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Abstract. (Pro)renin receptor [(P)RR] has been implicated 
in diverse biological processes through binding to its ligands, 
which include renin, prorenin, Wnt signaling molecules and 
subunits of vascular H+‑ATPase. Recent studies have reported 
that (P)RR is implicated in pathophysiological conditions 
including retinopathy and pancreatic ductal adenocarcinoma, 
and the soluble form of this receptor [s(P)RR] is considered as a 
useful biomarker for diseases. The present study examined the 
effect of aliskiren, the first orally active direct renin inhibitor, 
on the protein levels of (P)RR using cultured human umbilical 
vein endothelial cells (HUVECs). The cells were treated with 
or without aliskiren (10 nM) at 37˚C for different durations 
(0,  8, 16 and 24 h). Aliskiren‑treated HUVECs exhibited 
reduced proliferation compared with those treated without the 
drug. Furthermore, aliskiren treatment decreased not only the 
level of exogenous prorenin that bound to the membranes of 
HUVECs, but also the renin activity derived from this binding 
activity. These results indicate that the quantity of full‑length 
(P)RR was reduced by aliskiren treatment, and furthermore, 
that the level of s(P)RR released from HUVECs was decreased 

with the treatment. Recent study has reported that s(P)RR 
exerted antidiuretic function. The current study suggests 
that the levels of s(P)RR, as a potential antidiuretic molecule 
and prospective disease biomarker, may be decreased during 
anti‑hypertensive treatments with aliskiren.

Introduction

(Pro)renin receptor [(P)RR] is a single‑spanning membrane 
protein comprised of 350 amino acid residues (1‑3).  
(P)RR is coded by the ATP6AP2 gene, which is located on 
the X chromosome at locus p11.4 (NCBI gene ID: 10159). 
Although (P)RR was originally identified as a regulator of the 
renin‑angiotensin system essential for maintaining blood pres-
sure and fluid balance, angiotensin‑independent functions of 
(P)RR have been reported, including functions as an accessory 
protein of the vacuolar H+‑ATPase (4) and a cofactor of the Wnt 
receptor complex (5). Other studies have indicated that (P)RR 
is also implicated in pathophysiological conditions including 
retinopathy (6), nephropathy (7), mental retardation (8) and 
pancreatic ductal adenocarcinoma (9).

(P)RR undergoes intracellular processing to produce 
three different forms: A full‑length form (1,2), a truncated 
membrane‑bound form  (10) and a truncated soluble form 
without the transmembrane domain termed soluble (P)RR 
[s(P)RR] (11,12). s(P)RR has been detected in plasma (11) 
and urine  (13). In patients with essential hypertension, 
serum s(P)RR levels have been associated with various 
types of renal dysfunction (14). Additionally, previous study 
identified significantly higher plasma concentrations of s(P)
RR in patients with pancreatic ductal adenocarcinoma than 
in healthy controls  (9). Lu et al (15) reported that s(P)RR 
exerted antidiuretic action via frizzled‑8 dependent β‑catenin 
signaling, which leads to enhanced renal aquaporin‑2 expres-
sion and urine concentrating capability. These authors first 
proposed the physiological role of s(P)RR in regulating fluid 
homeostasis (15), and in turn, s(P)RR in body fluids has been 
proposed as a useful biomarker for diseases (9,14) as well as an 
indicator of physiological function (15).

Aliskiren is an orally‑active direct renin inhibitor (16). 
It specifically binds to the active site of human renin, which 
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catalyzes the rate‑limiting step of the renin‑angiotensin 
system (16). This medicine is prescribed to patients with mild 
to moderate hypertension (17). Aliskiren has been reported to 
reduce (P)RR expression in the renal compartments of strepto-
zotocin‑induced diabetic rats (18), and also in cultured human 
aortic smooth muscle cells (19). However, little is known about 
the effect of aliskiren on the concentration of s(P)RR in body 
fluids.

Our group previously reported that s(P)RR was released 
from cultured human umbilical vein endothelial cells 
(HUVECs) (20), which can be used as an in vitro model to 
investigate general properties of the human endothelium (21). 
In the present study, the effect of aliskiren on the protein levels 
of s(P)RR released from cultured HUVECs was examined.

Materials and methods

Preparation of recombinant proteins. Recombinant human 
prorenin was expressed in Chinese hamster ovary (CHO) 
cells and purified as previously described (22). In brief, cells 
harboring cDNA coding for human prorenin were cultured 
in Dulbecco's modified Eagle's medium (DMEM; Nissui 
Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 
5% fetal bovine serum (FBS; PAA Laboratories GmbH, 
Pasching, Austria), 0.1 mM non‑essential amino acids (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 mM 
glutamine, 100 U/ml streptomycin and 0.6 mM methotrexate. 
The cells were maintained at 37˚C under 5% CO2 in 25‑cm2 

cell culture flasks (CELLSTAR®; Greiner Bio‑One GmbH, 
Frickenhausen, Germany) until they were 100% confluent. 
Human prorenin was purified from the CHO cell conditioned 
medium by cation‑exchange chromatography on a Resource 
S  column (GE Healthcare, Amersham, UK). The concen-
tration of purified prorenin was measured using a human 
prorenin enzyme‑linked immunosorbent assay (ELISA) kit 
(cat no.  IHPRENKT‑NP; Innovative Research, Inc., Novi, 
MI, USA). Prior to experimentation, purified prorenin was 
incubated at 37˚C for 1 h (23) to avoid cryo‑activation due to 
preservation (24). Recombinant sheep angiotensinogen (AOG) 
was also expressed in CHO cells and purified as previously 
described (25,26).

Culture of HUVECs. HUVECs (cat no.: KJB‑110; DS Pharma 
Biomedical Co., Ltd., Osaka, Japan) were cultured in human 
endothelial cell medium (DS Pharma Biomedical Co., Ltd.) 
supplemented with 2% FBS, essential endothelial growth 
factors (included in the endothelial cell medium), 0.1% heparin, 
1% ascorbic acid, 0.04% hydrocortisone and 0.1% genta-
micin/amphotericin‑1000. The cells were maintained at 37˚C 
under 5% CO2 in 25‑cm2 cell culture flasks (CELLSTAR®) 
until they were 80‑90% confluent.

Treatment of HUVECs with aliskiren. HUVECs were seeded 
at a density of 150,000 cells/well in 12‑well sterile plates, and 
incubated at 37˚C. After 24 h, the medium was removed, and 
the cells were washed with 2‑[4‑(2‑hydroxyethyl)‑1‑pipera-
zinyl]ethanesulfonic acid (HEPES)‑buffered saline [(HBS); 
1.0 g/l dextrose, 5.0 g/l HEPES, 0.37 g/l KCl, 8.0 g/l NaCl and 
0.14 g/l Na2HPO4·2H2O, pH 7.4]. The cells were then treated 
with or without aliskiren (10 nM; Novartis Pharma AG, Basel, 

Switzerland) at 37˚C for different durations (0, 8, 16, and 24 h) 
in FBS‑free DMEM (Fig. 1). Following each completed dura-
tion of treatment: i) the cultured medium (hereafter referred 
to as Medium‑1) was collected to determine the concentra-
tion of s(P)RR, and the cells were washed 3 times with HBS 
and incubated at 37°C with prorenin (1.0 nM) for 1 h; ii) the 
medium containing the unbound prorenin (hereafter referred 
to as Medium‑2) was collected, and the cells were further 
washed 3 times with HBS and incubated at 37˚C with sheep 
AOG (0.3 µM) for 30 min in 5 mM sodium phosphate buffer 
(pH 7.2) containing 5 mM diisopropyl fluorophosphates, 5 mM 
EDTA, 100 mM NaCl and 0.1% (w/v) bovine serum albumin 
fraction V (Roche Diagnostics GmbH, Mannheim, Germany); 
and finally iii) the medium containing the possible generated 
angiotensin I (AngI; hereafter referred to as Medium‑3) was 
collected. These experimental procedures are depicted in 
Fig. 1. The cells treated without aliskiren served as controls.

For cell counting, HUVECs were seeded, cultured and 
treated with or without aliskiren, as described above. After 
each duration of treatment, the total number of cells per 
well was counted using a hemocytometer. This cell culture 
was performed independently of collecting the three media 
described above.

Determination of concentration of membrane‑bound 
prorenin in HUVECs. The concentration of prorenin 
contained in Medium‑2 was determined using the human 
prorenin ELISA kit, and was considered as the concentra-
tion of unbound prorenin (CUB). The percentage of prorenin 
bound to the cell membrane was calculated using the 
following equation: (CIn ‑ CUB)/CIn x100, where CIn was the 
initial concentration of prorenin that was incubated with 
HUVECs (1.0 nM).

Measurement of renin activity derived from membrane‑bound 
prorenin in HUVECs. The concentration of AngI in Medium‑3 
was determined by ELISA using an assay developed and 
prepared in our laboratory (27). The AngI concentration was 
divided by the reaction time (30 min) to calculate renin activity.

Figure 1. Treatment protocol of human umbilical vein endothelial cells. 
Medium‑1‑3 were collected and used for determining the concentrations of 
soluble (pro)renin receptor, unbound prorenin and angiotensin I, respectively.
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Determination of s(P)RR concentration in the culture medium 
of HUVECs. The concentration of s(P)RR contained in 
Medium‑1 was determined by sandwich ELISA using an assay 
developed and prepared in our laboratory (20) with a primary 
anti‑(P)RR antibody (anti‑human renin R polyclonal anti-
body; cat no. AF5716; R&D systems, Inc., Minneapolis, MN, 
USA) and a secondary anti‑(P)RR antibody [biotin‑labeled 
anti‑237/250‑antibody (20)]. The resulting antigen‑antibody 
complex was tagged with a high‑sensitivity streptavidin‑horse-
radish peroxidase conjugate, and detected by a chromogenic 
reaction using hydrogen peroxide and 3,3',5,5'‑tetramethyl-
benzedine. The s(P)RR standards were prepared as previously 
described (28).

Statistical analysis. GraphPad Prism 7.0 software (GraphPad 
Software, Inc., La Jolla, CA, USA) was used to analyze the 
data. Data were expressed as the mean ± standard deviation 
of four replicates for each treatment. The propagation of error 
formula (29) was used to calculate the standard deviation of 
either of three ratio values: bound prorenin per cell, renin 
activity per cell and s(P)RR per cell. A two‑tailed unpaired 
Student's t‑test was performed to compare between two groups 
(aliskiren‑treated cells and controls). P<0.05 was considered to 
indicate statistical significance.

Results

Effect of aliskiren on the growth of HUVECs. HUVECs were 
cultured in the presence or absence of aliskiren. The cell 
number of aliskiren‑treated HUVECs was lower than that 
of the controls, most notably at 16 h (P=0.0090) and 24 h 
(P=0.0081; Fig. 2). Thus, aliskiren appeared to reduce the 
growth of HUVECs.

Effect of aliskiren on the cell‑surface expression of full‑length 
(P)RR. (P)RR binds renin and its inactive precursor, 
prorenin (1‑3). To estimate the expression of full‑length (P)
RR on the plasma membrane of HUVECs, recombinant 
prorenin (exogenous prorenin) was added to the culture 
medium (Fig. 1), and the amount of prorenin bound to the cell 

membrane was estimated. Following aliskiren treatment for 
different durations (0, 8, 16 and 24 h), cells were incubated 
with exogenous prorenin, and the quantity of bound prorenin 
was evaluated (Fig. 3A). Approximately 10 and 50% of the 
exogenous prorenin bound to control membranes after 0 
and 24 h of treatment, respectively (Fig. 3A, open circles). 
The quantity of bound prorenin was significantly decreased 
with aliskiren treatment for 8‑24 h (P<0.001; Fig. 3A, filled 
squares). Additionally, it was observed that the concentration of 
endogenous prorenin secreted by HUVECs was almost 1,000 
times lower than that of exogenous prorenin (data not shown), 
indicating that endogenous prorenin would have a negligible 

Figure 2. Effect of aliskiren on the growth of HUVECs. HUVECs were 
cultured for different durations in the presence (filled squares) or absence 
(open circles) of aliskiren. Following each incubation time, the total number 
of cells per well was counted using a hemocytometer. Statistical differences 
were identified between aliskiren‑treated cells and controls by a two‑tailed 
unpaired Student's t‑test with P<0.05 as the limit of significance. HUVEC, 
human umbilical vein endothelial cell.

Figure 3. Effect of aliskiren on the cell‑surface expression of full‑length  
(P)RR. (A) Percentage of prorenin bound to the HUVEC membrane. The 
concentration of unbound prorenin in Medium‑2 was determined by ELISA, 
and the bound prorenin was determined as described in the Materials 
and methods section. (B) Percentage of bound prorenin per HUVEC. The 
percentage of bound prorenin was divided by the cell number. (C) Renin 
activity per cell for aliskiren‑treated cells and controls. The concentration 
of AngI in Medium‑3 was determined by ELISA to calculate renin activity. 
Renin activity was divided by the cell number. Filled squares represent 
aliskiren‑treated cells and open circles represent controls. Statistical dif-
ferences were identified between aliskiren‑treated cells and controls by a 
two‑tailed unpaired Student's t‑test with P<0.05 as the limit of significance. 
HUVEC, human umbilical vein endothelial cell; AngI, angiotensin I; (P)RR, 
(pro)renin receptor.
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effect on the estimation of exogenous prorenin bound to 
HUVEC membrane. The quantity of bound prorenin per cell 
with aliskiren treatment was similar to that of untreated cells 
except at 16 h, where significant difference was determined 
(P=0.0029; Fig. 3B).

To further estimate the amount of full‑length (P)RR on 
HUVEC membranes, the renin activity of membrane‑bound 
exogenous prorenin was measured. As reported previously 
(1,30,31), the receptor‑bound prorenin may become activated 
to exert renin activity, which can be estimated by measuring 
the production of AngI following incubation with sheep AOG 
(Fig. 1). In each condition <3% total sheep AOG was utilized, 
which indicated that initial velocities of the renin‑AOG reac-
tion were estimated appropriately. The renin activity per cell 
of aliskiren‑treated HUVECs was significantly lower than that 
of the control group by 8 h (P=0.0127), and to the greatest 
extent at 24 h (P=0.0025; Fig. 3C). After 8 h of treatment, both 
aliskiren‑treated HUVECs and controls exhibited a plateau in 
renin activity per cell (Fig. 3C).

Effect of aliskiren on the level of s(P)RR released from 
HUVECs. To examine the effect of aliskiren on the level of 
s(P)RR released, HUVECs were treated with or without the 
drug for different durations (0‑24 h), and s(P)RR concentra-
tion was measured in the culture medium collected following 

treatment. Not only total s(P)RR concentration (Fig. 4A) but 
also s(P)RR concentration per cell (Fig. 4B) was significantly 
reduced by the treatment with aliskiren by 8 h (P<0.05) and 
most notably at 16‑24 h (P<0.01).

Discussion

In the present study, HUVECs were used as an in vitro model 
to investigate the effect of aliskiren on the protein levels of 
full‑length (P)RR as well as s(P)RR. To estimate its effect on 
the cell‑surface expression of full‑length (P)RR, exogenous 
prorenin as well as AOG were utilized. Previous studies have 
reported that the mannose‑6‑phosphate receptor present on 
the plasma membrane binds to renin and prorenin through 
oligosaccharide chains, and that this receptor binding to 
prorenin does not result in the generation of extracellular or 
intracellular angiotensin (for a review see ref. 24). In addi-
tion, the extracellular domain of (P)RR may take part in the 
activation of prorenin, thereby leading to renin activity in 
solution (1,30) and on the cell surface (1,31). In the current 
study, it was observed that exogenous prorenin could bind to 
the HUVEC membranes, and that renin activity was gener-
ated from membrane‑bound prorenin. These results indicated 
that full‑length (P)RR is expressed on the cell surface of 
HUVECs.

When HUVECs were treated with aliskiren, the renin 
activity generated per cell was decreased. This result indicates 
that cell‑surface expression of full‑length (P)RR is reduced 
by aliskiren treatment, which is consistent with a previous 
report (19). The observed plateau in the level of renin activity 
per cell suggests that HUVECs possess a given level of 
full‑length (P)RR on the cell membrane.

Our group previously reported that s(P)RR was released 
from HUVECs (20). From current results, it was suggested that 
the quantity of s(P)RR released from HUVECs was decreased 
by aliskiren treatment. To the best of our knowledge, this is the 
first report indicated that aliskiren, an anti‑hypertensive drug, 
reduces the level of the soluble form of (P)RR. The current 
findings suggest that the protein levels of s(P)RR may be 
decreased during anti‑hypertensive treatments with aliskiren. 
Such a possibility should be considered when monitoring  
s(P)RR levels for the diagnosis of diseases.

A recent study reported that s(P)RR could exert antidi-
uretic functions and enhance urine concentrating capability 
by increasing the expression of renal aquaporin‑2, which is 
involved in reabsorption of water (15). As indicated in the 
current study, the administration of aliskiren may instigate a 
decrease in the levels of s(P)RR, which would reduce reab-
sorption of water. Aliskiren may act via an alternative route 
for lowering blood pressure via aliskiren‑induced reduction 
of s(P)RR. The present findings provide novel insight into 
the efficacy of aliskiren. This hypothesis should be clarified 
by examining the effect of aliskiren on s(P)RR levels as well 
as the β‑catenin signaling that increases renal aquaporin‑2 
expression (15).

In conclusion, the quantity of s(P)RR appears dependent on 
the extent that (P)RR is produced and processed in HUVECs. 
Further biochemical and clinical investigations are warranted 
to elucidate the underlying mechanisms in HUVEC, which 
should provide researchers with an understanding of how 

Figure 4. Effect of aliskiren on the level of s(P)RR released from HUVECs. 
(A) Concentration of released s(P)RR. The concentration of s(P)RR in 
Medium‑1 was determined by sandwich ELISA. (B) s(P)RR concentration 
per HUVEC cell. s(P)RR concentration was divided by the cell number. 
Filled squares represent aliskiren‑treated cells and open circles represent 
controls. Statistical differences were identified between aliskiren‑treated 
cells and controls by a two‑tailed unpaired Student's t‑test with P<0.05 as the 
limit of significance. s(P)RR, soluble (pro)renin receptor; HUVEC, human 
umbilical vein endothelial cell. 
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aliskiren changes the quantity of s(P)RR, as a potential antidi-
uretic molecule and prospective disease biomarker.
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