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ABSTRACT Chronic obstructive pulmonary disease
(COPD) is characterized by weight loss, muscle wasting
(in advanced disease ultimately resulting in cachexia),
and loss of muscle oxidative phenotype (oxphen). This
study investigates the effect of inflammation (as a
determinant of muscle wasting) on muscle oxphen by
using cell studies combined with analyses of muscle
biopsies of patients with COPD and control partici-
pants. We analyzed markers (citrate synthase, �-hydroxya-
cyl-CoA dehydrogenase, and cytochrome c oxidase IV) and
regulators (PGC-1�, PPAR-�, and Tfam) of oxphen in
vastus lateralis muscle biopsies of patients with ad-
vanced COPD and healthy smoking control partici-
pants. Here 17 of 73 patients exhibited elevated muscle
TNF-� mRNA levels. In these patients, significantly
lower mRNA levels of all oxidative markers/regulators
were found. Interestingly, these patients also had a
significantly lower body mass index and tended to have
less muscle mass. In cultured muscle cells, mitochon-
drial protein content and myosin heavy chain isoform I
(but not II) protein and mRNA levels were reduced on
chronic TNF-� stimulation. TNF-� also reduced mito-
chondrial respiration in a nuclear factor kappaB (NF-
�B) -dependent manner. Importantly, TNF-�-induced
NF-�B activation decreased promoter transactivation
and transcriptional activity of regulators of mitochon-
drial biogenesis and muscle oxphen. In conclusion,
these results demonstrate that TNF-� impairs muscle
oxphen in a NF-�B-dependent manner.—Remels,
A. H. V., Gosker, H. R., Schrauwen, P., Hommelberg,
P. P. H., Sliwinski, P., Polkey, M., Galdiz, J., Wouters,
E. F. M., Langen, R. C. J., Schols, A. M. W. J. TNF-�
impairs regulation of muscle oxidative phenotype: im-
plications for cachexia? FASEB J. 24, 5052–5062 (2010).
www.fasebj.org
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proliferator-activated receptors � mitochondrial transcription
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Cachexia is a complex and disabling syndrome that
occurs in the course of many chronic diseases and
cancer (1, 2). Nevertheless, it receives limited attention
in clinical practice because the accelerated muscle
wasting, which distinguishes this condition from mal-
nutrition, is considered irreversible with current ana-
bolic intervention strategies. More insight into the
etiology of this syndrome is thus urgently needed. The
prevalence of cachexia is remarkably high in chronic
obstructive pulmonary disease (COPD) (3–5).

COPD is a disabling chronic lung disease characterized
not only by progressive, irreversible airflow obstruction
but also by skeletal muscle dysfunction and an abnormal
inflammatory response in lung and circulation, including
elevated levels of the proinflammatory cytokine tumor
necrosis factor alpha (TNF-�) (6, 7). Skeletal muscle
dysfunction in advanced COPD is characterized not only
by wasting of predominantly type II muscle fibers but also
by a decreased oxidative phenotype (oxphen) as evi-
denced by a type I 3 II fiber type shift and a decreased
oxidative enzyme capacity and mitochondrial content (8,
9). COPD is therefore an interesting clinical cachexia
model for translational research.

Beutler and Cerami were the first to describe a link
between TNF-�, initially named cachectin, and a
cachectic phenotype characterized by anorexia, ane-
mia, and weakness (10). To date, a causal relation-
ship between TNF-�-induced inflammatory signaling
and muscle wasting has been firmly established in
experimental models (11), and associations with
acute and advanced disease have been found (2).
However, although Tracey et al. (12) and Lee et al.
(13) 20 yr ago described effects of TNF-� on skeletal
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muscle plasma membrane potential and glucose me-
tabolism, respectively, effects and underlying mecha-
nisms of local inflammatory signaling on muscle oxphen
surprisingly have not yet been addressed thus far.

Previously we demonstrated that expression levels
of master regulators of muscle oxphen, including
peroxisome proliferator-activated receptors (PPARs),
PPAR-� coactivator 1� (PGC-1�), and mitochondrial
transcription factor A (Tfam), were reduced in quadri-
ceps muscle of patients with COPD, being most
pronounced in the cachectic subgroup. Intriguingly,
expression levels of these markers correlated in-
versely with TNF-� levels in plasma (14). We hypoth-
esized that impaired regulation of oxphen could
result directly from TNF-�-induced activation of nu-
clear factor �B (NF-�B), a master signaling pathway
relaying inflammatory signals, in skeletal muscle.
Our hypothesis was tested using a translational ap-
proach by combining in vitro studies in C2C12 muscle
cells with muscle biopsy analysis in appropriately
phenotyped patients with COPD.

MATERIALS AND METHODS

Subjects

Data were extracted from the ENIGMA (European Network
for Investigating the Global Mechanisms of Muscle Abnormal-
ities in COPD; www.pul.unimaas.nl/enigma) database con-
taining skeletal muscle samples of the vastus lateralis from
patients with advanced COPD and healthy age-matched
smoking control participants. A diagnosis of COPD was
established on the basis of the guidelines of the Global
Initiative for Chronic Obstructive Lung Disease (15). We
deliberately compared patients to healthy smoking control
subjects because smoking is the most important risk factor of
COPD, and we previously showed in a mouse model that
smoking per se may affect muscle oxphen (16). In addition, we
previously also showed a relationship between low body mass
index (BMI), fat-free mass index (FFMI), and smoking behavior
(17). Additional details are provided in the Supplemental Ma-
terial.

Cell culture

The murine skeletal muscle cell line C2C12 was obtained from
the American Type Culture Collection (ATCC; CRL1772; Man-
assas, VA, USA). Myoblasts were cultured as described previously
(18). In short, C2C12 myoblasts were cultured in growth me-
dium (GM) composed of low-glucose Dulbecco’s mdified Ea-
gle’s medium (DMEM) containing antibiotics (50 U/ml peni-
cillin and 50 �g/ml streptomycin) and 9% (v/v) fetal bovine
serum (FBS) (all from Life Technologies, Rockville, MD, USA).
To induce differentiation, cells were washed in Hank’s balanced
salt solution (HBSS), and GM was replaced with differentiation
medium (DM), which consisted of DMEM with 0.5% heat-
inactivated (30 min at 56°C) FBS and antibiotics. The L6 rat
skeletal muscle cell line was obtained from the ATCC
(CRL1458) and was cultured in GM, composed of �-MEM (Life
Technologies; Invitrogen, Rockville, MD, USA) containing 9%
(v/v) FBS and antibiotics. After 24 h of culturing in GM,
differentiation was induced by replacing GM with DM contain-
ing �-MEM with 2% (v/v) heat-inactivated FBS and antibiotics.

Transfections and plasmids

C2C12 cells were stably or transiently transfected with the
human CPT-1 B promoter (HCBP; PPAR reporter) luciferase
plasmid (pSG5; Stratagene, La Jolla, CA, USA) (PPAR re-
porter cell line). As a control, cells were stably or transiently
transfected with equal amounts of empty vector PcDNA3.1
(Invitrogen). For assessment of Tfam or NRF-1 promoter
activity, cells were transiently transfected with a mtTFA-
RC4wt/pGL3 or p4xNRF-1Luc luciferase construct (19, 20).
Cells were transfected by nanofectin (PAA, Pasching, Austria)
according to the manufacturer’s instructions. Additional de-
tails are provided in the Supplemental Material.

Reporter assays

Cells were harvested by washing 2� with cold PBS and
subsequent lysis by adding (100 �l) 1� Reporter Lysis Buffer
(Promega, Madison, WI, USA) and incubation on ice for 10
min. Cell lysates were centrifuged (14,000 rpm, 1 min), and
supernatants were snap-frozen and stored at �80°C for later
analysis. Luciferase activity was measured according to the
manufacturer’s instructions (Promega) and corrected for
total protein content (Bio-Rad, Hercules, CA, USA). Addi-
tional details are provided in the Supplemental Material.

QPCR and enzyme-linked immunosorbent assay (ELISA)
for TNF-� determination

The presence of TNF-� protein in cell culture medium was
determined with an ELISA kit directed against mouse TNF-�
(R&D Systems, Minneapolis, MN, USA). In short, C2C12 myo-
tubes (d 5 of differentiation) were stimulated with TNF-� (10
ng/ml) for 2 h or with IL-1� (10 ng/ml) for 24 h. In the case of
TNF-� stimulation, recombinant TNF-� was washed out after the
2 h stimulation period by 5 serial washes with 1 ml of HBSS, and
new DM was added to the cell culture. Medium was collected
24 h later for determination of TNF-� protein. For determina-
tion of TNF-� mRNA, myotubes were stimulated with IL-1� (10
ng/ml) for 2 h, and TNF-� mRNA was determined. Additional
details regarding QPCR methods and primer characteristics
(Table S1) are provided in the Supplemental Material.

Enzyme activity assay

Activity levels of creatine kinase (CK) were measured as
described previously (21). Enzyme activity levels were cor-
rected for total protein content. Total protein content was
determined using a detergent compatible protein determina-
tion assay (Bio-Rad).

Mitochondrial respiration

Respiration was measured using a respirometer (Oxygraph
2K; Oroboros Instruments). Oxygen consumption (nM/s)
was calculated as a negative time derivative of oxygen concen-
tration (�M). Additional details are provided in the Supple-
mental Material.

Western blot analysis

Whole-cell lysates were prepared as described previously (22).
Western blots were corrected for total protein and an internal
loading control. Additional details are provided in the Sup-
plemental Material.
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Electrophoretic mobility shift assay (EMSA)

NF-�B DNA binding activity was assessed in nuclear extracts
by analysis of complexes binding to an oligonucleotide con-

taining a �B consensus sequence (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Nuclear extracts were prepared as
described previously (18). Additional details are provided in
the Supplemental Material.

Statistics

Data were analyzed according to the guidelines of Altman et
al. (23) using SPSS (SPSS Inc., Chicago, IL, USA). Nonpara-
metric tests, analysis of variance (ANOVA), or correlation
analysis (Pearson) was used when appropriate. Data are
represented as the mean � sd. A 2-tailed probability value of
less than 0.05 was considered to be significant.

RESULTS

Reduced muscle oxidative gene expression in patients
with COPD and muscle inflammation

Patients were divided into subgroups based on TNF-�
mRNA expression levels in muscle (Fig. 1). TNF-� protein
was not detectable in the muscle biopsies. Patient charac-
teristics after post hoc analysis by muscle TNF-� transcript
levels are summarized in Table 1. Between patient sub-
groups, no differences were observed in standard lung
function tests or anthropometric parameters (Table 1).
Patients with high muscle TNF-� levels, however, revealed
a significantly lower BMI (P�0.05) and a tendency
toward a lower FFMI compared to control subjects
(P	0.10) (Fig. 2). Moreover, in these patients muscle
mRNA expression levels of genes involved in mito-
chondrial oxidative metabolism such as citrate syn-
thase (CS), �-hydroxyacyl-CoA dehydrogenase (HAD), and
cytochrome c oxidase subunit 4 (COXIV) were lower
(P�0.001), although expression of the glycolytic
gene hexokinase 2 (HKII) was higher (P	0.005) com-

Figure 1. Assessment of TNF-� mRNA expression levels in
muscle of patients with COPD. Transcript levels of TNF-�
were assessed in muscle biopsies of control subjects (n	10)
and patients with COPD (n	73). Gene expression levels were
normalized by calculating a normalization value based on 5
housekeeping genes (cyclophilin A, �2-microglobuline, glyceralde-
hyde-3-phosphate dehydrogenase, hypoxanthine-guanine phosphoribo-
syltransferase, and �-actin) using GeNorm software. Patients
having muscle TNF-� mRNA levels 
 mean � 2 sd of control
subjects were categorized in the high-TNF-� patient group
(n	17).

TABLE 1. Patient characteristics and skeletal muscle gene expression

Parameter
Healthy control

participants (n	10)

Patients with COPD

Normal TNF-� (n	17) High TNF-� (n	17)

Patient characteristic
FEV1 (% predicted) 82.3 � 8.2 37.5 � 16.6** 36.6 � 12.5**
FVC (% predicted) 87.6 � 11.6 74.3 � 15.3* 74.3 � 24.6*
Age (yr) 53.9 � 8.7 61.1 � 8.2* 62.0 � 9.1*
Sex (M/F) 7/3 15/2 15/2
Weight (kg) 76.4 � 19.2 75.3 � 15.3 67.2 � 13.3
FFM (kg) 51.0 � 11.2 51.5 � 6.8 47.4 � 6.8
FM (kg) 25.4 � 10.0 23.9 � 10.7 19.8 � 7.7
BMI (kg/m2) 27.2 � 4.8 25.9 � 4.8 23.6 � 3.6*
FFMI (kg/m2) 18.2 � 2.4 17.4 � 2.5 16.7 � 1.5

Muscle gene expression
TNF-� (AU) 0.038 � 0.026 0.042 � 0.018 0.149 � 0.066#,**

Gene expression levels for TNF-� were normalized by calculating a normalization factor based on
expression levels of 5 housekeeping genes (cyclophilin A, �2-microglobuline, glyceraldehyde-3-phosphate
dehydrogenase, hypoxanthine-guanine phosphoribosyltransferase, and �-actin) using GeNorm software. Gene
expression was quantified and expressed as arbitrary units (AU). Values are expressed as means � sd.
BMI, body mass index; FEV1, forced expiratory volume in 1 s; FFM, fat-free mass; FFMI, fat-free mass
index; FM, fat mass; FVC, forced vital capacity. *P � 0.05, **P � 0.001 vs. control group; #P � 0.001 vs.
other COPD subgroups.
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pared to patients and control participants with nor-
mal muscle TNF-� mRNA levels (Fig. 3A). Accord-
ingly, muscle TNF-� transcript levels correlated
negatively with transcript levels of CS and HAD and
positively with transcript levels of HKII (r	�0.614,
r	�0.514, and r	0.624, respectively; P�0.001). Fur-
thermore, these patients were characterized by lower
muscle expression levels of several key regulators of
skeletal muscle oxphen (PPAR-�, PGC-1�, and Tfam)
compared with patients and control participants with
normal TNF-� expression levels in muscle (P	0.001,
P	0.003, and P	0.004, respectively) (Fig. 3B).

Inflammatory cytokines induce TNF-� mRNA
expression and TNF-� protein secretion in C2C12
myotubes

TNF-� mRNA induction by TNF-� stimulation of C2C12
myotubes has been described by our group previously
(24). Furthermore, induction of TNF-� mRNA was also
shown in muscle of mice subject to intramuscular injec-
tions with TNF-� (24). In line with this, in the present

study, IL-1� stimulation (as an alternative inflammatory
stimulus) of C2C12 myotubes also resulted in an induc-
tion of TNF-� mRNA compared to vehicle-treated cells
(1.303�0.159 vs. 0.714�0.131 AU; P�0.05; corrected for
the housekeeper cyclophilin A). Furthermore, TNF-� as
well as IL-1� stimulation of mature C2C12 myotubes
resulted in secretion of significant amounts of TNF-�
protein (33.03�3.05 pg/ml and 20.84�9.58 pg/ml, re-
spectively; P�0.01) in the culture medium, while TNF-�
protein was not detectable in supernatant of nonstimu-
lated cultures. Based on the induction of TNF-� mRNA
and TNF-� protein on inflammatory stimuli (autocrine/
paracrine effects), we further investigated the direct ef-
fects of TNF-� on muscle oxphen in C2C12 myotubes.

TNF-� impairs skeletal muscle oxphen in vitro

Myotubes chronically treated with TNF-� displayed
significantly lower basal and maximal mitochondrial O2
consumption rates compared to vehicle-treated cells
(Fig. 4A). In concordance, chronic TNF-� exposure
resulted in significantly decreased protein levels of
subunits of mitochondrial oxphos complexes II, III,
and V (complex IV was not detectable). Protein con-
tent of oxphos complex I was also decreased after
TNF-�, but this just failed to reach statistical signifi-
cance (Fig. 4B, C). After TNF-� treatment a selective
reduction of MyHC slow (type I) protein and mRNA
abundance was observed compared to vehicle-treated
cells. MyHC fast (type II) protein levels and mRNA
levels were unaltered or slightly elevated, respectively
(Fig. 5). TNF-� stimulation starting at d 3 or 5 of
differentiation yielded similar results for respiration
measurements and MyHC protein abundance (Supple-
mental Fig. S1).

Because development of muscle oxphen parallels
the process of myogenic differentiation and TNF-� is
known to inhibit early differentiation, the response
of several differentiation markers on chronic TNF-�
stimulation was investigated. An important result was
that myogenic index, which reflects the proportion of
nuclei incorporated into myotubes and serves as a
marker of morphological differentiation, was not sig-
nificantly altered (50.4�2.8 vs. 51.2�3.4%), and crea-

Figure 3. Oxidative gene expression is re-
duced in skeletal muscle of patients with
COPD with high muscle TNF-� mRNA expres-
sion. Transcript levels of oxidative genes and
their regulators were assessed in control sub-
jects (n	10) and patients with COPD charac-
terized by high (n	17) or normal (n	17)
muscle TNF-� mRNA expression. Gene expres-
sion levels were normalized by calculating a
normalization value based on 5 housekeeping
genes (cyclophilin A, �2-microglobuline, glyceralde-
hyde-3-phosphate dehydrogenase, hypoxanthine-gua-
nine phosphoribosyltransferase, and �-actin) using
GeNorm software. *P � 0.05; **P � 0.001. All
data are expressed as means � sd.

Figure 2. FFMI and BMI are reduced in patients with COPD
with high muscle TNF-� mRNA expression. FFMI and BMI
were assessed in control subjects (n	10) and patients with
COPD characterized by high (n	17) or normal (n	17)
muscle TNF-� mRNA expression. All data are expressed as
means � se. *P � 0.05 vs. control.

5055TNF-� AND MUSCLE OXIDATIVE PHENOTYPE



tine kinase activity, as a marker of biochemical differ-
entiation, remained unchanged on chronic TNF-�
treatment (0.47�0.08 vs. 0.43�0.09; starting TNF-�
stimulation after 3 or 5 d of differentiation, respec-
tively). In addition, myotube viability was unaffected on
chronic TNF-� stimulation, as revealed by routine
microscopic inspection (Supplemental Fig. S2).

TNF-� reduces expression levels of regulators of
muscle oxphen

Chronic TNF-� treatment resulted in significantly de-
creased mRNA levels of PPAR-�, PGC-1�, and Tfam
(Fig. 6).

TNF-� reduces transcriptional activity and promoter
transactivation of major regulators of skeletal muscle
oxphen

Chronic TNF-� stimulation of myotubes resulted in
reduced (�50%) basal- (Fig. 7A) and ligand-induced
(Supplemental Fig. S3A) PPAR transcriptional activ-
ity in myotubes. In addition, PPAR transcriptional
activity in myoblasts induced by overexpression of
PPAR-�, , �, or PGC-1� was inhibited by TNF-� to
the same extent (Supplemental Fig. S3B). TNF-� also
reduced nuclear respiratory factor 1 (NRF-1) as well
as Tfam promoter activity levels in myoblasts by
�50% (Fig. 7B).

Figure 4. TNF-� impairs oxphen in C2C12 cells. C2C12 myoblasts were differentiated for 3 d in DM. Myotubes were stimulated
with vehicle (BSA; control) or TNF-� (10 ng/ml) for an additional 120 h. Cells were harvested, and mitochondrial respiration
rates as well as oxphos protein content were determined. All parameters were corrected for total protein content. A) The
following substances were added to the respiration chambers in the following order and final concentration: digitonin (1 �l; 0.5
�g/ml), malate (5 �l; 2 mM), palmitoyl-carnitine (10 �l; 50 �M), and ADP (20 �l; 5mM) followed by FCCP (1 �l; 0.5 �M
titration), and oxygen consumption was measured. B) Proteins involved in the mitochondrial respiration chain were quantified
by Western blot analysis. C) Representative picture of the original blot. Protein levels are given as arbitrary units (AU). All data
are expressed as means � sd from triplicate samples (n	3 experiments). *P � 0.05; **P � 0.001.

Figure 5. TNF-� alters MyHC profile in C2C12 cells.
C2C12 myoblasts were differentiated for 3 d in DM.
Myotubes were stimulated with vehicle (BSA; control)
or TNF-� (10 ng/ml) for an additional 120 h. Cells
were harvested, and MyHC profile was determined at
the protein and mRNA level. A, B) MyHC protein
expression was assessed and corrected for total protein
content. GAPDH protein levels were used as a loading
control. C) Gene expression levels were normalized for
cyclophilin A as a representative housekeeping gene.
Values are expressed as means � sd. *P � 0.05, **P �
0.001 vs. control. All data are expressed as means � sd
from triplicate samples (n	3 experiments).
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NF-�B signaling is required for impairment of
transcriptional regulation of muscle oxphen by
TNF-�

Effectiveness of inflammatory cytokines and con-
structs encoding NF-�B subunits was confirmed using
a stable NF-�B reporter cell line (Supplemental Fig.
S4). As illustrated in Fig. 8A, expression of the
super-repressor mutant form of the inhibitory �B �
protein (I�B�-SR) fully abolished the effect of TNF-�
on PPAR transcriptional activity, showing the re-
quirement of intact NF-�B signaling for the effects of
TNF-�. Conversely, activation of NF-�B using consti-
tutive active I�B kinase � (c.a. IKK-�) was sufficient
to inhibit PPAR transcriptional activity, which again
was restored when the I�B�-SR was introduced (Fig.
8A). As illustrated in Fig. 8B, induction of PPAR
transcriptional activity by PPAR-� or PGC-1� overex-
pression was attenuated when plasmids encoding the
RelA NF-�B subunit were cotransfected. Further-

more, TNF-� reduced NRF-1 (Fig. 8C) and Tfam
(Fig. 8D) promoter activity levels by 50%, which was
fully restored by blockade of NF-�B signaling
through introduction of the I�B�-SR construct.
Moreover, transfection of a c.a. IKK-� construct also
resulted in a 50% reduction in reporter activities,
which in turn was reversed when the I�B�-SR was
cointroduced in the cell (Fig. 8A, C, D). Introduction
of the I�B�-SR construct without TNF-� showed
increased PPAR transcriptional activity or NRF-1/
Tfam promoter activity levels compared to control
cells. Also, introduction of c.a. IKK-� together with
the I�B�-SR construct increased reporter activity
compared to control conditions (Fig. 8A, C, D).

NF-�B activation is required for impaired
mitochondrial respiratory capacity by TNF-�

Basal- and TNF-�-induced RelA DNA-binding was as-
sessed by gel shift and found to be abrogated in L6
myotubes stably expressing the I�B�-SR construct. L6
control myotubes showed increased RelA DNA binding
after TNF-� stimulation. In contrast, I�B�-SR myotubes
revealed markedly lower RelA DNA binding capacity
compared to the control cells after TNF-� stimulation.
Supershift analysis demonstrates the presence of RelA
in the main complex after TNF-� stimulation. (Supple-
mental Fig. S5). Impaired respiratory capacity of L6
muscle cells on chronic TNF-� stimulation was fully
restored by stable blockade of the NF-�B signaling
pathway (Fig. 9).

DISCUSSION

This study shows that expression levels of markers and
regulators of muscle oxphen are significantly lower in a
subset of patients with COPD with increased muscle

Figure 6. TNF-� reduces expression of regulators of skeletal
muscle oxphen. C2C12 myoblasts were differentiated for 3 d
in DM. Myotubes were stimulated with vehicle (BSA; control)
or TNF-� (10 ng/ml) for an additional 120 h. Gene expres-
sion levels were normalized for cyclophilin A as a representative
housekeeping gene. Gene expression was quantified and
expressed as percentage of control from triplicate samples
(n	3 experiments). Values are expressed as means � sd.
*P � 0.05, **P � 0.01 vs. controls.

Figure 7. TNF-� reduces activity levels of major regulators of muscle oxphen. A) C2C12 myotubes stably transfected with a
PPAR-sensitive promoter reporter construct (containing the cis-acting PPAR responsive element of the CPT-1 promoter) were
differentiated for 3 d in DM. Myotubes were stimulated with vehicle (BSA; control) or TNF-� (10 ng/ml) and harvested every
24 h. B) C2C12 myoblasts were transiently transfected with a Tfam or a NRF-1 promoter reporter construct and stimulated with
TNF-� (10 ng/ml) or vehicle (BSA: control) for 24 h. Cells were lysed; luciferase activity was determined and normalized to
�-galactosidase (transient transfection) or total protein (stable reporter cell line). *P � 0.05; **P � 0.01. All data are expressed
as means � sd from triplicate samples (n	3 experiments).
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TNF-� mRNA expression compared with patients and
healthy smoking control participants with normal mus-
cle TNF-� mRNA expression. The in vitro experiments
presented in this paper furthermore reveal that TNF-�

has a direct negative effect on muscle oxphen and its
regulation, which is dependent on NF-�B signaling.

As a readout parameter of muscle oxphen, mitochon-
drial respiratory capacity was diminished on chronic
treatment of cultured myotubes with TNF-� in the
present study. Interestingly, a recent study demon-
strated decreased mitochondrial respiration due to
blockade of the electron transport chain, in vastus
lateralis as well as respiratory muscles of patients with
COPD compared to control participants (25). Al-
though a decreased respiratory capacity has been asso-
ciated with muscle inactivity, the fact that mitochon-
drial respiration was affected in respiratory as well
peripheral muscle suggests a role for a systemic factor
other than muscle disuse (as respiratory muscles in
COPD often have an increased workload due to airway
obstruction), e.g., inflammation, in impaired respira-
tory capacity. Unfortunately, systemic or local TNF-�
levels were not investigated in that study (25). De-
creased mitochondrial respiration following TNF-�
stimulation has been reported in experimental models
previously (26–28). However, in these particular stud-
ies only the acute effects of TNF-� were studied. Other
studies revealed inhibition by TNF-� at several sites of
the electron transport chain, including complex II, III,
and V (29, 30). In contrast, the changes in respiration
observed in our in vitro experiments are more likely
chronic adaptations resulting from decreased expres-
sion of oxphos proteins after sustained incubation with

Figure 8. Involvement of NF-�B signaling in TNF-�-induced deregulation of oxphen. A) C2C12 myoblasts were cotransfected
with a PPAR-sensitive promoter reporter construct (containing the cis-acting PPAR responsive element of the CPT-1 promoter)
in combination with empty vector (e.v. pCDNA 3.1; control), an I�B� super repressor (SR), and/or a constitutive active I�B
kinase � (c.a. IKK-�) construct and treated with vehicle (BSA; control) or TNF-� (10 ng/ml) for 24 h. B) C2C12 myoblasts were
cotransfected with a PPAR reporter (CPT-1) in combination with e.v. (pCDNA3; control) or plasmids encoding PGC-1� or
PPAR-�, with/without RelA (V-Rel avian reticuloendotheliosis viral oncogene homologue A). C, D) C2C12 myoblasts were
cotransfected with a NRF-1 promoter reporter construct (C) or a Tfam promoter reporter construct (D) in combination with
e.v. (pCDNA3.1; control), SR, and/or c.a. IKK-� construct and/or stimulated with TNF-� (10 ng/ml) for 24 h. Cells were lysed,
and luciferase activity was determined and normalized to �-galactosidase. Data are presented as means � sd (n	3 experiments).
Results are depicted as fold induction over control. Error bars 	 sd. *P � 0.01, **P � 0.001.

Figure 9. NF-�B activation is required for TNF-�-induced
impairment of skeletal muscle respiratory capacity. Control
L6 muscle cells or L6 muscle cells with abrogated NF-�B
signaling, through stable expression of the I�B�-SR construct,
were differentiated for 3 d in DM. Myotubes were stimulated
with vehicle (BSA; control) or TNF-� (10 ng/ml) for an
additional 120 h. For respiration measurements, the follow-
ing substances were added to the respiration chambers in the
following order and final concentration: digitonin (1 �l; 0.5
�g/ml), malate (5 �l; 2 mM), palmitoyl-carnitine (10 �l; 50
�M), ADP (20 �l; 5 mM), and FCCP (1 �l; 0.5 �M titration).
Cells were harvested, and oxygen consumption was deter-
mined. Respiration rates were corrected for total protein
content. Data are expressed as means � sd from triplicate
samples (n	3 experiments). *P � 0.05; **P � 0.01.
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TNF-�, because the half-life of these proteins is several
days (31).

Loss of type I (slow, oxidative) fibers in peripheral
skeletal muscle is a very consistent finding in COPD
and is related to disease severity as described in a recent
meta-analysis (8, 32). The exact mechanism underlying
this change in fiber type composition to date remains
unknown. Intriguingly, chronic TNF-� treatment of
cultured myotubes in the present study resulted in a
selective reduction of oxidative (type I) MyHC isoform
protein levels, suggesting that deregulated inflamma-
tory events in muscle may underlie a change in fiber
type composition. Because it is known that inflamma-
tory stimuli such as TNF-� can activate the proteolytic
ubiquitin 26S-proteasome pathway, it is possible that
MyHC type I protein is selectively targeted for degra-
dation by this pathway (33). However, increased gene
expression levels of MuRF1 and Atrogin, the 2 E3
ligases that target muscle-specific proteins for degrada-
tion (34), were not observed after chronic TNF-�
stimulation (data not shown). As MyHC I mRNA levels
were reduced while expression levels of MyHC IIb were
increased after chronic TNF-� stimulation, the reduced
protein content of MyHC type I most likely resulted
from altered transcriptional control.

The PGC-1�/PPAR signaling pathway has been
shown to be a key regulatory pathway controlling
muscle oxphen (35). Therefore, it is feasible that the
observed detrimental effects of TNF-� stimulation on
muscle oxphen are mediated through alterations in
PPAR and PGC-1� expression and/or activity levels.
Our in vitro observations indeed demonstrate that
TNF-� treatment of myotubes results in reduced PPAR
transcriptional activity as well as PPAR mRNA expres-
sion levels. Also, in the present study, decreased muscle
PPAR/PGC-1� mRNA expression levels in skeletal mus-
cle of patients with COPD were associated with high
levels of muscle TNF-� mRNA. In addition, previous
work from our group has shown that expression levels
of PPARs and their coactivator PGC-1� are reduced in
peripheral skeletal muscle of patients with COPD and
correlate negatively with plasma inflammatory markers
as TNF-� (14).

The C2C12 as well as the L6 cell line is widely used to
study the molecular mechanisms underlying skeletal
muscle pathology, e.g., insulin resistance and skeletal
muscle atrophy associated with chronic disorders, e.g.,
COPD and diabetes mellitus. However, caution is war-
ranted with extrapolating in vitro findings to the human
situation. Although in many instances in vitro data has
yielded insights that were later verified in animals or
humans, C2C12 and L6 cells are immortalized cell lines
that may not necessarily mimic the in vivo situation. For
example, in humans, fiber type/MyHC expression differ-
ences/changes are driven by transitions of already estab-
lished fiber phenotypes (e.g., shift from glycolytic to
oxidative on exercise training) while, e.g., in C2C12 cells
both MyHC slow and fast isoforms are present. Further-
more, Guttridge et al. (36) found that cytokines altered
myofilament protein content in C2C12 myotubes by

down-regulating gene transcription, while in the actual
complex disease setting (i.e., cancer) they found that the
myofilament protein loss was explained instead by in-
creased proteolysis. Also, TNF-� administration to hu-
mans did not result in altered systemic and skeletal muscle
protein turnover in contrast to what was observed in in
vitro studies (37). In light of this knowledge, the in vitro
data presented in the present manuscript are to be
considered as proof of principal evidence for TNF-� being
one possible mechanism leading to impaired muscle
oxphen in complex chronic disorders, albeit that involve-
ment of other mechanisms, such as physical inactivity,
hypoxia, and oxidative stress, cannot be discarded (38,
39). In particular, the fact that we did not assess physical
activity levels of patients and control participants is unfor-
tunate, as inactivity has been shown to be a major deter-
minant of skeletal muscle oxphen (40–42). Therefore,
efforts have to be made in future studies to elucidate the
exact contribution of these different disease-related pa-
rameters to skeletal muscle dysfunction in COPD and
other chronic diseases.

In our in vitro system, chronic stimulation of muscle
cells with the proinflammatory cytokine IL-1� resulted in
an induction of TNF-� mRNA. This is in line with the
induction of TNF-� mRNA in C2C12 myotubes after
TNF-� stimulation and induction of TNF-� mRNA in the
muscle of mice subjected to intramuscular injections with
TNF-�, which both have been described by our group
previously (24). In the present study, stimulation of ma-
ture C2C12 myotubes with an inflammatory cytokine
(TNF-� or IL-1�) also resulted in production and secre-
tion of TNF-� protein by the cells. Collectively, this
indicates that increased TNF-� mRNA levels in muscle
can be considered as a “signature” revealing (previous)
exposure to an inflammatory stimulus. Moreover, these
data also demonstrate that myofibers themselves may
contribute to the local inflammatory milieu, which is line
with the autoamplificatory signaling described for this
cytokine (24) and suggests that increased TNF-� mRNA
levels in the biopsies from the human subjects may reflect
autocrine or circulating cytokine actions. It is important
to note that data on TNF-� mRNA or protein expression
in skeletal muscle of patients with COPD appear to be
conflicting. The limited studies that have been performed
so far showed no detectable TNF-� mRNA levels (43),
increased TNF-� protein levels (44), or even lower levels
of TNF-� protein in skeletal muscle of patients with
COPD compared with control participants (45). In our
study �25% of the patients exhibited elevated TNF-�
mRNA levels confirming the heterogeneity of the disease
and the need for appropriate phenotyping with respect to
both pulmonary and systemic impairment (46). In none
of the patients could we detect TNF-� protein in the
muscle biopsies. This may suggest that, on production,
TNF-� is secreted from the muscle cells.

As mentioned earlier, smoking is the most impor-
tant risk factor for developing COPD in the western
world. In this context, a very recent study showed that
chronic smoke inhalation of mice (as a model for
COPD) resulted in increased circulatory levels of
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TNF-�, which was associated with diminished exer-
cise endurance, reduced muscle oxphen, and de-
creased muscular levels of PGC-1�. These researchers
also showed that treatment of C2C12 myotubes with
TNF-� resulted in decreased levels of PGC-1� similar
to our observations (47).

In the present study, the patients with high TNF-�
levels (which consisted of �25% of the total COPD
group investigated) were also characterized by lower
BMI and a trend toward lower FFMI (as a marker for
muscle mass). This suggests that inflammatory signal-
ing might be associated with both weight loss and loss
of muscle mass as well as impairment of muscle ox-
phen. In line with this notion, it has been shown that
cachectic patients with COPD often display a more
pronounced loss of muscle oxphen compared with
noncachectic patients (48). Moreover, we previously
showed that expression levels of major regulators of
muscle oxphen such as PPAR-� and Tfam are signifi-
cantly lower in muscle of cachectic patients compared
with noncachectic patients (14). These collective find-
ings suggest that an elevated inflammatory status, as
observed in COPD, might be a trigger, not only for the
loss of muscle mass but also for loss of muscle oxphen.

More mechanistic insight into the effect of TNF-� on
skeletal muscle oxphen was provided by the finding
that genetic blockade of the NF-�B signaling pathway
inhibited TNF-�-induced reductions in mitochondrial
respiratory capacity and PPAR transcriptional activity in
cultured muscle cells. Moreover, activating NF-�B sig-
naling by overexpression of c.a. IKK-� was sufficient to
reproduce the effect of TNF-� on PPAR transcriptional
activity. Similarly, RelA overexpression attenuated PGC-
1�-induced PPAR transcriptional activity. Although
PPARs have been shown to be able to interfere with the
NF-�B pathway (49–52), few studies have reported a
negative effect of NF-�B signaling on the PGC-1
�/PPAR pathway, and so far no data are available in
skeletal muscle. Our findings now demonstrate that the
NF-�B pathway mediates TNF-�-induced inhibition of
skeletal muscle mitochondrial respiratory capacity and
PPAR transcriptional activity in vitro. In addition, pro-
moter activity levels of NRF-1 and Tfam, 2 important
regulators of mitochondrial biogenesis, were also re-
duced on TNF-� stimulation in a NF-�B-dependent
manner. These observations suggest that, in addition to
decreased PPAR activity, specific components impli-
cated in regulation of mitochondrial biogenesis could
also be impaired by TNF-�-induced NF-�B activation.
Surprisingly, blockade of c.a. IKK-�-induced NF-�B
activity by the I�B�-SR resulted in an increase in activity
levels of the PPARs, Tfam, and NRF-1 compared with
control conditions. We speculate that this may point
toward a more complex regulation of PPARs, NRF-1,
and Tfam activity by IKK-�/NF-�B signaling, in which
nuclear translocation of NF-�B decreases PPAR-, NRF-
1-, and Tfam activity, whereas IKK-� activation, in the
absence of nuclear translocation of NF-�B, actually
stimulates PPAR-, NRF-1-, and Tfam activity. Therefore,
the selective manipulation of the subunits of the IKK

complex may stimulate oxphen in absence of RelA
translocation as has been shown for IKK-� by Bakkar
et al. (53).

Detrimental effects of TNF-� signaling are not re-
stricted to impaired muscle oxphen. Loss of skeletal
muscle mass and impaired myogenic differentiation,
both mediated through the NF-�B pathway (11, 18, 54),
are well documented in skeletal muscle. Importantly,
we show that the impairment of skeletal muscle oxphen
mediated by TNF-� in the present study is not a
consequence of impaired myogenic differentiation or
decreased protein content.

To the best of our knowledge, this is the first report
demonstrating a direct and clear negative interaction
between inflammatory mediators as TNF-�, subsequent
NF-�B signaling, and skeletal muscle oxphen. A recent
clinical trial provided indirect support for these findings,
as anti-inflammatory modulation by polyunsaturated fatty
acids enhanced exercise capacity in patients with COPD
participating in a pulmonary rehabilitation program (55).

Collectively, in light of these results, targeted inhibition
of the NF-�B pathway could prove to be beneficial in
multiple chronic inflammatory conditions characterized
by disturbed muscle oxphen. Interestingly, our group
recently demonstrated that PPAR-� activation by rosiglita-
zone, which is currently in use for the treatment of type 2
diabetes mellitus (T2DM), potently inhibited cytokine-
induced NF-�B activation in cultured muscle cells. More-
over, rosiglitazone treatment of T2DM patients has been
shown to increase skeletal muscle oxphen and restore
PGC-1�/PPAR expression levels (56).

In summary, the body of data presented in the
present work demonstrates that chronically elevated
TNF-� levels potently reduce both structural and met-
abolic aspects that determine oxphen of cultured skel-
etal muscle cells. This inflammation-associated impair-
ment of muscle oxphen resulted from disturbed
regulatory processes, as TNF-� down-regulated expres-
sion and activity levels of main regulators of muscle
oxphen capacity and mitochondrial biogenesis. In ad-
dition, our in vitro data also show that deregulation of
skeletal muscle oxphen by chronic TNF-� stimulation
occurs in a NF-�B-dependent manner providing a
mechanistic explanation. These results may provide
new leads for alleviation of skeletal muscle dysfunction
in COPD and possibly also other chronic inflammatory
disorders.
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