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1. ABSTRACT

Prorenin, the inactive precursor of renin has been
suggested to be an indicator of diabetic complications
including retinopathy. This concept was originally based on
findings that prorenin is elevated in the plasma and vitreous
of patients with diabetic retinopathy. Experimental studies
in animal models of diabetic retinopathy and retinopathy of
prematurity, have confirmed these reports and localized
prorenin to macroglial Miiller cells and blood vessels. The
identification of a (pro)renin receptor [(P)RR] which binds
both prorenin and renin, and influences intracellular
signaling pathways independently of angiotensin II,
suggests that prorenin-(P)RR may be pathogenic under
certain circumstances. Given recent evidence from clinical
trials that angiotensin II blockade improves to some extent
retinopathy in diabetic patients, the development of (P)RR
antagonists could have promise as an adjunct treatment for
retinal diseases where prorenin is up-regulated. This review
will discuss the cellular location of the renin-angiotensin
system in the retina, evidence that angiotensin II blockade
is beneficial for both retinal vascular, neuronal and glial
pathology and place this information in the context of the
development of (P)RR inhibitors.
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2. INTRODUCTION

Prorenin, the inactive precursor of renin, initiates
the renin-angiotensin-aldosterone system (RAAS) (Figure
1). The eye has a long history in terms of its relationship
with prorenin. Reports over two decades ago identified that
prorenin is elevated in the plasma of patients with
proliferative diabetic retinopathy (DR) (1, 2). This rise
occurred before the onset of microalbuminuria, leading to
the suggestion that prorenin may be a marker of diabetic
complications (1). Subsequent studies confirmed these
findings, and went on to identify that prorenin is present in
ocular fluids and elevated there in patients with
proliferative DR (3). This information contributed to
speculation that prorenin may have its own receptor and
elicit effects independently of angiotensin II (Ang II). Early
studies identified prorenin and renin binding proteins and a
clearance receptor; however, neither were found to generate
Ang II. In recent times a (pro)renin receptor [(P)RR] has
been discovered, which binds both renin and prorenin, and
induces signal transduction pathways such as extracellular
signal related kinasel/2 (ERK1/2) that are independent of
Ang II (4).This important finding has led to new interest
into the possible pathogenic effects of prorenin in organs
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Figure 1. Potential consequences of prorenin binding to the (P)RR. The binding of prorenin to the (P)RR may directly activate
second messenger systems that include phosphorylated-ERK1/2 (p-ERK1/2), mitogen activated protein kinase (MAPK), vascular
endothelial growth factor (VEGF), transforming growth factor-beta 1 (TGF-betal) and plasminogen activator inhibitor-1 (PAI-1),
which may lead to organ pathology by mechanisms independent of angiotensin II. Binding of prorenin to the (P)RR may also
cause its prosegment to unfold, thereby activating prorenin so that it is able to generate angiotensin peptides that stimulate the
angiotensin II type 1 (AT1) receptor. (Adapted from Van den Heuvel ef al. (91) and Wilkinson-Berka and Campbell (92)).

including the eye. In 2003, Suzuki and colleagues proposed
that a site-specific binding protein interacts with a portion
of the prosegment of prorenin, which was termed the
handle region, to elicit a conformational change, which
renders prorenin enzymatically active (5). These
investigators suggested that by inhibiting the handle region
of the prosegment, that organ pathology due to the (P)RR
would be suppressed. They constructed a synthetic handle
region peptide (HRP) or “decoy peptide” corresponding
with amino acids 10 to 19 of the prorenin prosegment that
binds to the (P)RR (5).The HRP has been used by this
group in a variety of experimental models of disease
including the eye, and has shown remarkable protective
effects (6-11).

DR, retinopathy of prematurity (ROP) and age-
related macular degeneration (AMD), involve pathological
changes to retinal vascular, neuronal and glial cells, which
are known to express RAAS components. This review will
provide an overview of the ocular RAAS and the outcomes
of studies using Ang II blockade and the HRP to attenuate
these diseases.

3. THE OCULAR
ALDOSTERONE SYSTEM

RENIN-ANGIOTENSIN-

Local RAAS’s exist in a variety of organs such
as the kidney, adrenal, brain and ovary [reviewed (12)]. A
local system also exists in the eye with expression localized
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to both retina (3, 13) and choroid (Figure 2) (14). Using
immunohistochemical techniques, we reported renin
expression in retinal Miiller cells (13), a macroglial cell that
expands almost the entire width of the retina, and has close
anatomical  connections with the inner retinal
microvasculature. Other components of the RAAS
including angiotensinogen, Ang II, angiotensin 1-7, the
angiotensin type 1 receptor (AT1-R), the angiotensin type 2
receptor (AT2-R), angiotensin converting enzyme (ACE)
and ACE2 have also been localized to either retinal Miiller
cells, neurons or the vasculature in a variety of species
(Figure 2)(13, 15-19). Aldosterone may also have actions in
the retina via the mineralocorticoid receptor (MR), with
aldosterone synthase mRNA present and MR situated on
vascular cells (20). The presence of 11B-hydroxysteroid 2
suggests that aldosterone rather than cortisol may influence
MR’s actions in retina (20).

In terms of prorenin and the (P)RR, prorenin has
been localized to the vasculature and inner retinal neurons
of the developing and adult rat eye (17)(Figure 3). The site
of (P)RR expression has only recently been studied, with
reports of immunolabelling in blood vessels of mouse
retina (6), although unpublished studies by our group
indicate (P)RR to also be located on neurons and glia,
consistent with other components of the RAAS. The
reasons for the differences in these expression patterns are
not clear, but may relate to antibody and species diversity.
Nevertheless, it is interesting to note that Contespas and



The (pro)renin receptor and retinal disease

Miiller cell ——
renin, prorenin, Ang Il
AT1-R, AT2-R, (P)RR i‘

e
s

renin, prorenin, Ang Il,
AT1-R, AT2-R, (P)RR,

Sy
AN B! o ILM,
' blood " 1GCL'-=(PRR

B vessels "“\-—_’___’_ renin, prorenin, Ang ||

AT1-R, AT2-R, (P)RR

”;(jcu s
A5 GE
{s‘:‘“! _“"ﬁ

SINL
STy

Figure 2. Three micron paraffin section of retina showing the cellular location of prorenin, the (P)RR and other RAAS
components. ILM, inner limiting membrane, GCL, ganglion cell layer, INL, inner nuclear layer, OLM, outer limiting membrane,
ONL, outer nuclear layer and RPE, retinal pigment epithelium. Counterstain, haematoxylin and eosin. AT1-R, angiotensin type 1
receptor, AT2-R, angiotensin type 2 receptor, (P)RR, (pro)renin receptor. Most components of the RAAS are localized to
macroglial Miiller cells whose nuclei reside in the INL and processes extend to the ILM and OLM (13, 17, 93), although other
retinal glial cells such as astrocytes and amacrine cells do express angiotensin receptors (19). RAAS components including
prorenin (17) and the (P)RR (6) are also found in retinal blood vessels (arrows) and the RPE-choroid complex (7, 14, 22, 23).
Angiotensin converting enzyme is distributed on retinal blood vessels and angiotensin converting enzyme? is localized to the
INL and photorecepetors (18). In diabetes, vascular pathology and neuronal and glial cell deficits occur. In retinopathy of
prematurity, a neurovascular lesion also develops, with neovascularization extending from the inner retina into the vitreous
cavity. In age-related macular degeneration, pathology occurs primarily in the RPE-choroid complex and to photoreceptors.

colleagues reported high (P)RR protein expression in brain
neurons (21), and particularly those areas of brain involved
with Ang II mediated events (21). Additionally, these
authors report (P)RR to be localized to the plasma
membrane and synaptic vesicles of mouse neurons (21).
Prorenin and the (P)RR has also been found in the choroid
with expression in retinal pigment epithelial cells (22) and
choroidal macrophages (7). This is consistent with previous
studies in humans where renin, angiotensinogen and ACE
mRNA were found in retinal pigment epithelium (23),
perhaps suggesting a role for the (P)RR in choroidal
pathologies such as AMD.

4. ANGIOTENSIN II’S ACTIONS IN THE RETINA

The idea that Ang II is up-regulated in organ
pathology to become a major contributor to cellular
dysfunction, is established in diseases such as diabetic
nephropathy (24)(Figure 1). The eye is a relative newcomer
to the field, however, over the past 10 to 15 years growing
evidence indicates that prorenin, renin, ACE and/or Ang II
are elevated either in the plasma or eyes of patients (3, 15,
25, 26), or animals with ROP or DR (27, 28). Experimental
studies have the advantage of being able to evaluate the
direct effects of exogenous Ang II on cellular function to
determine both its pathological actions and mechanisms of
action. To date, retinal vascular cells rather than neurons or
glia have been most extensively studied. In cultured retinal
pericytes, the administration of Ang II under normal
conditions stimulates migration via transforming growth
factor-beta and platelet derived growth factor (29), reactive
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oxygen species formation, nuclear factor-kappa beta (NF-
kappa beta) expression, and exacerbates apoptosis when
cells are exposed to advanced glycation end-products (30,
31). In cultured retinal endothelial cells, Ang II has
mitogenic effects enhancing vascular endothelial growth
factor (VEGF)-stimulated endothelial cell proliferation,
which involves angiopoeitin2 and Tie2 and protein kinase
C (32-34). The effects of in vivo administration of Ang II
has been not as extensively studied; however there is
evidence that Ang II increases retinal NADPH oxidase
expression in diabetic animals (35), and aldosterone
exacerbates retinal angiogenesis and inflammation in rats
with ROP (20). Overall, this information combined with
findings evaluating the effects of pharmacological
blockade of Ang II (discussed below), suggest that Ang
II is a potent inducer of retinal growth factors,
inflammatory factors and reactive oxygen species which
may then stimulate pathological inflammation,
angiogenesis and perhaps neuronal and glial dysfunction
in the retina. There still remains much to learn about
Ang II and aldosterone’s role in retina, and
particularly that of prorenin and the (P)RR, which is an
emerging area of investigation. For instance, what are the
stimuli for increased production of RAAS components in
retinal disease, how do RAAS components influence the
function of vascular cells, glia and neurons, and which RAAS
intervention combination provides the best outcome for the
different retinal diseases in which the RAAS has a
causative role? The next section will discuss current
information about the role of the RAAS in ROP, DR and
AMD
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Figure 3. Three micron paraffin section of retina labeled
with prorenin. Counterstain, haematoxylin. ILM, inner
limiting membrane, GCL, ganglion cell layer, IPL, inner
plexiform layer, INL, inner nuclear layer, OLM, outer
nuclear layer. Brown labeling denotes prorenin labeling in
Miiller cell processes (arrow) which extend from the ILM
to the OLM.

5. ANGIOTENSIN II AND RETINOPATHY OF
PREMATURITY

5.1. Vascular Effects

ROP is the leading cause of lifelong visual
impairment in premature babies in developed countries
(36). ROP is characterized by changes to the immature
vasculature of the developing eye, and can be mild with no
visual defects to severe with retinal neovascularization and
subsequent retinal detachment and blindness. A major
factor in the development of ROP is exposure to changes in
the concentration of inspired oxygen. Briefly, when
premature babies are exposed to high levels of inspired
oxygen to assist breathing, normal retinal blood vessel
growth is blunted. This is most likely due to a suppression
of angiogenic growth factors such as VEGF. Once babies
are returned to room air, the relative hypoxia in the retina
leads to an increase in inflammatory and angiogenic
factors, which stimulate pathological angiogenesis and
vascular leakage. This situation can be reproduced in
experimental models of ROP, in which animals are exposed
to varying levels of inspired oxygen during postnatal retinal
development. Emerging evidence indicates that ROP is also
associated with deficits in retinal function, with losses in
rods and cones as well as glial dysfunction leading to a
decline in visual acuity (37). Current treatments for ROP
involve procedures such as laser photocoagulation, which
can be destructive, and hence preventative measures are
sought.

The idea that the RAAS is causative in the
development of ROP was suggested by findings that
transgenic Ren-2 rats, which exhibit elevated extra-renal
prorenin and renin, have more severe pathological retinal
angiogenesis than Sprague Dawley rats with ROP (27). In
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addition, prorenin and renin levels are higher in retina from
rats with ROP compared to controls. This information may
translate to patients, as infants with ROP have clevated
levels of plasma and vitreal prorenin (25). Furthermore,
ATI-R may be a genetic risk factor for ROP, with a single
nucleotide polymorphism in the AT1-R associated with the
development of ROP (38).

More definite evidence for a causative role for
the RAAS in ROP comes from studies showing that
blockade of ACE and AT1-R attenuates vascular disease in
ROP. In 2000, our group made the first report that ACE
inhibition and ATI1-R blockade (ATI-RB) reduced
pathological angiogenesis in a rat model of ROP (27).
Subsequent studies confirmed the anti-angiogenic effects of
ATI1-RB in rodent ROP (39), and also found reductions in
inflammation and vascular leakage (40, 41). AT1-RB’s
protective effects in ROP is associated with a reduction in
the expression of pro-angiogenic and pro-inflammatory
factors such as VEGF, monocyte chemoattractant protein
and intercellular adhesion molecule-1 (ICAM-1) (20, 27,
42). Blockade of the MR has also been reported to reduce
both angiogenesis and inflammation in ROP (20).

5.2. Neuronal and Glial Effects

It is established that glial cells contribute to the
development of the retinal vasculature, by providing a
major source of VEGF, and a template for the growth of
blood vessels from the optic disk (43). In ROP, retinal
astrocytes degenerate in the first few days following
transfer from hyperoxia to room air (44). The general view
is that in ROP, ganglion cells located close to the retinal
surface compensate for the lack of astrocyte-derived
VEGF, to themselves increase VEGF production (44). This
occurs to such an extent that retinal blood vessels breach
the retinal surface to enter the vitreous cavity, resulting in
pathological angiogenesis. In a recent study of ROP, we
determined that both astrocytes and ganglion cells express
the AT1-R (19). We reported that in rats with ROP, AT1-
RB had dual benefits, which may account for the
restoration of retinal function. Firstly, AT1-RB restored
astrocyte survival resulting in revascularization of the
peripheral retina. Secondly, ATI-RB reduced VEGF
expression in the ganglion cell layer (27) and reduced pre-
retinal neovascularization at the retinal surface (45).
Overall, it can be surmised from these findings that Ang II
has complex actions in ROP, stimulating inflammation,
glial cell apoptosis and growth factor production to result in
pathological angiogenesis.

6. ANGIOTENSIN 11
RETINOPATHY

AND DIABETIC

6.1. Experimental Studies

The beneficial effects of ACE inhibition and
ATI1-RB on the retinal vasculature in ROP have also
extended to experimental models of DR. These
interventions attenuate retinal vascular leakage and the
formation of acellular capillaries (28, 46-48). Whether
ACE inhibition and AT1-RB reduce retinal angiogenesis in
DR is not clear, as rodent models do not progress to the
proliferative form of the disease. However, in transgenic
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Ren-2 rats, which exhibit proliferating endothelial cells in
the retina and iris after long-term diabetes, Ang II blockade
reduces this pathology including the increase in ocular
VEGF expression (28). As in ROP, inflammation is viewed
to be important in the development of vascular disease.
Diabetic rats exhibit increased leukostasis and ICAM-1
expression (49), which can be attenuated with either ACE
inhibition or AT1-RB (50-52). The resident immune cells
of the retina, microglia, may contribute to the inflammatory
status of the retina in diabetes (53), by releasing pro-
inflammatory factors. It has been suggested that in this
situation, activated microglia may then contribute to the
death of retinal neurons (54). In terms of RAAS blockade,
ATI-RB has been reported to attenuate NF-kappa beta
expression and microglia accumulation in animals with
both diabetes and hypertension (52). Diabetes may also
induce neuronal and glial deficits in DR, with apoptosis of
retinal neurons (55, 56), gliosis (57), decreases in the
number and length of photoreceptors (58) and functional
deficits in the early stages of experimental diabetes (59,
60).

6.2. Hypertension

Hypertension is likely to contribute to DR (61,
62); however, the mechanisms by which this occurs are not
fully defined. There is evidence from experimental studies
that mechanical stretch, the in vitro counterpart of
hypertension, increases the expression of the RAAS and
VEGF systems in cardiac myocytes (63), and in the eye
upregulates VEGF in retinal cells (64). This data is
supported by studies in spontaneously hypertensive rats
(SHR) with streptozotocin diabetes, which exhibit
increased leukostasis, ICAM-1, NF-kappa beta and VEGF
expression, reactive oxygen species and apoptosis of
neuronal and glial cells compared to normotensive diabetic
rats (28, 52, 65). However, it is possible that if the RAAS is
sufficiently elevated in the setting of combined diabetes
and hypertension that further retinal pathology occurs. This
has been shown in streptozotocin diabetic transgenic Ren-2
rats (with an enhanced RAAS), which develop an increase
in proliferating endothelial cells and VEGF expression in
retina and iris, compared to age-matched diabetic SHR,
despite comparable hypertension between the two rat
strains (28). This effect may extend to retinal neurons and
glia with unpublished studies from our group indicating
that hypertension alone promotes deficits in retinal function
(electroretinogram) in the diabetic SHR; which is
exacerbated in the diabetic Ren-2 rat. Our report that blood
pressure reduction alone with atenolol is insufficient to
restore retinal function, and that ATI1-RB provides the
greatest benefit, further supports the idea that overactivity
of the RAAS is a significant stimulator of vascular,
neuronal and glial dysfunction in DR (48, 66). A study
comparing atenolol and ACE inhibition in diabetic SHR
reported a similar finding, with only ACE inhibition
attenuating increased basement membrane thickening and
VEGF expression (67). However, overall, these results do
not completely exclude a role for hypertension in DR. A
randomized clinical trial comparing atenolol and the ACE
inhibitor captopril in 1148 patients with type 2 diabetes
(T2D), reported that tight blood pressure control with both
treatments reduced the progression of retinopathy as
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assessed on retinal photographs and by visual acuity (61,
62). When interpreting these findings it important to
consider that the experimental and clinical studies differ not
only in the species studied, but the type of diabetes, the
time course of treatment and the end points measured.

6.3. Clinical studies of Diabetic Retinopathy

Almost all patients with type I diabetes (T1D)
will develop retinopathy over a 15 to 20 year period, and
approximately 20% to 30% will advance to the blinding
form of DR (68). In terms of T2D, greater than 60% will
have retinopathy. The effects of Ang II blockade have been
studied in clinical trials of both T1D and T2D. The United
Kingdom Prospective Diabetes Study (UKPDS) trial
comprised 1148 hypertensive patients with T2D allocated
to tight control of blood pressure (<150/85 mmHg) and 390
patients to less tight blood pressure control (<180/105
mmHg) (62). After nine years of follow-up, the ACE
inhibitor, captopril, was associated with a 34% reduction in
the rate of progression of DR. In contrast, the Appropriate
Blood Pressure Control in Diabetes (ABCD) trial reported
no difference in the progression of DR in hypertensive T2D
patients who had intensive (132/78 mmHg) or moderate
(138/86) blood pressure control (69). More recently, the
Action in Diabetes and Vascular Disease Controlled
Evaluation (ADVANCE) trial reported the findings of a
study of 11,140 T2D patients performed by 215
collaborating centres in 20 countries (70). Patients were
randomised to receive either a fixed combination of the
ACE inhibitor, perindopril plus the diuretic indapamide, or
placebo. After a mean follow up period of 4.3 years, those
assigned fixed therapy had a mean reduction in systolic
blood pressure of 5.6 mmHg and diastoiic blood pressure of
2.2 mmHg. Fixed combination therapy was associated with
a reduction in the risk of major vascular events including
death. However, there was no effect of perindopril plus
indapamide on the incidence of new or worsening
microvascular eye disease.

In terms of T1D, the EURODIAB Controlled trial
of Lisinopril in Insulin-dependent Diabetes (EUCLID) trial
evaluated the effect of the ACE inhibitor lisinopril on the
progression of DR in normotensive normoalbuminuric
patients (71). After 2 years, lisinopril reduced the
progression of DR by 50% and progression to proliferative
DR by 80%. The studies limits include a short follow-up
period of 2 years and differences in baseline glycaemic
levels between groups. In 2008, a large randomized clinical
trial in T1D and T2D patients with either hypertension or
normotension was completed. The Dlabetic REtinopathy
Candesartan Trial (DIRECT) involved over 5000 patients
recruited from 309 centres worldwide (72, 73). DIRECT
reported that candesartan reduced the incidence of DR in
T1D patients by 33%, and improved regression in T2D
patients by 34%; however there was no significant effect on
progression. A greater benefit has recently been reported in
a study of 258 normotensive and normoalbuminuric T1D
patients, which after a 5 year follow-up showed a reduction
in progression with either ACE inhibition (65%, enalapril)
or AT1-RB (70%, losartan) (74). These recent studies
provide promise for the use of Ang II blockade in the
treatment of DR.
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7. ANGIOTENSIN II AND AGE-RELATED
MACULAR DEGENERATION

AMD is the most common cause of blindness in
the elderly. AMD can be classified into early and late
stages (75, 76). The early stage is associated with minimal
visual impairment and comprises drusen and pigmentary
abnormalities in the macula. Drusen are accumulations of
acellular, amorphous debris subjacent to the basement
membrane of the retinal pigment epithelium (RPE). There
are two forms of late AMD: the atrophic or “dry” form and
the neovascular and exudative or “wet” form. Dry AMD
involves the choriocapillaris, RPE and photoreceptors, and
does not involve vascular leakage. The “wet” form includes
detachment of the RPE and choroidal neovascularization,
which lead to leakage and fibrovascular scarring.
Hypertension is a contributor to AMD (77, 78), although
the mechanisms by which it influences pathology remain
unclear. The role of the RAAS in AMD has not been
extensively explored. However, there is evidence that
components of the RAAS are expressed in the choroid-RPE
(15, 23). A study by Nagai and colleagues reported that in
patients with AMD, AT1-R, AT2-R and Ang II are present
(14), and in mice the use of laser photocoagulation to
induce choroidal neovascularization, leads to increased
expression of angiotensinogen, AT1-R, AT2-R and Ang II
(14). There is evidence that ACE inhibition and AT1-RB
are beneficial in these experimental models of choroidal
neovascularization and inflammation (14, 79, 80); however,
studies in models of dry and wet AMD have not yet been
performed.

8. (P)RR

Renin is an aspartyl protease that consists of two
homologous lobes. The cleft between the lobes contains the
active site with two catalytic aspartic residues. Prorenin is
the inactive form of renin due to an amino-terminal
prosegment that folds over the cleft between the two lobes
of renin to prevent access to the active site by
angiotensinogen. Prorenin can become catalytically active
when an irreversible process known as “proteolytic
cleavage” removes the prosegment. /n vivo, this mainly
occurs in the juxtaglomerular cells of the kidney by
enzymes such as proconvertase and cathepsin B. In 2002,
Nguyen and colleagues identified a (P)RR for renin and
prorenin that is a 350-amino acid protein with a single
transmembrane domain (4). In vitro studies indicate that
binding to the (P)RR increases the catalytic efficiency of
renin and causes non-proteolytic activation of prorenin
which must be due to a conformation change (4, 81).

8.1. (P)RR and Vacuolar-ATPase

Relevant to the eye are that the highest levels of
(P)RR expression are in the central nervous system, then
the heart and placenta (4). Furthermore, a role in cognitive
function and brain development is suggested with the
finding that a mutation in the (P)RR is present in patients
with X-linked mental retardation and epilepsy (68). Of
importance with regard to the specific actions of the (P)RR
is that a 8.9.KDa fragment of the (P)RR called M8-9, co-
precipitates with a vacuolar proton-translocating ATPase

1059

(v-ATPase), also known as ATP6AP2. v-ATPases are
involved with the acidification of intracellular vesicles and
pH homeostasis and there may be the potential for a link
between the (P)RR and acid activation. Also of possible
relevance for the retina is that the v-ATPases are present on
the plasma membranes of cells where they facilitate pH
homeostasis in macrophages and neutrophils and
angiogenesis by endothelial cells (68).

8.2. (P)RR Signal Transduction Pathways that are
Independent of Angiotensin 11

One of the most interesting features of the (P)RR
is that this receptor appears to promote organ pathology
independently of Ang II. Experiments with cells expressing
the (P)RR in the presence of angiotensin receptor
antagonists, showed that both renin and prorenin induce
signaling in an angiotensin-independent manner, resulting
in mitogen-activated protein kinase (MAPK) activation
(MAPK p42/44 and p38) and subsequent heat shock protein
(HSP) 27 phosphorylation (4, 82, 83). This may have
relevance for a variety of organ pathologies given evidence
that binding of renin to the (P)RR in mesangial cells
induced an increase in transforming growth factor-beta;
and the subsequent synthesis of plasminogen-activator
inhibitor-1, fibronectin and collagen-1 (82, 84).

9. FUNCTIONS OF (P)RR IN THE OCULAR
VASCULATURE

Whether prorenin and the (P)RR significantly
contribute to ROP, DR or AMD is a relatively new area
of scientific research. The cellular location of prorenin
and the (P)RR may give clues to its mode of action(s).
Their localization to the retinal vasculature, may
indicate that the (P)RR is involved in modulating ocular
angiogenesis (6, 17). Although studies showing a direct
evaluation of prorenin in the eye are lacking, the effects
of a putative (P)RR blocker has been evaluated in a
number of experimental models of ocular disease (6-9).
These studies utilize the HRP developed by Suzuki et al/
(5), which has been reported to reduce organ pathology
and the expression of pro-fibrotic factors in diabetic
nephropathy (85), cardiac fibrosis in stroke-prone
spontaneously hypertensive rats fed a high-salt diet (10),
and (P)RR transgenic rats (86). For ocular disease, the
studies by Satofuka and colleagues report similar
protective effects, particularly in the vasculature, which
has been most extensively studied. In rats with
endotoxin-induced uveitis, HRP administered
subcutaneously at doses of 1 and 0.1.mg each day
reduced leukocyte adhesion in the retinal vascular and
expression of ICAM-1, interleukin-6 and MCP-1 (9). In
mice with ROP and laser-induced choroidal
neovascularization, HRP had similar anti-inflammatory
effects and also reduced pathological angiogenesis (7).
In 2009, this group extended their studies to a model of
DR. Here, diabetes was associated with an increase in
retinal prorenin, but not the (P)RR. HRP administered
for 4 weeks, reduced inflammation, and VEGF and
ICAM-1 gene expression (8). Of interest is that in
diabetes, HRP reduced leukostasis to a greater extent
than the AT1-RB, losartan ().
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Despite these findings, there is some controversy as
to how HRP influences prorenin-(P)RR mediated events in the
eye and other organs. For instance, other groups have not
reported organ protective effects with HRP, or that HRP
blocks renin and prorenin related induction of p-ERK1/2 (87,
88). Miiller and colleagues studied renovascular hypertension
in 2-kidney 1-clip rats, which display high blood pressure,
cardiac hypertrophy and renal damage (88). HRP was infused
for 2 weeks and had no effect on left ventricular hypertrophy,
nephrosclerosis or macrophage infiltration and interstitial
collagen I accumulation in kidney (88). A separate study by
this group compared the renin inhibitor, aliskiren, with HRP in
double transgenic rats overexpressing human renin and
angiotensinogen genes. Following 7 weeks, aliskiren, but not
the HRP reduced blood pressure, normalized albuminuria and
renal tubular damage (87).

The reasons for the differences in findings between
these laboratories are not fully understood. In order to further
elucidate the role of (P)RR in the retina we studied the location
of (P)RR and made a comprehensive study of HRP in three
experimental models of retina. As previously reported, (P)RR
was located to retinal blood vessels (6); however, the most
intense and extensive immunolabelling was in retinal neurons
and glia (unpublished findings) which is consistent with recent
studies in brain neurons (21). In both the developing retina and
ROP, HRP was anti-angiogenic and in ROP and diabetes, HRP
reduced inflammation with a concomitant reduction in retinal
VEGF and ICAM-1 mRNA (unpublished findings). In short,
HRP demonstrated similar anti-angiogenic and anti-
inflammatory effects in retina as reported previously.

10. FUNCTIONS OF (P)RR IN RETINAL NEURONS
AND GLIA

The original report of (P)RR distribution in tissues
indicated high levels of mRNA in the brain. Subsequent
studies indicated (P)RR expression on primary brain neurons
(89), and brain neurons associated with RAAS mediated
events (21). The role of the (P)RR in neurons has not yet been
fully explored; however, studies in zebrafish point towards a
role for (P)RR in embryogenesis and eye development (90). In
zebra fish, (P)RR, is expressed at a very early stage of
development, and a mutation in the (P)RR gene, which has
high homology with an accessory protein of vacuolar-ATPase
(ATP6AP2), resulted in the death of zebrafish before the end
of embryogenesis (90). Of particular interest is that the mutant
was characterized by severe malformations of the central
nervous system and of the eye (90). In support of an important
role for the (P)RR in neuronal function, is that the only known
mutation in (P)RR in humans resulted in the presence of a
mRNA with an in-frame deletion of exon 4 [4-(P)RR], along
with normal (P)RR mRNA. Patients suffered from X-linked
mental retardation and epilepsy without detectable
cardiovascular or renal abnormalities (68). When this
information is put into the context of retinal disease, it should
be noted that the retina is largely comprised of neuronal and
glial cells. Our recent and unpublished findings indicate that
although (P)RR is expressed on blood vessels it has an
extensive expression pattern in retinal neurons and glia. This
information together with data that HRP modulates (P)RR
expression in retina, and HRP causes deficit in the
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electroretinogram, a measure of neuronal and glial activity,
is consistent with the idea that the (P)RR has important
functions in the central nervous system.

11. FUNCTIONS OF (P)RR IN THE RETINAL
PIGMENTED EPITHELIUM

As mentioned previously, RAAS components
including renin are expressed in the RPE, suggesting a role for
the RAAS in choroidal pathology such as AMD (14, 15, 23).
A recent study adds to this body of information by reporting
that (P)RR is expressed in human RPE cells, and at this site is
functional, as shown by prorenin-induced increases in ERK1/2
phosphorylation (22). Of interest is that in RPE from eyes with
AMD and hypertension, (P)RR and type I collagen expression
are increased (22), suggesting a role for (P)RR in dry AMD.

12. CONCLUSION

The role of prorenin and the (P)RR in the retina is a
new area of biomedical research. The findings of prorenin
and (P)RR expression in retina, and the up-regulation of
prorenin in retinal diseases such as ROP and diabetes, is
suggestive of a potential role for prorenin in retinal
pathologies. It is as of yet undetermined how prorenin
influences retinal disease, and whether this involves the
(P)RR. Evidence to date would indicate that HRP is
bioactive in retina; however, these findings may need to
be placed in the context that the (P)RR has identical
homology with an accessory protein of v-ATPase, and
thus, some of the actions of HRP may be linked to the
activity of this enzyme. Certainly, further research in
prorenin-(P)RR biology is warranted given the need to
improve the outcomes of trials such as DIRECT which
highlight the benefits of angiotensin II blockade for DR
(72, 73).

13. ACKNOWLEDGEMENTS

JW-B is a National Health and Medical Research
Council (NHMRC) of Australia, Senior Research Fellow.
AGM is a Juvenile Diabetes Research Foundation
International Post-doctoral Fellow. Supported by NHMRC
Project Grant #491058.

13. REFERENCES

1. J. A. Luetscher, F. B. Kraemer, D. M. Wilson, H. C.
Schwartz and M. Bryer-Ash: Increased plasma inactive
renin in diabetes mellitus. A marker of microvascular
complications. N Engl J Med, 312(22), 1412-7 (1985)

2. A. A. Franken, F. H. Derkx, M. A. Schalekamp, A. J.
Man in t'Veld, W. C. Hop, E. H. van Rens and P. T. de
Jong: Association of high plasma prorenin with diabetic
retinopathy. J Hypertens Suppl, 6(4), S461-3 (1988)

3. A. H. Danser, M. A. van den Dorpel, J. Deinum, F. H.
Derkx, A. A. Franken, E. Peperkamp, P. T. de Jong and M. A.
Schalekamp: Renin, prorenin, and immunoreactive renin in
vitreous fluid from eyes with and without diabetic retinopathy.
J Clin Endocrinol Metab, 68(1), 160-7 (1989)



The (pro)renin receptor and retinal disease

4. G. Nguyen, F. Delarue, C. Burckle, L. Bouzhir, T. Giller
and J. D. Sraer: Pivotal role of the renin/prorenin receptor in
angiotensin II production and cellular responses to renin. J Clin
Invest, 109(11), 1417-27 (2002)

5. F. Suzuki, M. Hayakawa, T. Nakagawa, U. M. Nasir, A.
Ebihara, A. Iwasawa, Y. Ishida, Y. Nakamura and K.
Murakami: Human prorenin has "gate and handle" regions for
its non-proteolytic activation. J Biol Chem, 278(25), 22217-22
(2003)

6. S. Satofuka, A. Ichihara, N. Nagai, T. Koto, H. Shinoda, K.
Noda, Y. Ozawa, M. Inoue, K. Tsubota, H. Itoh, Y. Oike and
S. Ishida: Role of nonproteolytically activated prorenin in
pathologic, but not physiologic, retinal neovascularization.
Invest Ophthalmol Vis Sci, 48(1), 422-9 (2007)

7. S. Satofuka, A. Ichihara, N. Nagai, K. Noda, Y. Ozawa, A.
Fukamizu, K. Tsubota, H. Itoh, Y. Oike and S. Ishida:
(Pro)renin receptor promotes choroidal neovascularization by
activating its signal transduction and tissue renin-angiotensin
system. Am J Pathol, 173(6),

8. S. Satofuka, A. Ichihara, N. Nagai, K. Noda, Y. Ozawa, A.
Fukamizu, K. Tsubota, H. Itoh, Y. Oike and S. Ishida:
(Pro)renin receptor-mediated signal transduction and tissue
renin-angiotensin system contribute to diabetes-induced retinal
inflammation. Diabetes, 58(7),

9. S. Satofuka, A. Ichihara, N. Nagai, K. Yamashiro, T. Koto,
H. Shinoda, K. Noda, Y. Ozawa, M. Inoue, K. Tsubota, F.
Suzuki, Y. Oike and S. Ishida: Suppression of ocular
inflammation in endotoxin-induced uveitis by inhibiting
nonproteolytic activation of prorenin. Invest Ophthalmol Vis
Sci, 47(6), 2686-92 (2006)

10. A. Ichihara, Y. Kaneshiro, T. Takemitsu, M. Sakoda, F.
Suzuki, T. Nakagawa, A. Nishiyama, T. Inagami and M.
Hayashi: Nonproteolytic activation of prorenin contributes to
development of cardiac fibrosis in genetic hypertension.
Hypertension, 47(5), 894-900 (2006)

11. A. Ichihara, F. Suzuki, T. Nakagawa, Y. Kaneshiro, T.
Takemitsu, M. Sakoda, A. H. Nabi, A. Nishiyama, T. Sugaya,
M. Hayashi and T. Inagami: Prorenin receptor blockade
inhibits development of glomerulosclerosis in diabetic
angiotensin II type la receptor-deficient mice. J Am Soc
Nephrol, 17(7), 1950-61 (2006)

12. J. L. Wilkinson-Berka: Angiotensin and diabetic
retinopathy. Int J Biochem Cell Biol, 38(5-6), 752-65 (2006)
13.J. L. Berka, A. J. Stubbs, D. Z. Wang, R. DiNicolantonio,
D. Alcorn, D. J. Campbell and S. L. Skinner: Renin-containing
Muller cells of the retina display endocrine features. Invest
Ophthalmol Vis Sci, 36(7), 1450-8 (1995)

14. N. Nagai, Y. Oike, K. [zumi-Nagai, T. Urano, Y. Kubota,
K. Noda, Y. Ozawa, M. Inoue, K. Tsubota, T. Suda and S.
Ishida: Angiotensin II type 1 receptor-mediated inflammation
is required for choroidal neovascularization. Arterioscler
Thromb Vasc Biol, 26(10), 2252-9 (2006)

1061

15. P. Senanayake, J. Drazba, K. Shadrach, A. Milsted, E.
Rungger-Brandle, K. Nishiyama, S. Miura, S. Karnik, J. E.
Sears and J. G. Hollyfield: Angiotensin II and its receptor
subtypes in the human retina. Invest Ophthalmol Vis Sci, 48(7),
3301-11 (2007)

16. T. H. Wheeler-Schilling, K. Kohler, M. Sautter and E.
Guenther: Angiotensin II receptor subtype gene expression and
cellular localization in the retina and non-neuronal ocular
tissues of the rat. Eur J Neurosci, 11(10), 3387-94 (1999)

17. S. Sarlos and J. L. Wilkinson-Berka: The renin-angiotensin
system and the developing retinal vasculature. Invest
Ophthalmol Vis Sci, 46(3), 1069-77 (2005)

18. C. Tikellis, C. I. Johnston, J. M. Forbes, W. C. Burns, M.
C. Thomas, R. A. Lew, M. Yarski, A. I. Smith and M. E.
Cooper: Identification of angiotensin converting enzyme 2 in
the rodent retina. Curr Eye Res, 29(6), 419-27 (2004)

19. L. E. Downie, K. Vessey, A. Miller, M. M. Ward, M. J.
Pianta, A. J. Vingrys, J. L. Wilkinson-Berka and E. L.
Fletcher: Neuronal and glial cell expression of angiotensin Il
type 1 (AT1) and type 2 (AT2) receptors in the rat retina.
Neuroscience, 161(1), 195-213 (2009) 20. J. L. Wilkinson-
Berka, G. Tan, K. Jaworski and A. G. Miller: Identification of
a retinal aldosterone system and the protective effects of
mineralocorticoid receptor antagonism on retinal vascular
pathology. Circ Res, 104(1), 124-33 (2009)

21. A. Contrepas, J. Walker, A. Koulakoft, K. J. Franek, F.
Qadri, C. Giaume, P. Corvol, C. E. Schwartz and G. Nguyen:
A role of the (pro)renin receptor in neuronal cell
differentiation. Am J Physiol Regul Integr Comp Physiol,
297(2), R250-7 (2009)

22. 0. Alcazar, S. W. Cousins, G. E. Striker and M. E. Marin-
Castano: (Pro)renin receptor is expressed in human retinal
pigment epithelium and participates in extracellular matrix
remodeling. Exp Eye Res (2009)

23. J. Wagner, A. H. Jan Danser, F. H. Derkx, T. V. de Jong,
M. Paul, J. J. Mullins, M. A. Schalekamp and D. Ganten:
Demonstration of renin mRNA, angiotensinogen mRNA, and
angiotensin converting enzyme mRNA expression in the
human eye: evidence for an intraocular renin-angiotensin
system. Br J Ophthalmol, 80(2), 159-63 (1996)

24. R. E. Gilbert, H. Krum, J. Wilkinson-Berka and D. J.
Kelly: The renin-angiotensin system and the long-term
complications of diabetes: pathophysiological and therapeutic
considerations. Diabet Med, 20(8), 607-21 (2003)

25. H. Yokota, T. Nagaoka, F. Mori, T. Hikichi, H. Hosokawa,
H. Tanaka, Y. Ishida, F. Suzuki and A. Yoshida: Prorenin
levels in retinopathy of prematurity. Am J Ophthalmol, 143(3),
531-3 (2007)

26. E. Ishizaki, S. Takai, M. Ueki, T. Maeno, M. Maruichi, T.
Sugiyama, H. Oku, T. Ikeda and M. Miyazaki: Correlation
between angiotensin-converting enzyme, vascular endothelial
growth factor, and matrix metalloproteinase-9 in the vitreous



The (pro)renin receptor and retinal disease

of eyes with diabetic retinopathy. Am J Ophthalmol, 141(1),
129-134 (2006)

27. C. J. Moravski, D. J. Kelly, M. E. Cooper, R. E. Gilbert, J.
F. Bertram, S. Shahinfar, S. L. Skinner and J. L. Wilkinson-
Berka: Retinal neovascularization is prevented by blockade of
the renin-angiotensin system. Hypertension, 36(6), 1099-104
(2000)

28. C. J. Moravski, S. L. Skinner, A. J. Stubbs, S. Sarlos, D. J.
Kelly, M. E. Cooper, R. E. Gilbert and J. L. Wilkinson-Berka:
The renin-angiotensin system influences ocular endothelial cell
proliferation in diabetes: transgenic and interventional studies.
Am J Pathol, 162(1), 151-60 (2003)

29. J. A. Nadal, G. M. Scicli, L. A. Carbini and A. G. Scicli:
Angiotensin II stimulates migration of retinal microvascular
pericytes: involvement of TGF-beta and PDGF-BB. Am J
Physiol Heart Circ Physiol, 282(2), H739-48 (2002)

30. S. Yamagishi, S. Amano, Y. Inagaki, T. Okamoto, H.
Inoue, M. Takeuchi, H. Choei, N. Sasaki and S. Kikuchi:
Angiotensin II-type 1 receptor interaction upregulates vascular
endothelial growth factor messenger RNA levels in retinal
pericytes through intracellular reactive oxygen species
generation. Drugs Exp Clin Res, 29(2), 75-80 (2003)

31. S. Yamagishi, M. Takeuchi, T. Matsui, K. Nakamura, T.
Imaizumi and H. Inoue: Angiotensin II augments advanced
glycation end product-induced pericyte apoptosis through
RAGE overexpression. FEBS Lett, 579(20), 4265-70 (2005)

32. A. Otani, H. Takagi, H. Oh, S. Koyama and Y. Honda:
Angiotensin II induces expression of the Tie2 receptor ligand,
angiopoietin-2, in bovine retinal endothelial cells. Diabetes,
50(4), 867-75 (2001)

33. A. Otani, H. Takagi, K. Suzuma and Y. Honda:
Angiotensin II potentiates vascular endothelial growth factor-
induced angiogenic activity in retinal microcapillary
endothelial cells. Circ Res, 82(5), 619-28 (1998)

34. A. Otani, H. Takagi, H. Oh, K. Suzuma, M. Matsumura, E.
Ikeda and Y. Honda: Angiotensin II-stimulated vascular
endothelial growth factor expression in bovine retinal
pericytes. Invest Ophthalmol Vis Sci, 41(5), 1192-9 (2000)

35. P. Chen, A. M. Guo, P. A. Edwards, G. Trick and A. G.
Scicli: Role of NADPH oxidase and ANG 1II in diabetes-
induced retinal leukostasis. Am J Physiol Regul Integr Comp
Physiol, 293(4), R1619-29 (2007)

36. D. L. Gibson, S. B. Sheps, S. H. Uh, M. T. Schechter and
A. Q. McCormick: Retinopathy of prematurity-induced
blindness: birth weight-specific survival and the new epidemic.
Pediatrics, 86(3), 405-12 (1990)

37. K. Liu, J. D. Akula, C. Falk, R. M. Hansen and A. B.
Fulton: The retinal vasculature and function of the neural retina
in a rat model of retinopathy of prematurity. Invest Ophthalmol
Vis Sci, 47(6), 2639-47 (2006)

1062

38. S. Mohamed, K. Schaa, M. E. Cooper, E. Ahrens, A.
Alvarado, T. Colaizy, M. L. Marazita, J. C. Murray and J. M.
Dagle: Genetic contributions to the development of retinopathy
of prematurity. Pediatr Res, 65(2), 193-7 (2009)

39. M. Lonchampt, L. Pennel and J. Duhault:
Hyperoxia/normoxia-driven retinal angiogenesis in mice: a
role for angiotensin II. Invest Ophthalmol Vis Sci, 42(2), 429-
32 (2001)

40. M. Tadesse, Y. Yan, P. Yossuck and R. D. Higgins:
Captopril improves retinal neovascularization via endothelin-1.
Invest Ophthalmol Vis Sci, 42(8), 1867-72 (2001)

41. H. Nakamura, M. Yamazaki, T. Ohyama, T. Inoue, N.
Arakawa, Y. Domon and T. Yokoyama: Role of angiotensin II
type 1 receptor on retinal vascular leakage in a rat oxygen-
induced retinopathy model. Ophthalmic Res, 41(4), 210-5
(2009)

42. S. Sarlos, B. Rizkalla, C. J. Moravski, Z. Cao, M. E.
Cooper and J. L. Wilkinson-Berka: Retinal angiogenesis is
mediated by an interaction between the angiotensin type 2
receptor, VEGF, and angiopoietin. Am J Pathol, 163(3), 879-
87 (2003)

43. J. Stone, A. Itin, T. Alon, J. Pe'er, H. Gnessin, T. Chan-
Ling and E. Keshet: Development of retinal vasculature is
mediated by hypoxia-induced vascular endothelial growth
factor (VEGF) expression by neuroglia. J Neurosci, 15(7 Pt 1),
4738-47 (1995)

44.]. Stone, T. Chan-Ling, J. Pe'er, A. Itin, H. Gnessin and E.
Keshet: Roles of vascular endothelial growth factor and
astrocyte degeneration in the genesis of retinopathy of
prematurity. Invest Ophthalmol Vis Sci, 37(2), 290-9 (1996)

45. L. E. Downie, M. J. Pianta, A. J. Vingrys, J. L. Wilkinson-
Berka and E. L. Fletcher: AT1 receptor inhibition prevents
astrocyte degeneration and restores vascular growth in oxygen-
induced retinopathy. Glia, 56(10), 1076-90 (2008)

46. R. E. Gilbert, D. J. Kelly, A. J. Cox, J. L. Wilkinson-Berka,
J. R. Rumble, T. Osicka, S. Panagiotopoulos, V. Lee, E. C.
Hendrich, G. Jerums and M. E. Cooper: Angiotensin
converting enzyme inhibition reduces retinal overexpression of
vascular endothelial growth factor and hyperpermeability in
experimental diabetes. Diabetologia, 43(11), 1360-7 (2000)

47.J. Z. Zhang, X. Xi, L. Gao and T. S. Kern: Captopril
inhibits capillary degeneration in the early stages of diabetic
retinopathy. Curr Eye Res, 32(10), 883-9 (2007)

48. J. L. Wilkinson-Berka, G. Tan, K. Jaworski and S.
Ninkovic: Valsartan but not atenolol improves vascular
pathology in diabetic Ren-2 rat retina. Am J Hypertens, 20(4),
423-30 (2007)

49. A. M. Joussen, T. Murata, A. Tsujikawa, B. Kirchhof, S. E.
Bursell and A. P. Adamis: Leukocyte-mediated endothelial cell
injury and death in the diabetic retina. Am J Pathol, 158(1),
147-52 (2001)



The (pro)renin receptor and retinal disease

50. P. Chen, G. M. Scicli, M. Guo, J. D. Fenstermacher, D.
Dahl, P. A. Edwards and A. G. Scicli: Role of angiotensin II in
retinal leukostasis in the diabetic rat. Exp Eye Res, 83(5), 1041-
51 (2006)

51. F. Mori, T. Hikichi, T. Nagaoka, J. Takahashi, N. Kitaya
and A. Yoshida: Inhibitory effect of losartan, an ATI1
angiotensin II receptor antagonist, on increased leucocyte
entrapment in retinal microcirculation of diabetic rats. Br J
Ophthalmol, 86(10), 1172-4 (2002)

52.K. C. Silva, C. C. Pinto, S. K. Biswas, D. S. Souza, J. B. de
Faria and J. M. de Faria: Prevention of hypertension abrogates
early inflammatory events in the retina of diabetic hypertensive
rats. Exp Eye Res, 85(1), 123-9 (2007)

53. E. Rungger-Brandle, A. A. Dosso and P. M. Leuenberger:
Glial reactivity, an early feature of diabetic retinopathy. /nvest
Ophthalmol Vis Sci, 41(7), 1971-80 (2000)

54.J. K. Krady, A. Basu, C. M. Allen, Y. Xu, K. F. LaNoue,
T. W. Gardner and S. W. Levison: Minocycline reduces
proinflammatory cytokine expression, microglial activation,
and caspase-3 activation in a rodent model of diabetic
retinopathy. Diabetes, 54(5), 1559-65 (2005)

55. M. J. Gastinger, R. S. Singh and A. J. Barber: Loss of
cholinergic and dopaminergic amacrine cells in streptozotocin-
diabetic rat and Ins2Akita-diabetic mouse retinas. Invest
Ophthalmol Vis Sci, 47(7), 3143-50 (2006)

56. A. J. Barber, E. Lieth, S. A. Khin, D. A. Antonetti, A. G.
Buchanan and T. W. Gardner: Neural apoptosis in the retina
during experimental and human diabetes. Early onset and
effect of insulin. J Clin Invest, 102(4), 783-91 (1998)

57. E. Lieth, A. J. Barber, B. Xu, C. Dice, M. J. Ratz, D.
Tanase and J. M. Strother: Glial reactivity and impaired
glutamate metabolism in short-term experimental diabetic
retinopathy. Penn State Retina Research Group. Diabetes,
47(5), 815-20 (1998)

58. S. H. Park, J. W. Park, S. J. Park, K. Y. Kim, J. W. Chung,
M. H. Chun and S. J. Oh: Apoptotic death of photoreceptors in
the streptozotocin-induced diabetic rat retina. Diabetologia,
46(9), 1260-8 (2003)

59. J. A. Phipps, E. L. Fletcher and A. J. Vingrys: Paired-flash
identification of rod and cone dysfunction in the diabetic rat.
Invest Ophthalmol Vis Sci, 45(12), 4592-600 (2004)

60. B. V. Bui, J. A. Armitage, M. Tolcos, M. E. Cooper and A.
J. Vingrys: ACE inhibition salvages the visual loss caused by
diabetes. Diabetologia, 46(3), 401-8 (2003)

61. D. R. Matthews, I. M. Stratton, S. J. Aldington, R. R.
Holman and E. M. Kohner: Risks of progression of retinopathy
and vision loss related to tight blood pressure control in type 2
diabetes mellitus: UKPDS 69. Arch Ophthalmol, 122(11),
1631-40 (2004)

62. Efficacy of atenolol and captopril in reducing risk of
macrovascular and microvascular complications in type 2

1063

diabetes: UKPDS 39. UK Prospective Diabetes Study Group.
BMJ, 317(7160), 713-20 (1998)

63. R. Malhotra, J. Sadoshima, F. C. Brosius, 3rd and S.
Izumo: Mechanical stretch and angiotensin II differentially
upregulate the renin-angiotensin system in cardiac myocytes /n
vitro. Circ Res, 85(2), 137-46 (1999)

64.1. Suzuma, Y. Hata, A. Clermont, F. Pokras, S. L. Rook, K.
Suzuma, E. P. Feener and L. P. Aiello: Cyclic stretch and
hypertension induce retinal expression of vascular endothelial
growth factor and vascular endothelial growth factor receptor-
2: potential mechanisms for exacerbation of diabetic
retinopathy by hypertension. Diabetes, 50(2), 444-54 (2001)

65. K. C. Silva, M. A. Rosales, S. K. Biswas, J. B. Lopes de
Faria and J. M. Lopes de Faria: Diabetic retinal
neurodegeneration is associated with mitochondrial oxidative
stress and is improved by an angiotensin receptor blocker in a
model combining hypertension and diabetes. Diabetes, 58(6),
1382-90 (2009)

66. J. A. Phipps, J. L. Wilkinson-Berka and E. L. Fletcher:
Retinal dysfunction in diabetic ren-2 rats is ameliorated by
treatment with valsartan but not atenolol. Invest Ophthalmol
Vis Sci, 48(2), 927-34 (2007)

67. Z. Zheng, H. Chen, X. Xu, C. Li and Q. Gu: Effects of
angiotensin-converting enzyme inhibitors and beta-adrenergic
blockers on retinal vascular endothelial growth factor
expression in rat diabetic retinopathy. Exp Eye Res, 84(4), 745-
52 (2007)

68. J. Ramser, F. E. Abidi, C. A. Burckle, C. Lenski, H.
Toriello, G. Wen, H. A. Lubs, S. Engert, R. E. Stevenson, A.
Meindl, C. E. Schwartz and G. Nguyen: A unique exonic
splice enhancer mutation in a family with X-linked mental
retardation and epilepsy points to a novel role of the renin
receptor. Hum Mol Genet, 14(8), 1019-27 (2005)

69. R. O. Estacio, B. W. Jeffers, N. Gifford and R. W. Schrier:
Effect of blood pressure control on diabetic microvascular
complications in patients with hypertension and type 2
diabetes. Diabetes Care, 23 Suppl 2, B54-64 (2000)

70. A. Patel, S. MacMahon, J. Chalmers, B. Neal, M.
Woodward, L. Billot, S. Harrap, N. Poulter, M. Marre, M.
Cooper, P. Glasziou, D. E. Grobbee, P. Hamet, S. Heller, L. S.
Liu, G. Mancia, C. E. Mogensen, C. Y. Pan, A. Rodgers and
B. Williams: Effects of a fixed combination of perindopril and
indapamide on macrovascular and microvascular outcomes in
patients with type 2 diabetes mellitus (the ADVANCE trial): a
randomised controlled trial. Lancet, 370(9590), 829-40 (2007)

71. N. Chaturvedi, A. K. Sjolie, J. M. Stephenson, H.
Abrahamian, M. Keipes, A. Castellarin, Z. Rogulja-Pepeonik
and J. H. Fuller: Effect of lisinopril on progression of
retinopathy in normotensive people with type 1 diabetes. The
EUCLID Study Group. EURODIAB Controlled Trial of
Lisinopril in Insulin-Dependent Diabetes Mellitus. Lancet,
351(9095), 28-31 (1998)

72. N. Chaturvedi, M. Porta, R. Klein, T. Orchard, J. Fuller, H.
H. Parving, R. Bilous and A. K. Sjolie: Effect of candesartan



The (pro)renin receptor and retinal disease

on prevention (DIRECT-Prevent 1) and progression
(DIRECT-Protect 1) of retinopathy in type 1 diabetes:
randomised, placebo-controlled trials. Lancet, 372(9647),
1394-402 (2008)

73. A. K. Sjolie, R. Klein, M. Porta, T. Orchard, J. Fuller, H.
H. Parving, R. Bilous and N. Chaturvedi: Effect of candesartan
on progression and regression of retinopathy in type 2 diabetes
(DIRECT-Protect 2): a randomised placebo-controlled trial.
Lancet, 372(9647), 1385-93 (2008)

74. M. Mauer, B. Zinman, R. Gardiner, S. Suissa, A. Sinaiko,
T. Strand, K. Drummond, S. Donnelly, P. Goodyer, M. C.
Gubler and R. Klein: Renal and retinal effects of enalapril and
losartan in type 1 diabetes. N Engl J Med, 361(1), 40-51 (2009)

75. W. R. Green: Histopathology of age-related macular
degeneration. Mol Vis, 5,27 (1999)

76. S. L. Fine, J. W. Berger, M. G. Maguire and A. C. Ho:
Age-related macular degeneration. N Engl J Med, 342(7), 483-
92 (2000)

77. R. Klein, B. E. Klein, S. C. Tomany and K. J.
Cruickshanks: The association of cardiovascular disease with
the long-term incidence of age-related maculopathy: the
Beaver Dam eye study. Ophthalmology, 110(4), 636-43 (2003)

78. L. Hyman, A. P. Schachat, Q. He and M. C. Leske:
Hypertension, cardiovascular disease, and age-related macular
degeneration. Age-Related Macular Degeneration Risk Factors
Study Group. Arch Ophthalmol, 118(3), 351-8 (2000)

79. T. Hikichi, F. Mori, A. Takamiya, M. Sasaki, Y. Horikawa,
M. Takeda and A. Yoshida: Inhibitory effect of losartan on
laser-induced choroidal neovascularization in rats. Am J
Ophthalmol, 132(4), 587-9 (2001)

80. N. Nagai, Y. Oike, K. Izumi-Nagai, T. Koto, S. Satofuka,
H. Shinoda, K. Noda, Y. Ozawa, M. Inoue, K. Tsubota and S.
Ishida: Suppression of choroidal neovascularization by
inhibiting angiotensin-converting enzyme: minimal role of
bradykinin. Invest Ophthalmol Vis

81. W. W. Batenburg, M. Krop, I. M. Garrelds, R. de Vries, R.
J. de Bruin, C. A. Burckle, D. N. Muller, M. Bader, G. Nguyen
and A. H. Danser: Prorenin is the endogenous agonist of the
(pro)renin receptor. Binding kinetics of renin and prorenin in
rat vascular smooth muscle cells overexpressing the human
(pro)renin receptor. J Hypertens, 25(12), 2441-53 (2007)

82.Y. Huang, N. A. Noble, J. Zhang, C. Xuand W. A. Border:
Renin-stimulated TGF-betal expression is regulated by a
mitogen-activated protein kinase in mesangial cells. Kidney
Int, 72(1), 45-52 (2007)

83.J.J. Saris, P. A. t Hoen, I. M. Garrelds, D. H. Dekkers, J. T.
den Dunnen, J. M. Lamers and A. H. Jan Danser: Prorenin
induces  intracellular  signaling in  cardiomyocytes
independently of angiotensin II. Hypertension, 48(4), 564-71
(2006)

1064

84. G. Nguyen, F. Delarue, J. Berrou, E. Rondeau and J. D.
Sraer: Specific receptor binding of renin on human mesangial
cells in culture increases plasminogen activator inhibitor-1
antigen. Kidney Int, 50(6), 1897-903 (1996)

85. A. Ichihara, M. Hayashi, Y. Kaneshiro, F. Suzuki, T.
Nakagawa, Y. Tada, Y. Koura, A. Nishiyama, H. Okada, M.
N. Uddin, A. H. Nabi, Y. Ishida, T. Inagami and T. Saruta:
Inhibition of diabetic nephropathy by a decoy peptide
corresponding to the "handle" region for nonproteolytic
activation of prorenin. J Clin Invest, 114(8), 1128-35 (2004)

86. Y. Kaneshiro, A. Ichihara, M. Sakoda, T. Takemitsu, A. H.
Nabi, M. N. Uddin, T. Nakagawa, A. Nishiyama, F. Suzuki, T.
Inagami and H. Itoh: Slowly progressive, angiotensin II-
independent glomerulosclerosis in human (pro)renin receptor-
transgenic rats. J Am Soc Nephrol, 18(6), 1789-95 (2007)

87. S. Feldt, U. Maschke, R. Dechend, F. C. Luft and D. N.
Muller: The putative (pro)renin receptor blocker HRP fails to
prevent (pro)renin signaling. J Am Soc Nephrol, 19(4), 743-8
(2008)

88. D. N. Muller, B. Klanke, S. Feldt, N. Cordasic, A. Hartner,
R. E. Schmieder, F. C. Luft and K. F. Hilgers: (Pro)renin
receptor peptide inhibitor "handle-region" peptide does not
affect hypertensive nephrosclerosis in Goldblatt rats.
Hypertension, 51(3), 676-81 (2008)

89. Z. Shan, A. E. Cuadra, C. Sumners and M. K. Raizada:
Characterization of a functional (pro)renin receptor in rat
brain neurons. Exp Physiol, 93(5), 701-8 (2008)

90. A. Amsterdam, R. M. Nissen, Z. Sun, E. C. Swindell, S.
Farrington and N. Hopkins: Identification of 315 genes
essential for early zebrafish development. Proc Natl Acad
Sci U S 4, 101(35), 12792-7 (2004)

91. M. van den Heuvel, W. W. Batenburg and A. H.
Danser: Diabetic complications: a role for the prorenin-
(pro)renin receptor-TGF-betal axis? Mol Cell Endocrinol,
302(2), 213-8 (2009)

92. J. L. Wilkinson-Berka and D. J. Campbell: (Pro)renin
receptor: a treatment target for diabetic retinopathy?
Diabetes, 58(7), 1485-7 (2009)

93. K. Kohler, T. Wheeler-Schilling, B. Jurklies, E.
Guenther and E. Zrenner: Angiotensin II in the rabbit
retina. Vis Neurosci, 14(1), 63-71 (1997)

Key Words: Prorenin, Prorenin Receptor, Retinopathy,
Angiogenesis, Inflammation, Review

Send correspondence to: Jennifer L. Wilkinson-Berka,
Department of Immunology, Monash University, Commercial
Road, Melbourne, Victoria, Australia, 3004, Tel: 613-
99030539; Fax: 613-99030018, E-mail: Jennifer.Wilkinson-
Berka@med.monash.edu.au

http://www.bioscience.org/current/vol2E.htm



