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A clinical dose of angiotensin-converting enzyme (ACE)
inhibitor and heterozygous ACE deletion exacerbate
Alzheimer’s disease pathology in mice
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Inhibition of angiotensin-converting enzyme (ACE) is a strat-
egy used worldwide for managing hypertension. In addition to
converting angiotensin I to angiotensin II, ACE also converts
neurotoxic 3-amyloid protein 42 (A42) to A340. Because of its
neurotoxicity, AB42 is believed to play a causative role in the
development of Alzheimer’s disease (AD), whereas A 340 has
neuroprotective effects against AB42 aggregation and also
against metal-induced oxidative damage. Whether ACE inhibi-
tion enhances A42 aggregation or impairs human cognitive
ability are very important issues for preventing AD onset and for
optimal hypertension management. In an 8-year longitudinal
study, we found here that the mean intelligence quotient of
male, but not female, hypertensive patients taking ACE inhibi-
tors declined more rapidly than that of others taking no ACE
inhibitors. Moreover, the sera of all AD patients exhibited a
decrease in A342-to-AB40 - converting activity compared with
sera from age-matched healthy individuals. Using human amy-
loid precursor protein transgenic mice, we found that a clinical
dose of an ACE inhibitor was sufficient to increase brain amy-
loid deposition. We also generated human amyloid precursor
protein/ACE*’~ mice and found that a decrease in ACE levels
promoted AB42 deposition and increased the number of apo-
ptotic neurons. These results suggest that inhibition of ACE
activity is a risk factor for impaired human cognition and for
triggering AD onset.
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Alzheimer’s disease (AD)* is the most common neurodegen-
erative illness that causes dementia. AD is characterized by
B-amyloid protein (AB) deposition in the senile plaques (1).
AB42 and AB40 are the major species generated by sequential
proteolytic cleavage of amyloid precursor protein (APP) by B-
and +y-secretases. AB342 is essential for amyloid deposition and
is considered to be the initiating molecule for AD pathogenesis
(2, 3). In contrast, other studies have shown that monomeric
AB40 has antioxidant effects against transitional metal—
induced oxidative damage and inhibits A 342 toxicity and accu-
mulation of AB42 in brain (4-7).

Familial Alzheimer’s disease (FAD) is caused by point muta-
tions in APP, presenilin 1 (PSEN1, PS1), or presenilin 2 (PSEN2,
PS2) (8). PS1 and PS2 are critical components of the y-secretase
complex, and all FAD mutations in PSENI or PSEN2 are related
to an increase in the AB42 level or a decrease in the AB40 level
(9). Studies in human brain, cerebrospinal fluid, and plasma, as
well as in transgenic animals and cellular systems modeling
FAD mutations, all showed that the AB42/AB40 ratio is consis-
tently elevated when PSEN is mutated (10, 11). These lines of
evidence also imply that the loss of neuroprotective AB40 is a
potential factor in the onset of AD.

To reduce the levels of toxic AB42 or the AB42/AB40 ratio,
many y-secretase inhibitors or modulators have been designed
and tested in clinical trials, but none have succeeded (3, 12). In
addition to modulating the cleavage site of y-secretase, the con-
version of AB42 to AB40 after AB production is also considered
to be an effective method for reducing the levels of AB42 and
the AB42/AB40 ratio. The AB42-to-AB40 — converting activity
is found in human brain, and the converting enzyme has been
identified as angiotensin-converting enzyme (ACE) (13, 14).
Unlike most proteases, mammalian somatic ACE has two cat-

“The abbreviations used are: AD, Alzheimer’s disease; ACE, angiotensin-con-
verting enzyme; AB, 3-amyloid protein; APP, amyloid precursor protein;
hAPP, human APP; Sw, Swedish mutation; Ind, Indian mutation; FAD, famil-
ial Alzheimer’s disease; PS, presenilin; 1Q, intelligence quotient; NILS-LSA,
National Institute for Longevity Sciences Longitudinal Study of Aging;
WAIS-R-SF, Wechsler Adult Intelligence Scales-Revised-Short Forms;
ANOVA, analysis of variance.

SASBMB

© 2019 Liu et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


mailto:michi@med.nagoya-cu.ac.jp
mailto:michi@med.nagoya-cu.ac.jp
mailto:hkomano@iwate-med.ac.jp
mailto:hkomano@iwate-med.ac.jp
mailto:kunzou@med.nagoya-cu.ac.jp
mailto:kunzou@med.nagoya-cu.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.006420&domain=pdf&date_stamp=2019-5-9

ACE deletion exacerbates Alzheimer’s disease pathology

alytic domains. Interestingly, the angiotensin-converting activ-
ity is predominantly mediated by the C-terminal domain,
whereas the AB42-to-A 40— converting activity is only medi-
ated by the N-terminal domain (15, 16). ACE has two polymor-
phisms that lead to insertion (I) or deletion of a 287-bp
sequence of DNA in intron 16. The I allele of ACE is associated
with lower ACE levels in the serum and tissues and was a potent
risk factor for the onset of AD in some genetic and large meta-
analysis studies (17-19).

ACE inhibitors are one of the most commonly used classes of
drugs for the treatment of hypertension and are also widely
used in the treatment of heart failure and diabetic chronic kid-
ney disease (20, 21). ACE is the target of antihypertensive ther-
apy using ACE inhibitors. ACE converts angiotensin I to ang-
iotensin II, a potent blood vessel constrictor, and degrades
bradykinin, a blood vessel dilator, thus elevating blood pressure
(22). Hypertension has been traditionally associated with the
etiology of vascular dementia. However, vascular risk factors
including hypertension are increasingly being implicated in AD
(23, 24). Longitudinal studies suggest that high blood pressure
in midlife is associated with a higher incidence of AD in late life,
and some studies suggest that taking ACE inhibitors is risk fac-
tor for the development of AD (25, 26). However, other studies
have shown that centrally acting ACE inhibitors may protect
against cognitive decline in patients with AD (27, 28). ACE
inhibitors vary in terms of binding affinity and ACE domain
specificity with ACE (16, 29), and the role of ACE inhibitors in
the pathogenesis of AD is still not fully understood.

To clarify the mechanism underlying these contradictory
findings regarding the effects of ACE inhibitors on AD patho-
genesis, in a longitudinal study, we assessed changes in intelli-
gence in nondemented human subjects who were taking ACE
inhibitors and other antihypertensive medicines. We also stud-
ied amyloid deposition in human APP (hAPP) transgenic mice
treated with a clinical dose and a high dose of an ACE inhibitor.
To mimic the effects of ACE inhibitors that partially inhibit
ACE and to exclude the side effects of ACE inhibitors, we gen-
erated a mouse model of AD that lacks a single ACE locus. ACE
inhibitors significantly reduced human intelligence quotient
(IQ), but only in men. A clinical dose of an ACE inhibitor was
sufficient to enhance brain amyloid deposition in hAPP trans-
genic mice. Moreover, ACE deficiency at a single locus, which
leads to a partial decrease in ACE activity, significantly exacer-
bated brain A342 deposition.

Results

Impaired intelligence in men taking ACE inhibitors and
decreased AB42-to-A340 - converting activity in AD serum

1964 participants (992 men, 972 women) completed the
intelligence tests and medication interview. 339 (178 men, 161
women) were taking antihypertensive, and 81 (49 men, 32
women) were taking ACE inhibitors. The fixed effect of the
antihypertensive and ACE inhibitors was highly significant in
men (p = 0.0006). The estimated 8-year changes in IQ level in
men aged 70-79 years old with a blood pressure of 120/80
mmHg and an IQ of 100 at baseline were —2.3 £ 0.74 (p =
0.0015) in the group taking no antihypertensive medication,
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—0.495 * 0.86 (not significant) in the group taking non-ACE
inhibitor antihypertensive medication, and —4.26 = 1.12 (p <
0.0001) in the group taking ACE inhibitor medication. In men,
the decrease in IQ level in the group taking ACE inhibitor med-
ication was significantly greater than that in the group taking
non-ACE inhibitor antihypertensive medication (p = 0.0007).
In women, the fixed effect of the antihypertensive and ACE
inhibitors was not significant, and no significant differences in
IQ change among the three groups were observed (Fig. 14). The
above results suggest that taking ACE inhibitors impairs intel-
ligence, as assessed by IQ level, in men, but not in women. By
the Wechsler Adult Intelligence Scales—Revised—Short Forms
(WAIS-R-SF), taking ACE inhibitor medication was also asso-
ciated with the decrease in similarities and picture completion
in men, whereas not associated with the decrease in informa-
tion or digit symbol coding in men or women (data not shown).

ACE has two catalytic domains. The C-domain of ACE is the
predominant site for converting angiotensin I to angiotensin II,
whereas the N-domain is responsible for converting AB42 to
AB40 (16). We examined the ACE level and ACE activity in the
serum of AD and control groups and did not find any change in
the AD patients (Fig. 1, B and C). We then studied the conver-
sion of AB42 to AB40 in the serum of both groups. The gener-
ation of AB40 from AB42 was inhibited by captopril (Fig. 1D,
upper panel). AB40 reached a peak after 8—16 h of incubation
and decreased after 36 h of incubation in the control serum,
suggesting that the degradation of A40 also occurred simulta-
neously in the serum (Fig. 1D). However, the generation of
AB40 from AB42 after 4 h of incubation decreased in the serum
of the AD group compared with the control group (Fig. 1E).
These results demonstrate that the ACE expression level and
the C domain-dependent angiotensin-converting activity in
the serum of normal controls and AD patients are similar;
however, the serum N domain—dependent AB42-to-AB40-
converting activity of ACE in AD patients was lower than that
in normal controls. Thus, the decreased ApB42-to-AB40-
converting activity in the serum may be involved in AD patho-
genesis and may be useful as a diagnosis index.

A clinical dose of an ACE inhibitor enhances A deposition in
hAPPSw mice

To study whether a clinical dose of an ACE inhibitor enhanced
amyloid deposition, we fed 6-month-old hAPPSw mice a low
or high captopril-containing diet. The average intake of
captopril per animal was 1 mg/kg/day for the low captopril
diet, which is similar to the level achieved with clinical treat-
ment with captopril in humans (30), and 30 mg/kg/day for
the high captopril diet. The significant blood pressure reduc-
ing effect of low captopril treatment was only observed for
diastolic blood pressure, whereas high captopril treatment
markedly reduced both systolic and diastolic blood pressure
(Fig. 2, A and B). The heart rate of mice did not change in all
the three groups (Fig. 2C).

We previously reported that ACE converts AB42 to AB40
and that inhibition of ACE using a high dose of captopril
increases AB42 deposition in hAPPSw mice (13). Because we
found that ACE inhibition impaired human IQ, an important
issue is whether a clinical dose of ACE inhibitor enhances Alz-
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Figure 1. ACE inhibition impairs human 1Q in men, and serum AB42-to-A 340 - converting activity is lower in AD patients than in age-matched normal
controls. A, estimated mean and standard error of the 8-year change in 1Q level following use of antihypertensive medication in men and women aged 70-79
years old with blood pressure 120/80 mmHg and 1Q 100 at baseline. The data are the means *+ S.E., one-way ANOVA followed by Tukey-Kramer multiple
comparison. The groups were: no antihypertensive medicine (814 men and 811 women), non-ACE inhibitor antihypertensive medicine (129 men and 129
women), and ACE inhibitors (49 men and 32 women). B, ACE in the serum from control individuals and AD patients was examined with Western blotting, and
the intensity of ACE bands was measured and quantified. C, serum ACE activity of control individuals and AD patients was analyzed. D, serum from a control
individual was mixed with synthetic AB42, with or without captopril, and incubated for 4 h. The generation of AB40 was examined with Western blotting (upper
panel). The generation of AB40 in the mixture of control serum and synthetic AB42 was quantified after 4-36 h of incubation (lower panel). E, serum from
control individuals and AD patients was mixed with synthetic AB42, and the generation of AB40 after 4 h of incubation was examined with Western blotting.
The intensity of AB40 bands was measured and quantified. The data are the means = S.E. Control, n = 18; AD, n = 28.*, p < 0.05 by one-way ANOVA followed

by Bonferroni-Dunn test.

heimer’s pathology. The APP expression level and APP CTF
level did not change in the cortex of low or high captopril-
treated hAPPSw mice compared with control mice (Fig. 2D).
ACE activity in the serum of low captopril-treated mice
decreased more than 30% and decreased more than 60% in the
high captopril-treated mice compared with the control mice
(Fig. 2H). Thioflavin S staining of brain sections of 17-month-
old hAPPSw mice showed that captopril dose-dependently
enhanced amyloid deposition in both the hippocampus and
cortex (Fig. 2E). High captopril-treated mice had 2—2.3 times
more thioflavin S—positive plaques (per section) than control
mice. Mice treated with a clinical dose of captopril had a 1.7-
fold increase (per section) in hippocampal amyloid deposition
and a 2-fold increase (per section) in cortical amyloid deposi-
tion (Fig. 2, Fand G). These results suggest that a clinical dose of
an ACE inhibitor can also increase Af deposition in hAPP
transgenic mice.

We also examined whether potent ACE inhibition enhanced
AB42 deposition and induced neuronal damage in the cortex of
hAPPSw mice. As expected, the number A 42 amyloid plaques
(per section) were significantly increased in the cortex of high
captopril-treated hAPPSw mice compared with control mice
(Fig. 2, I-N and R). Moreover, the lamina zonalis of cortex,
which mainly contains neuronal fibers, became thinner in high
captopril-treated mice compared with control mice (Fig. 2, I, L,
double-headed arrows, and S). Notably, shrunken neuronal
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nuclei visualized with NeuN immunostaining were present in
the center of some AB42 plaques (Fig. 2, O and Q, arrowheads).
In addition, some AB42 deposition was found surrounding or
on neurons with showing normal morphology as seen with
NeuN immunostaining (Fig. 2Q, arrows). These results suggest
that potent ACE inhibition elevates A42 deposition and facil-
itates degeneration of neuronal fibers in hAPPSw mice and that
the neuronal damage may be induced by aggregation of A342
on neurons.

APB42 deposition and A342/A 340 ratio increased in hAPP/
ACE*’~ mice

To determine the role of ACE in brain A deposition ix vivo
and to exclude nonspecific effects of captopril, we cross-mated
hAPPSwind mice to ACE*/~ mice and generated hAPP/
ACE"’~ mice. We found no difference in body weight, heart
rate, and survival rate between 14-month-old hAPP/ACE™'*
and hAPP/ACE™/~ mice (data not shown). Western blotting
analysis showed that the ACE protein level in the cortices of
hAPP/ACE"’~ mice was reduced by approximately half com-
pared with hAPP/ACE™*’" mice (Fig. 3A). ACE activity in the
cortical homogenate of hAPP/ACE "/~ mice was also signifi-
cantly reduced (Fig. 3B). The diastolic blood pressure of hRAPP/
ACE"’~ mice was decreased to 73.4 + 2.6 mmHg compared
with hAPP/ACE*/* mice (81.6 = 2.4 mmHg), whereas the sys-
tolic blood pressure was not different between these mice (Fig.
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Figure 2. Captopril at a clinical dose exacerbates A deposition in hAPPSw mice and induced neuronal damage at a high dose. A-C, systolic (SBP) and
diastolic blood pressure (DBP) and heart rate of 17-month-old mice were indirectly measured with a tail-cuff apparatus. D, APP and APP CTF expression levels
in the cortex were examined with Western blotting. £, thioflavin S staining of brain sections from 17-month-old captopril (capt)-treated hAPPSw mice (Tg2576).
Low captopril indicates treatment with a clinical dose of captopril. Fand G, number of thioflavin S—positive plaques (per section) in the hippocampus (F) and
cortex (G) of the control, low captopril-treated, and high captopril-treated mice. Three or four sections were counted and averaged for each mouse. H, relative
ACE activity in the serum of control, low captopril-treated, and high captopril-treated mice. /-Q, brain sections from control (/-K) and high captopril-treated
mice (L-Q) were immunolabeled with NeuN antibody (green, I, L, and O) and AB42 antibody (red, J, M, and P), and imaged with confocal microscopy. Apoptotic
neurons are indicated with arrowheads (O and Q). Diffuse AB42 deposition around neurons with nuclei was indicated with arrows (Q). R, number of AB42-
positive plaques (per section) in the cortex of the control and high captopril-treated mice. S, thickness of lamina zonalis of the control and high captopril-
treated mice. The data are the means =+ S.E,; n = 6-12 mice in each group; male, 3-6; female, 3-6.*, p < 0.05; **, p < 0.01; ***, p < 0.001, by one-way ANOVA
followed by Bonferroni-Dunn test versus the control diet mice. Scale bars indicate 500 wm in £ and 20 uwm in /-Q.

3C). The expression levels of APP and APP CTF in the cortices We next examined the effect of a partial decrease in ACE
of 14-month-old hAPP/ACE™"/~ mice were similar to those of  activity on brain AB deposition in hAPP/ACE "/~ mice. AB42
hAPP/ACE™’™" mice (Fig. 3D). plaques can rarely be detected in the hippocampus of 8-month-
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Figure 3. Heterozygous ACE-deficient mice showed increased AB42 and A 343 deposition and increased A342/A 340 ratio. A, Western blotting of ACE
in brain homogenates from 14-month-old hAPP/ACE™/* and hAPP/ACE™~ mice. B, ACE activity in brain homogenates from 14-month-old hAPP/ACE*'" and
hAPP/ACE™/~ mice. C, systolicand diastolic blood pressure was measured with a tail-cuff apparatus. Only diastolic pressure showed a decrease in hAPP/ACE ™"/~
mice. D, APP and APP CTF expression levels in the cortex of 14-month-old hAPP/ACE*/* and hAPP/ACE™~ mice were examined with Western blotting. E,
thioflavin S staining of brain sections from 14-month-old hAPP/ACE*/* and hAPP/ACE™/~ mice revealed that partial ACE deficiency enhanced AS deposition.
F, number of thioflavin S-positive plaques (per section) in the hippocampus and cortex of 14-month-old hAPP/ACE™/* and hAPP/ACE™~ mice. G and H,
relative numbers of AB42 (G) and AB43 (H) (per section) in the hippocampus and cortex of 14-month-old hAPP/ACE*/* and hAPP/ACE*/™~ mice. I-K, AB40,
Ap42,and AB43 levels in the cortex of 14-month-old hAPP/ACE™*’* and hAPP/ACE "/~ mice were determined with ELISA. L and M, AB40 and AB42 levels in the
cortex of 8-month-old hAPP/ACE™" and hAPP/ACE*/~ mice were determined with ELISA. N, AB42/AB40 ratio increased in the cortex of 8-month-old
hAPP/ACE™’~ mice. HP, hippocampus. The data are the means + S.E. Three or four sections were counted and averaged for each mouse; n = 9-14 mice in each
group; male, 4-7; female, 5-7. %, p < 0.05; **, p < 0.01; ***, p < 0.001, by one-way ANOVA followed by Bonferroni-Dunn test versus hAPP/ACE™™ mice. Scale
bar, 500 wm.

3.7 and 19 * 2.9, respectively. In contrast, 8-month-old hAPP/
ACE™™ mice showed a higher average number of thioflavin
S—positive plaques in the hippocampus (63 = 6.5, p < 0.05) but

old mice, and they increase in an age-dependent manner (31).
The numbers of thioflavin S—positive plaques in the hippocam-
pus and cortex of 8-month-old hAPP/ACE™/* mice were 39 +
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field) in the cortex. The data are the means = S.E., six microscope fields were counted for each mouse; n = 12-14 mice for each group; male, 6-7; female, 6-7.
*, p < 0.05, by one-way ANOVA followed by Bonferroni-Dunn test. Scale bar, 20 um.

did not show significant increase of plaques in the cortex (22 =
2.6). In 14-month-old mice, the decrease in brain ACE signifi-
cantly enhanced AB deposition both in the cortex and
hippocampus of hAPP/ACE™’~ mice (Fig. 3E). Thioflavin
S—positive amyloid plaques were increased 1.6-fold in the hip-
pocampus and 2.2-fold in the cortex of hAPP/ACE"/~ mice
compared with hAPP/ACE™'" mice (Fig. 3F). Analysis of
hAPP/ACE™’~ mice using an AB42-specific antibody showed
2.7- and 3.1-fold increases in the number of AB42-immunopo-
sitive plaques in the hippocampus and cortex, respectively,
compared with the number in hAPP/ACE™’" mice (Fig. 3G).
We previously reported that ACE also converts the species that
is deposited earliest, AB43, to AB41 (31). The number of A343-
immunopositive plaques in the hippocampus and cortex were
increased 3.1- and 1.7-fold, respectively, in hAPP/ACE*"/~
mice than in hAPP/ACE*/* mice (Fig. 3H). Quantitation of A
with ELISA also revealed significant increases in the level of
AB42 and AB43 in the cortex of 14-month-old hAPP/ACE"/~
mice, supporting the histological findings (Fig. 3, / and K).
Notably, quantitation of A3 with ELISA revealed that AB42
level significantly increased in the cortex of 8-month-old
hAPP/ACE™’™ mice, whereas the AB40 level did not show sig-
nificant change, thereby resulting in an increase in the Af342/
AB40 ratio (Fig. 3, L-N). These results suggest that reduced
ACE activity in the brain leads to decreased conversion of A 342
and AB43 by ACE, increased A42/AB40 ratio, and enhanced
amyloid plaque burden consisting predominantly of A43 and
A[42 depositions in brain.

Apoptotic neurons increased in the cortex of hAPP/ACE™/~
mice

Because toxic species of A (AB42 and AB43) showed high
accumulation in the cortex and hippocampus, we examined
whether toxic AB42 and AB43 can induce neuronal apoptosis.
By using cleaved caspase-3 and NeuN antibodies, which recog-
nize active caspase-3 and mature neurons, respectively, we
found that the number of caspase-3—immunopositive neurons
was 1.8-fold higher in the cortex of 14-month-old hAPP/
ACE"*’~ mice than in control mouse cortex (Fig. 4, C, F, and G).
However, no shrunken neuronal nuclei or dead neurons were
observed in the brain of hAPP/ACE"’~ mice. These results
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suggest that the increase in accumulation of neurotoxic Af
induces neuronal apoptosis.

Discussion

In addition to the key role played by ACE in the renin—
angiotensin system, ACE also contributes to conversion of the
toxic species, AB42 and AB43, to the neuroprotective species,
AB40 (13, 31, 32). In this study, we demonstrated that hyper-
tensive patients taking ACE inhibitors had a marked IQ decline
in 8 years compared with those taking other antihypertensive
drugs. Interestingly, this decline was only observed in men. We
further showed that a clinical dose of captopril significantly
exacerbated brain amyloid deposition in a mouse model of AD.
Hypertension in midlife is a risk factor not only for cerebrovas-
cular diseases but also for the development of AD. In contrast,
hypotension in late life is consistently associated with an
increased risk of AD, particularly in individuals who took anti-
hypertensive drugs (25, 33). These findings suggest that blood
pressure—regulating systems or antihypertensive drugs are
associated with the pathogenesis of AD.

Meta-analyses have shown that I allele of ACE, with lower
ACE activity in the serum and tissue, is related to the increased
risk of AD development (18, 19). In addition, a sex difference in
ACE activity was also reported in healthy individuals in which
ACE activity is higher in healthy males than females (34). The
basal plasma activity of ACE is significantly higher in men, and
men show a greater decrease in ACE activity than women after
taking ACE inhibitors (35). Taken together with our findings,
these lines of evidence suggest that a greater decrease in ACE
activity is associated with the IQ decline in men who took ACE
inhibitors for 8 years. Notably, men taking non-ACE inhibitor
antihypertensive medication had a lower 8-year decline in IQ
than men taking ACE inhibitors or no antihypertensive medi-
cation (Fig. 14). Thus, analyses of a larger group size are likely
needed to effectively determine whether ACE inhibitor treat-
ment has a negative effect on IQ compared with no antihyper-
tensive medication group. Cognitive decline without dementia
has commonly been considered a normal consequence of brain
aging but can also indicate the onset of dementia. Less IQ level
has been shown to be a risk factor for progression from mild
cognitive impairment to degenerative dementia (36). A
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decrease of 10 points or more of IQ is considered as deterio-
rated IQ in schizophrenia (37), whereas the meaningful change
of IQ suggesting future onset of mild cognitive impairment or
AD has not yet been reported. In our study, men who had 7.5
points or more decreased IQ were 20.4% in ACE inhibitor
group, 16.3% in non-ACE inhibitor antihypertensive medica-
tion group, and 14.9% in no antihypertensive medication group.
A decrease of 7.5 points of IQ indicates that an average IQ level
drops to lower one-third IQ level, which may increase the risk
of further cognitive decline.

Moreover, a recent study reported that the toxic species,
AB42, is elevated in the plasma of cognitively impaired individ-
uals taking ACE inhibitors and that this elevation in A342 may
be directly caused by inhibition of ACE-mediated AB42-to-
AB40 - converting activity (38). Because inhibition of ACE may
elevate the AB42 level not only in the plasma but also in the
brain, our findings suggest that IQ impairment by ACE inhibi-
tors in men may be a consequence of the increased level of toxic
AB42. Thus, in addition to y-secretase, which determines the
generation of AB42 and AB40, the AB42-to-AB40 — converting
activity of ACE may also contribute to the AB42/AB40 ratio
and be involved in AD onset. Because the AB42-to-AB40—
converting activity and angiotensin-converting activity are
localized in different domains of ACE, measurement of angio-
tensin-converting activity may not reflect the AB42-to-AB40—
converting activity. By using synthetic AB42 as a substrate, we
found that the Ap42-to-AB40-converting activity was
decreased in the serum of AD patients (Fig. 1E). This result also
suggests that ACE inhibition is a risk factor for a decline in
cognitive ability and AD onset. The observation that treatment
of hAPP mice with a clinical dose of captopril for 11 months was
sufficient to increase amyloid deposition also supports this
notion. Notably, we previously reported that the treatment with
a high dose of captopril for 7 months did not significantly
increase amyloid deposition in 13-month-old mice (13). Similar
to our results, the treatment with a high dose captopril for 28
days in two kinds of AD model mice did not result in increased
AP levels or amyloid deposition (39). These findings suggest
that along-term, but not a short-term, ACE inhibition contrib-
utes to increased amyloid deposition.

To clarify whether neuronal damage is associated with amy-
loid deposition, we performed immunostaining using anti-
NeuN and anti-AB42 antibodies. The shrunken neuronal
nuclei were found in the center of condensed AB42-positive
amyloid plaques, and diffuse AB42 deposition was co-localized
with NeuN-positive neurons with intact nuclei (Fig. 2, O-Q).
These findings suggest that the formation of diffuse Ap42
plaques initiates from neurons and finally induces neuronal
death with progression of formation of condensed Ap42
plaques. We also observed that the lamina zonalis of the cortex
became thinner in high captopril-treated mice compared with
control mice, suggesting that loss of neuronal fibers occurred as
a consequence of neuronal death in amyloid plaques (Fig. 2, [, L,
and S). Thus, potent ACE inhibition may lead to neuronal dam-
age by exacerbating AB42 deposition around neurons. How-
ever, we cannot exclude the possibility that a high concentra-
tion of captopril may induce neuronal damage independent of
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A deposition; thus, WT mice treated with a high concentra-
tion of captopril need to be studied further.

To study the effect of ACE on A deposition in vivo and to
exclude side effects of ACE inhibitors, we generated hAPP/
ACE*’~ mice and examined A deposition and neuronal apo-
ptosis. Because hAPP/ACE ™/~ mice show extremely low viabil-
ity and die before weaning, analysis of hAPP/ACE /™ mice was
not performed. hAPP/ACE™/™ mice showed lower brain ACE
activity and markedly increased AB42 and AB43 deposition
(Fig. 3, B and G-M), suggesting that low brain ACE activity is
associated with AB42 and A (43 deposition. In the absence of
captopril, reduced ACE activity significantly increased the
number of apoptotic neurons in hAPP/ACE™/~ mice com-
pared with hAPP/ACE™/* mice. A previous study showed that
valsartan, an angiotensin receptor antagonist, significantly low-
ered amyloid deposition and improved spatial learning in a
mouse model of AD (40). We also demonstrated that angioten-
sin type la receptor deficiency ameliorated brain amyloid
pathology (41). These results indicate that medications lower-
ing blood pressure by ACE inhibition and angiotensin receptor
inhibition have opposite effects on amyloid deposition. In view
of these findings, we conclude that a decrease in ACE activity
may exacerbate AB42 and AB43 deposition and that neuronal
apoptosis may be a consequence of the aggregation of AB42 and
A 343 but not the lower blood pressure. A previous study dem-
onstrated that mice lacking ACE expression in the brain, but
with 100-fold cardiac ACE and normal blood pressure, showed
no alterations in the endogenous AB concentration of brain
(42), suggesting that body ACE may degrade peripheral AB and
then affect brain AB levels. Because the ApB42-to-AB40-
converting activity is limited to the N domain of ACE, a mouse
model that selectively lacks N-domain Ap42-to-AB40-
converting activity of ACE needs to be established for further
investigation. The decrease in ACE protein level and ACE activ-
ity in hRAPP/ACE "/~ mice may also reflect the decrease in the N
domain-specific AB42-to-AB40 — converting activity. A previ-
ous in vitro study demonstrated that cell-derived human A 340
and AB42 were degraded by transfected ACE and elevated by
ACE inhibition (43). However, in addition to altered A degra-
dation, we cannot exclude the possibility that ACE inhibition/
deletion may the enhance A deposition by other functions of
this enzyme. Whether soluble AB or APB42/AB40 ratio
increases in young mice without A deposition needs to be
further studied.

Although women are more susceptible for developing AD
than men (44), we found that ACE treatment in human subjects
impaired IQ in men, which may be due to a greater decrease in
ACE activity for men than for women after taking ACE inhibi-
tors (35). We did not find any gender difference of amyloid
deposition in captopril-treated hAPPSw mice or in hAPP/
ACE™’™ mice, suggesting that IQ decline may not be closely
associated with amyloid deposition alone (45). Alternatively,
soluble and toxic A oligomers may be increased by ACE inhi-
bition in men and contribute to IQ decline (46). The gender
difference may be species-specific, however; whether male
mice treated with captopril or with heterozygous deletion of
ACE show cognitive impairment needs to be further investi-
gated. Moreover, whether ACE inhibitors enhance amyloid
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deposition in human (with or without gender difference) is
proving to be of importance and needs to be clarified. Taken
together, our findings suggest that ACE inhibitors may impair
human cognitive ability through enhancing AB42 and ApB43
deposition in the brain and should be carefully used in hyper-
tensive patients with other AD risk factors, such as APOE4 car-
riers. Because the A342-to-A 40 — converting activity and ang-
iotensin-converting activity are located in the N- and
C-terminal domain of ACE, respectively, development of ACE
inhibitors that specifically inhibit the C-terminal domain is
desired.

Experimental procedures
Intelligence examination

The subjects in this study were participants in the National
Institute for Longevity Sciences Longitudinal Study of Aging
(NILS-LSA). The NILS-LSA, which started in 1997, is a popu-
lation-based study of aging and age-related diseases. The par-
ticipants were residents of Aichi Prefecture in central Japan
who were randomly selected from the resident registration
and stratified by both age and gender. Details of the NILS-LSA
have been described elsewhere (47). The study protocol was
approved by the Committee of Ethics of Human Research of the
National Center for Geriatrics and Gerontology. Written
informed consent was obtained from each participant. All stud-
ies of human subjects abide by the Declaration of Helsinki prin-
ciples. The total number of participants in the first wave of
examination was 2267, and they were aged 40-79 years. Of
these, 1964 participants (992 men and 972 women) completed
the intelligence tests and medication interview and were also
determined to be eligible for follow-up. Of these, 339 (178 men
and 161 women) were taking antihypertensive, and 81 (49 men
and 32 women) were taking ACE inhibitors. There were no
significant differences in age, gender, and smoking rate
between non-ACE inhibitor antihypertensive medicine group
and the ACE inhibitor group. In 81 patients who were taking
ACE inhibitors, 32 were solely taking ACE inhibitors, 46 were
also taking calcium antagonists, and 4 were also taking other
antihypertensive medicine for combination therapy (with over-
lapping). In 258 patients who were taking antihypertensive
medicine except ACE inhibitor, 178 were taking calcium antag-
onists, 30 were taking (-blockers, and 91 were taking other
antihypertensive medicine (with overlapping). The ratios of
patients taking ACE inhibitors were 68.8% after 2 years, 64.2%
after 4 years, 65.5% after 6 years, and 61.8% after 8 years. ACE
inhibitors taken by the patients were shown in Table 1, and the
medicines taken before the investigating period were not stud-
ied. The blood pressure of ACE inhibitor group (140 = 24/83 =
13 mmHg) was similar with the non-ACE inhibitor antihyper-
tensive medicine group (138 = 18/82 = 10 mmHg). The per-
centage of patients with ischemic heart diseases, diabetes, or
cancer in ACE inhibitor group was marginally higher than the
group taking antihypertensive medicine except ACE inhibitor.
No exclusion criteria were used in this study. The subjects were
followed up every 2 years. The cumulative number of intel-
ligence changes from the first examination and each of the
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Table 1

ACE inhibitors used in hypertensive patients

+, brain-penetrating ACE inhibitor; —, non—braining-penetrating ACE inhibitor;

NA, not applicable.
ACE

inhibitors

Number of

patients Brain-penetrating

Derapril
Sirazapril
Temocapril
Trandolapril
Captopril
Quinapril
Alacepril
Lisinopril
Imidapril
Benazepril
Enalapril
Fosinopril
Unknown

92}

W U1 R N U100 D1

Z4+ 1+ 40

>

four sequential examinations was 6317 (3266 men and 3051
women).

Intelligence was assessed in terms of the IQ level using the
Japanese WAIS-R-SF (48). The difference in the changes in IQ
level within 8 years with the intake of antihypertensive and ACE
inhibitors was examined using a mixed-effect model that con-
trolled for initial IQ level, age, number of follow-up years, inter-
action between age and number of follow-up years, systolic and
diastolic blood pressure (fixed effects), adjusting with or with-
out ischemic heart diseases, diabetes or cancer, interindividual
differences (random effect), and auto regression of longitudinal
data in men and women. The 8-year change in IQ level was
compared among the groups with no antihypertensive medica-
tion, with non-ACE inhibitor antihypertensive medication, and
with ACE inhibitor medication. The data were adjusted by
interaction with age. Statistical analysis was conducted using
SAS version 9.1.3 (SAS Institute, Cary, NC).

Serum AB42-to-A340-converting activity

Human serum from living AD patients and normal age-
matched subjects was collected using standard methods (31). In
total, 28 AD patients and 18 normal subjects were enrolled from
the Iwate Medical University Hospital. The samples were ali-
quoted and frozen at —80 °C after collection until use. The age-
matched normal controls included 10 males and 8 females with
no known neurological disorder whose average age was 75.1 *
1.8 years (mean * S.E.), and the AD patients included 11 males
and 17 females with a mean age of 75.4 * 1.2 years (mean *
S.E.). The clinical diagnosis of AD was based on National Insti-
tute of Neurological and Communicative Diseases and Stroke/
Alzheimer’s Disease and Related Disorders Association Alzhei-
mer’s criteria. The mean Mini-Mental State Examination score
of AD patients was 18.6 = 1.0 (mean = S.E.). Human serum was
mixed with 30 um AB42 and incubated at 37 °C for 4-36 h.
AB40 was detected by Western blotting using an anti-A 40
antibody (IBL catalog no. 10047, Takasaki, Japan), and the
intensity of AB40 bands was measured using Image] (National
Institutes of Health).

Mice and tissues

Human APP Swedish mutation transgenic mice (hAPPSw,
Tg2576) were purchased from Taconic Farms (Germantown,
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NY), and mice expressing human APP bearing the Swedish and
Indian mutations (hAPPSwInd, J20) were purchased from The
Jackson Laboratory. Heterozygous mice lacking both the
somatic and testicular isozyme forms of the ACE gene
(ACE"’") were purchased from The Jackson Laboratory.
6-month-old hAPPSw mice were fed a low or high captopril-
supplemented diet for 11 months. The average intakes of cap-
topril per animal were 1 and 30 mg/kg/day for the low and high
doses of captopril, respectively. The intake of 1 mg/kg/day is
similar to the clinical dose used in humans. Brain sections from
17-month-old mice were stained with thioflavin S to visualize
A deposition. We cross-mated hAPPSwInd mice and ACE*/~
mice to generate hAPP/ACE "/~ mice and control mice. The
mice were housed on a 12-h light/dark schedule with ad libitum
access to standard mouse chow and water. Each group in this
study contained 6 —14 mice, and the number of male and female
mice in each group was similar. Mouse body weight, heart rate,
and blood pressure were measured before sacrifice. Heart rate
and blood pressure (systolic, diastolic, and mean pressure) in
conscious mice were indirectly measured with a tail-cuff
apparatus (BP-98A-L; Softron, Tokyo, Japan). The mice were
killed by inhalation of CO,, and 0.5 ml of blood was collected
from the right atrium. The mice were then perfused intrac-
ardially with cold PBS containing 5 units/ml heparin
(Sigma—Aldrich). The left hemisphere of the brain was fixed
in 4% buffered paraformaldehyde solution at 4 °C for immu-
nohistochemical analysis. Brain regions (cortex and hip-
pocampus) were dissected from the right hemisphere and
used to assess expression and activity of ACE. All animal
procedures were approved by the Iwate Medical University
Committee for Animal Use (41).

Immunohistochemistry and thioflavin S staining

The left hemispheres of the brains of each mouse were incu-
bated in 30% sucrose at 4 °C for more than 24 h and sagittally
sectioned into 30-um-thick slices using a freezing microtome
(SM2000R; Leica, Wetzla, Germany). The sections were stained
with 0.015% thioflavin S in 50% ethanol for 10 min. Fluores-
cence was visualized following destaining with 50% ethanol. For
A immunostaining, a brief formic acid pretreatment was per-
formed for 3 min. Immunopositive signals of AB42 and AB43
were visualized using an ABC Elite kit (Vector Laboratories).
The following primary antibodies were used: anti-human
B-amyloid (1-42) (1:100) rabbit polyclonal IgG (IBL catalog no.
18582) and anti-human B-amyloid (1-43) (1:100) rabbit poly-
clonal IgG (IBL catalog no. 18583), anti-cleaved caspase-3
(1:200) rabbit polyclonal IgG (Cell Signaling catalog no. 9661),
and anti-NeuN monoclonal IgG (1:50) (Chemicon catalog no.
MAB377). Secondary antibodies of goat anti-mouse Alexa 488
(A11029) and goat anti-rabbit 568 (A11011; Invitrogen) were
diluted at 1:200. The images were acquired using fluorescence
microscopy (BZ-9000; Keyence, Osaka, Japan) and laser scan-
ning confocal microscopy (FV1000; Olympus, Tokyo, Japan).
Thioflavin S—positive plaques and deposits of A342 and AB43
were counted in 3—4 sections/mouse brain by an observer
blinded to the genotypes or groups of mice. Neuronal apoptosis
in the cortex was quantitated by counting the number of NeuN-
positive cells with or without cleaved caspase-3 signal in six

9768 J. Biol. Chem. (2019) 294(25) 9760-9770

random microscopic fields (500 wm X 500 wm) in the region of
the lateral parietal association cortex and secondary visual cor-
tex mediolateral area.

ABELISA

Mouse cortices were homogenized in 10 volumes of lysis
buffer containing 5.0 M guanidine HCI in 50 mwm Tris/HCI, pH
8.0, and then stored at —80 °C until analysis, as described pre-
viously (41). The brain homogenate was diluted 1:2000 for
14-month-old AB42 ELISA and 1:20 for 14-month-old AB40
ELISA and 8-month-old AB40 and AB42 ELISA in the dilution
buffer provided in the ELISA kit (Wako, Osaka, Japan). A43
levels were detected with a human B-amyloid (1-43) full-
length ELISA kit (IBL) after dilution at 1:10. All samples were
measured in triplicate.

ACE activity assay

Mouse cortices were homogenized in 4-fold (w/v) 50 mm
Tris/HCI, pH 7.5, containing 150 mm NaCl and 0.5% Nonidet
P-40 and centrifuged at 4 °C at 10,000 X g for 15 min. ACE
activity in the brain supernatant and in mouse serum was mea-
sured with an assay kit (LL80001; Life Laboratory, Yamagata,
Japan). The fluorescence intensities were measured at an exci-
tation wavelength of 360 nm and an emission wavelength of 480
nm using a multiplate reader (Infinite F500; TECAN, Kana-
gawa, Japan). The ACE activity in human serum was evaluated
by with a colorimetric kit (Buhlmann Laboratories, Schonen-
buch, Switzerland) as determined with the synthetic substrate
N-hippuryl-L-histidyl-L-leucine following the manufacturer’s
protocol. The absorbance of this complex was measured at 382
nm. The reaction time was 15 min. Each sample was performed
in duplicate.

Immunoblotting

Equal amounts of protein from cortex or equal volume of
serum were separated by SDS-PAGE in 5-20% gel and blotted
onto nitrocellulose membranes. The membranes were incu-
bated with the primary antibodies overnight at 4 °C. Appropri-
ate peroxidase-conjugated secondary antibodies were applied,
and the membranes were visualized by SuperSignal Chemilu-
minesence (Thermo Scientific). The anti-ACE goat IgG was
purchased from R&D (AF1513). The anti—C terminus of APP
antibody (A8717) and anti—B-actin antibody (A2228) were pur-
chased from Sigma—Aldrich. To detect AB42-to-AB40-
converting activity in human serum, a mixture of serum and
synthetic APB42 was subjected to 5-20% SDS-PAGE as
described previously (13). Anti-human AB40 mouse IgG (IBL
catalog no. 10047) was used at 1:100.

Statistical analysis

All data are shown as the means = S.E. The 8-year change
in IQ level was compared with the Tukey—Kramer multiple
comparison. Statistical analysis was conducted using SAS
version 9.1.3 (SAS Institute). To compare two or more
groups, one-way ANOVA followed by the post hoc
Bonferroni—Dunn test was used. p values < 0.05 were con-
sidered statistically significant.
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