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Upregulation of pro-inflammatory cytokines
in the intercostal muscles of COPD patients

C. Casadevall**'"%, C. Coronell** "% A.L. Ramirez-Sarmiento** ",
J. Martinez-Llorens**':*, E. Barreiro** ", M. Orozco-Levi**'""* and

J. Gea**""* on behalf of the ENIGMA in COPD group

ABSTRACT: Muscle dysfunction is a characteristic feature of chronic obstructive pulmonary
disease (COPD). Recent studies suggest that cytokines may operate as local regulators of both
muscle function and regeneration. The aim of the present study was to characterise the

expression of different cytokines in the external intercostal muscle of COPD.

Muscle biopsies were obtained from 25 stable COPD patients and eight healthy controls. Local
tumour necrosis factor (TNF)-a, interleukin (IL)-1p, -6 and -10 expressions (real-time PCR and
ELISA), sarcolemmal damage (immunohistochemistry), and the transcript levels of CD18 were

assessed.

Muscle TNF-o and IL-6 transcripts were significantly higher in COPD patients compared with
controls, and IL-1p and sarcolemmal damage showed a strong tendency in the same direction.
Similar results were observed at protein level. The CD18 panleukocyte marker was similar in
COPD and controls. Respiratory muscle function was impaired in COPD patients and it correlated
to both the severity of lung function impairment and TNF-a muscle expression.

Chronic obstructive pulmonary disease is associated with the upregulation of pro-inflammatory
cytokines in the intercostal muscles. This phenomenon might be involved in respiratory muscle

dysfunction.

KEYWORDS: Chronic lung disease, interleukin-1, interleukin-6, muscle function, respiratory

muscle, tumour necrosis factor-a

hronic obstructive pulmonary disease
‘ (COPD) is characterised by non-fully

reversible airflow obstruction. It is, how-
ever, a heterogeneous syndrome which, in addi-
tion to the classical involvement of lung
parenchyma and airways, appears to be asso-
ciated with a number of systemic manifestations.
These include nutritional abnormalities, reduc-
tion of lean mass and muscle dysfunction.
Central to this is the role that respiratory muscles
play, since they represent the active component
of the ventilatory pump. In COPD, respiratory
muscles have to cope with increased workloads,
mechanical disadvantages related to hyperinfla-
tion and, as recently demonstrated, an intrinsic
reduction in their contractile properties [1, 2]. All
these factors contribute to the impairment of the
respiratory muscle capacity detected in these
patients [2]. Despite a general consensus regard-
ing this issue and its clinical consequences, little
is known about the underlying pathogenic
mechanisms that lead to impairment of the
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intrinsic contractile properties of respiratory
muscles. A growing amount of data, however,
supports the involvement of cytokines and
oxidative stress in the pathogenesis of muscle
weakness in COPD [3]. Both loss of muscle mass
and reduced strength have been attributed to
increases in systemic cytokine levels, such as
those of tumour necrosis factor (TNF)-o and
interleukin (IL)-1p and -6. Nevertheless, the
presence of differences in the severity of muscle
weakness among different muscle groups in
stable COPD patients [4] indicates that, in
addition to systemic factors, the process is
probably regulated by intrinsic factors of the
muscles themselves.

Recent studies indicate that skeletal muscles are
capable of synthesising a variety of cytokines [5,
6], and that these cytokines could act as endo-
genous mediators of muscle dysfunction and/or
adaptation via their autocrine/paracrine effects
[7]. In the light of all of this, it was hypothesised
that the increased activity of respiratory muscles
might induce the upregulation of local pro-
inflammatory cytokines in COPD, and that the
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latter may contribute to the pathogenesis of respiratory muscle
weakness. Alternatively (or perhaps complementarily), the
expression of these cytokines may play a role in the adaptive
mechanisms that coexist with such functional muscle impair-
ment. In both cases, local cytokine expression may also account
for differences previously observed in the phenotype and
function of different muscle groups in COPD [8-10]. Therefore,
the purpose of the present study was to characterise the
cytokine expression profile of a typical thoracic respiratory
muscle (the external intercostal) in COPD patients.

METHODS

Subjects

In total, 25 clinically stable COPD patients and eight healthy
subjects of similar age were included in the present study.
While patients were consecutively recruited from the present
authors’ outpatient clinics, healthy control subjects were
shared with a multinational study aimed at describing the
effects of healthy ageing on muscle phenotype of elderly
people across Europe (the PanEuropean Network for Ageing
Muscle project). All COPD patients were ex-smokers
(47 £13 pack-yrs; mean period free of smoking 9 yrs), whereas
none of the control subjects had ever been a smoker. In order to
exclude sex-related effects, and on the basis of the COPD sex
distribution in Spain, only male patients were included.
Control Global Initiative for Chronic Obstructive Lung
Diseases criteria were used to define COPD [11], whereas
stability was defined as the absence of exacerbations during
the 3 months before study entry. Subjects with chronic
respiratory failure, metabolic diseases, cardiovascular pro-
blems, concomitant respiratory disorders, or treatments with
drugs known to modify muscle structure or function were
excluded. The study was designed according to the World
Medical Association guidelines for research in humans [12]
and was approved by the institutional ethics committee.
Written informed consent was obtained from all individuals.

Functional evaluations

Lung and respiratory muscle function were assessed using
conventional techniques. Briefly, forced spirometry with
bronchodilator response (Datospir 92; Sibel, Barcelona,
Spain), as well as intrathoracic gas volume, airway resistance
and diffusing capacity of the lung for carbon monoxide
(Masterlab; Jaeger, Wiirzburg, Germany) were measured in
each individual. Blood samples were obtained from the radial
artery of the nondominant arm and blood gas pressures were
measured by conventional polarographic techniques
(RapidLab 860; Bayer HealthCare, Newbury, UK). The strength
of respiratory muscles was determined by measuring maximal
respiratory pressures generated at the mouth during forced
inspiratory (MIP) and expiratory efforts performed against an
occluded airway from residual volume (RV) and total lung
capacity (TLC), respectively. Reference values were those
appropriate for a Mediterranean population [13-16]. Inspira-
tory muscle resistance was in turn assessed during two
different threshold inspiratory tests [17]. The first was an
incremental test, whereby patients and volunteers breathed
against progressive loads (~8 cmH,O (0.78 kPa) every 2 min)
until maximal inspiratory sustainable threshold pressure
(Pth,max) was reached. This is considered a mixed outcome in
terms of both endurance and strength components. In the
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second test, subjects breathed against a submaximal constant
load (80% of Pth,max) until exhaustion. The period that elapsed
was defined as the endurance time, which is considered to be
more specifically reflective of muscle resistance.

Biopsies

Samples from the external intercostal muscles were taken from
the anterior axillary line at the sixth intercostal space, as
previously described elsewhere [17].

RNA isolation, reverse transcription and real-time PCR
Total RNA was extracted from skeletal muscle using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA).
Following quantification of total RNA, 1 pug was reverse
transcribed using oligo(dT)12-18 primer and superscript II
reverse transcriptase (Invitrogen Life Technologies). cDNA
synthesis was performed in a GeneAmpws PCR system 2400
(Perkin Elmer, Richmond, CA, USA), and an aliquot was used
for real-time PCR amplification. This was performed with an
ABI PRISM 7900HT Sequence Detector (Applied Biosystems,
Foster City, CA, USA). Pre-developed TagManas Assays were
used to quantify transcripts for different cytokines (TNF-o, IL-
1B, -6 and -10), as well as for integrin CD18 (Assays-on-
Demand ™ Gene Expression Products; Applied Biosystems), a
global marker of leukocytes. B-Actin gene was used as the
endogenous control (housekeeping). Probe context for the
studied genes appear in table 1. TagManw® MGB probes were
labelled at the 5 end with the reporter dye molecule
6-carboxy-fluorescein and at the 3" end with a nonfluorescent
quencher.

Samples were always assayed in triplicate and the average
value was taken (intra-assay variability coefficients 0.3-3.3%).
The PCR mixture was incubated for 2 min at 50°C for
AmpErase™ uracil-N-glycosylase-mediated decontamination,
followed by 10 min at 95°C to activate AmpliTaq Gold™ DNA
polymerase. Subsequently, a total of 50 cycles were performed;
these consisted of a denaturation step for 15 s at 95°C and a
combined annealing-extension step for 1 min at 60°C. Data
were analysed with the Sequence Detector software. The
standardised target gene was compared with an external
reference (i.e. a cDNA that was used in every assay). The
relative copy number was calculated according to the
comparative threshold cycle method [18].

Protein level

The cytokine contents were determined by ELISA performed
using a commercial kit which included monoclonal antibodies
against human TNF-o, IL-1B, -6 and -10, according to the
standard procedure recommended in the manufacturer’s instr-
uctions (Amersham Pharmacia Biotech Limited, Amersham,
UK). Briefly, 200 pL of the sample were added to each well for
a final dilution of 1:0.35. The microplates were then incubated
for 3 h at room temperature and subsequently washed six
times with 400 uL of the appropriate buffer. Then, 200 uL of
the cytokine antibody were added to each well and incubated
for 2 h at room temperature. Washes were repeated and 50 pL
of the substrate solution were added to each well and
incubated for 1 h at room temperature. Immediately, 50 pL
of the amplifier solution were added and the mixture was
again incubated for 30 min at room temperature. The process
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188 B Probes used for quantitative real-time PCR of the studied genes

Genes Assay identification Nucleotide sequence (5'-3') GenBank accession number
TNF-a Hs00174128 m1 ATGTTGTAGCAAACCCTCAAGCTGA NM_000594
IL-18 Hs00174097_m1 TATGGAGCAACAAGTGGTGTTCTCC NM_000576
IL-6 Hs00174131_m1 ATTCAATGAGGAGACTTGCCTGGTG NM_000600
IL-10 Hs00174086_m1 CTACGGCGCTGTCATCGATTTCTTC NM_000572
p-Actin® Hs99999903 m1 TCGCCTTTGCCGATCCGCCGCCCGT NM 001101

All TagMan® minor groove binder probes were dual-labelled with a reporter dye (6-carboxy-fluorescein) at the 5’ end and a nonfluorescent quencher at the 3’ end.

TNF: tumour necrosis factor; IL: interleukin. #: housekeeping.

was stopped using a specific solution and the absorbance of
each well was determined (Multiskan MS reader; Labsystems,
Vantaa, Finland).

Sarcolemmal damage

The muscle section was stained with monoclonal antibodies
against albumin (Research Diagnostics Inc, Flanders, NJ, USA)
and the binding was visualised using the biotin—streptoavio-
din-peroxidase technique (AB600, IC019; The Binding Site,
Birmingham, UK), and developed with 3,3'-diaminobenzidine
(D5337; Sigma, St Louis, MO, USA). Tissue was then observed
under light microscopy and the image was digitised (Pixera
Studio 1.2, Visual Communication System; Pixera Corporation,
Los Gatos, CA, USA). Fibres showing immunopositivity for
intrafibrillar albumin were identified and the percentage of
positive cells was determined. In each case, >100 fibres were
evaluated by two independent and well-trained observers.
These observers were blind with respect to sample identifica-
tion. The edges of the section, as well as the areas with
artefacts, were excluded from the analysis.

Statistical analyses

Data are expressed as mean+sD. The normality of the
distribution for each variable was assessed using the
Kolmogorov-Smirnov test, and analysis of differences was
performed using unpaired t-tests. The relationships between
different variables were assessed using the Pearson’s correla-
tion coefficient. For the correlation analysis, both the COPD
group and the (post hoc analysis) subgroup with a very severe
disease (forced expiratory volume in one second (FEV1) <30%
predicted) were used. The analysis of the potential interactions
between lung function, respiratory muscle function, sarcolem-
mal damage, the leukocyte marker and cytokine expressions
was assessed using multiple regression analysis. Significance
was accepted at p<<0.05.

RESULTS

Comparison between COPD and controls

General and anthropometric characteristics, as well as lung
and muscle function data in both patients and control subjects,
are indicated in table 2. Group mean values for age and body
mass index were similar between COPD patients and control
subjects. Whereas the COPD group showed a moderate-to-
severe obstructive ventilatory defect, healthy controls pre-
sented normal pulmonary function. Inspiratory muscle
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strength and endurance were significantly lower in COPD
with respect to the healthy subjects.

The levels of TNF-a and IL-6 mRNAs found in external
intercostal muscles from COPD patients were significantly
higher than those observed in healthy controls (p<<0.001 and
p<0.01, respectively; fig. la). IL-1 mRNA levels showed
similar behaviour, although the difference did not reach
statistical significance in this case (p=0.09). Finally, no
differences were observed for mRNA levels of the non-
inflammatory cytokine IL-10 between COPD and controls.

Protein levels of different pro-inflammatory cytokines showed
similar behaviour to their homonymous mRNA. More pre-

Ay =18 Subject characteristics

Control COPD
Subjects n 8 25
Age yrs 69+6 66+5
BMI kg-m? 26.0+2.5 27.6+3.9
Lung function
FEV1 % pred 100+ 13 34+ 12%**
FEV1/FVC % 7243 46+ 11%**
RV % pred 108+13 176+ 39***
TLC % pred 103+5 106+17
RV/TLC % 4043 63 +8***
Pa,0, mmHg 9743 654 3***
Respiratory muscle function
MIP % pred 85420 65+ 22*
Pth,max cmH,0O -66+ 22 -40+19*
tthgo min 15.8+5.6 10.7+5.8
MEP % pred 93+23 704+19**

Data are presented as mean+sb, unless otherwise stated. COPD: chronic
obstructive pulmonary disease; BMI: body mass index; FEV1: forced expiratory
volume in one second; % pred: % predicted; FVC: forced vital capacity; RV:
residual volume; TLC: total lung capacity; Pa,0,: arterial oxygen tension; MIP:
maximal inspiratory mouth pressure; Pth,max: maximum inspiratory sustainable
pressure (obtained during progressive inspiratory threshold loading); tthso:
endurance time under constant submaximal inspiratory loads (80% of Pth,max);
MEP: maximal expiratory mouth pressure. *: p<<0.05; **: p<<0.01; ***: p<0.001;
all between control subjects and COPD patients. 1 mmHg=0.133 kPa;
1 cmH,0=0.098 kPa.
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FIGURE 1. a) Relative cytokine mRNA levels and b) protein levels of the
corresponding cytokines in external intercostal muscles of chronic obstructive
pulmonary disease (COPD) patients (M) and control subjects (). Error bars
represent sb. AU: arbitrary units; TNF: tumour necrosis factor; IL: interleukin.
#. p=0.09. *: p<0.05; **: p<0.01; ***: p<0.001.

cisely, COPD patients showed significantly higher TNF-o and
IL-1B protein levels than controls (p<<0.001 and p<0.05,
respectively), with IL-6 exhibiting a strong tendency in the
same direction (fig. 1b). Sarcolemmal damage in turn showed a
strong tendency to be higher in COPD patients (p=0.06; fig. 2),
whereas no significant differences were detected in the
leukocyte marker (transcript for integrin-f, subunit CD18) [19].

Correlations between lung and respiratory muscle
functions

The impairment in respiratory muscle function correlated with
both the level of airway obstruction (FEV1 with either MIP
(r=0.436, p<<0.05) or with Pthmax (r=0.457, p<<0.01)) and that
of pulmonary hyperinflation (RV/TLC with MIP; r= -0.479,
p<0.01).

Intertranscript correlations

The levels of TNF-o mRNA were positively correlated with the
concentration of IL-1p mRNA (r=0.567, p=0.001). This
relationship was maintained unaltered when only COPD
patients were considered (r=0.565, p<<0.01). No significant
associations were found between the leukocyte marker and
cytokine levels.
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FIGURE 2. Sarcolemmal damage, assessed by the percentage of albumin-
positive fibres, in the intercostal muscles of chronic obstructive pulmonary disease
(COPD) patients and control subjects. *: p=0.06.

Correlations between mRNA and protein levels

These relationships oscillated moderately, with r-values ran-
ging from 0.484 in the case of TNF-o (p<<0.01) to 0.583 in the
case of IL-6 (p<<0.001).

Correlations between transcript levels and lung function
No significant correlations were found between cytokine gene
expressions and any of the nutritional and lung function
parameters in COPD patients.

Correlations between mRNA levels and respiratory muscle
function

TNF-a transcript showed an inverse relationship with Pth,max
(r=-0.433, p<0.05) in COPD patients. This relationship was
even stronger (r= -0.666, p<<0.05) when only individuals with
very severe disease (FEV1 <30%) were analysed (post hoc
analysis); furthermore, the multiple regression analysis, which
included lung volumes (as represented by RV/TLC) and the
level of the TNF-o transcript, significantly increased the
accuracy of the prediction for Pthmax in this population
(r=0.743, p<<0.01).

Finally, sarcolemmal damage did not correlate with cytokine
gene expression or with functional variables.

DISCUSSION

The main finding of the present study is the upregulation of
TNF-o and IL-6 gene expressions observed in the external
intercostal muscles of COPD patients, along with a similar
tendency shown by IL-1B. Protein levels followed a similar
pattern. In addition, an inverse relationship was found
between respiratory muscle function and the local muscle
transcript of TNF-o in COPD patients.

Respiratory muscle dysfunction is commonly observed in
COPD, and is believed to be the result of the combination of
different deleterious factors [2-4]. Some are specific to these
muscles, such as the changes occurring in the geometry of the
thorax as a result of pulmonary hyperinflation. Others are
general and, therefore, can be shared by respiratory and
peripheral muscles: systemic inflammation, drugs and nutri-
tional abnormalities, among others. However, molecular
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mechanisms occurring within different muscles are much less
understood. Although the diaphragm is the main respiratory
muscle at rest, other muscles, such as the external intercostals
and parasternals, also participate actively in ventilation [20]. In
addition, the intercostal muscles progressively play a more
important role when there is an increase in ventilatory
demands [21, 22].

Recent reports indicate that myocytes are capable of synthesis-
ing a variety of cytokines [5], which may act as regulators of
skeletal muscle function and structure via an autocrine/
paracrine mechanism [23]. Furthermore, in a recent and
significant paper, VASSILAKOPOULOS et al. [6] demonstrated that
an increase in ventilatory loads induces the upregulation of
different cytokines in the ventilatory muscles of rats. Based on
these observations, it was hypothesised that local expression of
pro-inflammatory cytokines is upregulated in the intercostal
muscles of COPD patients, and that this upregulation may be
contributing to the development of respiratory muscle weak-
ness. Although the enhancement of the corresponding gene
expressions has been confirmed by the present study,
significant correlations with those variables reflecting muscle
function were only found with the TNF-o transcript. TNF-o has
long been associated with muscle catabolism in different
diseases, including COPD [24]. In addition, it is commonly
accepted that the loss of muscle mass is one of the main factors
contributing to general muscle weakness in such patients [2].
Previous studies indicate that muscle function may be
compromised by chronic elevation of circulating TNF-o via
the development of oxidative stress [25], a phenomenon which
has recently been reported within the respiratory muscles of
COPD patients [26]. In addition to the action of systemic TNF-o
on muscle, the present study also suggests that the local
expression of this cytokine might have a role in respiratory
muscle dysfunction, but probably in the context of a multi-
factorial scenario (as suggested by the multiple regression
analysis). However, the present findings should be taken
cautiously since they do not demonstrate a cause—effect
relationship. Further studies should be designed to address
this point.

In the present study, COPD patients also showed an
upregulation of IL-6 gene expression in the intercostal muscle.
Furthermore, this upregulation was related with the degree of
airway obstruction. Recent studies demonstrated that IL-6
expression is induced by muscle contractions [27, 28]. Since
inspiratory muscles of COPD patients face increased work-
loads, the present findings could be interpreted as an adaptive
response to these higher contractile demands.

The third pro-inflammatory cytokine included in the study,
IL-1, is considered a catabolic substance which, similarly to
TNF-0, has been shown to be able to induce contractile
dysfunction through the presence of oxidative stress [29]. In
the present study, the increase in IL-1f transcript bordered on
statistical significance, but the corresponding protein was
clearly augmented. In addition, a strong positive correlation
was detected between the level of IL-1 mRNA and that of TNF-
o. These findings suggest the existence of a synergistic action
between both cytokines, which would provide a mechanism
for increasing the inflammatory response within the respira-
tory muscles of COPD patients.

EUROPEAN RESPIRATORY JOURNAL
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Local expression of TNF-o0 and other pro-inflammatory
cytokines has been reported previously in human loco-
motor muscles [5, 30] and appears to be related in part to the
level of muscle activity. However, the absence of significant
correlations between lung function and local cytokine expres-
sions in the COPD patients participating in the present study
does not support a significant regulatory role for this factor, at
least in the intercostal muscles.

Another factor that could partly account for changes in the
expression of pro-inflammatory cytokines is fibre damage,
since these substances play an important role in mediating
muscle regeneration and healing [31]. In keeping with this,
inspiratory loading has been reported to be associated with
respiratory muscle damage [32] and subsequent remodelling
[33]. In the present study, pro-inflammatory cytokine upregula-
tion was associated with a marked tendency to show higher
levels of sarcolemmal damage in muscles of COPD patients.
Once again, although a cause-effect relationship cannot be
inferred from the present data, the authors venture to speculate
that a possible link exists between both findings. However, it is
clear that further research will be necessary to identify the
factors that lead to the overexpression of local cytokines
observed in the intercostal muscles in the present study.

Potential limitations of the study

The possibility of obtaining valid specimens of the main
respiratory muscle, the diaphragm, from human beings in vivo
is very limited due to the need for very invasive surgical
procedures and the potential bias derived from intrinsic
comorbidity. In contrast, external intercostal muscles, whose
main function is to assist inspiration when the diaphragm’s
function deteriorates or is insufficient to cope with the current
workload, are more accessible [17]. In addition, the model used
in the present study allows the possibility of a careful selection
of both patients and controls, avoiding the problems resulting
from comorbidity.

The second limitation of the present study is that it has been
performed only in male patients. However, sex distribution of
COPD is still markedly biased towards males in the present
environment. The alternative of mixing both sexes in a
common group with a net predominance of males was
discarded, since the mechanisms conditioning and modulating
muscle phenotype are very liable to be influenced by sex.

The third relative limitation of the present study is of a
methodological nature, since the biological techniques
employed are quantitative rather than topographic. In other
words, they permit very precise quantification of cytokine
levels, but their cellular source cannot be identified. Muscle
biopsies, in addition to myocytes, may contain inflammatory
and epithelial cells, which may also be a source of cytokines.
However, the absence of differences for CD18 (a panleukocyte
surface marker) transcript between COPD and controls
suggests that inflammatory cell population was not increased
in the former. This is in keeping with data published by
GOSKER et al. [34], who were unable to find an increase in
inflammatory cells in skeletal muscles of COPD. In addition,
the lack of a relationship between the mRNA content for either
TNF-o or IL-6 and CD18 in the present study suggests that
upregulation of these cytokines is not likely to be accounted for
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by the resident macrophages and infiltrated leukocytes in the
intercostal muscles of COPD patients. Furthermore, previous
studies using in situ hybridisation and immunohistochemical
techniques have demonstrated that fibres are a major source of
different pro-inflammatory cytokines in muscle [5].

In conclusion, the present study demonstrates that different
pro-inflammatory cytokine genes are upregulated in the
external intercostal muscles of chronic obstructive pulmonary
disease patients. In addition, some evidence has been found to
support the hypothesis that local expression of tumour
necrosis factor-o. might play a role in respiratory muscle
dysfunction.
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