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Abstract To explore the influence of vasoactive intesti-
nal peptide (VIP) on the gut barrier function in severe acute
pancreatitis (SAP). Fifty four SD rats were randomly
divided into three groups: sham operated (SO) group, SAP
group and VIP intervention group. Each group was further
divided into three time points: 1, 6 and 12 h after operation
with 6 rats for each treatment point. SAP models were
induced by retrograde injection of 4% sodium taurocholate
into the bili-pancreatic duct. VIP intervention group was
made by 5 nmol VIP intraperitoneal injection within 5 min
after SAP model successfully obtained. The VIP in plasma
and intestinal homogenate were detected with ELISA. The
endotoxin in plasma of all groups was also tested. The
expression levels of TLR4, TNF-«, IL-6, and IL-10 in gut
mucosa were measured by RT-PCR. Meanwhile intestinal
samples were harvested for pathological examination.
Compared to SO group, the VIP in plasma and intestinal
homogenate of SAP group were significantly decreased at
1 h after induction, and then gradually increased to beyond
the level of SO group at 12 h. The endotoxin of SAP group
was continually increased. The mRNA levels of TLR4,
TNF-a, IL-6, and IL-10 were also increased with obvious
pathological injuries in the intestine. In the VIP group,
endotoxin in plasma was obviously decreased compared to
SAP group. The expressions of TNF-o, IL-6 mRNA were
suppressed while IL-10mRNA was increased. The intesti-
nal pathological injuries were also markedly alleviated.
These results suggested that VIP had protective effects on
SAP gut barrier function through inhibiting intestinal
mucosal inflammatory responses.
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Introduction

Severe acute pancreatitis (SAP) is a serious systemic dis-
ease as its mortality remains high due to its fulminate
course and severe complications [1]. Progression from
severe acute necrotizing pancreatitis to infected pancreatic
necrosis results in high mortality. Although the exact
mechanism is not clear, inflammatory mediators have been
shown to play an important role in the pathogenesis of SAP
[2, 3]. Among the pro-inflammatory factors, endotoxin
plays a pivotal role in triggering inflammation reaction
locally as well as systematically. It has been shown that
endotoxin comes mainly from the intestine [4-7]. Intestine
is a multifunctional organ. It not only plays roles in nutrient
absorption and metabolism, but also functions as barrier to
protect against bacterial and other infections. When intes-
tinal barrier structure and function are compromised,
excessive endotoxin accumulates and translocates to pro-
mote or to aggregate acute pancreatitis. Intestinal barrier
dysfunction often occurs with SAP, in which endotoxin
shock and inflammatory cytokine surge might cause
“second hit” resulting in severe pathological manifestation
[8]. Prevention of intestinal barrier dysfunction may hold
the key in improving the outcome of SAP.

Vasoactive intestinal peptide (VIP) is originally char-
acterized as a brain-gut hormone that regulates the prolif-
eration and maintenance of intestinal epithelial cells,
intestinal fluid secretion, and intestinal motility [9]. It has
recently been shown produced by neurons, endocrine cells,
and immune cells (reviewed in Ref [9]). VIP actions in
immunity include anti-inflammation, regulating Th1/Th2
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balance, inducing regulatory T cells, and generating tol-
erogenic dendritic cells [10]. Although several research
reported that some materials such as probiotics and ga-
lactooligosaccharide had protective effect on intestinal
barrier function in SAP [11, 12], there has not been study
on the influence of VIP on the gut barrier function in SAP
so far. Kojima et al. [13] reported VIP attenuated the
severity of experimental pancreatitis through inhibiting the
cytokine production including IL-6 and TNF-alpha in
monocytes from the spleen. However, the influence of VIP
on intestinal inflammation-related cytokine and intestinal
barrier in SAP is still unknown. Toll-like receptors (TLRs)
were identified as essential components of the innate
immune system, they have been the subjects of intensive
investigation on their role in the inflammatory process.
Sawa et al. [14] reported that TLR2 and 4 might be
implicated in the mechanism of endotoxin/bacterial trans-
location in SAP. Regulation of TLR expression by VIP can
further provide a possible mechanism to improve SAP
treatment by preserving intestinal barrier function.

Here we demonstrated that VIP inhibited TLR4
expression, reduced endotoxin and inflammatory cytokine
production by intestine, and alleviated pathologic injury,
thus relieved SAP through promoting gut barrier function.

Materials and methods
Animal and reagents

Sprague-Dawley rat with weight about 250-300 grams
were provided by Suzhou University animal center, were
housed in cages under standard conditions, on a commer-
cial pellet chow, at room temperature (25°C) and 55%
humidity with a 12-h light—dark cycle.

The sources of major reagents are: sodium taurocholate
from Sigma Company, St. Louis, USA; VIP from Phoenix
Pharmaceutical, USA; VIP ELISA kit from Shanghai
Xitang Biotechnology Inc, China; Endoxin Assay kit from
Beijing Jingshanchuan Science and Development Inc,
China; Trizol Reagent from Invittrogen, USA; Reverse-
transcription kit from Takara, Japan; and oligonucleotide
primers were synthesized by Shanghai Biotechnology Inc.,
China.

Animal model

SAP model was created essentially according to the pre-
viously described procedure [15]. Briefly, Rats were fasted
for 12 h prior to operation. Rats were anesthetized with
sodium pentobarbital (80 mg/kg, i.p.). 2% sodium tauro-
cholate (dissolved in normal saline) was injected into
pancreatic and bile duct retrogradely with micro-pump set
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at a speed of 0.1 ml/min and volume of 1 ml/kg body
weight. The abdomen was then closed. For the sham
operation group, the abdomen was opened and the pan-
creatic and bile duct were flipped and 1 ml/kg body weight
normal saline was injected into colon cavity before closing
abdomen. Five minutes after model creation, VIP treatment
group were injected 5 nmol of VIP (dissolved in normal
saline) into abdomen cavity, sham and SAP groups were
injected the same volume of saline i.p., separatively. A
group of six rats were sacrificed 1, 6, and 12 h after
operation to collect samples.

All experimental procedures were performed in accor-
dance with the National Institutes of Health’s Guide in
China for the Care and Use of Laboratory Animals with the
approval from the Scientific Investigation Board of Suzhou
University.

Serological tests

Blood samples were obtained by cardiac puncture. The
serum levels of endotoxin and VIP were measured using
commercially available clinical assay kits.

RNA isolation

Intestinal tissues from SD rats were isolated with Trizol
reagent in accordance with the manufacture’s protocol
(Invitrogen, USA), the detailed procedure is as follows:
1 mg of intestinal tissue in 1 ml of Trizol reagent was
homogenated, 200 pl of chloroform was used for phase
separation, total RNA precipitated from the aqueous phase
using isopropyl alcohol was washed and re-dissolved in
double distilled water treated with DEPC, and stored at
—20°C for detecting gene expression using RT-PCR.

RT-PCR

Total intestinal RNA was reverse-transcripted into cDNA
using kit (Invitrogen, USA). The operations were done
strictly in accordance with to the manufacturer’s protocol.
The expression levels of TLR4, TNF-«, IL-6, and IL-10
were analyzed by semi-quantitative RT-PCR with f-actin
as internal control. Primers for RT-PCR were as following:
TLR4 forward 5’-gccggaaagttattgtggtgg-3' and reverse 5'-
atgggttttaggcgcagagttt-3’; TNF-o forward 5'-gccaatggcatg-
gatctcaaag-3’ and reverse 5’'-cagagcaatgactccaaagt-3'; IL-6
forward 5'-gactgaatgttgttgacagccactge-3' and reverse 5'-
tagccactecttetgtgactctaact-3';  IL-10  forward 5'-gctcag-
cactgctatgttge-3’ and reverse 5'-ttcatggccttgtagacacc-3'; f5-
actin forward 5'-cacgatggaggggccggactcatc-3’ and reverse
5'-taaagacctctatgccaacacagt-3'. After 30 cycles of amplifi-
cation, 5 pul of amplification product was used for gel
electrophoresis.
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For quantitative analysis of the stained gels, the software
program Gel-Pro Analyzer 4.0 (Media Cybernetics, United
States) was used. The integrated optical density (IOD) of
the bands on digitized images was measured. All RT-PCR
reactions were done 3 times for each sample. TLR4, TNF-
o, IL-6 or IL-10 gene expression was expressed as the ratio
of TLR4, TNF-a, IL-6 and IL-10 over f5-actin, respectively.
The ratio between the PCR amplified gene and the ampli-
fied standard was obtained for each sample.

Immunohistochemical analysis of TLR4

Immunohistochemistry was then performed using a standard
3-stage indirect immunoperoxidase technique [16]. Briefly,
formalin fixed intestine sections were deparaffinized and
rehydrated in graded alcohols and then rinsed in a running
water bath, with endogenous peroxidase activity quenched
by preincubating slides in 3% hydrogen peroxide in. After
rinsing with PBS, slides were incubated for 10 min in
blocking solution [5% skim milk (v/v) and 0.15% H,0, (v/v)
in deionized water]. The slides were rinsed in PBS, 50 pl
rabbit polyclonal anti-TLR4 antibody (Santa Cruz, CA)
applied ata 1:250 dilution, and the tissue incubated for 1 hin
a humidity chamber. After rinsing again with PBS, the tis-
sues were incubated with biotinylated anti-rabbit IgG
(DAKO) for 10 min. After rinsing with PBS, the slides were
incubated with streptavidin conjugated to horseradish per-
oxidase (DAKO) for 10 min and rinsed with PBS. Incu-
bating slides with Liquid DAB Substrate—-Chromogen
System (DAKO) for the indicated period of time (2 min
unless otherwise specified) identified bound antibody. After
a final wash in PBS and distilled water, the slides were
counterstained with a 50% dilution of Gill’s hematoxylin for
the indicated period of time (usually 1 min unless otherwise
specified), dehydrated in graded alcohols, and mounted with
a coverslip using Permount.

Expressions of TLR4 were determined by the semi-
quantitative method. Ten versions per slice were selected
randomly under 400x microscopes, then the proportion of
TLR4-positive cells was scored in each version. The semi-
quantitative score was determined according to the pro-
portion of stained cells. The proportions of stained cells
and the corresponding scores are as follows: <5%, 0;
5-25% (including 25%), 1; 25-50% (including 50%), 2;
50-75% (including 75%), 3; >75%, 4.

Histopathology
Intestine was harvested and treated sequentially by 10%

formalin fixation, paraffin imbedding after 72 h. Intestinal
ultra structure was examined on a Hitachi H600 transmission

electron microscope (Japan) after conventional fixation,
staining, and sectioning.

Statistical analysis

Data were expressed as mean £ SD. Statistical analyses were
performed with SPSS13.0 software (SPSS, Inc., Chicago, IL,
USA). One-way ANOV A with bonferroni post-tests was used
to determine the differences among groups. 7-test was used to
determine the differences between groups. A P-value of less
than 0.05 was considered to be statistically significant.

Results
The VIP levels in SAP rats

Serum and intestinal VIP levels of SAP rats were signifi-
cantly changed at each time point post-operation compar-
ing to control SO rats (Fig. 1a, b). While VIP levels of SO
rats remained within a narrow range for both serum
(55-59 pg/ml) and intestine (104-108 pg/g), they were
reduced in SAP rats to about 75-85% of SO rats levels in
first 6 h but rebound significantly 12 h after operation.

Changes of serum endotoxin levels

Serum endotoxin level of SO rats did not change within
12 h after operation but that of SAP rats significantly
increased just 1 h post-operation and further elevated 6 and
12 h after operation. SAP rats with VIP treatment had
higher level of serum endotoxin than SO rats but lower
than SAP rats (Fig. 2).

Expression of TLR4 and cytokines in intestinal mucosa

TLR4, TNF-a, IL-6, and IL-10 were expressed at a very low
level in SO rat intestinal mucosa but significantly increased in
SAP rats (Figs. 3a, 4). TNF-o mRNA level peaked 1 h after
operation and IL-6 expression peaked 6 h post-operation
while IL-10 and TLR4 expression increased continuously
(Fig. 4). TLR4 mRNA level was positively correlated with
serum endotoxin level (r = 0.900, P < 0.01). Comparing to
SAPrats, VIP treated rats had significantly lower TLR4, TNF-
o, and IL-6 but higher IL-10 expression level in intestinal
mucosa (Fig. 4). Immunohistochemistry staining showed
massive TLR4 positive cells with high expression level in
intestinal epithelia of SAP rats while TLR4 was almost
undetectable in SO rats. VIP treatment significantly reduced
both the number of TLR4 positive cells and TLR4 expression
level in intestinal epithelia of SAP rats (Table 1; Fig. 3b).
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Fig. 2 Serum endotoxin levels. At all time points, SAP rats had
significantly higher serum endotoxin levels than control. VIP
treatment reduced serum endotoxin level of SAP rats. The reduction
at 6 h was significant. *P < 0.05; **P < 0.01 compared to control,
#P < 0.05 compared to SAP

Pathological changes of intestinal structure of SAP rats

Transmission electron microscopic analysis provided
details to the pathological changes of SAP rat intestinal
structure. The intestinal epithelia of SO rats had well-
organized microvillus layer and tight-junction structure
(Fig. 5a). On the other hand, the intestine of SAP rats
almost completely lost epithelial structure and microvilli
with destructed organelle and tight-junctions (Fig. 5b).
Treatment with VIP partially attenuated the pathological
changes of SAP rats. In those rats, microvilli still presented
although with breakage, and cellular structure and tight-
junction were visible (Fig. 5c¢).

Discussion

SAP is a severe systematic disease which can fulminate to
multiple organs dysfunction syndrome (MODS) or multiple
organs failure (MOF) in early stages [17]. In turn pancre-
atic injury during SAP is further complicated by injury of
multiple organs including the liver, lung, kidney, ileum,
brain and heart [17]. Therefore, interventions reducing
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Fig. 3 TLR4 and inflammatory cytokine expression in intestinal
mucosa. a mRNA levels of TLR4, TNF-o, IL-6, and IL-10 were
significantly higher in SAP rats at all time points compared to control.
VIP treatment reduced the expression level of all those genes except
IL-10, which was increased by VIP. Lane 1-3 SAP 1, 6, and 12 h;
lane 4-6 VIP 1, 6, and 12 h; lane 7-9 control 1, 6, and 12 h,
respectively. b TLR4 positive cell number and intensity were
significantly higher in intestine of SAP rats (b) than controls (a).
VIP treatment reduced both TLR4 positive cell number and expres-
sion level (c)

infection and/or inflammation at early stage of acute pan-
creatitis may prevent pathological progression of SAP. In
our study, VIP intervention decreased blood endotoxin
level, reduced expression of inflammatory cytokines and
toll-like receptor 4 in intestine, and improved pathological
outcomes in SAP rat model.

Gut barrier dysfunction often occurs in SAP [18, 19].
Ryan et al. [20] showed that intestinal permeability to
macromolecular substance in pancreatitis correlated with
the severity of the disease in rats. Ammori et al. [21] found
that intestinal permeability to macromolecules in SAP
increased significantly compared to controls and mild
pancreatitis. The change of intestinal permeability could be
found 72 h after the onset of pancreatitis [22]. The
increased intestinal permeability was an indication of gut
barrier dysfunction [23], which resulted in the translocation
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Table 1 The expressions of TLR4 in intestines by immunohistochemistry
Group SO SAP VIP
1h 0.083 £+ 0.279 2.167 £+ 0.693* 1.667 + 0.951*
6 h 0.100 £ 0.354 3.017 £+ 0.813* 2.050 £ 0.594*°
12 h 0.117 £ 0415 3.517 + 0.537* 3.367 £+ 0.736*

TLR4 Toll-like receptor 4; SO sham operated group; SAP group with severe acute pacreatitis; VIP group treated with vasoactive intestinal peptide

2 Compared to SO group; ® Compared to SAP; P < 0.05

Fig. 5 Intestinal mucosa electron microscopic changes (x10,000)
a Control mucosa showing long and tight microvilli and intact tight
junction (arrowhead); b Pancreatitis intestine lost all microvilli and

of the enteric microbial population and/or endotoxin into
other organs. The incidence of enteric microbial/endotoxin
translocation was about 50-60% and it mainly came from
the intestine [24]. The endotoxin level in peripheral blood
has become the important index indicating the gut barrier
function. Here we found serum endotoxin levels in the SAP

tight junctions; ¢ VIP intervened SAP intestine showing shortened
microvilli with visible tight junction (arrowhead)

rats induced by sodium taurocholate were significantly
higher than SO rats and increased continuously, which
indicated the gut barrier function of SAP rats were dam-
aged obviously. The transmission electron microscopic
figure of SAP rat intestine also showed the disrupted
intestinal barrier.
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Many researches showed dexamethasone have been
shown beneficial effects in mitigating SAP caused damage
to pancreas and other organs [25-27]. However, dexa-
methasone treatment induced ileum epithelial cell apopto-
sis [26], and intrajejunal delivery needs complicated
operation. Therefore, more effective and convenient
reagent need to be developed. VIP has been shown to
regulate a wide range of biological functions, participating
in the control of immune system homeostasis [28]. The
effects of VIP on intestinal barrier function of SAP model
is not very clear. Our experiment showed that serum VIP
and intestinal VIP in SAP rats increased continuously
during 12 h after induction, serum endotoxin also showed
the continuous increase, which suggested VIP was related
to intestinal barrier function. Colin et al. [29] reported that
VIP ameliorated intestinal barrier disruption associated
with Citrobacter rodentium-induced colitis. Whether VIP
can ameliorate intestinal barrier disruption induced by
SAP? Here our test for serum endotoxin and intestinal
mucosa electron microscopic figure in VIP intervention
group showed VIP treatment significantly alleviated gut
barrier dysfunction by preserving intestinal mucosa struc-
ture, which would protect pancreas and other organs from
infection by intestinal bacteria.

VIP actions in immunity can be found in the regulation
of innate and adaptive immunity including anti-inflamma-
tory actions, regulation of Th1/Th2 switch, induction of
regulatory T cells, and generation of tolerogenic dendritic
cells. Inflammatory factors also play a key role in the
development of SAP [30] and inflammatory conditions of
the intestinal mucosa result in compromised barrier func-
tion independent of epithelial cell apoptosis [31]. It is well
known that excessive inflammatory factors together with
the immune system trigger systemic inflammatory response
syndrome (SIRS) and MODS in the development of acute
pancreatitis (SAP) [32]. Studies have shown that inflam-
matory factors such as TNF-a, IL-6, ICAM-1 were regu-
lated by the NF-xB nucleus transcription factor [33]. The
overexpression of NF-xB and the activation of its down-
stream gene aggravate SAP [34]. Many research showed
VIP could prevent NF-kB activation [10, 35, 36], which
suggested VIP might attenuate the severity of SAP through
inhibiting inflammation cytokines. Kojima et al. [13]
reported VIP attenuated the severity of experimental pan-
creatitis through inhibiting the cytokine production in
monocytes from the spleen. There is still no study on the
influence of VIP on the intestinal cytokine. In intestine,
whether VIP ameliorated the intestinal barrier disruption of
SAP also by inhibiting inflammation cytokines? Our results
gave the positive answer: VIP inhibited the expressions of
TLR-4, TNF-« and IL-6 which increased in SAP group. All
TLRs activate a common signaling pathway, leading to the
activation of several transcription factors, such as nuclear-
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kappaB (NF-xB), a master switch for inflammation that
regulates the transcription of inflammatory cytokines
involved immunity and inflammation [14]. Recent studies
have suggested that pancreatic enzymes can induce SIRS
though TLR4 signaling pathway [37, 38]. Li et al. [39]
reported that pancreatic and lung injury in rats was atten-
uated by downregulating TLR4, our experiment in intestine
also showed the consistent results. Besides, TLR4 expres-
sion was positively correlated with serum endotoxin level,
implying that TLR4 was involved in taurocholate-induced
SAP. Study of Kojima et al. [13] showed VIP might inhibit
inflammation cytokines through VIP receptor signaling
pathway. We found the expression of TLR4 increased in
SAP group, and decreased in VIP intervention group, TNF-
o, IL-6 indicated the consistent trends, suggesting that VIP
might inhibit the expressions of TNF-«, IL-6 through TLR4
signaling pathway, which included inhibition of NF-xB
activation, and possibly co-worked with VIP receptor sig-
naling. Unexpectedly, IL-10 expression increased in VIP
intervention group compared to SAP group induced by
sodium taurocholate, whereas, in the study of Kojima et al.
[13], VIP also did not reduce the expression of IL-10 ele-
vated in SAP induced by cerulean and LPS, the two results
suggested that IL-10 expression was not regulated by VIP
signal, and there might be other regulation pathway.

In summary, the translocation of gut bacteria and gut
derived endotoxin due to intestinal barrier dysfunction
induced by SAP may be the aggravating cause of SAP. The
upregulation of TLR4, TNF-¢ and IL-6 may contribute to
intestine mucosa damage. VIP intervention was able to
improve the pathological outcome by protecting gut barrier
function, which might be obtained by reducing inflamma-
tory responses through TLR-4 signal pathway co-worked
with VIP receptor pathway. Our study may provide an
experimental basis for preventing SAP aggravation in
clinical practice.
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