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A B S T R A C T

COPD (chronic obstructive pulmonary disease), although primarily a disease of the lungs, exhibits
secondary systemic manifestations. The skeletal muscles are of particular interest because their
function (or dysfunction) not only influences the symptoms that limit exercise, but may contribute
directly to poor exercise performance. Furthermore, skeletal muscle weakness is of great clinical
importance in COPD as it is recognized to contribute independently to poor health status,
increased healthcare utilization and even mortality. The present review describes the current
knowledge of the structural and functional abnormalities of skeletal muscles in COPD and the
possible aetiological factors. Increasing knowledge of the molecular pathways of muscle wasting
will lead to the development of new therapeutic agents and strategies to combat COPD muscle
dysfunction.

INTRODUCTION

COPD (chronic obstructive pulmonary disease) is a
global health problem and is predicted to be the third
most common cause of death worldwide by 2020 [1].
Furthermore, the WHO (World Health Organization)
predicts COPD to rank fifth as a worldwide burden
of disease and chronic disability by 2020 [2]. Despite
maximal medical therapy with inhaled bronchodilators
and steroids, COPD patients often have distressing
symptoms, poor health status and present frequently to
primary care and hospital physicians.

Recently, it has been increasingly recognized that
COPD, although primarily a disease of the lungs,

exhibits secondary systemic manifestations. Broadly
speaking, those may be grouped into those conditions
that are likely to be epiphenomena, for example
ischaemic heart disease, or non-specific for COPD,
such as depression. Other conditions may be more
truly considered secondary, since a pathophysiological
mechanism can be postulated. Into this group we
would include cachexia and loss of fat-free mass
(because, in part, of increased work of breathing), osteo-
porosis (because of immobility), autonomic dysfunction
(through hypoxia) and skeletal muscle dysfunction.
Particular interest has focused on the respiratory and
peripheral skeletal muscles because their function (or
dysfunction) not only influences the symptoms that limit
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exercise, but may contribute directly to poor exercise
performance [3]. Furthermore, skeletal muscle weakness
is recognized to contribute, independently of lung
function parameters, to poor health status [4], increased
healthcare utilization [5] and even mortality [6]. The
muscles therefore represent a potential site to improve
patients’ level of function and quality of life, in contrast
with the largely irreversible impairment of the lungs.
Over the past decade or more, clinical and laboratory
studies have identified significant dysfunction and histo-
logical abnormalities of the skeletal muscles (particularly
the quadriceps) [7], and the aetiology of these changes
remains a focus of research interest. Over the same period,
much has been learnt regarding the molecular basis of
muscle wasting in animal models, but whether these
mechanisms are relevant in COPD remains speculative.

The present review summarizes some of the clinical and
laboratory observations concerning muscle abnormalities
in COPD and the existing debate regarding aetiological
mechanisms, with reference to recent findings from
animal models of muscle wasting.

MUSCLE DISEASE IN COPD: CLINICAL
OBSERVATIONS

Several clinical observations implicate extra-thoracic
factors as significant contributors towards morbidity, and
even mortality, in COPD patients. It is well established
that indices of lung disease severity, such as the FEV1

(forced expiratory volume in 1 s), are imperfect predictors
of mortality when compared with composite indices [8];
indeed once FEV1 is less than 50 % predicted, it yields
no prognostic value for death in COPD [6]. Despite cor-
rection of lung function by double lung transplantation,
peak exercise remains only approx. 50 % of predicted
workload for age and gender, whether studied 3 months
or 1–2 years after surgery [9] (Figure 1). Furthermore,
pulmonary rehabilitation is effective in improving health-
related quality of life and exercise performance in COPD
patients, but does not improve lung function [10].

What extra-thoracic factors might be relevant? It has
long been observed that a proportion of severe COPD
patients develop a ‘cachexic’ state with significant weight
and muscle-mass loss. Schols et al. [11] demonstrated
that up to 45 % of stable COPD patients eligible for
pulmonary rehabilitation were either underweight or had
a depletion in fat-free mass (mainly muscle mass). Al-
though there are no results regarding the direct measure-
ment of muscle mass of individual muscles, radiological
techniques have demonstrated significant reductions in
mid-thigh [12] and calf muscle [13] CSA (cross-sectional
area) in COPD patients compared with matched controls.

The suspicion that muscle abnormalities in the lower
limbs may be contributing towards morbidity has been
corroborated by detailed study of patients’ self-reported

Figure 1 Exercise capacity remains impaired in COPD
patients despite normalization of lung function following
lung transplantation
SLT, single lung transplant; DLT, double lung transplant. This Figure was drawn
with data taken from [9].

Figure 2 Symptoms limiting cycling exercise in a cohort of
COPD patients
Leg effort was the limiting symptom in two-thirds of patients. B and LE, breath-
lessness and leg effort equally. This Figure was drawn with data taken from [15].

symptoms. Although exertional breathlessness is a
commonly cited symptom, Killian et al. [14] have
demonstrated that a surprisingly large proportion of
patients also experience symptoms of leg effort, implying
that lower limb dysfunction may contribute to reduced
exercise capacity. We extended these observations
by measuring the limiting symptoms reported by a
cohort of COPD patients at the end of exhaustive
incremental and endurance walking and cycling exercise
[15]. Breathlessness alone was the predominant limiting
symptom following walking exercise, but up to 25 %
placed leg fatigue as an equal or more important cause of
exercise limitation. The sensation of leg fatigue became
an even more important limiting symptom following
cycling exercise, with only 30 % citing breathlessness as
the principal cause of exercise limitation [15] (Figure 2).
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Figure 3 Skeletal muscle weakness is localized to the
locomotor muscles, such as the quadriceps
This Figure was drawn with data taken from [16,17].

Several physiological studies of the lower limbs have
demonstrated peripheral muscle weakness, particularly
of the quadriceps, in COPD patients. This has been
confirmed with both volitional and non-volitional tests
of quadriceps strength [12,16,17]. Compared with age-
matched controls, quadriceps strength is reduced by
approx. 20–30 %, although these differences disappear
when quadriceps strength is normalized to the mid-thigh
CSA [12]. The majority of studies have also demons-
trated a reduction in quadriceps endurance [18–21] and
an increase in quadriceps fatigability for equivalent
workloads [22]. These abnormalities appear to be parti-
cularly localized to the quadriceps. Despite the presence
of a 30 % reduction in quadriceps strength, we have
demonstrated that the strength of the diaphragm,
adductor pollicis and abdominal muscles are relatively
preserved in COPD patients compared with age-matched
healthy controls [16,17,23] (Figure 3). Furthermore,
in comparison with the quadriceps, the diaphragm is
relatively fatigue-resistant to exhaustive exercise and
maximum voluntary ventilation in COPD patients
[24,25]; indeed, we have shown recently [26], from single-
fibre contraction studies, that fibres from the diaphragm
of COPD patients are metabolically more efficient than
those from control subjects. One study has also shown
normal endurance of the elbow flexors [27], but others
have suggested reduced adductor pollicis endurance [28].

Lower limb muscle dysfunction in COPD is clinically
significant. Among patients with advanced disease,
quadriceps strength is a predictor of mortality [6], as
are radiological indices of muscle bulk [29]. Quadriceps
weakness is also associated with reduced walking distance
[3], reduced V̇o2max (maximal oxygen consumption)
[30] and increased health resource utilization [5].
When objectively monitored, patients with quadriceps
weakness have reduced activity throughout the day
[31]. Although skeletal muscle weakness is a feature of
cachexia, quadriceps weakness in COPD is not simply
an epiphenomenon; indeed, weakness is prevalent in a
ratio of approx. 2:1 compared with the loss of fat-free
mass [32,33], indicating that it must precede cachexia.

Table 1 Quadriceps muscle abnormalities in COPD

Abnormality

Clinical Reduced strength
Increased fatigability
Reduced endurance
Reduced mid-thigh CSA

Structural Reduced fibre type 1 proportion and increased fibre type IIx
proportion

Reduced fibre CSA
Reduced capillary contacts to fibre CSA

Metabolic Reduced oxidative enzyme capacity, and increased glycolytic
enzyme activity (?)

Increased intracellular acidosis
Increased lactic acid
Reduced PCr/Pi ratio

MUSCLE DISEASE IN COPD: LABORATORY
OBSERVATIONS

The majority of evidence for skeletal muscle structural ab-
normalities in COPD has come from investigations at the
cellular level, particularly of the quadriceps muscle, which
is readily accessible for biopsy and a primary muscle of
locomotion. Previous findings are summarized in Table 1.
Most have reported a reduced proportion of type I fibres
in the vastus lateralis muscle of severe COPD patients
compared with control subjects [34–37], often accompan-
ied by an increase in the proportion of type IIx fibres [36].
This has been corroborated by studies demonstrating a
significantly greater proportion of MHC (myosin heavy
chain) type II isoforms in the vastus lateralis of COPD
patients than in healthy subjects [38,39]. This change
represents a reversal of the normal trend towards type I
fibres as an individual ages. In addition to changes in
fibre-type proportion, several investigators have reported
atrophy of type I, IIa and IIx fibres [36,40], and a reduced
number of capillary contacts for all muscle fibre types
[36,41].

Analysis of the metabolic enzyme profiles of muscle
biopsy samples from COPD subjects have consistently
demonstrated lower oxidative enzyme activity in the
vastus lateralis muscles compared with age-matched
healthy controls [42,43], but conflicting evidence exists
concerning glycolytic enzyme activity. Jakobsson et al.
[42] demonstrated an increase in the activity of phospho-
fructokinase and a trend towards increased lactate dehyd-
rogenase in the quadriceps muscles of COPD patients.
In comparison, Maltais et al. [43] found no difference in
glycolytic enzyme activity between patients and healthy
controls [43]. Our laboratory has recently demonstrated
that non-volitional quadriceps endurance capacity
correlates significantly with the proportion of type I
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fibres and with the oxidative/glycolytic enzyme activity
ratio [44].

A reduced oxidative capacity and a shift towards glyco-
lytic metabolism has important negative implications on
exercise performance. Several studies have demonstrated
a rapid rise in blood lactate levels during exercise [43,45],
which in turn is responsible for a fall in muscle pH and
a systemic acidosis [46]. Femoral venous blood lactate
levels are neither correlated with oxygen delivery to the
lower limbs nor with lower limb blood flow [43,45],
providing support for a biochemical abnormality, rather
than a delivery problem, in COPD. Studies utilizing 31P-
MRS (magnetic resonance spectroscopy) have allowed
the in vivo assessment of tissue energy metabolism. The
ratio of PCr (phosphocreatine) to Pi is closely related
to that of ATP to ADP and, hence, is a useful marker
of muscle energy status. The PCr/Pi ratio is significantly
lower [47] during exercise in COPD patients, with faster
PCr depletion [48], and post-exercise recovery is slower
in patients compared with healthy controls. Gosker
et al. [49] have also demonstrated significantly reduced
levels of UCP-3 (uncoupling protein-3) (implicated in
the regulation of energy metabolism) in vastus lateralis
muscle biopsies of COPD patients [49].

In comparison with the quadriceps, other muscles
of COPD patients have been less studied. As discussed
above, the diaphragm and other non-locomotor muscles
do not appear to have the weakness or fatigability of the
quadriceps. This is corroborated by investigations at a
cellular level. For example, the reduction in type I fibre
proportion found in the quadriceps is not observed in
the biceps [50]. Similarly, Gea et al. [51] demonstrated
a preserved or even increased oxidative enzyme capacity
in the deltoid muscle in severe COPD subjects. It is
also interesting to note that the structural adaptations
of the diaphragm of COPD patients is diametrically
opposite to those seen in the quadriceps, with an increase
in type I fibre proportion, reduced type IIx proportion
[52] and an increase in oxidative capacity [53]. A similar
fast-to-slow fibre-type transformation also occurs in the
parasternal intercostal muscles in severe COPD [54].

The recognition that skeletal muscle dysfunction is
particularly localized to the lower limbs has led to the
simple hypothesis of a downward disease spiral, which
is shown in Figure 4. Dyspnoea, and the associated
sedentary lifestyle in COPD patients, leads to inactivity
and muscle deconditioning, particularly of the locomotor
muscles. The resulting lower limb muscle dysfunction
leads to excessive lactic acid as a by-product of anaerobic
metabolism which, when buffered, produces carbon
dioxide and, hence, a metabolic stimulus to increase vent-
ilation and exacerbate breathlessness. This hypothesis is
dependent on the assumption that disuse atrophy is the
major aetiological factor for skeletal muscle dysfunction.
Although this is undoubtedly so in a significant propor-
tion of patients, it remains unknown whether other local

Figure 4 Downward disease spiral in COPD

or systemic factors augment the effects of disuse or even
become the main driving stimuli in certain patients.

AETIOLOGY OF SKELETAL MUSCLE
DYSFUNCTION IN COPD

Despite the clinical relevance and growing interest in the
area, the aetiology of the skeletal muscle abnormalities
described in COPD remains unknown. Most investigat-
ors believe that the aetiology is multi-factorial, but the
relative importance of systemic or local factors remains
an active research area. Factors considered potentially
relevant to skeletal muscle dysfunction include hypoxia,
hypercapnia, drugs, such as corticosteroids, nutritional
depletion, anabolic/catabolic hormone imbalance, sys-
temic or local inflammation, oxidative stress, genetic
susceptibility and reduced daily activity (Figure 5).

Hypoxia
Chronic or intermittent hypoxia is commonly found in
COPD, and may have a detrimental effect on skeletal
muscle function. In healthy humans exposed to high-
altitude hypoxia over weeks and months, functional,
morphological and metabolic changes occur in skeletal
muscle that bear similarities to those observed in COPD
patients. Strength and endurance are reduced [55,56]
as well as muscle fibre CSA [57]. Howald et al. [58]
showed the activity of enzymes involved in the Krebs
cycle, fatty acid oxidation and the respiratory chain
are reduced, whereas the activity of glycolytic enzymes
is enhanced. Rats exposed to intermittent hypoxia for
5 days have reduced levels of PCr and Krebs cycle
substrates, but increased levels of glycolytic enzymes
[59]. As discussed above, concentrations of ATP, gly-
cogen and PCr are lower in COPD patients with
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Figure 5 Proposed aetiology of COPD muscle dysfunction

chronic respiratory failure compared with patients
without respiratory failure [34]. In hypoxic patients, the
proportion of type I fibres in peripheral muscles was
significantly smaller than in non-hypoxic patients [37].
It is interesting to note that the reductions in skeletal
muscle contractility observed in hypoxic COPD patients
are partly ameliorated with supplementary oxygen [28].
Furthermore, aerobic metabolism is also improved with
the addition of oxygen [60]. Hypoxia may contribute to
muscle wasting in COPD by a variety of mechanisms,
including reduced anabolic hormone levels [61], increased
levels of pro-inflammatory cytokines [62] and by the
generation of ROS (reactive oxygen species) that con-
tribute to oxidative stress [63]. However, it should be
noted that several studies have documented significant
skeletal muscle dysfunction, morphological changes and
metabolic derangements in moderate-to-severe COPD
patients without chronic or intermittent hypoxia.

Hypercapnia
As with hypoxia, hypercapnia is frequently observed in
COPD patients with acute or chronic respiratory failure.
Acute hypercapnia leads to intracellular acidosis that has
marked effects upon muscle cell metabolism, including
decreases in ATP, PCr and adenosine nucleotides [64,65].
Furthermore, acute hypercapnia in healthy humans
reduces limb muscle and diaphragm contractility [66,67].
Findings from animal studies are conflicting; decreases
in PCr and ATP/ADP ratios have been reported in
rat muscles exposed to high carbon dioxide levels [68],
whereas no differences were found in phosphate meta-
bolite activity between hypercapnic and normocapnic rat
diaphragms [69]. Clinical results are lacking, presumably
because hypercapnia often co-exists with confounding

factors such as hypoxia and hyperinflation; further
studies are required to document systematically the meta-
bolic effects of gas exchange abnormalities on skeletal
muscle function.

Corticosteroids
Steroid myopathy is well documented in both animal and
human studies. As COPD patients may be treated with
corticosteroids either as ‘short-burst’ therapy for acute
exacerbations or as long-term low-dose ‘maintenance’
therapy, the possibility that corticosteroid treatment
might make a significant contribution to the development
of skeletal muscle dysfunction has been postulated.
Patients treated with high-dose corticosteroids (average,
61 mg of prednisolone daily) for non-respiratory diseases
develop a decrease in respiratory muscle strength and en-
durance, which resolves as the dose of steroids is reduced
[70]. Diaphragm weakness has also been shown following
the administration of high-dose methyl prednisolone
to treat episodes of acute rejection following lung
transplantation [71]. Conversely patients with Cushings
syndrome sufficient to cause quadriceps weakness do not
have diaphragm weakness [72]. However, investigators
have differed over whether clinically relevant doses of
corticosteroids have a significant role in the development
of skeletal muscle dysfunction. Decramer et al. [73] have
demonstrated a significant relationship between skeletal
muscle weakness and the average daily dose of steroids
received over the preceding 6 months (mostly as short-
burst therapy during acute exacerbations) [73]. In COPD
patients with a clinical diagnosis of steroid-induced
myopathy, as compared with control COPD patients
matched for age, gender and FEV1, there is diffuse
fibre atrophy of the quadriceps, predominantly affecting
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fast-twitch fibres, and severe peripheral muscle weakness
[74]. However, interpretation of these studies is difficult
as the effects of steroid treatment cannot be clearly
distinguished from the inflammation and immobility as-
sociated with frequent infective exacerbations for which
the steroids had been administered. Our laboratory
was not able to show any change in respiratory or
quadriceps muscle strength in stable COPD outpatients
following an oral steroid trial (a 2 week course of 30 mg
of prednisolone daily) [75]. This suggests that, in the
absence of other exacerbation factors that affect muscle
function (such as inflammation or reduced mobility),
isolated short-term treatment with steroids is unlikely
to cause significant peripheral muscle abnormalities.
Although the benefits of ‘maintenance’ systemic cor-
ticosteroid therapy remain unproven, a small proportion
of COPD patients are treated with chronic low-dose
steroids. This may arguably have more significant ef-
fects upon skeletal muscle than short-burst therapy.
Bernard et al. [12] observed that their cohort of COPD
patients on long-term low doses of corticosteroids had
significantly reduced quadriceps strength and mid-thigh
CSA compared with naı̈ve patients, although the groups
were not matched for other confounding factors.

Nutritional depletion
Much interest has focused on nutritional depletion in
COPD, particularly with the recognition that even
patients with normal body weight may have reduced fat-
free mass [11]. Nutritional depletion is associated with
reduced upper and lower limb muscle force [76], a loss of
force at higher stimulation frequencies, slowing of muscle
relaxation rate and a reduction in muscle endurance [77].
Studies have shown that it is the specific loss of fat-free
mass that is related to impaired skeletal muscle strength
[12], and that muscle mass is a much better predictor of
survival in COPD patients than body weight [29]. It is
not fully understood what causes a loss of fat-free mass,
but it cannot be simply explained by insufficient calorific
intake. A meta-analysis has reviewed the available studies
on therapeutic dietary supplementation in COPD [78].
The pooled effects suggested that the impact of nutritional
support alone on anthropometric variables was minor at
best, and generally did not achieve clinical importance
or statistical significance. Benefit is more likely to be
obtained in selected patients, particularly those who are
also undergoing pulmonary rehabilitation when energy
requirements are increased, but this is yet to be proven.

Anabolic/catabolic hormone imbalance
The close relationship between muscle dysfunction and
muscle wasting has prompted investigations into the bal-
ance between anabolic and catabolic hormones in COPD.
Reduced levels of anabolic hormones, such as testoster-
one and IGF-1 (insulin-like growth factor-1), have been
observed in COPD patients [79–81]; however, whether

an imbalance in favour of a catabolic milieu is responsible
for muscle disease in COPD remains contentious. Studies
to date have not been able to establish a true cause–
effect relationship. However, in contrast with nutritional
intervention, most trials of pharmacological anabolic
stimuli to promote protein synthesis (including testoster-
one, growth hormone and IGF-1) have documented
modest, but significant, improvements in muscle mass
and strength following intervention [82–84]. The effect on
exercise capacity is less certain [82,85] and not presently
judged sufficiently worthwhile to support these therapies
entering mainstream clinical practice. Furthermore, given
the ubiquitous nature of anabolic hormone receptors,
there are difficulties in ensuring a localized effect on
muscle, and unwanted side effects (such as glucose into-
lerance and salt/water retention) are not uncommon.

Systemic inflammation
Increasingly, given the inflammatory response that occurs
in the lungs, systemic inflammation has been postulated
as a major aetiological factor in the skeletal muscle
dysfunction commonly seen in COPD. As with several
other chronic diseases, COPD is characterized by low-
grade systemic inflammation [86–88]. TNF-α (tumour
necrosis factor-α) levels are elevated in patients who
fail to gain weight during a rehabilitation and re-feed-
ing programme [89], whereas increased blood levels of
IL-6 (interleukin-6), IL-8, TNF-α and CRP (C-reactive
protein) in COPD patients have been associated with
increased resting energy expenditure [86,88], giving
support to the concept that pro-inflammatory cytokines
play a role in COPD-associated cachexia. Elevated IL-6
levels are also associated with radiological evidence of
quadriceps wasting in COPD [79] and with reduced lean
body mass [87]. Evidence suggests that the systemic in-
flammation associated with acute exacerbations may also
be relevant. Spruit et al. [90] demonstrated a significant
inverse relationship between IL-8 levels and quadriceps
strength in patients admitted with an exacerbation of
COPD. However, whether pro-inflammatory cytokines
alone can induce skeletal muscle dysfunction remains
debatable. In vitro studies have shown that the levels
required to induce cachexia are far higher than the plasma
concentrations observed in patients [91,92]. Furthermore,
the relative preservation of some muscles, such as the
diaphragm [23], is also difficult to explain if a systemic
inflammatory aetiology is proposed. There is also debate
as to whether local inflammation is relevant. In a
recent study [93], our group conducted a cross-sectional
study that measured cytokine levels in quadriceps
specimens taken from severe COPD patients and healthy
age-matched controls. Compared with controls, there
were significantly lower levels of TNF-α, TNFRII
(TNF-α receptor II) and VEGF (vascular endothelial
growth factor), and similar protein levels of IL-6,
IFN-γ (interferon-γ ) and TGF-β (transforming growth
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factor-β) [93]. Hence we were unable to demons-
trate the presence of a pro-inflammatory environment
within the quadriceps muscles of clinically and weight-
stable patients with severe COPD. This has been cor-
roborated by other investigators [81].

Oxidative stress
Oxidative stress has also been postulated as a potential
mechanism for muscle dysfunction in COPD [94].
Free radicals (such as the superoxide anion and NO),
when inadequately scavenged by antioxidants, can cause
oxidative damage to lipids and proteins, significantly al-
tering the activity of the mitochondrial respiratory chain
complex. Increased levels of oxidative stress have been
particularly observed during acute exacerbations [95]
and during exercise [96], but also documented in stable
COPD patients [93]. Treatment with N-acetylcysteine, an
antioxidant, has been shown to reduce exercise-induced
oxidative stress and improve quadriceps endurance [97].
However, conflicting evidence exists with regards to anti-
oxidant levels in COPD patients, with some investigators
showing reduced skeletal muscle antioxidant capacity
at rest [96,98], whereas others have not demonstrated
any significant differences between COPD patients and
healthy controls [99]. Given that exercise training is one of
the few therapies shown to reverse muscle abnormalities,
it is slightly contrary that both low-intensity and
strenuous exercise induces systemic oxidative stress in
COPD patients [63,96]. Whether oxidative stress directly
induces muscle dysfunction in COPD or whether it is
part of a damage-repair phenomenon remains speculative.

Genetic susceptibility
Quadriceps strength is typically reduced by approx.
30 % in moderate-to-severe COPD patients compared
with age- and gender-matched healthy subjects. However,
considerable overlap exists between patients and healthy
controls, suggesting that some patients may be par-
ticularly susceptible to developing muscle dysfunction.
Studies into genetic susceptibility in COPD remains in its
infancy [100], but interesting findings have already been
observed. Twin studies of healthy humans have demon-
strated significant genetic influences on muscle mass
and strength [101,102]. For example, a polymorphism of
the human ACE (angiotensin-converting enzyme) gene
has been identified in which the absence [D (deletion)
allele] rather than the presence [I (insertion) allele] of
a 287 bp fragment is associated with higher circulating
and tissue ACE activity and, consequently, higher AngII
(angiotensin II) and lower bradykinin levels [103]. Local
AngII is necessary both for angiogenesis [104] and for
optimal muscle trophic response to loading [105], and
may therefore be necessary for skeletal muscle growth.
AngII has been shown to increases muscle strength in rat
hindlimb preparations [106]. Our laboratory has shown
that, in a cohort of 103 COPD patients, those with

Figure 6 ACE genotype and influence on quadriceps
strength
This Figure was drawn with data taken from [107].

the I/I polymorphism of the ACE gene had reduced
quadriceps strength compared with those with the D/D
polymorphism [107] (Figure 6). More recently, our group
has also shown that polymorphisms of the vitamin D
receptor are associated with quadriceps strength. For
example, those homozygous for the C allele of the FokI
polymorphism had comparatively reduced quadriceps
strength, whereas the b allele of the BsmI polymorphism
was associated with comparatively improved quadriceps
strength [108]. Interestingly in neither of these studies
was the same relationship observed in healthy controls,
suggesting an interaction between gene and environment.

Reduced daily physical activity
The preferential involvement of some muscle groups
suggests that local muscle factors must be involved in the
development of skeletal muscle dysfunction. Perhaps
the most obvious local factor is inactivity, as it is reas-
onable to assume that patients with pulmonary and func-
tional impairment are more sedentary than their healthy
counterparts. Previous studies using activity monitors,
which can objectively quantify activity, provide evidence
for reduced daily activity in COPD patients [31,109–112],
as well as localized reduced lower limb activity [111]. The
clinical importance of inactivity has been emphasized by
prospective studies showing that moderate-to-high levels
of regular physical activity are associated with reduced
lung function decline and COPD risk among smokers
[113]. Furthermore, regular physical activity improves
the course of COPD with respect to hospitalizations
[114,115] and all-cause and respiratory mortality [114] in
large population-based samples. Several lines of evidence
support the contribution of inactivity towards skeletal
muscle dysfunction in COPD. First, studies have
consistently demonstrated preferential lower limb muscle
weakness with a relative preservation of the upper limbs
[12] and the diaphragm [23,116]. This is in line with
the notion that inactivity leads to subsequent muscle
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Figure 7 Muscle atrophy and hypertrophy pathways
See main text for abbreviations. eIF2B, eukaryotic initiation factor 2B.

deconditioning with the greatest effect upon muscles
that are least used (i.e. the lower limbs). Secondly,
consistent with the observations on muscle strength,
the metabolic and morphological characteristics of the
quadriceps muscle differ from other muscles in COPD.
The deltoid and diaphragm muscles show an increase in
oxidative capacity [51,53], and there is a fast-to-slow fibre
type transformation (i.e. an increase in type I fibres) in
the diaphragm of severe COPD patients [52]. Thirdly,
many of the skeletal muscle abnormalities found in the
quadriceps of COPD patients are mirrored in otherwise
healthy patients with deconditioning, reduced activity
or prolonged bed rest [117]. Similarly, despite different
systemic aetiologies, the skeletal muscle abnormalities
found in COPD patients are extremely similar to those
found in chronic heart failure and chronic renal failure
patients [117]. Other local factors, as yet unidentified,
may also be involved in initiating muscle dysfunction.
Maltais et al. [39] have demonstrated modifications in the
MHC profile in the vastus lateralis of COPD patients
compared with healthy subjects despite only modest
differences in physical fitness. Furthermore, studies on
emphysematous hamsters have shown reduced oxidative
capacity of their hindlimb muscles despite the absence
of a reduction in their level of activity compared with
control animals [118].

Further studies are required to elucidate the relative
importance of systemic and local factors in the aetiology
of skeletal muscle dysfunction in COPD patients.
A reasonable integrative hypothesis is that systemic
factors (e.g. cytokines and growth factors), although not
markedly elevated, may synergize with local factors (e.g.

inactivity, ROS and acidosis) to produce an imbalance
between anabolism and catabolism (Figure 5). It must
also be remembered that COPD is a diagnostic label
encompassing a group of diseases with subtle phenotypic
differences, and there is increasing evidence that genetic
susceptibility is relevant. It is possible that the relative
importance of aetiological factors vary depending on
both the phenotypic characterization of the patient (for
example, systemic inflammation may be more influential
in patients with general cachexia).

MUSCLE-WASTING MECHANISMS: ANIMAL
MODELS

In recent years, considerable progress in skeletal muscle
biology has led to a deeper understanding of muscle-wast-
ing mechanisms, and the carefully regulated processes
of protein synthesis and protein breakdown. Several
animal models of hypertrophy and atrophy have
identified that the PI3K (phosphoinositide 3-kinase)/
Akt/mTOR (mammalian target of rapamycin) pathway
is up-regulated during hypertrophy and down-regulated
during muscle atrophy [119] (Figure 7). Anabolic
hormones, such as IGF-1, stimulate the PI3K/Akt
pathway, resulting in downstream activation of targets
required for protein synthesis [120]. Akt, when in its
phosphorylated active form, stimulates mTOR, which
can promote protein synthesis by the activation of
p70S6K (70 kDa ribosomal S6 protein kinase) [120] and
by the inhibition of 4E-BP1 (eukaryotic initiation factor
4E binding protein-1)/PHAS-I [121]. Independently of
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the p70S6K and 4E-BP1 pathways, phosphorylated Akt
can also stimulate protein synthesis by the inhibition of
GSK-3β (glycogen synthase kinase-3β) [122], a repressor
of protein synthesis [123].

Several animal models of atrophy have established
the involvement of the ubiquitin–proteasome pathway
[124]. This pathway is up-regulated by a variety of
factors that are relevant to muscle dysfunction in COPD,
including muscle inactivity, pro-inflammatory cytokines
and glucocorticosteroids. Proteasomes are large multi-
subunit complexes, localized in the nucleus and cytosol,
that selectively degrade intracellular proteins. A protein
marked for degradation is covalently attached to multiple
molecules of ubiquitin by a multi-enzymatic system
consisting of E1 (ubiquitin-activating), E2 (ubiquitin-
conjugating) and E3 (ubiquitin-ligating) enzymes. Ubi-
quitinated protein is then escorted to the 26S proteasome,
where it undergoes final degradation and the ubiquitin is
released and recycled. Differential expression screening
studies have identified two genes whose expression is in-
creased significantly in multiple animal models of skeletal
muscle atrophy. These two genes MuRF-1 (muscle ring
finger-1; TRIM63) and MAFbx (muscle atrophy F-box;
FBXO32) [125], which is also known as atrogin-1 [126],
encode E3 ubiquitin ligases [125]. Apart from stimulating
muscle hypertrophy pathways, activated Akt is also
able to block muscle protein breakdown by down-
regulating MuRF-1 and atrogin-1 expression. This action
is mediated by the inactivation of the FoxO (forkhead
box O) class of transcription factors [127]. However,
it remains speculative as to whether Akt alone is able
to completely block atrophy pathways, as experiments
involving IGF-1 have only been partially successfully in
inhibiting muscle atrophy [128].

As described above, several pro-inflammatory cy-
tokines have been shown to produce muscle wasting,
notably TNF-α. NF-κB (nuclear factor κB) activation
has been shown to be required for the cytokine-induced
loss of muscle proteins. Furthermore, as NF-κB is also
activated by disuse [129], it has been postulated that this
pathway is a central trigger of muscle atrophy mechani-
sms [130]. NF-κB is controlled by the IKK [IκB
(inhibitor of NF-κB) kinase] complex. Transgenic mice
in which the NF-κB pathway was activated [MIKK
(muscle-specific expression of IKK)] had an up-regula-
tion of MuRF-1, but not atrogin-1 [130], suggesting a
second parallel pathway that up-regulates atrogin-1.

Studies to determine whether these hypertrophy and
atrophy pathways are relevant in the aetiology of muscle
dysfunction in COPD remains in its infancy. Doucet
et al. [131] have demonstrated significantly increased
mRNA levels of MuRF-1 and atrogin-1, and FoxO-1
protein content in the quadriceps muscles of COPD
patients, suggesting an up-regulation of muscle
atrophy pathways. However, these were not related
to measures of quadriceps function, and no difference

was found between patients with and without clinical
muscle atrophy [131]. Rather unexpectedly, the
authors also found an increase in phosphorylated
Akt, suggesting that the transcriptional regulation
of MuRF-1 and atrogin-1 via FoxO1 occurs
independently of Akt. Furthermore, increases in
phosphorylation status of three muscle hypertrophy
protein signals (p70S6K, GSK-3β and 4E-BP1)
were observed in COPD patients with low muscle mass
when compared with those with preserved muscle
mass. This could be the result of a feedback loop resulting
in a failed attempt to compensate for muscle atrophy
or, alternatively, a defective hypertrophy and muscle
regeneration response may be present in COPD patients.

Muscle repair and regeneration are dependent on myo-
genic satellite cells [132]. These are usually quiescent but
can be activated, leading to rapid proliferation following
muscle injury. This process is controlled by a number
of growth- and myogenic-regulatory factors. One such
regulatory factor, for example, is MyoD, which has an
essential role in cell differentiation [133]. TNF-α has been
shown to inhibit MyoD expression and suppress muscle
hypertrophy via activation of NF-κB [134]. Another
regulatory factor of myogenic satellite cells is myostatin
(also known as growth differentiation factor 8), a member
of the TGF-β superfamily. Myostatin inhibits satellite
cell differentiation by suppressing MyoD and other
myogenic regulatory factors [135]. Interestingly, certain
cattle breeds (Belgian Blue and Piedmontese), which
are famed for their muscle bulk, have mutations in the
myostatin gene produced through breeding [136]. Simil-
arly, a German boy, noted for his significantly increased
muscle strength compared with his peers, was diagnosed
with mutations of the myostatin-producing gene [137].
Myostatin protein levels both in serum and muscle are
also significantly increased in muscle-wasting conditions,
such as HIV infection [138]. Although MyoD has been
shown to be up-regulated following rehabilitative exer-
cise [139], it remains speculative as to whether myogenic
regulatory factors, such as myostatin and MyoD, are
relevant in the pathogenesis of muscle disease in COPD.

Aside from muscle atrophy, a fibre-type switch from
type I to type II fibres is observed in the quadriceps
muscles of COPD patients, resulting in decreased oxidat-
ive capacity [36]. It is not known whether these processes
occur independently or whether there is a unifying path-
way. Animal studies have revealed putative mechanisms
involving the PPARs (peroxisome-proliferator-activated
receptors), as well as PGC-1α (PPAR-γ coactivator-
1α), a strong co-activator of PPAR transcriptional
activity. These have been shown to be key regulators
of mitochondrial biogenesis [140] and of skeletal muscle
oxidative capacity [141], as well as being essential in
mediating a fibre-type shift towards endurance properties
(i.e. type II to I) [142,143]. Furthermore, transgenic
mice expressing increased PGC-1α in skeletal muscle
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appear to be protected against muscle wasting mediated
via the FoxO3/atrogin-1 and MuRF-1 pathways [144],
and PPAR-δ agonists have been shown to synergize
with exercise training to improve running endurance in
sedentary mice [145]. PPAR-α and PPAR-δ activity is
suppressed by factors relevant to COPD, such as hypoxia
[146] and systemic inflammation [147]. In humans,
reduced PPAR activity has been observed in other chronic
conditions, including spinal cord injury, chronic heart
failure and diabetes. Interestingly, recent studies on a
small cohort demonstrated that PPAR-δ protein and
PGC-1α mRNA levels were significantly lower in COPD
patients than in age-matched controls [148], and that
PPAR-α mRNA was significantly lower in the cachectic
compared with non-cachectic COPD patients [148].

CONCLUSIONS

The last decade has seen a widespread recognition of the
clinical importance of skeletal muscle dysfunction, par-
ticularly of the peripheral locomotor muscles, in COPD.
Parallel with this has been increasing knowledge of the
molecular mechanisms of muscle wasting. In the next
decade, it is anticipated that new agents will be developed
to combat muscle-wasting mechanisms. Although direct
interventions targeting skeletal muscle structure and
function are of great interest, it must be remembered that
only one practical therapeutic intervention currently ex-
ists that reverses some of the skeletal muscle abnormalities
observed in COPD, namely exercise training as pulmon-
ary rehabilitation. The effects of pulmonary rehabilitation
on quadriceps muscle in COPD are described in a related
review appearing in Clinical Science [149].
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