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Main text

Angiotensin II converting enzyme-1 (ACE1) now has a
recognised role in the pathogenesis of Alzheimer’s
disease (AD). ACEl converts angiotensin-I (Ang-I) to
angiotensin-II (Ang-II) and is the rate-limiting enzyme
of the classical RAS axis that is commonly known for
regulating blood pressure. ACE1 is overactive within the
brain in AD and is associated with cognitive decline and
disease pathology [16] via overproduction of Ang-II (a
potent vasoconstrictor) and its downstream effects
mediated by angiotensin-II type 1 receptor (AT1R) sig-
nalling. The angiotensin hypothesis of AD describes how
Ang-1I signalling contributes both directly and indirectly
to the development of disease pathology in AD [9],
which is supported by clinical observational and
pharmaco-epidemiological studies indicating that com-
monly prescribed ACE1 inhibitors (ACE1 Is), used to
treat hypertension, lower the incidence and rate of cog-
nitive decline in AD [2, 10, 15] and are associated with
reduced AP and Tau pathology [5, 6]. Yet, the role of
ACEL in AD is complicated by seemingly paradoxical
associations whereby polymorphisms in ACEI, associ-
ated with Jower levels of enzyme production (akin to a
net result of ACEIs), are risk factors for AD [4, 12, 14].
This divergent role of ACE1 may be partly explained by
studies in cell and mouse models of AD showing that
ACE1 has both endopeptidase and carboxypeptidase
activity and is capable of degrading A in vitro [7, 8, 18,
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19] and in vivo [21] although not all studies are support-
ive [3]. These dual properties of ACE1 seem somewhat
contradictory and make understanding the role of ACE1
in AD challenging, particularly as ACE1 activity in brain
tissue in AD correlated with, rather than inversely corre-
lated with, measures of AB pathology [16].

Somatic ACE1l contains two homologous catalytic
domains: the N- and C-domain, which have different
substrate specificities. The C-domain is reported to pref-
erentially convert Ang-I to Ang-II [1], whilst the
N-domain favours cleavage of amyloid beta (Af) at
Asp5His6 [19], as well as having carboxypeptidase activ-
ity that promotes the conversion of AP42 to AP40 [20].
We tested the hypothesis that domain-specific changes
in ACEL in AD would favour elevated Ang-II production
whilst impeding AP degradation. We report novel find-
ings in post mortem AD brain tissue, using novel
immunocapture-based enzyme activity assays, that the
activity of the two catalytic domains of ACEL1 are signifi-
cantly altered in opposing directions in AD.

We studied brain tissue from 72 AD and 48 controls
obtained from South West Dementia brain bank tissue
bank, University of Bristol, UK with ethics committee
approval. Cohorts were approximately matched for
age-at-death (AD Mean=78.04, SD =10.41; controls
Mean = 79.42, SD =9.89), post-mortem delay (PM) (AD
Mean = 45.86, SD =25.8; controls Mean =48.25, SD =
37.96) and gender (AD =27 M: 45 F; controls =29 M: 19
F). AD cases were diagnosed according to international
neuropathological guidelines [17]. Controls were cogni-
tively normal and had few or absent neurofibrillary tan-
gles, a Braak stage less than 3, and no other
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Fig. 1 Divergent activity of ACET domains in Alzheimer's disease. Bar charts showing (a) significantly higher ACET C-domain (Ang-Il production)
activity in AD compared to age-matched controls and (b) significantly reduced ACE1 N-domain activity (AR degradation) compared to age-
matched controls in the mid-frontal cortex in AD (n=72) and age-matched (n = 48). Bars show the median and 95% Cl, Mann-Whitney test was
used to compare ACET C-domain activity between groups. p < 0.05 was considered statistically significant
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neuropathological abnormalities. ACE1 C-domain and
N-domain activity was measured by immunocapture
-based FRET assays. Mouse monoclonal anti-human
ACE (R&D systems, UK) (0.5 mg/ml) was used in both
assays to coat 96-well plates (Nunc MaxiSorp), which
were blocked in PBS:1% bovine serum albumin (BSA)
before tissue homogenates prepared in 1% SDS lysis buf-
fer (5M NaCl, 1M Tris pH7.6) (diluted 1:5) for C do-
main activity and (diluted 1:17) for N-domain activity,
recombinant human ACE1 (500-7.8125ng/ml) (R&D
systems, UK) were added. Fluorogenic activity following
ACELl cleavage was measured by addition of C-domain
or N-domain FRET substrates (Abz-LFK (DnP)-OH
trifluoroacetate salt) (Sigma-Aldrich, UK) (0.14 mM) and
(Abz-SDK (DnP)-P (Enzo Life Sciences, UK)) respect-
ively and measured with excitation at 320 nm and emis-
sion at 405 nm in a fluorescent plate reader (FLUOstar
OPTIMA, BMG labtech, UK) (0.68 mM) after 24 h incu-
bation at 37°C. Captopril (10uM) or 10 pl of distilled
water was added to inhibited and uninhibited wells
respectively and incubated for 10 min at 37 °C prior to
the addition of the FRET substrates.

ACE1 C-domain activity was significantly elevated
in AD by 25.85% (median=30,407 rfu in AD com-
pared to median =24,161 rfu in controls) (p =0.018)
(Fig. 1la). In contrast, ACE1 N-domain activity was
reduced by 49.18% in AD compared to controls (me-
dian = 6750 rfu compared to median = 13,283 rfu in
controls) (p =0.024) (Fig. 1b).

Our findings show that ACE1 catalytic domain activity
is significantly altered in AD. ACE1 C-domain activity,
largely responsible for Ang-II production is significantly
increased in AD by ~ 25%, whereas N-domain activity,
likely contributing to AP cleavage and clearance, is

reduced by ~50% in AD. These data provide a possible
explanation for the divergent role of ACE1 in AD. The
combined effect of the domain-specific alterations would
favour Ang-II mediated disease progression, likely in-
volving other Ang-II linked AD-related pathological pro-
cesses according to the Angiotensin hypothesis of AD
[11] but also result in impeded AP clearance (via re-
duced N-domain activity) that is predicted to be protect-
ive in AD [13]. Our findings may also provide for the
first time, a mechanistic explanation for the apparent
discrepant findings in previous pharmaco-epidemiological
studies and AD risk and progression. Our data points to
the need for greater clarity on the extent to which differ-
ent ACE-Is interact with the two domains on ACE1 and
lends credence to the potential value of the development
of domain-selective (C-domain) ACE-I’s, that can con-
tinue to fulfil their hypertension-treating role, whilst
avoiding any potential interference with Ap clearance and
degradation.

Funding

The South West Dementia Brain Bank is part of the Brains for Dementia
Research program, jointly funded by Alzheimer’s Research UK and
Alzheimer’s Society, and is supported by BRACE (Bristol Research into
Alzheimer's and Care of the Elderly) and the Medical Research Council. This
work was supported by Alzheimer's Research UK.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

JSM and PGK were responsible for the conception and design of
experiments; NAM was responsible for acquisition of ACE1 domain specific
activity measurements; JSM and NAM analysed and interpreted the data; JSM
and PK drafted the paper and revised and edited the final article for
intellectual content and final approval. All authors read and approved the
final manuscript.



AL Mulhim et al. Acta Neuropathologica Communications

Ethics approval and consent to participate

The use of human brain tissue for this study was approved by the
management committee of the South West Dementia Brain Bank (Human
Tissue Authority licence number 12273) under the terms of Bristol Research
Ethics Committee approval of the brain bank (reference 08/H0106/28 + 5). All
participants provided consent to post-mortem removal of whole brain and
CSF and the retention of these for use in research. Consent included access
to the donor’s medical records to collect information on past medical history
relevant to the donation, but that in all publications this information would
be anonymised.

Competing interests
JSM, NAM and PGK declare no potential competing of interest with respect
to the research, authorship, and/or publication of this article.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 13 March 2019 Accepted: 10 April 2019
Published online: 24 April 2019

References

1. Burger D, Reudelhuber TL, Mahajan A, Chibale K, Sturrock ED, Touyz RM
(2014) Effects of a domain-selective ACE inhibitor in a mouse model of
chronic angiotensin Il-dependent hypertension. Clin Sci (Lond) 127(1):57-63

2. Davies NM, Kehoe PG, Ben-Shlomo Y, Martin RM (2011) Associations of anti-
hypertensive treatments with Alzheimer's disease, vascular dementia, and
other dementias. J Alzheimers Dis 26(4):699-708

3. Eckman EA, Adams SK, Troendle FJ, Stodola BA, Kahn MA, Faug AH et al
(2006) Regulation of steady-state beta-amyloid levels in the brain by
neprilysin and endothelin-converting enzyme but not angiotensin-
converting enzyme. J Biol Chem 281(41):30471-30478

4. Elkins JS, Douglas DV, Johnston SC (2004) Alzheimer disease risk and
genetic variation in ACE: a meta analysis. Neurology. 62:363-368

5. Hajjar I, Hart M, Chen YL, Mack W, Milberg W, Chui H et al (2012) Effect of
antihypertensive therapy on cognitive function in early executive cognitive
impairment: a double-blind randomized clinical trial. Arch Intern Med
172(5):442-444

6. Hajjar |, Levey A (2015) Association between angiotensin receptor blockers
and longitudinal decline in tau in mild cognitive impairment. JAMA Neurol
72(9):1069-1070

7. Hemming ML, Selkoe DJ (2005) Amyloid beta-protein is degraded by
cellular angiotensin-converting enzyme (ACE) and elevated by an ACE
inhibitor. J Biol Chem 280(45):37644-37650

8. HuJ, lgarashi A, Kamata M, Nakagawa H (2001) Angiotensin-converting
enzyme degrades Alzheimer amyloid beta-peptide (a beta ); retards a beta
aggregation, deposition, fibril formation; and inhibits cytotoxicity. J Biol
Chem 276(51):47863-47868

9. Kehoe PG (2018) The coming of age of the angiotensin hypothesis in
Alzheimer's disease: Progress toward disease prevention and treatment? J
Alzheimers Dis 62(3):1443-1466

10.  Kehoe PG, Davies NM, Martin RM, Ben-Shlomo Y (2013) Associations of
angiotensin targeting antihypertensive drugs with mortality and
hospitalization in primary care patients with dementia. J Alzheimers Dis
33(4):999-1008

11. Kehoe PG, Hibbs E, Palmer LE, Miners JS (2017) Angiotensin-lil is increased
in Alzheimer's disease in association with amyloid-beta and tau pathology. J
Alzheimers Dis 58(1):203-214

12. Kehoe PGRC, 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, Owen
MJ (1999) Variation in DCP1, encoding ACE, is associated with susceptibility
to Alzheimer disease. Nat Genet 21:71-72

13. Kugaevskaya EV, Veselovsky AV, Indeykina MI, Solovyeva NI, Zharkova
MS, Popov IA et al (2018) N-domain of angiotensin-converting enzyme
hydrolyzes human and rat amyloid-beta (1-16) peptides as arginine
specific endopeptidase potentially enhancing risk of Alzheimer's disease.
Sci Rep 8(1):298

14.  Lehmann DJ, Cortina-Borja M, Warden DR, Smith AD, Sleegers K, Prince JA
et al (2005) Large meta-analysis establishes the ACE insertion-deletion

(2019) 7:57

20.

Page 3 of 3

polymorphism as a marker of Alzheimer's disease. Am J Epidemiol 162(4):
305-317

Li NC, Lee A, Whitmer RA, Kivipelto M, Lawler E, Kazis LE et al (2010) Use of
angiotensin receptor blockers and risk of dementia in a predominantly male
population: prospective cohort analysis. BMJ. 340:05465

Miners JS, Ashby E, Van Helmond Z, Chalmers KA, Palmer LE, Love S et al
(2008) Angiotensin-converting enzyme (ACE) levels and activity in
Alzheimer's disease, and relationship of perivascular ACE1 to cerebral
amyloid angiopathy. Neuropathol Appl Neurobiol 34(2):181-193

Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW et al
(2012) National Institute on Aging-Alzheimer's Association guidelines for the
neuropathologic assessment of Alzheimer's disease: a practical approach.
Acta Neuropathol 123(1):1-11

Oba R, Igarashi A, Kamata M, Nagata K, Takano S, Nakagawa H (2005) The N-
terminal active Centre of human angiotensin-converting enzyme degrades
Alzheimer amyloid beta-peptide. Eur J Neurosci 21(3):733-740

Toropygin 1Y, Kugaevskaya EV, Mirgorodskaya OA, Elisseeva YE, Kozmin YP,
Popov IA et al (2008) The N-domain of angiotensin-converting enzyme
specifically hydrolyzes the Arg-5-His-6 bond of Alzheimer's Abeta-(1-16)
peptide and its isoAsp-7 analogue with different efficiency as evidenced by
quantitative matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. Rapid Commun Mass Spectrom 22(2):231-239

Zou K, Maeda T, Watanabe A, Liu J, Liu S, Oba R et al (2009) Abeta42-to-
Abetad0- and angiotensin-converting activities in different domains of
angiotensin-converting enzyme. J Biol Chem 284(46):31914-31920

Zou K, Yamaguchi H, Akatsu H, Sakamoto T, Ko M, Mizoguchi K et al (2007)
Angiotensin-converting enzyme converts amyloid beta-protein 1-42 (Abeta
(1-42)) to Abeta (1-40), and its inhibition enhances brain Abeta deposition. J
Neurosci 27(32):8628-8635

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Main text
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	References

