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Mechanical ventilation is necessary for patients with acute respiratory
failure, but can cause or propagate lung injury. We previously identi-
fied cyclooxygenase-2 as a candidate gene in mechanical ventilation–
induced lung injury. Our objective was to determine the role of
cyclooxygenase-2 in mechanical ventilation–induced lung injury and
theeffectsof cyclooxygenase-2 inhibitionon lung inflammationandbar-
rier disruption. Mice were mechanically ventilated at low and high tidal
volumes, in the presence or absence of pharmacologic cyclooxygenase-
2–specific inhibition with 3-(4-methylsulphonylphenyl)-4-phenyl-
5-trifluoromethylisoxazole (CAY10404). Lung injury was assessed
usingmarkers of alveolar–capillary leakage and lung inflammation.
Cyclooxygenase-2 expression and activityweremeasuredbyWest-
ern blotting, real-time PCR, and lung/plasma prostanoid analysis,
and tissue sectionswere analyzed for cyclooxygenase-2 staining by
immunohistochemistry. High tidal volume ventilation induced
lung injury, significantly increasing both lung leakage and lung
inflammation relative to control and low tidal volume ventilation.
High tidal volume mechanical ventilation significantly induced
cyclooxygenase-2 expression and activity, both in the lungs and
systemically, compared with control mice and low tidal volume
mice. The immunohistochemical analysis of lung sections localized
cyclooxygenase-2 expression to monocytes and macrophages
in the alveoli. The pharmacologic inhibition of cyclooxygenase-2
with CAY10404 significantly decreased cyclooxygenase activity and
attenuated lung injury inmice ventilated at high tidal volume, attenu-
atingbarrierdisruption, tissue inflammation,and inflammatorycell sig-
naling. This study demonstrates the induction of cyclooxygenase-2 by
mechanical ventilation, and suggests that the therapeutic inhibition of
cyclooxygenase-2 may attenuate ventilator-induced acute lung injury.
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Mechanical ventilation is a life-saving therapy for patients with
acute respiratory failure. However, it can cause or worsen lung in-
jury, particularly at larger tidal volumes (1, 2). Positive-pressure
mechanical ventilation may expose the lungs, and particularly
the alveoli, to overdistention, resulting in volutrauma with the

subsequent release of inflammatory and vasoactive cytokines and
prostanoids thatpropagate lung injury(1, 3).Therapeutic trialsaimed
at decreasing lung injury have focused on minimizing the damage
from mechanical ventilation with the use of “protective” low tidal
volume ventilator strategies. However, because of the heterogeneity
of lung injury, even at lower tidal volumes, different regions of the
lung may be subjected to higher stretch (4). Although using lower
tidal volumes decreases markers of injury and inflammation and sig-
nificantly improves survival in patients with acute lung injury, mor-
tality remains high (1).Abetter understanding of themechanisms by
which mechanical ventilation injures the lungs will be key in identi-
fying new therapeutic targets for pharmacologic therapy.

We have identified cyclooxygenase-2 (COX-2) as an impor-
tant candidate gene in ventilator-induced lung injury (5, 6). In
contrast to COX-1, which is constitutively expressed and in-
volved in housekeeping functions, COX-2 is an inducible en-
zyme that catalyzes the conversion of arachidonic acid to
downstream prostanoids involved in inflammation and vascular
homeostasis. COX-2 is expressed in resident inflammatory cells
in the lung as well as in the pulmonary endothelium and epi-
thelium, where it may be induced by a variety of insults, includ-
ing LPS, acid aspiration, pancreatitis, and bleomycin (7–10).
The induction of COX-2 leads to the increased expression of
prostanoids, including prostaglandin E2 (PGE2) and prostacy-
clin, which play key roles in modulating inflammation and gov-
erning vascular tone and barrier function in the lung. COX-2
appears to play an important role in the resolution of pulmo-
nary inflammation, and decreased COX-2 activity has been im-
plicated in the pathogenesis of pulmonary fibrosis in humans
and in animal models (11, 12). Likewise, aberrant COX-2 ex-
pression and a shift in the balance of vasodilatory and antipro-
liferative prostanoids have been demonstrated in animal models
of pulmonary hypertension (13, 14). In contrast, accumulating
evidence points to an important role for COX-2 in carcinogen-
esis and tumor metastasis (15, 16), as well as the injurious pul-
monary response to acute infection (17, 18). Evidence points to
cyclooxygenase in the pathophysiology of ventilator-induced
lung injury. However, attempts at nonspecific cyclooxygenase
inhibition have yielded mixed results (19–21). Little is known
about the roles of COX-2 and of specific COX-2 inhibition in
governing acute lung injury in response to mechanical stress.
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CLINICAL RELEVANCE

Mechanical ventilation is a key supportive therapy for patients
with acute respiratory failure, but can also injure the lungs. A
better understanding of the mechanisms by which me-
chanical ventilation contributes to lung injury is necessary
in identifying new therapeutic targets. We demonstrate in-
creased cyclooxygenase-2 (COX-2) expression and activity
in response to injurious mechanical ventilation, and further
demonstrate attenuation of lung injury by COX-2 inhibition.
These findings have important implications in the potential
therapeutic use of pharmacologic COX-2 inhibition for pa-
tients requiring mechanical ventilation.
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Our present study aimed to determine the role of COX-2 inhi-
bition in attenuating mechanical ventilation–induced lung injury.
We show here that high tidal volume mechanical ventilation indu-
ces lung inflammation and barrier disruption. This lung injury is
associated with increased COX-2 expression and activity, whereas
the pharmacologic inhibition of COX-2 ameliorates the injury
caused by harmful ventilation.

MATERIALS AND METHODS

Antibodies and Reagents

Antibodies toCOX-1,COX-2, andCAY10404wereobtained fromCayman
Chemical (AnnArbor,MI).Antibodies to intercellular adhesionmolecule 1
(ICAM-1) and vascular cell adhesionmolecule 1 (VCAM-1) were obtained
from Abcam (Cambridge, MA). All other reagents were obtained from
Sigma Chemical Co. (St. Louis, MO).

COX-2 Inhibition

CAY10404(3-(4-methylsulphonylphenyl)-4-phenyl-5-trifluoromethylisoxazole)
at 50 mg/kg/day was administered by intraperitoneal injection daily for 3
days plus 1 hour before the initiation of ventilation. This dose was chosen
to give an optimal balance of efficacy and toxicity, based on our prelim-
inary dose range studies and previous published studies (22, 23).

In Vivo Model of Acute Lung Injury/Ventilator-Induced

Lung Injury

All animal protocols were approved by the Institutional Animal Care
and Use Committee of Oregon Health and Science University, and con-
form to National Institutes of Health guidelines. Details of the ventila-
tion protocol are available in the online supplement.

Adult male C57Bl/6J mice weighing 24–30 g (Jackson Laboratories,
Sacramento, CA) were anesthetized with ketamine/xylazine, intratracheally
intubated, and ventilated with room air at either low tidal volume (LTV, 7
ml/kg) or high tidal volume (HTV, 20 ml/kg) for 4 hours at a respiratory
rate of 160 breaths/minute, with 3 cm H2O positive end-expiratory pres-
sure. Control animals were anesthetized and allowed to breathe spontane-
ously. External dead space was applied to the HTV mice. All ventilated
animals received an intravenous bolus of 0.5 ml sterile Ringer’s lactate at
the onset of mechanical ventilation to prevent hypotension.
Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was per-

formed via endotracheal tube with 1 ml PBS for inflammatory cell count
and protein, cytokine, and prostanoid measurements.

Histology and Immunohistochemical Staining

The left lung was removed, fixed in buffered formalin, and processed for
hematoxylin and eosin staining and histologic analysis. The tissue scoring
of lung injury was performed as previously described (24) by a histopa-
thologist (D.S.) blinded to experimental conditions. Immunohistochemis-
try for COX-2, and for CD45/CD68 in a subset of mice, was performed in
formalin-fixed sections, and sections were counterstained with toluidine
blue. Negative control sections were incubated with an isotype-matched
control antibody at a concentration of 1 mg/ml.
Assessment of alveolar–capillary leak. Evan’s blue dye (EBD) depo-

sition and BAL protein in lung tissue were used as markers of vascular
permeability, as previously described (5, 25). The tissue deposition of
EBD was measured and normalized to serum EBD for each animal.
BAL protein concentrations were determined by a modified Lowry
colorimetric assay, using a DC protein assay kit (Bio-Rad, Hercules,
CA) as previously described (5).
Prostanoid and cytokine measurement. PGE2, 6-keto prostaglandin

F1a (6-keto PGF1a), and 2,3-dinor-6-keto prostaglandin F1a (2,3-
dinor-6-keto PGF1a) were measured using commercially available
immunoassays (Cayman Chemical). BAL and plasma IL-6 were mea-
sured according to immunoassays (R&D Systems, Minneapolis, MN).

Statistical Methods

All data are presented as means 6 SEM. One-way ANOVA was used
to compare baseline values between groups (5, 25, 26). Two-way

ANOVA for repeated measures was used to determine the interactions
between COX-2 inhibition and mechanical ventilation. Group compar-
isons were evaluated by post hoc Newman-Keuls testing. P , 0.05 was
considered statistically significant.

Detailed methods are available in the online supplement.

RESULTS

Physiologic Parameters

To test the role of COX-2 in ventilator-induced lung injury, we
developed a murine model of mechanical ventilation–induced
lung injury induced by HTV mechanical ventilation. Because
both hypercapnia and hypoxia have been shown to influence
COX-2 expression in the lung, we developed a model in which
all three ventilation groups were ventilated on room air and
were well matched for partial pressure of carbon dioxide
(CO2). In preliminary studies, blood gas sampling was per-
formed by cardiac puncture at the end of the experiment
to determine pH, PCO2, and concentrations of bicarbonate
(HCO3). To isolate the specific effects of tidal volume on lung
injury, mice in both the LTV and HTV groups were ventilated
at a constant respiratory rate of 160/minute, which was matched
to that of anesthetized but spontaneously breathing mice. As
shown in Table 1, no statistically significant differences in blood
pH, PCO2, and HCO3 were evident between the three groups
(control, LTV, and HTV). All mice demonstrated acute hypercap-
nic acidosis, as previously described in anesthetized mice. In sepa-
rate mice, oximetry was intermittently measured throughout the
experiment by the use of a Mouse Ox system (STARR Life Sci-
ences Corp., Oakmont, PA). Mice from all three experimental
groups were normoxic (O2 saturation, . 92%) throughout the
duration of the 4-hour experiment, consistent with early lung injury.

HTV Mechanical Ventilation Causes Lung Injury

HTVmechanical ventilation increased lung injury, compared with
mice ventilated with “protective” LTV, as measured by lung
leakage and inflammation. As seen in Figure 1, HTV ventilation
induced a 3-fold increase of EBD deposition in tissue, compared
with both LTV mice and spontaneously breathing control mice
(P , 0.01; Figure 1A). LTV mechanical ventilation did not sig-
nificantly increase EBD deposition in lung tissue, compared with
control mice. LTV mechanical ventilation induced a modest 65%
increase in BAL protein, and HTV ventilation induced a nearly
3-fold increase in BAL protein, compared with spontaneously
breathing control mice (Figure 1B; P , 0.05).

HTVmechanical ventilation inducedmild alveolar leukocytosis,
with a 30% increase inBAL leukocytes comparedwith controlmice
(Figure 2A; P , 0.05); macrophages comprised the vast majority
(. 99%) of the BAL cell macrophages. No significant differences
in alveolar hemorrhage, vascular congestion, or hyaline membrane

TABLE 1. BLOOD GASES AND OXYGENATION

pH PCO2 (mm Hg) HCO3 (mmol/L) O2 Saturation

Control 7.195 6 0.0295 62.03 6 9.00 24.03 6 1.86 . 92%

LTV 7.194 6 0.0251 57.15 6 5.05 21.66 6 0.81 . 92%

HTV 7.187 6 0.0381 55.89 6 5.60 20.05 6 1.03 . 92%

NS NS NS NS

Definition of abbreviations: HTV, high tidal volume; LTV, low tidal volume; NS,

no significance; 6 SEM.

In a subset of mice, a terminal blood sample was obtained by cardiac puncture

for blood gas analysis. Oximetry was measured at 15-minute intervals during

ventilation, using a Mouse Ox system. No differences in pH, PCO2, or HCO3 were

evident between the three experimental groups. All mice demonstrated acute

hypercapnic acidosis, consistent with previously published studies, and were well

matched to spontaneously breathing anesthetized control mice. No measurable

hypoxia occurred in any of the mice studied during these 4-hour experiments.
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formation were evident between the ventilation groups. How-
ever, the histologic analysis of hematoxylin and eosin–stained
lung sections demonstrated a greater than 3-fold increase in
tissue polymorphonuclear leukocyte (PMN) score in both the
LTV and HTV groups, compared with spontaneously breathing
control mice (Figure 2B; P , 0.05). Lung homogenate myeloper-
oxidase (MPO) activity was used as a marker of tissue inflamma-
tory cell infiltration/activity. Similar to tissue PMNs, mechanical
ventilation at both low and high tidal volumes led to a significant,
greater than 3-fold increase in total lung MPO, compared with
spontaneously breathing control mice (Figure 2C; P , 0.05). BAL
IL-6 was used as a representative proinflammatory cytokine. BAL
IL-6 concentrations in control mice were at the lower limit of de-
tection in the assay, but were substantially increased in both the
LTV and HTV groups (Figure 2D; P , 0.05). Plasma IL-6 con-
centrations were below the limit of detection in all three groups.
Taken together, our model of early ventilator-induced lung in-
jury recapitulates many of the defining characteristics of human
acute lung injury, with alveolar barrier disruption and lung inflam-
mation. Given the increase in inflammatory infiltrates, Western
blotting for ICAM-1 and VCAM-1 were used to assess inflamma-
tory cell adhesion signaling in our model (Figure 2E, top). Mechan-
ical ventilation induced a stepwise increase in ICAM-1 expression
compared with spontaneously breathing control mice. LTV caused
a mild increase in ICAM-1 expression, and HTV caused a signifi-
cant increase in ICAM-1 expression. In contrast, LTV caused a
decrease in VCAM-1, and HTV caused an increase in VCAM-1,
compared with control mice.

HTV Mechanical Ventilation Increases COX-2 Expression

and Activity

Lung homogenate protein from control, LTV, andHTVmice were
probed by Western blotting for COX-1 and COX-2. As seen in
Figure 3A, HTVmechanical ventilation significantly increased the
expression of COX-2, compared with both control and LTV mice.
This induction was specific for COX-2, because no significant dif-
ferences were evident in the expression of COX-1, the constitu-
tively expressed cyclooxygenase isoform. We then measured lung
homogenate total mRNA for COX-2 expression. No significant
differences in COX-2 mRNA expression were evident between
the three groups in our model (Figure 3B).

Because cyclooxygenase governs the rate-limiting step in the
conversion of arachidonic acid to downstream prostanoids, we
measured PGE2, a prominent proinflammatory prostanoid, and
6-keto PGF1a, a stable metabolite of prostacyclin, as markers
for cyclooxygenase activity. As seen in Figures 3B and 3C, HTV
mechanical ventilation increased BAL concentrations of both
PGE2 and 6-keto PGF1a nearly 8-fold compared with control
mice (P , 0.05), confirming the function of the increased pro-
tein expression seen in Western blotting. In contrast, LTV ven-
tilation did not significantly increase BAL PGE2, but a trend

toward increased BAL 6-keto PGF1a was evident, involving a
nearly 5-fold increase compared with control mice (P . 0.05).
HTV mechanical ventilation also increased plasma PGE2 by
more than 5-fold, compared with both LTV and control mice
(P , 0.05). No significant changes in plasma 2,3-dinor-6-keto
PGF1a, a plasma stable prostacyclin metabolite, were evident.

An immunohistochemical analysis of lungs stained with
COX-2–specific antibody was performed to localize COX-2 ex-
pression within the lung (Figure 4). In addition to the expected
staining of the bronchiolar epithelium, prominent cytoplasmic stain-
ing for COX-2 was evident in alveolar and interstitial mononuclear
cells. These cells were confirmed to be of monocyte/macrophage
lineage by subsequent staining for CD45 and CD68. The COX-
2–positive cells were found both in the alveolar space and in the
alveolar interstitium (Figure 4, arrows). In contrast, PMNs did
not show significant COX-2 staining.

Inhibition of COX-2 Attenuates Ventilator-Induced

Lung Injury

Mice were treated with the COX-2–specific inhibitor CAY10404
(50 mg/kg/day, intraperitoneal) 3 4 days before the onset of me-
chanical ventilation. Treatment with the COX-2–specific inhibitor
CAY10404 (50 mg/kg/day for 4 days) attenuated cyclooxygenase
activity, significantly decreasing BAL PGE2 and 6-keto PGF1a
(Figure 3). Likewise, systemic COX-2 inhibition decreased plasma
PGE2 by 66% compared with untreated HTV mice (P , 0.05).
The pharmacologic inhibition of COX-2 with CAY10404 signif-
icantly decreased alveolar–capillary leakage caused by HTV
mechanical ventilation (Figure 1, dark bars; P , 0.05). Treat-
ment with CAY10404 exerted no significant effect on tissue EBD
or BAL protein in control or LTV mice. Likewise, inhibiting
COX-2 decreased lung inflammation in HTV mice (Figures 2A–
2D, dark bars; P , 0.05), decreasing BAL leukocytes, tissue
PMNs, tissue MPO, and BAL IL-6 compared with untreated
HTV mice. Treatment with CAY10404 exerted no significant ef-
fect on BAL cell count, PMN score, or IL-6 in control or LTV
mice, although a nonsignificant trend toward decreased lung MPO
was evident in LTV mice receiving COX-2 inhibition. COX-2
inhibition exerted divergent effects on leukocyte adhesion mole-
cules, markedly decreasing ICAM-1 expression in both ventilation
groups, but increasing VCAM-1 in both ventilation groups (Figure
2E, bottom). Of note, the treatment of control mice with CAY10404
increased basal VCAM-1 expression.

DISCUSSION

In this study, we used a model of mechanical ventilation–induced
lung injury to discern the role of COX-2 in the development of
acute lung injury. HTV mechanical ventilation induced the ex-
pression of COX-2, which was accompanied by the production of
PGE2 and prostacyclin. Pretreatment with the COX-2–selective
inhibitor CAY10404 attenuated the pulmonary inflammation and

Figure 1. Mechanical ventilation induces lung leakage.

High tidal volume mechanical ventilation significantly
increased Evans blue dye deposition in lung tissue, com-

pared with control and low tidal volume mice (A, light

bars). Similarly, mechanical ventilation caused a stepwise

increase in bronchoalveolar lavage protein compared
with spontaneously breathing control mice (B, light

bars). These effects were significantly attenuated in high

tidal volume mice by the pharmacologic inhibition of

cyclooxygenase-2 with 3-(4-methylsulphonylphenyl)-4-
phenyl-5-trifluoromethylisoxazole (CAY10404; hatched

bars) (n ¼ 4–7 mice per condition). LTV, low tidal volume ventilation; HTV, high tidal volume ventilation; COX-2, cyclooxygenase-2; BAL,

bronchoalveolar lavage; EBD, Evans blue dye. *P , 0.01 versus control values. **P , 0.05 versus HTV alone.
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barrier disruption caused by injurious mechanical ventilation, sug-
gesting that COX-2 plays a central role in the development of lung
injury in our model.

Themajor finding of this study involves the deleterious role of
COX-2 in the initiation of lung injury. Although COX-1 is con-
stitutively expressed and plays key physiologic roles, COX-2 is
rapidly inducible in response to a variety of acute insults. For this
reason, we chose to use CAY10404, which has a selectivity index
of . 500,000 for COX-2 versus COX-1 (1,000-fold greater than
celecoxib). In contrast to previous studies showing that nonspe-
cific cyclooxygenase inhibition exerted a minimal effect on the
inflammatory response to mechanical ventilation (19–21), we
show a significant attenuation of inflammatory markers with
COX-2–specific inhibition. Multiple studies investigated the
role of COX-2 in regulating inflammation and tissue injury, with
varying results. The inhibition of COX-2 attenuates the pulmo-
nary inflammatory response to acute bacterial (18) and viral (17,
27) infection, and decreases the severity of illness during acute
infection. In the lung, COX-2 expression is vital to the resolu-
tion of experimental inflammatory lung injury (28, 29), and a loss
or reduction in COX-2 expression has been linked to the devel-
opment of pulmonary fibrosis in patients and in experimental
animal models (12). One explanation for the contrasting effects
of COX-2 inhibition may involve an issue of timing.

COX-2 appears to exert different effects in the acute and sub-
acute settings. Gilroy and colleagues demonstrated a biphasic re-
sponse of COX-2 in a rat model of carrageenin-induced pleurisy
(30). An initial increase in COX-2 expression and activity corre-
lated with both PGE2 production and neutrophilic infiltration. A
second peak in COX-2 expression and activity 48 hours later was
not associated with PGE2 production, and coincided with the re-
solution of acute inflammation. The inhibition of COX-2 during
the first peak significantly attenuated inflammation, whereas con-
versely, inhibition during the second peak worsened pleural inflam-
mation. Fukunaga and colleagues (29) demonstrated a similar effect
with an impaired resolution of oleic acid–induced lung injury with
delayed COX-2 inhibition. In our experiments, pretreatment with
CAY10404 prevented the development of ventilator-induced lung
injury (VILI). In regard to these short-duration experiments, we
cannot comment on the delayed effects of COX-2 inhibition in the
progression or ultimate resolution of lung injury, or on the effects of
postventilation COX-2 inhibition. Nonetheless, our results suggest
a role for COX-2 inhibition in the prevention of VILI.

COX-2 exerts its effects via the production of downstream pros-
tanoids, including prostaglandin D2, PGE1, PGE2, and prostacyclin,
acting via their respective prostanoid receptors. In our model,
VILI was associated with the increased production of both
6-keto PGF1a, a stable metabolite of prostacyclin, and PGE2.

Figure 2. Mechanical ventilation induces lung inflamma-
tion. HTV ventilation induced a mild, but statistically sig-

nificant, increase in alveolar leukocytes (A, light bars) that

was significantly attenuated by the pharmacologic inhibi-

tion of COX-2 with CAY10404 (A, dark bars). Both LTV
and HTV ventilation increased tissue polymorphonuclear

leukocytes (PMNs) and tissue myeloperoxidase (MPO)

activity compared with spontaneously breathing control

mice (B and C, light bars), indicative of acute tissue in-
flammation. COX-2 inhibition with CAY10404 signifi-

cantly decreased both tissue PMNs and tissue MPO

activity in HTV mice, with a trend toward decreased
MPO in control and LTV mice (B and C, dark bars). (D)

Finally, mechanical ventilation induced a tidal volume–

dependent increase in BAL IL-6, which was significantly

attenuated in HTV mice treated with CAY10404. Lung
homogenates were stained for ICAM-1 and VCAM-1 as

representative inflammatory cell adhesion molecules.

(Results were repeated in triplicate, and representative

images are shown). (E, top left) Mechanical ventilation in-
duced a stepwise increase in ICAM-1 expression compared

with control mice. (E, top right) In contrast, whereas HTV

ventilation increased VCAM-1 expression, LTV ventilation
was associated with a decrease in VCAM-1 expression com-

pared with control mice. (E, bottom) The pharmacologic

inhibition of COX-2 significantly decreased ICAM-1 ex-

pression in both the LTV and HTV groups, but increased
VCAM-1 in the LTV and HTV groups. LTV, low tidal volume

ventilation; HTV, high tidal volume ventilation; BAL,

bronchoalveolar lavage; ICAM-1, intercellular adhesion

molecule–1; VCAM-1, vascular cell adhesion protein–1. *P,
0.05 versus control values. **P , 0.05 versus HTV alone.
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Endothelial cells are the main source for prostacyclin, which
exerts its effects largely in an autocrine and paracrine fashion
to govern vascular tone, thrombosis, and endothelial barrier
function (31). Prostacyclin and its analogues have long been
used as pulmonary vasodilators in pulmonary hypertension,
and were more recently examined as barrier-enhancing agents
in ALI (31, 32). Previous in vitro studies demonstrated the po-
tent barrier-enhancing effects of prostacyclin in cultured pulmo-
nary endothelial cells (32), and more recently demonstrated the
protective effects of exogenous prostacyclin analogues in an
animal model of VILI (31). Given these known barrier-enhancing
effects, our finding of improved barrier function with COX-2 inhi-
bition was somewhat unexpected, and likely reflects a greater role of
the proinflammatory PGE2-mediated effects in our model. Lung
injury in response to mechanical ventilation (MV) is likely at-
tributable to a combination of direct barrier-disruptive effects
and inflammatory cell recruitment, with secondary damage to
the alveolar–capillary membrane because of cytokine release, ox-
idant damage, and cellular diapedesis. We believe that the ability
of COX-2 inhibition to attenuate VILI in our model reflects its
acute effects in the inflammatory cascade.

We show that mechanical ventilation caused a magnitude-
dependent increase in IL-6 production and ICAM-1 expression

with concomitant tissue neutrophilia, suggesting that, as in the
clinical setting, a true “safe” threshold for positive pressure
ventilation may not exist. The mild increase in IL-6 and
ICAM-1 expression by LTV MV may be partly explained by
regional differences in alveolar overdistention, even when lower
volumes were applied globally. In our model, COX-2–specific
inhibition decreased IL-6 and ICAM-1, and importantly, de-
creased acute tissue inflammation, as measured by tissue PMNs
and MPO activity. Interestingly, COX-2 inhibition exerted a
minimal effect on VCAM-1. Both ICAM-1 and VCAM-1 are
members of the immunoglobulin superfamily, and serve as
key mediators of leukocyte adhesion to endothelial cells,
constituting the first step of inflammatory migration into tissue.
VCAM-1 is more specific for monocytes/macrophages and
lymphocytes, whereas ICAM-1 exerts a greater effect on neu-
trophil adhesion, providing a potential explanation for the
decrease in tissue neutrophils with CAY10404. If the mono-
cyte is the key cell type modulating COX-2 production in
VILI, as suggested by our immunohistochemical staining,
the differential ICAM-1/VCAM-1 expression may be impor-
tant in controlling the acute inflammatory response to me-
chanical stretch. Ongoing in vivo and in vitro experiments
in our laboratory seek a better understanding for the role

Figure 3. Mechanical ventilation induces

COX-2 expression and activity. Lung ex-

pression of COX-2 was determined by

Western blotting and quantitative real-time
PCR analysis. (A) HTV mechanical ventila-

tion significantly increased COX-2 protein

expression, compared with control and

LTV mice. No significant differences in
COX-1 expression were evident between

the three groups. (Results were repeated

in triplicate, and representative images are
shown). (B) No differences were evident in

COX-2 mRNA expression between the

three groups. BAL and plasma prostanoids

were measured as markers for cyclooxyge-
nase activity. HTV mechanical ventilation

significantly increased lavage concentra-

tions of both prostaglandin E2 (PGE2) (C)

and 6-keto prostaglandin F1a (D), a stable
prostacyclin metabolite, compared with

control samples. Likewise, HTV mechanical

ventilation increased plasma PGE2 (E) com-
pared with control and LTV mice, but

exerted no effect on plasma 2,3-dinor-6-

keto prostaglandin F1a (2,3-dinor-6-keto

PGF1a) (F), a stable prostacyclin metabolite.
The pharmacologic inhibition of COX-2 with

CAY10404 significantly decreased BAL PGE2

and 6-keto PGF1a as well as plasma PGE2 in

HTV mice. LTV, low tidal volume ventilation;
HTV, high tidal volume ventilation; BAL,

bronchoalveolar lavage. *P , 0.05 versus

control values. **P , 0.05 versus HTV alone.
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of monocytes and macrophages in our VILI model and the
specific role for leukocyte adhesion molecule expression in
response to COX-2 inhibition.

The contrast of our results with those using isolated perfused
lungs (19, 20), which failed to show a barrier-protective effect of
cyclooxygenase inhibition, further points to the importance of
leukocyte adhesion and subsequent migration across endothelial
and epithelial monolayers in governing barrier disruption in our
model. PGE2 may be key in mediating acute inflammation in our
model. In contrast with prostacyclin, there are many cellular sour-
ces of PGE2, including endothelial cells, alveolar epithelial cells,
fibroblasts, macrophages, and neutrophils. An immunohistochem-
ical analysis of our murine lungs exposed to ventilation showed
prominent COX-2 staining of alveolar monocytes and mac-
rophages, but not alveolar epithelial or endothelial cells.
Because alveolar macrophages are a major source of PGE2,
which itself mediates the production of inflammatory cyto-
kines, procoagulant factors, and neutrophil chemotactic fac-
tors during acute inflammation (33, 34), the COX-2–dependent
production of PGE2 monocytes and macrophages appears key in
orchestrating the acute response to mechanical stretch in our
model.

PGE2 is a key prostanoid produced in the lung in response to
a variety of insults, from LPS to tobacco smoke (35, 36). Al-
though it exhibits direct barrier-enhancing effects on pulmonary
endothelium (32), PGE2 also displays barrier-disruptive effects,
particularly in epithelial cells (37), degrading occludin protein in
pulmonary epithelium (38) and potentiating the development of
pulmonary edema (39). Perhaps more importantly, PGE2 itself

acts as a proinflammatory mediator, governing the production
of inflammatory cytokines, procoagulant factors, and neutrophil
chemotactic factors during acute inflammation (33, 34). However,
PGE2 production can also exert anti-inflammatory and antifi-
brotic effects (40), particularly in the chronic setting. PGE2 pro-
duction by pulmonary macrophages appears key in the resolution
of inflammation in the lung, stomach, and joints (41), and PGE2
inhibits the proliferation of pulmonary fibrosis, inducing fibro-
blast apoptosis, in animal models (42).

The varied and contrasting effects of PGE2 are explained by its
multiple downstream targets. PGE2 acts via four distinct G
protein–coupled receptors, EP1–4, the distribution of which gov-
erns much of the effect of PGE2 in various cell and tissue types
(43). Of the EP receptors, EP3 is the most widely expressed in
the lung, followed by EP4, whereas EP1 and EP2 exhibit very
low lung expression. The actions of PGE2 via the EP3 receptor
include the promotion of platelet aggregation (44), pulmonary
vasoconstriction (45), matrix metallopeptidase 9 (MMP-9) and
vascular endothelial growth factor (VEGF) production (46),
and the formation of pulmonary edema (39). EP4 mediates the
induction of monocyte chemotactic protein-1 (MCP-1) (47),
VEGF (48), and IL-6 production by macrophages (49) in re-
sponse to PGE2. Because EP3 and EP4 have the highest binding
affinities for PGE2 and the widest expression in the lung, their
effects tend to predominate and may explain our reported find-
ings. Although beyond the scope of this study, ongoing in vivo
and in vitro experiments in our laboratory seek a better under-
standing for the role of individual prostanoid receptors in govern-
ing lung injury in our VILI model.

Figure 4. COX-2 expression in murine lungs. Murine lungs

were formalin-fixed in situ and immunohistochemically stain-

ed with antibodies directed against COX-2. In addition to
the expected prominent staining of bronchiolar epithelium

in all groups, significant staining of mononuclear cells was

evident, showing granular cytoplasmic positivity to COX-2.

These cells were confirmed to be of the monocyte/macro-
phage lineage by costaining for CD45 and CD68 (not

shown). Note the presence of COX-2–positive alveolar mac-

rophages in the HTV group (dashed arrow), in addition to

interstitial monocytes and macrophages located in close
proximity to the alveolar space (solid arrows). Images repre-

sent 5-mm histologic sections. Boxed areas in left panels are

presented at 3500 magnification in right panels.
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In conclusion, the pretreatment of mice with a COX-2–
selective inhibitor attenuated lung injury caused by mechanical
ventilation, decreasing both inflammation and alveolar barrier
disruption.We believe that this effect most likely reflects a change
in the balance of inflammatory versus barrier-enhancing prosta-
noids, with the acute anti-inflammatory effects outweighing the
potential barrier-disruptive effects of decreased prostacyclin pro-
duction. Further studies are needed to clarify the role of COX-2
in response to mechanical ventilation in both the uninjured lung
and the lung primed by previous insult, as well as the precise role
of prostanoid production by pulmonary monocytes and macro-
phages in lung injury. In the meantime, our results suggest a role
for COX-2 inhibition in the prevention of mechanical ventilation–
induced lung injury.

Author disclosures are available with the text of this article at www.atsjournals.org.
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