac hypertrophy (38, 42); 
and that alterations in mTOR pathway in aging muscle decrease the kinase 
activity of mTOR and its downstream targets, decreasing anabolic activity 
in response to external stimuli, such as growth factor production, nutri-
ent ingestion, and physical activity (43). In the emergent research into 
the early signals that mediate the activation/deactivation of these essential 
metabolic pathways, mTOR has been identified as a key element in the 
regulation of translation and cell growth; namely, as a “master regulator” 
in a network that detects the energy and nutritional status and genotoxic 
stress level of cells (44). Identification of the central role of testosterone 
in metabolism and its effects on mTOR pathway have led it to become a 
subject of intense interest in aging research and pharmacological treat-
ment for sarcopenia.

12.3.1.2 INFLAMMATORY CYTOKINE PRODUCTION

Loss of skeletal muscle in sarcopenia may result from reduction in mus-
cle protein synthesis and/or increased muscle protein breakdown, both of 
which are associated with inflammation. In this sense, other hypotheses 
regarding sarcopenia pathophysiology focus on the role of chronic low-
grade inflammation, specifically that related to circulating levels of IL-6 
and tumor necrosis factor-α (TNF-α). In a study of the relationship be-
tween muscle mass and strength in healthy individuals aged 70–79 years, 
Visser et al. found IL-6 levels of >1.80 pg/ml and TNF-α levels >3.20 pg/
ml to be associated with smaller muscle area, lower appendicular muscle 
mass, and less strength, even after correcting for presence of inflamma-
tory-associated diseases, height, and smoking (45). One mechanism hy-
pothesized to underlie muscular atrophy in response to elevated TNF-α 
level is an increase in the ubiquitin-conjugating activity of the E2 protein 
UbcH2/E220K. In a study using cultured myotubes, Li et al. detected NF-
κB mediated up-regulation of UbcH2 at the mRNA level after 90 min of 
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TNF-α stimulation and at the protein level after 4 h of stimulation, as well 
as an increase in ubiquitin-conjugating activity after 4–6 h of stimulation 
to a level that remained elevated for at least 24 h (46). According to the 
authors, these findings could explain the mechanism whereby TNF-α may 
induce the loss of skeletal muscle proteins. In line with these findings, in a 
5-year follow up study of older healthy individuals Schaap et al. observed 
a relationship between inflammatory marker (IL-6, TNF-α, and C-reactive 
protein) levels and a decline in muscle mass and strength, as well as con-
sistent inverse association between levels of TNF-α and its soluble recep-
tors and thigh muscle area and grip strength (47).

12.3.2 INTRINSIC FACTORS: CHANGES AT THE SKELETAL 
MUSCLE LEVEL

Intrinsic factors leading to alterations in skeletal muscle involve various 
intracellular signaling pathways, which in turn may activate intracellular 
modulators in a manner that has long-term cellular effects. The following 
sections describe several signaling pathways that may be involved in loss 
of strength due to atrophy of skeletal muscle fibers, a criterion for diagno-
sis of sarcopenia.

12.3.2.1 MITOCHONDRIAL MALFUNCTION  
AND OXIDATIVE STRESS

Among the mechanisms hypothesized to underlie atrophic changes in 
sarcopenic muscles, mechanisms at the mitochondrial level have earned 
strong research support. In a cross-sectional study comparing active and 
sedentary elderly adults Safdar et al. (48) found that a sedentary lifestyle 
was associated with increased basal levels of markers of chronic inflam-
mation (interleukin-6 and C-reactive protein levels), reduced level of 
markers of mitochondrial oxidative capacity (COX activity and levels of 
citrate synthase and PGC1-α levels), and deregulation of cellular redox 
status as superoxide dismutase (SOD) activity. All these changes, which 
are thought to render skeletal muscle fiber more prone to reactive oxygen 
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species (ROS)-mediated toxicity and, consequently, to skeletal muscle 
fiber death, led the authors to suggest that mitochondria alterations and 
increased oxidative status in skeletal muscle are involved in sarcopenia 
development (48).

Oxidative damage and free radical production have also been associ-
ated with a decline in mitochondrial DNA content, protein synthesis, and 
activity, as well as in oxidative capacity and ATP production (49). In a 
comparison of aged (20 months-old) Sod1−/− mice, a transgenic mouse 
model lacking the antioxidant enzyme CuZnSOD, and wild-type mice, 
Jang et al. observed greater ROS release (O2

− and H2O2) and oxidative 
damage and decreased mitochondrial bioenergetic functioning and ATP 
production in the Sod1−/− mice (50). The authors hypothesized that the 
consequences of the mitochondrial dysfunction that they observed in the 
Sod1−/− mice, which included elevated apoptotic potential; decrease in 
myonuclear number per millimeter of fiber length; and alterations in neu-
romuscular junction histology and contractility, also occur in the skeletal 
muscle of aging humans, and thus that mitochondrial dysfunction is an 
important factor in the pathophysiology of sarcopenia.

Recent in vivo and in vitro studies have highlighted the role of tes-
tosterone in preventing or reversing age-related skeletal muscle loss. In a 
recent animal study, a regimen of testosterone administration and simulta-
neous low-intensity physical training was found to improve skeletal mus-
cle mitochondrial biogenesis and mitochondrial quality control in elderly 
male mice, suggesting the importance of maintaining proper testosterone 
levels for muscle metabolism (51). In various cellular models, mainly of 
prostate cancer cells, low levels of testosterone were found to be asso-
ciated with oxidative stress induced by decreased antioxidant levels via 
decreased expression of antioxidant enzymes such as SOD, GSH-Px, and 
catalase (52). Whereas, testosterone deficiency has been observed to in-
duce oxidative stress in cardiomyocytes, testosterone replacement therapy 
(TRT) has been found capable of suppressing oxidative stress mediated 
via the androgen receptor-independent pathway (52).

Skeletal muscle performance has been related to redox status. In soleus 
muscle of sedentary volunteers, Delgado et al. observed that administra-
tion of stanozolol, an anabolic steroid derivate, increased SOD, and gluta-
thione reductase activities, but induced no change in other enzyme activi-
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ties as catalase and glutathione peroxidase (53). A recent study shows that 
administration of dihydrotestosterone (DHT) to SOD1-G93A-mutated 
mice ameliorated muscle atrophy and increased body weight (54). As mu-
tations in the human SOD1 gene are responsible for the development of 
amyotrophic lateral sclerosis (ALS), a late-onset neurodegenerative dis-
ease characterized by progressive loss of motoneurons, skeletal muscle 
weakness, atrophy, and paralysis, the authors suggested that androgen 
therapy may improve the quality of life for ALS patients. However, fur-
ther study of antioxidant regulation by androgens in elderly humans with 
loss of skeletal muscle is required before extrapolation of these findings to 
sarcopenic patients.

12.3.2.2 SKELETAL MUSCLE APOPTOSIS

Apoptosis, the process of programed cellular self-destruction without 
inflammation or damage to surrounding tissue, is highly related to the 
atrophic process that leads to sarcopenia (55, 56). Despite observation 
that this cellular response is driven by specific signaling pathways and 
ultimately executed through caspase-dependent and caspase-independent 
mechanisms (22), few studies have attempted to confirm the existence 
of these mechanisms in humans (57). Among the few that have, a cross-
sectional study that compared apoptosis levels in the skeletal muscles of 
elderly and young adults observed a higher number of terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells 
and decreased muscle strength in elderly but no significant differences in 
caspase-dependent pathway-related (caspase-3/7) activity or muscle fiber 
CSA between the elderly and young (56). In a study of the relationship be-
tween apoptotic activation in skeletal muscle and indices of muscle func-
tion and mass in the elderly Marzetti et al. found a correlation between 
biologic apoptosis markers and muscle mass and function indices in com-
munity-dwelling elderly men and women (58). Specifically, they found 
that caspase-dependent apoptotic signaling (caspase-8, cleaved caspase-3, 
cytosolic cytochrome c, and mitochondrial Bak activity) was correlated 
with percentage of muscle volume, whereas cleaved caspase-3, Bax, and 
Bak activity was correlated with gait speed. Although they found no sig-
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nificant differences regarding these apoptotic markers in subjects classi-
fied as either high functioning or low functioning according to whether 
their percentage of muscle volume was below or above the median value 
of the study sample, they observed higher levels of activated caspase-8 
and cytosolic cytochrome c in the low-functioning subjects (57). These 
findings, in addition to evidence obtained from animal research, support 
the role of apoptosis as an important mechanism in the pathophysiology  
of sarcopenia.

Research has also indicated that testosterone has an anti-apoptotic ef-
fect in C2C12 muscle cells. Pronsato et al. found that treatment with tes-
tosterone at physiological concentrations inhibited apoptosis that had been 
induced by treatment with a high concentration of H2O2 (1 mM) (59). It 
also induced inactivation of BAD, inhibition of PARP cleavage, decrease 
in BAX levels, and exertion of a protective effect at the mitochondrial 
membrane potential level. In this line of evidence, testosterone administra-
tion prevented sarcopenia in a mouse model, which allow to hypothesize 
that testosterone treatment improves the regenerative potential of satellite 
cells and suppresses skeletal muscle cell apoptosis, the latter primarily 
by inhibiting activation of the JNK pathway and activating Akt (60). Fur-
ther research has confirmed that testosterone supplementation exerts both 
beneficial and pathological effects on apoptotic process. Depletion of an-
drogen below normal plasma levels has been found to increase kainate-in-
duced neuronal loss (61) and induce apoptosis in the bladder wall of senile 
male rats (62), while elevated testosterone has been observed to induce 
apoptosis in a human neuroblastoma cell line (63). These findings indicate 
that the beneficial effects of androgen are obtained when androgen levels 
are within a specific (nanomolar) physiological range, the regulation of 
which is crucial for normal muscular functioning and a deviation from 
which in either direction could be deleterious to muscle health.

12.3.2.3 MUSCLE ATROPHY AND CA2+ SIGNALING

The cellular processes underlying muscle atrophy result in both qualitative 
and quantitative alterations in muscle fiber cells and associated structures. 
Muscle atrophy leaves particular “signatures” in the profile of sarcopenic 
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muscle proteins that can be observed, and muscle proteins are contained 
in different cellular compartments that can be analyzed. Since contrac-
tile proteins are critical for skeletal muscle function, analyzing changes 
in these proteins can assist in understanding the pathophysiology of sar-
copenia. In a study of the synthesis of myosin heavy chain (MHC) protein 
over the lifespan and its correlation with muscle strength and hormone 
levels, Balagopal et al. (64) found that the rate of MHC synthesis begins 
decreasing at age 50 before plateauing at age 75, and observed a correla-
tion between a decrease in the rate of MHC synthesis and muscle mass, 
strength measures and, interestingly, levels of anabolic hormones, includ-
ing insulin-like growth factor I (IGF-I) and dehydroepiandrosterone sul-
fate (DHEAS) levels in both men and women and free testosterone level 
in men. As myosin represents about 25–30% of muscle protein, a decrease 
in its synthesis rate would be expected to impact muscle mass and strength 
(64). Other protein-specific changes in senescent skeletal muscle related to 
decreased muscle function involve α-actin, Ca-ATPase transporter, ryano-
dine receptor, and muscle-specific inositol phosphatase (MIP), a recently 
described protein related to Ca2+ homeostasis in skeletal muscle. In a re-
cent study, Staunton et al. observed a lower level of thin filament α-actin 
protein in vastus lateralis muscle biopsy samples taken from aged subjects 
compared to those taken from middle-aged subjects (65). Utilizing mass 
spectrometry-based proteomic analysis, the authors were able to describe 
a “signature” of aged vastus lateralis skeletal muscle and detect changes 
in proteins involved in excitation–contraction coupling, metabolism, ion 
handling, and the cellular stress response. These findings led the authors to 
suggest that human muscle tissue undergoes a fiber-type shift from fast to 
slow contracting muscle tissue with age, an event that has been previously 
postulated and demonstrated in other sarcopenic models (65).

Concerning intracellular Ca2+ handling proteins in skeletal muscle, 
Ferrington et al. (66) described a decrease in the relative protein turn-
over of the sarcoplasmic reticulum proteins Ca-ATPase and the ryano-
dine receptor in aged rats. The authors hypothesized that alterations in the 
turnover rate of certain key Ca2+ handling proteins could account for the 
functional disturbances observed in skeletal muscle. Our research group 
has demonstrated that androgens are able to modulate intracellular Ca2+ 

homeostasis within seconds to minutes in different cell systems using a 
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variety of mechanisms that vary considerably and depend on the cell type 
(67–69). In skeletal muscle, we observed that testosterone stimulation in-
duces rapid (<1 min) oscillation in intracellular Ca2+ signals, which begin 
as Ca2+ transients initiated in the cytosol before being propagated as waves 
of Ca2+ in the cytoplasm and nucleus (68, 70, 71). This complex process 
of Ca2+ signaling, which depends on the interplay between IP3-sensitive 
stores and extracellular Ca2+ influx, is unaffected by the androgen-recep-
tor antagonist cyproterone acetate, and apparently mediated by a pertus-
sis toxin-sensitive G protein-coupled membrane receptor activated by 
testosterone 3-(O-carboxymethyl)oxime (T-BSA). Moreover, it has been 
suggested that a similar manner of conformational coupling between IP3 
receptors and store-operated calcium entry (SOCE) is activated in skel-
etal myotubes during testosterone-induced Ca2+ oscillations (70). In this 
sense, age-related testosterone decrease certainly will affect skeletal mus-
cle Ca2+ homeostasis.

As described by Shen (72) (MIP/MTMR14), a recently described pro-
tein, is responsible for sarcopenia pathophysiology by controlling intracel-
lular phosphatidylinositol phosphate (PIP) levels via influencing SOCE 
and Ca2+ storage and release from the sarcoplasmic reticulum (72). Its im-
portance is evidenced by observation of significant age-related decreases 
in levels of MIP mRNA, protein content, and activity in wild-type mice. 
Characteristic features of sarcopenia (diminished muscle mass, force, and 
power generation) also appear much earlier in MIP knock-out (MIPKO) 
mice than in their wild-type counterparts. Altered Ca2+ homeostasis has 
also been observed in both mature MIPKO and old wild-type mice (21). 
Moreover, muscle aging has been associated with compromised Ca2+ 
spark signaling and segregated intracellular Ca2+ release in sarcopenia 
(73). According to Romero-Suarez et al. (21), these findings all provide 
evidence of the important role of MIP in the physiology and pathology of  
muscle fiber.

12.3.2.4 AGE-RELATED DEPLETION OF MUSCLE STEM CELLS

The sarcopenic process is more pronounced in patients showing signifi-
cant loss of muscle stem cells, particularly satellite cells. Several reports 



indicate that it is possible to isolate stem cells from adult skeletal muscle, 
but is important to distinguish between satellite cells and muscle-derived 
stem cells (MDSC). Embryonic stem cells and induced pluripotent stem 
cells are another cell source that can differentiate into muscle cells, but 
further work is needed to produce sufficient numbers of cells to generate 
contractile myofibers for therapeutic use (74, 75).
The satellite cells are mononucleated cells that lie under or embedded in 
the basal lamina of the myofiber, which demonstrate close relationship 
with the mature myofiber (75). The satellite cells are myogenic precur-
sors capable of regenerating skeletal muscle and demonstrate self-renewal 
properties. During development and regeneration, quiescent satellite cells 
are activated and start proliferating, at this point they are called myogenic 
precursor cells or myoblasts (76). Once muscle satellite cells are activated 
to become myoblasts, they enter the proliferative stage and differentiate 
into myotubes by expression of MyoD, whereas, the secondary myogenic 
regulatory factors (MRF) as myogenin and MRF4 regulate terminal dif-
ferentiations. Myofibers derived from satellite cells show characteristic 
skeletal muscle markers such as sarcomeric striations, MHC, MyoD, and 
desmin expression (77).

In the elderly, the number of satellite cells and their capacity of cellu-
lar regeneration decrease (78). In humans and mice, these quiescent cells 
are plentiful at birth but their number declines with age until 1–5% in 
adults (74). Different modulators regulate satellite cell functions in adults. 
Among them Alway et al. suggest that satellite cell function is affected by 
oxidative stress, which is elevated in aged muscles (79). During the dif-
ferentiation of satellite cells to muscle a normal mitochondrial oxidative 
metabolism, with low production of ROS, is required to sustain skeletal 
muscle specification and function. However, aging is associated with ex-
cessive production of ROS by increase in mitochondrial damage contrib-
uting to impaired satellite cell function (79). Also, the decrease in satellite 
cells by age, has been attributed to the change in percentage of type I 
vs. type II muscle fibers, because satellite cells reside surrounding type II 
muscle fibers (46, 78).

Characterization of this satellite cells-derived skeletal muscle is de-
termined at molecular, electrophysiological, and functional levels. At the 
molecular level, they show muscle-specific markers including transcrip-
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tion factors such as Pax7, Pax3, c-Met, M-cadherin, CD34, Syndecan-3, 
and calcitonin (80, 81). Recent experiments showed that, in contrast to 
cultured myoblasts, satellite cells freshly isolated or satellite cells derived 
from the transplantation of one intact myofibre, contribute robustly to 
muscle repair. However, because satellite cells are known to be heteroge-
neous, clonal analysis is required to demonstrate stem cell function.

There is consensus that the use of testosterone leads ultimately to 
regulate skeletal muscle mass by a net increase in protein synthesis over 
degradation. In addition for changes at the skeletal muscle level, it has 
been described that other cell types are involved in testosterone-induced 
muscle functions. Testosterone has direct effects on satellite cells, be-
cause they express the androgen receptor and in response to testosterone 
increase the satellite cell population. This cell proliferation is followed 
by a subsequent increase in the myonuclei number of the mature skeletal 
muscle, through the fusion of the satellite cells with pre-existing fibers 
resulting in muscle hypertrophy (12, 54, 82). Mesenchymal stem cells 
(MSCs) are a group of non-hematopoietic stem cells residing in bone 
marrow that can be used to treat a variety of degenerative diseases, in-
cluding musculoskeletal diseases. The mechanism proposed to explain 
the effect of testosterone on fat-free mass, highlights the involvement of 
the androgen receptor in the commitment of an undifferentiated cell type 
into a myogenic cell line (83, 84).

12.4 THERAPEUTIC APPROACHES IN SARCOPENIA

Age-related frailty and sarcopenia have emerged as important public 
health concerns because of their negative impact on mobility, quality of 
life, and health care resources (85, 86). Nutrition and physical activity are 
two modifiable factors that can affect the development of sarcopenia. Im-
proving either or both, nutrition and physical activity, may reduce the age-
related low-grade chronic inflammation and/or activate the intrinsic ana-
bolic pathways in skeletal muscle. While resistance exercise, which has 
assumed a prominent role in the treatment of sarcopenia, has been shown 
to improve skeletal muscle mass and strength in sarcopenic patients, it has 
not always been observed to improve functional parameters (87).



Androgen treatment has been observed to enhance skeletal muscle 
strength and size (30, 88, 89), but the biological mechanisms underlying 
androgen action in skeletal muscle are not completely known. In a review 
of six studies of TRT in elderly men, Borst reported that several studies 
found that testosterone treatment increased lean mass and decreased fat 
mass whereas one study observed increased strength (7).

12.4.1 ANABOLIC INTERVENTIONS

Muscle plasticity and regeneration are key processes in a number of my-
opathies, including muscular dystrophy, neuromuscular disorders, and 
aging. Recent years have witnessed a growing interest in using anabolic 
interventions to counteract loss of muscle mass and function associated 
with age-related decreases in testosterone levels in men. Observation that 
low levels of testosterone are associated with decreases in fat-free mass, 
ASM, and strength in hypogonadal males compared to healthy controls 
has served as the basis to use TRT to treat hypogonadal men (90). With 
age, not only do testosterone levels decline progressively but SHBG levels 
also increase, further decreasing the amount of bioavailable testosterone. 
The prevalence of hypogonadism is approximately 20% in men over 60 
years and can reach 50% in men over 80 years (31). In young hypogonadal 
men, TRT has been associated with increase in lean mass, muscle strength, 
and muscle protein synthesis and decrease in fat mass. However, in eugo-
nadal men, changes in body composition following TRT have not always 
been followed by increase in muscle strength (91), leading to controversy 
regarding the ergogenic effect of TRT. In one study, TRT increased bone 
mass only in the group of patients with hypogonadism (89). In addition, 
several studies found that administration of supraphysiological doses of 
testosterone to hypogonadal patients resulted in outcomes similar to those 
obtained with resistance exercise (9).

Testosterone replacement therapy can be administered through several 
routes, including intramuscularly, transdermally, and orally (i.e., via tes-
tosterone undecanoate). Unfortunately, few studies of the safety of TRT 
using any of these routes, specifically its association with prostate cancer 
and cardiovascular disease in the elderly have been conducted. Moreover, 
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the few studies that have been conducted were only observational or ex-
amined administration of only very high levels of testosterone. To date, 
TRT has been observed to induce and exacerbate sleep apnea, transient 
fluid retention, gynecomastia, increase red cell mass, and increase the size 
of both benign and malignant prostate tumors (31). TRT for hypogonadal 
patients has also been hypothesized to increase cardiovascular risk through 
its effect on lipid metabolism.

Many studies reporting an increase in muscle strength with TRT suf-
fered from methodological problems, such as lack of a control group, lack 
of control for the effects of exercise, lack of control of the dose(s) of the 
hormones administered to maintain normal levels of circulating testoster-
one, or the inclusion of a very small number of patients. In a meta-analysis 
that pooled data from 19 randomized placebo-controlled trials, Calof et al. 
(28) reported that compared to placebo-treated men, testosterone-treated 
men were found 1.8 times more likely to experience prostate events, in-
cluding prostate cancer, elevated prostate-specific antigen level, and pros-
tate biopsy, but not at a level that differed significantly at the individual 
level. They also found that testosterone-treated men were, 3.67 times more 
likely to experience hematocrit over 50%, the most common testosterone-
related adverse event, but did not experience cardiovascular events at a 
significantly higher rate (28).

In a randomized placebo-controlled trial of 44 men with late-onset hy-
pogonadism aged 44–78 years, Marks et al. (92) found that 6 months of 
TRT normalized serum testosterone levels while only slightly and insigni-
ficantly increasing androgen levels in prostate tissue and volume, prostate-
specific antigen, voiding symptoms, and affecting urinary flow, and did 
not alter prostate tissue composition, biomarkers of cell proliferation, gene 
expression, or cancer incidence or severity (92, 93).

Observation that levels of dehydroepiandrosterone (DHEA), a precur-
sor of various sex steroids produced in the adrenal cortex, decline gradu-
ally with age from the third decade of life has motivated research examin-
ing whether DHEA supplementation can reverse the pathophysiological 
changes associated with aging. It is hypothesized that DHEA supplemen-
tation can increase muscle strength by increasing ratio of circulating tes-
tosterone to cortisol. In a study of men and women aged 50–65 years, 
(90) observed that supplementation with 100 mg of DHEA for 6 months 



increased lean body mass and decreased fat mass in both sexes, but in-
creased muscle strength only moderately and only in men, and increased 
testosterone levels only in women. In a randomized placebo-controlled tri-
al of 50 mg/day of DHEA supplementation for 1 year to men and women 
aged 60–80 years, (94) failed to reproduce Morales’s results or detect an 
increase in lean mass, as indicated by measurements of body potassium.

Oxandrolone, an androgenic steroid with powerful anabolic effects 
that can be administered orally, is resistant to hepatic metabolism and 
thus less hepatotoxic compared to other oral androgens. Moreover, its side 
effects, which include discrete elevations in transaminase levels and de-
creased high-density lipoprotein cholesterol levels, are mild and transient 
(95). Despite these advantages, no clinical studies of oxandrolone admin-
istration to elderly patients with sarcopenia have been conducted to date. 
However, previous studies of skeletal muscle wasting in cachexia associ-
ated with HIV infection, chronic neuromuscular conditions, and disease-
related loss of muscle mass have indicated that oxandrolone increases 
protein synthesis in skeletal muscle, and is thus associated with increased 
physical activity capacity and level, increased energy and protein intake, 
reduced visceral and total fat mass, and improvement in nitrogen retention 
(96). Therefore, oxandrolone administration may be a therapeutic strategy 
in the treatment of sarcopenia in the elderly.

Supplementation with selective androgen-receptor modulators 
(SARMs) has emerged as a means of treating muscle and bone disorders, 
mainly because of the specificity of SARM action and the relatively few 
side effects of SARM treatment. Research using experimental models has 
demonstrated that administration of SARM S-4 exerts potent anabolic ef-
fects on skeletal muscle and bone and only minimal effects on the prostate 
(97). In a recent randomized, double-blind, placebo-controlled study of 
170 women aged ≥65 with sarcopenia and moderate physical dysfunction 
found that 6 months of treatment with MK-0773 significantly improved 
physical performance measures (98). GTx-024 (enobosarm), a non-steroi-
dal SARM that exerts tissue-selective anabolic effects in muscle and bone 
while sparing other androgenic tissue related to hair growth in women 
and prostate effects in men, has demonstrated promising pharmacologic 
effects in preclinical studies and favorable safety and pharmacokinetic 
profiles in phase I investigations. Thus GTx-024 supplementation result-
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ed in dose-dependent improvement in total lean body mass and physical 
function and was well tolerated (99). Treatment with one or more of the 
numerous other SARMs currently under study may emerge as therapeutic 
alternatives to androgen agonist therapy. The intense research into phar-
macological modulation of androgens and androgen intracellular signaling 
pathways may lead to the development of effective approaches to restor-
ing and preventing the muscle loss observed in sarcopenia.

12.4.2 TREATMENT ALTERNATIVES AND CONCERNS

Because sarcopenia is a multifactorial disease, this should be treated us-
ing a variety of therapeutic approaches including diet, exercise, and phar-
macology. Among current therapies, resistance exercise and androgen 
replacement therapy appear to be effective alternatives for sarcopenia be-
cause both modulate multiple tissues including musculoskeletal function. 
Therefore, in older men with sarcopenia a program of physical exercise 
together with TRT emerges as a promising therapeutic alternative. A great 
concern over the previous decade was that androgen supplementation in-
creased risk of cardiovascular and prostate events. However, recent re-
search has shown no association between androgen supplementation and 
increased cardiovascular risk (with several studies even identifying an 
association between low levels of testosterone and cardiovascular risk) 
nor between androgen supplementation and prostate disease. The develop-
ment of “state-of-the-art” testosterone treatments has called for wide-scale 
longitudinal population studies to determine their profile. While other ana-
bolic, such as DHEA, oxandrolone, and SARMs appear to be promising 
agents in sarcopenia treatment, further research is required before recom-
mendations regarding their pharmacological use can be developed.

A decline in homeostatic and regenerative capacity occurs in aging, 
where a degenerative change in stem cells homeostasis has been postu-
lated. Cell replacement therapy is a potential alternative treatment cur-
rently undergoing clinical trials (100). However, in elderly human muscle 
they are in extremely limited supply, hence there is a high demand for an 
alternative satellite cell source. There are a number of potential sources 
of muscle stem cells for cell replacement therapies such as bone marrow-



derived stem cells, hematopoietic stem cells, and MSCs. However, there 
are significant controversies regarding both the efficiency and the real-
ity of skeletal muscle differentiation by many of these stem cell types. 
Among these cell sources, satellite cells unquestionably undergo the most 
efficient musculogenesis. The actual focus in stem cell therapy, implicate 
to enhance satellite cell activity by environmental conditions and stem cell 
transplant into damaged tissues. Recently, it has been described that satel-
lite cells can be transplanted into the muscle of mice, and they are able to 
proliferate. Moreover, these stem cells generate a massive proliferation 
during muscle injury (100). A recent in vitro study showed that treatment 
of 10T1/2 pluripotent mesenchymal cells with testosterone or DHT sig-
nificantly increased the number of myogenic cells in a dose-dependent 
manner, while inhibiting adipogenic differentiation (101, 102). This study 
demonstrated that these effects are mediated through an AR-dependent 
mechanism, because an AR antagonist blocked the actions of testosterone 
or DHT. This hypothesis is also supported by the fact that in humans, 
CD34+ interstitial, mesenchymal cells are AR positive and expression of 
the AR is androgen dose-dependent (13, 102).

These data demonstrate that androgens can recruit stem cells into the 
myogenic lineage by committing them to myogenic precursor cells (101, 
103). However, it is still not known whether androgen stimulation of myo-
genic commitment then gives rise to satellite cells, or directly contributes 
to muscle formation. Moreover, the physiological significance of the ef-
fects of androgens on stem cell commitment in contributing to muscle 
growth and regeneration is unclear. These preliminary studies clearly in-
dicate that further investigation into this area is promissory and necessary.

12.5 CONCLUSION

As an emerging syndrome with an increasing prevalence, sarcopenia has 
the potential to affect all aging adults. Therefore, we must consider that in 
older men with low testosterone levels and symptoms of androgen defi-
ciency, hormone replacement therapy in combination with physical activ-
ity and proper nutrition will result in increased muscle mass and strength. 
However, data on the clinical effects of androgen replacement therapy 
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to physiological ranges are not yet available. With the increasing aging 
of most of the world’s populations, research into this disabling disease, 
which not only decreases quality of life but also increases risk of mortality, 
is urgently required. Identification of the pathophysiological mechanisms 
underlying sarcopenia and the development of therapeutic approaches will 
improve the quality of life not only of the current elderly population, but 
all of us when we walked into our “golden years”.

12.5.1 HIGHLIGHTS

•	 Sarcopenia is a decrease in skeletal muscle mass and function associated 
with age.

•	 Local and systemic factors as testosterone levels are associated with sar-
copenia.

•	 No one of the several treatments for sarcopenia has been found clearly su-
perior.

•	 Exercise, proper nutrition, and testosterone supplementation may treat sar-
copenia.
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