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T

he defective intestinal epithelial tight junction (TJ)3 barrier has been implicated to play a key pathogenic role in
the intestinal inflammation of Crohn’s disease (CD) and
other inflammatory conditions of the gut (1, 2). The defective intestinal TJ barrier allows an increase in the paracellular permeation
of toxic luminal Ags that lead to intestinal and systemic inflammation. Intestinal epithelial TJs are the apical – most junctional
complexes and act as a functional and structural barrier against
paracellular permeation of hydrophilic luminal substances (2–5).
Accumulating evidence indicate that immune system plays an important role in modulating intestinal TJ barrier function. Immune
cells including neutrophils, dendritic cells, and monocytes have
been directly implicated in inducing disturbance of TJ barrier function (6, 7). Additionally, proinflammatory cytokines, including
TNF-␣, IFN-␥, IL-1␤, and IL-8 have been shown to cause a functional opening of intestinal TJ barrier (8 –11).
It has been postulated (9 –18) that proinflammatory cytokineinduced opening of the intestinal TJ barrier is an important mechanism contributing to the TJ barrier defect present in various in*Department of Internal Medicine, University of New Mexico School of Medicine,
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flammatory conditions of the gut. IL-1␤ is a prototypical
multifunctional cytokine having wide-ranging biological activities
(19 –22). IL-1␤ is markedly elevated in CD and other inflammatory conditions of the gut and has been shown (22–24) to play a
central role in the inflammatory process. A direct correlation between increasing levels of IL-1␤ and increasing severity of intestinal inflammation in CD has been demonstrated (25, 26).
There is an imbalance between the level of IL-1␤ and its naturally occurring antagonist IL-1 receptor antagonist (IL-1ra) in
CD patients, leading to the hypothesis that an excess of proinflammatory and deficiency of anti-inflammatory forms of IL-1
are important pathogenic factors in inflammatory bowel diseases (27, 28). There is also an increase incidence of IL-1␤ gene
polymorphism in CD patients that determine the severity of
intestinal inflammation in the affected patients (29, 30). Thus,
excess IL-1␤ expression appears to be an important pathogenic
factor contributing to intestinal inflammation of CD. IL-1ra has
also been found to be effective in the treatment of immunemediated inflammation in mice and is currently being developed
for clinical usage in CD (31, 32).
Recent studies from our laboratory and others have shown (8,
33, 34) that IL-1␤ causes an increase in intestinal TJ permeability.
The IL-1␤-induced increase in intestinal TJ permeability has been
postulated to play an important role in promoting intestinal inflammation by allowing increased paracellular permeation of luminal
Ags (8). However, the intracellular mechanisms that mediate the
IL-1␤-induced increase in intestinal TJ permeability remain
unclear.
Previous studies (17, 35–39) have shown that myosin L chain
kinase (MLCK) plays a central role in the regulation of intestinal
TJ permeability. Studies from our laboratory and others have
shown that MLCK mediates pharmacologic (cytochalasins, ethanol, and low extracellular Ca⫹⫹ solution) (37, 39 – 41), physiologic (Na⫹- glucose co-transport) (42), and microbial pathogen
(enteropathogenic E. coli and C. difficile) (15, 43, 44) induced
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The IL-1␤-induced increase in intestinal epithelial tight junction (TJ) permeability has been postulated to be an important
mechanism contributing to intestinal inflammation of Crohn’s disease and other inflammatory conditions of the gut. The intracellular and molecular mechanisms that mediate the IL-1␤-induced increase in intestinal TJ permeability remain unclear. The
purpose of this study was to elucidate the mechanisms that mediate the IL-1␤-induced increase in intestinal TJ permeability.
Specifically, the role of myosin L chain kinase (MLCK) was investigated. IL-1␤ caused a progressive increase in MLCK protein
expression. The time course of IL-1␤-induced increase in MLCK level correlated linearly with increase in Caco-2 TJ permeability.
Inhibition of the IL-1␤-induced increase in MLCK protein expression prevented the increase in Caco-2 TJ permeability. Inhibition of the IL-1␤-induced increase in MLCK activity also prevented the increase in Caco-2 TJ permeability. Additionally,
knock-down of MLCK protein expression by small interference RNA prevented the IL-1␤-induced increase in Caco-2 TJ permeability. The IL-1␤-induced increase in MLCK protein expression was preceded by an increase in MLCK mRNA expression.
The IL-1␤-induced increase in MLCK mRNA transcription and subsequent increase in MLCK protein expression and Caco-2 TJ
permeability was mediated by activation of NF-B. In conclusion, our data indicate that the IL-1␤ increase in Caco-2 TJ permeability was mediated by an increase in MLCK expression and activity. Our findings also indicate that the IL-1␤-induced
increase in MLCK protein expression and Caco-2 TJ permeability was mediated by an NF-B-dependent increase in MLCK gene
transcription. The Journal of Immunology, 2008, 180: 5653–5661.
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Materials and Methods
Chemicals
Cell culture medium (DMEM), trypsin, FBS, and related reagents were
purchased from Life Technologies. Glutamine, penicillin, streptomycin,
and PBS were purchased from Life Technologies-BRL. Anti-MLCK,
NF-B p65, and anti-␤-actin Abs were obtained from Sigma-Aldrich. Antiphospho-MLC S19 was purchased from StressGen. Biotinylated MLC peptide was ordered and prepared by AnaSpe. HRP-conjugated secondary Abs
for Western blot analysis were purchased from Invitrogen. Cy-3 Abs for
immunostaining were purchased from Jackson ImmunoResearch Laboratories. siRNA of MLCK, small interference RNA (siRNA) of NF-B p65,
and transfection reagents were from Dharmacon. Cycloheximide and actinomycin-D were purchased from Sigma-Aldrich. All other chemicals
were of reagent grade and were purchased from Sigma-aldrich, VWR, or
Fisher Scientific.

pernatant was collected, and protein measurement was performed using
Bio-Rad Protein Assay kit (Bio-Rad Laboratories). Laemmli gel loading
buffer was added to the lysate containing 10 –20 g of protein and boiled
for 7 min, after which proteins were separated on an SDS-PAGE gel. Proteins from the gel were transferred to the membrane (Trans-Blot Transfer
Medium, Nitrocellulose Membrane; Bio-Rad Laboratories) 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. After being washed in TBS-1% Tween
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).

ELISA-based MLCK in vitro kinase activity
Biotinylated MLC was diluted in PBS and coated on streptavidin 96-well
plates at 37oC for 1 h. The plates were washed 3 times with PBS, incubated
with blocking solution (1 mg/ml BSA in PBS) at 37oC for 1 h, and then
washed 3 times with PBS. The kinase reaction buffer (90 l), provided by
the manufacturer (MBL International) and the treated samples (10 l) were
added to the wells, and the kinase reaction was performed at 37°C for
30 – 60 min. The reaction was stopped by removing the reaction mixtures
and washing the plates 3 times with washing buffer (20 mM Tris-HCl at pH
7.4, 0.5 M NaCl, and 0.05% Tween 20). The washed plates were incubated
with the anti-phospho-MLC-S19 Ab (5 ng/ml) at room temperature for 1h.
The plates were washed four times with washing buffer, and goat antirabbit IgG Ab (diluted at 1:2,000 in washing buffer) was added to the wells,
and the plates were incubated at 37°C for 1 h. The plates were then washed
four times and incubated with 100 l substrate solution (tetramethylbenzidine) at 37oC for 5–15 min. A stop solution containing 0.5 N H2SO4 (100
l) was added to stop the reaction. The absorbance at 450 nm was determined using the SpectrraMax 190 (Molecular Devices).

RNA isolation and reverse transcription

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, 25 mM HEPES, and 10% FBS. The cells were kept at
37°C in a 5% CO2 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 Ca2⫹- and Mg2⫹-free PBS.

Caco-2 cells/filter (5 ⫻ 105) were seeded into six-well transwell permeable
inserts and grown to confluency. Filter-grown Caco-2 cells were then
treated with appropriate experimental reagents for desired time periods. At
the end of the experimental period, cells were washed twice with ice-cold
PBS. Total RNA was isolated using Qiagen RNeasy Kit (Qiagen) according to the manufacturer’s protocol. Total RNA concentration was determined by absorbance at 260/280 nm using SpectrraMax 190 (Molecular
Devices). The reverse transcription (RT) was conducted using the GeneAmp Gold RNA PCR core kit (Applied Biosystems). Two micrograms of
total RNA from each sample were reverse transcribed into cDNA in a
40-l reaction containing 1x RT-PCR buffer, 2.5 mM MgCl2, 250 M of
each dNTP, 20 U RNase inhibitor, 10 mM DTT, 1.25 M 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.

Determination of epithelial monolayer resistance and
paracellular permeability

Quantification of gene expression using real-time PCR

Cell cultures

An epithelial voltohmeter (World Precision Instruments) was used for measurements of the transepithelial electrical resistance (TER) of the filtergrown Caco-2 intestinal monolayers as previously reported (48, 49). To
study the time course effects of IL-1␤ 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-1␤ 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
resistance of 400 –500 ⍀cm2 were used. Known concentrations of permeability marker (2 M) and its radioactive tracer were added to the apical
solution. Low concentrations of permeability marker were used to ensure
that negligible osmotic or concentration gradient was introduced.

Assessment of protein expression by Western blot analysis
To study the time course effect of IL-1␤ on MLCK and phospho-MLC
protein expression, Caco-2 monolayers were treated with IL-1␤ (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 䡠 HCl, pH 7.5, 150 mM NaCl, 500 M
NaF, 2 mM EDTA, 100 M vanadate, 100 M PMSF, 1 g/ml leupeptin,
1 g/ml pepstatin A, 40 mM paranitrophenyl phosphate, 1 g/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. Su-

The real-time PCRs were conducted using ABI prism 7900 sequence detection system and Taqman universal PCR master mix kit (Applied Biosystems, Branchburg, NJ) as previously described (36, 46). Each real-time
PCR contained 10 l RT reaction mix, 25 l 2x TaqMan universal PCR
master mix, 0.2 M probe, and 0.6 M primers. Primer and probe design
for the real-time PCR was made with Primer Express version 2 from Applied Biosystems. [The primers used in this study are as follows: MLCK
specific primer pairs consisted of 5⬘-AGGAAGGCAGCATTGAG
GTTT-3⬘ (forward), 5⬘-GCTTTCAGCAGGCAGAGGTAA-3⬘ (reverse);
probe specific for MLCK consisted of FAM 5⬘-TGAAGATGCTG
GCTCC-3⬘ TAMRA; the internal control GAPDH-specific primer pairs
consisted of 5⬘ CCACCCATGGCAAATTCC-3⬘ (forward), 5⬘-TGG
GATTTCCATTGATGACCAG-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 average threshold cycle was calculated. A standard curve was generated to
convert the threshold cycle to copy numbers. Expression of MLCK mRNA
was normalized with GAPDH mRNA expression. The average copy number of MLCK mRNA expression in control samples was set to 1.0. The
relative expression of MLCK mRNA in treated samples was determined as
a fold increase compared with control samples.
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increase in intestinal TJ permeability. The activation of MLCK
catalyzes the phosphorylation of myosin L chain (MLC); which in
turn induces a contraction of peri-junctional actin-myosin filaments and opening of the TJ barrier (35, 45, 46). Inhibition of
MLCK activation prevents the increase in intestinal TJ permeability (13, 38, 46). In CD patients, MLCK protein expression has
been shown to be significantly increased in intestinal tissues (12,
47). The level of increase in intestinal epithelial MLCK protein
expression correlated directly with the level of activity of CD,
suggesting the possibility that the elevated intestinal MLCK protein expression in CD patients may contribute to the inflammatory
process (12, 46). In this study, we examined the possibility that
enterocyte MLCK plays an important role in mediating IL-1␤
modulation of intestinal epithelial TJ barrier.
Our data indicate that the IL-1␤-induced increase in Caco-2 TJ
permeability was mediated by an increase in MLCK protein expression and activity. Our studies also provide additional insight
into the intracellular mechanisms that mediate the IL-1␤-induced
increase in MLCK protein expression and subsequent opening of
the TJ barrier.

MECHANISM OF IL-1␤ MODULATION OF TJ BARRIER
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Immunostaining of NF-B p65 protein
Cellular localization of NF-B p65 was assessed by immunofluorescent Ab
labeling. 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. After being permeabilized with 0.1% Triton X-100
in PBS at room temperature for 20 min, 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 cells were
incubated in Cy-3-conjugated secondary Ab for 1 h at room temperature.
Mowiol was used to mount the filters onto the coverslips. Immunolocalizations of NF-B p65 was visualized using a Nikon fluorescence microscope (Nikon) equipped with a Hamamatsu digital camera (Hamamatsu
Photonics). Images were processed with Wasabi software (Hamamatsu
Photonics Deutschland).

siRNA of MLCK or NF-B p65

Statistical analysis
Results are expressed as means ⫾ SE. Statistical significance of differences
between mean values was assessed with Student’s t-tests for unpaired data.
All reported significance levels represent two-tailed p values. 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-1␤-induced increase in Caco-2 TJ permeability is mediated
by an increase in MLCK protein expression
In the following studies, we examined the possibility that the IL1␤-induced increase in Caco-2 TJ permeability was regulated by
an increase in MLCK protein expression. The time course effect of
IL-1␤ on Caco-2 MLCK protein expression is shown in Fig. 1A.
IL-1␤ (10 ng/ml) caused a progressive time-dependent increase in
MLCK expression. The time course of IL-1␤-induced increase in
MLCK protein level closely paralleled the IL-1␤-induced drop
in Caco-2 TER (Fig. 1B) and increase in epithelial permeability to
paracellular marker inulin (Fig. 1C). The comparison of IL-1␤
effect on MLCK protein expression vs the drop in Caco-2 TER
indicated a direct linear relationship with a correlation coefficient
of r ⫽ 0.99 (Fig. 1D). Similarly, IL-1␤ effect on MLCK protein
level correlated linearly with an increase in paracellular permeability with a correlation coefficient of r ⫽ 0.97 (Fig. 1E). These
results indicated that there was a direct linear relationship between
IL-1␤-induced increase in MLCK protein expression and increase
in Caco-2 TJ permeability, suggesting a cause-and-effect
relationship.
The possible causal relationship between IL-1␤-induced increase in MLCK protein expression and increase in Caco-2 TJ
permeability was investigated in the following studies. In these
studies, the IL-1␤-induced increase in MLCK protein expression
was inhibited by potent protein synthesis inhibitor cycloheximide.
As shown in Fig. 2A, cycloheximide inhibited the IL-1␤-induced
increase in MLCK expression. The cycloheximide inhibition of
MLCK protein expression resulted in an inhibition of IL-1␤-induced drop in Caco-2 TER (Fig. 2B). These findings suggested that

FIGURE 1. Time course effect of IL-1␤ on Caco-2 myosin L chain
kinase (MLCK) protein expression, transepithelial resistance (TER), and
paracellular permeability. The Caco-2 MLCK protein expression was determined by Western blot analysis as described in Materials and Methods.
The effect of IL-1␤ (10 ng/ml) on Caco-2 TER and mucosal-to-serosal flux
of paracellular marker inulin (2 M) were measured sequentially over the
48-h experimental period as described in Materials and Methods. A, Time
course effect of IL-1␤ on Caco-2 MLCK protein expression (␤-actin was
used as an internal control for protein loading). B, T ime course effect of
IL-1␤ on Caco-2 TER (means ⫾ SE, n ⫽ 4). C, Time course effect of
IL-1␤ on mucosal-to-serosal inulin flux (means ⫾ SE, n ⫽ 4). ⴱ, p ⬍ 0.05
vs control. D, Graph of IL-1␤ effect on MLCK protein expression and
Caco-2 TER (r ⫽ 0.99). E, Graph of IL-1␤ effect on MLCK protein expression and inulin flux (r ⫽ 0.97).

the IL-1␤-induced increase in MLCK protein expression was required for the drop in Caco-2 TER.
To further delineate the role of MLCK in IL-1␤-induced increase in Caco-2 TJ permeability, IL-1␤ effect on Caco-2 MLCK
activity was determined by in vitro kinase assay. In these studies,
Caco-2 MLCK was immunoprecipitated following IL-1␤ treatment, and the kinase activity measured via an in vitro kinase assay.
IL-1␤ treatment of filter-grown Caco-2 monolayers resulted in a
progressive time-dependent increase in Caco-2 MLCK activity
(Fig. 3A). The time course of IL-1␤-induced increase in MLCK
activity mirrored the IL-1␤-induced increase in MLCK protein expression (Fig. 1A), indicating that the increase in Caco-2 MLCK
activity was related to the increase in MLCK protein level. To
confirm that IL-1␤-induced increase in MLCK activity leads to an
increase in MLC phosphorylation in Caco-2 cells, IL-1␤ effect on
Caco-2 MLC phosphorylation was determined by immunoblot
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Targeted siRNA MLCK and NF-B p65 were obtained from Dharmacon.
Caco-2 monolayers were transiently transfected using DharmaFect transfection reagent (Lafayette). Briefly, cells/filter (5 ⫻ 105) were seeded into
a twelve-well transwell plate and grown to confluency. Caco-2 monolayers
were then washed with PBS twice and 1.0 ml Opti-MEM medium was
added to the apical compartment of each filter and 1.5 ml were added to the
basolateral compartment of each filter. Five nanograms of the siRNA of
interest and 2 l of 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. The IL-1␤ experiments were conducted 96 h after transfection.
The efficiency of silencing NF-B p65 and MLCK was confirmed by Western blot analysis.
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analysis. IL-1␤ treatment resulted in a progressive time-dependent
increase in phosphorylated-MLC level in Caco-2 cells (Fig. 3B),
indicating that the increase in MLCK activity correlates with an
increase in Caco-2 MLC phosphorylation. The cycloheximide inhibition of MLCK protein synthesis also prevented the IL-1␤-induced increase in MLCK activity (Fig. 3C), confirming that the
increase in MLCK protein expression was responsible for the increase in MLCK activity. It is important to note that cycloheximide
alone did not affect MLCK activity in quiescent Caco-2 cells (Fig.
3C), indicating that cycloheximide effect was due to inhibition of
MLCK protein synthesis.
Next, the effect of specific MLCK inhibitors ML-7 and ML-9 on
IL-1␤ increase in Caco-2 TJ permeability was determined. The
MLCK inhibitors ML-7 (10 M) and ML-9 (20 M), at doses
shown to specifically inhibit MLCK activity (40, 49), prevented
the IL-1␤-induced increase in MLCK activity (Fig. 4A). The ML-7
and ML-9 inhibition of MLCK activity prevented the IL-1␤-induced drop in Caco-2 TER (Fig. 4B). These data indicated that
IL-1␤-induced increase in Caco-2 MLCK activity was required for
the drop in Caco-2 TER.
siRNA-induced MLCK knock-down prevents the IL-1␤-induced
increase in Caco-2 TJ permeability
To further validate the role of MLCK protein in IL-1␤-induced
increase in Caco-2 TJ permeability, MLCK protein expression
was selectively knocked-down using MLCK siRNA. The
MLCK siRNA transfection of Caco-2 monolayers resulted in a
near complete depletion of MLCK expression as confirmed by
immunoblot analysis of MLCK (Fig. 5A). SiRNA-induced depletion of MLCK protein expression prevented the IL-1␤-induced drop in Caco-2 TER (Fig. 5B), confirming that MLCK
expression was required for the IL-1␤-induced modulation of
Caco-2 TJ barrier function.

FIGURE 3. Effect of IL-1␤ on Caco-2 MLCK activity. A, Time course
effect of IL-1␤ on MLCK activity of filter-grown Caco-2 monolayers was
determined by ELISA-based in vitro kinase activity measurements as described in Materials and Methods. After appropriate time period, MLCK
activity was assessed by measuring the in vitro phosphorylation of MLC
(S-19). IL-1␤ treatment resulted in a time-dependent increase in Caco-2
MLCK activity. ⴱ, p ⬍ 0.05 vs control. B, Time course effect of IL-1␤ on
phosphorylation of MLC (P-MLC) in filter-grown Caco-2 monolayers over
the 48-h experimental period as determined by Western blot analysis. C,
Pretreatment with cycloheximide (5 M) inhibited the IL-1␤-induced increase in MLCK kinase activity, cycloheximide alone did not affect MLCK
enzyme activity. ⴱ, p ⬍ 0.001 vs control; ⴱⴱ, p ⬍ 0.001 vs IL-1␤ treatment.

IL-1␤-induced increase in MLCK protein expression is
mediated by an increase in transcript expression
In the following studies, we examined the role of MLCK mRNA
transcription in IL-1␤-induced increase in MLCK expression or
increase in Caco-2 TJ permeability. IL-1␤ effect on MLCK mRNA
expression was determined by real-time PCR. IL-1␤ treatment resulted in a time-dependent increase in MLCK mRNA expression
in Caco-2 monolayers (Fig. 6A). The inhibition of MLCK transcription by potent transcription inhibitor actinomycin-D (100 ng/
ml) prevented the IL-1␤ increase in Caco-2 MLCK mRNA (Fig.
6B) and protein expression (Fig. 6C). Actinomycin-D also prevented the IL-1␤-induced drop in Caco-2 TER (Fig. 6D). These
findings suggested that IL-1␤ increase in MLCK protein expression and decrease in Caco-2 TER were mediated in part by an
increase in MLCK transcript expression.
IL-1␤-induced increase in MLCK gene expression is mediated
by nuclear transcription factor NF-B
Previous studies have shown that activation of nuclear transcription factor NF-B was required for the IL-1␤-induced increase in
Caco-2 TJ permeability (8). However, the mechanisms that mediated the NF-B modulation of Caco-2 TJ permeability were not
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FIGURE 2. The effect of protein synthesis inhibitor, cycloheximide
(CHX) on IL-1␤-induced increase in MLCK protein expression and drop in
Caco-2 TER. A, Cycloheximide (5 M) pretreatment prevented the IL-1␤induced up-regulation in MLCK protein expression as assessed by Western
blot analysis. B, Cycloheximide prevented the IL-1␤-induced drop in
Caco-2 TER (means ⫾ SE, n ⫽ 4). ⴱ, p ⬍ 0.001 vs control; ⴱⴱ, p ⬍ 0.001
vs IL-1␤ treatment.
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FIGURE 4. Effect of MLCK inhibitors ML-7 and ML-9 on IL-1␤-induced increase in Caco-2 MLCK activity and drop in Caco-2 TER. Filtergrown Caco-2 monolayers were treated with IL-1␤ (10 ng/ml) for a 48-h
experimental period. ML-7 (10 M) and ML-9 (20 M) significantly prevented the IL-1␤ (10 ng/ml) induced increase in MLCK activity (in vitro
kinase assay) and drop in Caco-2 TER (n ⫽ 4) (B). ⴱ, p ⬍ 0.001 vs control;
ⴱⴱ, p ⬍ 0.001 vs IL-1␤ treatment.

elucidated. In the present study, we examined the possibility that
NF-B mediated the IL-1␤-induced increase in MLCK gene transcription. As shown in our previous study, IL-1␤ caused a rapid
activation and nuclear translocation of NF-B (Fig. 7A). The inhibition of NF-B activation by known NF-B inhibitor, pyrroli-

FIGURE 5. Effect of siRNA induced MLCK knock-down on IL-1␤induced drop on Caco-2 TER. Caco-2 monolayers were transfected with
MLCK siRNA for a 96-h time period as described in Materials and Methods. A, MLCK siRNA transfection resulted in a near complete depletion in
MLCK protein expression as determined by Western blot analysis. B,
MLCK siRNA transfection prevented the IL-1␤-induced drop in Caco-2
TER (n ⫽ 4). ⴱ, p ⬍ 0.001 vs control; ⴱⴱ, p ⬍ 0.001 vs IL-1␤ treatment.

FIGURE 6. IL-1␤ effect on Caco-2 MLCK mRNA expression. A,
Time course effect of IL-1␤ on Caco-2 MLCK mRNA expression was
determined by real-time PCR as described in the Materials and Methods. MLCK mRNA level was expressed relative to the control level
which was assigned a value of 1. The average copy number of MLCK
mRNA in controls was 4.63 ⫻ 1011. ⴱ, p ⬍ 0.001 vs control. B, Actinomycin-D (100 ng/ml) effect on IL-1␤-induced increase in MLCK
mRNA expression (6 h of IL-1␤ treatment). Actinomycin-D significantly inhibited the IL-1␤ increase in MLCK mRNA expression. ⴱ, p ⬍
0.05 vs control; ⴱⴱ, p ⬍ 0.05 vs IL-1␤ treatment. C, Actinomycin-D
significantly prevented the IL-1␤-induced up-regulation of MLCK protein expression as determined by Western blot analysis. D, Actinomycin-D also prevented the IL-1␤-induced drop in Caco-2 TER (n ⫽ 4).
ⴱ, p ⬍ 0.001 vs control; ⴱⴱ, p ⬍ 0.001 vs IL-1␤ treatment.
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FIGURE 7. IL-1␤ effect on NF-B activation. A, IL-1␤ effect on NF-B
activation as assessed by NF-B p65 nuclear translocation. NF-B p65
cytoplasmic-to-nuclear translocation was determined by immunofluorescent staining with anti-NF-B p65 Ab. Filter-grown Caco-2 monolayers
were treated with 10 ng/ml IL-1␤ for 30 min. B, Effect of NF-B inhibitor,
PDTC (100 M), on IL-1␤-induced increase in MLCK mRNA expression.
Caco-2 cells were pretreated with PDTC for 1 h before IL-1␤ treatment
(6-h experimental period). MLCK mRNA level was determined by realtime PCR (n ⫽ 6). ⴱ, p ⬍ 0.05 vs control; ⴱⴱ, p ⬍ 0.05 vs IL-1␤ treatment.
C, Effect of PDTC (100 M) on IL-1␤ up-regulation of MLCK protein
expression. Filter-grown Caco-2 cells were treated with PDTC 1 h before
IL-1␤ treatment for 48 h. MLCK protein expression was assessed by Western blot analysis. D, Effect of PDTC (100 M) on IL-1␤-induced drop in
Caco-2 TER. ⴱ, p ⬍ 0.001 vs control; ⴱⴱ, p ⬍ 0.001 vs IL-1␤ treatment.

dine dithiocarbamate (PDTC), prevented the IL-1␤-induced
increase in MLCK mRNA expression (Fig. 7B). PDTC (100 M)
also prevented the IL-1␤-induced increase in MLCK protein ex-

pression (Fig. 7C), suggesting that NF-B activation was required
for the IL-1␤ increase in MLCK mRNA and protein expression. In
addition, inhibition of NF-B activation by PDTC significantly
prevented the IL-1␤-induced drop in Caco-2 TER (Fig. 7D).
To further validate the role of NF-B in mediating the IL-1␤
increase in MLCK gene and protein expression, NF-B p65 expression was silenced by siRNA transfection. NF-B p65 siRNA
transfection resulted in a near-complete silencing of NF-B p65
expression in filter-grown Caco-2 cells (Fig. 8A). siRNA induced
NF-B p65 depletion inhibited the IL-1␤-induced increase in
MLCK protein expression (Fig. 8B). Moreover, NF-B depletion
completely prevented the IL-1␤-induced drop in Caco-2 TER (Fig.
8C). Together, these data indicated that the IL-1␤-induced increase
in MLCK gene and protein expression was regulated by NF-B
activation; and inhibition of NF-B induced increase in MLCK
mRNA transcription prevented the IL-1␤-induced increase in
Caco-2 TJ permeability.

Discussion
IL-1␤ is a proto-typical pro-inflammatory cytokine that promotes
inflammatory response in various intestinal and systemic disorders
(19, 21, 22, 50 –52). Defective intestinal TJ barrier has been shown
to be an important pathogenic mechanism contributing to intestinal
inflammation of CD and other inflammatory conditions of the gut
(2). Recent studies have shown that, in addition to its direct immune modulating actions, IL-1␤ causes a disruption of intestinal
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FIGURE 8. Effect of siRNA induced knock-down of NF-B p65 on
IL-1␤-induced increase in MLCK expression and drop in Caco-2 TER and.
Filter-grown Caco-2 monolayers were transfected with NF-B p65 siRNA
for a 96-h time period as described in Materials and Methods. A, NF-B
p65 siRNA transfection resulted in a near complete knock-down of NF-B
p65 expression. B, siRNA NF-B p65 transfection prevented the IL-1␤induced increase in MLCK protein expression. C, NF-B p65 siRNA transfection prevented the IL-1␤-induced drop in Caco-2 TER. ⴱ, p ⬍ 0.001 vs
control; ⴱⴱ, p ⬍ 0.001 vs IL-1␤ treatment.
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validating the role of MLCK protein in IL-1␤-induced disruption
of Caco-2 TJ barrier function.
The mechanism of MLCK modulation of intestinal TJ barrier
function has been extensively studied. Previous studies have
shown that cytochalasins and Na⫹-glucose co-transporter induced
increase in intestinal TJ permeability in vitro and in vivo was triggered by MLCK-induced increase in MLC phosphorylation (42,
56, 57). MLC phosphorylation then leads to an energy-dependent
contraction of peri-junctional acto-myosin filaments, and mechanical tension induced retraction of junctional membrane and TJ proteins, and functional opening of the TJ barrier (40, 57, 60). The
over-expression of constitutively active MLCK has also been
shown to cause MLC phosphorylation and functional opening of
the TJ barrier in MDCK cells (45). Similarly, when constitutively
active MLCK was expressed in Caco-2 cells, there was an increase
in phosphorylation of MLC, re-organization of the peri-junctional
F-actin, and increase in TJ permeability (35). In the present study,
our data suggested that the IL-1␤-induced increase in MLCK activity was due to an increase in MLCK protein level and not specific enzyme activity. The intracellular signaling pathways that
modulate MLCK activity have been studied in various cell types
(61). The signaling pathways that have been shown to up-regulate
MLCK activity include Ca⫹⫹/Calmodulin, PKC, -kinase, MAP
kinase and PI3 kinase (62– 64). The signaling pathways that are
known to down-regulate MLCK activity include MLC phosphatase, PKA, and PKG (65– 67). Moreover, activation of signaling
pathways that leads to an increase in MLCK activity have been
shown to cause an increase in TJ permeability in various endothelial and epithelial cell types (18, 68, 69). Thus, specific signaling
pathways that regulate MLCK activity may be targeted to modulate TJ barrier function.
In this study, we also examined the intracellular processes that
mediated the IL-1␤-induced increase in MLCK protein expression.
Our data indicated that the IL-1␤-induced increase in MLCK protein expression was due to an increase in MLCK gene transcription. IL-1␤-induced increase in MLCK protein expression was preceded by an increase in MLCK mRNA expression (Fig. 6A); and
the inhibition of IL-1␤-induced increase in MLCK mRNA expression prevented the IL-1␤ increase in MLCK protein expression
and subsequent drop in Caco-2 TER (Fig. 6, C and D). Previously,
we showed that IL-1␤ causes an increase in NF-B activation in
Caco-2 cells; and that NF-B activation was required for the IL1␤-induced increase in Caco-2 TJ permeability (8). However, the
mechanisms that mediated the NF-B modulation of Caco-2 TJ
permeability were not delineated. Our present data indicated that
IL-1␤ causes a rapid activation of NF-B (Fig. 7A); and inhibition
of NF-B activation with known inhibitor, PDTC, prevented the
IL-1␤-induced increase in MLCK mRNA expression, MLCK protein expression, and Caco-2 TJ permeability (Fig. 7, B, C, and D).
These data suggested that NF-B modulation of Caco-2 TJ barrier
was mediated in part by an increase in MLCK mRNA and protein
expression. The role of NF-B in mediating the IL-1␤-induced
increase in MLCK protein expression and Caco-2 TJ permeability
was further validated by NF-B p65 silencing studies using
siRNA. The siRNA silencing of NF-B p65 expression in Caco-2
cells completely inhibited the IL-1␤-induced increase in MLCK
protein expression (Fig. 8B) and the drop in Caco-2 TER (Fig. 8C),
confirming the regulatory role of NF-B in mediating the IL-1␤induced increase in MLCK mRNA transcription and protein
expression.
Together, our results indicated that IL-1␤ causes a rapid activation of NF-B. (The proposed scheme of IL-1␤-induced increase in TJ permeability is outlined in Fig. 9). Activated NF-B
translocates to the nucleus and induces transcription of MLCK
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TJ barrier leading to an increase in paracellular permeation of luminal Ags (8, 33, 53, 54). The intracellular processes that mediate
the IL-1␤ effect on intestinal TJ barrier remain unclear. Delineating the cellular and molecular processes that mediate the IL-1␤
modulation of intestinal TJ barrier is very important in understanding the cellular mechanisms that lead to intestinal TJ barrier defect
during inflammatory conditions and in designing potential therapeutic strategies to induce re-tightening of the TJ barrier during
inflammatory states.
Previous studies have shown that MLCK plays a central role in
the regulation of intestinal epithelial TJ barrier function (41, 49,
55, 56). MLCK activation has been shown to be a central mechanism that regulates both pharmacologic (39 – 41) and physiologic
(42) induced opening of intestinal TJ barrier. The cytochalasin,
ethanol, or low extracellular Ca⫹⫹ induced increase in Caco-2 TJ
permeability required activation of MLCK; and inhibition of
MLCK activity with MLCK inhibitors ML-7 and ML-9 prevented
the increase in TJ permeability (37, 39 – 41, 57). Additionally,
Na⫹-glucose co-transporter activation induced increase in Caco-2
TJ permeability also required MLCK activation (42). Similarly, in
live animal studies, immune (T cell), stress, or bacterial endotoxin
mediated increase in mice intestinal permeability was associated
with an increase in MLCK expression and activity, and inhibition
of MLCK activity prevented the increase in intestinal permeability
and subsequent development of intestinal inflammation (58, 59).
The pathophysiologic importance of MLCK protein expression in
intestinal TJ barrier defect in CD was also suggested by a recent
study showing that MLCK protein expression was markedly increased in intestinal tissue from CD patients (12). The degree of
MLCK protein elevation directly correlated with the level of intestinal inflammation (12). Thus, accumulating evidence suggest
that elevation in MLCK protein expression is likely to play an
important causal role in intestinal TJ barrier defect during inflammatory conditions.
Our data indicated that IL-1␤ causes a progressive time-dependent increase in Caco-2 MLCK protein expression. The time
course of IL-1␤-induced increase in MLCK protein level directly
correlated with a drop in Caco-2 TER and increase in paracellular
permeability (Fig. 1), suggesting a direct cause-and-effect relationship between IL-1␤-induced increase in Caco-2 MLCK protein
level and increase in Caco-2 TJ permeability. The inhibition of
MLCK protein synthesis with potent protein synthesis inhibitor
cycloheximide prevented the IL-1␤-induced drop in Caco-2 TER
(Fig. 2B). The IL-1␤-induced increase in Caco-2 MLCK protein
level was also accompanied by a propotional increase in Caco-2
MLCK activity and increase in MLC phosphorylation in Caco-2
monolayers (Fig. 3). And, the inhibition of IL-1␤-induced increase
in MLCK enzyme activity with specific MLCK inhibitors ML-7
and ML-9 completely inhibited the IL-1␤-induced drop in Caco-2
TER (Fig. 4B), indicating that IL-1␤-induced increase in MLCK
activity was also required for the IL-1␤-induced increase in
Caco-2 TJ permeability. Our data also indicated that the cycloheximide inhibition of the IL-1␤-induced increase in MLCK protein
expression completely inhibits the IL-1␤-induced increase in
MLCK activity (Fig. 3C). Because cycloheximide did not affect
the basal Caco-2 MLCK activity, these data suggested that the
IL-1␤-induced increase in Caco-2 MLCK activity was due to an
increase in MLCK protein level and not an increase in the specific
activity of the enzyme. The requirement of MLCK protein in
IL-1␤ modulation of Caco-2 TJ barrier was further validated by
siRNA targeted knocked-down of MLCK protein expression. The
siRNA induced silencing of Caco-2 MLCK protein expression also
inhibited the IL-1␤-induced drop in Caco-2 TER (Fig. 5B), further
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mRNA. The increase in MLCK mRNA then leads to an increase in
MLCK protein expression and activity and opening of Caco-2 TJ
barrier. The molecular processes that mediate the IL-1␤-induced
increase in MLCK mRNA remain unclear. Recent study by Graham et al. indicated that NF-B binding motifs were present on the
MLCK promoter region and could serve as a regulatory site to
induce MLCK gene activation (70). Based on our present data and
published studies showing the existence of NF-B binding sites on
MLCK promoter region, we speculate that IL-1␤-induced increase
in MLCK mRNA expression may be due to NF-B induced regulation of MLCK promoter activity. We have recently initiated
studies to examine the role of NF-B in the regulation of MLCK
promoter activity and delineate the molecular determinants that
mediate the regulation of MLCK promoter activity.
In conclusion, our data show for the first time that the IL-1␤induced increase in Caco-2 TJ permeability was mediated by an
increase in MLCK protein expression and activity. The IL-1␤induced increase in MLCK protein expression was mediated by an
increase in MLCK mRNA transcription. Our results indicated that
IL-1␤ causes a rapid activation of NF-B; the activated NF-B
translocates to the nucleus where it stimulates MLCK gene transcription; MLCK mRNA transcription leads to an increase in
MLCK protein expression and MLCK activity; the increase in
MLCK activity then leads to the opening of Caco-2 TJ barrier (Fig.
9). Thus, our data provide important new insight into the intracellular mechanisms that mediate the IL-1␤ modulation of the intestinal epithelial TJ barrier.
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FIGURE 9. Proposed scheme of the IL-1␤-induced increase in intestinal epithelial tight junction (TJ) permeability.
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