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Lipopolysaccharides (LPSs) are a major component of Gram-negative bacterial cell wall and play an
important role in promoting intestinal inflammatory responses. Recent studies have shown that
physiologically relevant concentrations of LPS (0 to 2000 pg/mL) cause an increase in intestinal
epithelial tight junction (TJ) permeability without causing cell death. However, the intracellular
pathways and the mechanisms that mediate LPS-induced increase in intestinal TJ permeability remain
unclear. The aim was to delineate the intracellular pathways that mediate the LPS-induced increase in
intestinal permeability using in vitro and in vivo intestinal epithelial models. LPS-induced increase in
intestinal epithelial TJ permeability was preceded by an activation of transforming growth factor-f
—activating kinase-1 (TAK-1) and canonical NF-kB (p50/p65) pathways. The siRNA silencing of TAK-1
inhibited the activation of NF-xB p50/p65. The siRNA silencing of TAK-1 and p65/p50 subunit
inhibited the LPS-induced increase in intestinal TJ permeability and the increase in myosin light chain
kinase (MLCK) expression, confirming the regulatory role of TAK-1 and NF-kB p65/p50 in up-regulating
MLCK expression and the subsequent increase in TJ permeability. The data also showed that toll-like
receptor (TLR)-4/myeloid differentiation primary response (MyD)88 pathway was crucial upstream
regulator of TAK-1 and NF-kB p50/p65 activation. In conclusion, activation of TAK-1 by the TLR-4/
MyD88 signal transduction pathway and MLCK by NF-kB p65/p50 regulates the LPS-induced increase
in intestinal epithelial TJ permeability. (Am J Pathol 2019, 189: 797—812; https://doi.org/10.1016/
j.ajpath.2018.12.016)

Intestinal epithelial tight junction (TJ) barrier dysfunction
contributes to the development of inflammatory bowel dis-
ease (IBD) and necrotizing enterocolitis (NEC) by permitting
increased paracellular permeation of luminal antigens that
elicit and promote inflammatory response.' ~ Several clinical
and animal studies have highlighted the involvement of
defective intestinal TJ barrier in the development and the
prolongation of intestinal inflammation in IBD and NEC."* >
Patients with IBD and NEC have a defective intestinal TJ
barrier as shown by an increase in intestinal permeability,”°
and animal studies have shown that protecting the intestinal
TJ barrier prevents the development of intestinal inflamma-
tion in animal models of IBD and NEC.”**
Lipopolysaccharides (LPSs) are complex amphiphilic
molecules that have a hydrophobic (consisting of lipid A)

and a hydrophilic (consisting of carbohydrate core and
polysaccharide O-antigen) component and are released from
the bacterial cell wall by shedding or through bacterial lysis.
In pathologic conditions, the intestinal tissue and circulating
LPS levels are markedly elevated and play an important role
in mediating inflammatory response. Normally, LPS con-
centrations are maximum in the gut lumen where the gut
bacteria reside and low or undetectable in the circulating
plasma (<200 pg/mL) because the intestinal epithelial layer
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creates an effective barrier against LPS penetration across
the healthy intestinal epithelium.”” However, defective
intestinal TJ barrier in IBD and NEC leads to paracellular
permeation of LPS and other water-soluble luminal
antigens, resulting in an increase in the intestinal tissue and
plasma concentration of LPS.'>'" Studies have shown LPS
to be an important contributing factor of intestinal inflam-
mation, and removal of circulating LPS accelerates the
clinical improvement of IBD and NEC. Clinically achiev-
able concentrations of LPS during active and quiescent IBD
and NEC ranges between 200 and 2000 pg/mL. Animal
models of NEC and IBD also have increased levels of LPS
in the intestinal tissue and in the serum.''~'® The intestinal
tissue expression of toll-like receptor-4 (TLR-4), the pattern
recognition receptor that binds the LPS, is also markedly up-
regulated in IBD and NEC.'*'> The TLR-4 polymorphism
is associated with an increased risk of IBD and a more
extensive colonic involvement in ulcerative colitis.'® Intes-
tinal TJ barrier is primarily regulated by myosin light chain
kinase (MLCK)."*"'""?> MLCK causes the contraction of
the peri-junctional actomyosin filaments, leading to a me-
chanical tension-generated opening of the TJ bar-
rier.'”'®?** The intestinal TJ permeability can be
increased by physiological concentrations of LPS (0 to 1000
pg/mL) via activation of TLR-4 signal transduction pathway
and an increase in MLCK expression and activity.'”?**
NF-kB is a nuclear transcription factor that plays an
essential regulatory role in promoting intestinal inflamma-
tion. In quiescent cells, NF-kB heterodimers p50/p65 are
sequestered in cytosol by a protein inhibitor inhibitory k B
(IkB). The IkB kinase (IKK) complex consists of two
catalytic subunits, IKK-B and IKK-a, and a regulatory
protein, IKK-y (alias NF-kB essential modulator). Two
distinct NF-kB pathways have been described, the canonical
(or classic) and the noncanonical (or alternative) pathways
that are involved in NF-kB activation.”® ' The activation
of the canonical pathway leads to the phosphorylation and
degradation of inhibitory IkB-o and activation of NF-«B
dimer p50/p65,7*~? whereas the activation of the nonca-
nonical pathway results in the phosphorylation of the p100
subunit, leading to the generation and activation of RelB/
p52 dimer.”***** NF-kB activation can be triggered by a
wide range of proinflammatory mediators, including tumor
necrosis factor-a, IL-1p, interferon-y, and LPS. LPS binds
to TLR-4 complex at the cell surface, stimulating a cascade
of intracellular signaling events that culminate in the
phosphorylation of IkB-a.. The LPS activation of both ca-
nonical and noncanonical NF-kB pathways has been shown
in various models with LPS.**® An important concern with
the previous studies is that the LPS concentration used in
those studies were at a pharmacologic concentration of 50
png/mL, which is nonphysiologic and not achievable clini-
cally.”~° At a concentration of 50 ug/mL, LPS causes rapid
cell apoptosis and cell death.”'~"** In contrast, clinically
achievable concentrations of LPS (0 to 2000 pg/mL) do
not cause cell death.'"'"* Transforming growth
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factor-B—activated kinase-1 (TAK-1) has been shown to be a
pivotal factor for NF-kB activation in response to the acti-
vation of various toll-like receptors, including TLR-2, TLR-4,
and TLR-5.”" The phosphorylation of TAK-1 is a common
signal for the activation of downstream targets, including
IKK, Jun kinase, and p38 mitogen-activated protein ki-
nase. 04! Previously, it was shown that the LPS-induced in-
crease in intestinal TJ permeability depended on activation of
a TLR-4 signal transduction pathway.”* However, the intra-
cellular signaling processes that mediate the TLR-4 signal
transduction pathway modulation of MLCK expression and
TJ permeability remain unclear. Here, the involvement of
TAK-1 and NF-«B pathways was examined in the LPS-
induced increase in intestinal TJ permeability with the use
of intestinal epithelial model systems that consisted of filter-
grown Caco-2 monolayers and live mice.

Materials and Methods

Reagents

Dulbecco’s Modified Eagle Medium, trypsin, fetal bovine
serum, penicillin, streptomycin, and phosphate-buffered
saline (PBS) were purchased from Gibco BRL (Grand Is-
land, NY). LPS (O111:B4) and TAK-1 inhibitor, 5Z-7-
oxozeaenol, NF-kB inhibitors, ammonium pyrrolidinedi-
thiocarbamate (PDTC) and Bay-11, 5Z-7-oxozeaenol were
purchased from Sigma-Aldrich (St. Louis, MO). Antibodies
[IkB-a, p65, phospho- (p)65, p50, p52, p100, IKK-a, IKK-
B, TAK-1, pTAK-1, IL-1 receptor-associated kinase 4,
phospho—mitogen-activated kinase kinase (pMEKK)-1,
MEKK-1, phospho NF-kB—inducing kinase (pNIK), NIK,
MLCK, pMLC, TLR-4, myeloid differentiation primary
response (MyD)88, and anti—B-actin] were obtained from
Abcam (Cambridge, MA). Phospho—IKK-a/p antibodies
were also obtained from Abcam and Santa Cruz Biotech-
nology (Santa Cruz, CA). Horseradish
peroxidase—conjugated secondary antibodies for Western
blot analysis were purchased from Invitrogen (San Fran-
cisco, CA). All other chemicals were purchased from
Sigma-Aldrich, VWR (West Chester, PA), or Fisher Sci-
entific (Pittsburgh, PA). Curcumin, PDTC, and Bay-11 were
purchased from Sigma-Aldrich, VWR (Aurora, CO), or
Fisher Scientific. siRNA for p65, p50, p100, p52, IKK-a,
IKK-B TAK-1, NIK, MEKK-1, MLCK, TLR-4, and
MyD88 were purchased from Dharmacon (Lafayette, CO).

Cell Culture

Caco-2 cells (passage 20) were purchased from the ATCC
(Manassas, VA) and maintained at 37°C in Dulbecco’s
Modified Eagle Medium composed of 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
as previously described.'” Caco-2 cells were used between
passages 22 and 30 in this study. The cells were kept at
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37°Cin a 5% CO, environment. For filter-grown cells, high-
density cells (1 x 10° cells) were plated on Transwell filters
with 0.4-pum pore (Corning Incorporated, Corning, NY) and
monitored regularly by visualization with an inverted mi-
croscope (Eclipse TS100/100-F; Nikon, Melville, NY) and
by epithelial resistance measurements.

Assessment of Protein Expression by Western Blot
Analysis

Protein expression from Caco-2 cells and mouse tissue
(intestinal scrapings that contained mostly enterocytes) was
assessed by Western blot analysis as previously described.'”
Cells and mouse intestinal scrapings were lyzed with lysis
buffer [S0 mmol/L Tris-HCI (pH 7.5), 150 mmol/L NaCl, 500
pmol/L NaF, 2 mmol/L EDTA, 100 pumol/L vanadate, 100
pmol/L phenylmethylsulfonyl fluoride, 1 pg/mL leupeptin, 1
pg/mL pepstatin A, 40 mmol/L paranitrophenyl phosphate, 1
pg/mL aprotinin, and 1% Triton X-100] on ice for 30 minutes.
For cytosolic and nuclear fractionation the NE-PER kit from
Thermo Scientific (Pittsburgh, PA) was used according to the
manufacturer’s instructions. The lysates were centrifuged at
10,000 x g for 10 minutes in an Eppendorf Centrifuge
(5417R; Hauppauge, NY) to obtain a clear lysate. The su-
pernatant was collected, and protein concentration was
determined with the Bio-Rad Protein Assay kit (Bio-Rad
Laboratories, Hercules, CA). Laemmli buffer (Bio-Rad
Laboratories) was added to the lysate that contained 20 to 40
pg of protein and boiled at 100°C for 7 minutes, 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% dry milk or 5% bovine serum albumin
in tris-buffered saline—Tween 20 buffer). The membrane was
then incubated with antibody in blocking solution. After a
wash in tris-buffered saline— 1% Tween buffer, the membrane
was incubated in secondary antibody and developed with the
use of the Santa Cruz Western Blotting Luminal Reagents
(Santa Cruz Biotechnology) on the Kodak Bio-Max MS film
(Fisher Scientific, Pittsburgh, PA). Image] version 1.50d
(NIH, Bethesda, MD; https://imagej.nih.gov/ij) was used for
densitometry analysis for the quantification of the Western
blot analyses.

Confocal Immunofluorescence Microscopy

The filter-grown cells were fixed with absolute methanol
and stored at —80°C until used. The cells were thawed,
rinsed in PBS, permeabilized with 0.1% Triton X-100,
blocked with normal serum, and incubated overnight at 4°C
in primary antibody. The cells were washed thoroughly and
incubated in secondary antibodies conjugated with fluores-
cent dyes Alexa Fluor 488 or cyanine 3. After washings in
PBS, the cells were mounted in Prolong Gold antifade re-
agent (Invitrogen) that contained DAPI as a nuclear stain
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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

Relative inulin flux/cm? per minute

1.00 £ 0.021
0.9574 £ 0.0524
0.8033 + 0.0628
1.5423 £+ 0.1.256

4.123 £ 0.6597*
5.627 + 1.752*

Time, days

U~ WD - O

Adapted from Nighot et al'® with permission from Elsevier. Inulin was
measured over a 5-day experimental period of basolateral exposure of Caco-
2 monolayers to lipopolysaccharide (LPS).'*??*> LPS caused a time-
dependent increase in Caco-2 tight junction permeability, starting at
days 3 to 4 after LPS exposure (n = 6). Data are expressed as means +
SEM.

*P < 0.01 versus control untreated.

and examined with a Zeiss LSM 510 microscope (Zeiss,
Jena, Germany) equipped with a digital camera (Fluores-
cence Microscopy Shared Resource, Health Sciences Cen-
ter, University of New Mexico). For mice intestines,
cryosections were fixed in methanol before immunofluo-
rescence staining. Images were processed with ZEN LSM
software version 1.0 en 04/2018 (Zeiss).

Determination of Epithelial Monolayer Resistance and
Paracellular Permeability

Caco-2 transepithelial electrical resistance (TER) was
measured by using an epithelial voltmeter (EVOM; World
Precision Instruments, Sarasota, FL) as previously re-
ported.'” Both apical and basolateral sides of the epithelium
were bathed with buffer solution. Electrical resistance was
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Figure 1  Effect of pharmacologic inhibition of NF-kB on lipopolysac-

charide (LPS)-induced increase in intestinal epithelial tight junction
permeability. A: Filter-grown Caco-2 monolayers were treated with
300 pg/mL LPS for a 5-day experimental period. Pharmacologic inhibition
of NF-kB by 10 um ammonium pyrrolidinedithiocarbamate (PDTC) inhibited
the LPS (physiological dose of 300 pg/mL)-induced drop in Caco-2 trans-
epithelial electrical resistance. B: Pharmacologic inhibition of NF-xB by
PDTC prevented the LPS-induced increase in inulin flux. NF-xB inhibitor
PDTC was added 1 hour before LPS treatment. All experimental treatments
were renewed every 24 hours for the 5-day experimental period. Data are
expressed as means + SEM. n = 4 independent experiments. ***P < 0.001
versus control; 1P < 0.001 versus LPS.
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Figure 2  Time course effect of lipopolysac-
charide (LPS) on Caco-2 NF-«xB pathway (p65 and
p52) activation. A: LPS at the concentration of 300
pg/mL caused significant increase in p65 protein

frt expression in Caco-2 cells on day 3 to 3.5. The
expression of p52 and p100 did not change with
LPS treatment. B-Actin was used as an internal

control for protein loading. B: Relative densitom-

it etry analysis for p65 protein levels. C: Confocal
immunofluorescence of Caco-2 cells treated with

300 pg/mL LPS (3 to 3.5 days) indicated p65 (red)

translocation to the nucleus (blue) (arrowheads).

D: P52 (green) did not change after LPS treatment

(arowheads). E: LPS caused degradation of inhib-

itory k B (IkB)-o expression (3 to 3.5 days), as

assessed by Western blot analysis. B-Actin was used
as an internal control for protein loading. F:
Densitometry analysis of LPS treatment showed
significant decrease in IkB-o level on day 3 to 3.5
compared with control untreated cells. G and H:
LPS-treated Caco-2 cells (3 to 3.5 days) analyzed by
flow cytometry for phospho-IkB-o. and phospho-
p65, respectively, showed increased expression
compared with control untreated cells. Gray in-
dicates isotope control (Cont); blue, control un-
treated; red, LPS treated day 3. [Mean fluorescence
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LPS (day 4); **P < 0.01 versus LPS (day 3.5). Scale
bars = 5 pm (C and D).

measured until similar values were recorded on three
consecutive measurements. Caco-2 paracellular perme-
ability was determined by using an established paracellular
marker inulin.”* Known concentrations of permeability
marker (10 umol/L) and its radioactive tracer were added to
the apical solution.”” Low concentrations of permeability
markers were used to ensure that negligible osmotic or
concentration gradient was introduced.
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siRNA Transfection

Caco-2 monolayers were transiently transfected with siRNA
using Dharmafect transfection reagent (Dharmacon) as pre-
viously described.'”?***~* Briefly, cells (I x 10°/filter)
were seeded into a Transwell plate and grown to 70% con-
fluency. Caco-2 monolayers were then washed with PBS
twice, and 0.5 mL of Accell medium (Thermo Scientific) was
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Figure 3  Effect of lipopolysaccharide (LPS) on

s e . - C inhibitory k B kinases (IKKs) and intestinal
"é '§ E 2 epithelial tight junction permeability. A: LPS at
‘é g 31 3 & 157 300 pg/mL in Caco-2 cells caused significant in-
o g % S — < crease in activation of both IKK-a and IKK-B on
g § 21 % = 1.0 S p-actin day 3 to 3.5 after LPS treatment. B-Actin was used
a ° A% Kkpto 127 g}agf;; as an internal control (C; Con; Cont) for protein
2 ;'1- g Eo.s- fraciniratio ' i loading. Densitometry analysis of LPS treatment
5 = £ § showed significant increase in IKK-o and IKK-B,
~ oA & = ioiod respectively, on day 3 and 3.5 compared with
e .'?Zf.'.’.‘."f..'?%?:?:i?f. _C_D1D2 D3D35D4 control untreated cells. B and C: siRNA trans-
LP LPS fection of IKK-o and IKK-B in Caco-2 cells
inhibited the protein expression of IKK-a and IKK-
D 41 - E f. D: siRNA transfection of IKK-a in Caco-2 cells
41 1t partially prevented the LPS-induced increase in
= . inulin flux. E: siRNA transfection of IKK-B in Caco-
E 3 = 2 cells inhibited the LPS-induced increase in inulin
b f?" flux. Data are expressed as means & SEM. n = 6
x g x £ experiments (B, C, and E.).' ***p < 0.001 versus
E D 2 558 u—’_ %2_ control untreated cells; 1P < 0.001 versus con-
= E = 2 trol (siNT); #p < 0.001 versus nontarget (NT)
S ® T 555 siRNA; 3P < 0.001 versus LPS.
c 9 c @
- =14 = <14
0- 04
Con LPS Con LPS Con LPS Con LPS
+ + + +
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added to the apical compartment of each filter, and 1.5 mL was 660 ebioscience or concentration-matched Mouse IgG2b
added to the basolateral compartment of each filter. siRNA (5 kappa Isotype control eFluor 660 ebioscience (Thermo Fisher
ng) of interest and Dharmafect reagent (2 pl) were pre- Scientific Inc.) or phospho—NF-kB p65 (ser536) (clone93H1)
incubated in Accell medium. After 5 minutes of incubation, rabbit monoclonal antibody (phosphatidylethanolamine con-
the two solutions were mixed, and the mixture was added to jugate) or concentration-matched Rabbit (DA 1E) monoclonal
the apical compartment of each filter. For LPS experiments, antibody IeG XP Isotype Control (phosphatidylethanolamine
p p p yl1g Yp phosp Yy
Caco-2 cells were transfected with siRNA for 24 hours before Conjugate) (Cell Signaling Technology, Inc.) in cold 0.1%
the LPS treatment. The Caco-2 TJ barrier assessments were bovine serum albumin/PBS for 30 minutes. All samples were
performed at day 3 or 3.5 and at the end of LPS treatment. collected on a LSR Fortessa (Becton Dickinson, Franklin

Lakes, NJ), and data were analyzed with FlowJo software

Flow Cytometry version 10 (TreeStar Inc., Ashland, OR).

To determine the activation of the NF-«kB pathway, filter-grown In Vivo Determination of Mouse Intestinal Permeability
Caco-2 monolayers were treated with or without LPS (300

pg/mL) for 3 to 4 days. The treated and untreated monolayers The Laboratory Animal Care and Use Committee at the Uni-
were detached by incubation with 0.25% EDTA in calcium- versity of New Mexico approved all experimental protocols.
and magnesium-free PBS (pH 7.2). Cells were immediately C57BL/6 mice, TLR-4, and MyD88 knockout mice (9 to 10
fixed and prepped for intranuclear permeabilization with the weeks of age) were purchased from The Jackson Laboratories
use of ice-cold BD Phosflow Perm Buffer III (BD Biosciences (Bar Harbor, ME). The mice were kept two per cage in a
Inc., San Jose, CA).*>*’ The resulting permeabilized cells were temperature-controlled room at 25°C with a 12:12 hour light/

stained with phospho-Ikf3 alpha (S32/S36) (RILYB3R) eFluor dark cycle. Diet and drinking water were provided ad libitum.
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Figure 4  Effects of genetic knockdown of p65/p50 and p52/p100 on lipopolysaccharide (LPS)-induced increase in intestinal epithelial tight junction

permeability. A: p65 siRNA transfection resulted in a near-complete depletion of p65. Relative densitometry analysis of p65 protein expression levels. B: The
siRNA of p50 transfection resulted in a near-complete depletion of p50 protein expression. Relative densitometry of p50 protein expression levels. C: The p52
siRNA transfection resulted in a near-complete depletion of p52 as shown in densitometry analysis. D: p100 siRNA transfection resulted in a near-complete
depletion of p100, as shown in densitometry analysis. E: p65 and p50 siRNA transfection in Caco-2 monolayers inhibited the LPS-induced drop in Caco-2 cell
transepithelial electrical resistance (TER). F: p65 and p50 siRNA transfection inhibited the LPS-induced increase in inulin flux. G: p52 and p100 siRNA
transfection in Caco-2 monolayers did not prevent the LPS-induced drop in TER. H: p52 and p100 siRNA transfection did not prevent the LPS-induced increase
in inulin flux. The Western blot analysis was performed 72 hours after all siRNA transfections. n = 4 experiments (A—D and F); n = 3 experiments (H).
***p < 0.001 versus control; TT/P < 0.001 versus LPS. Con, control; NT, nontarget.

LPS effect on intestinal permeability in an in vivo mouse
model system was determined with the use of a re-cycling in-
testinal perfusion method as previously described.'”***°
Briefly, male or female mice were injected with LPS intraper-
itoneally (0.1 mg/kg body weight) every 24 hours for up to 5
days of experimental period. LPS caused similar increase in
intestinal permeability in male and female mice. For experi-
mental NF-kB inhibition, mice were injected with PDTC (10
mg/kg body weight) or Bay-11 (5 mg/kg body weight) dis-
solved in dimethyl sulfoxide or without LPS for 5 days. Simi-
larly, for experimental TAK-1 inhibition, mice were also
injected with 5Z-7-oxozeaenol (5 mg/kg body weight) with or
without LPS for 5 days. A 6-cm segment of mouse small in-
testine was isolated and cannulated with a small-diameter
plastic tube (in an anesthetized mouse maintained in 1% iso-
flurane in oxygen) and continuously perfused with 5 mL of
Krebs-PBS for a 2-hour perfusion period. An external recircu-
lating pump (Econo Pump; Bio-Rad Laboratories) was used to
recirculate the perfusate at a constant flow rate (0.75 mL/min-
ute). The body temperature of mice was maintained at 37°C
with a temperature-controlled warming blanket. The intestinal
permeability was assessed by measuring flux rate of paracellular
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probe, Texas Red-labeled dextran (molecular weight = 10,000
g/mol). Water absorption was determined by using a nonab-
sorbable marker sodium ferrocyanide or by measuring the dif-
ference between initial and final volume of the perfusate.

Statistical Analysis

Data shown represent the means + SEM. Statistical ana-
lyses were performed by using GraphPad Prism software
version 7 (GraphPad Software, La Jolla, CA). Differences
between groups were determined by U-test or one-way
analysis of variance or by two-way analysis of variance
with Bonferroni or Tukey posttest. A P value < 0.05 was
considered statistically significant.

Results

LPS-Induced Increase in Caco-2 TJ Permeability Is
Mediated by an Activation of NF-kB Pathway

LPS caused a time- and concentration-dependent increase in
Caco-2 TJ permeability (measured by mucosal-to-serosal
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flux of paracellular marker inulin) (Table 1) starting be- Canonical but Not Noncanonical NF-kB Pathway
tween 3 and 4 days after LPS exposure.'” However, the Mediates the LPS-Induced Increase in Caco-2 TJ
signaling pathways and mechanisms that mediated LPS- Permeability

induced increase in MLCK gene expression and TJ

permeability remained unclear. Because LPS was known to In the following studies, the possible involvement of
activate NF-kB (both canonical and noncanonical pathway), canonical (NF-kB p50/p65) or noncanonical (NF-kB
it was hypothesized that the LPS-induced increase in in- p52/p100) pathway in the LPS modulation of Caco-2 TJ
testinal TJ permeability was mediated in part by TLR4/ permeability was examined. The effect of LPS (300 pg/mL)
MyD88 signal transduction pathway activation of NF-«B. on activation of canonical or noncanonical pathway was
To test this hypothesis, the effects of pharmacologic NF-kB determined by immunoblot analysis and immunostaining.
inhibitor, PDTC, were first examined on LPS-induced in- LPS caused an increase in nuclear expression of p65 but not
crease in Caco-2 TJ permeability. PDTC prevented the LPS- p52 (Figure 2, A and B). LPS also caused an increase in
induced drop in Caco-2 TER (Figure 1A) and increase in cytoplasmic-to-nuclear translocation of NF-kB p65 but not
mucosal-to-serosal inulin flux (Figure 1B). These data NF-kB p52 (Figure 2, C and D). In separate experiments,
suggested that the activation of NF-kB was required for the the activation of canonical pathway was also determined by
LPS-induced increase in Caco-2 TJ permeability. degradation of inhibitory protein IkB-a. LPS caused a
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Figure 6  Effect of toll-like receptor (TLR)-4, myeloid differentiation primary response (MyD)88, and transforming growth factor-B—activating kinase

(TAK)-1 siRNA on lipopolysaccharide (LPS)-induced activation of NF-kB canonical pathway in Caco-2 cells. A: TAK-1 siRNA transfection in Caco-2 cells pre-
vented LPS-induced degradation of inhibitory k B (IkB)-a protein expression compared with nontarget (NT) siRNA-transfected LPS-treated cells. Relative
densitometry analysis of IkB-o. protein levels. B: TLR-4 siRNA and MyD88 siRNA transfection in Caco-2 cells prevented LPS-induced increase in TAK-1
phosphorylation. Relative densitometry analysis of pTAK-1 protein levels. C: Confocal immunofluorescence showed that TLR-4, MyD88, and TAK-1 siRNA
transfection of Caco-2 monolayers prevented the LPS-induced p65 (red) translocation to the nucleus (blue) (arrowhead) at 3 day after LPS exposure D: TLR-4
siRNA and MyD88 siRNA transfection in Caco-2 cells prevented LPS-induced degradation of IkB-a protein expression. Densitometry of IkB-o protein levels. E:
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degradation of IkB-o in Caco-2 cells by 3 to 3.5 days
(Figure 2, E and F). To further confirm the LPS-induced
activation of canonical NF-kB pathway, the phosphoryla-
tion of IkB-a and p65 was determined by flow cytometry.
LPS caused an increase in phospho IkB-o. (mean fluores-
cence intensity: control, 175 £ 12.12, versus LPS,
292 + 25.63) and phospho-p65 (mean fluorescence in-
tensity:  Control, 3307 + 154.7, versus LPS,
4329.3 + 169.4) in Caco-2 cells by 3 to 3.5 days of LPS
exposure (Figure 2, G and H). Together these data

804

demonstrated that LPS induced the degradation of IkB-o
and activation and nuclear translocation of NF-kB p50/p65.
In the following studies, the role of IKKs, IKK-a. or IKK-f3,
in mediating the LPS-induced increase in intestinal TJ
permeability was examined. In these studies, the effect of
LPS on IKK-o or IKK-B activation was examined by
immunoblot. LPS (300 pg/mL) treatment caused phos-
phorylation of both IKK-oo and IKK-B by day 3 to 3.5
(Figure 3A). To further evaluate the requirement of IKK-o
or IKK-B on LPS-induced increase in Caco-2 TJ
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permeability, IKK-a or IKK- was silenced by transfection
with IKK-a or IKK-f siRNA (Figure 3, B and C). The LPS-
induced increase in inulin flux was completely inhibited by
IKK-B siRNA and transfection, mostly prevented by IKK-a
siRNA transfection, but to a lesser degree than IKK-fB
transfection (Figure 3, D and E).

Next, the requirement of NF-kB p50/p65 or NF-«B
p52/p100 on LPS-induced increase in Caco-2 TJ perme-
ability was determined by siRNA-induced silencing of NF-
kB p50/p65 or NF-kB 52/p100. The siRNA transfections of
p65, p50, pS2, or pl00 caused a marked depletion of
respective target protein (Figure 4, A—D). The siRNA-
induced silencing of p50 or p65 subunit resulted in an in-
hibition of LPS-induced drop in TER and an increase in
inulin flux in Caco-2 monolayers (Figure 4, E and F). In
contrast, siRNA-induced knockdown of p52 or p100 did not
have significant effect on the LPS-induced drop in TER or
increase in inulin flux (Figure 4, G and H). Collectively,
these data demonstrated that LPS caused an activation of the
canonical NF-kB pathway and that NF-«kB p50/p65 activa-
tion was required for the LPS-induced increase in Caco-2 TJ
permeability.
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sip50 analyzed by Western blot analysis and relative

analysis of MLCK protein levels by densitometry.
n = 3 experiments (A); n = 4 experiments (B and
D). **P < 0.01 versus nontarget siRNA control;
1P < 0.01 versus LPS. C, control; NT, nontarget.

TAK-1 Mediates the LPS-Induced Activation of
Canonical NF-kB Pathway and Increase in Caco-2 TJ
Permeability

TAK-1 has been implicated to play an important regulatory
role in toll-like receptor activation of NF-KB,3 448752 and
recent studies have also shown both NIK and MEKK-1 to
be an important regulator of NF-kB p50/p65 activa-
tion.”> To determine the upstream protein kinases
responsible for the LPS activation of NF-«B p50/p65, the
possible involvement of TAK-1, NIK, and MEKK-1 was
examined. LPS (300 pg/mL) caused an increase in TAK-1
phosphorylation by day 3 in Caco-2 monolayers
(Figure 5A). Immunostaining studies also showed that LPS
caused an increase in phosphorylated TAK-1 in the cyto-
plasm by day 3 of LPS treatment (Figure 5D). TAK-1,
NIK, and MEKK-1 siRNA transfection resulted in a
marked depletion of TAK-1, NIK, and MEKK-1 proteins,
respectively (Figure SE). The siRNA knockdown of TAK-
1 inhibited the LPS-induced drop in Caco-2 cell TER and
increase in inulin flux (Figure 5, F and G). Next, the effect
of LPS on MEKK-1 or NIK activation was determined by
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assessing MEK-1 and NIK phosphorylation. LPS did not
cause an increase in NIK or MEKK-1 phosphorylation
(Figure 5, B and C). The siRNA silencing of NIK or
MEKK-1 (Figure 5H) did not inhibit the LPS-induced drop
in TER (Figure 5SH). Next, the effect of TAK-1 knockdown
on LPS-induced activation of NF-kB p50/p65 was deter-
mined. The siRNA-induced silencing of TAK-1 inhibited
the LPS-induced degradation of IkB-a and the
cytoplasmic-to-nuclear translocation of NF-«kB p50/p65
(Figure 6, A and C).In addition, TAK-1 inhibition pre-
vented activation of LPS-induced activation of IKK-o and
IKK-B phosphorylation (Figure 6E). Together, these data
suggested that TAK-1 activation was required for the LPS-
induced activation of canonical NF-kB pathway and in-
crease in Caco-2 TJ permeability.

LPS-Induced Activation of TAK-1 and NF-kB p50/p65
Pathway Is Regulated by TLR-4/MyD88 Signal
Transduction Axis

In the following studies, the regulatory role of TLR-4 re-
ceptor complex on TAK-1 and canonical NF-kB pathway
activation was examined. In these studies, the effect of
siRNA silencing of TLR-4 or MyD88 on TAK-1 and
NF-kB p50/p65 was determined. The siRNA silencing of
TLR-4 or MyD88 inhibited the LPS-induced increase in
TAK-1 phosphorylation (Figure 6B). The TLR-4 or MyD88
siRNA transfection of Caco-2 monolayers also inhibited the
LPS-induced IkB-a degradation (Figure 6D) and the
cytoplasmic-to-nuclear translocation of NF-kB p50/p65

806

dimer (Figure 6C). These findings suggested that the LPS-
induced activation of TAK-1 and NF-kB p50/p65 was
mediated by the TLR-4/MyD88 signal-transduction
pathway.

LPS-Induced Increase in MLCK Expression Is Mediated
by TAK-1—Dependent Activation of NF-xB p50/p65

Previous studies from our laboratory showed that MLCK
was an effector protein responsible for the LPS-induced
increase in Caco-2 TJ permeability.'” In the following
studies, the involvement of TAK-1 and NF-kB p50/p65 in
LPS-induced increase in MLCK gene and protein expres-
sion was examined. The TAK-1 siRNA transfection
inhibited the LPS-induced increase in MLCK mRNA and
phosphorylated MLC and MLCK protein expression
(Figure 7, A and B). The NF-kB p50 or p65 siRNA trans-
fection also inhibited the LPS-induced increase in MLCK
mRNA and protein expression in Caco-2 monolayers
(Figure 7, C and D). These findings suggested that the LPS-
induced increase in Caco-2 MLCK mRNA and protein
expression in Caco-2 monolayers was mediated by TAK-
1—dependent activation of NF-kB p50/p65.

LPS-Induced Increase in Mouse Intestinal Permeability
in Vivo Is Mediated by an Enterocyte NF-kB p50/p65
Activation

Previous studies from our laboratory showed that the i.p. in-
jection of LPS (0.1 mg/kg body weight) in mice caused a serum
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steady state LPS concentrations of 0.405 ng/mL and peak level
of 2.35 ng/mL.'****° In the following studies, the in vivo effect
of LPS on mouse enterocyte NF-kB p50/p65 activation was
determined by assessing IkB-a degradation and cytoplasmic-
to-nuclear NF-kB p65 translocation. The i.p. LPS administra-
tion (0.1 mg/kg body weight) resulted in an activation of mouse
enterocyte NF-kB p50/p65 as evidenced by marked decrease in
intestinal tissue IkB-o expression and an increase in
cytoplasmic-to nuclear translocation of NF-kB p50/p65 in
mouse enterocytes (Figure 8, A—C). Next, to determine the
requirement of NF-kB p50/p65 activation in LPS-induced in-
crease in mouse intestinal permeability, the effects of phar-
macologic NF-kB inhibitor PDTC and Bay-11 on LPS-
induced increase in mouse intestinal permeability were exam-
ined. The i.p. injection of PDTC inhibited the LPS-induced
increase in mouse intestinal permeability to 10K dextran
(10kd) (Figure 8D). Similarly, Bay-11 (5 mg/kg body weight),
which inhibited IkB-degradation,”* > also inhibited the LPS-
induced increase in mouse intestinal permeability (Figure 8D),
confirming that the LPS-induced increase in intestinal perme-
ability required the activation of NF-kB p50/p65.

TAK-1 Mediates the LPS-Induced Activation of Mouse
Enterocyte NF-xB p50/p65 in Vivo

In the following studies, the in vivo effect of LPS on TAK-1
activation in mouse enterocyte was determined. LPS i.p.
injection (0.1 mg/kg body weight) resulted in an increase in
TAK-1 phosphorylation in mouse intestinal enterocytes by
day 3 (Figure 9, A and B). Next, the effect of TAK-1
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Figure 9 Lipopolysaccharide (LPS) activated
transforming growth factor-B—activating kinase
(TAK)-1 in vivo, and TAK-1 inhibition prevented
the LPS-induced increase in mouse intestinal
epithelial tight junction permeability. A: LPS i.p.
injections (0.1 mg/kg body weight) in mice
caused activation of TAK-1 (phopshoTAK-1)
expression by day 3. Densitometry of phosphoTAK-
1 protein levels. B: Confocal immunofluorescence
showed increase in phopshoTAK-1 expression
(green) (arrowheads) (nucleus, blue) in the in-
testines (enterocytes) of mice treated with LPS
(0.1 mg/kg body weight). C: Pretreatment with
TAK-1 inhibitor (Inh), oxozeaenol (5 mg/kg body
weight), prevented the LPS-induced increase in
10K dextran flux. Oxozeaenol was dissolved in
dimethyl sulfoxide and injected intraperitoneally,
1 hour before LPS injection. n = 3 experiments (A
and B). **P < 0.01, ***P < 0.001 versus control;
P < 0.001 versus LPS. Scale bars = 5 um. C,
control.
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inhibition was examined on LPS-induced increase in
mouse intestinal permeability. An i.p. administration of
pharmacologic inhibitor of TAK-1, oxozeaenol™ (5 mg/kg
body weight), inhibited the LPS-induced increase in mouse
intestinal permeability (Figure 9C), confirming that TAK-1
activation was also required for the LPS-induced increase
in intestinal permeability.

TLR-4/MyD88 Signal Transduction Pathway and TAK-1
Mediate the LPS-Induced Activation of NF-kB p50/p65
in Mouse Intestine in Vivo

To study the role of TLR4 and MyD88 pathway in LPS-
induced activation of NF-kB p50/p65 in mouse intestinal
enterocytes, the effects of LPS on IkB-o degradation were
examined in TLR-4— and MyD88-deficient mice enter-
ocytes. The LPS-induced increase in IkB-o degradation in
mice enterocytes was inhibited in TLR-4 '~ and MyD88 '~
mice, supporting the regulatory involvement of
TLR-4/MyD88 axis in NF-kB p50/p65 pathway activation
in mice (Figure 10A). In separate studies, the effect of
TAK-1 inhibition by oxozeaenol on LPS-induced IkB-a
degradation in mouse enterocytes was also examined. LPS
treatment with TAK-1 inhibitor (oxozeaenol, 5 mg/kg body
weight) also inhibited the enterocytes IkB-o degradation
(Figure 10B). These data further supported the regulatory
role of TLR-4/My D88 transduction pathways and TAK-1
in the activation of NF-kB p50/p65 in in vivo.
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TAK-1 and NF-kB Pathway Mediates the LPS-Induced
Increase in MLCK Expression in Mouse Intestine in Vivo

In the following studies, the involvement of TAK-1 and NF-
kB p50/p65 on LPS-induced increase in MLCK protein in
mouse intestinal tissue (enterocytes) was examined. Mice
were injected with PDTC (10 mg/kg body weight) and Bay-
11 (5 mg/kg body weight) or TAK-1 inhibitor, oxozeaenol
(5 mg/kg body weight) in dimethyl sulfoxide with or
without LPS (0.1 mg/kg body weight by i.p. injection) daily
for 5 days. The mouse intestinal tissue (enterocytes) was
prepared for immunoblotting to study MLCK protein
expression. PDTC treatment inhibited the LPS-induced in-
crease in MLCK protein expression in mouse enterocytes
(Figure 11A). Similarly, Bay-11 also inhibited the LPS-
induced increase in MLCK protein expression
(Figure 11B). The TAK-1 inhibitor oxyzeonol also pre-
vented the LPS-induced increase in MLCK protein expres-
sion (Figure 11C).

Discussion

Defective intestinal epithelial TJ barrier is an important
pathogenic factor that contributes to the development of
intestinal inflammation and systemic inflammatory re-
sponses by allowing increased intestinal permeation and
systemic circulation of gut-derived bacterial antigens.'"”
Plasma LPS levels are markedly elevated in IBD and
NEC and play an important pathogenic role in the inflam-
matory process by activating and prolonging the immune
response. In previous studies, pharmacologic concentrations
of LPS, ranging from 1 to 100 pg/mL, induced rapid in-
testinal epithelial cell death within minutes of LPS expo-
sure, leading to large gaps and openings in the epithelial
layer and a rapid increase in paracellular epithelial perme-
ability in both cell culture systems and live animals.'”** The
most commonly used pharmacologic concentrations of LPS
(50 pg/mL) exceed the clinically achievable serum con-
centrations of LPS (100 to 1000 pg/mL) by approximately
50,000 to 500,000 times.”"”” However, LPS at lower clin-
ically achievable concentrations, ranging from 0 to
2000 pg/mL, does not cause cell death but causes a selective
time-dependent increase in intestinal TJ permeability.'*-***
At clinically achievable concentrations, LPS-induced in-
crease in intestinal TJ permeability is mediated by an in-
crease in the expression of TJ effector protein MLCK."
MLCK induces the opening of the TJ barrier by activating
MLC phosphorylation and Mg*"/myosin ATPase-
dependent contraction of perijunctional actin and myosin
filaments, which in turn generates mechanical tension and
centripetal pulling apart of the TJ barrier.'*'”-'%2"% MLCK
plays a central mechanistic role in inducing an increase in
intestinal TJ permeability in a number of inflammatory
conditions.'”**?° In healthy individuals, serum LPS levels
usually range from undetectable levels up to approximately
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Figure 10 Lipopolysaccharide (LPS)-induced activation of NF-kB ca-

nonical pathway was inhibited in toll-like receptor (TLR)-4~/~ and myeloid
differentiation primary response (MyD)88’/’ mice and with transforming
growth factor-B—activating kinase (TAK)-1 inhibition. A: LPS i.p. injections
(0.1 mg/kg body weight) in TLR-4/~ and MyD88~/~ mice did not induce
inhibitory k B (IkB)-o. degradation (day 3) compared with TLR4™/* and
MyD88*/* control (C) mice, respectively. Densitometry of IkB-a protein. B:
Pretreatment with TAK-1 inhibitor (in; inh), oxyzeanol (Oxz; 5 mg/kg body
weight), prevented the LPS-induced degradation of IkB-o expression (day
3) compared with vehicle- or LPS-treated mice. Densitometry of IkB-a
protein levels. n = 3 experiments. **P < 0.01 versus control; TP < 0.01
versus LPS.

200 pg/mL. In patients with IBD and other inflammatory
conditions such as necrotic enterocolitis and alcoholic liver
disease, the serum LPS levels can range as high as 2000 pg/
mL, but levels >3000 pg/mL are extremely rare and difficult
to achieve.'"®' LPS concentrations up to 2000 pg/mL do
not cause intestinal cell death.'’”'*** Clinically relevant
concentration of LPS (300 pg/mL) were used in this study to
decipher the intracellular processes that mediate the LPS-
induced increase in intestinal TJ permeability.
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In the studies described herein, the intracellular signaling
pathway that mediates the LPS-induced increase in intesti-
nal epithelial TJ permeability was studied. LPS-induced
increase in intestinal TJ permeability is regulated in part by
its binding and activation of TLR-4 receptor complex, and
NF-kB is an important downstream target of the TLR-4
signal transduction pathway. This study examined the
possible involvement of NF-kB in LPS modulation of the
intestinal TJ barrier. Previous studies have suggested that
both canonical and noncanonical NF-kB pathways play a
regulatory role in intestinal TJ barrier regulation.”*** Our
data showed that LPS causes an activation of canonical NF-
kB pathway (p50/p65) but not the noncanonical pathway
(p52/p100). The siRNA knockdown of p50/p65 but not p52/
p100 inhibited the increase in Caco-2 TJ permeability. Thus,
our studies show that the activation of NF-kB canonical
pathway was required for the LPS-induced increase in
Caco-2 TJ permeability.

To delineate the up-stream signaling kinases involved in
NF-kB activation, the possible involvement of TAK-1,
MEKK-1, and NIK was examined. Both MEKK-1 and
NIK have been shown to regulate the IKK activity and TJ
barrier opening.”***? Interestingly, neither MEKK-1 nor
NIK was activated by LPS, and their knockdown did not
affect the NF-kB p50/p65 activation or the increase in Caco-
2 TJ permeability. However, LPS caused an activation of
TAK-1, and TAK-1 knockdown inhibited the LPS-induced
activation of IKK-a, IKK-B, NF-kB p50/p65 and the
increase in the Caco-2 TJ permeability. Our results herein
describe a new distinct kinase pathway regulation of LPS-
induced increase in intestinal TJ permeability that involves
TAK-1. In contrast, the prior studies showed that proin-
flammatory mediators tumor necrosis factor-o. and
IL-18”*" cause an increase in intestinal TJ permeability by
MEKK-1— and NIK-dependent activation of NF-kB
p50/p65. The present results show that TAK-1 mediates the
LPS-induced NF-kB p50/p65 activation and increase in
intestinal TJ permeability, independent of MEKK-1 or NIK.
TAK-1 has been demonstrated to be involved in the acti-
vation of IKK-B in neural cells, and recent studies have
shown that polyubiquitination of signaling proteins through
lysine (Lys)-63—linked polyubiquitin chains plays an
important role in the activation of TAK1 and IKK.***? Our

Figure 11  Effect of inhibition of NF-xB pathway and transforming
growth factor-B—activating kinase (TAK)-1 on lipopolysaccharide (LPS)-
induced activation of myosin light chain kinase (MLCK) expression in mouse
enterocytes. A: NF-xB inhibitor ammonium pyrrolidinedithiocarbamate
(PDTC) prevented LPS-induced increase in MLCK protein expression (5 day)
compared with vehicle- or LPS-treated mice. Densitometry of MLCK protein
levels. B: NF-kB inhibitor Bay-11 also prevented LPS-induced increase in
MLCK protein expression (5 day) compared with vehicle- or /LPS-treated
mice. Densitometry of MLCK protein levels. C: Pretreatment with TAK-1
inhibitor (in; inh), oxyzeanol (Oxz; 5 mg/kg body weight), prevented the
LPS-induced increase in MLCK protein expression (5 day) compared with
vehicle- or LPS-treated mice. Densitometry of MLCK protein levels. n = 3
experiments. **P < 0.01 versus control; P < 0.01 versus LPS. C, control.
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data also showed that TAK-1 knockdown inhibits the LPS-
induced activation on IKK-a, IKK-B, IkB-a. Thus, these
findings demonstrated the regulatory role of TAK-1 and NF-
kB p50/p65 in mediating the LPS-induced increase in TJ
permeability.

As for the effector protein involved, the previous studies
have shown that MLCK mediates the LPS-induced increase
in Caco-2 TJ permeability by inducing MLC phosphorylation
and opening of TJ barrier.'” The present studies showed that
TAK-1—dependent activation of NF-«kB p50/p65 was
responsible for the increase in MLCK mRNA and protein
expression. In the present studies, the siRNA induced
knockdown of TAK-1 or NF-kB p50/p65 inhibited the LPS-
induced increase in MLCK activity, expression, and TJ
permeability. Thus, these findings show that NF-kB p50/p65
mediates the LPS-induced increase in TJ permeability by
targeting the expression of TJ effector protein MLCK.

Interestingly, the LPS-induced increase in intestinal TJ
permeability only occurs after 3 to 4 days of LPS exposure.
The increase in TJ permeability was mediated by an increase
in basolateral membrane localization of protein components
of TLR-4 receptor complex, including TLR-4, CD14, and
MD-2.""?** The results described herein provide a
mechanistic explanation for the observed time course of
LPS-induced increase in Caco-2 permeability. The time
course of LPS-induced activation of TAK-1 and NF-«B
p50/p65 occurring at day 3 paralleled the activation of TLR-
4 and MyD88.”**> The LPS-induced increase in MLCK
expression and Caco-2 TJ permeability occurred after the
activation of NF-kB p50/p65 and was inhibited by phar-
macologic inhibition or siRNA-induced silencing of NF-«kB
p50/p65. The present studies also showed that the LPS-
induced increase in TAK-1 and NF-kB p50/p65 was
mediated by TLR-4/MyD88 signal-transduction pathway,
and siRNA knockdown of TLR-4 or MyD88 inhibited the
activation of TAK-1, NF-kB p50/p65, MLCK expression,
and the increase in TJ permeability.'” Thus, in combination
with previous studies,'”>**” the present findings suggest
that LPS binding to the TLR-4 receptor complex activates
the MyD88 signaling pathway, which, in turn, activates
TAK-1 and NF-kB p50/65 leading to the increase in MLCK
gene activity and expression and an increase in Caco-2 TJ
permeability (Figure 12).

The IKK complex plays an integral role in the regulation of
NF-kB activity by inducing the degradation of IxB-o.*' %
The IKK complex consists of two catalytic subunits IKK-a
and IKK-f and a regulatory subunit IKK-y/NEMO. IKK-a.
and IKK-P are protein kinases and have an enzymatic func-
tion.”* The activation of IKK complex leads to the phos-
phorylation of serine residues within the activation loop of
IKK catalytic subunits. The activated IKK catalytic subunits
phosphorylate IkB proteins at Ser32 and Ser36, leading to a
rapid degradation of phosphorylated IkB-o. by 26S protea-
some and concurrent activation and nuclear translocation of
NF-kB p65/p50 dimer.”” The involvement of IKK catalytic
subunits in the regulation of TJ barrier function has been
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Figure 12  Proposed scheme of the intracellular pathways involved in
lipopolysaccharide (LPS)-induced activation of canonical NF-kB pathway.
LPS treatment results in activation of the toll-like receptor (TLR)-4 signal
transduction and myeloid differentiation primary response (MyD)88-
dependent signaling cascade. Activation of TLR-4/MyD88 signal trans-
duction pathway leads to the activation of IL-1 receptor-associated kinase
(IRAK)-4 and phosphorylation of transforming growth factor-B—activating
kinase (TAK)-1, leading to the activation of canonical NF-xB pathway of
both inhibitory k B (IkB) kinases (IKKs), IKK-a and IKK-B, which further
leads to degradation of IkB-a and nuclear translocation of NF-kB p65/p50.
The activation of TAK-1 and canonical NF-kB p65/p50 causes up-regulation
of myosin light chain kinase (MLCK) gene and protein expression, ulti-
mately increasing tight junction (TJ) permeability in vitro and in vivo.

previously reported.”*”** These data show that TAK-
1—dependent activation of NF-kB p50/p65 was mediated by
IKKs, IKK-a and IKK-B. Although both IKK-o and IKK-3
were involved in the activation of NF-kB p50/p65, IKK-B
appeared to have a greater effect than IKK-a.

The mouse intestinal perfusion studies were also per-
formed to determine the in vivo involvement of the TAK-1
and NF-kB p50/p65 in LPS-induced increase in mouse in-
testinal permeability. Similar to the cell culture studies with
filter-grown Caco-2 monolayers, the in vivo mouse studies
also showed that LPS administration caused an activation of
TAK-1 in mouse small intestine. The TAK-1 inhibition by
pharmacologic TAK-1 inhibitor (oxyzeonol) inhibited the
LPS-induced increase in mouse enterocyte NF-kB p50/p65
activation, MLCK expression, and intestinal permeability in
mice intestines. LPS also activated the canonical NF-kB p50/
p65 pathway, and administration of NF-kB inhibitors, cur-
cumin, PDTC, and Bay-11 prevented the LPS-induced in-
crease in MLCK expression and mouse intestinal permeability.
In addition, the LPS-induced activation of TAK-1 and NF-«xB
p50/p65 was prevented in TLR-4 and My D88 knockout mice.
These data suggested that LPS-induced activation of TAK-1
and canonical NF-kB p50/p65 in mouse enterocytes was
required for the increase in intestinal MLCK expression and
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mouse intestinal permeability. In vivo studies also showed that
TAK-1 was a key regulator of LPS-induced IkB-a degradation
and NF-kB p50/p65 activation in mouse enterocytes. Thus,
in vivo data indicated that TAK-1 also plays an integral role in
mediating the LPS-induced activation of the canonical
pathway, increase in MLCK gene expression, and increase in
mouse intestinal permeability.

Conclusions

These results provide important new insight into the intracel-
lular signaling processes that mediate the LPS-induced in-
crease in intestinal TJ permeability in vitro and in vivo. They
show that LPS, at physiologically relevant concentrations,
causes a TLR-4/MyDS88 signal transduction pathway—
dependent phosphorylation and activation of TAK-1. The
activation of TAK-1 then in a step-wise manner induces the
activation of catalytic components of IKK complex, IKK-a.
and IKK-B, degradation of IkB-a, and activation of NF-kB
p50/p65 pathway. The activation of NF-kB p50/p65 then leads
to an increase in MLCK activity, gene and protein expression,
and MLCK-induced opening of the intestinal TJ barrier.
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