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Knockdown of aquaporin 3 is involved in intestinal barrier integrity impairment
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AQP3 is a water/glycerol transporter expressed at the basolateral membrane of colonic epithelial
cells. Although AQPs are expressed in the gastrointestinal tract, their effect on intestinal barrier
has not been clear. Here, we showed that knockdown of AQP3 caused a dramatic, dose-dependent
increase in E. coli C25 translocation, with the reduction of TEER and increasing LY permeability.
Western blots revealed that expression of Claudin-1 and Occludin were significantly decreased in
the AQP3 knockdown group, demonstrating that this treatment enhances paracellular permeability
via an opening of the tight junction complex. These data not only describe the correlation between
transcellular and paracellular pathways in human intestines, but also show that targeted knock-
down of AQP3 might impair the intestinal barrier integrity.
� 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Intestine, an important digestive organ, plays an important role
in maintaining the body’s normal nutrition metabolism. It is gener-
ally accepted that the intestine may play an important role in trau-
ma, surgery, burns, shock, etc. [1–2]. Many lines of evidence
support the concept that trauma and shock may initiate a series
of intestinal reactions such as intestinal cytokine response, translo-
cation of intestinal bacteria, or even cause systemic inflammatory
response syndrome (SIRS) and sepsis with subsequent multiple
organ failure (MOF) [3–4]. The mechanism of intestinal mucosal
barrier is very complicated, which may be involved in intestinal
mechanical barrier, local biological factors, chemical factors and
immune function. But the specific mechanism is still unclear [5].

Water is essential because it must be introduced to satisfy met-
abolic demands [6–7]. Studies have shown that large quantities of
liquid and electrolyte transport and water channel proteins (aqu-
aporins, AQPs) are closely related [8]. AQPs are a family of small
(30 kDa/monomer) hydrophobic, integral membrane proteins,
which are belonging to a special superfamily of membrane integral
proteins called MIPs (major intrinsic proteins) [8–9]. The tight
junction (TJ) is an intracellular junctional structure that mediates
adhesion between epithelial cells and is important for epithelial
cell function [10]. TJ constitutes the barrier both to the passage
of ions and molecules through the paracellular pathway between
chemical Societies. Published by E
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an apical and basolateral cell membrane domains [10]. Claudins,
Occludin, and junctional adhesion molecules are the major three
transmembrane proteins at TJ [11–13]. AQP3 is mainly expressed
in the epithelia of the upper and lower digestive tract [14]. Hara
and Verkman found that skin barrier function was impaired in
AQP3-deficient mice and glycerol transport by AQP3 was responsi-
ble for the functional defects in skin [15]. Thiagarajah proved the
evidence for involvement of AQP3 in colitis and for impaired
enterocyte proliferation in AQP3�/� mice [16].

The purpose of this work was to study the correlation between
AQP3 and TJs and whether target knockdown of AQP3 could impair
intestinal mucosal barrier integrity, thus leading to endotoxin
translocation.

An in vitro model of AQP mediated bacterial translocation (BT)
was developed to allow direct study of the interaction between
enterocytes, AQP and translocating bacteria without the potential
confounding factors. Our results showed that knockdown of
AQP3 was associated with a reduction of Claudin-1 and Occludin
expression and increasing of bacteria translocation.

2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), phosphate buf-
fered saline (PBS), fetal bovine serum (FBS),non-essential amino
acids solution (NEAA 10 mM, 100�), penicillin–streptomycin solu-
tion (10,000 units/ml penicillin and 10,000 lg/ml of streptomycin),
trypsin–EDTA solution (0.05% trypsin, 0.53 mM EDTA) were ob-
tained from Invitrogen-Life Technologies. Transwell polyester
lsevier B.V. All rights reserved.
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membranes (0.4 lm pore size) were purchased from the Costar
Corning Corporation (NY, USA). Antibodies directed against AQP3
and tight junction proteins, anti-mouse and anti-rabbit IgG anti-
bodies (FITC-labeled) were purchased from SANTA CRUSE (San
Francisco, CA, USA).

2.2. Preparation of AQP3 knockdown Caco-2 cells

ShRNA of human AQP3 lentivirus gene transfer vector encoding
green fluorescent protein (GFP) and puromycin sequence was con-
structed by Sunbio Medical Biotechnology Co., Ltd (Shanghai, Chi-
na). The Lenti-scrambled-shRNA served as negative control. For
shRNA of human AQP3, the oligonucleotide sequences were GGA-
TATGATCAATGGCTTCTT. The aqp3shRNA was packaged with lenti-
virus following the manufacturer’s protocols. When Caco-2 cells
had grown to 90% confluence, the Lenti-scrambled-shRNA was in-
fected along with separate infection of the LV-aqp3shRNA at a mul-
tiplicity of infection (MOI) of 50. There were three groups: control
group (CON, normal Caco-2 cell), negative control group (NC), RNAi
groups. Stable cell lines were selected with 5 lg/ml puromycin
(Sigma–Aldrich) for one week. After that, cells were analyzed using
Semi-quantitative PCR and Western blot for AQP3 expression.

2.3. Formation of the Caco-2 monolayer

Caco-2 cells from Chinese Academy of Sciences were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 1% non-essential amino acids, 1% L-glutamine and 1% pen-
icillin–streptomycin mixture. Cells were kept at 37 �C in 5% CO2

and 95% humidity. Once sufficient numbers of cells were grown,
they were harvested by trypsinization (0.05% trypsin, 0.53 mM
EDTA), washed, resuspended in DMEM. 2 � 105cells were seeded
onto the apical chamber of Transwell bicameral chamber contain-
ing a 0.4 lm pore size member. The cells were grown for 14 days to
allow them to reach confluence and fully differentiate. The med-
ium was changed every other day.

2.4. Measurement of electrical resistance and paracellular
permeability

The formation of a sealed monolayer of Caco-2 cells was moni-
tored by measurements of the transepithelial electrical resistance
(TEER) with a Millicell electrical resistance system (Millipore, Bed-
ford, MA) [17]. The transepithelial electrical resistance (TEER) is an
index of confluence and integrity of monolayers. Based on LY per-
meability as previous described [18], Monolayers were used in
experiments only after the TEER had risen above 150 X/cm2. Typ-
ically about 14 days of culture are needed to reach such a TEER.
Measurements were performed at 37 �C and results were ex-
pressed as mean ± SD.

Transepithelial transport was studied with cells grown on per-
meable supports (Transwell) for 7, 14, 21, 28 days. The culture
medium of apical and basolateral compartment was removed by
aspiration, and monolayers were washed three times with HBSS
at 37 �C, 30 min before the beginning of the experiment. Paracellu-
lar permeability was assessed by measuring the flux of LY (Sigma–
Aldrich) from apical to basal chambers of the Transwell at the same
time as BT. LY is a fluorescent dye and was used in these experi-
ments as a marker of paracellular permeability [19]. LY was diluted
in transport buffer (HBSS with Ca2+, Mg2+, +10 mM HEPES, pH 7.4)
and added to the apical compartment at a final concentration of
50 lM. After three hours, LY concentration in the basolateral
chamber was measured with an TECAN Infinite F500 (Männedorf,
Switzerland) luminescence spectrometer against a standard con-
centration curve (excitation 427 nm, emission 536 nm).
2.5. Bacterial translocation

The DMED used to culture the cells was removed from the
bicameral chamber and replaced with fresh HBSS. An inoculum
of 102, 105 or 107 bacteria (E. coli C25) was added to the apical side
of the Caco-2 cell monolayer that had been grown in culture for
14 days. BT was then measured by quantitatively culturing sam-
ples of medium (100 ll) obtained from the basal chamber at 20,
40, 120, and 180 min after the bacteria was placed in the apical
chamber. As the aliquots were removed, new medium was added
to the basal chamber. The number of viable translocation E.coli
C25 was quantitated by pour late assay with Macconkey’s agar.
In all experiments the TEER was monitored at the beginning and
end of the 3-h test period to assess the integrity of the Caco-2 cell
monolayer.

2.6. Immunocytochemistry

For immunocytochemistry, slides were fixed in acetone and
methanol (1:1) for 10 min and were then rinsed. After blocking
endogenous peroxides and proteins, The fixed cells were incubated
over night at 4 �C with phosphate-buffered saline containing anti-
human AQP3 or the tight junction associated proteins primary
Antibodies diluted 1:100 to 1:400 then incubated with respective
horseradish peroxidase-labeled secondary Antibodies for 1 h at
37 �C and then color developed using diaminobenzidine solution
for 10 min, and counterstained with hematoxylin.

2.7. Western blot analysis

For western blot, cells were reseeded in 6-well plates at a
density of 0.2 � 106cells/ml with fresh complete culture medium.
Cells with or without treatment were washed with cold PBS and
lysed in ice-cold RIPA buffer (containing 50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.25% sodium deoxycho-
late) with 1 mM NaF, 10 lM Na3VO4, 1 mM PMSF, and a protease
inhibitor concoction (10 lg/ml leupeptin, 10 lg/ml aprotinin and
1 lM pepstatin). Cell lysates were incubated at 4 �C for 30 min.
After centrifugation at 12,000 rpm for 10 min at 4 �C, protein
concentrations were determined by bicinchoninic acid (BCA) pro-
tein assay. Then, 40 lg of proteins (for AQP3, Occludin, Claudin-
1, Claudin-3, Zo-1 and GAPDH) were denatured in 5 � SDS–PAGE
sample buffer for 5 min at 100 �C. The proteins were separated
by 12.5% SDS–PAGE and transferred onto PVDF membrane (Mil-
lipore, Bedford, MA) for 30 min at 4 �C. Non-specific binding was
blocked with 5% dry skimmed milk in TBST (20 mM Tris–HCl,
137 mM NaCl, 0.1% Tween 20, pH 7.4) for 2 h at room tempera-
ture. After blocking, membranes were incubated with specific
antibodies against AQP3 (1:1000), Occludin, Claudin-1, Claudin-
3 and Zo-1 (1:1000), and GAPDH (1:1000) in dilution buffer
(2% BSA in TBS) overnight at 4 �C. The blots were incubated with
HRP-conjugated anti-mouse or anti-rabbit IgG (1:2000) at room
temperature for 2 h. Antibody binding was detected using an en-
hanced chemiluminescence (ECL) detection system following
manufacturer’s instructions and visualized by autoradiography
with Hyperfilm.

2.8. Statistics

Results are expressed as mean ± standard deviation (SD).
Analysis of variance (ANOVA) was used to compare TEER, LY
permeability, and the magnitude of BT after log10 transformation
among RNAi, CON or NC group. A two-tailed paired t test was used
to compare pre- versus post-experimental TEERs in the same
monolayers. Statistical significance was accepted as p < 0.05.
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3. Results

3.1. AQP3 expression in Caco-2 cell line and lentiviral transfection

First, we examined the expression of AQP3 at its mRNA and pro-
tein level by performing RT-PCR and western blotting analysis in
Caco-2 cell lines. To further examine the role of AQP3 in the intes-
tinal barrier function, RNAi experiments were performed. (Fig. 1)
shows AQP3 mRNA and protein expressing after lentiviral
transfection.

3.2. Effect of AQP3 on TEER and LY

Caco-2 cells were seeded on Transwell (0.4 lm pore size), the
cells were grown for 14 days to confluence and full differentiation.
As shown in Fig. 2, knockdown of AQP3 caused an increase in para-
cellular permeability in Caco-2 monolayers, as judged by a loss of
TEER and increased LY permeability. These effects were time
dependent, and both variables showed significant changes at 7,
14, 21 days in RNAi group compare with control group (p < 0.05)
(Fig. 2A), whereas no significant changes between CON and NC
group (p > 0.05). The results were also proved by LY permeability
(Fig. 2B).

3.3. Effect of time and magnitude of E. coli on BT

As illustrated in Fig. 3, the magnitude of E. coli translocation
across the Caco-2 monolayer was both dose and time dependent.
Different inoculum (102, 105 or 107) were added to the Caco-2 epi-
thelial monolayer system and the number of translocation bacteria
measured at 20, 40, 120, and 180 min after inoculation. As the
inoculum was increased from 105 to 107, the magnitude of translo-
cation increased and was higher in the monolayers challenged
with 107 than with 105. At an inoculum of 102 CFUs (colony form-
ing units) translocation (at 20, 40 min) was hardly observed, even
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Fig. 1. Decrease in AQP3 expression by RNA interference. Caco-2 cells were cultured a
expression in these cells were analyzed by RT-PCR and western blot. ⁄p < 0.05 versus o
GAPDH as loading controls. The figure shows that RNAi induced a specific decrease in AQ
AQP3 expression after transfection, with GAPDH as loading controls.
in RNAi (102 CFUs) group. However, At an inoculum of 102 (at 120,
180 min), 105 or 107 bacteria, we found that RNAi group showed
more BT than control group at each time points, especially at
180 min (2.39 ± 0.21 versus 1.91 ± 0.18 at 105 CFUs; 4.12 ± 0.31
versus 3.89 ± 0.32 at 107 CFUs).

An increase in BT was also observed which reached statistical
significance at 105 CFUs or at 107 CFUs (p < 0.01) between RNAi
and CON group, except 102CFUs at 20, 40 min (Fig. 3A, B and C)
(p > 0.05). At 20, 40, 120, and 180 min after inoculation, 105 CFUs
or 107 CFUs E. coli, AQP3 knockdown group showed more BT than
those in CON or NC group.

3.4. Effect of E. coli on transepithelial electrical resistance

The TEER was measured before inoculum and 180 min post-
inoculum. TEER allows the assessment of monolayer integrity
and tight-junction function and it did not decrease over the 180-
min experiment in any of the group tested (Fig. 4).

3.5. Localization of AQP3 and the tight junction associated proteins

As an subsidiary approach for assessing the localization of the
AQP3 and junctional proteins, immunocytochemistry was used,
We showed that both AQP3 and junctional proteins were ex-
pressed in Caco-2 cell line. As shown in Fig. 5, The AQP3 and Clau-
din-1 were mainly located the outer of the membrane, Occludin,
Claudin-3, Zo-1 protein were mainly distributed in the cytoplasm
and cytomembrane.

3.6. Decreased expression of the tight junction proteins in AQP3
knockdown group

Western blot analysis of the tight junction associated proteins,
such as Occludin, Claudins and Zo-1. A significant decrease in Clau-
din-1 and Occludin expression was observed in AQP3 knockdown
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ther groups. (A) AQP3 expression was analyzed after transfection by RT-PCR, with
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Fig. 2. AQP3 knockdown causes an increase in paracellular permeability (n = 9). (A) TEER levels was lower in RNAi group than control group at day 7, 14, 21. (B) Percent of LY
crossing Caco-2 monolayer was significant increased in RNAi group than control group at day 7, 14, 21. No significant changes between CON and NC group at day 7, 14,
21(p > 0.05). ⁄p < 0.05 at day 7, group RNAi versus the values in other groups. &p < 0.05 at day 14, group RNAi versus the values in other groups. #p < 0.05 at day 21, group RNAi
versus the values in other groups. CON control Caco-2 cells. NC: cells treated with scrambled shRNA. RNAi cells treated with aqp3shRNA.
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Fig. 3. Effect of time and magnitude of E.coli on bacterial translocation (n = 9) Different inoculum (102, 105 or 107) were added to the Caco-2 epithelial monolayer system and
the number of translocation bacteria measured at 20, 40, 120, and 180 min after inoculation among CON, NC or RNAi group. The passage of E. coli across the Caco-2 monolayer
was time and dose dependent. (A) 102 CFUs bacteria were added to the Caco-2 epithelial monolayer system and the number of translocation bacteria measured at 20, 40, 120,
and 180 min after inoculation. ⁄&p > 0.05 at 20, 40 min respectively, group RNAi versus the values in other groups. #Dp < 0.05 at 120,180 min respectively, group RNAi versus
the values in other groups. (B) 105 CFUs bacteria were added to the Caco-2 epithelial monolayer system and the number of translocation bacteria measured at 20, 40, 120, and
180 min after inoculation. ⁄&#Dp < 0.01 at each time points, group RNAi versus the values in other groups. (C) 107 CFUs bacteria were added to the Caco-2 epithelial
monolayer system and the number of translocation bacteria measured at 20, 40, 120, and 180 min after inoculation. ⁄&#Dp < 0.01 at each time points, group RNAi versus the
values in other groups.
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group compare with control group. Expression of other TJs proteins
such as Zo-1 did not change significantly (Fig. 6). This is consistent
with the observed increase in paracellular permeability.

4. Discussion

Clarification of the physiology of intestinal barrier function has
been hampered by the lack of adequate experimental models.
Caco-2 cell line, which was extensively used as a model of the hu-
man intestinal barrier in vitro [20–22], was selected in this study
to understand mechanistically the translocation process. Although
the Caco-2 cell line was derived from a human colonic adenocarci-
noma cell line, it can mimic normal intestinal epithelium in vitro
[23].

AQPs are a family of small (30 kDa/monomer) hydrophobic,
integral membrane proteins. AQPs in kidney, gastrointestinal sys-
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tem, respiratory apparatus, central nervous system, skin play
important roles [24–26]. Papadopoulos MC reported that AQP4-
mediated transcellular water movement was crucial in the resolu-
tion and formation of vasogenic brain edema [27–28]. Sidhaye
overexpressed AQP5 in airway epithelial cells and found that al-
Fig. 5. Localization of AQP3 and the tight junction associated proteins (40�) Immuno
associated proteins expression in their cytoplasm or cytomembrane. Images shown were
sections were analyzed for each condition. Results were based on a double-blinded exp
tered AQP5 expression modulates paracellular permeability [29].
Altered ultrastructure of brain microvessels, including impaired
tight junctions and blood–brain barrier permeability, were fre-
quently observed in the AQP4 null mice [30]. Kawedia et al. also
showed a decrease in the amount of FITC-D transported in the sal-
iva and a decrease in expression of TJs proteins in parotid glands of
AQP5�/� mice [31], thus he blocked AQPs by Hg2+ and found a
2-fold decrease in tight junction-associated Occludin after Hg2+

treatment, the mechanism may be involved in PKA pathway in
Hg2+-induced regulation of tight junction permeability [32]. And
recently Thiagarajah have proved evidence for involvement of
AQP3-mediated colitis in AQP3�/� mice [16]. The transcellular
and paracellular routes of water transport have been described in
the epithelial tissues. However, the roles of AQPs in the intestinal
barrier have not yet been clearly defined. It is not currently known
whether these two important pathways interact and whether they
compensate for each other or operate coordinately. We reasoned
that by measuring TEER and BT, we could directly test the hypoth-
esis that decreasing transcellular water transport could affect para-
cellular water transport, thus impair the intestinal barrier, leading
translocation of intestinal bacteria and endotoxin.

AQP3 localizes to epithelial cells in the human small intestine
and colon [33]. To determine whether the functional changes in
cytochemistry of the cultured Caco-2 cells showed AQP3 and the tight junction
representative of at least five regions observed on the same slide, and two different

eriment.
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paracellular permeability were paralleled by molecular changes in
the TJs, we examined the expression levels of known proteins in
the TJs, such as Claudins, Occludin, and Zo-1. Immunocytochemis-
try showed that junctional proteins were mainly distributed in the
cytoplasm and cytomembrane. Of interest, the magnitude of in-
crease in permeability was positively correlated with the de-
creased expressing of Claudin-1 and Occludin, but not Zo-1 or
Claudin-3. Our observation, in vitro, prove that the transcellular
and paracellular routes of water transport act in conjunction,
which is consistent with Kawedia et al. [31] and Fischbarg [34].

To further define the effect of bacteria translocation and endo-
toxin after AQPs were knocked down. We have developed an
in vitro cultured epithelial monolayer system, utilizing the Caco-
2 cell line, in order to investigate the mechanisms of BT. Since
Caco-2 Cells forms an impermeable, polarized monolayer and the
microvilli in the Caco-2 cell line are well developed, they are cho-
sen in the study. Based on LY permeability results and TEER, it ap-
pears that the Caco-2 cells require approximately 14–21 days of
culture before form a relatively tight monolayer. After 21 days of
cultured the TEER significantly increased to 548 ± 48 ohms/cm2

and remained impermeable to LY. However, knockdown of AQP3
in Caco-2 cell line, TEER is maintained at a low level and has higher
permeability of LY in 7, 14, 21, 28 days compared with the control
group, indicating that knockdown of AQP3 (a transcellular protein)
impair paracellular transport.

The intestine can absorb and secrete considerable amounts of
water even against osmotic gradients, thus helping to maintain
the body fluid balance under physiologic condition. Failure of
intestinal barrier function resulting in the systemic spread of
gut-associated bacteria has been termed BT. Therefore, the subse-
quent BT studies were carried out with Caco-2 cells in order to
make clear the correlation between intestinal barrier damage
(AQP3 knockdown) and BT. The results showed that the BT in
Caco-2 cell model was time and dose dependent, the magnitude
of translocation increased and was higher in the monolayers chal-
lenged with 107 than with 105 or 102. As we expected, inoculum of
E. coli (105 or 107 CFUs) translocated across the monolayer were
greater in AQP3 knockdown group than control group after 180-
min experiment. However, inoculum of E. coli (102 CFUs) did not
show significant difference at 20, 40 min. We thought that this
was mainly due to the little inoculum of bacteria added to the api-
cal chamber. These results were consistent with western blot. All of
these dates demonstrated that knockdown of AQP3 enhances para-
cellular permeability via an opening of the tight junction complex.
Although further studies will be required to elucidate the specific
mechanisms, our preliminary results suggest that PKC inhibitor
may reverse the process (date not show).
In summary, our results support a novel function of AQP3 in
intestinal barrier function, identifying AQP3 as a novel therapeutic
target. Further work is needed to investigate the underlying mech-
anism and the possibility of modulation of AQP3 expression in
therapy for diseases, such as inflammatory bowel disease (IBD).
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