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Abstract

Skeletal muscle atrophy is a debilitating consequence of many pathological
conditions and diseases. The mechanisms for muscle atrophy could be
attributed to an increase in protein degradation and/or a decrease in protein
synthesis. The increase in protein degradation may be caused by the activation
of the ubiquitin-proteasome proteolysis pathway. Many studies have confirmed
the expression levels of two muscle-specific E3 ubiquitin ligases, MuRF-1 and
atrogin-1, are increased in each type of skeletal muscle atrophy. However, the
specific substrates for the MuRF-1 and atrogin-1 have not been clearly defined
in the muscle degradation process. The expression of these two molecules
are regulated by the activation of Nuclear Factor kappa B (NF-kB), forkhead
type transcription factors (Foxo), and mitochondrial T3 receptor (p43). The
expression and regulation of MuRF-1 and atrogin-1 in different diseases and
conditions is the focus of this review. The aim of this review is to assist the
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research and therapy of skeletal muscle atrophy.
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Introduction

Muscle atrophy is an important symptom of many neuromuscular
diseases. The characteristics of muscle atrophy are muscle mass
shrinkage and reduction or disappearance of muscle fibers, which
are caused by myodystrophy. Skeletal muscle atrophy can be divided
into the following three types: (i) Disuse muscle atrophy, the most
common type, which is caused by systemic wasting disease or a
long-term lack of exercise such as cancer cachexia, hyperthyroidism,
weightlessness, aging, and so on [1-4]. (ii) Myogenic muscle atrophy
caused by muscle lesions such as polymyositis and myasthenia gravis
[5,6]. (iii) Neurogenic muscle atrophy, which is usually due to spinal
cord or lower motor neuron lesions such as nerve injury [7]. These
three types of muscle atrophy are sometimes related to each other
and are all characterized by an increase in protein degradation and
a decrease in protein synthesis [8]. Protein degradation was mainly
carried out through the following 3 pathways, lysosomal protease
pathway, calcium dependent protease/caspase-3 pathway, and the
ubiquitin proteasome pathway. The last one is believed to play a
major role in muscle atrophy [8-10].

Accumulating literatures suggest that two genes are required for
skeletal muscle atrophy [11]. One is muscle ring finger-1 (MuRF-
1) on the short arm of chromosome 2; another is muscle atrophy
F-box (MAFbx/atrogin-1) on the long arm of chromosome 8.
These two genes encode ubiquitin ligases (E3s). The E3s combine
with ubiquitin-E2 to target proteins and release E2 to form specific
ubiquitinated proteins. The ubiquitinated proteins are identified and
combined by the specific proteasomes and then broken down into
short peptides or amino acids by the enzyme [9,12]. The ability of
the E3 protein to recognize its substrate is dependent on amino acid
sequences and/or specifically phosphorylated structural domains of
the target protein. Recent studies have identified elongation initiation

factor 3 subunit f (eIF3-f), MyoD, and myogenin as targeted substrates
of atrogin-1/MAFbx. Whereas titin, Myosin Heavy Chain (MHC)
proteins, myosin-binding protein C, Myosin Light Chain-1 (MLC1),
and MLC2 were identified as targeted substrates of MuRF-1 [13-16].
However, the specific substrates for the MuRF-1 and atrogin-1 in
muscle degradation process have not been clearly defined.

MuRF-1 and atrogin-1 are key molecules involved in skeletal
muscle atrophy [17]. They could be potentially used in research and
in patient care as targets to prevent or to reverse skeletal muscle
atrophy. Therefore, the purpose of this review is to summarize the
current knowledge about the expression and regulation of MuRF-1
and atrogin-1 in different diseases and conditions. We hope that this
work will be helpful to the research and targeted therapy of skeletal
muscle atrophy.

The expression of MuRF-1 and atrogin-1 in neurogenic
muscle atrophy

The study of Moriscot et al. [7] shows that MuRF-1 is
preferentially induced in type II muscle fibers after denervation.
Five to fourteen days after denervation, MuRF-1 protein was further
elevated but remained preferentially expressed in type II muscle
fibers. In MuRF-1 knockout mice, tibialis anterior muscle, which is
rich in type II muscle fiber, was more protected from muscle wasting
when compared to soleus muscle which has mixed fiber types. The
authors concluded that MuRF-1 is not only just expressed during
muscle atrophy but also required for the remodeling of type IT muscle
fibers under pathophysiological stress [7].

Researchers have found that expression of TNF-like weak
inducer of apoptosis (TWEAK) receptor (fibroblast growth factor-
inducible receptor 14, Fnl4) is significantly increased in muscles
under denervation conditions in mice. The up-regulation of this
receptor allows TWEAK to activate NF-kB causing an increase in
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the expression of ubiquitin ligase MuRF-1 and resulting in skeletal
muscle atrophy. This suggests that the TWEAK-Fnl4 system is a
crucial regulator of denervation-induced muscle atrophy [18]. Liu et
al. [19] studied transplanted and de-nerved gracilis muscle in situ and
found that the atrogin-1 mRNA expression of the experimental group
peaked in two weeks after surgery and was seven times greater than
that of the control group. The expression level gradually increased
over four to fifteen weeks after operation accompanied by progressive
muscular atrophy and gradually decreased from fifteen to thirty
weeks resulting in gradual muscle mass restoration [19].

The expression of MuRF-1 and atrogin-1 in myogenic
muscle atrophy

Limb Girdle Muscular Dystrophy 2A (LGMD2A) is a progressive
genetic muscle disease caused by the deficiency of the muscle-specific
protease calpain-3, resulting in a continuous turnover of sarcomeric
proteins through sarcomere remodeling. The patients’ muscles have
higher levels of gene and protein expressions of MuRF-1 but not
atrogin-1. The MuRF1 protein level is correlated significantly with
both muscle fiber size and clinical disability score suggesting that
muscle function and structural impairment are related [20].

Myasthenia Gravis (MG) is an autoimmune neuromuscular
disease, in which circulating antibodies block acetylcholine receptors
at the neuromuscular junction. A proportion of MG patients are
Acetylcholine Receptor (AChR) antibodies negative but instead,
carry antibodies to the Muscle Specific Tyrosine Kinase (MuSK),
which is a receptor tyrosine kinase that plays an essential role during
development of mature muscle. Patients with MuSK-MG often suffer
from significant facial muscle weakness, some even with lingual
muscle atrophy. The plasma of MuSK-MG patients, which contains
MuSK antibodies, caused a moderate increase of MuRF-1 expression
in cultured C2C12 cells. In vivo treatment using the MuSK antibodies
to mouse masseter and facial muscle also resulted in increased MuRF-
1 expression. This result suggests that the MuSK-MG antibody can
affect expression of the atrophy related proteins and the facial muscle
and masseter muscle is more susceptible to this influence®. However,
in the experiment using acetylcholine receptor antibody positive MG
mice, increased transcription levels of atrogin-1 and MuRF-1 were
both detected in triceps, sternocleidomastoid, and masseter muscles
[21]. These results suggest that the up-regulation of Atrogin-1 and
MuRF-1 expression play a role in myogenic muscle atrophy.

Sporadic Inclusion Body Myositis (sIBM) is a rare idiopathic
inflammatory myopathy that produces remarkable muscle weakness.
Intracellular B -amyloid (Afi), phosphorylated neurofilament
protein, scattered white blood cell infiltration, and selective muscle
atrophy is the characteristic of sIBM. In Polymyositis (PM),
inflammation is more obvious and muscle wasting is symmetric and
proximal. In both of these cases the forkhead family transcription
factor Foxo3A is directed to the nucleus and atrogin-1 transcript
is increased. Expression of Afi in differentiated C2C12 myotubes
and transgenic mice led to up-regulation of atrogin-1 mRNA and
muscle wasting. APi decreased the levels of p-Akt and its downstream
p-foxo3A, leading to Foxo3A translocation and atrogin-1 induction
[6]. However, resistance training with vascular occlusion in inclusion
body myositis can significantly decrease MuRF-1 expression and
slightly alter atrogin-1 mRNA levels [22].

The expression of MURF-1 and atrogin-1in disuse muscle
atrophy

Cancer cachexia is a severe wasting syndrome that results in
muscle atrophy in cancer patients. Cachexia deletes muscle mass,
which could lead to muscle asthenia. Previous studies using a lung
cancer model has identified that the expression of NF-x B, MuRF-1,
and atrogin-1 are gradually increased with lung cancer progression,
resulting in increased protein degradation and aggravated muscle
atrophy. However, it was noted that the expression of the NF-
kB, MuRF-1, and atrogin-1 became down-regulated after taking
epigallocatechin-3-gallate, a cancer cachexia preventive reagent from
green tea, suggesting that it can effectively attenuate skeletal muscle
atrophy caused by cancer cachexia [4].

Studies of skeletal muscle atrophy in patients suffering with
various degrees of diabetes showed that diabetes causes increased
expression of MuRF-1 resulting in muscle wasting. The mechanism
may involve oxidative stress-induced MuRF-1 up-regulation which
can promote proteasome dependent protein degradation. However,
exercise training can effectively improve muscle atrophy by inhibiting
the oxidative stress-induced MuRF-1 up-regulation [23-27]. O’Neal
injected Triiodothyronine (T3) into mice abdominal cavities to
induce hyperthyroidism, which caused an increased expression of
atrogin-1, MuRF1, and the ubiquitin proteasome dependent protein
degradation. At the same time, T3 also stimulated the lysosomal
pathway dependent protein degradation leading to muscle atrophy
[23].

Du et al. [28] found, in a model of chronic kidney disease in rats,
that caspase-3 can be used as a potential rate-limiting proteolytic
enzyme that cleaves actomyosin or myofibrils to produce substrates
degraded by ubiquitin-proteasome system. When caspase-3 is
activated, it cleaves actomyosin to actin, myosin, and their fragments.
This initial proteolytic step can be identified early because it leaves a
specific 14-kDa actin band as a marker. The stimulation of caspase-3
activity depends on the inhibition of phosphatidylinositol-3 kinase
(PI3K) activity. Inhibition of PI3K in muscle cells also leads to
expression of a critical ubiquitin ligase E3 which is involved in muscle
protein degradation (discussed above).

Studies have confirmed that the ubiquitin ligase Cbl-b (a highly
conserved MuRF-1 family of E3 ubiquitin ligase) and atrogin-1
were significantly increased resulting in muscle mass loss in
healthy volunteers after twenty days bed rest [29]. Another research
team obtained a comprehensive understanding of human disuse
muscle atrophy through complex adaptations and the underlying
mechanisms. The experimental individuals were selected for two
bed rest activities for 35 days or 24 days respectively. Vastus lateralis
muscle samples were biopsied from them. The researchers founded
the expression of MuRF-1 and atrogin-1 gradually increased
along with the duration of bed rest [30]. Suetta et al. [3] found
that regardless of age, the mRNA expression level of MuRF-1 and
atrogin-1 increase with immobility-induced disuse in 2-4 days and
muscle fiber size decrease 1-10% in 4 days. In skeletal muscle mass
loss in elderlies caused by long-term immobility, the regulation of
muscle wasting is age dependent [3]. Mice hind-limb suspension for
10 days resulted in an increased expression of MuRF-1 and muscle
atrophy. But when the hind-limbs of the knockout mouse were hung
for ten days, the MuRF-1 expression and muscle atrophy were not
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obvious [1]. Furthermore, chicks fasted for twenty-four hours and
then fed for two hours showed increased atrogin-1 expression and
protein degradation but these changes were reversed by re-feeding
[31].

Muscle atrophy can be induced by glucocorticoids. In this process,
the increased expression of myostatin induces muscle atrophy
by targeting sarcomeric protein (myosin heavy and light chains)
which were ubiquiinized through mothers against decapentaplegic
homolog 3 (Smad3) and then mediate the up-regulation of atrogin-1
and Foxol. The atrogin-1 and Foxolare involved in the NF-kB
dependent pathway to the ubiquitin proteasome hydrolysis system.
Myostatin can induce the increased expression of atrogin-1 while
MuRF-1 remains constant. These findings suggest that the expression
pathways of atrogin-1 and MuRF-1 are independent [32]. Statins
induced the expression of atrogin-1, which caused atrophy in
Zebrafish embryonic myocytes and in vitro cultured mice muscle
cells. However, atrogin-1 knockout Zebrafish and mice prevented
statins to induce skeletal muscle atrophy. This finding indicates that
the muscle damage induced by statins is closely correlated with the
increased expression of atrogin-1 [33]. Furthermore, investigators
reported that the carcinogenic methionine receptor induction during
fetal development and in adult mice caused muscle wasting with
decreased muscle fiber size and loss of myosin heavy chain protein.
Concomitantly, atrogin-1 and MuRF-1 mRNA expression were
significantly increased in this case [17].

In chronic inflammatory diseases, Reactive Oxygen Species
(ROS) can promote muscle atrophy. Li [34] used 100 pMol
hydrogen peroxide to stimulate C2C12 myotubes for 24h. This led
to ubiquitin conjugation to muscle proteins through transcriptional
up-regulation of the enzymes (E2 and E3). This result suggests
that hydrogen peroxide up-regulates the expression of specific E3
(atrogin-1, MuRF-1) proteins resulting in increased muscle protein
degradation and myotube atrophy. It also shows that ROS stimulates
protein catabolism in skeletal muscle by up-regulating the ubiquitin
conjugation system [34].

Psychological stress can decrease lean body mass in rodents.
Researchers subjected mice to a rotating cage which generated
daily psychological pressure on the animals. This procedure led to
an increased expression of atrogin-1 and muscle atrophy [35]. Li et
al [36] defined fiber specificity of skeletal muscle abnormalities in
Chronic Heart Failure (CHF). This study showed that transgenic
mice with cardiac-specific overexpression of calsequestrin, a
calcium binding protein in the sarcoplasmic reticulum, developed
CHF and these animals have a dramatic induction of the atrogin-1
mRNA without significant change in muscle fiber-type composition.
Carvalho showed that heart failure induced fiber type IIB specific
atrophy and up-regulated atrogin-1 and MuRF-1 mRNA expression
in the extensor digitorum longus muscle of monocrotaline treated
rats [37]. This finding is not consistent with Li’s.

In order to identify the muscle-specific molecular mechanisms of
muscle atrophy in mice models suffering from acute lung injury, Files
et al used the genetic approach to inactivate the MuRF-1 or atrogin-1
gene in order to identify their role in muscle atrophy associated with
acute lung injury. The experimental results showed that the muscle-
specific ubiquitin ligases (MuRF-1 and atrogin-1 mRNA) were

increased in acute lung injury but only the MuRF-1 protein expression
levels were up-regulated. When the MuRF-1 was suppressed by using
the genetic approach muscle atrophy was prevented. However, the
suppression of Atrogin-1 expression showed no effect. When the lung
injury was resolved and MuRF-1 and atrogin-1 were down-regulated,
the muscle strength was still inhibited [38]. This study showed that
MuRF-1 is responsible for mediating muscle atrophy in acute lung
injury in mice. These results also suggested that expression of the two
E3s may be regulated by different mechanisms.

Levinee used prolonged disused diaphragm to research
proteolysis in muscle dystrophy. In the fractions of cytoplasm the
researcher found increased ubiquitin protein conjugates, enhanced
the 26S proteasome activity, and significantly decreased myosin heavy
chain and a-actin. In the nuclear fractions, the phosphorylations of
Akt and Foxol were both decreased whereas binding to consensus
DNA sequence for atrogin-1 and MuRF-1 was increased. In whole
muscle fibers lysates, increased atrogin-1 and MuRF-1 transcripts
were found [39].

Skeletal muscle protein breakdown could be induced by burn
injuries. Ghrelin normalized plasma glucocorticoid levels are elevated
after a burn injury. Expression of the ubiquitin ligases MuRF-1 and
Atrogin-1 were markedly elevated in both Extensor Digitorum
Longus (EDL) and gastrocnemius in ghrelin normalized plasma of
rats [40]. Another study also demonstrated that 24 hour continuous
administration of Des-Acyl Ghrelin (DAG) could attenuate the
proteolysis induced by burns and markedly reduce the elevated
mRNA expression of TNF-a in EDL muscle. These results suggest
that DAG can attenuate the atrophy signal. Since the expression of
Atrogin-1 and MuRF-1 mRNA are up-regulated by TNF-a in C2C12
myotubes, DAG may be useful in treating wasting disorders [41].

In addition, atrophy conditions such as sepsis cause a decrease
in protein synthesis, and an increase in skeletal muscle atrophy. Van
Hees used plasma samples obtained from septic patients within 24
hours after ICU admission on cultured mice skeletal myotubes and
found increased expression of NF- kB, MuRF-1, and atrogin-1 but
decreased expression of myosin [42]. West African patients with
Buruli ulcers demonstrated that Mycobacterium ulcerans infection
can cause significant skeletal muscle contracture, atrophy, and
dysfunction. Subcutaneous injection of Mycobacterium ulcerans in
the C57BL/6 male mice and 42 days post-injection observation found
that there was an increased expression of muscle specific ubiquitin
ligases (MuRF-1 and Atrogin-1). The isometric muscle contraction
force and muscle fiber cross-sectional area is reduced by 31% and
29% respectively [43].

The regulation of MuRF-1 and atrogin-1 expression by NF-
kB

NE-kB is one of the most important transcription factors involved
in muscle atrophy. Its activation can cause increased expression
of proteasome subunits and ubiquitin ligase MuRF-1 resulting in
myofibrillar protein hydrolysis. Tumor necrosis factor-a (TNF-a),
Proteolysis Inducing Factor (PIF), and angiotensin II (Ang II) all
induce the activation of NF-kB through reactive oxygen species
causing the expression of MuRF-1 or atrogin-1 [8]. Activation of NF-
kB can inhibit myoblast determination protein (MyoD) expression
and block the skeletal muscle from differentiation and repair [44].
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The activation of NF-kB by TNF-a

Previous studies have shown that the expression of TNF-a is
significantly increased in cancer, AIDS, congestive heart failure, and
chronic obstructive pulmonary disease. When TNF-a is combined
with Reactive Oxygen Species (ROS) surface receptors, it may
increase ROS activity and activate the redox sensitive transcription
factors and protein kinase including NF-kB, which induced the
increased expression of MuRF-1 resulting in muscle atrophy [45,46].
TNF-a may also act via MAPK-P38 to increase MAFbx/atrogin-1
gene expression and cause muscle protein degradation [47]. In
the fasting condition, TNF-a can be induced by Foxo4 leading to
atrogin-1 expression increase. This is not the traditional Akt-Foxo1/3
approach [48]. When mice hind-limb was immobilization for 7
days, TNF-a expression level was significantly increased as well as
the expression levels of MuRF-1 and atrogin-1, which in turn, cause
the increase of NF-kB expression. However, the transcription of
NF-kB can be prevented by subcutaneous injection of proteasome
inhibitor (MG132), which inhibits the expression levels of MuRF-1
and atrogin-1. These results suggest that the NF-kB pathway plays a
central role in protease hydrolysis [49].

The regulation of MuRF-1 and atrogin-1 expression by PIF
and Ang Il

Proteolysis inducing factor is a glycoprotein with a molecular
mass of 24 kDa. It is detected in the urine of cachexia patients and
the blood of mice with induced tumors [50,51]. Some investigators
have demonstrated that tumor is the source of the PIF, which passed
through the blood circulation and excreted in urine [52]. Previous
study has shown that PIF inhibited muscle protein synthesis and
induced proteolysis in the following steps: The activation of PKR
leads to the activation of NF-«B, which increases the expression of
main components of ubiquitin proteasome pathway including the
increased expression of MuRF-1 and atrogin-1. However, Ang II
can directly increase the formation of reactive oxygen species and
induce the activation of PKC. Formation of reactive oxygen species
leads to up-regulation of the MuRF-1 and atrogin-1 of ubiquitin-
proteasome proteolytic pathways through increased transcription
of the NF-kB induction of skeletal muscle degeneration [53]. In
conclusion, both PIF and Ang IT could induce the activation of PKC.
The key step to induce muscle protein degradation is to increase the
transient formation of reactive oxygen species through the activation
of NADPH oxidase II by arachidonic acid and PKC. PKR may be
involved in the release of arachidonic acid and subsequent activation
of PKC. Therefore, PKR and PKC may have a common role which
results in the activation of NF-kB and increases the expression of
MuRF1 and Atrogin-1 leading to skeletal muscle protein degradation.

The regulation of MuRF-1 and atrogin-1 expression by
Foxo

The Foxo family members are involved in the regulation of
many cellular processes including cell cycle, apoptosis, DNA repair,
stress response, and metabolic processes. The Foxo gene is one of
the main downstream mediators of PI3K/Akt signal transduction
pathway. The role of Foxo has a significant inhibition on tumors.
Recent study demonstrates that dexamethasone can lead to the Foxo
dephosphorylation in cultured myotubes. This process may cause
Foxo to translocate to the nucleus and increase the expression level of
myostatin resulting in the increased expression levels of MuRF-1 and

atrogin-1 [54]. Another study has shown that the muscle atrophy in
acidosis, insulin deficiency, hunger, and septic state can be inhibited
when resecting animals adrenal gland or administering glucocorticoid
receptor blocker. Interestingly, when it was again administered in a
higher than physiological dose of glucocorticoid, the Foxo gene can
be activated and increases expression levels of myostatin, MuRF-1,
atrogin-1, and then muscle atrophy were observed [55]. These findings
suggest that Foxo regulates the expression levels of MuRF-1 and
atrogin-1 which could be attributed to the expression of myostatin.
In addition, the atrogin-1 promoter has been shown to be activated
by Foxo3 to cause an increase in transcription, while expression
was suppressed by IGF-I acting through the Phosphatidylinositol
3-Kinase (PI3K)/Akt pathway [8,56].

The regulation of MuRF-1 and atrogin-1 expression by
Mitochondrial T3 receptor (p43)

P43 is a mitochondrial T3 (triiodothyronine) receptor which
can stimulate T3 induced mitochondrial transcription and protein
synthesis [57,58]. In C2C12 myoblasts, p43 overexpression can
stimulate mitochondrial activation and oxidative stress [59,60].
Furthermore, p43 overexpression not only induces oxidative stress but
also stimulates the anti-oxidative enzyme activity. In oxidative stress
processes, the up regulation of these two muscle specific ubiquitin
ligase E3s in ubiquitin proteasome pathway results in an increase
in muscle protein hydrolysis [61,62]. Therefore, p43 expression is
noteworthy because it is one of the targets of muscle atrophy. The
imbalance of p43 expression may lead to mitochondrial diseases.

Conclusions and Prospect

In general, the expression levels of the MuRF-1 and atrogin-1
are increased in all three types of muscle atrophy, but the substrate
targets and the regulatory mechanisms of MuRF-1 and atrogin-1
remain unclear. However, these two molecules have been considered
to be the key enzymes of skeletal muscle atrophy. Therefore, with the
study on the mechanisms of expression and regulation, they could be
the molecular targets for prevention and treatment of skeletal muscle
atrophy in the future. However, it is unclear whether the regulatory
pathways induce muscle protein degradation or block its synthesis.
Fortunately, researchers have begun to filter enzyme inhibitors which
have therapeutic efficacy of muscle atrophy and hope that they are
helpful to inhibit the MuRF-1 and atrogin-1 gene products. There
are also efforts to obtain some proteins that are specific to and can
degrade the products of the two genes. These works may achieve a
major breakthrough in the treatment of muscle atrophy.
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