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Fluid resuscitation via the rectum ameliorates hemodynamic
disorders through adjusting aquaporin expression in
an experimental severe acute pancreatitis model
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Abstract. Acute pancreatitis is an acute abdominal disease,
with 10-20% of the cases deteriorating rapidly, accompanied by
persistent organ failure and further development into severe acute
pancreatitis (SAP). The aim of the present study was to investigate
the mechanism of fluid resuscitation via the rectum in the early
stages of SAP and the role of aquaporins (AQPs). An SAP model
was constructed by injection of 5% sterile sodium taurocholate
into the biliopancreatic duct of Sprague Dawley rats, and the
mean arterial pressure (MAP) was continuously monitored via
femoral artery catheterization. At 30 min after the construction
of the SAP model, the rats in the fluid resuscitation groups were
resuscitated with normal saline at a rate of 4 ml/kg/h through the
venous or the rectal route. The AQP and Na*-K*-ATPase levels,
and the correlation of the MAP and colon AQPs at the early
stages of SAP were analyzed. The results demonstrated that the
mRNA level of AQP-3 and AQP-4 in the distal colon decreased
significantly in the group subjected to fluid resuscitation via the
rectum, while no significant differences were identified in the
Na*-K*-ATPase levels of the colon in that group. Furthermore,
a negative correlation was identified between the expression of
AQPs and the MAP (P<0.01). Thus, fluid resuscitation via the
rectum appears to ameliorate hemodynamic disorders through
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adjusting the expression of AQP-3 and AQP-4 in the distal colon
in an experimental SAP model.

Introduction

Acute pancreatitis (AP) is an acute abdominal disease caused
by pancreatic enzyme activation through a variety of triggers,
followed by a pancreatic local inflammatory response as the
major clinical feature. In an estimate of 10-20% of patients with
AP, the condition deteriorates rapidly and develops into persis-
tent organ failure, further evolving into severe acute pancreatitis
(SAP) (1,2). In the early phases of the disease, the gastrointestinal
tract is one of the major targets, with an overwhelming release
of inflammatory cytokines and exudation of fluids, leading to a
sharp decline of the effective circulatory blood volume, thereby
affecting the permeability of the colonic mucosal epithelium
and water metabolism. Clinical studies have reported that the
mortality rate of SAP within 14 days was as high as 50% and
that effective early intervention had a significant impact on
the prognosis of SAP (3,4). Chen et al (5) demonstrated that
fluid resuscitation via the rectum improved organ function and
decreased the serum levels of inflammatory factors.
Aquaporins (AQPs) are integral membrane proteins that
belong to the major intrinsic protein family. AQPs constitute
channels in the cell membrane, which control the transpor-
tation of water and restrict the movement of ions or other
micromolecules in and out of the cells (6,7). AQPs, including
AQP-1,-3,-7,-8 and -11, are abundantly expressed in the human
colon tissue, and have a vital role in digestive disturbances,
including diarrhea and constipation (8-11). A recent study (12)
proved that the expression of AQPs in colon tissues increased
significantly in SAP, but in a diverse manner. The aim of the
present study was to investigate the potential beneficial effect
of fluid resuscitation via the rectum in the early stages of SAP
and the underlying mechanisms, including the role of AQPs.

Materials and methods

Chemicals and reagents. Sodium taurocholate (purity, =97%)
was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
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Germany). PrimeScript RT Master Mix and SYBR Premix Ex
Taq were purchased from Takara Bio Inc. (Otsu, Japan). Rabbit
anti-rat Na*-K*-ATPase (cat. no. SC-28800) was purchased
from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

Animals. Male Sprague Dawley (SD) rats (age, 8-10 weeks;
weight, 30010 g) were purchased from the Shanghai
Laboratory Animal Center (Chinese Academy of Science,
Shanghai, China). The rats were provided rodent chow and
tap water ad libitum for at least 1 week and were allowed
to acclimatize to the laboratory environment. The rats were
anesthetized via an intraperitoneal injection of 3% pento-
barbital sodium (50 mg/kg body weight), and an additional
injection of 1/5 of the initial dose was given every hour
throughout the entire experiment. Clinical signs, including
the mean arterial pressure (MAP), were continuously moni-
tored with a multi-channel physiological recorder (Powerlab
15T; ADInstruments, Bella Vista, NSW, Australia). The rats
were sacrificed by CO, inhalation in accordance with the
institutional criteria for euthanasia.

SAP model establishment and fluid resuscitation. The SAP
model was established as previously described (5). The rats
were fasted overnight with free access to water prior to the
experiment, and were randomly divided into four groups as
follows: The SHAM, no fluid resuscitation (NFR), intrave-
nous fluid resuscitation (IVFR) and fluid resuscitation via
the rectum (FRVR) groups. SAP was induced by injection
of 5% sterile sodium taurocholate (final dose, 0.1 ml/100 g)
into the biliopancreatic duct of the SD rats, and the MAP was
continuously monitored via femoral artery catheterization
throughout the experiment. At 30 min after the induction of
SAP, the rats in the IVFR and FRVR groups were resuscitated
with normal saline at a rate of 4 ml/kg/h through the venous
or the rectal route (5), while the rats in the NFR group were
not administered any fluid therapy. In the rats of the SHAM
group, catheterization and laparotomy were performed, and
the duodenum and pancreas were flipped instead of inducing
SAP. At 12 h after the beginning of fluid resuscitation, the rats
were sacrificed by CO, inhalation, except for model rats that
were sacrificed at 4, 8, 12 and 24 h for the determination of
Na*-K*-ATPase.

Detection of AQP-3, AQP-4 and AQP-8 mRNA levels by
reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted from colon
tissues using TRIzol reagent (Thermo Fisher Scientific, Inc.).
Complementary DNA was synthesized by RT according to the
protocol of PrimeScript RT Master Mix and then subjected
to qPCR using f-actin as an internal control. The primer
sequences were as follows (5'-3'): AQP-3 forward, CCCCTT
GTGATGCCTCTC and reverse, CCCTAGCTGGCAGAG
TTC; AQP-4 forward, CAGAACCAAGGCGTAGACCG and
reverse, TCCCTGGAAATGACTGAGAAA; AQP-8 forward,
GCCGATGTGTAGTATGGACCTA and reverse, ACCCAA
TGAAGATGAAGAGAGC; B-actin forward, GCGCTCGTC
GTCGACAACGG and reverse, GTGTGGTGCCAAATCTTC
TCC. The PCR was performed according to the manufacturer's
protocol using an Applied Biosystems 7500 Real-Time PCR
System (Thermo Fisher Scientific, Inc.). The thermocycling
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protocol was as follows: Denaturation for 30 sec at 95°C and
40 cycles of 5 sec at 95°C and 34 sec at 60°C. The relative
changes in gene expression were calculated as 2444 (13).

ELISA detection of Na*-K*-ATPase. The concentration of
Na*-K*-ATPase was determined using ELISA kits according
to the manufacturer's protocol (cat. no. SC-28800; Santa Cruz
Biotechnology Inc.).

Sample staining. Histopathological examination was
performed using the hematoxylin and eosin (H&E) staining
method. Fresh tissue specimens were immersed in 4% para-
formaldehyde for 12 h at room temperature. Samples were
dehydrated in room temperature through a serial alcohol
gradient (50%, 3x1 h; 70%, 1 h; 80%, 1 h; 90%, 1 h; 100%,
2x1 h), followed by immersing in xylene (2x20 min) at room
temperature and embedded in paraffin wax blocks (52-56°C;
3x2 h). Paraffin-embedded tissue sections (4 pm) were
prepared and dewaxed in xylene (3x 10 min at room tempera-
ture), rehydrated through decreasing concentrations of ethanol
(100%, 2x10 min; 90%, 5 min; 80%, 5 min; 70%, 5 min),
and washed with PBS. Samples were stained using the H&E
staining kit according to the manufacturer's protocol (Sangon
Biotech Co., Ltd., Shanghai, China) at room temperature for
10 min and 30 sec, respectively. Samples were observed under
a light microscope (magnification, x100).

Statistical analysis. Values are expressed as the
mean + standard error of the mean and compared using
Student's t-tests or one-way analysis of variance with
Student-Newman-Keuls post hoc test. Pearson correlation
analysis was performed to assess the correlation between the
MAP and the mRNA levels of AQPs. P<0.05 was considered
to indicate a statistically significant difference. Analysis was
performed using SPSS version 19 (IBM Corp., Armonk, NY,
USA) and Prism (version 5.0; GraphPad Software, Inc., La
Jolla, CA, USA).

Results

Pathological changes of the colon. After the establishment
of SAP, the integrity of the proximal colonic mucosa was
continuously damaged and inflammatory cell infiltration was
observed in the submucosa. Compared with the SHAM group,
the structure of the epithelial cells was disturbed and the
colonic villi were destroyed in the NFR group (Fig. 1A and B).
Following IVFR, the condition of the lesions improved
significantly (Fig. 1C), with only mild edema observed in the
proximal colon, whereas the inflammatory cell infiltration had
subsided. The pathological changes in the distal colon were
almost identical to those in the proximal colon (Fig. 1E, F).
Similarly, between distal and proximal colon, fluid resuscita-
tion via the rectum also effectively reduced the inflammatory
response (Fig. 1D and H).

Changes in the mRNA levels of colonic AQPs with fluid resus-
citation in SAP. The expression of AQP-3, AQP-4 and AQP-8
mRNA in the proximal and distal colon was significantly
higher compared with that in the SHAM group (Fig. 2). In the
proximal colon, the mRNA levels of AQP-3 and AQP-8 in the
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Figure 1. Pathological changes in the colon. (a) SHAM, (b) NFR, (c) IVFR and (d) FRVR groups in the proximal colon. The group of (¢) SHAM, (f) NFR, (g)
IVFR and (h) FRVR in the distal colon. Histopathological examination was performed using the hematoxylin and eosin staining method (magnification, x100).
NFR, no fluid resuscitation; IVFR, intravenous fluid resuscitation; FRVR, fluid resuscitation via the rectum.

IVFR and FRVR groups were significantly lower compared
with those in the NFR group, while they were still higher
compared with those in the SHAM group. Following fluid
resuscitation, a different response was observed regarding
the changes in the levels of AQP-4. The expression of AQP-4
mRNA in the IVFR group was higher compared with that in
the NFR group, but was decreased in the FRVR group.

The results obtained in the distal colon were different
from those in the proximal colon. Following fluid resuscita-
tion, although the expression of AQP-8 mRNA was higher
compared with that in the SHAM group, there was no signifi-
cant difference between the NFR group and the resuscitation
groups. Furthermore, FRVR effectively reduced the levels of
AQP-3 and AQP-4, while IVFR did not. Of note, the expres-
sion of AQP-4 mRNA was lower compared with that in the
SHAM group.

Changes in colon Na*-K*-ATPase at the early stages of
SAP. Na*-K*-ATPase is an important ion channel on the cell
membrane. It is used to transport sodium and potassium ions
through an inverse concentration gradient to help the transmem-
brane diffusion of water. Thus, the expression of Na*-K*-ATPase
was investigated in the colon tissues of SAP rats (Fig. 3). In the
SHAM group, the expression levels of Na*-K*-ATPase in the
proximal and distal colon were similar. Furthermore, compared
with the SHAM group, the expression of Na*-K*-ATPase in the
SAP model maintained for 12 h (S12h group) was significantly
higher (P<0.05). In the S24h group, the results were different
between the proximal and distal colon: The proximal colon
exhibited a significant increase of Na*-K*-ATPase compared
with that in the S12h group, but a significant decrease in the
distal colon. Following fluid resuscitation, the Na*-K*-ATPase
expression in the proximal colon of the IVFR group was signifi-
cantly reduced compared with that in the SHAM and NFR
groups (P<0.05; Fig. 3C) while there is no difference between
the FRVR and NFR groups. However, no significant differences
were observed in the Na*-K*-ATPase levels in the distal colon
among the four groups (P>0.05; Fig. 3D).

Correlation of MAP with colon AQP expression at the early
stages (12 h following onset) of SAP (3/group). A negative

correlation was observed between AQP expression and the
MAP (Fig. 4). In addition, AQP expression in the proximal
colon was more significantly correlated with the MAP
compared with that in the distal colon of SAP rats. In proximal
colon tissues, the correlation analysis between the mRNA
levels of AQP-3, -4 and -8 and the MAP provided r values
of -0.9124, -0.9335 and -0.9345, respectively (Fig. 4A-C). In
distal colon tissues, the r values were -0.8228, -0.8847 and
-0.8831, respectively (Fig. 4D-F).

Discussion

SAP is an inflammation of the pancreas that is associated with
a significant amount of morbidity and mortality. According
to clinical experience, there are two mortality rate peaks
over the course of SAP, with most deaths occurring in the
early stages of the acute response, which is considered to be
the primary factor for the rapidly aggravated early systemic
disease leading to death. Hence, effective correction of
systemic circulation and microcirculation disorders shortens
the time of tissue hypoxia and control of sustained systemic
inflammatory response syndrome is key to the treatment of the
acute response (14,15). The most effective treatment is fluid
resuscitation, which is recognized as the primary measure in
the current guidelines (2,16). Chen et al (5), demonstrated that
FRVR is a potential supplementary method for fluid manage-
ment at the early stages of SAP. Following treatment with
FRVR, the MAP and organ function improved, suggesting that
the colon may readily absorb a large volume of water under
conditions of shock. Hence, the aim of the present study was
to investigate the mechanisms underlying water absorption
through the colon during SAP.

AQPs are widely distributed in the cell membranes of
human tissues and visceral organs, and participate in almost
all pathophysiological processes of a variety of diseases (6,17).
A number of studies revealed that AQP-3, -4 and -8 are impli-
cated in water uptake and transport in the colon. AQPs may
participate in the adjustment of intestinal mucosal permeability
and the rate of water absorption. Abnormalities of AQPs are
known to be associated with Crohn's disease, ulcerative colitis,
slow transit constipation and cholera (18-24). A previous
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Figure 2. Changes in the mRNA levels of colonic AQPs with fluid resuscitation in severe acute pancreatitis. (A) AQP-3, (B) AQP-4 and (C) AQP-8 in (a) the
proximal and (b) distal colon. "P<0.05 vs. SHAM group, “P<0.05 vs. NFR group, “P<0.05 vs. IVFR group. NFR, no fluid resuscitation; IVFR, intravenous fluid
resuscitation; FRVR, fluid resuscitation via the rectum; AQP, aquaporin.
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Figure 3. Changes in colon Na*-K*-ATPase at the early stages of SAP. (A and B) Na*-K*-ATPase levels in the (A) proximal and (B) distal colon of the SAP
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Figure 4. Correlation of MAP with colonic AQP expression at an early stage (12 h following onset) of severe acute pancreatitis. MAP was continuously
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(P=0.0001), respectively. MAP, mean arterial pressure; AQP, aquaporin.

study (12) and the results of the present study demonstrated
that the expression of AQPs in colon tissues during SAP
increased significantly, but in a diverse manner, and a negative
correlation between AQP expression and the MAP was deter-
mined. Thus, it may be hypothesized that a negative feedback
mechanism exists, which improves the intestinal water intake
ability in order to restore the blood volume. This may be the
mechanism through which FRVR exerts a therapeutic effect
in SAP.

Compared with the jejunum and ileum, AQP-3 is abun-
dantly expressed in the colon. Silberstein et al (25), initially
discovered that AQP-3 was specifically expressed in epithelial
microvilli of the colon, indicating that it may be involved in
water absorption. In addition, suppression of AQP-3 function
may lead to diarrhea by increasing the fecal water content.
Furthermore, the purgative action of magnesium sulfate
changes the osmotic pressure and downregulates AQP-3
expression in mucosal epithelial cells of the colon, resulting

from activation of adenylate cyclase by increasing the intra-
cellular magnesium ion concentration (20,26). In the present
study, normal rat colon tissues expressed low levels of AQP-3.
With fluid resuscitation therapy, the level of colonic AQP-3
decreased in the proximal colon and distal colon.

A previous study indicated that AQP-4 is mainly expressed
in the ascending colon in humans (24). In rats, AQP-4 was
reported to be predominantly expressed in the epithelial cells
of the proximal colon (21,27). Wang et al (22), studied AQP-4
gene knockout mice and identified that the expression of
AQP-4 was positively correlated with the water permeability
of the colon. In addition, high expression of AQP-4 acceler-
ated water absorption through the colon, which may be a key
event in slow transit constipation. AQP-4 was identified to be
downregulated in a mouse model of allergic diarrhea, which
was explained by a dysfunction of colonic absorption (21).
In the present study, following treatment with invasive fluid
resuscitation, the mRNA expression of AQP-4 was elevated;
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however, the expression was significantly decreased in the
FRVR group, particularly in the distal colon.

AQP-8 is expressed in the colon and pancreas in humans.
In rats, this protein was identified to be abundantly expressed
in body parts including the duodenum, jejunum, rectum and
liver (28-31). In the present study, the AQP-8 mRNA expression
was altered not only in the IVFR group, but also in the FRVR
group: Similar to AQP-3 and AQP-4, the expression of AQP-8
was increased in the NFR group. In the proximal colon, the
expression decreased significantly in IVFR group and FRVR
group, as expected. However, there was no significant change
in distal colon following the fluid resuscitation.

In the early stages of SAP, the expression of AQPs was
negatively correlated with the MAP, suggesting that, due to
the significant loss of body fluids, hemodynamic abnormalities
may increase the expression of colon AQPs. The upregulation
of these proteins may constitute a negative feedback mecha-
nism, enhancing the ability of the colon to absorb water in
order to restore the effective circulatory volume. In the present
study, the expression of AQP-3 and AQP-4 in the distal colon
was only downregulated following rectal fluid resuscitation,
whereas intravenous rehydration exerted a less prominent or
no effect, suggesting that rectal administration of fluids to
improve the colon hypoperfusion and restore the blood volume
reduces the expression of AQPs in the distal colon. This result
indicates that rectal fluid resuscitation may achieve active regu-
lation of water absorption, while during invasive intravenous
fluid resuscitation, the body only passively accepts the water.
No significant change in distal colon AQP-8 was detected after
fluid resuscitation, suggesting that AQP-8 exerted no effect on
the regulation of distal colonic water absorption.

Various biological mechanisms participate in water
absorption and transport. The present study also examined the
association between Na*-K*-ATPase and SAP (pathological and
recovery process). Na*-K*-ATPase is a vital ion channel, which
facilitates the movement of water molecules across the cell
membrane. Na*-K*-ATPase uses ATP for the intracellular and
extracellular transport of sodium and potassium ions against
a concentration gradient. The expression of Na*-K*-ATPase
was analyzed in the present study. In the proximal and distal
colon of the SHAM group, Na*-K*-ATPase was expressed at
similar levels. During the pathological progression of SAP, the
Na*-K*-ATPase increased with time, but fluid resuscitation had
little or no effect on its expression, particularly in the distal
colon except, for the IVFR group and the proximal colon.

SAP is a systemic inflammatory disease originating in the
pancreas but involving multiple organs, and features a high
mortality rate and multiple complications. Conventional treat-
ment includes intravenous fluid therapy to improve the effective
circulatory blood volume. However, a recent study (5) by our
group indicated that fluid resuscitation via the rectum may
decrease the occurrence of complications and, therefore, signifi-
cantly improve the prognosis of affected patients. In the present
study, it was demonstrated that fluid resuscitation via the rectum
effectively reduced the inflammatory response in a rat model of
SAP. Furthermore, the underlying mechanism was identified to
be associated with AQPs rather than with Na*-K*-ATPase. This
provides convincing evidence for the efficacy of fluid resuscita-
tion via the rectum in the treatment of SAP and furthermore,
AQPs may be a potential target in SAP research.
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