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Abstract Sarcopenia is one of the leading causes of
disability in the elderly. Despite the growing prevalence of

sarcopenia, the molecular mechanisms that control aging-

related changes in muscle mass are not fully understood.
The ubiquitin proteasome system is one of the major

pathways that regulate muscle protein degradation, and this

system plays a central role in controlling muscle size.
Atrogin-1 and MuRF-1 are two E3 ubiquitin ligases that

are important regulators of ubiquitin-mediated protein

degradation in skeletal muscle. In this review, we will
discuss: (i) aging-related changes to skeletal muscle

structure and function; (ii) the regulation of protein syn-

thesis and protein degradation by IGF-1, TGF-b, and
myostatin, with emphasis on the control of atrogin-1 and

MuRF-1 expression; and (iii) the potential for modulating

atrogin-1 and MuRF-1 expression to treat or prevent
sarcopenia.
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Introduction

Sarcopenia is broadly defined as the loss of skeletal muscle

mass and function that occurs with aging [1]. As muscle
mass decreases, there is an accompanying loss in strength,

aerobic capacity, and metabolic rate that contribute to the

reduced function and quality of life that patients with sar-
copenia endure [2]. Preventing and treating sarcopenia can

be challenging, but many recent studies have provided

important insight into the cellular and molecular etiology
of aging-associated decreases in muscle mass, and these

findings may be quite useful in the development of new

therapies to prevent and treat sarcopenia. This review will
provide an overview of the diagnosis and epidemiology of

sarcopenia, discuss the role of atrogin-1, MuRF-1, and the

E3 ubiquitin ligase system in the aging-related loss of
muscle mass, and describe therapeutic interventions for the

prevention and treatment of sarcopenia.

While the original definition of sarcopenia encompassed
all elderly individuals, there is considerable variation in the

amount of muscle that is lost as an individual ages [3].

Since the original definition was proposed, there has been
much interest in developing a set of guidelines for the

diagnosis of sarcopenia to differentiate the normal physi-

ological loss in muscle mass that occurs with aging from a
pathological loss. In 2009, the International Working

Group on Sarcopenia, composed of leading physicians and
scientists from academia and industry, developed a con-

sensus definition for the diagnosis of sarcopenia and

screening guidelines to identify patients with sarcopenia
[2]. The guidelines recommend a two-part evaluation

based on the patient’s history and overall health status,

followed by a test for physical function. Patients who
screen positive for the potential of sarcopenia should then

have a whole body dual energy X-ray absorptiometry

(DXA) scan performed for a definitive diagnosis. The
screening based upon history includes patients with: (i) a

history of recurrent falls; (ii) recent unintentional weight

loss of greater than 5 % of overall body mass; (iii) diffi-
culty performing activities of daily living; (iv) a recent

hospital stay; (v) the inability to leave their bed; (vi) the
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inability to rise from a chair unassisted; and (vii) chronic

conditions associated with muscle loss, including type 2
diabetes, chronic heart failure, chronic obstructive pul-

monary disease, rheumatoid arthritis, and malignancies.

For at-risk patients who can arise from a chair, gait speed
should be measured across a 4 m course. Patients who

have a gate speed less than 1 m/s should then be further

screened using a DXA scan. Based on results from the
DXA scans, a diagnosis of sarcopenia can be confirmed if

appendicular lean mass is less than the 20th percentile of
values for young adults, or 7.23 kg/m2 for men and

5.67 kg/m2 for women. In addition to these guidelines, a

recently developed patient-reported outcome tool may also
be of use in identifying and tracking the status of patients

with sarcopenia [4].

Individuals with sarcopenia often have markedly greater
rates of physical disability and reduced capacity to perform

activities of daily living [3]. Sarcopenia can not only have a

dramatic impact on the quality of life of an individual but
also imposes a significant burden to public health systems.

In the US in 2000, the estimated direct healthcare cost

attributable to sarcopenia was $18.5 billion, which repre-
sented approximately 1.5 % of total healthcare expendi-

tures for that year [5]. It is estimated that between 5 and

13 % of adults aged 60–70, and 11–50 % of the population
aged 80 and over, suffer from sarcopenia [6]. With esti-

mates from the World Health Organization that the amount

of adults aged over 60 will continue to increase tremen-
dously over time, it is likely that there will be a concom-

itant increase in the rates of sarcopenia [3]. Developing

new therapies for the prevention and treatment of sarco-
penia not only will help to improve the quality of life for

patients who suffer from this disease, but also will help to

reduce the economic and productivity burdens for society
in general.

Aging-related changes in muscle structure and function

The aging-related decline in skeletal muscle size and
function is a well-documented phenomenon. The number

of fibers in a muscle and the size of the fibers remain

relatively stable from puberty until the fifth decade of life,
at which point a noticeable decline in muscle fiber number

and size begins [7–9]. At the whole muscle level, there is a

reduction in force and a decrease in the number of motor
units [10, 11]. The aging-related decline in fiber size and

number impacts fast-twitch type II muscle fibers to a

greater extent than slow-twitch type I muscle fibers [11–
13]. In terms of force production, compared with muscle

fibers from young subjects, type II fibers of old subjects

have a smaller cross-sectional area (CSA) and generated
less total force, although the specific force (force

normalized to CSA of the fiber) is not different [11, 12].

Interestingly, for type I fibers, there is actually a slight
aging-associated increase in fiber CSA and force produc-

tion, but no change in specific force [11, 12]. The combi-

nation of a decrease in type II muscle fiber number, area,
and total force production suggest that much of the aging-

related decrease in whole muscle strength is due to a

decrease in type II muscle fibers. These findings are also
illustrated quite well in terms of athletic performance by

comparing world records for sporting events that utilize
primarily type I fibers, such as endurance running, with

events that utilize primarily type II fibers, such as

weightlifting. For elite marathon runners, by the time they
are in their 80s they can still run times that are only 40 %

slower than their best time in their youth, while elite weight

lifters are typically 60 % weaker than they were in their
youth [7].

Skeletal muscle fibers are multinucleated cells, and the

size of muscle fibers is dependent to some extent on the
number of nuclei present within a fiber [14]. While nuclei

within fibers are capable of undergoing apoptosis during

times of disuse or injury, they are unable to replicate [14].
The new nuclei added to muscle fibers after periods of

injury or inactivity come from a population of resident

stem cells referred to as satellite cells. Satellite cells nor-
mally exist in a quiescent state between the basal lamina

and the fiber plasma membrane, and following injury or

exercise, satellite cells become activated, migrate to the
site of injury, proliferate, and fuse to regenerate the fiber by

providing an additional source of nuclei [15]. A certain

number of satellite cells will return to quiescence and
resume their normal position around the fiber. There is an

aging-related decline in the density and regenerative

capacity of satellite cells [16, 17], although this appears to
be due to systemic changes in the environment of the

organism rather than inherent changes in satellite cells

themselves [18–20]. This decrease in the regenerative
capacity of satellite cells can prolong the recovery of

muscle to eccentric injury, and overtime likely contribute

to the slow, progressive loss in muscle mass that occurs
with sarcopenia.

Mitochondria are organelles within muscle fibers that

play an important role in metabolism and regulating
nuclear apoptosis. There is an aging-related decline in the

biogenesis of mitochondria [21], as well as the turnover of

damaged mitochondria [22]. Mitochondria also appear to
play a role in contributing to aging-related increases in

apoptotic signaling [23]. Despite these findings, a direct

connection between muscle fiber nuclear apoptosis and
sarcopenia has yet to be firmly determined [24]. This

decrease in mitochondrial biogenesis and function likely

contributes to overall reduced aerobic capacity and
endurance seen in patients with sarcopenia.
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Molecular pathways regulating skeletal muscle growth
and atrophy

Maintaining muscle mass is a balance between protein

synthesis and protein degradation systems. An increase in
muscle mass can come about due to either an increase in

protein synthesis or a decrease in degradation, while a

decrease in muscle mass can occur as a result of decreasing
protein synthesis or increasing protein degradation. An

overview of the signaling pathways discussed in this

review is shown in Fig. 1.

Skeletal muscle hypertrophy

One of the most widely studied activators of muscle

hypertrophy is IGF-1. Compared with wild-type controls,

transgenic mice that overexpress IGF-1 under the control
of muscle-specific promoters has increased muscle mass,

CSA, and maximum isometric force [25]. In addition, mice

with a muscle-specific loss of IGF-1 receptor have reduced
whole body and muscle mass, and decreased fiber quantity

and CSA [26]. Binding of IGF-1 to its receptor activates

insulin receptor substrate-1, IRS-1, which then activates
phosphatidylinositol-3-kinase (PI3K), responsible for the

conversion of intramembranous phosphoinositide-(4,5)-

biphosphate (PIP2) to phosphoinositide-(3,4,5)-triphos-
phate (PIP3) [27, 28]. IGF-1 receptor mediated activation

of protein synthesis is PI3K dependent [29]. The serine/

threonine kinase Akt (protein kinase B), binds PIP3 on the
membrane through an N-terminal pleckstrin homology

(PH) domain and is activated by phosphoinositide-depen-

dent kinase-1 (PDK1). The recruitment of Akt to the
membrane and the activation of Akt through PDK1 allow

Akt to be released into cytosol to activate mTOR and other

downstream effectors [28, 30, 31]. In addition to IGF-1,
there are also alternative spliced isoforms of IGF-1 that

appear to have various roles in regulating skeletal muscle

growth. While covering the various IGF-1 isoforms is
beyond the scope of this review, we recommend other

reviews that discuss this topic in depth [32–34].

mTOR is considered one of the most critical regulators
of skeletal muscle mass [35–37]. While IGF-1 activates

Fig. 1 Overview of selected signaling pathways discussed in this review as they relate to the regulation of skeletal muscle mass
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mTOR through Akt, the alternately spliced, locally

expressed isoform of IGF-1, IGF-1Ea, appears to activate
mTOR independent of Akt [34, 38]. Under special condi-

tions, mTOR can also signal upstream to further activate

Akt [39]. Akt acts on mTOR by TSC1 and TSC2, which
through the inhibition of the small G protein Rheb,

increases mTOR activity [29, 40]. mTOR signals down-

stream through the activation of p70S6K, which increases
protein synthesis by activating S6 and eIF4B, factors that

increase mRNA translation and ribosomal biogenesis [41,
42]. Phosphorylation of 4EBP1 by mTOR releases its

inhibition on eIF4E, allowing translation to proceed [42,

43]. Inhibiting mTOR activity is an effective way to curb
protein synthesis, as mTOR is inhibited by the drug rapa-

mycin, which can halt load-induced muscle growth [35, 44,

45]. Other endogenous factors can decrease Akt/mTOR
signaling to prevent protein synthesis and also promote

protein degradation, which are reviewed in detail in other

publications [37, 46].

Skeletal muscle atrophy

Muscle atrophy is a tightly controlled process that involves

many signaling pathways and effector proteins, including

some cross-talk with the protein synthesis pathway. There
are several pathways that control muscle protein degrada-

tion, but this review will focus on the ubiquitin proteasome

pathway and its control by two potent muscle atrophy-
inducing cytokines, myostatin, and TGF-b. Nuclear apop-

tosis is another important contributing factor to aging-

related muscle atrophy, and while it is beyond the scope of
this review, we suggest other excellent publications which

discuss this topic in depth [47, 48].

Myostatin is a member of the TGF-b superfamily of
cytokines, and mice that are deficient in myostatin have an

up to twofold increase in skeletal muscle mass [49]. Adult

myostatin-deficient mice also have greater maximum iso-
metric force production in many muscle groups compared

with their wild-type counterparts [50, 51]. While blocking

myostatin leads to muscle growth, systemic administration
of myostatin induces profound cachexia [52]. TGF-b is

also a potent inducer of muscle atrophy, with local

administration of TGF-b leading to marked muscle atrophy
and reductions in force production [53].

Both myostatin and TGF-b are held in an inactive form

in the muscle extracellular matrix, and when activated,
bind to their receptors and activate the Smad2/3 and TAK1/

p38 MAPK signal transduction cascades [54–60]. Myost-

atin preferentially binds to the type IIB and type IB activin
receptors, while TGF-b signals through the TGF-b type II

and type I receptors [61]. Smad2 and Smad3 are tran-

scription factors that bind DNA and directly regulate the
expression of target genes [58]. Smad2/3 can also bind

members of the FoxO family of transcription factors to

regulate gene expression [62, 63]. p38 MAPK is activated
by TAK1 downstream of the activin and TGF-b receptors,

and while p38 MAPK does not directly bind DNA it can

regulate the activity of various transcription factors to
control gene expression [64]. In addition, myostatin sig-

naling can inhibit the IGF-1/PI3K/Akt axis and reduce

p70S6K activation [65–68].
Atrogin-1 and MuRF-1 are E3 ubiquitin ligases

expressed in skeletal muscle that direct the polyubiquiti-
nation of proteins to target them for proteolysis by the 26S

proteasome [35, 69]. Atrogin-1 and MuRF-1 are induced in

response to myostatin/TGF-b signaling [66, 70–72],
increase following immobilization or denervation, and

mice that are deficient in atrogin-1 are resistant to dener-

vation-induced skeletal muscle atrophy [35]. While there
are clear correlations between the onset of muscle atrophy

and the increase in atrogin-1 and MuRF-1, their expression

can be transient [35, 73] making it difficult to precisely
measure changes in atrogin-1 and MuRF-1 expression over

time. Various transcription factors can regulate atrogin-1

and MuRF-1 mRNA expression. Smad3 appears to be
important in inducing the expression of atrogin-1 in skel-

etal muscle, but does not appear to be important in the

regulation of MuRF-1 expression [57, 70]. Activation of
p38 MAPK induces activation of atrogin-1 [74] and MuRF-

1 [75] expression, although the specific transcription fac-

tors downstream of p38 MAPK that regulate these E3
ubiquitin ligases are not known. The FoxO family of

transcription factors are also important regulators of atro-

gin-1 and MuRF-1 gene expression, as loss of FoxO sig-
naling inhibits the ability of muscle fibers to express

atrogin-1 or MuRF-1 [76, 77]. FoxO has three isoforms in

muscle, FoxO1, FoxO3, and FoxO4. When phosphorylated,
all three isoforms reside in the cytosol and require

dephosphorylation to enter the nucleus [37]. Akt can

phosphorylate FoxO proteins, rendering them incapable of
entering the nucleus to promote transcription [78]. Akt can

also inhibit the ability of Smad3 to enter into the nucleus

and regulate gene expression [79]. These interactions
between protein synthesis and degradation pathways pro-

vide a mechanism for IGF-1 signaling to inhibit ubiquitin-

mediated proteolysis.

Aging-related changes in signaling pathways
that regulate skeletal muscle growth and atrophy

While skeletal muscle is known to atrophy in middle and
old age, the precise mechanisms of this aging-related loss

in muscle mass are not precisely understood. Several ani-

mal model studies have evaluated levels of various growth
factors and cytokines that regulate muscle growth. Total
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IGF-1 receptor protein levels are increased in old rats but

no differences in baseline IGF-1 receptor activation was
observed [80]. Although IGF-1 receptor levels were ele-

vated in response to an exercise protocol, old rats generally

had reduced activation of Akt/mTOR pathways [80]. In
other studies Akt phosphorylation has been reported to

either be decreased [80, 81] or not different [82, 83] in old

rats, and increased in old mice [84]. p70S6K activation,
which is critical for protein synthesis, has been reported to

the same [83] or increased [85] in old rats compared to
adults. Using a synergist ablation model of muscle growth

whereby the gastrocnemius muscle is partially ablated to

cause growth in the synergist plantaris muscle, old rats had
similar patterns of activation of the Akt/mTOR pathway as

young rats, although the magnitude of increase in plantaris

muscle mass was less for old rats than for young rats [86].
While there are conflicting results regarding changes in the

Akt/mTOR pathway in studies using animal models of

aging, most animal models of sarcopenia report an aging-
related decline in muscle mass [80, 82, 84–86], suggesting

that even if there is an increase in protein synthesis that

occurs with aging it is not enough to keep up with other
changes in the muscle that contribute to sarcopenia.

Although fewer studies evaluating aging-related chan-

ges of protein synthesis pathways in humans have been
conducted, there is generally more agreement in the

overall conclusions of these studies. Circulating levels of

IGF-1 steadily declined from early adulthood into
advanced old age [87], but local levels of IGF-1Ea and

IGF-1Ec gene expression were not different between

young and old subjects [88]. However, while no aging-
related differences in baseline IGF-1Ea and IGF-1Ec

expression were observed, in response to resistance exer-

cise most young subjects demonstrated an increase in IGF-
1Ea and IGF-1Ec expression, while most old subjects had

no change or a decrease in IGF-1Ea and IGF-1Ec [88].

Compared to adults, a decrease in relative Akt phos-
phorylation was observed in the muscles of old humans

[89]. Despite this decrease in Akt activation, relative

4EBP1 phosphorylation was not different and a decrease
in nuclear localization of FoxO1 and FoxO3 was observed

[89]. In response to an infusion of insulin and amino

acids, both young and elderly subjects displayed activation
of Akt, mTOR, and 4EBP1, but p70S6K activation was

not observed in old subjects [90]. Following a bout of

heavy eccentric exercise and essential amino acid intake,
old subjects had a generally similar ability to activate Akt/

mTOR pathways as young subjects, although the timing of

the activation was slower in older subjects than in young
subjects [91]. Taken together, these studies support the

notion that an aging-related decline in IGF-1/Akt/mTOR

signaling and net decreases in protein synthesis contribute
to sarcopenia.

Animal model studies have also been insightful in the

study of protein degradation pathways in the context of
aging. There was an increase in serum [92] and local

intramuscular [93] levels of TGF-b in old mice, but no

differences in intramuscular myostatin levels were
observed [93]. Old animals also display elevated activation

of the two main pathways downstream of the TGF-b/

myostatin receptors, Smad3 [93] and p38 MAPK [83].
Despite an aging-related increase in TGF-b signaling, there

are conflicting findings regarding aging-related changes in
the ubiquitin proteasome system. In a study evaluating the

ubiquitin proteasome pathways in adult and old rats, an

increase in total ubiquitinated protein content and an ele-
vation of MuRF-1 protein levels was observed in old

muscles, but atrogin-1 levels were reduced in old muscles

[94]. In partial support of these findings, an increase in
ubiquitinated proteins and MuRF-1 was observed in old

rats, but this study reported an increase in the expression of

atrogin-1 [81]. When evaluating age-related differences in
the response to resistance exercise, no differences between

atrogin-1 mRNA levels were observed at baseline for adult

and old rats [80]. However, 48 h following a resistance
exercise bout, adult rats had significantly higher levels of

atrogin-1 expression, where no changes were observed in

exercised old muscles [80]. For rats fed with a standard diet
ad libidum, an aging-related decrease in atrogin-1 and

MuRF-1 expression was observed, but interestingly old rats

fed a calorie restricted diet that was 70 % of ad libidum
intake had higher levels of atrogin-1 and MuRF-1 than old

rats fed ad libidum [82]. Despite an elevation in atrogin-1

and MuRF-1, the muscles from the calorie restricted rats
maintained much more mass than the ad libidum rats [82].

Another study identified no aging-related differences in

atrogin-1 and MuRF-1 expression in adult and old muscles
of mice [84]. While there is a tremendous amount of dis-

agreement between studies, the animal literature as a whole

supports the notion that TGF-b signaling, along with
atrogin-1 and MuRF-1, likely play some role in contrib-

uting to the aging-related decreases in muscle mass.

In humans, the ubiquitin proteasome system appears to
function as efficiently in old muscle as it does in adult

muscle [95], and aging-related increases in total intra-

muscular ubiquitin content have been reported [96], but
there is conflicting data regarding the molecular mecha-

nisms that regulate ubiquitin-mediated proteolysis in

human muscle. There was an increase in serum levels of
TGF-b in old humans [92], but circulating levels of myo-

statin were not different between young and older subjects

[97]. Despite no detectable increase in circulating myost-
atin levels, local intramuscular levels of myostatin are

elevated with aging in humans [89]. For the E3 ubiquitin

ligases, atrogin-1 expression was not different for adult and
old subjects [89, 98, 99], and MuRF-1 levels have been
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reported to either not change [89, 99] or increase with

aging [98]. There also appears to be a differential response
of atrogin-1 and MuRF-1 to training in elderly subjects.

Following a single bout of resistance exercise, for both

adult and old subjects there was an increase in MuRF-1, but
only the old subjects had an increase in atrogin-1 [98]. It is

difficult to draw definitive conclusions at this time, espe-

cially given the difficulty in tracking the expression of
atrogin-1 and MuRF-1 in a longitudinal fashion, but the

increased level of ubiquitin-conjugated proteins and ele-
vated levels of intramuscular myostatin suggest that the

ubiquitin proteasome system likely contributes to sarco-

penia in humans.

Targeting atrogin-1 and MuRF-1 to maintain strength
and muscle mass in the elderly

Developing therapies for the prevention and treatment of
sarcopenia will not only help to enhance the quality of life

for individual patients who suffer from this disease but also

for reduction in economic and productivity burdens asso-
ciated with sarcopenia would be beneficial to society as a

whole. The current first-line therapy for preventing and

treating sarcopenia is resistance exercise. Resistance
exercise can directly increase skeletal muscle mass and

strength, and also have positive effects on metabolic, car-

diovascular, and reproductive systems [100]. While
younger patients tend to have an increased magnitude of

improvement in strength from resistance exercise, elderly

patients can also increase strength and mobility, even into
the ninth decade of life [101, 102]. Following a single bout

of resistance exercise, older subjects not only have blunted

responses to activation of the Akt/mTOR pathway [103]
but also have a reduced myostatin expression and enhanced

expression of myogenic genes [104]. Despite small chan-

ges following an acute resistance training session, long-
term ([3 month) resistance training programs have been

shown to increase the size and force generating capacity of

muscle fibers from elderly subjects, especially type I
muscle fibers [12, 105, 106]. Chronic resistance training

also increases Akt phosphorylation and the nuclear accu-

mulation of FoxO3, but no differences in MuRF-1 or
atrogin-1 expression were observed [107]. Interestingly,

although resistance training is typically associated with the

most profound gains in strength, elderly subjects who
completed a 3-month moderate intensity aerobic program

also demonstrated marked increases in whole muscle size

and strength [108]. Subjects also experienced an increase in
type I muscle fibers, and a reduction in myostatin and

FoxO3 expression, although atrogin-1 and MuRF-1

expression were not different [108, 109]. While the
molecular mechanisms are still not fully understood, the

results from resistance training and aerobic training studies

suggest that exercise can be a highly effective tool to
combat the aging-related loss in muscle mass.

For patients who are non-ambulatory or have co-mor-

bidities that would preclude participation in resistance
training exercises, such as moderate to severe osteoar-

thritis [110] or certain forms of unstable cardiovascular

disease [111], developing pharmacological therapies for
the prevention and treatment of sarcopenia is important. A

4-week long course of IGF-1 administration resulted in
increased skeletal muscle protein synthesis rates, although

measurements of muscle size and strength were not per-

formed [112]. Given the aging-related increases in myo-
statin that has been observed in humans [89] and its

profound effects on muscle mass, myostatin inhibition is

also a potential therapeutic target for the prevention and
treatment of sarcopenia. Using a bioneutralizing antibody

against myostatin, there was increased ambulatory activity

and metabolic rates of aged mice [113], and also
increased muscle force production and reduced atrogin-1

expression [114]. Losartan is an angiotensin II receptor

antagonist commonly used not only to treat high blood
pressure but also can antagonize TGF-b signaling in

skeletal muscle [115]. In a mouse model of aging disuse

atrophy, losartan decreased the activation of p38 MAPK,
increased Akt and mTOR activation, prevented muscle

fiber atrophy, and reduced muscle fibrosis [116]. The IGF-

1, myostatin, and TGF-b signaling pathways appear to be
attractive drug targets for the prevention and treatment of

sarcopenia, although we are currently at a very early stage

in developing and validating potential pharmacological
therapies.

Conclusions

Sarcopenia is a major public health problem that is antic-
ipated to grow as our population ages, but we are still at an

early stage of understanding the molecular mechanisms

that lead to sarcopenia. In vitro and in vivo studies in
animal models and humans are somewhat contradictory,

but the ubiquitin proteasome system appears to play a role

in sarcopenia. Atrogin-1 and MuRF-1 have been identified
as important enzymes in ubiquitin-mediated proteolysis

and muscle atrophy, and modulating their expression via

physical activity or targeting the upstream cytokines and
growth factors that regulate their expression has the

potential to prevent or reverse muscle atrophy in patients

with sarcopenia. Now that widely accepted standards for
the screening and diagnosis of sarcopenia are in place,

further large-scale longitudinal studies are necessary to

fully evaluate the role of the ubiquitin proteasome system
in aging-related muscle wasting and for the potential of
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modulating this system to restore muscle mass and strength

in patients suffering from sarcopenia.
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use. Pflügers Archiv. 456(3), 587–600 (2008). doi:10.1007/
s00424-007-0423-z

15. T.J. Hawke, D.J. Garry, Myogenic satellite cells: physiology to
molecular biology. J. Appl. Physiol. 91(2), 534–551 (2001)

16. I.M. Conboy, T.A. Rando, Aging, stem cells and tissue regen-
eration: lessons from muscle. Cell Cycle 4(3), 407–410 (2005)

17. F. Kadi, N. Charifi, C. Denis, J. Lexell, Satellite cells and
myonuclei in young and elderly women and men. Muscle Nerve
29(1), 120–127 (2004). doi:10.1002/mus.10510

18. B.M. Carlson, J.A. Faulkner, Muscle transplantation between
young and old rats: age of host determines recovery. Am.
J. Physiol. 256(6 Pt 1), C1262–C1266 (1989)

19. I.M. Conboy, M.J. Conboy, A.J. Wagers, E.R. Girma, I.L.
Weissman, T.A. Rando, Rejuvenation of aged progenitor cells
by exposure to a young systemic environment. Nature
433(7027), 760–764 (2005). doi:10.1038/nature03260

20. V. Mouly, A. Aamiri, A. Bigot, R.N. Cooper, S. Di Donna, D.
Furling, T. Gidaro, V. Jacquemin, K. Mamchaoui, E. Negroni, S.
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