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Ang Il is known as the main effector of the RAS. Ang Il binds with a similar affinity to two receptors: the Ang Il type 1
receptor (AT1) and type 2 receptor (AT2), both belonging to the G protein-coupled receptor (GPCR) family and sharing
50% homology and 34% identity in their amino acid sequence. Ang Il activation of AT1 is acknowledged as triggering most
of the known effects of RAS stimulation, such as vasoconstriction, water and sodium retention and aldosterone release by
the adrenal glands. This leads to increases in blood pressure, cardiovascular remodeling and fibrosis. Due to its wide
physiological effects, AT1 plays a critical role in many pathological conditions and cardiovascular diseases, like cardiac
hypertrophy, hypertension and heart failure.
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| 1. Implication of AT, in Cerebrovascular Disease
1.1. Role of AT, Activation in Strokes

Strokes are a major cause of death in industrialized countries and may lead to various physical disabilities consecutive to
neurological deficit L. Strokes may result from two distinct etiologies: ischemia or hemorrhage. An ischemic stroke is the
consequence of an obstruction or a vasospasm of a cerebral artery or arteriole &, whereas a hemorrhagic stroke results
from the rupture of the arterial, or arteriolar, wall. In both cases, the subsequent blood deprivation will lead to reduced
oxygen levels, ischemia and necrosis of the downstream brain tissue.

Numerous preclinical data suggest that an overactivation of AT; by Ang Il might contribute to the severity of cerebral
ischemia and its consequences, mainly through its vasoconstrictor effects on cerebral arteries . Indeed, in a classic
rodent model of ischemic stroke, the middle cerebral artery occlusion model (MCAo, in which the middle cerebral artery is
temporarily occluded by a nylon monofilament), increases in the local production of Ang Il and in the AT;-dependent
vasoconstriction of cerebral arteries have been reported @& |n the context of cerebral ischemia, Ang Il and
AT, stimulation thus lead to a decreased perfusion of the penumbra and might expand the deleterious consequences of a
stroke (8. Besides these acute post-stroke effects, chronic AT; stimulation is the main determinant of hypertension-
induced inward remodeling of the cerebral arteriolar wall AEIE, |ndeed, hypertension, one of the major risk factors for
strokes, induces a structural narrowing of the cerebral arterial lumen (thus reducing blood perfusion in case of a stroke)

that only antihypertensive treatments targeting RAS and AT, stimulation (ACE inhibitors and/or ARBS) are able to prevent
(791201

Ang Il and AT; stimulation also induce a proinflammatory response 2 and increase oxidative stress through the
production of ROS, thus promoting cellular damage and apoptosis 1213 These effects might also contribute to the
increase in brain damage and the enlargement of the penumbra in case of ischemia and during reperfusion.

1.2. Role of AT; Activation in Cerebral Anheurysm

Cerebral aneurysms are an abnormal condition in which a weakness of the cerebral arterial wall causes a localized
dilation or bulge. Cerebral aneurysms can thus lead to hemorrhagic strokes showing a high mortality rate 14!, Given their
role as major determinants of the cerebral arterial and arteriolar wall structure, RAS and AT; might be good candidates to
participate in the development of cerebral aneurysms.

Regarding abdominal aortic aneurysms, the involvement of Ang Il and RAS stimulation has been clearly demonstrated in
animals, and strong evidence have been gathered in humans 518l However, when considering cerebral aneurysms, the
role of RAS components and AT; seems less obvious. In a study comparing patients with unruptured or ruptured cerebral
aneurysm to controls, a significant drop in the mRNA expressions of ACE and AT; has been observed 4.
Immunohistochemistry also revealed a decrease in AT, and Ang Il expression in unruptured aneurysmal walls. This



decrease was even more pronounced in the arterial walls of patients with ruptured cerebral aneurysm 14, Given the
hypertrophic and remodeling effect of AT,, the authors suggested that a decreased expression of RAS components could
lead to a reduced wall thickness and vascular remodeling which may result in cerebral aneurysms 4.

Preclinical data do not completely support these observations. In an experimental model of aneurysm in rats combining a
left internal carotid artery ligation with a left renal artery ligation and a high salt diet (to increase blood pressure), no
change in AT, and ACE protein expression could be observed in cerebral aneurysmal walls. The authors therefore
excluded any implication of AT; or ACE in cerebral aneurysm formation 2828 as further supported by the lack of effect of
an ARB treatment 18], If not involved in the development of cerebral aneurysms, RAS has been proposed to play a pivotal
role in their rupture. In a mouse model of cerebral aneurysm (obtained by combining induced systemic hypertension with
a single injection of elastase into the cerebrospinal fluid at the right basal cistern), Tada et al. prevented the spontaneous
aneurysmal rupture with either an ACE inhibitor or an ARB, in a pressure-independent manner 29, |t is noteworthy that,
unlike the rat model evoked above, this particular model of intracranial aneurysm showed an increased expression of Ang
Il and AT; in aneurysmal walls, as revealed by immunohistochemistry 29,

The role of AT in the pathogenesis of cerebral aneurysm still appears to be controversial. Even if some data suggest a
less consistent role of AT; compared to other cerebrovascular diseases, further investigations are required to clarify the
role of AT, and its alternative signaling pathways in cerebral aneurysm.

1.3. Role of AT, Activation in Traumatic Brain Injury

The Ang II/AT; axis also plays a pivotal role in traumatic brain injury (TBI), another major cause of death and disability. A
direct lesion of the brain will result in neuronal damage, increased cell death, dysfunction of the blood-brain barrier and
increased inflammatory response. TBI may thus lead to motor and cognitive disorders. In victims of severe TBI, the
presence of the D allele of ACE genotype, leading to increased ACE activity, has been correlated with disease mortality
2 The subsequent excessive AT, activation might contribute to neuronal injury and vulnerability by inducing
cerebrovascular remodeling and inflammation 221,

Two genes encode for AT, in rodents, AT, and ATqg, and both share 93—94% amino-acids identity with the unique human
AT protein 23124 AT, . has been described as the most abundant AT; isoform expressed in mouse brain [23. A decrease
in susceptibility to traumatic injury was observed in AT, knockout mice [28],

1.4. Role of AT, Activation in Neurodegenerative Diseases

AT, has also been reported as key determinant in many neurodegenerative diseases such as Alzheimer’s and Parkinson’s
diseases. However, the involvement of AT, in these pathologies appears to be mostly located at the neuronal level.
Recent reviews have been published on this matter 221281291 ang this will not be further detailed here, as our present
review addresses the cerebrovascular renin—angiotensin system.

1.5. Limitations

It is noteworthy that most of the studies cited above evaluated AT, protein expression by means of antibodies targeting
AT, (Western blot and/or immunohistochemistry). These antibodies are notoriously unspecific BURBUE2 and the results
obtained with these antibodies have therefore to be interpreted with caution. Nevertheless, the involvement of AT; in
cerebrovascular diseases has been proven by many other means.

The roles of AT; in cerebrovascular diseases are summarized in Figure 1.
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Figure 1. Implication of AT, in cerebrovascular diseases. ACE: angiotensin-converting enzyme; Ang |l: angiotensin II; AT;:
angiotensin Il type 1 receptor; mRNA: messenger ribonucleic acid; ROS: reactive oxygen species. The figure was
prepared using the Servier Medical Art website (Creative Commons Attribution 3.0 unported License).

2. Blocking AT1 by ARBs in Cerebrovascular Disease: Success and
Limitations

AT, thus appears to be a first-order therapeutic target against cerebrovascular diseases, as has previously been clearly
established for cardiovascular diseases. Currently, eight ARBs are clinically available, among which the most studied are
losartan, candesartan, telmisartan and valsartan (Figure 2). Often described as surmountable (losartan) or
unsurmountable (candesartan, telmisartan, valsartan) antagonists on the basis of their impact on the Ang Il concentration
response curve 28 ARBs show an inverse agonistic action by stabilizing the inactive state of AT;. ACE inhibitors and
ARBs have been extensively studied to assess their potential preventive and curative effects in cerebrovascular
pathologies.

Losartan Valsartan Candesartan Telmisartan

Figure 2. Chemical structures of the main angiotensin receptor blockers (ARB) used in therapeutics. The
biphenyltetrazole (or the bioisosteric biphenyl carboxylic acid for telmisartan) is highlighted in blue.

Numerous preclinical studies show the beneficial effects of ARBs at the cerebrovascular level. ARBs regulate cerebral
blood flow by blocking AT; in cerebral arterial VSMC and endothelial cells B4, ARBs improve blood perfusion, reduce
apoptosis and decrease the infarct size after an ischemic stroke B3l A 2-week pretreatment with candesartan before
MCAOo0 ischemic strokes in normotensive or hypertensive rats reduces the infarct volume and improves the lower and
upper limits of cerebral blood flow autoregulation 8. This chronic treatment also reduces vascular remodeling B4 and
neuronal damage after cerebral ischemia B8l39 Candesartan has also been reported to reduce neuronal damage in mice
after a TBI 49 while valsartan could prevent these lesions 1. Losartan has shown beneficial effects to prevent
aneurysmal subarachnoid hemorrhage in a murine model 29, Taken together, these preclinical data (which have recently
been extensively reviewed ¥243)) provide evidence for the cerebrovascular potential of ARBs.

However, the transposition to clinic does not entirely support these preclinical data. Numerous clinical studies highlight the
beneficial effect of long-term RAS blockades on stroke prevention. Early trials were conducted with ACE inhibitors. The
stroke rate was reduced by 25% in patients receiving the ACE inhibitor captopril in the CAPPP (CAPtopril Prevention
Project) trial 4 and this reduction reached 32% in the HOPE (Heart Outcome Prevention Evaluation) trial with the ACE
inhibitor ramipril £, Similar drops in stroke recurrence were recorded in patients treated with perindopril, another ACE
inhibitor, in the PROGRESS (perindopril PROtection aGainst REcurrent Stroke Study) study 28] Interestingly, clinical
studies using ARBs show identical results, suggesting that the beneficial effect of ACE inhibitors is mainly related to the
prevention of AT; stimulation. The LIFE (Losartan Intervention For Endpoint reduction in hypertension) study
demonstrated that treatment with losartan prevented the risk of ischemia by 25% as compared to B-blockers that target (3-
adrenergic receptors [44. The impact of candesartan was examined in the SCOPE (Study on COgnition and Prognosis in
the Elderly) trial in which a risk reduction of 28% for non-fatal stroke was observed 48, Similar results were found in the
MOSES (MOrbidity and mortality after Stroke, Eprosartan compared with the calcium channel blocker nitrendipine for
Secondary prevention) study with a 24% reduction in the stroke incidence in people treated with eprosartan 49, Even if
some studies failed to show such a dramatic effect (e.g., TRANSCEND B2 and PROFESS B trials), the prevention of
strokes afforded by chronic ARBs treatment is well established. However, their efficacy in the acute and post-acute
phases of strokes remains a matter of debate. The ACCESS (Acute Candesartan Cilexetil therapy in Stroke Survivors)
study, in which candesartan therapy was initiated within 36 h after a stroke, revealed a lower mortality and a lower rate of
vascular events after a one-year follow-up B2, But a more recent trial failed to confirm these results. In the SCAST
(Scandinavian Candesartan Acute Stroke Trial) study, candesartan treatment administered within 30 h after a stroke failed
to show any beneficial effect when compared to placebo after 6 months B9[33], |n addition, ARBs act neither on cerebral
lesions nor on the reduction in infarct volume, while this was observed in preclinical models. Thus, when considering
acute stroke treatment, more in-depth studies should be carried out and the search for other therapeutic avenues that
target AT, should be considered.
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