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Abstract Objective: Prolonged con-
trolled mechanical ventilation (MV)
is known to induce diaphragmatic
oxidative stress that seems to be an
important factor reducing force-gen-
erating capacity. To better understand
the cellular mechanisms involved,
this work examined the effect of short
vs. prolonged MV on antioxidant
defense in the diaphragm. Design and
setting: Prospective, randomized,
controlled animal study in a univer-
sity laboratory. Methods: Eleven
piglets (15–20 kg) were assigned to
one of two groups: a long-MV group
(n=6) ventilated for 3 days or a short-
MV group (n=5) ventilated for 3 h.
Force frequency curves of the trans-
diaphragmatic pressure (Pdi) were
obtained in vivo by phrenic nerve
pacing. Oxidative stress was evalu-
ated by thiobarbituric reactive sub-
stance (TBARs) content and the en-
zymatic antioxidant activity of both
superoxide dismutase (SOD) and
glutathione peroxidase (GPx) in
samples of diaphragm. Results: Pdi
decreased in the long-MV group by
30–35% over the 3 days at all fre-
quencies compared to the short-MV
group. Diaphragm TBARs content

was significantly higher and SOD
activity lower in long-MV animals
than in short-MV animals after 72 h.
GPx activity tended to be lower in
diaphragms from long-MV animals,
but this difference was not signifi-
cant. Conclusions: This study shows
that 3 days of MV in piglets is asso-
ciated with a decrease in antioxidant
activity which could emphasize oxi-
dative stress and both contribute to
the diaphragm dysfunction caused by
MV

Keywords Mechanical ventilation ·
Weaning · Diaphragm · Oxidative
stress · Lipid peroxidation

Introduction

Mechanical ventilation (MV) is currently used in the
management of respiratory failure. Difficult weaning from
mechanical ventilation occurs in 20–50% of patients who
receive mechanical ventilation [1]. Alterations in intrinsic

properties of respiratory muscles is one of the main factors
responsible for this difficulty. The question of how MV
affects the respiratory muscles in patients is of great
clinical relevance but is difficult to assess in patients. Over
the past few years several recent animal studies [2, 3, 4, 5,
6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16] have reported that
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controlled MV is associated with significant diaphrag-
matic atrophy and contractile dysfunction. However, the
exact mechanism(s) responsible for this MV-induced di-
aphragmatic dysfunction remains unclear and is likely
multifactorial [17]. Reduction in diaphragm mass [2],
decrease in cross-sectional area of all the diaphragm fibers
[11, 13, 16], myofibril damage [5], or decreased efficiency
of mitochondrial oxidative phosphorylation coupling [10]
have been reported. Recently the team of Powers [7, 14]
showed that controlled MV increases oxidative stress in
the diaphragm. Indeed, local production of free radicals
has been shown to play an important role in muscle
weakness in in vitro studies and this without myofibrillaire
atrophy [18]. These results have recently been confirmed
by an antioxidant treatment that prevented MV-induced
contractile impairments in rats [19]. To our knowledge,
only one study has evaluated the body’s antioxidant de-
fense change under MV [9]. These authors found that 18 h
of MV in rats increased superoxide dismutase (SOD) ac-
tivity in diaphragm (one of the most important enzymes in
the antioxidant defense system), which could reduce oxi-
dative stress. However, previous studies showed that this
adaptive mechanism may be exceeded by overproduction
of reactive oxygen species (ROS) [20]. As duration of MV
is an important factor which may increase the negative
effect of oxidative stress, to better understand the cellular
mechanisms involved in oxidative stress induced by MV,
the diaphragm’s antioxidant defense after longer period of
MV must be assessed. Moreover, studies on animal
models such as pigs, which are very similar to humans in
term of respiratory muscle anatomy and ventilator used
(same device with the same adjustment), are necessary
before use in humans. Therefore, using the pig model, the
purpose of this study was to compare the effects of short-
duration vs. prolonged-duration of MV on diaphragm
antioxidant defense in association with the diaphragm
contractility properties and oxidative burden involved in
the pathogenesis of the respiratory muscles dysfunction
caused by MV.

Methods

Animal preparation and experimental procedures

Eleven piglets weighing 15–20 kg were assigned to one of two
groups, one with a prolonged period of controlled MV (long-MV
group, n=6) ventilated for 3 days, and one with a short period of
controlled MV (short-MV group n=5) ventilated for 2–4 h and then
killed.

Protocol for short-MV and long-MV animals

After orotracheal intubation the animals were mechanically venti-
lated with volume-controlled ventilation. Continuous infusion of
ketamine and propofol was used for anesthesia. Neuromuscular
blocking agents were not used. Bipolar transvenous pacing cathe-
ters were introduced via each internal jugular vein and adjusted to

achieve stimulation of the phrenic nerve and subsequent contraction
of the diaphragm. Double air-filled balloon-tipped catheters were
placed transorally in the distal one-third of the esophagus and in the
stomach for measurement of transdiaphragmatic pressure (Pdi) (see
Electronic Supplementary Material).

Care for long-MV animals

The inhibition of spontaneous diaphragm activity was confirmed by
intermittent qualitative measurement of the electromyographic di-
aphragm activity during controlled MV with surface electrodes and
by the lack of triggering of the ventilator (see Electronic Supple-
mentary Material).

Animal monitoring in short-MV and long-MV groups

Heart rate, systolic and mean arterial blood pressures, and oxygen
saturation were continuously monitored. Functional residual ca-
pacity was evaluated after stopping the sedation with the animal
under spontaneous breathing under similar conditions [21].

In vivo measurement of diaphragm contractile properties

A force frequency curve was obtained on days 1 and 3 by stimu-
lating diaphragm contractions at end-expiration with the airways
occluded, using supramaximal phrenic nerve stimulation with
stimulus duration of 0.15 ms and train duration of 2000 ms; two
contractions were obtained at fixed frequencies of 20, 30, 50, 80,
100, and 120 Hz.

Tissue preparation

All morphometric (histochemical) and biochemical assays were
conducted on the costal region of the diaphragm. Diaphragm
samples were removed from the entire midcostal muscle spanning
from the costal margin to the central tendon.

Biochemical analysis

To determine the effects of MV on both bioenergetics and the
markers of oxidative stress we measured the activities of citrate
synthase (CS), SOD, glutathione peroxidase (GPx), and thiobarbi-
turic reactive substance (TBARs) content in the diaphragm samples
[7, 8, 14]. The diaphragm antioxidant activity of GPx and SOD was
quantified spectrophotometrically according to a previously re-
ported method [22, 23] (see Electronic Supplementary Material).

Lung and peritoneal infection surveillance

Sepsis is associated with diaphragm contractile dysfunction [24].
Therefore aseptic techniques were used throughout the long-MV
procedures. After the animals were killed, macroscopic examina-
tion of the lungs and peritoneal cavity revealed no abnormalities.
The serum C-reactive protein (CRP) concentration was measured
on the first and third days to rule out any infectious or inflammatory
process.

Statistical analysis

Analyzed parameters for the short and long-MV groups during the
study period are summarized in Table 1. Values are given as mean
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€SEM. The two groups were compared on each dependent variable
using nonparametric tests (Mann-Whitney). Repeated-measure
analysis of variance was used to examine the data changes over
time. Nonparametric paired Wilcoxon tests were used to compare
data from days 1 and 3 for each animal in the long-MV group. The
significance level for all statistics was fixed at p�0.05.

Results

Systemic and biological response to MV

The average body weights did not differ significantly
between the short-MV (17€2 kg) and long-MV group
(18€2 kg). Throughout the study the animals of the long-
MV group had normal intestinal transit and diuresis. They
were afebrile. No animal suffered disturbed sodium, po-
tassium, or calcium concentrations in serum (Table 2).
There was no clinical or laboratory evidence of infection,
the macroscopic examination of the lungs and the peri-
toneal cavity was normal, and the CRP was in the normal
range at the 72nd hour (Table 2). Together these results
indicate that the short-MV and long-MV groups were free
of significant infection. All animals achieved normal fluid
balance over 3 days. Hemoglobin levels decreased
slightly between days 1 and 3, but this did not reach
statistical significance (Table 2). Values for blood pres-
sure and arterial blood gases showed no significant dif-
ferences between days 1 and 3 in the long-MV group or

between the long-MV and short-MV groups on day 1
(Table 3). Moreover, arterial blood pressure and blood
gas/pH homeostasis were well maintained during the
period of MV. Minute ventilation was reduced slightly
over time on the first day (Table 3). Minor adjustments to
ventilator settings were needed and oxygenation and
ventilation variables showed little change over time on
the last 2 days. No electrical activity of the diaphragm
was observed in animals over time. Functional residual
capacity remained stable, and no significant changes were

Table 1 Analyzed parameters in the animals receiving MV for 3 h (short-MV) or 72 h (long-MV)

Day 1 (after 3 h of MV) Day 3 (after 72 h of MV)

Short-MV
group

Arterial blood gases –
Diaphragm contractile properties: force frequency curve
(in vivo)
Animal killed after 3 h of MV for diaphragmatic biopsy:
oxidative stress and antioxidant system markers (in vitro)

Long-MV
group

Arterial blood gases Arterial blood gases
Diaphragm contractile properties: force frequency curve
(in vivo)

Diaphragm contractile properties: force frequency curve
(in vivo)
Animal killed after 72 h of MV for diaphragmatic
biopsy: oxidative stress and antioxidant system markers
(in vitro)

Table 2 Arterial blood gases
and plasma biochemical results
on day 1 in the animals receiv-
ing MV for 3 h (short-MV; n=5)
and on days 1 and 3 in the an-
imals receiving MV for 72 h
(long-MV; n=6). No statistically
significant differences were
observed between groups in any
of the studied parameters on
day 1 or within the long-MV
group between days 1 and 3

Short-MV Long-MV p

Day 1 Day 1 Day 3

pH 7.45€0.02 7.48€0.03 7.44€0.02 0.115
Bicarbonate (mmol/l) 23.6€0.9 24.8€0.8 23.8€0.7 0.095
PaCO2 (mmHg) 34.7€1.8 35.7€1.4 36.8€2.0 0.248
PaO2 (mmHg) 144€9 164€8 151€9 0.075
PaO2/FIO2 (mmHg) 456€36 464€33 440€47 0.207
FIO2 (%) 38€2 36€2 35€2 0.593
Sodium (mmol/l) 133.6€3.2 135.2€4.6 133.4€3.4 0.743
Potassium (mmol/l) 3.8€0.5 3.9€0.6 3.7€0.5 0.867
Calcium ion (mmol/l) 1.0€0.2 1.1€0.2 1.0€0.1 0.785
Hemoglobin (g/dl) 9.4€1.9 9.2€2.9 8.6€0.2 0.115
C-reactive protein (mg/l) <10 <10 <10

Table 3 Hemodynamic and ventilatory parameters on day 1 in the
animals receiving MV for 3 h (short-MV; n=5) and on days 1 and 3
in the animals receiving MV for 72 h (long-MV; n=6). No statis-
tically significant differences were observed between groups in any
of the studied parameters on day 1 or within the long-MV group
between days 1 and 3 (SBP systolic blood pressure, MBP mean
blood pressure, HR heart rate, RR respiratory rate, TV tidal volume,
MV minute volume, FRC functional residual capacity)

Short-MV Long-MV p

Day 1 Day 1 Day 3

SBP (mmHg) 89.4€0.7 89.8€0.8 92.9€4.2 0.463
MBP (mmHg) 69.6€2.2 70.3€2.0 72.8€4.1 0.463
HR (b/min) 101.2€7.8 96.5€8.9 84.6€8.4 0.248
RR (b/min) 21.0€1.0 21.0€0.9 21.0€1.0 0.999
TV (ml) 210€10 216€10 210€10 0.721
MV (l/min) 4.4€1.9 4.5€1.8 4.2€1.8 0.593
FRC (ml) 528€12 542€9 537€10 0.221
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noted between days 1 and 3, which is interpreted as evi-
dence of stable lung volumes over the course of the study
(Table 3).

Contractile properties

Pdi decreased at all frequencies tested between days 1 and
3 (Fig. 1). The fall in Pdi was statistically significant on
day 3 compared with third hour in the long-MV group for
all frequencies of stimulation except 20 Hz (Fig. 1). No
significant differences were observed in Pdi values be-
tween long-MV and short-MV groups on day 1 (Fig. 1).

Muscular biochemical analysis

Measurements of diaphragm total protein concentrations
and CS activity showed no significant difference between
the short-MV and long-MV groups obtained at the time at
which the animals were killed (Figs. 2, 3).

Measurement of diaphragm oxidative injury

TBARs content was significantly higher in diaphragms
from long-MV animals than in those from short-MV an-
imals (Fig. 4). Total SOD activity was significantly lower
in long-MV animals than in short-MV animals (Fig. 5a).
Similarly, GPx activities tended to be lower in di-

Fig. 1 Diaphragmatic force-frequency curves (mean €SEM).
Transdiaphragmatic pressure (Pdi) after supramaximal phrenic
nerve stimulation at 20, 30, 50, 80, 100, and 120 Hz over 3 days
obtained in short-MV animals after 2–4 h of MV (D1) and in
prolonged long-MV animals at 2–4 h (D1) and after 3 days of MV
(D3). No significant difference was observed for the values ob-
tained at all frequencies between short-MV and long-MV on day 1.
NS No significant. *p<0.05 day 1 vs. day 3

Fig. 2 Effect of MV on muscle protein contents from short-MV
(n=5) and long-MV (n=6) animals (means €SEM). NS No signifi-
cant difference between groups

Fig. 3 Effect of MV on citrate synthase (CS) activity in diaphragm
from short-MV (n=5) and long-MV (n=6) animals (means €SEM).
NS No significant difference between groups

Fig. 4 Effect of MV on lipid peroxidation, as measured by TBARs
in diaphragm from short-MV (n=5) and long-MV (n=6) animals
(means €SEM). *p<0.05 between groups
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aphragms from long-MV animals than in those from
short-MV animals, but this difference did not reach sta-
tistical significance (Fig. 5b).

Discussion

The present study is the first to demonstrate in a piglet
model of long-MV (72 h) that the reduction in diaphragm
force-generating capacity is associated with both oxida-
tive stress injury and decreased enzymatic antioxidant
defenses. Indeed, contrary to a previous study using dif-
ferent animal model (rat) and duration of MV (18 h) [9],
we found that 72 h of MV induces a decrease in antiox-
idant enzymatic system that may contribute to ventilator-
induced diaphragm muscle weakness.

Reduction in diaphragm force

This study supports previous findings that prolonged MV
results in a significant reduction in maximal Pdi [2, 3, 4,
7, 8, 9]. Indeed, Pdi decreased by 30–35% over the 3 days
at all frequencies obtained in vivo. We did not continue
MV after 3 days, considering a previous work [4] which
reported in a similar animal model the same diaphragm
force frequency relationships over 3 and 5 days of MV.
This reduction in diaphragm force is time-dependent, with
the force decline becoming evident quite early after 18 h
in rats [8, 9]. This decrease is not due to changes in lung
volume or abdominal compliance, as determined in the
present study (Table 2) and others [3, 4]. Moreover,
neither the phrenic nerve nor alteration in the neuro-
muscular junction seem to be involved; Radell et al. [4]
reported that this parameter remains intact after 3 and
5 days of MV in an animal model similar to ours. How-
ever, it should be noted that although we used different
anesthetic protocols (use of neuromuscular blocking
agents or not), different ventilatory settings (ventilatory
modes, positive end-expiratory pressure), and different

animal species, the adverse effects of MV on diaphrag-
matic function were similar.

Oxidative stress and diaphragm function

Oxidative stress can be defined most simply as the im-
balance between the production of free radicals capable of
causing peroxidation of the lipid layer of cells and the
body’s antioxidant defenses. Previous experimental
studies have reported that a relatively short duration of
MV (18–24 h) results in diaphragmatic force deficits as-
sociated with oxidative injury and increased proteolytic
activity [8].

In the present study a global method was first used to
assess the oxidant-mediated lipid damage: lipid peroxi-
dation by measurement of TBARs, which is a nonspecific
oxidative stress index that should be used with caution
[25]. We used a fluorometric method, however, that was
sufficiently sensitive and reproducible to provide a valid
estimation of oxidative stress [26]. Our results show, as
noted above, that MV induces oxidative stress in the di-
aphragm, as reflected by higher TBARs observed in the
long-MV group (Fig. 4).

Our study brings to light new information about the
change in enzymatic antioxidant activity with ventilator-
induced diaphragm dysfunction. Indeed, alteration in en-
zymatic antioxidant systems has been previously involved
in the oxidative stress genesis [27]. Catalase, SOD, and
GPx are the three main antioxidant systems. Our study
focuses on the latter two of these because the intramus-
cular catalase level is comparatively weak [28]. We found
that SOD activity (one of the most important enzymes in
the antioxidant defense system) significantly decreased
(Fig. 5a), and GPx activity tended to be lower in di-
aphragms from long-MV animals, but this difference was
not statistically significant (Fig. 5b). Very few studies
have investigated the effect of MV on the adaptation of
these defenses. Immobilization, which is a model close to
MV, induced an increase in one isoform of SOD (Cu-Zn

Fig. 5 Effect of MV on super-
oxide dismutase (SOD, a) and
on glutathione peroxidase ac-
tivity (GPx, b) in diaphragm
from short-MV (n=5) and long-
MV (n=6) animals (means
€SEM). NS No significant dif-
ference between groups.
*p<0.05 between groups
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SOD) after several days [29]. The other isoform (Mn
SOD) and GPx seemed to be unaffected or were even
decreased by immobilization. Only one study [9] has re-
ported increased SOD activity after 18 h of MV. After
3 days of ventilation we found for the first time a decrease
in SOD activity associated with oxidative stress. The
discrepancy between the findings of Shanely et al. [9] and
those of the present study suggest a time course effect of
the antioxidant defenses of skeletal muscle immobiliza-
tion. We could speculate that the initial response is an
increase within the first 24 h of MV, but as the oxidative
stress continues, oxidant defenses begins to be exhausted,
such as seen in our study. Moreover, in our study we
compared in piglets after a few hours of MV (2–4 h) with
72 h of MV, and Shanely et al. [9] compared no MV with
18 h of MV in rats. To confirm this hypothesis, the time
course of antioxidant defenses needs to be studied to
understand the opposing effect between the present study
and that of Shanely et al. [9]. The discrepancy between
the two studies may be due in part to the differences in
antioxidant response to MV related to differences in fiber
susceptibility to oxidative stress or fiber composition.
Thus extrapolation of these data to patient situation needs
to be made with caution. However, this result could be
interpreted as increased proteolytic activity induced by
chronic exposure to ROS that could deteriorate the cel-
lular pathway described previously [30] and decrease the
adaptive capacity of the diaphragmatic antioxidant sys-
tem. Since we did not find a statistically significant dif-
ference in GPx activity, we could speculate that this is
probably due to a type II error, and/or that this system is
less susceptible to oxidative stress than SOD. It thus
seems that by high exposure to ROS 3 days of MV had a
negative effect on an adaptive mechanism of diaphrag-
matic antioxidant capacity that was observed after 18 h of
MV [9]; this would increase the risk of difficult weaning
from MV in some cases.

Other enzymatic systems also seem to be affected by
the alteration observed after 3 days of MV. Indeed, our
results are in accordance with those of Le Bourdelles et al.
[2] who reported that prolonged MV is associated with a
significant reduction in diaphragm CS activity, CS being
the main enzyme of the Krebs cycle and used as a marker
of oxidative capacity.

Protein content did not differ significantly between the
two groups, although the values in the diaphragms from
long-MV animals tended to be lower than those in the
short-MV group (Fig. 2). A previous study showed that
insoluble proteins are primarily targeted by MV-induced
oxidative stress [14], thus global assessment of protein
content as a marker of oxidative stress has low sensitivity
and our result is not surprising.

Limitations

Although piglet respiratory muscles are similar to those of
humans, a limitation of this study is that we studied the
effects of 3 days of MV on healthy diaphragm muscles.
Although the evidence for MV-induced diaphragm dys-
function in animal models is convincing, it is consider-
ably more difficult to obtain conclusive proof of dia-
phragm dysfunction in mechanically ventilated critically
ill patients. However, two trials [31, 32] strongly suggest
that diaphragm dysfunction is extremely prevalent among
mechanically ventilated patients.

Because sepsis is associated with diaphragmatic con-
tractile dysfunction, strict aseptic techniques were fol-
lowed throughout the experiments. Our results indicate
that the animals included in our analysis did not develop
infections. This was supported by microscopic examina-
tion of blood, which revealed no detectable bacteria, and
postmortem gross examination of the lungs and peritoneal
cavity did not demonstrate abnormalities. Furthermore,
both our long-MV and short-MV animals were afebrile
(38–39�) during the investigation.

The anesthetic agents used in our protocol do not
promote diaphragmatic contractile dysfunction or oxida-
tive stress [8, 14]. The oxidative stress in the diaphragm
reported in our study was obtained after only 3 days of
MV. The kinetics and sources of oxidant production and
antioxidant defense within the diaphragm during MV are
unknown.

Clinical implications and future directions

Our study show that prolonged MV (3 days) induces a
decrease in enzymatic antioxidant system, which may
contribute to decreased force generating capacity by the
diaphragm. Recent work in rats shows that the adminis-
tration of antioxidant agent prevents MV-induced con-
tractile impairments and proteolysis in the diaphragm
during MV [19] by improving the antioxidant capacity of
the diaphragm with a beneficial effect on diaphragmatic
contractile deficit induced by MV. Studies evaluating ef-
fects of pharmacological antioxidant therapy on enzymatic
antioxidant defense are needed to better understand the
cellular mechanisms involved, in the beneficial impact
observed with such a therapy. In addition, it is important to
determine how varying degrees of spontaneous respiratory
effort and other aspects of the patient-ventilator interaction
are able to preserve diaphragmatic force and prevent ox-
idative stress. Recently Sassoon et al. [15], using a rabbit
model with 3 days of MV, reported that partial diaphragm
muscle activation associated with assisted MV is sufficient
to attenuate the force loss induced by complete inactivity.
Moreover, the role of ventilatory strategy such as respi-
ratory rate, tidal volume, and use of positive end-expira-
tory pressure on the inactive and passively shortened
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respiratory muscles is unknown. Further studies are
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volved in the long-MV induced oxidative stress and to
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