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Rationale: Ventilator-induced lung injury (VILI) leads to an unaccept-

ably high mortality. In this regard, the antiinflammatory properties

of inhaled carbonmonoxide (CO)mayprovide a therapeutic option.

Objectives: This study explores the mechanisms of CO-dependent

protection in a mouse model of VILI.

Methods: Mice were ventilated (12 ml/kg, 1–8 h) with air in the

absence or presence of CO (250 ppm). Airway pressures, blood

pressure,andbloodgasesweremonitored.Lungtissuewasanalyzed

for inflammation, injury, and gene expression. Bronchoalveolar

lavage fluid was analyzed for protein, cell and neutrophil counts,

and cytokines.

Measurements and Main Results: Mechanical ventilation caused sig-

nificant lung injury reflected by increases in protein concentration,

total cell and neutrophil counts in the bronchoalveolar lavage fluid,

aswell as the inductionofhemeoxygenase-1andheat shockprotein-

70 in lung tissue. In contrast, CO application prevented lung injury

during ventilation, inhibited stress-gene up-regulation, and de-

creased lung neutrophil infiltration. These effects were preceded

by the inhibition of ventilation-induced cytokine and chemokine

production. Furthermore, CO prevented the early ventilation-

dependent up-regulation of early growth response-1 (Egr-1). Egr-1–

deficientmicedid not sustain lung injury after ventilation, relative to

wild-typemice, suggesting that Egr-1 acts as a key proinflammatory

regulator in VILI. Moreover, inhibition of peroxysome proliferator-

activated receptor (PPAR)-g, an antiinflammatorynuclear regulator,

by GW9662 abolished the protective effects of CO.

Conclusions: Mechanical ventilation causes profound lung injury and

inflammatory responses. CO treatment conferred protection in this

model dependent on PPAR-g and inhibition of Egr-1.

Keywords: carbon monoxide; early growth response-1; inflammation;

peroxysome proliferator-activated receptor-g; ventilator-induced lung

injury

Mechanical ventilation, routinely required for the clinical treat-
ment of respiratory failure, can cause ventilator-induced lung
injury (VILI), and aggravate the progression of acute respira-
tory distress syndrome. Despite the implementation of pro-
tective ventilation strategies (1–3), involving the reduction of

tidal volume, the increase of positive end-expiratory pressure,
or lung recruitment maneuvers, mechanical ventilation con-
tributes to an unacceptably high mortality in these patients.
Therefore, additional strategies must be developed to further
decrease the risk of ventilator-associated lung injury.

The development of VILI involves a complex orchestration
of biotraumatic events. Ventilation, which imposes mechanical
stress (cyclic stretch) on the lung, can cause disruption of the
alveolar–capillary barrier, leading to pulmonary edema, increased
oxidative stress, and an increase in proinflammatory processes
(4). The inflammatory responses are not restricted to the
lung but may also affect other organs, leading to multiple organ
dysfunction.

Carbon monoxide (CO), a low-molecular-weight gas, when
applied at low concentrations, has shown promise as a potential
therapeutic agent in animal models of inflammation-associated
lung injury, despite its reputation as a lethal asphyxiant and
noxious air pollutant. It has been recognized since the 1950s that
CO is produced in humans as the result of hemoglobin turnover
(5) and that this endogenous production increases during sys-
temic or pulmonary inflammation (6). Endogenous CO arises
principally as the by-product of heme metabolism, catalyzed by
heme oxygenase (HO) enzymes (7). The inducible isozyme HO-
1, a major inducible stress protein, responds to transcriptional
regulation by a broad spectrum of chemical and physical agents,
including hemodynamic stress, cyclic stretch, and prooxidative
and proinflammatory mediators (8–10). Accumulating evidence
has indicated that the up-regulation of HO-1 can confer pro-
tective effects in vitro and in vivo that can be mimicked by
exogenous application of low-concentration CO (11). On the
basis of these observations, over the last decade, efforts have
been undertaken to define the therapeutic potential of CO by
introducing this gaseous molecule by inhalation or by the
pharmacologic application of synthetic prodrugs (8, 12). The
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Mechanical ventilation can cause inflammatory lung injury.
The antiinflammatory properties of carbon monoxide may
be exploited to reduce lung injury caused by mechanical
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vast majority of these investigations demonstrated antiprolifer-
ative, antiapoptotic, antioxidative, antiinflammatory, and vaso-
modulatory effects of CO, contributing to tissue protection in
various disease models, including septic or oxidative lung injury
and organ transplantation (8, 13). Given the observed antiin-
flammatory properties of CO, we hypothesize that this gas might
represent a potential therapeutic tool in protecting the lung from
the injurious consequences of mechanical ventilation.

Our laboratory has previously shown that CO inhalation at
low concentration (250 ppm) during mechanical ventilation
reduced lung injury caused by the combination of high–tidal
volume ventilation and bacterial lipopolysaccharide (LPS) treat-
ment in a rat model (14).

In the current study, we have used a mouse model of VILI at
physiologically relevant tidal volumes, and demonstrate that the
application of low-concentration CO attenuates VILI during
mechanical ventilation. We propose a mechanism for the anti-
inflammatory and tissue protective effects of CO in this model
involving the coordinated regulation of proinflammatory (i.e.,
early growth response [Egr]-1) and antiinflammatory (i.e., per-
oxisome proliferator-activated receptor [PPAR]-g) transcrip-
tion factors. Some of the results of these studies have been
previously reported in the form of abstracts (15, 16).

METHODS

Animals

All animals were housed in accordance with guidelines from the
American Association for Laboratory Animal Care. The Animal Care
and Use Committee of the University of Pittsburgh approved the
protocols. Male C57/BL6 mice (Jackson Laboratories, Bar Harbor,
ME) and male Egr-1–deficient (egr-12/2) mice (C57/BL6 background;
Taconic, Hudson, NY) were 7–10 weeks of age and weighed 25–29 g,
without differences among treatment groups. All animals were anes-
thetized with ketamine (80 mg/kg, intraperitoneally) and acepromazine
(1 mg/kg, intraperitoneally) and placed on a heating pad. A poly-
ethylene catheter was inserted into the left carotid artery for direct
blood pressure monitoring as well as for blood gas sampling, and
a tracheostomy was established using a 20-gauge catheter. A rodent
ventilator (Voltekenterprises, Toronto, ON, Canada) was set to a tidal
volume of 12 ml/kg, a frequency of 80 breaths/minute, and a positive
end-expiratory pressure of 2 cm H2O, and connected to the tracheal
cannula. Muscular relaxation was achieved by applying pancuronium
2 mg/kg intraperitoneally. A 0.7-ml saline bolus was injected intraper-
itoneally to compensate for evaporation during ventilation. Animals
received ventilation with room air, or room air supplemented with
250 ppm CO for 1, 4, or 8 hours. Control animals were sham operated
and ventilated for 5 minutes. After surgical preparation and before the
onset of the experiment, all animals were randomized to control,
ventilation, or ventilation with CO within the respective experimental
set. Blood samples were withdrawn from control animals after 5 minutes
and from ventilated animals at 1 hour after onset of mechanical ven-
tilation, and blood gases were measured using an automated blood gas
analyzer (ABL5; Radiometer, Bronshoi, Denmark). Pretreatment with
GW9662 (5 mg/kg, intraperitoneally; Axxora Life Sciences, San Diego,
CA), a specific PPAR-g inhibitor, was conducted 30 minutes before
mechanical ventilation.

Physiologic Measurements

Peak airway pressure, plateau airway pressure (cm H2O), and arterial
blood pressure (mm Hg) were continuously monitored (PowerLab;
ADInstruments, Colorado Springs, CO) and recorded every 30 minutes.

Bronchoalveolar Lavage

At the end of each experiment, a bronchoalveolar lavage (BAL) was
performed using 1 ml phosphate-buffered saline (PBS). The recovered
volume was centrifuged and the supernatant analyzed for protein
concentration (Biorad Assay; Biorad, Hercules, CA). Furthermore,

the pellet was redissolved in PBS and subsequently the number of total
cells as well as the fraction of neutrophils were determined.

Cell Culture

RAW 264.7 cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum and antibiotics (17). Murine
bronchial epithelial cells (Beas2B) were cultured as previously de-
scribed (18). Murine primary lung endothelial cells (MLECs) were
isolated as previously described (19) and cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum, 6.32 g/L N-
2-hydroxyethylpiperazine-N9-ethane sulfonic acid, and 3.3 ml of endo-
thelial cell growth supplements. Cells were cultivated for three passages
in humidified incubators at 378C. For experiments, the cells were placed
into a sealed chamber (COYLaboratory Products, Inc., AnnArbor,MI)
and exposed to 21% O2, 5% CO2, and 250 ppm CO for 1–6 hours.

Immunoblotting and Immunohistochemistry

See online supplement for details.

Cytokine/Chemokine Measurements

See online supplement for details.

Statistical Analysis

Data represent means 1 SEM. Statistical analyses were performed
using analysis of variance for multiple-group comparison and the
Student-Newman-Keuls post hoc test (Sigmastat statistical software;
Systat, Inc., Erkrath, Germany). For two-group comparison, the Stu-
dent t test was used to compare parametric data, and the Mann-
Whitney rank sum test used to compare nonparametric data. P , 0.05
was considered significant.

RESULTS

Effect of CO on Airway and Systemic Blood Pressure

Mechanical ventilation of mice with 12 ml/kg resulted in a mean
peak airway pressure of 16 cm H2O and a mean plateau pressure
of 12 cmH2O (Figures E1A–E1B of the online supplement). CO
has been previously demonstrated to relax vascular and airway
smooth muscle through cyclic guanosine-39-59 monophosphate
(cGMP)–dependent pathways (20–23). We therefore investi-
gated the effect of CO application during mechanical ventilation
on airway pressure. The application of CO (250 ppm) had no
influence on either mean peak airway or plateau pressure
(Figures E1A–E1B). Blood gases taken 1 hour after the onset
of ventilation revealed a mean pH of 7.29, a PO2 of 102 mm Hg,
and a PCO2 of 34 mm Hg, which were not significantly different
from control values (data not shown). A carboxyhemoglobin
fraction of 3% was observed in both control and ventilated
animals, which rose to a mean of 25% in animals that were
ventilated in the presence of CO (data not shown). Most inter-
esting, ventilation led to an increase of blood pressure readings
over time that was prevented by CO application (Figure E1C).
At 4 and 8 hours, ventilated animals exhibited mean blood
pressure values of 93 and 85 mm Hg that were decreased in the
presence of CO to 80 and 69 mm Hg, respectively.

Effect of CO on Lung Injury

Mechanical ventilation at 12 ml/kg for 4 to 8 hours led to
significant increases in protein concentration, total cell count,
and the number of neutrophils in the BAL fluid (Figure 1),
reflecting a time-dependent progression of VILI. In contrast,
CO treatment during ventilation substantially decreased the
protein leakage and the recruitment of inflammatory cells into
the lung. These findings were confirmed by the histologic exam-
ination of lung sections (Figures 2A–2C). Hematoxylin-and-
eosin staining of lung tissue sections revealed that mechanical
ventilation caused the infiltration of inflammatory cells into the
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interstitium and the formation of edematous thickened septae
relative to nonventilated controls. In sharp contrast, adminis-
tration of CO (250 ppm) during the ventilation significantly
reduced these indicators of lung injury (Figure 2C). Moreover,
we investigated the regulation of inducible stress proteins HO-1
and heat shock protein-70 (HSP70), which were previously
described as being responsive to cellular stretch (9, 24) and, at
least in vitro, modulated by CO (25). Mechanical ventilation
induced HO-1 and HSP70 after 8 hours as demonstrated by
representative Western blots (Figure 3A) and corresponding
densitometric analysis (Figures 3B–3C). In sharp contrast,
application of CO (250 ppm) during ventilation prevented the
expression of these genes.

Effect of CO on Neutrophil Transmigration

As shown above, administration of CO prevented neutrophil
accumulation in the BAL fluid (Figure 1C). We further in-

vestigated whether CO inhibited the neutrophil migration from
the lung interstitium to the alveolar space or whether CO
inhibited the recruitment of neutrophils into the lung. For that
purpose, lung sections were stained with granulocyte-1, a specific
marker of neutrophils. As depicted in Figures 2D–2F, mechan-
ical ventilation led to significant number of neutrophils in the
interalveolar septae that was not observed in control animals
nor in CO-treated animals. These results indicate that BAL
measurement of neutrophils reflects the number of neutrophils
in the interstitium and that CO prevented the recruitment of
neutrophils into the lung.

Effect of CO on Cytokines and Chemokines

The infiltration of neutrophils into the lung on mechanical
ventilation is believed to be preceded by up-regulation of
a variety of cytokines and chemokines. Therefore, we measured
IL-1b, monocyte chemotactic protein (MCP)-1, and macrophage
inflammatory protein (MIP)-1b in lung tissue homogenates.
Figure 4 demonstrates that these cytokines and chemokines
were highly up-regulated in response to mechanical ventilation
after 4 hours. The administration of CO (250 ppm) completely
prevented the production of IL-1b, MCP-1, and MIP-1b after
4 hours of mechanical ventilation.

Role of Egr-1 in the Antiinflammatory Effect of CO

The cytokines and chemokines that attract neutrophils in the
lung are well known to be transcriptionally regulated. In that
context, Egr-1 represents a major proinflammatory transcrip-
tional regulator whose expression precedes and subsequently
regulates cytokine or chemokine production (26). As depicted
in the representative Western blot and corresponding densito-
metric analysis in Figures 5A–5B, Egr-1 was up-regulated as
early as 1 hour after the onset of ventilation and preceded the
observed increases in cytokine and chemokine levels (Figure 4).
CO treatment (250 ppm) prevented Egr-1 up-regulation during
mechanical ventilation.

To investigate the functional role of Egr-1 inhibition by CO,
we ventilated Egr-1–deficient mice (egr-12/2) for 8 hours in the
absence or presence of CO (250 ppm). The occurrence of
significant lung inflammation in response to mechanical venti-
lation in wild-type mice (Figures 5C–5D, solid bars) was
abolished in egr-12/2 mice (Figures 5C–5D, open bars). Mac-
rophage and neutrophil infiltration of the lung, reflected by the
total cell count and neutrophil count in the BAL fluid, did not
change in response to ventilation to any further extent and was
not modulated by CO. These data were confirmed by the
histologic analysis of lung sections. The prevention of increased
cellular infiltration was paralleled by a normal appearance of
lung tissue despite ventilation when stained with hematoxylin
and eosin (Figures 6A–6C). The indices of lung injury that were
described in wild-type mice after 8 hours of ventilation as shown
in Figures 3A–3C were completely abolished in egr-12/2 mice
(Table E1). In contrast to wild-type animals, egr-12/2 mice
responded to mechanical ventilation with only a slight increase
in BAL protein that did not reach statistical significance. The
levels of BAL cytokines, such as IL-1b, MCP-1, and MIP-1b,
were much lower in egr-12/2 mice as compared with wild-type
mice in response to mechanical ventilation (Table E1). CO
inhalation decreased the cytokine response to ventilation in
wild-typemice. In egr-12/2 animals, inwhich cytokine production
did not respond to ventilation, CO treatment resulted in compa-
rable cytokine levels relative to wild-type mice. Most interesting,
HO-1 was slightly increased in egr-12/2 mice in response to
ventilation (Figures E2A–E2B). However, in contrast to wild-
type mice, CO did not down-regulate HO-1 in egr-12/2 mice.

Figure 1. Effect of CO on protein concentration (A), total cell count

(B), and neutrophil count (C), measured in the bronchoalveolar lavage

(BAL) fluid that was obtained at the end of each experiment. Mice were

ventilated for indicated times 6 CO (250 ppm). Ventilation led time-

dependently to an increase in protein concentration (A) and cell (B) and

neutrophil (C) in the BAL fluid that was prevented by application of CO.

Data presentation and statistical analysis: n 5 5/group; mean 1 SEM;

analysis of variance (ANOVA); *P , 0.05 versus control (0 h ventila-

tion), #P , 0.05 versus time-matched CO-treated mice.
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Role of PPAR-g in the Antiinflammatory Effect of CO

In lung macrophages, PPAR-g has been demonstrated to act as
an antiinflammatory mediator by counteracting the proinflam-
matory effects of Egr-1 (27). To test whether CO regulates
PPAR-g in vitro, mouse macrophages (RAW 264.7), MLECs,
and mouse bronchial epithelial cells (Beas2B) were incubated in
the presence of 250 ppm CO for 1 to 6 hours. As shown in
Figure 7, continuous exposure to CO for 1 hour led to the
induction of PPAR-g in RAW 264.7 cells, but not in Beas2B or
MLECs, indicating that the CO-dependent up-regulation of
PPAR-g appears to be cell specific and restricted to macro-
phages.

To evaluate whether PPAR-g regulates Egr-1 in vivo, mice
were pretreated with GW9662, a specific PPAR-g inhibitor, and
ventilated in the absence or presence of CO. The immunoblot
of Egr-1 and its densitometric analysis showed a substantial
induction of the gene by ventilation (Figures 8A–8B) that was
more pronounced as compared with nontreated animals (Fig-
ures 5A–5B). Moreover, whereas CO prevented Egr-1 gene
expression in nontreated animals, GW9662 pretreatment abol-
ished the CO-mediated effect (Figures 8A–8B).

To test the hypothesis that the protection from VILI afforded
by CO during mechanical ventilation involves functional PPAR-
g, lung injury parameters from GW9662-treated animals were
analyzed and compared with non-pretreated mice. As shown in
Figures 8C–8D, CO reduced the infiltration of macrophages and
neutrophils into the lung in ventilated animals (solid bars). After

the application of GW9662 (open bars), ventilation led to a more
pronounced total cell or neutrophil count in the BAL fluid and
CO failed to reduce both parameters after 8 hours of ventilation.
In this context, hematoxylin-and-eosin staining from lung sections
of GW9662-treated animals provided further evidence that
PPAR-g inhibition led to a significant degree of lung injury
after ventilation (Figures 9A–9C). Moreover, ventilation led
to a higher degree of BAL protein and HO-1 expression in
GW9662-treated mice (Table E1 and Figure E2). These findings
show that the protective effect of CO was abolished when
PPAR-g was inhibited. However, even if cytokine production
was not prevented by CO, which is in sharp contrast to
noninhibited animals, total cytokine levels had the tendency
to be lower in PPAR-g–inhibited mice.

DISCUSSION

In the current study, we have demonstrated that mechanical
ventilation at a moderate tidal volume (12 ml/kg) caused a sig-
nificant and time-dependent inflammatory response, reflected
by the infiltration of macrophages and neutrophils into the
airways, as well as the increased production of cytokines and
chemokines. Egr-1 was up-regulated within 1 hour after the on-
set of ventilation. The inflammatory response during ventilation
depended on Egr-1 expression, because it was dramatically
attenuated in egr-12/2 mice. Treatment with CO completely
inhibited lung injury as well as attenuated the proinflammatory

Figure 2. Effect of CO on lung injury and neutrophil

infiltration. Left lung lobes were taken from animals

without ventilation (A and D), with ventilation for 8 hours

(B and E), and with ventilation 1 CO (250 ppm) for

8 hours (C and F). Lung sections were stained with hema-

toxylin and eosin and presented in 3400 original magni-

fication (A–C) or with granulocyte-1, a specific marker for

neutrophils, presented in 3120 original magnification

(D–F). As compared with control (A), ventilation led to

thickening of septae and infiltration of inflammatory cells

(B), which was prevented in the presence of CO (C).

Although neutrophils were not detectable in control

animals (D), ventilation led to significant accumulation

of neutrophils within the lung interstitium (E), which was

prevented in the presence of CO (F).
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response to mechanical ventilation. The protection afforded by
CO was associated with the down-regulation of Egr-1 protein
expression and depended on an antiinflammatory transcrip-
tional regulator, PPAR-g.

We have recently described beneficial effects of CO admin-
istration against LPS-induced lung injury in ventilated rats (14).
The data reported in this previous study could not be extrap-
olated directly to the mechanism of VILI or to the specific
effects that CO exerts during mechanical ventilation. Animals
were pretreated with LPS to model proinflammatory conditions,
rendering it difficult to distinguish between LPS-mediated and
ventilation-mediated consequences. In addition, rats were ven-
tilated with high tidal volumes (26 ml/kg), which are rarely used
in clinical settings. To address CO-dependent effects in a clin-
ically relevant model and to explore their underlying mecha-
nism(s), we established a mouse model using a tidal volume
routinely used in clinical practice (12 ml/kg), which allowed us
to ventilate animals up to 8 hours without significant mortality.

In our current model, application of CO during ventilation
dramatically reduced lung injury that was induced by mechan-
ical ventilation. Specifically, CO prevented the appearance of
histologic indices of lung injury, as observed by hematoxylin-
and-eosin staining, including alveolar septal thickening, and the
infiltration of proinflammatory cells. Moreover, the increase of
BAL protein content associated with mechanical ventilation
was completely abolished in the presence of CO, indicating
reduced protein leakage and preservation of the alveolar–

capillary barrier. Furthermore, the inclusion of CO during
mechanical ventilation abolished increases in cell count and
neutrophil fraction in the BAL fluid that were observed in
response to mechanical ventilation alone.

In this context, we sought to determine the molecular mech-
anisms underlying the apparent protective effect of CO in this
model. CO has been previously shown to activate several in-
tracellular signaling pathways that have been associated with its
cytoprotective actions (8). First, CO can act as a ligand for sol-
uble guanylate cyclase, although apparently less potently than
its cognate gas, nitric oxide, leading to activation of enzymatic
activity and the increased production of cGMP (20, 21). Thus,
CO can cause a cGMP-dependent relaxation of vascular and
airway smooth muscle cells as well as bronchodilation in vivo
(reviewed in Reference 8). Therefore, we investigated the effect
of CO on airway pressure to evaluate whether its reduction by
CO might be associated with the observed CO-mediated lung
protection. But neither peak nor plateau airway pressure was
influenced by CO treatment in our model. In contrast to airway
pressure and as previously suggested by clinical studies (28), CO
slightly but significantly lowered systemic blood pressure in
ventilated animals. However, correlation analysis of blood pres-
sure and inflammatory parameters (data not shown) revealed no
interdependence between these values, rendering it unlikely
that reduced blood pressure contributed to the protective ef-
fects of CO in this model.

Figure 3. Effect of CO on heme oxygenase (HO)-1 and heat shock

protein-70 (HSP70). Lung samples were taken from mice without

ventilation (control), with ventilation for 8 hours, and with ventilation

for 8 hours in the presence of 250 ppm CO. (A) Representative Western

blots of HO-1 (A, upper panel) or HSP70 (A, middle panel). Membranes

were stripped and immunoblotted with b-actin to ensure equal loading

(A, lower panel). Densitometric analysis of all samples were corrected to

b-actin and expressed as fold-induction for HO-1 (B) and HSP70 (C).

Ventilation-induced HO-1 and HSP70 were prevented in the presence

of CO. Data presentation and statistical analysis: n 5 5/group; mean 1

SEM; ANOVA; *P , 0.05 versus control (0 h ventilation).

Figure 4. Effect of CO on

ventilation-induced cyto-

and chemokines. Samples

were taken from lung tis-

sue homogenates. (A) IL-

1b, (B) monocyte chemo-

tactic protein (MCP)-1,

and (C) macrophage in-

flammatory protein

(MIP)-1b were up-regu-

lated in response to

4 hours of mechanical ven-

tilation, which was pre-

vented in the presence of

CO (250 ppm). Data pre-

sentation and statistical

analysis: n 5 5/group;

mean 1 SEM; ANOVA;

*P , 0.05 versus control

(0 h ventilation), #P ,

0.05 versus time-matched

CO-treated mice.

Hoetzel, Dolinay, Vallbracht, et al.: CO Inhibits Lung Injury 1227



Second, the up-regulation of stress proteins such as HO-1
and HSP70 has been shown to limit inflammatory responses in
many models (29–31). Moreover, in vivo, CO treatment has
been shown to induce HO-1 in the liver (32) and HSP70 in the
lung (25). The up-regulation of heat shock factor-1 and HSP70
expression by CO has been proposed to mediate CO-dependent
antiinflammatory effects in a murine endotoxemia model. As
our results suggest, both HO-1 and HSP70 are up-regulated in
lung tissue in response to mechanical ventilation. In our current
model, the application of CO during mechanical ventilation
prevented the induction of both genes. These data are consis-
tent with the role of HO-1 or HSP70 as inducible stress proteins
that are up-regulated as a consequence of systemic stress and
inflammatory tissue injury, and that remain at basal levels in the
absence of cellular stress (reviewed in Reference 8). Therefore,
we suggest that HO-1 and HSP70 appear as markers of cellular
or organ injury whose expression is precluded by antiinflamma-
tory protection afforded by exogenous CO treatment. We sug-
gest that CO prevented tissue injury in this model by the early
down-regulation of inflammatory regulators, rather than by the
secondary regulation of stress-protein gene expression.

It is well established that production of cytokines and
chemokines is significantly augmented during the development

of VILI (33). Ventilation alone led to an increased cytokine and
chemokine production as reflected by induced IL-1b, MIP-1b,
or MCP-1. These proinflammatory mediators have been de-
scribed not only to attract neutrophils into the lung (reviewed in
Reference 34) but to severely exacerbate VILI (24). Early
release of cytokines in response to lung stretch has been dis-
played in previous studies using high tidal volumes representing
overventilation in vivo or ex vivo (24, 35, 36). As evidenced by
our current data, even lower tidal volumes (e.g., 12 ml/kg), as
used in our experiments, provoke a significant early proinflam-
matory response.

We have previously shown that CO exerts major antiin-
flammatory effects by down-regulating the production of cyto-
kines in response to proinflammatory stimuli in macrophage cell
culture (17). In the current study, CO application reduced the
production of IL-1b, MIP-1b, or MCP-1 during mechanical
ventilation. Interestingly, CO exerted this antiinflammatory ef-
fect relatively early within the course of ventilation—that is,
after 4 hours.

The production of cytokines or chemokines by macrophages
or other inflammatory effector cells is transcriptionally regu-
lated. Because CO abolished early cytokine and chemokine
release in the lung, we hypothesized that CO might act via the

Figure 5. Role of early growth response (Egr)-1 gene in

CO-mediated effects. (A) Representative Western blot of

Egr-1. Lung samples were taken from mice without

ventilation (control) or with ventilation for 1 hour 6 CO

(250 ppm) as indicated. Membranes were stripped and

reprobed with b-actin. (B) Densitometric analysis of all

samples were normalized to b-actin and expressed as fold-

induction for Egr-1 (n 5 5/group). Ventilation induced

Egr-1 as early as after 1 hour, which was prevented in the

presence of CO. (C and D) Total cell count and neutrophil

count of bronchoalveolar lavage fluid of wild-type (solid

bars) and Egr-1–deficient mice (egr-12/2; open bars)

subjected to ventilation for 8 hours 6 CO (250 ppm)

(n 5 3–5/group). Data presentation and statistical analysis:

mean 1 SEM; (B) ANOVA; *P , 0.05 versus control (0 h

ventilation), #P , 0.05 versus time-matched CO-treated

mice; (C, D) Mann-Whitney rank sum test, P value as

indicated. n.s. 5 not significant.

1228 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 177 2008



modulation of transcriptional regulators. Egr-1, a zinc-finger
transcription factor, represents an important proinflammatory
transcriptional regulator that coordinates proinflammatory re-
sponses in various cell types, including macrophages (26). In
response to activation by ischemic stress, Egr-1 propagates
deleterious responses leading to injury by regulating critical
genes involved in the regulation of inflammation, coagulation,
and vascular permeability (26). Our current results demonstrate
that Egr-1 is highly up-regulated in the lung as early as after
1 hour after the onset of mechanical ventilation. Egr-1 induction
due to mechanical stretch has been described recently in an
in vitro cellular stretch model (37), and in vivo during over-

ventilation (24). Moreover, recent studies have described the
modulation of Egr-1 by CO in which LPS application or
ischemia/reperfusion led to an up-regulation of Egr-1 in the
lung, which was prevented by pretreatment with CO (27, 38).
Interestingly, we found that the inclusion of CO at the onset of
and concurrently during ventilation, in the absence of pre-
treatment, prevented Egr-1 up-regulation in the mouse lung. To
our knowledge, the functional role of Egr-1 has never been
described in the context of VILI. We demonstrate for the first
time that egr-12/2 mice did not develop pulmonary inflamma-
tion in response to mechanical ventilation, and were resistant to
VILI relative to ventilated wild-type mice. These data demon-
strate that Egr-1 acts as an important factor in the formation of
VILI. Our data are further supported by recent studies dem-
onstrating the crucial role of Egr-1 in ischemia/reperfusion
injury (38). The egr-12/2 mice displayed a marked reduction
of injury after temporal ligation of the pulmonary artery
followed by reperfusion. Furthermore, and in agreement with
our current observations, administration of CO to egr-12/2 mice
had no further effect on organ injury, most likely because the
degree of injury in egr-12/2 was almost negligible and compa-
rable to control animals. It is important to note that macro-
phage and neutrophil development in egr-12/2 mice might
genuinely be altered (39, 40). Considering this phenotype, the
data on egr-12/2 support the important role of neutrophil and
macrophage infiltration for the development of VILI, which is
reduced by the limitation of these proinflammatory cells during
CO inhalation.

Although Egr-1 acts as a regulator of proinflammatory gene
expression in macrophages, PPAR-g counteracts Egr-1 to pro-

Figure 6. Effect of ventilation and CO on lung injury in early growth

response (Egr)-1 gene–deficient mice (egr-12/2). Left lung lobes were

taken from animals without ventilation (A), with ventilation for 8 hours

(B), and with ventilation 1 CO (250 ppm) for 8 hours (C). Lung

sections were stained with hematoxylin and eosin and presented in

3400 original magnification. As compared with control (A), neither

ventilation (B) nor ventilation in the presence of CO (C) changed the

appearance of lung tissue.

Figure 7. Effect of CO on peroxisome proliferator-activated receptor

(PPAR)-g expression. RAW 264.7 cells, Beas2B cells, and murine primary

lung endothelial cells (MLECs) were incubated for 1 or 6 hours with

CO. (A, C, E) Representative Western blots of PPAR-g. Membranes were

stripped and reprobed with b-actin. (B, D, F) Densitometric analysis of

all samples were normalized to b-actin and expressed as fold-induction

for PPAR-g. CO incubation led to a time-dependent increase of PPAR-g

expression in macrophages (RAW 264.7 cells; A, B) but not in lung

epithelial cells (Beas2B; C, D) or in MLECs (E, F). Experiments were

repeated three times independently.
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vide an antiinflammatory transcriptional control mechanism
(reviewed in References 41 and 42). For instance, PPAR-g
plays a major antiinflammatory role by inhibiting Egr-1 expres-
sion after ischemia/reperfusion (43).

Furthermore, a recent study revealed that activation of
PPAR-g after a transient increase in reactive oxygen species
production accounted for the antiinflammatory effect of CO in
cultured murine RAW 264.7 macrophages (27). Because the
role of PPAR-g in VILI is unknown, we tested the hypothesis
that CO mediates its effects via PPAR-g. First, we confirmed
that CO induces PPAR-g in macrophages in a time-dependent
manner, and that this effect was absent in cultured endothelial
or epithelial cell lines. To investigate the functional role of
PPAR-g in CO-mediated lung protection, mice were pretreated
with GW9662 and ventilated in the presence or absence of CO.
GW9662 represents an irreversible inhibitor of PPAR-g that
is 10- to 600-fold less potent in binding PPAR-a or PPAR-d.
As our results demonstrate, the protective effects of CO in
our VILI model were abolished when PPAR-g was inhibited.
These results establish an antiinflammatory role for PPAR-g in
VILI and indicate that CO-dependent tissue protection was
mediated by PPAR-g. Most interesting, agonistic pharmaco-

logic approaches that increase PPAR-g activity have been
shown to ameliorate lung injury in various models, such as
ischemia/reperfusion (43), systemic inflammation (44, 45), or
hyperoxia (46). For example, PPAR-g agonists 15-deoxy-
D-12,14-prostaglandin-J2 and rosiglitazone can suppress Egr-1
protein expression and DNA binding activity. Whether the
pharamacologic activation of PPAR-g with such compounds
would be effective at reducing VILI remains unknown and
warrants further investigation.

Many of the cytoprotective effects of CO have been shown
to depend on activation of p38 mitogen-activated protein kinase
(p38 MAPK) (17). Previously, we have shown that the pro-
tective effect of CO in LPS-mediated VILI was associated with
p38 MAPK activation (14). We have also recently shown that
p38 and other MAPKs may play a functional role in the
initiation and propagation of VILI (47). Although we did not
test this directly, we speculate that p38 MAPK may regulate
PPAR-g induction by CO, because p38 MAPK has been
previously shown to regulate PPAR-g in lung cell lines (48, 49).

On the basis of our current findings, we conclude that the
application of CO during mechanical ventilation protects
against the development of VILI through the down-regulation

Figure 8. Role of peroxisome proliferator activated re-

ceptor (PPAR)-g in CO-mediated effects. Lung samples

and bronchoalveolar lavage (BAL) fluid were taken from

mice without pretreatment (solid bars) or pretreated with

GW9662 (open bars), a specific PPAR-g inhibitor, and

subjected to ventilation for 8 hours 6 CO (250 ppm).

Nonventilated animals served as controls. (A) Representa-

tive Western blot of ealry growth response (Egr)-1 (A,

upper panel). Membrane was stripped and reprobed with

b-actin (A, lower panel). (B) Densitometric analysis of all

samples were normalized to b-actin and expressed as fold-

induction for Egr-1. (C) Total cell count and (D) neutrophil

fraction of the total cell count were measured in the BAL

fluid. Ventilation led to a more pronounced increase in

total cell and neutrophil count as compared with non-

pretreated animals, which could not be prevented by the

simultaneous application of CO. Data presentation and

statistical analysis: n5 4–5/group; mean1 SEM; t test and

rank sum test, P value as indicated.
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of inflammatory responses. This protection afforded by CO is
manifest in the reduction of cytokine/chemokine production
and infiltration of macrophages as well as of neutrophils into the
lung. Furthermore, the antiinflammatory effects of CO during
ventilation are mediated via induction of PPAR-g, thus pre-
venting the up-regulation of the proinflammatory transcrip-
tional regulator Egr-1. Thus, inhaled CO at low concentrations
may represent a promising future therapeutic option for the
reduction of VILI. Whether these and other protective effects
of CO application observed in animal models of lung injury can
be extrapolated to the treatment of patients is the subject of
ongoing clinical trials (www.clinicaltrials.gov).
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