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The Journal of Immunology

IL-1 Causes an Increase in Intestinal Epithelial Tight
Junction Permeability’

Rana M. Al-Sadi* and Thomas Y. Ma?*"

IL-18 is a prototypical proinflammatory cytokine that plays a central role in the intestinal inflammation amplification cascade.
Recent studies have indicated that a TNF-«a- and IFN-y-induced increase in intestinal epithelial paracellular permeability may be
an important mechanism contributing to intestinal inflammation. Despite its central role in promoting intestinal inflammation, the
role of IL-1f3 on intestinal epithelial tight junction (TJ) barrier function remains unclear. The major aims of this study were to
determine the effect of IL-13 on intestinal epithelial TJ permeability and to elucidate the mechanisms involved in this process,
using a well-established in vitro intestinal epithelial model system consisting of filter-grown Caco-2 intestinal epithelial monolay-
ers. IL-18 (0-100 ng/ml) produced a concentration- and time-dependent decrease in Caco-2 transepithelial resistance. Conversely,
IL-1f caused a progressive time-dependent increase in transepithelial permeability to paracellular marker inulin. IL-13-induced
increase in Caco-2 TJ permeability was accompanied by a rapid activation of NF-kB. NF-kB inhibitors, pyrrolidine dithiocar-
bamate and curcumin, prevented the IL-1B-induced increase in Caco-2 TJ permeability. To further confirm the role of NF-kB in
the IL-1B-induced increase in Caco-2 TJ permeability, NF-«B p65 expression was silenced by small interfering RNA transfection.
NF-kB p65 depletion completely inhibited the IL-1B-induced increase in Caco-2 TJ permeability. IL-13 did not induce apoptosis
in the Caco-2 cell. In conclusion, our findings show for the first time that IL-1 at physiologically relevant concentrations causes
an increase in intestinal epithelial TJ permeability. The IL-13-induced increase in Caco-2 TJ permeability was mediated in part

by the activation of NF-«kB pathways but not apoptosis. The Journal of Immunology, 2007, 178: 4641-4649.

nterleukin-1 was one of the first cytokines to be discovered

and has been shown to play a central role in the cytokine

network, controlling important functions in the immune sys-
tem during development, infection, inflammation, cell differentia-
tion, tissue remodeling, and cell death (1, 2). It is a prototypical
multifunctional cytokine playing a crucial role in the inflammatory
process in various inflammatory conditions of the gut (1, 2), in-
cluding inflammatory bowel disease (IBD),? ischemic-reperfusion
injury, various types of infectious enteritis, celiac disease, nonste-
roidal anti-inflammatory drug NSAID-associated enteropathy, and
irritable bowel syndrome (1, 3). IL-1 consists of three members:
IL-1e, IL-1p, and IL-1 receptor antagonist (IL-1ra) (2). IL-1« is
present either in the cytosol or bound to the cell membrane and it
is not secreted and is normally undetectable in blood circulation or
in inflammatory fluids (1). In contrast, IL-1f is secreted into sur-
rounding interstitial fluid and blood circulation during inflamma-
tion and mediates wide-ranging proinflammatory actions. IL-1ra is
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a specific antagonist of IL-1 and binds to the IL-1R1 preventing
the binding of the active forms of IL-1 (IL-1« and IL-13) (4).

IL-1p is involved in both the initiation and amplification of the
inflammatory response leading to intestinal injury. IL-18 has been
shown to play an important role in the pathogenesis of intestinal
inflammation in IBD and in animal models of intestinal inflam-
mation. IBD patients have elevated levels of IL-18 in their intes-
tinal tissue (2, 5) and a correlation between increasing levels of
IL-18 and the level of intestinal inflammation has been demon-
strated (6). An imbalance between IL-1 and its antagonist IL-1ra
exists in the intestinal mucosa of IBD patients, suggesting that the
lack of anti-inflammatory forms of IL-1 to counteract the elevated
levels of IL-13 may be an important pathogenic defect (7). Con-
sistent with this possibility, administration of rIL-1ra prevented the
intestinal inflammation in a rabbit model of colitis (8). Recent
studies have also demonstrated an existence of /L-13 gene poly-
morphisms in IBD patients that determines the course and the se-
verity of intestinal inflammation in these patients (9).

Intact intestinal epithelial tight junctions (TJ) are crucial for
maintaining intestinal barrier function and preventing paracellular
permeation of harmful luminal agents (10, 11). Defective intestinal
TJ barrier has been proposed as a central pathogenic factor of
Crohn’s disease (CD) and other inflammatory conditions, includ-
ing nonsteroidal anti-inflammatory drug NSAID-associated enter-
opathy, postinfectious irritable bowel syndrome, alcoholic liver
disease, and infectious diarrheal syndromes (12, 13). An impaired
TJ barrier allows increased subepithelial exposure of the innate
and acquired immune system to proinflammatory substances that
are normally isolated to the intestinal lumen. Proinflammatory cy-
tokines TNF-a and IFN-vy are significantly elevated in IBD and
have been shown to cause an increase in intestinal epithelial TJ
permeability (14, 15). It has been proposed that an important
proinflammatory mechanism of proinflammatory cytokines is to
induce a pathologic opening of the intestinal TJ barrier, allowing
increased paracellular permeation of the toxic luminal agents (16).
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Despite its central importance in the inflammatory process, the
role of IL-18 on intestinal TJ barrier function remains unknown.
The major aims of this study were to determine the effect of IL-183
on intestinal epithelial TJ permeability and to elucidate the intra-
cellular mechanisms involved in the IL-18 effect, using a well-
established in vitro intestinal epithelial model system consisting of
filter-grown Caco-2 monolayers. Understanding the intracellu-
lar processes involved in the IL-18 modulation of intestinal TJ
permeability could be important in developing new therapeutic
approaches to induce retightening of the intestinal TJ barrier in
various intestinal permeability disorders.

Materials and Methods

Materials

Cell culture medium (DMEM), trypsin, FBS, and other related reagents
were purchased from Invitrogen Life Technologies. Glutamine, penicillin,
streptomycin, and PBS were purchased from Invitrogen Life Technologies.
Transwell permeable filters were purchased from Corning. IL-183 and
IL-1B8 mAb were purchased from Pierce Endogen. Anti-occludin Ab, anti
Z0O-1 Ab, anti-claudin-1 Ab, and anti-NF-«B p65 Ab were obtained from
Zymed Laboratories. Anti-IkB-a Ab, curcumin, pyrrolidine dithiocarbam-
ate (PDTC), and cycloheximide were purchased from Sigma-Aldrich.
HRP-conjugated secondary Abs for Western blot analysis were purchased
from Zymed Laboratories. ELISA reagents were obtained from Active Mo-
tif. Cy-5 and Cy-3 Abs for immunostaining were purchased from Jackson
ImmunoResearch Laboratories. Transfection reagents were obtained from
Dharmacon. Small interfering RNA (siRNA) of NF-«B p65 was purchased
from GenScript.

Cell cultures

Caco-2 cells (passage 20) were purchased from the American Type Culture
Collection and maintained at 37°C in a culture medium composed of
DMEM with 4.5 mg/ml glucose, 50 U/ml penicillin, 50 U/ml streptomycin,
4 mM glutamine, and 25 mM HEPES, and 10% FBS. The cells were kept
at 37°C in a 5% CO, environment. Culture medium was changed every 2
days. Caco-2 cells were subcultured after partial digestion with 0.25%
trypsin and 0.9 mM EDTA in Ca**- and Mg**-free PBS. Caco-2 mono-
layers were cultured for 3—4 wk after seeding and only Caco-2 cells from
passages 21 to 25 were used to maintain consistency.

Determination of epithelial monolayer resistance and
paracellular permeability

An epithelial voltameter (World Precision Instruments) was used for mea-
surements of the transepithelial electrical resistance (TER) of the filter-
grown Caco-2 intestinal monolayers as previously reported (17). To study
the time-course effects of IL-18 on TER, Caco-2 monolayers were treated
with increasing doses ranging 1-100 ng/ml over a 72-h time period. The
effect of IL-183 on Caco-2 paracellular permeability was determined using
an established paracellular marker inulin. For determination of mucosal-
to-serosal flux rates of inulin, Caco-2-plated filters having epithelial resis-
tance of 400-500 Q-cm? were used. Known concentrations of permeability
marker (2 uM) and its radioactive tracer were added to the apical solution.
Low concentrations of permeability marker were used to ensure that neg-
ligible osmotic or concentration gradient was introduced.

Assessment of protein expression by Western blot analysis

To study the time-course effect of IL-18 on IkB-« and TJ protein expres-
sion, Caco-2 monolayers were treated with IL-13 (10 ng/ml) for varying
time periods. At the end of the experimental period, Caco-2 monolayers
were immediately rinsed with ice-cold PBS, and cells were lysed with lysis
buffer (50 mM Tris:HCI (pH 7.5), 150 mM NaCl, 500 uM NaF, 2 mM
EDTA, 100 uM vanadate, 100 uM PMSF, 1 wg/ml leupeptin, 1 pg/ml
pepstatin A, 40 mM paranitrophenyl phosphate, 1 pg/ml aprotinin, and 1%
Triton X-100) and scraped, and the cell lysates were placed in microfuge
tubes. Cell lysates were centrifuged to yield a clear lysate. Supernatant was
collected and protein measurement was performed using a Bio-Rad Protein
Assay kit. Laemmli gel loading buffer was added to the lysate containing
10-20 ug of protein and boiled for 7 min, after which proteins were sep-
arated on an SDS-PAGE gel. Proteins from the gel were transferred to the
membrane (Trans-Blot Transfer Medium, Nitrocellulose Membrane; Bio-
Rad) overnight. The membrane was incubated for 2 h in blocking solution
(5% dry milk in TBS-Tween 20 buffer). The membrane was incubated with
appropriate primary Abs in blocking solution. The concentrations of pri-

IL-18 EFFECT ON TJ BARRIER

mary Abs used were 1-2 ng/ml. After being washed in TBS-1% Tween 20
buffer, the membrane was incubated in appropriate secondary Abs and
developed using the Santa Cruz Western Blotting Luminol Reagents (Santa
Cruz Biotechnology) on the Kodak BioMax MS film (Fisher Scientific).
The films were exposed for a period of time that ranged between 5 and 30 s.

Immunostaining of TJ proteins

Cellular localization of the TJ protein occludin was assessed by an immu-
nofluorescent Ab-labeling technique as previously described (18). At the
end of the experimental period, filter-grown Caco-2 monolayers were
washed twice in cold PBS and were fixed with 2% paraformaldehyde for
20 min. Then, cells were permeabilized with 0.1% Triton X-100 in PBS at
room temperature for 20 min. The Caco-2 monolayers were then incubated
in blocking solution composed of BSA and normal donkey serum in PBS
for 1 h. Cells were then labeled with primary Abs in blocking solution
overnight at 4°C. After being washed with PBS, the filters were incubated
in Cy-5-conjugated secondary Ab for 1 h at room temperature. Mowiol was
used to mount the filters onto the coverslips. Immunolocalization of TJ
proteins was visualized and images obtained using a Nikon fluorescence
microscope equipped with a Hamamatsu digital camera in automatic mode
(Hamamatsu Photonics). Images were processed with Wasabi software
(Hamamatsu Photonics Deutschland).

RNA isolation and reverse transcription

Caco-2 cells (5 X 10°) were seeded into transwell permeable inserts and
grown to confluency. Filter-grown Caco-2 cells were then treated with
IL-1B for desired time periods. At the end of the experimental period,
Caco-2 monolayers were washed twice with ice-cold PBS. Total RNA was
isolated using the Qiagen RNeasy kit according to the manufacturer’s pro-
tocol. Total RNA concentration was determined by absorbance at 260/280
nm using SpectraMax 190 (Molecular Devices). The reverse transcription
(RT) was conducted using the GeneAmp Gold RNA PCR Core kit (Ap-
plied Biosystems). Two micrograms of total RNA from each sample were
reverse transcribed into cDNA in a 40-ul reaction containing 1X RT-PCR
buffer, 2.5 mM MgCl,, 250 uM of each dNTP, 20 U RNase inhibitor, 10
mM DTT, 1.25 uM random hexamer, and 30 U multiscribe RT. The RT
reactions were performed in a thermocycler (PTC-100; MJ Research) at
25°C for 10 min, 42°C for 30 min, and 95°C for 5 min.

Quantification of occludin mRNA expression using
real-time PCR

The real-time PCRs were conducted using the ABI Prism 7900 sequence
Detection System and the TagMan Universal PCR Master Mix kit (Applied
Biosystems) as previously described (19). Each real-time PCR contained
10 ul of RT reaction mix, 25 ul of 2X TagMan universal PCR master mix,
0.2 uM probe, and 0.6 uM primers. Primer and probe design for the real-
time PCR was made with Primer Express version 2 from Applied Biosys-
tems. (The primers used in this study are as follows: occludin-specific
primer pairs consisted of 5'-CCCCATCTGACTATGTGGAAAGA-3'
(forward), 5'-AAAACCGCTTGTCATTCACTTTG-3" (reverse); probe
specific for occludin consisted of FAM 5'-GACAGTCCCATGGCATAC
TCTTCCAATG-3" TAMRA; the internal control GAPDH-specific primer
pairs consisted of 5'-CCACCCATGGCAAATTCC-3' (forward), 5'-TG
GGATTTCCATTGATGACCAG-3' (reverse); probe specific for GAPDH
consisted of JOE 5'-TGGCACCGTCAAGGCTGAGAACG-3' TAMRA).
All runs were performed according to the default PCR protocol (50°C for
2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min).
For each sample, real-time PCR were performed in triplicate, and the av-
erage threshold cycle was calculated. Standard curve was generated to
convert the threshold cycle to copy numbers. Expression of occludin
mRNA was normalized with GAPDH mRNA expression. The average
copy number of occludin mRNA expression in control samples was set to
1.0. The relative expression of occludin mRNA in treated samples was
determined as a fold increase compared with control samples.

Assessment of apoptosis and cell death

Caco-2 apoptosis was assessed by Annexin VT labeling as previously
described (14). After the appropriate experimental treatment, Caco-2 cells
were trypsinized and assessed for apoptosis using the Annexin VT Ap-
optosis Detection kit IT from BD Biosciences/BD Pharmingen. Annexin
VFITC was used to stain for the apoptotic cells and propidium iodide was
used to stain the necrotic cells. Propidium iodide is a fluorescent vital dye
that stains DNA. In live cells, propidium iodide does not cross the intact
plasma membrane of cells. In necrotic or dead cells, plasma membrane
becomes permeable to propidium iodide for staining of DNA. Apoptosis or
necrosis was measured by flow cytometry using a FACScan flow cytometer
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FIGURE 1. A, Effect of increasing concentration of <
IL-1B (0, 1, 10, 50, and 100 ng/ml) on Caco-2 TER.
Filter-grown Caco-2 monolayers were treated with

100

IL-1p for a 48-h experimental period. IL-183 produced a %0
concentration-dependent decrease in Caco-2 TER. Data
represent means = SE of TER (n = 6). *, p < 0.0001 804
vs control. B, The effect of IL-18 mAb (100 ng/ml) on

70

an IL-1B-induced drop in Caco-2 TER. IL-18 mAb pre-
treatment prevented the IL-1B-induced drop in Caco-2
TER. Data represent means = SE of TER (n = 6). 60 -
#%, p < 0.0001 vs control.

Relative Epithelial Resistance (%

(BD Biosciences). Fluorescence of all dyes was excited with the 488-nm
line of an argon ion laser. Fluorescence emission was detected in the FL-1
channel (530 * 15 nm) for cells labeled with Annexin V' and in the
FL-2 channel (585 = 21 nm) for cells labeled with propidium iodide;
subsequently, an FL-1/FL-2 dot plot was generated. For each experimental
sample, a total of 20,000 cells were counted for Annexin V'™ and pro-
pidium iodide stain.

Nuclear extracts and ELISA

Filter-grown Caco-2 cells were treated with 10 ng/ml IL-18 for 30 min.
Cells were washed with ice-cold PBS, scraped, and centrifuged at 14,000
rpm for 30 s. The cell pellets were resuspended in 200 ul of buffer A (in
millimoles: 10 HEPES-KOH, 1.5 MgCl,, 10 KCI, 0.5 DTT, and 0.2 PMSF
(pH 7.9)), and incubated on ice for 15 min. After centrifugation at 14,000
rpm for 30 s, pelleted nuclei were resuspended in 30 ul of buffer C (in
millimoles: 20 HEPES-KOH (25% glycerol), 420 NaCl, 1.5 MgCl,, 0.2
EDTA, 0.5 DTT, and 0.2 PMSF (pH 7.9)). After incubation on ice for 20
min, the lysates were centrifuged at 14,000 rpm for 20 min. Protein con-
centrations were determined using the Bradford method. The NF-kB DNA-
binding activity assay was performed using Trans-AM ELISA-based kits
from Active Motif according to the manufacturer’s protocol. In brief, the
binding reactions contained 1 pM biotinylated probe (Integrated DNA
Technologies) and 5 wg of nuclear extract in complete binding buffer with
a total volume of 50 ul. After 30 min of incubation, the solution was
transferred to an individual well on the plate and incubated for 1 h. Rabbit
NF-kB p65 Ab (2 ug/ml) was added to the well to bind NF-«B p65 from
the nuclear extract. After incubation for 1 h, NF-«kB p65 Ab was removed,
and 100 ul of anti-rabbit HRP-conjugated IgG were added to the well and
incubated for 1 h. Subsequently, 100 ul of developing solution was added
for 2-10 min, and 100 ul of stop solution were added. The absorbance at
450 nm was determined using the SpectraMax 190 (Molecular Devices).

SIRNA of NF-kB p65

pRNATiIn-H1.2/Neo plasmid vector containing the siRNA of NF-«B p65
was purchased from GenScript. Caco-2 monolayers were transiently trans-
fected using DharmaFect transfection reagent. Caco-2 cells were seeded
into a six-well transwell plates and grown to confluency. Caco-2 mono-
layers were then washed with PBS and Opti-MEM medium was added to
the apical and the basolateral compartments of each filter. The plasmid
vector containing the siRNA of NF-«B p65 and DharmaFect reagent were
preincubated in Opti-MEM. After 5 min of incubation, two solutions were
mixed and incubated for another 20 min and the mixture was added to the
apical compartment of each filter. After incubation for 3 h at 37°C, 500 ul
of DMEM containing 10% FBS and no antibiotics were added to both sides
of the filter to reach a 2.5% final concentration of FBS. The IL-18 exper-
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iments were conducted 96 h posttransfection. The siRNA-induced silenc-
ing the NF-«kB p65 was confirmed by immunoblot of NF-«B p65.

Statistical analysis

Results are expressed as means = SE. Statistical significance of differences
between mean values was assessed with paired 7 test (Graph Pad Prizm
4.00 for Windows; GraphPad Software). A p value of <0.05 was used to
indicate statistical significance. All experiments were repeated a minimum
of three times to ensure reproducibility.

Results
IL-1B effect on Caco-2 intestinal epithelial TJ permeability

In the following studies, the IL-1f3 effect on Caco-2 TJ permeabil-
ity was determined by measuring TER and epithelial permeability
to paracellular marker inulin. Increasing concentrations of IL-183
(0-100 ng/ml) caused a dose-dependent decrease in Caco-2 TER
after a 48-h treatment period (Fig. 1). The maximal drop in Caco-2
TER occurred at IL-183 concentration of 10 ng/ml and increasing
concentrations above the 10 ng/ml dose did not produce a greater
drop in TER. The time course of IL-18 (10 ng/ml) effect on Caco-2
TER is shown in Fig. 2A. IL-1 did not have a significant effect on
Caco-2 TER during the first 6 h of treatment. There was a sharp
time-dependent drop in Caco-2 TER between 12 and 24 h. The
maximal drop in the TER was reached by 48 h of IL-18 treatment
and the drop in the TER remained unchanged thereafter. Con-
versely, IL-13 (10 ng/ml) caused a time-dependent increase in
Caco-2 paracellular permeability to inulin starting after 6 h of
IL-18 treatment and the maximal increase in paracellular perme-
ability was also reached by 48 h of treatment (Fig. 2B). Although
IL-1 caused only a moderate drop in Caco-2 TER, it caused ~20-
fold increase in paracellular permeability to inulin. The graph of
Caco-2 TER vs paracellular permeability is shown in Fig. 2C.
There was a linear relationship between the IL-13-induced drop in
TER and increase in paracellular permeability to inulin (» = 0.97),
indicating that IL-1B-induced decrease in Caco-2 TER directly
correlated with an increase in paracellular permeability. To con-
firm that the IL-13-induced drop in Caco-2 TER was due to direct
effect of IL-1p, the effect of IL-1B-neutralizing Ab on the IL-13-
induced drop in Caco-2 TER was determined. Pretreatment with

FIGURE 2. Time-course effect of

IL-1 on Caco-2 TER and paracellu-

lar permeability. The effect of IL-13
L] (10 ng/ml) on Caco-2 TER and mu-
cosal-to-serosal flux of paracellular
marker, inulin were measured over a
72-h experimental period. A, Time-
course effect of IL-13 on Caco-2 TER
(n = 4). B, Time-course effect of
IL-1B on transepithelial inulin flux
(n = 3). C, Graph of TER vs inulin
flux (r = 0.97).
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FIGURE 3. Time-course effect of IL-18 on NF-kB activation in Caco-2 monolayers. Filter-grown Caco-2 monolayers were treated with IL-13 (10
ng/ml) for increasing time periods (0—60 min). A, The IkB-a protein expression was determined by Western blot analysis as described in Materials and
Methods. B, Filter-grown Caco-2 monolayers were treated with IL-13 (10 ng/ml) for 30 min, and changes in the NF-«B p65 expression in the cytoplasmic
and nuclear fractions were assayed by Western blot analysis. The effect of IL-18 (10 ng/ml) on NF-«B p65 cytoplasmic-to-nuclear translocation as
determined by immunofluorescent Ab labeling as described in Materials and Methods. C, Control or untreated Caco-2 monolayers. D, Caco-2 monolayers
treated for 30 min with IL-18 (10 ng/ml). Caco-2 monolayers pretreated with (E) curcumin (5 uM) or (F) PDTC (100 uM) before the 30-min treatment
with IL-1B. IL-1B caused a rapid cytoplasmic-to-nuclear translocation of NF-«kB p65 subunit. Original magnification, X400. G, The effect of NF-«B
inhibitors PDTC and curcumin on IL-1p-induced drop in Caco-2 TER. PDTC (100 uM) and curcumin (5 uM) significantly prevented the IL-1B-induced
drop in Caco-2 TER (n = 6). *, p < 0.01 vs control. **, p < 0.01 vs IL-1B-treated monolayers.

neutralizing IL-18 mAb (100 ng/ml) prevented the IL-13-induced
drop in Caco-2 TER (Fig. 1B), confirming a direct effect of IL-183
on Caco-2 TER.

IL-1B-induced increase in Caco-2 TJ permeability is mediated
by NF-kB pathway

Because IL-183 is known to activate nuclear transcription factor
NF-kB (20), we investigated the possibility that NF-kB activation
may play a regulatory role in the IL-13-induced increase in Caco-2
TJ permeability. IkB-« degradation is required for the activation of
NF-kB (21). As shown in Fig. 3A, IL-18 (10 ng/ml) produced a
rapid degradation of IkB-a in the filter-grown Caco-2 monolayers.
By 10 min of IL-1p treatment, most of IkB-a had been degraded.
The IL-1 effect on NF-«B activation was also confirmed by mea-
suring NF-«B p65 expression in the cytoplasmic and nuclear frac-
tions by immunoblot analysis. In the control Caco-2 monolayers,
NF-kB p65 were present mostly in the cytoplasmic fraction with
only minimal amount in the nuclear fraction (Fig. 3B). By 30 min
of IL-1 treatment, most of NF-«kB p65 had translocated into the
nuclear fraction, and only small amount remained in the cytoplas-
mic fraction (Fig. 3B). The IL-18 effect on NF-kB activation was
also confirmed by immunostaining of NF-«B p65. In the control
Caco-2 monolayers, NF-«kB p65 was localized mostly in the cy-
toplasm (Fig. 3C). Following IL-1f treatment, NF-«B p65 rapidly
translocated into the nucleus and by 15-30 min, most of NF-«B
p65 had translocated into the nucleus (Fig. 3D). Together, these
findings indicated that IL-1f3 causes a rapid activation and cyto-
plasmic-to-nuclear translocation of NF-kB p65. To determine the
role of NF-kB activation in the IL-1B-induced increase in Caco-2
TJ permeability, the effect of known NF-kB inhibitors curcumin
and PDTC on IL-1-induced drop in Caco-2 TER was examined.
Curcumin (5 uM) and PDTC (100 uM) inhibited the IL-1pB-in-
duced activation of NF-«kB p65 (as shown by the inhibition of

nuclear translocation of NF-«B) (Fig. 3, E and F) and completely
prevented the IL-1B-induced decrease in Caco-2 TER (Fig. 3G),
suggesting that NF-kB activation was required for the IL-1p3-in-
duced increase in Caco-2 TJ permeability.

Next, the binding of IL-1-activated NF-kB to the DNA-bind-
ing site was determined by an ELISA-based DNA-binding assay.
IL-1 treatment resulted in a marked (6-fold) increase in NF-«kB
p65 binding to the consensus kB sequence (5'-GGGACTTTCC-
3") on the oligonucleotide probe. The NF-«B inhibitors curcumin
and PDTC prevented the IL-1B-induced increase in NF-«B bind-
ing to the DNA probe (Fig. 4A4). To confirm the specificity of
NF-kB binding to the DNA probe, a wild-type oligonucleotide
containing the consensus kB-binding site was added in excess
(100-fold higher concentration) as a competitive inhibitor for
NF-kB binding. The addition of wild-type oligonucleotide inhib-
ited the binding of NF-«B to the DNA probe. In contrast, addition
of excess oligonucleotide containing a mutated NF-«kB-binding
motif (5'-CTCACTTTCC-3") did not inhibit the NF-«B binding
(Fig. 4B). These findings indicated that IL-1B-activated NF-«B
binds to a kB site on DNA.

To further validate the requirement of NF-«B p65 in the IL-18-
induced increase in Caco-2 TJ permeability, NF-kB p65 expres-
sion was selectively silenced by siRNA transfection. siRNA inter-
fere with the translation of mRNA and targets endogenous RNA
for degradation in a sequence-specific manner, thereby inhibiting
the function of a targeted gene (22). As shown in Fig. 4C, the
transfection of filter-grown Caco-2 monolayers with NF-«B p65
siRNA resulted in a near-complete knockdown of NF-kB p65 pro-
tein expression. The NF-«B p65 silencing resulted in a complete
inhibition of the IL-1B-induced drop in Caco-2 TER (Fig. 4D).
These studies confirmed that NF-«kB p65 was required for the IL-
1 B-induced increase in Caco-2 TJ permeability.
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FIGURE 4. ELISA-binding assay of IL-1p-activated NF-«kB p65 binding to the oligonucleotide probe containing the kB-binding site. The binding of
p65 to binding site was expressed as a concentration of NF-«kB p65 (nanograms per milliliter) bound to the binding site. A, IL-13 caused a significant
increase in NF-«B binding. NF-«B inhibitors PDTC (100 uM) and curcumin (5 wM) inhibited the IL-1B-induced NF-kB binding. B, The addition of
wild-type (WT) oligonucleotide containing the consensus NF-«B-binding site in excess (100:1 ratio) as a competitive inhibitor prevented the binding of
NF-kB to the DNA probe. In contrast, the addition of excess oligonucleotide containing a mutated NF-«B-binding motif did not inhibit the NF-«B binding.
C, Effect of NF-«kB p65 depletion by siRNA on the IL-13-induced drop on Caco-2 TER. Caco-2 monolayers were transfected with NF-«kB p65 siRNA for
a 96-h time period as described in Materials and Methods. D, NF-«kB p65 siRNA resulted in a marked depletion in NF-«B p65 protein expression. B, NF-«B
p65 siRNA transfection prevented the IL-13-induced drop in Caco-2 TER. *, p < 0.001 vs control; *#*, p < 0.001vs IL-1p treatment.

IL-1B effect on Caco-2 TJ permeability is not due to apoptosis

Apoptosis has been proposed as a mechanism of cytokine-induced
increase in intestinal epithelial paracellular permeability (23). Be-
cause IL-1p is known to induce apoptosis in some cell types (24),
in the following studies, we examined the possibility that the IL-
1B-induced increase in Caco-2 TJ permeability may be due to
apoptosis or cell death. IL-1f effect on Caco-2 cell apoptosis and
necrosis was determined by flow cytometry by labeling the apo-

A Control

ptotic cells with Annexin V™" and necrotic cells with propidium

iodide. During apoptosis, phosphatidylserine translocates from the
cytoplasmic face of the plasma membrane to the cell surface. An-
nexin V has a strong, Ca®"-dependent affinity for phosphatidyl-
serine and is used as a probe for detecting apoptosis. Cells undergoing
apoptosis stain positively for Annexin V™7 as phosphatidylserine is
located on the cell surface. In necrotic cells, propidium iodide is able
to permeate across the cell membrane to label the DNA. The dot-plot
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FIGURE 5. The effect of IL-18 on
Caco-2 cell apoptosis. The IL-13 effect on

Caco-2 cell apoptosis and necrosis was as-
sessed by Annexin V™€ and propidium io-
dide labeling as described in Materials and
Methods. Flow cytometric analysis of An-
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nexin V'€ and propidium iodide staining
was performed. A, The dot plots represent a
total of 20,000 events for each sample. Up-
per left panel, Necrotic cells; lower right
panel, apoptotic cells. Caco-2 monolayers
were treated with IL-18 (10 ng/ml) for 48 h.
Subsequently, Caco-2 cells were trypsinized
and labeled with Annexin V™' (apoptosis)
or propidium iodide (necrosis). Camptoth-
ecin was used as a positive control for apo-
ptosis. IL-18 did not induce (B) apoptosis or
(C) cell necrosis in IL-1B-treated Caco-2
cells.
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FIGURE 6. A, Time-course effect of IL-183 on TJ protein expression in
Caco-2 monolayers. Filter-grown Caco-2 monolayers were treated with
IL-1B (10 ng/ml) for increasing time periods (0—48 h). The protein ex-
pression was determined by Western blot analysis as described in Mate-
rials and Methods. 1L-1[3 did not cause any change in the ZO-1 protein
expression. IL-18 caused a progressive down-regulation in occludin pro-
tein expression and up-regulation in claudin-1 expression. B, Effect of
IL-1B on occludin junctional localization. The junctional localization of
occludin protein in filter-grown Caco-2 monolayers was assessed by im-
munofluorescent Ab labeling. IL-18 produced a significant disturbance in
occludin junctional localization (arrows). PDTC prevented the IL-1(3-in-
duced alteration in junctional localization of occludin protein.

of TL-1p effect on propidium iodide (necrosis) and Annexin V**¢

(apoptosis) staining generated from flow cytometry analysis is shown
in Fig. 5A. IL-1p treatment did not have significant effect on Caco-2
cell apoptosis (Fig. 5B) or necrosis (Fig. 5C), indicating that the IL-
1B-induced increase in Caco-2 TJ permeability was not due to induc-
tion of cell apoptosis or cell death.

IL-1P induces a protein-specific down-regulation of occludin
protein and mRNA expression and disturbance in junctional
localization

In the following studies, we examined the effect of IL-183 (10 ng/
ml) on expression of cytoplasmic TJ protein ZO-1 and transmem-
brane proteins occludin and claudin-1. IL-13 did not have signif-
icant effect on ZO-1 protein expression over the 48-h treatment
period, but caused a protein-specific decrease in occludin protein
expression and an increase in claudin-1 protein expression (Fig.
6A). IL-13 also caused a disturbance in junctional localization of
occludin as determined by immunofluorescent staining. In the con-
trol Caco-2 monolayers, occludin formed a dense peripheral band
outlining the cellular junctions (Fig. 6B). After IL-13 treatment,
the intensity of occludin staining at cell junctions was reduced and
the junctional localization became irregular and distorted (arrows),
correlating with a functional alteration in Caco-2 TJ barrier func-
tion. To examine whether the IL-1B3-induced decrease in occludin
protein expression was due in part to a decrease in mRNA tran-
scription, the effect of IL-183 on occludin transcript expression was
determined. IL-1( treatment (10 ng/ml) resulted in a significant
decrease in occludin mRNA expression (Fig. 7A). These findings
suggested that the IL-1B-induced decrease in occludin protein ex-
pression was due in part to a decrease in mRNA expression.

To further examine the intracellular processes involved in the
IL-1pB-induced decrease in occludin protein expression, we exam-
ined the possibility that the IL-18 effect was due to NF-«kB mod-
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FIGURE 7. A, Effect of IL-18 on occludin mRNA levels was assessed
by real-time PCR. Filter-grown Caco-2 cells were treated with 10 ng/ml
IL-1B for 16 h. B, Pretreatment with PDTC (100 uM) prevented the IL-
1B-induced decrease in occludin mRNA levels. Data are represented as
means of four replicates = SE; *, p < 0.001 vs control. C, Effect of NF-«kB
inhibitor, PDTC (100 uM), and (D) NF-«kB p65 depletion by siRNA on
IL-1B-induced down-regulation of occludin protein expression. Caco-2
monolayers were treated with IL-13 for the 48-h experimental period.
PDTC (100 uM) and NF-kB p65 siRNA significantly prevented the IL-
1B-induced down-regulation in occludin protein expression.

ulation of occludin transcript expression. The NF-«B inhibitor
(PDTC) inhibited the IL-1B-induced decrease in occludin mRNA
expression (Fig. 7B). Additionally, PDTC also prevented the IL-
13-induced decrease in occludin protein expression (Fig. 7C) and
the disturbance in junctional localization (Fig. 6B). Moreover,
NF-kB p65 silencing by siRNA also prevented the down-regula-
tion of occludin protein expression (Fig. 7D). Together, these re-
sults suggested that IL.-1B-induced NF-«kB activation mediated the
down-regulation of occludin transcript and protein expression.

Discussion

The defective intestinal epithelial TJ barrier has been proposed as
an important pathogenic factor leading to the intestinal inflamma-
tion in CD and other inflammatory conditions (25). It has been
proposed that the cytokine-induced increase in intestinal TJ per-
meability represents an important proinflammatory mechanism
(14, 26). The cytokine-induced increase in intestinal TJ permeabil-
ity allows increased paracellular permeation of luminal Ags, bac-
teria, and other toxic substances that promote inflammation (10,
11). The TJ barrier disruptive actions of TNF-a and IFN-y have
been well-established (27, 28). However, despite its central im-
portance in mediating the inflammatory process in CD and other
inflammatory conditions, the role of IL-1 on intestinal TJ barrier
function has not been previously reported. In this study, we show
for the first time that IL-1f3 at physiologically relevant concentra-
tions (1-10 ng/ml) causes a significant increase in intestinal TJ
permeability. Previous studies have shown that inflammatory cells
secrete IL-1f in the concentration range of 1-25 ng/ml range (29).
The basal levels of IL-18 secreted by inflammatory cells (includ-
ing macrophages and monocytes) are in the concentration range of
1-5 ng/ml (7). Following endotoxin (1 ug/ml) stimulation, the
activated macrophages and monocytes secreted IL-183 in the
10-25 ng/ml range (7). Interestingly, IL-13 (10 ng/ml) caused
only a modest drop (~30% drop) in Caco-2 TER but produced a
marked increase (20-fold increase) in paracellular permeability to
inulin (m.w. = 5,000 g/mol), suggesting that IL-13 affects the
paracellular permeation of larger molecules to a much greater ex-
tent than smaller ions.
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The time course of IL-1 effect on Caco-2 TJ permeability sug-
gested that the IL-18 effect was not due to acute intracellular sig-
naling process but required protein synthesis. IL-13 did not affect
Caco-2 TJ permeability within the first 6 h (Fig. 2). The initial
increase in Caco-2 TJ permeability occurred between 6 and 12 h
following IL-1 exposure; the increase in Caco-2 TJ permeability
progressed to the maximal levels by 48 h. Moreover, we found that
protein synthesis inhibitor cycloheximide and transcription inhib-
itor actinomycin D prevented the IL-1B-induced increase in
Caco-2 TJ permeability (our unpublished data), confirming that the
IL-1B-induced increase in Caco-2 TJ permeability required tran-
scription and new protein synthesis. Consistent with our present
findings, previous studies have suggested that TNF-a- and IFN-
v-induced modulation of Caco-2 TJ permeability was mediated by
an increase in myosin L chain kinase (MLCK) transcription and
protein synthesis (27, 30). The possibility that IL-13 effect may
also be mediated by up-regulation of MLCK protein expression
remains to be further explored.

In this study, we examined some of the intracellular mechanisms
that mediate the IL-18 modulation of Caco-2 TJ barrier and TJ
proteins. Because many of the proinflammatory effects of IL-183
are known to be mediated by nuclear transcription factor NF-«B
(31), we investigated the possibility that IL-1 effect on Caco-2 TJ
permeability was also mediated by NF-«B. IL-13 caused a rapid
degradation of IkB-a and activation of NF-kB in Caco-2 cells
(Fig. 3, A and B) and the inhibition of NF-«kB activation by NF-«B
inhibitors prevented the increase in Caco-2 TJ permeability (Fig. 3,
E-G). The requirement of NF-«B in IL-1B-induced increase in TJ
permeability was further validated by the silencing of NF-«B p65
expression in Caco-2 cells. NF-kB p65 depletion by NF-«B p65
siRNA transfection completely inhibited the IL-1B-induced in-
crease in Caco-2 TJ permeability (Fig. 4D). In combination, these
studies confirmed the requirement (but not sufficiency) of NF-«B
in mediating the IL-1B-induced increase in Caco-2 TJ permeabil-
ity. Additionally, our data also indicated that neutralizing mAb
directed against IL-1B prevented the IL-1B-induced drop in
Caco-2 TER, confirming that the TJ modulating effect was due to
the presence of IL-1p.

Previous studies have shown that various intracellular mecha-
nisms are involved in the cytokine-induced increase in intestinal
TJ permeability. Earlier studies suggested that the TNF-a-induced
increase in HT-29 intestinal epithelial TJ permeability may be due
to a TNF-a-induced activation of apoptosis with a resultant for-
mation of large paracellular gaps or openings between cells (32).
Recent studies have suggested that the TNF-« effect on Caco-2 TJ
barrier may be mediated by NF-«B activation and an increase in
MLCK protein expression (27, 33). In contrast, IFN-y-induced in-
crease in Caco-2 TJ permeability did not involve NF-«B activa-
tion, but required an increase in MLCK expression (34). The IFN-
v-induced increase in T84 intestinal TJ permeability also appeared
to be mediated in part by endocytosis of TJ proteins, but not ap-
optosis (34, 35). The IL-13- and IL-4-induced increase in HT-29
intestinal epithelial TJ permeability has been suggested to be me-
diated by apoptosis (36, 37). The IL-13 and IL-4 effect on the TJ
barrier has also been suggested to be mediated in part by PI3K
activation (38). Earlier studies have also suggested that the pro-
duction of NO is a possible mechanism for the cytomix-induced
increase in TJ permeability in Caco-2 cells (39). The cytomix (a
mixture of TNF-a, IFN-v, and IL-1) has been shown to target the
TJ proteins and the TJ permeability through both NO-dependent
and -independent mechanisms. Subsequent in vivo experiments on
endotoxemic mice demonstrated that LPS-induced-increase in in-
ducible NO synthase activity may represent an important patho-
physiological mechanism of increased TJ permeability in ileal and
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colonic epithelia (40). Thus, previous studies have indicated that
different cytokines modulate the intestinal TJ barrier through dis-
tinct intracellular mechanisms.

Because apoptosis had been proposed as a mechanism modu-
lating the TNF-a, IL-4, and IL-13 increase in intestinal TJ perme-
ability (23, 41), we examined the possibility that the IL-18 induced
increase in Caco-2 TJ permeability may also be due to an increase
in cell apoptosis. IL-183 treatment did not induce apoptosis or ne-
crosis in Caco-2 cells, suggesting that Caco-2 cell apoptosis or cell
death was not a mechanism mediating the IL-13-induced increase
in Caco-2 TJ permeability.

Cytokines have been shown to modulate TJ protein expression
in a protein-specific manner. TNF-a caused a down-regulation of
Z0-1, occludin, and claudin-1 protein expression in Caco-2 cells
(14). In contrast, IFN-vy caused a decrease in ZO-1 and occludin
protein expression but caused an increase in claudin-1 expression
in T-84 cells. IL-4 and IL-13 caused an increase in the expression
of claudin-2 protein but did not affect claudin-3 or claudin-4 pro-
tein expression in T-84 cells (38). Interestingly, a cytomix con-
sisting of TNF-a, IFN-v, and IL-1p caused a decrease in ZO-1 and
occludin protein expression followed by a decrease in ZO-1 and a
slight decrease in occludin mRNA transcripts but an increase in the
expression of claudin-1 protein in Caco-2 cells (39). In the present
study, we found that IL-1 did not affect the ZO-1 protein expres-
sion but caused a marked down-regulation in occludin protein ex-
pression. Similar to IFN-vy, IL-18 also caused an up-regulation of
claudin-1 protein expression. The precise role of TJ proteins in the
modulation of intestinal TJ barrier function remains unclear. For
example, previous studies suggested a correlation between occlu-
din expression and TJ barrier function. Increased expression of
occludin in MDCK cells correlated with an enhancement of TJ
barrier function as evidenced by an increase in MDCK TER (42).
Additionally, the expression of occludin in fibroblasts also resulted
in an enhancement of adhesion or contact between cells (43).
Moreover, a number of studies have indicated a correlation be-
tween an increase in epithelial TJ permeability and a decrease in
occludin expression (44). In enteropathogenic Escherichia coli-in-
duced increase in intestinal epithelial TJ permeability, the dissociation
of occludin and ZO-1 binding has been postulated as an important
mechanism leading to the increase in intestinal TJ permeability (45).
It has been shown in earlier studies that LPS-treated mice had a
disrupted intestinal barrier function and increased TJ permeability
due to down-regulation in occludin protein expression and alter-
ation in its cellular localization (40). In contrast, recent studies of
occludin knockdown in in vivo and in vitro models suggested that
occludin depletion or knockout did not affect the TJ barrier func-
tion (46, 47), arguing against a role for occludin in maintaining the
TJ barrier function.

Although the precise role of occludin protein on TJ barrier func-
tion modulation remains to be further clarified, our results sug-
gested that nuclear transcription factor NF-kB mediated the IL-
1B-induced down-regulation of occludin mRNA and protein
expression. The inhibition of NF-«B activation by NF-«B inhibi-
tors prevented both IL-1B-induced decrease in occludin transcrip-
tion process (Fig. 7, B and C). NF-«B inhibitor also prevented the
alteration in occludin junctional localization (Fig. 6B). The deple-
tion of NF-kB p65 by siRNA transfection also prevented the IL-
1 B-induced decrease in occludin expression (Fig. 7D). These re-
sults suggested that IL-1B-induced down-regulation of occludin
protein expression was mediated by NF-«B modulation of occlu-
din mRNA expression. As far as we are aware, this is the first
study to show that NF-«B has a regulatory role on TJ protein
expression. Although the precise mechanisms by which NF-«B
regulates occludin protein expression remain unclear, based on our
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present findings we hypothesize that the IL-13-induced decrease in
occludin transcript and protein expression may be due to NF-kB-
induced suppression of occludin promoter activity. Consistent with
this hypothesis, recent studies have shown that NF-«B suppresses
the promoter activity of various genes including choline acetyl-
transferase (48), guanylate-binding protein (Gbp) and Ag-present-
ing protein (Tap) (49), caspase-8 and TNFR-associated factor-1
and -2 (50).

It is important to note that different cell types may react differ-
ently to IL-183 treatment. In this regard, previous studies have
shown that IL-1f3 treatment (100 ng/ml) caused about a 40% drop
in TER in the airway epithelial cells but caused only a small in-
crease in epithelial permeability to FITC-labeled dextran (51). In
an earlier study, IL-183 caused a small (nonstatistically significant)
drop in T-84 intestinal epithelial TER (28). However, the dose of
IL-183 used in that study was lower than the dose used in the
present study. The dose of IL-183 used (when converted to nano-
grams per milliliter) was in the range of 0.1-1 ng/ml. When we
assessed the effect of 10 ng/ml IL-1$3 on T-84 monolayers, there
was a similar drop (~30%) in TER as in Caco-2 cells (our un-
published data). IL-1f3 also caused a similar decrease in TER in
filter-grown MDCK cells (our unpublished data).

In conclusion, our results indicated for the first time that IL-13
causes an increase in intestinal epithelial TJ permeability. The IL-
1B-induced increase in Caco-2 TJ permeability was mediated by
NF-«B activation and inhibition of NF-«B activation or NF-«B
p65 depletion with siRNA prevented the IL-1 increase in Caco-2
TJ permeability. IL-18 also caused a protein-specific down-regu-
lation of occludin expression, a decrease in occludin mRNA ex-
pression and disturbance in its junctional localization. The IL-1[3
modulation of occludin was also regulated by NF-«B activation.
Our data provide new insight into the role of IL-1 on intestinal TJ
barrier function and provide supporting evidence that the elevated
levels of IL-1f during intestinal inflammation may contribute to
the intestinal TJ barrier defect observed in these patients.
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