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Tiziana Genovese1, Carmelo Muià1, Achille P Caputi1 and Lidia Sautebin2

1Department of Clinical and Experimental Medicine and Pharmacology, University of Messina Torre
Biologica, Policlinico Universitario, Messina, Italy; 2Department of Experimental Pharmacology, University
of Naples ‘‘Federico II’’, Napoli, Italy and 3Department of Biomorphology, School of Medicine, University
of Messina, Messina, Italy

Leukotrienes play a part in inflammatory response. The unique role of the enzyme 5-lipoxygenase (5-LO) in the
production of leukotrienes makes it as therapeutic target for inflammatory conditions like inflammatory bowel
disease (IBD). In the present study, by comparing the responses in wild-type mice (5-LOWT) and mice lacking
the 5-lipoxygenase (5-LOKO), we investigated the role played by this enzyme in the development of
experimental colitis. To address this question, we used an experimental model of colitis, induced by
dinitrobenzene sulfonic acid (DNBS). When compared to DNBS-treated 5-LOWT mice, DNBS-treated 5-LOKO
mice experienced a reduced rate of the extent and severity of the histological signs of colon injury. After
administration of DNBS 5-LOWT mice showed hemorrhagic diarrhea, weight loss and large areas of necrosis
in the mucosa of the colon. Neutrophil infiltration was associated with the expression of ICAM-1, VCAM-1,
P-selectin, E-selectin that were mainly localized around vessels. Absence of a functional 5-LO resulted in a
significant reduction of all the above-described parameters. In particular, we have observed a significant
reduction of: (i) the degree of colon injury, (ii) the rise in myeloperoxidase (MPO) activity (mucosa), (iii) the
increase in staining (immunohistochemistry) for ICAM-1, VCAM-1, P-selectin, E-selectin caused by DNBS in the
colon. Similarly, the treatment of 5-LOWT with zileuton (50mg/kg per os twice a day) resulted in a significant
reduction of all the above-described parameters. In addition, in in vitro study a significantly reduced
chemotactic response to IL-8 was observed in peripheral blood leukocytes from 5-LOKO in comparison to
5-LOWT polymorphonuclear leukocyte. Similar results were obtained when we analyzed the chemotactic
response of 5-LOWT cell incubated for 15min with zileuton (50lg/ml). Taken together, our results clearly
demonstrate that 5-LO modulates neutrophil infiltration in experimental colitis through the expression of
adhesion molecules.
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The inflammatory bowel diseases (IBD), Crohn’s
disease, and ulcerative colitis have become impor-
tant health problems in recent years. With an actual
prevalence of 200–500 per 100 000 people in
Western countries and an incidence of about 20
per 100 000 people, the prevalence of these patho-

logies in high incidence areas almost doubles every
10 years. Indeed, these are diseases of a lifetime,
affecting people at a young age. In the last decade, it
has been observed a shift towards more Crohn’s
disease in areas with high incidence of IBD, and IBD
has tended to occur at all ages. While this disease
has a worldwide distribution, its pathogenesis is not
clearly understood.1 During the last decade, several
experimental animal models of inflammatory bowel
diseases have been developed to define the different
components of the pathophysiological processes
that characterize these disorders.2–5 Among these
models, the intrarectal administration of 2,4-di-
nitrobenzene sulfonic acid (DNBS) has been exten-
sively used to study the mechanisms of colonic
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inflammation and to test anti-inflammatory drugs.6,7

Infections, trauma, or chemical insults are believed
to induce several cellular reactions, which even-
tually lead to an inflammatory status of the colon. At
the same time, however, protective mechanisms
aimed at preventing the pathological outcome of
pro-inflammatory insults are also induced. Hence,
the overall balance between pro- and anti-inflam-
matory mechanisms is likely to determine the
progression and severity of colitis. A better under-
standing of intrinsic mechanisms that protect
against inflammation would provide an effective
starting point for development of novel therapeutic
treatments.

Leukotrienes are potent lipid mediators of inflam-
matory responses and have been implicated in
the pathophysiology of both acute and chronic in-
flammatory diseases including asthma, arthritis,
psoriasis, and inflammatory bowel diseases.8 The
production of all leukotrienes from arachidonic acid
(AA) is dependent on the expression of arachidonate
5-lipoxygenase (5-LO).

The conversion of AA to leukotriene A4 (LTA4) by
the enzyme 5-LO is the first step in the synthesis of
all leukotrienes. LTA4 can either be converted to
leukotriene B4 (LTB4) by LTA4 hydrolase or con-
jugated with reduced glutathione by LTC4 synthase
to form leukotriene C4 (LTC4). The biologic activi-
ties of leukotrienes suggest that they are mediators
of acute inflammatory and immediate hypersensi-
tivity responses. Peptidyl leukotrienes, which are
released by leukocytes in response to inflammatory
and immunologic stimuli, cause contraction of
endothelial cells, resulting in increased permeabi-
lity of postcapillary venules.9 The peptidyl leuko-
trienes are also potent bronchoconstrictors10 and
continue to be considered important mediators of
allergic diseases of the airways.11,12 Therefore, both
the peptidyl leukotrienes and LTB4 increase the
adhesion of leukocytes to endothelial cells.13 In the
last few years, various studies have gained sub-
stantial insight into the importance of specific
adhesion molecules and mediators in the following
processes that finally result in the recruitment of
polymorphonuclear leukocytes (PMNs) at a specific
site of inflammation: (1) margination, capture and
rolling on the vascular endothelium, (2) activation
and firm adhesion, (3) diapedesis through gaps
between endothelial cells in postcapillary venules,
and (4) finally, migration along a gradient of
chemokines. Activated PMNs, therefore, play a
crucial role in the destruction of foreign antigens
and the breakdown and remodelling of injured
tissue. Leukocyte–endothelial interactions involve
a complex interplay among adhesion glycoproteins
(ie integrins, members of the immunoglobulin
superfamily, and selectins). One member of the
selectin family, P-selectin, is rapidly translocated
from the Weibel–Palade bodies to the endothelial
cell surface upon activation of endothelial cells
with thrombin, histamine, hypoxia-reoxygenation,

or oxygen-derived free radicals.14,15 P-selectin pro-
motes rolling of leukocytes on the endothelium.
E-selectin is expressed on inflamed endothelial cells
in response to treatment with inflammatory cyto-
kines.16 Intravital microscopic experiments have
shown that its function in mediating leukocyte
rolling is largely redundant with that of P-selec-
tin.17–19 Consequently, E-selectin-deficient mice
have only a subtle defect in leukocyte rolling as
shown by much faster rolling velocities in these
mice.19 In addition to mediating leukocyte rolling,
E-selectin participates in the conversion of rolling to
firm adhesion. E-selectin-deficient mice have a
reduced number of firmly adherent leukocytes in
response to local chemoattractant20 or cytokine
stimulation.21 This defect may be related to the
more rapid rolling velocities in the absence of E-
selectin. E-selectin is expressed in skin microvessels
under baseline conditions,22 and there is some
evidence that E-selectin is of particular importance
in skin inflammation, because it supports the
recruitment of skin-specific T lymphocytes.23 The
rolling of leukocytes is the first step in the interac-
tions of leukocytes with the endothelium and
facilitates the activation and adherence of PMNs.24

The firm adhesion of PMNs to the endothelium,
however, is a complex phenomenon, which also
involves other endothelium-based adhesion mole-
cules. In fact, endothelial adhesion molecules are
considered to play a pivotal role in the localization
and development of an inflammatory reaction.25

Intercellular adhesion molecules (ICAM-1) is an
adhesion molecule normally expressed at a low
basal level, but its expression can be enhanced by
various inflammatory mediators such as IL-1 and
TNF-a.26 Vascular cell adhesion molecule-1 (VCAM-
1) contains six or seven immunoglobulin domains
and is expressed on both large and small vessels
only after the endothelial cells are stimulated by
cytokines. Primarily, VCAM-1 is an endothelial
ligand for VLA-4 (Very Late Antigen-1 or a4b1) of
the b1 subfamily of integrins and for integrin a4b7.
VCAM-1 promotes the adhesion of lymphocytes,
monocytes, eosinophils, and basophils. Interest-
ingly, certain melanoma cells can use VCAM-1 to
adhere to the endothelium, and VCAM-1 may
participate in monocyte recruitment to atherosclero-
tic sites. The crucial role of adhesion molecules in
inflammatory disorders27,28 makes them interesting
targets for drug development. Pioneering studies
with antiadhesion strategies have been undertaken
in asthma, where antagonists of Th2-specific chemo-
kines and inhibitors of a4b1 integrins have been
shown to induce profound anti-inflammatory
effects. IBD, antiadhesion therapy has focused on
two pathways: the a2 integrin/ICAM-1 and the a4
integrin/MAd-CAM-1 interaction. It is important to
point out that same clinical trials have been carried
out using natalizumab (monoclonal antibodies to a4
integrin) and LDP-02 (a4,b7 integrin); and antisense
to ICAM-1. Interestingly, 5-LOKO mice have not
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been used to elucidate whether 5-LO leukotrienes
plays a role in the PMNs infiltration in rodent
models of dinitrobenzene sulfonic acid (DNBS)-
induced colitis. This is surprising, as a substantial
rise in leukotriene production it has been demon-
strated in this experimental model of colitis29,30 as
well as in patients with ulcerative colitis.31–33 In this
study, we have investigated the role of 5-LO in
a Crohn’s disease-like animal model, the DNBS-
induced colitis in the mice.

Materials and methods

Animals

Mice (4–5 weeks old, 20–22 g) with a targeted
disruption of the 5-lipoxygenase gene (5-LOKO)
and littermate wild-type controls (5-LOWT) were
purchased from Jackson Laboratories (Harlan Nos-
san, Italy). The animals were housed in a controlled
environment and provided with standard rodent
chow and water. Animal care was in compliance
with Italian regulations on protection of animals
used for experimental and other scientific purposes
(D.M. 116192) as well as with the EEC regulations
(O.J. of E.C. L 358/1 12/18/1986).

Experimental Groups

Mice will be randomly allocated into the following
groups: (i) 5-LOWT DNBSþ saline group: 5-LOWT
will be subjected to DNBS-induced colitis plus
administration of saline (N¼ 10); (ii) 5-LOKO
DNBSþ saline group: 5-LOKO will be subjected to
DNBS-induced colitis plus administration of saline
(N¼ 10); (iii) 5-LOWTþ zileuton group: identical to
the 5-LOWT DNBSþ saline group but were adminis-
tered zileuton (50mg/kg as emulsion in 0.5%
hydroxyethyl cellulose in saline) which was given
twice a day as an oral gavage (o.s.) starting 24h
before the induction of colitis until they were killed;
(iv) 5-LOWT Shamþ saline: 5-LOWT mice were
subjected to the experimental procedures as the
above groups except instead of DNBS 100 ml of 50%
ethanol were administered to the mice (N¼ 10); (v)
5-LOKO Shamþ saline: 5-LOKO mice were sub-
jected to the surgical procedures as the above groups
except that instead of DNBS 100 ml of 50% ethanol
were administered to the mice (N¼ 10); and (vi)
5-LOWT Shamþ zileuton group: identical to 5-LOWT
Shamþ saline group except for the administration of
zileuton. The dosage of zileuton regimen has been
previously shown to reduced colon injury in a rat
model of experimental colitis.34

Induction of Experimental Colitis

Colitis was induced with a very low dose of DNBS
(4mg per mouse) by using a modification35 of the
method first described in rats.36 In preliminary

experiments, this dose of DNBS was found to induce
reproducible colitis without mortality. Mice were
anesthetized by Enflurane. DNBS (4mg in 100 ml of
50% ethanol) was injected into the rectum through a
catheter inserted 4.5 cm proximally to the anus.
Vehicle alone (100 ml of 50% ethanol) was adminis-
tered in control experiments (sham). Thereafter, the
animals were kept for 15min in a Trendelenburg
position to avoid reflux. After colitis and sham-
colitis induction, the animals were observed for 4
days. On day 4, the animals were weighed and
anesthetized with chloral hydrate, and the abdomen
was opened by a midline incision. The colon was
removed, freed from surrounding tissues, opened
along the antimesenteric border, rinsed, weighed,
and processed for histology and immunohistochem-
istry. Colon damage (macroscopic damage score)
was evaluated and scored by two independent
observers as described previously34,37,38 according
to the following criteria: 0, no damage; 1, localized
hyperemia without ulcers; 2, linear ulcers with no
significant inflammation; 3, linear ulcers with
inflammation at one site; 4, two or more major sites
of inflammation and ulceration extending 41 cm
along the length of the colon; and 5–8, one point is
added for each centimeter of ulceration beyond an
initial 2 cm.

Light Microscopy

After fixation for 1 week at room temperature in
Dietrich solution (14.25% ethanol, 1.85% formalde-
hyde, 1% acetic acid), samples were dehydrated in
graded ethanol and embedded in Paraplast (Sher-
wood Medical, Mahwah, NJ, USA). Thereafter, 7-mm
sections were deparaffinized with xylene, stained
with hematoxylin-eosin and trichromic van Gies-
son’s stain, and observed in a Dialux 22 Leitz
(Wetziar, Germany) microscope. In order to have a
quantitative estimation of colon damage, section
(N¼ 6 for each animals) was scored by two inde-
pendent observers blinded to the experimental
protocol. The following morphological criteria were
considered: score 0, no damage; score 1 (mild), focal
epithelial oedema and necrosis; score 2 (moderate),
diffuse swelling and necrosis of the villi; score 3
(severe), necrosis with presence of neutrophil
infiltrate in the submucosa; score 4 (highly severe),
widespread necrosis with massive neutrophil infil-
trate and hemorrhage.

Myeloperoxidase Activity

Myeloperoxidase (MPO) activity, an indicator of
PMN accumulation, was determined as previously
described.39 At 4 days after intracolonic injection of
DNBS, the colon was removed and weighed. The
colon was homogenized in a solution containing
0.5% hexa-decyl-trimethyl-ammonium bromide dis-
solved in 10mM potassium phosphate buffer (pH 7)
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and centrifuged for 30min at 20000 g at 41C. An
aliquot of the supernatant was then allowed to react
with a solution of tetra-methyl-benzidine (1.6mM)
and 0.1mM H2O2. The rate of change in absorbance
was measured spectrophotometrically at 650nm.
MPO activity was defined as the quantity of enzyme
degrading 1mmol of peroxide per minute at 371C and
was expressed in units per gramweight of wet tissue.

Intestinal Permeability

On the fourth day of the experiment, mannitol 5mg;
lactulose dissolved in 0.5ml of normal saline were
gavaged. Individual mice were then immediately
placed in metabolic cages to allow for collection of
urine for 4–5h as previously described.40 Urinary
sugar excretion was assessed by gas liquid chromato-
graphy.

Localization of E-Selectin, P-Selectin, VCAM and
ICAM-1 by Immunohistochemistry

At 4 days after the administration of DNBS, the
tissues were fixed in 10% PBS-buffered formalde-
hyde and 8 mm sections were prepared from paraf-
fin-embedded tissues. The sections were
permeabilized with 0.1% Triton X-100 in PBS for
20min. Nonspecific adsorption was minimized by
incubating the section in 2% normal goat serum in
phosphate-buffered saline for 20min. Endogenous
biotin or avidin binding sites were blocked by
sequential incubation for 15min with avidin and
biotin. The sections were then incubated overnight
with primary anti-E-selectin antibody (1:1000), anti-
VCAM-1 antibody (1:500), anti-P-selectin antibody
(1:500), anti-ICAM-1 antibody (1:500), or with
control solutions. To verify the binding specificity
for E-selectin, P-selectin, VCAM-1, and ICAM-1,
some sections were also incubated with primary
antibody only (no secondary antibody) or with
secondary antibody only (no primary antibody). In
these situations, no positive staining was found in
the sections indicating that the immunoreactions
were positive in all the experiments carried out.
Immunocytochemistry photographs (N¼ 5) were
assessed by densitometry by using the Optilab
Graftek software on a Macintosh personal computer.

In Vitro Chemotactic Assay

Peripheral blood was collected by cardiac puncture
from either 5-LOWT or 5-LOKO mice. PMN counts
were determined manually on slides of Wright’s
stain prepared with Cytospin. There were no
statistically significant differences in the number
of peripheral lymphocytes, monocytes, atypical
lymphocytes, or eosinophils between the 5-LOWT
or 5-LOKO mice. In order to confirm the role of 5-LO
on chemotaxis, some purified 5-LOWT PMNs were

also incubated for 15min in the absence or presence
of zileuton (50 mg/ml). The dose of zileuton was
chosen in agreement with a previous study.41 PMN
chemotaxis was quantified using a Transwell system
(polycarbonate filters with pore size 5mm) as
described by La et al.42 Cells were placed in the
top well in a total volume of 100 ml, and IL-8 (30ng/
ml) as previously described43 or medium (RPMI
1640 with 0.5% FBS) was added to the lower
chamber. Plates were incubated for 2h in a humi-
dified incubator at 371C with 5% CO2. Cells
remaining on top of the filter were absorbed off
and the filter tops were carefully washed to ensure
removal of nonmigrated cells. The plates were
centrifuged (1200 r.p.m., 5min at room temperature)
to pellet cells on the underside of the filters. The
filter was removed and cells in the bottom wells
were stained in Turk’s solution (0.01% crystal violet
in 3% acetic acid) and counted by light microscopy.

Reagents

Zileuton was purchased from Sequioa Research
Products (Oxford, UK). Biotin blocking kit, biotin-
conjugated goat anti-rabbit IgG and avidin–biotin
peroxidase complex were obtained from Vector
Laboratories (Burlingame, CA, USA). Primary anti-
bodies for immunohistochemistry were purchased
by Pharmingen. Reagents and secondary and non-
specific IgG antibody for immunohistochemical
analysis were from Vector Laboratories Inc. All
other reagents and compounds used were obtained
from Sigma Chemical Company.

Statistical Analysis

All values in the figures and text are expressed as
mean7s.e.m. of N observations, where N represents
the number of animals studied. In the experiments
involving histology or immunohistochemistry, the
figures shown are representative of at least three
experiments performed on different experimental
days. Data sets were examined by one- and two-way
analysis of variance and individual group means
were then compared with Student’s unpaired t-test.
Nonparametric data were analyzed with the Fisher’s
exact test. A P-value less than 0.05 was considered
significant.

Results

The Development of DNBS-Induced Colitis (Histology
and General Assessment) is Reduced in 5-LOKO Mice
and in 5-LOWT Mice Treated with Zileuton

At 4 days after intracolonic administration of DNBS,
the colon appeared flaccid and filled with liquid
stool. The macroscopic inspection of cecum, colon,
and rectum showed presence of mucosal congestion,
erosion, and hemorrhagic ulcerations (Figure 1a, d).
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Figure 2 Effects of genetic 5-LO deletion on colon injury. No histological alteration was observed in the colon tissues collected either
from sham-treated 5-LOWT (a) and from sham-treated 5-LOKO (b). Mucosal injury was produced after DNBS administration in 5-LOWT
mice characterized by absence of epithelium and a massive mucosal and submucosal infiltration of inflammatory cells (c). The absence of
5-LO gene significantly reduced the extent and severity of the histological signs of colon injury (d). Similarly, the pharmacological
inhibition of 5-LO by administration with zileuton (50mg/kg per os twice a day) to DNBS 5-LOWTsignificantly reduced the histological
signs of colon injury (e). This figure is representative of at least three experiments performed on different experimental days.

Figure 1 Effect of genetic 5-LO deletion on clinical expression of DNBS-induced colitis and macroscopic damage score. Colon tissues
from DNBS-treated 5-LOWT mice at 4 days post-DNBS administration (a), the colon tissues collected from DNBS-treated 5-LOKO mice
(b), and the colon tissues collected from DNBS-treated 5-LOWT mice treated with zileuton (50mg/kg per os twice a day) (c). The
macroscopic damage score (d) was made by two independent observers. This figure is representative of all the animals in each group.
Data are means7s.e.m. of 10 mice for each group. *Po0.01 vs VEHICLE (sham); 1Po0.01 vs DNBS 5-LOWT.
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The histopathological features included a trans-
mural necrosis and edema and a diffuse leukocyte
cellular infiltrate in the submucosa of colon section
from DNBS-treated 5-LOWTmice (Figures 2c and 3).
The observed inflammatory changes of the large
intestine were associated with an increase in the
weight of the colon with respect to vehicle-treated
mice (sham) (Figure 4). The absence of 5-LO gene
significantly reduced the extent and severity of the
histological signs of colon injury (Figures 1b, d, 2d,
and 3) as well as the colon weight which was similar
to 5-LOKO vehicle-treated mice (sham) (Figure 4a).
At 4 days after colitis induced by DNBS treatment,
all 5-LOWT mice had diarrhea and a significant
reduction in body weight (compared to the respec-
tive sham mice) expressed as the percent of the
initial body weight lost (Figure 4b). Absence of a
functional 5-LO gene in 5-LOKO mice resulted in a
significant decrease of body weight loss (Figure 4b).
Similarly, the treatment of 5-LOWTwith zileuton, a
potent 5-LO inhibitor, resulted in a significant
decrease in the extent and severity of the injury of
the large intestine (Figures 1c, d, 2e, 3, and 4). No
histological alteration was observed in the colon
tissue from vehicle-treated 5-LOWT and 5-LOKO
mice (sham) (Figures 2a, b, and 3).

Neutrophil Infiltration

The above histological pattern of colon injury
appeared to be correlated with the influx of
leukocytes into the colon tissue. Therefore, we
investigated the role of 5-LO on the neutrophils
infiltration by measurement of the activity of
myeloperoxidase in the colon. Myeloperoxidase
activity was significantly elevated (Po0.01) at

4 days after DNBS administration in 5-LOWT mice
with respect to the correspondent vehicle-treated
mice (sham) (Figure 5). In 5-LOKO mice colon,
myeloperoxidase activity was significantly reduced
(Po0.01) in comparison to 5-LOWT animals (Figure
5) and almost similar to the correspondent sham
mice. Similarly, the treatment of 5-LOWT with
zileuton, resulted in a significant decrease in the
neutrophils infiltration (Figure 5).
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for each group. *Po0.01 vs VEHICLE (sham); 1Po0.01 vs DNBS
5-LOWT.

5-LO and DNBS-induced colitis
S Cuzzocrea et al

814

Laboratory Investigation (2005) 85, 808–822



Expression of Adhesion Molecules (ICAM-1,VCAM-1,
P-Selectin and E-Selectin)

Neutrophils infiltration in the colon tissues was
associated with expression of adhesion molecules.
In fact, at 4 days after DNBS administration, positive
staining for ICAM-1 (Figure 6b and 7), for P-selectin
(Figures 7 and 8b), for E-selectin (Figures 7 and 9b),
and for VCAM-1 (Figures 7 and 10b) were found
increased along the vessels from DNBS-treated 5-
LOWT mice. In DNBS-treated 5-LOKO mice, the
staining for ICAM-1 (Figures 6c and 7), for P-selectin
(Figures 7 and 8c), for E-selectin (Figures 7 and 9c),
and for VCAM-1 (Figures 7 and 10c) was visibly and
significantly reduced in comparison with the 5-
LOWT mice. Similarly, the treatment of 5-LOWT
with zileuton, resulted in a significant decrease in
the positive staining for ICAM-1 (Figures 6d and 7),
for P-selectin (Figures 7 and 8d), for E-selectin
(Figures 7 and 9d), and for VCAM-1 (Figures 7 and
10d). It is important to underline that constitutive
staining for ICAM-1 and no positive staining for
P-selectin, E-selectin, and VCAM-1 was observed in
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Figure 5 Effects of genetic or pharmacological 5-LO inhibition on
colon neuthophil infiltration. Myeloperoxidase (MPO) activity was
significantly increased in DNBS-treated 5-LOWT mice in compar-
ison to vehicle-treated mice (sham). MPO activity was significantly
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Figure 6 Immunohistochemical localization of ICAM-I in the colon. Constitutive staining for ICAM-1 was observed in colon tissues
section from sham-treated mice (a). Section obtained from DNBS-treated 5-LOWT mice showed intense positive staining for ICAM-1 (b)
on endothelial cells. The degree of endothelial staining for ICAM-1 was markedly reduced in tissue section obtained from DNBS-treated
5-LOKO mice (c) as well as in tissue section obtained from DNBS-treated 5-LOWT mice which have received zileuton (d). This figure is
representative of at least three experiments performed on different experimental days.
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lungs of vehicle-treated mice (sham) (Figures 6a, 7,
8a, 9a, and 10a).

Intestinal Permeability

For assessing baseline small bowel permeability,
permeability probes (lactulose and mannitol) were
administered by gavage, and urinary lactulose and
mannitol excretion was measured in urine collected
over a 4–5h postgavage period and Lactulose/
mannitol (L/M) ratios were calculated. As indicated
in Figure 11, the L/M ratios was unchanged in the
sham 5-LOWT and in sham 5-LOKO mice. On the
contrary, in the urinary samples from DNBS-5-
LOWT mice, L/M ratios were significantly higher
in comparison to the sham animals. The absence
or inhibition of 5-LO in mice (animals with the
5-LOKO phenotype or 5-LOWT mice treated with
zileuton) resulted in a pronounced reduction of the
increase of L/M ratios (Figure 11).
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Figure 7 Typical densitometry evaluation. Densitometry analysis
of immunocytochemistry photographs (N¼ 5) for ICAM-1, VCAM,
P-selectin, and E-selectin from colon was performed. The assay
was carried out by using the Optilab Graftek software on a
Macintosh personal computer (CPU G3-266). Data are expressed
as % of total tissue area. ND: not detectable. *Po0.01 vs SHAM;
1Po0.01 vs DNBS 5-LOWT.

Figure 8 Immunohistochemical localization of P-selectin in the colon. No positive staining for P-selectin was observed in colon tissues
section from sham-treated mice (a). Section obtained from DNBS-treated 5-LOWTmice showed intense positive staining for P-selectin (b)
on endothelial cells. The degree of endothelial staining for P-selectin was markedly reduced in tissue section obtained from DNBS-
treated 5-LOKO mice (c) as well as in tissue section obtained from DNBS-treated 5-LOWT mice, which have received zileuton (d). This
figure is representative of at least three experiments performed on different experimental days.
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In Vitro PMN Chemotaxis

Leukotrienes and in particularly leukotriene (LT) B4

play an important role in the adhesion of leukocytes
to endothelium, chemotaxis, and PMN degranula-
tion.9,44 We therefore assessed the in vitro chemo-
tactic response of peripheral blood leukocytes
from 5-LOWT and 5-LOKO mice stimulated with
IL-8 (30 ng/ml), which produced optimal PMN
chemotaxis43 in a Transwell chemotactic assay.
Basal motility of PMN (with medium in both upper
and lower wells) was not significantly different
for 5-LOWT and 5-LOKO cells (Figure 12). When
we tested the chemotactic response to IL-8 (IL-8
in the lower well), significantly more 5-LOWT
PMN reached the lower well than 5-LOKO
cells, indicating that the chemotactic response to
IL-8 is significantly reduced in 5-LOKO cells
(Figure 12). Similar results were obtained when we
analyzed the chemotactic response of 5-LOWT
cell incubated for 15min with zileuton (50 mg/ml)
(Figure 12).

Discussion

We demonstrate here that the absence of the 5-LO
gene significantly reduced: (i) the degree of diarrhea
and weight loss, (ii) the degree of colonic injury, and
(iii) the inflammatory cells infiltration caused by
DNBS in the colon. Furthermore, using mice in
which the gene for 5-LO was deleted (5-LO knockout
mice; 5-LOKO), we demonstrate here that the
activation of 5-LO mediates leukocyte–endothelial
interactions by regulating the expression of P-
selectin, E-selectin, ICAM-1, and VCAM-1 during
experimental colitis. In 5-LOKO mice subjected to
DNBS-induced colitis, the upregulation of P-selec-
tin, E-selectin, ICAM-1, and VCAM-1 in the lung
was largely attenuated. Similarly, the treatment with
zileuton, a potent 5-LO inhibitor, significantly
reduced all the inflammatory parameters. All of
these findings support the view that inhibition of 5-
LO pathway exerts potent anti-inflammatory effects.
What, then, is the mechanism by which inhibition of
5-LO inhibit the colon inflammation caused by

Figure 9 Immunohistochemical localization of E-selectin in the colon. No positive staining for E-selectin was observed in colon tissues
section from sham-treated mice (a). Section obtained from DNBS-treated 5-LOWTmice showed intense positive staining for E-selectin (b)
on endothelial cells. The degree of endothelial staining for E-selectin was markedly reduced in tissue section obtained from DNBS-
treated 5-LOKO mice (c) as well as in tissue section obtained from DNBS-treated 5-LOWT mice, which have received zileuton (d). This
figure is representative of at least three experiments performed on different experimental days.
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injection of DNBS? Endothelial cells appear to be
major regulators of the neutrophil traffic, regulating
the process of neutrophil chemoattraction, adhesion
and emigration from the vasculature to the tissue.
P-selectin is rapidly recruited to the cell surface of
either platelets or endothelial cells from preformed
storage pools after exposure to, for example, hydro-
gen peroxide, thrombin, histamine, or complement,
and allows the leukocytes to roll along the endothe-
lium.45–47 E-selectin is expressed in skin micro-
vessels under baseline conditions,22 and there is
some evidence that E-selectin is of particular impor-
tance in skin inflammation, because it supports
the recruitment of skin-specific T lymphocytes,23

ICAM-1 is constitutively expressed on the surface of
endothelial cells and is involved in the neutrophil
adhesion.48 Hypoxic or injured endothelial cells
synthesise pro-inflammatory cytokines, which can
upregulate endothelial expression of the constitu-
tive adhesion molecule ICAM-1 in an autocrine
fashion.49,50 Significant expression of ICAM-1 in

microvessels of ischemic tissues occurs within 1h
after reperfusion.51,52 VCAM-1 is expressed on both
large and small vessels only after the endothelial
cells are stimulated by cytokines. Recently, it has
been demonstrated that certain melanoma cells can
use VCAM-1 to adhere to the endothelium, and
VCAM-1 may participate in monocyte recruitment
to atherosclerotic sites. The upregulation expression
of P-selectin, E-selectin, ICAM-1, and VCAM-1
corresponds with the induction of neutrophil
recruitment, which is maximal within the first hour
of reperfusion, and persists, at lower rate, in the late
phase of reperfusion.53,54 In accordance with these
findings, we observed that DNBS (after 4 days)
induced the appearance of P-selectin, E-selectin,
and VCAM-1 on the endothelial vascular wall and
upregulated the surface expression of ICAM-1 on
endothelial cells in the lung section from 5-LOWT
mice. The deletion of the gene encoding for 5-LO as
well as the pharmacolocial inhibition of 5-LO
(zileuton treatment) abolished the upregulation of

Figure 10 Immunohistochemical localization of VCAM-1 in the colon. No positive staining for VCAM was observed in colon tissues
section from sham-treated mice (a). Section obtained from DNBS-treated 5-LOWTmice showed intense positive staining for VCAM (b) on
endothelial cells. The degree of endothelial staining for VCAM was markedly reduced in tissue section obtained from DNBS-treated 5-
LOKO mice (c) as well as in tissue section obtained from DNBS-treated 5-LOWT mice, which have received zileuton (d). This figure is
representative of at least three experiments performed on different experimental days.
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P-selectin, E-selectin, ICAM-1, and VCAM-1, but did
not affect the constitutive expression of ICAM-1 on
endothelial cells. These results suggest that inhibi-

tion of 5-LO activity may interfere with the interac-
tion of neutrophils and endothelial cells both at the
early rolling phase mediated by P-selectin and
E-selectin and at the late firm adhesion phase
mediated by ICAM-1 and VCAM-1. The absence of
an increased expression of the adhesion molecules
in the colon tissue of DNBS-treated 5-LOKO mice
correlated with the reduction of leukocyte infiltra-
tion, as assessed by the specific granulocyte enzyme
myeloperoxidase, and with the decrease of tissue
damage as evaluated by histological examination. It
is noteworthy, however that tissue myeloperoxidase
activity was not completely abolished, but was
almost similar to the correspondent sham mice.
This result is consistent with previous studies
demonstrating that constitutive levels of ICAM-1
appear to be sufficient to support a lower degree of
CD11/CD18-dependent trans-endothelial migration
of activated neutrophils.55,56

The inflammatory response for example after
topical application of AA depends on the formation
of the unstable intermediate LTA4 by the enzyme
5-lipoxygenase. LTA4 is further metabolized into
either LTB4 or cysteinyl LTs including LTC4 and
LTD4. LTB4 is a potent chemoattractant for PMN and
the cysteinyl LTs increase vascular permeability.
5-Lipoxygenase-deficient animals cannot produce
LTB4 and LTC4 and therefore have reduced inflam-
matory responses to topical application of AA.57,58

The reduced influx of PMN observed in vivo may
well be the result of reduced production of LTB4 in
5-LOKO cells or 5-LOWTcells treated with zileuton,
as was observed in chemotaxis experiments in vitro.
Although zileuton, a well-known 5-LO inhibitor, has
not proved to be effective in the treatment of
ulcerative colitis in clinical trial,59 it has been
shown to reduce the severity of experimental colitis
in rats in a similar colitis model.60,61 Recently,
Holma et al61 have demonstrated that zileuton failed
to decrease the inflammatory reaction in TNBS-
induced colitis in spite of the fact that it reduced
LTB4 production at 72h.62 Taken together with the
other studies this implies, as suggested by Holma,
that leukotrienes might be more important during
the later phase of the TNBS models. In agreement
with these studies, we have observed that the
genetic absence of 5-LO in 5-LOKO mice as well as
the treatment of 5-LOWT mice with zileuton exert a
protective effect at 4 days after DNBS administra-
tion.

Furthermore, intestinal permeability reflects the
integrity of the intestinal mucosal barrier, which
restricts the passive permeation of luminal sub-
stances.63 It is well known that altered intestinal
permeability has been reported in various intestinal
conditions associated with diarrhea such as celiac
disease,64 IBD,65 infectious gastroenteritis,66–68 and
food intolerance or allergy.69,70 It is possible to assess
intestinal permeability in vivo by measuring the
urinary excretion of hydrosoluble and not degrad-
able probes given orally. The L/M test uses a mixture
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Figure 11 Effects of 5-LO inhibition on intestinal permeability.
For assessing baseline small bowel permeability, permeability
probes (lactulose and mannitol) were administered by gavage, and
urinary lactulose and mannitol excretion was measured in urine
collected over a 4–5h postgavage period and L/M ratios were
calculated. The L/M ratios was unchanged in the sham 5-LOWT
and in sham 5-LOKO mice. On the contrary in the urinary
samples from DNBS 5-LOWT mice L/M ratios were significantly
higher in comparison to the sham animals. The absence or
inhibition of 5-LO in mice (animals with the 5-LOKO phenotype
or 5-LOWT mice treated with zileuton) resulted in a pronounced
reduction of the increase of L/M ratios. Data are means7s.e.m. of
10 mice for each group. *Po0.01 vs VEHICLE (sham); 1Po0.01 vs
DNBS 5-LOWT.
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Figure 12 Chemotactic response of 5-LOWT and 5-LOKO PMN.
Blood PMN chemotaxis was determined in a Transwell assay.
Medium alone or IL-8 (30ng/ml) was added to the lower well and
cells were placed in the upper well in medium for 2h. In order to
confirm the role of 5-LO on chemotaxis, some purified 5-LOWT
PMNs were also incubated for 15min in the absence or presence
of zileuton (50mg/ml). Data represent percentage of cells from the
total number used that reached the lower well, n¼ 6/group.
*Po0.01 vs medium-incubated cells, 1Po0.01 vs 5-LOWT PMNs
incubated with IL-8.
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of two nonmetabolized sugars, minimizing the
influence of variables such as gastric emptying,
intestinal motility, and renal function, which affect
both markers equally. Moreover, it is a nontoxic,
noninvasive test and the laboratory procedure is
simple and inexpensive.71 The L/M test is used
in the diagnosis and follow-up of celiac72–74 and
Crohn’s disease.75,76

As clearly demonstrated in this study, the absence
or inhibition of 5-LO in mice (animals with the
5-LOKO phenotype or 5-LOWT mice treated with
zileuton) resulted in a pronounced reduction of the
increase of L/M ratios observed at 4 days after DNBS
administration in 5-LOWT mice. It is also important
to point out that the genetic as well as the
pharmacological inhibition of 5-LO did not change
the physiological L/M ratios in the sham-treated
mice.

In conclusion, the data presented here demon-
strate that 5-LO is involved in the regulation of the
expression of adhesion molecules and that, conse-
quently, 5-LO plays a role in the tissue infiltration of
neutrophils. Taken together, the data presented in
the present study and in another recent report58

demonstrate that 5-LO regulates the infiltration of
neutrophils into the inflamed tissues via a number
of distinct mechanisms. Based on the results of the
present study and on the important role of neutro-
phils infiltration in patients with IBD, further
investigations, using LT receptor antagonists or more
potent and selective inhibitors of 5-LO, will be
performed in order to clarify the exact mechanism
responsible for the observed anti-inflammatory
events.
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