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Abstract

Aging is inexorably accompanied by a progressive decline of muscle
mass, quality and strength. The resulting condition has been termed
sarcopenia. Age-related sarcopenia can be accelerated by a variety of
factors including changes in the hormonal milieu, inactivity, poor nu-
trition, chronic illness, and loss of integrity and function in the pe-
ripheral and central nervous systems. The downstream mechanisms
by which these risk factors cause sarcopenia are not completely un-
derstood. Exercise training (particularly resistance training) has long
been identified as the most promising method for increasing muscle
mass and strength among older people. New interventions aimed at
preventing muscle atrophy, promoting muscle growth and ultimately,
maintaining muscle functions during aging are discussed. Under-
standing how age affects muscle-related gene expression, protein re-
cycling and resynthesis, post-translational modification and turnover
will be crucial to identify new treatment options. 

Riassunto

L’invecchiamento è inesorabilmente accompagnato da un progressive
declino della massa, della qualità e della forza muscolare. La conse-
guente condizione viene definita sarcopenia. La sarcopenia correlata al-
l’invecchiamento può essere accelerata da una serie di fattori tra cui le
modifiche degli equilibri ormonali, la sedentarietà, la scarsa nutrizione,
le patologie croniche, e la perdita di integrità e funzione del sistema

nervoso centrale e periferico. I meccanismi attraverso i quali questi fat-
tori causano sarcopenia sono ancora non completamente chiari. L’eser-
cizio fisico (in particolare il training di resistenza) è da tempo identifi-
cato come una delle più promettenti stratefie per aumentare la massa
muscolare e la forza negli anziani. Interventi mirati a prevenire la
atrofia muscolare, a promuovere la crescita muscolare e, in ultima ana-
lisi, preservare le funzioni muscolari durante l’invecchiamento ver-
ranno discussi. Comprendere come l’invecchiamento interferisce con
l’espressione genica ai livello muscolare, con i sistemi di riciclo e re-
sintesi proteica, con le modifiche post-traslatzionali e il turnover, sarà
cruciale per identificare e implementare nuove strategie terapeutiche.

Introduction

Aging is inexorably accompanied by a progressive decline of muscle
mass, quality and strength. The resulting condition has been termed “sar-
copenia”, although for some authors this term should be reserved to the
reduction of muscle mass [1]. The term of “sarcopenia” was first intro-
duced in 1989 to describe a progressive, generalized loss of skeletal muscle
mass and accompanying decline in muscle strength and performance with
increasing age. Age-related sarcopenia can be accelerated by a variety of
factors including hormonal milieu, inactivity, poor nutrition, chronic ill-
ness, and loss of integrity in the peripheral and central nervous systems
(Table 1). Sarcopenia is associated with many negative outcomes, such as
disability, frailty, comorbidities, hospital admissions and death [2].

The downstream mechanisms by which these risk factors cause sar-
copenia are not completely understood. Some of the critical pathways for
muscle repair and homeostasis have been recently outlined. In the future,
these mechanisms may become the target for new interventions aimed at
preventing muscle atrophy, promoting muscle growth and ultimately,
maintaining muscle function during aging. Results from twin studies,
suggest that the lifetime peak muscle mass which occurs between the
second and the third decade of life, and the rate of age-associated decline
in muscle mass/strength during aging are in part genetically determined
[2]. Accordingly, scientists have proposed that sarcopenia does not
merely result from “wear and tear” but rather from a highly ordered and
regulated process that ultimately results in muscle proteolysis not coun-
terbalanced by appropriate synthesis of new contractile proteins. Exercise
training has long been identified as the most promising method for in-
creasing muscle mass and strength among older people.

Mechanisms leading to sarcopenia

Sarcopenia is a multifactorial condition. Factors that contribute to
the occurrence of sarcopenia include protein metabolism, motor units,
hormones and lifestyle.
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Thus, it is not surprising that physical activity when combined with
good nutrition can contrast the development of sarcopenia. Interest-
ingly, physical activity can have positive effects even in individuals af-
fected by specific chronic conditions and regardless of any organ-spe-
cific functional parameters altered by the disease status.

Nutritional supplementation may have immediate clinical applica-
tion for muscle wasting in individuals with limited intake of nutrients
required for anabolic processes. The administration of amino acid and
carbohydrate build blocks downregulate proteolysis and provide the ma-
terial necessity for protein synthesis. However, there is some evidence
that in frail older individuals, unless the nutritional supplementation is
associated with exercise it may not be effective [11]. 

There is an urgent need to find other effective interventions that
may target the molecular pathways that regulate muscle physiology. In-
creasingly our knowledge of the molecular mechanisms involved in the
genesis of sarcopenia is the key to discover and test the effectiveness
of these new interventions. 

Resistance training

Resistance training has long been identified as the most promising
method for increasing muscle mass and strength among older people
(Table 2). Growing licterature have confirmed the effectiveness of re-
sistance training in improving muscle mass, strength, balance and en-
durance among the elderly [10,11]. Yarasheski et al. [12] reported that
resistance training could enormously enhance the rate of mixed muscle
protein synthesis in physically frail older subjects. After 3 months of
weight-lifting exercise, the muscle contractile protein synthesis rates in
these sedentary seniors were greatly increased. In a randomized and
placebo-controlled trial, including nursing home residents, 10 weeks of
resistance training increased muscle crosses sectional area by 3-9% and
improved muscle strength and performance in gait speed and stair
climbing abilities [13]. Moreover, Frontera et al. [14] demonstrated
that 2 weeks of resistance training could substantially promote extensor
and flexor strength in older participants. In evaluating muscle protein
breakdown during sarcopenia and aging, Fry et al. [15] found that reg-
ulators of muscle protein breakdown responded similarly in young and
older adults following resistance training, suggesting that resistance
training could slow the pace of sarcopenia. Therefore, resistance
training could effectively improve or prevent sarcopenia among the eld-
erly, via improvements in muscle mass and strength.

However, although in individuals <80 years of age current research
has established the efficacy of progressive resistance training as a
method to enhance muscle mass and functional capacity; in older popu-
lation (≥80 years old) additional evidence is needed examining inter-

There is some evidence suggesting that during the early phase of
sarcopenia, muscle protein synthesis increases, perhaps because the
accelerated catabolism makes aminoacids available [3]. This early
state is characterized by impaired oxidative defense, decreased activity
of mitochondrial enzymes activity and dysregulation of genes impli-
cated in energy metabolism, DNA repair, stress response, immune re-
sponse, and proteasome-mediated protein degradation [3].

In the mature stage of the sarcopenic process, the synthesis rate of my-
ofibrillar proteins is reduced, while sarcoplasmic proteins are relatively
spaired [4]. Interestingly, in spite of the dramatic reduction in myosin
heavy chain synthesis, transcription is not affected, suggesting the exis-
tence of a defect at the post-transcriptional level [5]. Overall, age-related
alterations in protein synthesis contribute to, but fail to completely explain
the slow erosion of muscle protein mass that leads to overt sarcopenia.

The loss of alpha motor units from the spinal cord is thought to be
the most crucial contributor to sarcopenia [6]. Age-related motor unit
loss may contribute to sarcopenia, but seldom limits mobility or inde-
pendence until a critical threshold is reached. Notably, together with
motor unit loss, the increased size of the remaining motor units and
the loss of muscle fibers have also been identified as significant con-
tributing factors to sarcopenia [7].

Many hormones have metabolic effects on muscle mass and function.
A convincing body of evidence indicates that the aging process alters the
circulating concentrations of several important anabolic hormones [8]. 

Finally, physical inactivity and muscle disuse promote the loss of
muscle mass and worsen the degree of sarcopenia [6]. Studies also show
that the decline in food intake and protein consumption among the eld-
erly contribute to muscle atrophy and the severity of sarcopenia [9].

Exercise and nutrition: a combined strategy

It remains to be elucidated how different mechanisms are mutually
interfaced in regulating muscle protein metabolism. Some of the
common pathways that regulate muscle protein synthesis/degradation
and the complexity of their interventions are emerging [10]. The chal-
lenge for researchers is to identify, in the context of these pathways,
new targets for interventions. Interestingly, only exercise and, to some
extent, nutritional intervention have been successful in slowing down
or reversing sarcopenia. Exercise and physical activity affect the home-
ostatic equilibrium of skeletal muscle throught multiple mechanisms,
including stimulation of the anabolic hormones, up-regulation of an-
tioxidant enzymes, reduced inflammation, improved muscle insulin
sensitivity, and increased protein synthesis [10].
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Table 1. Potential causes of age-related loss of muscle mass.

Sedentary lifestyle
Poor nutritional intake, especially essential amino acids and creatine
Reduced levels of and responsiveness to trophic hormones 
• Growth hormone
• Androgens
• Insulin-like growth factor 1 (IGF-1)
• Dehydroepiandrosterone sulfate (DHEAS)
• 25-hydroxy ergocalciferol (vitamin D)
Imbalance between anabolic and catabolic protein metabolism
Loss of motoneurons
Microvascular disease
Excessive and unopposed oxidative stress
Pro-inflammatory state

Table 2. Benefits of resistance training in the elderly.

� Improved bone density and reduced symptoms of osteoarthritis
� Increased protein synthesis in the muscle
� Increased IGF-1
� Increased lean body mass
� Increased lean body mass
� Improved endurance
� Increased strength
� Decreased depression
� Base in activities of daily living
� Improved quality of sleep
� Fall prevention
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vention techniques like progressive resistance training as a preventa-
tive measure for the risks and issues associated with sarcopenia. In ad-
dition, more studies are encouraged in order to discern the safest, most
efficacious approach to implement a non-pharmacological approach
(i.e., exercise intervention strategies) that might attenuate or reverse
the effects of sarcopenia in very old populations (≥80 years old). Sar-
copenia may be part of the “normal” aging process but limiting or re-
ducing its potentially deleterious effects can provide the mounting
number of older individuals and the very old with a higher quality life,
functional capacity, and independence for a longer period of time.

The effect of nutrition on metabolic and frailty syndromes associated
to sarcopenia during resistance training has not been fully investi-
gated. Therefore, future studies are encouraged for understanding
whether combined strategies (nutritional supplementation + resist-
ance training) are most beneficial.

Exercise prescriptions

When designing a resistance exercise program to manage sar-
copenia, some specific clue for intervention should be adopted (Table
3). Generally, the goal is to gradually overload the muscles and make
positive adaptations, such as improvement in muscle mass and func-
tion. In addition, particular attention should be paid to specific and
normal aging-related physiological in order to avoid exercise-related
injuries or severe outcomes.

Resistance training programs for sarcopenia should be dynamic and
targeted to the major muscle groups using both concentric and eccentric
movements. Exercise programs targeting lower extremity muscles should
be prioritized because they are important in mobility, balance and gait.

Conclusions

Sarcopenia is a slow progressive process that leads to physical im-
pairment in older persons. To date, many factors involved in the pro-
gression to sarcopenia have been identified but only recently have the
mechanisms by which these factors dysregulate muscle catabolic/anal-
bolic homeostasis started to be uncovered. A better understanding of
the genetic and molecular mechanism implicated in the genesis of age-
related sarcopenia can substantially contribute to the accomplishment
of this goal. More studies are also needed in order to identify the effect
of different training programs, long-term responses, and the role of op-
timal nutrition to enhance the anabolic effects of resistance training. 
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Table 3. Resistance training prescriptions.

Warm-up and cool-down Intensity Frequency

Warm-up and cool-down periods should be longer Exercise intensity should consider the individual’s 2-4 days per week. The average frequency 
for elderly population. Optimal warm-up activities heart rate and energy expenditure. During the should be 3 days/week and the individual 
should last at least 15-20 min, whereas 10-15 min training sessions, seniors should move the should wait at least 48 hours between
should be designated to the cool-down period. resistance through the entire range of motion training sessions.
It is important to stretch active muscles in both and avoid heavy lifting.
periods, and the warm-up session should involve 
lifting light weights.

Duration Rest periods and physical environments Breathing

20-45 minutes Longer rest periods between exercise sessions Seniors are encouraged not to hold their 
as well as safe physical environments are breath during resistance training. Lifting 
imperative for seniors belts and abdominal strengthening 

exercise may be used
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