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1 | BACKGROUND
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Abstract

Introduction: Mounting evidence supports an association between antihypertensive
medication use and reduced risk of Alzheimer’s disease (AD). Consensus on possible
pathological mechanisms remains elusive.

Methods: Human brain tissue from a cohort followed to autopsy that included 96
cases of AD (46 medicated for hypertension) and 53 pathological controls (33 also
medicated) matched for cerebrovascular disease was available from the New South
Wales Brain Banks. Quantified frontal cortex amyloid beta (AB) and tau proteins plus
Alzheimer’s neuropathologic change scores were analyzed.

Results: Univariate analyses found no difference in amounts of AD proteins in the
frontal cortex between medication users, but multivariate analyses showed that anti-
hypertensive medication use was associated with a less extensive spread of AD pro-
teins throughout the brain.

Discussion: The heterogeneous nature of the antihypertensive medications is consis-
tent with downstream beneficial effects of blood pressure lowering and/or manage-

ment being associated with the reduced spreading of AD pathology observed.
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brain.! The increased spread of AD pathology in the brain is then

used to give a probability assessment of AD neuropathologic change

Alzheimer’s disease (AD) is pathologically diagnosed by the excessive
accumulation of amyloid beta (AB) peptides in extracellular plaques
and the fibrillization of hyperphosphorylated tau protein in neurons.?
These AD proteins concentrate in predilection sites, increasing in their
accumulation to progressively involve multiple brain regions causing
clinical dementia.! The National Institue on Aging-Alzheimer’s Asso-
ciation (NIA-AA) consensus on the neuropathologic assessment of AD

requires the evaluation of the spreading of AD pathology through the

as not sufficient for AD, a low probability of AD, or the diagnosis of
AD when intermediate or high levels of AD pathology in the brain are
achieved.!

Although AD is common clinically, only a minority of cases have pure
AD neuropathology post mortem (3% to 24%), while the majority has a
mixture of AD and vascular pathologies as well as other neurodegen-
erative pathologies.2® The additional pathologies observed in patients

with clinical AD impact the pathological progression of AD.%2% One
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significant harbinger for the vascular pathologies observed is midlife
hypertension,* which has been associated with an increased risk of
AD.®> Of interest is the finding that treating hypertension with any
type of antihypertensive medication prevents cognitive decline®” and
progression to AD.8 The precise tissue mechanism of such protective
effects is not yet established; however, the most plausible explanation
points to these medications working to minimize damaging cerebrovas-
cular events in the brain. Alternatively, and possibly more contentious,
is that the protective effects seen may be due to the medications work-
ing directly on cellular targets in the brain. The third explanation is that
it is a combination of the above two. Regardless, the types of brain
pathologies that antihypertensive medication(s) have an impact on is
still contentious and in need of further investigation to understand this
clinical effect and its underlying mechanism.

Most studies of the impact of antihypertensive medications on AD
pathology have assessed regional pathological densities in cohorts
not matched for concomitant pathologies. The AS plaque load in
the frontal cortex assessed by immunohistochemistry is marginally
lower in normotensive AD cases (by ~1%) compared to hyperten-
sive AD cases, although this was not a treatment effect as there
were no significant differences between those on or not on antihy-
pertensive medications.? Similarly, counts of silver-stained neurofibril-
lary tangles (NFTs) and neuritic plagues (NPs) in neocortical regions
are higher in hypertensive compared to normotensive AD cases'?
and these silver-stained neuritic pathologies are also increased in
hypertensive compared to normotensive non-demented cases.!! With
respect to antihypertensive treatment, there are lower densities of
silver-stained NFT and NP in treated AD or mild cognitive impairment
cases compared to untreated hypertensive or normotensive cases.812
These immunohistochemical and classic histological studies suggest
that antihypertensive medications may mainly impact the densities of
silver-positive neuritic and not immunohistochemically assessed AS
pathologies.

Two studies have assessed the association of medications target-
ing the renin-angiotensin system (RAS) with the staging of silver-
stained NFT pathology throughout the brain, again in cohorts not
matched for concomitant pathologies.®*3 RAS-treated AD cases had
more limited NFT formation throughout the brain compared to those
untreated,’? although there were no differences in the spread of NFT
in those progressing from mild cognitive impairment to AD despite
lower densities of NFT in most regions in those medicated.® Whether
all antihypertensive medications impact disease progression remains
to be determined. Hence, this study assessed the relationship in an
elderly population at death between antihypertensive medication use
and the extent of regional pathological thresholds as well as the
spread of AD pathologies in cohorts with equivalent cerebrovascu-
lar disease but not other neurodegenerative disorders. As additional
pathologies have been shown to impact the pathological progres-
sion of AD,%° these exclusion criteria ensured that the relationship
between antihypertensive medication use and AD pathology amount
and spread could be determined in cohorts matched for concomitant

pathologies.

Research in Context

1. Systematic review: Pubmed and Embase searches using
the search terms “hypertension” and/or “hypertensive,”

»

“dementia” and/or “Alzheimer,” “pathology” and/or “amy-
loid,” as well as citation lists from landmark studies and
reviews were used to evaluate the accumulated knowl-
edge in this area.

2. Interpretation: The data show no difference in the
early deposition of Alzheimer’s disease (AD)-specific pro-
teins in the brain between antihypertensive medication
users but those on antihypertensives had less extensive
anatomical spread of AD pathology.

3. Future directions: Identifying how antihypertensive
medications potentially reduce the progression of AD
pathologies may suggest novel strategies for their
prevention and/or amelioration.

Highlights

* Amyloid beta and tau levels did not differ in frontal cortex
with antihypertensive medication use.

* Therewas areduced spread of Alzheimer’s disease pathol-
ogy with antihypertensive medication usage.

* Antihypertensive medications’ heterogeneity points to

downstream vascular benefit.

2 | METHODS

2.1 | Cohort inclusion and exclusion criteria

Cases were selected from the New South Wales Brain Banks database
(n = 1009) of longitudinally followed participants in ethically approved
brain donor programs specializing in neurodegenerative diseases
and/or aging (without neurological or neuropsychiatric diseases).
Consent for brain donation was obtained before death with brain
retrieval occurring within 24 to 48 hours after death. Upon retrieval,
brains were either hemisected with half frozen at -80°C and the
other half fixed in 10% formalin or the whole brain fixed in 10%
formalin. Fixed tissue was processed for histological characterization
using current neuropathological consensus criteria. Study inclu-
sion was based on the dominant type of diagnostic neuropathology
present; being either no significant neuropathology (NSN, inciden-
tal, non-diagnostic pathologies allowed) or AD neuropathologic
change (ADNC)? or cerebrovascular disease’41> + ADNC (n = 149,
see Table 1). Exclusion included those reaching pathological diag-
noses of tauopathies, synucleinopathies, neoplasms, or other rarer
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TABLE 1 Demographic, clinical, and pathological profile of cases

Clinical Dementia Rating (n)

AD intermediate/high level change, n (%)

Age at death, mean years (SD)

Male, n (%)

PMD, mean hours (SD)

Hypertensive, n (%)

Hypertension duration, mean years (SD)°
Hypertensive and medicated, n (% of hypertensive)
Normotensive, n (%)

Normotensive and medicated, n (% of normotensive)
Cerebrovascular disease and vascular brain injury, n (%)
Single infarct (non-lobar), n (% of CVD)

Multiple infarcts (non-lobar), n (% of CVD)

Hypertensive cases based on clinical assessment.

Clinical Interventions

0-0.5 (60) 1-3(89)
26 (43%) 70 (79%)

89 (6) 87(5)
29 (48%) 31(35%)
23(18) 23(19)
33(55%) 40 (45%)
16(10) 11(9)
28 (85%) 29 (73%)
27 (45%) 49 (55%)
14 (52%) 8(16%)

29 (48%) 48 (54%)
12 (41%) 21 (44%)
17 (59%) 27 (56%)

Abbreviations: AD, Alzheimer’s disease: CVD, cerebrovascular disease and vascular brain injury cases; CDR, Clinical Dementia Rating; n, number of cases;

PMD, post mortem delay; SD, standard deviation.

aAverage duration in years of hypertensive cases, incomplete data for some cases; five from O to 0.5 CDR group and two from 1 to 3 CDR group due to
incomplete clinical record (confirmation of hypertensive status but no information on date of diagnosis). Statistically significant results (P <.05) are in bold.

'P<.05.
P<.01.

#P < .001. For further breakdown of this data with all CDR categories see Table S1. For further medication data see Table S2. For further breakdown of this

data with the experimental subsets used see Table S3.

neuropathologies either alone or in association with ADNC.!
Those aged at death <75 years old (median age at death in
Australia for both men and women is 85-89 vyears old, see
https://www.aihw.gov.au/reports/life-expectancy-death/deaths-in-

australia/contents/age-at-death) were also excluded (see also Brayne
et al.2é) to further reduce potential for neuropathologies other than AD
or cerebrovascular disease (dementia and cerebrovascular disease are
the second and third most prevalent causes of death in Australians >75
years of age at death, see https://www.aihw.gov.au/reports/life-
expectancy-death/deaths-in-australia/contents/age-at-death) as well
as those with incomplete clinical data (see Figure S1 in supporting
information). Cerebrovascular disease included all cases except those
with lobar infarction equating to >50 mL of tissue loss'° as current
pathological criteria for AD require the systematized sampling of

multiple lobar regions.!

2.2 | Clinical data extraction

Clinical data were extracted from brain donor program databases plus
review of original clinical case files. These files included general practi-
tioner health summaries, specialist reports, and annual self-report sur-
vey responses. From these sources, details on hypertension diagnosis,
antihypertensive medication use, antihypertensive medication dose
(where available), hypertension status, and clinical dementia rating
(CDR) were obtained (see Table 1 and Table S1 in supporting informa-
tion). Prescribed antihypertensive medications were cross-referenced
with the Monthly Index of Medical Specialties (MIMS) online database

to confirm the antihypertensive medication class, which included
diuretics, calcium channel blockers (CCBs), angiotensin receptor block-
ers (ARBs), angiotensin converting enzyme (ACE) inhibitors, and beta
blockers. For more information on antihypertensive medications see

Table S2 in supporting information.

2.3 | Analysis of the amount of AD pathology

The middle frontal cortex was selected to quantify AD protein load
using western blotting on protein extracts from frozen tissue and
immunohistochemistry on formalin-fixed, paraffin-embedded tissue
sections, as this is an initial site for Ag deposition” and is also prone

to tau pathology in the aged?®

with all AD subtypes accumulating tau
in this region.!? Due to the more limited availability in the cohort with
frozen tissue, only a subset of cases could be assessed. This provided
44 cases with available frozen cortical tissue for this analysis (14 NSN).
This group was more than doubled to 34 for the immunohistochemistry
analysis to give 58 of the original 149 cases for the areal fraction valida-
tion analysis. This was to ensure adequate representation. For a further
breakdown of the cohorts see Table S3 in supporting information.

For western blotting, insoluble pathological proteins were extracted
from 200 mg of frozen brain tissue. Tissue was homogenized using an
IKA T-10 hand-held homogenizer in 2 mL (10 pl/mg) of cold reassem-
bly (RAB) homogenization buffer (0.75 M NaCl, 100 mM MES, 1 mM
EGTA, 0.5 mM MgSQO,4, 1 mM DTT, pH 6.8 with a Roche complete
EDTA-free protease inhibitor cocktail tablet added prior to use). Sam-
ples were centrifuged at 100,000 x g for 60 minutes at 4°C using a
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Beckman Optima L-90K ultracentrifuge with a 70.1 Ti rotor, and the
pellet repeatedly resuspended in 2 mL of cold paired helical filament
(PHF) extraction buffer (10 mM Tris, 10% sucrose, 0.85 M NaCl, 1 mM
EGTA, pH 7.4) then centrifuged at 15,000 x g for 2 x 20 minutes at
4°C. The supernatants were combined and 10% sarkosyl added prior
to incubation on a shaking platform for 60 minutes at room temper-
ature. The sarkosyl resuspensions were centrifuged at 100,000 x g
for 30 minutes at 4°C and the remaining pellet resuspended in Tris-
HCI (0.2 pl/mg; starting volume) and collected as the sarkosyl insol-
uble fraction which was used to investigate the most toxic forms of
the pathological proteins. Protein concentrations were determined by
bicinchoninic protein assay (BCA) as per the manufacturer’s instruc-
tions (Pierce Biotechnology, Rockford, IL). Six grams of protein lysate
from the sarkosyl insoluble fraction was combined with 1x LDS sample
buffer and 2.5% S-mercaptoethanol, separated at a constant 225 V for
~40 minutes using 10% to 20% Novex tris-glycine gels (Life Technolo-
gies, Carlsbad, CA) and transferred at a constant 10 V for 60 minutes
to nitrocellulose membranes (Biorad, Hercules, CA) using the Mini Gel
Tank and Mini Blot Module (Life Technologies, Carlsbad, CA).

For insoluble Af protein amount, membranes were blocked for
1 hour in 5% skim milk powder in Tris-buffered saline with 0.1% (v/v)
Tween 20 (TBST) after antigen retrieval (microwave incubation in boil-
ing citrate buffer for 2 minutes on each side of the membrane). Mem-
branes were probed for monoclonal mouse anti-human AgB (Dako, Cat
MO0872 [Clone 6F/3D], diluted 1:500 in 1% skim milk TBST) overnight
at 4°C on a rocker, washed in TBST (3 x 10 minutes) the next morn-
ing, and then probed for goat anti-mouse horseradish peroxidase sec-
ondary antibody (Thermo Scientific, Cat 31430, diluted 1:5000 in 1%
skim milk TBST) for 1 to 2 hours at room temperature on rocker. Clar-
ity Max western enhanced chemiluminescence (ECL) substrate (Biorad,
Hercules, CA) was used to detect protein bands that were visualized
using a Chemidoc MP digital imaging system (Biorad). Each membrane
was visualized using the same imaging protocol and exposure times or
all membranes were imaged together.

For insoluble phospho-tau protein amount, membranes were then
incubated (2 x 10 minutes) in mild stripping buffer (0.2 M glycine,
0.1% SDS, 1% Tween-20, pH 2.2) to remove residual primary and sec-
ondary antibody complexes. Membrane stripping efficacy was tested
by further incubation in ECL substrate and Chemidoc visualization.
Membranes were then re-probed for Alz50 (kind gift from Prof. Peter
Davies, diluted 1:250) and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (Sigma, Cat G9545, diluted 1:10,000) as a loading con-
trol. Quantification of relative protein band intensity were analyzed
using the gels plugin on Fiji (Image J, National Institutes of Health,
Bethesda, MD) and expressed as arbitrary intensity units normalized
to GAPDH as a protein loading control and also standardized to an
internal control to compare between membranes. All western blots
were replicated, and arbitrary intensity units were averaged, except for
rare data points that exceeded two standard deviations from the mean.
These were considered extreme outliers and were excluded from the
analysis.

For an orthogonal analysis, the amount of the cortex contain-

ing pathology was evaluated using immunostaining for A (mouse

monoclonal anti-human, Dako, Cat M0872 [Clone 6F/3D], 1:500) with
hematoxylin counterstaining on a Ventana Discovery XT autostainer
as per the manufacturer’s instructions. Slides were viewed on a Zeiss
Axio Lab.A1 microscope and imaged using a Zeiss AxioCam ICc 5 cam-
era and AxioVision software v4.9.1. Four representative images of the
densest area of ABimmunopositivity were acquired at 5x magnification
making sure that the cortex filled the entire area of the image taken.
Images were then analyzed using Fiji (Image J, National Institutes of
Health, Bethesda, MD) for pixel area of AB immunopositivity in each
image using color threshold and particle analysis operations to obtain
area percentage of cortex with pathology. Areas were averaged across
the four representative images taken from each case to obtain an aver-

age AB load for the middle superior frontal cortex.

2.4 | Analysis of the regional spread of AD
pathology using AD pathological stages

To investigate the spread of AD pathology, the A and B scores for each
case as set out in the NIA-AA guidelines! were used. This involves the
assessment of the presence of any Ag plaques (used method detailed
above) or NFTs (used phosphorylated tau clone AT8; mouse; 1:1000;
Cat. No. MN1012; Thermo Scientific, Pittsburgh, USA, with hema-
toxylin counterstaining on a Ventana Discovery XT autostainer as per
the manufacturer’s instructions) in tissue sections prepared from hier-
archically affected brain regions (cortical association regions in all
lobes, hippocampus and entorhinal cortex, basal ganglia and nucleus
basalis of Meynert at the level of the anterior commissure, midbrain
with substantia nigra, the cerebellar cortex, and dentate nucleus).!
Briefly, an AO score corresponds to no AS plaques in any region exam-
ined; an Al score corresponds to AB plaques in any association cortices;
an A2 score corresponds to cortical, hippocampal, and basal ganglia A
plaques; and an A3 score corresponds to cortical, basal ganglia, cere-
bellar, and brainstem AB plaques (see Figure 3B for schematic). A BO
score corresponds to no NFTs in any brain region examined; a B1 score
corresponds to medial temporal lobe NFT involvement; a B2 score cor-
responds to additional neocortical temporal lobe NFT involvement;
and a B3 score corresponds to additional frontal, parietal, and occipi-

tal neocortical involvement (see Figure 4B for schematic).

2.5 | Statistical analyses

Statistical analyses were carried out using SPSS software (IBM Corp.
Released 2016. IBM SPSS Statistics for Macintosh, Version 24.0.
Armonk, NY: IBM Corp.). T-tests and chi-square analyses were used
to investigate differences in demographic data. Univariate analysis
of variance was conducted to examine main group effects (disease
group, medication group, or interaction of the two) on AD pathol-
ogy (AB and tau) covarying for age, sex, and post mortem delay. Multi-
nomial logistic regression was carried out to determine whether
medication group predicted the spread of the AD neuropathologies

through the brain assessed via A and B scores covarying for age,
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sex, post mortem delay, the presence of cerebrovascular disease and
hypertensive status. Probability (P) values < .05 were judged as statis-
tically significant.

3 | RESULTS
3.1 | Demographics, clinical, and pathological
characteristics

The overall average age at death was 88 years, which is typical for
the Australian population (see https://www.aihw.gov.au/reports/life-
expectancy-death/deaths-in-australia/contents/age-at-death). When
dichotomizing with respect to dementia (CDR 0 and 0.5 vs 1, 2, and 3),
the groups were well matched for post mortem delay, sex, and presence
of cerebrovascular disease, although those with a CDR of 0 or 0.5, now
referred to as non-demented group, lived longer by 2 years on average
(Table 1). As expected, there was a significant association between CDR
and AD level of neuropathologic change.

Assessment of hypertension parameters between these two clini-
copathological groups found that they were well matched for hyper-
tension status, antihypertensive medication usage and cerebrovascu-
lar disease (see Figure S2), but those with limited cognitive impairment
had an average 5-year increase in their duration of hypertension (note
this group did live longer, see above and Table 1). The most commonly
used antihypertensive medication class was diuretics (63%) followed
by beta blockers (43%), ACE inhibitors (41%), CCBs (34%), and ARBs
(14%). The use of multiple classes of antihypertensive medications was
common, with 73% of antihypertensive-medicated individuals taking
multiple classes either concurrently or sequentially. There was a signif-
icant association between CDR and medication usage in normotensive
subjects, with a larger proportion of the non-demented group taking
antihypertensive medications. Chi-square analysis revealed that this
association held for either of the major classes of antihypertensive
medications used except for ARBs.

3.2 | Regional amounts of AB and tau do not differ
with antihypertensive medication usage

As expected, there was a significant disease effect in the average
amount of insoluble AB in the middle frontal cortex with approxi-
mately four- to six-fold more AS on average in the AD group compared
to pathological controls (Figure 1A). No significant medication effect
or medication by disease interaction was identified in relation to the
amount of AB in frontal cortex as measured using either method (Fig-
ure 1B and C). No effect on histological frontal A deposition was con-
firmed with either of the major classes of antihypertensive medications
(sample size too small for additional western statistical analyses). Sim-
ilarly, as expected, there was a significant disease effect in the aver-
age amount of insoluble phospho-tau (Alz50) in the middle frontal cor-
tex with on average a nine-fold increase in the AD group compared to

pathological controls (Figure 2A). Again, no medication or medication
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FIGURE 1 A Bar graph showing amounts of amyloid beta (Af) in
the frontal cortex of cases with a not/low or intermediate (int)/high
level of Alzheimer’s disease (AD) neuropathologic change that is
further dichotomized into antihypertensive medication (AH
Medicated) use (yes = “+” and orchid color, no = “—~" and cantaloupe
color) as measured in arbitrary intensity units (AlU, left axis) by
western immunoblotting (w) or average percentage area of A
positivity by immunohistochemistry (IHC, right axis). Case types and
number of cases illustrated in key underneath bar graph. Error

bars = standard error of the mean. *P < .01 Western and **P <.001
IHC for difference between not/low AD and int/high AD. B,
Representative micrographs of A immunohistochemistry in the
frontal cortex. Those on the left-hand side are cases that have a
not/low level of AD change while cases on the right-hand side are
those that have an int/high level of AD change. Micrographs with an
orchid-colored border denote cases that had taken antihypertensive
medications while micrographs with a cantaloupe-colored border
denote cases that had not taken antihypertensive medications. Scale
bars = 200 um. C, Representative western immunoblots of the data
presented in (A). Lanes denoted as AD Change “-” indicate not/low
level of AD change while those denoted as AD Change “+” indicate
int/high level of AD change. Lanes denoted as AH Medicated “—”
indicate cases that had not taken antihypertensive medications while
those denoted as AH Medicated “+” indicate cases that had taken
antihypertensive medications
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FIGURE 2 A, Bar graph showing amounts of tau (Alz50) in the
frontal cortex of cases with a not/low or intermediate (int)/high level
of Alzheimer’s disease (AD) neuropathologic change that is further
dichotomized into antihypertensive medication (AH Medicated) use
(yes = “+” and orchid color, no = “~" and cantaloupe color) as
measured in arbitrary intensity units (AlU) by western
immunoblotting. Case types and number of cases illustrated in key
underneath the bar graph. Error bars = standard error of the mean.

*P < .05 Western for not/low AD versus int/high AD. B, Representative
immunomicrographs of tau (AT8) in the frontal cortex. Those on the
left-hand side are cases that have a not/low level of AD change while
cases on the right-hand side are those that have an int/high level of AD
change. Micrographs with an orchid-colored border denote cases that
had taken antihypertensive medications while micrographs with a
cantaloupe-colored border denote cases that had not taken
antihypertensive medications. Scale bars = 200 um. C, Representative
immunoblots of the western data presented in (A). Lanes denoted as
AD Change “—" indicate not/low level of AD change while those
denoted as AD Change “+” indicate int/high level of AD change. Lanes
denoted as AH Medicated “-” indicate cases that had not taken
antihypertensive medications while those denoted as AH Medicated
“+” indicate cases that had taken antihypertensive medications

by disease interaction effect was observed in the whole cohort as mea-
sured using either method (Figure 2B and C). These data indicate that
antihypertensive medications do not impact significantly the amount
of AD pathological proteins in affected cortical regions.

3.3 | There is an association between less
progression of AD pathology through the brain and
antihypertensive medication usage

Multinomial logistic regression was used to explore the relationship
between the progression of AD pathology throughout the brain and
medication use, specifically whether being medicated for hypertension
predicted a higher or lower A score (progression of AS throughout the
brain, Figure 3B) or a higher or lower B score (progression of NFTs
throughout the brain, Figure 4B). Age, post mortem delay, sex, the pres-
ence of cerebrovascular disease and hypertension were covaried in the
model. For the progression of A3 deposits throughout the brain, a main
medication effect was detected (Figure 3C), indicating that the odds of
someone who is medicated being in either the less severe (AO or Al
groups) compared to the most severe (A3, see Figure 3A for proportion
of cases involved) group was 7.4 times greater than someone who was
not medicated for hypertension (Figure 3C and Table S4 in supporting
information for statistics). There was no medication effect comparing
A2 to A3. This effect was confirmed when analyzing the major classes
of antihypertensive medications individually (ie, diuretics, beta block-
ers, and ACE inhibitors). For the progression of NFT throughout the
brain, similar to the progression of Af deposits, there was a significant
medication effect on NFT regional progression (Figure 4C). Those tak-
ing medication for hypertension were 4.3 and 3.8 times more likely to
have limited NFTs (BO or B2 respectively) compared to the most severe
NFT stage (B3, see Figure 4A for proportion of cases involved) than
someone who was not medicated (Figure 4C and Table S4 for statistics).
There was no medication effect comparing B1 to B3. When analyzing
the major classes individually, this effect was confirmed for all B score

comparisons for diuretics.

4 | DISCUSSION

While it is hoped that the use of antihypertensive medications will
adequately control hypertension, this is not guaranteed, as observed
in this study (Table 1). The recent SPRINT (Systolic Blood Pressure
Intervention Trial) results confirmed the positive impact on cognitive

decline and dementia of aggressively controlling hypertension,2°

a
finding independent of the type of antihypertensive medications used.®
How such an effect impacts brain tissue is poorly understood and
was the focus of our clinicopathological study of AD pathological pro-
teins. In dementia and non-dementia cohorts matched for cerebrovas-
cular disease, we found that antihypertensive medication use did not
associate with the amount of either insoluble AB or phospho-tau in

a predilection site for such protein depositions when measured using
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FIGURE 3 A, Stacked bar chart representing the percentage distribution of A scores of cases with a not/low or intermediate (int)/high level of
Alzheimer’s disease (AD) neuropathologic change that is further dichotomized into antihypertensive medication (AH Medicated) use (yes = orchid
color, no = cantaloupe color). Case types and number of cases illustrated in key underneath the stacked bar chart. B, Schematic illustrating the
progression of amyloid beta (AB) through the four A score stages (AO to A3). The left panel of (B) shows the key used for the percentage
distributions depicted in (A) with descriptors of AB brain regional involvement. The middle panel of (B) presents a schematic of the brain at each A
score with colored round circles representing the involvement of A3 seen at each A score level. The right panel of (B) show representative
immunomicrographs of A8 normally seen at each A score level with the brain region noted under each. Scale bars = 200 pm. C, Pertinent results of
the multinomial logistic regression carried out to assess the effect of variables of interest on likelihood of A score level membership using the most
severe A score level (A3) as the reference group. For full details of these results please see Table S4

two different methods. These robust results are consistent with those
of others (no difference in frontal A8 plaque load? or overall amyloid
load®), but differs from the studies of the scaled density measures of
neuritic pathologies where treated AD213 or MCI8 cases had reduced
pathologies compared to untreated hypertensive, normotensive AD
cases, or non RAS medicated MCI cases, respectively. Of course, these
scaled density ratings are performed using traditional histopathologi-
cal silver stains rather than the measurement of the amount of insol-
uble protein in a sample, as performed in the present study. Addition-

ally,inthese studies®13

only RAS medications had this effect,and in one
studyS those taking this antihypertensive class had a higher incidence
of stroke with histopathologic large vessel infarction and hemorrhage.
In our cohort, the presence of large vessel cerebrovascular disease
was low and well matched in the clinicopathological groups assessed,
negating the potential to weight any group for large vessel disease

over AD. Overall the data suggest that, independent of cerebrovas-

cular disease presence, antihypertensive medications do not reduce
the amounts of AD pathologic proteins in a predilection site for AS
pathology.

The demographics of our cohort with AD pathology and matched
cerebrovascular disease assessed for cognition (Table 1) show a slight
2-year difference in the age at death and the expected high pro-
portion of those with dementia also with intermediate to high lev-
els of AD neuropathologic change, although this was not universal.
Approximately 20% of those with dementia had insufficient pathol-
ogy for a diagnosis of AD, but had cerebrovascular disease and vas-
cular brain injury instead. People with cerebrovascular pathologies
are two times more likely to have dementia than those without cere-
brovascular pathologies.2 When we excluded lobar infarctions in the
present study of the elderly, there was no difference in the rela-
tive prevalence of cerebrovascular disease between those with and

without dementia. Additionally, 43% of those without dementia also
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AH Medicated 3.2(1.0-10.4) 0.048
Hypertensive 1.4(04-43) 0.584
CVD 3.0(1.0-8.9) 0.052
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Hypertensive 1.2(0.5-3.3) 0.697
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FIGURE 4 A Stacked bar chart representing the percentage distribution of B scores of cases with a not/low or intermediate (int)/high level of
Alzheimer’s disease (AD) neuropathologic change that is further dichotomized into antihypertensive medication (AH Medicated) use (yes = orchid
color, no = cantaloupe color). Case types and number of cases illustrated in key underneath the stacked bar chart. B, Schematic illustrating the
progression of neurofibrillary tangles (NFT) through the four B score stages (BO to B3). The left panel of (B) shows the key used for the percentage
distributions depicted in (A) with descriptors of NFT brain regional involvement. The middle panel of (B) presents a schematic of the brain at each B
score with colored NFT icons representing the involvement of NFTs seen at each B score level. The right panel of (B) shows representative
micrographs of NFTs normally seen at each B score level with the brain region noted under each. The main micrograph is of modified Bielschowsky
silver stain while the insert in the top right hand corner is of the same region immunostained for tau (AT8). Scale bars = 200 um. C, Pertinent
results of the multinomial logistic regression carried out to assess the effect of variables of interest on likelihood of B score level membership using
the most severe B score level (B3) as the reference group. For full details of these results please see Table S4

fulfilled pathologic criteriafor AD (Table 1). Such cases have been previ-
ously shown to have a suppressed neuroinflammatory response in the
brain.2122 Apart from dementia, the main clinical differences between
the groups related to the duration of hypertension and the adequate
control of hypertension by antihypertensive medications (Table 1).
Those with dementia were less likely to be normotensive and med-
icated (16% compared to 52% without dementia) and had a shorter
duration of hypertension (11 vs 16 years). This implies a potential med-
ication effect at the tissue level on the progressive toxicity of the AD
pathologies.

It has become more obvious that after the initial regional deposi-
tion of AD pathologic proteins, the pathology spreads throughout the
brain. The impact of antihypertensive medication use on the spread

8,13

of AD pathologies has only been assessed in two studies®*° with only

one of these studies!® suggesting that only ARBs associated with the
spread of NFT, but again in a cohort with a high incidence of stroke.
In the present study assessing the progression of AS and tau through
the brain controlling for cerebrovascular disease, we show that antihy-
pertensive medication use associated with less progression of pathol-
ogy compared to those not medicated. This suggests that the effect
of antihypertensive medications is more on progression from initiat-
ing predilection sites. Recent observational studies report similar find-
ings, that antihypertensive medications slow the conversion of MCI
to AD®23 and the rapidity of cognitive decline?* but perhaps are less
effective once AD has taken hold and pathology has plateaued.?>
The mechanism of pathological progression of AD is under active
research, but if antihypertensive medications impact this mechanism,

it may involve vascular tissues. There is some evidence for this with
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many recent studies showing relationships between increasing white
matter hyperintensities and amyloid using positron emission tomogra-
phy (PET) imaging.242” Also, white matter hyperintensities are associ-
ated independently with hypertension and lower cerebrospinal fluid A8
(indicative of higher brain Ag loads).2® A previous community autopsy
sample showed more cerebrovascular damage in non-medicated older
adults?? supporting the concept that adequate hypertension treat-
ment may reduce dementia by minimizing microvascular injury to the
cerebrum. Our results suggest that this may impact the progression of
AD pathological proteins infiltrating the brain.

There are several limitations to our study. While the heterogeneity
inthe cohort is reflective of the aged population, the diversity and num-
bers of antihypertensive medications used differs from those reported
in other studies (mainly acting on RAS). In our study of elderly cases
without lobar infarctions and other neurodegenerative disorders at
death, the majority (63%, see Table S2) were taking the diuretic class
of antihypertensive medication with 41% taking ACE inhibitors and
a mere 14% taking ARBs. While the comparative effects of different
antihypertensive classes cannot be singled out in our study, our data
support the concept that multiple types of antihypertensive medica-
tions impact AD,%” including diuretics.2 In terms of other medications
identified as having a potential effect on AD, statins have been asso-
ciated with an increased rather than decreased AD neuropathology??
while antidiabetics are associated with cerebrovascular but not AD
neuropathology.3232 In our cohort, statins were taken by 14%, and only
in those on antihypertensive medications (27%), while antidiabetics
were taken by only 4% of the cohort, making it unlikely that either type
of medication contributed significantly to the association of antihyper-
tensive medication use with reduced progression of AD neuropathol-
ogy. Apolipoprotein E (APOE) ¢4 genotype has also been associated
withincreased rather than decreased AD neuropathology,343¢ and this
was also the case in our cohort (89% of those with ¢4 genotype had
AD neuropathology). The small cohort of not AD APOE ¢4 cases that
were not medicated (<3) does not allow for statistical modelling of the
influence of this factor. As with many post mortem human studies in the
aged, the exclusion of many confounding variables to give confidence
in the interpretation of the data reduces the cohort that can be stud-
ied. On the other hand, diagnostic accuracy for pathological AD or not
isensured. Further validation in additional well-documented patholog-
ically confirmed cohorts is necessary.

Our results show antihypertensive medication use does not alter
the amount of AD pathology seen in a brain region known to be
involved early in AD. Instead the data show that antihypertensive med-
ication use is associated with a reduction in the progression of AD
pathologies throughout the brain. This is consistent with a recent amy-
loid PET imaging study that found that angiotensin receptor blockers
and diuretic use predicted less accumulation of AB,3! supporting a role
in reducing the spread of AB in the brain. The precise mechanism by
which this occurs remains to be elucidated; however, due to the het-
erogeneous nature of the medications taken, the associations detected
here are likely due to the impact these medications have on blood pres-
sure lowering and the cerebral vessels themselves, a topic of current
debate.®”
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