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Intestinal barrier functions are altered during the development of sepsis. Cathelicidin antimicrobial peptides,
such as LL-37 and mCRAMP, can protect animals against intestinal barrier dysfunction. Cathelicidin-BF (C-BF),
a new cathelicidin peptide purified from the venom of the snake Bungarus fasciatus, has been shown to have
both antimicrobial and anti-inflammatory properties. This study investigated whether C-BF pretreatment
could protect the intestinal barrier against dysfunction in a mouse model of endotoxemia, induced by intraperi-
toneal injection of LPS (10mg/kg). Mice were treatedwith low or high dose C-BF before treatment with LPS, and
samples were collected 5 h after LPS treatment. C-BF reduced LPS induced intestinal histological damage and gut
permeability to 4 KD Fluorescein–isothiocyanate-conjugated dextran. Pretreatment with C-BF prevented LPS in-
duced intestinal tight junction disruption and epithelial cell apoptosis. Moreover, C-BF down regulated the ex-
pression and secretion of TNF-α, a process involving the NF-κB signaling pathway. C-BF also reduced LPS
induced TNF-α expression through the NF-κB signaling pathway inmouse RAW264.7 macrophages. These find-
ings indicate that C-BF can prevent gut barrier dysfunction induced by LPS, suggesting that C-BF may be used to
develop a prophylactic agent for intestinal injury in endotoxemia.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Endotoxemia can induce sepsis, one of the leading causes of death in
noncardiac intensive care units worldwide [1]. Derangements in intesti-
nal function are crucial in the development of sepsis [2], indicating that
the gut functions as the “motor” of systemic inflammatory responses
[3]. Intestinal barrier function depends primarily on the integrity of
the intestinal epithelium, which is responsible for restricting the trans-
location of harmful agents, such as microorganisms and toxins via both
transcellular and paracellular pathways [4]. The integrity of the intesti-
nal epithelium requires a delicate balance between epithelial cell prolif-
eration and death [5,6], and the regulation of TJ proteins [7]. Systemic
inflammation such as sepsis has been shown to accelerate IEC apoptosis
and shedding [8], and to disrupt TJ proteins [9], processes driven by NF-
κB dependent TNF-α expression [10] and myosin light chain (MLC) ki-
nase activation [11], resulting in subsequent gut barrier dysfunction.
Fluorescein–isothiocyanate-
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Cathelicidins, a family of antimicrobial peptides with anti-bacterial,
anti-viral, and anti-fungal properties [12], act asmultifunctional effector
molecules in innate immunity [13]. In humans, LL-37 is the major
cathelicidin peptide derived from the gene CAMP, whereas in mice the
homologous peptide mCRAMP serves similar functions as the human
LL-37 [14]. LL-37 is anti-endotoxic protein, which selectively inhibits
pro-inflammatory cytokine production in response to LPS [15,16], and
shows protective activity in a mousemodel of endotoxemia [17]. More-
over, cathelicidin expressionwas found to be altered in patientswith ul-
cerative colitis (UC) [18]. Endogenous cathelicidin can modulate colon
tissue apoptosis during DSS-induced intestinal inflammation in
cathelicidin mCRAMP-deficientmice [19]. Moreover, intrarectal admin-
istration of mCRAMP could prevent colitis development by suppressing
apoptosis induction and neutrophil infiltration [20].

C-BF, a cathelicidin-like antimicrobial peptide purified from the
venom of the snake Bungarus fasciatus, consists of 30 amino acids. Its
secondary structure is an amphipathic α-helical conformation. It has
been shown to kill several microorganisms more efficiently than LL-37
and clindamycin do [21]. Moreover, C-BF is stable in mouse plasma for
at least 2.5 h [22] and can relieve Propionibacterium acnes-induced
mouse ear swelling and granulomatous inflammation [21]. This study
was designed to investigate whether C-BF can prevent LPS induced in-
testinal barrier dysfunction.
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Table 1
Intestinal mucosal damage grading score.

Grade Histological characteristic(s)

Grade 0 Normal mucosal villi
Grade 1 Subepithelial Gruenha gen's space (oedema), usually at the

apex of the villus
Grade 2 Extension of the subepithelial space with moderate lifting of

epithelial layer from the lamina propria
Grade 3 Massive epithelial lifting down the sides of villi; a few tips

may be denuded
Grade 4 Denuded villi with lamina propria and dilated capillaries exposed
Grade 5 Digestion and disintegration of lamina propria; hemorrhage and

ulceration
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2. Materials and methods

2.1. Peptide synthesis

C-BF (KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF) were synthesized by
standard solid-phase procedures with 9-fluorenylmethoxycarbonyl
(Fmoc) approach using an Apex 396 peptide synthesizer (Aapptec,
Louisville, KY, USA) by GL Biochem (Shanghai, China) Ltd. Ninety-five
percent purity of C-BF was achieved, verified by using Agilent 1200
Series high-performance liquid chromatography (Agilent technologies,
CA, USA) and Thermo Finnigan LCQ ion trap mass spectrometer
(Thermo Finnigan, San Jose, CA, USA). The peptidewas dissolved in ster-
ile saline at the concentration of 1 mg/ml (for high does treatment) and
0.5 mg/ml (for low dose treatment), and stored at−80 °C until use.

2.2. Reagents

LPS from the Escherichia coli serotype 0111:B4 was purchased from
Sigma-Aldrich, and was dissolved in sterile saline at the concentration
of 1.25mg/ml. FD4was purchased from Sigma-Aldrich. The rabbit anti-
bodies for β-actin and occludin were purchased from Abcam
(Cambridge, UK). The rabbit antibodies for ZO-1, NF-κB p65 and
phospho p-65 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The secondary antibody goat-anti-rabbit IgG was pur-
chased from Boster (Wuhan, China).

2.3. Animals

Male ICR mice (22–27 g) were obtained from Laboratory Animal
Services Centre of the Zhejiang University. All animals were housed in-
dividually in plastic cages with standard chow diet and water and
allowed to acclimate to their environment for 1 week before the exper-
iment. The animal experimental protocolswere approved by theAnimal
Care and Use Committee of Zhejiang University.

2.4. Treatment groups and medication procedure

All the mice had free access to water and food throughout the
experiment. The mice were randomly divided into 6 groups of 10
each: control (control), low dose (4 mg/kg) C-BF-treated (LC-BF), high
dose (8 mg/kg) C-BF-treated (HC-BF), LPS-treated (LPS), low dose
C-BF pretreated followed by LPS treated (LC-BF + LPS) and high dose
C-BF pretreated followed by LPS treated (HC-BF+LPS)mice. These dos-
ages were chosen on the basis of our unpublished data that 2mg/kg–10
mg/kgC-BFweremore effective in ameliorating inflammation response.
C-BF (200 ul each mouse) was injected intraperitoneally once per day
for 6 days, whereas the control and LPS groups were intraperitoneally
injected with an equal volume of sterile saline. On day 6, mice in the
LPS, LC-BF + LPS and HC-BF + LPS groups were intraperitoneally
injected with received LPS (10 mg/kg, 200ul each mouse) 1 h after
C-BF or saline treatment; the other groups were injected with an
equal volume of saline. None of the mice died during the experiment.
All mice were killed 5 h after intraperitoneal injection of LPS or saline.

2.5. Measurement of serum TNF-α

The serum levels of TNF-α were determined using an ELISA kit
(Multisciences, Hangzhou, China) according to the manufacturer's
protocol.

2.6. Histopathological evaluation

Images of paraffin section of duodenum, jejunum, and ileum
were obtained using a Leica DM3000 Microsystem (Leica, Wetzlar,
Germany) with Leica Application Suite Version 3.7.0. The villi height
and crypt depth were measured by using the ImageJ [23] segmented
line tool. 3 pathologists, blinded to the source of the slides, analyzed
and reported on each slide of jejunum. The degree of histopathologic
changes was graded by using the histologic injury scale described by
Chiu et al. [24] (Table 1).

2.7. Gut permeability assessment

FD4 was administered at 20 ml/kg body weight by oral gavage 1 h
after LPS or saline administration. Serum fluorescence was measured
by a Molecular Devices SpectraMax M5 plate reader (excitation
485 nm, emission 535 nm).

The 40mg/ml FD4was dilutedwith 5120, 2560, 1280, 640, 320, 160,
80, 40, 20, 10, and 5 ng/ml with PBS as the standard curve, and calculat-
ed the serum FD4 concentration through the standard curve.

2.8. Western blot analysis

Total protein extracts of jejunum were prepared by a Total Protein
Extraction Kit (KeyGen BioTECH, Nanjing, China) according to the
manufacturer's protocol. Lysates protein concentration were quantified
by a BCA Protein Quantification Kit (KeyGen BioTECH, Nanjing, China).
Equivalent amounts of protein were subjected to SDS-PAGE and
electro blotted onto PVDF membranes (Millipore, Billerica, MA, USA).
The membranes were incubated overnight at 4 °C with the following
primary antibodies: β-actin, ZO-1, occludin, NF-κB p65, and phospho-
NF-κB p65. Then membranes were incubated with anti-rabbit IgG anti-
bodies for 1 h.

2.9. RNA extraction and real-time PCR

Total RNA was isolated using the TRIzol reagent (Invitrogen Life
Technology), and the RNA concentration was quantified by the
NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham,
MA, USA). Total RNA was subjected to reverse transcription (RT) reac-
tionwith random primers. Quantitative PCRwas performed by StepOne
Plus™ Real Time PCR System (Applied Biosystems, Foster City, CA, USA)
using a Faststart Universal SYBR Green Master (ROX) (Roche Diagnos-
tics, Mannheim, Germany). The gene-specific primers were designed
using Primer Premier 5.0 (Table 2).

2.10. Immunohistochemistry for apoptotic IECs

The apoptotic IECs were identified by TUNEL (in situ cell death de-
tection kit, KeyGen BioTECH, Nanjing, China). Labeled cells were ana-
lyzed by a Leica DM3000 microsystem. The number of apoptotic cells
and the total cell number per field in each slide were counted. A mini-
mum of 500 cells and 5 high-powered fields were counted per slides.
The apoptosis index (AI) was calculated according to the following for-
mula:

AI ¼ ½the number of apoptotic cells ACð Þ=AC
þ the number of intact cells ICð Þ� � 100



Table 2
PCR primer sequence used in this study and their Tm values.

Primer Sequence (5′–3′) Tm (°C)

TNF-α forward GCATGGTGGTGGTTGTTTCTGACGAT 60
TNF-α reverse GCTTCTGTTGGACACCTGGAGACA
ZO-1 forward TCATCCCAAATAAGAACAGAGC 60
ZO-1 reverse GAAGAACAACCCTTTCATAAGC
Occludin forward CTTTGGCTACGGAGGTGGCTAT 60
Occludin reverse CTTTGGCTGCTCTTGGGTCTG
GAPDH forward CAACGGCACAGTCAAGGCTGAGA 60
GAPDH reverse CTCAGCACCAGCATCACCCCAT
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2.11. Cell culture and treatments

The mouse macrophage cell line RAW264.7 was obtained from the
Institute of Biochemistry and Cell Biology, SIBS, CAS (Shanghai, China).
Fig. 1. Effect of C-BF on intestinal permeability, histological appearance, histological score of the
ity. (B) Photomicrographs of sections of jejunal samples (×100). (C) Mucosal damage grading.
The cells were cultured in RPMI 1640 medium supplemented with
10% FBS, 100 U/ml of penicillin, 100 μg/ml of streptomycin at 37 °C
with 5% CO2 in a humidified atmosphere. Cells of the C-BF and
C-BF+ LPS groups were pretreated with 10 ug/ml C-BF, and the control
and LPS groupswere treatedwith same volume of PBS. After 6 h incuba-
tion, these cells were washed with D-Hanks and incubated in RPMI
medium with PBS (control and C-BF groups), 1 μg/ml LPS (LPS and
C-BF + LPS groups) for 2 h respectively.

2.12. Data analysis

All statistical calculations were carried out by SPSS 19.0. Data repre-
sent mean ± s.e.m. Significant differences between the control and
experimental groups were determined by a one-way ANOVA with a
Duncan multiple range test at P b 0.05. abcBars with different small cap-
ital letters are statistically different from one another.
jejunum and villus height in the duodenum, jejunum and ileum. (A) Intestinal permeabil-
Villus heights of the duodenum (D), jejunum (E) and ileum (F).



Fig. 3. Effect of C-BF on jejunal epithelial tight junction expression. (A andD)Real time PCR analysis of ZO-1 (A) and occludin (D)mRNA abundance in jejunum. (B, C and E, F)Western blot
analysis of the expression of ZO-1 (B and C) and occludin (E and F) protein in jejunum.

Fig. 2. Effect of C-BF on small intestinal cell apoptosis. (A) Representative TUNEL images for cell apoptosis (brawn signals, originalmagnification 40×, 400×). (B) Apoptosis index of jejunal
tissues.
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3. Results

3.1. Gut-to-circulation permeability

Six hours after LPS administration, serum FD4 concentration was
significantly higher in LPS- than in untreated mice (2.72 ± 0.06 μg/ml
Fig. 4. Effect of C-BF on serum TNF-α concentration and TNF-α expression and NF-κB activation
PCR analysis of TNF-αmRNA abundance in jejunum. (C and D)Western blot analysis of NF-κB p
analysis of TNF-α mRNA abundance. (G and H) Western blot analysis of p65 phosphorylation
vs 2.21 ± 0.02 μg/ml, P b 0.05; Fig. 1A). However, pretreatment with
both 4 mg/kg and 8 mg/kg C-BF significantly reduced serum FD4 con-
centrations, to 2.11 ± 0.11 μg/ml and 2.19 ± 0.05 μg/ml, respectively,
comparedwith the LPS group (P b 0.05 each), which showed nomarked
difference from the control group. Moreover, C-BF alone did not signif-
icantly affect intestinal permeability, compared with the control group.
in jejunum and RAW 264.7 macrophages. (A) Serum TNF-α concentration. (B) Real time
hosphorylation in jejunum. (E) TNF-α concentration in the supernatant. (F) Real time PCR
induced by LPS.
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3.2. Gross morphological and histopathological evaluations

H&E staining of specimens from the jejunums of control and C-BF
(including LC-BF and HC-BF) treated mice showed integrated villi and
compactly arrayed epithelium (Fig. 1B). In contrast, the intestines of
LPS treated mice showed marked atrophy and blunting of the villi,
with discontinuous brush borders and disarrayed epithelium. Pretreat-
ment with C-BF followed by treatment with LPS resulted in minimal
changes in the villi, similar to the control group. Based onmucosal dam-
age score, C-BF pretreatment prevented intestinal mucosal damage in-
duced by LPS (Fig. 1C).

Villus shortening is a frequently used measure of small intestinal
damage. In the jejunum, mean villus heights of the LPS group were re-
duced 39% compared with the control group (299.89 ± 3.31 μm vs.
487.37 ± 2.67 μm; P b 0.05; Fig. 1E). Although C-BF did not alter villus
heights, both doses significantly alleviated LPS induced villus shortening
(P b 0.05 each), similar to those of control mice.

In the duodenum (Fig. 1D), C-BF pretreatment significantly alleviat-
ed villus shortening due to LPS, with a similar level to untreated mice.
Additionally, mice treated with LC-BF and HC-BF in the absence of LPS
showed significant greater villus heights than control group. In the
ileum, however, LPS had no effect on villus height (Fig. 1F). Moreover,
neither C-BF nor LPS treatments significantly altered crypt depth in
the duodenum, jejunum and ileum (data not shown).

3.3. Intestinal epithelial cell apoptosis

Results fromTUNEL analysis indicated that LPS treatment resulted in
the apoptosis of jejunal epithelial cells (brown signals, Fig. 2A), which
was quantified by measuring the apoptosis index (Fig. 2B). Pretreat-
ment of LPS-administered mice with 4 mg/kg and 8 mg/kg C-BF signif-
icantly reduced the apoptosis index by 89.29% and 89.40% (P b 0.05
each), respectively. These indexes were comparable to that of the con-
trol group. Moreover, the apoptosis indexes in mice of LC-BF and HC-
BF (without LPS) were similar to that in the control group.

3.4. Intestinal TJs expression

LPS reduced the expression of both ZO-1 mRNA and protein, by 64%
and 27%, respectively, compared with the control group (P b 0.05 each;
Fig. 3A–C). However, C-BF pretreatment completely and significantly
abrogated the LPS-induced reduction in ZO-1 mRNA (P b 0.05) and
the higher dose of C-BF significantly abrogated the LPS induced reduc-
tion in ZO-1 protein (P b 0.05). C-BF had similar effects on occludin
mRNA expression, but its effects on occludin protein were not statisti-
cally significant (Fig. 3D–E).

3.5. Serum TNF-α level, intestinal TNF-α mRNA expression and
NF-κB activation

LPS treatment resulted in a 23-fold increase in serum TNF-α concen-
tration compared with untreated mice (56.02 ± 2.94 pg/ml vs. 2.43 ±
0.67 pg/ml, P b 0.05; Fig. 4A). Pretreatment with 4 mg/kg and 8 mg/kg
C-BF reduced LPS induced TNF-α secretion by 40.4% and 39.3%, respec-
tively. Serum TNF-α concentration in mice treated with C-BF alone was
similar to that of the control group.

Real time PCR analysis showed that LPS markedly enhanced TNF-α
mRNA levels in jejunum compared with untreated mice (Fig. 4B),
whereas, C-BF pretreatment significantly reduced TNF-α mRNA levels
compared with LPS treated mice. In addition, TNF-α mRNA levels in
mice of LC-BF and HC-BF groups, in the absence of LPS, were similar to
that of control mice.

LPS stimulation also markedly activated p65, an activation signifi-
cantly inhibited by C-BF pretreatment (Fig. 4C). Quantification showed
that LPS increased the phospho-p65 signal 14.8 fold compared with
controlmice (P b 0.05; Fig. 4D), whereas C-BFpretreatment significantly
inhibited LPS induced p65 activation.

3.6. TNF-α expression in mouse RAW264.7 macrophages

Treatment ofmouseRAW264.7macrophageswith LPS enhanced the
concentration of TNF-α in the supernatant 36-fold compared with con-
trol mice, whereas C-BF pretreatment significantly reduced the secre-
tion of TNF-α in response to LPS (Fig. 4E). A similar trend was also
found in TNF-α mRNA expression. LPS induced a 2-fold increase in
TNF-α mRNA expression, which was significantly inhibited by C-BF
pretreatment (Fig. 4F). Western blot analysis indicated that C-BF signif-
icantly inhibited LPS mediated p65 activation. Additionally C-BF treat-
ment, in the absence of LPS, did not significantly alter p65 activation,
TNF-α mRNA abundance or TNF-α secretion compared with control
group (Fig. 4G and H).

4. Discussion

This study suggested that the antimicrobial peptide C-BF may play
an important role in the inhibition of LPS-mediated intestinal injury in
endotoxemic mice. Intraperitoneal administration of C-BF significantly
weakened LPS induced increases in permeability to large molecules
and mucosal morphological damage. These effects of C-BF involved
the inhibition of NF-κB activation and TNF-α expression, leading to di-
minished mucosal apoptosis and TJ disruption. Thus, the intestine was
able to maintain mucosal barrier function during endotoxemia.

The intestinal epithelial barrier is important in the systemic inflam-
matory response after LPS treatment. Barrier breakdown is character-
ized by typical histological changes and high gut permeability [25].
Acute systemic LPS administration was found to decrease villus height
[10], induce morphological damage [25] and increase the movement
of largemolecules from the gut lumen to plasma [8]. Ourmodel showed
similar changes in villus height, histomorphology and gut-to-circulation
permeability 5 h after LPS administration, but all of these effects were
significantly inhibited by C-BF injection.

The gut barrier is composed of a single layer of IECs held together by
TJs, with barrier loss in the intestine occurring at sites of excessive cell
shedding [26]. LPS induced IEC apoptosis and cell shedding within
1.5 h in the small intestine, with IEC apoptosis occurring prior to shed-
ding [10]. The results presented here show that LPS triggered severe
cell apoptosis at apical villi, whereas C-BF pretreated mice showed
strong resistance to LPS induced apoptosis and shedding.

TNF-α has been found to mediate LPS induced IEC apoptosis [10],
and plasma TNF-α concentrations have been found to increase rapidly
after LPS administration [27]. The findings presented here demonstrate
that C-BF significantly inhibited LPS-induced increases not only of
serum TNF-α, but of TNF-α mRNA abundance in the small intestine.
The specific LPS receptor TLR4 has been found expressed at low levels
in IECs [28], suggesting that the initial recognition of systemic LPS
does not occur in IECs, but via TLR4 ligation in monocytes and macro-
phages, which in turn rapidly secrete cytokines, including TNF-α [29].
Assessments of the effects of C-BF on LPS treated RAW 264.7 macro-
phages showed that LPS significantly stimulated NF-κB activation and
TNF-α expression and secretion, all of which were significantly sup-
pressed by C-BF. These findings suggest that C-BF inhibited NF-κB acti-
vation and TNF-α expression and secretion in residue macrophages,
significantly reducing IEC apoptosis.

The TJ proteins, such as ZO-1 and occludin, are important regulators
of intestinal permeability. LPS was shown to reduce ZO-1 expression in
nontumorgenic epithelial monolayers [30], to degrade gut occludin in
rats [31] and significantly disrupting barrier function. Decreased ZO-1
protein expression has been found to correlate with increased
paracellular permeability in endotoxemic animals [25]. Moreover,
siRNA-induced knockdown of occludin in Caco-2 cells andmouse intes-
tine was found to enhance the transepithelial flux of large molecules
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such as dextran [32]. The results presented here showed that LPS down-
regulated the expression of ZO-1 and occludin mRNA and protein, in-
creasing intestinal permeability. However, C-BF pretreatment partially
abrogated the effects of LPS on the expression of ZO-1 and occludin pro-
teins and completely abolished the effects of LPS on ZO-1 and occluding
mRNAs. In addition, C-BF was found to partially prevent the redistribu-
tion of ZO-1 and occludin induced by LPS in rats and IPEC-J2 cells
(unpublished results).

LPS markedly stimulated the activation of NF-κB. Activated NF-κB
p65may bind to themyosin light-chain kinase (MLCK) promoter region
and increase MLCK expression [33,34]. MLCK-mediatedMLC phosphor-
ylation has been found to result in the contraction of actin–myosin fila-
ments, altering TJ protein localization and expression as well as TJ
barrier functional openings [35]. The results presented here showed
that C-BF markedly inhibited NF-κB activation which may suppress
the activation of MLCK and reduce the disruption of TJs. Therefore, the
beneficial effects of C-BF on TJ may be partially mediated by the
down-regulation of NF-κB pathways.

In conclusion, this study has shown that C-BF can ameliorate intesti-
nal mucosal apoptosis and epithelial TJ disruption in a mouse model of
endotoxemia. The mechanism of action of C-BF may be associated
with its inhibition of the NF-κB signaling pathway. C-BF, alone or in
combination with other agents, may serve as a potential new prophy-
lactic agent to protect normal intestinal barrier function in patients
with endotoxemia.
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