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Possible roles of human (pro)renin receptor suggested
by recent clinical and experimental findings
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Numerous in vitro and in vivo animal studies using the (pro)renin receptor (P)RR blocker handle region peptide have suggested

an important role of (P)RR in the pathogenesis of end-stage organ damage in patients with diabetes and hypertension.

In addition, a limited number of clinical studies have suggested an association between (P)RR gene polymorphisms and blood

pressure levels and between (P)RR mRNA levels and angiotensin-converting enzyme mRNA levels in human arteries. However,

recent studies have shown that the (P)RR is divided into its soluble form and a residual hydrophobic part, which includes

ATPase 6 associated protein 2, within cells. Therefore, the (P)RR may have a more complex function than previously thought.

In addition, the physiological roles of the (P)RR remain undetermined, because the construction of (P)RR null mice has not

been successful. As a next step for research in this area, a method for determining the soluble (P)RR levels in plasma and urine

and the construction of tissue-specific (P)RR-knockout mice are needed to elucidate the roles of the (P)RR in physiology and

pathophysiology.
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INTRODUCTION

The pathophysiological roles of the (pro)renin receptor ((P)RR) are a
growing concern because numerous experimental studies conducted
since this receptor was first discovered in 20021 have suggested that the
pro(renin) receptor has its own intracellular signaling pathways and is
involved in the tissue renin–angiotensin system. However, the clinical
relevance of the human (P)RR remains uncertain because only a few
clinical studies examining the (P)RR have been performed. In this
review article of previous studies and new findings, we attempt to
elucidate the possible role of the (P)RR in humans.

SUGGESTIONS FROM IN VITRO STUDIES

The (P)RR was first reported to be capable of binding both renin and
prorenin in vitro.1 However, Batenburg et al.2 showed that prorenin,
but not renin, was capable of binding to the (P)RR in cultured
vascular smooth muscle cells, suggesting that prorenin is an endogen-
ous agonist of the (P)RR. In addition, Nabi et al.3 provided clear
evidence that receptor-bound prorenin gains ‘renin activity’ without
undergoing the proteolytic cleavage of the prosegment of prorenin as a
result of a conformational change, although the enzymatic activity of
receptor-bound renin is similar to that of free renin. On the basis of
these findings, renin may be an endogenous inhibitor for the binding
of prorenin to the (P)RR.

Stimulation of the (P)RR by renin and prorenin reportedly results
in the activation of intracellular signaling pathways, including MAP
kinases, in mesangial cells,4–6 vascular smooth muscle cells,7 cardio-
myocytes8 and renal tubular epithelial cells.9 However, the significance
of the (P)RR-dependent intracellular signals in vivo remains undeter-
mined.

SUGGESTIONS FROM ANIMAL MODELS OF DIABETES

When a specific protein binds to the ‘handle region’ of the prosegment
of prorenin, the protein-bound prorenin exerts ‘renin activity’ without
changing the molecular weight of prorenin.10 On the basis of this
finding, the ‘handle region’ of prorenin prosegment was thought to be
a candidate of the prorenin site binding (P)RR. This concept was
recently confirmed by the study using the BIACORE method showing
that a peptide corresponding to the ‘handle region’ (HRP) binds to the
(P)RR and that pretreatment with HRP inhibits the prorenin binding
to the (P)RR.3,11 Thus, HRP was thought to be a competitive inhibitor
for prorenin binding to the (P)RR in vitro.
To elucidate in vivo its usefulness as a (P)RR blocker, HRP was

administered to rats with streptozotocin-induced type I diabetes.12

The administration of HRP for 6 months significantly inhibited the
increase in renal angiotensin II levels and the development of
proteinuria and glomerulosclerosis, suggesting that the non-proteolytic
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activation of prorenin bound to the (P)RR has an important role in
the development of nephropathy. Although the renal mRNA expres-
sion of the (P)RR in control and diabetic rats was similar, non-
proteolytically activated prorenin increased in the kidneys of the
diabetic rats, and this increase was inhibited by HRP. As the mRNA
expression of cathepsin B, a processing enzyme contributing to the
conversion of prorenin to renin, simultaneously decreased in the
kidneys of the diabetic rats, prorenin may have accumulated in their
kidneys. In addition, the release of prorenin into the circulation may
have been elevated in the diabetic rats. Thus, receptor-bound prorenin
may be elevated by an increase in prorenin levels and/or an increase in
(P)RR levels,13 thereby contributing to the development of nephro-
pathy in diabetic animals. These findings were recently confirmed by
Matavelli et al.14 The direct administration of HRP to the renal
cortical interstitium of diabetic rats significantly decreased urinary
albumin excretion and the renal production of tumor necrosis factor-
a and interleukin-1b. A similar improvement in nephropathy after
HRP treatment was observed in streptozotocin-induced diabetic rats
in which nephropathy had already developed15 and in angiotensin II-
type Ia-receptor-deficient mice with streptozotocin-induced dia-
betes.16 These latter results indirectly suggested that (P)RR-dependent
intracellular signals may also contribute to the development and
progression of diabetic nephropathy.
Furthermore, in streptozotocin-induced diabetic rats with a sig-

nificant increase in the retinal expression of prorenin, the adminis-
tration of HRP significantly suppressed retinal adherent leukocytes
and inhibited the diabetes-induced retinal expression of vascular
endothelial growth factor and ICAM-1.17 Similar results were also
confirmed by Wilkinson-Berka et al. (personal communication).
Thus, in animal studies, prorenin and the (P)RR appear to be
significantly involved in the pathogenesis of diabetic microvascular
complications.

SUGGESTIONS FROM ANIMAL MODELS OF HYPERTENSION

Elevated tissue levels of angiotensin I and II, glomerulosclerosis with
proteinuria, and cardiac hypertrophy with left ventricular fibrosis have
been observed in young hypertensive SHRsp rats fed a high-salt diet.
The administration of HRP significantly attenuated, but did not
completely suppress, these changes without affecting the development
of hypertension.18,19 These findings were recently confirmed by Susic
et al.20 PRAM-1, which is identical to HRP, significantly decreased the
serum creatinine level, left ventricular mass, left ventricular function
and left ventricular fibrosis in SHR rats fed a high-salt diet. Interest-
ingly, the beneficial effects of PRAM-1 were reduced in SHR rats fed a
normal-salt diet. In addition, treatment with HRP had no effects
under high plasma renin conditions.21,22 On the basis of these
findings, the possible explanation that high-salt diet-induced decrease
in plasma renin levels might influence the effectiveness of the (P)RR
blockers was raised, although there has been no direct evidence for the
difference in binding of prorenin to the (P)RR between the high-salt
diet and normal-salt diet. The affinities of renin and prorenin to bind
to the (P)RR are similar; nevertheless, binding to the (P)RR makes
prorenin non-proteolytically active but does not change the activity of
renin.23 Thus, renin may be an endogenous inhibitor for prorenin’s
binding to the (P)RR, thereby reducing the benefit of HRP during a
normal-salt diet compared with a high-salt diet.20 As renin is still
active even in the presence of HRP, active renin in the plasma would
have a pivotal role in pathogenesis under conditions with high plasma
renin levels.21,22 This concept was supported by recent studies showing
that the renin inhibitor aliskiren, but not HRP, offered benefits to
double transgenic rats overexpressing the human renin and angioten-

sinogen genes and with extremely high plasma renin levels,22 whereas
the 14-day administration of HRP did not improve the acute
nephropathy that occurred in the kidneys of Goldblatt hypertensive
rats.21 Recent studies have shown that an increase in circulating
prorenin level is not associated with organ damage.24,25 As elevated
levels of renin and prorenin downregulate the expression of the (P)RR
through a negative feedback system,26,27 organ damage would develop
via a (P)RR-independent mechanism under conditions with a simple
increase in circulating prorenin level. Thus, HRP would have no effect
on animal models with a simple increase in circulating prorenin level.
However, enhanced mRNA expression of the (P)RR was observed in
animal models with hypertension18,19,28 and heart failure,29 despite
their high levels of renin and prorenin. Under these conditions, the
(P)RR may be upregulated, overwhelming its negative feedback
control and contributing to the pathogenesis of end-stage organ
damage. Taken together, these results suggest that the activation of
tissue prorenin by the (P)RR may be involved in the pathogenesis of
end-stage organ damage in hypertension and heart failure, whereas the
contribution of angiotensin II-independent, (P)RR-dependent signals
to these conditions remains uncertain.

GENETIC ANALYSES IN POPULATION STUDIES

The (P)RR gene is located on chromosome Xp11.4 in humans,1 and
chromosome Xp11 has been linked with diastolic blood pressure in a
genome-wide association study.30 However, no reported information
has suggested a relationship between the (P)RR and hypertension in
humans. Recently, a population study showed a significant association
between (P)RR gene polymorphisms and blood pressure levels in 1112
Japanese subjects.31 Although further genetic studies in different
ethnic groups, longitudinal surveillance and a functional analysis are
needed to confirm these findings, (P)RR gene polymorphisms may
have a role in the regulation of blood pressure in humans.

ARTERIAL MRNA LEVELS IN PATIENTS WITH STAGE 5

CHRONIC KIDNEY DISEASES

We recently assessed the mRNA expression of the (P)RR in the arteries
of 141 patients with stage 5 chronic kidney diseases.32 The plasma
prorenin levels in diabetic patients were significantly higher than those
in non-diabetic patients. Nevertheless, arterial (P)RR expression was
similar in diabetic and non-diabetic patients, suggesting that the
negative feedback mechanism of the (P)RR observed in cultured
cells26,27 does not work in diabetic patients. In addition, multiple
regression analyses showed a significant association with a large
coefficient between the arterial mRNA level of the (P)RR and the
arterial mRNA level of angiotensin-converting enzyme; this significant
association disappeared in patients who had been treated with
inhibitors of the renin–angiotensin system. In addition, the arterial
mRNA level of the (P)RR was not associated with the arterial mRNA
level of other angiotensin I-processing enzymes such as angiotensin-
converting enzyme-2 and neprilysin. Thus, in the arteries of patients
with stage 5 chronic kidney diseases, synchronized expression of
(P)RR and angiotensin-converting enzyme may promote the genera-
tion of angiotensin II from angiotensinogen.

NEW INSIGHTS INTO THE (P)RR

Cousin et al.33 recently showed that the (P)RR also exists as a
soluble (P)RR. The truncated hydrophilic 28 kDa form is generated
by furin cleavage in the trans-Golgi network and is secreted into the
extracellular space. Although soluble (P)RR in the dialyzed human
plasma containing a cocktail of protease inhibitors was precipitated
with 100 nM His-tagged human renin,33 our preliminary study found
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soluble (P)RR in human urine but not in unmodified human plasma.
In addition, an elevated circulating prorenin level did not cause organ
damage in the rats overexpressing prorenin.24,25 Thus, the majority
of soluble (P)RRs may stay in the extracellular space, and only a few
are present in the plasma probably because of digestion by plasma
protease. If the prorenin-binding soluble (P)RR is enzymatically
active, the presence of soluble (P)RR in renal extracellular space
may explain why renal interstitial levels of angiotensin II are higher
than plasma levels of angiotensin II. If soluble (P)RR in urine is
derived from renal extracellular space, renal angiotensin II levels may
be inferable by the determination of urinary soluble (P)RR levels in
humans. Of interest, as shown in Figure 1, full-length (P)RR (39 kDa)
is divided by furin cleavage to its soluble form (28 kDa) and the
residual hydrophobic domains composed of ATPase accessory protein
2 (ATP6ap2, 8.9 kDa). Although the function of ATP6ap2 remains
unknown, ATP6ap2 was reported to coprecipitate with the membrane
sector of the vacuolar H+-ATPase (V-ATPase).34 As V-ATPase has an
essential role in controlling the pH of secretory pathways,35 the (P)RR
may have additional functions as ATP6ap2. Advani et al.9 recently
showed that the (P)RR was co-localized with V-ATPase in a-inter-
calated cells of the distal nephron, and that the V-ATPase-specific
inhibitor bafilomycin inhibited prorenin-induced ERK activation.
In conclusion, numerous in vitro and in vivo studies have suggested

possible roles of the (P)RR in diabetes and hypertension. Although
genetic studies have also suggested a significant role of the (P)RR in
patients, the (P)RR was recently shown to be cleaved into a soluble
(P)RR and ATP6ap2 at the trans-Golgi network. Therefore, the
complex functions of soluble (P)RR/ATP6ap2 must be analyzed at
the protein level. In addition, the physiological roles of the (P)RR

remain undetermined. As the construction of (P)RR null mice has not
been successful, tissue-specific (pro)renin-receptor-knockout mice are
required to elucidate the physiological roles of the full-length (P)RR,
the soluble (P)RR and ATP6ap2.
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