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Expression of aquaporins in intestine after heat stroke
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Abstract: Heat stroke (HS) has been shown to induce intestinal barrier dysfunction during whole body hyperthermia.
HS-induced intestinal permeability change may result from modulation of aquaporin (AQP) expression, which sub-
sequently regulates water homeostasis. This study aimed to evaluate AQP expression in the intestine of rats with
HS at different recovery time points. Sprague-Dawley (SD) rats were exposed to an ambient temperature of 40 +
0.5°C until a maximum core temperature of 40.5°C was attained. The small intestine was surgically removed and
histologically examined, and AQP expression was determined by reverse transcription polymerase chain reaction
and immunohistochemical staining. H&E staining revealed those intestinal villi were destroyed from HSO to HS1 and
rebuilt from HS3 to HS12. We further stain with activated caspase 3 found expressed at HSO and back to normal
at HS3. Investigation of AQP mRNA expression identified 10 genes. PCR results of AQP1, 3, 7, 8, and 11 transcripts
were significantly higher in the HS group than in the sham group. Immunohistochemical staining showed a more
than 11-fold increase in AQP3 and 11 expressions at HSO. AQP1 and 8 increased at HS1 and AQP7 increased at
HS3 compared with those in the sham group. In this study, we found HS induced jejunum damage and cell apopto-
sis. AQPs were upregulation/downregulation after HS in different time point suggested that water/glycerol transport
was important when hyperthermia occurred. Furthermore, the biological function of the AQP needs more explora-
tion in response to HS.
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Introduction

Heat stroke (HS), a rapid increase in core tem-
perature (T ) to more than 40°C, is a critical
illness characterized by various neurological
signs and multiple organ failure [1]. After pro-
longed exercise and strenuous physical exer-
tion, ultramarathon runners with HS have been
found to have intestinal barrier dysfunction,
increased permeability, and increased levels
gut-derived lipopolysaccharide [2]. In an animal
and cell study, heat stress was found to induce
tissue hyperthermia [3] and decrease intestinal
blood flow, which might subsequently cause
derangement of tight junctions and pro-inflam-
matory cytokine release [4, 5]. The small intes-
tine protects against bacterial invasion [6] and

is involved in water regulation and solute trans-
port [7]. It absorbs massive quantities of water
and contributes to body fluid homeostasis. Net
water movement across membranes occurs by
osmosis through paracellular and transcellular
pathways [8].

Aquaporins (AQPs) are a large family of integral
membrane proteins that form pores, regulate
water flow, and allow small molecules to pass
through biological cell membranes [9-11]. AQPs
play an important role in water reabsorption in
the kidney, and AQP-mediated transcellular
water movement has been identified in the
small intestine of rats. In mammals, AQPs are
divided into 3 subfamilies. The AQP subfamily
consists of 6 members of water-selective pores
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Figure 1. Time-course of T_ in HS-treated rats (n=5).

that enable high permeation, and the aquaglyc-
eroporin subfamily has 4 members that are
permeable to water and low-molecular-weight
solutes such as glycerol and urea. The mem-
bers of these 2 families are located in the plas-
ma membrane and are involved in osmoregula-
tion and transcellular solute transport. AQP11
and 12 belong to the third subfamily but not
well studied to date [12].

Furthermore, AQP1 and AQP3-8 have been
identified in the small intestine of rats [13-18].
AQP6-8 is restricted to the apical membrane of
the villous epithelium. AQP3 and 4 are
expressed on the basolateral membrane of the
villous epithelium; AQP4 on the basolateral
membrane of crypt epithelial cells; AQP5 on the
apical membrane of duodenal glands; and
AQP1 on the central lacteal epithelium. Higher
expression levels of AQP6-8 proteins observed
at the apical pole of superficial epithelial cells
suggests their involvement in rapid fluid move-
ment across the villous epithelium.

We hypothesized that the diversity of AQP distri-
bution and expression possibly indicated its
differential functions in the regulation of fluid
movement in response to external stimuli. This
study aimed to evaluate AQP expression in the
intestine of rats with HS at various recovery
time points. We used a rat model of HS [19] by
exposing anesthetized rats to elevated ambient
temperature (T)) (40°C) until their T appro-
ached 40.5°C (HS onset). The rats were then
immediately removed from the heating cham-
ber, allowed to recover for various time periods,
and sacrificed for histological and biochemical
studies.
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Materials and methods

Experimental animals

Sprague-Dawley (SD) rats (weight, 250-300 g)
were used in this study. Animal care and han-
dling were performed in accordance with the
National Institutes of Health guidelines and
were approved by the Institutional Committee
of Animal Care at the National Defense Medical
Center. Male SD rats were anesthetized, and
the experimental methods followed the proto-
col reported by Liu et al [19]. In brief, the male
SD rats were anesthetized with urethane (0.6
g/kg) and pentobarbitol (30 mg/kg) then were
randomly assigned to (A) normal thermic sham
group (n=5), (B) Heatstroke (HS) group (n=5). At
predetermined time intervals after recovery,
the animals were sacrificed to obtain intestinal
tissues.

Physiological indices

The experimental methods and physiology
recording were followed the protocol reported
by Liu et al [19]. In brief, rats were placed a can-
nula in the right femoral artery and a thermo-
couple probe was used for continuous record-
ing of body T from the rectum. Initially, the
animal T_ was set at 36 + 0.1°C by an infrared
light lamp. Then, T  was manipulated to T, of
40 + 0.5°C and maintained for 1 h within an
incubator to induce HS. The rats were expected
to recover from HS at T, of 25 + 1°C.

Chemicals

All chemicals were prepared immediately
before use. Tris-base and sodium chloride were
obtained from Mallinckrodt Chemicals (Mall-
inckrodt Inc., Paris, KY, USA). Other chemicals
were obtained from Sigma Chemicals (Sigma-
Aldrich Chemie GmbH, Germany). All chemicals
were of reagent grade.

Histological examination of intestinal tissues

Biopsy of the intestine was performed after
completion of the experiment. The obtained
intestinal specimens were excised and fixed in
4% paraformaldehyde. Paraffin-embedded
intestine tissues were cut at a thickness of 2-5
pum. Some of part of these tissues were stained
with hematoxylin and eosin for histological
examination, and the other tissues were used
for immunohistochemical staining (NovoLink
polymer detection system; Leica Biosystems

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 2. Representative photomicrographs (H&E stain) of the jejunum of rats before and after HS treatment at
predetermined periods (HSO, HS1, HS3, HS6, and HS12). Lamina propria cells were slugged immediately after heat
stress treatment. Villous epithelial cells were seriously damaged and showed morphology of cell death. Scale bar:
100 um. V: Vessel; C: Crypt; L: Lacteal; E: Intestinal epithelium.

Newcastle Ltd, UK). A semiquantitative study of
immunohistochemical staining was performed
using image software (Image scope Ver.
10.2.2.2319; Aperio Technologies, Inc., Vista,
CA, USA).

Reverse transcription polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted from the rat intestine
tissues using the TriZol kit (Invitrogen, Carlsbad,
CA, USA). Routine RT-PCR was performed
according to the standard procedures recom-
mended for the MMLYV reverse-transcriptase kit
(Epicentre, Madison, WI, USA). According to the
protocol described by Tenckhoff et al [20], 11
sets of specific primers for AQPs were applied
to amplify their specific segments that can play
roles in the qualitative analysis of AQPs.
Semiquantitative RT-PCR analysis was per-
formed using Alpha Innotech software (Alpha
Imager Ver. 5.5; Alpha Innotech, San Leandro,
CA, USA).

Immunohistochemical staining

The paraffin-embedded intestine tissues were
cutinto 4 um slices, dried at 60°C for at least 8
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hours, deparaffinized in xylene for four times,
rehydrated in graded alcohols, microwaved in
EDTA buffer solution to retrieve tissue antigen,
and incubated in 5% H,O, solution for ten min-
utes to eliminate endogenous peroxidase activ-
ity. The slices were incubated in anti-AQP and
anti-caspase 3 rabbit polyclonal antibody
(AQP1, 1:1500; AQP3, 1:1000; AQP7, 1:500;
AQPS8, 1:500; AQP11, 1:1500; and caspase 3,
1:50., SANTA CRUZ BIOTECHNOLOGY, Inc.) at
25°C for 120 minutes and next in anti-rabbit
secondary immunoglobulin G antibody solution
labeled by horse radish peroxidase (DAKO,
Denmark) at 25°C for 30 minutes in the same
humidified chamber. Staining was visualized
using diaminobenzidine (DAKO, Denmark)
staining, followed by hematoxylin nuclear coun-
terstaining. Finally, the slices were dehydrated
by graded alcohols and mounted by neutral
transparent gum.

Statistical analysis

Experimental data are expressed as mean =+
SEM. P less than 0.05 was considered signifi-
cant. Comparison of experimental data among
3 or more groups was performed using one-way

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 3. Imnmunohistochemical staining of caspase-3 expression in the jejunum of a sham rat and HS-treated rats
(sacrificed at predetermined periods: HSO, HS1, HS3, HS6, and HS12). A. Representative photographs of active cas-
pase-3 expression. Red arrows indicate positive caspase-3 cells. Scale bar: 100 um. L: Lacteal; C: Crypt; E: Intestinal
epithelium. B. Quantification of active caspase-3 expression obtained from 10 images at x100 maghnification (n=5).

*Compared with sham, P < 0.05.

analysis of variance and Tukey’s procedure for
post hoc comparisons.

Results

Physiological alterations during heat stress
onset and recovery periods

The animals were placed in an incubator at T, of
40°Cfor 1 h to induce the status of heatstroke.
Then, these rats were placed at room tempera-
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ture. T was recorded at predetermined peri-
ods (Figure 1). Blood pressure and other physi-
ological indices were recorded as described
previously [19].

Time-course changes in jejunum histology
after HS treatment

Time-course changes in jejunum histology after
HS treatment are illustrated in Figure 2. Lamina

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 4. RT-PCR analysis of AQP mRNA expression in HS-treated rat jejunum tissue samples at predetermined
time intervals. (A) Representative agarose gel electrophoresis of RT-PCR products. Quantification of (B) aquaporin,
(C) aquaglyceroporin, and (D) super aquaporin subfamilies was performed by densitometrical scanning. The fold
change was normalized to the GAPDH mRNA level. Data from at least 3 experiments are shown. *Compared with

sham, P < 0.05.

propria cells were slugged immediately after
heat stress treatment. Villous epithelial cells
were seriously damaged.

Immunohistochemical analysis of caspase-3
activity and significant AQP mRNA expression
in the jejunum after HS treatment

The amount and distribution of AQPs with sig-
nificant protein expression were quantified and
evaluated by immunohistochemical staining.
The expression pattern of caspase-3, a pro-
grammed cell death marker, was also assayed
to quantitatively analyze the severity of cell
damage (Figure 3).

HS-induced AQP mRNA expression in rat
jejunum

We performed semiquantitative RT-PCR to
determine mRNA expression of 10 AQPs in the
jejunum of rats with or without HS treatment.
The samples were normalized to the amount of
GAPDH, an internal standard. A representative
agarose gel electrophoresis of RT-PCR prod-
ucts is shown in Figure 4A. A relative consis-
tent finding was no detection of AQP2, 4, 6, and
9 in the jejunum of the sham and HS groups.
Quantitative RT-PCR analyses showed that
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AQP1, 3, 5, 7, 8, and 11 were expressed in the
jejunum of the sham or HS group, with variable
expression levels during the recovery periods.

Densitometrical analyses of the RT-PCR bands
showed that the gene expression levels of
AQP1, 7, 8, and 11 were higher at the instant
recovery period (Figure 4B-D). Six genes
(including AQP1, 3, 5, 7, 8, and 11) showed
lower expression levels at 3 hrs after HS (HS3)
compare with sham group, and revealed the
significant different in AQP1, 3, 5 and 8.

HS-induced AQP protein expression in rat
jejunum

Aquaporin subfamily: AQP1 is predominantly
located in the villous vascular endothelium
(Figure BA), whereas AQPS8 is expressed in the
muscularis mucosae, lamina propria, and asso-
ciated epithelial brush border (Figure 8A). HS
induced a decrease in AQP1 levels in the villi
but an increase in the crypt region (at HSO).
From HSO to HS12, sustained AQP1 expression
was detected in lacteal regions, while AQP8
expression was persistent in the muscularis
mucosae. At HS1, quantitative analysis
revealed that AQP1 and 8 expression levels
were more than 2.5-fold higher than those in
the sham group (Figures 5B and 8B). No AQP5

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 5. Immunohistochemical staining of AQP1 expression in the jejunum of a sham and HS-treated rats (sac-
rificed at predetermined periods: HSO, HS1, HS3, HS6, and HS12) A. Representative immunohistostaining photo-
graphs of AQP1 expression. Red arrows indicate positive AQP1 cells. Scale bar: 100 um. V: Vessel; C: Crypt; L: Lac-
teal; E: Intestinal epithelium. B. Quantification of AQP1 expression obtained from 10 images at x100 magnification

(n =5). *compared with sham, P < 0.05.

was detected in the jejunum after HS treatment
(data not shown).

Aquaglyceroporin subfamily: The expression of
AQP3, largely expressed in the lamina propria,
was instantly induced in the crypt following HS
treatment. Subsequently, protein levels de-
clined at HS1 and demonstrated a 15-fold
increase at HS3 (Figure 6). AQP7, located in
vessel endothelial cells and villous epithelia,
was observed to decrease in the villous epithe-
lial cells at HSO and HS1. The AQP7 level was
then restored and increased at HS3 (Figure 7).
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Superaquaporin subfamily

Significant AQP11 expression was induced at
the lamina propria immediately after HS treat-
ment, but the expression levels returned to nor-
mal 3 h after recovery. The time course of the
AQP11 expression level in HS-treated jejunum
is illustrated in Figure 9.

Discussion

Almost all fluids that pass through the gastroin-
testinal system are absorbed. Failure of intesti-

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 6. Immunohistochemical staining of AQP3 expression in the jejunum of a sham rat and HS-treated rats
(sacrificed at predetermined periods: HSO, HS1, HS3, HS6, and HS12) A. Representative immunohistostaining
photographs of AQP3 expression. Red arrows indicate positive AQP3 cells. Scale bar: 100 um. L: Lacteal; C: Crypt; E:
Intestinal epithelium. B. Quantification of AQP3 expression obtained from 10 images at x100 magnification (n=5).

*Compared with sham, P < 0.05.

nal absorption can lead to rapid dehydration
and electrolyte imbalance. Heat stress leads to
many physiological and metabolic changes,
including altered intestinal membrane integrity
[21-24]. The damage in the membranes results
in increased permeability to toxic ions [23]. The
response to water deficiency and HS may alter
the synthesis and distribution of water chan-
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nels. AQPs are ion and water channels that play
an important role in osmoregulation and water
reabsorption. Analysis of AQP mRNA expres-
sion revealed that only 6 genes were expressed
(AQP1, 3, 5, 7, 8, and 11), which is consistent
with previous findings. AQP1, 3, and 5 mRNA
expression downregulated immediately after
heat stress, while AQP7, 8, and 11 transcripts

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 7. Inmunohistochemical staining of AQP7 expression in the jejunum of a sham rat and HS-treated rats (sac-
rificed at predetermined periods: HSO, HS1, HS3, HS6, and HS12) A. Representative immunohistochemical staining
photographs of AQP7 expression. Red arrows indicate positive AQP7 cells. Scale bar: 100 um. L: Lacteal; C: Crypt; E:
Intestinal epithelium. B. Quantification of AQP7 expression obtained from 10 images at x100 magnification (n=5).

*Compared with sham, P < 0.05.

were upregulated. In this study, the intestine
membranes of HS rats, with ambient tempera-
ture of 40.5°C maintained for 60 mins, had
been destroyed with the pathological charac-
teristics of enterocytes detached from their
basal membrane.

Our results showed that the mRNA expression
levels of both AQP1 and 3 declined gradually
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from HSO to HS3 and returned to the previous
levels from HS3 to HS12. At HS3, the mRNA
expression levels of both AQP1 and 3 were
equal to the trough levels. AQP1 immunohisto-
chemical staining showed that the protein was
predominantly located around the villous ves-
sels and lymphatic ducts, whereas AQP3 was
located at the lamina propria. Both AQP1 and 3
have been shown to play roles in angiogenesis,

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 8. Immunohistochemical staining of AQP8 expression in the jejunum of a sham and HS-treated rats (sac-
rificed at predetermined periods: HSO, HS1, HS3, HS6, and HS12) A. Representative immunohistostaining photo-
graphs of AQP8 expression. Red arrows indicate positive AQPS8 cells. Scale bar: 100 um. L: Lacteal; C: Crypt; E: Intes-
tinal epithelium; MM: Muscularis mucosae; ME: Muscularis externa. B. Quantification of AQP8 expression obtained
from 10 images at x100 magnification (n = 5). *Compared with sham, P < 0.05.

cell migration, and differentiation [25-30].
Whether the instant increase in AQP1 and 3
protein expression repaired intestinal mem-
brane functionality merits further investigation.
AQP8 mRNA expression increased by 2.5-fold
at HSO and HS1, whereas the intensity of AQP8
immunohistochemical staining increased by
2-fold. On the other hand, AQP7 mRNA expres-
sion increased by 8-fold, but the intensity of
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AQP7 immunohistochemical staining decreased
at HSO and HS1. AQP7, a channel for water,
glycerol, and urea, has been identified from the
villous epithelia, testis, and adipose tissues
[11, 31]. The change in mMRNA expression of the
uncoupling protein AQP7 may indicate that vis-
ceral adipose tissues were prone to damage
after HS. In addition, a significant increase in
AQP11 mRNA expression and immunohisto-

Int J Clin Exp Pathol 2015;8(8):8742-8753
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Figure 9. Immunohistochemical staining of AQP11 expression in the jejunum of a sham rat and HS-treated rats
(sacrificed at predetermined periods: HSO, HS1, HS3, HS6, and HS12) A. Representative immunohistostaining pho-
tographs of AQP11 expression. Red arrows indicate positive AQP11 cells. Scale bar: 100 um. L: Lacteal; C: Crypt; E:
Intestinal epithelium; V: Vessel. B. Quantification of AQP11 expression obtained from 10 images at x100 magnifica-

tion (n = 5). *compared with sham, P < 0.05.

chemical staining was observed in the early
response to heat stress treatment. AQP11 has
been shown to be localized in the endoplasmic
reticulum and to be involved in unfolding pro-
tein transportation [32, 33]. A previous study
demonstrated that AQP11 could ameliorate
damage to the proximal tubules in acute renal
failure [34]; however, it remains unknown
whether AQP11 has the same function in intes-
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tinal villi damage. This will be the subject of our
future study.

Conclusions
MRNA expression of only 6 AQP genes (AQP1,
3,5,7,8,and 11) was identified in the rat intes-

tine. In response to HS, AQP1, 3 and 5 mRNA
expressions was downregulated, while AQP7, 8,

Int J Clin Exp Pathol 2015;8(8):8742-8753



AQPs expression after heatstroke in jejunum

and 11 transcriptions was upregulated.
However, the biological function of the AQP
time-course protein expression needs further
exploration in response to HS.
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