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Abstract

Background and aims: Loss of the endotoxin tolerance of intestinal epithelium contributes to a number of intestinal
diseases. The etiology is not clear. Psychological stress is proposed to compromise the intestinal barrier function. The
present study aims to elucidate the role of the stress-derived corticotropin releasing factor (CRF) in breaching the
established intestinal epithelial endotoxin tolerance.

Methods: Epithelial cells of HT-29, T84 and MDCK were exposed to lipopolysaccharide to induce the endotoxin tolerance;
the cells were then stimulated with CRF. The epithelial barrier function was determined using as indicators of the endotoxin
tolerant status. A water-avoid stress mouse model was employed to test the role of CRF in breaching the established
endotoxin tolerance in the intestine.

Results: The established endotoxin tolerance in the epithelial cell monolayers was broken down by a sequent exposure to
CRF and LPS manifesting a marked drop of the transepithelial resistance (TER) and an increase in the permeability to a
macromolecular tracer, horseradish peroxidase (HRP). The exposure to CRF also increased the expression of Cldn2 in the
epithelial cells, which could be mimicked by over expression of TLR4 in epithelial cells. Over expression of Cldn2 resulted in
low TER in epithelial monolayers and high permeability to HRP. After treating mice with the 10-day chronic stress, the
intestinal epithelial barrier function was markedly compromised, which could be prevented by blocking either CRF, or TLR4,
or Cldn2.

Conclusions: Psychological stress-derived CRF can breach the established endotoxin tolerance in the intestinal mucosa.
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Introduction

The intestinal epithelial endotoxin tolerance is defined as a

reduced capacity of the host (in vivo) to respond to lipopolysac-

charide (LPS) activation following a first exposure to this stimulus

[1]. Naı̈ve intestinal epithelial cells do not have such a tolerant

mechanism; it can be established once exposure to LPS [2]. The

discovery of Toll like receptor (TLR)4 and myeloid differentiation

(MD)-2 has better described the mechanism of endotoxin

tolerance [1,3]. Yet, mechanisms of breaching the established

endotoxin tolerance are to be further understood. One of the

major consequences of the disturbance of intestinal epithelial

endotoxin tolerance is to induce the epithelial barrier dysfunction,

which is involved in the pathogenesis of a number of intestinal

disorders, such as inflammatory bowel disease (IBD) [4], the latter

affects about 0.1%–0.5% population in the world [5,6].

Published data indicate that psychological stress plays an

important role in the intestinal epithelial barrier dysfunction in

animal models [7–9], in which the intestinal endotoxin tolerance is

supposed to have been established before the stress. The

corticotropin releasing factor (CRF) is an important mediator in

the stress-induced pathophysiological changes in the body [7–10].

Eosinophils in the intestine can be a source of the CRF, which can

be released during psychological stress [10,11]. Further studies

revealed that blocking the receptors of CRF could abrogate the

effect of stress on the intestinal epithelial barrier function [9,12].

Mast cells were found involved in the stress induced epithelial

barrier dysfunction as reported by several research groups [7,13–

15]; others also indicate that additional pathways other than mast

cell activation are involved in stress-induced intestinal dysfunction

[16]. To date, the underlying mechanisms by which psychological

stress induced intestinal epithelial barrier dysfunction are to be

further investigated.

We and others [9,17] observed that the intestinal epithelial

permeability was markedly increased in the experimental animals
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after treating with psychological stress,; the fact implicates the tight

junction complex is disturbed during the stress. The tight junction

complexes are composed of several proteins including occludins

and claudins. The latter is a protein family with more than 20

members [18]. Studies indicate that not all the tight junction

associated proteins contribute to maintaining the integration of

tight junction; some of them, such as claudin 2 (Cldn2), can

compromise the barrier function [19]. The factors inducing Cldn2

expression in intestinal epithelial cells are not clear.

By integrating the information of psychological stress-induced

intestinal barrier dysfunction and the concept of intestinal

endotoxin tolerance, we hypothesized that the psychological

stress-derived CRF might be involved in breaching the established

intestinal endotoxin tolerance that further induced the barrier

dysfunction. With an intestinal epithelial cell monolayer model

and a psychological stress mouse model, we observed that

exposure to CRF increased the expression of TLR4 in the

epithelial cell line, HT-29, T84 and MDCK cells, that breached

the established tolerance to LPS. Further observation indicated

that CRF increased the expression of Cldn2 in intestinal epithelial

cells, which contributed to the intestinal epithelial barrier

dysfunction.

Materials and Methods

Quantitative real-time RT-PCR (qRT-PCR)
Total RNA was extracted from cells or mouse intestinal

epithelial tissue using Trizol Reagents. The template cDNA was

reverse transcribed from 1 mg of RNA using a cDNA synthesis kit.

SYBR green-based qRT-PCR was performed with a Bio-Rad

MiniOpticonTM Real-Time PCR Detection System. Expression of

target genes was normalized to b-actin mRNA levels. Primer

sequences for TLR (2–4) and tight junction associated proteins

using in this study were presented in Table S1.

Determining the epithelial monolayer barrier function
The epithelial cell culture was described in supplemental

materials. The transepithelial resistance (TER) and permeability

to a macromolecular tracer, horseradish peroxidase (HRP) or

dextran, were recorded using as the indicators of the epithelial

barrier function following our established procedures [10,20], or

measured at 492/520 nm (excitation/emission) with a pectraMax

Gemini XS system (Conquer Scientific, San Diego, CA).

Knockdown of genes of TLR4 and Cldn2 in epithelial cells
by gene silencing

HT-29 cells were transduced with a commercial lentiviral

shTLR4 kit, or a lentiviral shCldn2 kit; using control shRNA as a

control. The effect of gene knockdown was presented in Fig.S1.

Over-expression of TLR4 in epithelial cells
HT-29 cells were transfected with commercial plasmid of

pTLR4 or cpTLR4 following the manufacturer’s instruction. The

results of pTLR4 transfection were depicted in Fig.S2.

Statistical analysis
All data were expressed as mean 6 SD of three or more

individual experiments. Statistical comparisons among groups

were performed with one-way analysis of variance (ANOVA) and

the Student t test. p value,0.05 was considered significant.

Other experimental procedures were presented in the supple-

mental materials.

Results

CRF induces the expression of TLR4 in intestinal epithelial
cells

To clarify if psychological stress modifies the ability of intestinal

epithelial cells in recognizing the stimulation of endotoxin, we

treated human colon epithelial cell line, HT-29 cells, with five of

the psychological stress-related molecules including CRF, cortico-

sterone, norepinephrine, prolactin and adrenocorticotropic hor-

mone [21–23]. The expression of TLR2, TLR3 and TLR4 in HT-

29 cells was assessed. The results showed that the expression of

TLR2, TLR3 and TLR4 was detected in naive HT-29 cells. The

expressions of TLR4 in HT-29 cells were significantly increased

after the exposure to CRF in a dose-dependent manner, but did

not increase after exposure to other four molecules (Fig. 1A–B;

Table S2). The expression of TLR2 and TLR3 was not changed

much (Fig. 1A–B; Table S2). To understand the effect of CRF on

the expression of TLR4 by HT-29 cells was mediated by CRF

receptor (R)1 or CRF R2, the HT-29 cells were treated with either

CRF R1 or CRF R2 antagonist 30 min before the exposure to

CRF; the effect of CRF on the TLR4 expression in HT-29 cells

was blocked by the CRF R2 antagonist, but not R1 antagonist

(Fig. 1A–C). The data of CRF-increasing the TLR4 expression on

HT-29 cells were confirmed by immune staining (Fig. 1D). The

results indicate that exposure to CRF can increase the expression

of TLR4 in HT-29 cells via activation of CRF R2.

It is reported that the activation of ERK1/2 is the downstream

of signal transduction pathway of CRF induced bio-activities [24].

To elucidate if activation of ERK1/2 was also involved in the

CRF-induced expression of TLR4 in HT-29 cells, the HT-29 cells

were pretreated with the antagonist (PD98059) of ERK1/2, then

stimulated by CRF; the expression of TLR4 was abolished

(Fig. 1A–C). The data indicate that the activation of ERK1/2 is

also involved in the CRF-induced TLR4 expression in HT-29

cells; the latter was further confirmed by Western blotting data, in

which the total ERK1/2 and phosphor ERK1/2 levels in the HT-

29 cells were in agreement with the levels of TLR4 (Fig. 1E).

To clarify if the stress-derived CRF could increase the

expression of TLR4 in the intestinal epithelial cells in vivo, we

treated pregnant mice with water avoid stress or sham stress daily

from day 8 to day 17 during the gestation. The mice were

sacrificed on day 18 before the delivery. As shown by immuno-

histochemistry, the expression of TLR4 was detected in the mice

treated with stress, which was significantly stronger than that in

naı̈ve mice or the mice treated with sham stress. The stress-

induced TLR4 expression was abolished in mice pretreated with

CRF antagonists (Fig. 1F).

Exposure to CRF breaches the established endotoxin
tolerance in intestinal epithelial cells

Intestinal epithelial cells naturally developed tolerance to the

commensal microbes in the intestinal tract. Such tolerance may be

breached under pathological circumstances, such as in the

intestine of patients with inflammatory bowel disease (IBD) [25].

It is observed that exposure to microbial products, such as LPS, is

associated with intestinal chronic inflammation [26]; LPS is the

ligand of TLR4; we postulated that the increase in TLR4

expression in the intestinal epithelial cells might exaggerate the

responses of intestinal epithelial cells to the stimulus of LPS and

thus breached the established endotoxin tolerance. To test the

inference, following published procedures [27], we firstly treated

the epithelial cell monolayers (including HT-29, T84 and MDCK)

with LPS (100 ng/ml, overnight) to establish the endotoxin

tolerance (the LPS dose ‘‘0’’ group of Fig. 2). The tolerant

CRF and Epithelial Tolerance
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epithelial monolayers were re-exposed to LPS in the presence or

absence of CRF in the culture for 48 h. The results showed that

the endotoxin tolerance of the epithelial monolayer was breached

by the presence of CRF as shown by the increase in the

permeability to a protein tracer, HRP, and the decrease in TER.

To confirm the role of CRF in the breaching the established

endotoxin tolerance, some epithelial monolayers were pretreated

with CRF-R2 antagonist, astressin2B; the results showed that the

epithelial barrier function was not affected by the exposure to LPS.

Similar results were observed in TLR4-deficient epithelial cell

monolayers (Fig.S1A) after stimulated by CRF (Fig. 2). The results

indicate that the established endotoxin tolerance in epithelial cells

can be breached by the presence of CRF via increasing the

expression of TLR4 in epithelial cells. In other words, the silencing

TLR4 gene can ‘‘avoid’’ the decrease in TER induced by CRF.

With the barrier function as indicators, we also checked the

response to LPS-stimulation in the tolerant epithelial cells. The

results showed that the barrier function was not significantly

altered in the tolerant epithelial monolayers, but markedly

compromised in naı̈ve epithelial monolayers (Fig. 2C–D).

Exposure to CRF-increased Cldn2 expression is
responsible for the barrier dysfunction in HT-29
monolayers

Published data indicate that Cldn2 is over expressed in IBD

intestinal epithelial cells [28]; Cldn2 has the property to

compromise the barrier function [19]. To further understand the

underlying mechanism by which exposure to CRF breached the

established endotoxin tolerance as shown by Fig. 2, we treated the

tolerant HT-29 cells with CRF, then, exposed the cells to LPS; the

cell extracts were analyzed by qRT-PCR and Western blotting.

The results showed that the expressions of ZO-1, ZO-2, Cldn1,

Cldn3 and Cldn4 were changed slightly, but did not reach the

significant criteria; the expression of Cldn2 was markedly

increased in HT-29 cells at both mRNA and protein levels after

the exposure to both CRF and LPS (Fig. 3A–C). The expression of

Cldn2 was also confirmed by immune staining on the surface of

the cells (Fig. 3D–F). We then further characterized the changes of

Cldn2 in the intestinal epithelial cells. Although the simultaneous

exposure to CRF and LPS (LPS was added to the apical chambers)

increased the expression of Cldn2 (Fig. 3), either exposure to CRF

alone (the ‘‘20#’’ group in Fig. 4) or LPS alone (the ‘‘0’’ group in

Figure 1. CRF induces TLR4 expression in HT-29 cells. Confluent HT-29 cells were stimulated by the addition of CRF in the culture for 24 h. The
expression of TLR2, TLR3 and TLR4 in HT29 cells was evaluated by qRT-PCR and Western blotting. The bars indicate the levels of TLR mRNA (A; by qRT-
PCR) and proteins (B) in HT-29 cells. Panel C is the integrated density of the immune blots in panel B. R1 (R2, ERK) anta: Cells were treated with the
CRF R1 antagonist (astressin2B; 300 nM), CRF R2 antagonist (antalarmin, 300 nM), or ERK1/2 inhibitor (PD98059, 50 mM) before exposure to CRF. The
data in bar graph were presented as mean 6 SD. *, p,0.01, compared with dose ‘‘0’’ group (the naı̈ve group). OVA: Cells were treated with OVA
(100 ng/ml; an irrelevant protein control) in the culture. D, the representative confocal images indicate the staining of TLR4 (in green) in HT-29
monolayers; the treatment was annotated in each image. Con: Isotype control. E, the immune blots show the levels of phosphor ERK1/2 and total
ERK1/2 in the cell extracts of HT-29 cells. The data represent 5 separate experiments. F, the representative confocal images show the staining of TLR4
(in green) in the colon epithelial cells of fetal mice. Stress: The pregnant mice were treated with water-avoid stress daily for 10 days. a-hCRF: Mice
were treated with a-helical CRF (an antagonist of CRF; 5 ng/mouse, i.p., 30 min before each stress session). Sham: Mice were treated with sham stress.
Naı̈ve: Naı̈ve mice. Iso IgG: The section was stained with isotype IgG using as a staining control. Each group consisted of 6 mice.
doi:10.1371/journal.pone.0065760.g001
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Fig. 4) did not increase the expression of Cldn2. The expression

could be blocked by ERK1/2 antagonists (Fig. 4). It is reported

that the promoter of Cldn2 has the binding sites of NF-kB [19]; we

wondered if NF-kB activation was involved in CRF-induced

Cldn2 expression. To this end, a batch of HT-29 cells was

pretreated with NF-kB inhibitor, diethyl maleate (DEM), and then

exposed to CRF and LPS. Indeed, the expression of Cldn2 was

blocked (Fig. 4).

The data we have presented so far indicate that CRF induce the

TLR4 expression in HT-29 cells; ligation of TLR4 by LPS

Figure 2. Exposure to CRF breaches the established endotoxin tolerance. Epithelial cells were cultured into monolayers, treated with or
without LPS (100 ng/ml) overnight; washed with pre-warmed fresh culture medium; then, CRF (A and B) or LPS (C and D) was added to the culture at
the indicated doses and cultured for 48 h. The TER was recorded at the 46th h later; the HRP flux was carried out between the 46th h to 48th h. A and
C, the bars indicate the values of TER recorded from the monolayers. B and D, the bars indicate the contents of HRP (detected in basal chambers of
transwells that passed through the monolayers from apical chambers). The annotations on X axis indicate the treatment of each group. The numbers
on the X axis indicate the amounts (ng/ml) of CRF (A, C) or LPS (C, D) added to the culture medium. Naı̈ve: Naı̈ve confluent monolayers. Tolerant: The
epithelial monolayers had been treated with LPS overnight. R2anta: The monolayers were pretreated with CRF R2 antagonist, astressin2B at a dose of
300 nM. TLR4shRNA: TLR4-deficient monolayers (by shRNA of TLR4). csh: The monolayers were treated with control shRNA. Cldn2shRNA: Cldn2-
deficient monolayers (treated by shRNA of Cldn2). The data represent 3 separate experiments.
doi:10.1371/journal.pone.0065760.g002

CRF and Epithelial Tolerance
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Figure 3. CRF induces the expression of Cldn2 in epithelial cells. The tolerant HT-29 cells were treated with saline or CRF for 24 h; then all the
cells were exposed to LPS (100 ng/ml) for another 24 h; the cell extracts were examined by qRT-PCR and Western blotting. A, the immune blots
indicate the tight junction associated protein levels in gut epithelial cells. B, the bars indicate the summarized integrated density of the immune blots
of panel A. C, the bars indicate the levels of mRNA of the 7 tight junction proteins in HT-29 cells. D–E, representative confocal images show the
positive staining of Cldn2 on naı̈ve (D) and CRF-treated (E) HT-29 cells. F is a negative staining control. The data of B and C were presented as mean 6
SD. *, p,0.01, compared with naı̈ve groups. The data represent 5 separate experiments.
doi:10.1371/journal.pone.0065760.g003

Figure 4. Cldn2 levels in epithelial cells. HT-29 cells, T84 cells and MDCK cells were exposed to CRF (0–20 ng/ml; indicated on the X axis) for
24 h. The bars indicate the levels of Cldn2 mRNA (A) and protein (B–D) in epithelial cell extracts. ERKanta: Cells were pretreated with ERK1/2 inhibitor
(PD98059, 50 mM). DEM: Cells were pretreated with NF-kB inhibitor, diethyl maleate (DEM; 100 mM) for 30 min, and then treated with CRF. #: Cells
were not treated with LPS. TLR4 gene (or TLR4con): Cells were transfected with TLR4 gene plasmid (or control plasmid); these cells were not treated
with CRF. The immune blots of panel B–D indicate the levels of Cldn2 in gut epithelial cell extracts. The table above the immune blots indicate the
integrated density of the immune blots. The data were presented as mean 6 SD. *, p,0.01, compared with the ‘‘0’’ group. The data represent 5
separate experiments.
doi:10.1371/journal.pone.0065760.g004

CRF and Epithelial Tolerance
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activates NF-kB, the later induces Cldn2 expression. To further

confirm the inference, we transfected HT-29 cells with TLR4 gene

expression plasmids, which significantly increased the expression

of TLR4 in the epithelial cells (Fig.S2). After exposure of the

TLR4-overexpressing epithelial cells to LPS (no CRF was added),

marked increase in the expression of Cldn2 was observed (Fig. 4).

The finding implies that the over-expression of Cldn2 in the

epithelial cells after the exposure to CRF may be an important

causative factor to induce the epithelial barrier dysfunction. To

test the hypothesis, we knocked down the Cldn2 gene in the

epithelial cells by gene silencing (Fig.S1B); the HT-29 monolayers

were then stimulated by CRF and LPS with the procedures in

Fig. 2. Indeed, the barrier function was not affected (Fig. 2).

To further clarify the role of expression of Cldn2 in the

intestinal epithelial barrier dysfunction, we constructed Cldn2-

expression plasmid, pCldn2 (Fig.S2B). The epithelial cells were

transfected with the pCldn2 or cpCldn2 (control). The ampicillin-

resistant cells were isolated and cultured for the experiments. As

detected by qRT-PCR and Western blotting, Cldn2 was expressed

by the cells received the pCldn2 transfection. When cultured the

Cldn2-overexpressing cells in transwells up to 4 weeks, the TER

could not reach 200 Ohm/cm2 while the TER of naı̈ve monolayer

or cpCldn2-transfected monolayers showed increases in TER in a

time-dependent manner. The permeability to macromolecular

tracer, HRP, in Cldn2-overexpressing monolayer was markedly

higher than the naı̈ve or cpCldn2-transfected monolayers (Fig. 5).

The results indicate that the expression of Cldn2 can compromise

the epithelial barrier function.

Psychological stress increases the expression of Cldn2 in
the mouse intestinal epithelium and compromises the
established endotoxin tolerance

The data in Fig. 1–4 indicate that CRF can compromise the

epithelial barrier function, which implies that psychological stress

may breach the established endotoxin tolerance in the intestinal

epithelium; the expression of Cldn2 may play a critical role in the

process. To corroborate the findings of Fig. 1–4, we treated mice

with the water-avoid stress 1 h/day for 10 days [9]. The mice were

killed at the end of treatment; the colon was excised to examine

the expression of Cldn2. As shown by immunohistochemistry, the

positive immune products of Cldn2 were seen in the colon

epithelium, in the paracellular spaces and the top of the cells

(Fig. 6A). The mice treated with stress showed much stronger

immune staining of Cldn2 than mice treated with sham stress. We

also scratched the epithelial tissue and analyzed by qRT-PCR and

ELISA for the expression of TLR4 and Cldn2. The results showed

much higher expression of TLR4 and Cldn2 in stressed mice than

control mice at mRNA (Fig. 6B–C) and protein levels (Fig.S3).

The serum levels of corticosterone, adrenocorticotropic hormone,

norepinephrine and prolactin were elevated kinetically in the

period of stress (Fig.S5). The colon epithelium from naı̈ve mice

and mice treated with sham stress did not show positive response

to LPS stimulation in Ussing chambers. The increases in

permeability to HRP (using as a macromolecular tracer)

(Fig. 6D), short circuit current (Fig. 6E) and conductance

(Fig. 6F) were recorded in the intestinal epithelium of mice treated

with chronic stress after stimulated by LPS in Ussing chambers,

which could be abolished by pretreatment with anti-Cldn2 pAb

(Fig. 6D–F). In addition, we also observed the changes in the small

intestine. The data were presented in Fig.S4). The results indicate

that psychological stress can breach the established epithelial

endotoxin tolerance in the mouse intestine, in which CRF and

Cldn2 play an important role. In addition, we also observed the

increase in the expression of Cldn2 in the colon epithelial cells of

patients with irritable bowel syndrome (Fig.S6).

Figure 5. Overexpression of Cldn2 compromise epithelial monolayer barrier function. HT-29 cells and MDCK cells were transfected with
pCldn2 or cpCldn2. The barrier function was evaluated. A, the bars indicate the recorded TER levels in epithelial monolayers. B, the bars indicate the
contents of HRP that were recovered from the basal chambers of transwells. The data in bar graphs were presented as mean 6 SD. *, p,0.01,
compared with naı̈ve groups. The data represent 5 separate experiments. pCldn2 (or cpCldn2): HT-29 cells were transfected with pCldn2 (or cpCldn2).
doi:10.1371/journal.pone.0065760.g005
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Discussion

The intestinal endotoxin tolerance is a unique status of the

intestine to protect the intestinal tissue from the stimulation of

luminal Gram negative bacteria and their products. The

breakdown of the endotoxin tolerance is suggested to contribute

to the pathogenesis of a number of intestinal immune disorders,

such as IBD [4] and food allergy [29]; its etiology is to be further

understood. The present data demonstrate that the psychological

stress-derived CRF is one of the factors that can compromise the

established endotoxin tolerance of the intestinal epithelium. The

data indicate that the expression of TLR4 can be increased in the

intestinal epithelial cells upon exposure to CRF or treatment with

stress. The CRF-pulsed intestinal epithelial cells express high levels

of Cldn2 after re-exposure to LPS, which results in the epithelial

barrier dysfunction; the data demonstrate that the established

endotoxin tolerance can be breached by CRF or psychological

stress.

The phenomenon that psychological stress induces intestinal

epithelial barrier dysfunction was documented by us in the

previous work [7–11,14] and many other investigators [30,31].

Further studies have linked psychological stress to the pathogenesis

of IBD [32] based on the facts that stress can increase the ion

secretion in intestinal epithelium [7,8], which was also recorded

from the gut epithelium from IBD patients [11,14]. The stress-

induced intestinal epithelial barrier dysfunction can be abrogated

by the antagonists of stress-mediator, CRF, or the receptor

antagonists [7–9]. Expanding the above information, the present

study has revealed that the stress-derived CRF increases the

expression of TLR4 on intestinal epithelial cells. TLR4 recognizes

the endotoxin stimulation. Ligation of TLR4 activates the target

cells. The results show that upon the stimulation of CRF, the

expression of TLR4 was significantly increased in HT-29 cells.

The fact implicates that after stimulating by CRF or treating mice

with psychological stress, the intestinal epithelial cells may over

express TLR4 to gain extra capacity to respond to the stimulation

of endotoxin and thus breaches the established tolerance to

endotoxin. Indeed, our further experiments showed that the

exposure to CRF exaggerated the response to LPS stimulation in

HT-29 monolayers manifesting the drop of the TER and increase

Figure 6. Psychological stress breaches the established epithelial endotoxin tolerance. Mice were treated with water-avoid stress daily for
10 days. The expression of Cldn2 was determined by immunohistochemistry. The colon epithelial barrier function was measured with Ussing
chamber technique. A, the representative images show the expression of Cldn2 (stained in green) in colon epithelial cells. B–C, the bars indicate the
mRNA levels of TLR4 (B) and Cldn2 (C) in the colon epithelium (the protein data were presented in Fig.S3). D, the bars indicate the HRP contents in
the serosal side of Ussing chambers. E, the bars indicate the level of Isc of the colon epithelium. F, the bars indicate the levels of conductance (G) of
the colon epithelium. Annotations: Naı̈ve: Naı̈ve mice. Saline: Mice were treated with saline. Stress: Mice were treated with stress. Sham: Mice were
treated with sham stress. ahCRF: Mice were treated with ahCRF at a dose of 5 ng/mouse 30 min prior to each stress session. Ab (cAb): Mice were
pretreated with anti-Cldn2 pAb (or isotype IgG using as a control Ab, cAb). The data in bar graphs were expressed as mean 6 SD. *, p,0.01,
compared with naı̈ve or saline group. Each group consisted of 6 mice.
doi:10.1371/journal.pone.0065760.g006

CRF and Epithelial Tolerance

PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e65760



in permeability to macromolecular proteins. On the other hand,

the artificial increases in TLR4 expression in HT-29 cells

markedly increased the cells’ response to LPS. On the other

hand, the source of CRF is not only produced by the

paraventricular nucleus (PVN) of the hypothalamus, some other

cells, such as intestinal eosinophils [10] and cancer cells [33], also

produce CRF.

Apart from increasing the production of proinflammatory

cytokines by intestinal epithelial cells [3,34], another important

feature of the loss of intestinal endotoxin tolerance is the intestinal

epithelial barrier dysfunction [34], through which the luminal

microbial products, macromolecular antigens and other noxious

substances may get the opportunity to enter the deep region of the

intestine and cause further pathological responses [8,9]. The

alternation of the tight junction protein expression is one of the

factors inducing epithelial barrier dysfunction. Mazzon et al

observed that the reduction of zonula occludens-1 (ZO-1) was

significant in the mouse intestinal epithelium after restraint stress

as shown by immunohistochemistry [35]. Zhang et al found that

Salmonella infection upregulates the leaky protein claudin-2 in

intestinal epithelial cells [36]. Our data are somewhat in line with

those previous studies [35,36]; the contents of several tight

junction proteins were also decreased, in HT-29 cells after

exposure to CRF in culture, but only slightly. The difference

between our data and previous reports may be because the

experimental systems were different. A unique finding in our study

is that CRF significantly increased the expression of Cldn2 in HT-

29 cells; similar phenomenon was also observed in the mouse

intestine after treated with chronic psychological stress. The

finding implies that the increase in Cldn2 expression attributes the

epithelial barrier dysfunction. The inference was confirmed by

further experiments, in which the artificial over expression of

Cldn2 resulted in HT-29 monolayer barrier dysfunction. The

results are consistent with the clinical findings reported by Weber

et al whom found that the expression of Cldn1 and Cldn2 was

markedly increased in the intestinal epithelium of IBD patients

[37]. Suzuki et al’s work [19] proposes the mechanism by which

the over expression of Cldn2 compromises the barrier function is

that Cldn2 can form channels so as to increase the permeability of

tight junctions. The initial observation about the effect of Cldn2 on

tight junction function is to increase the ion permeability [19]; our

data have expanded the finding by showing that the over

expression of Cldn2 by epithelial cells also increase the perme-

ability to macromolecular proteins such as HRP. Others also

observed that the increase in Cldn2 even induced the bacterial

translocation in the intestine [38]. On the other hand, the fact that

TER was not changed after the treatment of CRF implicates that

the paracellualr space may not be disturbed in the present

experimental setting; the other tight junction associated proteins

are less possible to be affected. The increase in the permeability of

HRP after treatment with CRF may via the transcellular pathway,

a phenomenon we reported previously [39].

We propose that the engagement of TLR4 increases the

expression of Cldn2 in the intestinal epithelial cells. This was

demonstrated by (i) blocking TLR4 abolished the CRF-induced

Cldn2 expression in HT-29 cells; (ii) the artificial over expression

of TLR4 increased the expression of Cldn2. Activation of NF-kB is

the downstream signal transduction pathway of TLR4 activation

[19]. There are NF-kB binding sites in the Cldn2 promoter

sequence (21067 to 21 bp upstream of the translational start site)

[19]. Thus, it is logical that activation of TLR4 activates NF-kB,

the latter induces Cldn2 promoter activation and thus increases

the expression of Cldn2 in intestinal epithelial cells.

Apart from activation of TLR4, other molecules may be also

involved in the mechanism of endotoxin tolerance, such as Nahid

et al [40] reported that apart from TLR4, TLR2, and TLR5 were

also involved in microbial product tolerance; miR146a played a

critical role in the microbial product tolerance of THP-1

monocytes; knockdown of the miR146a reduced the inflammatory

responses to TLR4, TLR2, and TLR5 ligands. The expression of

TLR4 mainly localizes on the surface of macrophages, whereas in

intestinal epithelial cells, the expression of TLR4 mainly localizes

in the Golgi apparatus, which may confer different responses to

LPS between macrophages and intestinal epithelial cells. In our

study, we found that the stress-derived CRF up regulated the

expression of TLR4 in the intestinal epithelial cells, which

markedly increased the response of the intestinal epithelial cells

to the endotoxin, LPS. The data are in line with others’ reports.

Hashimoto et al [41] indicated that prenatal stress could enhance

the response to LPS in mice. Wang et al [42] also found that

psychological stress increased the expression of TLR4 in

cardiovascular tissue. Of course, our study may not exclude some

other mechanisms by which the established endotoxin tolerance

can be breached, which needs further investigation.

In summary, the exposure to CRF can induce TLR4 expression

in intestinal epithelial cells; the over expression of TLR4 on

intestinal epithelial cells gains the capacity to over–respond to the

stimulation of LPS and induces the expression of Cldn2 in the

epithelial cells; the Cldn2 compromises the intestinal epithelial

barrier function and thus breaches the established intestinal

endotoxin tolerance.

Supporting Information

Figure S1 Knockdown of genes of TLR4 and Cldn2 by
gene silence. The epithelial cells were transduced with the

lentiviral vector of TLR4 shRNA or Cldn2 shRNA or control

shRNA (cshRNA) respectively following the manufacturer’s

instruction. Cells were harvested 48 h after the transduction.

The cellular protein extracts were analyzed by ELISA. The

immune blots indicate the levels of TLR4 (A) and Cldn2 (B) in the

cell extracts. The data were expressed as percentage of the internal

control b-actin; the data represent 3 separate experiments. We also

cultured the transduced cells for up to 8 weeks; the expression of

TLR4 or Cldn2 was not recovered by then.

(TIF)

Figure S2 Over expression of TLR4 and Cldn2 in
epithelial cells. The TLR4 or Cldn2 plasmids (pTLR4 or

pCldn2) were purchased from Addgene (Cambridge, MA).

Epithelial cells of HT-29, T84 and MDCK were transfected with

pTLR4, or pCldn2, or control plasmids respectively using

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

protocols. On the next day, the cells were treated with 50 ng/ml

ampicillin and exposed to fresh media containing the same

concentration of ampicillin every 3 days for 2–3 weeks. Individual

drug-resistant cells were expanded for further experiments. The

cell proteins were extracted from the cells and analyzed by ELISA.

The bars indicate the levels of TLR4 (A) or Cldn2 (B). The data

(mean 6 SD) were expressed as percentage of the internal control

b-actin; the data represent 3 separate experiments. Panel C shows

the gene knockdown results. The data represent three separate

experiments.

(TIF)

Figure S3 The protein levels of TLR4 and Cldn2 in
mouse intestinal epithelium. Intestinal epithelial tissue was

scratched from the colon of naı̈ve mice, or mice treated with

CRF and Epithelial Tolerance

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e65760



psychological stress, or stress and CRF antagonist a-helical CRF

(ahCRF), or sham stress. The protein was extracted and analyzed

by Western blotting. The immune blots indicate the levels of

TLR4 (A) and Cldn2 (B). The integrated density of the bands were

denoted above the blots. The data represent 6 separate

experiments. *, p,0.01, compared with naı̈ve group.

(TIF)

Figure S4 Intestinal epithelial barrier permeability.
Mouse intestinal segments were mounted on Ussing chambers.

FITC-dextran was added to the luminal side and sampled from

the serosal side. The bars indicate the levels of dextran in the

serosal side. The data were expressed as percentage of the dextran

contents on the luminal side (mean 6 SD). *, p,0.01, compared

with the naı̈ve/saline group. Each group consisted of 6 mice.

(TIF)

Figure S5 Serum levels of ACTH, CORT, NE and PLC in
the stressed mice. Mice were treated with water-avoid stress as

described above and sacrificed on day 0, 3, 6 and 10 respectively.

The serum levels of ACTH, CORT, NE and PLC were

determined by ELISA. The bars indicate the serum levels of

ACTH, CORT, NE and PLC (as annotated above each panel).

The data were presented as mean 6 SD. *, p,0.05, compared

with day 0 group. Each group consisted of 6 mice. The samples

from each mouse were processed separately. The data represent

six separate experiments. ACTH: Adrenocorticotropic hormone;

CORT: Corticosterone; NE: Norepinephrine; PLC: Prolactin.

(TIF)

Figure S6 Expression of Cldn2 is increased in colon
mucosa of patients with irritable bowel syndrom. Colon

biopies were collected from 10 patients with irritable bowel

symdrom (IBS; 5 male, age 35–60 years old; 5 female, age 32–55

years old) and 10 patients with colon polyposis (5 male, age 29–56

years old; 5 female, age 33–61 years old). The using human tissue

in this study was approved by the Human Research Ethic

Committee at Zhengzhou University. A informed, written consent

was obtained from each subject. The biopsies were prepared for

cryosections and stained by immunohistochemistry. The repre-

sentative confocal images show the positive staining of Cldn2 (in

green) in the colon epithelial cells.

(TIF)

Table S1 Primers using in qRT-PCR

(DOCX)

Table S2 Levels of mRNA (%b-actin) in epithelial cells after

stimulated by the stress-derived molecules

(DOCX)
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23. Kosztolányi A, Küpper C, Chastel O, Parenteau C, Yılmaz KT, et al. (2012)

Prolactin stress response does not predict brood desertion in a polyandrous

shorebird. Horm Behav 61: 734–740. doi: 10.1016/j.yhbeh.2012.03.011.

24. Chang J, Adams MR, Clifton MS, Liao M, Brooks JH, et al. (2011) Urocortin 1
modulates immunosignaling in a rat model of colitis via corticotropin-releasing

factor receptor 2. Am J Physiol Gastrointest Liver Physiol 300: G884–G894.

25. Sun L, Nava GM, Stappenbeck TS (2011) Host genetic susceptibility, dysbiosis,

and viral triggers in inflammatory bowel disease. Curr Opin Gastroenterol 27:
321–7.

26. Pasternak BA, D’Mello S, Jurickova II, Han X, Willson T, et al. (2010)
Lipopolysaccharide exposure is linked to activation of the acute phase response

and growth failure in pediatric Crohn’s disease and murine colitis. Inflamm

Bowel Dis 16: 856–869. 10.1002/ibd.21132.

CRF and Epithelial Tolerance

PLOS ONE | www.plosone.org 9 June 2013 | Volume 8 | Issue 6 | e65760



27. Lenoir C, Sapin C, Broquet AH, Jouniaux AM, Bardin S, et al. (2008) MD-2

controls bacterial lipopolysaccharide hyporesponsiveness in human intestinal
epithelial cells. Life Sci 82: 519–528. doi: 10.1016/j.lfs.2007.12.007.

28. Denizot J, Sivignon A, Barreau F, Darcha C, Chan HFC, et al. (2012) Adherent-

invasive Escherichia coli induce claudin-2 expression and barrier defect in
CEABAC10 mice and Crohn’s disease patients. Inflamm Bowel Dis 18: 294–

304. 10.1002/ibd.21787.
29. Yu LC (2012) Intestinal epithelial barrier dysfunction in food hypersensitivity.

J Allergy (Cairo) 2012: 596081.

30. Reber SO, Peters S, Slattery DA, Hofmann C, Scholmerich J, et al. (2011)
Mucosal immunosuppression and epithelial barrier defects are key events in

murine psychosocial stress-induced colitis. Brain Behav Immun 25: 1153–1161.
doi: 10.1016/j.bbi.2011.03.004.

31. Kuge T, Greenwood-Van Meerveld B, Sokabe M (2006) Stress-induced
breakdown of intestinal barrier function in the rat: Reversal by wood creosote.

Life Sci 79: 913–918. doi: 10.1016/j.lfs.2006.03.002.

32. Naliboff BD, Kim SE, Bolus R, Bernstein CN, Mayer EA, et al. (2012)
Gastrointestinal and Psychological Mediators of Health-Related Quality of Life

in IBS and IBD: A Structural Equation Modeling Analysis. Am J Gastroenterol
107: 451–459.

33. Ciocca D, Puy L, Fasoli L, Tello O, Aznar J, et al. (1990) Corticotropin-releasing

hormone, luteinizing hormone-releasing hormone, growth hormone-releasing
hormone, and somatostatin-like immunoreactivities in biopsies from breast

cancer patients. Breast Cancer Res Tr 15: 175–184.
34. Fang HW, Fang SB, Chiang Chiau JS, Yeung CY, Chan WT, et al. (2010)

Inhibitory effects of Lactobacillus casei subsp. rhamnosus on Salmonella
lipopolysaccharide-induced inflammation and epithelial barrier dysfunction in

a co-culture model using Caco-2/peripheral blood mononuclear cells. J Med

Microbiol 59: 573–579.

35. Mazzon E, Cuzzocrea S (2008) Role of TNF-alpha in ileum tight junction

alteration in mouse model of restraint stress. Am J Physiol Gastrointest Liver

Physiol 294: G1268–G1280.

36. Zhang YG, Wu S, Xia Y, Sun J (2013) Salmonella infection upregulates the

leaky protein claudin-2 in intestinal epithelial cells. PLoS One 8:e58606.

37. Weber CR, Nalle SC, Tretiakova M, Rubin DT, Turner JR (2008) Claudin-1

and claudin-2 expression is elevated in inflammatory bowel disease and may

contribute to early neoplastic transformation. Lab Invest 88: 1110–1120.

38. Smith AJ, Schacker TW, Reilly CS, Haase AT (2010) A Role for Syndecan-1

and Claudin-2 in Microbial Translocation During HIV-1 Infection. J Acquir

Immune Defic Syndr 55: 306–15.

39. Yang PC, Berin MC, Yu LC, Conrad DH, Perdue MH (2000) Enhanced

intestinal transepithelial antigen transport in allergic rats is mediated by IgE and

CD23. J Clin Invest 106: 879–86.

40. Nahid MA, Satoh M, Chan EKL (2011) Mechanistic Role of MicroRNA-146a

in Endotoxin-Induced Differential Cross-Regulation of TLR Signaling.

J Immunol 186: 1723–1734.

41. Hashimoto M, Watanabe T, Fujioka T, Tan N, Yamashita H, et al. (2001)

Modulating effects of prenatal stress on hyperthermia induced in adult rat

offspring by restraint or LPS-induced stress. Physiol Behav 73: 125–132. doi:

10.1016/S0031-9384(01)00473-5.

42. Wang Rp, Yao Q, Xiao Yb, Zhu Sb, Yang L, et al. (2011) Toll-like receptor 4/

nuclear factor-kappa B pathway is involved in myocardial injury in a rat chronic

stress model. Stress 14: 567–575. doi: 10.3109/10253890.2011.571729.

CRF and Epithelial Tolerance

PLOS ONE | www.plosone.org 10 June 2013 | Volume 8 | Issue 6 | e65760


