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Interleukin-1b (IL-1b) has been shown to play an essential role in mediating intestinal inflammation of Crohn’s
disease and other inflammatory conditions of the gut. Previous studies from our laboratory have shown that IL-
1b causes an increase in intestinal tight-junction permeability in Caco-2 monolayers in vitro. However, the IL-1b
effect on the intestinal epithelial barrier in vivo remains unclear. Aims: the major aims of this study were to
examine the effect of IL-1b on mouse intestinal epithelial barrier in vivo and to delineate the mechanisms
involved using an in vivo model system consisting of a recycling perfusion of mouse small intestine. In-
traperitonial injection of IL-1b at varying doses (0–10 mg) caused a concentration-dependent increase in mouse
intestinal permeability to the paracellular marker dextran (10 KD), and the maximal increase in dextran flux
occurred at IL-1b dose of 5 mg. IL-1b treatment caused an increase in myosin light-chain kinase (MLCK) mRNA
and protein expression in the small intestinal tissue starting at 24 h, which continued up to 72 h. Additionally, IL-
1b did not cause an increase in intestinal permeability in MLCK-deficient mice (C57BL/6 MLCK - / - ). MLCK
inhibitor ML-7 (2 mg/kg body weight) also inhibited the IL-1b-induced increase in small intestinal permeability.
The IL-1b-induced increase in mouse intestinal permeability was associated with an increase in NF-kB activation.
The intestinal tissue-specific silencing of NF-kB p65 inhibited the IL-1b-induced increase in intestinal permeability
and increase in MLCK expression. These data show for the first time that IL-1b causes an increase in mouse
intestinal permeability in vivo. These data suggested that the mechanism of IL-1b-induced increase in mouse
intestinal permeability in vivo involved NF-kB p65-induced activation of the mouse enterocyte MLCK gene.

Introduction

Interleukin-1b (IL-1b) is a prototypical multifunctional
cytokine playing a crucial role in the inflammatory process

of the gut (O’Neill and Dinarello 2000; Ma and Anderson
2006), including in inflammatory bowel disease (IBD),
ischemic–reperfusion injury, various types of infectious en-
teritis, celiac disease, and nonsteroidal anti-inflammatory
drug (NSAID)-associated enteropathy (Dinarello 1996;
O’Neill and Dinarello 2000; Dunne and O’Neill 2003; Ma and
Anderson 2006). IL-1b is involved in both the initiation and
amplification of the inflammatory response leading to in-
testinal injury. IL-1b has been shown to play an important
role in the pathogenesis of intestinal inflammation in IBD
and in animal models of intestinal inflammation. IBD pa-
tients have elevated levels of IL-1b in their intestinal tissue
(Reinecker and others 1991), and a correlation between in-
creasing levels of IL-1b and the level of intestinal inflam-
mation has been demonstrated (Reinecker and others 1991;

Heresbach and others 1997). An imbalance between IL-1b
and its antagonist IL-1ra exists in the intestinal mucosa of
IBD patients, suggesting that a lack of anti-inflammatory
forms of IL-1 to counteract the elevated levels of IL-1b may
be an important pathogenic defect (Hyams and others 1995;
Cominelli and Pizarro 1996). Consistent with this possibility,
administration of rIL-1ra prevented the intestinal inflam-
mation in a rabbit model of colitis (Ferretti and others 1994).
Recent studies have also demonstrated an existence of IL-1b
gene polymorphisms in IBD patients that determines the
course and the severity of intestinal inflammation in these
patients (Nemetz and others 1999).

Defective intestinal epithelial tight-junction (TJ) barrier has
been implicated to be an important pathogenic factor in a
number of inflammatory conditions of the gut and systemic
inflammatory conditions, including Crohn’s disease (CD),
necrotizing enterocolitis, NSAID-associated enteritis, ulcera-
tive colitis, heat stroke, alcoholic hepatitis, and various in-
fectious diarrheal syndromes (Hollander and others 1986;
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Hollander 1988; Ma and Anderson 2006). It has been pos-
tulated that the defective intestinal TJ barrier allows para-
cellular permeation of noxious luminal antigens that induce
inflammatory response (Hollander and others 1986; Ma and
Anderson 2006). In support of a central role in intestinal in-
flammation, previous studies in animal models of intestinal
inflammation have shown that pharmacologic- or probiotic-
induced enhancement of the intestinal epithelial TJ barrier
prevents the development of intestinal inflammation in
various murine models of IBD, including in dextran sodium
sulfate-induced colitis, IL-10-deficient mice, and in T-cell-
transfer mice (Sydora and others 2005; Poritz and others
2007; Su and others 2009; Chichlowski and others 2010;
Zakostelska and others 2011). Additionally, clinical studies
have also shown that therapeutic retightening of the intes-
tinal TJ barrier in patients with active CD correlated with an
improvement of the disease and long-term clinical remission,
whereas a persistent increase in the intestinal permeability
was associated with an early recurrence of the disease (Wyatt
and others 1993; Miehsler and others 2001).

Previous studies from our laboratory have shown that IL-
1b causes an increase in intestinal epithelial TJ permeability
in filter-grown Caco-2 monolayers (Al-Sadi and Ma 2007;
Al-Sadi and others 2008), suggesting the possibility that the
elevated levels of IL-1b in IBD patients may contribute to
the observed increase in intestinal permeability (Hollander
and others 1986; Hollander 1988; Miehsler and others 2001;
Vavricka and Rogler 2009). However, the effects of IL-1b on
intestinal permeability in vivo in animal model systems
remain unknown, and the clinical relevance of the IL-1b
effect remains unclear. Thus, the major aim of this study
was to examine the effect of IL-1b on intestinal permeability
in vivo in an animal model system. Specifically, the IL-1b
effect on intestinal permeability was determined by re-
cycling perfusion of an isolated segment of mouse small
intestine in vivo. Our data indicated that IL-1b at a physi-
ologically relevant concentration causes an increase in
mouse intestinal permeability. Additionally, our data sug-
gested that the myosin light-chain kinase (MLCK) gene is
an important target in IL-1b modulation of intestinal per-
meability in vivo.

Materials and Methods

Animals

The Laboratory Animal Care and Use Committee at the
University of New Mexico approved all experimental pro-
tocols. Male C57BL/6 mice (9–10 weeks), IL-1R - / - and
MLCK - / - mice, were purchased from Jackson Laboratories
(Bar Harbor). The mice were kept 2 per cage in a temperature-
controlled room at 25�C with a 12:12-h light–dark cycle
(lights on at 07:00). Diet and drinking water were provided ad
libitum.

Chemicals

IL-1b was purchased from Peprotech. Dextran 10 KD was
purchased from Invitrogen. Anti-MLCK and IkB-a anti-
bodies were obtained from Sigma-Aldrich. Anti-NF-kB p65
and anti-b-actin antibodies were obtained from Zymed/In-
vitrogen. HRP-conjugated secondary antibodies for Western
blot analysis were purchased from Abcam. Cy-3 antibody
for immunostaining was purchased from Jackson Immuno-

Research Laboratories. SiRNA NF-kB p65 and transfection
reagents were from Dharmacon. All other chemicals were of
reagent grade and were purchased from Sigma-Aldrich,
VWR, or Fisher Scientific.

Ex vivo intestinal tissue epithelial resistance
measurement in Ussing chambers

The small intestinal tissue epithelial resistance was mea-
sured using an Ussing chamber 24 h after i.p. injection of
IL-1b. After a midline incision of the abdomen, the small
intestine was dissected out, and a 1–1.5-cm sample was
vertically mounted in Ussing chambers that provided an
exposed area of 0.126 cm2, as described previously with
modifications. The tissues were bathed with the Krebs-
Ringer bicarbonate solution (128 mM NaCl, 5.1 mM KCl,
1.4 mM CaCl2, 1.3 mM MgCl2, 21 mM NaHCO3, 1.3 mM
KH2PO4, 10 mM NaH2PO4, pH 7.4). Solutions were gassed
with 95% O2/5% CO2. After a 15-min equilibration period,
the transepithelial electrical voltage and current were mea-
sured at 5-min intervals until 30 min using an EVC 4000
Precision V/I clamp device (World Precision Instruments).
Intestinal tissue resistance was calculated using Ohm’s law
(R = V/I). The experiment was repeated a minimum of 3
times using different tissue sample each time.

Intestinal permeability measurement

The intestinal permeability was measured by recycling
small intestinal perfusion as previously described (Clay-
burgh and others 2005; Al-Sadi and others 2011; Ye and
others 2011). After the experimental period, mice were an-
esthetized with isoflurane. After a midline incision of the
abdomen, 5 cm of the intestine segment was isolated and
cannulated at the proximal and distal ends with 0.76-mm-
internal-diameter polyethylene tubing. The flushing solution
(140 mM NaCl, 10 mM HEPES, pH 7.4) warmed to 37�C was
first perfused through the intestine at 1 mL/min for 20 min
followed by air flush to remove residual contents using an
external pump (Bio-Rad Laboratories). This was followed by
perfusion of 5 mL perfusate solution (85 mM NaCl, 10 mM
HEPES, 20 mM sodium ferrocyanide, 5 mM KCl, 5 mM
CaCl2, pH 7.4.) containing Texas Red-labeled dextran (10
KD) in a recirculating manner at 0.75 mL/min for 2 h. The
abdominal cavity was covered with moistened gauze; the
body temperature was measured via a rectal thermometer;
and temperature was maintained at 37.5�C – 0.5�C using a
heating lamp. One-milliliter aliquots of the test solution were
removed at the beginning and at the end of the perfusion.
After perfusion, the animal was sacrificed, the perfused in-
testine segment excised, and the length measured. The ex-
cised intestinal loop was then snap-frozen in optimal cutting
temperature or used for protein and RNA analysis. Ferro-
cyanide concentration in the perfusate was measured using a
colorimetric assay. Texas Red-labeled dextran 10KD con-
centration was measured using an excitation wavelength of
595 nm and an emission wavelength of 615 nm in a micro-
plate reader. Probe clearance was calculated as Cprobe = (CiVi–
CfVf)/(CavgTL). In the equation, Ci represents the measured
initial probe concentration; Cf represents the measured final
probe concentration; Vi represents the measured initial per-
fusate volume; Vf was calculated as Vi([ferrocyanide]i/[fer-
rocyanide]f); Cavg was calculated as (Ci–Cf)/ln(Ci/Cf); T
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represents hours of perfusion, and L represents the length of
the perfused intestine section in centimeters. Total of 128
wild-type mice (C57BL/6), 12 IL-1R knockout mice (C57BL/
6 IL-1R - / - ), and 12 MLCK knockout mice (C57BL/6
MLCK - / - ) were used in the studies.

Assessment of protein expression
by Western blot analysis

At the end of the experimental period, mouse intestinal
tissues were rinsed twice with ice-cold phosphate-buffered
saline (PBS), and sonicated and homogenized in a lysis buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 500mM NaF, 2 mM
EDTA, 100mM vanadate, 100 mM PMSF, 1mg/mL leupeptin,
1 mg/mL pepstatin A, 40 mM paranitrophenyl phosphate,
1 mg/mL aprotinin, and 1% Triton X-100). Total cell lysates
were centrifuged to yield a clear lysate. Supernatant was
collected, and protein was measured using a Bio-Rad Protein
Assay kit (Bio-Rad Laboratories). Laemmli gel-loading buffer
was added to the lysate containing 10–20 mg of protein and
boiled for 7 min, after which proteins were separated on a
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
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 a blocking solution (5% dry milk in a TBS–Tween
20 buffer). The membrane was incubated with an appropri-
ate primary antibody in the blocking solution. After being
washed in the TBS–1% Tween buffer, the membrane was
incubated in an appropriate secondary antibody and devel-
oped using the Santa Cruz Western Blotting Luminol Re-
agents (Santa Cruz Biotechnology) on the Kodak BioMax MS
film (Fisher Scientific).

RNA isolation and reverse transcription

At the end of the experimental period, mouse intestinal
tissues were washed twice with ice-cold PBS. Total RNA was
isolated using a Qiagen RNeasy Kit (Qiagen), according to
the manufacturer’s protocol. The total RNA concentration
was determined by absorbance at 260/280 nm using Spec-
traMax 190 (Molecular Devices). The reverse transcription
(RT) was carried out using the GeneAmp Gold RNA PCR
core kit (Applied Biosystems). Two micrograms of total RNA
from each sample was reverse-transcribed into cDNA in a
40-mL reaction containing 1 · RT-PCR buffer, 2.5 mM MgCl2,
250 mM of each dNTP, 20 U RNase inhibitor, 10 mM DTT,
1.25 mM random hexamer, and 30 U multiscribe RT. The RT
reactions were performed in a thermocycler (MyCycler; Bio-
Rad) at 25�C for 10 min, 42�C for 30 min, and 95�C for 5 min.

Quantification of gene expression using
real-time polymerase chain reaction

The real-time polymerase chain reactions (PCRs) were
carried out using the ABI prism 7900 sequence detection
system and a TaqMan universal PCR master mix kit (Ap-
plied Biosystems), as previously described (Al-Sadi and Ma
2007; Al-Sadi and others 2009). Each real-time PCR contained
10 mL RT reaction mix, 25 mL 2 · TaqMan universal PCR
master mix, 0.2 mM probe, and 0.6 mM 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¢-AGGAAGGCAGCATTGAGGTTT-3¢ (forward),
5¢-GCTTTCAGCAGGCAGAGGTAA-3¢ (reverse); probe spe-
cific for MLCK consisted of FAM 5¢-TGAAGATGCTG
GCTCC-3¢ TAMRA; the internal control GAPDH-specific
primer pairs consisted of 5¢ CCACCCATGGCAAATTCC-3’
(forward), 5’-TGGGATTTCCATTGATGACCAG-3¢ (reverse);
probe specific for GAPDH consisted of JOE 5¢-TGGCAC
CGTCAAGGCTGAGAACG-3¢ TAMRA]. All runs were per-
formed 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 PCRs were performed in
triplicate, and the average threshold cycle (Ct) was calcu-
lated. A standard curve was generated to convert the Ct to
copy numbers. Expression of MLCK mRNA was normalized
with GAPDH mRNA expression. The average copy number
of mRNA expression in control samples was set to 1.0.

Animal surgery and in vivo transfection
of NF-jB p65 siRNA

The Laboratory Animal Care and Use Committee at the
University of New Mexico approved all experimental pro-
tocols. Mice were fasted for 24 h before the surgery. Mice
were anesthetized with isoflurane (4% for surgical induction;
1% for maintenance), using oxygen as carrier during surgical
procedures. Surgical procedures were performed using a
sterile technique. The abdomen was opened by a midline
incision, and 6 cm of the intestine segment was isolated at the
proximal and distal ends and tied with sutures. About
0.5 mL of siRNA transfection solution [containing the Accell
medium; 2.5 nmol occludin siRNA, and 15 lL transfecting
agent DharmaFect (Dharmacon)] was introduced into the
isolated intestine segment (surface area 6 cm2) for a 1-h
transfection period. Control animals underwent sham oper-
ation, where the siRNA transfection solution contained the
Accell medium, 2.5 nmol nontarget siRNA, and 15 lL trans-
fection reagent DharmaFect. The abdominal cavity was
covered with moistened gauze. The body temperature was
monitored continuously with a rectal probe and maintained
at 37.5�C – 0.5�C using a heating pad. After the 1-h trans-
fection period, each end of the intestinal segment was untied
and the intestine placed back in the abdominal cavity, and
the abdomen was closed. Three days after transfection,
functional studies of the intestinal epithelial barrier were
performed. The surgery and the in vivo transfection proce-
dures had no effect on the food intake and the body weight
of the animals during the experimental period. The animal
weight was averaged between 23 to 25 g during the experi-
mental period. A total of 24 wild-type mice (C57BL/6) were
used in these studies.

Laser-capture microdissection
of intestinal epithelial cells

Frozen mouse tissue sections were fixed with 75% ethanol
for 30 s, hematoxylin and eosin stained for 20 s, and dehy-
drated with 75% ethanol, 30 s; 95% ethanol, 30 s; 100% eth-
anol, 30 s; and xylene, 5 min. After dehydration, sections
were air-dried for 5 min. The Arcturus PixCell II system
(Molecular Devices) was used for microdissection and laser
capture. The intestinal epithelial cells from the mucosal
surface were captured using a 7.5-mM-diameter laser beam
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typically at 80- to 100-mV power with pulse duration of 0.5
to 1.0 ms. On average, about 500 shots were taken per cap,
and approximately 1000 enterocytes were obtained per cap.
Microdissection caps were inserted into 0.5-mL micro-
centrifuge tubes containing 350 mL of lysis buffer, and total
RNA was isolated.

Immunostaining of NF-jB p65

Cytoplasmic-to-nuclear translocation of NF-jB p65 in
mouse intestinal tissue was assessed by immunofluorescent
antibody labeling. At the end of the experimental period,
mouse tissue sections were fixed with 75% ethanol for 30 s
and dehydrated with 75% ethanol, 30 s; 95% ethanol, 30 s;
100% ethanol, 30 s; and xylene, 5 min. After dehydration,
sections were air-dried for 5 min. The sections 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, tissues were then
incubated in a blocking solution composed of bovine serum
albumin and normal donkey serum in PBS for 1 h. Tissues
were then labeled with primary antibodies in the blocking
solution overnight at 4�C. After being washed with PBS, the
tissues were incubated in fluorescein isothiocyanate and Cy-
3-conjugated secondary antibodies for 1 h at room tempera-
ture. ProLong Gold antifade reagent (Invitrogen) was used to
mount the tissues. Immunolocalization of NF-jB p65 was
visualized using a fluorescence microscope (Meta LSM 510,
University of New Mexico Imaging center) equipped with a
Hamamatsu digital camera (Hamamatsu Photonics). Images
were processed with Zen software (Zeiss).

Statistical analysis

Results are expressed as means – SE. Statistical signifi-
cance of differences between mean values was assessed with
Student’s t-tests for unpaired data and analysis of variance
whenever required (Graph Pad Prism 4.00 for Windows;
GraphPad Software). All reported significance levels repre-
sent 2-tailed P values. A P value of < 0.05 was used to indi-
cate statistical significance. Each experiment in mouse
intestine in vivo was performed at least 4 times to ensure
reproducibility.

Results

Effect of IL-1b on mouse intestinal
permeability in vivo

The IL-1b effect on mouse intestinal permeability was
determined by recycling perfusion of an isolated segment of
the small intestine in vivo, as previously described. The in-
testinal permeability was determined by measuring the flux
rate of Texas Red-labeled dextran (m.w. = 10,000), a com-
monly used paracellular marker. Mice (C57BL/6) were in-
jected with IL-1b intraperitoneally at doses (1–10 mg) used in
previous animal studies (Vindenes and others 1998; Yoshida
and others 2010). Intraperitonial (i.p.) injection of IL-1b (0–
10 mg) caused a concentration-dependent increase in mouse
intestinal permeability to the paracellular marker dextran (10
KD) (Fig. 1A). The maximal increase in dextran flux was
reached at an IL-1b concentration of 5mg, and increasing the
concentration up to a 10-mg dose did not produce a further
increase in intestinal permeability. The time course of IL-1b

(5mg) effect on mouse intestinal permeability is shown in Fig.
1B. IL-1b caused a significant increase in intestinal perme-
ability by 24 h, and the increase in intestinal permeability
persisted up to day 5 of the experimental period. In separate
experiments, transepithelial resistance (TER) of mouse small

FIG. 1. Effect of i.p. interleukin (IL)-1b on mouse intestinal
permeability. (A) IL-1b caused a concentration-dependent
(0–10 mg/kg body weight) increase in mouse intestinal mu-
cosal-to-serosal flux of dextran 10KD. (B) IL-1b caused a
time-course (0–120 h) increase in mouse intestinal mucosal-
to-serosal flux of dextran 10K. (C) IL-1b caused a time-de-
pendent (0–120 h) drop in mouse intestinal transepithelial
resistance (TER) as measured in Ussing chambers. *P < 0.001
versus control.
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intestinal tissue was measured ex vivo by mounting intestinal
tissue (1-cm diameter) in an Ussing chamber. IL-1b (5mg)
caused a time-dependent drop in intestinal tissue TER (Fig.
1C). In subsequent studies, the effect of IL-1b on mouse in-
testinal permeability was examined in IL-1 receptor type I-
deficient mice (C57BL/6 IL-1R - / - ). Intraperitonial injection
of IL-1b (5 mg) did not cause an increase in mouse intestinal
permeability in IL-1R - / - mice (Fig. 2), suggesting that the
IL-1b effect on mouse intestinal permeability required IL-1b
binding to its membrane receptor IL-1R.

Role of MLCK on IL-1b-induced increase
in intestinal permeability

Previous studies have shown that MLCK plays an im-
portant role in the regulation of intestinal TJ barrier function
(Schwarz and others 2007; Su and others 2009; Weber and
others 2010). In the following studies, the in vivo effect of IL-
1b on the MLCK gene and protein expression was examined.
Intraperitoneal IL-1b injection resulted in a time-dependent
upregulation in MLCK protein expression in the mouse small
intestinal tissue, which persisted up to a 72-h experimental
period (Fig. 3A). IL-1b also caused an increase in intestinal
tissue MLCK mRNA as assessed by real-time PCR (Fig. 3B).
Since intestinal tissue consists of many different cell types

FIG. 2. Effect of IL-1b (5mg/kg body weight) on mouse
intestinal mucosal-to-serosal flux of dextran 10KD in IL-
1R - / - mice. IL-1b (5mg/kg body weight) did not cause
an increase in mouse intestinal mucosal-to-serosal flux
of dextran 10KD in IL-1R - / - mice. *P < 0.001 versus WT
control.

FIG. 3. Effect of IL-1b on
myosin light-chain kinase
(MLCK) expression in vivo.
(A) IL-1b (5 mg/kg body
weight) caused a time-
dependent increase in mouse
intestinal tissue MLCK pro-
tein expression as assessed
by Western blot analysis. (B)
IL-1b caused an increase
in mouse intestinal tissue
MLCK mRNA transcript as
assessed by real-time poly-
merase chain reaction (PCR);
IL-1b 24-h treatment. *P < 0.001
versus control. (C) IL-1b
caused an increase in the en-
terocyte MLCK mRNA tran-
script after isolating a pure
population of mouse en-
terocytes by laser-capture
microdissection (LCM); IL-1b
24-h treatment. *P < 0.001
versus control. Effect of IL-1b
on mouse intestinal MLCK
expression in IL-1R - / - mice.
(D) IL-1b did not cause an
increase in mouse intestinal
MLCK mRNA expression in
IL1R - / - mice as assessed by
real-time PCR. *P < 0.001 ver-
sus WT control. (E) IL-1b did
not cause an increase in
mouse intestinal MLCK pro-
tein expression in IL1R - / -

mice as assessed by Western
blot analysis.
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and the increase in the intestinal tissue MLCK level could
have resulted from the nonenterocyte cell population, we
examined the IL-1b effect on the enterocyte MLCK mRNA
level using laser-capture microdissection (LCM) to capture a
pure population of enterocytes from the intestinal mucosal
surface. The in vivo IL-1b treatment resulted in a 6-fold in-
crease in the MLCK mRNA level in the LCM-isolated en-
terocytes (Fig. 3C). In subsequent experiments, the IL-1b
effect on MLCK expression in C57BL/6 IL-1R - / - mice was
also examined. IL-1b (5 mg) did not cause an increase in
MLCK mRNA or protein expression in IL-1R - / - mice (Fig.
3D, E), suggesting that the IL-1b effect on intestinal tissue
MLCK expression was mediated by an IL-1b receptor signal
transduction pathway.

Next, the possible causal relationship between MLCK ex-
pression and increase in mouse intestinal permeability was
examined. To determine the requirement of MLCK, the IL-1b
effect on intestinal permeability was examined in MLCK-
deficient mice (C57BL/6 MLCK - / - ). IL-1b administration
did not cause an increase in intestinal permeability in
MLCK - / - mice (Fig. 4A). To further confirm the regulatory
role of MLCK in IL-1b- induced increase in intestinal per-
meability in vivo, the effect of the MLCK inhibitor ML-7 was
also examined. The ML-7 pretreatment (2 mg/kg i.p.) pre-
vented the IL-1b-induced increase in intestinal permeability
(Fig. 4B). Additionally, ML-7 also prevented the IL-1b-
induced drop in small intestinal tissue TER (Fig. 4C). To-
gether, these results suggested that the IL-1b-induced
increase in mouse intestinal permeability in vivo was medi-
ated by an increase in MLCK expression and activity.

Nuclear transcription factor NF-jB p65 regulates
IL-1b-induced increase in MLKC gene
expression and intestinal permeability

Previous studies suggested that the nuclear transcription
factor NF-jB p65 plays a regulatory role in the MLCK gene
activity in Caco-2 cells (Graham and others 2006; Al-Sadi and
Ma 2007; Al-Sadi and others 2008;Ye and Ma 2008). In the
following studies, we examined the possibility that NF-kB
p65 mediates the IL-1b regulation of MLCK gene expression
and intestinal permeability in vivo. Intraperitoneal IL-1b in-
jection resulted in a time-dependent degradation of IkB-a in
the intestinal tissue, and by 4 h of treatment, there was al-
most a complete disappearance of IkB-a in the intestinal
tissue (Fig. 5A). The diminished IkB-a level persisted
throughout the 24-h experimental period (Fig. 5A). The im-
munostaining studies of the intestinal tissue indicated that
NF-kB p65 was located mostly in the enterocyte cytoplasm in
the control mouse intestinal tissue (Fig. 5B). After IL-1b
treatment, there was an intense staining of NF-kB p65 in the
nucleus, consistent with activation and cytoplasmic-to-
nuclear translocation of NF-kB p65 (Fig. 5B). To determine
the possible regulatory role of NF-kB p65 in mediating the
IL-1b-induced increase in MLCK gene expression and mouse
intestinal permeability, the expression of mouse enterocyte
NF-kB p65 was selectively silenced in vivo, using a recently
introduced method of selective silencing of a target gene in
the intestine in vivo (Ye and others 2011). In these studies,
NF-kB p65 expression in mouse enterocytes was silenced by
exposing the isolated segment (6 cm in linear length) of the
intestinal mucosal surface with an in vivo transfection solu-
tion containing NF-kB p65 siRNA, as described in the

FIG. 4. Effect of MLCK inhibition on IL-1b-induced increase
in mouse intestinal tight-junction (TJ) permeability in vivo. (A)
IL-1b (5mg/kg body weight) did not cause an increase in the
mouse intestinal mucosal-to-serosal flux of dextran 10KD in
MLCK - / - mice. *P < 0.001 versus WT control. (B) Inhibition
of MLCK with ML-7 (2 mg/kg) prevented the IL-1b-induced
increase in the mouse mucosal-to-serosal flux of dextran
10KD. *P < 0.001 versus control; **P < 0.001 versus IL-1b
treatment. (C) ML-7 (2 mg/kg) prevented the IL-1b-induced
drop in mouse intestinal TER measured in Ussing chambers.
*P < 0.001 versus control; **P < 0.001 versus IL-1b treatment.
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Methods section. (Following siNF-kB p65 in vivo, the trans-
fected intestinal segment was placed back into its original
location in the abdomen and the mouse abdominal cavity
closed with sutures.) Three days later, mouse was adminis-
tered IL-1b intraperitoneally, and the IL-1b effect on en-
terocyte MLCK gene expression and intestinal permeability
determined in the transfected intestinal segment. The NF-kB
p65 siRNA transfection resulted in a near complete depletion
of NF-kB p65 protein expression by day 3 after siRNA
transfection, as determined by Western blot analysis and
immunostaining (Fig. 6A, B). The siRNA-induced depletion
of enterocyte p65 expression prevented the IL-1b-induced
increase in enterocyte MLCK mRNA (as determined by
LCM) and intestinal tissues MLCK expression (Western blot
analysis) (Fig. 7A, B). The siRNA-induced knockdown of NF-
kB p65 also inhibited the IL-1b increase in intestinal perme-
ability (Fig. 7C). Together, these data suggested that the
nuclear transcription factor NF-kB p65 plays a key regula-
tory role in MLCK gene expression and intestinal perme-
ability in vivo.

Discussion

The defective intestinal epithelial TJ barrier is an impor-
tant pathogenic factor in IBD (Hollander and others 1986; Ma
and Anderson 2006). In both clinical and animal studies,
maintenance of intestinal epithelial barrier has been shown
to be an important factor in attenuating intestinal inflam-
mation (Fink 2003; Hogan and others 2006). In various ani-
mal models of IBD, including in IL-10-deficient mice and
dextran sodium sulfate-induced colitis, pharmacologic or
probiotic enhancement of the intestinal TJ barrier prevented

the development of intestinal inflammation (Sydora and
others 2005; Chichlowski and others 2010). Similarly, in pa-
tients with severe active CD, a normalization of intestinal
barrier after medical therapy corresponded to an improve-
ment of the active disease and long-term clinical remission
(Wyatt and others 1993; Miehsler and others 2001). In con-
trast, a persistent elevation in intestinal permeability pre-
dicted a poor outcome (Hollander 1988; Wyatt and others
1993; Ma and Anderson 2006). IL-1b levels are markedly
elevated in IBD and play an important role in promoting
intestinal inflammation (Hollander 1988; Ma and Anderson
2006). Recent studies from our laboratory have shown that
IL-1b causes an increase in Caco-2 TJ permeability (Al-Sadi
and Ma 2007; Al-Sadi and others 2008), raising the possibility
that the elevated levels of IL-1b in IBD may contribute to the
observed intestinal barrier defect. However, the effects of IL-
1b on intestinal barrier in animal model systems or humans
have yet to be reported, and the in vivo relevance remains
unclear. Herein, using a live mouse intestinal perfusion
system, we show that IL-1b induces a selective increase in
intestinal permeability without causing an acute intestinal
mucosal damage, but by targeting MLCK gene expression.

MLCK has been demonstrated to play an important role in
intestinal TJ barrier regulation in various murine models of
intestinal inflammation (Schwarz and others 2007; Su and
others 2009; Weber and others 2010). Previous studies have
shown that immune- and stress-mediated increases in in-
testinal permeability and the subsequent development of
intestinal inflammation were mediated in part by an increase
in MLCK expression (Schwarz and others 2007; Weber and
others 2010), and treatment with MLCK inhibitors prevented
the increase in intestinal permeability and the development

FIG. 5. Effect of IL-1b on
NF-kB p65 activation on
mouse intestinal tissue in vivo.
(A) IL-1b caused a time-
dependent increase in IkB-a
degradation starting at 2 h
and continuing up to 24 h, as
assessed by Western blot
analysis. (B) Effect of IL-1b on
NF-kB p65 localization as as-
sessed by immunostaining.
IL-1b (4-h treatment) caused
cytoplasmic-to-nuclear trans-
location of NF-kB p65 in
mouse intestinal tissue.
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of intestinal inflammation (Su and others 2009; Weber and
others 2010). Su et al. also reported that transgenic mice
overexpressing constitutively active MLCK in intestinal epi-
thelial cells have an increase in intestinal permeability (Su
and others 2009), suggesting that the overexpression of
MLCK was sufficient to cause an increase in intestinal per-
meability. Although these transgenic mice did not develop
spontaneous intestinal inflammation, when challenged with
CD4 + CD45 + Rbhi lymphocytes, they developed more rapid
and severe colitis (Su and others 2009), suggesting that the
MLCK-induced intestinal barrier defect was an important
factor contributing to the development of more severe colitis.
The pathophysiologic importance of MLCK expression in the
intestinal barrier defect and intestinal inflammation in IBD
was also suggested by a study showing marked elevation of

MLCK expression in intestinal epithelial cells from IBD pa-
tients (Blair and others 2006). The increase in enterocyte
MLCK expression correlated with an increase in MLCK en-
zymatic activity and the degree of MLCK expression corre-
lated directly with the severity of intestinal inflammation,
leading the investigators to conclude that ‘‘MLCK upregu-
lation may contribute to barrier dysfunction and IBD path-
ogenesis’’ (Blair and others 2006). In the present study, we
tested the hypothesis that MLCK plays a central role in an IL-
1b-induced increase in intestinal permeability in vivo. Our
data indicated that IL-1b causes an increase in MLCK gene
and protein expression in mouse enterocytes, and that
knockout of MLCK or inhibition of MLCK activity prevented
the IL-1b-induced increase in mouse intestinal permeability.
These results suggested that the IL-1b-induced increase in

FIG. 6. Effect of NF-kB
p65-induced knockdown by
siRNA transfection in vivo on
an IL-1b-induced increase in
mouse intestinal TJ perme-
ability. (A) NF-kB p65 siRNA
transfection in vivo caused a
near-complete depletion of
NF-kB p65 protein expres-
sion as assessed by Western
blot analysis. (B) NF-kB p65
siRNA transfection in vivo
caused a near-complete de-
pletion of NF-kB p65 protein
expression as assessed by
immunostaining.
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mouse intestinal permeability in vivo required an increase in
enterocyte MLCK expression and protein activity. These re-
sults also suggested that the marked elevated levels of IL-1b
seen in patients with active IBD are likely to contribute to the
observed increase in MLCK expression in enterocytes and
increase in intestinal permeability in these patients.

Additionally, the present study showed that an IL-1b-
induced increase in mouse intestinal permeability in vivo was

prevented in IL-1R-deficient mice, suggesting the require-
ment of IL-1b binding to its membrane receptor IL-1R to
induce the increase in intestinal permeability. Moreover, the
IL-1b effect on mouse intestinal permeability was shown to
increase significantly at day 1, and the effect persisted up to
day 5 with no additional increase in intestinal permeability,
suggesting that the changes in intestinal permeability was
directly related to the IL-1b effect through its binding to its
receptor and subsequent activation of downstream signaling
pathways.

It is well established that the expression and activation of
the nuclear transcription factor NF-kB is markedly increased
in both intestinal epithelial cells and immune cells in IBD
(Dijkstra and others 2002; Atreya and others 2008; Vavricka
and Rogler 2009). NF-kB is a key proinflammatory mediator
that targets a number of proinflammatory genes, leading to
an increased production of proinflammatory cytokines, in-
cluding tumor necrosis factor-a, IL-1b, IL-6, IL-12, and IL-23
(Atreya and others 2008). Immunostaining studies have
shown a direct correlation between expression and activation
of NF-kB p65 and degree of mucosal inflammation in IBD
(Rogler and others 1998). Thus, an important proposed
therapeutic strategy in IBD is to block NF-kB activation in
the affected intestinal tissue (Atreya and others 2008; Neur-
ath and others 1998). In addition to its direct immune-
regulating effects, recent in vitro studies in Caco-2 cells
suggested that NF-kB may also play a regulatory role in the
TJ barrier function (Al-Sadi and others 2008; Ye and Ma
2008). The involvement of NF-kB in the intestinal barrier
regulation in vivo in animal systems has not been previously
reported. This is in part due to a lack of appropriate animal
model systems and technical challenges in inducing en-
terocyte-specific inhibition or silencing of NF-kB. In the
present study, we used a recently introduced novel in vivo
intestinal transfection approach to selectively silence NF-kB
p65 expression in mouse enterocytes (Ye and others 2011).
Our results indicated that IL-1b causes a progressive degra-
dation of IkB-a and corresponding activation of NF-kB p65 in
mouse enterocytes. The selective siRNA-induced silencing of
NF-kB p65 in mouse enterocytes in vivo inhibited the IL-1b-
induced increase in MLCK gene and protein expression and
the subsequent increase in mouse intestinal permeability.
These data suggested that the IL-1b-induced increase in
MLCK gene expression was regulated by NF-kB p65, and
that the NF-kB p65-induced increase in MLCK expression
was required for the increase in intestinal permeability.
These findings suggest that in addition to its known effects
on proinflammatory gene activation, NF-kB may also pro-
mote intestinal inflammation by regulating MLCK gene ex-
pression and intestinal permeability. As for the mechanism
of MLCK regulation of intestinal TJ barrier function, previ-
ous studies have shown that an increase in the MLCK pro-
tein level is accompanied by an increase in MLCK activity,
which in turn leads to an increase in MLCK-induced phos-
phorylation of myosin light chain (Turner and others 1997;
Clayburgh and others 2005; Ma and Anderson 2006). The
myosin light-chain phosphorylation then in a step-wise
manner leads to the activation of myosin-Mg + 2-ATPase, and
ATP-dependent contraction of perijunctional actomyosin
filaments, and mechanical tension-induced retraction of
junctional membranes and proteins, and resultant opening of
the TJ barrier and increase in TJ permeability (Turner and
others 1997; Turner and others 1999).

FIG. 7. Effect of NF-kB p65-induced knockdown by siRNA
transfection in vivo on IL-1b-induced increase in mouse in-
testinal MLCK expression. (A) NF-kB p65 siRNA transfection
in vivo prevented the IL-1b-induced increase in the mouse
intestinal MLCK mRNA transcript as assessed by real-time
PCR. *P < 0.001 versus control. (B) NF-kB p65 siRNA trans-
fection in vivo prevented the IL-1b-induced increase in mouse
intestinal MLCK protein expression as assessed by Western
blot analysis. (C) NF-kB p65 siRNA transfection in vivo
prevented the IL-1b-induced increase in mouse intestinal
mucosal-to-serosal flux of dextran 10KD. *P < 0.001 versus
siRNA nontarget; **P < 0.001 versus siRNA NF-kB p65.
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In conclusion, our data show for the first time that IL-1b
causes an increase in mouse intestinal permeability in vivo.
The IL-1b effect on intestinal permeability was mediated by
an activation and nuclear translocation of NF-kB in mouse
enterocytes, leading to an increase in MLCK gene and protein
expression and an MLCK-dependent increase in intestinal
permeability. Our studies also demonstrate the feasibility of
targeting enterocyte NF-kB p65 in vivo to prevent the cyto-
kine-induced increase in intestinal permeability.
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