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Abstract

AIM: To investigate the influence of lipopolysaccharide
(LPS) through the p38/c-Jun N-terminal kinase (JNK)
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signalling pathway on aquaporin 3 (AQP3) expression
in HT-29 human colon epithelial cells.

METHODS: HT-29 cells were treated with LPS, and
then the membrane localisation of AQP3 was examined
by immunofluorescence staining. The mRNA and
protein expression of AQP3 with LPS exposure was
measured by real-time reverse transcription-PCR and
Western blot, respectively. Activation of p38 and JNK
was evaluated by detection of phosphorylation of
p38 and JNK using Western blot assay. AQP3 protein
expression was determined by Western blot in cells
after treatment with SB203580, a selective p38 MAPK
inhibitor, or SP600125, a selective JNK inhibitor.

RESULTS: In HT-29 cells, the transcription and protein
expression of AQP3 were decreased by LPS in a
dose- and time-dependent manner, the expression of
AQP3 was significantly decreased with the increased
concentration of LPS, and at a dose of 100 pg/mL
LPS, AQP3 mRNA and protein levels were decreased
by a maximum (P < 0.05) of 1.51-fold and 1.49-fold,
respectively. When cells were treated with 100 ug/mL
LPS for 0, 3, 6, 12, and 24 h, the AQP3? mRNA level
was significantly decreased at an early time point of
3 h, and reached about 10% of the control level at
24 h post-treatment (P < 0.05). Down-regulation of
AQP3 expression was significantly inhibited by the p38
inhibitor (SB203580) and JNK inhibitor (SP600125).

CONCLUSION: p38 and JNK may be promising targets
for the preservation of AQP3 expression and may be
beneficial to the clinical management of diarrhoea.

Key words: Aquaporin3; Lipopolysaccharide; HT-29
cells; MAPK signalling pathway; Colon

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

April 21, 2015 | Volume 21 | Issue 15 |



Li FX et al. Lipopolysaccharide decreases APQ3 via p38/INK in vitro

Core tip: In this study we investigated the mRNA and
protein expression levels of aquaporin 3 (AQP3) in
HT-29 cells exposed to lipopolysaccharide. In addition,
we examined the mechanism of regulation of AQP3
expression via the p38 and JNK signalling pathway /n
vitro.

Li FX, Huang LZ, Dong C, Wang JP, Wu HJ, Shuang SM.
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via p38/c-Jun N-terminal kinase signalling pathway in HT-29
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INTRODUCTION

Aquaporins (AQPs) are a family of small integral
membrane proteins; in the plasma membranes of
many human tissues, some members of this family
are expressed, which serve as selective water
transporters to regulate water homeostasis™. Thirteen
different aquaporins have been identified in human
tissues. Among these, Aquaporin3 (AQP3) is the most
dominantly expressed AQP in the colon™. The role of
AQP3 in the gastrointestinal tract has been considered
to be more important with respect to constipation
or diarrhoea™, since AQP3 protein was found to be
expressed not only in the basolateral but also in the
apical membrane in the human colon™. AQP3 is a
known aquaglyceroporin, which not only transports
water, but can also transport glycerol and a few other
small molecules. Multiple studies have suggested an
association between the regulation of AQP3 expression
function and diarrhoea. The vasodilation and muscle-
relaxation action of vasoactive intestinal polypeptide
(VIP, a gastrointestinal hormone) has been linked to
increased mMRNA and protein expression of AQP3 in
human colonic epithelial cells (HT-29)P!. Recently,
results from a study by Okahira et a/'® and Ikarashi
et al’! suggested that the laxative effect of MgSOa
could be a response to the increased expression of
AQP3, while bisacodyl decreased the expression of
AQP3 in mucosal epithelial cells®. Furthermore, when
they administered HgCl2 and CuSQs, which are known
to inhibit AQP3 function, to rats, they found that the
faecal water content increased significantly and serious
diarrhoea occurred, despite the fact that no changes
were observed in the level and distribution of AQP3
protein expression™.

Diarrhoea is one of the most common intestinal
symptoms caused by bacterial invasion and is
pathologically characterised by imbalanced water
transfer. Lipopolysaccharide (LPS) is the major
constituent of the outer envelope of Gram-negative
bacteria, which is thought to be a main cause of serious
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diarrhoea in many patients. Although previous studies
have shown that LPS decreased lung aquaporin levels
in a lung inflammation rat model""**?! and salivary gland
aquaporin in a human airway submucosal gland cell
line™!, whether diarrhoea induced by the endotoxin LPS
affects the expression of AQP3 in colon epithelial cells
remains undetermined. In this study, we attempted to
examine the modulation of AQP3 after LPS exposure in
the human colonic epithelial cell line HT-29.

Regulating the expression or function of AQP3 in the
colon may represent a promising therapeutic strategy
for the clinical management of diarrhoea!*. There is
currently a profound interest in further understanding
the regulatory mechanism of AQP3 expression in
the colon. Mitogen-activated protein kinase (MAPK)
plays an important role in the transduction of signals
from the extracellular space to the nucleus™., MAPK
modulates the expression of several transcriptional
factors. There are three members of the MAPK
signalling pathway: extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK) and p38.
ERK is activated in response to growth factors and
intracellular calcium increases, while JNK and p38
are activated by a variety of cellular stresses, such
as inflammatory cytokines and heat shock proteins.
Some studies have shown that the expression of
aquaporin was modulated via the p38/INK signalling
pathway by various stimulation factors, such as LPS,
tissue ischaemia, and changes in osmolality™®. In
this study, we investigated the mRNA and protein
expression levels of AQP3 in HT-29 cells exposed to
LPS. In addition, we aimed to examine the mechanism
responsible for the regulation of AQP3 expression via
the p38/INK signalling pathways in vitro.

MATERIALS AND METHODS

Materials
The human colon adenocarcinoma cell line HT-29
and McCoy’s 5a medium were obtained from Boster
Bioengineering Ltd. Bovine serum albumin (BSA)
and TRI reagent were purchased from Boster
Bioengineering Ltd., while LPS was from Sigma-Aldrich.
Various primers were purchased from Invitrogen
Corp. Anti-human AQP3 antibody, horseradish peroxidase
conjugated anti-rabbit IgG antibody, and antibodies
against phospho-p38 (p-p38) and total p38, phospho-
JNK and total JNK were all obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, United States).
SB203580 (p38 MAPK inhibitor) and SP600125 (JNK
inhibitor) were purchased from Selleck Chemicals Ltd.

Cell culture and treatment

HT-29 cells were cultured in McCoy’s 5a medium
supplemented with 10% BSA, 100 U/mL penicillin G
potassium, and 100 ug/mL streptomycin at 37 C in
a humidified atmosphere with 5% CO:2. Cells were
plated on a 100-mm dish at a density of 5 x 10°
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Figure 1 Immunocytochemical localisation of aquaporin 3 in HT-29 cells. Aquaporin 3 (AQP3) expression in untreated HT-29 cells (left) or cells treated with 20
ng/mL lipopolysaccharide for 12 h (right). Cells were fixed and analysed by immunofluorescence staining for AQP3 protein using FITC-labelled secondary antibody

(magnification x 400).

cells/cm?, cultured for 24 h, and antibiotics were then
removed from culture 12 h before various time and
dose treatments: 100 ug/mL LPS for 3, 6, 12 and
24 h; and 0, 10, 20, 50, and 100 pg/mL LPS for 12
h. To determine how AQP3 expression is modulated
by MAPK activation, the cells were treated with p38
inhibitor SB203580 at 10 and 20 pg/mL, and JNK
inhibitor SP600125 at 10 and 20 pg/mL. For inhibitor
studies, cells were pre-treated with the inhibitor for 30
min before exposure to LPS stimulation, and then co-
incubated with LPS and the inhibitor for 6 h.

Immunocytochemistry

The localisation of AQP3 protein in HT-29 cells was
detected by immunofluorescence microscopy. After 12
h exposure to 20 pg/mL LPS, cells were fixed with 4%
paraformaldehyde for 30 min, washed with phosphate-
buffered saline (PBS) for 20 min and blocked with
2% BSA in PBS for 30 min at room temperature.
Cells were incubated overnight at 4 'C with primary
AQP3 antibody at a dilution of 1:50. Then, samples
were washed with PBS three times and subsequently
incubated in the FITC-labelled secondary antibody
(1:100) for 60 min at room temperature. After
washing with PBS three times, cells were visualised
under a fluorescence microscope using Axio Vision
software.

Quantitative real-time PCR

Total RNA was isolated from HT-29 cells using TRIzol
reagent following the manufacturer’s instructions.
Total RNA was reverse-transcribed using the following
reaction conditions: 25 °C for 5 min, 42°C for 1 h, 85°C
for 5 min, and then directly amplified using the PCR
sense primer: 5-AGACAGCCCCTTCAGGATTT-3" and
antisense primer 5'-TCCCTTGCCCTGAATATCTG-3’ for
AQP3, and sense primer 5-CGGGAAATCGTGCGTGAC-3’
and antisense primer 5-TGGAAGGTGGACAGCGAGG-3’
for human p-actin. The mRNA expression levels were
normalised using B-actin. Real-time PCR conditions for
the amplification of target genes were as follows: pre-
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denaturing at 95 °C for 10 min, 40 cycles of denaturing
at 95 C for 15 s, and annealing and extension at 60 C
for 1 min. Amplification data measured by fluorescence
were collected in real-time and analysed using the
Rotor-Gene 6.0.14 software.

Western blot analysis

HT-29 cells were washed with ice-cold PBS and
lysed with whole cell lysis buffer. The lysates were
centrifuged at 3000 g for 10 min at 4 'C. Then, the
protein concentration was tested using the Pierece
Micro BCA protein assay, after which 50 pg protein
was separated on a 12% SDS-polyacrylamide gel and
transferred to a polyvinylidene fluoride membrane.
The membrane was incubated with anti-human
AQP3, p-p38, p38, phosphor-JNK (p-JNK), and JNK
(1:10000) at 4 C overnight. After washing with
TBS buffer, the membrane was incubated with the
corresponding horseradish peroxidase-conjugated
secondary antibody for 90 min at room temperature.
The immunoreactive bands were visualised by the
enhanced chemiluminescence method.

Statistical analysis

Data were analysed with SPSS version 16.0 and
are expressed as mean + SD. Student’s t-test was
employed to assess the statistical differences among
multiple groups. A P-value < 0.05 was considered
significant, and a P-value < 0.01 was considered highly
significant.

RESULTS

Localisation of AQP3 in HT-29 cells

To determine whether LPS exposure affects the
localisation of AQP3, HT-29 cells were treated with 20
ug/mL LPS for 6 h. Cells were stained and examined
under an immunofluorescence microscope. In control
cells, AQP3 was mainly located in intracellular punctate
spots (Figure 1A) as previously reported. However,
after LPS exposure, AQP3 was predominantly observed
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Figure 2 Down-regulation of aquaporin 3 mRNA and protein expression by lipopolysaccharide in HT-29 cells. A: Dose-dependent decrease in aquaporin 3
(AQP3) mRNA and protein expression by lipopolysaccharide (LPS). Cells were incubated in media supplemented with LPS (0, 10, 20, 50 and 100 ug/mL) for 12 h; B:
Time-dependent decrease in AQP3 mRNA and protein expression by LPS. Cells were incubated in media supplemented with 100 pg/mL LPS for various durations
(0, 3, 6, 12 and 24 h). The mRNA and protein levels of AQP3 were determined by reverse-transcription PCR and Western blot, respectively. For Western blot, -actin
served as a loading control. Data are presented as mean + SD of three independent experiments; °P < 0.05, °P < 0.01 vs control; NS: Not significant.
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Figure 3 Activation of p38/c-Jun N-terminal kinase by lipopolysaccharide in HT-29 cells. Cells were treated with 20 pug/mL lipopolysaccharide for 60 min, and
protein lysates were prepared and analysed by Western blot. Equal amounts of protein were loaded and probed sequentially with antibodies for phospho-p38 (p-p38),
p38 kinase, phospho-c-Jun N-terminal kinase (p-JNK), and JNK. Data represent one of three independent experiments, and quantitative data are presented as mean
+ SD from three independent experiments, °P < 0.05, °P < 0.01 vs control.
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Figure 4 p38/c-Jun N-terminal kinase inhibitors specifically blocked
p38/c-Jun N-terminal kinase phosphorylation in HT-29 cells induced
by lipopolysaccharide. Cells were pre-treated with the p38 kinase inhibitor
SB203580 (10 pug/mL) or the c-Jun N-terminal kinase (JNK) inhibitor SP600125
(20 pg/mL) for 30 min, before incubation with 20 pug/mL lipopolysaccharide
for 60 min. Immunoblot analysis was then performed for phospho-p38 kinase
(p-p38), p38 kinase, phospho-JNK (p-JNK), and JNK. °P < 0.01 vs cells without
inhibitor treatment.

on the plasma membrane (Figure 1B).

Down-regulation of AQP3 by LPS in HT-29 cells
The cells were treated with 0, 10, 20, 50, and 100
pug/mL LPS for 12 h. The expression of AQP3 was
quantified by reverse transcription-PCR or Western
blot. As shown in Figure 2A, the expression of AQP3
mMRNA and protein was significantly decreased in a
dose dependent manner. At a dose of 100 ug/mL LPS,
AQP3 mRNA and protein levels were decreased by
a maximum (P < 0.05) of 1.51-fold and 1.49-fold,
respectively, compared with the untreated control,
thus 100 pg/mL was used for subsequent experiments.
To further examine the time course of LPS-
mediated effects on AQP3 expression, cells were
treated with 100 pg/mL LPS for O, 3, 6, 12, and 24 h
before mMRNA and protein extraction. The AQP3 mRNA
level was significantly decreased at the early time point
of 3 h, and reached about 10% of the control level at
24 h post-treatment. A time-dependent decrease of
AQP3 protein level was also observed, as shown in
Figure 2B.

P38 and JNK kinase activation by LPS treatment in
HT-29 cells

To determine whether the signal mediated by MAPK
was involved in the down-regulation of AQP3 by
LPS in HT-29 cells, cells were treated with 20 pg/mL
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Figure 5 Effect of p38/c-Jun N-terminal kinase inhibitors on lipopoly-
saccharide-induced down-regulation of aquaporin 3 expression in HT-29
cells. Cells were incubated with 20 pg/mL lipopolysaccharide for 12 h, after
pre-treatment with inhibitors for 30 min. Aquaporin 3 protein expression was
determined by Western blot; 3-actin served as a loading control. Data represent
one of three independent experiments, and quantitative data are presented as
mean + SD from three independent experiments, *P < 0.05 vs control.

LPS for 60 min and total cell extract was used to
examine the phosphorylated and total forms of P38
and IJNK. Western blot analysis showed that upon
LPS stimulation, phosphor-p38 and phosphor-JNK
levels were markedly elevated, in contrast to the
relatively low basal expression, which indicated that
the phosphorylation of MAPKs was activated by LPS in
HT-29 cells (Figure 3).

Down-regulation of AQP3 induced by LPS in HT-29 cells
is mediated through the p38/JNK pathway

To specifically define the involvement of the activation
of MAPK pathways in the down-regulation of AQP3
induced by LPS in HT-29 cells, SB203580, an inhibitor
of p38 kinase, and SP600125, a specific inhibitor for
INK, were used. HT-29 cells were pre-treated with
SB203580 at 10 pug/mL or SP600125 at 20 ug/mL for
30 min before exposure to LPS; total p38, JNK, p-p38
kinase, and p-JNK were analysed by immunoblotting.
As shown in Figure 4, p38 and INK inhibitors blocked
the activation of p38 and JNK induced by LPS.

The effects of MAPK inhibitors on LPS-induced
AQP3 protein expression were further investigated,
along with whether activation of MAPK was involved in
the down-regulation of AQP3 by LPS (Figure 5). Cells
were pre-treated with MAPK inhibitors, followed by
LPS stimulation. With SB203580 or SP600125, AQP3
protein levels were significantly increased compared
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with LPS alone, which suggested that the decrease of
AQP3 expression was significantly inhibited by both
p38 inhibitor and JNK inhibitor at a concentration of 10
ug/mL.

DISCUSSION

It is known that AQP3 is primarily expressed in
mucosal epithelial cells in the human colon!”). The
gastrointestinal tract, particularly the colon, is an organ
system that is responsible for an enormous amount
of water transport; it is estimated that daily water
absorption in the human colon is about 1.5 L™, It is
widely thought that AQPs are involved in diseases that
are characterised by alterations in fluid transport!*®*%,
LPS is thought to be one of the main causes of serious
diarrhoea in patients. In order to investigate whether
there is altered expression of AQP3 in LPS-diarrhoea,
we examined the mRNA and protein expression
levels of AQP3 in HT-29 cells exposed to LPS and the
mechanism of LPS down-regulating AQP3 expression
in HT-29 cells. HT-29 cells have been widely used to
study the mechanisms of diarrhoea and laxative effects
because HT-29 cells represent the normal physiological
conditions of the colon, despite the fact that they are
cancer cell lines derived from human colon cancer.

AQP3 plays an important role in regulating faecal
water content in the colon. The studies showed that
the up-regulated expression of AQP3 was correlated
with the changes in faecal water content in rats
administered with MgSOa4. The studies showed that
VIP-diarrhoea up-regulated the expression of AQP3
mRNA and protein. For HgClz and CuSOs4, which
are known to inhibit AQP3 function, the results
showed that the faecal water content in the HgCl:
administration group was increased significantly
compared to the control group, and severe diarrhoea
was observed””, Comparable results were observed
in the CuSO4 administration group. These results
indicate the possibility that a decrease in AQP3 causes
an increase in faecal water content and diarrhoea. It
has been confirmed that the down-regulation of AQP3
expression by LPS in HT-29 cells was in a dose- and
time-dependent manner. The time-course experiments
indicated that the level of the AQP3 mRNA expression
started to decrease at 3 h after LPS addition and
was rapidly decreased until 24 h. The AQP3 protein
expression level was accompanied by a parallel
decrease in mMRNA expression level. Thus, the results
of this study are consistent with previous results.

The review results show that the faecal water
content in the colon is controlled by the transport of
water from the luminal side to the vascular side, which
is mediated by AQP3%**. However, further studies are
still needed to elucidate the mechanism of decrease of
AQP3 in HT-29 cells after LPS exposure. After the oral
administration of bisacodyl to rats, when diarrhoea

Baishidenge ~ WJG | www.wjgnet.com

occurred, a significant increase in PGE2 and decrease
in AQP3 expression was observed™!. This study
showed that direct activation of colon macrophages by
bisacodyl increased the secretion of PGE2, which acts
as a paracrine factor and decreases AQP3 expression
in colon mucosal epithelial cells. In LPS-induced
sepsis-associated cholestasis the data suggest that
LPS-induced the TNF-a-mediated posttranscriptional
down-regulation of aquaporin functional expression in
hepatocytes, a mechanism that is potentially relevant
to the molecular pathogenesis of sepsis-associated
cholestasis™. In mouse models of inflammatory bowel
disease, the down-regulation of aquaporin could be a
mechanism to defend against severe oxidative stress
and may indicate that H20: is a universal mediator
in the inflammatory process in the colon™. Studies
have shown that with the knockdown of AQP3, the
expression of claudin-1 and occludin was significantly
decreased via an opening of the tight junction complex
and increasing colonic epithelia permeability™.
Therefore, AQP3 is involved in intestinal barrier
integrity preservation. Epithelial damage usually leads
to declined AQP3 expression, because AQP3 is mainly
expressed in colonic epithelial cells. The preservation of
AQP3 may promote colonic fluid clearance or maintain
the integrity of the epithelial barrier. Therefore,
regulation of AQP expression may have potential
clinical applications. This requires further colonic
studies in vivo to confirm.

Interactions between AQPs and cytokines and
oxidative stress need further research. The MAPK
signalling pathway consists of three members: ERK,
JNK and p38. ERK is activated in response to growth
factors, intracellular calcium increases, etc., while INK
and p38 are activated by a variety of cellular oxidative
stresses, such as inflammatory cytokines and heat
shock proteins®?®, Therefore, we examined the role
of the IJNK/p38 signalling pathway in regulating AQP3
expression in HT-29 cells exposed to LPS.

In this study, the IJNK/p38 signalling pathway
has been demonstrated to be involved in the down-
regulation of AQP3 expression in HT-29 cells by LPS
pre-treatment, although there was no sufficient detail
regarding the regulatory mechanism. A large humber
of LPS signalling pathways have been elucidated
before, such as the cAMP, PKC, NF-xB and p-c-Jun/c-Fos
pathways. Therefore, the possibility of LPS down-
regulating AQP3 levels through the cAMP, PKC, NF-xB
and p-c-Jun/c-Fos pathways could not be excluded.

In conclusion, LPS exposure led to decreased AQP3
transcription and protein expression in HT-29 cells.
We demonstrated that p38 and JNK are potential
transcription factors for AQP3 expression in human
HT-29 cells. A description of this pathway could provide
a theoretical basis to study the membrane targets of
AQP3. These studies may be beneficial for the clinical
management of LPS-diarrhoea.
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COMMENTS

Background

Aquaporins (AQPs) are a family of small integral membrane proteins; in the
plasma membranes of many human tissues, some members of this family
are expressed, which serve as selective water transporters to regulate water
homeostasis. Diarrhoea is one of the most common intestinal symptoms
caused by bacterial invasion and is pathologically characterised by imbalanced
water transfer. Although previous studies have shown that lipopolysaccharide
(LPS) decreased lung aquaporin levels in a lung inflammation rat model and
salivary gland aquaporin in a human airway submucosal gland cell line, whether
diarrhoea induced by the endotoxin LPS affects the expression of AQP3 in
colon epithelial cells remains undetermined.

Research frontiers

In this study, the authors investigated the mRNA and protein expression levels
of AQP3 in HT-29 cells exposed to LPS. In addition, we aimed to examine the
mechanism responsible for the regulation of AQP3 expression via the p38 and
JNK signalling pathway in vitro.

Innovations and breakthroughs

In this study, the authors found that in HT-29 cells, the transcription and protein
expression of AQP3 were decreased by LPS in a dose- and time-dependent
manner; the expression of AQP3 was significantly decreased with the increased
concentration of LPS. Down-regulation of AQP3 expression was significantly
inhibited by the p38 inhibitor (SB203580) and JNK inhibitor (SP600125).
Applications

The results of the study suggest that p38 and JNK may be promising targets
for the preservation of AQP3 expression and may be beneficial to the clinical
management of diarrhoea.

Peer-review

This is an interesting study. In this study, the authors examined the influence of
LPS on APQ3 expression and the possible role of p38/JNK signalling pathway
in the regulation of AQP3 expression in human colon epithelial cells.
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