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Aging is associated with progressive muscle wasting. However, whether aging
exacerbates the atrophy that is induced by muscle disuse is so far unknown. Some studies

found a higher rate of muscle atrophy in aged rodents (> 22 months old) than in young
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ones (3-10 months old), whereas other investigators reported that aged muscles have
a similar or lesser rate of atrophy in response to hindlimb unloading-induced muscle
disuse than muscles in younger rodents. There is growing evidence that the differential
responses of genes and signaling to skeletal muscle disuse in rodents and humans are
age-related. This literature review summarizes the age-specific different responses to
disuse observed in skeletal muscle and describes the potential underlying mechanisms
for these differences.
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Introduction

Aging is associated with a progressive loss of skeletal muscle
mass and strength. This age-related muscle wasting is called
sarcopenia and related to frailty, a shortened health span, and
impaired quality of life in older (e.g. > 65 years) individuals [1].
However, whether aging exacerbates the atrophy induced by
muscle disuse is so far unknown. A few studies found a higher
rate of muscle atrophy in aged (> 22 months old) rodents than in
young (3-10 months old) rodents [2,3], whereas other investigators
reported that aged muscles show a similar or lesser extent of
atrophy in response to muscle disuse [4-9]. These data suggest that
aging does not increase the rate of atrophy caused by muscle disuse.
Notably, growing evidence indicates that the different responses to
skeletal muscle disuse in rodents and humans are age-related [9-
12]. This implies that there might be age-related differences in the
mechanisms that induce disuse muscle atrophy, even if the rate at
which this atrophy occurs is similar between age groups. Skeletal
muscle wasting induced by disuse such as limb immobilization and
hindlimb unloading involves multiple signaling pathways [13], but
the exact molecular mechanisms are not completely understood.

Growing evidence implies a possibility that the differential
response of genes and signaling transducers to skeletal muscle
disuse in rodents and humans is related to age [9-12]. The goals
of this literature review are to summarize age-specific differences
in the response to muscle disuse and to discuss the underlying
mechanisms responsible for the differences in disuse muscle
atrophy depending on age. A better understanding of these
mechanisms in aged skeletal muscle is necessary to minimize the
negative effects of muscle disuse on elderly individuals.

Age-Specific Differences in Signaling Pathways in
Response to Muscle Disuse in Rodents

Leeuwenburgh et al. [9] compared the apoptotic response in
the soleus muscle after 14 days of hindlimb unloading between
young (6 months old) and old (32 months old) male Fischer 344
x Brown Norway rats. They demonstrated that old rats showed
higher levels of apoptosis [terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) and DNA fragmentation]
in their soleus muscle in response to hindlimb unloading compared

to young rats despite a similar extent of muscular atrophy in the
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two groups. Moreover, the proapoptotic endonuclease G (EndogG,
a mitochondrion-specific nuclease) increased only in the old, but
not in the young rats after 14 days of unloading. In contrast, while
caspase-3 activity tended to increase with age, the response to
unloading was similar in both groups. Moreover, Marzetti et al.
indicated that the mitochondrial caspase-independent apoptotic
pathway such as EndoG or apoptosis-inducing factors may play
a more prominent role in age-related skeletal muscle loss than
caspase-mediated apoptosis [10]. These data suggest that the
processes involved in apoptosis are distinct in the muscles of
young and old rats, and that muscle loss is partly mediated by the
subsarcolemmal mitochondria apoptotic pathway through EndoG
translocation to the nucleus, but less so by caspase-mediated

apoptosis.

Recent evidence suggests that growth arrest and DNA damage-
inducible 45a (Gadd45a) plays an important role in hindlimb
unloading-induced muscle atrophy, especially in aged (> 29 months
old) skeletal muscle [14]. Gadd45a is primarily a myonuclear
protein that is rapidly induced by DNA damage and various kinds
of stress, resulting in cell cycle arrest and/or apoptosis, and also
actively participates in DNA repair mechanisms. A previous study
indicated that Gadd45a alters skeletal muscle gene expression
and stimulates protein breakdown, reduces protein synthesis,
decreases mitochondria, inhibits anabolic signaling, and, ultimately,
causes muscle fiber atrophy when induced by different muscle
stresses such as fasting, denervation, and immobilization [15].
Indeed, Baehr et al. indicated that Gadd45a mRNA expression was
significantly increased in the tibialis anterior muscle of 29-month-
old male Fischer 344 x Brown Norway rats after 14 days of hindlimb
unloading, but not in 9-month-old rats [14].

They also demonstrated that Gadd45a mRNA expression was
significantly increased after three and seven days of hindlimb
unloading in the gastrocnemius muscle of 29-month-old male
Fischer 344 x Brown Norway rats, which further showed greater
Gadd45a mRNA expression during the entire unloading period
compared with 9-month-old rats [11]. In summary, age-related
differential Gadd45a and EndoG signaling plays an important
role in the skeletal muscle response to disuse in animal models.
Additionally, Gadd45a activation induces an age-related delay
in recovery from atrophy [14]. Thus, based on these animal
studies, it appears important to develop a potential therapeutic
countermeasure prior to muscle disuse and identify target
molecules to protect aged muscle against disuse muscle atrophy.

Age-Specific Differences in Signaling Pathways in
Response to Muscle Disuse in Humans

Regarding human skeletal muscle, one study [12] has
compared age-related mechanisms in disuse muscle atrophy
between young (21-27 years) and old (60-72 years) adults. There
were no age-specific differences in the upregulation of ubiquitin

E3 ligase (Atrogin-1 and muscle RING-Finger protein-1) or the

downregulation of peroxisome proliferator-activated receptor
gamma coactivator-1 alpha gene expression. However, the data
revealed an age-specific upregulation of Bcl-2-associated X protein
and tumor protein 53 in the muscle of old adults after two days of
immobility with a significant increase in TUNEL positive nuclei.
This was followed by further increasing levels after four days, when
there was also an increase of these parameters in the muscle of
young adults. The study further found a selective decrease in protein
kinase B/Akt phosphorylation status and greater reduction in
ribosomal protein S6 phosphorylation in young adults that may be
associated with a greater decline in the muscle fiber cross-sectional
area in young as compared to the one in old individuals (-19.9%
and -12.6%, respectively). Overall, information on age-specific
differences in muscle adaptation to disuse in humans is still very
limited. Thus, future studies are required to clarify the different
mechanisms of disuse-induced muscular atrophy in human skeletal
muscle related to age.

Summary and Conclusion

Although it remains unclear whether aging accelerates the rate
of atrophy induced by muscle disuse, growing evidence indicates
that there are age-related differences in the signaling response
to muscle disuse in both humans and rodents. Investigating the
mechanisms responsible for age-specific responses in disuse
muscle atrophy may provide unique information that can help to
identify biological targets for interventions aimed at developing
therapeutic approaches to prevent disuse muscle atrophy in aged
muscle.
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