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The amyloid �-protein (A�), which accumulates abnormally
in Alzheimer disease (AD), is degraded by a diverse set of pro-
teolytic enzymes. A�-cleaving proteases, largely ignored until
only recently, are now known to play a pivotal role in the regu-
lation of cerebral A� levels and amyloid plaque formation in
animal models, and accumulating evidence suggests that defec-
tive A� proteolysis may be operative in many AD cases. This
review summarizes the growing body of evidence supporting the
involvement of specific A�-cleaving proteases in the etiology
and potential treatment of AD. Recognition of the importance
of A� degradation to the overall economy of A� has revised our
thinking about the mechanistic basis of AD pathogenesis and
identified a novel class of enzymes that may serve as both ther-
apeutic targets and therapeutic agents.

The hallmark feature of AD2 is the progressive accumulation
of aggregated forms of A� in brain regions subserving mne-
monic and cognitive functions (1). A� is a heterogeneous mix-
ture of peptides ranging in size from 37 to 43 amino acids and is
excised from APP by proteases known as �- and �-secretases
(1). A� production is normally counterbalanced by its elimina-
tion via multiple interrelated processes acting in concert,
including proteolytic degradation, cell-mediated clearance,
active and passive transport out of the brain, and deposition
into insoluble aggregates. Although each of these processes
contributes to A� catabolism, emerging evidence suggests that
proteolytic degradation is a particularly important regulator of
cerebral A� levels and, by extension, AD pathogenesis.
The hypothesis that A� plays a causal role in triggering the

full spectrum of pathological and behavioral sequelae charac-
terizing AD, once hotly disputed, gained considerable support
from analysis of familial forms of AD. Mutations in three sepa-
rate genes, App and presenilin-1 and -2, were identified that
produced a common phenotype consisting of increased pro-
duction of A�, either all forms or specifically the longer, more
amyloidogenic forms such as A�42 (2). However, there is scant

direct evidence that increasedA� production underlies the vast
majority of non-familial forms of AD (3). These facts suggest
that reduced degradation of A� may represent an alternative
cause of many, possibly even most, AD cases.
Despite the obvious appeal of this simple idea, widespread

interest inA�degradation did not take hold until the turn of the
21st century (4). A key turning point was the publication of a
seminal study by Saido and co-workers, the first to examine A�
degradation in the living animal (5). In addition to identifying
NEP as an important A�-degrading protease, this study also
served to highlight the significance of A� degradation to AD
pathogenesis generally, thereby igniting interest in a previously
underappreciated aspect of A� metabolism.

Subsequent growth in this field has been so great that it is
now impossible to comprehensively survey even the most sem-
inal papers in a review of this length. A large number of candi-
date A�-degrading proteases have been identified to date
(Table 1), and the list will surely grow in coming years. More
significant still is the impressive list of conceptual insights that
are continuing to emerge from the study of A� degradation (4).
Accordingly, the primary goal of this review is to convey the
principal conceptual advances and to critically evaluate what
we have learned from different experimental paradigms. For a
more comprehensive discussion of specific A�-degrading pro-
teases, the reader is referred to several excellent reviews (6–9).

Specific A�-cleaving Proteases

Zinc Metalloproteases—Most known A�-degrading pro-
teases are zinc metalloproteases, which can in turn be sub-
divided into vasopeptidases, MMPs, and homologs of IDE
(Table 1).
The vasopeptidases, which include NEP, ECE-1, ECE-2, and

ACE, are so named because they are implicated in the process-
ing of vasoactive peptides, but they also hydrolyze other sub-
strates involved in diverse physiological functions (10, 11). The
vasopeptidases are type 2 integral membrane proteins, with
their active site facing the extracellular and/or lumenal space
(11), making themwell positioned to degrade secreted forms of
A� (7, 12).
MMPs are related to vasopeptidases, sharing a conserved

zinc-binding motif (HEXXH), but they differ in several impor-
tant respects (13). First, they exist as latent proenzymes that
must be proteolytically processed to become fully active (13).
Second, their basal expression is low but can be stimulated by
pathological insults, including A� itself (14). Third, they are
optimized for the processing of proteins as opposed to peptides
(13) and, as discussed below, show a greater ability to degrade
fibrillar forms of A� than the vasopeptidases (14).
IDE and a recently identified homolog, PreP (15), belong to a

separate superfamily of zincmetalloproteaseswith distinct evo-
lutionary origins referred to as “inverzincins” because they fea-
ture a zinc-bindingmotif (HXXEH) that is invertedwith respect
to the canonical one (6). Although functionally similar to
vasopeptidases in showing a preference for peptide substrates,
IDE and its homologs differ substantially in terms of their sub-

* This is the sixth article of eleven in the Thematic Minireview Series on the
Molecular Basis of Alzheimer Disease. This minireview will be reprinted in
the 2008 Minireview Compendium, which will be available in January,
2009.

1 To whom correspondence should be addressed. E-mail: leissring@
mayo.edu.

2 The abbreviations used are: AD, Alzheimer disease; A�, amyloid �-protein;
APP, amyloid precursor protein; NEP, neprilysin; MMP, matrix metallopro-
teinase; IDE, insulin-degrading enzyme; ECE, endothelin-converting
enzyme; ACE, angiotensin-converting enzyme; PreP, presequence prote-
ase; uPA, urokinase-type plasminogen activator; tPA, tissue-type plasmin-
ogen activator; CatB, cathepsin B.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 44, pp. 29645–29649, October 31, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 31, 2008 • VOLUME 283 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 29645

MINIREVIEW This paper is available online at www.jbc.org



cellular localization (Table 1). IDE is unique among all known
A�-degrading proteases in being localized to the cytosol and
peroxisomes, and both PreP and IDE are also targeted to mito-
chondria (15, 16), with PreP exclusively so. Although A� is not
generatedwithin the latter compartments, there is growing evi-
dence that A� can nevertheless accumulate in mitochondria
and possibly other organelles (17). Like most other A�-degrad-
ing proteases, IDE is also present in the extracellular space in
both secreted and cell-associated forms, although the underly-
ing trafficking pathway remains obscure (6, 16).
Serine Proteases—Three functionally related serine proteases

are implicated in A� degradation: plasmin, uPA, and tPA. Of
these, only plasmin has been shown to directly degrade A� and,
like MMPs, can degrade both monomeric and fibrillar forms
(18, 19). tPA and uPA are, however, responsible for converting
the inactive zymogen of plasmin (plasminogen) into its active
form (20). tPA is notable because it is stimulated by fibrillar
proteins, including A� (18). uPA is of interest because of
genetic evidence linking uPA to late-onset AD (21).
Cysteine Proteases—Cysteine proteases were initially impli-

cated in A� degradation by in vivo pharmacological studies
(22). However, only one cysteine protease, CatB, has so far been
specifically implicated in the degradation of A� in vivo (23).
Interestingly, CatB is predominantly presentwithin the endoly-
sosomal protein degradation pathway (24), which is known to
degradeA� and to be compromised inAD (25). However, enzy-
matically active CatB is also secreted in certain pathological
conditions (24) and is associated with amyloid plaques (23).
CatB is notable for having dipeptidyl carboxypeptidase activity,
rendering it capable of cleaving A�42 to shorter, less amyloido-
genic peptides (23).

Categories of Investigation

In Vitro Evidence—At first glance, in vitro studies would
seem to be the least informative route to identifying physiolog-
ically and pathophysiologically relevant A�-degrading pro-
teases. Ironically though, most proteases now validated in vivo
were initially discovered through in vitro approaches many
years earlier, including (in order of discovery) IDE, MMP-2,
MMP-9, NEP, plasmin, and ACE (4, 26). In vitro paradigms
have been especially useful for distinguishing A� proteases in
terms of substrate specificity. Whereas all known A�-degrad-
ing proteases can cleave monomeric A�, aggregated forms can
be degraded only by amore limited set. Fibrillar A� is degraded
by MMP-2 and MMP-9 (27), plasmin (28), and CatB (23). A�

oligomers naturally secreted from cells (29) or derived from
treatment of syntheticA�with transglutaminase, both ofwhich
potently disrupt long-term potentiation, are readily cleaved by
plasmin but not by NEP or IDE (29, 30). On the other hand,
oligomers formed non-enzymatically from synthetic A� are
avidly degraded byNEP (31). Future studies on this topic would
appear to offer a novel window into the important question of
whether different oligomer preparations are in fact equivalent.
Mass spectrometry has been widely employed to identify the

specific peptide bonds within A� cleaved by different proteases
(32). Based on these analyses, it is often assumed that specific
cleavage sites can be used to predict the involvement of individ-
ual proteases. However, it is becoming increasingly likely that
this assumption is invalid as the list of known A�-degrading
proteases (and the cleavages effected by each) continues to
expand.
Cell Culture Studies—Experiments using cultured cells have

been instrumental in identifying several physiologically rele-
vant A�-degrading proteases. As shown initially by Selkoe and
co-workers (33), IDE appears to be the major A�-cleaving pro-
tease secreted into themediumof awide range of cultured cells.
Confirming these initial findings, primary neurons cultured
from IDE knock-out mice showed �90% reductions in the ini-
tial rate of degradation of physiological levels of exogenously
applied A� (34). However, quite a different picture emerges
when one considers the effects of A�-cleaving proteases when
expressed in cells actively producing A�. Using this paradigm,
several proteases, including NEP, ECE-1, ACE, have been
shown tomarkedly decrease net levels of secreted A� (8). Phar-
macological studies performed in cultured cells have also
shown that multiple proteases, principally zinc metallopro-
teases, are present within the secretory pathway and nor-
mally catabolize substantial amounts of A� prior to its secre-
tion (35, 36).
IDE is involved in degrading A� from intracellular sites as

well. Recalling that IDE cannot degrade cell-derived A� oli-
gomers once they are formed, it is notable that overexpression
of IDE nonetheless lowers the net production of oligomers by
cultured cells (37). This finding is of special importance both
pathologically and therapeutically because it positions A� deg-
radation upstream (as well as downstream) of A� aggregation
(Fig. 1).
Animal Modeling Studies—Animal models have been indis-

pensable for establishing the in vivo relevance of A�-cleaving

TABLE 1
Subcellular localizations of selected A�-degrading proteases
ER, endoplasmic reticulum.

Protease Class
Location

Extracellular ER/Golgi Lysosomes Cytosol Mitochondria Peroxisomes
NEP Metallo � �
ECE-1 Metallo � �
ECE-2 Metallo � �
MMP-2 Metallo � �
MMP-9 Metallo � �
IDE Metallo � � � �
PreP Metallo �
Plasmin Serine �
CatB Cysteine � �
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proteases. Someof the earliest andmost significant studies used
pharmacological inhibitors to interrogate the importance ofA�
degradation in vivo, yielding mixed results. For example, an
early study tested the effect of different inhibitors on the depo-
sition ofA� administered intracerebroventricularly to rats (22).
Although some enhancement of amyloid deposition and asso-
ciated cytopathologywas observed, the impact of this studywas
limited as the inhibitors used were relatively nonselective. The
seminal study of Saido and co-workers (5) also used pharmaco-
logical inhibitors in vivo, in this case testing their ability to slow
the degradation of radiolabeled A�42 superfused into rat hip-
pocampus. The significance of the latter study over the former
lay in the fact that it implicated a specific A�-degrading prote-
ase, NEP. This conclusion was based on the observation that
thiorphan, an inhibitor thought to be selective for NEP, was the
most effective from among several inhibitors tested at slowing
A� degradation (5). This same study showed that chronic
intracerebroventricular administration of thiorphan led to the
development of amyloid plaques in normal rats.
Ironically, the main conclusion of this study, that NEP is the

major A�42-degrading protease in vivo, was in fact predicated
on an erroneous assumption, that thiorphan is selective for
NEP. That this is not the case is evident from the subsequent
finding that, in the absence of overexpressed APP, convincing
evidence of amyloid deposition is not observed in rodents
genetically engineered to lack NEP (38) or even those lacking
NEP together with other known A�-degrading proteases (39).
Contrariwise, this same study also concluded that IDE did not
play role in vivo based on the finding that insulin, a competitive
inhibitor of IDE, failed to slow the degradation of A� in this
superfusion paradigm (5). In this case, the failure of insulin to
slowA� catabolism likely had less to dowith the lack of involve-
ment of IDE than it didwith deficiencies of the inhibitor, insulin
(34). As this analysis shows, it is generally inadvisable to infer

the involvement of specific proteases solely on the basis of
effects produced by pharmacological inhibitors.
Pharmacological studies in animals should not be universally

proscribed, however, as the following counterexample illus-
trates. Concerns have been raised recently that ACE inhibitors,
widely prescribed for the treatment of hypertension, could
increase the risk for AD by inhibiting ACE-mediated A� deg-
radation (39). Here, it was entirely appropriate to test ACE
inhibitors in animal models of AD. In this particular case, sev-
eral independent studies failed to show any effect of ACE inhib-
itors onA� accumulation (39, 40). Togetherwith other findings
from knock-out animals (39), these pharmacological studies
were instrumental in establishing that ACE is not important for
A� degradation in vivo (at least in rodents). In general, in vivo
pharmacological testing should be considered appropriate in
cases in which the independent variable is the drug itself rather
than the drug’s inferred target.
Analysis of protease knock-outmice is widely regarded as the

preferred method of determining whether or not a given pro-
tease is relevant to A� degradation in vivo. Mice lacking one or
both alleles of NEP, ECE-2, MMP-2, MMP-9, or IDE or one
allele of ECE-1 have all been shown to have significant eleva-
tions in endogenous cerebral A� levels (7, 27). These findings
highlight two key interrelated points: (i) that multiple A�-de-
grading proteases act in parallel to regulate steady-state A�
levels and (ii) that A� degradation pathways are normally fully
engaged, with no reserve capacity. However, the merits of
quantifying steady-state A� levels in protease knock-out mice
need to be tempered by several important qualifications. First,
this approachwill not necessarily identify all relevant proteases,
particularly those that are operative only in a pathological con-
text. Significant increases in brain A� levels have not been
observed in mice lacking plasminogen, tPA, uPA, or CatB (23,
41), yet evidence from other paradigms supports the involve-
ment of each (7, 23, 42). Second, measurements of brain-wide
A� levels fail to account for differential effects on distinct pools
ofA�, someofwhichmight bemore pathogenic than others (4).
This point is especially relevant given substantial differences in
the regional and, perhaps more importantly, subcellular distri-
butions of individual proteases (Table 1). Third, knock-out
mice are prone to compensatory changes that might influence
A� levels indirectly. For example, IDE knock-out mice develop
an age-dependent diabetic phenotype (34), raising the question
ofwhether elevatedA� levels result from the absence of IDE per
se instead of or in addition to the resulting compensatory
changes.
Crosses of protease knock-out mice with APP transgenic

mice have only recently begun to emerge. As predicted from the
prior analysis, proteases that do not affect endogenous A� lev-
els have been shown to exert significant changes in amyloid
plaque formation. For example, deletion of CatB in APP trans-
genic mice led to increases in thioflavin-positive plaque forma-
tion while showing no significant changes in steady-state A�
levels (23). In other cases, qualitative rather than merely quan-
titative changes have emerged. For example, NEP knock-out
mice crossed with APP transgenic mice were unexpectedly
found to develop cerebral amyloid angiopathy (43). The higher
levels of A� in APP transgenic mice have also permitted more

FIGURE 1. Action of different A�-cleaving proteases on monomeric and
aggregated forms of A�.
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sophisticated analyses not feasible in the absence of APP over-
expression. An especially interesting development is the use of
microdialysis to measure interstitial A� levels in real time in
vivo. This approach was recently used to monitor A� levels in
APP transgenic mice with or without NEP in real time (43);
critically, by administering a �-secretase inhibitor to halt ongo-
ing A� production, it was possible to monitor the clearance of
A� in real time. This analysis is significant because it represents
the first direct measurement of the influence of a protease on
A� catabolism itself rather than on a surrogate marker such as
steady-state A� levels. Interestingly, although altered signifi-
cantly, the half-life of A� was changed only incrementally in
absolute terms in the absence of NEP (43). Using the same
microdialysis paradigm, a similar result was obtained with a
broad-spectrumMMP inhibitor (27). These results underscore
the point that specific proteases or even whole classes of pro-
teases contribute only fractionally to the overall catabolism of
A�.

A�-cleaving proteases have also been overexpressed in APP
transgenic mice using a range of approaches, yielding a bounty
of fresh insights. Transgenic overexpression of IDE by 1-fold
produced a �50% reduction in steady-state A� levels, amyloid
plaque burden, and associated cytopathology and also reduced
premature lethality present in APP transgenic mice (30). In
addition, 7-fold overexpression of NEP reduced A� levels by
�90% and eliminated plaque formation entirely (30). These
results are impressive given that A� levels are many orders of
magnitude higher in this animal model relative to non-trans-
genic mice and illustrate the important point that A�-degrad-
ing proteases act catalytically to remove A�.

Viral overexpression paradigms have permitted the investi-
gation of the effects of A�-degrading proteases not only on
on-going amyloid deposition but also on pre-existing amyloid
deposits (44). Such studies have shown that pre-existing amy-
loid deposits can be reduced to a certain degree by protease
treatment, even by peptidases such as NEP, implying that
plaques may be more labile than previously thought (44).
Whereas therapies based on blocking secretase activity must

necessarily act locally to affect A� production, therapies based
on increasingA� catabolism can, in principle, act at sites widely
separated from the sites of A� production. Illustrating this
point, Hemming et al. (45) recently showed that A� accumula-
tion in APP transgenic mice could be attenuated by transplan-
tation of murine astrocytes engineered to overexpress NEP.
Significantly, reductions in A� were observed not merely adja-
cent to the transplanted astrocytes but at distal sites aswell (45).
Human Studies—Analyses of post-mortem human brain tis-

sue have lent additional credibility to the hypothesis that
defects in specific A�-cleaving proteases may underlie some
cases of AD. Multiple studies have documented reductions in
NEP or IDE protein levels in an age- and brain region-depend-
ent manner (7, 8). Significantly, oxidative damage to these pro-
teases has also been demonstrated in some cases (9, 46). Collec-
tively, these studies implicate impaired A� degradation as a
plausible mechanism linking the risk of AD to aging and other
known environmental risk factors.
Human molecular genetic studies represent another large

category of analysis linking A�-degrading proteases to AD

pathogenesis. In general, positive studies have emerged impli-
cating specific A�-degrading proteases, including IDE, NEP,
uPA, and ECE-1 (8), only to be followed by studies that alter-
nately confirm or confute the original studies. To date, AD-
causing missense mutations affecting specific proteases have
not been definitively demonstrated. This result may be a reflec-
tion of the larger number of processes involved in A� catabo-
lism vis-à-vis A� production. Reductions in A� catabolism
might be caused by large defects in individual catabolic pro-
cesses, but the stochastically more probable scenario is the
accrual of multiple, more subtle changes to multiple catabolic
processes, which is more difficult to detect by genetic analysis.
If some cases of AD are in fact attributable to defects in A�

degradation, this may provide new ways of diagnosing the dis-
ease and/or detecting it early. For example, mass spectrometric
profiling of A� catabolites in cerebrospinal fluid has been
reported to distinguishADpatients from age-matched controls
with high selectivity and specificity (47). Another promising
line of research is the development of methods to monitor A�
catabolism in real time in humans (48). Using these and other
approaches, it is possible to envision an era in which individual
AD cases can be ascribed to different underlying etiologies and
then treated with therapeutics tailored to address the biochem-
ical defect(s) specific to each.

Concluding Remarks

Testifying to the rapid development of this field, two recently
published studies deserve special mention. Jiang et al. (49) have
provided evidence that apoE promotes the proteolytic degrada-
tion of A� in an isoform-specific manner, with the AD risk-
associated apoE�4 isoform showing a relative deficiency in this
function. Given the strong influence of apoE status in deter-
mining risk for AD, this intriguing finding suggests that altered
A� degradation may be operative in a very large number of AD
cases. A second study (50) describes the development of a novel
drug that promotes plasmin-mediated A� degradation and is
effective in lowering A� levels and reversingmemory defects in
animalmodels. The drug, developed byWyeth, works by inhib-
iting plasminogen activator inhibitor 1, an endogenous inhibi-
tor that normally prevents the conversion of inactive plasmin-
ogen to plasmin. Thiswork represents an important step for the
field because it demonstrates that A�-cleaving proteases can in
fact be modulated pharmacologically, a finding that will hope-
fully encourage the development of other drugs targeting A�
degradation. Future work will surely identify new A�-cleaving
proteases and provide new insights into the many ways they
impact the pathogenesis, detection, and treatment of AD.
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