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From animals to humans:
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as a causative factor in muscle
atrophy
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In a recent issue of The Journal of Physiology,

Urso et al. (2007) demonstrated that there

was a significant increase in the gene

expression of various components

of a major proteolytic pathway

(i.e. ubiquitin proteasome pathway) in

human skeletal muscle following spinal

cord injury, and thus limb disuse. This

finding is important because extended

limb disuse causes a disruption in the

muscle homeostatic balance between

protein synthesis and protein degradation.

This imbalance in favour of protein

degradation is characterized by both

a decrease in protein synthesis and an

increase in protein degradation, which

subsequently, manifests as muscle atrophy.

The mechanisms of protein degradation

and the specific proteolytic pathways are

relatively well known compared with

those of protein synthesis during limb

disuse. Of these proteolytic pathways,

Ca2+ activated proteases (calpains)

and the ubiquitin proteasome pathway

have received considerable attention as

significant contributors to the catabolic

state leading to skeletal muscle atrophy.

Additionally, these pathways appear to be

markedly influenced by oxidative stress.

While various studies in experimental

animals and cell culture demonstrate

that oxidative stress is an important cell

regulator of these proteolytic pathways, the

prevalence and physiological significance

of oxidative stress on limb disuse muscle

atrophy in humans remains unknown.

It is clear that proteolytic pathways are

stimulated during limb disuse in humans

(Urso et al. 2006, 2007; Jones et al. 2004),

which raises the questions, is there also

an increase in oxidative stress during limb

disuse in humans? and is this oxidative

stress a causative factor that potentiates the

degree of muscle atrophy?

Hypothetically, calpain activation precedes

or functions ‘up-stream’ from the ubiquitin

proteasome pathway. It is well-known that

calpains are calcium-activated proteases;

however, various calpain isoforms

(i.e. μ- and m-calpains) are also sensitive

to oxidative stress. Moreover, calpain

activation in skeletal muscle may promote

the infiltration of inflammatory cells

(i.e. neutrophils) that also produce reactive

oxygen species (i.e. hypochlorous acid from

myeloperoxidase), and thus potentiate

oxidative stress. Smith & Dodd (2007)

found that calpain activation increased total

protein degradation, as well as specifically

proteasome-dependent proteolysis.

Importantly, when proteasomes were

inhibited, the increase in proteolysis

following calpain activation was

ameliorated. Thus, calpain activation

appears to be associated with increased

levels of oxidative stress and increased

ubiquitin proteasome protein degradation.

In attempts to identify the genes that

regulate muscle atrophy in humans,

Urso et al. (2006) and Jones et al.

(2004) examined alterations in mRNA

and protein expression following limb

immobilization. These studies compliment

existing experimental data because they

identify various proteolytic enzymes in

humans that regulate muscle atrophy

and are in agreement with previous

experimental animal studies (Bodine et al.

2001; Gomes et al. 2001). Urso et al.

(2006) found increased gene expression

of various components of the ubiquitin

proteasome pathway following only 48 h

of limb immobilization; however, they did

not find changes in protein expression

of these components. Furthermore, gene

expression of major regulatory enzymes

of the ubiquitin proteasome pathway,

especially various E3 ligases (MuRF1

and MAFbx/Atrogin-1), was unchanged.

In contrast to these findings, an earlier

investigation in healthy, young men

reported increased gene expression of

MAFbx (P < 0.01) and a trend toward

increased MuRF1 (P = 0.1) following

2 weeks of limb immobilization (Jones

et al. 2004). These studies collectively

suggest that there is an increase in various

components of the ubiquitin proteasome

pathway following limb immobilization

in humans. However, the up-regulation of

some of the key regulatory components

associated with the ubiquitin proteasome

pathway may be time dependent since

48 h of limb immobilization (Urso et al.

2006) did not display the observed increase

in E3 ligases that was observed after

2 weeks of limb immobilization (Jones et al.

2004). However, it should be noted that

very rarely does an individual experience

limb immobilization without a preceding

injury or illness, and therefore, this

observation raises the question whether

the aforementioned findings translate to

humans following injury or illness.

Skeletal muscle atrophy occurs rapidly

following a variety of injuries, which

include but are not limited to spinal cord

and anterior cruciate ligament injuries.

Following their limb immobilization

study reported in 2006 (Urso et al.

2006), Urso et al. (2007) examined the

influence of limb disuse as a result of a

spinal cord injury on various components

of the ubiquitin proteasome pathway.

Interestingly, increased gene expression

was observed at 2 and 5 days post-spinal

cord injury; specifically various E3 ligases

(UBE3C, atrogin-1 (MAFbx/FBXO32), and

MuRF1) were up-regulated. Furthermore,

at 5 days but not at 2 days post-spinal

cord injury, atrogin-1 protein expression

increased (Urso et al. 2007). Thus, the

temporal up-regulation of key genes

involved in the regulation of protein

degradation by the ubiquitin proteasome

pathway was faster following an initiating

event (e.g. spinal cord injury). The data

provided by Urso et al. (2006, 2007)

and Jones et al. (2004) are in agreement

with experimental animal studies that

demonstrate that the ubiquitin proteasome

pathway is up-regulated during various

forms of muscular disuse in humans.

However, the role of oxidative stress in

triggering these mechanisms has yet to be

clearly defined in human skeletal muscle.

Over the past 15 years oxidative stress has

received increasing recognition as an intra-

cellular mediator of the signalling pathways

that regulate muscle atrophy, especially in

the experimental animal literature. Servais

et al. (2007) examined the influence of

vitamin E supplementation on oxidative

stress and skeletal muscle proteolysis in

rats exposed to 14 days of muscular disuse

(e.g. hindlimb suspension). Vitamin E
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supplementation to rats for 21 days prior

to and during the 14 days of hindlimb

suspension reduced soleus muscle atrophy

by ∼17%, ameliorated the increase

in muscle thiobarbituric acid-reactive

substance (TBARS) content and MuRF1

mRNA, and showed a tendency to prevent

the up-regulation of MAFbx and μ-calpain

mRNA (Servais et al. 2007). Thus,

antioxidant supplementation prior to

experimental manipulations appears to

minimize muscle atrophy in rats, and

therefore suggests in humans that long-

term antioxidant supplementation or

routine consumption of high antioxidant-

containing diets may play an important role

in the protection against muscle atrophy

and oxidative stress during periods of

skeletal muscle disuse. Currently, it remains

unknown if dietary antioxidant status

or supplementation in humans provides

protection against muscle atrophy during

periods of limb disuse or reduced activity.

A novel class of oxidative stress-related

factors has been identified in muscle

atrophy studies. Metallothioneins are

low molecular weight metal-binding

(i.e. zinc and copper) proteins that contain

cysteine residues and are induced by

oxidative stress, among other stressors

(i.e. glucocorticoids, catecholamines,

etc.). Metallothioneins have also been

suggested to display antioxidant properties

because they can scavenge reactive oxygen

species, and therefore may provide the

protection against the elevation in oxidative

stress that was responsible for their

increased expression. Both metallothionein

gene (Lecker et al. 2004) and protein

(Kondo et al. 1992) expression increase

in atrophying muscle in experimental

animals. Importantly, metallothionein

gene expression also increases in human

muscle following limb immobilization

(Urso et al. 2006) and spinal cord injury

(Urso et al. 2007). Metallothioneins have

been implicated in the atrophy programme

gene (Lecker et al. 2004) and protein

(Kondo et al. 1992) response as a result

of oxidative stress in experimental animal

studies. However, it is currently unknown

if the observed increase in metallothioneins

in atrophying muscle seen in humans is due

to an increase in oxidative stress. Therefore,

regulation of metallothioneins and their

role in muscle atrophy requires further

investigation.

Oxidative stress may be the link tying

together various aspects of muscle

atrophy. The gene expression of ubiquitin

proteasome pathway components as well as

various metallothioneins, increase during

limb disuse as a result of a spinal cord

injury in human skeletal muscle (Urso

et al. 2007). These findings are important

because they identify a specific proteolytic

pathway and a component involved in

antioxidant protection in human skeletal

muscle following an initiating event where

both the former and latter have been

demonstrated to be induced by oxidative

stress in experimental animal studies. These

studies also emphasize that data obtained

in various experimental animal limb disuse

and cell culture studies potentially apply to

human disuse muscle atrophy. However, it

is currently unknown if there is an increase

in oxidative stress in atrophying muscle in

humans. Applying the acquired scientific

knowledge gained from experimental

animal studies pertaining to the physio-

logical interaction between the proteolytic

pathways and oxidative stress to humans

could have a significant impact on the

rehabilitation from various muscular disuse

atrophy conditions.
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