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Aims: The present study examined the effect of the antimicrobial peptide cathelicidin-BF (CBF) on LPS-induced
mucosal injury and intestinal epithelial barrier dysfunction in a rat model and in the porcine intestinal epithelial
cell line.
Main methods: Changes in barrier integrity were assessed in intestinal epithelium and IPEC-J2 monolayers by
measuring nutrient absorption and transepithelial electrical resistance (TER), and the permeability of intestinal
epithelium was examined by measuring plasma D-lactate and diamine oxidase levels. The expression levels of
tight junction (TJ) proteins were quantified by real-time PCR, and immunofluorescence was used to analyse
the location and distribution of TJs in cells.
Key findings: In vivo, CBF improved epithelial barrier function through attenuating the alterations of the mucosal
structure, nutrient absorption and TER in the jejunum, and preventing the down-regulation of TJ proteins in LPS-
induced rat intestinal epithelium. In vitro, CBF prevented the disruption and the re-distribution of ZO-1 and
occludin, and suppressed the increase in inflammatory cytokine levels in LPS-induced IPEC-J2. The CBF-
induced upregulation of zonula occludens-1 and occludin was prevented by U0126 or SB203580, suggesting
the involvement of the MEK and p38 MAPK pathways in the CBF-induced changes in tight junctions.
Significance:Our results showed that CBF prevents LPS-induced intestinal epithelial barrier dysfunction, suggest-
ing its potential as a therapeutic agent for the prevention of LPS-mediated intestinal diseases. We found that ex-
ogenous CBF had protective effects on LPS-induced intestinal epithelial barrier disruption in rats and on epithelial
damage in IPEC-J2 cells.
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1. Introduction

The mucosal epithelium of the intestine forms a continuous mono-
layer in vivo, playing a critical role in the resistance against
microbially-triggered gastrointestinal disease. Defects in barrier integri-
ty, which are a pathophysiological feature of mucosal inflammatory dis-
eases, result in increased permeability. Increased permeability, in turn,
causes the leakage of water and plasma proteins into the lumen and
the translocation of intestinal bacteria and/or microbial byproducts
into the systemic circulation, which contributes to the development of
systemic septicaemia [16]. Therefore, themaintenance of epithelial bar-
rier integrity is essential for intestinal homeostasis [16,40,41]. The
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bacterial endotoxin lipopolysaccharide (LPS), which is produced by
Gram-negative bacteria, causes mucosal hyperpermeability in vivo [9].
This hyperpermeability is thought to result from the indirect action of
LPS on the intestinal epithelium mediated by mechanisms such as mu-
cosal ischaemia. Administration of LPS to IEC-6 cells disrupts the barrier
function of tight junctions (TJs), as indicated by transepithelial electrical
resistance (TER) [24]. LPS increases the permeability of intestinal epi-
thelial cells, and this reaction is correlated with the redistribution of in-
testinal TJ-associated proteins [24,51]. In vivo and in vitro studies in
animals and humans suggest that LPS disrupts intestinal barrier func-
tion leading to bacterial translocation [10,39,58]. Although many stud-
ies have demonstrated the negative effect of LPS on the integrity of
the intestinal mucosa, few effective clinical and non-antibiotic thera-
peutic approaches to counteract LPS-induced intestinal epithelial barri-
er dysfunction have been identified.

The cathelicidin family consists of antimicrobial peptides
characterised by conserved pro-peptide sequences, and the family was
first identified in mammals [12]. In mice, mCRAMP peptide of the
cathelicidin family expressed in inflammatory and epithelial cells [14].
Mice lacking mCRAMP displayed significantly increased colonisation
of Citrobacter rodentium on the colonic surface epithelium [18].
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Additionally, mCRAMP possesses bactericidal activity against entero-
pathogenic Escherichia coli and enterohemorrhagic E. coli [18]. Endoge-
nous cathelicidin modulates dextran sulphate sodium (DSS)-mediated
intestinal inflammation in mCRAMP-deficient (Camp−/−) mice [26],
and mCRAMP administration ameliorates colitis in wild-type mice ex-
posed to DSS [55]. Although antimicrobial peptides such as cathelicidins
have the ability to kill microbial pathogens, there is emerging evidence
that these peptides possess multiple receptor-mediated functions and
are involved in diverse physiological processes, such as cell proliferation
and migration, immune modulation, wound healing, angiogenesis, and
the release of cytokines and histamines [5,38,46]. Cathelicidins amelio-
rate Clostridium difficile colitis and toxin A enteritis partly by suppress-
ing enterotoxin-induced alterations in mucosal structure in mice [17].
Cathelicidin-BF (CBF), a 30-aa peptide purified from the snake venom
of Bungarus fasciatus, has high antimicrobial activity and very rapid
microbe-killing efficacy [59]. CBF has high antimicrobial activity against
Gram-positive and Gram-negative bacteria and low cytotoxicity [29]. In
previous work from our group, we showed that CBF attenuates dextran
sulphate sodium-induced ulcerative colitis by regulating intestinal im-
munity and intestinal barrier function. Inhibition of NF-κB (p65) phos-
phorylation was involved the correlative process [61]. After then, the
results from Song et al. also showed C-BF pretreatment significantly
weakened LPS induced increases in permeability to largemoleculesmu-
cosal, morphological damage and epithelial ZO-1 disruption in a mouse
model of endotoxemia. C-BF also reduced LPS induced TNF-α expres-
sion through the NF-κB signalling pathway inmouse RAW264.7macro-
phages [50]. However, the effect of CBF on the maintenance and re-
establishment of intestinal barrier function in rat jejunumand intestinal
epithelial cell monolayers remains unclear. Transepithelial electrical re-
sistance (TER) is a widely accepted quantitative technique to measure
the integrity of tight junction dynamics and their values are strong indi-
cators of the integrity of the cellular barriers. Nutrient absorption and
TER were measured in this study to assess epithelial barrier function
in rats and IPEC-J2 cells. Furthermore, we examined the effects of CBF
on LPS-induced alterations of intestinal mucosal architecture, epithelial
barrier disruption, reduction of ZO-1 and occludin distribution in a rat
model and porcine IPEC-J2 cells. Otherwise, proinflammatory cytokines
such as TNF-α, IL-8, and IFN-γ are releasedwithin the intestinal mucosa
during the development of LPS-induced enteropathies. These proin-
flammatory cytokines have been shown to disrupt intestinal epithelial
barrier function both in vitro and in vivo [2,28]. We also investigated
whether the proinflammatory cytokines involved the process of CBF
modulating tight junctions in rat.

2. Materials and methods

2.1. Preparation of CBF

CBF was synthesised and purified by Chinese peptides company
(Hangzhou, China), and the molecular weight of the purified CBF was
confirmed by matrix-assisted laser desorption/ionisation time-of-
flight mass spectroscopy (Model Autoflex, Bruker Daltonics Inc., USA)
using α-cyano-4-hydroxycinnamic acid as the matrix. The purity of
the peptide was determined to be N95% by analytical reverse phase-
HPLC. The peptide was then dissolved in pure water at a concentration
of 3.0 mg/mL, and the peptide solution was stored at−80 °C until use.

2.2. Animals and design of in vivo experiments

Male Sprague-Dawley (SD) rats (10–12 weeks) were obtained from
Zhejiang Provincial Center for Disease Control and Prevention (Zhejiang
CDC, Hangzhou, China). Animals were individually housed and main-
tained on a 12:12 h light-dark cycle under specific pathogen-free condi-
tions. Ten rats per group were used in all animal experiments and
animals were provided with food and water ad libitum. Animal experi-
mental procedures were approved by the Committee on the Ethics of
Animal Experiments of Zhejiang University (Permit Number: SYXK
2012-0178).

To assess whether CBF has a protective effect on intestinal epithelial
barrier function, 10-week-old male SD rats (10 per group) were ran-
domly selected. Three groups of rats received 0, 5, or 10 mg/kg (mg
per kg body weight) of CBF in a total volume of 800 μL sterile saline by
intraperitoneal injection. After 20 h, rats were injectedwith 200 μL ster-
ile saline containing 5mg/kg of E. coli LPS (Sigma-Aldrich, St. Louis,MO)
and were observed for 4 h after the treatment with LPS (LPS and
CBF+ LPS groups). To assess whether CBF has a healing effect on intes-
tinal epithelial barrier disruption, two groups of rats were intraperito-
neally injected with 5 mg/kg of E. coli LPS in 200 μL sterile saline for
4 h, followed by injection of 5 or 10 mg/kg of CBF for 20 h (LPS + CBF
groups). Ten rats that received 800 μL sterile saline for 24 h and then
200 μL of sterile saline for 4 h were used as the control group. Two
groups of rats receiving 5 or 10 mg/kg of CBF for 24 h were used as
CBF controls. The rats were anesthetised by intraperitoneal injection
of 15 mg/kg of sodium pentobarbital and blood was collected. The rats
were then euthanized by cervical dislocation and the jejunumwas rap-
idly removed and used for further experiments.

2.3. Assessment of histopathological changes and immunohistology

For histological measurements, tissues from at least four rats in each
group (2–4 sections per rat) were examined. Full thickness sections of
the middle jejunum were excised, immediately fixed in neutral-
buffered formalin, stainedwith haematoxylin-eosin (H&E), and embed-
ded in paraffin. H&E-stained sections of 5 μm were used for measure-
ments. The villus height and crypt depth were measured directly
under a Leica NEWDM 4500BR microscope using an ocular lens with a
micrometer. At least 10 measurements from non-overlapping, well-
oriented areas were obtained from each sample, and the results were
expressed in micrometers.

Segments of the jejunumwere frozen in liquid nitrogen immediately
after removal and stored at −80 °C until used. Frozen sections were
mounted on the poly-L-lysine-coated slides. Then the slides were
dried and fixed in 4% buffered paraformaldehyde (pH 7.4) for 10 min
at room temperature. Fixed sections were washed in PBS and blocked
with 1% bovine serumalbumin (BSA) in PBS for 20min at room temper-
ature. The slides were incubated with anti-ZO-1 or occludin antibodies
(both from Abcam, Cambridge, UK) overnight at 4 °C. Negative controls
were processed similarly using BSA in PBS instead of primary antibody.
After washing, the sections were incubated with goat anti rabbit anti-
body conjugated with FITC (Jackson ImmunoResearch Laboratories,
USA). Nuclei were counterstained with DAPI (Sigma-Aldrich, MA,
USA). Finally, the sections were viewed with a fluorescence microscope
(Nikon 108, Japan).

2.4. Plasma D-lactate and DAO levels

After treatment, rats were anesthetised by intraperitoneal injection
of 15mg/kg of sodium pentobarbital and 3mL of venous bloodwas col-
lected. The plasma was deproteinised with perchloric acid, and the
levels of D-lactate and diamine oxidase (DAO) in the plasma were de-
tected by spectrophotometry using Multi-Mode Microplate Readers, as
described by Sun [53] and Jin [19] (SpectraMax M5, Molecular Devices,
USA).

2.5. Cell culture and treatment

The small intestinal porcine epithelial cell line J2 (IPEC-J2) (donated
by Dr. Junjun Wang, China Agricultural University, Beijing, China),
which was isolated from the epithelium of the jejunum of a neonatal
unsuckled piglet, was characterised and used as an in vitro model sys-
tem in this study [44]. IPEC-J2 cells were maintained in culture as de-
scribed previously [45]. IPEC-J2 cells were grown in dishes at a density



Table 1
Primers used in the quantitative real-time PCR.

Target gene GenBank accession no. Primer sequence (5′-3′) Product size (bp)

Claudin-1 NM031699.2 ATTGGCATGAAGTGCATGAG
CCATGGCCTCCCTTGGCGTC

108

Occludin NM031329.2 ACACAGACCCCAGAGCGGCA
AGCCTGGGCAGTCGGGTTGA

218

ZO-1 NM001106266.1 GCCAGCCAGTTCCGCCTCTG
AGGGTCCTCCCGGGTTGGTG

173

JAM-1 NM053796.1 GCGAAGCTGTTCCCAGCGGA
CGCAGTGGTGCTGCCTTGGA

265

IFN-γ NM_213948.1 CAAAGCCATCAGTGAACTCATCA
TCTCTGGCCTTGGAACATAGTCT

100

IL-8 NM_003361958 TTCGATGCCAGTGCATAAATA
CTGTACAACCTTCTGCACCCA

176

NF-kB (p65) NM_001048232 CTCGCACAAGGAGACATGAA
ACTCAGCCGGAAGGCATTAT

147

TLR4 NM_001113039.1 GCCATCGCTGCTAACATCATC
CTCATACTCAAAGATACACCATCGG

108

TNF-α NM_214022.1 CCAATGGCAGAGTGGGTATG
TGAAGAGGACCTGGGAGTAG

116

18S NR046237.1 GTAACCCGTTGAACCCCATT
CCATCCAATCGGTAGTAGCG

151
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of 1 × 106 cells per well and randomly divided into groups to measure
the distribution of TJs and mRNA expression as follows: control group
(treated with sterile saline), LPS group (treated with 1 μg/mL LPS for
4 h), and CBF + LPS group (treated with 10 μg/mL CBF for 20 h before
exposure to 1 μg/mL LPS for 4 h). For the analysis of cytokine mRNA
and protein levels, IPEC-J2 cells were divided into the following four
groups: control (untreated), LPS (treated with 1 μg/mL LPS for 4 h),
CBF (treated with 10 μg/mL CBF for 24 h), and CBF + LPS (treated
with 10 μg/mL CBF for 20 h before exposure to 1 μg/mL LPS for 4 h).
To detect signalling pathways, parental epithelial cellswere preincubat-
ed for 1 h with 10 μM of the MEK inhibitor U0126, or 10 μM of the p38
MAPK inhibitor SB203580, before treatment with 10 μg/mL CBF for 24 h
either alone or in combination. Cells were harvested at the indicated
time points.

2.6. Transmission electron microscopy (TEM)

Approximately 5 × 105 cells were seeded onto 1.13 cm2 permeable
supports (Snapwell, Costar, Corning Incorporated). Monolayers of cells
were fixed with 2.5–3.0% glutaraldehyde (Polyscience, USA) in 0.1 M
cacodylate buffer (pH 7.2–7.4, Agar scientific, UK) for 1 h at room tem-
perature and rinsed twicewith cacodylate buffer adjusted to 300mOsm
with 6.84% sucrose. The cells were then subjected to post-fixation with
1% osmium tetroxide in cacodylate buffer for 1 h at 4 °C and rinsed twice
with cacodylate-sucrose buffer. Monolayers were dehydrated in a grad-
ed ethanol series and embedded with white resin. Specimens were
stained with uranyl acetate and alkaline lead citrate for 15 min and ob-
served by TEM (Model JEM-1230, JEOL, Japan).

2.7. Electrophysiology measurements

Short-circuit current (Isc) and transepithelial electrical potential
were measured using a modified Ussing chamber (VCC MC6, PI) as de-
scribed previously [1,42]. Jejunum tissue from rats and in vitro mono-
layers were immediately immersed in oxygenated Krebs buffer
(pH 7.4) and mounted into Ussing chambers (World Precision Instru-
ments; Narco Scientific,Mississauga, Ontario, Canada). The chamber ex-
posed 0.6 cm2 of tissue surface area to 8 mL of circulating oxygenated
Krebs buffer at 37 °C. The serosal buffer (pH 7.4) also contained
10 mM glucose as an energy source that was osmotically balanced by
10 mM mannitol in the mucosal buffer (pH 7.4). The chambers
contained agar-salt bridges to monitor the potential difference across
the tissue and to inject the required Isc to maintain a zero potential dif-
ference, as registered with an automated voltage clamp. Tissue
conductance, representing passive permeability to ions, was calculated
by Ohm's law. The baseline values for Isc, indicating net ion secretion,
and the conductance, as an inverse measure of tissue resistance, were
recorded at equilibrium,whichwas 20min after themounting of the in-
testinal segments.

2.8. RNA isolation and qRT-PCR

Total RNA isolation and cDNA synthesis by reverse transcription
were performed using the TRIzol reagent (Invitrogen Corporation,
Carlsbad, CA) and the M-MuLV reverse transcriptase kit (Fermentas,
EU, Glen Burnie, Maryland, USA), respectively. ThemRNA levels of indi-
vidual genes weremeasured by real-time PCR using a SYBR® Premix Ex
Taq™ Kit (Takara Biotechnology Co., Ltd., Otsu, Shiga, Japan) in the ABI
StepOne Plus™ Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA). Real-time PCR reactions were performed as follows: a
precycling stage at 95 °C for 30 s, then 40 cycles of denaturation at
95 °C for 10 s and annealing at 60 °C for 34 s. Fluorescence was mea-
sured at the end of each annealing step, and the melting curves were
monitored to confirm the specificity of the PCR products. Data were
analysed according to the comparative threshold cycle (Ct) method
and normalized to an endogenous reference (18S ribosome protein
gene). The primers used in this experiment are listed in Table 1.

2.9. Western blotting and immunofluorescence staining

Polarised IPEC-J2 cells grown on Transwell supports were lysed by
gently scraping the cells into buffer containing a complete protease in-
hibitor cocktail. The protein content of each monolayer was quantified
using the bicinchoninic acid (BCA) protein assay reagent kit (Pierce
Chemicals, Rockford, USA) and diluted to ensure that 15 μg of protein
was loaded in each lane of a 7.5%/10% SDS-PAGE gel. Proteins were sep-
arated by SDS-PAGE, transferred to nitrocellulose membranes, blocked
with 5% (w/v) dry milk in TBS and incubated with primary antibodies
overnight at 4 °C. An HRP-conjugated secondary antibody was then ap-
plied before the proteins were visualised by the chemiluminescence
method.

The concentrations of TLR-4 and NF-κB (p65) in extracts from IPEC-
J2 monolayers were determined using the Coomassie brilliant blue
assay. Extracts containing equal amounts of proteins (100 μg) were
electrophoresed in SDS-PAGE gels, transferred to PVDF membranes,
which were blocked for 30min in 5% skimmedmilk in PBS and then in-
cubated overnight at 4 °C with antibodies against c-Jun, TLR-4, NF-κB
p65, NF-κB p-p65 (Santa Cruz Biotechnology Inc., Santa Cruz, California,

ncbi-n:NM_213948.1
ncbi-n:NM_003361958
ncbi-n:NM_001048232
ncbi-n:NM_001113039.1
ncbi-n:NM_214022.1
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USA). Blots were developed with enhanced chemiluminescence detec-
tion reagents (Santa Cruz), exposed on Kodak Xdmat blue XB-1 film,
and quantified by Bandscan 5.0 software using GAPDH as the internal
control.

The IPEC-J2 monolayers were rinsed with pre-warmed HBSS for
5 min and subsequently permeabilised, stained, and fixed. For ZO-1
and occludin labelling,monolayerswere permeabilisedwith coldmeth-
anol (−20 °C) for 30min. Non-specific binding sites were blocked with
PBS containing 1% w/v BSA for 10 min. The cells were then
immunoprobed with 2.5 μg/mL of a rabbit anti ZO-1 antibody, a rabbit
anti-occludin antibody (Abcam, Cambridge, UK) or PBS (negative con-
trol) for 1 h. Each well was washed three times with 1% BSA-PBS for
5 min prior to being incubated with 5 μg/mL of a FITC-conjugated goat
anti-rabbit antibody for 1 h protected from light. The monolayers
were washed five times with 1% BSA-PBS for 5 min and post-fixed
with 4% w/v paraformaldehyde in PBS for 10 min. The filters were re-
moved from the plastic supports, mounted on slides with Vectashield
containing DAPI, and examined on a Leica TCS SP5 confocal laser
microscope.

2.10. Statistical analysis

All experiments were performed at least three times unless other-
wise indicated. SPSS 18.0 (IBM Inc., Chicago, IL, USA) was used for the
Fig. 1.Alterations in the architecture of the jejunalmucosa of rats treatedwith LPS alone or LPS t
The single sided arrow (→) indicates morphological changes of mucous layer. The double side
LPS + 10CBF group as example, 10CBF significantly improved LPS-induced villus shorten,
(B) Transmission electron microscopy of epithelial cell microvilli and tight junctions (TJs) (→
administration sequence of LPS and CBF on LPS-induced alteration of microvilli and TJs. C
LPS + 5CBF, LPS + 10CBF: rats administrated 5 or 10 mg/kg CBF after the treatment with
10 mg/kg CBF administration.
statistical analysis. The results are expressed as the means ± standard
error of the mean (SEM) of all samples. Statistical differences among
groups were analysed using one-way analysis of variance (ANOVA)
followed by Fisher's least significant difference (LSD) and Duncan as a
multiple comparison test. A value of P b 0.05 was considered to be sta-
tistically significant.

3. Results

3.1. CBF attenuates LPS-induced alterations of the jejunal mucosal
architecture

To assess the potential role of CBF in LPS-induced intestinal mucosal
architecture, SD rats (10 rats in each group)were treated by intraperito-
neal injection of LPS before or after CBF administration. As shown in Fig.
1, rats treated with LPS developed intestinal epithelial disruption with
altered mucosal architecture. However, CBF treatment after or before
LPS significantly decreased LPS-induced damage to the jejunal mucosa,
as shown byH&E staining (Fig. 1A). Villus height decreased significantly
and crypt depth increased significantly in the LPS-treated group
(Table 2). Administration of 10 mg/kg CBF after or before LPS injection
significantly improved villus height and decreased crypt depth
(Table 2). TEM revealed that CBF administration attenuated the obvious
pathological changes in the intestinal mucosa caused by LPS (Fig. 1B),
ogetherwith CBF (5 or 10mg/kg CBF). A: H&E staining of themucosa of the jejunum (×40).
d arrow (↔) indicates villus height. The line segment (│−│) indicates crypt depth. Take
disordered arrangement of intestinal epithelial cells and edema status in submucosa.
) (×10,000). The images show the reverse effect of various concentrations of CBF or the
ontrol: control rats with no LPS and CBF treatment. LPS: rats treated with LPS alone.
LPS respectively. 5CBF + LPS, 10CBF + LPS: rats with administration of LPS after 5 or



Table 2
Morphometry for jejunum mucosa epithelial morphology in rats1.

Group Villus height Crypt depth Ratio of villus height and
crypt depth

Control 290.23 ± 3.53a 120.29 ± 3.11e 2.41 ± 0.06a

LPS 155.03 ± 3.13e 217.29 ± 1.69a 0.71 ± 0.02e

5 mg/kg CBF 235.57 ± 1.69b 118.64 ± 2.75e 1.76 ± 0.03c

10 mg/kg CBF 237.98 ± 1.32b 134.35 ± 1.07d 2.15 ± 0.06b

LPS + 5 mg/kg CBF 139.29 ± 3.68f 130.84 ± 3.60d 1.16 ± 0.05d

LPS + 10 mg/kg CBF 194.61 ± 5.75d 181.78 ± 5.15b 1.70 ± 0.04c

5 mg/kg CBF + LPS 214.12 ± 2.33c 161.90 ± 1.53c 1.32 ± 0.02d

10 mg/kg CBF + LPS 298.23 ± 2.20a 166.66 ± 3.55c 2.17 ± 0.09b

1 Mean ± SEM. Values in the same columnwith different superscripts are significantly
different (P b 0.05, n = 10).
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including disarranged and distorted epithelial cell microvilli and
disrupted TJ architecture (as indicated by the arrow) due to swollen
or shrunken epithelial cells. Groups treated with CBF showed slightly
shrunken epithelial cells and a greater number of intact TJs than the
LPS-treated group (Fig. 1B).

3.2. CBF promoted the recovery of epithelial barrier function in rats

To determine whether CBF affects epithelial barrier function, we ex-
amined the effect of CBF on epithelial permeability, absorption ability,
and the TER of the small intestine in ratswith LPS-induced intestinal ep-
ithelial barrier disruption by evaluating changes in plasma D(−)-lactate
Fig. 2. CBF reverses the effects of LPS on epithelial barrier function in rats. (A) CBF (10 mg/kg) a
level. (B) CBF (10 mg/kg) significantly reduced the LPS-induced increase of DAO. (C) CBF rever
LPS-induced reduction of TER in jejunum. Control: control rats with no LPS and CBF treatmen
10 mg/kg CBF after the treatment with LPS respectively. 5CBF + LPS or 10CBF + LPS: rats wi
the mean ± SEM of six independent assays. Within the different treatments or at the same tim
level and DAO. The plasma D(−)-lactate level is a useful marker for
assessing intestinal injury andmonitoring increases in intestinal perme-
ability following severe injuries [53]. DAO is also often used to evaluate
intestinal injury [27] and intestinal permeability [19]. As shown in Fig.
2A, significantly lower concentrations of plasma D(−)-lactate were de-
tected in rats treated with 10 mg/kg of CBF after LPS (0.26 mM) or be-
fore LPS (0.28 mM) injections compared with the LPS-treated group
(0.42 mM) A similar plasma D(−)-lactate concentration was detected
in the control group (0.28 mM). Consistent with these results,
10 mg/kg CBF treatment after LPS (2.7 × 10−3 U/mL) or before LPS
(1.7 × 10−3 U/mL) injection resulted in significantly lower levels of
DAO than those in the LPS-treated group (3.4 × 10−3 U/mL), and
these values were closer to those of the control group (1.7 × 10−3 U/
mL) (Fig. 2B). The effects of CBF on LPS-induced hyper-permeability
were further tested in a nutrient absorption and TER assay. LPS treat-
ment significantly decreased nutrient (glucose, phosphorus, and gluta-
mine) absorption (Fig. 2C) and TER in the jejunum (Fig. 2D).
Treatment with CBF after or before LPS challenge significantly reversed
the LPS-induced reduction of nutrient absorption and TER in the
jejunum.

3.3. Effect of CBF on the expression of tight junction proteins in LPS-treated
rats

LPS disrupts epithelial barrier integrity by downregulating TJ pro-
teins [48]. Therefore, we examined the effect of CBF on the expression
of TJ proteins. In LPS-treated rats, the expression levels of claudin-1,
occludin, ZO-1, and junction adhesion molecule (JAM) in the jejunum
dministrated either before or after LPS caused the strongest reduction in plasma D-lactate
sed the LPS-induced reduction of nutrient absorption in jejunum. (D) CBF ameliorated the
t. LPS: rats treated with LPS alone. LPS + 5CBF or LPS + 10CBF: rats administrated 5 or
th administration of LPS after 5 or 10 mg/kg CBF administration. Data were expressed as
e point, different letters mean significant differences at P b 0.05.

Image of Fig. 2
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were significantly reduced compared with the control group (Fig. 3A
and B). However, compared with LPS groups, co-treatment with CBF
prevented the LPS-induced downregulation of these tight junction pro-
teins. Compared with LPS + CBF groups, CBF + LPS groups showed
higher expression levels of claudin-1, occludin, ZO-1, and JAM, and
treatment with 10 mg/kg CBF was most effective. Because this effect
Fig. 3. CBF prevents the LPS-induced downregulation of tight junction proteins. (A) Expression o
CBF or LPS + 10 CBF. CBF (5 mg/kg) significantly improved the LPS-induced downregulatio
downregulation of four TJ proteins. (B) Expression of TJ proteins in the jejunum mucosa of rat
10 mg/kg) significantly improved LPS-induced downregulation of four TJ proteins. The mRNA
mRNA. Values represent the mean ± SEM of six independent assays. Within each gene, va
proteins occludin (C) and ZO-1 (D) in representative sections of jejunum from Control (cont
LPS + 10CBF (rats administrated 5 or 10 mg/kg CBF after the treatment with LPS respectivel
administration). Fluorescent signal of occludin or ZO-1 (green) is merged with DAPI counterst
could be mediated by reinforcement of tight junctions, we investigated
whether treatment with CBF interferes with changes in the tight junc-
tion protein ZO-1 or occludin production and distribution. Immunohis-
tochemical analysis showed that CBF treatment before LPS completely
prevented the loss of expression and changes in distribution of occludin
(Fig. 3C) and ZO-1 (Fig. 3D) in the rat jejunum.
f tight junction (TJ) proteins in themucosa of the jejunumof rats treatedwith LPS, LPS+ 5
n of occludin, ZO-1 and JAM-1. CBF (10 mg/kg) significantly improved the LPS-induced
s treated with LPS, 5 CBF + LPS and 10 CBF + LPS. Preadministration of CBF (5 mg/kg or
levels of TJ proteins was analysed by qRT-PCR and is normalized to 18S ribosome protein
lues without a common letter differ, P b 0.05. Immunohistological detection of the TJ
rol rats with no LPS or CBF treatment), LPS (rats treated with LPS alone), LPS + 5CBF or
y), 5CBF + LPS or 10CBF + LPS (rats with administration of LPS after 5 or 10 mg/kg CBF
ained nuclei (blue).
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3.4. CBF diminishes the LPS-induced disruption in barrier function in IPEC-
J2 cells

To confirm the in vivo findings, we further assessed the effect of CBF
on barrier function in porcine IPEC-J2 cells. TJs were disrupted in IPEC-J2
cells treatedwith LPS,whereas therewas no obvious disruption of TJs in
the CBF+ LPS group comparedwith the control group (Fig. 4A). Consis-
tent with our in vivo study, the absorption of nutrients (glucose, phos-
phorus, copper, and glutamine) significantly decreased following LPS
treatment, whereas CBF treatment restored nutrient absorption to the
levels observed in the control group (Fig. 4B). In addition, LPS exposure
resulted in a rapid decrease in TER in the IPEC-J2 cellmonolayer, where-
as TER was restored in cells treated with CBF + LPS (Fig. 4C), which
showed a slower decrease similar to that of the control group.
3.5. CBF prevents LPS-induced re-distribution and reduction of TJs in IPEC-
J2 cell monolayers

To explore the possiblemechanisms underlying the protective effect
of CBF in IPEC-J2 cell monolayers after LPS treatment, the expression of
the TJ associated proteins ZO-1 and occludin was assessed. LPS signifi-
cantly downregulated ZO-1 and occludin at themRNA(Fig. 5A) and pro-
tein levels (Fig. 5B) compared with those in the control group, whereas
CBF significantly inhibited the LPS-induced downregulation of occludin
and ZO-1. Immunofluorescence and confocal imaging analyses were
used to determine the localisation of tight junction-associated ZO-1
and occludin in LPS-treated IPEC-J2 cells, which showed that LPS in-
duced a decrease in the levels of occludin (Fig. 5C) and ZO-1 (Fig. 5D)
in the junctional areas after 4 h of incubation. By contrast, pre-
incubation with CBF resulted in significantly higher expression of
occludin and ZO-1, with normal protein distribution compared with
that in LPS-treated cells. The junctional proteins appeared to be local-
ised to the cytosolic area and nucleus of the cells (Fig. 5C, 5D).
Fig. 4. CBF diminishes LPS-induced disruption of TJs and integrity of IPEC-J2 cell monolayers. (A
groups. Control group, TJs (→) were intact; LPS group, TJs (→) were disrupted; CBF + LPS grou
reversed LPS-induceddecrease in nutrient absorption.Different lettersmean significant differen
resulted in a rapid decrease in TER in IPEC-J2 cell monolayer, whereas CBF treatment led to m
1 μg/mL LPS for 4 h, CBF + LPS: IPEC-J2 treated with treated with 10 μg/mL CBF for 20 h befor
assays. Within the different treatments or the same time point, different letters mean significa
3.6. CBF counteracts the LPS-induced dysregulation of cytokine levels

To better understand the mechanism underlying the effect of CBF,
we investigated the potential involvement of cytokine dysregulation
in the LPS-induced reduction and re-distribution of TJs. Specifically,
we analysed the gene expression and secretion levels of TNF-α, IL-8,
and IFN-γ (Fig. 6A and B). LPS upregulated TNF-α, IL-8, and IFN-γ,
whereas treatment with 10 μg/mL CBF for 20 h before exposure to LPS
restored the expression of TNF-α, IL-8, and IFN-γ mRNA and protein
to normal levels. Single treatmentwith 10 μg/mL CBF did not have a sig-
nificant impact on TNF-α, IL-8, and IFN-γ expression levels. LPS-induced
secretion of TNF-α and IL-8 may occur via a distinct TLR-4/NF-κB path-
way; therefore, we quantified the expressions levels of TLR-4 and NF-
κB. (Fig. 6A and C). LPS stimulation upregulated TLR-4 and NF-κB gene
expression and TLR-4 and phosphorylated NF-κB p65 protein expres-
sion. However, CBF (10 μg/mL) potently inhibited the increases in
mRNA and protein levels of TLR-4 and phosphorylated NF-κB p65 in-
duced by LPS, as well as the signalling pathways downstream of the cy-
tokines in LPS-stimulated epithelial cells.

3.7. Mitogen-activated protein kinase (MAPK)/extracellular regulated ki-
nase (ERK) kinase (MEK), and p38 MAPK inhibitors block changes in the
expression of adherens and tight junctions caused by CBF

To determine whether the MEK and p38 MAPK pathways are in-
volved in the CBF induced changes in tight junctions, cells were treated
with the specific inhibitors U0126 or SB203580 for 1 h. The effects of
treatment with U0126 or SB203580 on the CBF-induced upregulation
of tight junction proteinswere examined by qRT-PCR andwestern blot-
ting. Treatment with CBF upregulated occludin and ZO-1 in IPEC-J2 cells
after treatment for 24 h (Fig. 7A and B). In IPEC-J2 cells treated with
U0126 or SB203580, occludin mRNA and protein levels decreased sig-
nificantly (P b 0.05), whereas expression of ZO-1 returned to half the
level of control cells (Fig. 7A and B).
) Transmission electron microscopy of TJs in IPEC-J2 from the control, LPS and CBF + LPS
p, TJs (→) were intact. (B) ΔIsc in IPEC-J2 from the control, LPS and CBF + LPS groups. CBF
ces at P b 0.05. (C) TER in IPEC-J2 from the control, LPS and CBF+LPS groups. LPS exposure
uch slower decrease in TER. Control: treated with sterile saline, LPS group: treated with
e exposure to 1 μg/mL LPS for 4 h. Values represent the mean ± SEM of six independent
nt differences at P b 0.05.

Image of Fig. 4


Fig. 5. CBF inhibits LPS-induced downregulation and re-distribution of occludin and ZO-1. Administration of CBF significantly prevented the LPS-induced downregulation of occludin and
ZO-1 at themRNA (A) and protein (B) levels. Different lettersmean significant differences at P b 0.05. The occludin (C) and ZO-1 (D) proteinswere distributed normally compared to those
in LPS-treated cells after a pre-incubation with CBF as examined by immunofluorescence microscopy.
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4. Discussion

Epithelial disruption has been associated with the pathogenesis of a
number of diseases induced by intestinal pathogens and/or bacterial en-
terotoxins [8,20,23,32,48,57]. Despite extensive evidence of the disrup-
tive effects of LPS on epithelial integrity and TJ structure [7,11,24,48],
effective clinical therapeutic approaches remain largely unidentified.
In the present study, the effect of the antimicrobial peptide CBF on at-
tenuating the detrimental effects of LPS on epithelial barrier function
was demonstrated in vivo and in vitro. The mucosal structure of the
small intestine is markedly altered after treatment with LPS [11], and
this effect includes the disruption of tight junctions [51]. In the present
study,we confirmed that severe damage to the intestinalmucosa occurs
after LPS treatment in the jejunum of rats. CBF could prevent (adminis-
tered before LPS) LPS-induced intestinal damage, which have the con-
sistent conclusion with the mice model investigated in our lab
previous study [50]. However, we proved CBF rescued (administered
after LPS) the LPS-induced rat intestinal damage in this study. The dis-
ruption of the integrity of the intestinal mucosa in LPS-treated rats
was indicated by impaired absorption of nutrients and decreased TER.
The degree of intestinal permeability caused by endotoxins is variable,
and the mechanism behind this phenomenon may be related to differ-
ent inflammatory mediators, such as cytokines, vasoactive amines, and
free radicals [33,35]. The increased intestinal permeability in animals
fed with total parenteral nutrition (TPN) is primarily caused by atrophy
of the intestinalmucousmembrane [31,52]. Therefore, the impaired nu-
trient absorption and decreased TER in the LPS group could have been
associated with damage to the intestinal mucosa. In animals treated
with CBF, the morphologic alterations to the intestinal mucosa (includ-
ing shedding of epithelial cells, fracturing of villi, mucosal atrophy, and
TJ disruptions) were significantly alleviated, which may have attenuat-
ed LPS-induced damage to the intestinal mucous membrane, consistent
with the improvement in nutrient absorption and TER. The positive ef-
fect of CBF on TERwas associatedwith a significant increase inmicrovil-
lus length and crypt depth in the jejunum of rats.

Since TER is an indicator of the degree of integrity of TJs, we further
investigated the relative mRNA expression of TJ components, including
claudin-1, occludin, ZO-1, and JAM, using qRT-PCR. We found that the
mRNA levels of claudin-1, occludin, ZO-1, and JAMwere significantly re-
duced in the LPS treatment group compared with the control group,
which is consistent with previous reports. Sheth et al. showed that LPS
induces the redistribution of tight junction proteins, including occludin,
claudin-1, claudin-4, and ZO-1, from the intercellular junctions and re-
duces the levels of ZO-1 [48]. However, co-treatment with CBF and
LPS significantly upregulated these proteins as the mRNA level, espe-
cially at a high CBF concentration of 10 mg/kg. This result suggests
that modulation of the mRNA expression of TJ components may be
one of the mechanisms by which CBF improved epithelial barrier func-
tion in LPS-treated rats. Thismechanismmay also explain the protective
(administration before LPS) and healing (after LPS) effects of CBF on ep-
ithelial permeability, especially at the concentration of 10 mg/kg. The
protective effect of CBF on LPS-induced intestinal barrier disruption
was further confirmed in an in vitro model using the IPEC-J2 cell line.
This cell line conserves its epithelial nature and has been used as an
in vitro model to study porcine intestinal pathogen-host interactions
and porcine-specific pathogenesis [4]. It can also serve as a model to
stimulate the innate immune function of the intestinal epithelium
[15]. LPS disrupted barrier function and increased paracellular perme-
ability in IPEC-J2 cell monolayers, and CBF attenuated the LPS-induced
alteration of TJs and increased nutrient absorption and TER in IPEC-J2
cells. These in vitro results were consistent with our in vivo results.

To further elucidate the mechanism mediating the protective effect
of CBF on barrier function in IPEC-J2 cells, we investigated the role of
the TJ-associated proteins occludin and ZO-1. Occludin and ZO-1 are

Image of Fig. 5


Fig. 6. CBF prevents LPS-induced dysregulation of TNF-α, IL-8, IFN-γ, TLR-4 and NF-κB expression. IPEC-J2 cells were untreated (Control), treated with 1 μg/mL LPS for 4 h (LPS), treated
with 10 μg/mL CBF for 24 h (CBF), or treatedwith 10 μg/mL CBF for 20 h before exposure to 1 μg/mL LPS for 4 h (CBF+LPS). (A) CytokinemRNA expressionwas analysed byqRT-PCR and is
normalized to 18S ribosome proteinmRNA. (B) Cytokines secretion of TNF-α, IL-8, IFN-γ in culture supernatants weremeasured by ELISA. (C) Protein levels of TLR-4, phosphorylated and
total protein levels of p65 NF-κB, and GAPDH from cell lysates were determined by western blot analysis. Values represent themean± SEM of six independent assays. Within each gene,
values without a common letter differ, P b 0.05.
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twomajor TJ proteins that function in different epithelia [3], and the in-
teraction between the COOH-terminal intracellular domain of occludin
with ZO-1 is crucial for the organisation and stability of the TJ [47,49].
These proteins are directly involved in the regulation of paracellular
barrier function [13,56]. Immunofluorescent staining of IPEC-J2 cell
monolayers for occludin and ZO-1 demonstrated a distinct organisation
of these proteins at the intercellular junctions, suggesting the presence
of well-developed TJs in IPEC-J2 cell monolayers. LPS inhibited the
localisation of occludin and ZO-1 to intercellular junctions and reduced
Fig. 7.MEK and p38 MAPK inhibitors block changes in the expression of adherens and tight ju
IPEC-J2 cells treated with U0126 or SB203580 for 1 h before treatment with CBF for 24 h eithe
protein mRNA. Values represent the mean ± SEM of six independent assays. Within each gene
their mRNA and protein levels, suggesting that LPS increased perme-
ability by disrupting TJs. CBF treatment prevented the LPS-induced
downregulation of occludin and ZO-1 and caused the redistribution of
these proteins to the cytoplasm and nucleus.

Disruption of the intestinal barrier induced by proinflammatory cy-
tokines is associatedwith alterations in TJ protein expression [2]. The in-
testinal epithelial barrier function is frequently disrupted in acute or
chronic enteropathies, such as inflammatory bowel disease, irritable
bowel syndrome, and infectious diarrhea [34,43,54]. In the present
nctions caused by CBF. qRT-PCR (A) and western blot (B) analysis of occludin and ZO-1 in
r alone or in combination. The signals were normalized to the expression of 18S ribosome
, values without a common letter differ, P b 0.05.
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study, we showed that LPS rapidly disrupts barrier function in IPEC-J2
cell monolayers by downregulating and redistributing TJ proteins (ZO-
1 and occludin) and increasing paracellular permeability to macromol-
ecules. During the development of enteropathies, proinflammatory cy-
tokines such as TNF-α, IL-8, and IFN-γ have been shown to disrupt
intestinal epithelial barrier function both in vitro and in vivo [2,28].
Our study showed that LPS-induced intestinal barrier disruptionwas as-
sociated with the change of the morphology of TJs, the relocalisation of
ZO-1 and occludin, and the release of proinflammatory cytokines (TNF-
α, IL-8, and IFN-γ). TLR4 was upregulated in parallel with the upregula-
tion of NF-κB, IL-8, and TNF-α in IPEC-J2 in response to LPS, whereas its
expressionwas unchanged in the CBF+ LPS group. This result indicates
that CBF inhibited the activation of TLR4 by LPS. There are two possible
explanations for this finding. One possibility is that CBF binds to LPS and
weakens the binding of LPS to TLR4. Another possible explanation is that
CBF can directly shield the binding site of LPS. Stimulation with LPS for
4 h significantly upregulated the proinflammatory factors TNF-α, IFN-
γ, and IL-8, and the mRNA levels of these cytokines were restored to
normal levels by CBF pre-treatment for 20 h. In addition, CBF decreased
the expression levels of NF-κB (p65) induced by LPS. We speculate that
CBF improves barrier function by indirectly regulating the abnormal ex-
pression of certain cytokines. These results were also proved by the pre-
vious results of our lab, which also demonstrated that C-BF significantly
inhibited LPS-induced increases not only of serum TNF-α, but of TNF-α
mRNA abundance in the small intestine. Meanwhile, LPS downregulat-
ed the expression of ZO-1 and occludin mRNA and protein, increasing
intestinal permeability in mice [50]. Cytokines such as TNF-α, IFN-γ,
and IL-8 are closely related to immune cell recruitment, which could
lead to abnormal morphology of the intestine.

The MEK/p38 MAPK pathway is an intracellular signalling pathway
that regulates a wide variety of physiological processes via serine/thre-
onine phosphorylation cascades. p38MAPK is ubiquitously expressed in
all eukaryotic cells and regulates gene expression, mitosis, migration
and apoptosis [6]. p38 MAPK activation is involved in the hydrogen
peroxide-induced increase in endothelial and epithelial permeability
[22]. Kevil et al. [21] indicated that MEK1 signalling increases
paracellular permeability; however, some disparity exists in the ob-
served cellular responses. Inhibition of MEK1 signalling had no effect
on the expression of occludin or claudin-1 or affect TJ function in breast
cancer cells [30]. Thus, the exact role ofMAPKs in epithelial barrier func-
tion andTJs remains unclear, which could bedue to cell specificity or the
processing environment. In the present study, U0126 or SB203580
prevented the CBF-induced upregulation of ZO-1 and occludin, suggest-
ing the involvement of the MEK and p38 MAPK pathways in TJ alter-
ations caused by CBF. Several cathelicidin peptides bind to bacterial
endotoxins and inactivate their biological activity [36,37]. This property
has been used to reduce LPS mortality in murine models of
endotoxaemia by application of LL-37/hCAP-18-derived peptides [25].
In contrast to the antimicrobial activity of the peptide, the uncleaved
pro-peptide of rabbit CAP-18 blocks the biological activities of LPS
[60]. Further investigation is necessary to determine whether the pro-
tective effect of CBF is mediated by its binding to LPS.

In conclusion, we report here for the first time that the antimicrobial
peptide CBF has a protective effect on LPS-induced intestinal epithelial
barrier disruption. The effects of CBF on barrier function mediated by
the modulation of TJs in LPS-treated IPEC-J2 cell monolayers and the
rat jejunum suggests its role as potential therapeutic agent for the pre-
vention and management of LPS-related intestinal diseases in humans.
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