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Some studies suggest that angiotensin II type 1 receptor blockers (ARBs) may protect against memory
decline more than angiotensin-converting enzyme inhibitors (ACE-Is), but few have examined possible
mechanisms. We assessed longitudinal differences between ARB versus ACE-I users in global and sub-
regional amyloid-p accumulation by '8F-florbetapir. In cognitively normal older adults (n= 142),
propensity-weighted linear mixed-effects models showed that ARB versus ACE-I use was associated with
slower amyloid-f accumulation in the cortex, and specifically in the caudal anterior cingulate and pre-

ﬁﬁg:ﬁ;s disease cuneus, and in the precentral and postcentral gyri. In amyloid-positive participants with Alzheimer’s
Amyloid disease dementia or mild cognitive impairment (n = 169), ARB versus ACE-I use was not associated with
Hypertension different rates of amyloid-f accumulation. Apolipoprotein E 4 carrier status explained some heteroge-
Dementia neity in the different rates of amyloid-p accumulation between users of ARBs versus ACE-Is in the study.
Biomarkers Replicative studies and clinical trials are warranted to confirm potential benefits of ARBs on rates of

amyloid-p accumulation in the contexts of Alzheimer’s disease prevention and treatment.
© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Midlife systolic hypertension is a risk factor for the incidence
and progression of cognitive decline and Alzheimer’s disease
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dementia (AD) (Kennelly et al., 2009; Perrotta et al., 2016; Skoog
et al, 1996). Although the underlying mechanisms are incom-
pletely understood, they are thought to involve reduced cerebral
perfusion, oxidative stress, blood-brain barrier dysfunction, and
increased deposition of amyloid-pf (AB) (Carnevale et al.,, 2012;
Tublin et al., 2019). Some (Ding et al., 2020; Duron et al., 2009; Li
et al., 2010; Livingston et al., 2017; Yasar et al., 2013) but not all
(Gelber et al., 2013; Peters et al., 2020; Walker et al., 2019; Xu et al.,
2017) studies have broadly associated the use of antihypertensive
agents with a reduced risk of cognitive decline or incident de-
mentia. Due to differences in their antihypertensive mechanisms of
action, and in their effects on pathways unrelated to blood pressure
control, it has been hypothesized that different classes of
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antihypertensives may vary in their effects on neurodegeneration
and cognitive decline (Edwards et al., 2017; Lawlor et al., 2018).

Two of the most frequently prescribed antihypertensive drug
classes are the angiotensin I receptor blockers (ARBs) and the
angiotensin-converting enzyme inhibitors (ACE-Is), both of which act
upon the renin-angiotensin system (RAS) (Rodgers and Patterson,
2001). Despite similarities in their biological targets, indications,
and adverse effect profiles (Li et al., 2014), evidence has emerged
suggesting a potential divergence in their benefit to those with or at
risk for AD dementia. Studies have compared ACE-Is and ARBs with
respect to indices of neurodegeneration, finding that ARB use was
associated with less atrophy (Edwards et al., 2017; Moran et al., 2019),
but the molecular basis for this observation is unclear. Several studies
have also identified decreased dementia incidence among ARB users
relative to ACE-I users (Barthold et al., 2018; Bohlken et al., 2019; Goh
et al., 2015), though others have not (Ding et al., 2020).

It has been suggested that ACE-Is and ARBs may have differential
effects on AP processing (Ashby et al, 2016; Edwards et al.,, 2017;
Fournier et al,, 2009; Kehoe, 2018). ACE-Is act upstream in the RAS
pathway, inhibiting the angiotensin-converting enzyme 1 (ACE-1)
directly, potentially leading to a decrease in Ap degradation catalyzed
by the N-terminus of the ACE-1 enzyme (Hemming and Selkoe, 2005;
Zou et al., 2007). In contrast, ARBs act downstream, preventing the
binding of angiotensin II to the angiotensin II type 1 receptor (AT1R),
thereby blunting the RAS-mediated systems that contribute to
increased blood pressure without impacting ACE-1-mediated AR
metabolism (Danielyan et al., 2010; Drews et al., 2019; Oba et al.,
2005). By maintaining elevated angiotensin II levels, ARBs may also
facilitate the activation of the AT2R, Mas receptor, and other receptors
in the regulatory RAS pathways which mediate anti-inflammatory,
vasodilatory, and neuroprotective effects, both directly, and indi-
rectly through the upregulation of ACE-2-mediated conversion of
angiotensin II into angiotensin (1—7) (Evans et al., 2020; Furuhashi
et al., 2015; Paz Ocaranza et al.,, 2020; Vaduganathan et al., 2020).
Preclinical evidence suggests that ARBs upregulate the expression of
enzymes directly involved in the catabolism and clearance of AB
peptides, including neprilysin, transthyretin, and insulin-degrading
enzyme (Benson et al, 2004; Drews et al, 2019; Grimm et al,,
2013; Wang et al., 2007). A number of animal studies have demon-
strated positive effects of ARBs in reducing the accumulation of Af,
and in the prevention of AB-related vascular dysregulation (Mogi
et al., 2008; Shuko et al., 2009; Wang et al., 2007).

In support of the hypothesis that ACE-Is versus ARBs may have
different effects on amyloid in humans, one cross-sectional post-
mortem human study found that ARB use was associated with
reduced amyloid pathology compared to other antihypertensive
drugs (Hajjar et al., 2012). A separate cross-sectional study found
that ARB use compared to the use of other antihypertensive classes
was associated with lower PiB-PET AP deposition in cognitively
normal participants (Glodzik et al., 2016). Another study compared
ARB users to users of other antihypertensives longitudinally, finding
attenuated age-related reductions in APi_42 and lower phosphory-
lated tau concentrations in the cerebrospinal fluid, and lower rates
of incident dementia (Nation et al., 2016). The latter two did not
compare ARBs to ACE-Is specifically, so a possible differential effect
of ARBs versus ACE-Is on A accumulation in brain tissue over time
has yet to be examined in living people.

This study aimed to determine associations between ARB versus
ACE-I use and AB accumulation in the brain, both globally and sub-
regionally, in older adults with normal cognition, mild cognitive
impairment (MCI), or mild dementia due to AD from the Alz-
heimer’s Disease Neuroimaging Initiative (ADNI). It was hypothe-
sized that ARB use would be associated with a slower rate of AB
accumulation relative to ACE-I use. Previously, associations be-
tween ARB versus ACE-I use with cognition have been mixed, even

among studies that showed differential relationships with atrophy
(Edwards et al., 2017; Ho and Nation, 2017; Moran et al., 2019) for
reasons that are not clear. Therefore, this study further sought to
identify potential sources of heterogeneity in A accumulation that
may explain discrepancies in the previous findings. Specifically, due
to the role of the apolipoprotein E (APOE) €4 allele as a risk factor for
AD, a possible moderating effect of APOE carrier status was exam-
ined with respect to the relationships between these drugs and
amyloid accumulation. Ultimately, the goal of this work is to
advance insight into possible differential benefits of ARBs and ACE-
Is on Ap accumulation in patients who are at risk for AD.

2. Methods
2.1. Data source

Data used in the preparation of this article were obtained from
the ADNI database (adni.loni.usc.edu). The ADNI was launched in
2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging, positron emission to-
mography (PET), other biological markers, and clinical and neuro-
psychological assessment can be combined to measure the
progression of MCI and early AD. Enrolled participants range from
55 to 90 years of age. Inclusion criteria specify permitted medica-
tions stable for 4 weeks before screening, a study partner who can
accompany participants to visits, a Geriatric Depression Scale score
lower than 6, a Hachinski Ischemic Scale score less than or equal to
4, adequate visual and auditory acuity for the purposes of neuro-
psychological testing, a minimum of 6 grades of education or
equivalent work history, and the ability to speak English or Spanish
fluently. Exclusion criteria for participants with normal cognition
and MCI include any significant neurological disease or history of
significant head trauma. The dataset was downloaded on or before
December 8, 2019 and reflects the status of the database at that
point. ADNI was conducted according to Good Clinical Practice
guidelines, the Declaration of Helsinki, US 21CFR Part 50-Protection
of Human Subjects, and Part 56-Institutional Review Boards,
following all relevant state and federal Health Insurance Portability
and Accountability Act (HIPAA) regulations. For up-to-date infor-
mation, see www.adni-info.org.

2.2. Participant selection

Participants with clinically normal cognition (CN), MCI, or AD, who
were using either an ACE-I or an ARB and who had PET AB data
available for >1 observation were selected from ADNI-1, ADNI-Grand
Opportunity (ADNI-GO), and ADNI-2 for analysis. A further inclusion
criterion for the AD/MCI group was amyloid positivity (i.e., standard-
ized uptake value ratio [SUVR] on an ®F-AvV-45 ['8F-florbetapir] PET
scan above 0.79). Participants in the cognitively normal group were not
excluded on the basis of amyloid burden. Those using both medication
classes were excluded. Participants were classified as MCI on the basis
of (1) subjective memory concerns expressed by the study participant,
their study partner, or a clinician; (2) a rating of 0.5 on the Clinical
Dementia Rating; (3) a score of 24 or greater on the Mini-Mental State
Examination; (4) an absence of depression, as defined by a score less
than 5 on the Geriatric Depression Scale; (5) a score below the
education-adjusted cutoffs on the Wechsler Memory Scale-Revised
Logical Memory II subtest, Story A; and (6) preservation of general
cognitive and functional ability to an extent that would preclude a
diagnosis of AD. Participants were classified as AD in accordance with
National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer's Disease and Related Disorders Association
(NINCDS/ADRDA) criteria for probable AD. A subset of these
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individuals with a diagnosed history of hypertension, as indicated by
their medical records, was identified for subgroup analyses.

2.3. Drug exposures

Medication exposure status was retrospectively ascertained
through manual review of prescription history available in the ADNI
database. For observations where medication records were un-
available or incomplete, data from the preceding time point with
available information were extrapolated. Exposure to other anti-
hypertensive medications used concomitantly by these partici-
pants, including B-blockers, calcium channel blockers, and diuretics
was also ascertained to control for the effects of these drug classes
in the analyses.

2.4. PET B-amyloid outcomes

The primary outcome was '8F-florbetapir SUVR in a cortical
summary region of interest comprised of the frontal lobe, anterior/
posterior cingulate, lateral parietal lobe, and lateral temporal lobe,
which was normalized to a composite reference region comprised
of the whole cerebellum, brainstem, pons, and eroded subcortical
white matter, as recommended for longitudinal analyses (Landau
et al., 2015). The methodology of '8F-florbetapir synthesis and im-
age acquisition details are described in detail elsewhere (Landau
et al, 2013). Briefly, '8F-florbetapir images consisted of
4 x 5 minute frames acquired 50—70 minutes post-injection which
were realigned, averaged, resliced to a common voxel size of
1.5 mm?>, and smoothed to a common resolution of 8 mm in full
width at half-maximum. T1-weighted magnetic resonance imaging
images were acquired concurrently and used as a structural tem-
plate to establish cortical regions of interest and reference regions
in native space for each subject using FreeSurfer. Baseline florbe-
tapir scans for individual participants were co-registered to T1-
weighted structural images accordingly, and weighted cortical
retention indices were extracted to create a mean cortical SUV,
which was then divided by the composite reference region as
described previously to determine a normalized cortical SUVR
(Landau et al., 2015). In addition to summary cortical SUVR, Ap
deposition was analyzed in subregions associated with early-stage
AD (inferior temporal lobe, precuneus, cuneus, caudal anterior
cingulate, fusiform) and subregions associated with intermediate or
late-stage AD (medial temporal lobe, lateral occipital lobe, pre-
central gyrus, postcentral gyrus) (Grothe et al., 2017; Mattsson
et al., 2019) with the intention of probing potential region-
specific effects of ARBs and ACE-Is on the progression of amyloid
spread across cognitively normal and AB+ AD/MCI groups.

2.5. Statistical analyses

The cognitively normal and AD/MCI groups were analyzed
separately. Analyses were conducted using R 3.6.2, and figures were
created using the ggplot2 package (Gomez-Rubio, 2017). Descrip-
tive statistics were generated to characterize the study cohort ac-
cording to all study variables. One-way analysis of variance was
used to compare the groups for continuous variables, while XZ or
Fisher’s exact testing was used to compare the groups for nominal
or categorical variables at baseline.

In order to quantify the associations between use of an ARB and
an ACE-I with longitudinal changes in AR burden, random-intercepts
linear mixed-effects regression models were used (Ime4 package)
(Bates et al., 2015). Standardized coefficients (B) were used to express
the magnitude of the effect size of the associations, with medication
use x time as the term of interest. Models were adjusted for clinically
relevant covariates interacted with time, including age, sex, years of

education, baseline Mini-Mental State Examination score, APOE 4
status (allele present vs. not present), systolic blood pressure, and
concurrent use of antihypertensive medications other than ARBs or
ACE-Is. In models including all participants, diagnosis (cognitively
normal vs. AD/MCI) was also controlled for.

Models were further adjusted for potential confounding by
indication through the utilization of inverse probability of treat-
ment weighting (ipw package) (van der Wal and Geskus, 2011).
Marginal structural models were used to determine treatment
probability weights based on time-varying confounders known to
influence the likelihood to be prescribed an ARB or an ACE-I. The
following factors were selected from the 2004 NIH National High
Blood Pressure Education Program guidelines: race (African
American vs. not), which was included as a stabilizing factor; dia-
betes, a history of myocardial infarction, a history of transient
ischemic attack, or a history of stroke (Chobanian et al., 2003).
Vascular risk factors and comorbidities were ascertained through
manual review of medical history and physical examination data
available through the ADNI database.

The APOE ¢4 gene polymorphism has emerged as a strong risk
factor for late-onset AD and accelerated disease progression, and it
is associated with early seeding of AB pathology, enhanced A ag-
gregation, and perturbation of AP clearance (Liu et al., 2017;
Verghese et al., 2013). Therefore, to explore potential heterogeneity,
we investigated APOE ¢4 allele carrier status as a potential modifier
of the associations between ARB or ACE-I use and AP deposition
over time, using a drug x APOE ¢4 x time interaction term. We then
determined the conditional associations between drug class and A
deposition over time in APOE €4 carriers and non-carriers to eval-
uate the effect size in each subgroup.

Additional sensitivity analyses were conducted. Because most,
but not all users of ARBs or ACE-Is had hypertension, we repeated the
main models in a subgroup of people who had a diagnosed history of
hypertension. Post hoc models were also considered that included
additional covariates—specifically baseline white matter hyper-
intensity (WMH) volumes, time-varying body mass index (BMI), and
statin use, to ensure that the main findings were robust to these
measures. Furthermore, a post hoc model in which observations
from users of ARBs or ACE-Is were censored upon switching between
the 2 drug classes were conducted in order to ascertain potential
cross-over effects, although the marginal structural models used for
propensity weighting account for previous time-dependent expo-
sure. Finally, as prescription practices may differ geographically, from
site to site, ADNI site identifiers were incorporated into the pro-
pensity weighting in a post hoc model.

3. Results
3.1. Subject characteristics

Baseline demographics and clinical characteristics are shown in
Table 1. From a total of 1740 participants in ADNI-1, ADNI-GO, and
ADNI-2, the study cohort included 311 participants (142 CN and 169
AB+ AD/MCI) who had medication records indicating use of an
ACE-I or an ARB, available PET AB observations, and other data
required for covariate adjustment (Fig. 1). The mean number of
observations was 2.20 for participants who were CN at baseline and
1.69 for AB+ AD/MCI participants at baseline. Among those with at
least 1 follow-up visit, the mean duration of follow-up did not differ
among CN (ARB: 3.6 + 1.7 years; ACE-I: 4.1 + 1.8 years; p = 0.187) or
AB+ AD/MCI participants (ARB: 3.2 + 1.8 years; ACE-I:
3.5 + 1.8 years; p = 0.501). There were 109 ARB users and 204
ACE-I users at baseline. Similar proportions of ARB and ACE-I users
were using 2 or more antihypertensive medications at baseline
(51.4% and 52.9%, respectively).
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3.2. ARBs versus ACE-Is and amyloid accumulation in cognitively
normal participants

Among cognitively normal participants, ARB use was associated
with a lower rate of global AR accumulation over time, compared to
ACE-1 wusers (p [95% Confidence Interval] = -0.049
[-0.085, —0.013], p = 0.008; Table 2, Fig. 2A). This association was
consistent in the subset of participants with a confirmed history of
hypertension (f = —0.053 [-0.091, —0.015], p = 0.008, n = 133).

On a sub-regional level, ARBs were associated with reduced Ap
accumulation over time relative to ACE-Is in areas associated with
early AP pathology, including the precuneus and the caudal anterior
cingulate (Table 2). Among regions associated with later stages of
AD progression, there were no differences between ARBs and ACE-
Is in the lateral occipital lobe, nor the medial temporal lobe; how-
ever, a significant difference was observed in both the precentral
and postcentral gyri (Table 2).

3.3. ARBs versus ACE-Is and amyloid accumulation in A+ AD/MCI
participants

Among AB-+ participants with AD or MCI, there was no signifi-
cant difference in the rate of global A accumulation over time in
ARB compared to ACE-I users (3 = 0.020 [-0.037, 0.077], p = 0.495;
Table 2, Fig. 2B). Similarly, there was no effect detected in the subset
of participants with a confirmed history of hypertension ( = 0.007
[—0.054, 0.069], p = 0.808, n = 153). Moreover, there were no sig-
nificant group differences in A accumulation in early or late sub-
regions examined (Table 2).

3.4. ARBs versus ACE-Is in all APOE &4 carriers and APOE &4 non-
carriers

Among all participants, a significant interaction between drug
exposure and APOE &4 status over time was observed (drug exposure

x APOE status x time interaction p = 0.046), indicating that ARB use
was associated with a significantly slower rate of Ap accumulation in
APOE ¢4 non-carriers compared to APOE ¢4 carriers. These interactions
were notable in the caudal anterior cingulate and the precuneus
(conditional associations between APOE ¢4 carrier status and antihy-
pertensive drug class are shown in Supplementary Table A1).

3.5. ARBs versus ACE-Is in cognitively normal APOE &4 carriers and
APOE &4 non-carriers

In cognitively normal people, ARB use was associated with
slower global AB accumulation in APOE 4 non-carriers (§ = —0.046
[-0.085, —0.008], p = 0.018; Table 3, Fig. 3A). Among this group,
significant differences between ACE-I and ARB users were also
noted regionally in the precuneus, cuneus, caudal anterior cingulate
fusiform, and precentral gyrus (Table 3). In contrast, there was no
difference in AP accumulation between ARB versus ACE-I use
among APOE ¢4 carriers globally (B = —0.017 [-0.096, 0.063], p =
0.677; Fig. 3B); however, a significant difference was seen in the
lateral occipital lobe.

3.6. ARBs versus ACE-Is in A+ AD/MCI APOE &4 carriers and APOE
&4 non-carriers

Among AP+ people with AD/MCI, there were no differences
between people using ARBs versus ACE-Is in their rates of whole-
brain AB accumulation, either in APOE ¢4 non-carriers (f = 0.010
[-0.067,0.086], p = 0.813) or in APOE &4 carriers (§ = 0.040[—0.033,
0.113], p = 0.284); furthermore, no association was seen in any sub-
region analyzed (Supplementary Table A2); however, there was a
drug exposure x APOE status x time interaction observed in the
caudal anterior cingulate, where ARBs were associated with a lower
rate of Ap accumulation in ¢4 non-carriers, but not ¢4 carriers (p =
0.015).

Table 1
Baseline demographics and characteristics by diagnosis and medication class
Cognitively normal AD/MCI AB+
ARB (n = 50) ACE-I (n =92) p value ARB (n = 59) ACE-I (n = 110) p value
Baseline demographics
Age (y) 75.0 (6.9) 75.8 (6.7) 0.508 744 (6.7) 76.4 (7.3) 0.086
Female 31 (62.0%) 36 (39.1%) 0.009 28 (47.5%) 41 (37.3%) 0.199
Race (Caucasian) 46 (92.0%) 81 (88.0%) 0.464 53 (89.8%) 96 (87.3%) 0.080
BMI (kg/m?) 28.2 (6.1) 27.3 (4.9) 0.347 28.4(5.7) 27.2 (4.2) 0.099
Education (y) 16.2 (3.0) 16.7 (2.4) 0.237 15.5(2.9) 15.8 (2.8) 0.588
Systolic BP (mm Hg) 139.8 (18.6) 135.1 (16.2) 0.120 134.2 (19.4) 1354 (17.9) 0.679
Dementia-related measures
Baseline MMSE 28.9(1.2) 28.8 (1.4) 0.748 25.5 (5.0) 26.2 (2.9) 0.273
APOE &4 carrier 13 (26.0%) 32 (34.8%) 0.283 33 (56.9%) 69 (62.7%) 0.462
Baseline WMH (cc)? 24 (3.9) 4.5 (6.6) 0.052 6.7 (8.2) 5.8 (9.1) 0.926
Comorbidities at baseline
Hyperlipidemia 32 (64.0%) 52 (56.5%) 0.387 45 (76.3%) 72 (65.5%) 0.240
Hypertension 49 (98.0%) 84 (91.3%) 0.118 56 (94.9%) 98 (89.1%) 0.204
Stroke/TIA history 6 (12.0%) 7 (7.6%) 0.386 3(5.1%) 8 (7.3%) 0.583
Myocardial infarct 4 (8.0%) 2(2.2%) 0.099 3(5.1%) 5 (4.5%) 0.875
Diabetes 13 (26.0%) 13 (14.1%) 0.043 15 (25.4) 27 (24.5%) 0.900
Coronary artery disease 3(6.0%) 11 (12.0%) 0.255 4 (6.8%) 9 (8.2%) 0.744
Concomitant medications
B-Blockers 11 (22.0%) 14 (15.2%) 0.311 11 (18.6%) 25 (22.7%) 0.537
CCBs 13 (26.0%) 12 (13.0%) 0.053 10 (16.9%) 22 (20.0%) 0.629
DRTCs 16 (32.0%) 33 (35.9%) 0.643 16 (27.1%) 33 (30.0%) 0.694
Statins 33 (66.0%) 56 (60.9%) 0.546 47 (79.7%) 80 (72.7%) 0.320

Continuous variables and categorical variables were reported in observed/unweighted mean (SD) and proportion, respectively. Bold indicates p < 0.05.

Key: AB, amyloid-B; ACE-I, angiotensin-converting enzyme inhibitor; AD, Alzheimer’s disease; APOE, apolipoprotein E; ARB, angiotensin II receptor blocker; BMI, body mass
index; BP, blood pressure; CCB, calcium channel blocker; df, degrees of freedom; DRTC, diuretics; IQR, interquartile range; MCI, mild cognitive impairment; MMSE, Mini-
Mental State Examination; SD, standard deviation; TIA, transient ischemic attack; WMH, white matter hyperintensity.

2 WMH values presented as median (IQR) due to non-normality.
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Subjects in ADNI-1/ADNI-
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(n = 640)
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—{ Not on ACE-l or ARB (n = 651) |
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Using an ACE-l or ARB
(n=434)
Cognitively Normal at Baseline
—
(n = 150)
—{  No AB+PET Scan (n=104) |
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(n=110) (n=59)

Fig. 1. Process for the selection of participants for inclusion in CN and AD/MCI AB+ analysis groups: (A) cognitively normal participant selection and (B) AB+ AD/MCI participant
selection. Participants included in the final AD/MCI group required an AB+ pet scan (indicating elevated amyloid above the positive cutoff of 0.79). Abbreviations: A, amyloid-f3; AD,

Alzheimer’s disease; CN, normal cognition; MCI, mild cognitive impairment.

3.7. Post hoc models

Including baseline WMH volume, time-varying BMI, or statin use
as an additional covariate did not alter the associations in global
amyloid. In cognitively normal people, ARB use remained associated
with a slower rate of global brain amyloid accumulation compared to
ACE-I use in models adjusted for baseline WMH volume (§ = —0.066
[-0.111, —0.018], p = 0.007), time-varying BMI (p = -0.045

[-0.083, —0.006], p = 0.024), or statin use (f = -0.047
[-0.083, —0.011], p = 0.013). As in the models with covariates chosen
a priori, no significant associations between ACE-I versus ARB use and
global amyloid accumulation emerged in the Ap+ AD/MCI subgroup
upon consideration of these factors. Furthermore, in models where
subject data were censored after switching between an ACE-I and an
ARB, associations remained consistent both in cognitively normal
(B = —0.053 [-0.087, —0.018], p = 0.003) and in A+ AD/MCI (f =

Table 2
Associations between ARB versus ACE-I use and AP accumulation in cognitively normal and AR+ AD/MCI participants
Brain region Cognitively normal AD/MCI AR+
Beta [95% CI] | t] df p-value Beta [95% CI] | t] df p-value
Global amyloid —0.049 [ -0.085, —0.013] 2.67 160.03 0.008 0.020 [-0.037, 0.077] 0.68 116.06 0.495
Early regions
Inferior temporal lobe —0.030 [-0.073, 0.014] 133 160.10 0.184 —0.004 [-0.065, 0.058] 0.12 119.26 0.905
Precuneus —0.049 [—-0.088, —0.011] 249 161.01 0.014 0.019 [-0.037, 0.075] 0.67 116.68 0.507
Cuneus —0.032 [-0.085, 0.020] 1.22 162.94 0.225 0.025 [-0.033, 0.083] 0.85 118.87 0.395
Caudal anterior cingulate —0.054 [—-0.101, 0.006] 222 165.54 0.028 —0.006 [-0.086, 0.073] 0.16 124.12 0.871
Fusiform —0.032 [-0.079, 0.015] 1.31 169.91 0.191 —0.001 [-0.065, 0.062] 0.04 11941 0.965
Mid-late regions
Lateral occipital lobe —0.022 [-0.076, 0.032] 0.79 159.51 0.429 0.001 [—0.065, 0.066] 0.02 118.78 0.987
Medial temporal lobe —0.020 [-0.064, 0.026] 0.85 163.38 0.397 0.025 [-0.041, 0.091] 0.74 120.60 0.463
Precentral gyrus —0.081 [—-0.129, —0.034] 3.37 159.22 0.001 0.022 [-0.048, 0.093] 0.63 119.85 0.533
Postcentral gyrus —0.056 [ —0.104, —0.008] 231 158.51 0.022 0.033 [-0.035, 0.102] 0.96 119.25 0.341

Bold indicates p< 0.05.

Key: AB, amyloid-B; ACE-I, angiotensin-converting enzyme inhibitor; AD, Alzheimer’s disease; ARB, angiotensin II receptor blocker; CI, confidence interval; df, degrees of
freedom; MCI, mild cognitive impairment.
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Fig. 2. Associations between ARB versus ACE-I use and global AB accumulation in (A) cognitively normal and (B) AB+ AD/MCI participants. Thick lines represent the overall
predicted treatment effects, adjusted for covariates; thin lines represent predicted associations for individual participants. Abbreviations: AB, amyloid-f; ACE-I, angiotensin-con-
verting enzyme inhibitor; AD, Alzheimer’s disease; ARB, angiotensin II receptor blocker; MCI, mild cognitive impairment.

0.021 [-0.032, 0.074], p = 0.438). Moreover, in a model including
ADNI site identifiers in the propensity weighting model, associations
with global amyloid did not change in either subgroup.
4. Discussion
4.1. Findings in clinically normal adults

This study compared longitudinal associations between ARB

versus ACE-I use with AP deposition in groups of asymptomatic and
symptomatic older adults at different stages of cognitive

Table 3

impairment due to AD. In cognitively normal people, use of an ARB
was associated with a slower rate of Ap accumulation over time as
compared to use of an ACE-I. These findings are broadly consistent
with lower amyloid pathology (Hajjar et al., 2012), with a lower
likelihood of neuropathological (Hajjar et al., 2012) or clinical
(Nation et al., 2016) AD diagnosis, with lower PiB-PET AB cross-
sectionally (Glodzik et al., 2016), and with slower progression of
CSF AB1.42 and phosphorylated tau biomarkers over time (Nation
et al., 2016) previously associated with ARB use. Here we show
that the relationship with AP deposition among clinically normal
people is specific to ARBs, even compared to the ACE-I anti-

Conditional associations between ARB versus ACE-I use and AB accumulation in cognitively normal APOE &4 carriers and non-carriers

Brain region Cognitively normal APOE 4 non-carriers

Cognitively normal APOE &4 carriers

Beta [95% CI] |t df p-value Beta [95% CI] |t] df p-value

Global amyloid —0.046 [ —0.085, —0.008] 2.39 164.58 0.018 —0.017 [-0.096, 0.063] 0.42 164.61 0.677
Early regions

Inferior temporal lobe —0.035 [-0.081, 0.011] 1.50 166.46 0.135 —0.001 [-0.096, 0.094] 0.02 166.80 0.987

Precuneus —0.054 [—0.094, —0.013] 2.60 164.70 0.010 —0.010 [-0.094, 0.075] 0.23 164.78 0.822

Cuneus —0.015 [-0.070, 0.040] 0.53 169.76 0.597 —0.062 [-0.176, 0.053] 1.05 170.45 0.294

Caudal anterior cingulate —0.075 [—0.124, —0.026] 3.01 167.91 0.003 0.030 [-0.072, 0.133] 0.58 168.41 0.565

Fusiform —0.035 [-0.085, 0.014] 141 167.92 0.159 —0.008 [-0.110, 0.095] 0.15 168.39 0.883
Mid-late regions

Lateral occipital lobe 0.004 [-0.052, 0.060] 0.15 168.92 0.883 —0.125 [ —0.242, 0.008] 2.10 169.70 0.037

Medial temporal lobe —0.010 [-0.057, 0.037] 0.41 167.77 0.682 —0.062 [-0.160, 0.035] 1.25 168.19 0.213

Precentral gyrus —0.067 [—0.118, —0.016] 2.60 167.95 0.010 —0.063 [-0.169, 0.043] 117 168.47 0.245

Postcentral gyrus —0.038 [-0.089, 0.012] 1.48 168.24 0.140 —0.065 [-0.171, 0.041] 1.21 168.83 0.229

Bold indicates p < 0.05.

Key: AB, amyloid-B; ACE-I, angiotensin-converting enzyme inhibitor; APOE, apolipoprotein E; ARB, angiotensin II receptor blocker; CI, confidence interval; df, degrees of

freedom.
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Fig. 3. Associations between ARB or ACE-I use and global AB accumulation over time in (A) cognitively normal APOE ¢4 non-carriers and (B) cognitively normal APOE &4 carriers.
Thick lines represent the overall predicted treatment effects, adjusted for covariates; thin lines represent predicted associations for individual participants. Abbreviations: Af,
amyloid-B; ACE-I, angiotensin-converting enzyme inhibitor; APOE, apolipoprotein E; ARB, angiotensin II receptor blocker.

hypertensives that also target specifically the RAS system. There-
fore, to our knowledge, this study provides the first longitudinal
clinical evidence that speaks directly to the hypothesized anti-
amyloid effect of ARBs. The question is clinically relevant because
ACE-Is and ARBs have similar indications and clinical uses, and
often they could be prescribed interchangeably. The findings may
be clinically important because AB accumulation can predict
cognitive decline in clinically normal adults (Rabin et al., 2019a).
In further analyses, we examined whether there might be dif-
ferential effects of ARBs and ACE-Is in sub-regions associated
typically with early versus mid/late-stage AP accumulation as
selected a priori based on amyloid PET staging studies (Grothe et al.,
2017; Mattsson et al., 2019). Associations between the use of ACE-Is
versus ARBs and amyloid accumulation were identified in the
precuneus and in the caudal anterior cingulate, both of which were
identified by Palmqvist et al. (2017) to be involved in the earliest
stages of A accumulation among non-demented people. Both of
these sub-regions fall within the default mode network, a func-
tional network of brain regions which show synchronous activation
at rest, and increased activity in a task-free state (Mevel et al., 2011;
Palmgqvist et al., 2017). A distinct pattern of activity in the default
mode network distinguishes incipient AD from normal aging
(Greicius et al., 2004). This suggests that ARBs may offer benefits on
amyloid accumulation in brain regions associated with the initial
pathogenesis of AD. Effects were also observed in both the pre-
central and postcentral gyri, regions associated with mid-stage or
late-stage AD. Overall, these subregional findings do not distinguish
effects of ACE-Is versus ARBs between early versus later stages of
amyloid accumulation, but the findings in the precuneus and caudal

anterior cingulate specifically in asymptomatic people would be
consistent with benefits of ARB use in the context of early AD
pathogenesis for the purposes of AD prevention.

4.2. Findings in A+ AD/MCI patients

In contrast to the findings in cognitively normal people, no
significant differences were observed between ACE-I and ARB users
among AP+ participants with AD or MCI. The reason for this is
unclear; however, a plateau in the natural course of A accumula-
tion has been described in AD (Jack et al., 2013; Villemagne et al.,
2013) and the dynamics of the amyloid cascade appear to be
different between clinically normal and AD groups (Krance et al.,
2019). It is therefore possible that whatever mechanism(s) of
ACE-Is or ARBs might support their differential effects on AP
accumulation in clinically normal people are less relevant in
established AD. A recent study found that activity in the N-terminal
catalytic domain of ACE-1 was approximately 50% lower in AD (Al
Mulhim et al., 2019). Thus, it is possible that a difference between
ACE-Is and ARBs was not observed in AD/MCI due to changes in the
RAS system and its interactions with the amyloid cascade.

4.3. Interactions with APOE carrier status

The APOE allele is the strongest genetic risk factor for AD (Di
Battista et al., 2016), and it was present in 60% of the AD/MCI
group versus 32% of the cognitively normal group in this study. In
the current analyses, APOE genotype was identified as an effect
modifier, such that ARBs were associated with slower amyloid
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accumulation among ¢4 allele non-carriers compared to €4 carriers.
The finding suggests a possible explanation for the lack of an as-
sociation between ACE-I versus ARB use and amyloid accumulation
in Ap+ AD/MCI, due to their increased prevalence of APOE 4.

The reason for effect modification by APOE ¢4 is unclear; it is
possible that the molecular mechanisms underlying possible “bene-
fits” of ARBs depend on the function of APOE, or that they are specif-
ically nullified by the £4 protein variant. The inhibitory effect of ACE-Is
on the N-terminus of the ACE-1 enzyme may be lower in 4 carriers
(Qiu et al., 2014), thus the €4 variant may nullify the hypothesized
amyloidogenic effect of ACE-Is. As speculated above, it is possible that
ACE-Is versus ARBs may be more relevant to Ap accumulation below a
certain Ap threshold. Recent work by Burnham et al. (2020) found that
APOE 4 non-carriers reached an abnormal threshold for Ap at an
average age of 63, compared to 78 for e4 carriers.

The largest statistically significant differences between ARB and
ACE-I use were seen in cognitively normal people not carrying an
APOE ¢4 allele, where ARBs were associated with significantly less
amyloid accumulation over time than ACE-Is. Cognitively normal
APOE ¢4 carriers using an ARB also showed numerically less amyloid
accumulation over time than those using an ACE-I; although the
effects globally and sub-regionally were of similar magnitude, they
did not reach significance. Ultimately, this suggests that larger
studies would be needed to determine if APOE carrier status mod-
ifies the treatment effects of ACE-Is versus ARBs on amyloid accu-
mulation in clinically normal people, where the findings could have
implications for AD prevention.

4.4. Study limitations and future directions

Strengths of this study include the use of longitudinal PET data,
allowing assessment of relationships over time, biomarker confir-
mation of AD/MCI diagnoses, and statistical methodology (e.g.,
inverse-probability weighting) implemented to reduce possible
confounding by indication; however, as this was an observational
study, medication exposures were not randomized, and the ana-
lyses were largely exploratory. Further limitations must also be
acknowledged, including sample size. For instance, the number of
clinically normal people carrying an APOE &4 allele was relatively
small; given significant differences between ACE-Is and ARBs
observed in this group, specifically in those not carrying an APOE 4
allele, larger studies examining clinically normal people over time
are needed (Rabin et al., 2019a). Although the properties of the
different drugs to cross the blood-brain-barrier might be relevant,
the available sample was too small to investigate subgroups of
blood-brain-barrier-penetrating versus non-penetrating drugs.
Dosing information and duration of prior exposure were incom-
plete in the dataset and therefore they were not included in the
models. Additionally, the present observations do not speak spe-
cifically to the previously proposed effects of ACE-1 inhibition on
amyloid metabolism, and they do not preclude the possibility that
the relationship may be indirect, mediated by another process. For
instance, tau and amyloid biomarkers appear to cascade in early
stages of AD development (Krance et al., 2019). Tau PET was not
sufficient in this sample to model, but other studies have found
effects of ARBs on CSF tau (Nation et al., 2016). Given interactions
between amyloid and vascular risk factors on tau (Rabin et al.,
2019b), further mechanistic insight might be gained from exam-
ining possible differences in regional tau accumulation between
ACE-Is and ARBs. Although the results are consistent with animal
studies, they do not specify whether the effects of ACE-Is versus
ARBs may be due to differences in processes related to amyloid
synthesis, metabolism, deposition, or clearance specifically.

Genetic factors beyond APOE might also identify people who
respond differently to an ARB versus an ACE-], and in that regard,

polygenic risk scores for AD (Tan et al., 2019), or genetic variants in
the RAS system (Oliveira et al.,, 2018), might be investigated. Spe-
cifically, an insertion/deletion polymorphism in the gene encoding
ACE-1 has been associated with higher levels of ACE-1 in both the
periphery (Rigat et al., 1990) and in the brain (Miners et al., 2009),
and variation in ACE genotypes may influence ACE-I response
(Scharplatz et al., 2005). Thus, it would be pertinent for future
studies to consider the potential role of ACE-1 genotype in
moderating the effects of ARBs and ACE-Is on the brain.

5. Conclusions

The present findings add clinical evidence that ARBs relative to
ACE-Is are associated with less AP accumulation over time in
cognitively normal older adults, consistent with previously
described differences in markers of neurodegeneration and cogni-
tion. The lack of difference in Ap accumulation among people with
clinical AD/MCI, and the identified interaction with APOE carrier
status, may further explain heterogeneity in associations between
RAS-acting antihypertensives and cognition described previously,
and might further help to identify target populations for individu-
alized pharmacotherapy. Replication in larger longitudinal studies
of cognitively normal people, and randomized controlled trials,
would be needed to ascertain potential clinical benefit of these
findings.
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