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Abstract. Prostaglandins (PGs) are arachidonic acid metabolites produced by the action of the enzyme cyclooxy-
genase (COX). Although PGs are important mediators of inflammation in various diseases, they aso are key
factors in the physiological regulation of gastrointestinal and renal homeostasis. The finding that two distinct
COX isoforms are responsible for PG synthesis has provided basis to the opposite actions of PGsin inflammation
and homeostasis regulation. COX-1-derived PGs are thought to mediate cytoprotective actions on the gastroin-
testinal mucosa, whereas COX-2-derived PGs are assumed to display pro-inflammatory properties. This dicho-
tomy has led to the development of selective inhibitors of COX-2 activity which are safer for the gastrointestinal
mucosa than the classic inhibitors of both COX isoforms. However, some COX-2 anti-inflammatory properties
have been recently demonstrated in several experimental models of inflammation. These studies have raised some
concern about the potential adverse effects of COX-2 selective inhibitors. In addition, there is evidence that
COX-1 displays pro-inflammatory properties, depending on the organ and on the stage of the inflammatory response.
This review will focus on theroles of COX-1 and COX-2 in inflammation, based on studies involving pharmacologic
COX inhibitors as well as COX knock-out mice, with a particular emphasis on the gastrointestind tract.

Key words: prostaglandins; cyclooxygenase; nonsteroidal anti-inflammatory drugs (NSAIDs); inflammation;
colitis.

Membrane

Arachidonic acid (AA), produced by the action of Phospholipids
phospholipases on cell membrane phospholipids, is the I
substrate for the homodimeric enzyme cyclooxygenase Ly o
(COX) or prostaglandin H (PGH) synthase (Fig. 1).
COX catalyzes the synthesis of prostaglandins (PGs) ¢ Di-oxygenase | 1o oevgenase
through a two-step process. A di-oxygenase activity PGG; ' PGH amiase
first cyclizes and oxygenates AA into PGG,. Then, ¢ Peroxidase

a peroxidase activity catalyzes the reduction of PGG; PGH,
into PGH,. PGH, is the precursor of PGD, PGE,,

PGF.. PG, and thromboxane A, (TXA,), which are PGDf{/ ?

Fig. 1. Pathway of protaglandin biosynthesis Fo 5 Pk
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synthesized via cell-specific synthases. PGs are import-
ant mediators of inflammation. In addition, they play
a critical role in the protection of the gastrointestinal
mucosa and in the regulation of renal homeostasis.

Prostaglandins in Inflammation
and Homeostasis Regulation

Progtaglandins mediate various manifegations of the
inflammatory response, including fever, hyperalgesia, in-
crease in vascular permeability and edema. In the intestine,
PGs influence matility and secretion and they stimulate
diarrhea by promoting chloride secretion and blocking so-
dium absorption in epithdia cdls™. PGs are involved in
anumber of inflammatory conditions and diseases, such as
arthritis®, skin inflanmation where PGs potentiate the in-
flammatory actions of platelet-activating factor (PAF)® and
asthma where PGD, mediate bronchoconstriction®. Classic
nonsteroidal anti-inflammatory drugs (NSAIDs) block PG
gynthesis by inhibiting bath COX-1 and COX-2 enzymatic
activities. They display anti-inflammatory, analgesic, and
antipyretic propertiest. NSAIDs are widely prescribed for
the trestment of many conditions, including rheumatoid
arthritis, osteoarthritis, gouty arthritis, the joint and muscle
discomfort associated with systemic lupus erythematosus,
and other musculoskeleta disorders™.

The role of PGs in the gastrointestind tract is more
confusing. Dramatic increases in mucosal PG synthesis
correlate with disease activity of the human inflammeatory
bowel disease (IBD) and of experimental colitis® > .
However, PGs also exert a protective role against ga-
strointestinal injury®, possibly by down-regulating the
expression of proinflammatory cytokines® %2 Indeed,
experimental colitis can be attenuated by pretreatment
with exogenous PGs> 2 and PGE; plays a major role
in the regeneration of the epithelial crypts following
intestinal damage induced in mice by radiation’ and by
the chemical dextran sodium sulfate (DSS)”% In gene-
tically susceptible rats, inhibition of PG synthesis by
the NSAID indomethacin induces acute and chronic
enterocolitis”. Similarly, active or passive immuniza-
tion with PGE,, PGE; and prostacyclin (PGI,) induces
gastrointestinal ulcers in rabbits> 8,

In addition, PGs are important physiological modu-
lators of vascular tone and salt and water homeostasis
in the normal mammalian kidney®.

Adverse Effects of NSAIDs
in the Gastrointestinal Tract

More evidence for a protective role of PGs in the
gastrointestinal mucosa is supported by the clinical

O. Morteau: Prostaglandins in Inflammation

side-effects of NSAIDs on the digestive tract* *. The
most serious side-effects of NSAIDs involve gastro-
duodenal perforations and massive hemorrhage> . Ac-
cording to BiarnAsoN and MACPHERSON®, 70% of pa-
tients receiving NSAIDs in the long term suffer from
small intestina inflammation, which leads to aloss in
blood and proteins. NSAIDs have been held responsible
for 12 000 ulcer bleeding episodes and 1200 deaths per
annum in the United Kingdom?®. Other side-effects of
NSAIDs include suppression of hemostasis through in-
hibition of platelet aggregation, adverse effects in pa-
tients with heart failure and cirrhosis and those with
certain rena diseases, as well as complicating therapies
involving diuretics or B-adrenoceptor blockade™.

The adverse effects of classic NSAIDs are partly
independent of COX inhibition. For example, NSAIDs
may intercalate into the lipid bilayer of the plasma
membrane and thereby disrupt protein-protein and pro-
tein-lipid interactions critical to cell responses, such as
calcium translocations and membrane phospholipid
turnover’. Some NSAIDs may exert direct inhibitory
actions at a regulatory G protein within the plasma
membrane!. NSAIDs may also inhibit mitochondrial
oxidative phosphorylation®. In addition to the inhibi-
tion of COX activity, some NSAIDs also inhibit the
lipoxygenase pathway that leads to the formation of
leukotrienes®. In addition, it has been suggested that the
analgesic effect of NSAIDs is mediated at central level
through the action of endogenous opioid peptides or the
blockade of the release of serotonin®.

The COX-1/COX-2 Dichotomy:
a New Concept for Safer Drugs

Two 70 kDaisoforms of COX (COX-1 and COX-2)
encoded by two distinct genes have been identified®® 3+
52,75, 76. 78 Opposite roles have been attributed to these
two isoforms, based on major differences in the regu-
lation of their expression. COX-1, whose expression is
constitutive in most tissues and unaffected by glucocor-
ticoids, is thought to maintain physiological homeos-
tasisin the gastrointestinal tract. By contrast, COX-2is
only constitutive in parts of the kidney and of the brain,
in fetal membranes and in the uterus during pregnancy,
and in endothelial cells, smooth muscle cells, osteo-
blasts, mesangial cells and rheumatoid synoviocytes. In
all other tissues and cells, COX-2 isinducible by a var-
iety of mitogens, tumor promoters and proinflammatory
stimuli, including bacteria factors and cytokines (for
review, see®). In human and murine fibroblasts, COX-2
expression can be induced by TPA, serum, interleukin
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-1B (IL-1pB), tumor necrosis factor a (TNF-a), epider-
mal growth factor (EGF) and platelet-derived growth
factor. In the human and murine macrophage, COX-2
is inducible by lipopolysaccharides, interferon y (IFN-y)
and IL-1-B. In gastrointestinal epithelial cells, COX-2
expression can be induced by EGF and transforming
growth factor 3. The induction of COX-2 expression
by TNF-a in colonic epithelial cellsis mediated by the
activation of the nuclear factor NF-kB?’, a major tran-
scription factor for cytokines. COX-2 over-expression
in rat epithelial cell lines inhibits the expression of cy-
toprotective heat-shock proteins'?. In addition, COX-2
MRNA and protein expressions are inhibited at both
transcriptional and post-transcriptional levels by gluco-
corticoids such as cortisol and dexamethasone®™ * .
Based on these differences in expression, the con-
cept of “a pro-inflammatory COX-2” versus a “protec-
tive COX-1" rapidly emerged® ® ®. This dichotomy
has provided an explanation to the ulcerogenic actions
of the classical NSAIDs, which inhibit both COX-1 and
COX-2 isoforms®. The anti-inflammatory properties of
NSAIDs were explained by the inhibition of COX-2-
-derived pro-inflammatory PGs, while the side-effects
of these drugs on the gastrointestinal mucosa were ex-
plained by the inhibition of a constitutive pool of COX-
-1-derived protective PGs (Fig. 2). This theory implied
the existence of two distinct sets of PGs with opposite
actions, depending on their cellular origin and on the
nature of the target organ. As a direct consegquence,
selective inhibitors of COX-2 activity were developed,
in the hope that they would display similar anti-inflam-
matory properties to classical NSAIDs while being
safer for the gastrointestinal mucosa. Selective COX-2
inhibitors have been reported to reduce air pouch and
foot pad experimental inflammation in anima models
without causing gastrointestinal injury, in contrast to

Arachidonic acid

COX-1 COX-2
“Protective” “Pro-inflammatory”
PG PG
P2 ¢ D ShiliP- ¢
\ / \
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Fig. 2. Dichotomy between “protective” COX-1 and “pro-inflam-
matory COX-2" and inhibitory actions of classic NSAIDs and of
slective COX-2 inhibitors
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classicad NSAIDs* . Severa recent clinica trias
have confirmed the safety of selective COX-2 inhibi-
tors. The selective COX-2 inhibitors rofecoxib and
celecoxib caused significantly less gastroduodenal ul-
ceration than classic NSAIDs in patients with os-
teoarthritis or rheumatoid arthritis while displaying

equivalent anti-inflammatory and analgesic efficacy®®
38, 41, 73

COX Knock-Out Mice:
a Complement to Phar macologic Studies

In complement to the selective COX-2 inhibitors,
mice genetically deficient in COX-1% and in COX-2%
have been important tools for investigating the relative
contribution of both COX isoforms in inflammation
and in physiological processes such as pregnancy, kid-
ney development and carcinogenesis.

In a model of ear inflammation induced by AA,
COX-17" but not COX-27-, mice exhibited a 70% re-
duction in edema when compared with wild-type
mice™, suggesting that COX-1 may mediate the initial
inflammatory response to an agent that causesrapid AA
release®. COX-deficient and wild-type mice were
equally affected in a model of ear inflammation in-
duced by the tumor promoter TPA% 47, Furthermore,
COX-2" and wild-type mice exhibited similar respon-
sesin amode of paw edemainduced by carrageenan’® ™.
However, indomethacin, but not a selective COX-2 in-
hibitor, significantly inhibited carrageenan-induced
edema in both wild-type and COX-2"~ mice’, indicat-
ing that significant inhibition of PG synthesis occurs
only at NSAID doses that also inhibit COX-1*. In the
carrageenan-induced air pouch model, both COX-2
deficiency and pharmacologic COX-2 inhibition** °
were shown to be the main pathway for PG production
during the early stages of inflammation, with COX-1
contributing about 25% of the PGs produced™®. Recent-
ly, alergic lung responses were reported to be increased
in both COX-1- and COX-2-deficient mice'®. In this
study, COX-1 was shown to be the mgjor source of
PGE; in the norma mouse lung, both COX-1 and
COX-2 productslimited allergic lung inflammation and
IgE secretion and promoted normal lung function, and
airway inflammation could be dissociated from airway
hyperresponsiveness in COX-27~ mice's. Taken to-
gether, these observations suggest that both COX-1 and
COX-2 contribute to the inflammatory response and
that the extent to which each isoform contributes PGs
may depend on the inflammatory stimuli, the time after
insult, and the relative levels of each isoform in the
target tissue™.
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COX-2 in Gastrointeginal Inflammation:
a Protective Role

The first pieces of evidence supporting a beneficial
role for COX-2 in gastrointestina inflammation were
brought by experimental studies in rodents. Using
amodel of colitis induced in rats by rectal administra-
tion of 2,4,6-trinitrobenzene sulfonic acid (TNBS) in
50% ethanol, ReuTER €t al.>® demonstrated that the se-
verity of the disease is exacerbated by the administra-
tion of the selective COX-2 inhibitor etodolac. Follow-
ing this observation, Mizuno et al.* showed that
selective inhibition of COX-2 by NS-398 delays the
healing of gastric ulcersinduced by acetic acid in mice.
This study was in agreement with two other reports that
selective COX-2 inhibitors can delay gastric ulcer heal-
ing in rats® and increase the severity of stress-induced
gastric ulcers in rats™.

In complement to these observations, we have in-
vestigated the impact of either the COX-1° or COX-2%
genetic deficiency on the severity of murine calitis in-
duced by oral administration of DSS™. Naive, untreated
COX-17~ and COX-2"~ mice did not display any fea-
ture of spontaneous intestinal inflammation, even-
though basal gastrointestina tissue levels of PGE, were
barely detectable in the COX-17- mice when compared
with naive wild-type and COX-27~ mice®®. This con-
firmed that COX-1 is the constitutive source of PGsin
the normal gastrointestinal mucosa and that neither
COX-1 nor COX-2 activity alone is required to main-
tain mucosal homeostasis in the absence of injurious
stimuli. When treated with DSS, wild-type, COX-17~
and COX-27-miceall exhibited colitis characterized by
progressive body weight loss and bloody diarrhea
COX-17- and COX-27~ were significantly more af-
fected than wild-type mice, with higher clinical scores
and decreased survival, and the disease was more
severe in the COX-27- than in the COX-17~ mice.
COX-27~ mice exhibited significant blood changes,
macroscopic aterations of the colon and spleen and
a significant increase in colonic epithelial damage. In
addition, the severity of DSS-induced colitis was
exacerbated in COX-17~ mice treated with a selective
COX-2inhibitor®. It was argued that intestinal PG pro-
duction might be abnormally regulated in COX-1 and
COX-2 knock-outs and that these mice might display
compensatory metabolic pathways. This was described
in immortalized, nontransformed lung fibroblasts from
COX-17- and COX-27- mice, where the remaining
functional COX isoform is overexpressed in response
to IL-1, leading to a relative increase in PGE, produc-
tion®L. These cells also express cytosolic phospholipase
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A, in both unstimulated and IL-1-stimulated condi-
tions®. However, colonic PGE, production in our
colitis model was dramatically increased in both wild-
-type and COX-17" mice, but not in COX-2 knock-
-outs®. Thisimplied that COX-2 is the major source of
PGs during colitis and that there is no compensatory
metabolic pathway in the colons of these knock-out
mice. Taken together, our observations demonstrated
that both COX-1 and COX-2 isoforms play a protective
role during intestinal inflammation, although neither
isoform alone is required to maintain basal mucosal
homeostasis in normal conditions.

The mechanisms of action of COX-1 and COX-2in
intestinal injury are still under investigation. PGE; in-
hibits the secretion of the proinflammatory cytokines
IL-1 and TNF-a by stimulated human® and murine®
monocytes, providing one mechanism of mucosal pro-
tection during inflammation. This hypothesis is sup-
ported by our observation that the inflamed colons of
DSS-treated COX -2~ mice produce significantly more
IL-1f3 and less PGE; than the inflamed colons of DSS-
treated wild-type mice®™. The recent observation that
both selective COX-2 inhibitors and classic NSAIDs
can inhibit angiogenesis through direct effects on endo-
thelial cells indicates that COX-2 is important for the
regulation of angiogenesis and provides a possible
mechanism for the positive role of COX-2 in gastroin-
testinal protection®,

COX-2 in Oral Tolerance: a Modulator
of the Intestinal Immune Response

Besides its protective role in experimental gastritis
and colitis, COX-2 has recently been reported to medi-
ate oral immunologic tolerance to a dietary antigen in
T cell receptor (TCR) mutant mice™. Ora tolerance,
a state of immunologic hyporesponsiveness to dietary
antigens, is the protective mechanism by which the im-
mune response of the intestinal epithelium to dietary
antigens is effectively modulated through activation of
specific subsets of T lymphocytes. In the study of New-
BERRY €t al.%!, oral administration of a specific dietary
antigen to TCR transgenic mice resulted in no intestinal
pathology, while coadministration of the antigen and of
selective COX-2 inhibitors induced an intestinal in-
flammation characterized by villus erosion, crypt ex-
pansion and proliferation of lamina propria mononu-
clear cells (LPMNCs). Furthermore, LPMNCs from
COX-27- mice produced less than 1% of the PGE, pro-
duced by wild-type or COX-17~ LPMNCs, which dem-
onstrates that the high levels of PGE, produced by
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LPMNCs during ora tolerance depend on the function
of COX-2 but not COX-1%. This study suggests that
COX-2 may promote intestinal mucosal protection by
suppressing pathogenic cellular immune responses to
luminal bacterial antigens which perpetuate intestinal
inflammation®. This provides a complementary mech-
anism to explain the protective action of COX-2 during
intestinal inflammation.

Selective COX-2 Inhibitors:
More Concern... More Hope

Taken together, the data on experimental colitis
raise the concern that selective COX-2 inhibitors may
be harmful in patients with a history of gastric or intes-
tina inflammation. A typica example would be pa-
tients with IBD treated for extra-intestinal manifesta-
tions of the disease, like arthritis. Raising a more
general concern, it has recently been suggested that
COX-2 plays both a pro-inflammatory and an anti-in-
flammatory role, depending on the stage of the inflam-
matory response®’. In a model of carrageenan-induced
pleurisy in rats, both the selective COX-2 inhibitor NS-
-398 and the dual COX-1/COX-2 inhibitor indometh-
acin inhibited inflammation at 2 h and exacerbated in-
flammation at 48 h. It was concluded that COX-2 may
be pro-inflammatory in the polymorphonuclear leuko-
cyte-dominated, early phase of a carrageenan-induced
pleurisy, and may regulate resolution in the later, mi-
grating mononuclear cell-dominated phase, by genera-
ting an alternate set of PGs such as those of the cy-
clopentenone family (PGD, and 15deoxyA>*PGJ,)"".

The kidney may be another source of concern re-
lated to the use of selective COX-2 inhibitors. In con-
trast to most organs, the normal kidney constitutively
expresses both COX isoforms and their respective roles
inrena physiology are still under investigation. COX-2
expression is enhanced in the early phase of mesangio-
proliferative glomerulonephritis in rats, suggesting that
COX-2 may play a mgjor role in the mediation of in-
flammatory cell recruitment in this disease and that se-
lective inhibition of COX-2 might reduce nephrotoxic
side effects in rena inflammation®. However, studies
indicate that COX-2 may also play an important role in
the regulation of salt, volume, and blood pressure ho-
meostasis, through regulation of renin release?’. Fur-
thermore, observations in the COX-27~ mice suggest
that COX-2 isacritical factor in the postnatal develop-
ment of the kidney'® 4. As stated by ScHnEIDER and
SraHL®, the exact physiological role of COX-2 in
human kidneys is still unclear, and there is no current
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evidence justifying the use of COX-2 inhibitorsin renal
disease.

An adverse response to COX-2 inhibition has also
been recently demonstrated in the brain. A selective
COX-2 inhibitor has been shown to aggravate ex-
perimental seizure and neuronal cell death in the hip-
pocampus of mice treated with kainic acid®. Although
this observation is isolated, it warns us of the potential
side effects of COX-2 inhibitors on the central nervous
system.

In contrast to these studies, it has been suggested
that selective COX-2 inhibitors may be useful as anti-
-tumoral drugs'®>. COX-2 is thought to play a role in
colorectal tumorigenesis': 2 37 8. 6. 73 and both
genetic and pharmacologic inhibition of COX-2 sup-
press intestinal polyposis in Apc?® deficient mice,
amodd of familia adenomatous polyposis™. However,
COX null fibroblasts derived from embryos deficient in
both COX-1 and COX-2 still undergo neoplastic trans-
formation and NSAIDs exerts anti-tumorigenic proper-
ties in these cells, which suggests that some of the
anti-proliferative and anti-neoplastic properties of
NSAIDs are independent of the inhibition of either
COX-1 or COX-2, and that transformation is inde-
pendent of the status of COX expression’. Very recent-
ly, it was shown that both selective COX-2 inhibitors
and classic NSAIDs can inhibit angiogenesis through
direct effects on endothelia cells involving both
PG-dependent and PG-independent components®®. This
suggests a possible application of COX-2 inhibitors in
cancer therapy®. Although more informations are
needed on the role of COX-2 in cancer, selective COX-2
inhibitors are expected to bring promising chemothera-
peutic effects’.

In summary, combined observations based on the
effects of classic NSAIDs, of selective COX-2 inhibi-
tors and of the genetic absence of either COX-1 or
COX-2 have been very helpful in investigating the
relative roles of PGsin inflammation. Although COX-2
is the major source of proinflammatory PGs during
inflammeation in most organs, thereis evidence that COX-1
is also involved, depending on the nature of the in-
flammatory stimuli and on the organ where the in-
flammation takes place. COX-2 is protective during
gastrointestinal inflammation and may display anti-in-
flammatory actions in other organs, depending on the
stage of the inflammatory response. Although selective
COX-2 inhibitors are powerful anti-inflammatory drugs
and may become anticancerous agents, their potential
side effects on the inflamed gastrointestinal mucosa, on
the kidney and on the brain should be further investi-
gated.



478

References

1

2.

10.

11

12.

13.

14.

15.

16.

ABRAMSON S. (1991): Therapy with and mechanisms of nonste-
roidd anti-inflammatory drugs. Curr. Opin. Rheumatol., 3, 336-340.
ALLGAYER H., DESCHRYVER K. and STENSON W. F. (1989):
Treatment with 16,16’ -dimethyl PGE2 before and after induc-
tion of colitis with trinitrobenzene sulfonic acid in rats de-
creases inflammation. Gastroenterology, 96, 1290-1300.

. Bak E. J,, Kim E. J, LEE S. H. and MooN C. (1999): Cyclooxy-

genase-2 selective inhibitors aggravate kainic acid induced
seizure and neuronal death in the hippocampus. Brain Res., 843,
118-129.

. BJARNASON |., HAYLLAR J., MACPHERSON A. J. and RUSSELL A. S.

(1993): Side effects of nonsteroidal anti-inflammatory drugs on
the small and large intestine in humans. Gastroenterology, 104,
1832-1847.

. BJARNASON |. and MACPHERSON A. (1989): The changing ga-

strointestinal side effect profile of non-steroidal anti-inflamma-
tory drugs. A new approach for the prevention of a new prob-
lem. Scand. J. Gastroenterol., 163 (suppl.), 56-64.

. CASHMAN J. N. (1996): The mechanisms of action of NSAIDs

in analgesia. Drugs, 52 (suppl.), 13-23.

. COHN S. M., SCHLOEMAN S., TESSNER T., SEIBERT K. and

STENSON W. F. (1997): Crypt stem cell survivd in the mouse
intestinal epithelium is regulated by prostaglandins synthesized
through cyclooxygenase-1. J. Clin. Invest., 99, 1367-1379.

. CROFFORD L. J. (1999): COX-2 in synovial tissues. Osteoarth-

ritis Cartilage, 7, 406—408.

. DEwiTT D. L., MEADE E. A. and SmITH W. L. (1993): PGH

synthase isoenzyme selectivity: the potential for safer nonste-
roidal antiinflammatory drugs. Am. J. Med., 95, 40S-44S.
DiNcHUK J. E., CAR B. D., FocHT R. J., JOHNSTON J. J., JAFFEE
B. D., CoviNgTON M. B., CONTEL N. R, ENG V. M., COLLINSR. J,
CzerNIAK P. M., GORRY S. A. and TRzaskos J. M. (1995):
Renal abnormalities and an altered inflammatory response in
mice lacking cyclooxygenase I1. Nature, 378, 406—409.
EBERHART C. E., CorrEY R. J,, RADHIKA A., GIARDIELLO F. M.,
FERRENBACH S. and DuBois R. N. (1994): Up-regulation of cy-
clooxygenase 2 gene expression in human colorectal adenomas
and adenocarcinomas. Gastroenterology, 107, 1183-1188.
ETHRIDGE R. T., HELLMICH M. R., DuBois R. N. and EVERS
B. M. (1998): Inhibition of heat-shock protein 70 induction in
intestinal cells overexpressing cyclooxygenase 2. Gastroentero-
logy, 115, 1454-1463.

FeporAK R. N., EMPEY L. R., MACARTHUR C. and JEwWELL L. D.
(1990): Misoprostol provides a colonic mucosal protective ef-
fect during acetic acid-induced colitisin rats. Gastroenterology,
98, 615-625.

Futaki N., ArAI |., HAMASAKA Y., TAKAHASHI S., HIGUCHI S.
and Otomo S. (1993): Selective inhibition of NS-398 on pros-
tanoid production in inflamed tissue in rat carrageenan-air-pouch
inflammation. J. Pharm. Pharmacol., 45, 753-755.

FuTaki N., TAKAHASHI S., YOKOYAMA M., ARAI |., HIGUCHI S.
and OToMO S. (1994): NS-398, a new anti-inflammatory agent,
selectively inhibits prostaglandin G/H synthase/cyclooxygenase
(COX-2) activity in vitro. Prostaglandins, 47, 55-59.

GAVETT S. H., MADISON S. L., CHULADA P. C., SCARBOROUGH
P. E., Qu W,, BovLE J. E., TiANO H. F.,, LEE C. A., LANGEN-
BACH R., RoGGLI V. L. and ZELDIN D. C. (1999): Allergic lung
responses are increased in prostaglandin H synthase-deficient
mice. J. Clin. Invest., 104, 721-732.

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

31.

32.

34

O. Morteau: Prostaglandins in Inflammation

GILrROY D. W., CoLVILLE-NASH P. R., WiLLIS D., CHIVERS J.,
PauL-CLARK M. J. and WiLLOUGHBY D. A. (1999): Inducible
cyclooxygenase may have anti-inflammatory properties. Nat.
Med., 5, 698-701.

GOLDENBERG M. M. (1999): Celecoxib, a selective cyclooxy-

genase-2 inhibitor for the treatment of rheumatoid arthritis and

osteoarthritis. Clin. Ther., 21, 1497-1513.

GoTTLIEB S. (1999): COX-2 inhibitors might be useful in

cancer prevention. BMJ, 319, 1155.

GREAVES M. W. and CamP R. D. (1988): Prostaglandins, leu-

kotrienes, phospholipase, platelet activating factor, and cyto-

kines: an integrated approach to inflammation of human skin.

Arch. Dermatol. Res., 280 (suppl.), S33-41.

HARDING P., SeMoN D. H., ALFIE M. E., HuANG P. L., FisH-

MAN M. C., BEIERWALTES W. H. and CARRETERO O. A. (1997):

Cyclooxygenase-2 mediates increased renal renin content in-

duced by low-sodium diet. Hypertension, 29, 297-302.

HARRIS R. C., WANG J. L., CHENG H. F., ZHANG M. Z. and

McKANNA J. A. (1998): Prostaglandins in macula densa func-

tions. Kidney Int., 67 (suppl.), S49-S52.

HAwkEey C. J (1996): Non-steroidal anti-inflammatory drug

gastropathy: causes and treatment. Scand. J. Gastroenterol., 220

(suppl.), 124-127.

HENDERSON W. J. JR. (1991): Eicosanoids and platelet-activat-

ing factor in alergic respiratory diseases. Am. Rev. Respir.

Dis., 143, S86-S90.

HERsCHMAN H. R. (1996): Prostaglandin synthase 2. Biochim.

Biophys. Acta, 1299, 125-140.

HouLT J. R. S. and Moore P. K. (1978): Sulphasalazine is

a potent inhibitor of prostaglandin 15 hydroxydehydrogenase:

possible basis for therapeutic action in ulcerative colitis. Br.

J. Pharmacol., 64, 6-8.

JoBIN C., MORTEAU O., HAN D. S, and SARTOR R. B. (1998):

Specific NF-kappa B blockade sdlectively inhibits tumour ne-

crosis factor-al pha-induced COX-2 but not constitutive COX-1

gene expression in HT-29 cells. Immunology, 95, 537-543.

JoNES M. K., WANG H., PEskAR B. M., LEVIN E., ITANI R. M,

SARFEH |. J. and TARNAWSKI A. S. (1999): Inhibition of an-

giogenesis by nonsteroidal anti-inflammatory drugs: insight

into mechanisms and implications for cancer growth and ulcer

healing. Nat. Med., 5, 1418-1423.

KARGMAN S. L., O'NEILL G. P, VICKERS P. J,, EVANS J. F,,

MANCINI J. A. and JOTHY S. (1995): Expression of prostaglan-

din G/H synthase-1 and -2 protein in human colon cancer.

Cancer Res,, 55, 2556-2559.

. KAUFMANN H. J. and TAuBIN H. L. (1987): Nonsteroidal anti-

-inflammatory drugs activate quiescent inflammatory bowel

disease. Ann. Intern. Med., 107, 513-516.

KIRTIKARA K., MORHAM S. G., RAGHOW R., LAULEDERKIND

J. F., KANEKURA T., GOorRHA S. and BaLLou L. R. (1998):

Compensatory prostaglandin Ez biosynthesis in cyclooxyge-

nase 1 or 2 null cels. J. Exp. Med., 187, 517-523.

KNUDSEN P. J.,, DINARELLO C. and STRoM T. B. (1986): Pros-

taglandin posttranscriptionally inhibit monocyte expression of

interleukin 1 activity by increasing intracellular cyclic adeno-

sine monophosphate. J. Immunol., 137, 3189-3194.

. KRAEMER S. A., MEADE E. A. and DEwITT D. L. (1992): Pros-
taglandin endoperoxide synthase gene structure: identification
of the transcriptional start site and 5i-flanking regulatory se-
quences. Arch. Biochem. Biophys., 293, 391-400.

. KuauBu D. A., FLETCHER B. S., VARNUM B. C., Lim R. W. and



35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

. Morteau: Prostaglandins in Inflammation

HERSCHMAN H. R. (1991): TIS10, a phorbol ester tumor pro-
moter-inducible mRNA from Swiss 3T3 cells, encodes a novel
prostaglandin synthase/cyclooxygenase homologue. J. Bial.
Chem., 266, 12866-12872.

Kuausu D. A. and HERSCHMAN H. (1992): Dexamethasone in-
hibits mitogen induction of the TIS10 prostaglandin syn-
thase/cyclooxygenase gene. J. Biol. Chem., 267, 7991-7994.
KUNKEL S. L., CHENSUE S. W. and PHAN S. H. (1986): Prosta-
glandins as endogenous mediators of interleukin-1 production.
J. Immunol., 136, 186-192.

KuTtcHErRA W., JoNES D. A., MATSUNAMI N., GRODEN J,
MCINTYRE T. M., ZIMMERMAN G. A., WHITE R. L. and PrRes-
COTT S. M. (1996): Prostaglandin H synthase 2 is expressed ab-
normally in human colon cancer: evidence for a transcriptional
effect. Proc. Natl. Acad. Sci. USA, 93, 4816-4820.

LAINE L., HARPER S, SIMON T., BATH R., JOHANSON J,
SCHWARTZ H., STERN S., QUAN H. and BOLOGNESE J. (1999):
A randomized trial comparing the effect of rofecoxib, a cy-
clooxygenase 2-specific inhibitor, with that of ibuprofen on the
gastroduodenal mucosa of patients with osteoarthritis. Ga-
stroenterology, 117, 776-783.

LANGENBACH R., LOFTIN C., LEE C. and TiANO H. (1999): Cy-
clooxygenase knockout mice. Models for eucidating isoform-
-specific functions. Biochem. Pharmacol., 58, 1237-1246.
LANGENBACH R., MORHAM S. G., TiIANO H. F., LoFTIN C. D,,
GHANAYEM B. I., CHULADA P. C., MAHLER J. F.,, LEE C. A,,
GOoULDING E. H., KLuckmAN K. D., Kim H. S. and SMITHIES
0. (1995): Prostaglandin synthase 1 gene disruption in mice
reduces arachidonic acid-induced inflammation and indometh-
acin-induced gastric ulceration. Cell, 83, 483-492.

LANGMAN M. J., JENSEN D. M., WATSON D. J, HARFER S. E.,
ZHAO P. L., QuAaN H., BoLoeNESE J A. and SIMON
T. J. (1999): Adverse upper gastrointestinal effects of rofecoxib
compared with NSAIDs. JAMA, 282, 1929-1933.
MARCINKIEWICZ J. (1991): In vitro cytokine release by acti-
vated murine peritoneal macrophages: role of prostaglandinsin
the differential regulation of tumor necrosis factor a, inter-
leukin 1 and interleukin 6. Cytokine, 3, 327-332.

MASFERRER J. L., SEIBERT K., ZWEIFEL B. and NEEDLEMAN P.
(1992): Endogenous glucocorticoids regulate an inducible cy-
clooxygenase enzyme. Proc. Natl. Acad. Sci. USA, 89, 3917-3921.

. MASFERRER J. L., ZWEIFEL B. S., MANNING P. T., HAUSER S. D.,

LEAHY K. M., SmiTH W. G,, IsaksoN P. C. and SEIBERT K.
(1994): Selective inhibition of inducible cyclooxygenase. Proc.
Natl. Acad. Sci USA, 91, 3228-3232.

MEeADE E. A., SMiTH W. L. and DewiTT D. L. (1993): Dif-
ferential inhibition of prostaglandin endoperoxide synthase (cy-
clooxygenase) by aspirin and other non-steroidal anti-inflam-
matory drugs. J. Biol. Chem., 268, 6610-6614.

MizuNo H., SakamoTo C., MATSUDA K., WADA K., UCHIDA
T., NoGgucHI H., AkKaMATSU T. and KAsUGA M. (1997): Induc-
tion of cyclooxygenase 2 in gastric mucosal lesions and its
inhibition by the specific antagonist delays healing in mice.
Gastroenterology, 112, 645-648.

MoRrHAM S. G., LANGENBACH R., LoFTIN C. D., TIANO H. F,,
VOULOUMANOS N., JENNETTE J. C., MAHLER J. F., KLUCKMAN
K. D., LEDFORD A, LEE C. A. and SMITHIES O. (1995): Prosta-
glandin synthase 2 gene disruption causes severe rend patho-
logy in the mouse. Cell, 83, 473-482.

MOoRTEAU O. (1999): COX-2: promoting tolerance. Nat. Med.,
5, 867-868.

6 — Archivum Immunologiae... 6/2000

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

479

MoRTEAU O., MORHAM S. G., SELLON R., LANGENBACH R.,
SMITHIES O. and SARTOR R. B. (2000): Impaired mucosal
defense to acute colonic injury in mice lacking cyclooxygenase-1
or cyclooxygenase-2. J. Clin. Invest., 105, 469-478.
NAKATTSUGI S., TERADA N., YOSHIMURA T., HORIE Y. and
FURUKAWA M. (1996): Effects of nimesulide, a preferentia cy-
clooxygenase-2 inhibitor, on carrageenan-induced pleurisy and
stress-induced gastric lesions in rats. Prostaglandins Leukot.
Essent. Fatty Acids, 55, 395-402.

NEWBERRY R. D., STENSON W. F. and LORENZ R. G. (1999):
Cyclooxygenase-2-dependent arachidonic acid metabolites are
essential modulators of the intestinal immune response to die-
tary antigen. Nat. Med., 5, 900-906.

O'BANION M. K., SabowskI H. B., WINN V. and YOUNG D. A.
(1991): A serum- and glucocorticoid-regulated 4-kilobase
mRNA encodes a cyclooxygenase-related protein. J. Biol.
Chem., 266, 23261-23267.

OLsON G. A., LEFFLER C. W. and FLETCHER A. M. (1985): Ga-
stroduodenal ulceration in rabbits producing antibodies to pros-
taglandins. Prostaglandins, 29, 475-480.

. OsHIMA M., DINCHUK J. E., KARGMAN S. L., OsHIMA H., HAN-

cock B., KwWoNG E., TRzakos J. M., Evans J. F. and TAKETO
M. M. (1996): Suppression of intestinal polyposis in ApcA716
knockout mice by inhibition of cyclooxygenase 2 (COX-2).
Cell, 87, 803-8009.

RacHMILEWITZ D., SMON P. L., ScHWARTZ L. W., GRisoLD D. E.,
FONDACARO J. D. and WASSERMAN M. A. (1989): Inflamma-
tory mediators of experimental colitisin rats. Gastroenterology,
97, 326-327.

RAsKIN J. B. (1999): Gastrointestinal effects of nonsteroidal
anti-inflammatory therapy. Am. J.. Med., 106, 3S-12S.

Raz A., WycHE A. and NEEDLEMAN P. (1989): Tempora and
pharmacological division of fibroblast cyclooxygenase express-
ion into transcriptional and translational phases. Proc. Natl.
Acad. Sci. USA, 86, 1657-1661.

REDFERN J. S, BLAIR A. J, LEE E. and FELDMAN M. (1987):
Gastrointestinal ulcer formation in rabbits immunized with
prostaglandin Ep. Gastroenterology, 93, 744—752.

ReUTER B. K., AsFaHA S., BURET A., SHARKEY K. A. and
WALLACE J. L. (1996): Exacerbation of inflammation-associ-
ated colonic injury in rat through inhibition of cyclooxygenase-2.
J. Clin. Invest., 98, 2076-2085.

SANO H., KAwAHITO Y., WILDER R. L., HASHIRAMOTO A.,
MuUKAI S., Asal K., KIMURA S, KATO H., Konbo M. and HLA T.
(1995): Expression of cyclooxygenase-1 and -2 in human colo-
rectal cancer. Cancer Res., 55, 3785-3789.

SARTOR R. B. and PoweLL D. W. (1991): Mechanisms of diar-
rhea in intestina inflammation and hypersensitivity: immune
system modulation of intestinal transport. In FIELD M. Diar-
rheal diseases. Elsevier, New York, 75-114.

ScHIFF S. J. and RiGas B. (1999): Aspirin for cancer. Nat.
Med., 5, 1348-1349.

SCHNEIDER A. and STAHL R. A. K. (1998): Cyclooxygenase-2
(COX-2) and the kidney: current status and potential perspec-
tives. Nephrol. Dial. Transplant., 13, 10-12.

. SEIBERT K. and MASFERRER J. L. (1994): Role of inducible cy-

clooxygenase (COX-2) in inflammation. Receptor, 4, 17-23.
SEIBERT K., MASFERRER J. L., ZHANG Y., GREGORY S., OLSON
G., HAUSER S., LEAHY K., PERKINS W. and ISAKSON P. (1995):
Mediation of inflammation by cyclooxygenase-2. Agents Ac-
tions, 46 (suppl.), 41-50.



480

66.

67.

68.

69.

70.

71

72.

73.

SEIBERT K., ZHANG Y., LEAHY K., HAUSER S., MASFERRER J.,
PERKINS W., LEE L. and IsaksoN P. (1994): Pharmacologica
and biochemical demonstartion of therole of cyclooxygenasein
inflammation and pain. Proc. Natl. Acad. Sci. USA, 91, 12013—
12017.

SHARON P., LicuMsky M., RACHMILEWITZ D. and Zor U.
(1978): Role of prostaglandins in ulcerative colitis. Enhanced
production during active disease and inhibition by sulfasale
zine. Gastroenterology, 75, 638-640.

SHEEHAN K. M., SHEAHAN K., O’ DONOGHUE D. P., MACSWEE-
NEY F., CoNROY R. M., FiITzGERALD D. J. and MURRAY F. E.
(1999): The relationship between cyclooxygenase-2 expression
and colorectal cancer. JAMA, 282, 1254-1257.

SHIGETA J., TAKAHASHI S. and OKABE S. (1998): Role of cy-
clooxygenase-2 in the heding of gastric ulcersin rats. J. Phar-
macol. Exp. Ther., 286, 1383-1390.

SIMON L. S, WEAVER A. L., GRAHAM D. Y., Kivitz A. J,, LIP-
skY P. E., HuBBARD R. C., IsaksoN P. C., VERBURG K. M., Yu
S. S, ZHAO W. W. and GEIs G. S. (1999): Anti-inflammatory
and upper gastrointestinal effects of celecoxib in rheumatoid
arthritis: a randomized controlled trial. JAMA, 282, 1921—
1928.

TAKETO M. M. (1998): Cyclooxygenase-2 inhibitors in tumo-
rigenesis (part 11). J. Natl. Cancer Inst., 90, 1609-1620.
TESSNER T. G., COHN S. M., SCHLOEMANN S. and STENSON W. F.
(1998): Prostaglandins prevent decreased epithelial cell prolife-
ration associated with dextran sodium sulfate injury in mice.
Gastroenterology, 115, 874-882.

Tsuail M. and Duois R. N. (1995): Alteration in cdlular adhe-

74.

75.

76.

7.

78.

79.

O. Morteau: Prostaglandins in Inflammation

sion and apoptosisin epithelial cells overexpressing prostaglan-
din endoperoxide synthase 2. Cdll, 83, 493-501.

WALLACE J. L., BAK A., MCKNIGHT W., ASFAHA S,, SHARKEY K. A.
and MACNAUGHTON W. K. (1998): Cyclooxygenase 1 con-
tributes to inflammatory responses in rats and mice: implica-
tions for gagtrointestingd toxicity. Gastroenterology, 115, 101-109.
WEN P. Z., WARDEN C., FLETCHER B. S., Kujusu D. A,
HErscHMAN H. R. and Lusis A. J. (1993): Chromosomal or-
ganization of the inducible and constitutive prostaglandin syn-
thase/cyclooxygenase genesin mouse. Genomics, 15, 458-460.
XIE W. L., CHIPMAN J. G., RoBERTSON D. L., ERIKSON R. L.
and SIMMONS D. L. (1991): Expression of a mitogen-respon-
sive gene encoding prostaglandin synthase is regulated by
mMRNA splicing. Proc. Natl. Acad. Sci. USA, 88, 2692—2696.
YAMADA T., DEITCH E., SPECIAN R. D., PERRY M. A., SARTOR
R. B. and GRisHAM M. B. (1993): Mechanisms of acute and
chronic intestinal inflammation induced by indomethacin. In-
flammation, 17, 641-662.

YokoyAMA C. and TANABE T. (1989): Cloning of human gene
encoding prostaglandin endoperoxide synthase and primary
structure of the enzyme. Biochem. Biophys. Res. Commun.
165, 888-894.

ZHANG X., MORHAM S. G., LANGENBACH R. and YouNnG D. A.
(1999): Malignant transformation and antineoplastic actions of
nonsteroidal antiinflammatory drugs (NSAIDs) on cyclooxyge-
nase-null embryo fibroblasts. J. Exp. Med., 190, 451-459.

Received in December 1999
Accepted in February 2000



