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Abstract
Aim/hypothesis We examined whether the renin inhibitor,
aliskiren, provides similar or greater protection than ACE
inhibition from non-proliferative diabetic retinopathy and
from the proliferative neoangiogenesis of oxygen-induced
retinopathy.
Methods Transgenic (mRen-2)27 rats, which overexpress
mouse renin and angiotensin in extra-renal tissues, were
studied. For diabetic studies, non-diabetic, diabetic (strepto-
zotocin, 55 mg/kg), diabetic + aliskiren (10 mg kg−1 day−1,
pump), or diabetic + lisinopril (10 mg kg−1 day−1, drinking
water) rats were evaluated over 16 weeks. For oxygen-
induced retinopathy studies, rats were exposed to 80%
oxygen (22 h/day) from postnatal days 0 to 11, and then
room air from postnatal days 12 to 18. Aliskiren (10 or
30 mg kg−1 day−1, pump) or lisinopril (10 mg kg−1 day−1,
drinking water) was administered during retinopathy devel-
opment between postnatal days 12 and 18.
Results Systolic BP in diabetic (mRen-2)27 rats was
reduced with 10 mg kg−1 day−1 aliskiren, but only lisinopril
normalised systolic blood pressure. In diabetic (mRen-2)27
rats, 10 mg kg−1 day−1 aliskiren and lisinopril reduced
retinal acellular capillaries and leucostasis to non-diabetic
levels. In oxygen-induced retinopathy, neoangiogenesis and

retinal inflammation (leucostasis, ED-1 immunolabelling)
were partially reduced by 10 mg kg−1 day−1 aliskiren and
normalised by 30 mg kg−1 day−1 aliskiren, whereas
lisinopril normalised neoangiogenesis and reduced leuco-
stasis and ED-1 immunolabelling. Aliskiren and lisinopril
normalised retinal vascular endothelial growth factor
expression; however, only aliskiren reduced intercellular
adhesion molecule-1 to control levels.
Conclusions/interpretation Aliskiren provided similar or
greater retinal protection than ACE inhibition and may be
a potential treatment for diabetic retinopathy.

Keywords Aliskiren . Angiogenesis . Diabetic retinopathy.

Inflammation . Renin

Abbreviations
ARB Angiotensin receptor blockade
BP Blood pressure
BVPs Blood vessel profiles
GCL Ganglion cell layer
ICAM-1 Intercellular adhesion molecule-1
IPL Inner plexiform layer
OIR Oxygen-induced retinopathy
PD Postnatal day
RAS Renin–angiotensin system
Ren-2 (mRen-2)27
VEGF Vascular endothelial growth factor

Introduction

Growth factor, metabolic and haemodynamic pathways
have been identified as participating in the development
of diabetic retinopathy [1]. One such pathway is the renin–
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angiotensin system (RAS) as there is evidence that a local
RAS including renin exists within the retina [2–4], and that
prorenin is elevated in the plasma and vitreous humour of
patients with proliferative diabetic retinopathy [5, 6].
Furthermore, experimental studies indicate that ACE
inhibition and type 1 angiotensin receptor blockade
(ARB) are protective in models of retinopathy [7–11].
These findings have, to some extent, been translated into
clinical trials such as the DIabetic REtinopathy Candesartan
Trial (DIRECT), which reported that ARB reduced the
incidence of retinopathy in type 1 diabetic patients and
increased regression of retinopathy in type 2 diabetic
patients [12, 13]. ACE inhibition and ARB have also been
reported to reduce the progression of diabetic retinopathy in
normoalbuminuric and normotensive patients [14]. On the
other hand, other randomised controlled clinical trials have
reported ACE inhibition to be either equally effective as other
blood-pressure-lowering strategies [15, 16], or to have no
benefit [17]. The reasons for these variable findings are not
fully understood, but possible explanations include uncer-
tainty as to whether all ACE inhibitors and ARBs reach
therapeutic levels sufficient to suppress the local RAS in the
eyes of patients with diabetic retinopathy. In addition, the
RAS may not be completely inhibited with ACE inhibition
and ARB because of compensatory feedback mechanisms
that result in increased renin production and release.

Aliskiren is a potent inhibitor of human and mouse renin,
with the IC50 for human renin being 0.6 nmol/1, mouse renin
4.5 nmol/1 and rat renin 90 nmol/l [18]. For this reason, pre-
clinical studies of aliskiren predominately use mouse models
of disease or the transgenic (mRen-2)27 (Ren-2) rat [18, 19].
The Ren-2 rat was developed by the introduction of the
mouse Ren-2 gene (also known as Ren2) into the genome of
the Sprague–Dawley rat, and exhibits fulminant hypertension
and overactivity of the RAS in extra-renal tissues [20]. With
streptozotocin, the Ren-2 rat develops accelerated diabetic
retinopathy and other complications, and serves as a model
of type 1 diabetes [8, 21]. To our knowledge, the effects of
aliskiren on experimental diabetic retinopathy have not been
evaluated. The aim of this study was to determine if aliskiren
is as effective as ACE inhibition in reducing vascular
pathology in Ren-2 rats with diabetic retinopathy. As diabetic
rodents do not progress to the angiogenic phase of
proliferative diabetic retinopathy, we also compared the
effects of aliskiren and ACE inhibition in Ren-2 rats with
oxygen-induced retinopathy (OIR), a model of marked
neoangiogenesis and inflammation in neonatal animals [22].

Methods

Animals Procedures complied with the Alfred Medical
Research and Education Precinct Animal Ethics Commit-

tee, Melbourne, VIC, Australia. Animals had free access to
normal chow and drinking water and were housed in a
stable environment (22±1°C, 12 h light–dark cycle).

Diabetes in Ren-2 rats Female homozygous transgenic
Ren-2 rats weighing 180–210 g were randomised to the
following groups: non-diabetic control; diabetic control;
diabetic + aliskiren; and diabetic + lisinopril. To model type
1 diabetes, rats were fasted overnight and then administered
streptozotocin (55 mg/kg, tail vein, Sigma-Aldrich, Castle
Hill, NSW, Australia) [8, 11]. Non-diabetic rats received
0.1 mol/l citrate buffer (tail vein). Each week, rats were
weighed and blood glucose levels measured (Accu-check
Advantage II monitor; Roche Diagnostics, Castle Hill,
NSW, Australia). Only rats with blood glucose >15 mmol/l
were considered diabetic and received insulin every 2 days
(2–4 U i.p.; Humulin NPH, Eli Lilly, Indianapolis, IN,
USA). Aliskiren and lisinopril were administered from
2 days after the induction of diabetes and continued for
16 weeks. Aliskiren (Novartis, East Hanover, NJ, USA)
was administered at 10 mg kg−1 day−1 (in 0.9% NaCl, wt/
vol.) at a flow rate of 2.5 μl/h by minipump (Alzet; 2ML4,
Cupertino, CA, USA) inserted subcutaneously in the
flank. Pumps were changed every 4 weeks. Lisinopril
(Novartis) was administered in drinking water at
10 mg kg−1 day−1. Every 4 weeks, systolic blood pressure
(BP) was determined in preheated conscious rats via tail-
cuff plethysmography [8]. Comparisons were with female
non-diabetic Sprague–Dawley rats.

OIR in Ren-2 rats On postnatal day (PD)0, homozygous
Ren-2 rat pups and mothers were randomised to: sham
control; sham + aliskiren (10 mg kg−1 day−1); sham +
lisinopril (10 mg kg−1 day−1); OIR control; OIR + aliskiren
(10 mg kg−1 day−1); OIR + aliskiren (30 mg kg−1 day−1); or
OIR + lisinopril (10 mg kg−1 day−1). From PD0 to PD11,
pups were exposed to 80% oxygen (wt/wt) for 22 h/day and
room air for 2 h/day, a process that suppresses retinal
physiological angiogenesis [7, 9]. On PD12, pups were
placed in room air until PD18, which induces an increase in
angiogenic and inflammatory factors, and neoangiogenesis
[7, 9]. Shams were Ren-2 rats exposed to room air from
birth until PD18. Aliskiren was delivered to pups between
PD12 to PD18 by minipump (1007D, Alzet) at 0.5 μl/h
(100 μl volume) inserted subcutaneously in the flank.
Lisinopril was administered between PD12 to PD18 in
drinking water to dams.

OIR in C57Bl/6 mice To determine if aliskiren reduced
neoangiogenesis in normotensive animals, OIR was
induced in C57Bl/6 mice [23]. On PD7, pups and their
mothers were randomised to sham control, OIR control or
OIR + aliskiren (30 mg kg−1 day−1). From PD7 to PD11,
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pups were exposed to 75% oxygen, and on PD12 were
placed in room air until PD18. Shams were mice exposed
to room air from birth until PD18. As minipumps are not
available for neonatal mice, aliskiren was delivered by
daily i.p. injection between PD12 to PD18. Prior to tissue
collection, all animals were anaesthetised with pentobar-
bital sodium (170 mg/ml, Virbac, Peakhurst, NSW,
Australia).

Acellular capillaries in diabetic Ren-2 rats Acellular
capillaries were counted in trypsin digests of retina as
previously described [24]. Separate quantification was
performed for central retina (0 to 1,666±166 μm from the
optic disc), mid retina (1,667 to 3,050±154 μm) and
peripheral retina (3,051 to 4,333±128 μm). Approximately
80 (×40 objective) non-overlapping photomicrographs were
taken from each retina (15 central, 30 mid, 35 peripheral
regions) with a Spot digital camera (SciTech, Preston, VIC,
Australia) attached to an Olympus BX51 microscope
(Olympus, Tokyo, Japan). Results are expressed as the
number of acellular capillaries per mm2 in the central, mid
and peripheral retina.

Neoangiogenesis in OIR Eyes were processed into paraffin,
serially sectioned at 3 μm, and blood vessel profiles (BVPs)
quantified in four non-overlapping fields of retina/section,
with six sections/retina at least 60 μm apart evaluated per
rat [9]. A BVP was defined as an endothelial cell or a blood
vessel with a lumen. Intraretinal BVPs (ganglion cell layer
[GCL] and inner plexiform layer [IPL]) and preretinal
BVPs (protruding into the vitreous cavity while attached to
the retinal surface) were counted separately [9].

Wholemounts of mouse retina were prepared as de-
scribed previously [3, 25]. Briefly, eyes were fixed in 4%
paraformaldehyde (wt/vol.) for 30 min and retina dissected
in 0.1 mol/l PBS, pH 7.4, and flatmounted. Retinas were
stained with FITC-conjugated Griffonia (Bandeiraea) sim-
plicifolia BS-I lectin (1:100, Sigma-Aldrich) in 1% wt/vol.
Triton X-100 (Sigma-Aldrich) in 0.1 mol/l PBS overnight.
Retinas were washed with PBS for 6×15 min and mounted
with media (DakoCytomation, Glostrup, Denmark). Images
were taken at ×100 magnification using an AxioCam MRc
6.1.0.0 digital camera attached to a Zeiss Axio X1
microscope (Carl Zeiss, Germany). Retinal montages were
constructed using the tiling tool in AxioObserver software
(version 5.3, Carl Zeiss). Neovascular tufts were defined as
clumps of blood vessels positively labelled for BS-I lectin.
Using the ‘Select colour range’ tool in Adobe Photoshop
Elements 6 (Adobe Systems Incorporated, USA), neo-
vascular tufts labelled for BS-I lectin were selected over the
entire retina and expressed as the percentage of BS-I lectin
labelled neovascular tufts/retina. To quantify avascular
retina, BS-I lectin negative areas of retina were traced in

the mid-central retina. Results were expressed as the
percentage of avascular area/retina (square centimetres).

Histopathology Eyes were processed into paraffin, serially
sectioned at 3 μm, and every tenth section from each eye
(approximately 30 sections/animal) stained with haematox-
ylin and eosin (H&E) and evaluated for histopathology as
described previously [7, 8].

Leucostasis in diabetes and OIR in Ren-2 rats Rhodamine–
concanavalin A labelled adherent leucocytes were counted
in blood vessels of central, mid and peripheral retina of
retinal flatmounts and expressed as adherent leucocytes/
retina [9]. In the diabetic study, separate quantification was
performed for central retina (0 to 1,816±74 μm from the
optic disc), mid retina (1,817 to 3,266±34 μm) and
peripheral retina (3,267 to 4,667±68 μm). In the OIR
study, separate quantification was performed for central
retina (0 to 1,316±151 μm from the optic disc), mid retina
(1,317 to 2,466±72 μm) and peripheral retina (2,467 to
3,533±42 μm).

Immunohistochemistry for ED-1 (CD68) in OIR in Ren-2
rats Paraffin sections, 3 μm, were incubated overnight at
4°C with 1:50 ED-1 antibody (mouse anti-rat CD68,
MorphoSys UK, Oxford, UK) [9]; negative controls were
sections without ED-1 antibody. Four non-overlapping
fields/sections were photographed at ×200 magnification
and Analytical Imaging Analysis Software (Imaging
Research, St Catharines, ON, Canada) was used to outline
the GCL and IPL. Hue and saturation were adjusted to
detect the same intensity of immunolabelling in each field
of retina. Results were expressed as immunolabelling/
proportional field of inner retina. Six sections at least
60 μm apart were quantified from each retina from at least
six rats per group.

Real-time PCR in OIR in Ren-2 rats Total RNA from retina
was isolated, subjected to DNase treatment and reverse
transcribed as described previously [9]. Vascular endothelial
growth factor (Vegf [also known as Vegfa]) and intercellular
adhesion molecule-1 (Icam-1 [also known as Icam1])
mRNA and 18S ribosomal RNA were amplified and
quantitative real-time PCR conducted [9]. Fold differences
in gene expression relative to sham controls were calculated
using the 2�ΔΔCt method.

ELISA in OIR in Ren-2 rats Retinas were homogenised in
400 μl PBS containing protease inhibitors (Sigma-Aldrich),
the lysate was centrifuged and VEGF and ICAM-1 levels
measured in the supernatant fraction using ELISA kits
(R&D Systems, Minneapolis, MN, USA). VEGF and
ICAM-1 protein levels were normalised to total protein
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concentration of each supernatant fraction as determined by
a Bradford protein assay (Bio-Rad, Gladesville, NSW,
Australia).

Measurement of plasma active renin in diabetes and OIR in
Ren-2 rats Blood was collected from the heart into tubes
on ice containing heparin. Samples were centrifuged and
the plasma stored at –20°C. The enzymatic activity of
active renin in the plasma was determined by incubation
with rat angiotensinogen and measurement of angiotensin
I generation by RIA as described by Campbell et al. [26],
except that the antibody-capture method for the renin
assay was used to avoid overestimation of renin inhibition
by aliskiren [27].

Statistics Analyses were performed using either a one-
way ANOVA (parametric) followed by appropriate post-
hoc analyses correcting for the number of comparisons,
or a Kruskal–Wallis test followed by individual Mann–
Whitney U tests (non-parametric). Analyses of neovascu-
lar tufts and avascular area were performed using an
unpaired Student’s t test. Investigators were masked to the
treatment groups.

Results

Body weight, systolic BP and blood glucose Diabetic Ren-2
rats had reduced weight gain compared with non-diabetic
control rats, and body weight was not altered by either
aliskiren or lisinopril (Table 1). Systolic BP in Ren-2 rats
was unaffected by diabetes. In diabetic Ren-2 rats, both
aliskiren and lisinopril reduced systolic BP, but only
lisinopril normalised BP to the level of normotensive non-
diabetic Sprague–Dawley control rats. In diabetic Ren-2
rats, blood glucose was elevated compared with non-
diabetic control, and was unaffected by either aliskiren or
lisinopril. In OIR Ren-2 rats, there was no effect of
treatments on body weight (Table 1). In OIR mice, body
weight was reduced compared with sham controls. In OIR
mice, aliskiren partially restored the reduction in body
weight (Table 1).

Aliskiren reduced retinal leucostasis in diabetic Ren-2
rats Leucostasis was increased in the central, mid and
peripheral retina of diabetic Ren-2 rats compared with non-
diabetic Ren-2 controls (Fig. 1). In diabetic Ren-2 rats, both
aliskiren and lisinopril reduced leucostasis in the central,

Table 1 Body weight, systolic BP and blood glucose levels in Ren-2 rats after 16 weeks of diabetes and OIR at PD18

Groups Body weight (g) Systolic BP (mmHg) Blood glucose (mmol/l)

Diabetes study in Ren-2 rats

Non-diabetic Ren-2 control 305.7±5.4 188.1±2.9 7.1±0.4

Diabetic Ren-2 control 262.2±4.5* 190.3±3.4 32.3±0.6*

Diabetic Ren-2+Ali (10 mg kg−1 day−1) 256.9±2.6* 131.2±4.8†‡ 31.9±0.5*

Diabetic Ren-2+Lis (10 mg kg−1 day−1) 259.4±3.3* 122.5±0.8† 31.5±0.6*

Non-diabetic SD control 308.7±4.4 121.8±0.5† 7.0±0.6

OIR study in Ren-2 rats

Sham Ren-2 control 27.3±1.5 NA NA

Sham Ren-2+Ali (10 mg kg−1 day−1) 28.8±0.6 NA NA

Sham Ren-2+Lis (10 mg kg−1 day−1) 28.8±0.4 NA NA

OIR Ren-2 control 26.4±0.8 NA NA

OIR Ren-2+Ali (10 mg kg−1 day−1) 27.1±1.0 NA NA

OIR Ren-2+Ali (30 mg kg−1 day−1) 26.5±1.5 NA NA

OIR Ren-2+Lis (10 mg kg−1 day−1) 27.5±1.2 NA NA

OIR study in C57Bl/6 mice

Sham C57Bl/6 control 9.4±0.3 NA NA

OIR C57Bl/6 control 4.1±0.1§ NA NA

OIR C57Bl/6+Ali (30 mg kg−1 day−1) 6.8±0.5§¶ NA NA

Values are mean ± SEM

n=16–20 rats per group for diabetic Ren-2 studies; n=13–15 rats per group for Ren-2 OIR studies; n=6–10 mice per group for C57Bl/6 studies

Ali, aliskiren; Lis, lisinopril; N/A, not applicable; SD, Sprague–Dawley
*p<0.01 in comparison with non-diabetic Ren-2 and non-diabetic SD; †p<0.005 in comparison with non-diabetic and diabetic Ren-2; ‡p<0.05 in
comparison with diabetic Ren-2+lisinopril and non-diabetic SD; §p<0.005 in comparison with C57Bl/6 sham control; ¶p<0.01 in comparison with
C57Bl/6 OIR control
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mid and peripheral retina to a similar extent and to the level
of non-diabetic Ren-2 rats.

Aliskiren reduced retinal acellular capillaries in diabetic
Ren-2 rats Acellular capillaries were increased in the mid
and peripheral, but not the central, retina of diabetic Ren-2
rats compared with non-diabetic Ren-2 controls (Fig. 2). In
diabetic Ren-2 rats, both aliskiren and lisinopril reduced

acellular capillaries in the mid and peripheral retina to a
similar extent and to the level of non-diabetic Ren-2 rats,
but had no effect on the number of acellular capillaries in

Fig. 1 Leucostasis in representative retinal flatmounts from diabetic
Ren-2 rats. Adherent leucocytes were labelled with rhodamine–
concanavalin A. Scale bar, 35 μm. a Non-diabetic. b Diabetic. c D +
aliskiren. d D + lisinopril. Leucostasis (arrows) was increased in the
central, mid and peripheral retina of diabetic Ren-2 rats compared with
non-diabetic controls. In diabetic Ren-2 rats, both aliskiren and
lisinopril reduced leucostasis in all regions compared with control
levels. e–g Graphs showing the number of leucocytes (mean ± SEM)
in the central (e), mid (f) and peripheral (g) retina. *p<0.01 compared
with all groups; †p<0.01 compared with diabetic control; n=7–11 rats/
group. Ali, aliskiren; D, diabetic; Lis, lisinopril; ND, non-diabetic

Fig. 2 Acellular capillaries in representative trypsin digests of retina
from diabetic Ren-2 rats. Retina stained with periodic acid–Schiff ’s
reagent. Scale bar, 60 μm. a Non-diabetic. b Diabetic. c D + aliskiren.
d D + lisinopril. Neither diabetes nor treatments affected acellular
capillary number in the central retina. Acellular capillaries (arrow)
were increased in the mid and peripheral retina of diabetic Ren-2 rats
compared with non-diabetic controls. In diabetic Ren-2 rats, both
aliskiren and lisinopril reduced acellular capillaries in the mid and
peripheral retina to control levels. e–f Graphs showing mean number
of acellular capillaries per mm2 of retina (mean ± SEM) in the central
(e), mid (f) and peripheral (g) retina. *p<0.05 compared with all
groups; †p<0.05 compared with diabetic controls; n=7–9 rats/group.
Ali, aliskiren; D, diabetic; Lis, lisinopril; ND, non-diabetic
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the central retina. In H&E sections, there was no apparent
effect of treatments on retinal cellular integrity.

Aliskiren reduced neoangiogenesis in Ren-2 rats with OIR
In sham controls, intraretinal blood vessel profiles (BVPs)
were detected in the GCL and IPL, whereas preretinal
BVPs attached to the retinal surface and protruding into the
vitreous were not detected. In shams, neither aliskiren nor
lisinopril affected the number of intraretinal BVPs, and
preretinal BVPs were not detected (Fig. 3). OIR was
associated with an increase in both intraretinal and preretinal
BVPs compared with controls (Fig. 3). In OIR, aliskiren
(10 mg kg−1 day−1) reduced intraretinal and preretinal BVPs
compared with OIR controls but not to sham levels, whereas
aliskiren (30 mg kg−1 day−1) and lisinopril reduced intra-
retinal BVPs and preretinal BVPs to sham levels. Qualitative
analysis of every tenth retinal section stained with H&E
revealed similar results, and there was no apparent effect of
aliskiren or lisinopril on cellular integrity.

Aliskiren reduced neoangiogenesis in C57Bl/6 mice with
OIR Mice with OIR exhibited an avascular central retina
adjacent to the optic disc and neovascular tufts in the mid
and peripheral retina (Fig. 4) [23]. In mice with OIR,
aliskiren (30 mg kg−1 day−1) reduced neovascular tufts by
93% and avascular retina by 35% (Fig. 4).

Aliskiren reduced retinal leucostasis in Ren-2 rats with
OIR Neither aliskiren nor lisinopril affected retinal leuco-
stasis in shams (Fig. 5). OIR was associated with an
increase in leucostasis in the central, mid and peripheral
retina compared with sham controls (Fig. 5). In OIR,
aliskiren (10 mg kg−1 day−1) did not reduce retinal
leucostasis compared with untreated OIR control rats.
However, aliskiren (30 mg kg−1 day−1) reduced leucostasis
of OIR rats in the central, mid and peripheral retina to the
level of sham controls. Lisinopril reduced leucostasis in the
central, mid and peripheral retina of OIR rats, but not to the
level of sham control or OIR rats treated with
30 mg kg−1 day−1 aliskiren.

Aliskiren reduced ED-1 immunolabelling in the inner retina
of Ren-2 rats with OIR Neither aliskiren nor lisinopril
affected ED-1 immunolabelling in the inner retina of sham
rats (Fig. 6). OIR was associated with an increase in ED-1
immunolabelling in the inner retina compared with sham
controls (Fig. 6). In OIR, aliskiren (10 mg kg−1 day−1)
reduced ED-1 immunolabelling compared with untreated
OIR controls, but not to sham levels, whereas aliskiren
(30 mg kg−1 day−1) reduced ED-1 immunolabelling to the
level of sham control. Lisinopril reduced ED-1 immuno-
labelling of OIR rats, but not to the level of sham control or
OIR rats treated with 30 mg kg−1 day−1 aliskiren (Fig. 6).

Aliskiren reduced retinal Vegf and Icam-1 mRNA and
protein levels in Ren-2 rats with OIR Neither aliskiren nor
lisinopril affected Vegf or Icam-1 mRNA levels in the
retinas of sham rats (Fig. 7). OIR was associated with an
increase in retinal Vegf and Icam-1 mRNA levels compared

Fig. 3 BVPs in representative 3 μm paraffin sections of retina from
Ren-2 rats with OIR. Intraretinal BVPs (single arrows) were in the
GCL and IPL. Preretinal BVPs (double arrows) were attached to the
retinal surface and protruding into the vitreous. Sections stained with
H&E. Scale bar, 25 μm. a Sham untreated control. b Sham + aliskiren
10 mg kg−1day−1. c Sham + lisinopril. d, e OIR untreated control.
f, g OIR + aliskiren 10 mg kg−1day−1. h OIR + aliskiren 30 mg kg−1

day−1. i OIR + lisinopril. In sham controls, intraretinal but not
preretinal BVPs were detected (a). In shams, neither aliskiren (b) nor
lisinopril (c) altered the number of intraretinal BVPs, and preretinal
BVPs were not detected. In OIR controls, both intraretinal (d) and
preretinal (e) BVPs were increased compared with all sham groups. In
OIR, both intraretinal (f) and preretinal (g) BVPs were slightly
reduced with aliskiren 10 mg kg−1day−1. In OIR, aliskiren 30 mg kg−1

day−1 (h) and lisinopril (i) reduced intraretinal BVPs to the level of
sham control, and preretinal BVPs were not detected. j Graph showing
mean number of intraretinal and preretinal BVPs per retinal field
(mean ± SEM). *p<0.001 for intraretinal and preretinal BVPs
compared with all sham groups; †p<0.05 for intraretinal and preretinal
BVPs compared with all sham groups and OIR untreated control; ‡p<
0.005 for intraretinal BVPs compared with OIR untreated control and
OIR + aliskiren (10 mg); n=6–9 rats/group. White bars, sham groups
and intraretinal BVPs; black bars, OIR groups and intraretinal BVPs;
grey bars, preretinal BVPs (only detected in OIR control and OIR +
aliskiren 10 mg kg−1day−1). Ali, aliskiren; Con, control; Lis, lisinopril
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with sham groups (Fig. 7). In OIR, 10 mg kg−1 day−1

aliskiren did not alter retinal Vegf and Icam-1 mRNA levels,
whereas 30 mg kg−1 day−1 aliskiren reduced retinal Vegf and
Icam-1 mRNA to the levels of sham control (Fig. 7). In OIR,
lisinopril reduced retinal Vegf mRNA to control levels, but
had no effect on Icam-1 mRNA levels. OIR was associated
with increased retinal VEGF and ICAM-1 protein levels
compared with sham control (Fig. 7). Aliskiren
(30 mg kg−1 day−1) reduced retinal VEGF and ICAM-1
protein levels in OIR rats to the level of sham control rats
(Fig. 7).

Plasma active renin levels in diabetic Ren-2 rats and Ren-2
rats with OIR Plasma active renin levels of diabetic Ren-2
rats were 45% lower than in non-diabetic Ren-2 rats (Fig. 8).
Aliskiren (10 mg kg−1 day−1) increased plasma active renin
levels 2.3-fold, whereas lisinopril (10 mg kg−1 day−1) in-
creased plasma active renin levels by 55-fold in diabetic
Ren-2 rats. In sham Ren-2 rats, aliskiren (10 mg kg−1 day−1)
increased plasma active renin levels by 3.2-fold and lisinopril
(10 mg kg−1 day−1) increased plasma active renin levels by
32-fold. By contrast, Ren-2 rats with OIR had plasma active
renin levels 28-fold higher than in sham Ren-2 rats, and 10
and 30 mg kg−1 day−1 aliskiren produced similar 63–64%

Fig. 5 Leucostasis in representative retinal flatmounts from Ren-2
rats with OIR. Adherent leucocytes labelled with rhodamine–
concanavalin A. Scale bar, 25 μm. a Sham untreated control. b Sham +
aliskiren 10 mg kg−1day−1. c Sham + lisinopril. d OIR untreated control.
e OIR + aliskiren 10 mg kg−1day−1. f OIR + aliskiren 30 mg kg−1day−1.
g OIR + lisinopril. In shams, treatments did not alter leucostasis. In OIR
controls, leucostasis (arrows) was increased in the central, mid and
peripheral retina compared with all sham groups. In OIR, leucostasis
was unaffected by aliskiren 10 mg kg−1day−1 but reduced by aliskiren
30 mg kg−1day−1 in all regions to sham control levels. In OIR, lisinopril
reduced leucostasis in all regions but not to the level of sham control or
OIR + aliskiren 30 mg kg−1day−1. h–j Graphs showing number of
leucocytes (mean ± SEM) in the central (h), mid (i) and peripheral (j)
retina. *p<0.005 compared with all sham groups; †p<0.005 compared
with OIR control and OIR + aliskiren 10 mg kg−1day−1; ‡p<0.05
compared with all sham and OIR groups; n=6–12 rats/group. White
bars, sham groups; black bars, OIR groups. Ali, aliskiren; Con, control;
Lis, lisinopril

Fig. 4 Wholemounts of retina from C57Bl/6 mice with OIR and
immunolabelled with FITC-conjugated lectin. Scale bar, 1 mm.
a Sham control. b OIR control. c OIR + aliskiren 30 mg kg−1day−1.
Graphs showing mean percentages of neovascular tufts (d) and
avascular area per retina (e) (mean ± SEM). Sham controls did not
have neovascular tufts or avascular areas of retina. In OIR, neo-
vascular tufts (arrows) were detected in the mid and peripheral area of
the retina, and the central retina adjacent to the optic disc (starred) was
avascular. In OIR mice treated with aliskiren, neovascular tufts were
reduced by 93%, and the avascular area was reduced by 35%
compared with OIR control. *p<0.005 compared with OIR control;
n=6–10 mice/group. Ali, aliskiren; Con, control
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reductions in plasma active renin levels, whereas lisinopril
(10 mg kg−1 day−1) did not alter plasma active renin levels in
Ren-2 rats with OIR (Fig. 8).

Discussion

To our knowledge this is the first report that aliskiren
improves vasculopathy in models of retinal disease. In Ren-
2 rats with diabetes, aliskiren normalised acellular capillary
formation and leucostasis, and in Ren-2 rats with OIR,

aliskiren reduced neoangiogenesis, inflammation and the
upregulation of retinal Vegf and Icam-1 expression. In
general, these effects of aliskiren were similar to those of
ACE inhibition and to our previous reports of the effects of

Fig. 7 Vegf and Icam-1 mRNA and VEGF and ICAM-1 protein levels
in retina from Ren-2 rats with OIR. In sham control rats, neither
aliskiren nor lisinopril altered Vegf mRNA levels. a Vegf mRNA: in
OIR, Vegf mRNA levels were increased compared with sham control.
In OIR controls, Vegf mRNA levels were unaffected by aliskiren at
10 mg kg−1day−1, but reduced to the level of sham control with
30 mg kg−1day−1. In OIR, lisinopril reduced Vegf mRNA levels to
sham control levels. Values are mean ± SEM. *p<0.001 compared
with all sham groups; †p<0.05 compared with OIR control; n=6–
8 rats/group. b Icam-1 mRNA: in sham rats, neither aliskiren nor
lisinopril altered Icam-1 mRNA levels. In OIR, Icam-1 mRNA levels
were increased compared with sham control. In OIR, Icam-1 mRNA
levels were unaffected by aliskiren at 10 mg kg−1day−1, but reduced to
the level of sham control with 30 mg kg−1day−1. In OIR, lisinopril had
no effect on Icam-1 mRNA levels. Values are mean ± SEM. *p<0.05
compared with sham control; †p<0.05 compared with OIR control;
n=6–8 rats/group. c, d In OIR, VEGF (c) and ICAM-1 (d) protein
levels were increased compared with sham control. In OIR, aliskiren
30 mg kg−1day−1 reduced VEGF and ICAM-1 to the level of sham
control. Values are mean ± SEM. *p<0.05 compared with sham
control; †p<0.05 compared with OIR control; n=6–8 rats/group.
White bars, sham groups; black bars, OIR groups. Ali, aliskiren;
Con, control; Lis, lisinopril

Fig. 6 ED-1 immunolabelling of representative 3 μm paraffin
sections of the inner retina from Ren-2 rats with OIR. Inner retina
comprises the GCL and IPL. Sections were counterstained with
haematoxylin. Scale bar, 30 μm. a Sham untreated control. b Sham +
aliskiren 10 mg kg−1day−1. c Sham + lisinopril. d OIR untreated
control. e OIR + aliskiren 10 mg kg−1day−1. f OIR + aliskiren
30 mg kg−1day−1. g OIR + lisinopril. In shams, treatments did not
alter ED-1 immunolabelling (arrows). In OIR controls, ED-1
immunolabelling (arrows) was increased compared with all sham
groups. In OIR, ED-1 immunolabelling was reduced with aliskiren
10 mg kg−1day−1 and normalised to sham levels with aliskiren
30 mg kg−1day−1. In OIR, lisinopril reduced ED-1 immunolabelling
but not to the level of sham control or OIR + aliskiren 30 mg kg−1

day−1. h Graph showing ED-1 immunolabelling per proportional field
of inner retina (mean ± SEM). *p<0.01 compared with all sham
groups; †p<0.05 compared with sham groups, OIR control and OIR +
aliskiren 30 mg kg−1day−1; ‡p<0.01 compared with OIR control; n=
6–12 rats/group. White bars, sham groups; black bars, OIR groups.
Ali, aliskiren; Con, control; Lis, lisinopril
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ARB [7–9, 11], demonstrating the benefits of renin
inhibition in models of retinopathy.

Inflammation may contribute to the development of
microvascular pathology in diabetic retinopathy and OIR
[28, 29]. In the present study, aliskiren attenuated the
intense pro-inflammatory profile in retina of Ren-2 rats
with diabetes or OIR, with a reduction in leucostasis,
ICAM-1 production and ED-1 immunolabelling to control
levels. There is evidence that aliskiren reduced the
macrophage content of atherosclerotic plaques [30],
leucocyte adhesion in femoral arteries [31] and the number
of CD11b+ and CD11c+ antigen presenting cells in a
model of multiple sclerosis [32]. The results of the present
study are consistent with these findings, and highlight the
potent anti-inflammatory properties of aliskiren. Neo-
angiogenesis is a feature of both diabetic retinopathy and

OIR, resulting in vascular leakage, haemorrhage and
compromised vision. In diabetic retinopathy, neoangio-
genesis may be preceded by the presence of acellular
capillaries, in which pericytes and endothelial cells are
absent. Our finding that acellular capillaries develop in the
mid and peripheral retina of diabetic Ren-2 rats is
consistent with our previous studies [24], and with
observations in diabetic patients [33]. As rodents do not
develop retinal neoangiogenesis, even after years of
diabetes [34], we also studied OIR [22]. Our finding that
in Ren-2 rats with OIR the highest dose of aliskiren
(30 mg) reduced neoangiogenesis and retinal VEGF and
ICAM-1 to control levels indicates that aliskiren attenuates
retinal vasculopathy. These effects of aliskiren are consis-
tent with our previous reports for ACE inhibition and
ARB in rats with OIR [7, 9].

Our findings in diabetic Ren-2 rats with retinopathy are
consistent with studies in diabetic nephropathy where aliskiren
given at a dose of 10 mg kg−1 day−1 normalised renal
pathology and had similar effects to ACE inhibition [19].
However, in Ren-2 rats with OIR, although 10 mg kg−1 day−1

aliskiren attenuated retinal neoangiogenesis and ED-1 immu-
nolabelling, it did not reduce this pathology to control levels,
or lower retinal Vegf and Icam-1 mRNA levels. In contrast,
the higher dose of 30 mg−1 kg−1 day aliskiren substantially
reduced all aspects of retinal vasculopathy including retinal
Vegf and Icam-1 mRNA levels. One reason why a higher
dose of aliskiren was required may be the more extensive and
rapid nature of the vasculopathy that occurs in OIR compared
with diabetic retinopathy. Interestingly, in Ren-2 rats with
OIR, although lisinopril normalised retinal neoangiogenesis
and Vegf mRNA, it did not reduce retinal leucostasis, ED-1
immunolabelling or Icam-1 mRNA to control levels. These
findings suggest that higher doses of lisinopril may be
required to completely attenuate the intense retinal inflam-
mation that occurs in Ren-2 rats with OIR.

A possible limitation of our study was the use of Ren-2
rats as these animals overproduce renin and angiotensin II
in extrarenal tissues [20], a situation that may not
necessarily occur in individuals with diabetic retinopathy.
On the other hand, diabetic Ren-2 rats have high levels of
plasma prorenin and are hypertensive, features that occur in
diabetic individuals [5, 6, 35], such as the high-risk patients
in which aliskiren is currently being evaluated [36]. Both
hypertension and increased angiotensin II levels may
contribute to the retinal lesions that develop in the Ren-2
rats. However, in our study of diabetic Ren-2 rats, although
aliskiren did not completely reduce systolic BP to control
levels, it still normalised retinal acellular capillaries and
leucostasis. These results suggest that the beneficial effects
of aliskiren in the retina may be partially independent of BP
reduction and are consistent with reports that aliskiren
conferred renal [19] and cardiac [37] protection without

Fig. 8 Active renin levels in plasma from Ren-2 rats with diabetes or
OIR. Values are expressed as picomoles angiotensin I generated per
millilitre per hour. a Diabetic study: in diabetic rats, plasma active
renin levels were decreased by 45% compared with non-diabetic
control. In diabetic rats, plasma active renin levels were increased 2.3-
fold with aliskiren 10 mg kg−1day−1 and increased 55-fold with
lisinopril compared with diabetic controls. Values are mean±SEM.
*p<0.05 compared with non-diabetic control; †p<0.005 compared
with diabetic control; n=6 rats/group. b OIR study: in sham rats,
plasma active renin levels were increased 3.2-fold with aliskiren
10 mg kg−1day−1 and 32-fold with lisinopril compared with sham
control. In OIR, plasma active renin levels were increased 28-fold
compared with sham control. In OIR rats aliskiren at either 10 mg kg−1

day−1mg or 30 mg kg−1day−1 reduced plasma active renin levels
compared with OIR control, although not to the level of sham control.
In OIR, lisinopril had no effect on plasma active renin levels. Values are
mean±SEM. *p<0.0005 compared with sham control; †p<0.0005
compared with sham groups; ‡p<0.05 compared with OIR control and
sham control; n=8 rats/group. Ali, aliskiren; Ang I, angiotensin I; Con,
control; D, diabetic; Lis, lisinopril; ND, non-diabetic

2732 Diabetologia (2011) 54:2724–2735



normalising BP. These findings are consistent with our
previous studies in diabetic Ren-2 rats where we compared
ARB with the β-blocker, atenolol. Both treatments normal-
ised BP in diabetic Ren-2 rats; however, only ARB reduced
retinal vasculopathy and improved the electroretinogram
[24, 38]. Similar comparisons in OIR may not necessarily
be informative given that β-blockers have anti-proliferative
effects in OIR [39], and whether this occurs by a BP-
dependent mechanism is uncertain as BP cannot be
measured in P18 rodents. We therefore examined this
question in normotensive mice with OIR, and our finding
that aliskiren reduced neoangiogenesis and avascular retina
in this model indicates that the beneficial effects of aliskiren
on vasculopathy were not necessarily related to its anti-
hypertensive properties.

Diabetic retinopathy and OIR involve damage not only
to the microvasculature, but also to neurons and glia,
resulting in compromised retinal function [40, 41]. ACE
inhibition and ARB improve aspects of neuronal and glial
damage in both situations [42], such as ameliorating losses
in the electroretinogram [25, 38, 43] and neuronal and glial
cell degeneration [44–46]. Our identification of renin in
retinal Müller cells [2] and ganglion cells [3] is suggestive
that aliskiren may influence these cell populations. A
limitation of our study and a future direction is the
assessment of the potential of aliskiren to ameliorate
neuronal and glial pathology in diabetic retinopathy and
OIR.

The lower plasma active renin level in diabetic Ren-2
rats, in comparison with non-diabetic Ren-2 rats, was in
agreement with our report of lower plasma angiotensin
II and angiotensin I levels in diabetic Ren-2 rats,
although we did not find a reduction in plasma active
renin levels in our previous study [47]. The Ren-2 rat
has elevated levels of mouse renin and angiotensin
peptides in plasma and tissues [48] that suppress renal
expression of rat renin. Inhibition of angiotensin II
formation, such as by ACE inhibition, reverses the
suppression of renal expression of rat renin [49], thereby
accounting for the increase in plasma active renin levels in
sham and diabetic Ren-2 rats administered lisinopril.
Moreover, aliskiren similarly increases renal expression
of rat renin [18]. However, aliskiren is a much more potent
inhibitor of mouse renin (IC50 4.5 nmol/l) than rat renin
(IC50 90 nmol/l) [18], and increased rat renin expression
together with its lesser susceptibility to inhibition by
aliskiren may account for the increase in plasma active
renin levels in Ren-2 rats administered aliskiren.

Ren-2 rats with OIR had marked elevation of plasma
renin levels because of increased expression of the mouse
renin transgene and the partial suppression of plasma active
renin levels by aliskiren in OIR rats represented the net
effect of inhibition of mouse renin activity and increased

renal expression of rat renin. Moreover, lisinopril may have
failed to reduce angiotensin II formation sufficiently to
cause a measurable increase in renal expression of rat renin
in OIR rats. For both the diabetic Ren-2 rats and the Ren-2
rats with OIR, it is likely that aliskiren produced much
greater inhibition of renin activity in the retina than in
plasma, given that the markedly elevated renin levels in the
eye of Ren-2 rats represents local production of mouse
renin [7]. Further studies are required to determine whether
the effects of aliskiren in the retina are due to modulation of
local renin.

In conclusion, aliskiren has benefits in models of
atherosclerosis [30], diabetic nephropathy [18, 19] and
cardiac disease [37, 50]. We extended these benefits to a
protective role for aliskiren in experimental models of
retinal vasculopathy. These findings indicate that aliskiren
may have the potential to be a treatment for diabetic
retinopathy.
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