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With the extension of life span over the past several decades, the age-related loss of muscle mass and
strength that characterizes sarcopenia is becoming more evident and thus, has a more significant impact
on society. To determine ways to intervene and delay, or even arrest the physical frailty and dependence
that accompany sarcopenia, it is necessary to identify those biochemical pathways that define this process.
Animal models that mimic one or more of the physiological pathways involved with this phenomenon are
very beneficial in providing an understanding of the cellular processes at work in sarcopenia. The ability to
influence pathways through genetic manipulation gives insight into cellular responses and their impact on
the physical expression of sarcopenia. This review evaluates several murine models that have the potential
to elucidate biochemical processes integral to sarcopenia. Identifying animal models that reflect sarcopenia
or its component pathways will enable researchers to better understand those pathways that contribute to
age-related skeletal muscle mass loss, and in turn, develop interventions that will prevent, retard, arrest, or
reverse this phenomenon. This article is part of a Special Issue entitled: Animal Models of Disease.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

During development skeletal muscle fibers grow in size and
number, manifesting increased overall size and strength in the
organism. Muscle fibers decrease in size and/or number with age,
disuse, and disease. As muscle fiber number and size decrease
there is a corresponding decrease in the ability of the muscle to
generate force. Muscle force demonstrated is commonly termed
strength. In the case of muscle atrophy as a result of disuse, muscle
fiber size can be restored over time with active exercise. Strength
loss in those experiencing cachexia (wasting accompanying dis-
ease) or sarcopenia (muscle mass loss accompanying aging) is es-
pecially problematic, as fiber size and strength are not so easily
recovered, producing frailty which tends to spiral into greater de-
pendence and increased falls in the aged and chronically ill. The
ever-increasing life span without an accompanying increase in
health span in humans leads to larger populations experiencing
sarcopenia and cachexia. With all these considerations, sarcopenic
and cachectic frailty imposes a considerable financial burden on
the healthcare system as well as greater stress on individual fami-
lies, and a decreased quality of life of the individuals affected.
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Although sarcopenia is considered a natural consequence of
aging, studies have demonstrated that the process can be slowed,
and there is research that suggests that the process can be stopped
and even reversed [1].

Although atrophy, cachexia, and sarcopenia share a common trait
in loss of muscle mass, there are distinct differences in their wasting
outcomes as well as in the biochemical processes that promote them.
Sarcopenia (a term reserved for the atrophy that accompanies the
physiological process of aging) [2], is characterized by a loss in
both fiber size and number [3] with fiber type II transitioning to
type I [4,5]. In contrast, in disuse atrophy, fiber size is decreased yet
fiber number is maintained [6] with a tendency of type I fibers
transitioning to type II [7,8]. Wasting in cachexia involves both adi-
pose tissue and skeletal muscle tissue [9], with cachexia targeting
fiber types depending on the pathology. Muscle wasting from cancer
is primarily directed toward type II fibers [10], while congestive
heart failure tends to degrade type I or type IIA contractile proteins
[11,12]. Atrophy and weakness are generated in each of these condi-
tions (aging, disuse and cachexia), yet each is difficult to separate
mechanistically because of overlapping signaling systems. Mecha-
nisms of sarcopenia will be addressed in this paper with allusions
made to cachexia and disuse atrophy when appropriate.

The identification of appropriate animal models and the path-
ways to arrest or even reverse the process of fiber loss and atrophy,
will provide a better understanding of the sarcopenia pathways. This
greater understanding is critical to increase health span by delaying
the onset of frailty in the presence of aging.
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2. Mechanisms of muscle loss

Skeletal muscle is a postmitotic tissue, arriving at its final number
of cells (the muscle fibers), early in life, after which changes in
muscle size are dependent on the change in individual fiber size.
Satellite cells, most likely, account for the increased DNA content
observed in muscle tissues during development [13–15]. Cells can
elongate and increase girth through the addition of sarcomeres [14]
and myofibrils [13], respectively; however, muscle fiber number
stays constant into adulthood, At this point, fiber number and size
decline from the early 3rd decade [3,16] through senescence, such
that muscle mass declines from 50% of total body weight to 25%
[17,18]. Muscle cells can repair or replace damaged muscle fibers
when stress (e.g., exercise or trauma) activates the neighboring
quiescent satellite cells, causing them to proliferate, migrate, and
replace/repair the injured myofibers [19].

There are several pathways involved in the process of muscle
loss (Fig. 1). Its course involves an imbalance between anabolism
and catabolism, with protein loss ultimately the stronger influ-
ence [20]. Endocrine and inflammatory factors are the general
mediators of this balance [21]. Negative regulators of skeletal
muscle mass that could play a role in sarcopenia include the
endosome–lysosome, Ca2+-dependent, caspase-dependent, and
ubiquitin/proteasome-dependent pathways [22]. Protein synthe-
sis in skeletal muscle is driven by growth hormone, IGF-1 [23], in-
sulin, and testosterone [20] being undergirded by adequate
nutrition and exercise [24].

2.1. PI3K/Akt pathway

One of the central pathways to muscle size control is the PI3K/Akt
pathway, a pathway modulated by IGF-1 and insulin [25]. Stimula-
tion of protein synthesis and hypertrophy involves these hormones
interacting with their respective tyrosine kinase receptors to phos-
phorylate IRS (insulin receptor substrate)-1 and activate PI3K/Akt
(phosphatidylinositol-3-kinase/protein kinase B) signaling [26],
that activates mTOR (mammalian target of rapamycin) [27], and in
turn, phosphorylates the targets p70S6K (ribosomal p70 S6 kinase)
and 4E-BP1 (4E-binding protein) [28,29]. The activation of Akt si-
multaneously resists atrophy by phosphorylating FoxO transcription
factors, preventing translocation to the nucleus where they would
otherwise promote transcription of atrophy-related genes MuRF1
(muscle ring finger 1) and MAFbx (muscle atrophy F-box [also
known as atrogin-1]) [30], both of which are ubiquitin ligases that
degrade proteins [31]. Inhibition of Akt phosphorylation promotes
muscle atrophy, preventing the phosphorylation of FoxO transcrip-
tion factors, and drives the transcription of MuRF1 and MAFbx atro-
phy genes [30,32]. These genes can also be activated through a
pathway independent from Akt signaling, the NF-κB pathway men-
tioned below.

2.2. NF-κB pathway

NF-κB (nuclear factor kappa-light-chain-enhancer of activated B
cells) is a transcription factor that is elevated in disuse atrophy [33]
and cachectic conditions [34,35] but not typically in sarcopenia
[22,36,37]. Cytokines activate NF-κB, its translocation to the nucleus
where it can then bind to the MuRF1 promoter, and initiate
proteasome-induced muscle degradation [38]. In muscle wasting of
cachexia, TNF-α often activates NF-κB by activating IKK (IκB kinase),
which then phosphorylates and degrades the NF-κB inhibitor pro-
tein, Iκ-Bα [39]. However, in disuse atrophy the NF-κB pathway
still involves IKK activation, yet it is triggered by an alternative path-
waywithout elevation of inflammatory cytokines [33]. At the nuclear
level, the atrophy of cachexia proceeds with the nuclear entry of p50
and p65 heterodimers from IκB degradation, while disuse atrophy is
characterized by binding of a p50 homodimer to Bcl-3 (B cell lym-
phoma 3) in the nucleus [40,41].

2.3. Myostatin pathway

Myostatin is a negative regulator of muscle growth [42], activat-
ing and phosphorylating Smad2/3 transcription factors [43,44] by
way of the Activin IIB membrane receptor [45], and modulating the
transcription of genes, e.g., MyoD [44]. Although the IGF-I/PI3K/Akt
pathway inhibits myostatin-dependent signaling, it has been sug-
gested that the myostatin–Smad pathway inhibits Akt in its promo-
tion of protein synthesis [46]. Myostatin levels increase alongside
muscle atrophy in disuse and cachexia situations. In older animals
myostatin levels are relatively unchanged, although inhibiting
myostatin has produced fiber size and muscle mass gains [47,48].

2.4. Apoptosis

Apoptosis, the process of programmed cell death, in contrast to ne-
crosis [49], contributes to both sarcopenia and cachexia [50]. Apoptosis
is unique inmuscle fibers in thatmuscle fibers are multi-nucleated, and
therefore loss of some nuclei does not necessarily result in the destruc-
tion of the muscle fiber [51]. Apoptosis appears to play a role in disuse
atrophy; however, the typical apoptotic events (such as involvement
of various proteolytic caspases) vary depending on the experimental
models used [52,53]. The extent towhich apoptosis is involvedwith dis-
use atrophy is unknown beyond the relatively short term (14 days) of
the disuse in the above studies. There is some evidence in the 14-day
unloading model that the apoptotic process changes to a more
anti-apoptotic process as time progresses to limit themass loss [54]. Re-
active oxygen species are associated with immobilization [55] and
unloading [56] atrophy and can directly activate NF-κB without the in-
fluence of TNF-α [57]. In the case of cachexia, skeletal muscle has dem-
onstrated activation of DNA fragmentation and resultant apoptosis [58].
Certain signaling molecules in apoptotic pathways can either promote
or inhibit NF-κB activation [59,60]. A solid connection between muscle
apoptosis and sarcopenia has not yet been established, even though
some studies suggest a link in part because fibers are multinucleated
[61–63].

2.5. Autophagy/lysosomal pathway

Autophagy is a process in which a cell's contents are degraded by
its own enzymes [64]. It occurs constitutively to maintain a dynamic
anabolic/catabolic balance within the cell. Even so, oxidative stress
[65,66] or extreme catabolic conditions [67,68] can upregulate au-
tophagy. mTOR is integrally involved in autophagy pathways [69],
yet in skeletal muscles, FoxO3 is the main inducer of autophagy
genes such as LC3 and Bnip3 [70]. Well-controlled FoxO3-induced
gene expression is a key to balanced autophagy.

2.6. Satellite cells

Satellite cells provide myoblasts for postnatal growth [71,72] and
are critical for skeletal muscle repair [73]. These cells are quiescent
until a stress (trauma, exercise) is imposed. There is controversy as
to whether satellite cells actually decrease in number with aging
[74–78]; however, their proliferative response and regenerative ca-
pacity to perturbation are reduced [79,80]. Evidence indicates that
reduced regenerative function is more likely a result of a less optimal
cellular environment than the cells being deficient due to age
[81,82]. The reduced function in the satellite cell with aging is at
least coincidental with sarcopenia, and could possibly be a contribut-
ing factor of that process such that satellite cells in aged are less re-
sponsive to muscle damage.



Fig. 1. Protein synthesis and degradation pathways. Akt when activatedwill promote protein synthesis and inhibit protein degradation; inhibiting Akt will promote translocation of FoxO
to the nucleus to drive protein degradation. Degradation components: FoxO—forkhead box transcription factor, MAFbx—muscle atrophy F-box, MuRF—muscle ring finger protein, and
Smad 2/3—receptor-regulated transcription factors. Synthesis components: IGF-1—insulin-like growth factor-1, IRS—insulin receptor substrate, PI3K—phosphatidylinositol-3-kinase,
Akt—protein kinase B, mTOR—mammalian target of rapamycin, S6K— ribosomal p70 S6 kinase, 4EBP1 — 4E-binding protein, and MyoD—muscle differentiation protein.
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3. Murine models of sarcopenia

Numerous genetic mutant mouse models have been developed to
determine the biochemical and physiological pathways that influence
the processes of sarcopenia. We will examine some of the animals
that have assisted in our understanding of the roles of the various mol-
ecules and their contribution to the process of sarcopenia. The animal
models and affected pathways are summarized in Fig. 2.

3.1. IGF-1/PI3K/Akt pathway

Several laboratories have focused on the growth factors and their
downstream effectors in their evaluation of muscle function as it re-
lates to muscle loss.

3.1.1. IGF-1
Transgenic mice (MKR) [83] expressing mutated IGF-1 receptors in

skeletal muscle were exposed to functional overload [84] to observe
whether loading could promotemuscle growth in the absence of a func-
tional IGF-1 receptor. Hypertrophy occurredwith functional overload in
the presence and absence of normal IGF-1 receptors. IGF-1 typically ac-
tivates the PI3K/Akt pathway to induce protein synthesis and muscle
development. Significant increases of Akt and p70S6K were demon-
strated in bothwild type andMKRmice. MKR and wild typemice dem-
onstrated equivalent gains in plantaris muscle weight following a
35-day loading regimen. These results indicate that muscle overload
can induce muscle growth through PI3K/Akt activation independent
of an operational IGF-1 receptor. We know that plasma IGF1 levels de-
crease with aging (in rodents and humans), thus skeletal muscle
growth in older animals may occur via both IGF-1-dependent and
-independent mechanisms [85].

Mavalli [86] and coworkers developed mice deficient in GH recep-
tors or IGF-1 receptors in skeletal muscle. Both mutants displayed re-
duced muscle fiber number and cross-sectional area. The GH receptor
knockout mice had a lower proportion of type I gastrocnemius fibers
and a higher proportion of type II than wild type mice at 6 weeks of
age, yet fiber sizes were equivalent. Type II:type I fiber ratios were ap-
proximately 90:10 and 80:20 in GH receptor null andwild type, respec-
tively. At 16 weeks of age, fiber cross-sectional area was approximately
75% for both fiber types comparing GH receptor knockout to wild type,
with the difference continuing through 26 weeks of age. Fiber type ra-
tios were nearly the same between strains, 90:10, type II:type I. For
the IGF-1 receptor null mouse, a similar fiber type proportion was
present between the mutant and wild type at 6 weeks as was seen
with the GH receptor knockout but this difference remained at
16 weeks. Myofibril cross-sectional areas were smaller in the IGF-1
receptor knockout than wild type at both 6 weeks and 16 weeks of
age. These models speak to the integral role of both GH and IGF-1 and
their associated receptors in the normal development of skeletalmuscle.

Several mouse models with disrupted GH/IGF-1 pathways are known
for their extended life spans [87]. The mechanism remains to be deter-
mined as to how this hormone deficiency promotes increased longevity.
Amesdwarf, Snell dwarf, Larondwarf, and “little”mice are either deficient
in GH/IGF-1 or signaling is blocked at the cell membrane receptor and
thus lack the protein synthesis promotion possessed by animals with in-
tact GH/IGF-1 pathways. These animals pose a conundrum in that al-
though lacking a significant component of the protein synthesis and
muscle growth pathway, a condition which should promote increased
frailty and therefore early death, these animals instead have extended
life spans. Further work is needed to determine how the GH/IGF-1 axis
plays an apparently vital part inmuscle growth, while its absence confers
another advantage to animal models, that of increased longevity.

3.1.2. IRS
Immediately downstream of insulin and IGF-1 is the effector IRS-1.

An IRS-1 knockout mouse exhibited continued PI3K/Akt signaling,
leading to the discovery of IRS-2, an alternate substrate for PI3K.
This insulin-resistant mouse demonstrated general reduced growth
by 30% to 60% compared to wild type [88,89]. Unfortunately, no spe-
cific information on muscle physiology has been reported at this time.



Fig. 2. Murine models and their respective pathway influences. MKR/GHRKO — IGF receptor mutant/growth hormone receptor knockout mice, IRS-2 KO — IRS-2 knockout mouse,
P85α mKO p85β−/− — PI3K knockout mouse, Akt1−/− & Akt2−/− — Akt knockout mice, Akt+/+ — Akt overexpression mouse, mTOR−/− — mTOR knockout mouse, Ku80 — Ku80
mutant mouse, p53— tumor suppressor protein 53, FoxO−/− — FoxO knockout mouse, FoxO+/+ — FoxO overexpression mouse, MAFbx−/− —MAFbx knockout mouse, MAFbx+/+ —

MAFbx overexpression mouse, MuRF1−/−/MuRF2+/+ — MuRF1 and MuRF2 double knockout mouse, and Mstn−/− — myostatin knockout mouse.
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IRS-2 null mice have been generated also but no reports regarding
skeletal muscle components have been published. However, these
mice weighed 90% of wild type mice at birth but displayed greater
than 50% reduction in PI3K activity upon insulin stimulation compared
to the PI3K activity in IRS-1 mice under comparable conditions [90].
Thus, both the IRS-1 and IRS-2 null mice contribute information regard-
ing the impact of growth factors such as insulin, GH and IGF-1 on mus-
cle development but provide less information on muscle loss.

3.1.3. PI3K
Several PI3K knockout mouse models have been developed. Most of

these mice exhibit normal growth; however, a null model was
established for the p85α/p55α/p50α and p85β regulatory subunits of
PI3K in heart and muscle, producing a mouse with reduced heart size
but essentially unchanged skeletal muscle size and morphology [91].
Exercise-induced cardiac hypertrophy was attenuated in the p85α
mKO p85β−/− mouse when exposed to 4 weeks of swim training;
however, the lack of PI3K in skeletal muscle did not adversely impact
this tissue's exercise capability in these animals. This particular knock-
out model focuses on the deletion of regulatory subunits of class IA
PI3K which impacted growth of cardiac muscle without influencing its
contractility. Skeletal muscle growth and performance were unaffected
by this regulatory subunit deletion. Based on this evidence, it appears
that other regulatory subunits of the PI3K pathway may have a greater
impact on sarcopenia, namely atrophy and strength decrement. Thus,
similar to the IRS-1 and IRS-2 knockout mice, some of these PI3K mu-
tants may not be as useful for studying sarcopenia.

3.1.4. Akt
The Akt1−/− (Akt 1null) mouse is a viable strain, yet it has a

shorter life span when exposed to gamma irradiation. This mouse
is smaller than wild type littermates; however, overall physiology
is minimally altered, including a nondiabetic phenotype [92]. The
Akt2 null mouse is indistinguishable in appearance at birth from
wild type mice but develops insulin resistance [93]. With regard to
skeletal muscle physiology, Goncalves and coworkers [94] found
decreased mass of extensor digitorum longus (EDL), gastrocnemius,
and quadriceps in Akt1−/− compared to wild type. The Akt2−/− also
demonstrated a mass decrease in EDL and gastrocnemius but a mass
increase in soleus when compared to the wild type. Mean
cross-sectional area of glycolytic EDL was reduced in both Akt1 null
and Akt2 null mice compared to wild type. Themore oxidative soleus
muscle cross-sectional area was not different between genotypes.
The proportion of type II soleus fibers in the Akt1 null mouse was re-
duced but not in Akt2 null animals. Soleus type II fiber cross-sectional
areas in Akt1 null mice were smaller and that same fiber type number
was reduced when compared to wild type. Both of these Akt null mice
show promise as models to study sarcopenia with their tendency to
demonstrate muscle fiber size decrease. The Akt1 null mouse also ex-
hibits a decrease in type II fiber proportion that is consistent with
sarcopenia.

Akt1/Akt2 double-knockoutmice exhibit a severe growth deficiency
and skeletal muscle atrophy, resembling the IGF-1 receptor null mouse
[95]. Although phenotypically similar to IGF-1 receptor deficient mice,
atrophy in the Akt double knockout is mainly due to reduced muscle
cell size while the IGF-1 deficient mouse exhibits decreased muscle
cell number. In addition, the activity of mTOR, appears to be
downregulated in the Akt double knock out [96]. However, since this
mutant dies soon after birth, it is not useful in the study of sarcopenia.
3.1.5. Akt overexpression
In contrast to the KOmutants, the overexpression of constitutive-

ly active Akt in vitro leads to phosphorylation of p70S6K, PHAS-1/
4E-BP1 and to marked hypertrophy of myotubes [25]. Denervated
muscle fibers in Akt transgenic mice were significantly larger than
denervated fibers of wild type mice and were of a fiber size distribu-
tion representative of mice without nerve injury after 7 days. This
experiment demonstrates that Akt overexpression increases muscle
atrophy resistance and maintenance of fiber size distribution follow-
ing denervation [29]. This particular model may be useful in
researching sarcopenia by aiding in the study of downstream events
of Akt overexpression.

image of Fig.�2
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3.2. mTOR

A viablemTOR null mouse has been developed that exhibits reduced
fast twitchmuscle growth resulting in stunted postnatal growth [97]. At
6 weeks of age, type II muscles such as gastrocnemius, tibialis anterior,
and plantaris experienced reduced weights compared to wild type
mice. The cross-sectional area of tibialis anterior was also reduced com-
pared to wild type mice while both cross-sectional area and weight of
soleus were increased (when normalized to body weight). mTOR null
mice showed dystrophic features that were especially prominent in ox-
idative fibers, possibly explaining the soleus size increases. Fiber num-
ber differences between strains were not evident at 6 weeks. Since
the skeletal muscle morphological changes in the mTOR null mouse re-
semble more the changes seen in themyopathy of muscular dystrophy,
thismutantmay not servewell as a sarcopeniamodel. In addition, these
animals exhibit shortened life spans [97].

3.3. FoxO

Transgenic mice overexpressing FoxO1 weighed less than wild type
mice and have reduced comparativemusclemass [98].Microarray anal-
ysis discovered decreased gene expression of structural proteins of slow
twitch muscle. At 3 months of age there was a marked decrease in the
size of type I and II fibers and a significant decrease in the number of
type I fibers when compared to wild type mice. Gene expression of ca-
thepsin L, a lysosomal proteinase that is typically upregulated with
muscle atrophy, was elevated. The FoxO1 transgenic also displayed re-
duced spontaneous locomotor activity at 9 to 10 weeks of age. The de-
scribed characteristics in thismurinemodel are indicative of sarcopenia.
However, the propensity for selectively-reduced type I muscle fiber
gene expression is counter to that seen in sarcopenia, in which type I
fiber function is maintained better than type II [21].

FoxO1nullmice exhibit a reduction in slow twitch fiber formation in
soleus muscle while the predominantly type II fiber plantaris muscle
composition was unchanged [99]. Both male and female FoxO1 mice
demonstrated reduced endurance compared towild type, a finding con-
sistent with the reduction in type I fiber content. This model, similar to
the FoxO1 transgenic mouse, displays a reduction in slow fiber content
while not affecting type IIfiber composition. This characteristic does not
parallel the fast-to-slow fiber transition observed in sarcopenia. Unfor-
tunately, this study did not address muscle size, so the contribution of
this mutant to our understanding of sarcopenia is unclear.

3.4. MuRF1 and MAFbx

Two factors shown to be specifically involved in muscle atrophy are
MuRF1 andMAFbx. Mice null for either MuRF1 or MAFbx resistedmus-
cle atrophy following sciatic denervation, showing 36% and 56% gas-
trocnemius muscle weight sparing at 14 days following injury,
respectively, with most of the loss occurring by the 7-day mark [100].
MAFbx+/+ mice continued to lose muscle mass between 7 and
14 days. MAFbx null mice exhibited larger muscle fibers than the wild
type in the affected muscles. Interestingly, these atrogene knockout
mice had normal muscle size and morphology as well as normal viabil-
ity, fertility and longevity before sciatic nerve denervation.

Double MuRF1 and MuRF2 knockouts individually are healthy,
normal-appearing animals [101]. Double knockout (dKO) MuRF1/
MuRF2 (all four MuRF1 and MuRF2 alleles inactivated) mice develop
skeletal muscle hypertrophy stemming from individual fiber growth,
resulting in a 38% increase in quadriceps to body weight ratios com-
pared to wild type. By contrast, either allele knockout produced 11%
to 17% increase in the quadriceps to body weight ratios. The double
allele inactivation did not influence degradative entities, such as
MAFbx/atrogin1 expression. Mutant mice that underexpress the E3
ubiquitin ligases are good models for atrophy following denervation
and possibly for disuse atrophy; however, their utility may be limited
as sarcopenic models, because muscle loss from sarcopenia is limited
[102].

3.5. Myostatin

Some rodentmodels of neuromuscular disease have benefitted from
the application of myostatin neutralizing antibodies with increased
muscle fiber size (however not enhanced muscle function) [103,104].
Myostatin gene knockout in mice (Mstn−/−) increased muscle mass
by way of both hypertrophy and hyperplasia [43]. Antiapoptotic factor
expression increased in these Mstn−/− mice as well [105]. The reduc-
tion in myostatin expression in Mstn−/− mice increased both satellite
cell number and type IIB/X fiber cross-sectional area in tibialis anterior
muscles with improved regenerative potential [47]. Satellite cell activa-
tion, also an indicator of regenerative capability, was reduced in both
old Mstn−/− and wild type mice. Young Mstn−/− mice had higher sat-
ellite cell number and activation than young wild type mice. Young
Mstn−/− mice also had a higher percentage of glycolytic muscle fibers
while the older Mstn−/− mice had more oxidative fibers. However,
McMahon and coworkers [106] found Mstn−/− mice to be more sus-
ceptible to atrophy from unloading. Although myostatin's role in
sarcopenia is debated, with myostatin mRNA expression ranging from
decreased [107] to unchanged [108] to increased [109] in aging rodent
studies, the retention of muscle mass in the aged myostatin knockout
mouse supports the consideration ofmyostatin as an influence onmus-
cle mass and the Mstn−/− mouse as a model for study of age-related
muscle loss [110].

Elevated myostatin levels in mice by injection induced significant
muscle mass loss [111], yet myostatin overexpression in adult mice
inhibited Akt/mTOR signaling without the promotion of atrogene ex-
pression [112,113], therefore this pathway appears to bemore involved
in limiting hypertrophy than promoting atrophy [63]. Myostatin's role,
however, in the atrophy of unloading is conflicted, with studies
reporting both increased and unaltered [114,115] myostatin expres-
sion. Those studies whose results yielded increased myostatin expres-
sion found myostatin changes primarily within fast muscle types
[116,117].

In a cachexia model, increased myostatin expression did result in
protein degradation via FoxO1 expression [118]. These unloading and
cachexia models suggest that myostatin does play a role in atrophy
under certain conditions [63].

3.6. Apoptosis

The expression of muscle apoptosis genes (caspase-3, caspase-9,
bax, and Smac/DIABLO) are decreased in the female GHRKO (growth
hormone receptor/binding protein knockout) mouse skeletal muscle
when compared to wild type mice. This mouse is known for its longev-
ity due to its disrupted growth hormone signaling pathway. Other ad-
vantages these mice exhibit include enhanced oxidative stress
handling [119–121] and reduced incidence of neoplasms [122]. Re-
duced apoptosis gene and protein expression may also contribute to
the extension of life span in this animal. Caloric restriction is also
known for increasing life span [123]; however, the addition of caloric
restriction in this study did not alter the expression of apoptotic genes
[124]. Although reduced apoptosis typically increases incidence of neo-
plasms [125], mice with decreased circulating IGF-1 demonstrate re-
duced incidence and/or delayed development of tumors [122,126].
Since research suggests that apoptosis in skeletal muscle is linked to
sarcopenia [61,127] and since lack of caspase-3 has shown a protective
effect against skeletal muscle atrophy from denervation [128], this
model could serve as a good candidate for sarcopenia studies. However,
as mentioned earlier, atrophy from denervation follows a different bio-
chemical pathway than sarcopenia. Also, skeletalmuscle growth via the
IGF-1/PI3K/Akt pathway is likely impacted in this knockout, therefore, it
would be important to distinguish whether any resemblance to
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inhibiting sarcopenia is due to the decrease in apoptosis expression or
the decrease in growth hormone signaling.

The Mstn−/− (myostatin null) mice described earlier exhibit in-
creased expression of antiapoptotic genes [105]. However, the signif-
icance of a relationship between apoptotic proteins and muscle
growth remains to be understood. Skeletal muscle appears able to de-
fend against apoptosis with its high level of endogenous inhibitors
[129], with apoptotic events promoted with the stress of exercise
and muscle pathology [130–132].

Pathways that are key to the protein synthesis critical for muscle
growth arewell established. Someof themodels discussed demonstrate
a perturbation of those pathways; yet they do not always have a strong
connection to an aging influence on muscle mass loss or fiber composi-
tion change. As these pathways do have an influence onmuscle growth,
their continued inclusion in research in aging will likely give additional
insights into the process behind muscle loss with age.

3.7. Accelerated aging models

Investigations focused on aging have generated specific informa-
tion on muscle function over the life span and have contributed to
our understanding of muscle loss. Several mouse models with an
accelerated aging phenotype have been developed, enabling a
“fast-forward” observation of aging's influence onmuscle physiology
and form. Animals identified as accelerated models of aging afford us
the convenience of examining the effects of aging earlier in the life of
the animal, shortening the requisite wait for senescence. However,
accelerated aging models do not always demonstrate characteristics
typical of aging for the animal studied. The genetic manipulation
performed in developing these animals often affects the physiology
of other body systems, influencing results in the tissues studied. Sev-
eral of these examples are summarized in Fig. 3. The Zmpste24−/−

mouse, mimicking Hutchinson–Gilford progeria syndrome, stops
growing at 5 weeks of age and has a median survival age of
123 days [133,134]. Greising and coworkers [133] compared muscle
characteristics between these mice with a mutation in the gene
encoding metalloproteinase for lamin A maturation against litter-
mates without the mutation. Very late in life for the Zmpste24−/−

mouse (20 weeks), the homozygous knockout exhibited less physi-
cal activity and had less than half the body mass of the wild type
mouse. The Zmpste24−/− mice displayed reduced grip strength and
whole body tension when controlled for body size. The knockout
demonstrated progressive ankle range of motion losses after
5 weeks of age while the wild type retained its ankle mobility. Pas-
sive ankle torques in the Zmpste24−/− mice were high, indicating in-
creased joint stiffness. The collagen content of leg muscles was
45%–72% higher in the Zmpste24−/− mouse, possibly explaining the in-
creased joint and muscle stiffness in that strain. Anterior leg mus-
cles (extensor hallucis longus, tibialis anterior, extensor digitorum
longus) were weaker in the knockout mouse, while posterior
hindlimb muscles exhibited equivalent strength between strains.
Ex vivo strength testing (maximal isometric tetanic force) of these
same muscle groups showed the same results. Actual muscle mass
of hind limbs across strains was comparable after adjusting for
body mass. Serum creatine kinase levels were similar between
strains; higher levels would have indicated muscle injury. Although
the mean cross-sectional area of soleus fibers was not different be-
tween strains, there was a different distribution of soleus fiber sizes,
with Zmpste24−/− having more small and large fiber sizes. A sim-
ilar percentage of soleus fiber types were observed in both strains.
Zmpste24−/− mice had more nuclei, yet no difference was seen in the
percentage of fibers with centrally- (indicative of dysfunction) ver-
sus extracellularly-positioned nuclei. Extensor digitorum longus fi-
bers were smaller in the Zmpste24−/− mice and had more type IIa
and fewer type IIb fibers. Histologically, in general, the Zmpste24−/−

had normal, healthy appearing muscles, with no signs of dystrophy
or degeneration. The general phenotype is one of impaired neuro-
muscular performance and selective muscle weakness when com-
pared to the Zmpste24+/+ littermates, which are characteristics
matching those of aged mice. How well this model represents accel-
erated aging is controversial, as humans with progeria exhibit some
aspects of rapid aging but not others [135].

Another model of aging is the senescence-accelerated mouse
(SAM) [136]. Lineages of this mouse include 14 senescence-prone in-
bred strains and 4 senescence-resistant inbred strains, with mean
life spans of 9.7 and 13.3 months, respectively [137]. Characteristic
aging features in the senescence-prone mice initially include abnor-
mal behavior, skin lesions, cataracts, elevated amyloidosis, and in-
creased spinal lordokyphosis [137]. Other pathologies simulating
aging, such as learning and memory deficits, degenerative joint dis-
ease, osteoporosis, tumors, and kidney dysfunction, have also been
discovered [138]. Research suggesting that SAMP6 [139] and
SAMP8 [140] strains are appropriate as aging muscle models investi-
gated fiber size and quadriceps tubular aggregate accumulation,
respectively. Derave and coworkers [136] examined several proper-
ties of muscle physiology, including muscle metabolites, muscle
mass, contractile properties, force generation, fatigability, and fiber
size and distribution among 2 strains of senescent-accelerated
(SAMP6, SAMP8) and 1 strain of senescent-resistant (SAMR1) mice.
All mice were studied at 10, 25, and 60 weeks of age. Both accelerat-
ed aging models displayed reduced muscle contractility, decreased
fiber size and muscle phosphocreatine levels with aging. However,
SAMP8 exhibited the features most demonstrative of accelerated
muscle aging with greater reduction in muscle phosphocreatine
levels, muscle mass and contractility, and type-II fiber size atrophy,
with aging features developing earlier and at a faster rate than
SAMP6 or SAMR1. Muscle fiber composition in soleus showed a shift
toward more type I fibers over time in both SAMP6 and SAMP8;
however the difference wasn't significant. No fiber size or type distri-
bution change was significant in the extensor digitorum longus of ei-
ther SAMP6 or SAMP8. These findings suggest that the SAMP8mouse
soleus is a reasonable model for muscular aging studies.

The Ku80+/−mouse is an animal that displays acceleratedmuscle
aging in the presence of normal postnatal growth. The Ku80 knock-
out mouse exhibits both reduced postnatal growth and severe pro-
geria. The Ku80 heterodimer assists in the repair of DNA double
strand breaks and helps with telomere stability [141]. Didier and col-
leagues [142] found that the Ku80−/− mice displayed an increased
proportion of slow fibers with a decreased proportion of fast fibers
in soleus muscle compared to young Ku80+/+ mice. Ku80+/− animals
also demonstrated a size reduction in all soleus fiber types as compared
to Ku80+/+. The Ku80−/− mouse is smaller than the Ku80+/+ mouse
[143] and smaller type I and II fibers were found in the knockout
mouse [142]. The Ku80+/− mouse is the same size as the Ku80+/+

mouse; however, both type I and II soleus fibers are also smaller than
those of the Ku80+/+ mice, so in this model it appears that the fiber
size is not associated with body size. Following serial injuries, both
Ku80+/− and Ku80−/− mice exhibited reduced tibialis anterior muscle
regeneration potential and also reduced stem-cell self-renewal com-
pared to the homozygous wild type. At birth, Ku80 wild type and
Ku80 null mice had equal numbers of satellite cells while at 15 days
the Ku80−/− mouse had significantly fewer. Satellite cell numbers for
heterozygous and wild type were not different at those two life points.
Ku80−/− mice exhibited muscle stem cell DNA damage while no DNA
damage was detected in Ku80+/− or in wild type young and old mice.
Crossing Ku80+/− mice on a p53 null background recovered the wild
typemixedfiber (I/IIa) proportion that is reduced in Ku80heterozygous
animals, a picture of accelerated aging. Although this cross restored a
more “youthful” fiber composition mix, the regenerative capacity typi-
cal of wild type muscle was still absent in the Ku80+/−.

Another model of accelerated aging which mimics sarcopenia is
the POLG mouse, a homozygous knock-in mouse with impaired
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proofreading capability of its mitochondrial DNA polymerase [144].
This mouse exhibits increased mtDNA point mutations and deleted
mtDNA. Its reduced life span (median survival less than 50% of wild
type) and physical traits such as spinal kyphosis, osteoporosis, and al-
opecia suggest a causal relationship between the mtDNA mutations
and premature aging. Although finding no evidence of elevated oxi-
dative stress in the presence of these mutations, Kujoth and col-
leagues [145] discovered increased induction of apoptosis by
examining caspase-3 activation in several tissues at earlier ages. No-
tably, brain and skeletal muscle (both postmitotic tissues) apoptosis
induction was not elevated to the same extent at earlier ages as in tis-
sues with rapid cellular turnover, suggesting a resistance to induction
of apoptosis. POLG mice exhibited a 10% decrease in weight in both
gastrocnemius and quadriceps muscles at 9 months of age, while at
3 months of age respective muscle weights were comparable. The evi-
dence for muscle loss in this prematurely aging animal over a
6-month period indicates that it may show promise as a useful model
of sarcopenia in the presence of increased mtDNA mutation load.

A mouse model has been developed that exhibits the frailty seen in
the elderly [146]. The “frail” mouse is characterized by a homozygous
deletion of the IL-10 gene, an anti-inflammatory cytokine. The absence
of this interleukin promotes the expression of NF-κB inflammatory me-
diators. To mimic human frailty, typical characteristics of muscle weak-
ness, inflammation, decreased physical function, and overall reduced
activity should appear later in life. Signs of frailty in the IL-10tm/tm

mouse such as decreased strength and slowed weight gain appeared
after 10 months. Old IL-10tm/tm mice (50 weeks) had higher levels of
serum IL-6 than age-matched wild type mice. Levels of IL-6, known to
promote frailty and disease in older humans, were different between
young and old frail mice but not between young and old wild type
mice. Upregulated genes in the IL-10tm/tm mice included those known
for apoptosis and mitochondrial function. Downregulated genes in the
frail mouse were those involved in protein transport and regulation of
cell growth and maintenance. This particular model of aging appears
to reflect well those features of frailty; however, there is less support
for the involvement of inflammation in sarcopenia. Therefore, the frail
mouse is useful for the study of muscle wasting in the presence of in-
flammation but would be limited as a model of sarcopenia, which in-
volves the loss of muscle mass without the influence of disease or
inflammation.
Fewer models of cachexia have been created solely for the study of
muscle atrophy but each may be important in determining the roles
of other factors involved. The ApcMin/+ mouse is a genetic model of
colon cancer, triggered by a mutation of the polyposis coli (Apc) gene
[147], leading to intestinal polyps and eventually tumor formation
[148]. This mouse has also become a model of cachexia, with a signifi-
cant loss of muscle and fat tissue by 6 months of age [148,149]. At
3 months of age ApcMin/+ and C57BL/6 mice have similar body weights
and gastrocnemius and soleus sizes; however by 6 months, gastrocne-
mius and soleus muscle weights fall by 45% and 25%, respectively,
with soleus muscle mean fiber cross-sectional area decreasing by 24%.
Nuclei number and location (myofiber, extracellular matrix, or central-
ized) in the soleus indicate that there is considerable degeneration and
regeneration in the more highly oxidative muscle. IL-6 is a cytokine
known for its cachectic impact, and the ApcMin/+ mouse exhibits elevat-
ed levels of circulating IL-6 when compared to age-matched wild type
mice. An ApcMin/+/IL-6−/− was created and showed that at 26 weeks
of age, muscle mass was similar to wild type (C57BL/6), as opposed to
the observation in the ApcMin/+ strain where a significant loss of gas-
trocnemius weight was detected. Gastrocnemius mass was reduced by
23% with IL-6 overexpression and 32% in ApcMin/+ and ApcMin/+/
IL-6−/− mice, respectively. Wild type mice and ApcMin/+ mice without
polyp burden did not experience cachexia or muscle mass loss in the
presence of IL-6 overexpression. IL-6 levels may increase tumor burden
and the tumor burden appears to promote the cachexia. However,
Baltgavis and coworkers [150] demonstrated that muscle mass de-
creased even with low levels of IL-6 while others associate high IL-6
levels with muscle wasting [151,152]. Although MuRF-1 expression
did not change with age in ApcMin/+ mice, MAFbx expression was in-
creased 10-fold as circulating IL-6 increased. MAFbx protein levels in-
creased as well [153]. With IL-6 overexpression, MAFbx expression
and protein levels also increased, while MuRF-1 expression remained
unchanged [153]. These investigators suggested that an interaction be-
tween tumors and IL-6 levels promotes an environment favorable to the
degradation of skeletal muscle [150]. Exercise which is often used to
counteract muscle atrophy of various origins was found to reduce the
muscle wasting effects accompanying IL-6 presence, even IL-6
overexpression, in conditions that promote cachexia [154,155].

The MIPKO (muscle-specific inositide phosphatase knock out)
mouse is an animal lacking muscle-specific inositide phosphatase,
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an enzyme important for entry, storage, and release of Ca2+ for exci-
tation–contraction coupling in skeletal muscle [156]. This animal
demonstrates several characteristics consistent with premature
aging relative to muscle structure and function [157]. The MIPKO is
spontaneously less active and reaches exhaustion earlier than simi-
larly aged wild type littermates. Body weight and muscle mass loss,
including reduced extensor digitorum longus fiber cross-sectional
area, is apparent by 18 months of age compared to the wild type
[156,157]. Contractile force generation was reduced in both old
wild type and mature and old MIPKO mice compared to mature
wild type mice. Ca2+ homeostasis in muscle was altered, both
the old wild type and mature MIPKO displayed dysfunctional
Ca2+ resting levels, Ca2+ release, and Ca2+ transient recovery.
In general, similarities between muscle morphology and function
were found between mature (12–14 month) MIPKO and old wild
type (22–24 month) mice, demonstrating an accelerated aging mus-
cle phenotype in the MIPKO mouse. This model focuses on the phys-
ical dysfunction elements of sarcopenia. Thus, we await further
studies in this animal to examine the muscle morphology changes
and atrophy pathways more closely.

The models listed above are all examples of constitutive influences
of genetic expression on pathways and resultant phenotypes. As these
animals assume their knockout or transgenic genotype, they will expe-
rience that influence from the time of conception through development
to the end of life. Sarcopenia is a postmaturational phenomenon whose
process could be altered and therefore be inaccurately represented
when influenced by these constitutive models. An inducible model ex-
ists inwhichmuscle gene expression can be initiated after attainingma-
turity [158]. The HSA-MCM mouse allows for limb and craniofacial
skeletal muscle-specific expression of a protein to occur only upon the
administration of a tamoxifen trigger. This type ofmodel enables the re-
searcher to assess protein expression at any point along the life span,
minimizing confounding influences that genetic manipulation might
elicit when spanning great time periods or crossing developmental
transition points.

4. Conclusion

Sarcopenia, as described by the European Working Group on
Sarcopenia in 2010, is a progressive and generalized loss of both skeletal
muscle mass and function [159]. Evans [160] adds that sarcopenia is
age-related and is a different condition than cachexia. Although atrophy
is considered the source of the resultant functional loss, some believe
that the loss of muscle function cannot be fully explained by muscle at-
rophy alone [161–163]. In any case, the phenomenon of sarcopenia has
devastating ramifications for senior citizens as they experience the loss
ofmusclemass and strength to the point atwhich they can no longer be
independent.

The murine models of muscle loss described above provide some
insight into their utility to better understand this process. We
reviewed models that exert an influence along the IGF-1/PI3K/Akt
pathway, a biochemical pathway known to play a large role in the
regulation of skeletal muscle growth [164]. We have also examined
models whose overall phenotype is that of an accelerated aging ani-
mal, observing whether the aging phenotype has manifested itself in
the skeletal muscle system as decreased mass, decreased strength,
and fiber type composition transfer, typical of sarcopenia. The de-
scribed models have provided useful, yet incomplete, insight into
the sarcopenia process. Some of the mutants have very short lives
and, therefore, do not provide an animal that can develop and ad-
vance through life to old age. Some of the animals impact muscle
growth; however, the muscle characteristics such as fiber type com-
position or type I or type II size may not resemble that of sarcopenic
muscle. Several of the models listed have collected limited data rela-
tive to physical muscle characteristics that define sarcopenia. Impor-
tant information relating to sarcopenia pathways has been extracted,
however, similar measures have not been performed across these
model systems, creating difficulty in evaluating their appropriate-
ness for studying various causes of skeletal muscle atrophy, whether
it is disuse, cachexia, or sarcopenia. Sarcopenia continues to interfere
with health and is becoming a larger and larger socioeconomic bur-
den to society. Identifying or creating valid models of sarcopenia
will be an important endeavor in reducing its negative impact.

Acknowledgements

The authors acknowledge the support provided by NIH RO1
AG034206 (HMBB), NIH 5KO2 AG038509 (HMBB), Ellison Medical
Foundation AG-SS-2376-09 (HMBB) and the Departments of Pharma-
cology, Physiology and Therapeutics and Physical Therapy at the Uni-
versity of North Dakota School of Medicine and Health Sciences.

References

[1] G.S. Lynch, Overview of sarcopenia, in: G.S. Lynch (Ed.), Sarcopenia —
Age-Related Muscle Wasting and Weakness, Springer, Dordrecht, 2012, pp. 1–7.

[2] I.H. Rosenberg, Sarcopenia: origins and clinical relevance, J. Nutr. 127 (1997),
(990S-1993991S).

[3] J. Lexell, Ageing and human muscle: observations from Sweden, Can. J. Appl.
Physiol. 18 (1993) 2–18.

[4] J. Lexell, D.Y. Downham, The occurrence of fibre-type grouping in healthy
human muscle: a quantitative study of crosssections of whole vastus lateralis
from men between 15 and 83 years, Acta Neuropathol. 81 (1991) 377–381.

[5] S.V. Brooks, J.A. Faulkner, Skeletal muscle weakness in old age: underlying
mechanisms, Med. Sci. Sports Exerc. 26 (1994) 432–439.

[6] M.V. Narici, N. Maffulli, Sarcopenia: characteristics, mechanisms and functional
significance, Br. Med. Bull. 95 (2010) 139–159.

[7] P. Zhang, X. Chen, M. Fan, Signaling mechanisms involved in disuse muscle atro-
phy, Med. Hypothesis 69 (2007) 310–321.

[8] Y. Ohira, B. Jiang, R.R. Roy, V. Oganov, E. Ilyina-Kakueva, J.F. Marini, V.R.
Edgerton, Rat soleus muscle fiber responses to 14 days of spaceflight and
hindlimb suspension, J. Appl. Physiol. 73 (1992) 51S–57S.

[9] S.D. Anker, R. Sharma, The syndrome of cardiac cachexia, Int. J. Cardiol. 85 (85)
(2002) 51–66.

[10] A.A. Vandervoort, Aging of the human neuromuscular system, Muscle Nerve 25
(2002) 17–25.

[11] A.D. Williams, S. Selig, D.L. Hare, A. Hayes, H. Krum, J. Patterson, R.H. Geerling, D.
Toia, M.F. Carey, Reduced exercise tolerance in CHF may be related to factors
other than impaired skeletal muscle oxidative capacity, J. Card. Fail. 10 (2004)
141–148.

[12] B.M. Massie, A. Simonini, P. Sahgal, L. Wells, G.A. Dudley, Relation of systemic
and local muscle exercise capacity to skeletal muscle characteristics in men
with congestive heart failure, J. Am. Coll. Cardiol. 27 (1996) 140–145.

[13] S. Zhong, C.N. Chen, L.V. Thompson, Sarcopenis of ageing: functional, structural
and biochemical alterations, Rev. Bras. Fisioter. 11 (2007) 91–97.

[14] B.R. MacIntosh, P.F. Gardiner, A.J. McComas, Skeletal Muscle, second ed., Human
Kinetics, Champaign, IL, 2006, pp. 65–67.

[15] A. Mauro, Satellite cell of skeletal muscle fibers, J. Biophys. Biochem. Cytol. 9
(1961) 493–495.

[16] J. Lexell, Human aging, muscle mass, and fiber type composition, J. Gerontol. A
Biol. Sci. Med. Sci. 50 (1995) 11–16.

[17] K.R. Short, K.S. Nair, The effect of age on protein metabolism, Curr. Opin. Clin.
Nutr. Metab. Care 3 (2000) 39–44.

[18] K.R. Short, J.L. Vittone, J.L. Bigelow, D.N. Proctor, K.S. Nair, Age and aerobic exer-
cise training effects on whole body and muscle protein metabolism, Am. J. Phys-
iol. Endocrinol. Metab. 286 (2004) E92–E101.

[19] K. Shortreed, A. Johnston, T.J. Hawke, Satellite cells and muscle repair, in: P.M.
Tiidus (Ed.), Skeletal Muscle Damage and Repair, Human Kinetics, Champaign,
IL, 2008, pp. 77–88.

[20] A. Fanzani, V.M. Conraads, F. Penna, W. Martinet, Molecular and cellular mech-
anisms of skeletal muscle atrophy: an update, J. Cachex. Sarcopenia Muscle
(2012), http://dx.doi.org/10.1007/s13539-012-0074-6.

[21] T. Lang, T. Streeper, P. Cawthon, K. Baldwin, D.R. Taaffe, T.B. Harris, Sarcopenia:
etiology, clinical consequences, intervention, and assessment, Osteoporos. Int.
21 (2010) 543–559.

[22] K. Sakuma, A. Yamaguchi, Sarcopenia and cachexia: the adaptations of negative
regulators of skeletal muscle mass, J. Cachex. Sarcopenia Muscle 3 (2012) 77–94.

[23] D.J. Glass, Skeletal muscle hypertrophy and atrophy signaling pathways, Int. J.
Biochem. Cell Biol. 37 (2005) 1974–1984.

[24] T. Shavlakadze, M. Grounds, Of bears, frogs, meat, mice and men: complexity of
factors affecting skeletal muscle mass and fat, Bioessays 28 (2006) 994–1009.

[25] C. Rommel, S.C. Bodine, B.A. Clarke, R. Rossman, L. Nunez, T.N. Stitt, G.D.
Yancopoulos, D.J. Glass, Mediation of IGF-1-induced skeletal myotube hypertro-
phy by PI(3)K/Akt/mTOR and PI(3)K/Akt/GSK3 pathways, Nat. Cell Biol. 3
(2001) 1009–1013.

[26] I. Vivanco, C.L. Sawyers, The phosphatidylinositol 3-kinase AKT pathway in
human cancer, Nat. Rev. Cancer 2 (2002) 489–501.

http://dx.doi.org/10.1007/s13539-012-0074-6


1418 M. Romanick et al. / Biochimica et Biophysica Acta 1832 (2013) 1410–1420
[27] G. Pallafacchina, E. Calabria, A.L. Serrano, J.M. Kalhovde, S. Schiaffino, A protein
kinase B-dependent and rapamycin-sensitive pathway controls skeletal muscle
growth but not fiber type specification, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
9213–9218.

[28] S. Wullschleger, R. Loewith, M.N. Hall, TOR signaling in growth and metabolism,
Cell 124 (2006) 471–484.

[29] S.C. Bodine, T.N. Stitt, M. Gonzalez, W.O. Kline, G.L. Stover, R. Bauerlein, E.
Zlotchenko, A. Scrimgeour, J.C. Lawrence, D.J. Glass, G.D. Yancopoulos,
Akt/mTOR pathway is a crucial regulator of skeletal muscle hypertrophy and
can prevent muscle atrophy in vivo, Nat. Cell Biol. 3 (2001) 1014–1019.

[30] M. Sandri, C. Sandri, A. Gilbert, C. Skurk, E. Calabria, A. Picard, K. Walsh, S.
Schiaffino, S.H. Lecker, A.L. Goldberg, Foxo transcription factors induce the
atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy,
Cell 117 (2004) 399–412.

[31] J. Zhao, J.J. Brault, A. Schild, P. Cao, M. Sandri, S. Schiaffino, S.H. Lecker, A.L.
Goldberg, FoxO3 coordinately activates protein degradation by the
autophagic/lysosomal and proteasomal pathways in atrophying muscle cells,
Cell Metab. 6 (2007) 472–483.

[32] C. Skurk, Y. Izumiya, H. Maatz, P. Razeghi, I. Shiojima, M. Sandri, K. Sato, L. Zeng,
S. Schiekofer, D. Pimentel, S. Lecker, H. Taegtmeyer, A.L. Goldberg, K. Walsh, The
FOXO3a transcription factor regulates cardiac myocyte size downstream of AKT
signaling, J. Biol. Chem. 280 (2005) 20814–20823.

[33] R.B. Hunter, E. Stevenson, A. Koncarevic, H. Mitchell-Felton, D.A. Essig, S.C.
Kandarian, Activation of an alternative NF-kappaB pathway in skeletal muscle
during disuse atrophy, FASEB J. 16 (2002) 529–538.

[34] A.H. Remels, H.R. Gosker, P. Schrauwen, P.P. Hommelberg, P. Sliwinski, M.
Polkey, J. Galdiz, E.F. Wouters, R.C. Langen, A.M. Schols, TNF-alpha impairs regu-
lation of muscle oxidative phenotype: implication for cachexia? FASEB J. 24
(2010) 5052–5062.

[35] A. Wysong, M. Couch, S. Shadfar, L. Li, J.E. Rodriguez, S. Asher, X. Yin, M. Gore, A.
Baldwin, C. Patterson, M.S. Willis, NF-κB inhibition protects against
tumor-induced cardiac atrophy in vivo, Am. J. Pathol. 178 (2011) 1059–1068.

[36] M. Bar-Shai, E. Carmeli, R. Coleman, N. Rozen, S. Perek, E. Euchs, A.Z. Reznick, The
effect of hindlimb immobilization on acid phosphatase, metalloproteinase and
nuclear factor-kappaB in muscles of young and old rats, Mech. Ageing Dev.
126 (2005) 289–297.

[37] T. Phillips, C. Leeuwenburgh, Muscle fiber-specific apoptosis and TNF-α signal-
ing in sarcopenia are attenuated by life-long calorie restriction, FASEB J. 19
(2005) 668–670.

[38] D. Cai, J.D. Frantz, N.E. Tawa, P.A. Melendez, B.C. Oh, H.G. Lidov, P.O. Hasselgren,
W.R. Frontera, J. Lee, D.J. Glass, S.E. Shoelson, IKKbeta/NF-kappaB activation
causes severe muscle wasting in mice, Cell 119 (2004) 285–298.

[39] A. Yaron, A. Hatzubai, M. Davis, I. Lavon, S. Amit, A.M. Manning, J.S. Andersen, M.
Mann, F. Mercurio, Y. Ben-Neriah, Identification of the receptor component of
the IkappaBalpha-ubiquitin ligase, Nature 396 (1998) 590–594.

[40] R.B. Hunter, S.C. Kandarian, Disruption of either the Nfkb1 or the Bcl3 gene in-
hibits skeletal muscle atrophy, J. Clin. Invest. 114 (2004) 1504–1511.

[41] S.C. Kandarian, R.W. Jackman, Intracellular signaling during skeletal muscle
atropy, Muscle Nerve 33 (2006) 155–165.

[42] S.J. Lee, Regulation of muscle mass by myostatin, Annu. Rev. Cell Dev. Biol. 20
(2004) 61–86.

[43] A.C. McPherron, A.M. Lawler, S.J. Lee, Regulation of skeletal muscle mass in mice
by a new TGF-beta superfamily member, Nature 387 (1997) 83–90.

[44] D.L. Allen, T.G. Unterman, Regulation of myostatin expression and myoblast dif-
ferentiation by FoxO and SMAD transcription factors, Am. J. Physiol. Cell Physiol.
29 (2007) C188–C199.

[45] S.J. Lee, A.M. McPherron, Regulation of myostatin activity and muscle growth,
Proc. Natl. Acad. Sci. U.S.A. 98 (2001) 9306–9311.

[46] A.U. Trendelenburg, A. Meyer, D. Rohner, J. Boyle, S. Hatakeyama, D.J. Glass,
Myostatin reduces Akt/TORC1/p70S6K signaling, inhibiting myoblast dif-
ferentiation and myotube size, Am. J. Physiol. Cell Physiol. 296 (2009)
C1258–C1270.

[47] V. Siriett, L. Platt, M.S. Salerno, N. Ling, R. Kambadur, M. Sharma, Prolonged ab-
sence of myostatin reduces sarcopenia, J. Cell. Physiol. 209 (2006) 866–873.

[48] N.K. Lebrasseur, T.M. Schelhorn, B.L. Bernardo, P.G. Cosgrove, P.M. Loria, T.A.
Brown, Myostatin inhibition enhances the effects on performance and metabolic
outcomes in aged mice, J. Gerontol. A Biol. Sci. Med. Sci. 64 (2009) 940–948.

[49] D. Kanduc, A. Mittelman, R. Serpico, E. Sinigaglia, A.A. Sinha, C. Natale, R.
Santacroce, M.G. Di Corcia, A. Lucchese, L. Dini, P. Pani, S. Santacroce, S.
Simone, R. Bucci, E. Farber, Cell death: apoptosis versus necrosis. (review) Int.
J. Oncol. 21 (2002) 165–170.

[50] M. Pollack, S. Phaneuf, A. Dirks, C. Leeuwenburgh, The role of apoptosis in the nor-
mal aging brain, skeletal muscle, and heart, Ann. N. Y. Acad. Sci. 959 (2002)
93–107.

[51] A.J. Dirks-Naylor, S. Lennon-Edwards, Cellular and molecular mechanisms of ap-
optosis in age-related muscle atrophy, Curr. Aging Sci. 4 (2011) 269–278.

[52] P.M. Siu, E.E. Pistilli, S.E. Alway, Apoptotic responses to hindlimb suspension in
gastrocnemius muscles from young adult and aged rats, Am. J. Physiol. Regul.
Integr. Comp. Physiol. 289 (2005) R1015–R1026.

[53] S.E. Alway, J.K. Martyn, J. Ouyang, A. Chaudhrai, Z.S. Murlasits, Id2 expression dur-
ing apoptosis and satellite cell activation in unloaded and loaded quail skeletal
muscles, Am. J. Physiol. Regul. Integr. Comp. Physiol. 284 (2003) R540–R549.

[54] A. Chopard, M. Lecunff, R. Danger, G. Lamirault, A. Bihouee, R. Teusan, B.J. Jasmin,
J.F. Marini, J.J. Leger, Large-scale mRNA analysis of female skeletal muscles dur-
ing 60 days of bed rest with and without exercise or dietary protein supplemen-
tation as countermeasures, Physiol. Genomics 38 (2009) 291–302.
[55] H. Kondo, M. Miura, Y. Itokawa, Oxidative stress in skeletal muscle atrophied by
immobilization, Acta Physiol. Scand. 142 (1991) 527–528.

[56] J.M. Lawler, W. Song, S.R. Demaree, Hindlimb unloading increases oxidative
stress and disrupts antioxidant capacity in skeletal muscle, Free Radic. Biol.
Med. 35 (2003) 9–16.

[57] Y.P. Li, R.J. Schwartz, I.D. Waddell, B.R. Holloway, M.B. Reid, Skeletal muscle
myocytes undergo protein loss and reactive oxygen-mediated NF-kappaB acti-
vation in response to tumor necrosis factor-alpha, FASEB J. 12 (1998) 871–880.

[58] S. Busquets, M. Figueras, G. Fuster, V. Almendro, R. Moore-Carrasco, E. Ametller,
J.M. Argilés, F.J. López-Soriano, Anticachectic effects of formoterol: a drug for po-
tential treatment of muscle wasting, Cancer Res. 64 (2004) 6725–6731.

[59] T. Kataoka, R.C. Budd, N. Holler, M. Thome, F. Martinon, M. Irmler, K. Burns, M.
Hahne, N. Kennedy, M. Kovacsovics, J. Tschopp, The caspase-8 inhibitor FLIP pro-
motes activation of NF-kappaB and ERK signaling pathways, Curr. Biol. 10
(2000) 640–648.

[60] O. Micheau, S. Lens, O. Gaide, K. Alevizopoulos, J. Tschopp, NF-kappaB signals in-
duce the expression of c-FLIP, Mol. Cell. Biol. 21 (2001) 5299–5305.

[61] E. Marzetti, C.S. Carter, S.E. Wohlgemuth, H.A. Lees, S. Giovannini, B. Anderson,
L.S. Quinn, C. Leeuwenburgh, Changes in IL-15 expression and death-receptor
apoptotic signaling in rat gastrocnemius muscle with aging and life-long calorie
restriction, Mech. Ageing Dev. 130 (2009) 272–280.

[62] D.J. Baker, R.T. Hepple, Elevated caspase and AIDF gene expression correlate
with progression of sarcopenia during aging in male F344BN rats, Exp. Gerontol.
41 (2006) 1149–1156.

[63] A. Chopard, S. Hillock, B.J. Jasmin, Molecular events and signalling pathways in-
volved in skeletal muscle disuse-induced atrophy and the impact of counter-
measures, J. Cell. Mol. Med. 13 (2009) 3032–3050.

[64] D.J. Klionsky, Autophagy: from phenomenology to molecular understanding in
less than a decade, Nat. Rev. Mol. Cell Biol. 8 (2007) 931–937.

[65] G. Dobrowolny, M. Aucello, E. Rizzuto, S. Beccafico, C. Mammucari, S.
Boncompagni, et al., Skeletal muscle is a primary target of SOD1G93A-mediated
toxicity, Cell Metab. 8 (2008) 425–436.

[66] M. Aucello, G. Dobrowolny, A. Musarò, Localized accumulation of oxidative
stress causes muscle atrophy through activation of an autophagic pathway, Au-
tophagy 5 (2009) 527–529.

[67] S. Schiaffino, V. Hanzlíková, Studies on the effect of denervation in developing
muscle. II. The lysosomal system, J. Ultrastruct. Res. 39 (1972) 1–14.

[68] N. Mizushima, A. Yamamoto, M. Matsui, T. Yoshimori, Y. Ohsumi, In vivo anal-
ysis of autophagy in response to nutrient starvation using transgenic mice ex-
pressing a fluorescent autophagosome marker, Mol. Biol. Cell 15 (2004)
1101–1111.

[69] Z. Yang, D.J. Klionshy, Mammalian autophagy: core molecular machinery and
signaling regulation, Curr. Opin. Cell Biol. 22 (2010) 124–131.

[70] C. Mammucari, G. Milan, V. Romanello, E. Masiero, R. Rudolf, P. Del Piccolo, S.J.
Burden, R. Di Lisi, C. Sandri, J. Zhao, A.L. Goldberg, S. Schiaffino, M. Sandri,
FoxO3 controls autophagy in skeletal muscle in vivo, Cell Metab. 6 (2007)
458–471.

[71] J.C. Sloper, T.A. Partridge, Skeletal muscle: regeneration and transplantation
studies, Br. Med. Bull. 36 (1980) 153–158.

[72] D. Allbrook, Skeletal muscle regeneration, Muscle Nerve 4 (1981) 234–245.
[73] R. Sambasivan, R. Yao, A. Kissenpfennig, L. Van Wittenberghe, A. Paldi, B.

Gayraud-Morel, H. Guenou, B. Malissen, S. Tajbakhsh, A. Galy, Pax7-expressing
satellite cells are indispensable for adult skeletal muscle regeneration, Develop-
ment 138 (2011) 3647–3656.

[74] L.B. Verdijk, R. Koopman, G. Schaart, K. Meijer, H.H. Savelberg, L.J. van Loon, Sat-
ellite cell content is specifically reduced in type II skeletal muscle fibers in the
elderly, Am. J. Physiol. Endocrinol. Metab. 292 (2007) E151–E157.

[75] A.S. Brack, H. Bildsoe, S.M. Hughes, Evidence that satellite cell decrement con-
tributes to preferential decline in nuclear number from large fibres during
murine age-related muscle atrophy, J. Cell Sci. 118 (2005) 4813–4821.

[76] I.M. Conboy, M.J. Conboy, G.M. Smythe, T.A. Rando, Notch-mediated restoration
of regenerative potential to aged muscle, Science 302 (2003) 1575–1577.

[77] A.J. Wagers, I.M. Conboy, Cellular and molecular signatures of muscle regenera-
tion: current concepts and controversies in adult myogenesis, Cell 122 (2005)
659–667.

[78] G. Shefer, G. Rauner, Z. Yablonka-Reuveni, D. Benayau, Reduced satellite cell
numbers and myogenic capacity inaging can be alleviated by endurance exer-
cise, PLoS One 5 (2010) e13307.

[79] S.F. van der Meer, R.T. Jaspers, D.A. Jones, H. Degens, Time-course of changes in
the myonuclear domain during denervation in young-adult and old rat gastroc-
nemius muscle, Muscle Nerve 43 (2011) 212–222.

[80] C.A. Collins, P.S. Zammit, A.P. Ruiz, J.E. Morgan, T.A. Partridge, A population of
myogenic stem cells that survives skeletal muscle aging, Stem Cells 25 (2007)
885–894.

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

[82] I.M. Conboy, M.J. Conboy, A.J. Wagers, E.R. Girma, I.L. Weissman, T.A. Rando, Re-
juvenation of aged progenitor cells by exposure to a young systemic environ-
ment, Nature 433 (2005) 760–764.

[83] A.M. Fernandez, J.K. Kim, S. Yakar, J. Dupont, C. Hernandez-Sanchez, A.L. Castle, J.
Filmore, G.I. Shulman, D. Le Roith, Functional inactivation of the IGF-I and insu-
lin receptors in skeletal muscle causes type 2 diabetes, Genes Dev. 15 (2001)
1926–1934.

[84] E.E. Spangenburg, D. Le Roith, C.W. Ward, S.C. Bodine, A functional insulin-like
growth factor receptor is not necessary for load-induced skeletal muscle hyper-
trophy, J. Physiol. 586 (2008) 283–291.



1419M. Romanick et al. / Biochimica et Biophysica Acta 1832 (2013) 1410–1420
[85] A. Giustina, J.D. Veldhuis, Pathophysiology of the neuroregulation of growth
hormone secretion in experimental animals and the human, Endocr. Rev. 19
(1998) 717–797.

[86] M.D. Mavalli, D.J. DiGirolamo, Y. Fan, R.C. Riddle, K.S. Campbell, T. van Groen, S.J.
Frank, M.A. Sperling, K.A. Esser, M.M. Bamman, T.L. Clemens, Distinct growth
hormone receptor signaling modes regulate skeletal muscle development and
insulin sensitivity in mice, J. Clin. Invest. 120 (2010) 4007–4020.

[87] A. Bartke, H. Brown-Borg, Life extension in the dwarf mouse, Curr. Top. Dev. Biol.
63 (2004) 189–225.

[88] E. Araki, M.A. Lipes, M.E. Patti, J.C. Bruning, B. Haag, R.S. Johnson, C.R. Kahn, Al-
ternative pathway of insulin signalling in mice with targeted disruption of the
IRS-1 gene, Nature 372 (1994) 186–190.

[89] H. Tamemoto, T. Kadowaki, K. Tobe, T. Yagi, H. Sakura, T. Hayakawa, Y. Terauchi,
K. Ueki, Y. Kaburagi, S. Satoh, H. Sekihara, S. Yoshioka, H. Horikoshi, Y. Furuta, Y.
Ikawa, M. Kasuga, Y. Yazaki, S. Aizawa, Insulin resistance and growth retardation
in mice lacking insulin receptor substrate-1, Nature 372 (1994) 182–186.

[90] D.J. Withers, J.S. Gutierrez, H. Towery, D.J. Burks, J.M. Ren, S. Previs, Y. Zhang, D.
Bernal, S. Pons, G.I. Shulman, S. Bonner-Weir, M.F. White, Disruption of IRS-2
causes type 2 diabetes in mice, Nature 391 (1998) 900–904.

[91] J. Luo, J.R. McMullen, C.L. Sobkiw, L. Zhang, A.L. Dorfman, M.C. Sherwood, M.N.
Logsdon, J.W. Horner, R.A. DePinho, S. Izumo, L.C. Cantley, Class IA
phosphoinositide 3-kinase regulates heart size and physiological cardiac hyper-
trophy, Mol. Cell. Biol. 25 (2005) 9491–9502.

[92] W.S. Chen, P.Z. Xu, K. Gottlob, M.L. Chen, K. Sokol, T. Shiyanova, I. Roninson, W.
Weng, R. Suzuki, K. Tobe, T. Kadowaki, N. Hay, Growth retardation and increased
apoptosis in mice with homozygous disruption of the Akt1 gene, Genes Dev. 15
(2001) 2203–2208.

[93] H. Cho, J. Mu, J.K. Kim, J.L. Thorvaldsen, Q. Chu, E.B. Crenshaw III, K.H. Kaestner,
M.S. Bartolomei, G.I. Shulman, M.J. Birnbaum, Insulin resistance and a diabetes
mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB beta), Sci-
ence 292 (2001) 1728–1731.

[94] M.D. Goncalves, E.E. Pistilli, A. Balduzzi, M.J. Birnbaum, J. Lachey, T.S. Khurana,
R.S. Ahima, Akt deficiency attenuates muscle size and function but not the re-
sponse to ActRIIB inhibition, PLoS One 5 (2010) e12707.

[95] J.P. Liu, J. Baker, A.S. Perkins, E.J. Robertson, A. Efstratiadis, Mice carrying null
mutations of the genes encoding insulin-like growth factor I (Igf-1) and type 1
IGF receptor (Igf1r), Cell 75 (1993) 59–72.

[96] X.D. Peng, P.Z. Xu, M.L. Chen, A. Hahn-Windgassen, J. Skeen, J. Jacobs, D.
Sundararajan, W.S. Chen, S.E. Crawford, K.G. Coleman, N. Hay, Dwarfism, im-
paired skin development, skeletal muscle atrophy, delayed bone development,
and impeded adipogenesis in mice lacking Akt1 and Akt2, Genes Dev. 17
(2003) 1352–1365.

[97] V. Risson, L. Mazelin, M. Roceri, H. Sanchez, V. Moncollin, C. Corneloup, H.
Richard-Bulteau, A. Vignaud, D. Baas, A. Defour, D. Freyssenet, J.F. Tanti, Y.
Le-Marchand-Brustel, B. Ferrier, A. Conjard-Duplany, K. Romanino, S. Bauché,
D. Hantaï, M. Mueller, S.C. Kozma, G. Thomas, M.A. Rüegg, A. Ferry, M. Pende,
X. Bigard, N. Koulmann, L. Schaeffer, Y.G. Gangloff, Muscle inactivation of
mTOR causes metabolic and dystrophin defects leading to severe myopathy,
J. Cell Biol. 187 (2009) 859–874.

[98] Y. Kamei, S. Miura, M. Suzuki, Y. Kai, J. Mizukami, T. Taniguchi, K. Mochida, T.
Hata, J. Matsuda, H. Aburatani, I. Nishino, O. Ezaki, Skeletal muscle FOXO1
(FKHR) transgenic mice have less skeletal muscle mass, down-regulated type I
(slow twitch/red muscle) fiber genes, and impaired glycemic control, J. Biol.
Chem. 279 (2004) 41114–41123.

[99] T. Kitamura, Y.I. Kitamura, Y. Funahashi, C.J. Shawber, D.H. Castrillon, R.
Kollipara, R.A. DePinho, J. Kitajewski, D. Accili, A Foxo/Notch pathway controls
myogenic differentiation and fiber type specification, J. Clin. Invest. 117 (2007)
2477–2485.

[100] S.C. Bodine, E. Latres, S. Baumhueter, V.K. Lai, L. Nunez, B.A. Clarke, W.T.
Poueymirou, F.J. Panaro, E. Na, K. Dharmarajan, Z.Q. Pan, D.M. Valenzuela, T.M.
DeChiara, T.N. Stitt, G.D. Yancopoulos, D.J. Glass, Identification of ubiquitin li-
gases required for skeletal muscle atrophy, Science 294 (2001) 1704–1708.

[101] C.C. Witt, S.H. Witt, S. Lerche, D. Labeit, W. Back, S. Labeit, Cooperative control of
striated muscle mass and metabolism by MuRF1 and MuRF2, EMBO J. 27 (2008)
350–360.

[102] M. Gaugler, A. Brown, E. Merrell, M. DiSanto-Rose, J.A. Rathmacher, T.H.
Reynolds IV, PKB signaling and atrogene expression in skeletal muscle of aged
mice, J. Appl. Physiol. 111 (2011) 192–199.

[103] L. Bradley, P.J. Yaworsky, F.S. Walsh, Myostatin as a therapeutic target for mus-
culoskeletal disease, Cell. Mol. Life Sci. 65 (2008) 2119–2124.

[104] S. Bogdanovich, T.O. Krag, E.R. Barton, L.D. Morris, L.A. Whittemore, R.S. Ahima,
T.S. Khurana, Functional improvement of dystrophic muscle by myostatin block-
ade, Nature 420 (2002) 418–421.

[105] I. Chelh, B. Meunier, B. Picard, M.J. Reecy, C. Chevalier, J.F. Hocquette, I.
Cassar-Malek, Molecular profiles of quadriceps muscle in myostatin-null mice re-
veal PI3K and apoptotic pathways as myostatin targets, BMC Genomics 10 (2009)
196.

[106] C.D. McMahon, L. Popovic, J.M. Oldham, F. Jeanplong, H.K. Smith, R. Kambadur,
M. Sharma, L. Maxwell, J.J. Bass, Myostatin-deficient mice lose more skeletal
muscle mass than wild-type controls during hindlimb suspension, Am. J. Physiol.
Endocrinol. Metab. 285 (2003) E82–E87.

[107] F. Haddad, G.R. Adams, Aging-sensitive cellular and molecular mechanisms associ-
ated with skeletal muscle hypertrophy, J. Appl. Physiol. 100 (2006) 1188–1203.

[108] S. Kawada, C. Tachi, N. Ishii, Content and localization of myostatin in mouse skel-
etal muscles during aging, mechanical unloading and reloading, J. Muscle Res.
Cell Motil. 22 (2001) 627–633.
[109] A.P. Baumann, C. Ibebunjo, W.A. Grasser, V.M. Paralkar, Myostatin expression in
age and denervation-induced skeletal muscle atrophy, J. Musculoskelet. Neuro-
nal Interact. 3 (2003) 8–16.

[110] M.R. Morissette, J.C. Stricker, M.A. Rosenberg, C. Buranasombati, E.B. Levitan,
M.A. Mittleman, A. Rosenzweig, Effects of myostatin deletion in aging mice,
Aging Cell 8 (2009) 573–583.

[111] T.A. Zimmers, M.V. Davies, L.G. Koniaris, P. Haynes, A.F. Esquela, K.N. Tomkinson,
A.C. McPherron, N.M. Wolfman, S.J. Lee, Induction of cachexia in mice by sys-
temically administered myostatin, Science 296 (2002) 1486–1488.

[112] A. Amirouche, A.C. Durieux, S. Banzet, N. Koulmann, R. Bonnefoy, C. Mouret, X.
Bigard, A. Peinnequin, D. Freyssenet, Down-regulation of Akt/mammalian target
of rapamycin signaling pathway in response to myostatin overexpression in
skeletal muscle, Endocrinology 150 (2009) 286–294.

[113] A.C. Durieux, A. Amirouche, S. Banzet, N. Koulmann, R. Bonnefoy, M. Pasdeloup,
C. Mouret, X. Bigard, A. Peinnequin, D. Freyssenet, Ectopic expression of
myostatin induces atrophy of adult skeletal muscle by decreasing muscle gene
expression, Endocrinology 148 (2007) 3140–3147.

[114] S.W. Jones, R.J. Hill, R.A. Krasney, B. O'Conner, N. Peirce, P.L. Greenhaff, Disuse at-
rophy and exercise rehabilitation in humans profoundly affects the expression
of genes associated with the regulation of skeletal muscle mass, FASEB J. 18
(2004) 1025–1027.

[115] Y.W. Chen, C.M. Gregory, M.T. Scarborough, R. Shi, G.A. Walter, K. Vandenborne,
Transcriptional pathways associated with skeletal muscle disuse atrophy in
humans, Physiol. Genomics 31 (2007) 510–520.

[116] R. Lalani, S. Bhasin, F. Byhower, R. Tarnuzzer, M. Grant, R. Shen, S. Asa, S. Ezzat,
N.F. Gonzalez-Cadavid, Myostatin and insulin-like growth factor-I and-II expres-
sion in the muscle of rats exposed to the microgravity environment of the
NeuroLab space shuttle flight, J. Endocrinol. 167 (2000) 417–428.

[117] M. Wehling, B. Cai, J.G. Tidball, Modulation of myostatin expression during mod-
ified muscle use, FASEB J. 14 (2000) 103–110.

[118] C. McFarlane, E. Plummer, M. Thomas, A. Hennebry, M. Ashby, N. Ling, H. Smith,
M. Sharma, R. Kambadur, Myostatin induces cachexia by activating the ubiquitin
proteolytic system through an NF-kappaB-independent, FoxO1-dependent
mechanism, J. Cell. Physiol. 209 (2006) 501–514.

[119] H.M. Brown-Borg, Hormonal control of aging in rodents: the somatotropic axis,
Mol. Cell Endocrinol. 299 (2009) 64–71.

[120] A.B. Salmon, S. Murakami, A. Bartke, J. Kopchick, K. Yasumura, R.A. Miller, Fibro-
blast cell lines from young adult mice of long-lived mutant strains are resistant
to multiple forms of stress, Am. J. Physiol. Endocrinol. Metab. 289 (2005)
E23–E29.

[121] L.Y. Sun, M.J. Steinbaugh, M.M. Masternak, A. Bartke, R.A. Miller, Fibroblasts from
long-lived mutant mice show diminished ERK1/2 phosphorylation but exagger-
ated induction of immediate early genes, Free Radic. Biol. Med. 47 (2009)
1753–1761.

[122] Y. Ikeno, G.B. Hubbard, S. Lee, L.A. Cortez, C.M. Lew, C.R. Webb, D.E. Berryman,
E.O. List, J.J. Kopchick, A. Bartke, Reduced incidence and delayed occurrence of
fatal neoplastic diseases in growth hormone receptor/binding protein knockout
mice, J. Gerontol. A Biol. Sci. Med. Sci. 64 (2009) 522–529.

[123] R. Weindruch, R.S. Sohal, Seminars in medicine of the Beth Israel Deaconess
Medical Center. Caloric intake and aging, N. Engl. J. Med. 337 (1997) 986–994.

[124] A. Gesing, M.M. Masternak, F. Wang, A. Lewinski, M. Karbownik-Lewinska, A.
Bartke, Decreased expression level of apoptosis-related genes and/or proteins
in skeletal muscles, but not in hearts, of growth hormone receptor knockout
mice, Exp. Biol. Med. 236 (2011) 156–168.

[125] D.A. Carson, J.M. Ribeiro, Apoptosis and disease, Lancet 341 (1993) 121–1254.
[126] Y. Ikeno, R.T. Bronson, G.B. Hubbard, S. Lee, A. Bartke, Delayed occurrence of fatal

neoplastic diseases in Ames dwarf mice: correlation to extended longevity,
J. Gerontol. A Biol. Sci. 58 (2003) 291–296.

[127] E. Marzetti, J.C. Hwang, H.A. Lees, S.E. Wohlgemuth, E.E. Dupont-Versteegden,
C.S. Carter, R. Bernabei, C. Leeuwenburgh, Mitochondrial death effectors: rele-
vance to sarcopenia and disuse muscle atrophy, Biochim. Biophys. Acta 1800
(2009) 235–244.

[128] P.J. Plant, J.R. Bain, J.E. Correa, M. Woo, J. Batt, Absence of caspase-3 protects
against denervation-induced skeletal muscle atrophy, J. Appl. Physiol. 107
(2009) 224–234.

[129] P.J. Adhihetty, D.A. Hood, Mechanisms of apoptosis in skeletal muscle, Basic
Appl. Myol. 13 (2003) 171–179.

[130] E.E. Dupont-Versteegden, Apoptosis in muscle atrophy: relevance to sarcopenia,
Exp. Gerontol. 40 (2005) 473–481.

[131] S. Busquets, C. Deans, M. Figueras, R. Moore-Carrasco, F.J. López-Soriano, K.C.H.
Fearon, J.M. Argilés, Apoptosis is present in skeletal muscle of cachectic
gastro-intestinal cancer patients, Clin. Nutr. 26 (2007) 614–618.

[132] R. Xiao, A.L. Ferry, E.E. Dupont-Versteegden, Cell death-resistance of differentiat-
ed myotubes is associated with enhanced anti-apoptotic mechanisms compared
to myoblasts, Apoptosis 16 (2011) 221–234.

[133] S.M. Greising, J.A. Call, T.C. Lund, B.R. Blazar, J. Tolar, D.A. Lowe, Skeletal muscle
contractile function and neuromuscular performance in Zmpste24−/− mice, a
murine model of human progeria, Age 34 (2012) 805–819.

[134] G. Mariño, A.P. Ugalde, A.F. Fernández, F.G. Osorio, A. Fueyo, J.M.P. Freije, C.
López-Otín, Insulin-like growth factor 1 treatment extends longevity in a
mouse model of human premature aging by restoring somatotroph axis func-
tion, Proc. Natl. Acad. Sci. U.S.A. 104 (2010) 16268–16273.

[135] S. Pereira, P. Bourgeois, C. Navarro, V. Esteves-Vieira, P. Cau, A. De
Sandre-Giovannoli, N. Lévy, HGPS and related premature aging disorders: from
genomic identification to the first therapeutic approaches, Mech. Ageing Dev.
129 (2008) 449–459.



1420 M. Romanick et al. / Biochimica et Biophysica Acta 1832 (2013) 1410–1420
[136] W. Derave, B.O. Eijnde, M. Ramaekers, P. Hespel, Soleus muscles of SAMP8 mice
provide an accelerated model of skeletal muscle senescence, Exp. Gerontol. 40
(2005) 562–572.

[137] T. Takeda, M. Hosokawa, S. Takeshita, M. Irino, K. Higuchi, T. Matsushita, Y.
Tomita, K. Yasuhira, H. Hamamoto, K. Shimizu, M. Ishii, T. Yamamuro, A new
murine model of accelerated senescence, Mech. Ageing Dev. 17 (1981) 183–194.

[138] T. Takeda, T. Matsushita, M. Kurozumi, K. Takemura, K. Higuchi, M. Hosokawa,
Pathobiology of the senescence-accelerated mouse (SAM), Exp. Gerontol. 32
(1997) 117–127.

[139] C. Hirofuji, A. Ishihara, R.R. Roy, K. Itoh, M. Itoh, V.R. Edgerton, S. Katsuta, SDH
activity and cell size of tibialis anterior motoneurons and muscle fibers in
SAMP6, Neuroreport 11 (2000) 823–828.

[140] T. Nishikawa, J.A. Takahashi, T. Matsushita, K. Ohnishi, K. Higuchi, N.
Hashimoto, M. Hosokawa, Tubular aggregates in the skeletal muscle of the
senescence-accelerated mouse; SAM, Mech. Ageing Dev. 114 (2000)
(2000) 89–99.

[141] F. D'Adda di Fagagna, M.P. Hande, W.M. Tong, D. Roth, P.M. Lansdorp, Z.Q. Wang,
S.P. Jackson, Effects of DNA nonhomologous end-joining factors on telomere
length and chromosomal stability in mammalian cells, Curr. Biol. 11 (2001)
1192–1196.

[142] N. Didier, C. Hourdé, H. Amthor, G. Marazzi, D. Sassoon, Loss of a single allele for
Ku80 leads to progenitor dysfunction and accelerated aging in skeletal muscle,
EMBO Mol. Med. 4 (2012) 910–923.

[143] A. Nussenzweig, C. Chen, V. da Costa Soares, M. Sanchez, K. Sokol, M.C.
Nussenzweig, G.C. Li, Requirement for Ku80 in growth and immunoglobulin
V(D)J recombination, Nature 382 (1996) 551–555.

[144] A. Trifunovic, A. Wredenberg, M. Falkenberg, J.N. Spelbrink, A.T. Rovio, C.E.
Bruder, M. Bohlooly-Y, S. Gidlöf, A. Oldfors, R. Wibom, J. Törnell, H.T. Jacobs,
N.-G. Larsson, Premature ageing in mice expressing defective mitochondrial
DNA polymerase, Nature 429 (2004) 417–423.

[145] G.C. Kujoth, A. Hiona, T.D. Pugh, S. Someya, K. Panzer, S.E. Wohlgemuth, T. Hofer,
A.Y. Seo, R. Sullivan, W.A. Jobling, J.D. Morrow, H. Van Remmen, J.M. Sedivy, T.
Yamasoba, M. Tanokura, R. Weindruch, C. Leeuwenburgh, T.A. Prolla, Mitochon-
drial DNA mutations, oxidative stress, and apoptosis in mammalian aging, Sci-
ence 309 (2005) 481–484.

[146] J. Walston, N. Fedarko, H. Yang, S. Leng, B. Beamer, S. Espinoza, A. Lipton, H.
Zheng, K. Becker, The physical and biological characterization of a frail mouse
model, J. Gerontol. A Biol. Sci. Med. Sci. 63 (2008) 391–398.

[147] J. Groden, A. Thliveris, W. Samowitz, M. Carlson, L. Gelbert, H. Albertsen, G.
Joslyn, J. Stevens, L. Spirio, M. Robertson, L. Sargeant, K. Krapcho, E. Wolff, R.
Burt, J.P. Hughes, J. Warrington, J. McPherson, J. Wasmuth, D. Le Paslier, H.
Abderrahim, D. Cohen, M. Leppert, R. White, Identification and characterization
of the familial adenomatous polyposis coli gene, Cell 66 (1991) 589–600.

[148] A.R. Moser, H.C. Pitot, W.F. Dove, A dominant mutation that predisposes to mul-
tiple intestinal neoplasia in the mouse, Science 247 (1990) 322–324.

[149] K.A. Mehl, J.M. Davis, F.G. Berger, J.A. Carson, Myofiber degeneration/regeneration
is induced in the cachectic ApcMin/+mouse, J. Appl. Physiol. 99 (2005) 2379–2387.
[150] K.A. Baltgavis, F.G. Berger, M.M.O. Peña, J.M. Davis, S.J. Muga, J.A. Carson, Inter-
leukin-6 and cachexia in ApcMin/+ mice, Am. J. Physiol. Regul. Integr. Comp.
Physiol. 294 (2008) R393–R401.

[151] S. Iwase, T. Murakami, Y. Saito, K. Nakagawa, Steep elevation of blood
interleukin-6 (IL-6) associated only with late stages of cachexia in cancer pa-
tients, Eur. Cytokine Netw. 15 (2004) 312–316.

[152] W. Zhou, Z.W. Jiang, J. Tian, J. Jiang, N. Li, J.S. Li, Role of NF-kappaB and cytokine
in experimental cancer cachexia, World J. Gastroenterol. 9 (2003) 1567–1570.

[153] K.A. Baltgavis, F.G. Berger, M.M.O. Peña, J.M. Davis, J.P. White, J.A. Carson, Muscle
wasting and interleukin-6-induced atrogin-I expression in the cachectic
ApcMin/+ mouse, Pflugers Arch. 457 (2009) 989–1001.

[154] M.J. Puppa, J.P. White, K.T. Velázquez, K.A. Baltgavis, S. Sato, J.W. Baynes, J.A.
Carson, The effect of exercise on IL-6-induced cachexia in the ApcMin/+ mouse,
J. Cachex. Sarcopenia Muscle 3 (2012) 117–137.

[155] J.P. White, M.J. Puppa, S. Sato, S. Gao, R.L. Price, J.W. Baynes, M.C. Kostek, L.E.
Matesic, J.A. Carson, IL-6 regulation on skeletal muscle mitochondrial re-
modeling during cancer cachexia in the ApcMin/+ mouse, Skelet. Muscle 2
(2012) 14.

[156] J. Shen, W.M. Yu, M. Brotto, J.A. Scherman, C. Guo, C.J. Stoddard, W.M. Yu, M.
Brotto, J.A. Scherman, C. Guo, C. Stoddard, T.M. Nosek, H.H. Valdivia, C.K. Qu, De-
ficiency of MIP/MTMR14 phosphatase induces a muscle disorder by disrupting
Ca(2+) homeostasis, Nat. Cell Biol. 11 (2009) 769–776.

[157] S. Romero-Suarez, J. Shen, L. Brotto, T. Hall, C. Mo, H.H. Valdivia, J. Andresen, M.
Wacker, T.M. Nosek, C.K. Qu, M. Brotto, Muscle-specific inositide phosphatase
(MIP/MTMR14) is reduced with age and its loss accelerates skeletal muscle
aging process by altering calcium homeostasis, Aging 2 (2010) 504–513.

[158] J.J. McCarthy, R. Srikuea, T.J. Kirby, C.A. Peterson, K.A. Esser, Inducible Cre trans-
genic mouse strain for skeletal muscle-specific gene targeting, Skelet. Muscle 2
(2012) 1–7.

[159] A.J. Cruz-Jentoft, J.P. Baeyens, J.M. Bauer, Y. Boirie, T. Cederholm, F. Landi, F.C.
Martin, J.P. Michel, Y. Rolland, S.M. Schneider, E. Topinková, M. Vandewoude,
M. Zamboni, Sarcopenia: European consensus on definition and diagnosis: re-
port of the European Working Group on Sarcopenia in Older People, Age Ageing
39 (2010) 412–423.

[160] W.J. Evans, Skeletal muscle loss: cachexia, sarcopenia, and inactivity, Am. J. Clin.
Nutr. 91 (2010) 1123S–1127S.

[161] O. Delbono, Molecular mechanisms and therapeutics of the deficit in specific
force in ageing skeletal muscle, Biogerontology 3 (2005) 265–270.

[162] D.A. Lowe, A.D. Husom, D.A. Ferrington, L.V. Thompson, Myofibrillar myosin
ATPase activity in hindlimb muscles from young and aged rats, Mech. Ageing
Dev. 125 (2004) 619–627.

[163] W.K. Mitchell, J. Williams, P. Atherton, M. Larvin, J. Lund, M. Narici, Sarcopenia,
dynapenia, and the impact of advancing age on human skeletal muscle size
and strength; a quantitative review, Front. Physiol. 3 (2012) 260.

[164] S. Schiaffino, C. Mammucari, Regulation of skeletal muscle growth by the
IGF1-Akt/PKB pathway: insights from genetic models, Skelet. Muscle 1
(2011) 4.


	Murine models of atrophy, cachexia, and sarcopenia in skeletal muscle
	1. Introduction
	2. Mechanisms of muscle loss
	2.1. PI3K/Akt pathway
	2.2. NF-κB pathway
	2.3. Myostatin pathway
	2.4. Apoptosis
	2.5. Autophagy/lysosomal pathway
	2.6. Satellite cells

	3. Murine models of sarcopenia
	3.1. IGF-1/PI3K/Akt pathway
	3.1.1. IGF-1
	3.1.2. IRS
	3.1.3. PI3K
	3.1.4. Akt
	3.1.5. Akt overexpression

	3.2. mTOR
	3.3. FoxO
	3.4. MuRF1 and MAFbx
	3.5. Myostatin
	3.6. Apoptosis
	3.7. Accelerated aging models

	4. Conclusion
	Acknowledgements
	References


