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Background: The external intercostal muscles are chronically exposed to increased inspiratory loading and to
continuous hypoxia-reoxygenation cycles in patients with obstructive sleep apnoea syndrome (OSAS). It was
therefore hypothesised that oxidative stress levels would be increased in these muscles, and that treatment
with continuous positive airway pressure (CPAP) would modify the oxidative stress levels and improve muscle
dysfunction.
Methods: A case-control study and a case-case study were conducted on the external intercostal muscles of
12 patients with severe OSAS (before and after 6 months of treatment with CPAP) and 6 control subjects.
Reactive carbonyl groups, malondialdehyde (MDA)-protein and hydroxynonenal (HNE)-protein adducts,
antioxidant enzyme levels, 3-nitrotyrosine and fibre type proportions were measured using immunoblotting
and immunohistochemistry.
Results: Compared with controls, the intercostal muscles of patients with OSAS had higher levels of protein
carbonylation (median values 3.06 and 2.45, respectively, p = 0.042), nitration (median values 1.64 and
1.05, respectively, p = 0.019) and proportions of type I fibres (median values 57% and 48%, respectively,
p = 0.035) and reduced respiratory muscle endurance (median values 3.2 and 9.5 min, respectively,
p = 0.001). Positive correlations were found between MDA-protein and HNE-protein adducts (r = 0.641,
p = 0.02 and r = 0.594, p = 0.05, respectively) and 3-nitrotyrosine (r = 0.625, p = 0.03) and the apnoea-
hypopnoea index (AHI) in all the patients with OSAS. Although treatment with CPAP significantly improved
the AHI and oxygen desaturation, muscle oxidative stress levels and respiratory muscle endurance were not
affected.
Conclusions: This study suggests that inspiratory muscle performance is not completely restored after long-
term treatment with CPAP.

O
bstructive sleep apnoea syndrome (OSAS) is a highly
prevalent condition characterised by recurrent upper
airway obstruction during sleep.1 As inspiratory muscles

of patients with OSAS must generate greater negative
intrathoracic pressures than usual in order to overcome the
obstructive apnoea, they may be subjected to mechanical
overloading.2 The diaphragm appears to be the primary
inspiratory muscle during apnoea in some patients with
OSAS, while the intercostals muscles are the main inspiratory
muscles in other patients.2 Indeed, hypercapnic respiratory
failure has been recognised in patients with severe OSAS.3

Furthermore, in patients with OSAS, daytime ventilatory
muscle force and diaphragm strength were both shown to be
preserved while inspiratory muscle endurance was significantly
reduced.4 Interestingly, the administration of nocturnal con-
tinuous positive airway pressure (CPAP) to these patients
attenuated the decrease in respiratory muscle resistance.4

However, the underlying mechanisms of this respiratory muscle
dysfunction in OSAS are still unknown.

Reactive oxygen species (ROS) are usually synthesised at low
levels in muscles and are required for normal force generation.
Their levels progressively increase in response to muscle
activation, and excessive production of ROS results in oxidative
stress which, in turn, leads to a decline in muscle force
production. Oxidative stress has been implicated in the
pathogenesis of different chronic conditions5 6 and in aging.7

Importantly, increased superoxide anion production and lipid
peroxidation have been reported in the blood of patients with
OSAS with and without cardiovascular disease.8 9 Furthermore,

a growing body of evidence shows that oxidative stress is one of
the mechanisms clearly involved in skeletal muscle dysfunction
in different conditions such as chronic obstructive pulmonary
disease (COPD) and sepsis.10–14

Few studies have examined whether oxidative stress devel-
ops in the respiratory muscles of patients with OSAS. On the
grounds that the production of ROS within skeletal muscle
fibres is regulated in part by strong muscle contractions, and
that during night time patients with severe OSAS are
chronically exposed to increased inspiratory muscle loading
and to continuous hypoxia-reoxygenation cycles, we hypothe-
sised that their respiratory muscles might generate increased
levels of oxidative stress. To test this hypothesis we first sought
to determine the levels of protein carbonylation and nitration in
the external intercostal muscles of patients with OSAS
compared with a control group of subjects and to examine
whether CPAP treatment can reduce these levels. We then
explored the levels of several antioxidant mechanisms in these
muscles and finally investigated whether oxidative stress
indices were associated with either the severity of the disease
or respiratory muscle function of such patients.

Abbreviations: AHI, apnoea-hypopnoea index; COPD, chronic
obstructive pulmonary disease; CPAP, continuous positive airway pressure;
DNP, 2-4 dinitrophenylhydrazone; ESS, Epworth sleepiness scale; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HNE, hydroxynonenal; HRP,
horseradish peroxidase; MDA, malondialdehyde; OD, optical density;
OSAS, obstructive sleep apnoea syndrome; PVDF, polyvinylidene
difluoride; ROS, reactive oxygen species; SaO2, arterial oxygen saturation;
SOD, superoxide dismutase
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METHODS
Subjects
All individuals were Caucasian. Twelve consecutive male
patients with a polysomnographically confirmed diagnosis of
OSAS (clinic referrals recently diagnosed and without CPAP
therapy) were included. Six male healthy non-smoker controls
with similar anthropometric characteristics without OSAS, as
indicated by clinical history and a negative sleep study
(polysomnography), were also recruited from the general
population. The sample size of both patient and control
populations was calculated on the basis of formerly published
studies by our group where similar physiological and biological
approaches were used.10 12 13 Exclusion criteria included pre-
vious treatment with CPAP, female sex in order to avoid sex-
related effects on muscles,15 COPD, bronchial asthma, cardio-
vascular disease, chronic metabolic diseases including diabetes,
suspected paraneoplastic or myopathic syndromes and/or
treatment with drugs known to alter muscle structure and/or
function (see additional information in online supplement
available at http://thorax.bmj.com/supplemental).

Study design
This study had a twofold design: case-control (OSAS patients vs
controls) and case-case (OSAS patients before and after
treatment with CPAP). The 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 the Institute of Tuberculosis and Lung
Diseases in Warsaw approved all experiments. Informed
written consent was obtained from all individuals.

Clinical, nutritional and functional assessment
Clinical evaluation included medical history, a complete
physical examination, thorax radiography and electrocardio-
gram. Nutritional evaluation included anthropometric and
analytical parameters. Pulmonary and respiratory muscle
function, general exercise capacity and peripheral muscle
strength were evaluated16–20 (see additional information in
online supplement available at http://thorax.bmj.com/supple-
mental).

Polysomnography
Standard polysomnographic examination was performed in the
sleep laboratory according to the standards of the American
Sleep Disorders Association.21 The diagnosis of OSAS was
established by obtaining an apnoea-hypopnoea index (AHI) of
.10/h of sleep.4 8 9 21 When the diagnosis of OSAS was clearly
established, patients underwent a second polysomnographic
examination for manual CPAP titration. CPAP treatment
(REMstar, Respironics, Murrysville, Pennsylvania, USA) was
applied to all patients for at least 6 months. Adherence to CPAP
treatment over this period was monitored by the built-in time
counter in the CPAP device. Good compliance with treatment
was established as a mean usage of CPAP of .4 h/night. All
patients also completed the Epworth Sleepiness Scale (ESS)22

(normal: ESS score ,10; borderline: ESS score 10–12; excessive
sleepiness: ESS score .12) before and after the 6-month CPAP
treatment period. CPAP treatment was administered to all
patients 7–10 days after undergoing baseline muscle biopsy
surgery (see additional information in online supplement
available at http://thorax.bmj.com/supplemental).

Muscle biopsies
Biopsy specimens (<40 mg) were taken from the external
intercostal muscles before and after the 6-month period
of treatment with CPAP following procedures published else-

where23 (see additional information in online supplement
available at http://thorax.bmj.com/supplemental).

Biological muscle studies
All the muscle biology analyses were conducted in a blind
manner in the same laboratory at Hospital del Mar-IMIM,
Barcelona.

Immunoblotting
The effects of oxidants on muscle proteins and lipids were
evaluated according to methods published elsewhere.10 12–14

Immunoblotting experiments were specifically designed so that
muscle homogenates from control subjects (n = 6) and from
patients with OSAS before (n = 12) and after (n = 12) CPAP
treatment were always run together and kept in the same order.
The following antibodies were used to detect the different
antigens and phenomena: anti-DNP moiety antibody (Oxyblot
kit, Chemicon International Inc, Temecula, California, USA),
anti-MDA antibody (Academy Bio-Medical Company Inc,
Houston, Texas, USA), anti-HNE antibody (Alpha Diagnostics
International Inc, San Antonio, Texas, USA), anti-3-nitrotyr-
osine antibody (Cayman Chemical Inc, Ann Arbor, Michigan,
USA), anti-Mn SOD antibody (StressGen, Victoria, BC, Canada)
and anti-catalase antibody (Calbiochem, San Diego, California,
USA). Blots were scanned with an imaging densitometer and
optical densities (OD) of specific proteins were quantified with
Diversity Database 2.1.1 (BioRad, Philadelphia, Pennsylvania,
USA) (see additional information in online supplement
available at http://thorax.bmj.com/supplemental).

Immunohistochemistry
Immunohistochemical experiments were performed according
to methods published elsewhere.10 12 Briefly, myosin heavy
chain I and II isoforms were identified on 3 mm muscle paraffin
embedded sections using anti-myosin heavy chain I (clone
MHC, Biogenesis Inc, Poole, UK) and anti-myosin heavy chain
II (clone MY-32, Sigma, St Louis, Missouri, USA) primary
antibodies, respectively, as well as markers of oxidative stress.

Statistical analysis
Data are presented as median (interquartile range) values in
table 1 and as box and whisker plots in the figures. Mann-
Whitney non-parametric tests were used for comparisons
between controls and patients with OSAS at baseline, and the
Wilcoxon test was used to compare variables before and after
CPAP treatment in patients with OSAS. Spearman’s coefficient
was used to assess correlations between biological and
physiological variables among the patients with OSAS. A p
value of (0.05 was considered significant.

RESULTS
Characteristics of study subjects
Table 1 shows the main characteristics of the control subjects
and patients with OSAS at baseline and after CPAP treatment.
No significant differences in age, nutritional status (as assessed
by body mass index) or lung function parameters were
observed between control subjects and patients with OSAS
before CPAP treatment. However, the following sleep variables
were significantly reduced in the patients before CPAP
treatment compared with control subjects: mean arterial
oxygen saturation (SaO2) during the night, nadir SaO2 and
time spent at SaO2 ,90%. The ESS score was significantly
increased in patients (.12), indicating excessive sleepiness
compared with controls (,10). Interestingly, all these para-
meters significantly improved after CPAP treatment for
6 months. Patients adequately complied with CPAP treatment,
with a mean usage of 5.4 h. Exercise capacity and respiratory
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and peripheral muscle strength were preserved in patients with
OSAS and were not significantly modified after CPAP treat-
ment. In contrast, endurance time of the respiratory muscles
was significantly reduced in patients with OSAS compared with
controls and did not improve after CPAP treatment.

Muscle structure
The proportion of type I fibres was significantly increased while
the proportion of type II fibres was decreased in the intercostal
muscles of patients with OSAS compared with controls
(table 1). Interestingly, after CPAP treatment the proportions
of fibres were significantly reversed to values observed in
control subjects.

Protein carbonylation
Total carbonyl group formation
The intercostal muscles of the patients had significantly higher
levels of protein carbonylation than control muscles (median
values 3.06 and 2.45, respectively, p = 0.042; fig 1A). In the
patients with OSAS a significant inverse relationship was found
between protein carbonylation and nadir SaO2 (r = 20.711,
p = 0.032). An almost significant inverse correlation
(r = 20.643, p = 0.1) was also found between protein carbony-
lation and the endurance time of the respiratory muscles in
patients with OSAS. No other correlations were observed
between protein carbonylation and lung or respiratory muscle
function, sleep variables or exercise tolerance. The levels of total
protein carbonylation were not significantly reduced after CPAP
treatment in patients with OSAS (median value 3.39, p = 0.859;
fig 1A). Immunostaining with anti-DNP antibody revealed the
presence of carbonyl groups diffusely localised within the
intercostal muscle fibres in patients with OSAS and control
subjects (fig 1B).

MDA-protein adduct formation
The intercostal muscles of the patients with OSAS had
significantly higher levels of MDA-protein adducts than those
of the controls (median values 1.91 and 1.24, respectively,
p = 0.005; fig 2A). Among all patients with OSAS, the intensity
of total intercostal MDA-protein adducts directly correlated
with the severity of their disease as measured by the AHI
(fig 2B). No other correlations were observed between MDA-
protein adduct levels and lung or respiratory muscle function,
sleep variables or exercise tolerance. The levels of MDA-protein
adducts were not significantly reduced after CPAP treatment in
patients with OSAS (median value 2.07, p = 1.0; fig 2A).

HNE-protein adducts
The intercostal muscles of the patients with OSAS had
significantly higher levels of HNE-protein adducts than control
muscles (median values 1.15 and 0.63, respectively, p = 0.002;
fig 3). Among all patients with OSAS, the intensity of total
intercostal HNE-protein adducts directly correlated with the
severity of their disease as measured by the AHI (r = 0.594,
p = 0.05). No other correlations were observed between HNE-
protein adducts and lung or respiratory muscle function, sleep
variables or exercise tolerance. The levels of HNE-protein
adducts were not significantly reduced after CPAP treatment
in patients with OSAS (median value 0.87, p = 0.327; fig 3).

Protein tyrosine nitration
The intercostal muscles of the patients with OSAS had
significantly greater levels of tyrosine nitrated proteins than
control muscles (median values 1.64 and 1.05, respectively,
p = 0.019; fig 4A). Among all patients with OSAS, the intensity
of total 3-nitrotyrosine immunoreactivity positively correlated
with the severity of their disease as measured by the AHI
(fig 4B). No other correlations were observed between protein

Table 1 Main characteristics and functional variables of study subjects

Controls
(n = 6)

Patients with OSAS
before treatment
(n = 12)

Patients with OSAS
after treatment
(n = 12)

Age (years) 43.5 (13) 43 (10) 43 (11)
BMI (kg/m2) 33.9 (6.2) 35.9 (8) 34.3 (6)
AHI (events/h) 4 (1.5) 78 (41.2)*** 3 (3.8)���
Mean SaO2 (%) 95 (3.5) 85 (7.5)*** 94 (4)���
Nadir SaO2 (%) 92 (5) 70 (26.5)*** 88 (5)���
Time SaO2 ,90% (%) 1 (3.5) 74 (22.5)*** 1 (15)���
CPAP (cm H2O) – – 9 (3.5)
CPAP time (h) – – 5 (1.2)
ESS score 5.5 (5.2) 16 (5.5)*** 9.5 (7.2)���
FEV1 (% pred) 93 (28) 95 (11) 99 (12)
FVC (% pred) 93 (24) 111 (20) 111 (15)
FEV1/FVC (%) 80 (6) 75 (7) 73 (3)
FRC (% pred) NA 87 (19) 96 (20)
TLCO (% pred) NA 118 (36) 125 (41)
PaO2 (mm Hg) 74 (8) 74 (15) 78 (12)
PaCO2 (mm Hg) 40.1 (5) 41.5 (3.1) 39.6 (2.9)
MIP (% pred) N.A. 91 (21) 108 (33)
Tlim (min) 9.5 (1.6) 3.2 (4.3)*** 2.1 (0.2)
Handgrip, (% pred) NA 115 (69) 131 (72)
6-min walking distance (% pred) NA 92 (13) 90 (19)
Type I fibres (%) 48 (11) 57 (15)* 41 (27)��
Type II fibres (%) 52 (11) 43 (15)* 59 (27)��
Type I fibre area (mm2) 1813 (1018) 2206 (585) 1970 (266)
Type II fibre area (mm2) 2219 (1005) 2206 (1079) 2463 (633)

Data are presented as median (interquartile range).
BMI, body mass index; SaO2, arterial oxygen saturation; CPAP, continuous positive airway pressure; ESS, Epworth
Sleepiness scale; FEV1, forced expiratory volume in 1 s; pred, predicted; FVC, forced vital capacity; FRC, functional
residual capacity (as expressed by intrathoracic gas volume); TLCO, carbon monoxide transfer factor; MIP, maximal
inspiratory pressure, Tlim, endurance time.
*p(0.05, **p(0.01, ***p(0.001 control subjects vs OSAS patients before treatment.
�p(0.05, ��p(0.01, ���p(0.001 OSAS patients before vs after treatment.
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tyrosine nitration and lung or respiratory muscle function, sleep
variables or exercise tolerance. The levels of 3-nitrotyrosine
immunoreactivity were not significantly reduced after CPAP
treatment in patients with OSAS (median value 1.27, p = 0.575;

fig 4A). Immunostaining with anti-nitrotyrosine antibody
revealed the presence of tyrosine nitrated proteins diffusely
localised within the intercostal muscle fibres in both patients
with OSAS and controls (fig 4C).

Antioxidant enzymes
Both manganese superoxide dismutase and catalase were
detected in the external intercostal muscles of patients with

Figure 1 (A) Optical densities in the box plots are expressed as the ratio
of the optical densities of total reactive carbonyl groups to those of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Standard box
plots with median (25th and 75th percentiles) and whiskers (at minimum
and maximum values) are depicted. At baseline, reactive carbonyl groups
were significantly greater in the external intercostal muscles of patients with
severe obstructive sleep apnoea syndrome (OSAS) than in the muscles of
control subjects (median values 3.06 and 2.45, respectively, p = 0.042).
Total muscle reactive carbonyls were not significantly modified after a 6-
month period of treatment with continuous positive airway pressure (CPAP)
(median value 3.39, p = 0.859). OSAS-pre, patients with OSAS before
treatment with CPAP; OSAS-post, patients with OSAS after 6 months of
treatment with CPAP. (B) Immunohistochemical localisation of carbonyl-
modified proteins in the muscle fibres of the intercostal muscles of one
control subject (panel A) and one patient with severe OSAS (panel B)
(magnification 2006). Anti-DNP antibody detected positive staining
diffusely localised within the fibres of the external intercostal muscles
(panels A and B). Removal of primary anti-DNP antibody completely
eliminated positive carbonyl-modified protein staining (panels C and D).
Note that the staining was more intense in the intercostal muscles of the
patient than in the control muscle.

Figure 2 (A) Optical densities in the box plots are expressed as the ratio
of the optical densities of total malondialdehyde (MDA)-protein adducts to
those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Standard
box plots with median (25th and 75th percentiles) and whiskers (at
minimum and maximum values) are shown. At baseline, total levels of
MDA-protein adducts were significantly greater in the external intercostal
muscles of patients with severe obstructive sleep apnoea syndrome (OSAS)
than in control muscles (median values 1.91 and 1.24, respectively,
p = 0.005). Total muscle MDA-protein adducts were not significantly
modified after a 6-month period of treatment with continuous positive
airway pressure (CPAP) (median value 2.07, p = 1.0). OSAS-pre, patients
with OSAS before treatment with CPAP; OSAS-post, patients with OSAS
after 6 months of treatment with CPAP. (B) Overall, in patients with OSAS
the ratio of the optical densities of total MDA-protein adducts to those of
GAPDH directly and significantly correlated with the apnoea-hypopnoea
index (events/h).
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OSAS and controls. No significant differences in the intensity of
manganese superoxide dismutase (median values 0.99 and
0.88, respectively, p = 0.437) or catalase (median values 1.13
and 1.09, respectively, p = 0.964) were observed between the
two groups. The levels of manganese superoxide dismutase
(median value 0.66) or catalase (median value 1.23) were not
significantly modified after treatment with CPAP in patients
with OSAS (p = 0.674 and p = 0.263, respectively).

DISCUSSION
The main findings of this study are that, in the external
intercostal muscles of patients with OSAS compared with those
from control subjects:

N the endurance time of the respiratory muscles was sig-
nificantly reduced;

N reactive carbonyl group levels were significantly increased
and inversely correlated with the nadir SaO2 and had an
almost significant inverse relationship with the endurance
time;

N both MDA-protein and HNE-protein adducts were signifi-
cantly greater and were correlated with the severity of the
disease as measured by the AHI;

N protein tyrosine nitration was significantly increased and
also correlated with the severity of the disease;

N the levels of the antioxidant enzymes were not significantly
modified; and

N the endurance time of the respiratory muscles and the levels
of these four indices of oxidative stress remained unmodified
after a 6-month period of treatment with CPAP.

Study model critique
Open thoracotomy is the gold standard technique to obtain
biopsy specimens from the diaphragm, the main inspiratory
muscle. However, this surgical practice can only be used for
subjects with serious illnesses such as lung neoplasms.
Furthermore, the external intercostal muscles were also shown
to be the primary inspiratory muscles during apnoea in a
subpopulation of patients with OSAS.2 Finally, clear accessi-
bility of the external intercostal muscles by means of an open
biopsy on an outpatient basis at two different time points, as
well as the fact that this model enabled us to carefully select the
subjects excluding any co-morbid condition, clearly justified
the design of the current study.

Muscle structure and function
Other reports in the literature have already shown the
proportions of types I and II fibres in the quadriceps and
genioglossus muscles of patients with OSAS.24 25 The current
study, however, is the first report on the morphometric analysis
of one of the main inspiratory muscles, the external intercostal,
in these patients. We have found a significant increase in the
proportion of type I fibres in the intercostal muscles of patients
with severe OSAS compared with controls. As these muscles
must generate repeated bouts of increasing intrathoracic
negative pressures in the face of apnoea throughout the entire
night, one could argue that their fibres might switch to a more
fatigue resistant phenotype, similar to that seen in other
respiratory muscles in patients with chronic respiratory
diseases such as COPD.12 However, respiratory muscle endur-
ance time was significantly reduced in our population of
patients with OSAS compared with control subjects of similar
anthropometric characteristics. Although this could be some-
how paradoxical, the fact that the respiratory muscles of
patients with OSAS do not rest sufficiently during night time,
and that their increased activity takes place during this part of
the day, might account for these results.

Muscle oxidative stress before CPAP treatment
The present study is the first to provide evidence of the effects
of ROS on muscle proteins and lipids of human intercostal
muscles in severe OSAS. Oxidative stress, defined as the
imbalance between oxidant production and antioxidant
defences in favour of the former, has been implicated in the
pathogenesis of several chronic conditions5 6 and in aging.7 It
has also recently been suggested that oxidative stress is
involved in the pathophysiology of OSAS, especially in that of
cardiovascular morbidity.9

The inspiratory muscles of patients with OSAS do not rest
sufficiently during night time because they have to generate
increasing negative intrathoracic pressures to overcome upper
airway obstruction. The lack of an adequate rest at night for the
ventilatory muscles in OSAS might have deleterious conse-
quences on muscle aerobic metabolism26 and on their daytime
function,27 as well as on their antioxidant defences which, in
turn, would increase oxidative stress.28 These negative bio-
chemical events due to sleep deprivation probably counteract
the training-like effects of the respiratory muscles secondary to
the continuous ventilatory efforts. Furthermore, since our
patients had very severe OSAS, as revealed by their AHI, it
could be argued that the strong muscle contractions generated
by their inspiratory muscles during the night might lead to a
further increase in ROS production than that neutralised by
their antioxidant systems. In fact, the patients with more severe
OSAS were those with higher levels of oxidative and nitrosative
stress in their intercostal muscles. Also, the higher percentage
of oxidative fibres observed in the external intercostal muscles

Figure 3 Optical densities in the box plots are expressed as the ratio of
the optical densities of total hydroxynonenal (HNE)-protein adducts to those
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Standard box
plots with median (25th and 75th percentiles) and whiskers (at minimum
and maximum values) are shown. At baseline, total levels of HNE-protein
adducts were significantly greater in the external intercostal muscles of
patients with severe obstructive sleep apnoea syndrome (OSAS) than in
control muscles (median values 1.15 and 0.63, respectively, p = 0.002).
Total muscle HNE-protein adducts were not significantly modified after a 6-
month treatment period with continuous positive airway pressure (CPAP)
(median value 0.87, p = 0.327). OSAS-pre, patients with OSAS before
treatment with CPAP; OSAS-post, patients with OSAS after 6 months of
treatment with CPAP.
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of our patients with OSAS before CPAP treatment would favour
the increased production of oxidants within those fibres.

On the other hand, the recurrent upper airway obstruction
during sleep leads to continuous hypoxia-reoxygenation cycles
which, to a much lesser extent, resemble ischaemia-reperfusion
effects on tissues. As this phenomenon was already shown to
increase oxidative stress in patients with OSAS,8 9 it is reason-
able to assume that continuous hypoxia-reoxygenation cycles
occurring in the external intercostal muscles of our patients
might also have contributed to enhance their oxidant produc-
tion. Indeed, the patients with OSAS with the lowest nadir SaO2

values were those with higher levels of protein carbonylation in
their external intercostal muscles. Moreover, our patients spent
80% of their sleep time at arterial oxygen saturations ,90%,
showing clear hypoxaemia during the night (mean SaO2 <84%,
nadir SaO2 <65%), and chronic hypoxaemia has recently been
shown to increase muscle oxidative stress in patients with
COPD.29

The muscle content of the two antioxidant systems analysed
in the current study showed similar levels to those observed in
the external intercostal muscles of the control individuals. In
fact, the antioxidant enzyme paraxonase-1 was shown to be
reduced in another population of OSAS patients with cardio-
vascular disease.9 As previously reported,30 one could also
speculate from these findings that, in patients with OSAS,
either the content or the activity of these enzymes might be
altered as well as the regulatory mechanisms responsible for
their upregulation, enhancing muscle oxidative stress.

Muscle oxidative stress after CPAP treatment
CPAP treatment has been proved to be beneficial in reducing
both apnoea-hypopnoea events and oxygen desaturations, in
inducing reparative sleep, and may improve long-term survival
of patients with OSAS.31 In our study a 6-month period of
treatment with CPAP significantly improved some lung func-
tion parameters, reduced the severity of the disease in all
patients, and significantly improved oxygen desaturations
(mean SaO2, nadir SaO2 and time spent below 90% SaO2), and
modified the proportions of muscle fibres to values observed in
the control muscles. However, endurance time of the respira-
tory muscles, muscle protein carbonylation and nitration, and
the antioxidant enzymes did not improve significantly after
CPAP treatment. All our patients with OSAS had a high level of
adherence to treatment with CPAP, with a mean usage time of
>4 h/night. Moreover, the ESS score decreased significantly
after CPAP treatment to normal values (,10).

These findings can be explained by the fact that treatment
with CPAP does not restore the optimal resting length of the
inspiratory muscles. In fact, long-term treatment with CPAP
increases lung volumes in patients with OSAS and normal lung
function.32 In other words, despite the beneficial effects of
CPAP treatment on physiological and clinical parameters, the
inspiratory muscles remain in a disadvantageous state, ham-
pering oxidative stress neutralisation. In this context, the loads
imposed on the inspiratory muscles by the CPAP treatment
would account for the persistence of increased levels of
biomarkers of muscle oxidative stress and reduced endurance
in our patients with OSAS.

The metabolic syndrome has also recently been associated
with increased systemic oxidative stress levels.33 In our study
the proportions of patients and controls with metabolic
syndrome were similar (42% and 50%, respectively) and the
increase in muscle oxidative stress biomarkers among the
patients was independent of the metabolic syndrome.
Moreover, after CPAP treatment muscle oxidative stress levels
did not differ significantly between OSAS patients with
metabolic syndrome and those without it (data not shown).

Figure 4 (A) Optical densities in the box plots are expressed as the ratio
of the optical densities of total 3-nitrotyrosine immunoreactivity to those of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Standard box
plots with median (25th and 75th percentiles) and whiskers (at minimum
and maximum values) are illustrated. At baseline, total levels of protein
tyrosine nitration were significantly greater in the external intercostal
muscles of patients with severe obstructive sleep apnoea syndrome (OSAS)
than in control muscles (median values 1.64 and 1.05, respectively,
p = 0.019). Total muscle protein tyrosine nitration was not significantly
modified after a 6-month treatment period with continuous positive airway
pressure (CPAP) (median value 1.27, p = 0.575). OSAS-pre, patients with
OSAS before treatment with CPAP; OSAS-post, patients with OSAS after
6 months of treatment with CPAP. (B) Overall, in patients with OSAS the
ratio of the optical densities of total 3-nitrotyrosine immunoreactivity to
those of GAPDH directly and significantly correlated with the apnoea-
hypopnoea index (events/h). (C) Immunohistochemical localisation of
protein tyrosine nitration within the fibres of the external intercostal muscles
of one control subject (panel A) and one patient with severe OSAS (panel
B) (magnification 2006). Anti-3-nitrotyrosine antibody detected positive
staining diffusely localised within the muscle fibres (panels A and B).
Removal of primary anti-3-nitrotyrosine antibody completely eliminated
positive protein tyrosine nitration staining (panels C and D). Note that the
staining was more intense in the intercostal muscles of the patient than in
the control muscle.
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We therefore conclude that OSAS, rather than the metabolic
syndrome, contributes more to the increased oxidative stress
levels in the external intercostal muscles of our patients.

In summary, molecular events occurring within the inter-
costal muscle fibres before CPAP treatment as a result of
inadequate night time rest, chronic hypoxaemia, reduced
muscle aerobic metabolism and the inefficiency of the
antioxidant mechanisms might play a role in the respiratory
muscle dysfunction observed in our population of patients with
severe OSAS. CPAP treatment, however, failed to offset those
deleterious effects on the intercostal muscles. It is also worth
mentioning that, in a previous study by our group,4 it was
shown that the reduced endurance of the respiratory muscles of
patients with less severe OSAS was significantly improved after
2 months of treatment with CPAP. The fact that the patients in
the present study had much more severe OSAS than those
recruited in the former study might account for this discre-
pancy.

CONCLUSIONS
Our results provide first evidence that, in severe OSAS, the
external intercostal muscles exhibit increased levels of oxida-
tive stress and such levels are associated with the severity of the
disease. A high level of adherence to CPAP treatment for
6 months does not significantly decrease these levels or
improve respiratory muscle endurance, suggesting that inspira-
tory muscle performance is not completely restored after CPAP.
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OXIDATIVE STRESS IN THE EXTERNAL INTERCOSTALS OF OBSTRUCTIVE 

SLEEP APNEA PATIENTS 

Esther Barreiro, Adam Nowinski, Joaquim Gea, Pawel Sliwinski.  

 



METHODS 

Subjects 

All individuals were Caucasian. Twelve consecutive male patients [1] with a 

polysomnographically confirmed diagnosis of OSAS (recently diagnosed and without 

CPAP therapy) were recruited. All patients were clinic referrals with a clinical history 

compatible with OSAS. Six male healthy nonsmokers control individuals [1] of similar 

anthropometric characteristics were also recruited from the general population (relatives 

and/or friends of the study patients’). All control subjects were recruited on the basis of 

the absence of a clinical history compatible with OSAS and a negative sleep study 

(polysomnography). The sample size of both patient and control populations was 

calculated on the basis of formerly published studies by our group, where similar 

physiological and biological approaches were used [2-5]. Following criteria established 

by the United States Adult Treatment Panel III of the National Cholesterol Education 

Program (ATPIII) [6] the number of individuals with metabolic syndrome did not 

significantly differ between OSAS patients and controls (42% and 50%, respectively). 

Both patients and controls were recruited at the Institute of Tuberculosis and Lung 

Diseases in Warsaw, Poland. Exclusion criteria included previous treatment with CPAP, 

female sex in order to avoid sex-related effects on muscles [1], COPD, bronchial 

asthma, cardiovascular disease, chronic metabolic diseases including diabetes, 

suspected para-neoplastic or myopathic syndromes, and/or treatment with drugs known 

to alter muscle structure and/or function.  

 

Clinical, Nutritional and Functional Assessment  

Clinical evaluation included medical history, a complete physical examination, 

thorax radiology, and electrocardiogram. Nutritional evaluation included 

anthropometric and analytical parameters. Forced spirometry (alpha 3 spirometer; 



Vitalograph; Maidenhead, UK) was performed and both diffusion capacity and static 

lung volumes (Masterlab; Jaeger, Würzburg, Germany) were determined in all subjects 

using standard procedures, and reference values were those of the European Community 

for Coal and Steel [7]. Arterial blood gases were analyzed using microelectrodes and 

polarographic techniques (Blood gas analyzer Corning 278, Corning; Medfield, MA, 

USA). All the study subjects performed these tests. In patients with OSAS, inspiratory 

muscle strength was assessed through determination of maximal inspiratory pressure at 

the mouth using a manometer (Vmax Encore, Sensormedics Corp., Yorba Linda, CA) 

during an occluded maneuver from residual volume. Reference values by Black and 

Hyatt et al [8] were chosen. Specific inspiratory muscle endurance was assessed in both 

control subjects and patients (only 9 patients gave their consent to perform this test) 

using a simplified isoflow inspiratory endurance test by means of an inspiratory resistor, 

with oscilloscope feedback, and electronic pressure monitoring. Patients and controls 

were fully stimulated by a laboratory technician throughout the entire test. All 

individuals breathed against a submaximal constant load (equivalent to 70% of their 

maximal inspiratory pressure, measured at baseline and after the CPAP treatment) until 

exhaustion. The elapsed time was defined as the inspiratory endurance time (Tlim, in 

minutes). Exercise capacity was evaluated only in patients using the standard 6-minute 

walking distance test [9] and reference values by Enright et al [10] were employed. All 

patients also performed a handgrip maneuver with the nondominant hand and reference 

values by Mathiowetz were chosen [11]. 

Polysomnography 

Standard polysomnographic examination was performed in the sleep laboratory 

according to the standards of the American Sleep Disorders Association [12] using the 

Somnostar Alpha apparatus (Somnostar Alpha Series, Sensormedics Corp., Yorba 



Linda, CA, USA). Electroencephalogram recording was performed by using two 

electrodes: capital (C4) and occipital (O2). Electrooculogram electrodes were placed 

lateral to the outer canthus of each eye. Two electromyogram electrodes were placed at 

submental region. Chest and abdominal wall breathing movements were recorded using 

inductive plethysmography: Oronasal air flow was monitored by a thermistor. Pulse 

oxymetry was taken using finger print probe. Heart rate was monitored using three 

electrocardiogram leads. An obstructive apnea was defined as a complete cessation of 

airflow for > 10 seconds in the presence of thoracoabdominal breathing movements. 

Hypopnea was defined as any airflow reduction that lasts > 10 seconds resulting in 

arousal or oxygen desaturation. A decrease in SaO2 > 4% was considered to be 

desaturation. The apnea-hypopnea index was calculated by dividing the total number of 

both apneas and hypopneas per hour of sleep. The diagnosis of OSAS was established 

by obtaining and apnea-hypopnea index  > 10 per hour of sleep [12]. When the 

diagnosis of sleep apnea syndrome was clearly established, patients underwent a second 

polysomnography
 
for manual CPAP titration. The starting pressure was 4 cm H2O,

 
and 

the pressure was increased by 1 cm H2O every 5 minutes until
 
the apneas and snoring 

disappeared. CPAP therapy was applied to all patients (REMstar, Respironics ®, 

Murrysville, PA, USA) for at least 6 months. Adherence to CPAP treatment over this 

period of time was monitored by the built-in time counter in the CPAP device. Good 

compliance of the treatment was established as a mean usage of CPAP > 4 hours/night. 

Furthermore, all patients completed the Epworth Sleepiness Scale (ESS) [13] (normal: 

ESS score < 10, borderline: ESS score 10-12, excessive sleepiness: ESS score > 12) 

before and after the 6-month treatment period with CPAP. CPAP treatment was 

administered to all the patients 7-10 days after undergoing the baseline muscle biopsy 

surgery.  



Muscle Biopsies 

Biopsies from the external intercostals (≈ 40 mg) were taken before and after a 

six-month period of treatment with CPAP. The pre-treatment biopsies were taken either 

from the nondominant or dominant sides randomly assigned, and the post-treatment 

biopsies were taken from the contralateral side at identical anatomical region. Biopsies 

from the external intercostals were taken along the anterior axillary line at the sixth 

intercostal space following procedures published elsewhere [14-16], and were 

immediately frozen in liquid nitrogen and stored at –80ºC for further analysis or 

immersed in an alcohol-formol bath for 2h to be thereafter embedded in paraffin. 

Western-blot analysis required the use of frozen tissues, while paraffin-embedded 

tissues were used for immunohistochemical analysis, including assessment of the 

expression of myosin heavy chain isoforms.  

Biological Muscle Studies  

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

Hospital del Mar-IMIM, in Barcelona in a blinded manner. It should also be mentioned, 

that both investigators and laboratory technicians in charge of the muscle sample 

manipulation (molecular biology techniques) were blinded throughout the entire 

duration of the experimental procedures. Furthermore, the investigators responsible for 

both patient and control subject recruitment were not involved at any time in the 

molecular biology experiments conducted on the muscle specimens. 

Total Carbonyl groups. Total levels of those highly reactive carbonyl groups 

in the muscle protein side chains were detected by reaction with 2,4-

dinitrophenylhydrazine (DNPH), resulting in the formation of 2,4-

dinitrophenylhydrazone (DNP) [17]. The DNP-derivatized  proteins were subsequently 



separated by electrophoresis and further subjected to immunoblotting with selective 

antibodies against the DNP moieties.  

Aldehyde-protein adducts. The lipid peroxidation product malondialdehyde 

(MDA) can cause further cellular damage by binding to and modifying proteins, which 

leads to the formation of aldehyde-protein adducts. The characteristic feature of these 

adductions is the introduction of carbonyl groups into the modified proteins. MDA 

reacts with lysine residues to form Schiff base adducts that can also be detected in 

tissues using a selective antibody [18].  

Immunoblotting. The effects of oxidants on muscle proteins and lipids were 

evaluated according to methodologies published elsewhere [2, 3, 5]. Frozen muscle 

samples from external intercostals were homogenized in a buffer containing HEPES 50 

mM, NaCl 150 mM, NaF 100 mM, Na pyrophosphate 10 mM, EDTA 5 mM, Triton-X 

0.5%, leupeptin 2 µg/ml, PMSF 100 µg/ml, aprotinin 2 µg/ml and pepstatin A 10 µg/ml. 

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, USA). The final protein concentration 

in each sample was calculated from at least two Bradford measurements that were 

almost identical. Equal amounts of total protein from crude muscle homogenates were 

always loaded (20 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 (n=6) and from OSAS patients both before 

(n=12) and after (n=12) the CPAP treatment 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-DNP moiety antibody (Oxyblot kit, Chemicon 

International Inc., Temecula, CA, USA), anti-MDA antibody (Academy Bio-Medical 

Company, Inc., Houston, TX, USA), anti-HNE antibody (Alpha Diagnostics 

International Inc., San Antonio, TX, USA), anti-3-nitrotyrosine antibody (Cayman 

Chemical Inc., Ann Arbor, MI, USA), anti-Mn SOD antibody (StressGen, Victoria, BC, 

Canada), and anti-catalase antibody (Calbiochem, San Diego, CA, USA). Tissue 

homogenates obtained from rat brain mitochondria and rat erythrocytes were used as 

positive controls of the enzymes Mn-SOD and catalase, respectively. 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 (OD) of specific proteins were quantified 

with Diversity Database 2.1.1 (BioRad, Philadelphia, PA). Values of total protein 

carbonylation, total MDA-protein adducts, total HNE-protein adducts, and total protein 

tyrosine nitration in a given sample were calculated by addition of OD of individual 

protein bands in each case. Final optical densities obtained in each specific group of 

subjects corresponded to the mean values of the different samples (lanes) of 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 box and whisker plot were 

expressed as the ratio of the optical densities of the specific antigen to those of GAPDH.  
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