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1. ABSTRACT 
 
 Alzheimer’s disease, which is the most common 
cause of dementia, is traditionally thought to be a 
neurodegenerative disorder and not of vascular origin. 
However, there is a growing body of evidence suggesting 
an association between vascular risk factors and 
Alzheimer’s disease. Several epidemiological studies have 
shown that high mid-life blood pressure is related to the 
development of Alzheimer’s disease in later life. 
Furthermore, the use of some kinds of antihypertensive 
medication has been suggested to reduce the incidence of 
dementia including Alzheimer’s disease.  Recent findings 
indicate that the brain has its own renin-angiotensin system, 
which mediates several physiological and pathological 
brain functions. The neurobiological links between the 
renin-angiotensin system and Alzheimer’s disease have 
been investigated and become a source of interest in the 
pathogenesis of the disease. This review describes the 
relation between the renin-angiotensin system, 
hypertension and Alzheimer’s disease, and also discusses 
the potential use of antihypertensive drugs acting via the 
renin-angiotensin system in the treatment and prevention of 
the disease.  

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Hypertension is the most significant predisposing 
factor for cerebrovascular disease (stroke, ischemic white 
matter lesions, silent infarcts) and coronary heart disease 
(myocardial infarction, angina), which are leading causes 
of morbidity and mortality worldwide (1). Hypertension is 
currently defined as systolic blood pressure of 140 mmHg 
or above or diastolic blood pressure of 90 mmHg or above, 
but the threshold for the diagnosis of hypertension has 
decreased in recent years. The incidence of hypertension 
correlates with advancing age, with an estimated 
prevalence of 50% in people older than 70 years (1). 
Numerous multicenter randomized clinical trials have been 
performed, and the benefits of antihypertensive therapy for 
most categories of hypertensive patients seem well proven. 
However, until recently, many elderly people with 
hypertension were left untreated (2). 
 

The renin-angiotensin system (RAS) plays a key 
role in the regulation of cardiovascular homeostasis, such 
as controlling sodium balance, body fluid volume and 
arterial blood pressure. Manipulation of this system has 
emerged as a new therapeutic approach to the management 
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of hypertension. Recent clinical trial evidence suggests that 
blockade of RAS by angiotensin-converting enzyme 
inhibition or by angiotensin receptor blockade may 
influence large vessel atherosclerosis and cardiovascular 
morbidity and mortality independent of blood pressure 
lowering. 
 

    Dementia is also a common disorder in elderly 
adults. This debilitating condition is characterized by loss 
of various cognitive function (memory impairment, 
disorientation, aphasia, or other cortical dysfunctions), with 
subsequent loss in motor and physical function on a daily 
basis. Estimates indicate that 5-10% of elderly in the 65-74 
year age range are affected, and this figure increases to 25-
50% in the over 85 age group. This distressing condition is 
a major cause of disability and care burden in the elderly, 
and the economic and social pressures are enormous. More 
severe behavioral and cognitive impairment in a patient is 
associated with higher levels of burden and distress. 
Caregivers provide an unpaid service to society and their 
family members, at substantial personal cost. They tend to 
experience higher rates of stress-related illness and neglect 
their own healthcare, resulting in greater severity of 
disorders and higher costs.  
  

 Alzheimer’s disease (AD) is the most common 
cause of dementia, accounting for about 50-60% of all 
cases of dementia. The major risk factor for AD is 
advancing age, and its prevalence doubles every 5 years 
after age 65 and approaches 50% by age 85 (3). Diagnosis 
of this disorder is mainly based on clinical symptoms 
(memory loss with insidious onset, progressive impairment 
of higher brain function, mood or personality changes) and 
findings of neuroimaging studies (CT, MRI, SPECT, PET). 
Autopsy of AD patients reveals considerable atrophy of the 
brain and abundant intracellular neurofibrillary tangles and 
extracellular senile plaques. Post-mortem diagnosis of AD 
is based on these pathological features. Although the 
etiology  of AD remains unresolved, beta-amyloid, which is 
a major component of senile plaques, is believed to play an 
important role in disease initiation and progression. The 
generation of beta-amyloid is the result of sequential 
cleavage of its precursor, amyloid precursor protein (APP), 
by several enzyme systems (cleavage by beta/gamma-
secretase). Reducing beta-amyloid deposition through 
inhibition or modulation of these enzymes is one of the 
main strategies in current drug development for AD. 
 

Traditionally, AD has been thought to be a 
neurodegenerative disorder and not of vascular origin. 
However, several epidemiological studies have reported 
that the vascular risk factors, such as hypertension, 
atherosclerosis, diabetes mellitus and hypercholesterolemia, 
might be involved in AD. These vascular factors have 
strong association with cerebrovascular disease and related 
vascular dementia (VaD), which is the second most 
common cause of dementia (3). On clinical grounds, in 
fact, differentiation between AD and VaD can be difficult. 
Furthermore the prevalence of mixed dementia, AD with 
cerebrovascular disease, has been underestimated, 
particularly in older populations (4). The use of 
increasingly sophisticated clinical diagnostic tools has 

demonstrated such an underestimate in figures relating to 
mixed type of dementia. In addition to simple coexistence, 
significant associations might exist between these two 
types of dementias. 
 

 There is accumulating evidence that the brain has 
its own renin-angiotensin system, which mediates several 
physiological and pathological brain functions (5). Brain 
angiotensin receptors and its endogenous angiotensin 
peptides have been implicated in neural plasticity and 
cognitive function such as memory and learning. On the 
other hand, the neurobiological links between RAS and AD 
have been investigated and become a source of interest in 
the pathogenesis of this disease. 
 
 This review initially focuses on clinical evidence 
supporting the association between vascular risk factors, 
especially hypertension, and dementia. This is followed by 
an account of the role of RAS in the brain and its 
involvement in the pathophysiology of AD. Finally, the 
therapeutic potential of manipulating RAS for the treatment 
or prevention of AD is discussed. 
 
3. HYPERTENSION AND DEMENTIA 
 

Hypertension is a major risk factor for 
cerebrovascular disease including stroke, and may also 
contribute to the development of vascular dementia (VaD) 
(2, 6, 7, 8, 9). The cognitive complications of hypertension 
and the influence of antihypertensive treatment were 
underestimated until recently (6), and many older people 
with hypertension have been left untreated. This is, in part, 
due to the presumption that high blood pressure constitutes 
a physiological adaptation to increased arterial resistance, 
and that lowering blood pressure may increase the risk of 
ischemic complications, especially in elderly people. 
However, many epidemiological/clinical studies have 
confirmed that elevated blood pressure plays an important 
role in the development of cognitive dysfunction. 
Randomized controlled trials using antihypertensive agents 
have provided evidence that safe and effective reduction of 
hypertension decreases morbidity and mortality and the 
cognitive complications of hypertension, including 
dementia (6). The subsequent sections summarize the 
evidence from population-based observational studies and 
randomized clinical trials assessing the relations of blood 
pressure and antihypertensive therapy to cognitive function 
and dementia. 
 
3.1. Hypertension and cognitive function 

Long-term high blood pressure starting in middle 
age can cause severe atherosclerosis and large-artery 
stiffness in later life (10, 11). Neuropathological 
investigations have shown that people with hypertension 
more often have large areas of white matter hyperintensity, 
ventricular enlargement and silent infarcts compared to 
normotensive individuals, which could promote cognitive 
impairment and clinical expression of dementia (12, 13, 14, 
15, 16, 17, 18). 
 
 Several epidemiological studies have evaluated 
the link between hypertension and cognitive decline and
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Table 1  Randomized clinical trial of antihypertensive therapy in relation to dementia 
Study name n Mean age at 

baseline 
Follow-up  
(years) 

Treatment Main results 

SHEP (1991) 4736 72 4.5 (Diuretic ± beta-blocker ± centrally-
acting antihypertensive) or placebo  

No significant effect of treatment 

MRC (1996) 2584 69 3.9 Diuretic or beta-blocker or placebo No significant effect of treatment 
Syst-Eur (1998) 2902 68 2 (4 including open 

follow-up) 
(Calcium channel blocker ± ACE 
inhibitor ± diuretic) or placebo 

Reduced dementia risk by 55% 
(AD+VaD) 

PROGRESS 
(2001) 

6105 64 3.9 (ACE inhibitor ± diuretic) or placebo Dementia rates were lower in the 
actively treated patients with concurrent 
stroke 

SCOPE (2003) 4964 76 4.5 AT1 receptor antagonist or placebo Cognitive function declined significantly 
less in the treated group with low 
cognitive function at baseline 

SHEP : Systolic Hypertension in the Elderly Program; MRC : Medical Research Council; Syst-Eur : Systolic Hypertension in 
Europe trial; PROGRESS : Perindopril Protection against Recurrent Stroke Study; SCOPE : Study on Cognitive and Prognosis in 
the Elderly; AT1 : angiotensin II type1  

 
dementia. The Framingham study provided probably the 
first main evidence of a relation between blood pressure 
and cognitive function in elderly people, concluding that 
elevated blood pressure was associated with modest 
impairment of cognitive function after a follow-up of 12-15 
years (19, 20). Prolongation of follow-up to 20 years 
showed a stronger association between cognitive 
impairment and hypertension in non-treated subjects 
compared with those taking antihypertensive drugs (21). 
The Honolulu-Asia Aging Study consisting of a 25-year 
observational analysis also assessed medication use, and 
found that untreated subjects were at increased risk of 
cognitive dysfunction (22). These findings are supported by 
other studies including the Epidemiology of Vascular 
Aging study (23), the Kungsholmen study (24, 25) and the 
Rotterdam study (8). 
 

 Five main randomized placebo-controlled clinical 
trials have evaluated the protective effect of 
antihypertensive medication against cognitive impairment 
or dementia (Table 1). 
 

The Systolic Hypertension in the Elderly Program 
(SHEP) trial investigated the influence of antihypertensive 
treatment (diuretic and beta-adrenoceptor antagonist) 
versus placebo over a 5-year follow-up period, and found 
no significant effect of treatment on cognitive function 
(26). It was suggested that the lack of significant difference 
between the two groups might, in part, have been due to the 
high discontinuation rate in the placebo group in this trial.  
 

The Medical Research Council (MRC) trial of 
hypertension selected a subset of 2584 patients aged 65 to 
74 years from more than 4000 subjects who were 
randomized to receive diuretic, beta-blocker or placebo (27, 
28). The initial conclusion was that there was no significant 
benefit of treatment on cognitive function. However, 
further follow-up of the remaining 387 patients 9 to 12 
years later found that poorer cognitive function was 
associated with a smaller decline in systolic blood pressure, 
which indicates that lowering blood pressure could protect 
against cognitive deterioration later in life.  
 

The Systolic Hypertension in Europe (Syst-Eur) 
study, involving more than 2000 participants, examined 
whether or not treatment of older patients with isolated 

systolic hypertension was able to reduce the incidence of 
VaD (29, 30). Active treatment was with the calcium 
channel blocker nitrendipine, possibly together with the 
angiotensin-converting enzyme (ACE) inhibitor enalapril, 
with or without the diuretic hydrochlorothiazide. The trial 
follow-up was limited to only 2 years because there was 
early evidence of a reduction in stroke, the primary 
outcome. The main conclusion was that antihypertensive 
treatment was associated with a lower incidence of 
dementia (both VaD and AD). A further 2-year follow-up 
after the double-blind controlled period also showed 
reduced risk for both types of dementia. 
 

The Perindopril Protection against Recurrent 
Stroke Study (PROGRESS) was also a randomized, 
double-blind, placebo-controlled trial involving more than 
6000 patients with a previous stroke or ischemic attack (31). 
Participants were treated with an ACE inhibitor (perindopril), 
to which a diuretic (indapamide) was added if necessary. 
Dementia rate was lower in the actively treated group, but only 
in patients with concurrent stroke during the study.  
 

In the Study on Cognitive and Prognosis in the 
Elderly (SCOPE) trial, which included elderly hypertensive 
subjects aged 70-89 years with an Mini-Mental State 
Examination (MMSE) score of 24 or more, the potential 
effect of treatment with an angiotensin-receptor blocker 
(candesartan) on cognitive function was assessed (32). In 
patients with slightly low cognitive function at baseline 
(MMSE score 24-28), the score declined significantly less 
in the candesartan group (33).  
  

These studies reviewed above are not easily 
comparable because of differences in study design (study 
population, mean age at baseline, follow-up period, 
cognitive function tests) and the different degrees of blood 
pressure decrease caused by various treatments. However, 
some hypotheses can be advanced based on these findings. 
Because the classes of drugs used were different, one can 
speculate on a possible class effect for prevention of 
cognitive decline; that is, calcium channel blockers and 
ACE inhibitors could be effective and probably better than 
diuretics and beta-blockers for cognitive function in 
patients with hypertension. More extensive clinical 
investigation and laboratory-based findings will probably 
confirm the data of these trials.  
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 In summary, despite all the limitations and methodological 
differences, these reports show that hypertension in midlife, 
especially if not treated, negatively affects cognitive function 
and contributes to the development of dementia, both VaD and 
AD, in late life, and suggest a protective effect of 
antihypertensive treatment against cognitive decline and 
dementia. 
 
3.2. Hypertension and Alzheimer’s disease  

Much epidemiological evidence points to a link 
between high mid-life blood pressure, risk factors for 
atherosclerotic vascular disease, and AD (25, 34, 35, 36). In 
these studies, blood pressure was measured 20-30 years before 
cognitive assessment. Skoog and colleagues reported in their 
longitudinal study that high blood pressure (both systolic and 
diastolic) preceded the onset of clinical manifestation of AD by 
10-15 years, and the risk of developing dementia increased 
with increasing blood pressure at baseline (1, 34). In the 
Kuopio and Joensuu studies, the investigators found that the 
risk effects of mid-life elevated blood pressure on late-life 
development of AD was independent of APOE genotype, 
which is the major genetic risk factor for this disease, and that 
high blood pressure combined with hypercholesterolemia had 
a higher risk of AD than did either of them alone (36, 37). 
 

The association between late-life blood pressure and 
risk of AD is unclear. There is no strong evidence to suggest 
that high blood pressure in later life is a risk factor for AD (38, 
39, 40, 41, 42, 43, 44, 45). Some cross-sectional or short 
follow-up studies have shown a risk effect of low blood 
pressure in later life on the development of AD (46, 47, 48). 
 

Skoog and co-workers also noted that there was a 
decline in blood pressure in the years just preceding AD onset. 
They suggest that the low blood pressure observed prior to the 
diagnosis of AD is a result of the brain lesions of the disease 
itself (1). Several of the brain regions involved in central blood 
pressure regulation (hypothalamus, amygdala, insular cortex, 
medial prefrontal cortex, locus ceruleus, parabrachial nucleus, 
pons, and medulla oblongata) are affected in AD (49, 50). 
Impairment of cerebral blood flow regulation and cerebral 
hypoperfusion might contribute to the development of AD (1, 
17, 18).  
 

Neuropathological studies have linked atherosclerotic 
burden in the brain to pathological changes in AD (51, 52, 53, 
54). Increased amyloid plaques and neurofiblillary tangles, the 
key neuropathological features of AD, have been found in 
hypertensive subjects. On the other hand, vascular pathology 
(microinfarctions, lacunae and cerebral hemorrhages) have 
been found to be associated with AD (55, 56, 57, 58).  
 

 These findings support the idea that vascular factors 
such as hypertension that cause damage to the cerebral 
vasculature may also be involved in the pathogenesis of AD. 
Reducing the burden of such risk factors by antihypertensive 
therapy may have a positive effect of reducing the incidence of 
AD. 
 
3.3. Antihypertensive drugs and risk of AD 

In Syst-Eur study, active therapy with calcium 
channel blocker reduced the incidence of AD in addition to 

that of VaD and mixed dementia. One possible explanation 
for the decreased incidence of AD could involve a specific 
neuroprotective action conferred by calcium channel 
blockade. Some laboratory-based findings have suggested 
that disruption of calcium homeostasis may be the 
molecular basis for the pathogenesis of AD (59, 60, 61, 62, 
63). This dysregulation of intracellular calcium signaling 
may be linked to the formation of amyloid plaques and 
neurofibrillary tangles and cell death. However, there is no 
sufficient evidence to clearly explain the mechanisms that 
calcium channel blockers could improve the pathological 
processes of AD. More findings will be required to 
rationalize use of calcium channel blockers for prevention 
and treatment of AD. 
 

Ohrui and colleagues investigated the incidence of 
AD in elderly Japanese patients with hypertension who 
were treated with either an ACE inhibitor or other 
antihypertensive medication over a 10-year period (64). 
They reported that brain-penetrating ACE inhibitors had a 
beneficial effect on the rate of AD development. 
Furthermore, they performed a randomized, prospective, 
parallel group trial with one-year exposure to 
antihypertensive medication (65). In this study, mild-to-
moderate AD patients with hypertension were treated with 
either a brain-penetrating ACE inhibitor (perindopril or 
captopril), a non-brain-penetrating ACE inhibitor (enalapril 
or imidapril), or a calcium channel blocker (nifedipine or 
nilvadipine). Stable use of cholinesterase inhibitor 
(donepezil), statin, or low-dose aspirin was allowed. After 
one-year follow-up, treatment with brain-penetrating ACE 
inhibitors was shown to slow the rate of cognitive decline 
in mild to moderate AD patients in comparison to other 
antihypertensive medication. Since no significant 
difference was found in the level of blood pressure among 
the three groups, this beneficial effect might be due to a 
direct effect of ACE inhibitors on the brain renin-
angiotensin system. They also speculated that an increased 
level of brain substance P by ACE inhibitors, which is 
reported to augment the activity of neprilysin, a major beta-
amyloid-degrading enzyme in the brain, might be another 
possible mechanism of this favorable effect.  
 
 Some other observational studies support these 
findings. Rozzini and colleagues reported that individuals with 
mild cognitive impairment (MCI), which is a preclinical state 
of AD, treated with ACE inhibitors showed less memory 
decline (did not convert to AD) after a year of follow-up (66).  
 

It is suggested that drugs acting via the renin-
angiotensin system may produce their effects via 
mechanisms other than their antihypertensive actions. 
Although the mechanisms of these favorable effects are not 
known, there is some biological rationale to support these 
findings. It is reported that RAS might be activated in the 
AD brain (67), and this would be reduced by ACE 
inhibitors, especially by brain-penetrating ones. Another 
possible explanation is that decreased angiotensin II could 
prevent the inhibition of potassium-mediated release of 
acetylcholine, which is a major neurotransmitter in memory 
and learning (68). The biological association between the 
brain RAS and AD is discussed in section 5. 
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4. BRAIN RENIN-ANGIOTENSIN SYSTEM 
 

The renin-angiotensin system (RAS) is widely 
recognized as the most powerful signaling system for 
controlling cardiovascular homeostasis. Synthesis of 
angiotensins begins with the conversion of angiotensinogen to 
angiotensin I by the enzyme renin. Angiotensin II is then 
synthesized from angiotensin I by the action of angiotensin-
converting enzyme (ACE), which is present in the endothelium 
of most blood vessels but has the highest concentration within 
the pulmonary vasculature. Angiotensin II is then metabolized 
to angiotensin III, angiotensin IV and to inactive peptide 
fragments by the activity of ACE and several other peptidases. 
Although angiotensin II is well known for its hypertensive 
effect and its ability to stimulate cardiac remodeling, other 
angiotensin peptides are also pharmacologically active with 
markedly different potencies (69, 70, 71).  
 

 Recent findings suggest that there is an independent 
brain RAS separate from blood-borne angiotensins, and it 
contributes to neural plasticity and some cognitive function. 
Subsequent sections discuss the components of the brain RAS 
and then its association with cognitive function, especially 
memory and learning. 
 
4.1. The AT1 and AT2 receptor subtypes 

The cardiovascular and other actions of angiotensin II 
are mediated by AT1 and AT2 receptors, which are seven 
transmembrane glycoproteins with 30% sequence identity 
(71). The most prevalent angiotensin receptor is the 
angiotensin type 1 (AT1) receptor. 
 

The AT1 receptor is a G-protein-coupled receptor 
with signaling via phospholipase-C and calcium in its 
downstream. Binding of the angiotensin peptide to this 
receptor induces a conformational change in the receptor 
protein that activates G proteins that, in turn, mediate signal 
transduction. This transduction includes several plasma 
membrane mechanisms including some types of calcium 
channels (71, 72). This receptor subtype is also coupled to 
intracellular signaling cascades that regulate gene transcription 
and the expression of proteins that mediate cellular 
proliferation and growth in many target tissues (5). AT1 
receptor mediates almost all of the known physiological 
actions of angiotensin II in target organs, which include the 
heart and vascular tissue, kidney, liver, uterus, ovary, testis, 
adrenal grand and brain (5, 71, 73).    
 
    The AT2 receptor protein also exhibits a seven-
transmembrane domain characteristic of G-protein-coupled 
receptors. The signal transduction mechanism varies but 
commonly involves potassium and calcium ion channels and 
growth factor stimulation. It is also known that the AT2 
receptor counteracts several of the growth responses initiated 
by the AT1 and growth factor receptors. This receptor is 
expressed ubiquitously in the fetus and has been implicated in 
fetal development (74). Although the density of this receptor 
declines rapidly after birth, expression is maintained in the 
heart, nonpregnant uterus, adrenal grand, ovary, and brain (5, 
71, 73). It is also associated with vascular growth during 
development (75) and the regulation of cerebral blood flow 
(76, 77). 

4.2. The AT4 receptor subtype 
Angiotensin peptides shorter than angiotensin III 

were traditionally considered biologically inactive and of little 
physiological importance; however, these assumptions have 
now changed with the identification of angiotensin IV and its 
putative receptor, the AT4 receptor (5). The AT4 receptor has 
been identified in a variety of tissues including the adrenal 
gland, heart, thymus, kidney, bladder, aorta and brain (73). 
Angiotensin IV has a wide range of physiological effects, and 
its facilitatory role in memory processing is of great interest 
(78, 79, 80, 81, 82, 83, 84). The pharmacological profile of this 
receptor subtype deviates significantly from those of the AT1 
and AT2 receptors, as it only displays very low affinity for 
angiotensin II. Although the signal transduction mechanisms 
are unknown, AT4 receptor stimulation may oppose the effect 
of AT1 receptor activation in the same way as does AT2 
receptor stimulation (85). The receptor has been identified as 
an insulin-related amino peptidase, although other transduction 
mechanisms may exist (73). 
 
4.3. Cerebral distribution of angiotensin peptide and its 
receptors 
 Almost all components of RAS have been identified 
in the brain, and it is believed that endogenous angiotensin 
peptides are associated with its receptors. The brain has a high 
concentration of angiotensinogen, especially in the choroid 
plexus and astrocytes. Angiotensin II has been identified 
within synaptic vesicles in nerve terminals in those areas with 
high angiotensin receptor concentrations. Renin and ACE are 
also widely distributed throughout the brain (73).  
 

The brain has high concentrations of angiotensin 
receptors in several regions. Binding sites for angiotensin II 
have been identified within the circumventricular organs 
(CVO), specifically in the subfornical organ (SFO), organum 
vasculosum of the lamina terminalis (OVLT), area postrema 
(AP), median eminence, and anterior pituitary gland (86, 87, 
88). 
 

The AT1 subtype is localized with high densities in 
the following brain regions: anterior pituitary, lateral 
geniculate, anterior ventral third ventricle region, subfornical 
organ, paraventricular, supraoptic, and ventral medial nuclei, 
median eminence, and preoptic region of the hypothalamus, 
the nucleus of the solitary tract, dorsal motor nucleus of the 
vagus, and the inferior olivary nucleus of the medulla (5). High 
densities of AT2 receptors are found in the amygdala, medial 
geniculate, hypoglossal nucleus, inferior olivary nucleus, 
lateral habenula, caudate putamen, globus pallidus, locus 
ceruleus, thalamus, inferior colliculus, and ventral tegmental 
area (5). The AT4 receptor has been found in high 
concentrations in the neocortex, piriform cortex, hippocampus, 
caudate putamen, nucleus accumbens, medial habenula, 
periaquaductal gray, nucleus basilis of Meynert, ventral 
tegmental area, and cerebellum (5), some of which are 
involved in cognitive processing (91). 
 

4.4. Angiotensin and long-term potentiation 
There is a growing body of evidence that brain 

angiotensin peptides and their receptors are involved in 
cognitive function, especially in memory processing. Long-
term potentiation (LTP) is thought to serve as the basic 
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physiological mechanism underlying memory storage. Wayner 
and co-workers reported that angiotensin II delivered into the 
CA1 field of the rat hippocampus inhibited LTP. This 
inhibition could be blocked by losartan, or a non-specific 
AT1 and AT2 receptor antagonist; however, a specific 
AT2 receptor antagonist failed to block this angiotensin 
II-induced inhibition of LTP (90, 91, 92, 93, 94). 
Kramár and colleagues (79, 95) and other groups (96, 
97) have reported angiotension IV-induced enhancement 
of LTP in hippocampal slices and in vivo. This effect 
could be blocked by the specific AT4 receptor 
antagonist. These results suggest that angiotensin II and 
angiotensin IV may have opposing effects on LTP; that 
is, angiotensin II acts on the AT1 receptor to suppress 
LTP and, on the other hand, angiotensin IV enhances it 
through the AT4 receptor. 

 
The molecular mechanisms responsible for 

angiotensin II-induced suppression and angiotensin IV-induced 
increase of LTP are not fully understood. Albrecht and co-
workers have shown that angiotensin II caused a strong 
inhibition of NMDA (N-methyl-D-aspartate)- or kainate-
evoked increases in the discharge rate of dorsal lateral 
geniculate neurons of rat (98). Recently it is reported that AT4 
receptor activation increases calcium influx through 
postsynaptic calcium channels and induces a non-NMDA 
dependent form of LTP in area CA1 of rat hippocampus (99). 
Additional investigation will be required to elucidate these 
mechanisms. 
 
4.5. Angiotensin and cognitive function 

Morgan and co-workers reported that angiotensin II 
injected directly into the dorsal neostriatum impaired a step-
down shock avoidance response (100). Similarly, Lee and 
colleagues observed that direct injection of angiotensin II into 
the dentate gyrus disrupted performance of a single trial step-
through shock avoidance response (101). These impairments 
were significantly attenuated by losartan (100, 101). It is also 
reported that intracerebroventricularly infused renin impaired 
performance of a passive avoidance task in a dose-dependent 
manner (102). Although an AT1 receptor antagonist and the 
ACE inhibitor captopril attenuated this renin-induced deficit, 
co-application of an AT2 receptor antagonist failed to 
influence this deficit.  

 
In contrast to these findings, other groups have 

reported angiotensin II-induced enhancement of 
cognitive function (103). These observations indicate 
that angiotensin may exert a bimodal action upon 
learning, in part, depending on the doses of applied 
peptides. It is important to recognize that different 
experimental paradigms have been used to generate 
these results in different species of animals.  

 
It has been reported that ACE inhibitors and AT1 

receptor antagonists have favorable effects on cognitive 
function. Mondadori and co-workers (104) found that both 
captopril and enalapril significantly prevented electroshock-
induced amnesia in mice. Costall and colleagues (105) 
administered captopril and ceranapril to mice and found 
facilitation of the habituatory response, while the cholinergic 
receptor antagonist scopolamine impaired habituation. 

In addition to these animal studies, some clinical 
studies suggest a positive effect of these drugs on cognition. 
Croog and colleagues reported, in their randomized double-
blind trial with mild to moderate hypertensive male patients, 
that patients’ subjective self-reports indicated improved mental 
acuity at work in those on captopril, but no change in those 
treated with a beta-blocker (106). Tedesco and colleagues 
undertook a clinical trial comparing an AT1 antagonist 
(losartan) with another antihypertensive agent (diuretic) in 
matched samples of older and younger patients with mild-to-
moderate hypertension (107). They reported that there was an 
absolute improvement of MMSE score in patients receiving 
the AT1 antagonist. Similarly, Fogari and colleagues also 
reported that an AT1 blocker produced a favorable effect on 
cognition in very elderly hypertensives (108).  

 
Although the precise involvement of the brain RAS 

in cognitive function is still unclear, several of the studies 
discussed above suggest a protective effect of drugs acting via 
RAS on cognitive function. Some investigators speculated that 
these drugs facilitate cognitive function by reducing the 
inhibitory influence of angiotensin II upon acetylcholine 
release, but additional studies will be required to confirm this 
hypothesis. 
 
5. ALZHEIMER’S DISEASE AND THE RENIN-
ANGIOTENSIN SYSTEM 
 
Some researchers have revealed contributory functions of RAS 
in the process of AD pathology. Savaskan and co-workers 
investigated the immunohistochemical alternations of ACE, 
angiotensin II, and AT1 receptor in the parietal cortex in AD, 
and reported increased immunoreactivity of all three antigens, 
involving predominantly cortical layer 5 (67). In addition, 
elevated perivascular ACE and angiotensin II 
immunoreactivity surrounding some cortical vessels was 
observed (67). This finding may reflect enhanced brain RAS 
activity in the disease process. Activation of RAS in the AD 
brain has also been reported by other groups (109, 110). 
 
 Elevated ACE activity in the brain may be directly 
responsible for the cognitive dysfunction in AD, since 
enhanced formation of angiotensin II would result in an 
increased inhibitory effect of angiotensin II on acetylcholine 
release, as described in the previous section. Another effect of 
ACE may be based on regulation of neuropeptides, because it 
has been reported that ACE is involved in the degradation 
of several neuropeptides such as bradykinin, encephalins, 
substance P and neurotensin, and abnormalities of these 
neuropeptides have been implicated in the pathogenesis of 
AD (111). 
 

Recent in-vitro studies have suggested that ACE 
could play an important role in metabolism of beta-amyloid 
(112, 113, 114). Hemming and colleagues demonstrated 
that cellular over-expression of ACE promoted degradation 
of naturally secreted beta-amyloid and pharmacological 
inhibition of ACE activity by an ACE inhibitor captopril 
prevented this effect and resulted in the accumulation of 
cell-derived beta-amyloid (114). This finding suggests that 
ACE inhibitors might increase the burden of beta-amyloid, 
instead of reducing it, in the brain of patients taking this 
medication. On the other hand, in animal models, there is  
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Figure 1. Possible association between renin-angiotensin system and Alzheimer’s disease. Angiotensin II, whish is synthesized 
from angiotensin I by the action of angiotensin-converting enzyme (ACE), is involved in the pathogenesis of hypertension. 
Hypertension is the most significant risk factor for cerebrovascular disease, and vascular damage of the brain could contribute to 
cognitive dysfunction. Angiotensin II-mediated inhibition of acetylcholine (ACh) release is also believed to impair cognitive 
function. These may lead to early clinical presentation of Alzheimer’s disease. Angiotensin IV, through its AT4 receptor, could 
exert some favorable effect upon cognitive function. Although not fully demonstrated, ACE is suggested to be involved in 
degradation of beta-amyloid, which is the major component of senile plaques. Introduction of an ACE inhibitor could prevent the 
negative effect of angiotensin II; however, it may reduce the putative beneficial effect of ACE on amyloid metabolism. 
Angiotensin-receptor blocker (ARB) inhibits the action of angiotensin II more specifically, which might be a more appropriate 
treatment for hypertension in Alzheimer’s disease patients or people at risk of developing the disease. 
 
little evidence to support a role of ACE as a degrading 
enzyme of beta-amyloid. Eckman and co-workers analyzed 
beta-amyloid accumulation in brains from ACE-deficient 
mice and in mice treated with ACE inhibitors, and found 
that ACE deficiency did not alter steady-state beta-amyloid 
concentration (115). 
 

Several studies have examined DNA 
polymorphism of the ACE gene as an additional risk factor 
for AD. Currently, more than 70 polymorphisms have been 
reported in the gene coding for ACE, the most investigated 
of which is an insertion/deletion polymorphism. Subjects 
with deletion of a 287 bp repeat at intron 16 of this gene 
(D-allele) have higher plasma ACE levels than those with 
an insertion of this repeat (I-allele). Some studies showed 
that the frequency of the ACE-I allele was significantly 
increased in patients with AD, but others yielded 
conflicting results (116, 117, 118, 119, 120, 121, 122, 123, 
124). These inconsistencies might be due to a small 
contribution of the ACE gene to the risk of AD, or to 
differences in methodology.  
 

Although these findings point to a neurobiological 
link between AD and RAS, there are some paradoxes in 
these findings; that is, clinical studies have shown a 
beneficial effect of ACE inhibitors upon the development 
of AD; however, in-vitro findings have suggested that ACE 

inhibition might reduce degradation of beta-amyloid. One 
possible reason for these conflicting results may be the 
difference of experimental situation. The data derived from 
the in-vitro laboratory-based findings might not be 
applicable to the human disease state. In animal models, 
experiments were done in relatively young animals and 
therefore the effect of aging upon the metabolism of beta-
amyloid and its interaction with ACE inhibitors might be 
insufficient. We also have to consider the association 
between mouse ACE and human beta-amyloid. It is not 
clear that mouse ACE interacts with human beta-amyloid in 
the same way as in human brain. In clinical situation, ACE 
inhibitors may have some favorable effects on cognition 
(prevention of hypertension induced cognitive dysfunction, 
block of angiotensin II-mediated inhibition of acetylcholine 
release, and effect on cerebral amyloid angiopathy) and 
these positive effects might overcome the negative effect 
on beta-amyloid metabolism. Additional investigation to 
understand the role of RAS in the brain of AD patients and 
the effect of its inhibition is needed. The putative 
association between RAS and AD is summarized in Figure 
1. 
 

6. SUMMARY AND PERSPECTIVE 
 

Early and aggressive management of AD can 
delay symptom progression and help to maintain the quality 
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of life of both the patient and the caregiver. Although 
numerous therapies for the treatment of AD are under 
investigation, at present, cholinesterase inhibitors are 
the mainstay of symptomatic treatment for this disease. 
However, since cholinesterase inhibitors confer only 
modest benefit, additional AD therapies are urgently 
needed. In view of the increased costs for patients with 
more severe AD, interventions that would reverse or 
delay progression may result in significant cost saving. 

 
There is increasing evidence that vascular risk 

factors, especially hypertension, are involved in the 
pathogenesis of AD. The identification of 
cerebrovascular damage as a significant factor in 
cognitive impairment and progression of AD means that 
there is considerable potential for antihypertensive 
drugs for prophylactic use against this 
neurodegenerative disorder. 

 
RAS, which is recognized as an important 

factor in the pathogenesis of hypertension, has become 
an area of great interest in the pathophysiology of AD, 
and this could be a new therapeutic target in this 
disease. Some clinical studies have reported a potential 
benefit of ACE inhibitors for cognitive function in AD 
patients, although the mechanisms of this favorable 
effect have not been fully investigated. It should be 
noted that several laboratory-based findings showed a 
potentially harmful effect of ACE inhibitors on beta-
amyloid metabolism. If ACE were involved in 
degradation of beta-amyloid in the human brain, ACE 
inhibition would elevate the concentration of these toxic 
polypeptides. Angiotensin-receptor blockers, which act 
on the same biological pathway as ACE inhibitors, are 
gaining recognition as an alternative antihypertensive 
medication. This specific blockade of the AT1 receptor 
could reduce angiotensin-induced inhibition of 
acetylcholine release and could be more appropriate 
treatment for AD patients or for people at risk of 
developing this disease, with hypertension. More recent 
work with angiotensin-receptor blockers has suggested 
this potential effect. 
  

Anything that could reduce the incidence of AD 
would be socially important, and if a reduction in blood 
pressure via manipulation of RAS can result in such an 
effect, this might have a huge impact. 
 
7. ACKNOWLEDGMENTS 
 
    We thank H. Yu and A. Moriguchi for critical 
scientific discussion. This work was supported in part 
by the Program for Promotion of Fundamental Studies 
in Health Sciences of the National Institute of 
Biomedical Innovation (NIBIO), a grant-in-aid from the 
Ministry of Public Health and Welfare (to R.M.), and 
grants-in-aid from Japan Promotion of Science, the 
Japanese Ministry of Education, Culture, Sports, 
Science and Technology (to R.M., N.S.), Takeda 
Science Foundation (to R.M.), Novartis Pharma AG, 
Chiyoda, and the Kanae Foundation (to N.S.) 

8. REFERENCES 
 
1. I. Skoog, D. Gustafson: Hypertension, hypertension-
clustering factors and Alzheimer’s disease. Neurol Res 25, 
675–680 (2003) 
 
2. M. J. Prince: The treatment of hypertension in older people 
and its effect on cognitive function. Biomed Pharmacothe 51, 
208–212 (1997) 
 
3. R. Katzman: Alzheimer’s disease. New England Journal of 
Medicine 314, 964–973 (1995) 
 
4. K. Rockwood, J. Bowler, T. Erkinjuntti, V. Hachinski, A. 
Wallin: Subtypes of vascular dementia. Alzheimer Dis Assoc 
Disord 13, S59–S63 (1999) 
 
5. J. W. Wright, J. R. Reichert, C. J. Davis, J. W. Harding: 
Neural plasticity and the brain renin–angiotensin system. 
Neuroscience and Biobehavioral Reviews 26, 529–552 (2002)  
 
6. F. Amenta, F. Mignini, F. Rabbia, D. Tomassoni, F. Veglio: 
Protective effect of anti-hypertensive treatment on 
cognitive function in essential hypertension: Analysis of 
published clinical data. J. Neurol. Sci. 203, 147-151 
(2002) 
 
7. A.S. Rigaud, O. Hanon, P. Bouchacourt, F. Forette: 
Cerebral complications of hypertension in the elderly. 
Rev Med Int 22, 959-968 (2000) 
 
8. B.A. In’t Veld, A. Ruitenberg, A Hofman, B.H. 
Stricker, M. M. B. Breteler: Antihypertensive drugs and 
incidence of dementia: the Rotterdam study. Neurobiol 
Aging 22, 407-412 (2001) 
 
9. C. Qiu, B. Winblad, L. Fratiglioni: The age-
dependent relation of blood pressure to cognitive 
function and dementia. Lancet Neurol 4, 487–499 
(2005)  
 
10. D.K. Arnett, L. L. Boland, G. W. Evans: 
Hypertension and arterial stiffness: the Atherosclerosis 
Risk in Communities Study. Am J Hypertens 13, 317–23 
(2000) 
 
11. Y. Agmon, B. K. Khandheria, I. Meissner: 
Independent association of high blood pressure and 
aortic atherosclerosis: a population-based study. 
Circulation 102, 2087–2093 (2000) 
 
12. S.E. Vermeer, N.D. Prins, T. den Heijer, A. Hofman, 
P. J. Koudstaal, M. M. Breteler: Silent brain infarcts and 
the risk of dementia and cognitive decline. N Engl J 
Med 348, 1215–1222 (2003) 
 
13. R. Stewart: Cardiovascular factors in Alzheimer’s 
disease. J Neurol Neurosurg Psychiatry 65, 143–147 
(1998) 
 
14. L. Zhu, L. Fratiglioni, Z. Guo: Incidence of 
dementia in relation to stroke and the apolipoprotein E 



The renin-angiotensin system, hypertension and Alzheimer’s disease  

2361 

e4 allele in the very old: findings from a population-
based longitudinal study. Stroke 31, 53–60 (2000) 
 
15. D.A.Snowdon, L.H. Greiner, J.A. Mortimer, K.P. 
Riley, P.A. Greiner, W.R. Markesbery: Brain infarction 
and the clinical expression of Alzheimer disease: the 
Nun Study. JAMA 277, 813–817 (1997). 
 
16. M. M. Esiri, Z. Nagy, M. Z. Smith, L. Barnetson, 
A.D. Smith: Cerebrovascular disease and threshold for 
dementia in the early stages of Alzheimer’s disease. 
Lancet 354, 919–920 (1999) 
 
17. J.C. de la Torre: Is Alzheimer’s disease a 
neurodegenerative or a vascular disorder? Data, dogma, 
and dialectics. Lancet Neurol 3, 184–190 (2004) 
 
18. J. C. de la Torre: Alzheimer’s disease is a 
vasocognopathy: a new term to describe its nature. 
Neurological Research 26, 517-524 (2004) 
 
19. M. E. Farmer, S. J. Kittner, R. D. Abbott, M. M. Wolz, 
P. A. Wolf, L. R. White: Longitudinally measured blood 
pressure, antihypertensive medication use, and cognitive 
performance: the Framingham Study. J Clin Epidemiol 43, 
475-480 (1990) 
 
20. M. F. Elias, P. A. Wolf, R. B. D’Agostino, J. Cobb, L. 
R. White: Untreated blood pressure level is inversely 
related to cognitive functioning: the Framingham Study. 
Am J Epidemiol 138, 353-364 (1993) 
 
21. L. Kilander, H. Nyman, M. Boberg, L. Hansson, H. 
Lithell: Hypertension is related to cognitive impairment: a 
20-year follow-up of 1999 men. Hypertension 31, 780-786 
(1998) 
 
22. L. J. Launer, K. Masaki, H. Petrovich, D. Foley, R. J. 
Havlik: The association between blood pressure levels and 
late-life cognitive function: the Honolulu–Asia Aging 
Study. JAMA 274, 1846- 1851 (1995) 
 
23. C. Tzourio, C. Dufouil, P. Ducimetiere, A. Alperovitch: 
Cognitive decline in individuals with high blood pressure: a 
longitudinal study in the elderly. EVA Study Group. 
Epidemiology of Vascular Aging. Neurology 53(9), 1948-
1952 (1999) 
 
24. Z. Guo, L. Fratiglioni, L. Zhu, J. Fastbom, B. Winblad, 
M. Viitanen: Occurrence and progression of dementia in a 
community population aged 75 years and older: 
relationship of antihypertensive medication use. Arch 
Neurol 56(8), 991-996 (1999)  
 
25. C. Qiu, E. von Strauss, J. Fastbom, B. Winblad, L. 
Fratiglioni: Low blood pressure and risk of dementia in the 
Kungsholmen project: a 6-year follow-up study. Arch 
Neurol 60(2), 223-228 (2003) 
 
26. W. B. Applegate, S. Pressels, J. Wittes: Impact of the 
treatment of isolated systolic hypertension on behavioral 

variables: results from the systolic hypertension in the 
Elderly Program. Arch Intern Med 154, 2154-2160 (1994) 
 
27. M. J. Prince, A. S. Bird, R. A. Blizard, A. H. Mann: Is 
the cognitive function of older patients affected by 
antihypertensive treatment? Results from 54 months of the 
Medical Research Council's trial of hypertension in older 
adults. BMJ 312(7034), 801-805 (1996)  
 
28. J. A. Cervilla, M. Prince, S. Joels, S. Lovestone, A. 

Mann: Long-term predictors of cognitive outcome in a 
cohort of older people with hypertension. Br J 
Psychiatry 177, 66-71 (2000)  

 
29. F. Forette, M. L. Seux, R. Fagard: Prevention of 

dementia in randomised double-blind placebo-controlled 
Systolic Hypertension in Europe (Syst-Eur) trial. Lancet 
352(9137), 1347-1351 (1998)  

 
30. J. A. Staessen, R. Fagard, A. Zanchetti: Randomised 
double-blind comparison of placebo and active treatment 
for older patients with isolated systolic hypertension. The 
Systolic Hypertension in Europe (Syst-Eur) Trial 
Investigators. Lancet 350(9080), 757-764 (1997)   
 
31. PROGRESS Collaborative Group: Effects of blood 
pressure lowering with perindopril and indapamide therapy 
on dementia and cognitive decline in patients with 
cerebrovascular disease. Arch Intern Med 163(9), 1069-
1075 (2003) 
 
32. H. Lithell, L. Hansson, I. Skoog, SCOPE Study Group: 

The Study on COgnition and Prognosis in the Elderly 
(SCOPE); outcomes in patients not receiving add-on 
therapy after randomization. J Hypertens 8, 1605-1612  

(2004) 
 
33. P. Trenkwalder: The Study on COgnition and Prognosis 
in the Elderly (SCOPE)--recent analyses. J Hypertens 
Suppl 24(1), S107-S114 (2006)  
 
34. I. Skoog, B. Lernfelt, S. Landahl, B. Palmertz, L. A. 
Andreasson, L. Nilsson: 15-year longitudinal study of 
blood pressure and dementia. Lancet 347, 1141-1145 
(1996)  
 
35. L. J. Launer, G. W. Ross, H. Petrovitch, K. Masaki, D. 
Foley, L. R. White: Midlife blood pressure and dementia: 
The Honolulu–Asia aging study. Neurobiol Aging 21, 49-
55 (2000) 
 
36. M. Kivipelto, E. L. Helkala, M. Laakso, T. Ha¨nninen, 
M. Hallikainen, K. Alhainen: Midlife vascular risk factors 
and Alzheimer’s disease in later life: Longitudinal, 
population based study. Brit Med J 322, 1447-1451 (2001)  
 
37. M. Kivipelto, E. L. Helkala, M. P. Laakso: 
Apolipoprotein E 4 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, 149–55 (2002) 
 



The renin-angiotensin system, hypertension and Alzheimer’s disease  

2362 

38. T. Yoshitake, Y. Kiyohara, I. Kato: Incidence and risk 
factors of vascular dementia and Alzheimer’s disease in a 
defined elderly Japanese population: the Hisayama Study. 
Neurology 45, 1161–1168 (1995) 
 
39. C. Brayne, C. Gill, F. A. Huppert: Vascular risks and 
incident dementia: results from a cohort study of the very 
old. Dement Geriatr Cogn Disord 9, 175–180 (1998)  
 
40. S. L. Tyas, J. Manfreda, L. A. Strain: Risk factors for 
Alzheimer’s disease: a population-based, longitudinal study 
in Manitoba, Canada. Int J Epidemiol 30, 590–597 (2001) 
 
41. H. B. Posner, M. X. Tang , R. Luchsinger, R. Lantigua, 
Y. Stern, R. Mayeux: The relationship of hypertension in 
the elderly to AD, vascular dementia, and cognitive 
function. Neurology 58, 1175–1181 (2002). 
 
42. J. Lindsay, D. Laurin, R. Verreault: Risk factors for 
Alzheimer’s disease: a prospective analysis from the 
Canadian Study of Health and Aging. Am J Epidemiol 156, 
445–453 (2002) 
 
43. L. H. Kuller, O. L. Lopez, A. Newman: Risk factors for 
dementia in the cardiovascular health cognition study. 
Neuroepidemiology 22, 13–22 (2003) 
 
44. A. R. Borenstein, Y. Wu, J. A. Mortimer: 
Developmental and vascular risk factors for Alzheimer’s 
disease. Neurobiol Aging 26, 325–334 (2005) 
 
45. D. B. Petitti, V. C. Crooks, J. G. Buckwalter, V. Chiu: 
Blood pressure levels before dementia. Arch Neurol 62, 
112–116 (2005) 
 
46. A. Ruitenberg, I. Skoog, A. Ott: Blood pressure and 
risk of dementia: results from the Rotterdam study and the 
Gothenburg H-70 study. Dement Geriatr Cogn Disord 12, 
33–39 (2001) 
 
47. M. C. Morris, P. A. Scherr, L. E. Hebert, R. J. Glynn, 
D. A. Bennett, D. A. Evans: Association of incident 
Alzheimer disease and blood pressure measured from 13 
years before to 2 years after diagnosis in a large community 
study. Arch Neurol 58, 1640–1646 (2001) 
 
48. J. Verghese, R. B. Lipton, C. B. Hall, G. Kuslansky, M. 
J. Katz: Low blood pressure and the risk of dementia in 
very old individuals. Neurology 61, 1667–1672 (2003) 
 
49. W. Burke, P. Coronado, C. Schmitt, K. Gillespie, H. 
Chung: Blood pressure regulation in Alzheimer’s disease. J 
Autonomic Nervous System 48, 65–71 (1994)  
 
50. D. Reis: The brain and hypertension. Arch Neurol 45, 
180–183 (1988)  
 
51. D. L. Sparks, S. W. Scheff, H. Liu, T. M. Landers, C. 
M. Coyne, J. C. III. Hunsaker: Increased incidence of 
neurofibrillary tangles (NFT) in non-demented individuals 
with hypertension. J Neurol Sci 131, 162–169 (1995) 
 

52. A. Hofman, A. Ott, M. M. B. Breteler: Atherosclerosis, 
apolipoprotein E, and prevalence of dementia and 
Alzheimer’s disease in the Rotterdam Study. Lancet 349, 
151–154 (1997) 
 
53. A. E. Roher, C. Esh, T. A. Kokjohn: Circle of Willis 
atherosclerosis is a risk factor for sporadic Alzheimer’s 
disease. Arterioscler Thromb Vasc Biol 23, 2055–2062 
(2003) 
 
54. C. Qiu, B. Winblad, M. Viitanen, L. Fratiglioni: Pulse 
pressure and risk of Alzheimer disease in persons aged 75 
years and older: a community-based, longitudinal study. 
Stroke 34, 594–599 (2003) 
 
55. G. Gold, P. Giannakopoulos, C. Bouras: Re-evaluating 
the role of vascular changes in the differential diagnosis of 
Alzheimer's disease and vascular dementia. Eur Neurol 
40(3), 121-129 (1998) 
 
56. J. C. de la Torre: Alzheimer disease as a vascular 
disorder: nosological evidence. Stroke 33(4), 1152-1162 
(2002)  
 
57. G. J. Blauw, E. L. Bollen, M. A. van Buchem, R. G. 
Westendorp: Dementia at old age: a clinical end-point of 
atherosclerotic disease. Eur Heart J 3Suppl N, N16-19 
(2001)  
 
58. K. A. Jellinger: Alzheimer disease and cerebrovascular 
pathology: an update. J Neural Transm 109(5-6), 813-836 
(2002) 
 
59. M. Kawahara, Y. Kuroda: Intracellular calcium changes 
in neuronal cells induced by Alzheimer’s beta-amyloid 
protein are blocked by estradiol and cholesterol. Cell Mol 
Neurobiol 21,1–13 (2001) 
 
60. C. O’Neill, R. F. Cowburn, W. L. Bonkale, T. G. Ohm, 
J. Fastbom, M. Carmody: Dysfunctional intracellular 
calcium homoeostasis: a central cause of neurodegeneration 
in Alzheimer’s disease. Biochem Soc 
Symp 67, 177–194 (2001) 
 
61. I. Veinbergs, A. Everson, Y. Sagara, E. Masliah: 
Neurotoxic effects of apolipoprotein E4 are mediated 
via dysregulation of calcium homeostasis. J Neurosci 
Res 67, 379–387 (2002) 
 
62. M. P. Mattson, H. Zhu, J. Yu, M. S. Kindy: 
Presenilin-1 mutation increases neuronal vulnerability to 
focal ischemia in vivo and to hypoxia and glucose 
deprivation in cell culture: involvement of perturbed 
calcium homeostasis. J Neurosci 20, 1358–1364 (2000) 
 
63. M. P. Mattson, B. Cheng, D. Davis, K. Bryant, I. 
Lieberburg, R. E. Rydel: Beta-amyloid peptides 
destabilize calcium homeostasis and render human 
cortical neurons vulnerable to excitotoxicity. J Neurosci 
12, 376–389 (1992) 
 



The renin-angiotensin system, hypertension and Alzheimer’s disease  

2363 

64. T. Ohrui, T. Matsui, M. Yamaya, et al. Angiotensin-
converting enzyme inhibitors and incidence of Alzheimer’s 
disease in Japan. J Am Geriatr Soc 52, 649–650 (2004) 
 
65. T. Ohrui, N. Tomita, T. Sato-Nakagawa, et al. Eff ects 
of brainpenetrating ACE inhibitors on Alzheimer disease 
progression. Neurology 63, 1324–1325 (2004) 
 
66. L. Rozzini, B. V. Chilovi, E. Bertoletti, et al. 
Angiotensin converting enzyme (ACE) inhibitors modulate 
the rate of progression of amnestic mild cognitive 
impairment. Int J Geriatr Psychiatry 21, 550–555 (2006) 
 
67. E. Savaskan, C. Hock, G. Olivieri: Cortical alternations 
of angiotensin converting enzyme, angiotensin 2 and AT1 
receptor in Alzheimer’s dementia. Neurobiol. Aging 22, 
541-546 (2001) 
 
68. J. M. Barnes, N. M. Barnes, B. Costall: Angiotensin-
converting enzyme inhibition, angiotensin, and cognition. J 
Cardiovasc Pharmacol 19(suppl 6), S63–S71 (1992) 
 
69. A. T. Chiu, W. F. Herblin, D. E. McCall: Identifi cation 
of angiotensin II receptor subtypes. Biochem Biophys Res 
Commun 165, 196–203 (1989)  
 
70. S. Whitebread, M. Mele, B. Kamber, M. de Gasparo: 
Preliminary biochemical characterization of two 
angiotensin II receptor subtypes. Biochem Biophys Res 
Commun 163, 284–291 (1989) 
 
71. M. D. Gasparo, K. J. Catt, T. Inagami, J. W. Wright, T. 
H. Unger: International Union of Pharmacology. XXIII. 
The Angiotensin II Receptors. Pharm Rev 52, 415-472 
(2000) 
 
72. P. P. Sayeski, M. S. Ali, D. J. Demeniuk, T. N. Doan, 
K. E. Berstein: Angiotensin II signal transduction 
pathways. Regul Pept 78, 19–29 (1998) 
 
73. P. R. Gard, J. M. Rusted: Angiotensin and Alzheimer’s 
disease: therapeutic prospects. Expert Rev. 
Neurotherapeutics 4(1),87-96 (2004) 
 
74. T. Csikos, O. Chung, T. Unger: Receptors and their 
classification: focus on angiotensin II and the AT2 
receptor. J Hum Hypertens 12,311–318 (1998) 
 
75. M. Viswanathan, K. Tsutsumi, F. J. Correa, J. M. 
Saavedra: Changes in expression of angiotensin receptor 
subtypes in the rat aorta during development. Biochem 
Biophys Res Commun 179,1361–1367 (1991) 
 
76. L. Na¨veri: The role of angiotensin receptor subtypes in 
cerebrovascular regulation in the rat. Acta Physiol Scand 
155, 2–48 (1995) 
 
77. C. Stro¨mberg, L. Na¨veri, J. M . Saavedra: Nonpeptide 
angiotensin AT1 and AT2 receptor ligands modulate the 
upper limit of cerebral blood flow autoregulation in rats. J 
Cereb Blood Flow Metab 13, 298–303 (1993) 

78. J. W. Wright, L. Stubley, E. S. Pedersen, E. A. Kramar, 
J. M. Hanesworth, J. W. Harding: Contributions to the 
brain angiotensin IV-AT4 receptor subtype system to 
spatial learning. J Neurosci 19, 3952-3961 (1999) 
 
79. E. A. Kramár, D. L. Armstrong, S. Ikeda, M. J. 
Wayner, J. W. Harding, J. W. Wright: The effects of 
angiotensin IV analogs on long-term potentiation within the 
CA1 region of the hippocampus in vitro. Brain Res 897, 
114-121 (2001) 
 
80. M. J. A. D. Wayner, C. F. Phelix, J. W. Wright, J. W. 
Harding: Angiotensin IV enhances LTP in rat dentate gyrus 
in vivo. Peptides 22, 1403-1414 (2001) 
 
81. J. Lee, S. Chai, F. A. Mendelsohn, M. J. Morris, A. M. 
Allen: Potentiation of cholinergic transmission in the rat 
hippocampus by angiotensin IV and LVV-hemorphin-7. 
Neuropharmacology 40, 618-623 (2001) 
 
82. K. A. Roberts, L. T. Krebs, E. A. Kramár, M. J. 
Shaffer, J. W. Harding, J. W. Wright: Autoradiographic 
identification of brain angiotensin IV binding sites and 
differential c-Fos expression following 
intracerebroventricular injection of angiotensin II and IV in 
rats. Brain Res 682, 13-21 (1995) 
 
83. Y. Kakinuma, H. Hama, F. Sugiyama, K. Goto, K. 
Murakami, A. Fukamizu: Anti-apoptotic action of 
angiotensin fragments to neuronal cells from 
angiotensinogen knock-out mice. Neurosci Lett 232, 167-
170 (1997) 
 
84. Y. Kakinuma: Impaired blood-brain barrier function in 
angiotensinogen-deficient mice. Nature Med 4, 1078-1080 
(1998) 
 
85. G. Vauquelin, Y. Michotte, I. Smolders, S. Sarre, G. 
Ebinger, A. Dupont, P. Vanderheyden: Cellular targets for 
angiotensin II fragments: pharmacological and molecular 
evidence. JRAAS 3, 195–204 (2002) 
 
86. M. I. Phillips: Functions of angiotensin in the central 
nervous system. Annu Rev Physiol 49, 413–435 (1987) 
 
87. S. Landas, M. I. Phillips, J. F. Stamler, M. K. Raizada: 
Visualization of specific angiotensin II binding sites in the 
brain by fluorescent microscopy. Science 210, 791–793 
(1980) 
 
88. M. Van Houten, E. L. Schiffrin, J. F. Mann, B. J. 
Posner, R. Boucher: Radioautographic localization of 
specific binding sites for bloodborne angiotensin II in the 
rat brain. Brain Res 186, 480–485 (1980) 
 
89. P. R. Gard: The role of angiotensin II in cognition and 
behaviour. Eur J Pharmacol 438(1-2), 1-14 (2002) 
 
90. D. L. Armstrong, E. A. Garcia, T. Ma, B. Quinones, M. 
J. Wayner: Angiotensin II blockade of long-term 
potentiation at the perforant path-granule cell synapse in 
vitro. Peptides 17, 689–693 (1996) 



The renin-angiotensin system, hypertension and Alzheimer’s disease  

2364 

91. J. B. Denny, J. Polan-Curtain, M. J. Wayner, D. L. 
Armstrong: Angiotensin II blocks hippocampal long-term 
potentiation. Brain Res 567, 321–324 (1991) 
 
92. M. J. Wayner, D. L. Armstrong, J. L. Polan-Curtain, J. 
B. Denny: Ethanol and diazepam inhibition of hippocampal 
LTP is mediated by angiotensin II and AT1 receptors. 
Peptides 14, 441–444 (1993) 
 
93. M. J. Wayner, D. L. Armstrong, J. L. Polan-Curtain, J. 
B. Denny: Role of angiotensin II and AT1 receptors in 
hippocampal LTP. Pharmacol Biochem Behav 45, 455–464 
(1993) 
 
94. M. J. Wayner, J. L. Polan-Curtain , D. L. Armstrong: 
Dose and time dependency of angiotensin II inhibition of 
hippocampal long-term potentiation. Peptides 16, 1079–
1082 (1995) 
 
95. E. A. Kramár, D. L. Armstrong, S. Ikeda, M. J. 

Wayner, J. W. Harding, J. W. Wright: Angiotensin IV  
analog facilitates long-term potentiation in the dentate 
gyrus in vitro. Int Behav Neurosci Conf 8, 10 (1999) 

 
96. S. Ikeda, M. J. Wayner, D. L. Armstrong, J. W. Wright, 
J. W. Harding, B. G. Smith: The role of angiotensin IV in 
hippocampal dentate granule cell LTP. Soc Neurosci Abstr 
24, 330 (1998) 
 
97. M. J. Wayner, D. L. Armstrong, C. F. Phelix, J. W. 
Wright, J. W. Harding: Angiotensin IV enhances LTP in 
rat dentate gyrus in vivo. Peptides 22, 1403–1414 (2001) 
 
98. D. Albrecht, M. Broser, H. Kruger, M. Bader: 
Effects of angiotensin II and IV on geniculate activity in 
nontransgenic and transgenic rats. Eur J Pharmacol.332, 
53-63 (1997) 
 
99. C. J. Davis, E. A. Kramar, A. De, P. C. Meighan, S. 
M. Simasko, J. W. Wright, J. W. Harding: AT4 receptor 
activation increases intracellular calcium influx and 
induces a non-N-methyl-D-aspartate dependent form of 
long-term potentiation. Neuroscience. 137, 1369-1379 
(2006) 
 
100. T. M. Morgan, A. Routtenberg: Angiotensin 
injected into the neostriatum after learning disrupts 
retention performance. Science 196, 87–89 (1977) 
 
101. E. H. Lee, Y. L. Ma, M. J. Wayner, D. L. 
Armstrong: Impaired retention by angiotensin II 
mediated by the AT1 receptor. Peptides 16, 1069 (1995) 
 
102. V. J. DeNoble, K. F. DeNoble, K. R. Spencer, A. 
T. Chiu, P. C. Wong, B. M. Timmermans: Non-peptide 
angiotensin II receptor antagonist and angiotensin-
converting enzyme inhibitor: effect on a rennin-induced 
deficit of a passive avoidance response in rats. Brain Res 
561, 230–235 (1991) 
 
103. D. Baranowska, J. J. Braszko, K. Wisniewski: Effect 
of angiotensin II and vasopressin on acquisition and 

extinction of conditioned avoidance in rats. 
Psychopharmacology 81, 247–251 (1983) 
 
104. C. Mondadori, P. Etienne: Nootropic effects of ACE 
inhibitors in mice. Psychopharmacology 100, 301–307 
(1990) 
 
105. J. M. Barnes, N. M. Barnes, B. Costall, J. Coughlan, 
Z. P. Horovitz, M. E. Kelly, R. J. Naylor, D. M. Tomkins : 
ACE inhibition and cognition. In: MacGregor GA, Sever 
PS, editors. Current advances in ACE inhibition. New 
York: Churchill Livingston Press, 1989. p. 159–71. 
 
106. S. H. Croog, S. Levine, M. A. Testa, B. Bropwn, C. J. 
Bulpitt, C. D. Jenkins, G. L. Klerman, G. H. Williams: The 
effects of antihypertensive therapy on the quality of life. 
Engl J Med 314, 1657–1664 (1986) 
 
107. M. A. Tadesco, G. Ratti, S. Mennella: Comparison of 
losartan and hydrochlorothiazide on cognitive function and 
quality of life in hypertensive patients. Am J Hypertens 12, 
1130-1134 (1999) 
 
108. R. Fogari, P. Preti, A. Mugellini: Influence of 
Losartan and Atenolol on cognitive function in very elderly 
hypertensive patients. Am J Hypertens 15, 4, 36A (2002) 
 
109. A. Arregui, E. K. Perry, M. Rossor, B. E. Tomlinson: 
Angiotensin converting enzyme in Alzheimer’s disease:  
increased activity in caudate nucleus, and cortical areas. J 

Neurochem 35, 1490–1492 (1982) 
 
110. N.M. Barnes, C.H.K. Cheng, B. Costall, R.J. Naylor, 

T.J. Williams and C.M. Wishik: Angiotensin converting  
enzyme density is increased in temporal cortex from 

patients with Alzheimer’s disease.  Eur J Pharmacol 
200,  

289–292 (1991) 
 
111. A. Sudilovsky, B. Turnbull, S. Croog, T. Crook: 
Angiotensin converting enzyme and memory: preclinical, 
and clinical data. Int J Neurology 21,145–162 (1988) 
 
112. J. Hu, A. Igarashi, M. Kamata, H. Nakagawa: 
Angiotensin-converting enzyme degrades Alzheimer 
amyloid beta-peptide (A beta ); retards A beta aggregation, 
deposition, fibril formation; and inhibits 
cytotoxicity. J Biol Chem; 276, 47863–47868 (2001) 
 
113. R. Oba, A. Igarashi, M. Kamata, K. Nagata, S. 
Takano, H. Nakagawa: The N-terminal active centre of 
human angiotensin-converting enzyme degrades Alzheimer 
amyloid beta-peptide. Eur J Neurosci 21, 733–740 (2005) 
 
114. M. L. Hemming, D. J. Selkoe: Amyloid beta -protein 
is degraded by cellular angiotensin-converting enzyme 
(ACE) and elevated by an ACE inhibitor. J Biol Chem; 
280, 37644–37650 (2005) 
 
115. E. A. Eckman, S. K. Adams, F. J. Troendle: 
Regulation of steadystate beta -amyloid levels in the brain 
by neprilysin and endothelin-converting enzyme, but not 



The renin-angiotensin system, hypertension and Alzheimer’s disease  

2365 

angiotensin-converting enzyme. J Biol Chem; 281, 30471–
30478 (2006) 
 
116. P. Amouyel, F. Richard, D. Cottel, C. Amant, V. 
Codron, N. Helbecque: The deletion allele of the 
angiotensin I converting enzyme gene as a genetic 
susceptibility factor for cognitive impairment. Neurosci 
Lett 217, 203–205 (1996) 
 
117. C. Y. Cheng, C. J. Hong, H. C. Liu, T. Y. Liu, S. J. 
Tsai: Study of the association between Alzheimer’s disease 
and angiotensin-converting enzyme gene polymorphism 
using DNA from lymphocytes. Eur Neurol 47, 26–29 
(2002) 
 
118. P. G. Kehoe, C. Russ, S. McIlory, H. Williams, P. 
Holmans, C. Holmes: Variation in DCP1, encoding ACE, is 
associated with susceptibility to Alzheimer disease. Nat 
Genet 21, 71–72 (1999) 
 
119. R. Monastero, R. Caldarella, M. Mannino, A. B. 
Cefalu, G. Lopez, D. Noto: Lack of association between 
angiotensin converting enzyme polymorphism and sporadic 
Alzheimer’s disease. Neurosci Lett 335, 147–179 (2002) 
 
120. L. Myllykangas, T. Polvikoski, R. Sulkava, A. 
Verkkoniemi, P. Tienari, L. Niinisto: Cardiovascular risk 
factors and Alzheimer’s disease: a genetic association study 
in a population aged 85 or over. Neurosci Lett 292, 195–
198 (2000) 
 
121. Y. Narain, A. Yip, T. Murphy, C. Brayne, D. Easton, 
J. G. Evans: The ACE gene and Alzheimer’s disease 
susceptibility. J Med Genet 37, 695–697 (2000) 
 
122. J. D. Yang, G. Feng, J. Zhang, Z. X. Lin, T. Shen, G. 
Breen: Association between angiotensin-converting 
enzyme gene and late onset alzheimer’s disease in Han 
chinese. Neurosci Lett 295, 41–44 (2000) 
 
123. G. Zuliani, A. Ble, R. Zanca, M. R. Munari, A. Zurlo, 
C. Vavalle: Genetic polymorphisms in older subjects with 
vascular or Alzheimer’s dementia. Acta Neurol Scand 103, 
304–308 (2001) 
 
124. F. Richard, I. Fromentin-David, F. Ricolfi, P. 
Ducimetiere, C. Di Menza, P. Amouyel: The angiotensin I 
converting enzyme gene as a susceptibility factor for 
dementia. Neurology 56, 1593–1595 (2001) 
 
Abbreviations： AD: Alzheimer’s disease, VaD: vascular 
dementia, RAS: renin-angiotensin system, ACE: 
angiotensin-converting enzyme, ARB: angiotensin-receptor 
blocker, AT1 receptor: angiotensin II type1 receptor, LTP: 
long-term potentiation, ACh: acetylcholine, NMDA: N-
methyl-D-aspartate, MMSE: Mini-Mental State 
Examination 
 
Key Words: Alzheimer’s disease, Beta-amyloid, 
Dementia, Hypertension, Renin-angiotensin system, 
Angiotensin II, Angiotensin IV, ACE inhibitor, 

Angiotensin-receptor blocker, Cognitive function, 
Prevention, Review 
 
Send correspondence to: Ryuichi Morishita, M.D., Ph.D. 
Professor, Division of Clinical Gene Therapy Graduate 
School of Medicine, Osaka University 2-2 Yamadaoka, 
Suita, Osaka 565-0871, Japan, Tel: 81-6-6879-3406, Fax: 
81-6-6879-3409, E-mail: morishit@cgt.med.osaka-u.ac.jp 
 
http://www.bioscience.org/current/vol13.htm 
 
 
 
 
 
 

 


