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Abstract

The efficient clearance of amyloid B (AB) is essential to modulate levels of the peptide in the brain
and to prevent it from accumulating in senile plagues, a hallmark of AD pathology. We and others
have shown that failurein A catabolism can produce elevationsin AP concentration similar to
those observed in familial forms of Alzheimer’s disease (AD). Based on the available evidence, it
remains plausible that in late-onset AD, disturbancesin the activity of Ap degrading enzymes
could induce AP accumulation, and that this increase could result in AD pathology. The following
review presents a historical perspective of the parallel discovery of three vasopeptidases,
neprilysin (NEP) and endothelin-converting enzymes-1 and -2 (ECE-1 and ECE-2), as important
AP degrading enzymes. The recognition of the role of these vasopeptidases in AP degradation,
beyond bringing to light a possible explanation of how cardiovascular risk factors may influence
AD risk, highlights a possible risk of the use of inhibitors of these enzymes for other clinical
indications such as hypertension. We will discuss in detail the experiments conducted to assess the
impact of vasopeptidase deficiency (through pharmacological inhibition or genetic mutation) on
AP accumulation, as well as the cooperative effect of multiple Ap degrading enzymes to regulate
concentration of the peptide at multiple sites, both intracellular and extracellular, throughout the
brain.

Introduction

Increased levels of amyloid B (AR) peptides are among the earliest detectable abnormalities
in Alzheimer’s disease (AD) and whileit is certainly not proven, it iswidely accepted that
the abnormal accumulation of A inthe brainis central to the pathogenesis of the disease. It
was 25 years ago when Glenner and colleagues, and subsequently others, identified Ap as
the main component of senile plaques[1]. Their discovery led to the proposal of the amyloid
hypothesis which points to Ap accumulation asthe trigger of AD pathology [2]. This
hypothesis has been reinforced by the discovery of familial AD (FAD) mutationsin the
amyloid precursor protein (APP) and in the presenilins, components of the y-secretase
complex [3]. Further, the inexorable development of AD in Down syndrome patients [4] due
to an additional copy of the APP gene supported the role of AB in the development of AD.
In years following the proposal of the amyloid hypothesis, there has been atransition from
the original belief that insoluble Ap deposits were the main pathogenic insult, to the
consideration that intermediate soluble amyloid aggregates, known as oligomers, may be the
most toxic of the AP species[5]. Nevertheless, the accumulation of AB is remains a cogent
explanation for the cause of AD.

While the identification of the genesinvolved in FAD contributed to understanding the key
playersin APP processing and A production, the cause of sporadic AD, however, remains
obscure. Several risk factors have been identified that modul ate secretase activity /n vitro
and in animal models, but unequivocal proof of dysregulation in APP processing has not
been demonstrated in late-onset AD patients. For this reason, we and others began to study
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the critical role of AP clearance, particularly proteolytic degradation, in regulating Ap
concentration and preventing its accumulation under normal conditions. Asis the case with
any metabolite, the rate of Ap accumulation depends as much on its production as on its
removal. Removal can occur intracellularly by proteolysis within the very cells producing
the peptide, in the extracellular space by secreted or cell-surface proteases, by astrocytes and
microglia following phagocytosis, or by clearance across the blood-brain barrier and
degradation outside of the central nervous system (CNS). AR is rapidly cleared from the
brain under normal conditions, with a half life of ~15-30 minutes[6, 7]. Therefore, it is
readily apparent how a disturbance in the enzymes and pathways contributing to this
efficient clearance could shift AP concentration toward a pathogenic level. In 1998,
Takaomi Saido first estimated that a 30-50% reduction in A catabolism could produce an
accumulation of Ap to levels similar to those observed in FAD [8]. It is plausible then, that
whilein FAD thereis saturation of AP clearance pathways due to higher production of Ap, a
more profound alteration in AP removal could underlie sporadic AD.

of AB degrading enzymes in the brain

While the last decade of the twentieth century was remarkable for the characterization of the
gene mutations causing FAD and the identification of the enzymes responsible for Ap
generation, the first part of this century has seen a significant increase in our understanding
of the Ap degrading enzymes (ADE) that limit its accumulation in the brain. In alandmark
study published in 2000, Iwata et a. infused radiolabeled AB42 into the hippocampus of rats
and determined the rate of its degradation in the presence or absence of multiple classes of
protease inhibitors. This study demonstrated, for the first time /n vivo, the dramatic effect of
proteolytic degradation on the rate of Ap clearance [9]. Specifically, the metalloprotease
inhibitor phosphoramidon and the more selective neprilysin (NEP) inhibitor thiorphan
inhibited the degradation of the infused AB, leading the authors to propose that NEP was the
major ADE in the brain. Soon after, Iwata and colleagues further established the
physiological relevance of NEP in AB metabolism by reporting increased AB40 and AB42
accumulation in the brains of NEP knockout mice [10].

Clearly, theseinitia studies demonstrated the importance of NEP in the degradation of AR
in the brain. Nonethel ess, more recent studies by our group and others show that the
proteolytic degradation of AR peptidesis considerably more complex, and no single protease
isresponsible for the degradation of all cellular and extracellular pools of Ap, nor all
aggregation states [11]. Parallel to theinitial characterization of NEP by Saido’s group, we
found that phosphoramidon, but not thiorphan, increased the levels of AB in cultured
neuronal cells without altering APP processing [12]. This observation led us to the discovery
of the endothelin-converting enzymes (ECES) as significant contributorsto Ap catabolism.
We found that ECE-1 activity degrades Ap within the cell, resulting in anet decreasein Ap
secretion and decreased extracel lular accumulation. We quickly followed up on the finding
that the ECEs degrade A by analyzing Ap accumulation mice deficient in either ECE-1 or
ECE-2, and in 2003 we demonstrated that the levels of both AB40 and AB42 were
significantly elevated in the brains of these knockout mice. Levels of full-length APP and
APP C-terminal fragments were unchanged, indicating that ECEs regulate the turnover of
AP without affecting APP processing. These studies confirmed that both ECE-1 and ECE-2
are physiological regulators of Ap accumulation in the brain [13].

Alongside the ECEs and NEP, other enzymes have been proposed as ADEs including
insulin degrading enzyme (IDE), the plasmin system, angiotensin-converting enzyme
(ACE), matrix metall oproteinases, cathepsins, neprilysin-2, and acy! peptide hydrolase [14—
16]. Close examination of these ADE candidates reveal s that many of these enzymes not
only participatein AP catabolism but are also well-studied vasopeptidases. ACE, NEP, and
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ECE each fall into this category based on their ability to either generate or inactivate
vasoactive peptides: ACE generates angiotensin |1 (Ang-11) and inactivates bradykinin, NEP
degrades the natriuretic peptides, bradykinin, and endothelin and ECEs generate endothelins
[17].

The Vasopeptidases: ECE-1 and ECE-2, NEP and ACE

During the time that we and others were establishing the ECEs and NEP as ADES, a new
group of drugs aimed at inhibiting vasopeptidase activity was showing promise for the
treatment of hypertension. Selective ACE inhibitors had already been in use for well over a
decade and these new drug candidates inhibited NEP instead of, or in addition to, ACE. In
animal models of hypertension, the dual ACE-NEP inhibitors were shown to be more
effective than selective ACE inhibitors [18]. Subsequently, compounds were devel oped that
inhibited NEP and ECE together, or even NEP, ECE, and ACE. These triple inhibitors have
also shown promise in animal models [19]. However, based on evidence that Ap
accumulation may begin decades prior to the appearance of clinical symptoms of AD, we
became concerned that long-term inhibition of the vasopeptidases NEP and ECE could
elevate AB levels and possibly promote the development of AD. This potential side effect
would not likely be detected during the time-frame of standard clinical trials and demanded
careful consideration. Following areport by Hemming et al. [20] in 2005 that ACE, too,
could directly degrade AR /n vitro, we intensified our efforts to better understand the
consequences of vasopeptidase deficiency on A accumulation in the brain. In the following
sections, we will review the functions of the ECEs, NEP, and ACE, discussing evidence for
their rolein regulating Ap levels, and rationale leading to our examination of their ability to
prevent Ap accumulation /n vivo, in our study published in 2006 [11].

Endothelin-converting enzymes

ECEs are members of the M13 family of zinc-metalloproteases; membrane bound
endopeptidases that preferentialy cleave at the amino side of hydrophobic residues [21]. As
suggested by their name, ECEs are characterized by their ability to hydrolyze afamily of
biologically inactive intermediates, big endothelins (big ET-1,-2 and-3) precisely at the
Trp21-Val/lle22 bond to form ET-1, ET-2 and ET-3 [22]. ETs exert their biological effects
through interaction with endothelin receptors, ET 5 and ETg [23, 24], and play acentral role
in the regulation of blood flow. VVasoconstriction is mediated largely through stimulation of
ET  receptors on smooth muscle cells, and is modulated by the vasodilatory effects of ETg
stimulation on endothelial cells[25-27]. So far, three members of the ECE family have been
identified; ECE-1, ECE-2, and ECE-3, each encoded by a different gene. Unlike the other
family members, ECE-3 (aka Kell blood group) is mostly found in erythroid tissue and not
expressed in the CNS [28]. The other components of the endothelin system work broadly
throughout the CNS, playing a major role in neurohormonal homeostasis[29], guiding
sympathetic neurons during development [30], and regulating the inflammatory response
and monocyte passage through the blood brain barrier [31]. The endothelin receptors have
also been shown to mediate the neuronal apoptosis rate in the dentate gyrus during postnatal
development and pathol ogy-induced apoptosis [32].

Endothelin-converting enzyme-1

ECE-1 was the first member of the ECE family to be identified [33]. It contains asingle
transmembrane region flanked by a small amino-terminal cytosolic segment and a carboxy-
terminal peptidase domain. The topology of ECE-1 is such that the active site iswithin the
extracellular space or within the lumen of organelles and vesicles, providing access to
substrates. There are four human isoforms which only differ in the cytoplasmic tail sequence
that defines their subcellular localization [34, 35]. While ECE-1ais mostly found on the
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plasma membrane, ECE-1b is exclusively intracellular, with presence within trans-gol gi
network, endosomes, multivesicular bodies and secretory vesicles. ECE-1d also shows an
intracellular location but limited only to endosomes. ECE-1c islocated both on the plasma
membrane and in intracellular compartments.

The tissue distribution of ECE-1 alignswith itslead role in controlling vascular tone, asit is
abundantly expressed in the vascular endothelial cells of all organs. However, ECE-1isalso
expressed in non-vascular cells of tissues like brain, lung, pancress, testis, ovary and adrenal
gland [33, 36]. Within the CNS, ECE-1 expression is prominent in diverse nuclel of the
hypothalamus including the supraoptic nucleus, the arcuate nucleus (pointing to afunction
in the neurosecretory system) and other areas, namely the locus coeruleus, substantia nigra,
thalamic nuclei, granular layer of the olfactory bulb, red nucleus, raphe nuclei and Purkinje
cellsin cerebellum. In cortex and hippocampus, ECE-1 is highly expressed in the pyramidal
neurons in layer V and throughout al cornus ammonis, especially in CA4[37, 38].

In addition to big ET-1, other substrates of ECE-1 have been identified /n vitro, including
substance P, bradykinin [39], neurotensin, angiotensin |, and somatostatin [21, 40].
Substance P is a neuropeptide important in the physiology of pain and control of neurogenic
inflammation, and somatostatin and neurotensin are hypothal amic neuropeptides that
reinforce the involvement of ECE activity in neurosecretion. ECE-1 regulatory activity is
mediated by avariety of mechanisms. It can occur by degradation of pro-active peptides
within the secretory pathway, extracellularly, or by degradation of substrates bound to G
protein-coupled receptorsin endosomes. ECE endosomal activity regulates receptor
recycling, resensitization, and intracellular signaling [41] [42, 43]. Due to the distinct
location of ECE-1 isoforms within the cell, some isoforms may favor the hydrolysis of
specific substrates.

Severa recent reportsindicate that genetic variantsin £ECEZ may influence risk for
developing late-onset AD. A single nucleotide polymorphism, C-338-A, has been identified
within the promoter region of ECE-1b that creates a new E2F-2 transcription factor binding
site and enhances expression of thisintracellular isoform [44, 45]. Several reports indicate
that individuals homozygous (AA) for this SNP have reduced risk for developing AD [44,
46, 47], but others report negative findings [48, 49]. Continued evaluation in larger
populations is warranted in order to fully understand the role of ECE-1 variantsin
modulating risk for AD.

Endothelin-converting enzyme-2

ECE-2 is highly homologous and structurally comparable to ECE-1 [50]. It has similar
substrate affinities and cleaves big ET-1 with the same catalytic efficiency as ECE-1.
However, ECE-2 has alower pH optimum, of 5-5.5, which strongly suggests that it is active
exclusively in intracellular locations [50]. Like ECE-1, ECE-2 cleaves big ET-1 most
efficiently among the 3 big ETs, and at least 4 isoforms of human ECE-2 are produced from
asingle gene[51, 52]. Three isoforms, ECE-2A, ECE-2B-1, and ECE-2B-2, appear to be
differentially expressed in brain and peripheral tissues. In bovine tissues, ECE-2A mRNA
expression was detected predominantly in liver, kidney, adrenal cortex, ovary, testis, and
endothelia cells, while ECE-2B-1 and 2B-2 were more highly expressed in brain (both
cerebellum and cortex) and adrenal medulla [53]. Limited RT-PCR studies with human
tissues showed that ECE-2A, ECE-2B-1, and ECE-2B-2 were expressed in brain and adrenal
gland (B>A) and, to alesser extent, in lung (A>B) [54]. Unlike ECE-1, none of the cytosolic
tail regions of these ECE-2 isoforms contains conserved domains, making it unclear how
their different sequences contribute to catalytic activity or enzyme localization. A fourth
isoformis predicted to be encoded by an unusual ece?transcript, RefSeq NM_174046. This
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predicted protein contains a complete S-adenosyl methionine/S-adenosyl homocysteine
binding domain followed by afull canonical SAM-methyltransferase domain [52]. It,
however, lacks the transmembrane and protease domains of the other ECE-2 isoforms.

ECE-2 immuno-studies have detected the enzyme in Purkinje cellsin the cerebellum, in
fibers within the glial limitans, astrocytes in the subcortical white matter and in close
relation with small vessels, in neuronal processes and cell bodies of pyramidal cells of the
neocortex and hippocampug[37, 38]. Asin the case of ECE-1, ECE-2 has a neuroendocrine
distribution consistent with its ability to process different neuropeptides [55]. However, its
restricted intracellular location limits its contribution to the extracellular cleavage of big-
ET-1[50] or other neuropeptides. Nonetheless, behavioral impairments in ECE-2 knockout
mice [56] stress the importance of studying ECE-2 function throughout the CNS.

Evidence linking genetic variation in ECE-2 to the development of AD islimited. In fact, to
our knowledge, only two studies have been conducted, and with conflicting results. In the
first report, an unbiased profile for downregulated genesin AD showed ECE-2 mRNA and
protein levels highly decreased [57]. On the other hand, alater study by Palmer et al [58],
found ECE-2 levelsincreased in the cortex from AD patients. In both reports the number of
cases was limited and alarger cohort study is needed to address the possible direct role of
ECE-2in AD.

NEP is also amember of the M 13 zinc metalloprotease family and it is predominantly
located on the plasma membrane, where it is believed to hydrolyze and therefore terminate
the actions of peptide neurotransmitters, including the enkephalins and substance P, in the
extracellular space [59-61]. NEP also degrades bradykinin and the natriuretic peptides and
as such, it has become atarget for cardiovascular disease therapeutics. /n vitroand in vivo,
NEP has been shown to hydrolyze AB40 and AB42 in the brain [9, 62], and its presence
inversely correlates with amyloid plaque formation [63, 64]. Furthermore, recent studies
have shown that both aged mice and human patients with sporadic AD have decreased levels
of NEP in their hippocampus and temporal gyrus, brain regions that are particularly
sensitive to amyloid accumulation [63, 65].

Few studies have been published that describe a genetic association between the NEPgene
and therisk of developing AD. Those available studies have been somewhat contradictory in
nature or limited to small isolated AD patient populations. For example, one gene-based
association study found an increase in AD susceptibility in Finnish patients with either of
two NVEPpolymorphisms [66]. This same group went on to report that individuals with both
a NEPand /DE polymorphism were 3-times more susceptible to AD [67]. However,
subsequent researchers could not replicate this NVEPassociation within a US Caucasian
population, and instead identified an entirely novel polymorphism with association to AD
[68].

Angiotensin-converting enzyme

ACE isakey player in the renin-angiotensin system (RAS), which is critical to the
regulation of blood pressure and fluid and electrolyte balance (reviewed by Turner and
Hooper) [69]. In the classical RAS pathway, renin cleaves angiotensinogen to form Ang |,
which itself haslittle effect on blood pressure. Ang | is further cleaved by ACE to form the
potent vasopressor peptide Ang 1. ACE also inactivates the vasodilators bradykinin and
kalliden, potentiating the vasoconstrictor effect of Ang Il production. Due to the dual effect
of inhibiting Ang Il formation and bradykinin and kalliden degradation, ACE inhibition has
become an important therapeutic strategy for the treatment of hypertension
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Two isoenzymes of ACE are expressed from a single gene located in chromosome 17, a
widely-expressed somatic form and a smaller testis-specific form which both exist as
ectoenzymes at the plasma membrane. Secretase cleavage appears to release a soluble and
active form of the enzyme into plasma and CSF. ACE has both dipeptidy! dipeptidase
activity and endopeptidase activity and /n vitro studies have shown the enzyme to cleave
within Ap and also convert Ap42 to AB40 [20, 70]. These results have not been replicated /n
vivo, however, and results from our group and others call into question whether ACE
cleaves AP under physiological conditions[11, 71].

A great deal of attention has been given to establishing a genetic association between ACE
and AD [72]. A common insertion/deletion (1/D) polymorphism existsin intron 16 of the
ACE gene, and the DD genotype has been associated with human longevity [73, 74]. In
1999, Kehoe and colleagues first reported that the Il genotype was associated with risk for
Alzheimer’ s disease [75], and this finding was subsequently replicated in some population,
but not in others. A 2003 meta-analysis of published dataincluding 21 populationsin 18
studies concluded that there was a significant association of the | allele with increased risk
of AD [76]. The study also suggested that certain A CE haplotypes may modestly influence
AP42 concentration in the CSF of AD patients. However, a more recent multi-center study
[77] and the continually updated Alzgene database (www.Alzgene.com) [72], do not
currently support an association between A CE haplotypes and late-onset AD.

NEP and ECE, but not ACE, are direct physiological regulators of AB
concentration in brain: Implications for AD risk and the use of
vasopeptidase inhibitors for the treatment of hypertension

As discussed, the major motivation for carrying out our study of the effect of reducing
multiple vasopeptidase activities was the common use of ACE inhibitors and the
development of novel multi-vasopeptidase inhibitors to treat hypertension. While purified
human A CE has been reported to degrade AB 1-40 [78] and to convert AB42 to AB40 [70],
prior to our study, the physiological relevance of ACE as an A degrading enzyme in animal
models had not been examined. The design of our study allowed usfirst to determine the
effect of ACE deficiency in the brain and periphery, and second to evaluate the effect of
simultaneous reductions in NEP and ECE activity, through the use of dua inhibitors and
gene knockout models. This design also allowed us to begin to investigate the potential
interaction among ADEs. The different cellular and tissue distribution of the ADEs had
opened the question of whether there is interaction and compensatory activity among these
enzymes, or whether they degrade independent pools of AB. If the distinct ADES cooperate
in AR removal, the pharmacological inactivation of any one enzyme could be compensated
for by the remaining active ADEs. On the other hand, restricted confinement of individual
ADE activity to specific pools of AR could pose a challenge for the use of vasopeptidase
inhibitors, especially if they produce an increase in a particular A pool that associates more
directly with cellular toxicity.

ACE deficiency does not alter endogenous A levels in the brains of mice

Endogenous Ap concentration is significantly elevated in the brains of mice deficient in
several ADEs, including NEP, ECE-1, ECE-2, and IDE (reviewed in [79]. Following the
initial report that ACE could degrade AB /n vitro[20], we became very interested in
analyzing Ap accumulation in the brains of ACE knockout mice. We established a
collaboration with Dr. Kenneth Bernstein at Emory University, who provided us with brain
tissue from ACE.8 mice [80]. As ACE knockout mice have physiological defectsin the
cardiovascular system, reproductive system, and others which complicate the interpretation
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of effects on specific organs, Bernstein's group generated a series of mouse models using
tissue-specific promoters to express ACE in arestricted manner on an ACE-null background
[81]. The model we chose for analyzing Ap concentration in the brain was generated by
targeted homol ogous recombination, resulting in ACE gene expression under control of the
a-myosin promoter. This mouse has ACE expression restricted to the heart, and nearly
normal blood pressure [80]. ACE activity is completely absent in the brain. We analyzed the
levels of both AB40 and AB42 in the brains of these mice and found no differences between
those lacking ACE activity and those with wild type levels. These results indicate that
despite the apparent ability of ACE to cleave AR /n vitro, the enzyme does not regulate
levels of A in the brains of mice the way that NEP, ECE-1, ECE-2 and IDE do. Whileit
remains possible that ACE might play arolein regulating Ap concentration in certain
circumstances, these initial results were reassuring and suggested that pharmacologic
inhibition of ACE for the treatment of hypertension might be safer than we originally
thought, at least in terms of their effect on Ap concentration.

Combined genetic deficiency in NEP and ECEs results in an additive
increase in AB accumulation in the brains of mice

Having established that ACE activity does not regulate endogenous Ap concentration in the
brain, we next studied the cooperativity of the remaining vasopeptidases (NEP, ECE-1 and
ECE-2) in Ap removal. As discussed earlier, it had previously been reported by our
laboratory and Takaomi Saido’s that endogenous AP levels were significantly elevated in
the brains of mice deficient in each of these enzymes. The increasesin A concentration
were relatively modest, raising the question of whether ADESs can at |east partially
compensate for the decreased activity of one another. If NEP and ECEs could compensate
for one another, one might expect alarger than additive effect of combined deficiency on
AP accumulation. To investigate this, we crossed NEP knockout mice with either ECE-2 or
ECE-1 knockout mice, and found approximately an additive effect on Ap accumulationin
the brain with each NEP or ECE allele knocked out. These results suggest that NEP and
ECEs may degrade independent pools of AB, governed by cellular or extracellular location,
or anatomical location within the brain. In fact, we may have predicted this result based on
earlier studies: NEP is localized to the plasma membrane (active site extracellular) and was
shown in the study by Saido’s group [9] to significantly regulate the concentration of
extracellular (or exogenous) AB. ECEs, on the other hand, appear to degrade Ap primarily
within the cell [12].

Pharmacological inhibition of ACE or NEP/ECE: Contrasting effects on AB
accumulation

Following our analysis of genetic deficiency in ACE, NEP and ECE, we next analyzed the
effect of acute inhibition of these enzymesin normal mice by intracerebroventricular (ICV)
injection of phosphoramidon, FDA-approved ACE inhibitors, and investigational NEP-ECE
inhibitors. Consistent with resultsin ACE deficient mice, acute inhibition of ACE by either
captopril or enalapril failed to alter AP levelsin the brain. Thisresult wasin stark contrast to
the effect of phosphoramidon or the more selective ECE inhibitor CGS 35066 [82] both of
which produced rapid increasesin A concentration. Finally, we determined the effect of
commonly used oral ACE inhibitors on both plasmaand brain A levelsin normal mice.
Despite nearly complete inhibition of plasma ACE activity, we detected no alterationsin Ap
concentration after administration of these drugs. This, again, wasin striking contrast to the
effect of ECE and NEP inhibition, which produced elevations in the levels of both Ap40 and
AP42. Since all of our measurements were made in brains of young mice, it remains
possible that ACE activity could affect AP accumulation in aged brains or in the case of AD,
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where there may be afailure in other Ap clearance pathways. However, our finding that
ACE inhibitors do not increase AP levelsin the brain has been independently confirmed in
more recent studies of prolonged administration in AD mouse models[71, 83, 84].

The results of these animal studies, together with epidemiological studies showing no
increased risk of AD in individualstreated with ACE inhibitors [85, 86], is reassuring.
Therefore, from the perspective of AD, ACE could be considered the best therapeutic target
among all vasopeptidases. However, the development of drugs that inhibit NEP and ECE
instead of, or in combination with ACE, remain very concerning if the amyloid hypothesisis
correct. Our studies demonstrate that upon administration of selective ECE inhibitors or
combined NEP and ECE inhibitors, CNS and circulating Ap levels can increase up to 3 fold
in a matter of minutes. Apparently abandoned by pharmaceutical companiesin the United
States, a recent publication indicates that the development of dual NEP-ECE inhibitorsis
till being pursued in Europe for the treatment of hypertension. It will be very important to
test these compounds in long-term studies in animals, aswell asto monitor A levelsin trial
participants. The results of a human research trial have now been published [87] with no
mention of the risk of this potential side effect.

Conclusion

Our research has brought to light the important role of ECEsin A degradation. As
discussed, ECE dysfunction may produce increasesin Ap concentration similar to those
seen in models of familial AD. But beyond ECE metabolism, our line of work and that of
others characterizing NEP and | DE demonstrate an important and often overlooked
mechanism of AP regulation independent of secretase activity. With only afraction of AD
cases currently attributable to known risk factors other than age, it is quite possible that
distinct subgroups of AD patients exist for whom decreased Ap clearance is the precipitating
factor for the disease. Many factors, including genetic mutation, transcriptional ateration,
and even pharmacological manipulation may decrease the activity of ADEs in the brain.
Moreover, based on the lack of compensatory mechanisms among ADES, decreased activity
of each of the ADES may represent an independent significant risk factor for the
development of AD. Although we acknowledge the challenge of isolating and testing the
specific activity of each ADE, are-examination of known risk factors associated with AD
from this perspective could prove insightful.

In future studies, particular attention should be focused on the interplay between vascular
dysfunctions and AD [88]. Common cardiovascular risk factors like hypercholesterolemia,
diabetes, obesity, hyperhomocysteinemia, high blood pressure, or ApoE4 are also risk
factorsfor AD. For some of these risk factors, the contribution appears at mid-life [89-92]
before any pathological sign of AD, suggesting adirect effect on the initiation of the disease.
Also, often times, AD is accompanied by vascular pathol ogies attributed to ischemic insults
that lower the threshold for the manifestation of AD symptoms. If AB accumulation in AD is
indeed partially driven by vaosopeptidase dysfunction, alterations in vasopeptide
homeostasis may also occur, and may be expected to influence the devel opment of other
pathologies. As we have come to acknowledge that Ap accumulation alone cannot fully
account for the pathogenesis of AD, altered levels of certain vasopeptidases may represent
additional contributing factors to neuronal toxicity. At the same time, if dysregulationsin
vasopeptidase acivity are driven by cardiovascular risk factors, more effective therapeutic
strategies could be designed.

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



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

1duasnuey Joyiny vd-HIN

Pacheco-Quinto et al. Page 9

Acknowledgments

This research was supported by grant numbers NS073512, NS042192, and NS048554 from the NINDS/NIH. Its
contents are solely the responsibility of the authors and do not necessarily represent the official views of the NINDS
or NIH.

References

1. Glenner GG, Wong CW. Alzheimer’s disease: initial report of the purification and characterization
of anovel cerebrovascular amyloid protein. Biochem Biophys Res Commun. 1984; 120:885-890.
[PubMed: 6375662]

2. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the
road to therapeutics. Science. 2002; 297:353-356. [PubMed: 12130773]

3. Hardy J. Amyloid, the presenilins and Alzheimer’ s disease [ see comments]. Trends Neurosci. 1997;
20:154-159. [PubM ed: 9106355]

4. Mann DM. Alzheimer’s disease and Down’s syndrome. Histopathology. 1988; 13:125-137.
[PubMed: 2971602]

5. Selkoe DJ. Soluble oligomers of the amyloid beta-protein impair synaptic plasticity and behavior.
Behav Brain Res. 2008; 192:106-113. [PubMed: 18359102]

6. Hone E, Martins 1J, Fonte J, Martins RN. Apolipoprotein E influences amyl oid-beta clearance from
the murine periphery. J Alzheimers Dis. 2003; 5:1-8. [PubMed: 12590160]

7. Ghiso J, Shayo M, Calero M, Ng D, Tomidokoro Y, Gandy S, Rostagno A, Frangione B. Systemic
catabolism of Alzheimer's Abetad0 and Abetad2. J Biol Chem. 2004; 279:45897-45908. [PubM ed:
15322125]

8. Saido TC. Alzheimer’s disease as proteolytic disorders: anabolism and catabolism of beta-amyloid.
Neurobiol Aging. 1998; 19:S69-75. [PubMed: 9562472]

9. IwataN, Tsubuki S, Takaki Y, Watanabe K, Sekiguchi M, Hosoki E, Kawashima-MorishimaM,
Lee HJ, HamaE, Sekine-AizawaY, Saido TC. Identification of the major Abetal-42-degrading
catabolic pathway in brain parenchyma: suppression leads to biochemical and pathological
deposition. Nat Med. 2000; 6:143-150. [PubMed: 10655101]

10. Iwata N, Tsubuki S, Takaki Y, Shirotani K, Lu B, Gerard NP, Gerard C, Hama E, Lee HJ, Saido
TC. Metabolic regulation of brain Abeta by neprilysin. Science. 2001; 292:1550-1552. [PubMed:
11375493]

11. Eckman EA, Adams SK, Troendle FJ, Stodola BA, Kahn MA, Fauq AH, Xiao HD, Bernstein KE,
Eckman CB. Regulation of steady-state beta-amyloid levelsin the brain by neprilysin and
endothelin-converting enzyme but not angiotensin-converting enzyme. J Biol Chem. 2006;
281:30471-30478. [PubMed: 16912050]

12. Eckman EA, Reed DK, Eckman CB. Degradation of the Alzheimer’s amyloid beta peptide by
endothelin-converting enzyme. J Biol Chem. 2001; 276:24540-24548. [PubMed: 11337485]

13. Eckman EA, Watson M, Marlow L, Sambamurti K, Eckman CB. Alzheimer’s disease beta-
amyloid peptideis increased in mice deficient in endothelin-converting enzyme. J Biol Chem.
2003; 278:2081-2084. [PubMed: 12464614]

14. Leissring MA. The AbetaCs of Abeta-cleaving proteases. J Biol Chem. 2008; 283:29645-29649.
[PubMed: 18723506]

15. Yamin R, Zhao C, O’ Connor PB, McKee AC, Abraham CR. Acyl peptide hydrolase degrades
monomeric and oligomeric amyloid-beta peptide. Mol Neurodegener. 2009; 4:33. [PubMed:
19627603]

16. Hafez D, Huang JY, Huynh AM, Valtierra S, Rockenstein E, Bruno AM, Lu B, DesGroseillersL,
Masliah E, Marr RA. Neprilysin-2 is an important beta-amyloid degrading enzyme. Am J Pathol.
2011; 178:306-312. [PubMed: 21224067]

17. Roques BP. Cell surface metallopeptidases involved in blood pressure regulation: structure,
inhibition and clinical perspectives. Pathol Biol (Paris). 1998; 46:191-200. [PubMed: 9769915]

18. Weber MA. Vasopeptidase inhibitors. Lancet. 2001; 358:1525-1532. [PubMed: 11705582]

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



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

1duasnuey Joyiny vd-HIN

Pacheco-Quinto et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

Page 10

Inguimbert N, Poras H, Teffo F, Beslot F, Selkti M, Tomas A, Scalbert E, Bennejean C, Renard P,
Fournie-Zaluski MC, Roques BP. N-[2-(Indan-1-yl)-3-mercapto-propionyl] amino acids as highly
potent inhibitors of the three vasopeptidases (NEP, ACE, ECE): In vitro and In vivo activities.
Bioorg Med Chem Lett. 2002; 12:2001-2005. [PubMed: 12113828]

Hemming ML, Selkoe DJ. Amyloid beta-protein is degraded by cellular angiotensin-converting
enzyme (ACE) and elevated by an ACE inhibitor. JBiol Chem. 2005; 280:37644-37650.
[PubMed: 16154999]

Johnson GD, Stevenson T, Ahn K. Hydrolysis of peptide hormones by endothelin-converting
enzyme-1. A comparison with neprilysin. J Biol Chem. 1999; 274:4053-4058. [PubM ed:
9933597]

Turner AJ, Murphy LJ. Molecular pharmacology of endothelin converting enzymes. Biochem
Pharmacol. 1996; 51:91-102. [PubMed: 8615890]

Arai H, Hori S, Aramori |, Ohkubo H, Nakanishi S. Cloning and expression of a cDNA encoding
an endothelin receptor. Nature. 1990; 348:730-732. [PubMed: 2175396]

Sakurai T, YanagisawaM, Takuwa Y, Miyazaki H, Kimura S, Goto K, Masaki T. Cloning of a
cDNA encoding a non-isopeptide-sel ective subtype of the endothelin receptor. Nature. 1990;
348:732—735. [PubMed: 2175397]

Lipa JE, Neligan PC, Perreault TM, Baribeau J, Levine RH, Knowlton RJ, Pang CY .
Vasoconstrictor effect of endothelin-1 in human skin: role of ETA and ETB receptors. Am J
Physiol. 1999; 276:H359-367. [PubMed: 9950834]

Davenport AP, Kuc RE, Maguire JJ, Harland SP. ETA receptors predominate in the human
vasculature and mediate constriction. J Cardiovasc Pharmacol. 1995; 26(Suppl 3):S265-267.
[PubMed: 8587384]

Nilsson T, Cantera L, Adner M, Edvinsson L. Presence of contractile endothelin-A and dilatory
endothelin-B receptors in human cerebral arteries. Neurosurgery. 1997; 40:346-351. discussion
351-343. [PubMed: 9007869]

Claperon A, Hattab C, Armand V, Trottier S, Bertrand O, Ouimet T. The Kell and XK proteins of
the Kell blood group are not co-expressed in the central nervous system. Brain Res. 2007;
1147:12-24. [PubMed: 17379193]

Kuwaki T, KuriharaH, Cao WH, KuriharaY, Unekawa M, Yazaki Y, Kumada M. Physiological
role of brain endothelin in the central autonomic control: from neuron to knockout mouse. Prog
Neurobiol. 1997; 51:545-579. [PubMed: 9153073]

Makita T, Sucov HM, Gariepy CE, Y anagisawa M, Ginty DD. Endothelins are vascul ar-derived
axonal guidance cues for developing sympathetic neurons. Nature. 2008; 452:759—-763. [PubM ed:
18401410]

Reijerkerk A, Lakeman KA, Drexhage JA, van Het Hof B, van Wijck Y, van der Pol SM, Koaij G,
Geerts D, de Vries HE. Brain endothelia barrier passage by monocytesis controlled by the
endothelin system. J Neurochem. 2011

Ehrenreich H, Nau TR, Dembowski C, Hasselblatt M, Barth M, Hahn A, Schilling L, Siren AL,
Bruck W. Endothelin b receptor deficiency is associated with an increased rate of neuronal
apoptosisin the dentate gyrus. Neuroscience. 2000; 95:993-1001. [PubMed: 10682706]

XuD, Emoto N, Giaid A, Slaughter C, Kaw S, deWit D, Y anagisawa M. ECE-1: a membrane-
bound metalloprotease that catalyzes the proteolytic activation of big endothelin-1. Cell. 1994;
78:473-485. [PubMed: 8062389]

. Schweizer A, Valdenaire O, Nelbock P, Deuschle U, Dumas Milne Edwards JB, Stumpf JG,

Loffler BM. Human endothelin-converting enzyme (ECE-1): three isoforms with distinct
subcellular localizations. Biochem J. 1997; 328:871-877. [PubMed: 9396733]

Valdenaire O, Lepailleur-Enouf D, Egidy G, Thouard A, Barret A, Vranckx R, Tougard C, Michel
JB. A fourth isoform of endothelin-converting enzyme (ECE-1) is generated from an additional
promoter molecular cloning and characterization. Eur J Biochem. 1999; 264:341-349. [PubMed:
10491078]

Korth P, Bohle RM, Corvol P, Pinet F. Cellular distribution of endothelin-converting enzyme-1in
human tissues. J Histochem Cytochem. 1999; 47:447-462. [PubMed: 10082746]

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



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

1duasnuey Joyiny vd-HIN

Pacheco-Quinto et al.

37.

38.

39.

41.

42.

46.

47.

49.

50.

51.

52.

53.

Page 11

Nakagomi S, Kiryu-Seo S, Kiyama H. Endothelin-converting enzymes and endothelin receptor B
messenger RNAs are expressed in different neural cell species and these messenger RNAs are
coordinately induced in neurons and astrocytes respectively following nerve injury. Neuroscience.
2000; 101:441-449. [PubMed: 11074166]

Davenport AP, Kuc RE. Cellular expression of isoforms of endothelin-converting enzyme-1
(ECE-1c, ECE-1b and ECE-1a) and endothelin-converting enzyme-2. J Cardiovasc Pharmacol.
2000; 36:S12-14. [PubMed: 11078322]

Hoang MV, Turner AJ. Novel activity of endothelin-converting enzyme: hydrolysis of bradykinin.
Biochem J. 1997; 327:23-26. [PubMed: 9355729]

. Roosterman D, Kempkes C, Cottrell GS, Padilla BE, Bunnett NW, Turck CW, Steinhoff M.

Endothelin-converting enzyme-1 degrades internalized somatostatin-14. Endocrinology. 2008;
149:2200-2207. [PubMed: 18276747]

Roosterman D, Cottrell GS, PadillaBE, Muller L, Eckman CB, Bunnett NW, Steinhoff M.
Endothelin-converting enzyme 1 degrades neuropeptides in endosomes to control receptor
recycling. Proc Natl Acad Sci U S A. 2007; 104:11838-11843. [PubMed: 17592116]
Cattaruzza F, Cottrell GS, Vaksman N, Bunnett NW. Endothelin-converting enzyme 1 promotes
re-sensitization of neurokinin 1 receptor-dependent neurogenic inflammation. Br J Pharmacol.
2009; 156:730-739. [PubMed: 19222484]

. Cottrell GS, PadillaBE, Amadesi S, Poole DP, Murphy JE, Hardt M, Roosterman D, Steinhoff M,

Bunnett NW. Endosomal endothelin-converting enzyme-1: aregulator of beta-arrestin-dependent
ERK signaling. JBiol Chem. 2009; 284:22411-22425. [PubMed: 19531493]

. Funalot B, Ouimet T, Claperon A, Fallet C, Delacourte A, Epelbaum J, Subkowski T, Leonard N,

Codron V, David JP, Amouyel P, Schwartz JC, Helbecque N. Endothelin-converting enzyme-1is
expressed in human cerebral cortex and protects against Alzheimer’s disease. Mol Psychiatry.
2004; 9:1122-1128. 1059. [PubMed: 15340356]

. Funke-Kaiser H, Orzechowski HD, Richter M, Paul M. Human endothelin-converting enzyme-1

beta MRNA expression is regulated by an alternative promoter. J Cardiovasc Pharmacol. 1998;
31:S7-9. [PubMed: 9595385]

Scacchi R, Gambina G, Broggio E, Ruggeri M, Corbo RM. C-338A polymorphism of the
endothelin-converting enzyme (ECE-1) gene and the susceptibility to sporadic late-onset
Alzheimer’s disease and coronary artery disease. Dis Markers. 2008; 24:175-179. [PubMed:
18334739]

Jin Z, Luxiang C, Huadong Z, Y anjiang W, Zhigiang X, Hongyuan C, LihuaH, Xu Y. Endothelin-
converting enzyme-1 promoter polymorphisms and susceptibility to sporadic late-onset
Alzheimer’s disease in a Chinese population. Dis Markers. 2009; 27:211-215. [PubMed:
20037208]

. Cousin E, Mace S, Rocher C, Dib C, Muzard G, Hannequin D, Pradier L, Deleuze JF, Genin E,

Brice A, Campion D. No replication of genetic association between candidate polymorphisms and
Alzheimer’s disease. Neurobiol Aging. 2011; 32:1443-1451. [PubMed: 19889475]

Giedraitis V, Kilander L, Degerman-Gunnarsson M, Sundelof J, Axelsson T, Syvanen AC,
Lannfelt L, Glaser A. Genetic analysis of Alzheimer’s disease in the Uppsala Longitudinal Study
of Adult Men. Dement Geriatr Cogn Disord. 2009; 27:59-68. [PubMed: 19141999]

Emoto N, Y anagisawa M. Endothelin-converting enzyme-2 is a membrane-bound,
phosphoramidon- sensitive metall oprotease with acidic pH optimum. J Biol Chem. 1995;
270:15262-15268. [PubMed: 7797512]

Ahn K, Sisneros AM, Herman SB, Pan SM, Hupe D, Lee C, Nikam S, Cheng XM, Doherty AM,
Schroeder RL, Haleen SJ, Kaw S, Emoto N, Yanagisawa M. Novel selective quinazoline inhibitors
of endothelin converting enzyme-1. Biochem Biophys Res Commun. 1998; 243:184-190.
[PubMed: 9473502]

Tempel W, Wu H, Dombrovsky L, Zeng H, Loppnau P, Zhu H, Plotnikov AN, Bochkarev A. An
intact SAM-dependent methyltransferase fold is encoded by the human endothelin-converting
enzyme-2 gene. Proteins. 2009; 74:789-793. [PubMed: 19089949]

Ikeda K, Emoto N, Raharjo SB, Nurhantari Y, Saiki K, Y okoyama M, Matsuo M. Molecular
identification and characterization of novel membrane-bound metall oprotease, the soluble secreted

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



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

1duasnuey Joyiny vd-HIN

Pacheco-Quinto et al.

55.

56.

Page 12

form of which hydrolyzes avariety of vasoactive peptides. JBiol Chem. 1999; 274:32469-32477.
[PubMed: 10542292]

. Lorenzo MN, Khan RY, Wang Y, Tai SC, Chan GC, Cheung AH, Marsden PA. Human endothelin

converting enzyme-2 (ECE2): characterization of mMRNA species and chromosomal localization.
Biochim Biophys Acta. 2001; 1522:46-52. [PubMed: 11718899]

MzhaviaN, Pan H, Che FY, Fricker LD, Devi LA. Characterization of endothelin-converting
enzyme-2. Implication for arolein the nonclassical processing of regulatory peptides. J Biol
Chem. 2003; 278:14704-14711. [PubMed: 12560336]

Rodriguiz RM, Gadnidze K, Ragnauth A, Dorr N, Yanagisawa M, Wetsel WC, Devi LA. Animals
lacking endothelin-converting enzyme-2 are deficient in learning and memory. Genes, Brain and
Behavior. 2008; 7:418-426.

57. Weeraratna AT, Kaehua A, Deleon |, Bertak D, Maher G, Wade MS, Lustig A, Becker KG, Wood

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

W 3rd, Walker DG, Beach TG, Taub DD. Alterationsin immunological and neurological gene
expression patternsin Alzheimer’s disease tissues. Exp Cell Res. 2007; 313:450-461. [PubMed:
17188679]

Palmer JC, Baig S, Kehoe PG, Love S. Endothelin-converting enzyme-2 isincreased in
Alzheimer’s disease and up-regulated by Abeta. Am J Pathol. 2009; 175:262—270. [PubMed:
19541930]

Matsas R, Kenny AJ, Turner AJ. The metabolism of neuropeptides. The hydrolysis of peptides,
including enkephalins, tachykinins and their analogues, by endopeptidase-24.11. Biochem J. 1984;
223:433-440. [PubMed: 6149747]

Matsas R, Rattray M, Kenny AJ, Turner AJ. The metabolism of neuropeptides.
Endopeptidase-24.11 in human synaptic membrane preparations hydrolyses substance P. Biochem
J. 1985; 228:487-492. [PubMed: 2409961]

Roques BP, Noble F, Dauge V, Fournie-Zaluski MC, Beaumont A. Neutral endopeptidase 24.11:
structure, inhibition, and experimental and clinical pharmacology. Pharmacol Rev. 1993; 45:87—
146. [PubMed: 8475170]

Howell S, Nalbantoglu J, Crine P. Neutral endopeptidase can hydrolyze beta-amyloid(1-40) but
shows no effect on beta-amyloid precursor protein metabolism. Peptides. 1995; 16:647—652.
[PubMed: 7479298]

YasojimaK, AkiyamaH, McGeer EG, McGeer PL. Reduced neprilysin in high plaque areas of
Alzheimer brain: a possible relationship to deficient degradation of beta-amyloid peptide. Neurosci
Lett. 2001; 297:97-100. [PubMed: 11121879]

. Fukami S, Watanabe K, Iwata N, Haraoka J, Lu B, Gerard NP, Gerard C, Fraser P, Westaway D,

St George-Hyslop P, Saido TC. Abeta-degrading endopeptidase, neprilysin, in mouse brain:
synaptic and axonal localization inversely correlating with Abeta pathology. Neurosci Res. 2002;
43:39-56. [PubMed: 12074840]

Iwata N, Takaki Y, Fukami S, Tsubuki S, Saido TC. Region-specific reduction of A beta-
degrading endopeptidase, neprilysin, in mouse hippocampus upon aging. J Neurosci Res. 2002;
70:493-500. [PubMed: 12391610]

Helisalmi S, Hiltunen M, Vepsalainen S, livonen S, Mannermaa A, LehtovirtaM, Koivisto AM,
Alafuzoff |1, Soininen H. Polymorphismsin neprilysin gene affect the risk of Alzheimer’s disease
in Finnish patients. J Neurol Neurosurg Psychiatry. 2004; 75:1746-1748. [PubMed: 15548496]
Vepsalainen S, Helisalmi S, Mannermaa A, Pirttila T, Soininen H, Hiltunen M. Combined risk
effects of IDE and NEP gene variants on Alzheimer disease. J Neurol Neurosurg Psychiatry. 2009;
80:1268-1270. [PubMed: 19864659]

Wood LS, Pickering EH, McHale D, Dechairo BM. Association between neprilysin
polymorphisms and sporadic Alzheimer’s disease. Neurosci Lett. 2007; 427:103-106. [PubMed:
17928142]

Turner AJ, Hooper NM. The angiotensin-converting enzyme gene family: genomics and
pharmacology. Trends Pharmacol Sci. 2002; 23:177-183. [PubMed: 11931993]

Zou K, Maeda T, Watanabe A, Liu J, Liu S, ObaR, Satoh Y, Komano H, Michikava M. Abeta42-
to-Abetad0- and angiotensin-converting activities in different domains of angiotensin-converting
enzyme. J Biol Chem. 2009; 284:31914-31920. [PubMed: 19773553]

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



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

1duasnuey Joyiny vd-HIN

Pacheco-Quinto et al.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 13

Hemming ML, Selkoe DJ, Farris W. Effects of prolonged angiotensin-converting enzyme inhibitor
treatment on amyloid beta-protein metabolism in mouse models of Alzheimer disease. Neurobiol
Dis. 2007; 26:273-281. [PubMed: 17321748]

Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi RE. Systematic meta-analyses of Alzheimer
disease genetic association studies: the AlzGene database. Nat Genet. 2007; 39:17-23. [PubMed:
17192785]

Galinsky D, Tysoe C, Brayne CE, Easton DF, Huppert FA, Dening TR, Paykel ES, Rubinsztein
DC. Analysis of the apo E/apo C-I, angiotensin converting enzyme and methylenetetrahydrofol ate
reductase genes as candidates affecting human longevity. Atherosclerosis. 1997; 129:177-183.
[PubMed: 9105559]

Schachter F, Faure-Delanef L, Guenot F, Rouger H, Froguel P, Lesueur-Ginot L, Cohen D.
Genetic associations with human longevity at the APOE and ACE loci. Nat Genet. 1994; 6:29-32.
[PubMed: 8136829]

Kehoe PG, Russ C, Mcllory S, Williams H, Holmans P, Holmes C, LiolitsaD, Vahidassr D,
Powell J, McGleenon B, Liddell M, Plomin R, Dynan K, Williams N, Neal J, Cairns NJ, Wilcock
G, Passmore P, Lovestone S, Williams J, Owen MJ. Variation in DCPL, encoding ACE, is
associated with susceptibility to Alzheimer disease. Nat Genet. 1999; 21:71-72. [PubMed:
9916793]

Kehoe PG, Katzov H, Feuk L, Bennet AM, Johansson B, Wiman B, de Faire U, Cairns NJ,
Wilcock GK, Brookes AJ, Blennow K, Prince JA. Haplotypes extending across ACE are
associated with Alzheimer’s disease. Hum Mol Genet. 2003; 12:859-867. [PubMed: 12668609]

Belbin O, Brown K, Shi H, Medway C, Abraham R, Passmore P, Mann D, Smith AD, Holmes C,
McGuinness B, Craig D, Warden D, Heun R, Kolsch H, Love S, Kasheker N, Williams J, Owen
MJ, Carrasquillo M, Younkin S, Morgan K, Kehoe PG. A multi-center study of ACE and the risk
of late-onset Alzheimer’s disease. J Alzheimers Dis. 2011; 24:587-597. [PubMed: 21297258]

Hu J, Igarashi A, Kamata M, Nakagawa H. Angiotensin-converting enzyme degrades Alzheimer
amyloid beta-peptide (A beta); retards A beta aggregation, deposition, fibril formation; and
inhibits cytotoxicity. J Biol Chem. 2001; 276:47863—47868. [PubMed: 11604391]

Eckman EA, Eckman CB. Abeta-degrading enzymes: modulators of Alzheimer’s disease
pathogenesis and targets for therapeutic intervention. Biochem Soc Trans. 2005; 33:1101-1105.
[PubMed: 16246055]

80. Xiao HD, Fuchs S, Campbell DJ, Lewis W, Dudley SC Jr, Kasi VS, Hoit BD, Keshelava G, Zhao

81.

H, Capecchi MR, Bernstein KE. Mice with cardiac-restricted angiotensin-converting enzyme
(ACE) have atria enlargement, cardiac arrhythmia, and sudden death. Am J Pathol. 2004;
165:1019-1032. [PubMed: 15331425]

Shen XZ, Xiao HD, Li P, Billet S, Lin CX, Fuchs S, Bernstein KE. Tissue specific expression of
angiotensin converting enzyme: a new way to study an old friend. Int Immunopharmacol. 2008;
8:171-176. [PubMed: 18182222]

82. Trapani AJ, Beill ME, Bruseo CW, De Lombaert S, Jeng AY . Pharmacological properties of CGS

83.

35066, a potent and selective endothelin-converting enzyme inhibitor, in conscious rats. J
Cardiovasc Pharmacol. 2000; 36:540-43. [PubMed: 11078331]

Dong YF, Kataoka K, Tokutomi Y, Nako H, Nakamura T, Toyama K, Sueta D, Koibuchi N,
Yamamoto E, Ogawa H, Kim-Mitsuyama S. Perindopril, a centrally active angiotensin-converting
enzyme inhibitor, prevents cognitive impairment in mouse models of Alzheimer’s disease. FASEB
J. 2011; 25:2911-2920. [PubMed: 21593435]

. Ferrington L, Palmer LE, Love S, Horsburgh KJ, Kelly PA, Kehoe PG. Angiotensin I1-inhibition:

effect on Alzheimer’s pathology in the aged triple transgenic mouse. Am J Trandl Res. 2012;
4:151-164. [PubMed: 22611468]

85. Wolozin B, Kellman W, Ruosseau P, Celesia GG, Siegel G. Decreased prevalence of Alzheimer

86.

disease associated with 3-hydroxy-3-methyglutaryl coenzyme A reductase inhibitors. Arch Neurol.
2000; 57:1439-1443. [PubMed: 11030795]

Ohrui T, TomitaN, Sato-Nakagawa T, Matsui T, Maruyama M, NiwaK, Arai H, Sasaki H. Effects
of brain-penetrating ACE inhibitors on Alzheimer disease progression. Neurology. 2004; 63:1324—
1325. [PubMed: 15477567]

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



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

1duasnuey Joyiny vd-HIN

Pacheco-Quinto et al.

87.

88.

89.

90.

91.

92.

Page 14

Seed A, Kuc RE, Maguire JJ, Hillier C, Johnston F, Essers H, de Voogd HJ, McMurray J,
Davenport AP. The dual endothelin converting enzyme/neutral endopeptidase inhibitor SLV-306
(daglutril), inhibits systemic conversion of big endothelin-1 in humans. Life Sci. 2012

Gorelick PB, Scuteri A, Black SE, DeCarli C, Greenberg SM, ladecola C, Launer LJ, Laurent S,
Lopez OL, Nyenhuis D, Petersen RC, Schneider JA, Tzourio C, Arnett DK, Bennett DA, Chui
HC, Higashida RT, Lindquist R, Nilsson PM, Roman GC, Sellke FW, Seshadri S. Vascular
Contributions to Cognitive Impairment and Dementia: A Statement for Healthcare Professionals
From the American Heart Association/American Stroke Association. Stroke. 2011; 42:2672-2713.
[PubMed: 21778438]

PappollaMA, Bryant-Thomas TK, Herbert D, Pacheco J, Fabra GarciaM, Manjon M, Girones X,
Henry TL, Matsubara E, Zambon D, Wolozin B, Sano M, Cruz-Sanchez FF, Thal LJ, Petanceska
SS, Refolo LM. Mild hypercholesterolemiais an early risk factor for the development of
Alzheimer amyloid pathology. Neurology. 2003; 61:199-205. [PubMed: 12874399]

Solomon A, Kivipelto M, Wolozin B, Zhou J, Whitmer RA. Midlife serum cholesterol and
increased risk of Alzheimer’s and vascular dementia three decades later. Dement Geriatr Cogn
Disord. 2009; 28:75-80. [PubMed: 19648749]

Kivipelto M, Helkala EL, Laakso MP, Hanninen T, Hallikainen M, Alhainen K, Soininen H,
Tuomilehto J, Nissinen A. Midlife vascular risk factors and Alzheimer’s diseasein later life:
longitudinal, population based study. Bmj. 2001; 322:1447-1451. [PubMed: 11408299]
Zylberstein DE, Lissner L, Bjorkelund C, Mehlig K, Thelle DS, Gustafson D, Ostling S, Waern M,
Guo X, Skoog I. Midlife homocysteine and late-life dementiain women. A prospective population
study. Neurobiol Aging. 2011; 32:380-386. [PubMed: 19342123]

JAlzheimers Dis. Author manuscript; available in PMC 2013 June 10.



