
Exercise-induced nitroso-redox imbalance in COPD 

 

 1

CHRONIC ENDURANCE EXERCISE INDUCES QUADRICEPS NITROSATIVE 
STRESS IN SEVERE COPD PATIENTS 
Corresponding author: Dr. Esther Barreiro, Muscle and Respiratory System Research Unit, 
IMIM, C/ Dr. Aiguader, 88, Barcelona, E-08003 Spain, Telephone: (+34) 93 316 1385, Fax: 
(+34) 93 316 0410, e-mail: ebarreiro@imim.es 
Requests for reprints: Dr. Esther Barreiro 
Esther Barreiro1, Roberto Rabinovich2, Judith Marin-Corral1, Joan Albert Barberà2, 
Joaquim Gea1, and Josep Roca2 , with the technical assistance of Sandra Mas 

1Muscle and Respiratory System Research Unit and Respiratory Medicine Department, 
IMIM-Hospital del Mar, Barcelona, Centro de Investigación en Red de Enfermedades 
Respiratorias (CibeRes), Health and Experimental Sciences Department (CEXS), Universitat 
Pompeu Fabra (UPF), and Medical School, Universitat Autònoma de Barcelona (UAB), 
Barcelona, Catalonia, Spain.  
2Servei de Pneumologia (ICT), Hospital Clinic, IDIBAPS, Centro de Investigación en Red de 
Enfermedades Respiratorias (CibeRes), Universitat de Barcelona, Barcelona, Catalonia, 
Spain. 
RUNNING TITLE: Exercise-induced nitroso-redox imbalance in COPD 
KEY WORDS: COPD, chronic endurance exercise, lower limb muscle dysfunction, 
nitrosative and oxidative stress, tyrosine nitrated proteins 
WORD COUNT: 3,102 words 
Supplementary data are published online at http: //thorax.bmj.com 

 Thorax Online First, published on October 3, 2008 as 10.1136/thx.2008.105163

Copyright Article author (or their employer) 2008. Produced by BMJ Publishing Group Ltd (& BTS) under licence. 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.2008.105163 on 3 O

ctober 2008. D
ow

nloaded from
 

http://thorax.bmj.com/


Exercise-induced nitroso-redox imbalance in COPD 

 

 2

 
ABBREVIATIONS: COPD, chronic obstructive pulmonary disease, ROS, reactive oxygen 
species; RNS, reactive nitrogen species; BMI, body mass index; FFM, fat-free mass; FFMI, 
fat-free mass index; FFMIN, normal FFMI; FFMIL, low FFMI; VO2, whole-body oxygen 
uptake; VCO2, carbon dioxide output; EGTA, ethylene glycol tetraacetic acid; PVDF, 
polyvinylidene diflouride; DNP, 2,4-dinitrophenylhydrazone, HNE, hydroxynonenal; Mn-
SOD; manganese-superoxide dismutase; nNOS, neuronal nitric oxide synthase, eNOS, 
endothelial nitric oxide synthase, iNOS, inducible nitric oxide synthase; HRP, horseradish 
peroxidase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DTT, dithiothreitol; 
CHAPS, 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate; SDS/PAGE, 
sodium dodecyl sulfate polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid; ACN, 
acetonitrile; CHCA, α-cyano-4-hydroxy-cinnamic acid; MALDI-TOF, matrix assisted laser 
desorption/ionization time-of-flight; MS, mass spectrometry; NCBI, National Center for 
Biotechnology Information; m/z, mass-to-charge ratio; ANOVA, analysis or variance. 
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ABSTRACT  
Background: Although exercise training has beneficial effects on skeletal muscle 
bioenergetics and exercise performance in patients with severe COPD, it may also be 
associated with increased quadriceps oxidative and nitrosative stress. Our aim was to explore 
quadriceps oxidative and nitrosative stress in severe COPD patients, both before and after a 
three-week endurance exercise program, and to identify the nature of the oxidatively modified 
proteins. Methods: Reactive carbonyls, hydroxynonenal-protein adducts, antioxidant 
enzymes, nitric oxide synthases (NOS), and 3-nitrotyrosine levels were determined in the 
quadriceps (pre- and post-exercise) of 15 severe COPD patients and 7 healthy controls using 
immunoblotting (1-D and 2-D electrophoresis), activity assays, and mass spectrometry. 
Results: At baseline, muscle levels of reactive carbonyls, which were negatively associated 
with muscle strength and exercise tolerance, were significantly higher in patients than in 
controls. Moreover, baseline hydroxynonenal-protein adducts, SOD activity, inducible NOS, 
and 3-nitrotyrosine immunoreactivity levels were also significantly increased in the 
quadriceps of the patients compared to controls. In the patients, chronic exercise induced a 
significant rise in iNOS levels and a four-fold increase in protein nitration. Chronic endurance 
exercise induced tyrosine nitration of muscle enolase 3,β, aldolase A, triosephosphate 
isomerase, creatine kinase, carbonic anhydrase III, myoglobin, and uracil DNA glycosylase in 
the quadriceps of the patients, while the contractile protein alpha-1 actin was nitrated only in 
patients exhibiting muscle loss (post-hoc analysis). Superoxide dismutase activity increased 
after the exercise program only in the controls. Conclusions: In severe COPD, chronic 
endurance exercise induces increased tyrosine nitration of quadriceps proteins involved in 
glycolysis, energy distribution, carbon dioxide hydration, muscle oxygen transfer, DNA 
repair, and contractile function in patients exhibiting systemic effects of the disease.  
 
INTRODUCTION 

Poor exercise tolerance and impaired quality of life partially owing to peripheral 
muscle dysfunction are major complaints among patients with chronic obstructive pulmonary 
disease (COPD). It is well established that endurance training has beneficial effects on 
skeletal muscle bioenergetics and exercise performance in these patients1-4, and is an essential 
component in pulmonary rehabilitation programs5,6. Several lines of evidence indicate that 
high-intensity training, targeted above 60-70% peak work-rate, is required to improve skeletal 
muscle oxygen transport, decrease blood lactate levels, and enhance mitochondrial oxidative 
capacity in patients with moderate-to-severe COPD1, 3, 4, 7, 8. 

One could argue, however, that in patients with COPD, chronic endurance exercise of 
high intensity might be associated with increased production of reactive oxygen and nitrogen 
species (ROS and RNS, respectively) in the quadriceps, exceeding antioxidant capacity in the 
tissue, thus leading to muscle oxidative stress. Indeed, oxidative stress has been considered to 
be a major player in the peripheral muscle dysfunction of COPD patients, both at rest and 
after exercise9-14. In line with this, we have previously demonstrated that dogs subjected to 
high-intensity inspiratory loads for two weeks showed a significant increase in oxidant-
induced protein modifications in their diaphragms, which was neutralized by concomitant 
treatment of the animals with the antioxidant N-acetyl-cysteine15. In COPD patients, 
antioxidant therapy12,13 also attenuated exercise-induced muscle oxidative stress, partially 
restoring muscle function. Furthermore, other reports also demonstrated14,16 a decrease in 
muscle redox potential after endurance training in patients with severe COPD, as opposed to 
healthy sedentary subjects in whom training markedly enhanced muscle glutathione levels.  

On the other hand, experimental studies showed that alterations in the nitroso-redox 
balance of cardiomyocytes were associated with abnormally high energy requirements at a 
given work-rate17. Interestingly, patients with COPD also exhibited lower limb mechanical 
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inefficiency4,18 as well as abnormal high energy expenditure19.  
Hence, taking all these data together, it is reasonable to anticipate that chronic 

endurance exercise of relatively high intensity will enhance oxidative and nitrosative stress in 
the quadriceps of severe COPD patients, possibly worsening their muscle dysfunction20. 
Enhanced muscle oxidative stress could, therefore, counteract the beneficial effects of 
endurance exercise in specific subsets of COPD patients in whom complementary 
pharmacological interventions might be needed. Accordingly, our objectives were to explore, 
before and after a three-week endurance exercise program, quadriceps oxidative and 
nitrosative stress in severe COPD patients, covering a wide spectrum of body mass 
composition, and in healthy controls. Moreover, the oxidatively modified proteins were also 
identified both before and after the endurance exercise program in patients and controls.  
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METHODS  
(See additional information in the online supplement). 

Subjects 
This is a hospital-based study in which a group of fifteen Caucasian male patients with 

stable severe COPD5 and a group of 7 healthy male age-matched controls were both recruited 
on an out-patient basis at Hospital Clinic (Barcelona). Both patients and controls were studied 
during the years 2004-2005. Some of the data shown in Table 1 were previously reported in 
another study aiming at exploring myofiber respiratory function21. All COPD patients and 
controls were studied at baseline, but 2 COPD patients and 2 healthy subjects refused to 
undergo the second evaluation after the three-week exercise program, and were therefore 
excluded from the analysis at that time-point.  

The current investigation was designed in accordance with both the ethical standards 
on human experimentation in our institution and the World Medical Association guidelines 
for research on human beings. The Ethics Committee on Human Investigation at Hospital 
Clinic approved all experiments. Informed written consent was obtained from all individuals.  
Chronic endurance exercise program 

Patients and controls underwent a three-week endurance exercise program on a 
cycloergometer five days a week for three consecutive weeks. One 1-hour sessions/day were 
established in all subjects, with effective exercise periods of at least 30 min in each case.  

Muscle biopsies 

Open muscle biopsies of the vastus lateralis were obtained before (at baseline) and 
after the three-week endurance exercise program, following the procedures published 
elsewhere9,10.  
 

Muscle biology analyses 

All the muscle biology analyses were conducted blind in the same laboratory, at IMIM-
Hospital del Mar-Universitat Pompeu Fabra. 

Immunoblotting. 1D electrophoresis. The effects of oxidants on muscle proteins 
were evaluated according to methodologies published elsewhere9-11, 15.  

Identification of tyrosine nitrated muscle proteins. 2D electrophoresis. Tyrosine 
nitrated proteins were identified in the vastus lateralis before and after the three-week 
endurance exercise program following methodologies previously published10, 22.  

Identification of tyrosine nitrated muscle proteins. Mass spectrometry. Identification 
of nitrated proteins was conducted in the Proteomics Laboratory at Universitat Pompeu 
Fabra, as published elsewhere10, 22. 

Superoxide dismutase (SOD) and catalase activity assays. Commercially available 
SOD and catalase assay kits (Cayman Chemical Co., Ann Arbor, MI, USA) were used 
according to the corresponding manufacturer’s instructions.  
Statistical Analysis 

Results are presented as mean (SD). Comparisons of baseline physiological and 
biological variables between healthy sedentary subjects and COPD patients were assessed 
using unpaired Student-t test. Chronic exercise-induced changes in muscle biological 
variables were explored using paired Student-t test. Relationships between physiological and 
biological variables were assessed using Pearson’s correlation coefficient.  

We conducted a post-hoc analysis, in which pysiological and biological variables 
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were compared in patients with low fat-free mass index (FFMI) (FFMIL≤18 kg/m2)23, 7 out of 
the 15 patients, and in patients with normal FFMI (FFMIN) using one-way ANOVA together 
with Tukey’s test to adjust for multiple comparisons.  

The sample size was calculated on the basis of assumptions of 80% power to detect 
an improvement of 20% or more in measured outcomes at a level of significance of P≤ 0.05 
as well as on previously published studies using similar physiological and biological 
approaches9-16,20.   

 
RESULTS 
Characteristics of the study groups and physiological effects of training  
(See additional information in the online supplement.) 

No significant differences were found in age, body mass index (BMI), and FFMI 
between controls and COPD patients (Table 1). As expected, lung function impairment 
indicating a severe disease was observed in the patients. Moreover, COPD patients showed 
both reduced isometric and isokinetic quadriceps strength and lower exercise tolerance than 
controls.  

Table 1. Anthropometric characteristics and functional status of the study groups  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Data are presented as 
mean (SD).   
Definition of abbreviations: 
BMI, body mass index; FFMI, 
fat-free mass index; FEV1, 
forced expiratory volume in one 
second; pred., predicted; FVC, 
forced vital capacity; 
FEV1/FVC ratio expressed as 
actual percentage; N.A., not 
available; RV, residual volume; TLco, carbon monoxide transfer factor; PaO2, arterial oxygen tension; PaCO2, 
arterial carbon dioxide tension; Q, quadriceps force; Nm, Newton-meters; J, Jules; VO2peak, peak exercise 
oxygen uptake; WRpeak, peak work-rate.  
Statistical significance of the results is expressed as follows: * p < 0.05, *** p < 0.001, between COPD patients 
and control subjects; ¶ p=0.06 between COPD patients and control subjects. 
 
Muscle oxidative stress   

(See additional information in the online supplement.) 

Muscle redox balance. At baseline, total protein carbonylation levels were 
significantly higher in the quadriceps of COPD patients compared to controls (Figure 1A). 

 Control 
Subjects 

n= 7 

COPD Patients 
n= 15 

Age, yrs 62 (6) 62 (7) 
BMI, Kg /m2 27.9 (5.1) 24.4 (6.2) 
FFMI, Kg /m2 22.3 (2.5) 20.0 (3.5)  
FEV1, L 3.2 (0.5) 1.4 (0.6) *** 
FEV1, % pred. 95 (15) 41 (18) *** 
FVC, % pred.  97 (12) 68 (18) *** 
FEV1/FVC, % 78 (5) 44 (12) *** 
RV, % pred. N.A. 177 (48)  
DLco, % pred. N.A. 50 (21) 
PaO2, kPa 12.6 (1.7) 9.9 (1.3) * 
PaCO2, kPa 4.9 (0.5) 5.6 (0.8) 
Q isometric, Nm 205 (31) 153 (58)  * 
Q isokinetic, Nm 129 (30) 92 (43)  * 
Q endurance, J 2200 (599) 1480 (725) ¶  
VO2peak, % pred 100 (16) 57 (30)  * 
WRpeak, % pred 100 (18) 48 (25)  * 
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Among all COPD patients, significant negative correlations were found between baseline 
muscle reactive carbonyl groups and FFMI (r=-0.621, p=0.013), quadriceps strength, and 
exercise tolerance (Figure 1B). After the three-week endurance exercise program, muscle 
reactive carbonyl groups did not significantly differ from baseline values in either controls or 
COPD patients (Figure 1A). At baseline, HNE-protein adducts were significantly higher in 
COPD patients than in controls (Figure 2). Among all the COPD patients, no significant 
relationships were found between baseline HNE-protein adduct levels and physiological 
variables. Chronic endurance exercise induced a significant rise in HNE-protein adducts in 
both healthy controls and COPD patients (Figure 2). Baseline muscle SOD activity levels 
were significantly greater in the COPD patients than in the controls (Figure 3C, online 
supplement). However, chronic endurance exercise induced a significant increase in muscle 
SOD activity only in the controls (Figure 3C, online supplement). 

At baseline, FFMIL patients exhibited higher levels of muscle reactive carbonyl 
groups than either healthy subjects or FFMIN patients (Figure 1A). The three-week endurance 
exercise program did not induce any significant change in total reactive carbonyls in either 
sugroup of COPD patients. Compared to controls, baseline HNE-protein adducts were 
significantly greater in the quadriceps of both subgroups of patients, and were further 
increased by chronic endurance exercise (Figure 2). 

Muscle nitrosative stress 

(See additional information in the online supplement.) 

Protein levels of NOS. At baseline, muscle iNOS protein levels were greater in the 
COPD patients compared to controls (Figure 4D, online supplement). Interestingly, chronic 
endurance exercise induced a significant increase in iNOS protein content in the quadriceps of 
the COPD patients, but not in the healthy controls (Figure 4D, online supplement). 

Protein tyrosine nitration. At baseline, protein tyrosine nitration levels were 
significantly higher in COPD patients than in controls (Figure 3A). Chronic endurance 
exercise induced a significant but dissimilar rise in protein tyrosine nitration in COPD 
patients [66 (26) %] compared to controls [15 (9) %], p<0.001]  (Figure 3A). Furthermore, 
after the three-week exercise program, a negative correlation was observed between muscle 
protein nitration levels and peak oxygen uptake, which was not seen at baseline (Figure 3B). 
The identification of the different tyrosine nitrated proteins in two control subjects and five 
severe COPD patients, using 2-D electrophoresis and mass spectrometry, revealed that 
glycolytic enzymes (muscle specific enolase 3,β, aldolase A, and triosephosphate isomerase), 
muscle creatine kinase, carbonic anhydrase III, uracil DNA glycosylase, and myoglobin were 
specifically nitrated in the vastus lateralis of COPD patients and controls before and after 
chronic exercise (Table 2).  

Baseline iNOS levels were greater in the quadriceps of both FFMN and FFMIL 
patients than in the control subjects, while chronic exercise induced a significant increase in 
muscle iNOS only in the FFMIL patients (Figure 4D, online supplement). At baseline, both 
FFMIN and FFMIL patients exhibited significantly greater levels of muscle protein tyrosine 
nitration than healthy controls (Figure 3A). Chronic endurance exercise-induced increase in 
muscle protein nitration was higher in the FFMIL patients than in the FFMIN patients [85 (24) 
% and 50 (15) %, respectively, p< 0.05] (Figure 3A). Interestingly, the contractile actin was 
identified to be tyrosine nitrated only in FFMIL patients after chronic exercise (Table 2).  
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Table 2.  Identified proteins in the muscle lysates of the vastus lateralis of patients with 
COPD and control subjects 

 

 

 
Definition of abbreviations: Ctl, control; COPD, chronic obstructive pulmonary disease; pre, before the three-
week endurance exercise program; post, after the three-week endurance exercise program; FFMIL, patients with 
low fat-free mass index.  
 

Study Subjects Identified Nitrated Proteins Accession No. Mass MASCOT 
score 

Peptide 
Matched 

Ctl and COPD 
pre and post 

Muscle specific enolase 3, β gi/16878083 47,244 129 7 

Ctl and COPD 
pre and post  

Aldolase A gi/229674 39,720 116 4 

Ctl and COPD 
pre and post 

Chain A, Triosephosphate isomerase gi/999892 26,807 145 7 

      
Ctl and COPD 
pre and post 

Muscle creatine kinase gi/119577741 45,971 187 16 

Ctl and COPD 
pre and post 

Carbonic anhydrase III gi/224979 29,707 145 8 

Ctl and COPD 
pre and post 

Myoglobin gi/229361 17,099 101 14 

Ctl and COPD 
pre and post 

Uracil DNA glycosylase gi/35053 35,698 99 7 

      
Only FFMIL 

COPD post 
Alpha-1 actin precursor gi/4501881 42,366 107 9 
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DISCUSSION 

The main findings in this study are that in the vastus lateralis from clinically stable 
severe COPD patients compared to controls: 1) At baseline, protein carbonylation levels were 
significantly greater and inversely correlated with quadriceps strength, exercise capacity, and 
FFMI. 2) Baseline levels of SOD activity, HNE-protein adducts, iNOS protein, and protein 
tyrosine nitration were significantly increased. 3) A three-week exercise program induced a 
significant but similar rise in muscle HNE-protein adducts in both patients and controls, while 
it was only in the patients that it induced a rise in iNOS levels and a four-fold increase in 
protein nitration. 4) Chronic endurance exercise induced tyrosine nitration of glycolytic 
enzymes, creatine kinase, carbonic anhydrase III, myoglobin, and uracil DNA glycosylase in 
all the COPD patients, while alpha-1 actin was tyrosine nitrated only in FFMIL. 5) Muscle 
SOD activity increased after the exercise program only in the controls, while catalase content 
or activity did not change in either patients or controls.   

Muscle oxidative stress 
Peripheral muscle dysfunction has long been recognized as a major problem in 

patients with COPD, contributing to poor exercise tolerance and reduced quality of life24,25. 
The current findings confirm results from previous studies, where oxidative stress was shown 
to be involved in the peripheral muscle dysfunction of COPD patients both at rest and after 
exercise9-14,16,20. However, what is novel about the findings in the present investigation is that 
in all COPD patients, muscle protein carbonylation was inversely related to quadriceps force, 
independently of FFM, to exercise capacity, and to FFMI. Interestingly, in a recent study 
conducted by some of us20, muscle protein carbonylation levels were also shown to negatively 
correlate with quadriceps force among a population of stable severe COPD patients. 
Collectively, these findings suggest that increased muscle protein oxidation is probably a 
major contributor to the peripheral muscle dysfunction of patients with severe COPD. 

In the present study, chronic endurance exercise induced a significant  increase in 
HNE-protein adducts in the quadriceps of both patients and healthy controls. It can be 
concluded from these observations that oxidants physiologically generated by chronic 
exercise have also targeted membrane lipids within the myofibers, thus inducing 
posttranslational oxidative modifications of muscle proteins in both COPD patients and 
controls.  Furthermore, in this study, antioxidant mechanisms (SOD activity) were increased 
after chronic exercise only in the limb muscles of the healthy controls but not in those of the 
patients. This is in keeping with previous studies conducted by our group14,16, in which 
antioxidant mechanisms were shown to be significantly induced after exercise training in the 
muscles of control subjects but not in patients with severe COPD. One likely explanation for 
the lack of induction of SOD activity in the muscles of our patients after chronic exercise is 
that the baseline levels of this enzyme were much greater in the patients than in the controls. 
Clearly, further studies will be necessary in order to explore the potential induction of 
antioxidant mechanisms in the peripheral muscles of patients with severe COPD after chronic 
exercise programs.  
Muscle nitrosative stress 

The present study is the first to report that chronic exercise induced a substantial 
increase in quadriceps nitrosative stress in severe COPD patients. This phenomenon was 
accompanied by the inefficiency of the muscle antioxidant systems to adapt to the changes 
generated by chronic exercise in these patients.  

Protein tyrosine nitration is considered to be a marker of excessive RNS production in 
tissues. Peroxynitrite, which is formed from the near-diffusion limited reaction between nitric 
oxide and superoxide anions, accounts for most of protein tyrosine nitration in skeletal 
muscles26. In the present study, muscle levels of the constitutive nNOS and eNOS did not 
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differ between patients and controls at baseline. However, baseline levels of iNOS, although 
weak, were detected in both COPD patients and controls and were significantly greater in the 
quadriceps of the patients. These findings are in agreement with two previous studies27,28, in 
which iNOS protein levels were shown to be increased in the quadriceps of patients with 
COPD and weight loss. However, they certainly contrast with a previous study conducted by 
our group9, in which iNOS could not be detected in the vastus lateralis of patients with 
moderate COPD and normal weight. In the light of all these studies, we can conclude that 
increasing severity of COPD and weight loss probably influence iNOS content in the 
peripheral muscles of these patients.  

The increase in protein tyrosine nitration observed in the severe COPD patients and 
control subjects after chronic exercise was probably attributable to the action of different 
NOS in each group: whereas constitutive eNOS was probably the main contributor in the 
FFMIN and control subjects, iNOS was a major contributor to nitric synthesis in the FFMIL 
patients.  This clearly contrasts with a previous study29, in which rats exposed to a four-week 
treadmill training showed increases in protein nitration and in constitutive NOS isoforms, but 
not in iNOS, in their gastrocnemius. Differences in the two study models and species 
probably account for such discrepancies.  

In order to understand the pathophysiological consequences of protein nitration, the 
modified proteins were identified in the current investigation. To the best of our knowledge, 
this study if the first to report that proteins involved in glycolysis, energy distribution, carbon 
dioxide hydration, oxygen transport, DNA repair, and contractile function were shown to be 
posttranslationally modified by RNS in the quadriceps of patients with severe COPD at rest 
and after chronic exercise. Protein tyrosine nitration, a very selective phenomenon30, is 
associated with several important diseases including neurological disorders31, cardiovascular 
pathology32, acute respiratory distress syndrome33, and transplant rejection34. Protein nitration 
may result in either gain (fibrinogen)33 or loss of protein function33-35, and in increased protein 
degradation by the proteasome36. Nitration of tyrosine residues in these proteins may not be 
the only posttranslational modification responsible for alterations in protein function, since 
oxidation of other critical amino acids may also occur in proteins sensitive to both oxidation 
and nitration. In fact, recent observations22,37 have also demonstrated that muscle specific 
enolase, aldolase, triosephosphate isomerase-1, creatine kinase, carbonic anhydrase III, and 
alpha-actin were oxidized in the diaphragms of endotoxemic rats, while creatine kinase and 
carbonic anhydrase III were carbonylated in the quadriceps of patients with moderate COPD 
at rest10. 

Tyrosine nitration of the proteins identified in the current investigation has already 
been reported in previous studies using in vivo and in vitro models. For instance, the enzymes 
β-enolase, triosephosphate isomerase and carbonic anhydrase III were tyrosine nitrated with 
increasing age in old rats38. In another study, peroxynitrite inhibited the activity of fructose 
biphosphate aldolases inducing a concomitant increase in nitrotyrosine immunoreactivity39. 
Myofibrillar creatine kinase was also a sensitive target for peroxynitrite-mediated nitration 
with concomitant enzyme inhibition in the failing heart40, suggesting a pivotal role for this 
phenomenon in the alterations of cardiomyocyte energetics. Interestingly, the function of 
human myoglobin was also impaired after modifications induced by RNS41. More recently, 
exposure to peroxynitrite of cardiac myofibrillar proteins including actin was shown to inhibit 
protein function in an in vitro motility assay42. Lately, uracil DNA glycosylase nitration has 
also been proposed as an indicator of DNA nitrosative damage43. On the basis of these 
findings, we can predict that peroxynitrite-mediated nitration of the proteins identified in our 
study will contribute, at least in part, to muscle contractile dysfunction, thus probably playing 
a role in the quadriceps mechanical inefficiency exhibited by patients with severe COPD4,18,19. 
Clearly, a further study would be required in order to specifically explore the functional 
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alterations of the nitrated proteins in the quadriceps of these patients both at rest and after 
chronic exercise.  
Study Limitations 

One limitation in the current investigation has to do with the relatively small number of 
subjects studied. On the basis of the relatively “invasive” nature of this investigation with 
both severe COPD patients and healthy controls undergoing two open muscle biopsies, two 
maximal exercise tests, and a three-week program of high-intensity exercise, and on the fact 
that two COPD patients and two healthy controls refused to undergo the second evaluation, 
we felt discouraged to recruit more patients and controls for the purpose of this investigation. 
Moreover, significant results were found with this relatively small population. Therefore, 
from an ethical point of view, the utilization of a larger population size than that required for 
the obtaining of significant results is not advisable.  

Another limitation in this study was that patients exhibiting lower FFMI were also 
those showing worse lung function. Indeed, it is well known that weight loss and increasing 
severity of COPD are not entirely separate phenomena and that their associations are linked to 
poor prognosis of the disease. Although our population of COPD patients was rather small to 
determine the exact contribution of either impaired lung function or muscle loss to the study 
results, increasing disease severity and nutritional depletion were already shown to be 
associated in previous published studies44,45. (See additional information in the online 
supplement). 

Conclusions 

This study is the first to report that in severe COPD, chronic endurance exercise 
induces increased tyrosine nitration of quadriceps proteins involved in glycolysis, energy 
distribution, carbon dioxide hydration, muscle oxygen transfer, DNA repair, and contractile 
function in patients exhibiting systemic effects of the disease. This suggests that chronic 
endurance exercise of relatively high intensity in these patients may generate further 
disruption of the nitroso-redox balance leading to maladaptive muscle alterations that are not 
counteracted by the antioxidant mechanisms.  
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FIGURE LEGENDS 
Figure 1:  

A) Individual and mean group effects of a three-week endurance exercise program on 
protein carbonylation in the quadriceps of control subjects (n=7) and patients with 
COPD (n=15).  At baseline, mean values of total reactive carbonyls were higher in 
the patients than in the controls. The three-week endurance exercise did not 
significantly modify total muscle protein carbonylation in any of the study groups.  
In the post hoc analysis, at baseline, mean values of protein carbonylation were 
significantly greater in the muscles of FFMIL patients than in either FFMIN 
patients or controls. Chronic endurance exercise did not significant change protein 
carbonylation levels, compared to baseline, in any of the subgroups of COPD 
patients. Note that 2 COPD patients (1 FFMIL and 1 FFMIN) and 2 healthy 
subjects refused to undergo the second evaluation after the three-week exercise 
program.  

B) At baseline, among all the patients with COPD, muscle protein carbonylation 
inversely correlated with quadriceps isometric force and oxygen uptake (FFMIL 
and FFMIN patients are represented in black and white dots, respectively).  

Figure 2:  
Individual and mean group effects of a three-week endurance exercise program on 
HNE-protein adducts in the quadriceps of control subjects (n=7) and patients with 
COPD (n=15). At baseline, mean values of HNE-protein adducts were higher in 
the patients than in the controls. The three-week endurance exercise program 
significantly increased total muscle HNE-protein adducts in both control subjects 
and COPD patients.  In the post hoc analysis, at baseline, mean values of HNE-
protein adducts were significantly greater in the muscles of both FFMIN and 
FFMIL patients than in the controls. Total muscle HNE-protein adducts levels 
significantly increased in both subgroups of patients after chronic exercise 
compared to baseline. Note that 2 COPD patients (1 FFMIL and 1 FFMIN) and 2 
healthy subjects refused to undergo the second evaluation after the three-week 
exercise program. 

Figure 3: 
A) Individual and mean group effects of a three-week endurance exercise program on 

protein tyrosine nitration in the quadriceps of control subjects (n=7) and patients 
with COPD (n=15). At baseline, mean values (SD) of protein tyrosine nitration 
were higher in the patients than in the controls. Chronic endurance exercise 
induced a four-fold increase in protein tyrosine nitration in the COPD patients. In 
the post hoc analysis, at baseline, mean values of 3-nitrotyrosine immunoreactivity 
were significantly greater in the muscles of both FFMIN and FFMIL patients 
compared to controls. Moreover, the chronic exercise-induced in protein nitration 
was significantly greater in FFMIL than in FFMIN patients. Note that 2 COPD 
patients (1 FFMIL and 1 FFMIN) and 2 healthy subjects refused to undergo the 
second evaluation after the three-week exercise program. 

B) Among all the COPD patients, after the three-week endurance exercise program, 
quadriceps protein nitration inversely correlated with exercise capacity as 
measured by peak oxygen uptake (right-hand side panel) (FFMIL and FFMIN 
patients are represented in black and white dots, respectively). Note that only 13 
COPD patients are depicted in the graph, since 2 patients did not accept to undergo 
the second evaluation. At baseline, however, quadriceps protein nitration did not 
significantly correlate with exercise capacity (p>0.05, left-hand side panel).  
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METHODS 

Study Subjects 

This is a hospital-based study in which a group of fifteen Caucasian male 

patients with stable severe COPD1 and a group of 7 healthy male age-matched controls 

were both recruited on an out-patient basis at Hospital Clinic (Barcelona). Both patients 

and controls were studied during the years 2004-2005. Both patients and controls were 

qualified as sedentary after being specifically inquired about whether they were 

conducting any regular outdoor physical activity, going regularly to the gymnasium, or 

participating in any specific training program. Some of the data shown in Table 1 have 

formerly been reported in another study aiming at exploring myofiber respiratory 

function2. All patients were on bronchodilators and inhaled corticosteroids. They were 

clinically stable at the time of the study, without episodes of exacerbation or oral steroid 

treatment in the previous four months. None of them had chronic respiratory failure. All 

COPD patients and controls were studied at baseline, but 2 COPD patients and 2 

healthy subjects refused to undergo the second evaluation after the three-week exercise 

program, being excluded from the analysis at this time point.  

On the basis of the following exclusion criteria, neither patients nor controls 

presented significant comorbidities: bronchial asthma, chronic heart failure, 

cardiovascular diseases, diabetes and other chronic metabolic diseases, neurological or 

psychiatric disorders, suspected para-neoplastic or myopathic syndromes, and/or 

treatment with drugs known to alter muscle structure and/or function (mainly systemic 

corticosteroids). In the current investigation, similar physiological and biological 

methodologies to previously published studies were followed2-9. 
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The present study was designed in accordance with both the ethical standards on 

human experimentation in our institution and the World Medical Association guidelines 

for research on human beings. The Ethics Committee on Human Investigation at 

Hospital Clinic approved all experiments. Informed written consent was obtained from 

all individuals.  

Study Protocol  

Selection procedures for inclusion in the study were: a) Clinical assessment; b) 

Pulmonary function testing10-12; c) Chest X-ray film; and, d) General blood analysis 

(blood sugar, cholesterol, triglycerides, proteins, albumin, renal and liver functions, 

hemogram, hemoglobin, hematocrit, and clotting system). Measurements to characterize 

the subjects included: i) Body composition analysis by Bio Impedance; ii) Incremental 

cycling exercise protocol13; and, iii) Left quadriceps static (isometric) and dynamic 

(isokinetic) strength and endurance14.  

Lung function at rest, body composition and exercise testing 

Lung function. Forced spirometry, lung volumes, and carbon monoxide transfer 

capacity were measured (Jaeger, MasterScreen; Wüerzburg, Germany) and the results 

were expressed as a percentage of the reference values obtained in our own laboratory10-

12. Arterial oxygen tension, arterial carbon dioxide tension, pH and blood lactate were 

analyzed in a blood gas analyzer (Ciba Corning 800, Medfield, MA, USA). 

Body composition. Body composition was estimated using single frequency (50 

kHz) bio-electrical impedance analysis (Quantum X, RJL Systems instruments, Clinton 

Twp., MI, USA) while subjects were in supine position. Fat-free mass (FFM) was 

calculated from gender-specific regression equations15, and FFMI was obtained by 

dividing FFM in Kg by height in m2. 
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Incremental exercise protocol. After placing an arterial catheter (Seldicath, 

Plastimed, Saint-Leu-La-Foret, France), subjects were installed on the cycloergometer 

with the mouth piece in place. On-line calculations of whole-body oxygen uptake 

(VO2), carbon dioxide production (VCO2), minute ventilation, respiratory exchange 

ratio, and heart rate were obtained. Arterial blood samples were taken every 3 minutes 

throughout the test for analysis of blood gases and lactate. Blood samples were kept on 

ice until analysis (Ciba Corning 800, Medfield, MA, USA). After 3 minutes of unloaded 

pedaling work rate was increased by 5 or 10 Watts per minute. All studies were done 

using an electromagnetically-braked cycloergometer (CardiO2 cycle Medical Graphics 

Corporation, St. Paul, MN, USA) with a mechanical assistance to overcome the internal 

frictional resistance. Reference values by Jones et al16 were used.  

Quadriceps muscle function 

Measurements of maximal voluntary contractions of the left quadriceps were 

made during static (isometric) and dynamic (isokinetic) contractions against an 

isokinetic system (Cybex 6000, Lumex Inc., Ronkonkoma, NY, USA). After a previous 

muscle warm up period, peak extension torque was evaluated at 60 degrees of knee 

flexion, the best of five repetitions was taken for the analysis. Isokinetic strength test 

consisting of five repetitions at different angular speeds (60, 90, 120, 180 and 240 

degrees s-1) was measured. The best peak torque and peak power were taken for the 

analysis. Also, an endurance test was carried out in all patients and control subjects. 

This test consisted of a set of 30 knee extensions at a speed of 90deg s-1: The total work 

done during the repetitions was used to analyze the quadriceps endurance. To ensure the 

maximal muscle strength in each test, resting periods were introduced among them.  

Chronic endurance exercise program 

Both patients and controls underwent a three-week endurance exercise program 
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on a cycloergometer (Jaeger ER 550, Würzburg, Germany) five days a week for three 

consecutive weeks. One 1-hour sessions/day were established in all subjects, with 

effective exercise periods of at least 30 min in each case. Initial peak work rates were 

set at intensities equivalents to 60-75 % of the maximal baseline workload, which were 

progressively increased in five-minute intervals in order to allow subjects to achieve 

95% of their maximal workload at the end of each exercise session. Two 

physiotherapists always supervised all the sessions. 

Muscle biopsies 

Open muscle biopsies of the vastus lateralis were obtained before (at baseline) 

and after the three-week endurance exercise period, following the procedures published 

elsewhere3,4.  The time-period elapsed between physiological measurements and each 

muscle biopsy was at least of 48 h in both COPD patients and control subjects. After 

undergoing the pre-exercise biopsy, patients were allowed to rest for seven days before 

starting the three-week endurance exercise program. The side for the pre-exercise 

biopsy was chosen at random and the second biopsy was done in the vastus lateralis of 

the contralateral side. Muscle specimens for the analyses reported in the current 

investigation were immediately frozen in liquid nitrogen and stored at –80ºC. 

Muscle biology analyses 

All the muscle biology analyses were conducted blind in the same laboratory, 

at IMIM-Hospital del Mar-Universitat Pompeu Fabra, in Barcelona. Both investigators 

and laboratory technicians in charge of the muscle sample manipulation (molecular 

biology techniques) were blind throughout the entire duration of the experimental 

procedures.  

Immunoblotting of 1D electrophoresis. The effects of oxidants on muscle 

proteins and lipids were evaluated according to methodologies published elsewhere3-5. 
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Frozen muscle samples from vastus lateralis were homogenized in a buffer containing 

20 mM Tris, 0.25 M sucrose, 40 mM KCl, 2 mM EGTA, and 1 mg/ml bovine serum 

albumin, and protease inhibitors. Samples were then centrifuged at 1,000 g for 30 min. 

The pellet was discarded and the supernatant was designated as a crude homogenate. 

Total muscle protein level in each sample was spectrofotometrically determined with 

the Bradford technique using different runs of triplicates in each case and bovine serum 

albumin as the standard (Bio-Rad protein reagent, Bio-Rad Inc., Hercules, CA). Protein 

concentration in each sample corresponded to the mean value of at least two Bradford 

measurements that were almost identical (intra-sample coefficient of variation < 1%). 

Equal amounts of total protein from crude muscle homogenates were always loaded (10 

μg per sample/lane) onto the gels, as well as identical sample volumes/lanes.  

Immunoblotting experiments were specifically designed in such a way that 

muscle homogenates from control subjects and from COPD patients both before and 

after the three-week endurance exercise program were always run together and kept in 

the same order. Proteins were then separated by electrophoresis, transferred to 

polyvinylidene difluoride (PVDF) membranes, blocked with non-fat milk and incubated 

overnight with selective antibodies. The following antibodies were used to detect the 

different antigens and phenomena: anti-2,4-dinitrophenylhydrazone (DNP) moiety 

antibody (Oxyblot kit, Chemicon International Inc., Temecula, CA, USA), anti-

hydroxynonenal (HNE) antibody (Alpha Diagnostics International Inc., San Antonio, 

TX, USA), anti-neuronal nitric oxide synthase (nNOS) and anti-endothelial NOS 

(eNOS) (BD Transduction Laboratories, (Gibbstown, NJ, USA), anti-inducible NOS 

(iNOS) (Calbiochem, San Diego, CA, USA), anti-3-nitrotyrosine mouse monoclonal 

antibody (Upstate, Lake Placid, NY, USA), anti-Mn-superoxide dismutase (SOD) 

antibody (StressGen, Victoria, BC, Canada), and anti-catalase antibody (Calbiochem, 
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San Diego, CA, USA). Specific proteins from all samples were detected with 

horseradish peroxidase (HRP)-conjugated secondary antibodies and a 

chemiluminescence kit. For each of the antigens, samples from the different groups 

were always detected in the same film under identical exposure times. Negative control 

experiments, in which primary antibodies were omitted or samples were not derivatized 

(carbonyl groups), and membranes were then probed only with secondary antibodies 

were also conducted. Blots were scanned with an imaging densitometer and optical 

densities of specific proteins were quantified with Diversity Database 2.1.1 (BioRad, 

Philadelphia, PA, USA). In a given sample, values of total protein carbonylation, total 

HNE-protein adducts, and total protein tyrosine nitration were calculated by addition of 

optical densities of individual protein bands in each case. Optical densities in each 

group of patients or controls were equivalent to the mean values of the different samples 

(lanes) for each of the antigens studied. To validate equal protein loading among various 

lanes, PVDF membranes were stripped and re-probed with a mouse anti- 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) HRP conjugated antibody 

(Abcam plc, Cambridge, England, UK) in all cases. Optical densities in each histogram 

were expressed as the ratio of the optical densities of the specific antigen to those of 

GAPDH.  

Identification of tyrosine nitrated muscle proteins. 2D electrophoresis. Tyrosine 

nitrated proteins were identified in the vastus lateralis of patients and controls both 

before and after the three-week endurance exercise program following similar 

procedures previously published4,17. Crude muscle homogenates (400 μg 

protein/sample) were prepared for 2D-electrophoresis with the 2D Clean up kit 

(Amersham Biosciences, Piscataway, NJ, USA) following the manufacturer’s 

instructions.  The samples were then incubated for 15 min on ice, centrifuged for 5 min 
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 7 

at 13,000g and the pellets were then washed three times and centrifuged at 13,000g for 

5 min. The pellets were re-suspended in 2D re-hydration buffer (8M urea, 2% CHAPS, 

20 mM DTT, and 0.002% bromophenol blue). Each muscle sample was then separated 

into two portions (200 μg total each) and both portions underwent 2D electrophoresis. 

First-dimensional protein separation was performed with the the Ettan IPGPhor 3 (GE 

Healthcare Biosciences AB, Uppsala, Sweden).  Samples were applied to immobilized 

pH gradient strips (18-cm nonlinear pH 3-10, GE Healthcare Biosciences AB, Uppsala, 

Sweden) for 30 min at room temperature. The strips were then covered with mineral oil 

overnight and isoelectric focusing was performed at a maximum of 10,000 V/ h for up 

to a total of 35,200 V-h. For the second dimension, the IPG strips were equilibrated at 

room temperature for 30 min in equilibration buffer (6M urea, 2% SDS, 50mM tris-

HCl, 30% glycerol, and 0.002% bromophenol blue) to which 1% DTT was added prior 

to use.  An additional 30 min equilibration period was then used with equilibration 

buffer to which 2.5% iodoacetamide was added. The strips then were embedded in 0.5 

% agarose on the top of 30% acrylamide gels. The second dimension SDS/PAGE was 

performed for 5 h, 70 mA per gel at 250 V.  One of the resulting 2D gels for each 

muscle sample was then stained with silver stain (Silver nitrate, Sigma Ultra >99% 

titration, Sigma-Aldrich, St Louis, MO, USA). Gels were fixed overnight in a fixation 

solution (50% acetic acid, 50% methanol), then rinsed twice in water, sensitized for 

1min in 0.2% sodium thiosulfate, followed by rinsing in water and immersion for 30 

min in a silver nitrate solution (2% silver nitrate). Gels were then rinsed twice in water 

and developed in a developer solution (20% sodium carbonate, 0.05% formaldehyde, 

0.004% sodium thiosulfate).  A stop solution (6% acetic acid) was then added for 15 

min followed by rinsing with water for 5min. Gels were then stored in 1% acetic acid. 

The second gel derived from a given sample underwent electrophoretical transfer to 
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 8 

PVDF membrane and immunoblotting with the anti-nitrotyrosine antibody as described 

above.  Gels and PVDF membranes were imaged with a digital camera and aligned 

(Adobe Photoshop 8.0.1, San Jose, CA, USA) so as to identify positive tyrosine nitrated 

protein spots on the gels.  

Identification of tyrosine nitrated muscle proteins. Mass spectrometry. 

Identification of nitrated proteins was conducted in the Proteomics Laboratory at 

Universitat Pompeu Fabra (Barcelona) following the quality criteria established by 

ProteoRed standards (Instituto Nacional de Proteómica, Spain). Tyrosine nitrated 

protein spots from silver-stained gels were manually excised for in-gel digestion in a 

96-well ZipPlate placed in a Multiscreen vacuum manifold (Millipore, Billerica, ME, 

USA). Proteins were reduced, alkylated, and digested with sequence grade trypsin 

(Promega, Madison, WI, USA). Peptides were eluted with 15-25 µL of 0.1% TFA in 

50% ACN. 2.5 µL of tryptic digest were deposited onto Mass·Spec·Turbo 192 type 1 

peptide chips pre-spoted with CHCA (Qiagen, Germantown, MD, USA) and left for 3 

min for peptide adsorption. Then each spot was washed for 5 s with 1 µl of finishing 

solution (Qiagen, Germantown, MD, USA) and left until dryness. MALDI-TOF MS 

was performed in a Voyager DE-STR instrument (Applied Biosystems, Foster City, 

CA, USA) using a 337-nm nitrogen laser and operating in the reflector mode, with an 

accelerating voltage of 20 kV. Samples were analyzed in the m/z 800-3000 range and 

were calibrated externally using a standard peptide mixture (Sequazyme Peptide Mass 

Standards kit, Applied Biosystems, Foster City, CA, USA). Peptides from trypsin 

autolysis were used for the internal calibration. Protein identification from MALDI-

TOF results was done with the MASCOT search engine (Matrix Science, London, UK) 

using human proteins available in the NCBI non-redundant database. The following 

parameters were used for database searches: one missed cleavage allowed, plus Cys 
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 9 

carbamidomethylation as fixed and Met oxidation as variable modifications selected, 

respectively.  

SOD and catalase activity assays. Commercially available SOD and catalase 

assay kits (Cayman Chemical Co., Ann Arbor, MI, USA) were used according to the 

corresponding manufacturer’s instructions to determine the activity of these two 

enzymes in all the muscle specimens. A plate reader with 450 nm and 540 nm filters 

was used for both SOD and catalase activities, respectively. Total SOD activity was 

expressed as U/mg, while the activity of catalase was expressed as nmol/min/ml/mg. 

Samples were always run in triplicates and their corresponding activity was expressed 

as the mean value of the 3 measurements. For both SOD and catalase activity 

measurements, the intra-assay coefficient of variation were 3.2% and 3.8%, 

respectively. 

Statistical Analysis 

Results are presented as mean (SD). Comparisons of baseline physiological 

and biological variables between healthy sedentary subjects and COPD patients were 

assessed using unpaired Student-t test. Chronic exercise-induced changes in muscle 

biological variables were explored using paired Student-t test. Relationships between 

physiological and biological variables were assessed using Pearson’s correlation 

coefficient.  

We conducted a post-hoc analysis, in which pysiological and biological 

variables were compared in patients with low fat-free mass index (FFMI) (FFMIL≤18 

kg/m2)18, 7 out of the 15 patients, and in patients with normal FFMI (FFMIN) using one-

way ANOVA together with Tukey’s test to adjust for multiple comparisons.  

The sample size was calculated on the basis of assumptions of 80% power to 

detect an improvement of 20% or more in measured outcomes at a level of significance 
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of P≤ 0.05 as well as on previously published studies using similar physiological and 

biological approaches2-9.   

 

RESULTS 

Characteristics of the study groups and physiological effects of training  

Characteristics of the two subgroups of COPD patients, both FFMIN and 

FFMIL, are indicated in Table 1. The FFMIL subgroup showed significantly lower: body 

mass index (BMI), FFMI, lung function, quadriceps muscle function and exercise 

tolerance than control subjects and FFMIN patients. 

Table 1. Anthropometric characteristics and functional status of the study groups  

 
 

Data are presented as mean (SD).   

Definition of abbreviations: BMI, body mass index; FFMI, fat-free mass index; FEV1, forced expiratory 

volume in one second; pred., predicted; FVC, forced vital capacity; FEV1/FVC ratio expressed as actual 

percentage; N.A., not available; RV, residual volume; TLco, carbon monoxide transfer factor; PaO2, 

 Control Subjects 
n= 7 

FFMIN  
COPD patients 

n= 8 

FFMIL 
COPD patients 

n= 7 
Age, yrs 62 (6) 63 (6) 61 (9) 
BMI, Kg /m2 27.9 (5.1) 29.0 (4.8) 19.2 (1.7) §§§, ††† 
FFMI, Kg /m2 22.3 (2.5) 22.6 (2.4) 17.0 (1.2) §§§, †† 
FEV1, L 3.2 (0.5) 1.5 (0.6) §§§ 1.2 (0.6) §§§ 
FEV1, % pred. 95 (15) 47 (19) §§§ 33 (16)  §§§ 
FVC, % pred.  97 (12) 80 (14) § 55 (13) §§§, †† 
FEV1/FVC, % 78 (5) 44 (12)  44 (12)  
RV, % pred. N.A. 160 (42) 190 (52) 

DLco, % pred. 
N.A. 60 (18) 39 (8) †† 

PaO2, kPa 12.6 (1.7) 10.3 (1.8) § 9.7 (0.5) § 
PaCO2, kPa 4.9 (0.5) 5.7 (0.9) 5.6 (0.8) 
Q isometric, Nm 205 (31) 184 (46) 117 (51) §§, † 
Q isokinetic, Nm 129 (30) 118 (34) 62 (31) §§§, †† 
Q endurance, J 2200 (599) 2097 (488) 791 (267)  §§, †††  
VO2peak, % pred 100 (16) 77 (18) § 27 (4) §§§, ††† 
WRpeak, % pred 100 (18) 66 (18) §§ 26 (11) §§§, ††† 
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arterial oxygen tension; PaCO2, arterial carbon dioxide tension; Q, quadriceps force; Nm, Newton-meters; 

J, Jules; VO2peak, peak exercise oxygen uptake; WRpeak, peak work-rate.  

Statistical significance of the results is expressed as follows: § p < 0.05, §§ p < 0.01, §§§ p < 0.001 

between either FFMIN or FFMIL COPD patients and control subjects; † p < 0.05, †† p < 0.01, ††† p < 

0.001 between FFMIL and FFMIN COPD patients. 

 
Muscle oxidative stress and antioxidant enzymes  

Muscle redox balance. Several carbonylated proteins were detected, with 

apparent masses ranging from 104 to 16 kDa (Figure 1A). Among all COPD patients, 

significant negative correlations were found between baseline muscle reactive carbonyl 

groups and the following clinical and physiological variables: FFMI (Figure 1B), 

quadriceps strength as the percentage of FFM (Figure 1B), quadriceps strength (Figure 

1C), and exercise tolerance (Figure 1C). Several HNE-protein adducts were also 

detected, with apparent masses ranging from 51 to 29 kDa (Figure 2).  

As shown in Figure 3A, Mn-SOD and catalase were detected in the quadriceps 

of COPD patients and controls. At baseline, the protein content of the antioxidant 

enzyme Mn-SOD was similar in COPD patients and controls (Figure 3B), while SOD 

activity was greater in the patients (Figure 3C). After the three-week endurance exercise 

program, the content of the enzyme Mn-SOD did not change in either patients or 

controls (Figure 3B), while total SOD activity significantly increased only in the 

quadriceps of the controls but not in the patients (Figure 3C). At baseline, muscle 

catalase content or activity did not differ between COPD patients and control subjects 

(Figures 3D and 3E, respectively). The three-week endurance exercise program did not 

induce any significant change in either the content or the activity of muscle catalase in 

any of the study subjects (Figures 3D and 3E, respectively).  

At baseline, only FFMIL patients showed significantly increased levels of Mn-
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SOD protein content compared to either healthy controls or FFMIN COPD patients 

(Figure 3B). No significant changes in Mn-SOD content or total SOD activity were 

observed in either subgroup of COPD patients after chronic endurance exercise 

compared to baseline (Figures 3B ad 3C). Levels of muscle catalase content or activity 

did not show any significant difference in either FFMIN or FFMIL compared to controls 

(Figures 3D and 3E, respectively). Chronic endurance exercise did not induce any 

significant change in either catalase content or activity in any of the subgroups of severe 

COPD patients (Figures 3D and 3E, respectively). 

Muscle nitrosative stress 

Protein levels of NOS. As shown in Figure 4A, the anti-nNOS, anti-eNOS, and 

anti-iNOS antibodies detected proteins of apparent masses of 160 kDa, 140 kDa, and 

130 kDa respectively, in the quadriceps of both COPD patients and controls. At 

baseline, the protein content of muscle nNOS and eNOS did not differ between COPD 

patients and control subjects (Figures 4B and 4C, respectively). The three-week 

endurance exercise program did not induce any significant change in the content of 

muscle nNOS in either controls or COPD patients (Figure 4B), while inducing an 

almost significant increase in muscle eNOS content  in the control subjects (Figure 4C). 

At baseline, iNOS protein levels were greater in the COPD patients compared to 

controls (Figure 4D). Interestingly, chronic endurance exercise induced a significant 

increase in iNOS protein content in the quadriceps of the COPD patients, but not in the 

healthy controls (Figure 4D).  

Protein tyrosine nitration. Several tyrosine nitrated proteins were detected, 

with apparent masses ranging from 60 to 30 kDa (Figure 5A). Furthermore, after the 

three-week endurance exercise program, a negative correlation was observed between 

muscle protein nitration levels and peak work-rate, which was not seen at baseline 
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(Figure 5B).  

The identification of the different tyrosine nitrated proteins in two control 

subjects and 5 severe COPD patients (2 FFMIN and 3 FFMIL), using 2-D 

electrophoresis and mass spectrometry, revealed that glycolytic enzymes (muscle 

specific enolase 3,β, aldolase A, and triosephosphate isomerase), muscle creatine 

kinase, carbonic anhydrase III, uracil DNA glycosylase, and myoglobin were 

specifically nitrated in the vastus lateralis of COPD patients and controls before and 

after chronic exercise. The localization of the different identified protein spots in the 

gels and immunoblots (top and bottom panels, respectively) from a control subject and a 

severe COPD patient is shown in Figures 5C and 5D, respectively, both at baseline and 

after chronic exercise (left and right panels, respectively).  

At baseline, muscle nNOS and eNOS protein levels were not significantly 

different in either FFMIN or FFMIL patients compared to controls (Figures 4B and 4C, 

respectively), while iNOS protein content was significantly greater in the quadriceps of 

both subgroups of patients than in the healthy controls (Figure 4D). After the three-

week endurance exercise program, muscle eNOS significantly increased in the FFMIN 

COPD patients (Figure 4C), whereas iNOS protein content levels were greater in the 

FFMIL group (Figure 4D). Interestingly, the contractile actin was identified to be 

tyrosine nitrated only in FFMIL patients after chronic exercise (Figure 5D, right-bottom 

panel). 
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DISCUSSION 

Clinical impact 

It has been well established both in experimental19 and human studies20,21 that 

exercise-induced oxidative stress can be attenuated, and muscle function partially 

restored, with the administration of antioxidants. The results of the current investigation 

lead to the concept that administration of exercise training along with antioxidant 

supplementation could be a promising therapeutic approach in the management of 

patients with severe COPD. In this regard, other drugs22 should also be considered on 

the basis of their potential effects to restore the nitroso-redox balance, as it has been 

successfully shown in chronic heart failure23, 24. To our understanding, the current study 

establishes the basis for the need of appropriate randomized clinical trials to address this 

question.  

Study Limitations 

One limitation in the current investigation has to do with the relatively small 

number of subjects studied. On the basis of the relatively “invasive” nature of this 

investigation with both severe COPD patients and healthy controls undergoing two open 

muscle biopsies, two maximal exercise tests, and a three-week period of chronic 

exercise of high intensity, and on the fact that two COPD patients and two healthy 

controls refused to undergo the second evaluation, we felt discouraged to recruit more 

patients and controls for the purpose of this investigation. Moreover, as above-

mentioned in the corresponding Methods section, the sample size of both patient and 

control populations was calculated on the basis of formerly published studies by our 

group and other investigators, where similar physiological and biological approaches 

were used in both patients and control subjects2-9. On this basis and on the basis of the 

significant results encountered in the current investigation, it is possible to conclude that 
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the relatively small number of patients and controls included was sufficient for the 

purpose of the study. Furthermore, from an ethical point of view, the utilization of a 

larger population size than that required for the obtaining of significant results is not 

advisable.  

Another limitation in this study was that patients exhibiting lower FFMI were 

also those showing worse lung function. Indeed, it is well known that weight loss and 

increasing severity of COPD are not entirely separate phenomena and that their 

associations are linked to poor prognosis of the disease. Although our population of 

COPD patients was rather small to determine the exact contribution of either impaired 

lung function or muscle loss to the study results, increasing disease severity and 

nutritional depletion were already shown to be associated in previous studies25,26.  

Another comment we would like to raise in relation to the current investigation 

has to do with the fact that in a previous study conducted by some of us3, HNE-protein 

adducts, but not reactive carbonyls, were significantly increased in the quadriceps of 

patients with moderate COPD compared to control subjects3. We believe that in contrast 

to the previous study3, the increased severity of the disease shown by our patients 

together with the fact that a few of them also exhibited weight and muscle loss could 

account for these apparent discrepancies between the two studies.  

Another issue that should also be addressed in the present study is related to the 

apparent discrepancies observed between the activity of SOD and the protein content of 

Mn-SOD in the quadriceps of patients and healthy controls: 1) while SOD activity 

levels were greater in the muscles of all the COPD patients compared to controls, Mn-

SOD content was significantly higher only in the muscles of the FFMIL patients, 2) 

while the three-week endurance exercise program induced a clear induction in total 

SOD activity in the controls, it did not induce any significant change in Mn-SOD 
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content in these subjects. We believe that these potential discrepancies could be 

explained by the fact that all dismutases (mitochondrial Mn-SOD and cytosolic Cu,Zn-

SOD) contributed to the measurements of total SOD activity in the limb muscles of 

both patients and controls, whilst only the protein content of the isoform Mn-SOD was 

determined in the muscles of these study subjects.  

Finally, it should also be emphasized that the current study was part of a larger 

investigation aimed at assessing muscle respiratory function in COPD2. 
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FIGURE LEGENDS 

Figure 1: 

A) Representative immunoblots of protein carbonylation in the quadriceps of 

control subjects and both FFMIN and FFMIL patients with severe COPD, at 

baseline and after the chronic exercise program. Several protein carbonylated 

bands were detected. GAPDH was used as the loading control.  

B) Among all the COPD patients, baseline quadriceps protein carbonylation 

inversely correlated with FFMI (left-hand side panel) and with quadriceps 

strength as the percentage of FFM (right-hand side panel, FFMIL and FFMIN 

patients are represented in black and white dots, respectively).  

C) At baseline, among all the patients with COPD, muscle protein carbonylation 

levels inversely correlated with quadriceps isokinetic force and peak work-

rate (FFMIL and FFMIN patients are represented in black and white dots, 

respectively).  

Figure 2: 

Representative immunoblots of HNE-protein adducts in the quadriceps of 

control subjects and both FFMIN and FFMIL patients with severe COPD, at 

baseline and after the chronic exercise program. Several HNE-protein 

adducts were detected. GAPDH was used as the loading control.  

Figure 3: 

A) Representative immunoblots of the protein expression of Mn-SOD and 

catalase in the quadriceps of control subjects and both FFMIN and FFMIL 

patients with severe COPD, at baseline and after the chronic exercise 

program. GAPDH was used as the loading control.  
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B) Individual and mean group effects of a three-week endurance exercise 

program on Mn-SOD in the quadriceps of control subjects (n=7) and patients 

with COPD (n=15). At baseline, mean values of the content of the 

mitochondrial antioxidant enzyme did not significantly differ between 

COPD patients and controls. The three-week endurance exercise did not 

significantly modify muscle Mn-SOD protein levels in either patients or 

control subjects. In the post hoc analysis, at baseline, mean values of protein 

Mn-SOD were significantly greater in the muscles of FFMIL patients than in 

either FFMIN patients or controls. The three-week endurance exercise did not 

significantly modify muscle protein Mn-SOD in either FFMIN or FFMIL 

patients. Note that 2 COPD patients (1 FFMIL and 1 FFMIN) and 2 healthy 

subjects refused to undergo the second evaluation after the three-week 

exercise program. 

C) Individual and mean group effects of a three-week endurance exercise 

program on SOD activity in the quadriceps of control subjects (n=7) and 

patients with COPD (n=15). At baseline, mean values of total SOD activity 

were significantly greater in the muscles of the COPD patients than in the 

controls. The three-week endurance exercise induced a significant increase 

in total muscle SOD activity only in the healthy control subjects, but not in 

the COPD patients. In the post hoc analysis, at baseline, mean values of total 

SOD activity were significantly greater in the muscles of both FFMIN and 

FFMIL patients than in the controls. Moreover, muscle SOD activity was 

significantly higher in the FFMIL patients than in the FFMIN. Note that 2 

COPD patients (1 FFMIL and 1 FFMIN) and 2 healthy subjects refused to 

undergo the second evaluation after the three-week exercise program. 
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D) Individual and mean group effects of a three-week endurance exercise 

program on catalase content in the quadriceps of control subjects (n=7) and 

patients with COPD (n=15).  At baseline, mean values of catalase content 

did not significantly differ between COPD patients and controls. The three-

week endurance exercise did not significantly modify muscle catalase 

protein levels in either patients or control subjects. Note that 2 COPD 

patients (1 FFMIL and 1 FFMIN) and 2 healthy subjects refused to undergo 

the second evaluation after the three-week exercise program. 

E) Individual and mean group effects of a three-week endurance exercise 

program on catalase activity in the quadriceps of control subjects (n=7) and 

patients with COPD (n=15). At baseline, mean values of the catalase activity 

did not significantly differ between COPD patients and controls. The three-

week endurance exercise did not significantly modify muscle catalase 

protein levels in either patients or control subjects. Note that 2 COPD 

patients (1 FFMIL and 1 FFMIN) and 2 healthy subjects refused to undergo 

the second evaluation after the three-week exercise program. 

Figure 4: 

A) Representative immunoblots of nNOS, eNOS, and iNOS proteins in the 

quadriceps of control subjects and both FFMIN and FFMIL patients with 

severe COPD, at baseline and after the chronic exercise program patients. 

Corresponding positive controls are indicated accordingly. Note that iNOS 

protein expression was relatively weak in the controls and COPD patients. 

GAPDH was used as the loading control. 

B) Individual and mean group effects of a three-week endurance exercise 

program on nNOS content in the quadriceps of control subjects (n=7) and 
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patients with COPD (n=15). At baseline, mean values of nNOS content did 

not significantly differ between COPD patients and controls. The three-week 

endurance exercise did not significantly modify muscle nNOS protein levels 

in either patients or control subjects. Note that 2 COPD patients (1 FFMIL 

and 1 FFMIN) and 2 healthy subjects refused to undergo the second 

evaluation after the three-week exercise program. 

C) Individual and mean group effects of a three-week endurance exercise 

program on eNOS content in the quadriceps of control subjects (n=7) and 

patients with COPD (n=15). At baseline, mean values of eNOS content did 

not significantly differ between COPD patients and controls. The three-week 

endurance exercise induced a significant increase in eNOS content in the 

FFMIN patients (post-hoc analysis) and an almost significant increase in the 

control subjects, while inducing no change in the FFMIL patients. Note that 2 

COPD patients (1 FFMIL and 1 FFMIN) and 2 healthy subjects refused to 

undergo the second evaluation after the 3-week exercise program. 

D) Individual and mean group effects of a three-week endurance exercise 

program on iNOS content in the quadriceps of control subjects (n=7) and 

patients with COPD (n=15). At baseline, mean values of muscle iNOS 

protein were higher in the patients with COPD than in the controls. The 

three-week endurance exercise period significantly increased muscle iNOS 

protein in the COPD patients, but not in the controls. In the post hoc 

analysis, at baseline, mean values of iNOS content were significantly greater 

in the muscles of both FFMIN and FFMIL patients than in the controls. The 

three-week endurance exercise period significantly increased muscle iNOS 

only in patients with FFMIL. Note that 2 COPD patients (1 FFMIL and 1 
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FFMIN) and 2 healthy subjects refused to undergo the second evaluation 

after the three-week exercise program. 

Figure 5: 

A) Representative immunoblots of protein tyrosine nitration in the quadriceps of 

control subjects and both FFMIN and FFMIL patients with severe COPD, at 

baseline and after the chronic exercise program. Several tyrosine nitrated 

proteins were detected. GAPDH was used as the loading control.  

B) Among all the COPD patients, after the three-week endurance exercise 

program, quadriceps protein nitration inversely correlated with exercise 

capacity as measured by peak work-rate (right-hand side panel) (FFMIL and 

FFMIN patients are represented  in black and white dots, respectively). Note 

that only 13 COPD patients are depicted in the graph, since 2 patients did not 

accept to undergo the second evaluation. At baseline, however, quadriceps 

protein nitration did not significantly correlate with exercise capacity 

(p>0.05, left-hand side panel).  

C) Representative 2D gels (top panels) and corresponding immunoblots (bottom 

panels) of the tyrosine nitrated proteins in crude muscle homogenates of 

vastus lateralis of a healthy control subject at baseline (left panels) and after 

the chronic exercise program (right panels). The names of the identified 

proteins are indicated in the corresponding spots in both 2D gels and 

immunoblots.  Note that albumin (≅ 58-67 kDa) was also identified to be 

tyrosine nitrated in the muscle specimens (indicated by an arrow in each 

panel). 

D) Representative 2D gels (top panels) and corresponding immunoblots (bottom 

panels) of the tyrosine nitrated proteins in crude muscle homogenates of 
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vastus lateralis of a FFMIL patient at baseline (left panels) and after the 

chronic exercise program (right panels). The names of the identified proteins 

are indicated in the corresponding spots in both 2D gels and immunoblots.  

Actin was identified to be tyrosine nitrated only after the three-week 

endurance exercise program. Note that albumin (≅ 58-67 kDa) was also 

identified to be tyrosine nitrated in the muscle specimens (indicated by an 

arrow in each panel). 
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