
Commentary
Commonality of Defensive Roles of COX-2 in the
Lung and Gut

John L. Wallace
From the Mucosal Inflammation Research Group, University of

Calgary, Calgary, Alberta, Canada

The discovery of a second isoform of cyclooxygenase
(COX), COX-2, led to an enormous burst of activity in the
pharmaceutical industry aimed at developing selective
inhibitors of this isozyme.1 This was based largely on the
notion that COX-2 was expressed solely at sites of inflam-
mation, whereas COX-1 was regarded as the isozyme
responsible for “housekeeping” functions in most tis-
sues.2 Selective inhibition of COX-2 would, therefore, pro-
duce the beneficial effects of nonsteroidal anti-inflamma-
tory drugs (NSAIDs) without the detrimental effects. As
Oscar Wilde said, “The pure and simple truth is rarely
pure and never simple.” In the decade since the arrival of
selective COX-2 inhibitors in research laboratories and in
the marketplace, it has become clear that several tenets
of the “COX-2 hypothesis” are, at best, over-simplifica-
tions and, at worst, invalid.3 In this issue of The American
Journal of Pathology, Bonnans et al4 describe a series of
elegant experiments that provide compelling evidence
for an essential role of COX-2 in airway epithelial re-
sponses to acid-induced injury. The similarity of COX-2-
dependent airway responses to those in the stomach are
striking, possibly reflecting a programmed defensive re-
sponse existing in all mucosal (and possibly other) tis-
sues. These studies also underscore the therapeutic po-
tential of compounds that mimic the actions of
endogenous mediators of resolution of inflammation.

Selective COX-2 Inhibitors

Selective COX-2 inhibitors were developed as replace-
ments of conventional NSAIDs: comparable in efficacy
but without the gastrointestinal toxicity. However, subse-
quent to their entry to the marketplace, large clinical trials
have revealed that some selective COX-2 inhibitors (eg,
celecoxib) exhibited no gastrointestinal safety advantage
over conventional NSAIDs.5,6 Others (eg, rofecoxib) were
found to exhibit as much as a 50% reduction in serious
gastrointestinal adverse events,7 but possibly much
less.6 Toxicity in other organs, such as the kidney and

cardiovascular system, appears to be at least as com-
mon with selective COX-2 inhibitors as with conventional
NSAIDs.8

The gastric mucosa is exposed regularly to acid of pH
less than 1. Although hydrochloric acid at these concen-
trations can cause considerable damage when applied
to skin, ulceration in the stomach is a rare event. The
ability of the stomach to resist damage by acid and by
digestive enzymes is attributed to a number of adapta-
tions and responses collectively referred to as “mucosal
defense.”9 This includes such elements as bicarbonate
and mucus secretion by the gastric epithelium and a
neurally mediated hyperemic response to diffusion of
acid into the mucosa. It is also clear that the apical
membrane of the gastric epithelium is adapted to resist
damage induced by acid.10 Nevertheless, circum-
stances arise in which damage does occur to the epithe-
lium, and in those circumstances, there is a rapid re-
sponse to limit tissue injury and to facilitate repair. These
mechanisms appear to be quite similar in the stomach
and lung. For decades, it has been recognized that pros-
taglandins (PGs) make an important contribution to these
responses, and this is part of the reason that NSAIDs
cause ulcers.11 When COX-2 was first cloned, it was
soon-after reported that the predominant isoform of COX
expressed in the stomach was COX-1.12 The assumption
was made that it was inhibition of COX-1 that accounted
for the detrimental effects of NSAIDs on the gastric mu-
cosa. However, there is considerable evidence that gas-
tric COX-2 is also an important target in terms of the
induction of ulcers by NSAIDs, and this also explains why
selective COX-2 inhibitors did not achieve the level of
gastric safety that their proponents envisaged.

Accepted for publication January 11, 2006.

This commentary relates to Bonnans et al, Am J Pathol 2006, 24:
1064–1072, published in this issue.

Dr. Wallace is an Alberta Heritage Foundation for Medical Research
Senior Scientist and holds a Canada Research Chair in Inflammation
Research.

Address reprint requests to Dr. John L. Wallace, Department of Phar-
macology and Therapeutics, University of Calgary, 3330 Hospital Dr. NW,
Calgary, Alberta, T2N 4N1 Canada. E-mail: wallacej@ucalgary.ca.

Related article on page 1064
American Journal of Pathology, Vol. 168, No. 4, April 2006

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2006.060023

1060



Defensive Role of COX-2 in the Stomach

Although expressed in low levels in the healthy stomach
of laboratory animals and humans, COX-2 contributes
significantly to gastric mucosal defense. Selective inhibi-
tion of COX-1 results in a marked reduction in gastric PG
synthesis in rats but, surprisingly, does not produce gas-
tric damage.13 However, when a selective COX-2 inhibi-
tor is co-administered with a selective COX-1 inhibitor,
rats develop extensive gastric erosions, comparable in
severity to what was induced with a conventional
NSAID.13 These observations are consistent with the find-
ing that COX-1-deficient mice do not exhibit spontaneous
gastric damage, despite negligible gastric PG synthesis,
but do develop erosions when given an NSAID.14 There
are other situations in which COX-2 contributes to muco-
sal resistance to damage. For example, the gastric dam-
age associated with ischemia reperfusion in the rat
stomach was found to be markedly exacerbated by
pretreatment with selective COX-2 inhibitors.15 These ob-
servations were somewhat paradoxical, given the fact
that COX-2 expression in the stomach was not detect-
able. However, although the expression of COX-2 in the
healthy stomach is low, it can be very rapidly up-regu-
lated. For example, COX-2 expression in the rat stomach
is markedly increased within 1 hour of oral administration
of aspirin or indomethacin.16 Others have reported the
same in the stomach and intestine after administration of
selective COX-1 inhibitors.17 The induction of COX-2
could be prevented by administration of PGs, suggesting
that this up-regulation was a compensatory response to
diminished mucosal PG levels.16,17 In the context of the
study of Bonnans et al4 in airway epithelium, it is inter-
esting that intragastric instillation of hydrochloric acid has
been found to cause marked up-regulation of COX-2 but
not COX-1 in the stomach.18

Defensive Role of COX-2 in the Lung

Like the stomach, the epithelium of the airways forms a
continuous barrier that restricts access of luminal sub-
stances, including microbes, to the systemic circulation.
Unlike the stomach, however, the epithelium of the lung
does not appear to be specially adapted to withstand
exposure to high concentrations of acid. Aspiration of
gastric acid can directly damage this layer of cells, lead-
ing to impaired barrier function and acute inflammation.
This damage can progress to severe clinical illnesses
such as acute respiratory distress syndrome. As in the
stomach, repair of a damaged epithelium in the lung
requires restitution of the epithelial layer and resolution of
the acute inflammatory response. The studies of Bonnans
et al4 suggest that COX-2 plays a crucial role in these
responses, and there is considerable commonality with
the responses to acid-induced injury in the stomach.

COX-2 is constitutively expressed in the lung.19 In this
issue of the AJP, Bonnans et al4 show that acid-induced
epithelial injury resulted in rapid and marked up-regula-
tion of COX-2 mRNA and protein (ie, within 2 hours). In
parallel, there was a marked increase in PGE2 synthesis

that could be suppressed by a selective COX-2 inhibitor.
Over the ensuing 72 hours, the tissue injury and acute
inflammation were resolved, and the expression of COX-2
and synthesis of PGE2 returned to basal levels. Interest-
ingly, COX-2-derived PGE2 synthesis appeared to coor-
dinate several other aspects of the response to acid-
induced epithelial injury, which involved another
important anti-inflammatory mediator, lipoxin A4 (LXA4).
LXA4 exerts a number of effects that contribute to reso-
lution of inflammation, including inhibition of neutrophil
function, T-cell activation, and cytokine generation as
well as stimulation of the clearance of apoptotic neutro-
phils by macrophages.20 Many of these actions are me-
diated via the “ALX” receptor, which is expressed on
leukocytes21 and both airway19 and intestinal22 epithelial
cells. In the study of Bonnans et al,4 expression of ALX
mRNA was increased in the bronchial epithelium within 2
hours of induction of injury with acid. This expression was
driven by COX-2-derived PGE2, because it could be pre-
vented with a selective COX-2 inhibitor and could be
mimicked in cultured airway epithelium by exposure to
PGE2. When COX-2 expression and PGE2 synthesis nor-
malized 72 hours after induction of epithelial damage, so
too did ALX expression.

The anti-inflammatory effects of LXA4 in the acid-in-
duced airway epithelium model included suppression of
cytokine generation. IL-6 is a key acute phase reactant
that is produced by epithelial cells in various tissues in
response to injury and inflammation. Acid-induced injury
to cultured bronchial epithelial cells resulted in significant
release of IL-6 that could be suppressed by LXA4 and by
PGE2.4 LXA4 also markedly suppressed TNF�-induced
IL-8 release from cultured bronchial epithelial cells.
These inhibitory effects of LXA4 on cytokine generation
were dependent on the expression, by the epithelium, of
the ALX receptor. Interestingly, inhibitory effects of LXA4

(via ALX) on TNF�-induced IL-8 secretion have also been
observed in human intestinal epithelial cells.22

Resolution of airway epithelial injury after exposure to
acid involves down-regulation of the acute inflammatory
response and repair of the damaged epithelium. Interest-
ingly, LXA4 exhibits the capacity to contribute to the latter
as well as the former. LXA4 concentration-dependently
stimulated proliferation of cultured airway epithelial cells,
exhibiting similar potency to two known bronchial epithe-
lial proliferation agonists, PGE2 and epidermal growth
factor.

Summary and Future Directions

Although initially proposed as an enzyme expressed pre-
dominantly at sites of inflammation and producing pros-
taglandins that generated some of the key features of
inflammation (pain and edema), COX-2 is increasingly
recognized for its role in the resolution of inflammation.
For example, COX-2-derived PGs down-regulate experi-
mental pleuritis,23 paw inflammation in COX-2-deficient
mice fails to resolve as it does in normal mice,24 and
suppression of COX-2 synthesis results in exacerbation
of inflammation of the colon.25 Crucial roles for COX-2 in
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the defensive responses of mucosal epithelia continue to
be elucidated, as in the study of Bonnans et al.4 Of
particular interest was the finding that COX-2-derived
PGE2 drove the production of a potent anti-inflammatory
substance, lipoxin A4, and the expression of its cognate
receptor, ALX. This finding has very important therapeu-
tic implications for the future. Lipoxin A4 mimetics or other
ALX agonists may have considerable utility in conditions
in which inflammation is dysregulated. Asthma and cystic
fibrosis have been reported to be associated with im-
paired lipoxin A4 biosynthesis.26,27 In a mouse model of
cystic fibrosis-like airway inflammation and infection, ad-
ministration of a stable lipoxin A4 mimetic resulted in
markedly decreased neutrophil infiltration, bacterial bur-
den, and disease activity.27 Stable lipoxin analogs have
also been shown to be effective in experimental models
of colitis.28–30

Novel therapeutics that accelerate resolution of inflam-
mation have considerable potential utility. They also offer
the possibility of efficacy with a marked reduction of
toxicity relative to more broadly acting anti-inflammatory
drugs, such as NSAIDs. By acetylating COX-2, aspirin
triggers the production of a lipoxin that contributes sig-
nificantly to the anti-inflammatory activity of aspirin31 but
also increases the resistance of the gastric mucosa to
aspirin-induced damage.32 Finally, in addition to promot-
ing the resolution of inflammation, lipoxin-based thera-
pies can promote tissue repair, thereby facilitating reso-
lution of tissue function.
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