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Al-Sadi R, Youssef M, Rawat M, Guo S, Dokladny K, Haque
M, Watterson MD, Ma TY. MMP-9-induced increase in intestinal
epithelial tight permeability is mediated by p38 kinase signaling
pathway activation of MLCK gene. Am J Physiol Gastrointest Liver
Physiol 316: G278–G290, 2019. First published December 13, 2018;
doi:10.1152/ajpgi.00126.2018.—Matrix metalloproteinase-9 (MMP-9)
has been implicated as being an important pathogenic factor in inflam-
matory bowel disease (IBD). MMP-9 is markedly elevated in intestinal
tissue of patients with IBD, and IBD patients have a defective intestinal
tight-junction (TJ) barrier manifested by an increase in intestinal perme-
ability. The loss of intestinal epithelial barrier function is an important
contributing factor in the development and prolongation of intestinal
inflammation; however, the role of MMP-9 in intestinal barrier function
remains unclear. The purpose of this study was to investigate the effect of
MMP-9 on the intestinal epithelial TJ barrier and to delineate the
intracellular mechanisms involved by using in vitro (filter-grown Caco-2
monolayers) and in vivo (mouse small intestine recycling perfusion)
systems. MMP-9 caused a time- and dose-dependent increase in Caco-2
TJ permeability. MMP-9 also caused an increase in myosin light-chain
kinase (MLCK) gene activity, protein expression, and enzymatic activity.
The pharmacological MLCK inhibition and siRNA-induced knockdown
of MLCK inhibited the MMP-9-induced increase in Caco-2 TJ permea-
bility. MMP-9 caused a rapid activation of the p38 kinase signaling
pathway and inhibition of p38 kinase activity prevented the MMP-9-
induced increase in MLCK gene activity and the increase in Caco-2 TJ
permeability. MMP-9 also caused an increase in mouse intestinal perme-
ability in vivo, which was accompanied by an increase in MLCK
expression. The MMP-9-induced increase in mouse intestinal permeabil-
ity was inhibited in MLCK-deficient mice. These data show for the first
time that the MMP-9-induced increase in intestinal TJ permeability in
vitro and in vivo was mediated by the p38 kinase signal transduction
pathway upregulation of MLCK gene activity and that therapeutic tar-
geting of these pathways can prevent the MMP-9-induced increase in
intestinal TJ permeability.

NEW & NOTEWORTHY MMP-9 is highly elevated in patients with
IBD. IBD patients have compromised intestinal TJ barrier function
manifested by an increase in intestinal permeability and intestinal inflam-
mation. This study shows that MMP-9, at clinically achievable concen-
trations, causes an increase in intestinal TJ permeability in vitro and in
vivo. In addition, a MMP-9-induced increase in intestinal TJ permeability
was mediated by an increase in MLCK gene and protein expression via
the p38 kinase pathway.

INTRODUCTION

Intestinal epithelial tight junctions (TJ) are apicalmost junc-
tional complexes and act as a functional and structural barrier
against paracellular permeation of harmful luminal antigens
that can promote intestinal inflammation (24, 33). The defec-
tive intestinal TJ barrier is a key pathogenic factor contributing
to the development of intestinal inflammation in inflammatory
bowel disease (IBD), including Crohn’s disease (CD) and
ulcerative colitis (UC) and other inflammatory conditions of
the gut (25, 47). Clinical studies in IBD patients have shown
that a persistent increase in intestinal permeability is predictive
of a poor clinical outcome and that normalization of intestinal
permeability correlates with a sustained long-term clinical
remission (52, 54). Similarly, in animal models of IBD, en-
hancement of the intestinal TJ barrier protects against the
development of intestinal inflammation (28), (6), (41).

Matrix metalloproteinases (MMPs) are Zn2�-dependent en-
dopeptidases that are engaged in the degradation and remod-
eling of extracellular matrix (ECM) and regulate ECM homeo-
stasis (9, 39). Under normal physiological conditions, MMPs
play a critical role in tissue remodeling and wound repair.
However, dysregulated expression of MMPs also plays an
important pathogenic role in a number of inflammatory dis-
eases, including arthritis, atherosclerosis, myocardial infarc-
tion, colorectal cancer, tumor invasion, and IBD (17, 27, 49).
MMP-9 levels are markedly elevated in intestinal tissue, se-
rum, and stool of patients with IBD and closely correlate with
the disease activity and degree of inflammation (19, 29). In
animal models of IBD, MMP-9-deficient (MMP-9�/�) mice
are protected from intestinal inflammation (10). Previous stud-
ies have shown that MMP-9 levels are upregulated during
experimental colitis in mice in response to luminal toxin
(dextran sodium sulfate, DSS) as well as bacteria Salmo-
nella enterica serovar Typhimurium (S.T.) (10, 26, 46).
MMP-9�/� mice exposed to DSS or S.T. had dramatically
reduced inflammation and mucosal injury (22, 40). In the
Caco-2 intestinal cell line, MMP-9 has been shown to
inhibit cell adhesion and wound repair (10). In transgenic
mice, the expression of MMP-9 in the intestinal epithelium was
also associated with an increase in proinflammatory chemo-
kines and an increase in intestinal inflammation following DSS
administration (32). MMP-9 gene deletion or pharmacological
inhibition of MMP-9 prevented the intestinal inflammation in a
mouse model of enterocolitis (38). Similarly, Garg et al. (22)
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showed that MMP-9 was responsible for the inflammatory
response and tissue damage in mouse models of colitis. Col-
lectively, these studies demonstrated that the increased intes-
tinal expression of MMP-9 was an important contributing
factor in the development of intestinal inflammation. Although
the defective intestinal epithelial TJ barrier is an important
pathogenic factor of IBD and the development of intestinal
inflammation, the role of MMP-9 in intestinal TJ barrier
function remained unclear. Therefore, the aim of this study was
to investigate the effects of clinically relevant concentrations of
MMP-9 on intestinal epithelial TJ barrier function and to
delineate the potential mechanisms involved by using an in
vitro cell culture model of intestinal epithelium and an in vivo
model in live mice. Our results show that MMP-9 causes an
increase in intestinal epithelial TJ permeability in vitro and in
vivo and that the increase is mediated by the p38 kinase
targeting of myosin light-chain kinase (MLCK) gene expres-
sion and activity.

MATERIALS AND METHODS

Reagents. DMEM, trypsin, FBS, glutamine, penicillin, streptomy-
cin, PBS, horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for Western blot analysis were purchased from Invitrogen Life
Technologies (San Francisco, CA). Phospho-p38 kinase, MLCK, and
anti-�-actin antibodies and ML-7 and SB-208530 were obtained from
Sigma (St. Louis, MO). siRNA of MLCK, p38 kinase, and transfec-
tion reagents were from Dharmacon (Lafayette, CO). The active form
of MMP-9 was purchased from Abcam (Cambridge, MA), isolated
from stimulated human neutrophil granulocytes, disulfide-bridged
MMP-9 homodimer. The pro-domain embraces a conserved “cysteine
switch” sequence motif in close proximity to the border zone of the
catalytic domain, whose free cysteine residue interacts with the
catalytic zinc ion to maintain enzyme latency and prevent binding and
cleavage of the substrate. Activation of the MMP zymogen depends
on a conformational change in the pro-domain, which pulls out the
cysteine residue and enables water to interact with the zinc ion in the
active site. A human MMP-9 ELISA kit was purchased from Sigma-
Aldrich (St. Louis, MO). All other chemicals were of reagent grade
and were purchased from Sigma-Aldrich (St. Louis, MO), VWR
(Aurora, CO), or Fisher Scientific (Pittsburgh, PA).

Cell culture. Caco-2 cells (passage 20) were purchased from the
American Type Culture Collection (Manassas, VA) 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. The
cells were subcultured by partial digestion with 0.25% trypsin and 0.9
mM EDTA in Ca2�-free and Mg2�-free PBS. For growth on filters,
high-density Caco-2 cells (1 � 105 cells) were plated on Transwell
filters with 0.4-�m pore (Corning, Corning, NY) and monitored
regularly by visualization with an inverted microscope (Eclipse
TS100/100-F; Nikon, Melville, NY) and by epithelial resistance
measurements. The human intestinal Caco-2 cell line has been used
extensively over the last 20 years as in vitro model system of
functional epithelial barriers.

Determination of epithelial monolayer resistance and paracellular
permeability. The transepithelial electrical resistance (TER) of the
filter-grown Caco-2 intestinal monolayers was measured using an
epithelial voltohmeter (EVOM; World Precision Instruments, Sara-
sota, FL) as previously reported (4, 55). After treatment including
MMP-9 (MMP-9 was refreshed every 24 h), ML-7 and siRNA, both
apical and basolateral sides of the epithelium, were bathed with
DMEM. Electrical resistance was measured in 5% difference on three
consecutive measurements. Caco-2 monolayer paracellular permeability

was determined using inulin, an established paracellular marker (4, 5, 55).
Unless specified otherwise, DMEM (pH 7.4) was used as the incubation
solution during the experiments. Buffered solution (0.5 ml) was added to
the apical compartment, and 1.5 ml was added to the basolateral com-
partment to ensure equal hydrostatic pressure, as recommended by the
manufacturer. Known concentrations of permeability marker inulin (10
�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. All flux studies were
carried out at 37°C. For determination of mucosal-to-serosal flux rates of
inulin, Caco-2-plated filters having epithelial resistance of 400–550
�·cm2 were used. All of the permeability experiments were repeated
three to four times in triplicate.

Assessment of protein expression by Western blot analysis. Protein
expression from Caco-2 cells and mouse tissue was assessed by
Western blot analysis, as previously described. Cells and mouse tissue
were lysed with lysis buffer (50 mM Tris·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 phos-
phate, 1 �g/ml aprotinin, and 1% Triton X-100) on ice for 30 min. The
lysates were centrifuged at 10,00 g for 10 min in an Eppendorf
centrifuge (5417R; Hauppauge, NY) to obtain a clear lysate. The
supernatant was collected and protein concentration was determined
using the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA). Laem-
mli gel loading buffer (Bio-Rad) was added to the lysate containing
10–20 �g of protein and boiled at 100°C 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) overnight. The membrane was
incubated for 2 h in blocking solution (5% dry milk in TBS-Tween-20
buffer) and then incubated with antibody in blocking solution. After a
wash in TBS-1% Tween buffer, the membrane was incubated in
secondary antibody and developed using Western Blotting Luminol
Reagents (Santa Cruz Biotechnology, Santa Cruz, CA) on Kodak
BioMax MS film (Fisher Scientific). The films were exposed for
between 5 s and 10 min.

siRNA of p38 kinase and MLCK. Targeted siRNAs were obtained
from Dharmacon (Chicago, IL). Caco-2 monolayers were transiently
transfected using DharmaFect transfection reagent (Lafayette). Briefly,
5 � 105 cells per filter were seeded into a 12-well transwell plate and
grown to confluence. Caco-2 monolayers were then washed twice
with PBS and 1.0 ml of Opti-MEM was added to the apical compart-
ment of each filter and 1.5 ml was added to the basolateral compart-
ment 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, the two solutions were mixed and incubated for another
20 min, and the mixture was added to the apical compartment of each
filter. The MMP-9 experiments were carried out 96 h after transfec-
tion. The efficiency of silencing was confirmed by Western blot
analysis.

ELISA-based in vitro p38 kinase activity. As previously described
(2), activating transcription factor 2 (ATF-2) was diluted in PBS and
coated on streptavidin 96-well plates at 37°C for 1 h. The plates were
washed three times with PBS, incubated with blocking solution
(1 mg/ml bovine serum albumin in PBS) at 37°C for 1 h, and then
washed three times with PBS. The kinase reaction buffer (90 �l; 20
mM Tris·HCl, pH7.5, 10 mM MgCl2, 50 mM NaCl, 1 mM DTT, 1
mM NaF, 50 �M ATP) provided by the manufacturer (MBL Inter-
national, Woburn, MA), the samples containing immunoprecipitated
p38 kinase (10 �l) were added to each well, and the kinase reaction
(phosphorylation of ATF-2) was carried out at 37°C for 30–60 min.
The reaction was stopped by removing the reaction mixtures and
washing the plates three 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-ATF-2 antibody (5 ng/ml) at room
temperature for 1 h. The plates were then washed four times with
washing buffer, and goat anti-rabbit IgG antibody (diluted at 1:2,000
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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 37°C
for 5–15 min. A stop solution containing 0.5 N H2SO4 (100 �l) was
added to stop the reaction. Absorbance at 450 nm was determined
using the SpectrraMax 190 (Molecular Devices).

ELISA-based MLCK in vitro kinase activity. As previously de-
scribed (4), biotinylated MLC was diluted in PBS and coated on
streptavidin 96-well plates at 37°C for 1 h. The plates were washed
three times with PBS, incubated with blocking solution (1 mg/ml BSA
in PBS) at 37°C for 1 h, and then washed three times with PBS. The
kinase reaction buffer (90 �l), provided by the manufacturer (MBL
International, Woburn, MA) and the treated samples (10 �l) were
added to the wells, and the kinase reaction (MLC phosphorylation)
was performed at 37°C for 30–60 min. The reaction was stopped by
removing the reaction mixtures and washing the plates three times
with 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 antibody (5 ng/ml, Cat: M6068, Sigma-Aldrich) at room
temperature for 1h, after which the plates were washed four times with
buffer. HRP-goat anti rabbit IgG (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 washed four times and then incubated with
100 �l substrate solution (tetramethylbenzidine) for 5–15 min at
37°C. The reaction was stopped by adding 100 �l of 0.5 N H2SO4.
The absorbance at 450 nm was determined using the SpectrraMax 190
(Molecular Devices, Sunnyvale, CA).

RNA isolation and reverse transcription. Caco-2 cells (5 � 105

cells per filter) were seeded into 12-well Transwell permeable inserts
and grown to confluence. Filter-grown Caco-2 cells were then treated
with MMP-9. At the end of the experimental period, cells were
washed with ice-cold PBS. Total Caco-2 RNA was isolated using a
Qiagen RNeasy Kit (Valencia, CA) according to the manufacturer’s
protocol. Total RNA concentration was determined by absorbance at
260/280 nm using the SpectrraMax 190 (Molecular Devices). Reverse
transcription (RT) was carried out using the GeneAmp Gold RNA
PCR core kit (Applied Biosystems, Carlsbad, CA). Total RNA (2 ng)
from each sample was reverse-transcribed into cDNA in a 40-�l
reaction (containing 1� RT-PCR buffer, 2.5 mM MgCl2, 250 �M of
each dNTP, 20 U of RNase inhibitor, 10 mM DTT, 1.25 �M random
hexamer, and 30 U of multiscribe RT). RT reactions were performed
in a thermocycler (PTC-100; MJ Research, Waltham, MA) at 25°C for
10 min, 42°C for 30 min, and 95°C for 5 min.

Quantification of gene expression using real-time PCR. The real-
time PCRs were conducted using the ABI prism 7900 sequence
detection system and TaqMan universal PCR master mix kit (Applied
Biosystems) as previously described (36). Each real-time PCR con-
tained 10 �l of RT reaction mix, 25 �l 2� 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 v. 2
(Applied Biosystems). MLCK-specific primer pairs consisted of 5=-
AGGAAGGCAGCATTGAGGTTT-3= (forward), 5=-GCTTTCAG-
CAGGCAGAGGTAA-3= (reverse). The probe specific for MLCK
consisted of FAM-5=-TGAAGATGCTGGCTCC-3=-TAMRA. The
internal control housekeeping gene GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase)-specific primer pairs consisted of 5=-CCAC-
CCATGGCAAATTCC-3= (forward), 5=-TGGGATTTCCATTGAT-
GACCAG-3= (reverse). The probe specific for GAPDH consisted of
JOE-5=-TGGCACCGTCAAGGCTGAGAACG-3=-TAMRA. All runs
were performed according to the following PCR protocol (50°C for 2
min, 95°C for 10 min, 40 cycles for 95°C for 15 s, and 60°C for 1
min). For each sample, real-time PCR was 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 to 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.

Transfection of MLCK promoter construct and assessment of
promoter activity. DNA construct of MLCK promoter was transiently
transfected into Caco-2 cells by use of transfection reagent Lipo-
fectamine 2000 (Life Technologies) (56). Renilla luciferase vector
(pRL-TK, Promega) was cotransfected with each plasmid construct as
an internal control. Cells (5 � 105 per filter) were seeded into a
six-well Transwell plate and grown to confluence. Caco-2 monolayers
were then washed twice with PBS, 1.0 ml of Opti-MEM was added to
the apical compartment of each filter, and 1.5 ml was added to the
basolateral compartment of each filter. One microgram of plasmid
construct and 0.25 �g of pRL-TK or 2 �l of Lipofectamine 2000 were
preincubated in 250 �l of Opti-MEM, respectively. After 5 min of
incubation, the 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 �l of DMEM containing
10% FBS was added to both sides of the filter to reach a 2.5% final
concentration of FBS. Subsequently, medium was replaced with
normal Caco-2 growth medium 16 h after transfection. Specific
experiments were carried out 48 h after transfection. At the comple-
tion of specific experimental treatments, Caco-2 cells were washed
twice with 1 ml of ice-cold PBS followed by the addition of 400 �l
1� passive lysis buffer, incubated at room temperature for 15 min,
scraped and transferred into an Eppendorf tube, and centrifuged for
15 s at 13,000 rpm in a microcentrifuge. Luciferase activity was
determined using a dual luciferase assay kit (Promega). Twenty
microliters of the supernatant was used for each assay. Luciferase
values were determined by Lumat LB 9507 (EG&G Berthold, Oak
Ridge, TN). The values of reporter luciferase activities were then
divided by that of Renilla luciferase activities to normalize for
differences in transfection efficiencies. The average activity value of
the control samples was set to 1.0. The luciferase activity of MLCK
promoter in treated samples was determined relative to the control
samples.

Determination of mouse intestinal TJ permeability. The Laboratory
Animal Care and Use Committee at the University of New Mexico
approved all experimental protocols. Wild-type (WT) mice (of
C57BL/6 background) 9 wk of age were obtained from The Jackson
Laboratory (Bar Harbor, ME). Generation of MLCK�/� mice was
described previously (50). The mice were kept two per cage in a
temperature-controlled room at 25°C with a 12:12-h light-dark cycle
(lights on at 0700). Intestinal permeability in an in vivo mouse model
system was established using a recycling intestinal perfusion method
(12). MMP-9 (10 �g/kg) was intraperitoneally injected into the mouse
daily for 2 days, after which a 6-cm segment of mouse small intestine
was isolated in an anesthetized mouse and cannulated with a small-
diameter plastic tube and continuously perfused with 5 ml of Krebs-
phosphate saline buffer for a 2-h perfusion period. An external
recirculating pump (Econo Pump, Bio-Rad) was used to recirculate
the perfusate at a constant flow rate (0.75 ml/min). The body temper-
ature of the mouse was maintained at 37°C with a temperature-
controlled warming blanket. Intestinal permeability was assessed by
measuring the flux rate of the paracellular probe, Texas Red-labeled
dextran (MW 10,000 Da). Water absorption was determined using a
nonabsorbable marker, sodium ferrocyanide (cat. no. 39660; Alfa
Aesar, Ward Hill, MA) or by measuring the difference between the
initial and final volumes of the perfusate.

In vivo transfection of MLCK siRNA. The effect of MLCK siRNA
on mouse small intestinal TJ permeability was determined using the
perfusion model described previously (23). In these studies, mice were
fasted for 24 h before the surgery. With the abdominal cavity open, a
6-cm segment of mouse small intestine was isolated. The transfection
solution (0.5 ml), consisting of MLCK siRNA (2.5 nmol) or scramble
nontarget siRNA and transfecting agent Lipofectamine (50 �l), was
injected through a 33-gauge needle into the lumen of the small intestine,
and the small intestine was cannulated for 1 h. The small intestine was
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placed back into the abdominal cavity, and the abdominal cavity was
closed with sutures. MLCK siRNA transfection was performed at day 0.
After 2 days of MMP-9 (10 �g/kg body wt ip) treatment, intestinal
permeability was measured using the recycling intestinal perfusion
method described above. The surgery had no effect on the food intake or
body weight of the animals during the experimental period.

Serum sampling and ELISA method for the quantification of human
MMP-9. Serum samples were collected from 14 healthy (non-IBD)
controls and 14 IBD patients (CD � 7; UC � 7). From all individuals
written informed consent was obtained, and the study was approved
by the University of New Mexico Institutional Review Board, Proto-
col no. 10-481. A MMP-9 assay ELISA kit (Sigma-Aldrich) based on
monoclonal antibodies to human MMP-9 was used to quantify
MMP-9 in control and IBD patients’ serum, following the manufac-
turer’s instructions.

Statistical analysis. Results are expressed as means 	 SE. Statis-
tical significance of differences between mean values was assessed
with Student’s t-tests for unpaired data (GraphPad Prism 5.00 for
Windows, GraphPad Software). All reported significance levels rep-
resent two-tailed P values. A P value of �0.05 was used to indicate
statistical significance. All experiments were repeated at least three
times to ensure reproducibility.

RESULTS

MMP-9 is known to be elevated in patients with IBD. To
determine the clinically achievable serum concentrations of
MMP-9 in patients with IBD, serum MMP-9 levels were
measured in healthy volunteers and patients with active CD or
UC by using a human MMP-9 ELISA assay. The serum level
of MMP-9 was markedly elevated in patients with CD (n � 7)
and UC (n � 7) compared with healthy subjects (n � 14) and
ranged up to 2,000 ng/ml (Fig. 1A) (Human IRB Protocol no.
10-481). These results suggested that the serum MMP-9 levels
can range up to 2,000 ng/ml in IBD patients.

MMP-9 causes an increase in Caco-2 TJ permeability. In
the following studies, we examined the concentration and time
course of MMP-9 effect on intestinal epithelial TJ permeability
by measuring transepithelial resistance (TER) and mucosal-to-
serosal flux of a paracellular marker inulin (mw � 5,000
g/mol) in filter-grown Caco-2 monolayers (5). MMP-9 caused
a concentration (0–1000 ng/ml) and time (0–72 h)-dependent
drop in Caco-2 TER (Fig. 2, A and B). MMP-9 caused a

significant drop in Caco-2 TER starting at concentration of
~300 ng/ml, and a near-maximum drop in Caco-2 TER oc-
curred ~400 ng/ml. Based on the concentration effect, MMP-9
concentration of 400 ng/ml was selected for all of the subse-
quent experiments. MMP-9 (400 ng/ml) also caused a time-
dependent increase in transepithelial flux to paracellular
marker inulin (Fig. 2C). The membrane specificity of the effect
of MMP-9 on Caco-2 TJ permeability was next determined.
MMP-9 (400 ng/ml) was selectively added to the basolateral,
apical, or combined apical and basolateral membrane compart-
ments. The apical treatment of MMP-9 did not have significant
effect on Caco-2 TER (Fig. 2D). In contrast, the addition of
MMP-9 to the basolateral compartment produced a significant
drop in Caco-2 TER. The extent of the TER drop was similar
whether MMP-9 was added to the basolateral compartment
alone or to both basolateral and apical compartments. To-
gether, these findings suggested that MMP-9 presence at the
basolateral membrane compartment was both necessry and
sufficient for the MMP-9-induced increase in Caco-2 TJ per-
meability.

MMP-9 causes an increase in MLCK expression and
activity. Previous studies from our laboratory and others’ have
shown MLCK to be a key effector protein regulating intestinal
epithelial TJ permeability (4, 48). Since the intracellular mech-
anisms that mediate the MMP-9 effect on intestinal epithelial
TJ permeability are unknown, we hypothesized that the TJ
effector protein MLCK plays a central role in the MMP-9
effect. In the following studies, the effect of MMP-9 on Caco-2
MLCK expression was determined. MMP-9 (400 ng/ml)
caused a time-dependent increase in MLCK protein expression
in Caco-2 cells, as determined by Western blot analysis (Fig.
3A). The effect of MMP-9 on MLCK kinase activity was next
determined by in vitro kinase activity measurement. MMP-9
caused a time-dependent increase in MLCK kinase activity
starting at 24 h (Fig. 3B), correlating with the time course of
the increase in MLCK expression (Fig. 3A). MMP-9 also
caused a time-dependent increase in phosphorylated MLC in
Caco-2 monolayers, similar to in vitro kinase studies. The
effect of pharmacological MLCK inhibitor ML-7 on the MMP-
9-induced increase in Caco-2 TJ permeability was next deter-
mined. ML-7, at a dose known to selectively inhibit Caco-2
MLCK activity (10 �M) (4), significantly inhibited the MMP-
9-induced increase in mucosal-to-serosal flux of inulin (Fig.
3D). To further validate the involvement of MLCK in the
MMP-9-induced increase in Caco-2 TJ permeability, MLCK
was knocked down by transfecting filter-grown Caco-2 mono-
layers with MLCK siRNA. The MLCK siRNA transfection
caused a near-complete depletion of MLCK protein expression
(Fig. 3E) and significantly attenuated the MMP-9-induced the
increase in inulin flux (Fig. 3F), confirming that the MMP-9-
induced increase in Caco-2 TJ permeability was mediated in
part by an increase in MLCK expression.

MMP-9 activates the p38 kinase signaling pathway. Previ-
ous studies have suggested that mitogen-activated protein ki-
nase signaling pathways, including extracellular signal reulated
kinase (ERK)1/2, p38 kinase, and c-Jun NH2-kinase (JNK)
may be activated by MMP-9 and could potentially play a role
in mediating inflammatory and biological responses (2, 15, 51).
To identify the specific signaling kinase pathway involved in
MMP-9 modulation of intestinal TJ barrier, we examined the
involvement of ERK1/2, p38 kinase, and JNK. MMP-9 (400
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Fig. 1. Matrix metalloproteinase-9 (MMP-9) serum levels (ng/ml) in in-
flammatory bowel disease (IBD) patients [ulcerative colitis (UC), n � 7;
Crohn’s disease (CD), n � 7] compared with healthy controls; n � 14.
**P 
 0.001.
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ng/ml) caused a rapid, time-dependent increase in p38 kinase
phosphorylation at Tyr182 (53) (Fig. 4A) starting at ~20 min,
consistent with p38 kinase activation. However, MMP-9 did
not have any effect on ERK1/2 or JNK phosphorylation (Fig.
4A). To confirm the increase in p38 kinase activity, the in vitro
kinase activity of p38 kinase was also determined using ATF-2
as the substrate (2). MMP-9 caused a time-dependent increase
in p38 kinase activity (Fig. 4B) in Caco-2 monolayers. The p38
kinase pharmacological inhibitor, SB-203580 (10 �M), inhib-
ited the MMP-9-induced increase in p38 phosphorylation,
kinase activity, and also the increase in inulin flux (Fig. 4,
C–E). These data suggested that p38 kinase activation was
required for the MMP-9-induced increase in Caco-2 TJ per-
meability. Since the above studies suggested that the MMP-9-
induced increase in Caco-2 TJ permeability was due, in part, to
an increase in MLCK protein/activity, the possible regulatory
role of p38 kinase pathway on MLCK expression/activity was
also examined. The p38 kinase inhibitor SB-203580 prevented
the MMP-9 induced increase in MLCK activity and MLCK
protein expression (Fig. 5, A and B), suggesting that the p38
kinase pathway signals the MMP-9 modulation of MLCK
protein expression and MLCK activity. To further validate the
requirement of p38 kinase for MLCK expression, p38 kinase
expression was knocked down by p38 kinase siRNA. The
Caco-2 transfection of p38 kinase siRNA caused a depletion of
p38 kinase in filter-grown Caco-2 monolayers (Fig. 5C). The
siRNA knockdown of p38 kinase inhibited the MMP-9-in-

duced increase in MLCK activity and protein expression (Fig.
5, C and D) and the increase in Caco-2 TJ permeability (Fig.
5E), confirming the regulatory role of p38 kinase pathway in
the MMP-9-induced increase in MLCK expression/activity and
Caco-2 TJ permeability.

MMP-9 targets the MLCK gene. The above studies sug-
gested that the MMP-9 induced increase in Caco-2 TJ perme-
ability was regulated in part by an increase in the effector
protein MLCK. In the following studies, we tested the hypoth-
esis that MMP-9 targets the MLCK gene activation. The
MMP-9 (400 ng/ml) effect on MLCK promoter activity and
mRNA expression was examined. In these studies, Caco-2
cells were transfected with the plasmid vector encoding the
MLCK promoter region (2,091 bp) and MLCK promoter
activity was determined by luciferase assay as previously
described (4). MMP-9 caused an increase in MLCK promoter
activity in Caco-2 monolayers (Fig. 6A). MMP-9 also caused a
time-dependent increase in MLCK mRNA levels, as assayed
by real-time PCR (Fig. 6B). The possible involvement of p38
kinase pathway in signaling MMP-9 activation of MLCK gene
was next determined. As described above, MMP-9 causes the
activation of p38 kinase. The effect of p38 kinase inhibitor and
siRNA induced knockdown on MMP-9 induced activation of
MLCK gene activity was examined. Pharmacological inhibi-
tion of p38 kinase activity by SB-203580 or siRNA induced
knockdown of p38 kinase prevented the MMP-9 induced
increase in MLCK promoter activity and mRNA transcription
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Fig. 2. Effect of matrix metalloproteinase-9
(MMP-9) on Caco-2 tight junction (TJ) per-
meability. A: MMP-9 caused a concentra-
tion-dependent drop in Caco-2 transepithe-
lial electrical resistance (TER); n � 4. *P 

0.01 vs. control, **P 
 0.001 vs. control. B:
MMP-9 (400 ng/ml) caused a time-depen-
dent drop in Caco-2 TER; n � 4. *P 
 0.01
vs. control, **P 
 0.001 vs. control. C:
MMP-9 (400 ng/ml) caused a time-depen-
dent increase in inulin flux; n � 4. *P 
 0.01
vs. control, **P 
 0.001 vs. control. D:
membrane specificity of the effect of MMP-9
on Caco-2 TER. MMP-9 was added to apical
(AP), basolateral (BL), or combined apical �
basolateral compartments for the 48-h exper-
imental period. Addition of MMP-9 to the
basolateral or combined basolateral � apical
compartments produced a significant drop in
Caco-2 TER; n � 4. **P 
 0.001.
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(Fig. 6, C–F), indicating that p38 kinase signaling pathway
mediated the MMP-9 activation of MLCK gene.

MMP-9 causes an increase in mouse intestinal permeability
in vivo. Although the above-mentioned studies show that
MMP-9 causes an increase in Caco-2 intestinal epithelial TJ
permeability, the effects of MMP-9 on intestinal permeability
in live animals remain unknown. In the following studies, the
effect of MMP-9 on mouse intestinal permeability in live mice
was determined in vivo using a recycling intestinal perfusion
method (3). MMP-9 (10 �g) was administered by intraperito-
neal injection as previously described. The mouse intestinal
permeability was then assessed by measuring the luminal-to-
serosal flux rate of the paracellular probe Texas Red-labeled
dextran (MW � 10,000 g/mol), by measuring the disappear-
ance of dextran from the perfusate solution. Intraperitoneal
MMP-9 injection resulted in a time-dependent increase in
mouse intestinal permeability in vivo starting at the 24-h time
point (Fig. 7A).

We next determined the effect of MMP-9 (10 �g) on MLCK
protein expression in mice intestinal tissue. The intraperitoneal

injection of MMP-9 resulted in a marked increase in MLCK
protein expression in the intestinal tissue, which correlated
with the MMP-9-induced increase in mouse intestinal TJ per-
meability (Fig. 7B). The MMP-9 effect on mouse MLCK
protein expression did not occur at earlier time points of
treatment (6 and 12 h) but peaked at 24 and 48 h of treatment.
We also examined whether MMP-9 preferentially activated p38
kinase in intestinal tissue. MMP-9 caused an activation of p38
kinase at the 2-h time point, as evidenced by p38 phosphorylation
(Fig. 7C) .MMP-9 did not cause an increase in phosphorylation of
ERK1/2 or JNK (data not shown).The requirement of MLCK in
the MMP-9-induced increase in mouse intestinal permeability was
determined by siRNA-induced knockdown of mouse intestinal
MLCK in vivo. In brief, a 6-cm segment of small intestinal
mucosal surface was isolated and the mucosal surface exposed
to a short pulse (1 h) of transfecting solution containing MLCK
siRNA. The effect of MLCK siRNA transfection of intestinal
epithelial cells on mouse intestinal permeability was deter-
mined following MMP-9 treatment. In vivo MLCK siRNA
transfection of mouse enterocytes prevented the MMP-9 in-
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Fig. 3. Effect of matrix metalloproteinase-9 (MMP-9) on myosin light-chain kinase (MLCK) activity and expression. MMP-9 (400 ng/ml) caused a
time-dependent increase in MLCK protein expression (A), and an increase in MLCK in vitro kinase activity (B); n � 4, **P 
 0.001 vs. control; and an increase
in phosphorylated (p-)MLC (C), as assessed by Western blot analysis. D: pretreatment with ML-7 (1 h before MMP-9 treatment) prevented the MMP-9 induced
increase in inulin flux (48-h experimental period; n � 4. **P 
 0.001 vs. control; ##P 
 0.001 vs. MMP-9 treatment. E: MLCK small interfering (si)RNA
transfection resulted in near-complete depletion in MLCK protein expression, as determined by Western blot analysis and prevented the MMP-9-induced increase
in MLCK protein expression. siRNA transfection was performed 24 h before MMP-9 treatment (48-h experimental period). F: MLCK siRNA transfection
prevented the MMP-9-induced increase in Caco-2 inulin flux (48-h experimental period), n � 4. **P 
 0.001 vs. control; #P 
 0.01 vs. MMP-9 treatment.
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duced increase in MLCK protein expression (Fig. 7D) and
inhibited the MMP-9-induced increase in mouse intestinal
permeability (Fig. 7E). The effect of MMP-9 on mouse intes-
tinal permeability was also next examined in MLCK�/� mice.
MMP-9 treatment did not cause an increase in intestinal per-
meability in MLCK knockout mice (Fig. 7F). Collectively,
these data suggested that MMP-9 causes an increase in mouse
intestinal MLCK expression and that the increase in MLCK
was required for the MMP-9-induced increase in mouse intes-
tinal permeability.

DISCUSSION

MMP-9 is the main metalloproteinase implicated in the
development of IBD (21, 46). Studies in MMP-9-deficient

mice demonstrated that MMP-9 is an important pathogenic
factor mediating intestinal inflammation (46). Studies in cell
lines and animal models indicated that the development of
intestinal inflammation was attenuated by the application of
metalloproteinase inhibitors (21, 30). The severity of DSS
colitis was also significantly decreased in MMP-9-deficient
mice. The loss of body weight, clinical disease activity score,
and colonic histological score of inflammation were attenuated
in MMP-9-deficient mice treated with DSS compared with the
control mice (40). As shown in Fig. 1 and in studies from other
laboratories, MMP-9 is elevated in intestinal tissue and serum
of patients with IBD (19, 29). Defective intestinal TJ barrier is
an important pathogenic factor contributing to the development
of intestinal inflammation in IBD and other inflammatory
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Fig. 4. Effect of matrix metalloproteinase-9 (MMP-9) on p38 kinase activity. A: MMP-9 caused a rapid time-dependent increase in phosphorylation of p38 kinase
at Tyr182 as assessed by Western blot analysis, but did not affect extracellular signal-regulated kinase (ERK)1/2 or c-Jun NH2-kinase (JNK) phosphorylation.
B: MMP-9 caused a time-dependent increase in in vitro p38 kinase activity assessed by phosphorylation of activating transcription factor 2 (ATF-2) as the
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 0.01 vs. control (C), **P 
 0.001 vs. control. Pretreatment with p38 kinase inhibitor SB-203580 (SB; 10 �M), 1 h before MMP-9
treatment, prevented the MMP-9-induced increase in p38 kinase phosphorylation (1-h experimental period; *P 
 0.01 vs. control, #P 
 0.01 vs. MMP-9
treatment; C) and inhibited the MMP-9 induced increase in p38 kinase activity (1-h experimental period; D); n � 3. **P 
 0.001 vs. control; ##P 
 0.001 vs.
MMP-9 treatment. E: SB-203580) pretreatment, 1 h before MMP-9 treatment, prevented the MMP-9 induced increase in inulin flux (48-h experimental period;
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disorders (24, 45). Proinflammatory mediators, including tu-
mor necrosis factor-� (TNF�), interleukin (IL)-1�, and inter-
feron-� (IFN�), have been shown to cause an increase in
intestinal TJ permeability. However, the role of metalloprotei-
nases in the modulation of intestinal TJ barrier function re-
mains unclear. The focus of the present study was to investigate
the effect of the proinflammatory metalloproteinase MMP-9 in the
modulation of intestinal epithelial TJ permeability. Herein, we
show that the clinically relevant concentrations (0–1,000 ng/ml)
of MMP-9 cause a progressive increase in Caco-2 intestinal
epithelial TJ permeability and mouse intestinal permeability
and that the increase in TJ permeability was mediated in part
by an increase in the expression of TJ effector protein MLCK.
Our studies in Caco-2 monolayers showed that MMP-9 treat-
ment at the apical compartment did not cause change in Caco-2
TJ permeability, whereas MMP-9 treatment to both the basolat-
eral compartment and the apical compartment caused an increase
in Caco-2 TJ permeability. Moreover, MMP-9 treatment at both
the apical and basolateral compartments did not cause a greater
increase in Caco-2 TJ permeability than addition to the basolateral
membrane alone, suggesting that the MMP-9 induced increase in
Caco-2 TJ permeability was due to MMP-9 effect on the baso-
lateral membrane. Consistent with the in vitro data, treatment with
MMP-9 intraperitonially caused an increase in mouse intestinal

permeability in vivo, confirming that the in vivo effect of
MMP-9 was also mediated by its presence in the interstitial
fluid or on the basolateral membrane surface. Previous clinical
studies had demonstrated a correlation between an increase in
MMP-9 levels and an increase in disease activity in IBD (19,
29). Herein, we show that physiologically and clinically rele-
vant concentrations of MMP-9 cause an increase in intestinal
epithelial TJ permeability in vitro and in vivo when present in
the basolateral membrane compartment. These data suggest
that relatively low levels of MMP-9 in the interstitial fluid,
which are readily achievable during physiological stresses or in
intestinal permeability disorders, lead to an increase in intes-
tinal permeability. Previous studies have shown that MMP-9
induces the activation of basolateral membrane-expressed recep-
tors such as epidermal growth factor receptor (EGFR) in COS-1
monkey kidney epithelial cells. Dufour et al. (18) found that
MMP-9-enhanced, protease-independent cell migration involves
the coordination of pro-MMP-9 domain homodimerization and
CD44 heterodimerization, leading to EGFR phosphorylation and
subsequent activation of the MAP kinase signaling cascade. Other
studies, by Abdulkhalek et al. (1), using mouse macrophages
and dendritic cells demonstrated that MMP-9 colocalizes with
Toll-like receptor 4 (TLR-4) on the cell surface and potentiates
the LPS-activation of TLR-4 and the induction of the intracel-
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Fig. 5. Involvement of p38 kinase signaling
pathway in matrix metalloproteinase-9 (MMP-
9)-induced activation of myosin light-chain ki-
nase (MLCK) in Caco-2 monolayers. A: pre-
treatment with p38 kinase inhibitor SB-203580
(10 �M), 1 h before MMP-9 treatment, pre-
vented the MMP-9-induced increase in MLCK
kinase activity (48-h experimental period; n �
4. **P 
 0.001 vs. control; ##P 
 0.001 vs.
MMP-9 treatment. B: SB-203580 prevented
the MMP-9-induced increase in MLCK protein
expression as assessed by Western blot analy-
sis (48-h experimental period; n � 3. C: small
interfering (si)RNA-induced knockdown of
p38 kinase resulted in near-complete depletion
of p38 kinase expression as assessed by West-
ern blot analysis (n � 3) and prevented the
MMP-9-induced increase in MLCK kinase ac-
tivity; n � 4. **P 
 0.001 vs. control; #P 

0.01 vs. MMP-9 treatment. siRNA transfection
was performed 24 h before MMP-9 treatment
(48-h experimental period). D: siRNA-induced
knockdown of p38 kinase significantly inhib-
ited the MMP-9-induced increase in MLCK
protein expression (48-h experimental period;
n � 3. E: siRNA-induced knockdown of p38
kinase also prevented the MMP-9-induced in-
crease in inulin flux (48-h experimental period;
n � 4. **P 
 0.001 vs. control; #P 
 0.01 vs.
MMP-9 treatment.
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lular signaling pathway, including activation of the NF-kB
pathway. Inhibition of MMP-9 by short hairpin RNA (shRNA)
and small interfering RNA (siRNA) prevented the LPS-in-
duced activation of TLR-4 and activation of NF-kB in macro-
phages and dendritic cells. Taken together, these studies show
that MMP-9 induces intracellular signaling pathways by acti-
vating distinct membrane receptors. Identifying the specific
membrane receptors that mediate the MMP-9-induced increase
in intestinal TJ permeability could be important in developing
future therapeutic strategies in IBD.

Previous studies have shown that MMP-9 induces the acti-
vation of MAP kinases, including ERK1/2, p38 kinase, and
JNK (16, 42–44, 57). To determine the signaling pathway
involved in the TJ barrier regulation, we studied the possible
involvement of the three MAP kinases. Our studies indicated
that MMP-9 activated p38 kinase but not ERK1/2 or JNK. The
p38 kinase was rapidly activated by MMP-9 within 20–30 min
and preceded the MMP-9-induced increase in Caco-2 TJ per-
meability; and inhibition of p38 kinase activity prevented the
MLCK gene activation, the increase in MLCK expression, and
the increase in Caco-2 TJ permeability. Thus, our studies

showed that the p38 kinase signaling pathway mediated the
increase in MLCK gene activity and Caco-2 TJ permeability.

Previous studies from our laboratory and others’ have shown
the integral role of MLCK in both physiological and patholog-
ical regulation of intestinal epithelial TJ permeability (4, 13,
20, 34, 47). MLCK is expressed in the intestinal epithelial cells
and MLCK isoform MLCK1 is concentrated near the perijunc-
tional actomyosin ring. The increase in enterocyte MLCK
activity either by an increase in MLCK expression or by an
increase in MLCK specific activity leads to an enzymatic
phosphorylation of MLC and subsequent stepwise amplifica-
tion cascade of intracellular processes, leading to the activation
of Mg2�-myosin ATPase and energy-dependent contraction of
perijunctional actin/myosin filaments, which, in turn, generate
mechanical tension and energy-dependent retraction of the TJ
complex and the plasma membrane, culminating in the sepa-
ration of the junctional complexes and the opening of the
paracellular pathways (35, 37). The central importance of
MLCK in the regulation of the intestinal TJ barrier is firmly
established (4, 12, 34). MLCK is an important regulator of the
intestinal TJ barrier during inflammatory conditions, and pro-
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Fig. 6. Effect of matrix metalloproteinase-9 (MMP-9) on myosin light-chain kinase (MLCK) gene activity. A: MMP-9 caused an increase in MLCK promoter
activity of the full-length MLCK promoter region (2,091 bp) in Caco-2 monolayers (4-h experimental period). pGL-3 basic vector containing the MLCK promoter
region was transfected into filter-grown Caco-2 cells. Caco-2 cells were treated with MMP-9 (400 ng/ml) for 4 h. MLCK promoter activity was determined by
luciferase assay and expressed as relative luciferase activity; n � 8. *P 
 0.01 vs. control. B: MMP-9 (400 ng/ml) caused a time-dependent increase in MLCK
mRNA levels as assayed by real-time PCR, peaking at 6 h posttreatment and returning to basal levels at 12 h (n � 6).**P 
 0.001 vs. control. Pretreatment with
p38 kinase inhibitor SB-203580 (SB; 10 �M), 1 h before MMP-9 treatment (C) and small interfering (si)RNA-induced knockdown of p38 kinase expression (D)
attenuated the MMP-9 induced increase in MLCK promoter activity as assessed by luciferase activity. Caco-2 monolayers were cotransfected with siRNA p38
kinase for 48 h before MMP-9 treatment (4-h experimental period; n � 8. *P 
 0.01 vs. control, **P 
 0.0001 vs. MMP-9 treatment. Pretreatment with p38
kinase inhibitor SB-203580 (10 �M; E), and siRNA-induced knockdown of p38 kinase (F) prevented the MMP-9-induced increase in Caco-2 MLCK mRNA
levels; n � 5. *P 
 0.01 vs. control; #P 
 0.01 vs. MMP-9 treatment (6-h experimental period).
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inflammatory cytokines, including TNF� and IL-1�, target the
MLCK gene activation to drive the increase in intestinal TJ
permeability. Moreover, targeting MLCK expression or activ-
ity with siRNA or pharmacological inhibitors of MLCK has
been shown to be effective in preventing or attenuating intes-
tinal inflammation in a number of animal models of IBD (2, 12,
40, 58), highlighting the importance of preserving the intestinal
TJ barrier as a therapeutic approach to prevent or treat intes-
tinal inflammation.

It should be noted that in our studies MMP-9 did not affect
the TJ protein expression of claudin-1, caludin-2, zonula oc-
cludens-1, or another junctional protein expression, E-cad-
herin, but caused a decrease in occludin expression starting at
the 48-h experimental period (data not shown), suggesting that

the decrease in occludin protein expression may also be a
contributing factor in the MMP-9-induced increase in Caco-2
TJ permeability. In future studies, we intend to study the role
of occludin depletion as a contributing factor to the MMP-9-
induced increase in TJ permeability. The studies herein show
also that the MMP-9-induced increase in Caco-2 TJ permea-
bility was dependent on the increase in MLCK gene activity
and protein expression. The MMP-9-induced increase in
Caco-2 TJ permeability correlated with the increase in MLCK
expression/activity, and the inhibition of MLCK activity or
MLCK expression inhibited the increase in Caco-2 TJ perme-
ability. The MLCK gene activity studies also showed that
MMP-9 caused an increase in MLCK promoter activity and
mRNA transcription, confirming that the MMP-9 increase in
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Fig. 7. Effect of matrix metalloproteinase-9 (MMP-9) on mouse intestinal permeability in vivo. A: MMP-9 (10 �g ip) injection caused an increase in mouse small
intestinal permeability as assessed by dextran (10 kDa) flux in mouse small intestine of wild-type (WT) mice; n � 12 control WT mice, n � 4 treated WT mice.
*P 
 0.01 vs. control. B: MMP-9 treatment resulted in an increase in intestinal tissue myosin light-chain kinase (MLCK) protein expression starting at 24 h of
treatment as assessed by Western blot analysis. C: MMP-9 caused an increase in phosphorylation of p38 kinase at Tyr182 after 2-h experimental period as assessed
by Western blot analysis. In vivo small interfering (si)RNA-induced knockdown of mouse enterocyte MLCK prevented the MMP-9-induced increase in MLCK
protein expression (24-h experimental period; D) and attenuated the MMP-9-induced increase in mouse intestinal permeability (24-h experimental period); E:
n � 12 control wild-type (WT) mice, n � 4 treated WT mice. *P 
 0.01 vs. control; #P 
 0.01 vs. MMP-9 treatment. F: MMP-9 did not cause an increase
in mouse intestinal permeability in MLCK-deficient (MLCK�/�) mice (24-h experimental period); n � 12 control WT mice, n � 7 (control MLCK�/�mice, n �
4 treated MLCK�/�mice).
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MLCK protein expression was dependent on MLCK gene
activation. Additionally, our MLCK gene regulation studies
also suggested that the p38 kinase pathway mediated the
MMP-9 activation of MLCK gene. Taken together, our studies
showed that the MMP-9-induced increase in Caco-2 TJ per-
meability was regulated by p38 kinase pathway activation of
the MLCK gene. In future studies, we aim to investigate the
transcription factors and the molecular determinants that me-
diate MMP-9-induced MLCK gene activation.

In the present study, we also examined the possible in vivo
effects of MMP-9 on mouse intestinal permeability by small
intestinal recycling perfusion. MMP-9 caused an increase in
mouse intestinal permeability to paracellular marker dextran
(10 kDa). The increase in mouse intestinal permeability was
accompanied by an increase in intestinal tissue expression of
MLCK; and mouse intestinal enterocyte-specific silencing of
MLCK by MLCK siRNA prevented the MMP-9-induced increase
in mouse intestinal permeability. Additionally, the MMP-9-in-
duced increase in mouse intestinal permeability was also inhibited
in MLCK knockout mice. Thus, our mouse intestinal perfusion
studies showed that MMP-9 causes an increase in mouse
intestinal permeability and that the increase in intestinal per-
meability required an increase in MLCK expression. The
importance of MLCK in the inflammation-associated increase
in mouse intestinal permeability has been well demonstrated. A
number of studies have demonstrated that in animal models of
IBD the increase in mouse intestinal permeability and intestinal
inflammation was associated with an increase in intestinal
MLCK expression, and inhibition of MLCK expression or
MLCK activity inhibited the increase in intestinal permeability
and the subsequent development of intestinal inflammation (8,
14, 20). In mouse models of DSS-induced colitis and T cell
transfer-induced colitis, the alteration in intestinal permeability
preceded the development of intestinal inflammation, and in-
hibitors of MLCK activity prevented the increase in intestinal
permeability and the development of intestinal inflammation
(7, 20, 40). Similarly, patients with Crohn’s disease and ulcer-
ative colitis have a marked increase in MLCK expression,
which is also correlated with the disease activity (31). In this
regard, MLCK inhibitors are being targeted as therapy for IBD.

In conclusion, our data show that MMP-9 at clinically
achievable concentrations causes an increase in Caco-2 intes-
tinal epithelial TJ permeability. The MMP-9-induced increase
in Caco-2 TJ permeability was mediated by p38 kinase signal-
ing pathway activation of MLCK gene and the subsequent
increase in MLCK transcription and translation. MMP-9 also
caused an increase in mouse intestinal permeability in an
MLCK-dependent manner. Thus, our studies show for the first
time that MMP-9 has a direct disruptive effect on the intestinal
epithelial TJ barrier function and provides new insight into the
potential mechanisms by which MMP-9 contributes to the
intestinal inflammation.
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