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Recent clinical studies have demonstrated that angiotensin Il type 1 (AT,) receptor blockers (ARBs) reduce the onset of stroke,
stroke severity and the incidence and progression of Alzheimer’s disease and dementia. We can expect that ARBs exert these
effects by both AT, receptor blockade and angiotensin Il type 2 (AT;) receptor stimulation. Moreover, recent experimental
results support the notion that AT, receptor stimulation with AT; receptor blockade could contribute to protection against
ischaemic brain damage at least partly due to an increase in cerebral blood flow and decrease in oxidative stress, and prevent
cognitive decline. Cellular therapy has been focused on as a new therapeutic approach to restore injured neurons. In this
context, it has been reported that AT, receptor stimulation enhances neurite outgrowth and decreases neural damage,
thereby enhancing neurogenesis. Moreover, additional beneficial effects of ARBs with an AT, receptor blocking action with a
partial peroxisome proliferator-activated receptor (PPAR)-y agonistic effect have been reported, and interaction of AT, receptor
activation and PPAR-y might be involved in these ARBs’ effects. This article reviews the effects of regulation of activation of
angiotensin Il receptor subtypes on ischaemic brain damage and cognitive function, focusing on the effects of AT, receptor

stimulation.
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Abbreviations

AB, amyloid-beta; ACE, angiotensin converting enzyme; ARB, angiotensin II type 1 receptor blocker; AT, receptor,
angiotensin II type 1 receptor; AT, receptor, angiotensin II type 2 receptor; BMSC, bone marrow stromal cell;

CBF, cerebral surface blood flow; ERK, extracellular signal-regulated kinase; hRN/hANG-Tg, human renin and
angiotensinogen genes; MCA, middle cerebral artery; MMS2, methyl methanesulfonate sensitive 2; PPAR, partial
peroxisome proliferator-activated receptor; RAS, renin-angiotensin system; si, small interfering; VSMC, vascular smooth

muscle cell

Introduction

The renin-angiotensin system (RAS) in the brain is well
known to be involved in systemic blood pressure control,
including the regulation of cerebral blood flow (de Gasparo
et al., 2000). Recent clinical trials have demonstrated that
blockade of RAS could result in a reduction in the onset of
stroke, probably independent of blood pressure lowering.
Moreover, possible beneficial effects of RAS blockade on
cognitive function are also becoming highlighted in the
clinical field. These results led us to examine the roles of
RAS in the brain, focusing on the pathogenesis of ischaemic

stroke, cognitive impairment and neurological disorders.
Consequently, it has been clarified that the local brain RAS
plays an important role in a variety of neuronal functions.
The major cardiovascular actions of angiotensin II have
been reported to be mediated by the angiotensin II type 1
(AT,) receptor, whereas the role of a second receptor
subtype known as the angiotensin II type 2 (AT:) receptor
in brain ischaemic lesions is still an enigma. Accordingly,
we here review the effects of activation of angiotensin
I receptor subtypes on ischaemic brain damage and
cognitive function, focusing on the function of AT, receptor
signalling.
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Effects of angiotensin Il type 1
receptor blocker treatment on
ischaemic brain damage

Previous papers on the brain RAS mainly reported the regu-
latory mechanism of blood pressure (Johren etal., 1997;
Davisson et al., 1998; 2000; Li et al., 2003). Recent clinical
trials, such as LIFE (Dahlof et al., 2002), MOSES (Schrader
etal., 2005) and the JIKEI HEART STUDY (Mochizuki et al.,
2007), demonstrated that administration of an AT, receptor
blocker (ARB) prevented the onset of stroke, independent of
its blood pressure-lowering effect. This preventive effect of
ARBs on the onset of stroke could be due to improvement
of vascular remodelling, amelioration of the metabolic syn-
drome associated with anti-atherogenic effects, and reduction
of atrial fibrillation (Figure 1). Moreover, a recent clinical
study showed that prestroke treatment with an ARB reduced
stroke severity, whereas this effect was not observed with an
angiotensin converting enzyme (ACE) inhibitor (Fuentes
et al., 2010). This finding is consistent with experimental data
suggesting that ARBs could have cerebral protective effects.
All components of the classical RAS exist in the brain
(Johren et al., 1997; Saavedra, 2005). Mice with deletion of
angiotensinogen (Maeda etal.,, 1999) or the AT, receptor
(Walther et al., 2002) show a reduction in the ischaemic area
after middle cerebral artery (MCA) occlusion. Moreover, it has
been reported that administration of an ARB decreases
ischaemic brain damage (Iwai et al., 2004; Hamai et al., 2006;
Saavedra et al., 2006; Zhou et al., 2006). Sustained blockade of
AT; receptors with an ARB could reverse pathological cere-
brovascular change, oxidative stress and inflammation,
thereby increasing cerebrovascular compliance and decreas-
ing ischaemic brain damage (Chan, 2001; Ito etal., 2002;

Renin angiotensin system in the brain

Unger, 2003). ARBs also could exert neuroprotective effects
on ischaemic neuronal tissue and improve the neurological
outcome of focal brain ischaemia (Engelhorn etal., 2004;
Mogi et al., 2006).

Methods

We ensure that our target nomenclature conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2009).

Roles of AT, and AT, receptor
stimulation in pathogenesis of
ischaemic brain damage

Questions still remain as to whether activation of RAS could
be really involved in exacerbation of ischaemic brain damage,
and whether treatment with an ARB could prevent enhanced
ischaemic brain damage induced by activation of the brain
RAS. To examine these possibilities, we employed transgenic
mice carrying both the human renin and angiotensinogen
genes (hRN/hANG-Tg), which have been developed as a
mouse model of human hypertension induced by activation
of the human RAS (Fukamizu et al., 1993). Focal ischaemic
brain damage was induced by permanent occlusion of the
unilateral MCA by an intraluminal filament technique. The
ischaemic brain area at 24 h after MCA occlusion was signifi-
cantly enlarged in hRN/hANG-Tg mice, with a reduction of
cerebral blood flow in the peripheral region of the MCA
territory, increase in superoxide anion production in the
brain and arteries, and increase in neurological deficit (Inaba
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Angiotensin Il type 1 receptor blockers (ARBs) improve vascular remodelling and metabolic syndrome associated with anti-atherogenic effects, and
reduce atrial fibrillation, resulting in reduction of onset of stroke. AF, atrial fibrillation; DM, diabetes mellitus; TIA, transient cerebral ischaemic

attack.
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Figure 2

Angiotensin Il type 1 (AT,) receptor blockers (ARBs) block AT, receptor-mediated effects such as inflammation, oxidative stress and fibrosis, and
unbound angiotensin Il stimulates the angiotensin Il type 2 (AT,) receptor. AT, receptor stimulation is known to antagonize the effects of AT;

receptor stimulation in most tissues. VSMC, vascular smooth muscle cell.

et al., 2009b). Treatment with an ARB, valsartan, significantly
reduced the ischaemic brain area and improved the neuro-
logical deficit after MCA occlusion in hRN/hANG-Tg mice,
with restoration of cerebral blood flow in the peripheral
region and decreases in superoxide anion production and
blood pressure, whereas treatment with hydralazine, which
decreased blood pressure to a level similar to that with ARB
treatment in hRN/hANG-Tg mice, did not significantly
reduce the brain ischaemic area. These results suggest that the
preventive effects of ARBs on ischaemic brain damage are at
least partly dependent on a decrease in oxidative stress and
an increase in cerebral blood flow in the penumbra. We have
also reported that an ARB increased capillary density, result-
ing in an increase in cerebral blood flow (Li efal., 2008).
Therefore, a sustained reduction of activation of AT, receptors
by an ARB could be a therapeutic approach to prevent the
progression of brain ischaemia, in addition to its hypotensive
effect and preventive effect on the onset of stroke.

It has been reported that AT, receptor stimulation antago-
nizes the effects of AT, receptor stimulation in most tissues
(Figure 2) (Horiuchi et al., 1999; de Gasparo et al., 2000). In
the brain, AT, receptors are expressed not only in the vascular
wall, but also in the thalamus, hypothalamus and specific
brain stem nuclei (Steckelings et al., 2005). Previous reports
suggest that AT, receptor stimulation is involved in axonal
regeneration (Lucius et al., 1998), and memory and behaviour
(Vervoort et al., 2002; Wright et al., 2002). These results point
to the pathophysiological importance of the AT, receptor in
the clinical application of ARBs, which are widely used in
patients of hypertension with the expectation of inhibition
of the incidence and progression of cardiovascular disease
(Figure 2). Indeed, we have previously reported that AT,
receptor stimulation could be involved in the beneficial
effects of ARBs on vascular injury and cardiac remodelling
(Wu et al., 2001; 2002). However, the detailed function of AT,
receptor stimulation in the brain is not yet fully understood.
We examined the roles of angiotensin II receptor subtypes in

1124 British Journal of Pharmacology (2011) 163 1122-1130

focal brain ischaemia and observed that the ischaemic area
was significantly larger in AT, receptor-deficient mice, with a
decrease in surface cerebral blood flow and an increase in
superoxide production (Iwai etal.,, 2004). ARB at a non-
hypotensive dose significantly reduced the ischaemic area,
neurological deficit and decrease of cerebral blood flow, as
well as superoxide production and nicotinamide adenine
dinucleotide phosphate oxidase activity in wild-type mice,
whereas these inhibitory actions of ARB were weaker in AT,
receptor-deficient mice.

Effects of angiotensin Il type 1
receptor blocker treatment on
cognitive function; roles of AT,
receptor stimulation

Dementia is a common serious health problem that impairs
quality of life. Hypertension is a major risk factor for cere-
brovascular disease including stroke, and contributes to the
development of vascular dementia. Several clinical studies
have shown that antihypertensive drug treatment is associ-
ated with reduced cognitive decline. However, it is still not
clear which classes of antihypertensive drugs provide greater
benefits than others. Recently, Li et al. reported that ARBs are
associated with a significant reduction in the incidence and
progression of Alzheimer’s disease and dementia compared
with ACE inhibitors and other cardiovascular drugs in a
population of 819 491 predominantly male participants
(98%) aged 65 years or more with cardiovascular disease (Li
et al., 2010). We tested the hypothesis that continuous acti-
vation of the brain RAS is involved in impairment of cogni-
tive function, using transgenic mice carrying both the human
renin and angiotensinogen genes (Inaba et al., 2009a). Cog-
nitive function evaluated by the shuttle avoidance test in
wild-type mice gradually increased, whereas the avoidance
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Blockade of angiotensin Il type 1 (AT,) receptor by AT, receptor blocker (ARB) results in increase in cerebral surface blood flow (CBF) in penumbra,
and decreases in oxidative stress, inflammation and neural damage. Angiotensin Il type 2 (AT,) receptor activation during ARB treatment could
exert antagonistic effects on the AT; receptor-mediated decrease in CBF, enhancement of oxidative stress, inflammation and neural damage, and

increase neural differentiation and regeneration.

rate in hRN/hANG-Tg mice did not increase from 14 weeks of
age and it decreased thereafter with a decrease in cerebral
surface blood flow (CBF) and increase in superoxide anion
production. Administration of an ARB, olmesartan, attenu-
ated the increase in blood pressure and ameliorated cognitive
decline with enhancement of CBF and a reduction of oxida-
tive stress in hRN/hANG-Tg mice. On the other hand,
hydralazine did not improve the decrease in avoidance rate,
in spite of a similar reduction of blood pressure to that by
ARB. Angiotensin II induces cerebrovascular remodelling,
promotes vascular inflammation and oxidative stress, and
thereby impairs regulation of CBF (Kazama et al., 2004; Wei
et al., 2007). Previous studies showed that endothelial func-
tion in cerebral vessels was impaired in a genetic model of
angiotensin II-dependent hypertension (Didion et al., 2000;
Franci et al., 2006). It is well known that CBF decreases with
aging. These results suggest that continuous activation of the
brain RAS impairs cognitive function via stimulation of the
AT, receptor with a decrease in CBF and increase in oxidative
stress.

Oxidative stress has been implicated in age-related cogni-
tive impairment (Liu et al., 2003; Dias-Santagata et al., 2007).
In addition, there are reports indicating that oxidative stress
is increased in the brain of Alzheimer’s disease and other
neurodegenerative disorders (Zhu etal.,, 2004). Taken
together, these results suggest that the decline of cognitive
function by continuous activation of the brain RAS in hRN/
hANG-Tg mice is closely associated with enhanced oxidative
stress due to excessive stimulation of the AT, receptor. We
propose that the sustained decrease in oxidative stress by
blockade of the AT, receptor by ARB could contribute to
neural protection and an increase in CBF, resulting in the
prevention of consequent cognitive decline (Figure 3).

The importance of relative AT, receptor stimulation during
ARB treatment has been reported in terms of protection
against brain damage (Iwai et al., 2004; Zhou et al., 2006). The
AT, receptor is reported to be expressed in areas related to
learning and control of motor activity (Wright and Harding,
1995; Zhu et al., 2000), and is up-regulated after stroke (Lucius
et al., 1998). Recent studies by Unger and colleagues demon-
strated the possibility that stimulation of the AT, receptor may
promote cell differentiation and regeneration in neuronal
tissue (Reinecke ef al., 2003) and that AT, receptor stimulation
supported neuronal survival and neurite outgrowth in
response to ischaemia-induced neuronal injury (Li etfal.,
2005). Moreover, Gallo-Payet et al. reported that angiotensin II
induces neural differentiation and neurite outgrowth via
mitogen-activated protein kinase (Gendron et al., 1999) or
nitric oxide (Cote et al., 1998) through AT, receptor activation,
and is involved in cerebellar development (Cote et al., 1999).
We also demonstrated that AT, receptor mRNA expression was
significantly increased in the ischaemic side of the brain after
MCA occlusion, and that the passive avoidance rate to evalu-
ate as an indicator of cognitive function was significantly
impaired in AT, receptor-null mice compared with wild-type
mice (Mogi et al., 2006). Treatment with an ARB prevented the
cognitive decline in wild-type mice, but this effect was weaker
in AT, receptor-null mice, suggesting that AT, receptor stimu-
lation during ARB treatment is important (Mogi et al., 2006).
Moreover, compound 21, an orally active, non-peptidergic,
highly selective AT, receptor agonist, has been developed,
which is reported to delay the occurrence of brain damage and
prolong survival in spontaneously hypertensive stroke-prone
rats by preventing renal damage (Gelosa et al., 2009).

We examined the possible signalling mechanism by
which AT, receptor stimulation could exert neuroprotective
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effects and enhance neural differentiation. We focused on
MMS2 (methyl methanesulfonate sensitive 2), which belongs
to a family of ubiquitin-conjugating enzyme variants (UEV)
that are highly similar to ubiquitin-conjugating enzymes E2
(Ubc), and forms a complex with Ubc-13, as MMS2 was
reported to be highly expressed in the rat brain in late embry-
onic development and then fall markedly during maturation
of the central nervous system (Hofsaess and Kapfthammer,
2003), suggesting that it plays a pivotal role in neuronal
development and differentiation. We demonstrated that
neurons treated with small interfering (si) RNA of MMS2
failed to exhibit neurite outgrowth and synapse formation (Li
etal.,, 2007). After AT, receptor stimulation, ATIP (Nouet
et al., 2004) (AT, receptor interacting protein) (also known as
AT, receptor binding protein ATBP) (Wruck et al., 2005) and
SHP-1 were translocated into the nucleus following forma-
tion of their complex and transactivated MMS2, resulting in
neural differentiation and protection. Furthermore, we
observed that in ischaemic brain regions, MMS2 was
increased in wild-type mice but not in AT, receptor-null mice,
and that intracerebroventricular administration of MMS2-
siRNA impaired the avoidance rate after MCA occlusion com-
pared with that in control-siRNA-transfected mice (Mogi
et al., 2006).

Cellular therapy has been focused on as a new therapeutic
approach to restore injured neurons in the chronic stage
(Shen et al., 2007) and to protect neurons from ischaemic-
reperfusion damage in the acute phase of stroke (Zhao et al.,
2006) using bone marrow stromal cells (BMSC), neural stem
cells (Kelly et al., 2004), hematopoietic stem cells (Hayashi
et al., 2006) and umbilical cord blood (Willing et al., 2003).
We examined the possibility that deletion of the AT, receptor
in BMSC could attenuate the cerebroprotective effects of
BMSC prepared from AT, receptor-null mice (Iwanami et al.,
2008). We reported that AT, receptor-deficient BMSC-injected
mice showed a marked decrease in survival rate after
ischaemia followed by reperfusion, with increases in the
ischaemic area and neurological deficit, brain oedema, and
inflammatory response such as tumour necrosis factor-o.
Mice with injection of wild-type BMSC treated with an ARB
exhibited no operative death until 6 days after injury. These
results suggest that AT, receptor blockade and consequent AT,
receptor stimulation with unbound angiotensin II could con-
tribute to the protective effects of BMSC. The more detailed
mechanism, whether a direct or indirect mechanism by effect
of BMSC such as involvement of neurohumoral factors, needs
to be elucidated for future clinical application.

Metabosartans: AT, receptor blocking
action with partial peroxisome
proliferator-activated receptor-y
agonistic effect

Recently, additional beneficial effects of ARBs have been
highlighted (Kurtz and Klein, 2009). Some ARBs (so-called
metabosartans) (Morishita et al., 2010) such as telmisartan
and irebesartan have been reported to have an AT, receptor-
blocking action, with a partial peroxisome proliferator-
activated receptor (PPAR)-y agonistic effect (Benson et al.,
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2004; Schupp et al., 2004). PPAR-y activation in the brain has
been reported to prevent brain damage via anti-inflammatory
effects in cells such as neurons (Luna-Medina et al., 2005),
endothelial cells (Wang ef al., 2002), astrocytes and microglia
(Klotz et al., 2003), antioxidative actions and improvement of
endothelial function (Camacho et al., 2004; Nakamura et al.,
2007). Moreover, amyloid-beta (AB) clearance and neural
stem cell proliferation are also reported to be enhanced by
PPAR-y activation (Camacho et al., 2004; Wada et al., 2006).
Therefore, agents with a PPAR-y agonistic effect are expected
to be neuroprotective in ischaemic injury after stroke
(Tureyen et al., 2007). We recently reported that telmisartan
exerted protective effects against ischaemic brain damage
through AT; receptor blockade and PPAR-y stimulation and
had a preventive effect on cognitive impairment in a mouse
model of Alzheimer’s disease with intracerebroventricular
injection of AP (Tsukuda et al., 2009; Iwanami et al., 2010). It
has been also reported that the anti-inflammatory and anti-
oxidative effects of telmisartan with PPAR-y activation have
protective roles against cognitive impairment and white
matter damage after chronic cerebral hypoperfusion
(Washida et al., 2010).

It has been reported that AT, receptor blockade decreases
NFxB activation, with PPAR-y activation in the vasculature
(Tham et al., 2002). AT, receptor stimulation activates ERK
(extracellular signal-regulated kinase), and PPAR-y stimula-
tion inhibits this ERK activation in vascular smooth muscle
cells (VSMC) (Takeda et al., 2001). Moreover, PPAR-y stimula-
tion is known to suppress AT; receptor expression in VSMC
(Sugawara et al., 2001). Angiotensin II induces PPAR-y activa-
tion in PC12W cells via AT, receptor activation (Zhao et al.,
2005), suggesting that metabosartans could further enhance
PPAR-y stimulation in the brain. Taken together, these results
support the notion that metabosartans could exert protective
effects against ischaemic brain damage via AT, receptor block-
ade and PPAR-y stimulation involving the AT, receptor
(Figure 4).

Conclusion

The roles of AT, receptor stimulation in the brain is still an
enigma. Most studies addressing the roles of the AT, receptor
have been performed in genetically altered mice with or
without ARB, or using the selective AT, receptor antagonists
such as PD123319 or PD123177 (Kaschina et al., 2008; Rompe
et al., 2010). Therefore, elucidation of AT, receptor-related
effects has been difficult in the past because of the lack of a
specific and selective AT, receptor agonist. The most com-
monly used AT, receptor agonist is the peptide CGP42112A
having partly antagonistic properties, which rendered
CGP42112A a problematic tool for research and prevented its
development for clinical use (Rompe et al., 2010). In 2004,
synthesis of the first selective, orally active AT, receptor
agonist, compound 21, has been published (Wan et al., 2004).
Synthesis of this compound enables us to examine AT, recep-
tor actions in vitro and in vivo by direct receptor stimulation
and also principally offers the possibility to use AT, receptor
stimulation as a therapeutic tool (Bosnyak et al., 2010; Unger
and Dahlof, 2010). It is reported that angiotensin II induces
PPAR-y activation in PC12W cells via AT, receptor activation
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(Zhao et al., 2005), suggesting that possible crosstalk of AT,
receptor activation and PPAR-y stimulation in the brain could
contribute more protective effects against ischaemic brain
damage and cognitive impairment. However, the possible
beneficial roles of AT, receptor activation with PPAR-y stimu-
lation have to be investigated and clarified in more detail.
Moreover, addressing whether or not clinical efficacy corre-
lates with degree of PPAR-y stimulation could contribute to
future development of more potent and therapeutically effec-
tive ARBs with the effects beyond simple AT; receptor block-
ade and AT, receptor stimulation. It is well known that
diabetes is one of the major risk factors of the onset of stroke.
People with diabetes mellitus are also at increased risk of
cognitive dysfunction and dementia (Reijmer ef al., 2010).
Therefore, we could expect more potential beneficial effects
of ARBs with PPAR-y agonistic action in this population.
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