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Lipopolysaccharides (LPSs) are a major component of the Gram-negative bacterial cell wall and play an
important role in mediating intestinal inflammatory responses in inflammatory bowel disease. Although
recent studies suggested that physiologically relevant concentrations of LPS (0 to 1 ng/mL) cause an
increase in intestinal epithelial tight junction (TJ) permeability, the mechanisms that mediate an LPS-
induced increase in intestinal TJ permeability remain unclear. Herein, we show that myosin light chain
kinase (MLCK) plays a central role in the LPS-induced increase in TJ permeability. Filter-grown Caco-2
intestinal epithelial monolayers and C57BL/6 mice were used as an in vitro and in vivo intestinal epithelial
model system, respectively. LPS caused a dose- and time-dependent increase in MLCK expression and
kinase activity in Caco-2 monolayers. The pharmacologic MLCK inhibition and siRNA-induced knock-down
of MLCK inhibited the LPS-induced increase in Caco-2 TJ permeability. The LPS increase in TJ permeability
was mediated by toll-like receptor 4 (TLR-4)/MyD88 signal-transduction pathway up-regulation of MLCK
expression. The LPS-induced increase in mouse intestinal permeability also required an increase in MLCK
expression. The LPS-induced increase in intestinal permeability was inhibited in MLCK�/� and TLR-4�/�

mice. These data show, for the first time, that the LPS-induced increase in intestinal permeability was
mediated by TLR-4/MyD88 signal-transduction pathway up-regulation of MLCK. Therapeutic targeting of
these pathways can prevent an LPS-induced increase in intestinal permeability. (Am J Pathol 2017, 187:
2698e2710; https://doi.org/10.1016/j.ajpath.2017.08.005)
Supported by a Veterans Affairs (VA) Research Service VA Merit Re-
view grant (T.Y.M.) and National Institute of Diabetes and Digestive and
Kidney Diseases grant RO 1-DK-64165e01 (T.Y.M.).
M.N., R.A.-S., and S.G. contributed equally to this work.
Disclosures: None declared.
Lipopolysaccharide (LPS) plays an important pathogenic role
in intestinal inflammation of Crohn disease and other inflam-
matory conditions.1e4 It has been shown that circulating
plasma LPS levels are elevated in intestinal permeability dis-
orders, including Crohn disease and necrotizing enterocolitis,
and play an integral role in inducing both intestinal tissue and
systemic inflammatory responses.5e8 LPS binds to the Toll-
like receptor 4 (TLR-4) located on the basolateral mem-
branes of enterocytes and plasma membrane of circulating
immune cells.2,9 The activation of TLR-4 receptor complex
sets forth a diverse array of intracellular signaling pathways
merican Society for Investigative Pathology.
that determine the magnitude, type, and duration of the in-
flammatory response.10 Specifically, LPS has been shown to
be an important pathogenic factor contributing to the intestinal
inflammatory process in necrotizing enterocolitis and
inflammatory bowel disease.11e14 LPS has also been shown to
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LPS Regulation of TJ Barrier
be an essential etiological factor mediating liver inflammation
in alcoholic liver disease.15,16 In each of these diseases,
defective intestinal tight junction (TJ) barrier has been shown
to be a key etiological factor leading to endotoxemia and
subsequent development of inflammatory response.15e17

It was shown earlier that the plasma concentration of LPS
ranges from undetectable levels up to 0.2 ng/mL.18e20 On the
other hand, patients with intestinal permeability disorders,
such as Crohn disease, necrotizing enterocolitis, acute
pancreatitis, alcoholic liver disease, and critical illnesses,
have been shown to have elevated plasma LPS levels,
ranging up to 2 to 10 ng/mL.18e22 On the basis of these re-
ports, LPS levels of 0 to 1.0 ng/mL are considered to be
physiologically relevant; in contrast, LPS levels of 0 to 10 ng/
mL are considered to be clinically relevant. Most of the
published studies used extreme pharmacologic concentra-
tions of LPS, ranging between 50 and 1000 mg/mL, which
exceed the physiologically achievable concentrations by 104-
to 107-fold, to assess various biological responses.23e27 At
these extreme concentrations, LPS causes rapid cell death in
various cell types studied, including intestinal and immune
cells,24,25,27,28 and does not provide accurate depiction of
biological activity of LPS as of the immune response in the
cells and the activation of many downstream transcription
factors. In contrast, we previously showed, for the first time,
that LPS at physiologically achievable concentrations (0 to
1000 pg/mL) and clinically achievable concentrations (0 to
10 ng/mL) does not cause acute cell death.1,2 Moreover, LPS
at concentrations up to 10 ng/mL did not affect intestinal TJ
permeability up to 3 days of LPS exposure. LPS caused a
selective increase in intestinal epithelial TJ permeability be-
tween days 3.5 and 4 that was associated with an increase in
TLR-4 and CD14 basolateral membrane expression.

Myosin light chain kinase (MLCK) is a Ca2þ/calmodulin-
activated enzyme that catalyzes the myosin light chain
phosphorylation, triggering actin/myosin contraction and
subsequent muscle contraction.29 MLCK exists in two
isoforms: the short isoform (MLCK108) is ubiquitous in
adult tissues, with smooth muscle cells containing the highest
amounts; and the long isoform (MLCK210) is prominently
expressed in embryonic smooth muscle cells and in adult
cells of nonmuscular lineage, including enterocytes.30 The
long isoform MLCK210 has been shown to play a crucial
role in both physiological and pathologic regulation of in-
testinal TJ permeability.30e32 The overexpression of MLCK
was sufficient to cause an increase in TJ permeability,33 and
pharmacologic activation of MLCK produced an increase in
epithelial TJ permeability. Previous studies have shown that a
cytokine-induced increase in intestinal TJ permeability was
also mediated by an increase in MLCK expression.34e36

As mentioned above, high pharmacologic doses of LPS
cause rapid and diffuse epithelial cell death, leading to a
rapid loss in intestinal epithelial barrier.37,38 In contrast, low
physiological levels (0.3 to 1.0 ng/mL) of LPS do not cause
cell death, but cause a functional opening of the TJ barrier
with an increase in TJ permeability.1,2 However, the specific
The American Journal of Pathology - ajp.amjpathol.org
intracellular mechanisms or the effector proteins responsible
for the physiological or clinically achievable concentrations
of LPS on intestinal TJ permeability remain unknown. The
purpose of these studies was to determine the protein kinase
and the intracellular processes responsible for the LPS-
induced functional opening of the intestinal TJ barrier.
Our results suggested that the TJ proteins, including zonula
occludens protein 1, claudins 1, 2, 3, and 5, and occludin,
were not affected by LPS. Instead, the LPS-induced increase
in intestinal TJ permeability mediated the TLR-4/Myd88
signaling pathwayeregulated increase in MLCK transcript
and protein expression and subsequent MLCK-induced
opening of the TJ barrier.

Materials and Methods

Reagents

Dulbecco’s modified Eagle’s medium, trypsin, fetal bovine
serum,glutamine, penicillin, streptomycin, phosphate-buffered
saline (PBS), and horseradish peroxidaseeconjugated sec-
ondary antibodies for Western blot analysis were purchased
from Invitrogen Life Technologies (Carlsbad, CA). siRNA of
MLCK, TLR-4, and transfection reagents were from Dhar-
macon (Lafayette, CO). LPS (O111:B4) and ML-7 were pur-
chased from Sigma-Aldrich (St. Louis, MO). All other
chemicals were of reagent grade and were purchased from
Sigma-Aldrich, VWR (Aurora, CO), or Fisher Scientific
(Pittsburgh, PA).

Cell Culture

Caco-2 cells (passage 20) were purchased from ATCC
(Manassas, VA) and maintained at 37�C in a culture medium
composed of Dulbecco’s modified Eagle’s medium with 4.5
mg/mL glucose, 50 U/mL penicillin, 50 U/mL streptomycin,
4 mmol/L glutamine, 25 mmol/L HEPES, and 10% fetal
bovine serum. 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 mmol/L EDTA in Ca2þ- and Mg2þ-free PBS.
For growth on filters, high-density Caco-2 cells (1 � 105

cells) were plated on Transwell filters, with a 0.4-mm pore
(Corning Inc., 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 extensively used over the past 20 years as an in vitro
model system of functional epithelial barriers.

Determination of Epithelial Monolayer Resistance and
Paracellular Permeability

The transepithelial electrical resistance of the filter-grown
Caco-2 intestinal monolayers was measured using an
epithelial voltmeter (EVOM; World Precision Instruments,
2699
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Sarasota, FL), as previously reported.35,39 After treatment,
including LPS (LPS was refreshed every 24 hours), ML-7,
and siRNA, both apical and basolateral sides of the
epithelium were bathed with Dulbecco’s modified Eagle’s
medium. Electrical resistance was measured using 5% dif-
ference on three consecutive measurements. The Caco-2
monolayer paracellular permeability was determined using
inulin, an established paracellular marker.35,39,40 Unless
specified otherwise, Dulbecco’s modified Eagle’s medium
(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 baso-
lateral compartment to ensure equal hydrostatic pressure, as
recommended by the manufacturer. Known concentrations
of permeability marker inulin (10 mmol/L) and its radioac-
tive tracer were added to the apical solution. Low concen-
trations of permeability marker were used to ensure that a
negligible osmotic or concentration gradient was
introduced. All flux studies were performed at 37�C. For
determination of mucosal-to-serosal flux rates of inulin,
Caco-2eplated filters with an epithelial resistance of 400 to
550 U$cm2 were used. All of the permeability experiments
were repeated three to six times in triplicate.

Assessment of Protein Expression by Western Blot
Analysis

To study the time-course effect of LPS on MLCK
protein expression, Caco-2 monolayers were treated with LPS
(0.3 ng/mL) from 1 to 5 days. At the end of the experimental
period, Caco-2 monolayers were immediately rinsed with ice-
cold PBS. Cells were lysed with lysis buffer: 50 mmol/L
Tris-HCl (pH 7.5), 150 mmol/L NaCl, 500 mmol/L NaF,
2 mmol/L EDTA, 100 mmol/L vanadate, 100 mmol/L
phenylmethylsulfonyl fluoride, 1 mg/mL leupeptin, 1 mg/mL
pepstatin A, 40 mmol/L paranitrophenyl phosphate, 1 mg/mL
aprotinin, and 1% Triton X-100. The cell lysates were placed
in microfuge tubes and centrifuged at 10,000 � g for 10
minutes in an Eppendorf centrifuge (5417R; Eppendorf,
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 Laboratories, Hercules,
CA). Laemmli gel loading buffer (catalog number 161-0737;
Bio-RadLaboratories)was added to the lysate containing10 to
20mg of protein and boiled at 100�C for 7minutes, after which
proteins were separated on an SDS-PAGE gel. Proteins from
the gel were transferred to the membrane (Trans-Blot Transfer
Medium, Nitrocellulose Membrane; Bio-Rad Laboratories)
overnight. The membrane was incubated for 2 hours in
blocking solution (5% drymilk in tris-buffered salineeTween
20 buffer). The membrane was then incubated with MLCK
antibody (catalog numberM7905; Sigma-Aldrich) in blocking
solution. After a wash in tris-buffered salinee1% Tween
buffer, the membrane was incubated in horseradish perox-
idaseegoat anti-mouse IgG (catalog number ab-20043;
Abcam, Cambridge, MA) and developed using the Santa
2700
Cruz Western Blotting Luminol Reagents (Santa Cruz
Biotechnology, Dallas, TX) on the Kodak BioMax MS film
(Fisher Scientific, Pittsburgh, PA). The films were exposed
between 5 seconds and 10 minutes.

Enzyme-Linked Immunosorbent AssayeBased MLCK
in Vitro Kinase Activity

Biotinylated MLC was diluted in PBS and coated on strep-
tavidin 96-well plates at 37�C for 1 hour. The plates were
washed three times with PBS, incubated with blocking solu-
tion (1 mg/mL bovine serum albumin in PBS) at 37�C for 1
hour, and then washed three times with PBS. The kinase re-
action buffer (90 mL), provided by the manufacturer (MBL
International, Woburn, MA), and the treated samples (10 mL)
were added to the wells, and the kinase reaction was per-
formed at 37�C for 30 to 60 minutes. The reaction was
stopped by removing the reaction mixtures and washing the
plates three times with buffer (20 mmol/L Tris-HCl, pH 7.4,
0.5 mol/L NaCl, and 0.05% Tween 20). The washed plates
were incubated with the antiephosphorylated (phospho)e
MLC-S19 antibody (5 ng/mL; catalog number M6068;
Sigma-Aldrich) at room temperature for 1 hour, after which
the plates were washed four times with buffer. Horseradish
peroxidaseegoat anti-rabbit IgG (diluted at 1:2000 in washing
buffer; catalog number ab-6721; Abcam) was added to the
wells, and the plates were incubated at 37�C for 1 hour. The
plates were washed four times and then incubated with 100 mL
substrate solution (tetramethylbenzidine) for 5 to 15 minutes at
37�C. The reaction was stopped by adding 100 mL of 0.5N
H2SO4. The absorbance at 450 nm was determined using the
SpectraMax 190 (Molecular Devices, Sunnyvale, CA).

siRNA Transfection

Targeted siRNA of MLCK was obtained from Dharmacon.
Caco-2 monolayers were transiently transfected using
DharmaFect transfection reagent (Dharmacon). Briefly, cells
(5 � 105 per filter) were seeded into a 12-well transwell
plate and grown to confluency. Caco-2 monolayers were
then washed with PBS twice. Then, 0.5 mL Accell medium
(Thermo Scientific, Lafayette, CO) was added to the apical
compartment of each filter, and 1.5 mL was added to the
basolateral compartment of each filter. MLCK siRNA or
TLR-4 siRNA (5 ng) and DharmaFect reagent (2 mL) were
preincubated in Accell medium. After 5 minutes of incu-
bation, the two solutions were mixed, and the mixture was
added to the apical compartment of each filter. The LPS
experiments were conducted 24 hours after transfection. The
silencing was confirmed by Western blot analysis.

RNA Isolation and Reverse Transcription

Caco-2 cells (5� 105 cells per filter) were seeded into 12-well
Transwell permeable inserts and grown to confluency. Filter-
grown Caco-2 cells were then treated with LPS from 1 to 5
ajp.amjpathol.org - The American Journal of Pathology
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days. At the end of the experimental period, cells were washed
with ice-cold PBS. Total Caco-2 RNA was isolated by using
the RNeasy Kit (Qiagen, Valencia, CA), according to the
manufacturer’s protocol. Total RNA concentration was
determined by absorbance at 260/280 nm using the Spec-
traMax 190. Reverse transcription was performed by 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-mL reaction [containing
1� RT-PCR buffer, 2.5 mmol/L MgCl2, 250 mmol/L of each
dNTP, 20UofRNase inhibitor, 10mmol/L dithiothreitol, 1.25
mmol/L random hexamer, and 30 U of MultiScribe Reverse
Transcriptase (Qiagen, Valencia, CA)]. Reverse transcription
reactions were performed in a thermocycler (PTC-100; MJ
Research, Waltham, MA) at 25�C for 10 minutes, 42�C for 30
minutes, and 95�C for 5 minutes.

Quantification of Gene Expression Using Real-Time PCR

The real-time PCRs were conducted using an ABI prism
7900 sequence detection system and a TaqMan universal
PCR master mix kit (Applied Biosystems), as previously
described.36 Each real-time PCR contained 10 mL reverse
transcription reaction mix, 25 mL 2� TaqMan universal
PCR master mix, 0.2 mmol/L probe, and 0.6 mmol/L
primers. Primer and probe design for the real-time PCR was
made with Primer Express version 2 from Applied
Biosystems. MLCK-specific primer pairs consisted of
50-AGGAAGGCAGCATTGAGGTTT-30 (forward) and 50-
GCTTTCAGCAGGCAGAGGTAA-30 (reverse). The probe
specific for MLCK consisted of fluorescein 50-TGAA-
GATGCTGGCTCC-30 tetramethylrhodamine. The internal
control housekeeping gene GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) specific primer pairs consisted
of 50-CCACCCATGGCAAATTCC-30 (forward) and 50-
TGGGATTTCCATTGATGACCAG-30 (reverse). The
probe specific for GAPDH consisted of 40,50-dichloro-20,70-
dimethoxy-fluorescein 50-TGGCACCGTCAAGGCTGA-
GAACG-30 tetramethylrhodamine. All runs were performed
according to the following PCR protocol: 50�C for 2 mi-
nutes, 95�C for 10 minutes, 40 cycles of 95�C for 15 sec-
onds, and 60�C for 1 minute. For each sample, real-time
PCR was performed in triplicate, and the average CT was
calculated. A standard curve was generated to convert the
CT to copy numbers. MLCK mRNA expression was
normalized to glyceraldehyde-3-phosphate dehydrogenase
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.

Determination of Mouse Intestinal TJ Permeability

The Laboratory Animal Care and Use Committee at the
University of New Mexico (Albuquerque, NM) approved all
The American Journal of Pathology - ajp.amjpathol.org
experimental protocols. TLR-4enull (TLR-4�/�), MyD88-
null (MyD88�/�), and wild-type mice (of C57BL/6
background), aged 9 weeks, were obtained from The
Jackson Laboratory (Bar Harbor, ME). Generation of
MLCK�/� mice was described previously.41 The mice were
kept two per cage in a temperature-controlled room at 25�C
with a 12:12-hour light-dark cycle (lights on at 7 AM).
Intestinal permeability in an in vivo mouse model system
was established using a recycling intestinal perfusion
method.42 LPS (0.1 mg/kg) was intraperitoneally injected
into the mouse daily up to 5 days. Afterward, a 6-cm
segment of mouse small intestine was isolated in an anes-
thetized mouse, cannulated with a small-diameter plastic
tube, and continuously perfused with 5 mL Krebs-phosphate
saline buffer for a 2-hour perfusion period. An external
recirculating pump (Econo Pump; Bio-Rad Laboratories)
was used to recirculate the perfusate at a constant flow rate
(0.75 mL/minute). The body temperature of the mouse was
maintained at 37�C with a temperature-controlled warming
blanket. The intestinal permeability was assessed by
measuring the flux rate of the paracellular probe, Texas
Redelabeled dextran (mol. wt., 10,000 Da). The water ab-
sorption was determined by using a nonabsorbable marker,
sodium ferrocyanide (catalog number 39660; Alfa Aesar,
Ward Hill, MA).

Laser-Capture Microdissection

Frozen mouse tissue sections were fixed with 75% ethanol
for 30 seconds and hematoxylin stained for 20 seconds.
Then, they were dehydrated with 75% ethanol, 30 seconds;
95% ethanol, 30 seconds; 100% ethanol, 30 seconds; and
xylene, 5 minutes. After dehydration, sections were air dried
for 5 minutes. The Arcturus PixCell II system (Molecular
Devices) was used for microdissection. The sections were
captured using a 7.5-mm-diameter laser beam, typically at
80 to 100 mV power with a pulse duration of 0.5 to 1.0
milliseconds. On average, approximately 500 shots were
taken per cap, and approximately 1000 cells were obtained
per cap. Microdissection caps were inserted into 0.5-mL
microcentrifuge tubes containing 350 mL of lysis buffer, and
total RNA was isolated.

Immunostaining of Phospho-MLC

In Caco-2 Cells
Phosphorylation of MLC was assessed by immunofluores-
cence antibody labeling.43 At the end of the experimental
period, filter-grown Caco-2 monolayers were washed twice
in cold PBS and were fixed with 2% paraformaldehyde for
20 minutes. After being permeabilized with 0.1% Triton
X-100 in PBS at room temperature for 20 minutes, Caco-2
monolayers were then incubated in blocking solution
composed of bovine serum albumin and normal donkey
serum in PBS for 1 hour. Cells were then labeled with
primary antibody in blocking solution for 2 hours. After
2701
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being washed with PBS, the cells were incubated in
Cy-3econjugated secondary antibody for 1 hour at room
temperature. ProLong Gold antifade reagent (Invitrogen
Life Technologies) was used to mount the filters onto the
coverslips. Immunolocalizations of phospho-MLC were
visualized using a confocal fluorescence microscope (Meta
LSM 510; University of New Mexico Imaging Center)
equipped with a Hamamatsu digital camera (Hamamatsu
Photonics, Hamamatsu, Japan). Images were processed with
LSM 510 software (Carl Zeiss, Oberkochen, Germany).

In Mouse Intestinal Tissue

Phospho-MLC in mouse intestinal tissue was assessed by
immunofluorescence antibody labeling. At the end of the
experimental period, mouse tissue sections were fixed with
75% ethanol for 30 seconds. Then, they were dehydrated
with 75% ethanol, 30 seconds; 95% ethanol, 30 seconds;
100% ethanol, 30 seconds; and xylene, 5 minutes. After
dehydration, sections were air dried for 5 minutes. The
sections were washed twice in cold PBS and were fixed with
2% paraformaldehyde for 20 minutes. After being
permeabilized with 0.1% Triton X-100 in PBS at room
temperature for 20 minutes, tissues were then incubated in
blocking solution composed of bovine serum albumin and
normal donkey serum in PBS for 1 hour. Tissues were then
labeled with primary antibodies in blocking solution over-
night at 4�C. After being washed with PBS, the tissues were
incubated in fluorescein isothiocyanate and Cy-
3econjugated secondary antibodies for 1 hour at room
temperature. ProLong Gold antifade reagent was used to
mount the tissues. Phospho-MLC was visualized using a
fluorescence microscope (Meta LSM 510) equipped with a
Hamamatsu digital camera. Images were processed with Zen
2 Imaging software (Carl Zeiss).

Statistical Analysis

Results are expressed as means � SEM. Statistical signifi-
cance of differences between mean values was assessed with
t-tests for unpaired data (GraphPad Prism software version
5.00 for Windows; GraphPad Software, Inc., San Diego,
CA). All reported significance levels represent two-tailed P
values. P � 0.05 was used to indicate statistical significance.
All experiments were repeated at least three times to ensure
reproducibility.

Results

LPS-Induced Increase in Caco-2 TJ Permeability Is
Mediated by an Increase in MLCK Protein Expression
and Kinase Activity

Previous studies from our laboratory indicated that low,
physiologically relevant concentrations of LPS (0.3 to 1.0
ng/mL) caused a time-dependent increase in intestinal TJ
2702
permeability without causing cell death.2 The basolateral
compartment exposure of LPS caused an increase in Caco-2
TJ permeability after 3 to 4 days of exposure to LPS.
However, the protein kinase or the effector protein target
responsible for the LPS effect on intestinal TJ permeability
remained unclear. The possible effect of LPS on junctional
localization and expression of TJ proteins, including zonula
occludens protein 1, occludin, claudin 1, claudin 2, claudin
3, or claudin 5, was examined by immunostaining and
immunoblot analysis. LPS did not affect junctional locali-
zation or expression of TJ proteins (data not shown). Next,
we examined the possible involvement of MLCK as protein
kinase regulating the LPS effect. First, the LPS effect on
MLCK protein expression in filter-grown Caco-2 mono-
layers was examined. LPS (0.3 ng/mL) caused a time-
dependent increase in Caco-2 MLCK protein expression,
starting at days 3 to 4 of LPS treatment (Figure 1A). As
shown previously,1,2 LPS caused a time-dependent increase
in Caco-2 TJ permeability (as measured by mucosal-to-
serosal flux of paracellular marker inulin), starting at days
3 to 4 after LPS exposure (Table 1). The plot of Caco-2
MLCK protein level versus mucosal-to-serosal inulin flux
demonstrated a linear correlation between increase in
MLCK levels and increase in paracellular permeability, with
a relative correlation coefficient of r Z 0.91 (Figure 1B).
This finding suggested a cause-and-effect relationship be-
tween the increase in MLCK levels and increase in TJ
permeability. Second, the LPS effect on Caco-2 MLCK
activity was determined by an in vitro kinase assay of Caco-
2 MLCK. LPS treatment of filter-grown Caco-2 monolayers
resulted in a time-dependent increase in Caco-2 MLCK
activity (Figure 1C) and an increase in phosphorylated MLC
in Caco-2 monolayers (Figure 1D). Next, the effect of
pharmacologic MLCK inhibitor ML-7 on LPS-induced
increase in inulin flux was determined. ML-7, at a dose
previously shown to inhibit Caco-2 MLCK activity
(10 mmol/L),35 completely inhibited the LPS-induced
increase in MLCK activity (Figure 2A), the increase in
mucosal-to-serosal flux of inulin, and the decrease in Caco-2
transepithelial electrical resistance (Figure 2, B and C).
These findings suggested that the increase in Caco-2 MLCK
activity was required for the increase in Caco-2 TJ
permeability.
To further validate the requirement of MLCK in LPS-

induced increase in Caco-2 TJ permeability, MLCK was
selectively knocked down by transfecting filter-grown Caco-
2 monolayers with MLCK siRNA. The MLCK siRNA
transfection caused a near-complete depletion of MLCK
protein expression (Figure 2D). Also, the siRNA knock-
down of MLCK caused a significant depletion of MLCK
mRNA levels, as assessed by real-time PCR (Figure 2E).
The siRNA-induced knock-down of MLCK prevented the
LPS-induced increase in inulin flux and decrease in Caco-2
transepithelial electrical resistance (Figure 2, F and G),
confirming that the increase in MLCK was responsible for
the LPS-induced increase in Caco-2 TJ permeability.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Time-course effect of lipopolysaccharide
(LPS) on Caco-2 myosin light chain kinase (MLCK) protein
expression, kinase activity, and phosphorylated (p)-MLC.
A: LPS (0.3 ng/mL) caused a time-dependent increase in
MLCK protein expression in Caco-2 monolayers, as deter-
mined by Western blot analysis. b-Actin was used as an
internal control for protein loading. Relative densitometry
analysis for MLCK protein levels. B: Graph plot of inulin
flux versus MLCK protein expression in Caco-2 monolayers
(correlation coefficient r Z 0.91). C: LPS caused a time-
dependent increase in MLCK activity, as determined by
enzyme-linked immunosorbent assayebased in vitro ki-
nase activity measurement. D: LPS treatment (5-day
experimental period) resulted in an increase in p-MLC in
Caco-2 monolayers, as assayed by immunostaining and
visualized by confocal microscopy (x, 40). Control and
LPS- and ML-7/LPSetreated cells were stained for actin
(red) and p-MLC (green). Minimal changes in actin stain-
ing were seen after LPS treatment in xey plane images
(top panels). LPS treatment increased p-MLC staining,
which colocalized with actin (yellow). In the xez plane
(bottom panels), the actin staining in LPS-treated cells
was irregular, with aggregations colocalizing with p-MLC
(yellow) on the basolateral membrane. Inhibition of MLCK
with ML-7 (10 mmol/L) prevented LPS-induced actin
rearrangement at the perijunctional sites. Nuclei are
stained blue (x, 40). Data are expressed as means � SEM
(A and C). n Z 3 (A); n Z 4 (C). **P < 0.01,
***P < 0.001 versus control. Scale bar Z 5 mm (D).

LPS Regulation of TJ Barrier
LPS-Induced Increase in MLCK Expression Is Mediated
by TLR-4/MyD88 Signal-Transduction Axis

Previous studies from our laboratory suggested that the
LPS-induced increase in intestinal TJ permeability was
mediated by the activation of the TLR-4 signal-transduction
pathway, involving the TLR-4 receptor complex and the
MyD88 signaling axis.1 In the following studies, the
involvement of the TLR-4 signal-transduction pathway in
LPS-induced increase in MLCK expression and activity was
examined. The siRNA-induced knock-down of Caco-2
TLR-4 (Figure 3A) prevented the LPS-induced increase in
MLCK expression and phosphorylation of MLC (Figure 3,
B and C), suggesting that TLR-4 was required for the LPS-
induced increase in Caco-2 MLCK expression and kinase
activity. The siRNA-induced knock-down of MyD88
The American Journal of Pathology - ajp.amjpathol.org
(Figure 3D) also prevented the LPS-induced increase in
Caco-2 MLCK expression and MLC phosphorylation
(Figure 3, E and F). These findings suggested that the LPS-
induced increase in Caco-2 MLCK expression was mediated
by the TLR-4/MyD88 signal-transduction pathway.
LPS-Induced Increase in Mouse Intestinal Permeability
in Vivo Is Mediated by an Increase in Enterocyte MLCK
Expression

The above studies indicated that MLCK played a key
regulatory role in LPS-induced increase in Caco-2 TJ
permeability. However, the intracellular processes that
mediate the LPS-induced increase in intestinal perme-
ability in live animals remain unknown. In the following
2703
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Table 1 Time-Course Effect of LPS (0.3 ng/mL) on Mucosal-to-
Serosal Flux of Paracellular Probe Inulin in Filter-Grown Caco-2
Monolayers

Time, days Relative inulin flux, /cm2-minute

0 1.00 � 0.021
1 0.9574 � 0.0524
2 0.8033 � 0.0628
3 4.123 � 0.6597
4 5.063 � 2.693
5 5.627 � 1.752

n Z 6. Inulin was measured over a 5-day experimental period of baso-
lateral exposure of Caco-2 monolayers to LPS.

Nighot et al
series of studies, the role of MLCK in the LPS-induced
increase in mouse intestinal permeability was examined
in vivo. In our previous studies, we showed that i.p. LPS
(0.1 mg/kg body weight) administration causes a time-
dependent increase in mouse intestinal permeability
in vivo.1,2 The increase in mouse intestinal permeability
was seen between days 3 and 5. The i.p. LPS caused a
similar time-dependent increase in intestinal tissue MLCK
protein expression (Figure 4A) and mRNA level
(Figure 4B) between days 3 and 5. In the control mice,
there was only minimal expression of MLCK in the in-
testinal tissue. LPS treatment caused a marked increase in
MLCK expression by day 5. LPS also induced a signifi-
cant increase in MLCK mRNA level in mouse enterocytes,
as determined by real-time PCR assessment of MLCK
mRNA in a pure population of mouse enterocytes isolated
by laser-capture microdissection (Figure 4C). LPS also
caused a marked increase in phosphorylated MLC in
mouse enterocytes, as shown in Figure 4D. The time
course of intestinal tissue MLCK expression paralleled the
increase in mouse intestinal permeability. Interestingly, the
in vivo (0.1 mg/kg body weight) LPS administration (for 5
days) did not cause an increase in mouse intestinal tissue
levels of proinflammatory cytokines, tumor necrosis factor
(TNF)ea or IL-1b. This finding suggested that the LPS
increase in intestinal permeability was not related to an
increase in proinflammatory cytokines (Figure 4, E and F).
To confirm the requirement of MLCK in LPS-induced
increase in intestinal permeability, the effect of LPS on
mouse intestinal permeability was examined in MLCK
knockout mice. The i.p. LPS did not cause an increase in
intestinal permeability in MLCK knockout mice
(Figure 5A), indicating that MLCK was required for the
increase in mouse intestinal permeability. To further vali-
date the role of MLCK, the effect of MLCK inhibitor, ML-
7, on LPS-induced increase in intestinal permeability was
also examined. The i.p. ML-7 (2 mg/kg body weight)
administration prevented the LPS-induced increase in in-
testinal permeability (Figure 5B). Together, these data
suggested that the LPS-induced increase in MLCK
expression was required for the LPS-induced increase in
mouse intestinal permeability. The requirement of TLR-4
2704
pathway in LPS effect on mouse intestinal tissue MLCK
expression and intestinal permeability was then determined
by using TLR-4 and MyD88 knockout mice. In TLR-4
knockout mice, LPS did not cause an increase in mouse
intestinal MLCK expression (Figure 5C) or an increase in
intestinal permeability (Figure 5D). Similarly, in MyD88
knockout mice, LPS did not cause an increase in mouse
MLCK protein and intestinal permeability (Figure 5, E and
F). Together, these data suggested that the TLR-4 receptor
complex and the MyD88 signaling pathway mediated the
LPS-induced increase in enterocyte MLCK and mouse
intestinal permeability.
Discussion

Delineating the cellular and molecular processes that
mediate the LPS-induced increase in intestinal epithelial
tight junction permeability is important for understanding
the cellular mechanisms that lead to intestinal tight
junction barrier defects during various inflammatory
conditions and for designing potential therapeutic strate-
gies to induce retightening of the intestinal tight junction
barrier during inflammatory states. In the present study,
we identified the protein kinase responsible for the LPS-
induced increase in intestinal TJ permeability. Our results
suggested that the LPS-induced increase in intestinal tight
junction permeability was not because of an alteration in
TJ proteins but because of an increase in expression of
MLCK protein. Our data also showed that the LPS-
induced increase in MLCK expression and intestinal TJ
permeability was mediated by TLR-4/MyD88 signal-
transduction pathway up-regulation of the MLCK
transcription and translation process. Previous studies
from our laboratory had shown that LPS at physiologi-
cally relevant concentrations (0.3 to 1.0 ng/mL) causes a
time-dependent increase in intestinal epithelial TJ
permeability after 3 to 4 days of exposure.1,2 In the
present study, our data indicated that the time course of
LPS-induced increase in Caco-2 MLCK expression par-
alleled the increase in Caco-2 MLCK expression. MLCK
activity almost perfectly correlated with the increase in
Caco-2 TJ permeability, with a correlation coefficient of
0.91. Pharmacologic inhibition of MLCK activity or
siRNA knock-down of MLCK completely inhibited the
LPS-induced increase in Caco-2 TJ permeability. These
findings suggested that the LPS-induced increase in
MLCK expression and kinase activity was responsible for
the corresponding increase in TJ permeability. As for the
intracellular mechanisms that mediate the MLCK-
dependent increase in TJ permeability, studies from our
laboratory and others have shown that the increase in
MLCK activity in intestinal epithelial cells produces a
catalytic phosphorylation of myosin light chain.35,39,44

The phosphorylation of MLC then initiates the
activation of Mg2þ actomyosin ATPase and triggers the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Effect of myosin light chain kinase (MLCK)
inhibition on lipopolysaccharide (LPS)einduced in-
crease in Caco-2 MLCK activity and increase in Caco-2
permeability. A: MLCK inhibitor ML-7 (10 mmol/L)
significantly prevented the LPS-induced increase in
MLCK activity. ML-7 was added 24 hours before LPS
treatment, and both LPS and ML-7 were renewed every
24 hours for the 5-day experimental period. B: ML-7
(10 mmol/L) inhibited the LPS-induced increase in
inulin flux across Caco-2 monolayers (5-day experi-
mental period). C: ML-7 inhibited the LPS-induced
decrease in Caco-2 transepithelial electrical resistance
(TER). There was a 5-day experimental period. D: MLCK
siRNA transfection resulted in a near complete depletion
in MLCK protein expression, as determined by Western
blot analysis. siRNA transfection was performed
24 hours before LPS treatment (5-day experimental
period). E: MLCK siRNA transfection caused a significant
decrease in MLCK mRNA levels, as determined by real-
time PCR. siRNA transfection was performed 24 hours
before the start of LPS treatment. F: MLCK siRNA
transfection prevented the LPS-induced increase in
Caco-2 inulin flux. G: MLCK siRNA transfection prevented
the LPS-induced decrease in Caco-2 TER. Data are
expressed as means � SEM (AeC and EeG). n Z 4 (C
and F); n Z 5 (E and G). **P < 0.01, ***P < 0.001
versus control; yyyP < 0.001 versus LPS treatment.
siMLCK, siRNA MLCK; siNT, siRNA nontarget.

LPS Regulation of TJ Barrier
energy-dependent contraction of the perijunctional ring of
actin-myosin filaments. This leads to generation of con-
tractile tension and centripetal retraction of perijunctional
plasma membrane and TJ complex, culminating in the
functional opening of the TJ barrier.

Several studies have shown that LPS at high pharmaco-
logic concentrations (50 to 1000 mg/mL) causes rapid
apoptosis and diffuse cell death in intestinal epithelial cells,
leading to massive sloughing of epithelial cells and rapid
disintegration of epithelial barrier.8,23,26 However, these
high concentrations are extreme concentrations, and
approximately 10,000 to 100,000 times higher than physi-
ologically achievable concentrations (0 to 1.0 ng/mL), and
do not have physiological or clinical relevance.18,20,45 At
physiological concentrations (0 to 1 ng/mL), LPS does not
cause epithelial cell death or apoptosis but causes a selective
increase in TJ permeability.2
The American Journal of Pathology - ajp.amjpathol.org
It is well established that MLCK plays a central role in
the regulation of intestinal epithelial tight junction perme-
ability.35,39 It has been shown that, in pharmacologic agent
modulation of Caco-2 tight junction permeability by cyto-
chalasin or ethanol, MLCK activation was the intracellular
mechanism responsible for the increase in tight junction
permeability.46,47 These studies demonstrated that there was
a rapid increase in specific activity of MLCK kinase activity
that was accompanied by contraction of per-junctional actin-
myosin filaments and an increase in tight junction perme-
ability. The increase in MLCK activity induced by the
pharmacologic agents was because of an increase in the
specific activity of the preexisting MLCK and was not
associated with an increase in MLCK protein level. In
contrast, a proinflammatory cytokine (TNF-a or IL-1b)
induced increase in intestinal TJ permeability was also
mediated by an increase in MLCK kinase activity. However,
2705
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Figure 3 The involvement of the toll-like receptor 4
(TLR-4) signaling pathway in lipopolysaccharide
(LPS)einduced activation of myosin light chain kinase
(MLCK) in Caco-2 monolayers. A: siRNA-induced knock-
down of TLR-4 resulted in a near-complete depletion of
TLR-4 expression, as assessed by Western blot analysis.
Relative densitometry analysis for TLR-4 protein levels
is shown. B: siRNA-induced knock-down of TLR-4 pre-
vented the LPS-induced increase in MLCK protein
expression. siRNA transfection was performed 24 hours
before LPS treatment (5-day experimental period). C:
TLR-4einduced silencing by siRNA prevented the LPS-
induced phosphorylation of MLC expression, as
assayed by immunostaining and visualized by confocal
microscopy (5-day experimental period; x, 40). D:
siRNA-induced knock-down of MyD88 resulted in a
near-complete depletion of MyD88 expression, as
assessed by Western blot analysis. Relative densitom-
etry analysis for MyD88 protein levels is shown. E:
siRNA-induced knock-down of MyD88 prevented the
LPS-induced increase in MLCK protein expression.
siRNA transfection was performed 24 hours before LPS
treatment (5-day experimental period). Relative
densitometry analysis for MLCK protein levels is shown.
F: MyD88-induced silencing by siRNA prevented the
LPS-induced phosphorylation of MLC expression, as
assayed by immunostaining and visualized by confocal
microscopy (x, 40). Data are expressed as means � SEM
(A, B, D, and E). n Z 3 (A, B, D, and E). **P < 0.01
versus control; ***P < 0.001; yyP < 0.01 versus LPS
treatment. Scale bar Z 5 mm (C and F).

Nighot et al
the increase in kinase activity was because of an increase in
MLCK protein level and not an increase in specific activity
of MLCK.35,39

Interestingly, the LPS-induced increase in intestinal
epithelial TJ permeability only occurs after 3 to 4 days of
LPS exposure. It required an increase in membrane locali-
zation of protein components of TLR-4 receptor complex,
including both TLR-4 and CD14.1 Our results described
herein provide a mechanistic explanation for the observed
2706
time course of LPS-induced increase in Caco-2 perme-
ability. The increase in TJ permeability paralleled the
increase in MLCK expression and activity. The studies with
MLCK gene transcription and pharmacologic inhibitors
indicated that the LPS-induced increase in Caco-2 MLCK
level was because of an increase in MLCK gene transcrip-
tion and translation. In this respect, inhibition of MLCK
transcription, translation, or enzymatic activity inhibited the
LPS-induced increase in Caco-2 TJ permeability. In
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Effect of lipopolysaccharide (LPS) onmyosin light chain kinase (MLCK) expression inmouse intestinal tissues in vivo.A: LPS administration (0.1mg/kg, i.p.)
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LPS Regulation of TJ Barrier
addition, our studies also showed that the LPS-induced in-
crease in MLCK gene transcription and translation was
mediated by the TLR-4/MyD88 signal-transduction
pathway. In combination with our previous studies,1,2 our
present findings suggest that LPS binding to the TLR-4
receptor complex activates the MyD88 signaling pathway,
which regulates the increase in MLCK mRNA and protein
expression.

To determine the potential in vivo relevance of MLCK
expression in LPS modulation of intestinal permeability,
we also assessed the in vivo effect of LPS on intestinal
expression of MLCK and intestinal permeability. As
shown previously, the i.p. LPS (0.1 mg/kg body weight)
administration results in a steady-state serum level of 0.3 to
0.5 ng/mL in live mouse and a time-dependent increase in
mouse intestinal permeability.1,2 Our results herein show
that LPS also caused an increase in intestinal tissue
expression of MLCK by day 5 of LPS exposure. The time
course of LPS-induced increase in intestinal tissue MLCK
The American Journal of Pathology - ajp.amjpathol.org
expression correlated with the time course of increase in
mouse intestinal permeability; moreover, pharmacologic
inhibition of MLCK inhibited the LPS increase in mouse
intestinal permeability. LPS also did not cause an increase
in intestinal permeability in MLCK knockout mice. Thus,
our findings indicated that the LPS induced in mouse in-
testinal permeability was mediated by an increase in in-
testinal MLCK expression and activity. In addition, our
in vivo studies also indicated that the LPS effect on in-
testinal tissue MLCK mRNA and protein expression was
regulated by the TLR-4/MyD88 signal-transduction
pathway. A recent study by Williams et al48 showed that
LPS administration at 10 mg/kg caused rapid intestinal
mucosal damage (within 1.5 hours), characterized by
massive apoptosis, shedding of epithelial cells, and loss of
villus surface (associated with diarrhea) in a mouse model.
Interestingly, that study found that the LPS-induced in-
testinal epithelial cell apoptosis, shedding, and mucosal
damage were independent of intestinal epithelial cell
2707

http://ajp.amjpathol.org


WT WT MLCK KO MLCK  KO
0.00

0.01

0.02

0.03

0.04

0.05
***

†††

+LPS +LPS

D
ex

tr
an

 1
0 

kD
a 

flu
x 

(m
g/

cm
/h

ou
r)

D
ex

tr
an

 1
0 

kD
a 

flu
x 

(m
g/

cm
/h

ou
r)

WT WT ML-7 ML-7
0.00

0.01

0.02

0.03

0.04

0.05
***

†††

+LPS +LPS

D
ex

tra
n 

10
 k

D
a 

flu
x 

(m
g/

cm
/h

ou
r)

WT WT MyD88 KO MyD88 KO
0.00

0.01

0.02

0.03

0.04

0.05

**

††

PBS PBSLPS LPS

D
ex

tra
n 

10
 k

D
a 

flu
x 

(m
g/

cm
/h

ou
r)

WT WT TRL-4 KO TLR-4 KO
0.00

0.02

0.04

0.06

**

††

PBS LPS PBS LPS

MLCK

WT   WT+ LPS   TLR-4 KO   TLR-4 KO+LPS

MLCK

WT            WT+ LPS       MyD88 KO    MyD88 KO+LPS

ββ-Actin

β-Actin

A B

C D

E F

Figure 5 Effect of lipopolysaccharide (LPS) on mouse in-
testinal permeability in knockout mouse models. A: LPS treat-
ment (0.1 mg/kg) for a 5-day experimental period did not induce
an increase in mouse intestinal permeability in myosin light
chain kinase (MLCK) knockout (KO) mice. B: MLCK inhibitor (ML-
7; 2 mg/kg) significantly prevented the LPS-induced increase in
intestinal permeability, as determined by dextran, 10 kDa, flux.
C: LPS treatment did not affect the MLCK expression in toll-like
receptor 4 (TLR-4) KO mice compared with wild-type (WT)
mice, as determined by Western blot analysis. D: LPS treatment
did not affect the increase in mouse intestinal permeability in
TLR-4 KO mice compared with WT mice, as determined by
dextran, 10 kDa, flux. E: LPS treatment did not affect the MLCK
expression in MyD88 KO mice compared with WT mice, as
determined by Western blot analysis. F: LPS treatment did not
affect the increase in mouse intestinal permeability in MyD88 KO
mice compared with WT mice, as determined by dextran, 10 kDa,
flux. Data are expressed as means � SEM (A, B, D, and F). n Z 4
(A and B). **P < 0.01, ***P < 0.001 versus control WT;
yyP < 0.01, yyyP < 0.001 versus LPS treatment WT. PBS,
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MyD88 expression and dependent on epithelial cell TNF-
receptor 1 expression. The study concluded that the LPS
(10 mg/kg) induced increase in intestinal epithelial cell
apoptosis and shedding in mice was independent of the
intestinal epithelial cell TLR-4 signal-transduction
pathway. Instead, it was attributable to an increase in TNF-
aeinduced intestinal epithelial cell apoptosis. In contrast,
our results in this study showed that the in vivo (0.1 mg/kg
body weight) LPS administration (for 5 days) did not cause
an increase in mouse intestinal tissue levels of proin-
flammatory cytokines, TNF-a or IL-1b. These findings
suggested that the LPS increase in intestinal permeability
was not related to an increase in proinflammatory cyto-
kines (Figure 4, E and F), and was dependent on the TLR-
4/MyD88 signal-transduction pathway.

The importance of MLCK in the in vivo regulation of
intestinal permeability has been well demonstrated. Moriez
et al49 showed that treatment with a high dose of LPS at
1 mg/kg in rats caused a transient increase in colonic
paracellular permeability (0 to 6 hours), an increase in
bacterial translocation, mucosal damage, and an increase
in MLC phosphorylation in colonic tissues. However, this
study has not demonstrated the effect of a physiologically
relevant concentration of LPS on MLCK gene and protein
expression. The number of studies has demonstrated that,
in animal models of intestinal inflammation, the increase in
intestinal permeability was associated with an increase in
2708
intestinal MLCK expression. Inhibition of MLCK
expression or MLCK activity inhibited the increase in
intestinal permeability and subsequent development of
intestinal inflammation.50e52 In both mouse models of
dextran sulfate sodiumeinduced colitis and T-cell transfer-
induced colitis, alteration in intestinal permeability pre-
ceded the development of intestinal inflammation; in-
hibitors of MLCK activity prevented the increase in
intestinal permeability and intestinal inflammation.51,53,54

Similarly, patients with Crohn disease and ulcerative co-
litis have a marked increase in MLCK expression, which
also correlated with the disease activity.55 In this regard,
MLCK inhibitors are being targeted as a possible therapy
for inflammatory bowel disease.
In conclusion, our data show that MLCK is a protein

kinase that mediates the LPS-induced increase in intestinal
epithelial tight junction permeability. The physiologically
and clinically relevant concentrations of LPS-induced in-
crease in intestinal epithelial TJ permeability (in vitro and
in vivo) were regulated by a distinct intracellular signaling
process in which MLCK gene and protein expression and
kinase activity are regulated by the TLR-4/MyD88 signal-
transduction pathway. Thus, our present data provide
important new insight into the intracellular mechanisms and
effector protein that mediate LPS-induced increase in in-
testinal epithelial tight junction permeability in vitro and
in vivo.
ajp.amjpathol.org - The American Journal of Pathology
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