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Abstract (words 230)

Aims: Overactivation of the brain classical renin-angiotensin system (RAS) is implicated in
the pathogenesis of Alzheimer’s disease (AD). The major aim of this study was to investigate

whether brain RAS changes are mirrored in ante-mortem CSF in AD.

Methods: ACE1 and ACE2 activities were measured using fluorogenic substrates and the
concentrations of angiotensin-I, Ill, and 1-7 were calculated using direct ELISA in ante-
mortem CSF samples (40 AD and 40 controls) and a subset of mid-frontal cortex and post-

mortem CSF samples (10 AD and 10 controls).

Results: ACE1 activity was elevated in mid-frontal cortex (p < 0.05), post-mortem CSF (p <
0.05) and ante-mortem CSF (p < 0.01). ACE1 and ACE2 enzyme activity correlated positively
in post-mortem (r = 682, p = 0.0013) and ante-mortem CSF (r = 0.375, p = 0.0007 ). ACE1
activity in CSF correlated positively with CSF total tau (r =0.271, p = 0.015) and CSF
phosphorylated tau (r = 0.345, p = 0.0018) but not ABa,. Ang-ll level (p < 0.05) and the ratio
of Ang-1l:Ang-I (p < 0.05) and of Ang-Il:Ang-(1-7) (p < 0.01) increased in mid-frontal cortex

but not in CSF.



Conclusions: These data show that ACE1 overactivity in brain RAS in AD is reflected in ante-
mortem CSF and CSF-ACE1 is related to CSF-tau but not ABa4z in AD, however, changes in

brain angiotensin levels and ratios are not reflected in CSF.

Introduction

The renin-angiotensin-system (RAS) functions independently within the brain and is
dysfunctional in Alzheimer’s disease (reviewed in ' 2). Histological and biochemical
assessment of human post-mortem brain tissue indicates that angiotensin-converting
enzyme (ACE1) activity , angiotensin-1l (Ang-Il) and angiotensin-Il type 1 receptor (AT1R), the
major components of the classical RAS pathway, commonly attributed to raising blood
pressure, are increased in humans in AD in relation to AB and Tau level3>,
Cerebroventricular infused Ang-ll increased AP production (via proteolytic cleavage of APP)
and Tau in Sprague Dawley rats associated with reduced cognitive performance 3. Disease
pathology associated with overactive ‘classical’ RAS is associated with inflammation,
oxidative stress and vascular dysfunction (reviewed in 2), which are commonly observed

features of early AD that predict the onset, progression and severity of disease 8.

Disease pathology and cognitive decline is limited in Tg-APP mice by ACE1 inhibitors
(ACEls) or AT1R-blockers (ARBs) °4. Their use to treat hypertension has also been

associated with reduced prevalence >/, delayed cognitive decline '8 and improved



cognition in AD compared with non-RAS anti-hypertensives °. Recent studies indicate a
disease-association between RAS in Tau hyperphosphorylation in AD 2° and clinical studies
reveal that individuals prescribed brain RAS-targeting anti-hypertensives have lower CSF
levels of Tau 2! and reduced CSF-AB during ageing ?2. Lastly, an ACE1 SNP was reported
almost 2 decades ago to be a major risk factor for AD 23 — more recently supported by
several meta-analyses (Lehmann et al, 2005) and Genome Wide Association Studies (REF =
https://www.biorxiv.org/content/early/2018/04/05/294629). ACE1 has a divergent and
complex role in AD, as it is not only the rate-limiting enzyme in the conversion of Ang-I to

Ang-Il but can also degrade and facilitate the clearance of AB (refs).

In addition to classical RAS axis, several alternative ‘downstream’ RAS pathways exist
within the brain that counter-regulate the classical RAS axis 2426, We recently found that
ACE2 activity, which is primarily responsible for converting Ang-Il to Ang(1-7)?” 28 was
reduced by almost 50% in the mid-frontal cortex in AD and that the reduction in ACE2 was
strongly related to parenchymal AB and Tau load * and inversely related to elevated ACE1
activity. Brain Ang-(1-7) level is reportedly reduced in a senescence-accelerated mouse
prone 8 (SAMP8) mice, a mouse model of sporadic AD %, in relation to disease progression
and Tau pathology and reduced plasma Ang-(1-7) levels have also been reported in AD
patients 2°. Together, these data suggest that an imbalance in brain RAS resulting in
classical RAS overactivation is related to disease pathology and is caused, in part, to a loss in

regulatory RAS activity.

Previous studies have reported elevated ACE1 in CSF in AD 3% 3! whilst others
reported either reduced 3234 or unchanged ACE13>. CSF-ACE2 remains uncharacterised in

AD, as do potential changes in CSF angiotensin level. This study aimed to identify if disease-



associated changes in markers of classical and regulatory RAS in antemortem CSF reflect
established changes in human post-mortem brain tissue and thus serve as future potential

biomarkers for AD.

Materials and Methods.

Brain tissue and CSF cohorts

Human post-mortem brain tissue and CSF was obtained from the South West Dementia
Brain Bank, University of Bristol, UK. The study was undertaken with local research ethics committee
approval under the terms of ethical approval from NRES Committee South West — Central, Bristol,
U.K. Tissue was dissected from the mid-frontal cortex (Brodmann area 9) from 10 cases of AD and 10
age-matched control brains. Post-mortem CSF samples were obtained from 10 AD and 10 controls
(we were unable to match with post-mortem brain tissue). All cases had previously undergone
detailed neuropathological assessment and a diagnosis of AD was made according to the NIA-AA
guidelines. Controls had no history of dementia with few or absent neuritic plaques, a Braak tangle
stage of Ill or less, and no other neuropathological abnormalities. Brain tissue homogenates were
prepared in 1% SDS lysis buffer, as previously described® % 3¢ and stored at -80 C. Antemortem CSF
samples were from patients who sought medical advice because of cognitive impairment. Patients
were designated as AD or non-AD according to CSF biomarker (total tau [T-tau], tau phosphorylated
at amino acid 181 [P-tau] and the 42 amino acid form of amyloid  [AB42], measured using
INNOTEST ELISAs [Fujirebio, Ghent, Belgium]) levels using cutoffs that are 90% sensitive and specific
for AD (ref:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uid
s=16488378). None of the biochemically normal subjects fulfilled these criteria. The demographic

data for each of the cohorts is summarised in Table 1.



ACE1 fluorogenic activity assay

ACE1 activity was measured as previously described with minor modifications % > 3637

using an ACE1
specific fluorogenic peptide substrate (Abz-FRK(Dnp)-P) (Biomol International, Exeter, UK.
Recombinant ACE1 (1000-31.1 ng/ml), brain tissue samples (50 ul at 250 pg/ml diluted in assay
buffer (50mM HEPES, pH 6.5)), post-mortem CSF (50 pl undiluted ) and ante-mortem-CSF (50 ul
undiluted) were incubated with the FRET substrate (10 uM diluted in assay buffer) for 2.5 h at 26 C.
Fluorescence was measured with excitation at 320nm and emission at 405nm, in a fluorescent plate
reader (FLUOstar, BMG Labtech, Aylesbury, UK). All cases were run in duplicate in the presence and
absence of captopril, which was incubated for 10 m at 26 C, priOr to the addition of the FRET
substrate — we previously have shown that captopril blocks ACE1 activity by over 90%. ACE1 activity
was determined by subtracting the fluorescence in the captopril-inhibited from the untreated wells.

To minimise variation resulting from plate-to-plate variation a serial dilution of recombinant human

ACE1 was used for calibration.

ACE2 activity assay

ACE2 activity was measured using the ACE2 specific fluorogenic peptide substrate (Mca-APK(Dnp)
(Enzo Life Sciences, Exetrer, UK) in the presence of an ACE2 specific inhibitor, MLN4760 (10 uM)
(Merck, Nottingham, UK) as previously described . Recombinant ACE2 (440 — 6 ng/ml) (R&D
systems, Cambridge, UK), brain tissue samples (50 pl diluted 1 in 10 in assay buffer), post-mortem
CSF (50 pl undiluted) and ante-mortem-CSF (50 pl undiluted) were incubated with the FRET
substrate (10 uM) diluted in assay buffer (75 mM Tris, 1M NacCl, Ph7.5) for 3 h at 37 C. Standards and
samples were assayed in duplicate in the presence or absence of ACE2 specific inhibitor diluted in
distilled water for 10 m at 37 prior to the addition of the fluorogenic substrate. ACE2 activity was
determined by subtracting the fluorescence in the inhibited from the untreated wells. Cleavage of

the ACE2 FRET peptide was measured using a BMG FLUOstar OPTIMA microplate reader (BMG



Labtech, Ayelsbury, UK) at excitation/emission wavelength 330/390nm. To minimise variation
resulting from plate-to-plate variation a serial dilution of recombinant human ACE2 was used for

calibration.

Angiotensin-I, -Il and -(1-7) measurements by direct ELISA

Ang-1, Il and Ang-(1-7) were measured by direct ELISA’s as previously described **. Serial dilutions
of recombinant human Ang-1, Ang-Il and Ang-(1-7) (5000-78.125 pg/ml) (Enzo/Abcam), brain tissue
homogenates diluted 1 in 10 in PBS, or CSF samples (100ul undiluted) were incubated for 2 hours in
clear high-binding capacity NUNC maxisorp plates (ThermoFisher Scientific, Waltham, MA, USA) at
26°C with shaking. The wells were washed five-times in PBS with 0.05% tween-20 and blocked for 1
hourin 1 % PBS: BSA (Sigma Aldrich, Dorset, UK). After another five washes, the wells were
incubated with either biotinylated anti-human Ang-I (diluted 1 in 100 in PBS) (Cloud-Clone, Wuhan,
China), anti-human Ang-II (diluted 1 in 500 in PBS) or anti-human Ang-(1-7) (diluted 1 in 100 in PBS)
for 2 hours at 26°C with shaking, followed by a further wash step. The respective plates were
incubated with strep:HRP (1:200) in PBS:0.01% Tween-20 for 20 minutes at room temperature in the
dark and TMB substrate (R&D systems) was added after a further wash and left to develop in the
dark for 20 minutes and the reaction was stopped following the addition of 2N sulphuric acid. The
absorbance signal for each assay was read at 450nm using a FLUOstar OPTIMA plate reader (BMG
labtech, Aylesbury, BUCKS, UK). Concentrations were interpolated from standard curve generated by
serially diluting recombinant standards and were measured in duplicate. Each assay was specific for

the respective target and showed minimal cross reactivity with closely-related angiotensin peptides.

Statistical analysis

Unpaired two-tailed t-tests or ANOVA with Bonferroni post-hoc analysis were used for comparisons

between groups, and Pearson's or Spearman's test to assess linear or rank order correlation, as



appropriate, with the help of SPSS version 16 (SPSS, Chicago) and GraphPad Prism version 6

(GraphPad Software, La Jolla, CA). P-values < 0.05 were considered statistically significant.

Results.

ACE1 was elevated in antemortem CSF in Alzheimer’s disease and correlated with tau/ptau

level and ACE2 activity

ACE1 activity was higher in the mid-frontal cortex in AD compared to age-matched controls
(p < 0.05) (Figure 1A) confirming findings in our previous larger study °. ACE1 was also
significantly elevated in post-mortem CSF in AD (p < 0.05) (Figure 1B) and was significantly
higher in ante-mortem CSF in (p = 0.008) (Figure 1C). ACE2 activity was lower in mid-frontal
cortex (Figure 1D), but not significantly as previously reported in a previous cohort?* likely
reflecting the much smaller sample size. In contrast, ACE2 activity was significantly higher in

post-mortem CSF (p < 0.05) but was unchanged in ante-mortem CSF (p = 0.16) (Figure 1F).

We previously reported that ACE2 activity was inversely correlated to ACE1 in mid-frontal
cortex in AD %. In both post- and ante-mortem CSF, CSF-ACE1 activity correlated positively

with CSF-ACE2 activity (Figure 2 A-B).

We previously reported that brain ACE1 and ACE2 activities were associated with AB and
Tau load in post-mortem human brain tissue *°. Here, ACE1 CSF activity correlated
positively with both CSF t-tau (r = 0.271, p = 0.015) and CSF p-tau (r = 0.345, p = 0.0018) but

not with CSF-ABaz level (Figure 3A-C).

Changes in brain angiotensin (-1, -Il, and —(1-7)) level and ratio in mid-frontal cortex in AD are

not reflected in CSF



We recently reported increased Ang-1l and Ang-lll level in the mid-frontal cortex in AD 3“. In
this study, Ang-1l was again significantly increased in the smaller subset of mid-frontal cortex
in AD (p < 0.05) (Figure 4A) whereas Ang-I (albeit much lower) and Ang-(1-7) level were
unchanged (Fig 4D,G). In post-mortem CSF, Ang-I level was significantly lower in AD (Fig 4E)
whilst Ang-Il and Ang-(1-7) level were unchanged. No differences were observed for

angiotensin levels in ante-mortem CSF (Fig 3C,F,l).

Previous studies have suggested that the ratio of Ang-l1:Ang-Il and Ang-1I:Ang-(1-7) are proxy
markers of ACE1 and ACE2 activity and are useful indicators of activity within the classical
and regulatory RAS pathways. We found that the ratio of Ang-1l:Ang-I was increased in the
mid-frontal cortex in AD (P < 0.05) indicating that AD brains had relatively more Ang-Il than
Ang-1, as would be expected with increased ACE1 activity (Figure 5A). The Ang-l:Ang-Il ratio
was, however, unchanged in post-mortem and ante-mortem CSF (Figure 5B-C). The Ang-
II:Ang-(1-7) ratio was significantly increased in the mid-frontal cortex in AD (P < 0.05) (Figure
5D) indicating that AD brains had relatively higher Ang-II level compared to Ang-(1-7), as
would be expected with reduced ACE2 activity. In contrast there was no significant
difference in post-mortem or ante-mortem CSF in either the Ang-l:Ang-Il or Ang-11:Ang-(1-7)
ratio (Figure 5E-F). Moreover, Ang-l, Ang-1l and Ang-(1-7) levels and the ratio of Ang-Il:Ang-
land Ang-Il:Ang-(1-7) did not correlate with AB, Tau and pTau in ante-mortem CSF (data not

shown).

Discussion

In this study, we have explored whether disease-associated changes in the classical and
regulatory RAS pathways in brain RAS in the mid-frontal cortex in AD are reflected in post

and ante-mortem CSF. Our data indicate that (i) ACE1 overactivity in brain RAS and post-



mortem CSF in AD is mirrored in ante-mortem CSF (ii) CSF-ACE1 in AD is associated higher
CSF-t-tau and CSF-p-tau but not CSF-Aaz (iii) in contrast to brain tissue, ACE2 positively
correlates with ACE1 activity in post and ante-mortem CSF (an inverse correlation was
observed in brain tissue) and (iv) brain angiotensin changes in AD are not reflected in CSF.
These findings increase our understanding of the role of RAS in AD and indicate that some

markers of brain RAS are mirrored in CSF but that the relationship is complex.

Overactivation of the brain classical RAS axis in AD, indicated by increased ACE1> 3¢
activity and elevated Ang-Il level 3, and a concurrent loss of regulatory RAS as a result of
reduced ACE2 activity?, is associated with elevated A and Tau load in AD. Here, we provide
evidence that ACE1 overactivity observed in post-mortem AD brains is mirrored in
antemortem CSF. Higher CSF-ACE1 activity is associated with increased level of total tau but
not AB. These findings support an emerging idea that RAS-targeting anti-hypertensives
associated with improved cognition or delayed onset of cognitive decline is related to
hyperphosphorylation of Tau 2% and lower CSF-tau c 2. CSF-ACE1 activity positively
correlated with CSF-ACE2 activity whereas it is inversely correlated with ACE2 activity, which
is reduced in brain tissue in AD. Elevated ACE1 and ACE2 activity in CSF may simply reflect
solubilisation of both ACE1 and ACE2 that are ordinarily membrane bound, but which can be
cleaved at their respective transmembrane domains and released extracellularly in an active
form in disease (39, 40). In contrast to brain RAS in which ACE2 activity is reduced in AD,
shedding of membrane ACE2 by ADAM-17/10 resulting in loss of membrane ACE2 has
previously implicated in the pathogenesis of neurogenic hypertension (ref 35) and could

also account for the differences observed between brain and CSF.



Previous studies have reported increased ACE1 in CSF in AD 3% 31 whilst others
reported reduced ACE1 3234 or no change®>. We have previously reported reduced ACE1
protein level (measured by a sandwich ELISA) in CSF but elevated ACE1 enzyme activity (and
repeated here) (measured by A FRET substrate) in AD3®, These studies highlight that ACE1
protein is reduced, and ACE1 activity is increased, in CSF and indicates that one cannot be
used as a proxy for another. This apparent inverse relationship could also account for the
inconsistent reporting of ACE1changes in CSF in previous studies. The differences between
brain related and more peripheral measures of RAS are further complicated by findings by
other groups that plasma ACE1 (ref) and serum ACE232 are reduced in AD. Further studies
are needed to clarify the relationships between CSF protein and activity in the CSF and

serum.

Less is known regarding changes in angiotensin peptides in AD. We recently reported
that Ang-1l and Ang-lll, despite short half-lives, were measurable in post mortem brain
tissue, and were elevated in AD in relation to markers of disease pathology 3. Here we found
that the ratio of Ang-ll:Ang-l was increased in mid-frontal cortex in AD, consistent with
increased ACE1 activity. Ang-(1-7) level remained unchanged but the ratio of Ang-Il:Ang(1-7)
was reduced in brain tissue in AD indicating that there is relatively lower level of Ang-(1-7)
than Ang-Il, consistent with reduced ACE2 activity in AD. These pilot data in a small subset
of brains indicate that the ratios of Ang-ll:Ang-1 and Ang-llI-Ang-(1-7) are potentially useful
proxy markers of RAS activation in human brain tissue and may help to determine the
extent of imbalance in RAS in future studies. Despite changes in brain, the ratios of Ang-
[I:Ang-l and Ang-1I:Ang-(1-7) are unchanged in post-mortem and ante-mortem CSF in AD and

do not correlate with disease markers. The difference between brain and CSF may reflect



the relative instability of the angiotensin peptides in CSF and seem to preclude their

usefulness as potential CSF markers of disease status.

Together, these data indicate that overactivation of brain RAS, indicated by ACE1
activity, as observed in post-mortem brain tissue is also mirrored in antemortem CSF in and
is related to higher CSF-tau level but not CSF-AB. These data further support a role for RAS

and support an emerging link between Tau pathology and RAS in the pathogenesis of AD.
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Figure 1. Bar charts showing changes in ACE1 and ACE2 enzyme activity in mid-frontal
cortex and post and ante-mortem CSF in Alzheimer’s disease AD) compared to age-matched
controls. (A-C) ACE1 enzyme activity was significantly increased in mid-frontal cortex (10 AD
vs 10 controls (p < 0.05)), post-mortem CSF (10 AD Vs 10 controls (p < 0.05)) and ante-
mortem CSF (40 AD Vs 40 controls). (D-F) ACE2 enzyme activity was unchanged in mid-

frontal cortex in AD but was significantly elevated in post-mortem CSF (p < 0.05) and



approaching significance in ante-mortem CSF. Bars represent the mean level and standard

error of the mean. * P < 0.05
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Figure 2. Scatterplots showing a positive correlation between ACE1 enzyme activity and
ACE2 enzyme activity in A. post-mortem (10 Vs 10) and B. ante-mortem CSF (40 Vs 40) from
a combined cohort of controls and AD. Each point in the scatterplot indicates a single brain.

The best-fit linear regression lines and 95% confidence intervals are superimposed.
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Figure 3: Scatterplots showing the relationship between ACE1 activity and CSF-Tau, pTau
and AB in a combined AD and control cohort (AD = 40 and control = 40). ACE1 activity

positively correlated with t-tau (r = 0.271, p = 0.015) and p-tau (r = 0.345, p = 0.0018) but



not CSF-AB42 load. Each point in the scatterplot indicates a single brain. The best-fit linear

regression lines and 95% confidence intervals are superimposed.
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Figure 4. Bar charts showing angiotensin-I, -1l and —(1-7) level in mid-frontal cortex (10 AD

Vs 10 controls), post-mortem (10 AD Vs 10 controls), and in a subset of ante-mortem CSF

samples (20 AD Vs 20 controls) in Alzheimer’s disease. (A-C) Ang-Il level was significantly

increased in mid-frontal cortex in AD but was unchanged in post- and ante-mortem CSF. (D-



F) Ang-l was lower in mid-frontal cortex (approaching significance) and was reduced in post-

mortem CSF but was unchanged in ante-mortem CSF. (G-1) Ang-(1-7) level was unaltered in

mid-frontal cortex, post- and ante-mortem CSF in AD. Bars represent the mean level and

standard error of the mean. * P < 0.05
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Figure 4. Bar charts showing the ratio of Ang-l:Ang-Il and Ang-(1-7):Ang-1l in mid-frontal

cortex (10 controls Vs 10 AD), post-mortem CSF (10 controls Vs 10 AD) and ante-mortem

CSF (20 controls and 20 AD) in Alzheimer’s disease. (A-C) The Ang-l:Ang-Il ratio was

significantly lower in (A) mid-frontal cortex in AD but remained unaltered in (B) post- and (C)



ante-mortem CSF. (D-F). The Ang-(1-7):Ang-ll ratio was reduced in (D) mid-frontal cortex in

AD but was unaltered in (E) post- and (F) ante-mortem CSF. * P < 0.05 ** P < 0.01
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