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Abstract

Objective—The effect of angiotensin converting enzyme (ACE) inhibitors on Alzheimer disease
(AD) remains unclear, with conflicting results reported. We studied the interaction of the
Apolipoprotein E (ApoE) genotype and ACE inhibitors on AD.

Methods—This was a cross-sectional study of homebound elderly with an AD diagnosis and
documentation of medications taken. ApoE genotype was determined.

Results—A total of 355 subjects with status on ApoE alleles and cognitive diagnoses were
studied. The average age (mean £ SD) of this population was 73.3 + 8.3 years old, and 73% were
female. Cross-sectionally, there was no difference in the number of AD cases between ApoE4
carriers and ApoE4 non-carriers or between ACE inhibitor users and non-users in the homebound
elderly. ApoE4 carriers treated with ACE inhibitors, however, had more diagnoses of AD
compared with those who did not have the treatment (28% versus 6%, p = 0.01) or ApoE4 non-
carriers treated with an ACE inhibitor (28% versus 10%, p = 0.03). ACE inhibitor use was
associated with AD diagnosis only in the presence of an E4 allele. Using multivariate logistic
regression analysis, we found that in diagnosed AD cases there was a significant interaction
between ApoE4 and ACE inhibitor use (odds ratio: 20.85; 95% confidence interval: 3.08-140.95;
p = 0.002) after adjusting for age, sex, ethnicity, and education.

Conclusion—The effects of ACE inhibitors on AD may be different depending on ApoE
genotype. A prospective study is needed to determine whether ACE inhibitor use accelerates or
poorly delays AD development in ApoE4 carriers compared with ApoE4 non-carriers.
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The hallmark of Alzheimer disease (AD) is the presence of extracellular amyloid-$ peptide
(Abeta) in the form of brain amyloid plagues and angiopathy.! The actual amount of
neurotoxic Abeta in the brain is determined by Abeta production through amyloid precursor
protein (APP) processing and Abeta degradation and clearance. Basic studies have
demonstrated that multiple proteases including angiotensin converting enzyme (ACE) are

© 2013 American Association for Geriatric Psychiatry
Send correspondence and reprint requests to Wendy Wei Qiao Qiu, M.D., Ph.D. wqiu67@bu.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qiu et al.

Page 2

involved in the catabolism of Abeta.23 ACE also converts Abeta42, the major component of
amyloid plaques in the AD brain, to Abeta40, the major component of cerebral amyloid
angiopathy,* and reduces Abeta aggregation.2 On the other hand, ACE converts angiotensin
| to angiotensin 11, and high levels of angiotensin Il cause cerebrovascular constriction and
damage, which can increase the risk of AD.>6 Because the ACE polymorphisms are
associated with the AD risk,” how ACE is involved in the AD pathogenesis is unclear. Some
studies show that low blood ACE activity is associated with AD8 and the age at AD onset.?

ACE inhibitors are effective hypertension medications commonly used in the elderly.10:11
The relationship between ACE inhibitor use and the risk of AD is unclear, with conflicting
results reported in the literature.1213 One study found a positive association between
peripheral ACE inhibitors and the risk of AD,14 whereas others showed that those ACE
inhibitors are beneficial in reducing dementia risk.1>:16 Using APP transgenic mice in an AD
animal model, ACE inhibitors either had no effect or accelerated the development of AD
pathology, depending on the duration of the drug use.1”~19 It appears that longer-term
treatment with ACE inhibitors (6 months versus 1 month) results in increased Abeta
deposition in these mice.

Many clinical trial studies, especially in oncology, demonstrate the importance of
personalized medicine by showing that different genetic profiles respond to certain
chemotherapies differentially.2% We hypothesize that genetic risk factors of AD, such as
Apolipoprotein E4 (ApoE4), which affects the Abeta clearance and deposition, may interact
with ACE inhibitors to influence AD development. Using a homebound elderly population
with ApoE genotyping and cross-sectional data on cognitive diagnoses and medications
taken, we aimed to study whether an interaction between the ApoE4 allele and ACE
inhibitor use is associated with AD. Using fluorogenic peptides, we also studied the
relationship between ACE inhibitor use and ACE activities in these serum samples.

METHODS
Study Sample and Diaghoses

We studied a subgroup of 355 subjects who underwent clinical evaluation by physicians,
including brain magnetic resonance imaging, from a population-based study, the Nutrition,
Aging and Memory in the Elderly (NAME) study.?! The NAME study was based on the
clients of four homecare agencies for the city of Boston. Anyone receiving homecare
services is registered with one of these agencies if he/she lives in the city of Boston, has an
annual income less than $18,890, and needs homecare service. All homebound elders aged
60 and older receiving services from the four agencies were invited to participate in the
study. Of all eligible subjects, 66% enrolled in the study and gave informed consent
approved by the institutional review board of Tufts University New England Medical
Center.22 Those with Mini-Mental State Examination (MMSE) less than or equal to 10 or
verbal 1Q less than 75 were not eligible to continue in the study. A total of 1,262 subjects
completed the neuropsychological evaluation during the home visits and were asked whether
they would be willing to participate in the second phase of the study, which was to come to
the hospital and undergo the examination by the physicians to receive a consensus diagnosis.
Of this number, 355 agreed and came to the hospital by taxi. The data of subjects who came
to the hospital were compatible with the whole study sample.?!

Diagnosis of dementia—The diagnosis of dementia was based on the DSM-1V criteria.
NINCDS-ADRDA guidelines23 were used to determine if criteria were met for a diagnosis
of possible or probable AD as an outcome. Possible AD is marked by certain features related
to clinical presentation and course, or magnetic resonance imaging changes, such that a
more definitive diagnosis of AD (i.e., probable AD) cannot be made. The major feature
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leading to a diagnosis of possible AD in our study sample was the presence of
cerebrovascular pathology.

Diagnosis of mild cognitive impairment—Diagnoses of mild cognitive impairment
(MCI) were based on Petersen et al.2# guidelines, with some modifications to broaden the
concept of MCI: 1) no dementia; 2) self-reported forgetfulness in daily activities or for
recent events; 3) normal general cognitive functioning as assessed by the MMSE (i.e., a
score less than 1 standard deviation [SD] below the mean of an age- and education-matched
sample after exclusion of present dementia at entry); 4) objective memory impairment or
impairment in other cognitive domains as assessed by performance on neuropsychological
tests not more than 1.5 SD from the mean of an age- and education-matched sample; and 5)
ability to independently perform basic activities of daily living. The neuropsychological
battery included WMS-I11 Word List Learning, WMS-111 Logical Memory, verbal fluency,
WAIS-111 Block Design, WAIS-111 Digit Span, and Trails A and Trails B. Those with
memory impairment only or cognitive impairment including memory and other domains
were considered to have amnestic MCI; those without forgetfulness and with impairments in
other cognitive domains, such as executive and visuospatial dysfunction, were considered to
have non-amnestic MCI.

Characterization of normal cognition—Subjects were considered cognitively intact if
they were not demented and scored no more than 1 SD below the mean of age-and
education-defined strata on MMSE and no more than 1.5 SD below the mean of age-and
education-defined strata on the neuropsychological tests.

ApoE Genotyping and the ACE Activity Assays

ApoE genotyping—A 244 bp fragment of the ApoE gene including the two polymorphic
sites was amplified by PCR using a robotic Thermal Cycler (ABI 877, Perkin-Elmer/
Applied Biosystems), using oligonucleotide primers F4 (5-
ACAGAATTCGCCCCGGCCTGGTA-CAC-3") and F6 (5'-
TAAGCTTGGCACGGCTGTC-CAAGGA-3’). The PCR products were digested with five
units of Hha I and the fragments separated by electrophoresis on 8% polyacrylamide non-
denaturing gel. The specific allelic fragments were: E2; E3; and E4. ApoE epsilon 4
(ApoE4) was defined by E4/4, E3/4 or E2/4.25

ACE activity assays—To characterize ACE activity in human serum, we used 10 uM
fluorogenic ACE specific substrates, Abz-SDK(Dnp)P-OH specific for ACE N-domain and
Abz-LFK-(Dnp)-OH specific for ACE C-domain (Sigma), to incubate with 6 uL serum in
the reaction buffer of 0.1 M Tris buffer, pH 7.0, at 37°C for 24 hours. Fluorometry with
excitation at 320 nm and emission at 405 nm was used to measure fluorescent intensity. The
reaction was triplicate for each sample. We used one sample as a positive control for every
batch of measurement. To evaluate the ACE activity, we subtracted the background
fluorescence (time 0) from the reaction generated fluorescence (time 24 hours) divided by
the positive control fluorescence.

Medical Conditions and Medications

Subjects were classified as having cardiovascular disease (CVD) according to whether they
had been previously informed by a doctor that they had congestive heart failure, coronary
heart disease, angina pectoris, or a myocardial infarction. Stroke history per subject report
was also recorded. Body mass index was measured and calculated as body mass (in kg) over
the squared height (in m?). Diabetes was defined as the use of anti-diabetic medication or
fasting glucose greater than 126 mg/dL.2% Current hypertension was defined by the average
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of systolic blood pressure greater than 140 mm Hg or diastolic blood pressure greater than
90 mm Hg at two determinations.

Subjects were asked to show all the medications they had been taking during a home visit,
and research assistants documented the names of the medications according to the labels. All
medications were coded. ACE inhibitors including captopril, fosinopril, lisinopril,
perindopril, trandolapril, benazepril, enalapril, moexipril, quinapril, and ramipril were
classified as one category.

Statistical Analysis

RESULTS

Statistical analysis was performed using SAS (version 9.1). The 2 test was used to compare
proportions for binary endpoints. Distributed variables were presented as mean + SD and
compared using t tests. Logistic regression was used to examine associations between AD
and ApoE4 or ACE inhibitor use while adjusting for confounders of age, race, sex, school,
and vascular diseases including CVD, diabetes, hypertension, and stroke. The interaction
between ApoE4 and ACE inhibitor use applied to the logistic models. For all analyses, the
two-sided significant level of 0.05 was used.

As previously noted, 355 subjects from the NAME study characterized for ApoE genotype
and cognitive diagnoses were used in this analysis. The average age (mean * SD) of this
population was 73.3 + 8.3 years old, and 73% were female. It was a mix of ethnicities with
62% white, 35% African American, and 3% other ethnicities. Seventy-five percent of
subjects had at least high school level or above education. ApoE allele frequencies were
ApoE2/2 or ApoE2/3 =59/ 355 (17%); ApoE2/4 = 8/355 (2%); ApoE3/3 = 209/ 355 (59%);
ApoE3/4 or ApoE4/4 = 79/355 (22%). Thus, there were 87 subjects (24%) carrying at least
one ApoE4 allele. The majority of homebound elderly had hypertension (83%), and many of
them had been using an ACE inhibitor (38%) to treat hypertension.

As shown in Table 1, other than ethnicity there were no differences in demographic
variables between those with and without an ApoE4 allele. There was a higher proportion of
African American subjects among ApoE4 allele carriers compared with ApoE4 non-carriers
(% test: 48% versus 30%, DF =5, p = 0.03). The rates of CVD, diabetes, stroke and current
hypertension were similar in those with and without ApoE4. At the cross-sectional level, the
proportions of those with AD, including probable and possible AD cases, were similar in
those with and without the ApoE4 allele. Compared with ApoE4 non-carriers, ApoE4
carriers tended to have a higher rate of ACE inhibitor use, but this did not reach statistical
significance (x2 test: 36% versus 44%, DF = 1, p = 0.19).

All subjects with ACE inhibitor use (100%) carried a diagnosis of hypertension and only
53% of them also had cardiovascular disease. Subjects were further divided into with (ACE
inhibitor +) and without (ACE inhibitor —) ACE inhibitor use subgroups among both ApoE4
carriers and ApoE4 non-carriers. Figure 1 shows that the subgroup of ApoE4 carriers who
were on an ACE inhibitor had a significantly higher number of AD cases than the group of
those who were not on an ACE inhibitor (x 2 test: 28% versus 6%, DF = 1, ¥2 = 8.02, p =
0.01). In contrast, the ApoE4 non-carriers who were on an ACE inhibitor treatment had a
similar or possibly lower rate of AD as those who were not on ACE inhibitor treatment ( 2
test: 10% versus 14%, DF =1, 2 = 1.23, p = 0.27). Consistently, among all the elderly who
were on ACE inhibitor treatment, ApoE4 carriers had more AD cases than the ApoE4 non-
carriers (2 test: 28% versus 10%, DF =1, y2 = 6.21, p = 0.03). Using multivariate logistic
analysis, Table 2 again shows that AD was not associated with ApoE4 or ACE
independently although AD remained associated with the interaction of ApoE4 and the ACE
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inhibitor use after adjusting for age, ethnicity, and school (odds ratio: 20.85; 95%
confidence interval: 3.08-140.95; DF = 1, Wald 2 = 9.59, p = 0.002). Using the same
model, this relationship was not found between vascular dementia and the interaction
between ApoE4 and the ACE inhibitor use (data not shown).

The patterns of most demographic differences between the ACE inhibitor + and the ACE
inhibitor -groups were similar across ApoE4 carriers and non-carriers (see Table 3). In terms
of medical diseases, regardless of ApoE4 status, those with ACE inhibitor use had higher
prevalence of stroke, hypertension, and diabetes than those without ACE inhibitor use. In
the absence of the ApoE4 allele, however, ACE inhibitor + subjects had a significantly
higher prevalence of cardiovascular disease than the ACE inhibitor - subjects (y2 test: 57%
versus 28%, DF = 1, p<0.0001). In contrast, in the presence of the ApoE4 allele, there was
no statistical difference in the cardiovascular disease prevalence between the ACE inhibitor
+/- subgroups (x? test: 40% versus 33%, DF = 1, p = 0.53). After adding each vascular
diseases including diabetes, cardiovascular disease, hypertension, and stroke to a
multivariate logistic regression model, the relationship between AD and the interaction of
ApoE4 and the ACE inhibitor use remained (data not shown).

To examine ACE activity in serum, we used fluorogenic peptide substrates specific for ACE
(Fig. 2) to examine the presence of ACE activity in human serum. Because ACE N- and C-
domains have different functions in A f degradation,* we thus used fluorogenic substrates
specific for both ACE N -and C-domains to incubate with 6 UL of human serum at 37°C for
24 hours. The subjects who had prescribed ACE inhibitors had lower ACE activity than
those who did not have this class of medication, suggesting that majority of them had been
taking these medications (Fig. 2). Using t test analyses, we found that among the ApoE4
non-carriers, the ACE inhibitor + group had a lower activities of ACE N-domain (mean +
SD: 0.54 +0.22 versus 0.72 + 0.23, DF = 1, p<0.0001) (Fig. 2A) and C-domain (mean %
SD: 0.26 + 0.20 versus 0.74 + 0.21, DF = 1, p<0.0001) (Fig. 2B) than ACE inhibitor -
subgroup. In contrast, in the presence of ApoE4 allele, the activities of ACE N-domain did
not show statistical difference between the ACE inhibitor + and — subgroups (Fig. 2A); but
the activities of ACE C-domain showed a difference between the ACE inhibitor + and -
subgroups (mean £ SD: 0.28 £+ 0.27 versus 0.66 + 0.24, DF = 1, p<0.0001) (Fig. 2B). In the
absence of ACE inhibitor, the ApoE4 carriers had slightly lower average ACE C-domain
activity than the ApoE4 non-carriers (mean + SD: 0.66 + 0.24 versus 0.74 £ 0.21, DF =1, p
=0.05), and the difference of average ACE N-domain activities between the ApoE4 carriers
and non-carriers did not reach statistical significance. Thus ApoE4 allele in itself had little
or no impact on ACE activity when ACE inhibitors were not used. Differences in ACE
activities were not found for the other commonly used antihypertensive medications
including beta blockers or calcium-channel blockers in this population (data not shown).

DISCUSSION

Our study results suggest that the effect of ACE inhibitor use on AD in the elderly is linked
with an individual’s ApoE genotype in the homebound elderly sample (Table 2 and Fig. 1).
Sporadic late-onset AD may have multiple risk factors. Although the ApoE4 allele is the
major genetic risk factor of late-onset AD27 and memory decline,28 not all of the ApoE4
carriers develop AD at very old age.29 Hypertension might be another risk factor for the
development of AD, probably through an increase in cerebrovascular pathology,>® and ACE
inhibitors are effective antihypertensive medications. We hypothesized that if an individual
has the ApoE4 allele, ACE inhibitor use may accelerate or poorly delay AD development
compared with ApoE2 or ApoE3; if an individual is an ApoE4 non-carrier, an ACE inhibitor
may effectively delay AD development.
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The ACE polymorphisms are associated with AD risk,” and modulate renin-angiotensin
system gene polymorphisms modify ACE inhibitors’ effect on cognitive function,30
suggesting ACE is probably involved in the AD pathogenesis.1 ACE activity was elevated
in AD and correlated with Braak stage.3! The mechanism of possible interaction of ApoE4
and ACE inhibitor on AD is unclear, however. ApoE4 is shown to mediate increased
Abetad? in the AD brain through reduced clearance and accelerated aggregation of the
peptide.32:3% Both ACE N- and C-domains are involved in the degradation of Abeta,2-34 and
ACE N-domain also converts Abeta42 to Abeta40.# One possibility is that both ApoE4 and
ACE inhibitors are involved in inhibiting the Abeta clearance, 2:33 thus the presence of both
factors may have a synergistically harmful effect on the AD risk. On the other hand, because
ACE inhibitors reduce cerebrovascular damage caused by elevated angiotensin I, which
could accelerate the AD pathogenesis, thus ACE inhibitor use may delay the development of
AD, but less effectively when ApoE4 is present. Clinical trials using antihypertensives did
not demonstrate their effectiveness in AD.1516 Thus, hypertension in itself might not be
crucial in development of AD. The actual reason that ACE inhibitors can play a role in
modifying development or progression of AD may lie in their ability to alter or affect the
clearance of Abeta in the brain.?

In this cross-sectional analysis, we did not find an independent relationship between ACE
inhibitors and AD (Table 1 and Table 2). Because the effects of ACE inhibitor use had
opposite effects between ApoE4 carriers and non-carriers (Fig. 1), however, only the
interaction between ApoE4 and ACE inhibitor use was found to be associated with AD
(Table 2). Prior reports on the relationship between ACE inhibitors and the risk of
developing AD in the literature are not consistent and controversial,3° with reports showing
no effect, a beneficial effect, and a harmful effect.14:15:36 ACE inhibitors pass through the
blood-brain barrier (BBB) differently. For example, enalapril is a peripheral-acting ACE
inhibitor and cannot pass through the BBBS’; in contrast, trandolapril belongs to central-
acting ACE inhibitors because it can completely pass through the BBB.38 One study showed
that peripheral-acting ACE inhibitors increase dementia risk, but that central-acting ACE
inhibitors reduce dementia risk.14 Using the APP transgenic mice, one study showed that
long-term (6 months) use of the ACE inhibitor captopril increases Abeta deposition in the
brain.1’ The short-term use (1 month) of ACE inhibitors, however, does not change brain
Abeta levels and plaques in these mice.18:19 Because ACE inhibitors are common
hypertension medications, the use of ACE inhibitors is almost always long-term in humans.

This study demonstrated that ACE inhibitor users indeed had lower average ACE activities
in their serum samples than those who did not use ACE inhibitors (Fig. 2). Our data showed
that where ApoE4 had little or no impact on the ACE activity, ACE inhibitors were
significantly associated with reduced ACE activities, especially the C-domain activity. Our
previous study showed that lisinopril inhibited the degradation of substrate V, a substrate
mimicking Abeta,3° by human serum ACE.“0 A recent study demonstrated that sporadic AD
patients had decreased clearance of Abeta in the central nervous system instead of increased
Abeta production.*! Because Abeta can pass through the BBB into the blood,*2 and plasma
Abeta levels are associated with increased risk of AD,%344 blood proteases mediating Abeta
clearance may also be important for AD pathogenesis.

This study has limitations. Due to the cross-sectional study design, we were unable to
determine and differentiate two possibilities in ApoE4 carriers: 1) an ApoE4-ACE inhibitor
interaction accelerates the development of AD, or 2) ACE inhibitors delay the progression
of AD in ApoE4 carriers, but less effectively than ApoE4 non-carriers, so that the elders
could still live at home and were not placed in a nursing home. Likely due to the lack of
adequate power and no longitudinal follow-up data, we did not find an independent
relationship between ApoE4 and AD in the cross-sectional analysis. We did not have data on
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specific ACE inhibitors, peripheral- or central-acting ones, used by these elders, nor of the
duration of drug use since some studies show that each ACE inhibitor drug has a unique
effect on the brain depending on whether it can pass through the BBB.#® Nevertheless, this
study showed the interaction between the ApoE genotype and ACE inhibitor use on AD, and
suggested the importance of personalized medicine approaches to AD intervention and
prevention, especially among hypertensive patients. It will also be interesting to study the
influence of ACE inhibitors on the Abeta deposition in the brain by positron emission
tomography scan?6 based on ApoE4 genotype in the future.
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FIGURE 1. Alzheimer disease among those with and without the ACE treatment in the absence
and presence of ApoE4 allele

The percentages of AD were compared between different subgroups: in the absence of
ApoE4 (ApoE4 -) or presence of ApoE4 (ApoE4 +) and further divided into no ACE
inhibitor use (ACE inhibitor —) and ACE inhibitor use (ACE inhibitor +). Chi square ()2
test) was used to compare between any two subgroups or among the four subgroups. p
values for the statistical significance between the two subgroups are shown. In the presence
of ApoE4, those who were on an ACE inhibitor had a significantly higher number of AD
cases than those who were not (x? test: 28% versus 6%, DF = 1, ¥2 = 8.02, p = 0.01). Among
all the elderly who were on ACE inhibitors, ApoE4 carriers had more AD cases than the
ApoE4 non-carriers (x2 test: 28% versus 10%, DF = 1, y2= 6.21, p = 0.03)
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FIGURE 2. Characterization of ACE activity in the serum samples

6-uL human serum was incubated with fluorogenic substrates specific for either ACE N-
domain (A) or C-domain (B) at 37°C for 24 hours and the generated fluorescence were
measured. The ApoE4 status and ACE inhibitor usage for each subgroup are illustrated.
Mean + SD of fluorescence with t test used to compare the differences between any two
subgroups, DF = 1 and p values for the statistical significance are shown.
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