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The intestinal barrier becomes compromised during systemic inflammation, leading to the entry of luminal bacteria into
the host and gut origin sepsis. Pathogenesis and treatment of inflammatory gut barrier failure is an important problem in
critical care. In this study, we examined the role of cyclooxygenase-2 (COX-2), a key enzyme in the production of
inflammatory prostanoids, in gut barrier failure during experimental peritonitis in mice. I.p. injection of LPS or cecal
ligation and puncture (CLP) increased the levels of COX-2 and its product prostaglandin E2 (PGE2) in the ileal mucosa,
caused pathologic sloughing of the intestinal epithelium, increased passage of FITC-dextran and bacterial translocation
across the barrier, and increased internalization of the tight junction (TJ)-associated proteins junction-associated
molecule-A and zonula occludens-1. Luminal instillation of PGE2 in an isolated ileal loop increased transepithelial passage
of FITC-dextran. Low doses (0.5–1mg/kg), but not a higher dose (5mg/kg) of the specific COX-2 inhibitor Celecoxib
partially ameliorated the inflammatory gut barrier failure. These results demonstrate that high levels of COX-2-derived
PGE2 seen in the mucosa during peritonitis contribute to gut barrier failure, presumably by compromising TJs. Low doses
of specific COX-2 inhibitors may blunt this effect while preserving the homeostatic function of COX-2-derived
prostanoids. Low doses of COX-2 inhibitors may find use as an adjunct barrier-protecting therapy in critically ill patients.
Laboratory Investigation (2013) 93, 1265–1275; doi:10.1038/labinvest.2013.119; published online 14 October 2013
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The intestinal epithelium serves as a barrier that prevents
systemic entry of bacteria, toxins, and antigens. Derangement
of the gut barrier with its associated bacterial translocation
may have an important role in the pathogenesis of sepsis in
critically ill patients.1–4 Gut-origin sepsis may complicate
necrotizing enterocolitis5 shock,6–8 burns,9–11 trauma,12–14

and acute illness.15–17 Furthermore, inflammatory gut barrier
failure is a part of multiple organ dysfunction syndrome.3,18

Finding ways to prevent or ameliorate the inflammatory gut
barrier failure is therefore an important area of ongoing basic
and clinical research.

How inflammation leads to gut barrier failure is not well
understood. Barrier function of the intestinal epithelium
critically depends on tight junctions (TJ), the structures that
seal enterocyte borders. TJ consist of integral proteins
(occludin and claudins) that form a tight seal of the apical
intercellular space, and associated cytosolic proteins (zonula
occludens-1, ZO-1; and junction-associated molecule-A,

JAM-A) that connect the TJ to intracellular actinomyosin
complexes.19 TJ undergo continuous remodeling during
epithelial renewal, as evidenced by internalization and
redeposition of the junctional proteins.20 Under conditions
causing barrier breakdown, a dynamic balance between these
two opposing processes is shifted toward the internalization.
A variety of inflammatory factors including IL-1b,21,22 IL-4,23

IL-6,24 TNF,25–31 IFN-g,32–35 high mobility group B,36,37

nitric oxide,38–41 and inflammatory prostanoids42–45 each
can increase gut barrier permeability in vitro and/or in vivo,
indicating the multifactorial character of gut barrier failure.

Roles of prostanoids in gut barrier function under normal
and pathologic conditions are fairly complex. Prostanoids are
oxygenated fatty acids derived from membrane arachidonate
via the rate-limiting oxygenation and peroxidation reactions
catalyzed by COX-1 and COX-2 cyclooxygenases. As COX-1
COX-2 double KO mice die early postpartum, the cyclo-
oxygenase activity is essential.46 The main prostanoid in the
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intestine is prostaglandin E2 (PGE2).
47 Low levels of prosta-

noids produced under normal conditions by constitutive
expression of COX-1 and basal expression of COX-2 regulate
ion transport, intestinal secretion, cell migration, blood
vessel, and smooth muscle tone; they suppress the
production of inflammatory cytokines and are required for
barrier maintenance and intestinal homeostasis.48 High levels
of prostanoids resulting from transcriptional induction of
COX-2 during inflammation orchestrate the innate and
adaptive immune responses.49 They promote production of
nitric oxide and vasodilation,48 angiogenesis,50 hyper-
algesia,51,52 smooth muscle contraction,53 and enterocyte
proliferation.54 Increased expression of COX-2 is one of the
key factors in the pathogenesis of gut barrier failure during
inflammatory bowel disease55–57 and necrotizing entero-
colitis.58 Apparently, responses to low and high concen-
trations of prostanoids are quite different.

If high levels of prostanoids damage the gut barrier,
inhibition of prostanoid production may seem an obvious
treatment strategy. Under the assumption that protective
effects of low-level prostanoids are provided by COX-1,
COX-2 appears the preferred target. Indeed, under certain
scenarios COX-2 inhibitors have been reported to protect
the barrier.59–62 However, other studies have found that
COX-2 inhibitors do not protect but rather aggravate the
barrier damage in experimental colitis and necrotizing
enterocolitis.63–66 Moreover, specific COX-2 inhibitors have
been found to exhibit gut toxicity, albeit not to the extent of
nonspecific COX inhibitors.67,68 This is not surprising, as
both COX-1 and COX-2 are necessary for barrier protection
under adverse conditions,69,70 with COX-2 actually being
more important than COX-1 in this role.71 Thus, it might
seem that COX-2 inhibitors are not useful as a therapy for
inflammatory gut barrier failure.

We hypothesized that low doses of a specific inhibitor that
attenuate, rather than completely inhibit COX-2, would
protect the barrier during inflammation by dampening the
detrimental effects of high levels, yet preserving the beneficial
effects of low levels of COX-2 activity. This hypothesis was
tested using experimental peritonitis models in mice. LPS
injection or cecal ligation and puncture (CLP) increased the
expression of COX-2 and levels of PGE2 in the ileal mucosa
and caused barrier derangement. The barrier was also com-
promised by luminal instillation of PGE2. Low (0.5mg/kg)
but not high (5mg/kg) dose of the COX-2-specific inhibitor
Celecoxib significantly protected the barrier during perito-
nitis. Low doses of COX-2 inhibitors may thus find use as
adjunct barrier protection therapy in critically ill patients.

MATERIALS AND METHODS
Reagents and Antibodies
All chemicals were purchased from Sigma-Aldrich (St Louis,
MO, USA) unless otherwise stated. Commensal Escherichia
coli (E. coli) strain 35354T was obtained from ATCC
(Manassas, VA, USA) and transformed with the pUC18

plasmid to confer ampicillin resistance. Antibodies were
from the following suppliers: COX-2 (cat. 16016), EP1
(cat.101740), EP2 (cat. 101750), EP3 (cat. 101760), and EP4
(cat. 101755) receptors, Cayman Chemical (Ann Arbor, MI,
USA); iNOS (cat. 610432), BD Transduction Laboratories
(San Jose, CA, USA); ZO-1 (cat. B2129), Lifespan Biosciences
(Seattle, WA, USA), JAM-A (cat. 361700), Invitrogen
(Carlsbad, CA, USA); b-actin (cat. A1978), Sigma-Aldrich.
All primary antibodies were rabbit polyclonal except iNOS
and b-actin, which were mouse monoclonal. Secondary
antibodies for immunofluorescence (FITC or Texas Red-
conjugated donkey anti-rabbit) or western blot (horseradish
peroxidase-conjugated goat anti-rabbit or goat anti-mouse)
were from Jackson ImmunoResearch (West Grove, PA, USA).
PGE2 (cat. 514531) and IL-6 (cat. 583371) ELISA kits were
from Cayman Chemical.

Animals
All procedures were designed in adherence to the National
Institutes of Health Guidelines on Use of Laboratory Animals
and approved by the Institutional Animal Care and Use
Committee at Children’s Hospital Los Angeles. C57Bl/6J mice
were either bred in-house or purchased from Jackson Labs
(Sacramento, CA, USA). COX-2-deficient mice were pur-
chased from Jackson Labs and bred heterozygous. cox-2� /�

mice were derived from crosses involving cox-2þ /� parents.
Mice were genotyped as recommended by the supplier.
Healthy animals of both sexes, 8–12 weeks old and weighting
18–26 g were used in experiments. We did not observe signi-
ficant differences between sexes or between younger and
older animals in this study. Survival surgeries were performed
under isoflurane anesthesia and followed by buprenorphine
s.c. to minimize post-operative pain. Experimental perito-
nitis was induced by i.p. injection of 40mg/kg LPS from
E. coli 0127:B8 or by CLP.72 In the latter procedure, the
cecum was externalized through abdominal incision, tied
with a silk suture, and punctured two times with 21-gauge
needle. The cecum was returned to the peritoneal cavity and
incision closed with staples. Sham operation was performed
similarly but punctures were omitted.

Assessment of Barrier Function
Thirty minutes before the induction of peritonitis, mice were
orally gavaged with 200 ml of test mixture, normal saline (NS)
containing 22mg/ml FITC-Dextran, MW¼ 4 kDa, and
5� 108 cfu/ml ampicillin-resistant E. coli 35354T. Sixteen
hours post LPS injection or CLP, blood samples (B400 ml)
were collected by cardiac puncture. Serum was prepared by
centrifugation at 10 000� g for 10min. Concentrations of
FITC-dextran in serum were determined by fluorometry and
interpolation to standard curve. Mesenteric lymph nodes,
spleens, and livers were aseptically excised, weighted, ground
in a Dounce homogenizer, and serially diluted. Titers of
E. coli were determined by plating dilutions onto LB agar
supplemented with 100mg/l ampicillin.
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Effect of Luminally Instilled PGE2
Two hours before surgery, mice were gavaged with 200 ml of
22mg/ml FITC-dextran in NS. Isoflurane-anesthetized ani-
mals were placed on a warm pad. A 3 cm loop of terminal
ileum was externalized through abdominal incision and
clamped. Two hundred microliters of 50 mM PGE2 in NS
was injected into the lumen of the isolated loop through a
27-gauge needle. The externalized intestinal loop was covered
with moist gauze to prevent drying. Twenty-five minutes
after PGE2 treatment, the blood was collected for measuring
serum FITC-dextran.

Immunoflorescence Microscopy
Four micrometers paraffin sections of terminal ileum were
deparaffinized and rehydrated by boiling in 10mM sodium
citrate. After blocking with 5% normal donkey serum,
the sections were incubated with primary and secondary
Cy3-conjugated antibodies as recommended by manu-
facturers. Slides were mounted with DAPI mounting med-
ium. Images were acquired on an LSM 700 confocal system
mounted on an AxioObserver Z1 microscope equipped with
a � 40/1.3 Plan-NEOFLUAR oil-immersion lens and con-
trolled by ZEN 2009 software (Carl Zeiss Microimaging,
Thornwood, NY, USA). Fluorescence excitation lasers and
emission filters were 405 nm excitation with short-pass
490 nm emission for DAPI and 555 nm excitation with long-
pass 560 nm emission for Cy3. The confocal pinhole was set
to one Airy unit for Cy3. To increase the contiguous area that
was imaged, the optical zoom factor was set to 0.5 and
adjacent fields of view were tiled together with no over-
lap. For comparisons, sections were processed in parallel on
the same slide and images were acquired and adjusted
identically.

Western Blots
Mucosal scrapings from terminal ileum were extracted on ice
with buffer (20mM Tris pH 8.0, 100mM NaCl, 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with
0.5mM PMSF, 10 mg/ml leupeptin, 10 mg/ml aprotinin,
and 1mM benzamidine. Solubilized proteins (50 mg) were
separated by SDS-PAGE. Gels were electroblotted onto
nitrocellulose membranes, which were then blocked in
PBS-Tween with 2% fish gelatin, incubated with primary
antibody, washed, and incubated with horseradish peroxi-
dase-conjugated secondary antibody. After washing and
soaking in luminol-peroxide reagent, membranes were
exposed to X-ray film.

ELISA
Thirty milligrams (wet wt) of ileal mucosal scrapings were
homogenized with 1ml PBS supplemented with 0.5mM
PMSF in a Dounce homogenizer. The homogenate was
cleared by centrifugation. ELISA was performed using PGE2
and IL-6 kits as directed by their manufacturers.

Statistics
Quantitative data were compared using the Wilcoxon’s test or
Student’s t-test of the statistical software package JMP (Cary,
NC, USA). A P-value of r0.05 was considered significant.

RESULTS
Peritonitis is Associated with COX-2 Induction and High
Levels of Prostaglandin E2 in Ileal Mucosa
To gain insight into the mechanisms of inflammatory gut
barrier failure in vivo, we employed the two well-character-
ized mouse models of systemic inflammation/sepsis/perito-
nitis, i.p. injection of LPS and CLP. Each model has its
advantages and disadvantages: the former is more controlled
but less clinically relevant, whereas the opposite is true for the
latter. We reasoned that using two different models would at
least partially mitigate their disadvantages. The dose of LPS
or the parameters of the CLP procedure (number of punc-
tures and needle gauge) were adjusted to cause B50%
mortality in 36 h. Within hours after peritonitis-inducing
treatments, mice developed outward signs of fever including
lethargy, hunched posture, ruffled fur, and anorexia. By the
time of killing (16 h) over 96% of animals were alive.

Systemic inflammation is associated with high levels of
prostanoids resulting from upregulation of COX-2. We hypo-
thesized that high levels of COX-2-derived prostanoids,
particularly PGE2, might be directly responsible for the
increased gut barrier permeability. As prostanoids are meta-
bolically labile and act locally,73 such a mechanism would
imply induction of the COX-2 gene and increased
concentrations of PGE2 in the intestinal tissue. To test this,
we assessed expression of the COX-2 protein and measured
levels of PGE2 in the mucosa of the small intestine during
experimental peritonitis. As PGE2 is rapidly converted in vivo
into inactive stable metabolites 13,14-dihydro-15-keto
PGE2 and 13,14-dihydro-15-keto PGA2 (hereinafter PGE2
metabolites), actually the levels of these metabolites were
measured by the assay.

COX-2 protein levels in the ileal mucosa were markedly
elevated following LPS injection or CLP compared with NS
injection or sham operation, as judged by western blots
(Figure 1a). Consistent with high levels of COX-2, there
was also a significant increase in the production of PGE2 in
the mucosa (Figure 1b). Immunofluorescence microscopy
revealed that the bulk of COX-2 was induced in the epithe-
lium and in few cells within the lamina propria, presumably
lymphocytes (Figure 1c). Immunostaining for COX-2
was specific because no signal was detected in the intestinal
sections from cox2� /� mice (Figure 1c, Neg).

Responses to PGE2 are mediated by the four PGE
receptors, EP1-4. In order to test whether the intestinal
epithelium is capable of sensing PGE2, we performed
immunofluorescence analysis of EP receptor expression in
small intestinal sections. For all four receptors, highest levels
of expression were observed in the epithelium. For EP1, 2,
and 4, the signal was strongest at the luminal interface and
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somewhat weaker within enterocyte bodies; EP3 was largely
limited to crypt epithelium (Figure 1d). Intracellular EPs are
likely due to the ongoing receptor biogenesis and/or inter-
nalization. Immunostaining for EP receptors was specific
because no signal was detected if the primary antibody was
substituted for normal serum (Figure 1d, Neg). We did not
observe any consistent change in EP receptor expression
or localization associated with experimental peritonitis
(unpublished results). Taken together, these data indicate that
COX-2 is induced, and PGE2 levels increase in the mucosa
during experimental peritonitis. Moreover, enterocytes pos-
sess the full complement of PGE receptors to enable sensing
of the inflammatory PGE2.

Experimental Peritonitis is Associated with Gut Barrier
Derangement
Morphology, passage of FITC-dextran from the gut lumen to
bloodstream, and bacterial translocation to lymphatic organs

and liver were used to characterize the state of the gut barrier
during peritonitis. The most prominent morphologic feature
on the hematoxylin and eosin (H&E)-stained sections of the
small intestine following LPS injection was profuse epithelial
sloughing (Figure 2a). The sloughed enterocytes were mostly
single cells with very few fragments of the epithelium.
Although sometimes there were signs of villus tip destruc-
tion, generally the epithelial architecture appeared intact
(Figure 2a).

To assess barrier function, mice were gavaged with
FITC-dextran and ampicillin-resistant commensal strain
of E. coli. FITC-dextran is commonly used to study the
passage of high-molecular weight substances across the epi-
thelium. Commensal strains of E. coli were used to examine
bacterial translocation across the barrier. Our attempts to
use E. coli K12 for this purpose were unsuccessful, pre-
sumably due to poor survival of this strain in the gastro-
intestinal tract (unpublished data). The serum concentration

Figure 1 Expression of cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and PGE2 receptors during peritonitis. (a) COX-2 protein expression in the

ileal mucosa 16 h after control treatments (normal saline, NS, and sham), LPS injection, or cecal ligation and puncture (CLP). Pos and Neg, positive and

negative controls, IEC-6 cells treated with and without LPS. b-Actin reprobe is shown to demonstrate lane load. Positions of size markers and their

molecular weight in kD are on the left. Bar graph shows COX-2 band densities normalized to actin signal. *significant differences, Po0.01. Data are

representative of three independent experiments with one animal in each group. (b) Levels of stable PGE2 metabolites in ileal mucosa 16 h after

indicated treatments. Data are average±s.e.m. of three animals for each data point. Significant differences **P¼ 0.44, #P¼ 0.005. (c) Localization of

COX-2 (red) in the ileum 16 h after indicated treatments. Neg, negative control, intestinal section from cox-2� /� animal stained for COX-2.

(d) Localization of indicated PGE2 receptors (red) in the ileum 16 h after i.p. injection with normal saline. Neg, negative control, a section stained with

normal serum substituting primary antibody. DAPI-stained nuclei appear in blue. Bar¼ 100 mm. All immunofluorescence images are representative

of at least three animals in each group.
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Figure 2 Peritonitis is associated with gut barrier derangement. (a) Hematoxylin and eosin (H&E)-stained sections of ileum from mice 16 h after

injection with normal saline (NS), injection with 40mg/kg LPS, sham operation, or cecal ligation and puncture (CLP). Note abundant epithelial

sloughing in animals injected with LPS or subjected to CLP. Data are representative of at least nine animals in each group. (b) Transepithelial

passage of FITC-dextran and bacteria during peritonitis. Mice were gavaged with FITC-dextran and E. coli 35354T before indicated treatments. Serum

concentrations of FITC-dextran (top) and counts of viable E. coli in combined mesenteric lymph nodes and spleens (bottom) were determined 16 h post

treatment. *Significant differences (Pr0.01, nZ12 in each group). (c) Localization of junction-associated molecule-A (JAM-A) (red) in ileal epithelium

16 h after indicated treatments. Note increased redistribution of JAM-A from borders to intracellular space of enterocytes in LPS and CLP samples.

(d) Localization of zonula occludens-1 (ZO-1) (red) in ileal epithelium 16 h after indicated treatments. Note increased redistribution of ZO-1 from tight

junction (TJ) to intracellular space of enterocytes in LPS and CLP samples. DAPI-stained nuclei appear in blue. Bar¼ 50 mm. All images are representative

of at least 3 animals in each group.
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of FITC-dextran and E. coli translocation to lymphatic organs
(mesenteric lymph nodesþ spleen) were determined 16 h
after LPS injection or CLP. As expected, acute endotoxemia
resulted in dramatically increased serum FITC-dextran and
bacterial translocation (Figure 2b). Even more dramatic
barrier dysfunction was observed in the CLP model
(Figure 2c).

To evaluate the state of TJ, we performed immunostaining
of intestinal thin sections with antibodies against the
TJ-associated proteins ZO-1 and JAM-A. Control epithelia
displayed prominent immunoreactivity of both proteins at
enterocyte borders, consistent with the localization to TJ.
Some of the signal was intracellular (Figures 2c and d, NS
and sham), which is in agreement with equilibrium between
internalization and redeposition of junctional proteins in
the process of dynamic remodeling of TJ.20 In animals
subjected to LPS injection, localization of ZO-1 and JAM-A
to enterocyte borders was less pronounced, whereas intra-
cellular localization was more pronounced. In many entero-
cytes the signal was diffusely spread over the cell (Figures 2c
and d, LPS), indicating increased internalization of junc-
tional proteins and derangement of TJ. Similar pathologic
changes were observed in the CLP model (Figures 2c and d,
CLP). Because virtually no signal was observed when primary
antibodies were substituted for normal rabbit serum,
immunostaining for JAM-A and ZO-1 was specific. Thus, in
two different models, peritonitis was associated with
sloughing of the intestinal epithelium, increased gut barrier
permeability to macromolecules and bacteria, and increased
internalization of TJ proteins, all indicating derangement of
the gut barrier.

Luminally Applied PGE2 Increases Barrier Permeability
In Vivo
Systemic inflammation is intricately associated with the ele-
vation of COX-2-derived prostanoids in multiple tissues.73

To dissect the role of inflammatory prostanoids in the gut
barrier failure, it was necessary to separate the effects of
prostanoids from the effects of other inflammatory factors
known to participate in this process. As prostanoids act in
temporally and spatially restricted manner, and EP receptors
tend to localize to the luminal aspect of the epithelium,
gut-specific effects can be achieved by local, as opposed to
systemic, application. Accordingly, we tested the ability of
luminally instilled PGE2 to increase FITC-dextran transfer
from the lumen into the bloodstream. Before the experiment
mice were gavaged with the test solution containing
FITC-dextran. Following isoflurane anesthesia, a loop of
distal ileum was externalized and a segment was clamped.
A solution of PGE2 or equal amount of solvent was injected
into the lumen of the isolated segment. Animals were
kept under anesthesia for 25min to allow solute trans-
location across the barrier, and serum FITC-dextran con-
centrations were then measured. Luminally instilled PGE2
caused dramatic elevation of serum FITC-dextran (Figure 3),

indicating that locally applied PGE2 increases gut barrier
permeability.

Low Dose of Celecoxib Partially Ameliorates Barrier
Derangement During Peritonitis
Our data indicated that levels of COX-2 and its product PGE2
in the intestine increase during experimental peritonitis.
Furthermore, luminal application of PGE2 increased intes-
tinal barrier permeability. If upregulation of COX-2 con-
tributes to the inflammatory gut barrier failure, inhibition of
this enzyme could help preserve the barrier by reversing this
effect. To determine whether the inhibition of COX-2 might
limit barrier dysfunction, we assessed barrier integrity in
LPS-injected or CLP-operated mice treated with various
doses of the specific COX-2 inhibitor Celecoxib.

Mice were treated with Celecoxib at doses of 0–5mg/kg
before LPS injection. The drug was introduced by oral gavage
together with the test mixture of FITC-dextran and ampi-
cillin-resistant E. coli. Serum levels of FITC-dextran and
bacterial translocation were measured 16 h after LPS injec-
tion. Levels of FITC-dextran and bacterial translocation were
significantly reduced by 0.5mg/kg Celecoxib. However,
higher doses provided no protection (1mg/kg) or even
exacerbated gut barrier failure (5mg/kg, Figures 4a and b).
The 0.25mg/kg dose did not have significant effect on barrier
function during endotoxemia (unpublished results). When
E. coli translocation to lymphoid organs and liver was used
as readout for barrier integrity, there was similar dose-
dependent effect of Celecoxib: significant protection at
0.5 and 1mg/kg; and no protection at 5mg/kg (Figures 4c–e).
At 5mg/kg, Celecoxib caused relatively mild, yet significant
barrier impairment by itself, in the absence of inflammatory
stimuli (Figures 4a–c).

Figure 3 Luminal application of prostaglandin E2 (PGE2) increases

transepithelial passage of FITC-dextran. Mice were gavaged with FITC-

dextran solution 2 h before experiments. Following anesthesia, 200 ml of
normal saline (NS) or 50mM PGE2 (PGE2) were injected into the lumen of

isolated ileal loop. Serum levels of FITC-dextran were determined 20min

after treatment. Data are average±s.e.m. for five animals in each group.

*Significant difference at P¼ 0.02.
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Having established protective effect of low doses of
Celecoxib on barrier function, we next sought to determine
what effect this drug might have on other aspects of epithelial
homeostasis. In the range of doses used, Celecoxib failed to
significantly reduce epithelial sloughing during peritonitis
(unpublished results). However, at 0.5mg/kg Celecoxib
reversed the increased internalization of the TJ-associated
proteins JAM-A and ZO-1 following LPS injection or CLP
(Figures 5a–d), which is consistent with improved barrier
function. Celecoxib somewhat reduced mucosal accumula-
tion of IL-6, an inflammatory cytokine with a prominent role
in intestinal inflammation, although the reduction was
insignificant (unpublished data). Celecoxib significantly
reduced mucosal levels of PGE2 during peritonitis (Figure 6a)
and dramatically attenuated the induction of the two hall-
mark inflammatory enzymes, COX-2 and inducible nitric
oxide synthase (Figures 6b and c). In summary, Celecoxib,
administered at lower, but not at higher doses, protected the
epithelial barrier during experimental peritonitis and reduced
the expression of several key inflammatory factors.

DISCUSSION
In this report we present evidence for the role of COX-2-
derived prostanoids in gut barrier failure during peritonitis.
Upon induction of experimental peritonitis by LPS injec-
tion or CLP there are multiple signs of gut barrier failure

including epithelial sloughing, increased permeability to
FITC-dextran, bacterial translocation, and internalization of
TJ-associated proteins. At the same time, COX-2 is induced
and levels of PGE2 increase in the mucosa. COX-2 induction
is most prominent in the epithelium. Expression of COX-2 in
the epithelial cells is consistent with our previous findings.63

The fact that epithelial cells express full complement of
prostaglandin E receptors raises the possibility of autocrine
response to inflammatory PGE2 in enterocytes. The causal
relationship between COX-2-derived prostanoids and gut
barrier failure is supported by the fact that luminally applied
PGE2 increases barrier permeability in the absence of
systemic inflammation. The role of COX-2 as a factor in
gut barrier failure is further supported by the beneficial effect
of COX-2 attenuation with the specific inhibitor Celecoxib.

Effects of Celecoxib in the inflammatory gut barrier failure are
double-edged. We have found that lower doses (0.5–1mg/kg)
but not the higher dose (5mg/kg) of this drug provide sig-
nificant barrier protection in the endotoxemia model. In fact,
the 5mg/kg dose caused significant barrier derangement by
itself, in the absence of an inflammatory stimulus, and it
exacerbated barrier damage during endotoxemia. For com-
parison, the average daily dose of Celecoxib for treating
rheumatoid arthritis and other inflammatory disorders in
human patients is 5mg/kg. A corresponding mouse dose
should be 2–5 times higher due to faster metabolism in

Figure 4 Dose-dependent effects of Celecoxib on gut barrier permeability during peritonitis. Mice were gavaged with the test mixture of FITC-dextran

and E. coli before experiments. Celecoxib at indicated doses (mg/kg) or vehicle were added to the test mixture. (a) Serum FITC-dextran levels 16 h after

injection with normal saline (NS) or LPS, with or without various doses of Celecoxib, as indicated. (b) Serum FITC-dextran levels 16 h after sham

operation or cecal ligation and puncture (CLP), with or without various doses of Celecoxib, as indicated. (c) E. coli counts in lymphatic organs 16 h after

injection with NS or LPS, with or without various doses of Celecoxib, as indicated. (d) E. coli counts in lymphatic organs 16 h after sham operation or

CLP, with or without Celecoxib, as indicated. (e) E. coli counts in liver 16 h after indicated treatments, with or without 0.5mg/kg Celecoxib, as indicated.

Data are average±s.e.m., nZ12 in each group. Significant differences: *Pr0.01 vs LPS or CLP alone; **Pr0.02 vs LPS or CLP alone; #Pr0.02 vs NS or

sham.
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smaller animals.74 An optimal therapeutic dose of Celecoxib
for gut barrier protection is therefore at least an order
of magnitude lower than a typical clinical dose. The double-
edged effect of Celecoxib on barrier function may be
explained by a dual role of PGE2 in the pathogenesis
of inflammatory gut barrier failure. Lower levels of PGE2
resulting from constitutive expression of COX-1 and
basal expression of COX-2 might protect the intestine by
regulating ion transport, secretion, blood supply, and smooth

muscle tone via the high affinity PGE2 receptors. It is also
possible that low concentrations of PGE2 promote barrier
integrity by regulating turnover of TJ proteins. Thus, a
certain level of COX-2 activity might be required for the
intestinal homeostasis and protection, whereas higher levels
typically associated with exuberant inflammation might be
pathogenic. Such dual role of COX-2 has been suspected75

but never demonstrated. A lower dose of a COX-2 inhibitor,
as exemplified by 0.5 and 1mg/kg in our mouse experiments,

Figure 5 Effects of Celecoxib on localization of tight junction (TJ)-associated proteins junction-associated molecule-A (JAM-A) and zonula occludens-1

(ZO-1). (a) JAM-A (red) after injection with normal saline (NS) or LPS, with or without indicated doses (mg/kg) of Celecoxib. (b) JAM-A (red) after sham

operation or cecal ligation and puncture (CLP), with or without indicated doses of Celecoxib. (c) ZO-1 (red) after injection with NS or LPS, with or

without indicated doses of Celecoxib. (d) ZO-1 (red) after sham operation or CLP, with or without indicated doses of Celecoxib. All images show

sections of ileal samples taken 16 h after peritonitis-inducing treatments and are representative of at least three animals in each group. DAPI-stained

nuclei appear in blue. Bar¼ 100mm.
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might blunt the pathogenic inflammatory burst of COX-2
activity while preserving the protective function of this
enzyme.

The LPS dose of 40mg/kg might seem excessive. However,
our assumption was that the gut origin sepsis would typically
occur under conditions of severe systemic inflammation,
which our intent was to mimic. Even at 40mg/kg, LPS caused
still lesser degree of inflammation than CLP. Various studies
have found vastly different LD50 for LPS in mice, from as low
as 1.2mg/kg to as high as 50mg/kg. These differences are
likely due to different potencies of LPS from different sources
and different sensitivities to LPS of different strains of mice.

Although low doses of Celecoxib protect the intestinal
barrier during peritonitis, this protection is only partial.
Levels of pathologic FITC-dextran transfer and bacterial
translocation during peritonitis decrease significantly upon
treatment with 0.5–1mg/kg Celecoxib, but they still remain
above the background. At 0.25–5mg/kg, Celecoxib does not
noticeably reduce enterocyte sloughing or IL-6 expression
during peritonitis. These partial effects support the idea of

gut barrier failure as a multifactorial phenomenon, to which
COX-2-derived prostanoids contribute alongside a plethora
of other pathogenic and protective factors.76 The fact that

Figure 6 Effects of Celecoxib on the expression of inflammatory mediators. (a) Levels of stable prostaglandin E2 (PGE2) metabolites in the ileal

mucosa 16 h after LPS injection (left) or cecal ligation and puncture (CLP) (right) and treatment with Celecoxib at indicated doses (mg/kg). Data are

average±s.e.m. for at least three animals in each data point. *significant differences from LPS alone or CLP alone, Pr0.05. (b) cyclooxygenase-2

(COX-2) and (c) iNOS protein levels in ileal mucosa 16 h after LPS injection or CLP, with and without 0.5mg/kg Celecoxib. b-Actin reprobes are shown

to demonstrate lane load. Positions of size markers and their molecular weight in kD are on the left. Bar graphs show average band densities

normalized to b-actin signal. Significance levels: *P¼ 0.022, **P¼ 0.044, ##P¼ 0.047. Data are representative of three independent experiments.

Figure 7 A diagram of the proposed role of cyclooxygenase-2 (COX-2)-

derived prostaglandin E2 (PGE2) on the epithelial barrier and effects of

Celecoxib. Low levels of COX-2-derived PGE2 are required for epithelial

homeostasis and gut protection, whereas high levels of PGE2 promote

gut barrier failure. High doses of Celecoxib are not beneficial because

they obliterate the protective effect of PGE2. Low doses of Celecoxib

blunt the inflammatory burst of PGE2 while preserving the protective

effect.
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cox-2� /� mice are protected against endotoxemia77 but
have exacerbated barrier dysfunction during polymicrobial
sepsis78 also indicates that COX-2 is not the only actor in the
drama of inflammatory gut barrier failure. The mechanisms
by which PGE2 regulates the intestinal barrier remain
largely unknown. In Caco-2 enterocyte monolayers, high
concentrations of PGE2 increase TJ permeability via EP1 and
EP4 receptors, Ca2þ release, and myosin light chain kinase.45

A similar mechanism might operate in vivo. Another
possibility is that high levels of PGE2 contribute to barrier
failure by enhancing other inflammatory responses. Our
observation of decreased induction of iNOS and COX-2
during peritonitis in mice treated with low dose Celecoxib
might be consistent with this mechanism. Furthermore,
reduction of COX-2 protein expression by Celecoxib may
indicate that this drug interrupts a putative positive feedback
regulation of the COX-2 gene by its end product, PGE2.

79

Nevertheless, because luminal application of PGE2 rapidly
increases barrier permeability in the absence of systemic
inflammation, we believe that the effect of high levels of PGE2
on the barrier is direct. The putative mechanisms behind
PGE2-induced gut barrier failure and protective effect of low
dose Celecoxib are summarized in Figure 7.

Our findings suggest that low doses of selective COX-2
inhibitors may find use as adjunct gut barrier protection
therapy in critically ill patients. The same approach may be
useful in the broad array of intestinal inflammatory disorders
whereby gut barrier failure has a prominent role, for example,
necrotizing enterocolitis, Crohn’s disease, and inflammatory
bowel disease. Randomized clinical trials are needed to es-
tablish the validity of this approach.
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