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Berberine protects against lipopolysaccharide-
induced intestinal injury in mice via alpha 2
adrenoceptor-independent mechanisms
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Aim: To investigate the mechanisms responsible for the protective action of berberine (Ber) against gut damage in endotoxemic mice.
Methods: Male BALB/c mice were administered intragastrically with distilled water (0.1 mL/10 g), Ber (50 mg/kg) alone, yohimbine (2
mg/kg) alone, or Ber (50mg/kg) in combination with yohimbine (2 mg/kg) for 3 d. On the third day, lipopolysaccharide (LPS, 18 mg/kg)
or normal saline was intraperitoneally injected one hour after the intragastric administration. Following the treatment, intestinal injury
in the ileum was histopathologically accessed; enterocyte apoptosis was examined using TUNEL method; Toll-like receptor 4 (TLR4)
mRNA expression was measured using RT-PCR assay; inhibitor protein-kBa (I-kBa) phosphorylation and myeloperoxidase content were
examined using Western blloting. The macrophage inflammatory protein-2 (MIP-2) production was measured using ELISA assay.

Results: Mice challenged with LPS caused extensive ileum injury, including a significantly increased injury score, decreased intesti-
nal villus height, reduced gut mucosal weight and increased intestinal permeability. Furthermore, LPS significantly induced entero-
cyte apoptosis, increased TLR4 mRNA expression, I-kBa phosphorylation, MIP-2 production and myeloperoxidase content in the
ileum. Pretreatment with Ber significantly alleviated all the alterations in the ileum in the endotoxemic mice. Pretreatment with the
a2-adrenoceptor antagonist yohimbine did not block the protective action of Ber against LPS-induced intestinal injury. In addition,
treatment with yohimbine alone did not prevent LPS-induced intestinal injury.

Conclusion: Pretreatment with Ber provides significant protection against LPS-induced intestinal injury in mice, via reducing entero-
cyte apoptosis, inhibiting the TLR4-nuclear factor kB-MIP-2 pathway and decreasing neutrophil infiltration that are independent of
a2-adrenoceptors.
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Introduction

Sepsis is one of the principal causes of death in intensive
care units. There are 750 000 new cases of severe sepsis in
the United States every year, and the incidence of sepsis is
expected to continue to grow at a rate of 1.5% per year!'l.
Although the exact mechanisms responsible for sepsis remain
unclear, gut dysfunction has been identified in sepsis, and
increased intestinal permeability is associated with the devel-
opment of multiple organ dysfunction syndrome” . Indeed,
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the intestinal epithelium, which is constantly exposed to bac-
terial products, is the first line of defense against microorgan-
isms. An intact and functioning mucosal barrier, maintained
by the intestinal epithelial cells, is crucial to prevent poten-
tially pathogenic bacteria in the intestinal lumen from trans-
locating to the normally sterile compartments of the body!".
Therefore, it is critical to protect gut barrier function when
providing treatment for sepsis.

Lipopolysaccharide (LPS), a major component of the outer
membrane of Gram-negative bacteria, is recognized as the
most potent microbial mediator in the pathogenesis of sepsis’.
Extensive studies in experimental model systems have estab-
lished that LPS challenge impairs the integrity of the intestinal

mucosa[ﬁ’ 7].
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Berberine (Ber) is an isoquinoline alkaloid found in Coptidis
rhizoma. It is well known that Ber has many biological activi-

8]

ties, such as the regulation of inflammation™. Recently, we

and others have shown that pretreatment with Ber protects

1 How-

against intestinal injury in LPS-challenged animals
ever, the mechanisms involved in the protective effect of Ber
on LPS-induced gut injury are not fully understood. Ber has
also been reported to activate the a,-adrenoceptor™!. We
have also shown that blockage of the a,-adrenoceptor with
yohimbine (Y, 2 mg/kg) enhances the protective effect of Ber
(50 mg/kg) against LPS-induced lethality and that the com-
bination of Ber and Y improves survival in mice subjected to

121 In this context, the role of the

cecal ligation and puncture
a-adrenoceptor in the protection of Ber against LPS-induced
intestinal injury needs to be examined.

Several mechanisms have been shown to be responsible for
LPS-induced intestinal injury. These include the activation
of the Toll-like receptor 4 (TLR4)-nuclear factor-xB (NF-xB)
signaling pathway, expression of macrophage inflammatory
protein-2 (MIP-2), and tissue infiltration by neutrophils and
apoptosis of enterocytes” . Therefore, the purpose of this
study was to investigate the effect of Ber on the TLR4-NF-«B
signaling pathway, MIP-2 expression, neutrophil recruitment
and enterocyte apoptosis in the ileum of LPS-treated mice and,
furthermore, to determine the role of the a,-adrenoceptor in
this process.

Materials and methods

Animals

Male BALB/c mice (6-8 weeks, weighing 21-23 g) were pur-
chased from Guangdong Medical Laboratory Animal Center
(Guangzhou, China). Animals were kept at 24+2 °C and
exposed to a twelve hours light/dark cycle for a minimum of
3 d before the experiment, during which time they had free
access to water and mouse chow. All experiments were con-
ducted in compliance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No 85-23, revised 1996) and were
approved by the Animal Care and Use Committee at School of
Medicine, Ji-nan University.

Experimental design

Male BALB/c mice were randomly divided into 8
groups: control, LPS, Ber+LPS, Ber+Y (an a, adrenoceptor
antagonist)+LPS, Y+LPS, Ber, Ber+Y, and Y. Once a day for 3
days, the mice were treated intragastrically with the following:
distilled water (0.1 mL/10 g), Ber (50 mg/kg), Ber (50 mg/kg)
in combination with Y (2 mg/kg) or Y (2 mg/kg). One hour
after last intragastric treatment, LPS (18 mg/kg, derived from
Escherichia coli O55:B5) or normal saline was injected intraperi-
toneally. Separate experiments were performed for each mea-
surement. Neutral sulfate Ber, Y, and LPS were purchased
from Sigma Chemical Co (St Louis, MO, USA).

Histopathological examination
The animals were anesthetized and sacrificed twelve hours

after the injection of LPS or normal saline, and 1 cm of ileum
tissue, beginning at 1 cm proximal to the ileocecal junction,
was removed and fixed in a 4% formaldehyde solution. The
fixed intestinal tissues were embedded in paraffin wax using
standard techniques. Slices (5 pm) were cut and stained with
hematoxylin and eosin and were examined under a light
microscope. For the histological assessment of intestinal
injury, a 0-4 grading scale was used as follows™: 0=normal
histology; 1=slight disruption of the surface epithelium; 2=epi-
thelial cell loss injury at villus tip; 3=mucosal vasocongestion,
hemorrhage, and focal necrosis with loss of less than one-half
of the villi; and 4=damage extending to more than one-half
of the villi.
performed all assessments of damage. The final score was

An observer who was unaware of the treatment

expressed as a mean rank.
The height of each complete villus in one randomly picked
microscopic field (x100) was determined by measuring the

distance from the crypt-villus junction to the villus tip™.

Intestinal mucosal weight measurement

The animals were anesthetized and sacrificed twelve hours
after the injection of LPS or normal saline. The ileum segment
(10 cm), beginning 1 cm proximal to the ileocecal junction, was
excised, cut longitudinally, washed with cold isotonic saline
and weighed (W1). After the mucosa was scraped off using a
glass slide!®”, the ileum tissue was weighed again (W2). The
weight of the mucosa was calculated as the difference between
W1 and W2 (W=W1-W2), and the result was expressed as mg
per centimeter of ileum length per 10 g of body weight.

Intestinal permeability assessment

Intestinal permeability was assessed using a slightly modified
version of the method described by Yasuda et al™. Mice were
anesthetized and sacrificed twelve hours after the challenge
with LPS or normal saline. A 15-cm segment of ileum was dis-
sected beginning 1 cm proximal to the ileocecal junction. The
intestinal lumen was gently washed with ice-cold PBS (0.01
mol/L, pH 7.4), and one side of intestine was ligated with a
4-0 silk suture. Fluorescein isothiocyanate (FITC)-dextran
powder (FD4, MW 4 kDa, Sigma, St Louis, MO, USA) was
dissolved in PBS (0.01 mol/L, pH 7.4) to a final concentration
of 4 mg/mL. FITC-dextran solution (0.5 mL) was applied to
the intestinal lumen that had a well-protected intestinal wall.
Next, the other side of intestine was ligated. The outside of the
intestinal pouch was washed and gently shaken in 3 mL PBS at
37°C for 60 min. The intestinal permeability of the pouch was
evaluated ex vivo by measuring the amount of FITC-dextran
that leaked out of the intestinal pouch. A standard solution
was prepared as follows: FITC-dextran powder was diluted
at different concentrations (0, 1.56 pg/mL, 3.13 pg/mL, 6.25
pg/mL, 12.5 pg/mL, 25 pg/mL, 50 pg/mL, 100 pg/mL) with
PBS (0.01 moL/L, pH 7.4)®. Sample supernatants (200 pL)
and standard solutions were pipetted into duplicate wells of
a black microtiter plate, and the fluorescence was measured
at an excitation wavelength of 485 nm and an emission wave-
length of 520 nm.
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Apoptotic cell evaluation

The terminal deoxyuridine nick end-labeling (TUNEL) immu-
nohistochemical method (ApopTag in situ Apoptosis Detec-
tion Kit, Roche Co, Basel, Switzerland) was used to identify
and quantitate apoptotic cells in the ileum. Briefly, after
deparaffinization, the sections were treated with 20 pg/mL
proteinase K for 15 min at room temperature and with 0.3%
H,0O, for 10 min. Following incubation with the equilibra-
tion buffer for 10 min at room temperature, the sections were
incubated with terminal deoxynucleotidyl transferase enzyme
reaction mixture for 60 min at 37°C. Further incubation with
peroxidase-conjugated antibody was performed for 30 min
at 37°C. The sections were stained with diaminobenzidine
solution and counterstained with hematoxylin. TUNEL-
positive cells, identified by the brown staining of the nucleus

and their apoptotic mOI‘phOIOgy[”' 2]

, were counted by an
observer, blinded to the experimental conditions, who selected
10 full-length villi in each sample. The apoptosis index (AI)
of enterocytes was calculated as the ratio of the total num-
ber of TUNEL-positive cells to the total number of epithelial

cellsx100%™,

Myeloperoxidase activity assay

Mice were challenged with LPS or normal saline, and twelve
hours later, ileum tissue, beginning 1 cm proximal to the ileo-
cecal junction, was removed, washed with cold isotonic saline
and homogenized thoroughly in a homogenate solution.
Myeloperoxidase (MPO) activity was determined by a spec-
trophotometric method using myeloperoxidase activity detec-
tion kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s specifications.

MIP-2 protein analysis

Ileum tissue was collected two hours after intraperitoneal
injection of LPS or normal saline, thoroughly homogenated
in an isotonic sodium chloride solution and centrifuged at
3000xg for 10 min (4°C). The supernatant was collected, and
the concentration of MIP-2 was determined using mouse
MIP-2 enzyme-linked immunosorbent assay kits (R&D Sys-
tems, Minneapolis, MN, USA). The total protein level was
measured using a commercially available bicinchoninic acid
protein assay kit (ShennengBocai Co, Shanghai, China).

Western blotting

The mice were killed twelve hours after LPS or normal saline
injection. Ileum tissues were removed, washed with cold
normal saline and thoroughly homogenated on ice in RIPA
lysis buffer (Bioteke Co, Beijing, China) that was supple-
mented with the protease inhibitor phenylmethanesulfonyl
fluoride. The lysates were centrifuged at 12000xg at 4°C for
10 min, and the supernatants were aliquoted into fresh tubes
and stored at -80 °C until measurement. Protein concentra-
tions in the lysates were determined using a bicinchoninic
acid protein assay kit (ShennengBocai Co, Shanghai, China).
Protein samples (70 ng) were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to a
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Hybond-C pure nitrocellulose membrane. After blocking, the
membranes were probed with the following antibodies: rabbit
antibodies against cleaved caspase-3 (Cell Signaling Technol-
ogy, Danvers, USA), inhibitor protein-kBa (I-kBa, Cell Signal-
ing Technology, Danvers, USA), phosphorylated I-xBa (Cell
Signaling Technology, Danvers, USA), or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, Cell Signaling Technol-
ogy, Danvers, USA) or mouse antibodies against MPO (R&D
Systems, Minneapolis, MN, USA). The membranes were incu-
bated overnight at 4°C with primary antibody and were later
incubated with secondary antibody (peroxidase-conjugated
goat anti-rabbit or anti-mice antibodies, Dingguo Changsheng
Co, Beijing, China) at room temperature for one hour. The
antigen-antibody complexes were visualized using a chemilu-
minescence system (Pierce Biotechnology Inc, Rockford, USA)
and exposed to film (Kodak X-OMAT, Guangzhou, China).
The relative densities of the bands were analyzed using a
BI2000 image analysis system (Chengdu TME Technology Co
Ltd, Chengdu, China).

Real-time RT-PCR analysis of TLR4 mRNA expression

Ileum segments were quickly isolated and frozen at -80°C.
Total RNA was extracted from the frozen tissues using Tri-
zol reagent (TaKaRa, Bao Biotec Co, Dalian, China) and was
subjected to reverse transcription using a PrimeScript® RT
reagent kit (TaKaRa, Bao Biotec Co, Dalian, China) according
to the manufacturer’s instructions. Polymerase chain reaction
amplifications were performed using the SYBR® PrimeScript™
RT-PCR Kit II (TaKaRa, Bao Biotec Co, Dalian, China), and
gene-specific polymerase chain reaction products were con-
tinuously measured by means of a LightCycler® 480 (F Hoff-
mann-La Roche, Ltd, Basel, Switzerland) detection system.
The PCR reaction was performed as follows: pre-denaturation
at 95°C for 30 s followed by 45 cycles of 10 s at 95°C, anneal-
ing at 60°C for 10 s and elongation at 72°C for 10 s. The fluo-
rescent signal was collected at 72°C, and the melting curve
procedure was carried out. The purity of the product was ana-
lyzed using a melting curve. The PCR primers were designed
as follows: TLR4 (forward 5'-GCTTTCACCTCTGCCTTCAC-3’
and reverse 5-CCAACGGCTCTGAATAAAGTG-3’) and
GAPDH (forward 5-TCACCACCATGGAGAAGGC-3" and
reverse 5-GCTAAGCAGTTGGTGGTGCA-3"). Every PCR
experiment was carried out in triplicate. A standard curve
was generated using a series of 10-fold dilutions of cDNA
from the LPS group, and the amplification efficiency of each
gene was calculated. It was accepted that the amplification
efficiency of TLR4 and GAPDH was approximately 2.00 and
that the difference between them was lower than 0.02.

Statistical analysis

Statistical analyses were performed using SPSS 13.0 software.
The data are expressed as the mean+SEM. Comparisons
among three or more groups were made by analysis of vari-
ance (ANOVA), and the two pairs of groups were compared
using an LSD test. Ranked data are presented as the mean
rank, comparisons among three or more groups were made
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by a Kruskal-Wallis H test, and the two pairs of groups were
compared using a Nemenyi test. A P value less than 0.05 was
considered statistically significant.

Results

Ber inhibits LPS-induced intestinal injury, which is not reversed
by Y

Figure 1 and Table 1 show histological changes in the ileum
and the injury score of the various groups. Control mice
demonstrated a normal histological architecture, and LPS-
challenged mice showed extensive ileum morphological dam-
age, including villus necrosis, infiltration of inflammatory
cells and hemorrhage. There was a significant increase in the
intestinal injury score compared to control animals (P<0.01).
Pretreatment with Ber or Ber in combination with Y alleviated
the intestinal damage and led to a significant decrease in the
injury score in the LPS-challenged mice. In contrast, there was
no significant difference in histological changes in the ileum
between Ber+LPS and Ber+Y+LPS groups, and Y alone did not
attenuate the intestinal injury caused by LPS (P>0.05).

Table 1. Effects of berberine (Ber) or/and yohimbine (Y) on the mean
rank of intestinal injury score in mice twelve hours after challenge with
LPS. °P<0.01 vs control group. *P>0.05, °P<0.05, 'P<0.01 vs LPS group.

Group n Mean rank
Control 14 23.21
LPS 10 71.90°
Ber+LPS 10 56.70
Ber+Y+LPS 10 59.90°¢
Y+LPS 10 73.50°
Ber 14 23.21
Ber+Y 8 22.75
Y 10 28.90

As shown in Figure 2, the villus height (Figure 2A) and
mucosal weight (Figure 2B) of the ileum was measured twelve
hours after the injection of mice with LPS or normal saline.
Compared to control mice, LPS-challenged mice exhibited a

Figure 1. Photomicrograph of ileum from mice twelve hours after LPS (18 mg/kg) or normal saline injection in control (A), LPS (B), Ber+LPS (C),
Ber+Y+LPS (D), Y+LPS (E), Ber (F), Ber+Y (G), and Y (H) groups. The intestine histological sections were stained with hematoxylin-eosin. Ber: berberine; Y:
yohimbine. Scale bars represent 200 um.

©
1] c d
_ 60 A 2 osq B i & & _ 607 C
£ 500 e e 2~ 05 E 50
3= c d E o0 c @ "
8 E 400 o 04 3 40 ;
£ = = c
s g 300 %"E 0.3 g 30
= c =
gﬂ S 200 = % 0.2 § 20
£ 100 2= 01 2 10 m
= o
T T T T T ] 0.0 T T T T T 0 T T T T T
Control LPS Ber+ Ber+ Y+LPS = Control LPS Ber+ Ber+ Y+LPS Control LPS Ber+ Ber+ Y+LPS

LPS Y+LPS LPS Y+LPS LPS Y+LPS

Figure 2. Effects of berberine (Ber) or/and yohimbine (Y) on intestinal villus height (A), mucosa weight (B) and intestinal permeability (C) in ileum of
mice twelve hours after LPS challenge (18 mg/kg). Values are mean+SEM. n= 8-14. °P<0.01 vs control group. °P>0.05, °P<0.05, P<0.01 vs LPS

group.
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marked decrease in villus height and mucosal weight in the
ileum (P<0.01). The pretreatment of LPS-challenged mice
with Ber or Ber in combination with Y resulted in a significant
increase in villus height and mucosal weight compared to the
LPS-treated group (P<0.05), and there was no remarkable dif-
ference in villus height or mucosal weight between Ber+LPS
and Ber+Y+LPS groups. Y alone did not significantly change
the villus height in LPS-challenged mice (P>0.05).

The gut mucosal permeability was evaluated ex vivo by
measuring the leakage of FITC-dextran from the intestinal
pouch. As shown in Figure 2C, compared to control mice, an
increased permeability of the ileum was observed in LPS-chal-
lenged mice twelve hours after LPS injection. Pretreatment
with Ber or Ber in combination with Y significantly inhibited
the LPS-induced increase in ileal mucosal permeability, and no
significant difference was observed in intestinal mucosal per-
meability between Ber+LPS and Ber+Y+LPS groups. In con-
trast, Y alone did not significantly decrease the ileal mucosal
permeability in LPS-challenged mice (P>0.05). Moreover,
pretreatment with Ber or Y alone or Ber and Y together had no
significant effect on the villus height, mucosal weight or intes-
tinal permeability of normal mice (Table 2).

Table 2. Effects of berberine (Ber) or/and yohimbine (Y) on the intestine
parameters of normal mice. Mean+SEM. n=8-14. °P>0.05 vs control
group.

Group Villus height Mucosa weight FITC-dextran
(M) (mgem™g?) (Mg/mL)
Control 500.89+12.32 0.51+0.03 10.62+1.11
Ber 477.40+12.00° 0.45+0.02° 12.00+1.09%
Ber+Y 472.17+35.05° 0.55+0.04° 12.70+0.84°
Y 456.96+15.99° 0.43+0.02° 9.02+1.02°

Ber protects enterocyte against apoptosis induced by LPS, and Y
does not abolish the anti-apoptosis action of Ber

TUNEL assays were performed to identify apoptotic cells in
the ileum twelve hours after the administration of normal
saline or LPS (Figure 3A-3E). Compared to control mice, a
significant increase in enterocyte apoptosis in the ileum was
observed after LPS challenge (Figure 3B, 4A). Following
pretreatment with Ber or Ber in combination with Y, LPS-
challenged mice showed a marked decrease in the Al in the
ileum compared to the LPS-challenged animals (Figure 3B-3D,
4A). There was no significant difference in the Al in the ileum
of LPS-treated mice following treatment with Ber or Ber in
combination with Y. In addition, treatment with Y alone did
not change the Al in the ileum of LPS-challenged mice (Figure
3E, 4A). Western blot analysis demonstrated that there was
a significant increase in the amount of cleaved caspase-3 pro-
tein, an activated caspase-3, in the ileum of LPS-challenged
mice compared to control animals (Figure 4B). Pretreatment
with Ber or Ber in combination with Y markedly inhibited the
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Figure 3. TUNEL analysis for enterocyte apoptosis in ileum of mice twelve
hours after intraperitoneal injection of normal saline or LPS in control
(A), LPS (B), Ber+LPS (C), Ber+Y+LPS (D), and Y+LPS (E) groups. TUNEL-
positive cells were identified as those with brown staining of the nucleus
and apoptotic morphology (arrows). Scale bars represent 100 um.

activation of caspase-3 in LPS-treated mice, and there was no
significant difference between the two groups for the levels of
cleaved caspase-3 protein in the ileum (Figure 4B). Moreover,
Y alone did not inhibit the LPS-induced caspase-3 activation in
the ileum (Figure 4B).

Y does not antagonize the inhibitory effect of Ber on neutrophil
infiltration in the ileum of endotoxemic mice

To evaluate the effects of Ber and Y on LPS-induced neutro-
phil recruitment in the ileum, MPO activity, an index of neu-
trophil infiltration™], was determined by spectrophotometric
methods (Figure 5A). Compared to control mice, MPO activ-
ity was significantly increased in the ileum of LPS-challenged
mice twelve hours after injection (P<0.05). Pretreatment with
Ber or Ber in combination with Y significantly reduced MPO
activity in the ileum of LPS-challenged mice (P<0.01), whereas
Y alone did not (P>0.05). However, the MPO activity in the
Ber control group was lower than that in the normal control
(P<0.05). Therefore, we measured the MPO content of the
ileum using Western blotting. As shown in Figure 5B, there
was no significant difference in the content of MPO in the
ileum between the Ber control group and the normal control
group (P>0.05). Compared to control mice, MPO content was
significantly increased in the ileum of LPS-challenged mice
twelve hours after injection (P<0.05). Pretreatment with Ber or
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were loaded. The lower row: column diagrams represent the ratio of
cleaved caspase-3 to GAPDH. n=6. °P<0.05, °P<0.01 vs control group.
“P>0.05, °P<0.05, P<0.01 vs LPS group.

Ber in combination with Y significantly reduced MPO content
in the ileum of LPS-challenged mice (P<0.01), whereas Y alone
did not (P>0.05).

Ber inhibits TLR4 mRNA expression, NF-kB activation and MIP-2
production in the ileum of endotoxemic mice and this inhibition
is not blocked by Y

As shown in Figure 6, a significant increase in TLR-4 mRNA
expression, NF-xB activation and MIP-2 production was
observed in the ileum of LPS-challenged mice compared
to control mice. Pretreatment with Ber or Ber in combina-
tion with Y, but not with Y alone, significantly decreased
the LPS-induced TLR-4 mRNA expression, NF-kB activation
and MIP-2 production in the ileum. Following the injection
of normal saline, no significant difference in TLR-4 mRNA
expression and NF-xB activation was observed in the ileum of
control, Ber, Ber+Y, and Y control groups (P>0.05), and MIP-2
production in the ileum of control, Ber, Ber+Y, and Y groups
was undetectable.

Discussion
It has been demonstrated that Ber not only protects
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Figure 5. Yohimbine (Y) did not abolish the inhibitory effect of berberine
(Ber) on neutrophil infiltration in ileum of mice twelve hours after LPS
(18 mg/kg) challenge. (A) Colorimetric method was used to detect
myeloperoxidase (MPO) activity. n=9-12. (B) Western blotting analysis
for MPO content and column diagrams represent mean+SEM for the ratio
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against LPS-induced intestinal injury but also activates the
a,-adrenoceptor™ ™. Our previous studies have shown that
pretreatment with 50 mg/kg Ber once a day for three days sig-
nificantly improves the survival rate of LPS-challenged mice,
and similar pretreatment with 2 mg/kg Y, an a,-adrenoceptor
antagonist, in addition to Ber, enhances the protective effects
of Ber in endotoxemic mice” ™. Therefore, it was necessary
to investigate whether Y enhances the protective effects of Ber
against LPS-induced injury in the gut.

In this study, we demonstrated that LPS challenge induced
intestinal injury in mice, as evidenced by high gut perme-
ability, decreased mucosal weight and typical histological
changes, such as necrosis of the villus, infiltration by inflam-
matory cells and a decrease in villus height. Pretreatment
with Ber protects against intestinal injury that is induced by
LPS, but Y did not block the protective effect of Ber on intes-
tinal injury in endotoxemic mice. In addition, pretreatment
with Y alone did not protect against LPS-induced gut injury,
as evidenced by the increase in gut permeability and the
histological changes. These data indicate that pretreatment
with Ber reduced LPS-induced intestinal injury independent
of a,-adrenoceptor activation. However, the data from this
study also show that Y increases the intestinal mucosal weight
of the ileum in LPS-challenged mice, and the reason for this
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I-kBa protein expression. The lower row: column diagrams represent
mean+SEM for the ratio of phospho-I-kBa to I-kBa, n=6. (C) ELISA
analysis for MIP-2 expression in ileum twelve hours after administration
of LPS. n=10. °P<0.05, °P<0.01 vs control group. °P>0.05, °P<0.05,
P<0.01 vs LPS group.

inconsistency remains to be identified. In previous studies,
we demonstrated that Y enhances the protective effects of Ber
in endotoxemic mice!'”. In the present study, we demonstrate
that Y does not enhance the protective effects of Ber against
intestinal damage that is caused by treatment with LPS. It
has been reported that pretreatment with Y once a day for 3
days prevents LPS-induced myocardial dysfunction in micel®".
Thus, the enhanced protection of Ber against endotoxemia by
Y may be related to the improvement of LPS-induced myocar-
dial dysfunction in mice that are pretreated with Y.

It is well known that LPS challenge inhibits crypt cell pro-
liferation, increases enterocyte apoptosis in the ileum and
reduces villus height and intestinal mucosal weight. Inhibi-
tion of enterocyte apoptosis can improve intestinal recovery
after LPS exposurel®” *!. These observations suggest that
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increased intestinal apoptosis and diminished cell prolifera-
tion play an important role in LPS-induced intestinal dam-
age. Our previous study showed that enterocyte proliferation
is inhibited during endotoxemia and that Ber promotes the
enterocyte proliferation in the ileum of endotoxemic mice in an

201 Therefore, we fur-

a,-adrenoceptor-independent manner
ther examined the effect of Ber and Y on enterocyte apoptosis
in the ileum in LPS-challenged mice. The results demonstrate
that LPS treatment activates caspase-3 and promotes entero-
cyte apoptosis in the ileum. Pretreatment with Ber decreases
caspase-3 activation and enterocyte apoptosis in the ileum of
LPS-challenged mice, and these effects are not antagonized by
Y. Other studies have demonstrated an increase in the activity
of caspase-3, an increase in the number of apoptotic epithelial
cells and a high gut permeability following the intraperitoneal
injection of LPS™!. These findings indicate that the inhibition
of enterocyte apoptosis may contribute to the protection of Ber
against LPS-induced intestinal injury and that the protective
action of Ber is not associated with the a,-adrenoceptor. How-
ever, the mechanisms responsible for the reduced enterocyte
apoptosis by Ber in endotoxemic mice are unclear. Recent
studies have demonstrated that Ber significantly activates
the adenosine 5 -monophosphate-activated protein kinase
(AMPK) signaling pathway and that AMPK activators protect
against tumor necrosis factor-a-induced cardiac cell apopto-
sis. On the other hand, polymorphonuclear leukocyte tran-
sepithelial migration is sufficient by itself to induce intestinal
epithelial apoptosis®~",
enterocyte apoptosis in endotoxemia may be related to AMPK

Thus, the inhibitory effect of Ber on

activation and the inhibition of leukocyte transepithelial
migration, and these questions remain to be investigated.

In addition to apoptosis and hypoplasia, neutrophil infil-
tration is another important mechanism for intestinal injury
during endotoxemia. As the principal circulating phagocyte,
neutrophils are the first and most abundant of the leukocytes
to arrive at the infection focus®!, and they are ideally suited to

eliminate pathogenic bacterial™.

Indeed, neutrophils contain
numerous potent tissue-damaging substances, such as reactive
oxygen species, bactericidal permeability-increasing proteins
and elastases™, and upon release into the intestinal wall, these
substances may contribute to the disruption of intestinal integ-
rity and the increase in macromolecular passage across the epi-
thelial cell lining. In addition, neutrophils can produce cytok-
ines and chemokines that enhance the acute inflammatory
response during sepsis™

that LPS-associated intestinal leakage in the gut is largely
[16]

. Some studies have demonstrated

regulated by leukocyte accumulation"™®. Thus, we observed
the effects of Ber and Y on MPO activity, a useful indicator of
neutrophil recruitment, in the ileum of LPS-challenged mice
and found that pretreatment with Ber or Ber in combination
with Y, but not with Y alone, significantly decreased MPO
activity in LPS-challenged mice. This suggests that Ber may
inhibit neutrophil recruitment in the ileum during LPS endo-
toxemia via an a,-adrenoceptor-independent pathway. How-
ever, Ber also decreased MPO activity in the ileum in normal
control mice, suggesting that MPO activity may not accurately
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reflect neutrophil recruitment under the conditions presented
here. Therefore, we determined the amount of MPO in the
ileum using a Western blot assay. The results confirmed that
pretreatment with Ber significantly decreased the MPO con-
tent in the ileum in LPS-challenged mice, an effect that was
not reversed by Y, suggesting that Ber protects against LPS-
induced intestinal injury by inhibiting neutrophil infiltration
in an a,-adrenoceptor-independent fashion.

Neutrophil accumulation is thought to be dependent on the
formation and activity of CXC chemokines, such as MIP-210171,
Several studies have shown that LPS-induced MIP-2 expres-
sion is involved in I-xB phosphorylation and NF-«xB activation
via TLR4™ "3 A more recent study suggests that Ber may
reduce LPS-induced intestinal injury by suppressing the acti-
vation of TLR4 and NF-kB in the ileum”, but a quantitative
immunohistochemical assay of TLR4 and NF-«B activation
is needed to confirm this hypothesis. To understand further
the signaling pathway involved in the inhibition of neutrophil
accumulation induced by Ber in the ileum of LPS-challenged
mice, we investigated TLR4 mRNA expression, I-kBa phos-
phorylation and MIP-2 production in the ileum. The results
demonstrate that LPS induced TLR4 mRNA expression, I-kBa
phosphorylation and MIP-2 production in the ileum and that
these effects were reduced by pretreatment with Ber or Ber
in combination with Y, but not with Y alone. Kessel et al also
demonstrated that TLR-4 upregulation might be responsible

131 These inves-

for the harmful effects of LPS on the intestine
tigations indicate that pretreatment with Ber inhibits neutro-
phil infiltration and, in turn, alleviates LPS-induced intestinal
injury by suppressing the TLR4-NF-kB-MIP-2 pathway inde-
pendently of the a,-adrenoceptor.

In conclusion, the results of this study demonstrate that
pretreatment with Ber protects against intestinal damage in
endotoxemia by reducing neutrophil infiltration and entero-
cyte apoptosis in an ay-adrenoceptor-independent manner.
Ber-induced suppression of neutrophil infiltration in the
ileum during endotoxemia is associated with the inhibition of
the TLR4-NF-kB-MIP-2 signaling pathway but not with the
a,-adrenoceptor. These findings may provide a new therapeu-
tic strategy for the treatment of intestinal injury in sepsis.
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