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of a 287 base-pair sequence of DNA in intron 16 of
the ACE gene. The mean serum ACE levels in DD
carriers were approximately twice those found in
I1 genotype individuals. The I/D polymorphism
accounted for approximately half (47%) of the
observed variance in ACE levels in this group.
Later studies showed that the involvement of the
/D polymorphism is not only limited to ACE levels
in the plasma, but also to tissue ACE levels /13,16/.
Despite the important role played by ACE in RAS,
there is no evidence to support’a link between the
ACE locus and essential hypertension /34,77/. This
is also confirmed in mice having 1, 2, or 3 func-
tional copies of the gene at its normal chromosomal
location. Although serum ACE activity increases
progressively from the l-copy animals to the 3-
copy animals, the blood pressure of the mice did
not differ significantly regardless of copy number
/42/. D allele carriers were found to be associated
with a higher risk of diabetic nephropathy and less
physical performance than Il carriers /32,53,59,73/.
Some studies also suggested that the D allele is a
risk factor for atherosclerosis /72/, coronary heart
disease and stroke /10,47,81/, whereas it may be
positively associated with longevity and affect
survival into old age /22,75/.

In 1999, the I allele of the ACE gene was
demonstrated to be associated with AD in the
Cardiff, London and Belfast populations by Kehoe
et al. /37/. In their case-control studies, positive
associations were found between the presence of
the | allele and AD in all the three independent
case-control samples (Cardiff: OR = 2.43, 95% CI
= 1.4-4.4; London: OR = 2.71, 95% CI = 1.5-4.9;
Belfast: OR = 1.82, 95% CI = 1.1-3; for I/ID
versus DD genotypes). Later, this association was
confirmed in the Japanese population by Hu er al.
(OR = 2.7, 95% CI = 1.3-5.6) /31/ and in the
Spanish population by Alvarez ef al. (OR = 1.28,
95% CI = 1.04-1.58) /2/. Although many studies
could not confirm the findings of Kehoe er al
/11,20,52,74/, increasing data suggested the associ-
ation of the [ allele with increased susceptibility to
AD /49,57,84,88,91/. These conflicting results
prompted the meta-analyses of ACE studies. Elkins
et al. conducted a meta-analysis of the associations
between variants of the ACE gene and late-onset
AD. They analyzed 23 independent studies, con-

sisting of 28 independent sets of cases and controls,
and the I allele was found to be associated with an
increased risk of late-onset AD /18/. This was
subsequently confirmed by Lehmann et al in a
larger meta-analysis, which included 39 samples,
comprising 6,037 patients with AD and 12,099
controls, from three ethnic groups (North Euro-
peans, South Caucasians and East Asians); D
homozygotes were found to have a lower risk of
AD /44/. Thus, the risk of developing AD might be
related to the reduced availability of ACE, which
could increase the concentrations of amyloid p-
protein (A). This notion is further supported by
studies of haplotypes of the ACE gene. One
synonymous-coding SNP (rs4343) proximate to I/D
has been associated with AD in a combined sample
of four case-control samples. Individuals with a
combination of the SNPs rs4343 and rs4351 had a
45-fold higher risk of developing AD /36,51/. In
contrast to this finding, the D allele of the ACE
gene was shown to be associated with cognitive
decline in the elderly /3,5,67/. Because these
studies included all types of dementia and the D
allele is associated with atherosclerosis and stroke,
the cognitive impairment observed in the ACE D
homozygotes may be related to stroke dementia
147,72,81/.

ACE AND Ap DEGRADATION

A mechanistic link between ACE and AD was
first established by Hu er al. /30/. Affinity-purified
ACE was shown to degrade synthetic AP0
between the Asp7-Ser8 bond in vitro, producing
a truncated 33-residue peptide that exhibited de-
creased aggregation and cytotoxic potential. Later,
the same group further showed that the N-domain
of ACE, but not its C-domain, is responsible for the
degradation of synthetic AP,4 using purified
recombinant truncated proteins bearing one ACE
active site /62/. In contrast, Hemming and Selkoe
/28/ showed that both the N- and C-domains of
ACE can degrade A4 and AP secreted by
amyloid precursor protein (APP)-transfected cells
using conservative mutations to inactivate each
catalytic domain in the same molecule. It is
possible that the C-domain can only degrade AP in
intact cells, but not in vitro. There is evidence that
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each catalytic domain of ACE regulates the activity
of the other /7/, suggesting that the full-length
protein is required for normal substrate recognition
and degradation. Furthermore, recent studies
suggested that ACE can cleave at multiple sites of
Aﬂ;.‘g. MALDI-TOF-MS of the reaction mixture of
ACE and AP, .4 revealed several peaks with masses
corresponding to those of APi4o, APias, AP,
Aﬂl.u, Aﬂ[.;o and ABI-I? /94/. The sites of Aﬂ
cleaved by ACE are shown in Figure 1. Interest-
ingly, the generation of AP from A4 by ACE
suggested the existence of a novel catalytic
pathway of AP degradation and generation, that is,
a certain portion of AP may be generated from
secreted A, in addition to that generated by y-
secretase cleavage.

Several recent studies have shown the effects of
ACE inhibitors on AP levels or deposition in APP
transgenic mouse brain. An acute, one-shot oral
administration of ACE inhibitors or an injection
into the intracerebroventricle did not significantly
alter brain soluble Af levels in wild-type and young
APP transgenic mice /17,94/, indicating ACE is not
involved in AP degradation in the brain in an acute
manner. Hemming er al. /29/ and Zou et al. /94/
further showed that short-term treatment of APP
transgenic mice with ACE inhibitors did not cause
increased brain AP deposition, whereas long-term
treatment induced a significant enhancement of Ap
deposition, specifically, predominant Ap,.; deposi-
tion, in the aged mouse brain /94/. This suggests
that a slight, non-significant increase in the levels
of soluble AP in the brain or in the AP;42/APia0
ratio as a result of ACE inhibitor treatment may
lead to increased brain AP deposition when the
mice age.

Given that A4 can be converted from AB;4;
by ACE, it is possible that ABs deposition in the
AD brain is the result of AB,; conversion by ACE
and other AP;.4; to APj4 converting enzymes. An
early immunohistological study of sporadic and
familial AD brains undertaken by Iwatsubo et al.
/33/ showed that diffuse plaques, representing the
earliest stage of AP deposition, were exclusively
positive for AB4, but completely negative for APaq.
Interestingly, APsy positivity appeared at the core
portion of mature plaques, which are considered to
be the most aged portion of AP plaques. This may
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imply the conversion of APss-positive plaques from
AB4r-positive diffused plaques by ACE or other
ABj42 10 APj.4o converting enzymes. It is unlikely
that APa is selectively deposited only at the center
of APs-positive diffuse plaques. This notion is
supported by the findings that ABj4g can inhibit
APy42 aggregation and Ap,.;-induced neuro-
toxicity in vitro and inhibits AP deposition in vivo
/40,93/. Furthermore, McGowan et al. developed
transgenic models that express APj4p or APy in
the absence of human APP and demonstrated that
mice expressing high levels of APj4 do not
develop overt amyloid pathology /50/. Although
both APi42 and APy levels were elevated co-
ordinately in late-onset sporadic AD brains /80/, the
evidence from transgenic mice did not support that
high levels of AP;4 can form Apso-positive
plaques in vivo /50,55/ (Fig. 2).

AMYLOID HYPOTHESIS AND AD:
DIFFERENT ROLES PLAYED BY
APy AND Ay

AD is a progressive neurodegenerative disorder
and the most common cause of dementia, affecting
millions of men and women worldwide. It is
characterized by cerebral extracellular AP deposits
/80/. Important components of the AP deposits are
AP and AP, derived from APP /79/. Most AD
investigators consider that the abnormal deposition
of AP or the AP oligomer in the brain is crucial to
AD pathogenesis, which is called the ‘amyloid
hypothesis’. The strongest evidence for the crucial
role played by AB in AD pathogenesis has been the
mutations that underlie familial early onset cases of
the disease. All of these inherited mutations affect
the processing and accumulation of AP. Familial
Alzheimer’s disease (FAD) is associated with point
mutations in APP in regions that are involved in the
proteolytic processing of AP /26,45/ and with point
mutations in presenilins (PSs) 1 and 2. Mutations in
either PS or APP consistently increase the relative
ratio between the Iong (Aﬁmz) and short (AB140)
AP peptides /9,76/. In addition to cases of FAD, it
is suggested that trisomy of chromosome 21, where
the APP gene is localized, causes the overexpres-
sion of APP and the formation of AP deposits in
Down'’s syndrome /65/. In epidemiological studies,
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Generation of amyloid B-protein (AP) and cleavage sites of angiotensin-converting enzyme (ACE). Ap pepftidos are
generated in a variety of sizes, of which the 42 amino acid form (AB,.q) is thought to contribute significantly to the
development of Alzheimer's disease. AP peptides are produced from the amyloid precursor protein (APP) by enzymatic
activities known as a-, B- and y-secretases. y-Secretase can cleave APP at several positions, generating AP peptides of
different lengths (38, 40 or 42 amino acids). ACE cleaves AB,; at multiple sites. One of those cleavage sites is between
40-Val and 41-lle, which generates AB 4 from AP,z N = N-terminal; C = C-terminal.
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Amyloidogenic processing of amyloid precursor protein (APP), formation of amyloid -protein (Ap) oligomers and
plaques and proposed role of angiotensin-converting enzyme (ACE) in AP plaque formation and Alzheimer's
disease (AD). Two major AP peptides (AP, and AP,.;) are generated from APP. AP ., is transformed to B-sheet
structure and forms oligomers rapidly and the early stage AP.;-positive plaques. The oligomers of AP or the process of Ap
aggregation are thought to be the causes of AD. AP, inhibits the fi-sheet transformation of AP, and thereby inhibits Ap
deposition in vive. ACE may exert a protective effect via converiing AP,.; 10 AB,s or AP degradation. There is no
evidence from in vivo studies showing that high levels of AB,.., can form Afy-positive plaques in the brain and cause AD.
Thus, in brain, the late-appearing AP.-positive plaques are likely converted from the early-appearing AP,;-positive
plaques by ACE or other A, 10 AB,.y converting enzymes.
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statistically significant relationships have been
established between the AP plaque burden and the
degree of cognitive impairment /15/, and such data
have been complemented by even stronger cor-
relations with cortical APy, levels measured bio-
chemically /58/. Moreover, the results that the
reduction in AP plaque burden induced by Af
vaccination correlated with the amelioration of
cognitive impairments in transgenic mice streng-
thened the ‘amyloid hypothesis’ /24/.

However, some investigators consider AP as a
neuroprotective molecule /43/. This point of view is
also supported by a number of studies. The most
frequent criticism of the ‘amyloid hypothesis’ is
that AP deposits are not associated with cognitive
status and neurodegeneration in aging, mild cogni-
tive impairment and AD /2527/. Although AP
accumnulation and senile/neuritic plaque formation
are striking morphological hallmarks of AD and
widely used in its neuropathological diagnosis, it is
clearly recognized that amyloid depositions in the
brain parenchyma and blood vessels are common in
non-demented individuals of advanced age /48,78/.
Two recent studies showed that the biochemical
alteration in cortical AP does not reflect the clinical
diagnosis of mild cognitive impairment and AD
and that the AP burden is not associated with brain
atrophy /21,35/. In contrast to the ‘amyloid hypo-
thesis’, it has been found that neuronal oxidative
stress precedes AP deposition in Down’s syndrome
and AD, and the AP burden of the brain is
negatively correlated with oxidative stress markers,
suggesting an antioxidant effect of AP /14,60.61/.
The protective effect of AP against lipoprotein
oxidation in the CSF and plasma was reported by
Kontush er al. /41/.

The ‘amyloid hypothesis’ and the ‘protective
amyloid 'hypothesis’ have been proposed for nearly
20 years, and both phenomena are likely to take
place simultaneously in the AD brain. AB . is the
major soluble AP species in biological fluids,
which represents approximately 90% of the total
secreted AP. Finally, AB,.4, although generated by
neurons at a tenfold lower rate than A0, is the
main component of amyloid plaques in the brains
of patients with AD. The insoluble AP level
increases exponentially and steeply in an age-
dependent manner, accompanied by much smaller
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increases in the AP,4 level /54/. Furthermore,
ABi.42 is deposited early and selectively in senile
plaques, and this deposition is an invariant feature
of all forms of AD /33/. Opposite effects of ABj.0
and A4 on the survival of neurons were found.
Monomeric ABj4o protects neurons from metal-
and AP,.g-induced neuronal death, whereas APz
exhibits  neurotoxicity under physiological
conditions /92,93/. AP0, but not AB;4, rescues
neurons from B- or y-secretase inhibitor-induced
cell death /66/. Moreover, some FAD presenilin
(PS) mutants showed loss of function of PS, which
causes a reduction in Ao production /6/. Two
recent studies demonstrated that AP, is essential
for parenchymal and vascular amyloid deposition in
mice, and that a high AP 4 expression level
inhibits AP deposition in vive /40,50/. Thus, the
‘amyloid hypothesis’ and the ‘protective amyloid
hypothesis’ might be integrated by the different
roles played by AP0 and ABjy; that is, APi.ao is
neuroprotective and Af.s; is neurotoxic. In light of
the neuroprotective and AP deposition inhibitory
effects of AP, the inhibition of A, generation
or the removal/degradation of ABj.4 may not be
appropriate for treatment of AD. In addition to
modulating the shift of y-secretase from generating
APj.42 to APy, the enhancement of the activities
of ACE and cathepsin B, which converts AB;.4; 1o
ABi.s0, may be a novel treatment strategy for AD
156,94/ (Fig. 2).

ACE INHIBITORS AND AD

ACE inhibitors are widely used for the treat-
ment of hypertension, which is a risk factor for AD.
There have been very few clinical studies on the
effects of ACE inhibitors on AD development and
cognitive decline in patients with AD, and the
results obtained to date are inconclusive /8,23,38,
39,64/. A recent study undertaken by Khachaturian
et al. 139/, which involved more than 3,000 parti-
cipants, showed the relationship of antihypertensive
medication use with the incidence of AD among
the elderly population. It revealed that the use of
both B-blockers and diuretics is associated with the
lowest risk of developing AD based on hazard
ratios adjusted for age, sex. education, number of
ApoE4 alleles, cholesterol, diabetes mellitus. myo-
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cardial infarction, and stroke. In contrast, ACE
inhibitors were shown to be the only drug class to
potentially be associated with a slight increased
incidence of AD (adjusted hazard ratio of 1.13)
//39/. An early report by Sudilovsky er al. /85/
showed that ACE inhibitors appear to be ineffective
in improving cognitive function in patients with
AD. Louis et al. determined the acute effects of
perindopril (an 18-week, crossover study) on cogni-
tion in elderly hypertensives, and no treatment-
related changes in cognitive ability were observed
/46/.

In contrast with these findings, Ohrui er al
showed that treatment with brain-distributed ACE
inhibitors is beneficial for maintaining the cogni-
tive ability of patients with AD with hypertension
compared with non-brain-distributed ACE inhibi-
tors or calcium channel blockers /64/. The bene-
ficial effect of ACE seems to be limited to brain-
distributed ACE inhibitors; in the analysis of
individual groups (n = 4,124) of antihypertensive
drugs, the incidences of AD were similar in patients
administered total ACE inhibitors (2.1%), calcium-
channel blockers (2.1%), B-blockers (2.6%), and
diuretics (2.6%) /63/. These data are also consistent
with the results of a year-long follow-up study on
antihypertensive medication (ACE inhibitors in
particular) undertaken by Rozzini et al. /70/. Indivi-
duals (n = 74) with mild cognitive impairment
(MCI) who were taking ACE inhibitors were
shown to have significantly more stable cognitive
ability, suggesting that ACE inhibitors protect against
cognitive deterioration. Although the mechanism
remains unclarified, the protective effect of ACE
inhibitors is likely to be attributable to their anti-
oxidant effects /69/, vascular protective effects /19/
and direct effects on the brain RAS. Angiotensin
I was shown to decrease potassium-stimulated
acetylcholine (a primary neurotransmitter involved
in memory) release from slices of rat entorhinal and
human temporal cortex; thus, by preventing angio-
tensin Il formation, ACE inhibitors may enhance
the potassium-mediated release of acetylcholine /4/,
These findings seem to disagree with studies
suggesting that ACE degrades AP and converts
ABi42 to ABj4o and that a chronic inhibition of
ACE enhances AP, deposition in the hAPP™*
transgenic mouse brain /28,30,62,93,94/. In addi-
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tion, ACE inhibitors create an environment of
reduced ACE activity that is similar to that
resulting from I polymorphism, which is considered
to be associated with an increased risk of AD.
Taken together, there is conflicting evidence con-
cerning the potential benefits of ACE inhibitors.
Because ACE inhibitors are used globally for the
treatment of hypertensive patients, who are also
usually elderly people with increased risk of deve-
loping AD, further studies are required to determine
the effects of long-term use of ACE inhibitors on
AP deposition in the brain.
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