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Abstract: ACE is a candidate gene for Alzheimer’s disease (AD) and associations have been reported between ACE
variants and plasma ACE levels, AD risk, AD age at onset of disease and cerebrospinal fluid levels of AB. Despite evi-
dence that ACE can degrade A, the relationships between ACE variants and the levels of different types of AB in the
brain are not known. We have investigated the relationship between AD-associated ACE variants, for which the asso-
ciations with brain activity of ACE were previously analysed, and brain homogenate levels of soluble, insoluble and
oligomeric AB. Reported AD risk variants in the ACE indel (rs1799752) and its ‘proxy’ rs4343 were significantly asso-
ciated with soluble AB level in AD only (p=0.001), as was rs1800764 but less so (p=0.014). In contrast, insoluble A
was associated with ACE indel and rs4343 variants in controls only (p < 0.01). No associations were found for oli-
gomeric AB. These data indicate a complex relationship between ACE and A that differs between AD and control
brains.
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Introduction

Angiotensin converting enzyme (ACE) plays a
key role in the renin-angiotensin system (RAS)
pathway. ACE catalyses the formation of the
vasoconstrictor angiotensin Il (Ang Il) from an-
giotensin | and is also responsible for the cleav-
age and inactivation of the vasodilator bra-
dykinin, resulting in vasopression. The actions
of the RAS have been extensively studied in the
periphery, particularly the role of Ang Il in hyper-
tension. However, it is now recognised that
nearly all organs of the body have their own
local paracrine-like RAS, with organ-specific ac-
tions [1]. The actions of Ang Il within the central
nervous system are of increasing interest in the
context of Alzheimer's disease (AD). Ang Il inhib-
its the release of acetylcholine (ACh) and has a
pro-inflammatory effect (for review see [2]).

The level and activity of ACE within the cerebral
cortex are generally elevated in AD [3-6]. This

would be expected to increase the production of
Ang ll, the proinflammatory, anticholinergic and
vasopressor actions of which could all exacer-
bate cognitive dysfunction in AD. That elevated
ACE activity may be deleterious in AD is sup-
ported by recent population-based observa-
tional studies. Here RAS-acting anti-
hypertensives such as ACE inhibitors (ACE-Is)
and angiotensin receptor blockers (ARBs), which
inhibit Ang Il signalling, were associated with
reductions in the incidence and rate of cognitive
decline in MCl and AD [7-15].

The ACE gene (ACE) has featured for a consid-
erably long period as one of the top susceptibil-
ity genes for AD [16-18], according to the ongo-
ing meta-analysis database of AD candidate
genes listed on Alzgene (www.Alzgene.org). ACE
indel and related haplotypes associated with AD
risk have reduced plasma ACE [19-22] whereas
protective genotypes have elevated ACE [16].
We have recently observed reduced ACE activity
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in CSF from AD patients [23] in agreement with
previous work [24-25].

Several studies have shown ACE to be capable
of degrading AB in vitro [26-30]. Variations in
ACE were associated with differences in CSF AB
level [16, 31] and some animal data suggested
that AB level was increased by administration of
ACE inhibitors [32-33]. It is not currently known
whether ACE inhibitor use in humans influences
AB accumulation. Few studies have tested
whether AD-associated ‘risk’ ACE variants are
associated with AB level in the brain [34-35]
which may also shed further light on possible in
vivo interactions and, to our knowledge, none
has examined this association in relation to the
different forms of ApB.

Prompted by our previous observation of asso-
ciations between ACE variants and ACE protein
level and activity in CSF and human brain tissue
[23], we have now explored the relationship
between ACE variants and different forms of AR
in greater detail, in mid-frontal cortex from AD
and control brains.

Materials and methods
General materials

For this study, we analysed data that we had
obtained in recent studies of AB species in the
context of AD [36-38]. Measurements of total
soluble and insoluble AB and of oligomeric AB1-
42 had been made on samples of mid-frontal
cortex (Brodmann area 6). In samples from this
region we had also previously measured ACE
levels and activity. The tissue was from the
South West Dementia Brain Bank, University of
Bristol, and the studies had Research Ethics
Committee approval. The AD cases (N=72, 64%
female, 79.58 + 9.0 years at death, 45.01 +
24.0 hours post-mortem delay) had 'probable' or
'definite' AD according to the criteria of the Con-
sortium to Establish a Registry for Alzheimer's
Disease (CERAD) [39]. Controls (N=33, 49%
female, 79.21 + 10.9 years at death, 45.42 +
42.7 hours post-mortem delay) were defined by
the absence of AD or other neuropathological
abnormalities. The age, gender and post-
mortem delay were matched as closely as possi-
ble between the AD and control groups (see
above). As previously described for this cohort,
information on prior use of ACE-inhibitors (ACE-
Is) was available for only a small number of sub-
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ject, and ACE level and activity were not related
to the past history of ACE-l use in these cases
[23].

ACE genotype data and the genotypic and allelic
frequencies of ACE frequencies in this cohort
were previously reported [23]. The four SNPs
analysed were examined in several other stud-
ies in the context of hypertension and ACE
plasma level [19, 40] and AD [16, 31, 41-43].
The most common ACE variant , the intron 16
indel (rs1799752) has close linkage disequilib-
rium (LD) with rs4343 (in exon 17 of ACE) (r2
=0.91) [19], whilst rs4291 and rs1800764 are
located in the ACE promoter and 5 untrans-
lated region (UTR) of the gene and were previ-
ously shown to be associated with AD.

Measurement of total soluble and insoluble AB
and oligomeric AB1.42

The measurement of total soluble and insoluble
AB in the cases in this study was reported previ-
ously [38], as was the measurement of oli-
gomeric ABi42. Soluble and guanidine-HCI ex-
tracted (insoluble) fractions were analysed by
sandwich ELISA in which monoclonal anti-AB
(4G8 clone, raised against amino acids 18-22;
Millipore, Watford, UK) was used for the capture
step and biotinylated anti-human B-amyloid
monoclonal antibody (10H3 clone) (Thermo
Fisher Scientific, Northumberland, UK) for the
detection step. Measurement of oligomeric A1
42 in the soluble fraction was by sandwich ELISA
using a rabbit polyclonal ABis42 antibody
(Millipore, Watford, UK) for the capture step and
monoclonal mouse anti-oligomeric AR antibody
(clone 7Ala, New England Rare Reagents, ME,
USA) for the detection step [38, 44].

Statistical analysis

Statistical Package for Social Science software
(12.0.1) was used to examine the relationship
between ACE genotype and AR load by analysis
of variance (ANOVA), adjusting for multiple test-
ing by the Bonferroni method. Values of p <
0.05 were considered significant.

Results

Soluble AB

The level of total soluble AR was significantly
influenced by ACE indel polymorphism in the
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Table 1. Analysis of genetic association between ACE indel polymorphism and AB levels

Indel DD ID Il ANOVA Post-Hoc
rs (mean+SEM) (mean+SEM) (mean+SEM)
Total Soluble
AB*
Control 1.854 + 0.5 1.452 £ 0.2 1.056 + 0.51 NS NS
AD 1.571+0.3 2.444 + 0.6 5.231+0.9 P=0.001 DDvll p=0.009, DDvII
p=0.002
Combined 1.699 + 0.3 22+04 4.361+0.8 p=0.002 DD v Il p=0.002, ID v II
p=0.011
Total
Insoluble AB*
Control 12.285 + 6.3 55.441 + 13.7 10.818 + 6.9 P=0.009 DDvID p= 0.060, IDvIl
p=0.016
AD 146.204 +22.9 133.444 +16.0 158.854 +20.2 NS NS
Combined 91.800 + 18.1 110.209 + 12.9 124.692 + 19.9 NS NS
Oligomeric 42
AB**
Control 2.869+0.4 2.609 + 0.6 3.390+0.9 NS NS
AD 2.689 + 1.0 4.800+1.1 3.219+1.0 NS NS
Combined 2774 +0.5 4,151 +0.8 3.266 + 0.8 NS NS

Legend: * refers to units of measurement in nM range while ** corresponds to measurement units of micro(greek

letter m)g/ml

combined AD and control cohorts (ANOVA p
0.002) and in AD cases alone (ANOVA p =
0.001) but not in controls alone (Table 1). Post-
hoc Bonferroni testing showed significantly
higher soluble AB in individuals with ACE Il geno-
type than with ID or DD genotypes in the com-
bined and AD cohorts (Table 1). No significant
difference in soluble AR was observed between
ID and Il genotypes, although there was a sug-
gestion of a gene-dose effect. Soluble AR level
was significantly associated with ACE SNPs
rs4343 and rs1800764 in the combined and
AD cohorts but not in controls alone and not
with rs4291 although similar patterns were ap-
parent (Table 2). There was no association be-
tween ACE genotype and oligomeric AB1.42 level
in any of the cohorts (Table 1 and 2).

Insoluble AB

Total insoluble (guanidine-extracted) AB level
did not differ according to the ACE indel (Table
1) or any of the other ACE SNPs (Table 2) in the
AD or combined AD and control cohorts. In con-
trast, in the control cohort alone, insoluble AB
load differed significantly according to ACE indel
(ANOVA p = 0.009) but not in the allele dose

75

dependent manner observed for soluble AB in
AD. Instead, in controls insoluble AR was ele-
vated solely in cases heterozygous (ID) for the
ACE indel compared to both homozygous
groups (Table 1). For ACE SNP rs4343, a proxy
SNP of the indel because of its close linkage
disequilibrium (LD) [16], insoluble AB was simi-
larly significantly different (ANOVA p = 0.006,
post-hoc AG>GG p=0.020; AG>AA p=0.080)
following the same pattern of association as for
the indel and consistent with the allelic distribu-
tions expected by their LD (Table 2).

Discussion

These data reveal a complex relationship be-
tween ACE variants and the levels of different
species of A in AD. Individuals carrying the ACE
Il ‘risk’ genotype for AD [17] have lower plasma
[21] and CSF [23] ACE protein compared to
samples homozygous for the ‘protective’ D al-
lele and heterozygotes with reportedly interme-
diate risk [17]. These ACE genotypes have also
previously been associated with variation in the
CSF level of AB142 in AD [16, 31].

The current data show that the AD risk Il geno-
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Table 2. Analysis of genetic association between common ACE polymorphisms and Ab levels

A.rs4343 GG AG AA ANOVA Bonferroni
(Mean +SEM) (Mean +SEM) (Mean +SEM) post-hoc
Total soluble AB*
Controls 1.887 £ 0.7 1.524 +0.3 1.056 £ 0.5 NS NS
AD 1.507 £ 0.3 2.301+0.6 5614+ 1.1 P=0.001 GG VAA
p=0.002, AG v
AA p=0.005
Combined 1.676 +0.3 2.081 +0.5 4529 +£0.9 P=0.003 GG v AA
p=0.004, AAv
AG p=0.010
Total Insoluble AB*
Controls 9.735+6.4 60.919 + 13.9 10.818 £ 7.0 P =0.006 GG Vv AG
p=0.011, AAv
AG p=0.033
AD 151.624 £+26.2 130.708 £ 16.8  166.395 + 22.9 NS NS
Combined 93.817 + 20.7 109.106 £ 13.3  125.810+22.3 NS NS
Oligomeric AB42
Controls 2.300+0.4 2.559 + 0.5 3.781+1.0 NS NS
AD 2.902+1.1 3.911+£0.9 3.297+1.1 NS NS
Combined 2.653 + 0.6 3.451+0.6 3.459+0.8 NS NS
B. rs1800764 CC TC T ANOVA Bonferroni
(Mean £SEM) (Mean +SEM) (Mean +SEM) post-hoc
Total soluble AB*
Controls 2.017 £ 0.7 1.331+0.3 787 +£0.3 NS NS
AD 2.609 + 1.3 1.975 + 0.3 4911 +£0.9 P=0.014 TCVTTp=0.013
Combined 2.351+0.8 1.736 +£0.2 4.374 £ 0.9 P=0.003 CCv TT p=0.082,
TCv TT p=0.002
Total insoluble AB*
Controls 11.113+5.6 33.404 + 10.0 13.440 £ 10.7 NS NS
AD 122,170 £+25.3 155.666 + 18.4  148.014 £ 20.1 NS NS
Combined 76.738 £ 19.0 108.842 +14.8 126.483 +19.6 NS NS
Oligomeric Ap42
Controls 3.091+0.8 2.933+0.4 3.033+1.2 NS NS
AD 3.245+1.2 3.338+0.9 3.666 + 0.5 NS NS
Combined 3.182+0.8 3.164 £ 0.5 3.562 +£0.9 NS NS
C.rs4291 AA AT T ANOVA Bonferroni
(Mean £SEM) (Mean +SEM) (Mean +SEM) post-hoc
Total soluble AB*
Controls 2418 +0.8 1.307 £ 0.3 924 +0.5 NS NS
AD 2905+ 1.6 2.290+0.4 3.740+0.8 NS NS
Combined 2.674+0.9 1.886 + 0.3 3.314 £ 0.7 NS NS
Total insoluble AB
Controls 26.107 £+ 12.6 42.626 + 14.0 17.683 +8.4 NS NS
AD 126.597 £+31.1  138.365 + 18.6  154.437 £ 19.2 NS NS
Combined 76.352 £ 19.9 101.133 +14.7 130.993 + 18.2 NS NS
Oligomeric AR42**
Controls 2.498 + 0.6 2434 +0.5 3.368 £0.7 NS NS
AD 2589+ 1.2 2.904 + 1.0 3.800 £ 0.9 NS NS
Combined 2.548 £ 0.7 2.713+0.6 3.675+0.7 NS NS
Legend: * refers to units of measurement in nM range while ** corresponds to measurement units of micro(greek
letter m)g/ml
76 Am J Transl Res 2011;3(1):73-80
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type and related alleles in nearby SNPs are also
associated with a significantly higher concentra-
tion of total soluble AB in AD. This may reflect
more efficient cleavage by ACE of soluble than
insoluble forms of AB and is consistent with the
hypothesis that higher-risk ACE variants in-
crease the risk of AD through reduced ACE-
mediated degradation of insoluble AB. However,
the relationship between ACE genotype and ACE
activity is complicated and differs for plasma
[21] and CSF [23] from that in brain tissue. ACE
activity and, to a lesser extent, ACE protein con-
centration, are elevated not reduced in AD [3-6],
and we previously found that ACE variation has
no major influence on ACE activity in brain tis-
sue [23].

Increases in ACE protein level and activity have
been demonstrated in human SH-SY5Y neuro-
blastoma cells following their exposure to oli-
gomeric and fibrillar AB142 [23], in keeping with
observations in brain tissue of a positive asso-
ciation between parenchymal AR and ACE activ-
ity [6]. These findings suggest that ACE activity
may increase as a protective response to accu-
mulation of AB, possibly irrespective of the un-
derlying genetic background, but again with dif-
fering levels of efficiency in the degradation of
soluble and insoluble AB. The biological implica-
tions of this increase in terms of the influence
on AB level are unclear. Studies in mouse mod-
els of AD have also yielded inconclusive data: in
some administration of ACE-inhibitors did not
result in an increase in AB load [45], in others
[32-33] involving longer periods of treatment,
increased AB accumulation was observed. Fur-
ther studies are needed to clarify the long-term
effects of ACE-inhibitors on AR (see [1] for re-
view).

Epidemiological data indicate that elevated
blood pressure in mid-life is associated with
increased risk of dementia later in life (reviewed
in [1]), although some people with prior hyper-
tension are no longer hypertensive by the time
dementia develops [46]. Elevated ACE activity in
AD, possibly in response to AB deposition, could
have an influence on the risk of developing AD
or its exacerbation over this sort of timescale,
perhaps mediated via localised central hyper-
tensive actions of Ang Il. Hypertension has al-
ready been shown to alter blood-brain barrier
(BBB) permeability and increase AB deposition
in  mouse models [47-48]. A partly self-
perpetuating cycle could therefore be envisaged
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in which a slow increase in the amount of AB
upregulates brain ACE as a means of attenuat-
ing AB accumulation but also causes increased
production of Ang I, which could exacerbate
hypertension and with that affect cerebral blood
flow, increase inflammation and inhibit ACh re-
lease. We have proposed a similar model to
account for the upregulation of another putative
AB-degrading enzyme in AD, endothelin convert-
ing enzyme 2 (ECE-2) [49]. ECE-2 is responsible
for the production of another vasoconstrictor
peptide ET-1 (i.e. in addition to Ang Il). A further
example of this sort of feedback loop is pro-
vided by the vasoactive Ap-degrading enzyme,
neprilysin, the production of which was also
shown to be increased in neuronal, microglial
and cerebrovascular cells by exposure to AR and
which can produce a vasoconstrictor effect
through its degradation of the vasodilator bra-
dykinin [49] and in human APP transgenic mice
[50].

The observed increases to the activity of brain
ACE in response to AB may also influence the
recently reported association between recurrent
ICH and ACE [51]. Recurrent ICH is often a
manifestation of AB-related cerebral amyloid
angiopathy [52]. Elevated risk of recurrent ICH
was associated with the AD-protective indel D
allele. Healthy controls possessing the TT geno-
type of another ACE variant (rs4311) associated
with recurrent ICH, had significantly higher pe-
ripheral (serum) levels of ACE [51]. It is possible
that elevation of ACE in response to escalating
AB levels (in this case perhaps related to cere-
bral amyloid angiopathy) may increase the likeli-
hood of ICH through hypertensive effects [53].

The present data provide further evidence impli-
cating ACE in the pathogenesis of AD. We sug-
gest that this association may relate to the di-
vergent roles of ACE in degradation of AB medi-
ating a short-term neuroprotective action and
the production of Ang Il which may lead to
longer term more wide-ranging deleterious con-
sequences (i.e. hypertension, damage to the
blood-brain barrier, reduced CBF, AB deposition,
inflammation and reduced cholinergic activity).

Acknowledgements
This study was made possible with equipment
grant support from both the Bristol Research

into Alzheimer’s and Care of the Elderly (BRACE)
and Alzheimer’s Research Trust (ART) charities.

Am J Transl Res 2011;3(1):73-80



ACE variants and brain AB levels in AD

Scott Miners was funded through an ART Re-

search Fellowship,

Zoé van Helmond an ART

scholarship and Patrick Kehoe under a Senior
Research Fellowship by the Sigmund Gestetner
Foundation.

Please address correspondence to: Patrick G. Kehoe,
PhD, Dementia Research Group, Institute of Clinical
Neurosciences, Clinical Science at North Bristol, Uni-
versity of Bristol, BS16 1LE, UK. Tel: +44-117-340-
6607, E-mail: Patrick.Kehoe@bristol.ac.uk

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Kehoe PG, Miners S and Love S. Angiotensins
in Alzheimer's disease - friend or foe? Trends
Neurosci 2009; 32: 619-628.

Kehoe PG. Angiotensins and Alzheimer’s dis-
ease: a bench to bedside overview. Alzheimer’s
Research & Therapy 2009; 1: 8.

Arregui A, Perry EK, Rossor M and Tomlinson
BE. Angiotensin converting enzyme in Alz-
heimer's disease increased activity in caudate
nucleus and cortical areas. J Neurochem 1982;
38: 1490-1492.

Barnes NM, Cheng CH, Costall B, Naylor RJ,
Williams TJ and Wischik CM. Angiotensin con-
verting enzyme density is increased in temporal
cortex from patients with Alzheimer's disease.
Eur J Pharmacol 1991; 200: 289-292.

He M, Ohrui T, Maruyama M, Tomita N, Naka-
yama K, Higuchi M, Furukawa K and Arai H.
ACE activity in CSF of patients with mild cogni-
tive impairment and Alzheimer disease. Neurol-
ogy 2006; 67: 1309-1310.

Miners JS, Ashby E, Van Helmond Z, Chalmers
KA, Palmer LE, Love S and Kehoe PG. Angio-
tensin-converting enzyme (ACE) levels and ac-
tivity in Alzheimer's disease, and relationship of
perivascular ACE-1 to cerebral amyloid angiopa-
thy. Neuropathol Appl Neurobiol 2008; 34: 181
-193.

Hajjar |, Catoe H, Sixta S, Boland R, Johnson D,
Hirth V, Wieland D and Eleazer P. Cross-
sectional and longitudinal association between
antihypertensive medications and cognitive
impairment in an elderly population. J Gerontol
A Biol Sci Med Sci 2005; 60: 67-73.

Hajjar IM, Keown M, Lewis P and Almor A. An-
giotensin converting enzyme inhibitors and
cognitive and functional decline in patients with
Alzheimer's disease: an observational study.
Am J Alzheimers Dis Other Demen 2008; 23:
77-83.

Khachaturian AS, Zandi PP, Lyketsos CG, Hay-
den KM, Skoog |, Norton MC, Tschanz JT, Mayer
LS, Welsh-Bohmer KA and Breitner JC. Anti-
hypertensive Medication Use and Incident Alz-
heimer Disease: The Cache County Study. Arch
Neurol 2006;

[10] Li NC, Lee A, Whitmer RA, Kivipelto M, Lawler E,

78

(11]

[12]

(13]

(14]

[15]

(16]

(17]

(18]

[19]

(20]

Kazis LE and Wolozin B. Use of angiotensin
receptor blockers and risk of dementia in a
predominantly male population: prospective
cohort analysis. BMJ 2010; 340: b5465.

Ohrui T, Matsui T, Yamaya M, Arai H, Ebihara S,
Maruyama M and Sasaki H. Angiotensin-
converting enzyme inhibitors and incidence of
Alzheimer's disease in Japan. J Am Geriatr Soc
2004; 52: 649-650.

Ohrui T, Tomita N, Sato-Nakagawa T, Matsui T,
Maruyama M, Niwa K, Arai H and Sasaki H.
Effects of brain-penetrating ACE inhibitors on
Alzheimer disease progression. Neurology
2004; 63: 1324-1325.

Rozzini L, Chilovi BV, Bertoletti E, Conti M, Del
Rio I, Trabucchi M and Padovani A. Angjotensin
converting enzyme (ACE) inhibitors modulate
the rate of progression of amnestic mild cogni-
tive impairment. Int J Geriatr Psychiatry 2006;
21: 550-555.

Rozzini L, Vicini Chilovi B, Trabucchi M and Pa-
dovani A. Antihypertensive medications influ-
ence the rate of conversion from mild cognitive
impairment to Alzheimer disease. Arch Neurol
2008; 65: 993-994; author reply 994-995.
Sink KM, Leng X, Williamson J, Kritchevsky SB,
Yaffe K, Kuller L, Yasar S, Atkinson H, Robbins
M, Psaty B and Goff DC, Jr. Angiotensin-
converting enzyme inhibitors and cognitive
decline in older adults with hypertension: re-
sults from the cardiovascular health study. Arch
Intern Med 2009; 169: 1195-1202.

Kehoe PG, Katzov H, Feuk L, Bennet AM, Jo-
hansson B, Wiman B, de Faire U, Cairns NJ,
Wilcock GK, Brookes AJ, Blennow K and Prince
JA. Haplotypes extending across ACE are asso-
ciated with Alzheimer's disease. Hum Mol
Genet 2003; 12: 859-867.

Kehoe PG, Russ C, Mcllory S, Williams H,
Holmans P, Holmes C, Liolitsa D, Vahidassr D,
Powell J, McGleenon B, Liddell M, Plomin R,
Dynan K, Williams N, Neal J, Cairns NJ, Wilcock
G, Passmore P, Lovestone S, Williams J and
Owen MJ. Variation in DCP1, encoding ACE, is
associated with susceptibility to Alzheimer dis-
ease. Nat Genet 1999; 21: 71-72.

Lehmann DJ, Cortina-Borja M, Warden DR,
Smith AD, Sleegers K, Prince JA, van Duijn CM
and Kehoe PG. Large meta-analysis establishes
the ACE insertion-deletion polymorphism as a
marker of Alzheimer's disease. Am J Epidemiol
2005; 162: 305-317.

Cox R, Bouzekri N, Martin S, Southam L, Hugill
A, Golamaully M, Cooper R, Adeyemo A, Sou-
brier F, Ward R, Lathrop G, Matsuda F and Far-
rall M. Angiotensin-1-converting enzyme (ACE)
plasma concentration is influenced by multiple
ACE-linked quantitative trait nucleotides. Hum
Mol Genet 2002; 11: 2969 - 2977.

McKenzie C, Zhu X, Forrester T, Luke A, Ad-
eyemo A, Bouzekri N and Cooper R. A genome-
wide search replicates evidence of a quantita-

Am J Transl Res 2011;3(1):73-80



[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

79

ACE variants and brain AB levels in AD

tive trait locus for circulating angiotensin I-
converting enzyme (ACE) unlinked to the ACE
gene. BMC Medical Genomics 2008; 1: 23.
Rigat B, Hubert C, Alhenc-Gelas F, Cambien F,
Corvol P and Soubrier F. An insertion/deletion
polymorphism in the angiotensin I-converting
enzyme gene accounting for half the variance
of serum enzyme levels. J Clin Invest 1990; 86:
1343-1346.

Villard E, Tiret L, Visvikis S, Rakotovao R, Cam-
bien F and Soubrier F. Identification of new
polymorphisms of the angiotensin I-converting
enzyme (ACE) gene, and study of their relation-
ship to plasma ACE levels by two-QTL segrega-
tion-linkage analysis. Am J Hum Genet 1996;
58: 1268-1278.

Miners S, Ashby E, Baig S, Harrison R, Tayler H,
Speedy E, Prince JA, Love S and Kehoe PG.
Angiotensin-converting enzyme levels and activ-
ity in Alzheimer's disease: differences in brain
and CSF ACE and association with ACE1 geno-
types. Am J Transl Res 2009; 1: 163-177.
Zubenko GS, Marquis JK, Volicer L, Direnfeld
LK, Langlais PJ and Nixon RA. Cerebrospinal
fluid levels of angiotensin-converting enzyme,
acetylcholinesterase, and dopamine metabo-
lites in dementia associated with Alzheimer's
disease and Parkinson's disease: a correlative
study. Biol Psychiatry 1986; 21: 1365-1381.
Zubenko GS, Volicer L, Direnfeld LK, Freeman
M, Langlais PJ and Nixon RA. Cerebrospinal
fluid levels of angiotensin-converting enzyme in
Alzheimer's disease, Parkinson's disease and
progressive supranuclear palsy. Brain Res
1985; 328: 215-221.

Hemming ML and Selkoe DJ. Amyloid beta -
protein is degraded by cellular angiotensin-
converting enzyme (ACE) and elevated by an
ACE inhibitor. J Biol Chem 2005; 280: 37644-
37650.

Hu J, Igarashi A, Kamata M and Nakagawa H.
Angiotensin-converting enzyme degrades Alz-
heimer amyloid beta-peptide (A beta ); retards A
beta aggregation, deposition, fibril formation;
and inhibits cytotoxicity. J Biol Chem 2001;
276: 47863-47868.

Oba R, Igarashi A, Kamata M, Nagata K, Takano
S and Nakagawa H. The N-terminal active cen-
tre of human angiotensin-converting enzyme
degrades Alzheimer amyloid beta-peptide. Eur J
Neurosci 2005; 21: 733-740.

Sun X, Becker M, Pankow K, Krause E, Ringling
M, Beyermann M, Maul B, Walther T and Siems
W-E. Catabolic attacks of membrane-bound
angiotensin-converting enzyme on the N-
terminal part of species-specific amyloid-[beta]
peptides. European Journal of Pharmacology
2008; 588: 18-25.

Toropygin 1Y, Kugaevskaya EV, Mirgorodskaya
OA, Elisseeva YE, Kozmin YP, Popov IA, Ni-
kolaev EN, Makarov AA and Kozin SA. The N-
domain of angiotensin-converting enzyme spe-

(31]

(32]

(33]

(34]

[35]

(36]

[37]

(38]

[39]

[40]

cifically hydrolyzes the Arg-5-His-6 bond of Alz-
heimer's Abeta-(1-16) peptide and its isoAsp-7
analogue with different efficiency as evidenced
by quantitative matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrome-
try. Rapid Commun Mass Spectrom 2008; 22:
231-239.

Kauwe J, Wang J, Mayo K, Morris J, Fagan A,
Holtzman D and Goate A. Alzheimer’s disease
risk variants show association with cerebrospi-
nal fluid amyloid beta. neurogenetics 2009; 10:
13-17.

Hou DR, Wang Y, Zhou L, Chen K, Tian Y, Song
Z, Bao J and Yang QD. Altered angiotensin-
converting enzyme and its effects on the brain
in a rat model of Alzheimer disease. Chin Med J
(Engl) 2008; 121: 2320-2323.

Zou K, Yamaguchi H, Akatsu H, Sakamoto T, Ko
M, Mizoguchi K, Gong JS, Yu W, Yamamoto T,
Kosaka K, Yanagisawa K and Michikawa M.
Angiotensin-converting enzyme converts amy-
loid beta-protein 1-42 (Abeta(1-42)) to Abeta(1-
40), and its inhibition enhances brain Abeta
deposition. J Neurosci 2007; 27: 8628-8635.
Chalmers KA, Culpan D, Kehoe PG, Wilcock GK,
Hughes A and Love S. APOE promoter, ACE1
and CYP46 polymorphisms and beta-amyloid in
Alzheimer's disease. Neuroreport 2004; 15: 95-
98.

Lendon CL, Thaker U, Harris JM, McDonagh AM,
Lambert JC, Chartier-Harlin MC, lwatsubo T,
Pickering-Brown SM and Mann DM. The angio-
tensin 1-converting enzyme insertion (l)/
deletion (D) polymorphism does not influence
the extent of amyloid or tau pathology in pa-
tients with sporadic Alzheimer's disease. Neuro-
sci Lett 2002; 328: 314-318.

Miners JS, van Helmond Z, Kehoe PG and Love
S. Changes with Age in the Activities of beta-
secretase and the Abeta-degrading Enzymes
Neprilysin, Insulin-degrading Enzyme and Angio-
tensin-converting Enzyme. Brain Pathol 2010;
van Helmond Z, Miners JS, Kehoe PG and Love
S. Oligomeric Abeta in Alzheimer's Disease:
Relationship to Plaque and Tangle Pathology,
APOE Genotype and Cerebral Amyloid Angiopa-
thy. Brain Pathol 2010; 20: 468-480.

van Helmond Z, Miners JS, Kehoe PG and Love
S. Higher Soluble Amyloid beta Concentration in
Frontal Cortex of Young Adults than in Normal
Elderly or Alzheimer's Disease. Brain Pathol
2010;

Heyman A, Fillenbaum GG and Mirra SS. Con-
sortium to Establish a Registry for Alzheimer's
Disease (CERAD): clinical, neuropsychological,
and neuropathological components. Aging
(Milano) 1990; 2: 415-424.

McKenzie CA, Sinsheimer JS, Adeyemo AA, Cox
RD, Southam L, Hugill A, Bouzekri N, Lathrop M,
Forrester TE, Cooper RS and Ward R. SNP hap-
lotypes in the angiotensin I-converting enzyme
(ACE) gene: analysis of Nigerian family data

Am J Transl Res 2011;3(1):73-80



[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

80

ACE variants and brain AB levels in AD

using gamete competition models. Ann Hum
Genet 2005; 69: 227-232.

Kehoe PG, Katzov H, Andreasen N, Gatz M,
Wilcock GK, Cairns NJ, Palmgren J, de Faire U,
Brookes AJ, Pedersen NL, Blennow K and
Prince JA. Common variants of ACE contribute
to variable age-at-onset of Alzheimer's disease.
Hum Genet 2004; 114: 478-483.

Meng Y, Baldwin CT, Bowirrat A, Waraska K,
Inzelberg R, Friedland RP and Farrer LA. Asso-
ciation of polymorphisms in the Angiotensin-
converting enzyme gene with Alzheimer disease
in an Israeli Arab community. Am J Hum Genet
2006; 78: 871-877.

Schjeide BM, McQueen MB, Mullin K, Divito J,
Hogan MF, Parkinson M, Hooli B, Lange C,
Blacker D, Tanzi RE and Bertram L. Assessment
of Alzheimer's disease case-control associa-
tions using family-based methods. Neurogenet-
ics 2009; 10: 19-25.

van Helmond Z, Heesom K and Love S. Charac-
terisation of two antibodies to oligomeric Abeta
and their use in ELISAs on human brain tissue
homogenates. J Neurosci Methods 2009; 176:
206-212.

Hemming ML, Selkoe DJ and Farris W. Effects
of prolonged angiotensin-converting enzyme
inhibitor treatment on amyloid beta-protein
metabolism in mouse models of Alzheimer
disease. Neurobiol Dis 2007; 26: 273-281.
Skoog | and Gustafson D. Hypertension, hyper-
tension-clustering factors and Alzheimer's dis-
ease. Neurol Res 2003; 25: 675-680.

Diaz-Ruiz C, Wang J, Ksiezak-Reding H, Ho L,
Qian X, Humala N, Thomas S, Martinez-Martin P
and Pasinetti GM. Role of Hypertension in Ag-
gravating AR Neuropathology of AD Type and
Tau-Mediated Motor Impairment. Cardiovascu-
lar Psychiatry and Neurology 2009; 2009: 9.
Gentile MT, Poulet R, Di Pardo A, Cifelli G, Maf-
fei A, Vecchione C, Passarelli F, Landolfi A, Ca-
rullo P and Lembo G. Beta-amyloid deposition

[49]

(50]

(51]

(52]

in brain is enhanced in mouse models of arte-
rial hypertension. Neurobiol Aging 2009; 30:
222-228.
Palmer JC, Baig S, Kehoe PG and Love S. Endo-
thelin-converting enzyme-2 is increased in Alz-
heimer's disease and up-regulated by Abeta.
Am J Pathol 2009; 175: 262-270.
Leal MC, Dorfman VB, Gamba AF, Frangione B,
Wisniewski T, Castano EM, Sigurdsson EM and
Morelli L. Plaque-associated overexpression of
insulin-degrading enzyme in the cerebral cortex
of aged transgenic tg2576 mice with Alzheimer
pathology. J Neuropathol Exp Neurol 2006; 65:
976-987.
Domingues-Montanari S, Hernandez-Guillamon
M, Fernandez-Cadenas |, Mendioroz M, Boada
M, Munuera J, Rovira A, Maisterra O, Parés M,
Gutierrez M, Alvarez-Sabin J, Chac6én P,
Delgado P and Montaner J. ACE variants and
risk of intracerebral hemorrhage recurrence in
amyloid angiopathy. Neurobiology of Aging
2010 (doi:10.1016/j.neurobiolaging.2010.01.
019).
Love S. Contribution of cerebral amyloid an-
giopathy to Alzheimer's disease. J Neurol Neuro-
surg Psychiatry 2004; 75: 1-4.

[53]Anderson CS. Medical management of acute

intracerebral hemorrhage. Curr Opin Crit Care
2009; 15: 93-9.

Am J Transl Res 2011;3(1):73-80




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


