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Water deprivation activates the renin-angiotensin system.  We have hypothesized that the renal expression 
of (pro)renin receptor ((P)RR), a specific receptor for renin and prorenin, could be changed under 
dehydration.  Moreover, plasma levels of soluble (P)RR (s(P)RR) comprising of the extracellular domain of 
(P)RR may reflect the renal (P)RR expression.  In the present study, we therefore aimed to clarify changes 
of plasma s(P)RR concentrations and kidney tissue (P)RR levels using rats with dehydration.  Male Wister-
Kyoto rats were divided into two groups; dehydrated (DH) rats deprived of water for 72 hours with free 
access to food, and control rats.  Plasma s(P)RR concentrations measured by enzyme-linked 
immunosorbent assay were significantly lower in DH rats (6.94 ± 2.08 ng/mL, mean ± SD, n = 5) than in 
control (12.54 ± 2.00 ng/mL, n = 5) (p < 0.05).  Western blot analysis confirmed lower expression levels of 
s(P)RR in plasma in DH rats than in control.  By contrast, western blot analysis showed higher levels of full-
length (P)RR and lower levels of furin (an enzyme responsible for generation of s(P)RR from full-length  
(P)RR) in the kidney tissues obtained from DH rats compared to control.  There was no significant 
difference in the renal (P)RR mRNA levels between DH rats and control.  These findings suggest that water 
deprivation may elevate the renal full-length (P)RR levels via reducing the expression of furin.  Increased 
full-length (P)RR may contribute to the up-regulation of the renal renin-angiotensin system and the 
production of concentrated urine under dehydration.
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Introduction
(Pro)renin receptor ((P)RR), a specific receptor for 

renin and prorenin, is a 350-amino acid protein with a sin-
gle transmembrane domain (Nguyen et al. 2002; Nguyen 
2011).  The binding of prorenin to (P)RR activates the 
angiotensin I (Ang I)-generating activity of prorenin, and 
directly stimulates the intracellular signalling pathways, 
including extracellular signal-regulated kinase (ERK 1/2) 
(Nguyen et al. 2002; Nguyen 2011).  Soluble (P)RR  
(s(P)RR) comprising of the extracellular domain of (P)RR, 
and a truncated form of (P)RR at the C-terminal region 
(truncated (P)RR) are generated from full-length (P)RR 

(f(P)RR) by furin (Cousin et al. 2009; Nguyen 2011).  The 
truncated (P)RR is associated with vacuolar H+-ATPase 
(v-ATPase), an ATP-dependent multi-subunit proton pump 
(Ludwig et al. 1998).  (P)RR is also related to the Wnt/
β-signaling pathway (Cruciat et al. 2010).

Soluble (P)RR has been shown to be present in plasma 
and urine (Cousin et al. 2009; Gonzalez et al 2011; 
Maruyama et al. 2013).  Plasma concentrations of s(P)RR 
were elevated in patients with chronic kidney disease 
(Hamada et al. 2013), pregnant women with the develop-
ment of gestational diabetes mellitus or hypertension later 
in pregnancy (Watanabe et al. 2012, 2013), and patients 
with obstructive sleep apnea syndrome (Nishijima et al. 
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2014, 2016).
Water deprivation is a progressive physiological con-

dition associated with increased plasma osmolality and acti-
vation of the renin-angiotensin system (RAS) (Gottlieb et 
al. 2006).  RAS plays an essential role in the regulation of 
arterial blood pressure and electrolyte balance (Laragh 
1967).  Because angiotensin activity can correct such dis-
turbances, it is generally accepted that RAS is a homeo-
static mechanism that maintains the quantity, composition, 
and distribution of body fluids.

 Immunohistochemical studies showed that (P)RR was 
diffusely expressed in renal tubular and collecting duct cells 
of both human and rat kidneys (Hirose et al. 2009, 2010; 
Takahashi et al. 2010b).  Expression levels of (P)RR in the 
kidney were up-regulated in rats with congestive heart fail-
ure or chronic renal failure due to 5/6 nephrectomy (Hirose 
et al. 2009, 2010).  Ramkumar et al. (2015) showed that 
nephron-specific deletion of the (P)RR caused a urine con-
centration defect, and suggested that nephron (P)RR can 
potentially modulate renal water excretion.  We have 
recently reported that high salt intake upregulates (P)RR 
expression in rat nephron (Rong et al. 2015).  Our hypothe-
sis is therefore that (P)RR expression in the kidney could be 
changed under dehydration and that plasma s(P)RR concen-
trations may reflect the renal (P)RR expression.  The aim of 
the present study was therefore to clarify changes of plasma 
s(P)RR concentrations and kidney tissue (P)RR levels in 
rats with dehydration.

Materials and Methods
Water deprivation experiment

 The present study was approved by the Ethics Committee for 
Animal Experimentation of Tohoku University School of Medicine, 
and performed in accordance with the guidelines for animal experi-
mentation of Tohoku University.

 Male Wister-Kyoto (WKY) rats at 11 weeks of age were 
obtained from Charles River Japan Ltd.  (Yokohama, Japan).  Rats 
were kept in metabolic cages for 7 days for acclimatization before the 
start of treatments.  Rats were housed under controlled humidity (30 
± 10%) and temperature (22 ± 12°C) with a 12-h light/dark cycle, 
were fed a regular diet, and had free access to tap water.  After 7 days, 
rats were randomly divided into two groups: control (n = 5) and dehy-
drated (DH) rats (n = 5).  For control rats, water and food were sup-
plied ad libitum for 72 h, while DH rats were deprived of water for 72 
h with free access to food (Chung et al. 2008; Hindmarch et al. 2011).

 Urine samples were collected during the last 24 h of 72-hour 
water deprivation using a metabolic cage.  After 72-hour water depri-
vation, the rats were anesthetized with pentobarbital sodium (50 mg/
kg, injected intraperitoneally), and blood samples were collected from 
the cannulated abdominal aorta.  Kidneys were quickly removed, 
snap-frozen in liquid nitrogen and stored at −80°C.

Western blot analysis
 To prepare the renal fraction, frozen left kidney was pulverized 

in liquid nitrogen (Heineke et al. 2010).  One-third of the powdered 
sample was used as the whole kidney fraction (Chmela et al. 2001).  
This fraction was homogenized in 100 mmol/L potassium buffer (pH 

7.25) containing 30% glycerol, 1 mmol/L dithiothreitol, and 0.1 
mmol/L phenylmethylsulfonyl fluoride.  Microsomal and cytosolic 
fractions were separated from the remaining powdered sample, as 
described previously (Jorgensen 1974; Chmela et al. 2001).

Western blot analysis was performed as previously reported 
(Hirose et al., 2009, 2010).  The protein extracts of the whole kidney 
(12.5 µg/lane), microsomal fraction (12.5 µg/lane) and cytosolic frac-
tion (50 µg/lane), and plasma samples (0.5 µl/lane) were loaded onto 
a 16% sodium dodecyl sulfate polyacrylamide gel and electropho-
resed for 1 h at 150 V.  The (P)RR antiserum was used at a dilution of 
1:10,000 (Hirose et al. 2009, 2010).  The (P)RR antiserum recognizes 
dual bands at 28 kDa and 35 kDa, which are compatible with the pre-
dicted sizes for s(P)RR and f(P)RR, respectively.

It was reported that expression of aquaporin 2 (AQP2) rapidly 
increased in the rat kidney after 1 day of dehydration, with a small 
further increment on the following day (Rai et al. 1997).  AQP2 pro-
tein expression was therefore investigated to confirm its elevation by 
dehydration in the kidney tissue using a rabbit anti-AQP2 antibody 
(dilution, 1:200; Santa Cruz Biotechnology, California, USA) (Saito 
et al. 1997).  In addition, furin expression was investigated in the 
renal microsomal fraction using a rabbit anti-furin antibody (dilution, 
1:200; Santa Cruz Biotechnology)(Freyer et al. 2007).  As an internal 
control, β-actin expression was studied using anti β-actin monoclonal 
antibody (1:10,000; Santa Cruz Biotechnology).

The relative intensities of the bands at 35 kDa for f(P)RR, 28 
kDa for s(P)RR, and 36-45 kDa and 29 kDa for AQP2 were quanti-
fied using Image J software (version 1.40, National Institutes of 
Health, Bethesda, Maryland, USA).

RNA extraction and competitive, quantitative RT-PCR
Total RNA was extracted from the kidney tissue by the guani-

dinium isothiocyanate/cesium chloride method, and 4 µg of total 
RNA were reverse transcribed with 400 units of Moloney Murine 
Leukemia Virus reverse transcriptase (PrimeScript; TaKaRa, Otsu, 
Japan) using an oligo(dT) primer, as previously described (Mori et al. 
2009; Hirose et al. 2009, 2010).  Expression levels of (P)RR mRNA 
in the kidney were determined using competitive, quantitative 
RT-PCR method, as previously described (Hirose et al. 2009, 2010).  
Ribosomal protein L32 (RPL32) mRNA was used as an internal con-
trol.

Hormone measurement
Plasma renin activity (PRA) and plasma angiotensin II (Ang II) 

levels were measured by enzyme immunoassay and radioimmunoas-
say, respectively (BML inc., Tokyo, Japan).  Plasma osmotic pressure, 
urine creatinine and urine osmotic pressure were measured by a stan-
dard autoanalysis technique (BML inc., Tokyo, Japan).  Plasma  
s(P)RR levels were determined using a commercially available 
enzyme-linked immunosorbent assay (ELISA) kit (Immuno-
Biological Laboratories Co, Fujioka, Japan) according to the manu-
facturer’s instructions (Maruyama et al. 2013).

Statistical analysis
Data are shown as mean ± SD.  Data between two groups were 

compared by unpaired Student’s t-test.  Statistical significance was 
considered at P < 0.05.
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Results
Effects of water deprivation on general parameters and 
AQP2 expression

Effects of 72-hour water deprivation on body weight, 
food intake, urine output and plasma and urine chemistry 

are shown in Table 1.  Before the water deprivation, there 
was no significant difference in the body weight, food 
intake, urine output, or urinary osmolality between the two 
groups (data not shown).  Water deprivation for 72 h in 
WKY rats significantly decreased body weight and food 
intake.  Water deprivation also reduced urine volume, and 

1 

Parameters 
Control Dehydration 

(n = 5) (n = 5) 

Body weight (g) 295.0 ± 7.3 236.9 ± 7.5** 

Food intake (g/24h) 20.9 ± 2.4 0.9 ± 0.5** 

Urine output (mL/24h) 10.7 ± 1.9 1.3 ± 0.4** 

Plasma chemistry 

Osmotic pressure (mOsm/kgH2O) 286.8 ± 2.9 305.6 ± 16.8* 

Renin activity (ng/mL/h) 8.5 ± 3.8 13.5 ± 2.8* 

Angiotensin Ⅱ (pg/mL) 409.6 ± 175.6 3595.6 ± 1086.9** 

Urine chemistry 

Osmotic pressure (mOsm/kgH2O) 1566 ± 381.5 4090.0 ± 450.6** 

Food intake and urine output were measured for the last 24 h of 72-hour water deprivation.  
Data are shown as mean ± SD.
*p < 0.05, **p < 0.01 vs. control.

Table 1. Effects of 72-hour water deprivation on body weight, food intake, urine 
output and plasma and urine chemistry.

Fig. 1.  Effects of 72-hour water deprivation on aquaporin 2 protein expression in the kidney.  Upper panel: Western blot 
analysis of AQP2 protein and β-actin (internal control) in the whole kidney obtained from control rats and 72-hour  
water-deprived rats (DH).  Representative two cases out of 5 rats are shown per each group.  The antibody labels 29 kDa 
and 36-45 kDa bands, corresponding to the non-glycosylated and glycosylated forms of AQP2.  Lower panel: The rela-
tive intensity of the bands corresponding to the glycosylated form of AQP2 at 36-45 kDa (left) and the non-glycosylated 
form of AQP2 at 29 kDa (right) (the ratio of the total intensity of AQP2 band to that of β-actin band)(mean ± SD, n = 5).  
Expression levels of AQP2 protein were significantly increased in DH compared to control.  **p < 0.01.
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increased urine and plasma osmolality.  Plasma renin activ-
ity and plasma Ang II concentrations were significantly ele-
vated in DH rats compared to control rats.

Western blot analysis confirmed that 72-hour water 
deprivation increased expression of AQP2 proteins in the 
kidney (Fig. 1, upper panel).  The intensity of both bands at 
36-45 kDa and 29 kDa representing glycosylated and non-
glycosylated AQP2 proteins was significantly increased by 
13.3- and 3.4-fold, respectively, in the whole kidney of DH 
rats as compared to control (Fig. 1, lower panel).

Plasma concentrations of soluble (pro)renin receptor
Plasma s(P)RR concentrations measured by ELISA 

were significantly lower in DH rats (6.94 ± 2.08 ng/mL) 
than in control (12.54 ± 2.00 ng/mL) (p < 0.05, Fig. 2A).  
Western blot analysis of plasma showed a band at 28 kDa 
corresponding to s(P)RR (Fig. 2B).  Consistent with the 
results in the ELISA, the intensity of the band correspond-
ing to s(P)RR was significantly lower in DH rats than in 
control (26% of control, p < 0.01, Fig. 2B).  There was a 
significant correlation between plasma s(P)RR levels mea-
sured by the ELISA, and the relative levels of plasma  
(P)RR in the western blot analysis (r = 0.72, p < 0.005).

Western blot analysis of (P)RR in the kidney
 We first determined the levels of 2 forms of (P)RR; 

f(P)RR and s(P)RR, in microsomal and cytosolic fractions 
by western blot analysis.  As shown in Fig. 3, s(P)RR was 
detected primarily in the cytosolic fraction, while a lesser 
proportion was detected in the microsomal fraction.  Full-
length (P)RR was detected in all samples.

 We then examined the effects of 72-hour water depri-

vation on (P)RR protein expression by western blot analy-
sis.  Expression levels of f(P)RR were greater in DH rats 
compared to control, in whole kidney (2.3-fold, p < 0.01, 
Fig. 4A), microsome fraction (3.0-fold, p < 0.01, Fig. 4B), 
and cytosolic fraction (22.9-fold, p < 0.01, Fig. 4C, upper 
panel), respectively.  By contrast, there was no significant 
difference in the expression levels of s(P)RR in the cyto-
solic fraction between control and DH rats (Fig. 4C, lower 
panel).

Fig. 2.  Soluble (P)RR [s(P)RR] in plasma of control rats and 72-h water-deprived rats (DH).  s(P)RR in plasma was mea-
sured by ELISA (A) and analyzed by western blot analysis (B).  Plasma s(P)RR concentrations measured by ELISA 
were significantly lower in DH rats than in control (**p < 0.01).  The relative intensity of the band corresponding to  
s(P)RR protein in western blot analysis was significantly lower in DH than in control (**p < 0.01).

Fig. 3.  Expression of (P)RR in renal fractions.  Western blot 
analysis was used to determine the levels of the two 
forms of (P)RR levels in the whole kidney, microsomal 
fraction, and cytosolic fraction.  Both soluble (P)RR  
[s(P)RR] and full-length (P)RR [f(P)RR] were detected 
in the whole kidney and cytosolic fraction.  s(P)RR was 
detected to a small extent in the microsomal fraction.  
Representative two cases out of 5 rats are shown per each 
group.
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Competitive, quantitative RT-PCR of (P)RR mRNA
 The 72-hour water deprivation had no significant 

effects on expression levels of (P)RR mRNA in the kidney 
(control, 0.88 ± 0.13 mol/mol PRL32, n = 5; vs. DH rats 
0.83 ± 0.19 mol/mol PRL32, n = 5, p > 0.1)

Western blot analysis of furin in the renal microsomal frac-
tion

 We finally examined the effects of the 72-hour water 
deprivation on the expression of furin, a protease responsi-
ble for the shedding of (P)RR, in the renal microsomal frac-
tion.  Expression levels of furin were significantly lower in 
DH rats than in control rats (70% of control, p < 0.05, Fig. 
5).

Discussion
This study has shown increased tissue levels of f(P)RR 

protein in the kidney by 72-h water deprivation.  By con-
trast, plasma s(P)RR concentrations and expression levels 
of furin protein in the kidney were decreased by 72-h water 
deprivation.  Because the water deprivation had no signifi-
cant effect on the expression levels of (P)RR mRNA in the 
kidney, the increased kidney tissue levels of f(P)RR protein 
may be due to the decreased cleavage of f(P)RR, possibly 
by furin.  These findings suggested that dehydration by 72-h 
water deprivation decreased renal expression of furin, 
which resulted in decreased cleavage of f(P)RR into s(P)RR 
and truncated (P)RR in the kidney.  The mechanism for the 
suppressed expression of furin in the kidney by dehydration 
remains to be clarified.

One possible action of increased renal f(P)RR in dehy-
dration may be the contribution to the renal RAS activation, 
which results in increased Ang II generation.  Increased 
Ang II may stimulate reabsorption of sodium and water in 

Fig. 4.  Effects of 72-hour water deprivation on (P)RR protein levels in the kidney.  Western blot analysis of (P)RR in the 
whole kidney (A), microsomal fraction (B) and cytosolic fraction (C) prepared from control rats and 72-hour water-de-
prived rats (DH).  Representative two cases out of 5 rats are shown per each group.  Expression of soluble (P)RR  
[s(P)RR] in the whole kidney and microsomal fraction was negligible, and therefore, only expression of full length  
(P)RR [f(P)RR] was shown in (A) and (B).  By contrast, both f(P)RR and s(P)RR were clearly detected in cytosolic 
fraction (C), and therefore, expression levels of both were assessed (C).  The relative intensity was calculated by the  
ratio of the intensity of f(P)RR or s(P)RR band to that of β-actin band.  Expression levels of f(P)RR were greater in DH 
compared to control in all three samples (n = 5 per each group).  **p < 0.01.  There was no significant difference in the 
expression levels of s(P)RR between control and DH in the cytosolic fraction.
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the renal tubules and collecting ducts against dehydration.  
We confirmed the elevation of PRA and plasma Ang II lev-
els under dehydration as shown in Table 1, although we 
could not deny the possibility that anesthesia affected these 
levels (Pettinger et al. 1975; Siragy et al. 1995).  Further-
more, dehydration-induced (P)RR may promote the kidney 
dysfunction via Ang II, and the RAS-independent intracel-
lular signalling pathways, including ERK 1/2 and trans-
forming growth factor-β.

Another possible action of increased f(P)RR in the 
kidney under dehydration may be mediated by the associa-
tion with v-ATPase, which plays an essential role in the 
secretion of H+ into urine in the type A intercalated cells of 
the collecting duct (Roy et al. 2015).  It is now evident that 
intercalated cells have regulatory roles in the salt and water 
reabsorption by a mechanism involving v-ATPase 
(Chambrey et al. 2013; Roy et al. 2015).  It should be noted, 
however, that the cleavage of f(P)RR by furin may be dis-
pensable for the biogenesis of active v-ATPase (Kinouchi et 
al. 2013).  Decreased furin expression may result in 
decreased truncated (P)RR in the kidney, and decreased 
v-ATPase activity.  Because our (P)RR could not recognise 
truncated (P)RR, further studies are required to clarify 
whether the renal v-ATPase activity is decreased or not 
under dehydration.

 The up-regulated f(P)RR expression in rat nephron by 
high salt intake was reported by us (Rong et al. 2015), and 
other investigators (Huang et al. 2012).  High salt intake 

suppresses the circulating RAS, whereas water deprivation 
activates it.  It is therefore intriguing that upregulated  
f(P)RR levels in the kidney were found in both the condi-
tions.  Increased plasma osmolarity may be a cause and/or a 
target of up-regulated renal f(P)RR in both the high salt 
intake and dehydration.  It was reported that dehydration 
induced a considerable increase in the daily output of 
sodium in urine (McKinley et al. 1983).  Food and sodium 
intake fell during dehydration, but urinary sodium excretion 
increased significantly (Thrasher et al. 1984).

(P)RR is expressed, not only in the kidney, but also in 
various organs including brain (Hirose et al. 2009, 2010; 
Takahashi et al. 2010a, b; Nguyen 2011).  (P)RR was co-
localized with vasopressin in the paraventricular and supra-
optic neurons of hypothalamus (Takahashi et al. 2010a).  
Shan et al. (2010) showed that (P)RR overexpression in the 
supraoptic nucleus stimulated vasopressin secretion and 
chronic knockdown of (P)RR decreased it in rats, suggest-
ing that (P)RR plays a role in vasopressin secretion in the 
hypothalamus.  Hypothalamic (P)RR may therefore modu-
late the vasopressin secretion against dehydration.  
Although the present study studied only plasma and kidney 
tissues, we could not deny the possibility that the similar 
alteration in the (P)RR expression levels occurred in other 
organs including the brain, affecting the decreased plasma 
concentrations of s(P)RR under dehydration.

Plasma s(P)RR concentrations were significantly 
decreased by 72-h water deprivation (Fig. 2), whereas the 
decrease of the renal s(P)RR levels in the cytosolic fraction 
did not reach the significance (Fig. 4C, lower panel).  
Newly generated s(P)RR may be secreted soon into blood 
by exocytosis, and therefore, the plasma levels of s(P)RR 
may reflect more accurately the amount of the newly-gener-
ated s(P)RR from f(P)RR by furin rather than the tissue  
s(P)RR levels.  On the other hand, the physiological roles 
of s(P)RR in blood have not been clarified.  Nguyen et al. 
(2014) reported that plasma levels of s(P)RR were indepen-
dent of plasma renin, prorenin, and aldosterone concentra-
tions in man.  Moreover, plasma levels of s(P)RR showed 
no significant correlation with PRA or plasma aldosterone 
levels in patients with obstructive sleep apnea syndrome 
(Nishijima et al. 2014, 2016).  It has been reported that 
most soluble receptors act as antagonists and compete with 
their membrane-associated counterparts for ligands (Rose-
John et al. 2006; Tracey et al. 2008).  There have been no 
reports, however, which show that s(P)RR in blood acts as 
an antagonist against renin.  Thus, it remains to be clarified 
whether decreased plasma s(P)RR concentrations have 
some pathophysiological significance in dehydration, or 
just a sequence of increased tissue f(P)RR levels.

In conclusion, the present study has shown that 
increased tissue levels of f(P)RR protein in the kidney by 
water deprivation possibly via decreased furin-mediated 
cleavage.  In contrast to the increased renal f(P)RR levels, 
plasma s(P)RR concentrations were decreased by water 
deprivation.  (P)RR may play an essential role in the up-

Fig. 5.  Effects of 72-hour water deprivation on furin protein 
levels in renal microsomal fraction.  Western blot analy-
sis of furin in renal microsomal fraction prepared from 
control and 72-hour water-deprived rats (DH) is shown.  
Representative two cases out of 5 rats are shown per each 
group.  The relative intensity was calculated by the ratio 
of the intensity of furin band to that of β-actin band.  
Furin expression level was lower in DH than in control (n 
= 5 per each group).  *p < 0.05.
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regulation of the renal RAS and the production of concen-
trated urine under dehydration.
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