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Abstract: Angiotensin-converting enzyme (ACE) has been implicated in Alzheimer’s disease (AD): ACE1 variations 
influence plasma ACE and risk of AD, and ACE is increased in AD brain. We measured frontal ACE level and 
activity in 89 AD and 51 control brains, and post-mortem CSF from 101 cases and 19 controls. Neuron-specific 
enolase (NSE) level and Braak stage were used to indicate neuronal preservation and disease progression. We 
genotyped the common ACE insertion/deletion polymorphism, rs4343, rs1800764 and rs4921. ACE activity was 
elevated in AD and correlated with Braak stage. Crude ACE levels were unchanged but adjustment for NSE 
suggested increased neuronal ACE production with Braak stage. Exposing SH-SY-5Y neurons to oligomeric Aβ1-42 
increased ACE level and activity, suggesting Aβ may upregulate ACE in AD. In CSF, ACE level but not activity was 
reduced in AD. ACE1 genotype did not predict ACE level or activity in brain or CSF. ACE activity and neuronal 
production increase in AD brain, possibly in response to Aβ. Peripheral measurements do not reflect ACE activity 
in the brain. 
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Introduction 
 
Angiotensin-converting enzyme (ACE) is an 
endopeptidase that consists of two catalytic 
domains and is normally expressed by 
endothelial, epithelial and neuronal cells [1]. It 
exists in both membrane-bound (ACE) and 
soluble (sACE) forms, the latter produced by 
the action of an as yet unidentified zinc 
metalloprotease (‘ACE secretase’) which 
cleaves mature, membrane-bound ACE at a 
juxtamembranous extracellular domain to 
release the large extracellular part of the 
enzyme [2, 3]. The traditional view of the 
function of ACE relates to the renin-
angiotensin system (RAS) pathway, within 
which ACE catalyzes the formation of the 
vasoconstrictor octapeptide angiotensin II 

(AngII) from the its non-vasoactive precursor 
angiotensin I (AngI) and is also responsible for 
cleavage and inactivation of the vasodilator 
bradykinin [4]. The net result is vasopressor 
activity, which can be blocked by ACE-
inhibitors – a standard treatment for hyper-
tension [5]. 
 
More recently ACE has been shown to cleave 
amyloid-β (Aβ), the accumulation of which is 
central to the pathogenesis of Alzheimer’s 
disease (AD) and cerebral amyloid angiopathy 
(CAA). ACE-mediated cleavage of Aβ has been 
demonstrated in vitro [6-9], ex vivo [10] and in 
some [10, 11] but not all [12, 13] recently 
studied animal models of AD. Variation in the 
efficiency of degradation of Aβ by ACE has 
been hypothesized to underpin the association 
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between the ACE1 and AD [5, 14, 15]; 
inheritance of the DD genotype of a common 
Alu 237-bp insertion(I)/deletion(D) (indel) 
polymorphism (rs1799752) in intron 16 of the 
ACE1 gene [16] was reported to be associated 
with higher plasma levels of ACE [17] and 
reduced risk of AD [16]. The latter observation 
was confirmed in several meta-analyses [18-
21] and more recently in whole-genome 
association studies (John Hardy, personal 
communication) [22, 23]. Indeed after APOE, 
the only widely accepted susceptibility gene for 
late-onset AD [24], ACE1 is probably the 
strongest candidate susceptibility gene for AD. 
The Aβ degradation hypothesis would explain 
this on the basis that differences in ACE1 
genotype influence ACE levels and activity and 
these, in turn, affect Aβ accumulation and 
toxicity. 
  
In most published studies of ACE protein levels 
and enzyme activity in human brain tissue, 
ACE was found to be elevated in AD [25-27]. 
We reported a positive association between 
ACE activity and parenchymal Aβ load [27]. 
Studies of ACE levels and activity in the 
cerebrospinal fluid (CSF) have yielded 
apparently inconsistent findings, some 
showing increased ACE activity in AD [28], 
others showing ACE protein levels to be 
unchanged [29] or reduced [30]. Most ACE 
within the brain is of neuronal origin [31], and 
a limitation of previous studies of ACE in brain 
tissue in AD has been the lack of adjustment 
for neuronal loss or damage. Furthermore, 
ACE1 genotypes have been ignored in studies 
of ACE in both brain and CSF; the assumption 
has been made that the relationship between 
ACE1 genotype and ACE expression is the 
same in the central nervous system as in the 
periphery, where the ACE1 DD genotype is 
associated with increased ACE levels and 
activity [17, 19, 32-36]. 
 
Our aims in this study were to measure ACE 
levels and activity in frontal cortex and CSF 
from a series of neuropathologically-confirmed 
AD and control cases, to examine the 
implications of adjusting the cortical 
measurements for neuronal loss or damage as 
indicated by a reduction in neuron specific 
enolase (NSE) [32], and also the impact of 
disease progression as indicated by Braak 
tangle stage. In addition, we wished to analyse 
the influence on ACE levels and activity (in 
both cortex and CSF) of ACE1 genotype – not 
only the AD-associated ACE1 indel 

polymorphism but also SNPs rs4291, rs4343 
and rs1800764, which we previously showed 
to be associated individually and as 
haplotypes with increased risk of AD, 
increased CSF Aβ and earlier age of disease 
onset [19, 37]. 
 
Materials and Methods 
 
We used brain tissue from the South West 
Dementia Brain Bank (Human Tissue Authority 
licence number 12273), University of Bristol, 
with local Research Ethics Committee 
approval. To ensure that we examined the full 
spectrum of disease severity, we included not 
only cases of 'definite' AD (assessed according 
to the criteria of the Consortium to Establish a 
Registry for Alzheimer's Disease (CERAD)) and 
controls (showing the absence of AD or other 
neuropathological abnormalities), but also 
cases with AD pathology of intermediate 
severity (CERAD 'possible' and 'probable' AD). 
For analyses in which the comparison was 
simply between AD and control brains, we 
included the cases of possible, probable and 
definite AD in the AD group. For analysis 
according to Braak stage pathology the 
following groups were used: Braak stages 0-II, 
III-IV and V-VI. Braak stage was determined for 
each case after assessment of temporal tissue 
sections stained using mouse monoclonal 
PHF-Tau antibodies (AT8, clone BR03, Autogen 
Bioclear, Wiltshire, UK). 
  
The age, gender and post-mortem delay data 
are summarised in Table 1. Information on the 
use of ACE-inhibitors (ACE-Is) was available for 
a small number of cases; ACE levels and 
activity were not significantly different between 
individuals who were and those who were not 
on ACE inhibitors (data not shown) and ACE-
inhibitor usage was not therefore used to 
stratify data for subsequent analysis. 
 
ACE genotyping had been performed for a 
previous study [19]; the data are summarised 
in Table 2. Of note is the close linkage 
disequilibrium between rs4343 (situated in 
exon 17 of ACE1) and the ACE1 indel 
polymorphism (r2 =0.91), as previously 
described [19], whilst rs4291 and rs1800764 
are in the ACE1 promoter and 5΄ untranslated 
region (UTR) of the gene and were previously  
shown to be associated with AD and with ACE 
plasma levels [37]. 
 
ACE activity assays 
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Fresh frozen frontal cortex (200mg) from the 
left mid-frontal region (Brodmann area 6) was 
homogenized in a Precellys automated 
homogeniser (Stretton Scientific, Derbyshire, 
UK) with 2mm ceramic beads (Thistle 
Scientific, Glasgow, UK) in 1ml of 1M Tris pH 
7.6 buffer containing 1% SDS, 5M NaCl, and 
the protease inhibitors aprotinin (1g/ml; 
Sigma Aldrich, Gillingham, UK) and PMSF 
(10uM; Sigma Aldrich) The homogenates were 
spun at 13000rpm for 15 minutes at 4C and 
the supernatant was removed and stored at -
80C until used. Ventricular cerebrospinal fluid 
collected at the time of autopsy was spun and 
aliquoted and stored at -80C until used. 
 
A fluorogenic enzyme activity assay, using the 
ACE-specific fluorogenic peptide substrate Abz-
FRK(Dnp)-P) (Biomol International, Exeter, UK), 
was used to measure ACE activity, as 

previously described [27]. Fluorescence was 
measured with excitation at 320nm and 
emission at 405nm, in a fluorescent plate 
reader (FLUOstar, BMG Labtech, Aylesbury, 
UK). The specificity of the assay was assessed 
for serial dilutions of recombinant human ACE 
(0, 31.125, 62.5, 125, 250, 500, 1000ng/ml) 
(R&D systems, Abingdon, UK), serial dilutions 
of brain tissue homogenates (1000g/ml total 
protein, 500, 250, 125, 62.5 or 31.25g/ml), 
and CSF; in all cases incubation with captopril 
(1mM) (Biomol International), an ACE-specific 
inhibitor, reduced enzyme activity by more 
than 90%. 
 
Brain tissue homogenates were assayed at a 
concentration of 250μg/ml (total protein) and 
10l samples of CSF in a total volume of 50l. 
Fluorescence was read in the presence and 
absence of captopril. Each sample was 

  Table 1:  Summary of clinical features of left mid-frontal cortex tissue homogenates and post- 
                  mortem CSF 

 Diagnosis 
AD:Control 

Gender 
Male:Female 

Age 
(Mean ± SEM) 

Post-mortem delay 
(Mean ± SEM) 

Frontal Cortex 
 
 

89 AD 
51 C 

46:53 
18:33 

79.2 ± 9.0 
77.7 ± 10.8 

41.7 ± 23.2 
44.9 ± 38.3 

Cerebrospinal Fluid 101 AD 
19 C 

41:60 
12:7 

79.3 ± 9.6 
82.6 ± 10.9 

44.1 ± 24.0 
39.7 ± 23.4 

 

Table 2: Genotype and allelic frequencies of ACE-1 genotypes (Indel, rs1800764, rs4343 and   
                rs4291) in Alzheimer’s disease 

ACE1 n Genotype Frequencies  Allele Frequencies 
Indel  DD (%) ID (%) II (%)  D allele I allele 
Control 49 22 (0.44) 20 (0.41) 7 (.0.14)  0.67 0.33 
AD 86 24 (0.28) 39 (0.45) 23 (0.27)  0.51 0.49 
rs1800764  CC TC TT  C T 
Control 43 12 (0.28) 24 (0.56) 7 (0.16)  0.56 0.44 
AD 60 12 (0.2) 28 (0.47) 20 (0.33)  0.43 0.56 
rs4291  AA TA TT  A T 
Control 43 12 (0.28) 21 (0.49) 10 (0.23)  0.52 0.48 
AD 59 9 (0.15) 22 (0.37) 28 (0.48)  0.34 0.66 
rs4343  GG AG AA  G A 
Control 43 16 (0.37) 19 (0.44) 8 (0.18)  0.59 0.41 
AD 62 16 (0.26) 29 (0.47) 17 (0.27)  0.49 0.51 
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assayed on two separate occasions and the 
mean enzyme activity calculated. To prevent 
error resulting from plate-to-plate variation, 
each plate of samples included serial dilutions 
of recombinant human ACE that were used for 
calibration. 
 
To test the post-mortem stability of ACE 
activity, we used several immediately adjacent 
samples of frontal cortex from one control 
brain that were incubated for 24, 48 or 72h at 
room temperature or 4C before being 
homogenised in 1% SDS lysis buffer as 
described above. To assess the effect of 
different detergents on the results of the 
assay, we measured ACE activity in 
immediately adjacent samples of frontal cortex 
that were homogenised in Tris buffer 
containing 1% SDS, 0.5% NP-40 (Sigma 
Aldrich), 0.5% triton-X-100 (Sigma Aldrich), or 
in the absence of detergent. The tissue 
homogenates were spun at 13K rpm for 15 
minutes at 4C and the supernatants stored at 
-80C until used. 
 
ACE protein measurements 
 
A commercially available sandwich ELISA (R&D 
systems) was used according to the 
manufacturer's guidelines to measure ACE 
concentration in brain tissue homogenates 
and CSF. Goat-anti human ACE (0.8g/ml) was 
coated overnight on Costar EIA microplates 
(R&D systems), washed five times with 
phosphate-buffered saline (PBS)/0.05% tween 

20 and blocked with 1% PBS/bovine serum 
albumin (BSA) (1%PBS/BSA) for 2h. After a 
further five washes, samples and recombinant 
human ACE standards were added to the plate 
for 2h with shaking. Guided by preliminary 
studies in which serially diluted samples of 
frontal tissue homogenate from a control case 
were used to determine the linear range of the 
assay, we added 150μg of (total) protein 
diluted in 100ul of 1%PBS/BSA to each well. 
For assays of ACE in CSF, we found that 
measurements in the linear range of the assay 
were obtained by adding 25μl of CSF in 100μl 
1%PBS/BSA. After 2h the plates were washed 
and incubated with biotin-labelled anti-ACE 
rabbit polyclonal antibody (0.2g/ml) for 2h. 
The plates were again washed, streptavidin-
horseradish peroxidase (1:100) was added for 
twenty minutes in the dark, then 
tetramethylbenzidine (TMB) was added and 
emission read at 450nm. The assays were 
repeated in duplicate, with standards included 
on each plate to prevent error from plate-plate 
variation. ACE concentrations were determined 
by interpolation from the standard curve 
determined for each plate from the known 
concentrations of recombinant human ACE. 
 
Measurement of neuron-specific enolase 
(NSE) 
 
A western blot of NSE was performed to 
validate the specificity of the anti-NSE 
antibody (Abcam, Cambridge, UK), which was 
used for subsequent measurements. A single 
band was observed at 45 kDa in homogenates 
of human frontal cortex (Figure 1). NSE levels 
in brain homogenates were then measured by 
direct ELISA. Briefly, Costar EIA microplate 
wells were coated with 10μl of brain tissue 
homogenate (200mg wet brain in 1ml 1% SDS 
buffer, as above) for 2h, washed 5 times in 
PBS/tween 0.05% and incubated with anti-
NSE (1:1000) for 2h. After further washes, 
mouse-HRP (1:100) (Vector Labs, 
Peterborough, UK) was added for 20 minutes 
in the dark, washed and TMB substrate added 
for 10 minutes. A serial dilution of 
recombinant human NSE (Biomol 
International, Exeter, UK) was used to 
construct a best-fit curve and NSE 
concentrations in each individual were 
calculated by interpolation. Each sample was 
run in duplicate and the mean determined. 
NSE level was significantly reduced in AD, 
particularly in Braak stages V-VI [38] and was 
used to provide a measure of the number of 

Figure 1. Representative western blot of neuron 
specific enolase in brain tissue homogenate 
prepared from the frontal cortex. Recombinant 
human NSE (5μg) was loaded in lane 1 and 
homogenates (30g total protein) from an AD and 
control brain were loaded in lanes 2 and 3 
respectively. 
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functionally intact neurons in tissue samples. 
Measurements of ACE levels and activity were 
adjusted for neuronal loss or damage 
according to the formula: ACEadjusted = 
ACEsample x NSEmean normal / NSEsample, 
where ACEadjusted was the level or activity of 
(neuronal) ACE after correcting for neuronal 
loss in the sample, ACEsample was the 
unadjusted level or activity of ACE in the 
sample, NSEmean normal was the mean level 
of NSE in the control cohort, and NSEsample 
was the measured level of NSE in the sample. 
To normalise the data, which were right-
skewed in both the AD and control groups, all 
NSE-adjusted ACE protein and activity 
measurements were logarithmically 
transformed for statistical analysis. 
 
In vitro assays 
 
SH-SY5Y cells were grown in DMEM (Sigma 
Aldrich) supplemented with 2mM glutamine 
(Sigma Aldrich) and 15% fetal calf serum 
(Autogen Bioclear, Wiltshire, UK) at 37°C in 
5%CO2/95% air. The cells were differentiated 
in 10uM retinoic acid (Sigma Aldrich) for 6 
days and exposed for 4h or 24h to 10μM 
monomeric Aβ1-42 (Anaspec, CA, U.S.A) or 

oligomeric Aβ1-42 (prepared by leaving the 
Aβ1-42 overnight in phosphate-buffered 
saline, as described) [39], or left in control 
medium (DMEM). Following treatment, cells 
were lysed in 1% SDS lysis buffer as above, 
and supernatants stored at -80C until used. 
Total protein level, ACE activity and protein 
level were determined for each cell lysate, as 
above. 
 
Statistical analysis 
 
Data were analysed by independent-samples t-
test, one way ANOVA with Bonferroni post-
testing, or Spearman rank correlation analysis, 
as appropriate, with the help of Statistical 
Package for Social Science software (12.0.1). 
Values of p < 0.05 were considered 
significant. 
 
Result 
 
Effects of tissue storage and lysis buffer 
detergent on ACE activity 
 
Incubation of tissue at room temperature or 
4C   for  24-72h   did   not   cause   significant 

Figure 2. Bar charts showing the effect of tissue storage and lysis buffer detergents on ACE enzyme activity in 
frontal cortex. (A) Storage of brain tissue for up to 72h at 4C or room temperature did not affect ACE activity. 
(B) Bar chart showing ACE activity in brain tissue homogenates prepared in lysis buffers containing different 
detergents (1% SDS, 0.5% NP-40 or 0.5% triton-X-100). Error bars indicate 1 standard error of the mean 
(SEM). The three detergents yielded similar measurements but measured ACE activity was lower in the 
absence of detergent. 
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Figure 3. Bar charts showing ACE level and enzyme 
activity in frontal cortex in relation to diagnosis and 
Braak stage, both before (unadjusted) and after 
(adjusted) adjusting for neuronal damage as 
measured by the reduction in NSE level below the 
mean control value. Error bars indicate 1 SEM. (A-B) 
Unadjusted ACE level did not vary with AD or Braak 
stage. (C-D) Adjusted ACE level increased in AD and 
was positively associated with Braak stage (p=0.004, 
Spearman rs=0.266). (E-F) ACE activity increased 
significantly in AD (p=0.0001) and was positively 
associated with Braak stage (p=0.03, rs=0.201). (G-
H) Adjusted ACE activity increased even more 
dramatically in AD (p=0000002) and with increasing 
Braak stage (p=0.005, rs = 0.260). Post hoc 
comparison between subgroups revealed 
significantly increased ACE activity in Braak stage V-
VI compare to 0-II (ANOVA, p=0.005). 

 

change in ACE activity (Figure 2A). ACE activity 
was comparable in all of the brain tissue 
homogenates that contained detergent (1% 
SDS, 0.5% triton X-100 or 0.5% NP1-40) but 
was significantly lower in tissue homogenised 
in the absence of detergent (Figure 2B). 
 
ACE levels and activity in homogenates 
 
Unadjusted ACE protein levels were similar in 
AD (mean=8506 pg/ml, SE=312) and control 
cases (mean=7874 pg/ml, SE=414) and did 
not change with Braak stage (Figure 3A, B). 
After NSE adjustment for neuronal damage 
and loss, ACE levels were greater in AD cases 
than controls but not significantly so (in AD, 
mean=14741 pg/ml, SE=1114; in controls 
mean=12272 pg/ml, SE=2064; p=0.275) 
(Figure 3C). However, NSE-adjusted ACE levels 
correlated significantly with Braak stage 
(p=0.004, Spearman rank correlation 
coefficient rs=0.266) (Figure 3D), reflecting 
increased neuronal production of ACE with 
progression of disease, after correcting for 
neuronal damage and loss in severe AD. 
 
Unadjusted ACE activity was significantly 
increased in AD (mean=19063 relative 
fluorescence units (r.f.u.), SE=902) compared 
to controls (mean=12398 r.f.u., SE=1465; 
p=0.0001) (Figure 3E) and ACE activity 
correlated significantly with Braak tangle stage 
(p=0.03, rs=0.201) (Figure 3F). When the 
measurements were adjusted for NSE levels, 
to provide an indication of ACE activity per 
functioning neuron, the increase in ACE activity 
in AD was approximately two-fold (in AD, 
mean=34483 r.f.u, SE=2883; in controls 
mean=17357 r.f.u., SE=2650; p=0.0000002) 
(Figure 3G). Adjusted ACE activity correlated 
significantly with Braak tangle stage (p=0.005, 
rs=0.260). ANOVA revealed significant 
differences in ACE activity between Braak 
stage 0-II, III-IV and V-VI (p=0.004), Bonferroni 
post hoc analysis showing significantly 
increased ACE activity in Braak stages V-VI 
than 0-II (p=0.005) (Figure 3H). ACE levels and 
activity did not correlate with post-mortem 
delay and did not vary with gender, age or 
APOE genotype (data not shown).  
 
ACE levels and activity in CSF 
 
As for the tissue homogenates, the CSF 
samples were analysed for correlation 
between PM delay and ACE levels and activity. 
Within the CSF, ACE activity did not correlate 
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with post-mortem delay but CSF ACE levels did 
show a significant positive correlation with 
post-mortem delay (rs=0.215, p=0.011) (data 
not shown). For subsequent analyses, we used 
the best-fit linear regression equation to adjust 
measurements of CSF ACE levels for post-
mortem delay. We did not adjust CSF ACE 
levels or activity for NSE levels in the frontal 
cortex. 
 
There was an unexpected disparity between 
the level and activity of ACE in the CSF. In AD, 
ACE levels were significantly lower in AD 
(mean=1633.0 pg/ml, SE=334.4) than 
controls (mean=661.7 pg/ml, SE=150.0; 
p=0.030) (Figure 4A). ACE levels were 
significantly lower in Braak stages V-VI than 0-
II (ANOVA, p=0.04) and the reduction in ACE 
correlated with Braak tangle stage (rs =-0.252, 
p=0.010) (Figure 4B). In contrast ACE activity 
was higher in AD (mean=16611.7 r.f.u, 
SE=1286.3) than controls (mean=11864.1 
r.f.u., SE=2071.8; p=0.060) but the difference 
was not statistically significant (Figure 4C). 

There was a non-significant trend towards 
elevated ACE activity in intermediate and 
higher Braak stages (Figure 4D). 
 
Aβ1-42 upregulation of ACE in SH-SY5Y cells 
 
Four-hour incubation of SH-SY5Y cells with 
either monomeric or oligomeric Aβ1-42 did not 
result in significant changes in ACE level or 
activity compared to the values in DMEM 
control cultures (Figure 5A and C). However, 
after 24h, ACE protein level (p=0.0004, 
ANOVA) and activity (p=0.033) differed 
significantly between the three groups. Post 
hoc comparisons revealed that ACE protein 
level was significantly greater in cells 
incubated with oligomeric Aβ1-42 than in 
control cultures (p=0.00087) or in cells 

Figure 4. Bar charts showing ACE level and activity 
in post-mortem CSF samples in relation to AD and 
disease progression. Error bars indicate 1 SEM. (A-
B) ACE level was significantly lower in AD than 
control CSF (p=0.030) and correlated inversely with 
Braak stage (p=0.010, rs =-0.252). ACE levels were 
significantly lower in Braak stages V-VI than 0-II 
(p=0.04). (C-D) ACE activity was greater in AD than 
control CSF but the difference did not reach 
significance (p=0.060). 

 

Figure 5. In vitro induction of neuronal ACE by 
oligomeric Aβ1-42. Human SH-SY5Y cells, 
differentiated in retinoic acid, were incubated 
with either monomeric (M) or oligomeric/fibrillar 
(OF) Aβ1-42. Bar charts show (A-B) ACE levels 
and (C-D) ACE activity in SH-SY5Y cells after 
incubation for 4 and 24h respectively. ANOVA 
revealed significant differences in ACE protein 
(p=0.0004) and activity (0.033) levels at 24h. 
Post hoc comparisons revealed that ACE protein 
level was significantly greater in cells incubated 
with oligomeric Aβ1-42 than in control cultures 
(p=0.00087) or in cells incubated with 
monomeric Aβ1-42 (p=0.0011). Error bars 
indicate 1 SEM. 
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incubated with monomeric Aβ1-42 (p=0.0011) 
(Figure 5B and D): the increase was 
approximately 1.8-fold. 
 
Brain and CSF ACE levels and activity and 
ACE1 variation 
 
We evaluated four genetic markers covering 
the primary ACE1 transcript (refseq NM_ 
000789.2) that included rs4343, rs4291, 
rs1800764, and the commonly studied ACE1 
indel in intron 16 which is located near to and 
closely correlated with rs4343. All markers 
were in relatively strong linkage disequilibrium 
(data not shown). Genotypic means of 
unadjusted and NSE-adjusted ACE protein and 
activity levels were compared for each marker 
by ANOVA. The case-control status by genotype 
interaction terms were not significant in 
second order factorial ANOVA models 
(adjusted and unadjusted ACE levels and 
activity are given for the ACE1 indel in Table 
3). In a combined case-control cohort, there 
was modest evidence of association of ACE 
activity in brain homogenates with the indel 
polymorphism (F2,134 = 3.6, P = 0.030) with 
homozygotes of the insertion allele having the 
highest levels (Figure 6). The remaining 
markers showed no evidence of genetic 
association, although similar trends were 

observed to those for the indel polymorphism 
(adjusted and unadjusted ACE levels and 
activity are given for SNPs rs1800764, 
rs4291, rs4343 in Table 4). 
 
There was no evidence of association between 
any marker and ACE protein levels or activity in 
CSF. However, there was a trend towards 
lower ACE protein levels in AD cases with the 
ACE1 II than the DD genotype, with 
intermediate levels in the ID genotype (Figure 
7); this pattern was repeated for the other 
markers. 

Table 3: Analysis of genetic association between ACE1 indel polymorphism and ACE protein level  
               and enzyme activity 
ACE1 indel  DD (mean ± SEM) ID (mean ± SEM) II (mean ± SEM) 
ACE protein:     
Unadjusted Control  7158.575 ± 666.5 9013.801 ± 600.7 7017.929 ± 1096.3 
 AD 8992.339 ± 614.4 8793.35 ± 438.0 7812.1 ± 673.5 
 Combined 8115.32 ± 467.4 8868.08 ± 351.2 7626.79 ± 570.7 
 
Adjusted Control  10733.43 ± 3035.2 13436.51 ± 3903.1 12290.59 ± 3285.3 
 AD 17673.58 ± 2537.6 13685.57 ± 1698.2 14366.76 ± 1684.6 
 Combined 14354.38 ± 2010.0 13601.14 ± 1714.9 13882.32 ± 1482.6 
ACE activity:     
Unadjusted Control  11241.59 ± 1902.8 13172.35 ± 2328.4 16497.86 ± 5791.2 
 AD 17803.04 ± 2058.8 18234.92 ± 1283.7 21675.78 ± 1638.6 
 Combined 14664.96 ±1476.0 16518.80 ± 1189.4 20467.60 ± 1829.2 
 
Adjusted Control  14774.38 ± 3521.3 17107.29 ± 3979.2 29133.75 ± 10689.0 
 AD 37717.25 ± 6584.6 28745.83 ± 3899.8 42175.98 ± 5450.7 
 Combined 26744.57 ± 4153.1 24800.56 ± 2977.9 39132.80 ± 4883.1* 
* = p<0.05, ANOVA comparison between genotypes. 
 

Figure 6. Bar charts show genetic associations 
between ACE1 indel polymorphism (rs1799752) 
and ACE enzyme activity, (A) before and (B) after 
adjustment for neuson specific enolase, in a case-
control cohort. 
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Table 4: Analysis of genetic association between ACE1 and ACE protein level and enzyme activity 
(A) rs1800764  CC (mean ± SEM) CT (mean ± SEM) TT (mean ± SEM) 

Protein     

Unadjusted Control  6848.17 ± 941.3 8456.223 ± 635.2 8777.975 ± 677.4 

 AD 8020.553 ± 1130.3 9350.531 ± 415.9 8006.376  ± 781.6 

 Combined 7434.36 ± 729.6 8937.77 ± 370.4 8220.29 ± 625.5 
 
Adjusted Control  10322.92 ± 3462.7 14190.79 ± 3853.1 14020.02 ± 3352.4 

 AD 13477.97 ± 3643.7 14141.88 ± 2111.1 13918.17 ± 1871.1 

 Combined 11900.45 ± 2479.9 14164.45 ± 2088.2 13941.67 ± 1601.7 

Activity     

Unadjusted Control  14168.25 ± 3433.2 13770.33 ± 1896.1 13192.5 ± 6712.2 

 AD 18109.42 ± 1743.0 19328.71 ± 1605.5 22363.9 ± 1859.2 

 Combined 16138.83 ± 1927.1 16763.31 ± 1278.1 20247.42 ± 2167.4 
 
Adjusted Control  20527.48 ± 7284.6 18051 ± 2848.6 24202.39 ± 12672 

 AD 30925.16 ± 6141.6 31634.81 ± 5318.9 40670.86 ± 5470.2 

 Combined 25726.32 ± 4783.8 25365.36 ± 3263.9 36870.45 ± 5180.0 
(B) rs4291  AA AT TT 
Protein     

Unadjusted Control  6674.813 ± 930.4 9007.931 ± 625.6 7784.164 ± 834.8 

 AD 9621.446 ± 791.7 9127.483 ± 531.2 8265.006 ± 620.8 

 Combined  7937.66 697.0 9069.10 404.1 8138.47 503.0 
 
Adjusted Control  9488.098 ± 3444.6 16030.63 ± 4306.5 10633.72 ± 2383.5 

 AD 18701.01 ± 3910.5 11658.29 ± 1831.9 15348.46 ± 2231.2 

 Combined  13436.49 2718.4 13793.62 2298.9 14107.74 625.5 

Activity     

Unadjusted Control  12784.83 ± 2807.1 14433.57 ± 2296.0 13076.6 ± 4286.5 

 AD 17751.11 ± 2087.1 16793.96 ± 1555.4 22791.11 ± 1490.4 

 Combined 14913.24 ±1877.5 15641.21 ± 1370.4 20234.66 ±1692.7 
 
Adjusted Control  16285.31 ± 5769.2 19826.83 ± 3747.4 22050.34 ± 8271.9 

 AD 36095.67 ± 7123.8 22340.84 ± 3918.9 43185.43 ± 5596.7 

 Combined 24775.46 ± 4895.5 21113.07 ± 2689.3 37623.56 ± 4854.2 
(C) rs4343  GG AG AA 
Protein     

Unadjusted Control  7078.823 ± 749.8 9237.298 ± 657.7 7292.015 ± 988.2 

 AD 8651.248 ± 899.3 9036.407 ± 452.7 7885.407 ± 869.0 

 Combined  7873.97 ± 615.6 9115.93 ± 373.5 7695.52 ± 660.8 
 
Adjusted Control  9459.306 ± 2561.1 16500.79 ± 4760.2 11496.72 ± 2953.8 

 AD 14183.05 ± 3029.0 15169.35 ± 2321.1 12784.28 ± 1800.7 

 Combined  11663.7 ±1979.9 15696.38 ± 2320.2 12372.26 ±1516.4 
Activity     

Unadjusted Control  12337.88 ± 2397.4 14206.42 ± 2400.5 14995.13 ± 5235.6 

 AD 17966.79 ± 2059.5 19039.76 ± 1484.5 22959.47 ± 1727.7 

 Combined 14964.70 1656.7 17126.56 1336.3 20410.88 2118.2 
 
Adjusted Control  15913.34 ± 4593.5 19518.65 ± 4063.5 25852.84 ± 9821.2 

 AD 32390.6 ± 6097.5 32735.51 ± 5510.9 40444.01 ± 5614.6 

 Combined 23602.73 ±3991.1 27503.8 ± 3781.0 35774.83 ± 5022.3 
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Discussion 
 
Our studies have revealed significantly 
increased ACE activity in the frontal cortex in 
AD, particularly in severe disease. Although 
ACE protein level showed little change in AD, 
once the measurements were corrected for 
damage to neurons, the principal source of 
ACE within the brain, adjusted ACE protein 
levels were found to increase with Braak 
tangle stage, a pathological indicator of 
progression of disease. These findings indicate 
that neuronal production of ACE is upregulated 
in AD. Our in vitro studies suggest that this 
upregulation is at least partly a reaction to 

elevated levels of Aβ. ACE enzyme activity was 
also elevated in post-mortem CSF from AD 
patients; however, in the same samples of 
CSF, ACE protein level was significantly 
reduced. Variations in ACE1 were found to 
account for some of the variation in ACE levels 
in CSF, mirroring previous findings in plasma. 
However, ACE activity in CSF, and ACE protein 
and activity in the frontal cortex, were not 
associated with ACE1 genotype. 
 
ACE activity is increased in AD in post-mortem 
human tissue and CSF 
 
Our study supports previous reports that ACE 
protein level and activity are increased in post-
mortem AD brain tissue, particularly after 
adjustment for neuronal loss [25, 26]. NSE is 
a neuron-specific protein that has been used 
by others to adjust for neuronal loss [32]. In 
our cohort, NSE levels were significantly 
reduced in Braak stages V-VI. Since ACE is 
exclusively neuronally expressed within the 
brain [31], we adjusted ACE protein and 
enzyme levels to mean NSE levels in the 
controls as an indicator of ACE production per 
functioning neuron. Our finding that NSE-
adjusted levels of ACE increased progressively 
with Braak tangle stage suggests that 
expression of ACE is upregulated as a 
consequence of disease progression and that 
the increase is not a primary pathogenic factor 
in the development of the disease. 
 
In human APP transgenic mouse models of AD, 
the levels of other Aβ-degrading enzymes, IDE 
and neprilysin, increase as Aβ accumulates 
[40, 41] and we previously showed an 
association between parenchymal Aβ load and 
ACE activity [27]. In vitro, several Aβ-degrading 
enzymes are induced in neurons, microglia 
and cerebrovascular cells by exposure to Aβ 
[40, 42, 43]. We have now extended those 
observations to reveal that exposure for 24h to 
oligomeric (although not monomeric) Aβ1-42 
also increases ACE level and activity in SH-
SY5Y neuronal cells. Induction of Aβ-degrading 
enzymes such as ACE with progression of AD is 
likely to be a homeostatic feedback response 
to increasing Aβ levels but other AD-associated 
abnormalities, such as inflammation, may also 
influence ACE expression. 
 
In CSF, ACE activity is increased in AD but the 
protein level is reduced 
 
Our finding of increased ACE activity in post-

Figure 7. Bar charts show genetic associations 
between ACE1 SNPs (indel rs1799752, 
rs1800764, rs4291 and rs4343) and ACE protein 
level (A-D) and activity (E-H) in human post-mortem 
CSF. Error bars indicate 1 SEM. 
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mortem CSF in AD is in keeping with the recent 
demonstration of elevated ACE activity in CSF 
from living patients with MCI or AD compared 
to healthy controls [28]. ACE protein level was, 
however, reduced in post-mortem CSF in AD 
which is in agreement with two previous 
studies [30, 44]. A third study found no 
change in CSF ACE in AD [45]. Differences in 
the findings of these studies may be 
attributable to case selection, cohort size and 
variations in the methods used to measure 
ACE. Other factors to consider are potential 
differences in the ACE content of ventricular 
CSF (as obtained post-mortem) and lumbar 
CSF (as sampled in vivo), and the contribution 
of post-mortem changes in the level of ACE in 
the CSF. 
 
The disparity between ACE levels and activity 
in the CSF may relate to post-translational 
modifications that influence ACE activity. ACE 
activity may be modulated by glycosylation: 
deglycosylation was shown to increase the 
catalytic activity of somatic ACE extracted from 
bovine lung [46]. It may be of relevance that 
reduced glycosylation has been described for 
at least one other protein in AD – reduced O-
linked N-acetylglucosamine glycosylation of 
tau [47]. ACE requires zinc as a co-factor for 
normal function [48] and increased levels of 
intracellular zinc in AD [49] may also influence 
ACE activity. 
 
Differences in the relative amounts of soluble 
and membrane-associated ACE in the tissue 
homogenates and CSF could also contribute to 
variations in the level and activities of ACE in 
the two types of specimen, particularly as the 
catalytic properties of membrane-associated 
and soluble forms of ACE vary in 
microenvironments of different pH and ionic 
composition [50]. 
  
It is clear that further work is needed to clarify 
how ACE activity and protein level inter-relate 
across different physiological compartments, 
as highlighted by our own studies in CSF and 
brain tissue and other studies in plasma.  
Nielsen and colleagues found no evidence of 
association between AD and ACE levels (i.e. 
protein concentration) in either CSF or plasma 
[29] however, a recent study reported 
significant reductions in plasma ACE activity in 
AD cases compared with controls [51] in a two-
year follow-up study. The differences in plasma 
ACE in these two studies may be due, in part, 
to differences in case selection and the fact 

the relationship between ACE level and activity 
may not be entirely straightforward. The 
observation by Vardy and colleagues of a 
progressive decline in plasma ACE activity with 
advancing disease supports our finding that 
ACE activity is related to the stage of disease. 
The change in plasma ACE activity in AD 
however appears to be in the opposite 
direction from our findings in post-mortem 
CSF, although the elevated ACE activity in AD 
CSF did not quite reach significance, possibly 
due to limited numbers of control samples. 
These data suggest that there may not be 
simple correlations between ACE level and 
activity in different tissues and body fluids. 
 
Influence of ACE1 genotypic variations 
 
Previous studies have shown that ACE serum 
and plasma levels in healthy volunteers are 
influenced by variation in the rs1799752 indel 
polymorphism in intron 16 of ACE1 [17, 52]. 
The trend that we found between the ACE1 
indel and ACE level within the CSF mirrors 
what was previously found in plasma, with 
highest ACE protein levels in DD homozygotes, 
intermediate levels in ID hetereozygotes and 
lowest levels in II homozygotes [17, 52]. 
Similar trends were observed on analysis of 
other SNPs; the lack of statistical significance 
may reflect the relatively small cohort sizes. 
Higher plasma [53-55] and tissue [36] ACE 
activity levels are associated with the DD 
genotype in several other diseases including 
hypertension [56], diabetes [57], renal disease 
[54], and rheumatoid arthritis [58]. 
 
Relevance to ACE inhibitors in a clinical setting 
 
Clinical trial and observational data have 
suggested an association between the use of 
ACE-inhibitors and reduced cognitive decline in 
both MCI and AD [5, 15]. Elevated ACE may 
affect cognition and increase the risk of AD by 
exacerbation of atherosclerotic vascular 
disease which has itself been linked to AD, 
and through downstream inflammatory or anti-
cholinergic effects mediated by AngII [5]. 
Interference with such mechanisms is 
consistent with the clinical benefits of ACE-
inhibitors in AD and MCI patients [5, 15] and 
with more recent findings of an extensive 
retrospective analysis of the U.S. Veterans 
Affairs Health system, including data on 
approximately 6 million subjects over the five 
years of study. Here, angiotensin receptor 
antagonists, which prevent the action of AngII 
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at its receptors, were found to be more 
protective against the development and 
progression of dementia including Alzheimer's 
disease, than ACE-inhibitors or other 
antihypertensive medications (Professor 
Benjamin Wolozin, personal communication). 
 
Conclusions 
 
Our present data suggest that elevation of ACE 
activity in advanced AD is a secondary 
phenomenon and may in part be induced by 
an increase in the amount of Aβ. It remains 
possible that ACE may contribute to Aβ 
degradation and that the elevation of ACE 
activity in AD is a physiological response to Aβ 
accumulation. Our findings indicate that 
peripheral measurements of ACE are not a 
reliable indicator of ACE level or activity within 
the CNS. Direct analysis of brain tissue will be 
needed to clarify the roles and regulation of 
ACE activity in the brain. 
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