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Candesartan stimulates reparative angiogenesis in ischemic
retinopathy model: role of hemeoxygenase-1 (HO-1)
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Abstract Ischemic diseases such as stroke and prolifer-
ative retinopathy are characterized by hypoxia-driven
release of angiogenic factors such as vascular endothelial
growth factor (VEGF). However, revascularization of the
ischemic areas is inadequate, resulting in impaired neuro-
vascular function. We aim to examine the vascular pro-
tective effects of candesartan, an angiotensin receptor
blocker, in an ischemic retinopathy mouse model. Vascular
density, number of tip cells, and perfusions of capillaries
were assessed. Activation of Muller glial cells and levels of
peroxynitrite, VEGF, VEGFR2, inducible nitric oxide
synthase, hemeoxygenase-1 (HO-1) were assessed.
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Proangiogenic effects of candesartan were examined in
human endothelial cells (EC) that were cultured in nor-
moxia or hypoxia and transduced with siRNA against HO-
1. Candesartan (1 mg/kg) and (10 mg/kg) decreased
hypoxia-induced neovascularization by 67 and 70 %,
respectively. Candesartan (10 mg/kg) significantly stimu-
lated the number of tip cells and physiological revascu-
larization of the central retina (45 %) compared with
untreated pups. The effects of candesartan coincided with
reduction of hypoxia-induced Muller glial activation, iNOS
expression and restoration of HO-1 expression with no
significant change in VEGF levels. In vitro, silencing HO-1
expression blunted the ability of candesartan to induce
VEGF expression under normoxia and VEGFR?2 activation
and angiogenic response under both normoxia and hypoxia.
These findings suggest that candesartan improved repara-
tive angiogenesis and hence prevented pathological angi-
ogenesis by modulating HO-1 and iNOS levels in ischemic
retinopathy. HO-1 is required for VEGFR2 activation and
proangiogenic action of candesartan in EC. Candesartan,
an FDA-approved drug, could be repurposed as a potential
therapeutic agent for the treatment of ischemic diseases.

Keywords Reparative angiogenesis - Candesartan -
Hemeoxygenase-1 - iNOS - Nitrotyrosine - Endothelial
cells

Abbreviations

VEGF Vascular endothelial growth factor
p Postnatal day

Cand  Candesartan

ROP  Retinopathy of prematurity

DR Diabetic retinopathy
iNOS  Inducible nitric oxide synthase
HO-1 Hemeoxygenase-1
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Introduction

Ischemic diseases such as stroke and proliferative reti-
nopathy are characterized by hypoxia-driven release of
angiogenic factors such as vascular endothelial growth
factor (VEGF) [1]. However, inadequate revascularization
of the ischemic areas is resulting in impaired neuro-vas-
cular function and overall damage. Identifying new thera-
peutics to promote reparative angiogenesis will counteract
the ischemic insult and prevent further pathological neo-
vascularization observed in proliferative retinopathy [2].
Ischemic retinopathy including retinopathy of prematurity,
retinal vein occlusion and diabetic retinopathy is a poten-
tially blinding disorder that affects premature infants and
working-age adults [3, 4]. The pathological progression of
ischemic retinopathy is characterized by an initiating event
of retinal capillary loss, leading to a poorly controlled
process of retinal neovascularization toward the vitreous
but not in the ischemic areas [4]. The mainstay treatment
for retinal neovascularization is limited to laser photoco-
agulation, a strategy that does not restore revascularization
of the retina. Therefore, there is a great need to identify
new and effective therapeutics to harness reparative angi-
ogenesis and prevent retinal ischemia.

The renin—angiotensin system (RAS) is classically rec-
ognized for its role in the control of systemic blood pres-
sure. However, local production of retinal Angiotensin II
suggested a role for Angiotensin II that is independent of
the systemic circulation [5]. While Angiotensin II has been
shown to promote endothelial cell migration and angio-
genesis by inducing angiogenic growth factors [6, 7],
blockers of Angiotensin II type 1 AT1 receptors (ARBs)
can also modulate angiogenesis [8]. We recently demon-
strated that treatment with candesartan induced a pro-
angiogenic state, stimulated VEGF/VEGFR2 and vascular
protection in an ischemic stroke model [9—11]. In contrast,
previous studies using models of ischemic retinopathy
showed that ARBs can prevent pathological angiogenesis
by reducing VEGF levels [12, 13] or VEGR2 activation
[14]. To clarify ARBs effect on the VEGF/VEGFR2
angiogenic pathway, our study will identify the molecular
mechanisms by which candesartan exerts its vascular pro-
tective effects in ischemic retinopathy.

ARBs could be a potential strategy to selectively inhibit
pathological neovascularization and promote physiological
revascularization of the retina [5]. Prior studies have
demonstrated the detrimental role of the inducible nitric
oxide synthase (iNOS) expression [15] and excessive ni-
trative stress that induced retinal endothelial cell death and
inhibited physiological vascularization of the ischemic
areas [16—19]. Avascularization of the ischemic retina can
be aggravated also by deficiency of other proangiogenic
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factors. Hemeoxygenase enzyme (HO-1) has emerged as
an important player in wound healing and tumor angio-
genesis and the angiogenic response in isolated retinal
endothelial cells (EC) [20, 21]. However, little is known on
its expression pattern and its potential role in modulating
VEGF signal in ischemic retinopathy. Here, we examined
the effect of candesartan on nitrative stress and VEGF/
VEGFR2 as well as other molecular mediators including
expression of iNOS and HO-1 in ischemic retinopathy and
cell culture models.

Materials and methods
Animal model

All the animal studies were performed using C57Bl/6J
mice from Jackson Laboratories and conducted in accor-
dance with the animal protocols of the Charlie Norwood
Veterans’ Affairs Medical Center Animal Care and Use
Committee.

Ischemic retinopathy mouse model was induced by
exposing neonatal mice along with their dam to 70 %
oxygen (hyperoxia) from postnatal day p7 to p12. The pups
were brought back to room air (relative hypoxia) and
treated with candesartan (a generous gift from AstraZene-
ca; dissolved in saline, sodium carbonate solution), 1 mg/
kg day, i.p., or 10 mg/kg body weight/day, i.p., from p12 to
pl7 (21 % oxygen). The experimental groups include
hypoxia, hypoxia-candesartan, normoxia-candesartan and
untreated normoxic pups served as a control group. Pups
were deeply anesthetized by IP injection of tribromoetha-
nol (Avertin—240 mg/kg). One eye was enucleated and
fixed in 2 % paraformaldehyde overnight to be flat-
mounted. For the other eye, retinas were isolated and snap-
frozen for biochemical assays.

Analysis of retinal revascularization and pathological
neovascularization

Retinal vascular distribution was analyzed using retinal flat
mounts labeled with the red fluorescent Alexa Fluor® 594
isolectin GS-IB4 conjugate (Molecular Probes, Life Tech-
nology, Grand Island, NY, USA). To examine perfusion of
retinal capillaries, fluorescein isothiocyanate-dextran 2
million (FITC-Dextran, 50 mg/ml) [Sigma-Aldrich, MO,
USA] was administered at 100 pl i.p. for each pup 30 min
before killing. Retinas were viewed and imaged with
fluorescence or confocal Axiobserver Zeiss Microscope
(Germany). The areas of capillary dropout at p12 and ret-
inal neovascularization were assessed on pl7 as described
previously [22, 23]. The number of tip cells was counted in
isolectin-stained flat-mounted retinas at the border of the
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central capillary dropout area using a confocal Zeiss
microscope. Tip cells were identified by morphology as
described previously [24].

Detection of nitrotyrosine

Relative amounts of proteins nitrated on tyrosine were
measured using slot-blot techniques as described previ-
ously [22]. Briefly, retinal lysates were immobilized onto
nitrocellulose membrane by using a slot-blot microfiltra-
tion unit (Bio-Rad, Hercules, CA, USA). Nitrotyrosine was
detected using a polyclonal anti-nitrotyrosine antibody
(Millipore, Temecula, CA, USA) followed by peroxidase-
labeled goat anti-mouse IgG and ECL. Relative levels of
nitrotyrosine immunoreactivity were determined by densi-
tometry software (Alpha Innotech).

Measurement of retinal nitrite levels

Nitric oxide (NO) production was determined indirectly by
measuring the levels of nitrite, the oxidized products of
NO, in the supernatant of phosphate-buffered saline (PBS)
retinal homogenate by modified Greiss Reagent assay as
described before [25]. Briefly, 210 pl of homogenate were
incubated with nitrate reductase enzyme (10 mU) and
NADPH (12.5 mmol/L) for 30 min at 37 °C. Then the total
nitrite in each sample was determined by addition of
200 mU of r-glutamate dehydrogenase, 100 mmol/L
NH,4CI, and freshly prepared 4 mmol/L of a-ketoglutarate.
The mixture was incubated at 37 °C for 10 min followed
by addition of 250 pl of Greiss Reagent and incubation for
another 5 min at 37 °C. The absorbance at 543 nm was
recorded, and concentrations of nitrite were calculated and
expressed as mmol/mg protein.

Determination of retinal lipid peroxides

The assay was performed on retinal lysates as described
before [22]. Briefly, retinal lysate is reacted with 20 %
acetic acid, 8 % SDS and thiobarbituric acid at 95 °C for
60 min, and the reaction was cooled down on ice. The
samples were centrifuged, and the supernatant was
extracted with n-butanol and pyridine (15:1, respectively),
and the absorbance of the organic solvent layer measured at
532 nm. The Bradford assay (Bio-Rad, Hercules, CA,
USA) was performed to determine the protein concentra-
tion of the retinal lysate. Lipid peroxide level was
expressed in nmole MDA/mg total protein.

Quantitative real-time PCR

The One-Step qRT-PCR kit (Invitrogen) was used to
amplify 10 ng retinal mRNA, and quantification was

performed as described previously [23]. PCR primers
designed to amplify VEGF, TRX and HO-1 were pur-
chased from Integrated DNA Technologies Inc., (IDT,
Coralville, IA, USA). Quantitative PCR was performed
using a Realplex Master cycler (Eppendorf, Germany)
using primers listed in (supplementary table-1). Expression
of TRX, VEGF or HO-1 was normalized to the 18S level
and expressed as relative expression to control.

Western blot analysis

Retina lysate (30 pg) proteins were boiled in Laemmli
buffer at 95 °C for 5 min and separated by electrophoresis
and transferred onto nitrocellulose membrane and blocked
with 5 % (w/v) nonfat milk for 1 h. The nitrocellulose
membranes were then incubated with antibodies including
VEGF (Millipore, Billerica, MA, USA, 1:1,000), iNOS,
HO-1, pVEGFR2, VEGFR2 (Cell Signaling Technology,
Danvers, MA, USA, 1:1,000) in phosphate-buffered saline
overnight at 4 °C. After washing, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies and detected with enhanced chemi-
luminescence (Thermoscientific, Rockford, IL, USA). The
films were scanned, and band intensities (optical density)
were quantified using imageJ software.

Immunohistochemistry

Frozen retinal cryo-sections (10-um thickness) were blocked
in goat serum and incubated with primary antibodies
including iNOS (Cell Signaling, 1:200), CD31 (BD Biosci-
ence Pharmingen, San Diego, CA, USA, 1:100), GFAP
(Affinity Bioreagents, Rockford, IL, USA; 1:200) glutamine
synthetase (Millipore, Billerica, MA, USA; 1:200), followed
by Texas red or Oregon green conjugated goat anti-rabbit or
goat anti-mouse (Invitrogen, Carlsbad, CA, USA; 1:500)
secondary antibodies. Mounting solution (Vector laborato-
ries, Burlingame, CA, USA) was added, and the slides were
sealed using a cover slip. Images were taken by a microscope
(AxioObserver.Z1; Zeiss, Germany) under 20x magnifica-
tion using Axiovision software.

Cell culture

Primary cultures of human retinal EC and supplies were
purchased from Cell Systems Corporation (Kirkland, WA,
USA). Experiments were performed using cells between
passages (4-6). Cells were switched to serum-free medium
6 h prior to stimulation with candesartan. Pilot studies
demonstrated that (1 pg/ml) was the sub-maximal dose to
induce angiogenic response of candesartan. For treatment,
cells were switched to serum-free medium for 4-6 h fol-
lowed by 24-h candesartan treatment (1 pg/ml). Cells were
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incubated in a mixture of 5 % CO,, 21 % O, at 37 °C
(normoxia) or balanced N, in a humidified incubator inside
a sealed anaerobic chamber at 1 % O, (hypoxia), and levels
of oxygen were monitored with a sensitive sensor (ProOx
model C21; BioSpherix, Lacona, NY, USA). Cells were
harvested to detect protein expression using WB or sub-
jected to tube formation assay.

Silencing HO-1 expression

Transfection of human EC was performed using Amaxa
nucleofector and a kit for primary EC according to the
manufacturer protocol (Lonza, Germany). Optimization
experiments that were performed showed that TO05-pro-
gram and (500 ng) of HO-1 siRNA (Santa Cruz) gave the
maximum transfection efficacy for EC. Cells suspended in
a nucleofector mixture with the siRNA and pmaxGFP were
zapped and left 12 h in complete medium to recover before
experiments. Transfection efficiency was 60-80 % as
indicated by number of GFP expressing cells (data not
shown) and Western blots for HO-1 expression.

Tube formation

The alignment of EC into tube-like structures was assessed
using Matrigel™ tube formation assay, as described pre-
viously [11]. Transfected cells with either scrambled or
siRNA were randomized to receive treatment with cande-
sartan (1 pg/ml) or vehicle. The harvested cells were
incubated in normoxia or a hypoxia chamber for the des-
ignated time and suspended in a mixture of medium-199
(life technologies) and growth factor-reduced Matrigel (BD
biosciences) in a ratio of 70:30 (100 pl/well). The mixture
was quickly transferred into a 96-well plate and allowed to
solidify. Approximately 5 x 10* cells in a volume of
100 pl were seeded into each quadruplicate well. Images
were captured 24 h after seeding at an objective lens
magnification of 10x. Endothelial cells that had aligned to
form >90 % closed structures were considered as tubes and
counted in a blinded fashion.

Data analysis

The results were expressed as mean & SE. Two-way ana-
lysis of variance (ANOVA) followed by Bonferroni mul-
tiple comparison test was used for testing differences
among all the multiple experimental groups and for testing
the interaction between the level of oxygen (normoxia vs.
hypoxia) across the animal groups (untreated vs. cande-
sartan) and between the presence or absence of HO-1
expression across candesartan-treated or untreated groups
(for the in vitro studies). For morphological studies, two-
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sided Student’s ¢ test was used for testing differences
between two experimental groups (hypoxia vs. H4 can-
desartan). Significance was defined as p < 0.05.

Results

Candesartan prevented retinal neovascularization
and improved capillary perfusion in an ischemic
retinopathy model

Relative area of tuft, abnormal blood vessels that grow into
the vitreous from the retina away from retinal capillary
plexuses, is an accepted index for determining the patho-
logical neovascularization. Treatment with candesartan
1 mg/kg (supplementary figure-1, A-B-C) and 10 mg/kg
(Fig. 1a, b, f) significantly decreased the pathological tufts
by 67 and 70 %, respectively, in the retinal mid-periphery
compared with untreated hypoxia. We examined capillary
perfusion assessed by injecting FITC-dextran (green) fol-
lowed by isolectin staining-B4 (red) in flat-mounted reti-
nas. Treatment with candesartan (10 mg/kg) improved
capillary perfusion in hypoxic pups compared with
untreated mice (Fig. Ic, d). In normoxia, candesartan did
not induce alteration of capillary perfusion assessed by
FITC-Dextran (supplementary figure-2) or branching den-
sity assessed by isolectin-B4 (Fig. le).

Candesartan stimulated tip cells and revascularization
of the central ischemic retina

Decrease in capillaries dropout (free) retinal areas during
relative hypoxia is an index of physiological retinal
revascularization. As shown in (Fig. 2a, b, d), candesartan
(10 mg/kg) stimulated reparative angiogenesis evident by
45 % reduction in capillary dropout area compared with
untreated hypoxic controls. Moreover, treatment with
candesartan stimulated the number of tip cells at the border
of capillary dropout toward central retinal, an index of
physiological angiogenesis, compared with the untreated
hypoxic controls (Fig. 2c, e). Interestingly, treatment with
candesartan (1 mg/kg) tended to decrease capillary dropout
area (20 %) but did not reach statistical significance
(Supplementary figure-1 D). These results suggest that
candesartan at (10 mg/kg/day) significantly inhibited the
pathological neovascularization and promoted the repara-
tive physiological angiogenesis. Since the goal of the study
was to investigate the role of ARBs in physiological
angiogenesis to repair the retina, the rest of the studies
utilized candesartan 10 mg/kg treatment regimen to
explore the possible molecular mechanisms involved.
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Fig. 1 Candesartan prevented the hypoxia-induced pathological
retinal neovascularization. a, b Representative images of flat-mounted
retinas of animals subjected to normoxia or hypoxia and treated with
candesartan on pl7 and labeled with isolectin-B4 (red). ¢, d Higher
magnification confocal images (x63) of retinas perfused with FITC-
Dextran (green) and labeled with isolectin-B4 to examine vascular
density and the neovascularization. In hypoxia, areas of tufts, a
pathological bulb-like structure of new micro-blood vessels grew
toward the vitreous far away from the retinal capillary plexus, are
higher in the peripheral retinal vasculature with less perfusion at the
central areas (c, arrows) compared with those exposed to hypoxia

Candesartan blocked hypoxia-induced retinal oxidative
and nitrative stress

In hypoxia, elevated NO levels become toxic when it
interacts with superoxide anion, resulting in the production
of the oxidant peroxynitrite. As shown in (Fig. 3a),
hypoxia significantly induced nitrotyrosine formation
(fourfold) compared with normoxic controls and cande-
sartan-treated normoxic controls. Treatment with cande-
sartan (10 mg/kg) completely blocked hypoxia-induced
nitrotyrosine formation. We next examined the formation
of NO by determining its stable metabolite, nitrite, using
Greiss Reagent. As shown in (Fig. 3b), hypoxia induced a
4.6-fold increase in total nitrite levels compared with
normoxic-untreated and candesartan-treated controls.
Treatment with candesartan (10 mg/kg) completely
blocked hypoxia-induced nitrite formation. We next
examined lipid peroxidation as a general measure for
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treated with candesartan (10 mg/kg/day, i.p.) (d, arrows). This
indicates that candesartan had a reparative response stimulating
intra-retinal angiogenesis in the ischemic retinal fields. e Quantifica-
tion data of vascularized zones normalized to the whole retinal area
and vessel density as measured by branch point number in random-
ized selected field. As the bar chart indicates, the vascular density
significantly dropped in hypoxia but not in hypoxia after treatment
with candesartan. f Quantification data of tufts (neovascular) area
normalized to total the retina area. Tufts area reduced by ~70 % in
hypoxia-candesartan compared with hypoxia. p Postnatal, i.p. intra-
peritoneal, n = 10-12/group, *p < 0.05 versus the rest of groups

oxidative stress. Candesartan (10 mg/kg) inhibited
hypoxia-induced increases in lipid peroxidation (Fig. 3c).

Candesartan ameliorated hypoxia-induced iNOS
expression and glial Muller cell activation

To characterize the sources of nitrative stress at the cell
level in the retina and whether candesartan treatment can
modify the effect, we examined the expression of iNOS. As
shown in (Fig. 3d), hypoxia induced iNOS expression by
1.8-fold compared with untreated normoxic controls and
administration of candesartan significantly reduced iNOS
expression back to normal. We next examined localization
of iNOS and GFAP, a marker for activated glial Miiller
cells using immunohistochemistry. As shown in (Fig. 4a),
hypoxia induced iNOS expression within ganglion cell
layer (GCL), inner nuclear layers (INL) and outer plexi-
form layers (yellow arrows) where retinal capillaries and
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Fig. 2 Candesartan stimulated number of tip cells and enhanced
reparative angiogenesis. a, b Representative images of flat-mounted
retinas of p17 animals subjected to hypoxia or hypoxia treated with
candesartan (10 mg/kg/day, i.p.) and labeled with isolectin-B4 (red).
¢ Higher confocal magnified image (x63) of retinas labeled with
isolectin B4 of the part corresponding to b showing tip cells that grow
toward the center of the retina to guide newly formed retinal
capillaries. d Quantitative data of the capillary dropout area that were

nuclei of Muller cells reside. Activation of the main glia in
the retina, Muller cells, is an index of oxidative and
nutritional stress. As shown in (Fig. 4b), hypoxia induced
Muller glial cell activation as indicated by radial filamen-
tous expression of GFAP compared with controls. Treat-
ment with candesartan (10 mg/kg) markedly reduced the
activation of Muller cells compared with the untreated
hypoxia groups. Co-localization studies using iNOS
(green) with glutamine synthetase, Muller cells marker
(red) showed localization (yellow) within INL and plexi-
form layer, suggesting that activated Muller cells contrib-
ute to nitrative stress in response to hypoxia.
Immunostaining of iNOS (green) with CD31 (red), an
endothelial cell marker, showed co-localization (yellow)
within capillaries in GCL and deep retina capillaries in the
inner retina layer (Supplementary figure-3). Together,
inhibition of iNOS and nitrative stress may contribute to
the mechanism by which candesartan (10 mg/kg) stimu-
lated intraretinal angiogenesis and prevented pathological
neovascularization in ischemic retinopathy.
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normalized to the total retina area showing that candesartan treatment
reduced capillary dropout area by 45 % in comparison with that of
untreated mice. e Quantitative data of the number of sprouting
endothelial cell forming tip cells show that treatment with candesartan
(10 mg/kg) significantly increased the number of tip cells that are
significantly higher among those treated with candesartan compared
with untreated hypoxia. *p < 0.05 versus hypoxia (n = 10-12/group)

Candesartan stimulated VEGFR2 activation but did
not alter hypoxia-induced VEGF expression

We next examined VEGF expression, at both the mRNA
and protein levels at pl4. Exposing the pups to relative
hypoxia induced retinal VEGF expression by 2.8-fold at
mRNA level (Fig. 5a) and 1.9-fold at protein level
(Fig. 5b, ¢) and compared with normoxic controls.
Treatment with candesartan did not statistically alter
VEGF levels at mRNA or protein levels compared with
untreated hypoxia. Under hypoxia, candesartan induced
VEGFR2 activation compared with untreated controls
(Fig. 5d, e). Under normoxia, candesartan tends to
increase VEGF at the mRNA and protein levels; how-
ever, it did not reach statistical significance assessed by
two-way ANOVA compared with untreated controls. The
increases in VEGF in normoxia did not result in alter-
ation of vascular density (Fig. le) or retinal capillary
perfusion assessed by FITC-dextran perfusion (Supple-
mentary figure-2).
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Fig. 3 Candesartan blocked hypoxia-induced oxidative and nitrative
stress via suppression of iNOS. a Representative image of slot-blot
and quantification for nitrotyrosine, the footprint of peroxynitrite.
Hypoxia significantly induced nitrotyrosine formation compared with
the normoxic control group. Candesartan treatment (10 mg/kg/day,
i.p.) significantly reduced the nitrotyrosine compared with untreated
hypoxia. b Nitrate level detected by Griess reagent, which is an
indirect measure of nitric oxide production in the retina, shows a
significant increase in nitrate in hypoxia compared with the control
groups, which was blocked by candesartan treatment. ¢ Lipid

Candesartan restored retinal hemeoxygenase-1
expression in hypoxia

We next examined the potential impact of candesartan
treatment on the expression of antioxidants, thioredoxin
(TRX) and hemoxygenase-1 (HO-1). As shown in
(Fig. 6a), hypoxia induced retinal total TRX expres-
sion 1.45-fold compared with the untreated and treated
controls. Treatment with candesartan did not significantly
alter TRX level compared with hypoxia alone. While
hypoxia did not alter HO-1 expression at the mRNA level
(Fig. 6b), it significantly reduced HO-1 at the protein level
(Fig. 6¢, d) compared with untreated normoxic controls.
Treatment with candesartan induced HO-1 mRNA by 1.7-
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peroxidation detected by TBARs shows a significant increase in
oxidative stress in hypoxia compared with the control groups, which
was blocked by candesartan treatment. d Representative image and
statistical analysis of Western blot for iNOS normalized to B-actin
showing that iNOS expression is significantly increased in hypoxia
compared with normoxia and normoxia-candesartan groups. Treat-
ment with candesartan (10 mg/kg/day, i.p.) reduced iNOS signifi-
cantly compared with untreated pups. OD optical density, NY
nitrotyrosine. *p < 0.05 versus controls, n = 4-6/group

fold in normoxia and 2.4-fold in hypoxia, respectively
(Fig. 6b). In parallel, candesartan enhanced HO-1 protein
expression by approximately twofold in both normoxia and
hypoxia, compared with untreated normoxia (Fig. 6¢c, d).
These results suggest that restoration of HO-1 expression
by candesartan may contribute to enhanced angiogenic
response apart from hypoxic insult.

Silencing HO-1 expression induced VEGF expression
under hypoxia

In order to examine the role of HO-1 in candesartan-induced

proangiogenic response, we used small interfering RNA
(siRNA) to target HO-1 in human EC under normoxia and
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Fig. 4 Candesartan ameliorated hypoxia-induced Muller cell activa-
tion and suppressed iNOS expression. a Representative images of
immunostained retinas with iNOS (green), showing higher expression
in hypoxia than normoxia or hypoxia-candesartan. b Representative
images of retinas from different treatment groups stained with GFAP
(green), a marker for stressed Muller cells. In hypoxia, Muller cell

hypoxia. Silencing HO-1 expression was evident by 72 %
reduction in siRNA-transduced cells compared with scram-
bled-transduced cells under normoxia (Fig. 7a, b) and under
hypoxia (Fig. 7d, e). Similar to in vivo, candesartan induced
expression of HO-1 by 1.8-fold in the scrambled-transduced
EC compared with untreated group under normoxia (Fig. 7a,
b) as well as hypoxia (Fig. 7d, e). Under normoxia, cande-
sartan tended to increase VEGF expression but did not reach
statistical significance, and silencing HO-1 did not alter
VEGF expression in scrambled-transduced EC compared
with untreated cells (Fig. 7¢). Under hypoxia, silencing HO-
1 induced VEGF expression by 1.5-fold in the scrambled-
EC, and treatment with candesartan did not stimulate VEGF
expression compared with hypoxia controls (Fig. 7f). These
results recapitulate our observation in vivo, where retinas
exposed to hypoxia alone demonstrated less HO-1 and
increases in VEGF expression and that candesartan did not
stimulate VEGF expression under hypoxia (Figs. 5, 6).

Silencing HO-1 expression blunted candesartan-
induced VEGFR2 and endothelial cell alignment
into tube-like structures

We next examined the impact of silencing HO-1 expres-
sion on candesartan-mediated angiogenic response under
both normoxia and hypoxia. As shown in (Fig. 8a, b),
treatment of the scrambled-transduced EC with
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activation is remarkably higher compared with normoxia or nor-
moxia-candesartan and the hypoxic retinas treated with candesartan.
GCL Ganglion cell layer, IPL inner plexiform layer, INL inner nuclear
layer, ONL outer nuclear layer, DAPI diamidino-2-phenylindole,
GFAP glial fibrillary acidic protein. Similar findings were observed in
three additional retinas

candesartan enhanced significantly the phosphorylation of
VEGFR2 under both normoxia and hypoxia. Silencing HO-
1 expression mitigated candesartan effect under both nor-
moxia and hypoxia. Candesartan treatment also induced the
alignment of scrambled-transduced EC into tube-like
structures (representative is shown in supplementary fig-
ure-4). Candesartan induced tube formation by threefold
and fourfold compared with untreated controls under nor-
moxia and hypoxia, respectively (Fig. 8e, f). Silencing HO-
1 expression blunted candesartan-induced EC alignment
into tube-like structure under both normoxia and hypoxia.
These results clearly demonstrate that HO-1 is required for
candesartan-mediated VEGFR2 activation and angiogenic
response in hypoxic retina and EC.

Discussion

Retinal ischemia and the subsequent secretion of angio-
genic factors including VEGF are thought to be common
precursors to vitreo-retinal neovascularization. Although
targeting VEGF and other angiogenic factors has proven
effective in preventing pathological vitro-neovasculariza-
tion, the challenge remains to identify strategies to vascu-
larize the ischemic retina and to maintain the homeostasis
of retina vasculature. The findings from this study support
the vascular protective effects of candesartan as follows:
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Fig. 5 Candesartan stimulated VEGFR2 activation but did not alter
VEGF level in hypoxia. a Gene expression of VEGF mRNA
normalized to 18 SmRNA of four groups. b, ¢ Representative images
of Western blot and statistical analysis for the protein expression of
VEGF normalized to PB-actin. Candesartan treatment and hypoxia
significantly increased the protein expression of VEGF compared
with normoxia. Treatment with candesartan during hypoxia did not

Candesartan stimulated the revascularization of the central
retina and enhanced reparative angiogenesis with sub-
sequent inhibition of hypoxia-induced pathological retinal
neovascularization (Figs. 1, 2). The mechanism involves
reducing glial activation and nitrative stress via inhibiting
iNOS and stimulating HO-1 expression (Figs. 3, 6). HO-1
expression is required for VEGFR2 activation and align-
ment of EC into tube-like structures under hypoxic con-
dition (Figs. 7, 8). We believe this is the first report to
delineate the role of HO-1 in mediating the vascular pro-
tective effects of candesartan in ischemic retinopathy.
While several studies indicate that ARBs could inhibit
pathological neovascularization and tumor angiogenesis,
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alter VEGF expression compared with hypoxia. d, e Representative
image of Western blot and statistical analysis for VEGFR2 activation
showing that hypoxia induced phosphorylation of VEGFR2, an effect
that was further maintained by candesartan. Two-way ANOVA
showed a significant interaction between candesartan and hypoxia in
retinal VEGFR2 activation and VEGF mRNA levels but not at VEGF
protein level, *p < 0.05, n = 4-7/group

work with myocardial infarction and cerebral ischemia
point to a pro-angiogenic role of ARBs (reviewed in [8]).
ARBs have been shown to prevent pathological angio-
genesis by decreasing VEGF levels [12, 13] or VEGR2
activation [14]. In agreement, our results showed that lower
dose of candesartan (1 mg/kg/day, i.p.) prevented patho-
logical neovascularization; however, it did not stimulate
reparative angiogenesis (Supplementary Figure-1). Here
using an ischemic retinopathy model, we demonstrate that
candesartan at (10 mg/kg/day, i.p.) stimulates reparative
angiogenesis as it enhances physiological revascularization
of the central retina and hence mitigates retinal ischemia
and subsequent peripheral pathological neovascularization.
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Fig. 6 Candesartan restored hemeoxygenase-1 expression in
hypoxia. Quantitative data of gene expression of the antioxidants.
a Total thioredoxin (TRX) mRNA and b hemoxygenase (HO-1)
mRNA levels. In hypoxia, TRX mRNA expression significantly
increased, but there was no change in HO-1 compared with normoxia.
Treatment with candesartan partially but not significantly reduced
TRX level compared with hypoxia alone. ¢, d Representative

Our findings demonstrate also that candesartan induced
VEGR?2 activation but did not alter the VEGF expression in
hypoxia. These effects coincided with restoration of the
redox-state balance by reducing the anti-angiogenic and
nitrative stress mediator, iNOS, and upregulation of the
antioxidant and proangiogenic modulator HO-1. We
believe that the higher dose of candesartan (10 mg/kg/day,
i.p.) can activate other pathways involved in angiogenesis
including AT2 receptor activation as shown recently by our
group [7] or HO-1 pathway as illustrated in the current
study.

The HO-1 is an enzyme degrading heme into carbon
monoxide, free iron and biliverdin. HO-1 is widely dis-
tributed and highly induced by a range of stimuli including
inflammation, oxidative stress and nitric oxide (reviewed in
[26]). Our results showed that retinas from the hypoxic
group showed significant reduction in HO-1 expression
compared with retinas exposed to normoxia and that can-
desartan treatment (10 mg/kg/day, i.p.) was able to restore
expression of HO-1 under hypoxia. Our results lend further
support to previously reported neuro- and vascular
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immunoblots and relative density showing that hypoxia significantly
reduced HO-1 expression compared with normoxia. Treatment with
candesartan significantly induced HO-1 mRNA and protein levels in
normoxia and hypoxia. Two-way ANOVA showed significant
interaction between candesartan and hypoxia in retinal HO-1 protein
level, *p < 0.05 versus control; *p < 0.05 versus hypoxia, n = 6-8/
group

protective action of HO-1 induction in models of retinal
ischemia [27, 28] and diabetic retina [29].

HO-1 contributes to the formation of blood vessels both
directly, through enhancing the angiogenic activities of EC,
and indirectly, through regulating VEGF expression in vivo
and in vitro [30]. Our results showed that while candesartan
treatment (pl2-pl7) induced expression of HO-1 under
normoxia and hypoxia, it tends to increase VEGF but did
not reach statistical significance in vivo. Therefore, we
further investigated the role of HO-1 in candesartan-med-
iated VEGF expression and angiogenic response in human
retinal EC under both normoxia and hypoxia. Under
hypoxia, candesartan did not stimulate VEGF expression
compared with hypoxia alone, which mirrors the in vivo
results. Moreover, silencing HO-1 expression in EC
undergoing hypoxia stimulated VEGF production, which
recapitulates the in vivo results where hypoxic retinas were
burdened with reduced HO-1 expression and enhanced
VEGF expression. Silencing HO-1 expression in EC miti-
gated candesartan-induced VEGFR2 angiogenic response
in normoxia (Figs. 7, 8). In support, our recent work
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Fig. 7 Candesartan enhanced HO-1 expression under normoxia and
hypoxia in retinal endothelial cells. Representative images and
quantification of HO-1 and VEGF expression levels after 24 h in
normoxia (a—c), and hypoxia (d—f) in the presence or absence of
candesartan at (1 pg/ml). Candesartan treatment increased levels of
HO-1 in normoxia and hypoxia scramble group but not in siRNA

demonstrated that candesartan induced VEGF-angiogenic
response in brain EC [11]. Remarkably, silencing HO-1
expression completely blunted candesartan-mediated
VEGFR?2 activation and alignment of EC into tube-like
structures. Our results are in agreement with prior studies
that demonstrated requirement of HO-1 to mediate angio-
genic response in retinal EC [20, 21]. This finding supports
the notion that candesartan-induced HO-1 expression acts
as molecular switch to favor VEGFR2-mediated angio-
genic signal and enhances reparative angiogenesis in the
ischemic retina.

Recent studies suggested inverse relationship between
HO-1 and iNOS expression, where restoring HO-1 or
carbon monoxide inhibits iNOS expression [31, 32]. There
is increasing evidence that iNOS is anti-angiogenic [18].
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group. Candesartan treatment tended to increase VEGF expression in
normoxia but not in hypoxia. Scr-Ctrl scramble-control, Scr-Cand
scramble-candesartan, siRNA-Ctrl siRNA control, siRNA-Cand siR-
NA candesartan. Two-way ANOVA showed significant interaction
between candesartan and gene silencing in HO-1 protein level in EC,
*p < 0.05 versus Scr-Ctrl, n = 3-6/group

We and others demonstrated that increases in retinal oxi-
dative and nitrative stress contribute to vaso-obliteration in
models of ischemic retinopathy [16, 22, 33-37]. Nitrative
stress driven by enhanced iNOS expression in the ischemic
retina was postulated as the molecular switch that down-
regulates physiological intra-retinal angiogenesis and
facilitates pathological angiogenesis toward the vitreous
[15, 16, 38]. Our results show that treatment with cande-
sartan during relative hypoxia (p12-p17) completely pre-
vented hypoxia-induced iNOS expression, pathological
neovascularization and enhanced revascularization of the
central retina (Figs. 1, 2, 3). The protective effect of can-
desartan was associated with significant decreases in retinal
nitrative stress assessed by total nitrite level and nitroty-
rosine, the footprint of peroxynitrite (Fig. 3). These results
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Fig. 8 Candesartan enhanced VEGFR2 activity and stimulated
proangiogenic effect. Representative images of Western blot of the
pVEGFR2 (on the same membrane in different positions) and their
statistical analysis for the protein expression in normoxia (a, b) and
hypoxia (¢, d), respectively, normalized to the corresponding total-
VEGFR2. Treatment with candesartan significantly enhanced the
VEGF-R2 activity in normoxia and hypoxia but not with siRNA in
both. e, f Quantitative charts of tube-like structures formed in the
same treatment groups (corresponding representative images are
shown in supplementary Fig. 3). In normoxia, silencing of HO-1 does
not modify tube-like structures compared with controls, but

lend further support to prior studies that demonstrated
protective effects of ARBs including candesartan [14],
losartan, [39], olmesartan [40] and telmisartan [41]. Prior
evidence demonstrated the protective effects of ARBs via
reducing iNOS expression in various models [42-44]. To
our knowledge, this is the first report that links the vascular
protective effect of candesartan to modulating iNOS
expression in the ischemic retinopathy model.

Astrocytes and Miiller glia are essential for regulating
the retinal capillaries during development and maintaining
barrier properties in maturation (reviewed in [45]). While
AT1 and AT?2 receptors are well expressed in the various
layers of retina, AT1 receptor expression is prominent in
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candesartan treatment (1 pg/ml) significantly increased (threefold)
the effect. b In response to hypoxia, a significant (twofold) increase in
tube-like structure compared with normoxia in controls. Silencing of
HO-1 significantly (twofold) reduces endothelial cell-tube formation,
and candesartan significantly (4.5-fold) abolished the effect compared
with controls. Silencing of HO-1 in the presence of candesartan
significantly (1.9-fold) reduced tube-like structures compared with
controls, indicating that candesartan angiogenic response is HO-1
dependent. Two-way ANOVA showed significant interaction between
candesartan and gene silencing in VEGFR2 activation in EC,
*p < 0.05 versus other groups, n = 3—-6/group

glial Muller cells [46]. Our results showed that blocking the
AT1 receptor with candesartan significantly inhibited
hypoxia-induced activation of Muller cells evident by
marked reduction of radial expression of GFAP (Fig. 4b).
In agreement, treatment with valsartan prevented Muller
activation in an ischemic retinopathy model [47]. Prior
studies identified glial Muller cells as a primary site for
increased iNOS expression in response to hypoxia [15, 38,
48]. Our results showed that hypoxia induced expression of
iNOS in the INL of the central ischemic retina (Fig. 4a)
with strong co-localization of iNOS with both Muller glial
cells and EC in the deep retina capillaries (Fig. 4; Sup-
plementary Fig. 2). Increases in iNOS expression in the
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ischemic retina and the adjacent EC conferred inhibition of
physiological angiogenesis and facilitated growth of aber-
rant blood vessels. Together, candesartan stimulated
reparative angiogenesis and prevented pathological angio-
genesis in ischemic retinopathy. Our results identify a
novel mechanism by which candesartan exerts its protec-
tive action on the retina vasculature via stimulation of HO-
1-dependent VEGFR?2 activation and angiogenic response
as well as inhibition of iNOS. Candesartan is already
approved by the FDA and has a favorable safety profile.
Hence, there is great potential to repurpose the drug for the
treatment of ischemic retinopathy including both prolifer-
ative diabetic retinopathy and retinopathy of prematurity.
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