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Alteration in intestine tight junction protein phosphorylation and apoptosis is
associated with increase in IL-18 levels following alcohol intoxication and
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Intestinal mucosal barrier is the first line of defense against bacteria and their products originating from the
intestinal lumen. We have shown a role for IL-18 in impaired gut barrier function following acute alcohol
(EtOH) intoxication combined with burn injury. To further delineate the mechanism, this study examined
whether IL-18 alters intestine tight junction proteins or induces mucosal apoptosis under these conditions.
To accomplish this, rats were gavaged with EtOH (3.2 g/kg) prior to ~12.5% total body surface area burn or
sham injury. One day after injury, EtOH combined with burn injury resulted in a significant decrease in
total occludin protein and its phosphorylation in small intestine compared to either EtOH or burn injury
alone. There was no change in claudin-1 protein content but its phosphorylation on tyrosine was decreased
following EtOH and burn injury. This was accompanied with an increase in mucosal apoptosis (pb0.05). The
treatment of rats with anti-IL-18 antibody at the time of burn injury prevented intestine apoptosis and nor-
malized tight junction proteins following EtOH and burn injury. Altogether, these findings suggest that IL-18
modulates tight junction proteins and cause apoptosis leading to impaired intestinal mucosal integrity fol-
lowing EtOH intoxication combined with burn injury.
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1. Introduction

The intestine is the second largest immunological organ in the
body. It has a large surface area with multiple functions. One of the
primary functions of intestine is to absorb nutrition. Another major
task for the gut is to maintain a local barrier which prevents the trans-
location of bacteria and endotoxin contained within the intestinal
lumen to the extra-intestinal sites. The intestinal barrier is mainly
formed by a layer of epithelial cells joined together by tight junction
(TJ). TJ is a complex of membrane-bound proteins (e.g., occludin
and claudins) and their adaptor and scaffolding proteins (e.g., junc-
tional adhesion molecule, ZO-1, ZO-2 and ZO-3 [1,2]. These proteins
form a structure at the boundary of two adjacent cells working as a
barrier within the epithelial cell space [2]. The TJ proteins are the
rate-limiting step in the paracellular pathway and form a selectively
permeable barrier to the solutes, fluid and other nutrition elements
as well as the bacterial movement across the intestinal mucosa [3].
Therefore, an intact intestinal epithelial barrier plays a critical role
in maintaining the normal physiological function and protecting
from gut-derived pathogens. In addition to the physical epithelial
barrier, the secretion of immunoglobulin A (IgA) is another important
defense factor on mucosal surfaces [4,5]. IgA is secreted by mucosal
plasma cells residing under epithelial cells. Following release, IgA is
coated on intestinal epithelium to prevent adherence of bacteria to
mucosal surface. IgA can also neutralize toxin, regulate the microbial
environment of intestine, and prevent local inflammation [4,5].

Several lines of evidence indicate that intestine barrier is impaired
following major trauma; burn injury as well as alcohol/ethanol
(EtOH) exposure [6–9]. Nearly, one million burn injuries are reported
every year within the United States and almost half of these injuries
are reported to occur under the influence of EtOH [10–14]. Studies
have also indicated that the intoxicated patients require frequent
intubations, experience delayed wound healing and longer hospital
stay. The intoxicated patients were found to be more susceptible to
infection and had significantly higher mortality rate compared to
burn patients who were not intoxicated at the time of injury. In ad-
dition, intoxicated patients died of smaller burns [11–15]. Similar
findings were obtained in experimental models of EtOH and burn
injury [7,14,16,17]. We have shown that a single dose of EtOH or a
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minor burn injury alone was not able to produce severe adverse
effects in the intestine; however, when the EtOH and minor burn in-
jury were combined, they caused intestinal tissue damage, leaki-
ness, and a significant increase in bacterial translocation [18–21].
This was accompanied with an increase in intestinal IL-18 levels
[18–21]. IL-18, a proinflammatory cytokine, belongs to IL-1 cytokine
superfamily. It is synthesized as a precursor protein (pro-IL-18)
which in the presence of IL-1β-converting enzyme (ICE, or
caspase-1) matures into 18-kDa active protein [22–26]. It is pro-
duced by macrophages, dendritic cells, neutrophils, and epithelial
cells. IL-18, like IL-12 was discovered initially to be a factor that
drives T cell towards Th1 cells as an IFN-γ-inducing factor [22–26].
However, later studies have indicated that IL-18 induces tissue
damage in inflammatory bowel disease, arthritis and sepsis
[22,23,25–28]. In our previous studies we have shown that IL-18
plays a role in increased gut leakiness following EtOH and burn in-
jury. We also showed that IL-18 plays a key role in increased neutro-
phil recruitment to the intestine and the lung following EtOH
intoxication and burn injury [18–21]. However, the mechanism by
which IL-18 causes gut leakiness following EtOH and burn injury
remains largely unknown. This study examined whether IL-18 alters
intestine tight junction proteins or induces mucosal apoptosis as
changes in any of these parameters may cause gut leakiness follow-
ing EtOH intoxication and burn injury.

2. Materials and methods

2.1. Animals and reagents

Male Sprague–Dawley rats (250–275 g) were obtained from
Charles River Laboratories (Wilmington, MA). Anti-occludin antibody
and anti-claudin-1 antibody were obtained from Invitrogen (Carlsbad,
CA). Anti-cleaved caspase-3 antibody, anti-phospho tyrosine antibody
(pTyr100) and anti-phospho threonine antibody (p-Thr-polyclonal)
were obtained from Cell Signaling (Danvers, MA). Anti-rat IL-18 anti-
body was obtained from R&D Systems (Minneapolis, MN). Cell death
detection ELISA kit was obtained from Roche Applied Science
(Indianapolis, IN).

2.2. Rat model of acute EtOH intoxication and burn injury

As described previously [18,21], rats were randomly divided into
four groups: sham vehicle, sham EtOH, burn vehicle and burn EtOH.
In EtOH treated groups, blood EtOH levels in the range of 90–
100 mg/dL were achieved by gavage feeding of 5 ml of 20% EtOH
(~3.2 g/kg body weight) in water. In vehicle group, animals were
gavaged with 5 ml of water. Four hours after gavage, all animals
were anesthetized and transferred into a template fabricated to ex-
pose ~12.5% of the total body surface area. Animals were then im-
mersed in a boiling water bath (95–97 °C) for 10–12 s. Sham-
injured rats were subjected to identical anesthesia and immersed in
lukewarmwater (37°C) for 10–12 s. The animals were dried immedi-
ately and resuscitated intraperitoneally with 10 ml of physiological
saline. After recovery from anesthesia, the animals were returned to
their cages and allowed food and water ad libitum. In some
experiments, rats were treated intraperitoneally with anti-IL-18 anti-
body (100 μg/kg BW) or same amount of isotype IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) immediately after burn injury. One
day after injury, rats were sacrificed.

All the experiments were carried out in adherence to the National
Institutes of Health Guidelines for the Care and Use of Laboratory
Animals. These studies were initiated at the University of Alabama
at Birmingham (UAB) and were approved by UAB and Loyola Univer-
sity Chicago Stritch School of Medicine Institutional Animal Care and
Use Committees.
2.3. Preparation of mucosal homogenates

Leaving approximately the first 15 cm proximal segment of intes-
tine, a 20 cm long small intestine piece was horizontally opened and
cleaned. Mucosa was removed by scraping the intestine with a glass
slide, suspended in 1 ml lysis buffer containing 50 mM HEPES,
150 mM NaCl, 1 mM EDTA, 100 mM NaF, 1 mM MgCl2, 10 mM
Na4P2O7, 200 μM Na3VO4, 0.5% Triton X-100, 10% glycerol and prote-
ase inhibitor cocktail (Sigma Chemical Co. St. Louis, MO), and sonicated
twice for 10 s on ice [18,20]. Homogenates were cleared by centrifug-
ing at 10,000 rpm for 15 min at 4°C, and supernatants were collected
and stored at −70 °C until use. Protein levels in the homogenates
were measured by BioRad assay kit (Hercules, CA).

2.4. Immunofluorescence localization of intestinal occludin and
claudin-1 protein expression

About 1.0 cm long segment of last part of ileum was fixed in 10%
formalin and sent to Histology Laboratory at Loyola University
Medical Center where they were embedded in paraffin, and cut into
~5 μm thick sections. After dewaxing and rehydrating, the antigenic
site retrieval of the sections was accomplished by boiling slides for
20 min in 0.01 M citric acid buffer (pH 6.0) [29]. Nonspecific binding
sites were blocked with 5% goat serum for 2 h. The sections were in-
cubated with rabbit anti-occludin or rabbit anti-claudin-1 antibodies
for 2 h at room temperature. The sections were washed in PBS and in-
cubated with goat anti-rabbit IgG conjugated with Alexa Fluor® 488
or Texas Red® (Invitrogen) for 1 h at room temperature. For nuclear
staining, the sections were incubated with Hoechst (Invitrogen) for
2 min at room temperature. The sections were washed again, covered
with cover slides by using gel mounting media (Fluoro-gel, Electron
Microscopy sciences, Hatfield, PA) and stored in the dark at 4 °C.
The distribution of occludin and claudin-1 were examined by using
a Zeiss Axiovert 200 M fluorescence microscope (Carl Zeiss MicroIma-
ging Inc. Thornwood, NY). For non specific staining controls, the
sections were stained directly with secondary antibody (e.g. fluores-
cent labeled anti goat anti-rabbit IgG). We did not find any fluores-
cence signal in sections stained directly with secondary antibody.

2.5. Phosphorylation of mucosal occludin and claudin-1

To accomplish this, first occludin and claudin-1 proteins were
immunoprecipitated from the mucosal homogenates using their re-
spective antibodies as described previously in our study [30]. Briefly,
equal amount of protein from mucosal homogenates was incubated
with anti-occludin or anti-claudin-1 antibody for 1 h at 4 °C and
then incubated with Protein G-Sepharose beads for another 2 h at
4 °C. The beads were washed five times with wash buffer containing
50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 100 mM NaF, 1 mM
MgCl2, 10 mM Na4P2O7, 200 μM Na3VO4, 0.5% Triton X-100 and
centrifuged at 10,000 rpm for 3 min at 4°C. Bound proteins were an-
alyzed by SDS-PAGE and transferred to Immobilon P membranes.
Membranes were probed with anti-phospho-tyrosine antibody and
were re-blotted with anti-phospho-threonine antibody after strip-
ping [21,30,31]. Then membranes were stripped again and re-blotted
with antibodies to occludin or claudin-1 to confirm the respective
protein levels. Representative blots shown in the result section
come from the same membrane which may have more samples in
various groups.

2.6. Measurement of mucosal apoptosis and cleaved caspase-3 activity

The mucosal apoptosis was assessed by measuring cytoplasmic
histone-associated DNA fragments (mono-and oligonucleosomes)
using ELISA kit. The apoptosis in the intestinal mucosa was further
confirmed by measuring caspase-3 activity by Western Blot analysis
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using anti-cleaved caspase-3 antibody as described in our previous
study [21]. Representative blots shown in the result section come
from the same membrane which may have more samples in various
groups.

2.7. Measurement of IL-18-mediated epithelial barrier disruption

In order to establish the effect of IL-18 on epithelial barrier, the
present study determined the effect of IL-18 on paracellular perme-
ability as described previously [32]. Briefly, 105 YAMC (murine colon-
ic epithelial cell line obtained from Dr. Xiao-Di Tan, Northwestern
University Children's Memorial Hospital) were seeded in transwells
(0.4 μm pore size) and cultured in RPMI 1640 containing 50 μg/ml
gentamicin, 100 U/ml penicillin, 100 μg/ml streptomycin, 1% ITS+
Premix (BD Biosciences, Bedford, MA), 5% fetal bovine serum (FBS)
and 5 U/ml mouse IFN-γ (Invitrogen) until confluence. The cells
were treated with recombinant mouse IL-18 (10, 50 or 100 ng/ml)
in RPMI 1640 medium containing all the above ingredients except
FBS and IFN-γ. After 16 h of incubation, the RPMI 1640 medium was
replaced with HBSS. FITC-dextran (30 μg/ml; MW 4 kD, Sigma
Chemicals) was added to the apical chamber. Samples were collected
from the apical and basal chambers at 30 min, 1 h, 2 h and 4 h after
addition of FITC-dextran. The concentration of FITC-dextran in these
samples was determined using Synergy 2 Multi-Mode Microplate
Reader (BioTek, Winooski, VT) at an excitation wavelength of
490 nm and emissions at 530 nm. Paracellular permeability of dex-
tran was expressed as ratio of apical to basolateral flux of the tracer
FITC-dextran.

2.8. Statistical analysis

The data, wherever applicable, are presented as means±SEM and
were analyzed using ANOVA. The significance between the groups
was determined by Tukey's test (GraphPad InStat). A pb0.05 between
two groups was considered statistically significant.

3. Results

3.1. Localization of occludin and claudin-1 proteins in the small intestine

Fluorescent immunostaining revealed that occludin (Fig. 1A) and
claudin-1 (Fig. 1B) predominantly localized at the boundary between
the apical and the basolateral plasma membrane. As shown in Fig. 1A,
there was a tendency of a decrease in density of occludin expression
following EtOH or burn injury alone as compared to sham vehicle
group. However, a substantial decrease in occludin protein expression
was observed in small intestine harvested from animal receiving
EtOH intoxication combined with burn injury compared to sham an-
imals regardless of EtOH intoxication or burn injury alone. In contrast,
there was no demonstrable change in the density of claudin-1 protein
expression either in EtOH or burn injury alone animals compared
with sham animal without EtOH intoxication. There was a tendency
of a decrease in claudin-1 expression in small intestine harvested
from EtOH and burn injured animals (Fig. 1B) compared to shams
and burn alone group.

To further quantitate and confirm the findings obtained from im-
munofluorescence, the levels of mucosal occludin and claudin-1 pro-
tein expression were determined by Western Blot. A several fold
decrease in occludin protein expression was observed in the mucosal
homogenates from rats receiving a combined insult of EtOH intoxica-
tion and burn injury compared to animals receiving either sham inju-
ry regardless of EtOH intoxication or burn injury alone (data not
shown). We next examined whether EtOH intoxication combined
with burn injury influences the phosphorylation of occludin. The
results from these experiments as shown in Fig. 2 indicate that the
phosphorylation of occludin on both tyrosine and threonine residues
was decreased by more than 2-fold in the mucosal homogenates from
rats which had undergone a combined insult of EtOH intoxication and
burn injury compared to rats receiving either insult alone. No signifi-
cant change in occludin phosphorylation was observed in mucosal
homogenates prepared from rats receiving either EtOH intoxication
or burn injury alone compared with sham rats gavaged with vehicle.

The expression of claudin-1, on the other hand, was not found to
be different following a combined insult of EtOH intoxication and
burn injury compared to either EtOH intoxication or burn injury
alone (Fig. 3). However, a more than 2-fold decrease in claudin-1 ty-
rosine phosphorylation was observed following a combined insult of
EtOH intoxication and burn injury compared to shams (Fig. 3B).
Although there was a tendency of a decrease in claudin-1 tyrosine
phosphorylation compared to sham EtOH and burn vehicle group,
this was not found to be significantly different (pN0.05). In contrast,
no difference in the threonine phosphorylation was observed follow-
ing a combined insult of EtOH and burn injury compared to either
shams or burn injury alone.

3.2. Mucosal apoptosis and caspase-3 activity

Mucosal apoptosis was determined by measuring cytoplasmic
histone-associated DNA fragments (Fig. 4A). As compared to sham
vehicle, no difference in mucosal apoptosis was observed following
EtOH intoxication or burn injury alone. However, EtOH intoxication
combined with burn injury resulted in nearly a 2-fold increase in mu-
cosal apoptosis compared to rats receiving either sham injury regard-
less of EtOH exposure or ~1.5-fold increase compared to burn injury
alone (Fig. 4A). Similarly, caspase-3 activity, another marker of apo-
ptosis, was also not found to be significantly different in the mucosal
homogenates prepared from rats receiving either EtOH exposure or
burn injury alone compared to sham vehicle (Fig. 4B). However, a sig-
nificant increase in mucosal cleaved caspase-3 expression was ob-
served in rats receiving a combined insult of EtOH intoxication and
burn injury compared to rats receiving sham injury (Fig. 4B).

3.3. Effect of Anti-IL-18 antibody treatment on mucosal apoptosis

Recent findings from our laboratory have suggested a role of IL-18
in the intestinal leakiness following EtOH intoxication and burn injury
[18–21]. Similar to the findings reported in our previous studies [18–
21], we found a significant increase in mucosal IL-18 levels following
EtOH intoxication and burn injury compared to either insult alone.
The administration of anti-IL-18 antibody normalized mucosal IL-18
levels following EtOH and burn injury (data not shown). We deter-
mined whether restoration of IL-18 levels prevent mucosal apoptosis.
Treatment of animals with anti-IL-18 antibody (100 μg/kg body
weight) immediately after burn injury significantly prevented the in-
crease in mucosal apoptosis (Fig. 5A) and caspase-3 activity (Fig. 5B)
following a combined insult of EtOH intoxication and burn injury.

3.4. Effect of anti-IL-18 antibody treatment on mucosal occludin and
claudin-1 expression and phosphorylation

The results shown in Fig. 6 indicated that treatment of animals
with anti-IL-18 antibody prevented the decrease in occludin protein
expression and its phosphorylation on both tyrosine and threonine
residues following EtOH intoxication and burn injury. Furthermore,
anti-IL-18 antibody treatment also prevented the decrease in
claudin-1 tyrosine phosphorylation following EtOH intoxication and
burn injury (Fig. 7).

3.5. IL-18 increases paracellular permeability in epithelial cell

To confirm whether IL-18 directly increases paracellular perme-
ability, we treated YAMCs with different doses of rIL-18. Paracellular



Fig. 1. Representative micrographs showing immunofluorescence localization of occludin and claudin-1 protein in small intestine one day after EtOH and burn injury. Representa-
tive photomicrograph showing small intestine sections stained with anti-occludin antibody and Alexa Fluor® 488 conjugated goat anti-rabbit IgG (Panel A) or with anti-claudin-1
antibody and Texas Red® conjugated goat anti-rabbit IgG (Panel B). Nucleus was stained with Hoechst (blue). Localization of occludin (green) and claudin-1(red) were observed by
fluorescence microcopy (×1000). Similar results were obtained in 3–4 animals in each group.
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permeability was determined by measuring the flux of tracer (4 kD
FITC-dextran) from the apical to lower chambers of the transwells.
Results presented in Fig. 8 clearly show that IL-18 dose-dependently
increased the paracellular flux of FITC dextran. At lower concentra-
tions (10 and 50 ng/ml) IL-18-mediated increase in paracellular per-
meability was not found to be significantly different compared to
control group. However, at higher concentration (100 ng/mL), IL-18
caused a significant increased in paracellular permeability at all
time points compared with other groups.

4. Discussion

In this study, we observed that a combined insult of EtOH intoxica-
tion and burn injury increases intestinal mucosal apoptosis and alter
tight junction proteins, occludin and claudin-1. Administration of
anti-IL-18 antibody normalized these parameters (apoptosis and tight
junction proteins) following EtOH intoxication and burn injury. Fur-
thermore, our finding that IL-18 increases paracellular permeability in
colonic epithelial cells suggest that IL-18 plays a role in altered intes-
tine barrier function following EtOH and burn injury. Similar roles of
IL-18 were demonstrated in experiment models of inflammatory
bowel disease and other inflammatory and infectious diseases
[22,23,25–28]. Pizarro et al. have reported that IL-18 mRNA transcripts
and expression of mature IL-18 protein significantly increase in freshly
isolated intestinal epithelial cells (IEC) from patients with Crohn's dis-
ease (CD) compared to non inflamed control patients [28]. Halpern et
al. have used IL-18 knockout mice to develop experimental necrotizing
enterocolitis (NEC) and found lower incidence and severity of NEC in
IL-18 knockout compared to WT mice [27]. However, the mechanism
by which IL-18 influences intestine barrier remains largely unknown.
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We observed that IL-18 decreases the phosphorylation of both
occludin and claudin-1 following EtOH and burn injury. Occludin
and claudin-1 are integral membrane proteins localized at the points
of membrane–membrane interaction of the tight junction [33].
Previous finding indicates that the overexpression of full-length
occludin in cultured Madin–Darby Canine Kidney (MDCK) cells
resulted in an increase in their trans-epithelial resistance (TER). The
introduction of COOH-terminally truncated occludin into MDCK
Immunoprecipitation with anti-claudin-1 antibody
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phospho-antibodies (A). Band densities were quantitated by image analysis, normal-
ized to the average of the band densities of sham animals and are shown as mean±
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sham vehicle group.
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cells resulted in a several fold increased paracellular leakage of
small molecular weight tracers [34]. In addition, the phosphorylation
of occludin is a key step in tight junction assembly. It is highly phos-
phorylated at serine/threonine and tyrosine residues in the intact ep-
ithelium [35]. It has been shown that the highly phosphorylated
occludin is selectively concentrated at complex region of tight junc-
tion and less phosphorylated occludin is targeted to basolateral mem-
brane from cytoplasm [36]. The MDCK cells treated with 12-O-
tetradecanoylphorbol-13-acetate (TPA) an activator of protein kinase
C, caused dephosphorylation of occludin and disrupt the formation of
tight junction [37]. Furthermore, phosphoaminoacid analysis showed
that occludin is phosphorylated on serine and threonine residues
[36,37]. Additional findings suggest that the tyrosine phosphorylation
of occludin is also involved in the assembly and disassembly of tight
junction [38,39]. Consistent with these findings, we have observed
that acute EtOH intoxication combined with burn injury significantly
decreased the phosphorylation on both tyrosine and threonine
residues of occludin compared to sham animals. The treatment of
animals with anti-IL-18 antibody normalizes the both phosphoryla-
tion and the protein levels. Since the phosphorylation of occludin is
a key to tight junction assembly, a decrease in it as observed in this
study may perturb the tight junction assembly resulting in impaired
gut barrier function.

In contrast, others have shown that tyrosine phosphorylation of
tight junction proteins may increase permeability in epithelial and en-
dothelial cells [40,41]. Rao et al. have observed that Caco-2 cell treated

image of Fig.�2


Cleaved caspase-3

β-Actin

Sham Vehicle Burn EtOH
Isotype Isotype Anti-IL-18 Ab

A

B
Burn EtOH

Isotype
Sham Vehicle

Isotype Anti-IL-18 Ab
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

*

H
is

to
ne

-a
ss

oc
ia

te
d 

D
N

A
 fr

ag
m

en
ts

(O
D

/m
g 

pr
ot

ei
n)

C
le

av
ed

 c
as

pa
se

-3
/β

-a
ct

in
(D

en
si

to
m

et
ric

 u
ni

ts
) 

Burn EtOH

Isotype
Sham Vehicle

Isotype Anti-IL-18 Ab
0

0.4

0.8

1.2

1.6

2.0
*

Fig. 5. IL-18 antibody normalizes mucosa apoptosis and caspase-3 activity following
EtOH and burn injury. Animals were treated intraperitoneally with anti-IL-18 antibody
(100 μg/kg) immediately after burn injury. One day after injury, small intestine mucosa
was collected and homogenized. For apoptosis, the homogenates were analyzed for cy-
toplasmic histone-associated DNA fragments using ELISA (A). The levels of cleaved cas-
pase-3 were measured in mucosal homogenates by Western Blot (B). Band densities
were quantitated by image analysis, normalized to the average of the band densities
of sham animals and are shown as mean±SEM in Panel B.*, pb0.05 compared with
other groups.

Immunoprecipitation with anti-occludin antibody

p-tyrosine p-threonine Occludin

Burn EtOH

Isotype
Sham Vehicle

Isotype Anti-IL-18 Ab

D
en

si
to

m
et

ric
 u

ni
ts

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

*

*
*

p-tyrosine

p-threonine

Occludin

Sham Vehicle Burn EtOH

Isotype Isotype Anti-IL-18 Ab

A

B

Fig. 6. Effect of IL-18 antibody on expression of occludin protein and phosphorylation
after EtOH and burn injury. Animals were treated intraperitoneally with neutralizing
anti-IL-18 antibody (100 μg/kg BW) immediately after burn injury. One day after inju-
ry, small intestine mucosa was collected and homogenized. Mucosal homogenates
were immunoprecipitated with anti-occludin antibody and immunoblotted with phos-
pho-antibodies (A). Band densities were quantitated by image analysis, normalized to
the average of the band densities of sham animals and are shown as mean±SEM in
Panel B.*, pb0.05 compared with other respective groups.
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with a mixture of xanthine oxidase and xanthine exhibited a decrease
in TER and increase in permeability to mannitol [42]. Furthermore,
Hydrogen peroxide administration also induced tyrosine phosphory-
lation of occludin. The tyrosine kinase inhibitor, genistein prevented
the oxidative-induced decrease in TER [42] . Additionally their
findings suggest that Tyr-379 and Tyr-383 in chicken occludin, and
Tyr-398 and Tyr-402 in human occludin are exclusive sites of phos-
phorylation by c-Src. The deletion or mutation of these tyrosine in
occludin abolished the c-Src-mediated phosphorylation and regula-
tion of ZO-1 [42,43]. However, most of these studies have been
performed in vitro using cell lines and it remains unclear whether a
similar change occurs under pathological conditions. In addition,
phosphorylation can be activated by different kinases on distinct
residues on the same tight junction proteins [44]. This could account
for the difference between the findings reported here and previous
studies; however a definitive cause for these differences remains to
be established.

Studies have indicated that similar to occludin, claudins are also
an integral component of tight junction. Nearly 24 members of
claudin family are reported in eukaryotes; their expression is sug-
gested to be tissue and cell specific which can be affected in various
inflammatory conditions [45]. A recent study suggested an increase
in claudin-1 and claudin-2 expression in active inflammatory bowl
disease [46]. We observed that IL-18 also reduces the
phosphorylation of claudin-1 following a combined insult of EtOH in-
toxication and burn injury. Several kinases including mitogen activat-
ed protein kinase and protein kinase C are involved in claudin-1
phosphorylation [45]. In contrast, protein phosphatase 2A induced
dephosphorylation of claudin-1 and increased in paracellular perme-
ability [47]. Similarly, Ko et al. also observed human corneal epithelial
cells (HCE) treated with neurotransmitter substance P increased the
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expression of ZO-1, but not claudin-1 which was accompanied by an
increase in TER in HCE cell monolayer [48]. Taken together, these
findings suggest that tight junction proteins are critical for the proper
functioning of tight junctions. However, more studies are needed to
confirm whether EtOH modulates other claudin members in the in-
testinal tissue following burn injury. Any alteration in their distribu-
tion or their state of phosphorylation as observed in our study may
adversely affect this barrier leading to gut leakiness as observed fol-
lowing EtOH intoxication and burn injury [21].

An increase in apoptosis might be another reason for intestinal ep-
ithelial barrier dysfunction in EtOH and burn injury. The increase in ep-
ithelial apoptosis has been observed in many pathological conditions,
such as sepsis, active Crohn's disease, ischemia/reperfusion and burn
injury [49–53]. A balance between epithelial cell proliferation and apo-
ptosis is critical to normal functioning of epithelial barrier. Several lines
of evidence suggest that the epithelial cells and cells of lamina propria
can synthesize and produce IL-18 [24,28]. Studies have also shown that
IL-18 is synthesized as a non-functional precursor, pro-IL-18 which in
the presence of IL-1 converting enzyme (ICE) also referred to as cas-
pase-1, matures into a functional biologically active form of IL-18
[24]. The activity of IL-18 is further regulated after its release from
the cell by a naturally occurring protein referred to as IL-18 binding
protein [24]. In addition to IL-18, several other inflammatory mediators
(i.e., IFN-γ, TNF-α, IL-1, IL-6 and IL-10 etc.) are also implicated in al-
tered tight junction function and enhanced apoptosis of endothelial
and epithelial cells [54–59]. There is evidence suggesting an increase
in the levels of many of these cytokines following EtOH and burn injury
[60] but whether they play a role in altered epithelial barrier under
those conditions remains to be established.

The exact mechanism by which IL-18 modulates the expression
and phosphorylation of claudin-1 and occludin, remains unknown.
Our previous findings suggest that IL-18 causes an increase in neutro-
phil infiltration into the intestine tissue following EtOH and burn in-
jury [20,21]. Neutrophils produce ROS and proteases and thus
neutrophils-derived factors may contribute to altered tight junction
proteins and apoptosis in the intestine following EtOH and burn inju-
ry. IL-18 receptors are constitutively expressed on the intestinal epi-
thelia cell [24]. Since the cytoplasmic regions of the receptors for IL-
1 and IL-18 are homologous to each other and to members of the
Toll family, IL-18 shares signaling pathway with IL-1 and Toll receptors
[24] including the recruitment of myeloid differentiation factor (MyD)
88 and activation of IL-1 receptor-associated kinase (IRAK). Thus IL-18
may utilize MyD88 and/or IRAK pathways in mediating its effect on in-
testine mucosal barrier following EtOH and burn injury. Furthermore,
IL-18 may also modulate MyD88/IRAK downstream signaling cascade
including mitogen activated protein kinase (MAPK) and protein kinase
C. Alternatively, it may up-regulate the phosphatases and perturb the
balance between protein phosphatase and kinases leading to more in-
testinal apoptosis and altered tight junction assembly. Thus multiple
mechanisms may exist by which IL-18 may modulate tight junction
proteins and cause apoptosis in the gut.

In summary, the results presented here suggest that an increase in
IL-18 disrupts the distribution and activation of the tight junction
proteins occludin and claudin-1 in the intestine following EtOH intox-
ication combined with burn injury. Furthermore, it increases cell
death in the intestinal mucosa. Altogether these findings suggest
that IL-18 plays a critical role in impaired intestinal mucosal integrity
following EtOH intoxication combined with burn injury.
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