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Disease exacerbations andmuscle wasting comprise negative prog-
nostic factors of chronic obstructive pulmonary disease (COPD).
Transient systemic inflammation andmalnutrition have been impli-
cated in skeletal muscle wasting after acute exacerbations of COPD.
However, the interactions between systemic inflammation andmal-
nutrition in their contributions to muscle atrophy, as well as the
molecular basis underlying the transition of systemic inflammation
tomuscle atrophy, remainunresolved. Pulmonary inflammationwas
induced inmice by an intratracheal instillation of LPS tomodel acute
disease exacerbation. Systemic inflammation, nutritional intake,
and body and muscle weights were determined. Muscle inflamma-
tory signaling and atrophy signaling were examined, and the effect
of the muscle-specific inactivation of NF-kB on muscle atrophy was
assessed in genetically modifiedmice. The intratracheal LPS instilla-
tionwas followedbymarkedly elevated circulating cytokine concen-
trations and NF-kB activation in extrapulmonary tissues, including
skeletal muscle. The administration of intratracheal LPS increased
the expression of muscle E3 ubiquitin ligases, which govern muscle
proteolysis, in particular MuRF1, and caused a rapid loss of muscle
mass. Reduced food intake only partly accounted for the observed
muscleatrophy,anddidnotactivateNF-kB inmuscle.Rather,plasma
transfer experiments revealed the presence of NF-kB–signaling and
atrophy-signaling properties in the circulation of intratracheal LPS–
treated mice. The genetic inhibition of muscle NF-kB activity sup-
pressed intratracheal LPS–induced MuRF1 expression and resulted
in a significant sparing of muscle tissue. Systemic inflammation and
malnutrition contribute to themusclewasting inducedby acute pul-
monary inflammation via distinct mechanisms, and muscle NF-kB
activation is required for the transition from inflammatory tomuscle
atrophy signaling.
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Acute exacerbations of chronic obstructive pulmonary disease
(COPD) are accompanied by pulmonary and transient systemic
inflammation and malnutrition, which have been implicated in
the onset of stepwise weight loss, muscle wasting and increased
mortality (1–6). The underlying mechanisms are unknown and
difficult to unravel in patients during the acute phase of an
exacerbation. In many instances, the acute loss of muscle mass
is dependent on increased muscle protein breakdown mediated

by the ubiquitin (Ub) 26S-proteasome system (UPS) (7). The
rate-limiting enzymes of this process during acute muscle atrophy
include the Ub-E3 ligation enzymes atrogin-1/MAFbx and
MuRF1. The genetic deletion of these “atrogenes” attenuates
muscle atrophy under various conditions (8, 9), and the increased
expression of MuRF1 and atrogin-1 has been reported in quad-
riceps muscle during exacerbations of COPD (1). Inducible tran-
scription factors, including NF-kB, have been implicated in the
transcriptional regulation of atrogin-1 and MuRF1 (10). NF-kB is
an essential regulator of cellular responses to inflammatory stim-
uli (11). TNF-a and IL-1b induce NF-kB activation (12, 13) and
increase the expression of atrogin-1 and MuRF1 (8, 14) in the
skeletal muscle of experimental models. Although the constitu-
tive activation of NF-kB in skeletal muscle increases MuRF1
expression and causes muscle atrophy in mice (15), contradictory
findings on NF-kB activity in muscle biopsies of patients with
COPD have been reported (16, 17). These reports may reflect
differences in phases of stable muscle mass versus active muscle
loss, and active muscle loss likely occurs during COPD exacer-
bation, considering the decreases in muscle strength and activa-
tion of the UPS reported during acute exacerbation (1).

We hypothesized that muscle NF-kB activation plays a criti-
cal role in the muscle atrophy associated with an acute systemic
inflammatory response during COPD exacerbations. Therefore,
the first objective of this study was to model the pulmonary
inflammation observed with an acute exacerbation in mice,
and evaluate the degree of systemic inflammation. The second
objective was to gauge the extent to which skeletal muscle
responds to systemic inflammation by assessing muscle mass
and atrophy-signaling responses, and to assess the relative con-
tributions of circulating inflammatory factors and semistarvation
to muscle NF-kB activation and atrophy signaling. The final and
main objective was to determine the degree of NF-kB involve-
ment in these processes, using mice with genetically repressed
muscle NF-kB.
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CLINICAL RELEVANCE

Disease exacerbations and muscle wasting comprise nega-
tive prognostic factors of chronic obstructive pulmonary
disease (COPD). Transient systemic inflammation and
malnutrition have been implicated in skeletal muscle wasting
after acute exacerbations of COPD and in acute lung injury.
The data described here reveal that systemic inflamma-
tion and malnutrition contribute to the muscle wasting
induced by acute pulmonary inflammation via distinct
mechanisms, and indicate that muscle NF-kB activation is
required for the transition from inflammatory to muscle-
atrophy signaling.
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MATERIALS AND METHODS

More detailed information is provided in the online supplement.

Animals, Treatment, and Tissue Collection

C57BL/6 mice were obtained from Charles River (Maastricht, The
Netherlands). NF-kB–luciferase (18) and muscle IkBa-super repressor
(MISR) (15) murine lines were bred and maintained in a C57BL/6
background. All studies were performed according to a protocol ap-
proved by the Institutional Animal Care Committee of Maastricht
University. Acute lung inflammation was induced in anesthetized mice
by the intratracheal instillation of 20 mg LPS (Escherichia coli, serotype
O55:B5; Sigma, St. Louis, MO) dissolved in 50 ml sterile 0.9% NaCl, as
described previously (19). In some experiments, animals were pair-fed
to match the 24-hour food intake by intratracheal NaCl–treated or
intratracheal LPS–treated mice. Mice were killed 4, 7, 24, 48, 72, 96,
or 120 hours after LPS instillation, and a heart puncture was performed
to collect blood for leukocyte isolation (as will be described) or to
obtain plasma. Lungs were processed to assess local inflammation, as
described previously (19). The soleus, gastrocnemius, tibialis anterior,
and plantaris muscles were collected from both hind limbs, using stan-
dardized dissection methods.

Blood Cytokine and Chemokine Profile

Plasma cytokine and chemokine protein concentrations were quantified
(n ¼ 6 per group) using a Mouse Cytokine Multiplex Panel (Bio-Rad,
Hercules, CA).

RNA Isolation and Assessment of Gene Expression

RNA was isolated from homogenized lung and muscle tissue for cDNA
preparation and subsequent quantitative PCR analysis (primer sequen-
ces of transcripts of interest are provided in Table E1 in the online sup-
plement). The relative DNA starting quantities of the samples were
derived from the standard curve based on the threshold cycle values,
using MyiQ analysis software (Bio-Rad). The expression of the genes
of interest was normalized to the geometric average of at least three
reference genes (b-actin, glyceraldehyde 3–phosphate dehydrogenase,
and cyclophilin A) by geNorm software (20).

Leukocyte Isolation and Tissue Preparation for the Detection

of NF-kB Transcriptional Activity

Leukocytes were isolated from whole blood using Polymorphprep
(Axis-Shield, Oslo, Norway), and were lysed in luciferase assay buffer.
Tissues were homogenized (Polytron, Kinematica, Switzerland) in lucif-
erase buffer. Luciferase activity was measured in supernatants of the
lysates, according to the manufacturer’s protocol (Promega, Madison,
WI), using a tube luminometer (Lumat LB 9507; Berthold Technolo-
gies, Bad Wildbad, Germany).

Plasma Transfer Experiments

C2C12 murine myoblasts were cultured and differentiated into myo-
tubes, as previously described (21). Differentiation medium (i.e., Dul-
becco’s Modified Eagle’s Medium containing 0.5% FBS, 50 U/ml
penicillin, and 50 mg/ml streptomycin) was supplemented with plasma
(10% final; vol/vol) of mice after intratracheal LPS or intratracheal
NaCl (control) treatment in the presence of 50 U/ml heparin (Leo,
Breda, The Netherlands). Myotubes (when differentiated for 5 days)
were incubated in presence of plasma for 24 hours, cells were lysed for
RNA extraction, and quantitative PCR analyses were performed as
already described.

Statistical Analysis

Raw data were entered into SPSS (version 11.0; SPSS, Inc., Chicago,
IL) for statistical analysis. Values as expressed in the graphs were
subjected to Mann-Whitney U tests to detect statistically significant
differences.

RESULTS

Pulmonary Inflammation after Intratracheal

Instillation of LPS

The intratracheal instillation of LPS induced extensive neutrophil
infiltration of the lungs, which was maximal after 48 hours (Figure
1A). The expression levels of cytokines and chemokines, including
TNF-a, IL-6, CXCL1, ICAM-1, and CXCL2, increased as early as
4 hours after LPS instillation (Figure 1B, parts 1–5), which coin-
cided with elevated IkBa mRNA transcript levels (Figure 1B, part
6). Finally, a rapid and sustained increase of NF-kB transcriptional
activity (Figure 1C) was observed after intratracheal LPS instilla-
tion in the lung homogenates of NF-kB–luciferase reporter mice.

Increased Concentrations of Circulating Inflammatory

Mediators after Pulmonary Inflammation

To investigate whether acute pulmonary inflammation was ac-
companied by a systemic inflammatory response, concentrations
of circulating proinflammatory cytokines were determined (Fig-
ure 2A). A general pattern of increased plasma concentrations
was apparent within 4 hours after intratracheal LPS (e.g., TNFa,
IL-1a, CXCL1, and IL-6), although IL-1b, regulated upon activa-
tion, normal T-cell expressed, and secreted (RANTES), and gran-
ulocyte colony–stimulating factor (G-CSF) concentrations lagged
and were not apparent at the earliest time point. The increases in
circulating cytokines were maximal at 24–48 hours after the
intratracheal LPS challenge, involved as much as a 75-fold in-
duction over NaCl control values, and returned to control con-
centrations by 72 hours after intratracheal LPS. In addition,
compared with intratracheal NaCl control activity, NF-kB tran-
scriptional activity was increased 2-fold in isolated circulating
leukocytes of intratracheal LPS–treated NF-kB–luciferase re-
porter mice (Figure 2B). Lung and leukocyte NF-kB transcrip-
tional activities were correlated after intratracheal LPS challenge
(Figure 2C).

Muscle Atrophy in Response to Systemic Inflammation Occurs

Mainly Independent of Semistarvation

The acute systemic inflammatory response was also accompa-
nied by a rapid loss of body weight (bw) (Figure 3A), which
was maximal after 48 hours. The recovery of bw began by 72 to
96 hours after treatment, and was not fully completed after 120
hours. Food intake was slightly reduced by the experimental
procedure itself (intratracheal NaCl) during the first 24 hours,
but rapidly recovered to habitual levels of food intake (Figure
3B). In contrast, intratracheal LPS caused a more pronounced
and sustained reduction in food intake. Pair-feeding experiments
revealed that decreased food intake accounted for approxi-
mately 60% (24 hours) and approximately 20% (72 hours) of
the reduction in bw observed after intratracheal LPS (Figure
3C).

Postural and locomotive hind limb muscles (musculus soleus,
musculus plantaris, musculus gastrocnemius, and musculus tibia-
lis) also displayed a rapid decline in weight, which was maximal
at 48–72 hours after intratracheal LPS (Figure 3D). The muscle
weights of pair-fed animals revealed that reduced food intake
accounted for approximately 55% of decreased muscle weight
at 24 hours, and for approximately 25% of the maximal muscle
atrophy observed at 72 hours (Figure 3E).

The expression of MuRF1 and atrogin-1, which are rate-
limiting enzymes in UPS-mediated muscle proteolysis (Figures
3F and 3G), was slightly induced by reduced food intake (pair-
fed control mice), but only during the first 24 hours. Conversely,
MuRF1 mRNA expression was robustly up-regulated at both 24
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and 72 hours after the intratracheal LPS challenge (Figure 3F),
whereas a more modest increase in atrogin-1 mRNA was ob-
served (Figure 3G). Although the induction of atrogin-1 was on
the same order of magnitude as observed in muscles of pair-fed
control mice, MuRF1 expression after intratracheal LPS was
largely independent of semistarvation.

To assess whether atrophy-inducing factors are present in the
circulation of intratracheal LPS–treated animals, plasma transfer
experiments were performed (Figure 3H). Compared with control
mice, plasma obtained from intratracheal LPS–challenged mice
caused a greater than 2-fold induction in MuRF1 and atrogin-1
expression in cultured C2C12 myotubes, revealing that atrophy-

Figure 1. Pulmonary inflam-
mation after intratracheal in-

stillation of LPS. Mice were

subjected to the intratracheal

instillation of NaCl or LPS, as
described in MATERIALS AND

METHODS. (A) Inflammatory cell

infiltration was assessed in the

lungs 48 hours after the intra-
tracheal instillation, using he-

matoxylin and eosin staining,

followed by light microscopy.
(B) Inflammatory and NF-kB–

sensitive gene products were

assessed in lung mRNA at the

indicated time points (n ¼ 3)
by quantitative PCR, normal-

ized to geNorm, and expressed

as fold change of control. (C)

Alternatively, using lung ho-
mogenates of transgenic NF-kB

reporter mice prepared at the

indicated time points after in-
tratracheal LPS (n ¼ 6), NF-kB

transcriptional activity was

assessed by the measurement

of luciferase enzyme activity
(normalized to total protein

concentration), expressed as

fold change compared with

intratracheal NaCl. #P , 0.05
as indicated or *P , 0.05,

**P , 0.01, or ***P , 0.001,

compared with control (intratra-
cheal NaCl), unless otherwise

indicated. CXCL1, chemokine

(C-X-C motif) ligand 1; ICAM-1,

intercellular adhesionmolecule1;
RLU, relative light units.
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Figure 2. Increased concentrations of circulating inflammatory mediators after pulmonary inflammation. (A) Mice were subjected to the intra-

tracheal instillation of NaCl or LPS, and blood was collected after terminal anesthesia at the indicated time points (n ¼ 6). Circulating cytokines and

chemokines were determined in plasma. (B) Circulating leukocytes were isolated from the blood of NF-kB reporter mice 7 hours or 24 hours after
intratracheal instillation (n ¼ 6), and luciferase activity was assessed, normalized to total protein, and expressed as fold change of intratracheal NaCl.

(C) The correlation between luciferase activity in lung homogenates and circulating leukocytes of NF-kB reporter mice was assessed after intra-

tracheal instillation (C).*P , 0.05, **P , 0.01, and ***P , 0.001, compared with control (intratracheal NaCl). Correlation at 7 hours, R2 ¼ 0.635,

P , 0.05. G-CSF, granulocyte colony–stimulating factor; CXCL1, chemokine (C-X-C motif) ligand 1; RANTES, regulated upon activation, normal
T cell expressed, and secreted; RLU, relative light units.
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signaling properties are contained within the plasma of intratra-
cheal LPS–treated animals.

Systemic Inflammation Is Accompanied by Increased

Inflammatory Gene Expression and NF-kB Activation

in Skeletal Muscle

To evaluate systemic inflammation further, various peripheral
organs and tissues were collected from NF-kB reporter mice.
A 2- to 3-fold increase was observed in response to intratracheal
LPS in the heart, liver, ileum, and pancreas, which was less appar-
ent in the kidney and jejunum, and absent in epididymal fat (Fig-
ure 4A). Importantly, an increased transcriptional activity of NF-kB
was also observed in skeletal muscle of NF-kB reporter mice
compared with intratracheal NaCl control mice. Muscle mRNA
concentrations of CXCL1 and IkBa were significantly increased
24 hours after the induction of acute pulmonary inflammation
(Figure 4B), and IkBa mRNA concentrations revealed a rapid
and transient increase after intratracheal LPS instillation (Figure
4C), confirming NF-kB activation in skeletal muscle. Impor-
tantly, increased IkBa transcript levels were not observed in
the muscle of pair-fed animals, suggesting that muscle NF-kB
activation was not the result of semistarvation (Figure 4D).
Plasma transfer experiments revealed increased IkBa mRNA
concentrations in myotubes incubated with plasma derived from
intratracheal LPS–challenged animals compared with intratracheal
NaCl–challenged animals (Figure 4E). These data demonstrate
that muscle NF-kB is activated in response to pulmonary in-
flammation, which accompanies a muscle-wasting program as-
sociated with systemic inflammation as opposed to nutritional
deprivation.

NF-kB–Dependent Muscle Atrophy after

Pulmonary Inflammation

To investigate further the potential role of NF-kB in muscle
wasting associated with acute pulmonary inflammation, trans-
genic mice expressing a nondegradable mutant form of IkBa
specifically in muscle (MISR mice) were subjected to intratra-
cheal LPS challenge. The loss of bw was attenuated in MISR
mice after acute pulmonary inflammation, compared with wild-
type (WT) control mice, despite similar decreases in food intake
(Figures E1A and E1B). The increase in CXCL1 mRNA con-
centrations observed in WT muscle in response to intratracheal
LPS was abolished in muscles of MISR mice, reflecting the effi-
cient inhibition of NF-kB–mediated gene expression in muscle
(Figure 5A). Conversely, circulating CXCL1 concentrations in
MISR mice were indistinguishable from those in WT mice after
intratracheal LPS (Figure 5B), which rules out important contri-
butions of skeletal muscle to circulating CXCL1 concentrations.

As observed previously, a robust 20-fold induction of muscle
MuRF1 mRNA occurred in response to the intratracheal LPS

challenge. This was reduced to a 5-fold induction in MISR mice
(Figure 5C). Atrogin-1 mRNA was induced 6-fold by the intra-
tracheal LPS challenge, and NF-kB inhibition in MISR mice
reduced this to a 3-fold induction (Figure 5C). Importantly,
the reduced expression of MuRF1 and atrogin-1 was accompa-
nied by an attenuation of skeletal muscle atrophy in MISR mice
compared with WT littermates (Figure 5D). In addition, the in-
creased expression of microtubule-associated protein 1 light
chain 3 beta (LC3B, 30%), BCL2/adenovirus E1B 19-kD inter-
acting protein 3 (Bnip3, 65%), and GABAA receptor-associated
protein like 1 (GabarapL1, 570%), which operate in autophagy–
lysosomal proteolysis, was differentially affected by NF-kB inhi-
bition (Figure E2A). Finally, whereas a loss of muscle weight
progressed between 24 hours and 48 hours after intratracheal
LPS in WT animals (26.6% 6 1.0% versus 29.9% 6 1.5%,
respectively; P, 0.05), muscle weight did not change significantly
during this phase in MISR mice (24.4%6 1.3% versus26.2%6
1.3%, respectively; no significance). Moreover, the decrease in
muscle fiber size in response to the intratracheal LPS challenge,
which was observed in all fiber types, was strongly attenuated in
MISR mice (Figure E2B). These data demonstrate that the
inhibition of muscle NF-kB activation prevents inflammatory
and atrophy signaling in skeletal muscle, and results in the sig-
nificant sparing of muscle tissue after acute pulmonary inflam-
mation.

DISCUSSION

The results of this study demonstrate that acute pulmonary in-
flammation is accompanied by malnutrition, a rapid and potent
systemic inflammatory response, and muscle atrophy, which con-
sists of both semistarvation-dependent and semistarvation-
independent mechanisms. The latter are likely initiated by circu-
lating inflammatory mediators as part of a systemic inflammatory
response, as was revealed by plasma transfer experiments. Impor-
tantly, muscle NF-kB activation occurs independently of semi-
starvation, and muscle atrophy (signaling) caused by systemic
inflammation, but not semistarvation, is fully prevented by the
inhibition of NF-kB activation in skeletal muscle.

Pulmonary and systemic inflammation has been implicated in
acute COPD exacerbations (2, 5, 6). The intratracheal instilla-
tion of LPS in mice or rats is an established model of acute
pulmonary inflammation (19, 22), and is known to involve the
NF-kB activation of resident as well as infiltrating immune cells
(23, 24). In line with these observations, elevated NF-kB tran-
scriptional activity and increased concentrations of transcripts
encoding inflammatory and NF-kB–responsive genes were
detected in lung homogenates of intratracheal LPS–treated ani-
mals. Similar findings have also been reported in lungs of
patients with COPD, in particular during exacerbations (5,
25), and are often accompanied by elevated circulating concen-
trations of humoral inflammatory mediators (2, 6). Indeed,

;

Figure 3. Muscle atrophy in response to systemic inflammation occurs mainly independent of semistarvation. Mice were subjected to the intra-

tracheal instillation of NaCl or LPS, and body weights (bw) (A) and food weights (B) were measured every 24 hours for 5 days (n ¼ 6–8). (C) At the
indicated time points, mice were terminally anesthetized, and muscle weights were determined. Alternatively, mice were pair-fed (PF) by providing

the amounts of food consumed during 24 hours by intratracheal NaCl–treated or intratracheal LPS–treated animals (n ¼ 4), and the change (%) in

bw (D) or muscle mass of the soleus–plantaris–gastrocnemius complex (E) between intratracheal NaCl and intratracheal LPS (intratracheal LPS) and

the PF groups for intratracheal NaCl and intratracheal LPS (PF-control) was calculated. Muscle ring finger 1 (MuRF1) (F) and atrogin-1 (G) mRNA
transcript levels were determined and normalized to geNorm in plantaris muscles of intratracheal NaCl, intratracheal LPS, and the respective PF-

treated groups at 24 hours and 72 hours, and the intratracheal LPS and intratracheal LPS PF (PF-control) expression levels were expressed as fold

change compared with intratracheal NaCl or intratracheal NaCl PF, respectively (n ¼ 4–6). (H) Alternatively, plasma (10% final; vol/vol) derived
from control (intratracheal NaCl) or intratracheal LPS mice was added to in vitro cultured, 5-day differentiated C2C12 myotubes (n ¼ 6), and MuRF1

or atrogin-1 mRNA concentrations were determined. *P , 0.05, **P , 0.01, and ***P , 0.001, compared with control values (intratracheal NaCl),

unless otherwise indicated. #P , 0.01, between intratracheal NaCl and intratracheal LPS.
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increased plasma concentrations of cytokines and chemokines
such as TNF-a, IL-1a/b, IL-6, CXCL1, RANTES, and G-CSF
were detectable after the local inflammatory response in the air-
ways of intratracheal LPS–treated mice. The systemic inflammatory
response was further characterized by increased NF-kB activity in
circulating leukocytes, which reflects their activated state. In line

with these observations, increased proinflammatory cytokine pro-
duction by leukocytes isolated from the blood of patients with
pulmonary inflammation has been reported (26, 27). Interestingly,
the NF-kB transcriptional activity in lung tissue and circulating leu-
kocytes was correlated, suggesting an initially coordinated inflam-
matory response of the pulmonary and circulatory compartments.

Figure 4. Systemic inflammation is accompanied by increased inflammatory gene expression and NF-kB activation in skeletal muscle. (A) Peripheral

tissues were collected from NF-kB reporter mice 24 hours after intratracheal NaCl or intratracheal LPS (n ¼ 6), and luciferase activity was

determined, normalized to protein, and expressed as fold change compared with intratracheal NaCl concentrations for the respective tissues. (B
and C) In separate experiments, skeletal muscle was dissected from wild-type (WT) mice after terminal anesthesia at the indicated time points (B, n¼
6; C, n ¼ 3–6), and mRNA transcript levels of inflammatory (CXCL1) and NF-kB sensitive (IkBa) genes was determined, normalized to geNorm, and

expressed as fold change compared with intratracheal NaCl. (D) Similarly, IkBa mRNA concentrations were determined in animals subjected to PF
and full treatment (n ¼ 4–6), and are expressed as in Figure 3F. (E) Alternatively, IkBa mRNA concentrations were determined in myotubes (n ¼ 6)

cultured in the presence of plasma obtained from control (intratracheal NaCl) or intratracheal LPS–challenged mice. *P , 0.05, **P , 0.01, and

***P , 0.001, compared with control values (intratracheal NaCl), unless otherwise indicated.
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The elevated systemic inflammatory status was also reflected
in skeletal muscle, because CXCL1 and IkBa mRNA con-
centrations as well as NF-kB transcriptional activity were
increased.

Several lines of evidence suggest an important contribution of
systemic inflammation to muscle atrophy after acute pulmonary
inflammation. In our model, the appearance of inflammatory
cytokines including TNF-a, IL-1a, IL-1b, and IL-6 in the circu-
lation preceded and accompanied muscle atrophy, suggesting
their potential involvement in the loss of muscle tissue. In sup-
port of this idea, studies in which these cytokines were captured
in the circulation of animals suffering from endotoxemia, or
conversely, in which these cytokines were administered to
healthy animals (28, 29), revealed the attenuation or induction
of atrophy and muscle proteolysis, respectively. Although
NF-kB activation was documented in the skeletal muscle of

septic mice (30), the intracellular molecules mediating the con-
version of inflammatory stimuli to atrophy signaling remain
unresolved in vivo. In our work, elevated concentrations of
circulating TNF-a, IL-1, and IL-6 coincided with evidence
of NF-kB signaling in skeletal muscle up to 24 hours after intra-
tracheal LPS. NF-kB signaling was also observed in in vitro
cultured C2C12 myotubes when incubated with plasma ob-
tained from intratracheal LPS–challenged mice, suggesting that
NF-kB signaling in skeletal muscle after acute pulmonary in-
flammation results from inflammatory mediators contained
within the circulatory compartment. Although we did not per-
form blocking experiments to address their identity, in vitro
studies by others suggest these may concern TNF-a or
IL-1, whereas little evidence exists for NF-kB activation by
IL-6 (12, 13). Importantly, in the present study, the inhibition
of muscle NF-kB activation resulted in a significant sparing of

Figure 5. NF-kB–dependent muscle atrophy after pulmonary inflammation. Muscle IkBa-super repressor (MISR) or transgene negative littermate

control (WT, wild type) mice were subjected to intratracheal NaCl or intratracheal LPS for 24 hours. mRNA concentrations of CXCL1 (A) or of MuRF1

and atrogin-1 (C) were determined and normalized to geNorm in excised skeletal muscle (n ¼ 8). (B) Circulating CXCL1 protein concentrations (n ¼
8) were assessed in plasma. (D) Muscle weights were determined at 24 hours and 48 hours after intratracheal (n ¼ 8), and expressed as percent
change compared with intratracheal NaCl. *P, 0.05 and **P, 0.01, compared with control values (intratracheal NaCl), unless otherwise indicated.
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muscle mass in MISR mice after intratracheal LPS. Of interest,
atrophy in response to pulmonary inflammation was observed
in muscles of different fiber compositions, and the NF-kB–
dependent reversal of muscle atrophy occurred regardless of
muscle fiber type. Because previous work demonstrated the
NF-kB dependency of the TNF-a–induced loss of myosin heavy
chain in cultured skeletal muscle (12, 31), we are tempted to
speculate that circulating TNF-a or IL-1, but not IL-6, is re-
sponsible for the NF-kB–dependent atrophy in our model.
Our data are in line with an earlier report in which an important
role for NF-kB in muscle maintenance was established, includ-
ing the induction of muscle atrophy after the constitutive acti-
vation of muscle NF-kB (15). Therefore, our data demonstrate
for the first time in vivo, to the best of our knowledge, that the
inhibition of muscle NF-kB activation significantly attenuates
skeletal muscle atrophy during conditions of systemic inflamma-
tion, and reveals that muscle NF-kB activation is required for
the transition of systemic inflammatory cues to muscle atrophy.

Acute loss of muscle mass typically relies on increased muscle
proteolysis by the Ub 26S-proteasome pathway, which depends
to a large extent on the rate-limiting E3 Ub ligases atrogin-1 and
MuRF1 (10). Atrogin-1 and MuRF1 expression were induced 4-
fold and 13-fold, respectively, in skeletal muscle of animals sub-
jected to intratracheal LPS instillation in our study. Similar
increases in atrogin-1 and MuRF1 expression have been reported
in acute COPD exacerbations (1), which also involve a systemic
inflammatory response. Importantly, circulating mediators were
likely responsible for triggering proteolysis, because incubation
with plasma from intratracheal LPS–challenged mice induced
the increased expression of MuRF1 and atrogin-1 in cultured
myotubes. TNF-a and IL-1 have been reported to induce atro-
gin-1 (14, 32) and MuRF1 (8) in skeletal muscle. The induction
of atrogin-1 appears to involve transcriptional regulators other
than NF-kB (33). In line with those reports, atrogin-1 expres-
sion levels in muscle after intratracheal LPS only slightly dif-
fered between MISR and WT mice. Conversely, muscle atrophy
induced by the constitutive activation of muscle NF-kB relies on
the increased expression of MuRF1 (15). Accordingly, the pres-
ent data reveal a strong suppression of MuRF1 mRNA accu-
mulation in response to intratracheal LPS treatment in muscles
of MISR compared with WT mice, despite a similar degree of
circulating inflammatory cytokines. This result strongly suggests
that the blockade of muscle NF-kB activity attenuates muscle
atrophy in response to pulmonary inflammation by preventing
the full transcriptional activation of the MuRF1 promoter.

In addition to Ub 26S-proteasome–mediated proteolysis, a
complementary role was recently attributed to the autophagy–
lysosomal pathway in skeletal muscle atrophy (34), including
inflammation-induced muscle catabolism (35). In line with
Doyle and colleagues (35), the expression levels of the autophagy-
related genes LC-3B, Bnip3, and GabarapL1 were increased in
skeletal muscle during pulmonary inflammation, but interest-
ingly, displayed a differential dependence on muscle NF-kB.
The NF-kB–independent elevation of Bnip3 transcripts may be
the consequence of Forkhead box O3 (FOXO3), a transcriptional
activation in response to semistarvation (36). Conversely, this
accumulation of LC-3B and GabarapL1 mRNA was inhibited
or attenuated, respectively, in muscles of MISR mice. In contrast
to Bnip3, the increased expression of these Ub-like proteins is not
sufficient to initiate autophagosome formation, but is considered
necessary for the progression of autophagy. As such, suppressed
concentrations of LC-3B and GabarapL1 may reflect the coordi-
nation of autophagy with attenuated Ub 26S-proteasome–mediated
proteolysis in MISRmuscle, and suggest an indirect dependence on
NF-kB activation. Indeed, little evidence exists for the transcrip-
tional regulation of LC-3B and GabarapL1 by NF-kB (37).

The semistarvation observed in response to pulmonary in-
flammation may have resulted from a loss of appetite as a con-
sequence of fever associated with the response to systemic
inflammation. Although starvation clearly affects muscle mass
(38), our pair-feeding studies demonstrated that semistarvation
could account at most for 55% and 25% of the muscle atrophy
observed 24 hours and 72 hours after the induction of pulmo-
nary inflammation, respectively. In skeletal muscle of pair-fed
animals, the expression of atrogin-1 and MuRF1 was only mar-
ginally (z 2-fold) increased, in contrast to the much stronger
induction, particularly in MuRF1 expression (13-fold), observed
after intratracheal LPS. In addition, the experimental condi-
tions of plasma transfer experiments were conducted in the
presence of excess nutrients provided by the culture medium,
indicating that atrophy signaling was likely induced by factors
other than low nutrient concentrations in the circulation. To-
gether, these data suggest that the induction of atrogin-1, and in
particular MuRF1 expression after intratracheal LPS challenge,
is largely independent of semistarvation. IkBa and CXCL1
expression levels were not affected in the skeletal muscle of
pair-fed treated animals, whereas these transcripts were clearly
induced by acute pulmonary inflammation. This indicates that
muscle NF-kB activation is specific for inflammation-associated,
but not starvation-associated, muscle atrophy, and suggests that
the loss of muscle mass resulting from semistarvation does not
rely on NF-kB activation. These findings explain why muscle
atrophy in MISR mice was not completely prevented, because
the residual loss of muscle may have resulted from semistar-
vation, and this loss was comparable based on the food intake
of MISR and WT mice after intratracheal LPS. Indeed, the
remaining muscle atrophy in MISR mice after the intratracheal
LPS challenge matched the extent of atrophy induced by semi-
starvation alone. Altogether, these results support the notion
that the semistarvation-independent component of muscle atro-
phy relies on NF-kB activation and subsequent MuRF1 expres-
sion, and is the consequence of systemic inflammation.

These findings reveal that therapeutic strategies using inte-
grated nutritional and anti-inflammatory approaches may pre-
vent the loss of skeletal muscle during acute inflammatory
conditions such as COPD exacerbations by targeting indepen-
dent signaling pathways in skeletal muscle.
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