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Aquaporins (AQPs) plays an important role in transcellular water movement, but the AQPs expression
profile has not been demonstrated in 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis which
closely mimics human Crohn’s disease (CD) histopathologically. To solve the problem, 30 female
Sprague–Dawley (SD) rats were randomly divided into a model group (n = 18), an ethanol control group
(n = 6) and a normal control group (n = 6). On day 1, the rats in the model group received TNBS + 50% eth-
anol via the rectum, while the ethanol control rats received an equal volume of 50% ethanol and the
normal control rats did not receive any treatment. All rats were sacrificed on day 7, and ileum, proximal
colon and distal colon specimens were obtained to examine the alteration in AQP3 and AQP8 using real-
time polymerase chain reaction, Western blot analysis and immunohistochemistry. As a result, exposure
to TNBS + ethanol resulted in a marked decrease in both the mRNA and protein expression of AQP3 and
AQP8, with the exception of AQP8 protein which was negative in the distal colon in all three groups.
These reductions in AQP3 and AQP8 were accompanied by an increase in intestinal inflammation and
injury. The results obtained here implied that both AQP3 and AQP8 may be involved in the pathogenesis
of inflammatory bowel disease.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The gastrointestinal tract is involved in bulk fluid transport.
Both the fluid and ion balance are controlled, to a large extent,
by the gastrointestinal epithelium. Both absorptive and secretory
processes are involved in this fluid movement [1]. Water transport
across the gastrointestinal epithelia involves the transcellular and
paracellular pathways [1,2]. The transcellular route, which is par-
tially mediated by a family of integral membrane proteins called
aquaporins (AQPs), plays an important role in intestinal function
and/or fluid homeostasis. To date, 13 AQPs have been identified
in mammals. Of these, AQP1, 2, 4 and 5 are selectively permeable
to water; AQP3, 7, 9 and 10 are aquaglyceroporins permeable not
only to water, but also glycerol, urea and other small solutes.
Others exhibit peculiar intracellular localization and functions
[3]. AQP1, AQP3–6, AQP8 and AQP9 are expressed in the small
intestinal epithelium [4–8] and AQP2–4 and AQP7–9 in the colonic
epithelium [4–6,8–12]. In the gastrointestinal tract, incorrect
expression and localization of AQPs can result in many disease
conditions. An increase in both the mRNA and protein expression
of AQP2 in rat distal colon was followed by water deprivation
[10]. Knockdown of AQP3 is involved in intestinal barrier integrity
impairment [13] and thus increases bacterial translocation in the
intestine. AQP4 null mice display decreased colonic transepithelial
osmotic water permeability and results in impaired fecal dehydra-
tion [9].

Inflammatory bowel disease (IBD) is a chronic inflammatory
disorder of the gastrointestinal tract of unknown etiology [14].
Crohn’s disease (CD) and ulcerative colitis (UC) are two major
forms of IBD. A complex interplay between environmental triggers,
the immune system, genetically susceptible individuals and the
intestinal microbiome all lead to the onset of intestinal inflamma-
tion and injury [15]. In IBD patients, the normal regulation of fluid
and electrolyte flux is disrupted. Hence, alterations in AQPs in the
gastrointestinal tract seem to be associated with the pathogenesis
of IBD. In a previous study of dextran sodium sulfate (DSS)-induced
colitis, which resembles UC histopathologically, mice lacking AQP3
displayed impaired enterocyte proliferation [16]. In addition, the
expression of AQP4 and AQP8 significantly decreased after 12–
24 h of DSS exposure and remained depressed throughout the
treatment period [17]. However, little is known about the alter-
ation in AQPs in 2,4,6-trinitrobenzene sulfonic acid (TNBS)-in-
duced rat colitis, another experimental model of IBD which
closely mimics human CD histopathologically. Determination of
the expression profile of AQPs in TNBS-induced rat colitis will
contribute to further research into the pathogenesis of CD and pro-
vide a new pathway to study potential treatment. Thus, we used
real-time polymerase chain reaction (RT-PCR), Western blot analy-
sis and immunohistochemistry to explore the alteration in AQP3
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and AQP8 at the ileum, proximal colon and distal colon in TNBS-
induced rat colitis. Furthermore, the potential role of these aquapo-
rins in the pathogenesis of IBD was clarified.
2. Materials and methods

2.1. Animals

Sprague-Dawley (SD) rats (6–8 weeks old and specific-pathogen
free) were obtained from SLAC Laboratory Animal Co. (Shanghai,
China) and maintained in the Experimental Animal Centre of
Zhongshan Hospital (Fudan University, Shanghai, China). The rats
were kept at room temperature (22 ± 2 �C) and 55 ± 5% humidity
with free access to regular laboratory chow and water. Rats were
allowed to acclimate to these conditions for 7 days before the
experiment. All experimental procedures in this study were ap-
proved by the Institutional Ethics Committee of Fudan University
and were conducted according to guidelines for experimental ani-
mals developed by Fudan University.

2.2. Model creation and sample collection

30 female SD rats were randomly divided into a model group
(n = 18), an ethanol control group (EC group, n = 6) and a normal
control group (NC group, n = 6). On day 1, 24 h-fasted rats were
lightly anesthetized with sodium pentobarbital and 400 ll of
2.5 mg/ml TNBS (Sigma, MA, USA) in 50% ethanol was then admin-
istered via the rectum through a 3.5F catheter equipped with a
1 ml syringe. The catheter tip was 8–10 cm proximal to the anal
verge. The rats were then held in the vertical position with head
down for 30 s to ensure distribution of TNBS throughout the entire
colon. The ethanol control rats were administered 400 ll 50% eth-
anol using the same technique. The normal control rats did not re-
ceive any treatment. All rats were sacrificed on day 7. The colon
and ileum were removed and opened longitudinally. After gentle
rinsing with ice-cold phosphate buffered saline (PBS), ileum, prox-
imal colon and distal colon specimens were obtained. One half of
the tissue was fixed in 4% paraformaldehyde, embedded in paraffin
wax and sectioned (4 lm thick). The other half was frozen in liquid
nitrogen and used for RNA extraction and Western blot analysis.

2.3. Assessment of colitis

The Disease Activity Index (DAI) scores, Colon Macroscopic
Damage Index (CMDI) and the Histopathological Score (HPS) were
calculated to assess the severity of induced colitis. Stool formation,
rectal bleeding and body weight were monitored every day to cal-
culate the DAI scores in accordance with the method described by
Murthy et al. [18] (Table 1 [19], see Supplementary data). The
CMDI was assessed using the scoring system of Wallace and
Keenan [20], which takes into account the area of inflammation
as well as the presence or absence of ulcers (Table 2 [21], see
supplementary data). The tissue sections were stained with
hematoxylin and eosin and the HPS was determined according to
previously described criteria [22] (Table 3 [22], see Supplementary
data).

2.4. RNA extraction and real-time polymerase chain reaction

Total RNA was isolated from the tissues using RNAiso Plus (Taka-
ra, Tokyo, Japan), and was reverse-transcribed using PrimeScript�

RT Master Mix (Takara, Tokyo, Japan) on the GeneAmp� PCR system
9700 (Applied Biosystems, CA, USA). Obtained cDNAs were ampli-
fied using SYBR� Premix Ex Taq™ (Takara, Tokyo, Japan) on the
Master cycler ep realplex4 PCR system (Eppendorf, Hamburg,
Germany) with the two-stage program as follows: 1 min at 95 �C,
and then 40 cycles of 5 s at 95 �C and 30 s at 60 �C. Expression levels
of AQPs mRNA were normalized to that of b-actin as the internal
standard using the comparative method. The following primer pairs
(Sangon Biotech, Shanghai, China) were used:

b-actin F: CACCCGCGAGTACAACCTTC
b-actin R: CCCATACCCACCATCACACC
AQP3 F: CCCCTTGTGATGCCTCTC
AQP3 R: CCCTAGCTGGCAGAGTTC
AQP8 F: GCCGATGTGTAGTATGGACCTA
AQP8 R: ACCCAATGAAGATGAAGAGAGC

2.5. Western blot analysis

Total membrane protein was extracted from the homogenized
tissue samples, and the protein concentration was measured with
a BCA protein determination kit (Beyotime, Shanghai, China). Forty
micrograms of total membrane protein from each sample was
loaded in 10% sodium dodecyl sulfate–polyacrylamide electropho-
resis gel for separation. The separated proteins were transferred to
a polyvinylidene difluoride membrane (Millipore, MA, USA). After
incubation in 5% skim milk for 2 h at room temperature to block
the non-specific binding, the resulting membrane was reacted for
16 h at 4 �C with rabbit anti-rat AQP3 and AQP8 antibodies
(1:400, Alomone Laboratories, Jerusalem, Israel). The membrane
was then washed with TBST (20 mM Tris–HCl, 137 mM NaCl, and
0.1% Tween-20, pH 7.6) for 10 min � 3 and incubated with anti-
rabbit IgG-HRP (horse radish peroxidase) antibodies (1:5000, Santa
Cruz, CA, USA). Finally, the membrane was washed with TBST for
10 min � 3 and reacted with the BeyoECL Plus detection reagent
(Beyotime, Shanghai, China) and visualized with the Fluor-
Chem�FC2 Imaging System (Alpha Innotech, CA, USA). The anti-
body against b-actin (Santa Cruz, CA, USA) was used as the
loading control. For semiquantitative analysis, the grayscales of
both AQPs and b-actin bands were measured with ImageJ software,
and the ratio of AQPs to b-actin was calculated.

2.6. Immunohistochemistry

Immunohistochemistry was carried out on paraffin sections.
These sections were cut, mounted on poly-L-lysine-coated glass
slides, deparaffinized, and then rehydrated. To retrieve the antigen,
slides were placed in EDTA solution (pH 9.0, Maixin, Fuzhou, Chi-
na) and heated in a microwave oven for 20 min at 100 �C. Endoge-
nous peroxidase activity was then blocked by 0.03% H2O2 for
15 min at 37 �C. The non-specific binding of antibodies was
blocked by incubation with PBS containing 5% bovine serum albu-
min (BSA) for 30 min at room temperature. The samples were then
incubated with primary antibodies (1:100) diluted in PBS contain-
ing 3% BSA overnight at 4 �C, followed by HRP-coupled secondary
antibodies (Gene Tech, Shanghai, China). Diaminobenzidine
(DAB) reactions were performed using a GTvision™I Immunohisto-
chemical detection kit (Gene Tech, Shanghai, China), after which
the sections were stained with hematoxylin, washed with running
water, dehydrated in a graded series of ethanol and xylene, and
then mounted with a coverslip. The immunoreactivity of AQP3
and AQP8 was observed under a BX51 microscope (Olympus,
Tokyo, Japan) and photographed using a DP71 camera (Olympus,
Tokyo, Japan).

2.7. Statistical analysis

SPSS 20.0 was used for data analysis. Measurement data
were expressed as mean ± standard deviation (SD). Significant
differences between the NC, EC and model group were analyzed
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by the Student’s t test or Mann–Whitney U test when appropriate.
P < 0.05 was considered statistically significant.
3. Results

3.1. Assessment of colitis

Symptomatic parameters in all rats were observed and recorded
every day during the experiment. The rats in the model group dis-
played significant weight loss and pasty to liquid gross bloody
stools from day 1 to 7, while the NC rats gained body weight nor-
mally with normal stool consistency throughout the experiment
and the EC rats suffered from mild diarrhea on day 1–2. The DAI
scores were higher in the model group than in the other two
groups (Fig. 1D). The CMDI was used to evaluate the gross appear-
ance of the colon and assess the severity of intestinal injury. The
colons from rats in the model group were adherent to other tissues
and organs with marked hyperemia, hemorrhage, inflammation,
necrosis, ulcers and bowel wall thickening, whereas the colons
from the rats in the NC and EC groups showed no or only slight
inflammation (Fig. 1A). To assess the severity of colonic inflamma-
tion histopathologically, HPS was calculated by two different
pathologists. Ulceration, massive inflammatory cell infiltration, co-
lon structure disorganization, goblet cell depletion, submucosa
edema and extensive fibrosis were found throughout the colons
in the model group, while no or very little mucosal lesions were
Fig. 1. Assessment of colitis using DAI, CMDI and HPS. (A) DAI scores were higher in the m
gross appearance of colons from the three groups. The colons from the model group show
thickening, while the colons from the rats in the NC and EC groups showed no or onl
proximal colon and distal colon. Ulcerations, massive transmural infiltration of inflamm
were found throughout the colons from the model group, while no or very little mucosa
were markedly higher in the model group than in the other two groups. Data are shown
group, respectively). �P < 0.05 compared with the NC group. #P < 0.05 compared with th
observed in the colons from the other two groups (Fig. 1B). The
CMDI and HPS in the model group were significantly higher than
those in the NC and EC group, but there was no difference between
the NC and EC group (P < 0.05, Fig. 1C).
3.2. Real-time polymerase chain reaction

We next determined the mRNA expression of AQP3 and AQP8 in
the ileum, proximal colon and distal colon in the NC, EC and model
groups. In all three sections, the mRNA expression of AQP3 (Fig. 2A)
and AQP8 (Fig. 2B) was significantly lower (P < 0.05) in the model
group than in the other two groups, and there was no significant
difference between the NC and EC rats.
3.3. Western blot analysis

We determined the expression of AQP3 and AQP8 protein in the
NC, EC and model groups by Western blot experiments. Quantifica-
tion of AQPs was normalized against that of b-actin in each sample.
Representative Western blots of the three groups are shown in
Fig. 3. In the proximal colon, two AQP3 protein bands were de-
tected. One appeared at 27 kDa and represented the deglycosylated
form of AQP3, whereas the other appeared at 30–40 kDa and rep-
resented the glycosylated form of AQP3 (Fig. 3A). However, only
the glycosylated band was observed in the ileum and distal colon
(Fig. 3A). In contrast, only one AQP8 protein band at approximately
odel group than in the other two groups during the experiment. (B) Representative
ed marked hyperemia, hemorrhage, inflammation, necrosis, ulcers and bowel wall

y slight inflammation. (C) Representative histological findings (40�) of the ileum,
atory cells, thickening of the colon wall, goblet cell depletion and extensive fibrosis
l lesions were observed in the colons from the other two groups. (D) CMDI and HPS
as mean ± standard deviation (SD) (n = 9 in the model group; n = 6 in the NC and EC
e EC group.



Fig. 2. Expression of AQP3 and AQP8 mRNA in the NC, EC and model group. The
results were expressed as 2�4Ct, 4Ct = CtAQP�Ctb-actin. (A) AQP3 mRNA expression
was lower in the model group than in the other two groups. (B) AQP8 mRNA
expression was lower in the model group than in the other two groups. Data are
shown as mean ± standard deviation (SD) (n = 9 in the model group; n = 6 in the NC
and EC group, respectively). �P < 0.05 compared with the NC group. #P < 0.05
compared with the EC group.

Fig. 3. Expression of AQP3 and AQP8 protein in the NC, EC and model group by Western
group. (B and C) The expression of AQP3 and AQP8 protein was markedly lower in th
deviation (SD) (n = 9 in the model group; n = 6 in the NC and EC group, respectively). �P
represents the glycosylated form; D-AQP3 represents the deglycosylated form.
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32 kDa was observed (Fig. 3A). Compared with the NC and EC
groups, AQP3 protein expression was noticeably lower in the mod-
el group in all three examined sections (P < 0.05, Fig. 3B). The
expression of AQP8 was lower in the ileum and proximal colon
in the model group than in the other two groups (P < 0.05,
Fig. 3C). There was no significant difference between the NC
and EC groups (P > 0.05). However, at the distal colon in all
three groups, the AQP8 protein expression was too faint to be
detected.

3.4. Immunohistochemistry

Localization of AQP3 and AQP8 in the ileum, proximal colon and
distal colon in all three groups was established by immunohisto-
chemistry. Typical photomicrographs are shown in Fig. 4. In the
NC and EC groups, AQP3 staining was confined to the basolateral
membrane of absorptive epithelial cells which faced the lumen di-
rectly and at the neck of crypts, and staining intensity decreased
from the tip towards the base of the villus. In contrast, AQP8
immunoreactivity was present in columnar epithelial cells in the
ileum and proximal colon, where the staining was mainly intracel-
lular and seemed more intense in the subapical compartment.
However, there was no apparent AQP8 reactivity observed in the
crypts. Furthermore, TNBS-induced intestinal mucosal injury was
accompanied by a profound change in AQP3 and AQP8 immunore-
activity. In the intestinal mucosa from the model group, total AQP3
and AQP8 immunostaining were decreased obviously and became
patchy and discontinuous, however, there was no shift in their
intracellular localization. Consistent with the Western blot results,
blot. (A) The typical image of AQP3 and AQP8 Western blot in the NC, EC and model
e model group than in the other two groups. Data are shown as mean ± standard
< 0.05 compared with the NC group. P < 0.05 compared with the EC group. G-AQP3



Fig. 4. A-I indicate typical photographs (200�) of AQP3 immunostaining in the ileum, proximal colon and distal colon in the three groups, while J-R represent that of AQP8. In
the NC and EC groups, AQP3 staining was confined to the basolateral membrane of absorptive epithelial cells which faced the lumen directly and at the neck of crypts, and
staining intensity decreased from the tip towards the base of the villus. AQP8 immunoreactivity was present in columnar epithelial cells in the ileum and proximal colon,
where the staining was mainly intracellular and seemed more intense in the subapical compartment. The immunoreactivity of AQP3 and AQP8 was markedly decreased in the
model group compared with the other two groups in all the examined sections (immunostaining of AQP8 was not detected in the distal colon in all three groups). However,
there was no shift in its intracellular localization.
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AQP8 staining was too weak to be detected in the distal colon in all
three groups.

4. Discussion

Inflammatory bowel diseases (IBDs) are chronic intestinal dis-
orders of unknown etiology [14]. It is generally accepted that the
aberrant immune response against the gut microflora in geneti-
cally susceptible individuals [23] leads to the infiltration of inflam-
matory cells and intestinal mucosal injury. One of the main
symptoms of IBD is varying degrees of diarrhea. Therefore, the dis-
turbance of intestinal fluid flux, which is partially mediated by the
aquaporins (AQPs) expressed in intestinal epithelial cells, may be
associated with the pathogenesis of IBD. Evidence from a previous
study [17] has highlighted the alteration in AQPs expression in
DSS-induced mouse colitis compared with the control groups and
suggested that DSS-induced colonic injury is associated with a
downregulation in AQPs expression. However, the AQPs expression
profile in TNBS-induced colitis has not been demonstrated.

Aquaporins play an important role in intestinal function and/or
fluid homeostasis. In the present study, AQP3 was demonstrated in
the basolateral membrane of mucosal epithelial cells in normal rat
intestine, whereas AQP8 staining was intracellular and seemed
more intense in the subapical compartment of the epithelial cyto-
plasm. The above findings suggest a role for AQP3 and AQP8 in
transcellular water movement and intracellular osmoregulation.
Consistent with a previous study [12], AQP8 expression was too
weak to be detected in the rat distal colon by Western blot and
immunohistochemistry. More studies are needed to verify the
expression of AQP8 in the distal colon. We examined the alteration
in AQP3 and AQP8 expression in TNBS-induced rat colitis and its
associated control groups. Exposure to TNBS + ethanol resulted in
a marked decrease in both the mRNA and protein expression of
AQP3 and AQP8, with the exception of AQP8 protein which was
negative in the distal colon in all three groups. These reductions
in the expression of AQP3 and AQP8 were accompanied by aggra-
vated mucosal injury and increased DAI scores. In the intestinal
mucosa from the model group, total AQP3 and AQP8 immunostain-
ing were decreased obviously and became patchy and discontinu-
ous, however, there was no shift in their intracellular localization.
The findings obtained here indicate that intestinal inflammation
and injury may be associated with altered expression of AQPs.

The TNBS-induced model is a well established model of rat co-
lonic inflammation and ulceration, which resembles human CD
histopathologically. Thus, our current study provides a new path-
way to study the pathogenesis of CD and is of great significance.
An imbalance in regulatory cytokines is consistently found in this
model, especially excessive production of Th1 cytokines such as
TNF-a [24]. TNF-a is a pleiotropic cytokine that elicits a wide spec-
trum of physiologic and pathogenic events such as proliferation,
differentiation, cell death, modulation of gene transcription and
inflammation [25]. It has been reported that TNF-a is increased
in the serum and feces of CD patients [26] and in TNBS-induced
colitis [27]. In addition, administration of the anti-TNF-a antibody,
infliximab, improves symptomatic parameters and resolves intesti-
nal inflammation. A similar result was observed in a study of Sjo-
gren’s syndrome, an autoimmune disease, which is characterized
by decreased secretion in lacrimal and salivary glands. Normally,
AQP5 is expressed in the apical membrane of glandular acinar cells
and is involved in the secretion of tears and saliva. Patients with
Sjogren’s syndrome display a marked reduction in apical AQP5
staining and an obvious increase in basolateral AQP5 labeling in
both lacrimal and salivary gland tissue compared with control
individuals [28]. In addition, in vitro experiments have confirmed
that TNF-a decreases AQP5 protein and mRNA expression through
a mechanism involving the p55 TNF-a receptor and NF-jB [29].
Conversely, administration of infliximab attenuates the clinical
symptoms of Sjogren’s syndrome and leads to a redistribution of
AQP5 from the basolateral membrane back to the apical aspect of
glandular acinar cells [30]. An AQP5-trafficking defect may be
pivotal in the pathogenesis of Sjogren’s syndrome. Similarly,
TNBS-induced rat colitis also displays excessive production of
Th1 cytokines, therefore, inflammatory mediators induced by the
hapten (TNBS) may be involved in the regulation of AQPs in the



Fig. 5. The speculated vicious circle of inflammatory mediators-AQPs-inflamma-
tion. The aberrant immune response in genetically susceptible individuals against
specific microflora leads to excessive production of inflammatory mediators
followed by a decreased expression and an incorrect distribution of the AQPs,
which results in a disturbance in fluid flux and a subsequent weakening of the
mucosal defense. Additionally, decreased expression of AQP3 may impair entero-
cyte proliferation and cause a restoration defect in the intestinal epithelium. All of
these factors increase bacterial translocation and exacerbate the intestinal inflam-
mation with more inflammatory mediators induced subsequently. (A) The
decreased expression of AQPs. (B) The incorrect distribution of AQPs. (C) The
weakening of the mucosal defense and impaired enterocyte restoration.
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intestinal mucosa. It could be speculated that excessive production
of these mediators leads to trafficking defects and folding errors in
the AQPs followed by a marked decrease and incorrect distribution
of the proteins, which results in a disturbance in fluid flux and a
subsequent weakening of the mucosal defense. Moreover, de-
creased expression of AQP3 may impair enterocyte proliferation
and lead to a restoration defect in the intestinal epithelium. All
of these factors worsen intestinal inflammation and injury. In a
word, the vicious circle of inflammatory mediators-AQPs-inflam-
mation (Fig. 5) may play an important role in the development of
intestinal inflammation of IBDs. Further in vitro experiments on
the effect of inflammatory mediators in the regulation of AQPs
and clinical tests to break the vicious circle of inflammatory medi-
ators-AQPs-inflammation are needed to determine the correlations
between AQPs and IBDs.
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