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Abstract

Aims: To investigate the renal aquaporin-1 (AQP1) expression under 
chronic stress (induced by foot shock) condition and possible mechanisms 
involved in rats.

Methods: The chronic stress model was established in male Sprague 
Dawley (SD) rats by foot shock for two weeks. Rats were randomly divided into 
control group, chronic stress group, renal denervation group, renal denervation 
plus chronic stress group, captopril (an angiotensin I converting enzyme 
inhibitor, ACEI) plus chronic stress group and tempol (a superoxide dismutase 
mimetic) plus chronic stress group. Body weight, food intake, water intake, blood 
pressure and heart rate were monitored. Real-time PCR was used to detect the 
mRNA level of AQP1 in the renal tissue. Immunohistochemistry stain was used 
to observe the expression and location of AQP1 in rat kidneys.

Results: Chronic stress reduced body weight gain and food intake, while 
it significantly increased systolic blood pressure and renal expressions of 
mRNA and protein of AQP1 (P<0.05) as compared with control group. Renal 
denervation and tempol treatments did not affect stress-induced decreases 
of body weight gain and food intake. Renal denervation, captopril and tempol 
treatments decreased systolic blood pressure. Compared with the chronic stress 
group, mRNA and protein expression of AQP1 was decreased (P<0.05) in renal 
denervation plus chronic stress group, captopril plus chronic stress group and 
tempol plus chronic stress group.

Conclusion: Chronic stress induces increase of the AQP1 expression in 
kidney, which is regulated by renal nerve system, renin-angiotensin system and 
oxidative stress. 
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Introduction
An individual’s response to stress should promote the ability 

of the body to maintain homeostasis. Physiological stress response 
occurs through several pathways involving the sympathetic nervous 
system, Hypothalamic-Pituitary-Adrenal (HPA) axis, and behavioral 
fight-or-flight response. However, chronic stress condition eventually 
disrupts the homeostasis, resulting in pathological and psychological 
sequela. The continuous exposure to chronic stress insults can induce 
maladaptive reactions, including depression, anxiety, cognitive 
impairment, and cardiovascular diseases [1-3]. Long-term stress 
affects the functioning of the body in several ways. For instance, 
overactivation of the autonomic nervous system and abnormal 
changes in the humoral factors have been reported to be responsible 
for stress-induced imbalance of the body [4,5], the excessive release 
of neuronal transmitters and changes in the humoral factors 
could disturb the homeostasis. Our previous observations have 
demonstrated that chronic stress (foot shock) activates the neuronal 
factors through the Renal Sympathetic Nerve System (RSNS), the 
neuronal and humoral factors through the Renin-Angiotensin System 

(RAS), and the humoral factors through oxidative stress. These 
factors eventually contribute to the development of hypertension 
[6,7]. Therefore, it is imperative to understand how chronic stress 
disrupts the homeostasis.

Water homeostasis is one of the fundamental regulatory systems 
in the body. The kidneys are vital for maintaining the water volume 
of the body. Several Aquaporin (AQP)-type water channels are 
expressed in this organ to regulate the water volume. AQP1, which is 
essential for water re-absorption and urinary concentration, has been 
shown to be abundantly expressed in the proximal tubule, descending 
thin limb Henle, and vasa recta [8,9]. Polyuria has been observed in 
mice with defective AQP1, indicating that AQP1 plays an essential 
role in urine hypertonicity [10,11]. AQP1 has also been demonstrated 
to protect the renal system from endotoxemia-induced acute kidney 
injury [12], besides retarding the renal cyst development in polycystic 
kidney disease [13]. Such findings reveal that AQP1 is important in 
maintaining the renal function and water homeostasis. 

Hypertension is a disease involving multiple factors such as 
genetic, environmental, and lifestyle issues [14-16]. This condition 
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increases the cardiovascular and cerebral events [17,18]. The 
expression of AQP1 in the kidneys varies from one hypertension model 
to another. For example, high expression of AQP1 has been noted in 
spontaneous [19] and angiotensin II-induced hypertension models 
[19], while low expression has been observed in Deoxycorticosterone 
Acetate (DOCA)-salt [20] and sodium-sensitive hypertension models 
[21]. The role of AQP1 and its contribution to the development of 
hypertension in the models remains largely unknown. Our previous 
observation revealed that RAS, RSNS and oxidative stress reciprocally 
potentiate to play important roles in the development of foot shock-
induced hypertension [6,7]. Until date, there are no data available on 
the expression of renal AQP1 in chronic stress-induced hypertension 
model, and the mechanism that regulates its expression is also unclear.

In the present study, we explored the expression of AQP1 in the 
foot shock-induced hypertension model and investigated the possible 
mechanisms behind it.

Methods
Chronic stress animal model

For this study, 10-week-old male Sprague–Dawley rats were 
purchased from the Shanghai Laboratory Animal Center (Shanghai, 
China). The rats were housed under optimal conditions with 
standard hygiene at the animal center of the Soochow University. 
The temperature was maintained at 25°C with a 12/12 light-dark 
cycle. Stress was applied by placing the rats in a foot shock box 
with a metal grid floor for 4 h. The electric current was controlled 
using an electronic device (0.15 mA, 5–30 s with random current). 
The rats’ renal nerve was surgically denervated under anesthesia 
with 10% chloral hydrate according to previous reports [22]. Foot 
shock stress was commenced 1 week after the surgery. Captopril (an 
Angiotensin I-Converting Enzyme Inhibitor [ACEI], 100 mg/kg/
day) or Tempol (a superoxide dismutase mimetic, 10 mg/kg/day) 
was intraperitoneally injected daily after the stress exposure. Each 
group consisted of 15 rats. The parameters of body weight, water 
and food intake, and Systolic Blood Pressure (SBP) of the rats were 
monitored. SBP was monitored for 30 minutes every day 2 hours 
after foot shock during the test period for two-week by tail-cuff 
method as our previous report [7]. The animals were anesthetized 
and sacrificed on day 14. Their kidneys were harvested for further 
analysis. The study was reviewed and approved by the Animal Ethics 
Committee of Soochow University.
Enzyme-Linked Immunosorbent Assay (ELISA) for 
vasopressin in the serum

Serum level of vasopressin was measured using commercially 
available Arg8-vasopressin ELISA kits (Abcam Inc., Shanghai, China, 
Catalog No: ab205928). All steps were performed according to the 
manufacturer’s instructions.

Real-time PCR for AQP1 mRNA expression in the renal 
tissues

Total RNA was isolated from the renal tissues by guanidinium 
isothiocyanate-acid phenol extraction and quantified by measuring 
the absorbance at 260 nm. One microgram of the sample was used 
for reverse transcription, and the rat AQP1 was determined by real-
time PCR (Prism 7000; Applied Biosystems, Foster, California). The 
primer pairs for rat AQP1 cDNA were forward 5′-GAC CTG ATG 
CTG TGG CTT CT-3′ and reverse 5′-GAA TGT GGC TCT CGG 

TTC AC-3′. The primer pairs for GAPDH were forward 5′-GGA 
GAT TAC TGC CCT GGC TCC TA-3′ and reverse 5′-GAC TCA 
TCG TAC TCC TGC TTG CTG-3′. The expression of AQP1 mRNAs 
was normalized using GAPDH mRNA.

Western blot for AQP1 protein expression in the renal 
tissue

Renal tissues were homogenized with RIPA buffer (50 mm 
Tris, pH 7.0, 150 mM NaCl, 1% Triton-X-100) containing 
phenylmenthanesulfonyl fluoride (R&D Systems Inc., Minneapolis, 
US). Homogenates were centrifuged at 12,000×g for 10 minutes at 
4°C. Cell protein were separated by SDS-PAGE and transferred 
to PVDF membranes (Hybond TM-ECL; Amersham Pharmacia 
Biotech, Inc.). The membranes were blocked in 5% nonfat milk in 
PBS and 0.1% Tween-20 at room temperature. The blots were then 
incubated with primary antibody: Anti-AQP1 (1:1000, abcam, Inc., 
Catalog No: ab15080) or anti-GAPDH (Santa Cruz Biotech, Inc., 
Catalog No: sc-47724). Then the membranes were incubated for 1 
hour with a secondary antibody (HRP-conjugated anti-rabbit Ig-
G, 1:2000, abcam, Inc., Catalog No: ab205718). Excess antibody 
was washed off with TBS-T three times (15 minutes each) before 
incubation enhanced chemiluminescent reagent (ECL, R&D Systems 
Inc, Minneapolis, USA) for 1 min. Subsequently, the membrane was 
exposed to X-ray film. Immunoreactive bands were detected by the 
analysis of X-ray films using the software of Image J. The quantity of 
target proteins is normalized by GAPDH expression.

Immunohistochemical staining for AQP1 protein 
expression in the renal tissues

The renal tissues were fixed with 4% formaldehyde for 48 h, 
dehydrated, and then embedded in paraffin, and cut into 10-μm slices. 
Anti-AQP1 first antibody (1: 200 dilution, Abcam Inc., Shanghai, 
China, Catalog No: ab15080) was applied, following which the 
secondary antibody anti-rabbit IgG (1:2000, Abcam Inc., Shanghai, 
China, Catalog No: ab205718) was added. The protein expression 
was observed microscopically (Olympus, Japan). Ten areas close 
to the renal tubules were randomly selected from each section. The 
proportion of AQP1 positive cells in the renal tubular epithelium 
were calculated by the following equation:

Positive rate (%)=number of positive cells/(positive cells number 
+ negative number)X 100%.

The immunohistochemical score of renal AQP1 expression was 
evaluated as per the criteria listed in Table 1, and the total score was 
obtained by adding the score of the positive ratio and that of the 
tinting intensity.

Statistical analysis
The SPSS 18.0 software (IBM, Inc., Shanghai, China) was used 

for statistical analysis. The data were presented as mean±standard 
error mean (S.E.M). The grouped data were analyzed using one-way 
analysis of variance followed by the Student-Newman-Keuls test or 
one-way analysis t test. P<0.05 was considered statistically significant.

Results
Increase in rat body weight, amount of food, and water 
intake

Our data assert that the body weight did not increase in the 
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chronic foot shock group (P<0.05 vs. control group, Figure 1A). 
Moreover, these findings agree with our previous observations on 
chronic foot shock stress rat model [7]. The renal denervation group 
initially exhibited a decrease, followed by recovery to the control level 
in body-weight gain. Except for the captopril treatment group, other 
groups subjected to chronic shock showed retarded body-weight gain 
when compared with the control group (P<0.05, Figure 1A). The data 
regarding the amount of food intake implies that the rats subjected to 
the foot shock consumed less food when compared with those in the 
control group (P<0.05, Figure 1B). No difference in water intake was 
observed among the groups (P>0.05, Figure 1C).

SBP and Heart Rate (HR)
Chronic foot shock gradually increased the SBP. The SBP was 

significantly elevated on days 7, 10, and 14 when compared with 
those taken on day 0 (120.1±4.1, 134.8±3.5, 133.5±7.5 vs. 109.9±3.8 
mmHg, respectively, P<0.05). Renal denervation decreased the SBP 
on day 7 when compared with the value taken on day 0 (97.0±2.6 
vs. 108.56±4.3 mmHg, respectively, P<0.05). The rats with renal 
denervation subjected to foot shock did not exhibit an increase in SBP 
on days 7, 10, and 14 when compared with that on day 0 (108.5±5.0, 
102.6±3.3, 104.5±2.2 vs. 108.56±4.3 mmHg, respectively, P>0.05). 

The rats treated with captopril did not display an increase in SBP 
on days 7, 10, and 14 when compared with of the SBP on day 0 in 
response to chronic foot shock (106.0±1.2, 97.5±2.7, 96.5±4.4 vs. 
102.8±2.6 mmHg, respectively, P>0.05). Those treated with tempol 
also did not show any elevation in SBP on days 7, 10, and 14 when 
compared with the value on day 0 (109.0±3.4, 103.9±3.8, 100.3±3.7 vs. 
112.7±7.5 mmHg, respectively, P>0.05) (Figure 2A).

Our study did not notice any difference in the HR after the rats 
were subjected to foot shock in any of the groups (Figure 2B).

AQP1 expression in the renal tissues
In the renal tissues, the expression of AQP1 mRNA on day 14 

was markedly increased in the chronic stress group when compared 

Figure 1: Increase in rat body weight and the amount of food and water intake. (A) Rat body weight gains. (B) Amount of food intake. (C) Amount of water intake. 
Data are represented as the mean ± SEM (n=15). *P< 0.05 compared with the control group.

Figure 2: SBP and HR in each group. (A) SBP in each group. (B) HR in each group. Data are represented as the mean ± SEM (n=15). *P<0.05 vs. SBP on day 0 
of the rats subjected to foot shock.

Positive ratio (%) Score Tinting intensity (color) Score

0 0 Non-staining 0

≤25 1 Light color 1

26-50 2 Claybank 2

51-75 3 Sepia 3

>75 4    

Table 1: Immunohistochemical score criteria.
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with that in the control group (1.46±0.17-fold, P<0.05 vs. control). 
Renal denervation lowered the AQP1 mRNA expression in the 
chronic stress group when compared with that in the control group 
(0.52±0.17-fold of control, P<0.05 vs. control). In addition, renal 
denervation abolished the foot shock-induced increase in AQP1 
mRNA expression when compared with that in the shock group 

(0.42±0.08-fold of control vs. 1.46±0.17-fold of control, P<0.05 vs. 
shock). The treatment with captopril also suppressed the chronic 
shock-induced increase of AQP1 mRNA expression (0.47±0.10-fold 
of control vs. 1.46±0.17-fold of control, P<0.05 vs. shock). In addition, 
the treatment with tempol inhibited the chronic shock induced 
increase of AQP1 mRNA expression (0.65±0.23-fold of control vs. 
1.46±0.17-fold of control, P<0.05 vs. shock) (Figure 3).

The protein expression of AQP1 was observed by western blot and 
immunohistochemical staining. Data from western blot revealed that 
chronic shock increased renal AQP1 protein expression compared 
with that in the control group (1.96± 0.2-fold of control, P<0.05). The 
denervation itself decreased renal AQP1 protein expression when 
compared with that in the control group (0.42± 0.12-fold of control, 
P < 0.05), renal denervation eliminated foot shock-induced increase 
of AQP1 protein expression (0.52±0.08 vs. 1.96±0.2%, P<0.05 vs. 
shock). Treatment with captopril or tempol suppressed chronic 
shock-induced increase of renal AQP1 protein expression (1.07±0.1, 
0.75±0.23 vs. 1.96±0.23%, P < 0.05 vs. shock) (Figure 4A).

Immunohistochemical staining data confirmed that chronic 
shock enhanced the renal percent of AQP1 positive cells when 

Figure 3: Expression of AQP1 mRNA in the renal tissues (n=6). Data are 
normalized by control group, which is expressed as 1. *P<0.05 vs. control 
group. †P<0.05 vs. shock group.

Figure 4: Western blot and Immunohistochemical staining of AQP1 in the renal tissues. A) Protein expression of AQP1 in each group, upper: representative blots 
of AQP1 and GAPDH, down: densitometry analysis of AQP1 and GAPDH. n=6 in each group. B) Representative image of immunohistochemical staining of AQP1 
protein in each group. n=3 in each group. C) Data analysis of percent of AQP1-positive cells in each group. *P<0.05 vs. control group. †P<0.05 vs. the shock group.
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compared with that in the control group (77±2% vs. 59±1%, P<0.05). 
T﻿he denervation decreased the renal percent of AQP1-positive cells 
when compared with that in the control group (38±1% vs. 59±1%, 
P<0.05). The process abolished foot shock-induced increase in the 
renal percent of AQP1-positive cells when compared with that in the 
foot shock group (37±1% vs. 77±2%,P<0.05 vs. shock). The treatment 
with captopril also suppressed the chronic shock-induced increase in 
the renal percent of AQP1-positive cells when compared with that in 
the foot shock group (36±1% vs. 77±2%, P<0.05 vs. shock). Moreover, 
treatment with tempol also inhibited the chronic shock-induced 
increase in the renal percent of AQP1-positive cells when compared 
with that in the foot shock group (39±2% vs. 77±2%, P<0.05 vs. 
shock) (Figure 4B, 4C).

The data from immunohistochemical studies revealed that 
chronic foot shock increased the score of renal AQP1 expression, 
while renal denervation reduced the score. The animals subjected to 
denervation, captopril, and tempol treatments did not exhibit any 
increase in the renal AQP1 expression level (Table 2).

Serum level of vasopressin
Serum level of vasopressin was increased by chronic foot shock 

when compared with control group (20.9±3.2 pg/ml vs. 39.5±8.0 pg/
ml, P<0.05). Renal denervation decreased serum vasopressin level 
compared with control group (13.7±1.1 pg/ml vs. 20.9±3.2 pg/ml, 
P<0.05), denervation subjected to chronic foot shock group showed 
lower serum vasopressin level when compared with that of in shock 
group (20.0±1.6 pg/ml vs. 39.5±8.0 pg/ml, P<0.05). Treatment with 
captopril or tempol suppressed chronic shock-induced increase of 
serum level of vasopressin (18.0±1.3 pg/ml, 19.2±1.7 pg/ml vs. 39.5± 

Groups Control Shock Denervation Denervation + shock Captopril + shock Tempol + shock

Score of positive ratios 3 4 2 2 2 2

Immuno-reactive score 2 2 1 1 1 2

Total score 5 6 3 3 3 4

Table 2: The renal AQP1 expression level in SD rats.

Figure 5: Serum level of vasopressin in each group (n=6). *P<0.05 vs. control 
group. † P<0.05 vs. the shock.group.

Figure 6: Schematic illustration of the mechanism for foot shock-induced 
renal expression of AQP1.

8.0 pg/ml, P<0.05 vs. shock) (Figure 5).

Discussion
The present study revealed that chronic stress induces the 

development of hypertension and is accompanied by an upregulation 
of renal AQP1 expression, which is mediated by RNS, RAS, and 
oxidative stress via vasopressin.

Approximately 65-70 % of the water is reabsorbed by AQP1 in 
the renal proximal tubule, descending thin limb Henle, and vasa 
recta-the regions in which AQP1 is highly expressed [8]. Based on the 
primary function of AQP1, a hike in its expression in the renal tissue 
results in more water being reabsorbed by the kidneys. Therefore, the 
amount of water released from the body is reduced, which in turn 
increases the volume of interstitial fluid and finally results in increased 
blood volume. Earlier clinical studies have reported that sustained 
hypertension is related to an elevation in the blood volume relative 
to the capacity of the circulatory system [23]. Enhanced expression of 
AQP1 was observed in the present study; however, we did not notice 
any increase in the blood volume of chronically stressed rats based on 
the reduction in the body weight (Figure 1A). Therefore, we speculate 
that the increase in water reabsorption caused by elevated AQP1 does 
not significantly raise the blood volume. Hence, it could not be the 
cause of increased blood pressure in our model. At present, there is 
no evidence to demonstrate that a rise in AQP1 contributes to the 
development of high blood pressure in any hypertensive model.

It is already known that AQP1 is mainly mediated by 
vasopressin, besides AQP2 [24]. Our previous observations led to 
an understanding that the mRNA expression of vasopressin in the 
cerebral hypothalamus is increased by chronic foot shock stimulation 
[7]. Our present study further demonstrated that chronic foot shock 
increased serum level of vasopressin (Figure 5). Therefore, our present 
observation is consistent with a previous report [24]. Furthermore, 
our earlier findings established that RAS regulates the increase in 
the mRNA expression of vasopressin [7]. Hence, foot shock induced 
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increase in the AQP1 expression should also be regulated by RAS. 
We had already demonstrated that foot shock stress activates RAS 
[7], which is potentiated by oxidative stress. Hence, the application 
of antioxidant alleviates the foot shock induced activation of RAS [6]. 
Our present data illustrate that antioxidant treatment could inhibit 
foot shock induced increase of AQP1 expression, thereby suggesting 
that oxidative stress contributes to the hike in AQP1 expression. 

The renal nerve system has been implicated in the regulation of 
AQP1 in the kidneys. Therefore, the expression of AQP1 proteins 
was compromised in the denervated kidneys [25]. Our present study 
has also proved that denervation of the renal nerve lowers the AQP1 
expression, which is concordant with a previous observation [25]. 
Denervated rats did not exhibit an increase in the AQP1 expression 
in response to chronic foot stress, suggesting that the activation 
of RNS is another mechanism by which the AQP1 expression was 
upregulated in the present model.

To confirm by which mechanism RAS, oxidative stress and 
RNS regulate renal AQP1 expression, we observed serum level 
of vasopressin since it has been demonstrated to regulate AQP1 
expression [24]. All of treatments suppressed serum level of 
vasopressin in response to chronic foot shock, although our present 
study did not apply vasopressin antagonist, based on previous 
literature, it could be speculated that vasopressin mediates RAS, 
oxidative stress and RNS regulated renal AQP1 expression.

However, it should be noted that our study only focused on 
the renal AQP1 expression, and other subtypes were not analyzed. 
Moreover, we did not collect the urine sample, findings from which 
could have provided more solid data to support the role of AQP1 
in the regulation of water homeostasis and its contribution to the 
development of hypertension. Furthermore, we were unable to 
explain the possible role of the increased expression of AQP1 based 
on its function of water reabsorption in the kidneys. The phenomenon 
might have augmented the water reabsorption and reduced the water 
secretion, which could have raised the blood pressure synergistically 
with vasopressin by increasing the circulatory fluid volume. 
Incorporating the genetic modification of renal AQP1 expression 
in this model may explain its physiological or pathophysiological 
function.

Based on previous [26,27] and current observations, we conclude 
that chronic foot shock stress induces elevated AQP1 expression in 
the kidneys via the renal sympathetic nerve system, renin-angiotensin 
system, and oxidative stress by regulation of vasopressin level. These 
findings have been schematized in Figure 6.
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