
5
p

M
De

a

T
b
p
fl
a
l
C
i
l
o

1

p
s
h
l

i
t
L

L
p
s
t
t
b
e
v

p
i
b
j
p
m
T
a

d
V
r
H
a

i
c
i
C
i
t

-Hydroxyeicosatetraenoic acid and leukotriene D4 increase intestinal epithelial 
aracellular permeability

.J. Rodríguez-Lagunas, C.E. Storniolo, R. Ferrer, J.J. Moreno ∗

partament de Fisiologia, Facultat de Farmàcia, Universitat de Barcelona, 08028 Barcelona, Spain

b s t r a c t

he loss of epithelial barrier function plays a crucial role in the pathogenesis of inflammatory bowel disease, with levels of 5-lipoxygenase metabolites 
eing increased in the mucosa of these patients. The objective of this study was to determine the effect of the eicosanoids produced by the 5-lipoxygenase 
athway, leukotriene B4 and D4, and 5-hydroxyeicosatetraenoic acid on epithelial barrier function. Paracellular permeability was estimated from 
uorescein isothiocyanate–dextran fluxes and transepi-thelial electrical resistance in differentiated Caco-2 cells. Our results suggest that leukotriene D4 

nd 5-hydroxyeicosatetraenoic acid altered both parameters. Identification of the receptors involved in these changes indicated that cysteinyl-
eukotriene receptor 1 participates in the effects of leukotriene D4. For both eicosanoids, these effects were mediated by activation of the phospholipase 
/Ca2+/protein kinase C pathway, in addition to cAMP-independent protein kinase A activation. Furthermore, we observed a correlation between 

ncreased paracellular permeability and the redistribution of occludin, and for leukotriene D4, the disorganization of the subapical actin ring and myosin 
ight chain kinase activation. In conclusion, on the basis of our results, we propose that 5-lipoxygenase pathway metabolites partici-pate in the disruption 
f epithelial barrier function that is characteristic of inflammatory bowel disease.

. Introduction

Upon release from cell membranes, arachidonic acid (AA) is metabolized into a range of eicosanoids through three major enzymatic 
athways: cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P-450 monooxygenase. The LOX pathway involves the 
tereospecific enzymes 5-, 12-, and 15-LOX. 5-LOX incorpo-rates molecular oxygen at position C5 of the fatty acid, yielding 5-
ydroperoxyeicosatetraenoic acid, which is further metabolized to 5-hydroxyeicosatetraenoic acid (HETE) and to the instable epoxide 

eukotriene (LT)A4. The intermediate LTA4 can be further converted into LTB4 by LTA4 hydrolase (Haeggstrom, 2004) or

nto cysteinyl-LT (CysLT) LTC4 by LTC4 synthase and microsomal glutathione S-transferase, which can conjugate LTA4 with glu-
athione yielding LTC4 (Schroder et al., 2003). Release of LTC4 into the extracellular milieu and successive amino acid cleavage yields
TD4 and then LTE4 (also CysLT) via the action of a dipeptidase.

Mediators of the 5-LOX pathway are released by a variety of cells in response to specific cellular stimuli that result in cell activa-tion. 
Ts have also been implicated in the pathophysiology of both acute and chronic inflammatory diseases including asthma, arthri-tis, 

soriasis, and inflammatory bowel disease (IBD) (Wang and DuBois, 2007). LTs exert their biological effect by binding to distinct receptor 
ubtypes, but which receptors participate in the effect of 5-HETE is not yet known. There are two G-protein-coupled recep-
ors (GPCR) for LTB4, the high affinity BLT1 and the low affinity BLT2 (Yokomizo et al., 2000b). CysLTs bind to at least two distinct recep-
or subtypes, also belonging to the GPCR family, namely CysLT1R and CysLT2R (Matuk et al., 2004). CysLT1R is thought to mediate 
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ronchospasm, plasma exudation, vasoconstriction, mucus secre-t
t al., 2009). CysLT2R is less well defined, due to a lack of specifi
ascular effects attributed to CysLTs (Wang and DuBois, 2007).

The gastrointestinal epithelium is a selective barrier that allow
assage of larger potentially toxic compounds into the circulation

ntegrity of the epithelium is guaranteed by three adhesion systems: tight jun
arrier that restricts paracellular diffusion, being the rate-limiting step for para

unctions, form a barrier between apical and basolateral membrane domains 
roteins that interact with the actin cytoskeleton and with cytosolic proteins
embrane proteins of the junctional complex have been identified: occludin
hese proteins are associated with the cytoplasmatic plaque, which comprises a
nd cingulin are known to form the nexus with cytoskeletal proteins such as the

Many lines of evidence indicate that the disruption of TJs and loss of ep

isorders, such as IBD, alcoholic endotoxemia, infectious enterocolitis, celiac dise
ogelsang, 1998; Pravda, 2005; Rao, 2008). With regard to IBD, the increase in 

esponsible for the perpetuation of the inflammatory response (Turner, 2006). Seve
ETE, as well as LTB4, were found to be increased in the mucosa of IBD patients (B

nd to be involved in this pathology (Wang and DuBois, 2007).
In this regard, we previously observed that the addition of PGE2 to differentiate

nteraction of PGE2 with EP1 and EP4 receptors (Rodriguez-Lagunas et al., 201
onventional non-steroidal anti-inflammatory drugs or COX-2 inhibitors (El Miedan
nhibition of the COX and 5-LOX pathways (5-aminosalicylic acid or steroids) is c
OX path-way might divert the AA cascade to the production of LOX metabo-lite

nformation about the effect of 5-LOX pathway metabo-lites on the state of TJs, our m
o clarify the mechanism involved in the beneficial effects of dual inhibition in IBD tr
and eosinophil recruitment (El Miedany et al., 2006; Kefalakes
nists and antagonists, but it is thought to mediate some of the 

 absorption of nutrients, electrolytes and water, but restricts the 
eby preventing bacterial translocation and systemic infection. The structural 
s (TJs), adherent junctions and desmosomes. Of these, TJs form a selective 
lar permeability (PP). Moreover, TJs, which are the most apical inter-cellular 
 et al., 2006). TJs are multiprotein com-plexes composed of transmembrane 
lved in the regulation of signaling cascades. In recent years, various trans-
dins, tricellulin, crumbs, and junctional adhesion molecules, among others. 
 spectrum of adaptor and scaffold proteins, of which ZO-1, ZO-2, ZO-3, AF6, 
pical actin ring (Mitic and Anderson, 1998).
l barrier function play a crucial role in the pathogenesis of gastrointestinal 
ase, and necrotiz-ing enterocolitis (Laukoetter et al., 2006; Oberhuber and 
PP in response to injurious factors has been identified as the mechanism 
ral eicosanoids, such as PGE2, PGD2, and thromboxane B2, 5-, 12- and 15-
oughton-Smith et al., 1983; Eberhart and Dubois, 1995; Krimsky et al., 2003) 

d intestinal Caco-2 cells induces an increase in PP, an effect mediated by the 
0). Disease exacerbation has been reported in IBD patients treated with 
y et al., 2006; Kefalakes et al., 2009; Matuk et al., 2004). For this reason, dual 

urrently used for the treatment of IBD (Krimsky et al., 2003). Blocking only 
s and therefore worsen inflammation. In this context, and given the lack of 
ain objective was to elucidate the effect of 5-LOX pathway metabolites on PP 

eatment.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.biocel.2013.04.005&domain=pdf
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2. Materials

DMEM, trypsin, penicillin, and streptomycin were supplied by 
glucose, HEPES, Fura-2 acetoxymethylester (Fura-2-AM), fluo-r
U73122, dantrolene, Gö6983, SQ22,536, KT5720, ML-7, ketopro
phalloidin), along with other chemicals, were purchased from
Sigma–Aldrich (St. Louis, MO). 5-HETE, LTD4, LTB4, LY171883, Ba
man (Ann Arbor, MI). Tissue culture supplies, including Transwells

2.1. Cell culture

Caco-2 cells were provided by the American Type Cell Co

2006). Cells (passages 53–65) routinely grown to approximately 
density of 4 × 105 cells/cm2 on polycarbonate filters with a pore siz
a density of 5 × 104 cells/cm2 in 12-well clusters for
intracellular Ca2+ concentration ([Ca2+]i) determination, in 24-wel
in 75 cm2 flasks for cAMP determination. The medium was repla
after seeding).

2.2. Paracellular permeability

PP was estimated from transepithelial electrical resistance (
eicosanoids in DMEM in the apical and basolateral compartment
(Millipore, Bedford, MA). The results were expressed as � cm2 mo
subtracted from all readings before calculations. After TER determ
after incubation period (1 h at 37 ◦C), the basolateral medium wa
(BMG Labtech, Germany) at excitation and emission wavelengths o

2.3. Western blot analysis

Cells grown in plastic dishes were washed twice with ice-c
sonicated in lysis buffer containing 2 mM sodium EDTA, 20 � g
diethyldithiocarbamic acid, 50 mM Tris–HCl, 150 mM NaCl, 0.5%
lysate was mixed with a reducing buffer containing 0.5 M Tris
bromopherol and heated at 100 ◦C for 5 min. Samples were separ
constant amperage of 400 mA onto a nitrocellulose mem-brane (T
(Bio-Rad). A prestained SDS-PAGE protein standard (Bio-Rad) w
Membranes were blocked with 5% non-fat milk power in Tris-buff
antiserum directed against myosin light chain 2 (MLC) or p-MLC (
Blots were washed several times with TBS-T20 and incubated wi
binding was visualized by an enhanced chemical luminescence tec
(Pierce) and Kodak X-OMAT film (Rochester, NY).

2.4. Intracellular Ca2+ concentration

[Ca2+]i was monitored using the selective fluorescent Ca2+ ind
2010). Cells grown on clusters were loaded with 25 �M Fura 2-AM
7.4) at 37 ◦C and incubated for 1 h at 37 ◦C to allow Fura 2-AM
removal of all unloaded indicator, and eicosanoids and inhibitors 
excitation wavelengths of 340 and 380 nm and emission at 510 
Labtech, Germany) before and after injection of the eicosanoids. C
end of the incubation period, the maximum and minimum
addition of cell lysis buffer and 20 mM EDTA in Krebs, respe
1985).

2.5. cAMP determination
cAMP determination was performed using a competitive 

instructions. Briefly, cells maintained in flasks were incubat
concentrations. They were then incubated for 20 min at ro

homogenized. The homogenate was then centrifuged (1000 × g
acetylation procedure (sensitivity 0.1 pM).

2.6. NF�B determination
Cytosolic I�B proteins bind to the NF�B/Rel transcription fac-to

activated, it must first dissociate from the inhibitor I�B, thereby en
expression. This is induced by phosphorylation of I�B at Ser32 
activation was performed by measuring total and phosphorylated I
following the manufacturer’s instructions. Briefly, cells grown on cl

incubated for 5 and 15 min and 3 h at 37 ◦C with LTD4 and 5-H
O (Paisley, Scotland). Non-essential amino acids, FBS, BSA, PBS, d-
in isothiocyanate–dextran (FD-4, average mol wt 3000–5000), 
and phalloidin-tetramethylrhodamine B isothiocyanate (TRITC-

773, U75302, LY255283, and MK571 were purchased from Cay-
e obtained from Costar (Cambridge, MA).

ion and cultured as previously described (Martin-Venegas et al.,

confluence were released by trypsinization and subcultured at a 
0.4 �m (Transwells, 12 mm diameter) for PP experi-ments and at 

ters containing coverslips for immunofluorescent microscopy, or 
very 3 days and on the day before the experiment (19–21 days 

 and transepithelial FD-4 fluxes. After 3 h incubation with the 
R was determined at 37 ◦C using a Millicell-ERS voltohmme-ter 
er surface area. The resistance of the supporting mem-brane was 

ion, 1 mg/mL of FD-4 was added to the apical com-partment and 
oved and fluorescence was determined in a Fluo-rostar Optima 
 nm and 544 nm, respectively.

BS, scrapped of into PBS, and pelleted. The pellets were then 
 aprotinin, 20 � g/mL leupeptin, 20 � g/mL PMSF, 200 � g/mL 
al CA-630 and 1 mM DTT. After lysis 30 �g of protein from cell 
l, 10% glycerol, 10% SDS, 2% � -mercaptoethanol and 0.5%blue 
by 12% SDS-PAGE gel and blotted for 2 h at voltage of 100 V and 
-Blot, 0.45 �m pore size, Bio-Rad) using a Mini protean II system 
sed as molecular weight marker to check transfer efficiency. 

 saline (TBS) 0.1% Tween-20 (TBS-T20) for 1 h. A rabbit polyclonal 
ignaling Technology) was applied at a dilution of 1:1000 for 1 h. 
at anti-rabbit antibody at a 1:100,000 dilution for 1 h. Antibody 
ue using SuperSignal West Femto Maximun Sensitivity Substrate 

or Fura 2-AM as previously described (Rodriguez-Lagunas et al., 
MEM for 1 h at 37 ◦C, then washed in modified Krebs buffer (pH 

sterification. The monolayers were washed again to ensure the 
 added. The fluorescent signal was continuously monitored with 
sing a fluorescent microplate reader (Fluo-rostar Optima, BMG 

 were maintained at 37 ◦C throughout the experiment. At the 
acellular probe fluorescent signals were determined by the 
ely and [Ca2+]i was calculated following (Grynkiewicz et al., 

Kit (Cayman, Ann Arbor, MI) following the manufacturer’s 
or 5, 15, and 30 min at 37 ◦C with a range of eicosanoid 
temperature with 2.5 mL of 0.1 N HCl and harvested and 

, 10 min) and the supernatant was assayed following the 

r complex to maintain its inactive state. For NF�B to become 
abling NF�B to translocate into the nucleus to modulate gene 
and Ser36 in response to various stimuli. Therefore, NF�B 
�B using a competitive EIA Kit (eBioscience, San Diego, CA) 
usters were
ETE (1 �M) and TNF- 00 ng/mL) as a positive control.



ith 
ash

 10 m
ubat
 (1:2
ies. 

e. M
es, L
iego

apert
 and

troge
sis 
esult

by o
-sid

duce  in 

ncre
D4 an to 
he in
 anta , a 
A an ts 

able w .
TE to th
le of
go-n  a 
e of PP 

uce 7; 
n-Ve

igh se 
rofe ed 

ly mo TE 
 con
-way he 

 al., 1 he 
in ki A 
ase ( te 
s sho ch 
 the 2, 

ig. 2C th 

 inL C 
 rati E. 
e of 
 to i d 
ed w ng 
est c 4 
2.7. Immunofluorescent staining of TJ proteins

Caco-2 monolayers grown on coverslips were washed gently w
2% sucrose in 0.1 M PBS (pH 7.4) for 15 min at −20 ◦C. Cells were w
glycine) and then permeabilized with 0.2% (v/v) Tri-ton X-100 for
and blocked for 20 min in PBS-glycine contain-ing 1% BSA (inc
Zymed, South San Francisco, CA) and rabbit poly-clonal anti-ZO-1
dilution; Invitrogen, San Diego, CA) were used as primary antibod
and washed twice in PBS-glycine for 5 min at room temperatur
conjugated secondary antibodies (1:500 dilution, Molecular Prob
room temperature in PBS, mounted in Mowiol (Calbiochem, San D
41, Olympus, Japan). Images were taken using a 60× (numerical 
actin subapical ring, coverslips were fixed in paraformaldehyde
phalloidin or direct-labeled claudin-1 and -4 (1:250 dilution; Invi
intensity was quan-tified by using the ImageJ software analy
rsbweb.nig.gov/ij/) along two horizontal axis for each image. The r

2.8. Data analysis

The results are expressed as mean ± SE. Data were analyzed 
using SPSS® software (SPSS Inc. Chicago, IL, USA). P < 0.05 was con

3. Results

We first tested the effect of the representative eicosanoids pro
IBD initiation and/or perpetuation on PP. 5-HETE and
LTD4 (Fig. 1) but not LTB4 (data not shown) induced a significant i

We examined the receptors involved in these effects of LT
prevent the action of these eicosanoids on FD-4 fluxes and TER. T
by LTD4 were prevented by LY171883 and MK 571, both CysLT1R
non-selective CysLTR antagonist (Nothacker et al., 2000)(Fig. 1
induced by LTD4. Since specific CysLT2R antagonists are not avail

No specific receptors have been identified for 5-HE
the LTB4 receptor, BLT2 (Yokomizo et al., 2001). To test the ro
U75302 and LY255283 as selective BLT1 and BLT2 receptor anta
non-selective CysLTR antagonist. The results indicate that non
(Fig. 1C and D).

Some eicosanoids such as LTD4 and 5-HETE are able to ind
Ohd, 2000; Ohd et al., 2000). Given that PGE2 disrupts PP (Marti
consider that the increase in PP induced by LTD4 or 5-HETE m
eicosanoids. To test this hypothesis, we tested the effect of keto-p
by LTD4/5-HETE. The addition of ketoprofen did not signif-icant
(Fig. 1C) although the TER values did not differ signifi-cantly from

Next, we addressed the participation of several signaling path
increase in FD-4 fluxes induced by LTD4 (Fig. 2A) was pre-
vented by U73122, a phospholipase C (PLC) inhibitor (Smith et
endoplasmic reticulum (Van Winkle, 1976); Gö6983, a pan prote
inhibitor (Doherty et al., 1995) and ML7, a myosin light chain kin
cyclase inhibitor (Harris et al., 1979), had no effect. The TER value
did not differ significantly from control condi-tions (Fig. 2B). In
dantrolene, Gö6983, and KT5720, but not by SQ22,536 or ML7 (F
the exception of that for SQ22,536.
We further examined the participation of myosin light chain
phosphorylation (Fig. 3), there is a significant increase in the
Fur-thermore when cells are treated with ML7 in the presenc
Our results also show the capacity of LTD4 and 5-HETE
dantrolene (Fig. 4). The increase in [Ca2+]i was also prevent
cAMP levels, PGE2 increased cAMP, which reached the high

nor 5-HETE modified this variable at either of the concentrations
The phosphorylation of I�B at Ser32 and Ser36 allows the dis-
PBS and fixed in iced methanol or 3% paraformaldehyde (PF) and 
ed twice for 5 min in 10 mM PBS containing 20 mM glycine (PBS-
in at room temperature. Cells were washed twice in PBS-glycine 

ion solution). Mouse monoclonal anti-occludin (1:500 dilution; 
50 dilution; Zymed) and mouse polyclonal anti-claudin-2 (1:250 
Cells were incubated with the primary antibodies for 1 h at 37 ◦C 
onolayers were then incubated for 1 h at 37 ◦C with Alexa dye-
eiden, The Netherlands). Finally, cells were washed for 10 min at 
, CA) and examined under an immunofluorescent microscope (BX 
ure 1.25, phase 3, oil) Olympus UPlanFL N objective. To view the 
 permeabilized as described above and incubated with TRITC-
n) for 1 h at 37 ◦C (1:1000 dilution). TJ and cytosolic fluorescence 

(US National Institutes of Health, Bethesda, MD, USA, http://
s were expressed as ratio TJ/cytosolic fluorescence.

ne-way analysis of variance followed by Dunnett’s post hoc test 
ered to denote significance.

d in the intestinal mucosa by the 5-LOX pathway that are involved

ase in FD-4 fluxes and a decrease in TER values.
d 5-HETE through the capacity of various receptor antagonists 

crease in FD-4 fluxes and the reduction in TER values induced
gonists (Fleisch et al., 1985; Martin et al., 2001) and by Bay u9773
d B). These results suggest that CysLT1R participates in the effec

e cannot rule out the participation of this receptor in these events
 date. Nevertheless, it has been reported that HETEs can interact wi

 these receptors in 5-HETE-induced barrier disruption, we used
ists, respectively (Yokomizo et al., 2000a), as well as Bay u9773 as
these antagonists was able to prevent the effects of 5-HETE on 

PGE2 production in intestinal epithelial cells (Di Mari et al., 200
negas et al., 2006; Rodriguez-Lagunas et al., 2010), we must
t be attributable instead to the COX metabolites induced by the
n, a COX inhibitor (Sanchez and Moreno, 1999), on PP effects induc
dify the increase in FD-4 fluxes induced by LTD4 (Fig. 1A) or 5-HE
trol values.
s in the disruption of PP by eicosanoids. The results revealed that t

990); dantrolene, an inhibitor of intracellular Ca2+ release from t
nase (PK) C inhibitor (Gonzalez-Mariscal et al., 2008); KT5720, a PK
MLCK) inhibitor (Park et al., 2002). However, SQ22,536, an adenyla
wed a similar profile, with the exception of that for SQ22,536, whi

 case of 5-HETE, the effect on FD-4 fluxes was reverted by U7312
). Again, TER values (Fig. 2D) matched the profile of FD-4 fluxes, wi

TD4-treated cells. As observed on western blot analysis of ML
o p-MLC/MLC in cells treated with LTD4 but not with 5-HET
LTD4, the ratio significant reverts to control conditions.
ncrease [Ca2+]i, an effect that was prevented by U73122 an
hen Ca2+ was withdrawn from the incubation media. Regardi
oncentra-tion after 5 min of incubation. However, neither LTD

 tested (0.1 and 1 

http://rsbweb.nig.gov/ij/
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Fig. 1. Effect of LT receptor antagonists or COX inhibitor on epithelial barrier disruption induced by LTD4 or 5-HETE. FD-4 fluxes (A and C) and TER (B and D) were determined
in differentiated Caco-2 cell monolayers, as described in Section 2. Cells were incubated for 3 h with LTD4 (A and B) (0.1 �M) and LTD4 plus LY171883 (LY1, 25 �M), MK 571
(MK, 25 �M), Bay u9773 (Bay, 1 �M), or ketoprofen (Keto, 5 �M), or 5-HETE (C and D) (0.1 �M) and 5-HETE plus Bay u9773 (Bay, 1 �M), U75302 (U75, 5 �M), LY255283 (LY2,

esults l
eans

 to tr
 and 
e the
 3 h),

ele-
ed o

 with

5 min 15 min 3 h

Control 100 ± 10.52 100 ± 7.59 100 ± 17.74
5-HETE 73.60 ± 10.27 86.28 ± 14.82 95.51 ± 13.30
LTD4 102.09 ± 15.75 82.80 ± 23.27 95.10 ± 13.82
TNF� 259.12 ± 20.15* 285.42 ± 36.29* 284.64 ± 26.68*

Changes in phosphorylated I�B levels were determined in differentiated Caco-2 cell

o n sho
T aniza
p n was also observed. However, in response to either 5-HETE or 
L n clumps, being this effect more pronounced in LTD4-treated cells. 
T d but no difference was found with respect to control monolayers 
( K inhibitors were able to prevent the redistribution of occludin, 
a f 5-HETE-treated cells, the addition of PLC inhibitor also prevented 
o

50 �M), or ketoprofen (Keto, 5 �M) in the apical and basolateral compartments. R
conditions (0.33 ± 0.01 ng/�L and 1720.65 ± 68.49 � cm2, respectively). Data are m
5-HETE (C and D).

sociation of the complex I�B-NF�B/Rel, thereby enabling NF�B
wished to know whether NF�B is activated by LTD4 or 5-HETE,
results show that neither LTD4 nor 5-HETE were able to increas
tions in any of the incubation periods assayed (5 min, 15 min, and
increase I�B phosphorylation (Table 1).

Finally, we studied the contribution of TJ proteins and cytosk
protein immunofluorescent staining in control conditions show
Treatment with the eicosanoids that disrupted barrier function,
namely LTD4 and 5-HETE, resulted in a redistribution of occludin
ance. However, neither LTD4 nor 5-HETE had a significant effect

n ZO-1 location. Morphological assessment of subapical acti
reatment with LTD4 but not 5-HETE induced complete disorg
redominantly present at TJs and a weak cytoplasmic localizatio
TD4, claudin-4 markedly dissociated from the TJ to form protei
he localization of claudin-1 and claudin-2 was also assesse
data not shown). Moreover, the images show that PLC and MLC
ctin and claudin-4 in LTD4-treated cells (Fig. 6B). In the case o
ccludin and claudin-4 redistribution (data not shown)
Table 1
Effect of 5-HETE and LTD4 on NF�B pathway.
are expressed as the percentage of FD-4 fluxes and TER values obtained in contro
± SE of n = 6–10 experiments. *P < 0.05 vs. control and #P < 0.05 vs. LTD4 (A and B) or

anslocate into the nucleus to modulate gene expression. We
for this purpose I�B phosphorylation was determined. The
 amount of phosphorylated I�B with respect to control condi-
 whereas TNF�, which was used as a positive control, was able to 

tal actin to the increase in PP induced by these eicosanoids. TJ 
ccludin and ZO-1 located mainly at the cell border (Fig. 6A). 

 adjacent diffuse intracellular staining and a granular appear-

wed the characteristic perijunctional ring in control conditions. 
tion of the actin belt. In control monolayers, claudin-4 was 
monolayers as described in Section 2. Cells were incubated for 5 min, 15 min, or 3 h
in the presence of the eicosanoids (1 �M) or TNF-� as a positive control (100 ng/mL)
and the results are expressed as the % with respect to control conditions. Data are
mean ± SE of n = 4–6 experiments.

* P < 0.05 vs. control.
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. Discussion
Increased PP of the intestinal epithelium is now believed to be
nvolved in the pathophysiology of a variety of gastrointestinal dis-
rders (Clayburgh et al., 2004). In IBD, altered PP increases the
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entrance of pro-inflammatory stimuli to the underlying immune

cells, thereby triggering further cytokine-induced changes to TJs
and a vicious cycle of mucosal barrier dysfunction and activation
of the mucosal immune response (Barbara, 2006; Bruewer et al.,
2006; Mankertz and Schulzke, 2007). On the basis of previous
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Fig. 3. Western blot of p-MLC in the presence of LTD4. Cells were incubated with
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ined using specific antibodies. Values are mean ratio p-MLC/MLC ± SE (n = 4–5).

P < 0.05 vs. control, #P < 0.05 vs. LTD4.

ndings indicating that the AA cascade is activated in intestinal
ucosa in IBD (Boughton-Smith et al., 1983; Eberhart and Dubois,

995; Krimsky et al., 2003), we hypothesized that eicosanoids could
e involved in the regulation of intestinal epithelial barrier func-
ion in the above-mentioned pathophysiological processes. In this
egard, we previously reported that the enhancement of PGE2 levels
ncreases PP in differentiated Caco-2 cell cultures (Martin-Venegas
t al., 2006). Given that 5-LOX metabolites are also increased in
he mucosa of IBD patients, and that 5-LOX pathway inhibition is
ffective in the clinical treatment of IBD, we studied the effect of
hese eicosanoids on intestinal PP. The addition of representative
-LOX pathway metabolites such as LTD4 and 5-HETE, at concen-
rations reached in the inflamed intestinal mucosa (Wardle et al.,
993; Zijlstra and Wilson, 1991; Zijlstra et al., 1992), disrupt barrier
unction, while LTB4 had no effect.
To study the cell signaling involved in the effect of LTD4 and
-HETE on intestinal PP, the first step was to identify the recep-
ors involved. LTD4 binds to CysLT1 and CysLT2, both of which are
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nd 1 �M black bars). PGE2 was used as a positive control. Results are expressed
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Fig. 6. Changes in TJ proteins induced by eicosanoids. Fluorescent analysis was per-
formed in cells incubated for 3 h with different eicosanoids (0.1 �M) and inhibitors
using specific ZO-1, occludin and claudin-4 antibodies and TRITC-phalloidin, as
described in Section 2. In each case, a representative x–y image of sections close
to the apical cell side is shown. (A) ZO-1, occludin, perijunctional actin and claudin-
4 distribution in cells treated with LTD4 and 5-HETE. (B) Effect of U-73122 (U73,
0.1 �M) or ML7 (0.05 �M) on occludin, perijunctional actin and claudin-4 distribu-
tion in LTD4-treated cells. All the images are shown at the same magnification. White

numbers indicated on each image corresponds to the ratio TJ/cytosolic fluorescence
intensity. The results are means ± SE of n = 2 horizontal axis from 3 images. *P < 0.05
vs. control, #P < 0.05 vs. LTD4.

expressed in Caco-2 cells (Magnusson et al., 2007; Nielsen et al.,

2005). Our results indicate for the first time that the LTD4–CysLT1R
interaction participates in the regulation of intestinal barrier func-
tion. In this regard, LTD4–CysLT1R was recently reported to be
involved in the regulation of other intestinal epithelial functions,
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uch as cell survival and proliferation (Paruchuri et al., 2006) and to
articipate in plasma protein extravasation in inflammatory con-
itions (Beller et al., 2004).

Specific HETE receptors have not been identified to date. How-
ver, it has been reported that 12-(S) and 15-(S)-HETE bind to LTB4
eceptor, BLT2 (Yokomizo et al., 2001). However a BLT2 receptor
ntagonist (LY255283) did not affect the increased PP induced by 5-
ETE. Moreover, given that BLT1 is expressed in Caco-2 cells (Ihara
t al., 2007), a specific antagonist of the high affinity BLT1 receptor
U75302) was used to rule out the participation of this LTB4 recep-
or in these events, and again no effect was observed. In addition,
he results obtained with a non-selective CysLTR antagonist (Bay
9773) indicate the lack of participation of these receptors. There-
ore, no candidate receptor involved in PP regulation has thus far
een identified for 5-HETE.

It has recently been reported that LTD4 and 5-HETE induce the
xpression of COX-2, and consequently PGE2 production (Di Mari
t al., 2007; Krimsky et al., 2003). Therefore, it is possible that
he effects of these eicosanoids on PP may be due indirectly to
n increase in PGE2 production. Considering that we previously
emonstrated that PGE2 induces the disruption of epithelial barrier
unction (Rodriguez-Lagunas et al., 2010), we assayed whether COX
nhibition reverses the effect of LTD4 and 5-HETE on PP. Our results
uggest that the formation of PGE2 does not play a pivotal role in the
ffects exerted by LTD4 and 5-HETE on intestinal epithelial barrier
unction.

The mechanism by which 5-HETE and LTD4 induce epithelial
arrier disruption was further studied by characterization of the

ntracellular signaling pathways involved. According to recent data,
ysLT1R activates a G protein that induces PLC activation and con-
equently diacylglycerol and inositol trisphosphate (IP3) release.
hus, LTD4 coupled to CysLT1R results in an increase in [Ca2+]i
nd PKC activation in various cell types (Profita et al., 2008; Singh
t al., 2010; Suzuki et al., 2008; Woszczek et al., 2008). Our results
evealed that the increase in PP induced by LTD4 was prevented
y the inhibition of PLC, by the reduction of Ca2+ release from
he endoplasmic reticulum, and by PKC inhibition. Moreover, we
lso observed that the enhancement of [Ca2+]i induced by LTD4
as prevented by PLC inhibition as well as by the inhibition of
a2+ release from intracellular stores, and by the withdrawal of
xtracellular Ca2+. Therefore, our results suggest that intracellular
nd extracellular Ca2+ participate in these events. Furthermore, we
hould also consider that PKA inhibition prevented the increase in
P induced by LTD4 and 5-HETE, although cAMP levels were not
odified by either eicosanoid. Even though PKA is commonly acti-

ated by cAMP, some cAMP-independent mechanisms of activation
ave been reported in various cell types including epithelial cells
Howe, 2004; Kohr et al., 2010; Niu et al., 2001). NF�B activation

ediates the effects of several stimuli on epithelial barrier disrup-
ion in intestinal Caco-2 cell cultures (Al-Sadi, 2009). Moreover, it
hould also be considered that NF�B-dependent PKA activation has
een previously described (Gambaryan et al., 2010). In this regard,
F�B activation was also evaluated as a possible way of cAMP-

ndependent PKA activation in LTD4/5-HETE-treated cells. As phos-
horylated I�B levels were not increased we suggest that the NF�B
ranscription factor is not a downstream target of either LTD4 or
-HETE. Therefore, other cAMP and NF�B-independent PKA activa-
ion pathways should be further considered as it has been described
efore in different cell types (Kohr et al., 2010; Niu et al., 2001).

The delocalization of occludin and ZO-1 from TJs is associated
ith epithelial barrier dysfunction and increased epithelial per-
eability (Harhaj and Antonetti, 2004). Our findings revealed a
hange in occludin and actin distribution, while ZO-1 was not mod-
fied when cells were incubated with LTD4. Similarly, despite the
ramatic redistribution of TJ proteins following IFN-� exposure,

t has been reported that ZO-1 is only minimally affected and that
Biochemistry & Cell Biology 45 (2013) 1318–1326

most of it remains at the TJ (Bruewer et al., 2003). Recently, the
pathophysiological relevance of claudins in the intestine has been
highlighted as claudin-2 expression has been described to be ele-
vated in colon epithelium of patients suffering from IBD (Amasheh
et al., 2011; Prasad et al., 2005). In contrast, the expression of
claudin-4 was reduced and this protein was redistributed (Prasad
et al., 2005). In general, overexpression of claudin-4 localized
within the TJ has been associated to an improvement in epithelial
barrier function (Suzuki and Hara, 2009; Vreeburg et al., 2012). For
the moment, little information is available on claudin redistribu-
tion induced by 5-LOX pathway derived eicosanoids. Although, the
redistribution of claudin-4 without effect on claudin-1 and claudin-
2 observed in microorganism-induced intestinal inflammation is in
agreement with our data (Hering et al., 2011; Lejeune et al., 2011).

The presence of cytosolic occludin is associated with protein
internalization by endocytosis. In the case of barrier loss induced
by TNF-�, occludin internalization has been described as a MLCK-
dependent process (Schwarz et al., 2007). In this regard, previous
studies indicate that MLCK is crucial for the regulation of intesti-
nal TJ permeability. Thus, the increase in PP induced by several
proinflammatory cytokines, short chain fatty acids, ethanol, and
extracellular Ca2+ is mediated by an increase in MLCK activity (Al-
Sadi et al., 2008; Ma et al., 1999; Ohata et al., 2005; Shen et al., 2006;
Ye et al., 2006). In fact, MLCK expression is significantly enhanced
in the mucosa of IBD patients (Blair et al., 2006). Our results indi-
cate that the increase in PP induced by LTD4 correlates with the
redistribution of TJ proteins (mainly occludin) and the contraction
of the perijunctional actin ring through MLCK activation and sub-
sequent increase in MLC phosphorylation. In contrast, the effects
induced by 5-HETE on occludin redistribution may be mediated
by a mechanism other than that induced by LTD4. In this case, the
contraction of the actin subapical ring through MLCK activation and
MLC phosphorylation is not involved.

On the basis of our findings, we can conclude that LTD4 effects
on TJ permeability are mediated by the interaction with CysLT1R,
which activates the PLC-Ca2+-PKC and MLCK pathways. Moreover,
cAMP-independent PKA activation may also be involved in these
events. Furthermore, these events are accompanied by the redis-
tribution of occludin and claudin-4 and the contraction of the
perijunctional actin ring. Regarding the effects of 5-HETE on PP,
we did not identify any receptor nevertheless, a common intracel-
lular signaling pathway to LTD4 can be predicted, excluding the
redistribution of the subapical actin ring. Interestingly, our find-
ings provide a highly plausible explanation for the negative effect
of COX inhibition on PP in IBD attributable to the enhancement of
5-LOX pathway eicosanoids synthesis.

Given the involvement of eicosanoids in the disruption of the
homeostasis of intestinal barrier function in inflammatory pro-
cesses such as IBD (Ferrer and Moreno, 2010), our findings provide
a valuable basis on which to perform research into the interrelation
between 5-LOX pathway activation, PP changes, and the initia-
tion/perpetuation of IBD. Moreover, these findings may be useful
to understand the effectivity of dual COX/LOX inhibitors and for
the future development of new diagnostic tools and therapeutic
strategies for IBD.
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