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Introduction

Angiotensin-I1 (Ang-I1) activates two major types of receptors, angiotensin Il type one
(AT1R) and type two (AT2R) receptors. While AT1R is widely expressed and mediates
most inflammatory Ang-11 effects, AT2R, is less expressed and has opposite effects,
promoting vasodilation and anti-inflammatory effects [11. Physiologically, AT2R actions are
usually masked by the more abundant AT1R. It has been suggested that ARBs can mediate
their action through increasing angiotensin Il (Ang I1) availability to bind to the beneficial
angiotensin type 2 receptor (AT2R), thus leading to unopposed AT2R stimulation. AT1R
blockers (ARBSs) represent a major class of antihypertensive medications. They are
considered first line treatment for essential hypertension. Moreover, ARBs are the
cornerstone treatment for other cardiovascular diseases especially in patients with diabetic
and renal comorbidities. Clinical and experimental evidence have documented the beneficial
actions of ARBs beyond the blood pressure lowering effect. Ischemic diseases such as
stroke and proliferative retinopathy are characterized by hypoxia-driven release of
angiogenic growth factors [2]. However, revascularization of the ischemic areas is
inadequate, resulting in impaired neuro-vascular function. ARBs have been shown to exhibit
vascular protective and pro- or anti-angiogenic effects depending on the tissue/cell type and
disease condition under study [31. Our group has demonstrated the vascular protective effects
of ARBs and candesartan, in particular, in models of ischemic stroke and retinopathy. The
positive impact of candesartan was mainly via enhancing the proangiogenic state and
stimulation of reparative angiogenesis. This commentary aims to highlight the recently
identified pathways engaged as a result of directly blocking the AT1 receptor or indirectly
by possible activation of AT2 receptor, in the context of the published literature.
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ARBs contribute to initiation and stabilization of new blood vessels

Angiogenesis, the formation of new blood vessels from existing vessels, is a complex
process involving extracellular matrix degradation, endothelial migration, proliferation,
differentiation, and eventually tube formation [2 4], Sprouting of new blood vessels is a
guided process, where front-runner endothelial tip cells initiate the vascular sprouting,
followed by stalk endothelial cells, which mediate vessel elongation and lumen

formation [®1. Among the angiogenic factors, vascular endothelial growth factor (VEGF-A)
via activation of its receptor VEGFR2 (KDR) is the major regulator of blood vessel
formation and function. Tip cells have been shown to express VEGFR2 and endothelial cell-
specific molecule-1 known also as endocan and exhibit long filopodial extensions [°1. In our
recent study using an ischemic retinopathy mouse model, treatment with candesartan (10
mg/kg/day) significantly reduced capillary dropout area by 45% compared to untreated
hypoxic controls, suggesting enhanced reparative retinal angiogenesis. Results showed that
candesartan stimulated the number of tip cells at the border of capillary dropout toward the
central retina compared to the untreated group [6]. One of the possible molecular pathways
to enhance tip cell formation is the activation of endothelial nitric oxide synthase (eNOS)
and release of nitric oxide (NO). In fact, dissection of NO downstream signaling using
pharmacological inhibitors and inducers indicated that NO uses the soluble guanylate
cyclase and cyclic GMP pathway in tip cells to drive angiogenesis [4l. In support, previous
studies demonstrated that ARBs stimulate phosphorylation of eNOS and NO release [7-10],
Together, these observations support the notion that ARB-stimulated NO production could
be involved in tip cell formation and thus enhanced reparative angiogenic response.

Following an initial phase of endothelial sprouting, the angiopoietin system in pericytes
plays a crucial role in vascular stabilization via activation of the Tie-2 receptor [111. While
angiopoietin-1 increases pericyte survival, angiopoietin-2 can increase apoptosis [111. ARBs
are known to upregulate angiopoietin-1 [121, which in turn could activate and recruit
pericytes through Tie-2 receptor expression [111. In the ischemic stroke model, the pro-
angiogenic response of candesartan was associated with vascular protection and reduced
blood brain barrier permeability in the brain and suggested that candesartan mediates
reparative angiogenesis resulting in improved functional outcome [231. This preservation of
barrier function despite the increase of the vascular permeability factor, VEGF-A, was
attributed to the simultaneous upregulation of angiopoietin-1, which mediates new blood
vessel stabilization and maturation through pericyte recruitment [24]. We and others have
also shown increased vascular density and neuroprotection in vivo with losartan and
valsartan pretreatment suggesting a class effect of ARBs [15: 161, Other studies showed
protective effects of candesartan and losartan on preventing pericyte cell death and hence, a
possible role for ARBs to regulate pericyte loss in the ischemic retina [17: 18],

ARBs increase proangiogenic state via expression of angiogenic growth

factors

Over the past decade, we have shown that post-stroke treatment with ARBs and in particular
with candesartan, resulted in vascular protection and was positively associated with a
proangiogenic state [12-14.19-21] Qur work clearly identified that the ARB-enhanced
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proangiogenic state coincided with increased brain levels of the pro-angiogenic factors:
brain derived neurotrophic factor (BDNF) and VEGF isoforms; VEGF-A and B. Acute
treatment with a single dose of candesartan (1 mg/kg), at reperfusion after 3 h middle
cerebral artery occlusion (MCAO) resulted in significant upregulation of VEGF-A and B
within 8 to 72 h [13. 201 |nterestingly, cerebrospinal fluid from candesartan treated animals
showed a VEGF mediated proangiogenic effect in vitro using brain endothelial cells [13. 141,
Although the 1 mg/kg dose resulted in substantial blood pressure reduction, this
proangiogenic effect was independent of the blood pressure lowering as we have shown in
other studies using a sub-hypotensive dose and also in vitro experiments. When given in a
sub-hypotensive dose of 0.3 mg/kg/day, candesartan resulted in sustained increases in
BDNF and VEGF-A at 14 days, an effect that was associated with increased vascular
density at the ischemic border zone and behavioral recovery 121, In vitro, we have shown
that candesartan stimulates human brain endothelial cell proliferation, migration and tube
formation under both normoxic and hypoxic conditions and also with or without angiotensin
Il co-treatment. This proangiogenic effect seems to be mediated through a synergistic effect
of the angiogenic factors; VEGF-A, VEGF-B and BDNF in vitro [12: 211 Similarly, another
study showed that irbesartan treatment induced an increase in angiogenesis-related gene
expression including VEGF, VEGFR2 and ROBO4 [22],

ARBs and Anti-oxidant effects

Several studies have demonstrated that massive production of oxidizing and nitrating species
contributes to vascular damage following ischemic retinopathy and ischemic

stroke [13. 14,19, 23-25] | our study using an ischemic retinopathy mouse model, candesartan
treatment (10 mg/kg /day) blocked hypoxia-induced retinal oxidative and nitrative stress [6].
The same study showed that candesartan treatment ameliorated glial Muller cell activation,
an index of oxidative and nutritional stress. The mechanism behind candesartan's anti-
oxidative and anti-nitrative effects was attributed to its ability to inhibit the inducible nitric
oxide synthase enzyme (iNOS) and stimulate heme oxygenase-1 (HO-1) expression in the
retina [6]- Findings from several studies support our reasoning regarding ARBs ability to
inhibit iNOS expression and enhanced phosphorylation of eNOS thereby restoring vascular
eNOS/iNOS ratio and thus having vascular protective and anti-inflammatory effects [7-10],
Using the ischemic stroke model, we showed anti-oxidant and anti-nitrative effects of
candesartan treatments both in vitro and in vivo [13. 14,191 |n vitro, treatment of brain
endothelial cells with candesartan decreased the 4-hydroxynonenal level, which is a marker
of lipid peroxidation, after exposing to oxidizing conditions, thereby indicating an anti-
oxidant effect of candesartan [14]. In the same study, we also showed that candesartan
reduced nitrotyrosine levels in response to peroxynitrite treatment thus exhibiting its
antinitrative effectsl!4] . In vivo, at 24 hours after ischemia/reperfusion in the brain, a
condition characterized by massive production of oxidizing and nitrating species, we
reported decreased protein nitration in the ipsilateral hemisphere after candesartan
treatment [24]. Therefore, in this study, candesartan treatment in a concentration range of 0.1
to 10pg/ml enhanced endothelial cell production of VEGF-A and VEGF-B, induced an
autocrine angiogenic response, as well as a paracrine neuroprotective effect. The up
regulation of VEGF-A expression could be at least partly attributed to the enhanced
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stabilization of the upstream (hypoxia inducible factor-1 a (HIF-1 a) with candesartan
treatment[14],

Induction of HO-1

HO-1 is a cellular antioxidant enzyme that catalyzes the degradation of heme-containing
molecules to biliverdin, free iron and carbon monoxide. The proposed mechanisms by which
HO-1 exerts its cytoprotective effects include its ability to degrade the pro-oxidative heme,
to release biliverdin and subsequently convert it to bilirubin, both of which have antioxidant
properties, and to generate carbon monoxide, which has anti-proliferative and anti-
inflammatory as well as vasodilatory properties [26-291 HO-1, HO-2 and HO-3 are the 3
isozymes of HO that have been identified. While HO-1 is an inducible enzyme, HO-2 is a
constitutive one [26.: 301, HO-1 is induced by various molecular and environmental triggers,
such as heme, radiation, cytokines, oxidative and heat stresses. HO-3 is believed to be a
pseudo gene derived from HO-2 transcripts [31: 32], In addition to antioxidant defensive
mechanisms, HO-1 can contribute to angiogenesis and blood vessel formation [28]. The
angiogenic properties of HO-1 are the result of both direct and indirect actions on
endothelial cells. It directly enhances the angiogenic properties within endothelial cells
probably through activation of genes responsible for cell proliferation [6: 28] and the indirect
actions include enhanced VEGF expression and or signaling through VEGFR2 receptor to
induce angiogenesis in vivo and in vitro [151. In our study using the ischemic retinopathy
mouse model, hypoxia reduced retinal HO-1 at the protein level [6]. Candesartan treatment
restored retinal HO-1 expression [6]. We also found that silencing HO-1 completely blunted
VEGFR? activation and tube formation in retinal endothelial cells (151, This observation was
in agreement with previous studies that demonstrated the involvement of HO-1 in the
angiogenic response in endothelial cells [33: 341, Therefore, candesartan-restored HO-1
expression is required for VEGFR2-mediated angiogenic signal in ischemic retina [6]. Thus,
activators of HO-1 can provide potential therapeutic targets to achieve ARB-mediated
proangiogenic state without altering blood pressure.

modulation of AT2 receptor

The above discussed observations of ARBs may be due to blocking of AT1 receptor, but the
direct activation of the AT2 receptor remains a possibility. For this, we examined the
proangiogenic effect of AT1R blockade in relation to AT2R. AT2R blockade with
PD123319 abrogated the proangiogenic effect of candesartan while AT2R stimulation with
agonists, CGP42112 and compound 21 (C21), achieved similar proangiogenic response in
vitro which was mediated through BDNF upregulation [21. 351, Similarly, in vivo AT2R
stimulation with C21 provides increased vascular density, vascular protection and decreased
BBB leakage after stroke without affecting BP [35. 361, These findings demonstrate that the
proangiogenic and vascular protective effects of ARBs in the brain can be achieved through
AT2R stimulation even in the absence of AT1R blockade or blood pressure reduction. As
depicted in the figure-1, ARBs exert pleotropic effects to enhance the proangiogenic state
including production of angiogenic factors, activation of HO-1 mediated angiogenic
response, reduction of oxidative and nitrative stress resulting in improved nitric oxide and
stimulation of tip cells and pericytes and finally, possible activation of AT2 receptor.
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Understanding the various pathways by which ARBs stimulate reparative angiogenesis can

he

Ip to devise new therapeutic targets of vascular protection beyond their known blood

pressure control.
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Figure 1.
Schematic representation of the multiple pathways by which ARBs can regulate

proangiogenic state including production of angiogenic factors, activation of HO-1 mediated
angiogenic response, reduce oxidative and nitrative stress resulting in improved nitric oxide
and stimulation of tip cells and pericyte and finally possible activation of AT2 receptor.
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