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Abstract—Intestinal barrier dysfunction plays an important role in the pathogenesis of inflammatory
bowel disease (IBD). To evaluate the effect of intestinal trefoil factor (ITF) on increased intestinal
permeability and its association with tight junction proteins, an in vitro intestinal epithelia barrier
model was established with Caco-2 cells and treated with platelet-activating factor (PAF). We found
that exposing cells to 0.3 M ITF (30 min before or 30 min after PAF treatment) attenuated the PAF-
induced changes in transepithelial electrical resistance and Lucifer yellow flux. A quantitative RT-
PCR and western blot analysis revealed that ITF suppressed PAF-induced downregulation of tight
junction proteins claudin-1 and ZO-1 expression; furthermore, an abnormal localization and distr-
ibution of these proteins was inhibited, as assessed by immunofluorescence staining. These results
suggest that ITF decreases mucosal permeability and shows potential as a therapy for treating IBD.

KEY WORDS: platelet activating factor; intestinal trefoil factor; tight junction; transepithelial electrical resistance;
claudin-1; ZO-1.

INTRODUCTION

Intestinal barrier dysfunction is considered to be the
initiating event in the pathogenesis of inflammatory
bowel disease (IBD) [1–3]. An increased permeability of
the intestinal mucosa barrier allows toxic substances and
microorganisms to cross the intestinal wall, thereby
inducing an inflammatory response. The intestinal
mucosa barrier in IBD is characterized by a significantly
increased permeability of the paracellular space [4],
which is restricted primarily by the tight junction. The
proteins claudin-1 and zona occludens-1 (ZO-1) main-
tain tight junction integrity and intestinal barrier func-
tion. In an animal model in which an epithelial tight
junction protein is knocked out, the gene-deficient
animals exhibit intestinal pathology changes similar to
IBD [5], indicating that abnormal distribution or
expression of tight junction proteins in epithelial cells

may be involved in IBD pathogenesis. Hence, improving
intestinal barrier function is the focus of pathophysiol-
ogy research regarding IBD and one of the goals of IBD
treatment.

The intestinal trefoil factor (ITF) is a member of the
trefoil peptide family reported to protect and repair the
gastrointestinal mucosa through the maintenance of
intestinal epithelial cell integrity and restoration of
normal intestinal permeability [6–8], but if ITF has
protect and repair effects on the IBD, they are not so
well-known. In this study, we characterized the protec-
tive effect of ITF on tight junctions at the cellular level.
Our findings have provided evidence for the clinical
application in treating IBD.

MATERIALS AND METHODS

Cell Culture

To generate the in vitro model of the human
intestinal epithelium, Caco-2 cells (American Type
Culture Collection, USA) were cultured at 37°C in
Dulbecco’s modified Eagle’s medium (DMEM) contain-
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ing 15% fetal bovine serum in an atmosphere of 5% CO2

and 90% relative humidity. Parental cells were split at a
ratio of 1:2 and seeded (5×104 cells per square
centimeter) into Transwell cell culture inserts (0.4 μm,
6.5 mm, 0.33 cm2 growth surfaces; Corning, USA).
Experiments were performed at least 2 weeks
postconfluence.

To determine the optimal concentration of PAF
(Sigma, USA), we incubated postconfluent mono-
layers of Caco-2 cells with different concentrations
(0, 50, 100, 200 nM) for 24 h. To determine the
appropriate duration of treatment, we evaluated Caco-
2 monolayers incubated with 100 nM PAF for 0, 2, 4,
8, 12, 24, or 48 h. The effects of ITF were assessed
by adding 0.3 M ITF 30 min before or 30 min after
PAF (100 nM) treatment and incubating cells for 24 h.
The barrier integrity (permeability) and tight junction
proteins claudin-1 and ZO-1 were assessed as
described as below.

Transepithelial Electrical Resistance Measurements

Caco-2 cells were cultured in Transwell plates until
the confluent monolayer achieved a transepithelial
electrical resistance (TEER) >300Ω cm2 (about 15–
18 days), demonstrating a tight monolayer. TEER was
measured using a voltmeter (Millicell-ERS; Millipore,
USA) as described by Hidalgo et al. [9]: TEER (ohms
per square centimeter) = (Total resistance−Blank
resistance) (ohms)×Area (square centimeter).

Determination of Barrier Integrity by Transport
of Paracellular Marker

The integrity of the monolayer barrier was assessed
by a widely used and validated technique that measures
the apical to basolateral paracellular flux of the fluo-
rescent marker Lucifer yellow (LY, 0.55 kDa). Briefly,
600 μL of fresh phenol-free DMEM was placed into the
lower (basolateral) chamber and 100 μL of DMEM

containing LY (0.08 M) was placed in the upper (apical)
chamber. Aliquots (50 μL) were obtained from the upper
and lower chambers at baseline and subsequent time
points, and fluorescent signals were quantitated using a
fluorescence spectrophotometer (HITACHIF-4500,
Japan). The excitation and emission spectra for LY are
427 and 536 nm, respectively. Clearance was calculated
using the following formula: Clearance nanoliters perð
hour per square centimeterÞ ¼ Lab= LY½ �a� Sð Þ; where
Lab is the apical to basolateral flux of LY (light units per
hour), [LY]a is the concentration at baseline (light units
per nanoliter), and S is the surface area (0.33 cm2).
Controls were included in each experiment.

Quantitative Reverse Transcription-Polymerase
Chain Reaction Analysis of Claudin-1 and ZO-1
Expression

The total cellular RNA was extracted with TRIzol
one-step extraction and was used as a template for
cDNA. Reverse transcription was carried out at 37°C for
15 min and terminated by heating to 85°C for 5 s.
Amplification was carried out using an SYBR Green I
PCR kit (TaKaRa Biotechnology, Japan) according to
the manufacturer’s instructions. Thermal cycling con-
ditions were 95°C for 10 s, followed by 40 cycles of
95°C for 5 s and 60°C for 34 s. To quantify mRNA
levels, standard curves were generated for the target
genes (claudin-1, ZO-1 gene) and a housekeeping gene
(glyceraldehyde 3-phosphate dehydrogenase, GAPDH).
Target gene expression was then normalized to that of
the housekeeping gene. Primers were obtained from
TaKaRa Biotechnology and sequences are shown in
Table 1.

Western Blot Analysis of Changes in Claudin-1, ZO-1
Protein Expression

The total protein was extracted with the KGI
total protein extraction kit (Nanjing KeyGen Biotech
Co., Ltd., China), and proteins were quantified using

Table 1. Primer Sequences for Quantitative RT-PCR

Claudin-1, F 5′-GCATGAAGTGTATGAAGTGCTTGGA-3′ 132 bp GenBank account
Claudin-1, R 5′-CGATTCTATTGCCATACCATGCTG-3′ NM-021101
ZO-1, F 5′-AGCCTGCAAAGCCAGCTCA-3′ 131 bp GenBank account
ZO-1, R 5′-AGTGGCCTGGATGGGTTCATAG-3′ NM-003257
GAPDH, F 5′-GCACCGTCAAGGCTGAGAAC-3′ 142 bp GenBank account
GAPDH, R 5′-ATGGTGGTGAAGACGCCAGT-3′ NM-002046
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the BCA method. Equal amounts of protein from each
sample (about 50 μg) were separated by SDS-PAGE
(claudin-1, 15% gel; ZO-1, 5% gel) at 100 V for
150 min. The proteins were then transferred to the
PVDF membrane (200 mA, 2 h). The membranes
were washed with Tris-buffered saline (TBS) for
5 min, blocked with skim milk powder for 2 h,
washed twice with TBS–Tween (TTBS) for 5 min,
and then incubated with polyclonal rabbit antibodies
against claudin-1 (1:500 dilution) and ZO-1 (1:200
dilution; Zymed, USA) at 4°C overnight. The next
day, membranes were washed three times with TTBS
for 5 min and then incubated with horseradish
peroxidase-labeled goat anti-rabbit IgG (1:5,000;
Santa Cruz, USA) at room temperature for 2 h. After
washing three times with TTBS for 5 min, proteins
were detected with ECL reagents. After stripping the
membrane for 30 min, it was washed with TBS for
5 min, blocked with skim milk powder for 2 h, and
hybridized with a mouse anti-β-actin antibody (load-
ing control) and goat anti-mouse antibody (Santa
Cruz, USA), followed by ECL detection. An image
analysis was then performed.

Immunofluorescent Localization of Claudin-1
and ZO-1

Following the incubation with PAF, with or without
ITF, the cells were adhered on a slide, fixed for 10 min
with 4% paraformaldehyde, and then permeabilized with
0.5% Triton X-100 for 5 min. Following a brief wash in
phosphate-buffered saline (PBS), the fixed cells were
incubated with 1% bovine serum albumin for 1 h to
reduce non-specific staining. The cell monolayers were
incubated with claudin-1 or ZO-1 antibody (1:50
dilution, Zymed, USA) for 1 h at room temperature,
and then incubated with FITC-conjugated anti-rabbit
IgG (1:100 dilution, Santa Cruz, USA) for 1 h at room
temperature. Finally, the slides were washed twice with
PBS. A coverslip was mounted on the slide with 10 μL
of PBS and glycerol (1:1, v/v), and the coverslip edges
were sealed with clear nail polish. The slides were
examined under a fluorescence microscope (Olympus
BX61, Japan), and the images were examined in a
blinded fashion for overall morphology, orientation, and
disruption. A tight junction integrity in Caco-2 cells was
considered abnormal or injured based on the following
microscopic changes: fragmentation, kinking, or loss of
cell to cell contact.

Statistical Analysis

The results were expressed as mean±standard error
of the mean (SEM). A one-way analysis of variance was
used to compare groups. P<0.05 was considered
significant. All data analyses were conducted with an
SPSS 13.0 software package.

RESULTS

Protective Effect of ITF on PAF-Induced Changes
in TEER

We tested various concentrations of PAF and
found that 100 nM produced the strongest effects on
TEER (P<0.01). Exposure to 100 nM PAF for various
durations significantly decreased TEER, with the most
substantial decrease observed at 24 h (P<0.01)
(Fig. 1). We, therefore, treated cells with 100 nM of
PAF for 24 h in subsequent experiments testing ITF.
We found that treating cells with ITF (0.3 M) 30 min
before or 30 min after adding PAF (100 nM)
significantly increased TEER values (P<0.05)
(Fig. 2).

Effects of ITF on PAF-Induced Paracellular Marker
Transport

Lucifer yellow (LY) is a paracellular marker;
therefore, the unidirectional flux of LY can be used to
determine mucosal permeability. We found that LY
clearance was significantly higher in the Caco-2 cell
monolayers incubated with 100 nM PAF compared
with the control, and reached the peak at 24 h
(P<0.01) (Fig. 3). However, the ITF (0.3 M) added
to the cell culture 30 min before or 30 min after
adding PAF (100 nM) significantly decreased the
clearance of LY (P<0.05) (Fig. 4).

Effect of ITF on PAF-Mediated Downregulation
of Claudin-1, ZO-1

To determine mRNA levels of claudin-1 and ZO-1,
we generated standard curves of these target genes and
the internal control GAPDH; correlation coefficients
were 0.99, 0.995, and 0.992, respectively, showing good
linear relationships. The melting curve analysis showed
good primer specificity. Our results demonstrated that
claudin-1 and ZO-1 mRNA levels were reduced in cells
treated with PAF (P<0.01). Treatment with 0.3 M ITF
for 24 h (added 30 min before or 30 min after 100 nM
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PAF) attenuated the downregulation of these tight
junction proteins (P<0.01) (Fig. 5).

Effect of PAF and ITF on Claudin-1, ZO-1 Protein
Expression

Claudin-1 function requires serine and threonine
residues phosphorylation, which increases its molecular
weight from 20 to 25 kDa. Treating Caco-2 cells with
PAF did not affect the levels of the 20-kDa claudin-1
protein (P=0.99), but reduced the level of the 25-kDa
claudin-1protein compared with the control (P<0.01).
Similarly, a 24-h treatment with 100 nM of PAF
decreased the level of 220-kDa ZO-1 protein compared
with the control (P<0.01). Co-treatment with ITF (added
30 min before or 30 min after 100 nM of PAF) inhibited
the PAF-induced downregulation of protein expression,

which was consistent with the results of the mRNA
analysis (Figs. 6 and 7).

Effect of PAF and ITF on Claudin-1 and ZO-1
Protein Localization and Distribution

Claudin-1 and ZO-1 are distributed primarily near
the cell membrane in epithelial cells in untreated Caco-2
cells, which were tightly arranged with smooth edges
and showed a typical cobblestone shape. After the
treatment with 50 nM of PAF, the cellular edges became
serrated and changes were observed at sites of cell to cell
contact. Increasing the PAF concentration to 100 nM
exacerbated these changes: gaps between cells were
apparent, the claudin-1 network pattern was disrupted,
and claudin-1 staining was found in the cytoplasm.
Further increases in PAF concentration did not increase
its effect. Alterations in ZO-1 localization were similar
to that of claudin-1. These results suggest that PAF
causes abnormal distribution of these tight junction
proteins and translocation from the membrane. Treat-
ment with ITF (30 min before or 30 min after PAF was
added) attenuated but did not completely prevent the
PAF-induced changes in claudin-1 and ZO-1 localization
and cell morphology. Pretreatment with ITF produced
better effects than posttreatment with ITF (Fig. 8).

DISCUSSION

ITF is a member of the trefoil peptide family [10,
11] and was discovered in 1991 [12]. Previous studies
demonstrated an important role of ITF in the protection
and restoration of the gastrointestinal mucosa. It appears
to stimulate cell migration and proliferation, promote

0

100

200

300

400

0 50 100 200

PAF(nM)

T
E

E
R

( 
   

. c
m

2

T
E

E
R

( 
   

. c
m

2

0

100

200

300

400

0 2 4 8 12 24 48

Time(h)

a b

Fig. 1. The concentration–course and time–course of TEER induced by PAF in Caco-2 monolayers. a Caco-2 monolayers were incubated with
different concentrations of PAF for 24 h. b Caco-2 monolayers were exposed to 100 nM of PAF for different durations. Results were expressed as
mean±SEM (n=4). ΔP<0.05, ΔΔP<0.01 vs control.
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Fig. 2. Effects of ITF on decreased TEER in Caco-2 monolayers in-
duced by PAF. PAF, Caco-2 monolayers were treated with PAF (100-
nM) for 24 h; ITF pre, Caco-2 monolayers were treated with ITF
(0.3 M) 30 min before adding PAF; ITF post, Caco-2 monolayers were
treated with ITF (0.3 M) 30 min after adding PAF. Results were exp-
ressed as mean±SEM (n=4). ΔP< 0.05, ΔΔP<0.01 vs control; *P<0.05
vs PAF group.
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epithelial cell reparation, and stabilize the mucus gel
[10]. Recent studies report that the functional and
structural changes of the apical junctional complexes
contribute to ITF-induced modulation of gastrointestinal
epithelia. In HT29/B6 and MDCK cells, stable trans-
fection with FLAG-tagged human ITF increases epithe-
lial resistance [13].

Poritz et al. [14] reported that the loss of ZO-1 and
increased permeability preceded the development of
significant intestinal inflammation in colitis induced by
dextran sulfate sodium. Weber’s research [15] showed
that claudin-1 and claudin-2 expression is increased in
active IBD and may contribute to carcinogenesis. These
studies demonstrate that protecting tight junction pro-
teins in the IBD is very important.

Whether ITF can be a potential factor in the
treatment of IBD and its mechanisms associated with

maintaining intestinal permeability and tight junction
proteins function is still unknown. In the present study,
we established an in vitro model of the intestinal
epithelial barrier with Caco-2 cells and treated with
PAF. PAF is a well-recognized mediator of inflammation
in intestinal injury [16]. Previous studies show PAF is
constitutively expressed at low levels in normal rat
intestinal tissue [17], and several intestinal epithelial cell
lines synthesize PAF in vitro [18]. Furthermore, both
human and rat intestinal epithelial cells [19] and several
human intestinal epithelial cell lines [20] express the
PAF receptor. At levels lower than those that cause
intestinal injury, PAF induces transcription of cytokines
in the intestine, suggesting an additional role for protein
in regulating intestinal mucosal permeability.

To determine the direct effect of PAF on mucosal
permeability and furthermore the protective effect of
ITF, TEER and LY flux were detected in this study. We
found that exposing cells to 0.3 M ITF attenuated the
PAF-induced changes in TEER and Lucifer yellow flux.
These results prove that ITF can decrease mucosal
permeability. Similarly, Kubes et al. [21] demonstrated
that low doses of PAF that did not cause histological
injury of the small intestine could increase intestinal
permeability to low-molecular weight substances such as
51Cr-EDTA (51 kDa).

The permeability of the intestinal mucosa is
restricted primarily by the tight junction, which is
regulated by a variety of proteins, (e.g., claudin-1, -2, -
3, -4, -7, -15, occludin, ZO-1, ZO-2, ZO-3) [22–24]. A
previous study showed the expression of some of these
tight junction proteins declined when applied with TNF-
α or a cytokine mixture (TNF-α, IFN-γ, IL-1β) as the
stimulus [25–27]. We evaluated the expression and
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Fig. 3. The concentration–course and time–course of clearance of LY induced by PAF in Caco-2 monolayers. a Caco-2 monolayers were incubated
with different concentrations of PAF for 24 h. b Caco-2 monolayers were exposed to 100 nM PAF for different durations. Results were expressed as
mean±SEM (n=4). ΔP<0.05, ΔΔP<0.01 vs control.
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Fig. 4. Effects of ITF on PAF-induced increase of unidirectional flux
of LY in Caco-2 monolayers. PAF, Caco-2 monolayers were treated
with PAF (100 nM) for 24 h; ITF pre, Caco-2 monolayers were treated
with ITF (0.3 M) 30 min before adding PAF. ITF post, Caco-2 mon-
olayers were treated with ITF (0.3 M) 30 min after adding PAF. Results
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*P<0.05 vs PAF group.
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localization of claudin-1 and ZO-1 as markers of the
increased permeability induced by PAF. Quantitative RT-
PCR and western blot analysis revealed that ITF

suppressed PAF-induced downregulation of tight junc-
tion proteins claudin-1 and ZO-1 expression.

In addition, we evaluate claudin-1 and ZO-1 protein
localization using immunofluorescence staining. Clau-
din-1 and ZO-1 are normally localized on the surface of
the cell membrane, forming a network. After exposure to
PAF, claudin-1 and ZO-1 translocated beneath the
membrane, and fluorescence signals showed a serrated
pattern. This result is consistent with the findings of Han
and Sappington [26, 27]. Although pretreatment or
posttreatment with ITF did not completely prevent these
changes, it did attenuate the abnormal localization and
distribution of claudin-1 and ZO-1 protein induced by
PAF.

To investigate the molecular mechanisms by which
ITF regulates monolayer barrier integrity and para-
cellular permeability, much work should be done, but
the present study provided evidence showing that ITF
induces recovery of tight junction protein changes,
which contributed to the ITF-mediated stabilization and
maintenance of intestinal epithelial barrier function.
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Fig. 5. Effects of PAF and ITF on claudin-1 and ZO-1 mRNA expression evaluated by qRT-PCR. a, b PAF (50–200 nM) downregulated claudin-1
and ZO-1 mRNA expression. c, d ITF attenuated the downregulation of claudin-1 and ZO-1 mRNA expression induced by PAF. PAF, Caco-2
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control; *P<0.05, **P<0.01 vs PAF group.
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These results may provide new insight into the protec-
tive functions of ITF on epithelial cells and demonstrate
its potential for the treatment of IBD.
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