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All the components of the classic renin–angiotensin system (RAS) have been identified in the
brain. Today, the RAS is considered to be composed mainly of two axes: the pressor axis,
represented by angiotensin (Ang) II/angiotensin-converting enzyme/AT1 receptors, and the
depressor and protective one, represented by Ang-(1–7)/ angiotensin-converting enzyme
2/Mas receptors. Although the RAS exerts a pivotal role on electrolyte homeostasis and
blood pressure regulation, their components are also implicated in higher brain functions,
including cognition, memory, anxiety and depression, and several neurological disorders.
Overactivity of the pressor axis of the RAS has been implicated in stroke and several brain
disorders, such as cognitive impairment, dementia, and Alzheimer or Parkinson’s disease.
The present review is focused on the role of the protective axis of the RAS in brain disorders
beyond its effects on blood pressure regulation. Furthermore, the use of drugs targeting
centrally RAS and its beneficial effects on brain disorders are also discussed.

There is a growing increase in the number of patients suffering cognitive dysfunction, dementia,
Alzheimer’s disease (AD), anxiety, and depression among others. The prevalence of dementia may be
increased 3-fold in 2050 [1]. In addition, the number of patients with depression increased 50% in the
last two decades [2]. However, an effective treatment for dementia is still lacking and only 30% of the
depressed population responds to antidepressive treatment. Hypertension is one of the main causes of
cerebral vascular damage. In 2014, the Alzheimer’s Disease International [1] recognized hypertension as
the main modifiable vascular risk factor for cognitive decline or dementia. Several lines of evidence have
shown that hypertension increases the risk for dementia development [3-7]. Thus, an antihypertensive
treatment may have a beneficial effect on cognitive dysfunction [8]. Basic research has shown the key role
of the renin–angiotensin system (RAS) in the physiopathology of hypertension and in cognitive function
as well as in the development of neurological disorders at the central level. The present review is focused
on the role of the protective axis of the RAS in brain disorders beyond its effects on blood pressure regu-
lation. Furthermore, the use of drugs targeting centrally RAS and its beneficial effects on brain disorders
are also discussed.

An overview of the depressor axis of the RAS in the
brain
The RAS is of profound physiological significance in the central nervous system (CNS). All the essential
components of the RAS have been identified in different brain areas inside the blood–brain barrier (BBB)
of the mammalian brain [9-11] and have been suggested to be involved in additional functions and disor-
ders besides blood pressure regulation [12]. However, a recent report has suggested that brain angiotensin
(Ang) II represents Ang II taken up from blood rather than locally synthesized Ang II [13].

Despite the fact that it was long thought that Ang II was the main bioactive component of the RAS,
today it is well known that others components of the RAS are biologically active and exert effects that
may be similar, opposite, or distinct from those displayed by Ang II (Figure 1). Like Ang II, Ang-(1–12),
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Figure 1. The brain renin–angiotensin system

Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; AT1 R, angiotensin type 1 receptor;

AT2 R, angiotensin type 2 receptor; AT4 R, angiotensin type 4 receptor; Mas R, Mas receptor; MrgD, Mas related G protein-coupled

receptors; NEP, neutral endopeptidase (neprilysin); PEP, prolyl endopeptidase; (P)RR, prorenin receptor; TOP, thimet oligopeptidase.

Ang A and Ang III bind primarily to angiotensin II type 1 (AT1) receptor and cause vasoconstriction, accumulation
of inflammatory markers to subendothelial region of blood vessels and activate smooth muscle cell proliferation
[10,14,15]. In contrast, Ang III induces natriuresis responses through angiotensin II type 2 (AT2) receptor stimulation
and contributes to blood pressure regulation [16]. Other peptides like Ang-(1–9), Ang-(1–7), alamandine, and Ang
IV help in protecting from cardiovascular diseases by binding to their respective receptors [14,15]. Today, the RAS
is considered to be composed mainly of two axes. The pressor one represented by angiotensin-converting enzyme
(ACE), the main enzyme involved in Ang II generation, Ang II and the AT1 receptor, which mediates the pressor and
trophic effects of Ang II. The other axis, the depressor and protective one, is represented by ACE2, the enzyme that
catalyzes the conversion of Ang II into Ang-(1–7), Ang-(1–7), and the Mas receptor [17].

One of the components of the depressor axis of the RAS is Ang-(1–7). Ang-(1–7) is generated from Ang I by
an ACE-independent pathway. Neutral endopeptidase (EC 3.4.24.11, EP 24.11, neprilysin, thimet oligopeptidase
(EC 3.4.24.15) and prolyl oligopeptidase (EC 3.4.21.26) cleave the bond at residues Pro7-Phe8 of Ang I generating
Ang-(1–7). Ang-(1–7) may also be formed from Ang-(1–9) by cleavage of the dipeptide phenylalanine–histamine
through the catalytic activity of ACE and neprilysin, or from Ang II by cleaving Phe8 through the enzymatic activity
of ACE2 (Figure 1) [10,18]. Ang-(1–7) has been shown to be present in the cerebellar cortex [19,20], hippocampus
[19-22], hypothalamus [23,24], substantia nigra [25], medulla oblongata and amygdala, although the content of this
peptide in these two last areas was 40–70% lower than that determined in the hypothalamus [24].
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The other component of the depressor axis of the RAS is the Mas receptor. Mas receptor is a G protein-coupled
receptor specific for Ang-(1–7), which is expressed in different tissues, including the brain [17,26]. Mas receptors
have been demonstrated to be present in hippocampus, amygdala, cortex, and hypoglossal nucleus as well as in
cardiovascular-related areas of medulla and forebrain from normotensive rats [19,27]. Within the murine brain,
strongest Mas protein expression was detected in the dentate gyrus of the hippocampus and within the piriform
cortex [28]. Regarding the cells of the CNS, Mas receptor expression was detected in neurons [27,29-31] and not in
astroglia, and to exist in both non-nuclear and nuclear compartments of neurons [29]. Mas immunostaining was re-
ported in neurons of cerebral cortex, hippocampus, amygdala, basal ganglia, thalamus, and hypothalamus [28-30,32].
In addition, Mas receptor protein expression was greater in neurons from hypothalami of spontaneously hyperten-
sive rats (SHR) compared with normotensive Wistar-Kyoto rats [30]. Recently, Mas receptor labeling was observed
in dopaminergic neurons and glial cells in rat mesencephalic primary cultures; substantia nigra of rats, monkeys, and
humans; and human induced pluripotent stem cells derived from healthy controls and sporadic PD patients [25]. Mas
receptors were shown to be located in mitochondria and nuclei of neurons and glial cells [25]. The localization of Mas
receptor was not only restricted to neurons since it has also been detected in microglia [32]. Weak Mas immunoreac-
tivity was also observed within endothelial cells of small cerebral vessels and was abundant within the endothelium
of large vessels such as the middle cerebral artery [32].

Regarding ACE2, ACE2 is widespread in the mouse brain, predominantly in neurons, in regions involved or not
in the central regulation of cardiovascular function. Doobay et al. [33] have reported a detailed localization of ACE2
in the mouse brain. ACE2 has also been detected in the rat hippocampus [22] and cerebral cortex [34]. An increase
in ACE2 protein expression in the ischemic brain cortex after ischemic stroke has been reported [34] while a lower
expression of the enzyme was observed in rostral ventrolateral medulla (RVLM) and nucleus of the solitary tracts of
SHR [35]. ACE2 staining is present in the cytoplasm of neuronal cell bodies but not in glial cells [33]. Conversely, it
has reported ACE2 gene expression in cultured astrocytes isolated from neonatal rat cerebellum or medulla oblongata
[36].

The present review is focused on the role of the depressor axis of the RAS in cerebral dysfunction like those elicited
by an ischemia or a neurocognitive disorder, i.e. its actions beyond blood pressure regulation.

The protective axis of the RAS and stroke
Hypertension affects cerebrovascular flow and is a major vascular risk factor for stroke. Fifty percent of strokes may
be attributed to hypertension, and they constitute the main vascular risk factor for cognitive impairment or poststroke
dementia [37]. The mechanisms include pathological remodeling of the cerebral arteries, diminished cerebrovascular
autoregulation, and cerebrovascular inflammation. This reduces the capacity of the brain to adjust its regional blood
flow to energy requirements, oxygen and nutrient supply, eventually leading to chronic hypoxia and cellular injury
[38]. Enhanced AT1 receptor activity is a major factor in the hypertension-induced cerebrovascular pathology [38].
Overactivation of the ACE/Ang II/AT1 receptor axis is thought to contribute to the pathogenesis of acute ischemic
stroke through its vasoconstrictor effects on cerebral vessels as well as its proinflammatory, profibrotic, and increased
oxidative stress effects in the parenchyma [39].

The first evidence demonstrating that Ang-(1–7) exerts beneficial effects against CNS damage and neurological
deficits produced by cerebral ischemic stroke were reported by the group of Sumners and colleagues [29]. They
showed in the cerebral ischemia model elicited by endothelin-1-induced middle cerebral artery occlusion that cen-
tral administration of Ang-(1–7) or pharmacological activation of ACE2 significantly attenuated the cerebral infarct
size and neurological deficits measured 72 h after the insult [29]. The same group recently has shown that oral de-
livery of Ang-(1–7) poststroke attenuates cerebral damage and improves neurological functions induced by middle
cerebral artery occlusion in rats, without affecting blood pressure or cerebral blood flow [40]. The mechanism of
the Ang-(1–7) protective action was mediated by Mas receptor and included blunting of inducible NOS expression,
several proinflammatory cytokines, like interleukin (IL) 1α, IL6 and chemokine receptor type 4, and the marker of
macrophage/microglial activation CD11b indicating a decrease in microglial activation [29,32]. Altogether this report
suggests that the cerebroprotective action of Ang-(1–7) involves an anti-inflammatory effect, possibly via interruption
of the excessive activation of microglia that occurs during stroke [32].

Stroke induced by middle cerebral artery occlusion elicited significant pressor response, accompanied by activation
of Ang II/AT1 receptor and AT2 receptor signaling, depression of Ang-(1–7)/Mas receptor, alongside augmentation
of monocyte chemoattractant protein-1 (MCP-1)/ chemokine receptor 2 (CCR2) signaling and neuroinflammation
in the RVLM, a key brain stem site that maintains blood pressure [41]. In addition, the stroke-elicited pressor re-
sponse as well as the stroke-activated MCP-1/CCR2 signaling was eliminated by applying Ang-(1–7) into the RVLM
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[41]. In accordance, intracerebroventricular infusion of Ang-(1–7) significantly reduced infarct volume and improved
neurological deficits in a rat model of permanent middle cerebral artery occlusion [42]. Ang-(1–7) decreased the lev-
els of oxidative stress and suppressed nuclear factor-κB (NF-κB) activity, which was accompanied by a reduction in
proinflammatory cytokines and cyclooxygenase-2 in the peri-infarct regions [42].

In another model of stroke, the stroke-prone SHR which is a model of hemorrhagic stroke, central administration
of Ang-(1–7) increases lifespan and improves the neurological status of these rats, as well as decreases microglial
numbers in the striatum, implying attenuation of cerebral inflammation and a tendency to increase neuron survival
at the same site. This protective effect was coupled to Mas receptor stimulation [43].

The Ang-(1–7)/Mas axis has been shown to undergo dynamic changes in ischemic stroke. The cerebral ischemic
lesion in rat brain resulted in a significant increase in regional cerebral flow and circulating Ang-(1–7) [34]. Both
ACE2 and Mas expression were markedly enhanced compared with the control in the ischemic tissues, suggesting
that the Ang-(1–7)/Mas/ACE2 axis would play a pivotal role in the regulation of acute neuron injury in ischemic
cerebrovascular diseases [34].

ACE2 catalyzes the generation of Ang-(1–7) from Ang II [17]. Serum activity of ACE2 is decreased in patients with
acute ischemic stroke [44]. A study comparing different acute stroke subtypes showed an increase in serum ACE2
level in patients with cardioembolic stroke compared with lacunar infarction [45].

Reinforcing the protective role of Ang-(1–7) on stroke, it has been shown that neuronal overexpression of ACE2
protects the brain from ischemic injury. This is evidenced by lower neurological deficit scores and smaller stroke
volumes following middle cerebral artery occlusion-induced stroke in transgenic mice overexpressing neuronal ACE2
[46]. The protective effect of ACE2 was greater for older animals [46]. Furthermore, neuronal ACE2 overexpression
decreases ischemic stroke in mice with Ang II overproduction. ACE2 protects brain from ischemic injury via the
regulation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase/endothelial NOS (eNOS) pathways by
changing Ang (1–7)/Ang II ratio, independently of mean arterial pressure changes [47]. In accordance, treatment after
stroke with systemically applied diminazene, an ACE2 activator, resulted in decreased infarct volume and improved
neurological function without apparent increases in cerebral blood flow and this effect was mediated via Mas signaling
in a blood flow-independent manner [48].

Ang-(1–7) elicits a protective effect in stroke not only by itself but also by balancing Ang II actions. Ang-(1–7)
counteracts the effects of Ang II on intracerebral hemorrhagic stroke via modulating NF-κB inflammation path-
way in human brain vascular smooth muscle cells and cerebral microvessels [49]. Ang-(1–7) decreases the Ang
II-induced proliferation and migration of human brain vascular smooth muscle cells through down-regulation of
NF-κB, up-regulation of IκBα, and decreasing the levels of tumor necrosis factor-α (TNF-α), MCP-1 and IL8. In ad-
dition, infusion of Ang-(1–7) decreases Ang II-induced middle cerebral artery remodeling and hemorrhage volume
and improved neurological function after intracerebral hemorrhagic stroke. These beneficial effects of Ang-(1–7)
were mediated by Mas receptor [49]. Supporting this result, it has been shown that ACE2 overexpression in the hu-
man monocyte cell line macrophages attenuates Ang II-induced MCP-1 production and that this reduction is prob-
ably mediated by increased Ang-(1–7) level [50], reinforcing the involvement of the depressor axis of the RAS.

The protective effect of Ang-(1–7) in stroke may be related to its proangiogenic action. Infusion of Ang-(1–7)
for 4 weeks promoted brain angiogenesis via a Mas/eNOS-dependent pathway, which attenuated the reduction in
regional cerebral blood flow and improved stroke outcome after permanent middle cerebral artery occlusion [51].
These findings highlight brain Ang-(1–7)/Mas signaling as a potential target in stroke prevention [51].

The protective axis of the RAS, cognitive function, and
Alzheimer’s disease
Deficits in cerebral blood flow are linked to cognitive decline, and they have detrimental effects on the outcome of
ischemia [52]. Hypertension causes alterations in cerebral artery structure and function that can impair blood flow,
particularly during an ischemic insult or during periods of low arterial pressure [52]. AT1 receptor blockers (ARBs)
protect cerebral blood flow and reduce injury to the BBB and neurological and cognitive loss in animal models of
brain ischemia, traumatic brain injury, and AD [53]. Cerebral hypoperfusion results from chronic disruption of cere-
bral blood flow and is associated with cognitive decline in aging and vascular dementia. Ang-(1–7) protects against
cognitive dysfunction in rats subjected to cerebral hypoperfusion. This neuroprotective effect was associated with
increased NO generation, attenuated neuronal loss, and suppressed astrocyte proliferation in the hippocampus [54].
In agreement, ACE2 deficiency resulted in impaired cognitive function, at least in part because of enhanced oxidative
stress and a decrease in brain-derived neurotrophic factor [55].
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AD is an age-related neurodegenerative disorder characterized by progressive memory loss and cognitive function
deficits. There are two major pathological hallmarks that contribute to the pathogenesis of AD which are the presence
of extracellular amyloid plaques composed of amyloid-β (Aβ) and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau [56]. Besides Aβ and tau, the neuroinflammatory reaction mediated by cerebral innate
immune cells has also be considered in this disease [57].

Hyperactivity of the pressor axis of the RAS, mediated by Ang II activation of the AT1 receptor has been implicated
in the pathogenesis of AD [58-60]. Central Ang II induced Alzheimer-like tau phosphorylation [61] and promotes
Aβ production [62]. Recently, it has been shown that both Ang II and Ang III levels were significantly higher in
human postmortem brain tissue in the midfrontal cortex from AD patients compared with age-matched controls and
that Ang III, rather than Ang II, was strongly associated with Aβ load and tau load whereas Ang II levels did not [63].
In addition, an increased ACE expression and activity has been reported in AD [64-68]. In contrast, ACE2 enzyme
activity was significantly reduced by approximately 50% in the midfrontal cortex in postmortem human brain tissue
of patients with AD compared with age-matched controls [69]. The decreased ACE2 activity was associated with
increased Aβ and phosphorylated tau levels. In addition, ACE2 was inversely correlated with ACE, and the ratio of
ACE to ACE2 was increased in AD. Ang II/Ang (1–7) ratio was increased in midfrontal cortex in AD compared with
age-matched controls: Ang II levels were significantly increased whereas Ang-(1–7) levels were unchanged [69]. The
ratio of Ang II to Ang-(1–7) (a proxy measure of ACE2 activity) was increased in AD, indicating reduced conversion
of Ang II to Ang (1–7) [69]. In accordance, Ang-(1–7) levels were reduced in cerebral cortex and hippocampus in
a mouse model of sporadic AD in association with hyperphosphorylation of tau [20]. Furthermore, in AD patients,
the plasma concentration of Ang-(1–7) was significantly reduced compared with matched controls, suggesting that
plasma Ang-(1–7) may represent a potential biomarker for AD diagnosis [70].

Abnormal accumulation of Aβ is considered a key pathogenic mechanism in AD. Currently, three Aβ species,
Aβ40, Aβ42 and Aβ43, have been identified as accumulating in amyloid plaques of human brain. The two longer
species Aβ42 and Aβ43 are highly amyloidogenic and neurotoxic. In contrast, the shorter species Aβ40 inhibits
amyloid plaque formation and the neurotoxicity of Aβ42. It has been shown that ACE2 converts Aβ43 to Aβ42,
which in turn is cleaved by ACE to less toxic Aβ40 and Aβ41 species [71].

Diabetes mellitus is associated with cognitive deficits and an increased risk of AD. In a model of diabetes-induced
cognitive deficits, Ang-(1–7) treatment attenuated cognitive impairments and ameliorated damage to the ultra-
structure of hippocampal synapses, reduced the expression of hippocampal phosphorylated tau, and decreased Aβ

oligomer and both soluble and insoluble Aβ42 and Aβ40 levels. These protective effects were significantly reversed
by the coadministration of the Mas receptor antagonist, indicating Mas receptor mediated effects [72].

The protective axis of the RAS and anxiety
The brain is the central organ involved in perceiving and adapting to social and physical stressors via multiple in-
teracting mediators, from the cell surface to the cytoskeleton to epigenetic regulation and nongenomic mechanisms
[73]. Stress is an antecedent and is a causative factor for the development of anxiety and depression [74]. The con-
cept of anxiety disorders encompasses various subtypes of psychiatric entities, such as generalized anxiety, panic, and
post-traumatic stress disorders. They are currently seen as malfunctions of brain defensive systems due to a mis-
balance of certain neurotransmitters, including amino acids, monoamines, and neuropeptides [73,75]. A variety of
cognitive disorders is worsened by mood disorders and stress exposure and involves dysfunction of the prefrontal
cortex. Exposure to acute, uncontrollable stress increases catecholamine release in prefrontal cortex, reducing neu-
ronal firing and impairing cognitive abilities [76]. The other two regions of the brain shown to have important roles
in behavior and cognitive function are amygdala and hippocampus [73].

Overactivation of the brain pressor axis of the RAS has been implicated in the etiology of stress-associated anxiety
disorders [22,74,77]. Ang II and its two subtypes of receptors, AT1 and AT2, are localized on stress-responsive brain
areas including the hypothalamus–adrenal–pituitary axis. The different types of stressors increase the levels of Ang II
and change the expression of its receptors [74]. While the development of anxiety has been associated with activation
of AT1 receptors, central AT2 receptor may have a role in attenuating stress-associated anxiety [74].

Looking at the other axis of the RAS, the first evidence of the involvement of this axis in anxiety was that reported
by Walther et al. [78] who demonstrated that genetic deletion of the Mas receptor increases anxiety-like behavior in
mice. The lack of Mas protein influences spatial learning and anxiety in a sex-specific manner: no differences were
found in anxiety-like behavior between control and Mas-deficient females [79].

Ang-(1–7) central administration induces anxiolytic-like effects in adult rats as demonstrated by the increase per-
centage of time spent and frequency of entries in the open arms of the elevated plus maze, as well as increased
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head-dipping behavior in the open arms and decreased stretching in closed arms [80]. These effects were accom-
panied by a decreased oxidative stress in the amygdala, which is one of the key brain regions involved in mediating
anxiety [80]. In accordance, Ang-(1–7) attenuates the anxiety and depressive-like behavior in transgenic rats with
low brain angiotensinogen [81]. These transgenic rats show depression-related behavior which may be due, at least in
part, to the decreased levels of Ang-(1–7) and serotonin in the brain [81]. In hypertensive (mRen2)27 transgenic rats
(TGRs), which exhibit high levels of Ang II in different tissues, including the brain, Ang-(1–7) can modulate anxiety-
and depression-like behaviors [82]. Hypertensive TGRs presented a decreased percentage of entries in the open arms
of the elevated plus maze, which is an anxious-like behavior and this anxious phenotype was reversed by systemic
treatment with enalapril [83] or intracerebroventricular infusion of Ang-(1–7) [82]. Pretreatment with A779, a se-
lective Mas receptor antagonist, prevented the anxiolytic-like effect induced by the ACE inhibitor (ACEi) suggesting
that Ang-(1–7) mediates, at least in part, the effect of an ACEi on anxiety-type behavior in TGRs [82]. Furthermore,
transgenic rats overexpressing Ang-(1–7) show reduced anxiety-like behavior and this phenotype may result from
an increased Mas receptor activation [75]. Altogether these data suggest that the Ang-(1–7)/Mas receptor pathway
counteracts behavioral responses to various type of aversion stimuli. Supporting this, it has been recently demon-
strated that increasing ACE2 in the brain reduces anxiety-like behavior by activating central MasR [22]. Male mice
overexpressing ACE2, the enzyme that degrades Ang II to generate Ang-(1–7), explored the open arms of the elevated
plus maze significantly more than wild-type mice, suggesting that increasing ACE2 activity is anxiolytic. Central de-
livery of diminazene aceturate, an ACE2 activator, to C57BL/6 mice also reduced anxiety-like behavior [22]. Centrally
administering a Mas receptor antagonist to mice overexpressing ACE2 abolished their anxiolytic phenotype, suggest-
ing that ACE2 reduces anxiety-like behavior by activating central Mas. ACE2 may reduce anxiety-like behavior by
activating central Mas receptor that facilitates γ-aminobutyric acid release onto pyramidal neurons within the baso-
lateral amygdala [22]. Altogether, the Ang-(1–7)/Mas receptor signaling may be further investigated as an additional
strategy for the treatment of anxiety-related disorders.

Hypertension is associated with depression with anxiety in humans [84-87], and depression is probably an inde-
pendent risk factor of hypertension [88]. Reduction in the central angiotensin function has both antidepressant-like
and anxiolytic-like actions [89,90]. Depression was associated with a 30% increased odds of hypertension in women
[91]. Several reports have shown that ACEi (captopril and enalapril) improves mood in depressed and hypertensive
patients [92]. The score of Beck Depression Inventory and Hopkins Symptom Check-list, two different scores of de-
pression in humans, was higher in untreated hypertensive patients than enalapril-treated hypertensive patients or
normotensive subjects [92]. Patients treated with an ACEi or an ARB showed significantly lower doses of antidepres-
sant [93].

Using medical information from Grady Memorial Hospital’s outpatient population (n=505), ACEi or ARBs treat-
ment were associated with decreased post-traumatic stress disorders symptoms [94]. To date, no randomized con-
trolled trial has assessed the effects of ACEis or ARBs in depression [95]. In the Norwegian HUNT (Nord-Trøndelag
Health) study, the depressive symptoms of a large population of 55472 patients with systemic hypertension taking an
ACEi were compared with those of patients with untreated systemic hypertension. Results showed an important trend
in favor of the depressive symptom-reducing effects of ACEis, as assessed by the Hospital Anxiety and Depression
Rating Scale [96]. Thus, ACEi and ARBs may be considered as potential treatment against mood disorders.

The protective axis of the RAS and other neurodegenerative
diseases
The two components of the RAS which show the greatest association with neurodegenerative diseases are receptors
for RAS hormones: the AT1 receptor subtype for Ang II and the prorenin receptor, which is now recognized to signal
via mitogen-activated protein kinases (MAPKs) in response to prorenin and renin, thereby paralleling some of the
pathophysiological effects of Ang II at the AT1 receptor [97]. The AT1 receptor signals via the activation of NADPH
oxidase, thereby generating reactive oxygen species creating oxidative stress in neurons which could contribute to the
neuronal cell death associated with neurodegenerative diseases [97].

Several lines of evidence have suggested a link between reduced activities of the ACE-2/Ang (1–7)/Mas axis and
neurodegenerative conditions. Multiple sclerosis (MS) is a complex, chronic inflammatory, and demyelinating disease
of the CNS. Despite the fact that Ang II levels were reduced in the cerebrospinal fluid of patients with MS, ACE levels
were elevated whereas ACE2 levels were significantly reduced [98].
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Parkinson’s disease (PD) is characterized by progressive loss of dopaminergic neurons in the substantia nigra pars
compacta and the accumulation of abnormal aggregates of α-synuclein (called Lewy bodies) in the remaining neu-
rons [99]. Enhanced levels of Ang II, via AT1 receptors, exacerbate dopaminergic cell death and may play a syner-
gistic role in the pathogenesis and progression of PD [12]. Furthermore, an association of the gene AGTR, which
encodes the AT1 receptor, and PD and AD was observed [97]. Injury mechanisms associated with AT1 receptor
overactivity include activation of the NADPH oxidase complex mediating several key events in oxidative stress, en-
hanced uncontrolled inflammatory processes, increased TNF-α production, regulation of α-synuclein, stimulation
of brain-derived neurotrophic factors and glial cell line-derived neurotrophic factor, and activation of the protec-
tive peroxisome proliferator-activated receptor γ nuclear receptor [38]. The Ang-(1–7)/Mas receptor axis is present
in dopaminergic neurons and counteracts the pro-oxidative effects of the Ang II/AT1 axis [25]. An intracellular
Ang-(1–7)/Mas axis that modulates mitochondrial and nuclear levels of superoxide may be involved in this coun-
teracting effect. Furthermore, the Ang-(1–7)/Mas receptor axis is down-regulated in the aged nigra, which may con-
tribute to the aging-related vulnerability to neurodegeneration [25]. Rocha et al. [100] have measured circulating Angs
levels in PD patients. PD patients exhibited lower plasma levels of Ang I, Ang II and Ang-(1–7) than controls, which
were associated with increased severity of depressive symptoms [100]. Circulating levels of both ACE and ACE2 were
similar in PD patients and controls [100]. Despite the fact that peripheral Ang levels were evaluated, it remains to be
elucidated if they reflect CNS changes.

Regarding epilepsy, it has been shown an increased expression of AT1 and AT2 receptors in the hippocampus of
patients with temporal lobe epilepsy, supporting the idea of an up-regulation of RAS in this disease [101]. The ACEi
enalapril and the ARB losartan were able to decrease seizures [102]. In acute and silent periods of an epilepsy model,
Ang II levels were very low as well as AT1 receptor expression, whereas the chronic phase was characterized by an
increased level of Ang II and by its AT1 receptor. In contrast, Ang-(1–7) levels increased in acute and silent phases,
decreasing importantly in the chronic phase [103]. In chronic phase, the ratio between Ang II/Ang I was increased,
showing a predominant form of Ang II. Differently, the ratio Ang-(1–7)/Ang II was decreased into the chronic phase
[103].

RAS is a promising target for symptomatic and neuroprotective therapies in PD. But even, it is premature to infer
the data from basic research to clinical practice. In a proof-of-concept, randomized, double-blind, crossover study
in PD patients, perindopril enhanced the effect of levodopa without inducing dyskinesias [104]. There has not been
any clinical trial exploring the neuroprotective effect of RAS drugs, but one cohort study in hypertensive patients
suggested a protective effect of ACEi on PD risk [104].

Table 1 summarizes the expression of RAS components in different brain disorders.

Possible mechanisms of the centrally protective actions of
Ang-(1–7)
The molecular mechanisms of Ang II-induced cerebrotoxicity have been reviewed [60]. Established mechanisms of
Ang II-induced toxicity include increased NADPH oxidase activity, leading to intracellular generation of reactive oxy-
gen species. Subsequently, increased reactive oxygen species production activates redox-sensitive signaling molecules,
such as MAPKs, e.g. p38 mitogen-activated protein kinases, NH2-terminal kinases, and extracellular signal-regulated
kinases 1 and 2. In addition, Ang II directly enhances cellular and mitochondrial oxidative stress. Ang II-induced ac-
tivation of transcription factors such as NF-κB promotes increased production of inflammatory cytokines such as
of IL1β, TNFα and IL-6, and chemokines such as MCP-1. The result is a significant inflammatory response and in-
creased apoptosis [60]. In addition, many cytokines, such as IL-1β and IL-12, have been related to the progression
of AD pathology. Another regulator of inflammation is tumor growth factor-β (TGF-β). Increased TGF-β has been
observed in amyloid plaques and in the cerebrospinal fluid of patients with AD [57]. In contrast with Ang II and sup-
porting the protective role of Ang-(1–7) in the brain, it has been shown that centrally Ang-(1–7) induces a decrease
in the proinflammatory cytokines IL1α, IL6, IL8, TNFα, MCP-1 and NF-κB [29-32, 41, 42], counteracting in this
way the proinflammatory action of Ang II.

The locus coeruleus (LC) is the norepinephrine (NE)-containing nucleus in the brainstem and innervates into
widespread brain regions. This LC–NE system plays a critical role in a variety of brain functions, including attention,
arousal, emotion, cognition, and the sleep–wake cycle [105, 106]. The LC–NE system is one of the few regions in
the brain that exhibits neurofibrillary tangles, an AD-related neuropathology. Accumulating evidence indicates that
neurofibrillary tangles pathology as well as neuron loss in the LC play a critical role in the pathogenesis of AD [105]. It
has been proposed that the basal AT2 receptors localized on the brain stem (particularly on the LC) exhibit anxiolytic
phenotype and their up-regulation produces antistress effects due to a decrease in tyrosine hydroxylase and central
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Table 1 Expression of RAS components in different brain disorders

Stroke

Human ↑ AT1R [38]

Human ↑ ACE/Ang II/AT1R axis [39]

Human ↓ Serum ACE2 activity (patients with acute ischemic stroke) [44]

Human ↑ Serum ACE2 (patients with cardioembolic stroke compared with lacunar
infarction)

[45]

Rat ↑ Ang II/AT1R and AT2R signaling [41]

Rat ↓ Ang-(1–7)/MasR [41]

Rat ↑ Cerebral and circulating Ang-(1–7) [34]

Rat ↑ ACE2 and MasR expression [34]

Anxiety

Human ↑ ACE activity [77]

Human ↑Ang II levels [77]

Human ↑ Ang II levels [74]

Human ↑ AT1R [74]

Hypertensive (mRen2)27 transgenic rats ↑ Ang II levels [82]

Alzheimer’s disease

Human ↑ ACE expression and activity [64-67]

Human ↓ ACE2 activity in mid-frontal cortex [69]

Human ↑ Ang II levels in mid-frontal cortex [69]

Human ↓ Plasma concentration of Ang-(1–7) [70]

Human ↑ Ang II and Ang III levels in brain [63]

Mouse model of sporadic AD ↓ Ang-(1–7) levels in cerebral cortex and hippocampus [20]

Multiple sclerosis

Human ↓ Ang II levels in the cerebrospinal fluid [98]

Human ↑ ACE levels [98]

Human ↓ ACE2 levels [98]

Parkinson’s disease

Human ↑ Ang II levels [12]

Human ↓ Ang I, Ang II, and Ang-(1–7) levels [100]

Epilepsy

Human ↑ AT1R and AT2R in hippocampus [101]

Pilocarpine-induced model of epilepsy acute and silent phase ↓ Ang II levels [103]

Pilocarpine-induced model of epilepsy acute and silent phase ↓ AT1R [103]

Pilocarpine-induced model of epilepsy acute and silent phase ↑Ang-(1–7) levels [103]

Pilocarpine-induced model of epilepsy chronic phase ↑ Ang II and AT1R [103]

Pilocarpine-induced model of epilepsy chronic phase ↓Ang-(1–7) levels [103]

Pilocarpine-induced model of epilepsy chronic phase ↑ Ang II/Ang I [103]

Pilocarpine-induced model of epilepsy chronic phase ↓ Ang-(1–7)/Ang II [103]

sympathetic drive from the brain [74]. We have previously shown in neurons from hypothalamus and brainstem of
normotensive and SHR that Ang-(1–7) through an AT2 receptor-mediated mechanism down-regulates tyrosine hy-
droxylase, reducing in consequence NE biosynthesis [30]. In addition, Ang-(1–7) through Mas and AT2 receptors elic-
its a decrease in NE release in hypothalami from normotensive and hypertensive rats in a bradykinin/NO-dependent
manner [107, 108]. Thus, we could not disregard that the neuroinhibitory effect of Ang-(1–7) on the hypothalamic
and brainstem NE system may mediate its anxiolytic and protective effects on neurological disorders.

Microglia are phagocytic cells and can ingest Aβ through a range of cell surface receptors. It has been suggested
that, in AD, a key factor in the accumulation of Aβ throughout the brain is the failure of microglia to remove extra-
cellular amyloid. Similar to microglia, reactive astrocytes can polarize their processes around amyloid plaques and are
capable of amyloid plaque degradation [57]. The involvement of oligodendrocytes in AD remains poorly understood,
although there is emerging evidence that these cells contribute to the pathogenesis and progression of neurodegener-
ative disorders, including AD [57, 109]. Focal loss of oligodendrocytes has been observed in sporadic cases of AD. Aβ

can impair the survival and maturation of oligodendrocyte progenitor cells and the formation of the myelin sheath
[57]. Ang-(1–7) elicits a protective effect on cells of the CNS. Through Mas receptor stimulation, Ang-(1–7) prevented
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neurodegeneration, axon demyelination, alterations in synapse and oligodendrocyte, and astrocyte damage induced
by shigha toxin 2 [110]. This protective effect may be elicited in neurological disorders.

Clinical evidences
What do we know about RAS on brain disorders from clinical research? Regarding stroke, data from the CAPPP (Cap-
topril Prevention Project) randomized trial demonstrated that captopril versus diuretics or β-blockers reduced the
rate of stroke by 25% [111]. The HOPE (Heart Outcome Prevention Evaluation) study carried out with 9297 patients
with vascular disease or diabetes and an additional vascular risk factor followed over 4.5 years have demonstrated
a total stroke risk reduction of 32% with the ACEi ramipril [112]. In primary prevention, the LIFE (Losartan Inter-
vention For Endpoint reduction in hypertension) randomized trial showed in 9193 participants aged 55–80 years
with essential hypertension a significant difference in stroke rate in favor of losartan compared with atenolol de-
spite similar reductions in blood pressure [113]. The PROGRESS (Perindopril Protection Against Recurrent Stroke
Study) was designed to investigate the usage of an ACEi in the secondary prevention of stroke recurrence. The study
was carried out with 6105 patients with a history of stroke or transitory ischemic attack and showed that the ACEi
perindopril, in combination or not with the diuretic indapamide, prevented the recurrence of stroke in normotensive
and hypertensive patients from 5% to 43%. According to the PROGRESS investigators, a 10 mm Hg in systolic blood
pressure fall is expected to decrease the risk of stroke recurrence by only 28% in this population [114]. The SCOPE
(The Study on Cognition and Prognosis in the Elderly) study carried out with 4937 elderly hypertensive patients
showed that candesartan reduced the non-fatal stroke in 28% [115]. The ACCESS study (Acute Candesartan Cilexetil
Therapy in Stroke Survivors) suggested that an ARB is safe in the hypertensive acute phase of patients with stroke
and improves mortality independent from blood pressure control. In secondary stroke prevention, there are very few
antihypertensive trials [116].

The population-based follow-up study in Taiwan evaluated 5445 subjects (Taiwan’s National Health Insurance data)
and concluded that ARBs could be used, from the perspective of stroke prevention as a first-line antihypertensive drug
for patients with both hypertension and diabetes. The group with ARBs regimen reduces 26% of stroke in contrast
with the group with ACEi regimen [117]. Altogether, the different trials showed that an ACEi or an ARB may have a
beneficial action on stroke. The clinical and experimental observation support the hypothesis that the stroke may be
mediated by AT2 receptors, then ARBs could be better in the prevention of the stroke.

Hypertension, particularly midlife, has been associated with an increased risk for cognitive impairment and de-
mentia in the late-life, vascular dementia or AD. The Nun Study was the first evidence of the association between
cerebral vascular injury, AD, and risk of cognitive impairment or dementia [118]. The BBB disruption could be the
key point in the sporadic AD pathophysiology (decreased Aβ clearance and accumulation in the intraneuronal space
brain). Thus, targeting the pressor arm of the RAS may have a preventive effect on cognitive function. Enalapril and,
to a lesser extent, captopril reversed these deficits [92]. Some authors affirm that a higher availability of Ang-(1–7) in
patients treated with ACEi might underlie some improvement of cognitive processes [119, 120]. Studies have revealed
reduced rates of cognitive decline, in elderly patients, who were treated with centrally active ACEi such as captopril,
fosinopril, lisinopril, perindopril, ramipril, and trandolapril, which are lipid soluble and have an ability to cross the
BBB and penetrate cerebral tissues [59, 121]. They thus exert an effect on cognition via possible anti-inflammatory
mechanisms independent of their blood pressure-lowering action. In contrast, noncentrally active ACEi (without
these cerebral properties), including benazepril, enalapril, moexipril, and quinapril, which work mainly by lowering
blood pressure, do not have such an effect on cognitive function [121]. The ARBs losartan, candesartan, ibersartan,
olmesartan, valsartan, and telmisartan have also been shown to improve cognitive dysfunction and dementia. The ef-
fect of the antihypertensive treatment on cognitive function and prevention of dementia differ between drugs classes
and possibly ARBs are the most effective [122].

Up to date there are no specific formal randomized controlled trials of RAS drugs testing dementia incidence as a
primary outcome. The first randomized trial that showed that the treatment of hypertension decreases the incidence
of dementia was the Syst-Eur (Systolic Hypertension in Europe) performed in the context of the Vascular Dementia
Project [123], a project whose objective was the prevention of vascular dementia. Nitrendipine (calcium channel
blocker) plus enalapril and/or hydrochlorothiazide (diuretic) reduced the incidence of dementia by 50% and 55% in
the extended phase (Syst-Eur2) [124]. Although the project was aimed at the prevention of vascular dementia, 64%
of registered cases of dementia (41/62 cases) were diagnosed as AD.

The HOPE and the PROGRESS study were not designed to evaluate cognitive function in hypertensive patients,
although the subanalysis showed a reduction in cognitive decline associated with stroke by 41% with ramipril [112]
and 45% with perindopril with a 34% reduction in the risk of dementia poststroke [125].
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The HYVET-COG (Hypertension in Very Elderly Trial) performed in elderly patients treated with perindopril
[126] and the SCOPE study carried out with patients treated with candesartan [115] showed a reduction in the in-
cidence of dementia and cognitive decline without statistical significant. However, when the study was included in a
meta-analysis [PROGRESS, Syst-Eur, SHEP (Systolic Hypertension in the Elderly Program) and HYVET], the risk of
dementia was significantly reduced by 13% [126].

Three studies have been performed with telmisartan: Prevention Regimen for Effectively Avoiding Second Strokes
trial (PRoFESS), Telmisartan Randomized Assessment Study in ACE Intolerant Subjects with Cardiovascular Disease
(TRANSCEND) and Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial (ONTAR-
GET), being this last one performed in combination with ramipril. A reduction in 11% (n=20332) and 17% (n=5926)
in cognitive deterioration was observed in the PRoFESS and the TRANSCEND studies, respectively, although this de-
crease was not statistical significant. The ONTARGET study (n=25650) showed that different approaches to blocking
of the RAS had no clear effects on cognitive outcomes in patients with cardiovascular disease or diabetes. Although
patients with the lowest systolic blood pressure had the greatest preservation of cognitive function, meta-regression
analyses did not show any benefits of blood pressure lowering on cognition over several years of treatment [127]. In
contrast, another study (n=160) showed that telmisartan was superior compared with lisinopril in improving some of
the components of cognitive function, particularly episodic memory and visuospatial abilities [128]. The same group
demonstrated that losartan improves the performance of short- and long-term memory compared with theβ-blocker
atenolol [129] and that valsartan is more effective than enalapril in improving some of the components of cognitive
function, particularly episodic memory [130]. In addition, in the Antihypertensives and Vascular, Endothelial, and
Cognitive Function (AVEC) study, candesartan has been shown to be superior to hydroclorotiazide and lisinopril in
the preservation of the executive function [131]. The cerebral smaller vessels disease induces demyelination of the
subcortical white matter and disconnection between the cortical and subcortical circuit. The disconnection between
dorsolateral prefrontal cortex and basal ganglia—caudate, globus pallidus, and thalamus—gives rise to a cognitive
clinical syndrome called “executive dysfunction” [132,133]. The executive function is the domain more affected in
patients with hypertension (cerebral subcortical damage) [134,135].

The impact of treatment with ARBs on the neuropathology of AD was evaluated in the National Alzheimer Coordi-
nating Center database, which included aggregated data and brain autopsies (n=890) from 29 AD centers throughout
the United States. Brain from hypertensive patients treated with ARBs showed less Aβ deposition markers compared
with those treated with other antihypertensive medications [136]. Database of the U.S. Veteran Affairs (n=819491)
showed that ARBs are associated with a significant reduction in the incidence (55% reduction) and progression (70%
reduction) of AD and dementia compared with the ACEi lisinopril or other cardiovascular drugs in a predominantly
male population [137]. A Health Data Analysis in Taiwan Research Group demonstrated that ARBs reduce the risk of
dementia. ARB may be associated with a reduced risk of dementia in high vascular risk individuals. Patients exposed
to ARBs for higher cumulative doses experienced more protection from dementia and the subtypes [138].

A quantitative meta-analysis was performed to evaluate the association of RAS blockade use with the incidence of
cognitive impairment of aging and AD. ARBs treatments, regardless of the drug class, have benefits on prevention
of AD, and the effects of ACEi may analogous to ARBs. However, the benefit differs according to drug classes for
cognitive impairment of aging, with ARBs use, rather than ACEi use, being a potential treatment for reducing the
incidence of cognitive impairment of aging [139].

Until recently there have been no specific formal randomized controlled trials of RAS drugs on AD. Some ongoing
clinical trials have now begun to explore various questions regarding the role of RAS in the development and pathol-
ogy of AD [140]. The first such trial to commence and likely first to finish is the U.K.-based (with a recruitment
target of n=228) Phase II multi-center RADAR (Reducing Pathology in Alzheimer’s Disease through Angiotensin
TaRgeting) trial of losartan compared with placebo in hypertensive and normotensive AD patients where the pri-
mary outcome is changed to magnetic resonance imaging-based measurement of brain structure and volume after
12 months of treatment [141]. A similar design and sized (SARTAN-AD) Phase II trial in hypertensive AD patients
will compare perindopril with telmisartan. The smaller pilot Phase I (n=66) HEART study will compare two doses
of telmisartan against placebo for effects on cerebrospinal fluid levels of RAS components in African Americans at
increased risk of AD [140,142]. A similarly sized (n=72) CEDAR study will compare the effect of candesartan and
placebo on a number of cardiovascular outcome measures in people with mild cognitive impairment, while the CAL-
IBREX study will compare lisinopril with candesartan for effects on the primary outcome of executive function in
people with hypertension and mild cognitive impairment. Finally, the rrAD study will compare the effects of losartan
and amlodipine in conjunction with aerobic exercise training on cognitive performance in older adults who have high
risk for AD [140]. They serve as the first formal gold-standard tests of RAS as a target for intervention in AD patients
and also elderly with mild cognitive impairment [140].
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The CHS (Cardiovascular Health Study Cognition Substudy) demonstrated that the administration of central ACEi
to hypertensive subjects during 6 years (follow-up) was associated with a reduced risk of cognitive decline by 65% per
year and the cumulative dosage of no-central ACEi was associated with more incidence of dementia [143]. In agree-
ment, central ACEi (especially perindopril) showed a 25% reduction in the rate of cognitive decline in patients with
mild to moderate AD [144]. Recently, a pharmacogenetic interaction with ACEi use and rates of cognitive decline has
been shown. ACEis slowed cognitive decline in one year independently of reductions in blood pressure in patients
with AD, more remarkably for APOE4- carriers of specific ACE genotypes (T allele of rs1800764 or the T allele of
rs4291 or both) [145]. Treatment with brain-penetrating ACEi could slow the rate of cognitive decline in mild to
moderate AD patients in comparison with other antihypertensive drugs independent of the significant differences in
the levels of blood pressure [146]. ARB users, other antihypertensive drug users and normotensives were compared
[147]. Hypertensive participants demonstrated worse baseline memory and executive function, as well as greater
memory decline, over the 3-year follow-up than normotensives, unless they were ARB users, who showed preserved
memory compared with those taking other antihypertensive drugs. Users of BBB-crossing ARBs showed superior
memory performance over time compared with other antihypertensive drug users. Users of BBB-crossing medica-
tions (ARBs or ACEis) showed better list-learning memory performance over time than all other groups, including
normotensives, than users of non-BBB-crossing medications. These findings demonstrate that ARBs, especially those
of the BBB-crossing variety, are associated with greater memory preservation than other antihypertensive medica-
tions [147]. Altogether, these data showed that some but not all antihypertensive treatments may benefit cognition
and risk for AD, independent of stroke. The ARBs have been highlighted as one antihypertensive drug class that may
confer greatest benefit.

Clinical evidence shows that the blockade of the pressor arm of the RAS with an ACEi or an ARB is beneficial to
improve cognitive impairment. How this fact may be translated to the basic research? ACE inhibitor therapy caused
an increase in plasma Ang-(1–7) levels and decreased plasma Ang II while ARB treatment increased plasma levels of
both Ang II and Ang-(1–7) [148-151]. Treatment with azilsartan, a new AT1R antagonist, increased plasma Ang-(1–7)
levels comparably (∼2- to 3-fold) in both normotensive and Ang II-infused hypertensive rats [152]. In agreement to
that reported in animals, chronic administration of the ACEi captopril to essential hypertensive patients induced
an increase in Ang-(1–7) levels in venous blood [153]. In contrast, subjects with essential hypertension adminis-
tered placebo, losartan (50 mg OD) or eprosartan (600 mg OD) in randomized order in a double-blind, 3-period,
3-treatment, crossover trial, arterial blood Ang-(1–7) levels were unchanged [154]. Unfortunately, no enough clin-
ical evidence were reported. Furthermore, those reports showed circulating Ang-(1–7) levels and not those present
in cerebrospinal fluid. Although the predominant effect of ACE inhibition may result from the combined effect of
reduced Ang II formation and Ang-(1–7) metabolism, the antihypertensive action of AT1 antagonists may in part be
due to increased Ang II metabolism by ACE2 [155]. Altogether, the available data demonstrate that under an ACEi
or an ARB therapy, an increase in Ang-(1–7) levels occurs and this may contribute to the antihypertensive effect of
a combined therapy of an ACEi and an ARB. For instance, the acute infusion of a specific antibody raised against
Ang-(1–7) reversed the antihypertensive effect produced by lisinopril and losartan in awake SHR [156] and the hy-
pothalamic hypotensive effect of captopril in sinoaortic denervated rats [157]. No data on the possible contribution
of Ang-(1–7) to the beneficial effect of an ACEi or ARB on brain disorders are available. Unfortunately, the clinical
evidence did not clearly show that improvement in cognitive function caused by blockade of the pressor arm of the
RAS is due to an involvement of the depressor arm of the RAS, but the data reported in animals suggest that this arm
may at least in part contribute to an ACEi or ARB therapy. Ongoing trials [139] certainly will show the contribution
of the depressor axis of the RAS in brain disorders.

Conclusions
The RAS is phylogenetically one of the oldest homeostatic systems. The complexity of this evolutionary system is
far away from the vision of a system regulating water and salt. Newly discovered effects of the RAS on brain tissue
include neuroprotection, cognition, angiogenesis, and cerebral vasodilation. A number of brain biochemical path-
ways are influenced by the brain RAS. Several lines of evidence show that activation of ACE2, resulting in production
of Ang-(1–7) and stimulation of its receptor Mas, exerts protective actions in a number of cardiovascular diseases,
including ischemic stroke, and in neurocognitive disorders. Thus, the depressor axis of the RAS may be a poten-
tial therapeutic target in the treatment of neurological disorders. Furthermore, therapies that induce an increase in
centrally Ang-(1–7) levels may be thought as possible approaches as neuroprotectives.

On the other hand, drugs that modulate RAS responses seem to be superior to other antihypertensive drugs as
strategies to preserve and improve cognitive function. Some of these drugs that have the ability to cross the BBB
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improve cognitive function independent of their blood pressure-lowering action. Although the clinical evidence are
not enough to recommend the usage of ACEi or ARBs to prevent cognitive decline or dementia, sometimes it is
necessary to accept the demonstration from experimental research. The delay in obtaining true data may decrease
the impact in its application and may lead to irreversible situations.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations
ACE, angiotensin-converting enzyme; ACEi, angiotensin-converting enzyme inhibitor; AD, Alzheimer’s disease; Ang, an-
giotensin; ARB, angiotensin type 1 receptor blocker; AT1 receptor, Ang II type 1 receptor; AT2 receptor, Ang II type 2 receptor;
BBB, brain–blood barrier; CCR2, chemokine receptor 2; CNS, central nervous system; eNOS, endothelial NOS; IL, interleukin;
LC, locus coeruleus; MCP-1, chemoattractant protein-1; MS, multiple sclerosis; NADPH, nicotinamide adenine dinucleotide
phosphate; NE, norepinephrine; NF-κB, nuclear factor-κB; NO, nitric oxide; NOS, nitric oxide synthase; PD, Parkinson’s dis-
ease; RAS, renin–angiotensin system; RVLM, rostral ventrolateral medulla; SHR, spontaneously hypertensive rats; TNF-α, tu-
mor necrosis factor-α.

References
1 World Alzheimer Report (2014) World Alzheimer Report 2014. Dementia and Risk Reduction: an Analysis of Protective and Modifiable Factors.

www.alz.co.uk/research/WorldAlzheimerReport2014.pdf (Accessed 15 May 2018)
2 World Health Organization (2017) Depression and Other Common Mental Disorders: Global Health Estimates.

http://apps.who.int/iris/bitstream/10665/254610/1/WHO-MSD-MER-2017.2-eng.pdf (Accessed 15 May 2018)
3 Launer, L.J., Masaki, K., Petrovitch, H., Foley, D. and Havlik, R.J. (1995) The association between midlife blood pressure levels and late-life cognitive

function. The Honolulu-Asia Aging Study. J. Am. Med. Assoc. 274, 1846–1851, https://doi.org/10.1001/jama.1995.03530230032026
4 Skoog, I., Lernfelt, B., Landahl, S., Palmertz, B., Andreasson, L.A., Nilsson, L. et al. (1996) 15-year longitudinal study of blood pressure and dementia.

Lancet 347, 1141–1145, https://doi.org/10.1016/S0140-6736(96)90608-X
5 Kilander, L., Nyman, H., Boberg, M., Hansson, L. and Lithell, H. (1998) Hypertension is related to cognitive impairment: a 20-year follow-up of 999

men. Hypertension 31, 780–786, https://doi.org/10.1161/01.HYP.31.3.780
6 Kivipelto, M., Helkala, E.L., Laakso, M.P., Hanninen, T., Hallikainen, M., Alhainen, K. et al. (2002) Apolipoprotein E epsilon4 allele, elevated midlife total

cholesterol level, and high midlife systolic blood pressure are independent risk factors for late-life Alzheimer disease. Ann. Intern. Med. 137,
149–155, https://doi.org/10.7326/0003-4819-137-3-200208060-00006

7 Haag, M.D., Hofman, A., Koudstaal, P.J., Breteler, M.M. and Stricker, B.H. (2009) Duration of antihypertensive drug use and risk of dementia: a
prospective cohort study. Neurology 72, 1727–1734, https://doi.org/10.1212/01.wnl.0000345062.86148.3f

8 Hernandorena, I., Duron, E., Vidal, J.S. and Hanon, O. (2017) Treatment options and considerations for hypertensive patients to prevent dementia.
Expert Opin. Pharmacother. 18, 989–1000, https://doi.org/10.1080/14656566.2017.1333599

9 Mckinley, M.J., Albiston, A.L., Allen, A.M., Mathai, M.L., May, C.N., Mcallen, R.M. et al. (2003) The brain renin-angiotensin system: location and
physiological roles. Int. J. Biochem. Cell Biol. 35, 901–918, https://doi.org/10.1016/S1357-2725(02)00306-0

10 Wright, J.W. and Harding, J.W. (2013) The brain renin-angiotensin system: a diversity of functions and implications for CNS diseases. Pflugers Arch.
465, 133–151, https://doi.org/10.1007/s00424-012-1102-2

11 Sigmund, C.D., Diz, D.I. and Chappell, M.C. (2017) No brain renin-angiotensin system: deja vu all over again? Hypertension 69, 1007–1010,
https://doi.org/10.1161/HYPERTENSIONAHA.117.09167

12 Labandeira-Garcia, J.L., Garrido-Gil, P., Rodriguez-Pallares, J., Valenzuela, R., Borrajo, A. and Rodriguez-Perez, A.I. (2014) Brain renin-angiotensin
system and dopaminergic cell vulnerability. Front. Neuroanat. 8, 67

13 Van Thiel, B.S., Goes Martini, A., Te Riet, L., Severs, D., Uijl, E., Garrelds, I.M. et al. (2017) Brain renin-angiotensin system: does it exist? Hypertension
69, 1136–1144, https://doi.org/10.1161/HYPERTENSIONAHA.116.08922

14 Hussain, M. and Awan, F.R. (2017) Hypertension regulating angiotensin peptides in the pathobiology of cardiovascular disease. Clin. Exp. Hypertens.
125, 1–9

15 Li, X.C., Zhang, J. and Zhuo, J.L. (2017) The vasoprotective axes of the renin-angiotensin system: Physiological relevance and therapeutic implications
in cardiovascular, hypertensive and kidney diseases. Pharmacol. Res. 125, 21–38, https://doi.org/10.1016/j.phrs.2017.06.005

16 Kemp, B.A., Howell, N.L., Gildea, J.J., Keller, S.R., Padia, S.H. and Carey, R.M. (2014) Response to letter regarding article, “AT2 receptor activation
induces natriuresis and lowers blood pressure”. Circ. Res. 115, e26–e27, https://doi.org/10.1161/CIRCRESAHA.114.304975

17 Santos, R.a.S., Sampaio, W.O., Alzamora, A.C., Motta-Santos, D., Alenina, N., Bader, M. et al. (2018) The ACE2/Angiotensin-(1-7)/MAS axis of the
renin-angiotensin system: focus on angiotensin-(1-7). Physiol. Rev. 98, 505–553, https://doi.org/10.1152/physrev.00023.2016

18 Karamyan, V.T. and Speth, R.C. (2007) Enzymatic pathways of the brain renin-angiotensin system: unsolved problems and continuing challenges.
Regul. Pept. 143, 15–27, https://doi.org/10.1016/j.regpep.2007.03.006

19 Li, H., Liu, X., Ren, Z., Gu, J., Lu, Y., Wang, X. et al. (2016) Effects of diabetic hyperglycemia on central Ang-(1-7)-Mas-R-nNOS pathways in
spontaneously hypertensive rats. Cell. Physiol. Biochem. 40, 1186–1197, https://doi.org/10.1159/000453172

1032 c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

http://apps.who.int/iris/bitstream/10665/254610/1/WHO-MSD-MER-2017.2-eng.pdf
https://doi.org/10.1001/jama.1995.03530230032026
https://doi.org/10.1016/S0140-6736(96)90608-X
https://doi.org/10.1161/01.HYP.31.3.780
https://doi.org/10.7326/0003-4819-137-3-200208060-00006
https://doi.org/10.1212/01.wnl.0000345062.86148.3f
https://doi.org/10.1080/14656566.2017.1333599
https://doi.org/10.1016/S1357-2725(02)00306-0
https://doi.org/10.1007/s00424-012-1102-2
https://doi.org/10.1161/HYPERTENSIONAHA.117.09167
https://doi.org/10.1161/HYPERTENSIONAHA.116.08922
https://doi.org/10.1016/j.phrs.2017.06.005
https://doi.org/10.1161/CIRCRESAHA.114.304975
https://doi.org/10.1152/physrev.00023.2016
https://doi.org/10.1016/j.regpep.2007.03.006
https://doi.org/10.1159/000453172


Clinical Science (2018) 132 1021–1038
https://doi.org/10.1042/CS20180189

20 Jiang, T., Zhang, Y.D., Zhou, J.S., Zhu, X.C., Tian, Y.Y., Zhao, H.D. et al. (2016) Angiotensin-(1-7) is reduced and inversely correlates with tau
hyperphosphorylation in animal models of Alzheimer’s disease. Mol. Neurobiol. 53, 2489–2497, https://doi.org/10.1007/s12035-015-9260-9

21 Pereira, M.G., Souza, L.L., Becari, C., Duarte, D.A., Camacho, F.R., Oliveira, J.A. et al. (2013) Angiotensin II-independent angiotensin-(1-7) formation in
rat hippocampus: involvement of thimet oligopeptidase. Hypertension 62, 879–885, https://doi.org/10.1161/HYPERTENSIONAHA.113.01613

22 Wang, L., De Kloet, A.D., Pati, D., Hiller, H., Smith, J.A., Pioquinto, D.J. et al. (2016) Increasing brain angiotensin converting enzyme 2 activity
decreases anxiety-like behavior in male mice by activating central Mas receptors. Neuropharmacology 105, 114–123,
https://doi.org/10.1016/j.neuropharm.2015.12.026

23 Block, C.H., Santos, R.A., Brosnihan, K.B. and Ferrario, C.M. (1988) Immunocytochemical localization of angiotensin-(1-7) in the rat forebrain. Peptides
9, 1395–1401, https://doi.org/10.1016/0196-9781(88)90208-2

24 Chappell, M.C., Brosnihan, K.B., Diz, D.I. and Ferrario, C.M. (1989) Identification of angiotensin-(1-7) in rat brain. Evidence for differential processing
of angiotensin peptides. J. Biol. Chem. 264, 16518–16523

25 Costa-Besada, M.A., Valenzuela, R., Garrido-Gil, P., Villar-Cheda, B., Parga, J.A., Lanciego, J.L. et al. (2017) Paracrine and intracrine angiotensin
1-7/Mas receptor axis in the substantia nigra of rodents, monkeys, and humans. Mol. Neurobiol., https://doi.org/10.1007/s12035-017-0805-y

26 Santos, R.A., Simoes E Silva, A.C., Maric, C., Silva, D.M., Machado, R.P., De Buhr, I. et al. (2003) Angiotensin-(1-7) is an endogenous ligand for the G
protein-coupled receptor Mas. Proc. Natl. Acad. Sci. U.S.A. 100, 8258–8263, https://doi.org/10.1073/pnas.1432869100

27 Becker, L.K., Etelvino, G.M., Walther, T., Santos, R.A. and Campagnole-Santos, M.J. (2007) Immunofluorescence localization of the receptor Mas in
cardiovascular-related areas of the rat brain. Am. J. Physiol. Heart Circ. Physiol. 293, H1416–H1424, https://doi.org/10.1152/ajpheart.00141.2007

28 Freund, M., Walther, T. and Von Bohlen Und Halbach, O. (2012) Immunohistochemical localization of the angiotensin-(1-7) receptor Mas in the murine
forebrain. Cell Tissue Res. 348, 29–35, https://doi.org/10.1007/s00441-012-1354-3

29 Mecca, A.P., Regenhardt, R.W., O’connor, T.E., Joseph, J.P., Raizada, M.K., Katovich, M.J. et al. (2011) Cerebroprotection by angiotensin-(1-7) in
endothelin-1-induced ischaemic stroke. Exp. Physiol. 96, 1084–1096, https://doi.org/10.1113/expphysiol.2011.058578

30 Lopez Verrilli, M.A., Rodriguez Fermepin, M., Longo Carbajosa, N., Landa, S., Cerrato, B.D., Garcia, S. et al. (2012) Angiotensin-(1-7) through Mas
receptor up-regulates neuronal norepinephrine transporter via Akt and Erk1/2-dependent pathways. J. Neurochem. 120, 46–55,
https://doi.org/10.1111/j.1471-4159.2011.07552.x

31 Gironacci, M.M., Longo Carbajosa, N.A., Goldstein, J. and Cerrato, B.D. (2013) Neuromodulatory role of angiotensin-(1-7) in the central nervous
system. Clin. Sci. 125, 57–65, https://doi.org/10.1042/CS20120652

32 Regenhardt, R.W., Desland, F., Mecca, A.P., Pioquinto, D.J., Afzal, A., Mocco, J. et al. (2013) Anti-inflammatory effects of angiotensin-(1-7) in ischemic
stroke. Neuropharmacology 71, 154–163, https://doi.org/10.1016/j.neuropharm.2013.03.025

33 Doobay, M.F., Talman, L.S., Obr, T.D., Tian, X., Davisson, R.L. and Lazartigues, E. (2007) Differential expression of neuronal ACE2 in transgenic mice
with overexpression of the brain renin-angiotensin system. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, R373–R381,
https://doi.org/10.1152/ajpregu.00292.2006

34 Lu, J., Jiang, T., Wu, L., Gao, L., Wang, Y., Zhou, F. et al. (2013) The expression of angiotensin-converting enzyme 2-angiotensin-(1-7)-Mas receptor
axis are upregulated after acute cerebral ischemic stroke in rats. Neuropeptides 47, 289–295, https://doi.org/10.1016/j.npep.2013.09.002

35 Ren, C.Z., Yang, Y.H., Sun, J.C., Wu, Z.T., Zhang, R.W., Shen, D. et al. (2016) Exercise training improves the altered renin-angiotensin system in the
rostral ventrolateral medulla of hypertensive rats. Oxid. Med. Cell Longev. 2016, 7413963, https://doi.org/10.1155/2016/7413963

36 Gallagher, P.E., Chappell, M.C., Ferrario, C.M. and Tallant, E.A. (2006) Distinct roles for ANG II and ANG-(1-7) in the regulation of
angiotensin-converting enzyme 2 in rat astrocytes. Am. J. Physiol. Cell Physiol. 290, C420–C426, https://doi.org/10.1152/ajpcell.00409.2004

37 Ivan, C.S., Seshadri, S., Beiser, A., Au, R., Kase, C.S., Kelly-Hayes, M. et al. (2004) Dementia after stroke: the Framingham Study. Stroke 35,
1264–1268, https://doi.org/10.1161/01.STR.0000127810.92616.78

38 Saavedra, J.M. (2017) Beneficial effects of Angiotensin II receptor blockers in brain disorders. Pharmacol. Res. 125, 91–103,
https://doi.org/10.1016/j.phrs.2017.06.017

39 Arroja, M.M., Reid, E. and Mccabe, C. (2016) Therapeutic potential of the renin angiotensin system in ischaemic stroke. Exp. Transl. Stroke Med. 8, 8,
https://doi.org/10.1186/s13231-016-0022-1

40 Bennion, D.M., Jones, C.H., Donnangelo, L.L., Graham, J.T., Isenberg, J.D., Dang, A.N. et al. (2018) Neuroprotection by post-stroke administration of
an oral formulation of angiotensin-(1-7) in ischemic stroke. Exp. Physiol., https://doi.org/10.1113/EP086957

41 Chang, A.Y., Li, F.C., Huang, C.W., Wu, J.C., Dai, K.Y., Chen, C.H. et al. (2014) Interplay between brain stem angiotensins and monocyte
chemoattractant protein-1 as a novel mechanism for pressor response after ischemic stroke. Neurobiol. Dis. 71, 292–304,
https://doi.org/10.1016/j.nbd.2014.08.005

42 Jiang, T., Gao, L., Guo, J., Lu, J., Wang, Y. and Zhang, Y. (2012) Suppressing inflammation by inhibiting the NF-kappaB pathway contributes to the
neuroprotective effect of angiotensin-(1-7) in rats with permanent cerebral ischaemia. Br. J. Pharmacol. 167, 1520–1532,
https://doi.org/10.1111/j.1476-5381.2012.02105.x

43 Regenhardt, R.W., Mecca, A.P., Desland, F., Ritucci-Chinni, P.F., Ludin, J.A., Greenstein, D. et al. (2014) Centrally administered angiotensin-(1-7)
increases the survival of stroke-prone spontaneously hypertensive rats. Exp. Physiol. 99, 442–453, https://doi.org/10.1113/expphysiol.2013.075242

44 Bennion, D.M., Rosado, C.A., Haltigan, E.A., Regenhardt, R.W., Sumners, C. and Waters, M.F. (2016) Serum activity of angiotensin converting enzyme
2 is decreased in patients with acute ischemic stroke. J. Renin Angiotensin Aldosterone Syst. 17, 1–7, https://doi.org/10.1177/1470320316661060

45 Mogi, M., Kawajiri, M., Tsukuda, K., Matsumoto, S., Yamada, T. and Horiuchi, M. (2014) Serum levels of renin-angiotensin system components in
acute stroke patients. Geriatr. Gerontol. Int. 14, 793–798, https://doi.org/10.1111/ggi.12167

46 Zheng, J.L., Li, G.Z., Chen, S.Z., Wang, J.J., Olson, J.E., Xia, H.J. et al. (2014) Angiotensin converting enzyme 2/Ang-(1-7)/mas axis protects brain
from ischemic injury with a tendency of age-dependence. CNS Neurosci. Ther. 20, 452–459, https://doi.org/10.1111/cns.12233

c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1033

https://doi.org/10.1007/s12035-015-9260-9
https://doi.org/10.1161/HYPERTENSIONAHA.113.01613
https://doi.org/10.1016/j.neuropharm.2015.12.026
https://doi.org/10.1016/0196-9781(88)90208-2
https://doi.org/10.1007/s12035-017-0805-y
https://doi.org/10.1073/pnas.1432869100
https://doi.org/10.1152/ajpheart.00141.2007
https://doi.org/10.1007/s00441-012-1354-3
https://doi.org/10.1113/expphysiol.2011.058578
https://doi.org/10.1111/j.1471-4159.2011.07552.x
https://doi.org/10.1042/CS20120652
https://doi.org/10.1016/j.neuropharm.2013.03.025
https://doi.org/10.1152/ajpregu.00292.2006
https://doi.org/10.1016/j.npep.2013.09.002
https://doi.org/10.1155/2016/7413963
https://doi.org/10.1152/ajpcell.00409.2004
https://doi.org/10.1161/01.STR.0000127810.92616.78
https://doi.org/10.1016/j.phrs.2017.06.017
https://doi.org/10.1186/s13231-016-0022-1
https://doi.org/10.1113/EP086957
https://doi.org/10.1016/j.nbd.2014.08.005
https://doi.org/10.1111/j.1476-5381.2012.02105.x
https://doi.org/10.1113/expphysiol.2013.075242
https://doi.org/10.1177/1470320316661060
https://doi.org/10.1111/ggi.12167
https://doi.org/10.1111/cns.12233


Clinical Science (2018) 132 1021–1038
https://doi.org/10.1042/CS20180189

47 Chen, J., Zhao, Y., Chen, S., Wang, J., Xiao, X., Ma, X. et al. (2014) Neuronal over-expression of ACE2 protects brain from ischemia-induced damage.
Neuropharmacology 79, 550–558, https://doi.org/10.1016/j.neuropharm.2014.01.004

48 Bennion, D.M., Haltigan, E.A., Irwin, A.J., Donnangelo, L.L., Regenhardt, R.W., Pioquinto, D.J. et al. (2015) Activation of the neuroprotective
angiotensin-converting enzyme 2 in rat ischemic stroke. Hypertension 66, 141–148, https://doi.org/10.1161/HYPERTENSIONAHA.115.05185

49 Bihl, J.C., Zhang, C., Zhao, Y., Xiao, X., Ma, X., Chen, Y. et al. (2015) Angiotensin-(1-7) counteracts the effects of Ang II on vascular smooth muscle
cells, vascular remodeling and hemorrhagic stroke: Role of the NFsmall ka, CyrillicB inflammatory pathway. Vascul. Pharmacol. 73, 115–123,
https://doi.org/10.1016/j.vph.2015.08.007

50 Guo, Y.J., Li, W.H., Wu, R., Xie, Q. and Cui, L.Q. (2008) ACE2 overexpression inhibits angiotensin II-induced monocyte chemoattractant protein-1
expression in macrophages. Arch. Med. Res. 39, 149–154, https://doi.org/10.1016/j.arcmed.2007.07.010

51 Jiang, T., Yu, J.T., Zhu, X.C., Zhang, Q.Q., Tan, M.S., Cao, L. et al. (2014) Angiotensin-(1-7) induces cerebral ischaemic tolerance by promoting brain
angiogenesis in a Mas/eNOS-dependent pathway. Br. J. Pharmacol. 171, 4222–4232, https://doi.org/10.1111/bph.12770

52 Pires, P.W., Dams Ramos, C.M., Matin, N. and Dorrance, A.M. (2013) The effects of hypertension on the cerebral circulation. Am. J. Physiol. Heart Circ.
Physiol. 304, H1598–H1614, https://doi.org/10.1152/ajpheart.00490.2012

53 Saavedra, J.M. (2016) Evidence to consider angiotensin ii receptor blockers for the treatment of early Alzheimer’s disease. Cell. Mol. Neurobiol. 36,
259–279, https://doi.org/10.1007/s10571-015-0327-y

54 Xie, W., Zhu, D., Ji, L., Tian, M., Xu, C. and Shi, J. (2014) Angiotensin-(1-7) improves cognitive function in rats with chronic cerebral hypoperfusion.
Brain Res. 1573, 44–53, https://doi.org/10.1016/j.brainres.2014.05.019

55 Wang, X.L., Iwanami, J., Min, L.J., Tsukuda, K., Nakaoka, H., Bai, H.Y. et al. (2016) Deficiency of angiotensin-converting enzyme 2 causes
deterioration of cognitive function. NPJ Aging Mech. Dis. 2, 16024, https://doi.org/10.1038/npjamd.2016.24

56 Chong, F.P., Ng, K.Y., Koh, R.Y. and Chye, S.M. (2018) Tau proteins and tauopathies in Alzheimer’s disease. Cell. Mol. Neurobiol.,
https://doi.org/10.1007/s10571-017-0574-1

57 Ardura-Fabregat, A., Boddeke, E., Boza-Serrano, A., Brioschi, S., Castro-Gomez, S., Ceyzeriat, K. et al. (2017) Targeting neuroinflammation to treat
Alzheimer’s disease. CNS Drugs 31, 1057–1082, https://doi.org/10.1007/s40263-017-0483-3

58 Kehoe, P.G., Miners, S. and Love, S. (2009) Angiotensins in Alzheimer’s disease - friend or foe? Trends Neurosci. 32, 619–628,
https://doi.org/10.1016/j.tins.2009.07.006

59 Kaur, P., Muthuraman, A. and Kaur, M. (2015) The implications of angiotensin-converting enzymes and their modulators in neurodegenerative
disorders: current and future perspectives. ACS Chem. Neurosci. 6, 508–521, https://doi.org/10.1021/cn500363g

60 Villapol, S. and Saavedra, J.M. (2015) Neuroprotective effects of angiotensin receptor blockers. Am. J. Hypertens. 28, 289–299,
https://doi.org/10.1093/ajh/hpu197

61 Tian, M., Zhu, D., Xie, W. and Shi, J. (2012) Central angiotensin II-induced Alzheimer-like tau phosphorylation in normal rat brains. FEBS Lett. 586,
3737–3745, https://doi.org/10.1016/j.febslet.2012.09.004

62 Zhu, D., Shi, J., Zhang, Y., Wang, B., Liu, W., Chen, Z. et al. (2011) Central angiotensin II stimulation promotes beta amyloid production in Sprague
Dawley rats. PLoS One 6, e16037, https://doi.org/10.1371/journal.pone.0016037

63 Kehoe, P.G., Hibbs, E., Palmer, L.E. and Miners, J.S. (2017) Angiotensin-III is increased in Alzheimer’s disease in association with amyloid-beta and tau
pathology. J. Alzheimers Dis. 58, 203–214, https://doi.org/10.3233/JAD-161265

64 Arregui, A., Perry, E.K., Rossor, M. and Tomlinson, B.E. (1982) Angiotensin converting enzyme in Alzheimer’s disease increased activity in caudate
nucleus and cortical areas. J. Neurochem. 38, 1490–1492, https://doi.org/10.1111/j.1471-4159.1982.tb07930.x

65 Barnes, N.M., Cheng, C.H., Costall, B., Naylor, R.J., Williams, T.J. and Wischik, C.M. (1991) Angiotensin converting enzyme density is increased in
temporal cortex from patients with Alzheimer’s disease. Eur. J. Pharmacol. 200, 289–292, https://doi.org/10.1016/0014-2999(91)90584-D

66 Savaskan, E., Hock, C., Olivieri, G., Bruttel, S., Rosenberg, C., Hulette, C. et al. (2001) Cortical alterations of angiotensin converting enzyme,
angiotensin II and AT1 receptor in Alzheimer’s dementia. Neurobiol. Aging 22, 541–546, https://doi.org/10.1016/S0197-4580(00)00259-1

67 Miners, J.S., Ashby, E., Van Helmond, Z., Chalmers, K.A., Palmer, L.E., Love, S. et al. (2008) Angiotensin-converting enzyme (ACE) levels and activity in
Alzheimer’s disease, and relationship of perivascular ACE-1 to cerebral amyloid angiopathy. Neuropathol. Appl. Neurobiol. 34, 181–193,
https://doi.org/10.1111/j.1365-2990.2007.00885.x

68 Mateos, L., Ismail, M.A., Gil-Bea, F.J., Leoni, V., Winblad, B., Bjorkhem, I. et al. (2011) Upregulation of brain renin angiotensin system by
27-hydroxycholesterol in Alzheimer’s disease. J. Alzheimers Dis. 24, 669–679

69 Kehoe, P.G., Wong, S., Al Mulhim, N., Palmer, L.E. and Miners, J.S. (2016) Angiotensin-converting enzyme 2 is reduced in Alzheimer’s disease in
association with increasing amyloid-beta and tau pathology. Alzheimers Res. Ther. 8, 50, https://doi.org/10.1186/s13195-016-0217-7

70 Jiang, T., Tan, L., Gao, Q., Lu, H., Zhu, X.C., Zhou, J.S. et al. (2016) Plasma angiotensin-(1-7) is a potential biomarker for Alzheimer’s disease. Curr.
Neurovasc. Res. 13, 96–99, https://doi.org/10.2174/1567202613666160224124739

71 Liu, S., Liu, J., Miura, Y., Tanabe, C., Maeda, T., Terayama, Y. et al. (2014) Conversion of Abeta43 to Abeta40 by the successive action of
angiotensin-converting enzyme 2 and angiotensin-converting enzyme. J. Neurosci. Res. 92, 1178–1186, https://doi.org/10.1002/jnr.23404

72 Chen, J.L., Zhang, D.L., Sun, Y., Zhao, Y.X., Zhao, K.X., Pu, D. et al. (2017) Angiotensin-(1-7) administration attenuates Alzheimer’s disease-like
neuropathology in rats with streptozotocin-induced diabetes via Mas receptor activation. Neuroscience 346, 267–277,
https://doi.org/10.1016/j.neuroscience.2017.01.027

73 Mcewen, B.S., Bowles, N.P., Gray, J.D., Hill, M.N., Hunter, R.G., Karatsoreos, I.N. et al. (2015) Mechanisms of stress in the brain. Nat. Neurosci. 18,
1353–1363, https://doi.org/10.1038/nn.4086

74 Bali, A. and Jaggi, A.S. (2013) Angiotensin as stress mediator: role of its receptor and interrelationships among other stress mediators and receptors.
Pharmacol. Res. 76, 49–57, https://doi.org/10.1016/j.phrs.2013.07.004

1034 c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

https://doi.org/10.1016/j.neuropharm.2014.01.004
https://doi.org/10.1161/HYPERTENSIONAHA.115.05185
https://doi.org/10.1016/j.vph.2015.08.007
https://doi.org/10.1016/j.arcmed.2007.07.010
https://doi.org/10.1111/bph.12770
https://doi.org/10.1152/ajpheart.00490.2012
https://doi.org/10.1007/s10571-015-0327-y
https://doi.org/10.1016/j.brainres.2014.05.019
https://doi.org/10.1038/npjamd.2016.24
https://doi.org/10.1007/s10571-017-0574-1
https://doi.org/10.1007/s40263-017-0483-3
https://doi.org/10.1016/j.tins.2009.07.006
https://doi.org/10.1021/cn500363g
https://doi.org/10.1093/ajh/hpu197
https://doi.org/10.1016/j.febslet.2012.09.004
https://doi.org/10.1371/journal.pone.0016037
https://doi.org/10.3233/JAD-161265
https://doi.org/10.1111/j.1471-4159.1982.tb07930.x
https://doi.org/10.1016/0014-2999(91)90584-D
https://doi.org/10.1016/S0197-4580(00)00259-1
https://doi.org/10.1111/j.1365-2990.2007.00885.x
https://doi.org/10.1186/s13195-016-0217-7
https://doi.org/10.2174/1567202613666160224124739
https://doi.org/10.1002/jnr.23404
https://doi.org/10.1016/j.neuroscience.2017.01.027
https://doi.org/10.1038/nn.4086
https://doi.org/10.1016/j.phrs.2013.07.004


Clinical Science (2018) 132 1021–1038
https://doi.org/10.1042/CS20180189

75 Kangussu, L.M., Almeida-Santos, A.F., Moreira, F.A., Fontes, M.a.P., Santos, R.a.S., Aguiar, D.C. et al. (2017) Reduced anxiety-like behavior in
transgenic rats with chronically overproduction of angiotensin-(1-7): role of the Mas receptor. Behav. Brain Res. 331, 193–198,
https://doi.org/10.1016/j.bbr.2017.05.026

76 Arnsten, A.F. (2015) Stress weakens prefrontal networks: molecular insults to higher cognition. Nat. Neurosci. 18, 1376–1385,
https://doi.org/10.1038/nn.4087

77 Krause, E.G., De Kloet, A.D., Scott, K.A., Flak, J.N., Jones, K., Smeltzer, M.D. et al. (2011) Blood-borne angiotensin II acts in the brain to influence
behavioral and endocrine responses to psychogenic stress. J. Neurosci. 31, 15009–15015, https://doi.org/10.1523/JNEUROSCI.0892-11.2011

78 Walther, T., Balschun, D., Voigt, J.P., Fink, H., Zuschratter, W., Birchmeier, C. et al. (1998) Sustained long term potentiation and anxiety in mice lacking
the Mas protooncogene. J. Biol. Chem. 273, 11867–11873, https://doi.org/10.1074/jbc.273.19.11867

79 Walther, T., Voigt, J.P., Fink, H. and Bader, M. (2000) Sex specific behavioural alterations in Mas-deficient mice. Behav. Brain Res. 107, 105–109,
https://doi.org/10.1016/S0166-4328(99)00115-1

80 Bild, W. and Ciobica, A. (2013) Angiotensin-(1-7) central administration induces anxiolytic-like effects in elevated plus maze and decreased oxidative
stress in the amygdala. J. Affect. Disord. 145, 165–171, https://doi.org/10.1016/j.jad.2012.07.024

81 Kangussu, L.M., Almeida-Santos, A.F., Bader, M., Alenina, N., Fontes, M.A., Santos, R.A. et al. (2013) Angiotensin-(1-7) attenuates the anxiety and
depression-like behaviors in transgenic rats with low brain angiotensinogen. Behav. Brain Res. 257, 25–30,
https://doi.org/10.1016/j.bbr.2013.09.003

82 Almeida-Santos, A.F., Kangussu, L.M., Moreira, F.A., Santos, R.A., Aguiar, D.C. and Campagnole-Santos, M.J. (2016) Anxiolytic- and
antidepressant-like effects of angiotensin-(1-7) in hypertensive transgenic (mRen2)27 rats. Clin. Sci. 130, 1247–1255,
https://doi.org/10.1042/CS20160116

83 Wilson, W., Voigt, P., Bader, M., Marsden, C.A. and Fink, H. (1996) Behaviour of the transgenic (mREN2)27 rat. Brain Res. 729, 1–9
84 Grimsrud, A., Stein, D.J., Seedat, S., Williams, D. and Myer, L. (2009) The association between hypertension and depression and anxiety disorders:

results from a nationally-representative sample of South African adults. PLoS One 4, e5552, https://doi.org/10.1371/journal.pone.0005552
85 Rubio-Guerra, A.F., Rodriguez-Lopez, L., Vargas-Ayala, G., Huerta-Ramirez, S., Serna, D.C. and Lozano-Nuevo, J.J. (2013) Depression increases the

risk for uncontrolled hypertension. Exp. Clin. Cardiol. 18, 10–12
86 Ginty, A.T., Carroll, D., Roseboom, T.J., Phillips, A.C. and De Rooij, S.R. (2013) Depression and anxiety are associated with a diagnosis of hypertension

5 years later in a cohort of late middle-aged men and women. J. Hum. Hypertens. 27, 187–190, https://doi.org/10.1038/jhh.2012.18
87 Graham, N. and Smith, D.J. (2016) Comorbidity of depression and anxiety disorders in patients with hypertension. J. Hypertens. 34, 397–398,

https://doi.org/10.1097/HJH.0000000000000850
88 Meng, L., Chen, D., Yang, Y., Zheng, Y. and Hui, R. (2012) Depression increases the risk of hypertension incidence: a meta-analysis of prospective

cohort studies. J. Hypertens. 30, 842–851, https://doi.org/10.1097/HJH.0b013e32835080b7
89 Gard, P.R. (2002) The role of angiotensin II in cognition and behaviour. Eur. J. Pharmacol. 438, 1–14,

https://doi.org/10.1016/S0014-2999(02)01283-9
90 Gard, P.R. (2004) Angiotensin as a target for the treatment of Alzheimer’s disease, anxiety and depression. Expert Opin. Ther. Targets 8, 7–14,

https://doi.org/10.1517/14728222.8.1.7
91 Jackson, C.A., Pathirana, T. and Gardiner, P.A. (2016) Depression, anxiety and risk of hypertension in mid-aged women: a prospective longitudinal

study. J. Hypertens. 34, 1959–1966, https://doi.org/10.1097/HJH.0000000000001030
92 Braszko, J.J., Karwowska-Polecka, W., Halicka, D. and Gard, P.R. (2003) Captopril and enalapril improve cognition and depressed mood in

hypertensive patients. J. Basic Clin. Physiol. Pharmacol. 14, 323–343, https://doi.org/10.1515/JBCPP.2003.14.4.323
93 Nasr, S.J., Crayton, J.W., Agarwal, B., Wendt, B. and Kora, R. (2011) Lower frequency of antidepressant use in patients on

renin-angiotensin-aldosterone system modifying medications. Cell. Mol. Neurobiol. 31, 615–618, https://doi.org/10.1007/s10571-011-9656-7
94 Khoury, N.M., Marvar, P.J., Gillespie, C.F., Wingo, A., Schwartz, A., Bradley, B. et al. (2012) The renin-angiotensin pathway in posttraumatic stress

disorder: angiotensin-converting enzyme inhibitors and angiotensin receptor blockers are associated with fewer traumatic stress symptoms. J. Clin.
Psychiatry 73, 849–855, https://doi.org/10.4088/JCP.11m07316

95 Vian, J., Pereira, C., Chavarria, V., Kohler, C., Stubbs, B., Quevedo, J. et al. (2017) The renin-angiotensin system: a possible new target for depression.
BMC Med. 15, 144, https://doi.org/10.1186/s12916-017-0916-3

96 Johansen, A., Holmen, J., Stewart, R. and Bjerkeset, O. (2012) Anxiety and depression symptoms in arterial hypertension: the influence of
antihypertensive treatment. the HUNT study, Norway. Eur. J. Epidemiol. 27, 63–72, https://doi.org/10.1007/s10654-011-9641-y

97 Goldstein, B., Speth, R.C. and Trivedi, M. (2016) Renin-angiotensin system gene expression and neurodegenerative diseases. J. Renin Angiotensin
Aldosterone Syst. 17, 1–7, https://doi.org/10.1177/1470320316666750

98 Kawajiri, M., Mogi, M., Higaki, N., Matsuoka, T., Ohyagi, Y., Tsukuda, K. et al. (2009) Angiotensin-converting enzyme (ACE) and ACE2 levels in the
cerebrospinal fluid of patients with multiple sclerosis. Mult. Scler. 15, 262–265, https://doi.org/10.1177/1352458508097923

99 Samii, A., Nutt, J.G. and Ransom, B.R. (2004) Parkinson’s disease. Lancet 363, 1783–1793, https://doi.org/10.1016/S0140-6736(04)16305-8
100 Rocha, N.P., Scalzo, P.L., Barbosa, I.G., De Campos-Carli, S.M., Tavares, L.D., De Souza, M.S. et al. (2016) Peripheral levels of angiotensins are

associated with depressive symptoms in Parkinson’s disease. J. Neurol. Sci. 368, 235–239, https://doi.org/10.1016/j.jns.2016.07.031
101 Arganaraz, G.A., Konno, A.C., Perosa, S.R., Santiago, J.F., Boim, M.A., Vidotti, D.B. et al. (2008) The renin-angiotensin system is upregulated in the

cortex and hippocampus of patients with temporal lobe epilepsy related to mesial temporal sclerosis. Epilepsia 49, 1348–1357,
https://doi.org/10.1111/j.1528-1167.2008.01581.x

102 Pereira, M.G., Becari, C., Oliveira, J.A., Salgado, M.C., Garcia-Cairasco, N. and Costa-Neto, C.M. (2010) Inhibition of the renin-angiotensin system
prevents seizures in a rat model of epilepsy. Clin. Sci. 119, 477–482, https://doi.org/10.1042/CS20100053

c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1035

https://doi.org/10.1016/j.bbr.2017.05.026
https://doi.org/10.1038/nn.4087
https://doi.org/10.1523/JNEUROSCI.0892-11.2011
https://doi.org/10.1074/jbc.273.19.11867
https://doi.org/10.1016/S0166-4328(99)00115-1
https://doi.org/10.1016/j.jad.2012.07.024
https://doi.org/10.1016/j.bbr.2013.09.003
https://doi.org/10.1042/CS20160116
https://doi.org/10.1371/journal.pone.0005552
https://doi.org/10.1038/jhh.2012.18
https://doi.org/10.1097/HJH.0000000000000850
https://doi.org/10.1097/HJH.0b013e32835080b7
https://doi.org/10.1016/S0014-2999(02)01283-9
https://doi.org/10.1517/14728222.8.1.7
https://doi.org/10.1097/HJH.0000000000001030
https://doi.org/10.1515/JBCPP.2003.14.4.323
https://doi.org/10.1007/s10571-011-9656-7
https://doi.org/10.4088/JCP.11m07316
https://doi.org/10.1186/s12916-017-0916-3
https://doi.org/10.1007/s10654-011-9641-y
https://doi.org/10.1177/1470320316666750
https://doi.org/10.1177/1352458508097923
https://doi.org/10.1016/S0140-6736(04)16305-8
https://doi.org/10.1016/j.jns.2016.07.031
https://doi.org/10.1111/j.1528-1167.2008.01581.x
https://doi.org/10.1042/CS20100053


Clinical Science (2018) 132 1021–1038
https://doi.org/10.1042/CS20180189

103 Gouveia, T.L., Frangiotti, M.I., De Brito, J.M., De Castro Neto, E.F., Sakata, M.M., Febba, A.C. et al. (2012) The levels of renin-angiotensin related
components are modified in the hippocampus of rats submitted to pilocarpine model of epilepsy. Neurochem. Int. 61, 54–62,
https://doi.org/10.1016/j.neuint.2012.04.012

104 Perez-Lloret, S., Otero-Losada, M., Toblli, J.E. and Capani, F. (2017) Renin-angiotensin system as a potential target for new therapeutic approaches in
Parkinson’s disease. Expert Opin. Investig. Drugs 26, 1163–1173, https://doi.org/10.1080/13543784.2017.1371133

105 Satoh, A. and Iijima, K.M. (2017) Roles of tau pathology in the locus coeruleus (LC) in age-associated pathophysiology and Alzheimer’s disease
pathogenesis: potential strategies to protect the LC against aging. Brain Res., https://doi.org/10.1016/j.brainres.2017.12.027

106 Fitzgerald, P.J. (2015) Noradrenaline transmission reducing drugs may protect against a broad range of diseases. Auton. Autacoid Pharmacol. 34,
15–26, https://doi.org/10.1111/aap.12019

107 Gironacci, M.M., Vatta, M., Rodriguez-Fermepin, M., Fernandez, B.E. and Pena, C. (2000) Angiotensin-(1-7) reduces norepinephrine release through a
nitric oxide mechanism in rat hypothalamus. Hypertension 35, 1248–1252, https://doi.org/10.1161/01.HYP.35.6.1248

108 Gironacci, M.M., Yujnovsky, I., Gorzalczany, S., Taira, C. and Pena, C. (2004) Angiotensin-(1-7) inhibits the angiotensin II-enhanced norepinephrine
release in coarcted hypertensive rats. Regul. Pept. 118, 45–49, https://doi.org/10.1016/j.regpep.2003.10.026

109 Haroutunian, V., Katsel, P., Roussos, P., Davis, K.L., Altshuler, L.L. and Bartzokis, G. (2014) Myelination, oligodendrocytes, and serious mental illness.
Glia 62, 1856–1877, https://doi.org/10.1002/glia.22716

110 Goldstein, J., Carden, T.R., Perez, M.J., Taira, C.A., Hocht, C. and Gironacci, M.M. (2016) Angiotensin-(1-7) protects from brain damage induced by
shiga toxin 2-producing enterohemorrhagic Escherichia coli. Am. J. Physiol. Regul. Integr. Comp. Physiol. 311, R1173–R1185,
https://doi.org/10.1152/ajpregu.00467.2015

111 Hansson, L., Lindholm, L.H., Niskanen, L., Lanke, J., Hedner, T., Niklason, A. et al. (1999) Effect of angiotensin-converting-enzyme inhibition compared
with conventional therapy on cardiovascular morbidity and mortality in hypertension: the Captopril Prevention Project (CAPPP) randomised trial. Lancet
353, 611–616, https://doi.org/10.1016/S0140-6736(98)05012-0

112 Bosch, J., Yusuf, S., Pogue, J., Sleight, P., Lonn, E., Rangoonwala, B. et al. (2002) Use of ramipril in preventing stroke: double blind randomised trial.
Br. Med. J. 324, 699–702, https://doi.org/10.1136/bmj.324.7339.699

113 Dahlof, B., Devereux, R.B., Kjeldsen, S.E., Julius, S., Beevers, G., De Faire, U. et al. (2002) Cardiovascular morbidity and mortality in the Losartan
Intervention For Endpoint reduction in hypertension study (LIFE): a randomised trial against atenolol. Lancet 359, 995–1003,
https://doi.org/10.1016/S0140-6736(02)08089-3

114 (2001) Randomised trial of a perindopril-based blood-pressure-lowering regimen among 6,105 individuals with previous stroke or transient ischaemic
attack. Lancet 358, 1033–1041, https://doi.org/10.1016/S0140-6736(01)06178-5

115 Lithell, H., Hansson, L., Skoog, I., Elmfeldt, D., Hofman, A., Olofsson, B. et al. (2003) The Study on Cognition and Prognosis in the Elderly (SCOPE):
principal results of a randomized double-blind intervention trial. J. Hypertens. 21, 875–886, https://doi.org/10.1097/00004872-200305000-00011

116 Schrader, J., Luders, S., Kulschewski, A., Berger, J., Zidek, W., Treib, J. et al. (2003) The ACCESS Study: evaluation of acute candesartan cilexetil
therapy in stroke survivors. Stroke 34, 1699–1703, https://doi.org/10.1161/01.STR.0000075777.18006.89

117 Pai, P.Y., Muo, C.H., Sung, F.C., Ho, H.C. and Lee, Y.T. (2016) Angiotensin receptor blockers (ARB) outperform angiotensin-converting enzyme (ACE)
inhibitors on ischemic stroke prevention in patients with hypertension and diabetes - a real-world population study in Taiwan. Int. J. Cardiol. 215,
114–119, https://doi.org/10.1016/j.ijcard.2016.04.096

118 Snowdon, D.A., Greiner, L.H., Mortimer, J.A., Riley, K.P., Greiner, P.A. and Markesbery, W.R. (1997) Brain infarction and the clinical expression of
Alzheimer disease. The Nun Study. J. Am. Med. Assoc. 277, 813–817, https://doi.org/10.1001/jama.1997.03540340047031

119 Tom, B., Dendorfer, A. and Danser, A.H. (2003) Bradykinin, angiotensin-(1-7), and ACE inhibitors: how do they interact? Int. J. Biochem. Cell Biol. 35,
792–801, https://doi.org/10.1016/S1357-2725(02)00273-X

120 Von Bohlen Und Halbach, O. and Albrecht, D. (2006) The CNS renin-angiotensin system. Cell Tissue Res. 326, 599–616,
https://doi.org/10.1007/s00441-006-0190-8

121 Rygiel, K. (2016) Can angiotensin-converting enzyme inhibitors impact cognitive decline in early stages of Alzheimer’s disease? An overview of
research evidence in the elderly patient population. J. Postgrad. Med. 62, 242–248, https://doi.org/10.4103/0022-3859.188553

122 Levi Marpillat, N., Macquin-Mavier, I., Tropeano, A.I., Bachoud-Levi, A.C. and Maison, P. (2013) Antihypertensive classes, cognitive decline and
incidence of dementia: a network meta-analysis. J. Hypertens. 31, 1073–1082, https://doi.org/10.1097/HJH.0b013e3283603f53

123 Forette, F., Seux, M.L., Staessen, J.A., Thijs, L., Birkenhager, W.H., Babarskiene, M.R. et al. (1998) Prevention of dementia in randomised double-blind
placebo-controlled Systolic Hypertension in Europe (Syst-Eur) trial. Lancet 352, 1347–1351, https://doi.org/10.1016/S0140-6736(98)03086-4

124 Forette, F., Seux, M.L., Staessen, J.A., Thijs, L., Babarskiene, M.R., Babeanu, S. et al. (2002) The prevention of dementia with antihypertensive
treatment: new evidence from the Systolic Hypertension in Europe (Syst-Eur) study. Arch. Intern. Med. 162, 2046–2052,
https://doi.org/10.1001/archinte.162.18.2046

125 Tzourio, C., Laurent, S. and Debette, S. (2014) Is hypertension associated with an accelerated aging of the brain? Hypertension 63, 894–903,
https://doi.org/10.1161/HYPERTENSIONAHA.113.00147

126 Peters, R., Beckett, N., Forette, F., Tuomilehto, J., Clarke, R., Ritchie, C. et al. (2008) Incident dementia and blood pressure lowering in the
hypertension in the very elderly trial cognitive function assessment (HYVET-COG): a double-blind, placebo controlled trial. Lancet Neurol. 7, 683–689,
https://doi.org/10.1016/S1474-4422(08)70143-1

127 Anderson, C., Teo, K., Gao, P., Arima, H., Dans, A., Unger, T. et al. (2011) Renin-angiotensin system blockade and cognitive function in patients at high
risk of cardiovascular disease: analysis of data from the ONTARGET and TRANSCEND studies. Lancet Neurol. 10, 43–53,
https://doi.org/10.1016/S1474-4422(10)70250-7

1036 c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

https://doi.org/10.1016/j.neuint.2012.04.012
https://doi.org/10.1080/13543784.2017.1371133
https://doi.org/10.1016/j.brainres.2017.12.027
https://doi.org/10.1111/aap.12019
https://doi.org/10.1161/01.HYP.35.6.1248
https://doi.org/10.1016/j.regpep.2003.10.026
https://doi.org/10.1002/glia.22716
https://doi.org/10.1152/ajpregu.00467.2015
https://doi.org/10.1016/S0140-6736(98)05012-0
https://doi.org/10.1136/bmj.324.7339.699
https://doi.org/10.1016/S0140-6736(02)08089-3
https://doi.org/10.1016/S0140-6736(01)06178-5
https://doi.org/10.1097/00004872-200305000-00011
https://doi.org/10.1161/01.STR.0000075777.18006.89
https://doi.org/10.1016/j.ijcard.2016.04.096
https://doi.org/10.1001/jama.1997.03540340047031
https://doi.org/10.1016/S1357-2725(02)00273-X
https://doi.org/10.1007/s00441-006-0190-8
https://doi.org/10.4103/0022-3859.188553
https://doi.org/10.1097/HJH.0b013e3283603f53
https://doi.org/10.1016/S0140-6736(98)03086-4
https://doi.org/10.1001/archinte.162.18.2046
https://doi.org/10.1161/HYPERTENSIONAHA.113.00147
https://doi.org/10.1016/S1474-4422(08)70143-1
https://doi.org/10.1016/S1474-4422(10)70250-7


Clinical Science (2018) 132 1021–1038
https://doi.org/10.1042/CS20180189

128 Fogari, R., Mugellini, A., Zoppi, A., Lazzari, P., Destro, M., Rinaldi, A. et al. (2006) Effect of telmisartan/hydrochlorothiazide vs
lisinopril/hydrochlorothiazide combination on ambulatory blood pressure and cognitive function in elderly hypertensive patients. J. Hum. Hypertens.
20, 177–185, https://doi.org/10.1038/sj.jhh.1001964

129 Fogari, R., Mugellini, A., Zoppi, A., Derosa, G., Pasotti, C., Fogari, E. et al. (2003) Influence of losartan and atenolol on memory function in very elderly
hypertensive patients. J. Hum. Hypertens. 17, 781–785, https://doi.org/10.1038/sj.jhh.1001613

130 Fogari, R., Mugellini, A., Zoppi, A., Marasi, G., Pasotti, C., Poletti, L. et al. (2004) Effects of valsartan compared with enalapril on blood pressure and
cognitive function in elderly patients with essential hypertension. Eur. J. Clin. Pharmacol. 59, 863–868, https://doi.org/10.1007/s00228-003-0717-9

131 Hajjar, I., Hart, M., Chen, Y.L., Mack, W., Milberg, W., Chui, H. et al. (2012) Effect of antihypertensive therapy on cognitive function in early executive
cognitive impairment: a double-blind randomized clinical trial. Arch. Intern. Med. 172, 442–444, https://doi.org/10.1001/archinternmed.2011.1391

132 Vicario, A., Martinez, C.D., Baretto, D., Diaz Casale, A. and Nicolosi, L. (2005) Hypertension and cognitive decline: impact on executive function. J.
Clin. Hypertens. 7, 598–604, https://doi.org/10.1111/j.1524-6175.2005.04498.x

133 Vicario, A., Del Sueldo, M.A., Zilberman, J.M. and Cerezo, G.H. (2011) Cognitive evolution in hypertensive patients: a six-year follow-up. Vasc. Health
Risk Manag. 7, 281–285, https://doi.org/10.2147/VHRM.S18777

134 Vicario, A., Del Sueldo, M., Fernandez, R.A., Enders, J., Zilberman, J. and Cerezo, G.H. (2012) Cognition and vascular risk factors: an epidemiological
study. Int. J. Hypertens. 2012, 783696, https://doi.org/10.1155/2012/783696

135 Vicario, A., Cerezo, G.H., Del Sueldo, M., Zilberman, J., Pawluk, S.M., Lodolo, N. et al. (2018) Neurocognitive disorder in hypertensive patients.
Heart-Brain Study. Hipertens Riesgo. Vasc., https://doi.org/10.1016/j.hipert.2018.01.004

136 Hajjar, I., Brown, L., Mack, W.J. and Chui, H. (2012) Impact of Angiotensin receptor blockers on Alzheimer disease neuropathology in a large brain
autopsy series. Arch. Neurol. 69, 1632–1638, https://doi.org/10.1001/archneurol.2012.1010

137 Li, N.C., Lee, A., Whitmer, R.A., Kivipelto, M., Lawler, E., Kazis, L.E. et al. (2010) Use of angiotensin receptor blockers and risk of dementia in a
predominantly male population: prospective cohort analysis. Br. Med. J. 340, b5465, https://doi.org/10.1136/bmj.b5465

138 Chiu, W.C., Ho, W.C., Lin, M.H., Lee, H.H., Yeh, Y.C., Wang, J.D. et al. (2014) Angiotension receptor blockers reduce the risk of dementia. J. Hypertens.
32, 938–947, https://doi.org/10.1097/HJH.0000000000000086

139 Zhuang, S., Wang, H.F., Wang, X., Li, J. and Xing, C.M. (2016) The association of renin-angiotensin system blockade use with the risks of cognitive
impairment of aging and Alzheimer’s disease: a meta-analysis. J. Clin. Neurosci. 33, 32–38, https://doi.org/10.1016/j.jocn.2016.02.036

140 Kehoe, P.G. (2018) The coming of age of the angiotensin hypothesis in Alzheimer’s disease: progress toward disease prevention and treatment? J.
Alzheimers Dis. 62, 1443–1466, https://doi.org/10.3233/JAD-171119

141 Kehoe, P.G., Blair, P.S., Howden, B., Thomas, D.L., Malone, I.B., Horwood, J. et al. (2018) The rationale and design of the reducing pathology in
Alzheimer’s disease through angiotensin TaRgeting (RADAR) trial. J. Alzheimers Dis. 61, 803–814, https://doi.org/10.3233/JAD-170101

142 Wharton, W., Goldstein, F.C., Tansey, M.G., Brown, A.L., Tharwani, S.D., Verble, D.D. et al. (2018) Rationale and design of the mechanistic potential of
antihypertensives in preclinical Alzheimer’s (HEART) trial. J. Alzheimers Dis. 61, 815–824, https://doi.org/10.3233/JAD-161198

143 Sink, K.M., Leng, X., Williamson, J., Kritchevsky, S.B., Yaffe, K., Kuller, L. et al. (2009) Angiotensin-converting enzyme inhibitors and cognitive decline
in older adults with hypertension: results from the Cardiovascular Health Study. Arch. Intern. Med. 169, 1195–1202,
https://doi.org/10.1001/archinternmed.2009.175

144 Gao, Y., O’caoimh, R., Healy, L., Kerins, D.M., Eustace, J., Guyatt, G. et al. (2013) Effects of centrally acting ACE inhibitors on the rate of cognitive
decline in dementia. BMJ Open 3, 1–8, https://doi.org/10.1136/bmjopen-2013-002881

145 De Oliveira, F.F., Chen, E.S., Smith, M.C. and Bertolucci, P.H.F. (2018) Pharmacogenetics of angiotensin-converting enzyme inhibitors in patients with
Alzheimer’s disease dementia. Curr. Alzheimer. Res. 15, 386–398, https://doi.org/10.2174/1567205014666171016101816

146 Ohrui, T., Tomita, N., Sato-Nakagawa, T., Matsui, T., Maruyama, M., Niwa, K. et al. (2004) Effects of brain-penetrating ACE inhibitors on Alzheimer
disease progression. Neurology 63, 1324–1325, https://doi.org/10.1212/01.WNL.0000140705.23869.E9

147 Ho, J.K. and Nation, D.A. (2017) Memory is preserved in older adults taking AT1 receptor blockers. Alzheimers Res. Ther. 9, 33,
https://doi.org/10.1186/s13195-017-0255-9

148 Kohara, K., Brosnihan, K.B. and Ferrario, C.M. (1993) Angiotensin(1-7) in the spontaneously hypertensive rat. Peptides 14, 883–891,
https://doi.org/10.1016/0196-9781(93)90063-M

149 Moriguchi, A., Brosnihan, K.B., Kumagai, H., Ganten, D. and Ferrario, C.M. (1994) Mechanisms of hypertension in transgenic rats expressing the
mouse Ren-2 gene. Am. J. Physiol. 266, R1273–R1279

150 Ferrario, C.M., Jessup, J., Chappell, M.C., Averill, D.B., Brosnihan, K.B., Tallant, E.A. et al. (2005) Effect of angiotensin-converting enzyme inhibition
and angiotensin II receptor blockers on cardiac angiotensin-converting enzyme 2. Circulation 111, 2605–2610,
https://doi.org/10.1161/CIRCULATIONAHA.104.510461

151 Ishiyama, Y., Gallagher, P.E., Averill, D.B., Tallant, E.A., Brosnihan, K.B. and Ferrario, C.M. (2004) Upregulation of angiotensin-converting enzyme 2
after myocardial infarction by blockade of angiotensin II receptors. Hypertension 43, 970–976,
https://doi.org/10.1161/01.HYP.0000124667.34652.1a

152 Carroll, M.A., Kang, Y., Chander, P.N. and Stier, Jr, C.T. (2015) Azilsartan is associated with increased circulating angiotensin-(1-7) levels and reduced
renovascular 20-HETE levels. Am. J. Hypertens. 28, 664–671, https://doi.org/10.1093/ajh/hpu201

153 Luque, M., Martin, P., Martell, N., Fernandez, C., Brosnihan, K.B. and Ferrario, C.M. (1996) Effects of captopril related to increased levels of
prostacyclin and angiotensin-(1-7) in essential hypertension. J. Hypertens. 14, 799–805, https://doi.org/10.1097/00004872-199606000-00017

154 Campbell, D.J., Krum, H. and Esler, M.D. (2005) Losartan increases bradykinin levels in hypertensive humans. Circulation 111, 315–320,
https://doi.org/10.1161/01.CIR.0000153269.07762.3B

c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1037

https://doi.org/10.1038/sj.jhh.1001964
https://doi.org/10.1038/sj.jhh.1001613
https://doi.org/10.1007/s00228-003-0717-9
https://doi.org/10.1001/archinternmed.2011.1391
https://doi.org/10.1111/j.1524-6175.2005.04498.x
https://doi.org/10.2147/VHRM.S18777
https://doi.org/10.1155/2012/783696
https://doi.org/10.1016/j.hipert.2018.01.004
https://doi.org/10.1001/archneurol.2012.1010
https://doi.org/10.1136/bmj.b5465
https://doi.org/10.1097/HJH.0000000000000086
https://doi.org/10.1016/j.jocn.2016.02.036
https://doi.org/10.3233/JAD-171119
https://doi.org/10.3233/JAD-170101
https://doi.org/10.3233/JAD-161198
https://doi.org/10.1001/archinternmed.2009.175
https://doi.org/10.1136/bmjopen-2013-002881
https://doi.org/10.2174/1567205014666171016101816
https://doi.org/10.1212/01.WNL.0000140705.23869.E9
https://doi.org/10.1186/s13195-017-0255-9
https://doi.org/10.1016/0196-9781(93)90063-M
https://doi.org/10.1161/CIRCULATIONAHA.104.510461
https://doi.org/10.1161/01.HYP.0000124667.34652.1a
https://doi.org/10.1093/ajh/hpu201
https://doi.org/10.1097/00004872-199606000-00017
https://doi.org/10.1161/01.CIR.0000153269.07762.3B


Clinical Science (2018) 132 1021–1038
https://doi.org/10.1042/CS20180189

155 Ferrario, C.M., Trask, A.J. and Jessup, J.A. (2005) Advances in biochemical and functional roles of angiotensin-converting enzyme 2 and
angiotensin-(1-7) in regulation of cardiovascular function. Am. J. Physiol. Heart Circ. Physiol. 289, H2281–H2290,
https://doi.org/10.1152/ajpheart.00618.2005

156 Iyer, S.N., Chappell, M.C., Averill, D.B., Diz, D.I. and Ferrario, C.M. (1998) Vasodepressor actions of angiotensin-(1-7) unmasked during combined
treatment with lisinopril and losartan. Hypertension 31, 699–705, https://doi.org/10.1161/01.HYP.31.2.699

157 Hocht, C., Gironacci, M.M., Mayer, M.A., Schuman, M., Bertera, F.M. and Taira, C.A. (2008) Involvement of angiotensin-(1-7) in the hypothalamic
hypotensive effect of captopril in sinoaortic denervated rats. Regul. Pept. 146, 58–66, https://doi.org/10.1016/j.regpep.2007.08.001

1038 c© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

https://doi.org/10.1152/ajpheart.00618.2005
https://doi.org/10.1161/01.HYP.31.2.699
https://doi.org/10.1016/j.regpep.2007.08.001

