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Severity of pancreatitis-associated intestinal mucosal
barrier injury is reduced following treatment with
the NADPH oxidase inhibitor apocynin
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Abstract. Recent studies demonstrated that apocynin, a
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) inhibitor, significantly decreased acute
pancreatitis-associated inflammatory and oxidative stress
parameters. In addition, apocynin was able to reduce isch-
emic reperfusion injury-associated damage; however, the
exact effects of apocynin on acute pancreatitis-associated
intestinal mucosal injury have yet to be fully clarified. The
present study aimed to investigate the protective effects of
apocynin on intestinal mucosal injury in a rat model of severe
acute pancreatitis (SAP). A total of 60 male Sprague Dawley
rats were randomly divided into four groups (n=15/group):
Sham operation group (SO), SAP group, apocynin treatment
(APO) group and drug control (APO-CON) group. SAP was
induced by retrograde injection of 5% sodium taurocholate
into the biliopancreatic duct. Apocynin was administered
30 min prior to SAP induction in the APO group. All rats
were sacrificed 12 h after SAP induction. Intestinal integrity
was assessed by measuring diamine oxidase (DAO) levels.
Morphological alterations to intestinal tissue were deter-
mined under light and transmission electron microscopy.
NOX2, p38 mitogen-activated protein kinases (MAPK) and
nuclear factor (NF)-kB expression levels were detected in
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the intestine by immunohistochemical staining. Oxidative
stress was detected by measuring intestinal malondialdehyde
(MDA) and superoxide dismutase content. In addition, blood
inflammatory cytokines, and amylase (AMY) and lipase
(LIP) levels were evaluated. The results demonstrated that
apocynin attenuated the following: i) Serum AMY, LIP and
DAO levels; ii) pancreatic and intestinal pathological injury;
iii) intestinal MDA content; iv) intestinal ultrastructural
alterations; v) serum interleukin (IL)-1f, IL-6 and tumor
necrosis factor (TNF)-a levels; and vi) NOX2, p38 MAPK
and NF-«xB expression in intestinal tissues. These results
suggested that apocynin may attenuate intestinal barrier
dysfunction in sodium taurocholate-induced SAP, presum-
ably via its role in the prevention of reactive oxygen species
generation and inhibition of p38 MAPK and NF-«kB pathway
activation. These findings provide novel insight suggesting
that pharmacological inhibition of NOX by apocynin may be
considered a novel therapeutic method for the treatment of
intestinal injury in SAP.

Introduction

Severe acute pancreatitis (SAP) is a common acute abdominal
disease, which can lead to early mortality of patients due to
associated systemic inflammatory response syndrome (SIRS)
and multiple organ dysfunction syndrome (MODS) (1).
SAP-associated failure of the gastrointestinal tract, which is
characterized by endotoxin release from the intestinal lumen,
and translocation of enteric bacteria to extraintestinal sites and
systemic circulation, leads to increased intestinal permeability
and release of inflammatory mediators and cytokines, which
has a pivotal role during SAP. Bacteremia, infected necrosis,
organ failure and mortality are all associated with intestinal
barrier dysfunction in the early stages of SAP (2).

The mechanisms underlying SAP-induced intestinal
mucosal injury have yet to be fully elucidated. Previous studies
have suggested that intestinal mucosal injury is a complex
pathophysiological process that involves several factors,
including inflammatory mediators, oxidative stress and intes-
tinal hypoperfusion (3,4). Therefore, it is clinically imperative
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to study the association between injury of the intestinal mucosal
barrier and SAP. In addition, microcirculation disturbance,
ischemic reperfusion injury, excessive release of inflamma-
tory mediators and apoptosis may also have important roles in
damaging the intestinal mucosal barrier (5). Microcirculation
disturbance results in gut barrier dysfunction via the produc-
tion of reactive oxygen species (ROS) by xanthine oxidase
(X0), and hypoxanthine accumulation in intestinal tissue (6).
It has previously been reported that increased ROS generation
and a dysregulated antioxidant defense system in intestinal
mucosal cells is involved in intestinal mucosal dysfunction in
rats with SAP (6).

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX) is considered a potential source of oxidants
in the injured intestine in SAP. NOX produces a large amount
of ROS predominantly in professional phagocytes, such as
neutrophils and macrophages (7). NOX is a multicomponent
enzyme; the classical phagocytic NOX is comprised of the
membrane-bound subunits gp22phox and gp9lphox (also
termed NOX2), as well as the cytosolic subunits, including
gp67phox and gp47phox (7). NOX has a crucial role in various
biological processes, including host defense, signal transduction,
mitogenic growth, hormone synthesis, apoptosis, angiogenesis,
and oxidative modification of the extracellular matrix and
extracellular proteins (8). In addition, NOX is involved in
various types of disease, including atherosclerosis, cancer,
diabetes, defective immune function and inflammatory condi-
tions, such as inflammatory bowel disease (8). Previous studies
have demonstrated that NOX is involved in mitogen-activated
protein kinases (MAPK), phospholipase A2 and nuclear factor
(NF)-kB activation, and cytokine expression, and therefore,
pathogenesis of pancreatitis (9,10). Experimental studies have
suggested that the source of ROS is NOX in stimulated neutro-
phils in cerulein pancreatitis in vivo (11). Therefore, treatments
designed to modulate the production of ROS by NOX enzymes
may provide a novel therapeutic approach for the treatment of
some of these conditions.

Apocynin is a selective NOX inhibitor, which exhibits low
toxicity, and may therefore be considered a promising potential
therapy for asthma, arthritis, and neurological and cardiovas-
cular diseases via its antioxidant and anti-inflammatory effects.
In addition, apocynin has been used in several experimental
studies associated with ischemic reperfusion injury (12,13).

At present, the protective effects of apocynin on the
intestinal mucosal barrier in rats with SAP have yet to be inves-
tigated. The present study hypothesized that NOX is involved in
the pathogenesis of SAP-associated acute intestinal injury, and
aimed to evaluate the effects of the NOX inhibitor apocynin
on SAP-associated intestinal mucosal injury. The investigation
of the effects of apocynin on SAP-associated intestinal injury
may provide a novel basis for the treatment of SAP.

Materials and methods

Animals. A total of 60 male adult Sprague Dawley rats (age,
7-8 weeks; weight, 200-250 g) were obtained from Hubei
Experimental Animal Center (Wuhan, China). The rats
were housed in a climate-controlled room with an ambient
temperature of 23°C and were maintained under a 12:12 h
light-dark cycle. The rats were fed standard laboratory chow,
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given ad libitum access to water, and were randomly assigned
to four groups (n=15/group): Sham operation group (SO), SAP
group, apocynin treatment (APO) group and drug control
(APO-CON) group. All animal study procedures complied
with international guidelines for the care and use of laboratory
animals, and were approved by the Animal Ethics Committee
of Wuhan University (Wuhan, China).

SAP induction and sample collection. The rats were fasted
12 h prior to the experiment, however drinking water remained
available. The SAP model was induced by a standardized
pressure-controlled retrograde infusion of 5% sodium tauro-
cholate (1 ml/kg) into the biliopancreatic duct. In the SO and
APO-CON groups, an incision was made in the abdomen
of the rats under chloral hydrate (10%, 30 mg/kg; Aoxin
Chemical Factory, Yangzhou, China) anesthesia and was
subsequently closed. Following the operation, all rats received
subcutaneous infusion of sterile saline (2 ml/kg) to compen-
sate for anticipated fluid loss. In the APO group, 10% dimethyl
sulfoxide (DMSO) containing apocynin (50 mg/kg; Selleck
Chemicals, Houston, TX, USA) was injected very slowly
through the femoral vein 30 min prior to SAP induction. In
the SO and SAP groups, 10% DMSO solution (2 ml/kg) was
administered via femoral vein 30 min prior to the operation.
In the APO-CON group, 10% DMSO containing apocynin
(50 mg/kg) was injected very slowly through the femoral vein
30 min prior to the sham operation.

A total of 12 h after SAP induction, rats from each group
were anesthetized with 10% chloral hydrate (30 mg/kg), the
abdomen was opened, and pancreatic and ileum tissues adjacent
to the cecum were rapidly collected. All rats were sacrificed
by the collection of blood samples (5 ml) were from the left
ventricle of the heart. The samples were centrifuged at 300 x g
for 15 min at4°C, and the serum was stored at -20°C until further
analysis. Half of each pancreatic and ileal sample was fixed with
40 g/1 formaldehyde, embedded in paraffin and cut into 5 mm
sections. The other half was stored at -80°C for further use.

Biochemical assays. The serum levels of amylase (AMY)
and lipase (LIP) were measured according to the manufac-
turer's instructions, using an automatic biochemistry analyzer
(model AU600; Olympus Corporation, Tokyo, Japan). Serum
tumor necrosis factor (TNF)-a (cat.no. BP-E40017),interleukin
(IL)-6 (cat. no. BP-E30419) and IL-1f (cat. no. BP-E30419)
levels were determined using enzyme-linked immunosorbent
assay (ELISA) kits (Biomart, Co., Toronto, Canada) according
to the manufacturer's protocols. For diamine oxidase (DAO)
detection, a rat DAO ELISA kit (cat. no. RA20156; Shanghai
DaWeiKe Biotechnology, Shanghai, China) was used
according to the manufacturer's protocol. Tissue malondial-
dehyde (MDA), a marker of lipid peroxidation, and superoxide
dismutase (SOD) levels were measured using commercial
MDA (cat. no. A003-1) and SOD (cat. no. A0O1-1) assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer's instructions.

Histopathological evaluation. Paraffin-embedded samples
from the pancreas and ileum were sectioned (5 ym), stained
with hematoxylin and eosin for 10 min at room temperature,
and examined by an experienced pathologist who was blinded
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Figure 1. Serum levels of amylase (AMY), lipase (LIP) and diamine oxidase (DAO) in all rat groups. (A) Serum AMY levels, (B) serum LIP levels and
(C) serum DAO levels. Results are presented as the mean + standard deviation from 15 rats per group. "P<0.05 vs. sham operation (SO) group; “P<0.05 vs.
severe acute pancreatitis (SAP) group. APO, apocynin group; APO-CON, drug control group.

to the sample identity. Histopathological alterations to the
pancreas were evaluated according to the criteria proposed by
Schmidt et al (14). The histological grade of intestinal mucosal
damage was scored according to the standard scale described
by Chiu et al (15). Briefly, mucosal damage was graded from
0 to 5 according to the following criteria: Grade 0, normal
mucosal villi; grade 1, development of subepithelial Gruen-
hagen's space at the apex of the villus, often with capillary
congestion; grade 2, extension of the subepithelial space
with moderate lifting of the epithelial layer from the lamina
propria; grade 3, massive epithelial lifting down the sides
of villi, possibly with a few denuded tips; grade 4, denuded
villi with the lamina propria and dilated capillaries exposed,
possibly with increased cellularity of the lamina propria; and
grade 5, digestion and disintegration of the lamina propria,
hemorrhage and ulceration.

Immunohistochemistry. NOX2, p38 MAPK and NF-kB
protein expression was detected in the intestinal mucosa
by immunohistochemistry. The paraffin-embedded ileal
tissue sections were dewaxed according to standard proce-
dures (16). Subsequently, the sections were dipped in a solution
containing 0.01-mol/I citric acid for 1 min at 95°C, blocked
with 5% bovine serum (Jingmei BioTech Co., Ltd., Yencheng,
China) for 30 min, and were then incubated with rabbit
anti-p38 (1:50; cat. no. sc-535), anti-phosphorylated (p)-P38
(1:50; cat. no. sc-101759), anti-NF-«B (1:50; cat. no. sc-8008)
and anti-NOX2 (1:100; cat. no. sc-6706) polyclonal antibodies
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight
at 4°C. Sections were then incubated with biotin-labeled goat
anti-rabbit immunoglobulin G (1:200; cat. no. sc-2012; Santa
Cruz Biotechnology, Inc.) for 15 min at 37°C, and horseradish
peroxidase-labeled streptavidin (Wuhan Feiyi Technology Co.,
Ltd., Wuhan, China) for 30 min at 37°C. Finally, the specimens
were stained with diaminobenzidine, nuclear counter-stained
with hematoxylin, and images were captured under a Leica
DM 2500 microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Brown staining area represents cells that contain
P38, p-p38, NF-kB and NOX2. The positively stained cells
were observed under a light microscope (magnification, 400x)
and were evaluated by two pathologists in a blind manner.
Immunohistochemical staining was analyzed using Image
Pro-Plus (version 6.0; Media Cybernetics, Inc., Rockville, MD,
USA). Briefly, the positive staining area was selected as the
area of interest (AOI), and the area sum and integrated optical

density (IOD) of the AOI were selected as measurement
parameters. The target protein expression index equaled the
quotient between the IOD and the total AOI. Finally, statistical
analysis of the mean expression index for each duplicate was
performed.

Transmission electron microscopy (TEM). Fresh ileal tissue
samples were fixed in a mixture of 2% formaldehyde and
2% glutaraldehyde in 0.1 mol/l cacodylate buffer (pH 7.4)
overnight. The samples were postfixed in 1% OsO, in the
same buffer, en bloc-stained with 2% aqueous uranyl acetate,
dehydrated in ethanol, and embedded in Poly/Bed 812 (Poly-
sciences, Inc., Warrington, PA, USA). Ultrathin sections
(50 nm) were cut on a Leica EMUC7 ultramicrotome (Leica
Microsystems GmbH), stained with lead citrate, and alterations
to the intestinal epithelial cells and microvilli were examined
under a JEM-2010F electron microscope.

Statistical analysis. Statistical analyses were carried
out using SPSS statistical software (PASW Statistics for
Windows, version 18.0; SPSS Inc., Chicago, IL, USA). Data
are expressed as the mean + standard deviation. One-way
analysis of variance and least-significant difference test
was used to investigate differences among the experimental
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Effects of NOX inhibition on pancreatic injury and intestinal
mucosal dysfunction in SAP. As shown in Fig. 1, significant
hyperamylasemia and hyperlipasemia developed following
induction of SAP, thus suggesting that the SAP model was
successfully induced. Treatment with apocynin reduced AMY
and LIP levels in the APO group compared with the SAP
group (P<0.05; Fig. 1A and B). In addition, rats subjected to
SAP exhibited a significant increase in DAO levels (P<0.05),
indicating that the rats experienced aggravated intestinal
dysfunction. Apocynin treatment resulted in a significant
decrease in the serum levels of DAO 12 h after SAP induction
(P<0.05; Fig. 1C).

Inhibition of NOX attenuates pancreatic and intestinal
histopathology. Representative histological sections are
presented in Figs. 2 (pancreas) and 3 (intestinal tissue). No
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Figure 2. Treatment of rats with apocynin attenuated pancreatic morphological alterations. Representative images from the (A) sham operation (SO) group;
(B) severe acute pancreatitis (SAP) group; (C) drug control (APO-CON) group; and (D) apocynin (APO) group (original magnification, x200). (E) Pancreatic
histological scores. Results are presented as the mean + standard deviation. 'P<0.05 vs. SO group; “P<0.05 vs. SAP group.
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Figure 3. Treatment of rats with apocynin attenuated intestinal morphological alterations. Representative images from the (A) sham operation (SO) group;
(B) severe acute pancreatitis (SAP) group; (C) drug control (APO-CON) group; and (D) apocynin (APO) group (original magnification, x200). (E) Intestinal
histological scores. Results are presented as the mean + standard deviation. "P<0.05 vs. SO group; “P<0.05 vs. SAP group.

morphological alterations were observed in the SO and
APO-CON groups. Interstitial edema, acinar cell necrosis
and infiltration of inflammatory cells were observed in the
SAP group (Fig. 2). Treatment with APO markedly decreased
pancreatic histological injuries (P<0.05; Fig. 2). The SO and
APO-CON groups exhibited normal histological structure of
intestinal mucosal tissue (Fig. 3). Conversely, characteristic
signs of intestinal injuries, including edema, villose exfo-
liation, degeneration of mucosal cells, mucosal cell necrosis,
bleeding, and leukocytic infiltration were observed in the SAP
group (Fig. 3). Intestinal issues obtained from the rats treated
with apocynin were shown to have milder histological features

and lower pathological scores compared with the SAP group
(P<0.05) (Fig. 3).

Apocynin treatment reduces oxidative stress and production
of proinflammatory cytokines. Intestinal tissue MDA levels
were significantly elevated in the SAP group compared with
in the SO group (P<0.05; Fig. 4A). Conversely, the elevation
was significantly inhibited by apocynin treatment (P<0.05;
Fig. 4A). SOD activity was significantly depleted in the SAP
group, probably as a result of oxidative stress. Conversely,
treatment with apocynin effectively improved SOD activity in
intestinal tissues (P<0.05; Fig. 4B).
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Figure 4. Effects of apocynin on oxidative stress and proinflammatory cytokine production. (A) Malondialdehyde (MDA) content; (B) superoxide dismutsase
(SOD) activity; and (C) tumor necrosis factor (TNF)-a, (D) interleukin (IL)-1$ and (E) IL-6 levels. Results are presented as the mean + standard deviation from 15
rats per group. 'P<0.05 vs. sham operation (SO) group; “P<0.05 vs. severe acute pancreatitis (SAP) group. APO, apocynin group; APO-CON, drug control group.

Figure 5. Nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX?2) immunohistochemical staining in rat intestinal tissue. Immunohistochemical
localization of NOX2 appears as brown staining. (A) Sham operation (SO) group; (B) severe acute pancreatitis (SAP) group; (C) drug control (APO-CON)

group; and (D) apocynin (APO) group (original magnification, x400).

Serum concentrations of proinflammatory cytokines were
analyzed in order to evaluate the effects of NOX inhibition on
inflammatory process following SAP. As presented in Fig. 4,
concomitant with the pathological damage incited by SAP,
serum levels of TNF-a, IL-1p and IL-6 were significantly
increased compared with in the SO group (P<0.05; Fig. 4C-E).
However, the increased levels of these cytokines following
SAP induction were markedly decreased by the pharmaco-
logical blockade of NOX, using the NOX inhibitor apocynin
(P<0.05; Fig. 4C-E).

Inhibition of NOX reduces the expression of p38 MAPK and
NF-kB in intestinal mucosa after SAP. Immunohistochemical

staining of NOX2 was used to evaluate whether apocynin was
able to successfully attenuate SAP-induced NOX2 expression in
intestinal tissue (Fig. 5). Intestinal tissue sections from the SO
and APO-CON rats exhibited little NOX2 expression (Fig. SA
and C). However, NOX2 immunoreactivity was enhanced in
SAP rats (Fig. 5B) and was reduced in the intestinal tissue of
rats that had undergone apocynin pretreatment (Fig. 5D).

The present study determined the efficacy of apocynin
treatment on NF-kB, p38 MAPK and p-p38 MAPK expres-
sion in intestinal mucosa using immunohistochemical assays
(Figs. 6-8). In the SO group, weak NF-xB expression was
detected in the cytoplasm (Fig. 6A), and the expression
of p38 MAPK and p-p38 MAPK in the cytoplasm was
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Figure 6. Immunohistochemical staining of nuclear factor (NF)-kB. (A) In the sham operation group, weak NF-kB immunoreactivity was mainly detected in
the cytoplasm. (B) In the severe acute pancreatitis (SAP) group, intense NF-kB immunoreactivity was detected in the nucleus. (C) In the drug control group,
NF-kB expression was similar to that detected in the SO group. (D) In the apocynin group, reduced NF-kB immunoreactivity was detected in the nucleus

compared with in the SAP group (original magnification, x400).

Figure 7. Immunohistochemical staining of p38 mitogen-activated protein kinases (MAPK). (A) In the sham operation group, exceedingly weak p38 MAPK
immunoreactivity was detected in the cytoplasm. (B) In the severe acute pancreatitis (SAP) group, intense p38 MAPK immunoreactivity was detected in
the cytoplastm and some nuclei. (C) In the drug control group, weak p38 MAPK expression was detected. (D) In the apocynin group, reduced p38 MAPK
immunoreactivity was detected in the cytoplasm compared with in the SAP group (original magnification, x400).

exceedingly weak (Figs. 7A and 8A). In the SAP group,
intense NF-kB p65 immunoreactivity was expressed in the
nucleus (Fig. 6B). Intestinal expression of p38 MAPK and
p-p38 MAPK was significantly increased in the cytoplasm of
the SAP group compared with in the SO group (Figs. 7B and
8B; P<0.05). In addition, inhibition of NOX with apocynin
significantly decreased the nuclear expression of NF-xB and
cytoplasmic expression of p38 MAPK in intestinal tissues
(Fig. 9; P<0.05).

Ultrastructural alterations to intestinal mucosal cells, as
detected under TEM. TEM analysis of intestinal mucosa
demonstrated that integrity of the intestinal villi and intes-
tinal epithelial cells (IECs) of the rats in the SO group was
maintained throughout the experiment. The mitochondria,
endoplasmic reticulum, ribosomes and other cellular organ-
elles were normal following examination at a magnification of
x20,000 (Fig. 10A and B). The microvilli and IECs in the SAP
group exhibited a loss of integrity. Microvillus atrophy, enlarged
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Figure 8. Immunohistochemical staining of phosphorylated (p)-p38 mitogen-activated protein kinases (MAPK). (A) Weak p-p38 MAPK expression was
detected in the sham operation group (B). In the severe acute pancreatitis group, p-p38 MAPK immunostaining was increased in cytoplasm and nuclei. (C) In
the drug control group, weak p-p38 MAPK expression was detected. (D) Immunostaining was significantly decreased in the apocynin-treated group (original

magnification, x400).

A
60+
*
o
é 40
g 40-
[m]
o
§ 204 .
=
oL mm
S0 SAP APO APO-CON
C
50 5
_ 40
[==]
&
— 30_
[m]
o
c 204
@
h)
O_

APO APO-CON

504
40-

301

i | Tl

APO  APO-CON

Mean 10D (NF-« B)

80
60
*#
40

20 1

o

SO SAP

Mean 10D (p-P38)

B

APO APQ-CON

Figure 9. Immunohistochemical analysis of (A) nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2); (B) nuclear factor (NF)-«B; (C) p38
mitogen-activated protein kinases (P38); (D) phosphorylated (p)-P38. Results are presented as the mean + standard deviation. ‘P<0.05 vs. sham operation (SO)
group; “P<0.05 vs. severe acute pancreatitis (SAP) group. APO-CON, drug control group; APO, apocynin group; IOD, integrated optical density.

cytoplasmic vesicles, including endoplasmic reticulum and
mitochondria, were characteristics observed at a magnification
of x2,500 (Fig. 10C). The integrity of the microvilli and IECs
of rats in the APO group was significantly improved (Fig. 10D).
The ultrastructural damage to mitochondria, endoplasmic
reticulum, ribosomes and other organelles was ameliorated by
apocynin treatment (Fig. 10D). Ultrastructural changes in the
APO-CON group were similar to the SO group.

Discussion

NOX is a ROS-generating transmembrane flavoprotein
enzyme, which has a key role in innate immunity, mito-
genic signaling, hormone synthesis, apoptosis, angiogenesis,
and oxidative modification of the extracellular matrix and
extracellular proteins (8). The involvement of NOX in the
pathophysiology of cerulean-induced pancreatitis has been
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Figure 10. Transmission electron microscopic comparison of intestinal epithelial architecture. (A) Intestinal epithelium of the sham operation (SO) group
exhibited columnar intestinal epithelial cells (IECs) and long microvilli. Cytoplasmic organelles were normal (magnification, x5,000). (B) The integrity
of microvilli in the SO group was maintained and microvilli were long (magnification, x20,000). (C) In the severe acute pancreatitis (SAP) group, IECs
and microvilli were not intact, microvilli were absent and became shorter in various locations. The mitochondria and endoplasmic reticulum were grossly
expanded and ribosome numbers were significantly increased. The nuclear double membrane appeared irregular in shape (magnification, x2,500). (D) In the
apocynin group, IECs were intact and microvilli became longer than in the SAP group. Enlarged mitochondria, endoplasmic reticulum and ribosomes were

significantly decreased compared with the SAP group (magnification, x2,500).

indicated by increased NOX activity in AR42 J cells 15 min
after induction of experimental pancreatitis, accompanied
by NF-«B activation and IL-6 expression (10). In addition,
the involvement of NOX has been studied in several models
of acute pancreatitis and has been recognized to contribute
to its progression (7,16-18). Pancreatitis-induced release of
inflammatory factors, cytokines and growth factors may be
responsible for local and distant organ NOX activation (19),
thus resulting in further development of acute pancreatitis. It
has previously been reported that apocynin treatment reduces
serum levels of TNF-a, IL-1p and NF-xB, and intercellular
adhesion molecule 1 expression, and decreases the severity of
acute lung inflammation (20). Apocynin has also been used in
several experimental studies, including those associated with
liver injury (21), lung injury (22), kidney injury (23), brain
injury (24) and ischemic reperfusion injury (25,26). The
results of the present study further supported the beneficial
effects of treatment with the NOX antagonist apocynin,
since the severity of pancreatitis-associated intestinal barrier
dysfunction was ameliorated following apocynin treatment.
Pancreatitis-associated gut barrier dysfunction is charac-
terized by the passage of enteric bacteria through the mucosal
barrier to extraintestinal sites (bacterial translocation),
impaired intestinal motility, and increased intestinal perme-
ability (27). Destruction of the intestinal mucosal mechanical
barrier also results in the release of a large amount of DAO

enzymes and active substances (28). Previous studies have
reported that intestinal barrier injury may lead to SIRS and
MODS (29,30). DAO is an effective biomarker, which reflects
the integrity and mucosal function of the small intestine. The
concentration of DAO in the serum and mucosa of the small
intestine may be determined as a measure of small intestine
barrier function. In the present study, TEM demonstrated that
microvilli of the intestinal mucosa exhibited reduced width
and height, tight junctions were damaged and DAO levels were
increased in rats in the SAP group. These parameters were
significantly reduced following apocynin treatment.

The present study demonstrated that SAP was successfully
induced in the rats after 12 h of modeling, as characterized
by increased serum levels of AMY and LIP, pancreatic
tissue injury, and pathological alterations. The serum levels
of DAO combined with negative morphological alterations
to the ileum indicated the presence of obvious intestinal
barrier dysfunction and tissue injury during the progression
of SAP. The results demonstrated that pretreatment with
apocynin attenuated the following: i) Serum AMY and LIP
levels; ii) serum DAO levels; iii) morphological alterations
to the pancreas and intestine; iv) proinflammatory cytokine
production; v) MDA and SOD content; vi) NOX2, NF-kB and
p38 MAPK expression; and vii) ultrastructural alterations to
the intestinal mucosa. All of these observations suggested
that NOX may participate in the process of intestinal barrier
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damage in SAP, and treatment with a NOX inhibitor exerts
potent anti-inflammatory and antioxidative effects, and
ameliorates the degree of SAP and associated intestinal
barrier injury in rats.

It has been demonstrated that ROS generated by NOX have
prominent roles in the pathogenesis of acute pancreatitis (31).
Under physiological conditions, tissues contain various endog-
enous antioxidant enzymes, including glutathione and SOD,
which scavenge ROS and prevent lipid peroxidation (32). In
the process of SAP, ROS are overproduced, thus inducing
an imbalance between ROS and endogenous antioxidants
or antioxidant enzymes. The overproduced ROS are able to
directly or indirectly damage intestinal tissues, resulting in
intestinal barrier dysfunction and histological alterations. The
results of the present study demonstrated that SOD activity
was significantly increased following apocynin treatment of
SAP rats. Conversely, MDA levels were decreased. These
results, combined with the intestinal morphological altera-
tions detected, indicated that apocynin may reduce ROS levels
by inhibiting NOX, further ameliorating intestinal oxidative
damage.

NOX is a major contributor during inflammation, and has
arole as an inflammatory stimulator, activating the leukocyte
system, which can then produce and release various secondary
inflammatory mediators. It has previously been demonstrated
that apocynin significantly inhibits the expression levels of
TNF-a and IL-1f, which are potent triggers associated with
leukocyte migration, and that suppression of NOX activity
by apocynin results in attenuation of ROS-mediated signal
transduction and inducible nitric oxide synthase expression
in lipopolysaccharide + interferon y-stimulated microvascular
endothelial cells (20). In addition, evidence suggests that
inflammatory cell infiltration, including infiltration of TNF-a.,
IL-1p and IL-6, is an early and vital event in acute pancreatitis,
which leads to local and systemic complications (19). Data
from the present study demonstrated that these cytokines were
increased following induction of SAP; however, their serum
levels were reduced in rats treated with apocynin. In addition,
in the SAP group, intestinal barrier dysfunction was correlated
with increased intestinal injury, as confirmed using histo-
logical analysis. In the APO group, milder swelling, necrosis
and loss of mucosal structure, and reduced inflammatory cell
infiltration was detected compared with in the SAP group.
Pathological grading of intestinal injury was significantly
decreased in the SAP group pretreated with APO.

ROS are able to induce cytokine expression, apoptosis,
and NF-kB, MAPK and Janus kinase/signal transducer and
activator of transcription pathway activation, thus regulating
inflammation and apoptosis in pancreatic acinar cells (19).
Consequently, NOX, NF-kB and MAPK may be involved
in the pathogenesis of acute pancreatitis (33). NF-«xB is a
transcription factor that is necessary for the transcription of
numerous proinflammatory mediators, including cytokines,
chemokines, and oxygen-derived free radicals. In quiescent
cells, NF-«xB is present in the cytosol where it is complexed
with IkB. The phosphorylation of IkB on serines within the
amino-terminal domain results in the dissociation of NF-xB
and its subsequent translocation to the nucleus, consequently
initiating gene transcription (34). Translocation of NF-kB to
the nucleus mediates the expression of cytokines, which has
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a major role in the pathogenesis of pancreatitis (33). It has
previously been reported that inhibition of NF-xB activation
efficiently suppresses IL-6 expression and attenuates the
severity of cerulean-induced pancreatitis in AR42J cells (10).
The present study demonstrated that the translocation of
activated NF-kB into the nucleus was significantly increased
in the intestinal tissues of SAP rat. However, following treat-
ment with apocynin, the nuclear expression of NF-xB was
decreased. These results suggested that the activation of
NF-«B could be inhibited by apocynin via NOX suppression.

P38 MAPK is serine-threonine kinase, which medi-
ates intracellular signaling associated with several cellular
activities, including cell proliferation, differentiation,
survival, death and transformation (35). Recently, it has
been revealed that p38 MAPK may be involved in the NOX
signal transduction pathway. ROS mediate activation of the
p38 MAPK pathway and promote protein phosphorylation in
pancreatic acinar cells (19). A previous study reported that
p38 MAPK is associated with the severity of pancreatitis
and in the respiratory distress syndrome associated with
acute pancreatitis (34). Another study using pancreatic frag-
ments stimulated by the cholecystokinin analog, cerulein,
demonstrated that proinflammatory mediator production
was increased in parallel with the activation of p38 MAPK,
and that these alterations were attenuated by treatment with
chemical inhibitors of p38 MAPK (36).

During the progression of SAP, the p38 MAPK signaling
pathway is involved in the regulation of NF-kB activation,
which has a crucial role in the inflammatory cascade (37,38).
Activation of p38 MAPK results in phosphorylation of
MAPK-activated protein kinase 2, a downstream protein
kinase of p38 MAPK, which triggers NF-kB and exagger-
ates inflammation (39). The present study demonstrated
that intestinal p38 and p-p38 expression in the SAP group
was markedly increased. Conversely, p38 expression was
suppressed by apocynin pretreatment, thus suggesting that
p38 MAPK may be involved in the pathogenesis of intes-
tinal injury in SAP rats. These results suggested that the
NOX inhibitor apocynin may inhibit the expressions of the
inflammatory cytokines by suppressing NF-«kB activation
and p38 expression. The results also indicated that intestinal
cells constitutively expressed the NOX subunit NOX2.

Inconclusion, SAP-associated intestinal barrier dysfunction
was aggravated in the SAP group. Treatment with apocynin, a
NOX inhibitor, reduced the severity of pancreatitis-associated
intestinal dysfunction, which was associated with a reduction
in the systemic concentration of cytokines, reduced oxidative
stress and downregulated NF-kB and p38 MAPK expression.
Thus, apocynin treatment may ameliorate SAP-induced intes-
tinal barrier injury and these findings may provide a basis for
further clinical studies of apocynin as a novel and adjuvant
therapy to treat intestinal barrier injury with SAP.
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