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Rationale: Mechanical ventilation is known to induce ventilator-
induced diaphragm dysfunction. Patients submitted to mechanical
ventilation often receive massive doses of corticosteroids that may
cause further deterioration of diaphragm function.
Objectives: To examine whether the combination of 24 hours of
controlled mechanical ventilation with corticosteroid administra-
tion would exacerbate ventilator-induced diaphragm dysfunction.
Methods: Rats were randomly assigned to a group submitted to 24
hours of controlled mechanical ventilation receiving an intramuscu-
lar injection of saline or 80 mg/kg methylprednisolone, a group
submitted to 24 hours of spontaneous breathing receiving saline, or
methylprednisolone and a control group.
Measurements and Main Results: The diaphragm force–frequency
curve was shifted downward in the mechanical ventilation group,
but this deleterious effect was prevented when corticosteroids were
administered. Diaphragm cross-sectional area of type I fibers was
similarly decreased in both mechanical ventilation groups while
atrophy of type IIx/b fibers was attenuated after corticosteroid
administration. The mechanical ventilation-induced reduction in
diaphragm MyoD and myogenin protein expression was attenuated
after corticosteroids. Plasma cytokine levels were unchanged while
diaphragm lipid hydroperoxides were similarly increased in both
mechanical ventilation groups. Diaphragmatic calpain activity was
significantly increased in the mechanical ventilation group, but
calpain activation was abated with corticosteroid administration.
Inverse correlations were found between calpain activity and di-
aphragm force.
Conclusions: A single high dose of methylprednisolone combined
with controlled mechanical ventilation protected diaphragm func-
tion from the deleterious effects of controlled mechanical ventila-
tion. Inhibition of the calpain system is most likely the mechanism by
which corticosteroids induce this protective effect.
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Mechanical ventilation is an essential life-saving therapy for
patients with respiratory failure. Difficulties in discontinuing
ventilatory support are frequent, time consuming, and remain
a serious problem (1). Although weaning failure may be due to
a variety of factors, ventilator-induced diaphragmatic dysfunc-
tion probably plays an important role in this process. Animal
models of mechanical ventilation have consistently shown that

controlled mechanical ventilation (CMV) leads to reduced force
generated by the diaphragm in vitro (2–6) but also in vivo (5, 7–
9). These effects develop in a time-dependent manner and are
associated with a reduction in diaphragm fiber dimensions (2,
10). Decreased protein synthesis and increased diaphragmatic
proteolysis are known to be important contributors to this
muscle dysfunction (10, 11). All three major proteolytic systems
(lysosomal proteases, proteasomes, and calpains) are activated
in the diaphragm secondary to CMV (12). Studies indicate that
prolonged CMV promotes increased diaphragmatic 20S protea-
some activity (10), increased mRNA expression levels of two
muscle specific E3 ligases, Murf-1 and Mafbx (13, 14), and
increased cathepsin B and calpain activity (15). In addition,
caspase-3 activation was shown to be a requirement for me-
chanical ventilator–induced myofiber atrophy and myonuclear
apoptosis (16). The important role of proteolysis in the de-
velopment of ventilator-induced diaphragm dysfunction was
further confirmed by a microarray performed in the diaphragm
after 18 hours of CMV showing changes in the gene expression
profile of several proteolytic enzymes (12).

Note that patients submitted to mechanical ventilation are
often treated acutely with corticosteroids for underlying lung or
systemic diseases. This is significant because glucocorticoid
treatment is associated with a steroid-induced myopathy affect-
ing both respiratory and peripheral muscles. Indeed, acute
treatment of animals with massive doses of corticosteroids has
been shown to induce severe respiratory and limb muscle
wasting, causing alterations in diaphragm function together
with a predominantly type IIx/b atrophy (17). In humans,
a reduction in peripheral and respiratory muscle strength, an
elevation of urinary creatine excretion, and selective type IIb
atrophy is observed after short-term high-dose corticosteroid
administration (18). In mechanically ventilated patients, numer-
ous cases of steroid-induced myopathy have been reported in
the intensive care unit (19–24). Importantly, this myopathy
seems to be associated with increased time of mechanical
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Mechanical ventilation is known to induce ventilator-
induced diaphragm dysfunction. Patients submitted to me-
chanical ventilation often receive massive doses of cortico-
steroids that may cause further deterioration of diaphragm
function, but such interactions are not well delineated.

What This Study Adds to the Field

A single high dose of methylprednisolone concomitantly
with 24 hours of controlled mechanical ventilation protects
against ventilator-induced diaphragm dysfunction by inhib-
iting activation of the calpain system.
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ventilation duration and length of hospital stay (25). The extent
to which corticosteroids may contribute to diaphragm weakness
in mechanically ventilated patients is not known. Therefore, to
investigate this important issue, we studied the effects of
corticosteroid administration on diaphragm function in an
animal model of CMV. We hypothesized that administration
of a corticosteroid (methylprednisolone) would exacerbate
CMV-induced diaphragmatic weakness developed during 24
hours of CMV. Surprisingly, our results revealed that cortico-
steroid administration provided protection against CMV-in-
duced diaphragmatic atrophy and contractile dysfunction.
Therefore, we performed another series of experiments aimed
at determining the mechanism(s) responsible for the beneficial
effect of corticosteroids on diaphragm function. Our results
suggest that the protective action of corticosteroids appears to
be associated with inhibition of the calpain protease system.
Some of the results of this study have been previously reported
in the form of an abstract (26).

METHODS

Experimental Procedures, Study Design

Adult male Wistar rats were randomly assigned to one of four groups:
(1) an acutely anesthetized control group (C, n 5 8), (2) an anesthe-
tized group submitted to 24 hours of spontaneous breathing receiving
an injection of saline (SB, n 5 7), (3) an anesthetized group submitted
to 24 hours of controlled mechanical ventilation receiving an injection
of saline (CMV-Saline, n 5 10), (4) an anesthetized group submitted to
24 hours of controlled mechanical ventilation receiving an injection of
80 mg/kg methylprednisolone (CMV-Methylprednisolone, n 5 14). In
addition, a spontaneous-breathing group receiving a single intramus-
cular injection of 80 mg/kg of methylprednisolone (SB-Methylprednis-
olone, n 5 6) was added to examine whether treatment with an acute
high dose of corticosteroids in spontaneous breathing rats would affect
diaphragmatic contractile properties and fiber type dimensions. This
was not the case. Therefore, only the SB group treated with saline was
subsequently used for further analysis. The study was approved by the
animal Experiments Committee of the Medical Faculty of the Katho-
lieke Universiteit Leuven.

Rats were anesthetized with sodium pentobarbital, tracheotomized,
and either mechanically ventilated for 24 hours (control mode; tidal
volume, 6 0.5 ml/100 g; frequency of breathing, 55–60 breath/min) with
a volume-driven small-animal ventilator (Harvard Apparatus model
665A, Holliston, MA) or were breathing spontaneously for 24 hours.
Rats breathed humidified air, maintained at 378C and enriched with O2.
An intramuscular injection of either saline or methylprednisolone was
given at the beginning of the study period.

After 24 hours, segments of the costal diaphragm were removed for
measurement of in vitro contractile properties as previously described
(27). Diaphragm samples were stored for further histological exami-
nation and fiber typing and for biochemical analysis. Blood samples
were collected for subsequent measurement of plasma cytokine levels.

Histological Procedure and Fiber Type Analysis

Serial sections of the costal diaphragm were cut and stained with
Hematoxylin and Eosin and with adenosine triphosphatase to de-
termine CSA and fiber type proportions of the different fiber types.

Plasma Cytokine Levels

Plasma levels of IL-1a, IL-1b, IL-2, IL-4, IL-10, tumor necrosis factor
(TNF)-a, and IFN-g were measured using a custom SearchLight rat
cytokine proteome array (Perbio Science, Erembodegem, Belgium).
Plasma of lipopolysaccharide-treated rats was used as a positive control.

Diaphragm Lipid Peroxidation Measurement

Diaphragm levels of total hydroperoxides were assessed by using the
modifications of the ferrous oxidation/xylenol orange technique de-
scribed by Hermes-Lima and colleagues (28), as previously described
(29).

Diaphragm Protein Oxidation

Diaphragmatic protein oxidation was measured by assaying the levels
of protein carbonyls using the Oxyblot procedure (Biognost, Heule,
Belgium).

Reverse Transcriptase Polymerase Chain Reaction

Total RNA was isolated from the diaphragm. MyoD and myogenin
mRNA levels were determined with reverse transcriptase–polymerase
chain reaction. QuantumRNA 18S (Applied Biosystems, Lennik,
Belgium) was used as an internal standard.

Western Blot Analysis

Proteins were separated via polyacrylamide gel electrophoresis and
transferred to a polyvinyldifluoride membrane. Membranes were in-
cubated with primary antibodies against MyoD, myogenin, exhaled
nitric oxide synthase (eNOS), inducible NOS (iNOS), and neuronal
NOS (nNOS) (see online supplement for details) and with horseradish
peroxidase (HRP)-conjugated secondary antibodies. Quantification by
densitometric scanning was normalized to protein levels determined by
PonceauS staining (see Figures E3, E4, and E5 in the online supplement).

Diaphragm Calpain Activity

Indirect assessment of calpain activity was performed by measuring the
145/150-kD cleavage products of aII-spectrin by Western blotting. In
addition, the 190-kD calpain specific degradation product of talin was
also measured by Western blotting. Mouse monoclonal primary anti-
bodies and HRP-conjugated secondary antibodies were used.

Statistical Analysis

Statistical analysis was performed using the SAS Statistical package
(SAS Institute, Cary, NC). Comparisons between the four groups were
performed using one-way analysis of variance. Differences between
means were assessed with a Newman-Keuls post hoc test. Data are
means 6 SD. Correlations were determined with Pearson’s correlation
coefficient.

RESULTS

Effect of Methylprednisolone in Spontaneously

Breathing Animals

The mortality rate in the SB-Methylprednisolone group was
25%. Blood gas data and arterial blood pressure were similar in
the two SB groups (data not shown). Diaphragm force gener-
ated at all stimulation frequencies was similar in the spontane-
ous-breathing groups receiving either methylprednisolone or
saline (e.g., 1 Hz: 3.85 6 0.25 vs. 3.82 6 0.26 N/cm2; 160 Hz: 20.2 6

2.4 vs. 20.6 6 1.7 N/cm2, respectively). In addition, diaphragm
CSA of the different fiber types and fiber type proportions did
not differ between the two groups. See the online supplement for
figures E1 and E2 depicting diaphragmatic force and CSA,
respectively. Diaphragm fiber-type proportions are shown in
the online data supplement, Table E1.

Response to Mechanical Ventilation

The mortality rate in the SB, CMV-Saline and CMV-Methyl-
prednisolone groups was 21, 28, and 15%, respectively. Blood
gas data and arterial blood pressure were not different among
the mechanical-ventilation rats and were maintained within the
normal range (Table 1). Blood PCO2 levels were higher in SB
animals in comparison with the other groups.

Diaphragm Contractile Properties

The diaphragm force–frequency curve of the CMV-Saline
group was shifted downward, indicating a reduction in force
generation at all stimulation frequencies (Figure 1). By contrast,
the forces generated by the CMV-Methylprednisolone group
were similar to those of the control group (Figure 1). Therefore,
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significant differences were present between the CMV-Saline
and CMV-Methylprednisolone groups (P , 0.05). Maximal
tetanic tension was significantly reduced in both mechanical-
ventilation groups. However, when mechanical ventilation was
combined with methylprednisolone, maximal tetanic tension
was decreased less (P , 0.05) than in the CMV-Saline group
(Table 1). Neither time to peak tension, nor one-half relaxation
time were altered by CMV-Saline or CMV-Methylprednisolone
(Table 1).

Diaphragm Fiber Type Analysis

There were no significant differences in diaphragm fiber pro-
portion between the four groups (pooled values type I: 42 6 1,
type IIa: 30 6 1, type IIx/b: 28 6 1%). Type I cross-sectional
area was similarly decreased in the diaphragm of CMV-Saline
and CMV-Methylprednisolone (226%) groups compared with
controls (P , 0.05) whereas dimensions of the diaphragm type
IIa fibers were similar between the four groups (Figure 2).
Finally, the decrease in diaphragm type IIx/b fibers was more
severe in the CMV-Saline group (239%, P , 0.001 vs. C and

SB) than in the CMV-Methylprednisolone group (223%, P ,

0.05 vs. C and SB) such that a significant difference between
CMV-Saline and CMV-Methylprednisolone was found (P ,

0.05).

Diaphragm Histological Analysis

Qualitative examination of the diaphragm sections stained with
hematoxylin and eosin did not reveal any abnormalities in
diaphragm histology with the exception that diaphragm fiber
dimensions were smaller in the mechanically ventilated groups.

Plasma Cytokine Levels

None of the studied cytokines (IL-1a, IL-1b, IL-2, IL-4, IL-10,
TNF-a, and IFN-g) were detected after controlled mechanical
ventilation combined with saline or methylprednisolone admin-
istration.

Diaphragm Lipid Peroxidation Measurement

Diaphragm levels of total hydroperoxides were similar in
control and SB rats and were significantly increased in the
CMV-Saline and CMV-Methylprednisolone groups (Figure 3).
The magnitude of this increase was similar between the two

TABLE 1. BLOOD GAS DATA, DIAPHRAGM TETANIC FORCE,
TWITCH FORCE AND ITS CHARACTERISTICS, I.E., TIME TO
PEAK TENSION AND HALF-RELAXATION TIME IN CONTROLS,
SPONTANEOUS BREATHING, AND CONTROLLED MECHANICAL
VENTILATION RATS TREATED WITH SALINE OR
METHYLPREDNISOLONE

C SB CMV-Saline CMV-Methylprednisolone

PO2 — 148 6 33 137 6 51 134 6 54

PCO2 — 49 6 12* 32 6 13 37 6 14

pH — 7.357 6 0.04 7.479 6 0.09 7.410 6 0.16

Po (N/cm2) 22.9 6 1.9 20.2 6 1.4 15.1 6 2.3† 17.8 6 2.6‡

Pt (N/cm2) 4.0 6 0.2 3.9 6 0.3 3.4 6 0.8 4.2 6 0.8x

TPT (ms) 19 6 3 20 6 3 20 6 2 20 6 3

1/2 RT (ms) 22 6 3 24 6 3 22 6 6 25 6 5

Definition of abbreviations: C 5 controls; CMV 5 controlled mechanical

ventilation; Po 5 tetanic force; Pt 5 twitch force; RT 5 relaxation time; SB 5

spontaneous breathing; TPT 5 time to peak tension.

Values are mean 6 SD.

* P , 0.05 vs. CMV-Saline and CMV-Methylprednisolone;
† P , 0.05 vs. others;
‡ P , 0.01 vs. C;
x P , 0.05 vs. CMV-Saline.

Figure 1. Diaphragm force generated during the force–frequency

relationship in control rats (C, closed circles, n 5 5), spontaneous

breathing rats (SB, open circles, n 5 5), and controlled mechanical
ventilation rats treated either with saline (CMV-Saline, open squares,

n 5 10) or with methylprednisolone (CMV-Methylprednisolone, closed

squares, n 5 9). Values are means 6 SD, expressed in absolute values.

*P , 0.05 CMV-Saline versus CMV-Methylprednisolone, #P , 0.01
CMV-Saline versus others, 1P , 0.05 CMV-Saline versus others.

Figure 2. Diaphragm cross-sectional area (CSA) of the type I, type IIa,
and type IIx/b fibers in the control rats (C, n 5 4), spontaneous-

breathing rats (SB, n 5 5), and controlled mechanical-ventilation rats

treated either with saline (CMV-S, n 5 6) or with methylprednisolone

(CMV-MP, n 5 7). Values are means 6 SD. *P , 0.005 versus C, **P ,

0.001 versus C and SB, 1P , 0.05 versus CMV-MP, #P , 0.05 versus C

and SB.

Figure 3. Diaphragm lipid hydroperoxide levels in control rats (C, n 5

7), spontaneous breathing rats (SB, n 5 6), and controlled mechanical-

ventilation rats treated either with saline (CMV-Saline, n 5 9) or with

methylprednisolone (CMV-Methylprednisolone, n 5 9). Values are
means 6 SD. *P , 0.05 versus C and SB.
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mechanically ventilated groups (CMV-Saline: 1102% and
CMV-Methylprednisolone: 198%).

Diaphragm Protein Oxidation

Quantification of the amount of oxidation was done while using
the oxidative index, as previously described (30, 31). The
oxidative index is the ratio between densitometric values of
the oxidized proteins and the total proteins. The oxidative index
was significantly increased (140%) in the CMV-Saline group (P
, 0.05 vs. C and SB) and to a similar extent in the CMV-
Methylprednisolone group.

Western Blot Analysis of Nitric Oxide Synthase Isoforms

Diaphragmatic protein levels of eNOS were similar between the
four groups (see Figure E3 in the online supplement). Further-
more, iNOS and nNOS were not detected in the diaphragm of
the different groups (see Figure E4 in the online supplement).

Western Blot Analysis of MyoD and Myogenin

Diaphragm MyoD protein levels were significantly decreased in
the CMV-Saline group (245%, P , 0.05 vs. C and SB), but to
a lesser extent in the CMV-Methylprednisolone group (223%,
P , 0.05 vs. C and SB); the latter was significantly different
from the CMV-Saline group (P , 0.05) (Figure 4A). Similarly,
diaphragm myogenin protein content was severely decreased in
the CMV-Saline group (263%, P , 0.01 vs. C and SB) but
significantly less in the CMV-Methylprednisolone group
(227%, P , 0.01 vs. C, SB and CMV-Saline) (Figure 4B).

Strong positive correlations were found between diaphragm
MyoD and myogenin protein levels and diaphragm force (Table
2). Diaphragm type IIx/b fiber dimensions were also positively
correlated with MyoD (r 5 0.70, P , 0.001) and myogenin (r 5

0.80, P , 0.0001) protein levels.

mRNA Expression of MyoD and Myogenin

Diaphragm MyoD mRNA expression levels were decreased in
the CMV-Saline group (250%, P , 0.05 vs. C and SB.) and in
the CMV-Methylprednisolone group (249% P , 0.05 vs. C and
SB). Myogenin mRNA expression levels were significantly
increased in all groups compared with the controls.

Calpain Activity

As previously mentioned, calpain activity was indirectly evalu-
ated by measuring the 145/150-kD cleavage products of aII-
spectrin but also the 190-kD calpain-specific degradation prod-
uct of talin. Both measurements showed that calpain activity
was increased after CMV-Saline when compared with other
groups (P , 0.05) (Figure 5). When mechanical ventilation was
combined with corticosteroid administration calpain activity
was similar as in the control and SB groups, meaning that
calpain activity was significantly higher after mechanical venti-
lation alone (P , 0.05) (Figure 5). Moreover, negative corre-
lations were observed between calpain activity and the force
produced by the diaphragm at all stimulation frequencies
(Table 2).

DISCUSSION

The present study reveals that whereas 24 hours of controlled
mechanical ventilation (CMV) resulted in diaphragmatic force
reduction, fiber atrophy, and reduction in MyoD and myogenin
expression, administration of an acute high dose of corticoste-
roids concomitantly with CMV maintained diaphragmatic force,
fiber dimensions, and MyoD and myogenin protein levels. This
important finding suggests that a high dose of corticosteroids

Figure 4. Western blot densitometric analysis of (A) MyoD and (B)

myogenin for control rats (C, n 5 5), spontaneous breathing rats (SB,
n 5 5), and controlled mechanical-ventilation rats treated either with

saline (CMV-Saline, n 5 6) or with methylprednisolone (CMV-Methyl-

prednisolone, n 5 7). Values are means 6 SD and are expressed as
a percentage of C. *P , 0.05 versus C and SB, #P , 0.05 versus CMV-

Saline, $ P , 0.01 versus C and SB, 1 P , 0.01 versus CMV-saline.

1222 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 178 2008



protects the diaphragm against the deleterious effects of CMV.
Moreover, this protective effect was neither due to a reduction of
oxidative stress nor to the antiinflammatory actions of cortico-
steroids. We postulate that the mechanism behind this protective
effect is inhibition of the calpain protease system as the increase in
diaphragm calpain activity was suppressed when CMV was
combined with corticosteroids. Moreover, corticosteroids pre-
served MyoD and myogenin protein expression in the diaphragm
during prolonged CMV and may also contribute to the cortico-
steroid-induced protective effect on the diaphragm.

The dose of 80 mg/kg of methylprednisolone as used in the
present study is large compared with some clinical applications
of steroids. Indeed, in the treatment of life-threatening asthma
or lung transplant rejection, doses may amount to 1,000 mg
methylprednisolone per day. Hence, the dose of 80 mg/kg is
approximately five times higher than the doses described in
these patients. Nonetheless, the dose used in the current study is
clearly less than that recommended for treating acute spinal
cord injury, 10.8 grams per day for the first 24 hours and 9.1
grams per day for those receiving methylprednisolone for 48
hours (32). These doses hence far exceed the dose used in the
present study. The dose of 80 mg/kg of methylprednisolone was
selected for study because we previously showed that the same
dose administered for 5 days induced severe respiratory muscle
weakness (17). Therefore, we predicted that a single injection of
this dose would be sufficient to worsen ventilator-induced
diaphragm dysfunction in our model of mechanical ventilation.

In agreement with prior studies (2–6), the present study
showed that 24 hours of CMV resulted in reduced in vitro
diaphragmatic force production. Interestingly, the administra-
tion of corticosteroids during controlled mechanical ventilation
protected the diaphragm against CMV-induced contractile
dysfunction at submaximal stimulation frequencies. Nonethe-
less, maximal diaphragmatic tetanic tension was still signifi-
cantly decreased compared with controls but to a lesser extent
than that observed during CMV alone (222% vs. 234%).

As previously reported (2, 6, 10), CMV resulted in di-
aphragm type I and type IIx/b atrophy, whereas diaphragm
fiber proportions did not change. Importantly, compared with
CMV with a saline treatment, administration of a high dose of
corticosteroids during CMV significantly attenuated the atrophy
of diaphragm type IIx/b fibers. This preservation of diaphrag-
matic fiber size may be due to the corticosteroid-mediated
prevention of mechanical ventilation-induced activation of the
protease calpain.

Protein levels of the regulatory factors MyoD and myogenin
were significantly reduced in the diaphragm after 24 hours of
CMV, which is in agreement with previous findings (33). When
corticosteroids were administered acutely during CMV, the

Figure 5. Western blot densitometric analysis of (A) aII-spectrin

degradation and (B) talin degradation in the diaphragm of control rats

(C, n 5 6), spontaneous breathing rats (SB, n 5 7), and controlled
mechanical-ventilation rats with saline injection (CMV-Saline, n 5 7) or

with methylprednisolone (CMV-Methylprednisolone, n 5 6). Values are

means 6 SD and are expressed as percentage of C. * P , 0.05 versus

others.

TABLE 2. CORRELATIONS BETWEEN DIAPHRAGM FORCE
GENERATED AT DIFFERENT FREQUENCIES AND DIAPHRAGM
MYOD AND MYOGENIN PROTEIN LEVELS AND CALPAIN ACTIVITY

Indirect Measure of

Calpain Activity

Hz MyoD Protein Myogenin Protein Talin aII-Spectrin

50 r 5 0.49 r 5 0.48 r 5 20.60 r 5 20.48

P , 0.05 P , 0.05 P , 0.005 P , 0.05

80 r 5 0.72 r 5 0.68 r 5 20.54 r 5 20.40

P , 0.005 P , 0.001 P , 0.01 P , 0.05

120 r 5 0.66 r 5 0.68 r 5 20.51 r 5 20.46

P , 0.005 P , 0.005 P , 0.01 P , 0.05

160 r 5 0.72 r 5 0.73 r 5 20.46 r 5 20.54

P , 0.0005 P , 0.0005 P , 0.05 P , 0.005
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decrease in diaphragm MyoD and myogenin protein levels was
attenuated and significantly less than in the diaphragm of CMV-
Saline rats. The diaphragmatic mRNA expression levels of
MyoD followed the changes observed at the protein level. In
contrast, myogenin mRNA levels did not parallel the changes
seen at the protein level, as myogenin mRNA levels signifi-
cantly increased after mechanical ventilation. Although the role
of these muscle-specific transcription factors is not fully estab-
lished in mature adult skeletal muscles, MyoD has been shown
to be essential for normal diaphragmatic contractile function in
adult rodents as its deletion is associated with a downward shift
of the diaphragm force–frequency relationship and a decrease
in tetanic tension (34). Therefore, the decreased expression of
diaphragm MyoD after 24 hours of controlled mechanical
ventilation may contribute to the decrease in diaphragm force
seen in these animals. Likewise, the acute administration of
corticosteroids with CMV, while limiting diaphragm MyoD
reduction, may play a role in preserving diaphragm force. The
fact that diaphragm MyoD did not return to control levels after
corticosteroid treatment may explain why diaphragmatic tetanic
tension remained slightly decreased. The role of MyoD in
maintaining diaphragm force is further supported by the strong
relationship between MyoD levels and diaphragm force pro-
duction (33).

Similarly to MyoD, diaphragm myogenin protein levels in
the present study were also maintained after corticosteroid
treatment, and relationships between diaphragm force and fiber
dimensions were also found. The implication of preserved
myogenin protein levels in maintaining diaphragm force is not
known because the role of myogenin in mature muscles has
been principally investigated during denervation and regenera-
tion or after muscle injury (35). However, in another rat model
of mechanical ventilation during which rats were allowed to
breathe spontaneously for intermittent periods, the same ob-
servation between diaphragm myogenin protein levels and
diaphragm force was observed (33). Indeed, intermittent spon-
taneous breathing during the course of CMV minimized the
decrease in diaphragm MyoD and myogenin observed during
CMV and resulted in a preservation of diaphragm force and
fiber dimension. Significant relationships between diaphragm
MyoD and myogenin with diaphragm-force production were
also present in this model. Our data suggest that the effects of
corticosteroids observed in the present study on diaphragm
force may result, at least in part, from an effect on diaphragm
MyoD and myogenin protein levels, which in turn may help to
limit fiber atrophy and may also preserve diaphragm force.

In an effort to further elucidate the mechanism(s), respon-
sible for the corticosteroids-mediated diaphragmatic protection
against CMV-induced atrophy and contractile dysfunction, we
explored several other potential venues of protection. Although
it has been reported that ventilator-induced diaphragm dys-
function is associated with several changes in the diaphragm,
including atrophy, oxidative stress, proteolysis, and decreased
expression of growth factors or myogenic regulatory factors, the
exact contribution of each of these factors to diaphragmatic
contractile dysfunction is not known. In the present study, we
focused on those factors that may be involved in the protective
effect of corticosteroids on diaphragm function during CMV.

First, we hypothesized that ventilation would lead to lung
injury and inflammation. This inflammatory response would be
associated with the production of muscle-damaging cytokines
that would leak into the systemic circulation and therefore
could be responsible for the observed effects on diaphragm
function after CMV. Because circulating cytokines did not
increase during prolonged CMV, the protective effect of
corticosteroids does not appear to be related to its antiinflam-

matory action on the lung. In addition, local diaphragmatic
inflammation was not observed after controlled mechanical
ventilation as neutrophils and ED11 and ED21 macrophages
were absent around the diaphragm fibers (36). Moreover,
unpublished data (S. K. Powers and colleagues) revealed no
evidence of cytokine elevation in the diaphragm from mechan-
ically ventilated animals. Hence the beneficial action of steroids
in the present study is not related to their antiinflammatory
action.

Second, several studies have shown that glucocorticoids have
antioxidant properties, as they can inhibit lipid peroxidation.
In vitro high doses of corticosteroids have, indeed, been shown
to counterbalance the effects of oxygen radicals on lipid
peroxidation (37). Moreover, the antioxidant properties of
corticosteroids have been previously reported in rats, in which
plasma lipid peroxidation levels induced by lipopolysaccharide
were suppressed by administration of methylprednisolone (38).
Also, in patients with spinal cord injury, a neuroprotective
effect of high doses of corticosteroids was shown to result from
an inhibition of lipid peroxidation (39, 40). Because evidence
indicates that oxidative stress is an important contributor to
ventilator-induced diaphragm dysfunction (41), it is possible
that corticosteroids may have acted by retarding CMV-induced
lipid peroxidation in the diaphragm. In accordance with pre-
vious reports (10, 42), the present study showed that diaphrag-
matic lipid hydroperoxide levels were increased after 24 hours
of CMV. Nonetheless, acute corticosteroid administration dur-
ing CMV did not depress lipid hydroperoxide levels. Moreover,
the level of protein oxidation in the diaphragm after mechanical
ventilation was also not affected by administration of cortico-
steroids. We interpret this finding as evidence that the pro-
tective effect of corticosteroids was not due to a reduction in
diaphragmatic lipid peroxidation or protein oxidation.

Third, because corticosteroids can inhibit the expression of
NOS, we measured the diaphragmatic expression of the differ-
ent NOS isoforms. As previously shown (43), the expression of
NOS isoforms in the diaphragm were not elevated after
controlled mechanical ventilation, nor did corticosteroid ad-
ministration impact the protein abundance of any NOS isoform.
Therefore, the protective effect of corticosteroids is not due to
the inhibition of NOS.

Finally, we investigated the effect of corticosteroid adminis-
tration on calpain activation in the diaphragm during prolonged
CMV. A number of in vitro (44–46) and in vivo (47–49) studies
have reported inhibition of calpain by corticosteroids. For exam-
ple, degradation of neurofilament proteins in spinal cord homoge-
nates by calpain was inhibited by methylprednisolone (45). In
another study, treatment of mdx myotubes with methylprednis-
olone reduced calpain substrate hydrolysis to nearly normal
levels (44). Glucocorticoid pretreatment of rabbits subjected
to hypoxia prevented the increase in aII-spectrin breakdown
that occurred in untreated animals during hypoxia, indicating
impairment of calpain activation (47).

Nonetheless, evidence also exists that glucocorticoids can
promote muscle proteolysis in some experimental models (50,
51). Why corticosteroids protect against muscle proteolysis in
some cases is not known, but it was shown that inhibition of
calpain by methylprednisolone was concentration dependent,
being minimal at lower concentrations (45). It is, however,
interesting to speculate on how corticosteroids might affect
calpain activity in the present study. The calpain activity in
muscle fibers is regulated by the endogenous calpain inhibitor,
calpastatin, and by increasing the cytosolic calcium concentra-
tions required for its proteolytic action (52). Indirect evidence
suggests that intracellular calcium levels are increased in the
diaphragm after CMV (12). Inhibition of calpain activity by
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methylprednisolone might have been driven by suppressing
increased intracellular calcium levels directly or indirectly by
eliminating the generation of extracellular mediators resulting
in an inhibition of the rise in intracellular calcium. Indeed,
evidence exists that corticosteroids might protect against cal-
pain activation by preventing an increase in cytosolic calcium
levels (49). On the other hand, recent evidence indicates that
corticosteroids can retard calpain activation by preserving cal-
pastatin levels (48). Indeed, because calpastatin is the endoge-
nous inhibitor of calpain, preservation of calpastatin in cells
could retard calpain activation.

Growing evidence indicates that the calpain system plays an
important role in muscle proteolysis and is probably the earliest
proteolytic event leading to muscle atrophy (52). In this regard,
we previously demonstrated that inhibition of calpain activity
by administration of leupeptin, a calpain inhibitor, completely
abolished CMV-induced diaphragmatic and contractile dysfunc-
tion (15). In the present study, diaphragmatic calpain activity,
assessed indirectly by measuring spectrin and talin degradation,
was elevated following 24 hours of CMV when compared with C
and SB but when corticosteroids were administered acutely
during CMV, the increase in diaphragmatic calpain activity was
abolished. This finding suggests that a reduction in diaphrag-
matic calpain activity induced by corticosteroids may lead to
a decreased proteolysis of muscle proteins, including the con-
tractile proteins, and thereby results in a preservation of dia-
phragm force–generating capacity in the corticosteroid-treated
rats. Therefore, the corticosteroid-induced inhibition of the
calpain system in the present study is a possible mechanism to
explain why corticosteroid administration protects against
CMV-induced atrophy and contractile dysfunction following
24 hours of CMV. Note, however, that it is unclear whether the
positive effect of corticosteroids on diaphragm function would
also be noted after longer periods of CMV.

In conclusion, the present study revealed that a single high
dose of methylprednisolone during CMV prevented diaphragm
dysfunction induced by CMV. This strategy minimized di-
aphragm atrophy and preserved MyoD and myogenin protein
levels, which could have contributed to protection of the
diaphragm against contractile dysfunction. Finally, our data
also indicate that inhibition of calpain activity is a likely
mechanism to explain, at least in part, the protective effect of
corticosteroids against CMV-induced diaphragmatic atrophy
and contractile dysfunction.
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