






Figure 1C shows the weekly progression of total isokinetic
work performed during training (weekly average) for each
group. Mean absolute work performed by HCs was greater at
all stages than in both COPD groups, but there was no differ-
ence in the rate of progression of work during training between
the HC and COPD groups and between the COPD (P) and
COPD (S) groups.

Training-induced changes in protein expression
Muscle protein breakdown: In the HC group, expression of proteins
involved in MPB was significantly increased 24 h after the first bout
of training and was sustained at 4 and 8 weeks (figure 2A). In
patients with COPD, the pattern of change was broadly similar, but
of smaller magnitude with fewer changes being statistically signifi-
cant (figure 2C,D). In particular, the expression of MURF1 and
MAFbx was unchanged in both COPD groups during training.
There was no difference in the response to training between COPD
(P) and COPD (S) groups.

Muscle protein synthesis: In HCs, there was an increase with
training in the ratio of phosphorylated protein to total protein
expression for all anabolic signalling proteins with the exception
of PGSK3� /GSK3� ratio (figure 3A). The pattern of change in
COPD was similar, but training-induced changes were of sub-
stantially lower magnitude than in HC (figure 3C,D). There was
no difference in the magnitude of response when comparing
COPD (P) and COPD (S) groups.

Myogenesis: Myostatin protein expression did not change sig-
nificantly from baseline with training in either HC or COPD
groups. There was a statistically significant increase in MyoD
expression after 8 weeks of training in all three groups, which
was of the same magnitude. There was a tendency for myogenin
protein expression to increase with training in all groups, but
this did not reach statistical significance (figure 4A,C,D). There
was no difference in the pattern of response to training when
comparing COPD (P) and COPD (S) groups.

Transcription factors: Phosphorylated to total protein expres-
sion ratios for FOXO1 and FOXO3 transcription factors
increased in all groups during training (figure 5). However, the

magnitude of change was lower in both COPD groups com-
pared with HCs.

Training-induced changes in mRNA expression
A description of changes in mRNA expression is provided in the
online supplementary materials and methods. Broadly, the pattern
change in genes involved in MPB and MPS, myogenesis, transcrip-
tion and inflammation was similar for HC and COPD (P) and
COPD (S) groups (see online supplementary figures 2S–6S).
Notably, myostatin mRNA expression was significantly reduced at
24 h, but was restored to the baseline value at 4 and 8 weeks in all
groups (see online supplementary figure 4S). Similarly, inflamma-
tory gene expression increased significantly in all groups at 24 h
but was reduced to baseline at 4 and 8 weeks (see online supple-
mentary figure 6S).

DISCUSSION
This study details the functional and molecular responses of
skeletal muscle to RT and post-exercise protein/carbohydrate
supplementation combined with RT in patients with COPD and
aged-matched HCs. A major finding was that increases in thigh
lean mass and knee-extensor strength over 8 weeks of RT in
patients with COPD were similar compared with HCs. It is con-
cluded that while baseline muscle function in patients with
COPD is compromised, its responsiveness to RT is preserved.

RT increased anabolic, catabolic and transcription factor
protein expression (not unexpected given exercise increases
muscle protein turnover), but the magnitude of increase was
blunted in patients with COPD. This was surprising given that
thigh lean mass and strength gains were similar, and suggests a
disconnection between changes in protein expression and lean
mass gains. There appeared to be a closer association between
anabolic, catabolic and transcription factor protein expression
levels and work done during RT as the latter was consistently
lower in patients with COPD (figure 1C). However, changes in
myogenic protein expression with RT were similar in patients
with COPD and HCs and may explain the similarity in lean
mass gains. This is in line with the observation that testosterone-

Figure 1 Training-induced changes in muscle mass and strength and progression of work. Changes (%±SEM) from baseline in (A) thigh muscle
mass, (B) isometric peak torque in the healthy control group (HC; red bars), chronic obstructive pulmonary disease (COPD) placebo group (COPD (P);
green bars) and COPD supplement group (COPD (S); blue bars). *p<0.05, **p<0.01, ***p<0.001 significantly different from baseline. (C) Shows
mean (± SEM) weekly total isokinetic work (180°/s) performed during the 8-week training programme in the three groups. #p<0.05 significant
difference compared with control group.
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mediated muscle hypertrophy in older people is associated with
increased myogenin protein expression and satellite cell activa-
tion.24 Contrary to our hypothesis, post-exercise dietary supple-
mentation in patients with COPD did not alter target gene and
protein expression or leg lean mass and functional gains com-
pared with training alone.

Single time-point studies comparing muscle anabolic and cata-
bolic mRNA and protein expression in patients with COPD and
HCs have proposed muscle atrophy in COPD occurs as a conse-
quence of increased ubiquitin proteosome mediated MPB, and
that increased anabolic signalling may occur as a compensatory
phenomenon.11 13 Conversely, others report little differences in
anabolic gene and protein expression levels between patients
with COPD and HCs.12 In this study MuRF1, MAFbx and
nuclear FOXO1 protein expression was greater in patients with
COPD than in HCs at baseline (table 2). However, these traits
were present even when thigh lean tissue mass and muscle
inflammatory cytokine mRNA expression were similar between

patients with COPD and HCs (table 2, see online supplemen-
tary table 1S), suggesting these differences may be features of
deconditioning rather than increased MPB and wasting per se,
which is supported by the lack of difference in proteasome
protein expression at baseline. In the absence of MPB measure-
ments it is not possible to be more conclusive but increased
muscle FOXO and MAFbx protein expression has been
reported under conditions of altered muscle carbohydrate and
lipid oxidation and in the absence of muscle wasting.25 The
greater muscle catabolic protein expression at baseline in
patients with COPD was also paralleled by greater expression of
selected anabolic and myogenic signalling proteins, perhaps sug-
gesting greater basal muscle protein turnover in COPD.

To our knowledge, no COPD study has documented the time
course of muscle molecular events under conditions when
muscle mass has been increased by RT. Muscle cytokine mRNA
expression increased transiently in response to training, but the
magnitude was the same in patients with COPD and HCs (see

Figure 2 Expression of target proteins regulating muscle protein breakdown in response to training. Protein expression (mean±SEM) is represented
as relative changes from basal and is quantified by western blotting. (A) HC, healthy control group; (B) COPD (P), patients with chronic obstructive
pulmonary disease (COPD) receiving placebo; (C) COPD (S), patients with COPD receiving supplement; (D) typical western blot using IRdye 800
(green) secondary antibodies to quantify the catabolic proteins studied. *p<0.05, **p<0.01 significantly different from baseline; #p<0.05
significantly different from 24 h. ex, exercise.
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online supplementary figure 6S), and likely reflected an acute
inflammatory response to unaccustomed exercise. Furthermore,
this response, together with the transitory decrease in myostatin
mRNA expression over the same time course, demonstrates
short-term changes in mRNA abundance may be of limited
physiological relevance in the absence of associated protein
changes. This point is further substantiated by the lack of close
alliance between changes in mRNA and protein abundance with
training for each molecular target in this study. The current
study extends previous reports (which generally focused on rela-
tively few mRNA and protein targets26) by documenting
responses of a substantially wider range of targets to a training
intervention that increased lean tissue mass and strength, captur-
ing time-course changes. The disconnection between protein
expression levels and muscle mass gains with RT is supported
by data showing that increasing amino acid and insulin availabil-
ity (thus doubling leg protein synthesis and halving leg protein
breakdown in young, healthy volunteers) did not result in

parallel changes in anabolic signalling activity (phosphorylation
of the Akt/mTOR/P70S6k/eIF4F pathway), and more simply
reflected changes in insulin availability.17 Additionally, the
decline in MPS observed during limb immobilisation in healthy,
young volunteers is not reflected by changes in expression levels
of mTOR signalling proteins, which remained unchanged from
basal.27 It could be argued that measuring anabolic, catabolic
and transcription factor protein expression in the resting fasted
state (as in the present study) does not provide significant
insight regarding molecular responses mediated at the time of
exercise, but if this is the case it is difficult to reconcile the
changes in mRNA and protein expression levels we observed
with RT in the present study. A likely explanation is that closer
association exists between changes in protein expression levels
and work done during training than lean mass gains. In support
of this, Burd et al28 recently demonstrated that the volume (not
intensity) of work done during an acute bout of resistance exer-
cise is positively associated with the magnitude of post-exercise

Figure 3 Expression of target proteins regulating muscle protein synthesis in response to training. Protein expression (mean±SEM) is represented
as relative changes from basal and is quantified by western blotting. (A) HC, healthy control group; (B) COPD (P), patients with chronic obstructive
pulmonary disease (COPD) receiving placebo; (C) COPD (S), patients with COPD receiving supplement; (D) typical western blot using IRDye 800
(green) and IRDye 680 (red) secondary antibodies to quantify the anabolic proteins studied. *p<0.05 significantly different from baseline. ex,
exercise.
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p70S6K phosphorylation, and that this relationship exists for up
to 30 h following exercise which is considerably longer than in
the present study. Furthermore recent work shows the intensity
of chronic RT does not determine the magnitude of
training-induced muscle hypertrophy in young men.29 As this
study demonstrates, this has important implications for muscle
rehabilitation in COPD and other wasting diseases.

Anabolic resistance of muscle to protein nutrition is a feature
of ageing and has been proposed to be a causative factor in sar-
copenia.19 20 It has been suggested that dietary supplementation
might need to be combined with muscle contraction to facilitate
muscle protein accretion in ageing.19 30 Despite supplementa-
tion occurring immediately after each bout of training when the
anabolic response to feeding is maximised,21 we did not observe
an effect of feeding on molecular or functional outcomes, sug-
gesting dietary protein intake is not a major limitation to
RT-induced muscle mass gains in COPD.

Controversy exists about whether impaired muscle mass and
function can be ascribed to COPD-specific factors (eg, systemic
inflammation, hypoxia, drug therapy) or is predominantly due
to physical inactivity. Our observation that RT increased lean
mass and strength in COPD, and by the same magnitude as

observed in HCs, suggests inactivity and deconditioning are key
factors underpinning muscle dysfunction in COPD, although we
recognise that muscle dysfunction due to disease-specific factors
may also be modifiable by training. Importantly, muscle mass
and function increased with RT even in the face of increased
catabolic mRNA and protein expression, which probably reflects
exercise-induced increases in muscle protein turnover. We recog-
nise our observations are limited to patients with stable disease
and preserved muscle mass who were able to undertake a
demanding RT programme with repeated muscle biopsy sam-
pling. However, we selected patients with significant self-
reported exercise limitation (MRC grades 3–5), demonstrating
markedly impaired muscle strength and aerobic capacity at base-
line, suggesting the population represented those referred for
pulmonary rehabilitation.

In conclusion, we demonstrated there is no disease-specific
barrier to increasing lean tissue mass and function through RT
in patients with COPD and lung impairment, exercise intoler-
ance and weakness at baseline. We also showed that increasing
post-exercise dietary protein and carbohydrate intake is not a
prerequisite for a normal training response in COPD. Our
observation that (with the exception of myogenic proteins)

Figure 4 Expression of target proteins regulating myogenesis in response to training. Protein expression (mean±SEM) is represented as relative
changes from basal and is quantified by western blotting. (A) HC, healthy control group; (B) COPD (P), patients with chronic obstructive pulmonary
disease (COPD) receiving placebo; (C) COPD (S), patients with COPD receiving supplement; (D) typical western blot using IRDye 800 (green)
secondary antibodies to quantify the myogenic proteins studied. *p<0.05, **p<0.01 significantly different from baseline; #p<0.05 significantly
different from 24 h. ex, exercise.
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gains in lean mass are not tightly coupled to the magnitude of
change in protein expression suggests some caution when identi-
fying potential targets for intervention.
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