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Abstract

Gut-derived bacterial lipopolysaccharides (LPS) play an essential role in inducing intestinal and 

systemic inflammatory responses and have been implicated as a pathogenic factor of necrotizing 

enterocolitis (NEC) and inflammatory bowel disease (IBD). The defective intestinal tight junction 

(TJ) barrier has been shown to be an important factor contributing to the development of intestinal 

inflammation. LPS, at physiological concentrations, cause an increase in intestinal tight junction 

permeability (TJP) via a TLR-4 dependent process; however the intracellular mechanisms that 

mediate LPS regulation of intestinal TJP remain unclear. The aim of this study was to investigate 

the adaptor proteins and the signaling interactions that mediate LPS modulation of intestinal TJ 

barrier using an in-vitro and in-vivo model system. LPS caused a TLR-4 dependent activation of 

membrane-associated adaptor protein FAK in Caco-2 monolayers. LPS caused an activation of 

both MyD88-dependent and –independent pathways. SiRNA silencing of MyD88 prevented LPS-

induced increase in TJP. LPS caused a MyD88-dependent activation of IRAK4. TLR-4, FAK and 

MyD88 were co-localized. SiRNA silencing of TLR-4 inhibited TLR-4 associated FAK 

activation; and FAK knockdown prevented MyD88 activation. In-vivo studies also confirmed that 

LPS-induced increase in mouse intestinal permeability was associated with FAK and MyD88 

activation; knockdown of intestinal epithelial FAK prevented LPS-induced increase in intestinal 

permeability. Additionally, high dose LPS-induced intestinal inflammation was also dependent on 

TLR-4/FAK/MyD88 signal-transduction axis. Our data show for the first time that LPS-induced 

increase in intestinal TJP and intestinal inflammation was regulated by TLR-4 dependent 

activation of FAK-MyD88-IRAK4 signaling pathway.
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Introduction

The intestinal epithelium provides a physical barrier that separates the many trillions of 

commensal bacteria in the intestinal lumen from the underlying lamina propria and the 

deeper intestinal layers(1, 2). Defective intestinal epithelial tight junction (TJ) barrier, 

characterized by an increase in intestinal permeability, has been shown to be an important 

pathogenic factor contributing to the development of inflammatory bowel disease (IBD) and 

necrotizing enterocolitis (NEC) by allowing paracellular permeation of luminal antigens that 

elicit and promote inflammatory response(1, 2). The importance of defective intestinal TJ 

barrier in the development and the prolongation of intestinal inflammation in IBD and NEC 

has been shown in clinical and animal studies(1–4). It is well-established that patients with 

IBD and NEC have a defective intestinal TJ barrier manifested by an increase in intestinal 

permeability (5, 6); and animal studies have shown that enhancement or protection of 

intestinal TJ barrier prevents the development of intestinal inflammation in animal models 

of IBD and NEC(7, 8).

Lipopolysaccharide (LPS), also referred to as endotoxin, is an important structural 

component of the outer membrane of gram negative bacteria. Normally, LPS concentrations 

are highest in the gut lumen and low or undetectable in the circulating plasma, as LPS in the 

gut lumen do not penetrate across the healthy intestinal epithelium(9, 10). However, in IBD 

and NEC, the defective or leaky TJ barrier allows paracellular permeation of LPS and other 

luminal antigens, which leads to the increase in the intestinal tissue and plasma 

concentration of LPS(11–13). The importance of LPS in the pathogenesis of NEC and IBD 

are highlighted by studies that show that the circulating levels of LPS are elevated in 

patients with these diseases. Similarly, animal models of NEC and IBD also have increased 

levels of LPS in the intestinal tissue and in the serum(14, 15). Additionally, the intestinal 

tissue expression of toll-like receptor-4 (TLR-4), the pattern recognition receptor which 

binds the LPS, is also markedly increased in IBD and NEC(16, 17). TLR-4 polymorphism is 

associated with increased risk of IBD and more extensive colonic involvement in UC(18). 

The increase in the intestinal tissue and circulating levels of LPS has been shown to exert 

deleterious effects on the intestinal epithelial cells, characterized by a reduction in intestinal 

barrier integrity. However, how the circulating LPS regulates the intestinal epithelial barrier 

remains unknown.

Most of the published studies used high pharmacologic concentrations of LPS (1–50 μg/ml) 

to show that LPS causes rapid cell death and apoptosis in various cell types, but these 

studies do not provide accurate depiction of biological activity of physiological 

concentrations of LPS(19, 20). Previous studies from our laboratory showed that LPS at 

physiologically and clinically relevant concentrations (0–10 ng/ml) do not cause intestinal 

epithelial cell death, but causes a selective increase in intestinal TJ permeability in-vitro and 

in-vivo by inducing enterocyte membrane expression of TLR-4 and CD14(21). LPS 
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stimulation of mammalian cells occurs through a series of interactions with several 

membrane-associated proteins including the LPS binding protein (LBP), CD14, MD-2 and 

TLR-4(22). Upon ligation of TLR-4 with LPS, signaling cascades are activated which result 

in the production of innate effector responses as well as the initiation of an adaptive immune 

response. Adaptor proteins are recruited to the TLR-4 receptor complex via TIR-TIR 

interactions. TLR-4 signaling has been divided into MyD88-dependent and MyD88-

independent or TRIF-dependent pathways(22). Focal adhesion kinase (FAK) plays a key 

role in focal adhesion dynamics and signal transduction process(23). MyD88 has been 

shown to be involved in FAK-regulated protein I/II-induced cytokine release in mice 

macrophages(24). The mechanisms of how LPS regulates TLR-4 signal transduction and the 

involvement of adaptor proteins remain unclear. The major aim of this study was to examine 

the role of adaptor proteins FAK and MyD88 in LPS-induced increase in intestinal epithelial 

TJ permeability, using filter-grown Caco-2 intestinal epithelial monolayers and mouse re-

cycling intestinal perfusion as in-vitro and in-vivo models of intestinal epithelium. Our data 

show for the first time that the LPS-induced increase in intestinal epithelial TJ permeability 

is mediated by the activation of TLR-4/FAK/MyD88 signal transduction axis; moreover, our 

data also show that high dose LPS-induced inflammation and mucosal damage are also 

dependent on TLR-4/FAK/MyD88 axis activation.

Materials and Methods

Reagents

DMEM, trypsin, FBS, glutamine, penicillin, streptomycin, PBS, HRP-conjugated secondary 

antibodies for Western blot analysis were purchased from Invitrogen Life Technologies 

(Carlsbad, CA). siRNA of FAK, TRIF, TRAM, MyD88 and transfection reagents were from 

Dharmacon (Lafayette, CO). LPS (O111:B4) and focal adhesion kinase (FAK) inhibitor 

PF-573228 (3,4-dihydro-6-[[4-[[[3-(methyl-sulfonyl)phenyl]methyl]amino]-5-

(trifluoromethyl)-2-pyrimidinyl]amino]-2(1H)-quinolinone) (PF-228) were purchased from 

Sigma-Aldrich (St. Louis, MO). All other chemicals were of reagent grade and were 

purchased from Sigma-Aldrich (St. Louis, MO), VWR (Aurora, CO), or Fisher Scientific 

(Pittsburgh, PA).

Cell culture

Caco-2 cells (passage 20) were purchased from the American Type Culture Collection 

(Manassas, VA) and maintained at 37°C in a culture medium composed of DMEM with 4.5 

mg/ml glucose, 50 U/ml penicillin, 50 U/ml streptomycin, 4 mM glutamine, 25 mM HEPES, 

and 10% FBS as previously described. Caco-2 cells were used between passages 22 and 28 

in this study. The cells were kept at 37°C in a 5% CO2 environment. For growth on filters, 

high-density cells (1 × 105 cells) were plated on Transwell filters with 0.4 μm pore (Corning 

Incorporated, Corning, NY) and monitored regularly by visualization with an inverted 

microscope (Eclipse TS100/100-F, Nikon, Melville, NY) and by epithelial resistance 

measurements.
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Assessment of protein expression by western blot analysis

Protein expression from Caco-2 cells and mouse tissue was assessed by western blot as 

previously described. Cells and mouse tissue were lysed with lysis buffer (50 mM Tris•HCl 

(pH 7.5), 150 mM NaCl, 500 μM NaF, 2 mM EDTA, 100 μM vanadate, 100 μM PMSF, 1 

μg/ml leupeptin, 1 μg/ml pepstatin A, 40 mM paranitrophenyl phosphate, 1 μg/ml aprotinin, 

and 1% Triton X-100) on ice for 30 min. The lysates were centrifuged at 10,000 g for 10 

min in an Eppendorf Centrifuge (5417R, Hauppauge, NY) to obtain a clear lysate. The 

supernatant was collected and protein concentration was determined using the Bio-Rad 

Protein Assay kit (Bio-Rad Laboratories, Hercules, CA). Laemmli gel loading buffer (Bio-

Rad Laboratories) was added to the lysate containing 10 – 20 μg of protein and boiled at 

100°C for 7 min, after which proteins were separated on an SDS-PAGE gel. Proteins from 

the gel were transferred to the membrane (Trans-Blot Transfer Medium, Nitrocellulose 

Membrane; Bio-Rad) overnight. The membrane was incubated for 2 h in blocking solution 

(5% dry milk in TBS-Tween 20 buffer). The membrane was then incubated with antibody in 

blocking solution. After a wash in TBS-1% Tween buffer, the membrane was incubated in 

secondary antibody and developed using the Santa Cruz Western Blotting Luminol Reagents 

(Santa Cruz Biotechnology, Santa Cruz, CA) on the Kodak BioMax MS film (Fisher 

Scientific, Pittsburgh, PA). The films were exposed between 5 s to 10 min.

Co-immunoprecipitation analysis

Co-immunoprecipitation analysis was performed using Dynabeads Protein G (Life 

Technologies AS, Norway). After LPS treatment, Caco-2 cells were lysed in 

immunoprecipitation buffer (20 mM Tris•HCl (pH 7.5), 0.5 M NaCl, 1% Triton X-100, 50 

mM NaF, 2 mM EDTA, 1 mM Na3VO4, 0.1% sodium dodecyl sulfate, 0.5% Nonidet P-40 

and 10% glycerol (vol/vol)), containing protease inhibitor cocktail (Roche, Mannheim, 

Germany). After 4 cycles of freeze-thaw and sonication, lysates were centrifuged at 12,000 

g for 10 min. 1.5 mg Dynabeads were incubated with 10 μg TLR-4 antibody for 10 min at 

room temperature. After washing with washing buffer (PBS pH7.4 with 0.02% Tween-20), 

200 μl sample lysates were added into the beads-Ab complex, and incubated with rotation 

overnight at 4°C. After washing the Dynabeads-Ab-Ag complex 3 times with 200 μl 

washing buffer, 20 μl elution buffer (50 mM Glycine pH2.8) and 20 μl SDS sample buffer 

were added, and heated for 10 min at 95°C. Immunoprecipitates were separated by SDS-

PAGE and further analyzed by Western blot using anti-FAK and anti-MyD88 rabbit 

polyclonal Abs (Abcams).

Determination of epithelial monolayer resistance and paracellular permeability

Caco-2 transepithelial electrical resistance (TER) was measured by using an epithelial 

voltohmeter (World Precision Instruments) as previously reported. Both apical and 

basolateral sides of the epithelium were bathed with buffer solution. Electrical resistance 

was measured until similar values were recorded on three consecutive measurements. 

Caco-2 paracellular permeability was determined by using an established paracellular 

marker inulin(21). Known concentrations of permeability marker (10 μM) and its 

radioactive tracer were added to the apical solution (25). Low concentrations of permeability 
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markers were used to ensure that negligible osmotic or concentration gradient was 

introduced.

siRNA transfection

Caco-2 monolayers were transiently transfected with siRNA using DharmaFect transfection 

reagent (Lafayette, Co) as previously described (26). Briefly, cells (1 × 105/filter) were 

seeded into a 12-well transwell plate and grown to confluency. Caco-2 monolayers were 

then washed with PBS twice and 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. siRNA (5 ng) of interest and DharmaFect reagent (2 μl) were 

preincubated in Accell medium. After 5 min of incubation, the two solutions were mixed, 

and the mixture was added to the apical compartment of each filter. For LPS experiments, 

Caco-2 cells were transfected with siRNA for 24 h prior to the LPS treatment. The Caco-2 

TJ barrier assessments were carried out at the end of day 5 of LPS treatment.

IRAK4 activity measurement

IRAK4 activity was measured using IRAK4 Kinase Enzyme System and ADP-Glo Kinase 

Assay (Promega, Madison, WI) with modifications. IRAK4 kinase was immunoprecipitated 

using Dynabeads Protein G as described above. After immunoprecipitation, IRAK4 kinase 

was eluted with 20 μl Elution buffer (50 mM Glycine pH2.8). For the functional assay, the 

pH of the eluate was adjusted by adding 20 μl of 1 M Tris (pH7.5). The final pH of the 

eluate was 7.5. In 96-well plate, the 25 μl total reaction volume included 5 μl 5X kinase 

buffer, 10 μl enzyme, and 10 μl substrate/ATP mix (2.5 μg MBP protein, 50 μM ATP, and 

50 μM DTT). The kinase reaction was incubated at room temperature for 60 min. Then 25 μl 

ADP-Glo Reagent was added. Followed by incubation at room temperature for 40 min, 50 μl 

Kinase Detection Reagent was added. After incubation at room temperature for 30 min, the 

luminescence was recorded with 0.5 s Integration time using PerkinElmer Multilabel 

Counter.

In-vivo determination of mouse intestinal permeability

The Laboratory Animal Care and Use Committee at the University of New Mexico 

approved all experimental protocols. Male C57BL/6 mice, TLR-4 knock out and MyD88 

knockout mice (9–10 wk) were purchased from Jackson Laboratories (Bar Harbor, ME). 

The mice were kept two per cage in a temperature-controlled room at 25°C with a 12:12 h 

light-dark cycle. Diet and drinking water were provided ad libitum.

LPS effect on intestinal permeability in an in-vivo mouse model system was determined 

using a re-cycling intestinal perfusion method as previously described. Mice were injected 

with varying concentrations of LPS intraperitoneally (i.p.) every 24 h for up to 5 days of 

experimental period. A 6 cm segment of mouse small intestine was isolated and cannulated 

with a small-diameter plastic tube (in an anesthetized mouse maintained in 1% isoflurane in 

oxygen) and continuously perfused with 5 ml Krebs-phosphate saline buffer for a 2 h 

perfusion period. An external recirculating pump (Econo Pump, Bio-Rad) was used to 

recirculate the perfusate at a constant flow rate (0.75 ml/min). The body temperature of 

mouse was maintained at 37°C with a temperature-controlled warming blanket. The 
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intestinal permeability was assessed by measuring flux rate of paracellular probe, Texas 

Red-labeled dextran (MW = 10,000 g/mol). Water absorption was determined by using a 

non-absorbable marker sodium ferrocyanide or by measuring the difference between initial 

and final volume of the perfusate.

In-vivo transfection of FAK siRNA

The effect of FAK siRNA on mouse small intestinal TJ permeability was determined using 

the perfusion model described previously. In these studies, mice were fasted for 24 h prior to 

the surgery. With the abdominal cavity open, a 6-cm segment of mouse small intestine was 

isolated. The transfection solution (0.5 ml), consisting of FAK siRNA (2.5 nmol) or 

scramble nontarget siRNA and tansfecting agent Lipofectamine (50 μl), was injected 

through a 33-gauge needle into the lumen of the small intestine, and the small intestine was 

cannulated for 1 h. The small intestine was then placed back into the abdominal cavity, and 

the abdominal cavity was closed with sutures. The FAK siRNA transfection was performed 

at day 0. After 5 days LPS (0.1 mg/kg body weight, i.p.) treatment, the intestinal 

permeability was measured using a re-cycling intestinal perfusion method described above. 

The surgery had no effect on the food intake and the body weight of the animals during the 

experimental period.

High dose LPS-induced small intestinal inflammation in mice

To study the effect of high dose LPS on mice small intestine, mice were injected with high 

dose LPS intraperitoneally (i.p. 1 mg/Kg body weight), and intestinal permeability was 

measured at 3 h and 24 h using a re-cycling intestinal perfusion method as described above. 

After the procedure, small intestine tissue was collected for western blot analysis and 

histological examination. After high dose LPS administration for 24 h, mice body weights 

were weighted using a digital balance, and the clinical disease activity index was observed 

and recorded, including ruffled fur, decrease in movement and avoidance behavior, loose 

stools, and bloody stools.

Statistical analysis

Results are expressed as means ± SE, and analyzed using Student’s t-tests for unpaired data 

(GraphPad Prism 5.00 for Windows; GraphPad Software). A p value of ≤ 0.05 was used to 

indicate statistical significance. All experiments were carried out in triplicates or 

quadruplicates and repeated at a minimum of three times to ensure reproducibility.

Results

LPS-induced increase in Caco-2 intestinal epithelial TJ permeability is mediated by FAK 
activation

Previous studies have shown that LPS at very high pharmacologic concentrations (50 μg/ml) 

cause rapid cell death in various cell types studied, including intestinal and immune cells. 

We previously showed that LPS, at physiological and clinically relevant concentrations 

(0.1–1 ng/ml), caused a selective increase in intestinal TJ permeability by inducing 

enterocyte membrane expression and localization of TLR-4 without causing cell death. LPS 

(0.3 ng/ml) basolateral (but not apical) treatment caused a time-dependent increase in TLR-4 
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protein expression in filter-grown Caco-2 monolayers (Supplemental Fig. 1), which 

correlated with the time course of the drop in Caco-2 TER (Fig. 1B).

FAK is an adaptor protein that is concentrated in the focal adhesion and has been implicated 

in TLR-4 proinflammatory response. We hypothesized that FAK may play a regulatory role 

in initiating TLR-4 signal transduction process. To test this hypothesis, we first assessed the 

expression and activation of FAK by Western blot analysis. As shown in Fig. 1A, there was 

a time-dependent increase in FAK activation as evidenced by FAK tyrosine (Y397) 

phosphorylation (responsible for the signal transduction process), (27) following the LPS 

treatment; however, the total expression of FAK was not affected by the LPS treatment, 

indicating that LPS causes a time-dependent activation of FAK but not FAK expression. The 

LPS-induced increase in FAK phosphorylation correlated with the time course of the drop in 

Caco-2 TER (Fig. 1B). To determine the role of FAK in LPS-induced increase in intestinal 

permeability, FAK was selectively knockdown by siRNA (Fig. 1C). The selective knock-

down of FAK by siRNA transfection resulted in complete inhibition of LPS-induced 

increase in mucosal-to-serosal flux of inulin in Caco-2 cells (Fig. 1D) and drop in Caco-2 

TER (Fig. 1E), suggesting that FAK was necessary for the increase in Caco-2 TJ 

permeability. To further investigate the requirement of FAK activation on LPS-induced loss 

of barrier function in Caco-2 monolayers, we used a specific FAK inhibitor, PF-228, to 

evaluate the role of FAK activation. Recent studies have shown that PF-228 selectively 

inhibits the activation of FAK. Caco-2 cells were pretreated with PF-228 for 1 h prior to the 

LPS treatment. PF-228 (10 μM) treatment by itself did not cause significant change in 

Caco-2 inulin flux and TER, but prevented the LPS-induced increase in Caco-2 inulin flux 

(Fig. 1F) and drop in Caco-2 TER (Fig. 1G). These data suggested that the LPS-induced 

increase in Caco-2 TJ permeability required FAK activation.

Next, we examined whether FAK activation was sufficient to cause an increase in Caco-2 TJ 

permeability. For these studies, we examined the effect of known FAK activator 

intercellular adhesion molecule-1 (ICAM-1, 450 nM). ICAM-1 has been shown to 

selectively activate FAK in endothelial cells (28). To examine the effect of FAK activation 

in regulating the increase in TJ permeability, Caco-2 monolayers were treated with ICAM-1 

(450 nM). As previously reported, ICAM-1 caused a rapid activation of FAK in Caco-2 

monolayers (data not shown). ICAM-1 treatment resulted in a similar proportional increase 

in Caco-2 inulin flux (Fig. 2A) and drop in TER (Fig. 2B), as the LPS treatment, suggesting 

that the activation of FAK by itself was sufficient to cause an increase in Caco-2 TJ 

permeability.

LPS-induced increase in Caco-2 TJ permeability is mediated by MyD88-dependent 
pathway

The TLR-4 signal transduction is regulated by two distinct pathways: MyD88-dependent 

and MyD88-independent pathway (or TRAM/TRIF-dependent pathway). To determine 

whether these pathways were involved in LPS modulation of Caco-2 TJ permeability, 

Caco-2 MyD88, TRAM and TRIF were selectively knocked down. The MyD88 siRNA 

transfection resulted in knock-down of MyD88 (Fig. 3A) and inhibition of LPS-induced 

increase in Caco-2 inulin flux and drop in TER (Fig. 3B, 3C). In contract, the siRNA-
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induced silencing of TRAM or TRIF did not affect the LPS-induced increase in Caco-2 

inulin flux and drop in TER (Fig. 4). These results suggested that the LPS effect on Caco-2 

TJ permeability was mediated by MyD88 dependent pathway but not TRAM/TRIF pathway.

LPS-induced increase in Caco-2 TJ permeability requires an increase in IRAK4 activity

IRAK4 is a direct substrate of MyD88, and MyD88 activation produces the enzymatic 

phosphorylation (Thr345) of IRAK4. In the control Caco-2 monolayers, there was very little 

phosphorylation of IRAK4 (Thr345) (Fig. 3D). LPS (0.3 ng/ml) treatment resulted in a time-

dependent increase in Thr345 phosphorylation (Fig. 3D), correlating with the time course of 

increase in Caco-2 TJ permeability (Fig. 1B). The time course of LPS-induced IRAK4 

Thr345 phosphorylation also correlated with the time-course of increase in TLR-4 

expression (Supplemental Fig. 1). The LPS effect on IRAK4 activity was also determined by 

IRAK4 Kinase Enzyme System and ADP-Glo Kinase Assay (using myelin basic protein 

(MBP) as the substrate). The Kinase Detection Reagent converts ADP to ATP and the newly 

synthesized ATP is converted to light using the luciferase/luciferin reaction. LPS (0.3 ng/ml) 

caused a time-dependent increase in IRAK4 activity (Fig. 3E). The time course of LPS-

induced increase in IRAK4 activity paralleled the increase in IRAK4 phosphorylation. To 

validate the involvement of IRAK4, the effect of specific IRAK4 inhibitor, N-(2-

Morpholinylethyl)-2-(3-nitrobenzoylamido)-benzimidazole (NMN)(Calbiochem), on LPS-

induced increase in Caco-2 TJ permeability was examined. Caco-2 cells were pretreated 

with NMN for 1 h prior to the LPS treatment. NMN (200 nM) inhibited the LPS-induced 

increase in IRAK4 activity (Fig. 3F) and drop in Caco-2 TER (Fig. 3G). Next to confirm 

that IRAK4 activation is indeed regulated by MyD88, Caco-2 MyD88 expression was 

knocked down. The siRNA-induced knock-down of MyD88 prevented the LPS-induced 

increase in IRAK4 activity in Caco-2 monolayers (Fig. 3H). MyD88 knock-down also 

prevented the LPS-induced increase in Caco-2 TJ permeability (Fig. 3B and 3C). Together, 

these findings suggested that the LPS effect on Caco-2 TJ permeability was mediated by the 

MyD88 phosphorylation and activation of IRAK4.

Activation of FAK and MyD88 is TLR-4-dependent

Above data suggested that the LPS effect on Caco-2 TJ permeability was dependent on both 

FAK and MyD88 activation; however the interaction between TLR-4, FAK and MyD88 

remains unknown. We hypothesized that FAK plays a regulatory role in the TLR-4 and 

MyD88 cross-talk. To test this hypothesis, we first assessed binding or co-localization of 

TLR-4, FAK, and MyD88 by co-immunoprecipitation studies. Following LPS treatment, 

Caco-2 cell lysates were immunoprecipitated with anti-TLR-4 antibody, and the TLR-4 

immunoprecipitate assessed for the presence of FAK and MyD88 via immunoblotting. As 

shown in Fig. 5, both FAK and MyD88 were present in the TLR-4-immunoprecipitate, 

confirming the presence of TLR-4/FAK/MyD88 cluster or molecular aggregate. FAK and 

MyD88 were associated with TLR-4 in both untreated Caco-2 cells and following LPS 

treatment, and the amount of total FAK and MyD88 in the immunoprecipitated remained the 

same. However, the level of tyrosine-phosphorylated (Y397) FAK was significantly 

increased after the LPS treatment.
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To study the molecular interactions between TLR-4, FAK and MyD88, the effect of siRNA-

induced knock-down of TLR-4, FAK and MyD88 was examined. The TLR-4 siRNA 

transfection produced a near-complete knockdown of TLR-4 protein (Fig. 6A). The TLR-4 

knockdown resulted in inhibition of the LPS-induced increase in phospho-FAK and 

phospho-IRAK4 in Caco-2 monolayers (Fig. 6B), suggesting that the LPS-induced 

activation of FAK and MyD88 were dependent on TLR-4. FAK siRNA transfection also 

prevented the LPS-induced increase in phospho-IRAK4 in Caco-2 monolayers (Fig. 6C). On 

the other hand, MyD88 siRNA transfection did not affect the LPS-induced increase in 

phospho-FAK (Fig. 6D), suggesting that FAK regulates the MyD88 activation but not the 

reverse. Together, these results show the cross-talk between TLR-4, FAK and MyD88 

activation.

LPS effect on junctional localization of TJ proteins

To assess the possible effect of LPS on junctional localization of TJ proteins in Caco-2 cells, 

we examined the effect of LPS (0.3 ng/ml) on expression of cytoplasmic TJ protein ZO-1 

and transmembrane proteins occludin, claudin-1, claudin-3 and claudin-5 using 

immunostaining. As shown in Figure 1B, LPS caused an increase in TJ permeability by day 

4; however, LPS did not have significant effect on junctional localization of occludin, ZO-1 

and the claudin-1, 3, and 5 (Supplemental Figure 2). These studies suggested that LPS (0.3 

ng/ml) did not have significant effect on junctional localization of TJ proteins studied, and 

that the LPS-induced increase in tight junction permeability was independent of TJ protein 

distribution.

FAK regulates the LPS-induced increase in mouse intestinal permeability in-vivo

In previous studies, intraperitoneal LPS (0.1 mg/kg body weight) injection of mice resulted 

in a physiologically relevant elevation in serum LPS (0.3–0.6 ng/ml) and an increase in 

mouse intestinal permeability. The LPS-induced increase in mouse intestinal permeability 

was also dependent on an increase on mouse enterocyte TLR-4 expression. To examine the 

role of FAK activation in LPS-induced increase in mouse intestinal permeability in-vivo, we 

determined the LPS (0.1 mg/Kg body weight) effect on FAK tyrosine (Y397) 

phosphorylation in mice intestinal tissue by Western blot analysis. As shown in Fig. 7A, 

there was a time-dependent increase in phospho-FAK following LPS treatment, indicating 

that LPS causes a time-dependent activation of FAK. Next, mouse enterocyte FAK was 

selectively KD by in-vivo FAK siRNA transfection. Mouse intestinal epithelial cells were 

selectively transfected with FAK siRNA in-vivo as recently described by us. In brief, 6 cm 

segment of small intestinal mucosal surface was exposed to a short pulse (1 hr) of 

transfecting solution containing FAK siRNA, which leads to the siRNA transfection of 

surface epithelial cells. The effect of FAK siRNA transfection of intestinal epithelial cells on 

mouse intestinal permeability was determined following LPS treatment, using Texas Red-

labeled dextran (10 KD) as the paracellular marker. Intraperitoneal LPS (0.1 mg/kg body 

weight) was injected daily for 5 days. FAK siRNA transfection caused a KD of FAK 

expression in mouse intestinal tissue (Fig. 7B). As shown previously, LPS caused an 

increase in mouse intestinal permeability. LPS caused a similar increase in mouse intestinal 

permeability in mice transfected with scrambled or non-target siRNA (Fig. 7C). In-vivo 

transfection with FAK siRNA prevented the LPS-induced increase in mouse intestinal 
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permeability (Fig. 7C). These results indicated that FAK was required for the LPS-induced 

increase in mouse intestinal permeability.

LPS-induced increase in mouse intestinal permeability is through MyD88-dependent 
pathway

To determine the requirement of MyD88 in LPS-induced increase in mouse intestinal 

permeability, the LPS effect was also examined in MyD88 deficient mice (C57BL/6 

MyD88−/−, Jackson Laboratory). Intraperitoneal LPS (0.1 mg/Kg body weight) did not 

cause an increase in intestinal permeability in MyD88−/− mice (Fig. 7D), confirming that the 

LPS-induced increase in mouse intestinal permeability in-vivo was mediated by the MyD88-

dependent pathway.

High dose LPS (1mg/Kg body weight) causes a rapid increase in mouse intestinal 
permeability and intestinal mucosal damage

Previous studies have shown that high doses of LPS (1 or 5 mg/Kg body weight) cause 

intestinal mucosal damage and intestinal inflammation (29–33). To examine the effect of 

high dose LPS on mucosal damage and intestinal permeability, 1 mg/Kg body weight LPS 

was injected by intraperitoneal route. The high dose LPS administration resulted in a peak 

mouse serum level of 1.3 μg/ml (21). The intestinal permeability was assessed by in-vivo 

recycling perfusion at 3 and 24 h post LPS treatment. High dose of LPS caused a significant 

increase in intestinal 10KD dextran flux as early as 3 h and showed a 8–10 fold increase in 

10KD dextran flux by 24 h after LPS injection (Fig. 8A).

Next, we investigated the effect of high dose LPS on intestinal mucosal damage. The 

intraperitoneal injection of LPS (1 mg/Kg body weight) caused a marked increase in 

neutrophilic and mononuclear infiltration in the lamina propria by 24 h. The villus mucosal 

surface showed deranged epithelial nuclei, marked sloughing and denudation of the 

epithelial cells, loss of Goblet cells, decrease in finger-like villus projections and a marked 

expansion of villus compartment (Fig. 8B). Corresponding to the histologic inflammation, 

there were also gross morphologic changes consistent with small intestinal inflammation, 

including intestinal tissue edema, erythema, and increased vasculature (Fig. 8C). High dose 

LPS also caused a rapid decrease in body weight compared to the untreated mice (Fig. 8D). 

We also assessed the effect of high dose LPS on clinical disease activity index as previously 

described (34). The components of clinical disease activity index included ruffled fur, 

decrease in movement and avoidance behavior, loose stools, and bloody stools. The high 

dose LPS resulted in significant increase in disease activity index (Fig. 8E). Together, these 

findings demonstrated that high dose LPS causes a rapid and severe mucosal damage and an 

accompanying increase in weight loss and intestinal disease activity.

High dose LPS-induced increase in mouse intestinal permeability and intestinal 
inflammation is mediated via TLR-4 pathway

To determine the requirement of TLR-4 in high dose LPS-induced increase in mouse 

intestinal permeability, the effect of high dose LPS (1 mg/Kg body weight) was examined in 

TLR-4 deficient mice (C57BL/6 TLR-4−/−, Jackson Laboratory). The LPS-induced increase 

in intestinal permeability was completely prevented in TLR-4−/− mice (Fig. 9A), confirming 
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that the high dose LPS-induced increase in mouse intestinal permeability was also mediated 

through the TLR-4 signal transduction pathway. High dose LPS did not cause significant 

decrease in body weight nor increase in clinical disease activity index (Fig. 9B, 9C). 

Additionally, the histologic and gross morphologic intestinal inflammation were also 

prevented in TLR-4−/− mice (Fig. 8B, 8C). These data suggested that the LPS-induced 

increase in intestinal permeability and intestinal inflammation is mediated via TLR-4 signal 

transduction pathway.

High dose LPS induces TLR-4 dependent activation of FAK

In the above studies with Caco-2 monolayers and low dose LPS in-vivo studies, we showed 

that the LPS-induced increase in intestinal TJ permeability was mediated by TLR-4-

dependent activation of FAK and MyD88. In the following studies, the effect of high dose 

LPS on FAK tyrosine (Y397) phosphorylation in mice intestinal tissue was determined by 

western blot analysis. As shown in Fig. 10A, there was a time-dependent increase in 

phospho-FAK following LPS treatment as early as 1 h post LPS treatment, indicating that 

LPS causes a time-dependent activation of FAK. Similarly, we assessed the expression of 

FAK tyrosine (Y397) phosphorylation in TLR-4−/− mice treated with high dose LPS. There 

was no increase in the expression of phosphorylated FAK in TLR-4−/− mice (Fig. 10B), 

confirming that FAK is also phosphorylated in high dose LPS-treated mice via TLR-4 

pathway. The total expression of FAK in LPS-treated WT and TLR-4−/− mice was 

unchanged compared to the control mice (Fig. 10B). These results suggested that 

phosphorylation of FAK preceded the LPS-induced increase in mouse intestinal 

permeability, and was dependent on TLR-4 activation.

High dose LPS-induced increase in mouse intestinal permeability and intestinal 
inflammation is mediated via TLR-4-MyD88-IRAK4 axis

Above studies suggested that the LPS-induced activation of MyD88 was dependent on 

TLR-4/FAK activation. To assess the role of MyD88 in high dose LPS-induced increase in 

mouse intestinal permeability and intestinal inflammation, the effect of high dose LPS was 

examined in MyD88 deficient mice (C57BL/6 MyD88−/−, Jackson Laboratory). As shown 

in our in-vitro studies, LPS caused a time-dependent increase in IRAK4 phosphorylation 

(Fig. 3D). High dose LPS (1 mg/Kg body weight) caused a significant increase in small 

intestine IRAK4 phosphorylation in WT mice; however, IRAK4 phosphorylation was 

completely inhibited in MyD88−/− mice (Figs. 11A), confirming that MyD88 is required for 

IRAK4 phosphorylation. High dose LPS also did not cause an increase in intestinal 

permeability or intestinal inflammation in MyD88−/− mice (Fig. 11). High dose LPS did not 

cause histologic or gross morphologic intestinal inflammation in MyD88−/− mice (Fig. 8B, 

8C). The LPS-induced decrease in body weight and increase in disease activity index were 

also prevented in MyD88−/− mice (Fig. 11C, 11D). Lastly, LPS-induced increase in IRAK4 

phosphorylation was prevented in TLR-4−/− mice (Fig. 11E). Together, these findings 

suggested that the high dose LPS effect on mouse intestinal permeability and intestinal 

inflammation was regulated by TLR-4 dependent activation of FAK/MyD88/IRAK4 axis.
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Discussion

Defective intestinal epithelial TJ barrier is an important pathogenic factor contributing to the 

development of intestinal inflammation and systemic inflammatory responses by allowing 

increased intestinal permeation and systemic circulation of gut-derived bacterial antigens (1, 

2). Plasma LPS levels are markedly elevated in IBD and NEC and play an important role in 

the inflammatory process by activating the immune response. Previous studies in various 

experimental model systems have shown that LPS challenge with high pharmacologic doses 

(50 μg/ml) impairs the integrity of the intestinal barrier and leads to rapid death in cell and 

animal models (19, 35). Previous study from our laboratory suggested that LPS, at low, 

clinically relevant concentrations (0.1–1 ng/ml), causes a selective increase in intestinal TJ 

permeability by inducing enterocyte membrane expression and localization of TLR-4 

without causing cell damage or cell death (21). The increase in TLR-4 expression also 

caused an increase in expression and membrane recruitment of CD14 and TLR-4 signal 

transduction pathway dependent increase in intestinal TJ permeability (21). Herein, we 

extend on our previous findings to delineate the adaptor proteins that mediate the LPS 

modulation of intestinal TJ barrier. Additionally, we extend our studies to demonstrate the 

clinical relevance of adaptor protein activation in mediating high dose LPS-induced 

intestinal inflammation and mucosal damage. Our results suggest that the LPS-induced 

increase in intestinal TJ permeability and intestinal inflammation is regulated by TLR-4 

receptor complex activation of adaptor protein FAK and FAK activation of MyD88/IRAK4 

but not TRAM/TRIF pathway

The LPS stimulation of mammalian cells occurs through series of interactions with several 

membrane associated proteins including the LPS binding protein (LBP), CD14, MD2 and 

TLR-4. LBP is a soluble shuttle protein which directly binds to LPS and facilitates the 

association between LPS and CD14 (36). CD14 facilitates the transfer of LPS to the 

TLR-4/MD2 receptor complex and modulates LPS recognition (37). MD2 is a soluble 

protein that non-covalently associates with TLR-4 but can directly form a complex with LPS 

in the absence TLR-4 (38). Upon LPS recognition, TLR-4 undergoes oligomerization and 

recruits its downstream adaptor proteins through interactions with the TIR (Toll-

interleukin-1 receptor) domains. There are five TIR domain-containing adaptor proteins: 

MyD88, TIRAP, TRIF, TRAM, and SARM (sterile α and HEAT-Armadillo motifs-

containing protein) (39). TLR-4 signaling has been divided into MyD88-dependent and 

MyD88-independent or TRIF-dependent pathways. MyD88-dependent pathway includes 

adaptor proteins TIRAP and MyD88, and MyD88-independent pathway includes adaptor 

proteins TRAM and TRIF (22). In MyD88-dependent pathway, TIRAP functions as a 

bridging adaptor for MyD88, and recruits MyD88 to the cytoplasmic domain of TLR-4. 

TIRAP contains a putative TRAF6-binding motif within its TIR domain and a C-terminal 

phosphatidylinositol 4,5-bisphosphate (PIP2)-binding domain distinct from its TIR domain 

which serves to localize it to the plasma membrane. The tyrosine phosphorylation (Tyr-86, 

Tyr-106, and Tyr-187) causes a conformational change in the TIR domain of TIRAP, and 

regulates its interaction with other proteins. After recruitment, MyD88 directly interacts with 

IRAK4 and IRAK1 via homophilic death domain (DD) interactions (22). In TRIF-dependent 

pathway, TRAM is utilized solely by TLR-4. It functions as a bridging adaptor for the 
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MyD88-independent signaling pathway, serving to recruit TRIF to TLR-4 (22). In our 

studies, the targeted KD of MyD88 prevented the LPS-induced increase in Caco-2 TJ 

permeability, indicating the requirement of MyD88 signal transduction pathway in 

mediating the LPS-induced increase in Caco-2 TJ permeability. The possibility of TRAM 

and TRIF involvement was also considered, but KD of TRAM or TRIF did not affect the 

LPS-induced increase in intestinal TJ permeability, suggesting that the LPS effect was 

regulated specifically by the MyD88-dependent pathway.

FAK, a nonreceptor protein tyrosine kinase involved in signaling downstream of integrins, 

was recently shown to trigger inflammatory responses. FAK expression and signaling have 

been shown to play significant role in the regulation of cell adhesion, apoptosis, migration, 

and proliferation in variety of cell types, both under basal conditions and during 

inflammatory stress (40); however the role of FAK on TJ barrier regulation remains 

unknown. FAK is an adaptor protein that appears to be involved in TLR-4 signal 

transduction process to initiate proinflammatory response. It has been shown that TLR-4 

signaling leads to an increase in serine phosphorylation of intestinal FAK in NEC mice 

model (41) and FAK appeared to be involved in NF-κB phosphorylation and transcriptional 

activity in endothelial cells (42). How FAK is involved in the TLR-4 signaling pathway and 

TJ barrier regulation remains unclear. Herein, we show for the first time that FAK plays a 

central role in the TLR-4 signal transduction process and in TJ barrier regulation. We also 

show for the first time that FAK is a direct regulator of MyD88 and its downstream effects. 

Our co-immunoprecipitation experiments showed that FAK and MyD88 were associated 

with enterocyte TLR-4. The regulatory role of FAK in LPS modulation of Caco-2 TJ barrier 

was confirmed by FAK inhibition studies, which showed that FAK inhibition or silencing 

prevented the LPS-induced MyD88 activation and increase in TJ permeability. Together, 

these studies suggested that LPS binding to TLR-4 caused the activation of FAK; which, in 

turn, caused the activation of MyD88 and IRAK4. Thus, FAK appears to play a crucial role 

in mediating the TLR-4 receptor activation of MyD88 pathway and increase in TJ 

permeability.

In addition to the TIR domain, MyD88 also contains the death domain (DD), which can 

recruit other DD containing molecules through homotypic interactions (22). Upon LPS 

stimulation, MyD88 recruits and activates the DD-containing kinase, IL-1 receptor-

associated kinase 4 (IRAK4) (22). IRAK4 belongs to the IRAK family, and contains both 

the DD and the kinase domain. Previous studies have suggested that IRAK4 kinase activity 

is important for transmitting TLR signals, including the induction of proinflammatory 

cytokines. IRAK4 knockout macrophages show severely impaired production of 

proinflammatory cytokines upon LPS stimulation. IRAK4 KO mice are also resistant to 

LPS-induced septic shock (43). LC–MS/MS analysis has identified phosphorylations at 

Thr342, Thr345, and Ser346 of IRAK4, which reside within the activation loop. Among 

three single mutations, T345A showed the most significant decrease in activity, ~70%, 

whereas T342A and S346A showed moderate reductions, 57% and 50%, respectively. These 

results indicated that phosphorylation at each of the three sites contributes to IRAK4 kinase 

activity with Thr345 being the dominant site (44). Our data showed that LPS treatment 

induces a time-dependent increase in IRAK4 phosphorylation at Thr345 and inhibition of 

IRAK4 phosphorylation and activity prevented the LPS-induced increase in Caco-2 TJ 
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permeability. The LPS-induced activation of intestinal epithelial IRAK4 required up-stream 

activation of TLR-4, FAK and MyD88. Thus, our data suggested that IRAK4 acts as a 

downstream target of TLR-4-FAK-MyD88 signal transduction axis and that IRAK4 

phosphorylation signals the TJ barrier opening.

In this study, we also investigated the in-vivo relevance of FAK and MyD88 in the 

regulation of mouse intestinal permeability. The in-vivo studies indicated that LPS at 

physiologic serum concentrations (0.1–1 ng/ml) causes the activation of FAK in mouse 

enterocytes; and targeted KD of mouse enterocyte FAK by in-vivo siRNA transfection 

prevented the LPS-induced increase in mouse intestinal permeability. The LPS-induced 

increase in intestinal permeability was also inhibited in MyD88−/− mice, confirming the 

requirement of MyD88 in LPS-induced increase in mouse intestinal permeability.

We also studied the effects of high dose LPS (1 mg/Kg body weight, i.p.) on small intestinal 

inflammation and the mechanistic involvement of the TLR-4/FAK/MyD88 axis in the 

pathogenesis of increase in intestinal permeability and intestinal inflammation. High dose 

LPS (1 mg/Kg body weight) administration caused an immediate increase in small intestinal 

permeability (within 3 h); which was followed by a rapid development of intestinal mucosal 

damage and inflammation (by 24 h), weight loss, and increase in clinical disease activity 

(Fig. 8). Our data also indicated that the high dose LPS-induced small intestinal 

inflammation was preceded by FAK and IRAK4 phosphorylation and increase in intestinal 

permeability.

Additionally, our results indicated that, in TLR-4−/− and MyD88−/− mice, high dose LPS-

induced increase in FAK and IRAK4 phosphorylation are inhibited and that the increase in 

intestinal permeability is prevented. Furthermore, the high dose LPS-induced development 

of intestinal inflammation and increase in clinical disease activity were completely 

prevented in TLR-4−/− and MyD88−/− mice. Thus, our findings demonstrated that the 

TLR-4/FAK/MyD88 axis also plays a crucial role in mediating high dose LPS-induced 

intestinal mucosal damage. Thus, our results suggested that TLR-4/FAK/MyD88 signal 

transduction axis plays an important role in regulating both LPS-induced increase in 

intestinal permeability and intestinal inflammation.

In conclusion, our results provide important novel insight into the intracellular processes and 

signal transduction pathway that mediate LPS-induced increase in intestinal TJ permeability 

and intestinal inflammation. Our studies show that LPS, at physiologically relevant 

concentrations causes an activation of the TLR-4 signal transduction cascade leading to the 

phosphorylation and activation of the intestinal epithelial cell FAK; the activated enterocyte 

FAK regulates the activation of MyD88 and IRAK4, which transmits the signal that 

culminates in the opening of the intestinal TJ barrier. Additionally, our studies also show 

that high, pharmacologic doses of LPS cause a rapid increase in intestinal permeability and 

intestinal mucosal damage; and that the LPS-induced mucosal damage is also regulated in 

part by TLR-4/FAK/MyD88 signal transduction axis. Our studies provide proof-of-concept 

data showing that TLR-4, FAK and MyD88 can be targeted in-vivo to preserve the intestinal 

TJ barrier function and to prevent intestinal mucosal damage.
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Abbreviations

CD14 cluster of differentiation 14

Cont control

EDTA ethylenediaminetetraacetic acid

FAK focal adhesion kinase

IBD inflammatory bowel disease

IRAK4 interleukin-1 receptor associated kinase 4

LPS lipopolysaccharides

MD2 myeloid differentiation protein 2

MyD88 myeloid differentiation primary response gene 88

NEC necrotizing enterocolitis

PBS phosphate buffered saline

Scr scramble

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

TER transepithelial electrical resistance

TJ tight junction

TLR toll-like receptor

TRAM TRIF-related adapter molecule

TRIF TIR domain-containing adaptor inducing IFN-β

WT wild type
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Figure 1. 
The involvement of FAK in LPS-induced increase in Caco-2 permeability. (A). Time-course 

effect of LPS (0.3 ng/ml) on phospho-FAK in Caco-2 monolayers. The densitometry 

analysis indicates relative levels of phospho-FAK reveled time dependent significant 

increase. (B). Time-course effect of LPS (0.3 ng/ml) on Caco-2 TER. The effect of LPS (0.3 

ng/ml) on Caco-2 TER was measured over a 5-day experimental period. The mean TER for 

control Caco-2 monolayers was 512 ± 15 Ω • cm2. (C). The siRNA FAK transfection 

resulted in a near-complete depletion of FAK expression as assessed by Western blot 

analysis and Densitometry analysis. The Western blot analysis was performed 72 h after 

siRNA FAK transfection. (D). The siRNA-induced silencing of FAK prevented LPS-

induced increase in Caco-2 inulin flux. (E). The siRNA-induced silencing of FAK prevented 

LPS-induced drop in TER in Caco-2 monolayers. The mean TER for control Caco-2 

monolayers was 520 ± 6 Ω • cm2. Inhibition of FAK function by inhibitor PF-228 prevented 
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LPS-induced increase in Caco-2 inulin flux (F) and drop in TER (G). The mean TER for 

control Caco-2 monolayers was 485 ± 13 Ω • cm2. n=4. *, p<0.0001 vs control. **, 

p<0.0001 vs LPS treatment.
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Figure 2. 
Effect of FAK activator, ICAM-1, on Caco-2 TJ permeability. ICAM-1 treatment (5d) 

significantly induced an increase in Caco-2 inulin flux (A) and drop in TER (B), which were 

similar to LPS treatment. The mean TER for control Caco-2 monolayers was 529 ± 43 Ω • 

cm2. n=4. *, p<0.0001 vs control.
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Figure 3. 
The involvement of MyD88 and IRAK4 in LPS-induced increase in Caco-2 permeability. 

(A). siRNA MyD88 transfection resulted in a near-complete depletion of MyD88 expression 

as assessed by Western blot analysis and relative densitometry. The Western blot analysis 

was performed 72 h after siRNA MyD88 transfection. siRNA-induced silencing of MyD88 

prevented LPS-induced increase in Caco-2 inulin flux (B) and drop in TER (C). The mean 

TER for control Caco-2 monolayers was 536 ± 20 Ω • cm2. (D). Effect of LPS on phospho-

IRAK4 expression assessed by Western blot. LPS (0.3 ng/ml) treatment induced a time-

dependent increase in phospho-IRAK4 expression. The densitometry analysis indicates a 

time-dependent increase in relative levels of phoshpo-IRAK4 after LPS treatment and no 

significant change in the total IRAK4 levels. (E). Effect of LPS on IRAK4 activity 

measured by IRAK4 Kinase Enzyme System and ADP-Glo Kinase Assay. (F). Effect of 

IRAK4 inhibitor (N-(2-Morpholinylethyl)-2-(3-nitrobenzoylamido)-benzimidazole, 200 nM) 

on Caco-2 IRAK4 activity. IRAK4 inhibitor prevented the LPS-induced increase in Caco-2 

IRAK4 activity. (G). Effect of IRAK4 inhibitor on Caco-2 TER. IRAK4 inhibitor prevented 

the LPS-induced drop in Caco-2 TER. The mean TER for control Caco-2 monolayers was 

516 ± 9 Ω • cm2. (H) Effect of siRNA-induced silencing of MyD88 on IRAK4 activity in 

Caco-2 monolayers. n=4. *, p<0.0001 vs control. **, p<0.0001 vs. LPS treatment.
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Figure 4. 
Effect of siRNA silencing of TRAM and TRIF on LPS-induced alteration in Caco-2 inulin 

flux and TER. Caco-2 cells were transfected with TRAM siRNA or TRIF siRNA for 24 h 

prior to LPS treatment. (A). siRNA TRAM transfection resulted in a near-complete 

depletion of TRAM expression as assessed by Western blot analysis and relative 

Densitometry. The Western blot analysis was performed 72 h after siRNA TRAM 

transfection. The siRNA-induced silencing of TRAM did not prevent LPS-induced increase 

in Caco-2 inulin flux (B) and drop in TER (C). The mean TER for control Caco-2 

monolayers was 551 ± 18 Ω • cm2. (D). siRNA TRIF transfection resulted in a near-

complete depletion of TRIF expression as assessed by Western blot analysis and relative 

densitometry. The Western blot analysis was performed 72 h after siRNA TRIF transfection. 

The siRNA-induced silencing of TRIF also did not prevent LPS-induced increase in Caco-2 

inulin flux (E) and drop in TER (F). The mean TER for control Caco-2 monolayers was 513 

± 19 Ω • cm2. n=4. *, p<0.001 vs control.
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Figure 5. 
Co-immunoprecipitation of TLR-4, FAK and MyD88 using Dynabeads Protein G. After 

LPS treatment (5 d), Caco-2 monolayers were lysed, and immunoprecipitated with TLR-4 

antibody, then phospho-FAK, FAK and MyD88 were detected by Western blot analysis. 

n=4. Densitometry analysis showed a significant increase in phospho-FAK compared to 

control and no change in total FAK and MyD88 expression. *, p<0.001 vs control.
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Figure 6. 
TLR-4 was required for LPS-induced activation of FAK and MyD88. (A). The siRNA 

TLR-4 transfection resulted in a near-complete depletion of TLR-4 expression as assessed 

by Western blot analysis and relative Densitometry. The Western blot analysis was 

performed 72 h after siRNA TLR-4 transfection. (B). The siRNA-induced silencing of 

TLR-4 prevented LPS-induced increase in phospho-FAK and phospho-IRAK4 expression in 

Caco-2 monolayers. siTLR-4 transfection was performed 1 d prior to the LPS treatment, and 

the Western blot analysis was performed after 5 d LPS treatment. Densitometry analysis 

revealed significant increase in phospho-FAK and phospho-IRAK4 expression after LPS 

treatment compared to control which were abolished by silencing TLR-4. (C). The siRNA-

induced silencing of FAK prevented LPS-induced increase in phospho-IRAK4 expression in 

Caco-2 monolayers shown by Western Blot and densitometry analysis. siFAK transfection 

was performed 1 d prior to the LPS treatment, and the Western blot analysis was performed 

after 5 d LPS treatment. (D) siRNA-induced silencing of MyD88 did not prevent LPS-

induced increase in phospho-FAK expression in Caco-2 monolayers as shown by western 

blot and densitometry analysis. siMyD88 transfection was performed 1 d prior to the LPS 

treatment, and the Western blot analysis was performed after 5 d LPS treatment. n=4.. *, 

p<0.001 vs control. **, p<0.001 vs LPS treatment.
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Figure 7. 
Involvement of FAK and MyD88 in LPS-induced increase in mouse intestinal permeability. 

(A). Time-course effect of LPS (0.1 mg/kg body weight) on phospho-FAK in mouse 

intestinal tissue as assessed by Western blot analysis. Densitometry analysis showed 

significant time-dependent increase in the expression of phospho-FAK. n=3. (B). FAK 

siRNA silencing knocked down the expression of FAK in mouse intestinal tissue as assessed 

by Western blot and densitometry analysis. siFAK transfection was performed 1 d prior to 

the LPS treatment, and the Western blot analysis was performed after 5 d LPS treatment. 

n=3. (C). Effect of siRNA-induced silencing of FAK on LPS-induced increase in mouse 

intestinal permeability. n=4. (D). Effect of LPS on intestinal permeability in MyD88−/− 

mice. n=4. *, p < 0.001 vs WT control; **, p < 0.001 vs WT LPS treatment.
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Figure 8. 
Effect of high dose LPS (1 mg/kg body weight) on mouse small intestine. (A). Effect of high 

dose LPS (1 mg/Kg body weight) on intestinal permeability in mice. High dose LPS (1 

mg/Kg body weight) caused a time-dependent increase in intestinal permeability in wild 

type mice. (B). Histologic changes in small intestine after high dose LPS treatment in wild-

type (WT), TLR-4−/− mice and MyD88−/− mice. H&E stain, original magnification, X200. 

(C). Gross morphologic changes in small intestine after high dose LPS treatment in WT, 

TLR-4−/− mice and MyD88−/− mice. (D). Effect of high dose LPS on mice body weights. 

(E). Effect of high dose LPS on disease activity index in mice. Mice were treated with LPS 

(1 mg/Kg body weight, i.p.) for 24 h. n=4. *, p<0.001 vs WT control.
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Figure 9. 
High dose LPS-induced increase in mouse intestinal permeability and mucosal damage were 

mediated via TLR-4 pathway. (A). Effect of high dose LPS (1 mg/Kg body weight) on 

intestinal permeability in TLR-4−/− mice. (B). Effect of high dose LPS on mice body weight 

change in TLR-4−/− mice. (C). Effect of high dose LPS on disease activity index in 

TLR-4−/− mice. Mice were treated with LPS (1 mg/Kg body weight, i.p. for 24 h). n=4. *, p 

< 0.05 vs WT control; **, p < 0.05 vs WT LPS treatment.
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Figure 10. 
FAK regulates the high dose LPS-induced increase mucosal damage. (A). Time-course 

effect of high dose LPS (1 mg/kg body weight) on phospho-FAK in mouse intestinal tissue 

as assessed by Western blot and densitometry analysis. (B) Effect of high dose LPS on 

phospho-FAK in TLR-4−/− mice as assessed by Western blot and densitometry analysis. 

n=4. *, p < 0.05 vs WT control; **, p < 0.05 vs WT LPS treatment.
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Figure 11. 
High dose LPS-induced increase in mouse intestinal permeability and mucosal damage were 

mediated via MyD88-dependent pathway. (A). Effect of high dose LPS on phospho-IRAK4 

in MyD88−/− mice as assessed by Western blot and densitometry analysis. Mice were treated 

with LPS (1 mg/Kg body weight, i.p. for 24 h). (B). Effect of high dose LPS (1 mg/Kg body 

weight) on intestinal permeability in MyD88−/− mice. (C). Effect of high dose LPS on mice 

body weight change in MyD88−/− mice. (D). Effect of high dose LPS on disease activity 

index in MyD88−/− mice. (E). Effect of high dose LPS on phospho-IRAK4 in TLR-4−/− 

mice as assessed by Western blot and densitometry analysis. n=4. *, p < 0.05 vs WT control; 

**, p < 0.05 vs WT LPS treatment.
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