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Background: Skeletal muscle adenine nucleotide loss has been associated with fatigue during high
intensity exercise in healthy subjects but has not been studied in patients with chronic obstructive
pulmonary disease (COPD). Changes in adenine nucleotides and other metabolites in the skeletal muscles
were measured in patients with COPD and age matched healthy volunteers by obtaining biopsy samples
from the quadriceps muscle at rest and following a standardised exercise challenge.
Methods: Eighteen patients with COPD (mean (SD) forced expiratory volume in 1 second 38.1 (16.8)%)
and eight age matched healthy controls were studied. Biopsy samples were taken from the vastus lateralis
muscle at rest and immediately after a 5 minute constant workload cycle test performed at 80% peak work
achieved during a maximal incremental cycle test performed previously.
Results: The absolute workload at which exercise was performed was substantially lower in the COPD
group than in the controls (56.7 (15.9) W v 143.2 (26.3) W, p,0.01). Despite this, there was a
significant loss of adenosine triphosphate (mean change 4.3 (95% CI 27.0 to 21.6), p,0.01) and
accumulation of inosine monophosphate (2.03 (95% CI 0.64 to 3.42), p,0.01) during exercise in the
COPD group that was similar to the control group (24.8 (95% CI 29.7 to 0.08), p = 0.053 and 1.6 (95%
CI 0.42 to 2.79), p,0.01, respectively).
Conclusions: These findings indicate that the ATP demands of exercise were not met by resynthesis from
oxidative and non-oxidative sources. This suggests that significant metabolic stress occurs in the skeletal
muscles of COPD patients during whole body exercise at low absolute workloads similar to those required
for activities of daily living.

C
hronic obstructive pulmonary disease (COPD) is an
important and increasing cause of disability world-
wide.1 It has been suggested that peripheral skeletal

muscle dysfunction makes a significant contribution to
whole body exercise intolerance in COPD.2 This is important
because skeletal muscle dysfunction may be a remediable
feature of an otherwise largely irreversible disease.
Recent studies of muscle samples taken from COPD

patients at rest have shown reductions in oxidative enzyme
activity and the proportion of type I fibres compared with
healthy controls.3 4 This implies that resynthesis of ATP
during muscle contraction from oxidative sources is impaired
in COPD with a consequent increase in non-oxidative
metabolism and presumably fatigue during exercise.
Severe metabolic stress can be said to occur in the skeletal

muscles when the rate of ATP resynthesis from both
oxidative and non-oxidative routes cannot meet its rate of
utilisation during contraction. Under these circumstances,
ATP loss and the accumulation of purine nucleotide
derivatives such as inosine monophosphate (IMP) occur.
This has been associated with fatigue during high intensity
exercise in healthy subjects.5 6 However, it is unknown
whether greater ATP loss and IMP accumulation occur in
the muscles of COPD patients during whole body exercise,
given the low absolute workloads patients are able to achieve.
Dynamic measurements of skeletal muscle energy meta-

bolism in COPD can be made using magnetic resonance
spectroscopy.7 8 However, magnetic resonance spectroscopy is
unable to provide a complete metabolic profile of events
during exercise and may be inaccurate because of assump-
tions made about the pH buffering capacity of the intracel-
lular milieu,9 particularly in muscle where the fibre

composition is likely to have changed. Moreover, whole body
exercise cannot easily be studied using magnetic resonance
spectroscopy because of the confines of the equipment.
By contrast, the direct measurement of muscle metabolites

from biopsy samples taken during whole body exercise is
commonplace, particularly in studies of young healthy
subjects. This allows a detailed examination of adenine
nucleotide turnover and the accumulation of purine nucleo-
tide metabolites. In addition, the contribution of oxidative
and non-oxidative pathways to the resynthesis of ATP during
muscular contraction can be accurately quantified. This has
not been performed in patients with COPD and therefore the
functional relevance of adenine nucleotide turnover during
exercise to fatigue and exercise limitation is unclear.
In this study we have examined the metabolic response to

exercise by analysing biopsy samples taken at rest and during
a standardised exercise challenge in COPD patients and
similar aged healthy volunteers. Our aim was to determine
whether significant adenine nucleotide loss occurs in the
muscles of COPD patients during exercise that is of
functional relevance to daily activity and rehabilitation.

METHODS
Patients
Subjects were recruited from those accepted for pulmonary
rehabilitation at Glenfield Hospital. Patients who met GOLD

Abbreviations: ADP, adenosine diphosphate; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; COPD, chronic
obstructive pulmonary disease; FEV1, forced expiratory volume in
1 second; FVC, forced vital capacity; IMP, inosine monophosphate;
MVV, maximum voluntary ventilation; PCr, phosphocreatine; SLP,
substrate level phosphorylation; TAN, total adenine nucleotide
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clinical and spirometric criteria for COPD between the ages of
40 and 80 years of age were included.10 All patients had
agreed to participate in a nutritional supplementation trial
during pulmonary rehabilitation11 and were therefore
excluded if their body mass index was greater than 30 kg/
m2. The current study was completed before rehabilitation
and supplementation commenced. Healthy age matched
volunteers were recruited as controls by local advertisement.
Healthy controls had no past or present history of cardiac or
respiratory disease and had normal spirometic parameters.
Other exclusion criteria were oral corticosteroid or antic-
oagulant use and resting or exercise induced haemoglobin
desaturation below 90%.
Approval for the study was obtained from the

Leicestershire research ethics committee.

Study assessments
Spirometric parameters were measured in the seated position
to UK standards (Vitalograph, Model R, Bucks, UK). Values
are expressed as a percentage of predicted values calculated
from ERS regression equations.12 Body weight was measured
in light clothing to the nearest 0.1 kg (SECA, UK). Body
height was measured using a wall mounted stadiometer to
the nearest 1 cm.

Exercise tests
All subjects performed a maximal symptom limited incre-
mental exercise test on an electrically braked cycle ergometer
to determine peak exercise work capacity. Patients were
asked to cycle at a constant speed of 40 rpm. Following a
3 minute period of unloaded cycling, the workload was
increased incrementally by 10 W every minute. Patients were
encouraged to continue cycling at the required rate for as
long as possible. The peak work achieved was recorded.
During the test ventilation and gas exchange measurements
were made using a breath by breath computerised system
(Oxycon Beta, Erich, Jaeger UK Ltd). Peak ventilation was
also expressed as a percentage of predicted maximum
voluntary ventilation (MVV). This was calculated as forced
expiratory volume in 1 second (FEV1) 6 40, and patients
with COPD were deemed to have a ventilatory limit to
maximal exertion if peak ventilation was greater than 90%
MVV.13

At least 48 hours after the incremental cycle test subjects
performed a 5 minute constant load cycle test. The workload
for this test was set at 80% of the peak work achieved during
the incremental test. The cycle cadence for all exercise tests
was 40 revs/min. Muscle biopsy samples were obtained from
the quadriceps muscle at rest and at the end of the constant
load test using the Bergstrom technique.14 Muscle samples
were therefore taken from all subjects following an exercise
challenge of the same time and relative intensity. Post
exercise samples were obtained with the subject seated in the
bike, no longer than 10 seconds after the end of the exercise
test. This is effectively an exercising sample.14 ECG and
saturation monitoring was performed throughout the test.
Breathlessness and perceived exertion were assessed on the
modified Borg scale at the end of the test. Breath by breath
measurements of ventilation and gas exchange were not
obtained during the constant load test. The reason for this
was to facilitate rapid sampling of the muscle within a few
seconds of the completion of exercise. This technique is used
routinely in studies of young healthy subjects and we were
able to obtain samples for all subjects without difficulty
within 10 seconds after exercise.

Muscle biopsy analysis
Muscle samples were frozen immediately and stored in liquid
nitrogen. Following subsequent freeze drying, powdering and

extraction, samples were analysed for phosphocreatine (PCr),
creatine, and lactate concentrations using the spectrophoto-
metric method of Harris et al,15 and adenine nucleotides (ATP,
ADP and AMP) and their breakdown derivatives (IMP,
inosine and xanthine) using high pressure liquid chromato-
graphy (HPLC).16 Total creatine concentration was calculated
as the sum of PCr and creatine and all measurements (apart
from lactate which in part leaves the muscle compartment)
were corrected for non-muscle constituents using total
creatine.17

Substrate level phosphorylation (SLP) was calculated as
SLP = D[PCr] + {D[La] 6 1.5} + {D[ATP] 6 2} where D
refers to the exercise induced change in each metabolite.
Substrate level phosphorylation represents total ATP energy
derived from non-oxidative sources. As oxidative metabolism
is the only other source of ATP energy, its contribution to
energy metabolism can be indirectly assessed by calculating
SLP.18 The total adenine nucleotide (TAN) pool was calcu-
lated as [ATP] + [ADP] + [AMP].
To allow comparison of the metabolic response to exercise

between patients and controls working at markedly different
absolute intensities, SLP and IMP accumulation during
exercise was adjusted by dividing by the workload at which
the constant load test was performed (SLP/WL and IMP/WL,
respectively).

Data analysis
Comparison between patients and controls was made using
the Student’s unpaired t test. Association between variables
was analysed by Pearson correlation. Statistical tests were
performed using SPSS Version 10 (SPSS Inc, Chicago, USA).

RESULTS
Twenty three patients and 10 healthy controls took part in
the study. Complete paired muscle biopsy samples (rest and
exercise) were available from 18 patients with COPD and
eight healthy controls. Missing data were due to insufficient
muscle tissue for accurate analysis in either the rest or
exercise biopsies. Only data from patients with rest and
exercise samples were included in the analysis. The baseline
subject characteristics are shown in table 1.
Apart from spirometric measurements, the patient and

control groups were demographically well matched at base-
line. Data from the maximal and constant load tests are
shown in table 2. Exercise data from three patients in the
COPD group are missing because of equipment failure. As
expected, peak workload, peak oxygen uptake, and peak
ventilation during incremental exercise were substantially
higher in the control group. Peak ventilation as a proportion
of predicted MVV was significantly higher in the COPD
group. Of the 15 patients in the COPD group for whom data
were available, nine were deemed ventilatory limited by our
criteria. During the constant load test the end exercise Borg
breathlessness score was higher in the COPD group despite

Table 1 Mean (SD) baseline characteristics

COPD patients
(n = 18)

Healthy controls
(n = 8)

F/M 3/15 2/6
Age (years) 66 (8.1) 64 (6.1)
FEV1 (l) 1.12 (0.4) 2.92 (0.62)*
FEV1 (% predicted) 38.1 (16.8) 100.9 (21.6)*
FVC (l) 3.02 (0.73) 3.57 (0.81)
SpO2 at rest (%) 95.4 (1.5) 97.6 (1.06)*
BMI (kg/m2) 24.7 (4.2) 25.2 (2.6)

FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity;
SpO2, oxygen saturation; BMI, body mass index.
*p,0.001 compared with COPD patients.
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the significantly lower workloads at which exercise was
performed.
Metabolite levels measured in muscle samples taken at rest

and exercise and the exercise induced change in muscle
metabolites in the COPD and control groups are shown in
table 3 and fig 1. There were significant differences between
COPD patients and controls in resting concentrations of
lactate, ATP, total adenine nucleotide (TAN) pool, and purine
nucleotide derivatives (table 3). In both groups there was
significant PCr degradation and lactate accumulation during
exercise. In addition, both groups showed a decline in
ATP concentration during exercise which was statistically

significant for COPD patients with a strong trend in the
control group (p=0.053). Similarly, there was a statistically
significant decline in the TAN pool following exercise in the
COPD group with a strong trend in the control group
(p=0.063). As might be expected from the changes in
muscle ATP concentration, exercise also resulted in a
significant accumulation of IMP in both groups (table 3,
fig 1). There were no statistically significant differences
between the groups in magnitude of the exercise induced
changes in muscle metabolites despite the marked differ-
ences in workload. Mean (SD) substrate level phosphoryla-
tion was similar in both groups (87 (57) mmol ATP/kg dry
weight in patients with COPD v 107 (44) mmol ATP/kg dry
weight in controls, p=0.351), but work adjusted SLP was
significantly higher in COPD patients (1.58 (1.07) mmol ATP/
kg/W) than in controls (0.78 (0.39) mmol ATP/kg/W; p,0.01,
fig 2). There was a trend towards a greater rise in IMP during
exercise when adjusted for workload (mean (SD) values for
COPD group: 0.042 (0.01) mmol/kg/W v controls: 0.012
(0.004) mmol/kg/W; p=0.075, fig 2).
PCr utilisation correlated with lactate accumulation

(r=0.597, p=0.001) but not with loss of ATP (r=20.294,
p=0.124). The accumulation of IMP correlated with the
decline in PCr (r=20.562, p=0.003). Exercise induced
changes in muscle metabolites did not correlate with exercise
workload, peak oxygen uptake, or indices of airflow obstruc-
tion. The metabolic response to exercise did not differ
between ventilatory limited and non-ventilatory limited
COPD patients.

DISCUSSION
This study is the first to evaluate the skeletal muscle response
to whole body exercise in patients with COPD by directly
measuring changes in intramuscular metabolites. The sam-
pling of the vastus lateralis muscle during exercise allows the
accurate quantification of ATP turnover, activation of the
purine nucleotide cycle, and the contribution of oxidative and
non-oxidative pathways to ATP production. This is not
provided by measurements taken at rest or by magnetic
resonance spectroscopy.
This study shows that significant adenine nucleotide loss

occurs in the muscles of COPD patients during a short
constant load exercise test at 80% peak capacity. In keeping
with this, there was significant activation of SLP and
accumulation of IMP during exercise. The activation of SLP

Table 2 Exercise data from incremental and constant load cycle tests

COPD patients Healthy controls

Incremental cycle test
Peak work rate (W) 72 (18.3) 181 (30.4)*
V̇O2peak (ml/kg/min) 15.6 (3.7) 34.7 (8.1)*
V̇CO2peak (ml/kg/min) 15.8 (4.1) 41.2 (10.1)*
Peak V̇E (l) 42.4 (11.0) 77.3 (16.9)*
Peak V̇E (% MVV) 106 (33) 67 (15)*
Peak RQ 1.00 (0.07) 1.19 (0.09)*
Peak SaO2 (%) 94.7 (2.3) 96.6 (1.3)�
Peak HR (beats/min) 123 (18) 130 (22)

Constant load test
Work rate (W) 56.7 (15.9) 143.2 (26.3)*
End exercise HR (beats/min) 125 (18) 135 (15)
End exercise SaO2 (%) 91.8 (5.0) 94.8 (2.0)
End exercise BS` 5 (2.5) 3 (3)�
End exercise PE` 13 (4) 15 (4.25)

Except where stated, figures are mean (SD) values and between groups compared using unpaired Student’s t test.
Gas exchange and ventilation data on three patients are missing due to equipment failure.
V̇O2peak, peak oxygen uptake; V̇E, ventilation; MVV, maximum voluntary ventilation; RQ, respiratory quotient; HR,
heart rate; BS, Borg score; PE, perceived exertion.
*p,0.01, �p,0.05 compared with COPD patients
`Median (interquartile range); comparison made using Mann-Whitney U test.
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Figure 1 Exercise induced changes in muscle metabolites. Mean (SE)
muscle metabolite values taken at rest and after exercise in COPD
patients (open symbols) and healthy controls (solid symbols). See table 3
for figures. All units mmol/kg dry weight. *p,0.001; �p=0.053
(comparisons made with resting values using paired Student’s t test).
PCr, phosphocreatine; ATP, adenosine triphosphate; IMP, inosine
monophosphate.
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in these circumstances indicates the mobilisation of non-
oxidative energy production due to the failure of oxidative
metabolism to meet the demand for ATP. The accumulation
of IMP is due to the irreversible deamination of AMP and
occurs when ATP resynthesis is unable to meet demand. In
the short term this increases the phosphorylation potential of
the adenine nucleotide pool, allowing the adenylate kinase
reaction to continue. Such a situation is not sustainable,
however, because of the resulting decline in the total adenine
nucleotide pool and ATP availability. Collectively, these data
indicate that oxidative and non-oxidative resynthesis of ATP
was unable to meet ATP demand during the exercise
challenge used in this study. Substantial metabolic ‘‘stress’’
can be said to have occurred under these conditions because

the imbalance between ATP utilisation and resynthesis
results in a progressive decline in the availability of ATP
required to sustain contraction. Adenine nucleotide loss and
the irreversible formation of IMP has been associated with
fatigue in healthy subjects during high intensity or prolonged
exercise.5 6

A striking observation of this study was the similarity of
the metabolic response to exercise between the COPD group
and controls. This occurred despite the COPD group working
at substantially lower absolute exercise workloads. While the
activation of SLP and accumulation of purine nucleotide
derivatives (principally IMP) was similar in absolute terms,
when these figures were adjusted for the workload at which
exercise was performed there were marked numerical
differences between the COPD and healthy control groups.
This was statistically significant for work adjusted SLP, with
a strong trend being observed for work adjusted IMP
accumulation. In other words, in the COPD group, a given
amount of work resulted in greater SLP activation and
adenine nucleotide loss than in the healthy control group.
Our findings are compatible with previous data from

skeletal muscle samples taken at rest that have indicated
reductions in oxidative enzyme concentrations and altera-
tions in fibre composition in COPD patients.3 4 This implies a
reduction in oxidative and an increase in non-oxidative
sources of energy during exercise in COPD. Further support
for this notion has been provided by studies showing
accelerated lactate release in femoral venous blood during
exercise19 and magnetic resonance spectroscopic studies,
which demonstrated slower PCr resynthesis following exer-
cise.7 Importantly, our data show that this occurs during
whole body exercise even at the low absolute work intensities
achieved by COPD patients. We have also shown that, despite
the substantial mobilisation of non-oxidative sources of
energy, ATP resynthesis was unable to meet demands of
exercise resulting in adenine nucleotide loss and the
accumulation of IMP.
Our data are consistent with previous measurements of

metabolites in muscle samples taken at rest, which showed
lower levels of ATP in patients with COPD.20–22 However, our
finding of lower resting levels of lactate and purine
nucleotide derivatives in the COPD group contrasts with
these previous studies. We cannot determine the reasons for
these differences, although many of the patients studied in
these earlier reports had respiratory failure whereas this was
an exclusion criterion for the current study. Technical
differences in the sampling and analysis of muscle tissue
may also have contributed to these differences. It is also
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Figure 2 Substrate level phosphorylation (SLP) and inosine
monophosphate (IMP) accumulation during exercise in COPD patients
and controls. (A) Mean (SE) values for absolute SLP and work adjusted
substrate level phosphorylation (SLP/WL) in COPD patients (open bars)
and healthy controls (solid bars). (B) Exercise induced change in absolute
(DIMP) and work adjusted IMP (DIMP/WL) in COPD patients (open bars)
and healthy controls (solid bars).*p,0.01; �p=0.075.

Table 3 Muscle metabolites at rest and exercise

COPD patients (n = 18) Healthy controls (n = 8)

Rest
Exercise induced
change (95% CI) Rest

Exercise induced
change (95% CI)

PCr 67.9 (17.1) 238.1 (248.3 to 227.9)* 55.4 (12.7) 230.6 (245.5 to 215.8)*
Lactate 2.3 (1.5) 25.7 (12.4 to 39.0)* 7.5 (4.7)* 42.1 (26.8 to 57.4)*
ATP 19.5 (4.5) 24.3 (27.0 to 21.6)* 24.1 (4.9)� 24.8 (29.7 to 0.08)`
ADP 2.67 (0.87) 0.53 (20.03 to 1.09) 3.1 (1.2) 20.03 (20.84 to 0.79)
AMP 0.03 (0.03) 0.03 (20.02 to 0.08) 0.24 (0.17)* 20.02 (20.21 to 0.18)
TAN pool 22.2 (5.2) 23.7 (26.8 to 20.7)� 27.4 (6.0)� 24.8 (210 to 0.3)1
IMP 0.14 (0.06) 2.03 (0.64 to 3.42)* 0.28 (0.09)* 1.6 (0.42 to 2.79)*
Inosine 0.73 (1.05) 20.26 (20.75 to 0.24) 2.06 (0.30)* 20.17 (20.58 to 0.24)
Xanthine 0.07 (0.03) 20.01 (20.03 to 0.01) 0.38 (0.08)* 20.02 (20.15 to 0.10)

PCr, phosphocreatine; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; IMP, inosine monophosphate; TAN pool,
total adenine nucleotide pool.
Resting figures are mean (SD) values. Mean (95% confidence interval) changes are shown. Negative values denote a decrease after exercise.
All units are mmol/kg dry wt. Symbols of statistical significance for resting values refer to comparisons between COPD and control groups using the unpaired
Student’s t test. Symbols of statistical significance for the response to exercise refer to within subject comparison of metabolite changes using the paired Student’s t
test. There were no statistically significant differences in the exercise induced changes in metabolites between the COPD and control groups.
*p,0.01; �p,0.05; `p =0.053; 1p =0.063.
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noteworthy that, although differences in resting lactate and
IMP between the COPD and control groups were statistically
significant, the magnitude of these differences was small
when compared with the exercise induced change. More
research will be needed for these questions to be settled.
A number of limitations to the current study should be

noted. We observed considerable inter-individual variability
in the COPD group in the degree of metabolic response
observed during exercise. This was less evident in the healthy
control group. Because the workload for the constant load
test was determined by performance during the maximal
incremental test, the metabolic response to exercise mea-
sured in the muscles will have been influenced by the limit to
maximal performance. While the majority of our patients had
ventilatory limitation, other factors such as muscle fatigue
and individual effort may also have been important. This is
supported by our observation during the conduct of the study
that some patients found completing 5 minutes of cycling at
80% peak capacity extremely taxing while others appeared to
do so with relative ease. This variability in response
highlights the difficulty in standardising submaximal exer-
cise tests for studies in COPD. Similarly, direct comparison
with healthy controls is limited because of large differences
in absolute exercise intensity. For practical reasons we did
not determine the magnitude of the metabolic response in
healthy subjects at similar absolute workloads to the COPD
group. We were unable to predict the magnitude of the
metabolic response from baseline demographic, lung func-
tion, or exercise test variables. We recognise, however, that
this was not an exhaustive assessment and that the sample
size may have been too small to detect such relationships.
Finally, we can only speculate about the mechanisms
underlying our findings. An increase in the proportion of
type II fibres has been reported in patients with COPD4 and
this may have been particularly relevant as these fibres are
more susceptible to ATP loss and IMP accumulation during
exercise.5 Similarly, central factors such as muscle blood flow
and oxygen delivery and intramuscular changes in oxidative
enzyme activity, mitochondrial density, and capillarity may
have been important.
Our data show that, for many patients with COPD,

significant metabolic stress occurs in the skeletal muscles
despite the low exercise workloads that these patients can
achieve and despite the ventilatory constraints to exercise
evident in most of our subjects. This supports the notion that,
even for those patients with severe lung function impair-
ment, the metabolic load to ventilation from the exercising
muscles is an important factor limiting exercise performance
(at least during cycling) in this population. For healthy
subjects, exercising at 80% peak capacity would be relatively
unusual, but this is unlikely to be the case for patients who
are regularly required to work near the ceiling of maximal
exercise capacity to perform routine daily activities.
Moreover, the findings are particularly relevant for pulmon-
ary rehabilitation where exercise is performed frequently at
high relative workloads. Indeed, the exercise protocol in the
current study was chosen in part because it reflects exercise
prescription during pulmonary rehabilitation at our institu-
tion. We are not able from our data to infer that metabolic
stress is the limit to constant load exercise in our patients
because biopsies were taken at a specified time point rather
than at the limit of performance. More studies will be needed
to determine the wider significance of our findings to exercise
limitation and disability in COPD.
In conclusion, we have shown that significant metabolic

stress occurs in the muscles of patients with COPD during
whole body exercise. The metabolic response to exercise was
of similar magnitude to healthy controls, despite the low
workloads that patients achieved. Our results suggest that

skeletal muscle energy metabolism may be an important
factor in exercise limitation and disability in COPD.
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